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Abstract In this paper we present the complete expressions

of the lepton and neutron electric dipole moments (EDMs) in

the Standard Model Effective Field Theory (SMEFT), up to

1-loop and dimension-6 level and including both renormal-

ization group running contributions and finite corrections.

The latter play a fundamental role in the cases of opera-

tors that do not renormalize the dipoles, but there are also

classes of operators for which they provide an important

fraction, 10–20%, of the total 1-loop contribution, if the new

physics scale is around � = 5 TeV. We present the full set of

bounds on each individual Wilson coefficient contributing to

the EDMs using both the current experimental constraints,

as well as those from future experiments, which are expected

to improve by at least an order of magnitude.
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1 Introduction

Electric dipole moments (EDMs) constitute a set of low

energy observables which are extremely sensitive to physics

beyond the Standard Model (SM). This is due to the fact that

– as a consequence of their CP violating nature – EDMs are

strongly suppressed within the SM and are far below current

experimental sensitivity. Contributions to the EDMs com-
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ing from new CP violating physics, however, are typically

unsuppressed and expected to be within experimental reach.

The experimental sensitivity to EDMs, in particular to

those of the electron and neutron, has recently improved by

one order of magnitude and is going to further increase in

the near future. The current bounds at 90% CL on lepton and

neutron EDMs are [1–4]

|de| < 1.1 × 10−29 e · cm,

|dµ| < 1.5 × 10−19 e · cm,

|dτ | < 1.6 × 10−18 e · cm,

|dn| < 1.8 × 10−26 e · cm, (1.1)

while the prospected bounds on the electron EDM1 at the

ACME III experiment and on the neutron EDM at n2EDM

are [6,7]

|de| < 0.3 × 10−30 e · cm,

|dn| < 10−27 e · cm. (1.2)

In spite of these incredible sensitivities, the SM values for

these observables are many orders of magnitude smaller than

the experimental reach. In particular, the electron and neutron

EDMs are estimated to be [8–12]2

de ∼ 10−48 e · cm,

dn ∼ 10−32 e · cm. (1.3)

How does this surprising suppression arise in the SM? And

what effects are expected in a typical Beyond the SM (BSM)

scenario? Let us take the electron as an example, whose EDM

is estimated to be

de ∼ e
me

m2
W

g6g2
s

(16π2)4

(
v

mW

)12

JC P . (1.4)

This expression makes the small size explicit. Because the

EDM violates both chiral symmetry and CP it has to be pro-

portional to the corresponding breaking parameters, which

in the SM3 are the electron mass and the Jarlskog invari-

ant JC P = 1
2i

det
([

yu y
†
u , yd y

†
d

])
∼ 10−22 [14]. The Jarl-

skog invariant, being antisymmetric in the quark Yukawas,

can only be generated at the 4-loop level (c.f. Fig. 1) in the

lepton sector, explaining the additional loop suppression in

Eq. (1.4). All in all, this makes a tiny electron EDM in the

SM which makes it a promising probe of new physics as the

SM background is largely suppressed simplifying the iden-

tification of a potential hint of physics beyond the SM.

1 Also the bound on the muon EDM might be improved, by three orders

of magnitudes, at a future Muon Collider [5].

2 Note that the perturbative estimates of the electron EDM could be

exceeded by long distance effects by several orders of magnitude [13].

3 Ignoring non-perturbative effects from the θ angle of QCD and the

PMNS matrix in the neutrino sector.

Similar considerations apply to the quark EDMs, which

feed into the neutron EDM as we show in Sect. 2.3, with the

differences that they already arise at the 3-loop level and that

they have a much less severe quark mass suppression [15].

This situation is to be contrasted with what happens in

models with new physics, where new sources of CP violation

can be present. Taking again the example of the electron

EDM, we find in this work contributions like

de ≃ −1.1 × 10−29e · cm

Im

[
CeB

11

]

g′ye

(
1350 TeV

�

)2

, (1.5)

which does not carry any loop suppression and comes from a

tree level Feynman diagram with OeB =
(
L̄ LσµνeR

)
H Bµν

insertion. In the above expression, we divided the Wilson

coefficient by its expected size g′ye (more on this in Sect. 5

and Table 3), where g′ is the U (1)Y coupling and ye the

electron Yukawa coupling, and � is the scale of new physics.

As the formula shows, if Im

[
CeB

11

]
∼ g′ye the scale of the CP

violating new physics contributing to the EDMs is bounded

to be larger than ∼ 103 TeV. One can compare this bound,

which is our strongest as we will see, to constraints coming

from other CP violating observables, among which some of

the most stringent are associated to meson mixings. However,

it turns out that the latter [16,17], are at least one order of

magnitude weaker than our bound under similar assumptions

(see the last column of Table IV in [16]).

The purpose of the present work is to study the lepton

and neutron EDMs to 1-loop accuracy in presence of new

physics at some scale � ≫ v, going to O(�−2). New physics

effects are parametrized in a model independent way within

the Standard Model Effective Field Theory (SMEFT), which

we expand in the Warsaw basis. We will provide the complete

1-loop expressions of the low energy EDM observables, for

leptons as well as for the neutron, in terms of the Wilson

coefficients of the Warsaw basis, including both renormal-

ization group (RG) flow effects and rational terms. In fact,

while for extremely large scale separations the logarithmic

contributions are expected to be larger than the correspond-

ing finite (rational) terms, for � � 10 TeV we find them to

be comparable. A complete 1-loop result is a step towards

a higher accuracy in the theoretical predictions for EDMs

observables, which will be measured with increased preci-

sion in future experiments. As a matter of fact, having accu-

rate results would turn out crucial in the event of a non-zero

measurement of a fermion EDM.

The constraining power of EDMs has stimulated a lot of

different analyses in various UV completions of the SM.

There are several studies of the electron and/or neutron EDMs

in SUSY models [18–21], in Composite Higgs models [22–

24], in Leptoquark models [25–28], in complex two-Higgs

and three-Higgs doublet models [29–35], in scotogenic mod-
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Fig. 1 Representative Feynman

diagrams for the leading SM

contributions to the quark (left)

and the lepton (right) EDMs.

For the up-quark EDM the

labels d and u have to be

exchanged in the left diagram.

Unlabeled wiggly lines

correspond to W bosons

els [36] and in the context of dark matter [37]. On the model

independent side, Ref. [38] provides an analysis of the elec-

tron EDM including some contributions that arise at 2-loop

and at dimension-8 level, while Ref. [39] studies the com-

plete 1-loop expression for the lepton EDMs. Reference [40]

studies the neutron EDM in presence of an effective CP vio-

lating Higgs-gluon interaction encoded by a dimension-6

SMEFT operator and Ref. [41] analyzes the contribution to

the neutron EDM induced by chromo-dipoles of second and

third generation quarks. Other studies of EDMs in presence

of dimension-6 interactions involving the Higgs boson and

fermion fields – in particular related to top physics – are

performed in [42–51].

The paper is structured as follows. In Sect. 2 we present

the EDM observables and dipole operators, both in the SM

and in presence of new physics parametrized by the SMEFT.

In Sect. 3 we discuss all the contributions to the dipoles

generated by higher dimension-6 SMEFT operators and we

furthermore study the neutron EDM in presence of U (3)5

and U (2)5 flavor symmetries for the SMEFT. In Sect. 4 we

present some important formal and technical aspects of the

calculations performed in this work and we finally show the

computed bounds in Sect. 5.

2 EDMs

2.1 Electric and magnetic dipole moments of elementary

particles

The intrinsic angular momentum of a particle couples to

external electric and magnetic fields, with strengths charac-

terized by the electric and magnetic dipole moments respec-

tively. For a spin-1/2 fermion f the non-relativistic Hamil-

tonian describing these interactions are given by

HN R = a f eQ f

2m f

�σ · �B − d f �σ · �E , (2.1)

where �σ is the vector of Pauli matrices (related to the spin

operator �s = �σ/2), d f and a f are the electric and mag-

netic dipole moments of the fermion and Q f and m f are

its charge and mass. Already from this classical expression

we can deduce the transformation properties of the magnetic

and electric dipole moments, respectively, under CP: if the

theory is invariant under CP, the only term in Eq. (2.1) which

is allowed is the coupling to the magnetic field. The corre-

sponding relativistic Lagrangian is

L = −a f eQ f

4m f

ψ̄ σµνψ Fµν − i

2
d f ψ̄ σµνγ5ψ Fµν . (2.2)

where the second term, barring the factor i , changes sign

under a CP transformation due to the presence of the γ5

matrix.

For the purpose of this work it is more convenient to use

chiral fermions and we can rewrite the Lagrangian in Eq. (2.2)

such that it becomes

L = c f γ

�
ψ̄L σµνψR Fµν + h.c. (2.3)

In the above equation we included explicitly a scale �

for dimensional reasons, such that c f γ is dimensionless. By

comparing Eqs. (2.2) and (2.3) we can relate the coefficient

c f γ with the dipole moments a f and d f and we find

a f = −4m f

eQ f

Re
[
c f γ

]

�
, d f = −2

Im
[
c f γ

]

�
. (2.4)

If not further specified, all operators of the form of

Eq. (2.3), i.e. also those built from other vector fields, will be

called low-energy dipole operators collectively throughout

this work.

2.2 Dipole operators in the SM and in the SMEFT

Let us now investigate the dipole operators in more detail.

As the dipole operator is an irrelevant operator, it is clear that

within the SM these operators cannot be generated through

RG effects. Nevertheless, they do acquire finite contributions

from loop corrections to the ψ̄ψγ vertex. While the lead-

ing contribution to a f arises already at 1-loop, the EDM

d f receives contributions only starting at three loops, in the

quark case, and at four loops, in the electron case, which

makes them extremely small as mentioned in Sect. 1.

The situation changes drastically in the presence of heavy

new physics where new phases can arise and enter observ-

ables through other flavor invariants than the Jarlskog invari-

ant. Parameterizing the heavy new physics in the SMEFT,

these phases can enter through the Wilson coefficients which
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allow to build more flavor invariants [52] beyond the Jarlskog

invariant. In this paper we study which of the new phases in

the SMEFT can enter in the expressions of the lepton and

neutron EDMs beyond the log contributions induced by the

RG flow which have been studied in the literature.

Naturally, in the presence of new physics with some heavy

new particles the dipole operators can potentially be gen-

erated directly together with additional effective operators

after integrating out the heavy new physics. In this work

we will assume that the scale of new physics lies above the

electroweak (EW) scale, which can be quantified using the

Higgs vacuum expectation value (VEV) v. Then the the-

ory generated upon integrating out the heavy states is the

SMEFT,4 which means that the dynamical degrees of free-

dom are given by the SM field content. In this paper we will

work with the Warsaw basis [54] as the non-redundant oper-

ator set, including redundant operators from the so-called

Green’s basis [55,56], whenever necessary at intermediate

steps of the computation.

At low-energies, in particular below the EW scale, the

SMEFT can be matched to a low-energy effective theory

(LEFT) [57,58], integrating out the top quark, the Higgs

boson and the massive EW vectors Z and W ±; the LEFT,

on top of the dipole operators, contains only those built from

three gluons or four fermions that are not the top quark.

Going to higher orders in perturbation theory also other

effective operators can contribute to the EDMs through loop

effects. So one way to determine the effect on the low-energy

observable EDM coming from some new physics, that is

matched onto the SMEFT at some scale � > v, is to calculate

the running of the SMEFT dipole operators, to be introduced

in the next section, down to the EW scale, to match these oper-

ators onto the respective LEFT operators and finally calcu-

late the loop contributions within the LEFT. Partial results of

these calculations can be found scattered throughout the lit-

erature: the derivation of the renormalization group equation

(RGE) within SMEFT has been performed in [59–61], both

the tree level matching of the SMEFT to the LEFT as well

as the LEFT RGE can be found in [57,62] and the loop-level

matching of the SMEFT to the LEFT has been calculated

in [58]. Albeit these resources are useful in their own right,

they cannot be used to obtain the full 1-loop correction to the

EDM.

To perform the full 1-loop calculation we do not choose

the multi-stage procedure described above, but instead go

directly to the phase of broken EW symmetry, with all the

4 Here we implicitly assume a linearly realized SU (3)c × SU (2)L ×
U (1)Y gauge symmetry as well as that the physical Higgs is a compo-

nent of the linearly transforming Higgs doublet. An alternative to this

approach is known as the Higgs effective theory (HEFT), where only

the SU (3)c × U (1)em gauge symmetry is manifest and the physical

Higgs is a priori not related to the components of the Goldstone Higgs

doublet. For a comparison of the two approaches see for instance [53].

SM fields in the (physical) basis of mass and electric charge

eigenstates, and calculate all virtual effects at once, express-

ing our result in terms of the SMEFT coefficients in the War-

saw basis evaluated at the scale � above the scale of EW

symmetry breaking.

We would like to stress that we are considering, in the

SMEFT, tree and 1-loop level contributions to EDMs: in

presence of new physics, these CP odd observables can be in

general largely enhanced. In fact, allowing for the presence

of higher dimensional operators, CP violating effects are no

more encoded only by the Jarlskog invariant and a larger

variety of complex flavor invariants can be built from Wilson

coefficients together with Yukawa matrices [52]. The flavor

structure of the effective theory is such that these invariants

can indeed be generated at lower loop level with respect to

the SM case.

2.3 Dipole moments of non-elementary particles: neutron

EDM

So far we have considered only fundamental particles within

the SMEFT. But, as already mentioned in Sect. 1, another

prominent observable other than the lepton EDMs is the elec-

tric dipole moment of the neutron. Being a composite state

built from quarks and gluons we can write the neutron EDM

as a function of the constituents’ EDMs and chromo-electric

dipole moments (cEDMs). The latter are defined as the coef-

ficient of the CP odd operator in Eq. (2.2), but with a gluonic

field strength instead of the photonic one. Putting everything

together we find [40,63–71]

dn = −(0.204 ± 0.011) du + (0.784 ± 0.028) dd

− (0.0027 ± 0.0016) ds + 0.055(1 ± 0.5) d̂u

+ 0.111(1 ± 0.5) d̂d − 51.2(1 ± 0.5) e · MeV
C

G̃

�2

− 9.22(1+2.33
−0.67) e · MeV

Im[CHud
11

]
�2

− 0.615(1+1
−0.75) e · GeV

×




Im[c(S1,RR)
ud

1111

− c
(S1,RR)
duud
1111

]

�2
+

Im[c(S8,RR)
ud

1111

− c
(S8,RR)
duud
1111

]

�2


 .

(2.5)

where the “11” and “1111” subscripts of the Wilson coeffi-

cients in the last two lines indicate that the first flavor gener-

ation is taken into account.

