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1 Introduction

The well-established phenomenon of neutrino oscillations [1, 2] implies that the family
lepton numbers are not unbroken symmetries of Nature. Therefore, other processes that
violate those symmetries, like the two-body decays (f — (v, Z — ({45, and h — (] 05
may occur. (Here, h is the recently discovered scalar particle with mass mj;, = 125.25 GeV,
and ¢ and {9 are charged leptons with different flavours.) In the Standard Model (SM)
those decays only appear at the one-loop level and they are suppressed by a GIM-like
mechanism [3], due to the light-neutrino masses being very small and almost identical when
compared to the Fermi scale. As a consequence, in the SM those lepton-flavour-violating
(LFV) decays have very small rates and are, in practice, invisible. This fact renders them
all the more inviting to explore both experimentally, as windows to New Physics, and
theoretically, in extensions of the SM.

In table 1 we display the nine LFV two-body decays, the present upper bounds on
their branching ratios, and the expected sensitivity of some future experiments. Note that,
according to ref. [6], the HL-LHC experiment for Z decays will lead to improvements of
about one order of magnitude on the branching ratios from the full LHC samples; we have
indicated those general indications through signs ~ in table 1.

In this paper we numerically compute the above-mentioned decays in a simple extension
of the SM. That extension is a particular case of the scheme proposed in ref. [18], which is
characterized by the following features:

o It is a multi-Higgs-doublet model.

o It has three right-handed neutrinos (RHv), with Majorana masses that enable a type-I
seesaw mechanism.

o All the Yukawa-coupling matrices are diagonal in lepton-flavour space, because of the
invariance of the dimension-four terms in the Lagrangian under the lepton-flavour
symmetries.

e The violation of the family lepton numbers arises only softly, through the dimension-
three Majorana mass terms of the RHv.

In ref. [18] the above-mentioned decays have been computed analytically within that general
scheme. In this paper we check that analytical computation, but express the amplitudes
through Passarino-Veltman (PV) functions. That allows us to use the resulting formulas
in high-precision numerical computations and to establish the impact of the separate
amplitudes on the branching ratios (BRs) of the LFV decays. Although our analytical
results allow one to study the LFV decays in a model with an arbitrary number of scalar
doublets, in this paper we only perform the numerical computation in the context of a
simple version of the two-Higgs-doublet model (2HDM).

The branching ratios of the LE'V decays predicted by seesaw models like ours are usually
small due to the strong suppression from the very large RHr Majorana masses [19, 20]. A
recent paper [21] about the LFV Higgs decays in the framework of a general type-I seesaw



Decay Present Experiment ‘ Future Experiment ‘

o5t 44 x10~% BABAR (2010) [4 1x 1079 BELLE-II [5
py

2 x 1079 FCC-ee [6, 7]
™ ety | 33x107%  BABAR (2010) [4] | 3x 107  BELLE-II [5, §]

pt = ety | 42x 1071 MEG (2016) [9] 6 x 10714 MEG-II [10]
Z — 7t*uT | 1.2x107° DELPHI (1997) [11] | ~107¢ HL-LHC [6]

~ 107 FCC-ee [6, 7]
Z — 75t | 9.8x107¢  OPAL (1995) [12] ~ 1076 HL-LHC [6]

~ 107 FCC-ee [6, 7]
Z — pret | 7.5x 1077 ATLAS (2014) [13] | ~7 x 107®  HL-LHC 6]
~ 10710 FCC-ee [6, 7]
h— 75uT | 25 x 1073 CMS (2018) [14] 1.4 x107%  FCC-ee [15]
h— 7%eT | 47x1073  ATLAS (2019) [16] | 1.6 x 107*  FCC-ee [15]
h — pFeT | 6.1 x 107>  ATLAS (2019) [17] | 1.2 x 1075  FCC-ee [15]

Table 1. Present upper bounds and future sensitivities for the branching ratios of LFV decays.

model with mass-insertion approximation concludes that the maximal decay rates are far
from the current experimental bounds. The inverse seesaw model, a specific realization of
low-scale seesaw models, might yield larger decay rates [22—-25].

There is a large number of theoretical papers on the LFV decays, therefore we refer
only to some of them, grouping them according to the decays under consideration, since

most of the research has been conducted on individual types of decays:

e LFV decays of charged leptons were analyzed in the context of the inverse seesaw
model [22], of effective field theory [26-29], of 2HDMs [28, 30, 31], and of the flipped
3-3-1 model [32]. The current experimental and theoretical situation for these decays

is reviewed in ref. [33].

e The LFV Z decay rates have been computed in frameworks with massive Majorana
neutrinos [34-36], in the inverse seesaw model [24, 25], effective field theory [37-40], a
general 2HDM [41], and the minimal 3-3-1 model [42].

o LFV Higgs decays were analyzed in the framework of the inverse seesaw model [22,
23, 43-45], 2HDM [46-53], effective field theory [54], 3-3-1 models [32, 55], in models
with TeV sterile neutrinos [56] and models with L, — L, symmetry [57, 58]. We also

refer to the recent review by Vicente [59].

As mentioned above, the three types of LF'V decays have been analyzed mostly separately, but
there are also studies that endeavour to combine all three types together [60, 61]. Correlations
among separate decay rates may exist, and some LFV decays may be constrained by other
LFV decays. Some constraints could appear in several models, while other constraints
operate only in specific models. For example, ref. [24] shows that Z — 7% 4T is constrained



by 7 — uty in the inverse seesaw model; constraints on the Z decays from the LFV decays
of charged leptons also emerge in the 2HDM [41] and in the minimal 3-3-1 model [42].
The authors of ref. [48] claim that h — 74T is constrained by 7+ — p* in their specific
2HDM, but in ref. [46] no such constraints have been found in the type-III 2HDM.

In this paper we perform the numerical study of all nine LFV two-body decays (7 —
pty, ™ = ey, ut — etry, Z/h — 7T, Z/h — 1T, and Z/h — pteT) in the
context of the 2HDM with seesaw mechanism and flavour-conserving Yukawa couplings.

+

Our purpose is to see under which circumstances the decay rates might be close to their
present experimental upper bounds — namely, whether one has to resort to either very
large or very small Yukawa couplings, to a very low mass of the charged scalar of the 2HDM,
or to very low RHv masses. We want to elucidate which are the very relevant and the less
relevant parameters of that model for the LF'V decays.

In section 2 we review both the scalar and the leptonic sectors of our model. Section 3
contains our main numerical results. The findings of this paper are summarized in section 4.
The Passarino-Veltman functions relevant for the analytic computation are expounded
in appendix A. The full one-loop analytical formulas for the LFV decays in terms of PV
functions are collected in appendices B, C, and D. Appendix E makes a digression on the
invisible Z decay width and appendix F reviews some literature on lower bounds on the
charged-Higgs mass.

2 The model

2.1 Scalar sector
2.1.1 The matrices U4 and V

In general,! we assume the existence of 2ng scalar SU(2) doublets

i - o
@k:( 0), (I)k:< +*> (k:].,...,nd). (2.1)
Pk Y

We assume that no other scalar fields exist, except possibly SU(2) singlets of charge either
0 or £1. The neutral fields cp% have vacuum expectation values (VEVs) vy / V2 that may
be complex. We use the formalism of ref. [62], that was further developed in refs. [18]
and [63]. The scalar eigenstates of mass are n charged scalars H (a = 1,...,n) and m
real neutral scalars S,? (b=1,...,m), with n > ng and m > 2n4. The fields cpz and gog are
superpositions of the eigenstates of mass according to

n 1 m
o =Y UHS, o) = 7 <uk + ZkaSz?> : (2.2)
a=1

b=1
The matrix U is ng X n and the matrix V is ng X m. In general, they are not unitary;

U ReV
U= (T) V=|ImVy (2.3)
R

however, there are matrices

1Soon we shall restrict the model to ng = 2.



that are n x n unitary and m x m real orthogonal, respectively. The matrices 7 and R
account for the possible presence in the model of charged-scalar SU(2) singlets and of scalar
gauge invariants, respectively. The unitarity of 2/ and the orthogonality of V imply

UU" = ReV Re VT =TmV Im VT = 1,,,4n,,  ReVImVT = 0,50,  (2.4)
By definition, H;" := G* and S := G° are the ‘would-be Goldstone bosons’. Hence [63],

U1 = %, Vil =1 v*k (2.5)
v U

28pymywy  2¢ySwmyz
Z|vk we = “’e”“” : (2.6)

In eq. (2.6), sy and ¢, are the sine and the cosine, respectively, of the weak mixing angle,
and e is the electric charge of the proton. Clearly, because of egs. (2.5) and (2.6),

nqg ng
Yol ="Vl =1. (2.7)
k=1 k=1

where

Thus, (VTV> =1.
1 -
In eq. (2.3), U is unitary and V is orthogonal. Hence, because of eq. (2.7), the first
columns of 7 and R are identically zero. Therefore the orthogonality of V implies that, for

b1,

nd
Z Re Vi1 Re Vi + Im Vyy Im Vig)
nd

e (Vi1 Vib)

(-3 ve)

ii
i_d: < ka) (2.8)

Thus,
R
Ty = vV (b#1) (2.9)
k=1

is real. So, (Vhf) W —ixyp is imaginary for all b # 1.

2.1.2 Some interactions of the scalars

The parameters z; in eq. (2.9) are important because they appear in the interaction of the
neutral scalars S with two W gauge bosons [63]:

emyy

W, WHEY " z,5p. (2.10)

Sw b=2

L= -+



Another important interaction is the one of a W gauge boson with one neutral scalar
and one charged scalar. It is given by [18]

L= +zi znji () wi(H; oms) - sponH,) (2.11a)

a=10b=1

+(Viu), W, (sporE; — B} 0's))|. (2.11b)

Also relevant in this paper is the interaction of a neutral scalar with two charged scalars.
We parameterize it as
n m
-+ Z Z)\aa’bHa_H;Sl?v (212)
a,a’=1b=1
where the coefficients obey A,qp = A%/, because of the Hermiticity of £. Equation (2.12)
corresponds, when either ¢« = 1 or ¢’ = 1, to an interaction of the charged would-be
Goldstone bosons. The coefficients for those interactions may be shown — either by gauge
invariance or indeed through an analysis of the scalar potential [18]—to be
e (m2 —m3)

Aap = —5 (Viu) " (2.13)

Aatp = e(mgi—) (UTV)

2sme

. (2.13D)

—emb

AMi1p = ——> Tp, 2.13
11b 2Swmwfﬁb ( c)

where m,, is the mass of the charged scalar H; and m; is the mass of the neutral scalar Sp.

2.2 Leptonic sector
2.2.1 The matrices U and X

We assume the existence of three right-handed neutrinos vy, where ¢ = e, i, 7. We assume
that the flavour lepton numbers are conserved in the Yukawa Lagrangian of the leptons:

Z S [®Lln (k) + @ 7en (Ak)y] <WL> +He. (2.14)
k=1 fl=e,u,T EL

All the 2ng matrices I'y and Ay are diagonal by assumption. The charged-lepton mass
matrix M, and the neutrino Dirac mass matrix Mp are

*

ng
Uk
Z e Mp= > = A (2.15)
o V2

respectively. The matrices My and Mp are diagonal just as the matrices 'y and Ag,
respectively. Without loss of generality, we choose the phases of the fields £z in such
a way that the diagonal matrix elements of M, are real and positive, viz. they are the
charged-lepton masses; thus,

Z vlt (Fk)M = \/imf (E =e M, T)' (216)



The neutrino mass terms are

Vel
Ly mass = — (ljeRa VuR, DTR) Mp vuL
VrL
. Cvl,
-5 (96R, DuRs DTR) Mp | C7% | +He, (2.17)
Ol

where C is the charge-conjugation matrix in Dirac space. The flavour-space matrix Mp is
non-diagonal and symmetric; it is the sole origin of lepton mixing in this model.

