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Extensions of the standard model with extra neutral vector bosons predict additional fermions whose allowed masses are con-
strained by the masses of the new vector bosons. For the minimal case with one extra Z’ boson and an extended gauge group
contained in the unified group SO(10), we derive upper and lower bounds on the masses of heavy Majorana neutrinos. We also

discuss implications for the standard model Higgs boson.

Despite its extraordinary success the standard
model of strong and electroweak interactions is gen-
erally believed to be only the low energy approxima-
tion of a more fundamental, unified theory. A possi-
ble remnant of unification at energies much below the
unification scale are extra neutral vector bosons,
which in recent years have been discussed in partic-
ular in connection with superstring theories [1]. Ex-
tended gauge theories, which contain U (1) factors in
addition to the standard model gauge group, also pre-
dict fermions in addition to the quarks and leptons
of the standard model. They are contained in the pos-
sible anomaly free fermion representations of the
unified theory. If one or more U(1) factors of the
unified group are spontaneously broken far below the
unification scale, also some of these fermions will in
general acquire masses much smaller than the unifi-
cation mass.

In the following we shall consider the minimal ex-
tension of the standard model of this type, which is
based on the gauge group SU(3)cXSU(2),. X
U(1)yXU(1l)y contained in the unified group
SO(10). The smallest complex SO(10) representa-
tion, the 16 plet, contains a ‘‘right-handed neutrino”

vg in addition to the 15 Weyl fermions of one quark—
lepton family of the standard model. vy is a singlet
with respect to the standard model gauge group.
Hence, in the sequential breaking

SU(3)cXSU(2), XU(1)y XU(1)y

— SU(3)cXSU2)L XU(1)y

v

— SUB)cXU(Dem » (1)

Vg can acquire a Majorana mass of order v* and
thereby explain the smallness of the v., v, and v,
masses via the see-saw mechanism [2]. Here v’ and
vare the vacuum expectation values which break the
subgroups (U)y. and SU(2). XU (1)y,and U(1 ).y,
is the unbroken group of electromagnetic interac-
tions. As we shall see, the Majorana masses of the
heavy neutrinos are bounded from above essentially
by v/, and they are also bounded from below by the
experimental upper bounds on the light neutrino
masses.

Heavy Majorana neutrinos with masses up to a few
hundred GeV can be produced at present and future
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ep and e*e~ colliders, and detailed discovery limits
have recently been worked out [3]. In order to ob-
tain the precise relation between the Z’ vector boson
mass and the masses of the heavy Majorana neutri-
nos we study in the following the spontaneous break-
ing of the extended gauge symmetry. Contrary to the
fermion content, which is constrained by the require-
ment of anomaly freedom, there are no restrictions
on the Higgs fields which remain light compared to
the unification scale. We shall therefore begin with
the minimal Higgs sector necessary to break the ex-
tended gauge symmetry and comment later on the ef-
fects of additional Higgs fields.

The spontaneous breaking of U(1),. requires a
complex scalar field y in addition to the doublet ¢ of
Higgs fields, and the lagrangian, which also yields
Majorana masses for the right-handed neutrinos,
reads

F=— Wi, W — B, B*"~5C,,C"
+iRDR+1v D vy +ieg Peg
+ (Do) (D#4)+ (D) (D*x) = V(x, ¢)
—Rog,vr —Vx 8100 —0gg.ex —ergl 6™
— Savihvg = 31" UR ATV . (2)

¢=(¢° 97), 6=(p~, ~¢°) and x are the SU(2)
doublet and singlet Higgs fields, 8= (v, er ) and vg
are the lepton doublet and the right-handed neutrino.
g, and h are 3x3 complex Yukawa matrices with
h=hT. The covariant derivatives differ from the
standard model expressions by the term — i\/g g'X
Y'Cu, with Y'(®)=3, Y(e)=} Y(¥r)=3,
Y'(9)=—1, Y'(x)=—3. All terms involving quark
fields have been omitted. B,, C, and W/ are the
U(1)y, U(1)y and SU(2), gauge fields, and B,,,, C,,
and W, are the corresponding field strengths. The
couplings of the vector field C, are determined by the
orthonormality conditions for the U(1) charges
[Y=aY+b(B-L)]

r{YY']=0, tw[Y*]1=%3t[Y?], (3)
where the trace extends over all fermions, which yields
Y'=Y-3(B-L). (4)

The gauge coupling constants of B, and C, are equal
as the S~functions of both U (1) groups are the same.
The most general Higgs potential is given by
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V(x, 0)=me o+ mytx+ii(¢19)?
+Hi(x" 0+ () (o79) (5)

where A;> —(4,4,)"/2, so that the potential is
bounded from below. This Higgs sector is precisely
the well known “singlet majoron” model [4] for
spontaneous breaking of lepton number.