The first three terms are contributions from the up, down

and strange quark EDMs, respectively, the next two terms

are the effects of the up and down quark cEDMs and the last

term of the second line comes directly from the dimension-6

Weinberg operator [72] built from three gluons,

OG̃ = f ABC G Aν
µ G Bρ

ν G̃Cµ
ρ , (2.6)
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that can be interpreted as the cEDM of the gluon. The contri-

butions in the third and fourth lines are related to the SMEFT

operators

OHud = (ūγµd)(H̃†i Dµ H),

O
(1)
quqd = (q̄r u)ǫrs(q̄

sd),

O
(8)
quqd = (q̄r T Au)ǫrs(q̄

s T Ad). (2.7)

Furthermore, c
(S1,RR)
ud and c

(S1,RR)
duud are the Wilson coefficients

of the following operators of the low energy effective field

theory [57,58,62]

O
(S1,RR)
ud = (ūL u R)(d̄L dR),

O
(S1,RR)
duud = (d̄L u R)(ūL dR), (2.8)

which are generated, below the electroweak scale, at tree

level by O
(1)
quqd and at 1-loop level by O

(8)
quqd . The tree level

matching conditions are the following

O
(S1,RR)
ud

1111

= O
(1)
quqd
1111

,

O
(S1,RR)
duud
1111

= −O
(1)
quqd
1111

, (2.9)

where the fermion fields are in the mass basis defined in

Sect. 3.3. Analogously, c
(S8,RR)
ud and c

(S8,RR)
duud are the Wilson

coefficients of

O
(S8,RR)
ud = (ūL T Au R)(d̄L T AdR),

O
(S8,RR)
duud = (d̄L T Au R)(ūL T AdR), (2.10)

which are generated at tree level by O
(8)
quqd and at 1-loop level

by O
(1)
quqd , with the following tree level matching conditions

O
(S8,RR)
ud

1111

= O
(8)
quqd
1111

,

O
(S8,RR)
duud
1111

= −O
(8)
quqd
1111

. (2.11)

All the terms in the third and fourth lines of Eq. (2.5)

describe the contributions from CP violating low energy

four-fermion interactions. In fact, below the electroweak

scale, also OHud generates four-quark operators through

a tree level exchange of a W boson between the right-

handed fermion current of the dimension-6 operator and

a left-handed current which has a SM coupling with the

W . All the coefficients appearing in the above expression

should be evaluated at the hadronic scale µH that charac-

terizes the neutron EDM. To be more rigorous, in the case

of CHud what is evaluated at energy scales below the EW

scale are the coefficients of the four-quark operators gener-

ated after integrating out the heavy SM particles from the

SMEFT, which is to say (ūLγµdL)(d̄Rγ µu R) at tree level

and (ūLγµT AdL)(d̄Rγ µT Au R) at 1-loop level. Note that

while CG̃ , CHud , c
(S1(8),RR)
ud and c

(S1(8),RR)
duud are dimension-

less, the fermionic dipole coefficients have the dimension of

an inverse energy (di , d̂i ∼ v/�2).

As we have just discussed, the neutron EDM does not

only receive contributions from the EDMs and cEDMs of

the quarks. This allows operators to be probed, that would

otherwise only be available at higher loop orders if at all.

One example would be the Yukawa type operators ψ2 H3.

At the 1-loop level, they cannot be accessed by EDMs of

elementary particles, as they contribute only starting at the

2-loop order. However, as they give 1-loop contributions to

OHud , which enters the neutron EDM also at tree level, one

can probe them at a lower order as naively expected.

In the expression of the neutron EDM we implicitly

assumed a Peccei–Quinn mechanism [73] to remove the con-

tribution from the well-known QCD θ -term

Lθ ∼ θ̄ Tr
[
Gµν G̃µν

]
, (2.12)

which otherwise would give the dominant effect on the neu-

tron EDM. Here θ̄ is a linear combination of a bare θ parame-

ter and the argument of the determinant of the quark Yukawa

couplings [74]. On top of introducing the usual term that

removes the contribution of the QCD θ -term, the Peccei–

Quinn mechanism induces a shift on the axion potential due

to the presence of the chromo dipole operators. In return,

this shift modifies the coefficients for the light quark cEDMs

and completely cancels the effect of the strange quark cEDM

[65,75,76].

At this point we want to stress that the results presented

in this paper can in principle be used for any function of the

neutron EDM in terms of quark (c)EDMs, which might differ

from (2.5).

3 Higher dimensional operators

3.1 1-Loop effects

Within the SMEFT framework, in the phase of unbroken

EW symmetry, the relevant dipole operators are the ones

containing the hypercharge and weak gauge bosons B and

W I , respectively. To ensure gauge invariance, these operators

have to contain an additional Higgs doublet compared to the

expression in Eq. (2.2) to compensate for the transformation

of the left-handed fermion doublet. They have the form

O f B =
(
ψ̄LσµνψR

) (∼)

H Bµν

and O f W =
(
ψ̄Lσµνσ I ψR

) (∼)

H W I
µν . (3.1)

In these equations, ψL(R) describes a left(right)-handed

SU (2)L doublet (singlet) and the (conjugate) Higgs doublet

has to be used if the fermion species in question sits in the

(upper) lower component of the doublet. After EW symmetry

breaking and the transition from the gauge basis to the mass

basis, we see that the Wilson coefficients of the EW SMEFT
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Fig. 2 Contributions to the operators entering the dipoles. Operators

connected with solid arrows enter the RGEs, while dashed arrows

describe purely finite effects. The † indicates that the operator O
(1)
lequ

is not included in the ψ4 class here. Interestingly, we find that the oth-

ers operators in this class only enter via the RGE, generating no rational

terms. The ‡ shows that the operator OW̃ gives only rational terms

dipoles are related to the photonic one defined in Eq. (2.2)

via the relation

c f γ = v

�

(
cw C f B + 2T 3

f sw C f W

)
, (3.2)

where we defined the trigonometric function of the weak

mixing angle cw ≡ cos θw and sw ≡ sin θw and T 3
f is the third

component of the weak isospin for the respective fermion and

is non-zero only for left-handed chiralities.

Of course, for the neutron EDM also the gluonic dipole

operators are relevant, as is obvious from Eq. (2.5). But since

these are not affected by the EW symmetry breaking, except

for effectively setting H → v and picking the relevant com-

ponent from the SU (2)L quark doublet, we can see immedi-

ately that

cqg = v

�
CqG and d̂q = −2

v

�2
Im
[
CqG

]
. (3.3)

At the loop level various other higher-dimensional oper-

ators can enter the EDMs, either through RG mixing or

through finite effects. Even though it is easy to see that many

operators cannot contribute to the EDMs there exist a few

powerful criteria the operators have to satisfy to be able to

enter the expressions of the EDM. We summarize all the rele-

vant effective operators in Table 1, show all the different kinds

of contributions in Fig. 2 and explain the selection rules in the

following, using contributions to the dipole operators as an

example. Since there are no conceptual differences regard-

ing the selection rules for the other operators, we do not go

through them here explicitly. The full analysis is performed

in the SMEFT at the dimension-6 level. We do not consider

O(1/�4) corrections to the EDMs in this work and refer

to Ref. [38] for a related discussion, where a partial study

of the contributions to the electron EDM from dimension-8

operators is presented.

1-loop contributions to the dipole operators: CP violation

The first criterion might also be the most trivial. Since we are

only interested in the EDM, we need to consider only those

operators that can give contributions to the imaginary part

of the (flavor diagonal) dipole coefficient. This significantly

reduces the number of relevant operators.

1-loop contributions to the dipole operators: helicity

selection rules In general we can use helicity [77–79] and

angular momentum [80] arguments to derive selections rules,

essentially making it possible to pinpoint only the relevant

operators. Using the former, one finds that an operator gen-

erating a contact interaction with n external legs and total

helicity
∑

h can only be renormalized by another operator

with (n′,
∑

h′) if the relations

n′ ≤ n and

∣∣∣
∑

h −
∑

h′
∣∣∣ ≤ n − n′ (3.4)

hold [77,79]. The dipole operators are of the form Fψ2 H ,

where F and ψ are positive helicity field strength tensor

and fermion respectively, so we can characterize them by

(n,
∑

h) = (4, 2). Using the above relations we see that

the only operators able to renormalize the dipoles within the

Warsaw basis of the SMEFT are:

• Operators with (n,
∑

h) = (3, 3), i.e. operators of the

class F3;

• Operators with (n,
∑

h) = (4, 2). This includes oper-

ators of the form F2 H2, ψ4 and of course the dipole

operators Fψ2 H themselves.

Although there is an exception to Eq. (3.4), we can

show that it does not change the set of renormalizing oper-

ators given above. It is related to the existence of the

so-called exceptional, four-dimensional ψ4 amplitude with

(n,
∑

h) = (4, 2)5 [77–79]. It can be shown that an inser-

tion of this exceptional amplitude could potentially lead to

the renormalization of the dipoles from higher-dimensional

operators with (n,
∑

h) = (4, 0). Operators with this num-

ber of legs and total helicity in the Warsaw basis are of the

form ψ2ψ̄2, ψψ̄ H2 D and H4 D2. Hence we see that we

can not build a loop amplitude with the particle content of

the dipole in the external states by combining these higher-

dimensional contact amplitudes with the four-dimensional

exceptional amplitude.

While these helicity selection rules provide a helpful tool

when aiming to calculate the RGEs of various operators, they

5 This amplitude is proportional to the product of up and down quark

Yukawa couplings and is the only SM 4-point amplitude having total

helicity different from zero.
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Table 1 Set of dimension-6 SMEFT operators relevant in this paper,

grouped in six different boxes corresponding to the different classes

discussed in the main text. The operators O
(1,8)
ud as well as the ψ2 H3

type operators can only be probed at the 1-loop level through the neutron

EDM. The dashed line separates the 4-fermion operators of the form ψ4

and those of the form ψ2ψ̄2. We use the usual definitions H̃ = iσ 2 H∗

and F̃µν = 1
2
ǫµναβ Fαβ for F any of the gauge bosons. For the oper-

ators O
(3)

lequ and O
(1,8)

quqd we show SU(2) indices j, k explicitly. For the

vector operators in the 4-fermion class the only CP violation can arise

if flavors of the fermions in each current are not identical, hence we

explicitly give the generation indices a, b, c, d explicitly

OeB
ab

=
(
L̄a

Lσµνeb
R

)
H Bµν

OeW
ab

=
(
L̄a

Lσµνσ I eb
R

)
H W I

µν ,

Ou B
ab

=
(
Q̄a

Lσµνub
R

)
H̃ Bµν

OuW
ab

=
(
Q̄a

Lσµνσ I ub
R

)
H̃ W I

µν ,

Od B
ab

=
(
Q̄a

Lσµνdb
R

)
H Bµν

OdW
ab

=
(
Q̄a

Lσµνσ I db
R

)
H W I

µν

OuG
ab

=
(
Q̄a

Lσµν T Aub
R

)
H̃ G A

µν

OdG
ab

=
(
Q̄a

Lσµν T Adb
R

)
H G A

µν ,

O
(3)

lequ
abcd

=
(
L̄

ja
L σµνeb

R

)
ǫ jk

(
Q̄kc

L σµνud
R

)

O
(1)

quqd
abcd

=
(
Q̄

ja
L ub

R

)
ǫ jk

(
Q̄kc

L dd
R

)

O
(8)

quqd
abcd

=
(
Q̄

ja
L T Aub

R

)
ǫ jk

(
Q̄kc

L T Add
R

)

O le
abcd

=
(
L̄a

LγµLb
L

)(
ēc

Rγµed
R

)

O
(1)
qu

abcd

=
(
Q̄a

Lγµ Qb
L

)(
ūc

Rγµud
R

)

O
(8)
qu

abcd

=
(
Q̄a

LγµT A Qb
L

)(
ūc

RγµT Aud
R

)

O
(1)
qd

abcd

=
(
Q̄a

Lγµ Qb
L

)(
d̄c

Rγµdd
R

)

O
(8)
qd

abcd

=
(
Q̄a

LγµT A Qb
L

)(
d̄c

RγµT Add
R

)

O
(1)
ud

abcd

=
(
ūa

Rγµub
R

)(
d̄c

Rγµdd
R

)

O
(8)
ud

abcd

=
(
ūa

RγµT Aub
R

)(
d̄c

RγµT Add
R

)

OW̃ = ǫ I J K W̃ Iν
µ W

Jρ
ν W

Kµ
ρ

OG̃ = f ABC G̃ Aν
µ G

Bρ
ν G

Cµ
ρ

OH B̃ = H† H Bµν B̃µν

OW̃ = H† H W Iµν W̃ I
µν

OH W B̃ = (H†σ I H)W Iµν B̃µν

OH G̃ = H† H G Aµν G̃ A
µν

OHud
ab

= i
(

H̃† Dµ H
) (

ūa
Rγ µdb

R

) Od H
ab

= H† H
(
Q̄a

L db
R H

)

Ou H
ab

= H† H
(

Q̄a
L ub

R H̃
)

have one major shortcoming if one is interested in a full

1-loop calculation. This is related to the fact that helicity

arguments deal only with the renormalization of operators

and are not able to tell if there are operators that contribute

only through rational terms.6

Interestingly, although the operator OW̃ belongs to the F3

class, hence could renormalize the dipole operators, it instead

gives only a finite, rational contribution. This was computed

using both Feynman diagrams [38,84,85] as well as on-shell

methods [86]. Its gluonic counterpart on the other hand does

also enter the dipole operator RGE.

1-loop contributions to the dipole operators: angular

momentum selection rules We can alleviate the problem of

rational terms by augmenting the helicity selection rules with

angular momentum considerations [80]. So far these were

used as an alternative way to derive the pattern of renormal-

ization among operators using the conservation of angular

momentum of external states, instead of employing the cut-

based factorization of loop amplitudes that is used to arrive

at the above helicity selection rules. As the name suggests,

at the core of this approach lies the conservation of angular

momentum during a scattering process. For every scattering

amplitude we find (at least) one scattering channel where the

total angular momentum j of the scattering particles is con-

served. Given this, operators can renormalize one another if

6 While there are no helicity selection rules for rational terms, they

can still be calculated using helicity amplitudes. However, this would

require to perform all possible multi-particle cuts either in D dimen-

sions, see e.g. [81], or using massive loop propagators [82,83].

they share at least one such channel. Note that this approach

is complementary to the helicity selection rules in the sense

that operators allowed by the former can be forbidden if we

additionally use the latter and vice versa. To highlight a few

features of this method, we again use the dipole operators

as an example, for which we find the following scattering

channels

• the V H → ψψ channel, with j = 1;

• and the V ψ → Hψ channel, with j = 1/2.

Considering now, e.g. the renormalization of the leptonic

from the ψ4 class operators, helicity selection rules tell us

that the only viable ones are

O
(1)

lequ =
(
L̄

j
LeR

)
ǫ jk

(
Q̄k

Lu R

)
(3.5)

and its tensorial cousin O
(3)

lequ defined in Table 1. It turns out

that the former has j = 0 in the fermion channel, while the

latter has j = 1, telling us that the scalar operator can in

fact not renormalize the dipole, something oblivious to the

helicity rules.

Because the angular momentum argument does not rely

on performing cuts in the loop integral but only on the angular

momentum of external states it should be possible to extend

the procedure to rational terms. While we are not aware of a

rigorous proof for this and leave any detailed investigation for

later work, we checked a few cases and the procedure worked

for all of them. One example would be the ψψ̄ H2 D2 class of

operators, whose renormalization to the dipoles is forbidden
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by helicity selection rules. Notice, that the only operator in

this class that can give CP odd contributions is OHud , which

contributes only to the chromo-dipoles. Looking at the angu-

lar momentum structure we see that OHud shares the ψ H

channel with the dipoles [80]. So even though helicity selec-

tion rules forbid renormalization angular momentum con-

servation allows for rational contributions, which we indeed

find.

There is, however, a caveat that might be worth investigat-

ing in a future work and is related to the existence of so-called

evanescent operators. These are operators that generate non-

vanishing amplitudes in d �= 4 space-time dimensions that

then vanish in the limit d → 4 and often arise in the con-

text of 4-fermion operators and Fierz identities that change

for d �= 4. In particular, let us look at the operator Ole in

the Warsaw basis and its counterparts with quarks defined in

Table 1; the connection of evanescent operators to the dipole

through this particular operator was already mentioned in

[38]. It lives in the operator class ψ2ψ̄2, having j = 0 in the

ψψ channel, so by angular momentum conservation it nei-

ther can renormalize the dipole nor give only rational contri-

butions. On the other hand, it is straightforward to compute

the loop diagram with a single insertion of this operator and

see that it, against all odds, does in fact give a rational contri-

bution. This apparent contradiction with angular momentum

conservation can be resolved by realizing that we can apply

a Fierz identity to rewrite this operator as

Ole =
(
L̄ LγµL L

)(
ēRγµeR

)
∝
(
L̄ LeR

)(
ēR L L

)
. (3.6)

Again, we can calculate the corresponding diagram with an

insertion of this operator after the Fierzing and we indeed find

a vanishing result, in accordance with angular momentum

conservation. At this point, we have to stress that the above

Fierzing does only hold in d = 4, in a general number of

space-time dimensions the identity reads [58]

Ole =
(
L̄ LγµL L

)(
ēRγµeR

)
= 2

(
L̄ LeR

)(
ēR L L

)
+ E

(2)
L R,

(3.7)

where E
(2)
L R is an evanescent operator that vanishes in 4

dimensions. This additional operator then gives a rational

term when inserted into the loop integral.