There are six physical Majorana neutrino fields v; = Cv! (i = 1,...,6). The three v,
and the three v g are superpositions thereof [18]:

6 6
v = Y U PLy;, vir = »_ XeiPrvi, (2.18)

=1 =1

where Pr, := (1 —~5)/2 and Pr := (1 + 5)/ 2 are the projectors of chirality. The matrices

U and X are 3 x 6. The matrix
U
Ug := (X*) (2.19)

is 6 x 6 and unitary, hence
UUT = 1543, UtU + XTX* = 1546. (2.20)

The matrix Ug diagonalizes the full 6 x 6 neutrino mass matrix as

ur O3x3 Mg Us = m := diag (m me) (2.21)
6 MD MR 6 . 1y.-.-,Mg) . A
In eq. (2.21), the m; (i =1,...,6) are non-negative real; m; is the mass of the neutrino v;.
From eq. (2.21),
UnUT = 03x3,  XmU' = Mp. (2.22)

The matrix Mp is diagonal. Therefore, Mf,Mp = Ui (1xs — UTU*) iUt = Um2U™ is
diagonal. It follows from egs. (2.20) and (2.22) that

XTMpU = mU'U. (2.23)
Equation (2.21) implies M5 X* = U*. Therefore,
m;

Xy =Up ——v—. 2.24
“=Ui Gy, (224



2.2.2 The interactions of the leptons

The charged-current Lagrangian is

(&

\/isw )

6
> > Wy Us by Prvi+ Wy Uy v Pt (2.25)

=e,u,7 =1

ECC =

The neutral-current Lagrangian is

_ €2 70 (2 2 2
L CEILR I
esy 6 s
1 > iy (@i PL — q;iPr) V), (2.26b)
Cwdw =1
where
Gij = (UTU)U. (2.27)

When extracting the Feynman rule for the vertex from line (2.26b), one must multiply by a
factor 2 because the v; are Majorana fields.
The charged scalars interact with the charged leptons and the neutrinos through

n 6
Lo O % [H; 0(RaeiPr — Lot PL) vi + H v (RY 1P, — LY, PR) 4 . (2.28)
a=1/{l=e,p,m i=1
The coefficients in eq. (2.28) are given by
ng nq
Roi = > Uiy (AIX) 0 Lt = Y Uiy (ThU) . (2:29)
k=1 k=1

The neutral scalars interact with the charged leptons and with the neutrinos through

5 g

Lyo>=> X NG (90ePL + gpePr) € (2.30a)
b=1tl=e,u,
m 6 0
Sy .
_ Z Z Wi v; (fbijPL + fbijPR) vj. (2.30b)

b=11,j=1

When extracting the Feynman rule for the vertex from line (2.30b), one must multiply by a
factor 2 because the v; are Majorana fields. The coefficients in eq. (2.30) are given by

nq ng
g =3 Vis(Melees  foij = 3 Vo (XTAU + UTAkx*)”

k=1 k=1

(2.31)

Notice that sz'j = fbji-

The reader may now appreciate the practical computation of the amplitudes for
K{E — @ty (appendix B), Z — (] ¢; (appendix C), and SY — ¢{¢; (appendix D). Those
amplitudes are expressed in terms of the Passarino-Veltman functions defined in appendix A.



2.3 Restriction to a two-Higgs-doublet model

In the numerical computations in this paper, we work in the context of a two-Higgs-doublet
model without any scalar SU(2) singlets. We use, without loss of generality, the ‘Higgs
basis’, wherein only the first scalar doublet has a VEV, and moreover that VEV is real
and positive:

Gt I+
¢y = <(v+p1+iG0)/\/§>, Py = ((P2+i77)/\/§>' (2.32)

In this basis, G* = H; is the charged would-be Goldstone boson and H* = H is a
physical charged scalar. Thus, the matrix U defined through eq. (2.2) is the 2 x 2 unit
matrix. Moreover, G° = S is the neutral would-be Goldstone boson, and [64]

S3 p1
S| =T/ p2 |, (2.33)
59 n

where T is a real orthogonal 3 x 3 matrix. Without loss of generality, we restrict 171, To1,
and T31 to be non-negative — this corresponds to a choice for the signs of S9, S9, and SY,
respectively. Without loss of generality, we choose the phase of the doublet ®5 in such a
way that Tho + iT13 is real and non-negative; thus, Tis + iT13 = /1 — T#. The matrix V
defined through eq. (2.2) is given by

Vo AT T T (2.34)
0 /1 =T} Too +iTog Tso +iT33 | '

Then,

1 —iTy —id —iT31
iTH 1 :EiTgl q:iT21
iTQl :FiTgl 1 ﬁ:iTll
iT31 iiTQl :FiT11 1

Viy = for detT = +1. (2.35)

We are interested only in S9, viz. in the index b = 2. Through the definition (2.9),
T11 = X9. (236)

From now on we will only use xo and we will not mention 7" and its matrix elements again.
We use the notation my, for the mass of S9; since S9 is supposed to be the scalar discovered
at the LHC, my, = 125.25 GeV. We use the notation mpg+ for the mass of the charged scalar
H™. The neutral scalars S§ and S are unimportant in this paper.

We use the following notation [65] for the matrix elements of I'; o and Aj 2:

(T'2) e = e, (A1) = dy, (A2)y = 0y, (2.37)

while (I'1),, = v2my/v. Clearly, according to eq. (2.15) with vy = v,

v

M
NG

diag (de, dy, d;). (2.38)



From eq. (2.24),

2 i
Xy = L{ Uy L
d; )

We use both egs. (2.31) and the definition (2.27) to derive
V2my
= 1—a3 24
g2 = 22— — + /1 -5 7, (2.40a)

(2.39)

V2 (migi; + mjq;i) 2
I _ t T *
faij = 2 ! /1 — 22 (X AU +UTALX )] (2.40D)
The scalar S9 couples to pairs of gauge bosons according to the Lagrangian [63]
L=t =59 (mWleLW“_ + Iz Zﬂzu) ©s. (2.41)
Sw 2¢Cy

It couples to the 7 and p leptons through the Lagrangian — cf. eq. (2.30a) —

o |- [ T2ems \/@ Re~r m Im v,
L= =5 T + — v | 7 (2.42a)
28 My V2 V2
T iz Rey \f1-ad gy (2.42b)
H 28me \/§ \/§ Y5 | K - .
Experimentalists usually write
€ 0 - mg e 0 B -
L:+§S2 (K}W?’RWW:—W# +K/Z 2CwZMZ:U'> 7%*5'2 (K/TTmTT‘i“K/MHmM,Uz),

(2.43)
viz. with factors kw,z ;, that parameterize the deviations from the SM. Detailed limits on
those factors have been derived from experiment, see for instance refs. [66-69]. In our fits
we enforce the conditions [68]?

093 < |kw| = |kz| =22 < 1, (2.44a)

0.81 < |rr| = |22 + ‘/T J1— 22 Rey, | < 1.17, (2.44b)
?@VTV /1 — 22 Im~,| < 0.3, (2.44c)

i = |z + ‘/ii“?”:;w \J1— 23 Rey,| < 1.37, (2.44d)

mw 2
—/1—x51 <0.3. 2.44
V1= m, < (2.40)

These conditions constitute quite strong constraints on zo and on the Yukawa couplings .,
and v,,. Conditions (2.44b) and (2.44d) are displayed in figure 1. In the experimental papers,
for any given decay mode a coupling modifier is defined as k? = I'! / FiSM, therefore in our
analysis we allow for either positive or negative Re s, and Re k., as illustrated in figure 1.

2The LHC results also suggest that the couplings of the Higgs particle to the top and bottom quarks
should be quite close to the SM ones. However, since in our model we do not specify the Yukawa couplings
of the quarks, we refrain from imposing any constraint arising from the quark sector.



k,=1.37
0.0 * [ k>0
k<0
= —0.5)
) x
~ _10! k,=—1.37
[xk.>0
—15F Ky <0

1007 10% 10° 10* 10% 1072 1007 10% 10 10* 10 1072

1-x, 1-x

Figure 1. The possible values of the real parts of the Yukawa couplings v, (left panel) and ~.
(right panel) versus 1 — xo, according to inequalities (2.44d) and (2.44Db), respectively. In the right
panel, the dashed orange lines indicate the upper bound |Re~,| < VA7 ~ 3.5 that we impose in our
fits. The locations of the benchmark points of table 3 are marked by crosses (for BP-1) and stars
(for BP-2).

We parameterize the vertex of SY with two charged scalars through eq. (2.12). We
already know from eqs. (2.13) that

€ m2 — m2
A212 = A122 = e (miye = mj) V1 — a3, (2.45a)

2Sumw
2
Mig = b gy, (2.45Db)
28umw
The value of Aagg, i.e. of the coupling H~H™*SY, depends on the scalar potential. If we
write the quartic part of the scalar potential of the 2HDM in the standard notation [70]
M (ata ) 2 22 (ofe. ) . @l b @l
Vi= 5 (o]@1)" + 5 (®102)" + X3 D] @1 DL, + Ny D0y Bl
A 2
+ [25 (@]@2)" + (Ae®] 1 + A\ DLy ) D], + H.c.] : (2.46)

then [64]
25y
A222 = —y (362)\3 + m Re /\7) : (2.47)

The coupling Agg2 is important for S§ — ¢ 5 ; there is a diagram for that decay wherein
S9 attaches to H~ HT. However, in practice that diagram gives amplitudes (D.5) that are
always much smaller than the dominant amplitudes (D.4) and (D.11). We have found that,
for —1 < A3 < 7 and |Re A7| < 1.5 [71], the branching ratios BR (5’3 — Efﬁ;) are almost

completely independent of Ageo.? Thereafter we have kept A3 = Re A7 = 1 fixed.

3There is an exception to this behaviour when 1 — 22 < 1077, i.e. when one is extremely close to the
‘alignment’ situation z2 = 1. In this case the amplitudes (D.4) and (D.11) are strongly suppressed and the
exact value of A222 becomes quite relevant. However, in that very contrived case the branching ratios of
59 — ETZQ_ become very close to zero and, therefore, uninteresting to us, since in this paper we are looking
for the possibility of largish LFV branching ratios.

~10 -



2.4 Fit to the lepton-mixing data

The lepton mixing matrix U is in the charged-current Lagrangian (2.25). It is a 3 x 6
matrix. We must connect it to the standard PMNS 3 x 3 unitary matrix. In order to
make this connection we use the seesaw approximation [72-76], which is valid when the
eigenvalues of Mp are very much larger than the (diagonal) matrix elements of Mp. The
3 X 3 symmetric matrix

M, = —-MhMz'Mp (2.48)

is diagonalized by an unitary matrix V as
VIM,V = diag (n1,no,n3) := n, (2.49)
where the n, (p =1,2,3) are real and positive. It follows from egs. (2.48) and (2.49) that
Mp = -MpVa~ v M. (2.50)

In our fitting program we input the PMNS matrix V,* the Yukawa couplings de,y,, and the
ny,. We firstly write the matrix Mp given by eq. (2.38). We then determine Mp through
eq. (2.50). We use Mg and Mp to construct the 6 x 6 matrix

O3 Mp ) (2.51)
Mp Mg

We diagonalize the matrix (2.51) through the unitary matrix Us as in eq. (2.21). We thus
find both U, viz. the 3 x 6 upper submatrix of Ug, and the neutrino masses m; (i = 1,...,6).
Because the seesaw approximation is very good, one obtains m; =~ n; for ¢ = 1,2,3 and
moreover the 3 x 3 left submatrix of U turns out approximately equal to V. Finally, we
order the heavy-neutrino masses as m4 < ms < mg.

Since the inputted n, are many orders of magnitude below the Fermi scale, the matrix
elements of Mg are much above the Fermi scale unless the Yukawa couplings dy are extremely
small. Therefore, when we lower the inputted dy, we lower the heavy-neutrino masses.

