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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 indirect contributions to high- and low-energy
CP-conserving and CP-violating observables. Our analysis includes constraints from collider observables,
precision electroweak tests, flavor 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 uncertainties
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 couplings survive. Finally, we find that enforcing minimal
flavor violation does not significantly affect the bounds on the top couplings.
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I. INTRODUCTION

More than 20 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 compositeness [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, proc-
esses that do not necessarily involve a top quark and/or a
Higgs boson. Such “indirect probes” give valuable com-
plementary information and, as we demonstrate here, can
constrain nonstandard 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], and top Yukawa [34–43] cou-
plings, and global analyses [44–49]. Throughout this work
we often use results and insights from these papers. The
main features of our work are as follows:

(i) We perform a systematic analysis of the renormal-
ization-group equations (RGEs) of the top-Higgs
operators including QCD and electroweak correc-
tions. This is crucial in obtaining the strongest
constraints on the set of top-Higgs couplings as in
many instances indirect observables are more sensi-
tive than direct observables.

(ii) 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 uncer-
tainties [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 3 orders of magnitude over the previous
literature. The new constraints on the CPV top
couplings lie well below prospected sensitivities of
collider searches.

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

(iv) 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
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bothCPC andCPV 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, 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 electro-
weak scale v ¼ 246 GeV and keep only the leading terms
in ðv=ΛÞ2, corresponding to dimension-six operators. We
assume that at the high-scale Λ the largest nonstandard
effects appear in the top sector, and hence we set to zero all
other couplings. We then evolve the nonstandard 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
nonstandard 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 or 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 produc-
tion and decay, precision electroweak tests) and low-energy
observables (b → sγ and EDMs).
The paper is organized as follows. In Sec. II 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 Sec. III we present the RGEs needed to
evolve the anomalous top couplings from high scale to the
energy scales associated with a variety of observables
(ranging from collider to atomic EDMs). We discuss direct
and indirect constraints from collider observables in
Sec. IV, and the impact of precision electroweak measure-
ments in Sec. V. Indirect bounds from flavor physics
and EDMs are discussed in Secs. VI and VII, respectively.
We then present our fitting strategy (Sec. VIII) and results
(Sec. IX). We cast our analysis into the framework of
minimal flavor violation (Sec. X) before presenting our
conclusions (Sec. XI).

II. 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 SUð3Þc ×
SUð2Þ × Uð1ÞY invariant forms these operators consist
of a hypercharge dipole, a gluonic dipole, a nonstandard
Yukawa coupling, and two electroweak dipoles,

LBSM
eff ¼ −

g0ffiffiffi
2

p q̄LσμνBμνΓu
BuR ~φ −

gsffiffiffi
2

p q̄LσμνGa
μνtaΓu

guR ~φ

−
ffiffiffi
2

p
φ†φq̄LY 0

uuR ~φ −
gffiffiffi
2

p q̄LσμνWa
μντ

aΓu
WuR ~φ

−
gffiffiffi
2

p q̄LσμνWa
μντ

aΓd
WdRφþ H:c: ð1Þ

Here qL represents the left-handed quark doublet, uR and
dR are the right-handed quark singlets, and φ is the Higgs
doublet ( ~φ ¼ iτ2φ�). Bμν, Wa

μν, and Ga
μν are the field

strengths of the Uð1ÞY , SUð2Þ, and SUð3Þc gauge groups,
while g0, g, and gs denote their gauge couplings and τa=2
and ta are the SUð2Þ and SUð3Þc generators, respectively.
Our conventions are such that the covariant derivative is
given by Dμ ¼ ∂μ − igstaGa

μ − i g
2
τaWa

μ − ig0YBμ, with Y

the hypercharge. The couplings Y 0
u and Γu;d

g;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 operators are φ†~τD
↔

μφq̄L~τγμqL and
~φ†DμφūRγμdR. Such operators, to a good approximation,
do not mix under renormalization-group flow with the
chirality-changing operators and the operators in the
extended basis introduced in Sec. II B, 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 Sec. IX B.
Working in the unitary gauge, in which the Higgs

doublet takes the form φ ¼ ð0; vþ hÞT= ffiffiffi
2

p
, one sees that

to Oðh0Þ the couplings Y 0
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
nonstandard top couplings (neglecting flavor-changing
neutral currents) at the high scale Λ ≫ v is1

Ltop ¼
X

α∈fY;g;γ;Wt;Wbg
CαOα þ H:c: ð2Þ

1Denoting the Standard Model Yukawa couplings by LY ⊃
−

ffiffiffi
2

p
q̄LYuuR ~φ, the up-type quark mass matrix is mu ¼

vðYu − v2
2
Y 0
uÞ. Upon expressing LY þ LBSM

eff in terms of mu

and Y 0
u, we get LY þ LBSM

eff ⊃ − mt
v t̄thþ ðCYOY þ H:c:Þ, with

the relation between CY and ½Y 0
u�33 given in Table I.
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with complex couplings Cα ¼ cα þ i~cα and

Oγ ¼ −
eQt

2
mtt̄LσμνðFμν − tWZμνÞtR

�
1þ h

v

�
; ð3aÞ

Og ¼ −
gs
2
mtt̄LσμνGμνtR

�
1þ h

v

�
; ð3bÞ

OWt ¼ −gmt

�
1ffiffiffi
2

p b̄0Lσ
μνtRW−

μν

þ t̄LσμνtR

�
1

2cW
Zμν þ igW−

μWþ
ν

���
1þ h

v

�
;

ð3cÞ

OWb ¼ −gmb

�
1ffiffiffi
2

p t̄0Lσ
μνbRWþ

μν

− b̄LσμνbR

�
1

2cW
Zμν þ igW−

μWþ
ν

���
1þ h

v

�
;

ð3dÞ

OY ¼ −mtt̄LtR

�
vhþ 3

2
h2 þ 1

2

h3

v

�
; ð3eÞ

where Qt ¼ 2=3, tW ¼ tan θW , cW ¼ cos θW , with θW the
Weinberg angle. The physical photon and Z boson fields
are given by Zμ¼cWW3

μ−sWBμ and Aμ ¼ cWBμ þ sWW3
μ.

Finally, the operators OWt;Wb contain the combinations
b0 ¼ Vtbbþ Vtssþ Vtdd, and t0 ¼ V�

tbtþ V�
cbcþ V�

ubu.
The relation between these operators in the quark mass
basis and their SUð2Þ ×Uð1ÞY invariant forms is given in
Table I.
The couplings Cα have mass dimension ½−2� and

are related to properties of the top quark, such as the

electric and magnetic dipole moments [dt ¼ ðemtQtÞ~cγ and
μt ¼ ðemtQtÞcγ], their non-Abelian gluonic counterparts

( ~dt ¼ mt ~cg and ~μt ¼ 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 we set to
zero all other couplings. We then evolve the nonstandard
top couplings to lower scales through renormalization-
group flow and heavy SM particle thresholds. The evolu-
tion 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
nonstandard top-Higgs couplings at the scale Λ.

A. Mixing structure

A consistent field-theoretical analysis of the phenom-
enological implications of the effective Lagrangian (2)
requires extending the operator basis to include all the
operators which Oα (α ∈ fY; g; γ;Wt;Wbg) can mix into.
We consider the leading-logarithm contributions and
include the effects induced by the Standard Model gauge
couplings gs, g, g0, 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]:

(i) 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 phenom-
enological 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.

(ii) 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 .

(iii) Oγ;g;Wt;Wb also mix into four-fermion operators with
chirality structure ðL̄RÞðL̄RÞ [57], namely, the

four-quark operators Qð1Þ;ð8Þ
quqd and the semileptonic

operator Qð3Þ
lequ. These operators 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

TABLE I. High-scale operators in SUð2Þ ×Uð1Þ invariant form
[53,54] (left column) and mapping to the operators and couplings
used in this work (center and right column). Here, qL represents
the L-handed quark doublet, φ is the Higgs doublet, and
~φ ¼ iσ2φ�. In addition, gs, g, g0 denote the SUð3Þ, SUð2Þ, and
Uð1Þ gauge couplings, yt;b ¼ mt;b=v, and σ · X ¼ σμνXμν. The
couplings Cα are related to the 33 components of the matrices Y 0

u

and Γu;d
g;B;W in the quark mass basis.

Operator Coupling

−
ffiffiffi
2

p
φ†φq̄LY 0

uuR ~φ OY ytCY ¼ ½Y 0
u�33

− gsffiffi
2

p q̄Lσ · GΓu
guR ~φ Og ytCg ¼ ½Γu

g �33
− g0ffiffi

2
p q̄Lσ · BΓu

BuR ~φ Oγ;Wt ytQtCγ ¼ −½Γu
B þ Γu

W �33
− gffiffi

2
p q̄Lσ ·WaτaΓu

WuR ~φ ytCWt ¼ ½Γu
W �33

− gffiffi
2

p q̄Lσ ·WaτaΓd
WdRφ OWb ybCWb ¼ ½Γd

W �33

2The generated four-fermion operators involving only third-
generation quarks and leptons are the least suppressed 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 more suppressed level, proportional to the
light-fermion Yukawa couplings, thus leading to weak constraints
on Cγ;g;Wt;Wb.
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and four-quark operatorsQð3Þ
lequ andQ

ð1Þ;ð8Þ
quqd mix back

into the lepton and quark dipoles, respectively.3

Thus, Qð3Þ
lequ and Qð1Þ;ð8Þ

quqd feed into the electron,
mercury, and neutron EDMs, and we therefore
include them in our extended basis.

(iv) Finally, at the top-quark threshold Og and OY
induce the Weinberg three-gluon operator O ~G,
which we therefore include in our extended basis.

The operator OY (ψ3H3 in the notation of Refs. [54–57])
mixes only into OH ¼ ðφ†φÞ3, which we do not include in
our phenomenological analysis as it does not contribute to
any precision observable that is useful to put constraints on
CY . On the other hand, OY contributes via threshold
corrections to most of the operators mentioned above
(X2H2, O ~G, and the light fermion dipoles).

