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We construct a model in which the neutrino Dirac mass terms are of order the electron mass and
the seesaw mechanism proceeds via right-handed neutrinos with masses of order TeV. In our model
the spectra of the three light and of the three heavy neutrinos are closely related. Since the mixing
between light and heavy neutrinos is small, the model predicts no effects in pp and pp colliders.
Possible signatures of the model are the lepton-number-violating process e"e~ — H™H~, where H™
is a charged scalar particle, lepton-flavour-violating decays like ;= — e~e~e™, or a sizable contribution
to the anomalous magnetic dipole moment of the muon.
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1. Introduction

The discovery of neutrino oscillations has established the ex-
istence of non-zero neutrino masses in the sub-eV range.! An
appealing way of explaining such small neutrino masses is the see-
saw mechanism [4], in which gauge-singlet right-handed neutrino
fields vg with Majorana mass terms are added to the Standard
Model (SM). Those mass terms are not generated by the Higgs
mechanism and may, therefore, be much larger than the elec-
troweak scale. Let v, be the neutral members of the left-handed
leptonic SM gauge doublets and Mp and Mg the mass matrices
of the fermionic bilinears vgrv; and I’JRCf),g, respectively. (C is the
charge-conjugation matrix in Dirac space.) We denote the mass
scales of Mp and Mg by mp and mg, respectively. If mg is much
larger than mp, then an effective Majorana mass matrix

M, =—-MIMz'Mp (1)

is generated for the v;. According to (1), the scale m, of M, is
related to mp and mg through m, ~ mZD /mg. The mixing between
the light and heavy neutrinos is of order mp/mg, hence very small.

We experimentally know that m, is in the range of 0.1 eV to
1 eV, if m, indicates the order of magnitude of the largest of the
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T Cosmological arguments [1] and the negative result of the direct search for neu-
trino mass in tritium B decay [2] are also crucial in eliminating the possibility that
the neutrino masses may be higher than about one eV. For a review on neutrino
masses see [3].
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light-neutrino masses, but, in the framework of the seesaw mech-
anism, mp and my remain a mystery. Since Mp is the neutrino
counterpart of the charged-fermion mass matrices, mp may vary
in between 100 GeV (which is both the electroweak scale and the
top-quark mass scale) and 1 MeV (the scale of the electron mass
and of the up- and down-quark masses), and this spans a range
of five orders of magnitude. As mg ~ m%/mv, to these five orders
of magnitude in mp correspond ten orders of magnitude in mg.
If mp ~ 100 GeV then mg ~ 10'3 GeV; this is definitely below the
typical GUT scale 10'¢ GeV — identifying mp with the GUT scale
would make the neutrino masses too small. If instead mp ~ my,
the mass of the tau lepton, then mp ~ 10° GeV. If one wants to
incorporate leptogenesis [5] into the seesaw mechanism, then the
appropriate mg would rather be 10!! GeV, which lies in between
the two previous estimates. Finally, we may as well use mp ~ me,
the electron mass, and then mg ~ 1 TeV — this was noticed, for
instance, in [6].2 Such a low mp has the advantages that it coin-
cides with the expected onset of physics beyond the SM and that it
might produce testable effects of the seesaw mechanism at either
present or future colliders.

The possibility that mp ~ m, and mg ~ 1 TeV is the starting
point of this Letter. We construct a seesaw model in which the
vacuum expectation value (VEV) responsible for the mass matrix
Mp is of order m,. In our model, which is inspired by [9] and [10],

2 Of course, the simplest way to obtain mp ~ m, is to assume tiny Yukawa cou-
plings, as was done for instance in [7]; this is the opposite of what we do in this
Letter — we discuss a scenario with Yukawa couplings of order 0.01-1. Another av-
enue which has been pursued are technicolor models with a suppressed mp and
mg < 10% TeV [8]; however, in those models mp is not claimed to be as low as me.
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each charged lepton o (o =e, u, 7) has its own Higgs doublet ¢,
whose VEV generates the mass my. On the other hand, there is
only one Higgs doublet ¢y which has Yukawa couplings to the vg
and is, therefore, responsible for Mp. We furthermore make use of
a mechanism, first put forward in [11] and later extended in [12],
for suppressing the VEV of ¢g: this doublet has a positive mass-
squared o (in the scalar-potential term /Lo(ﬁg(ﬁo) and its VEV is

triggered by a term ¢Z¢0 in the scalar potential. Since ¢, is the
Higgs doublet which gives mass to the electron, it must have a
very small VEV, and this explains the smallness of the VEV of ¢y.