For the n, we use the light-neutrino masses. The cosmological bound [77] is

3
donpr > my, <0126V, (2.52)
p=1

light neutrinos

together with the squared-mass differences Agoar = n3 — n? and Agtmospheric = |n§ - n%],
that are taken from phenomenology. The lightest-neutrino mass is kept free; we let it vary
in between 107° eV and ~ 0.03eV for normal ordering (n; < n3), and in between 1075 eV
and ~ 0.015eV for inverted ordering (ng < mni); the upper bound on the lightest-neutrino
mass is indirectly provided by the cosmological bound (2.52). The smallest n, cannot

4Recall that in our model there is conservation of the flavour lepton numbers in the Yukawa couplings
and therefore the charged-lepton mass matrix is diagonal from the start.
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Quantity Best fit lo range 30 range
Asorar /(1075eV?) 755 739775 7.05-8.14

Aatmospheric / (10—3ev2) (NO) 250 2.47-2.53 2.41-2.60

Aatmospheric / (10*3ev2) (10)  2.42 2.34-2.47 2.31-2.51

sin? 015 /1071 3.20 3.04-3.40 2.73-3.79
sin? 093 /1071 (NO) 5.47 5.17-5.67 4.45-5.99
sin? 63 /1071 (10) 5.51 5.21-5.69 4.53-5.98
sin? 013 /1072 (NO) 2.160  2.091-2.243 1.96-2.41
sin? 613 /1072 (10) 2220  2.144-2.146  1.99-2.44
§ /rad (NO) 3.80 3.33-4.46 2.73-6.09
§ /rad (I0) 4.90 4.43-5.31 3.52-6.09

Table 2. The neutrino-oscillation parameters used in our fits [78].

be allowed to be zero because 7~ ! appears in eq. (2.50). For the matrix V we use the
parameterization [66]

*

c12€13 $12€13 €
V = | —si2c23 — c12523€ C12C23 — S12523€ Sazciz | x diag (1, elo/2, 61&31/2) , (2.53)

512823 — C12€23€  —C125823 — S12C23€ C23C13

where € = sy exp (i), ¢pg = €08 Opq, and s,q = sin b, for (pq) = (12), (13), (23).

Three different groups [78-80] have derived, from the data provided by various neutrino-
oscillation experiments, values for the mixing angles 6, for the phase J, and for Ay and
Aatmospheric- The results of the three groups (especially the 1o bounds) are different, but in
ref. [78] the values of the observables are in between the bounds of refs. [79] and [80]. In
this paper we use the 30 data from ref. [78] that are summarised in table 2. The Majorana
phases a9 and a3 are kept free in our analysis.

3 Numerical results

3.1 Details of the computation

We have generated the complete set of diagrams for each process in Feynman gauge by
using the package FeynMaster [81] (that package combines FeynRules [82, 83|, QGRAF [84],
and FeynCalc [85, 86]) with a modified version of the FeynRules Standard-Model file
to account for the six neutrinos, for lepton flavour mixing, and for the additional Higgs
doublet. The amplitudes generated automatically by FeynMaster were expressed through
Passarino-Veltman (PV) functions by using the package FeynCalc and specific functions
of FeynMaster. All the amplitudes were checked by performing the computations manually.
The results of these computations are presented in appendices B, C, and D.
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For numerical calculations we made two separate programs, one with Mathematica and
another one with Fortran. Because of the very large differences among

« the mass scale of the light neutrinos, between 107 eV and 0.1e€V,
o the mass scale of the charged leptons, between 100keV and 1 GeV,

« and the mass scale of the heavy neutrinos, between 100 GeV and 10'° GeV,

there are both numerical instabilities and delicate cancellations in the calculations. These nu-
merical problems could be solved with the high-precision numbers that Mathematica allows.
However, this strongly slows down the calculations. Fortunately, numerical inaccuracies
occur only for very small values (less than 1073°) of the branching ratios (BRs), therefore we
were able to use a program written with Fortran to implement the minimization procedure
and to find BRs within ranges relevant to experiment. Some parts of the Fortran code
(such as the module for matrix diagonalization) have used quadruple precision to avoid
inaccuracies, but most of the code has used just double precision so that the computational
speed was sufficient for minimization. The final results were checked with the high precision
afforded by Mathematica.

The numerical computation of the PV functions was performed by using the Fortran
library Collier [87], which is designed for the numerical evaluation of one-loop scalar and
tensor integrals. A major advantage of Collier over the LoopTools package [88] is that
it avoids numerical instabilities when the neutrino masses are very large, even when one
only uses double precision. The integrals were checked with Mathematica’s high-precision
numbers and Package-X [89] analytic expressions of one-loop integrals.

In the fits of subsection 3.4, in order to find adequate numerical values for the parameters

we have constructed a y? function to be minimized:
n b\ 2 v b\ 2
= |e(o!-or) (g) +6(0y -0} (O;O> . (3.1)
i=1 @
In eq. (3.1),

e n is the total number of observables to be fitted; this is usually nine, since we fit the
BRs of the nine LF'V decays in order to find them within the ranges accessible to
experiment.

e O is the Heaviside step function.
e Oy is the computed value of each observable.
. Oi? is the experimental upper bound on the observable, which is given in table 1.

e k is an appropriately small number that short-circuits the minimization algorithm
when OY turns out larger than OP.°

5In practice, in each case we have tried various values of k before settling on the one that worked best, i.e.
that maximized the efficiency of the minimization algorithm for each problem at hand. Since the observables
viz. the branching ratios are very small, k ~ 1072° was a typical order of magnitude.
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The 2 function (3.1) works well even when the calculated BRs and the experimental upper
bounds differ by many orders of magnitude. We have performed the fits in subsection 3.4 by
minimizing x? with respect to the model parameters — the Yukawa couplings dy, ¢, and
¢, and the PMNS-matrix parameters. The mass of the lightest neutrino and the parameter
x5 were randomly generated before the minimization of the x? function, in order to be
able to explore the full range of the neutrino masses and the full range of xo. In the fits
of subsection 3.4 the mass of the charged scalar H™ was usually kept fixed, just as the
parameters A3 and Re A7 of the scalar potential (2.46).

The minimization of y? is not an easy task because of the large number of model
parameters that, moreover, may differ by several orders of magnitude, and because there is
always a large number of local minima. However, we don’t try to find absolute minima, i.e.
BRs as close as possible to the experimental upper bound; our purpose is rather to search
under which circumstances the decay rates may be in experimentally accessible ranges.

The inputted values of the masses of the leptons and bosons were taken from ref. [66].
We have used s2, = 0.22337 and e = /47, where a = 1/137.036 is the fine-structure
constant. The neutrino-oscillation data are in table 2.

We introduce the shorthands BR(¢), BR(Z), and BR(h) for the branching ratios of
the decays (T — (3, Z — (0], and h — (0], respectively. We also define the lower
bound Yin = 107 and the upper bound Yiax = VA7 ~ 3.5 on the moduli of the Yukawa
coupling constants.

3.2 Benchmark points

We produce in table 3 two benchmark points (BPs). For those two BPs the neutrino mass
ordering is normal, the neutrino squared-mass differences and the lepton mixing angles
take their best-fit values in table 2, the mass of the charged scalar is 750 GeV, and the
parameters A3 and A7 of the scalar potential are both equal to 1. The first nine rows of
table 3 contain the inputted values of the Yukawa couplings; the next two lines have the
computed values of £, and x.; in the next four lines one finds the inputted values of the
lightest-neutrino mass my, of the Majorana phases ao; and as1, and of the non-alignment
parameter 1 — xo; the next three lines have the computed masses of the heavy neutrinos,
ordered as m4 < ms < mg; the last nine lines display the computed branching ratios.

In benchmark point 2 (BP-2) only the BR(h) are sufficiently large to be observed in
the future, while the BR({) and BR(Z) are negligibly small. Benchmark point 1 (BP-1)
indicates that very small values of the Yukawa couplings d, and large values of the Yukawa
couplings d, are required in order to obtain BR(/) in experimentally reachable ranges. BP-2
shows that, if only the BR(h) are accessible, then the Yukawa couplings may all be in the
range [0.1, 1]; in that case, since the d; are not very small, the heavy-neutrino masses are
quite large.

3.3 Evolution of BRs

In this subsection we discuss the behaviour of the BRs when we vary some input parameters
of the benchmark point 1 of the previous section, while the other input parameters of that
point remain fixed.
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Point 1 (BP-1)

Point 2 (BP-2)

de 1076 0.25
dy 4 x107° 0.7
d, 10-¢ 0.4
Se 3.5 0.7
Sy 3.5 0.2
5y 3.5 0.7
Ve 0.3 0.3
Vi 104 ~0.043
Yy ~0.24 ~0.73
K 1.01 ~1.04
Koy ~1.04 ~1.06
m1 (meV) 16.5 5.2
ao; (rad) 3.515 0
a3z (rad) 1.060 0
1 — a9 0.0036 0.0004
my (TeV) 1.16066 1.33740 x 10!
ms (TeV) 3.54866 3.07494 x 101
me (TeV) 6.67826 12.5369 x 10!
BR (% — pty) x 10° 8.1 —
BR (tF — ety) x 10° 12 —
R (uF — eTry) x 1013 2.2 —
R(Z — tFuT) x 1013 9.6 —
R(Z — 7%eT) x 1013 12 —
R(Z — pFeT) x 101 38 —
BR(h — 7EuT) x 104 3.6 5.5
BR (h — 7FeT) x 10* 5.5 8.9
BR (h — pFeT) x 10° 3.6 3.9

Table 3. Two benchmark points. In the third column, the symbol ‘—’
< 10729, The values of the input parameters absent from the first column are given at the beginning
of subsection 3.2.
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Figure 2. The branching ratios as functions of the Yukawa coupling d,. Full lines give the BRs
computed with the contribution of all amplitudes; dashed lines represent the BRs computed only
with the amplitudes that do not involve the charged scalars H*. The shadowed bands are excluded
by the present experimental data; the dashed/dotted horizontal lines show the future experimental
sensitivities given in table 1. The colours of the shadowed bands coincide with the colours of the
lines, viz. blue for ({1, ¢o) = (7, u), red for (¢4, ¢3) = (7, e), and green for (¢1, ¢2) = (u, €). The
vertical dashed lines mark the location of BP-1 of table 3. The upper-right panel is a zoom of the
upper part of the bottom-right one. In the left panels, the blue lines almost always coincide with
the red ones.

In order to visualize the impact of the Yukawa coupling constants on the BRs, we have
fixed their ratios in the same way as in BP-1, viz.

dr =do,  dy=4d,,  b.=6, =0, 0'36% - 1OZT% =024 (32)
We change either only d,, or only d., or only ~+,, and we let the other Yukawa couplings
vary together with them through the fixed ratios (3.2). All the other input parameters keep
the values of BP-1.

In figure 2 we display the BRs against d,, while the three §; and the three v, are
kept equal to their respective values of BP-1. It should be noted, in the upper and lower
horizontal scales of figure 2, that the mass my4 of the lightest heavy neutrino varies as
my4 o< d2. One observes, in the top-left panel of figure 2, that the BR(¥) reach values close
to their experimental upper bounds for a narrow range of d, viz. 2 x 1077 < d, < 8 x 1075;
for these tiny values of d,, my < 102 GeV. The behaviour of the BR(Z) is shown in the
bottom-left panel of figure 2; it is similar to the behaviour of the BR(/), as one might

foresee from the similarities in the amplitudes for the two processes, cf. appendices B
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Figure 3. The branching ratios as functions of the Yukawa couplings 0, = d,, = d.. See the caption
of figure 2 for further explanations.

and C. Unfortunately, however, because of a small factor in the decay width, cf. eq. (C.2),
the predicted BR(Z) are smaller by more than six orders of magnitude than the present
experimental upper bounds.

