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Renormalization of QCD in the presence of a nonvanishing vacuum angle and with a general
quark mass matrix is considered to all orders in a loop expansion. The generalized Landau gauge is
assumed. By incorporating the anomalous U (1) Ward-Takahashi identity into our renormalization
procedure, we establish (i) the nonrenormalizability of € and (ii) the validity of the well-known for-
mula giving the vacuum angle change induced through quark-mass-matrix diagonalization to all or-
ders. We then show how the decoupling theorem applies to QCD with nonvanishing 6. Renormali-
zation of the QCD 6 term in the context of larger theories is also briefly discussed.

I. INTRODUCTION

Most physicists believe that quantum chromodynamics
(QCD) is the correct underlying field theory of strong in-
teractions. QCD is a renormalizable non-Abelian gauge
theory! based on the SU(3) color group and exhibits
asymptotic freedom? at the short-distance scale. The
latter property makes the (suitably arranged) perturbation
theory a useful tool for studying short-distance aspects of
the theory’ and the theoretical predictions indeed compare
quite well with high-energy experimental data. At a
long-distance scale, on the other hand, QCD is supposed
to be highly nonperturbative with the effective coupling
constant of order 1. Elementary fields of QCD, colored
quarks, and gluons, are thus not directly relevant for the
physical spectrum; they are permanently bound to form
mesons and baryons, and possibly glueballs, as the only
physically accessible asymptotic states. In the present
work, various issues related to renormalization of the
QCD vacuum angle* will be our primary concern.

The (unrenormalized) QCD action is given by

S%i= [ d*x {—$F*(F%,(4)

- |. g Al
+iy |iv* 10, —ig Ay |87 My | Yy
+ 98" «pua gypa 4y | (1.1)
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where
Fi(A)=03,A49—3,A45 +&fwcAjASa=12,...,8),

A% and f,. are the 3X3 SU(3)-color generator matrices
and structure constants (normalized by tr(A%A%)
=28,4,[A°/2,A2/2]1=ifpcA°/2),  respectively, and
*FrYa(4) =5e*"™MF55(A) (with €2 =1). We follow the
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metric and y-matrix convention of Ref. 5. The indices
LHf (=12,...,Ny) denote quark flavors, and for the
flavor-dependent quark mass matrix M =(M ) we will
assume the general nondiagonal form (which may involve

vs)

1—y

1
M=tt— 4 ' —2 =M Liy MP . (12)

2 2

The origin of this (current) quark-mass term lies in the
theory of weak interactions. Note that the explicit form
of M depends on the quark field basis chosen in the flavor
space.

It should be noted that all free parameters of the
theory—gauge coupling g, quark mass matrix M, and the
vacuum angle 6—are intrinsically connected with sym-
metries or symmetry breakings characteristic of QCD.
The coupling g is of course related to the SU(3)-color
gauge symmetry; this exact non-Abelian gauge symmetry
plays a fundamental dynamical role in QCD by endowing
the theory with both asymptotic freedom and (probably)
quark confinement. The quark mass matrix M introduces
the explicit, but soft, symmetry-breaking terms for the
global SU(Ny), XSU(Ny)g XU (1) flavor symmetries
(which are believed to be spontaneously broken via quark
condensates in the QCD vacuum). The vacuum angle 6,
which determines relative phases for topologically distinct
gauge-field contributions to the QCD partition func-
tion,* is related to the global U (1) via the Adler-Bell-
Jackiw anomaly.” Namely, to describe the same theory,
the U (1) phase change for quark-field variables must be
accompanied by suitable translation in 8. This implies
that, even with M =0, the global U,(1) becomes
anomalous since we are supposed to assign a certain
specific value for 6 to define our theory; this apparently
solves the 1 problem.®

The connection between the global U 4(1) and 6 may
also be characterized using the quark mass matrix. Given
a quark mass matrix of the general form (1.2), one may
wish to redefine quark fields suitably such that the result-
ing mass matrix, say
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1+ 1—
M=a 2?’5 +‘/”,f 2‘)’5 ’

may become diagonal and ys-free (i.e., real and diagonal
#'). Because of the U (1) anomaly, such quark-field
redefinition in the flavor space should be accompanied by
a suitable 0 translation. There is a well-quoted formula
for that:®

6¢'=0+arg(det.#) . (1.3)

In the quark-field basis where M is diagonal and ¥ s-free,
a nonvanishing value for 6 implies P and CP violations
and the observed CP invariance to high degrees of accura-
cy in strong-interaction physics puts a very stringent limit
to its magnitude. Explaining “naturally” the vanishingly
small QCD vacuum angle still remains as one of the most
important theoretical problems (the strong CP problem).?

