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In Type IIT seesaw model the heavy neutrinos are contained in leptonic triplet represen-
tations. The Yukawa couplings of the triplet fermion and the left-handed neutrinos with
the doublet Higgs field produce the Dirac mass terms. Together with the Majorana masses
for the leptonic triplets, the light neutrinos obtain non-zero seesaw masses. We point out
that it is also possible to have a quadruplet Higgs field to produce the Dirac mass terms to
facilitate the seesaw mechanism. The vacuum expectation value of the quadruplet Higgs is
constrained to be small by electroweak precision data. Therefore the Yukawa couplings of a
quadruplet can be much larger than those for a doublet. We also find that unlike the usual
Type III seesaw model where at least two copies of leptonic triplets are needed, with both
doublet and quadruplet Higgs representations, just one leptonic triplet is possible to have a
phenomenologically acceptable model because light neutrino masses can receive sizable con-
tributions at both tree and one loop levels. Large Yukawa couplings of the quadruplet can
induce observable effects for lepton flavor violating processes ;1 — ey and u — e conversion.
Implications of the recent y — ey limit from MEG and also limit on y — e conversion on Au
are also given. Some interesting collider signatures for the doubly charged Higgs boson in
the quadruplet are discussed.

I. INTRODUCTION

The type III seesaw contains leptonic triplets ¥z under the standard model (SM) gauge group
SUB)e x SU(2)r x U(L)y as (1,3,0), Sg = (S5, 29 ,Zg)ﬂ]. In tensor notation, the triplet can
be written as ¥ p = (3;;) symmetric in ¢ and j, where i and j take the values 1 and 2. X1 = EE,
YRp12 = iE%/ V2 and Ypos = ¥ 5. The Yukawa couplings related to neutrino and charged lepton
masses come from the following terms

_ _ - 1o
L=—LY.Eg®— L.Y,Spd — §2§M;23 + He. (1)

where the super-script “c” indicates the charge conjugation. The lepton doublet Ly = (Lp;) :
(1,2,-1/2), Er = (ER,) : (1,1,—1), and Higgs doublet ® = (¢;) : (1,2,1/2) (® = igo®*) have the
components given by L1 = v, Lrs = er, and ¢1 = h™, ¢o = (v+ h + i[¢)/\/§. With just one
Higgs doublet, I, and h™ are the would-be Nambu-Goldstone bosons h, and h;; “eaten” by Z and
W bosons, respectively. We have

— ~ — ~ Y] '1_ 1 _ _ . _ . 1 — —

N4 R = B Sprjre’ €9 = Spexh + %00, + Shesy (2)

In the above, repeated indices are summed over from 1 to 2. €10 = 1, €91 = —1 and €17 = €99 = 0.
The neutrino and charged lepton mass matrices M, and Mg, in the basis (vf, Z%)T and (eg, Eg)T,
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are given by

0 Myz Me MBZ
Ml/ = (MT MT ) 5 ME = < 0 MT ) ) (3)
vy R R

where Dirac mass term M,y = —iY,v/2, M.x = —Y,v/v/2 and M, = Y.v/v/2 where v is the
vacuum expectation value (VEV) of the Higgs doublet.

Note that given L; and X representations, it is also possible to have the necessary Dirac mass
term M,y from the Yukawa couplings of a quadruplet Higgs representation x: (1,4,—1/2) of the
following form,

L=—-LY\Spx+ H.c. (4)

The field y has component fields: x = (x*, X%, x 7, x~ 7). In tensor notation y is a total symmetric
tensor with 3 indices x;;; with 4, j and k taking values 1 and 2 with

1 1 _ __
X111 = XJr , X112 = %XO , X122 = %X , X222 = X . (5)
We have
LiYpx = Z/LiZRijij’k’Ejjlekkl
= (izgx‘ —~ z'\/?E%XO + Eg;ﬁ) +eér (Ejgx“ — i\/?E%X_ + izgx‘)) . (6)
V3 3 3 V3

