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ABSTRACT
A supersymmetric SU(2) X U(1l) gauge model for the electromagnetic,
weak, and neutral weak interactions of the electron are constructed.
After masses are created via spontaneous symmetry breaking, the electron
and its neutrino remain massless to lowest order while a heavy electron
and an accompanying neutral lepton acquire masses comparable respec-
tively to those of the intermediate vector bosons Wﬁ and Z“.

Lepton number is conserved in a natural way without requiring bosons

to carry lepton number,
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Recently there has been interest in constructing supersymmetric
unified gauge theories for leptons.l The motivation for wedding
supersymmetry to gauge theories is the following: When supersymmetry
is broken spontaneously, a (massless) Goldstone fermion appears.

Thus by incorporating supersymmetry, a possible explanation is provided
for the existence of a massless fermion in nature, the neutrino. By
requiring the model to be supersymmetric, the number of arbitrary
parameters 1s severely limited, thereby increasing its predictive wvalue.
In the present model there are three parameters: the §SU(2) and

U(1) coupling constants and the coefficient & of the symmetry
breaking term. |

The most significant new features of the model are (1) the natural
manner in which lepton number is conserved without reguiring bosons
to carry lepton num.ber5 and (2) the smaller number of unobserved fields
as compared to previous models.:L The restrictions imposed by gauge

invariance and supersymmetry require the unbroken ILagrangian to be
massless with the result that the model automatically possesses a
conserved lepton number. After spontanecusly bresking the Lagrangian
using the technique of Fayet and Iliopoulos,u the electron and its
neutrino remain massless to lowest order while a heavy electron E_
and a heavy Dirag neutrino E, acquire masses m(E_) = /2 m(W+),

m(EO) = m(Z) where Wi and Zu are the charged and neutral vector

bosons respectively.

We expect that the masslessness of the electron in lowest order

will be rectified in higher order. The electron interacts with the
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photon A“ and the intermediate weak vector boson Wi in the usual
manner.

Our model has a SU(2) X U(Ll) group structure and is constructed

from the following four superfields:

V(W,ND5 oee) : 8U(2) +triplet vector superfield
VY (W',AT,D', ...) ¢ U(1l) vector superfield
S(A,B,V,F,G) : sU(2) doublet left-handed scalar superfield

ST(A',BY,¥',F',G"): U(l) right-handed scalar superfield.

Under a generalized gauge transformation,5 the four superfields trans-

form respectively as

. . T .
28V, -2len 2ev Bien (1a)
2fy! -EifA'T 2fyY 2ifA?
e - e e e (1b)
-2. - . ,
g -6 1gAe 2ifA s (1c)
1.
- i '
gt - oI gy (14)

In (1) A is a 8U(2) triplet left-handed scalar superfield, A' is
a left-handed U(l) scalar superfield, and f and g are coupling
constants.

The ILagrangian, when written in terms of superfields, is given

by the expression

4
+ [S*eegVeEfV

E(V',V') s]

1
[ 72— —
Z= E(V’V)F term ~ 2

F term D term

. ()
+ [gt%e” v s’]D term
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- t t
The terms [8'*e hev S*]. and [S*eggve2fV

D D
model previously discussed by the authors6 and its SU(2) x U(1)

sl are the simple U(1)
generalization and does not conserve parity. Equation (2) is mani-
festly invariant under the transformation (l). Because we have taken
the "F term" for scalar multiplets and the "D term" for vector mul-
tiplets, the Lagrangian transforms as a four divergence under a super-
symmetry transformation thus yielding an invariant action. By going
to the special gauge5 in which only the fields W, A, D and W', A',
D! survive respectively in the vector superfields V and V?, the

