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Abstract. In this paper we discuss a left—right symmetric model for elementary particles and their connec-
tion with the mass spectrum of elementary fermions. The model is based on the group SU(2)L ® SU(2)r ®
U(1). New mirror fermions and a minimal set of Higgs particles that break this symmetry down to U(1)em
are proposed. The model can accommodate a consistent pattern for charged and neutral fermion masses
as well as neutrino oscillations. An important consequence of the model is that the connection between
the left and right sectors can be implemented by the neutral vector gauge boson Z and a new heavy Z’.

1. Introduction

The origin of the left—right asymmetry in weak interac-
tions is a longstanding problem in elementary particle
physics. One possible way to understand this asymmetry is
to enlarge the standard model into a left—right symmetric
structure and then, by some spontaneous breaking mech-
anism, to recover the low energy asymmetric world. Many
models were developed, based on grand unified groups [1],
superstring inspired models [2], a connection between par-
ity and the strong C'P problem [3], and left-right extended
standard models [4]. All these approaches imply the exis-
tence of some new intermediate physical mass scale, well
below the unification or the Planck mass scale. The in-
creasing experimental evidence on neutrino oscillations
and non-zero masses has also motivated a renewed interest
in mechanisms for parity breaking.

Left-right models starting from the gauge group
SU((2)r, ® SU(2)r ® U(1)p-1, were developed by many au-
thors [5] and are well known to be consistent with the
standard SU(2)r, ® U(1)y predictions for fundamental in-
teractions and imply new heavy gauge bosons, not yet
observed. However, for the fermion mass spectrum there
is no unique choice of the Higgs sector that can reproduce
the observed values for both charged and neutral fermions,
nor is the fundamental fermionic representation uniquely
defined.

In this paper we present a model that starts with the
simple gauge structure of SU(2);, ® SU(2)gr ® U(1) and
investigate a minimal Higgs sector that breaks the left—
right symmetry. The fermion mass spectrum is studied
for several choices of the Higgs sector.
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This paper is organized as follows: in Sect. 2 we present
our main assumptions for a left-right model; in Sect. 3 we
review the properties of new gauge interactions; in Sect. 4
we present a number of possibilities for the Higgs sector of
fermion masses; in Sect. 5 we show some phenomenological
consequences for testing the models here proposed, and in
Sect. 6 we give our conclusions.

2. The model

The fundamental fermionic transformation under parity is
very simple in the context of QED: it is done by the trans-
formation between the right and left components of the
same fundamental fields. Weak interactions indicate new
elements in the parity transformation mechanism since the
right and left components have different isospin assign-
ments, and there is no deeper understanding of this asym-
metry. As the parity asymmetry is clearly displayed only
in the weak isospin doublet of the fundamental fermionic
representation, we take as a minimal gauge sector the left—
right symmetric group SU(2), ® SU(2)r @ U(1)y, with
generators (T,7*,Y). The U(1) quantum number could
be gauged as B-L. This group can be considered as a sub-
group of many unification groups like the superstring in-
spired Eg ® E§ or the SUSY — SO(10) ® SO(10)’. Earlier
left-right models [5] were based on the hypothesis of a
symmetric world with fundamental fermions at the same
mass scale of the presently known standard quarks and
leptons. Some recent models propose a duplication of the
full standard model gauge sector SU(3) ® SU(2) ® U(1).
More recently other models [1,4] were proposed with dif-
ferent left and right mass scales. We consider a particular
choice that avoids the introduction of a second photon,
which is known to present difficulties with the positron-
ium decay rate [6]. We will assume this starting point and
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introduce new mirror fermions with the following assign-
ment:
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The other lepton and quark families follow a similar pat-
tern. This fundamental representation clearly is anomaly
free. In this model the parity operation transforms the

SU(2)L & SU(2)Rr sectors, including the vector gauge
bosons. This symmetry property can be used to reduce the
three group constants g,; gr; ¢’ to only two, with g, = gr.
For the other leptonic and quark families a similar struc-
ture is proposed. The charge generator is given by Q =
T3 +T5 +Y)/2.

