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Abstract. The renormalization of supersymmetric Yang-Mills theories with soft supersymmetry breaking
is presented using spurion fields for introducing the breaking terms. It is proven that renormalization of
the fields and parameters in the classical action yields precisely the correct counterterms to cancel all
divergences. In the course of the construction of higher orders additional independent parameters appear,
but they can be shown to be irrelevant in physics respects. Thus, the only parameters with influence on
physical amplitudes are the supersymmetric and the well-known soft breaking parameters.

1 Introduction

At future experiments at the LHC or at a linear eTe™ col-
lider, supersymmetric extensions of the standard model
can be tested decisively [1]. On the theoretical side, ex-
ploiting the potential of these experiments requires a thor-
ough control of the quantization and the renormalization
of supersymmetric models. One important characteristic
of supersymmetric extensions of the standard model is
the appearance of so-called soft supersymmetry-breaking
terms [2]. Models with soft-breaking terms have been
renormalized using the Wess-Zumino gauge in [3]. The
construction in [3] yields a result with an inherent ambi-
guity. There appear new kinds of parameters that have no
interpretation as either supersymmetric or soft-breaking
parameters. Hence, it is unclear whether these extra pa-
rameters constitute a new kind of free, in principle mea-
surable, input parameters, and how the results would in-
fluence the relation to phenomenology. This effect can be
understood as a consequence of the construction using a
BRS doublet for introducing the soft breaking.

In the present article, an alternative approach to the
renormalization of softly broken supersymmetric gauge
theories is presented using the spurion fields introduced
originally in [2]. Since the spurion fields are supermulti-
plets by themselves, soft breakings of supersymmetry are
distinguished from soft breakings of gauge invariance and
other non-standard breakings (see e.g. [4]). Since the spu-
rion fields are dimensionless, they can appear in arbitrary
powers in the action — thus in our approach there appear
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new parameters, too. We can prove, however, that the ad-
ditional parameters do not influence physical amplitudes
and hence are irrelevant in physics respects.

For the characterization of the symmetries, a Slavnov-
Taylor identity of the same structure as in the unbroken
case [5,6] can be used. Since no supersymmetric and gauge
invariant regularization is known, we do not rely on the ex-
istence of such a scheme and define all Green functions, us-
ing the algebraic method, via the Slavnov-Taylor identity.
On this basis the relations between the renormalization of
soft and supersymmetric parameters, given in [7-10], are
not included in the construction; all soft-breaking terms
can appear with arbitrary renormalization constants. As
demonstrated for supersymmetric QED in [10], a deriva-
tion of such results requires a much more sophisticated
introduction of the soft-breaking terms and is beyond the
pure proof of renormalizability.

We restrict ourselves to a simple, non-Abelian gauge
group and exclude spontaneous symmetry breaking and
CP violation. Together with the treatment of the intrica-
cies of the standard model due to its spontaneously bro-
ken, non-semisimple gauge group [11] and supersymmetric
non-abelian [5,6] and Abelian [12] gauge theories without
soft breaking, this should provide the necessary building
blocks for the renormalization of the supersymmetric ex-
tensions of the standard model.

The outline of the present article is as follows. In Sect. 2
the basic notions of the considered models and of soft su-
persymmetry breaking are introduced. In Sect. 3 the sym-
metry identities describing gauge invariance and softly
broken supersymmetry are constructed according to the
basic idea described above.

Sections 4, 5 constitute the main part of the paper. In
Sect. 4 it is shown that — similar to the case of [3] — by
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introducing the external chiral multiplet an infinite num-
ber of parameters appears in the most general classical
action. That these parameters are all irrelevant in physics
respects and do not even appear in practice is demon-
strated in Sect. 5. The theorems proven there are our cen-
tral results and finally also imply that all divergences can
be absorbed in accordance with the symmetries. In Sect. 6
our approach is compared to the one of [3] and its advan-
tages and disadvantages are discussed. In the appendix our
conventions and the BRS transformations are collected.

2 The model and its symmetries
2.1 Supersymmetric part

We consider supersymmetric Yang-Mills theories with a
simple gauge group, coupled to matter. In this class of
models there are the following fields:

— One Yang-Mills multiplet in the adjoint representation
of the gauge group. This multiplet consists of the spin-
1 gauge fields A# and the spin—% gauginos A%, Agg-

— Chiral supersymmetry multiplets (¢, ¥$) for the mat-
ter fields consisting of scalar and spin—% fields that
transform under a representation of the gauge group
which is in general reducible. The corresponding her-

mitian generators are called T7;.

This minimal set of fields corresponds to the Wess-Zumino
gauge and is used throughout the whole paper. Still it will
be convenient to have the compact superspace notation

at hand. In superspace, fermionic variables ¢, 7" and
covariant derivatives D, = aa% —i(0"0)a0y, Dg = a@i‘j‘ +
i(0o")40,, are used, and the fields introduced above are

combined in the following vector, chiral and field strength
superfields’

Vo(,0,0) = 000 A, (x) + 000X, (z) — 000X, (x)

+ %oaﬁDa(x) , (1)
Pi(y,0) = di(y) + V2 04 (y) + 00Fi(y) , (2)
Wy = —%ﬁ(e_ngDaeQQV) (3)

with the chiral coordinate y* = z* —ifo*0 and V = TV,
W, = T*W,o. Whenever we use a superspace expression,
it is understood that the auxiliary fields D, and F; are
eliminated by their respective equations of motion derived

from the complete classical action, gg“ = ‘;1;;1 = ‘;; 4 =0.
a k2 .

Using this notation and superspace integrals with the
normalization [ d?0 06 = [ d*6 66 = 1, the supersymmet-
ric part of the classical action reads

sy = / d*z d*0 d*0 ¢Te*V @

1
+ (/ d'0 d20 S WeWoo + W (@) + hic.) (4)

1 For the vector superfield, the Wess-Zumino gauge is used
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with the superpotential?
™mij

2

Gij
3!

W(®) = —L&,0; + “95¢.0,P,, .

2.2 Soft supersymmetry breaking

Soft-breaking terms break supersymmetry without de-
stroying its attractive features. In the present work we
restrict the soft-breaking terms to the terms found and
classified by Girardello and Grisaru (GG) [2]. Their list of
soft-breaking terms is quite short:

— mass terms for scalar fields, —ij(b}tqu,

— holomorphic bilinear and trilinear terms in the scalar
fields,

—(Bij¢i¢;j + Aijkdid;jdr + h.c.),
— mass terms for gauginos, % (M) + h.c.).

