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We show that for N/ = 1 supersymmetric Yang-Mills theory, it is pos-
sible to build an off-shell nilpotent BRST and anti-BRST algebra in terms
of a BRST superspace formalism. This is based on the introduction of the
basic fields of the quantized theory together with an auxiliary real field via
the lowest components of the superfield components of a superYang—Mills
connection. Here, the associated supercurvature is constrained by horizon-
tality conditions as in ordinary Yang—Mills theory. We also show how the
off-shell BRST-invariant quantum action can be constructed starting from
a gauge-fixed superaction.
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1. Introduction

It is well known that the quantization of globally supersymmetric gauge
theories has been considerably studied a long time ago. Several approaches
have been proposed with various methods in order to perform the quantiza-
tion of such theories (for a review, see e.g. Ref. [1| and references therein).

In the component field formalism, the supersymmetry algebra achieved
without auxiliary fields closes only on-shell. This can be explained by
the fact that the supersymmetry transformations of the models are real-
ized nonlinearly and, therefore, the main problem affecting such theories
is linked to its algebraic structure which involves equations of motion and
field-dependent gauge transformations. This gives rise to an infinite dimen-
sional algebra, even if auxiliary fields can be introduced to put the formal-
ism off-shell [2]. To avoid these difficulties, in Ref. 3] the construction of
a generalized BRST operator has been proposed by collecting together all
the symmetries forming the theory, namely ordinary BRST, supersymme-
tries and translations. According to this procedure, the role of the auxiliary
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fields is covered by the external sources coupled to the nonlinear variations
of the quantum fields. This approach has been already successfully applied
to supersymmetric [4, 5|, ordinary [6] gauge field theories as well as to non-
gauge field theories [7]. Let us mention that in the Wess—Zumino model,
it is only with auxiliary fields that one can obtain a tensor calculus (for a
review, see e.g. Ref. [8] and references therein).

Another possibility to solve the problem of the quantization of theories
with on-shell algebra is to introduce the Batalin—Vilkovisky (BV) formalism.
The BV formalism is a very general covariant Lagrangian approach which
overcomes the need of closed classical algebra by a suitable construction of
BRST operator. The construction is realized by introducing a set of the so-
called antifields besides the fields occurring in the theory. The elimination
of these antifields at the quantum level via a gauge-fixing procedure leads to
the quantum theory in which effective BRST transformations are nilpotent
only on-shell. Let us note, that the BV approach can be used to obtain
the on-shell BRST, invariant gauge fixed action for N’ = 1 supersymmetric
Yang—Mills theory in four dimensions without requiring the set of auxiliary
fields [10].

Another interesting approach with infinite number of auxiliary fields has
been developed in the context of harmonic superspace [11]. In this frame-
work, quantization of supersymmetric theories has been discussed for various
supersymmetries [12].

On the other hand, it is also known that the extension of spacetime
with two ordinary anticommuting coordinates to a (4, 2)-dimensional super-
space [13] leads in Yang-Mills-type theories to incorporate the gauge fields,
the ghost and anti-ghost fields into a natural gauge superconnection, see
also Ref. [14] and references therein. In such a superspace formalism, the
BRST and anti-BRST transformations are derived systematically from the
horizontality conditions imposed on the supercurvature.

Let us note that the natural geometrical way to derive the BRST struc-
ture of general gauge theories is to work, in the same spirit as in Yang—Mills
type theories, by using the superconnection formalism. Within this frame-
work and in contrast to what is done in Yang—Mills theories, all superfield
components of the supercurvature cannot be constrained through horizon-
tality conditions. This is a consequence of the fact that the gauge theories
we consider are reducible and/or open. It is the consistency of the Bianchi
identities which is guaranteed by the remaining superfield components of the
supercurvature. Their lowest components allow the introduction of auxil-
iary fields. These, together with the fields given by the lowest components of
the superfield components of the superconnection, represent the basic fields
of the quantized gauge theory. The off-shell nilpotency of the BRST and
anti-BRST transformations of these fields is automatically ensured, thanks
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to the structure equations and the Bianchi identities. The BRST and anti-
BRST operators are related, as usual, to the partial derivatives with respect
to the two anticommuting coordinates of the superspace. Essentially, the
introduction of the auxiliary fields gives rise to the construction of the off-
shell BRST-invariant quantum action. As shown in Ref. [15] for the case of
non-Abelian BF theory where the classical gauge algebra is reducible and
in Ref. [16] for the case of the simple supergravity where the classical gauge
algebra is open, the superspace formalism has been used in order to real-
ize the BRST structure of such theories. It leads to recast all the fields
in geometrical way and to introduce auxiliary fields ensuring the off-shell
invariance of the quantum action.

