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Abstract. In this paper we prove Bardeen’s conjecture that the anomaly of
the Adler-Bardeen—Bell-Jackiw—Schwinger type in gauge models are defini-
tely absent if they are cancelled at the first order of the # perturbation expansion.
Our analysis develops within the regularization independent B.P.H.Z. renor-
malization scheme. We discuss the possible appearance of anomalies in an
enlarged class of gauge models admitting soft violations of the Slavnov—Taylor
identities which prescribe the gauge transformation properties of the Green
functions. By a repeated use of the Callan—Symanzik equation we conclude
that the lowest non vanishing contributions to the anomalies must necessarily
correspond to the first order in the £ perturbation expansion, hence if they are
cancelled at this order the theory will be definitely anomaly free.

I. Introduction

One of the main reasons of the general interest in the Adler—Bardeen-Bell-
Jackiw—Schwinger [1, 2] anomaly to the Ward Takahashi identities for the axial
vector current (A.B.A. for short) is its peculiar property of being free from radiative
corrections or, in other words, that the anomaly is completely determined by its
one loop contributions. The phenomenological implic..tions of this fact are widely
discussed in the literature [3].
It is also well known that a necessary requisite for the renormalizability of
the gauge models is that the corresponding Slavnov—Taylor Identities (S.I.) [4],
prescribing the wanted gauge transformation properties of the Green functions,
be free of anomalies. This, at the one loop level, sets a precise constraint on the
fermion fields content of these models. The conjecture that this constraint is
sufficient to kill also the higher order contributions to the anomaly would be a
direct consequence of the absence of radiative corrections to the anomaly itself.
The validity of this property for the P.C.A.C. anomaly was first suggested
in a paper by Adler and Bardeen [5] and later on confirmed, by regularization
independent analyses, in some models of phenomenological interest [6, 7] along
the lines first proposed by Zee [8]. The method is based on the Callan—Symanzik
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[9] equation which for the coefficient of the anomaly assumes, by the power
counting constraints, the form of a linear homogeneous partial differential equation
of the first order. One then proves that the only solution of this equation, analytic
in a neighbourhood of the origin in coupling constant space, is a homogeneous
polynomial whose degree corresponds to the one loop contributions.

The anomalies arising in gauge models need a separate discussion. The goal
here is to show that a gauge theory is free from anomalies to all orders of pertur-
bation theory provided it is so at the one loop level.

This possibility has been first discussed by Bardeen [10] in the framework
of a special regularization procedure. Bardeen’s argument is that, in a dimen-
sionally regularized scheme, the only sources of anomalies appear to be the
fermion loops; hence if the contributions of such loops cancel, the anomaly is
definitely absent.

More recently Costa et al. [11] have proposed to approach the question
via the Callan—Symanzik equation. Even if this strategy is of general applicability,
many steps of their proof are explicitely based on the particular regularization
employed and the analysis itself is developed completely only for some special
models.

A general and regularization independent proof that the condition for a gauge
model to be anomaly free reduces to the one loop constraint, to our knowledge,
is still lacking; our task in this paper is to try to fill this gap.

The method we employ is based on the Callan—Symanzik equation and
follows in some aspects the approach chosen in [11]. The general strategy is to
study the properties of the coefficients of the A.B.A. at their lowest non vanishing
order in perturbation theory. Our analysis will develop within the B.P.H.Z. [12]
scheme and will not need any particular regularization procedure. We shall use
the known results on the renormalizability of gauge theories and extend them to a
larger class of models whose Slavnov identity admits soft violations, i.e. breakings
which can be neglected in the region of large Euclidean momenta.

We shall analyse the anomalous softly broken Slavnov Identity (S.B.S.1.) and
show that the A.B.A. at its lowest non-trivial # order does not depend upon any
dimensional parameter including the ones which characterize the soft breakings
to the Slavnov Identity. This agrees with the expected result that the anomaly
is exclusively related to the short distance behaviour of the models. We shall
also prove that the lowest order contributions to the anomaly are independent
from the gauge parameters of the theory. Furthermore by selecting among the
models with anomalous S.B.S.I. the special ones without any superrenormalizable
coupling we will be able to prove that the coefficients of the A.B.A. are polynomials
in the coupling constants associated with the gauge invariant vertices and obey a
“natural” factorization property in the charges defining the gauge field couplings.
Owing to the independence of these coefficients from the dimensional parameters
this result will also hold in the whole class of models under consideration.

The functional dependence of the anomaly on the gauge invariant coupling
constants will be further discussed by means of the Callan—Symanzik equation
of the theory along the lines suggested in [ 11]. This analysis will enable us to show
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that if the A.B.A. appears in the Slavnov Identity of a given model, this must
happen at the first order of the # perturbation development.

Therefore we may conclude that if the anomaly is suitably cancelled at this
order, it will never appear again.

The paper is so organized:

In Sect. II we analyze at the classical limit the models with S.B.S.I., whose
renormalizability is proved in Appendix A;

In Sect. ITI we describe a suitable parametrization of the renormalized theories
and derive their Callan—Symanzik equations. We also prove that the coefficients
of the anomaly are independent from any dimensional parameter;

In Sect. IV we prove the gauge invariance of the lowest order anomalous
terms;

In Sect. V we show the polynomial character of the anomalies which may
appear in the models with S.B.S.I.; some technical aspects of this proof are in
appendix B;

The final analysis involving the Callan—Symanzik equation, some steps of
which are given in Appendix C, is developed and concluded in Sect. VI.

II. The Softly Broken Slavnov Identity at the Classical Level

The renormalizability of a general class of gauge models has been widely discussed
in the literature [13, 14, 15]. The focal point of all these analyses is the validity
to all orders of perturbation theory of the Slavnov Identity.

The general framework is as follows: it is given a compact group G (gauge
group); a set of gauge vector fields </j(x) and anticommuting scalar fields ¢*(x)
and ¢*(x) (Faddeev—Popov ghosts) in one to one correspondence with the
generators of the Lie algebra ¢ of G; a set of spinless and spin § matter fields
which carry a fully reducible representation of . The further assignment of a
vacuum expectation value for the scalar fields ¢; and the choice of gauge functions
of "tHooft type 0,7}, + p ¢, with suitable conditions on the p{’s uniquely identifies
the Slavnov transformations [4, 14]. With respect to these transformations the
classical Lagrangian is then defined as the most general invariant polynomial
compatible with the power counting constraints.

The possibility of extending the Slavnov invariance of the theory to the quantum
level is analyzed by introducing in the Lagrangian a set of external fields coupled
to the Slavnov variations of the quantized ones and by discussing the stability
under radiative corrections of the ensuing S.I.

The results thus far obtained insure that in models involving only massive
quantized fields the only obstruction to the S.I. is the A.B.A. [14].

In the presence of massless particles the Feynman amplitude are ill defined
if the involved couplings do not satisfy a suitable set of .R. dimensional constraints.
Assigning an LR. dimension to all quantized fields by giving it the value two for
the massive fields, the naive dimension for the massless ones and dimension
one to each space time derivative, such a constraint is that the global infrared
dimension of any coupling be greater than or equal to four. Now L.R. pathologies
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may arise [16] in gauge models with massless fields if the S.I. develops a breaking
whose compensation requires the introduction of counterterms violating the L.R.
constraint, in much the same way as the A.B.A. is not compensable without
violating the ultraviolet (U.V.) power counting rules.

Following the lines given in the introduction, the first step of our analysis
is to enlarge the class of gauge models under study by allowing the S.I. to be softly
broken (S.B.S.I.) by terms with naive dimension lower than five. At the classical
level the Lagrangian of these models are identified by the most general hard,
four dimensional, terms invariant under Slavnov transformations and by all
possible soft terms compatible with the LR. constraints which may arise
from the presence of massless particles. For example in the completely massive
case one can add to the hard Lagrangian any term with naive dimension smaller
than or equal to three.

The field content is specified by the quantized gauge vectors ./ 5(x), the scalars
@(x), the left fermions y, (x) and right ones y(x), the Faddeev-Popov c*(x), ¢*(x)
and the external fields y7(x), 7,(x), 7, (x), ng(x), (**(x). The components of the
fields o/}(x), ¢*(x), ¢(x) are identified by the index « labelling a basis of %; the
fields y“S(x) {*(x) are restricted to the semisimple factor ¥  of ¥ while <p(x)

7{x); 1//L(x) 11L(x) Y(x), ng(x) define three different representauon spaces for %.
The fields are also characterized by a conserved Faddeev—Popov charge which is:
0 for «Z5(x), ,(x), ¥ (x), Yp(x); + 1 for c*(x), y(x), 7(x), 1, (x), ng(x), +2 for {*(x)
and — 1 for ¢*(x).

The hard classical action I';' obeys the following hard S.L:

0 0 0
cly cl cl I"cl S04
(‘Sphrh) ydx[éyzs(x) Fh &Mzs(x) Fh + 5MZA(X) h auc (x)
é S b B
+ I"cl I-' cl el
oyfx) " o x) " 5’1R( ) oy (x)
J cl el g 5 cl el 5
571L( x) P SYg(x) 5\//{(x) P Ong(x)

P S
c C I"cl o
Ttk 00t ae | h owt i)

5 cl 5 cl
+ 5c‘as(x) Fh 5cas(x) Fh ] (1)
and the supplementary condition
) b . )
o= A*B §PBs Fcl 5PBa B 4
s =1 sy e f

where the gauge parameters 4** are given as an arbitrary real, symmetric, positive
definite matrix.

