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ABSTRACT: The origin of the matter-antimatter asymmetry in the Universe is a fundamen-
tal question of physics. Electroweak baryogenesis is a compelling scenario for explaining
it but it requires beyond the Standard Model sources of the CP symmetry violation. The
simplest possibility is CP violation in the third generation fermion Higgs couplings, widely
investigated theoretically and searched for experimentally. It has been found that the
experimental bounds on the CP violation in the quark Yukawa couplings exclude their
significant role in the electroweak baryogenesis, but it can be still played by the 7 lepton
Yukawa coupling. It is shown in this paper that, within the context of the Standard Model
Effective Field Theory and assuming an underlying flavour symmetry of the Wilson coef-
ficients, the electron dipole moment bound on the 7 lepton Yukawa coupling is two orders
of magnitude stronger than previously reported. This sheds strong doubts on its role in
the electroweak baryogenesis, further stimulates the interest in its experimental verification
and makes electroweak baryogenesis even more difficult to explain.
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1 Introduction

CP violating third generation Yukawa couplings would be an important source of baryon-
antibaryon asymmetry in the electroweak baryogenesis [1-9]. However, there is certain
tension between their magnitude required by the observed baryon asymmetry in the Uni-
verse (BAU) and the bounds following mainly from the experimental upper limit on the
electron Electric Dipole Moment (EDM) [10]. The Higgs fermion effective Lagrangian,
below the electroweak symmetry breaking (EWSB) scale and in the mass eigenstate basis,
can be written as [11]

Lo = =T (w0 + g5 ) h (1.1)

where 1) refers to either quarks or charged leptons with y, = \/§m¢ /v, my is the ¢ mass
and v = 246 GeV is the EW symmetry breaking vacuum expectation value (VEV) of the
Higgs field. The xy and &, are real numbers parametrising the CP conserving and CP
violating parts of these couplings. In the SM, x, = 1 and &y, = 0. With some beyond the
Standard Model (SM) CP violation effects encoded in non-vanishing parameters &, one
obtains contributions to the electron EDM from the Barr-Zee diagrams with the fermions v
running in the loop. Most recent studies such as ref. [7], assuming only one third generation

fermion running in the loop at a time,' give:
|Re| < 0.0011, |&| <025, |&-| <0.3. (1.2)

These bounds are usually interpreted in the framework of the SM Effective Field Theory
(SMEFT) [12, 13], with d = 6 operators with complex Wilson coefficients contributing to
the third generation Yukawa couplings added to the SM Lagrangian [1, 6, 7]. The bounds
on the CP violation in the top and bottom couplings are by far too strong for them to
play a significant role in the EW baryogenesis (because of the strong sphaleron effects) but
there is still enough room for CP violation in the 7 Yukawa coupling (see also refs. [14-16]
in the frameworks of two Higgs doublets model and the minimal supersymmetric SM).

! Those bounds are slightly relaxed when contributions from several fermions in the loop are included.



Indeed, provided the first order phase transition is strong enough, the smallest value for
Fr to entirely explain BAU, and being compatible with LHC Higgs signal strength at 2 o,
reads [7] (see projected sensitivities at future lepton colliders for CPV h77 coupling in [17])

|7r] = 0.08. (1.3)

In this paper we emphasise the fact that in the EFT framework to beyond the SM
physics, under such assumptions like Minimal Flavour Violation (MFV) [18-22] or flavour
symmetries underlying the fermion mass hierarchies and mixings, the Wilson coefficients
of the d = 6 operators have in general certain flavour structure. In that case the imaginary
parts of the h77 and hee couplings are linked to each other. We point out that the Barr-Zee
contribution to the electron EDM gives very strong bound on &,

|| < 0.0017, (1.4)

which, under the above mentioned flavour structures, leads to the bound on &, two orders
of magnitude stronger than the one from the 7-loop contribution in the Barr-Zee diagram:

77| < @0.0017, (1.5)

where a is O(1). As we will discuss later, this result holds also in the case in which
more than one contribution to the electron EDM is taken into consideration. This bound
is incompatible with the one in eq. (1.3), thus making highly unlikely the possibility to
successfully explain the current value of BAU with new sources of CPV only in the tau
lepton Yukawa coupling.

In the following, in section 2, we first recall the general formulae for the electron EDM,
while in section 3 we will provide a series of examples. Finally, we conclude in section 4.

