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ABSTRACT: We perform a detailed study of the importance of loop corrections when deriv-
ing bounds on heavy-active neutrino mixing in the context of general Seesaw mechanisms
with extra heavy right-handed neutrinos. We find that, for low-scale Seesaws with an ap-
proximate B — L symmetry characterized by electroweak scale Majorana masses and large
Yukawas, loop corrections could indeed become relevant in a small part of the parameter
space. Previous results in the literature showed that a partial cancellation between these
important loop corrections and the tree level contributions could relax some constraints
and lead to qualitatively different results upon their inclusion. However, we find that this
cancellation can only take place in presence of large violations of the B — L symmetry, that
lead to unacceptably large contributions to the light neutrino masses at loop level. Thus,
when we restrict our analysis of the key observables to an approximate B — L symmetry
so as to recover the correct values for neutrino masses, we always find loop corrections to
be negligible in the regions of the parameter space preferred by data.
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1 Introduction

The origin of the observed pattern of neutrino masses and mixings in neutrino oscillation
experiments (see e.g. ref. [1] for a recent summary) comprises one of the few experimental
evidences for physics beyond the Standard Model (SM) of particle physics. The simplest
and most popular extension to account for these experimental observations consists in
the addition of right-handed neutrinos to the SM particle content. Given their singlet
nature, a Majorana mass term for the right-handed neutrinos is directly allowed in the
Lagrangian, thus inducing a new mass scale -the only one unrelated to electroweak (EW)
symmetry breaking- to be determined by data. Depending on the size of this scale its
phenomenological consequences are very different.

One of the most appealing choices is that this new Majorana scale is high, leading to
the well-known Seesaw mechanism [2-5] and providing a rationale for the extreme smallness
of neutrino masses when compared to the rest of the SM fermions and the EW scale. Values
for the neutrino Yukawa couplings ranging between that of the electron and that of the
top quark would lead to Majorana masses between the EW and the grand unification
scale. Unfortunately, even for the lightest mass choice, any phenomenological consequence
beyond neutrino masses tends to be hopelessly suppressed if the extra degrees of freedom
only couple to the SM through their Yukawa interactions.

However, the smallness of neutrino masses could derive from symmetry arguments [6-9]
rather than a hierarchy of scales. Indeed, the Weinberg operator [10] leading to neutrino



masses in Seesaw mechanisms is protected by the B — L symmetry, conserved in the SM
and violated in two units by the Weinberg operator. Thus, if the pattern of the Yukawa
couplings and Majorana masses in a Seesaw realization is such that it conserves B — L,
the Weinberg operator will never be generated and the SM neutrinos will remain massless,
even for Y, ~ 1 and Majorana masses of the order of the EW scale. Small violations of
B — L in this pattern would thus induce the small neutrino masses observed in oscillation
experiments. In this class of models fall the popular inverse [6, 7] or linear [11] Seesaw
mechanisms which, contrary to the canonical type-I Seesaw, would lead to an extremely rich
phenomenology through the large mixing allowed between the new extra sterile neutrinos
and their SM siblings implying observable contributions in lepton flavour violating (LFV)
processes, universality violation and signals in electroweak precision observables. It is then
of interest to fit all these available data to determine the allowed values of the mixing of
the heavy neutrinos with the SM charged leptons, examples of these constraints can be
found in refs. [12-29].

When deriving such constraints on heavy-active neutrino mixing, it was recently
pointed out in [24] that loop corrections involving the extra heavy neutrinos played an
important role, obtaining qualitatively different results to those derived by staying at lead-
ing order. In particular, it was shown that corrections to the T' parameter [30, 31] could
be sizable and that these, in turn, would affect the determination of G through p decay
competing with the tree level effects. Since the value of G from p decay is generally in
good agreement with the measured value of My, and other determinations of sin 6y, in [24]
it was found that the constraints stemming from these datasets could be weakened at loop
level through partial cancellations between the tree level corrections and the 7" parameter
contribution. Furthermore, the invisible width of the Z, which is in slight tension with the
SM prediction, is modified at tree level through the presence of extra heavy neutrinos, while
the oblique corrections computed in [24] were found to be subleading. Thus, by accounting
for these loop corrections, good fits with relatively large heavy-active mixing were found
in [24], since it is possible to alleviate the tension in the invisible width of the Z without
seriously affecting the determination of G in p decay through the partial cancellation of
the tree and loop level contributions.

However, when ref. [25] also investigated the relevance of the 7' parameter the same
cancellation was not reproduced and in [27] it was argued that loop contributions should
always be negligible, since the heavy-active mixing that controls the strength of the cou-
plings of the new degrees of freedom is bounded to be small (#> < 10~2). Therefore, new
tree-level bounds were derived instead through more updated fits to available data. While
this argument is generally true, models based on an approximate B — L symmetry are
characterized by large Yukawas and EW-scale Majorana masses, thus, even if loop cor-
rections through weak interactions further suppressed by 6% are indeed negligible for all
practical purposes, when the loop corrections are mediated by heavy neutrinos and/or the
Higgs field or its Goldstones, the coupling involved in the vertex is no other than the large
Yukawa coupling, so that loop corrections can indeed become relevant, as stated in [24].
However, not only the oblique corrections computed in [24] fall in this category, since the
effect of the large Yukawa interactions does not vanish in the limit of massless neutrinos



and charged leptons. Indeed, some vertex and box corrections involving large Yukawas are
found not to vanish in the massless limit for light leptons (see e.g. [32]).

In this work we clarify the importance of loop contributions to the determination of
the heavy-active neutrino mixing including all loop corrections mediated by the potentially
large Yukawa interactions. We find that, as discussed by [24], the most relevant of these
corrections are indeed the ones encoded through the oblique parameters but, in order to
make them competitive with the tree-level contributions, EW scale Majorana masses and
Yukawas on the very border of perturbativity are simultaneously required. Furthermore,
we find that, as long as B — L is conserved, the T" parameter is always positive, so that the
partial cancellation discussed in [24] cannot take place in such a setup. Large violations
of B — L are thus required to achieve the negative and sizable values of T capable of
reproducing the effect. But these large violations of B — L would render the Weinberg
operator unprotected and, in presence of the EW-scale Majorana masses and large Yukawas
required for T, radiative corrections lead to unacceptably large contributions to the light
neutrino masses, even if these are fixed to their correct value at tree level by means of the
Casas-Ibarra parametrization. Thus, when we impose an approximate B — L symmetry
with only 3 extra heavy right-handed neutrinos, we always find that loop corrections are
irrelevant when deriving bounds on the heavy-active neutrino mixings.