B. 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 ¼ LSM þ Ltop þ LφφXX þ LφφX ~X þ LðL̄RÞðL̄RÞ

þ Lb→s þ LEDMs ð4Þ

where Ltop is given in (2),

LφφXX ¼ CφGOφG þ CφBOφB þ CφWOφW þ CφWBOφWB;

ð5aÞ

LφφX ~X ¼ Cφ ~GOφ ~G þ Cφ ~BOφ ~B þ Cφ ~WOφ ~W þ Cφ ~WBOφ ~WB;

ð5bÞ

Lb→s ¼ CðbsÞ
γ OðbsÞ

γ þ CðbsÞ
g OðbsÞ

g þ H:c:; ð5cÞ

LðL̄RÞðL̄RÞ ¼ Cð3Þ
lequO

ð3Þ
lequ þ Cð1Þ

quqdO
ð1Þ
quqd

þ Cð8Þ
quqdO

ð8Þ
quqd þ H:c:; ð5dÞ

LEDMs ¼
X

f¼e;u;d;s;c;b

ðCðfÞ
γ OðfÞ

γ þ H:c:Þ

þ
X

q¼u;d;s;c;b

ðCðfÞ
g OðfÞ

g þ H:c:Þ þ C ~GO ~G; ð5eÞ

and the operators of the extended basis are explicitly
given in Table II. We will present the anomalous
dimensions for the relevant mixing terms and the
threshold corrections in Sec. III. Equation (4) will be
the starting point of our phenomenological analysis,
with all Wilson coefficients CαðΛÞ set to zero except
for α ∈ fY; g; γ;Wt;Wbg.
Note that the operators in the extended basis con-

tribute to a large number of CP-even and CP-odd
observables both at high and low energies (see
Tables VI and VII for a synopsis) that can thus be
used to constrain the chirality-flipping top-Higgs cou-
plings of Eq. (2). In particular,

(i) 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 Sec. IV
for details.

(ii) The electromagnetic and strong dipole operators

OðbsÞ
γ;g in Lb→s contribute to b → sγ decays. The

connection of CðbsÞ
γ;g to the BRðb → sγÞ and

ACPðb → sγÞ is discussed in Sec. VI A.
(iii) 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 electron, neutron,
and diamagnetic atoms such as mercury. Although
the operators involving the heavier quarks, c and

TABLE II. Dimension-six operators induced by the top-
Higgs interactions in Eq. (2) via RG flow and threshold
corrections. We use the notation ~Xμν ≡ ϵμναβXαβ=2 and
ϵ0123 ¼ þ1. Below the electroweak scale the same operator
basis and naming scheme can be used, by simply replacing
φ ¼ ð0; vþ hÞT= ffiffiffi

2
p

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

OφG ¼ g2sφ†φGμνGμν Oφ ~G ¼ −g2sφ†φGμν
~Gμν

OφW ¼ g2φ†φWi
μνWiμν Oφ ~W ¼ −g2φ†φ ~Wi

μνWiμν

OφB ¼ g02φ†φBμνBμν Oφ ~B ¼ −g02φ†φ ~BμνBμν

OφWB ¼ gg0φ†τiφWi
μνBμν Oφ ~WB ¼ −gg0φ†τiφ ~Wi

μνBμν

Oð3Þ
lequ ¼ ðl̄ILσμνeRÞϵIJðq̄JLσμνuRÞ

Oð1Þ
quqd ¼ ðq̄ILuRÞϵIJðq̄JLdRÞ, Oð8Þ

quqd ¼ ðq̄ILtauRÞϵIJðq̄JLtadRÞ
O ~G ¼ ð1=6ÞgsfabcϵμναβGa

αβG
b
μρG

cρ
ν

OðqÞ
g ¼ Ogjt→q

q ¼ u, d, s

OðbsÞ
g ¼ −ðgs=2Þmbs̄LσμνGμνbRð1þ h=vÞ

OðfÞ
γ ¼ Oγjt→f

f ¼ e, u, d, s

OðbsÞ
γ ¼ −ðQbe=2Þmbs̄LσμνðFμν − tWZμνÞbRð1þ h=vÞ

3The mixing of Qð1Þ;ð8Þ
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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b, do not contribute directly, they do facilitate
indirect contributions to EDMs via threshold con-
tributions to the coefficient C ~G. The connection
between the above interactions and EDMs is
discussed in Sec. VII.
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 LφφX ~X and four-fermion operators
in LðL̄RÞðL̄RÞ mix into the light-fermion EDMs
and light-quark chromo-EDMs. In a leading log-
arithm analysis both effects have to be included,
as the operators in Ltop mix into LφφX ~X

4

and LðL̄RÞðL̄RÞ. This leads to a two-step path
Ltop → LφφX ~X;ðL̄RÞðL̄RÞ → LEDMs connecting the
top-Higgs electroweak dipoles to the light fermion
EDMs, which turns out to provide very powerful
constraints.

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

III. 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 nonperturbative techniques are
required. An overview of the leading contributions to
observables induced in this way is presented in
Tables VI and VII.
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 ln μ
¼ γt · Re~Ct;

dIm~Ct

d ln μ
¼ ~γt · Im~Ct; ð6Þ

where ~Ct ¼ ðCγ; Cg; CWt; CWb; CYÞT . The relevant
anomalous dimensions are given by [70–73]

γt ¼
αs
4π

0
BBBBBB@

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 30CFy2t 0 0 0

1
CCCCCCA
;

ð7Þ
where the electroweak contributions are given by

γWt→γ ¼
αw
s2Wαs

�
−4

�
1þ 2T3

t Qb

Qt

T3
t − 2s2WQt

c2W

�

þ 2T3
t

Qt

�
m2

t

m2
W
þ 2

X
q¼d;s;b

jVtqj2
m2

q

m2
W

��
;

γWb→γ ¼
αw
s2Wαs

2T3
t

Qt

m2
b

m2
W
jVtbj2;

γWt→g ¼
αw
αs

4

s2W

�
1þ 2T3

t
T3
t − 2s2WQt

c2W

�
;

γγ→g ¼ −
αw
αs

8Qt

�
Qt −

T3
t − 2s2WQt

2c2W

�
: ð8Þ

The anomalous dimensions for the imaginary parts of
the couplings, ~γt, 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 VI and VII.

A. RG equations for high-energy probes

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

d~CφφXX

d ln μ
¼ γt→φφXX · Re~Ct ð9Þ

where ~CφφXX ¼ ðCφG; CφB; CφW;CφWBÞT and the anoma-
lous dimensions are given by [57,74,75],

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

5At one loop, the chromo-MDM and chromo-EDM operators
induce, respectively, a correction to the top mass (and dimen-
sion-4 top Yukawa) and a top pseudoscalar mass. The pseu-
doscalar 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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γt→φφXX ¼ y2t Nc

ð4πÞ2

0
BBBBBB@

0 −CF 0 0 0

4Qtð2Qt − T3
t Þ 0 16QtT3

t − 2 ð16QbT3
b − 2Þ

�
yb
yt

�
2

0

0 0 −2 −2
�
yb
yt

�
2

0

−4QtT3
t 0 16QtT3

t − 4 ð16QbT3
b − 4Þ

�
yb
yt

�
2

0

1
CCCCCCA
: ð10Þ

Although cWb;Wt do contribute to the Higgs-gauge oper-
ators, 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.

B. 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~CðbsÞ
d ln μ

¼ γðbsÞ · ~CðbsÞ þ γt→ðbsÞ · ~Ct; ð11Þ

with ~CðbsÞ ¼ ðCðbsÞ
γ ; CðbsÞ

g ÞT and [23,57,76]

γðbsÞ ¼
αs
4π

�
8CF −8CF

0 16CF−4Nc

�
;

γt→ðbsÞ ¼
VtbV�

ts

4π2
y2t

�−1
2
Qt=Qb 0 −1=Qb 2=Qb 0

0 −1
2

0 0 0

�
:

ð12Þ

C. RG equations for EDMs

At low energies the experimental EDMs are determined
by the quark (color) EDMs, the Weinberg operator, and the

electron EDM, collected in ~CEDM ¼ ð~cðqÞγ ; ~cðqÞg ; C ~G; ~c
ðeÞ
γ ÞT .

The top-Higgs couplings induce these Wilson coefficients in
twoways: either directly or by generating an additional set of

Higgs-gauge couplings, ~CφφX ~X¼ðCφ ~G;Cφ ~B;Cφ ~W;Cφ ~WBÞT ,

and four-fermion operators, ~CL̄R ¼ ðCð3Þ
lequ; C

ð1Þ
quqd; C

ð8Þ
quqdÞT ,

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 ln μ
¼ γEDM · ~CEDM þ γt→EDM · Im~Ct

þ γφφX ~X→EDM · ~CφφX ~X þ γL̄R→EDM · Im~CL̄R:

ð13Þ

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 ~cðeÞγ does
not run up to one loop in QCD),

γEDM ¼ αs
4π

0
BBB@

8CF −8CF 0 0

0 16CF − 4Nc 2Nc 0

0 0 Nc þ 2nf þ β0 0

0 0 0 0

1
CCCA:

ð14Þ

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.

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 ¼ y2t
ð4πÞ2

0
BBBBBB@

−2 Qt
Qq

jVtqj2δqd;s;b 0 4
2T3

q

Qq
jVtqj2δqd;s;b 4

2T3
q

Qq
jVqbj2 y2b

y2t
δqu;c 0

0 −2jVtqj2δqd;s;b 0 16
m2

W
m2

t

�
1þ 2T3

b
T3
b−2s

2
WQb

c2W

�
δqb 0

0 0 0 0 0

0 0 0 0 0

1
CCCCCCA
: ð15Þ

6We neglected the contribution of ~cWb to the b-quark EDM because ~cWb is mainly constrained through its contribution to the b-quark
CEDM and the Weinberg operator.
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Note that the contributions to the light quark EDMs and
CEDMs are always proportional to the combination of
CKM elements, jVtd;ts;ubj2, and there are no direct one-loop
contributions to the electron EDM.

