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ABSTRACT: We address the impact of sterile fermions on charged lepton electric dipole
moments. Any experimental signal of these observables calls for scenarios of physics beyond
the Standard Model providing new sources of CP violation. In this work, we consider
a minimal extension of the Standard Model via the addition of sterile fermions which
mix with active neutrinos and we derive the corresponding analytical expressions for the
electric dipole moments of charged leptons at two-loop order. Our study reveals that,
in order to have a non-vanishing contribution in this framework, the minimal extension
necessitates the addition of at least 2 sterile fermion states to the Standard Model field
content. Our conclusion is that sterile neutrinos can give significant contributions to the
charged lepton electric dipole moments, some of them lying within present and future
experimental sensitivity if the masses of the non-degenerate sterile states are both above
the electroweak scale. The Majorana nature of neutrinos is also important in order to allow
for significative contributions to the charged lepton electric dipole moments. In our analysis
we impose all available experimental and observational constraints on sterile neutrinos and
we further discuss the prospect of probing this scenario at low and high energy experiments.
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1 Introduction

After the discovery of the Higgs boson at the LHC [1, 2], the quest of new physics beyond

the Standard Model (SM) is being pursued in many fronts. Indeed, other than neutrino

oscillation phenomena, there are several observational problems and theoretical caveats

suggesting that new physics is indeed required: the former are related to the baryon asym-

metry of the Universe and the need for a dark matter candidate, while among the latter

one can mention the hierarchy problem, the flavour puzzle, or fine-tuning in relation to

electroweak (EW) symmetry breaking. Disentangling the new physics models and in par-

ticular, probing the underlying neutrino mass generation mechanism, requires investigating



all available observables, arising from all avenues — high-intensity, high-energy and cos-
mology — as well as thoroughly exploring the interplay between them.

There are numerous well-motivated and appealing models of new physics that aim at
addressing these issues, and which are currently being actively investigated and searched
for. Focusing on the neutrino oscillation phenomena, in order to account for neutrino
masses and mixings, many extensions of the SM call upon the introduction of right-handed
neutrinos — which are sterile states — giving rise to a Dirac mass term for the neutral
leptons. One of the most economical possibility is the embedding of the (standard or type I)
seesaw mechanism [3-9] into the SM. These scenarios cannot be probed directly: in order
to have natural Yukawa couplings for the neutral leptons, the mass of the right-handed
neutrinos must be in general very high, close to the gauge coupling unification scale, thus
implying that direct experimental tests of the seesaw hypothesis are virtually impossible.
In contrast, low-scale seesaw models [10-16], in which right-handed or sterile fermion states
with masses around the electroweak scale or even much lower are added to the SM, prove
to be very attractive since the new states can be produced in colliders and/or in low-energy
experiments, and their contributions to physical processes can be sizable, provided that a
non-negligible mixing to the (mostly) active neutrinos is present. This is the case for the
vMSM [10], the Inverse Seesaw [11], the Linear Seesaw [17, 18] and the low-scale type-I
seesaw [14, 15].

Some of the latter models may also explain the relic density of dark matter taking the
lightest keV scale sterile neutrino as a candidate [10, 19] and the baryon asymmetry of the
Universe obtained via leptogenesis through neutrino oscillations and CP violating phases
in the lepton sector [20-23]. In addition, low scale (GeV-scale) leptogenesis with 3 sterile
neutrinos has also been discussed [24].

Present in several neutrino mass models, the sterile fermion masses can range from
well below the electroweak scale (GeV) up to the Planck scale. Their existence is strongly
motivated by current reactor [25-27|, accelerator [28-31] and Gallium anomalies [32, 33]
suggesting that there might be some extra fermionic gauge singlets with mass(es) in the eV
range. Other than the reactor and accelerator anomalies, their existence is also motivated
by indications from large scale structure formation [34, 35]. Moreover and depending
on their masses, sterile fermion states present in these extensions can also give rise to
interesting collider signatures [36-48]. Nevertheless, due to the mixings of the sterile states
with the active left-handed neutrinos, models with sterile fermions are severely constrained
from electroweak precision observables, laboratory data and cosmology.

These extensions of the SM with sterile fermions aiming at incorporating massive
neutrinos and the leptonic mixing may also open the door to many new phenomena, such as
flavour violation in the charged lepton sector and contributions to lepton flavour-conserving
observables such as charged lepton electric and magnetic dipole moments.

In this work, we study the effect of sterile fermions which mix with active neutrinos
on the electric dipole moments (EDMs) of charged leptons. An EDM, which corresponds
to the coupling of the spin of a particle to an external electric field, is a flavour conserving
observable which may provide a clear signal of the existence of extra CP violating phases.



Exploring the origin of CP violation is important in extending the SM. The CP
violating observables which have been identified in Kaon and B meson systems are con-
sistent with the SM explanations and their measured values can be accommodated with
the unique source of CP violation of the SM.' The amount of CP violation in the SM can
be parametrised by the Jarlskog invariant Jop. However, in order to explain the observed
baryon asymmetry of the Universe, additional CP-violating sources are required. Exten-
sions of the SM accommodating neutrino masses and mixings might provide additional
sources of CP violation. In fact, by itself, the parametrisation of the leptonic mixing ma-
trix in terms of 3 mixing angles and one Dirac CP violating phase (plus two additional
ones in the case where the neutrinos are of Majorana nature) already opens the possibility
of CP violation in the leptonic sector.

For this study, we consider a minimal extension of the SM via the addition of N of
sterile fermions which mix with the active neutrinos, and we address their impact on the
charged lepton EDMs. In our chosen framework, we do not impose any seesaw realiza-
tion, meaning no hypothesis is made on the underlying mechanism of neutrino masses and
mixings generation, only assuming that the physical and the interaction neutrino basis are
related via a (3 + N) X (3 + N) unitary mixing matrix, which reduces to the Pontcorvo-
Maki-Nakagawa-Sakata (PMNS) matrix, Upymns, in the case of three neutrino generations
(no additional sterile neutrinos are present). Since we consider that neutrino mass eigen-
values and the lepton mixing matrix are independent, this simple model can be seen as
an “effective” model allowing to investigate the potential imprints (on EDMs) due to the
presence of a number IV of sterile neutrinos present in several new physics scenario includ-
ing Type-I seesaw, inverse seesaw and linear seesaw models. The computation of EDMs in
the presence of right-handed neutrinos has been extensively discussed in refs. [49-51], and
that in the context of supersymmetric seesaw has been discussed in refs. [52-54].

