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Abstract

Working in the framework of the Standard Model Effective Field Theory, we study
chirality-flipping couplings of the top quark to Higgs and gauge bosons. We discuss in
detail the renormalization group evolution to lower energies and investigate direct and in-
direct contributions to high- and low-energy CP-conserving and CP-violating observables.
Our analysis includes constraints from collider observables, precision electroweak tests, fla-
vor physics, and electric dipole moments. We find that indirect probes are competitive or
dominant for both CP-even and CP-odd observables, even after accounting for uncertain-
ties associated with hadronic and nuclear matrix elements, illustrating the importance of
including operator mixing in constraining the Standard Model Effective Field Theory. We
also study scenarios where multiple anomalous top couplings are generated at the high scale,
showing that while the bounds on individual couplings relax, strong correlations among cou-
plings survive. Finally, we find that enforcing minimal flavor violation does not significantly
affect the bounds on the top couplings.



1 Introduction

More than twenty years after its discovery at the Tevatron [1, 2], the top quark is nowadays
copiously produced at the Large Hadron Collider (LHC) and is at the forefront of searches for
physics beyond the Standard Model. In fact, in several scenarios, including partial compos-
iteness [3], warped extra dimensions [4], supersymmetric models with light stops relevant for
electroweak baryogenesis [5], enhanced deviations from the SM are expected in the top sector.
The top quark is the fermion with the strongest coupling to the Higgs. The dominant Higgs
production mechanism in the SM, the Higgs width, and several important decay channels, are
therefore sensitive probes of top-Higgs couplings. At the same time, the anomalous top-Higgs
couplings affect via quantum corrections processes that do not necessarily involve a top quark
and/or a Higgs boson. Such “indirect probes” give valuable complementary information and, as
we demonstrate here, can constrain non-standard top-Higgs couplings more strongly than direct
searches.

In this article we discuss direct and indirect probes of chirality-flipping top couplings to
gauge bosons and the Higgs, including both CP-conserving (CPC) and CP-violating (CPV)
interactions. This set of interactions gives rise to an interesting list of phenomena ranging
from signals in low-energy precision tests to deviations from SM predictions in proton-proton
collisions at the LHC. Additional interactions that do not change the chirality of the top quark
also appear at the dimension-six level. We will not consider these terms in this work. A
lot has been written already about top-gluon [6–17], top-photon [18–22], top-W [23–33], top
Yukawa [34–43] couplings, and global analyses [44–49]. Throughout this work we often use
results and insights from these papers. The main features of our work are:

• We perform a systematic analysis of the renormalization-group equations of the top-Higgs
operators including QCD and electroweak corrections. This is crucial in obtaining the
strongest constraints on the set of top-Higgs couplings as in many instances indirect ob-
servables are more sensitive than direct observables.

• We investigate in detail the impact of measurements of electric dipole moments (EDMs)
[18, 35, 44, 50, 51]. A major finding of our analysis is that even after taking into account
the hadronic and nuclear uncertainties [51], EDMs dominate the bounds on all the CPV
top couplings. In particular, as we reported in Ref. [52], bounds on the top EDM (weak
EDM) are improved by three orders of magnitude over the previous literature. The new
constraints on the CPV top couplings lie well below prospected sensitivities of collider
searches.

• We present a comprehensive analysis of direct and indirect constraints, the latter arising
from both high- and low-energy, including up-to-date indirect constraints from Higgs pro-
duction and decay at the LHC. We show that constraints from Higgs production and decay
signal strengths are competitive with respect to observables involving top final states.

• We derive bounds on anomalous couplings under three assumptions: first, we only allow
one operator at a time to be generated at the high scale (including both CPC and CPV
couplings). Second, we perform a global analysis where all chirality-flipping top-Higgs
couplings are generated at the high scale and we investigate how the constraints on the
individual couplings are softened due to cancellations between different operators. Finally,
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we apply the framework of Minimal Flavor Violation in which the top-Higgs couplings are
related to couplings involving lighter quarks.

We work in the framework of the linear SM Effective Field Theory (SM-EFT) [53–57]. We
assume that there is a gap between the scale of new physics Λ and the electroweak scale v =
246 GeV and keep only the leading terms in (v/Λ)2, corresponding to dimension-six operators.
We assume that at the high-scale Λ the largest non-standard effects appear in the top sector,
and hence set to zero all other couplings. We then evolve the non-standard top couplings to
lower scales through renormalization group flow and heavy SM particle thresholds. The evolution
induces operators that impact a number of high-energy and low-energy phenomena, thus leading
to constraints on non-standard top-Higgs couplings at the scale Λ.

Direct probes involve top quark production (single top, tt̄, and tt̄h) and decay (W boson
helicity fractions, lepton angular distributions) at colliders. We include CPV effects in the
angular distributions of the decay products of a single top [58], while we neglect CPV observables
in tt̄ and tt̄h production/decay [43, 59–67] as these are not yet competitive. However, as the
number of independent low-energy CPV observables is limited, future measurements of CPV
observables at colliders can play an important complementary role. Indirect probes involve top
quarks in quantum loops, affecting both high-energy (Higgs production and decay, precision
electroweak tests) and low-energy observables (b→ sγ and EDMs).

The paper is organized as follows. In Section 2 we set up the operator analysis by discussing
the high-scale top operators and identifying the relevant operators that are induced by operator
mixing. In Section 3 we present the renormalization group equations (RGEs) needed to evolve
the anomalous top couplings from high-scale to the energy scales associated to a variety of
observables (ranging from collider to atomic EDMs). We discuss direct and indirect constraints
from collider observables in Section 4, and the impact of precision electroweak measurements
in Section 5. Indirect bounds from flavor physics and EDMs are discussed in Sections 6 and 7,
respectively. We then present our fitting strategy (Section 8) and results (Section 9). We cast
our analysis into the framework of Minimal Flavor Violation (Section 10) before presenting our
conclusions (Section 11).

2 Operator structure

In this work we study chirality-flipping interactions involving the top quark and the Higgs
boson. At dimension six, five such interactions appear in the complete set of gauge-invariant
operators [53, 54]. In their SU(3)c × SU(2) × U(1)Y invariant forms these operators consist
of a hypercharge dipole, gluonic dipole, a non-standard Yukawa coupling, and two electroweak
dipoles,

LBSM
eff = − g′√

2
q̄Lσ

µνBµν ΓuB uR ϕ̃−
gs√

2
q̄Lσ

µνGaµνt
a Γug uR ϕ̃−

√
2ϕ†ϕ q̄L Y

′
u uR ϕ̃

− g√
2
q̄Lσ

µνW a
µντ

a ΓuW uR ϕ̃−
g√
2
q̄Lσ

µνW a
µντ

a ΓdW dR ϕ+ h.c.. (1)

Here qL represents the left-handed quark doublet, uR and dR are the right-handed quark singlets,
and ϕ is the Higgs doublet (ϕ̃ = iτ2ϕ∗). Bµν , W

a
µν , and Gaµν are the fields strengths of the U(1)Y ,

SU(2), and SU(3)c gauge groups, while g′, g, and gs denote their gauge couplings and τa/2 and ta

are the SU(2) and SU(3)c generators, respectively. Our conventions are such that the covariant
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derivative is given by Dµ = ∂µ − igstaGaµ − i
g
2τ

aW a
µ − ig′Y Bµ, with Y the hypercharge. The

couplings Y ′u and Γu,dg,B,W have mass dimension −2 and generally form 3 × 3 matrices in flavor
space.

At the same order in the SM-EFT expansion there appear additional anomalous interactions
between top quarks and Higgs fields that do not change the chirality. Examples of such op-

erators are ϕ†~τ
←→
D µϕ q̄L~τγ

µqL and ϕ̃†Dµϕ ūRγ
µdR. Such operators, to good approximation, do

not mix under renormalization group flow with the chirality-changing operators and the oper-
ators in the extended basis introduced in Section 2.2, which therefore form a closed set. The
chirality-conserving operators, however, could impact the global constraints that can be set on
the operators studied in this work. We comment on this in Section 9.2.

Working in the unitary gauge, in which the Higgs doublet takes the form ϕ = (0, v+h)T /
√

2,
one sees that to O(h0) the couplings Y ′u then contribute to the up-type quark mass matrix.
After absorbing these contributions into the SM quark mass matrix, and moving to the physical
(mass) basis, the resulting effective Lagrangian encoding non-standard top couplings (neglecting
flavor-changing neutral currents) at the high scale Λ� v is 1

Ltop =
∑

α∈{Y,g,γ,Wt,Wb}

CαOα + h.c. (2)

with complex couplings Cα = cα + i c̃α and

Oγ = −eQt
2
mt t̄Lσµν (Fµν − tWZµν) tR

(
1 +

h

v

)
(3a)

Og = −gs
2
mt t̄LσµνG

µνtR

(
1 +

h

v

)
(3b)

OWt = −gmt

[
1√
2
b̄′Lσ

µνtRW
−
µν + t̄Lσ

µνtR

(
1

2cW
Zµν + igW−µ W

+
ν

)](
1 +

h

v

)
(3c)

OWb = −gmb

[
1√
2
t̄′Lσ

µνbRW
+
µν − b̄LσµνbR

(
1

2cW
Zµν + igW−µ W

+
ν

)](
1 +

h

v

)
(3d)

OY = −mtt̄LtR

(
vh+

3

2
h2 +

1

2

h3

v

)
, (3e)

where Qt = 2/3, tW = tan θW , cW = cos θW , with θW the Weinberg angle. The physical photon
and Z boson fields are given by Zµ = cWW

3
µ − sWBµ and Aµ = cWBµ + sWW

3
µ . Finally, the

operators OWt,Wb contain the combinations b′ = Vtbb+ Vtss+ Vtdd, and t′ = V ∗tbt+ V ∗cbc+ V ∗ubu.
The relation between these operators in the quark mass basis and their SU(2)×U(1)Y invariant
forms is given in Table 1.

The couplings Cα have mass dimension [−2] and are related to properties of the top quark,
such as the electric and magnetic dipole moments (dt = (emtQt)c̃γ and µt = (emtQt)cγ), their
non-abelian gluonic counterparts (d̃t = mtc̃g and µ̃t = mtcg), and the Higgs-top, W -top, and
Z-top couplings.

We assume that at the high-scale Λ the largest non-standard effects appear in the top sector,
and hence set to zero all other couplings. We then evolve the non-standard top couplings to

1Denoting the Standard Model Yukawa couplings by LY ⊃ −
√

2q̄LYuuRϕ̃, the up-type quark mass matrix is

mu = v
(
Yu − v2

2
Y ′u

)
. Upon expressing LY + LBSM

eff in terms of mu and Y ′u, we get LY + LBSM
eff ⊃ −mt

v
t̄th +

(CYOY + h.c.), with the relation between CY and [Y ′u]33 given in Table 1.
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lower scales through renormalization group flow and heavy SM particle thresholds. The evolution
induces operators that impact a number of high-energy and low-energy phenomena (of which
many do not involve the top quark directly), thus leading to constraints on non-standard top-
Higgs couplings at the scale Λ.

2.1 Mixing Structure

A consistent field-theoretical analysis of the phenomenological implications of the effective
Lagrangian (2) requires extending the operator basis to include all the operators which Oα
(α ∈ {Y, g, γ,Wt,Wb}) can mix into. We will consider the leading-logarithm contributions and
include the effects induced by the Standard Model gauge couplings gs, g, g

′, and the top Yukawa
coupling yt.

Let us first consider the dipole operators Oγ,g,Wt,Wb, that belong to the ψ2HX category in
the notation of Refs. [54–57]:

• At one loop, Oγ,g,Wt,Wb mix into gauge-Higgs operators (X2H2 in the notation of Refs. [54–
57]) and into dipole operators ψ2HX with different flavor structures. In the latter group,
of particular phenomenological interest are the flavor diagonal light-flavor dipoles and the
b→ s dipoles. Note also that the gauge-Higgs operators (X2H2) mix back into the dipoles
of any flavor.

• The top dipoles Oγ,g,Wt,Wb mix into OY , with their respective gauge-coupling strengths.
We retain only the mixing proportional to the strong coupling, i.e. that of Og into OY .

• Oγ,g,Wt,Wb also mix into four-fermion operators with chirality structure (L̄R)(L̄R) [57],

namely the four-quark operators Q
(1),(8)
quqd and the semi-leptonic operator Q

(3)
lequ. These oper-

ators involve at least one third-generation quark (from the Oγ,g,Wt,Wb vertex). While there
are no strong phenomenological handles on these four-fermion operators 2, the semileptonic

and four-quark operators Q
(3)
lequ and Q

(1),(8)
quqd mix back into the lepton and quark dipoles,

respectively 3. Thus, Q
(3)
lequ and Q

(1),(8)
quqd feed into the electron, mercury, and neutron EDMs,

and we therefore include them in our extended basis.

• Finally, at the top quark threshold Og and OY induce the Weinberg three-gluon operator
OG̃, which we therefore include in our extended basis.

The operator OY (ψ3H3 in the notation of Refs. [54–57]) mixes only into OH = (ϕ†ϕ)3, which
we do not include in our phenomenological analysis as it does not contribute to any precision
observable useful to put constraints on CY . On the other hand, OY contributes via threshold
corrections to most of the operators mentioned above (X2H2, OG̃, and the light fermion dipoles).

2The generated four-fermion operators involving only third-generations quarks and leptons are the least sup-
pressed by CKM factors and Yukawa couplings, but they are the hardest to constrain as they do not contribute to
very sensitive observables. On the other hand, operators involving light fermion generations might mediate tt̄ or
single-top production at colliders, but are induced at a much suppressed level, proportional to the light-fermion
Yukawa couplings, thus leading to weak constraints on Cγ,g,Wt,Wb.

3The mixing of Q
(1),(8)
quqd into the dipole operators had been noticed in Refs. [68, 69] and has been included in

an updated version of Ref. [56]. We thank Aneesh Manohar for confirming our results.
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2.2 Extended Operator Basis

Grouping the operators according to the processes they contribute to, we can write the effective
Lagrangian at the high scale as

Leff = LSM + Ltop + LϕϕXX + LϕϕXX̃ + L(L̄R)(L̄R) + Lb→s + LEDMs (4)

where Ltop is given in (2),

LϕϕXX = CϕGOϕG + CϕBOϕB + CϕWOϕW + CϕWBOϕWB (5a)

LϕϕXX̃ = CϕG̃OϕG̃ + CϕB̃OϕB̃ + CϕW̃OϕW̃ + CϕW̃BOϕW̃B (5b)

Lb→s = C(bs)
γ O(bs)

γ + C(bs)
g O(bs)

g + h.c. (5c)

L(L̄R)(L̄R) = C
(3)
lequO

(3)
lequ + C

(1)
quqdO

(1)
quqd + C

(8)
quqdO

(8)
quqd + h.c. (5d)

LEDMs =
∑

f=e,u,d,s,c,b

(
C(f)
γ O(f)

γ + h.c.
)

+
∑

q=u,d,s,c,b

(
C(f)
g O(f)

g + h.c.
)

+ CG̃OG̃ , (5e)

and the operators of the extended basis are explicitly given in Table 2. We will present the
anomalous dimensions for the relevant mixing terms and the threshold corrections in Section 3.
Eq. (4) will be the starting point of our phenomenological analysis, with all Wilson coefficients
Cα(Λ) set to zero except for α ∈ {Y, g, γ,Wt,Wb}.