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 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 → ~CφφX ~X → ~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~CφφX ~X

d ln μ
¼ γt→φφX ~X · Im~Ct;

γt→φφX ~X ¼ γt→φφXX; ð16Þ

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]

γφφX ~X→EDM

¼ αw
4π

0
BBBBB@

0 4
2Qq−T3

q

Qqc2W
4

T3
q

Qqs2W
2
t2WðT3

q−2QqÞ−3T3
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Qqs2W

−8 αs
αw

0 0 0

0 0 0 0

0 4 2Qe−T3
e

Qec2W
4 T3

e

Qes2W
2
t2WðT3

e−2QeÞ−3T3
e

Qes2W

1
CCCCCA
:

ð17Þ

Path 2: ~Ct → ~CL̄R → ~CEDM
The generation and evolution of the four-fermion

operators of Eq. (5d) in the first step are determined by
the additional RGEs,

d~CL̄R

d ln μ
¼ γL̄R · ~CL̄R þ γt→L̄R · ~Ct; ð18Þ

with ~CL̄R ¼ ðCð3Þ
lequ; C

ð1Þ
quqd; C

ð8Þ
quqdÞT . The QCD self-

renormalization is determined by

γL̄R ¼ αs
4π

0
B@

2CF 0 0

0 −12CF
4
Nc
CF

0 8 4CF

1
CA; ð19Þ

while the anomalous dimensions relevant for the mixing are
given by

γt→L̄R ¼ g2yt
ð4πÞ2

0
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; ð20Þ

FIG. 1. Representative diagrams contributing to the mixing of
Cγ into Cφ ~W;φ ~B;φ ~WB;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.

7This is due to the fact that we include a factor of g2s in the definition of the operators OG and O ~G. Moreover, we neglect self-
renormalizations of Oðy2t Þ induced by the Higgs field wave-function renormalization [55–57].
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where the terms with q ¼ d, s, b contribute to the four-

quark operators, Oð1Þ;ð8Þ
qiu3q3di

, with i ¼ 1, 2, 3, involving the
first, second, or third generation down-type quarks, re-
spectively. For example, the anomalous dimensions with

q ¼ d generate the four-quark operatorsOð1Þ;ð8Þ
quqd with flavor

structure ðūLtRÞðb̄LdRÞ − ðd̄LtRÞðt̄LdRÞ, while the flavor
structure of the generated semileptonic operator of interest
is ðν̄LtRÞðb̄LeRÞ − ðēLtRÞðt̄LeRÞ.
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 ¼ 1

ð4πÞ2

0
BBBBB@

0 2 Qtyt
Qqyq

2CF
Qtyt
Qqyq

0 −2 yt
yq

1
Nc

yt
yq

0 0 0

−16Nc
Qtyt
Qeye

0 0

1
CCCCCA
;

ð21Þ

where the terms with q ¼ 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.

D. RGE summary

In summary, we can collect the Wilson coefficients of the
extended operator basis in a single vector8

~C ¼ ðRe~Ct; Im~Ct; ~CφφXX; ~CφφX ~X; Im~CL̄R;Re~CðbsÞ;

Im~CðbsÞ; ~CEDMÞT ð22Þ

satisfying

d~C
d ln μ

¼ Γ · ~C; ð23Þ

with

Γ ¼

0
BBBBBBBBBBBBB@

γt − − − − − − −
− ~γt − − − − − −

γt→φφXX − − − − − − −
− γt→φφX ~X − − − − − −
− γt→L̄R − − γL̄R − − −

γt→ðbsÞ − − − − γðbsÞ − −
− γt→ðbsÞ − − − − γðbsÞ −
− γt→EDM − γφφX ~X→EDM γL̄R→EDM − − γEDM

1
CCCCCCCCCCCCCA

: ð24Þ

In our phenomenological analysis we solve these RG equations with the initial condition at the high scale Λ given by
~CðΛÞ ¼ ðRe~CtðΛÞ; Im~CtðΛÞ; 0; 0; 0; 0; 0; 0ÞT .

TABLE III. The contributions of the operators in Eq. (3) at Λ ¼ 1 TeV, to the operators relevant for high-energy
probes at μ ¼ mt. Dots, “� � �,” indicate no, or a negligible, contribution.

Λ ¼ 1 TeV cγðΛÞ cgðΛÞ cWtðΛÞ cWbðΛÞ cYðΛÞ
cγðmþ

t Þ 0.86 0.13 −9.2 × 10−3 −7.7 × 10−6 � � �
cgðmþ

t Þ 2.8 × 10−3 0.87 −0.021 −1.2 × 10−8 � � �
cWtðmþ

t Þ −5.4 × 10−5 −0.033 0.86 � � � � � �
cWbðmþ

t Þ � � � � � � � � � 0.86 � � �
cYðmþ

t Þ −3.2 × 10−4 −0.20 2.4 × 10−3 � � � 1
CφGðmþ

t Þ 2.6 × 10−5 1.6 × 10−2 −2.0 × 10−4 −7.7 × 10−11 � � �
Cφγðmþ

t Þ −4.2 × 10−4 −3.1 × 10−5 2.1 × 10−6 1.8 × 10−9 � � �
CφWBðmþ

t Þ 1.6 × 10−2 1.5 × 10−3 −1.6 × 10−2 5.5 × 10−6 � � �

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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E. Evolution to μ=mt

As discussed above, for collider observables, it is mainly
the mixing among the top-Higgs couplings themselves and
the Higgs-gauge interactions, Eq. (5a), that is relevant. The
RGEs of Sec. III A can be used to first run the couplings
down to μ ¼ mt, where the top-Higgs couplings 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 III.
Apart from the RG effects, additional threshold effects

appear, as a result of integrating out the top quark. At this
scale, the top Yukawa induces contributions to the Higgs-
gauge operators,

CφGðm−
t Þ ¼ CφGðmþ

t Þ þ
1

48π2
ð1þ cYðmþ

t ÞÞ;
Cφγðm−

t Þ ¼ Cφγðmþ
t Þ

þ 1

4π2

�
NcQ2

t

6
ð1þ cYðmþ

t ÞÞ −
21

24
AðτWÞ

�
;

AðτÞ ¼ 1

7

�
2þ 3τ þ 3τð2 − τÞ arcsin

�
1ffiffiffi
τ

p
�

2
�
;

τW ¼ 4
m2

W

m2
h

; ð25Þ

where the constant terms arise from the SM top
and W� loops, while Cφγ represents the coupling of
e2vhFμνFμν, which corresponds to the linear combination
CφBþCφW−CφWB.

F. Evolution to μ= μb
For the b → sγ observables the main contributions

follow from the mixing onto the flavor-violating operators,

OðbsÞ
γ;g . In this case we employ the RGEs of Sec. III B to run

to the scale μ ¼ mt. Below this threshold the top-Higgs
operators are integrated out, such that the top-Higgs
couplings no longer contribute below this scale. The

operatorsOðbsÞ
γ;g can then straightforwardly be evolved down

to μ ¼ μb by the use of the same RGEs with the mixing
terms set to zero, γt→ðbsÞ → 0. As we employ expressions
for the b → sγ observables in terms of the couplings at

μ ¼ mt and μ ¼ μb, we present the values of C
ðbsÞ
γ;g at both

scales in Table IV.

G. 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 ¼ Λ to μ ¼ 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 correspond-
ing operators are removed from the EFT below μ ¼ mt.
This gives rise to several threshold corrections to the
operators in Eq. (13). The Yukawa interaction ~cY contrib-
utes to the (C)EDMs [81–85] and the Weinberg operator
[77,86] 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,

~cðfÞγ ðm−
t Þ ¼ ~cðfÞγ ðmþ

t Þ þ 24
α

ð4πÞ3Q
2
t fðxtÞ~cYðmþ

t Þ;

~cðqÞg ðm−
t Þ ¼ ~cðqÞg ðmþ

t Þ − 4
αs

ð4πÞ3 fðxtÞ~cYðm
þ
t Þ;

C ~Gðm−
t Þ ¼ C ~Gðmþ

t Þ −
αs
8π

~cgðmþ
t Þ

− 4
αs

ð4πÞ3 hðmt;mhÞ~cYðmþ
t Þ; ð26Þ

where mþ
t (m−

t ) indicates a scale just above (below) mt,

xt ≡ m2
t

m2
h
, and the functions f and h are given by

TABLE IV. The contributions of the operators in Eq. (3) at Λ ¼ 1 TeV, to the operators relevant for b → sγ
transitions at μ ¼ mt and μ ¼ μb ≈ 2 GeV. Dots, “� � �,” indicate no, or a negligible, contribution.

Λ ¼ 1 TeV CγðΛÞ CgðΛÞ CWtðΛÞ CWbðΛÞ CYðΛÞ
CðbsÞ
γ ðmþ

t Þ 6.2 × 10−4 −1.2 × 10−5 1.9 × 10−3 −3.7 × 10−3 � � �
CðbsÞ
g ðmþ

t Þ −5.2 × 10−7 −3.2 × 10−4 3.9 × 10−6 1.5 × 10−12 � � �
CðbsÞ
γ ðμbÞ 3.4 × 10−4 −1.2 × 10−4 1.0 × 10−3 −2.0 × 10−3 � � �

CðbsÞ
g ðμbÞ −3.0 × 10−7 −1.9 × 10−4 2.3 × 10−6 9.0 × 10−13 � � �
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fðzÞ≡ z
2

Z
1

0

dx
1 − 2xð1 − xÞ
xð1 − xÞ − z

ln
xð1 − xÞ

z
;

hðm;MÞ ¼ m4

4

Z
1

0

dx

×
Z

1

0

du
u3x3ð1 − xÞ

½m2xð1 − uxÞ þM2ð1 − uÞð1 − xÞ�2 :

Below μ ¼ mt, our basis consists of the operators in
Eq. (5e). The anomalous dimensions in Eq. (14) control the
running down to μ ¼ mb and subsequently to μ ¼ 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,

C ~Gðm−
c;bÞ ¼ C ~Gðmþ

c;bÞ −
αs
8π

~cðc;bÞg ðmþ
c;bÞ: ð27Þ

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 V for Λ ¼ 1 TeV.