In the presence of massive sterile neutrinos, charged lepton EDMs are induced at two-
loop level. We have computed the corresponding diagrams — providing the corresponding
analytical expressions for the EDMs of charged leptons at two-loop order — and we have
shown that in order to have a significant contribution, the minimal extension of the SM
indeed requires the addition of at least 2 sterile fermion states. We have also shown
that the Majorana nature of neutrinos is also important in order to allow for significative
contribution to the charged lepton EDMs. We complete our analysis by also discussing
the several experimental and theoretical constraints on our scenario including those from
charged lepton flavour violating (cLFV) processes, direct collider searches, electroweak
precision data and the perturbative unitarity constraint. We confront our findings to
the current experimental status and we conclude that, depending on their masses and
on the active-sterile mixing angles, sterile neutrinos can give significant contributions to
the charged lepton EDMs, some of these observables even lying within present and future
experimental sensitivity.

'There is an additional CP violating term £ = fqcp 22GS, G, where G = 1e"?7GY, is the dual

tensor of the field strength tensor of gluon G, and a; is the strong coupling constant. This coupling
(fqcp) should be Oqep S 107'° due to the constraint of the neutron EDM.



2 The model

In order to accommodate neutrino masses and mixings, the SM can be extended with new
sterile fermions such as right-handed (Majorana) neutrinos. In this work, we consider the
SM extended by N sterile fermion states which mix with the three active neutrinos. We
consider that the neutrino mass eigenvalues and the lepton mixing matrix are independent,
meaning that no assumption is made on the neutrino mass generation mechanism.? As we
will see later, we focus on the 3+ 1 (N = 1) and 3+ 2 (N = 2) models. For N > 2, we
expect that the results do not change with respect to the N = 2 case.

2.1 Lagrangian

After electroweak symmetry breaking, the relevant terms in the Lagrangian can be written
in the Feynman-’t Hooft gauge as
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where gy is the SU(2);, gauge coupling, U, is the 3 x (3 + N) lepton mixing matrix, m;
is the mass eigenvalue of the neutrinos and m, is the charged lepton mass. The indices «
and¢,j run a =e,u, 7 and 4,5 = 1,--- ;3+ N. The mixing matrix U,; obeys the following
relations due to unitarity conditions:

34N
> UaiUfi =0bas, Y UkilUlaj # 6, (2.2)
i=1 a=e,u,T

Further details can be found in, for example, refs. [55, 56]. Although the above Lagrangian
in eq. (2.1) has been derived by assuming Type-I seesaw mechanism in ref. [56], it is also
valid for Inverse seesaw and Linear seesaw mechanisms as well. The difference among these
mechanisms is reflected in the mixing matrix U,; obtained after the diagonalisation of the
corresponding neutrino mass matrix. However eq. (2.1) is not valid for a (pure) Type-II
seesaw mechanism due to the presence of SU(2), scalar triplet(s) instead of sterile fermions.

2.2 Mixing matrix

In the 3 + N model, the mixing matrix U includes (3 + N)(2 + N)/2 rotation angles,
(24 N)(1+ N)/2 Dirac phases and 2 + N Majorana phases. As an example, the mixing
matrix U for the N = 2 can be parametrised as

U = RysR35Ros R15 R34 Roy R14Ro3 R13R19 diag (1, eiw, ei%, ei9047 ei%) , (2.3)

2Should we have considered a given neutrino mass generation mechanism, the physical neutrino masses
and the lepton mixing matrix U would be derived from the diagonalisation of the full (3 + N) x (3+ N)
neutrino mass matrix and thus be related — provided one respects neutrino data in what concerns the
active (light) neutrinos.



where R;; is the rotation matrix between ¢ and j. For instance, the rotation matrix [R5 is
explicitly given by

100 0 0
010 0 0
Ris=]001 0 0 , (2.4)

000 cosbys sin 561945

000 —sinfyse5  cosbys
and likewise for the other matrices R;; (in terms of 6;; and d;;).

Since the number of Dirac phases is 6 for the case where IV = 2, four Dirac phases J;;
can be eliminated. In this paper, we set §12 = dog = do4 = d45 = 0. The mixing matrix for
N =1 can be obtained by taking the 4 x4 sub-matrix after substituting R;5 = 1in eq. (2.3).

According to a global analysis of solar, atmospheric, reactor and accelerator neutrino
data, the best fit values of the mixing angles and neutrino mass differences for normal
hierarchy are given by [57],

sin® 612 = 0.304, sin®6y3 = 0.452, sin® 613 = 0.0218,
Am3, =750 x 107%eV, Ami; = 2457 x 1073V,
and for inverted hierarchy are given by
sin? 019 = 0.304, sin? 63 = 0.579, sin? 63 = 0.0219,
Am3; =750 x 1079eV, Aml = —2.449 x 1073 eV.
We use these values for our numerical analyses. Note that the following EDM computation
does not substantially depend on neutrino mass hierarchies since, as we will see, the heavy

sterile neutrinos give the dominant contributions to the EDMs.
In our work we have varied all the phases® including d13 in the range [0, 27].

3 Electric dipole moments

A non-zero value of the EDM for elementary particles implies violations of parity (P) and
time reversal (T) symmetries. This is translated to CP violation due to requirement of
CPT invariance. In the SM, the electron EDM is induced at four-loop level through the
Jarlskog invariant Jcop, and the predicted value is approximately given by [58, 59]
3
Ay XsMle —38

———————Jop ~ 3 x 10 , 3.1
256(4m)4m2, " o (3:1)
where the Jarlskog invariant is defined with the CKM matrix V' by

|del/e ~

Jop = |Tm (Vs VAV, VE) | = sin 07, sin 04 sin 67 cos 0, cos 03, cos? 67 sin &, (3.2)

with the rotation angles 67,, 03, 815 and the Dirac CP phase §, in the quark sector. The
value of the Jarlskog invariant obtained from the global fit of the CKM matrix elements
is Jop = 3 x 1075 [60]. The electron EDM value in eq. (3.1) is too small compared to the
current experimental limit |d.|/e < 8.7 x 1072 cm set by ACME Collaboration [61].