This paper is organized as follows: in section 2 we detail the parametrization employed
for our study. In section 3 we list the observables we analyze in our global fits. In section 4
we present our findings and discuss the importance of loop effects in the global fits as well
as the necessity of large violations of B — L in order to obtain partial cancellations between
the tree and loop level contributions. Finally, in section 4 we summarize our results and
present our conclusions.

2 Parametrization

In this work we explore the constraints that can be derived through various EW observables
on the extra neutrino mass eigenstates mixing with charged leptons in a Seesaw scenario:

1% ci — o
L = Lo — iNﬁ(MN)ijNPf — (YN)iaNio 2 + Hec. . (2.1)

Here, ¢ denotes the SM Higgs field, which breaks the EW symmetry after acquiring its
vev vgw. We have also introduced the Majorana mass My allowed for the right-handed
neutrinos N} as well as the Yukawa couplings between the neutrinos and the Higgs field.
We will restrict our study to the extension of the SM by 3 right-handed neutrino fields. The
vev of the Higgs will induce Dirac masses mp = vgwYn/v2. Thus, the full 6 x 6 mixing
matrix U is the unitary matrix that diagonalizes the extended neutrino mass matrix:

0 m% m 0
ur Dly= 2.2



where m and M are diagonal matrices containing respectively the masses of the 3 light 1
and 3 heavy N; mass eigenstates. The diagonalizing matrix U can be written as [33]:

c s Upmns 0
= 2.
v (—ST c> ( 0 I)’ (2:3)

= (-eeh)" X (—eef)”
< . ) 2y Z<2n+1>@

where

= _0( @ @ n (2'4)

—nz (2n+1 ol Z

and Upnns is, approzimately, the PMNS matrix measured in neutrino oscillation experi-

—st ¢

ments up to the non-Unitary (Hermitian) corrections from c. For alternative parametriza-
tions of the full mixing matrix see refs. [34-38]. Indeed, due to this Hermitian correction,
the actual PMNS matrix appearing in charge current interactions mixing the light neutrinos
and charged leptons will, in general, not be Unitary and we will refer to it as N:

N = cUpmns (2.5)

The general matrix ©, representing the mixing between active (v, v, and v;) and heavy
(N1, Ny and N3) neutrino states, and the mass eigenstates m and M are determined from
eq. (2.2) which leads to:

C*Ul"SMNSmUPT,MNSC = —5*"Ms'. (2.6)
In the Seesaw limit, that is My > mp, these conditions reduce to the well-known results:

-1
O ~ m%MN
UfﬁMNSmUIJLMNS ~ —mly My'mp = —im
M ~ My. (2.7)

Notice that, naively, the mixing between the active and heavy neutrinos @01 ~ m /M
and, given the smallness of neutrino masses m, the mixing effects we will study here would
be unobservably small. However, in the context of Seesaw mechanisms with an approximate
conservation of B — L such as the inverse [6, 7] or the linear [11] Seesaws, this symmetry
suppresses the neutrino mass m while allowing a sizable mixing. This approximate symme-
try not only ensures an equally approximate cancellation in the combination m’,M ]?,lm D
leading to the observed neutrino masses while allowing large — potentially observable —
00f = mEM 1\_]2mD, but also ensures the radiative stability and technical naturalness of
the scheme [39].

When extending the SM Lagrangian by only 3 new singlet (right-handed neutrino)
fields essentially the only neutrino mass matrix with an underlying L symmetry that leads
to 3 heavy massive neutrinos is [40] (see also ref. [41]):

. Y, Y, Y. py A3
mp = ET‘;V elye’ €1Yé elYT’ and My = A H2 4 |, (2-8)
EQYZI EQYI:/ EQY;/ M3 pa A



with all ¢; and p; small lepton number violating parameters (see also ref. [42] for a particular
scenario where these small parameters arise naturally). Indeed, setting all ¢, = 0 and
p; = 0, lepton number symmetry is recovered with the following L assignments L, = L, =
L; =1L =—Ly=1and Ly = 0. In eq. (2.7) this leads to: m = 0 (3 massless neutrinos
in the L-conserving limit), M; = My = A (a heavy Dirac pair) and M3 = A’ (a heavy
decoupled Majorana singlet), but:

. —iYF YF0 —ife 6. 0 102 0:0% 0.0%
O="1 | Yo = 7 —if, 0, 0 [and 06T = | 60,67 16,> 0,6: | . (2.9)
—iYF Y0 —if- 0, 0 0:0; 007 0,

Thus, vanishing light neutrino masses can still be associated with arbitrarily large
mixing between the heavy Dirac pair and active neutrinos and, for these kind of Seesaw
scenarios, the bounds on the mixing we will explore are complementary and independent
to the stringent constraints on the absolute light neutrino mass scale.

The small L-violating parameters ¢; and p; will induce small non-zero neutrino masses
and mixing among these light mass eigenstates but will only translate in negligible pertur-
bations to the matrix ©. With the simple form in eq. (2.9) for the heavy-active mixing,
the series expansions in eq. (2.4) can be added exactly obtaining:

sin 6 1 —cosf

; © and c:I—T@@T, (2.10)

S =

with

0=/ 10cl? + 10,2 + [0 2. (211)

Regarding the role of the ¢; and p; parameters in the generation of the light neutrino
masses and mixings observed in neutrino oscillations, all of them except p; and ps will
lead to m # 0 through eq. (2.7) when switched on:

" (ug + “4) m]t)A*ZmD — ﬁlm%AflmD _ elmeA*lmb + egm”tA’ 1

X
e k4 X 2 (mh A 'm}, + mA " 'mp) (2.12)

with
= VY, Y, Ys), mp = 2Y(Y,YLY)) and mi = SN (VYL YY), (2.13)

BERG V2 vz
Indeed, even though p; and ps do violate L, upon their inclusion the mass matrix in
eq. (2.2) does not increase its rank, which, in absence of the other ¢; and f;, is only 3 and
thus 3 massless eigenstates are still recovered.! The parameters po and juy do contribute
at tree level to generate light neutrino masses, however, their effect can be absorbed in a
redefinition of the vectors myy and my as follows:

