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Seesaw majoron model of neutrino mass and novel
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Abstract

We perform a careful study of the neutral scalar sector of a model which includes a singlet,
a doublet, and a triplet scalar field under SU(2). This model is motivated by neutrino physics,
since it is simply the most general version of the seesaw model of neutrino mass generation
through spontaneous violation of lepton number. The neutral Higgs sector contains three CP-
even and one massive CP-odd Higgs boson A, in addition to the massless CP-odd majoron J.
The weakly interacting majoron remains massless if the breaking of lepton number symmetry is
purely spontaneous. We show that the massive CP-odd Higgs boson may invisibly decay to three
majorons, as well as to a CP-even Higgs H boson plus a majoron. We consider the associated
Higgs production ete~ — Z — HA followed by invisible decays A — JJJ and H — JJ
and derive the corresponding limits on masses and coupling that follow from LEP I precision
measurements of the invisible Z width. We also study a novel bbbbp, signal predicted by the
model, analyze the background and perform a Monte Carlo simulation of the signal in order to
illustrate the limits on Higgs boson mass, couplings and branching ratios that follow from that.
© 1998 Elsevier Science B.V.

PACS: 14.80.Cp; 13.85.Qk; 11.30.Fs; 12.60.Fr; 14.60.Pq

! B-mail: mad@flamenco.ific.uv.es

2 E-mail: miguel@flamenco.ific.uv.es
3 E-mail: restrepo@flamenco.ific.uv.es
4 E-mail: valle@flamenco.ific.uv.es

0550-3213/98/$ - see frontmatter © 1998 Elsevier Science B.V. All rights reserved.
Pl S0550-3213(98)00434-9



M.A. Diaz et al./Nuclear Physics B 527 (1998) 44-60 45

1. Introduction

One of main puzzles in particle physics is the origin of mass in general as well as the
problem of neutrino mass in particular. In the Standard Model (SM) the spontaneous
breaking of the gauge symmetry through the expectation value of a scalar SU(2) @U(1)
doublet is the origin of the masses of the fermions as well as those of the gauge bosons.
The main implication for this scenario is the existence of the Higgs boson [1], not yet
found [2,3]. Many of the extensions of the Standard Model Higgs sector postulated in
order to generate mass for neutrinos are characterized by the spontaneous violation of a
global U(1) lepton number symmetry by an SU(2) ® U(1) singlet vacuum expectation
value {o) [4]. These models contain a massless Goldstone boson, called majoron (J),
which interacts very weakly with normal matter [S]. Although the interactions of the
majoron with quarks, leptons, and gauge bosons is naturally very weak, as required
also by astrophysics [6], it can have a relatively strong interaction with the Higgs
boson [7,8]. It has been noted that the main Higgs boson decay channel is likely to be
invisible, e.g.

H— JJ, (1)

where J denotes the majoron field. This feature also appears in variants of the minimal
supersymmetric model in which R parity is broken spontaneously [9]. The phenomeno-
logical implications of the invisible CP-even Higgs boson decays for various collider
experiments have been extensively discussed [10-15].

In the seesaw model [16,17] one adds an SU(2) ® U(1) isosinglet right-handed
neutrino associated with each generation of isodoublet neutrinos. In addition to the
standard lepton number conserving isodoublet mass term analogous to those responsible
for the charged fermion masses, there is also a Majorana mass term for the right handed
neutrinos and left-handed neutrinos. The neutrino mass matrix takes the form

T ML D 14
(VV ) 02<DT MR) <VC>’ (2)

where ¢ is the charge conjugation matrix and the entries obey the hierarchy Mz >
D > M, [18]. In a model where neutrinos acquire mass only from the spontaneous
violation of lepton number the entries My and My arise from vacuum expectation values
(VEV) of SU(2) ® U(1) triplet and singlet Higgs scalars 4 and o [19], while the
Dirac mass term D follows from the Standard Model doublet VEV. In this model the
light neutrino masses arise from diagonalizing out the heavy right-handed neutrinos and
has a contribution from the small triplet VEV.