An overview of the effects of the running and threshold
contributions to observables is presented in Table VI for cα
and in Table VII for ~cα.

IV. 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

TABLE V. The contributions of the operators in Eq. (3) at Λ ¼ 1 TeV, to the operators relevant for EDMs at
μ ¼ Λχ .

Λ ¼ 1 TeV ~cγðΛÞ ~cgðΛÞ ~cWtðΛÞ ~cWbðΛÞ ~cYðΛÞ

~cðeÞγ ðΛχÞ 3.8 × 10−4 1.4 × 10−5 −4.4 × 10−4 2.3 × 10−8 4.0 × 10−5

~cðuÞγ ðΛχÞ 1.4 × 10−4 6.3 × 10−4 −1.2 × 10−4 −2.9 × 10−6 −6.1 × 10−5

~cðuÞg ðΛχÞ 3.9 × 10−6 1.1 × 10−3 −1.9 × 10−5 −1.7 × 10−5 −1.0 × 10−4

~cðdÞγ ðΛχÞ 2.0 × 10−4 8.6 × 10−4 −9.1 × 10−4 −2.9 × 10−6 −6.1 × 10−5

~cðdÞg ðΛχÞ 2.9 × 10−6 1.3 × 10−3 −2.4 × 10−5 −1.7 × 10−5 −1.0 × 10−4

~cðsÞγ ðΛχÞ 1.9 × 10−4 8.6 × 10−4 −9.5 × 10−4 −2.9 × 10−6 −6.1 × 10−5

~cðsÞg ðΛχÞ 2.9 × 10−6 1.3 × 10−3 −2.4 × 10−5 −1.7 × 10−5 −1.0 × 10−4

C ~GðΛχÞ −2.8 × 10−6 −8.8 × 10−4 2.2 × 10−5 7.8 × 10−5 −8.1 × 10−7

TABLE VI. An overview of the dominant contributions of the real parts of the anomalous top-Higgs couplings to
high- and low-energy observables. ✓ indicates a direct (tree-level) contribution, ⨯ a negligible contribution, γt→X a
contribution induced by the RG flow, and “Threshold” a threshold contribution with the numbers indicating the
corresponding equations.

Observable cγ cg cWt cWb cY

Direct t ⨯ ⨯ ✓ ⨯ ⨯
tt̄ ⨯ ✓ ⨯ ⨯ ⨯
tt̄h ⨯ ✓ ⨯ ⨯ ✓

F0, FL, δ− ⨯ ⨯ ✓ ⨯ ⨯

Indirect gg ↔ h ⨯ γð1;2Þt→φφXX
⨯ ⨯ Threshold (25)

h → γγ γð2;1Þ;ð4;1Þt→φφXX
⨯ ⨯ ⨯ Threshold (25)

S S γð4;1Þt→φφXX
⨯ γð4;3Þt→φφXX

⨯ ⨯

b → sγ BR, ACP γð1;1Þt→ðbsÞ
⨯ γð1;3Þt→ðbsÞ γð1;4Þt→ðbsÞ

⨯
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the Z boson to bb̄ pairs. This coupling affects the branching
ratio Z → bb̄, which was precisely measured at the CERN
LEP. Since the bounds turn out to be weak, we do not discuss
this observable further.
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 observ-
ables, 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 it
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 oper-
ators 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 con-
tributions are linear in this combination and appear at the
dimension-six level, ∼Oð1=Λ2Þ. 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 contri-
bution. 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 contri-
butions can be neglected. As such, we truncate the expansion
at Oð1=Λ2Þ and do not consider terms that depend quad-
ratically 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 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 beloware
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 we never consider
the insertion of genuine dimension-eight operators, or the
mixing of two dimension-six operators onto dimension-
eight operators.

A. Direct constraints

1. tt̄ production

The cross section induced by the top chromo-magnetic
dipole moment (CMDM) cg and CEDM ~cg was computed
in Refs. [94,95] and is given by

TABLE VII. Similar to Table VI 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 ~cWb to the mercury and neutron EDMs is due to the b-quark CEDM, ~cðbÞg ,

which is RG induced through γð2;4Þt→EDM [Eq. (15)] and subsequently generates the Weinberg operator, C ~G, through the threshold
contribution of (27).

Observable ~cγ ~cg ~cWt ~cWb ~cY

Direct

t ⨯ ⨯ ⨯ ⨯ ⨯
tt̄ ⨯ ⨯ ⨯ ⨯ ⨯
tt̄h ⨯ ⨯ ⨯ ⨯ ⨯

F0, FL, δ− ⨯ ⨯ ✓ ⨯ ⨯
b → sγ BR, ACP γð1;1Þt→ðbsÞ

⨯ γð1;3Þt→ðbsÞ γð1;4Þt→ðbsÞ
⨯

EDMs

dThO γði;1Þ
t→φφX ~X;L̄R

γð4;iÞ
φφX ~X;L̄R→EDM

γð1;2Þt γði;1Þ
t→φφX ~X;L̄R

γð4;iÞ
φφX ~X;L̄R→EDM

γð3;2Þt γði;3Þ
t→φφX ~X;L̄R

γð4;iÞ
φφX ~X;L̄R→EDM

γði;3Þ
t→φφX ~X;L̄R

γð4;iÞ
φφX ~X;L̄R→EDM

⨯ Threshold (26)

dn, dHg γði;1Þ
t→φφX ~X;L̄R

γð1−3;iÞ
φφX ~X;L̄R→EDM

Threshold (26) γði;3Þ
t→φφX ~X;L̄R

γð1−3;iÞ
φφX ~X;L̄R→EDM

γð2;4Þt→EDM, Threshold (27) Threshold (26)
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σtt̄ð1.96 TeVÞ
pb

¼ ð7.45� 0.44Þ − ð10.8� 0.6Þðv2cgÞ

þ ð7.1� 0.7Þðv2cgÞ2
þ ð2.5� 0.5Þðv2 ~cgÞ2;

σtt̄ð8 TeVÞ
pb

¼ ð252.9� 20Þ − ð333� 28Þðv2cgÞ

þ ð476� 44Þðv2cgÞ2
þ ð336� 33Þðv2 ~cgÞ2: ð28Þ

The SM tt̄ cross section has been computed using the
program TOPþþ [96]. It includes next-to-next-to-leading
order (N2LO) corrections [97] and soft gluon resummation.
The cross section and the couplings cg and ~cg are evaluated
at the renormalization scale μ ¼ mt. The theoretical uncer-
tainties on the SM cross section arise from PDF and scale
variations. As the contribution of Cg is only included at LO,
the theoretical errors on terms proportional to cg and ~cg in
Eq. (28) only include PDF and αs uncertainties, which are
obtained by following the recipe of the PDF4LHC working
group [98] with the three PDF sets CT10 [99], MSTW08
[100], and NNPDF2.3 [101]. In the SM, NLO and N2LO
corrections to the tt̄ cross section are large [97], suggesting
the need to include NLO corrections for the dipole operators
as well [102]. We have not included these corrections here.

Our fits include data from the Tevatron experiments
[103] at

ffiffiffi
S

p ¼ 1.96 TeV and from the ATLAS and CMS
experiments at

ffiffiffi
S

p ¼ 8 TeV [104,105]. The experimental
results are summarized in Table VIII.

2. Associated production of a Higgs
boson and a tt̄ pair

The tt̄h cross section receives contributions from the
anomalousYukawa couplingCY and from the dipole operator
Cg. In Ref. [51] we presented the tt̄h cross section induced by
~cg and ~cY at LO in QCD. Herewe extend the calculation with
contributions from the real part of the couplings, cY and cg,
which interfere with the SM and induce genuine Oð1=Λ2Þ
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 have 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 ¼
σpp→tt̄h

σSMpp→tt̄h

: ð29Þ

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

μtt̄hð8 TeVÞ ¼ ð1þ v2cYÞ2 þ ð0.33� 0.02Þðv2 ~cYÞ2 − ð7.11� 0.02Þðv2cgÞ þ ð52� 5Þðv2cgÞ2 þ ð44� 4Þðv2 ~cgÞ2
− ð11.0� 0.1Þðv2cgÞðv2cYÞ − ð0.12� 0.16Þðv2 ~cgÞðv2 ~cYÞ;

μtt̄hð14 TeVÞ ¼ ð1þ v2cYÞ2 þ ð0.42� 0.01Þðv2 ~cYÞ2 − ð7.57� 0.03Þðv2cgÞ þ ð80� 5Þðv2cgÞ2 þ ð72� 5Þðv2 ~cgÞ2
− ð11.5� 0.1Þðv2cgÞðv2cYÞ − ð0.79� 0.06Þðv2 ~cgÞðv2 ~cYÞ: ð30Þ

The theoretical error only includes PDF and αs variations. The cross section and the couplings CY and Cg are evaluated at
the scale μ ¼ mt. The ATLAS and CMS measurements of the signal strength μtt̄h are given in Table XI.

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.

TABLE VIII. tt̄ and single top total cross sections, measured at CDF, D0, ATLAS and CMS.