In order to break SU(2);, ® SU(2)r ® U(1)y down to
U(1)em we introduce two Higgs doublets that under parity
are transformed as 1, <> xr. Their quantum numbers are

P
XL —  Xr (2.2)
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and the corresponding symmetry breaking is realized
through the vacuum parameters vy, and vg. The model
includes a Higgs field @ in the mixed representation (1/2,
1/2,0). The symmetry breaking is done by the neutral
components, with parameters k and k’. Finally, we con-
sider scalar fields in the representation (0,0,0), broken at
squT or at lower scales. In the standard model, and also in
some of its extentions, Higgs doublets are responsible for
the gauge boson masses as well as for the fermion masses.
For the gauge bosons this hypothesis is strongly confirmed
by the experimental result p = 1. For the fermion masses
the standard model requires adjusting by hand the
Yukawa couplings in order to reproduce the observed mass
spectrum. Although this procedure is consistent in the
sense that all couplings satisfy g; < 1, there is no direct
experimental confirmation for this hypothesis. One of the
main points of our work is to show that Higgs singlets in
left—right models can give a consistent charged and neu-
tral fermion mass spectrum. We are also assuming the
symmetry breaking hierarchy squr > vr > v, k, k.

3. The gauge bosons

In order to make our presentation more complete we
briefly review in this section the main properties of the
gauge sector in the SU(2), ® SU(2)r ® U(1)y model.

The symmetry breaking mechanism follows the stan-
dard model procedure and, with the above hierarchy, we
readily find for the charged vector bosons the masses (for
v, >k, k‘/):

1
MI%VL ~ Zgﬁv%, My, ~ (3.1)

Y.A. Coutinho et al.: Fermion masses in a model for spontaneous parity breaking

We call attention to the fact that the above Higgs field
in the mixed representation (1/2,1/2,0) implies a mixing
between W, and Wg. This mixing is given by sinfy =
kk'/ v%{. It is well known that this mixing is strongly sup-
pressed, as required by the absence of right-handed cur-
rents [5,7]. From the first equation of (3), we have the iden-
tification vy, = Vpermi and the charged current interactions
of standard fermions must be according to (1/2;0;Y) —
Wy, and for the new mirror fermions (0;1/2;Y) — Wg.
There are alternatives to this scheme. We can also have
v, = 0 and the Fermi scale is given by v, . ~ k% + k'
[7] with a small mixing between Wy, and Wx.

Before proceeding to the neutral sector it is convenient
to introduce the notation,

) g%{ga
sin“Oyw =
9%9t + 989 + 919"
2 9/2
sSin“pf = ——— 3.2
T (32

This is a change from (gr,; gr; ¢') to the basis (gr; sin Ovwy;
sin 3). The condition gr, = gr implies sin 8 = tan . We
also introduce the ratio w = wr,/ur, which is supposed
to satisfy w? < 1 due to the non-observation of any new
physical scale with energies up to 1TeV.

For the neutral vector boson sector we find, after di-
agonalization and expanding in powers of w,

M, =0,
1 ,U292
2 _ LIL 24
Mz = ZCOS29W{1 w”sin® G},
1 %sin® 2
M2, = ~vigitan® Oy tan? 31+ M .(3.3)
4 4sin” Ow

The unification condition for the electromagnetic interac-
tion is the same as in the standard model,

e = gr, sin fyy, (3.4)
and the p parameter is changed to
M, 2 54
=—">—{1- . 3.5
p M2 cos? Gw{ w”sin® G} (3.5)