Note that the operators in the extended basis contribute to a large number of CP-even and
CP-odd observables both at high- and low-energies (see Tables 6 and 7 for a synopsis) that can
thus be used to constrain the chirality-flipping top-Higgs couplings of Eq. (2). In particular:

• The Higgs-gauge operators in LϕϕXX affect electroweak precision tests and Higgs produc-
tion and decay processes. In particular, they contribute to h→ γγ (CϕB,ϕW,ϕWB), gg ↔ h
(CϕG), and the S parameter (CϕWB), see Section 4 for details.

• The electromagnetic and strong dipole operators O
(bs)
γ,g in Lb→s contribute to b→ sγ decays.

The connection of C
(bs)
γ,g to the BR(b→ sγ) and ACP (b→ sγ) are discussed in Section 6.1.

• Finally the EDMs of light fermions, the chromo-EDMs (CEDMs) of light quarks, and the
three-gluon Weinberg operator, contained in LEDMs, contribute to the EDMs of the elec-
tron, neutron, and diamagnetic atoms such as mercury. Although the operators involving
the heavier quarks, c and b, do not contribute directly, they do facilitate indirect contribu-
tions to EDMs via threshold contributions to the coefficient CG̃. The connection between
the above interactions and EDMs is discussed in Section 7.

It is important to note that the operators in LEDMs can be induced via mixing in two ways.
First, the top-Higgs couplings in Ltop directly mix into the quark (color-)EDMs, through
one-loop diagrams. Second, the CP-odd Higgs-gauge operators in LϕϕXX̃ and four-fermion
operators in L(L̄R)(L̄R) mix into the light-fermion EDMs and light-quark chromo-EDMs. In
a leading logarithm analysis both effects have to be included, as the operators in Ltop mix
into LϕϕXX̃

4 and L(L̄R)(L̄R). This leads to a two step path Ltop → LϕϕXX̃, (L̄R)(L̄R) →
LEDMs connecting the top-Higgs electroweak dipoles to the light fermion EDMs, which
turns out to provide very powerful constraints.

4These interactions do not contribute to electroweak precision tests and Higgs production and decay at the
dimension-six level.
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Operator Coupling

−
√

2ϕ†ϕ q̄L Y
′
u uR ϕ̃ OY ytCY = [Y ′u]33

− gs√
2
q̄Lσ ·GΓug uR ϕ̃ Og ytCg = [Γug ]33

− g′√
2
q̄Lσ ·B ΓuB uR ϕ̃ Oγ,Wt ytQtCγ = −[ΓuB + ΓuW ]33

− g√
2
q̄Lσ ·W aτa ΓuW uR ϕ̃ ytCWt = [ΓuW ]33

− g√
2
q̄Lσ ·W aτa ΓdW dR ϕ OWb ybCWb = [ΓdW ]33

Table 1: High-scale operators in SU(2)×U(1) invariant form [53,54] (left column) and mapping
to the operators and couplings used in this work (center and right column). qL represents the
L-handed quark doublet, ϕ is the Higgs doublet, and ϕ̃ = iσ2ϕ

∗. gs, g, g
′ denote the SU(3),

SU(2), and U(1) gauge couplings, yt,b = mt,b/v, and σ · X = σµνX
µν . The couplings Cα are

related to the 33 components of the matrices Y ′u and Γu,dg,B,W in the quark mass basis.

Having introduced all the operator structures relevant for our analysis, we discuss the renor-
malization group equations related to these operators in the next section.

3 The renormalization group equations

To connect the top-Higgs couplings to observables, Eq. (4) has to be evolved from the scale of new
physics, Λ, to lower energies. For collider experiments the evolution to roughly the electroweak
scale (mt,h,Z) is sufficient, while for b→ sγ measurements one has to lower the renormalization
scale to µ ∼ mb. Finally the connection to EDMs will involve the evolution down to the QCD
scale, Λχ ∼ 1 GeV, where QCD becomes strongly coupled and non-perturbative techniques
are required. An overview of the leading contributions to observables induced in this way is
presented in Table 6 and 7.

The effects of lowering the energy scale on the real and imaginary parts of the top-Higgs
couplings are determined by the renormalization group equations

dRe ~Ct
d lnµ

= γt · Re ~Ct,
d Im ~Ct
d lnµ

= γ̃t · Im ~Ct, (6)

where ~Ct = (Cγ , Cg, CWt, CWb, CY )T . The relevant anomalous dimensions are given by [70–73]

γt =
αs
4π



8CF −8CF γWt→γ γWb→γ 0

γγ→g 16CF − 4Nc γWt→g 0 0

0 2CF 8CF 0 0

0 0 0 8CF 0

0 30CF y
2
t 0 0 0


, (7)
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OϕG = g2sϕ
†ϕGµνG

µν OϕG̃ = −g2sϕ†ϕGµνG̃µν

OϕW = g2ϕ†ϕW i
µνW

iµν OϕW̃ = −g2ϕ†ϕW̃ i
µνW

iµν

OϕB = g′2ϕ†ϕBµνB
µν OϕB̃ = −g′2ϕ†ϕ B̃µνBµν

OϕWB = gg′ϕ†τ iϕW i
µνB

µν OϕW̃B = −gg′ϕ†τ iϕW̃ i
µνB

µν

O
(3)
lequ = (l̄ILσ

µνeR)εIJ(q̄JLσµνuR)

O
(1)
quqd = (q̄ILuR)εIJ(q̄JLdR), O

(8)
quqd = (q̄IL t

a uR)εIJ(q̄JL t
a dR)

OG̃ = (1/6)gsfabcε
µναβGaαβG

b
µρG

c ρ
ν

O
(q)
g = Og|t→q q = u, d, s

O
(bs)
g = −(gs/2)mb s̄LσµνG

µνbR (1 + h/v)

O
(f)
γ = Oγ |t→f f = e, u, d, s

O
(bs)
γ = −(Qbe/2 )mb s̄Lσµν (Fµν − tWZµν) bR (1 + h/v)

Table 2: Dimension-six operators induced by the top-Higgs interactions in Eq. (2) via RG flow
and threshold corrections. We use the notation X̃µν ≡ εµναβX

αβ/2 and ε0123 = +1. Below the
electroweak scale the same operator basis and naming scheme can be used, by simply replacing
ϕ = (0, v + h)T /

√
2 and dropping terms involving the top quark, Zµν , Wµν , and h.

where the electroweak contributions are given by

γWt→γ =
αw
s2
Wαs

[
− 4

[
1 +

2T 3
t Qb
Qt

T 3
t − 2s2

WQt
c2
W

]
+

2T 3
t

Qt

(
m2
t

m2
W

+ 2
∑

q=d,s,b

|Vtq|2
m2
q

m2
W

)]
,

γWb→γ =
αw
s2
Wαs

2T 3
t

Qt

m2
b

m2
W

|Vtb|2, γWt→g =
αw
αs

4

s2
W

(
1 + 2T 3

t

T 3
t − 2s2

WQt
c2
W

)
,

γγ→g = −αw
αs

8Qt

(
Qt −

T 3
t − 2s2

WQt
2c2
W

)
. (8)

The anomalous dimensions for the imaginary parts of the couplings, γ̃t, are equivalent, with the
replacement 30→ 18 in the (5, 2) element of Eq. (7) 5.

Although the above equations can be used to evolve the top-Higgs couplings from Λ to
mt, they are not sufficient to connect the top-Higgs couplings to experiment. In many cases
important contributions arise from the inclusion of the additional operators of the previous
section. To take these effects into account, we discuss how the additional operators are induced
below, while a summary is presented in Tables 6 and 7.

——————————————————————————–

5At one loop, the chromo-MDM and chromo-EDM operators induce, respectively, a correction to the top mass
(and dimension-4 top Yukawa) and a top pseudoscalar mass. The pseudoscalar top quark mass term is not present
in the effective Lagrangian of Eq. (4), and can be eliminated through an axial transformation of the quark field,
with the net effect of changing the (5, 2) element of Eq. (7). For all the observables we consider, the modification
of the running of the top mass is effectively a dimension-eight effect, and thus beyond our working accuracy.
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3.1 RG equations for high-energy probes

The operators appearing in LϕϕXX (Eq. (5a)) are induced through the one-loop RGEs,

d~CϕϕXX
d lnµ

= γt→ϕϕXX · Re ~Ct (9)

where ~CϕϕXX = (CϕG, CϕB, CϕW , CϕWB)T and the anomalous dimensions are given by [57,74,
75],

γt→ϕϕXX =
y2
tNc

(4π)2


0 −CF 0 0 0

4Qt(2Qt − T 3
t ) 0 16QtT

3
t − 2 (16QbT

3
b − 2)

(yb
yt

)2
0

0 0 −2 −2
(yb
yt

)2
0

−4QtT
3
t 0 16QtT

3
t − 4 (16QbT

3
b − 4)

(yb
yt

)2
0

 . (10)

Although cWb,Wt do contribute to the Higgs-gauge operators, they do not induce the linear
combination that contributes to h → γγ. Up to one-loop in QCD, these operators do not
undergo self-renormalization.

3.2 RG equations for b→ sγ

The top-Higgs couplings contribute to b→ sγ decays by inducing the flavor-violating operators
of Lb→s in Eq. (5c).

The evolution and mixing of these two operators among themselves is the same as for Oγ and
Og. In combination with the mixing with the top-Higgs couplings this gives rise to the following
RGEs

d~C(bs)

d lnµ
= γ(bs) · ~C(bs) + γt→(bs) · ~Ct, (11)

with ~C(bs) = (C
(bs)
γ , C

(bs)
g )T and [23,57,76]

γ(bs) =
αs
4π

8CF −8CF

0 16CF − 4Nc

 ,

γt→(bs) =
VtbV

∗
ts

4π2
y2
t

−1
2Qt/Qb 0 −1/Qb 2/Qb 0

0 −1
2 0 0 0

 . (12)

3.3 RG equations for EDMs

At low energies the experimental EDMs are determined by the quark (color-)EDMs, the Wein-

berg operator, and the electron EDM, collected in ~CEDM = (c̃
(q)
γ , c̃

(q)
g , CG̃, c̃

(e)
γ )T . The top-Higgs

couplings induce these Wilson coefficients in two ways; either directly, or by generating an ad-
ditional set of Higgs-gauge couplings, ~CϕϕXX̃ = (CϕG̃, CϕB̃, CϕW̃ , CϕW̃B)T , and four-fermion
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operators, ~CL̄R = (C
(3)
lequ, C

(1)
quqd, C

(8)
quqd)

T , which in turn contribute to ~CEDM. Including the self-
renormalization of the operators in Eq. (5e), there are three relevant RG effects, described by
the following RGEs,

d~CEDM

d lnµ
= γEDM · ~CEDM + γt→EDM · Im ~Ct

+γϕϕXX̃→EDM · ~CϕϕXX̃ + γL̄R→EDM · Im ~CL̄R. (13)

The first term in Eq. (13) describes the RG evolution of the quark (C)EDMs and Weinberg

operator and the way they mix among themselves [77–79] (the electron EDM, c̃
(e)
γ does not run

up to one-loop in QCD),

γEDM =
αs
4π


8CF −8CF 0 0

0 16CF − 4Nc 2Nc 0

0 0 Nc + 2nf + β0 0

0 0 0 0

 . (14)

The second term in Eq. (13) describes the direct contribution, while the third and fourth
terms facilitate the two-step mechanism mentioned above. We briefly discuss these terms below.

3.3.1 Direct contribution

The second term in Eq. (13) represents the direct mixing of the top-Higgs interactions with the
quark (color-)EDMs. The anomalous dimensions are given by [18], 6

γt→EDM = (15)

y2
t

(4π)2



−2QtQq |Vtq|
2δqd,s,b 0 4

2T 3
q

Qq
|Vtq|2δqd,s,b 4

2T 3
q

Qq
|Vqb|2

y2
b

y2
t
δqu,c 0

0 −2|Vtq|2δqd,s,b 0 16
m2
W

m2
t

[
1 + 2T 3

b
T 3
b −2s2WQb
c2W

]
δqb 0

0 0 0 0 0

0 0 0 0 0


.

Note that the contributions to the light quark EDMs and CEDMs are always proportional to
the combination of CKM elements, |Vtd,ts,ub|2, and there are no direct one-loop contributions to
the electron EDM.

3.3.2 Two-step mechanism

The third and fourth terms in Eq. (13) are due to the two-step mechanism outlined above. There
are two ways in which this mechanism can contribute to EDMs. In the first step, one induces
the CP-odd Higgs-gauge interactions and four-fermion operators through the diagrams in the
top panel of Fig. 1. In the second step these additional operators induce ~CEDM through the

6We neglected the contribution of c̃Wb to the b-quark EDM, because c̃Wb is mainly constrained through its
contribution to the b-quark CEDM and the Weinberg operator.
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Figure 1: Representative diagrams contributing to the mixing of Cγ into CϕW̃ ,ϕB̃,ϕW̃B,quqd,lequ
(top panel), and the mixing of the latter into light fermion electroweak dipoles (bottom panel).
The square (circle) represents an operator (quark mass) insertion. Solid, wavy, and dotted lines
represent fermions, electroweak gauge bosons, and the Higgs, respectively.

diagrams in the bottom panel of Fig. 1. We present the relevant anomalous dimensions for the
two different paths, through the Higgs-gauge or four-fermion couplings, below.
Path 1: ~Ct → ~CϕϕXX̃ → ~CEDM

In the first step of this path the CP-odd Higgs-gauge interactions are generated by the top-
Higgs couplings in the same way as for their CP-even analogues,

d~CϕϕXX̃
d lnµ

= γt→ϕϕXX̃ · Im ~Ct, γt→ϕϕXX̃ = γt→ϕϕXX , (16)

where γt→ϕϕXX is given in Eq. (10), while the Higgs-gauge interactions themselves do not run
up to one-loop in QCD. 7

In the second step, the Higgs-gauge operators generate the quark (color-)EDMs and electron
EDM through the third term in Eq. (13). The anomalous dimensions are [57,68]

γϕϕXX̃→EDM =
αw
4π



0 4
2Qq−T 3

q

Qqc2W
4

T 3
q

Qqs2W
2
t2W (T 3

q−2Qq)−3T 3
q

Qqs2W

−8 αsαw 0 0 0

0 0 0 0

0 42Qe−T 3
e

Qec2W
4 T 3

e

Qes2W
2
t2W (T 3

e−2Qe)−3T 3
e

Qes2W


. (17)

Path 2: ~Ct → ~CL̄R → ~CEDM

The generation and evolution of the four-fermion operators of Eq. (5d) in the first step is
determined by the additional RGEs,

d~CL̄R
d lnµ

= γL̄R · ~CL̄R + γt→L̄R · ~Ct, (18)

7This is due to the fact that we include a factor of g2
s in the definition of the operators OG and OG̃. Moreover,

we neglect self-renormalizations of O(y2
t ) induced by the Higgs field wavefunction renormalization [55–57].
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with ~CL̄R = (C
(3)
lequ, C

(1)
quqd, C

(8)
quqd)

T . The QCD self-renormalization is determined by,

γL̄R =
αs
4π


2CF 0 0

0 −12CF
4
Nc
CF

0 8 4CF

 , (19)

while the anomalous dimensions relevant for the mixing are given by

γt→L̄R =
g2yt
(4π)2


−yet2WQt(2Qe − T 3

e ) 0 −ye(3
2 + t2W (2Qe − T 3

e )) 0 0

8
Nc
yqQt(2Qq − T 3

q ) − 16
Nc

g2
s
g2 yqCF

8
Nc
yq(

3
2 + t2W (2Qq − T 3

q )) 0 0

16yqQt(2Qq − T 3
q ) 16

Nc

g2
s
g2 yq 16yq(

3
2 + t2W (2Qq − T 3

q )) 0 0

 .