Process
ffiffiffi
S

p
(TeV) σ (pb) Experiment

tt̄ 1.96 7.6� 0.4 CDF, D0 [103]
8 242� 10 ATLAS [104]

239� 13 CMS [105]

Process
ffiffiffi
S

p
(TeV) t t̄ tþ t̄ Experiment

Single top 7 46� 6 23� 3 68� 8 ATLAS [106]
t-channel � � � � � � 67� 7 CMS [107]

8 � � � � � � 83� 12 ATLAS [108]
54� 5 28� 4 84� 8 CMS [109]

13 133� 26 96� 24 229� 48 ATLAS [110]
142� 23 81� 15 228� 34 CMS [111]
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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-channel W 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

ffiffiffi
S

p ¼ 7 TeV
with luminosity of 5 fb−1 [106], and preliminary results atffiffiffi
S

p ¼ 8 and 13 TeV, with luminosity of, respectively,
20 fb−1 and 3.2 fb−1, are also available [108,110]. CMS
published results at

ffiffiffi
S

p ¼ 7 and
ffiffiffi
S

p ¼ 8 TeV with lumi-
nosity of 1.56 and 20 fb−1, respectively [107,109].
Preliminary results at

ffiffiffi
S

p ¼ 13 TeV are given in
Ref. [111]. 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 recently been 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 takes 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. Here, cWt interferes with the SM through terms
proportional to mt and contributes to the total cross section
at Oð1=Λ2Þ. The interference of cWb with the SM is
proportional to mb and vanishes in the 5-flavor scheme.
The imaginary couplings ~cWt and ~cWb only contribute to the
total cross section at Oð1=Λ4Þ.
At NLO in QCD, the inclusive t-channel single top cross

section in the presence of the operator CWt is

σtð7 TeVÞ
pb

¼ ð41.9� 1.8Þ − ð9.4� 0.3Þv2cWt þ ð15.6� 0.2Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ;
σ t̄ð7 TeVÞ

pb
¼ ð22.7� 1.0Þ − ð0.3� 0.1Þv2cWt þ ð5.5� 0.2Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ;

σtð8 TeVÞ
pb

¼ ð56.4� 2.4Þ − ð11.7� 0.3Þv2cWt þ ð21.0� 0.5Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ;
σ t̄ð8 TeVÞ

pb
¼ ð30.7� 1.3Þ − ð0.5� 0.2Þv2cWt þ ð7.7� 0.2Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ;

σtð13 TeVÞ
pb

¼ ð136.� 5.4Þ − ð26.2� 0.4Þv2cWt þ ð57.0� 1.0Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ;
σ t̄ð13 TeVÞ

pb
¼ ð81.0� 4.1Þ − ð2.6� 0.4Þv2cWt þ ð24.7� 1.0Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ: ð31Þ

TABLE IX. Single top differential cross section induced by CWt at
ffiffiffi
S

p ¼ 7 TeV.

dσðtÞ=dpT (10−3 pb=GeV)

Bins (GeV) Experiment Theory

0–45 440� 65 ð373� 22Þ −ð71� 5Þv2cWt þð48� 4Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ
45–75 370� 56 ð382� 15Þ −ð85� 1Þv2cWt þð96� 7Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ
75–110 250� 37 ð207� 8Þ −ð52� 5Þv2cWt þð87� 4Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ
110–150 133� 26 ð90� 3Þ −ð26� 4Þv2cWt þð66� 2Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ
150–500 7.8� 1.4 ð7.7� 0.4Þ −ð2.2� 0.5Þv2cWt þð13� 1Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ

dσðt̄Þ=dpT (10−3 pb=GeV)

Bins (GeV) Experiment Theory

0–45 190� 52 ð210� 14Þ −ð10.2� 4.7Þv2cWt þð14� 2Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ
45–75 230� 43 ð202� 10Þ −ð4.7� 1.3Þv2cWt þð33� 3Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ
75–110 97� 26 ð102� 4Þ þð0.7� 4.7Þv2cWt þð34� 2Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ
110–150 13� 9 ð42� 2Þ þð2.7� 1.3Þv2cWt þð25� 1Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ
150–500 1.4� 0.8 ð3.2� 0.2Þ þð0.4� 0.2Þv2cWt þð5.0� 0.2Þððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ

CONSTRAINING THE TOP-HIGGS SECTOR OF THE … PHYSICAL REVIEW D 94, 034031 (2016)

034031-13



The cross sections were obtained by setting the factorization
and renormalization scales to μ ¼ mt. The couplings cWt
and ~cWt are also evaluated at this scale and are related to the
couplings at μ ¼ Λ by the RGE discussed in Sec. III A. The
scale uncertainty was estimated by varying the factorization
and renormalization scales between μ ¼ mt=2 and μ ¼ 2mt.
In the evaluation of the scale uncertainties, we accounted for
the running of CWt between the central scale and μ ¼ mt=2
or μ ¼ 2mt. We obtained the PDF and αs uncertainties
following the PDF4LHC recipe, using the three PDF sets
CT10 [99], MSTW08 [100], and NNPDF2.3 [101]. PDF
uncertainties turn out to dominate the theoretical uncertainty.
Corrections to the single top cross section fromCWt andCWb
have been considered in Ref. [128] at LO, and, recently, the
NLOQCD corrections have been included [129]. Our results
are in agreement with Refs. [128,129].
In Table IX 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. [106]. The different pT bins
are correlated, and we included the experimental correlations
given in Ref. [106] 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

ðσt þ σ t̄Þð7 TeVÞ ¼ ð0.11� 0.01Þððv2cWbÞ2
þ ðv2 ~cWbÞ2Þ pb;

ðσt þ σ t̄Þð8 TeVÞ ¼ ð0.15� 0.01Þððv2cWbÞ2
þ ðv2 ~cWbÞ2Þ pb;

ðσt þ σ t̄Þð13 TeVÞ ¼ ð0.44� 0.01Þððv2cWbÞ2
þ ðv2 ~cWbÞ2Þ pb: ð32Þ

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 ∼Oð10Þ.
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.

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 fraction of longitudinally polarizedW bosons,
and FL;R, denoting the fraction of left- or right-handed
transversely polarized W bosons. These helicity fractions
have been measured at the Tevatron and LHC [58,130–
133], and in Table X 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
measured 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 ¼ mW=mt,
and, for the top pole mass, mt ¼ 173 GeV, and mW ¼
80.4 GeV, the SM helicity fractions are F0 ¼ 0.687, FL ¼
0.311, and FR ¼ 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 nonvanishing contributions from electro-
weak loops in which the internalW 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]

TABLE X. W helicity fractions measured at CDF, D0, ATLAS, and CMS.

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]

FIG. 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 theW boson. SM vertices are denoted by a
dot, while an insertion of a CWt or CWb is denoted by a square.
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F0 ¼
1 − 4y2t x2ðv2cWtÞ þ 4x4y4t ððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ

ð1þ 2x2Þ − 12y2t x2ðv2cWtÞ þ 4x2ð2þ x2Þy4t ððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ
; ð33Þ

FL ¼ 2x2ð1 − 4y2t ðv2cWtÞ þ 4y4t ððv2cWtÞ2 þ ðv2 ~cWtÞ2ÞÞ
ð1þ 2x2Þ − 12y2t x2ðv2cWtÞ þ 4x2ð2þ x2Þy4t ððv2cWtÞ2 þ ðv2 ~cWtÞ2Þ

: ð34Þ

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 Oð1=Λ4Þ.
The phase δ− is linear in ~cWt and, at tree level, is given by

[58,134]

δ− ¼ V2
tb argððx − gRÞð1 − xgRÞ�Þ; with

gR ¼ 2
mW

v
ytðv2cWt þ iv2 ~cWtÞ: ð35Þ

B. Indirect constraints

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 it 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 modifi-
cation 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 VBF, associated production of a Higgs
boson and aW or Z boson (WH and ZH), and theWW� 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 compatible 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 ¼ σi→h

σSMi→h

Γh→f

ΓSM
h→f

=
Γtot

ΓSM
tot

; ð36Þ

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 ΓSM

h→f are the decay widths in the channel f, and
Γtot and ΓSM

tot the Higgs total width, with and without the
inclusion of dimension-six operators. For mh ¼ 125 GeV,
the SM Higgs total width is ΓSM

tot ¼4.07�0.16MeV [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 operatorsOφG andOφ ~G and is known at N2LO
in αs [139–143]. The scalar and pseudoscalar top Yukawa
couplings cY and ~cY induce threshold corrections to CφG

and Cφ ~G at the scale mt, while the top chromo-dipole
moments mix onto OφG and Oφ ~G, 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 Oφ ~G and the SM. We therefore use the tree-
level expression, which, in the limit ofmt → ∞, is given by

σggF
σSMggF

¼ ð1þ v2cYðmþ
t Þ þ 48π2v2CφGðmþ

t ÞÞ2

þ
�
48π2v2Cφ ~Gðmþ

t Þ þ
3

2
v2 ~cYðmþ

t Þ
�

2

; ð37Þ

TABLE XI. Higgs signal strength in various production and
decay channels, as measured by the ATLAS and CMS Collab-
orations [136,137]. Here, † denotes entries for which the signal
strengths is given in the combined bosonic production modes
(VBFþWHþ ZH), and � denotes entries for which the com-
bined WHþ ZH signal strength is given.

ATLAS gg VBF WH ZH tt̄h

γγ 1.3� 0.4 0.8� 0.7 1.0� 1.6 0.1þ3.7
−0.1 1.3þ2.6

−1.7
ZZ� 1.7� 0.5 ð0.3þ1.6

−0.9 Þ† � � � � � � � � �
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
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and we neglect the small theoretical uncertainties.
CφGðmþ

t Þ is given in Table III, 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 ¼
α2sm3

h

72v2π3

�
ð1þ v2cY þ 48π2v2CφGÞ2

þ ð48π2v2Cφ ~G þ 3

2
v2 ~cYÞ2

�
; ð38Þ

where the couplings are evaluated at mþ
t .

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

Γh→γγ

ΓSM
h→γγ

¼ ðNcQ2
t ð1þ v2cYÞ þ 24π2ðv2CφγÞ − 21

4
AðτWÞÞ2 þ ð3

2
NcQ2

t v2 ~cY þ 24π2ðv2Cφ~γÞÞ2
ðNcQ2

t − 21
4
AðτWÞÞ2

; ð39Þ

where the couplings are evaluated at mþ
t , τW ¼ 4m2

W=m
2
h,

and the loop function AðτÞ is given in Eq. (25). The γγ
channel gives negligible corrections to the total width. NLO
QCD corrections to the SM decay widths ΓSM

h→γγ and ΓSM
h→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 XI. In
our fits, we symmetrized the uncertainties in Table XI and
treated them as statistical errors.

