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Abstract. We examine the dependence on all gauge parameters in the example of the Abelian Higgs model
by applying a general algebraic method which roots in an extension of the usual Slavnov-Taylor identity.
This method automatically yields all information about the gauge parameter dependence of Green functions
and therefore especially allows to control the range of “good” normalization conditions. In this context we
show that the physical on-shell normalization conditions are in complete agreement with the restrictions
dictated by the enlarged Slavnov-Taylor identity and that the coupling can be fixed in an easily handleable
way on the Ward identity of local gauge invariance. As an application of the general method we also study
the Callan-Symanzik equation and the renormalization group equation of the Abelian Higgs model.

1 Introduction

The need to fix the gauge when quantizing a gauge the-
ory perturbatively introduces a set of arbitrary gauge pa-
rameters into the action. Therefore one unavoidably has
the task to control the dependence of the theory on these
gauge parameters. Especially, it has to be proven that
physical quantities indeed are gauge parameter indepen-
dent. For instance, the gauge parameter independence of
the S-matrix, already suggested in [1], was proven in [2]
for gauge theories that do not contain any massless parti-
cles due to a complete spontaneous breakdown of symme-
try. This proof, however, relies on a special set of on-shell
normalization conditions and also makes use of a rather
complicated technical tool, namely the Wilson operator
product expansion. On the other hand, looking at pure
gauge theories with massless gauge bosons, where the S-
matrix does not exist, the gauge parameter independence
of the (-functions has been shown. This, however, solely
has been achieved by explicitly refering to an invariant
renormalization scheme [3].

In the standard model of electroweak interactions the
prerequisites needed for the proofs of the examples men-
tioned above are not fulfilled due to the masslessness of the
photon and parity violation in the fermion sector. Hence
the state of the art concerning the control of gauge pa-
rameter dependence is quite unsatisfactory and the neces-
sity for having at hand a general (i.e. model- and scheme-
independent) and easily manageable tool arises. Such a
tool is given by the algebraic method first proposed in [4]
which also allows for the control of gauge parameter de-
pendence of single Green functions. As a preparatory step
for similar investigations in the standard model this gen-
eral method has been applied to the Abelian Higgs model

in [5]. But in [5] attention was restricted to the depen-
dence of the theory on one gauge parameter only. Among
other things results proven in [6] by explicitly using an in-
variant scheme and special properties of the model could
be reproduced in a model- and scheme-independent way.
The present paper, now, enlarges the considerations of [5]
to the full control of gauge parameter dependence (i.e. the
control of the dependence of the theory on all gauge pa-
rameters) and hence completes the treatment of [5] in this
sense. Again in view of the application of the algebraic
method to the rather complicated standard model, this
model containing quite a lot of gauge parameters, it seems
to be instructive and in fact necessary to completely work
out this method, applied in its full extent, in the simpler
case of the Abelian Higgs model as a preliminary. The nec-
essary prerequisites for an analogous discussion of gauge
parameter dependence in the standard model are in the
meanwhile available due to [7].

The algebraic method essentially roots in a certain
extension of the ordinary BRS transformations: All the
gauge parameters of the model now are allowed to trans-
form under BRS into Grassmann variables. It then follows
that constructing the Green functions in accordance with
this enlarged BRS invariance also automatically yields all
information about the gauge parameter dependence of the
original Green functions, some of which are also used in
the normalization conditions. Because these normalization
conditions have to be chosen in agreement with the gauge
parameter dependence of the theory (in order not to ruin,
for instance, the gauge parameter independence of the S-
matrix) we hence have at hand a powerful tool for control-
ling the range of allowed normalization conditions. In this
context it turns out that the conditions of [2] and [3] just
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build special sets of adequate normalization conditions (cf.
Sect. 5, [4], [8]).

The structure of the paper will be as follows: In a first
part (including Sects. 2-7) we enlarge the results obtained
in [5] to the case when all gauge parameters undergo BRS
transformations. This first part therefore parallels the dis-
cussion of [5]. Whenever the treatment is completely anal-
ogous to the one in [5] we will skip calculational details
and refer to [5], but nevertheless the present paper is fully
self-contained as far as the line of argument is concerned:
Hence the first part will contain a short recapitulation of
the Abelian Higgs model (Sect.2), the method of BRS
transforming gauge parameters (Sect. 3), the general solu-
tion of the classical approximation (Sect. 4), the extension
of the restrictions found classically for some of the parame-
ters of the model to higher orders (Sect.5) and global and
local Ward identities. In order to illustrate how far one
can get with algebraic considerations alone and to com-
plete the algebraically abstract treatment we construct in
a second part (Sects.8, 9) parametric differential equa-
tions, namely the Callan-Symanzik equation, the renor-
malization group equation and the equation governing the
dependence of the theory on the ghost mass. In this con-
text we will also prove the gauge parameter independence
of some of the coefficient functions to all orders of the
perturbative expansion. Sect. 10 summarizes the results.

2 The Abelian Higgs model

We start with a short presentation of the Abelian Higgs
model, thereby emphasizing some aspects which will be-
come relevant in the following. The model consists of a
doublet of scalar fields ¢ = (¢1,p2) and a gauge field
A, with an interaction, that breaks U(1) gauge invari-
ance spontaneously. In conventional normalization it can
be described by the classical action

Lo = [{=1FuF™ + 50,0000
—é%& (cp% + 2%% + w%)z} (2.1)
with:
F,, =0,A,-0A4, ,
Dyp1 = 0pp1 +eAypa
Dy = 0upa — Ay, (g@l + %)

I, respects the discrete symmetry of charge conjugation
and U(1) symmetry, i.e. it is invariant under the U(1)
transformations:

(2.2)

0uA, = Ouw
du,p1 = —ewps |

m
()

(2.3)

The shift 7> of the field ¢; produces the mass m for the
vector field A, and ¢, is the physical Higgs field with mass
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myr, whereas o takes the role of the would-be Goldstone
boson eaten up by A,,.

In order to quantize the model the gauge has to be
fixed. To this end we add the gauge fixing term

1
I - / {2532 + BOA - eB

X ((@1 - §A%)tp2 — P2(p1 — éA%))} (2.4)

B is an auxiliary field with §,B = 0, £ and £4 denote the
gauge parameters!, and é 4 is an additional free parame-
ter of the model which will be fixed on the global Ward
identity, see Sect. 6. In (2.4) a further doublet of external
fields ¢ = (¢1, ¢2) has been introduced in order to allow
for a proper formulation of rigid and local symmetry in
terms of Ward identities, see [9]. Under U(1) the doublet
¢ transforms according to

b1 = —ewpy , Doz = ew(pr—€az) . (25)
Of course, the gauge fixing term (2.4) violates local gauge
invariance non-trivially. To retain a symmetry one has to
further enlarge the model by introducing the Faddeev-
Popov (¢) fields ¢, ¢ and to extend local gauge transfor-
mations to BRS transformations:

sA, = 0, sc =0,

Sp1 = —ecpa, S¢p2 = ec (@1 + %) ) (2 6)
sCc = Ba sB = 07 .