2 The electron EDM

The effective EDM Lagrangian for the electron can be written as
Z’ 4
LEpM = —deiédu ’75€Fw/ (2.1)

where d. is the EDM coefficient, e the electron field, o*¥ the antisymmetric two-dimensional
tensor, and F},, the electromagnetic gauge field tensor. The most recent upper bound on
the electron EDM is from the ACME II collaboration [10] and reads

de| <1.1x107® ecm,  at 90% C.L.. (2.2)

The electron EDM receives contributions from the so-called Barr-Zee diagram shown
in figure 1. We assume that the photon-fermion vertices B, D and E are as in the SM (in
particular, they are left unchanged by the d = 6 operators of SMEFT) and calculate the
bounds on &, and &, introduced in eq. (1.1), following from the experimental limit eq. (2.2).

The explicit computation of the Barr-Zee diagram gives [11]

de «

; = 4NC Qi ﬁ \/QGF Me X [%€R¢f1($¢/h) + I%e/ﬁq/,fg(l'w/h)} (2.3)



Figure 1. Two-loop Barr-Zee diagram for the electron EDM.

where @y is the 1) electric charge, N¢ = 3 if the fermion ¢ running in the loop is a quark
and No = 1 if it is a charged lepton, ey, is the fine structure constant at the scale of
the electron mass, G the Fermi constant, and f; and f; are functions of /;, = mi / m,%,

defined by

Fulz) = 2x [Li2<11—\/1—4x>lﬂ,2 <11+\/1—4x>] o

V1 —4x 2x 2x
folzx) = (1 —22) fi(x) + 2z(Inx 4+ 2),

where Lis is the usual dilogarithm
T In(1 —
Lis(z) = — / = (2.5)
0 u

In the leading order in new physics effects, the bound on &, is obtained when the
lepton 7 is running in the loop and for . = 0. One gets

7r| < 0.3, (2.6)

The bound on &, is obtained for the top quark running in the loop and for #; = 0.
We get
|Re| < 0.3 <3) M = 0.0017. (2.7)
4) fo(@m)
We see that the bound on &, is more than two orders of magnitude stronger than on &;.
In the following we show that under very general assumptions, k. and &, are linked to
each other and the bound in eq. (2.7) gives a bound on &, about two orders of magnitude
stronger than the one in eq. (2.6).

We assume that the dominant contribution to the effective lepton Yukawa couplings,
eq. (1.1), comes from d = 4 and d = 6 operators of the SMEFT Lagrangian. Furthermore,
we assume that the flavour structure of that Lagrangian is either compatible with the MFV
hypothesis or controlled by a flavour symmetry that is responsible for the charged lepton
masses. The Yukawa Lagrangian then reads?

_ _ HYH
¥ =-LHY'dy — LHC ey I h.c., (2.8)

2Notice that the d = 6 operator introduced in eq. (2.8) may give rise to potentially interesting FCNC
effects [23].



where the prime denotes fields and quantities in the flavour basis (the flavour indices are

omitted). L' are the lepton EW doublets, e, stands for the EW singlets and H is the Higgs

EW doublet. The scale A is the effective scale of new physics. Finally Y and C’ are 3 x 3

complex matrices in the flavour space, controlled by the symmetry assumption. We have

also assumed, and this is our third assumption, that the scale A is universal for all terms.
Below the scale of the EWSB we have

—_ ’U2 v

— 302 h
! ! /
_e/L (Y +2[X20>6R\/§+hc+ y
where the first term gives the fermion masses, while the second term describes the fermion
interactions with the physical Higgs field. Dots stand for terms with more than one
Higgs field.

The Yukawa matrices are diagonalised by the rotations on the left- and right-handed

fields:
2

v
Y+ —C' =VYyU! 2.10
T oa (2.10)
where V and U are unitary 3 x 3 matrices. The matrix V enters into the definition of the
PMNS matrix. The matrix Y is a diagonal matrix with the entries Y = v/2/v (me, m,, m;).

