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predicts a much larger asymmetry. Our data
are inconsistent with the predictions given in
Ref. 7. The model of Elias, Pati, and Salam®
uses the SU(4)* symmetry. With the parameters
given in their paper, our data restrict the mass
of the neutral boson to be greater than 55 GeV.

Previously a limit on M ; was set by looking at
the energy dependence of the neutrino neutral-
current cross section. Using data from a single
experiment, this gives M;>3 GeV.® Comparison
between the two experiments is made difficult by
problems of relative normalization. The limit
placed in this way is M ;> 10 GeV.*®

In conclusion, we see no asymmetry in the re-
action e*e”—~u*u” other than that caused by sec-
ond-order QED, thus setting a lower limit on the
ratio of mass to coupling constant for a neutral
vector boson.
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The nonlinear realization of supersymmetry of Volkov and Akulov is related to a con-
strained linear realization in two and four dimensions.

One of the earliest realizations of supersym-
metry was the nonlinear model of Volkov and
Akulov'; this was soon followed by the linear
scalar multiplet of Wess and Zumino.? It has
been asserted® that the two models are related in
the same sense that the nonlinear o model is re-
lated to linear realizations of O(z) symmetry. In
this Letter I show that this is indeed the case;
specifically, I show that if one applies the cor-
rect supersymmetrically invariant constraints to
the linear multiplet, one is left with the Volkov-
Akulov model.

I first consider the two-dimensional case*: ‘The
linear scalar multiplet consists of two scalar
fields A and F and a Majorana spinor ¢ with trans-
formations

bA=), OY=(F—ifA)e, OF=-Eify). (1)

A supersymmetric action for these fields is

Sy =3 [d®[(aA)?+Fidy + F?]. (2)
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This can be rewritten in superspace notation by
introducing a superfield @,

®=A+0y++00F. (3)
Then
S, =1 [d*xd8do(3PP%), (4)

where P=98/89 —{36. The supersymmetry trans-
formations (1) are generated by @ =8/80 +ig6, 6
=[eQ, ®].

The Volkov-Akulov model in two dimensions
consists of a single Majorana spinor A with trans-
formation

o =€ = (Ey )0, (5)
and invariant action
Sya=+z [ d det(n,,— Xiv,8,1)
=3[ d* det(V,,)
= =3 [d@®[1-XiBx - 23ney, (@, 2ys0,0)]. (6)
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(A dimensioned constant® that usually appears in
the Volkov-Akulov transformation and action has
been set equal to 1.)

The relation between the two models is

A=3Xn, (7a)
D=x(1=Xifr), (o)
F=-det(V,,). (Tc)

The three constraints (7) are supersymmetrical-
ly invariant; that is, they are consistent with the
transformations (1) and (5). Upon substituting
the constraints (7) into the linear action (2), one
discovers that S; ccSy,.

In superspace the results (7) can be written as

&= -z det(V,, )X +D)(x +6). (8)

These results were obtained in the following man-
ner: The Ansatz was made that p=x +... ; this,
combined with the transformations (1) and (5),
leads immediately to A=3Xx +... and F = 1 - Xi#\
+...; but this, in turn, implies the complete re-
sult (7). When I considered another Ausafz, such
as p=ifx +... , I immediately found a contradic-
tion, suggesting that (7) may well be unique.

1t is simple to invert (7b) and find x = (1 +Pigd);
then (7a) and (7c) express A and F in terms of p,
and one can ask if there are simple supersym-
metrically invariant constraints involving only A,
¥, and F, that lead to (7a) and (7c). In super-
space these constraints are

®*=0 and &= - 3PP, (9a)
|
1+y 1—vy A-iB F+iG
= 5 = —t3d = =
R— 2 > L" 2 ’ a"' 2 b SF 2 ’
8@ =€Ryp, ©6F =—<CifRyY, ORP=2R(F —ifQ)e,

Sy =3 [d*x{4[(6@)(8G*) +FF*]+ TidRY +PiALY}.

In terms of these we can define chiral superfields’

&, =@ +0RY +IROF +ily"R06,Q —3(00)(BigRY) - 5 (FO°0G,

which can be written out in terms of A,%, and F:
AF =3, A*=0, Ay=0, A=AF,

(9b)
(F =Aif)p=9, and F*>-AUA+Tidp=F.

Clearly, the six constraints (9b) are not inde-
pendent.

Finally, note that these constraints (9) imply
that any action of the form

1[d*x a9 do]- 2Q(8PP&)+V (3)] (10)

reduces to
i [d*xd0de(g,+v,)® = (g, +v,)Sya

upon substitution of (8) into (10). (g, and v, are
the coefficients of the linear terms in the Tay-
lor’s expansion of @ and V, respectively.)

The two-dimensional case is simple and sugges-
tive but basically uninteresting from a physical
point of view; therefore, I investigated the four-
dimensional case. Although the computations are
much more complicated than in the two-dimen-
sional case, the results are largely analogous.

