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Despite its great success in explaining the basic interactions of nature, the standard model suffers
from an inability to explain the observed masses of the fundamental particles and the weak mixing
angles between them. We shall survey a set of possible extensions to the standard model, employing
an SU(2) “horizontal” gauge symmetry between the particle generations, to see what light they can

shed on this problem.
PACS number(s): 12.15.Ff, 12.15.Cc

I. INTRODUCTION

One of the most important unresolved problems in par-
ticle physics is the origin of the fermion mass spectrum
and the mixing angles between the quark fields. One
avenue of investigation into this problem is that of hori-
zontal symmetry. This idea proposes a new symmetry to
exist between the different generations of particles. Var-
ious symmetries have been investigated in the literature,
both discrete [1-3] and continuous. Possible continuous
symmetries to look at are U(1) [4-6], SU(2) [7-15], and
SU(3) [16-19] symmetries. While there has been consid-
erable work on SU(2) horizontal symmetry models, such
investigations have been based on only a few possible sets
of fermion and Higgs-boson assignments.

In this paper we shall survey all the possi-
ble particle assignments under SU(2) looking at
the predictions made by each model for the tree-
level mass spectrum and the tree-level Kobayashi-
Maskawa (KM) matrix. The gauge group is thus
taken to be SU(3)c®SU(2)y®SU(2),®U(1)y, where
SU(3)c®SU(2),®U(1l)y is the standard model gauge
group and SU(2) g is the horizontal gauge group.

Before investigating this extended model, we shall take
a brief look at the qualitative features of the observed
fermion mass and mixing angle spectrum, to gain an idea
of the sort of results we wish to see coming from the
models incorporating horizontal symmetry.

Table I displays the masses of the fundamental charged
fermions (neutrinos are taken to be massless in the first
part of this report — bounds on the neutrino masses will
be given in Sec. IV). The first and most obvious thing to
note about the mass spectrum is the progressive increase
in mass with each generation. One way for this to come
about, and the view that is taken in this paper, is for the

J

higher generation masses to result from first-order, or
tree-level, terms in the Lagrangian. In this paper, these
tree-level interactions are taken to be Yukawa couplings
between fermion fields and Higgs multiplets. The hori-
zontal symmetry is spontaneously broken, with neutral
Higgs components acquiring nonzero vacuum expectation
values (VEVs), and through the tree-level Yukawa inter-
actions with the particle fields, this generates the larger
masses and mixing angles. The earlier generation masses
are then presumed to result from radiative corrections
at the one-loop level and higher. To generate these ra-
diative corrections will require further extensions to the
horizontal model. What we hope to see in the models
investigated in this paper then, are tree-level mass spec-
tra that give nonzero values for the masses of the heavier
fermions and the larger mizing angles, while leaving the
lighter fermion masses and smaller mizing angles to be
generated through higher-order interactions.

Also notable about the mass spectrum is an approx-
imate hierarchy between the fermion sectors, with each
charge % quark (the “up” quarks) being heavier in gen-
eral than the charge —% quark (the “down” quark) of
the same generation, which in turn is heavier than the
charged lepton of that generation. The exception to this
general trend is the up quark, whose mass is a little
lighter than the down-quark mass. Hence, we might ex-
pect to see tree-level masses for the “up” quarks only, or
maybe the “down” quarks as well, while the charged lep-
tons (at least the lighter ones) would probably only gain
masses through higher-order corrections, which would be
expected to be naturally smaller.

There is also the matter of the mixing angles between
the two quark sectors. Equation (1) displays the ex-
perimentally determined values for the entries in the
Kobayashi-Maskawa (KM) matrix [20]:

0.9747 — 0.9759 0.218 —0.224 0.001 — 0.007

Ukm =

0.218 — 0.224 0.9734 —0.9752 0.030 — 0.058 | . (1)

0.003 — 0.019  0.029 — 0.058 0.9983 — 0.9996
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TABLE I. Observed masses of fundamental particles [39, 40].
Mup ~ 5.6+ 1.1 MeV Mcharm ~ 1.35 £ 0.05 GeV Mtop > 89 GeV
Mdown ~99+1.1MeV Mstrange ~ 199 + 33 MeV Mbottom ~ 5 GeV
Melee 0.511 MeV_ Mumuon 105.7 MeV  Miauon 17841337 MeV

To a first approximation, the KM matrix can be taken
as the identity matrix, so following the above prescrip-
tion, one would hope to find this appearing at the tree
level. An alternative would be a model that also gener-
ates the Cabibbo angle at tree level, as this angle is of a
comparable size to the diagonal entries. The other two
mixing angles are, however, relatively small, so that while
it may be feasible to generate the mixing angle between
the second and third generations at tree level (although
this would require some accurate cancellations between
the parameters of the model to keep this value small), it
would be very improbable that a model would naturally
generate a tree-level value for the mixing angle between
the first and third generations without also generating
one or both of the other angles.

As will be seen, many of the models give quite reason-
able mass spectra, but they often have trouble with these
mixing angle hierarchy problems. Six models, however,
do show a fair amount of promise.

The plan of the remainder of this paper is as fol-
lows: Section II tables the possible representations un-
der SU(2) g for the various fermion fields and all possible
particle assignments consistent with anomaly cancella-
tion in the absence of right-handed neutrinos are deter-
mined. A sample analysis of one model is given. Section
III presents an analysis of the results for the various pos-
sible Higgs multiplets in each model (while it is certainly
feasible to combine various of the possible Higgs multi-
plets within a model, in this paper the results for each
Higgs multiplet within a given model will be looked at in-
dividually, with only occasional comments on combining
multiplets). In Sec. IV, the effects of adding in right-
handed neutrinos are investigated. In Sec. V, limits on
horizontal gauge boson masses and problems associated
with horizontal symmetries are discussed and one method
for resolving some of these problems is presented. Section
VI gives a summary of important results.

II. ANOMALY-FREE SU(2)y SPECTRA IN THE
ABSENCE OF RIGHT-HANDED NEUTRINOS

The number of generations of particles is taken to be
three. This is in accord with data on the Z width from
the CERN ete™ collider LEP [21] which places the num-
ber of light neutrinos at

N, = 3.00 = 0.05. (2)

While this does not exclude higher generations, the neu-
trinos in these generations would be very massive and
initially we will be considering only models with massless
neutrinos (no right-handed neutrinos). Later, the possi-
bility of including right-handed neutrinos will be looked
at, although the number of generations will still be taken
to be three. With three generations, each of the fermion
fields I, er, gL, uR, and dg may transform under SU(2) g
as either a triplet, a doublet and a singlet, or as three
singlets. To decide which of these combinations of rep-
resentations are reasonable, global and gauge anomaly
cancellation is imposed. Gauge anomaly cancellation is
satisfied if the [SU(2)x)?U(1)y anomaly cancels out be-
tween the lepton and quark fields, while global anomaly
cancellation requires that there be an even number of
SU(2)g doublets. Tables II and III show the values for
these anomalies for the various possible ways of assigning
representations to the particle types.