In order to describe the general solution of Eq. (1) it is useful to introduce
the charge matrices involved in the couplings of the gauge fields o}(x). First of
all we specify the symmetric, invariant, positive definite charge tensor e’ on the
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algebra 9. Clearly e has no elements connecting the semisimple factor %, of
% to the abelian one ¢ ,. Furthermore the restriction of e* to each simple compo-
nent o is proportional to the Killing form. Choosing a basis in % such that the
Killing form becomes the identity matrix we have e*|, = e,§*#:, thus identifying
the simple charges e,. Concerning the restriction of e* to the abelian factor % -
the only requirement is the symmetry and positive definiteness.

Secondly we introduce the infinitesimal generators t*, T}, Ty of the gauge
group in the scalar, left and right handed spinor fields representations respectively.
They obey

(ta)T = - tas (TZ)T = TZ, (T;)T = - T;’ (33.)
[ta’ tﬂ] ___faﬁvtv, [TZ» Tllj] =faByTZ’
[T TRl =T} (3b)

where the matrices t* are real and f*#” are the structure constants of 4. Moreover
the basis in the abelian factor %, is chosen so that

BT [(TE) Tha + (T7a) TEA] + LT[ (14)TP4] = 5%aba @)

This can be made without any loss of generality since, for any choice of the basis
in ¢, the matrix in the Lh.s. of Eq. (4) is real, symmetric and positive definite
except in the trivial case where free abelian photons are present.

The couplings of the gauge fields </}(x) can now be expressed in terms of the
tensors

(ef)asﬁs'}’s — edfasﬂs)’s (5a)
for any simple factor s of ¥, and of the matrices
(e =et’, (eT ) =e"TE, (eT ) =e"Th (5b)

and the general solution of Eq. (1) can be given up to the following [17] field
transformations

A%~ 2/ with ZoPa = Z2abe =0, (6)
0= 0,0, (6b)
V= Ziy, Ve ZRYg (60)
¢* — PcP, with z*aba = Zxaba, (6d)
c*— Z%ch, (6€)
yzs - ( 7~ l)Tasﬁs))ﬁs, (6f)
R G (6g)
(s (5 1yTasbsghs, (6h)

= (Zx D'y, g~ (207,

N, = (Zy D, g = (ZE Yy, (61)
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which leave Eq. (1) invariant, as
Ph= —1g2 g _1(D, ¢)(D o), - iw;wL
— i D — (Wlg'g + UkeV )0, — ~‘L"— ?:0,0.0,
0 oA"0 oA _ -
— Aaﬂ{—”—————i“z e (L (ef)’”y@,‘(%?ca))}

+ yie[ote + (ef )= sthe,]+ v, (e 0,c* + nheT, )y c*
+ LT ngc™ + Yk (TR n e + ni(eTpYWpe + 2 (ef )*°c7e, (7)

where
giv = 0,5 = 0y} —(ef ) sl 4ol ], (8a)
=0,0,— dAiet); @, (8b)
Ll//L @ — AT )Wy, (8c)
D=0 — A*(eT) V. (8d)

The couplings between the scalar fields ¢, and the spinors in Eq. (7) are des-
cribed by the matrices 4' which due to invariance, satisfy

9iT;— Z?’—t,]? (9)

and the quartic couplings among the ?; fields are given by the real symmetric

tensor %, whose invariance condition is

4 te + 74

mjkl mi mtkl m]

+#

‘mijk ml

+ %

mijl mk

=0. (10)

Finally we spend a few words on the parameter content of the hard Lagrangian
in Eq. (7); let us recall that the matrix ¢ is assigned by the simple charges e,
and the abelian matrix elements ¢***# with o, > 8, (according to an ordering
of the basis of ). The coupling matrices 4’ and the tensor #,,, will be parametrized
by means of the coefficients of their development on suitable bases, which will
be explicitely given when necessary. All these charge and coupling parameters
will be denoted by the collective symbol {1 }. No explicit parametrization of the
gauge matrix A% will be needed in the following.

HI. The Renormalized Models with S.B.S.I.
and their Callan—-Symanzik Equations

In the previous section we have characterized at the classical limit the hard part
of the Lagrangian of the models with S.B.S.I. The analysis of the renormalizability
of these theories is compared, in Appendix A, with those of models with exact
S.1.[14, 15]. The result is that, as in the exact S.L case, the S.B.S.I. is implementable
to all orders of perturbation theory (# expansion) except when the A.B.A. appears.
Furthermore, while the exact S.I. may be affected with the I.R. pathologies men-
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tioned in Sect. II, this is not the case for the S.B.S.I. since the breakings which are
not compensable without violating the L.R. constraint are indeed soft.

We shall explicitly write the above results by means of the functional language
which we now briefly recall. Let Z(J, 7) be the functional generating the Feynman
graphs of the model, where J(x) stands collectively for the sources Jj(x), J(x),
E(x), &(x), F(x), F (%) of the quantized fields <7}(x), ¢,(x), ¢*(x), c*(x), W (x), Yr(x)
respectively and t(x) denotes the external fields y5(x), y,(x), {*(x), 7,(x), n5(x). We
shallindicate by Z (J, 7) the connected graphs generator and by I'(®, ) its Legendre
transform which gives the proper vertices. The variable @(x) is conjugate to
J(x) and stands collectively for all quantized fields.

We shall also use the following

Definition. The vertex functionals I'(®,t) and I''(®,t) are “hard equivalent”,
in symbols

[(®,1)~I'(P,1), (11)

if the corresponding proper graphs have the same leading behaviour in the region
of large Euclidean momenta, non exceptional in the sense of Symanzik [18].

We can now express the S.B.S.I. as(¥,I')(®, 1) ~ 0, where (&, I')(®, 1) is given
in Eq. (1). The situation which we shall be concerned with in this paper is when
the A.B.A. appears and the S.B.S.I. modifies into the anomalous form

(&, D)@, 1) ~ A(P) + O(hA) (12)

where the symbol 4 denotes the local functional

A= hnzr,.e“m f dx[ — D¢ (x)0 4 (x)2 ./ (x)

F—{— (0,6, X)) 7(x) } Srd )

with
Faﬂy& Daﬂl(ef)iyé + Da;l(ef)léﬂ + DaéA(ef ABy (14)

and D" are rank three invariant symmetric tensors on the algebra %. This expres-
sion of 4 is the well known form of A.B.A. [2, 19] at the lowest non vanishing
order #"(n = 1) and O(hA) in the r.hss. of Eq. (12) denotes all the higher order
breakings induced by A.

Our program is to discuss the possible appearance of the A.B.A. analyzing,
by means of the Callan-Symanzik equation, the functional dependence of the
coefficients r, in Eq. (13) on the parameters of the theory; in this line we choose
now a definite parametrization for our renormalized models.

A theory to be interpreted as an operator theory in Fock space requires that
the physical and unphysical parameters of the model be identified by the mass,
wave function, coupling constant normalization conditions; in our case we adopt
an intermediate renormalization scheme where, these normalization conditions
being not yet imposed, we are free to choose our parameters in the way best
suited for later developments.
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For this purpose, let us recall shortly that our analysis is carried out within
the regularization independent B.P.H.Z. scheme as extended by Zimmermann
[21], Clark and Lowenstein [12, 20] to include massless particles. In this scheme
the Feynman and subtraction rules are assigned by means of an effective
Lagrangian which is a Normal Product Operator (N.P.O.) in the sense of
Zimmermann [21]. The subtraction rules are defined by assigning to each field
an U.V. dimension, which in our case coincides with the naive one, and an LR.
dimension according to the prescriptions given in Sect. Il and equipping each
N.P.O. with appropriate U.V. (6) and LR. (p) indices (explicitely indicated in the
Zimmermann’s symbol N%) which for the effective Lagrangian will be chosen
equal to four.

In this formalism the parameters of the renormalized model are all contained
in & . which is a polynomial in the fields and their derivatives whose coefficients
may be considered as formal power series in .

The effective Lagrangian of our model is so identified: its hard part (with
U.V. dimension equal to four) is obtained from the Slavnov invariant expression
in Eq. (7) parametrized with 4 , A%, by performing the field transformations
¢ — Z¢p,t—(Z Y"1 given in Eq. (6) and adding the non-invariant hard counter-
terms needed to satisfy the S.B.S.I. The soft part of the Lagrangian consists of
the most general polynomial of U.V. dimension <3 compatible with the LR.
constraints and parametrized with the dimensional coefficients p, of its single
terms.

In the renormalized models thus defined, the Callan-Symanzik equations
can be derived by means of the Lowenstein’s Quantum Action Principle (Q.A.P.)
[22] and the Zimmermann’s reduction formulae connecting N.P.O.’s with different
subtraction indices [20, 21].