3The fitting of the CP violating Dirac phase d13 also has been done in ref. [57], and the Dirac phase is
in the range of 236° < d13 < 345° at 1o level, but all values are allowed at 3o level.



3.1 Current experimental bounds

The present experimental upper bounds for the charged lepton EDMs are given by

|de| /e < 8.7x107% [em] (ACME), (3.3)
ldu| Je <1.9x 107" [em] (Muon g — 2), (3.4)
IRe (d;)| /e < 4.5 x 10717 [em] (Belle), (3.5)
[Im (d,)| /e < 2.5 x 10717 [em] (Belle) (3.6)

The bounds for the electron, the muon and the tau EDMs have been measured by the
ACME Collaboration [61], the Muon (g — 2) Collaboration [62] and the Belle Collabora-
tion [60, 63] respectively. The bound for the electron EDM is especially strong. EDMs
are normally understood as real numbers since one works under the assumption of CPT
invariance. However, the Belle Collaboration is attempting to measure an effect of CPT
violation as well, which implies violation of Lorentz invariance [64] and thus, they also give
an upper bound on Im (d;) as a CPT violating parameter.

The next generation ACME experiment is expected to be able to reach a sensitivity
for the electron EDM ~ |d|/e < O(1073%) cm with more molecules and smaller system-
atics [65]. The future sensitivity for the muon EDM is |d,|/e ~ 1072 cm by J-PARC
g — 2/EDM Collaboration [66].

3.2 Calculation of charged lepton EDMs

In the 3 4+ N model, EDMs for the charged leptons are not induced at one-loop level since
the relevant amplitude is always proportional to |U,;|? which is a purely real number.
Imaginary parts of the amplitude are essential for EDMs. Thus, the leading contributions
to charged lepton EDMs are given at two-loop level and the relevant diagrams are depicted
in figure 1. In this work, we compute all the latter contributions in the Feynman-’t Hooft
gauge meaning that each of the diagrams of figure 1 stands for all possible combinations

arising when one (or more) gauge boson is replaced by its corresponding Goldstone boson.

3.2.1 Diagrams

Some comments are in order before proceeding to the computation of the EDMs:

e The diagrams (al), (a2), (a3), (b1) and (b2) exist only if the neutrinos are Majorana
fermions, and give a non-zero EDM. On the other hand diagrams (c1) and (c2) are
non-zero for both cases of Majorana and Dirac neutrinos. If, in analogy to what
occurs in the quark sector, the model includes a single Dirac CP-violating phase in
the lepton sector, the contribution of the diagrams (cl) and (c2) would be zero as
discussed in detail in ref. [67].

e In our computation, the diagrams (d1), (d2), (d3), (d4), (el) (e2), (e3) and (e4),
mediated by the Z and the Higgs bosons (last two lines in figure 1) will give similar
(same order) contributions compared to the ones of the diagrams (al), (a2), (a3),
(b1), (b2), (c1) and (c2) — the only difference being a charged lepton propagator for



Figure 1. Diagrams contributing to charged lepton EDMs at two-loop level. The cross in the v;,
v; propagators means lepton number violation due to Majorana neutrino nature.

the latter diagrams and the extra Higgs or Z boson propagators for the former ones.
Should one include them in the computation, their effect would translate into a small
factor difference at most and will not change qualitatively the results. In addition, for
diagrams (e) (the last line of diagrams of figure 1), with the Higgs propagating in the
loops, the Goldstone modes give rise to contributions of the order of the ones from
diagrams (a), (b) and (c), as well as an additional contribution due to the Higgs self-
coupling h|H |2, The same argument holds for the diagrams with a Z propagating
in the loops of diagrams in the fourth line of figure 1, corresponding to diagrams (d),
since the Weinberg angle is introduced in the corresponding contribution which also
avoids systematic cancellation.

On the other hand, the diagrams in figure 2 do not contribute to charged lepton
EDMs. This can be understood as follows. The diagrams (1), (f2) and (f3) in figure 2
include the self-energy correction of charged leptons at one-loop level. The self-energy



W+ Ly

Figure 2. Diagrams not contributing to charged lepton EDMs at two-loop level.

is decomposed into two parts, a dispersive and an absorptive one. The resultant
dispersive part corresponds to a renormalisation of the wave functions and of the
charged lepton masses, whereas the absorptive part gives a contribution to physical
quantities and exists only if the intermediate particles in the loop are on-shell.* Since
the charged leptons cannot decay into a gauge boson and the neutrino, in our case
we do not have absorptive parts of the self-energy. Thus after renormalisation, the
self-energy contribution becomes diagonal in terms of a and (3, and the diagrams
do not give a contribution to the EDMs since an off-diagonal component (a # f3) is
needed in order to have a contribution.

e For the diagrams (gl) and (g2) in figure 2, the relevant amplitudes for EDMs are
in general factorised into CP phase factors and dimensionless loop functions after
some calculations. As we will see later, the CP phase factors and loop functions
should be both anti-symmetric under the exchange ¢ <+ j in order to give a non-zero
contribution to the EDM (i, j referring to the neutrino mass eigenstates). However,
since the resulting loop functions for the diagrams (gl) and (g2) are fully symmetric
under the exchange i <> j, their contributions to EDMs are thus zero.

e The diagrams (hl), (h2) and (h3) in figure 2 do not contribute to EDMs since, as
%,

one can notice, their amplitudes are always proportional to |Uai|2|Uﬁj which are

real quantities.

