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Abstract. We calculate symmetry-restoring counterterms in supersymmetric QCD at the one-loop level.
First we determine loop corrections to the supersymmetry and gauge transformations and find counter-
terms in such a way that the symmetry algebra holds at the one-loop level. Then these results are used to
derive the symmetry-restoring counterterms to all trilinear interactions. In order to obtain unique results
it is crucial to use the Slavnov-Taylor identity, which does not only contain supersymmetric and gauge
Ward identities but also describes the symmetry algebra. In dimensional regularization this procedure
yields unique non-zero values for the counterterms. In contrast, in dimensional reduction we find that no
non-symmetric counterterms are needed, neither for the symmetry transformations nor for the physical
interactions. For the considered cases this result constitutes a definite test of the supersymmetry and gauge

invariance of the scheme.

1 Introduction

It has been a longstanding problem that dimensional reg-
ularization (DReg) breaks supersymmetry. In general, this
breaking necessitates the calculation of compensating,
supersymmetry-restoring counterterms. An efficient solu-
tion would be provided by a manifestly supersymmetric
and gauge invariant regularization, but no such regulariza-
tion is known. A practically useful scheme is dimensional
reduction (DRed), which is however mathematically in-
consistent and thus cannot work at all orders [1,2]. Still it
has been shown that several supersymmetric Ward iden-
tities are satisfied in DRed [3] and that, as long as the in-
consistencies of DRed do not play a role, DRed is related
to DReg by a coupling constant redefinition and thus leads
to equivalent results [4].

At the same time there were severe difficulties to find
the correct way to renormalize supersymmetric gauge the-
ories in a regularization-independent way. In the Wess-
Zumino gauge, which is the gauge almost exclusively used
in practical calculations, the usual way of treating global
symmetries by Ward identities was shown to fail for su-
persymmetry (for an account see [5]).

By now these difficulties have been solved for exact
supersymmetry [6-8] as well as for the case of softly bro-
ken supersymmetry [9,10]. In particular, a consistent set
of symmetry identities (Ward- and Slavnov-Taylor identi-
ties) has been found that provides an unambiguous defi-
nition of the theories.
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There is a major difference between the supersymmet-
ric Slavnov-Taylor identity found in [6] and the Ward iden-
tities considered in [3,5]. For Green functions, the Ward
identities can be written as

6susy<T (rbl ¢n> - <TA ¢1¢n> 5 (]—)

where Jsusy denotes the infinitesimal supersymmetry
transformations of the fields and the composite opera-
tor A is due to the supersymmetry breaking of the gauge
fixing in the Wess-Zumino gauge. The symmetry trans-
formations are generally non-linear composite operators
receiving quantum corrections that have to be renormal-
ized, and the meaning of (1) is the invariance of the the-
ory under these renormalized transformations. But the
invariance expressed by (1) does not necessarily corre-
spond to supersymmetry. It only does if the renormalized
transformations satisfy the supersymmetry algebra, and
only the Slavnov-Taylor identity contains both the invari-
ance of the theory and the algebra. Indeed, the Slavnov-
Taylor identity determines the structure constants of the
symmetry algebra and thus governs the renormalization
of the symmetry operators. As a consequence, only the
Slavnov-Taylor identity yields unique results for the non-
supersymmetric counterterms or provides definite tests of
the supersymmetry of a calculation.

The purpose of this article is twofold. First we develop
the Feynman rules involving all the ghost fields and ex-
ternal fields that appear in the Slavnov-Taylor identity.
Then we use the Slavnov-Taylor identity to determine
supersymmetry-restoring counterterms in dimensional
regularization and to check whether a given regulariza-
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tion such as DRed preserves supersymmetry at one-loop
order. We do this in supersymmetric QCD with soft break-
ing, a model of particular phenomenological interest with
generally large quantum corrections. The Slavnov-Taylor
identity not only describes supersymmetry but also gauge
invariance. Taking into account all its consequences for
the symmetries and the symmetry algebra, we calculate
all symmetry-restoring counterterms to the trilinear in-
teractions and the required counterterms to the symmetry
transformations.

Section 2 sets the basis for our calculations. Since the
Slavnov-Taylor identity is the key relation, it is briefly
reviewed, with emphasis on the meaning of the involved
ghost fields and of the special cases we need in later course.

In Sect. 3 we derive and discuss the counterterms to all
trilinear interactions and the necessary counterterms to
the symmetry transformations; in Sect.4 we present our
conclusions. In Appendix B the Feynman rules are listed,
in particular the ones involving the ghost fields. We need
them to calculate the loop corrections to the symmetry
transformation operators. The rest of the appendices is
devoted to the explicit form of the Lagrangian, the BRS
transformations, and the one-loop results of the necessary
vertex functions.

2 The Slavnov-Taylor identity
of supersymmetric QCD

In this section we briefly review the Slavnov-Taylor iden-
tity of supersymmetric QCD [6-10], since it is the math-
ematical expression for the symmetries of the model. Its
knowledge is necessary for testing whether a regularization
preserves the symmetries as well as for the determination
of supersymmetry-restoring counterterms.

2.1 BRS invariance and gauge fixing

The usual gauge fixing term of supersymmetric QCD
1
28

does not only break gauge invariance but also supersym-

metry because it contains only the gluon G* but not the
gluino. As a consequence it is very useful to treat gauge
invariance and supersymmetry simultaneously using com-
bined BRS transformations. Then not only the Faddeev-

Popov ghosts are needed but also supersymmetry ghosts.

Actually, three kinds of ghost fields are introduced:
the Faddeev-Popov ghosts ¢, (z) that correspond to gauge
transformations and are fermionic scalar fields, supersym-
metry ghosts e (bosonic Majorana spinors), and transla-
tional ghosts w* (fermionic vectors). Translations cannot
be treated separately since they arise as anticommutators
of supersymmetry transformations. Among these ghost
fields only the ¢,(x) are dynamical fields, whereas ¢ and
wH are space-time independent constants since the corre-
sponding symmetry transformations are global.

Lox = =52 (0,G1)? (2)
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The explicit form of the BRS operator s is listed in the
appendix. As a crucial property of the BRS transforma-
tions, the transformations of the ghosts are determined by
the structure constants of the symmetry algebra. Hence,
knowing these BRS transformations is equivalent to know-
ing all the (anti-)commutators of the symmetry genera-
tors. It is this property that renders the BRS operator
nilpotent, so that s> = 0 up to equations of motions.