Lowenstein’s Q.A.P. states that, in any given renormalizable model, the
partial derivative of a Green function with respect to any parameter is equivalent
to the insertion into the Green functions of an internal vertex (integrated N.P.O.)
with subtraction indices equal to four. Now the very structure of the B.P.H.Z.
method makes it clear that the correspondence between parameters and insertions
is one to one if the parameters are completed to describe all the models with the
same field content and the same U.V. and LR. rules, thus neglecting any symmetry.

Referring to the case at hand, we shall denote collectively by the vector &
the parameters /,, A%, ;> Z of the theories with S.B.S.I. and by the vector 3 the
ones needed to accomplish the above mentioned completion. In this parametri-
zation we can write

g,I(, 8)=[X%(6, )V, +X2(6, HV, ]I (@, I) (15)

where the Lh.s. means the insertion of the vertex Z, with subtraction indices
equal to 4 in the functional I'(¢, 3) and V,, Vs are gradient operators.

The Zimmermann’s reduction formulae enable us to reduce to a soft (N;)
N.P.O. the hard insertion corresponding to a derivative with respect to any
dimensional parameter of the theory. This reduction yields both soft and hard
radiative correction terms: the last ones can be rewritten as derivatives with
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respect to the parameters using Eq. (15). In our case we have:
{0, +HX06, 9V, + X6, 9V}, 9) = 0916, 9) (16)

where QY is an integrated N.P.O. with subtraction indices equal to 3.
The softness of the QY insertions, allows us to restrict Eq. (16) to the models
satisfying the S.B.S.I. as in the following:

Proposition 1. In models with S.B.S.1. to any dimensional parameter L, there
corresponds an integrated N.P.O. QY whose insertion in the vertex functional

generates an infinitesimal transformation of the parameters ¢ according to:
(12, +hXE, 0V, 116, 0) = QPI(6,0). (17)

Furthermore this translation does not affect the A.B.A. at its lowest non vanishing
order since we have

(1,0, +H8X9(6,00,1(,)(5,0) ~ 0 (18)
and therefore, if the S.B.S.I. is anomalous:
[wd, +hXP(G, 00V, 14 ~ 0(hd). (19)

To prove Proposition I, let us consider the functional I'(G + ¢X (G, 0), eX(5,0))
obtained from I'(G,0) by an & translation along the vectors X® as in Eq. (16).
By a straightforward substitution from Eq. (16) we have

(G + eX9(6,0), eX9(6,0)) = I'(G,0) + QP T(G,0) + O(62) ~ I'(G, 0) + O(e?).
(20)

The last line in Eq. (20) follows from Weinberg’s power counting theorem [23]
and the softness of the Q‘;’ insertion. Likewise from Eq. (12) we have

F (6 + eXD(6,0), eX (3, 0))

= #,[[6,0)] + ¢ dx[ —(QYT)(6,0) ———I'(G, 0)

07,(x)
(Q9I)(3,0) + 8,8%4(x)

545()
I'(,0) s

(Q5'T)(3,0)

51() 5<D()

S )(Q“)F )(3, 0)] + 0(&?)
~ &,I(6,0) + O(e?) ~ A + O(hA) + O(&?) 1)

M“A( )

+0 Ja//‘"(x)

where we have used a short hand form of the r.h.s. of Eq. (1) with the collective
variables 7 and .

The last line in Eq. (21) shows that the translation along the vector eX®
preserves to first order in ¢ the S.B.S.I., together with the possible anomalies
at their lowest order. From the renormalizability itself of the models with S.B.S.I.
it follows that the X vector has vanishing components in the J space, thus
proving Eq. (17). Now Eq. (18) and Eq. (19) follow directly from Eq. (21) by selecting
the first order terms in &. Proposition I is thus proved.

To complete the derivation of the Callan—-Symanzik equations we have to
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express the derivatives with respect to the Z parameters appearing in the hard
part of Z ., in terms of the generators of multiplicative renormalizations of the
fields.

Let us denote by p* an element of a basis for the Lie algebra of the group
of transformations given in Eq. (6); a derivative with respect to Z can thus be
written as a linear combination of the Lie derivatives L”s corresponding to the
generators p®s.

Conversely we denote by #* a generator of the infinitesimal transformations
[(®,7) > ['(Z®,(Z"*)"7) induced by the substitutions @ — Zd,t—(Z )Tt
shown in Eq. (6). For example the operators

i )
jd4x —‘ﬂas(x) 5&{55( ) S(X) 5cﬂs(x) Yas( )5))13 (x)} (223)
i o a a
fd"‘x —Jziu(x) W +c A(x) 5CBA( ) ( ) -Bﬂ(x):l (22b)
4 —-nzs s 5
fd x_ (x) .ﬂs( ) — {*(x) 5C”s(x)] (22¢)

are elements of the set {.#}.

The #* and L* operators, which by their definitions act in distinct ways on
the functional I'(®, t), can be connected by the Q.A.P. and Zimmermann’s reduc-
tion formulae. Indeed, according to the Q.A.P., the action of an .#* operator
on I'(P, 1) is equivalent to the insertion of an integrated N.P.O. as

PL(®,7) = QI(®, 7) 23)

In theories without massless particles the r.h.s. of this equation can be written
as a derivative with respect to the ¢ parameters only, since the transformations
generated by the £“s leave the &, operator invariant. However, if massless
particles are present, the Q) insertion corresponds to a N.P.O. with LR. index
equal to 3(N}) which cannot be directly reduced to the hard (N3) N.P.O.’s consi-
dered in Eq. (15). In this case the wanted reduction involves the addition of soft
(N?3) terms yielding

LI(®,7) =V, [(®,7) + Q(D, 7). (24)

In the tree approximation the % and L° operators have the same action on the
hard part I'(®, 7) of I'*(®, 7), so that

LUTND, 7) = LT, 7) + 0% (&, 7) (25)

where Q% °(®, 7) is an integrated local functional of naive dimension < 3.
Taking into account the above relation, the r.h.s. of Eq. (24) can be rewritten as

Lr(®, )= LI'(D, 1)
+hXV, T (@, 1)+ (QT)(, 7). (26)
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Now, solving this equation for L*I'(®, ) and Eq. (17) for uiaw (P, 1) we get
{10, +hBV, + &Y  + 3. L)} (D,7)
=Q3I(®,7)~0 27)

where we have distinguished the contributions of the parameters 4, A% and
Z explicitely.
Defining the scaling operator:

w3, = L1, (28a)

and setting

B, =2F. (28b)
i, = za (280)
Vo= Zy (28d)
Q=205 (28¢)

we finally obtain the Callan-Symanzik equation
(o, + h(B,V, + 3V, +7,2}(®,7)
= Q,I'(®,7)~0. (29)

The last step is the translation of the parametric equations thus far obtained
into differential equations for the r, coefficients in Eq. (13).
First of all we select the n-th order terms in # on both sides of Eq. (19) getting

,uiﬁul <erAj> =0 (30
J
from which we have

Proposition II. The coefficients r; of the A.B.A. at their lowest non vanishing order
are independent from any dimensional parameter of the theory.
This Proposition formalizes the expected result that the A.B.A. only depends
upon the short distance properties of the models and it will be a basic ingredient
of the analysis to follow.

To exploit Eq. (29) let us remark that if the A.B.A. appears at the order #",
as shown explicitely in Eq. (13), the anomalous S.B.S.I. can be extended to order
hn+ 1 as

(&, D) (@, 1) ~ W(AT)(D, T) + "+ 1 B(D, 1) + O(h"*?) (31

where the first term on the r.h.s. is the generator of diagrams containing the vertex
corresponding to the A.B.A. and B is a local functional of U.V. dimension 5 collect-
ing only the hard breaking terms appearing at the order A"**. At this order any
contribution of lower dimension can be transferred into the soft breaking of the
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S.B.S.1. Now, writing explicitely Eq. (18) we have
{ud, +h(B,V, + 6,V +7,2} (L, 1) (@,7)~0 32)
so that the substitution of Eq. (31), selecting the order #"** terms, yields:

1
SU0,(AD@. 0|+ ud, B®,7)

1 loop
+(BOV, +dPV, + YD L) AP, 1) ~ 0 (33)

where the first term on the Lh.s. stands for the generator of the one loop diagrams
containing one A.B.A. vertex and_ BL,ab, 9D are the well known one loop
contributions to the coefficients B,,d,,y, of the Callan-Symanzik equation.
Taking now into account that ud, B =0, since the local functional B has U.V.
dimension equal to five and the coefficients of its terms are dimensionless functions
of the parameters, and employing the gauge invariance of the A.B.A., which will be
proved in the next Section, we obtain

+(BOV, +7, 24D, 1)~ 0 (34)

1 loop

0, (AT) (2,9)

Recalling that the functional er A; depends only on the fields .o/}, ¢?, (compare

with Eq. (15)) we can write theJ last term on the Lh.s. as

5
y‘(‘l)gll(z:rjAj(Z@, - ‘)Tr)) = (V‘z”“”fdy L5776

+ {08 [ dyc(y) ) 2rA(ZD,(Z7 N, 35)

0
oct(y)
so that Eq. (34) becomes

1 - . L
ﬁuaquj(/l) (4,T)(G; @,7) L —i—(ﬁfﬁ’V}1
i oop
1) -
(1ap « (Dap -~ ~
A [y L3005 oy + A [4yE0) 553@)) Zrd4@9~0 66
Finally introducing the test operators
1 & 0 a0 o 0 0
XPp,ng)= — 55 5 55— (37)

