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Abstract

We discuss some rare Z decay signatures associated with extensions of the Standard Model
with spontaneous lepton number violation close to the weak scale. We show that single-photon Z
decays such as Z — yH and Z — yJJ where H is a CP-even Higgs boson and J denotes the
associated CP-odd majoron may occur with branching ratios accessible to LEP sensitivities, even
though the corresponding neutrino masses can be very small, as required in order to explain the
deficit of solar neutrinos. © 1997 Elsevier Science B.V.

1. Introduction

There is a large variety of ways to generate naturally small neutrino masses which
do not require one to introduce a large mass scale [1]. In some of these models the
neutrinos acquire mass only through radiative corrections [2,3]. In addition to their
potential in explaining present puzzles in neutrino physics [4], such as that of solar
and atmospheric neutrinos [5], such models may give rise to many new signals at
high-energy accelerator experiments [6].

Here we consider radiative schemes of neutrino mass generation. For definiteness we
focus on that introduced in Ref. [3] where neutrino masses are induced at the two-loop
level. For our purposes this model will be the simplest, as it does not contain any scalar
Higgs doublet in addition to that of the standard model. Following Ref. [7], we slightly
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generalize the model adding a new singlet scalar boson o carrying two units of lepton
number, so that this symmetry is broken spontaneously. This leads to the existence of
a physical Goldstone boson, called majoron, denoted J. One feature worth noting here
is that, although the majoron has very tiny couplings to matter and gauge bosons (in
particular, it gives no contribution to the invisible Z decay width), it can have significant
couplings to the Higgs bosons. Since the scale at which the lepton number symmetry
gets broken in this model lies close to the weak scale, there is a variety of possible
phenomenological implications, such as a substantial Higgs boson decay branching ratio
into the invisible channel [8]

H—J+J. (1

In this paper we consider the signatures associated with the single-photon Z boson
decays such as

Z — yH, Z — vy, Z —yl], (2)

where H is a CP-even Higgs boson, and J denotes the associated CP-odd majoron. We
have calculated the possible values allowed for these decay branching ratios within a
specific model for neutrino mass proposed in Ref. [7] and which generalizes the one
first proposed in Ref. [3] by introducing the majoron. Since the majoron J is weakly
coupled to the rest of the particles, once produced in the accelerator, it will escape
detection, leading to a missing energy signal for the Higgs boson [8,9]. In the present
context the invisible majoron will give rise to the single-photon Z-decay signal

Z — vEr. (3)

It is interesting to notice that single-photon events have been recorded at LEP which
apparently can not be ascribed to standard model processes [10].

We have shown that the branching ratios for the decays Z — yH and the Higgs-
mediated decay Z — yJJ can reach values comparable with LEP sensitivities at the
Z pole. It is remarkable that such sizeable values occur even though the associated
neutrino masses are very small, as required in order to explain the deficit of solar
neutrinos through the resonant conversion effect [11]. This happens due to the fact that
neutrino masses are induced only radiatively, at the two-loop level. This is in sharp
contrast to the conventional majoron model formulated in the seesaw context, where a
large scale is introduced in order to account for the smallness of neutrino masses [12].

2. The model

‘We consider a modification of the model for radiative neutrino masses first proposed in
[3] to incorporate spontaneous breaking of global lepton number, leading to a majoron.
The model is based on the gauge group SU(2) x U(1), with the same fermion content
as that of the standard model, but three complex singlets of scalars in addition to the
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Fig. 1. Two-loop-induced neutrino mass.

doublet. Thus the quark sector is standard and no right-handed neutrino is introduced.
Of the three complex singlets, two are charged, viz., h* with charge +1 and lepton
number T2, and k** with charge 42 and lepton number F2. The third neutral singlet
scalar o carries lepton number 2 and is introduced so as to conserve lepton number in
the full Lagrangian, including the scalar self-interactions [7].