2. The model

Multiplets. The gauge-SU(2) multiplets of our model are the fol-
lowing:

e Left-handed lepton doublets D;, = (vig,or)! and right-
handed singlets vry, ag (¢ =¢€, u, T).
e Four Higgs doublets ¢p and ¢y.

We shall use indices k, [ running over the range 0, e, i, T. The VEV
of the neutral component of ¢ is denoted vy.

Symmetries. The family symmetries of our model are the follow-
ing:

e Z3 symmetry e — 4 — T — e.
e Three Z, symmetries [9]

Zy: Dig — —Dig, 0 = —OR, VRg = —VRa- (2)

Notice that ¢, does not change sign under z,. The symmetries
z, may be interpreted as discrete lepton numbers.
e Three Z; symmetries [9]
Z: ag > —ag. o — —Pa. 3)
The zg are meant to ensure that og has no Yukawa couplings

to the ¢g (B # ).

Yukawa Lagrangian. The multiplets and symmetries of the theory
lead to the Yukawa Lagrangian

Ly ==y1) Digarda —y2 ) DiaVra(iT2¢5) + He. (4)
o o

This has, remarkably, only two Yukawa coupling constants. The La-
grangian (4) enjoys the accidental symmetry

Zy:  ¢o—> —¢o, VRe = —VRe,

VRy — —VRus VRt = —VRe. (5)

Charged-lepton masses. The mass of the charged lepton o is
My = |y1Vq|. Therefore me:my :m; = |ve|:|vy|:|ve|. In our
model one cannot obtain a small m, by just tuning some Yukawa
couplings — one really needs a small VEV v,. For instance, even
if there were no further Higgs doublets in the theory and v; by
itself alone saturated the relation

vi= Z [Vi)? < (174 GeV)?, (6)
k

3 If we go beyond our main aim of achieving a light seesaw scale and further-
more want to obtain the predictions of maximal atmospheric-neutrino mixing and
a vanishing reactor-neutrino mixing angle, then one may extend this Z3 symmetry
to the full S3 permutation symmetry of e, i and t [13].

one would still need |y{| ~ 0.01 because m; =~ 1.78 GeV. We
would then have |ve| ~ 50 MeV. On the other hand, we may as-
sume that there are in the full theory some extra Higgs doublets
other than the four ¢, which give mass to the quarks — in partic-
ular, for the top-quark mass a doublet with a large VEV is manda-
tory. Then |v¢| may be significantly smaller than 174 GeV and,
accordingly, |ve| will be significantly smaller than 50 MeV too; in
particular, |ve| ~ me is possible.

Soft symmetry breaking. We assume that the Z3 symmetry and
the three z, symmetries are softly broken in the dimension-three
neutrino Majorana mass terms*

1 _ _
Ly = 5 Z vRa(MR)aﬁCvlgﬁ + H.c. (7)
a.p

We furthermore assume that the symmetries zg are also softly

broken, now by the dimension-two terms qb,]:qbl (k #1) in the scalar
potential. However, we shall assume that the combined symmetry

h .
Z,0Zy: Qo —> —Po, Pe —> —¢e, ER — —€R,

VRe = —VRe, VRu —> —VRu, VRt — — VRt (8)

is broken only spontaneously. Then the scalar potential is

V=Y [mdide + m(sien)’]
k

+ 3 [hadidudi b1 + didig o+ g (o101)’]
k#l

+ (I’L06¢g¢e + MMT¢L¢T +H.c). (9)

The quartic couplings in V, those with coefficients generically rep-
resented by the letter A, obey all the family symmetries of the
model. Because of the couplings AZ,((Z),I(Z)I)Z, the only U(1) symme-
try of V is the one associated with weak hypercharge; therefore,
there are no Goldstone bosons in the model.