In this paper we show that, for a wide choice of parameters, the complete version of
the seesaw majoron model of neutrino mass containing SU(2) ® U(1) doublet, singlet
as well as triplet Higgs multiplets (called 123 model in Ref. [19]) implies that the
massive pseudoscalar Higgs boson can also decay invisibly, either directly as

A—3J (3)
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or indirectly as
A— HJ with H— JJ (4)

when my > mpy. This feature has not been noted in any of the discussions given so
far [10,11,13,14], as it is absent in a number of models, for example all the models
discussed in [7].

Massive invisibly decaying CP-odd Higgs bosons may occur in the minimal super-
symmetric standard model, where the decay involves a heavy fermion pair, A — y°x°,
with x? stable due to R-parity conservation. Similarly, it can also occur in the supersym-
metric model with spontaneously broken R-parity considered in Ref. [9]. In the latter
case one could have, e.g., A — x%x® or A — vx?, with ¥° — »J, where J denotes
the majoron. However, all these decays require a kinematical condition m, > 2myo or
ma > m,o which is avoided here due to the majoron being massless.

We carefully study the scalar potential of the model and derive from it the relevant
CP-even as well as CP-odd Higgs boson mass matrices. In the next section, we discuss
the parameterization of Higgs bosons couplings relevant for their production at LEP,
both for the ZH as well as AH production channels. Next we use these theoretical
results in order to derive restrictions on the relevant Higgs boson parameters from the
precision measurements of the invisible width of the Z boson at LEP 1. The associated
production e*e™ — HA with A — HJ and H — bb also leads to a novel bbbbp., signal
topology that could be detectable at LEP II. We have performed a detailed analysis
of the background and carried out a Monte Carlo simulation of the signal in order to
illustrate the limits on Higgs boson mass, couplings and branching ratios that follow
from four-jet + missing momentum signal topology.

2. The scalar potential

The model we consider here is the one proposed in Ref. [19] as a generalization of
the triplet [20] and singlet [ 5] majoron models. The Higgs sector of the model contains
the usual SU(2) Higgs complex doublet ¢ of the SM, with lepton number L = 0, and
an SU(2) complex triplet 4, with lepton number L = —2,

_ AO A+/\/§ _ ¢0
H2att8] (2],

where we have used the 2 x 2 matrix notation for the Higgs triplet given in Ref. [21].
The Higgs sector is completed with a complex SU(2) ® U(1) singlet scalar, denoted o,
carrying lepton number L = 2.

The full scalar potential is given by [22]

V(g A,0)=u3p e + udr (AT4) + A (d1)2 + Ay [tr (47 4) ]2
+A3dTdtr (AT4) + Agtr (AT 24T A) + As(@T At Ag)
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+uloio + Bi(ata)? + Ba(die) (olo)
+Bstr (AT d)oto ~ k(T Ao + hoc.) (6)

where u;, i =1,2,3, are mass parameters, and A;, i=1,...,5, B;,i=1,2,3, and « are
dimensional-less couplings. The first two lines in Eq. (6) correspond to the Gelmini~
Roncadelli model [20], and the last two lines are new terms involving the scalar o. The
term in x has been introduced in Ref. [19] and plays an important role in our present
discussion.

The singlet o, as well as the neutral components of the fields ¢ and A4, acquire
vacuum expectation values vy, vz, and v3 respectively. According to this, we shift the
fields in the following way:

g-:i Ry + il
v2ooov2
d)o:_ui Ry + il
V2 V2
D3 Ry + il

4° (7)

v2 V2
We assume that the three vacuum expectation values are real. The scalar potential
contains the following linear terms:

Viinear = 11 Ry + 12Ry + 13R3, (8)
where

2 2, 1p.2, 10,2 1,2
tr =i (uy + Bioy + 38203 + 3B303) — 3KV3U3,
2 2, 1, 2
tr=v2( 5 + A3 + 54305 + %/\50% + %Bzv% — KUIU3),

13 =U3(}L§ + /\zv§ + %A:;U% + A4U§ + %/\51)% + %ﬂj,l)%) - %KU]U%. (9)

The conditions for a extreme of the potential are t; = 0, i = 1,2, 3. Therefore, the 7, =0
vanish at the minima of the potential. We will verify explicitly below that, for many
choices of its parameters, the potential has indeed minima for non-zero values of vy, v,
and v3.