As a consequence of the above discussion, we are left with 44 two-loop diagrams for (al),
(a2), (a3), (bl), (b2), (c1) and (c2), taking into account longitudinal modes of the Gold-
stone boson. (Should we take into account the Z and Higgs bosons contributions, which
correspond to the diagrams (d1), (d2), (d3), (d4), (el) (e2), (e3) and (e4) of figure 1, this

4Leptogenesis is one of the examples for such a case (68, 69].



would correspond to 96 two-loop diagrams. However, as mentioned above, we do not con-
sider the latter diagrams (d) and (e).) While some additional diagrams given by four-point
vertices h-HT-W¥-y, Z-H*-HF-~, AC-H*-WT-~ Z-W+-WT-~ also exist, we have checked
that these contributions are negligible compared to the relevant diagrams we considered.

3.2.2 Some relevant steps in the calculation of the EDMs

We perform the computation of the charged lepton EDMs as follows. After having written
the loop integrals with the help of the Feynman parameters, the simplification of the ampli-
tude is done with FeynCalc [70]. Finally, one can extract the relevant terms to the EDMs,

iM = dae,(q)u(p2)ic™ g yv5u(p1), (3.7)

where d,, is the EDM of a charged lepton £, p; and ps are the initial and final momentum
of the charged lepton, respectively, and finally, ¢ (¢ = p2 — p1) is the photon momentum.
In the 3 + N model, the EDM of a charged lepton ¢, can be expressed by

92 € My Z Z
do = _4(47r)4m ij { zgaBIM (i, 75, Tay ) + Jz]aBID (@i, 25, Tar T8) |, (3.8)
where
M * _ * *
Jiots =1Im (UajUsiUsUL)  and  JD 5 =Tm (UaUs,UsUS) (3.9)

are the phase factors obtained from the relevant Majorana and Dirac type diagrams. The
dimensionless loop functions Ij; and Ip are expressed in terms of the variables z4 =
m% / m%v (A =1,7,a,B); the loop functions of the dominant part are given in the appendix.
The first term in eq. (3.8) comes from the diagrams (al), (a2), (a3), (bl) and (b2), while
the second term arises from the (c1) and (¢2) diagrams. Notice that the loop function
Iy is always proportional to m;m;/ m%v because of the nature of the Majorana neutrinos.
One can also see from the definition in eq. (3.9) that the phase factors Jz% 5 and JE ijap A€
anti-symmetric under the exchange of i <+ j. As a result, only the anti-symmetric part of
the loop functions Ij; and Ip is relevant.

Since the loop function Iy is always proportional to m;m; /m%,[,7 it is convenient to
extract this ratio as an overall factor. Moreover since the charged lepton mass is much
lighter than the W gauge boson mass, we can take x,,x3 ~ 0 as a good approximation if
mi, mj > ma, mg (i,j > 3 since, as one can see below, when the masses m; and m; are
lighter than the charged lepton masses, the contributions to EDMs due to such light sterile
states are extremely small). For all these reasons, eq. (3.8) can be simplified to

g3 em
do = _W ZZ \ /aclm][ ap T (@i, 25, Ta, T8) + Jl]aﬁ I (24,25, Ta, )

i,j
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where the relations among the loop functions are simply given by

Intp = /7T I]’\/[’D, and I]’\LD(xi,xj) = IE\/I,D(xi,xj,O,O). (3.11)



3.3 341 model

As a first step, we consider the minimal extension of the SM with one sterile fermion
state, the 3 + 1 model, which can be seen as the simplest effective model mimicking ex-
tensions of the SM accounting for neutrino data. Since the active neutrino masses and the
charged lepton masses are much smaller than the W boson mass, the loop functions are
expanded to first order in terms of zg—. , - and ;-1 2 3. Taking into account the fact that
>_i UaimiUj; = 0 holds, one has in the 3+1 model

Z \/> daf — =0, (312)

and the EDM formula of eq. (3.10) reduces to

. o1y,
do e — 2200 ZZ\/C'T[ iiag @igot (0,24) + Jiag Ip (Oza) . (3.13)

4
(471'mW/le

The first term in eq. (3.13) is highly suppressed by the factor z; = m?/m¥, ~ 10724 for
m; ~ 0.1eV (notice that the sum over i runs over the three light — mostly active —
neutrino masses) and thus the EDM is dominated by the second term. Nevertheless, we
have numerically checked that this latter term gives a negligible contribution to the EDMs.
For instance, assuming O(1) loop functions and the mass of the sterile fermion state, e.g.,
m4 ~ my, the predicted EDM for the tau charged lepton is |d.|/e < 1073%cm. The
EDMs for the electron and the muon are even smaller since the EDM is proportional to
the charged lepton mass (see eq. (3.13)). Therefore, one can conclude that in the simple
extension with one sterile neutrino, the predicted EDMs for the charged leptons are far
below any future sensitivity. We thus consider the next to minimal extension of the SM by
two sterile fermion states with masses my4 and ms.

3.4 342 model

The 3 4+ 2 model is considered here as the next simplest effective model, where the masses
of the two additional sterile states are greater that the ones of the active neutrinos. Taking
this into account, and the fact that the phase factors and the loop functions are both
anti-symmetric under the exchange i <> j (see the discussion in section 3.2.2), the EDM
formula in eq. (3.10) can be reduced as follows

4
92 € Mg

dy ~ —————
“T 2(4m)imd,

VTaT5 [Jy I]/\/[ ($4,$5) + Jg IID (l‘4,$5) R (3.14)

where Jéw D is defined by
M,D _
g2 E J 5a5 (3.15)

From this formula of eq. (3.14), one can see that the predicted contribution to the EDM
has the potential to be large in this model if the scale of the two sterile neutrino masses is
larger than the electroweak one (z45 2 1). The expressions for the reduced loop functions

~10 -



I, and I}, (cf. eq. (3.11)) are obtained for the 3+2 model; the expressions of the dominant
parts are provided in the appendix.

If one considers further additional sterile fermion states, all the above discussion re-
mains valid and we expect larger values for the charged lepton EDMs when the extra sterile
states are heavier than the W gauge boson mass.