Suppression of vy. If w is positive, then v will induced by v, and
by the first term in the last line of (9):

VR —Ve—. (10)
0

We envisage the possibility that |y,| and, possibly, also |yq| are
of order 1, because that would enhance scalar effects and the ex-
perimental testability of our model, cf. Sections 3 and 4 below.
Still, it is possible, as we mentioned earlier, that |y{| ~ 0.01 and
|[vel ~ 50 MeV. However, even in that case |vg| could easily be
much smaller than |v.|, as we pondered in [12]. Indeed, |uge|
could naturally [14] be small, and there is no reason why g
should not be rather large, maybe even of order TeV. Then |vg|
might be much smaller than |ve| — this is the mechanism that we
envisaged in the introduction. Thus:

e If there are in the theory some Higgs doublets beyond the
four ¢y, the Yukawa coupling constant y; in (4) may be of
order one and then |ve| ~ m,. In that case, |(oe| and o
may be allowed to be of the same order of magnitude and
[vol ~ [ve| ~ me.

4 If we want to predict maximal atmospheric mixing, then we must assume an
S3 instead of a Z3 family symmetry and, furthermore, assume that the subgroup of
S3, the u-7 interchange symmetry, is preserved in the soft breaking [9,10,13].
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Fig. 1. o(e"e” — H H™)/oqep as a function of m; when /s =500 GeV (full curves), 750 GeV (dashed curves) and 1 TeV (dashed-dotted curves). The mass of H™ is
mpy =120 GeV in the left figure, mp =240 GeV in the right one. We use Eqs. (14), (16) and (17), |y2| =1, |vo| =511 keV, Uez1 =0.7, ng =0.3 and m% =m% +8x107° eV2,

e If there are only the four ¢, then y; is much smaller than
one and |ve| ~ 100me,. In that case, we may naturally assume
[foe] < o because the theory acquires the extra symmetry
z, when poe. = 0. We might then still obtain |vg| ~ me.

Lepton mixing. The neutrino Dirac mass matrix is in our model
proportional to the unit matrix:

MD:y§V01. (11)

Therefore, the lepton mixing matrix U, which diagonalizes M,,
also diagonalizes Mg:

UT M, U = diag(my, m, m3),
UTMRU* = — exp[2i arg(y3vo)] diag(M1, M2, M3),

(12)
(13)

the m; and M; (j =1,2,3) being, respectively, the light- and
heavy-neutrino masses. Consequently, there is a close relationship
between the spectra of the light and heavy neutrinos:

_ |yavol?

M;= ) (14)

Following our rationale, we shall assume |y, vg| ~ me.

3. Possible collider effects

In our model we assume mp ~ me ~ 1 MeV while mg ~ 1 TeV.
Otherwise our model is a normal seesaw model, therefore in it
the mixing between the light and the heavy neutrinos is of order
mp/mg ~ 1076, This small mixing suppresses most possible signa-
tures of heavy right-handed neutrinos that have been considered
in the literature [15]. For instance, the Drell-Yan production of a
virtual W boson and its subsequent decay W=* — ¢(£N;, where

5 In that case we might envisage a scenario in which the VEVs of ¢, and du
would be responsible, respectively, for the masses of the up-type and down-type
quarks. Other possibilities may of course also be considered.

¢* is a charged lepton and N j a heavy Majorana neutrino, is negli-
gible because it is suppressed by the mixing between the light and
heavy neutrinos.

Suppose that the Higgs doublet ¢, (which may be one of our
four doublets or an additional one) couples to the quarks and, in
particular, generates the top-quark mass. Then we may envisage
the Drell-Yan production of a virtual qbqi at the LHC, followed by
the transition ¢ — ¢ and the decay ¢;” — ¢*Nj, finally leading
to heavy-neutrino production. However, since the VEV of ¢>g is nec-
essarily large and the VEV of ¢J is very small, the mixing qﬁi—d)a—L
will in general be small, unless we invoke finetuning in the scalar
potential.