(20)

where the terms with q = d, s, b, contribute to the four-quark operators, O
(1),(8)
qiu3q3di

, with i = 1, 2, 3,
involving the first, second, or third generation down-type quarks, respectively. For example, the

anomalous dimensions with q = d generate the four-quark operators O
(1),(8)
quqd with flavor structure

(ūLtR)(b̄LdR)− (d̄LtR)(t̄LdR), while the flavor structure of the generated semi-leptonic operator
of interest is (ν̄LtR)(b̄LeR)− (ēLtR)(t̄LeR).

Finally, in the second step, the four-fermion operators generate the (C)EDMs of light quarks
and the electron EDM through the following anomalous dimensions,

γL̄R→EDM =
1

(4π)2


0 2QtytQqyq

2CF
Qtyt
Qqyq

0 −2 ytyq
1
Nc

yt
yq

0 0 0

−16Nc
Qtyt
Qeye

0 0

 , (21)

where the terms with q = d, s, b correspond to the contributions from four-quark operators
involving the first, second, and third generation to the down, strange, and bottom (C)EDMs,
respectively.

3.4 RGE Summary

In summary, we can collect the Wilson coefficients of the extended operator basis in a single
vector 8

~C = (Re ~Ct, Im ~Ct, ~CϕϕXX , ~CϕϕXX̃ , Im ~CL̄R, Re ~C(bs), Im ~C(bs), ~CEDM)T (22)

satisfying

d~C

d lnµ
= Γ · ~C , (23)

8The real parts of the four-fermion couplings, ~CL̄R, are generated in the same way as their imaginary parts.
However, since these do not contribute to EDMs, or any other sensitive observables, we neglect them in the basis,
Eq. (22).
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Λ = 1 TeV cγ(Λ) cg(Λ) cWt(Λ) cWb(Λ) cY (Λ)

cγ(m+
t ) 0.86 0.13 −9.2 · 10−3 −7.7 · 10−6 −

cg(m
+
t ) 2.8 · 10−3 0.87 −0.021 −1.2 · 10−8 −

cWt(m
+
t ) −5.4 · 10−5 −0.033 0.86 − −

cWb(m
+
t ) − − − 0.86 −

cY (m+
t ) −3.2 · 10−4 −0.20 2.4 · 10−3 − 1

CϕG(m+
t ) 2.6 · 10−5 1.6 · 10−2 −2.0 · 10−4 −7.7 · 10−11 −

Cϕγ(m+
t ) −4.2 · 10−4 −3.1 · 10−5 2.1 · 10−6 1.8 · 10−9 −

CϕWB(m+
t ) 1.6 · 10−2 1.5 · 10−3 −1.6 · 10−2 5.5 · 10−6 −

Table 3: The contributions of the operators in Eq. (3) at Λ = 1 TeV, to the operators relevant for
high-energy probes at µ = mt. A dash, “− ”, indicates no, or a negligible, contribution.

with

Γ =



γt − − − − − − −

− γ̃t − − − − − −

γt→ϕϕXX − − − − − − −

− γt→ϕϕXX̃ − − − − − −

− γt→L̄R − − γL̄R − − −

γt→(bs) − − − − γ(bs) − −

− γt→(bs) − − − − γ(bs) −

− γt→EDM − γϕϕXX̃→EDM γL̄R→EDM − − γEDM



(24)

In our phenomenological analysis we will solve these RG equations with the initial condition at
the high scale Λ given by ~C(Λ) = (Re ~Ct(Λ), Im ~Ct(Λ), 0, 0, 0, 0, 0, 0)T .

3.5 Evolution to µ = mt

As discussed above, for collider observables, it is mainly the mixing among the top-Higgs cou-
plings themselves and the Higgs-gauge interactions, Eq. (5a), that is relevant. The RGEs of
section 3.1 can be used to first run the couplings down to µ = mt, where the top-Higgs cou-
plings are integrated out. To evaluate the RGEs, we employ input on the gauge couplings, W ,
Z, and quark masses, and CKM elements from Ref. [80]. In particular, we used the values of
the quark masses in the MS scheme. The resulting Wilson coefficients, relevant for high-energy
probes, are collected in Table 3.

Apart from the RG effects, additional threshold effects appear, as a result of integrating out
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Λ = 1 TeV Cγ(Λ) Cg(Λ) CWt(Λ) CWb(Λ) CY (Λ)

C
(bs)
γ (m+

t ) 6.2 · 10−4 −1.2 · 10−5 1.9 · 10−3 −3.7 · 10−3 −

C
(bs)
g (m+

t ) −5.2 · 10−7 −3.2 · 10−4 3.9 · 10−6 1.5 · 10−12 −

C
(bs)
γ (µb) 3.4 · 10−4 −1.2 · 10−4 1.0 · 10−3 −2.0 · 10−3 −

C
(bs)
g (µb) −3.0 · 10−7 −1.9 · 10−4 2.3 · 10−6 9.0 · 10−13 −

Table 4: The contributions of the operators in Eq. (3) at Λ = 1 TeV, to the operators relevant for b→ sγ
transitions at µ = mt and µ = µb ≈ 2 GeV. A dash, “− ”, indicates no, or a negligible, contribution.

the top-quark. At this scale, the top Yukawa induces contributions to the Higgs-gauge operators,

CϕG(m−t ) = CϕG(m+
t ) +

1

48π2

(
1 + cY (m+

t )
)
,

Cϕγ(m−t ) = Cϕγ(m+
t ) +

1

4π2

[
NcQ

2
t

6

(
1 + cY (m+

t )
)
− 21

24
A(τW )

]
,

A(τ) =
1

7

(
2 + 3τ + 3τ(2− τ) arcsin

(
1√
τ

)2
)
, τW = 4

m2
W

m2
h

, (25)

where the constant terms arise from the SM top and W± loops, while Cϕγ represents the coupling
of e2vhFµνF

µν , which corresponds to the linear combination CϕB + CϕW − CϕWB.

3.6 Evolution to µ = µb

For the b → sγ observables, the main contributions follow from the mixing onto the flavor-

violating operators, O
(bs)
γ, g . In this case we employ the RGEs of section 3.2, to run to the scale

µ = mt. Below this threshold the top-Higgs operators are integrated out, such that the top-Higgs

couplings no longer contribute below this scale. The operators O
(bs)
γ, g can then straightforwardly

be evolved down to µ = µb by use of the same RGEs with the mixing terms set to zero,
γt→(bs) → 0. As we will employ expressions for the b→ sγ observables in terms of the couplings

at µ = mt and µ = µb, we present the values of C
(bs)
γ, g at both scales in Table 4.

3.7 Evolution to µ = Λχ

Evaluating the contributions to EDMs is somewhat more involved. At low energies, around Λχ,
the light-quark (C)EDMs, the Weinberg operator, and the electron EDM contribute to EDMs,
while the charm- and bottom-quark CEDMs facilitate indirect contributions. As a result, the
mixing of the original top-Higgs operators in Eq. (2) with the additional operators in Eq. (5e)
determines the contribution to EDMs. Apart from the mixing, the matching corrections at the
different thresholds are relevant as well.

First the RGE of Eq. (13) is used to run the operators from µ = Λ to µ = mt, where we
integrate out the top quark and the Higgs boson. This implies that the top-Higgs and the
additional Higgs-gauge couplings and their corresponding operators are removed from the EFT
below µ = mt. This gives rise to several threshold corrections to the operators in Eq. (5e). The
Yukawa interaction, c̃Y , contributes to the (C)EDMs [81–85] and the Weinberg operator [77,86]
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Λ = 1 TeV c̃γ(Λ) c̃g(Λ) c̃Wt(Λ) c̃Wb(Λ) c̃Y (Λ)

c̃
(e)
γ (Λχ) 3.8 · 10−4 1.4 · 10−5 −4.4 · 10−4 2.3 · 10−8 4.0 · 10−5

c̃
(u)
γ (Λχ) 1.4 · 10−4 6.3 · 10−4 −1.2 · 10−4 −2.9 · 10−6 −6.1 · 10−5

c̃
(u)
g (Λχ) 3.9 · 10−6 1.1 · 10−3 −1.9 · 10−5 −1.7 · 10−5 −1.0 · 10−4

c̃
(d)
γ (Λχ) 2.0 · 10−4 8.6 · 10−4 −9.1 · 10−4 −2.9 · 10−6 −6.1 · 10−5

c̃
(d)
g (Λχ) 2.9 · 10−6 1.3 · 10−3 −2.4 · 10−5 −1.7 · 10−5 −1.0 · 10−4

c̃
(s)
γ (Λχ) 1.9 · 10−4 8.6 · 10−4 −9.5 · 10−4 −2.9 · 10−6 −6.1 · 10−5

c̃
(s)
g (Λχ) 2.9 · 10−6 1.3 · 10−3 −2.4 · 10−5 −1.7 · 10−5 −1.0 · 10−4

CG̃(Λχ) −2.8 · 10−6 −8.8 · 10−4 2.2 · 10−5 7.8 · 10−5 −8.1 · 10−7

Table 5: The contributions of the operators in Eq. (3) at Λ = 1 TeV, to the operators relevant for EDMs
at µ = Λχ.

through Barr-Zee diagrams, while the top CEDM gives rise to a one-loop threshold contribution
to the Weinberg operator [79,87]. In total we have the following matching conditions,

c̃(f)
γ (m−t ) = c̃(f)

γ (m+
t ) + 24

α

(4π)3
Q2
t f(xt)c̃Y (m+

t ),

c̃(q)
g (m−t ) = c̃(q)

g (m+
t )− 4

αs
(4π)3

f(xt)c̃Y (m+
t ),

CG̃(m−t ) = CG̃(m+
t )− αs

8π
c̃g(m

+
t )− 4

αs
(4π)3

h(mt,mh) c̃Y (m+
t ), (26)

where m+
t (m−t ) indicates a scale just above (below) mt, xt ≡ m2

t

m2
h
, and the functions f , and h

are given by,

f(z) ≡ z
2

∫ 1
0 dx

1−2x(1−x)
x(1−x)−z ln x(1−x)

z , h(m,M) = m4

4

∫ 1
0 dx

∫ 1
0 du

u3x3(1−x)
[m2x(1−ux)+M2(1−u)(1−x)]2

.

Below µ = mt, our basis consists of the operators in Eq. (5e). The anomalous dimensions in
Eq. (14) control the running down to µ = mb and subsequently to µ = mc. At these thresholds
the bottom and charm quarks and their (C)EDMs are integrated out, which results in additional
threshold corrections to the Weinberg operator,

CG̃(m−c,b) = CG̃(m+
c,b)−

αs
8π
c̃(c,b)
g (m+

c,b). (27)

After the charm threshold the remaining operators can be evolved to Λχ using Eq. (14). The
numerical result of this analysis is presented in Table 5 for Λ = 1 TeV.

An overview of the effects of the running and threshold contributions to observables presented
in Table 6 for cα and in Table 7 for c̃α.
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Obs. cγ cg cWt cWb cY

t 7 7 X 7 7

tt̄ 7 X 7 7 7

D
ir
e
c
t

tt̄h 7 X 7 7 X

F0, FL, δ
− 7 7 X 7 7

gg ↔ h 7 γ
(1,2)
t→ϕϕXX 7 7 Threshold (25)

In
d
ir
e
c
t

h→ γγ γ
(2,1), (4,1)
t→ϕϕXX

7 7 7 Threshold (25)

S S γ
(4,1)
t→ϕϕXX 7 γ

(4,3)
t→ϕϕXX 7 7

b
→
s
γ

BR, ACP γ
(1,1)

t→(bs) 7 γ
(1,3)

t→(bs) γ
(1,4)

t→(bs) 7

Table 6: An overview of the dominant contributions of the real parts of the anomalous top-Higgs
couplings to high- and low-energy observables. X indicates a direct (tree-level) contribution, 7 a
negligible contribution, γt→X a contribution induced by the RG flow, and Threshold a threshold
contribution with the appearing numbers indicating the corresponding equations.
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Obs. c̃γ c̃g c̃Wt c̃Wb c̃Y

t 7 7 7 7 7

tt̄ 7 7 7 7 7

D
ir
e
c
t

tt̄h 7 7 7 7 7

F0, FL, δ
− 7 7 X 7 7

b
→
s
γ

BR, ACP γ
(1,1)

t→(bs)
7 γ

(1,3)

t→(bs) γ
(1,4)

t→(bs) 7

E
D
M

s

dThO γ
(i,1)

t→ϕϕXX̃,L̄Rγ
(4,i)

ϕϕXX̃,L̄R→EDM

γ
(1,2)
t γ

(i,1)

t→ϕϕXX̃,L̄Rγ
(4,i)

ϕϕXX̃,L̄R→EDM

γ
(3,2)
t γ

(i,3)

t→ϕϕXX̃,L̄Rγ
(4,i)

ϕϕXX̃,L̄R→EDM

γ
(i,3)

t→ϕϕXX̃,L̄Rγ
(4,i)

ϕϕXX̃,L̄R→EDM
7 Threshold (26)

dn, dHg γ
(i,1)

t→ϕϕXX̃,L̄Rγ
(1−3,i)

ϕϕXX̃,L̄R→EDM
Threshold (26) γ

(i,3)

t→ϕϕXX̃,L̄Rγ
(1−3,i)

ϕϕXX̃,L̄R→EDM
γ

(2,4)
t→EDM,Threshold (27) Threshold (26)

Table 7: Similar to Table 6 but now for the imaginary parts of the anomalous top-Higgs couplings. Contributions that are generated
at the two- or three-loop level are represented by entries involving a combination of anomalous dimensions and/or threshold

contributions. For example, the leading contribution of c̃Wb to the mercury and neutron EDMs is due to the b-quark CEDM, c̃
(b)
g ,

which is RG-induced through γ
(2,4)
t→EDM (Eq. (15)) and subsequently generates the Weinberg operator, CG̃, through the threshold

contribution of (27).
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4 Collider constraints

In this section we discuss the constraints that collider experiments set on the top couplings
introduced in Eq. (2). The top quark was discovered at the Tevatron [1, 2] and is abundantly
produced at the LHC. This makes it possible to directly probe the properties of the top quark by
measuring the cross sections of processes with top final states, and the subsequent top decays. In
the former category, we consider single top, tt̄, and associated Higgs tt̄ production cross sections
that are sensitive to anomalous top-gluon (Og), top-W (OWt and OWb), and top-Higgs (OY )
couplings. In the latter category we study the helicity fractions of W bosons that are produced
in top quark decays. These fractions are sensitive to the top-bottom-W operators, OWt and, to
a lesser extent, OWb. In addition to its contribution to single top production, the operator OWb

generates a dipole coupling of the Z boson to bb̄ pairs. This coupling affect the branching ratio
Z → bb̄, which was precisely measured at LEP. Since the bounds turn out to be weak, we do
not further discuss this observable.