In the numerical analysis we will consider this minimal scenario with only two sterile
neutrinos (taking their masses, their active-sterile mixing angles and all the CP-violating
phases as free parameters).

4 Constraints

The modifications of the vertices in eq. (2.1) due to the presence of the rectangular 3 x (3+2)
leptonic mixing matrix imply deviations from unitarity of the (3 x 3) PMNS mixing matrix;
moreover having massive sterile neutrinos as final decay products can possibly induce fur-
ther deviations from the SM theoretical expectations. Consequently, scenarios with sterile
fermions are severely constrained by numerous observables and bounds, among them EW
precision measurements, charged lepton flavour violating observables and collider data.

In the following we address the most stringent constraints on the 342 model. We focus
on sterile neutrinos with masses above the GeV since the charged lepton EDMs roughly
increase with the sterile neutrino mass as we have discussed in the previous section.

4.1 Lepton flavour violating processes

Charged lepton flavour violating processes such as u — ey and u — eee give strong
constraints on the parameter space. The radiative process p — e7v is induced at the
one-loop level, and its branching ratio is computed as [71]

2

\/iG%:TTZ5 pazil N m2
Br(p —ey) = Tﬂ Z UaiUpgi Gy <m12;/> ) (4.1)
=4
where G is the Fermi constant, I', is the muon total decay width given by [55]
GZm’, m? Qem (25
I, = Elr-s8—=<)|1+=(=-7° 4.2
" 1927r3< mg)[+2w ") (42)
and the loop function G, () is given by [55]
— 627 + 32° + 22 — 6271
Gv(az):m xr° + 3x° + 2x T oga:' (4.3)

4(1 — x)*

The current experimental bound for this process is Br(u — ey) < 5.7 x 10713 [72], and the
expected future sensitivity by the upgraded MEG experiment is Br(u — ey) ~6x 10714 [73].

- 11 -



Another cLFV process, u — eeée, is also induced at the one-loop level and its branching
ratio is given by [55]

B N G%m%ﬁ/mz 2 1Fueee Fue 924i 2 0 Fue Fre ? 4.4
r(u%eee)—m §BOX+ 7z Sin W(Z— 'Y) ()
1
+4sin® Gy | F4¢ — FE|? + 16 sin® Gy Re { (Fg - 2Fg§§e> Gge*}
m2 11
—48sin? Gy Re { (F4° — FI'°) GEe*) + 32sin’ oy |G| {log ST
€

where the relevant loop functions F5oo°, F4®, Fi'° and G4° are given in ref. [56]. The exper-
imental bound for this process is Br(u — eee) < 1.0 x 10712 [74]. According to the research
proposal of the Mu3e experiment, the sensitivity will reach Br(u — eee) ~ 10716 [41].
While the other constraints, which will be discussed below, are mainly related to the
mixings |Uy;i|?, the cLFV processes constrain combinations like |Uy;U, 5| In our analysis,

we have computed the above mentioned observables in the 34+2 model.

4.2 Direct collider production

When the sterile neutrino mass is m; < O(100) GeV, a strong constraint is given by the
LEP experiment. The relevant process is ete™ — viv; — vietWT where i < 3 and j > 4
and it violates lepton number conservation due to Majorana neutrinos. Hence, certain
regimes of the mixing angles |Uy;| are already excluded by LEP data [42].

The other bound is given by LHC data for m; 2 O(100 GeV) searching for a same sign
di-lepton channel pp — W** — (*1; — (*¢*jj where i > 4 and j denotes a jet. With an
integrated luminosity of 20fb~! at /s = 8 TeV, LHC data allows to constrain [36, 37] the
mixing angle |Uy;| for sterile neutrino masses up to 500 GeV.

As future prospects, the /s = 14 TeV LHC [36, 38] and Future Lepton Colliders (like
ILC) [46, 47] are expected to give a stronger bound on the mixing angles. The collider
bounds discussed here including the other constraints have been investigated in detail in
refs. [42-44].

4.3 Electroweak precision data

The active-sterile mixings affect electroweak precision observables such as the W boson
decay width, the Z invisible decay, meson decays and the non-unitarity of the 3 x 3 sub-
matrix (UPMNS) of Uz‘j.

The constraints on the W decay and Z invisible decay are mostly relevant for m; <
myw, mz, respectively. The constraints given by DELPHI [75] and L3 [76] Collaborations
< 90GeV. A future high

~

are the strongest for the sterile neutrino mass range 3 GeV < m;
luminosity Z factory, such as FCC-ee, will give significant improvements for the constraints
in this mass range [77, 78].

The existence of sterile neutrinos may also violate lepton flavour universality of meson
decays such as 7t — (X v, and KT — ¢1v, [79-81]. In particular, when the sterile neutrino

- 12 —



mass is below the threshold m; < m +, mg+, the meson decay gives a strong constraint
on the mixing matrix Uy,; where m + = 139.6 MeV and myg+ = 493.7 MeV.

The non-unitarity of the Upyns sub-matrix is constrained by some experiments such
as the above electroweak precision data and cLFV processes. The constraints for each
component of the sub-matrix have been discussed in refs. [82, 83].

4.4 Perturbative unitarity bound

Any coupling of the sterile fermions to the SM particles must be perturbative; in particular,
all the couplings in eq. (2.1) should be perturbative. If the additional two sterile fermion
states are heavy enough to decay into a W boson and a charged lepton, or into an active
neutrino and either a Z or a Higgs boson, their decay widths should comply with the
perturbative unitarity condition [78, 84-89]. In this case, since the dominant decay mode
of the sterile neutrinos v4 5 would be v; — (ZW=, the decay width of v; (i = 4,5) has to
comply with the perturbative unitary bound:®

r,
my;

m
where T, ~ 93 2 Z\Umy 5), (4.5)

<
16mmy;,

N

which translates into an upper bound on the sterile neutrino masses as follows,

-1/2
m; < 873 GeV <Z ]UaiF) : (4.6)

4.5 Other constraints

Cosmological observations, see for instance ref. [34], put severe constraints on sterile neu-
trinos with a mass below the GeV scale. Since, and as already discussed, the contributions
of the sterile fermion states to charged lepton EDMs are negligible for masses below the
EW scale, we do not apply constraints from Big Bang Nucleosysthesis or Cosmic Mi-
crowave Background, which would be relevant in the very low mass regime. For heavier
mass regimes, the perturbative unitarity condition of eq. (4.6) turns out to be also very
constraining.