59; = 4, s¢i=0 , =12,

where ¢ = (q1,¢2) is another doublet of external fields.
Adding the ¢m-action Iy, such that

Fg_f,+F¢ﬂS/E{;€B+aA€ (2.7)

X ((@1 - fA%)S@ — a1 — éA%))} ;

Ly + Iy 5. 4+ I'yr is BRS symmetric. The BRS symme-
try is a powerful technical tool which is essential for the
proof of renormalizability and unitarity of the S-matrix.
It also defines the model in question in an implicit way
(see below).

Finally, we have to care about the non-linear BRS
transformations sy; which are not well-defined in higher
orders of perturbation theory due to their non-linearity.
In order to circumvent this difficulty we couple these BRS
variations to external fields Y; with sY; = 0 and add an
external field part:

L= [Mile)+ Y} (29
The complete BRS invariant classical action is now given
by:

Fcl:Finv+Fg.f.+F¢w+Fe.f. (29)

! The t’Hooft gauge fixing term .ﬁAmegoz is necessary
in order to avoid a non-integrable infrared singularity in the
(24p2) propagator
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The BRS invariance of the theory is expressed by the
Slavnov-Taylor (ST) identity

S s oIl oo
I = of g0t ool —0 .
S(I) /{a“céAqu 5c+5ya¢+q5¢;} 0
(2.10)

At the classical level I' is just the classical action I,
whereas at the quantum level I" denotes the vertex func-
tional I' = I'y; + O(R). It can be proven that (2.10) to-
gether with appropriate normalization conditions, invari-
ance under charge conjugation and the gauge condition
(2.4) uniquely defines the model to all orders of pertur-
bation theory. This is in contrast to the standard model
where in addition to the ST identity also rigid invariance,
a local Ward identity and some consistency relations are
needed for a full algebraic characterization of the model
[7].

In a first step one has to look for the most general,
field polynomial (i.e. classical) solution '™ of the ST
identity (2.10) and the gauge condition (2.4) which is in-
variant under charge conjugation (for quantum numbers
see Table 1), and to prove that it coincides with Iy after
the application of appropriate normalization conditions.
This procedure also yields information about all the free
parameters of the theory. The most general solution was
calculated in [9] and is presented in appendix A. The free
parameters in I'9°" are the usual field and coupling renor-
malizations 21, 22, 24, Zm; Zmy » Ze;

SDZ_>\/Z>Z(<)02_'TZ¢Z) N A‘u—>\/ZAA# (211)
m — /ZmM , MH — /ZmgMH , € — Ze€

as well as the gauge parameters &,£4, the parameter p
(see appendix A), I (which is prescribed by the global
Ward identity, see (6.3)) and the two parameters x1, z2,
which appear in the combination

that replaces @; in I'jy,.

These parameters have to be fixed by normalization
conditions in each order of the perturbative expansion. In
the following we will choose (for reasons which will become
clear later on) physical on-shell normalization conditions:

Re F‘Pl‘Pl (p2 = m2 ) = 0 fixes Zmpy

I'"(p? = m?) = 0 fixes z, (2.13)
Fee(p® = méhost) =0,

m?ghost =&am?  fixes €

9y '™ (p* = m?) = 1 fixes 24
Re 9,2 Ty, o, (p* = m7;) = 1 fixes 2 (2.14)

Oyl pyy (p° = K?) = 1 fixes 2o

Iy, (p* = K?) = xgo) fixes x4

Iy, (p* = K?) = xgo) fixes xo (2.15)
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(2.16)

In (2.13), (2.14) the transversal part of the vector 2-point
function is given by:

I',, =0 fixes p

Tanav(p,—p) = L (p, —p) (2.17)
PuPv PuPv
= (v — ;2 )FT(p2)+;TFL(p2)

It remains to give a normalization condition for the cou-
pling e. Preliminary (see Sects. 5, 7), we fix the coupling
on the 3-point vertex function I'4,,,,, at a normalization
momentum py,oprm:

Opr I,y 0105 (—P1 — P2, D1, D2)
{pi}=Pnorm

= —ien"” fixes =z (2.18)
It is easily checked that these normalization conditions
when applied to the tree approximation I'J™ (see ap-

pendix A) exactly yield I, (2.9), if we set z; = 0.

3 Algebraic control of gauge parameter
dependence

‘We now want to turn to the proper subject of the present
paper, namely the control of gauge parameter dependence.
To this end we first observe that at the level of the clas-
sical action Iy (2.9) the dependence on the two gauge
parameters £ and €4 is given by two BRS variations,

O0ly=1[B>=1s[eB (3.1)
Oes T =m [{Bp; —ec(p1+ Z)c} =ms [cpy

and

respectively. Therefore the right hand sides of (3.1) vanish
between physical states and physical quantities (like the
S-matrix) are &- and £ 4-independent in the tree approxi-
mation.

The question now arises whether — and if yes, how
— this statement can be extended to higher orders. In
the affirmative case we furthermore would like to use a
construction which is easily manageable and which does
not rely on the specific model and/or a specific renor-
malization scheme. Of course, if the model in question
permits a gauge-invariant regularization, such a general
approach does not seem to be necessary at first sight.
But because many models lack this property it is nev-
ertheless desirable to have in hand such a model- and
scheme-independent procedure for controlling gauge pa-
rameter dependence and to see how it works. In addition,
it will turn out that some quite general results are only
(or at least much more easily) accessible with the proposed
method.

For this purpose let us therefore allow the gauge pa-
rameters £ and &4 to transform under BRS into Grass-
mann variables x and x4, respectively, with ¢m-charge
+1 [4]:
s€a=xa , sx=0=sxa

sE=x (3.2)
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Table 1. Quantum numbers of the fields (@; = vi, Pi)

fields AM B @1 (,52 cC Cc Yi Y- q1 q2
dim 1 2 1 1 0 2 3 3 1 1
charge conj. - - + - - - + - + -
Qor 0 0 0 o +1 -1 -1 -1 41 +1
Hence, the ST identity modifies into: Using the fact that x and x4 are Grassmann variables,
I'" can be split into four parts in the tree approximation:
S(I) + x0eI + xa0e, I' =0 (3.3)

Differentiation of (3.3) with respect to x or x4 and eval-
uating the results at y = 0 = x4 leads to

-S| e =0,

x=0=x4 x=0=xa
+ a’EA F‘

=0=xa

=0, (34)

—0=
_ 33& XA (aXAF)‘X =0=x4

where in the model under investigation sy is given by:

1) 1)
SF_/{80M+B($E+

+x0¢ + xa0¢,

ors  oro oo
3Y 5o | spoy | L5p
(3.5)

sr being — roughly speaking — the functional generaliza-
tion of s, (3.4) is nothing else but the functional analog of
(3.1) which we were looking for and which can be easily
controlled in higher orders. Therefore proving (3.3) to all
orders of perturbation theory automatically yields all in-
formation about gauge parameter dependence of the 1-PI
Green functions in an algebraic way.