In four dimensions,’ the scalar multiplet consists
of a Majorana spinor ¥, two scalars A and F,

and two pseudoscalars B and G. The transforma-
tions are

8A =T, OB=Tiyy, OF=-Fipy, (11)
G =Ty, and 6P =[(F +iy,G) = iB(A +iysB)]e.

An invariant action is

Sp =% [d*[(8A)? + (9B)? + iy + F*+G?). (12)
It is useful to define complex fields
(13a)
(13b)
(13c)
(134)

& =Q@*+TLY+TLOF* +ily" LOd,@* — 3(00)(TifLy) — 5 (@O Oa*.

Then supersymmetry transformations are generated as in two dimensions, and the action can be writ-

ten as

S,=1[d*%| [d9RA0® . PP®_+ [dOLd6 & _PP3,).

To facilitate calculation, I used a slight generalization of the Volkov-Akulov model with transformation

on =€ —iey" (1 +aiy;o,n

and invariant action

Sya=+% [d* det[n,, —Xiy,(1+0iys)o )=+ 3 [dix det(V,,).
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This is a parity-nonconserving realization of the conventional super-Poincaré algebra. (Note that
[€.Q,€.Q]=2i€, €, as always.)
The relation between the two models is
@=3XRA[1-i(1+ia)XA\] = 500 )* (1 +ia )*(9,XR0*"8,7),
F =3 =iXIR) = (1+ia)(XL1)(8, AR 0**8, )
+(1=ia)[ (Ry, LA)(3*XBRA) + (o R 9,0 ) (Wy®L8%2) = $(XIn) O (XRA)]
+(1+a®)(XLA) [ (KBLA)(8,XR0%%8,)) — 2(Xy, L3, 1) (8° AR 0% ,A)]
Ry =R(A[1 —i(1+i0)XBL) =(1+ia)>(WLA)(9,XR0%8, 1 )] + (1 =i a)y* A (XR,\)
+3(1+a)IEIOEOARR) = 51 (0, XRY*N) 207X (8,R0,,0°) ]
— (RM)[yA (9, XBRA) +9°0, A (\y*R 8, 1) ]}
- 1i(1+ia)(1+a®) N[ (3, AR 0%8, 1) — 2%8,1 (5, X'Ror“acx)]> ) (16)

Although it is not obvious in this form, & is proportional to det(V,,) plus extra total derivative terms.
When the result (16) is substituted into the linear action (13c), as in the two-dimensional case, S,
o« Sys. Again, the result (16) can be derived from simple supersymmetrically invariant constraints

®,°=% *=0and®,=-&,PFd.. (17)
Some components of these are
@*=0, GQRY=0, @F =31JRY, Q@=2@F*, RY=2RE*-iGF)), F =25*F +iPFLy-2@CQ*. (18)

Although the four-dimensional calculations are far more tedious than the two-dimensional calcula-
tions, the method is essentially the same: The Ausatz, =1 +... , and the requirement of supersym-
metry, imposed order by order in A, lead unambiguously to the result (16).

These results make explicit the connection between linear and nonlinear realizations of supersym-
metry. It should now be possible to investigate aspects of supersymmetry breakdown in greater de-
tail; furthermore, since the coupling of the linear multiplet to supergravity is known,® it should be
possible to use these results to couple the Volkov-Akulov model to supergravity and to study the super-
Higgs phenomenon.

I would like to thank P. Townsend, D. Z. Freedman, C. Zachos, and P. van Nieuwenhuizen for useful

~ discussions, and T. T. Wu for his support. This work was supported by the U. S. Department of Ener-
gy, Contract No. EY-76-S-02-3227.

ID. V. Volkov and V. P. Akulov, Phys. Lett. 46B, 109 (1973).

%J. Wess and B, Zumino, Phys. Lett. 49B, 52 (1974).

3See, for example, S. Deser and B, Zumino, Phys. Lett. 38, 1433 (1977).

“Supersymmetry in two dimensions has been considered by many authors; I follow the conventions of E, Witten,
Hard University Report No. 77/A054 (to be published). After the completion of this work, I learned that the two-
dimensional case has been considered independently by B. Zumino and A. Salam (unpublished results).

5The dimensioned constant (a in Ref. 1) can be remtroduced by a simultaneous scaling of € and A.

®My conventions are Guy = (+===), oy = [yu,yy], Y5=1Y 033, and €M% =+1,

"This definition of the superfield differs slightly from that of A. Salam and J. Strathdee, Phys. Rev. D 11, 1521
(1975).

8This realization (and hence the standard realization of Ref. 1) is equivalent to an alternative realization first
given by B. Zumino with 6\ =e —2¢[(€y,A)oH A+ (E’Y.p'Y5)\)'Ysau)\]. I would like to thank Professor Zumino for suggesting
I investigate this possibility.

93, Ferrara, D. Z. Freedman, P.van Nieuwenhuizen, P. Breitenlohner, F. Gliozzi, and J. Scherk, Phys. Rev, D
15, 10138 (1977). T. Dereli and S. Deser have achieved coupling to supergravity in two and three dimensions [J.
Phys. A 11, L27 (1978)].

453