Our main aim in this paper consists in applying this formalism for dis-
cussing the off-shell nilpotent version of the BRST and anti-BRST transfor-
mations for global N' = 1, 4D supersymmetric Yang—Mills theory where the
classical gauge algebra is open [8, 17]. Let us mention that in Refs. [15, 16]
the superspace formalism has been applied successfully to theories with lo-
cal symmetry, while in the present work, we are interested in applying this
formalism to a global supersymmetry. The classical action for the NV = 1
supersymmetric Yang—Mills in four dimensions is given by [17]

Sp = / daTx (—LE M — \yPD,X) | (1)

where ‘Tr’ denotes the trace over the gauge algebra, (A,,\) is the gauge
multiplet, the field strength is F,, = 0,4, — 0, A, + [A,, A)] and D, =
Oy + [Ay,] is the covariant derivative. By construction, in addition to the
ordinary Yang—Mills symmetry, action (1) is invariant under the supersym-
metry transformations

SeAy = i€y + iy,
deN = o EFLE, (2)

where " = %[7/‘, ~¥] and £ is a spin 1/2 valued infinitesimal supersymmetry
parameter.

In the following, we shall call the superspace obtained by enlarging space-
time with two ordinary anticommuting coordinates BRST superspace, in or-
der to distinguish it from the superspace of supersymmetric theories. Let us
recall that a full off-shell structure of any supersymmetric field theory most
naturally exhibits itself in superspace, provided the superfield formulation
of the theory in terms of unconstrained superfields, is available. The BRST
superspace formalism presented here permits us to derive the off-shell nilpo-
tent BRST and anti-BRST algebra of quantized N' = 1, 4D supersymmetric
Yang—Mills theory. In particular, it gives another possibility leading to the
minimal set of auxiliary fields in such theory.
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Our paper is organized as follows: In Section 2, the BRST superspace
approach and horizontality conditions for N = 1, 4D supersymmetric Yang—
Mills theory are discussed. We also show how the various fields of such
theory and their off-shell nilpotent BRST and anti-BRST transformations
can be determined via a BRST superspace formalism. The construction of
the BRST-invariant quantum action for N” = 1 super Yang—Mills theory in
terms of this off-shell structure is described in Section 3. Section 4 is devoted
to concluding remarks.

2. Off-shell nilpotent BRST algebra
Let @ be a super Yang-Mills connection on a (4, 2)-dimensional BRST

coordinates of the spacetime manifold and (60%),_, , are ordinary anticom-
muting variables. Acting the exterior covariant Sﬁperdifferential D on &,
we obtain the supercurvature {2 satisfying the structure equation, {2 =
d® + (1/2)[®,®|, and the Bianchi identity, df2 + [@, 2] = 0. The super-
connection @ as 1-superform on the BRST superspace can be written as

@ = dM (), 1; + D, Py + D5Qa) (3)

where {I;}i=1 . d=dimc and {P,, Qa}u=1,. 4;a=1,....4 are the generators of the
internal symmetry group (G) and the NV = 1 supersymmetric group (SG)
respectively. They satisfy the following commutation relations

[Ii,I]] = fikjlky
[Ii,P#] = [Qmpu] = [P#,P,,] =0,
[Qa, Q] = 2(v")ab Py
[1i;Qa] = b{Qa, (4)

where {7#},=1 4 are the Dirac matrices in the Weyl basis, b = b; for
a = 1,2 and b = —b; for a = 3,4 giving the representation of the inter-
nal symmetry of @, and [,] the graded Lie bracket. Let us mention that
the supersymmetric generators {Q,} are given in the Majorana representa-
tion [17, 18]. Note that the Grassmann degrees of the superfield components
of @ are given by || = |4 ,| = m, |9%,| = m+1 (mod 2), where m = |zM|
(m =0 for M =p and m =1 for M = «a), since @ is an even l-superform.