The couplings of the top can be probed indirectly, by studying observables that do not have a
top quark in the final state, but instead receive sizable corrections from top loops. We consider
corrections to precision EW observables, in particular the S parameter [88–90], and the Higgs
boson production and decay signal strengths. In the SM, the main Higgs production mechanism
is gluon fusion and proceeds through a top loop. This process is therefore quite sensitive to
modifications of the top Yukawa, CY , and to the top chromo-dipole moment Cg. In a similar
way, the SM decay process h → γγ is loop induced, and can be used to constrain CY and Cγ .
We do not include corrections to Higgs production and decay mechanisms that are tree level in
the SM, like vector boson fusion (VBF), h→WW ∗, or h→ bb̄. Contributions to these processes
from the operators in Eq. (2) are loop suppressed such that any resulting constraints are weak
and can be neglected.

Finally we comment on the contributions from the anomalous couplings that we include. Our
EFT approach is based on an expansion in Q/Λ where Q is a low-energy scale that can be
identified with the typical energy in a process, the Higgs vev, or the mass of a SM particle. We
always present our results as functions of the dimensionless combinations v2Cα. In principle,
the most important contributions are linear in this combination and appear at the dimension-
six level, ∼ O(1/Λ2). However, this is not always the case. For instance, it might be that
the interference terms are suppressed by small SM parameters (such as light fermion masses)
or for kinematical reasons, such that the dimension-eight contributions (from the square of
the dimension-six operators) can provide the dominant contribution. This is more likely if the
bounds on the Wilson coefficients of the dimension-six operators are loose. A much more detailed
discussion on dimension-eight effects in the framework of the SM EFT is given in Refs. [91–93].
That being said, we find that the bounds on the dimension-six coefficient are strong enough that
dimension-eight contributions can be neglected. As such, we truncate the expansion at O(1/Λ2)
and do not consider terms that depend quadratically on v2Cα. This means for example that
for most of the collider observables under investigation, the imaginary parts of the Wilson
coefficients do not contribute.

In the expressions below, we nevertheless provide various contributions proportional to the
square of dimension-six operators. We will use these terms mainly as a diagnostic tool to check
whether their impact can indeed be neglected. We stress that the dimension-eight contributions
given below are not complete. In the cross sections and branching ratios we include dimension-
eight effects from two insertions of the operators Cα in tree-level diagrams, but never consider
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process
√
S (TeV) σ (pb) Experiment

tt̄ 1.96 7.6± 0.4 CDF, D0 [94]

8 242± 10 ATLAS [95]

239± 13 CMS [96]

process
√
S (TeV) t t̄ t + t̄ Experiment

single top 7 46± 6 23± 3 68± 8 ATLAS [97]

t-channel – – 67± 7 CMS [98]

8 – – 83± 12 ATLAS [99]

54± 5 28± 4 84± 8 CMS [100]

13 133± 26 96± 24 229± 48 ATLAS [101]

142± 23 81± 15 228± 34 CMS [102]

Table 8: tt̄ and single top total cross sections, measured at CDF, D0, ATLAS and CMS.

the insertion of genuine dimension-eight operators, or the mixing of two dimension-six operators
onto dimension-eight operators.

4.1 Direct constraints

4.1.1 tt̄ production

The cross section induced by the top chromo-magnetic dipole moment (CMDM), cg, and CEDM,
c̃g, was computed in Refs. [103,104] and is given by

σtt̄(1.96 TeV)

pb
= (7.45± 0.44)− (10.8± 0.6)(v2cg) + (7.1± 0.7)(v2cg)

2 + (2.5± 0.5)(v2c̃g)
2

σtt̄(8 TeV)

pb
= (252.9± 20)− (333± 28)

(
v2cg

)
+ (476± 44)

(
v2cg

)2
+ (336± 33)

(
v2c̃g

)2
.

(28)

The SM tt̄ cross section has been computed using the program TOP++ [105]. It includes
next-to-next-to-leading order (N2LO) corrections [106] and soft gluon resummation. The cross
section and the couplings cg and c̃g are evaluated at the renormalization scale µ = mt. The
theoretical uncertainties on the SM cross section arises from PDF and scale variations. As the
contribution of Cg is only included at LO, the theoretical errors on terms proportional to cg and
c̃g in Eq. (28) only include PDF and αs uncertainties, which are obtained by following the recipe
of the PDF4LHC working group [107] with the three PDF sets CT10 [108], MSTW08 [109], and
NNPDF2.3 [110]. In the SM, NLO and N2LO corrections to the tt̄ cross section are large [106]
suggesting the need to include NLO corrections for the dipole operators as well [111]. We have
not included these corrections here.
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Figure 2: Contribution of CWt and CWb to t-channel single top production. Solid lines denote
light quarks, double lines the top quark, and wavy lines the W boson. SM vertices are denoted
by a dot, while an insertion of a CWt or CWb by a square.

Our fits include data from the Tevatron experiments [94] at
√
S = 1.96 TeV and from the

ATLAS and CMS experiments at
√
S = 8 TeV [95,96]. The experimental results are summarized

in Tab. 8.

4.1.2 Associated production of a Higgs boson and a tt̄ pair

The tt̄h cross section receives contributions from the anomalous Yukawa coupling, CY , and
from the dipole operator, Cg. In Ref. [51] we presented the tt̄h cross section induced by c̃g
and c̃Y at LO in QCD. Here we extend the calculation with contributions from the real part
of the couplings, cY and cg, which interfere with the SM and induce genuine O(1/Λ2) effects.
The tt̄h cross section in the SM is known at NLO in QCD [112–115]. The contribution of the
pseudoscalar Yukawa couplings is also known at NLO [116], while the effects of Cg has been
considered at tree level in Refs. [117,118]. Our results agree with Refs. [117,118].

The observable we study is the ratio, µtt̄h, of the production cross section with and without
dimension-six operators,

µtt̄h =
σpp→tt̄h

σSM
pp→tt̄h

. (29)

At center-of-mass energy of 8 and 14 TeV, we find

µtt̄h(8 TeV) =
(
1 + v2cY

)2
+ (0.33± 0.02)(v2c̃Y )2 − (7.11± 0.02)(v2cg)

+(52± 5)(v2cg)
2 + (44± 4)(v2c̃g)

2

−(11.0± 0.1)
(
v2cg

)
(v2cY )− (0.12± 0.16)

(
v2c̃g

)
(v2c̃Y ) (30)

µtt̄h(14 TeV) =
(
1 + v2cY

)2
+ (0.42± 0.01)(v2c̃Y )2 − (7.57± 0.03)

(
v2cg

)
+(80± 5)

(
v2cg

)2
+ (72± 5)

(
v2c̃g

)2
−(11.5± 0.1)

(
v2cg

)
(v2cY )− (0.79± 0.06)

(
v2c̃g

)
(v2c̃Y ).

The theoretical error only includes PDF and αs variations. The cross section, and the couplings
CY and Cg, are evaluated at the scale µ = mt. The ATLAS and CMS measurements of the
signal strength µtt̄h are given in Table 11.

4.1.3 Single top production

The weak dipole operators CWt and CWb provide tree-level corrections to single top production
cross sections and to the t→Wb decay.
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The largest SM contribution to single top production is through the t-channel exchange of a W
boson. Smaller contributions arise from the associated production of a top and a W boson and by
s-channelW exchange. Production via the t-channel was first observed at the Tevatron [119,120].
ATLAS published the measurement of the inclusive and differential cross section at

√
S = 7 TeV

with luminosity of 5 fb−1 [97], and preliminary results at
√
S = 8 and 13 TeV, with luminosity

of, respectively, 20 fb−1 and 3.2 fb−1 , are also available [99, 101]. CMS published results at√
S = 7 and

√
S = 8 TeV with luminosity of 1.56 and 20 fb−1, respectively [98,100]. Preliminary

results at
√
S = 13 TeV are given in Ref. [102]. The associated production of a top and a W

boson has also been observed by both ATLAS and CMS [121,122], while the first observation of
s-channel single top production has been recently announced by the Tevatron experiments [123].
In our analysis, we include only t-channel production, which gives the strongest bounds at the
moment.

The total and differential SM cross sections are known at NLO in QCD [124–127], both in the
5 flavor scheme, in which the b quark is considered massless and appears in the initial state, and
in the 4 flavor scheme, which keeps into account mb effects. A detailed comparison of the two
schemes is discussed in Ref. [127]. We computed the corrections of the operators CWt and CWb

to the t-channel single top cross section in the 5 flavor scheme, including NLO QCD effects.
The tree-level diagrams are displayed in Fig. 2. cWt interferes with the SM through terms
proportional to mt and contributes to the total cross section at O(1/Λ2). The interference of
cWb with the SM is proportional to mb and vanishes in the 5 flavor scheme. The imaginary
couplings c̃Wt and c̃Wb only contribute to the total cross section at O(1/Λ4).

At NLO in QCD, the inclusive t-channel single top cross section in the presence of the operator
CWt is

σt(7 TeV)

pb
= (41.9± 1.8)− (9.4± 0.3) v2cWt + (15.6± 0.2) ((v2cWt)

2 + (v2c̃Wt)
2) ,

σt̄(7 TeV)

pb
= (22.7± 1.0)− (0.3± 0.1) v2cWt + (5.5± 0.2) ((v2cWt)

2 + (v2c̃Wt)
2) ,

σt(8 TeV)

pb
= (56.4± 2.4)− (11.7± 0.3) v2cWt + (21.0± 0.5) ((v2cWt)

2 + (v2c̃Wt)
2) ,

σt̄(8 TeV)

pb
= (30.7± 1.3)− (0.5± 0.2) v2cWt + (7.7± 0.2) ((v2cWt)

2 + (v2c̃Wt)
2) ,

σt(13 TeV)

pb
= (136.± 5.4)− (26.2± 0.4) v2cWt + (57.0± 1.0) ((v2cWt)

2 + (v2c̃Wt)
2) ,

σt̄(13 TeV)

pb
= (81.0± 4.1)− (2.6± 0.4) v2cWt + (24.7± 1.0) ((v2cWt)

2 + (v2c̃Wt)
2) .

(31)

The cross sections were obtained by setting the factorization and renormalization scales to
µ = mt. The couplings cWt and c̃Wt are also evaluated at this scale and are related to the
couplings at µ = Λ by the RGE discussed in Sec. 3.1. The scale uncertainty was estimated by
varying the factorization and renormalization scales between µ = mt/2 and µ = 2mt. In the
evaluation of the scale uncertainties, we accounted for the running of CWt between the central
scale and µ = mt/2 or µ = 2mt. We obtained the PDF and αs uncertainties following the
PDF4LHC recipe, using the three PDF sets CT10 [108], MSTW08 [109] and NNPDF2.3 [110].
PDF uncertainties turn out to dominate the theoretical uncertainty. Corrections to the single top
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dσ(t)/dpT (10−3 pb/GeV)

bins (GeV) exp. theory

0-45 440± 65 (373± 22) −(71± 5) v2cWt +(48± 4) ((v2cWt)
2 + (v2c̃Wt)

2)

45-75 370± 56 (382± 15) −(85± 1) v2cWt +(96± 7) ((v2cWt)
2 + (v2c̃Wt)

2)

75-110 250± 37 (207± 8) −(52± 5) v2cWt +(87± 4) ((v2cWt)
2 + (v2c̃Wt)

2)

110-150 133± 26 (90± 3) −(26± 4) v2cWt +(66± 2) ((v2cWt)
2 + (v2c̃Wt)

2)

150-500 7.8± 1.4 (7.7± 0.4) −(2.2± 0.5) v2cWt +(13± 1) ((v2cWt)
2 + (v2c̃Wt)

2)

dσ(t̄)/dpT (10−3 pb/GeV)

bins (GeV) exp. theory

0-45 190± 52 (210± 14) −(10.2± 4.7) v2cWt +(14± 2) ((v2cWt)
2 + (v2c̃Wt)

2)

45-75 230± 43 (202± 10) −(4.7± 1.3) v2cWt +(33± 3) ((v2cWt)
2 + (v2c̃Wt)

2)

75-110 97± 26 (102± 4) +(0.7± 4.7) v2cWt +(34± 2) ((v2cWt)
2 + (v2c̃Wt)

2)

110-150 13± 9 (42± 2) +(2.7± 1.3) v2cWt +(25± 1) ((v2cWt)
2 + (v2c̃Wt)

2)

150-500 1.4± 0.8 (3.2± 0.2) +(0.4± 0.2) v2cWt +(5.0± 0.2) ((v2cWt)
2 + (v2c̃Wt)

2)

Table 9: Single top differential cross section induced by CWt at
√
S = 7 TeV.

cross section from CWt and CWb have been considered in Ref. [128] at LO, and, recently, the NLO
QCD corrections have been included [129]. Our results are in agreement with Refs. [128,129].

In Table 9 we give the differential cross section dσ/dpT , where pT is the t or t̄ transverse
momentum, in the pT bins relevant to the analysis of Ref. [97]. The different pT bins are
correlated and we included the experimental correlations given in Ref. [97] when constructing
the χ2. We neglected any correlations of theoretical uncertainties.

The contribution of CWb to single top production is suppressed by the factor of mb appearing
in the definition of the operator. We find

(σt + σt̄)(7 TeV) = (0.11± 0.01)
(
(v2cWb)

2 + (v2c̃Wb)
2
)

pb ,

(σt + σt̄)(8 TeV) = (0.15± 0.01)
(
(v2cWb)

2 + (v2c̃Wb)
2
)

pb ,

(σt + σt̄)(13 TeV) = (0.44± 0.01)
(
(v2cWb)

2 + (v2c̃Wb)
2
)

pb . (32)

In the 5 flavor scheme, CWb does not interfere with the SM, since the b quark in the initial
state is taken to be massless. We do not expect the interference to be significantly larger than
the terms in Eq. (32). These results imply that the single top cross section is sensitive to
v2CWb ∼ O(10). Such large values of v2CWb are forbidden by flavor processes such as b → sγ.
For this reason, we do not include Eq. (32) in our analysis.
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F0 FL FR δ−/π experiment

0.72± 0.08 0.31± 0.09 −0.03± 0.04 – CDF & D0 [130]

0.67± 0.07 0.32± 0.04 0.01± 0.04 – ATLAS [131]

0.68± 0.04 0.31± 0.03 0.01± 0.01 – CMS [132]

0.72± 0.06 0.30± 0.04 −0.02± 0.02 – CMS [133]

– 0.37± 0.07 - FR – −0.014± 0.036 ATLAS [58]

Table 10: W helicity fractions measured at CDF, D0, ATLAS, and CMS.

4.1.4 W helicity fractions

The helicity fractions of W bosons produced from top quark decays are sensitive to the operator
CWt and, to a lesser extent, CWb. We consider three helicity fractions: F0, denoting the frac-
tion of longitudinally-polarized W bosons, and FL,R, denoting the fraction of left/right-handed
transversely-polarized W bosons. These helicity fractions have been measured at the Tevatron
and LHC [58, 130–133] and in Table 10 we summarize the results used in our analysis. The
experimental error is obtained by combining in quadrature the statistical and systematic errors
reported by the experimental collaborations, and in the χ2 function we consider correlations
between F0 and FL,R. In addition to the helicity fraction, the ATLAS collaboration has mea-
sured the phase, δ−, between the amplitudes for the longitudinally- and transversely-polarized
W bosons, recoiling against a left-handed b quark, in the decay of a single top [58, 134]. This
phase is sensitive to the imaginary parts of the dimension-six operators.