Comparing the values from these tables, fourteen the-
ories satisfying gauge and global anomaly cancellation
appear. They are

L1 + @, Ly + Qs,
L2 + Q57 L3 + Q47
Ls + Q12, Ls + Qus,
Le + QIO; Le + Qll’ (3)
L7 + Qus, Ls + Q1s,
L1 + Qoa1, Lo + Qa,
Lo + Qs, Lg + Q2.

TABLE II. Possible lepton SU(2) g representation assignments.

L er Gauge anomaly Global anomaly

contribution (No. of doublets)
L, 3 3 0 0
L, 3 201 —6 1
Ls 261 3 6 2
Ly 201 201 0 3
Ls 3 l1e1e1 -8 0
Lg 1191 3 8 0
L, 201 lo1o1 -2 2
Lg 1141 261 2 1
Lo 191@1 19101 0 0




47 SYSTEMATIC STUDY OF FERMION MASSES AND MIXING . .. 243
TABLE III. Possible quark SU(2)x representation assignments.
qr UR dr Gauge anomaly Global anomaly
contribution (No. of doublets)
Q1 3 3 3 0 0
Q2 3 291 3 12 3
Qs 3 3 201 -6 3
Q4 <] 3 3 -6 6
Qs 3 291 261 6 6
Qs 201 291 3 6 9
Q7 291 3 201 —12 9
Qs 291 201 201 0 12
Qo 3 1101 3 16 0
Q10 3 3 1101 -8 0
Q11 111 3 3 —8 0
Q12 3 10101 10101 8 0
Q13 111 l1ele1 3 8 0
Q14 111 3 l1eo1le1 —16 0
Q15 291 111 291 4 9
Q1s 291 2091 1911 -2 9
Q7 19101 201 21 -2 6
Qs 291 16161 lole1l 2 6
Q1o 19161 19101 201 2 3
Q20 191e1 201 191e1 —4 3
Q21 111 111 1e1e1 0 0
Q22 3 201 19101 4 3
Q23 3 o101 241 10 3
Q24 291 3 1911 —-14 6
Q25 201 1611 3 10 6
Q2 l1e11 3 291 -14 3
Q27 o1l 261 3 4 3

The last of these models is just the standard model,
and therefore of little interest to the present endeavor.
For each of the other models, the Yukawa couplings be-
tween the fermions and Higgs particles will be found, and
the possible Higgs multiplets for that model determined.
From there, the pattern of masses and mixing angles will
be found. For the sake of brevity, only one model is
worked out in any detail here, with the next section pro-
viding a table of results, and a discussion of the features
of the models.

By way of illustration, we will now explicitly analyze
the Lg + Q16 model. We will first determine which Higgs
multiplets can couple to the quark and lepton bilinears
through Yukawa coupling terms. We will then take each
possible Higgs multiplet in isolation, and determine what
fermion mass and mixing angle spectrum results after
spontaneous symmetry breaking. The fermion assign-
ments under SU(3)c®SU(2)z®SU(2)L,®U(1)y for this
model are found to be

(4)

This gives the Higgs-fermion interactions

Lt = AlirerXxC + Ailir e3r ¢C + AaTL ur @
+Xa T ur A+ A5 Tp usr X + Aei Ty dir X©
+A7Q3r, UR X + A8 Q3L U3R ®

+MXo; Q31 dir ¢C + H.c., (5)
where the Higgs multiplets are
6~ (1,1,2)(-1),
x ~ (1,2,2)(-1), (6)

A~ (1,3,2)(-1),

and ¢C and x€ are the charge conjugates of ¢ and x re-
spectively — ¢€ = iT2¢* where 7 is the usual Pauli ma-
trix operating in SU(2), space and x© results from sim-
ilar transformations in both SU(2); space and SU(2)y
space.

We look at each of these three Higgs possibilities in iso-
lation. First, consider the terms involving ¢. This Higgs
multiplet has one neutral component, which gains a vac-
uum expectation value (VEV), spontaneously breaking
the gauge symmetry. Setting (¢°) = v gives the mass
terms

Llermion — T MUUY + Dy MP Dy + ELMPE} + H.e.
(7
where U’ = (u/,c,t)T, D' = (d,¢,V)T, E =

(¢/,u',7)T (primes are used to denote that these are
weak eigenstates, not mass eigenstates). Also,
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/\3’U 0 0

MU=1| 0 Xgv 0 | =DY, (8)
0 0 )\31)

0 0 0

MP=| 0o o0 o0

Ao1¥ Ag2¥ Ag3v

, (9)

00 /\21‘U
00 /\22’0
00 /\23’!)

MP = : (10)

where MYV, MP, MP are the (undiagonalized) mass ma-
trices for the charge % quarks, charge —% quarks, and the
charge —1 leptons, respectively, and DV, DP, DF are the
corresponding diagonalized (mass eigenstate) matrices.
The mass eigenstate fields are of the form

Up =ALUL, Ugr= AgrUr, D} =BrDy,
(11)

Dy = BgrDpg, E7 =CLE;, ER = CRgrERg,

where Ap r, Br,r,CL,r are unitary matrices, and

Al MYAR = DY, BIMPBg=DP, C}MFCr= DF.
(12)
Clearly Ar = Agr = I3x3. It turns out that the simplest
choice for By, is Isx3 as well. Thus the KM matrix, given

by Uxkm = ALBL, is simply the identity matrix at tree
level. DP and D¥ are found to be

= (A3 + 23, + A3 P (13)

) . (14)

So the tree-level results for this model are

O OO
[N N
= o O

1
= (A3) + A%, + A33) 7

[oNeNe]
[e> e en]
Ll =N e)

Massive: u, ¢, t, and b quarks and the lepton 7 ;
Massless : d and s quarks and the leptons e and y ;
KM matrix: Ugm = I3x3 .

(15)

These tree-level results are quite good, with the excep-
tion of the up-quark sector. Here we have either

My = Me or Me = My. (16)

Observationally, m; > m. > m,. In order to satisfy
this, one must generate radiative corrections of similar
magnitude to the tree-level results. If, for example, we
take m, = m,, at tree level, we need to generate radiative
corrections of the order of the (tree-level) charm quark
mass, splitting the masses of the up and charm quarks,
and balanced so as to cancel the up-quark mass almost
exactly (in comparison with the magnitude of the charm
quark mass). While this is not impossible, it seems un-
likely that such precise balancing would occur naturally.