In order to compare the model with the experimental data,
we must develop the neutral current interactions. First we
recall that the gauge sector of the model has five input
parameters gr; gr; ¢'; vL; vr. The condition g;, = gr
reduces them to four. We take as experimental inputs [8]
My = 80.4GeV; sin? fy = 0.2230 and a(Mz) = 1/128.
The W mass is much less precise than the Z mass, but we
have taken this procedure since from (3) the determination
of the fundamental parameters is much more transparent.
If we start from the Z mass there is no significant change in
our conclusions. With the values above we readily obtain
vy, = 248 GeV and g;, = 0.6635 as in the standard model
and

sin? 3 = 0.286. (3.6)

Then the only unknown in the gauge sector of the model
is vg which is supposed to be higher than vr,.
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The neutral currents coupled to the massive vector
bosons Z and Z' are given by

Jy = giLfyu { (1 — w?sin* B)T3 — w?sin? Bcos? BT5
cos Ow

2 4
w1 2222)),
sin” Ow

2 a2 2
71, = gutan Oy tan By, (1 N W) T,
sin“ O

+.L26T§f — Q(1 + w? cos? Bsin’ ﬁ)} (3.7)
S11

From the first of the preceding equations we clearly re-
cover the standard model result for J,(Z) in the limit
w? — 0. The new neutral fermion’s coupling with the
standard Z is suppressed by a factor w?. However, the
standard fermion’s couplings with the new Z’ are not sup-
pressed, according to the second of (9). The main ques-
tion at this point is how small w can be in order that
the model agrees with the present data. It is well known
that the presently known high precision data require the
inclusion of the standard model quantum corrections, in
order to make a consistent comparison between theory and
experiment. To compare the model with data we have con-
sidered that the new terms in (9) are small corrections to
the standard model predictions and at least of the same
order as the quantum corrections. We have computed the
corrections to the Z couplings to the standard fermions
and found

"t = g™ — (WP sint B){TF - 20},

gy = 8 — (wPsint ){TH}.

The Particle Data Group, in their 2000 edition [8], sum-
marize the present data from low energy lepton interac-
tion, lepton—hadron collisions and the high precision data
from LEP and SLAC. They also present the experimen-
tal averages for the gy and ga couplings for charged and
neutral leptons. The most stringent bounds come from
the effective coupling of the Z to the electron neutrino
Gexp = 0.528 £ 0.085 and FQQE(Z) = 498.8 £ 1.5 MeV, to
be compared with the standard model predictions gsy =
0.5042 and I'i¥(Z) = 501.65 £ 0.15MeV. For the muon
neutrino coupling with the Z boson, the Particle Data
Group quotes ggh, = 0.502 £ 0.017. We have performed a
fit to this data, using the standard model predictions, and
we find that deviations from the standard model must be
bounded, at 95% confidence level, by

(3.8)

(w?sin B) < 107, (3.9
This bound is consistent with the present experimental
constraint on the p parameter. With the value for sin 3
given in (8), we have the bound

vR > 30v,. (3.10)
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For the new Z’ mass we have

My > 800GeV. (3.11)

This value is a little above the present experimental
bounds on new gauge bosons searches done by the CDF
and DO collaborations [9] at Fermilab.

4. The fermion masses

The fermion mass spectrum depends both on the Higgs
choice of the model and on the fundamental fermionic rep-
resentation. A particular property of the model is the pres-
ence of left- and right-handed singlets in the fundamental
representation. This means that we can add to the mass
lagrangian new bare terms or new Higgs scalars which
have no consequences for the vector gauge boson masses.
We consider two new Higgs singlets, one that is coupled to
Dirac terms in the mass lagrangian — Sp — and the other
that couples to Majorana terms — Sy;. After spontaneous
symmetry breaking they develop vacuum parameters sp
and sy, respectively.
The most general Yukawa lagrangian is given by

L= f{lLxuvr + LrXrNL} + ' {l XL NE + Lrxrvg
+ QSM{NENL + VgVR} + g’SD{ENL}
+ f"{lLPLr} + 9" Sp{erEL} + hec. (4.1)