We observe a completely different behaviour of the BR(h) in the right panels of figure 2
(the top panel is a zoom of part of the bottom one): the BR(h) achieve values comparable
to the experimental upper bounds for a wide range of d., viz. even when the heavy-neutrino
masses are quite large.

The main message of figure 2 is that all nine BRs would be very small if there were
no charged scalars H*. The contributions to the amplitudes from the diagrams with H*
increase some BRs in some circumstances by several orders of magnitude.

The BRs behave differently when plotted against the Yukawa couplings d,, as shown in
figure 3. We see that all the BRs increase with increasing absolute value of dy; the BR(¢)
and BR(h) become visible in planned experiments when |dy| 2 2 (for appropriate values of
the other parameters, especially very small dy, as they are in figure 3). With decreasing
|0¢| the BRs decrease monotonically for all decays because of the decreasing values of all
the amplitudes; when |6, | ~ 1075 the BRs have minimum values somewhere between 10~3°
and 10725,

The dependence of the BR(¢) and BR(Z) from the Yukawa couplings ~, is weak, as
shown in the left panel of figure 4. The reason for this is that in the dominant amplitudes,
viz. the ones in eq. (B.13), the dy and §; have much stronger impact than the ~,. The
relevance of the ~, is much stronger on BR(h); in the right panel of figure 4 one sees that
experimentally visible BR(h) may be reached when |vy;| 2 0.1, for appropriate values of the
other parameters. The BR(h) decrease with decreasing |y,| because of the decreasing values
of the dominant amplitudes, viz. d;/,416 in eq. (D.4) and d;/,,19 in egs. (D.11). However,
for |v-| <1073 the amplitudes d;,;,17 in eq. (D.5) become dominant and the BR(h) do not
decrease much any further.

In figures 2 and 4 we have seen that the behaviour of BR(h) is different from the
one of BR(Z) and BR(¢). This happens because of different amplitudes, but also because
of additional parameters, viz. x5 and the triple-scalar couplings A3 and A7, that arise in
the diagram of figure 17 where h attaches to two charged scalars with couplings given by
eqs. (2.45) and (2.47). However, due to the small factor /1 — 23 in the second term of
eq. (2.47), the impact of A7 on BR(h) is almost imperceptible. On the other hand, A3 may
have a strong influence on BR(h). This happens only for extremely small values of 1 — x5,
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Figure 4. Some branching ratios as functions of the Yukawa coupling ,. The vertical dashed lines
mark the value v, = —0.24 of benchmark point 1. Left panel: BR (7% — p*~) versus +, for various
values of 0. Right panel: the BR(h) versus v, for §; = 3.5. The light-gray-shadowed bands are
regions excluded by the inequalities (2.44).
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Figure 5. BR (h — 7FuT) versus 1 — x5 for various values of the triple-scalar coupling Az; all
the other input parameters are as in BP-1. The bands shadowed in light gray are excluded by
inequalities (2.44). The vertical dashed line marks the value 1 — x5 = 0.0036 of BP-1.

though; and, for such extremely small values of 1 — z3, BR(h) is anyway much too small
to be measurable. This is displayed in figure 5. In the cases that we are interested in, viz.
when the BR(h) are rather large, the exact value of A3 is unimportant. For the sake of
simplicity, from now one we assume A3 = Ay = 1 everywhere.

With decreasing 1 — x2, the BRs in figure 5 decrease because of the decreasing dominant
amplitudes d;/,p, 16 in eq. (D.4) and dj/p 19 in egs. (D.11). At some point, though, the
amplitudes d;/,, 17 in egs. (D.5) begin to dominate and then the BRs do not decrease much
any further. The dips in the lines of figure 5 arise from the partial cancellation of amplitudes
di/rb,16 and dy/pp 19 with the amplitudes dj/pp, 17

As shown in figure 5, 1 — z9 has a strong impact on BR(h). It is also important for
making BR(h) and BR(¢) simultaneously close to the experimental bounds. Indeed, the
BR(h) may be made sufficiently large, for a wide range of the Yukawa couplings dy; and
for sufficiently large values of the d,, just by varying 1 — xo. The strong impact of 1 — x4
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Figure 6. The decay rates versus the mass of the charged scalar mg+; all the other parameters are
kept at their values of benchmark point 1 in table 3. The vertical dashed lines mark m g+ = 750 GeV.
The oblique dashed lines are given by egs. (3.3).

and of the v, on BR(h) allows one to adjust BR(h), together with BR(¢), to be close to the
experimental upper bounds — but for a quite restricted range of dy and d;, because large
BR(¥) require extremely small dy and rather large d;. If, on the other hand, one attempts
to fit only BR(h), then both 1 — x5 and the Yukawa couplings may be much more relaxed,
as shown in BP-2 of table 3.

In figure 6 we illustrate the evolution of the BRs when the mass of the charged scalar
my+ is changed, while the other parameters are kept fixed at their values of BP-1. One
observes that when m g+ increases the BRs mostly decrease monotonically as (for the other
parameters fixed in their values of BP-1)

—7.51
BR (¢) ~ 10177 ( ) (3.3a)
BR (Z) ~ 1013-82( ) o (3.3b)
1GeV
BR (h) ~ 101047 ( T ) o (3.3¢)
1GeV

Eventually, when my+ ~ 107 GeV for BR(¢) and BR(Z), and when my+ ~ 10° GeV for
BR/(h), the BRs settle at their SM values. This illustrates the decoupling of H*. One also
sees in figure 6 that, for (¢1,f2) = (u, e), there is near my+ = 750 GeV a partial cancellation
of amplitudes that leads to a sudden drop of BR (ui — ei’y); our benchmark point 1
has profited from that effect for attaining BR(u®™ — e+) smaller than its experimental
upper bound.

In figure 7 we display the BRs as functions of the Majorana phase g1, with the other
input parameters kept fixed at their values of BP-1. Here too, for (¢1,¢2) = (u,e) there is
a sudden drop of the branching ratios when as; = 1.06, which is precisely the value that
we have utilized in benchmark point 1. A similar behaviour of the green lines also occurs
with other parameters, besides mpy+ (figure 6) and ag; (figure 7). Hence, the values of
the parameters must be chosen very carefully if we want to find all six BR(¢) and BR(h)
simultaneously close to their experimental upper bounds. The main difficulty arises because
the upper bound on BR (u* — e*v) differs from the upper bound on BR (7% — p*v) by
five orders of magnitude. Fortunately, our minimization procedure allows this to be done
quite efficiently.
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3.4 Fitting the BRs

In this model there is a large number of input parameters. We have performed a minimization
procedure in order to find adequate values for all of them. For each set of input parameters,
we have computed the branching ratios of the nine LFV decays; we have then selected sets
of input parameters for which all six BR(¢) and BR(h) are simultaneously between the
current experimental upper bounds and the future experimental sensitivities.%

Since in this subsection we use a fitting procedure, we must enforce definite bounds on
the input parameters, lest they acquire either much too small or much too large values. We
adopt the following conditions:

e The neutrino-oscillation parameters, viz. the mixing angles 612, 613, and 6s3, the Dirac
phase ¢, and the neutrino squared-mass differences, are varied within their respective
3o ranges taken from ref. [78] and reproduced in table 2. The Majorana phases ag;
and agq are kept free, i.e. we let them vary from 0 to 2.

« The lightest-neutrino mass is varied in between 107°eV and either ~ 0.03¢eV for
normal ordering of the neutrino masses or ~ 0.015¢eV for inverted ordering. The
precise upper bound on the lightest neutrino mass is fixed, for each pair of values of
Agolar and Agtmospheric; by the Planck 2018 cosmological upper bound (2.52).

o The Yukawa coupling constants dy, dy, and 7, are assumed to be real (either positive

or negative).”

e The moduli of the Yukawa coupling constants are varied between Y, = 106 (which
is the order of magnitude of the Yukawa coupling of the electron) and a perturbativity
bound Yiax = V4r = 3.5.

o We enforce egs. (2.44).

There are experimental and phenomenological constraints on the mass of the charged
scalar m+, as discussed in appendix F. The numerical study in the previous subsection

STt is extremely difficult to achieve values of the BR(Z) close to the future experimental sensitivities.
Still, our minimization procedure also seeks to obtain the highest possible values of the BR(Z).

"We have also investigated the case with complex Yukawa couplings. We have found out that its results
do not differ much from the real case, therefore we do not present fits with complex couplings.
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Figure 8. Scatter plots of the branching ratios for three different fits. Blue points have normal
ordering of the light-neutrino masses, red points have inverted ordering, and green points have
a lower bound (1077 instead of 107%) on the moduli of the Yukawa couplings. A cyan square
marks BP-1 of table 3. The shadowed bands are the present experimental upper bounds on the
BRs; dashed and/or dotted lines show the future experimental sensitivities, as described in table 1.

(see figure 6) shows that, when my+ increases, most BRs decrease. Since we attempt to
obtain largish BRs, the fitting procedure always tends to produce the lowest mg+ in the
allowed range. In our fits we have fixed my+ = 750 GeV, in agreement with the lower
bounds of recent global fits [90, 91]. We have also kept the triple-scalar couplings fixed, viz.
A3 = A7 = 1, because they do not change much the BRs. Finally, we have checked that all
the final points meet the 30 conditions on the Z invisible decay width in eq. (E.6).

In the figures of this subsection we display three different fits:

1. In the first fit (displayed through blue points and called ‘NO’ from now on), we have
assumed normal ordering of the light-neutrino masses.

2. In the second fit (displayed through red points and named ‘IO’) there is inverted
ordering of the light-neutrino masses.

3. In the numerical analysis® we have found that most points have |d;| close to the
lower bound Y, = 107%. Therefore, we have produced a third fit (displayed through
green points and labelled ‘Y, = 10*7’) that has normal ordering like the first one,

but where the lower bound on the moduli of the Yukawa couplings is 10~7 instead
of 1076.9

Figure 8 shows that points for the NO and 1O cases are similarly distributed in what respects
the BR(¢) and BR(Z). It is possible in both cases to find points with the BR(¢) close to the

8See the histograms of figure 10.

9The numerical analysis has also shown that most points have |0¢| close to the upper bound Ymax =~ 3.5.
Therefore we have made an extra fit where that upper bound was relaxed to 12.5. However, that extra fit,
which we do not display, did not produce much improvement on BR(¢) and BR(h). It did produce larger
BR(Z), but they were still very much below the future experimental sensitivities. Thus, it appears to us
that there are no advantages in allowing the moduli of the Yukawa couplings to be larger than 3.5.
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Figure 9. Correlation plots between BR(¢) and BR(Z) for the three fits of figure 8; the points and
the notation are the same as in that figure.

experimental upper bounds, while the BR(Z) always remain much too suppresssed. For the
BR(h), on the other hand, NO usually leads to smaller values than IO. The larger freedom
of the third fit (with Y, = 1077 instead of Y, = 1079) facilitates larger BR(/), as shown
by the green points in figure 8.

Most points in figure 8 have negative .. This allows larger BR (h — 75 uF) and
BR (h — TieI). If one only allows positive k., then in NO it is not possible to reach the
future sensitivity for BR (h — 75 u7), except if one allows complex Yukawa couplings. On
the other hand, in both the 10 and Yy, = 1077 cases it is still possible to get all three
BR(h) above their future sensitivities with positive «, and .

We have found that free Majorana phases permit larger BRs for the decays with
7%, Thus, it is advantageous to fit the Majorana phases instead of fixing them at any
pre-assigned values.

In figure 9 we display correlation plots of BR(¢) and BR(Z). One sees that there
is a correlation between BR (7% — p*v) and BR (Z — 7uT), and a correlation between
BR (7% — e*7) and BR (Z — 7%eT). These correlations are one of the main reasons for
the small BR(Z) in our model; if we want to keep the BR(¢) below their experimental upper
bounds, then we necessarily obtain much too low BR(Z). Indeed, one sees in figure 9 that the
BABAR 2010 upper bounds on the BR(7) lead, in our model, to BR (Z — 75 uF) < 6x10712
and BR (Z — 77eT) < 4 x 107'2; those values are much lower than the future experimental
sensitivity. We point out that in other models (see for instance refs. [24], [41], and [42])
there are also correlations between the BR(Z) and BR(¢), and also with the branching
ratios for three-body LFV decays £f — (305 (5.