The neutral component " can have VEV vy with N (vy + xR +ix1)/ V2. A non-zero vy will
modify the neutrino and charged lepton mass matrices M,y and M.y with

1 1 1 1
M, = —i=Y, v —i—=Y, Moy = ——=Y, —Y, v, . 7
vy '52 vV Z\/g xVx > ex \/5 6U+\/6 xUx ()
To the leading tree level light neutrino mass matrix m,,, defined by L,, = —%Dzm,ﬂ/[, +H.c., is
given by
= MM = Ly Ly Vst (2vte 4 Ly 8
my = —M,» R VE_<§ VU—F%XUX) R<§ VU—I—%X,UX)' ()

A model with a different Higgs quadruplet (1,4,3/2) has also been studied where neutrino masses
only arises from a dimension-7 operator [2]. This model is very different from the model we are
discussing here.

In the basis where the charged lepton mass matrix is already diagonalized, the PMNS mixing
matrix VB, Q] in the charged current interaction is given by

my - VTmyV 3 (9)

where m,, = diag(my, mg, ms3) is the diagonalized light neutrino mass matrix.

The introduction of quadruplet x in the model can have interesting consequences for neutrino
masses, mixing and also for lepton flavor violating (LFV) processes, u — ey and p — e conversion
because the VEV of x is constrained to be small which then can lead to a large Yukawa coupling
Y,. We also found some interesting collider signatures of the doubly charged Higgs boson in the
quadruplet. In the following we will study the quadruplet model in more details.



II. THE ELECTROWEAK CONSTRAINT

We have seen that in Type III seesaw, it is possible to introduce a quadruplet Higgs which give
additional seesaw contributions to neutrino masses at the tree level. It is, however, well known that
electroweak precision data constrain the VEV of a Higgs representation because a non-zero VEV
of some Higgs may break the SU(2) custodial symmetry in the SM leading to a large deviation of
the p parameter from unity. With the constraints satisfied, the Higgs doublet and quadruplet may
contribute to the neutrino mass matrix differently.

The non-zero VEV of the Higgs representation with isospin I and hypercharge Y will modify
the p parameter at tree level with|5],

- Talala £ 1) Y202
AT

(10)

The SM doublet Higgs alone does not lead to a deviation of p from unity, but the addition of a
quadruplet does. For our case of one doublet and one quadruplet, we have

2 2 2
v* 4 Toy 6v
= X4 X 11
=y v2 Ty v2 (11)
We therefore have, Ap = 6v>2</(v2 + vi) = 6\/§Gpv>2<. Using experimental data Ap =

0.0004458:88%519 (95% c.1.)[6], we see that v, is constrained to be less than 5.8 GeV which is about 40
times smaller than that of the doublet Higgs VEV. This vast difference in Higgs VEV’s indeed in-
dicate that the Higgs doublet and quadruplet contribute to the neutrino mass matrix differently in
the sense that if the Yukawa couplings Y, and Y, are the same order of magnitude, they contribute
to the neutrino masses can be different by orders of magnitude. Turning this around, if both Higgs
contribute to the neutrino masses with the same orders of magnitude, then the Yukawa coupling
for quadruplet Y, can be several orders of magnitude larger than that for the doublet Y.

If the seesaw mass is only from the coupling to @, just like Type III seesaw with one doublet,
the canonical Yukawa coupling is of order /Mpgm, /v?. With a My of order 1 TeV, the Yukawa
couplings would be less than 10~° with m, around 0.1 eV. This makes it clear that even the heavy
degrees of freedom are kinematically accessible at the LHCﬁgjﬁhe small Yukawa couplings is hard
to study their properties and their effects on LE'V processes |. Although it has been shown that
there are solutions with large Yukawa coupling in Type 111 seesaw with just one Higgs doublet ﬂg, ],
it is interesting to see if large Yukawa couplings can more naturally manifest itself. The quadruplet
with a small VEV provides such a possibility. The natural size of the Yukawa coupling Y, is of order

\/ Mpm,/ vi. With v, of order 1 GeV, Y, would be enhanced by about 250 times compared with
Y,. With a smaller vy, Y) can be even larger since Y; ~ 1073(1GeV /vy )/ (Mg/TeV)(m, /0.1eV).