In this paper we use the Warsaw basis without any Fierz-

ing, so the contribution from this kind of operators appears

explicitly in the final result, however, keeping in mind that it

is related to the presence of an evanescent operator.

3.2 2-Loop effects

Although the main focus of this paper lies on the full 1-

loop calculation we want to briefly discuss possible higher

order effects. Formally, these are suppressed by additional

loop factors and more powers of some coupling, so naively

Fig. 3 Representative diagram giving a contribution of the H2 F2 class

of operators to the dipole operators

these higher order processes are always suppressed compared

to the leading order term. In a realistic theory like the SM

and extensions thereof with many different couplings and

likely a large hierarchy among them, this does not hold in

general. A prominent example is the Barr-Zee diagram for

fermion EDMs in the presence of additional Higgs doublets

[87]. Here, the leading order diagram is suppressed by two

powers of the fermion Yukawa, y2
f , due to two couplings

of a Higgs to the fermion line. However, by going to the

next order in perturbation theory one of these Yukawas can

be traded for a factor of
g2

16π2 , by adding e.g. an additional

top quark loop. In this case, for light external fermions, this

factor is still larger than a potentially tiny Yukawa, hence

the formally subleading 2-loop effects can actually dominate

over the leading order contribution.

In a similar spirit, we might expect higher loop contri-

butions to dominate over the formally leading ones by the

virtue of larger couplings. In particular we consider the H2 F2

operators, specifically their contribution to the dipole oper-

ators. A representative diagram for these is shown in Fig. 3

and all other diagrams generated by this class of operators

can be found in Appendix A. We see that the mass depen-

dence is generated directly by the coupling of the Higgs to

the fermion line. Contrary to the Barr-Zee diagrams, it turns

out that there is no 2-loop diagram generated by this class of

operators where this Higgs-fermion coupling is not present

and still a contribution to the EDM is generated; so the 1-loop

contribution is indeed the leading one and in comparison all

2-loop effects remain suppressed. Note that the same happens

for the F3 class operators, where the proportionality to the

fermion mass or equivalently the Yukawa is more evident

in the phase of unbroken symmetry. Further note that this

dependence on the external fermion mass could have already

been anticipated using flavor symmetries.

Having said this, in the case of the nEDM the H2G2

operator can indeed enter through 2-loop diagrams with-

out a suppression from small Yukawas.7 It has been shown

that the H2G2 mixes with the Weinberg operator at 2-loops

and O(α2
s ) [40]. This mixing can then feed into the nEDM

7 We kindly thank the referee for pointing this out.
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through the tree-level contribution of the Weinberg operator,

see equation (2.5). Even though the matrix element of the

Weinberg operator in Eq. (2.5) is suppressed with respect

to those of the quark cEDMs, the difference in size of the

couplings is able to overcompensate for this, such that these

2-loop contributions can still give sizable corrections to the

1-loop contributions of the cEDMs. Since the lepton EDMs

are given purely by the dipole operator coefficients, we do

not expect similar effects to appear in those cases.

There can also be operators which only appear at higher

loop levels either with direct contributions or by renormal-

izing an operator which appeared at a lower loop level. An

example for a direct 2-loop contribution to the lepton EDMs

is the Yukawa-like operator OeH = |H |2 L̄ LeR H [38], while

the scalar 4-fermion operator O
(1)
lequ can enter at the 2-loop

level by renormalizing its tensorial counterpart [61]. Due to

the significant constraining power of the EDMs, one can also

obtain competitive bounds from those 2-loop effects. For a

more in-depth look at these 2-loop effects see [38].

3.3 Transition from the gauge to the mass basis

As already explained, all calculations in this paper were per-

formed directly in the phase of spontaneously broken elec-

troweak symmetry and it is convenient to go from the gauge

to the mass basis of the fermions, which is necessary in order

to deal with the propagating degrees of freedom. We want

to briefly discuss how this basis change affects the Wilson

coefficients.

We diagonalize the fermion mass matrices by rotating each

chiral fermion, which are triplets in generation space, using

unitary transformations in flavor space,

ψ ′ i
L/R = U i

L/R ψ i
L/R (3.8)

with (un)primed fields in the (mass) gauge basis and i denotes

any of the fermion flavors. Note, at the order we are work-

ing at, it is sufficient to take the SM part from the matrices

U i
L/R , ignoring their dimension-6 pieces. These rotations can

be absorbed by redefining the Wilson coefficients, as shown

in Table 2. Because the components of the electroweak quark

doublets need to be transformed differently in order to diag-

onalize all Yukawa matrices, there is no way to redefine

the Wilson coefficients such that all rotation matrices are

absorbed. This is because the Wilson coefficients are defined

in the unbroken phase, where a U (3)Q flavor transforma-

tion acts on the full SU (2)L doublet. Possible choices, for

the gauge basis in which the SMEFT Wilson coefficients are

defined in the unbroken phase, are the absorption either of

the up-type or of the down-type rotation: we denote them

in the following as up- and down-quark bases, in which the

up- and down-quark Yukawa matrices are diagonal respec-

tively. Then, after EW spontaneous symmetry breaking and

full rotation to the mass basis, in the quark sector this gener-

ates the CKM matrix, defined as

V ≡ VC K M =
(
U u

L

)†
U d

L , (3.9)

and the precise terms where it appears are given by the choice

of the definition of the Wilson coefficients in the gauge basis.8

We choose, in our work, to present the final expressions for

the EDMs in terms of the Wilson coefficients in the mass

basis, defined in Table 2, in such a way that the least amount

of CKM matrices appear explicitly. Furthermore, also the

bounds are set here on the mass basis Wilson coefficients,

even if in presenting these constraints in Tables 8 and 11,

the C ′ coefficients in the gauge basis are shown explicitly,

choosing the up-quark basis and consequently U d
L = V and

U u
L/R = 1.

3.4 Neutron EDM bounds under the light of flavor

symmetries

Since a lot of different flavor components of the fermionic

Wilson coefficients enter through the various quark EDMs in

the expression of the neutron EDM in Eq. (2.5), in particular

in the gauge basis, due to the misalignment with the mass

basis in the quark sector, as shown in the previous section,

it is interesting to study the effects of flavor symmetries that

relate the components of the flavor tensors. In the absence

of Yukawa interactions, the SM, with massless neutrinos, is

invariant under the global flavor symmetry [88]

G F = U (3)5 = U (3)Q × U (3)u × U (3)d × U (3)L

×U (3)e, (3.10)

where i = Q, u, d, L , e stands for the left-handed quarks,

right-handed up and down quarks and left- and right-handed

leptons. The only breaking of this symmetry is due to the

SM Yukawa couplings. One simple assumption on the fla-

vor structure of the UV is to assume that the breaking of

flavor universality in the BSM sector is also only due to the

SM Yukawas. This goes under the name of Minimal Flavor

Violation (MFV) [15,89,90].

By enforcing this symmetry on the SMEFT and promot-

ing the Wilson coefficients to spurions, we can completely

determine the flavor tensors of the fermionic Wilson coeffi-

cients in terms of Standard Model parameters and a reduced

number of flavor independent coefficients, one for each term

in the spurionic Yukawa expansion of the SMEFT operators

[91]. Notice, that this expansion is performed for Wilson

coefficients in the gauge basis. By only including terms up

to O(y2
u,d,e), we can reduce the Wilson coefficient of most

fermionic operators to one complex coefficient while the

operators O
(1,8)
qu , O

(1,8)
qd , combining two chirality-conserving

8 If we would relax our assumption of massless neutrinos the PMNS

matrix would be generated accordingly in the lepton sector.
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Table 2 Definitions of Wilson coefficients of fermionic operators used

in this work. We suppress flavor indices whenever their contraction is

non-ambiguous. (Un)primed coefficients denote the ones in the (mass)

gauge basis. The specific form of the U unitary matrices, needed to

the transformation to the mass basis, depends on the specific choice

for the gauge basis in which the C ′ coefficients are defined: for exam-

ple, U u
L/R = 1, U d

L = V (U d
L/R = 1, U u

L = V †) in the up (down)-

quark basis. Here we already assumed a diagonal lepton Yukawa, hence

U e
L/R = 1 and CeV = C ′

eV

CdW =
(
U d

L

)†
C ′

dW U d
R

Cd B =
(
U d

L

)†
C ′

dW U d
R

CdG =
(
U d

L

)†
C ′

dW U d
R

Cd H =
(
U d

L

)†
C ′

d H U d
R

CuW =
(
U u

L

)†
C ′

uW U u
R

Cu B =
(
U u

L

)†
C ′

uW U u
R

CuG =
(
U u

L

)†
C ′

uW U u
R

Cu H =
(
U u

L

)†
C ′

u H U u
R

CHud =
(
U u

R

)†
C ′

HudU d
R

C
(3)

lequ
abcd

= δiaδ jb

(
U u

L

)†
ck

(
U u

R

)
ld

C ′ (3)
lequ
i jkl

C
(1,8)

quqd
abcd

=
(
U d

L

)†
ai

(
U u

R

)
jb

(
U u

L

)†
ck

(
U d

R

)
ld

C ′ (1,8)
quqd

i jkl

C
(1,8)
qu

abcd

=
(
U u

L

)†
ai

(
U u

L

)
jb

(
U u

R

)†
ck

(
U u

R

)
ld

C ′ (1,8)
qu
i jkl

C
(1,8)
qd

abcd

=
(
U d

L

)†
ai

(
U d

L

)
jb

(
U d

R

)†
ck

(
U d

R

)
ld

C ′ (1,8)
qd
i jkl

C
(1,8)
ud

abcd

=
(
U u

R

)†
ai

(
U u

R

)
jb

(
U d

R

)†
ck

(
U d

R

)
ld

C ′ (1,8)
ud
i jkl

currents, are forbidden at the considered order. E.g. for the

dipole operator we find

C ′
u B
pr

O ′
u B
pr

= C ′
u B
pr

(
Q̄′

pσ
µνu′

r

)
H̃ Bµν

−→ Fu B

(
Q̄′

pσ
µνu′

r

)
H̃ Bµν

(
(yu)pr + O(y3

u,d,e)
)

,

(3.11)

where we use the notation introduced in the last section to

denote the choice of basis. Since the top Yukawa is O(1), it

is technically not a soft breaking of G F , so it would be more

accurate to not consider it as part of the symmetry. Further-

more, there are many BSM models where the third generation

plays a special role motivating the complete removal of the

third generation from the flavor group [92,93] The simplest

smaller allowed symmetry group is then

HF = U (2)5 = U (2)Q × U (2)L × U (2)u × U (2)d

×U (2)e. (3.12)

In this case we need to introduce more spurions than in the

MFV scenario to make all interactions formally invariant

under HF . We can parametrize the Yukawa matrices in terms

of these spurions as follows [92]

yu = λt

(
�u xt Vq

0 1

)
yd = λb

(
�d xbVq

0 1

)

ye = λτ

(
�e xτ Vl

0 1

)
. (3.13)

where the �i are in general 2 × 2 complex matrices, the Vi

are complex 2-vectors and the λi and xi are free complex

parameters expected to be of O(1). The spurions have the

following transformation properties under HF

�u ∼ (2, 1, 2̄, 1, 1) �d ∼ (2, 1, 1, 2̄, 1)

�e ∼ (1, 2, 1, 1, 2̄) Vq ∼ (2, 1, 1, 1, 1)

Vl ∼ (1, 2, 1, 1, 1). (3.14)

As before, one can relate the spurions to parameters in the

SM where this time some parameters remain unconstrained

(see Appendix C for details).

Again, the assumption is that the can Wilson coefficients

can be written in terms of the above spurions, finding e.g. for

the dipole operator [91]

C ′
u B
pr

O ′
u B
pr

⊃ fu B

[
α1q̄ ′

3σ
µνu′

3 H̃ Bµν + β1 Q̄′pV
p

q σµνu′
3 H̃ Bµν

+ρ1 Q̄ pσ
µν(�u)pr Ur H̃ Bµν

]
(3.15)

where the fields in capitals denote fields from the first two

generations and the field with the subscript 3 a field from the

third generation. For convenience we introduced the notation

CX (Y ) = fX Y in analogy to Ref. [91]. We will work at an

accuracy of O(10−2) which means that we have to keep terms

up to O(�u,d,e, V 2
q,l). We have listed an exemplary set of

expansions of all relevant Wilson coefficients in Appendix C.

Since more fermionic operators appear in the expression

of the up-type quark dipoles we choose the up-quark basis

for the SMEFT operators in the unbroken phase. Then, e.g.

the β1 component in Eq. (3.15) can be ignored for the dipole

Wilson coefficients in the mass basis but is generated for the

down-type dipole after relating the Wilson coefficient in the

mass basis to the one in the gauge basis.

4 Loop calculation

4.1 Scheme definitions

By performing a simple power counting we can easily ver-

ify the expectation that most of the diagrams we encounter,

see Appendix A, are UV divergent. We regularize these by

using dimensional regularization and evaluate all loop dia-

grams in D = 4 − 2ǫ space-time dimensions performing the

limit ǫ → 0 at the end of the calculation. In this regular-

ization scheme 1-loop UV divergences manifest themselves
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as simple poles in the expansion for small ǫ and we sub-

tract these poles with appropriate counterterms in the MS

scheme. The only exception to this procedure are the scalar

tadpoles, loop contributions to the Higgs one-point function,

that renormalize the Higgs VEV and are present only in the

broken phase of the SMEFT. To deal with this type of dia-

grams, we chose the tadpole counterterm such that it cancels

the tadpole diagrams completely, analogously to what was

done in [94]. The result is that no such diagrams have to be

calculated and the loop contributions to the Higgs VEV are

given by the loops in the physical Higgs 2-point function.

In addition, due to the photon and gluon being massless,

we encounter a few IR divergent diagrams. We regularize

these by assigning an infinitesimally small mass m to these

bosons and keeping only terms that are regular in the limit

m → 0. Note that the IR divergences can, of course, be regu-

lated using dimensional regularization, analogous to the UV

divergences. Nevertheless, we chose the finite mass regulator

to make distinguishing between UV and IR divergences and

logarithms straightforward. However, we checked explicitly

that the rational terms presented in this work are independent

of the chosen regulator.

The SMEFT, being a chiral theory, requires special care

when dealing with γ5 in the context of dimensional regu-

larization. In this paper we use the naive dimensional regu-

larization (NDR) scheme [95–97]. It is well-know that this

introduces a scheme dependence of certain rational terms, in

particular those arising from diagrams in which traces with

an odd number of γ5 matrices appear. In this work these

appear in diagrams with insertions of four-fermion operators

as well as the insertions of the dipole operators into the gluon

3-point function. The usage of NDR also fixes the treatment

of the Levi-Civita symbol in an arbitrary number of space-

time dimensions, by treating its properties the usual way, pre-

tending that we would be working in four dimensions. This

can lead to possible issues for diagrams containing the CP

odd operators from the H2 F2 and F3 classes. These would

arise mainly from contractions of two or more Levi-Civita

symbols, but they can be avoided by performing the loop

integral before contracting any of the indices of the Levi-

Civita symbol, leaving only four four-dimensional indices

to be contracted and hence no source of any inconsistencies

remain [58]. In fact, we explicitly checked that for the H2 F2

operators the result does not change if the indices are con-

tracted from the beginning.