47

We now move on to the next Higgs multiplet, y ~ 2
[under SU(2)g], which transforms according to

X — ULng, (7)

where Uy represents a (unitary) rotation in SU(2).
space, and Uy is a (unitary) rotation in the horizontal
space. In matrix notation,

0 0
X1 X2
= ot ). 18
X (X1 X2) (18)

Both neutral components will gain VEVs when the hor-
izontal symmetry is broken: (x?) = w1, (x3) = w,. This

leads to
0 /\511)2 0
MY =|-2w 0 Xuw|, (19)
0 )\51U1 0
—Ag1W1 —Ag2W1 —Ae3Wi
MP = 0 0 0 , (20)
Ae1wWe  Agawz  Agazwz
Aunwz 0 Apjwy
ME = )\12102 0 )\1211)1 . (21)

Azwz 0 Apzw,

Diagonalizing these matrices gives

X 00 O
DY = (w?+w2)"2{0X 0], (22)
0 0 X
L 000
=[(A8 + A% + A%)(wi+w)]Z 000 ), (23)
001
000
=[O + 3L+ AR @i +wdlt (000, (29
001
along with
1 wl
Ap = (w? +w?)"2 0 (w? +w 2)3 O (25)
—wy
1 w2
Br=(wi+w)" 2| 0 (w? +w2)5 (26)
wq
Hence the KM matrix is
00 -1
Usm= (01 0 |. (27)
100

In such cases, a second x Higgs multiplet may be added
(see Ref. [14]), having the effect of altering Uk to

cos@ 0 siné
Ukm = 0 1 0 . (28)

—sin@ 0 cosé
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It would be quite impressive if the angle 6 could be
identified with the Cabibbo angle; however, the location
of the nonzero entries in the diagonalized matrices DV
and DP precludes such an interpretation. The bottom-
right entry in DP is taken to be the bottom quark mass,
implying that 6 represents mixing between the third and
first generations [where m; is taken to be \s and m, is
taken to be A7, that is, the bases between which the KM
matrix in Eq. (28) operates are the standard bases (u, ¢, t)
and (d, s, b) — other assignments are possible but lead to
KM matrices with zero diagonal entries]. Since experi-
mentally the KM matrix entries K;3 and K3; are found
to be very small (~ 0.004), this is not a good result. It is
possible that the parameters of the model could be made
to cancel so exactly as to yield such a small quantity for 8
and also generate the much larger Cabibbo angle through
radiative corrections, but the aim is to find models in
which this happens naturally, rather than requiring the
parameters to be carefully set “by hand.”

Hence, while the mass spectrum for this model is excel-
lent, providing tree-level masses for t,c,b and 7 (in line
with the observed relations m; > m. >~ mp ~ m, > all
other masses), the model suffers from a severe hierarchy
problem in the KM matrix.

A lesser problem, but one that crops up frequently, is
the hierarchy between those masses that are generated at
tree level. In this case, the same term in the Lagrangian
has generated (generally) different masses for the top and
the charmed quark, but a large difference between the
values of the coefficients A5 and A7 would still be required
to explain why the observed split between the masses of
these two particles is as great as it is (approximately two
orders of magnitude).

The last Higgs multiplet for the Lg 4+ Q16 model is the
A ~ 3 multiplet. This is a symmetric tensor in SU(2)gy
space, A¥, where o = 1,2 indexes the weak isospin of
the components and ,5 = 1,2 are SU(2)y indices. The
A Higgs multiplet transforms according to

AY — AF = (UL)§(Un)F(Un);A%. (29)

There are three neutral components, A}, A, andA}:

3 A 23
AY = a0 Z% : (30)
7 Bs

These neutral components acquire VEVs: (A%) = z,,
(A9) = za, (AY) = z3. Only the “up” quarks couple to
this Higgs multiplet, hence the “down” quarks and the
charged leptons will remain massless at tree level. Fur-
thermore the KM matrix becomes irrelevant at tree level
as the massless “down”-quark states may be freely ro-
tated into superpositions of each other, making the KM
matrix elements unphysical. In the “up”-quark sector,

v % —T1 0
M® ==z - 0f, (31)
0 0 0

leading to two massive quarks (c and t) upon diagonaliz-
ing. This easily explains the fermion sector hierarchy,

with the charge % quarks having greater masses than
the other fermions of their respective generations, leaving
room also for the up and down quarks to have compara-
ble masses, but it seems a little strange to require that
radiative corrections give masses to the bottom quark
and the 7 comparable to the charm quark mass (it is
possible if the radiative corrections are proportional to
the top quark mass, but the hierarchy between the top
and charmed quarks is unexplained).

III. TREE-LEVEL RESULTS

Having analyzed one model in detail, we now turn to
Table IV which provides a summary of the results for all
of the models (except the SM) in Eq. (3).

As can be seen from this table, in many cases the
mass spectrum is found to give satisfactory results. Typ-
ically, the third generation only will receive masses, leav-
ing the other generations to obtain their lesser masses
through radiative corrections. This occurs in the models
L7 + Qis, Le + Q11, Ls + Q12, L3 + Q4 (for the A Higgs
multiplet) and L; + Q; (A Higgs multiplet).

In other cases some or all of the second generation par-
ticles also gain tree-level masses (the x Higgs multiplet
in Lg + Q16, A in L + Q10, X and ¢ in L3 + Q4, x and
A in Ls + Qg, and A in L1 + Qg), although a couple of
these models yield strange relations, not existent in the
observed spectrum, which seem unlikely to be resolved
naturally by the radiative corrections. An example of
this is the x ~ 2 Higgs multiplet from the model Lz + Q4
in which the second generation masses are found to be
related to the third generation masses by the equation
mg = % — a relation which needs to be strongly bro-
ken by higher-order effects in order to match the observed
difference in masses between these two generations. The
x Higgs multiplet from the model Ls + Q¢ also suffers
from this defect.

A further problem with such models is that, while the
one Yukawa coupling term may generate different masses
for two or three of the fermions in a given sector (for in-
stance, to the charm and top quarks), it is hard to accept
that this will naturally explain the order-of-magnitudes
splitting between the masses of particles of different gen-
erations.

Another pattern occasionally emerging is for just one
or two sectors (for example, only the “up” quarks) to be
given masses. If the sectors that receive masses are the
heavier “up” quarks — possibly along with the “down”
quarks — then this is quite feasible, especially if radiative
corrections then couple together particles within each
generation, so that the bottom quark and the 7 receive
masses by interactions with the top quark and so on for
the other generations. Such a pattern agrees with the
observed hierarchy between the sectors; however, the ob-
served relation m, < mg may prove troublesome in such
a scheme. Models that follow this pattern are Lg + Q16
(A Higgs multiplet), Le + Q10 (¢ and ¥), Ls + Q13 (¢),
Ly+Qs (¢), L1 +Qs (x), Lo+ Qs (x and A), and Lo +Q1
(for the A and 3 Higgs multiplets).

There are also a few models generating masses for all
the particles. Most, such as the ¢ ~ 1 Higgs multiplet
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possibility from the model L; + Qs, that have equal
masses (here, the leptons all have the same mass while
two charge % quarks share one mass and two charge —%—
quarks share another), seem a little unlikely (other mod-
els in this category are L; + Q1, Lg + Qs, Lg + @1, and
L1 + Q21 — looking at the ¢ Higgs multiplet in each
case). The one case that avoids these dubious equalities,
the v Higgs multiplet transforming as a 5 under SU(2)x
in the L; + @Q; model, may provide some reasonable re-
lations reducing the arbitrariness of the mass spectrum
and the KM matrix, but the algebra can be extremely

dense and this case is of limited interest. This model
has, however, received some attention from Wilczek and
Zee [11] among others [12, 13]. Their work focuses on a
model combining the A and % multiplets from L;+@Q1, in
which the form of the Higgs potentials reduces the num-
ber of nonzero components in the Higgs multiplets. The
result is a model that generates tree-level masses for the
second and third generations, along with Uxm = I3x3.
Although many of the models produce satisfactory re-
sults for the mass spectrum of the particles, the KM ma-
trix is often not so good. For those cases where one of

TABLE IV. Summary of tree-level results.