V. 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 in q2) [88–90],

αw
4s2Wc

2
W
S ¼ Π0

ZZð0Þ −
c2W − s2W
cWsW

Π0
γZð0Þ − Π0

γγð0Þ;

αwT ¼ ΠWWð0Þ
m2

W
−
ΠZZð0Þ
m2

Z
;

αw
4s2W

U ¼ Π0
WWð0Þ − c2WΠ0

ZZð0Þ − 2sWcWΠ0
γZð0Þ

− s2WΠ0
γγð0Þ; ð40Þ

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 ¼ jφ†Dμφj2 [57,90,145],

S ¼ 16πv2CφWBðmtÞ; T ¼ −
2π

e2
v2CHDðmtÞ: ð41Þ

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 parameter and do not contribute to CHD or the

dimension-eight operator responsible for U. The con-
tributions to S arise through the RG mixing with OφWB

described in Sec. III A, which coincides with the
divergent parts of the loop contributions discussed in
[128,146].
To derive the constraints resulting from the S parameter,

we express CφWB in terms of the Higgs-top couplings
(Table III) and employ the result of a fit to experimental
data, S ¼ −0.03� 0.10 [80].9,10

VI. 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

9This constraint results from a fit in which T andU are allowed
to vary. Since we do not consider contributions to these
parameters, we could take T ¼ U ¼ 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 ¼ 0,
excluded at 90%. We therefore prefer to allow T and U to vary
and employ the more conservative constraint S ¼ −0.03� 0.10.

10It should be noted that the extraction of S could be
complicated in the case where 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
ðf̄L;RγμfL;RÞðiφ†ð ⃖Dμ − ~DμÞφÞ; 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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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, ϵ0, while Cγ;Wt

contribute to the photonic dipole operator (s → dγ) which
induces rare kaon decays such as KL → πþπ−γ [148]. We
employ the expressions in Refs. [149,150], and [148] to
estimate the constraints from ϵK , ϵ0, and rare decays,
respectively. We find an Oð1Þ 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.

A. Rare B decays

To study the effects of the top-Higgs interactions on the
b → sγ observables, namely, the branching 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 CðbsÞ
γ;g interactions induced by

the top-Higgs operators. These couplings are related to the
couplings C7;8 that are more commonly used in the
literature [44,151–155], by the relations

CðbsÞ
γ ¼ VtbV�

ts

4π2Qb

C7

v2
; CðbsÞ

g ¼ −
VtbV�

ts

4π2
C8

v2
: ð42Þ

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

1. BRðB → sγÞ
We describe the branching ratio by the expression

derived in Refs. [154,156], rescaled to the SM prediction
of [153,157,158],

BRðB→ sγÞ ¼ 10−4
3.36
2.98

½2.98þ 4.743jCNP
7 j2

þ 0.789jCNP
8 j2þReðð−7.184þ 0.612iÞCNP

7

þð−2.225− 0.557iÞCNP
8

þð2.454− 0.884iÞCNP
7 CNP�

8 Þ�; ð43Þ

where CNP
7;8 stand for the nonstandard contributions to C7;8,

which are to be evaluated at the top scale, μ ¼ 160 GeV.
This expression should be compared with the current
experimental world average [80],

BRðB → sγÞ ¼ ð3.43� 0.21� 0.07Þ × 10−4: ð44Þ
In order to derive constraints we follow Refs. [151,152] and
use the relative uncertainty on the SM prediction as our
theoretical error, σ ¼ 0.23

3.36BRðb → sγÞ. This theoretical
uncertainty is then added in quadrature to the experimental
one.

2. ACPðB → sγÞ
For the CP asymmetry we follow Refs. [44,151,152]

and employ the expression derived in Ref. [155],

ACPðB→ sγÞ
π

≡ 1

π

ΓðB̄→XsγÞ−ΓðB→Xs̄γÞ
ΓðB̄→XsγÞþΓðB→Xs̄γÞ

≈
��

40

81
−
40

9

Λc

mb

�
αs
π
þΛc

17

mb

�
Im

C2

C7

−
�
4αs
9π

þ 4παs
Λ78

3mb

�
Im

C8

C7

−
�
Λu
17−Λc

17

mb
þ 40

9

Λc

mb

αs
π

�
Im

�
VubV�

us

VtbV�
ts

C2

C7

�
;

ð45Þ

where C2 is a four-quark operator, ∼ðc̄LγμbLÞðs̄LγμcLÞ
[159], which, along with C7;8, should be evaluated at the
factorization scale μb ≃ 2 GeV. We employ the following
SM values for these coefficients at μb ¼ 2 GeV [155],

CSM
2 ¼1.204; CSM

7 ¼−0.381; CSM
8 ¼−0.175: ð46Þ

The contributions from the top-Higgs couplings at μ ¼ mt
and μ ¼ 2 GeV can again be read from Table IV. 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],

Λu
17 ∈ ½−0.33; 0.525� GeV;

Λc
17 ∈ ½−0.009; 0.011� GeV;

Λ78 ∈ ½−0.017; 0.19� GeV: ð47Þ

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]

ACPðB → sγÞ ¼ 0.015� 0.02: ð48Þ

VII. 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
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CKM mechanism predicts EDMs that are orders of mag-
nitude below current experimental sensitivities. The only
SM background then arises from the QCD vacuum angle,
the so-called theta term, which, in principle, induces large
EDMs of hadrons and nuclei. The absence of an exper-
imental signal for the neutron and 199Hg EDMs leads to the
strong constraint θ < 10−10 [162]. This smallness begs for
an explanation that can be provided by the Peccei-Quinn
mechanism [163], which dynamically relaxes the vacuum
angle to zero at the cost of an, 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 [164]. Recent developments in lattice QCD
[165–169] and chiral effective field theory [170,171] 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 [172], which, for the

set of dimension-six operators under discussion, can be
interpreted as a measurement of the electron EDM,11

de ¼ eQeme ~c
ðeÞ
γ ðΛχÞ ≤ 8.7 × 10−29 e cm ð90% C:L:Þ:

ð49Þ

This rather clean theoretical interpretation in terms of the
electron EDM involves an estimated Oð15%Þ uncertainty
[173,174]. 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

dn¼−ð0.22�0.03ÞeQumu ~c
ðuÞ
γ þð0.74�0.07ÞeQdmd ~c

ðdÞ
γ

þð0.0077�0.01ÞeQsms ~c
ðsÞ
γ −ð0.55�0.28Þemu ~c

ðuÞ
g

−ð1.1�0.55Þemd ~c
ðdÞ
g �ð50�40MeVÞegsC ~G;

dp¼ð0.74�0.07ÞeQumu ~c
ðuÞ
γ −ð0.22�0.03ÞeQdmd ~c

ðdÞ
γ

þð0.0077�0.01ÞeQsms ~c
ðsÞ
γ þð1.30�0.65Þemu ~c

ðuÞ
g

þð0.60�0.30Þemd ~c
ðdÞ
g ∓ð50�40MeVÞegsC ~G; ð50Þ

where all coefficients should be evaluated at μ ¼ Λχ .
Because of recent lattice calculations [166,175], the con-
tributions from the up- and down-quark EDMs in this
expression are known to Oð15%Þ, while the strange con-
tribution is still highly uncertain. The up- and down-quark
CEDM contributions have an estimated 50% uncertainty
based on QCD sum-rule calculations [164,176–178], while
the Weinberg operator appears with the largest uncertainty,
Oð100%Þ, based on a combination of QCD sum rules [179]
and naive dimensional analysis estimates [77]. The magni-
tude 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 [180].
Finally, the 199Hg EDM receives contributions from the

nucleon EDMs as well as from the CP-odd isoscalar and
isovector pion-nucleon couplings,12 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 [181],

ḡ0 ¼ ð5� 10Þðmu ~c
ðuÞ
g þmd ~c

ðdÞ
g Þ fm−1;

ḡ1 ¼ ð20þ40
−10Þðmu ~c

ðuÞ
g −md ~c

ðdÞ
g Þ fm−1: ð51Þ

Combining the contributions of the nucleon EDMs [182]
with those of the pion-nucleon couplings [183–186], then
gives the following expression for the 199Hg EDM,

dHg ¼ −ð2.8� 0.6Þ × 10−4½ð1.9� 0.1Þdn
þ ð0.20� 0.06Þdp
þ ð0.13þ0.5

−0.07ḡ0 þ 0.25þ0.89
−0.63 ḡ1Þ e fm�; ð52Þ

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 con-
straining power of dHg.
We summarize the current and prospective limits in

Table XII. The table also shows the limits on systems which
11Apart from the electron EDM, the ThO EDM also receives

contributions from semileptonic four-fermion interactions, which
can be generated by the top-Higgs couplings at loop level.
However, these induced semileptonic interactions are always
negligible due to suppression by small Yukawa couplings and/or
CKM elements.

12A potential third contribution from a CP-odd isotensor
pion-nucleon interaction is negligible for all operators in
Eq. (5e) [170].
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are not yet competitive, but could provide interesting
constraints in the future. EDM experiments on 225Ra and
129Xe atoms have already provided limits [187,188] and are
quickly improving. We use the following expressions for
these EDMs [186],

dXe ¼ ð0.33� 0.05Þ
× 10−4ð−0.10þ0.037

−0.53 ḡ0−0.076þ0.038
−0.55 ḡ1Þ e fm; ð53Þ

dRa ¼ −ð7.7� 0.8Þ × 10−4ð−19þ6.4
−57 ḡ0 þ 76þ227

−25 ḡ1Þ e fm:

ð54Þ

We point out that these expressions do not contain the
dependencies on the single-nucleon EDMs as these, as far
as we know, have not been calculated. The associated
nuclear uncertainties are still significant but smaller than
for dHg. Here 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. [186] 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 EDMmeasurement. 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 ¼ ð0.94� 0.01Þðdn þ dpÞ þ ð0.18� 0.02Þḡ1 e fm;

ð55Þ

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.