Using the nilpotency of the BRS operator it is possi-
ble to write down a BRS-invariant gauge-fixing and ghost
term: For the usual £-gauge one has

Ty, gn = /d4$£ﬁx, gh
€
2
B2 —¢,0,(D"c),

S[Ea(fa + Ba)}

g

2
1

— G 0" (€YuGa) + 5@’%7”6(81,6&)6& , (3)

['ﬁx, gh =

= Bafa +

with f, = 0,G# and the Faddeev-Popov antighosts &, (z).
For diagrammatic calculations it is customary to elimi-
nate the auxiliary fields B,, yielding the usual gauge fix-
ing term (2). Note that the supersymmetry breaking of
this gauge fixing term necessitates compensating terms
involving the e ghosts.

2.2 Slavnov-Taylor identity

At the tree level, BRS invariance can be expressed in the
following way:

6Finv
0= /d4x SP; 500 , (4)

7

where I},, is a BRS invariant action and the sum runs
over all fields of the model. At the quantum level, the
BRS transformations have to be treated as composite op-
erators. The non-linear composite operators receive loop
corrections and have to be renormalized in the same way
as the Green functions. It is most convenient to perform
the renormalization of these composite symmetry opera-
tors together with the renormalization of the Lagrangian.
To do that we couple the non-linear BRS transformations
sp; to external sources Y; according to the scheme!

0

sp; — =+ 5Y, +0(Y;) , (5)
or

(s¢ids — 35 + O(¥) ©

at the classical and at the quantum level. The result-
ing classical action [ is written down in Appendix A.2.

! The minus sign applies for complex conjugate fields. The
reason is the reality of the BRS operator leading to the rule
(sBos)" = s(Bos), (sFer)! = —s(Fer)!
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I' denotes the renormalized effective action, the generat-
ing functional of one-particle irreducible vertex functions?.
Clearly, the expectation values of products of operators
differ from the products of the individual expectation val-
ues. This reflects the appearance of non-trivial loop cor-
rections to the non-linear composite operators.

Now it is possible to write down the Slavnov-Taylor
identity. It expresses the invariance under the loop-cor-
rected BRS transformations (which incorporate gauge and
supersymmetry transformations and translations) and the
fact that the loop-corrected transformations still satisfy
the desired symmetry algebra. The Slavnov-Taylor iden-
tity reads:

S(F) = SO(F) + Ssoft(F) ) (7)
with the part corresponding to unbroken supersymmetry,

o oI
I = —
s = [ (svor5er * S5

S (ALL ity

s 0Tk 0dk &gl 6q)

oror o6I'é6r

6q 6y by oq

or or _or

EE+SCGE+SB
or

oI oI

'35.)

and the part describing the soft breaking,

or

or or
T -
Srott /(sa da ¢ dat X 5X

ol ol
57 o)

In the Slavnov-Taylor operator all fields of the model ap-
pear: The gluons G¥ and the gluinos g,, the quark ¢ and
the squarks ¢y r as well as the ghost fields, and the cor-
responding sources. Due to the squark mixing, the mass
eigenstates g; 2 are in general different from the interac-
tion eigenstates ¢r, . We write the relation as follows,

+ sf +sz 9)

qk = SkLqr + Skrqr ,
Uk = Sk + Sirir (10)
with a unitary matrix S diagonalizing the tree level squark
mass matrix. Ssop(I7) involves the auxiliary chiral super-
multiplet (a, Prx, f = f+ fo) and its hermitian conjugate.
The main property of this auxiliary multiplet is the con-
stant piece fy that acts like a vacuum expectation value of
f and generates the soft-breaking terms while permitting
a fully supersymmetric formulation of the model.

2 The sources J; = —gs—F for the fields are to be understood

as the usual sources in the functional integral
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2.3 Important special cases

For our later applications several special cases of the
Slavnov-Taylor identity are particularly important. First
it can be used to describe gauge invariance by taking the
derivative with respect to the Faddeev-Popov ghost ¢, and
setting all ghost fields and sources to zero (“gh=0"):

_6S(D)
0= dcg,
ST oI 5T
= — _— . 11
3cadY; 0pi PV Se,08 lghmo (11)

The functions 6I'/dc,0Y; are the loop-corrected gauge
transformations of ¢;, and the last term in this identity
is due to gauge fixing. Similarly, the Slavnov-Taylor iden-
tity can be used to describe supersymmetry by taking the
derivative with respect to the supersymmetry ghost and
setting all ghost fields and sources to zero:

_8S(D)
0= de
or oI dsx ol
Sl S .12
= 56V, 5 T b O lghoamntco < (12

Here the first term is the supersymmetry transformation
of ;, the last term is due to the soft supersymmetry
breaking. When the auxiliary fields a, x, f are set to zero,
one has ésx/de = /2(Py, — Pg)fo with the constant fo.
Apart from the soft-breaking term, these identities are
similar to the supersymmetric Ward identities (1), rewrit-
ten for one-particle irreducible Green functions.

As already noted, the Slavnov-Taylor identity also de-
scribes the symmetry algebra. This information is very im-
portant in order to guarantee that the loop-corrected sym-
metry transformations still satisfy the (anti-)commutation
relations that define supersymmetry and SU(3)-gauge in-
variance. We can extract information about the algebra by
taking derivatives of the following kind and setting then
all ghost fields and sources to zero:

S
= bedeoy,
L ,_dr _er er r
5e0Y; 0e0Y 0p; | 8edY, 56,0
57 I 6T o
1 5eeY,0Y, 0, | 0c0e0Y,y 0Y 0y
§swt 6o

_ . 1
dede 6Yj§wﬂ gh=a=x=f=0 ( 3)

The first two terms express the anticommutator of the
supersymmetry transformations of ¢; into ¢; and of ¢y;
the remaining terms express the right-hand side of the
supersymmetry algebra

{Q, Q} = equations of motion + gauge transformations
+294P, (14)

where the coefficient of the translational part is fixed by
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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 of the right-handed parts Prg,
Pre, Prx of the Majorana spinors are opposite to the ones of
the left-handed parts. The quantum numbers of the external
fields Y; can be obtained from the requirement that the prod-
ucts Y;jsp; are neutral, bosonic and have dim = 4. The commu-
tation rule for two general fields is 12 = (—1)9F1 2y,

p GY Prg, (jL,[j;r% q a Pry f ca Pre w¥ €o Ba

R 0O 1 1 00-1-20 1 000
Q. 0 0 0 00 0 0+l +1 +1—-10
Gp o0 1 0 101 01 0 1 10
dim 1 3/2 1 3/201/2 1 0 —1/2-1 2 2

525wt

dede

Later we will use these identities taking further deriva-
tives and setting all fields to zero.