Models Higgs multiplet Mass relations KM Matrix
Ls + Q16 ¢~1 masses for u, ¢, ¢t (two being equal); b; T Ukm = Izxs
X~ 2 masses for ¢, t; b; T 1-3 mixing angle
A~3 masses for ¢, ¢ unphysical
L7 + Q18 p~1 masses for ¢; b; T Uxkm = Isxs
X~ 2 masses for ¢; b; T 2-3 mixing angle
Le + Q11 A~3 masses for t; b; T 1-3 and 2-3 mixing angles
Le + Q10 ¢~1 My = Mce = My unphysical
A~3 masses for c, t; b; T zero diagonal entries
Pp~5 masses for u, c, t unphysical
Ls + Q13 p~1 masses for u, c, t unphysical
A~3 masses for b; T unphysical
Ls + Q12 A~3 masses for t; b; T 1-3 and 2-3 mixing angles
L3 + Q4 x~ 2 me =Tk, m, = %-%, my = & 2-3 mixing angle
A~3 masses for t; b; T Ukm = Isxs
(~4 masses for c, t; s, b; u, T 2-3 mixing angle
L2+ Qe ¢~1 masses for u, ¢, t — two masses equal unphysical
X~ 2 me = %, my = %-72-, masses for ¢, ¢ zero diagonal entries
A~3 masses for c, t; b; T 2-3 mixing angle
(~4 masses for s, b; u, T unphysical
L; +Qs ¢~1 all massive, many equal masses Ukm = Iaxs
x~ 2 masses for c, t; s, b Cabibbo angle
A~3 masses for ¢, t; s, b; T Ukm = Isxs
PY~5 masses for e, u, T unphysical
Ly +Q1 p~1 three equal masses for each sector Ukm = I3xs
A~3 masses for ¢; b; T 1-3 and 2-3 mixing angles
P~5 all massive all entries nonzero
Lo+ Qs p~1 all massive, some equal Uxkm = Isx3
X~ 2 masses for ¢, ¢; s, b Cabibbo angle
A~3 masses for ¢, t; s, b UkMm = Isx3s
Lo + Qn p~1 all massive, many equal masses Ukm = Taxs
A~3 masses for t; b 1-3 and 2-3 mixing angles
PY~5 masses for all quarks all entries nonzero
Li+ Q2 p~1 all massive, me = m, = m, all entries nonzero
A~3 mass for 7 only unphysical
Y~5 masses for e, u, T unphysical
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the quark sectors remains totally free of any masses at
tree level, then the KM matrix entries will be unphysical
(as is the case for the A Higgs possibility from Lg + Q1s,
looked at in Sec. II). Nothing further can be said about
these models until the nature of the radiative corrections
is determined.

An occasional model produces a KM matrix such as

Uxkm = (32)

N ©O
o n N
o N N

where z represents a nonzero entry. These are tabulated
as “zero diagonal entries,” and clearly differ from the
observed form for this matrix.

Many models produced finite values for some or all of
the off-diagonal entries in the KM matrix. Where the
first and second generation members of one (or both)
quark sector(s) have zero mass at tree level, the corre-
sponding 2x2 submatrix in the KM matrix is unphysi-
cal, and these entries can be eliminated. Often this leaves

Massive : top and bottom quarks and the lepton 7 ;

Massless : up, down, charm, and strange quarks and the leptons e and J7AN

KM matrix : Ugm = I3x3 .

It is left to radiative corrections to assign smaller masses
to the initially massless first and second generation par-
ticles and to provide values for the off-diagonal entries in
the KM matrix. This particular model has been looked
at by Babu and Mohapatra [15]. In their paper, Babu
and Mohapatra obtain radiative corrections for the model
by proposing the coexistence of the x ~ 2 Higgs multi-
plet and also adding scalar fields of the type we describe
in Sec. V. By assuming conservation of the 7 lepton
number, and assigning L, = —1 to the x multiplet, the
neutral components of this multiplet are prevented from
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a nonzero result for the angle(s) mixing the second and
third generation quarks and/or the first and third gen-
eration quarks. One then has a hierarchy problem in
explaining how these angles eventually acquire their ob-
served values. The problem is particularly severe where
the 1-3 generation mixing angle is nonzero, as this an-
gle is measured to have a value of about 0.004 that of
the diagonal entries, a hierarchy of the order of 1/200.
The 2-3 generation mixing angle hierarchy is less severe
(~ 1/20), and models generating this angle at tree level
are feasible though not very satisfactory.

The most hopeful models are those for which the tree-
level KM matrix is simply the identity matrix, or those
which generate a finite value for only the 1-2 generation
mixing angle (the Cabibbo angle).

Of all the models, then, taking into account both the
mass spectra and the KM matrix results, six models look
most promising.

The first of these cases is the model Ly + Q15 with the
¢ ~ 1 Higgs multiplet. The tree-level predictions for this
model are the following:

(33)

[

gaining VEVs, thus leaving the mass matrices unchanged
at the tree level, while allowing for radiative corrections
at the one-loop level and beyond.

The second model is Lz + Q4 with the A ~ 3 Higgs
multiplet. The predictions from this model are identical
to those of the previous model, namely tree-level masses
for the third generation particles (¢, b, and 7) and a tree-
level KM matrix equal to the identity matrix.

The next model, L; + Qg with the A ~ 3 Higgs mul-
tiplet, generates masses for most of the first and second
generation particles:

(34)

Massive : top, bottom, charm, and strange quarks and the lepton 7 ;
Massless : up and down quarks and the leptons e and u ;
KM matrix : Uxm = Izxs -

This approximates very well the observed mass spectrum,
and again gives Uxym = Isx3 at tree level, although the
origin of the hierarchy between the second and third gen-
erations is not clear from these tree-level results.

The L; + Qg model with the x ~ 2 Higgs multiplet
proposes tree-level masses for the four heaviest quarks
(t, b, ¢, and s) leaving all the leptons massless. Also,
if a second x Higgs multiplet is added in, this model
generates the Cabibbo angle at tree level. This is an
excellent result, except for the lack of a tree-level mass for
the 7. The masslessness of the leptons could possibly be
fixed by combining the x Higgs multiplet with the ¥ ~ 5
multiplet, which generates (distinct) masses for all three
leptons. If this is done then the radiative corrections will
need to be able to explain how the initially massless first

[

generation quarks (u and d) receive masses generated at
higher order which are of greater magnitude than the
(tree-level) electron mass.