With the choice of scalars and the representations which we have made, the most
general Yukawa interactions of the leptons can be written as

V2m;

L= ———z iperi + fijlh Cimaliht + hijeg,Cerik™ + H.c., (4)

where h and f are symmetric and anti-symmetric coupling matrices, respectively. The
lepton masses are generated when the SU(2) ® U(1) gauge symmetry is broken by
(¢). The first term gives the charged lepton masses m; at the tree level, while neu-
trinos acquire masses radiatively, at the two-loop level, by the diagram in Fig. 1. For
reasonable and natural choices of parameters, consistent with all present observations,
e.g. fers furs Arr ~ 0.01, the singlet vacuum expectation value of about 100 GeV, and
charged Higgs boson masses of about 100 GeV, these neutrino masses are in the 1072
to 1073 eV range, where they could explain the deficit of solar neutrinos through the
resonant conversion effect [11].

3. The scalar potential

The most general scalar potential which is invariant under the gauge group and under
global lepton number, with at most quartic terms, is

V(g h ko) =it + p3hth™ + 3k Tk + pdoto
FA (P ) + (TR + A (kTTh7)2 + Ao (o70)?
+a(PT ) (BT hT) + As(B1 ) (kKTh™7) + As(hThT) (kHHk™7)
+A7($' ) (o* ) + A (hTh™) (0%) + Ao (KT Tk™7) (07 0)
+AhTh k™ "o + AR K o, (5
We assume that for a choice of parameters of the potential, both the SU(2) @ U(1)
gauge symmetry as well as the global lepton number symmetry are broken spontaneously,
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with the neutral scalar fields getting vacuum expectations values. We rewrite the neutral
fields as follows:

= S50+ g +id)), (6)
a’=%(w+mq+i0'1). 7

v and w are the vacuum expectation values defined by *
()=, (8)
(7)= 5. 9)

The physical massive scalars which survive are those corresponding to A+, k¥,
and two orthogonal combinations of ¢% and k. The charged components of ¢, viz.,
¢*, correspond to the would-be Goldstone particles absorbed by W=, ¢9 is the would-
be Goldstone eaten by the Z boson and o is the massless physical Goldstone field
corresponding to spontaneously broken global lepton number.

We can write the following expressions for the squared masses of the various scalars:

My = p3 + $h0” + 1 0g07, (10)
M} = p3 + L 2s0” + S o0, (11)

The squared mass terms for the neutral scalars can be written as — 3&;M 20+ .. where
we have defined the vector

@ - [¢9e]. (12)

OR

The squared mass matrix M? is given by

20 0 M owv
2 _ 1 7
M= [/\7 wv 2)L0 wz]' (13)

The mass eigenstates are H; defined through
H; = P;b;, (14

where the diagonalization matrix P is orthogonal, that is, P~! = PT. Therefore the
inverse of Eq. (14) reads

®; = P; Hj, (13)
or in terms of the fields ¢% and o,

{ O =Py Hy+ Py Ha,

16
ogr =Py H + Py H,. (16)

4 Our choice of the ¢ vacuum expectation value differs from that in [3] by a factor of v/2.
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Before we close this section let us derive two important relations. In the basis &; the
eigenvectors H; have components

P;
o). )

Therefore the eigenvalue equation reads

M?H; = Mz H;, i=1,2 (18)
which gives explicitly

2MU*Py + AwvPo = My, Pa,

AwvPy + 2A00* Py = My Pp. (19)

These expressions will be useful below.

