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Abstract. We present two different models with electroweak scaletfiginded neutrinos. One of
the models is created under the constraint that any addditve Standard Model must notintroduce
new higher scales. The model contains right-handed nestriith electroweak scale masses and
a lepton number violating singlet scalar field. The scalaen@menology is also presented. The
second model is a triplet Higgs model where again the rigimdled neutrinos have electroweak
scale masses. In this case the model has a rich scalar pheolmgyand in particular we present
the analysis involving the doubly charged Higgs.
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INTRODUCTION

We present two recent models [1, 2] of electroweak scale-highded neutrinos and
their scalar phenomenology. First we describe a model bagsdihe idea that given
our current (experimental) knowledge of particle physiog should explore a "truly
minimal" extension of the Standard Model (SM). We consitherpossibility of having
just one scale associated with all the high energy physié€&PjHbhenomena. Thus we
propose a minimal extension of the SM where new phenomermaiagsd to neutrino
physics can also be explained by physics at the Electrone@k).(We then review a
recent model [3] in which the RH neutrinos that participatehie seesaw mechanism
areactivein the sense that they aetectroweak nonsinglet# they are not too heavy,
they can be produced at colliders and the seesaw mechanisiah loe tested. The
right-handed neutrinos of [3] are members of SM doublets iofanleptons and their
Majorana masses are linked to EW scale through a coupling aviliggs triplet that
develops an EW scale VEV. In this model, the sources of the Sid Bclude Higgs
triplets.

MINIMAL MODEL

Based on the minimalistic constraint described above wanass

« SM particle content and gauge interactions.
« Existence of three RH neutrinos with a mass scale of EW size.

+ Global U(1) spontaneously (and/or explicitly) broken at the EW scalaBingle
complex scalar field.



+ All mass scales come from spontaneous symmetry breakirig) (38is leads to a
Higgs sector that includes a Higgs SU(2jpublet field® with hypercharge 1 (i.e.
the usual SM Higgs doublet) and a SM singlet complex scallt fiewith lepton
number—2.

The terms of the Lagrangian relevant for Higgs and neutringsigs are4,ny =
Zyy—V, with
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whereNg represents the RH neutringg® = CyPy* and Y§ = (Yr)® = PLYC has left-
handed chirality. The scalar potential is given by
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Note that the fifth term in the potential breaks explicithg t(1) associated to lepton

number.
It is useful to define the scalar mass eigenstates through
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where we have used the following relations:
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Using these definitions the Lagrangian becomes
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We are interested in EW scale RH neutrinos. The Dirac paremther hand will be
constrained from the seesaw. Writing the neutrino massixresr
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where (mp)qi = YaiV/v2. As an example lets consider the third family of SM fields
and one RH neutrino, thus Eq.(6) becomes a2 matrix. Assumingmp << My we



obtain the eigenvalues; = —mg /My andmy = My and by requiringny ~ O(eV) and
mp ~ (10— 100) GeV and using/ = 246 GeV we obtain an upper bound estimate for
the couplingy;i < 10°°.
The mass eigenstates are denotedpgndv, and are such that
Vi = c0SH v 1+Sinb vro
N = —sinf v 1+co0so v, (7)

where = /mp /m, ~ 10~ (56

The relevant terms in the Lagrangian become
Z Z
Z o |hvdv <——32 )+h\7° v <——02 )+h.c}
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+ hvivre <y7‘/2(3§ - C%)Ca) +hvrovit <y7‘/2(3§ - C%)Ca) : (8)

wherey;, =y, andZ = Z;1.

In this work we are interested in presenting the results fer Higgs decays to
neutrinos and their signatures in this model. Using Eq. (8)cempute the following
decay widths:
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We have computed the branching ratios for the Higgs decagisttam results are
presented in Figure 1. In each plot we have included the tee$oil three values of
cosa (0.1, 05 and 09). The two graphs correspond to the valuesrgf= 60 and
100 GeV respectively. Only the dominant contributions dreven for clarity, i.e.h —
VoVo, bbandrT. Itis interesting to note that for the whole range wherejitdssible, the
decayh — v,v, dominates in all three cases. This is a clear distinctiveatige of our
model. In order to study the specific signatures that woulddserved in this scenario,
we consider the, decays. In Table 1 we present the possible signatures & tezays.

