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Abstract 

An electroweak model based on the gauge group ~12)~ x U(lIL x U(l) R is 

presented in which neutrinos are massless at the tree-level due to a discrete 

symmetry and acquire tiny finite masses at the one loop level due to the 

exchange two charged singlet Higgs (generalised Zee's mechani.al each carrying 

two units of lepton number. The anomalies are cancelled by adding vector like 

singlet fermions. These fernions are also responsible for giving masses to the 

conventional charged quarks and leptons by the see-saw mechanism. 
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The phenomenal success that the standard model' is currently enjoying may 

well turn out to be representative of the true path chosen by Nature to describe 

the strong and the electroweak forces. One implication Of this simple scheme is 

that the neutrinos are strictly massless. Strict masslessness of the neutrinos 

requires a syxmnetry principle which protects the neutrinos from acquiring mass. 

NO such principle exists in the standard model. More generally, it is not even 

clear what the symmetry principle should be in order to maintain massless 

neutrinos in the standard model and its extensions. Neutrinos in the standard 

model are forced to be massless by requiring the absence of right-handed 

neutrino fields and/or by requiring the absence of a scalar triplet field. Mere 

simplicity of the standard model dictates this course of action. 

Massless neutrinos are boring. Massive neutrinos provide a wealth of 

interesting results amongst which the two most widely discussed are (a) the 

missing mass problem’ in cosmoloqy: - neutrinos provide the right mass density to 

close the universe provided the masses of the three neutrino species satisfy the 

constraint LX mv, '30ev. 
i=e,p,e 1 

(b) Solar neutrino oscillations': - the observed deficit in the number of solar 

neutrinos from the sun can be understood if the electron neutrinos oscillate 

into the neutrinos of the other two flavours. 

In the standard model neutrinos of such low mass can be accommodated at the 

expense of ultra fine-tuninq of the tree level yukawa couplings. There are ways 

of eleviating the problem of fine tuning. One is to generate nexrl;ino masses via 

the see-saw mechanism". The neutrino masses are inversely proportional to the 

ma.ss scale at which unification of the fundamental forces takes r'ace. This being 

of order of the'planck scale, provides naturally the required suppression factor 
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for tiny neutrino masses. The other method is to generate neutrino masses 

radiatively in conjunction with some additional symmetries that forbid tree- 

level neutrino massesi. These procedures of mass generation often result in the 

introduction of several new spin-0 and spin-+ fields. In some cases it is also 

necessary to extend the LYIJ(Z)~ x U(l) gauge structure. In what follows, a model 

of electroweak interactions based on the gauge group6 SU(2jL x UlljL x U(1) 
R 

is 

presented in which neutrinos are massless at the tree level due to a discrete 

symmetry and become massive four component Dirac particles from one loop finite 

quantum corrections due to the exchange of two charged singlet of higgs scalars 

that carry two units of lepton numbers and new fermions that transform as 

singlets under the weak isospin group SU(2jL. The choice to describe the 

neutrinos as "Dirac" as opposed to "Majorana" particles is largely dictated by 

lepton number conservation which is observed to be conserved in Nature. It also 

puts all fermions on equal footing as far as the problem of maas is concerned. 

The weak isospin singlet fermions cancel the triangle anomalies of the theory and 

are also responsible for the masses of the conventional quarks and leptons 

through the generalised see-saw mechanism'. 

The gauge symmetry of the model is G = SU(3)' x SU(ZjL x IJ(ljL x U(1) 
R' 

Under G the conventional quarks and leptons of the three families transform as 

[ 1: 1, ’ [ 1: 1, ’ [ ‘tl, - (3, 2, 113, 0) 

u. =R ' 'iR ' t. 1R (3, 1. 0, 4/3) 

(3, 1, 0, -Z/3) 

(1, 2, -1, 0) 

” 
eR ' "PR ' 

" 
TR (1. 1. 0, 0) 

=R ‘ cLI( I =R (1, 1, 0, -2) 
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where i denotes the three colour degrees of the quarks. As it stands the model 

suffers from triangle anomalies. These anomalies are cancelled by adding 

fernions that transform as singlets under the weak isospin group SU(2)L 

Explicitly 

'iL ‘ 

u. 
rR ' 

D. IL ' 

D. IR ' 

E 
L ' 

E 
R ' 

'iL ' TiL - (3, 1, 0, 4/3) 

CiR - , TiR (3, 1, 4/3, 0) 

S. ' 8. - Il. IL (3, 1, 0, -Z/3) 

S. IR ' BiR - (3, 1, -z/3, 0) 

M 
L ' 

T - L (1, 1, 0, -2) 

M 
R ' 

T - R (1, 1, -2, 0) [21 

Thus the model contains three sets of singlet fermions to cancel the anomalies 

of the three families of conventional quarks and leptons. The electric charge 

operator of the model is 

Q = T; + 2 (T; + T;) [31 

where T' L is the diagonal generator of SU[2)L and TL , Ti are the generators of 

the abelian groups U(ljL , U(1) 
R' 