4 Slavnov-Taylor identity for x # 0, xa # 0

In accordance with the observations of the proceeding sec-
tion gauge parameter dependence is completely governed
by the x- and x 4-enlarged ST identity?:
oror
+B—+

or or

X0 + xa0g, I = 0

or

(4.1)

First we have to look for the general classical solution
I' =T9" of (4.1) in order to control the free parameters
of the theory and to learn something about their gauge
parameter dependence eventually. Because the ST iden-
tity does not prescribe the gauge fixing terms we can also
postulate the gauge condition (2.4) to hold for the (x-
and x 4-independent part of the) solution I" of (4.1). The
gauge condition (2.4) is linear in propagating fields and
hence it can be held in this form to all orders of pertur-
bation theory.

2 From here on the symbol S collectively denotes all the dif-
ferential operators on the r.h.s. of (3.3)

=1+ XQ +xaQa + XXAQxxa (4.2)

Inserting (4.2) into the ST identity (4.1) and again mak-
ing use of x> = 0 = x% one immediately finds that at
the classical level (4.1) is equivalent to the following four
equations:

0o .0 . / ) £ + B@ + @E + 5ﬁ
X Xa s "5, Vs oy e Lo
=0 (4.3)
Ly 3§f = $F0=xaQ 4.4
’ I
XXk 0, = sITMQu (4.5)
0Q Qs 0Qa0Q
1.1 . oL _ a2
= S?ZOZXAQXXA (4.6)

sp is given by (3.5) (with I replacing I').

The first of these equations is nothing else but the
(ordinary) ST identity for x = 0 = x4 which has been
studied in [9] and the general solution of which — needed
for the calculation of () and @Q 4 — is presented in appendix
A.

Furthermore, (4.2) implies that ), Q4 and @y, , have
dimension less than or equal to four and are even under
charge conjugation and that @ as well as Q4 carry ¢m-
charge —1 whereas @y, has ¢m-charge —2. Due to the
quantum numbers of @)y, , there are no terms contributing
to Qyy. (see table of quantum numbers):

QXXA =0

For @, @ 4 one has to choose the most general ansatz com-
patible with the quantum numbers, see [5], and to insert
these expressions into (4.4), (4.5). After a straightforward
calculation one finds (Q4) = Q,Qa):

(4.7)

Qa) = Qe.p.(a) + Qori(a) + Qor2(4) (4.8)

0) _

with (xgo) =z’ = (see (6.3)) and @; = p; — xH;):

1 _ _
Q&f-(A) = / {4(85(A)1n21 + 65(,4)11122)()/1501 + Yap2)

1
+Z(85(A)1n21 - ag(A>1HZQ)(Y1¢1 — YQ@Q)

_85(A)x(yl¢1 +Y2¢2)} (4'9)
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1
Qor1(4) = /{466(85(A>1nz1 + ¢ 4y In22)

X <(<p1 +

VZm m. . m
\/Z—lze;)m — Pa(P1 —5A6)>

1
——eC(0g 4, In21 — O, Inzz)

4
X ((<P1 + gﬁ %)@2 + @2(p1 — fAT:))}
(4.10)
Qer,2 = %/EB (4.11)
Q@T,Q A= m/é@g (412)

Please note that with (4.8) (4.6) is fulfilled automatically.

Hence the coefficients in @ and @ 4 are completely de-
termined as functions of the parameters z1, 2o, 2, 2. and
x which appear in the general solution of the ST identity
for x = 0 = xa. But the x- and ys-enlarged ST iden-
tity does not only fully fix @ and @ 4; in addition (4.4),
(4.5) force some of the free parameters to be both &- and
& 4-independent:

6§z€:0:8§Aze y 8§zA:O:8§AzA s
Oczm =0="0c,2m , Oczmy =0="0e,2my

Oep® = 0 = Og, p* (4.13)

In contrast to this the wave function renormalizations
21,29 and x can be arbitrary functions of £ and £4.

Two remarks are of some relevance at this point:
The (physical) normalization conditions given in Sect. 2
trivially fulfil the constraints (4.13) in the tree approxi-
mation. In higher orders of perturbation theory, however,
the constraints (4.13) will extend to restrictions of the
&- and €4-dependence of some non-local Green functions
(the subject of the next section) which are also used in the
normalization conditions and the splitting of which into
&(€4)-dependent and £(€ 4)-independent parts is much less
transparent. Hence some care is needed in order not to in-
troduce wrong gauge parameter dependence into the the-
ory, i.e. it has to be proven explicitly that the normaliza-
tion conditions chosen are in agreement with the restric-
tions (4.13) extended to higher orders.

The second remark concerns the t‘Hooft gauge

§a=¢§

which seems to be excluded in the present treatment be-
cause £ and €4 are viewed as being independent gauge
parameters. But with the following recipe it is neverthe-
less possible to make a transition from the general to the
t‘Hooft case:

(4.14)

— Set 0¢, equal to zero in all places of occurence, this
partial derivative having already been taken into ac-
count in the t‘Hooft gauge via s§ = x

— Take then x4 = x

It is easily seen that this procedure leads to the correct
results.
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5 Gauge parameter dependence of Green
functions

The next step would be the proof of the y- and xa-
dependent ST identity (4.1) to all orders of perturbation
theory. We will not present the detailed proof here but
instead refer to [4] where it was shown that the proof of
the enlarged ST identity (x # 0,xa # 0) can be reduced
to the proof of the ordinary ST identity (x = 0 = xa4):
The only possible obstruction to the validity of the ST
identity would be the presence of anomalies which, how-
ever, are absent in the Abelian Higgs model. Hence we can
acchieve

S(IH=0 (5.1)

also in the case of BRS transforming gauge parameters £
and £ 4, namely by an appropriate choice of counterterms.
I' now denotes the generating functional of 1-PI Green
functions. Accordingly the validity of (5.1) will be assumed
throughout the following.

We now want to comment on the extensions of the con-
straints (4.13) to higher orders®. The fundamental starting
point for all considerations that follow are the equations
(3.4) which have to be differentiated with respect to suit-
able fields and finally evaluated for all fields equal to zero.
Because this discussion again parallels the analogous dis-
cussion of [5] for one BRS transforming gauge parameter
we skip the details of the calculations here and only sum-
marize the results.

The continuation of the & and &4-independence of u?
to higher orders is obtained by differentiating (3.4) once
with respect to ¢1; the final answer is that Iy, has to be
x- and xa-independent to all orders of the perturbative
expansion:

Iy, =0 and 8,,Iy, =0 (5.2)

Classically, Ogza = 0 = 0¢, 24 and Oc2y, = 0 = O¢, 2, im-
ply that the transversal part of the vector 2-point function
is completely gauge parameter independent. The algebraic
method now allows to prove in a simple way that this
statement holds true to all orders of perturbation theory,

T T
(951_‘14”14" =0 and 6§AFA“A,, =0 . (53)
(To see this one has to differentiate (3.4) with respect to
A,, A, and to use an argument concerning Lorentz invari-
ance.)