The additional sterile fermions might contribute to neutrinoless double beta decay, and
the corresponding effective mass me, is corrected according to [90, 91]

Mo = ZU2 2 S (4.7)

m;

where p? ~ —(125MeV)? is the virtual momentum of the neutrino. Several experiments
(among them GERDA [92], EXO-200 [93, 94], KamLAND-ZEN [95]) have put constraints
on the effective mass, which translate into bounds on combinations of Uezl-mi, 1 = 4,5.
In our numerical analysis, we have checked that our solutions always comply with the
conservative experimental bound |me.| < 0.01eV (since the cancellation between each i-th
contribution can occur due to the existence of the CP-violating phases).

5 Another common criterion of perturbativity is that the couplings should be less than v/47. This criterion
also gives a bound similar to eq. (4.6).
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5 Numerical results

We now proceed with the numerical evaluation of the EDMs of charged leptons in the 342
model. As described in section 2, this simple model allows to illustrate the potential effects
of the addition of the number N > 2 of sterile fermion states. For completeness, we also
address the muon magnetic dipole moment, the first non-vanishing contribution arising at
the one-loop level.

In the numerical analysis we have conducted, we consider the minimal scenario with
only two sterile neutrinos, taking their masses, their active-sterile mixing angles and all
the CP-violating phases as free parameters.

5.1 Electric dipole moments of charged leptons

In order to investigate the parameter space of the 3+2 model for the charged lepton EDMs,
we vary the parameters in the following ranges:

1GeV <m; <10°GeV, sinf; <0.1, for j = 1,2,3 and i = 4,5, sinfys <1, (5.1)

and all the Dirac and Majorana CP-violating phases are taken in the range of [0, 27]. The
mixing between the two sterile states, 645, is not constrained.

The reduced loop functions I}, and I},, defined in eq. (3.14), and whose analytical
expressions of the dominant parts are given in the appendix, have been numerically evalu-
ated. To illustrate their relative contributions (their coefficients, namely the phase factors
Jéw ’D, saturating at 1), we display on figure 3 the loop integrals I}, and I}, as a function
of my for several fixed values of ms. One can see that the loop function I}, is O(1) in
most of the considered mass range, while the loop function I}, increases logarithmically
with z4. Due to this, the Majorana contribution JM1I}, in eq. (3.14) gives the dominant
contribution to the EDMs in most of the considered mass range, independently of the
active-sterile mixings.

On figure 4 we display the allowed parameter space for the phase factors |JM| and
|JP| defined in eqs. (3.9), (3.15), after having applied all the constraints discussed in
section 4. As one can see, in each of the 3 panels corresponding to the three charged
leptons, the upper right region is excluded by the perturbative unitarity constraint. The
region corresponding to m; < 70 GeV is strongly constrained by LEP. Constraints from
electroweak precision data are also important and almost independent of the sterile neutrino
mass when m; > 1GeV. Finally, the region which would lead to |JM|, |JP| > 1076 is
constrained by the bounds on cLFV processes. As one can see from this figure, there is
no substantial difference between |J2| and |JP|. Moreover, the allowed region for all the
charged leptons is almost the same. Therefore, using eq. (3.14), an approximate relation
among the charged lepton EDMs is found as

ldel _Vdul _ lds|

Me my mr

(5.2)

For the theoretically and experimentally viable regions of the parameter space, the
charged lepton EDMs are shown in figure 5 as a function of 04,7 = 1,2,3 (left panels)
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Figure 3. Loop functions I}, and I}, as a function of my for several fixed values of ms.
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Figure 4. Phase factors |JM| and |JP| as a function of m;, where JMP = Z g &DB for the three
B

charged leptons.

and of my (right panels), respectively. The green points comply with all the imposed
constraints while the red points are excluded by the bounds on cLFV processes. The
current experimental bounds and future sensitivities are also shown as blue and black
lines. Analogous results would be obtained when displaying these observables as a function
of 0;5 and mj, as the two sterile states play similar roles in the several diagrams. As one
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Figure 5. Charged lepton EDMs in the 3 + 2 effective model as a function of 6,4, i = 1,2, 3 (left)
and my (right). The current upper bounds and future prospects are also shown as blue and black

lines respectively.

can see from figure 5, the maximum values for the EDMs are obtained in the ranges of
sinf;, > 1072 (i = 1,2,3) and 100GeV < my < 100TeV. The range sinfy > 0.1 is
excluded by the constraints discussed in the previous section, in particular by electroweak
precision data. The electron EDM is always below the current experimental upper bound
|de|/e < 8.7 x 1072 cm (so no additional bound on the parameter space arises from this
CP-violating observable), but the corresponding contributions can be within the optimistic
future sensitivity, |d.|/e = 10730 cm. On the other hand for the muon and tau, the predicted

EDMs are much smaller than any future sensitivity.
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One can also try to investigate which combinations of the 10 physical CP-violating
phases are relevant for the EDMs; however, this task is very involved and we have not
identified significant correlations between a given phase (or combination of phases) in our
parametrisation and the contributions to the EDMs.