3. Neutral Higgs mass matrices

Taking into account the fact that this model contains one doubly charged and one
singly charged scalar boson, in addition to the two charged unphysical SU(2) ® U(1)
Goldstone modes (longitudinal W), it follows that the neutral Higgs sector of this model
is composed by six real fields. Due to CP invariance they split into two unmixed sectors
of three CP-even and three CP-odd fields. Their mass matrices are contained in the
quadratic scalar potential which includes
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R] 11
vquadratic= %[RI,RL R3]M%e R?_ +%[1]’12,13]M§ 12 +... (10)
R3 I3

The CP-even Higgs mass matrix, which is in agreement with Ref. [22], is given by

2

28107 + KU2 + _1 Bavivy — ki3 Bvivs — jKv3
M5 = Bovivy — K23 2M03 4 ;—2 (A3 + As)vav3 — kv 02
Bivivy — %KU% (A3 + As)vaus — kvivy 2( A0 + Ag)vd + $KU3 Zbl + —;
(11)
where it is safe to take ¢; = 0, i = 1,2,3, unless v; = 0 or v3 = 0 in which case the

expression of the corresponding extremization condition (“tadpole equation”) in Eq. (9)
must be replaced in the mass matrix M%. The physical CP-even mass eigenstates H;,
i=1,2,3, are related to the corresponding weak eigenstates R; as

H, R
Hy, | =0 | Ry |, (12)
H; R3

where the 3 x 3 matrix Op is the matrix which diagonalizes the CP-even mass matrix
such that

OrM} O} = diag(my,,, mp,, my.) (13)

and where by definition we take my, < mpy, < my,.
The CP-odd Higgs mass matrix M? is given by [19]

zU% 2

2 + — KUU3 %K‘Uz
Ul Uy
%)
M = KUyU3 2kv1v3 + — KU U2 ) (14)
U3
2 21
L) KU U2 kv vy~ + =

%]

If vy # 0 and v3 # O we can safely set the tadpoles equal to zero in Eq. (14), in
whose case we can see that the matrix M? has two zero eigenvalues. One of them is the
unphysical Goldstone boson and the other is the physical Majoron. The physical CP-odd
mass eigenstates A;, i =1,2,3, are related to the corresponding weak eigenstates J; as

A J I
A2 = G =0, 12 . (15)
A A I

where the 3 x 3 matrix O; is the matrix which diagonalizes the CP-odd mass matrix
such that
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O M207 = diag(0,0,m?) (16)
and the CP-odd Higgs mass is given by

v30} + 033 + vdot

U3v)

my = 1 (17)

Note that m4 — 0 as k — 0. The diagonalization matrix O; can be found analytically

ciV? —2cvw} —cviu;
01= 0 U2/V —2U3/V , (18)
bUz/ZU] b bUZ/2U3

where V, ¢, and b are the normalization constants for the eigenvectors G, J, A respec-
tively. They are given by

VZ=0} + 403,
2=V 4 40k} + viod,
2 2
4viv3

5
Vvt + vdv? + dv3v]

b= (19)
We now briefly discuss three special cases, motivated by the cases when tadpoles
cannot be trivially set to zero in the scalar mass matrices M5 and M2.
(i) vy=0,v3=0.

In this case there is no breaking of lepton number, as in the Standard Model
and, as a result there is no massless Majoron. The unphysical Goldstone boson
is purely doublet. One of the CP-even Higgs bosons is also pure doublet with a
mass m% = 2A;02. The remaining two CP-even Higgs bosons are massive and are
a mixture of singlet and triplet. There are also two massive CP-odd Higgs bosons
and they are degenerate with the CP-even Higgs bosons.