2 4
€1mp — €;mp — o D and  eymy), — eomf) — %mD (2.14)

'Notice that, even if y1 and p3 do not induce neutrino masses at tree level, the I symmetry protecting

them is now broken and loop contributions would appear instead [43].



up to contributions with two extra powers of the small L-violating parameters. Thus, in
presence of non-zero €;, it is enough to consider their contribution to the generation of
neutrino masses which reads:

m=emphA 'mp + eemH A ' mp + smE A " m],. (2.15)

Notice that the last term in eq. (2.15) is suppressed by two powers of €2 while the others
only by one power of ¢;. However, €3 (and us and u4) violates L by one unit while ¢;
(and pq and po) by 2. Hence, if the source of L-violation is by one unit it is expected
that €; ~ €3. Thus, for full generality, we will keep the last term in eq. (2.15). The six
free parameters encoded in mp, and mf, allow to give mass to the three mass eigenstates
observed in neutrino oscillations as well as the possibility of reproducing any mixing pattern
including the, yet unknown, CP-violating phases of Dirac and Majorana types encoded in
the PMNS matrix, while leaving mp, and hence ©, s and ¢, mostly unconstrained.? One
of the three elements of mp is, however, fixed by the other two, the values of the light mass
eigenstates and the elements of the PMNS matrix when solving for eq. (2.15) obtaining the
following relation:

1 S S
Y ~ ~9 A (}/e (me,umm‘ - mermuu) +
M2, — MeeMyy,
N S 2 5 2 2.1
Yy (MepMer — MeeMyr) — \/ngw — 2Y Y ey, + Yimeex (2.16)

XS = 2 gsr + Mt + 102,107 = ety )

where m = —UI’SMNSmUE,MNS is the mass matrix of the flavour eigenstates. Thus, in
our numerical exploration of the parameter space in section 4 we will consider the 9 free
parameters summarized in table 1.

An alternative parametrization extensively used in the literature is the so-called
Casas-Ibarra parametrization [50]. This parametrization introduces the matrix R =

1/2 exploiting the fact that, from eq. (2.7), R has to be (complex)

iM_l/szUpMNSm_
orthogonal. The main advantage of this parametrization is the ability to easily recover the
Yukawa couplings through the heavy mass eigenvalues M and the low energy observables
Upnns and m together with the elements of R as mp = —iMl/Qle/QUE,MNS. However,
the physical range of the parameters contained in R can be cumbersome and a physical
interpretation of their values is not immediately transparent, see ref. [51] for a detailed
discussion. Moreover, these relations only hold at tree level.> Thus, when values of R
are chosen so as to allow sizable low energy phenomenology through large Yukawas and
low M, it is important to check if the pattern displays an approximate B — L symmetry.
Otherwise, loop corrections to the unprotected Weinberg operator, that is to Upyng and
m, will exceed present constraints even if their values were correct at tree level. For this

reason we rather chose to perform the scan through the parameters summarized in table 1.

?In contrast, neglecting the last term in eq. (2.15) would lead to the more constrained scenario explored
in detail in ref. [44], with a massless neutrino and a mixing pattern in ©, s and ¢ determined up to an
overall factor from the observed neutrino oscillation parameters. This scenario has also been studied in
refs. [45-49].

3See ref. [52] for a generalization of the Casas-Ibarra approach to loop level.



Parameter || [Ye|x|Y,|| [Ye|—|Yyu] | m1 [eV] | A [GeV] |Phases: a., oy, §, oy & as | Osc. data
Range | (0,10%) | (~0.1,0.1)| (102, 1) | (107, 10%) (0,27) fixed [1]

Table 1. The 9 free parameters of our scan: the modulus and phase of the electron and muon
Yukawas |Ye|, |Y,|, @ and o, the Majorana mass scale A, the absolute neutrino mass m; and the
3 yet unknown CP-violation phases (Dirac and Majorana) in the PMNS mixing matrix: §, «; and
as. The PMNS mixing angles and mass splittings are fixed to their best fit from the global analysis
in ref. [1].

At energies much below the masses of the heavy neutrinos A and A’ the effects of their
mixing © manifest dominantly through deviations from unitarity of the lepton mixing
matrix N. Since any general matrix can be parametrized as the product of an Hermitian
and a Unitary matrix, these deviations from unitarity have been often parametrized as [53]:

N = (I —n)Upnns (2.17)

where the small Hermitian matrix n (also called e in other works) corresponds to the
coefficient of the only dimension 6 operator obtained at tree level upon integrating out
the heavy right-handed neutrinos in a Seesaw scenario [54] and, in our parametrization it
would be given from egs. (2.5) and (2.10) by:

B 1—coséb

n=—7 oer. (2.18)

3 Observables

In this section we introduce the list of observables used for our analysis. While a more
comprehensive set could be considered (see for example ref. [27]), we have rather chosen
the most representative of these observables since extending the analysis to the loop level
for the whole set would be cumbersome and the dominant constraints as well as the main
effects pointed out in [24] are contained in a smaller subset. We will thus present both
the 1-loop contributions and the experimental constraints for a total of 13 observables.
The loop amplitudes of the processes have been computed exploiting the Goldstone-boson
equivalence theorem [55] under the assumption that the mass of the extra neutrinos M; is
larger than the gauge boson masses; i.e. M; > My, z. Thus, we have made the simplifying
assumption that the most relevant loop corrections are those were the loops are mediated
by either the Higgs boson, h, the Goldstone bosons ¢* and ¢° or the heavy Majorana neu-
trinos. Indeed, this forces the vertexes to involve the potentially large Yukawa couplings
(the only couplings that can be relevant at the loop level) and the corrections from includ-
ing the transverse components are suppressed by MSV 7 /MJQV The set of 13 independent
observables analyzed in this study is composed of:

e ratios constraining electroweak universality: Rj ., RT , R}fg, RIT/Z, Rffe, Rﬁi, Rﬁw, le
e The invisible Z width
e The W mass My

e 3 rare flavour-changing decays: u — ey, 7 — puy and 7 — ey



N

Figure 1. 1-loop correction of the new heavy neutrinos to W and Z propagators.