These GG terms have two crucial properties: First, they
break supersymmetry without introducing quadratic di-
vergences. And second, they may be viewed as a part of a
power-counting renormalizable and supersymmetric inter-
action term with an external supermultiplet (spurion) [2].
This can be shown by introducing one external chiral mul-
tiplet with R-weight 0, mass dimension 0 and a constant
shift in its f component?:

n(y,0) = a(y) + vV20x(y) + 00 (y), (6)
) = f) + fo. (7)

Then the supersymmetric extensions of the above soft
breaking terms can easily be written in superspace:

Lory = —/d4l‘ d29 d2§ MZ%WTUQSI(GQQV@)j
- / d'z d*0 (Bin®®; + Aijun®i®;8y) + hc.

1 -~
— /d4x d*o S MW Waa + hec. (8)

As long as n and its component fields are treated as ex-
ternal fields with arbitrary values, these interaction terms
are manifestly supersymmetric. Only in the limit

a(x) = x(z) = f(z) =0,
n(x,0) = 00 fo, (9)

they reduce to the soft breaking terms with ij\ fol? =
M, Bijfo = Bij, Aijifo = Aijk, Mxfo = M.

The GG soft breaking terms comprise all possible
terms of mass dimension 2 but not all possible terms of
mass dimension 3. Obviously, not only A\ and ¢¢¢ but
also 1) and ¢T¢p¢ are supersymmetry-breaking terms of

2 Gauge singlets are excluded

3 The f component of this external chiral superfield need not
be eliminated since f is no dynamical field and does not satisfy
particular equations of motion
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mass dimension 3*. The terms of the form v and ¢f¢¢
are excluded from the GG class because in general they
introduce quadratic divergences. However, as mentioned
e.g. in [4], in many concrete models, like the minimal
supersymmetric extension of the standard model, these
quadratic divergences are absent. Therefore, concerning
only the quadratic divergences, the GG class is too nar-
row.

If soft breaking is introduced via the coupling to 7,
the non-GG terms are excluded, since they cannot be ex-
tended to a power-counting renormalizable and supersym-
metric interaction such as in (8). This means that the pos-
sible supersymmetric coupling to the spurion 7 is the more
profound characterization of the GG soft breaking terms
than absence of quadratic divergences.

3 Quantization
3.1 Construction of the Slavnov-Taylor identity

Our aim is now to find a definition of supersymmetric
gauge theories with soft breaking. Analogously to the
case without soft breaking, softly broken supersymme-
try should be combined with gauge invariance in a sin-
gle Slavnov-Taylor identity. Since soft breaking terms are
characterized by the possible coupling to the external 7
multiplet, there is the following possibility: The Slavnov-
Taylor identity has the same form as in the unbroken case
but it contains also the n multiplet. In this way, first a
fully supersymmetric model is described. Then 7 is set
to the constant (9), and in this way the soft breaking is
introduced.

According to this approach, the Slavnov-Taylor iden-
tity is constructed along the same lines as in the unbro-
ken case [6]. The basic elements of the construction are
the following: First, BRS transformations are introduced
at the classical level. Since supersymmetry, gauge trans-
formations, and translations are deeply entangled in the
Wess-Zumino gauge, all three symmetries have to be com-
bined into the BRS transformations s, and three kinds of
ghost fields have to be used. These are the fields

co(), €YY, W,

(10)
corresponding to gauge and supersymmetry transforma-
tions and translations, respectively. Only the Faddeev-
Popov ghosts ¢, are quantum fields, whereas the other
ghosts are space-time independent constants because the

4 For instance, in the case of the minimal supersymmetric
standard model the ¢pp¢p GG terms are (we adopt the conven-
tions of [4])

mloAtHQQE+ mg)\leQE + meA-H1LT |

whereas the following non-GG terms are also perfectly gauge-
invariant supersymmetry-breaking terms that do not induce
quadratic divergences:

moAe Hi QT + mz o Hy Qb+ ms A, H LT .
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corresponding symmetries are global. The statistics of all
ghost fields is opposite to the one required by the spin-
statistics theorem. The explicit form of the BRS transfor-
mations can be found in the appendix.

Second, the sum of the gauge fixing and ghost terms
has to be BRS invariant in order to ensure the decou-
pling of the unphysical degrees of freedom and the uni-
tarity of the physical S-matrix. Thus it can be obtained
as the BRS transformation of some fermionic expression
with ghost number —1. In order to define such an expres-
sion we introduce the antighosts &, (z) and auxiliary fields
B, and write the usual renormalizable gauge fixing term
with arbitrary gauge parameter £ and a linear gauge fixing
function f, = 0, A% as

Fﬁx7 gh = /d4:E S |:Ea(fa + gBa):| (11)

Third, most of the BRS transformations are non-linear
in the propagating fields and thus affected by quantum
corrections. In order to cope with the renormalization of
the composite operators sy; we couple them to external
fields Y;:

Texy = /d :E(YA“SAH + Y/\ S$Aaa + Y5 aS)\ + Ydhs(bz

HY 6]+ Y sthia + Vg asP; + Ye,sca) - (12)
Note that the implicit elimination of the D, and Fi,F;r
fields yields additional bilinear terms in the external Y
fields. Using the external Y fields we can write down the
Slavnov-Taylor operator S(-) corresponding to the BRS
operator s. Acting on a general functional F it reads:

S(F) = So(F) + Seote (F) , (13)
6F 6F  O0F O6F  OF OF
= [a — —
So(F) / x((sYAg SAE T Y. ohe OYE hga
| OF oF 5}" §F | 0F 6F
0¥y, 005 | 0¥y 661 6Yyia 00T
L OF 5]—'+5]—'5}"+ 6F 6]-')
OYE 6 0Ye, Oca " dC, “6B,
OF OF , OF
+s€e Do +sea& + sw o (14)
§F L OF
4 il
Ssoft (F /d sa —|—3a a7 + 5Xa
A A
= 1
e +8f5f 1'577) (15)

Only the linear BRS transformations appear explicitly
here.