The large Yukawa coupling Y, can lead to interesting phenomenology, such as the possibility of
having large effects in lepton flavor violating (LFV) processes y — ey and p — e conversion.

III. LOOP INDUCED NEUTRINO MASS WITH JUST ONE TRIPLET LEPTON

In the Type III seesaw with just doublet Higgs, if there is just one leptonic triplet ¥, the
resulting neutrino mass matrix m,, for the three light neutrinos is only a rank one matrix. This
implies that only one light neutrino mass is non-zero. Neutrino oscillation data show the existence
of two distinct mass squared splittings, so a model with just one generation of triplet X, is in



conflict with data. More than one generation of ¥ is required to have a higher ranked mass
matrix to fit data. We point out that with the introduction of quadruplet y, it is possible to raise
the rank of neutrino mass matrix by including one loop contributions to the mass matrix. The tree
and loop generated mass matrices together can be consistent with present data on neutrino mass
and mixing. With both Higgs doublet and quadruplet, the tree level light neutrino mass matrix
m,, given in eq.(8) is still rank one if there is only one generation of ¥ . In the following we show
that the inclusion of one loop contribution can raise the rank of the mass matrix to two.

The one loop contributions involve exchange of internal quadruplet Higgs bosons and heavy
leptons. In order to show this mechanism explicitly, we first identify physical Higgs states and
mixing necessary for one loop generation of neutrino mass from the Higgs potential. The most
general renormalizable Higgs potential is given by

2
V=—u (@TCP) +A (¢>T<I>> + M+ A e + AG (T Rx )
A
+ [f(@xﬁ + A3pPT DDy + H.C} : (12)

where « denotes an index for SU(2) contractions. The contraction of SU(2) indices for each of the
terms are given by

XX = X5

XXX = XXk X Xt

O ™X)2 = X Xagn X Ximks

(x T><>< X)3 = X5jkXrikXimn Xsmnil€rs,

(XT )4 ijerkX7mnXtunEilejmertesu, (13)
(@TPXTX)1 = ®F Paxr Xkt

(@I 0xTx)2 = P S Xins

(@ToXTX)3 = P X k1 XntmEik€jn,

(DX)% = ®i®j X ikt X jrmn it/ €5 €kmEin»
(I)T(I)q)x = q)?q)j(kaij’k’ejj’ekk’ .

In the above only two terms are independent for (xTxxx)a. Also only two terms are independent
for (®T®xTx)a. One can just take o to be equal to 1 and 2 as the independent terms for these two
types of terms. In the following, we set /\i = /\;"( = /\%X = 0 without loss of generality.

The two terms (®y)? and ®TdPy, break the global lepton number symmetry after the doublet
and quadruplet develop non-zero VEV’s. ®f®®y then mixes ® and x fields. At one loop level
Majorana masses will be generated for light neutrinos. There are three types of mixing terms which
can be characterized to be proportional to v2, VU, Or fui. We have seen earlier that v is much larger
than v, from electroweak precision data, therefore one can just keep terms proportional to v? for
the loop generation of neutrino masses. These terms are

L=—5Xsv (\/gx X 6(XR+Z><1)>
— U2)\3q> [(1}1_){’_ - Lh-i_)(_> + L(?)h + il )(XR + iX]) + H.c. (14)
2 V3 43 ¢

The above terms will generate a neutrino mass matrix proportional to Y’ Y; for the first term and,

YJYQ for the second term. To have a consistent model, the elements in Y,, are required to be much



smaller than those in Y,. We can neglect the contribution from terms proportional to A3e in the
above. Without terms proportional to A3e and v,, masses of component fields in x are given by

1 1 1
m?, = M2+ (Shhy + EAQ - s ),
1
m?, ~ M? + < Aoy + Aq)x + 3A5) , (15)
miii 2M2+§(A¢X+>\¢,X)'U .