Finally, two Higgs multiplets from the Lg + Qg model
look promising. In this model, only the quark fields trans-
form in a nontrivial manner under the horizontal symme-
try, the leptons behaving just as they do in the SM. Both
of the Higgs multiplets generate masses for the second
and third generation quarks, leaving the leptons mass-
less at tree level. The x ~ 2 Higgs multiplet generates a
tree-level Cabibbo angle, while the other Higgs multiplet,
A ~ 3, leaves the KM matrix equal to the identity matrix
at tree level. Again, these results are in good agreement
with the observed mass spectrum, but the masslessness
of the 7 is a little problematical.
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IV. MODELS INCORPORATING
RIGHT-HANDED NEUTRINOS

This section will look at the effect of including right-
handed neutrinos (RHNs) in the particle spectrum. Since
these neutrino fields are invariant under transformations
of the SM gauge group (although not necessarily under
the horizontal gauge group), there will be no contribution
from these fields to the gauge anomaly. The contribution
of the RHN fields to the global anomaly will also be zero
if the neutrinos transform either as three singlets or as
a triplet under SU(2)g (“N1” or “N3”, respectively, in
Table V), and will be one doublet if the fields transform
as a singlet and a doublet (“Ny”). This leads to a total
of 35 models for analysis:

Ly + Q1 + Ny, Ly + Q1+ Ns,
Ly + Qs + N, Li + Qs + Ns,
L2+Q5+N21
Lz + Qs + N1, Lz + Qs + N3,
Lz 4+ Q3 + No,
L3 + Q4 + N1, L3 + Q4 + N3,
Ly + Q1 + N2,

Ly 4+ Qs + Na,
Ls + Q12 + Ny,
Ls + Q13 + N,
Le + Qo + M1,
Le + Q11 + N1,
L7 + Q18 + M1,
L7 + Q19 + N2,
Lg + Q16 + Ni,
Lg + Q17 + N2,
Ly + Q21 + Ny,
L4 + Q21 + Na,

Ls + Q12 + N3,
Ls + Q13 + N3,
Le + Q10 + N3, (35)
Le + Q11 + N3,
L7 + Q18 + N3,

Lg + Q16 + N3,

Li + Q21 + Ns,

Lo + Q1 + N,
Lo + Qs + Ny,
Lg 4+ Q21 + Ni,

Ly + Q1 + N3,
L¢ + Qs + N3,
Ly + Q21 + Ns.

Some new complications arise in the analysis of these
models. First, along with the KM matrix operating be-
tween the quark fields, we now have a lepton mixing ma-
trix, Us,,, operating between the charged leptons and the
neutrinos. Second, experiments to date have credited the
neutrinos with either zero, or very small, masses — typi-
cally orders of magnitude less than for the other particles
in a given generation. Table VI shows the current bounds
on the neutrino masses resulting from accelerator and
double-beta decay measurements. This implies a disqui-
etingly large disparity between the values of the Yukawa
coupling constants in the mass terms for the neutrinos
and the corresponding terms for the other fermion sec-
tors. One way of avoiding this disparity is to invoke the
seesaw mechanism [22-24] which allows for comparable
Dirac neutrino masses for all the particles, but provides
small observable Majorana masses for the neutrinos. Ta-
ble V displays the results for the above models (with the
exception of the model Lg + Q21 + N; which is the same
as the SM with RHNs and no horizontal symmetry).

Since the charged fermion sectors have been dealt with,
in studying these models all of the comments made in Sec.
IIT will apply here also. Many of the cases can be dis-
regarded because they suffer from problems in the quark

sectors or the charged lepton sector. Others suffer from
unfavorable KM matrix results. Those models that show
promise after this initial filtering are then subject to anal-
ysis to see what they predict for the neutrino sector.

For several of these models, it will be seen that the
RHNs do not couple to some of the possible Higgs mul-
tiplets. In these cases the neutrinos remain massless at
tree level, acquiring masses only — if at all — through
radiative corrections, providing a natural reason for the
small or zero masses observed for these particles.

For other cases, investigation is hampered by the lack
of data concerning the precise masses of the neutrinos,
and the values of the mixing angles between the two lep-
ton sectors. Leaving aside the possibility that the neutri-
nos are, in fact, massless, the smallness of their masses
can be explained through the so-called seesaw mecha-
nism. Here, the neutrinos initially acquire Dirac masses
of comparable size to the masses of the other fermion
sectors. The RHN fields, however, also develop very
large Majorana masses. The observed neutrino masses
are then those resulting from diagonalizing the matrix
below:

Lo = 2GR (e 1p ) (%2°). a0

VR

where m is a three-by-three matrix of Dirac masses, and
M is the corresponding matrix of Majorana masses. The
eigenvalues for this matrix are, for M large, M (assumed
to be unobserved as yet) and m2/M. The latter value
is the observed result, and can clearly be very small for
large values of M. In general, for a similar spread of val-
ues, the Dirac neutrino masses should have more impact
on the (observable) neutrino mass hierarchy as the lat-
ter depend on the difference of the squares of the Dirac
masses, while only depending on the (linear) difference
of the Majorana masses.

It is worth noting that the Majorana terms in the La-
grangian may arise from Yukawa couplings of the form

Lyux = A (vr)® o vr (37)

where o is a scalar under the standard model gauge
group, but not necessarily under the horizontal gauge
group. For example, if the RHNs transform as a triplet
under SU(2)y, then o could be either a 1, 3, or 5 un-
der the horizontal gauge group. Such scalar fields are
ideal both for breaking the horizontal symmetry at a
high energy and for generating radiative corrections, as
described in Sec. V. Furthermore, the very high VEVs
that these fields need to develop to fulfill this function
automatically assure that the Majorana masses will be
extremely high.