3.2 Defining symmetry identities
Now we are in the position to spell out the complete defi-

nition of the symmetries of the model as a set of require-
ments on the effective action I', the quantum extension
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Table 1. Quantum numbers. R, Q., GP, dim denote R-weight
and ghost charge, Grassmann parity and the mass dimension,
respectively. The R-weights n; of the chiral multiplets are left
arbitrary. The quantum numbers of the external fields Y; in-
troduced in Sect. 3 can be obtained from the requirement that
Toxt is neutral, bosonic and has dim = 4. The commutation

rule for two general fields is x1x2 = (—1)7 %2 yox1
X AL XS ¢ WU a X f ca & W C Ba
R 0 1 nini—10 -1 =2 0 1 0 0 O
Q. 0 0 O 0 o 0 0 +1 +1 +1 -1 0
GP 0 1 0 1 01 0 1 0 1 1 0
dim 1 3/2 1 3/2 01/2 1 0 —1/2 -1 2 2

of the classical action I and the generating functional of
one-particle irreducible vertex functions:

— Slavnov-Taylor identity:

S(I=0. (16)
— Gauge fixing condition:
or 0lhx
5B, ~ 0B, fa+&Ba - (17)

— Translational ghost equation:

5F 5Fext 4 GP; .
= :/d x;(—l) Yiid,p;  (18)

owv

with Texy in (12), and where (¢;,Y;) runs over the
dynamical fields with corresponding Y fields and GP;
denotes the Grassmann-parity of ¢;.

Global symmetries: We require I" to be invariant un-
der CP conjugation and under global gauge transfor-
mations and continuous R-transformations and to pre-
serve ghost number (see Table 1). There may be fur-
ther symmetries such as lepton number conservation,
but these we leave unspecified. We only assume that
the global symmetries exclude mixings between the 1);
and the \,, between ¢; and (b;f- and between the com-
binations f¢; and (f@)“.

— Physical part: As already stated in Sect. 2.2, the phys-

ical part of the effective action is defined to be

Tlomy—f—0 - (19)

In this limit, already defined in (9), supersymmetry is
softly broken by GG terms.

For later use we introduce the abbreviation Sym(I") = 0
for this set of symmetry requirements:

Sym(I") = 0 < (16), (17), (18), Global symmetries. (20)

The canonically normalized classical action is given by
the sum

Fcl, canonical = Fsusy + Fsoft + [‘ﬁx7 gh + Fext ) (21)
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with eliminated D, and F; fields. The construction guar-
antees that Sym (I, canonical) = 0. Its explicit form reads

Fcl, canonical | a=x=0

:Fspusy—i_[g)ft—i_rgx,gh+Fe()xt+Flgil’ (22)

1 i —a
0 o 4 a \2 —, a
Ty = /d x( — Z(F“”) + 5)\ a*(DuA)

FINGH (D) + (D46)! (D) + PiDyt

—V2g(ipA¢ — idT M)
1 0*W(9)
(29T 1<)

OW (¢) 2)

1 T a ;\2
_§(¢ gT ¢) - T@
- (Bijf¢i¢j + Agjrfoidion + h.c.)

Iy = / d*z ( — MEfTfole,

+ % (MA Faaae h.c.) ) : (24)

§

ngx, gh — /d4.’£ (Bafa + 5 (25)

Iy = / d4x(—éa8H(D“c)a — Cu 0" (€0, Ng — INaOLE)

B2)+Th,

+§iea”€(ayéa)éa> , (26)
0 _ Do——g¢ Tag
Texe = FeXt|F,;—>—(?9W(¢)/8¢i)T ) (27)

o = /d%(%mawyxzﬁ +2(Y0,6)(Y5,9)). (28)

i

As indicated by the superscript °, the part containing the
external a and y fields is suppressed here because its con-
crete form is not relevant for our discussion, and only the
f component of the n multiplet is retained. Furthermore,
we have introduced the gauge covariant derivative

D, = 8, +igT" A, (29)

where in the adjoint representation 7T“ has to be replaced
by —if®c defined by [T?,T% = if®°T*, and the field
strength tensor
igT*F" = (D", D"] ,
Fiv =0rAY — 0V Al — gf“bcAZAZ .

(30)
(31)

More general classical solutions of the symmetry require-
ments will be given Sect. 4.1.

4 Renormalization |: Basics

The symmetry identities constitute a rigorous definition of
the considered models. However, it remains to be checked
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whether the models defined in this way are renormalizable.
In the present section the usual analysis of the structure of
the symmetric counterterms is applied, and the existence
of infinitely many different types of symmetric counter-
terms is found. The role of these counterterms will be
discussed in Sect. 5.

4.1 Generalized classical solution

In this subsection we assume that the symmetry identities
can be established at each order by adding appropriate
counterterms. Once the symmetries hold at the order A",
there still may arise divergences and counterterms may be
added. Both the divergences and the counterterms cannot
interfere with the symmetries, which means that both are
of the form Iy with

Sym(rgn—Loop, regularized + hnFsym)

= Sym(an—Loop, rcgularizcd) + O(hn+1) ) (32)
which reduces to
Sym(Fcl + CFsym) = O(CQ) ) (33)

with some arbitrary infinitesimal parameter (, since all
symmetry identities are linear or bilinear in I'. I is the
classical action, i.e. I' = I'yy + O(h).

A model is renormalizable if all divergences can be ab-
sorbed by counterterms corresponding to renormalization
of the fields and parameters in the classical action and if
the number of physical parameters is finite.

Equation (33) shows how to find the general structure
of the possible divergences and counterterms. Since the
perturbed action Ic; + (Iyym is a solution of the symme-
try identities in terms of a local power-counting renor-
malizable functional (classical solution), simply the most
general of these classical solutions has to be calculated.

In this subsection we determine a certain set of classi-
cal solutions with a result reminding of the result of [3].
Beyond the supersymmetric and soft breaking parameters
there appear new kinds of free parameters. In fact, our
solutions depend on infinitely many parameters!

One way to obtain classical solutions different from
I, canonical In (21) is obvious. Since 7 is neutral with
respect to all quantum numbers and has dimension 0 it
can appear without any restrictions in the classical action.
Indeed,

Tausy + Lsott = / d*z d?0 d20 ryi;(n, 0@ (€29 b);
+ / A 0 (ra ()W Wo (34)
_TBij (T])@1@J — T4ijk(n)¢i¢j@k) —+ h.C.

is a possible generalization of (4), (8) that maintains all
symmetry properties of .. Here r; is an arbitrary real
function of n, nf, and ry, rs,r4 are holomorphic functions
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of . Expanding 71 ...74 in a Taylor series leads to in-
finitely many interaction terms in I;. The fact that this
generalized action is still symmetric means that to all of
these terms there can be divergent loop contributions and
that to each of them a normalization condition is needed.