The SM helicity fractions have been computed at N2LO in QCD [135]. They are a function of
the ratio x = mW /mt, and, for the top pole mass, mt = 173 GeV, and mW = 80.4 GeV, the SM
helicity fractions are F0 = 0.687, FL = 0.311, and FR = 0.0017. The theoretical uncertainty is
very small, at the permil level, and is negligible compared to the experimental error. The phase
δ− vanishes at tree level in the SM, but receives non-vanishing contributions from electroweak
loops in which the internal W boson and b quark go on-shell [25]. However, these contributions
are negligible with respect to the current experimental uncertainty.

The corrections to the helicity fractions induced by the operators CWt and CWb have been
computed at NLO in QCD in Ref. [24]. Also in this case, the contribution of CWb is suppressed
by the bottom Yukawa coupling and gives bounds that are not competitive with those from
flavor physics. The LO correction of CWt to F0 and FL is [24]

F0 =
1− 4y2

t x
2(v2cWt) + 4x4y4

t

(
(v2cWt)

2 + (v2c̃Wt)
2
)

(1 + 2x2)− 12y2
t x

2(v2cWt) + 4x2(2 + x2)y4
t ((v2cWt)2 + (v2c̃Wt)2)

(33)

FL =
2x2

(
1− 4y2

t (v
2cWt) + 4y4

t

(
(v2cWt)

2 + (v2c̃Wt)
2
))

(1 + 2x2)− 12y2
t x

2(v2cWt) + 4x2(2 + x2)y4
t ((v2cWt)2 + (v2c̃Wt)2)

. (34)

At tree level, the SM and CWt contributions to FR vanish. They are not zero at one loop [24].
In our analysis, we used the NLO expressions of Ref. [24]. Similar to the single top cross section,
cWt interferes with the SM and gives rise to a genuine dimension-six effect, while the imaginary
part of CWt corrects the helicity fractions at O(1/Λ4).
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The phase δ− is linear in c̃Wt and, at tree level, is given by [58,134]

δ− = V 2
tb arg ((x− gR)(1− xgR)∗) , with gR = 2

mW

v
yt(v

2cWt + i v2c̃Wt). (35)

4.2 Indirect constraints

4.2.1 Higgs production and decay

The Higgs production cross section and branching ratios are sensitive probes of couplings of
the top quark to the Higgs boson, gluon, and photons. We already discussed the associated
production of a Higgs boson and a tt̄ pair, which provides a direct probe of the Higgs-top Yukawa
coupling and the top chromo-dipole operator Cg. In the SM the dominant Higgs production
mechanism is gluon fusion and proceeds via a top loop. Similarly, the Higgs boson decay into two
photons, the Higgs discovery channel, gets a sizable contribution from a top loop. We can thus
expect Higgs production and decay processes to be very sensitive to anomalous top couplings,
in particular to the modification of the top Yukawa, CY , and to the top electromagnetic and
color dipoles Cγ and Cg.

Through mixing onto CϕW and CϕWB, the operators CWt and CWb also affect important Higgs
production and decay mechanisms such as vector boson fusion (VBF), associated production of
a Higgs boson and a W or Z boson (WH and ZH), and the WW ∗ and ZZ∗ decay channels.
However, in this case the contribution of the dimension-six operators is suppressed by one
electroweak loop with respect to the SM contribution, which arises at tree level, such that the
resulting bounds turn out to be negligible.

The observables we consider are the Higgs signal strengths, which are observed to be com-
patible with the SM [136,137]. For a given Higgs production mechanism, i→ h, followed by the
decay of the Higgs to the final state f , the signal strength is defined as

µi→h→f =
σi→h
σSMi→h

Γh→f

ΓSMh→f

/
Γtot

ΓSMtot

, (36)

where σi→h and σSMi→h are, respectively, the production cross section in the channel i including
the effects of dimension-six operators, and the production cross section in the SM. Γh→f and

ΓSMh→f are the decay widths in the channel f , and Γtot and ΓSMtot the Higgs total width, with and
without the inclusion of dimension-six operators. For mh = 125 GeV, the SM Higgs total width
is ΓSMtot = 4.07± 0.16 MeV [138].

The only production channel which is significantly affected by the operators we consider is
gluon fusion. The gluon fusion cross section can be computed in terms of the effective operators
OϕG and OϕG̃ and is known at N2LO in αs [139–143]. The scalar and pseudoscalar top Yukawa
couplings cY and c̃Y induce threshold corrections to CϕG and CϕG̃ at the scale mt, while the
top chromo-dipole moments mix onto OϕG and OϕG̃, with the anomalous dimension (10). As

discussed in Ref. [51], the NLO and N2LO corrections, and the theoretical uncertainties, mostly
cancel in the ratio of the production cross section induced by OϕG and OϕG̃ and the SM. We
therefore use the tree-level expression, which, in the limit of mt →∞, is given by

σggF

σSMggF
=

(
1 + v2cY (m+

t ) + 48π2v2CϕG(m+
t )

)2

+

(
48π2v2CϕG̃(m+

t ) +
3

2
v2c̃Y (m+

t )

)2

, (37)
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and neglect the small theoretical uncertainties. CϕG(m+
t ) is given in Table 3 and in Eq. (37)

we explicitly show the threshold corrections induced by the anomalous scalar and pseudoscalar
Yukawa couplings.

The decay channels most affected by the operators under consideration are h → gg and
h → γγ. The gluonic decay of the Higgs is not directly observed at the LHC because of the
large QCD background. However, it affects the signal strength by modifying the Higgs total
width. In the infinite top mass limit, the Higgs decay width into gluons is [144],

Γh→gg =
α2
sm

3
h

72v2π3

((
1 + v2cY + 48π2v2CϕG

)2

+

(
48π2v2CϕG̃ +

3

2
v2c̃Y

)2
)
, (38)

where the couplings are evaluated at m+
t .

The Higgs decay into photons in the infinite top mass limit becomes [144]

Γh→γγ

ΓSMh→γγ
=

(
NcQ

2
t (1 + v2cY ) + 24π2(v2Cϕγ)− 21

4 A(τW )
)2

+
(

3
2NcQ

2
t v

2c̃Y + 24π2(v2Cϕγ̃)
)2(

NcQ2
t − 21

4 A(τW )
)2 ,

(39)

where the couplings are evaluated at m+
t , τW = 4m2

W /m
2
h, and the loop function A(τ) is given in

Eq. (25). The γγ channel gives negligible corrections to the total width. NLO QCD corrections
to the SM decay widths ΓSMh→γγ and ΓSMh→gg are known [144], and we included them in our analysis.

The signal strengths as measured by the ATLAS and CMS collaborations [136,137] are given
in Table 11. In our fits, we symmetrized the uncertainties in Table 11, and treated them as
statistical errors.

5 Electroweak precision tests

The corrections from BSM physics to the self energies of the SM gauge bosons can be described
by three parameters (up to terms linear q2) [88–90],

αw
4s2
W c

2
W

S = Π′ZZ(0)−
c2
W − s2

W

cW sW
Π′γZ(0)−Π′γγ(0),

αwT =
ΠWW (0)

m2
W

− ΠZZ(0)

m2
Z

,

αw
4s2
W

U = Π′WW (0)− c2
WΠ′ZZ(0)− 2sW cWΠ′γZ(0)− s2

WΠ′γγ(0), (40)

where ΠXY denotes the self energy of the vector bosons X and Y , while the primes indicate
differentiation with respect to q2. Two of these parameters, S and T , are generated by dimension-
six operators, namely OϕWB and OHD =

∣∣ϕ†Dµϕ
∣∣2 [57, 90,145],

S = 16πv2CϕWB(mt), T = −2π

e2
v2CHD(mt). (41)

In contrast, the U parameter receives its first contribution at the dimension-eight level. As a
result, when considering leading-log effects, the top-Higgs couplings only generate the S param-
eter, and do not contribute to CHD or the dimension-eight operator responsible for U . The
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ATLAS gg VBF WH ZH tt̄h

γγ 1.3± 0.4 0.8± 0.7 1.0± 1.6 0.1+3.7
−0.1 1.3+2.6

−1.7

ZZ∗ 1.7± 0.5
(
0.3+1.6
−0.9

)†
– – –

WW ∗ 1.0± 0.3 1.3± 0.5 3.0± 1.6∗ – 2.1± 1.4

ττ 2.0± 1.5 1.2± 0.6† – – –

bb̄ – – 1.1± 0.6 0.05± 0.5 1.5± 1.1

CMS gg VBF WH ZH tt̄h

γγ 1.1± 0.4 1.2± 0.6† – – 2.7± 2.6

ZZ∗ 0.8± 0.5 1.7± 2.2† – – –

WW ∗ 0.7± 0.2 0.6± 0.4 0.4± 2.0∗ – 4.0± 1.8

ττ 0.3± 0.9 0.9± 0.4† – – –

bb̄ – – 0.8± 0.4∗ – 0.7± 1.9

Table 11: Higgs signal strength in various production and decay channels, as measured by the
ATLAS and CMS collaborations [136, 137]. † denotes entries for which the signal strengths is
given in the combined bosonic production modes (VBF + WH + ZH), ∗ denotes entries for
which the combined WH + ZH signal strength is given.
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contributions to S arise through the RG mixing with OϕWB described in section 3.1, which
coincides with the divergent parts of the loop contributions discussed in [128,146].

To derive the constraints resulting from the S parameter, we expres CϕWB in terms of the
Higgs-top couplings (Table 3) and employ the result of a fit to experimental data, S = −0.03±
0.10 [80] 9 10.

6 Flavor physics

Flavor physics offers a large number of processes that can, in principle, receive contributions
from the anomalous top interactions. However, we find that most of these observables only
give rise to fairly weak constraints. We briefly discuss here flavor observables that are not very
sensitive to these couplings, after which we turn to the b → sγ transitions which do lead to
significant limits.

Starting in the B meson sector, the coupling cWt induces flavor-changing four-quark operators
at one loop which can contribute to B̄d,s−Bd,s mixing [147]. Comparing the resulting limits [147]
to those coming from the rare B decays discussed below, we find that the B mixing constraints
are weaker and do not affect our bounds significantly. We therefore neglect the B̄d,s − Bd,s
mixing observables in what follows.

In the kaon sector, there are potential constraints from similar observables as in the B-
meson sector, although the uncertainties from long-distance effects are generally larger. Here,
cWt induces a flavor-changing four-quark operator, analogous to the B-mixing operator, which
contributes to CP violation in kaon mixing, εK . In addition, the top-Higgs couplings induce
flavor-changing dipole operators. A gluonic dipole (s → dg) is mainly generated by Cg and
affects direct CP violation, ε′, while Cγ,Wt contribute to the photonic dipole operator (s→ dγ)
which induces rare kaon decays such as KL → π+π−γ [148]. We employ the expressions in
Refs. [149], [150], and [148], to estimate the constraints from εK , ε

′, and rare decays, respectively.
We find an O(1) constraint on v2cWt in the case of εK , while the remaining observables give rise
to weaker bounds. Thus, none of the above flavor observables leads to competitive constraints,
and we focus on the limits coming from b→ sγ transitions to be discussed below.

6.1 Rare B decays

To study the effects of the top-Higgs interactions on the b→ sγ observables, namely the branch-
ing ratio and CP asymmetry, we closely follow the procedure outlined in Refs. [151, 152]. The

branching ratio and CP asymmetry are mainly affected by the C
(bs)
γ,g interactions induced by the

top-Higgs operators. These couplings are related to the couplings C7,8 that are more commonly

9This constraint results from a fit in which T and U are allowed to vary. Since we do not consider contributions
to these parameters, we could take T = U = 0 to be a prediction of our scenario and force U and T to zero in
the fit. This would lead to a more stringent constraint on S, with the SM point, S = 0, excluded at 90%. We
therefore prefer to allow T and U to vary and employ the more conservative constraint S = −0.03± 0.10.

10It should be noted that the extraction of S could be complicated in case there are additional interactions that
significantly modify the fermion-Z vertex [74, 75]. Such deviations from the SM could be induced by operators

of the form (f̄L,Rγ
µfL,R)(iϕ†(

←−
Dµ −

−→
Dµ)ϕ), however, since these interactions only receive mixing contributions

from the top-Higgs interactions at the three-loop level, we neglect these effects here.
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used in the literature [44,151–155], by the relations

C(bs)
γ =

VtbV
∗
ts

4π2Qb

C7

v2
, C(bs)

g = −VtbV
∗
ts

4π2

C8

v2
. (42)

The dimension-six contributions to these operators can be read off from Table 4.

6.1.1 BR (B → sγ)

We describe the branching ratio by the expression derived in Refs. [154,156], rescaled to the SM
prediction of [153,157,158],

BR (B → sγ) = 10−4 3.36

2.98

[
2.98 + 4.743|CNP

7 |2 + 0.789|CNP
8 |2

+Re

(
(−7.184 + 0.612i)CNP

7 + (−2.225− 0.557i)CNP
8 + (2.454− 0.884i)CNP

7 CNP∗
8

)]
, (43)

where CNP
7,8 stand for the non-standard contributions to C7,8, which are to be evaluated at the

top scale, µ = 160 GeV. This expression should be compared with the current experimental
world average [80],

BR (B → sγ) = (3.43± 0.21± 0.07)× 10−4. (44)

In order to derive constraints we follow Refs. [151, 152] and use the relative uncertainty on the
SM prediction as our theoretical error, σ = 0.23

3.36BR(b → sγ). This theoretical uncertainty is
then added in quadrature to the experimental one.

6.1.2 ACP (B → sγ)

For the CP asymmetry we follow Refs. [44, 151, 152] and employ the expression derived in
Ref. [155],

ACP (B → sγ)

π
≡ 1

π

Γ(B̄ → Xsγ)− Γ(B → Xs̄γ)

Γ(B̄ → Xsγ) + Γ(B → Xs̄γ)

≈
[(

40

81
− 40

9

Λc
mb

)
αs
π

+
Λc17

mb

]
Im

C2

C7
−
(

4αs
9π

+ 4παs
Λ78

3mb

)
Im

C8

C7

−
(

Λu17 − Λc17

mb
+

40

9

Λc
mb

αs
π

)
Im

(
VubV

∗
us

VtbV
∗
ts

C2

C7

)
, (45)

where C2 is a four-quark operator, ∼ (d̄Lγ
µbL)(s̄LγµdL) [159], which, along with C7,8, should

to be evaluated at the factorization scale µb ' 2 GeV. We employ the following SM values for
these coefficients at µb = 2 GeV [155],

CSM
2 = 1.204, CSM

7 = −0.381, CSM
8 = −0.175. (46)

The contributions from the top-Higgs couplings at µ = mt and µ = 2 GeV can again be read
from Table 4. In addition, the CP asymmetry depends on the scale, Λc ' 0.38 GeV, and on
three hadronic parameters that are estimated to lie in the following ranges [155],

Λu17 ∈ [−0.33, 0.525] GeV, Λc17 ∈ [−0.009, 0.011] GeV, Λ78 ∈ [−0.017, 0.19] GeV. (47)
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de dn dHg dp,D dXe dRa

current limit 8.7 · 10−29 3.0 · 10−26 6.2 · 10−30 x 5.5 · 10−27 , 4.2 · 10−22

expected limit 5.0 · 10−30 1.0 · 10−28 6.2 · 10−30 1.0 · 10−29 5.0 · 10−29 1.0 · 10−27

Table 12: Current limits on the electron [162], neutron [163,164], and mercury [165,166] EDMs in units
of e cm (90% confidence level). We also show an indication of their prospective limits [167, 168] as well
as those of the proton, deuteron, xenon [169], and radium [170] EDMs, which could provide interesting
constraints in the future.