The scalar Sector of the model consists of a doublet, three neutral and two 

charged singlets'. These are 

9 - (1. 2. -1. 0) 

su - (1. 1, 4/3, -4/3) 

SD - (1, 1 , -2/3, 2/3) 

SE - (I, 1, -2, 2) 

H:, - (1, 1, 2. 0) 

",: - (1, 1, Or 2) [41 
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Consistent with SU(3jc x U(l)em gauge invariance, the ground state of the system 

is determined by the following vacuum expectation values, 

, <S"> = a" 

<SD> = & , <SE> = UE 

<H;> = 0 <Ii;> = 0 [51 

Since no neutral bosons lighter than the Z" of the standard model have been 

reported, the constraint on the vacuum expectation values is &, &', 6, >> q 

and the mode of descent is 

G 
&,D,E 

+ SU(3)C x SU(2) L x U(l) -5!P- SU(3)C x U(ljem [61 

The spectrum of the gauge particles consists of the standard W ? , Z" bosons 

and an additional neutral boson 2' with a mass lower bound of 140 GeV. The 

neutral current phenomenology which leads to this bound is adequately discussed 

in a previous work lref 6). 

Except for the neutrinos, all the fermions acquire masses through the see- 

saw mechanism. In order to avoid the problem of fine tuning, the tree-level 

neutrino masses are forbidden by a discrete symmetry vaR * - va , ct = e, P, 7. 

The yukawa couplings of the charged fermions with the scalars are given by 

L 
yukawa = u,un 

1 yfuFu, fij@F;' + yFuFur F;;SF ';' + mFufu' ';I';' 

+ Ix F 

x=d,e,d',e' 'fxFx' I, 
fXiU2@*FX' 

R 
+ yFxF.& F;' + mFX Fx fX' + h.c. 

fx' L R 

171 
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After spontaneous symmetry breaking the mass matrix for the up-type quark sector 

lu,c,t U,G,T) is given by 

Mu= 0 

I 

-furl 

MU y*U" 1 
[81 

where MU , Y" , Y" are 3 x 3 sub matrices. The mass-matrices for the down-type 

quarks sector (d, 3, b, D, S, B) and electron-type leptons (e, P,r, E, M, r ) 

are similar. The mass matrix M 
u 1s not Hermitian in general. It can be block 

diagonalized by a biunitary transformation. 

Mu=VLM "+ 
"R 

[91 

For the see-saw mechanism to work the elements of M" are taken to satisfy the 

constraints MU i< Y " 0" , Ijy'-' << Y"o" and Mu - q Y" The block diagonalised 

1nas3 matrix takes the form 

G 
" = 

11 Y u -1 -- 
au 

u(Y) MU 0 

1 [lOI 

0 
u u 

0 M 

and the transformation matrices block diagonalising the mass matrix are 

VU 
A = 

1 - l/2 y; y;+ - Y; 

II+ 
YA 

1 - l/2 y;+ y; 

2L A=L,R,whereyL= gUY l.2 (y") -1 , y, = -$ (Y") -l MU . 

1111 

-2 
The elements of yL, y, are of order 10 The transformation matrices V V 

L' R 

are unitary to third order in y, y,. The matrix 
;u 

13 diagonalil-l further 

i.e. Mu, 
dug 

= AL -Mu A+ R , by employing two unitary transformations AL, AR 
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u 
he== kL R , L R K” are 3 x 3 unitary matrices. The conventional quark masses are 

see-saw masses 

m" = x (Mu)11 (Y")11 

a" (y")ll 
, etc. andmUIbU (Y")~~ etc. The small 

mixing3 elements of y,, y, lead to flavour changing neutral currents. All 

constraints are satisfied provided the mixing elements of YL, YR are of order 

10 
-2 

or less. This can readily be achieved by taking the singlet fermion masses 

in the range of a few hundred GeV to 1 TeV. The main advantage of generating 

masses of the conventional fermions via the see-saw mechanism is that the fine 

tuning of the yukawa couplings, which is present in the standard electroweak 

model discussion of fermion masses is kept to a minimum. We now discuss neutrino 

masses. 

The yukawa interactions due to the singlets are' 

1 
Li =z gaB L c 

CL) ,,,aT -1. 
us2 

(XT -1 
HL + g$’ eR C "t HR + (h.c! [I31 

where qt! (CL = 1,2,3) denotes the e, p, 'T left-handed doublets and eg , vz denote 

the corresponding right handed singlets. 

The crucial components responsible for generating tiny and finite neutrino 

masses is the interaction term between H E L, HR and S m the scalar potential V, 

“=. . . .+;iH*HRSE 
L 

+ . . + h.c. [I41 

when S 
E 

develop3 vacuum expectation value bE , H 
L ' 

HR are no lono,--- ligenstates. 