In some models there are correlations between BR (h — 7%uT) and either [46, 48, 49, 57]
BR (7 — p*7) or [50] BR (u* — e®v). In our model we did not find correlations between
the BR(¢) and BR(h).

In figure 10 we display histograms of the moduli of the Yukawa couplings for our
three fits. In the first row of panels one sees that, in order to get BR(¢) in experimentally
reachable ranges, our fits always have very small |dy| < 107°. If we had set Y, much
larger than 1079, then it might not have been possible to obtain BR(¥) visible in the next
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Figure 11. Histograms of the heavy-neutrino masses for the three fits.

generation of experiments. In the fit with relaxed Y, = 1077 the distribution of the |dy| is
more uniform. The second row of figure 10 shows that, in all three fits, |dc,,,-| have values
close to the allowed upper bound Y. In the third row one sees that the |ve | vary in
rather wide ranges, from ~ 10~* to Yiax. This happens because the parameter 1 — x5 has
a strong impact on BR(h); for smaller values of the ~,, larger values of 1 — o still allow
BR(h) to reach experimentally reachable ranges.

In figure 11 we display the heavy-neutrino masses my, ms, and mg for our three fits.
Because the |dy| are always so small in the fits, the heavy-neutrino masses are very small
too. Thus, in NO and IO my lies in between ~ 0.5 TeV and ~ 2.5 TeV, and in Y, = 1077
it may be as small as 45 GeV.' The mass mj is in between ~ 1TeV and ~ 10 TeV for all

10We note the recent paper [92] that analyzes a model including a Majorana neutrino with mass of order
100 GeV. That model apparently gives rise to lepton-number-violating signatures that might be visible at
the LHC.
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cases, and the mass mg is in between ~ 2.5 TeV and ~ 100 TeV for NO, and ~ 10* TeV for
both 10 and Yy, = 1077.

In all three fits, it is found that the mixing angles 62 23 13, the Dirac phase §, and the
Majorana phases a1 and ag; may have values anywhere in their ranges.

3.5 Single decays

In the previous subsection we have discussed the results that are obtained when all six
BR(¢) and BR(h) are simultaneously between the current experimental upper bounds and
the future experimental sensitivities. Here we consider the case where only one of those six
BRs is above the future sensitivity.

We have found that requiring just one BR(¢) to be above the future sensitivity still
restricts the Yukawa couplings |dy| < 1073 and |§,| > 0.5. Then, because of the small |dy|,
the heavy-neutrino mass my is always of order 1 TeV (except in u™ — et~y for which my
may be of order 50 TeV).

Requiring just one BR(h) to be above the future sensitivity restricts |9, 2 0.1. The
|d¢| and the heavy-neutrino masses do not need to be very small, as one sees for instance
in BP-2 of table 3.

In our model the decay Z — pTeT might be observed at the FCC-ee collider in a
very restricted range of circumstances, viz. with large |d.,,| 2> 4, small |d.| < 1075 and
< 500 GeV. Moreover, a very precise finetuning is

~

|dur| <5 x107% and small my+
required, wherein the Yukawa couplings are such that on the hand the decay pu* — e*+ has
a cancellation of amplitudes leading to its BR being below the experimental upper bound,
and on the other hand BR (Z — p*eT) still remains a little above the FCC-ee sensitivity.
The other two LFV Z decays Z — 7%eT and Z — 7,7 are in our model always much too
suppressed to be visible.

3.6 Amplitudes

Numerically, we have found that only a few amplitudes have a substantial impact on
the BRs.
For Eli — E;Ev the amplitudes (B.13) are dominant. Specifically, a; i in eq. (B.13a)
gives the main impact. Therefore, the approximate decay width is
4
my, —

4
my
T4 =T 1S of? Jag p 2. (3.4)

ra—67)~ 16mm?
1

This yields the following approximate formulas for the BRs:

BR (r* — p9) ~ (5.733 x 10*) |ayu*, (3.5a)
BR (r* — ¢*y) ~ (5.733 x 10*) o], (3.5b)
BR (u* — ¢*) ~ (2.580 x 10'°) |y n|*. (3.5¢)
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The amplitude a;  in eq. (C.9a) is the most important one for the BR(Z).! Therefore,

\/mz —2m3 (mél + meg) + (ma B m?Q)Q

(2 66)~

487TmZ
2 —
X |S€‘2 2m% - mZ (mfl + m%Q) - (mfl - m?Q) :| ‘al,H‘Q : (36)
Hence,
BR (Z = (£(F) ~ (1.781 x 107°) ar . (3.7)

The amplitudes for the Higgs decays differ from those for the other decays. The
amplitudes from the self-energy-like diagrams of figure 16, with the charged scalar HT,
give the strongest impact on the branching ratios. Specifically, the amplitude d,; 16(a,1) in
eq. (D.4b) is significant for largish values of the Yukawa couplings dy and the amplitude
dip,16(a,b) 0 €q. (D.4a) is significant for all values of the dy. Moreover, for the h decays
the amplitudes from diagrams with two internal neutrino lines, depicted in figure 19, are
important too. Specifically, the amplitudes dj, 19(a) and d4, 19(a) are relevant. Thus, defining

dip = dpp,16(a,b) + dib,19(a)> dry = dyp16(ab) T Db 19(a)s (3-8)
we have
BR (h — 75u7) ~ (2 451 x 1072 (‘dlb +|dy )
~ (1176 x 107°) Re (didy, ), (3.9a)
BR (h — tteF) ~ (2 451 x 1072 (‘dlb +ldy )
~ (5.690 x 107°) Re (dlbdrb) (3.9b)
BR (h — p*e™r) ~ (2452 x 107 (‘dlb +|dy )
~ (3384 1071°) Re (dudy) (3.9¢)

In order to check the correctness of the approximate BRs of egs. (3.5), (3.7), and (3.9)
we have calculated the asymmetry between the exact BRs and the approximate ones,

BR _ ‘BRexact - BRapproximate’
asymmetry — .
BRexact + BRapproximate

(3.10)

Using the points of case ‘NO’, these asymmetries are displayed in figure 12. One sees that
BRasymmetry S 0.1, which means that the approximate formulas are quite accurate. These
approximate expressions for the BRs may be very useful for intermediate calculations of
the fitting procedure, where the calculations need to be repeated many times, before the
final result is calculated by using the exact expressions. This computational trick has saved
us a lot of time.

"Due to the similarities between a; g in eq. (B.13a) and @, g in eq. (C.9a), there are correlations between
BR (Zli — Z;C’y) and BR (Z — 6%8;), as already seen in figure 9.
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Figure 12. Histograms of the asymmetries between the exact nine branching ratios and their
approximate expressions in egs. (3.5), (3.7), and (3.8)—(3.9).

4 Summary and conclusions
Here we summarize our main findings:

o The amplitudes with the charged scalar are crucial in order to obtain BR (Eli — E%y)

and BR (h — Eli@F ) in experimentally accessible ranges.

e Because the experimental upper bound on BR (,ujE — ei’y) is very small, it is often
necessary to finetune the values of the input parameters of the model so that the
largest amplitudes for that specific decay partially cancel among themselves, while
the other five decays /i — 3+ and h — (¢ remain experimentally visible in the

future.

e The decays Eiﬁ — EQi’y necessitate large values of the Yukawa couplings |dy| 2 1 and
extremely small values of the Yukawa couplings |dy| < 107° in order to be visible.
The latter imply a very low seesaw scale, i.e. rather light right-handed neutrinos.

e In our model the decays Z — Efﬁ; correlate with the decays Kf — @t'y, i.e. they
behave similarly as functions of the parameters. Because of this correlation, the
experimental upper bounds on BR (Zf — Kécfy) imply that the decays Z — £ (5 will

remain invisible in all the planned experiments.

o The decays h — (i (] behave quite differently from ¢ — ¢35~ and Z — (i (5. They
might be visible in future experiments without the need to choose either very large or
very small Yukawa couplings.

e The Majorana phases have a significant impact on the branching ratios of all the
decays. One should refrain from fixing them at any pre-assigned values.

e Both normal and inverted ordering of the light-neutrino masses may yield decay rates
of adequate orders of magnitude.

o When the mass of the charged scalar increases, most BRs decrease. Still, for mpg+ <
1.5TeV the decays £f — 3+ and h — £{¢] might be visible in future experiments.
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A Passarino-Veltman functions

The relevant Passarino-Veltman (PV) functions are defined in the following way. Let the
dimension of space-time be d = 4 — ¢ with ¢ — 0. We define

d9k i
Dk = u¢ =— Al
s (27r)d7 S 1672 (A1)
Then,
1 1
Dk =SBy (p* A B A2
/ kQ—A(k—l—p)Q—B S 0(p7 ) )a ( a)
1 1
Dk k° =Sp’B; (p*, A, B A.2b
/ k*—A (k+p)®-B Sp' B (. 4.5) (A.2D)
and
1 1 1 B 5 2 o
/Dk k2—A (k+p)2_B (k+q)2_c_800 |:p 7(p q) »d ,A,B,C:|, (A3a)
o_1 1 1 o0 2 2 2
/Dkk k2—A (k)+p)27B (kJrq)QiC_S{p Cl {p 7(p Q) q aAaBaC]
+¢"Co [p?, (p-a)°,¢% A, B,C| ), (A3D)
0 _1 1 L of 0 2 N2 9
/Dkk a3 s e =S 1 on [P (-0 4% A.B,C]

+4°g" Cz [p?, (p—0)* 4% 4, B,C]
+(r7¢" +4"p") Cia [P, (p—0)* 4%, A, B,C]
+9" Coo [?, (=0)*,¢%, A, B,C| }.  (A3c)

Some PV functions in egs. (A.2) and (A.3) have 1/e divergences that are independent
of the arguments of the PV functions. Thus,

2
By (pQ,A, B) == + finite terms, (A.4a)
2 1 :
By (p A, B) = + finite terms, (A.4Db)
1
Coo {pz, (p— q)2 .¢>, A, B, C’} = 5 + finite terms. (A.4c)

All other PV functions in egs. (A.2) and (A.3) converge when ¢ — 0.
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We next introduce specific notations for some PV functions that are used in appendices B,

C, and D. Thus,

eg := Cy (m?l,q2
e1:=C (m?l,(f
eg := Cy (m?l,q2
e1r == C1 (m7,, ¢*

mflaq

(

e 1= Cx (mgNQ
(
(

eoo := Coo (mf,, ¢*

2

Jo:=Co (mélaq mfgvmzvmWﬂmW
2

fl —Cl <m£17q mégvmzvmW7mW

2 2
f2 - 02 (mz17q mfgamzvmWamW

Ji1:=Cn (mélvq

foz := O (mélvq

Ji2 = C12 (méluq
(m?

foo := Coo (mi,, ¢*,

g0 := Co (m?p(f

g1 :=C1 (m?l,qQ,

g2 :=Co (mfl,q2

g11 == C (m},, ¢,

mqu

(
go2 = Caa <m1z1> q,
(
goo := Coo (m[Nq

2
ho := Cy (mgl,q mb mW,m ,ms

— 2 2 2

hy = C4 (mgl,q mZQ,mW,m ,mj),

ho := Cy (mel,q ,m£2,mw,m ms )
2
J

hi1 = C11 (m%17q2

2 2 2 2
7m£27mi7ma7ma> )
2
a

s G, s Mg, My, M

s T, My, T T

2 2 2 2
a

s g, , T Mg, M

2 2 2 2
mégvmz‘vmavma

2,2
m£2,mi,ma,m

2 2 2
m€27 my, Mg, Mg

2 2 2
méz?mi’mavma
2 2 2
mEQ,m m,,m,

2
2 2

2 2

N——— N N

mﬂzvmme’mW>
még ) mz 9 mW? mW)
m@ammeamW>

mﬂzvmme?mW

2 2 2 2
J

mé,m2 m? m?)
mi,m2 m? m?)
2 2
m52,m My, M
2

J

2

J

2

J

2 2
mb,m ,my,m;

mb,m2 m2,m?