(1)) vy # 0, v3=0.
In this case the third minimization equation forces to have x = 0. There is a Ma-
joron with my = 0 which is purely singlet, as in the simplest 12 model considered
in Ref. [19], and the unphysical Goldstone boson is purely doublet. The real and
imaginary parts of the neutral component of the triplet field are degenerate and
form a complex field with mass m?, = u3 + 1(A3 + As)v? + 1 B3v?. There are two
additional massive CP-even Higgs bosons, mixture of singlet and doublet.

(iii) 07 =0, v3 # 0.
In this case the first tadpole equation forces to have x = 0. There is a Majoron with
my; = 0 which has zero component along the singlet, and is therefore experimentally
ruled out by the LEP data. Here the situation is analogous to the simplest 23 model
of Ref. [19] and it is for this reason that the presence of the singlet field o with
non-zero VEV is mandatory.

Thus we conclude that the situation of interest for us is the general one in which all

three VEVs vy, v; and v3 take on non-zero values. In our numerical calculations reported
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in Section 5 we must take into account an important astrophysical constraint on these
VEVs that follows from stellar cooling by majoron emission which severely restricts the
majoron electron coupling to be less than about 10~'2 or so. This is discussed in detail
in Section 5.

4. Higgs boson production and decays

In this section we derive the couplings relevant for Higgs boson production at ete™
colliders and for their invisible decays. The two production mechanisms we consider
are the emission of a CP-even Higgs H by a Z-boson, and the associated production
consisting of a Z-boson decaying into a CP-even Higgs H and a CP-odd Higgs A. In
order to derive the couplings ZZH and ZHA, we need the kinetic part of the scalar
Lagrangian contained in

Licatar = (D) ' DA + tr [(D,2) D 4] + 3,01 040 — V(g, 4, 0), (20)

where the covariant derivative is defined by
D=a“+igT.w“+%g’Yw 1)

and g and g’ are the gauge couplings corresponding to the SU(2) and U(1) groups
respectively. On the scalars fields, the generators act as follows:

Té = %m’), Ta= —%TA - %AT*,
Yo=—1¢, YA=24, (22)

and with these definitions we have T3¢° = 1¢° and T34° = —14°.
The Higgs singlet does not contribute to the gauge boson masses, therefore, they

depend only on v; and v3 and are given by [18]

g g
my = —>—— (03 +42), mly = S (03 + 20%) (23)
0s” Bw 4

and from the measurement of the p parameter one has a restriction on v3, namely [23]

2
205

——=1.001 £ 0.002. 24
v3 + 203 (24)

p=1+
which implies in practice that v; < 8 GeV.
We mow calculate the relevant couplings for the production of Higgs bosons at e*e™
colliders. Using Eq. (20), we determined the HAZ couplings to be

Lriaz = %2/‘ [Rz 8% I, — 2Ry O™ 13J

w

= %z# [05,0% ~ 204,08 H, 3" A, (25)
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Fig. 1. Feynman rules relevant to Bjorken and associated Higgs production.

where cw = cosfw and H, is any of the three CP-even neutral Higgs bosons. The
quantity defined by

€4 = 05,07, — 205,0%, (26)

essentially represents the strength of the coupling H{AZ [see the second squared paren-
thesis in Eq. (25)].
From Eq. (20) we find that the HZZ coupling is

v 4y
Lhzz = ImezZ”Z,L [Vzof,g + —V3-0§3] H, (27)
w

and again we define the following quantity:

€g = %2‘0{2 + 4_520)1?3’ (28)
as a measure of the strength of the H,ZZ coupling. Therefore, the Bjorken production
mechanism (Fig. 1a) and the associated production mechanism (Fig. 1b) are determined
by the parameters €4 and ep respectively.

