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The spin-2—spin-3 gauge multiplet for supergravity is coupled to the spin-1-spin-3
vector multiplet in a locally supersymmetric way.

The gauge action for local supersymmetry (supergravity) was constructed by Freedman, van Nieuwen-
huizen, and Ferrara,' and contains the massless spin-2 and spin-3 gravitational and Rarita-Schwinger
fields. Deser and Zumino? gave an alternative simpler derivation in which they stressed the impor-
tance of torsion in supergravity, and Nath and Arnowitt® showed that the theory of Refs. 1 and 2 can be
obtained from their superspace approach by taking a singular limit. In this Letter we discuss the next
step in supergravity theory: coupling to matter. We couple the spin-1-spin-3 vector multiplet of glob-
al supersymmetry? in a locally supersymmetric way to the supergauge action. The key is to start in
lowest order of the gravitational constant by coupling the spin-3 field to the Noether current of global
supersymmetry, and to restore local gauge invariance in higher orders by successively adding terms
to action and transformation laws in a systematic way. This is thus the same approach as was followed
successfully in Ref. 1. We work in second-order formalism without auxiliary fields, but our final re-
sults indicate the presence of other auxiliary fields in addition to torsion.

Before commenting on the derivation, we give our final results. The complete action is the sum of
the supergauge action £° and the matter action £M=£M+£,M to be defined below. The latter contains
a massless Abelian spin-1 vector field, A, (the photon), and a Majorana spin-3 field, A, coupled to the
spin-3 Majorana spinor, ¥, , and to the gravitational vierbein field, e,, (the graviton), by means of two
terms: a coupling of ), to the Noether current of global supersymmetry which is linear in the gravita-
tional constant «, and a direct four-fermion interaction £, of gravitational strength x2:

£M=—feg"PgVF ,F o —3eXy D\ +5eky, vy Py AF 4, (1)
LM=(ek?/8)[— @+ PION) + @ovsl®) Oy ) +5@ = vy )N +5 @ =y ysy V) Aya))
=30 Y Yl o)Ay N) +5 oy sy ) AvsyPX) + 30 (). (2)

The symbol § + ¥ stands for J,4 % and y *¢ for y°U,,.
The gravitational action is the same as in Refs. 1 and 2,

£O=—3K 2R =5€"P% 1y oy, D b 5 — (ek?/32) [ (127 ) Uy e + 2Ugvod ) — 4@,y V)] 3)

The total action £°+£&M is invariant under the following local supersymmetry transformations on the
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fields:
oA = (Fuu + KZZu')’v)\)(O'“Ue):
éAp =- (E'}’“)\),

de?, = k(eXY,),

(4)
(5)
(6)

89, =260 € + (1Ko €)[ 20,7y + T U, + T KOy M) [y vy — 0l vse. (1)

In these results, D, denotes the ordinary gravi-
tationally covariant derivative (without torsion);
local Lorentz and world indices are denoted by
Latin and Greek letters; v,y,=v,*=1(@=1,2,
3,4), oy, = (0 yYv—7v¥,)/4; in flat space g, =g"
=8,"=(+,+,+,+) (the Pauli metric), and e
=det(e?)).

In order to arrive at these results, we consider
the flat-space globally supersymmetric vector
multiplet and consider space-time-dependent anti-
commuting parameters € (x). The requirement of
invariance of the action at zero order in « fixes
uniquely the strength and the form of the third
term in £M. This comes about by demanding can-
cellation of the FA\3¢ terms in 6&M.

As expected, ¥, couples to the Noether current®
in agreement with the consistency requirement?
that to lowest order in k the source of the d)p field
be conserved.

Invariance to all orders in k is expected to be
arrived at by adding higher-order terms to the
action and transformation laws according to the
construction of Ref. 1. We also expect electro-
magnetic gauge invariance to be unbroken, which
restricts the number of possible extra terms con-
siderably. This was the reason for considering
the vector multiplet instead of, say, the scalar
multiplet.