2:4! 0> dp, dq, 6¢(0) 64" (np) .41 (ng)’

where denotes the functional derivative with respect to the Euclidean

1)
6.5 (np)
Fourier transform of the field .o/ ﬁ (x), and observing that from Eq. (13) it fotlows

X" (np,ng) Y r; AP, ) =Y.r, D (38)
j ¢=1=0 J

we can derive the wanted system of partial first order differential equations for the
coefficients r;. Indeed by acting on Eq. (36) with the operators X 7 (np, nq) in the



Cancellation of Hard Anomalies 251

limit # —» o and noticing that, as denoted by the hard equivalence symbol, the
r.h.s. of Eq. (36) vanishes up to terms which can be neglected in the deep Euclidean
region and are therefore killed by these test operators we get:

0
(1)
o+ (P

DP=1=0 a4ns

le . R
5 2.7 () im X (np, nq)ud, (4,1)(6; @, 7)
j

n— oo

H;ma + POV + B0V, )zr (DD 4 Zr A)Dz b

a9

+ v(l)ﬂﬂ Zr (,{)Daﬁ Y4 y(l)w Zr (,{)Da/iv =0 (39)

where we have dlstmgulshed the contrlbutlons of the parameters e*4#4, e , 4', 4.
The first term on the Lh.s. of Eq. (39) can be directly computed in terms of the
following Feyman graphs

where the dashed lines and the solid ones denote respectively the .o/} and c? fields.

IV. Independence of the Anomaly from the Gauge Parameters

We analyze here the dependence of the coefficients r. in the expression of A.B.A.
from the gauge parameters A*. The method is based on the use of the Quantum
Action Principle of Lowenstein, already employed in Sec. IIL, according to which
the functional Z(J, 1) satisfies

0
it AaﬁZ(J ©)=EY%Z(J, 1) (40)
where the r.h.s. denotes the insertion of an internal vertex (integrated N.P.O.)
with U.V. subtraction index equal to four. The vertex £% can be described as a
field dependent local functional with coefficients formal power series in #, whose
zeroth order contribution is the term proportional to A% in the classical action
in Eq. (7).

The structure of the N.P.O. &% in its fully quantized form can be analyzed
along the lines indicated by Lowenstein and Schroer in ref. [7]. To this end we

introduce the bilocal operator:

; 1 5 P 5 5
PEC) =779 dJ%x + ¢) 2 0J5(x —¢) 68 (x +¢) 62P(x — ¢)

8 8
- S (x — &) 0X%(x + &) teo- 8)} “1)
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where we have set

o 0
—_ 5(1&36 ddA 42
dZ*(x) # 5?7:(x) H 56“( ) “
We further define the modified functional
Z%(J, 7, p) = (1 + ih? [dxp™(x)P(x))Z(J, 7) + O(p?) (43)

where p*(x) is a set of external commuting fields coupled to the bilocal vertex
generated by the P*(x) operator. The connected graphs generator Z%(J,t, p)
corresponding to Z*J, 7, p) is given by

Zi(J, 1, p) = Z(J, 1) + ihfdxp™(x)P**(x)Z (J, 7)

1., 5 5
+Z§dxp ﬁ(X)I:mZC(J, T)Efﬁ‘(—z (J T)

0
ZC(J, f)mZC(J, T)

P
6&(x —¢)

Z(J,1)0 Z(J,7)

i o
“oJ5(x + ) v 0J8(x —¢)

+leo - 8)] +0(p?). (44)

It is now straightforward to verify that in the tree approximation, the P*(x)
operator at ¢ =0 introduces into the Green functions the vertex corresponding
to the term proportional to A% in the classical Lagrangian.

One can also verify by direct computation that the introduction of the p(x)
external fields does not alter the anomalous S.B.S.I., which for the connected
functional Z (J, ) writes as

S Z I, 7= w{[ux) 569 0 5 as( )

) - )
_ [fas %y )OM F(x)
58 Y s 5@3() Ry T A 1

+ JiA(x)0"

5 5 B
+ F,(X) =5 — ]Z(JT+Z(J1[———FTx+ xJ}
£ St JA47 o K9 g, T
~ —(AZ)(J,7) + O(hA). 45)
Indeed, taking into account only the leading terms in the deep Euclidean region

0
and recalling (from Eq. (2)) that the dominant contribution to T )Zc( J, 1) is



Cancellation of Hard Anomalies 253

(A~ 1y E(x) we find,
PZNJ, 7, p) ~ —(AZ)(J,7) + £ [dxp(x)

0 0
|:+ a”m(z‘lzc)(.], r)ﬁvaCU, ’L')

9 5
s g 2 D0 s g U
5 ay =y, - —
5@( n )(AZ)(J ,DATIE(x +6) + (e 8)]+0(hA 0?). (46)

where we have used the fact that P**(x) commutes with the hard Slavnov operator
&, To show that ZX(J, 1, p) satisfies Eq. (45) we observe that the first two terms
in the r.h.s. of Eq. (46) describe, up to contributions of order #4 or (p?)*, the
insertion of the vertex A4 into Z%(J, 1, p).

We can now define, up to first order in p* the functional Z (J, 1, p) as the
¢— 0 limit of Z%J,t, p) by deleting the singular contribution in the Wilson
expansion of the bilocal operator P:"(x) in the second term on the r.h.s. of Eq. (44),
all others being clearly convergent. The singular terms which have been so dropped
are annihilated by the &, operator at least up to the order #4; indeed all the
terms in the r.h.s. of Eq. (46) are regular at ¢ = 0. It follows that the anomalous
S.B.S.I. in Eq. (45) is maintained for the functional Z(J, 7, p) and the A.B.A. at
its lowest non vanishing order is left unaltered by the introduction of the p*(x)
fields.

We can now put together the various pieces of information so far collected.

First of all we can write

04 Z (J,7) — jdx Z(J,%P)|,-o=D*Z(J, 7, p)|,-, = Oh). @7

"‘”( )

Furthermore, since both A%/ and [dx commute with the Slavnov operator,

0
op*(x)
we have, from Eq. (45):

D*MAZ)(J, 1, )|, + O(hA) ~ 0. (48)

Rewriting the Lh.s. of Eq. (48) in terms of the vertex generator I'(®, 7, p), which
is the Legendre transformation of Z (J, 7, p) we find

(A(®, 7, p))|p=0

o="%

5
57 (x) 50, (x) iz
+ O(hA) ~ 0 (49)

DHA(D, 7, p))] - + fdx D*Z(J, %, p) <

and hence, substituting from Eq. (47)
D*(A(®, 7, p))|,- o + O(hA) ~ 0. (50)

Finally recalling that the A.B.A. is, at its lowest non vanishing order, indepen-
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dent from the fields p*#, we conclude that the coefficients r; satisfy
8 4ust; =0 (51)

which is the desired gauge independence property.

V. The Polynomial Character of the Adler Bardeen Anomaly

Summarizing the results thus far obtained, the coefficients r, in the expression
of AB.A. (Eq. (13)) depend only on the parameters A, defining the hard gauge
invariant part of the Lagrangian, and therefore they do not change if we consider
models built with an exact S.I. or else models where we allow soft breakings to
the S.I itself.

From a naive point of view one could conjecture that the Feynman amplitudes
of these theories, and in particular the coefficients r, which to Feynman ampli-
tudes are related, are polynomials in the A ’s. The ansatz that the coefficients
r;are polynomials in the 4.’s has been fully explmted in the analysis of the radiative
correctlons to the A.B.A. given in [11]. This point is also central to our study
and will be proved in this Section.

The proof begins analyzing the special class of the models in which all the
couplings with naive dimension less than four are absent, so that the soft part
of the Lagrangian is reduced to the mass terms, and the gauge parameters A%
are in diagonal form

w_ L s

A = % o%b, (52)

Within this special class we can prove the following sequence of properties:

Property 0. The fields ¢*4(x), c*4(x) corresponding to the abelian factor 4, of
the gauge algebra ¢ are free, their couplings being restricted only to the ones
with the external fields y,,7,,ng, 1}, nk.

This property is of course true at the tree approximation and can be straight-
forwardly implemented to all orders of perturbation theory. Consequently the
supplementary renormalization conditions corresponding to Egs. (A.1) (A.2)
in Appendix A, become

= D@, 1) = — K™ (O™ (x) + p#4 P(x))

384(x)
+ (et 0,0) + [0 ()T, (0) + g (0 (T4, (x)
+he] 4 Zi4y,(x) + y 480, y8(x), (53)
5 s
K (@0 =080) + ), (54a)
5 B . ~
[52‘7@ BT 5‘6"‘5(x)]r @7=0. (545)

Let us remark that, as shown in ref. [15], Egs. (53), (54) uniquely fix the couplings
of the Faddeev—-Popov fields with the quantized ones.
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We now introduce the following

Definition. A proper amplitude I BT TR O N IO where with
the subscripts <! ... (" we have explicitely labelled the amputated external legs
of the diagram corresponding to the fields 2/%! ... {*" and the dots indicate possible
amputated external legs corresponding to scalar or fermion matter fields, is said
to be charge factorized if:

T o yeigh ghion  onyp oo
A5l Gy L L
=ea111 ePnP"Fdz’nmd c/h cﬂ L ny( a. . a, Cp‘ NG (55)
1
The coefficient F,,,a, o being a polynomial in the parameters A, which

vanishes with 4 if matter fields external legs are present.
Using this definition we have also:

Property 1. If the Lagrangian contains only invariant couplings
(a) the Feynman amplitudes are polynomials in the parameters 4 _;
(b) among these amplitudes the proper non trivial ones, i.e. those corresponding
to diagrams with at least one loop, are charge factorized;
(c) the same factorization property also holds for the diagrams which give leading
contributions in the deep Euclidean region to the functional (&, I') (®, 7) defined
in Eq. (1).