For the neutral fermions, the mass lagrangian after sym-
metry breaking is given by

L = fu,vLvr + f/'ULENL + fURTRNL + f/’URNigl/R

+ QSM]\T?NL + gSM@VR

+ g’sDﬁNL + g”kﬁNR. (42)

For the charged fermions we have a similar lagrangian,
except for the conjugated terms. The generalization for
the other families is straightforward. The diagonalization
is most easily done [10] by introducing the self-conjugated
fields

Xi = i, + 93,

wj = YR + %'CRa (4.3)
with ¢,7 = v, N.

We will assume in this paper that the order of mag-
nitude of the fermionic mass spectrum is given by the
symmetry breaking scales and their combinations. This is
a departure from the standard model procedure of adjust-
ing the coupling constants in the Yukawa interactions. So
we are supposing that all coupling constants are of order
one.

In the basis (x,; wn; X~;wy) the general neutrino mass
matrix is

k VL,
0 — el

2 b7
k VR
= 0 - VR

Myx=1|2 ., 2 |

VLo My
L Sp
—_— VR - SM
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and the charged fermion mass matrix is

0 k‘/ 0 VL,

_ K 0 UR 0

Me,E - 0 VR 0 SD
V1, 0 SD 0

For this last case, we recover the Dirac formalism by the
standard [10] 7/4 rotations over the Majorana fields.

After the results of the Super Kamiokande collabora-
tion [11] there is strong experimental evidence that neu-
trinos oscillate and have non-zero mass [12]. Atmospheric
neutrino experiments are consistent with v, <> v, oscil-
lations with a large mixing and Am? = (1.5-6)1072 eV2.
Solar neutrino evidence still allows some alternative solu-
tions like vacuum oscillations and large and small angle
MSW mechanism. If one considers the LSND results [13]
then the solution for the neutrino parameters seems to
indicate the need of a fourth sterile neutrino, but so far
there is no confirmation of this result. In phenomenologi-
cal models for quark and lepton masses we have a number
of possibilities for fermion mass textures in models such
as SO(10) [14]. In view of the present experimental sit-
uation we will not proceed to fit all the neutrino masses
and mixings, but we will look for solutions which could
accommodate neutrinos with masses in the 1072 — 1073
eV range. We present three possible solutions, which differ
in the choice of the symmetry breaking parameters.

Model |

In this model we consider that the mixed Higgs field do
not break the vacuum symmetry (kK = k¥’ = 0) and that
the Higgs singlets are both broken at squT. For neutrinos
we have the following masses:

2

my1 = vi/SquT,
2

My2 = VR /scuT,

myNi1 X my2 =~ SGUT, (44)

and for the charged fermions

Me = ULUR/SQUT,

mgEp = SGUT- (45)

In this model we have the “universal see-saw” mass rela-
tion [15] my1mye = m2. Using vr, = Vpermi and sgut =
10'6 GeV, we must have vg = 10'° in order to obtain
the correct value for the electron mass. The first gener-
ation mass spectrum is then given by m,; ~ 1072eV;
My =~ 10TeV; my1 ~ muyo ~ 108 GeV; m. ~ 1 MeV;
Mg ~ 106 GeV. The smallness of the electron mass is a
consequence of a “see-saw” mass relation given by (4.5)
This is a departure for the standard model mechanism
for fermion masses. There is no mixing between 17 and
o and we have an example of a sterile neutrino com-
ing from a new exotic doublet. The presently observed
neutrino mixing must come from a possible generation
mixing in the general neutrino mass lagrangian. Standard
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charged quarks are also found to be in the MeV mass
range, with m, = vp,vr/sgur. With this high value for vg
we have no experimental accessible accelerator possibili-
ties for new gauge vector bosons. For the Large Hadron
Collider (LHC) it has recently been shown [16] that heavy
neutrino production is limited to masses of a few hundreds
of GeV. Heavy neutrinos with masses in the TeV region
can be produced in the next generation [17] of eTe™ or
e~ colliders.