At the order k level, there are F2ye and 9 e
terms in 6&M. The first kind of terms does in-
deed vanish as a consequence of the fact that
F ,€*"P°F ,, is proportional to 8,”. This is a mi-
nor miracle, analogous to the cancellation of the
order ¥ terms in pure supergravity. The 9 \Je
terms do not vanish by themselves, but they can
be rewritten in a unique and systematic way as
either terms obtained by varying bz,bu: 2K” lDue in
¥22? terms, or terms proportional to the field
equations of the A and ¢ fields. Cancellations of
the 31 \Ye terms can now be obtained by adding to
the matter action all 222 terms as given in (2)
and by modifying the transformations for A and
¥ according to (4) and (7).

To order k? the A*Fe terms do not vanish, but
the same strategy now fixes uniquely the A\* term
(which happens to be unique for Majorana spin-
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ors). At this point, the complete theory has been
determined and in order that the theory be fully
locally supersymmetric, all other variations
have to cancel by themselves. To the same or-
der x2, there are only ¥\ Fe terms which indeed
vanish. Finally to order «® the A*{e and A%{3¢
terms also vanish and we have therefore succeed-
ed in coupling a matter system to supergravity.

There is an elegant alternative to determine
which four-point contact terms need to be added
to a gauge theory, once all three-point couplings
are known. One simply looks at all four-point
tree graphs of the S matrix which are construct-
ed from the three-point vertices (simple pole
graphs) and verifies whether the S matrix is
gauge invariant (in our case under the substitu-
tion ¥, ~k,). If not, the sum of all pole graphs
(with ¢ , =k ,) must be a local function proportion-
al to k, (if there exists at all a gauge-invariant
S matrix), from which a direct four-point coup-
ling can be found, which restores the gauge in-
variance of the S matrix. In this way, we ob-
tained the ¥2A? terms in the action, while we
found that no F2¢2 terms can be present. This
same method, which has been used before in the
context of the Yang-Mills theory,® also repro-
duces the purely gauge four-fermion coupling of
Eq. (3).7

We now comment on our results. In addition to
four local gauge invariances (coordinate, local
Lorentz, electromagnetic, and supersymmetric
invariances) the theory is invariant under global
chiral transformations, as can be verified by in-
spection. Our method can in principle be applied
to couple supergravity to other matter multi-
plets.® In particular, one might expect similar
results for the Yang-Mills multiplet,® although
the scalar multiplet* may have more complicated
couplings.

Inspection of the transformation law of ¥ as
well as of the structure of the 222 terms reveals
that torsion® cannot be the only auxiliary field
needed to linearize our Lagrangian. Our method
avoids the need to guess the complete set of aux-
iliary fields. Certainly more auxiliary fields are



VOLUME 37, NUMBER 16

PHYSICAL REVIEW LETTERS

18 OCTOBER 1976

needed to close the algebra.'® It seems that in-
troducing the notion of a supersymmetric covari-
ant derivative!! simplifies the formulation of the
theory. It would be interesting to see whether
our theory can be obtained from the Nath-Arno-
witt superspace approach'? or from the Zumino
non-Riemannian geometry.'?

Details of this work will be published elsewhere.
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The reaction pp — 27 with polarized targets exhibits asymmetry. From this we extract

the intrinsic parity of the antiproton.

With the availability of intense antiproton beams
and polarized targets we are now in a position to
investigate fundamental properties of antiprotons.
In particular, we would like to raise the question
of the experimental determination of the parity of
the antiproton. On general theoretical grounds
one would expect this parity to be such that a pp
state with orbital momentum L has a parity
(=1)£*', If the proton is described by a local
relativistic field which transforms in a local
manner under both Poincaré and space inversion
transformations, then the p parity is opposite
that to the proton."? This is most easily seen in

terms of the asymptotic proton field which con-
tains annihilation operators for the proton and
creation operators for the antiproton. This re-
quirement of quantum field theory transcends the
minimum requirement of relativistic invariance,
since it is not possible to transform particles
into antiparticles by a real Lorentz transforma-
tion.

At the present time the true nature of the pro-
ton is not known. Many imaginative models of an
extended nature are under intense investigation
at the present time. It will be important for such
models?® to know whether the intrinsic parity (n)
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