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%'e consider the supersymmetric
Higgs effect, in which a spin-s Goldstone fermion is
transformed away by a redefinition of the supergravity fields and the spin-&& gauge field
acquires the degrees of freedom appropriate to finite mass. More generally we discuss
the consistency and physical applicability of supergravity theories with broken local supersymmetry.

Rigorous supersymmetry implies the existence
of supermultiplets
made up of fermions and bosons with equal masses. If supersymmetry is to
be relevant for the physical world, it must be
broken, either softly or spontaneously. Spontaneous breaking of global supersymmetry
gives rise
to the appearance of one or more Goldstone fermions. ' When global supersymmetry is promoted
to a local invariance by coupling supersymmetric
matter to supergravity, the Goldstone fermion
disappears as a consequence of a phenomenon
analogous to the Higgs effect of ordinary gauge
theories. In this Letter we describe this supersymmetric Higgs effect, ' and consider its possible application to the construction of realistic
models. In particular, the supersymmetric
Higgs effect gives a possible solution to the problem of the apparent nonexistence in nature of the
Goldstone fermion of spontaneously broken suAs we know, this cannot be idenpersymmetry.
tified with the electron neutrino, because it would
satisfy low-energy theorems which contradict observed properties of the neutrino spectrum. ~
The Goldstone f ermion is described by a Major-

'

ana spin-~ field ~. Irrespective of the particular field theory in which it arises, it can be characterized, following Volkov and Akulov, ' by the
nonlinear

).

realization of global supersymmetry

5A, =a 'e

+ iaay

"A, B&A.

,

where o.'is the infinitesimal supersymmetry parameter and a is a constant which measures the
strength of the spontaneous breaking of supersymmetry. The nonlinear Lagrangian for X, invariant (up to a divergence) under (1), is given by

I q =- (2a')
=-(2a')

'det(&„"+ia'Ay"8„A.

'--.'ihy"eh+. . . .

The analogy with nonlinear pion dynamics is apparent. However, the chiral group SU(2) IRSU(2)
is also broken explicitly by a pion mass term. In
contrast, if we assume that supersymmetry is
broken only spontaneously, the above description
is expected to be rigorous and to be actually valid
for a suitably defined field X in any renormalizable model in which a Goldstone fermion emerges.
Let us now try to promote (1) to a local trans-
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formation with parameter u(x) and to make (2) invariant under it by coupling ~ to the supergravity
fields e„' and g„. The complete Lagrangian will
be rather complicated. Assuming its existence,
one can easily find the first terms in an expansion in the coupling constants a and (gravitational constant). The Lagrangian (e = dete„')
I&

I.~ =-(2a') 'e- &i7y

&X
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(6)

is the contracted Riemann tensor, taken as

a function of the vierbein and of the connection &
and its derivatives. The sum I-, 8+I-& is invariant
under (4). The transformation law for the field A.
shows that it can be transformed to zero by a
suitably chosen local supersymmetry transformation. In other words, the field ~ can be absorbed
into a redefinition of the fields e„' and p„. The
resulting theory is described by the Lagrangian
(5) of supergravity plus the cosmological term
from (3) (plus possible additional terms from the
supersymmetric matter part which gave rise to
spontaneous symmetry breaking). This is the supersymmetric Higgs eff ect. '
At first sight, the result is puzzling and disappointing. It is puzzling because the disappearance
of the Goldstone particle gave rise to a cosmological term, instead of generating a mass for the
spin-2 field, as one would have expected from a
count of degrees of freedom. It is disappointing
because the empirical smallness of the cosmological constant —(2a') ' seems to destroy any hope
that the spontaneous breaking of supersymmetry
will be large enough to account for the observed
mass splitting between bosons and fermions. We
shall deal with both problems.
To resolve the puzzle we first note that, in the
presence of a cosmological term, one cannot
quantize in a Minkowski background, but must
take instead as background space a solution of
the Einstein equations with cosmological term.
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is valid provided that the
are related by
(8)

's„u,

where

where
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Indeed, the sum of (5) and (7) is then invariant under a modified supersymmetry transformation,
in which the usual transformation law for the
spin-2 field, ~Q„=-2~ 'D„&, is replaced by

.. .

To (3) one must add the usual supergravity

L, g= —(2/c2)

X p~p

two parameters

)~q

6(q = —2z '&qu+.
grangian

"

'u(x)+. .. ,

=a
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The simplest and most natural is the corresponding de Sitter space and one knows that the concept of mass is rather delicate there. We next
recall the recent observations"
that one can
add to the supergravity Lagrangian (5) the sum
of a cosmological term and of a spin-2 mass term

Local supersymmetry

changes by a divergence under
5A.
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(10)

(there is a corresponding change in 5cu„„).
The existence of this local supersymmetry"
shows that, in spite of the apparent mass term
in (7), the spin-& field has the number of degrees
of freedom appropriate to the massless case,
namely two. For example, in an external de Sitter space satisfying (8) the covariant derivatives
(10) commute, i.e. , [u„,u, ]=0, and the quanti-

ties

g„and*/""= 'e
(„„=S„(„-u,
—,

'~""

gq~

are

gauge invariant under (9), as is the HaritaSchwinger equation (11). The latter is equivalent
=-0, y„g""=0, or y„"g"'=0, and imto *g„, y,