In Table V, the neutrinos have been labeled v, v2, and
v3, since it cannot be said what mixture of these mass
eigenstates corresponds to the weak eigenstates, v, v,
and v,. This is, of course, because the nature of the lep-
ton mixing matrix is largely unknown. If the off-diagonal
entries of this matrix were large, however, then noncon-
servation of the individual lepton numbers L., L,, and
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TABLE V. Summary of results for models with RHNs.
Models Higgs multiplets Mass relations KM matrix Lepton matrix
Lg + Q17 + N2 p~1 masses for ¢; b; ; v3 1-3 and 2-3 1-3 and 2-3
mixing angles mixing angles
X~ 2 masses for ¢; b; T; v3 1-3 and 2-3 1-3 and 2-3
mixing angles mixing angles
Ls + Q16 + M1 p~1 masses for u, ¢, t Ukm = Izxs all entries
(two being equal); b; 7; all v’s nonzero
X~ 2 masses for ¢, t b; T 1-3 mixing angle unphysical
A~3 masses for c, t unphysical unphysical
Lg + Q16 + N3 p~1 masses for u, c, t Uxkm = Isxs unphysical
(two being equal); b; T
X~ 2 masses for ¢, t; b; T 1-3 mixing angle unphysical
A~3 masses for c, t; vs unphysical unphysical
L7+ Q19+ N2 p~1 masses for u, c, t; all entries Uey = I3xs
by =rv2a=uv3 nonzero
X~ 2 masses for b; 7; v, v3 unphysical 1-3 mixing angle
A~3 masses for va, v3 unphysical unphysical
L7+ Qs + N1 ¢p~1 masses for ¢; b; T; v3 Uxkm = Izxs U.y = I3xs
X~ 2 masses for t; b; 7; v3 2-3 mixing angle 1-3 or 2-3
mixing angle
L7 + Q18 + N3 p~1 masses for t; b; T Uxkm = I3x3 unphysical
X~ 2 masses for t; b; 7; 2-3 mixing angle 2-3 mixing angle
My, = —\/—uf'
Le + Q11+ M $p~1 all v’s massive unphysical unphysical
A~3 masses for ¢; b; T 1-3 and 2-3 unphysical
mixing angles
Le + Q11 + N3 A~3 masses for ¢; b; T; v3 1-3 and 2-3 1-3 and 2-3
mixing angles mixing angles
Le + Q10 + N1 ¢~1 My = Me = My, unphysical unphysical
all neutrinos massive
A~3 masses for ¢, t; b; T zero diagonal unphysical
entries
YP~5 masses for u, c, t unphysical unphysical
Le + Q10+ N3 p~1 My = Me = My unphysical unphysical
A~3 masses for ¢, t; b; T; vs zero diagonal 1-3 and 2-3
entries mixing angles
Y~5 masses for u, ¢, t unphysical unphysical
Ls+Qiza+ M p~1 masses for u, c, t unphysical unphysical
A~3 masses for b; 7; v3 unphysical 1-3 and 2-3
mixing angles
Ls + Q13 + N3 o~1 masses for u, ¢, t; unphysical unphysical
3 equal v masses
A~3 masses for b; T; v2, V3 unphysical zero diagonal
entries
Ls + Q12 + N1 A~3 masses for t; b; T; v3 1-3 and 2-3 1-3 and 2-3
mixing angles mixing angles
Ls + Q12 + N3 ¢~1 3 equal v masses unphysical unphysical
A~3 masses for t; b; T; v2, U3 1-3 and 2-3 zero diagonal
mixing angles entries
P~5 3 v masses unphysical unphysical
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TABLE V. (Continued).

Models Higgs multiplets Mass relations KM matrix Lepton matrix
Ls+ Qs + N2 p~1 all massive, Uxkm = I3x3 U.y = Isxs
many equal masses
X~ 2 masses for ¢, t; s, b; u, T; V2, V3 Cabibbo angle 1-2 or 1-3
mixing angle
A~3 masses for c, t; s, b; wu, 7; V2, V3 Ukm = I3xs Uev = Izxs
Li+ Q1+ N2 ¢p~1 all massive, Ukm = I3xs Ueyr = I3zxs
many equal masses
X~ 2 masses for u, 7; v2, V3 unphysical 1-2 or 1-3
mixing angle
A~3 masses for t; b; u, T; V2, V3 1-3 and 2-3 Uev = Izxs
mixing angles
YPp~5 masses for u, ¢, t; d, s, b all entries unphysical
nonzero
L3+ Q4+ N ¢p~1 mass for vz only unphysical unphysical
X~ 2 me = %; ms = '—"\7_'21; 2-3 mixing angle 1-3 or 2-3
my = %g; mass for vs mixing angle
A~3 masses for t; b; T UxkMm = Izxs unphysical
(~4 masses for ¢, t; s, b; u, T 2-3 mixing angle unphysical
L3+ Qs+ N3 x~ 2 me = Tk ms = %; 2-3 mixing angle 2-3 mixing angle
T
A~3 masses for t; b; T; v3 UkMm = Isxs Uey = Izxs
(~4 masses for ¢, t; s, b; w, 7; V2, V3 2-3 mixing angle 2-3 mixing angle
L3z + Q3+ N2 o~1 My = Me = My; unphysical unphysical
3 v masses — two equal
X~ 2 me = %; my = %; unphysical zero diagonal
masses for vz, v3 entries
A~3 masses for t; b; 7; v2, V3 1-3 and 2-3 all entries
mixing angles nonzero
¢(~4 masses for s, b; yu, T unphysical unphysical
P~5 masses for u, c, ¢ unphysical unphysical
L2+ Qe + M ¢p~1 masses for u, ¢, t — unphysical unphysical
two masses equal
X~ 2 me = &, mu = T&; zero diagonal unphysical
masses for ¢, t entries
A~3 masses for ¢, t; b; 7; v3 2-3 mixing angle 1-3 and 2-3
mixing angles
(~4 masses for s, b; u, 7 unphysical unphysical
Lz 4+ Qs + N3 ¢~1 masses for u, ¢, t (two equal); unphysical unphysical
3 equal v masses
X~ 2 me = %, my, = %g; zero diagonal unphysical
masses for ¢, t entries
A~3 masses for c, t; b; T; Vs 2-3 mixing angle 1-3 and 2-3
mixing angles
(~4 masses for s, b; u, 7 unphysical unphysical
PYp~5 3 v masses unphysical unphysical
L; + Qs+ N2 x~ 2 Me = Ty ms = Tk, zero diagonal zero diagonal
my = TE; my, = & entries entries
A~3 masses for t; b; T; v3 1-3 and 2-3 1-3 and 2-3
mixing angles mixing angles
¢(~4 masses for ¢, t; s, b; u, T; V2, V3 all entries all entries

nonzero

nonzero
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TABLE V. (Continued).
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Models Higgs multiplets Mass relations KM matrix Lepton matrix
L1+ Qs+ N p~1 all except v’s massive, UxkMm = Isx3 unphysical
many equal masses
X~ 2 masses for ¢, t; s, b Cabibbo angle unphysical
A~3 masses for ¢, t; s, b; T; v3 UxkMm = Isxs3 1-3 and 2-3
mixing angles
P~5 masses for e, u, T unphysical unphysical
L+ Qs+ N3 p~1 all massive, many equal masses UM = Isxs Uev = Izxa
X~ 2 masses for ¢, ¢; s, b Cabibbo angle unphysical
A~38 masses for c, t; s, b; T; v3 UM = Isx3 1-3 and 2-3
mixing angles
PY~5 masses for e, u, 7; 3 V’s unphysical 1-3 and 2-3
mixing angles
Li+Q1+ M p~1 three equal masses for UM = Izx3 unphysical
quarks and charged leptons
A~3 masses for t; b; T; v3 1-3 and 2-3 1-3 and 2-3
mixing angles mixing angles
P~5 all massive except V’s all entries unphysical
nonzero
L1+ Q1+ Ns o~1 three equal masses for each sector UxwMm = Izxs U., = Isxa
A~3 masses for t; b; T; v3 1-3 and 2-3 1-3 and 2-3
mixing angles mixing angles
Y~5 all massive all entries all entries
nonzero nonzero
Lo + Qs + N1 ¢p~1 all massive, some equal Ukm = I3xs all entries
nonzero
X~ 2 masses for c, ¢; s, b Cabibbo angle unphysical
A~3 masses for ¢, ¢; s, b Uxkm = Isxs unphysical
Lo + Qs + N3 ¢p~1 all massive except v’s, UxkMm = Iaxs unphysical
some equal masses
X~ 2 masses for c, t; s, b Cabibbo angle unphysical
A~3 masses for c, t; s, b; v3 Ukm = Isxs unphysical
Lo+ Q1+ M $p~1 all massive, Ukm = Isx3 all entries
many equal masses nonzero
A~3 masses for t; b 1-3 and 2-3 unphysical
mixing angles
P~5 masses for all quarks all entries unphysical
nonzero
Lo+ Q1+ N3 d~1 all massive except v’s, Ukm = Isxs unphysical
many equal masses
A~3 masses for t; b; vs 1-3 and 2-3 unphysical
mixing angles
Pp~5 masses for all quarks all entries unphysical
nonzero
Ly + Q21+ N2 p~1 all massive, some all entries Uev = I3zxs
equal masses nonzero
X~ 2 masses for u, 7; v2, v unphysical 1-2 or 1-3
mixing angle
A~3 masses for u, 7; vz, v3 unphysical Uev = Izxs




252 D. S. SHAW AND R. R. VOLKAS 47

TABLE V. (Continued).