=2vM . (15)

2.4 Definition of the model

The Slavnov-Taylor identity is not the only symmetry
identity in supersymmetric QCD. For an unambiguous
definition of supersymmetric QCD we need four symmetry
identities. We require them to be satisfied by the renor-
malized effective action I" (see [10]):

— The Slavnov-Taylor identity S(I") = 0 expressing
gauge invariance, supersymmetry and translational in-
variance.

— The gauge fixing condition % = ‘ZFT“;‘ = fo +£&B,
expressing the non-renormalization of the gauge fixing
terms.

— The translational ghost equation 5‘5 = % (Lext 1
defined in Appendix A) meaning that the terms in-
volving w* do not receive quantum corrections.

— Global SU(3) invariance and invariance under contin-
uous R transformations with the R-weights defined in
Table 1 and C'P invariance.

3 Determination
of symmetry-restoring counterterms

In general, regularization schemes break the defining sym-
metry identities. Since supersymmetric QCD is anomaly
free it is always possible to restore the symmetries by
adding appropriate counterterms I ,on—sym that break the
symmetries by themselves. In this section we determine
such counterterms at one-loop order.

A key issue in this determination is the uniqueness of
the counterterms. It is not sufficient to calculate a coun-
terterm by considering only one symmetry identity be-
cause all symmetry identities have to be satisfied simulta-
neously. If, however, a counterterm is determined uniquely
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by a certain set of symmetry identities, then it is the si-
multaneous solution to all identities.
The strategy in this section is the following:

— Calculate the counterterms to the supersymmetry
transformations of the gluon and the gluino using iden-
tities expressing the supersymmetry and the super-
symmetry algebra.

— Determine the counterterms to the supersymmetry
transformations of the squarks and the quark in the
same way.

— Derive the counterterm to the ¢gq interaction using
a supersymmetry identity together with the countert-
erms calculated before.

— Determine the counterterms to all three-particle gauge
interactions and the relevant gauge transformations
using identities expressing gauge invariance and the
SU(3) algebra.

— Cross-check the result for the gauge interactions using
a supersymmetry identity relating the G,G,G,, and
the §gG,, interactions.

3.1 Parametrization of the counterterms

Counterterms can be divided into symmetric and non-
symmetric ones,

Fct - Z1sym + Fnon—sym . (16)

The symmetric counterterms Iy, do not destroy any
symmetry identity. They can be obtained from the classi-

cal action
Fc1—>Fcl+Fsym (17)

by infinitesimal renormalization transformations for fields
and parameters [9,10]:

Gt — \ZaGr, B—Zo B,

= VZs ¢ € 726,
9= /233, ¢ =\ Zee,
PrLrq — /24y nPL,RG;  GL,R = / 4L,RAL,R;
Y VZi i,
g — g+dg, m; — m; +omy,  (18)

where m; denotes all mass parameters of the theory in-
cluding the soft parameters®. Owing to this structure the
contributions of Iy to all self-energies and to the inter-
action vertex ¢gG,, have completely arbitrary coeflicients
that can be chosen at will. All other contributions are
functions of this choice. Formally this feature can be ex-
pressed as

Togm = 3 0my O + 3 0am 7O, (19)

3 It is also possible to perform a matrix valued renormaliza-
tion transformation of the squarks. This is important if com-
plete on-shell renormalization conditions are desired, but for
our concern the difference is not relevant



W. Hollik, D. Stockinger: Regularization and supersymmetry-restoring counterterms in SQCD

where the operators 01(1) correspond to the self-energies
and the §gG,, vertex and the coefficients 5Sym§2) are func-

tions of the 5Sym§1).

The second contribution in Iy are the non-symmetric
but symmetry-restoring counterterms I ,on—sym. Since the
contribution of Iy, to the coefficients of the operators

(’)El) is already completely arbitrary, it is possible to as-
sume without loss of generality that I7on—sym has the form

Z—‘non—sym = 251(2)052) )

K2

(20)

which means that I},on—sym does not contain contributions
to the self-energies and the §gG,, vertex.

This parametrization of the counterterms we will use
in the following calculations. Since it is completely gen-
eral, our results are valid independently of the symmet-
ric counterterms. Hence they hold for all renormalization
schemes such as the M S or the on-shell scheme. But since
this parametrization avoids redundancies it is particularly
well suited for a transparent discussion. By construction,
the symmetric counterterms drop from all symmetry iden-
tities, and therefore the number of unknown counterterms
in the identities is minimized.

There is only one restriction we impose on Ijon—sym-
Since all common regularization schemes preserve global
SU(3)- and C P-invariance, we do not admit counterterms
in Ihon—sym that break these symmetries.

3.2 Gluon and gluino self energies
and supersymmetry transformations

Taking the derivative of the Slavnov-Taylor identity
o PS(D)
 6Gyu0€dg,

and setting all fields to zero we obtain an identity relating
the gluon and gluino self energies?,

(21)

0= FCEQYGZ (_qv q)FGbNGCy (Qa _q)
o Fgcga (q7 7q)FGbu5EC (q7 *Q)

9sx

X 7 (0 —0) (22)

In this identity the Green functions corresponding to the
loop-corrected supersymmetry transformations of the
gluon and the gluino are involved, and the identity de-
termines the ratio of these two supersymmetry transfor-
mations. The last term is due to the soft supersymmetry
breaking.

The notation I, means the one-particle irre-

ducible vertex function with external ¢q ... ¢, fields
onr
Fapl...gpn = (23)

0p1 - 0pn =0

4 In the rest of this section I" denotes the one-loop effective
action including the contributions of Ihon—sym. The symmetric
counterterms do not appear since they drop from every sym-
metry identity
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and the momentum arguments denote the incoming mo-
menta (note that e is a constant and thus does not carry
a momentum).