Additional care has to be taken when calculating the con-

tributions of the CP odd F3 operators to the dipoles, indepen-

dently of the gauge bosons they are built from. By investi-

gating the respective diagram and performing a power count-

ing we note that its most singular piece is linearly divergent

and from the treatment of axial anomalies it is known that

such diagrams are not necessarily independent of the choice

of momentum routing in the loop. Together with the NDR

scheme this leads to the result for e.g. the W 3 operator,

dψ

e
× �2 ⊃ 3 − A

32π2

e mψ

sw

CW̃ . (4.1)

Here A is a constant, arbitrary shift of the loop momentum

in the convention where the fermion in the loop carries the

momentum q + A p1, where q is the loop momentum and

p1 the incoming fermion momentum. In this calculation the

choice A = 0 corresponds to the known result found in the

literature [38,84,85]. The same dependence on A appears in

the rational part of the gluonic diagram if it is calculated in

this naive way, while the divergent structure is independent

of the loop momentum routing. To circumvent this issue, we

proceed as mentioned above and explained in [58] and keep

the Levi-Civita symbol external to the loop integral and con-

tract its indices only after evaluating said integral. However,

contrary to [58], we extract the W +W −γ vertex by treat-

ing all the legs of the operator OW̃ to be on-shell and in

D = 4, such that we can use properties of the Levi-Civita

symbol to simplify the vertex rule. This procedure repro-

duces the results in [38,84,85], where the authors start from

a W +W −γ operator, but does not capture the contribution

of an evanescent operator, see [58].

4.2 Gauge invariance and redundant operators

4.2.1 Gauge invariance and BFM

Being built upon the SM, the SMEFT is imbued with the

same gauge symmetry, hence our results respect this gauge

invariance as well.

In order to not have to deal with a large number of gauge-

variant counterterms, instead of using the usual Rξ gauges,

we make use of the background field method (BFM) [98–

101] by splitting all the fields into a classical background

as well as quantum fluctuations around that background.

Because the gauge for these two pieces can be chosen inde-

pendently, we choose a linear Rξ gauge and in particular

the Feynman gauge (ξ = 1) for quantum and unitary gauge

(ξ → ∞) for classical fields. We will not go into further

detail about the BFM and refer the reader to [98–101]. See

also [102–104] for the BFM in the context of gauge fixing

the SMEFT.

In practice, the classical fields correspond to external fields

while the quantum fields describe fields running in loops and

differences to the conventional gauge fixing procedure can

arise only in Feynman rules containing both classical and

quantum fields. In fact, because we are dealing only with CP

odd dimension-6 operators that are not directly affected by

gauge fixing, the only modifications we encounter involve the

gauge boson self-interactions, Goldstone-gauge and ghost-

gauge vertices within the SM.
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4.2.2 Redundant operators and choice of basis

It is well-known that in order to take care of all operator

structures appearing in loop calculations within EFTs, addi-

tional operators have to be included, even if we started with

a non-redundant set of operators.

This is also the case for the loop contributions to the

EDMs. In particular, we consider as redundant set the so-

called Green’s basis [55,56], which is given by all the oper-

ators, independent under integration by parts, which are

directly generated by 1PI Green’s functions. Of course, at

the end of the calculations, the redundant operators have to

be removed using the field redefinitions, shifting the coeffi-

cients of the operators in the non-redundant basis.

We demonstrate the procedure using the example of the

electron EDM. Consider the loop contributions to the fermion

2-point function, especially the middle and right diagram in

Fig. 8, ignoring the left diagram which is purely an SM effect.

The diagrams containing the electron dipole operator, on the

other hand, give rise to not only the usual SM structures

but also one that is proportional to the fermion momentum

squared, p2. Clearly, there is no corresponding operator in

both the SM or the Warsaw basis, however, there is one in

the Green’s basis and in the phase of broken EW symmetry

it has the form

OD2 ∼ ψ̄ D2ψ, (4.2)

where the covariant derivative Dµ = ∂µ + ieQ Aµ contains

only the photon for simplicity. Note, Note that we could have

used /D /D instead of D2. The two operators are equivalent,

even in the Green’s basis, as they are related by a purely

algebraic identity

/D /D = D2 + 1

2
eQeσµν Fµν . (4.3)

The difference between the two appears only in matrix ele-

ments with additional gauge bosons. The coefficient cD2 of

the redundant operator is then given by precisely the 1-loop

sized term in the 2-point function proportional to p2 so the

last step is to remove the redundant operator. We find the

appropriate field redefinition to be

e → e + i
cD2v√

2
/De (4.4)

immediately shifting the coefficient of the dipole operator

ceγ → ceγ − eQe

2
cD2 . (4.5)

By gauge invariance, we expect an operator structure in the

eeγ vertex function that can not be accounted for by any

SM or Warsaw basis operator but instead by the one-photon

part of OD2 and is numerically related to the p2 structure we

found above. Indeed, we find this exact 1-loop contribution,

which serves as another check of our calculations. For com-

pleteness, we quote the additional redundant operator needed

in this work, here expressed in the unbroken phase,

O
(2)

D2 =
(
ψ̄L DµψR

)
DµH. (4.6)

It appeared in the calculation of the dipole operator contribu-

tions to CHud . We refer to [56] for the coefficients in Warsaw

basis in terms of the ones in the Green’s basis.

Let us note that an alternative to this approach, which

avoids the introduction of redundant operators, is to directly

compute all reducible diagrams with the desired final states.

For our purposes this would correspond to attaching e.g. the

1-loop fermion 2-point function to the tree level dipole ver-

tex. But since we are working in the phase of broken EW

symmetry with massive particles a cancellation between the

2-point function and the on-shell propagator connecting the

loop to the tree level vertex is not obvious and spurious kine-

matic divergences appear if not treated with care.

4.3 Additional cross-checks

Before moving on to the results of our calculations we want

to briefly comment on all the checks performed that give us

confidence in their correctness. During the course of arriving

at the final results we checked various different aspects of

our results.

First of all we used two different computer programs,

the two Mathematica packages Package-X [105] and the

FeynRules/FeynArts/FormCalc [106–108] pipeline, finding

the same results in both cases. We use the former to obtain

explicit analytic expressions of the Passarino–Veltman (PV)

loop integrals.

Further, although Feynman gauge is used for the quan-

tum fields in our calculations we explicitly checked gauge

invariance by leaving the gauge parameter ξ generic in var-

ious subsets of diagrams and confirming analytically that

every dependence on ξ drops out. Further, as illustrated in

the last section, we used the cancellation of various diver-

gences related by gauge symmetry by the same redundant

operator as a further check related to gauge invariance.

By performing a full 1-loop calculation we automatically

rederived the RGEs in both the SMEFT [59–61] and LEFT

[57,62] and we explicitly verified that our RGEs coincide

with the ones in the literature, after performing the respective

weak rotations in the case of the SMEFT RGEs.

Finally, the full calculation of all diagrams was performed

with two independent implementations, again yielding the

same result.

All these aspects collectively give us the confidence to

believe that the results presented here are correct and can be

reproduced if the same choice of schemes is employed.
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Table 3 Rescalings of the

Wilson coefficients performed

throughout this work to reflect

the natural size we expect them

to carry. We assume the

operators which are built from

vector currents and therefore do

not involve a chirality flip to be

generated by a heavy vector

boson exchange and choose the

SM U (1)Y gauge coupling as a

representative

Cψ B
i i

→
(
yψ

)
i i

g′ Cψ B
i i

CψW
i i

→
(
yψ

)
i i

g CψW
i i

CqG
i i

→
(
yq

)
i i

gs CqG
i i

Cq H
i i

→
(
yq

)
i i

Cq H
i i

C
(3)

lequ
i i j j

→ (yℓ)i i (yu) j j C
(3)

lequ
i i j j

C
(1,8)

quqd
i j j i

→ (yd )i i (yu) j j C
(1,8)

quqd
i j j i

CH B̃ → g′2 CH B̃

CH W̃ → g2 CH W̃

CH W B̃ → gg′ CH W B̃

CH G̃ → g2
s CH G̃

C ≡
{

CHud , C
(1,8)
ud , C

(1,8)
qu , C

(1,8)
qd , Cle

}
→ g′2

C

5 Results and bounds

Now that we have established all the technical details of our

calculation, we will present the results and bounds derived

from them in this section. Because the full expressions for

all the EDMs are quite long we will not report them here but

instead refer the reader to Appendix B. The results shown

there are taken to be at leading order in the external m/v,

where m is the mass of the external fermion. While this is

a good approximation even for the third-generation leptons,

this is not applicable for the third generation quarks. Further,

due to the sheer amount of Wilson coefficients appearing we

also do not present all the bounds we obtained here, rather

we quote them in Appendix D. Nevertheless, we will dis-

cuss the most interesting points in the following. In particu-

lar one of the main focuses in this work lies on the inclusion

of finite terms, so we are also interested in quantifying the

impact these terms have on the final result. To extract the

bounds on various Wilson coefficients from any of the exper-

imental EDM bounds, we neglect the SM contributions, that

are many orders of magnitude smaller than the experimen-

tal constraints, and turn on only one coefficient at a time,

rescaling them by the appropriate combination of SM cou-

plings, reflecting the naturally expected to be carried by the

corresponding coefficient, see also Table 3. Using this fac-

torization, we expect, in most of the BSM theories, order

one rescaled Wilson coefficients, if the parameters of the UV

completion have natural O(1) size. For the new physics scale

we assume � = 5 TeV. Furthermore, we will also set lower

bounds on the new physics scale �, assuming that the Wilson

coefficients have the naturally expected size; we will see that

EDMs push � to be very large, of the order of 103 TeV.

In the following section we define RG running contribu-

tions to be all terms that explicitly contain a scale depen-

dence, i.e. log(�). All remaining terms, both rational and

non-rational, are collectively called finite.

5.1 Lepton EDMs

We will start by investigating the lepton EDMs, where less

operators appear, compared to the neutron case. In the fol-

lowing, we illustrate the impact of different terms in the con-

tributions to EDMs coming from various class of operators.

For the H2 F2 class, we illustrate the impact of finite terms,

showing, in the upper panel of Fig. 4, the relative change

when using only the RGE versus the full 1-loop result. For

illustrative purposes we use the electron EDM, and while the

numerics change due to differing masses, the overall pattern

is the same for the other lepton flavors.

In fact, these, together with the dipole operators them-

selves, are the only operators that give both RGE and finite

contributions, while operators of the ψ4 class give vanish-

ing rational terms and both the F3 and ψ2ψ̄2 class operators

enter only through purely rational terms. We want to note

that, on the other hand, for the dipole operators finite terms

play a negligible role affecting the result by � 1%, but this is

simply because they enter the EDMs also at tree level, com-

pletely dominating over corrections to higher order terms.

This is why, in this case, we do not show the impact of the 1-

loop finite terms but rather of the full 1-loop result compared

to the tree level term for these operators only, in Fig. 4. We

see that these higher order effects add to the destructively to

the tree level piece, therefore actually lowering the bound on

the scale �.

On the contrary, for the H2 F2 class operators any tree

level contribution is obviously absent, which presents a great

opportunity to study the size of finite terms. Indeed, we

find that the finite terms change the bound by ∼ 10−20%,

however, due to positive relative signs they interfere con-

structively and consequently increase the bound compared

to when using the RG running only. By looking at the cor-

responding expression we can also easily explain why the

effects of the two operators with only one kind of gauge field

appearing are very similar but on the other hand quite differ-

ent from the mixed one. The operators OH B̃ and OH W̃ do

only get contributions from the photon and Z components of

the weak bosons, meaning apart from numerical prefactors

coming from different couplings they give the same contribu-

tions. On top of that the mixed operator, OH W B̃ , also receives

contributions from its W component and it turns out that this

piece has the opposite sign of the neutral ones, again reducing

the total impact on the lepton EDMs.
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Fig. 4 Upper panel: Relative change of the electron EDM when using

the full 1-loop result compared to only the RG running (H2 F2 oper-

ators) and impact of the full 1-loop effects compared to the tree level

term (Fψ2 H operators). Lower panel: Dependence of the relative shift

in the EDMs as a function of the scale �. Here the dotted line shows

the benchmark value of � = 5 TeV used in this paper

Of course, these statements are depend on the scale �,

as this changes the energy regime that needs to be swept by

the RGE logs. This implies that for new physics sectors well

above the TeV the finite terms will be completely subdomi-

nant compared to the huge logarithms appearing. On the other

hand, the closer the new sector lies to EW scale the smaller

the logs and therefore finite terms can have an increasingly

big effect. We illustrate this in the lower panel of Fig. 4, where

we show the dependence on � of the relative shift in the elec-

tron EDM for the H2 F2-class operators. We see that, due to

the slow logarithmic growth, the effect of finite terms does

not deteriorate tremendously for e.g. � ∼ 10 TeV, while it

almost doubles for � approaching ∼ 1 TeV.

Finally, let us briefly discuss the bounds on the Wilson

coefficients from the electron, muon and tau EDM, summa-

rized in Fig. 5 and computed assuming � = 5 TeV and

applying the rescalings shown in Table 3. Here we show the

full tree plus loop level result, i.e. including both the RG

running and finite terms; in the case of the electron EDM the

Fig. 5 Upper bounds on the Wilson coefficients, assuming � = 5 TeV

and applying the rescalings shown in Table 3, obtained including the

full 1-loop expressions, from the experimental bounds on the different

lepton EDMs. Upper panel: The current constraints (ACME II) coming

from the best bounds on the electron EDM, compared to the ones from

the projected future bounds (ACME III). Lower panel: We compare the

bounds from the two heavy lepton flavors with each other. Here i = 2(3)

stands for the muon (tau) EDM and j denotes the heavier of the two

lepton flavors different from i in the operator Ole

prospected future bounds are shown as well. Note that for the

4-fermion operators, we chose to show only the component

with the most stringent bound for each of the operators. The

bounds on other components can easily be obtained from the

ones shown in Fig. 5 by rescaling them with the appropriate

ratio of fermion masses.

The most obvious conclusion that can be drawn from this

figure, by comparing the upper panel with the lower one

(and with the values in Table 4) is that the supreme precision

of the eEDM measurement gives by far the most stringent

bounds from any of the lepton flavors. One can notice that,

for � = 5 TeV, the constraints from the electron EDM can set

bounds of order 10−5 on the Wilson coefficients of operators
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with fermions and of 10−3 ÷ 10−2 in the case of purely

bosonic operators. These bounds will further improve of one

or two orders of magnitude at ACME III.

Nevertheless, we can make another interesting observa-

tion. Even though the experimental sensitivity to the muon

EDM is roughly one order of magnitude higher than for the

tau EDM, it still happens to be the case that the tau lepton is

slightly more constraining than its lighter cousin. Speaking

of the different masses of these leptons, this is exactly the

reason why this happens. For every operator the contribu-

tion is proportional to the lepton Yukawa, either through our

rescaling of the Wilson coefficients to their natural size or

because the contribution itself is directly proportional to the

lepton mass. So it turns out that with the current sensitivities

the mass difference between the muon and tau lepton barely

overcompensates the lower experimental reach for the latter

such that the tau EDM is indeed more constraining than its

muonic counterpart. This argument, however, does not hold

for the operator Ole. For this operator we see the inverted sit-

uation, where the tau EDM is less constraining that the muon

EDM. But this is readily explained by closer examining the

corresponding expression in Eq. (B.11). Here we see that it

is in fact not proportional to mass of the external lepton but

of the lepton inside the loop instead. Because we chose the

most constraining component of each Wilson coefficient, this

mass is the tau mass for the muon EDM and vice versa, such

that the reasoning here is exactly inverted with respect to

all the other operators and on top of the weaker experimental

bound, the constraint from the tau EDM is further suppressed

by the muon mass, contrary to the tau mass in the muon EDM.

From this point of view, the phenomenal constraining power

of the electron EDM is even more impressive, as the mass gap

between the electron mass and the other lepton masses spans

multiple orders of magnitude, but still the electron bounds

by far overshadow the other ones.

As mentioned before, we also set lower bounds on the new

physics scale �, assuming that the Wilson coefficients have

values corresponding to the natural size indicated in Table 3.

Turning on one operator at a time, the strongest constraints

come from the dipole and the O
(3)
lequ
1133

and O le
1331

contributions

and are of the order of 103 TeV.