In this paper we will consider anew renormalization of
QCD and some related issues, in the presence of the vacu-
um angle 6 (as an a priori arbitrary dimensionless free pa-
rameter of the theory) and for a general quark mass ma-
trix of the form (1.2). Does the vacuum angle 8 get renor-
malized just like any other free parameters in the theory?
Is the mass matrix .# in Eq. (1.3) a bare one or a renor-
malized one? Can we expect a simple formula such as Eq.
(1.3) to be valid to all orders in a fully renormalized
theory? These are some of the questions to which we
shall provide definite answers. We hope that our analysis
enhances our understanding on the physical role of the
vacuum angle 6 when higher-order quantum effects are
taken into account, especially in connection with the
strong CP problem. In any case, it should be important to
have renormalization structure of any given field
theory—Ilet alone QCD—fully understood; only then one
can formulate renormalization-group equations correctly.

We shall assume the loop expansion. Note that, unlike
strict weak-coupling perturbation theory, loop expansion
can accommodate in principle contributions due to topo-
logically nontrivial gauge-field configurations such as in-
stantons. Another point to mention is the gauge choice.
Recently some authors’ have discussed the 6-term
(non-)renormalization on the basis of the background-
gauge background-field method.!” But, their discussions
depend rather crucially on the special characters of the
background-gauge background-field method. We shall
here work in more conventional gauges—the generalized
Landau (or covariant) gauges.

Throughout our discussions, strong emphasis will be
laid on the symmetry aspects of the theory, viz., how soft-
ly broken or/and anomalous global symmetries of QCD
mentioned above, together with SU(3)-color gauge sym-
metry, can be implemented manifestly through renormali-
zation. This naturally leads to the simplest possible mul-
tiplicative renormalization scheme of QCD, and hence
also to simplest renormalization-group equations. In our
text it will be called the (M,6)-independent renormaliza-
tion scheme, essentially an adaptation of Weinberg’s
zero-mass renormalization scheme'!' to our purpose. It
turns out that the global SU(Ny), XSU(Ny)g-symmetry
considerations, in the form of appropriate Ward-

Takahashi (WT) identities, restrict counterterms to the
quark mass matrix to a very simple multiplicative struc-
ture in our renormalization scheme. Also, a careful use of
the U (1) WT identity allows us to fix renormalization of
the 6-dependent term in the action; the vacuum angle 6 is
unrenormalized if one uses the properly renormalized
Pontryagin density to define the 6 term in the action.
Furthermore, on the basis of the renormalized U ,(1) WT
identity, we can establish that Eq. (1.3), with the mass
matrix .# representing the renormalized values, is in fact
valid to all orders in the (M,6)-independent renormaliza-
tion scheme. These will be discussed through Secs.
II-1V.

In Sec. V, we consider how the decoupling theorem
works in the context of QCD with nonvanishing 6. The
decoupling theorem in renormalizable field theories states
that leading effects of virtual heavy particles (or, a bit
loosely, interactions confined to very small distance
scales) on low-energy physics of light particles are indis-
tinguishable from renormalization counterterms (involv-
ing light particle fields). Thus, virtual heavy-particle ef-
fects are suppressed (at low energy) by power, other than
possible readjustments of free parameters of the theories.
In most past works on decoupling, however, people have
not paid much attention to the 6 term in non-Abelian
gauge theories. It is clearly important to know (in con-
nection with the strong CP problem especially) what the
low-energy effective vacuum angle would be in compar-
ison to the high-energy value of 6 defined in the full
theory. We consider in some detail the case when the full
theory includes certain quarks with very large Lagrangian
mass terms [but of the general form (1.2)]. The low-
energy effective vacuum angle is determined by tracking
down symmetry constraints carefully.