It is now straightforward o minimize the Higgs
potential (5), to determine the vacuum expectation
values v and v’ of the Higgs fields ¢ and y, and to di-
agonalize the vector boson mass matrix. In addition
to the photon one obtains two massive neutral vector
bosons Z and Z’,

Z,=cos¢Z)—sinéC,,
Z,=sinéZ%+cos&C,, (6)

where Z9, = —sin @ B, +cos © W'}, corresponds to the
neutral vector boson of the standard model. Neglect-
ing fermion masses, predictions of the standard model
can be expressed in terms of three independent pa-
rameters which one may choose as the fine structure
constant «, the Fermi constant Gg and the Z boson
mass #1z. Since in our model the Higgs sector is spec-
ified, there is only one additional parameter which
we choose to be the Z' boson mass m;.. The mixing
angles @ and & can now be expressed in terms of «,
Gg, mz and m . One then obtains the following exact
relations (u’= na/ﬁ Gg):

I | 2 1/2
o L (1 ;
sin’6= (4 pm%) , (7)
- 2 —pm% 8
sin 2é= -2 3sm@mé_m%, (8)
2 a2
Ap=p—l=sinze 221z 9)
mz

Here we have introduced as auxiliary quantity the
parameter p, which is related to the ratio of neutral
to charged current amplitudes at zero momentum
transfer. In the relevant case m2% <« m%, the quan-
tities sin O, sin 2£ and A p may be expanded around
the standard model limit #,, =co, and one obtains to
first order in m%/m2:

2
E=—/3sin6 %, (10)
7z
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2
Ap=3sinzé%, (11)

z

a2 2
sin@:sin@(l— 1 sin 6 mz)

= — 1
12 cos 26 m2, (12)

where 6=6)|,_,.

The mixing angles @ and £ determine the couplings
of the vector bosons Z and Z’ to quarks and leptons.
The interaction lagrangian is given by

L=TbcZ,+ T2, (13)
where
gcos& iy 4i
Vied i 14
Jhc= 2 OSQZ‘//:V( s (14)

Vie Ty (i) —25in20Q,

+/Ftanésin @ [Ty (i) —2Q,+3(B~L),],

A'=(14/3tan&sin ©) Ty, (i) , (16)
o SS0E g Yy
JNC_ZCOS@ziW’y (V A yS)WI: (17)

V’i= T3L(l) —2 SiHZQQ,’

~Jhctgésin@ [ To (i) —2Q,+3(B-L)/],
18)

A= (1—/Tctg&sin ©) Ty (i) . (19)

Here the sum is over all quarks and leptons, and
T5.(0), Q;and (B—L); denote weak isospin, electric
charge and B— L of the ith fermion.

The Z~Z' mixing affects various observables which
have been measured with high precision at LEP [5].
Two particularly sensitive quantities are the p-pa-
rameter [cf. eqs. (9) and (11)] and the leptonic
width of the Z boson, given by

GFr\nfp [{—2sin’@+4sin*@

+&/3sin @ (3-4sin%6) ] . (20)

The three variables ©, p and £ on the right hand side
of eq. (20) can be expressed in terms of the indepen-
dent parameters «, G, mz and m 2 according to egs.
(10)-(12). Here we neglect the effect of the mixing
between heavy and light neutrinos on the Fermi con-
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stant G. A detailed comparison of LEP data with the
standard model predictions shows that the mixing
angle |¢| has to be smaller than about 10~2 (cf. refs.
[6-8]). Fromegs. (11) and (20) one finds that this
corresponds to an accuracy of about 0.4% in p and
I... Eq. (10) then yields the lower bound on the Z’
boson mass (| €] <1072):

My, = /\fs‘l’%@mpsmc;ev (21)

where we have used sin26=0.23 and m;=91 GeV.

In eqgs. (14)-(19) the neutral currents J§¢ and
Ji¥- are expressed in terms of weak eigenstates which
are related to mass eigenstates by unitary transfor-
mations. For the neutrinos these transformations are
determined by requiring that the two Majorana mass
matrices

m=hv, (22)
1

mv—-:—mo%-mTD, (23)

with

mMp=g,v, (24)

are diagonal and real (cf., e.g., ref. [3]). g, isthe 3 X3
matrix of neutrino Yukawa couplings. The eigenval-
ues of m are the masses of three heavy Majorana neu-
trinos, the eigenvalues of m1, correspond to the masses
of v, v, and v..