We now turn to the couplings relevant for the invisible decay of the Higgs bosons
H; and A. We need to find first the trilinear couplings HJJ, HAJ, and HAA, thus we
start with the cubic part of the scalar potential which involve one (unrotated) CP-even
Higgs field R; and two (unrotated) CP-odd Higgs fields ;. This part of the potential is

given by

Veir = A2 Ry + (A2 + A) 03 I2R3 + L(A3 + As) (03 Ry + v313R3)
+Bwi TRy + 1 B2 (02 IRy + 1 Ry) + 1 Ba(1 3Ry + vsI}R3)
+x[01(33Rs + LIiRy) + v3(3 3R, + [ LRy)
+u2(I1 LRy + LI Ry + L3Ry ). (29)

Making the substitution ;/; — Of,0{;J? in Eq. (29), we find the coupling H,JJ in
terms of the mass mpy, and the rotation matrices OR and O/
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Vi =

1 [0} 0!’ ol
—2-[ (M%)1a+ =2 (M3 )Za+~—<M )ia| RaJ?

0’2 0!
-2 —2 <0R>o(,+ i (0’*)” ufl (OR) miaHol?, (30)

where Eq. (13) has been used.
In a similar way, the terms in the Lagrangian relevant for the vertices HAJ and HAA
can be found from Eq. (29) making the following substitutions:
Viras = Ve (1i; — [05,01; + O},05,1AT)
Viaa = Ve (Iid; — 0§i0§jA2) . (31)
These terms are not explicitly displayed.
Finally we turn to the quartic coupling responsible for the invisible decay A — 3J.
The relevant piece of the quartic scalar potential is
Vie= {0 + (2 + M) 3+ (s + ) BE + Bl + BT}
+B 317 — 2x ] 5 13 (32)

and after making the substitution
LI — (0%401,01; + 01,05,07; +20],0{,03,01) AL, (33)
we find the term AJ? in the scalar potential:
3 3
Vap = [/\10{2 0% + (A2 + A4) 03 0% + 5 (A3 + 45) 01,013( 03,013 + 03301,)
3
+B10],° 0%, + %,3201 01,(05,01, + 03,01))
+3B301,013(03,01; + 05;,01)) — k(05,0073 + 0{101[20{3052)] AP,
(34)

which complete all the relevant information necessary to calculate the production and
invisible decay of the Higgs bosons.

5. Numerical expectations of the model

In this section we describe the expectations of our Model for the various Higgs boson
masses and couplings relevant for our discussion. In order to do this we numerically
diagonalize the mass matrix in Eq. (11) and impose the minimization conditions ¢t; = 0,
i = 1,2,3, where the tadpoles are in Eq. (9), and check the positivity of the three
CP-even and CP-odd eigenvalues. As seen explicitly, these matrices are determined in
terms of the nine dimensionless coupling constants and the three VEVs characterising
the Higgs potential, as the three mass parameters u; have all been eliminated. Note,



M A. Diaz et al./Nuclear Physics B 527 (1998) 44-60 53

< :
O o3t
" E
> o025 F
-
0.2 b
E
0.15
o1 F
0.05 [
o a“ Illlll ll.lllj_l;J_LLAI;
0 200 400 600 800 1000

V,(GeV)

Fig. 2. Allowed region in vy~v3 space obtained when the parameters are varied as described in the text.

however that there is a restriction that arises from the W mass constraint that relates v,
and v3 through Eq. (23) that can be written as

V02 + 202 ~ 246 GeV (35)

Moreover, v3 must be smaller than about 8 GeV in order to obey the experimental value
of the p parameter defined in Eq. (24).

A more stringent constraint on v3 follows from astrophysics, due to the stellar cool-
ing argument, already mentioned. Indeed, if produced in a stellar environment via the
Compton-like process y + e — J + ¢, the majoron would escape leading to excessive
energy loss [6]. In order to suppress this one must severely restrict the coupling of the
Majoron to the electrons. Such coupling arises from the projection of the majoron J
onto the doublet, leading to

2|va|u3
V(03 + 402)? + dvdvd + vdv?

{J1)) = <107 (36)
In order to have an idea of the parameter ranges involved we have randomly varied over
the parameters 0 < A; < 4, 0 < B; < 4, (in order to guarantee a perturbative regime)
and the three v; subject to the above restrictions, with the lepton number violating v,
varied in the range 0 < v; < 1000 GeV. The resulting v;-v3 region allowed by the
model is seen in Fig. 2. The shape of the region can be understood easily from Eq. (36)
noting that, since the lepton number violating VEV v; is small and v, is almost fixed
by the W mass constraint, then the boundary of the allowed region satisfies v3 ~ /07 .