The vg value consistent with the electron mass is of
the order of the Peccei-Quinn symmetry breaking scale
[18] and we can have a possible explanation of the small
value for the #-angle of the strong C'P problem, as shown
in [3,19]. In order to generate the other families mass spec-
trum we have two possibilities. The first one, following the
standard model procedure, is simply to adjust the coupling
constants in the general mass lagrangians. The other pos-
sibility is to enlarge the Higgs singlet sector, postulating
one new field for each family. In this last case we have a
hierarchy for neutrino masses.

Model Il

In this model we impose explicit lepton number conser-
vation and k = k¥’ = 0. The Majorana mass terms must
be zero, except for the Higgs singlet coupled to Majorana
mass terms in the neutrino sector that can have two units
of leptonic number. The lepton number is then sponta-
neously broken by this term at a scale sy >~ sgur and the
Higgs singlet coupled to Dirac mass terms is allowed to
be broken at a lower scale. The neutrino mass spectrum
is given by

UI%/SMv
My = Vi /S,

my1 =

MmN, ,Ny, = SMZESD/Q, (46)
and for the charged fermions
Me = VLUR/SD,
mg = Sp. (47)

If we take vy, = Upermi and sy = Squt, then the elec-
tron and quark masses allow a solution given by vy ~
10* GeV and sp ~ 10'° GeV. Here again we have a “see-
saw” mechanism for the electron mass. In this model we
could have an experimentally accessible new neutral cur-
rent, as shown in Fig.1. One light neutrino has a mass
in the 1072-10"3eV range and the other is in the 1—
0.1eV region. These neutrinos are orthogonal and again
we have a new sterile neutrino. The Peccei—-Quinn symme-
try breaking scale reappears in the Higgs singlet sector.
Family replication can be recovered with different Dirac
singlets and for only one Majorana mass scale we can have
a degenerate neutrino mass spectrum.

Model Il1

We consider the same Higgs sector as in Model I, except
for the mixed representation, with a small value for &’.
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Fig. 1. Total cross section for pair and single heavy neu-
trino production for eTe™ collisions at NLC collider with
s'/?2 =2TeV. N, corresponds to a heavy neutrino of the elec-
tron family

The electron mass is changed to m. = k' + vpvr /sgur. If
we adjust k' = m, then there is no need for a large vgr as
in the first model. The down-quark mass is given by the
same value of k’. However, for the up-quark mass we need
a new k ~ k' in the mixed representation and this will
not give a correct neutrino mass. An alternative to this
difficulty is to assume that neutrinos are massless at tree
level and acquire masses through quantum corrections [19,
20]. As this mechanism involves new additional hypotheses
we will not develop the full solution here. We can recover
the bound vg = 10310 GeV and we have the possibility
to test this model through the new Z’ interactions.

The generalization for the other families can easily be
extended from the above arguments. However, the mixing
angle pattern is not so simple. A first approach is to gener-
alize the see-saw mechanism, with mixing angles given by
the mass ratios Opmix ~ m, /my, which are very small num-
bers. There are many models that avoid such a restriction:
the introduction of an arbitrary number of right-handed
neutrinos [21]; some fine-tuning in the neutrino mass ma-
trix [22] and any general singular neutrino mass matrix
can disconnect mixing parameters from mass ratios. So
we will take mixing angles and neutrino masses as inde-
pendent parameters. The high precision experimental data
from LEP and SLC gives the bound [23] sin6?, < 1072
1073,