4. The calculation of the single-photon processes

In this section we will describe the relevant couplings which are different from the
ones in standard model, or are new. The couplings of the physical and unphysical scalars
among themselves are simply obtained by substituting from Eqs. (6) and (7) into the
scalar potential given by Eq. (5), and making use of Eqs. (19) and (16). The relevant
terms in the Lagrangian resulting from this substitution are

M3, M3,
—L =¢+¢'—HiTH'Pil + %JZHiT[-LPiZ
+12 (Mgt + AshTh™ + Aok ™k + ... (20)

The unphysical scalars ¢= have exactly the same couplings to the gauge fields and
the Faddeev-Popov ghosts as in the standard model, whereas the couplings of the neutral
massive scalars, H;, are obtained by multiplying the standard model couplings, written
in terms of the physical masses, by P;;. For example, the coupling of H; to WrW™ is
given by

L= gMWP,-1W:[W"”H,-. (21)
The charged physical scalars # and k have the following couplings to the gauge
bosons:
L =—ie(A, +tanbwZ,) {(h_0#h+ —3,h™hT)
+2(k™ 7kt — 9k k) }
+e?(A, +tan Oy Z,) 2 (hTh™ + 4Ktk ). (22)

In order to estimate the branching ratios for the single-photon processes in our model
we have varied the values of Mpy,, of M1, of M++ in the 100 GeV range, and the
quartic couplings in the potential over the range
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0< /\quartic < vér, (23)

while the lepton number violation scale @ and CP-even Higgs mixing angle # were
chosen in the range

2

VAN
B elc

<3,
T

0< (24)

< 3
We have also studied the effect having lower values for the lepton number violation
scale w, and obtained a slight enbancement of our branching ratios for the single-
photon processes. Notice that with our conventions we have for the mixing matrix of
the CP-even Higgs bosons

[cosﬁ —sinﬁl (25)

sind cosé
4.1. The Z — Hvy decay

This process arises from the Feynman diagrams shown in Fig. 2. In addition to
standard model diagrams this process receives contributions from the new physical
singly as well doubly charged scalar bosons, as shown in Fig. 2. The amplitude for the
process can be written as

eg’

= M —
M= EZEZ 167T2MW

(&wa g2 — qI/LQZD) Agry, (26)
where ¢; and g, are the photon and Higgs momenta, respectively. The normalized
amplitude Ag, is given by

Ay = AsmPr1 + Ay + Ay, (27)

where Asm is the corresponding amplitude for the standard model and Aj and Ay are
the amplitudes corresponding to the loops of the new charged scalars. We give their
explicit expressions in Appendix A.

The resulting Z — yH decay width is then

1 eg? g
=— | ——) E|Am|% 28

127 <167T2Mw) ylAm] (28)
where E, = (M% — M%)/(2MZ) is the energy of the photon.

As an illustrative example we show in Fig. 3 the expected branching ratio branching
ratio for Z — yH as a function of My for the standard model and for our model.® In
this figure we have taken My, = 100 GeV and M+ = M ++ = 70 GeV. For reasonable
allowed choices of the relevant parameters one sees that the value of this branching

3 In the present model we also denote My the mass of the lightest CP-even Higgs boson Hj.
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Fig. 2. Feynman diagrams for the decay Z — Hvy.

ratio can be enhanced with respect to the standard model predictions, but only slightly,
by a factor 2 or so, for any fixed Mp. The most novel aspect of this decay in the
present model comes from the fact that the CP-even Higgs boson H may decay into
two majorons with a substantial branching ratio, leading to a mono-photon plus missing
energy signature for the decay Z — Hy.
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Fig. 3. Branching ratio for Z — yH as a function of My for the standard model (solid line) and for our
model (points).

4.2. Majoron emitting Z decays

The majoron does not couple to the Z boson at the tree level, since it is an SU(2) ®
U(1) singlet. Nevertheless it can couple radiatively leading, for example, to processes
such as Z — yJ and Z — y + J -+ J, recently discussed in a different context in
Ref. [13]. These processes are, of course, absent in the standard model.

The single-majoron emission process would give rise to a characteristic signature
consisting of monochromatic photons plus missing energy. In contrast to the model
considered in Ref. [13], the single-majoron emission process is expected to be very
small in the present model. Notice, for example, that since the majoron does not couple
to charged leptons at the tree level, the one-loop diagram involving charged lepton
exchange is absent.