Section VI is devoted to the summary and discussions
of our work. In the future, we hope to study various is-
sues discussed in this paper in the context of “larger”
theories [such as the standard SU(2)xU(1)XxSU(3)
model] where the quark mass matrix is generated as a re-
sult of spontaneous symmetry breaking. Of course, as
long as QCD constitutes a part of low-energy effective
field theory from such larger theory, information obtained
in this paper would not become entirely irrelevant. We
shall briefly discuss some new problems arising in these
cases in Sec. VL.
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II. THE 6 TERM IN LOOP EXPANSION
AND SYMMETRIES OF THE QCD ACTION

The Feynman path-integral language will be used to
study quantized gauge theories. Here the (c-number) ac-
tion plays the fundamental role. The gauge-invariant ac-
tion S%; given in Eq. (1.1) is singular and, as is well
known, the corresponding nonsingular action can be
found by adding a suitable gauge-fixing term and ap-
propriate Faddeev-Popov ghost terms to it.!*> We shall as-
sume the generalized Landau gauge characterized by a
gauge-fixing parameter a. Then the full unrenormalized
action for the theory, from which (unrenormalized) Feyn-
man rules may be read off, can be written as
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SO= [ d*x |~ $F*A)FS,(A)+Uy |iv*

_ 2
T %D, 800 +&f e AL )x0+h—392§1;2— * FiY(A)F2 (A)

where X°X° are Faddeev-Popov ghost fields. Here,
(4,,X°X °) belong to elements of the Grassmann algebra
and A are ordinary functions. At the front of the 6 term
we have inserted the loop-expansion parameter h, which
may be eventually set to 1 (after making the expansion).
The reason for providing the 6 term with an extra loop-
expansion parameter is to make the U,(1) WT identity
look natural in order-by-order loop expansion.'
(Remember that sources of anomalies are one-loop spinor
diagrams.)

Before one starts to consider higher-order loop effects
with the action (2.1), one must face the following dilem-
ma: *F*"(A)Fy,(A) corresponds to a total derivative and
thus, in ordinary perturbation theory, it is difficult to dis-
tinguish the quantity

J d*x *F¥(A)Fg,(4)
from zero. This of course reflects the fact that
J d*x *FP(AF,(4)

may be nonzero only for Yang-Mills potentials of non-
trivial topological character. Does this imply that one can
study renormalization of the 6 term (or 6-dependent loop
corrections) only by explicitly considering quantization of
the theory around a certain, topologically nontrivial, back-
ground classical solution?'® That we are very much afraid
of—we want to apply the power-counting method which
has long been a standard tool for discussing renormaliza-
tion of quantum field theories developed around the trival
classical solution. It is now generally held that the renor-
malization structure of a field theory does not depend on
the classical solution (topologically trivial or not) which
has been chosen to perturb around. The most well-known
example of this is the renormalization of spontaneously
broken gauge theories.! So this should not be a real prob-
lem. Our problem is only that, if the theory is analyzed
with the perturbation theory developed around the trivial
vacuum solution [i.e., 4;(x)=0] in mind, no distinction
between f d*x *FF"%(A)F uv(A4) and zero can be made
and thus it will be virtually impossible to determine the
O-renormalization structure. Below we shall describe a
simple way to overcome this fix.

The idea is very simple. We may study the theory with
the 0 term in the action replaced by

2
[ d*x -85 e(x) *F*(4(0)Fe(A(x),  (2.2)

3277
where O(x) is an arbitrary (supposedly vanishing at
space-time infinity) externally given function. The theory
may be renormalized in the presence of this arbitrary
externally given (one may say background) function ©(x),
and only at final stage we may let (€ is an infinitesimal
positive number)

. Al
a,,—ngZT
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1 a
Spp—Myp |y — -~ (3 Ap)?

> (2.1

r

O(x)—0e S IxI+1yl+izi+t]) 2.3)
to make the connection with the physical vacuum angle.
Note that this procedure is gauge invariant and, in the
Euclidean path-integral description, will retain the topo-
logical character of the term

/ d*x b= e )P 4)

3272 K

intact when A (x) describe topologically nontrivial field
configurations. With the expression (2.2) in the action, its
presence cannot be missed even if we use the loop expan-
sion developed around a trivial vacuum solution. This
procedure should be effective in finding renormalization
counterterms which depend on 6. But how about possible
subtractive renormalization counterterms proportional to

[ d*x *Fr(A)F,(4)

which might be generated as purely higher-order loop ef-
fects even if one starts with §=0? [For the moment,
disregard renormalization of Yang-Mills field strengths.
See Eq. (2.7).] This can be quite a delicate problem, and
we here elect to resolve the case by invoking the symmetry
principle: viz., with ©(x)=0 and M =0, P (the parity)
should correspond to an exact symmetry of quantum
chromodynamics. This will be sufficient to guarantee no
subtractive renormalization counterterm proportional to
f d*x *F¥ 4)Fg,(A) from higher loops.