In contrast to what happens at hadron colliders, in an electron-
electron collider the interesting lepton-number-violating process
e"e~ — H™H~ might occur [6]. This process is due to the Ma-
jorana nature of the heavy neutrinos and is one of the processes,
other than neutrinoless B8 decay, via which it might be possible
to probe lepton-number violation [16]. Let us suppose for simplifi-
cation that H™ = ¢, the charged component of the scalar doublet
¢o. Then, the relevant Yukawa Lagrangian for e"e™ — H H™ is
given by

3
L(e"e” — H H™)=y3H" > U;N;Pre+Hc.,
j=1

(15)

where P; is the negative-chirality projection matrix. This leads to
the total cross section (see [6] for a special case)
o(e"e” —>H H)

3

ly2l* w12 wj wg
=— E UeiU M;iM —, — ],
167'[52,3 ; ( €] ek) J kf /3 /3

k=1

(16)

where s is the square of the energy of the e~e™ system in its
centre-of-momentum reference frame, g = (1 — 4m?/s)!/2 (my is
the mass of H™) and w; =1 —2my;/s + 2M3/s. The function f is
given by
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(bIn|% —aln|2l)) < b #a,

+ L < b=a

_az

(17)

f(a,b)={

azl

Notice that the cross section (16) depends on the Majorana phases
of the products (Uer;"k)2 (j #k). In Fig. 1 we have plotted
o(e"e” — H™H7) as a function of the light-neutrino mass mj
in a number of cases. Following our rationale, we have taken
|y2vo| = me in Eq. (14). On the other hand, in Eq. (16) we have
taken |y,| =1, bearing in mind that o (e"e~ — H~H™) depends
very strongly on this Yukawa coupling. As for the U, matrix el-
ements, we have used the values |Ueq|2 = 0.7, |Ue2|?> = 0.3 and
Ue3 = 0, which almost coincide with the present best fit [17]; this
has the advantage that then the third-neutrino mass ms and the
type of neutrino mass spectrum become irrelevant — we only have
to take into account the experimental value of m% — m%, which we
fixed at 8 x 107> eV2. We have moreover assumed that the phase
of (Ueq U;‘Z)2 is zero — this choice maximizes o(e"e~ — H H™).
In Fig. 1 this cross section is given in units of oggp =4ma?/(3s),
with o =1/128.
In the limit M2 > S, mH for all j =1, 2,3, one obtains

p(t ey 2B S (18)
B’ B wiwy 2M2M2'
Therefore, in that limit
pms
o(ece" >H H )~ pE__ (19)
327 |vol4

where mgg = |Zj mj(Uej)2| is the effective mass measured in
neutrinoless 88 decay. The approximation (19) indicates a close
relationship and, indeed, an approximate proportionality between
o(e"e” — H H™) and mlzgﬂ. Eq. (19) overestimates the cross sec-
tion: o(e"e” — H™H™) is much smaller than indicated by that
approximation whenever m; 2 0.5 eV. On the other hand, for m; <
0.1 eV the approximation (19) becomes quite good, but at the
same time the cross section becomes small. With the values of U
used in Fig. 1, for m; =0.1 eV, /s= 103 GeV and my = 120 GeV,
Eq. (19) gives a cross section about 14% too large; for smaller s or
larger my the discrepancy is smaller. Note that a cross section of
about 1072 x oqep is still considered reasonable for detection of
e"e” — H H™ at an e” e~ collider [6].

4. Possible non-collider effects

We next investigate whether large Yukawa couplings y; and y»
in Eq. (4) might induce measurable effects in non-collider physics.