Models Higgs multiplets Mass relations KM matrix Lepton matrix
L1+ Q21+ N ¢p~1 Me = My = My, all entries unphysical
masses for all quarks nonzero
A~3 masses for 7; v3 unphysical 1-3 and 2-3
mixing angles
P~5 masses for e, u, T unphysical unphysical
L1+ Q21+ N3 p~1 all massive, 3 equal all entries Uev = Isxs
masses for lepton sectors nonzero
A~3 masses for 7; v3 unphysical 1-3 and 2-3
mixing angles
Y~5 masses for all leptons unphysical all entries
nonzero

L, should be easy to observe. The lack of such obser-
vations — particularly for ve < v, exchanges — places
severe limits on these values. This suggests that, at least,
v1 is the principle component of the electron neutrino.

In order to further investigate any of the cases above, it
becomes necessary to choose a particular model for the
neutrino mass spectrum. Here, we shall look at a pa-
per by Caldwell and Langacker [25]. They take as their
starting point the 17 keV neutrino claimed to exist by
Simpson and others [26-32]. By looking at the effects
of various constraints, Caldwell and Langacker reached
the following conclusions. Firstly, the 17 keV neutrino
is assumed to be v3, and is found to be the dominant
component of v,. Secondly, v, is a heavy Majorana neu-
trino, with a mass of either about 17 keV or in the range
170-270 keV.

For the case that the masses of v, and v3 are both 17
keV, with the y and 7 neutrinos being almost pure mix-
tures of these two mass eigenstates, a further symmetry
is possible. Here, the mixing angles between the first and
second and first and third generation leptons are small
and equal, while the second-third generation angle, 63,
satisfies

cosfz = = —sin 63.

1
V2
This symmetry conserves Le — L, + L. Small deviations
from this symmetry are possible, but the exact symmetry
would be expected to show through at the tree level. One
candidate model for such a symmetry is the Lz + Q4+ N3

TABLE VI. Bounds on neutrino masses from accelerator
and double-beta decay measurements [25, 39].

Accelerator limits
ve < 17 eV
v, < 0.27 MeV
vr < 35 MeV

Double-beta decay limit
(M) =3, &U%m: < (2%£1) eV

model with the { ~ 4 Higgs multiplet, which suffers from
a second-third generation mixing angle hierarchy prob-
lem in the KM matrix, and does not explicitly equate
the neutrino masses, but is otherwise suitable (perhaps
a further relation, maybe coming from a more thorough
analysis of the Higgs potential, can restrict the model
further, forcing the neutrino masses to be equal and giv-
ing the mixing angle its appropriate value). None of the
other cases look promising for this first scenario.

The second possibility found by Caldwell and Lan-
gacker has all the lepton mixing angles small, with 17 keV
for the mass of v3, and hence for v, and 170-270 keV for
the mass of v, which is the dominant component of v,,.
It may be, in this case, that the muon neutrino mass is
generated at tree level (thus engendering a name change
in Table V: v3 < v3), while the 17 keV mass arises from
radiative corrections. Feasible models for generating this
scenario are the L7 + Q18 + N1 model with the ¢ Higgs
multiplet, transforming as a scalar under the horizontal
symmetry; the Ly +Qg+ N2 model with A ~ 3 Higgs mul-
tiplet (the x Higgs multiplet in this model is investigated
in Ref. [14], it provides tree-level masses for the second
and third generation, including neutrinos, but generates
nonzero lepton mixing angles at tree level, which there-
fore may be quite large); the model Lz + Q4 + Ny, with ¢
Higgs multiplet (here, all the fermion masses and mixing
angles would need to be generated from mixing with vy
through radiative corrections. This seems a little dubi-
ous, especially since one would expect the second gener-
ation particles to receive greater masses than the third
generation. One way around this is to combine the ¢
Higgs multiplet with the A Higgs multiplet, which pro-
vides masses for the charged third generation particles ¢,
b, and 7); the L3 + Q4 + N3 model with the A ~ 3 Higgs
multiplet; and the Lg + Qg + N3 model with the A Higgs
multiplet (although the lack of a mass for the 7 at tree
level is a little odd).

V. OTHER ASPECTS OF SU(2)y MODELS

Having examined the tree-level results for models
based on a horizontal SU(2) gauge symmetry, some gen-
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eral points about such models are in order. Firstly, these
models will generate flavor-changing neutral currents
(FCNGCs) mediated by SU(2)y gauge bosons. FCNCs
will also be generated in the Higgs sector. The FCNCs
resulting from Higgs couplings can be suppressed by giv-
ing the Higgs bosons sufficiently large masses. Since
the Higgs sectors we have studied serve only as start-
ing points for more realistic mass generation schemes, we
will not pursue any detailed Higgs phenomenology in the
present paper. Note, however, the generic feature that
the Higgs-induced FCNC processes will be weaker for the
lighter fermions compared with the heavier fermions.

The gauge-boson-generated FCNCs may be suppressed
by breaking the horizontal symmetry at a high energy
scale, thus generating large masses for the bosons. The
following is a simplified, order-of-magnitude examination
of minimum gauge boson masses due to constraints from
the observed smallness of certain FCNC processes. More
precise calculations of the mass limits would be cumber-
some and of limited worth since either the minimum val-
ues for the gauge boson masses are found to be beyond
the energies of any present-day operating or planned fa-
cility or other factors preclude the likely observation of
the bosons (an example of such a case is included be-
low). The horizontal gauge boson masses are assumed to
be degenerate and mixing with the Z boson is assumed
to be very small. This simplifies the discussion without
seriously affecting the results. The actual mechanism for
generating the horizontal gauge boson masses is outlined
later in this section.

It is found that many models will not support various
of the FCNC processes that might be considered. In
particular, it is worth noting that the tree-level horizontal
contribution to the Kg—K; mass difference will cancel
out in every model, even when a tree-level Cabibbo angle
is generated. The coupling here is of the form

XL rUT®U~N* f rH (38)

where fr r is the mass eigenstate fermion field, U is
the unitary matrix rotating the weak eigenstates of the
fermions into mass eigenstates, T'* are the generators of
the horizontal symmetry, and H® are the associated hor-
izontal bosons. If the same field fr r couples to each end
of the horizontal boson propagator, then it turns out that
the angles [which exist because the Higgs multiplets and
the fermion fields transform nontrivially under SU(2) ]
cancel out in the sum over a, resulting in a zero contri-
bution to the process.