We note that a parameter A5 characterizes a mass squared splitting between xr and xj, i.e.,

(mi _— mi )= —(2/ 3)Asv2. The mass matrix for singly charged scalars is given by
24 1yl 1 02 2
(0 x7) . )\q)X 12\/13)\5 232 1,2 <X+> = (1 x2) i 2 <XI> :
\//\51) + 3[A oy T3 @X]U X" mxzi X2
(16)
where

+ . +
<X}F> = (C.OSH s1n9> <X_*> with  tan260 = _\/§A5‘ (17)

X5 sinf cos6 X )‘<21>x

The one-loop contributions to the neutrino mass matrix are calculated as@, ]

loo t 1 1 m?(R miz sin(29) mif mi;
o = vt o () - (2] - 221 () -1 ()]}

N

where mp and my are masses of neutral and charged heavy leptons, and I(z) = zlnz/(1 — ).
The explicit dependence on A5 is given

loop ~_ K *v1,,2
Mo = Vv

2 2 2 m
sl ) () - e )~ ()} o

Neglecting mass splitting in a multiplet, i.e., m,, = m,, my = mg, x is given by

A5
7272

1 Inx

T fmi), J@) = o+ (20)

K =

where J(1) = —1/2.
Collecting contributions from the tree and loop contribution, one can write the neutrino mass
matrix as

.. 1, .
MY = (Mﬁmo + ML°°P> ! mlN ( Yiv+ TY%X) (%ng +
The mass matrix is now rank 2 in general. This mechanism can also work even when we introduce
an additional scalar doublet[14]. However such a scalar is indistinguishable from a SM Higgs
doublet without additional quantum charges. The extra doublet fields can interact with other SM
fermions and will induce large tree level flavor changing neutral current (FCNC) for the charged
leptons. In this model, the tree level FCNC are much suppressed for charged leptons.

1 . * . )
ﬁygvx) oYY (21)



IV. SOME PHENOMENOLOGICAL IMPLICATIONS

A. Neutrino masses and mixing

The mass matrix obtained in the previous section, being rank two, has two non-zero eigenvalues.
One of the neutrino masses is predicted to be zero. The zero mass neutrino can be m,, or m,,
depending on whether the neutrino masses have normal or inverted hierarchy. In this section, we
show that the mass matrix obtained can be made consistent with experimental data on mixing
parameters.

Mass squared differences of neutrino masses and neutrino mixing have been measured to good
precisionﬂﬂ@]. The mass parameters are determined by global fit as] Am3, = (7.587032) x
107° V2, |Am2,| = (2.397003) x 1072 eV?;(2.3170453) x 1073 eV?) for normal (inverted) mass

hiearchy. Here Am%j = mf — m?, and m;(i = 1-3). For our case, with normal hierarchy, m% =0,
m3 = Am?, and mj = Am%,. For inverted hierarchy, we then have m3 = 0, m? = —Am3;, and

m3 = Am3, — Am3,. The neutrino mixing are given by] sin?(fa3) = 0.42700%, sin?(612) =
0.306J_r8:8%§, and sin2(913) < 0.028. To the leading order, the mixing pattern can be approximated
by the tribimaximal mixing matrix[22],

2 1L
DY

Urg = —? ? 7 . (22)
V6 VB V2

The light neutrino mass matrix obtained in eq.([2I]) can be easily made to fit data. We consider
the case for v > v,, such that terms proportional to v, can all be neglected for illustration. With
this approximation, the cross term proportional to Y, Y; + Yy Y,,T can be neglected.

For normal hierarchy case, by imposing the condition of the tribimaximal mixing, the
Yukawa couplings can be taken to be the forms Y, ~ ,(0, 1/v2, —1/v2)T, and Y, ~
U (1/V3, 1/3/3, 1/3/3)T. In this case mg = y2v? /4my and mg = ky2v? /my. If the heavy neutrino
mass is of order 1 TeV, y, ~ 1.80 x 107(my/1TeV)"/? and \/ky, = 0.38 x 1076(my/1TeV) /2.
We note that relative size of tree level and loop level contributions can be tuned by the parameter
K, which is proportional to the Higgs potential parameter A5. If A5 is small, quaruplet Yukawa
coupling y, can be order of one. This kind of possibility is also studied in the neutrinophilic two
Higgs doublet modelﬂﬁ]. The role of the Y, and Y, can be switched.