We deal with these rather large uncertainties by using the R-fit procedure [160]; we vary the
Λ parameters in their allowed ranges, selecting the values which produce the smallest χ2. The
final ingredient we require is the current experimental value of the CP asymmetry given by [161]

ACP (B → sγ) = 0.015± 0.02. (48)

7 Electric dipole moments

Permanent EDMs of leptons, nucleons, nuclei, atoms, and molecules probe flavor-diagonal CP
violation with essentially no SM background. CP violation from the CKM mechanism predicts
EDMs that are orders of magnitude below current experimental sensitivities. The only SM
background then arises from the QCD vacuum angle, the so-called theta term, which, in prin-
ciple, induces large EDMs of hadrons and nuclei. The absence of an experimental signal for the
neutron and 199Hg EDMs leads to the strong constraint θ < 10−10 [171]. This smallness begs for
an explanation that can be provided by the Peccei-Quinn mechanism [172], which dynamically
relaxes the vacuum angle to zero at the cost of a, so far, unmeasured axion. In this work, we
assume the Peccei-Quinn mechanism to be at work such that the bare theta term is removed
from our EFT. However, in the presence of dimension-six sources of CP violation, the Peccei-
Quinn mechanism does not completely remove the theta term. Instead, the vacuum angle is
relaxed to a finite value proportional to the coefficients of the dimension-six CPV operators. The
contribution from the induced vacuum angle is taken into account in our analysis by the value
of the hadronic matrix elements [173]. Recent developments in lattice QCD [174–178] and chiral
effective field theory [179, 180] have improved the description of hadronic and nuclear EDMs.
If future experiments detect nonzero EDMs, their precise pattern could potentially disentangle
a nonzero theta term from BSM sources of CP violation [85]. For now, however, we apply the
Peccei-Quinn mechanism to essentially remove the theta term from our analysis.

At present, the most stringent constraints come from measurements of the neutron, 199Hg
atom, and ThO molecule EDMs. Here we give a brief overview of our analysis of these EDMs
and refer to Ref. [51] for more details.

We begin with ThO measurement [162], which, for the set of dimension-six operators under
discussion, can be interpreted as a measurement of the electron EDM11

de = eQemec̃
(e)
γ (Λχ) ≤ 8.7 · 10−29 e cm (90% C.L.) . (49)

11Apart from the electron EDM, the ThO EDM also receives contributions from semi-leptonic four-fermion
interactions, which can be generated by the top-Higgs couplings at loop-level. However, these induced semi-
leptonic interactions are always negligible due to suppression by small Yukawa couplings and/or CKM elements.
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This rather clean theoretical interpretation in terms of the electron EDM involves an estimated
O(15%) uncertainty [181, 182]. As this error estimate only affects the bound by an overall
factor (it does not allow for cancellations) and it is far below the uncertainties related to the
hadronic/nuclear EDMs, we neglect it here.

The neutron and proton EDMs are plagued by much larger hadronic uncertainties. They can
be expressed in terms of the operators of Eq. (5e) via the relations

dn = −(0.22± 0.03) eQumuc̃
(u)
γ + (0.74± 0.07) eQdmdc̃

(d)
γ + (0.0077± 0.01) eQsmsc̃

(s)
γ

−(0.55± 0.28) emuc̃
(u)
g − (1.1± 0.55) emdc̃

(d)
g ± (50± 40)e gsCG̃,

dp = (0.74± 0.07) eQumuc̃
(u)
γ − (0.22± 0.03) eQdmdc̃

(d)
γ + (0.0077± 0.01) eQsmsc̃

(s)
γ

+(1.30± 0.65) emuc̃
(u)
g + (0.60± 0.30) emdc̃

(d)
g ∓ (50± 40)e gsCG̃, (50)

where all coefficients should be evaluated at µ = Λχ. Because of recent lattice calculations
[175, 183], the contributions from the up- and down-quark EDMs in this expression are known
to O(15%), while the strange contribution is still highly uncertain. The up- and down-quark
CEDM contributions have an estimated 50% uncertainty based on QCD sum-rule calculations
[173, 184–186], while the Weinberg operator appears with the largest uncertainty, O(100%),
based on a combination of QCD sum-rules [187] and naive dimensional analysis estimates [77].
The magnitude of the strange-quark CEDM contribution is currently unresolved and is often
assumed to vanish in the Peccei-Quinn scenario. We do so here as well, but point out that this
assumption might be unwarranted [188].

Finally, the 199Hg EDM receives contributions from the nucleon EDMs as well as from the
CP-odd isoscalar and isovector pion-nucleon couplings12, ḡ0 and ḡ1 (here we use the conventions
of Ref. [51]). The induced nucleon EDMs are given above, while the pion-nucleon couplings are
generated by the quark CEDMs [189],

ḡ0 = (5± 10)(muc̃
(u)
g +mdc̃

(d)
g ) fm−1 , ḡ1 = (20+40

−10)(muc̃
(u)
g −mdc̃

(d)
g ) fm−1 . (51)

Combining the contributions of the nucleon EDMs [190] with those of the pion-nucleon couplings
[191–194], then gives the following expression for the 199Hg EDM,

dHg = −(2.8± 0.6) · 10−4

[
(1.9± 0.1)dn + (0.20± 0.06)dp +

(
0.13+0.5

−0.07 ḡ0 + 0.25+0.89
−0.63 ḡ1

)
e fm

]
,(52)

where the small number in front of the main brackets is the Schiff screening factor. The large
nuclear uncertainties appearing in the dependencies on ḡ0,1 dilute the constraining power of dHg.

We summarize the current and prospective limits in Table 12. The table also shows the
limits on systems which are not yet competitive, but could provide interesting constraints in the
future. EDM experiments on 225Ra and 129Xe atoms have already provided limits [169,170] and
are quickly improving. We use the following expressions for these EDMs [194]

dXe = (0.33± 0.05) · 10−4
(
−0.10+0.037

−0.53 ḡ0 − 0.076+0.038
−0.55 ḡ1

)
e fm , (53)

dRa = −(7.7± 0.8) · 10−4
(
−19+6.4

−57 ḡ0 + 76+227
−25 ḡ1

)
e fm . (54)

12A potential third contribution from a CP-odd isotensor pion-nucleon interaction is negligible for all operators
in Eq. (5e) [179].

29



We point out that these expressions do not contain the dependencies on the single-nucleon EDMs
as these have, as far as we know, not been calculated. The associated nuclear uncertainties are
still significant but smaller than for dHg. dRa has the additional benefit of a smaller screening
factor and a large dependence on ḡ0,1 due to the octopole deformation of the nucleus (see
Ref. [194] and references therein).

Plans exist to measure the EDMs of charged nuclei in electromagnetic storage rings [195].
Here we consider the impact of a deuteron EDM measurement. Light nuclei have the advantage
that the theoretical calculations can be performed accurately within a controlled power counting
scheme [196,197]. The deuteron EDM can be expressed as

dD = (0.94± 0.01)(dn + dp) + (0.18± 0.02)ḡ1 e fm , (55)

which, as this is a measurement of a nuclear EDM, has no Schiff screening factor. EDMs of other
light nuclei, such as 3He , 6Li , and 13C have been investigated along similar lines [196–201] but
are not considered here.

7.1 Lepton anomalous magnetic moments

The same mechanisms that generate the electron dipole moment c̃
(e)
γ also induce the magnetic

moments of charged leptons. As the magnetic moments of the electron [202] and muon [203]
are measured to very high accuracy and have precise SM predictions, we briefly discuss whether
they lead to significant constraints on the top-Higgs couplings. The magnetic moment is defined
as

~Ml =
e

2ml
gl~S, (56)

where l = (e, µ, τ), ~S is the spin of the charged lepton, and gl = 2 at tree level in the SM. Loop
effects in the SM lead to corrections to gl, thereby inducing anomalous magnetic moments,

al =
gl − 2

2
. (57)

Due to the small uncertainties in the measurement of ae [202], it can be used to obtain the
most precise value of the electromagnetic fine-structure constant [204]. To instead compare
the measurement to the SM value of ae, the fine-structure constant has to be extracted from
an independent experiment. Currently, the most precise determination (apart from ae) comes
from a measurement of the ratio of Planck’s constant and the mass of the 87Rb atom [205].
Employing the obtained fine structure constant and comparing the SM predictions for ae, µ with
the experimental results gives [80],

∆ae = aexp
e − aSM

e = −1.05(0.82) · 10−12 ,

∆aµ = aexp
µ − aSM

µ = 2.88(0.63)(0.49) · 10−9, (58)

where aµ is in some tension with the SM prediction while ae is consistent with the SM.
The real parts of the top couplings in Eq. (2) induce corrections to the lepton magnetic

moments in the same way as the imaginary parts induce the electron EDM. For cY this occurs
through Barr-Zee diagrams, Eq. (26), while for cγ, g,Wt,Wb the main contributions arise through
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the two-step mechanism explained in Section 3.3. Extending Eq. (5e) to include the fermion
magnetic dipole operators, we can parametrize the corrections to al as

∆al = −2
m2
l

v2
Ql

(
v2c(l)

γ (Λχ)
)
. (59)

Since the running of the real and imaginary part of the operators Cα in Eq. (2) onto the lepton

magnetic and electric dipole operators is identical, the values of c
(l)
γ (Λχ) as a function of the top

couplings at the scale Λ = 1 TeV can be read from the first line of Table 5, giving

∆ae =
(
3.3 (v2cγ) + 0.12 (v2cg)− 3.8 (v2cWt) + 0.35 (v2cY )

)
· 10−15 ,

∆aµ =
(
13.8 (v2cγ) + 0.51 (v2cg)− 16.0 (v2cWt) + 1.5 (v2cY )

)
· 10−11, (60)

where the contribution of cWb is negligible.
Comparing with Eq. (58) we see that the uncertainty on ∆ae is a factor O(103) smaller than

on ∆aµ, while the latter is more sensitive to the top-Higgs couplings by a factor m2
µ/m

2
e ∼ 4 ·104.

Despite this sensitivity, large values of the couplings, v2 cα ∼ O(10) − O(100), are needed to
explain the observed tension with the SM. Furthermore, the determination of ∆ae leads to
O(100) constraints on v2 cα. As we discuss in Section 9, such large values are already excluded
by other direct and indirect observables. This implies that the gµ− 2 anomaly cannot be due to
the dimension-six operators we investigate, and ∆ae does not give competitive constraints. We
therefore do not include the electron and muon anomalous magnetic moments in our analysis.

8 Analysis strategy

8.1 The χ2 functions

To set constraints on the top-Higgs couplings using a given observable we construct a χ2 in the
usual way,

χ2
i =

(
Oth
i −O

exp
i

σi

)2

. (61)

Here Oexp
i stands for the experimentally measured value of the observable i, Oth

i is its theoretical
expression, and σi is the related experimental uncertainty.13 As there is a large number of
observables to consider, we combine them in a number of ways. For the collider observables, we
differentiate between direct and indirect constraints,

χ2
direct =

∑
i=t, tt̄, tt̄h, F0, FL, FR, δ−

χ2
i , χ2

indirect =
∑
i,j

χ2
i→h(W,Z)→j , (62)

where the indirect constraints include all the Higgs production and decay channels, mentioned
in Section 4. The direct constraints include t, tt̄, and tt̄h production, as well as the W helicity
fractions, while the constraint from the electroweak precision tests are simply captured by χ2

S .

13There is one exception to this in the case of BR(b→ sγ). As described in section 6.1.1, in this case we treat
the theory error as statistical and add it to the experimental one in quadrature, i.e. σ2 = (σth)2 + (σexp)2.
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For the rare B decays we combine the constraints from both observables into a single con-
straint,

χ2
b→sγ = χ2

BR + χ2
ACP

. (63)

Finally the EDM constraints are combined into a single χ-squared as follows,

χ2
EDMs =

∑
i=dn, dHg, dThO, dp, dD, dRa, dXe

χ2
i , (64)

where the final four observables are typically only relevant when considering future constraints.
The combined χ2, taking into account all observables, is then given by,

χ2
Total = χ2

direct + χ2
indirect + χ2

S + χ2
b→sγ + χ2

EDMs. (65)

8.2 Theoretical uncertainties

Through Oth
i the above χ2 functions depend on both the top-Higgs couplings (at the scale Λ), as

well as parameters which have theoretical uncertainties. In the case of high-energy probes these
‘parameters’ are the theory prediction for the SM and BSM contributions to cross sections and
signal strengths, while for the b → sγ observables and EDMs the hadronic and nuclear matrix
elements play the role of these parameters. We deal with these theoretical uncertainties in two
different ways:

• Central: Here we neglect theoretical uncertainties in the hadronic and nuclear matrix
elements entering dn, dHg and ACP . Instead, for collider observables, where the uncertain-
ties are under better control and generally smaller, we apply the R-fit procedure explained
below.

• R-fit: Here we vary all theoretical uncertainties, appearing in dn, dHg, ACP , and collider
observables, within the allowed ranges assuming a flat distribution, and minimize the total
χ2. This method corresponds to the Range-fit (R-fit) procedure defined in Ref. [160]. It
always gives the weakest (= most conservative) constraint as it allows for cancellations
between different contributions.

9 Discussion

9.1 Single coupling analysis

We first focus on the case in which a single operator dominates at the high scale. In Figs. 3
and 4 we show the 90% C.L. allowed region for the complex couplings Cγ , CWt, CWb, Cg and
CY , obtained under the assumption that only one coupling is nonzero at a scale Λ = 1 TeV
(the bounds on the dimensionless parameters do not significantly change if larger values of Λ
are applied). For each coupling we show the combined allowed region (black), and the most
constraining bounds coming from EDMs (red), flavor physics (green), electroweak precision
observables (blue), and direct and indirect collider searches (orange). Theoretical uncertainties
play a large role for the constraints arising from EDMs and flavor observables. The plots in Fig.
3 and 4 are obtained with the R-fit procedure described in Section 8 which particularly affects
the constraints on the imaginary parts of the couplings [51].
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Figure 3: 90% C.L. allowed regions in the v2cγ − v2c̃γ (left panel) and v2cWt − v2c̃Wt planes
(right panel), with couplings evaluated at Λ = 1 TeV. In both cases, the inset zooms into the
current combined allowed region and shows projected future sensitivities.

The dashed black contour denotes future sensitivities, considering improvements in EDM
experiments [167], super-B factory measurements [206, 207], and collider searches [208, 209].
For the electron and neutron EDM we use the expected limits in Table 12, which project an
improvement on the electron and neutron EDMs by a factor of 10 and 100, respectively. We
assume the bound on dHg to stay at the current level. Future super-B factory experiments
can reduce the statistical error on the b → sγ branching ratio to about 3%, and improve the
error on ACP by a factor of 5 [206, 207]. For the Higgs signal strengths, we use the projected
uncertainties of Ref. [208,209] for the LHC Run 2, with

√
S = 14 TeV, and integrated luminosity

of 300 fb−1. We assume a central value of 1 (SM prediction) in every production and decay
channel. The projected uncertainty on the gluon fusion channel with decay in γγ and ZZ∗,
µgg→h→γγ and µgg→h→ZZ∗ , is about 10%, while uncertainties in other relevant channels range
from 20% on µgg→h→WW and µV BF→h→γγ , to 30%-40% on µh→bb̄ and µtt̄h. For all observables,
we do not assume improvement in the theoretical uncertainties, but stress that improvements
on hadronic/nuclear matrix elements could have a large impact on EDM constraints [51].