Using egs. (22), (23) and the relation [cf. eq. (2)]

m3,=%g?? [1+0*/v?)], (25)

we can now estimate the mass range, in which heavy
Majorana neutrinos are to be expected. We assume
that the Yukawa couplings g, and % vary between the
smallest and largest known Yukawa couplings g. =
m./v=3X10"%and g~ 1, which is about the largest
value allowed by “triviality” considerations [9].
From eqs. (22) and (25) we then obtain an upper
bound on the Majorana masses m;,. Furthermore eq.
(23) and the experimental upper limits [10] m,, <
17 eV, m,, <0.27 MeV, m,, <35 MeV imply the
lower bound det(m)=m,m,ms>ms/m,.m, m,.
Upper and lower bound together yield the allowed
mass range

SMeV < (m,mym;)'"?, (26)
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Mz .
;<97 , i=1,2,3.
m; < OGeV(lTeV) i=1,2,3 (27)

If, instead of m?, we take det(my)=m.m, m, as
lower bound on the determinant of the Dirac neu-
trino mass matrix mp, then the lower bound on
(m;m,m;)'/ increases t0 ~40 GeV. The lower
bound crucially depends on the assumption about the
Yukawa couplings g,; it disappears for g, =0.

From eqs. (26) and (27) we conclude that Major-
ana neutrinos with masses of a few tens of GeV or a
few hundred GeV are likely to exist if an SO(10) Z’
boson with mass of order 1 TeV is found. If the mix-
ings of these heavy neutrinos with v, v, and v, are
not too small, they can be produced in charged and
neutral current processes at HERA, LEP or LEP®
LHC [3].

The upper bound on the heavy neutrino masses
stems from the fact that the vacuum expectation
value, which generates the Majorana mass term, un-
avoidably also contributes to the Z’ vector boson
mass. Hence, the upper bound (27) on m,, which we
obtained for the minimal Higgs sector, will become
even more stringent if more Higgs scalars are intro-
duced which contribute to the Z’ boson mass, but do
not couple to Vg vi. In the case of more than one sin-
glet scalar field with the quantum numbers of y our
assumption on the maximal Yukawa coupling refers
to the linear combination of scalar fields which ac-
quires a vacuum expectation value.

One may worry that a low mass scale of B—L
breaking of order 1 TeV is in conflict with constraints
on lepton number violating processes from low en-
ergy experiments [11]. This is not the case although
some bounds on mixing angles in charged and neu-
tral currents can be derived. As an example, let us
briefly mention neutrinoless double f decay, which
provides the most stringent bound on lepton number
violation. The present experimental bound on light
Majorana neutrino masses reads [12]

Y Ui,m,<(1-10)eV, (28)

L=e,u,T

<mve>=

where U.,, denotes elements of the leptonic
Kobayashi-Maskawa (MK) matrix. For instance,
with m,,=m2/m and m~500 GeV one has
m,, ~0.5 eV, which satisfies the bound (28). Fur-
thermore, if U,,,=0(/m../m,,), which approxi-
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mately holds for quark KM matrix elements, also the
contributions from v, and v, satisfy the bound (28).
A mass scale of B— L breaking of order 1 TeV is also
cosmologically acceptable [13,14].

Let us finally consider the Higgs sector. The fields
¢ and x contain the neutral bosons H° and H":

2
tom (vs L o)
¢ ¢_ (U+ \/EH ’
2
xTy= <U’+ ﬁH'O) . (29)

The mass eigenstates H and H' are linear combina-
tions of H® and H', i.e., H=cos f H+sin S H' and
H"= —sin BH+cos BH’. For the mixing angle one
finds

22500
A=A v

The corresponding Higgs boson masses are

tan2f= (30)

—J G v*=2,07) 2+ 4030707 (31)
mpy =4, 02+,

+/ (v =2,07) 2+ 4030272 (32)

For v'=0(1 TeV) the mixing angle § and the split-
ting between the two Higgs boson masses may be
large. Furthermore the couplings of one Higgs boson
to ordinary quarks and leptons could be substantially
reduced. Since H" interacts only with C,,, vg and H°,
the couplings of the mass eigenstates A and [{"to W
and Z bosons, quarks and charged leptons have es-
sentially the same structure as the corresponding
Higgs couplings in the standard model, however, their
size is reduced by cos f and sin S, respectively. In the
extreme case f=ix the couplings of the lighter Higgs
boson to quarks and leptons would even vanish!

To summarize, we have shown that the existence
of a neutral Z’ vector boson with mass of order 1 TeV
has important implications for other particles in the
low energy theory. For an extended gauge group con-
tained in SO(10) we have estimated upper and lower
bounds on the masses of heavy Majorana neutrinos,
and we have studied implications for the standard
model Higgs boson. For Z’ vector bosons contained
in E¢ similar bounds on masses of the additional neu-
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tral and charged leptons and quarks can be derived.
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