Tagrangian (2) in the notation of Ref. T takes the form

S L CEL PR S ST LR VRS IS 2SR £
..—W?ﬁf %_ ‘IlfR--:éL-l;/L“CPl -%I@ucp_|2+_J:FTF+2GTG
+-(<Pq> +<PtP+) (chcp +CPDcp)+/_ﬂ( R-ch)er (3)
+ /ég(cpIXTR o) T - & W*géw' -5 L g 1Pyl - l@ucpj_le - %I@u@ﬂe
+ % Fte . % a2 - f(cp:Tcp: + cp:_Tcp:_)D' + 2/20K0 (9L - QIR ,

where
Wy = Buwv - aku +iglW Wl g = aux + dglW 2], (ha)
Py = (3, + AT gl )V, @, = (9, - MW - igwg)wR ., (4b)
@0 = (3, + il + igW o, @0, = (3, - ifW! - igWE)CP+ , (ke)
@uwi = (au - 2ifw;l) ﬁ’ @uﬂlé = (au + 2ifw;l)xlr§ ; (ka)
@ucp_:_ = (a - Qlfw )cp @ucpi = (aM + 2ifwg)cp1 . (ke)



-5 -

The helicity projection operators L and R are given respectively

1 . 1 .
by §(l - 175) and E(l + 175). An SU(2) triplet is written as

W W. - iW W /ou
W = 3 . 1 2 = 1/_5 - = Wi Ti 2 (5)
W+ W, - Wy 2W, - Wy

and the scalar fields @l and ®+ are equal to the expressions

]
s

(At F ip*)/v2 , (6a)

P,

(a +1iB)//2 . (6p)

We have chosen the above definitions for @l and $+ go that after

the electromagnetic field has been identified, mi and the upper

component of ¢, will have a charge indicated by the subscript while
+

the lower component of @+ will be neutral.

Because the restrictions of gauge invariance and supersymmetry
prohibit mass terms in the unbroken Lagrangian, the ILagranglan is

invariant under the transformation

7O 7 O
A e > r o, AY - e 2 A,
o o (7)

After the lLagrangian is broken spontaneously and the physical fields
are identified, the invariance of the Lagrangian under (7) will be
associated with conservation of lepton number. As can be seen from

(7), no bosons participate.
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An important feature of the ILagrangian is that the left- and right-

hand components of V' and V¥ are associated with opposite charges

as can be seen in Egs. (4). As a result, neither V' nor ¥ repre-
sents a physical field because neither is an eigenstate of charge.
Instead, for example, Wﬁ must be the right-hand component of one
physical field and Wi must be the left-hand component of the charge
conjugate physical field (see for example Eq. (14)). Our method for
constructing the charged physical fields represents a departure from

the technique used here-to-fore. In the past, charged fields were

|l5

constructed using the "complexification method. The complexified
fields are elgenstates of charge and can be taken to be the physical
fields. The helicity components of the complexified fields can also
be used as building blocks for constructing physical fields by combining
the left-hand component of one complexified field with the right-hand
component of a second identically charged complexified field, a technique
used extensively in Ref. 1.

To spontaneocusly break the supersymmetry of the Lagrangian, we

use the technique of Fayet and IZLiopouJ_osLL and add the gauge invariant

term
- EfDY , ¢ = constant . (8)

Under a supersymmetry transformation D' transforms as a four divergence.
After eliminating the non-dynamical fields D, D', F, G, F', and G',

the Iagrangian (3) takes the form
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1 1.2 i=— 1. .2 1=
Q: -é- Tr(- E W!J.'V - 'é" 7\.@}\) - E W:LV - é‘ )\?5}\7
i - i 1 2 1 2
- P -5 P - 5lape T -5l e |
-, i o 1 2 1 2
5PV -5 BP -5l 00" - 5l e (9)

+ RENU(OR = 0LV + Bg(ONR - O ALY + 22 (9L - PIR)Y!
2 2
£ oot . t t 2 _g .t to (2
- (20l 70T + 20101 -9 9 - 0.9 +28) - (90 +09)" .