The lowest-lying Higgs boson masses in our model may be similarly determined after
imposing the above restrictions. For example, it is instructive to display the results as
a function of the parameter « characterising the Higgs potential. The corresponding
plots are shown in Figs. 3a,b. In Fig. 3a we plot the correlation between the massive
pseudoscalar mass and the parameter «, for different values of v;. Each curve corresponds
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Fig. 3. Lowest-lying Higgs boson masses allowed in our model when the parameters are varied as described
in the text.

to the boundary of a scatter plot with the solutions concentrated above it. Its shape can
be understood from Eq. (17) and Eq. (36) where we find ms ~ /. In order to have
my4 below a certain value one requires an upper bound on «, which tightens with larger
vq. From Fig. 3b, we can see that, as a consequence of the smallness of vs3, my, < my,
except for a narrow window in which mg, 2 my4. This region is so small that it cannot
even be appreciated in the figure, since it is smaller than the thickness of the line itself.
In such a small region the decay H; — AJ would be allowed, while the decay H; — AA
is forbidden by phase space. This can be contrasted with the MSSM where the decay
h — AA is allowed, though in a very small region in parameter space [24]. When «
is small H; is mostly triplet and almost degenerate with A and this corresponds to the
horizontal lines in Fig. 3b. For larger « the component of H, along the triplet decreases
and H; becomes lighter than A, as seen in Fig. 3b.

We have verified explicitly that in our model the invisible branching ratios of H; and

A given by’

Biny =BR(H; — JJ) + BR(H| — JA)BR(A — JJJ),
Ainy =BR(A — JJJ) + BR(A — JH\)BR(H, — JJ), (37)

and their product Biyy Ainv, Which will be needed in the next section, can be large and
even 100% over large regions of the parameter space. This can be seen in Fig. 4 where
we are considering only points in parameter space where Bi,, Ainy > 0.9. We also
have verified that €4 can vary over all its range for all possible values of the invisible
branching ratios. Thus, one may obtain plots similar to Fig. 4a for other possible values
of the product Bj,y Ainv. The solutions where ef, is larger than the label associated to a
particular curve are concentrated in the region between the curve and the main diagonal.
The points corresponding to €4 > 0.4 are so close to the main diagonal that the width
of the region cannot be seen with the naked eye. An alternative way to display this

3 We have neglected the invisible decay A — v relative to A — 3J, which is expected for reasonable
choices for the quartic parameters in the scalar Higgs potential and for the lepton Yukawa couplings.
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Fig. 4. Lowest-lying Higgs boson masses versus effective coupling strength parameter (a) and associated
production cross section (b).
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Fig. 5. Bjorken production effective strength parameter versus my, for different ranges of the parameter Bjy,.

information is in terms of the associated production cross section which we choose to
calculate at /s = 205 GeV. This is shown in Fig. 4b. In this figure the diagonal line
corresponds to the maximum cross section o'myx = 0.5 pb, while region I corresponds
to points where the cross section lies between 0.1 pb and 0.5 pb. For region II we have
0.1 > o > 0.01 pb and for region III, 0.01 > ¢ > 0.001 pb. Note that there are no points
with myg, > m, except very near the line m4 = my,. For completeness we also present
in Fig. 5 the results for the Bjorken production. This plot displays the effective coupling
strength parameter €5 versus my, for different ranges of the invisible branching ratio
Biny. Note that Bjy, is large only when the coupling of the lightest CP-even Higgs to the
fermions is small. This coupling is determined by the projection of the lightest CP-even
Higgs onto the doublet Higgs boson, OX,. Should it be small the corresponding value
of eg =~ OR, which determines the Bjorken cross section is also small. This correlation
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Table 1
Final signals arising from associated production (left column) as well Bjorken production (right column)

Associated production Bjorken production
bbbb bhpy
bbpr bbIti—
bl_)b!_J/T bbqq
br Iy
1y

T

can easily be seen from Fig. 5. As a result, if the Higgs is produced via the Bjorken
process it is likely to decay visibly, as in the SM.