All of them will be determined as a function of the three most precise electroweak mea-
surements: o, Mz and G, (G as measured from p decay) [56]:

o = (7.2973525698 + 0.0000000024) x 1073,
My = (91.1876 & 0.0021) GeV, (3.1)
G, = (1.1663787 + 0.0000006) x 107> GeV 2.

All observables will receive contributions from the loop corrections to the W and Z
boson propagators through the diagrams in figure 1. These contributions are encoded in
the flavour-universal corrections (5%‘%’ that can be found in eq. (A.21) in the appendix. We

now list the further corrections exclusive to each of the observables considered:

3.1 u decay, Gr and My

Our input value for G is determined through p decay, but this process will receive correc-
tions both at the tree and the loop level (see figure 2). Thus, the value determined from p
decay, G, is related to G by:

m> G2 . m>G?
_ pTr N 2 2 univ N e Il
b= Togs (1= 10| = 10,7 + 25 Y + 6G) = 935" (3.2)
with
0G =2Re[V)Y + VIV + 67T W 4+ 65T W* 4 By, (3.3)

and where 5}}{}1" N'is the flavour-universal W propagator correction, 6ZCT W and VZW are the
flavour-dependent lepton propagator and vertex contributions (see egs. (A.9) and (A.11)
in the appendix), and B,. encodes the box diagram contribution computed in eq. (A.13)
in the appendix.

From eq. (3.2), we find:

G =G (1= 10c” — 6, + 20" N +6G) (3.4)



Figure 2. 1-loop corrections to u decay.

The second and third terms in eq. (3.4) correspond to the tree level correction, the
fourth term is the universal 1-loop oblique correction which is given in eq. (A.21) of the
appendix. This particular expression, when used in an observable mediated by the Z and
thus corrected through 2(5}““’ N leads to a common correction to these observables given
by 1 —|0c[* —10,|> — 2aT (see eqs. (A.21) and (A.17)). This common dependence on the
tree level and oblique corrections is the source of the cancellation analyzed in ref. [24].

The the W mass is also correlated to G g through

M2 — e’
W V2G s (1 — Ar)’

(3.5)

with Ar = 0.03639F0.00036 +0.00011 [56]. Thus, the corrections induced at both the tree
and loop levels by the heavy neutrinos from eq. (3.4) can be probed by the measurement
of My in LEP and Tevatron [56]:

My = 80.385+0.015 GeV. (3.6)

3.2 Invisible Z width

The determination of the number of light active neutrinos by LEP through the invisible
width of the Z provides a constraint to heavy neutrino mixing already at the tree level.
Additional loop corrections are induced through the diagrams in figure 3 which lead to:

3

GrpM3p
Finy = —F= (2 + Z5) , 3.7
> YW (Zij + Zji) (3.7)

ij=1

where p encodes the SM loop corrections to the process and

Zi; = |Cy P (1 + 03"™) + 2Re[C5; (657 7 + V) ], (3.8)
with
Cij= Y Ul (3.9)
a=e,,T
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Figure 4. 1-loop corrections to weak universality ratios.

and 6iCjT Z and Vg the lepton and vertex corrections shown in egs. (A.10) and (A.12) in
the appendix.
Eq. (3.7) is often used to determine the number of active neutrinos N, lighter than
Mz /2 as:
GrpM3pN,
inv = T =
12V/2n

The measurement by LEP of I, = (0.4990 4+ 0.0015) GeV combined with eq. (3.10) leads
to [56]:

r (3.10)

N, = 2.990 + 0.007 . (3.11)

We will exploit this result together with eq. (3.7) to derive constraints on Cj; and, hence,
on the heavy neutrino mixings.

3.3 Universality ratios

Electroweak coupling universality is strongly constrained through ratios of leptonic decays
of K, m, W or charged leptons. In these ratios many uncertainties cancel and a clean
constraint can be derived. These observables are corrected both at the tree and loop level,
for instance, R}, = I' (7~ — uv,) /I' (7~ — eVe) is corrected by the diagrams in figure 4.
Thus, the general expression for the ratio of lepton flavours o and S is given by:
sur L= 10a* +2Re VY + 65TV

Rap = R, , 3.12
P T 105P + 2Re [V 4 05T (312)

,10,



BR(nt — etre) (1.230 4 0.004) x 10~*
BR(rt — uty,) (99.98770 + 0.00004) %
BR(t— = 7 vy) (10.83 £ 0.06) %
BR(KT — etu,) (1.581 4 0.008) x 1075
BR(KT — pTv,) (63.55+0.11) %10~°
BR (1™ — K~ v;) (7.00 £0.10) x 1073
BR(W+ — etu,) (10.71 £ 0.16) %
BR(W* = uty,) (10.63 £ 0.15) %
BR(WT — 77u,) (11.38 +£0.21) %
BR (17 — p Uyvy) (17.41 £0.04) %
BR (17 — € Vevy) (17.83 £0.04) %
Tt (2.6033 4 0.0005) x 107% s
TR+ (1.2380 4 0.0021) x 107% s
T (290.3 £5.0) x 10715 5
Ty (2.1969811 =4 0.0000022) x 1076 s
Mt 139.57018 + 0.00035 MeV
M ¢ 493.677 + 0.016 MeV
My 80.385 £ 0.0015 MeV
Me 0.510998928 + 0.000000011 MeV
m, 105.6583715 + 0.0000035 MeV
mr 1776.82 & 0.16 MeV
SR, (—0.374 £ 0.001)
SR, (0.0016 + 0.0014)
SR (0.0090 + 0.0022)

Table 2. Input values used for the constraints on weak universality from ratios of meson and

charged lepton decays.

where Rgé/[ is the SM value for this ratio, for example, for m decay:

2

u (3.13)
2 1+0R"

72r m5> a3

and where dR7 5 are the SM radiative corrections to this process [57]. Notice that the
flavour-universal contributions from the W propagator cancel in the ratio.

The predicted values of these ratios are computed through egs. (3.12) and (3.13) with
data form [56, 58] and compared to the experimental measurements of the decay rates in

our global fit. This data is summarized in table 2.

— 11 —



Fu—m =

Figure 5. Extra neutrino contributions to the y — ey decay.