4.1. The magnetic dipole moment of the muon

A promising observable is a,, the anomalous magnetic moment
of the muon. There is a puzzling 30 discrepancy [18]

a? — ) =255(63)(49) x 107" (20)
between experiment and the SM prediction for that observable. In
our model there are contributions to a, from one-loop diagrams
involving either charged or neutral scalars. We consider the latter
firstly. The fields 4),? are written in terms of the physical neutral
scalars S (b=2,...,8) as

—VI<+Z

ka 50

The scalar S? corresponds to the Goldstone boson eaten by the

gauge boson Z° and is, therefore, unphysical. The complex 4 x 8
matrix V is such that

ReV
<Imv) (22)

is orthogonal®; therefore, |Vip|? < 1. For b > 2, let m, be the mass
of Sy and 8, =m? /m} < 1. The contribution of the physical neu-
tral scalars to a,, is given by

8 1
0 8p 2 2 3
a,(¢°) = bX; o bez_xﬂ[x Re Ap + (¥ — x°)|Ap]]
= 0
(23)
8
3 [ 1Apl 3 2
:bX;{lGﬂz [T—<§+ln5b>ReAb]+o(5b)},
(24)

where Ap = y%Vib. One sees that there is a term 8, Indp/(1672)

which is ~ 10~7 when mj, ~ 100 GeV. Thus, if one assumes
|Ap| ~ 1 then |aﬂ(¢°)| might well be very large.

We proceed to analyze the diagrams involving charged scalars
in the loop. The three left-handed neutrinos v;, and the three
right-handed neutrinos vgy are written in terms of the six physical

Majorana neutrinos x; (i=1,...,6) as
6 6
Vie =Y RaiPLXi:  VRe=)_ SiiPrXi: (25)

i=1 i=1

where P r are the chirality projectors in Dirac space and R, S are
3 x 6 matrices. The matrix

R
() (26)

is 6 x 6 unitary [20]. The fields qb,f are written in terms of the
physical charged scalars S (a=2,3,4) as

4
O =) USs. (27)

The scalar ST corresponds to the Goldstone boson eaten by the
gauge boson W™ and is, therefore, unphysical. The complex 4 x 4
matrix U is unitary [19].

Let m; be the mass of the physical neutrino y; and, for a > 2,
let mq be the mass of S}. The contribution of the diagrams with
charged scalars to ay, is given by

2
m

a, (o™ / 5

wl#?)= 167[2(12;121: m2x2 + (mg —m?, —m3)x +m?

|:(|Y1Ru.lu;w| +|y25;uu0a| )(X —XZ)

m
+2m—’ Re(ylyzRWSM,u*au()a)(x—xz)]. (28)

"
The three light neutrinos 123 have masses much smaller than

my,, hence these masses are negligible. For those neutrinos the ma-
trix elements S; ~ 10~% are also negligible. One then has

6 For more details on this notation see [19].
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+ ~
au (¢ )lightneutrinos ~

4

Iy1l?

~ o2 2 dalthual?, (29)
a=2

where 8§, = mi/mg. For mg; ~ 100 GeV one thus has

. (¢ Dlightneutrinos ~ —1072|y1|?, which is not very significant. The
three heavy neutrinos x4 56 have masses comparable to those of
the charged scalars. For those neutrinos the Ry; ~ 1075, One then
has

~ [y2 SWMOG mg
(¢+)heavy neutrinos Z Z{ 1672 _2 f <_g>

a=2 i=4 m; m;

Re(YTJ’ﬁRmsmu,’iaUOa) my

+ 5 —

81 m;

1 (m2 m?
(=12 )| 30
X[6+<m? >f<mi2>“ 0
where
1 X X xInx
= — - 31
f& 3x—1) 2(x—1)2 + x—1)3 x—1)4 (31)
1 11

=—3+ <—E—lnx)x+0(x2). (32)

For Yukawa couplings of order 1, and for heavy neutrinos with
masses of order 1 TeV, one obtains (¢ )neavyneutrinos ~ 10717,
which is smaller than the experimental error in Eq. (20) and hence
irrelevant.

So one concludes that the largest non-standard contribution
to a, in our model is in principle au(d)o), which is proportional
to |y1]? and may be as large as 107 if |y;|®> ~ 1. One must in-
voke either a small Yukawa coupling y; or cancellations between
the contributions of the various neutral scalars for our model not
to give too large a contribution to a,. One may also view (24) as
a possible way to explain the discrepancy (20).