5. Phenomenological consequences

Let us now turn our attention to some of the phenomeno-
logical consequences of the models developed in the pre-
ceding section. For Model I the high value of vy yields new
gauge bosons out of reach even for the next generation of
accelerators. The model can be tested via the new mirror
fermions, coupled to the standard model neutral current
according to (3.7). New charged leptons are coupled to the
Z proportional to sin? @y and their phenomenology was
extensively studied by many authors [24]. The new neu-
tral heavy lepton’s coupling to Z is suppressed by a factor
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Fig. 2. Invariant eW mass distribution in the process e™e™ —

et ve W™ at NLC with s'/? = 2 TeV and My. = 400 GeV. The
flat part of the curve is the standard model background

w?sin? B < 10~* and can be detected only if heavy neu-
trinos are mixed with light neutrinos. This introduces a
new mixing parameter that is also known to be small [23],
of the order of a2, =~ 1072-10~3. The NN coupling to Z
is suppressed by sin? iy and the light-to-heavy neutrino
coupling to Z is given by a single power of sin ayyix. This
means that single heavy neutrino production is favored
relative to pair production [17,25].

In Fig. 1 we show the total cross section for pair and
single Dirac heavy neutrino production in ete™ collisions
at a new Next Linear Collider (NLC) at s'/2 = 2TeV.
For a single heavy neutrino production we can identify
the signal by its decay in e*WT. These processes can be
readily calculated by using high energy algebraic programs
such as CompHep [26].

In Fig. 2 we show the el invariant mass distribution
for both the signal and standard model background for
ete™ — e, WF and My. = 400GeV. In this pro-
cess we have six diagrams from the new heavy lepton and
twelve from the standard model background [26]. Here
again we can separate the signal from the standard model
background, if we take the upper bound sin® iy <
0.0052 [16].

In Model IT we can have the production of new heavy
neutral gauge bosons with mass scales accessible at hadron
colliders. Dilepton production in hadron—hadron collisions
give a very clear signal for a new Z’. The new facilities
at the Tevatron proton-antiproton collider, with s/2 =
2TeV and a luminosity of 1000 pb™—!, will allow the search
of the new Z’ with masses in the 800-1000 GeV region. For
pp — 7' — (0T, with £ = e, u, we expect 20 events
for a Z' mass of 800 GeV. We have employed the parton
distribution functions CTEQ4m by [27].

The Large Hadron Collider (LHC) facilities using pro-
ton—proton collisions at s'/2 = 14 TeV will attain higher
7' masses in the 1-4 TeV region. We show in Fig.3 the
invariant mass distribution for the Z’ decay at the LHC,
with Mz = 2TeV in the leptonic channel Z/ — (*(T
with / = e, u. For an integrated luminosity at LHC of
100fb~1 and cuts of Ey > 20GeV and |n| < 2,5 we ex-
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Fig. 3. The invariant mass distribution for pp — Z’ — ¢*¢F

(where £ = e or p) for pp collisions at LHC with s'/? =14TeV,
E >20GeV and |n| < 2,5 and Mz =2TeV

pect 1000 events for Mz = 1TeV and only one event for
Mz = 4TeV. New heavy neutrinos can also be coupled
to new heavy neutral gauge bosons and can be produced
at the new large hadron collider. A detailed study of these
possibilities was made in [28].

6. Conclusions

In conclusion we have shown that spontaneously broken
parity models with a consistent fermion mass spectrum
can be built at intermediate scales ranging from 102 to
10'° GeV. New mirror fermions are present and can be
connected to ordinary fermions through neutral currents.
We propose a simple Higgs sector for the model that al-
lows several physically interesting solutions. The charged
fermion masses can be generated by a “see-saw” mass re-
lation, analogous to the neutrino sector. Various scenarios
for neutrino masses are possible and a clearer experimental
definition of the neutrino masses will allow one to test their
reality. The neutral heavy gauge bosons Z and Z’, coupled
to ordinary and new mirror fermions, are expected to play
a fundamental role in the understanding of the left-right
symmetry. This is a departure from other models [2,29]
that propose gravitation as the connection between the
left and right sectors. Experimental consequences of the
model could be found at the next generation of colliders.
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