However, we assign to the anticommuting coordinates ' and #? the
ghost numbers (—1) and (+1) respectively, and ghost number zero for an
even quantity: either a coordinate, a superform or a generator. These rules
permit us to determine the ghost numbers of the superfields ((ﬁL, D, Py

) 7

1, Dy, DY, D, DY, PF) which are given by (0,0,0,+1,—1,+1,—1,+1,—1).
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Upon expressing the supercurvature (2 as
2 =1dN NdM Oy = LdN NdM (N T+ Q8 Pu + 258 Qa) » (5)

we find from the structure equation

2 = Py — 0P, + [Py, D] (6a)
Q,uoz = 8,u@a - 8(34@# + [¢u7 @a] ; (6b)
2.3 = 804@,8 + 85915@ + [Pq, @5] . (6¢)

Similarly, the Bianchi identity becomes

D2y + D2y + Dy 2y = 0, (7a)
Doy — Dy + Dy = 0, (7b)
DaQ8y + Dy + Dyf20p = 0, (7c)
D205 — DaS2u5 — D2 = 0, (7d)

where Dy = Oy + [P, .| is the M covariant superderivative. Now, we shall
search for the constraints to the supercurvature {2 in which the consistency
with the Bianchi identities (7) is ensured. This requirement ensures then
the off-shell nilpotency of the BRST and anti-BRST algebra. The full set of
supercurvature constraints turns out to be given by

Qua =0, 45=0. (8)

It is easy to check the consistency of this set of supercurvature constraints
through an analysis of the Bianchi identities. Indeed, we remark that identi-
ties (7c) and (7d) are automatically satisfied because of the constraints (8),
while identities (7a) and (7b) yield further restrictions on supercurvature {2

5, =0,  0%,=0. (9)

At this point, let us mention that the consistency of the horizontability
conditions (8) and (9) with the Bianchi identities (7), as we will see later,
guarantees automatically the off-shell nilpotency of the BRST and anti-
BRST transformations on all the fields belonging to A/ = 1 super Yang—Mills
theory.

Now, in order to derive the off-shell BRST structure of N/ = 1 super
Yang—Mills theory using the above BRST superspace formalism, it is nec-
essary to give the geometrical interpretation of the fields occurring in the
quantization of such theory. Besides the gauge potential @Z‘ = Af“ there

exists the superpartner @é‘ = A of A, and an auxiliary real field @T = A
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which are introduced via the field redefinitions % = —1(y#)%[Q,, @] and
Pt = i&g [Qa, P%], respectively. The components @Zl and @Zl are identified
to zero. Note that the symbol “|” indicates that the superfield is evaluated
at 0% = 0. ' '

Furthermore, we introduce the following;: QSZ| = cj is the ghost for Yang-
Mills symmetry, @z‘ = ¢ is the anti-ghost of ¢}, B' = 81¢ ‘ is the associated
auxiliary field, &7 1= = x{ is the supersymmetric ghost, & 2‘ = X5, is the
0= = ¢l is the
translation symmetry ghost, @2‘ =& 5, is the anti-ghost of &4’ and F* = 8145 o)

anti-ghost of x{, G* = 819152' is the associated auxiliary field, "'

is the associated auxiliary field. Let us mention that the symmetry ghosts
and anti-ghosts % are commuting fields, while the others ¢!, and &4 are
anticommuting.

The action of the N' = 1 supersymmetric generators {P,,Q,} on these
fields is given by

[P, X] = 0uX,
[Qa, AL = —(v)abA”
QuXT| = —S(a"™)oFL, + s,
[Qarch] = (W) asx2 AL,
[Qa, 4] = (¥*)ap DX,
[Qav #V} = ('Yu)ab(DVA)bi_(’YV)ab(DuA)biv (10)

where X is any field of the theory.

It is worthwhile to mention that we are interested in our present investi-
gation on the global supersymmetric transformations, so that the parameters
of the N' = 1 supersymmetric and translation groups must be space-time
constant, 7.e.