In order to obtain the counterterms it is sufficient to
consider the high-momentum limit. Then the soft-break-
ing term is negligible, and the results from Appendix C
yield (the quantities C'(A) and T'(F') are defined in Ap-
pendix E.1, and the one-loop functions By are defined in
Appendix D)

0= (—7"¢* + dg") x

a,C(A 1
(b 560
asT(F)
——— 2B,
+ 47 0}
a,C(A
- [1 +0geg, + % (BO — 10DReg — Bo)
asT(F)
+ 2BOD
= (=7"¢* + dq") x
a,C(A) 2
<5YGg5 — 56‘53}@ + %59[);{%) . (24)

Thus, in dimensional regularization (fpreg = 1) this iden-
tity is not satisfied on the regularized level; one has to
choose non-vanishing values for the counterterms

2 a;C(A)
Ovgge — 5Gegg = _57947T ODReg (25)
to the supersymmetry transformations of the gluon and

the gluino.

In order to determine the individual counterterms we
derive an identity corresponding to the supersymmetry
algebra:

54S(I)
5Gbebed Yo"
= 0=Tley.rverlcra,,

0=

+ Ivgtgel avegs. — Leyiseel vane,
+ FGI‘;GEYCUFYGg‘cC
§2swP dsx
+ EFGZYGng + QKFGZEYGgX » (26)

which yields in the high-momentum limit
0= _2((]“’71/ - ¢guu)5ab (1 + 5Geg§ + 5YG§€)

+ Q(Q;/YV)(Sab (1 + 6CYG + 6G5EYC)
- 2q/gu115ab .

The physical meaning of this identity is the constraint of
the supersymmetry algebra on the product of the trans-
formations of the gluon into the gluino and backwards —
correspondingly it determines the sum of the two countert-
erms. In contrast, the previous identity (22) determines
the ratio of the two supersymmetry transformations and
therefore the difference of the counterterms.

(27)
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Hence, taken together both identities lead to a unique
value for the counterterms

~a;C(4) 19
Ar 3 DReg >

—OGeg; = (28)

(29)

Ovgge =

dgeey, = —Ocvy -
The counterterms dgeey, and .y, we will not need in the
following.

This result is a simple illustration of the discussion
at the beginning of this section. Apparently there are in-
finitely many different counterterms that solve (25) or
equivalently (22), i.e. restore the gluon-gluino identity.
Only one particular choice, however, also solves the second
identity (26). Therefore it is essential to take into account
the identities that correspond to the supersymmetry alge-
bra.

3.3 Quark and squark self energies
and supersymmetry transformations

Using the following derivative of the Slavnov-Taylor iden-
tity we obtain an identity relating the quark and squark
self energies®:

o S(D)
5q6q) o€
= 0= Ty — iyelu
j=1,2
X%
+ =Ty (30)

In the high-momentum limit this reduces to (the quantity
C(F) is defined in Appendix E.1)

sSC(F
0= \@QQ(S“;PL — SiRPR) (1 + 53}5(] + aT?f')BO>
—V2¢*(SirPr — SirPr) x

M(QBO — 10pReg — (Bo))) (31)

1+ dy6¢
(+yq+ 47

which is satisfied provided the counterterms fulfil

asC(F

Ogeq — Oyge = _%HDReg : (32)
Again, these are counterterms to the supersymmetry
transformations, and the considered identity only fixes
their difference.

As in the gluon/gluino case we need an additional iden-
tity corresponding to the supersymmetry algebra to find
unique values for these counterterms, given by

5 We suppress the colour indices since the following identities
are trivial in colour space
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0 §4S(I)
a (5@(565%5@2
= 0=—-Tgalsa
52 swP
+ FﬂinFQjG?? - thijEngeqC + ﬁpﬁjﬂw”
dsx dsx
+ 50 Lot 5 Taenx - (33)

In the high-momentum limit only the second, third and
fourth term contribute, with the result®

0 = 24655 (1 + Ogeq + dyac ) — 2435 (34)
The unique solution for the counterterms is thus
as;C(F) 1
Ogeg = —Oyge = —— -~ 50DReg - (35)

3.4 Gluino-Quark-Squark vertex

One very important consequence of supersymmetry is the
relation between the interactions of quarks and squarks
with gluons and gluinos. This relation can be expressed
by the following identity:

S s
04103} 6Gande
= 0= FgaREYG’J(kv 71{:)1—‘qu~£ch1, (p,—p', k)
/
_ Fl?L@Z@ch(p’ —-p, k)Fga,REC (]C, 7](3)

+ Z FgaREtiLﬂj(kapa _p/)[‘gz%(_p/ap/)
Jj=1,2

Ty, reay 5y (b =P P) g, 1 (s _p))
N quyg(ipl’pl)FQLéaRti(pa k, *p/)
+ 1t guna(—P Ko P) Doy (0 —p)

SV
+ﬂ]“ i (pa _plvkﬂo) .

0  9rdp9arX (36)
In this identity we choose definite interaction eigenstates
for the squarks as external legs and consider only the right-
handed part of the gluino gg = Prg. This simplifies the
computation, but due to (only softly broken) C- and P-
invariance it is sufficient to obtain the supersymmetry-
restoring counterterms to all ggg-interactions.

The identity (36) has to hold for arbitrary external
momenta. Since the counterterms to the interactions are
momentum-independent, it is very convenient to consider
the limit m; < |k,| < [pu| = |(p" — k)|, where m; denote
the masses in the theory. In this limit all masses can be
neglected, and k can be neglected compared to p except

6 The values for the vertex functions involving ¥, ¢ can
easily be inferred from the corresponding ones involving ¥, ¢
using the flipping rules of [14]
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in the terms that would lead to infrared divergences for
k = 0. The only remaining terms are

0= g REYGH v (k, k)FquT ch(p7 -7, k)
+ Z ( gaREQLyJ k y Dy, =P )quqj(_plapl)
j=1,2

= I eqt gt (s =P P) T, 51 (P, p))

- quyg(_p 0 qL5.ma(Ds ke, —D") (37)
The physical meaning of the first and the last term is ob-
vious. They relate the GgG,, and ¢qg interactions, multi-
plied with the corresponding supersymmetry transforma-
tions of the gluon and quark, respectively. The other terms
are particularly interesting: They involve supersymmetry
transformations of squarks into products of the form €gq
— such transformations are not present at the tree level
but can be generated at one-loop order. The corresponding
Feynman graphs are all finite and thus involve no regular-
ization ambiguity. In the limit defined above the results
are

0— —2¢gPRTa<1 + Oy
% C(A4) [Bo(k?) + Bo + 2p°Ch] )

+¢9PRT0’]92 I ( ( ) [200 + Cl}

C(A
+ Mg, - o] v ow) )
+ 29 PRT* (14 dyqc + 8334

+ Z—; [CF) (-
+ @ (4Bo + 7p*C1 — 29Dch)]> - (38)