Properties 1a and b follow directly from the restriction to the invariant coupl-
ings and from the results given in Appendix B. In particular the validity of Eq. (55)
depends strictly on the fact that I' . [ o, is a proper non trivial diagram. For

instance, each ¢™(x), c*(x), y;*(x), {*(x) external line emerges from a trilinear
vertex proportional to the parameter e, and whose remaining two lines are neces-
sary internal to the diagram.

Concerning the diagrams contributing to (&,I')(®, 1) one sees, making
use of Eq. (55), that the factorization property can be violated only by

fdx r@,7)~—_——I®1) and [dx— T (®,7) = — 0 r@,7) if the

0
0(*(x) d¢™(x)

——1I'(®, 1) arise from mass terms, i.e.

5 s
07, (%) 9o (x)

o )
contributions to ————1I'(®, 1) and ———
e A v
o o)
O3 (x 8.% (x) 6¢™ (x)

that these terms are non leading in the region of large Euclidean momenta.

i (@, 1) = M*! o/%(x) and I(®,1) = u*PcP(x). It is however clear

Property 2. In the hypothesis that, up to a given order in # the counterterms in
2 ¢ are charge factorized, the same holds true for

(a) any proper nontrivial diagram;

(b) the leading contributions to (&, I') (@, 7) in the deep Euclidean region;

(c) the counterterms needed to compensate the hard breakings both to the sup-
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plementary renormalization conditions in Eq.s (53) (54) and to the S.B.S.I. at the
same order.

Statements 2a and b are obvious extensions of Property 1.

In order to prove 2c, let us remark that, according to the analysis developed in
Appendix A, the coefficients of the hard breakings are computed as infinite momen-
tum limits of suitable terms in (¥, I') (®, 7) and in the Lh.s. of Eq. (54b). It hence
follows from property 2b and the analysis in Appendix B, that the coefficients of
the independent breakings do satisfy Eq. (55). Now the factorization property of
the counterterms necessary to implement the supplementary condition (Eq. (54b))
can be easily deduced looking at the analysis in ref. [ 14].

Finally we must unfold the relation between the compensable hard breakings
to the S.B.S.I. and the corresponding non invariant counterterms. From the de-
dailed discussion in refs. [14-15], it turns out that the counterterms ﬁi(x) are
obtained from the breakings 4,(x) by solving a chain of equations of the type

a) [dyd,&0) 5 ars M() A,(x) = 4,(x) (56a)
or
b) d4,(x)=4,(x) (56b)

where A ;(x) and 4,(x) are local polynomials in the fields and their derivatives. The
operator d in Eq. (56b) is given by

d = R*e*PcP(x) + %(ef )rsPsrsces(x)cPe(x) (57)

0

0 & (x)
where R* is the infinitesimal generator of a global gauge transformation on the
fields .7;(x), 5 (x), {*(x), 0,,8%(x), @;(x), Y1, (x), Y (x), 1, (), 1 (), 11y, (x), 1z (), ,(x)
and their derivatives considered as independent variables. Recall that the fields
5(x), yi(x), {*(x), 0,¢%(x) transform according to the adjoint representation,
thence for example the contribution to R* from the gauge vector fields and their first
derivative is

)
Bay ﬂ Qﬂ
y [ WX )aw( ) W) 30, 07(x)) ] (58a)
while the scalar fields contribute with:
t*0.(x 58b
10 5 (58b)

and so on. Now any dependence from the charges e*, and consequently from the
whole set of parameters /_ in the operator d, can be reabsorbed by the field trans-
formation

2\
e v "
C/a =¢ Cﬂ (59)
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After this transformation the coefficients of the breakings 4,(x) remain poly-
nomials in the parameters 4, due to charge factorization (Eq. (55)). Furthermore
the solutions of Egs. (56) obtained as in ref. [ 14] by deleting the invariant contribu-
tions, yield counterterms, in the primed fields, whose coefficients are A, independent
linear combinations of those of the breakings. The back transformation to un-
primed fields restores the charge factorization property of these counterterms.

Making use iteratively of Properties 1 and 2 it is straightforward to verify the
following

Proposition III. Within the special class of models whose effective Lagrangians do
not contain any coupling with dimension less than four, the coefficients of the hard
non invariant counterterms possess the charge factorization property given in
Eq. (55).

This result is readily extended to the coefficients of A.B.A. since the anomaly is a
hard breaking to the S.B.S.I. and, on the basis of Proposition II in Sect. III, we
have the stronger formulation:

Proposition IV. In any model with anomalous S.B.S.1. the coefficients of the Adler
Bardeen Anomaly at their lowest order are charge factorized according to Eq. (55).

VI. Analysis of the Anomaly by the Callan—Symanzik Equation

On the basis of the results obtained in the previous sections we can conclude the
analysis of the anomalous S.B.S.I. exploiting the Callan—Symanzik equation for
the A.B.A. (Eq. (39)).
In order to discuss Eq. (39) it is convenient to consider separately the following
possibilities:
a) The indices «, f3, y all belong to the abelian invariant factor %, of 4.
b) The index o belongs to ¥ ,, while f and y are in the same simple component 4
of the semisimple factor %5 of 4.
¢) The indices «, B, y all belong to a simple factor 4 of %,.
By the invariance and symmetry under permutation of the indices of the tensor
D*¥? we can reduce any other non trivial possibility to one of the mentioned cases.
Starting with case a), we notice that there are as many rank 3 invariant sym-
metric tensors on %, as the choices of the indices o, §, y with o < f <y. We thus
parametrize the tensor

Y, D37 = pb (60)
J

with its components for « < § < y. Furthermore the contribution of the graphs in
Fig. 1 to the first term in the Lh.s. of Eq. (36) vanishes for «, f, y in % ,, hence, from
Eq. (60), we obtain

(ﬁ[‘f’ B(l) +ﬁ“)V +ﬂ“’V)

Aaey 66

+ DB 4 y‘z”"‘r“” + y(zl)” 1T = 0. (61)
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Observe now that in the abelian factor ¢, we have the following relations [7] :

(BVe™ l)aAﬂA = — y(ll)aAﬂA’ (62a)

/)}(ll)aA/jA = »y(zl)aABA (62b)
so that the substitution

187 = g ePF g1y Y (63)

reduces Eq. (61) to the form

(ﬁg;u de,, ﬁ“) + BV, + ﬁf;)n)wﬂv =0. (64)
We emphasize that, according to Proposition IV the coefficients #*** are charge
factorized (Eq. (55)) so that 7*#” is a polynomial in the parameters.

Concerning case b) we note that there are as many rank 3 invariant tensors
with one index («) in ¢ , and the remaining (, y) in % as the couples made with an
abelian generator and a simple factor s of . This follows from the fact that the
only rank 2 invariant tensor on % is its Killing form. We can thus parametrize
Z r; D3 for this choice of the indices as

zr D =, 5P (65)

ad g

where 6% is the restriction of the Kronecker symbol (the Killing form) to the
simple factor s. Now Eq. (39) becomes

I o 5
= 21,(2) lim X" (1p, nq)ud, (4,1)(G; @, 7)
J

1 loop
; ( B et B 09, + ﬁ‘g@)rwafv
+ y(l)aa 5!37 + (y(l)ﬂ)' + y(l)ﬂ})r =0 (66)

where y{** obeys Eq. (62a) and y{"#" is given explicitly by

2 2
PP = (se_)z{ ~(B+K)c,(9) - [7202 @

+ 8(T2(d) +T2(9) + 5 z (a)]} ©7)

with
c,(0)0 = Zf”””fy"”, (68a)
Tz(a)é’“’— T((T”)T T1); T3(5)0% = T,((TE)' ), (68b)
t5(0)88 = T ((")"¢) (68¢)

and the gauge parameter K chosen as in Eq. (52). Furthermore in the Lh.s. of
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Eq. (66) the function /3(1) is (see ref. [24]):
3

£1)=(887:)2|: 22c ,(0) +3 (T (0) + T3(9)) + ltz(d):ll (69)

and the first term, which receives contributions only from diagrams 1 and 4 in
Fig. 1, is computed to be

1 S .
7 2.15(2) lim X% (np, nq) u,,(4;T) (55 @, )| 1o
J

n—oo
o ; 220+ K)e, (9, 0 (70)
Now substituting Egs. (70), (69), (67), (62a) into Eq. (66) and setting
Tos = = € ea ra a (71)

we find that 7, satisfies Eq. (64). Remember that by the charge factorization
property,,_is a polynomial in the parameters.