In contrast the process Z — yJJ proceeds at the one-loop level through two types
of diagrams. The first set of diagrams involves the one-loop coupling of Z to v and H;
(which may be off-shell), with a tree-level coupling of H; to two majorons, Fig. 4.
In the other set of diagrams, Fig. 5, the two majorons arise from a quartic coupling to
a pair of charged scalars (¢*, h* or k**). The first set is directly related to the set
of diagrams for the process Z — yH; discussed in Section 4.1, and can be computed
simply by first replacing the Higgs boson H; by H;, then multiplying the corresponding
amplitude by the propagator for the field H;, and finally summing over i = 1,2. The
particles running in the loops are, in this case, not only those present in the standard
model but also the charged scalars A* and k**. The corresponding amplitudes have
been calculated in Section 4.1. The second set of diagrams correspond to the quartic
couplings of the majorons to the charged scalars. It can be shown that the first diagram
of Fig. 5 is not gauge invariant but exactly cancels against the non-gauge invariant part
of the diagrams in Fig. 4. The remaining diagrams of Fig. 5 with ¢+, h* and k*+
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Fig. 5. Additional Feynman diagrams for the decay Z — y+ J+ J.
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running in the loop are gauge invariant by themselves and have to be calculated afresh.
Gauge invariance and CP conservation allow us to write the amplitude for

Z(P) = y(q) +J(q2) + J(g3) (29)

for the case of on-shell Z and v, as

eg
M= GZEV—W—(g’”’Ch 0—q'0" A, (30)

where O = ¢; + g3 and use has been made of current conservation for on-shell Z and vy.
The combined contribution of the first set of diagrams to A,y can be deduced from
the result of Section 4.1. The answer is

2 2

Ay (0%) My,

AL = z —% Py, 31
i ; QF —M%L +iMpTy ® (D

where Ag, (Q?) is the amplitude calculated in Section 4.1 evaluated at Q% = (P —gq;)? =

Mz(Mz —2E,). In Eq. (31) we have introduced the width of H;, because, as we shall

see, the dominant contribution for the process comes when Q% ~ M% .

The contribution to A,y of the second set of diagrams can be written as

A=Ay + Ay + Ap, (32)

where Ad,, Aj, and A; are the contributions of the charged scalars (unphysical and
physical) and are given explicitly in Appendix A.
The photon energy spectrum is then

ar 1 ed 3[4 (D) (2)2
dE, 19273 (167r2MW> Mz Ey ‘AW Ays (33)

and the total width

Mz/2
/ —dE (34)

We have explicitly verified that the contribution of A%)J is small when compared with
the standard model result for Z — Hy. Thus the main contribution comes from the first
set of diagrams when Q*~M ;- For this reason we need to evaluate the width of H;.
As an approximation, we assume that the doublet part of H; decays mainly in bb. In
this case we have only two partial widths

1 g%li-]] (35)

F(Hi—>JJ)=EMH )

1 a2\
[(H; —Bb) = .—Mpgls, (1 - ﬂ) , (36)
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Fig. 6. Photon spectrum for My = 60 GeV. It is peaked around E, =~ 25.7 GeV. The solid line represents
the total contribution, the dotted line the contribution from the resonant diagrams, and the dashed line the
contribution from the non-resonant ones. In this figure we have Mg, = 100 GeV and M+ = M 1 =70 GeV.

where

2
H; _mp Py
gms = — =P, 8mbp = T (37)

As we said before, the photon energy spectrum is peaked around E, = (M% —
M %ﬂ) /(2M 7). However, this does not mean that the contribution of the charged scalars
is negligible. In fact, we have two extreme cases.

e Py; large (small 8).

The dominant contribution comes from the resonant diagrams (first set). The contri-
bution from the loops of charged scalars with quartic vertices is negligible. The energy
spectrum is peaked around E, = (M% — M%) /(2Mz). This can be seen from Fig. 6
which is for P;; = 0.94. Note that the other diagrams with charged scalars are not
negligible because they are also resonant. In fact it is necessary to have them of the
same order as the standard model for Z — yH in order to have an increase. Note also
from Fig. 6 that the width of the H; is very small. This depends on P;; being large as
can be seen from Eq. (37) and in Fig. 7.

e Py; small (4 close to 7/2).