Similarly the model can be made consistent with inverted hierarchy. For example with Y, ~
v, (\/2/3, —=1/v6, —1/v6)T and Y, ~ v, (1/V/3, 1/v/3, 1/v/3)T, the tribimaximal mixing pattern
can be realized. In this case m; = ygvz /4my and mg = K}yi’l)2 /my. If the heavy neutrino mass
is of order 1 TeV, y, ~ 1.78 x 107%(my/1TeV)!/2 and \/ky, = 0.90 x 1075 (my/1TeV)!/2. Again
the roles of Y, and Y, can be switched.

Making perturbation to the above forms, one can get non-zero 13 solutions, which is indicated
by recent results at T2K@]. For instance, for normal mass hierarchy case modifying Y, to be
YV/ =Y, +AY, =Y, +y,(a,b,c)’ and keep the same Y,, we can produce non-zero 13 solutions.
Using the AY, = ,(—0.14,0,0)", y2v?/4my = 5.23 x 1072 eV, sy2v?/my = 9.14 x 10~%eV, we
obtain mo = 8.78 x 1073, m3 = 4.82 x 1072, sin® A15 = 0.323, sin® fy3 = 0.44 and sin®f;3 = 0.025
which are within one o error of the data.

For inverted mass hierarchy case, with AY, = y,(—0.0095, —0.1,0.1085)", y2v% /4my = 4.81 x
1072V, kyov? /my = 4.88 x 1072eV, we obtain m; = 4.80 x 1072, my = 4.88 x 1072, sin®f15 =
0.306, sin® @93 = 0.41 and sin®#;3 = 0.014 which are, again, within one o error of the data.



Higher order loop corrections can further raise the rank of neutrino mass matrix in general.
Therefore, all three light neutrinos can have non-zero masses in this model. It has been shown in
Ref.[24] that the rank of the neutrino mass matrix can be rank two at two loop level even with
just one triplet lepton and one Higgs doublet. However, in this case the heavy triplet lepton mass
needs to be 10'® GeV, and hence its phenomenological consequence for collider physics is out of
the scope at the LHC. Introduction of more leptonic triplet generations can also increase the rank
of mass matrix too.

B. pu — ey and p — e conversion

We now study possible effects on LFV processes 1 — ey and p — e conversion. p — ey is
induced at one loop level. There is a small contribution to p — e conversion at the tree level due
to mixing of charged light and heavy leptons. The dominant contribution come at the one loop
level due to possible large Yukawa coupling Y, , because the size of Y,, is constrained to be small by
the absolute size of neutrino masses and the doublet Higgs VEV. The one loop induced effective
Lagrangian responsible to y — ey and pu — e conversions is given by

L= —0" (ALPL + ARPR)YeFu + Y eQq@y" qibuyu Pripe B, + Hee | (23)
q

with @4 being the electric charge of the g-quark, and

e 2 Z 8 A ;
Ar = W] b FeGe) + 2 FeGi)] + 3 A G + - RG]

3272 X XR X1 X1 F mxf mxj mx;
2
A [P )+2FX(E";+L+)]}Y;mM,
X X X
Ap =224, (24)
My
B = — ¥ {1l Gy(E) + LGy ()] + 2[SE-Gy () + -4 Gy (L
L= 16n2 X{_E[meR E(miﬁ) + m3y Z(m—iz)] + g[7”2+ X(m2+) * m? X(m2+)]
) X1 X1 X2 X2
1 my t
i [On(EE) +2GX(EX+QL+)]}YX :
where
Fo(2) z2—5z—2+ zlnz () 222+ 521 22lnz
Z) = A — —_
> 12(z—1)3 ' 2z—1F" X 12(z-1)3  20z—1)*"
G (2) = 72% —362% + 452 — 164 6(3z — 2)In z Go(2) = 1123 — 1822492 — 2 — 62°Inz
e 36(1 — 2)* r XA 36(1 — 2)4 ‘
(25)
The LFV i — ey decay branching ratio is easily evaluated by
487
B(p — ey) = W(IALI2 +|Ag|?). (26)
qu