A. Lepton anomalous magnetic moments

The same mechanisms that generate the electron dipole

moment ~cðeÞγ 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 ¼
e

2ml
gl~S; ð56Þ

where l ¼ ðe; μ; τÞ, ~S is the spin of the charged lepton, and
gl ¼ 2 at tree level in the SM. Loop effects in the SM lead
to corrections to gl, thereby inducing anomalous magnetic
moments,

al ¼
gl − 2

2
: ð57Þ

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 com-
paring the SM predictions for ae;μ with the experimental
results gives [80],

Δae ¼ aexpe − aSMe ¼ −1.05ð0.82Þ × 10−12;

Δaμ ¼ aexpμ − aSMμ ¼ 2.88ð0.63Þð0.49Þ × 10−9; ð58Þ

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 the two-
step mechanism explained in Sec. III C. Extending Eq. (5e)
to include the fermion magnetic dipole operators, we can
parametrize the corrections to al as

Δal ¼ −2
m2

l

v2
Qlðv2cðlÞγ ðΛχÞÞ: ð59Þ

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

electric dipole operators is identical, the values of cðlÞγ ðΛχÞ
as a function of the top couplings at the scale Λ ¼ 1 TeV
can be read from the first line of Table V, giving

TABLE XII. Current limits on the electron [172], neutron [189,190], and mercury [191,192] EDMs in units of e cm (90% confidence
level). We also show an indication of their prospective limits [193,194] as well as those of the proton, deuteron, xenon [187], and radium
[188] EDMs, which could provide interesting constraints in the future.

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
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Δae ¼ ð3.3ðv2cγÞ þ 0.12ðv2cgÞ − 3.8ðv2cWtÞ
þ 0.35ðv2cYÞÞ × 10−15;

Δaμ ¼ ð13.8ðv2cγÞ þ 0.51ðv2cgÞ − 16.0ðv2cWtÞ
þ 1.5ðv2cYÞÞ × 10−11; ð60Þ

where the contribution of cWb is negligible.
Comparing with Eq. (58) we see that the uncertainty on

Δae is a factorOð103Þ smaller than on Δaμ, while the latter
is more sensitive to the top-Higgs couplings by a factor
m2

μ=m2
e ∼ 4 × 104. Despite this sensitivity, large values of

the couplings, v2cα ∼Oð10Þ–Oð100Þ, are needed to
explain the observed tension with the SM. Furthermore,
the determination of Δae leads to Oð100Þ constraints on
v2cα. As we discuss in Sec. IX, 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 Δae does not
give competitive constraints. We therefore do not include
the electron and muon anomalous magnetic moments in our
analysis.

VIII. ANALYSIS STRATEGY

A. χ 2 functions

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

χ2i ¼
�
Oth

i −Oexp
i

σi

�
2

: ð61Þ

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
many ways. For the collider observables, we differentiate
between direct and indirect constraints,

χ2direct ¼
X

i¼t;tt̄;tt̄h;F0;FL;FR;δ−

χ2i ;

χ2indirect ¼
X
i;j

χ2i→hðW;ZÞ→j; ð62Þ

where the indirect constraints include all the Higgs pro-
duction and decay channels, mentioned in Sec. IV. The
direct constraints include t, tt̄, and tt̄h production, as well
as the W helicity fractions, while the constraints from the
electroweak precision tests are simply captured by χ2S.

For the rare B decays we combine the constraints from
both observables into a single constraint,

χ2b→sγ ¼ χ2BR þ χ2ACP
: ð63Þ

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

χ2EDMs ¼
X

i¼dn;dHg;dThO;dp;dD;dRa;dXe

χ2i ; ð64Þ

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

χ2Total ¼ χ2direct þ χ2indirect þ χ2S þ χ2b→sγ þ χ2EDMs: ð65Þ

B. 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:

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

(ii) R-fit.—Here we vary all theoretical uncertainties,
appearing in dn, dHg, ACP, and collider observables,
within the allowed ranges assuming a flat distribu-
tion, and minimize the total χ2. This method
corresponds to the Range-fit (R-fit) procedure de-
fined in Ref. [160]. It always gives the weakest
(¼ most conservative) constraint as it allows for
cancellations between different contributions.

IX. DISCUSSION

A. 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 couplingsCγ ,CWt,
CWb, Cg, and CY , obtained under the assumption that only
one coupling is nonzero at a scale Λ ¼ 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 con-
straining bounds coming from EDMs (red), flavor physics

13There is one exception to this in the case of BRðb → sγÞ. As
described in Sec. VI A 1, in this case we treat the theory error as
statistical and add it to the experimental one in quadrature, i.e.
σ2 ¼ ðσthÞ2 þ ðσexpÞ2.
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(green), electroweak precision observables (blue), and direct
and indirect collider searches (orange). Theoretical uncer-
tainties play a large role for the constraints arising from
EDMs and flavor observables. The plots in Figs. 3 and 4 are
obtained with the R-fit procedure described in Sec. VIII
which particularly affects the constraints on the imaginary
parts of the couplings [51].
The dashed black contour denotes future sensitivities,

considering improvements in EDM experiments [193],
super-B factory measurements [206,207], and collider
searches [208,209]. For the electron and neutron EDM
we use the expected limits in Table XII, 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 Refs. [208,209] for the LHC
run 2, with

ffiffiffi
S

p ¼ 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 μVBF→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 or 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 ~cγ and ~cWt. 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 jv2 ~cγj <
1.4 × 10−3. The real part of the coupling cγ can be larger

FIG. 4. The 90% C.L. allowed regions in the v2cWb − v2 ~cWb (left panel), v2cg − v2 ~cg (center panel), and v2cY − v2 ~cY (right panel)
planes, with couplings evaluated at Λ ¼ 1 TeV.

FIG. 3. The 90% C.L. allowed regions in the v2cγ − v2 ~cγ (left panel) and v2cWt − v2 ~cWt planes (right panel), with couplings evaluated
at Λ ¼ 1 TeV. In both cases, the inset zooms into the current combined allowed region and shows projected future sensitivities.
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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 ~cγ 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 informa-
tion on the real part can be obtained by studying addi-
tional observables at LHC run 2 in processes such as
t̄tþ γ, t̄tþ 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, jv2 ~cWtj < 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 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 5 times stronger than the limit extracted from
ACP, even with the conservative treatment of the theoretical
errors that we are adopting. We find jv2 ~cWbj < 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 observ-
ables like the S parameter, give much weaker bounds,
v2cWb ∼Oð1Þ–Oð10Þ. 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 ~cWb by a factor of 100 even without improve-
ments on the hadronic matrix elements. The impact of future
super-B factory experiments appears to be more limited, and
they 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 V, ~cg
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 jv2 ~cgj < 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 5 times stronger than the direct
bound from tt̄. Here 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 subpercent level, while new neutron and electron
EDM experiments are projected to improve the bound on ~cg
by 1 to 2 orders of magnitude.
In the single operator scenario, the pseudoscalar Yukawa

~cY receives its strongest bound from the electron EDM,
jv2 ~cY j < 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. Here cY
can also be probed directly by studying the associated tt̄h
production. With the current 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.

1. Summary

The constraints shown in Figs. 3 and 4 are summarized in
Table XIII. EDM limits provide the most stringent con-
straints for all the imaginary parts of the top-Higgs
couplings, which are therefore generally constrained to
be smaller than the real parts by 1 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 ~cg

TABLE XIII. Allowed region (90% C.L.) for the couplings Cα, with the assumption that one complex coupling is
turned on at the scale Λ ¼ 1 TeV. Constraints in the second and third columns are obtained by using the R-fit
strategy of Sec. VIII B, while the constraints on the imaginary couplings in the fourth column are based on central
matrix elements.

Real R-fit Imaginary R-fit Central

v2cγ ½−5.3; 11� × 10−2 v2 ~cγ ½−1.4; 1.4� × 10−3 ½−1.4; 1.4� × 10−3

v2cWt ½−9.5; 4.2� × 10−2 v2 ~cWt ½−1.2; 1.2� × 10−3 ½−1.2; 1.2� × 10−3

v2cWb ½−4.4; 6.7� × 10−2 v2 ~cWb ½−6.4; 6.4� × 10−2 ½−4.2; 4.4� × 10−3

v2cg ½−1.7; 1.4� × 10−2 v2 ~cg ½−3.8; 3.8� × 10−2 ½−2.9; 2.9� × 10−4

v2cY ½−12; 14� × 10−2 v2 ~cY ½−1.3; 1.3� × 10−2 ½−1.3; 1.3� × 10−2
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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 XIII 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 ~cWb and ~cg, 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 XIII were derived by truncating

the expansion of observables at Oðv2=Λ2Þ, 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 , ~cY , ~cg 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]). For ~cγ, ~cWt, ~cWb, we find that EDMs provide
stronger bounds than previously realized. Forcg, the strongest
constraint comes from the contribution to Higgs production
through gluon fusion.

B. Global fit

We now investigate the scenario in which new physics
generates all the operators in Eq. (2) at the high scale
Λ ¼ 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 Sec. IX A.
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 ~cα for all α apart from ~cWt which
remains constrained by the W helicity fractions discussed
in Sec. IVA 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 includ-
ing dimension-eight effects such as contributions of ~cα to
CPC total cross sections and decay rates, which become
relevant for v2 ~cα ∼Oð1Þ (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 nonrenormalizable operators
of lowest canonical dimension. Finally, future EDM mea-
surements 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 uncer-
tainties in the hadronic and nuclear matrix elements entering
dn, dHg, andACP. Although this might seem rather wishful at
the moment, relatively modest improvements from 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.