The extension of O¢zm,, = 0 = O¢,2m, to higher or-
ders, resulting from differentiating (3.4) twice with respect
to ¢1, leads to

2 2 2

8X(A)FY1991(p ) Lo (@7) = 7a§(A)F@1@1(p ) (5.4)

Equation (5.4) completely governs the &- and €4-depen-

dence of the Higgs self-energy, this dependence not being

trivial at all due to the existence of non-trivial insertions

of the vertices x¢B and x amép, into the vertex function
FYI p1-

3 In this context we will restrict ourselfes to the case of a
stable Higgs particle, i.e. m% < 4m?
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In each of the cases above it is easy but nevertheless
necessary to show that the on-shell normalization condi-
tions are “good” normalization conditions, i.e. that they
are in agreement with the constraints dictated by the x-
and x a-enlarged ST identity.

Finally, Ocze = 0 = 0O¢, 2. is extended to higher or-
ders by differentiating (3.4) with respect to A,,¢1, 2.
This leads to two highly non-trivial equations which com-
pletely determine the &- and a-dependence of I'a, ¢, ¢, -
If the coupling is to be fixed directly with the help of
La,p 0, (see (2.18)) one has the quite cumbersome task
to introduce two additional reference points £, and €4, in
order to fix the §- and {4-independent part of I'4,, ,, 4, and
to explicitly control the gauge parameter dependence of
L', 4,4, via the enlarged ST identity. However, in Sect. 7
we will propose a much easier possibility for fixing the
coupling by using the local Ward identity.

6 Rigid invariance

In [9] it was proven that the x- and y4-independent part
of the generating functional of 1-PI Green functions obeys
a Ward identity (WI) of rigid symmetry to all orders of
perturbation theory,

W T gy, =0, (6.1)
where W9 denotes the (deformed) Ward operator:
irgen — -1 Y o m
W = —2 o+ z2(p1 —§a—)
1 e
o o 0
Y — -y, —
X(SQDQ i 25Y1 t 15Y2
) m
j— _1 A A — J—
P +2(¢1 —€a - )
o 4 0 ] }
X——2z — + zq1— 6.2
FES a2 5q qn 50 (6.2)

The appearance of a deformed Ward operator is due to
the fact that physical on-shell normalization conditions
(which are “good” normalization conditions, see Sect.5)
have been used. In other words: The WI (6.1) does not
prescribe the values of z and &4, instead these param-
eters are fixed uniquely by explicit normalization condi-
tions, namely the normalization conditions imposed on the
residua of the Higgs and Goldstone field (2.14) and the
mass normalization of the ghosts and the Higgs (2.13).
Nevertheless, (6.1) restricts some other parameters at the
classical level:
xgo):xéo)zx , Ea=—1+x€a (6.3)

Now we are going to study the modifications of (6.1) when
BRS transforming gauge parameters & and &4 are
included.

Just as in the case of one BRS transforming gauge pa-
rameter [5] the application of W9 (6.2) to the general
solution 19" (4.2) of the ST identity (4.1) leads to terms
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which are non-linear in the propagating fields and there-
fore not well-defined in higher orders. In order to overcome
this difficulty these terms have to be absorbed into func-
tional operators xV9¢" and x4 V{" extending W9 (sce
[5]). An easy calculation then proves that the x- and y -
enlarged Ward-operator

WO = WI 4 VI 4 x4 V™ (64)

with
gen __ A my o
N RECERORS

when acting on 9", only leads to terms linear in the
propagating fields:

z—l@;} , (6.5)

q1

Wgenl—wcglen = x4y + XAAbrA , (6.6)

— > m
AbT(A) = af(A) / {Z 1Yl‘ﬁ? — 2Ya (1 _gAz)} (6.7)

Next it has to be proven that the WI (6.6) is valid to all
orders of perturbation theory:

ween = XA + XAAb’I"A R (68)
where I' now denotes the generating functional of 1-PI
Green functions.

This proof only relies on the quantum action principle
and BRS invariance and hence it is scheme-independent.
But because this proof completely parallels the proof given
in [5] for one BRS transforming gauge parameter, we skip
it here and refer the interested reader to [5].

7 The local Ward identity

We conclude the first part of the present paper, which
extends the results of [5] to the case when all gauge pa-
rameters of the model undergo BRS transformations by
looking at the local Ward identity. This local WI governs
the invariance of Green functions under (deformed) local
gauge transformations and also yields information about
the &- and £4-dependence of these Green functions. We
again start with the local WI as it was proven in [9] for
X = 0 = x4 to all orders of perturbation theory,

=0OB
x=0=xa

((e + Se)ywden (z) — 8,452#) r . (T.1)

and then generalize to x # 0 and x4 # 0. In (7.1) w9°"(z)
denotes the (x- and xa-dependent) local Ward operator
which is obtained from the global one (6.4) by taking away
the integration,

waen :/d4x wI(z) (7.2)

and de — to be fixed by the normalization condition for
the coupling — is of order h.
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In the classical approximation a straightforward calcu-
lation shows that the following local WI holds true:

5 en
(ewge"(a:)—au—aA )L™ = 0B+ ex Dy (x) + exaDir, (2)
m
(7.3)

Dy, (x) and Dy, , (z) are the non-integrated breaking terms
Ay, and Ay, (6.7), respectively:

Abri ) = / d*z Dey,, (2)

In order to proceed to higher orders one has to make use
of the same two, general, ingredients which allow for the
proof of the global WI, namely the action principle and
the transformation behaviour of the local Ward operator
w9 (z) (7.2) under BRS transformations. Again, this dis-
cussion copies the one given in [5] for one BRS transform-
ing gauge parameter and hence we refer to [5] for details.

The final result of that discussion is that the following
x- and y 4-dependent local WI holds true to all orders of
the perturbation theory:

<(e + eI (z) — a“52u) r

=0B + (e + de)x Dy, (x)
+(e+ de)xaDyr, (z)

(7.4)

(7.5)

In addition the detailed proof shows that the overall nor-
malization factor of the matter transformations has to be
&- and €4-independent in all orders of the perturbative
expansion:

O¢(e+de) =0 = 0¢, (e + de) (7.6)

This result is highly non-trivial and can be obtained in this
generality only with the formalism of BRS transforming
gauge parameters.

But, having proven (7.6) we have at hand a new pos-
sibility for fixing the coupling: Following the line of argu-
ment, the normalization condition for the coupling has to
respect the &- and £4-independence of the factor e + Je.
This is trivially fulfilled if we demand de = 0, i.e. if we re-
quire the local WI to be exact to all orders of perturbation
theory:

<ew9€"(x) — a”&i) r
o

The normalization condition (7.7) (replacing (2.18)) is
much easier manageable in concrete calculations.