The Lagrangian in the mass eigenstate basis then reads:

_ v _ v2 h
ag/p: —eLYBRﬁ — €, <Y+MC> eRﬁ‘f—hC—F y (211)
where
c=vicu. (2.12)

The matching between the two effective Lagrangians, eqs. (1.1) and (2.11), gives

1)2

YK=Y + Ediag(ReC)
2

- v
YK = pdiag(ImC),

(2.13)

where K is the diagonal matrix containing the x, parameters for the charged leptons,
K = diag(ke, Ky, k7). Thus, in particular, we get

v? Im Cs3
Fr = — 2.14
A%y, (2.14)
’U2 Im 011
R, = — 2.15
feT ATy, (2.15)
Therefore, the electron EDM bound on &, leads to the following bound on &.:
N me | Im C33
<0.0017—= 2.16
|K/7'| ~ m, Im Cll ) ( )




where the matrix C is given in terms of the original Lagrangian parameters by the matrix
equation in eq. (2.12):
Cii = ViiCrUss - (2.17)

In the following section we discuss the significance of the bound in eq. (2.16) for several
concrete scenarios of the flavour structure of the SMEFT Yukawa Lagrangian.

3 Concrete scenarios

We first consider the case when the flavour structure of the Lagrangian in eq. (2.8) is
compatible with the MFV hypothesis [18-22].% Then, in the electroweak basis

c'=cJY' (3.1)
where ¢ is a flavour blind complex number. It follows from eq. (2.16) that:
|%,] < 0.0017. (3.2)

The same result holds for models based on slightly different flavour symmetries than the
MFV, but with very similar construction, such as the data driven flavour model [41] and
models based on U(2)" flavour symmetry [42, 43]. As a confirmation of our results, one
can see a similar bound was obtained in ref. [44] with MFV in a type III two Higgs Doublet
Model scenario for large tan(f).

This bound is two orders of magnitude stronger than the bound on %, obtained from
the contribution to the electron EDM from the Barr-Zee diagram with the 7-loop and
it follows from the assumption about the MFV-like flavour structure of the Lagrangian in
eq. (2.8). In particular, the bound eq. (3.2) applies also when the Yukawa matrix is already
diagonal in the electroweak basis.

Our second example are Froggatt-Nielsen models [45] with horizontal U(1) symmetry.
The U(1) invariant Yukawa terms are given by non-renormalisable operators constructed
with fermion bilinears, the SM Higgs doublet and powers of the additional scalar ¢, singlet
under the SM gauge symmetries, suppressed by the cut-off scale Ar. The latter is different
from the scale A that suppresses the d = 6 operators in eq. (2.8): the two scales indeed
correspond to two different sectors of the theory and have, in general, nothing in common.

Taking for concreteness, but without any loss of generality, the U(1)-charges of the
fermion fields L; (eg;) as positive integers ny; (ng;) and the U(1)-charge for the scalar ¢
as ng = —1, for the Lagrangian eq. (2.8) we get:

¢ ) + (3.3)

o ==yt (5

, H'H ( b )(nLi+nRj)

! T
—abfern e (3,

+h.c.,

3The flavour symmetry usually associated to the MFV framework is a product of U(3) terms. In this
context, new physics with flavour violating effects are expected to be heavier than a few TeV [18-22, 24-40].



where y;; and c}; are free complex parameter with moduli of order O(1). The different
operators are suppressed by the powers of the ratio e = (¢)/Ap, that depend on the
fermion charges. Typically np1 > npe > nrs and ng1 > ngro > ngrs: this guarantees the
correct charged lepton mass hierarchy and small mixings.? The latter is not a very strong
requirement, but follows from the prejudice that the large mixings of the PMNS matrix
arise mainly from the neutrino sector. This condition on the charges guarantees a simple
parametrisation of the mixing angles. According to the definition in eq. (2.10):

Y = diag(ye EnLl“!‘an’ Yy 6"L2+77/R27 Yr 6”L3+"R3)

(j—i)yij |nLi—nL;]
Vij = 8 + (1 = 8;3) 2 2L elmea=nas 3.4
J J ( ]) |j—l| Yij ( )

(j —1) Yji |npi—ng;
U..:(s..+ 1—9:: g g €l Ri nRJ|’
Y Y ( Z]) lj — 1 Yij

where y;; and y; are complex and real parameters of O(1), respectively. It follows from
eq. (2.17) that in Cs3 there is only one dominant term,

\/imT ) e’i91

(3.5)

v

Cs3 =~ O(c33)e™3 78 ~ O (

whereas all the terms entering in the definition of C71 are of the same order of magnitude,