The strength of ;1 — e conversion is measured by the quantity, B/‘f L, =TA rd =T +
AN,Z) = e + AN, 2))/T'(n~ + AN, Z) = vy + AN + 1, Z — 1). Following Ref.[25], we have
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FIG. 1: The current and future experimental constraints on the quadruplet Yukawa couplings from p — ey
and p — e conversion. The mass of quadruplet scalar is taken as m, =1 TeV.

where

RO Gim

(A) = 50—
e 192w2rg‘apt

ID(A)* . (28)

and Q(pr)/ =29Lv(u) + gLV(d),Q(L@' = 9LV () + 290v (@) With grv(g) = —eQyBL/(V2GF).

For many years, the best 90% c.l. experimental upper limit for B(p — ey) was 1.2 x 10_11@].
Recently, MEG collaboration has obtained better result with the 90% c.l. upper limitﬂﬂ] 2.4 x
10712, This new bound, as will be seen, provides important constraint for the quadruplet model
discussed here. There are several measurements of y — e conversion on various nuclei. The best
bound is for Au nuclei with the 90% c.l. experimental bound ven by B/‘jﬂm <7x10713 @] For
Au, the relevant parameters determined by method I in Ref are given by: D(Au) = 0.189,
v )(Au) = 0.0974, V™ (Au) = 0.146 and R}, .(Au) = 0.0036 We will use these values to
study implication for our quadruplet model.

The numerical results are shown in FIGl In obtaining results in FIGI] we have choosen the
mass of quadruplet component field y; to be degenerate with a common mass of 1 TeV, and the
quadruplet Yukawa coupling constant is taken as Yy ~ y,(1/v3, 1/v/3, 1/v/3)T which satisfying
neutrino mixing data from our previous studies for illustration. In the left panel of FIG we
show current experimental bounds on the quadruplet Yukawa coupling from non-observation of
1 — ey and p — e conversion as a function of ratio of triplet fermion and quadruplet scalar squared
masses. We found that current constraints on quadruplet Yukawa coupling constant from p — e
conversions are weaker than that from p — ey. This is very different than the situation in a model
with fourth generation where non-zero Z-penguin contribution dominates and p — e conversion
gives stronger constraints@]. In the quadruplet model discussed here because the triplet heavy
lepton > does not have hypercharge, no Z-penguin contribution and therefore p — e conversion
gives weaker constraint compared with y — evy. From the figure, we see that the quadruplet
Yukawa couplings are constrained by the new MEG data to be less than 0.1 for a wide range of
parameter space. As we showed vy, is typically 1076 for 1 TeV quadruplet scalars in both normal
and inverted neutrino mass spectrum. The contribution from Y, is negligibly small. On the other
hand, y, can be enhanced by a factor of 1/y/k ~ 127/y/=X5 with my ~ m, ~ 1TeV. To obtain



Yy = 0.1, A5 ~ 1078 is required. Such a tiny A5 can be naturally understood as a remnant of the
lepton number symmetry. The quadruplet model can have Yukawa coupling producing p — ey
closing to the present upper bound. Improved experimental limits can further constrain the model
parameters.

In the right panel of FIG[ we also show the future prospects of LFV bounds. For pu — ey we
take B(p — ey) = 1 x 10713 @] as the near future improved MEG experimental sensitivity. For
i — e conversion, there are several planed new experiments, such as Mu2E[31]/COMET|[32] and
PRISM@ for yu — e conversion using Al and Ti. The sensitivities are expected to reach 10716[32]
and 10718[33], respectively. For Ti and Al nuclei, the relevant parameters for our calculations
are given by D(Ti) = 0.0864, V¥)(Ti) = 0.0396, V(") (Ti) = 0.0468 and R, , (Ti) = 0.0041, and
D(Al) = 0.0362, VP)(Al) = 0.0161, V(" (Al) = 0.0173 and RS, (Al) = 0.0026E§]. We see that
improved u — ey and pu — e conversion experiments can further constrain the quadruplet Yukawa
coupling constant. Also note that searches for u — e conversions can provide better constraints
than that for yp — ey.