Since we are interested in a Higgs mass in the natural windoid@— 200 GeV,
and in neutrino masses such that they can appear in Higgysjesa will consider
neutrino masses of order 20100 GeV, therefore we need to consider the 3-body decays
Vo — V1 +V*(— ff'), whereV* =W* Z*:

. m 5 (B?+CH)(at+bf)
- 256m° 16 Yy ’

(12)

L All SM decay widths will have an extra factor of



TABLE 1. Signatures for the Higgs decays considered in the text.

Higgs decay Vo — W Z* vy — IW* Vo — V1Y
h— viv, [T1~ +inv. | +1"+inv. y-+inv.
aq-+inv. I +qd +inv.

h—wvovy 1T+ +inv. T4+ +1"+1" +inv.
717 +qq+inv. |+lI'+1"+qq+inv. y+y+inv.
qq+qq+inv. I +1I"+0q+0q+inv.

h— ViV1

where
; ar = 5o (T3 — 2cgf§v)
= — = = — — g
V=W) — {af br=a=735 V=2)— bt = =26, T
B=-C=ayg B=ay CoSp
C=by cpSp

The branching ratios for these processes are presentdale2tade show the results
for mp, = 100 GeV as the results are similar in all tine range considered in this paper.
We find that the dominant contributions are the ones assatiatthé/V* decay process.

TABLE 2. Branching ratios for the, three body decays discussed in
the text. The results correspondne = 100 GeV and do not depend
strongly on the value af.
m(GeV) | vITI= vvv vouQu vaeda IF1Fv 1Fqd
100 | 0.008 Q015 Q018 Q034 Q308 0617

MODEL WITH HIGGSTRIPLETS

We now review the basic structure of the second model. Thdégkription of the scalar
sector involving the triplet fields can be found in [4, 6, 7, I8dre we briefly review the
extension of the basic model to include electroweak nensrin

In addition to the SM particle content the model of [3] contaihe additional fields
shown in table 3. There is also an additional global y(3ymmetry under which

and all other fields are singlets. This global symmetry waskad in order to avoid
certain terms as indicated below and was explained in datgS].

Since vr is not an SU(2) singlet, it does not couple th @. Instead, the Dirac
neutrino mass comes from the teify = —gg /L gsLN +h.c., which leads to} = gqvs,
where(gs) = vs and thus the neutrino Dirac mass is independent of the EVé scall

RH neutrinos must have a masdMz /2 in order not to contribute to théwidth. This

is accomplished with th¥ = —2 triplet ¥ through the terngy L',\{"T 0>ToXLM, which
leads toMg = gmviv, With (x%) = vy and wherevyy = O(Agw). This allows to have



TABLE 3. Additional field content
Additional fields | SU2w | U1y |

|

| K=(we) | 2 [ 0 |
[ x=0Cxt x| 3 | -2 |
[ e=(r e’ | 3 | o |
| ' & ¢ | 1] |

EW-scale masses for the right-handed neutrinos withouhdwe fine-tune the Yukawa
couplinggw to be abnormally small.

The U(1}s symmetry is introduced in order to forbid the tergd o»12% L. and
LI o»1,%LY at tree level. The main consequence of this is that the Diragsnfor the
neutrinos comes froms exclusively and the Majorana masd, , for the left-handed
neutrinos arises at the one-loop level and can be much sritizdieMg.

Taking all of this into consideration one obtains the follogPMajorana mass matrix:

o MeomD
%_(mﬁ MR), (14)

whereM| ~ g(m2)?/Mg < 1072(m2)2 /Mg.
We are interested in the scenario whege~ O(gv) andvy >> vs. In this case,
the eigenvalues af#Z become—(gZ/gm)(Vs/Vm)Vs(1 — €) and Mg, wheree < 102,

Now, sincevy ~ Agw, and using the bounah, <1 eV, we havers~ /(1eV) x vy ~
0(10°%eV).
The kinetic part of the Higgs Lagrangian is given by