By + By — p*Ch)

The arguments of the one-loop functions are as in (67), ex-
cept where indicated differently. Most of the terms cancel,
leaving only

a Qs
0= 2¢9PRT (—(5ng5 + E

+2p°Cy + By — 10pReg] + yge + 5q"gq) . (39)

C(A) [p200 — Bo(k‘2)

For the terms Cy and By (k?), which are infrared divergent
for |§| — 0, one can easily verify the identity
) (p + k)2a k2a 07 07 O) -

. 2 2 2 —

—2p?Cy — By . (40)

Thus, all By, C; functions cancel perfectly, leaving an iden-
tity for the counterterms,

g

0 = 0559 — Ovgge — EO(AWDReg + Oyge ,  (41)

that has a unique solution for the counterterm to the ¢gq
interaction

o 2 1
diia = 2 (30 - 500 ) oo . (42

111
or written in terms of a counterterm Lagrangian
Luon-sym, dgg = ~0i5qV/29 X
(@l5Pra+ aPrgin - dhgPra — aPrin) . (43)

Here the result obtained for the §Prgqr-interaction has
been extended to the other Ggg-interactions. The respec-
tive calculations can be done in the same way and yield the
same result due to hermiticity and (softly broken) C- and
P-invariance. As can be easily checked, R-invariance is not
violated by the regularization, and therefore R-violating
counterterms like §Prgdr are not necessary.

Hence, in dimensional regularization (fpreg = 1) an
additional counterterm is necessary to compensate the
supersymmetry breaking of the regularization. In dimen-
sional reduction, however, this counterterm is not neces-
sary. Both results have already been anticipated in [11],
so (42) provides a confirmation on the basis of a rigorous
definition of the model using the Slavnov-Taylor identity.

We want to stress that the result for the counterterm
dggq is unique. The uniqueness guarantees that dz54 is not
only the solution of (36) but of all symmetry identities.
To arrive at this result the unambiguous calculation of
the counterterms to the supersymmetry transformations
in the preceding subsections has been necessary. In par-
ticular, in dimensional reduction only the combination of
all these calculations implies that supersymmetry is pre-
served in this sector.

3.5 Gauge interactions

In the previous subsection we have determined the coun-
terterm to the ¢gq interaction. All other trilinear inter-
actions of supersymmetric QCD are gauge interactions:
49G., 99Gu, §9G,, and G,G,G,. We have explicitely
checked that all symmetry identities that determine these
interactions hold automatically in both regularization
schemes, although v5-interactions are involved. Since these
identities are not due to supersymmetry, and since the
gauge invariance of both schemes is generally known, we
are brief in this subsection and restrict ourselves to a
sketch of the calculations.

The identities that determine the counterterms to the
gauge interactions can be obtained from the following
derivatives of the Slavnov-Taylor identity:

5S(I) 54S(I)
5Gt8Goc,’ 3Gocadcydy’
5S(I) 54S(I)
8qdgdcy’ 3qdcqadcydy’
5S(I) 54S(I)
830G 40¢q ’ 6@6(50@(501)53}7@(1’
53S(I) 54S(I) s
5GrOG 5ey Scadcrd¥al

The first set of these identities expresses the gauge invari-
ance, whereas the second set corresponds to the symme-
try algebra. Owing to our parametrization (see Sect.3.1)



112

there is no symmetry-violating counterterm to the GGG,
interaction. Rather, this interaction defines the gauge cou-
pling and determines the other counterterms’. Evaluating
these identities explicitely at one-loop order we find that
they are satisfied at the regularized level, which has the
following consequence for the counterterms®:

Ocve = dgeqs dgeg = OceY s
6CYG + 5qu = 6qcya 6qcy = 6chC;
deve + 0556 = Ogegys 0geis = OceYes
deve +0caa = devea, devsa = deey, - (45)
These identities have the unique solution
dqqc = 053¢ = dcce =0,
Ogeg = Ogey = Ogeg; = Oevoa = Oevg (46)

where the only freedom is the value of d.y,, which is re-
lated to the residue of the ghost propagator and can be
fixed by specifying a renormalization condition for the
latter. The important result, however, is that the non-
symmetric counterterms to all gauge interactions turn out
to be zero. To obtain this result, it has been essential to
verify in particular the second set of identities in (44),
corresponding to the SU(3)-algebra.

3.6 Gluon-Gluino-Gluino vertex

In the previous subsection the result

056 = dcaa =0 (47)
was derived using gauge invariance. On the other hand,
the ggG, and G,G,G,, interactions are also related by
supersymmetry. Consistency requires that the relation im-
posed by supersymmetry must be automatically satisfied,
which gives an important check. Equivalently, if we use su-
persymmetry to rederive the counterterms we must obtain
a result compatible with (47).

The following identity, which is due to supersymme-
try, connects the triple-gluon vertex and the gluon-gluino-
gluino vertex:

" There is nothing special about this interaction; we could
have chosen any other gauge interaction instead to define the
gauge coupling

8 In particular we find the — already non-trivial — result
that the Lorentz- and SU(3)-structure of the counterterms
must be identical to the one of the tree-level interactions. For
instance, in general there could be two linearly independent
counterterms to the GGG interaction

1 v
Enon—sym GGG — 6GGG§fach5Gbauch
+daaaTr(GH'GLO"Gy)

but only dgaa can contribute
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0— 54S(I)
~ 0GHSGY8g.0€
= 0= [Fazgczycgfci;'adp + ((u,a)e(wb))}
+ g everlcrcyc,,
- [F Gyigael Gug.3, T ((ma)e(mb))}
- FGﬁfGZ%d?FQCEd
0SX
+ gFGZLGZ‘@cY . (48)
The vertex functions involving the € ghost correspond to
supersymmetry transformations.