6. Model-independent analysis

In this section we perform a model independent study of the limits that can be set
based on Higgs boson production in e™e™ colliders and its subsequent decays, focusing
on LEP.

Consider the massive pseudoscalar A and the lightest CP-even scalar H,. If my > mpy,
then A may decay in the standard way to bb, or to bb+p; via A — H,J with H, — bb,
or invisibly into three majorons. From unitarity it follows that only two of these three
branching ratios are independent. In addition, the lightest scalar boson H; can decay
either to bb or invisibly to two majorons and only one of the two branching ratios
is independent. Similarly, if my, > m4 we have in total three independent branching
ratios. Thus, in order to make a model independent analysis, we need seven parameters
to describe the implications of the production of Higgs bosons at the Z peak: two masses
my4 and my,, the two parameters €4 and eg which determine the Bjorken and associated
production cross sections and finally, three independent branching ratios (two for the
heavier Higgs boson and one for the lightest). Table 1 shows the signatures expected in
the model for the cases of Bjorken and Associated production.

In order to have an idea one may compare the above seven parameters with those
needed in the simpler models considered before. In the majoron-less model in Ref. [25]
only five parameters would be relevant, as there is a unitarity relation e5? + €42 = 1
which does not hold in the present case because the admixture of the singlet Higgs
bosons reduces the H and A couplings to the Z. The present model has the additional
A — HJ branching ratio. Moreover in Ref. [25] the A must decay either visibly (mainly
to bb) or invisibly to neutrinos. On the other hand in the majoron model considered
in Ref. [14] there are also five parameters: ma, mp, €5, €4 and finally, the visible H
decay branching ratio is an arbitrary parameter. Note that the A must decay visibly (to
bb mainly) but there is no unitarity relation for the €’s due to the admixture of the
singlet Higgs bosons.

It is outside the scope of our present paper to perform an exhaustive study of re-
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Fig. 6. 95% CL bounds on €42 in the my-m4 plane for the indicated value of the invisible branching ratios

strictions on the parameters of the Higgs potential of this model, especially because of
its complexity. However, we analyze all signatures that can be engendered by Higgs
boson production and its subsequent decays in this model. Although tedious, it is a
straightforward task to convert the bare information we provide into restrictions on the
model parameters. However, we prefer not perform this in detail and use the underlying
model only to motivate the analysis.

First we study the constraints arising from the invisible Z width, following closely the
analysis performed in Ref. [25], where a simpler model, with lepton number violation
introduced explicitly and the Higgs bosons decaying to neutrinos rather than to majorons
was analyzed. As in the case of the model in Ref. [25], the Bjorken process contribution
to the invisible Z width Z — Z*H, is very small. Therefore we consider the limits that
can be set on associated Higgs boson production at the Z peak, ete™ — Z — HA
when both CP-even (H,;) as well as CP-odd Higgs bosons (A) decay invisibly. The
contribution to the invisible Z width in terms of invisible branching ratios Bj,, and Ajyy
can be found in Ref. [25], and the invisible branching ratios themselves are defined in
Eq. (37).

In Fig. 6 we show 95% CL bounds on €42 in the mp,-m4 plane for a fixed illustrative
value of the product Bj,Ajnv = 0.5. Five curves labelled by a value of ef, are shown,
No points below each of these curves are allowed with €% larger than that value. The
corresponding exclusion plot corresponding to Biy Aipy = 1 has been given in Ref. [25].
We see from these plots that simply by using the neutrino counting at the Z peak one
can already impose important constraints on the parameters of the model. For example,
for H; and A masses around 20 GeV the upper bound on €42 is a few times 1072,

Apart from an additional contribution to the invisible Z width, the model produces
the variety of signals shown in Table 1. Most of these are exactly the same as analyzed
in [14]. Though the analysis presented in Ref. {14] was in a different context, those
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results are applicable here. They are summarized in Figs. 4 and 5 of Ref. [14]. These

plots may be regarded as particular cases of our model when Aj,, — 0. With appropriate

re-interpretation they can be adapted to our case. However, as we mentioned, we will
not enter into that.