3.4 Rare decays

The presence of extra heavy neutrinos beyond the three light ones participating in low
energy weak processes induces deviations from unitarity in the PMNS matrix. Thus, the
GIM cancellation [59] suppressing flavour-changing processes does not take place and strong
constraints on the presence of these extra neutrinos can be derived. Moreover, the extra
heavy neutrinos themselves also mediate the flavour-changing processes, such as radiative
leptons decays I, — lg7y in figure 5. The contribution from both the heavy and light

neutrinos is given by:

6
2
\ S UakUf5F (x)
T (la — lﬁ’}/) - 3a k=1

= — 3.14
[ (lo = lgravg)  32n (UUY),, (UUT)B,B ( )
M?2 .
where 2 = 175, and F(xy) is given by:
w
10 — 43z, + 78x7 — 49z + 4} + 18z Iny,
F = . 3.15
Thus, for heavy neutrino masses much larger than Myy:
F (la — llg’y) 30[ 2 2
~ —10,0%|°(F — F(0))~. 3.16
s T o) ™ Gael e3P (P() ~ F(O) (3.16)

The prediction from eq. (3.14) will be compared with the existing upper bounds from [56]:

BRye < 5.7x 1071 (3.17)
BR;. < 33x1078%, (3.18)
BR,, < 44 x1078. (3.19)

Notice that these bounds are quoted at the 90% CL so they will be rescaled to 1o to build
the corresponding contribution to the y? function.

4 Results

4.1 Constraints from the global fit

With the 13 observables discussed in section 3 we build a x? function depending on the
9 parameters listed in table 1. Given the large dimensionality of the parameter space, we
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Figure 6. Contours for 6., 0, and 6, at 1o (red), 90% CL (black) and 20 (blue). The left panels
are obtained for normal hierarchy and the right for inverted.

make use of Markov chain Monte Carlo (MCMC) techniques for efficient parameter explo-
ration. In particular, we implement importance sampling based on the Likelihood obtained
from the observables through a Metropolis-Hastings algorithm. The range in which the
9 free parameters are varied is also summarized in table 1. We have run simultaneously
5 different chains through the MCMC algorithm and have verified that good convergence
(better than R — 1 < 0.035 [60]) for all parameters has been achieved. The results of the
runs thus provide a good sample of the x? values in the preferred regions of the parameter
space and have been used to marginalize over different subsets of the model parameters. In
this way, we will present 2D and 1D frequentist contours on the more phenomenologically
relevant parameters of the model. The post-processing of the chains to derive the allowed
confidence regions has been performed with the MonteCUBES [61] user interface.

In figure 6 we show the results of our MCMC scan for the 2 degrees of freedom con-
straints of different combinations of the heavy-active mixings 0, defined in eq. (2.9). The
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96 0.“ 07’
lo 20 lo 20 lo 20
NH | 0.03475:0% | < 0.050 | <3.2-107* | < 0.037 | 0.01870919 | < 0.049

TH | 0.03575:5% | < 0.051 | <3.3-107* | <0.037 | <0.031 | <0.044

Table 3. Constraints on 6., 0, and 6, for normal and inverted hierarchy.

contours correspond to the 1o, 90% and 20 frequentist confidence regions. The upper
panels show the bounds in the two combinations we choose to more directly sample (see
table 1): |0| x |6,] and |0c| — |0,|. The rationale behind this is apparent upon inspection
of figure 6. Indeed, the constraints on the product are more than one order of magnitude
smaller than those derived from the difference of the couplings /|0e| x [0,] < [|0c| — (0,1,
leading to a very pronounced hyperbolic degeneracy in the panels of the middle row, which
contain the same information directly depicted as a function of 6, and 6,. Thus, this
particular choice of sampling parameters allowed to scan the hyperbolic degeneracy much
more efficiently and speed the convergence of the MCMC. This very strong constraint in
|0c| x |6,,] stems from the strong bound on p — ey from MEG that, from eq. (3.16), sets a
very stringent limit on |6,607].

Finally, the lower panels of figure 6 contain the constraints derived for the mixing
with the 7 flavour .. Notice that Y., and hence 0., was not a free parameter of the fit
but was rather obtained from the other two Yukawas and the light neutrino masses and
mixings from eq. (2.16). This is the source of the observed correlation between the values
of 0. and .. Notice also that, since the particular pattern of light neutrino masses plays
an important role in eq. (2.16), the left (normal hierarchy) and right (inverted hierarchy)
panels of figure 6 display different correlations.

In figure 7 we show the individual constraints that can be derived on 6., 0,, and 0,
(from top to bottom) for a normal (left) and an inverted (right) hierarchy after marginal-
izing over all other parameters. We generally find a slight improvement of the fit to the
observables considered when some amount of mixing is present. In particular, we find that
non-zero mixing with the electron is preferred at around the 90% CL by our dataset. Mix-
ing with the tau flavour is also favoured for normal hierarchy due the correlations implied
by eq. (2.16). At the 1o level, mixing with the p flavour is significantly constrained due
to the preference of some universality bounds (from 7 and 7 decays) for a slightly reduced
coupling to the electron with respect to the muon. Thus, since universality constraints are
corrected by 1—160,| for each flavour, a non-zero 6, is preferred in the fit while 6, is kept at
small values to satisfy the constraint from p — evy. Beyond the 1o level, the mixing with
the electron is allowed to become small and thus the constraint on p mixing at 20 is much
weaker than naively expected from the 1o region. The limits of the 1 and 20 regions for
the three mixing parameters are summarized in table 3.

In figure 8 we show a comparison of the breakdown of the contributions of the different
observables to the total x? for the SM (left panel) and our best fit (middle panel) as well
as the difference of the two (right panel). It can be seen that some of the existing tension
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Figure 7. Ax? (marginalized over all other parameters) for 6., 6, and 6,. Left panels show results
for a normal hierarchy and right panels for inverted hierarchy.

of the SM with the invisible width of the Z can be alleviated by the presence of heavy
neutrino mixings and also the agreement between the kinematic determination of My, and
its SM value from Gpr, o and My is improved. As already discussed, the universality
constraints from 7 and 7 decays are also in better agreement when some mixing with the
electron is present. On the other hand, universality tests from kaon decays rather point
in the opposite direction. Thus, at the end, the preference for non-vanishing heavy-active
mixing is mild and the final improvement of the x? with respect to the SM value is 3.7, not
quite reaching the 20 level. Notice that, even if the number of free parameters in the fit
is rather high, the observables actually depend on the combinations |6.|, |6,| and [0,| only
(and A when loop corrections are relevant). Thus, the reduction by 3.7 of the x? should
be attributed to the introduction of 3 (or 4) new parameters rather than 9.
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27210
Ax*(SM)

Figure 8. Contributions from the different observables to the x2. Left plot shows the SM values.
Middle plot shows the contributions from three right-handed neutrinos in the best-fit point. Right
plot shows Ax? = x?(SM) — x?(BF) for every observable i.