The fact that *FHK"(A)Fj,(4) corresponds to a
dimension-four term will not put us in the position of al-
together reconsidering the renormalization procedure for
65+0. Upon integrating by parts, the expression (2.2) is
identical to

2
g
- f d'x h—-—=[3,0(x)IKHA(x)) , (2.4)
where
KM(A(x))=26"""( 420, Af+ T8fapc A2A5A45) . (2.5)

In other words, the term (2.2) can be rewritten in the form
of a superrenormalizable interaction involving the
dimension-three function, the Chern-Simons form K#(4).
Gauge invariance is manifest in the form (2.2) while the
form (2.4) stresses that it can be treated as a soft term in
(ultraviolet) power counting.!® Renormalization counter-
terms may not involve more than four powers of
R,(x)=0,0(x). This simple observation tells us that the
6 term will have no effect on the coupling-constant renor-
malization or other logarithmically divergent renormali-
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zation counterterms of the theory. Hence the QCD S
function can be taken to be independent of 6; assuming
Ny <16, QCD is asymptotically free for all 6. (But we do
not exclude possible 6 dependences in the running cou-
pling constant from finite-renormalization effects which

J
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may include nonperturbative contributions.)

Possible counterterms to the bare action are constrained
by symmetries of the theory. We may here first state the
correct form of the renormalized QCD action [in the pres-
ence of an externally given function ©(x)]. It reads

a
S= [ d' |~ SZIMUAT L) — 5 (AL~ YT DX+ Ze T | i7" 8u—i8sZ' AL (80— Zu My |0y
8°Z -
+6(x)h —3;;2—'-7”W-7Zv(x)—ZF(BX)G”(¢f7p75¢f)(X) , (2.6)

where Az, Y, J, X, and X now denote renormalized fields
(obtained through suitable rescaling from bare fields) and
we have defined

F ik A)=8,45—03, A} +8sZ " *fapc ALAS
@Z‘ansu +gBZ”2fabcAz .

In Eq. (2.6), M =(M/) represents the renormalized
(and hence finite, by definition) mass matrix and
(Z,Y,85,ZF,Z),0X) are appropriate renormalization con-
stants which depend on specific regularization and nor-
malization conditions. [A set of convenient normalization
conditions are described in Egs. (4.23a)—(4.23e)]. As will
become clear as we proceed, the counterterm 38X is related
to normalization of the U 4(1) current [via Eqgs. (3.3) and
(4.23¢)] and the piece proportional to 8X in Eq. (2.6) is
necessary only because we are here considering the theory
in the presence of an arbitrary externally given function
O(x). Aside from this term proportional to 6X, the renor-
malized action (2.6) is precisely that obtained from the
unrenormalized action (2.1) through usual rescaling of
fields 42 —Z'248, y—Z'%, 9—Z' P, X—>Y'%X,
X—Y'2X, combined with the replacements g—gp and
M —ZyM. Note that the full ©(x)-dependent terms in
Eq. (2.6) can be also written in a superrenormalizable
form, i.e., such as

(2.7)

gs°Z
3272

— [ d*R,(x)h HH(A(x))

—ZF(SX)sz’)/”Yslllf(X)

[R,(x)=3,0(x)], (2.8)

where

HHA)=2e""M0( 420, A+ 85 Z P fapc A2A545) . (2.9)

There are some special features with our renormalized
action (2.6). Note that the bare-quark mass matrix is sim-
ply written as Zy M, with a single multipicative constant
Z)s renormalizing the full quark mass matrix M of the
general form (1.2). At the same time all renormalization
constants (Z,Y,8p,Zr,Z;,0X) will be assumed to be in-
dependent of M and 6. The idea behind it is the same
with the zero-mass renormalization scheme of Wein-
berg;!! ie., counterterms suitably defined with

I

M =6(x)=0 may be used to renormalize the theory with
general nonzero values for M and O(x). The (M,6)-
independent renormalization scheme is especially con-
venient since we can here maximally utilize the softness of
given global-symmetry-breaking terms in renormalizing
QCD. If one wishes, connection to other renormalization
schemes can be made by performing suitable finite renor-
malization from ours. We shall discuss the meaning of
the 6-term renormalization implied by the renormalized
action (2.6) a short while later.