There is a further, more complicated way to perturb
a classical solution of the symmetry requirements. We
can modify the superfields appearing in Iiusy and o
by terms depending on a, X, f. If these modifications are
accompanied by suitable changes in the BRS transforma-
tions in Iy, again classical solutions are obtained. One
specific possibility is the following modification of the chi-
ral superfields:

&, = U1ij (a, CLT)¢j + \/§(U1U2)ij (a> GT)Q%

— V2(uyus)ij(a, a")oxd; + 00F; (35)

where this modification is parametrized by three arbitrary
functions wu, us, uz of a and al. These fields @; transform
as chiral superfields if the BRS transformations and thus
Tyt is redefined as

Fi(;p Part / <Y¢ [fuz”eqp] (uytscur)ijb;

_\/§U3ijéx¢j:| —Yy,a [—(uz_luflseulug)ijw;‘
+V2(uy Muzug)ijeix® — V2(uy ugus)ijexd; x*
(g tuy  (scurug) — uy tuguy ! (seun))ij o X
—\/ii(ﬁ“) UQZJ( n®j

+(uy O jkdr + usjrdrOpua)

+v/2¢” (uruz);; F + V2" (u;lw)ijd)jf]

+h.c. + Terms involvingc, w”) . (36)

Here s, denotes only the ¢, é-dependent part of the BRS
transformation. The terms involving ¢, w” are identical to
those in (12). Using @; from (35) in Iyugy, soft together
with the redefined .y, we obtain a further set of classical
solutions.

Analogously, the vector superfield and the correspond-
ing part of Iyt can be modified as follows:

= vi(a,at (90’ A,
+i000(Mva(a, at) + 7 x A, vs(a, al))
— 80 \vs(a, )—a“yAuvg(a,aT)))
+ 599@D , (37)

Fff(t A—Part /d4x (YAW [ieaﬂ (Avg + 7 X Aayv3)

— (g2 + X0 Aqyv3)0 € — Aau(vflsevl)

( Ys, a[zeap (0102) " Fpor (v1 A)



740

+i(vivy) " teD, + \/§v3v51fT§“Aw

- (1}1_11)2_186’111’02))\(1 — [ieou(xa + 1131}2_15”)(14@”)
—i(A + v3vy "X Agy )0 €] XT3

— v3vy 'V 2ie0” (8,01 Agy,

— (sévg)vglﬁ“Aa“} + h.c.)

+ Terms involvinge, w”) . (38)

Here a modified field strength tensor F,,,(viA) = 9,(v1
Aue) — 05 (1144)) — gf“bcv%Aprw has been introduced.

Note that the functions uq, us, v1, v2 are a,al-depen-
dent generalizations of field renormalizations of the matter
and gauge fields. On the other hand, us, vs are new kinds
of parameters corresponding to field renormalizations of
the form

Y= —usxo ,
Aa = Aa —v3(0*X) a4,

(39)
(40)

In addition to these modifications, obviously a field
renormalization of the Faddeev-Popov ghost

N NN

and renormalization of all parameters appearing in I in
(21) is possible without violating the symmetry identities.

We conclude that the supersymmetry algebra is un-
stable in the sense that it allows for arbitrary functions
u1,2,3 and vy 2 3 with an infinite number of Taylor coeffi-
cients that have to be renormalized. So, even without cal-
culating the classical solution to the symmetry identities
in full generality, we know that infinitely many normal-
ization conditions are needed and the effective action I’
depends on infinitely many parameters.

In the physical limit a = x = f = 0 or already in
the limit a = x = 0, the functions r;, u;, v; reduce to
usual field renormalizations and two additional parame-
ters us(0), wv3(0). Taking these two parameters into
account, the canonically normalized classical action
T, canonical In (22) changes as follows:

(41)

(22)
cl, canonical

+ / d*z (—Ywia(\@eo‘fuw (0)¢;)

— Ya, oV 203(0) flea"® Ag,, + h,c,) ,

Fcl, canonical|a:x:0 = a=x=0 (42)

Only the external field part is influenced by the new pa-
rameters.

4.2 Remarks on anomalies
In the preceding subsection we have assumed that the

symmetry identities can be maintained at each order of
perturbation theory. In principle this need not be true,
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because there could be anomalies. For unbroken super-
symmetric Yang-Mills theories it is well known that the
only possible anomaly is the supersymmetric extension of
the chiral gauge anomaly [15,5,6]. In particular, the rele-
vant cohomology does not depend on the chiral multiplets
at all. In spite of the soft breaking, the formulation of our
model is the same as the one for unbroken supersymmet-
ric Yang-Mills theories except for the appearance of the
additional chiral n multiplet of dimension 0. Therefore, we
assume that our model is anomaly free and the symmetry
identities can be restored by suitable counterterms at each
order.

However, one also has to check for infrared anomalies,
i.e. breakings of the symmetry identities that can only be
absorbed by counterterms of infrared dimension less than
4. Using the assignments from [3]°, in principle counter-
terms of infrared dimension > 2.5 could show up. However,
there are no such counterterms of infrared dimension < 4
that involve at least two propagating fields. The other ones
cannot be inserted in higher order loop diagrams and thus
are harmless, so there are no infrared anomalies.

5 Renormalization II:
Physical part of the model

In general, a model depending on an infinite number of
parameters has no predictive power. But this is not neces-
sarily the case here, because all physical amplitudes have
to be derived from the effective action I" in the limit (9),
a=x = f =0. And we have not yet checked which of the
parameters can have any influence on I in this limit.

In this section we prove two theorems showing that
the infinitely many unwanted parameters are irrelevant
for physical quantities and do not appear in practical cal-
culations. Thus the number of physical parameters is finite
and the considered models are renormalizable. And more-
over, the set of physical parameters can be identified with
the supersymmetric and soft breaking parameters.

The essentials of the two theorems are the following:

1. The only quantities I'|q=y=v;=0, i.e. Green functions
without external a, x or Y; fields, depend on are
— the field renormalization constants Z4, Zx, Z., Zg,
Zyp,
— the gauge coupling g,
— the parameters in the superpotential m;;, g;;k,
— the soft breaking parameters Mf], Bij, /L-jk, M.
More details and the proof can be found in Sect. 5.2.
2. In practical calculations it is sufficient to solve the sym-
metry identities in the limit a = x = 0,
Sym (v = 0. (43)

Each of these solutions can be extended to a full solu-
tion I"®*3t that contains the same physics and satisfies

Sym(I®***) =0 , (44)
F|a=x=0 — Fexact|a=X=0 . (45)
5 For the spurion field components we use dimmg(a) = 2,

dimr (x, f) =1
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Since in the evaluation of Sym(I")|q—y—o the unphysi-
cal parameters do not appear one has no need to calcu-
late Feynman rules or vertex functions involving these
parameters. This theorem is proven in Sect. 5.1 for the
classical level and Sect. 5.3 for the quantum level.