Regarding the importance of the loop effects considered, we have performed a second
set of MCMC runs where all loop corrections have been removed. The results of these
simulations are essentially identical to the ones stemming from the full computation. By
adding to the chain output also the value that the T parameter took in the simulations,
we find that its preferred values are ~ 1077 — 1075, negligible with respect to the best fit
values of the tree level contributions. In order to understand this apparent lack of relevance
of the loop corrections and the 1" parameter in particular, in direct contrast to the results
presented in [24], we will now analyze in further detail the regions of the parameter space
in which T could be relevant and the necessary conditions for the cancellation with the
tree level contributions to take place.

4.2 The T parameter

The leading contributions (not suppressed by the light neutrino or charged lepton masses)
to the T parameter are given by [24]:

«
o= e M2, Y (UaiUajUsiUb; fij + UaiUajUsiUs;i9i5) | (4.1)
sy My, ‘<
a,B,i,j
where

SRR AR i p— and 9ij

= s —= 4.2
fi MZ — M2 M (4.2)

T ME-M2 My

and where M; are the neutrino mass eigenvalues. In [17, 19] it was shown that several of the
most constraining observables, notably the Z decay to charged leptons and sin? 92,& [62],
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depended on the combination:
(NNT)o(NNT),, — 20T = 1 — [0.> — 0,> — 2aT. (4.3)

Since from table 3 |6.|?+16,|? ~ 1073, 2T must be of similar order so as to be competitive
with the tree contribution. From eq. (4.1)

ah?|0,[*

20T ~ ——— —
R TP Ve

(4.4)
where A is the mass scale of the heavy neutrinos and 6, /v/2 their mixing with the flavour
states from eq. (2.9). Thus, in order for 2T ~ [04]? it is necessary that A ~ 10 —
100 TeV. And, since [0, |* ~ |Ya|?viy/2A% ~ 1073, then |Y,| ~ 1 — 10, on the very limit of
perturbativity but, a priori, an interesting possibility.

Furthermore, notice that the second term in eq. (4.1) has the typical structure in the
elements of the mixing matrix U of L-violating processes, such as, for example, neutrinoless
double 3 decay. Indeed, this term stems from the correction to the Z propagator with two
neutrinos running in the loop and a Majorana mass insertion and it is easy to see that it
vanishes in the limit of exactly conserved Lepton number, taking all ¢; and p; to zero. Thus,
if B — L is approximately conserved, the first term in eq. (4.1) dominates the contribution
to T'. However, it can be shown that the matrix f;; is positive semi-definite for three extra
heavy neutrinos or less* and can then be diagonalized as fis =D V;k/\kv;?;@, where V' is a
Unitary matrix and Ap > 0. Thus, if B — L is approximately conserved:

2
> UL UsiVie M

k

ol ~ 87r32 Wz > > 0. (4.5)

aﬁz

But from eq. (4.3) T < 0 is mandatory so as to have the cancellation between 7' and |6,,|?
discussed in [24]. Thus, significant violations of B — L are necessary so that the second
term in eq. (4.1), which is allowed to be negative, can dominate over the first.

Notice that, for arbitrary values of the B — L-violating parameters €; and p;, eq. (2.8)
is a completely general parametrization of a type-I Seesaw mechanism with three extra
right-handed neutrinos. But, given eq. (2.12), only p; and ps are allowed to be sizable
given the present constraints on the light neutrino masses and mixings. If |ui| > A, A, us
a negative T' can indeed be obtained:

e (S (oo () w0

If both p; and ps are simultaneously included and dominate over the L-conserving A and
A’ then T is given by:

2 2 ptpa
1 6 — (3p% + p?) log ( )
o (Z |Ya|2> . (4.7)

T 64msy MR, w3y '

4Preliminary explorations indicate that this argument can be generalized to more extra heavy neutrinos.
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where p = /pf + 4p3. In this limit, negative values of T' are also easily accessible. How-
ever, the price to pay is high, the approximate B — L symmetry protecting the Weinberg
operator despite the Yukawas at the very border of perturbativity and the low Seesaw
scale, has been strongly broken by p; and ps. While this does not induce any dangerous
corrections to neutrino masses at tree level, and hence when working with the Casas-Ibarra
parametrization as in ref. [24] the correct masses and mixings seem to be recovered, loop
corrections need to also be taken into account since no protecting symmetry can now sup-
press them. Indeed, the loop contributions mediated by p; and ps to the light neutrino
masses are found to be [43, 63-66]:

Yo Y;

Amy,, = g3, (3MZF(Mz) + Mif(Mn) | (4.8)
with:
) = (1 + 1) log (557) (1 — 1) log (U7 (49)
(ntm)® —aM> (=)’ —4M2 '

These corrections can indeed be sizable and in figure 9 we show the values that the loop
contribution to the light neutrino masses take in order to recover a given value for —2a7
for different values of p and ps. From inspection of eq. (4.9), the limit of vanishing u
would render f(M) = 0, keeping under control the loop corrections to neutrino masses.’
However, from eq. (4.7), |p1| > 1.9|us| is necessary for T < 0. Indeed, as can be seen
in figure 9, if —2a7 ~ 1072 so as to implement the cancellation between tree and loop
level contributions, corrections to the light neutrino masses ranging from ~ 100 keV to
~ 100 MeV, far exceeding present constraints, would be obtained. Thus, we conclude
that, while the qualitatively important cancellations described in ref. [24] can in principle
take place and affect the constraints on the heavy-active neutrino mixing for Y, ~ 1 and
A ~ 10TeV, in practice large violations of the protecting B — L symmetry would be
required, leading to too large radiative corrections to light neutrino masses.