The identity (48) has to hold for arbitrary external
momenta, but for the purpose of deriving counterterms
it is sufficient to look at the limit m; < |py| < |p.| and
to consider only the leading terms in p,. In this limit the
soft-breaking term and all the masses do not contribute,

and all contributions get a simple analytical form, and all
non-local terms cancel:

. 2C(A) o,
0= lgfabc << 3E )EQDReg

+daaa + 5Yg§e - 6Q§GGG)¢agMV

+ ( — G55 — OGey, + 5?3§€GG)7u7u275a
<2C(A) ay

3 4; OpReg — 0G5 + dcaa

- 5Geg§ + 5YG§6) (’Yupa,u - 2’7,upay)> . (49)
From the longitudinal part of this equation, which is ob-
tained by the contraction with p¥, we get

2C(A) as
=—3 EQDReg +dcca + Syage -
This result fixes the counterterm for the vertex function

I'crgyg, 4e in terms of the other counterterms. Inserting it
in (49) yields

20(4) %GDch +0caa — dGeg, + Ovgge -(51)
3 Ar
This is an expression for the counterterm of the gluon-
gluino-gluino interaction in terms of the counterterm of
the triple-gluon vertex and the counterterms dgey, and
dygge, calculated in Sect.3.2. The results for dgey, and
dvgge show that these counterterms cancel the first term
on the r.h.s. of (51), thus yielding

0g;cGG (50)

e

dcis = dcaa , (52)

in agreement with (47).

4 Conclusions

We have calculated symmetry-restoring counterterms in
supersymmetric QCD. We have found that in DRed no



W. Hollik, D. Stockinger: Regularization and supersymmetry-restoring counterterms in SQCD

non-symmetric counterterms are necessary at the one-loop
level, neither for the trilinear interactions nor for the sym-
metry transformation operators. While identities like (25)
have been checked in the literature [3], the result that
the loop-corrected symmetry transformations automati-
cally satisfy the right algebra is new. In DReg countert-
erms for the §gg-interaction and for most symmetry trans-
formations are required.

In order to obtain unique results we have had to take
into account loop corrections to the symmetry transfor-
mations and to renormalize them in such a way that the
SU(3)- and the supersymmetry algebra are satisfied. The
fact that the counterterms to these symmetry transforma-
tions can be unambiguously calculated is the main advan-
tage of the Slavnov-Taylor identity compared to simple
supersymmetric Ward identities like (1).

The uniqueness of our results guarantees that the coun-
terterms derived from only few symmetry identities re-
main correct even if we take into account all symmetry
identities simultaneously. Only to the vertex functions we
have not considered additional counterterms may be re-
quired. Therefore our results for DRed, where no coun-
terterm is needed, constitute a definite test of the super-
symmetry of the scheme for the considered cases. And
when the use of dimensional regularization is desirable,
for instance because the standard M S mass-factorization
scheme should be used [12], our results show how to es-
tablish all symmetries.

Let us now give some final remarks on the necessity to
calculate loop corrections and counterterms to the symme-
try transformations. This necessity might seem disturbing.
But using the Feynman rules and the explicit form of the
Slavnov-Taylor identity we have provided, the calculations
turn out to be straightforward. In fact, the one-loop cor-
rections to the symmetry transformations are much sim-
pler than the one-loop corrections to the interaction ver-
tices we have considered.

As mentioned in [8] the appearance of loop corrections
to the symmetry transformations can be traced back to
two reasons. First, the non-linearity of the BRS transfor-
mations can cause a difference between expectation values
(sp) and the respective products of the classical fields. In
the loop diagrams the non-linearity is the reason for the
triple- or quartic couplings to the external Y sources. A
second reason is the supersymmetry breaking of the gauge
fixing, which necessitates compensating terms involving
the supersymmetry ghosts. The corresponding Feynman
rules appear in most of the loop diagrams to the super-
symmetry transformations. Owing to these terms, loop
corrections are even possible to supersymmetry transfor-
mations that are linear at the tree level, e.g. the one of
the gluon (see Fig. 2).

This sheds a light on the deep connection of gauge
invariance and supersymmetry, which was a major com-
plication in the renormalization for a long time and has
enforced the introduction of the Slavnov-Taylor identity.
Our results help to get a quantitative understanding of
such general properties of the theory.
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Appendix

A Lagrangian and BRS transformations

In this section we give the explicit form of the BRS trans-
formations and the Lagrangian of supersymmetric QCD
as a specialized version of the general Yang-Mills theories
discussed in [10]. In contrast to there, we use 4-spinors
throughout in order to obtain Feynman rules that can be
used in a straightforward way.

A.1 BRS transformations

We combine gauge and supersymmetry transformations
and translations in a single anticommuting BRS opera-
tor s. On the “physical” fields (i.e. the ones carrying no
ghost number) s acts as the sum of gauge and supersym-
metry transformations and translations, where the trans-
formation parameters have been promoted to ghost fields
ca(T), €, wh:

sGH = O'c —igle, G*] + ey*g — iw"0,G* |

1
sg = —ig{c,g} — gcrpaero + D(Pr, — Pr)e —iw"d,7 ,

. = ]- . -
sg = —igl{e, g} + iEJp”Fp,, +¢€Pr, — Pr)D —iw"d,9 ,

sgr, = —igeqr, + V2ePrq — iw" 8,41, |
G0 = +igdh ¢ + V2qPre — iw’9,q!
sGr = —igedr — V2ePrq — iw” Oy qr

sql = +igdhe — V2qPre — iw" 9, dk |
—igeq + vV2m(GLPr — GrPrL)e
+V2iD, (4L Py — GrPr)Y"e — iw"dyq
G = —igge +2me(—q} P + G, Pr)
+V2iey" (Dpd) Pr — (Dyudr) Pr) — iw”0,q
sq = \/§€PLX —wYdya ,
sal = \/§YPR6 —iw’dat
sx = V2(Ppf — PafT)e
+ \/ii(PLaua — PRauaT)'y”e — W’y x ,
sf= sz‘sza#PLx —wvo, f
sz = —\/iiauyfy“PLe — iw”@VfJr .

@
<
I

(53)

Here we have used the notation G* = GET* etc. for all
fields in the adjoint representation of the gauge group.
Furthermore, we have used the gauge covariant derivative

DH = M + igT*"G" (54)
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where T has to be replaced by —i fup. in the adjoint rep-
resentation, the field strength tensor

EIY = 0MGY — 0 Gl — gfuncGLGY , (5))
and the abbreviation
Do = —g(@} TG — G5 T"dr) - (56)

Generally, the BRS operator has the important nilpo-
tency property

5% = 0+ field equations (57)

provided the statistics of the ghost fields is “wrong”, i.e.

opposite to the one required by the spin-statistics theo-

rem, and the BRS transformations of the ghosts them-

selves are given by the structure constants of the symme-
try algebra, as follows:

sc = —igc® + iey"eG,, — iw’Oyc (58)
se=0, (59)
sw” =ey"e . (60)

Finally, for gauge fixing we introduce Faddeev-Popov
antighosts ¢, and auxiliary fields B, with BRS transfor-
mations

s¢ = B —iw"d,¢ ,
sB = ieyYed, ¢ — iw" 0, B .