DX =0, .85 =0. (11
Using the above identifications with (11) and inserting the constraints (8)
and (9) into Egs. (6) and (7b), we obtain

Oa P! ul = (Duca)i _55 [PVaA;,J - Xg [QaaAL] ’
0, @m + 8,8@ | = = [Caacﬁ]z - & [chlﬁ] — Xa [QaaC:LB]

_55[ v, C a} X,B [Qa’ a] ’

D" ‘+agq5 = =2
Oaly) = — [cas Flu] = €0 [Pr ] = X6 [Qa Flu)
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0’ = 5™ | @, 0a|
Ou® = ~1(55) |Qus 0] . (12)

We also realize the usual identifications: Qa(X|) = 0o X|, where X is any

superfield and Q = Q1 (Q = @2) is the BRST (anti-BRST) operator. Insert-
ing Eq. (10) into (12), and evaluating these at 6% = 0, we find the following
BRST transformations

QAl, = (Dpc)’ — €79, A% + x 7\,

QNy = keI N = €N xad + 5 (x0™)y Fy
Q" = =X, | |
QA" = —fhF A —£PO,A" — Xy DN,
QF;iV = - ]l:kckF;JL'V - gpaﬂF;iu - x* {(’Vu)ab(DV)‘)bi o (%’)ab(D'u)\)bi} ’
Qx* =0, Q=B, QB'=0, Q=E"
QE' =0, QY'=G", QG"=0, (13)

and also the anti-BRST transformations, which can be derived from (13) by
the following mirror symmetry of the ghost numbers given by : X — X if

X=A N A: X 5 Xif X =0Q,c, B, &4 BF % G and X = X, where

lu,? a’
B +B' = —ficded — €0, — 9,8 — xy'xAL — ¥ AL, (14)
EF+E" = —20y"X, G'+G"=0. (15)

Let us note that the introduction of an auxiliary real field A* besides the fields
present in quantized N = 1 super Yang—Mills theory in four-dimensions,
guarantees automatically the off-shell nilpotency of the {Q, @} algebra and
then makes easier, as we will see in the next section, the gauge-fixing process.

3. Quantum action

In the present section, we show how to construct in the context of our
procedure a BRST-invariant quantum action for N' = 1 super Yang—Mills
theory as the lowest component of a quantum superaction. For this purpose,
we choose the following gauge-fixing superaction

Ssgf = /d4stgfa
Lsgf = (81%)(8“@#) + (8“@2)(81@,0 + (81@2)(81@2) . (16)
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Let us recall that similar gauge-fixing superaction was used in Refs. [19-21].
We note first that in the case of Yang—Mills theory, the superaction involves
a Lorentz gauge [22| given by

] = 0. (17)

In the case of super Yang—Mills theory, we shall choose a supersymmetric
gauge-fixing which is the extension of the Lorentz gauge. This gauge fixing
can be obtained from (17) by using the following substitution

B, — D, =D, + [0, Q] - (18)

Now, it is easy to see that the gauge-fixing superaction (16) can be written
in the following form

Sigt = / dia [(3@2) (aﬁ@;) + (") (a@)} . (19)

To determine the gauge-fixing action Sy as the lowest component of the
gauge-fixing superaction Sgr = Sy, we impose the following rules
Te(I™I,) = 6",
Tr ([th Qb]) = 2(7M)abau )
Tr (P?) = 0. (20)

These rules permit us to compute the trace of each term in (19). Indeed,
from (20), it is easy to put the gauge-fixing action Syt in the form

Sef = Ssat| = / d'z [B@“Au + 205G (y*0,0N)
+ (0"¢) {Dpuc+ £ 00 Ay + XV}
267 (9%) 7 0,0 { AN + €70, N — o™ FL, — x| (21)

On the other hand, the presence of the extrafield breaks the invariance
of the classical action (1). In fact, the only terms which may contribute to
the @-variation of the classical action Sy are those containing the extrafield
A%, This follows from the fact that the BRST transformations up to terms
A? represent the N/ = 1 super Yang-Mills transformations expressed a la
BRST. A simple calculation with the help of the BRST transformations
(13) leads to

QS0 = XA (1), (Du’) (22)

%
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Thus, the classical action Sy is no BRST-invariant, and in order to find the
BRSTinvariant extension Siny of the classical action, we shall add to Sy a
term Sy so that

Q (So+5) =0. (23)

We remark that :S'E is the part of the extended classical action related to the
auxiliary field A* and is given by

So = —2Ai4;. (24)

Then, it is quite easy to show that Q(Sy) = —Q(Sp) by a direct calculation
with the help of the transformations (13).