5 Conclusions

In this work we have analyzed in detail the importance of loop corrections when deriving
constraints on the mixing between the SM flavour eigenstates and the new heavy neutrinos
introduced in Seesaw mechanisms. Although naively the expectation is that radiative
corrections involving these new states would be irrelevant given their weaker-than-weak
interactions due to their singlet nature and, a priori, suppressed mixings with the SM
neutrinos, Seesaw models allow Yukawa couplings to be sizable, even order one. Thus,
loop corrections involving Yukawa vertexes, when the loops involve the heavy neutrinos
and the Higgs or the W and Z Goldstones, can indeed be sizable as shown in ref. [24]. In
that work, it was shown that, for the low scale Seesaw mechanisms characterized by large
Yukawas and low (electroweak) Seesaw scale, the contribution of the new degrees of freedom

°In this limit with gz > A, A’, L-symmetry is recovered with two degenerate neutrinos with mass p3
that form a Dirac pair. Hence, the symmetry ensures the stability of v masses at loop level but conversely
drives T to positive values.
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Figure 9. T parameter versus l-loop correction to m, for different values of the L-violating
parameters pq and pg.

to the oblique parameters could indeed become as important as the tree level effects in some
regions of the parameter space. Moreover, it was observed that several observables shared
a common dependence between the T parameter and the tree level contribution, stemming
from the modification by these effects of the muon decay through which G is determined
and subsequently used as input for other observables. Thus, a partial cancellation between
these tree and loop level contributions can significantly relax the bounds derived from these
observables. Indeed, in ref. [24] a good fit with sizable mixing was obtained in which the
most stringent limits were avoided through this partial cancellation while standing tensions
between the SM and some observables like the invisible width of the Z were alleviated.
We have extended the analysis performed in ref. [24] to include also vertex corrections
and not only oblique parameters, since the sizable contributions from the heavy Yukawas
do not vanish when taking the light neutrinos and charged lepton masses to zero. We find
that, all in all, the oblique parameters do tend to dominate over the other loop corrections
and their contribution could be sizable in some part of the parameter space. However,
our MCMC scan shows no preference for any sizable loop corrections and the partial can-
cellation found in [24] is not reproduced. We then studied in detail the values of the T
parameter preferred by data through our MCMC scan and saw that they were not only
negligible, but always positive in our results. Indeed, for the cancellation between tree level
contributions and the T parameter to take place, the latter must have negative values. We
thus studied the necessary conditions for sizable negative values of the T" parameter and
realized that, not only sizable Yukawas and relatively low Seesaw scales are required, but
also large violations of B — L. We then identified the only parameters in the mass matrix
with three extra heavy neutrinos that could provide the necessary B — L violation required
for T' to be negative and competitive with tree level contributions, while keeping neutrino
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masses within their current bounds despite the large Yukawas, low Seesaw scale and loss of
protecting B — L symmetry. Finally, we studied how these parameters would contribute to
neutrino masses at loop level and found that, for the size of T required for the cancellation
to take place, light neutrino masses would range from 10 keV to 100 MeV, effectively ruling
out this possibility.

We conclude that loop level corrections are only relevant in a small fraction of the
Seesaw parameter space characterized by large Yukawa couplings and low Seesaw scale and
that these corrections tend to strengthen the tree level contributions unless large deviations
from B — L are present. If B — L is approximately conserved, data thus prefer regions of the
parameter space where these loops are irrelevant. On the other hand, if B — L is strongly
violated, the cancellation discussed in ref. [24] can indeed provide a good fit to data with
a very relevant role of the loop contributions. However, these large violations of B — L at
loop level also lead to too large contributions to the light neutrino masses and hence this
possibility is ruled out. We therefore conclude that loop corrections can safely be neglected
in analyses of the heavy neutrino mixings in Seesaw mechanisms.

Finally we have also obtained relevant constraints on this mixing when B — L is an
approximate symmetry, so as to recover the correct neutrino masses and mixings observed
in neutrino oscillation searches. We find a mild (~ 90% CL) preference for non-zero mixing
with the e flavours with a best fit at 6, = 0.034f8:8[1)2 or 0, = 0.035f8:8[1)2 for normal and
inverted mass hierarchy respectively. In the case of normal hierarchy, this preference also
induces non-zero mixing with the 7 flavour 0, = 0.018J_r8:8%§ so as to recover the correct
pattern of neutrino masses and mixings. On the other hand, small 6, is preferred so as to
keep 1 — ey at acceptable levels in presence of non-zero .. At the 20 level the following

upper bounds are found: 6, < 0.051, 6, < 0.037 and 6, < 0.049.
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A Loop corrections
In this appendix we list the self-energies, counterterms and diagrams that enter in the
renormalization of the observables studied in section 3.

JST w 5CT Z.

Lepton-flavour-dependent counterterms: and The unrenormalized

charged lepton fields l%a can be written in terms of the renormalized 7, ones as

1 -
D0 = <5aﬁ + 25Z;5> ILs- (A1)

The most general expression for the lg — [, transition amplitude between fermionic

Dirac states can be written as follows:
Sah (p) = pPoxls (0°) + pPeEls (0°) + PrE0s (0°) + PrE0; () . (A2)

where XL = I and 2 = R, In the physical observables only the Hermitian part of
§Z" appears and it is given by

628 = 5 (5Z15+6Z ) (A.3)
= — Sk (m3) —mg|mp (2L (m3) + 28 (m3) ) + (30 (m3) + 225 (m3) )|

with ¥’ (pg) =dx (p2) /dp?. Therefore, the heavy neutrino contribution to §Z'°P can be
obtained simply computing

¢:|:
/ AN
> ( \ > = iElep(Zp) =
1 N, I+ o
lep * 2 2 2
AR 87rsWM§V kzzl {MkUﬂkU k[(PLmB + Prmq) Bo(p®, Mj;, Myy)

(A.4)

+p< M2 +PL>Bl(p2,M,3,MV2V)”,

where B; (and later B;j;, Cyj, D; and D;j) are the Passarino-Veltman integrals [67] using
the notation from ref. [68].
Similarly, the unrenormalized neutrino fields ng can also be written in terms of the

renormalized ones 7r,; as
1
0 A~
Vi, = <61] + 2(5253) Vrj- (A5)
The transition amplitude between two Majorana states reads

SE(p) = pPrXh (0°) + pPrSE (07) + PLsl (0°) + PrEY (7). (A6)

— 21 —



where 21 = 28 and ¥M = £M! In the Majorana case, the Hermitian part of §Z” can be

written as
neu — 1 14 1Z&3
§Zi" = 3 (624 +62%) (A7)

= =5k (m2) = my |m; (S (m2) + 357 (m2) ) + (SH (m3) + =4 (m2) )]