For practical calculations the theorems have an important
implication. It is a possible and sufficient prescription to
impose only Sym(I")|,=y=0 = 0 and require normalization
conditions only for the physical parameters listed in the-
orem 1. Each solution of this prescription is equivalent in
physics respects to a full solution of the symmetry iden-
tities, and any two solutions differ only in the physically
irrelevant part.

The proofs of these theorems are now given in the order
of their logical interdependence. First we prove a lemma
which is a more general form of theorem 2 on the classical
level and introduce some useful notation. Then this lemma
is used to prove theorem 1 and finally theorem 2 on the
quantum level.

5.1 Classical solution and invariant counterterms

Let R be the following operator for a renormalization
transformation of all parameters and fields appearing in
Fcl, canonical'a:x:O defined in (42)1
R:
-1
{AM,YA#, — {\/ZAA“, \/ZA YAu,
-1 -1
B¢ &} VZa B,\Za ¢ Za&}
-1
AN = {VZaA vy}
-1
{e, Yo} = {VZee,VZ: Yo}
-1
{¢iay¢i} - {\/ Z¢ij¢j7 V Z¢ij Y¢j

{¢’L7Y’l/)l} - { V "/)1‘7¢J’ \% 1/)1,] YT/" }
{gamuvgwk} — {g + 59,’”7/” + 6m7,]agz_]k: + 6gijk}
{ 7,_]3 ma _>{M2+5M@2jaBZJ +6Bz’j7

Ay, My} Ayt + 6 Ay, My + 5My}
{u3i5(0),v3(0)} — {usi;(0) + dusi;(0), v3(0) + dv3(0)}
(46)

with real constants /Za, VZx, VZc, \/ Zeij> \/ Lwij, 09,
5m¢j, 591‘]‘1@7 5M”7 (53”7 (SA”]C, 5M)\7 (5’11,3”(0), (5’03(0) that
have to be compatible with the global symmetries.

Similarly, let 6 R be the following infinitesimal renor-
malization transformation:

1) 1) )
w_= -
/ (Aa sar sy~ Pesp,
6 o] 1 . 5 o~ 4
Ca(56a> +2§67€ +§5ZA/d x()\a(s/\a +/\aﬁ

b 5
Yy Y 5YAQ>

1
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1 1) 1)
~67, 4 ——Y.—
—|—26 /d x <Céc 6YC)
1
+25Z¢2]/ <¢] (5¢ ¢] (5¢T
1) é
—Yy, 3Y, Y¢I 6Y¢T )
1 . 5 5
+§(5Z¢”/d x( i 5wa +1/1]o¢5wla
0 ) 0 0
ve %y o0 ) gl my
i (SYQZZ ¥ (SY@[)‘@) + g&g * mj(')mij
0 8 0
+6¢;i + OM? —— T §B;; ——
Tk Dgirk 09ijk ToM ' OB
0
+0A; +6M + du3ii(0) =——
JkaAmk )\aM us ]( )8'[1/31](0)
0

According to the results of Sect.4.1 and using the identi-
fication

\/Zzn‘j — Ulij
\/Zij — (U1U2)ij )
\/Z — U1,
\/Z — U1V2 ,

we see that both operators R, §R are compatible with the
symmetries. Suppose, I is a classical solution of

Sym(l¢) = 0.

(48)

Then RI; is another solution:

Sym(RI) =0 (49)

and 0 R generates symmetric counterterms (compare (33)):

Fsym = §RFC1

= Sym(lu + (Tym) = 0+ O((?) . (50)

Now we consider the symmetry identities and its clas-
sical solutions in the limit

a = x = 0, farbitrary. (51)

This limit is not identical with the physical limit (9) but
better suited for our needs. In this limit the unwanted
parameters do not appear but still the symmetry identities
are restrictive enough.

Lemma: Let It and Iy, denote a classical solution and
an action for symmetric counterterms in the limit a = xy =

0,

Sym(Lr)|a=x=0 =0,
Sym(FCl + CFsym)‘a:XZO =0+ O(CQ) .
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Then the most general form of I, Iy, has to fulfil the
relations

(54)
(55)

Fcl|a:x:0 = []%Fcl7 canonical”a:x:O ;

Fsym|a=x=0 = [6RFC1, canonical”a:xzo s

with the operators R, dR defined in (46), (47).

Proof: The general classical solution of the symmetry
identities (52), (53) can be obtained by a straightforward
calculation. We write down a general ansatz, apply the
symmetry identities and derive the necessary relations the
coefficients in the ansatz have to satisfy. Although the cal-
culation is lengthy, the announced results (54), (55) follow
in a direct way.

We now give a short sketch of the calculation with
emphasis on the main point, namely the restriction of the
terms of O f.f t). This sketch will also show why we have
to use the limit (51) instead of (9) in the statement of the
lemma.

The most general ansatz for I, can be decomposed
according to the degree in a, X, f:

FCI = FO+Ff,lin+Ff,rcst+FX71in+FrESt ’ (56)
where Iy does not depend on a,X,f; Ff lin,Ff st Ar€

linear and of higher degree in f but do not depend on
a, X; Iy, 1in is linear in x and does not depend on a, f, and
Iest contains the rest of the dependence on ¥, f , and the
complete dependence on a.

Since all defining symmetry identities either do not

change the degree in a, X, f or increase it, we obtain for
F()Z
0 = Sym(I")|

= Sym(Ip) , (57)

a:x:f:O
thus Iy is a classical solution of the defining symmetry
identities in the case without soft breaking [6].

Next, the symmetry identities in (52) imply that I'; ;
is globally invariant and does not depend on B, and w*,
and that

0= S(F)|a=x=0,1inear inf
= S(I)B g jin + Sy (I, 1in) - (58)
Here s, is the linearized version of Sy defined by
So(Io + ¢Iv) = So(Ip) + (st 11+ O(¢%) . (59)
and
or or
S ()= [ d* & — 3 —
Nty / 2 (X5 oo T a5 amco)

= /d4x(\/§feafx—l;

A r
— \/ifTEd(ST
s,

a=x=0

(60)
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Due to the form of the operator S, we obtain

O(ef) + O(efT) . (61)

Since on the physical fields s%o acts as the BRS operator
s up to field and parameter renormalizations, it is easy
to see that the most general solution for sy that is

compatible with the global symmetries is given by

= f(Aijk¢i¢j¢k + Bij¢ith; + My Aa
+ugigV2Yy,ef ¢y + v3V/2Y5, E”EAQH)
+ h.c.

o . _
STy Ff,un =

Ff, lin

(62)

All these terms are accounted for in the operator R, (46).