4.2. The decay u= — e"ete™

In our model, there are also lepton-flavour-changing processes
due to the soft breaking of the family lepton numbers [20]. The
process most likely to be observable is in general [20] u~ —
e~ete~,7 which is mediated by u= — efsg* if the Yukawa cou-
plings are large. Using the formulas in [20] we obtain the approxi-
mate upper bound

BR(u™ —e"ete)

B (100 GeV)2 72
<10 5|y1y2|4[2|veb|272 IFI?, (33)
b my,
where
M2
F= ZUE,U* ln (34)

4 being an arbitrary mass parameter on which F finally does
not depend. Clearly, if yq, y, and F are all of order one, then
BR(4~ — e~e*e™) will be much too large in our model, since ex-
perimentally that branching ratio cannot be larger than 1.0 x 1012
at 90% confidence level [18]. One possibility to avoid this problem

7 The process 1~ — e~y usually is more suppressed than u~ — e~e*e~ in this

type of models [20].

is by making |y1| ~ 0.01, which is possible as we have seen in Sec-
tion 2, and would have the further advantage of also suppressing
aM(¢7°). while keeping y, at order one in order not to suppress
o(e“e” — H™H7). Another possibility is to assume that the mass
spectrum of the light neutrinos is almost degenerate, which in turn
renders the mass spectrum of the heavy neutrinos almost degener-
ate too. With this condition and assuming U3 to be exactly zero,
we estimate

Am?
IFl ~|Ue2U 2l —
1

(35)

Taking, for instance, m; = 0.3 eV, one obtains |F|2 ~ 10—/, which
is sufficient to make Eq. (33) compatible with the experimental
bound.

Therefore, our model may be compatible with the present ex-
perimental bound on BR(uu~ — e~ete™), if the mass spectrum of
the light neutrinos is almost degenerate or the Yukawa coupling
y1 is of order 0.01. On the other hand, the Yukawa coupling y»
may perfectly well be of order one.

5. Conclusions

We have started in this Letter with the trivial observations that,
in the seesaw mechanism, a mass scale of 1 MeV in the neutrino
Dirac mass matrix corresponds to right-handed neutrinos in the
TeV range, and that the scale 1 MeV might be provided by the
electron mass. We have then constructed a simple model, which
extends the SM with three right-handed neutrino singlets and four
Higgs doublets, in which that observation is realized. Our model
has the following properties:

1. Each charged lepton « has a corresponding Higgs doublet ¢y
which, through its VEV v, generates the charged-lepton mass
Mg = |y1Val.

2. The Dirac mass matrix Mp of the neutrinos is generated by
another Higgs doublet, ¢g, whose VEV vy is induced by the
VEV v, such that vg ~ v, or smaller, hence vy o me.

3. In the appropriate weak basis, the mass matrix of the charged
leptons is diagonal while Mp is proportional to the unit ma-
trix; this yields the simple relation M; mg/mj between the
masses M; of the heavy Majorana neutrinos and the masses
m; of the light Majorana neutrinos.

4, Moreover, the diagonalization matrix of the light-neutrino
mass matrix — which is just the lepton mixing matrix — and
the diagonalization matrix of the heavy-neutrino mass matrix
are complex conjugate of each other.

5. The mixéng between light and heavy neutrinos is small, of or-
der 107°.

The last property prevents heavy-neutrino production in pp and
pp colliders. However, at an e~e~ collider one might test the
mechanism of the model by searching for the process e"e™ —
H™H~, where H™ is a charged scalar; this process is somehow a
high-energy analogue of neutrinoless 88 decay. The charged scalar
would mainly decay into a light neutrino and the electron, if the
heavy neutrinos are heavier than the scalar. Thus the signal would
amount to e~e~ plus missing momentum. At an ete~ collider one
should, of course, look for ete™ — HYH™.

If the Yukawa coupling y; of our model is of order one, then
the anomalous magnetic moment of the muon may be too large,
and the branching ratio of the flavour-changing process u~ —
e~eTe~ as well; in this case the suppression mechanisms dis-
cussed in Section 4 have to be invoked. The simplest way to
make our model compatible with experimental constraints is by
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choosing |y1| ~ 0.01. However, this does not impede the process
e“e” — H™H~, which proceeds through a different Yukawa cou-

pling y,.
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