Analogously to the charged lepton case, § Z"" can thus be obtained from the heavy neutrino
contribution to the neutrino self energy:

¢°, H
/ AN
> [ \ > — z’E?f“(y)) =
V; Nk) V]
SI () = 167T5va2v kz4 {pPL (M;C, + M Cji) (M;Cyi; + MyChi)

x [B10? ME, MB) + By (5, ME, M)

+ PPr (M;Cj + MyCp.) (MiCr; + MyCyy)

x | Biw? ME, MB) + Bi (v, M2, M)

+ PLMj, (M;Cjr + My C) (MyChi + M;Cy;)
x [Bo(p?, ME, M3) — Bo(p*, ME, M)

+ PrM;, (M;Chy, + MCji.) (MpCy; + M;Chy)
(B M2 002) - B 32 )]}

Finally, the lepton-flavour-dependent combinations that will correct and cancel the
divergences of 1-loop corrections to the vertex Wvl, and Zvv are respectively:

6ST W _ Z Uai Z(;ZlepU,Bz + Z Zneu (Ag)
i=1
6

872 =N " (825 Cry + 0 255" Ci) (A.10)
k=1
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Vertex interferences: VC‘:V and Vg .

o >l

Wik -7
VA VAV S - Nk = Ty, =

VW Zz 1T0Ti}[//ulla
> 1\To|2

6

87r52 W ZZMkUMU*kaZ [C00(0,0, M?, ME, M) + Coo(0,0, MZ, MZ, ME)],
W i=1 k=4

(A.11)

up to higher order corrections and where 7y is the corresponding tree level amplitude.

QZ)O
Z, 7
~
/\/\/\/<
~
~
~
h
=Ty, =
Ty
zZ _ 0~ Zvvj

6

(6%
— o | 3 20k Cu MM, Cop MM, [ Co(0, M3, ME, ME, M)
1673, M3, | £,

+CO(0,M§,M§,M,§,M2)] + Cy [M%(ng(O,M%,M,f,M,?,Mf)
+C22(0 MZvMZvMIw ) 021(0 MZaMhaMk7M2> CQl(OvM%>M%7M137ME))

2(000(03M%7M%aM13aM3) +COO(O¢ M%aMI%aMlgaMz))}>}

6
k=4

up to higher order corrections and where Ty is the corresponding tree level amplitude.
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Box contribution to pu decay: Bag.

3 *
_Zi,j:l TOTa%’
Bag =3y
> i =1 |Tol
1 92 ’ : 27 72 2 2
ST > C’iijrUBkUEiU;rUaerMk{QO[DOO(Mh)—i—DOO(MZ)}

W ij=1kr=4

+mp [3(D12(M13) + D12(M3)) + 2(D13(Mj) + D13(M3))

+3(Da0F) + Da043) + 2(Da047) + Da(012)] | (A.13)

up to higher order corrections and where Tj is the corresponding tree level amplitude and
using the simplified notation D;;(M?) — Di]-(O,O,O,ME,MQ,M,?,MI%V). Apart from the
explicit sum over final state neutrinos in eq. (A.13), the integral over the phase space is to
be understood in both the numerator and denominator.

Flavour-universal corrections to the gauge boson propagators: (5{,‘{,‘“’ N and
5%““’ N We label Syw and ¥z, the terms proportional to g in the W and Z self-
energies respectively. Notice that the SM contribution has been subtracted from the total
self-energy, as we are interested in the contribution stemming from the new extra neutrinos.

(A.14)

6
(0%
= 2. { > Uil [2300(2927 MZ,m3) + p? (Bl(pQ, M}, m?)

o 2
47r8W a=e,u, 7 ~ i=1

+ Bll(p27 Mi27 mi))] - 2B00(p27 07 mi)_p2 (Bl(p2a 0’ mi) + Bll(p27 Oa mi))}
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- 0P =

N;
¥ale?) =250%) ~ 5340
- S 3 [Vt U3 MM, B, M2 M)+ U0
87rchW o p g1

x <2B00(p M?, M?2) + p2(Bi(p?, M2, M2) + By (p%, MQ,MQ)))}

- 3|:2BOO(p27 07 0) +p2(Bl(p2v 07 0) + Bll(p2a 07 0))] } (A15)

Notice that both in eq. (A.14) and in eq. (A.15) the sums run over all neutrino mass
eigenstates (heavy and light) so here M; can represent both the heavy or the light neutrino
masses.

The oblique universal corrections to the electroweak observables can be written as a
combination of the three following independent parameters [30, 31]:

aS — 48WCW [Z 2(0) + N (MQ) _ ME (M )] (A.16)
- M2 vy Z CWEW A .
25,000 N (0)
T = =24 - 0 AT
“ M2 M2, (A.17)
1SN0 SH,0) | s ENMME) 25w BF (M)
OZU = 48W W B} — B} + 5 B} — 3 . (AlS)
My My ay Mz cw Mz

and the renormalized self energies are given by:
. 2
S () = Sy () - = (47) + 67 = M) | TR - =200)].

5, () = 55 07) - 5 0) + 0 - i) [ (- 1) -],

SN (02 N (2 N 2 W
X7y (1) = 22y (07) = 22, (0) =7 R,
25 ) = 25, () - =3 (0), (A.19)
with N
2%z (M7) _ Tww (Miy) _ 2sw 2z, (0)
M2 M3, ew  ME
Notice that, in the on-shell renormalization scheme ZA]%W (ME,) = fijzvz (M2) = igw (0) =

XAJ% (0) = 0. Moreover, there is no contribution to the propagator of the photon from

R:

(A.20)
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the extra heavy neutrinos and therefore Z,]Y\; and 2% can be set to zero in the previous
equations. In addition, there is no correction to Xz either, so that ng can be set to zero
too. The universal oblique counterterms presented in section 3 can thus be written as:

5univ N _ E%W (O) B 2]V\(/W (M‘%V) o @R _ XA:%W (0)
W =

M, sty M,
1 2 26
= —aS— Wor - Wy
283y Sy dsyy
5univ N _ EQZ (O) B Z]JZVZ (M%) 4 1 _ @ R = zA}]Z\[Z (0)
Z M3 2 5% M3
1 2 26
= aS+ (1 = C§V> oT — 22V AU, (A.21)
23W S\ 4SW
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