This is the point where the limit (51) is important. If
we had required only Sym(Ig)|q=y=f=0 instead of (52),
then we would have obtained only O(e)+O(€) on the r.h.s.
of (61), and in the solution to this equation non-GG terms
dpot or Y1) would have appeared.

The constraints on the remaining parts of I';; can be
worked out similarly.

5.2 Physical parameters

Once the symmetry identities are satisfied at a given order
in the limit (51), there can still be divergent contributions
which have to be absorbed by symmetric counterterms
Iyym satisfying

Sym(Fcl + CFsym)‘a:XZO =0+ O(Cz) .

According to the lemma the most general form of Iy
is generated by the infinitesimal renormalization transfor-
mation

(63)

Fsym|a:x:0 = [5RF01Ha:x:0 : (64)

This leads to the following hierarchy of the symmetric
counterterms:

1. Counterterms appearing in physical processes, where
not only a = x = 0, but also the external Y; fields are
set to zero:

Fsym‘a:x:O,Yi:O . (65)

This first class contains the counterterms to the field
renormalization constants Z4, 2y, Z., Zg, Zy and the

parameters g, mij, gijk, M2, Bij, Aijr, M.
2. Additional counterterms appearing for Y; # 0:

Fsym ‘a:x:O,Yi;ﬁO . (66)

This class contains precisely the counterterms to the
us, v3 parameters.

3. The rest of the counterterms appearing for a,y arbi-
trary:

Fsym

a,X#0,Y;#0 - (67)

This class contains infinitely many independent coun-
terterms.
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The normalization conditions fixing the first, second
and third set of counterterms we call normalization con-
ditions of the first, second and third class, respectively.

The next theorem states how far we get using only the
class-one-normalization conditions and leaving open the
ones of the second and third class.

Theorem 1: Two solutions I'; and I5 of the same class-
one-normalization conditions and of the symmetry identi-
ties in the limit (51),

Sym(Is)|a=x=0 = Sym([1)|a=x=0 =0, (68)

can differ at most by local terms proportional to Yy, Yy:

(FZ - Fl)‘a:X:O
= Ay (’U,gij (0) + (5U3ij (0), U3 (0) + dvs (O))

= /d4$(—Ywia\/56“f(u3ij(0) + 0u3i;(0)) @5

— YaaV2(v3(0) + du3(0)) fTE‘“’A#) +hee. (69)

Proof: Due to the lemma this holds at the tree level. To
perform an inductive proof of this statement we suppose
that we have at the order A7~ 1:

(I = I)lamx=0 = Ay (u" ™V, u{" V) + O(h")
(70)
(I2,c6 — I ot)la=y=0 = AY(&Lgn_l), 5v§"_1)) +O(R™) .
(71)

Then, at the next order all one-particle irreducible loop di-
agrams not involving a, x are the same, regardless whether
calculated according to the Feynman rules for I or I5.
This is true because even though the Feynman rules differ
by the terms Ay, these differences cannot contribute since
they are linear in the propagating fields.

The difficult point is to prove that the counterterms of
the order A", denoted by Fl(fl)ct and Fé?lt, do not invalidate
(70-71). We know

(12 = I')|a=x=0 = AFc(tn) + AY(“:(in_l)vvz(sn_l))
+O(R™)
AFc(tn) = (F’z‘(n)ct - Fl(,n)ct)|¢l:X:0 .

(72)
(73)
Thus, taking into account the symmetry of Ay and the
fact that all symmetry identities except for the Slavnov-

Taylor identity are linear and do not change the degree in
a, X, we obtain for these identities

0= Sym(FQ)‘a=x=O
= Sym(F2|a:X:O)
= Sym (F1|0«:X:O + A[‘C(tn) + Ay(uénfl), vénfl)))

=0+ Sym(AT(Y) . (74)

743

For the Slavnov-Taylor identity we obtain at the order A"
(we use the operator S, defined in (60)):

0 = S(I2)|a=x=0
= So(I2|a=x=0) + Sy (I%)
= So(It|amymo + ALY + Ay) + S, (I%)
= S(I + ALY + Ay)la=x=0
+ Sy (Iy — (I + ATV + Ay))
= S(I1 + AT a=x=o0

. / e (m + ALY 5 Ay

0Y; dp;

§Ay 61y + AT
0Y; dep;

a=x=0
+ S (I — (I + ATV + Ay))
= S(Iy + AT ) amym0 + V2(“ Xo f —ea X f1) . (75)

The last two equations hold owing to the special form of
Ay with some suitably chosen functional X,. Since I
satisfies the Slavnov-Taylor identity the first term of this
result can be simplified using

S(Iy + ATY) = S(Iya + ALY + O(h" 1Y) . (76)

Therefore, both terms in the last line of (75) are local and
power-counting renormalizable functionals of the order A",
and we can define a counterterm action

Toym = AFC(tn) + (X" Xa + XaX?)
that satisfies
S(I e+ Tagm)la=y=0 = S(It + AT{)|a=x=o0
+V2(“ Xof —ea X f1)
=0+ O™ . (78)

Thus, Iiym is a symmetric counterterm in the sense of
(63), and we obtain from the lemma:

Fsymla:x:O = [6RF1,CI} |a:X:O

On the other hand, by construction Iy, contains the rel-
evant difference of I'; and Iy at the order A™:

(T2 = I')a=x=0 = Tsym[a=x=0 + AY(uz(snilh U:(),nil))
+ O™ 1) . (80)

(77)

(79)

Now, since I7 o satisfy the same class-one-normalization
conditions, Iy, cannot contain any class-one-counter-
terms. Since these are the only counterterms that appear
in the limit a = x = Y; = 0, we obtain
Fsym|a:X:Yi:O =0. (81)

Owing to the concrete form of J R, this shows
AL |imm0 = Diymlammo = Ay (0™, 605") . (82)

Together with (72) this demonstrates the validity of (70—
71) at the next order, completing the induction.
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5.3 Simplified symmetry identities
at the quantum level

According to theorem 1, the parameters of class 2 and
class 3 are irrelevant in physics respects. In this subsection,
a complementary theorem is proven. This theorem 2 states
that it is sufficient to establish the symmetry identities in
the limit (51), where the infinitely many parameters of
class 3 do not appear at all. This implies that the class
3 parameters can be completely ignored in practice. The
two parameters ugz, vy of class 2 are also unphysical, but
they do appear in the limit (51).