To conclude the discussion of the charged lepton EDMs, we present in figure 6 the
predictions for the electron EDM in the (|Ua;i|?, m;) (o = e, u, 7, i = 4,5) parameter space
of the 3+ 2 model. Coloured surfaces reflect the violation of at least one phenomenological
or cosmological bound as presented in section 4 (see also the discussion of [42, 44, 48]).
The different lines correspond to the reach of future facilities: the projected exclusion
limit from the LHC (14 TeV run data [42]), the expected sensitivity of FCC-ee regarding
the production of heavy sterile neutrinos [77], DUNE [39] and SHiP (a fixed-target ex-
periment using high-intensity proton beams at the CERN SPS [40, 45]). The displayed
green points correspond to having the electron EDM larger than the future sensitivity,
i.e. |de|/e > 1070,

As one can see on the first panel of figure 6, in view of the associated large regime for the
active-sterile mixing |Ue;|?, some points can be tested by future collider experiments such
as the LHC with /s = 14TeV and the future ILC. Despite their impressive sensitivities,
future experiments such as LBNE, SHiP and FCC-ee will not be able to probe the regions
in parameter space responsible for sizable EDM contributions, since these facilities aim at
sterile mass regimes below the EW scale (recall that in order to have the electron EDM
within experimental sensitivity, the sterile masses should be 100 GeV < m; < 100 TeV).

~

5.2 Muon anomalous magnetic moment

As already mentioned, sterile fermion states can have an impact on CP- and flavour-
conserving observables. Here, and for completeness, we briefly address the impact of the 2
extra sterile states on the muon anomalous magnetic moment. The current experimental
value of the muon anomalous magnetic moment has been measured by Muon g — 2 Collab-
oration [96], and the discrepancy of the muon anomalous magnetic moment between the
experimental value and the SM prediction is given by [60]

Aay = aS® — )M =288 x 1077 (5.3)

In our scenario, the muon anomalous magnetic moment induced by the W boson and
neutrino loop can be computed at one-loop level as [91]

4 = fG mi%w r(m). (5.4)

where the loop function F(z) is defined by

10 — 43z + 78z — 4923 4 42* + 1823 log x

Flo) = 3(1— )

(5.5)

17 -



10° : 10° . : ! : :
102 | EWPD |
104 1 73 Y ]

2 o TR

o —6 e PR T,
E‘: 10 g Q:\ [ 4 ;- §! P B

10°° |delfe > 107 em ] ] 1
LHC 14 TeV - |de|/fe >10"* em =
e T
SHiP -
10-12 . F‘CCfee .
w0 10t 10°
m; [GeV] m; [GeV]
10° .
1072 E
10~ . g
£ 10°° g
=}
10°# :
[ |del/e > 10720 em =
1071 ; ‘ B-fagtol‘}’ e 1
BBN N\ .. HiP
10712 S ... . FCC-ee s
107t 10 10t 102 10 10t 108 108

m; [GeV)

Figure 6. Parameter spaces (|Ua:|?,m;), for a = e, pu,7 and i = 4 or 5. The coloured surfaces
are excluded due to the violation of at least one experimental or observational -mostly from BBN-
bound. Lines (full, dashed and dotted) delimit the expected sensitivity of several facilities: DUNE,
SHiP, FCC-ee and LHC. Green points denote predictions for the electron EDM within the future
sensitivity reach, |d.|/e > 10730 cm.

Subtracting the (one-loop with mostly active neutrino contributing in the loop) SM con-
tribution in eq. (5.4), one obtains

(5.6)

442G pm?2 3N 2
Aau%—mZ oare, (75,
(47T)2 i=4 My

where the active neutrino masses m; (i = 1,2,3) are neglected and G(z) is defined by
q. (4.3). As has been shown in [91], the new contribution to the muon anomalous magnetic
moment can hardly fill the unexplained discrepancy with experiment. Taking into account
all the experimental constraints discussed in sections 4 and 5, the predicted value of the
muon anomalous magnetic moment is roughly Aa, ~ —10712 for |U m"Q ~ 1073, and thus
additional contributions to the anomalous magnetic moment are still required to explain
the discrepancy between theory and experimental measurements.
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6 Summary

We have discussed the contributions of sterile neutrinos to charged lepton EDMs in the
SM minimally extended via N sterile fermion states. We have considered all the diagrams
which can potentially contribute to charged lepton EDMs. The comparison of the different
contributions has shown that significant contributions to the charged lepton EDMs can
only be obtained if the (sterile) neutrinos are of Majorana nature.

In the case of the 34+1 (N = 1) model, we have found that the predicted EDMs are too
small to be detected in any foreseen future experiments. We have moreover verified that at
least two sterile neutrinos are required to obtain an electron EDM within future sensitivity
reach. In this most minimal scenario (N = 2), the masses of the two sterile states should
be in the range 100 GeV-100 TeV to have |d.|/e > 1073 cm. For the muon and the tau,
the predicted EDMs remain several orders of magnitude below the future sensitivities.

In our analysis we imposed all available experimental and observational constraints
on sterile neutrinos, and we also discussed the prospects of probing this scenario at low
and high energy experiments. In particular, regions in parameter space which predict a
large electron EDM could be also explored by collider experiments such as a Future Linear
Collider (ILC) and marginally with the /s = 14 TeV LHC.

Acknowledgments

The authors would like to thank Michele Lucente and Olcyr Sumensari for fruitful dis-
cussions. A.A. is grateful to Amon Ilakovac and to Avelino Vicente for useful discus-
sions. We acknowledge support from the European ITN project (FP7-PEOPLE-2011-ITN,
PITNGA-2011-289442-INVISIBLES). T.T. acknowledges support from P2IO Excellence
Laboratory (LABEX). This work was done in the framework of a “Défi InPhyNiTi” project
(N2P2M-SF)

A Loop calculations

In what follows we provide the leading terms of the loop functions in the limit where
x;,xj; > 1. When the sterile neutrino masses are much heavier than the W boson mass
(zj,z; > 1), the loop functions satisfy the relation I}, (x;,x;) > Ip(xi, z;) due to the
additional factor \/z;z; for I} (;, x;) where I}, p(z;, ;) is defined in eq. (3.10). Moreover,
the loop function I}, (z;,x;) contains terms increasing with log (x;/x;), which turn out to
be the dominant ones.