In the single operator analysis, EDMs put extremely strong bounds on the imaginary parts of
the coefficients Cα. This is true in particular for c̃γ and c̃Wt. As shown in Fig. 3, the mixing of
these operators into the electron EDM leads to constraints that are a factor of 103 stronger [52]
than constraints from the ACP asymmetry in b → sγ or from the phase δ− measured in top
decays. The current bound on the electron EDM limits cγ to be |v2c̃γ | < 1.4 · 10−3. The real
part of the coupling, cγ , can be larger and is mainly constrained by the S parameter and by
Higgs decay into photons. We find the allowed region for cγ to be −0.05 < v2cγ < 0.11 (90%
C.L.). Projected experimental improvements on the electron EDM can improve the bounds on
c̃γ by a factor of 10, while the LHC Run 2 has the possibility of improving the bound on the
real part by a factor of 2. Additional direct information on the real part can be obtained by
studying additional observables at LHC Run 2 in processes such as t̄t+ γ, t̄t+ Z [32, 49].

The situation is similar for CWt. In the single operator analysis, the imaginary part of CWt

is extremely well constrained by the electron EDM, |v2c̃Wt| < 1.2 · 10−3. Bounds from ACP and
δ− are more than a hundred times weaker. In this case, the real part of the coupling receives
competitive constraints from b→ sγ, the S parameter, single top production, and the W boson
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Figure 4: 90% C.L. allowed regions in the v2cWb − v2c̃Wb (left panel) and v2cg − v2c̃g (center
panel) and v2cY − v2c̃Y (right panel) planes, with couplings evaluated at Λ = 1 TeV.

helicity fractions. The combined allowed region for cWt is −0.10 < v2cWt < 0.04 (90% C.L).
The left panel of Fig. 4 shows the allowed region for the coupling CWb. The EDM bound is

dominated by the neutron EDM and is five time stronger than the limit extracted from ACP ,
even with the conservative treatment of the theoretical errors that we are adopting. We find
|v2c̃Wb| < 0.06. The real part, cWb, is mainly constrained by the b → sγ branching ratio
yielding −0.04 < v2cWb < 0.07. Collider observables, like Z → bb̄ or single top production,
and indirect observables like the S parameter, give much weaker bounds, v2cWb ∼ O(1) −
O(10). A neutron EDM bound at the level of 10−28 e cm, which should be in reach of the next
generation of EDM experiments, would strengthen the constraint on c̃Wb by a factor of 100 even
without improvements on the hadronic matrix elements. The impact of future super-B factory
experiments appears to be more limited and only slightly affect the bound on cWb.

The center and right panels of Fig. 4 show, respectively, the allowed regions for Cg and
CY . As shown in Table 5, c̃g contributes to both the neutron and the electron EDM. In the
R-fit procedure, the neutron EDM is subject to cancellations between the contributions of the
Weinberg operator and those of the light quark (C)EDMs. This severely weakens the neutron
EDM constraint, such that the strongest bound comes from the electron EDM and we obtain
|v2c̃g| < 0.038. This constraint can be significantly improved with a better understanding of
the effect of the Weinberg operator on the neutron EDM [51]. The top chromo-magnetic dipole
moment, cg, strongly affects the gluon fusion Higgs production channel and the decay width
h → gg, resulting in a very strong bound −0.017 < v2cg < 0.014. In the center panel of Fig. 4
we compare the bound on cg from gluon fusion and the direct bound from the tt̄ production cross
section. Notwithstanding the sizable experimental uncertainties on the Higgs signal strengths,
the indirect bound is already five time stronger than the direct bound from tt̄. cg also contributes
to the associated production of a Higgs boson and a tt̄ pair. At the moment, the bound from tt̄h
is not competitive with gluon fusion or tt̄. Data from the LHC Run 2 will improve the bound
on cg to the sub-percent level, while new neutron and electron EDM experiments are projected
to improve the bound on c̃g by one to two orders of magnitude.

In the single operator scenario, the pseudo-scalar Yukawa, c̃Y , receives its strongest bound
from the electron EDM, |v2c̃Y | < 0.013. The real part of the anomalous Yukawa coupling, cY ,
affects the Higgs gluon fusion production cross section and the decays h → gg and h → γγ.
cY can also be probed directly by studying the associated tt̄h production. With the current
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Real R-fit Imaginary R-fit Central

v2 cγ [−5.3, 11] · 10−2 v2 c̃γ [−1.4, 1.4] · 10−3 [−1.4, 1.4] · 10−3

v2 cWt [−9.5, 4.2] · 10−2 v2 c̃Wt [−1.2, 1.2] · 10−3 [−1.2, 1.2] · 10−3

v2 cWb [−4.4, 6.7] · 10−2 v2 c̃Wb [−6.4, 6.4] · 10−2 [−4.2, 4.4] · 10−3

v2 cg [−1.7, 1.4] · 10−2 v2 c̃g [−3.8, 3.8] · 10−2 [−2.9, 2.9] · 10−4

v2 cY [−12, 14] · 10−2 v2 c̃Y [−1.3, 1.3] · 10−2 [−1.3, 1.3] · 10−2

Table 13: Allowed region (90% C.L.) for the couplings Cα, with the assumption that one complex
coupling is turned on at the scale Λ = 1 TeV. Constraints in the second and third columns are
obtained by using the R-fit strategy of Sect. 8.2, while the constraints on the imaginary couplings
in the fourth column are based on central matrix elements.

experimental data, the bound is dominated by the Higgs signal strengths and is at the 10%
level, −0.12 < v2cY < 0.14. The bound from tt̄h is noticeably weaker (and has a preference for
positive values of cY ), −0.1 < v2cY < 1.1 and is not shown in Fig. 4.

9.1.1 Summary

The constraints shown in Figs. 3 and 4 are summarized in Table 13. EDM limits provide the
most stringent constraints for all the imaginary parts of the top-Higgs couplings, which are
therefore generally constrained to be smaller than the real parts by one order of magnitude or
more. Exceptions are Cg and CWb where the imaginary parts can still be of the same order as
the real parts. In part, these exceptions are due to the large hadronic uncertainties related to
the Weinberg operator, which in the case of c̃g allows the contributions to the neutron EDM to
cancel completely. Clearly, a better understanding of the relevant matrix element would lead
to improvement of these constraints. To illustrate this, in the fifth column of Table 13 we also
give the bounds that can be set on the imaginary couplings if we ignore the uncertainties in the
matrix elements and simply use central values. This has a large impact on the couplings c̃Wb

and c̃g illustrating the importance of improving the theoretical understanding of CPV operators
in nucleons and nuclei.

The real parts of the couplings are constrained by a more diverse set of observables. Higgs
production and decay processes provide the most stringent constraints on cγ (h → γγ), cg
(gg → h), and cY (both gg → h and h → γγ). The weak dipole operator cWb is constrained
purely by its contribution to the b → sγ transition, while for cWt the W helicity fractions give
rise to slightly stronger constraints. Finally, the S parameter provides competitive constraints in
the case of cγ and cWt. We find that the constraints are not significantly affected by theoretical
uncertainties and find only small differences when using central matrix elements.

The constraints in Table 13 were derived truncating the expansion of observables at O(v2/Λ2),
including only genuine dimension-six effects. We explicitly checked that dimension-eight effects
in the collider cross sections and signal strengths, and in b→ sγ, do not significantly impact the
bounds.

Finally, we notice that for cγ , cWt, cWb, cY , c̃Y , c̃g and the bounds on cg from tt̄ production, our
results are compatible with the existing literature (for example, Refs. [12,30,31,33,35,44,46–48]).
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Figure 5: Same as Fig. 3, showing the 90% C.L. allowed regions in the v2cγ − v2c̃γ (left panel)
and v2cWt−v2c̃Wt planes (right panel), but now assuming central values for the relevant nuclear
and hadronic matrix elements. Both the allowed regions in the single coupling case (solid lines)
and marginalized case (dashed lines) are shown.

For c̃γ , c̃Wt, c̃Wb, we find that EDMs provide stronger bounds than previously realized. For cg,
the strongest constraint comes from the contribution to Higgs production through gluon fusion.

9.2 Global fit

We now investigate the scenario in which new physics generates all the operators in Eq. (2) at
the high scale Λ = 1 TeV, with arbitrary coefficients. This scenario allows us to quantify the
effects of possible cancellations between contributions from various top couplings to direct and
indirect observables, and to test the robustness of the strong EDM bounds discussed in Section
9.1.

The large theoretical uncertainties of the hadronic and nuclear matrix elements entering the
mercury EDM cause the bound from dHg to effectively disappear in the R-fit approach, reducing
the number of CP-odd observables to four (electron and neutron EDMs, ACP in b → sγ, and
the phase δ− in top decays). As we investigate five anomalous couplings, this gives rise to
free directions for the imaginary parts leading to unbound c̃α for all α apart from c̃Wt which
remains constrained by the W helicity fractions discussed in Section 4.1.4. This situation is
certainly unrealistic and requires an unmotivated cancellation between various couplings and
matrix elements. Furthermore, the free directions can be removed by including less sensitive
observables which we have neglected so far, or by including dimension-eight effects such as
contributions of c̃α to CPC total cross sections and decay rates, which become relevant for
v2c̃α ∼ O(1) (of course, this does not protect us from further cancellations against possible
dimension-eight BSM operators). The latter possibility is, however, at the limit of validity of
our assumption that the leading effects of BSM physics are captured by non-renormalizable
operators of lowest canonical dimension. Finally, future EDM measurements on systems such
as the proton, deuteron, or radium can also remove unconstrained directions [51].

In the rest of this Section we study one case in which the Cα can be bound, that is if we neglect
theoretical uncertainties in the hadronic and nuclear matrix elements entering dn, dHg and ACP .
Although this might seem rather wishful at the moment, relatively modest improvements from
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Figure 6: Same as Fig. 4, showing the 90% C.L. allowed regions in the v2cWb−v2c̃Wb (left panel)
and v2cg − v2c̃g (center panel) and v2cY − v2c̃Y (right panel) planes, but now assuming central
values for the relevant nuclear and hadronic matrix elements. Both the allowed regions in the
single coupling case (solid lines) and marginalized case (dashed lines) are shown.

Real Individual Marginalized Imaginary Individual Marginalized

v2 cγ [−5.3, 11] · 10−2 [−3.4, 15] · 10−2 v2 c̃γ [−1.4, 1.4] · 10−3 [−22, 44] · 10−2

v2 cWt [−9.5, 4.2] · 10−2 [−11, 6.8] · 10−2 v2 c̃Wt [−1.2, 1.2] · 10−3 [−21, 42] · 10−2

v2 cWb [−4.4, 6.7] · 10−2 [−6.4, 8.5] · 10−2 v2 c̃Wb [−4.2, 4.4] · 10−3 [−16, 34] · 10−2

v2 cg [−1.7, 1.4] · 10−2 [−6.7, 1.1] · 10−2 v2 c̃g [−2.9, 2.9] · 10−4 [−2.0, 4.4] · 10−2

v2 cY [−12, 14] · 10−2 [−11, 52] · 10−2 v2 c̃Y [−1.3, 1.3] · 10−2 [−24, 50] · 10−2

Table 14: Allowed regions (90% C.L.) for the couplings Cα, at the scale Λ = 1 TeV, while employing
the ‘central’ strategy outlined in Section 9.2. The second and fifth columns show the constraints when
assuming only a single complex coupling is generated at the high scale, while in the third and sixth
columns we assume all Cα are present at the scale of new physics and marginalize over the remaining
couplings.

both lattice QCD and nuclear many-body theory regarding various matrix elements (see the
discussion in Ref. [51]) would be sufficient to make this a realistic scenario.

9.2.1 Global analysis: central values of the hadronic matrix elements

Figs. 5 - 6 show the marginalized constraints as well as those resulting from the single-coupling
analysis (at 90% C.L.), using the central procedure in both cases. We immediately notice
that the limits on c̃α weaken considerably because the imaginary parts of the couplings are
strongly correlated. The bounds on v2c̃γ and v2c̃Wt deteriorate from the few permil level to
about 40%. This can be understood from the fact that the electron EDM, which provides the
strongest bound in the single operators analysis, is sensitive to the combination ∼ c̃γ − c̃Wt,
leaving the orthogonal linear combination unconstrained. This is illustrated in Fig. 7. The
required orthogonal constraint comes from δ−, which only receives contributions from v2c̃Wt

and is therefore unaffected by marginalizing. The combination of the two then provides the
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∼ 40% bounds on c̃γ,Wt. The resulting constraint on c̃γ is still somewhat stronger than the
bound from b → sγ. On the other hand, in the marginalized case there are not enough EDM
measurements to constrain c̃Wt, and the bound becomes almost identical to that of the direct
observable δ−.

The couplings c̃Wb and c̃g also exhibit strong correlations, because they mainly contribute to
the neutron EDM. In the marginalized case, due to the possible cancellations, the bound on c̃Wb

is then mainly determined by ACP , while dn and dHg set strong constraints on c̃g. Similarly,
the bound on c̃Y is weakened and now allows for a large top pseudoscalar Yukawa coupling, up
to 50% of the SM top Yukawa. This further motivates direct searches for CP-odd effects, for
instance in the measurements of triple correlations in tt̄h production [43], which can become
sensitive to v2c̃Y ∼ O(0.3) at the LHC Run II. The current situation could also be improved
by additional EDM experiments. For instance, a proton or deuteron EDM measurement at the
level of dp,D ≤ 3.0 · 10−26e cm, would significantly shrink the allowed region in the c̃g − c̃Y
plane [51].

The real parts of the coefficients Cα are much less affected by considering multiple operators
at the new physics scale Λ. The bounds on cγ , cWt and cWb, which are respectively dominated
by h→ γγ, the W boson helicity fractions and b→ sγ, are barely changed, and these couplings
are nearly uncorrelated. In the single coupling analysis, gluon fusion provides the strongest
constraints on both cg and cY . Turning on both couplings therefore allows for cancellations that
weaken the bound. The center and right panels of Fig. 6 show that the marginalized bounds on
cg and cY from gluon fusion are still better than the individual direct bounds from tt̄ and tt̄h.
The bound on cg also remains strong in the marginalized case, while cancellations between cg
and cY allow for large corrections to the top Yukawa, up to 50%. As is illustrated in Fig. 8, an
improved direct measurement of tt̄h at the LHC Run 2, with uncertainties reduced to the 30%
- 40% level, would improve the upper bound on cY by a factor ∼ 2.