At the classical level, this is a direct consequence of
the Lemma in Sect. 5.1 together with (49), (50): Any clas-
sical solution I of the symmetry identities (52) is equiv-
alent in physics respects to a solution [RI%, canonical] Of
the full symmetry identities. In this subsection the theo-
rem is extended to the quantum level. The statement of
the theorem and its proof at the quantum level is divided
into two parts — the existence of a solution to the symme-
try identities in the limit (51) and its extension to a full
solution.

5.3.1 Existence of a solution

Theorem 2a: Suppose I is a solution of the symmetry
identities in the limit (51) up to the order A"~1,

Sym(I)lyeo = 0+ O(H") (83)

and "%t ig an extension that solves the full symmetry

identities,

Sym(I***°*) = 0+ O(h") , (84)

(L% — I)lreo = 0+ O . (85)

Then we claim that I, I'**°* can be renormalized in such

a way that the (83-85) are maintained at the next order
™.

Proof: Since we assume the absence of anomalies, "t
can be renormalized in such a way that

Sym(I'*) = 0+ O(r"*) . (86)

Since the Feynman rules of the order A" defined by ["¢*act
and I" differ only in terms ~ a, x, all loop diagrams con-
tributing to I'*2°t|,_, —o and I'|q=y=0 are equal at this
order. Thus, adding appropriate O(h") counterterms to I’
we obtain

(Fexact _ F)|a:x:0 =0+ O(hn+1) . (87)

However, I' does not yet satisfy the Slavnov-Taylor iden-
tity at this order. Indeed, neglecting terms of the order
h"*1 we obtain

S(I)a=x=0 = So(Ila=x=0) + Sx(I')
= SO(FexaCt‘a:XZO) + SX(F)
— S(FexaCt)‘a:X:() + SX(F _ Fexact)
— SX(F _ Fexact)

=h'A . (88)
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Owing to the quantum action principle [16], the lowest
order of A is a local and power-counting renormalizable
functional, and owing to the form of S, it takes the form

A= / V2O X f — VI X fT+ Om) . (89)
Hence, adding the counterterms

I —1T - /h”(X“Xa + %, X%Y) (90)

restores the Slavnov-Taylor identity S(I')|a=y=0 = 0 +
O(h™*1) without interfering with (87). All further symme-
try identities are linear and homogeneous in a, x. There-
fore, I" satisfies these identities, too, and we obtain

Sym(I')a=x=0 = 0+ O(r"*h) .

This was to be shown.

(91)

5.3.2 Extension to a full solution

Theorem 2b: Let I" be a solution to the symmetry iden-
tities in the limit a = x =0,
Sym(I")|q=y=0 =0 . (92)
Then there exists an extension to a full solution I7¢*act
satisfying
Sym(l—vexact) — 0 ’
(Fexact _ F)|a:X:0 =0.

Proof: Due to the lemma there is a classical solution
IS5t satisfying  (93-94). Now suppose the same is true
at the order A"~ 1, that is there exists an effective action
Iexact gatisfying
Sym(I'®***) = 0+ O(h"™) , (95)
(I = Ia=x=0 = 0+ O(R") . (96)
Then, according to theorem 2a there are O(A™) counter-
terms yielding I' = I' + O(R"), ['®¥act = [exact 4 O(pn)
such that

Sym(I)]a—y—o = 0+ O(F"*1) | (97)
Sym(fwexact) —0+ O(hn+1) , (98)
(fexact _ f)|a:X:0 =04+ O(hn—i—l) ) (99)

However, due to (92), (97) the difference I' — I" has to
be a symmetric counterterm as defined in (53). Hence, it
has the form

(F - f)'a:xzo = [6RFCI]|QZX:0 . (100)

Therefore, '3t —= rexact L §RI exact has the desired
properties

Sym(Fexact) — Sym(fexact + (sRF(ixact)

— 0+ 0™ (101)
(12— M|amymo = (I — )| amy—0
=0+0(n") . (102)

This completes the induction.
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6 Alternative approach

The first Slavnov-Taylor identity for softly broken super-
symmetric gauge theories was presented in [3]. In this con-
struction the absence of anomalies could be nicely shown,
but there appeared new kinds of parameters whose physi-
cal meaning remained unclear. As shown in Sect. 5, in our
approach this problem could be solved. In this section a
brief comparison of both approaches is given.

Basically, in both approaches the soft breaking is intro-
duced via external fields with definite BRS transformation
rules. These transformation rules contain a constant shift
that yields the soft parameters in the limit of vanishing
external fields.

The main difference concerns the underlying intuition
and consequently the external field content®: In [3], the
soft breaking terms are not introduced as couplings to a
multiplet (a, X, f ) that transforms as a chiral supermulti-
plet but as couplings to a BRS doublet (u, %) where”

su=10—iw'ou, (103)
sv = 2iec”€0,u — 1w’ O,v (104)
0(x) =v(r)+ K. (105)

The main benefit of this structure is that the cohomolog-
ical sector of the theory is not altered compared to the
case without soft breaking. This allows a straightforward
proof of the absence of anomalies.

Contrary to the case of (a,x,f), however, the BRS
transformations of u and v cannot be interpreted as super-
symmetry transformations where simply the transforma-
tion parameter has been promoted to a ghost. Moreover,
u and v are two scalar fields and therefore cannot form
a supersymmetry multiplet. Correspondingly, the restric-
tion of the breaking terms to the ones of the GG-class is
done by requiring R-invariance with specially chosen R-
weights. In [3], requiring supersymmetry alone would not
suffice to forbid non-GG terms (see Sect.2.2). On the one
hand, this opens a way to perform the renormalization
of theories with arbitrary supersymmetry breaking. But
on the other hand the emphasized role of R-invariance
might obstruct a deeper understanding of softly broken
supersymmetry and its influence on typical consequences
of supersymmetry like non-renormalization properties.