mb,m , s M5

J

2 2 2
J

2 2 2
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— 2 2 2 92 2 2
hoo := Cos (mgl,q ,m&,mw,mi,m) , (A.8e)

J
hi2 := Cia (m?l,QQ,m?Q,m%/,mg,mg) , (A.8f)
hoo := Coo (m%l,qQ, m?z,m%v, mg, m?) , (A.8g)
Jo == Co (m?qua m?ga m2 m2 m?u) (Aga‘)
g1 = C4 (m?l,q2,m?2,m2 m2 mz,) (A.9b)
jo := Oy (m?l,qz, mg,,mZ, m2 m?l,) (A.9¢)

ko := Cy (ma,QQ,mi,m?,m%V,mZ) ) (A.10a)
k1 :=C4 (m%l,q2,m§2,m?, m%,v,mg) , (A.10b)
ko := Co ('m%l,q2 m?Q,m?,m%V,mZ) , (A.10c)
koo := Coo (mzl,q mEQ, mf,mw,mz> , (A.104)
ki1 = Ci1 (mél,q m&,m?,m%‘/, Z) , (A.10e)
koo := Coo (mgl,q m@, m?,m%{/,mg) , (A.10f)
k1o := C1o (mzl,q mEQ, mf,m%,mi) , (A.10g)
lo:=Co (mgl,q m%Q,m ma,mw) (A.11a)
L:=C (mgl,q mi,m ma,mw) (A.11Db)
ly:=0Cy (mgl,q m%z,m ma,mw) (A.1lc)
loo := Coo (mgl,q mé,m ma,mw> (A.11d)
li1:=Cn <mg1,q m@,m ma,mW) (A.11e)
l9g := Cgg (mgl,q mé,m ma,mw> (A.11f)
l12 := C12 (mélvq ameym?amzvm%V) ; (A.1lg)

where my, and my, are the masses of the charged leptons Eli and Egi, respectively, m; and
m; are the masses of the neutrinos v; and v;, respectively, m, and m, are the masses of the
charged scalars H, ;t and Hé?, respectively, and myy is the mass of the gauge bosons W¥.

B {f — tfy

We compute the process ¢ (p1) — 45 (p2) 7 (q), where ¢ = p1 — p2. Obviously,
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If the outgoing photon is physical, then ¢> = 0; but we keep ¢> # 0 for generality. The
amplitude for a photon with polarization o is

17 = Seu, (p2) [V (@Pr + ar Pr) + p{ (0PL + b Pr) + p3 (P + ¢ Pr) ws, (p1),
(B.2)
where S has been defined in eq. (A.1) and e is the electric charge of the proton. Clearly,

P ug, (p1) = my, ug, (p1) Uy, (P2) P2 = My, Ty, (D2) - (B.3)

If 77 in eq. (B.2) is multiplied by ¢, and then egs. (B.1) and (B.3) are utilized, one must
obtain zero because of gauge invariance. Thus,

2my, ar — 2my,a; + (m?l — mé) (b +¢) + ¢ (b — ) =0, (B.4a)
2my, a; — 2my,a, + (m?l - mi) (by + )+ ¢* (by —¢r) = 0. (B.4b)

We have used eqs. (B.4)—that hold even when ¢? # 0 — as a check on our calculations.
The decay width is, in the rest frame of the decaying ¢, ,?

2 2
m J—
I'= 517382 S e|? [(m?l + mi) (!al\Q + \ar|2) — 4myg,mye, Re (a;‘ar)} . (B.5)
16mmy,
In our model each of the coefficients ay, ..., ¢, is the sum of two contributions, viz.
a=a,g+aw, ---, C =CHTCW- (BG)

The contributions with sub-index H arise from the diagrams in figure 13 and are given
in egs. (B.13) below, and the contributions with sub-index W come from the diagrams in
figure 14 and are given in eqs. (B.21) below. Notice that figure 13 includes diagrams with
the charged Goldstone bosons G* = H 1i

In all our calculations we utilize Feynman’s gauge. Let m, denote the mass of H.F; for
a = 1 one must use mg—1 = my because we are in Feynman’s gauge.

B.1 H*

The charged scalars HF couple to the charged leptons and the neutrinos according to
eq. (2.28). The charged scalars include as a particular case the charged Goldstone bosons.
For G* = HT, one has [18]

Ry =

Upim;, Ly = Upim, (B.7)

e e
\/§3me \@Sme

where U is the lepton mixing matrix and s,, is the sine of the weak mixing angle.

2nstead of eq. (B.5) there is another way to express the decay width, viz.

2 2 \3
(mh_m@z) 2 2 2
F:WVM (1be + ci|” + 1br + c2]?) .

This agrees with eq. (7) of ref. [93], that has a factor ¢* missing, though.
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Figure 13. The three diagrams for £, — ¢, with a loop containing HZ.

The diagrams in figures 13(a) and 13(b) produce

6 n
T2 + T30 = Se Z > [iagy (p2) V7 (@iaPr + YiaPL) ug, (1) me,bo

+ tig, (p2) V7 (iaPrL + Yia PR) e, (1) me, bo
+ g, (p2) V7 (2ia Pr + wia Pr) ue, (p1) b1
+g, (p2) V7 (2iaPr + wia Pr) we, (p1) me,me, ba]
where
Lig = RafgiLZjlimi)
Yia = Latyi Ryp, ;i
Zia = RaégiRZ€1ia
Wiq = La@giLzeliv
and

2 2 2 2 2 2
By (mel,mi,ma) — By (mZQ,mi , ma)

by :=
. 2 2 )
mgl - m&
2 2 2 2 2 2 2 2
my, B, (mel,mi,ma) — m£2B1 (mZQ,mi,ma)
by := 5 5 ,
myj —mg,
2 2 2 2 .2
B (mel,ml,ma) — B (mb,mz,ma)
b2 = D) 3
mfl - mez

Notice that in our model

6 6 nd
Z Ria = Z RatyiBg,i = Z UpaUiva (ALAM>€2€1 ’
=1 =1

kk'=1
6 6 nd i

> wia =Y Lo Ll = . Uphia (TeTL),
‘ £ L2ty
i=1 i=1 k,k'=1

)

6 6 d
> ia = 3 RassiLigymi = > Uihoa (MMDTL),
i=1 =1

kK =1
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Loty

6 6 ng
S via =Y LasiBiimi = Y Uiahiva (TiMbAL )
=1 =1 k,k'=1

vanish when ¢y # £1 by virtue of the matrices I'y, A, and Mp being diagonal.

The diagram 13(c) produces

6 n
Tl =Se D D s, (p2) {[(eo + 2e1) p] + (o + 2¢2) p3] (€ia Pr + Yia Pr)

i=1a=1
+ [(e2 + 2e92) p§ + (e2 + 2e12) ]| M, (zia P, + wia PR)
+ [(e1 + 2e11) p] + (e1 + 2e12) p5] my, (2iaPr + wia Pr)
+2e00 7’ (zia Pr, + wia PR) } ue, (p1),

where the e functions have been defined in egs. (A.5).
Thus, adding egs. (B.8) and (B.12), one obtains

-

Il
.Mm
NE

s
Il
—
I~
Il
—_

[bomy, Tiq + bome,Yia + (2€00 + b1) zig + bamg, me, wiq]

Il
i
NE

@
Il
—
I~
Il
—_

[(bom, Tiq + bome, Yia + bamg,my, ziq + (2e00 + b1) wiq] ,

[(eo + 2e1) Yia + (€2 + 2e12) My, 2iq + (€1 + 2€11) My, Wig)

=

I
.Ma
[M]=

-
I
-
2
Il
—

[(60 -+ 261) Tiq + (61 + 2611) My, Zig + (62 + 2612) mgzwia] ,

Il
.
[M]=

s
I
fa
o
Il
—

cLH = [(e0 + 2€2) Yyia + (€2 + 2e22) My, ziq + (€1 + 2€12) My, Wia]

.Mm
[M]=

s
I
—
o
Il
—

CrH = [(eo + 2e2) Tig + (€1 + 2€12) My, 2Zig + (€2 + 2 €22) My, Wig)] -

.Mm
[M]=

-
Il
—_
2
Il
—

One may use

By (m%pmz?’mg) =degy — mﬁ eo + m%l (e1+e11 + e12)
+mj, (eo + €1+ 2e2 + eaz + e12) — ¢° (e1 + €12)

By (mi,m?,mi) =dego — mg €o + m%l (eo +2e1 4 e2 + e11 + e12)
+mg, (e2 + €22 + €12) — ¢° (e2 + €12)

By (m%pmz?’mi) = (mé - m%l) (e1+ e11 + e12) — 2e00 + ¢* (e12 — e11)

By (mi,m?, mg) = (7’)’&%1 — m%z) (62 + e + 612) — 2ep0 + q2 (612 — 622) ,
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(B.13b)
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(B.13e)

(B.13f)

(B.14a)

(B.14b)
(B.14c¢)

(B.14d)



Figure 14. The five diagrams for £, — £~ with a loop containing W*.

where d is the dimension of space-time, to derive

2

b() = —eg—e€1 — €2+ % (62 — 61) y (B.15a)

0 — M,

2eq0 + b1 = —mfl (e1 +e1n) — mé (e2 + e22) + (q2 - mfl - mé) €12
2

q 2 2
—5—5 (M, e —my e11), B.15b
+ ma _mz%z ( 05 €22 0 11) ( )

e
by = —e1 — ey — €11 — €92 — 2¢e19 + 55 (622 — 611) . (B.15C)
mél - m62

As a consequence of egs. (B.15), the constraints (B.4) hold for the contributions with
sub-index H.

B.2 w*

Besides the diagrams exclusively with G*, there are five diagrams with W=, cf. figure 14.
Figures 14(d) and 14(e) have the outgoing photon attaching to W*GF. Those diagrams
produce

e2

6
aj de = —? Z U€2iUZi <2m?f0 + m?lfl + ngfg) R (B.16a)
w =1

2
€My, My,

6
Qr.de = Tos2 Z UegiUZi (fr+ f2), (B.16b)
w =1

€2m£2 6 %
bide = — 2 > UpiUp i1, (B.16c¢)

wog=1
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br.de = 0, (B.16d)

clde = 0, (B.16¢)
e2my 6

Crde = — 52 ! Z UEQ?:UZ;if2) (B.16f)
wo =1

where the f functions have been defined in eqs. (A.6). The diagram of figure 14(c) produces

2 6
e
ae= 5o > UniUf, [(3m§1 +2m2, — 2q2) i+ (2m§1 +3m2, — 2q2) 2
w =1
+2m?1f11 + 2m§2f22 +2 (mzl + mé - q2) Ji2 + 12f00] , (B.17a)
3e2my,my 6
re =522 > UpUfi (f1 + f2), (B.17b)
252 =
e*my, O
ble =~ 2N UpiUf (fi+ fo = 2f12), (B.17c)
wo =1
emy, QO
br,c = 82 - Z UEgiUgli (fl + 2f11) 5 <B17d)
woi=1
627TI4 6
Cle =~ 3 ? Z UniUp,; (f2 +2f22) (B.17e)
wo =1
62mg 6
Cre= =" L URUG; (fr + f2— 2f12) - (B.17f)
wo=1

A crucial property of the lepton mixing matrix U in our model is

6
(UUT)MI - ; Ui Upy; = 0, (B.18)

cf. eq. (2.20). In spite of foo containing a divergence 1/(2¢), a;. in eq. (B.17a) is finite
because of eq. (B.18).
Finally, there are the diagrams of figures 14(a) and 14(b), producing