The form of the renormalized QCD action shown in
Eq. (2.6) will be justified in Sec. IV, to all orders in loop
expansion. Here, just accepting the form (2.6), we will
identify exact or approximate symmetries of this (c-
number) QCD action. First, we note that, after adding
the gauge-fixing term and the Faddeev-Popov ghost term,
the SU(3)-color gauge symmetry takes the form of the
Becchi-Rouet-Stora (BRS) symmetry;!” viz., we have
8S =0, under the variation

8AL(x)=D2xXb(x)8w ,
XUX) =58 Z " fp XP(X X (x)B00 ,

8% %(x) = — %Y“B-A“(x)&w , (2.10)

5¢(x)=igaz‘/2)‘7x°(x)aw¢(x) ,

SP(x)= —igBZ"ZJ(x)-)-;—X“(x)Ew ,

where dw is a space-time-independent Grassmann num-
ber. In addition, we have following approximate global
SU(Ny)r XSU(Ny)g XU 4(1) flavor symmetries:'®

85 = [ d*x(—iZ;PZyM,a Tl
+iZpys{ZyM,B- T}y

under the infinitesimal variations
SY=ia-Ty—iysB-TYy—iBoyst,
- (2.12)

Y= ‘iJa'T“iJB'Th—“ZYsBo .

In Eq. (2.12), (a,B) are arbitrary infinitesimal (N/*—1)-
component real vectors, T denote a set of (N fz_ 1) trace-
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less (and Hermitian) Ny X Ny flavor matrices, and the in-
finitesimal real constant 3, generates U 4(1). With M set
to zero, all of these global transformations correspond to
exact symmetries of the action. Implications of these ex-
act or approximate symmetries of the c-number action on
Green’s functions will be considered in the next section.

If we let ©(x) approach a constant 6 [in the sense of
Eq. (2.3)], the ©(x)-dependent part of S will turn into

2
z
[ a*x onZ25 sgmayzax)
27

2
4 4] z
= [d*% 0h——3,7MA(x) . (2.13)
3272
We have here made the assumption
f d*x 8"(1/7f7"7/5¢f)_=_0 N
which should be reasonable since, unlike ¥7(A4),

zzfy“yitbf is manifestly gauge invariant. It is possible to
“understand” why the 6 term gets renormalized in the
way shown in Eq. (2.13); in Euclidean space-time,
(gp*Z /32m%) *F ¥ F},(x) may be actually identified
with the renormalized Pontryagin density. This can be ar-
gued as follows. From the form of the renormalized co-
variant derivative Z5=09,8, +8pZ"*fupcA}, [see Eq.
(2.7)], one can conclude that the so-called pure gauge
states in renormalized theory correspond to classical con-
figurations

AL 5 = (8327 U013, U (),

with general SU(3)-color gauge transformation matrix
U(x). Then, under the restriction that gauge fields ap-
proach pure gauges at space-time infinity, one may natur-
ally identify the Pontryagin index (in renormalized theory)
with

83’2
v=[ d“xgv—z— *FHWFE (x) .

The index #” is supposed to be a topological invariant
and, since I13(G)=Z for a compact non-Abelian group G,
it may assume only integer values. Needless to say, it is
then difficult to imagine that the quantity %, quantized
by a topological reason, is subject to any, infinite or finite,
renormalization corrections.!” This explains the expres-
sion (2.13). Furthermore, according to this argument, it is
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very reasonable to consider the parameter 6, normalized
as shown in Eq. (2.13) and without any further finite re-
normalization, as the true physical vacuum angle (i.e.,
that actually associated with relative phases between field
configurations of distinct topological character under so-
called “large” gauge transformations*).

Unfortunately, the above topological consideration to
settle the 6-term renormalization is difficult to implement
in the standard renormalization theory framework based
on order-by-order loop expansion. Many will regard the
above topology-based reasoning just as a wishful thinking
without real justification. In this paper a direct proof in
order-by-order loop expansion will be given, taking full
advantage of the anomalous U (1) WT identity which is
incorporated into the renormalization procedure. The
fact that the U,(1) WT identity can be used to fix renor-
malization of the Pontryagin density should hardly come
as a surprise; the U,(1) anomaly is related to the Pon-
tryagin index through the Atiyah-Singer index theorem.?