Concerning case ¢) we recall that, up to a normalization constant, at most
one, invariant, symmetric rank 3 tensor can be built on any simple Lie algebra.
Therefore the restriction to a simple factor s of the tensor ) r; D" is written

r,D*7 and parametrized by the coefficient r,. Then in case c) Eq.l (39) becomes
12 (A) lim X7 ( )ud (A1) (6 ; B, 7)]
h ; rj n— o0 np, Nq) u\j > 1 loop

(ﬁli)a 3 ﬁ(l) ﬂ(l)v + B(l)vﬁ>r (A)Daﬂv
€y a0y

+Wmuwm“+ﬁwnwmﬁ
+ V(zlm r, (Z)D‘:ﬂv =0 (72)
where y{"##"is given in Eq. (67), and the restriction of y{"** to the simple factor s is
2

. 22
= e )2[ 2Key(0) = 3¢,()

+= (Tf{(gH T:(s )+1tB(d)] (73)

The first term on the Lh.s. of Eq. (72), which now receives contributions from all
four graphs in Fig. 1, is computed to be

e - o X
%gr,-(l) nllrz X (np, 1q) 10, (4,T) (G, D, T)| { 10p
2

e;
(8 )24

(/I)D“/”(6 +4K)c,(9). (74)

I We shall exclude the pathological cases where the representation content of the model is such
that some of the functions f{)’ do vanish for e, # 0



260 G. Bandelloni et al.

Substituting Eqs. (73), (74) and r, = e>7, into Eq. (72) we find that 7, obeys Eq. (64).
Also in this case one should remember that, due to the charge factorization property
proved in Section V, 7 is a polynomial in the parameters.

We have thus arrived at the final step of our analysis, that of finding the general
polynomial solution f'(e, g, %) of the equation

a - . . —
<th; gl BV, + BV, e 0 =0. 75)

The method relies on the coefficients of the differential operator being them-
selves polynomials in the parameters; in particular (! and /i‘:’ﬂ are cubic
AP A

homogeneous in the charges e ,e, , and do not depend upon the remaining

parameters. The vector coeff101ent ,8(” depends only on the parameters e, ¢ and
decomposes two terms

FO=b () +¢, (5. e) (76)

where b;(y) and ¢, (¢, e) are homogeneous of degree 3 and 1 respectively in 4.
Likewise the components of B, decompose into two terms

BV =b_(4) + 4, e, g) (77)

where b ,(#)is homogeneous of second degree and (%, e, ¢) is at most linear in #.
The analysis proceeds along the lines suggested in ref. [ 11]. Selecting the highest
degree contributions in the # variables to the Lh.s. of Eq. (75) yields

(b, (AV,) [, =0 (78)

where f, is the highest order part of fin the same variables.

We shall show in Appendix C, by a detailed study of the coefficient b ,» that
Eq. (78) admits no polynomial solutions except a constant; from which
we immediately conclude that f is independent from the variables 4.

Applying now the same procedure to the ¢ variables one gets

b,V f,=0 (79)

with f the highest order contribution to fin these variables. Here again the dis-
dlscusswn of Eq. (79) in Appendix C shows that f, can only be a constant and
hence f'is also 4 independent.

At this point Eq. (75) reduces to the following partial differential equation

in the e, €onpa variables only:

d

(Ze [—~c (0) + 3 (T2(4)+T2(4))+ 12(4)} ’

I I )f (e)=0 (80)

aaba €a44

which is obtained by substituting into Eq. (75) the explicit form of the coefficient
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B<Y) given in Eq. (69) and BV s computed from

BV +pMe), , = 2(871)2{ > @), T [ (TEAT2

PAaCa

\ 1
+ YT + 5 t“w}(ez ,,} (81)

taking into account the condition in Eq. (4).
Equation (80) can be analyzed by the same method illustrated above; indeed,
by selecting the highest order terms f, and f, ; in the variables e and e b
7 x 4B 4 J a

respectively we get

ze l: 2 2(4)+8(T2(4)+T2(d))+ t (a):| fe,=0 (82a)
3 a —
aAzﬂ:A (e 2484 m’f;ﬂm",ﬂ =0. (82b)

From equation (82a) we easily derive that, provided f{’ # 0 (see Note (1)), f, isa
constant and identical conclusion is reached for f,_ o in Eq. (82b) by employing a

procedure analogous to the one used for Eq. (79).

Thus the result of our analysis of the Callan-Symanzik equation is that the
coefficients r; are cubic homogeneous polynomials in the chargese , e, , .

Our final task is to connect this result with the order of the Feynman diagrams
contributing to these coefficients. This is achieved by referring to the models
without soft couplings introduced in Sect. III and recalling that in these models
all radiative corrections to the couplings satisfy the charge factorization property
(Proposition III). As a consequence the radiative corrections to the tree approxima-
tion vertices have an higher order in the 4, parameters.

Now one can easily deduce? that the only Feynman diagrams whose contribu-
tions to r; are compatible with the behaviour fixed by the Callan-Symanzik
equation are the single loop ones built with the vertices of the classical Lagrangian:
such diagrams have order one in 7. On the basis of the results in Sect. III (Proposi-
tion II), the above conclusion is seen to hold in any gauge model.

Acknowledgements. We would like to thank professor R. Stora for constant encouragement.

Appendix A

Our task in this Appendix is to show that the renormalization program for models
with S.B.S.I. leads to the same results obtained for an exact S.I.; in particular we
shall prove that the only non compensable breaking term to the S.B.S.I. is the
Adler-Bardeen anomaly (A.B.A.).

We shall illustrate the renormalization procedure in the framework of the

2 The analysis is obviously simplified by the admissible choice £ = g =0
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B.P.H.Z. scheme [12] only up to the point where it completely overlaps with the
one for the exact S.I. given in ref. [ 15] thus yielding the same results.

As a simplifying hypothesis, after refs. [14, 15], we shall assume that all the
quantized fields are massive; the extension of our discussion to models involving
massless fields can be straightforwardly obtained by employing the formalism and
techniques developed by Zimmermann, Lowenstein and Clark [12, 20, 21]. We
recall that, as already mentioned in Sect. III the theories with S.B.S.I. are free
from infrared (I.R.) pathologies.

Our models are specified by assigning an effective Lagrangian as a normal
product operator (N.P.O.) [21] with ultraviolet (U.V.) subtraction index equal to
four and requiring that the corresponding Green’s functions satisfy to all orders
of perturbation theory (% formal power series) the S.B.S.I. together with two systems
of supplementary renormalization conditions. The first system fixes the equations
of motion of the ¢*(x) fields and the second one expresses the super-
renormalizability of the couplings of the ¢*4(x) fields (i.e. the ones corresponding
to the abelian factor of %) with the quantized ones.

The classical limit of the effective Lagrangian of these models is described in
Sect. II. Denoting the quantized fields collectively by @(x) and the external ones
by 7(x), we can write the equation of motion of the ¢*(x) fields in terms of the vertex
functional I'(®, 7) as

o
5—60{;) [(®,1)— A% ( 58Bs 5y£s(x) [(®, 1) — 5PPaaPa(x) )

=(45)T) (2,7) (A.1)

where the r.h.s. means the insertion in I'(®, 7) of the N.P.O. N,[4%(x)] which
accounts for the effect of the super renormalizable couplings corresponding to the
soft breakings of the S.B.S.I. Likewise the super renormalizability requirement for
the c*4(x) couplings is written as

5 ,
Wr@’ )+ Y48 (AP Tep (x) + 6740,y (x)) + 7,(x) (et)it ,(x)

+ () Ty P4, (%) + 0] (Tl 4 (x) + he) = (44 () ) (B, 1) (A2)

where the matrix y*4#, which is §*4 at the classical level, is kept free for adjustments
at the higher orders and the r.h.s. means the insertion in I'(®, 7) of the N.P.O.
N, [4°4(x)].

To discuss the implementability to all orders of perturbation theory of
Eqgs. (A.1) (A.2), which obviously hold at the tree approximation, we first need
their complete functional translation. This is accomplished by coupling the soft
breakings 4% (x) and A'Z‘"A (x) to external fields ¥*(x) and €4 (x) which are assigned
U.V.dimension equal to two and + 1 and — 1 Faddeev—Popov charge respectively.
By introducing these new vertices into the Lagrangian, thereby defining a new
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generator I'(®, 1, 4, &), we rewrite Egs. (A.1) (A.2) as

_ ) 4
Da(X)F(¢9 T, (g, (6) = [5C“(x) — A% (5“356” 5yﬁs(x)>

0

- 2\ — _ A*BS§BBAa Ba axq Do
5(6"‘(x)]r(®’ 1,%,%) A 6PPa cPa(x) + O 4 6*4(x), (A.3)

5 P
5 4(x) 0% (x)
= — y P (AP O (x) + 8720, (x)] = 7,(x) (e 1) 9,(x)

— ()T, 4¥, (x) + n} (x)(e T P4z (x) + hoc.) + %4 €¥(x) (A4)

where the last term on the r.h.s. of both equations accounts for the corrections
induced by the €*(x), ¢*4(x) couplings and satisfy &*4# + @F*4 =,

The proof of the renormalizability of Egs. (A.3), (A.4) can now be performed by
following verbatim the procedure described in details in ref. [15].