A.2 Lagrangian

The Lagrangian of supersymmetric QCD consists of one
part containing the physical fields only, and one part con-
taining the ghosts and the external fields. The first part
is given by

Ephys = Ly + Lm + Esoft 5
1 1? . ~
Liin = _Z<F5V>2 + §gaZ’YMDp,ga

447" Dyq + D" + D af? — 3 DuD,

~ V29 (a}3PLa+ aPrgir — a}3Pra — aPLiir) |
Ly = —mqq —m?* (|Gl + 1dr|*) ,
33 (P + Paf') g+ O(aat )

£soft = _5
|J{|2~M£ mffMgR qL
mfMpr  |fPME ) \ dr

- (a} k) (63)
In the soft-breaking terms we have not written out the
explicit form of the terms containing the a, xy components
of the chiral supermultiplet we use to generate the soft
breaking. The usual breaking terms are obtained by set-
ting f to the constant fj.
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The parts of the Lagrangian containing the ghosts and
the external fields are Ly, gh as given in (3) and

‘Cext = YGgSGap, + ?gsg + Y.sc
+grsdr + (sqh)gh + Irsin

+ (sqh)ik + 7sa — (sq)y (64)
Lot = 5 5o (P~ PLYOEPR ~ Pu)iza)
— 2(yPre)(€Pry) — 2(yPre)(€Pry) . (65)

Then the classical action is the sum of these parts:

I = /d4$ (Ackin + ‘C’HL + ﬁsoft + Eﬁx, gh + Lext + ﬁbil)

+0(a,a,x) . (66)

It satisfies all defining symmetry requirements of Sect. 2.4.

B Feynman rules

In this section we give a list of the Feynman rules we need
in our calculations, in particular of the ones involving the
external Y fields and the e ghosts.

— We take all momenta as incoming.

— The € ghosts are space-time independent constants and
do not carry a momentum.

— Many of the following Feynman rules have to be used
with different orderings of the fermions. In the case of
fermionic spinors the flipping rules of [14] have to be
applied, and in the case of fermionic scalars and vectors
the orderings correspond to different global signs of the
vertices. For ease of reference we give the alternative
rules explicitely for the cases we will need later.

For brevity, we write I instead of Iy for the classical
action in this section.

& o> ilggarcy (Pas P, Pe)
M)
G eoreEreY = —9fave[9pu(Pa — Pb)v
0&5(}\ + g,w(pb - pc)p
% G +gup(pc —pa)u]
G < G iFGgGgGgG;

(:'Q'Q,~ - _7192 [fabcfefc

999§"{)_{)g9 X (gupgcw - g;mgup)
G 3999 “‘J"?.Q_) G +faecffbc(g,uagup - gut/gpa)
' +fafcfbec(g,ul/gp0 - gupgau)}
e2
iF@cGé@d
el 7666t = —g f edcVv
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e2 ; _
iFGﬁquz e2 ZFYGZEQC
el “CGG6aT = —igy, T = —1Vubac
el 766660 )
e3 ZFYGZL.%E
. e2 B = —iYudac
/// lFGququ;,i(k7p’ _p/) F
el ff@@ffﬁ-"\\ = —'Lg(p + p/)uékln@ t gf]ccegd

J e2
\\\\ e3 S = Z.gfced
el .
. i ‘ ZF!?dCeEc
S qk,j9a9i a3 _ ingEd
el % = —iv2gT{ x
\\

(PrSi — PLSiR) il'cyg,.e(—4,q)

b

~ e3 e?2
= 7O—V}Lqﬂ5bc
Lo e2 i = el “6606G6G6¢
43904 ; il (—=4,9)
) . b€Y5c
—zx/igTz X e3

///
el 4 = i.j _ “
AN (PrSkr — PrSkr) = o e
e3

1 e iFG‘ZG,’:eEC
.Gt el .
¢ % ,’/ 4 %‘QD = Zayugfcab
L, 7 I 2
2, GaGyar;d] S ,
9‘5’\ . 9 o b 9999 il'grgyy,.e
7 N = i9° g0 {T*, T"}i; P '
G 3999 \\\ - o4 e = io-;u/gfcab
q
-2 ipﬂgaa?z,qu,i
1 ’LFCCGZLE(I (k‘l, k}g, —k) — _Z-g<PR _ PL)T{; «
. . 1l . e2 * *
el "0‘0‘0‘0‘0‘0“.'. — ngbaclku e // (SkLSlL _ SkRSlR)
Y"'.. pd
" e3 SO T
. U raial,
2 k) e ™ e3 = +ig(Pr — PL)TSx
e (Sks iy, = SkrSig)
el . = *kébc
e3 A ZFccchCa
e2 el = o .:"-.,-‘_ = igfabc
S ZFEbeEC(k?_k) 3
el = —I6
<. Fone el 2
" e3 rd s,
_ %, = 27,6
C € %J
¥ iles,z, (—k, k) ed - €3
= 2i€K by L7 €2 .
& fk ¢ /// quk,jcaﬂl,z‘
€ ¢ el '""""'n...‘ = 9350k
iFYGZCbGZ e3
- a2 )
e = _ngabc 7 e2 il .
el "eeeeTvs, _ e Uk,s T ead) ;
. iFeycirvt e1 el Ty
) .
e3 _—

= Z.gfabcg;w 3



 e2 .
Z‘ijcaqi
el = 973
..
- e3
q .
Zqu Ca¥i
y ——= _
w9
e
Y el q iFGfﬁk,jéﬂi
// .
:o = Z\/igfy,LTi’}x
% (=Sie P+ SipPr)
€ hae.
.- e2 iFGZyjq,t =
= V297, T%x

(SkrPr — SkrPrL)

el )
Re
%,
%,
ed < e3

C One-loop results

In the following we give a list of the one-loop Feynman di-
agrams and results for the vertex functions corresponding
to symmetry transformations, i.e. vertex functions involv-
ing external Y sources and ghost fields. We use dimen-
sional regularization with an anticommuting ~5 or dimen-
sional reduction and use the variable Opgreg to distinguish
both results. It takes the value fpreg = 1 in the case of
dimensional regularization and fpreg = 0 in the case of di-
mensional reduction?+1°. We specify the results in the limit
of infinite momenta, which is sufficient for our purposes.
There all masses and the subleading momentum depen-
dence can be neglected. In this subsection O(p™) denotes
a momentum dependence of the form p™ x powers of log p.
The vertex functions involving only physical fields can be
calculated using standard methods, so they are not dis-
played here.