5.2 Neutron EDM

We proceed with the neutron EDM which is composed

of the (chromo-)EDMs of the quarks and gluons as well as

the operators OHud
11

and O
(1,8)
quqd
1111

which can be matched to

operators which have a non-vanishing matrix element on the

neutron EDM. There are several differences with respect to

the lepton EDMs as we can now have cancellations between

the 1-loop contributions of the EDMs and chromo-EDMs

of the light quarks, more flavor components of the Wilson

coefficients are contributing to the dipole amplitudes (this is

all the more true in the gauge basis, due to the non-trivial

rotation between gauge and mass basis, see Sect. 3.3) and in

general more operators due to the presence of QCD degrees

of freedom. We show a selection of bounds in Fig. 6 where we

have also included a conservative estimate of the influence of

the uncertainties in the determination of the matrix elements

of all contributing effective operators in the expression of the

neutron EDM and a projection for the expected accuracy of

the n2EDM experiment [7]. The full set of bounds can be

found in Appendices D.2.1 and D.2.2.

Starting with the dipole operators, in addition to the elec-

troweak dipole operators also the gluonic dipole operators

contribute to the neutron EDM. There, the effects of including

finite terms are much larger than for the electroweak dipoles.

This is due to the large rational terms in the wave function

renormalization of the gluon. In addition, we can also probe

more flavor components of the dipole operators through the

appearance of the strange quark dipole in the neutron EDM as

well as the appearance of all flavor components of the quark

dipole Wilson coefficients in the 3-gluon 1-loop amplitudes.

The bounds on these flavor components are suppressed with

respect to the dominant up and down quark chromo-dipole

operators, since the matrix elements in the expression for the

neutron EDM are smaller and some of the flavor elements

only enter through loop corrections. Note also, that the con-

tribution of the dipole operators through effective operators

other than dipole operators in the expression of the neutron

EDM is negligible, since these contributions are suppressed

by the much smaller matrix elements of the effective opera-

tors and the common loop factor that all dipole contributions

receive that are sourced by these additional effective oper-

ators. One exception to this is the contribution through the

Weinberg operator as those loop contributions are enhanced

by an inverse quark mass. This can be seen in particular in

the bounds on the coefficients in the spurionic expansion of

the different flavor symmetries as we will see later.

For the H2 F2 type operators we also have to differentiate

between the operators with field strengths of electroweak and

strong gauge bosons. The bounds on the electroweak opera-

tors are less stringent, by around three orders of magnitude,

than the ones obtained from the electron EDM, as is expected

due to the experimental bound on the neutron EDM being so

much weaker. Interestingly, for all three electroweak oper-

ators there is a constructive interference between the terms

from the different quark EDMs, enhancing the contribution

to the neutron EDM, together with the enhancement from the

quark Yukawas with respect to the electron case. Therefore

with an experimental bound on the neutron EDM with the

same constraining power as the current electron EDM sensi-

tivity, the bounds on the Wilson coefficients would actually

be stronger than those obtained from the electron EDM. The
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Fig. 6 Selected upper bounds

on the Wilson coefficients,

assuming � = 5 TeV and

applying the rescalings shown in

Table 3, obtained including the

full 1-loop expressions, from the

experimental bounds on the

neutron EDM. In addition to the

bounds from the central values,

we also show the influence of

the uncertainties in the

determination of the

chromo-dipole and Weinberg

operator matrix elements. We

also show bounds on the Wilson

coefficients for the projected

accuracy of the n2EDM

experiment. Notice that the last

two Wilson coefficients are in

the up-quark gauge basis, while

the others in the mass basis

neutron EDM receives, through the quark chromo-EDMs,

contributions also from the gluonic H2G2 operator. Such

terms are additionally enhanced by the strong coupling and

for this reason the bound on the corresponding Wilson coeffi-

cient is stronger than the constraints obtained for the Wilson

coefficients of the electroweak bosonic operators by more

than two orders of magnitude, as shown in Fig. 6.

For the 4-fermion operators we have the same situation

as for the lepton EDMs, only now there are more opera-

tors including quarks contributing to the EDM. As for the

lepton EDMs, the 4-fermion operators either enter only via

RG running or only via rational terms to the dominant con-

tributions that are given by the (chromo-)dipole operators.

They can also enter directly with a small hadronic matrix

element in the neutron EDM. What is interesting for these

4-fermion operators made from quarks is that the change of

basis from the gauge to the mass basis is non-trivial, as dis-

cussed in Sect. 3.3. Starting, for example, from an up- or

down-quark gauge basis, in the rotation to the mass basis a

CKM matrix appears for the down or up component of the

operators, respectively. As mentioned above, whenever we

use expressions in terms of Wilson coefficients in the gauge

basis, we choose the up-basis since more operators with up

quarks appear in the final expression of the neutron EDM.

In fact, with this choice, a larger number of operators is left

unchanged by the basis transformation; for example, this is

the case for the O
(3)
lequ operator already considered in the pre-

vious section in the discussion of the lepton EDMs. However,

since both the up and down type dipole appear in the neu-

tron EDM it is inevitable that CKM matrix elements appear

somewhere. Since the CKM matrix contains a CP violating

phase this also enables us to probe the real part of some of the

Wilson coefficients in the gauge basis, in particular of some

of the flavor off-diagonal ones (see the rightmost column in

Fig. 6). In fact, these real parts contribute to the imaginary

parts of the Wilson coefficients in the mass basis, that enter

the EDMs expressions. Those constraints are of the same

order as the bounds on the corresponding imaginary parts,

since the imaginary part of the very off-diagonal part of the

CKM matrix is of the same order as its real part.

Another interesting contribution appears through the

Weinberg operator. Unlike O
W̃

, it can also contribute with

RG running and in addition to its appearance through the

quark chromo-dipoles, it also enters directly in the expres-

sion of the neutron EDM, interpreted as the chromo-dipole

of the gluon. As can be seen in the analytical expressions of

the dipoles in combination with how they enter in the neutron

EDM, the interference between the different chromo-EDMs

is constructive and all effects proportional to the Weinberg

Wilson coefficient add up to the comparably strong bound.

This, together with the strong coupling enhancement for this

contributions, leads to the most stringent among the con-

straints imposed by the neutron EDM experimental bound,

being of order 10−4 for � = 5 TeV and for a C
G̃

rescaled as

in Table 3. In addition, there are large finite terms in the self

1-loop contributions of the Weinberg operator which give

corrections of ∼ 45% with respect to only including RG

running at the considered scale.

Furthermore, there can be direct contributions of the 4-

fermion operators O
(1,8)
quqd which are however largely sup-

pressed by their small matrix element in the neutron EDM.

This leads to an interesting interference where loop sup-

pressed contributions of these 4-fermion operators to the

dipole operators, which are further suppressed by small
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Fig. 7 Selected bounds on

coefficients in spurionic

expansion assuming the

different flavor symmetries and

for � = 5 TeV

Yukawa couplings, are of the same order as the direct tree

level contributions of those operators (see Appendix B and

Eq. (2.5)). The dipole contributions to those 4-fermion opera-

tors are suppressed by small matrix elements and loop factors

as discussed before.

Finally, there is a small direct contribution to the neutron

EDM of the operator OHud which also contributes with a

finite term to the dipole operators. As can be seen in Fig. 6, the

Wilson coefficient of this operators gets a significant bound

from the neutron EDM mostly due to the tree level contribu-

tion to the neutron EDM. The Yukawa-like operators Ou H,d H

which appear in the 1-loop contribution to this operator on the

other hand are largely suppressed by a loop-factor and small

Yukawas and therefore only get bounds beyond the pertur-

bative unitarity limit. As mentioned previously, the dipole

contributions which also enter in this 1-loop expression are

negligible when compared to the dominant direct contribu-

tions to the neutron EDM. Lastly, there is another 4-fermion

operator which enters in the 1-loop expression of the opera-

tor OHud , O
(1,8)
ud , which also only receives a bound around

the perturbative unitarity limit.

We also show in Fig. 6 the error bars associated to the

50% uncertainties of the matrix elements of the quark and

gluon chromo-EDMs. Wherever the Wilson coefficients of

the chromo-dipole operators enter at tree level, the uncer-

tainties translate directly to the bound. In the case of the

electroweak operators, which can only enter at loop level in

the chromo-EDMs, the dependence on the uncertainties is

much smaller.

Furthermore, we also estimate the bounds on all Wil-

son coefficients with the projected experimental bound of

the n2EDM experiment [7]. With the projected experimental

bound of ∼ 10−27e cm, we expect an improvement of about

one order of magnitude for all Wilson coefficients.

As mentioned before, see Sect. 3.4, it is also interesting

to consider the expression of the neutron EDM under fla-

vor symmetries relating the different flavor components that

appear in the neutron EDM with some minimal assumptions

(for the notation we refer to Appendix C). The bounds on the

coefficients in the spurionic expansion of the Wilson coeffi-

cients, as discussed above, can be found in Fig. 7 (notice that

this expansion is performed for the Wilson coefficients in the

up-quark gauge basis). The key feature of the different flavor

symmetric scenarios, namely the correlation among compo-

nents of flavor tensors, leads to the combination in a single

bound of various contributions, that would have been sepa-

rated for a generic flavor structure. Then, the constraints on

flavor blind coefficients of the spurionic expansion are dom-

inated by the strongest among the bounds on the various fla-

vor components. For example, the up-quark dipole receives

contributions from all the Im[C (3)
lequ]i i11 components, which,

if taken as independent among each others, have very dif-

ferent constraints: Im[C (3)
lequ]1111 < 7.54 · 109λeλu and

Im[C (3)
lequ]3311 < 6.21 · 102λτλu , where the λs are entries

of the diagonalized Yukawa matrices. On the other hand,

if a U (3)5 flavor symmetry is imposed, exactly the same

Yukawa dependence as above is assigned to each component,

but with a unique coefficient in front, whose bound reads

ImF
(3)
lequ < 6.19·102: it is of the same order, but even slightly

stronger, as the previous bound on the τ matrix element,

which was the most severe. Similarly, the limit on the down-

type flavor coefficients is particularly interesting because it
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combines the contributions of the down and strange quark

dipoles into one bound. In addition, the U (2) flavor symme-

try disentangles the contributions from the third and first two

generations which is visible in the bounds on ImCuG(ρ1) and

ImCuG(α1), where the α1 component only receives contri-

butions from the contributions of the top dipole operator to

the three-gluon amplitude and, thus, has weaker constraints.

Most of the bounds on the flavor coefficients of the 4-

fermion operators are just around or beyond the perturbative

unitarity limit, still allowing the flavor symmetries as a valid

symmetry of UV physics, but not setting any significant con-

straint on the parameter space. As for the dipole operators,

the difference between the U (2) and U (3) flavor symmetry

is apparent in the expansion of the Wilson coefficient C
(3)
lequ .

In the U (3) spurionic expansion all lepton flavors contribute

in the loop but they are all suppressed with the respective

small lepton Yukawa. For the U (2) symmetry on the other

hand, only the third generation of the leptons is allowed at

the considered accuracy. However, since the third generation

is excluded from the flavor group, it is completely unsup-

pressed apart from the small up-quark Yukawa that is also

present in the U (3) spurionic expansion.

What is also worth noting are the Wilson coefficients

C
(1)
qu,qd which are completely forbidden by the U (3) flavor

symmetry at the considered order. Some elements of the fla-

vor tensor are allowed in the U (2) expansion, giving however

fairly lose bounds. As we saw earlier in the discussion of the

neutron bounds without flavor symmetries, we can also probe

the real parts of flavor coefficient, if other phases are present.

This is the case here, where the CKM phase can also appear

through the Vq spurion in the expansion of these Wilson coef-

ficients.

One should notice that, in the U (2) case, the different

independent terms in the spurionic expansion of a certain

Wilson coefficient have to be of the same order, in order to

allow the parameters ρ1,2, α1, β1 and c1 (see Appendix C) to

be of order 1, such that the flavor symmetry breaking pattern

is respected. However, as we can see from Table 14, this is

usually not the case.

Importantly, we notice that, assuming the Wilson coeffi-

cients are of the natural size shown in Table 3, the experi-

mental constraint on the neutron EDM sets a lower bound

on the new physics scale of order 103 TeV, coming from the

Weinberg operator G3 contributions. All the bounds imposed

when any of the other operators is instead turned on are at

least one order of magnitude weaker.

6 Conclusions

In this paper, we perform the analysis at 1-loop level of the

lepton and neutron electric dipole moments, using the model

independent EFT approach. We provide, at this accuracy,

the complete expressions of these CP violating low energy

observables as a function of the dimension-6 SMEFT Wilson

coefficients in the Warsaw basis, including the RG running

effects as well as finite terms. The latter play a fundamen-

tal role in the cases of operators that do not renormalize the

dipoles, but there are also classes of operators for which they

provide an important fraction, 10−20%, of the total 1-loop

contribution, if the NP scale is around � = 5 TeV. In pre-

senting these results, we also discuss the various loop contri-

butions to the EDMs under the light of selection rules, based

on helicity, angular momentum and CP arguments.

Furthermore, we compute the full set of bounds that the

current and prospected experimental constraints impose on

the Wilson coefficients, with one single operator turned on at

a time, for a fixed SMEFT cut-off scale. On the other hand, we

provide also the lower bounds on the scale of new physics,

obtained assuming that the Wilson coefficients values are

given by the natural sizes that we expect them to carry. The

analysis of the neutron EDM is performed both in scenarios

with generic flavor structure and in presence of U (3)5 and

U (2)5 flavor symmetries for the SMEFT. One can see that

EDMs provide a very powerful probe for deviations from

the SM, since the computed bounds are very strong and can

push the scale of new physics above 103 TeV, with the men-

tioned natural values for the Wilson coefficients. This means

that any UV completion of the SM, for which the operators

responsible for these strong bounds are generated, should

accidentally have a very suppressed CP violation, similar to

the SM one, unless some fine-tuning mechanism is present.
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Appendix A: Relevant diagrams

In this appendix we present all the relevant diagrams

needed to calculate all the 1-loop contributions to the

(c)EDMs. Since the diagrams contributing to the EDMs

are the same for any fermion species and flavor we collec-

tively denote them as f . Additionally, because of possible

W bosons in the loop the fermion running in the loop is not

necessarily of the same flavor as the external ones, hence they

are denoted by f ′

In all diagrams the black dot denotes the insertion of any

of the dimension-6 operators possible at any given position.

Since we are performing all calculations in the phase of bro-

ken EW symmetry we denote Higgs fields that are set to their

VEV by scalar legs ending in a cross.

Notice that we do not show diagrams that could in prin-

ciple contribute but vanish due to scaleless integrals or anti-

symmetry. Additionally, we do not show diagrams of 3-point

functions with only scalars in the loop, as these would con-

tribute only at higher orders in the fermion masses (Figs. 8,

9, 10, 11, 12, 13, 14, 15, 16, 17).

Appendix B: Analytic expressions of various EDMs

In this appendix we report the analytic expressions computed

in this work. To improve readability we divide the full expres-

sions into categories defined by the field content of the oper-

ators contributing to the dipole. Because we give the expres-

sion of the observable EDM we repeat here its relation to the

Wilson coefficient c f γ , of the operator f̄Lσµν fR Fµν ,

d f = − 2

�2
Im c f γ , (B.1)

and similar for the chromo-dipoles. All terms that have an

explicit log dependence on � are referred to as RG running

contributions while all other contributions – both rational and

non-rational – are referred to as finite contributions in the rest

of the paper.

B.1 Universal contributions

Since the full expression of the fermion (c)EDMs is rather

long, we will start by providing their universal parts first.

Apart from the term proportional to gs , Eqs. (B.2b) and

(B.2d), which is present only for quark dipoles, these are

universal in the sense that they correspond to pure SM loops

on the external particle 2-point functions and are indepen-

dent of the fermion species and therefore enter all dipoles in

the same way. This includes both the renormalization of the

Higgs VEV, which in this work is given by just the loops in

the physical Higgs 2-point function, as well as the mixing of

the neutral gauge bosons at 1-loop.