C. Collider signatures of doubly charged Higgs bosons in quadruplet

Finally, we would like to make some comments about collider aspects of this model. One of the
interesting feature of Type III seesaw is that the heavy leptons with a mass of a TeV or lower can
be produced at the LHC. The collider phenomenology related to Type III seesaw for the heavy
leptons has been studied in great detail|7, @] The introduction of quadruplet also leads to new
phenomena in collider physics.

An interesting feature is the existence of the doubly charged particle x ™ in the model. Doubly
charged scalar bosons also appear in other models for neutrino masses, for example, Higgs triplet
in Type II seesaw Model@, |, and Zee-Babu model@]. The doubly charged scalar bosons can
be produced at a hadron collider through the Drell-Yan production mechanism ¢g — v, (Z*) —
Xty , ] The vector boson fusion mechanism can also be useful to produce doubly charged
particle ] if the VEV’s of the Higgs triplet v, and the quadruplet v, are not very small. The
recently results from LHC exclude doubly charged Higgs mass to be around 150 GeV if it decay
predominantly through leptonic decayﬂﬁﬁ,. Unlike the Type II seesaw and Zee-Babu models, the
quadruplet scalars do not have direct interaction with a pair of SM fermion and therefore cannot
decay into them. The lower limit on the mass of doubly charged Higgs boson does not apply for
our model.

In both Type II seesaw and the quadruplet models, if the VEV’s v, and v, are not very small,
the doubly charged scalar will mainly decay into a pair of WiWi@? Zee-Babu model does not
have such decay modes. In the case of Type II seesaw model, if va < 104 GeV, the leptonic pair
decay modes will become the dominate one for the doubly charged scalar because the decay to
gauge boson pair is suppressed by va while leptonic Yukawa coupling is scaled as m, /ua. This is,
however, not the case for quadruplet model.

The x™" can couple to e™ X1 through Yukawa coupling. Since the heavy charged lepton ¥T
can mixing with e™ because mixing in eq. (@) leading to Y™ — ete™. However, the mixing in
this case is proportional to Y,2v? Zm% which is small. There is another possible decay for y*+.
Electromagnetic loop correction] will make ¥t to be heavier than X° allowing Xt — 7tx°.
Then X° mixes with light neutrinos to allow %% — e*WT decay. Since the mixing between light
neutrino and X° is only suppressed by a factor Y, v/my, the decay mode, x*+ — efrtetWT
would be more important than ™ — eTe™. This is different than Type II seesaw model in the
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case even the VEV’s are very small.

V. CONCLUSIONS

In Type III seesaw the heavy neutrinos are contained in leptonic triplet representations. Being
a triplet of SU(2)1 gauge group, the heavy leptons have non-trivial structure. Concerning Yukawa
interaction for seesaw mechanism, we find a new possibility of having new type of Yukawa couplings
by introducing a quadruplet xy with hypercharge equal to half. When the neutral component field of
X develops a non-zero VEV, a Dirac mass terms connecting the light and heavy neutrinos can result
to facilitate the seesaw mechanism. It is interesting to note that the VEV of the quadruplet Higgs
is constrained to be very small from electroweak precision data. Therefore the Yukawa couplings
of a quadruplet can be much larger than those in a Type III model with a Higgs doublet only. We
also find that unlike the usual Type III seesaw model where at least two copies of leptonic triplets
are needed, with both doublet and quadruplet Higgs representations, just one leptonic triplet is
possible to have a phenomenologically acceptable model because light neutrino masses can receive
sizable contributions from both the tree and one loop levels. Large Yukawa coupling may have
observable effects on lepton flavor violating processes, such as p — ey and p — e conversion. There
are also some interesting collider signatures for the doubly charged particle in the quadruplet model.
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