We now consider the various final state topologies that can be produced in ete~
collisions at LEP, for example those exhibiting bb or £*4~ (£ = u or e) pairs and
missing energy. The complete table of signatures is reproduced in Table 1.

A lot of information follows from the detailed study of these signals. Of the topolo-
gies considered in Table 1, all have been previously analyzed in Ref. [14] by carefully
evaluating the signals and backgrounds, and by choosing appropriate cuts to enhance the
discovery limits. There is only one exception: the present model contains a completely
novel signature, namely four b-jets plus missing momentum. This is not present in [14]
nor in [25]. As far as we know it is the first extension of the Higgs sector with this
feature. Therefore, from now on we concentrate on this bbbbp, signal. The main back-
ground comes from ete™ — ZyZy, ete”™ — WW and ete™ — Zy. This background
has been analyzed in other contexts, such as chargino production at LEPII [26,27],
where two charginos are produced decaying each one into a neutralino plus a W boson,
where the neutralino is stable or decays invisibly. This also gives the 4 jets + missing
momentum signature. With appropriate cuts in the g, number of jets and invariant mass
distributions the background could be removed keeping high signal efficiencies. For our
illustrative purposes, we imposed the following cuts in order to remove the background:

(1) when dealing with hadronic events we only select those events with at least 12

charged particles in the final state.

(ii) In to avoid high energy initial state radiation Z events we reject events with a
photon with an energy of more than 35 GeV

(iii) We only accept events with at least four jets.

(iv) We reject an event if the sum of the energy of the two less energetic jets is less
than 10 GeV, in order to remove events like eTe™ — ¢gg, and ete™ — (Z —
qg) (y*x — qg) characterized by two very energetic jets plus two less energetic
ones.

(v) We reject events with a missing transverse momentum smaller than 10 GeV, in
order to avoid events with particles going down the beam pipe.

(vi) We finally impose the invariant mass of the event to mi,, > 100 GeV. This cut is
essential to kill the Z background, which has a large cross section.

Applying all these cuts we eliminate the background, that has been simulated using
JETSET [28]. We did a Monte Carlo study of the signal for our model, which allowed
us to calculate the efficiency for the signature after implementing the above-mentioned
cuts. Our results are given as a 95% CL exclusion plot in the My—M 4 plane shown in
Fig. 7. We have assumed a LEPII integrated luminosity of 300 pb~'. These results are
complementary to those arising from the invisible width only, and also complement those
that can be derived by appropriate rescaling of the plots shown in [14] corresponding
to the other signals in Table 1.
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Fig. 7. 95% CL bounds on €42 in the mg-m, plane that follow from the four-jets + missing transverse
momentum analysis.

7. Conclusions

We have studied the neutral Higgs sector of the general seesaw majoron-type model
of neutrino mass generation with spontaneous violation of lepton number. This sector
contains three massive CP-even Higgs bosons H;, i = 1, 2, 3, one massive CP-odd A, and
one massless CP-odd J called the majoron. We show that H; and A can decay invisibly
into majorons and determine the constraints that arise from the invisible decay width
of the Z gauge boson. The existence of such novel invisible pseudoscalar Higgs boson
decays discussed in this paper should be taken into account when determining the Higgs
boson discovery prospects at LEP II and other colliders, such as the LHC and NLC.

We have also noted that the existence of the new decay channel A — H; + J leads to
a novel four-jet + missing momentum signature in associated Higgs boson production
ete~ — H|A when A — H,J and H, — bb. This could be detectable at LEP II.
We have studied the background and performed a Monte Carlo simulation of the signal
in order to determine the limits that follow from that. Although the structure of the
Higgs sector is quite rich one has already important restrictions on Higgs boson mass,
couplings and branching ratios that should be taken into account in relation to possible
new studies at future colliders such as such as the LHC [29] and the NLC [12] or at
a possible muon collider.
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