)„,

plies $„(ep"")=S„(e*p"')=0. Therefore also
D„(eg"') =D„(e*g"') =0. These are the correct
equations for a massless spin-2 particle. Qn the
other hand, if (8) is violated, the constraints y g
=O=D„(e(") replace the gauge invariance and the
field is massive, with four degrees of freedom.
Similar conclusions follow when gravity is dynamical. Thus, when the cosmological term and
the spin-2 mass term are not related as in (8),
there is no local supersymmetry and the spin-&
field is effectively massive. This is true in particular when there is On~y a cosmological term,
which finally resolves the paradox of the Goldstone fermion's degrees of freedom.
We now show that despite loss of supersymmetry, at least the classical equations of motion
remain consistent in that no anomalous propagation hypersurfaces occur. To see this we follow
a method similar to that which led Velo and Zwanziger" to discover the anomalous propagation of
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a spin-& field coupled minimally to an external
electromagnetic fieM. Let us consider the equation of motion for (& which follows from (5) plus
(7), without assuming (8). It can be written, including the mass term, as
This equation does not contain 80/0. Therefore
we transform it in a standard way. First we observe that, using the equations of motion for the
vierbein and for the torsion, one finds
2&p(eR") = (c~' —3m')ey

~

q

This can be either verified directly, by the same
arguments as in Ref. 7, or simply deduced from
the fact that the Lagrangian (5) plus (7) can be
written as the sum of a part invariant under (9)
plus a noninvariant term (c —3m'~"')e. Therefore Eq. (11) implies the validity of the constraints

(i3)
N=—-y R+2y

~

Sg-2m'

=0

(as will become clear, one cannot simply use y
R instead of N). We now replace (11) by the
~

equation

(15)
With use of the simple identity

(18)

it follows that
(Rp

=y~(sggp —&pgg)+ (&p —my')y '
= (y ~ 8
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~

~

(
(17)

~,

where the dots denote terms with no derivatives
of
Similarly,

(„.

N =28pg" +. . .

.

(i8)

Finally we verify that, if (15) is satisfied, the
initial validity of the constraints (13) and (14)
implies the vanishing of Box and ~,
Indeed one
finds, using (14),
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elude that (15), together with (13) and (14), is
equivalent to (11). The characteristic surfaces
of (13), (14), and (15) are obviously the local
light cones.
The argument just given can be applied essentially without change to the O(2) and O(3) supergravity theories with additional couplings. It has
been shown by Freedman and Das" that these theories are locally supersymmetric, provided certain relations are satisfied among the gravitational constant, the cosmological constant, the spinand the
~ mass, the minimal vector coupling,
magnetic-moment coupling. One finds by the
present methods that, if local supersymmetry is
broken by changing only the value of the cosmological constants, the theory is still consistent
and propagation occurs along the local light cones.
In particular, the cosmological constant can be
set equal to zero. This latter model then provides an example of consistent coupling of a massive spin-~ field to both electromagnetism (or
Yang-Mills) and gravitation, which can be quantized in Minkowski space. It is remarkable that
gravity is necessary (and suffices 1) to compensate the inconsistencies of flat-space spin-&electromagnetic coupling.
We now return to the Higgs effect and the apparently disappointing magnitude of the accompanying cosmological constant. Existence of an
invariant action including (7) that satisfies (8)
can be used to resolve this difficulty as well.
The sign of the cosmological term in (7) is fixed
by (8), and corresponds to a de Sitter space with
O(3, 2) invariance. On the other hand, that of the
cosmological term in (3) is also fixed, but opposite. Adding (3), (5), and (7), one can adjust
the constants so that the cosmological terms cancel. [One must, of course, modify (3) so as to
make it invariant under (9), which, to the order
considered here, requires adding to (3) a term"
—imitX+. . . .] Now one can clearly cancel the
cosmological term between (3) and (7) with (8) by
setting

¹

y 6l = N
~

(y - 5)

+ 2m) g—
,

If we assume that the spontaneous supersymmetry breaking is responsible for the observed
mass splittings between mesons and baryons,
the order of magnitude of the constant a must be
given by a hadronic mass, say the proton mass,

(20)

in which case we find

2&„(e@")= (c ~' —Spn ')eg + &„(ey"N)

last term in (20) the second derivatives of
cancel. This proves our statement. %e con-

In the
y

(21)

(19)

and, using (12),

+ 2&&e(&" —y "y $)y. .

m' = ~(~/a)'.

m

- (~m, )m, ,

with any~- 10

". The mass

(22)
of the spin-2 field is
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very small, which is not unacceptable, but we
now have hadronic mass splittings of reasonable
magnitude and zero cosmological constant.
Discussions with P. Higgs and D, V. Volkov
are gratefully acknowledged.
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A new method of exploring the contents of the renormalization-group
equations for discrete spins is introduced. The equations are expanded in low-temperature series and the
truncated series are used to obtain the critical exponents and critical temperature of a

system. The method is demonstrated on the planar triangular Ising lattice and the critical parameters are found to be within a few percent of the exactly known values in third
nonvanishing order of approximation.

The work of Kadanoff' and Wilson' on the application of scaling laws and the renormalization
group to the study of lattices has inspired a wide
range of activity in the field of critical phenomena. '
Wilson's method of continuous spins exposes
the symmetries and general features of the theory, but it is not very useful for the calculation
of critical exponents, critical surfaces of coupling constants, and scaling functions, because
the e expansion used in the calculations is only
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an asymptotic

series.

Niemeijer and van Leeuwen have proposed a
method which is based on the direct study of the
discrete lattice. ~ Following the idea. of Kadanoff, '
they introduce a finite rescaling of the lattice
by dividing it into cells, each containing n spins,
in such a way that the new lattice L' made up of
the cells is a, similar rescaled version of the
original. The cell spin s,. ' of the ith cell is defined and the spin variables inside a cell s~' are
replaced by the variables s,. ' and 0 ~'~, the latter

I