In summary, we have shown that the on-shell normal-
ization conditions taken together with the requirement
“local WI exact to all orders” are in agreement with the
x- and xa-enlarged ST identity and hence guarantee a
correct treatment of full gauge parameter dependence in
explicit calculations.

=0B

x=0=xa

(7.7)

8 BRS-symmetric insertions

As an application of the general formalism developed so
far we want to study parametric differential equations of
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the type
MW= Ay-T (8.1)

in the next section, where A\ denotes a (set of) param-
eter(s) of the theory. Due to the action principle Ay is
an insertion of dimension less than or equal to four, even
under charge conjugation and BRS invariant. This last
property holds because of

0= )\a)\S(F) = Sp()\a)\F) == S['(A)\ . F)

= 51, Ay + O(h) (8.2)

for A being independent of £ and £4. Therefore, as a
preparatory step we first have to classify all BRS-symmet-
ric insertions, which carry the same quantum numbers as
I'. Because in the present paper we are mainly interested
in questions concerning gauge parameter dependence we
will pay special attention to the appearing of - and £4-
dependence.

In order to solve the cohomological problem mentioned
above we once more return to the classical level and write
down all independent field polynomials fulfilling

SFcl,A)\ =0 (83)

Then we have to translate these polynomials to BRS-
invariant operators, only this last representation being
valid to all orders of perturbation theory. Because the so-
lution of this problem for y = 0 = x4 was already given
in [9] we will make use of the following trick to handle the
modifications for x # 0, xa # O:

First we decompose Ay into three parts by explicitly
separating x- and x 4-dependence:

Ay = A3+ XAS + x4l (8.4)

(Please note that due to the quantum numbers of Ay no
term proportional to xyx 4 can appear.)

Splitting Iy = I+ xQ + xaQ4 and sr, in the same
way,
1 = £07A 4 x (0 + O)
+XA(afA + OA) )

. [ [6Q 5 Q6

with O_/{5<p5Y 5Y580} ,
O_/ 0Qa 5 6Qa S
4 Sp Y 8Y bpf

we find that (8.3) is equivalent to the following four equa-
tions:

(8.5)

= 9
STITAAT = (9 + 0) A3 (8.7)
SEOZXA AG s = (O +04)A3 (8.8)
(0 +0)A \ = (9e, + 0a)AY (8.9)

Now it is easy to see that it is always possible to find a

A} such that:

Ay = (0e+0)A;  and Ay, = (0, +04)A; (8.10)
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We remark that due to (8.10) (8.9
cally.
With these preparations we have

) is fulfilled automati-

(9 +O)(A = £ A7)
s;gdo XAAT — (0 + O)SX:O:XAA*
x=0=x I o 0=x
= S ITMAL - SOT(9 + 0)A
=0 (8.11)
and in the same way
(O, +O0a)(AS — s;gjOZXAA;) =0 (8.12)
But that means
A = XTOTAL + AR (8.13)
with . .
(0 + O)AS =0 = (0¢, + 0)A (8.14)
and o
sk X4 A = (8.15)
Hence:
Ay = DS+ XA5 + x4l
= 5§ TAL + A+ x (9 + 0) A,
+X4 (0, + 0a) Ay
= A 450, A% (8.16)

As already mentioned, the solution of (8.15) was presented
n [9] and we just give the list of terms contributing to A}
in appendix B. The crucial point in this context is, how-
ever: A short calculation starting from (8.14) shows that

all terms in A?\ which are no BRS variations, namely?,

) /{A(;il +C; }Fcl ) mHamHFcl ) eachl )
(8.17)
have to appear with coefficients which are independent of
Eand &4.
For A;
with the quantum numbers of A; (¢m-charge: -1, C: +,
dim: < 4); in view of the generalization to higher orders,
this ansatz can be brought into the form:

6l .
/}/1; ! , Cp2,

Y18017Y1501,Y2802,Y2s02,

6ﬁcl
00

we choose the most general ansatz compatible

(8.18)

5Fcl ~
5B ~p  Pi 5

5L,
L ep1po, B

Looking to (B.1) — (B.4) and (8.16), we find that all terms
in Ag which are BRS variations have to be modified when

4 The definition of the additional external field ¢ is also
given in Appendix B
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BRS transforming gauge parameters are included. There-
fore we finally end up with the following basis of BRS
invariant insertions which we directly give in the form of
BRS invariant operators (i = 1,2):

fso/§ + (X0¢ + xa0¢,) st/Yl

ZSF(fs,o/Yl)
ol

Fuo [ 52 + 100 + xade fual [ 5

A ol
=sr(fso qu)

P [ 1Bo2 — cn} + (0 + xa0e ) [ e
— sr(f / ) (8.19)
(X xa) _i_ i

NOXA = fsz/{%&pi Y;Wi}r

+(X0e + X40e) for / Yigs
:SF(fs,z'/Yi%‘)
N(XXA)F fsz/ 6 +¢’Li,\ F
5q¢ 0P
N _or
+[(XO0e + xA0¢ ) fs,i] %Tq
A ol
= sr(fs.i %Tqi)
N£)§7XA)F = j_'m/{gbzép quz}
’ dp;
+(x0 + X40e) fa / Yids
= sr(fus [ Vi)
(X>;xa) 1 — i i
N FfB/{BaB“&c}F
or
HOO + xade)fa) [ €5
~srifa [ e57)
f4/{B¢1<ﬁ2 — Cq1p2 — CP1G2}
0 + xade )i [ o1t
ZSF(f4/5@1s52)
feOe I + [(xO0¢ + x40k, ) felO T
= sp(feOy D) (8.20)

In addition t}}ere are the BRS symmetric operators from
(8.17) (with I'; replaced by I').
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9 Parametric differential equations

Having finished the preparatory considerations dealing
with the BRS symmetric insertions we now can turn to the
derivation of some partial differential equations, namely
the Callan-Symanzik (CS) equation and the renormaliza-
tion group (RG) equation. We will also comment about
the dependence of the theory on the ghost mass which
is governed by the differential operator {40, due to the
normalization condition (2.13).