Fig. 8 Diagrams contributing

to the fermion 2-point function

Fig. 9 Diagrams contributing to the photon 2-point function
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Fig. 10 Diagrams contributing to the Higgs 2-point function

Fig. 11 Diagrams contributing to the gluon 2-point function

Fig. 12 1PI diagrams contributing to the ggg 3-point function. Of

course, there are also diagrams with only two propagators for both the

insertion of the Weinberg and the dipole operator, but we find that these

vanish, so we do not display them here. We also do not show diagrams

with the external gluons attached to an SM vertex crossed
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Fig. 13 1PI diagrams

contributing to the ψ̄ψγ 3-point

function. Notice that the

diagram with the lepton loop

exists only for external up-type

quarks and leptons

All these contributions are:

• Loops on external left-handed (LH) and right-handed

(RH) fermions:

16π2 × (LH Fermion 2-pt.) f

= 2 e2 Q2
f − e2

4s2
w

− e2

2s2
wc2

w

(T 3
f − Q f s2

w)2 (B.2a)

+ 2 e2 Q2
f log

(
�

m f

)
+ e2

2s2
w

log

(
�

mW

)

+ e2

s2
wc2

w

(T 3
f − Q f s2

w)2 log

(
�

m Z

)
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Fig. 14 1PI diagrams

contributing to the q̄qg 3-point

function

+ 2 cF,3g2
s + 2 cF,3g2

s log

(
�

m f

)
(B.2b)

16π2 × (RH Fermion 2-pt.) f

= 2 e2 Q2
f −

e2 Q2
f t2

w

2
+ 2 e2 Q2

f log

(
�

m f

)
(B.2c)

+ e2 Q2
f t2

w log

(
�

m Z

)

+ 2 cF,3g2
s + 2 cF,3g2

s log

(
�

m f

)
(B.2d)

• Loop contributions to the Higgs VEV:

16π2 × Higgs 2-pt. = 4 Ncm2
t

v2
− 4 e2

s2
w

− 2 e2

s2
wc2

w

+ 4 Ncm2
t

v2
log

(
�

mt

)
− 4 e2

s2
w

log

(
�

mW

)

− 2 e2

s2
wc2

w

log

(
�

m Z

)

− 2Nc m2
t

v2

√
4m2

t − m2
h

m2
h

arctan


mh

√√√√ 4m2
t − m2

h(
2m2

t − m2
h

)2



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Fig. 15 1PI diagrams contributing to the udud 4-point function. For

diagrams contributing to the self-renormalization, we show only one

representative diagram, all the others can be obtained by connecting all

possible pairs of external fermions with the internal vector. The other

diagrams show the contribution of the down-type dipole operators. The

corresponding up-dipole diagrams can be obtained by just exchanging

up and down quarks

+ 2 e2

s2
w

√
4m2

W − m2
h

m2
h


arctan


mh

√√√√ 4m2
W − m2

h(
2m2

W − m2
h

)2


+ π




+ e2

s2
wc2

w

√
4m2

Z − m2
h

m2
h

arctan


mh

√√√√ 4m2
Z − m2

h(
2m2

Z − m2
h

)2







(B.3)

• Loops on external photons:

16π2 × Photon 2-pt.

= −2 e2

3
− 14 e2 log

(
�

mW

)

+ 8

3

∑

fermions

(
δiℓ + Ncδiq

)
e2 Q2

i log

(
�

mi

)
(B.4)

• Photon-Z mixing:

16π2 × Photon-Z Mixing

= −2e2

3tw
− 1 + 42c2

w

6swcw

e2 log

(
�

m Z

)

+ 4

3

e2

swcw

∑

i �=t

(
δiℓ + Ncδiq

)
Qi (T

3
i − 2Qi s

2
w) log

(
�

m Z

)

+ 4

3

Nce2

swcw

Qu(T 3
u − 2Qus2

w) log

(
�

mt

)
(B.5)

• Loops on external gluons:

16π2 × Gluon 2-pt.

= −67Nc

9
g2

s − 22

9
Ncg2

s log

(
�

µH

)

+ 4

3
g2

s

∑

q=u,d,s,c

log

(
�

µH

)

+4

3
g2

s log

(
�

mb

)
+ 4

3
g2

s log

(
�

mt

)}
(B.6)

B.2 Lepton EDMs

We start with showing the results for lepton EDMs. Note that

the logs arising from the divergent terms of the photon wave

function renormalization do not necessarily run down to the

mass of the fermion running in the loop but only to the mass

of the external lepton if the latter is heavier than the former.

Contributions from ψ2 H F operators

dℓ

e
× (4π�)2 ⊃ Im

[
cwCeB

11

+ 2 T 3
ℓ swCeW

11

]

×
{

−16
√

2 π2 v

e
+ 4

√
2 eQ2

ℓv + 8
√

2 eQ2
ℓv log

(
�

mℓ

)
(B.7a)

+ v√
2e

(
Eq. (B.2a)ℓ + Eq. (B.2c)ℓ

+ Eq. (B.3) + Eq. (B.4)
)}

+ Im

[
−swCeB

11

+ 2 T 3
ℓ cwCeW

11

]{√
2 eQℓ v

T 3
ℓ − 2Qℓs2

w

swcw

×
[

1

2
+ log

(
�

m Z

)]
(B.7b)
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Fig. 16 1PI diagrams contributing to the udW + 4-point function which were used to calculate the self-renormalization of OHud

Fig. 17 1PI diagrams contributing to the udhG+ 4-point function. We only show the contribution of the down-type dipole. Furthermore, additional

diagrams can be generated by exchanging h ↔ G+
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+ v√
2e

(
Eq.(B.5)

)}

− Im

[
CeW

11

]{
ev(5 + Qℓ)

2
√

2sw

−
√

2 ev(3Qℓ − 1)

sw

log

(
�

mW

)}
.

(B.7c)

Contributions from H2 F2 operators

dℓ

e
× (4π�)2

⊃ −mℓ

{
3 (2 Qℓ − T 3

ℓ ) + (8 Qℓ − 4T 3
ℓ ) log

(
�

mh

)

(B.8a)

+ (2s2
w Qℓ − T 3

ℓ )
4m2

Z

m2
Z − m2

h

log

(
mh

m Z

)}
CH B̃

− mℓ

{
3 T 3

ℓ + 4T 3
ℓ log

(
�

mh

)
(B.8b)

−(2s2
w Qℓ − T 3

ℓ )
4m2

Z

m2
Z − m2

h

log

(
mh

m Z

)}
CH W̃

+ mℓ

{
6 Qℓs2

w − c2
w + 3 T 3

ℓ c2w

2cwsw

(B.8c)

+4s2
w Qℓ + 2T 3

ℓ c2w

cwsw

log

(
�

mh

)
− 2

tw
log

(
�

mW

)

−(2s2
w Qℓ − T 3

ℓ )
c2w

cwsw

2m2
Z

m2
Z − m2

h

log

(
mh

m Z

)}
CH W B̃

Contributions from F3 operators

dℓ

e
× (4π�)2 ⊃ −3

2

e mℓ

sw

CW̃ . (B.9)

Contributions from ψ4 operators

dℓ

e
× (4π�)2 ⊃ 16Nc Qu

∑

i∈{1,2,3}
mu,i

× log

(
�

mu,i

)
Im

[
C

(3)
lequ
11i i

]
. (B.10)

Contributions from ψ2ψ̄2 operators

dℓ

e
× (4π�)2 ⊃ −2Qe

∑

i∈{2,3}
mℓ,i Im

[
C le

1i i1

]
. (B.11)

B.3 Quark EDMs

We show here the results for the quark EDMs; for the scale in

the logs of the photon 2-point function, the same discussion as

in the case of the lepton EDMs applies. Furthermore, µH ∼
O(GeV) denotes the hadronic scale. We define the following

frequently used combination

(LH+RH quark WFR)q = Eq. (B.2a)q + Eq. (B.2b)q

+Eq. (B.2c)q + Eq. (B.2d)q

(B.12)

where the subscript q = u, d denotes the type of quark.

Contributions from ψ2 H F operators

dq

e
× (4π�)2 ⊃ Im

[
cwCqW

11

+ 2 T 3
q swCqW

11

]

×
{

− 16
√

2 π2 v

e
+ 4

√
2 eQ2

qv + 8
√

2 eQ2
qv log

(
�

µH

)
(B.13a)

+ v√
2e

(
Eq. (B.12)q + Eq. (B.3) + Eq. (B.4)

)

+Im

[
−swCq B

11

+ 2 T 3
q cwCqW

11

]

×
{

√
2eQqv

T 3
q − 2Qq s2

w

swcw

[
1

2
+ log

(
�

m Z

)]
(B.13b)

+ v√
2e

(
Eq. (B.5)

)
+ 2T 3

q Im

[
CqW

11

]

×
{

ev(5 + Qq )

2
√

2sw

−
√

2 ev(3Qq − 1)

sw

log

(
�

mW

)}
(B.13c)

+Im

[
CqG

11

]{
2
√

2v cF,3 Qq gs + 4
√

2v cF,3 Qq gs log

(
�

µH

)}
.

(B.13d)

Contributions from H2 F2 operators

dq

e
× (4π�)2 ⊃ −mq

{
(6 Qq − 3T 3

q ) + (8 Qq − 4T 3
q ) log

(
�

mh

)

(B.14a)

+(2s2
w Qq − T 3

q )
4m2

Z

m2
Z − m2

h

log

(
mh

m Z

)}
CH B̃

−mq

{
3 T 3

q + 4 T 3
q log

(
�

mh

)
(B.14b)

−(2s2
w Qq − T 3

q )
4m2

Z

m2
Z − m2

h

log

(
mh

m Z

)}
CH W̃

+mq

{
12 Qq s2

w − 2 c2
w + 6 T 3

q c2w

4cwsw

+
4s2

w Qq + 2T 3
q c2w

cwsw

log

(
�

mh

)
− 2

tw
log

(
�

mW

)

−(2s2
w Qq − T 3

q )
c2w

cwsw

2m2
Z

m2
Z − m2

h

log

(
mh

m Z

)}
CH W B̃ . (B.14c)

Contributions from F3 operators

dq

e
× (4π�)2 ⊃ 2T 3

q

3

2

e mq

sw

CW̃ . (B.15)

Contributions from ψ4 operators

dd

e
× (4π�)2 ⊃ 2

∑

i∈{1,2}
mu,i Qu log

(
�

µH

)
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Im

[
C

(1)
quqd

1i i1

+ cF,3 C
(8)
quqd

1i i1

]

+ 2mt Qu log

(
�

mt

)
Im

[
C

(1)
quqd
1331

+ cF,3 C
(8)
quqd
1331

]
(B.16)

du

e
× (4π�)2 ⊃ 8

∑

i∈{1,2,3}
mℓ,i Qe log

(
�

µH

)
Im

[
C

(3)
lequ
i i11

]

+ 2
∑

i∈{1,2}
md,i Qd log

(
�

µH

)
Im

[
C

(1)
quqd

i11i

+ cF,3 C
(8)
quqd

i11i

]

+ 2mb Qd log

(
�

mb

)
Im

[
C

(1)
quqd
3113

+ cF,3 C
(8)
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]
. (B.17)

Contributions from ψψ̄ H2 D operators

dd

e
× (4π�)2 ⊃

∑

i∈{1,2}

4mi√
2v

(1 + Qu)Im

[
CHud

i1

]
(B.18a)

+ mt√
2v

[
m4

t − 11m2
t m2

W + 4m4
W

(m2
t − m2

W )2

+ Qu

m4
t + m2

t m2
W + 4m4

W

(m2
t − m2

W )2

+ 6m2
t m2

W

m2
t − Qum2

W

(m2
t − m2

W )3
log

(
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t

m2
W

)]
Im

[
CHud
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]

(B.18b)

du

e
× (4π�)2 ⊃ −2

√
2

v

∑

i∈{1,2,3}
md,i Im

[
C

†
Hud

1i

]
. (B.19)

Contributions from ψ2ψ̄2 operators

dd

e
× (4π�)2 ⊃ −2

∑

i∈{2,3}
md,i Qd Im

[
C

(1)
qd
1i i1

+ cF,3 C
(8)
qd
1i i1

]

(B.20)

du

e
× (4π�)2 ⊃ −2

∑

i∈{2,3}
mu,i Qu Im

[
C (1)

qu
1i i1

+ cF,3 C (8)
qu
1i i1

]
.

(B.21)

B.4 Quark cEDM

Contributions from ψ2 H F operators

d̂q

e
× (4π�)2 ⊃ Im

[
cwCq B

11

+ 2T 3
q swCqW

11

]

×
{

6
√

2 gs Qqv + 8
√

2 gs Qqv log

(
�

µH

)}
(B.22a)

+ Im

[
−swCq B

11

+ 2T 3
q cwCqW

11

]

×
{

√
2
(T 3

q − 2Qqs2
w)

swcw

gsv

+4
√

2
(T 3

q − 2Qqs2
w)

swcw

gsv log

(
�

m Z

)}
(B.22b)

+ 2T 3
q Im

[
CqW

11

]

×
{√

2 gsv

sw

+ 4
√

2 gsv

sw

log

(
�

mW

)}
(B.22c)

+ Im

[
CqG

11

]{
−16

√
2π2v

e
− 2

√
2eQ2

qv − v√
2

4 + 3N 2
c

Nc

g2
s

e
(B.22d)

− 4
√

2 v

Nc

g2
s

e
log

(
�

µH

)

+ v√
2e

(
Eq. (B.12)q + Eq. (B.3) + Eq. (B.6)

)}
.

(B.22e)

Contributions from H2 F2 operators

d̂q

e
× (4π�)2

⊃ −CH G̃

{
6mq gs

e
+ 8mq gs

e
log

(
�

mh

)}
. (B.23)

Contributions from F3 operators

d̂q

e
× (4π�)2

⊃ CG̃

{
8Ncmq

g2
s

e
+ 6Ncmq

g2
s

e
log

(
�

µH

)}
. (B.24)

Contributions from ψ4 operators

d̂d

e
× (4π�)2

⊃ −2
∑

i∈{1,2}

mu,i gs

e
log

(
�

µH

)
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[
C

(1)
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2Nc

C
(8)
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1i i1

]

−2mt gs

e
log

(
�
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)
Im

[
C

(1)
quqd
1331

− 1

2Nc

C
(8)
quqd
1331

]
(B.25)

d̂u

e
× (4π�)2 ⊃ −2

∑

i∈{1,2}

md,i gs

e

× log

(
�

µH

)
Im

[
C

(1)
quqd
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− 1

2Nc

C
(8)
quqd
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]
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e
log

(
�
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)
Im

[
C

(1)
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− 1

2Nc

C
(8)
quqd
3113

]
. (B.26)
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Contributions from ψψ̄ H2 D operators

d̂d

e
× (4π�)2 ⊃ gs

e

∑

i∈{1,2}

4mi√
2v

Im

[
CHud

i1

]

+ gsmt

e
√

2v

[
m4

t + m2
t m2

W + 4m4
W

(m2
t − m2

W )2
(B.27a)

− 6m2
t m4

W

(m2
t − m2

W )3
log

(
m2

t

m2
W

)]
Im

[
CHud

31

]
(B.27b)

d̂u

e
× (4π�)2 ⊃ 0 × Im

[
C

†
Hud

i j

]
. (B.28)

Contributions from ψ2ψ̄2 operators

d̂d

e
× (4π�)2 ⊃ −2

∑

i∈{2,3}

mi gs

e
Im

[
C

(1)
qd
1i i1

− 1

2Nc

C
(8)
qd
1i i1

]

(B.29)

d̂u

e
× (4π�)2 ⊃ −2

∑

i∈{2,3}

mi gs

e
Im

[
C (1)

qu
1i i1

− 1

2Nc

C (8)
qu
1i i1

]
.