From now on we shall consider only those effective Lagrangians which satisfy
the supplementary conditions in Eqgs. (A.1), (A.2).

The second step of the analysis is to discuss, within this restricted class of
& ¢ the renormalizability of the S.B.S.I. which we shall write for the connected
generator Z_(J, 1) as

58 5 5 5
fd {[J(x) ()+J (x)ézS(x)+J” (x)@uééaA()+F(x) T()] [R( )5 e

W%ﬂﬂ@n%@s[ Jn@u%@)

— & (%) o — &%) 0 ® F}(x)

Mﬂ) ]ZUﬂ+ZUﬂ[

5
HOT%(x) o, (x

F};(x):” =(S,Z,) J, 1) = [dx(4,(x)Z,) (J,7) (A.5)

0
511R( x)

Here the r.h.s. denotes the insertion in Z (J, 1) of the integrated N.P.O. [dx4,(x)
with U.V. subtraction index equal to four. We introduce an external field o(x)
with U.V. dimension equal to zero and + 1 Faddeev-Popov charge, coupled to
the soft breaking 4, (x). The addition of this new vertex to the Lagrangian allows
us to define the connected generator Z (J, 7, o) so that Eq. (A.5) becomes

= ( fdxé G )>ZC(J, 1, 0)

The analysis of this equation is based on the Quantum Action Principle
(Q.A.P) [22] according to which for a generic choice of £, which we will
however choose in agreement with the supplementary conditions, Eq. (A.6) is
affected by breaking terms with U.V. dimension uniformly bounded by five.
Hence we have in general

SZ U, 7, 0)=[dxa(x)2(x)Z,(J, 1, 0) + [dxA,(x) Z,(J, 7, 0) (A7)

=0. (A.6)

o=0

F2Z(J, 1, 0)

c=0



264 G. Bandelloni et al.

Here the o(x) independent breakings of naive (U.V.) dimensions equal to five
have been isolated in 4,(x) and possible lower dimensionality ones are reabsorbed
by a suitable redefinition of the o (x) field coupling. The insertion X, (x) summarizes
the breakings deriving from the o(x) coupling itself.

Now our aim is to prove, order by order in #, that the breaking 4, (x) may be
compensated by a suitable counterterm to be introduced in the effective Lagrangian
without violating the supplementary conditions in Egs. (A.1) (A.2).

At the classical limit (i.e. the # independent contribution) 44(x) vanishes and
the proof proceeds inductively by considering the first non vanishing contribution
A%(x) of order #"(n = 1). The compensability of 4?)(x) by an appropriate choice
of £% is deduced from the consistency conditions which A%(x) must satisfy
in order to meet the supplementary renormalization requirements in Egs. (A.1),
(A.2).

The explicit form of these consistency conditions is obtained by the same
functional method employed in ref. [14]. We introduce an external field f(x)
with U.V. dimension equal to —1 and + 1 Faddeev-Popov charge, coupled
to the breaking 4% and the modified effective Lagrangian

& (D, 7,0, B) = L (P, 1,0) + B(x)AP(x). (A.8)

The application of the Q.A.P. yields, for the corresponding connected func-
tional Z (J, 7, 0, B),

FeZ(J, 7, 0,B) = [dxZ (x)Z (J,7,0,P)
(J,7,0, B) + [dxp(x)A5(x)Z (], 7, 0, B) + O(B?)
(A.9)

where the f(x) proportional term on the r.h.s. summarizes the corrections (to
first order in f(x)) arising from the coupling of the f(x) field. By direct computation,
via the identity (¥7)* = 7, we find, employing Egs. (A.6), (A.7), (A.9),

(FNZ (I, 1,0, B)IFB:O Z(J 1) = — [dxZ(x)Z(J,1, 0, B)|,_ s=o

jd’caﬁ( y A

— [dx * 530 )yﬂzu XN (A.10)

and the further substitution of Eq. (A.9) into the last term of the r.h.s. yields

o 0
P27, 1) = — [dxZ(NZ(J, ) — [dxA(N)Z(J, ) (A11)

At this point we are ready to impose the constraints derived from the supple-
mentary condition in Eq. (A.1). By direct computation we find:

2 — Zo ofs 0 B a4 0 _
SRZ(J,1)= — [dxE (x)<5 56, 57 + 6% Dag ﬂA(x)>ZC(J, 7) (A.12)

so that comparing Eq. (A.11) with Eq. (A.12) and translating the result in terms
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of the vertex functional I'(®, t) we obtain

L = 1\aB( AB
Jdoe 5 s T@ (A AL @, )
= [dx[(Z,(0N)(@, 1) + (4,(D)(@, 7] (A.13)
where the l.hs has been reduced by means of Eq. (A.1) and the property

6 —la
Jax dnyC( )56”(y)( Fh=

Now an analysis of Eq. (A.13) in the deep Euclidean region leads to a constraint
for [dxA{”(x), i.e. the contribution of order #" to [dxA(x).

Let the symbol X (x) stand collectively for all fields quantized or external
ones, and X (p) for the corresponding Euclidean Fourier transform; we define
the test operators

5
5x ) 3X,.(0)

where the momenta p, ... p, are non exceptional in the sense of Symanzik. Let
Furthermore

‘X(aO’plal’""pnan)E X(p)aoax...an n (A14)

n

Davar.an = 2. o (A.15)
with d,the U.V. dimension of the field X, (x). With these definitions, on the
basis of Weinberg power counting rules, we obtam for all choices D, , , <6

311130 pPeosmen=OX an(pp)fd a( )F(<P ) (5@, 7) = (A.16a)
pli_)m ,0”“0"1~~“n‘"’Xaoal“_an(pp)jdx():5 X)) (P, 7)=0 (A.16b)
1112 pPeosien™OX (D) [AX(AL()T) (&, 7)

,, =X, 010 DA AP (x) + O™ ) (A.160)

where on the r.hs. of Eq. (A.16¢) we have isolated the contribution [dxA(x).
This result can now be substituted into Eq. (A.13) to yield at the order #":

X goar...an(P)[dx A7) = 0 (A17)
for all test operators with D, , <6 and hence
[dxA{(x) =0 (A.18)

which contains all the algebraic constraints on 4%’(x) implied by the supple-
mentary condition in Eq. (A.1).
The link between 4/"(x) and 4%’(x) can be obtained by decomposing 4%’(x) as

AP(x) = 4%(x)r,(x) + 49(x) (A.19)

where 49(x) is independent from the external fields, and then proceeding along
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the lines given in ref. [14] to get

fdxa(x) = [dx[4*" L, 1) + &7 4P(x)]. (A.20)
The substitution operators in Eq. (A.20) are defined by
0
At — 1YtapS .
g [dx(— 1yr=4%(x) 56,0%) (A.21a)
o

PO — P(O) IR )
g Jax o (%) 30,x) (A.22a)

where n, is the Faddeev—Popov charge of the external field t, and P{¥(x) is the
tree approximation Slavnov variation of the field @ (x).

We conclude by noting that the algebraic consistency conditions obtained
substituting Eq. (A. 20) into Eq. (A. 18) are exactly the same as the ones given in
refs. [14, 15]; these coupled with the super renormalizability requirement in
Eq. (A. 2) allow us to repeat verbatim the algebraic and power counting analysis
of A?(x) performed in ref. [15] and therefore to reach the result that only the
presence of the Adler Bardeen anomaly may spoil the renormalizability to all
orders of the S.B.S.I.

Appendix B

The purpose of this Appendix is to prove that in models with S.B.S.I., renormalized
according to the B.P.H.Z. scheme, if all the coupling constants are polynomials
in the parameters 4, the following properties hold:

a) any Feynman amplitude is a polynomial in the parameters 4,

b) ifin an open neighborhood of a given choice of the parameters 4, a Feynman
amplitude has a finite limit at infinite Euclidean momenta, then this limit
is a polynomial in the parameters.

We first notice that, within the B.P.H.Z. renormalization scheme, any Feynman

amplitude D is given by an absolutely convergent integral [12] of a rational
function of the type:

Pk
o= [Tk + miy B

where k and p denote the internal and external momenta respectively, [(p, k)
are linear combinations of p and k and m] > 0.

Secondly we remark that in models with S.B.S.I. the masses m, do not depend
on the dimensionless parameters 4 _ (the situation being quite different in a model
with exact S.I. where these masses may be generated by the Higgs—Kibble mecha-
nism) so that the only dependence of I, from 4, is contained in its numerator
P, which is a polynomial in the coupling constants.

We can decompose the numerator P, and make explicit its dependence from
the parameters 4, as

Py(p, k) = ¥ M (1) X%(p, k) (B.2)
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where M (4,) is a set of independent monomials. The corresponding Feynman
amplitude factorizes according to

Py(p, k)
[T @, k) + m)y

1

=Y M (1,)[d*"k

j'd4LK

X5 (p, k)

[TE@. b+ mpy (B.3)

where the single integrals in the r.h.s. are absolutely convergent as shown in
ref. [25]. This proves property a).