9.1 CS equation

The CS equation describes the response of the system to
the scaling of all independent parameters carrying dimen-
sion of mass. In the model under investigation the CS
operator is hence given by
MO, = MO + MyOm, + KOk (9.1)
and we have the task to construct the r.h.s. of mop,I" = 7
which according to the action principle
mom I = Ap, - T (9.2)
has to be an insertion with dimension less than or equal
to four, even under charge conjugation and also BRS in-
variant. (I.e. m0Op, is an operator of the type Ady discussed
in the previous section.) In [9] it was shown that in order
to construct a wnique r.h.s. of the CS equation rigid in-
variance has to be used, too. Therefore we next calculate
the commutator of the y- and y s-enlarged global Ward
operator (6.4) and mo,:

s 5 1)

)

m
e + anngA; e

(9.3)

In order to make the line of argument as transparent
as possible and to explicitly work out what is needed in
the following we introduce the W9¢"-symmetric extension
mdy, of moy, originating from (9.3),

€A* / 5%

m
He +xade)ea [

[Wgenamém] =0,

My, = My, + fA% /
(9.4)
(9.5)

and consider the insertion mémf = A m + I instead of

mOm I = Ap, - I'. Due to (9.5) we have:

W9 (A, - I') = md,, W' T

mém(XAbr + XAAbrA)
A m
— 200+ xa0e )i [ Ve (00)
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Please note that the application of W9¢™ to the term

~(0 +xade)ia [V (97)

this term being part of the first insertion in (8.19), ex-
actly cancels the r.h.s. of (9.6). Therefore, all other BRS

symmetric® insertions building up A,, - I have to be Sym-
metrized with respect to W9¢™: Only in this W9¢"-sym-
metrized form they can contribute to the r.h.s. of the CS
equation. For some of the operators in (8.17), (8.19), (8.20)
(namely the (x- and x 4-enlarged) leg counting operators)
this symmetrization can be achieved easily:

NOXAP = fN, I — fséAm/
+(x0¢ + xa0¢.4) [s
X/{Yl(QDl_éA@)‘FYQQOQ} ;
N = - Fiea™ [ o
+(x0 + x40 fs
<[
/{Aé‘f4 +c;} ,

)
NGX) = faNa + (0 + xa0e)a [ o5 (08)

dp1

Ny =

The mixed operators containing ¢;
like the leg counting operators:

NOexa)
fsNsT

% are symmetrized
®i

(9.9)
_ ) _
~Ja / % + 7 / (Y1 + gaYa)

00 + xa0e) . [ (V01 - €a) + Yo

In (9.8), (9.9) we have introduced the usual leg counting
operators:

1) ) 1) )
NSZ/{%(W* 25 Ylayl‘yﬂm} ’
5 :/ .0 P ) n 1) n 1)

s = 901(5@[7 @26 Po Q16 q25q2 s
_ 1) 1)
N, = D1 — Do ——

° /{%5@14—@25@2} 7

(9.10)

) 4

To find the W9°"-symmetric extensions of the differential
operators mg0Om,, €J. and the operator containing 0

5 The operators extending md,, in (9.4) taken together with
(9.7) (times —1) just constitute the first two BRS symmetric
insertions in (8.19); hence the remaining contributions to A
I" have to be BRS symmetric
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(see last line of (8.20)),

MHEOmy —> MHOm,, , €0 — el.

feOe + (xO¢ + x40, ) feOy — Oc (9.11)

indeed requires some calculation. The final expressions be-
ing rather lengthy we present the explicit results of the
symmetrization in Appendix C.

Finally we observe that the insertion % already is
W9em-symmetric and that the remaining two insertions in
(8.19), (8.20) cannot be extended in a W9¢"-symmetric
way.

Thus the final answer is: (9.8), (9.9), (C.5) and ﬁ
provide a basis of BRS symmetric and rigidly invariant
operators which are even under charge conjugation and
have dimension less than or equal to four. Hence the in-
sertion A,, - I' can be decomposed as follows:

Cl' = (mém—F ﬂeeée =+ ﬂmHmHémH + Bgég
,,3/8'/\/'8(X7XA) _ ’:)/S./\A/S(XaXA) _ ’:YSN§X’XA)

—vaN4g — WBNE;X’XA) - amv/%o) r

= —(x0 + XAa&A)éA%/Yl (9.12)

Equation (9.12) is the CS equation in the manifestly
Woemr_symmetric form. The important result in our con-
text is that the [-functions f. and (,,, as well as the
anomalous dimension 4 and oy, are independent of both
the gauge parameters § and {4 to all orders of perturba-
tion theory. The coefficient functions B¢, ¥s, 5, 75, Y5 also
are &- and €4-independent, but the usual (i.e. complete)
(8- and ~-functions

6&5 = B{Ji& s Ys = Vs fs » Vs :;sts ,

75 - ’:sts y VB = ;?BfB (913)

a priori may depend on both the gauge parameters £ and
£a through the factors f(;¢)(§,£4) appearing in the leg

counting operators N {XX4) (9.8), (9.9) and in d¢ (C.5).
So far one can get with symmetry considerations alone.
If additional information about the coefficient functions is
requested one has to test (9.12) on the gauge condition
(2.4), to make use of the local WI (7.5) and/or to carry out
explicit calculations: Testing (9.12) on the gauge condition
(2.4) we find
VB = —74 (9.14)
fe = 2yp=—27a
ﬂe +va4 — Vs — ’AYS = (ﬁeeae + ﬁmHmHamH - 2’7,4&85)1112

and hence also yp and (¢ are completely gauge parameter-
independent to all orders. Furthermore, using the validity
of the local WI (7.5) and the normalization condition for
the coupling (7.7) yields (see [9] for details):

YA = Be (9.15)
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We want to conclude this subsection by rewriting the CS
equation in its much more convenient form which sepa-
rates the hard and soft breaking on the left and right hand
side of the CS equation:

(mOm + Be€de + By MuOmy — s Ns
—4sNy = 55Ny = Be(Na — Np + 260)
- / {%01(s - Yli + ¢1i +q15}
dp1 oY; 0p1 oqy
—(X0¢ + xA0¢,) / {_%@16 +%¢526}
' ) dq1 g2

—2Bex8X>I’

0
0p1

__7:/{(5144-@1)6:;-%(&14-071)
e 0

1)
—Qiny T A vi)=— ¢ I
i 57+ (e e+ 00) 5 |

+%/{CI1Y1 + q2Y2}
+(x0¢ + x40, ) /{(% + 71) Y11 + s Yoo

_%(EA +a1)Y1 +7: (Y11 +Yz¢2)} (9.16)

with

Y1 = (Be€Oe + By M Omy — 20£0¢)Inz
= O(h?)
s =20e — Vs —n
a1 = (71 +7s — Be)éa + Vséa
+(Be€0e + By MOy — 2Be60¢)€a
d1 = (11 +9s — Be)éa (9.17)

In (9.16), (9.17) we have already incorporated the rela-
tions (9.14) and (9.15). Therefore only the coefficient func-
tions Be, By Vs, Vs and the coeficient a,, = sm% +
O(h) of the soft insertion [ dg, turn out to be indepen-
dent and have to be determined by explicit calculations
(see [9]).