The 90% C.L. limits resulting from the marginalized central analysis are summarized, and
compared to the individual bounds, in Table 14. Finally, we give some information about the
fit. The correlation matrix of the couplings {cγ , cWt, cWb, cg, cY , c̃γ , c̃Wt, c̃Wb, c̃g, c̃Y } is given by

1.00 0.17 0.32 −0.35 0.27 0.00 0.00 0.00 0.00 0.00

0.17 1.00 0.57 −0.04 0.02 0.03 0.03 0.02 0.02 0.02

0.32 0.57 1.00 −0.14 0.11 0.02 0.01 −0.04 −0.03 −0.03

−0.35 −0.04 −0.14 1.00 −0.93 0.00 0.00 0.00 0.00 0.00

0.27 0.02 0.11 −0.93 1.00 0.00 0.00 0.00 0.00 0.00

0.00 0.03 0.02 0.00 0.00 1.00 1.00 0.82 0.89 0.72

0.00 0.03 0.01 0.00 0.00 1.00 1.00 0.86 0.92 0.78

0.00 0.02 −0.04 0.00 0.00 0.82 0.86 1.00 0.98 0.88

0.00 0.02 −0.03 0.00 0.00 0.89 0.92 0.98 1.00 0.91

0.00 0.02 −0.03 0.00 0.00 0.72 0.78 0.88 0.91 1.00



. (66)

The off-diagonal entries connecting the real and imaginary couplings are small indicating that
there is little correlation between them. This is not surprising as most observables are only

38



-0.2 -0.1 0.0 0.1 0.2 0.3 0.4

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

v2cγ

v2
c W

t

Figure 7: 90% C.L. allowed regions in the v2c̃γ − v2c̃Wt plane. We marginalized over the
remaining couplings and assumed central values for the relevant nuclear and hadronic matrix
elements.

sensitive to either the real or the imaginary couplings. The minimum χ2 of the multidimensional
fit is χ2 = 17, with 45 experimental entries and 10 fit parameters, leading to a χ2 per degree of
freedom, χ2/dof ∼ 0.5.

Table 14 shows that the global fit allows for relative large values of the couplings Cα, especially
for the real and imaginary top Yukawa. One might wonder if the EFT approach is still valid in
this regime, or if dimension-eight effects, coming for example from double insertions of dimension-
six operators, start to become important. By turning on the partial dimension-eight corrections
to collider observables and b → sγ given in Sections 4 and 6.1, we checked that the bounds
obtained in the global fit with central matrix elements are not significantly affected.

The bounds discussed in this section are obtained under the assumption that only chirality-
flipping top-Higgs operators are generated at the new physics scale Λ. Including chirality-
conserving top-Higgs operators, such as corrections to the left- and right-handed couplings of
the Z boson to the top, or a right-handed coupling of the top to down-type quarks, will not
significantly affect the tt̄ and tt̄h cross section, or the main Higgs production and decay mech-
anisms we considered. Thus, we expect the bounds on cγ , cg and cY not to be significantly
altered. On the other hand, single top production, the W polarization in top decay, the S
parameter, and b → sγ will receive corrections from chirality-conserving top-Higgs operators
of the same importance as the one we included, without additional suppression from small SM
couplings. As a result, the bounds on CWt and CWb obtained in the global fit might be altered
once chirality-conserving operators are added to the high-energy basis. On the other hand,
chirality-conserving operators do not induce large contributions to the electron EDM, so that
the strong bound on v2c̃γ − v2c̃Wt shown in Fig. 7 will not be affected.
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Λ = 1 TeV. We assume that only Cg and CY are generated at the high scale and the theoretical
uncertainties are dealt with using the R-fit procedure.

10 Minimal Flavor Violation scenario

In this section we study the top-Higgs couplings in Eq. (2) in the context of Minimal Flavor
Violation (MFV) [210]. In the absence of Yukawa couplings of the Higgs to fermions, the SM
Lagrangian is invariant under U(3)3 transformations acting on the family indices of the quark
fields qL, uR, dR. In the SM, the flavor symmetry GF = SU(3)qL ×SU(3)uR ×SU(3)dR is broken
by the Yukawa couplings. MFV assumes that this also holds for possible BSM physics and that
the only spurions that break GF are the Yukawa couplings.

The operators in Eq. (2) all break chiral symmetry. In MFV, their flavor structure is highly
constrained and can be obtained by inserting the appropriate combinations of Yukawa matrices
Yu and Yd that make the operators formally invariant under GF . For example, to leading order
in Yukawa insertions one has ΓuB,W,g, Y

′
u ∝ Yu and ΓdW ∝ Yd. More invariants can be constructed

by inserting an arbitrary number of products YuY
†
u or YdY

†
d , followed by Yu or Yd [210]. We

restrict ourselves to the case in which only the top Yukawa coupling is treated as O(1), while
the Yukawas of the other quarks are considered small. We then consider operators that contain
at most one insertion of light quark Yukawas and an arbitrary number of insertions of yt. Under
this assumption we can disregard insertions of YdY

†
d and it is possible to show that an arbitrary

polynomial of (YuY
†
u ) induces the same pattern of couplings as a single insertion of YuY

†
u .

Within MFV extended by the additional assumptions described above, the chirality-flipping
top couplings can only have a limited number of flavor structures. Working in the weak basis
in which Yd is diagonal, Yd = λd, and Yu = V †CKMλu, with λd = diag(yd, ys, yb) and λu =
diag(yu, yc, yt), the only possible structures for up-type operators (like Cg, Cγ , CY , and CWt
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related to ΓuB,W,g, Y
′
u) are

Yu = V †CKMλu, P
(
YuY

†
u

)
Yu ∼ V †CKM


0 0 0

0 0 0

0 0 ytP (y2
t )

 , (67)

where P (X) denotes a polynomial function of X. For down-type operators, like CWb (related
to ΓbW ) or the b quark dipole moments, we only have

Yd = λd, P
(
YuY

†
u

)
Yd ∼ P (y2

t ) ·


VtdV

∗
tdyd VtsV

∗
tdys VtbV

∗
tdyb

VtdV
∗
tsyd VtsV

∗
tsys VtbV

∗
tsyb

VtdV
∗
tbyd VtsV

∗
tbys VtbV

∗
tbyb

 . (68)

Rotating the u quark to the mass basis (uL → V †CKMuL), it becomes clear that the operators

Cg, Cγ , CY , and CWt correspond to the MFV structure P
(
YuY

†
u

)
Yu. The situation is more

complicated for the down-type operator CWb, which does not correspond to any of the struc-
tures in Eq. (68), but would be generated by three (or more) insertions of the down Yukawa,(
YdY

†
d

)
Yd, under the assumption that powers of yd and ys are small with respect to yb and can

be neglected. We will focus in the rest of this section on up-type operators and neglect CWb.
Even under the assumption that yt � yu,c, we cannot simply set yu and yc to zero and reduce

the two structures in Eq. (67) to a single one. Instead, we have to consider the scaling of a
given observable in powers of the light quark Yukawa couplings. For example, in the case of the
nucleon EDM, the first structure in Eq. (67) induces a u quark EDM or CEDM proportional
to yu. As shown in Sec. 3, the second structure also induces u dipoles that are proportional to
yuy

2
tP (y2

t ). Thus the two structures in Eq. (67) contribute to the nucleon EDM at the same
order in light quark Yukawas, and are independent.

Thus, in a generic MFV scenario in which arbitrary insertions of yt are allowed, the operator
basis of Eq. (2) needs to be extended

LBSM
eff =

∑
α∈{Y,g,γ,Wt}

CαOα + C ′αO
′
α + h.c. , (69)

where

O′Y = −v ūLλuuR
(
vh+

3

2
h2 +

1

2

h3

v

)
, (70a)

O′γ = −eQt
2
v ūLλuσµν (Fµν − tWZµν)uR

(
1 +

h

v

)
, (70b)

O′g = −gs
2
v ūLλuσµνG

µνuR

(
1 +

h

v

)
, (70c)

O′Wt = −gv
[

1√
2
d̄LV

†
CKMλuσ

µνuRW
−
µν +ūLλuσ

µνuR

(
1

2cW
Zµν + igW−µ W

+
ν

)](
1 +

h

v

)
(70d)
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Coupling R-fit Central

v2c̃′γ [−0.6, 0.6] · 10−3 [−4, 4] · 10−4

v2c̃′Wt [−1.2, 1.2] · 10−3 [−3.3, 3.3] · 10−4

v2c̃′g [−3.8, 3.8] · 10−2 [−0.8, 0.8] · 10−5

v2c̃′Y [−1.4, 1.4] · 10−2 [−1.3, 1.3] · 10−2

Table 15: Allowed regions for the couplings c̃′α in the linear MFV scenario, under different
treatments of the theoretical uncertainties (R-fit versus central).

Differently from the operators Oα, O′α induce couplings of the u and c quarks that are propor-
tional to yu and yc, respectively. In this context, we wish to address the following questions:

• How do the u and c couplings (implied by linear MFV) affect the constraints on the
top-Higgs couplings?

• Do we have enough information to put stringent bounds on the top couplings once we
include both flavor structures, Cα and C ′α at the same time?

We focus only on the imaginary parts of the couplings. For the real parts, the best constraints
come from top physics, while the u and c couplings are poorly constrained.

To address the first question we assume Cα = 0, or equivalently, we work in linear MFV.
This assumption is explicitly realized in perturbative models where additional insertions of the
Yukawa couplings, such as the structure (YuY

†
u )Yu, are loop suppressed. In Table 15 we list the

90 % C.L. bound on the coefficients c̃′γ , c̃′Wt, c̃
′
Y , and c̃′g, obtained under the assumption of linear

MFV, and treating the hadronic uncertainties with the R-fit and central methods. For the R-fit
analysis we see that the bound on c̃′γ is a factor of two stronger than the bound on c̃γ in Table 13.
This can be understood from the tree-level contribution of the u quark EDM to the neutron
EDM which does not suffer from hadronic uncertainties because of the good control of the
nucleon tensor charges. Furthermore, the charm EDM only provides small contributions to the
light quark (C)EDMs and the Weinberg operator, such that there is no room for cancellations.

The bounds on c̃′g, c̃
′
Wt, and c̃′Y are identical to those on c̃g, c̃Wt, and c̃Y in Table 13, be-

cause they are all dominated by the contribution of the top couplings to the electron EDM.
The contributions of the u (mainly through the u (C)EDM) and c quark (mainly through the
Weinberg operator) to the neutron EDM can cancel with the existing theoretical uncertainties.
A comparison with Table 13 reveals that in the central case, the bounds on c̃ ′α are always better
than the bounds on cα, with the exception of the Yukawa coupling. This again illustrates the
impact of hadronic uncertainties.

To address the second question, we study the case in which both couplings, Cα and C ′α, are
generated by BSM physics. We turn on one class of operators at a time. The top couplings
are now proportional to c̃α + c̃′α, while the u and c couplings are proportional to c̃′α. Strictly
speaking there is then no correlation between the top and light flavor couplings. The top
anomalous couplings are, because of their contribution to the electron EDM, constrained at the
same level as in the non-MFV case. On the other hand, the theoretical uncertainties are large
enough that the contributions of the u and c quark to the neutron EDM can cancel, leading to
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Figure 9: 90% C.L. allowed regions in the v2c̃γ- v2c̃′γ plane, using the R-fit method to treat
theoretical uncertainties in the relevant hadronic matrix elements.

no constraint on c̃′α with the exception of c̃′γ . For c̃γ and c̃′γ we find that both couplings are very
well constrained (illustrated in Figure 9)

|v2c̃γ | < 1.5 · 10−3 |v2c̃′γ | < 0.6 · 10−3. (71)

For the other couplings, c̃Wt-c̃
′
Wt, c̃g-c̃

′
g, and c̃Y -c̃′Y , there exists a free direction, the direction in

which c̃α + c̃′α = 0. Because of the electron EDM limit, the coupling to the top quark remains
bound at the same level as in the non-MFV analysis, despite the free direction in the c̃α − c̃′α
plane. Finally, using central values for the matrix elements would lead to bounds on both c̃α
and c̃′α for all couplings.

11 Conclusions

In this work we have discussed probes of chirality-flipping top-Higgs couplings, including both
CP-conserving and CP-violating interactions. Working to leading order (dimension-six) in the
framework of the SM-EFT, the chirality-flipping interactions involving top and Higgs fields are
characterized by five complex couplings. We have studied direct and indirect constraints on
these couplings, the latter arising from both high- and low-energy observables (for a synopsis
see Tables 6 and 7). We have derived bounds on anomalous couplings under three scenarios:
1) we allow one operator at a time to be generated at the high scale (still allowing for both
CP-even and CP-odd couplings). The results of this analysis are summarized in Figs. 3 and 4
and in Table 13. 2) We have performed a global analysis by allowing all chirality-flipping top
couplings at the high scale, with results summarized in Figs. 5 and 6 and Table 14. 3) Finally,
we have studied the top couplings in the context of Minimal Flavor Violation, which enforces
relations among the top and lighter flavor anomalous couplings.

The overarching message emerging from our single-operator analysis is that indirect probes
put stronger constraints on the couplings than direct probes. Our major result is that even
after properly taking into account the hadronic and nuclear uncertainties, EDMs dominate the
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bounds on all the CPV top couplings. In particular, bounds on the top EDM (weak EDM) are
improved by three orders of magnitude over the previous literature, leading to |dt| < 5 · 10−20

e cm (90% C.L.). In the Minimal Flavor Violation framework, we find that top CPV couplings
are bound at the same level or stronger than in the non-MFV case.

Also for the CP-even couplings we find that indirect probes are very powerful. In the single op-
erator analysis, Higgs production and decay signal strengths, electroweak precision observables,
and the b → sγ branching ratio provide better constraints on cg, cY , cγ , and cWb than direct
observables. The only exception is cWt, which is mainly constrained by the helicity fractions of
W bosons produced in top quark decays.

If BSM physics simultaneously generates several operators at the scale Λ, cancellations are
possible. For example, a relatively large top EDM (c̃γ) can be compatible with the absence of a
signal in the ThO experiment, if an electron EDM is also generated at the scale Λ, with exactly
the right size to cancel the renormalization-group contribution from c̃γ , at the level of a few
permil. This implies a very non-trivial conspiracy among the couplings of the underlying model
and still sets a powerful constraint on any BSM dynamics.

Another possibility is that new physics generates all the couplings of Eq. (2) at the matching
scale Λ. In this case we have quantified the effect of cancellations by performing a global analysis
with five complex couplings. For the real part of the couplings we find that most bounds are
not significantly affected. The exception are the top chromo-magnetic dipole moment cg and
the correction to the top Yukawa cY , whose contributions to Higgs production can conspire to
partially cancel. In particular, large corrections to the top Yukawa, up to 50%, are still allowed.
Future measurements of the tt̄ and tt̄h cross sections at the LHC, especially in regions where the
contribution of cg is enhanced [12], will help to further improve these bounds. For the imaginary
part of the couplings, fixing the hadronic and nuclear matrix elements to their central values, we
find that the marginalized bounds are one-to-two orders of magnitude weaker than in the single
operator analysis. However, as illustrated in Fig. 7, this requires strong correlations among
different couplings again pointing to non-trivial effects in the underlying model.

The above conclusions are blurred by a more conservative treatment of theoretical uncer-
tainties, such as the R-fit method. In this case unconstrained directions remain in the ten-
dimensional parameter space. In this light, an inclusion of CP-odd collider observables into
our analysis would also be very interesting. In any case, the unconstrained directions under-
score both the importance of having complementary “orthogonal” probes and the importance
of improved calculations of the hadronic and nuclear matrix elements needed to relate EDMs to
CP-violating operators.
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