(B.30)

B.5 Gluon cEDM

Contributions from F3 operators

CG̃ × (4π�)2 ⊃
{

2
√

3π2 Nc − 7Nc

2
− [8 + Nc] log

(
�

µH

)

−2 log

(
�
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)
− 2 log

(
�
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)}
g2

s CG̃ . (B.31)

Contributions from ψ2 H F operators

CG̃ × (4π�)2 ⊃
√

2 g2
s v

3

∑

q∈{u,d}
i∈{1,2,3}

Im

[
CqG

i i

]

mq,i

. (B.32)

B.6 O
(S1/8, RR)
ud

Contributions from ψ4 operators
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[
c
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]
× (4π�)2
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{
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(
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)}
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[
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]
(B.33a)

+
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(4π)2 − 1

2

(
Eq. (B.12)u + Eq. (B.12)d

)
(B.33b)

+ 4cF,3g2
s + 2e2(Q2

d − 3Qd Qu + Q2
u) + 5e2
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w

+ 2e2tw(Q2
d − 3Qd Qu + Q2
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T 3
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w
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d − Qd Qu + Q2
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]
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(
�

µH

)
+ 2

e2

s2
w

log
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C
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− 3 e2
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w

(B.33c)
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[
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w − T 3
d
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w − T 3
u

]

+
[

4 g2
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c − 2
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− 4
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(
�
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− 2 e2

Ncs2
w
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(
�

mW

)

+ 4e2
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[
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d

] [
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(
�
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[
C
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]

+
{
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s
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w

(B.33d)

+ 3
e2

Nc s2
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w

[
(Qd + Qu)s2

w − T 3
d

] [
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w − T 3
u

]

+ 4

Nc

[
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]
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(
�
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)

− 2e2
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(
�
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)
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w

[
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d
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]
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(
�

m Z

)}
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[
C

(1)
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]
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Im

[
c

(S8,RR)
ud

1111

]
× (4π�)2

⊃
{
(4π)2 − 1

2

(
Eq. (B.12)u + Eq. (B.12)d

)

+ g2
s (8 − N 2

c )

2Nc

+ 2e2(Q2
d − 3Qd Qu + Q2

u) + 5e2

4s2
w
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2
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c2
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w

− 5e2
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+ 8e2(Q2
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(
�
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(
�
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+ 4e2

s2
wc2

w

[
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Im

[
C

(8)
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]

−
{

6g2
s + 8g2
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(
�
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)}
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[
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]
(B.34a)

+
{

3g2
s

2 + N 2
c

N 2
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− 3
e2(Qd + Qu)2

Nc

+ 3 e2

2Ncs2
w

(B.34b)
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]
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d

] [
(Qd + Qu)s2

w − T 3
u

]

log

(
�

m Z

)}
Im

[
C
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s
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d
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s
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]
log
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�
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(
�
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d
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]
. (B.34c)

Contributions from ψ2 H F operators

Im

[
c

(S1,RR)
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1111

]
× (4π�)2 ⊃

√
2e mu

v
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[
cwCd B

11

− swCdW
11

]{
6
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�
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�
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�
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Z
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+
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W
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W
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(
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+
√
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v sw
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1 − 2T 3
d
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Z
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W

+ 4

[
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w
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]
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(
�
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)
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d
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�
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)
− 4
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(
�
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)
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W
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2
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m2

Z

m2
Z − m2

W
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(
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W
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+ 4
√
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v
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[
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(
�
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(B.35d)

+
(

CdW
11

→ −CuW
11

, d ↔ u

)
(B.35e)

Im

[
c

(S8,RR)
ud
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]
× (4π�)2 ⊃

√
2e mu

v
Im

[
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− swCdW
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]

×
{
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[
3 + 4 log

(
�
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(B.36a)
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+
√

2e mu

v cwsw
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[
swCd B
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+ cwCdW
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]
(B.36b)

×
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√
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w
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W
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W
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√
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v
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�
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�
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+
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)
. (B.36e)

B.7 O
(S1/8, RR)
duud

Contributions from ψ4 operators
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]
log

(
�

µH

)

+ 2e2

Nc s2
w

log
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w
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(
�

mW

)

+ 4e2

[
2Qd Qu t2

w + T 3
u

c2
w

− T 3
u T 3

d

s2
wc2

w
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]

+
{

12cF,3g2
s

Nc

+ 12
e2 Qd Qu

Nc

− 3e2

2Nc s2
w

(B.38b)

+ 3e2

Nc s2
wc2

w

(2Qd s2
w − T 3

d )(2Qus2
w − T 3

u )

+ 16

Nc

[
g2

s cF,3 + e2 Qd Qu

]
log

(
�

µH

)
− 2e2

Nc s2
w

log

(
�

mW

)

(B.38c)
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+ 4e2
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]
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Contributions from ψ2 H F operators
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B.8 OHud

Contributions from ψψ̄ H2 D operators
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where we defined
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(B.44)

with the usual Kallen λ-function and Li2 (x) denotes the

dilogarithm.

Contributions from ψ2 H F operators
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(B.45e)

where C0(s1, s12, s2, m0, m1, m2) is the scalar Passarino–

Veltman three-point function with kinematic invariants s1, s12, s2

and masses m0, m1, m2 which can be evaluated numerically

with computer programs like Package-X [105].

Contributions from ψ2ψ̄2 operators
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Here we defined

sgni j = sgn(md,i − mu, j ). (B.47)

Contributions from ψ2 H3 operators
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Appendix C: Spurionic expansion of the Wilson coeffi-

cients and form of spurions

In this appendix we show the spurionic expansion of the Wil-

son coefficients with the different flavor symmetries, to intro-

duce the notation we use to present the bounds. In addition we

give expressions of the spurions in terms of Standard Model

parameters which is fairly straightforward for the U (3) fla-

vor group and a bit more involved for the U (2) group. We

start with MFV, where we consider the biggest flavor group

that is allowed by the gauge symmetry group of the Stan-

dard Model. As mentioned above we can simply identify the

spurions with the Yukawa couplings since the full Yukawa

matrices are the only source of flavor symmetry breaking.

We work in the up-quark gauge basis where we explicitly

have

yu = diag (λu, λc, λt ) yd = VCKMdiag (λd , λs, λb)

yu = diag
(
λe, λµ, λτ

)
. (C.1)

We find the following expansions for the Wilson coefficients

appearing in the neutron EDM expression, in the up-basis

defined above, keeping terms up to O(y2
u,d,e)
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. (C.8)

We noticed above that for the last operator to be CP violating,

we have to take off-diagonal currents in flavor space. At the

considered order those are not present and all the components

of this Wilson coefficient are CP even. The expansions of all

other Wilson coefficients which are not shown can be trivially

obtained from those presented here.

Assuming the smaller symmetry group U (2)5 we have

to consider more spurions to make all Yukawa interactions

invariant. The Yukawa matrices can then be parametrized in

terms of the spurions as follows

Yu = λt

(
�u xt Vq

0 1

)
Yd = λb

(
�d xbVq

0 1

)

Ye = λτ

(
�e xτ Vl

0 1

)
. (C.9)

In the up-quark basis this leaves us with the following expres-

sions for the spurions in terms of Standard Model parameters

�e = diag(δ′
e, δe) �u = diag(δ′

u, δu)

�d = OT
d diag(δ′
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(C.11)

However, there are some left-over U (2)5 parameters that can

in general not be related to measurable objects. Ignoring the

leptonic parameters which are irrelevant to us, the phase of

Vq for example can only be fixed in the limit where xt → 0

[92]. With these definitions we can once again construct all

terms appearing in the expression of the neutron EDM. Since

we have a consistent power counting now, we choose to work

at an accuracy of O(10−2) which means that we have to keep

terms up toO(V 2,�). Following the notation in Ref. [91], we

find, showing only the terms that can contribute the neutron

EDM,

C ′
u B
pr

O
′
u B
pr

⊃ fu B

[
α1q̄ ′

3σ
µνu′

3 H̃ Bµν + β1 Q̄
′ pV

p
q σµνu

′
3 H̃ Bµν

123
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+ρ1 Q̄′
pσ

µν(�u)pr U ′
r H̃ Bµν

]
(C.12)

C ′
Hud

pr

O
′
Hud
pr

⊃ fHud

(
H̃†i Dµ H

) (
α1ū′

3γ
µd ′

3

)
(C.13)

C ′
u H
prst

O
′
u H
prst

⊃ fu H |H |2

×
[
ρ1 Q̄′

p H̃(�u)pr U ′
r + β1 Q̄

′ pV
p

q H̃d ′
3 + α1q̄ ′

3 H̃u′
3

]
(C.14)

C
′(3)
lequ
prst

O
′(3)
lequ
prst

⊃ f
(3)
lequρ1

(
l̄
′i
3 σµνe′

3

)
ǫi j

×
(

Q̄
′ j
s σµν(�u)stU

′
t

)
(C.15)

C
′(1)
quqd
prst

O
′(1)
quqd
prst

⊃ f
(1)
quqd

[
ρ1

(
q̄

′i
3 (�u)pr U ′

r

)
ǫi j

(
Q̄

′ j
p d ′

3

)

+ρ2

(
Q̄

′i
p(�d)pr u′

3

)
ǫi j

(
q̄

′ j
3 D′

r

)]
(C.16)

C
′(1)
qu

prst
O

′(1)
qu

prst
⊃ f (1)

qu ρ1

(
Q̄′

pγµq ′
3

)
(�u)pr

(
ū′

3γ
µU ′

r

)
(C.17)

C
′(1)
qd

prst

O
′(1)
qd

prst

⊃ f
(1)
qd

[
ρ1

(
Q̄′

pγµq ′
3

)
(�d)pr

(
d̄ ′

3γ
µ D′

r

)

+β1

(
Q̄

′ pV
p

q γµq ′
3

) (
D̄′

r γ
µ D′

r

)

+c1

(
Q̄

′ pV
p

q γµV †r
q Q

′r
) (

D̄′
sγ

µ D′
s

)]
. (C.18)

C
′(1)
ud

prst

O
′(1)
ud

prst

⊃ f
(1)
ud

(
α1ū′

3γ
µu′

3d̄ ′
3γ

µd ′
3

)
. (C.19)

For simplicity we will adopt the notation from Ref. [91] and

write CX (Y ) = fX Y , i.e. for example CuG(ρ1) = fuGρ1.

Appendix D: Bounds on Wilson coefficients and UV scale

�

In this appendix we present the bounds on all Wilson coeffi-

cients that appear in the expression of the electron and neu-

tron EDM. To give more meaningful bounds we factor out

their naturally expected scaling in the Standard Model cou-

plings. We also obtained bounds on the scale of new physics

� by rescaling the Wilson coefficients by their natural scal-

ing and demanding the remaining Wilson coefficient to be of

order 1.

D.1 Electron EDM

See Tables 4 and 5.

Table 4 Upper bounds on the Wilson coefficients contributing to the

EDM of the electron assuming � = 5 TeV and no further assumptions.

In the upper left table the Wilson coefficients which can enter at tree

level are presented. The column ‘Tree+Loop’ presents bounds including

the tree level contribution, the RG running and all finite terms. In the

other tables one can find all other Wilson coefficients which cannot enter

at tree level. The left column shows only RG running, while the right

column shows both RG running and finite terms. Above, the parameter

λi is the i th diagonal entry of the lepton Yukawa matrix

Operator Tree Tree + Loop

Im CeB
11

1.37 × 10−5λeg
′

1.70 × 10−5λeg
′

Im CeW
11

1.37 × 10−5λeg 1.68 × 10−5λeg

Operator RGE only RGE + finite

CH B̃ 5.27 × 10−3g
′2 3.08 × 10−3g

′2

CH W̃ 1.95 × 10−3g2 1.18 × 10−3g2

CH W B̃ 1.52 × 10−3gg
′

2.12 × 10−3gg
′

CW̃ – 1.59 × 10−2g3

Operator RGE only RGE + finite

Im C
(3)
lequ

1111

5.43 × 104λeλu –

Im C
(3)
lequ

1122

1.57 × 10−1λeλc –

Im C
(3)
lequ

1133

4.33 × 10−5λeλt –

Im C le

1221

– 8.15 × 10−5g
′2

Im C le

1331

– 4.85 × 10−6g
′2

123
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Table 5 Lower bounds on the UV scale � in TeV assuming the natural

scaling for all Wilson coefficients as given in the previous table and no

further assumptions. The labeling of the tables is the same as for the

bounds on the Wilson coefficients

Operator Tree Tree + Loop

Im CeB
11

1.35 × 103 1.11 × 103

Im CeW
11

1.35 × 103 1.13 × 103

Operator RGE only RGE + finite

CH B̃ 1.03 × 102 1.2 × 102

CH W̃ 1.1 × 102 1.27 × 102

CH W B̃ 1.62 × 102 1.46 × 102

CW̃ – 3.96 × 101

Operator RGE only RGE + finite

Im C
(3)
lequ
1111

1.73 × 10−2 –

Im C
(3)
lequ
1122

1.30 × 101 –

Im C
(3)
lequ
1133

1.16 × 103 –

Im C le
1221

– 5.54 × 102

D.2 Neutron EDM

D.2.1 Bounds without flavor symmetries

See Tables 6, 7, 8, 9, 10 and 11.

Table 6 Upper bounds on the Wilson coefficients of the dipole opera-

tors assuming � = 5 TeV and no further assumptions. On the left-hand

side the coefficients are presented which can enter at tree level. The col-

umn ‘Tree+Loop’ presents bounds including the tree level contribution,

the RG running and all finite terms. On the right-hand side one can find

all elements which cannot enter at tree level. The left column shows

only RG running, while the right column shows both RG running and

finite terms. Above, the parameter λi is the i th diagonal entry of the

corresponding diagonalized quark Yukawa matrix here and in all tables

that follow

Operator Tree Tree + Loop

Im CuG
11

1.61 × 10−2λu gs 3.91 × 10−3λu gs

Im Cu B
11

2.59 × 10−2λu g′ 5.12 × 10−2λu g′

Im CuW
11

2.59 × 10−2λu g 4.19 × 10−2λu g

Im CdG
11

3.73 × 10−3λd gs 1.11 × 10−3λd gs

Im Cd B
11

3.11 × 10−3λd g′ 6.48 × 10−3λd g′

Im CdW
11

3.11 × 10−3λd g 5.44 × 10−3λd g

Im Cd B
22

4.54 × 10−2λs g′ 9.62 × 10−2λs g′

Im CdW
22

4.54 × 10−2λs g 8.95 × 10−2λs g

Operator RGE only RGE + finite

Im CdG
22

7.42 × 10−2λs gs 2.19 × 10−2λs gs

Im CuG
22

– 1.65 × 10−2λcgs

Im CdG
33

– 1.65 × 10−2λbgs

Im CuG
33

– 1.65 × 10−2λt gs

Table 7 Upper bounds on the Wilson coefficients of the bosonic oper-

ators on the left and the ψψ̄ H2 D and ψ2 H3 type operators on the right

assuming � = 5 TeV and no further assumptions. The ‘RGE + finite’

column for CHud
11

also includes the tree level contribution

Operator RGE only RGE + finite

CH G̃ 9.40 × 10−3g2
s 7.81 × 10−3g2

s

CH B̃ 2.04 × 100g′2 1.53 × 100g′2

CH W̃ 2.99 × 10−1g2 2.62 × 10−1g2

CH W B̃ 1.76 × 10−1gg′ 1.61 × 10−1gg′

CW̃ – 3.46 × 100g3

CG̃ 4.74 × 10−5g3
s 6.91 × 10−5g3

s

Operator RGE only RGE + finite

Im CHud
11

1.87 × 10−2g
′2 2.03 × 10−2g

′2

Im CHud
31

– 1.03 × 10−2g
′2

Re CHud
31

– 3.53 × 10−3g
′2

Im Cu H
11

– 1.33 × 109λu

Im Cd H
11

– 1.33 × 109λd

123
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Table 8 Upper bounds on the Wilson coefficients of the 4-fermion oper-