9.2 Dependence on the ghost mass

Due to the normalization condition (2.13) the dependence
of the theory on the ghost mass is encoded in the differ-
ential operator {40¢, and we have to analyse the r.h.s.
of £40¢,1" = 7. This analysis almost completely paral-
lels the analysis of the CS equation, but with one minor
change: Instead of (8.2) we now have:

0= a0, S(I) = (6496, T) — xae, I (9.18)

However, differentiating the ST identity with respect to
x4 we find

sp(0y I) = 0, T (9.19)
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Hence the action principle, (9.18) and (9.19) imply that
(anﬁA + XAaXA)F =Ae, - I"
where A¢, - I' is a BRS symmetric insertion. But due to

SF(anXAF) = (SFfA)aXAF + §ASF(8><AF)
= x40, I+ &40, I

(9.20)

(9.21)

Ag, - I' also has to be a BRS variation and hence only
BRS variations can contribute to Ag, - I'. From here on
the discussion is completely analogous to the discussion of
the CS equation; we skip the details and just present the
result:

(gAéfA + XAaXA + BgAgf — ’?gAN§XsXA)
_,§/§AN§X7XA) _ ,:YEAN&(X,XA) _ ;i/EBANéXO(A)) r
- s m
— (00 xade) 27 €0, [ Mlor - €a) (022

In (9.22) fAégA is the W9¢"-symmetric extension of £40¢,
and given by:

- B - m., 0
gAaEA = gAafA -zt gAafA /Z {(‘Pl - fA;)a
R m. 0 ) 1)
+(<P1_§Ae)5¢1_Y16Y1+QI&q1} (9.23)

_ . m, ¢
(00 xade) 2 €0 [ 01— €45
e’ oq
Introducing the “real” 8- and v-functions like in (9.13)
the test of (9.22) on the gauge condition (2.4) yields:
Vg =0
/BEA — 27;’,;A =0
—E A = = (640, + B¢ 60 Inz
= ’A}/EA = —’YEA — angAan

(9.24)

Again, we can separate in (9.22) the hard and soft break-
ing on the left and right hand side; thereby using (9.24)
we end up with the following form, which for brevity we
only give for all external fields set equal to zero:

<£A85A + XAGXA - ’VgANs - '?EANS

ea )
_'YEANS —§A85Alnz/ap15¢> r

1 ext.f.=0
m 6 6
_ _ - 1 — ~%4
“ [{as et -5
1)
+(X + Xxa0¢,)a(1 — W’EA)M} r (9.25)
ext. f.=0

with

a= —ﬁlg“éA + 75464 + angAécA =x{a+O(h) (9.26)
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9.3 RG equation

The derivation of the RG equation once more starts with
the action principle

kKO I = A, - T (9.27)
which tells us that A, - I" has to be an insertion of di-
mension less than or equal to four, invariant under charge
conjugation and in addition BRS symmetric due to (8.2).
In order to arrive at a more convenient form of the RG
equation we now introduce a new set of BRS symmetric
operators (see also [10]) representing the two- and three-
dimensional BRS symmetric classical field polynomials,
i.e. instead of (8.19) and [ 6z, we are going to use:

MmO, , anfAF + [(Xa£ + XAaiA)fA]aXAF
= SF(anXAF) )

/% ; f/{B¢2—Eq2}+(x35+XA35A)f/E¢2
=5F(f/5</32)

(9.28)

Hence according to BRS invariance alone, A, - I' can be
decomposed into a sum of the BRS symmetric operators
(9.28), (8.20) and (the remaining four-dimensional opera-
tors in) (8.17):

Iiaﬂp = <_ﬂfnm87n - ﬁgA (angA
+[(x0% + XAaeA)fA]f)XA)

+O‘?m; /5850 *@'ZHWHamH

—Brede + V5 NA + FENGX)

2
+ 3 (N 4 5L NO 5T N
1=1
—BE (feOe + [(x0% + angA)ff]aX)> r

5%se(F [ope) 47 sr(fs [oprga) (029
Differentiating (9.29) with respect to 1, setting all fields
equal to zero and making use of the normalization condi-
tion I',, = 0 (2.16) it immeadiately follows that:

K —

al = (9.30)
With this result in mind three further tests of (9.29) on
the physical normalization conditions (2.13) concerning
the mass normalizations of the Higgs, the vector and the
ghost directly imply

K o=0, BL=0, B =0
to all orders of perturbation theory. Therefore due to the
physical normalization conditions the first four terms on

(9.31)
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the r.h.s. of (9.29) are absent and no §-function in connec-
tion with a (physical) mass appears in the RG equation.

In order to conclude the derivation of the RG equation
we now have to exploit rigid invariance of the theory: To
this end we first apply W9" (6.4) to the RG equation
(9.29) and then also use the rigid WI (6.8):

W9 k@, I = [W9 k]I + kO WI T (9.32)
= *(Hanten)F + Hal{(XAbr + XAAbrA)

This leads after some calculation to the final form of the
RG equation:

(n&@ + B ede + B0 — valNa
_'YENB _VSNS - ’AY:NS - TYSNS
_"@/{ L—Yi—l—Ai—l— 6}
71 @15% 15Y1 ®1 55 q1 5q
LK TP g
~0c0c + a0 | [ {6+ anens
q1

2K A 4 n—(s K
+7s 902@ +VBC(SB} 5gfax}> r

=7 / {aY1 + ¢2Y2} (9.33)
(e + Xae.) / {5 + 45
+y5 Yo + 75 (Y11 + Yad)}
with
VY = (kO + B el + B¢ €0¢ ) Inz (9.34)

In (9.33) we have already introduced the full - and ~-
functions of the RG equation like in (9.13). Again, our
analysis shows that the S-function 85 and the anomalous
dimension 7% have to be &- and £4-independent to all
orders of the loop expansion.

Additionally, rigid invariance (9.32) also imposes two
restrictions for the coefficient functions of the RG equa-
tion:

(RO + BE€D + Brede)(z6a" )
= 2425 — 24Dy
(& (&
Br =

= (kO + BEEDe + Bred.)nz  (9.35)

Some further information about the coefficient functions
results from testing the RG equation on the gauge condi-
tion (2.4)S:

% =74 (9.36)
B = 205 = 274
Yo ="YB =74
Hence also 73,74 and ¢ are fully gauge parameter inde-
pendent.

5 When deriving (9.36) we make use of (9.35)
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Finally, one further relation emerges from the validity
of the local WI (7.5) and the normalization condition for
the coupling (7.7):

Ya = B¢ (9.37)
Therefore, there is only one independent coefficient func-
tion appearing in the RG equation, namely the S-function
B4, which has to be determined by an explicit calculation.

10 Conclusions

In the present paper we have examined the renormaliza-
tion of the Abelian Higgs model including BRS variations
of all the gauge parameters. The advantage of such an
extended procedure (when compared to the usual one)
is due to the fact that this procedure also yields full in-
formation about the gauge parameter dependence of 1-
PI Green functions automatically and in an easily man-
ageable way and therefore prohibits (just by construc-
tion) a wrong adjustment of counterterms which in turn
would spoil the gauge parameter independence of the S-
matrix. In the usual construction (i.e. without introducing
BR transforming gauge parameters) such a simple guid-
ing principle is missing and it is a quite troublesome and
heavily controllable task to adjust the counterterms cor-
rectly.