The one-loop functions appearing are defined in Ap-
pendix D and have the arguments

BO = BO(p27O7O) ’
CO = Co(p27 (p+ k)27k2707070) )

C’1 = Cl(p27p27070a0a0) ) (67)

9 Here a word to the consistency of the schemes is in order.
Both dimensional reduction and dimensional regularization in
the way we use it are mathematically inconsistent and cannot
be used at all orders. An inconsistent scheme can yield incor-
rect results if imaginary or non-local contributions turn out
to be wrong, because this violates unitarity or causality. Here,
however, it is easy to see that the difference of our schemes
to a consistent one like the prescription of [13] is a sum of lo-
cal counterterms, and the results obtained using the scheme of
[13] with appropriate counterterms would coincide with ours.
Therefore, our results are correct
10 The Feynman gauge £ = 1 is used
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where p is the momentum argument of the correspond-
ing vertex function. Furthermore, as explained in Sect. 3.1
we introduce non-symmetric counterterms J; to all vertex
functions except for the self energies and the ¢¢G,, inter-
action. These counterterms have to be chosen in such a
way that the Slavnov-Taylor identity is satisfied.

C.1 Vertex functions involving Yg*, 55, Ye

@")
Yo 905

C

Fig. 1. The one-loop diagram contributing to the vertex func-
tion Iy e

ST

G999

9
vo Y|
..

c
€

Fig. 2. The one-loop diagram contributing to the vertex func-

tion I'y,nrge

Fig. 3. The one-loop diagrams contributing to the vertex func-
tion I'grgeyov

Yooy, c € Yoy €
[ o fo'é c
g s
G S g GS -
S &
ék;:.( ..... 6&"“‘6
Y, fGG C = YG(GG €

Fig. 4. The one-loop diagrams contributing to the vertex func-
tion Iygrygvee

asC(A)1

47T230> , (68)

sC(A
= _’Yu(sac (1 + 6YG§€ + MBO) )

FY(;Q‘CC (Q7 _Q) = _iQIL5ac <1 + 5CYG -

FYG bhed,

47
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Fig. 5. The one-loop diagrams contributing to the vertex func-
tion Fguggg
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Fig. 6. The one-loop diagrams contributing to the vertex func-
tion I'graryge
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Fig. 7. The one-loop diagrams contributing to the vertex func-
tion Igv €eY,
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Fig. 8. The one-loop diagrams contributing to the vertex func-

tions Igey and I' gyt
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€009999
q 7 @ g

4]
pi
! A4}
e
Y /
\ K f
Lo
S s
g b
S :
: =11 \
Y]

G g
Fig. 9. The one-loop diagrams contributing to the vertex func-
tions Iggeg and It o5t
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Fig. 10. The one-loop diagrams contributing to the vertex
function I7
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asC(A
I'y,ug.e = —Vubac (1 + Ovgge + 47£)BO> ) (70)
FeEYgZYGC = O(p_Q) y (71)
Taygse(—a,q)
sC(A
= ’L.O'y,uq#&bc (1 + 6Ge§§ - MBO) ) (72)
4
FGt’je%c(_Q7 q)
sC(A
= io’upqu(sbc (1 + (SGeﬂg - OK47§)BO> ; (73>

FGgGZﬂgdg(_Q7 07 q)
(4)

1. C
= _§ngabd ( (4471_

s
CIQB(/) +2+ 263355GG> Guv
C(A)ag
- (3;3qu6 +2+ 26gj§eGG> Y Vv
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C(A)as

By (2749, + 2909, — SVMGiQV)) )

Iyg.vere(0,—q,q)
i C(A)as _,
_ B, /.
2 dp 9P

X (¢9VP - ’7V¢7p - 37/)%/ + ’YVQp) )
. a,C(A) 1
I'yveey, = 21y (1 +dgeey, + ( )2(Bo)> .

47

C.2 Vertex functions involving g, y

It =2

Ui €T

—~

Sk Pr — SprPrL)dij

sC(F
1+5gﬁq+a( ( )

X
/N

Lyeq, = V2(SLPrL — SkrPr)di;

(74)

(75)
(76)

47TB0) . (77)

O

F@k,jeﬂq, (q7 *q) = \/igj (SZLPR B SZRPL)&;J-
X\ L Ouae = asigF)(Bo)) , (79)

Fq;,jyiz(_q,Q) = V24(Skr,Pr — SkrPL)ds;
) (1 o= (BO>> . (80)

I, gueg, (0 by, —p — k)
- gﬁT&% (@(200 +(1—2P,)Cy)

+C(F)(2PL01)) + 0™, (81)

Fq}gaggz (7p7 k,p— k)
_ aaS C(A)
=—9¥T E( 2

+C(F)(2P301)) Lok,
_ —2
ngeggf (Qa _Q) = O(q ) .

i

C.3 Identities involving w*

(2Co + (1 = 2PR)Ch)

Owing to the non-renormalization of the terms involving

wh (see Sect.2.4) we have

Ft}j@iw‘ (q7 _Q) = 5ijqu s
Tatyerwn (4, —0) = gpodavdy
52 swh
dede

=297 .

(84)
(85)

(86)

D One-loop functions

We use the following one-loop two- and three-point func-
tions [15]:

1
By = , 87
o= [ (&)
{1, ku}
Cion = , (88
{0} / R c I
with
1672 dPk
4-D
[ (2m) (89)
and the tensor decomposition
Cu=p1,C1 +p2,C2 (90)
BO = Bo(p%7m%7m%) ) (91)
Cij = Cij (piv (p2 - pl)va%v mg’ m%v m%) (92)
in the conventions of [16,17].
E Useful formulas
E.1 SU(3)
[TaaTb] = ifabcTc 5 (93)
fabcfdbc = C(A)(sad 3 C(A) =3 ) (94)
1
T = TR, T(F)=5. (%)
4
(T%T%);; = C(F)di5 , C(F)= 3" (96)

E.2 Spinor identities

In Ley and the Slavnov-Taylor operator several useful re-
placements are possible. The signs are due to the bosonic
statistics of the external spinors g, y:

J359 = —(s9)5 (97)
oF of oI of (98)
09a 0Yza 0Y5a 69,

or or ol or

oq 05 o ag )
or or ol or

—— e — . 1
Sy 6q 6q¢ 6y¢ (100)
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