Hence, different processes will provide the best con-
straints on the horizontal boson masses for different mod-
els. In this paper, three different processes shall be looked
at, chosen to exemplify the main types of processes to
which the horizontal models can contribute.

First, the lepton-number-violating decay

T —pTetp” (39)

shall be looked at. This decay occurs, for example, in the
L1 + Qg model with the Higgs multiplet and the leptonic
fermion fields transforming as triplets under SU(2)g.
Figure 1 shows a diagram of the decay for this model.
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FIG. 1. Horizontal gauge boson induced, lepton-number-
violating decay.

For simplicity, the Lorentz form of the interactions will
be ignored, with the result coming from a comparison
with the branching ratio of a similar decay. For exam-
ple, in this instance, the branching ratio of the lepton-
number-violating decay will be compared to that of the
decay

T > pT YTy (40)

Thus, one arrives at the expression (9, Mu, gw, and
My, represent respectively the horizontal coupling con-
stant, gauge boson mass, weak coupling constant, and W
boson mass)

gk o B(r— pep) x gfy
M% ~ B(r — wp) x Mg,

(41)

The experimental value for the SM decay is B(r —
uv?) = 0.178 &+ 0.004 [33] while the limit on the lepton-
number-violating decay is B(T — p~eTp™) < 3.8 x 1075
[34], leading to the limit

9% 4, 9w
In the case of the coupling constants being equal, the

lower limit on the horizontal gauge boson mass becomes
(taking My, = 80.6 GeV [35])

My 25 TeV. (43)

One of the most stringent limits on the gauge boson
masses comes from the semileptonic decay
K- -7 etp, (44)
which occurs, for example, in three of the six more
promising models discussed in Sec. III. In these mod-
els the first two generations typically form doublet fields
under the horizontal symmetry. In the L; + Q1g model
with ¢ ~ 1 Higgs multiplet, the decay will proceed as

shown in Fig. 2. In this case, we arrive at the approxi-
mate ratio

9% _ g% xsin®8. x B(K~ - n~etu™)
ME S T ax BK- = mou ) X MG

(45)

where 0. is the Cabibbo angle.
Observations to date [36] put the rate of the FCNC
decay at

B(K~ -7 etp™) <2.1x1071°, (46)
while the SM decay rate is [37]
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FIG. 2. Horizontal gauge boson induced kaon decay.

B(K~ — n°u~7,) = 0.0318 £ 0.0008, (47)
leading to the bound
2 2
g -10 , 9w
—Afg <1.69x 10710 x ME (48)

or, for equal-valued coupling constants, we get the ex-
treme mass limit

My 2 6 x 103 TeV. (49)

Finally, we take a look at the model Lg+Qgs with A ~ 3
Higgs multiplet. This model proves interesting in that
only the second and third generation quark fields trans-
form nontrivially under the horizontal symmetry. Thus,
the only allowed FCNC processes must involve mixing be-
tween either the top and charm quarks or the bottom and
strange quarks. Thus the most extreme limits will come
from processes such as the decay of the T meson into a ¢
meson (Fig. 3 shows one possible channel for this decay,
with gluon emission from one of the final-state quarks for
kinematic balance). The limit from decays such as this,
though, will be very weak as little experimental informa-
tion is available on the particles involved and the exper-
imental uncertainties are comparatively large. While it
is possible, then, that the horizontal bosons could have
fairly low masses in such models, production and inves-
tigation of the bosons will be hampered by the lack of
tree-level interactions between the horizontal bosons and
the first-generation fermion fields.

Another concern of horizontal models of this kind is
how to generate the radiative corrections that are as-

b\
Y e o
B JE
FIG. 3. Horizontal gauge boson induced Y decay. While
gluon emission by one of the final-state quarks will dominate,
other emissions such as photon or Z boson emission are also
possible.
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FIG. 4. A one-loop level diagram of the type that leads
to masses for the lighter fermions. Here, an initially massless
fermion (fr,fr) is converted to and from a heavy fermion
(Fr,Fr) through the emission of charged scalars (n,7’).
These scalars couple via a neutral scalar coming out of the
vacuum ({o)). Thus the light fermion will pick up a mass
which is dependent on the mass of the heavy fermion (mr),
the VEV of the neutral scalar, the masses of the charged
scalars, and the Yukawa coupling constants of the charged
scalars.

sumed to provide the smaller masses and mixing angles
in the models. What follows is a brief description of one
method for achieving this [14, 38].

First, a scalar field (o) is introduced that transforms
as a singlet under the SM gauge group, but not un-
der SU(2)y. This is a neutral field and is assumed to
pick up a large VEV, breaking the horizontal symmetry
at a high energy scale. As well as leading to radiative
corrections, this will generate the large masses for the
horizontal gauge bosons discussed above. As has been
noted in the previous section, such neutral scalars may
appear anyway in the Majorana neutrino terms in the La-
grangian. There, the large VEVs for these scalar fields
lead to suitably large Majorana masses and the seesaw
mechanism then naturally explains the smallness of ob-
served neutrino masses.

Further scalar fields are introduced (n,7n’) which are
charged (thus they acquire no VEVs and will not affect
the tree-level results) and which couple with the neutral
scalar field, inducing mass mixing between them. These
latter fields will also couple to the fermion fields, produc-
ing one-loop diagrams such as that shown in Fig. 4 that
will provide small corrections to the masses and mixing
angles.

An interesting feature of many models with masses
generated through radiative corrections is that they cou-
ple the up quark to the strange and bottom quarks and
couple the down quark to the charm and top quarks
through the higher-order corrections, thus providing a
natural explanation for the observation m, < mgq.

VI. CONCLUSION

An SU(2) gauge symmetry between the three gener-
ations of fermions is one possibility for explaining the
major features of the observed fermion mass and mixing
angle spectrum.

If there are no RHN fields, then there are ten ways to
assign representations under this symmetry to the differ-
ent fermion fields such that gauge and global anomalies
cancel. We have surveyed each of these models to deter-
mine which possible Higgs multiplets lead to promising
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tree-level mass relations and KM matrices. A brief sum-
mary of the results for each model is given in Table IV.

In the case where RHN fields are also assumed to exist,
a further 35 models satisfying anomaly cancellation are
possible. While many of these models can be discarded
as unlikely to represent nature because of problems in
the charged fermion sectors, analysis of the predictions
for neutrino masses is hindered by the lack of definite
information regarding these masses. We investigated the
models containing RHNSs, taking as assumptions the ex-
istence of the claimed 17-keV neutrino and following the
study of Caldwell and Langacker into the consequences
of this assumption.

For the future, there are various areas of work to fol-

low up on. Having found the tree-level results for a given
model, the next step is to work out the details of gener-
ating radiative corrections, for which a possible method
is outlined in Sec. V. Also, further phenomenology as-
sociated with horizontal SU(2) symmetry models, such
as the Higgs potentials — which may show how to im-
prove on some of the models by preventing some of the
neutral Higgs components from gaining VEVs — may be
investigated.
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