It is also straightforward to verify that, due to the independence of the mono-
mials M (/,), the existence of the limit

. P(np, k)
fD(;La) = ,}Ln; jd4Lk H(llZ(},’p’ k) + miZ)m (B4)

is an open neighborhood around 4, insures that of

. X5(np, k)
X* = lim (d*Fk D , B.5
P e J H(l,-z(ﬂp, k) + m?) (B.3)

from which we obtain

folk) = XM, (A)X5, (B.6)

thereby proving property b).

Appendix C

In this Appendix we shall first show that the only polynomial solution of Eq. (78)
is a constant, and then reach the same conclusion concerning Eq. (79).

The first step in the analysis is to choose a suitable basis in the real linear
space # of the symmetric rank four tensors 4 describing the quadrilinear coupling
of the scalar fields (with components #;,). These tensors are invariant on the
real completely reducible representation of the gauge group carried by the fields.

In the space 5# we introduce the scalar product:

(4, #) = Z %ijkl%;jkl (CI)
ijkl
and the tensor product:
{%, él}ijkl = Z(éijmnﬁ;nnkl + %ikmnﬁ:nnﬂ
F Ainonil) + (5= ) (C2)

We now choose a basis {¢,} for the scalar fields completely reducing the
gauge group representation into a sequence of irreducible components labelled
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with capital latin letters A, B, C... and whose dimensionalities are n,,ng,n.....
The decomposition of the representation on the basis {¢,} automatically induces
a reduction of # into subspaces # D) which are contained in the symmetrized
tensor product of the components 4, B, C, D. It is clear from the very definition
that these subspaces, some of which may be empty due to the invariance conditions
in Eq. (10), are mutually orthogonal; hence an orthonormal basis in # may be
given by the union of those for the subspaces #45¢P),

We now select some special elements of these bases. For each component 4
and subspaces #1444 we can choose the tensor

1
X4 =
W S3n(n, +2)
where the 5{; is the usual Kronecker symbol if both indices i and j belong to the

component A and vanishes otherwise. Similarly for each couple 4, B(4 < B) we
identify as an element of the basis in #“44BP) the tensor

XAB — 1
ijkl
Vo ng
and for each triple ABB’ with the representation B equivalent to B’, we introduce
in #“44BB) the tensor

(G0 + G54 + 5167 (C.3)

ik jl il” jk

(57,00 + 0305 + 6705 + (A B)) (C4)

iK1 itY ik

, 1 , , .
X{or = — ;(5;‘§U,‘f{’ + 05U +0,U%2
V A"°B
+ORURY + 0 URY + 63U (C.5)

where UP?' is the matrix intertwining the representation B and B’ normalized to

LU ) =ny.
. The remaining basis elements in J#, obtained by completion of the ortho-
normal sub-bases in each subspace, will collectively be denoted by Z*, y =1,
2,...,N. For notation convenience we shall assume that the tensors Z* in #4BCD)
with 4 < B < C < D correspond to values of y in the range N < y < N.

We now give some relations among the elements of this basis which will be
useful in the following. From Eq. (C.2), (C.3), (C.4), (C.5) we get

{x4, XB}i "= o648 _2(n_Ai_8)_ XS’kl (C.6a)
! 3n,0n, +2)
{x4 XCD} -_"_41'2_ (JACXAD | 54D Y AC) (C.6b)
> ijkl = 3.1, 1 2) ijkl ijkl :
AU
(X4, XBCC'}ijkl — 548 (n,+2) yAcc (C.6¢)

V3, +2) R

Moreover
{x4, Zx}ijkl = CAfojkl (C.7)
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with ¢4* = 0. To derive this last relation we observe that its Lh.s. vanishes for
any A unless Z* is of the type £“4B9 (ie. belongs to #“489) for any choices
of B and C; in this case we compute from Egs. (C.2), (C.3)
1
XA, %(AABC)}” — ( 5:45;'1 é(ftlABC)
{ it \/3nA(nA + 2) (all pemgtations) e mnkt
of ijkl

T ) cs)
(all permutations)
of ijkl
and remark that Eq. (C.7) is immediately recovered provided the first term on the
r.hs. vanishes. Now the invariant rank two tensor 64 %489 can be nonzero
only when the representation B and C are equivalent; and in this instance the
orthogonality of Z* with X4, X458, X45C also ensures its vanishings.

In complete analogy with Eq. (C.7) one can derive
{X45, Zx}ijkl =77

ijkl (C'9)
where
2

NAIA®

if Z* is of the type A“EP) for some C and D, and c*4® = 0 otherwise.
Having given an orthonormal basis in #, the tensor 4 decomposes as

_ 4 AB
i = ZXAX it Z X 45X i
A A<B

1AB _

c

X XX+ 2w L (C.10)
A<B<B x
where the coefficients x , x5, X 4pp > %, give the wanted parametrization for the
quadrilinear scalar field couplings.
We now go back to Eq. (78); by direct computation one can show that, for
any choice of an orthonormal basis in #, the vector coefficients b , in Eq. (77)
is given by

b,=V,B (C.11)
with
B=ﬁ(ﬁ, {4,4}) (C.12)
so that in our case Eq. (78) becomes
0B 0 0B 0 0B 0
[A E@ A<B 5"43@ A<§<B' maxm]s'

0B 0
+;6_@T@]f’i(x’“x“’xf‘”".zl)=0' (C.13)



270 G. Bandelloni et al.

In order to discuss the general polynomial solutions of this equation we first
isolate the terms of B depending on x . Substituting into Eq. (C.12) the expression
in Eq. (C.10), taking into account Egs. (C.6) (C.7) and the orthonormality of the
basis, yields:

1 2n, +2)
B(x 4> X 4p> X gppes %) = {Z 2 X

3(8n)? 4+/3n,n, +2) 4
(n,+2) (n,+2)
+ Z = X Xip + > = Fce
AB+ A 2nA(nA+2) AC#+A4 3nA(nA+2)
C#A
+ Y eMx x }-I—B(XAB, X upp %) (C.14)
A,x

where B(x 45, X 45> #,) I8 x, independent.
Now substituting Eq. (C.14) into Eq. (C.13) and selecting the highest order
contributions in x , yields:

[ 2(n, +2) <3 d - d i 0
S, +2) " tax, Ty T racc gy

0
+2€A"x157y—1] TG X qp Xyecn #,) =0 (C.15)

where f /! denotes the highest degree terms in x , of f,. From this equations, recalling
that the coefficients ¢** are nonnegative, we immediately conclude that [ is of
degree zero in x , and f} is independent from x ,, x ;5. X, for any 4, B and CC’
and from the z, parameters for which the coefficients ¢#* in Eq. (C.7) do not
vanish (i.e. y £ N).

After these specifications we are left with the equation

Y S—Baifﬁ=0. (C.16)

N<yx=N Y%y 9%y
The substitution of Eq. (C.9) into Eq. (C.12) yields the following decomposition
for the function B defined in Eq. (C.14),

B= Y c*Bx"%.2 4B (C.17)

A4,B,x
x>N

where Bis independent from the parameters x , ,. Inserting Eq. (C.17) into Eq. (C.16)
and selecting the terms linear in x ,,, gives

6
Z c"AB —f,=0 (C.18)
x>N #x
which implies that f, is also independent from the parameters x o x> N since
for any such y there is at least a choice of 4 and B with ¢*42 > 0.

This shows that the only polynomial solution of Eq. (78) is a constant.
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We turn our attention to Eq. (79) employing a technique quite similar to the

one already used. Introducing the spinor representation space Y/ E<$L> the
R

Yukawa type couplings are specified by matrices

. (0 I 4
Y :(——i—+-é’-> (C.19)
7 10
satisfying the invariance condition given in Eq. (9) which is written here as:
[Y) 2] = £ Y/ (C.20)
with
a_(Tp | 0
2= < 0 | T;) (C21)

Let us consider the real linear space of the solutions ¥ (with components Y?)
of Eq. (C.20) equipped with the scalar product

(Y, )= Tr(Y'Y" (C.22)
i
let us further choose in this space a basis {¥,} orthonormal with respect to this

scalar product, and parametrize the Yukawa coupling matrices by the coefficients
y, of their expansion on the basis {Y, }

= Zyl Y5 (C23)

With this choice of the parameters the components b,, of the vector coefficient
b in Eq. (79) are given by

2
= a—yAF(yv) (C.24)

ya

where the function F, as shown in ref. [26] is the following quartic homogeneous
positive definite polynomial:

2(8 287 & Z{[TT(Y'Y’)]2 + Tr({Y5 Y71 = Te (VP (Y))) ) (C.25)
We then perform the polar-like change of variables:
p=F4 (C.26a)
0,=0,00,) (C.26b)
for a choice of the variables 0, satisfying
;7'0 %% =0 (C.27)
n n n

After this change of variables and setting f(p,0) = £, 0)) we rewrite Eq. (80) as

;( ) (p 0)=4), 3, Pap(p,(?) 0 (C.28)

0y, 9p dp 2
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from which it follows that f{(p, 6) is independent from the parameter p.

Since f'is a homogeneous polynomial in p whose degree is equal to that of f .

we conclude that f is necessarily a constant.
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