Now the standard model-like diagrams are small and the main contribution is from
the loops of charged scalars. However, the main contribution is still from the resonant
charged scalars diagrams. The non-resonant diagrams are small, although not completely
negligible. In Fig. 8 we illustrate this for P;; = 0.04. There we can also see that the
width of the H; is a few GeV’s in agreement with Fig. 7. Note that when 6 ~ 7/2 the
branching ratio of the Higgs to JJ is close to one. Thus the standard way of looking for
the Higgs, through the standard b-b decay mode, would miss it. In the present context
this implies that, in addition to the broad photon spectrum in the photon + missing
energy signal, one has the additional feature that the y + bb signal would be weak.
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Fig. 7. Upper limits for I'(H — all) as a function of Pj; = cos?(8). In this figure we have M , = 100 GeV
and M+ = Mpts =70 GeV.

I

30 40 50
E, (GeV)

Fig. 8. Photon spectrum for My = 60 GeV. It is peaked around E, ~ 25.7 GeV. The solid line represents
the total contribution, the dotted line the contribution from the resonant diagrams, and the dashed line the
contribution from the non-resonant ones. In this figure we have My, = 100 GeV and M4+ = M;+4 =70 GeV.

The resulting Z — yJJ decay branching ratio is shown in Fig. 9. Comparing with
the results of Fig. 3 we see that the strength of this process is essentially the same as
that of Z — yH. This can be easily understood. If we change variables to

2Myz

= Malnlr (38)

X

one can, after some simple algebra, write the total width in the form
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Fig. 9. Width for Z — yJJ as a function of M} for our model (points). The standard model result for
Z — Hy (solid line) is shown for comparison.

Xmax

' (Z —-vyJl)= /F(Z — Hy)Br(H — JJ)—:;—(—X——X(l))Z—i——l, (39)
0
where
= e, (40)
is the value for which Q% = m% in terms of the x variable. Now we notice that
1 1
/;(x—xo)"’+1=1 “2)
o0
and if the width is very small we can safely set
;;(—x——_—xiT_'—_—l ~ 8(x — xo) (43)
and therefore
I'(Z —vyJl) ~I'(Z — Hy)Br(H — JJ). (44)

One can see from Fig. 10 that the Br(H — JJ) is very close to 1 except for the
mixing angle in the vicinity of zero as can be understood from Eq. (37).
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Fig. 10. Br(H — JJ) as a function of cos? 6.
5. Discussion

The search for single-photon plus missing energy events constitutes one of the classic
experiments in eTe™ annihilation. Of course, such events are expected to occur through
initial state bremsstrahlung with the Z decaying to a v pair. Recently the OPAL
collaboration has published a high-statistics single-photon spectrum that shows some
excess of high energy photons above the expectations from initial state radiation [10].
This signal could be an interesting hint for physics beyond the standard model.

In this paper we have studied the rates for single-photon processes such as Z — vH,
Z — yJ and Z — yJJ where H is a massive CP-even Higgs boson, and J denotes
the massiess (or nearly so) CP-odd majoron associated to the spontancous violation of
lepton number around the weak scale. For this purpose we considered the simple model
proposed in Ref. [7]. We have demonstrated that in this simple model the Z — yH and
Z — yJJ decays may occur with branching ratios compatible with LEP sensitivities.
That such indirect signals of models of neutrino mass can be sizeable is quite remarkable,
taking into account that the corresponding neutrino masses themselves are very small,
as required in order to explain the solar neutrino problem. In the model in question the
smallness of the neutrino masses follows naturally from the fact that they arise only at
the two-loop level.