Having found the BRST-invariant extended action Si,y, we now write the
full off-shell BRST-invariant quantum action S by adding to the Q-invariant

action, Siny = So + So, the Q-invariant gauge-fixing action Sgr
Sq = S0+ So + Sy - (25)

It is worth noting that the quantum action (25) allows us to see that the
auxiliary field A" does not propagate, as its equation of motion is a constraint

58,
; Aif — —A; + 26} (X7"0,0x) = 0. (26)

Thus, the essential role of the nondynamical auxiliary field A’ is to close the
BRST and anti-BRST algebra off-shell.

The elimination of the auxiliary field A* by means of its equation of
motion (26) leads to the same gauge-fixed theory with on-shell nilpotent
BRST transformations obtained in the context of BV formalism [10] as well
as in the framework of the superfibre bundle approach [19].

Moreover, in our formalism, we have also introduced an anti-BRST op-
erator @ and it is important to realize that both the BRST symmetry and
anti-BRST symmetry can be taken into account on an equal footing. To
this end, we simply use the fact that there is a complete duality, with re-
spect to the mirror symmetry of the ghost number, between the ) and
Q-transformations. So, the Q-variation of the classical action Sy is given by

QS0 =X"A' (1) (DN). - (27)
Using, however, the Q-transformations of the auxiliary field (see Egs. (13)
with the mirror symmetry), we obtain that the @-invariant action Si,, =
So + Sp is also Q-invariant. Furthermore, the Q-gauge-fixing action can be
also written as in Yang—Mills theories in @-forrzl\./ Therefore, the full off-
shell BRST-invariant quantum action Sy = S + So + Sef is also an off-shell
anti-BRST-invariant quantum action.
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4. Conclusion

In the present paper, we have developed a BRST superspace formalism
in order to perform the quantization of the four-dimensional N' = 1 super-
symmetric Yang—Mills theory as a model where the classical gauge algebra
is not closed. In this geometrical framework, our construction is entirely
based on the possibility of introducing ab initio a set of fields through a su-
per Yang—Mills connection. The latter represents the gauge fields and their
associated ghost and anti-ghost fields occurring in such theory, whereas the
extrafield coming from the superconnection via the supersymmetric trans-
formations is required to achieve the off-shell nilpotency of the BRST and
anti-BRST operators. Let us note that for a local symmetry, the minimal
set of auxiliary fields is introduced by the supercurvature, while for our case
of global symmetry, the auxiliary real field is introduced via the superYang—
Mills connection.

Furthermore, we have performed a direct construction of the BRST in-
variant gauge fixed action for N' = 1, 4D supersymmetric Yang—Mills theory
in analogy with what is realized in BF theories [15] and simple supergrav-
ity [16]. The obtained quantum action allows us to see that the extrafield
enjoys the auxiliary freedom. The elimination of this auxiliary field using
its equation of motion permits us to recover the standard quantum action
with the on-shell nilpotent BRST symmetry [10]. By using the mirror sym-
metry between the BRST and anti-BRST transformations, we can see that
the BRST-invariant extended classical action is also anti-BRST-invariant.
Therefore, the full quantum action is BRST and anti-BRST invariant, since
the gauge-fixing action can be written as in the Yang—Mills case in BRST as
well as anti-BRST exact form, due to the off-shell nilpotency of the BRST—
anti-BRST algebra.

Finally, we should mention that the BRST superspace formalism repre-
sents the natural arena where the fields and their off-shell nilpotent BRST
and anti-BRST transformations for gauge theories can be found. This is not
only the case of Yang—Mills-type theories, arbitrary gauge theories may be
also treated in this framework. Indeed, such formalism was applied to several
interesting theories with local symmetry such as non-Abelian BF theory [15]
and simple supergravity [16]. In the present work, this formalism has been
applied successfully to the theory with a global supersymmetry. The off-shell
nilpotency is naturally implemented through the introduction of auxiliary
field required for the consistency of the BRST superspace geometry. Thus,
it would be a very nice endeavor to use this basic idea to study the structure
of auxiliary field in other gauge theories.
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