In the limit of vanishing external fields, the classical ac-
tion in both approaches reduces to the same soft breaking
action but for non-vanishing external fields in both cases
new parameters appear: in our case the ones discussed

5 One further difference concerns the supersymmetric mass
terms which are also introduced via external fields in [3]. This
is done in order not to violate R-invariance because the R-
weights of the chiral fields are fixed to n; = % (translated to our
convention) in accordance with the R-part of the supercurrent.
In our case the R-weights are assumed to be chosen in such a
way that the mass terms are invariant and therefore we do not
need such an external field multiplet

7 The equations are translated to our conventions. In partic-
ular, in [3] there is also an R-transformation part in the BRS
transformations, which is neglected here
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in Sect. 4.1, in the case of [3] for instance the parameters
P2, p4 that appear in the terms

Ing = /d4$<P2awaba6a(ﬁ¢a —V2uey,)

+ p4ab6ae¢a¢§) +... (106)
The main reason why the approach of [3] cannot be used
directly in phenomenological applications is that the phys-
ical meaning of these parameters is not obvious. In par-
ticular, a theorem showing whether these parameters are
irrelevant for physical quantities or not — analogous to
Sect. 5.2 — is lacking.

In spite of these differences, there is a remarkable re-
lation between both approaches. First of all, the quantum
numbers of v and f are equal, and second we can combine
the supersymmetry ghost and u to a spinor (eu) that has
the same quantum numbers as x. Hence, we can identify

a—0,
x® — e“u ,
V2f = 0. (107)
Furthermore, this correspondence even holds for the BRS
transformations:

sa — V2eeu = 0 ,

sY® = V20 — iw’ D, e%u = se®u |
sx/if — 2iec” O, eu — 1w’ 0,0 = s . (108)
Here we have used €%¢,, = 0, which holds since € is bosonic.
Thus, u and © may be regarded as a part of our chiral
multiplet (a, X, f). And there is a natural identification in
our framework of terms like the pa-term in (106), where u
comes always in combination with e. In fact, this term has
the same structure as the ug-term in (36) with uz — —p2
when (107) is used.

However, in the classical action of [3] there are also
terms where u appears without an accompanying € or «
without accompanying €, such as the ps-term in (106).
These terms have no correspondence in our framework.
On the other hand, of course our terms depending on the a
field have no correspondence in [3]. Therefore both frame-
works are really different and independent of each other.

7 Conclusions

In this article we have performed the renormalization of
supersymmetric Yang-Mills theories with soft supersym-
metry-breaking terms of the GG class. These terms are
introduced in a supersymmetric way via an external chiral
multiplet, allowing a construction that parallels the one
without soft breaking.

This construction is afflicted by a problem, since in
the course of the renormalization, an unconstrained num-
ber of additional parameters appear. However, in Sect.5
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it is shown that these parameters are irrelevant in physics
respects. Even better than gauge parameters they do not
influence any vertex functions that occur in physical S-
matrix elements; and neither at the classical nor at the
quantum level it is necessary to calculate the part of the
Lagrangian and the counterterms involving those addi-
tional parameters.

For practical calculations of physical processes the the-
orems in Sect. 5 imply, first, that the symmetry identities
need to be established only in the limit (51),

Sym(I)[a=y=0 = 0.

And second, renormalization of the fields and parameters
appearing in the relevant part of the classical action suf-
fices to cancel the divergences.

Since the supersymmetric extensions of the standard
model like the minimal one (MSSM) involve soft breaking,
our results provide an important building block for the
renormalization of these kind of models.

The impossibility to accommodate non-GG breaking
terms in the framework with spurion fields, where break-
ing terms are introduced via a coupling to a supermulti-
plet, shows that GG terms are a renormalizable subclass
of all breaking. That these terms have even special prop-
erties under renormalization, as seen in explicit one-loop
calculations and different approaches to their renormal-
ization group coefficients [7-10], cannot be concluded by
using the present formalism. As shown for the Abelian
case in [10], the present formalism provides the correct
starting point for this purpose, but it has to be enhanced
by a deeper characterization of the symmetries.

Acknowledgements. We thank M. Roth, C. Rupp, and K. Si-
bold for valuable discussions.

Appendix
A Conventions

2-Spinor indices and scalar products:
'(/)X = waXa ’ JY = Edyd ’

o matrices:

01 0 —i 10
1_ 2_ 3_ 11

ohy=(1,0"0a , o =(1,-0"), (111)

(0")a = %(0“5” —0"5")a 7, (112)
—pv\& b v —=v &

@) 5= 5(0”0’ —a’at)® 5. (113)

Complex conjugation:

(o)t =0y, (114)

(o) = 00"4) (115)

(ot 0) = G54 (116)
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Derivatives:
3] 0
— 0% =6,°, ——03=—065" 11
ggat =0 5pbs=—0s", (117)
iéﬁzadﬁ-, %@5_ N (118)
00, 06

B BRS transformations

On the physical fields (i.e. fields carrying no ghost num-
ber) the BRS transformations are the sum of gauge and
supersymmetry transformations and translations, where
the transformation parameters have been promoted to the
ghost fields:

sA, = 0uc—iglc, Ayl + ieo A —ido, € — w0, A, ,

(119)
sAY = —ig{e, \“} + %(ea””)o‘FpU +1e* D — 1w’ 0, \*
(120)
sha = —ig{e, Aa} — %(ﬁ’m)deg +i€s D — iw O, A ,
(121)
5¢; = —ige gy + V2 eh; —iw’ 0,0 (122)
sof = +ig(67e); + V2iE — iw’d,0] , (123)
s = —igeh® +V2e* Fy — V2i(e")* D,y
—iw" Y (124)
5@1‘@ = —ig@aC)i - \@gd FiT + \/ii(eau)d(Du(bi)T

—iw’ O,y (125)

sa =+2ey —iw’d,a , (126)
sa’ = \/iﬁ— iw”d,al (127)
sX* = V2 f = V2i(e") Oua — iw” O, x* (128)
$Xa = —V2euft +V2i(ed")a0ual —iwdx, ,  (129)

sf = \/E@'E/‘OMX —wvo,f (130)
sft = —V2i0,xo"e — iw” 0, f" . (131)

Here we have used A, = T*A,,, and similar for A, A, Fy,
D, ¢, ¢, B. Again, the auxiliary fields D and FZ-,F;r are
understood to be eliminated by their equations of motion.
The various (anti)commutation relations of the trans-
formations are encoded in the nilpotency equation

5% = 0 + field equations (132)

if the BRS transformations of the ghosts are given by the
structure constants of the algebra and the ghosts have
the opposite statistics as required by the spin-statistics
theorem [14]:
sc = —igc® + 2iecVeA, —iw"d,c | (
s€* =0, (
se* =0, (135
(

sw” = 2ecVE .

o —
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The BRS transformations of the antighosts and B

fields read

(137)
(138)

$Cq = B, —iw"0,¢, ,
sB, = 2iec”€d, ¢, — iw"0,B, .
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