The ¥ spectrum associated to these decays is shown in Figs. 6 and 8. It is characterized
by a spike located at a photon energy E, = (M% — M%)/(2Mz), determined by the
possible values of the scalar Higgs boson masses My. The constraints on My that
follow from the LEP100 experiments differ from those obtained in the standard model
since (i) the CP-even Higgs boson neutral-current couplings are somewhat suppressed
due to the admixture of the singlet required to implement the spontaneous violation of
lepton number and (ii) these CP-even Higgs bosons can decay with substantial rates
into the invisible channel JJ [9]. Here we showed explicitly how the invisible Higgs
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decay can be important also in conjunction with radiative Z — yH decays, leading to a
sizeable rate for the Z — y 7 signal on the Z peak.

While LEP200 will play an important role in searching for invisibly decaying Higgs
bosons [14], high statistics studies of the single-photon energy spectrum at the Z pole
may still be an interesting physics goal, as illustrated through the model described in
this paper.

We now comment on whether one could distinguish between different models for
enhanced single-photon events, using the photon spectrum. Unfortunately, this seems
difficult. First, let us consider to what extent the branching ratios and spectra calculated
depend on the model, for example supersymmetric models with spontaneous R-parity
violation [13]. In this case the main contribution for Z — yJJ will come again from
the resonant diagrams, because the box diagrams are very small. Also the diagrams
corresponding to our Fig. 5 (only with the Higgs doublet ¢p) are small, in fact they
are included in the usual standard model calculation. Thus it is clear that one gets the
same type of results, as long as the lightest Higgs boson invisible decay branching ratio
Br(H — JJ) is close to 100%. One difference will be that, since in this case we do not
have the contribution from A* and k**, the result will be always smaller than in the
Standard Model, though probably close. Note that, since in the supersymmetric case the
main process Z — Hy gets contributions from charginos, it could be bigger than in the
Standard Model, though of the same order of magnitude. In this case Z — yJJ could
also be bigger. As far as the spectra are concerned, they will be very similar, since the
diagrams that could change them, like the boxes or those of Fig 5 will be small. These
issues will be taken up elsewhere.
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Appendix A

We will give here the explicit expressions for the various amplitudes referred to in
the text. For Agm, A, and A; we have [15]

Agm = Aw + Apr, (A1)

where

Ay =4cos Oy [(3 —tan 6%) J1(Mz, My, My)

2
IMH

13 (1 —tano%n) J(Mz, My, My) |, (A2)
w

+ (—5 + tan%,, Ow —
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4 f
AF=Z—gV—Q—f[—JI(MZ,MH,M,»+4JZ(MZ,MH,Mf) : (A3)
7 cos Oy

In the previous equations we have introduced the functions J; and J, defined by
Ji(Mz, My, My) = =My Co(M3,0, My, My, Miy, M3,),

L,

2M% — MY
M2

M‘Z;_Z—M%{‘ (Bo(M7, M3y, M) — Bo(M3, My, M3)) |,

Jo(Mz, My, My) = 1+ 2M%,Co(M%,0, MY, M2, M3, M%)

+
(A4)

where Bg and Cj are the Passarino-Veltman functions [16].
The amplitudes Ay, and Ay are given by

_4 sin? 8w [ Av*Py + AgWoPp
"t Cos Oy M2,
_ 16 sin’ Ow )151)2P,'1 + Agwr Pp
B cos HW Mi:{:i

) JZ(MZ7 MH$Mhi)’

) Jz(Mz,MH,Mk:l::l:). (AS)

The amplitudes Aq;, Ap and Ay coming from the second set of diagrams with quartic
vertices are
" 5 1 Ay
Aqg =—4cosfy(l —tan” Oy) —— —Jo(Mz, Mz, My),
My g
4sin’® Oy vAg
cosbw Mi,
16 sin® Ow UAg
cos Oy Mi.,

>

h J2(M29MJJ9MIFE)’

2>
~
Il

Jo(Mz, My, Mptx), (A.6)

where M%, = Q% = (g2 +q3)% = Mz(Mz — 2E,).
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