2 6
e
arab = =5 D UniUf, ;bu, (B.19a)
w =1
2 6
e“my,my
arab = ——2— Y UpiUj,bs, (B.19b)
Sw i=1
bl,ab = br,ab = Cl,ab = Crab = 0, <B19C)
where
sz(m2 mzmz)—mQB(2 2 m?
¢y P\ My, My, My, 0,51 \ My, My, My,
b4 = 2 3 (BQO&)
mel m‘€2
= —2fo0 —my, (fi + fi1 + fi2) — mg, (f2 + fo2 + f12)
2 ¢ 2 2
_ B.20b
+q° fiz + - | (megf22 melfn) : ( )
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By (m? ,m?,m2 — By (m? ,m?,m2
bs = (m, WQ) 2< t i) (B.20c)
My, — My,
2
:_fl_f2_f11_f22—2f12+7n2qi2(f22—f11). (B.QOd)

¢ — My,

Thus, the sum total of the diagrams of figure 14 is

6
6
aw = 5 > UpiUp s [ m? fo + mi, f1 + mg, f2 + 4 fo0

Sw =1
—¢ (i + f) + % (m%2f22 - mafn)] ; (B.21a)
my, — My,
e2my,me, O ¢
arw = ——— > UniUf | i+ fo— fur = a2 = 2f12 + —5——— (o2 — f11) |,
Sw i=1 mzl — mb
(B.21b)
e2my, O
bw =~ : Z Ue,iUpyi 2f12 — 2f1 — fa) (B.21c)
e2myp, O
bT,W = 32 : Z UEQZUZN, fl + 2fll) ; (B21d)
eng g
aw =— : ZU@U@” (f2 + 2f22), (B.21e)
e2mp, O
> : ZUzzng” (2f12 — f1—2f2). (B.21f)
w o=
C Z -t

We compute the process Z (q) — £1 (p1) €5 (—p2), where ¢> = m% and eqgs. (B.1) hold. The
amplitude for a Z with polarization o is written

T7 = Seug, (—p2) [’YU (@ Pr, + a,Pg) + pJ (BZPL + BrPR> + 5 (G P + ETPR)} ve, (p1) -

(C.1)
The decay width in the rest frame of the decaying Z is
\/X 2 AN No
=—7F S N , C.2
tormd S 1oz TN 52 (©2)
where
\i=my +m§, +mj, — 2 (m%m?1 + mymg, + mflmi) (C.3)
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and

Ng = <m2Z — m%l — mé) (’l_n +q b, + &

2
\ +

)~ dmpmi Re (B +a) (5 + )]

—4my, Re |a; (b +a) +af (b +¢)]
—4mg,Re o (h+a) +ap (b +e)], (C.4a)
Ny = 4my, my, Re (qay), (C.4Db)
2
Ry — {gm; i (md, +m?,) = (m3, —m3,) ] (@l +1a.1) (C.4c)
We define ) )
S5, —¢C S
: 208y " ey (C.5)
so that the coupling of the Z to the charged leptons is given by
Loec="+eZy Z E’yo (thL—f—trPR) l, (06)
l=e,u,T
cf. eq. (2.26a). Notice that
1
— — =2t — t,. (C.7)
2%
We shall write the coefficients ay, ..., ¢, as the sum of three pieces, viz.

ap = apg + aw + 420,

Cr = ET,H + 61",W + E’F,2I/'
C.1 HF
We recover the diagrams of figure 13, with the photon substituted by a Z. Diagrams 13(a)
and 13(b) produce the result in eq. (B.8) with the transformations P;, — ¢; P, and Pr —

t, Pr. Diagram 13(c) produces the result in eq. (B.12) multiplied by ¢;. Thus, the full result
of figure 13 with Z instead of 7 is

6 n
apg =t Y > [(me@ia + meyyia) bo + zia (2€00 + b1) + Mgy me, wiq ba) (C.92)
i=1a=1
6 n
Qr H = Z Z {tr [(mZQ Tiaq + My, ym) by + My My, Zia bo + wi, bl] + 2tlwia€00} , (C.Qb)
i=1a=1
B 6 n
biw =1 Z Z [Wia (€0 + 2e1) 4+ My, 2ziq (€2 + 2€12) 4+ My wiq (€1 + 2e11)], (C.9¢)
i=1a=1
B n
e =1 Y [wia (€0 + 2€1) + My, 2iq (€1 + 2€11) + My, wia (€2 + 2€12)] (C.9d)
i=1a=1
n
am =t Y Wia(eo+2e2) + me,2zia (€2 + 2e22) + My, wiq (€1 + 2€12)] (C.9e)
i=1a=1
6 n
Er,H =1 Z Z [xia (60 + 262) + my, Zia (61 + 2612) + My, Wiq (62 + 2622)] . (C.Qf)
i=1a=1
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C2 w#*
We consider the diagrams of figure 14 with a Z instead of the «. They produce

apw = Qi de + Q1 c + Q1 abs

(C.10)
E?",W = Er,de + Er,c + Er,ab~
Figures 14(d) and 14(e) yield
al,de = lr G, de; (C.11a)
Q. de = tr Qr de, (C.11b)
bide = tr b de (C.11c)
Br,de == 07 (Clld)
Crde = 0, (C.11e)
Er,de =t Cr de- (C.llf)
Figure 14(c) produces
_ 1
QAl,c = —7 Al (ClQa)
I’ t,’, I’
_ 1
Qrc = - Qr.c, (C.12b)
_ 1
bie = =1 Cle (C.12¢)
I’ tr k)
1
bre=——"brge, (C.12d)
2%
_ 1
Cle = —7 Cle (0126)
? tr bl
_ 1
Crec = —7 Crec- (C12f)
2%
Notice that in egs. (C.12) one may use eq. (C.7). Figures 14(a) and 14(b) give
ajab = b1 G1,abs (C.13a)
ELT,@Lb =1y Qr.aby (C13b)
El,ab = Br,ab = Clab = Cr.ap = 0. (C.13c¢)

C.3 Diagrams with two neutrino internal lines

There are also diagrams where the Z boson attaches to the neutrino line as depicted in
figure 15. The relevant vertex is given in eq. (2.26b). We have

a12v = G1,15(a) + Q1,15(b)s
(C.14)

Crov = E7’,15(&1) + Enl5(b)'
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Figure 15. Two diagrams for Z — ¢1 ¢, where the Z attaches to two neutrino lines.

From the diagram 15(a) one obtains

ay,15(a) =

Qr 15(a) =

Bl,15(a) -

=l

r,15(a) —

C1,15(a)

E7“,15(21) =

1 n 6

Z Z {me, Tija [Migijg1 +mj45i (90 +91)]
a=1i,j=1

2CwSw
+ 1M, Yija [Miij92 +migsi (90 +92)]
+ Zijadij [—2900 +q%g12— mé (92+ 912+ 922) — mgl (91+912 +911)}

—2ijaiMiM; 4o — WijadjiMe; e, (Jo+91+92)},
1 n 6

2euSw a=1lij=1
— M, Yija [Miqis (90 + 91) +migjign] +me,me, Zijagij (90 + g1+ 92)

+Wijaqji [2900 — g2 +m, (g2+ g12+ go2) +m7, (91+ 912 +911)} } ;

1 n 6
- > Imiijaiigr +me, Zijadijgiz — me, wijaggi (914 911)]
whw o751
1 n 6
> [=mimijaqizgr +me zijadig (91+ 911) — Meywijagjigial
CwSw 214 5=1
1 n 6
> =my¥ijatizge + mey Zijatis (92 + g22) — M, Wijagjigia)
CwS
whw o7 =1
1 n 6
p—— 21 > Immijagsige + M, Zijatijg12 — Me, Wijadsi (92 + g22)]
a=1l1,j5=1

In egs. (C.15),

£

Lija = RanjLaélh
P *

Yija ‘= Laﬁszaéﬂ’
3

Zija = RatyjRop i

o T *
Wijq = Laéz] al1)
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(C.15a)

(C.15b)

(C.15¢)

(C.15d)

(C.15e)



and the g functions are defined in eqs. (A.7). Note that the divergences cancel out in a;15)
and G, 15(a). Indeed,

6 6 ng 6
> Zijatis = Y RawgjRipiaiz = Y > U, (ALX)IZ Uy (XTAk/)[ (UTU) )
4,5=1 i,j=1 kk'=14,j—=1 2J ily ij

ng

= > Uilla (ALXUTU XA
k,k'=1

=0, (C.17)

241

because the unitarity of the matrix Us of eq. (2.19) implies UX”T = 03x3; and
6 6 ng 6 ;
Y wijaii = Y LatyiLiopi@ji = Y Y Upa (TxU)py; Unra (U*rk,)% (v'v)

ij=1 ij=1 kK =14,5=1 J

= zd: Ui o (TRUUTUUTT )
k,k'=1

ng
= kglugauk,a (ka,t,)wl (C.18)

2%1

vanishes if £ # ¢1 because the matrices 'y, are diagonal.
The diagram 15(b) yields

62

6
ay15(b) = 9053 Z Ui Uiy [Qijmimjho + 2¢;ihoo
w

w =1
+ qji (m?1 + mfz - q2) (ho + h1 + ha + hi2)
+qu-m§1 (hl + hn) + qjimé (hQ + h22):| , (C.lQa)

2
€My, 1My,

6
peg 2 UnsjUpgsi (ho + by + ho) (C.19D)
Wow g =1

eng2

6
—5 2 UniUugji (ho + b1+ ha + ha), (C.19¢)
Wow =1

= e>my,

6
cr 83 Z Ut,U¢,i950 (Il + ha1) (C.194d)
Wow =1

eng2

6
Z U, U7, 145i (ha + ha2) (C.19¢)
ij=1

150) = 773
w

€2mg1

6
Cr15(b) = — Cwsd Z Ue,;U7,:q5i (ho + h1 + ha + hi2), (C.19f)

w gj=1
where the h functions are defined in egs. (A.8). When writing eq. (C.19a) we have used the

fact that ;

6
> UniUiigii = Y Un;Uf, (UTU>ji S (C.20)
ij=1 ij=1

because UUT is the 3 x 3 unit matrix, cf. eq. (2.20).
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Figure 16. The four self-energy-like diagrams for Sl? — EfZQ_ .

D S°— &t

We compute the process SY (¢) — €7 (p1) {3 (—p2), where S? is a physical neutral scalar,
i.e. b # 1. Equations (B.1) hold and ¢ = m?. The amplitude is written

T, = S g, (—p2) (dpPr + drpPr) ve, (p1), (D.1)

where S was defined in eq. (A.1). The decay width in the rest frame of S is

\/X 2 2 2 2 2 2 *
L= T 18 (2 —m, —m3,) (Idul” + d|*) = 4me,me, Re (didyy)|,  (D.2)

where
4 4 4 2,2 2,2 2,2
A=my +my, +my, — 2 (mbmel + mymg, + melm£2) . (D.3)

D.1 Diagrams in which Sg attaches to charged leptons

There are self-energy-like diagrams with a loop of either Hf — diagrams (a) and (b) in
figure 16—or W+ — diagrams (c) and (d) in figure 16. The vertex of SY with the charged
leptons is given by eq. (2.30a). One obtains

6

1 n
1 2 - -

2 2 2
+ Gbe Mgy (mfl Zia + my, wia) Bl (mZQa m;, ma)

dip,16(a,b) =

2 2 2
— Gbty (mzlxm + ngym) By (mgl >y Ty ma>

—gbe, M, (M, Zig + My Wia) B1 (m%ﬂm?, mi)} ; (D.4a)
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Figure 17. Diagram for Sy — ¢ 5 with the neutral scalar attaching to two charged scalars.