The physical eigenstates are 

Hl = H L co3 W + H 
R 

sin w 

H2 = HR co3 0 - H 
L 

sin w 

with masses m 
1 ' m2 

given by 

2 
ml = ml1 cos2 W + m22 sin' 0 + 2m12 sin w co.3 0 

2 
m2 = rn2* cos2 0 + ml1 sin' 0 - 2 ml2 sin 0 co3 0 

[ISI 

[I61 

The mixing angle 01 is given by tan 20 = 2 m12/(mll - m22) where 

Ml1 
= M; + )i" CT 2 + hD 0 2 + AE 0 

2 
L" L D L E 

M22 = MR 
2 

+ A" CT 
2 

+ AD 0 + AE 2 2 
L u L D L uE 

Ml2 
= A bE 1171 

The neutrinos acquire radiative masses from the two one loop diagrams (Fig. 1). 

Although the inidividual diagrams are divergent, their sum is finite, giving the 

mass of the i-th neutrino to be 

%i 
= X sin 20 

(Sij f 
$1 

+ fij g .) 

j 64d 
f= (Ij'l' - Ij'2') 

where 2 

I !a' 
3 [ 

mHCJ 
= m, 

I M& - M: 
] ML3 

en MjL [I81 

In deriving the above expressions the intergenerational mixing3 between the 

various charged leptons are taken to be negligibly small. For simplicity the 

yukawa couplings g$' and g$' are taken to be real. If we adapt the conserva- 
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tive viewpoint that the couplings g 
(L) CR) 

as 
and g 

ap 
are roughly of the same order of 

magnitude, the masses of Y and " 
e P 

are expected to dominate as they are 

proportional to m, The bounds on the yukawa couplings follow from the leptonic 

processes mediated by the charged higgs HI and H2 which we now discuss. 

Throughout the discussion we will work in the zero momentum transfer 

approximation which is justified since the lower bound on the masses of the 

changed scalars from Tristan ' is 26.5 GeV. In this approximation the current 

cross current interation Lagrangian for muon decay, after Fierz reshuffling of 

fields, is given by 

(U2 
L= g12 

[ 
cos2 0 + sin' 0 

2 
Mil, "h, 1 

YPLYbL eLYBveL 

CL) (R) g1.2 912 + 
2 

sin 20 - - - I Mi 
Hl 

Mi* I[ CR "eL. vwR PL 
l- 

- a eR ~“YeL vBR"&l"~L 

CR) z 
‘% * 

2 l 
cm* 0 + sin* 0 

"i, ML1 1 vc(RY%, $peR Cl91 

For numerical estimates, we take the mixing angle 0 to be maximal i.e. w = 45 0 
and 

M -M 
IMH, _ M I 

H2 
HI H2 

= 1 Te”, - 1 0.05. So that the scalar contribution to muon 
M 

H 
decay rate not exceed the rate predicted by the SU(2jL x U(1) theory by 1% 

2 
g12 

2 
g12 

requires ~z , - < 1o-3 G 
MZ F' 

This is sufficient to suppress the 

contributionHi theH2(' p arameter due to right-handed currents well below the 

errors on the experimentally measured value of 5'. The scalars Hi and Hz also 

contributelO to (g-2) of the electron, (g-2) of the muon, the process I-I t ey and 

e - p - c universality violating processes like p i Veev ,,T+v 
eey 

We take 
P. 

z 
%3 

2 
% 3 

2 
92 3 

2 
g* 3 

2 
- - 912 

q r q I “;, I “;, to be of oni== Mz I Mz 
HI 

$ [ = lO-3 GF ) from Yukawa 
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B-decay of the muon. Yukawa couplings of this order ensure that the rates of all 

the above mentioned rare processes are suppressed well below the present 

experimental bounds." With scalar masses as high as one TeV all yukawa 

couplings still remain perturbative (g 
ap 5 O.l). 

With g 
-2 

clp 
=lO ,MH =MH of order 1 TeV, IM - M 0.05, sin 20 = 1, 

1 2 HI 
H2 I/MH = 

i 

eq. (18) gives 

M -M 
" - Y 

5 10 eV, M 
" 

e P 
[201 

which are compatible with constraints from laboratory experiments and 

constraints from cosmology. In passing it is to be noted that what enter3 in the 

M -M 
expression for neutrino masses is sin 20. HI HZ 

I 
By choosing reasonably 

M 
H 

smaller values for the mixing angle 0, we can tolerate larger mass differences 

between the charged scalars. This eliminates further any 'fine tuned' choice for 

the ma8ses H, , H2 

Finally we note that the discrete symmetry that prevents the neutrinos from 

acquiring masses at the tree level can be eliminated entirely if the model is 

embedded into the chirally symmetric gauge structure SU(21L x SU(21R x U(ljL x 

UIUR 
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Fig.1 One-loop diagram due to the charged scalars for neutrino masses. 