In this context we have shown that the normalization
conditions needed in order to fix the free parameters of
the theory cannot be chosen arbitrarily but instead have
to respect the restrictions dictated by the enlarged ST
identity. Especially we have proven that the physical on-
shell normalization conditions are in complete agreement
with those restrictions. Furthermore, the method of BRS
varying gauge parameters yields a well handleable tool for
controlling the range of “good” normalization conditions,
i.e. normalization conditions, which are not in contradic-
tion with the enlarged ST identity.

Some further results of the algebraic method we find
interesting, too:

The enlarged ST identity also allowed us to show that the
transversal part of the vector 2-point function has to be
completely gauge parameter-independent to all orders of
perturbation theory.

In the course of proving the local WI we found the £- and
& a-independence of the overall normalization factor of the
matter transformations, a result, which gave rise to an
alternative and elegant possibility for fixing the coupling,
namely by requiring the local WI to be exact to all orders.

Finally, we derived the Callan-Symanzik and the renor-
malization group equation of the Abelian Higgs model
thereby showing among other things that the §-functions

éﬁ), Bm, and ﬁén) as well as the anomalous dimensions

'71(4'{),7](;) and v~ have to be fully gauge parameter-inde-

pendent to all orders of the perturbative expansion. In the
same way we studied the ghost mass equation in order to
complete the analysis for the soft t"Hooft gauge parame-
ter.

The examination of the Abelian Higgs model, chosen
as the simplest example of a gauge theory with sponta-
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neous breakdown of symmetry, thus clearly shows of what
kind the considerations have to be and yields a hint what
kind of results could possibly be expecxted when the gen-
eral algebraic method will be applied to more complicated,
physical, models, especially to the standard model of elec-
troweak interactions.
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Appendix A

In the course of looking for the most general classical so-
lution of the x- and xa-enlarged ST identity (4.1) the
most general solution of the gauge condition (2.4) and the
ordinary (that is x- and x a-independent) ST identity

R ST SI
S(F)—/{BC(SA +B +q6@}—0

(A1)
is needed. This solution was constructed in [9], and we
just present the result here:

o, of of
5 oY g

]chlen :A(Aw@la@Q) + Fg.f. + F¢7T + Fe.f.a (A'Q)

with
Di =i —xip;, t=1,2. (A3)

The part A = A(A,, @1, p2) describing the gauge field A,
and matter fields ¢; is given by:

1
Ao / {—IFF + 521(0,81)(9" 1)
1
+522(0,p2) (0" P2)

2
+zeev/z1V22V 24 ((0u1) P2 — £1(0up2)) A"

1
+=22e224(2105 + 2205) A A*

2
VI B ZA(0u52) A
+zee\/zmm\/z>zAg51A AF

1
—|—§zmm2z,4A#A” -

1 \/z
+2M 2(2103 +2f 901 + 225)
1z, m%[ 2,2 /Zm
8# 2e* (2141 +2\/> <P1 + 2203)°
(A.4)

The gauge fixing part I, s, is of course nothing else but
(2.4):

Iy = / {;,532 + BOA —eB (A.5)

< [(P1 = €aT)p2 — Pl — €a) | |
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For the remaining two parts, the external field part I ¢
and the ¢m-part Iy, one gets

Iey = {Y1(—€Ze\/g\/a<P2C+$1Q1) (A.6)
+Y, eze\/i\/i )C+$2Q2)}

and

/{ cOc + ec(qip2 — q2(p1 — SA*))

+ec(P1 — §A )(zee \/7\/5

v
e

~ z _
_65802(_Ze6\/2\/53020+$1ql)}. (A7)

)¢+ x2q2)

The free parameters in the general solution of the ST iden-
tity (A.1) are the wave function normalizations z1, ze and
z4, the mass renormalizations of the vector and the Higgs-
particle, i.e. zp,, 2m, , the coupling renormalization z., the
parameters x1, ro, the parameter u, the gauge parameters
&, €4 and the parameter f 4. These parameters are not pre-
scribed by the ST identity (A.1) and therefore have to be
fixed by appropriate normalization conditions to all orders
(see Sect. 2).

Appendix B
The solution of (8.15) was given in [9]; first we present a

list of all terms of dimension less than or equal to three
which contribute to AY:

Fcl X 0= XA/Yl
5@1 I'y ’
5ﬁfl X 0= XA/
Y, —
/§¢1 { Xy 60902} 9

/{B@Q — EQQ} = S;C:Z XA /é(ﬁg

/ {2107 + 221001 + 2205}

(B.1)

and

In order to have a proper definition of this last invariant in
higher orders we are forced to introduce a further external
field ¢g of dimension two, even under charge conjugation
and invariant under BRS and rigid transformations, which
couples to this invariant. Therefore the above BRS sym-
metric term is replaced by:

6ﬁcl
0%o

(B.2)
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The four-dimensional BRS symmetric terms contributing The W9¢"-symmetric extensions of the operators in (C.1)

to A are given by (i = 1,2):

[ (i v b= [
/{@i];? —Yz‘qz}
(et fumoome [olla
o v} = [

/{3951852 — 2 — eprgp} = 550 /5@@2 :

gaﬁf‘cl = S?jO:XAgQ y

Il
w

I
VA
)

T
<
N
=
:§>

(B.3)

and

0 0 & 2 &
/{A(;AJrC(Sc}Fcl y muOmyla  eddu (B4)

Please note that due to (8.14) the coefficients with which

the terms in (B.2) and (B.4) appear in A are independent
of both £ and £4.

Appendix C

In this appendix we present the W9¢"-symmetric exten-
sions of the BRS invariant insertions

M Omy; 5 €D, [feOe+ (X0¢ + Xxa0g,)fedy - (C.1)
Just in order to compactify the notation in the formulae
below we introduce two &- and £ 4-independent factors fg
and f, multiplying m g0y, and ed,., respectively. (These
factors have to be independent of £ and £4 due to the
results of Sect. 8.) Next we define (i = H, ¢,&):

Vl' = mHamH,eae,ag s

. 1 . )
Vi= _fizvi/z{(@l —SA%)T%
1)

m, 0 1)
Y — B — Ea—)——o —_
15yt £A€)5¢1+q15q1}

(C.2)

1
—(x0¢ + XAaEA)fi;vi

R m. 0
x /2(901 _5‘4?)@ ; (C.3)
2 1
Vil = _(Xaf—’_XAafA)fi;vi

< [ Wil - &) (C.4)

then are given by:

meHQmHF%meHémHF
= fumuOmy D + VD + Vil
feeaef%feeéef
= foed T + VI + VeI,
FeOeT + (X0 + xA0¢,) fe]O T — OcT
= Je0eT + (X9 + Xa0e) fel o I + Vel + VeI

(C.5)
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