6

1 n
1 2 -

* 2 2 2
+ gbél my, (mfg Zia t+ my, wia) Bl <mf25 my, ma)

drb,lG(a,b) =

- 9&2 (mZQ Tia + my, yia) BO <m?1 5 m?v m?;)
—g; ; ) B1 (m7,,m?,m? D.4b
oo, Mty (mfz Zia + My ww) 1AMy s My Mg ) (s ( : )

e*my,

6
« 2 2 2
dip,16(c,d) = Z Ue,iUy,; [gbzlmeg B (m@,miymw)

\/58121, (mfl - mi) i=1
—gbe, e, B1 (m?l,mf, m%)] , (D.4c)

2

6
€My, 2 2 2
E Us,iUj,; [gl’fhm@ By (m(gQ,mi,mW)
2 2 2 ‘
w 51 52

—Ghe, Mty B1 (m?l,m?,mz )] . (D.4d)

drp,16(c,d) =

D.2 Diagrams in which S,? attaches to charged scalars

There is a diagram, depicted in figure 17, wherein the Sl? attaches to two charged scalars
that may in principle be different. We parameterize the vertex of the three scalars through
eq. (2.12), where the coefficients A, are in general complex but obey Agq/p = ), because
of the Hermiticity of the Lagrangian. The values of the A,,/; depend on the scalar potential
and are unconstrained by gauge invariance, unless either a = 1 or @’ = 1. The diagram of
figure 17 yields

n 6
dia7 = Y > Aaars (RareyiRi, imey jo + LareyiLigpy iy 1 + Lareyi R ymi jo) ,  (D.5a)
a,a’=11=1
n 6
drp17 = Z Z Naa'b (RareiRp, iy J1 + LaresiLiyg, iy G2 + RaregiLig ymi jo) ,  (D.5b)
a,a’=11=1
where jo 12 are defined by eqgs. (A.9).
Note that the diagram of figure 17 implicitly contains the cases where either HF or
H;F (or both) coincide with the charged Goldstone bosons G* := H f: In those cases one
must use mq—1 = myy together with eqs. (2.13).
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Figure 18. Three diagrams for SZ? — KTKQ_ with the neutral scalar attaching to a gauge boson.

D.3 Diagrams in which S,? attaches to W bosons
We next compute the diagrams in figure 18. The relevant terms of the Lagrangian are the
ones of eq. (2.11) [18, 63]. Diagram 18(a) produces

2 6
dip,18(a) = W) Z > Ul (VTU) o { — Ragyimimy, (2 ko + k)

wa 1i=1

La@i [4 koo +m§1 (kll + k1o + kl) —l—?TL%2 (kgz +kio+2k1+2 kg)
—¢* (k‘12—|—2k‘1)H (D.6a)

Z Z Uflz (V U) my, [Ragzimi (]{30 - ]{1) + Laﬁgiméz (2 ki + k‘Q)] R

wa li=1

dy
b,18(a) — 2\/§
(D.6b)
with the & functions defined in egs. (A.10). Diagram 18(b) produces

2 6
dis) = 5757 Z > Unsi (UMV) ey [Rig,mi (lo = 1) + Lig,ime, (h+212)]

wa 1:=1

(D.7a)

drp,18(0) = 2\/§ 5 ZZU@( )ab{—RZzlimimel (2lo+1)

'wa 1:=1

ngli [4 loo + mgl (lll +lig+21 +2 lg) + mi (l22 + 1o + lg)

—¢* (2 +21) |} (D.7b)

with the [ functions defined in egs. (A.11). Equations (D.6) and (D.7) contain no divergences
because

6 ng N4
>~ LU = > Uiy (TRUUY) | = 3" Uity (D) (D.8)
i=1 k=1 k=1

vanishes if £ # ¢, since the matrices I'y, are diagonal.

Equations (D.6) and (D.7) include the particular case where a = 1; then, H coincides
with the Goldstone bosons G*. In that particular case one must use mg,—1 = my together
with egs. (B.7) and

T — (T —
(u V) 1 (V Z/{) SR (D-9)

where 3 is the real number defined in eq. (2.9).
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Figure 19. Two diagrams for SP — ¢ ¢; where S attaches to neutrinos.

In order to compute diagram 18(c) one must know the vertex of a neutral scalar with
two W¥ gauge bosons, which is given by eq. (2.10) [63]. One then obtains

eSmyyme, T 6 .
dip,18(c) = —5732 > UeiUf fo, (D.10a)
w =1
6
emyymy, Xp .
drp,18(c) = — 3 L2 " UniUp s fr (D.10b)
w =1

where fi and fp are defined in eqgs. (A.6). Notice that egs. (D.10) only hold for b # 1;
indeed, dy 18(c) = dr1,18(c) = 0 because the vertex WFW =GP does not exist.

D.4 Diagrams where Sg attaches to neutrino lines

The neutral scalar S may also attach to two internal neutrino lines. The relevant diagrams
are displayed in figure 19. The vertex of the neutral scalars with the neutrinos is given by
eq. (2.30b). From figure 19(a) one obtains

1 6 n
dn19a) = 75 S > {=wisafviimeme, (0 + 91+ 92) = Ysjafiimam;go
ij=1a=1

- yijaflsz‘ {4900 + ma (91 + 911 +g12) + mé (g2 + 922 + g912) — q2912]

+ Zija fojimime, (9o + 92) + Zijafjimime, g2

+Wija fo;imime, g1 + Wija fojimgmae, (go + g1)} ; (D.11a)

1 6 n . .
drp19(a) = \ﬁ Z Z {—yijafbjimﬁzm& (90 + 91+ 92) — Tija frjimim;go
ij=1a=1
— @ijafuji | 4900 + M3, (91 + g1 + g12) + mE, (92 + g2 + g12) — ¢ g0
+ Zijafgjimime (9o + 1) + Zijafojmime, g1

+wija fojimime, g2 + wija fo;mime, (o + 92)} ; (D.11b)
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where the relevant symbols are defined in egs. (C.16) and (A.7). The divergences originating
in the function goo vanish in egs. (D.11) because

6 n 6 n
D 2 Yihafii= 2. 2 Laei Ranifiyi
i,j=1a=1 i,j=1a=1

ng

6 n
=> > > Uﬂ(FkUMgL@W<X¢A”)w1

ij=1a=1kk' k"=1
x Vi, (U A1 X + XTALU”)
6 n nq
XS S (), Vi
ij=1a=1kk k=1
x (FkUUTAZ,/XXTAk/ + FkUXTAz/,U*XTAk/>

ij

U2ty
ng

6 n
= Z Z Z 5k/le:"b (FkAZ”Ak/)fgfl

ij=1a=1kk k"=1
=0, (D.12a)

since the Yukawa-coupling matrices I'y and Ay are all diagonal. In a similar fashion one
easily demonstrates that

6 n
Z Z xijafbji =0. (D13)
i,j=1a=1
From figure 19(b) one obtains
62mf2 0 * *
dlb,lg(b) = f 5 Z U[szeli [fbjlmj hQ + fbﬂml (h[) + hz):| y (D14a)
250 521
€2m€1 0 * *
drb,19(b) = /252 Z Ue, iUy, [fbjimi hi + fyjim;j (ho + hl)} , (D.14b)
w ij=1

cf. egs. (A.8).

E The Z invisible decay width

The determination by LEP of the number of light active neutrinos provides a constraint to
heavy-neutrino mixing. The Z invisible decay width was measured by LEP [66, 94] to be

I'(Z — invisible) 0.499 + 0.0015) GeV. (E.1)

experimental — (

This is almost 20 below the SM theoretical expectation

[ (Z — invisible)gyy = Y T (Z — vi)gy = (0.50169 = 0.00006) GeV. (E.2)
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The tree-level Z invisible decay width in the presence of six Majorana neutrinos with
masses m; reads [95]

I (Z — invisible) 0, = > 840 R § P
— invisible),,., = ij © (mz —m; —m; 2 Mz
ee P 247TmZ’U

2
m? —m? 12 i) 2

my

where © is the Heaviside step function, i.e. the sum in eq. (E.3) extends over pairs of
neutrinos v; and v; that have masses m; and m;, respectively, such that m; + m; is smaller
than the mass my of the Z; the kinematical function X is defined as

Aa, byc)=a* + b1+ -2 (a2b2 +a?c? + b202) . (E.4)

The factor A;; = 1— 0;;/2 in eq. (E.3) accounts for the Majorana character of the neutrinos.
The coupling z¥ is

2= 3 UnUy = (UMU)

L)
?
gievl”ﬂ’r /

(E.5)

and the vacuum expectation value is defined through v = (ﬂ G p>_1/2 ~ 246.22 GeV,
where G is the Fermi coupling constant.

In a correct computation of the full invisible width of the Z one must include a
parameter p that accounts for that part of the radiative corrections coming from the SM

loops. Thus,
I' (Z — invisible) = p x I' (Z — invisible),,, , (E.6)
where p is evaluated as [24, 96]
I' (Z — invisible)qy, 8mv2 T (Z — invisible) gy,
= . . (E.7)

B Zu r (Z — Vﬁ)tree,SM mz

After accounting for the uncertainties of I' (Z — invisible)g), one obtains p = 1.00812 +
0.00012.

In our numerical results, the tree-level Z invisible decay width in eq. (E.3) is always
within the 1o experimental bands of eq. (E.1), while the decay width of eq. (E.6), including
the corrections, is within the 20 experimental bands. Therefore, the Z invisible decay
width does not effectively constrain the branching ratios of LF'V processes in our model.
This is distinct from LFV studies in the inverse seesaw model [24] or in the effective field
theory of the seesaw [39]. That happens because in our case the masses my 56 of the heavy
neutrinos are sufficiently high that the Z can never decay into a heavy neutrino plus a light
neutrino, except for very small values |dy| < 1077 of the Yukawa couplings; and because
the non-unitarity of the matrix U has a very weak impact on the couplings of the active
neutrinos to the Z boson in our model.
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F Constraints on the mass of the charged scalar

Direct constraints on m g+ may be obtained from collider experiments on the production and
decay of on-shell charged Higgs bosons. The search sensitivity is limited by the kinematic
reach of experiments, but collider constraints have the advantage of being robust and
model-independent. The bound obtained from direct searches at LEP for any value of
tan 8 is my+ > 78.6 GeV at 95% CL [97]. Combining data of the four LEP experiments, a
limit of my+ 2 80 GeV is obtained [66, 98], while mg+ 2 150 GeV may be derived from
the searches at LHC [99, 100]. Stronger mass limits on mg+ may be obtained for specific
regions of tan f3.

Some constraints on mg+ from flavour physics depend strongly on the 2HDM Yukawa
type, while others are type-independent. Among the flavour processes, the constraints from
b — sy are most stringent due to the constructive interference of the H*+ contribution with
the SM contribution. For a type-IT 2HDM, the lower limit mg+ > 480 GeV at 95% CL [101]
includes NNLO QCD corrections and is rather independent of tan 5. In a recent study [102],
the branching ratio of b — sy enforces my+ = 580 GeV at 95% CL both for the type-IT and
for the flipped 2HDM.

The recent global fits in refs. [90, 91, 100, 103] give bounds on the charged-Higgs mass for
various 2HDM Yukawa types. In those studies only 2HDMs with a Zs-symmetric potential
are considered, but one may suppose that the bounds would be similar for the general
2HDM. In ref. [100] it is found that, for the type-II 2HDM, flavour-physic observables
impose a lower bound mg+ = 600 GeV that is independent of tan 8 when tan 8 > 1 but
increases to my+ 2 650 GeV when tan 8 < 1. In ref. [90], mpy+ > 740 GeV in both the
type-1I and flipped 2HDMs, but my+ = 460 GeV for the lepton-specific 2HDM. In ref. [91]
one finds mg+ 2 500 GeV or my+ 2 750 GeV in the aligned 2HDM, depending on the
fitted mass range. However, for the type-I and lepton-specific 2HDMs the restrictions on
mp+ from flavour constraints are weaker [100, 103, 104].
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