To spontaneously break the gauge symmetry while maintaining elec-
tromagnetic charge conservation, we allow only the (neutral) lower

components of the doublet

+

P = — J (lO)

+
1+

to have a non~zero vacuum expectation value. The condition that the
potential V

f2

2
t t t t 2 t 12
V= (29! el + 2000 - 9lo - 90 +28)° + E(o0_ +09)%, (1)

be at a minimum is < DTD_ > = gfe/(f2 + gg), so we break the gauge

symmetry by making the substitution

DD, tia, a-ax= [822/(62 + )P (12)

The minimum of the potential is lowered from %-(gf)2 to
%(E,f)egg/(f2 + gg), thereby implying global stability.
We are now Iinterested 1n diagonalizing the fermion mass matrix
in order to identify the physical fermions. Defining the photon field

AM and the massive neutral vector meson field Zu by the relations
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-
i

" WBu sin 6 + W& cos 6 , (132)

ZM = WBP cos 8 + W& sin 6 , (1%b)

allows us to identify A A R’ ¢§ and wuL as components of fields

L)
with the same charge. The requirement that the electron be the lighter
of the two charged leptons and that its neutrino be left-handed leads

to the ildentification

- t _ : '
e_ = X-L + WR 5 Y, = XBL sin 6 + XL cos 6 ,
(14)
= + = - ' gi
E_ x_R wuL B EO WdL XBR cos 6 + XR gin 6 ,
where
tan 6 = f/g , Ag = I ete., (15)
and

n(e ) = m(v) = 0, u(n) = (262172, w(z) - (beePe/ (P M2

(16)

In the tree approximation, the electron remains massless.
After defining the photon A“ and the massive neutral vector
meson Zu by the relations (15), the vector meson masses are found

to be

m(a) = 0, m(Z) = [oes27Y/2 2)]1/2

, n(W) = [2e5767/ (57 + g .

The scalar bosons U+ and the lower component of A, A are

d’

eliminated by the Higgs mechanism while the remaining scalars $i and
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the lower component of B, B acquire the masses

d,

n(9t) = [2ee%/(s% + )12, n(p,) = [26s21M2 . (18)

d

Under the transformation (7), the physical fields transform as

(19)

By assigning a lepton number +1 to e and ve and a lepton number

-1 to E_ and E lepton number is conserved without assigning lepton

O)

number to bosons.

The fermions interact with the photon according to the term
; = M = M
g sin 6(e Y"e_ + E7 E_)Au . (20)

Omitting unobserved heavy leptons, the weak and neutral vector-fermion

interactions are respectively
- 2g sin G(é_Lyuve)Wfl 5 (21)
and
g sin @ 5;7u(cot 0L ~ tan 6 R)e_Z“ . (22)

We note that the electron neutrino does not couple to the massive
neutral vector meson.
Again omitting unobserved heavy leptons, the scalar-fermion

interaction is

24/2g sin G(é_Rve¢:) . (23)
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Because the coupling constants in (21) and (25) are comparable and
the masses of W& and @_ are identical, scalar interaction terms
of the type (25) could cause ﬁroblems in a model which included the
maon sector.l

Three problems are immediately encountered when attempting to
extend the model to include the muon. TFirst, the electron neutrino
is massless because it is a Goldstone fermion. If the muon neutrino
is also to be massless, some other mechanism must be responsible.
Second, it is difficult to have independently conserved electron
number and muon number since the fermions from various scalar mul-
tiplets all couple fo fermions from the vector multiplets. Finally,
if scalar-fermion interaction terms (of the type in (23)) occur,
they will be incompatible with experiment if they contribute signifi-
cantly to muon decay.

This 8U(2) X U(1l) model represents another step toward obtaining
a realistic supersymmetric extension of a spontaneously broken
su(2) x U(l) Yang Mills theory. It has the desirable features of
electromagnetic, weak, and neutral weak interactions which conserve
lepton number and involve a relatively small number of unobserved
fields. The major defect of the model is its inability to accommodate
the muon. It remains to be seen how this problem can be solved within
the framework of supersymmetry.

We are indebted to Professor L. O'Raifeartaigh for a very helpful
discussion. One of the authors (G.B.M) thanks Professor S. D. Drell
for the hospitality at SILAC and the other (K.T.) thanks Dr. C. Cronstrim

for the hospitality at the University of Helsinki.
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