ators assuming � = 5 TeV and no further assumptions. Notice that each

entry of the table corresponds to one the mass-basis Wilson coefficients

that enter the expression of the neutron EDM. For all of them, however,

the corresponding C ′ Wilson coefficients in the up-quark gauge basis

are indicated, together with the CKM transformations needed to the

change of basis. Wherever the phase of the CKM matrix enters in the

bound, the bound is given on the real instead of the imaginary part. If

the summation over the CKM elements gives a symmetric contribution

for the operator O
(1,8)
qd , they have to be ignored because they are CP

even and cannot give rise to an EDM. Note also, that the ‘RGE + finite’

column for V
†
1i C

′(1,8)
quqd

i111

includes the tree level contribution

Operator RGE only RGE + finite

Im C
′(3)
lequ
1111

7.54 × 109λeλu –

Im C
′(3)
lequ
2211

1.76 × 105λµλu –

Im C
(′3)
lequ
2211

6.21 × 102λτ λu –

Im V
†
1i C

′(1)
quqd

i111

1.88 × 107λuλd 1.84 × 107λuλd

Im V
†
1i C

′(8)
quqd

i111

3.82 × 107λuλd 3.73 × 107λuλd

Im V
†
1i C

′(1)
quqd

i221

7.79 × 102λcλd –

Im V
†
1i C

′(8)
quqd

i221

1.56 × 103λcλd –

Im V
†
1i C

′(1)
quqd

i331

9.86 × 10−2λtλd –

Table 8 continued

Operator RGE only RGE + finite

Im V
†
1i C

′(8)
quqd

i331

1.98 × 10−1λtλd –

Im V
†
2i C

′(1)
quqd

i112

9.35 × 105λuλs –

Im V
†
2i C

′(8)
quqd

i111

1.03 × 107λuλs –

Im V
†
2i C

′(1)
quqd

i222

2.56 × 104λcλs –

Im V
†
2i C

′(8)
quqd

i222

1.92 × 104λcλs –

Im V
†
2i C

′(1)
quqd

i332

3.24 × 100λtλs –

Im V
†
2i C

′(8)
quqd

i332

2.43 × 100λtλs –

Im V
†
3i C

′(1)
quqd

i113

5.15 × 102λuλb –

Im V
†
3i C

′(8)
quqd

i113

5.65 × 103λuλb –

Operator RGE only RGE + finite

Im C
′(1)
qu

1221

– 5.79 × 10−2g′2

Im C
′(8)
qu

1221

– 4.70 × 10−2g′2

Im C
′(1)
qu

1331

– 3.76 × 10−4g′2

Im C
′(8)
qu

1331

– 4.03 × 10−4g′2

Im V
†
1i V j1C

′(1)
qd
i j11

– 7.66 × 10−1g′2

Im V
†
1i V j1C

′(8)
qd
i j11

– 6.60 × 10−1g′2

Im V
†
1i V j2C

′(1)
qd
i j21

– 3.85 × 10−1g′2

Im V
†
1i V j2C

′(8)
qd
i j21

– 3.31 × 10−1g′2

Im V
†
1i V j3C

′(1)
qd
i j31

– 8.56 × 10−2g′2

Im V
†
1i V j3C

′(8)
qd
i j31

– 7.37 × 10−3g′2

Im V
†
2i V j1C

′(1)
qd
i j12

– 3.35 × 103g′2

Im V
†
2i V j1C

′(8)
qd
i j12

– 2.52 × 103g′2

Im V
†
2i V j2C

′(1)
qd
i j22

– 1.68 × 102g′2

Im V
†
2i V j2C

′(8)
qd
i j22

– 1.26 × 102g′2

Im V
†
2i V j3C

′(1)
qd
i j32

– 3.75 × 100g′2

Im V
†
2i V j3C

′(8)
qd
i j32

– 2.81 × 100g′2

Im C
′(1)
ud

1331

9.30 · 100g′2 7.17 × 100g′2

Im C
′(8)
ud

1321

6.98 · 100g′2 5.38 × 100g′2

123
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Table 9 Lower bounds on the UV scale � in TeV assuming natural

scaling of the dipole Wilson coefficients and no further assumptions.

On the left-hand side the coefficients are presented which can enter at

tree level. The column ‘Tree+Loop’ presents bounds including the tree

level contribution, the RG running and all finite terms. On the right-

hand side one can find all elements which cannot enter at tree level. The

left column shows only RG running, while the right column shows both

RG running and finite terms

Operator Tree Tree + Loop

Im CuG
11

3.93 × 101 8.55 × 101

Im Cu B
11

3.11 × 101 1.98 × 101

Im CuW
11

3.11 × 101 2.30 × 101

Im CdG
11

8.19 × 101 1.65 × 102

Im Cd B
11

8.96 × 101 4.97 × 101

Im CdW
11

8.96 × 101 5.94 × 101

Im Cd B
22

2.35 × 101 1.47 × 101

Im CdW
22

2.35 × 101 1.54 × 101

Operator RGE only RGE + finite

Im CdG
22

3.26 × 101 1.99 × 101

Im CuG
22

– 3.89 × 101

Im CdG
33

– 3.89 × 101

Im CuG
33

– 3.89 × 101

Table 10 Lower bounds on the UV scale � in TeV assuming natural

scaling for the Wilson coefficients of the bosonic operators and no fur-

ther assumptions. The ‘RGE + finite’ column for CHud
11

also includes

the tree level contribution

Operator RGE only RGE + finite

CH G̃ 6.73 × 101 7.16 × 101

CH B̃ 3.29 × 100 3.94 × 100

CH W̃ 9.97 × 100 1.06 × 101

CH W B̃ 1.33 × 101 1.38 × 101

CW̃ – 2.69 × 100

CG̃ 1.09 × 103 1.01 × 103

Operator RGE only RGE + finite

Im CHud
11

3.67 × 101 3.53 × 101

Im CHud
31

– 4.93 × 101

Re CHud
31

– 8.42 × 101

Im Cu H
11

– 1.37 × 10−4

Im Cd H
11

– 1.37 × 10−4

Table 11 Lower bounds on the UV scale � in TeV assuming natural

scaling of the Wilson coefficients of the 4-fermion operators. Notice

that each entry of the table corresponds to one the mass-basis Wilson

coefficients that enter the expression of the neutron EDM. For all of

them, however, the corresponding C ′ Wilson coefficients in the up-

quark gauge basis are indicated, together with the CKM transformations

needed to the change of basis. Wherever the phase of the CKM matrix

enters in the bound, the bound is given from the real instead of the

imaginary part of the Wilson coefficient. If the summation over the

CKM elements gives a symmetric contribution for the operator O
(1,8)
qd ,

they have to be ignored because they are CP even and cannot give rise

to an EDM. Note also, that the ‘RGE + finite’ column for V
†
1i C

′(1,8)
quqd

i111

includes the tree level contribution

Operator RGE only RGE + finite

Im C
′(3)
lequ
1111

4.02 × 10−5 –

Im C
′(3)
lequ
2211

1.62 × 10−3 –

Im C
′(3)
lequ
3311

1.49 × 10−1 –

Im V
†
1i C

′(1)
quqd

i111

5.85 × 10−4 6.14 × 10−4

Im V
†
1i C

′(8)
quqd

i111

6.42 × 10−4 6.55 × 10−4

Im V
†
1i C

′(1)
quqd

i221

1.32 × 10−1 –

Im V
†
1i C

′(8)
quqd

i221

8.84 × 10−2 –

Im V
†
1i C

′(1)
quqd

i331

1.88 × 101 –

Im V
†
1i C

′(8)
quqd

i331

1.27 × 101 –

Im V
†
2i C

′(1)
quqd

i112

1.22 × 10−3 –

Im V
†
2i C

′(8)
quqd

i112

5.96 × 10−4 –

Im V
†
2i C

′(1)
quqd

i222

1.64 × 10−2 –

Im V
†
2i C

′(8)
quqd

i222

1.97 × 10−2 –

Im V
†
2i C

′(1)
quqd

i332

2.47 × 100 –

Im V
†
2i C

′(8)
quqd

i332

2.94 × 100 –

Im V
†
3i C

′(1)
quqd

i113

1.58 × 10−1 –

Im V
†
3i C

′(8)
quqd

i113

3.69 × 10−2 –

Operator RGE only RGE + finite

Im C
′(1)
qu

1221

– 2.08 × 101

Im C
′(8)
qu

1221

– 2.31 × 101

Im C
′(1)
qu

1331

– 2.50 × 102

Im C
′(8)
qu

1331

– 2.59 × 102

123
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Table 11 continued

Operator RGE only RGE + finite

Im V
†
1i V j1C

′(1)
qd
i j11

– 1.81 × 100

Im V
†
1i V j1C

′(8)
qd
i j11

– 1.95 × 100

Im V
†
1i V j2C

′(1)
qd
i j21

– 8.06 × 100

Im V
†
1i V j2C

′(8)
qd
i j21

– 8.69 × 100

Im V
†
1i V j3C

′(1)
qd
i j31

– 5.40 × 101

Im V
†
1i V j3C

′(8)
qd
i j31

– 5.82 × 101

Im V
†
2i V j1C

′(1)
qd
i j12

– 8.63 × 10−2

Im V
†
2i V j1C

′(8)
qd
i j12

– 9.97 × 10−2

Im V
†
2i V j2C

′(1)
qd
i j22

– 3.85 × 10−1

Im V
†
2i V j2C

′(8)
qd
i j22

– 4.45 × 10−1

Im V
†
2i V j3C

′(1)
qd
i j32

– 2.58 × 100

Im V
†
2i V j3C

′(8)
qd
i j32

– 2.98 × 100

Im C
′(1)
ud

1331

1.26 × 100 1.61 × 100

Im C
′(8)
ud

1321

1.52 × 100 1.90 × 100

D.2.2 Bounds with flavor symmetries

We present here the bounds obtained when a U (3)5 or U (2)5

flavor symmetry is imposed in the SMEFT. The results for

the purely bosonic operators are not presented, since they

are left unchanged with respect the flavor generic scenario

discussed previously (Tables 12, 13, 14, 15).

Table 12 Upper bounds on the Wilson coefficients assuming � =
5 TeV and a U (3)5 flavor symmetry, keeping terms up to O(y2

u,d,e).

The dipoles can again enter at tree level while the 4-fermion operators

all only contribute via RG running. The operators O
(1,8)
qu , O

(1,8)
qd , O

(1,8)
ud

and OHud are forbidden at the considered order in the spurions. The

bounds on all bosonic operators are obviously the same as above

Operator Tree Tree + Loop

Im FuG 2.99 × 10−2 4.93 × 10−3

Im Fu B 9.25 × 10−3 1.83 × 10−2

Im FuW 1.69 × 10−2 2.73 × 10−2

Im FdG 7.10 × 10−3 1.89 × 10−3

Im Fd B 1.23 × 10−3 2.55 × 10−3

Im FdW 2.24 × 10−3 3.88 × 10−3

Im F
(1)
quqd 5.90 × 107 3.40 × 103

Im F
(8)
quqd 5.90 × 107 2.93 × 103

Im FHud – –

Operator RGE only RGE + finite

Im F
(3)
lequ 6.19 × 102 –

Im F
(1,8)
qu – –

Im F
(1,8)
qd – –

Im F
(1,8)
ud – –

Im Fu H – 1.33 × 109

Im Fd H – 1.33 × 109

123
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Table 13 Lower bounds on the UV scale � in TeV, assuming Fi = 1

for all the coefficients of the operators, under a U (3)5 flavor symmetry,

keeping terms up to O(y2
u,d,e)

Operator Tree Tree + Loop

Im FuG 2.89 × 101 7.45 × 101

Im Fu B 5.20 × 101 3.16 × 101

Im FuW 3.85 × 101 2.82 × 101

Im FdG 5.93 × 101 1.24 × 102

Im Fd B 1.43 × 102 7.51 × 101

Im FdW 1.06 × 102 7.00 × 101

Im F
(1)
quqd 6.51 × 10−4 4.76 × 10−2

Im F
(8)
quqd 6.51 × 10−4 5.21 × 10−2

Im FHud – –

Operator RGE only RGE + finite

Im F
(3)
lequ 1.50 × 10−1 –

Im F
(1,8)
qu – –

Im F
(1,8)
qd – –

Im F
(1,8)
ud – –

Im Fu H – 1.37 × 10−4

Im Fd H – 1.37 × 10−4

Table 14 Upper bounds on the Wilson coefficients assuming � =
5 TeV and a U (2)5 flavor symmetry, keeping terms up to O(�, V 2).

We use the notation of Ref. [92] for the Wilson coefficients (see also

Appendix C). The operators OHud and O
(1,8)
ud don’t contribute at the

considered order

Operator Tree Tree + Loop

Im CuG(α1) – 3.05 × 10−2

Im CuG(ρ1) 2.97 × 10−2 5.83 × 10−3

Im Cu B(ρ1) 9.19 × 10−3 1.82 × 10−2

Im CuW (ρ1) 1.68 × 10−2 2.71 × 10−2

Im CdG(α1) – 7.38 × 10−4

Im CdG(ρ1) 1.83 × 10−4 5.22 × 10−5

Im CdG(β1) – 4.23 × 10−1

Re CdG(β1) – 3.09 × 101

Im Cd B(ρ1) 3.17 × 10−5 6.59 × 10−5

Im CdW (ρ1) 5.78 × 10−5 1.00 × 10−4

Im C
(1)
quqd (ρ1) – 1.23 × 101

Im C
(1)
quqd (ρ2) – 2.68 × 10−3

Im C
(8)
quqd (ρ1) – 1.35 × 102

Im C
(8)
quqd (ρ2) – 5.66 × 10−3

Operator RGE only RGE + finite

Im C
(3)
lequ(ρ1) 6.30 × 100 –

Im C
(1)
qu (ρ1) – 3.85 × 100

Im C
(8)
qu (ρ1) – 4.12 × 100

Im C
(1)
qd (ρ1) – 1.03 × 100

Im C
(1)
qd (β1) – 2.35 × 103

Re C
(1)
qd (c1) – 6.78 × 103

Im C
(8)
qd (ρ1) – 9.80 × 10−1

Im C
(8)
qd (β1) – 8.73 × 103

Re C
(8)
qd (c1) – 5.30 × 103

Im Cu H (ρ1) – 1.32 × 109

Im Cd H (ρ1) – 3.53 × 107

123
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Table 15 Lower bounds on the UV scale � in TeV assuming CX (Y ) =
1 for all the coefficients of the operators, under a U (2)5 flavor symmetry,

keeping terms up to O(�, V 2)

Operator Tree Tree + Loop

Im CuG(α1) – 2.86 × 101

Im CuG(ρ1) 2.90 × 101 6.89 × 101

Im Cu B(ρ1) 5.22 × 101 3.17 × 101

Im CuW (ρ1) 3.86 × 101 2.83 × 101

Im CdG(α1) – 1.84 × 102

Im CdG(ρ1) 3.69 × 102 7.85 × 102

Im CdG(β1) – 7.69 × 100

Re CdG(β1) – 8.99 × 10−1

Im Cd B(ρ1) 8.88 × 102 3.55 × 102

Im CdW (ρ1) 6.58 × 102 3.88 × 102

Im C
(1)
quqd (ρ1) – 1.28 × 100

Im C
(1)
quqd (ρ2) – 1.36 × 102

Im C
(8)
quqd (ρ1) – 3.39 × 10−1

Im C
(8)
quqd (ρ2) – 9.06 × 101

Operator RGE only RGE + finite

Im C
(3)
lequ(ρ1) 1.86 × 100 –

Im C
(1)
qu (ρ1) – 2.58 × 100

Im C
(8)
qu (ρ1) – 2.42 × 100

Im C
(1)
qd (ρ1) – 4.92 × 100

Im C
(1)
qd (β1) – 1.03 × 10−1

Re C
(1)
qd (c1) – 6.07 × 10−2

Im C
(8)
qd (ρ1) – 5.05 × 100

Im C
(8)
qd (β1) – 5.35 × 10−2

Re C
(8)
qd (c1) – 6.87 × 10−2

Im Cu H (ρ1) – 1.37 × 10−4

Im Cd H (ρ1) – 8.41 × 10−4
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