In general the loop function I}, (x;, z;) can be expressed by anti-symmetrizing in terms
of z; and of x; as

1
Iy (i, ) = 5(%0(%%’) - ffwo(fﬂjaiﬂi))a (A1)
where I}, (2, x;) is given by

a a b b
Thpol@iyxy) = I (s, 25) + T (i, ) + Ty (i, 25) + Tia(s, @), (A.2)

and the four functions in right-hand side in eq. (A.2) will be given below. The superscripts
(a), (b) denote contributions coming from the diagrams in the first and second lines in
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figure 1 respectively; the subscript 1,2 translates that two different functions exist for each
diagram. The loop function I ]’\%ﬁ) (n =1,2) for the diagrams in the first and second lines
in figure 1 are given by

1 3+62n 3+on

If\/(fc(l))n (@i, z;) / H dsad (Z SA—1>/ H dtpé < Z tp— 1) :cz,x]) (A.3)
13+52n 3+52n

IJ\/(IO)n (@i, ;) / H dsad (Z S5A— 1)/ H dtgd ( Z tp— 1> xz,l‘j) (A.4)

where F}ﬂ’b) (wi, ;) is given by

N7(la1) N7(la2) N7(la3)

(@) (. ) —
Fn (xzaxj) - D(al) + D(a2) + D(a:)’)’ (A5)
NOD )
O (s ) = 2 21
Fy7) (x4, 25) oD + Ck (A.6)

Each of the terms corresponds to the contribution coming from the diagrams (al), (a2),
(a3), (b1) and (b2). The denominators are given by

D) = D) = 55(s5 — 1)(t12; + ta) — (1 — 1 — to)(s12i + 53 + 54), (A7)
plad) — (s2 4 s3)(s2 + 53 — 1)(t1zi +t2) — (1 — t1 — to) (2125 + 24), (A.8)
DY = —(1 — 1) (51 + 54 + 85 + s22; + s3), (A.9)
DY) =ty (s + s5)(sa + 55 — 1) — (1 — t1) (51 + s22; + s3), (A.10)

and the numerators for the diagram (al), (a2), (a3) are given by

Nl(al) + N1(a2) — 3(81 _ 52)7‘;2 + s (5t1 + ]_) t3 + 559 (1 — tl) to
s1 (—bty — bty + 13) t3
S9 — 1

—6(81t3+82t2 —81) + i3 —2) R (A.ll)

*Slflltgft3+9+

ﬂtg(Sg + 54) n zj 5s1ts
2 S9 — 1 2 S9 — 1

N = — (5sy+1) (1 — 1) — (s1+ 1) ta+ (sa + 53— 2) (2t — 1) 1

2515412 ts (—2s4ts — 2 1
4314 518413 S s1t3 (—2s4t3 s1+1)
(s2 4+ s3—1) sy + 53— 1
.
+3 (2(752 —t3) + 3(ts — 1)(2s1 + 52 + 53)), (A.12)

N2(a1) + N2(a2) = —208225% -2 (81 — 89 — 12) to — 4 (5 (tg + t4) — 4) (Sltl + 82t2)
S1 (—8t2 +4 (10 (1 — tl) — 23) <t3 + t4) + 19) n 17s1 — 1

2t1 — 8
Teh e 2(sg— 1) 259
S9 (—6t2(82 — 1) + 8§59 — 1) + 51 (82(6t3 + 6t4 — 5) + 4)
2 (s2 —1)sg
7. 51 (5 — 682(t1 + tz)) — (82 —1)(6tasy — 1)
+ : (A.13)
2 s9— 1
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252 (4 (ts +t4)* — 6 (t3 + t4) + 1)
—81 — 84
— 84 (tg — 1) (8tg —3) — 8 (s1 + 54) 13 + 3s1t3 + 3 (52 + s3) (1 — t4)
2(s4—2)(sa(ts —2)+1)—3s1(2ta +t3) + (54 — 3) (254 — 1) t4 + 92
52 + 53
+t2<—8(31 + 84) (t3 + t4) + 651 — 7 (so + s3) — 2) 41

N2(a3) - _ — 88413 — 2s4t3 (8tg —7)

+

+ % (3(753 oty 1)(284 + 83+ 82) — 3(ts + ta) — 1). (A.14)

Note that since the diagrams (al) and (a2) give the same contribution, one has the relation
N = N{*). The numerators for the diagrams (b1) and (b2) are given by

351 (tQ + tg) <(83 — 82) (1 + s4 + 85) (tg + tg) —+ (2 — S9 + 83) (81 + s9 + 83))
2(s4+s5—1)3(s4+ s5)
ﬁ(283+54+55;1) (t2+t3)7 (A15)
2 (sats5—1)"(s4+s5)

N1(b1) _

Nl(bQ) _ (83 — s2) (3 (s1+s2+s3)t1 —t1 + 1)  2s1(s2—s3) (1— t)?
(84 + s5 — 1)2 (84 + 85) (84 + 55 — 1)3 (84 + 85)

x;2(s2 —s3) (1 —t1) 4+ (s1+ s2 — s3) (4 —3s4 — 3s5) (t1 — 2)
1) (s4+55—1)2(sq4+ s5) ’ (4.16)

6(283 — (84 + 85)((1 — 3t1)81 — tl(SQ - 83) + 1))
(84 + 85 — 1)2(84 + 85)2
Sltl(SQ — 83)(20t1 — 3) n 81<82 — 83) (6(1 — 5t1)(84 + 35) + 7)
(84 + 85 — 1)3 (84 + 85 — 1)3(84 + 85)2
3(82 — S3)(t1(84 + 85) — 1)
(84 + 85 — 1)3(84 + 85)
_ 1“281(5 — 3t1)(84 + 35) + 81<1 — 81 — 283) + (SQ — 83 + 1)(82 + 83)
! (84 + 85 — 1)2(84 + 55)2

Sl(tg + t3)2(82 — 83) n 2(82 — 83)(1 — 3t (54 + 85))
(54485 —1)3(s54 + s5) (84 + 85 — 1)(54 + 55)?
281(52 — 53)
(84 4 55 — 1)2(s54 + 55)2
. ( 3t1 B 3t1$5(51 + S9 — 1) — 3t1s8384 + 2(31 + 83 — 1)) .

N2(b1) _

(A7)

N2(b2) _

A.18
54+ S5 (s4+ 85 —1)(s4+ 85)2 ( )
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