Fiin = THI(Du®) (DH®)]+ Tr(Dx) (D)) + 0 (15

The potential (ford and x)? to be considered is [4]

V(D,x) = Ay(TrdTd—v3)2 4+ Aa(TrxTx —3v2)2
+ A(TroTo—v3+TrxTx —3v2)2
+ 4(Trq>chTrX X —2Trd T oT! . TryTTixT))
+ As[3TrxTxxTx — (Trx™x)?]. (16)
Note that this potential is invariant undgr — —x. When x gets a vev(x) =

diag(vm,vm, V) it breaks the global symmetry SU(2) SU(2)r down to the custodial
SU(2). It was shown in [4, 5] that the structure of the VEV is dictht®y the proper

2 We work under the assumption thag does not couple with the other Higgses at tree level. We @hoos
to work with this assumption because the coupling generattéabp level, through theys couplings to
SM left-handed fermions and to mirror right-handed fernsiazan be very small [9]



vacuum alignment. Now, usin@) = v,/+/2, theW andZ masses can be obtained from
Eg. (15) and are given biyly = gv/2 andMz = M/ cosB, with v = v3 + 8vZ;, with
v~ 246GeV. This gives rise tp = 1 at tree level.

A convenient parametrization can be made by definingfgos ¢y = v»/v and
thus simfy = sy = 2v2wy /v. Using these parameters we can see thaBjas ty
characterizes the amount of tiié mass coming from either the doublet or the triplet
scalars.

If the potential preserves the SU¢2)hen the fields get arranged in the following
manner (based on their transformation properties undesusidial SU(2)):

five—plet — HZ*, HE, H) — degenerate (17)
three—plet — H3, HY < degenerate (18)
2—singlets — HY, HY — Only these can mix (19)

where the definitions and Feynman rules for vector bosonlecwsgxcan be found in [7].
In the search for the Higgs scalars discussed in this work,important to know what
those scalars couple to. The couplings of this extendedd-8ggtor can be found in [5]
while the Feynman rules for scalar fermion couplings incigdhe mirror fermions are
presented in [2].

In this paper we present the results obtained for the doubfrged Higgs phe-
nomenology. The complete numerical analysis of this modelb®e found in [2].

The presence of a doubly charged Higgs in this model prowdés interesting
phenomenology. Furthermore, the phenomenology of thissmsg@pecific and different
from that of the general two triplets model due to the follogvbbservations:

+ Due to the U(1y symmetry of the model or its embedding in a Pati-Salam type
of quark-lepton unification, the term proportionallfwzrz)”(lL is not allowed and
thus the decay (x ™+ — I17) is not present.

« The presence of mirror fermions apgallows for the decayg(x ™ — Ii"’I I}V') and
F(xT" —1 @slv) oreven (x ™ — Il gsgs).

Using the expressions for the"™ decays in [2] we can compute the branching ratios.
In the following analysis we have made the following assuamst

+ guv andgg are proportional to the identity matrix and so, in each ofdkgressions
above gy andgg represent numbers.

« The model requireg§|/gM ~ O(1). We have chosen numbers of O(1) for both
couplings and for the numerical results presented below bHave been set to
guw = 0.7 andgg = 0.8.

Given these assumptions we compute the following branchatigs: B(x ™+ —
i), BOXYT™ — WHWT), B(x™ — HZWT), B(x ™" — ITvw™) and B(x "™ —
Il ).

Figure 2 shows the branching ratios for three differenteslof sirfy and for small
values of the mirror fermions masses (taken to be degenemje= 50GeV. We can
see that the dominant one always correspond(jo"* — Imlm), while the relative
dominance of the other channels depends of:gin



Similar results are obtained for larger, as can be seen in figure 3 where we show
the branching ratios famny, = 100 GeV.
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FIGURE 1. Dominant branching ratios for Higgs decays. Two cases aesepted form, =
60 and 100 GeV respectively. Each plot includes resultshferthiree values of cés= 0.1, 0.5 and 09
as discussed in the text.
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FIGURE 2. Branching ratios fo** as a function of its mass, for three different values oPsinand

for a smallmyy,.
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FIGURE 3. Same as before but with a heavigg, .