ﬂme ) ei92

(3.6)

v

Ch1 =~ O(cyy )Mt ~ O (

In the last equations, we have introduced effective phases, 1 and 65, for the sum of terms
in eq. (2.17).
As the final result, using egs. (2.16), (3.5) and (3.6), we get:

sin 91

|7+ < 0.0017 0(1). (3.7)

sin 92

The bound in eq. (3.7) depends on the phases 6;, which are not fixed by the U(1) symmetry.
Despite it, the ratio of the two sines has a well determined statistical distribution as it can
be seen in figure 2: the probability distribution depicted in blue refers to the case in which
the angles 0; and 65 are taken to be randomly linearly distributed in the interval [—m /2, /2]
and the ratio of the sines are picked at +1; in red we show the case in which the sines
of the angles are randomly linearly distributed in the interval [—1,1] and in this case all
the region between —1 and 1 is uniformly filled in. This naive estimation of the ratio of
the sines leads to the conclusion that, while an enhancement may occasionally occur, it is
statistically very unlikely.

A third concrete case we consider is the one of discrete flavour models [51-55], proposed
several years ago to obtain the so-called Tri-Bimaximal mixing texture [56, 57] as a good
description of the PMNS mixing matrix. Its main features are a maximal atmospheric

4For a discussion of various constraints on the charge assignment in the Froggatt-Nielsen models see, for
instance, refs. [46-50] and references therein.
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Figure 2. Probability distribution of the ratio sinf;/sinfly. In blue the 6; angles are taken
randomly linearly distributed in the interval [—m/2,7/2]; in red the sinf; are taken randomly
linearly distributed in the interval [—1, 1].

angle, a vanishing reactor angle and a solar angle close to the corresponding experimental
central value. In the vast majority of models, the charged lepton mass matrix at leading
order is diagonal, while the neutrino mass matrix gives rise to a PMNS with the Tri-
Bimaximal texture. Next-to-leading order (NLO) corrections are present and necessary in
order to explain a non-vanishing reactor angle and deviation from the maximal value for
the atmospheric angle in agreement with the data. As discussed in the reviews [52, 53, 58],
the charged lepton mass matrix at NLO in the LR basis looks like

M = mjc?ij + ygjmje (3.8)

where m; are the charged lepton masses at LO, §;; is the Dirac delta matrix, ygj are free
complex parameter with moduli of order O(1), and € is a parameter smaller than 1 that
indicates the relative suppression of the higher-order contributions. The C’ matrix has the
same flavour structure as M’.

The reactor angle at NLO is predicted to be proportional to ¢ and therefore it is
possible to fix the latter equal to € ~ O(sin 673") ~ 0(0.15). It follows that the dominant
term in Csg is still C%3 o< m,, while the dominant one in C; is still C7; « m.. We can
conclude that the bound in this class of flavour models on &, turns out to be again the one
shown in eq. (3.7), where O(1) stands for the unknown coefficients of the NLO corrections.

We can also comment on models where the flavour symmetry is a continuous non-
Abelian one. Without entering into details of a specific model, we can safely state that the
final result for the bound on &, interpolate between the expression for the MFV case in
eq. (3.2) and the one for the FN or discrete symmetry case in eq. (3.7).

4 Final remarks

We have shown that the strong experimental bound from the electron EDM on the imagi-
nary part of the hee coupling can be translated into a bound on the imaginary part of hrr
coupling whenever the MF'V ansatz or similar assumptions (such as diagonal corrections to



the Yukawa couplings) or flavour symmetries are acting in the flavour sector. This bound
is about two order of magnitude stronger than the one obtained from the 7-loop contri-
bution to the Barr-Zee diagram. While we obtained this conclusion assuming single new
physics contribution to the electron EDM at a time, it can be safely generalised. Indeed,
the generic expression for d./e from eq. (2.3) reads

de «

_ em ~eff
o =y V2Gpme x i (4.1)
where
7 = [2.68F, + 3.837; + 0.0187;, + 0.015,] (4.2)

Given the experimental bound |Reff| < 0.0045, we see that the saturation of the bound on
Rr from eq. (1.2) would require 1:1000 cancellation between &. and &y, if eq. (2.14) and
eq. (2.15) are to be preserved.

Our results have an impact on the possibility of explaining the correct amount of
BAU: indeed we have shown that under the assumption of typical flavour scenarios for the
Wilson coefficients of higher dimension contribution to the lepton Yukawa couplings, the
electron EDM bound excludes the values of the parameter &, necessary for explaining the
current asymimetry.
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