1. Global analysis: Central values of the hadronic
matrix elements

Figures 5 and 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 ~cα weaken consid-
erably because the imaginary parts of the couplings are
strongly correlated. The bounds on v2 ~cγ and v2 ~cWt deterio-
rate 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 operator analysis,
is sensitive to the combination ∼~cγ − ~cWt, leaving the
orthogonal linear combination unconstrained. This is illus-
trated in Fig. 7. The required orthogonal constraint comes
from δ−, which only receives contributions from v2 ~cWt and
is therefore unaffected by marginalizing. The combination
of the two then provides the ∼40% bounds on ~cγ;Wt. The
resulting constraint on ~cγ 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
~cWt, and the bound becomes almost identical to that of the
direct observable δ−.
The couplings ~cWb and ~cg also exhibit strong correlations

because they mainly contribute to the neutron EDM. In the
marginalized case, due to the possible cancellations, the
bound on ~cWb is then mainly determined by ACP, while dn
and dHg set strong constraints on ~cg. Similarly, the bound
on ~cY 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
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sensitive to v2 ~cY ∼Oð0.3Þ at the LHC run 2. 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 × 10−26 e cm would
significantly shrink the allowed region in the ~cg − ~cY
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, theW 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 XIV. Finally, we give some
information about the fit. The correlation matrix of the
couplings fcγ; cWt; cWb; cg; cY; ~cγ; ~cWt; ~cWb; ~cg; ~cYg is
given by

FIG. 5. Same as Fig. 3, showing the 90% C.L. allowed regions in the v2cγ − v2 ~cγ (left panel) and v2cWt − v2 ~cWt 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.

FIG. 6. Same as Fig. 4, showing the 90% C.L. allowed regions in the v2cWb − v2 ~cWb (left panel), v2cg − v2 ~cg (center panel), and
v2cY − v2 ~cY (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.
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2
66666666666666666664

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

3
77777777777777777775

: ð66Þ

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 sensitive to either the real or the imaginary
couplings. The minimum χ2 of the multidimensional fit
is χ2 ¼ 17, with 45 experimental entries and 10 fit
parameters, leading to a χ2 per degree of freedom,
χ2=dof ∼ 0.5.
Table XIV shows that the global fit allows for relatively

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 Secs. IV and
VI A, 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 oper-
ators are generated at the new physics scale Λ. Including
chirality-conserving top-Higgs operators, such as correc-
tions 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 mecha-
nisms we considered. Thus, we expect the bounds on cγ, cg,
and cY are 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

FIG. 8. The 90% C.L. allowed regions in the v2cg − v2cY plane,
with couplings evaluated at Λ ¼ 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.

FIG. 7. The 90% C.L. allowed regions in the v2 ~cγ − v2 ~cWt
plane. We marginalized over the remaining couplings and
assumed central values for the relevant nuclear and hadronic
matrix elements.
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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 v2 ~cγ − v2 ~cWt shown in
Fig. 7 will not be affected.

X. 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 Uð3Þ3
transformations acting on the family indices of the quark
fields qL, uR, dR. In the SM, the flavor symmetry GF ¼
SUð3ÞqL × SUð3ÞuR × SUð3ÞdR 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 Γu

B;W;g, Y 0
u ∝ Yu, and

Γd
W ∝ 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 Oð1Þ, while the
Yukawas of the other quarks are considered to be 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 poly-

nomial of ðYuY
†
uÞ 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 ¼ λd,
and Yu ¼ V†

CKMλu, with λd ¼ diagðyd; ys; ybÞ and λu ¼
diagðyu; yc; ytÞ, the only possible structures for up-type
operators (like Cg, Cγ , CY , and CWt related to Γu

B;W;g, Y
0
u)

are

Yu ¼ V†
CKMλu;

PðYuY
†
uÞYu ∼ V†

CKM

0
B@

0 0 0

0 0 0

0 0 ytPðy2t Þ

1
CA; ð67Þ

where PðXÞ denotes a polynomial function of X. For down-
type operators, like CWb (related to Γb

W) or the b quark
dipole moments, we only have

Yd ¼ λd;

PðYuY
†
uÞYd ∼ Pðy2t Þ ·

0
B@

VtdV�
tdyd VtsV�

tdys VtbV�
tdyb

VtdV�
tsyd VtsV�

tsys VtbV�
tsyb

VtdV�
tbyd VtsV�

tbys VtbV�
tbyb

1
CA:

ð68Þ

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 PðYuY
†
uÞYu. The situation

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

†
dÞYd, under the

assumption that powers of yd and ys are small with respect
to yb and can be neglected. In the rest of this section, we
focus 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. III, the second structure also induces u dipoles that are
proportional to yuy2t Pðy2t Þ. 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,

TABLE XIV. Allowed regions (90% C.L.) for the couplings Cα, at the scale Λ ¼ 1 TeV, while employing the “central” strategy
outlined in Sec. IX B. 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.

Real Individual Marginalized Imaginary Individual Marginalized

v2cγ ½−5.3; 11� × 10−2 ½−3.4; 15� × 10−2 v2 ~cγ ½−1.4; 1.4� × 10−3 ½−22; 44� × 10−2

v2cWt ½−9.5; 4.2� × 10−2 ½−11; 6.8� × 10−2 v2 ~cWt ½−1.2; 1.2� × 10−3 ½−21; 42� × 10−2

v2cWb ½−4.4; 6.7� × 10−2 ½−6.4; 8.5� × 10−2 v2 ~cWb ½−4.2; 4.4� × 10−3 ½−16; 34� × 10−2

v2cg ½−1.7; 1.4� × 10−2 ½−6.7; 1.1� × 10−2 v2 ~cg ½−2.9; 2.9� × 10−4 ½−2.0; 4.4� × 10−2

v2cY ½−12; 14� × 10−2 ½−11; 52� × 10−2 v2 ~cY ½−1.3; 1.3� × 10−2 ½−24; 50� × 10−2
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LBSM
eff ¼

X
α∈fY;g;γ;Wtg

CαOα þ C0
αO0

α þ H:c:; ð69Þ

where

O0
Y ¼ −vūLλuuR

�
vhþ 3

2
h2 þ 1

2

h3

v

�
; ð70aÞ

O0
γ ¼ −

eQt

2
vūLλuσμνðFμν − tWZμνÞuR

�
1þ h

v

�
; ð70bÞ

O0
g ¼ −

gs
2
vūLλuσμνGμνuR

�
1þ h

v

�
; ð70cÞ

O0
Wt ¼ −gv

�
1ffiffiffi
2

p d̄LV
†
CKMλuσ

μνuRW−
μν

þ ūLλuσμνuR

�
1

2cW
Zμν þ igW−

μWþ
ν

���
1þ h

v

�
:

ð70dÞ

Differently from the operators Oα, O0
α induce couplings of

the u and c quarks that are proportional to yu and yc,
respectively. In this context, we wish to address the
following questions:

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

(ii) Do we have enough information to put stringent
bounds on the top couplings once we include both
flavor structures Cα and C0

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 ¼ 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
ðYuY

†
uÞYu, are loop suppressed. In Table XV we list the

90% C.L. bound on the coefficients ~c0γ, ~c0Wt, ~c
0
Y , and ~c0g,

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
~c0γ is a factor of 2 stronger than the bound on ~cγ in

Table XIII. 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 con-
tributions to the light quark (C)EDMs and the Weinberg
operator, such that there is no room for cancellations.
The bounds on ~c0g, ~c0Wt, and ~c0Y are identical to those on

~cg, ~cWt, and ~cY in Table XIII because 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 XIII
reveals that in the central case, the bounds on ~c0α 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 C0
α, are generated by BSM

physics. We turn on one class of operators at a time. The top
couplings are now proportional to ~cα þ ~c0α, while the u and
c couplings are proportional to ~c0α. 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 contri-
butions of the u and c quarks to the neutron EDM can
cancel, leading to no constraint on ~c0α with the exception of
~c0γ . For ~cγ and ~c0γ we find that both couplings are very well
constrained (illustrated in Fig. 9),

jv2 ~cγj < 1.5 × 10−3 jv2 ~c0γj < 0.6 × 10−3: ð71Þ

FIG. 9. The 90% C.L. allowed regions in the v2 ~cγ-v2 ~c0γ plane,
using the R-fit method to treat theoretical uncertainties in the
relevant hadronic matrix elements.

TABLE XV. Allowed regions for the couplings ~c0α in the linear
MFV scenario, under different treatments of the theoretical
uncertainties (R-fit versus central).

Coupling R-fit Central

v2 ~c0γ ½−0.6; 0.6� × 10−3 ½−4; 4� × 10−4

v2 ~c0Wt ½−1.2; 1.2� × 10−3 ½−3.3; 3.3� × 10−4

v2 ~c0g ½−3.8; 3.8� × 10−2 ½−0.8; 0.8� × 10−5

v2 ~c0Y ½−1.4; 1.4� × 10−2 ½−1.3; 1.3� × 10−2
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For the other couplings, ~cWt-~c0Wt, ~cg-~c
0
g, and ~cY-~c0Y , there

exists a free direction, the direction in which ~cα þ ~c0α ¼ 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 ~cα-~c0α plane.
Finally, using central values for the matrix elements would
lead to bounds on both ~cα and ~c0α for all couplings.

XI. 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 VI and VII). 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 XIII. (2) We have performed a
global analysis by allowing all chirality-flipping top cou-
plings at the high scale, with results summarized in Figs. 5
and 6 and Table XIV. (3) Finally, we have studied the top
couplings in the context of minimal flavor violation, which
enforces relations among the top and lighter flavor anoma-
lous 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
bounds on all the CPV top couplings. In particular, bounds
on the top EDM (weak EDM) are improved by 3 orders of
magnitude over the previous literature, leading to jdtj <
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 operator 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 oper-

ators at the scaleΛ, cancellations are possible. For example,
a relatively large top EDM (~cγ) 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 contri-
bution from ~cγ, at the level of a few permil. This implies a
very nontrivial 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 exceptions 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 1–2 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 nontrivial effects in
the underlying model.
The above conclusions are blurred by a more

conservative treatment of theoretical uncertainties, 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 underscore both the importance of
having complementary “orthogonal” probes and the impor-
tance of improved calculations of the hadronic and nuclear
matrix elements needed to relate EDMs to CP-violating
operators.
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