III. SYMMETRIES OF THE QCD
GENERATING FUNCTIONALS (WT IDENTITIES)

In quantum field theories, various Green’s functions
with an arbitrary number of external legs can be
represented collectively by appropriate generating func-
tionals. In this section we are interested in knowing what
kind of relationships exist for Green’s functions, as conse-
quences of the exact or approximate symmetries of the
QCD action S. These are simply expressed through ap-
propriate WT identities for generating functionals. They
are very important for renormalization since these sym-
metry restrictions should be observed by a good renormal-
ization procedure.

We may first define QCD generating functionals for-
mally. The connected Green’s function generating func-
tional, W(J§,n,%,6%E%TH,LU,U, 5, F 5M,0), is
defined by the relation

exp

i
]

=N [ [dAL)[dX°)[dX °|[dy][dP] exp

’

1 oox
hS

(3.1)
with

S*=S+ fd“x AP G () +7 ()P (x) + P (2 p(x) +E Ax)X(x) +-X Hx)EX(x)

+ YTH(x) D 3X0(x)+ Y58 Z ' °L "(x)f,,chb(x)Xc(x)—iYgBZl/zl_lf(x)%—)(“(x);bf(x)

— iYng‘/ztzf(x)%x"(x)u,(xwz,, Zp f s, ()0 (x) Py sps(x)

+ZpZp F s X)W (X)iysMppipplx) |

(3.2)
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Here, N is the normalization constant, S represents the re-
normalized QCD action given in Eq. (2.6), and Z, is not
an independent renormalization counterterm but related
to 8X [see Eq. (2.6)] by

Z,=1-2Nsh8X . (3.3)

Note that, aside from external sources (J%7y,7,£%E)
for elementary fields of the theory, we have also intro-
duced additional source functions (T*% L% Uy,
U 5 s 5) associated with suitable composite fields to
facilitate our WT identity analysis. Among the source
functions, [77(x),77(x), £%x),§%x),T*%(x)] belong to
elements of the Grassmann algebra and the rest are ordi-
nary functions.

In studying renormalization structure, of more direct
relevance is the generating functional for one-particle-
irredumble (i.e., proper) vertex functions. Let us represent
itby I' wzl; 1//,)( X" TH,L° U, U ' sw . 5M,0). The
proper-vertex generating functional I' can be obtained
from W through the usual Legendre transform, Bie,

T=W— [ d*%(UeAd"+7, 9, +dn,+EX+X €,

(3.4
(Zf,,i‘ﬂf,zf,)? 2X °) are defined by
AL(x)=8W /8J#(x), Yp(x)=8W /8Ws(x),
Dp(x)=—8W /8m(x) (3.5)
X %(x)=8W /SE%x), X %(x)=—O8W /8£%x) .

To avoid cumbersome notations, we shall henceforth drop
the tilde over classical fields (as arguments of the proper-
vertex generating functional); viz., we shall just write
(AL, 9,X% ...) for F(Z,‘:,lz,:/j,)? e Also note
that the WT identities in gauge theories take simpler
forms in terms of the modified proper-vertex generating
functional:'?

where classical fields

T = 1 4 a\2
F=I+5— [ a*x@rapy . (3.6)

Other than the two-point function of gauge fields, T
serves the same role as I

For our purpose it is convenient to regard the function
O(x) and the mass matrix M also as kinds of external
sources; we may consider (functional) derivatives of gen-
erating functionals with respect to ©(x) or matrix ele-
ments of M'S and M'P [see Eq. (1.2)]. Usefulness of
mass derivatives (or expansion in powers of M) with gen-
erating functionals is closely tied up with the fact that all
the renormalization counterterms in our case are taken to
be M independent Clearly, the relation such as

SW SwW
4 ME) (5)_OW
J 5/( =M sy M ey B
or, using the generating functional T,
4 (p)_OT (s)_ 8L
f d°x 5/( ) fr SM(S) fr SM}P 3.8

will be valid only when all renormalization constants are

2959

chosen to be M independent. Also, at this point, we want
to make it clear that we are interested only up to linear
terms in £s,(x) or £ s(x) with our generating function-
als. Hence, possible problems (e.g., renormalization) asso-
ciated with two or more insertions of the externally intro-
duced vertex 11)fy“y5¢f(x or 1//,17/5M,-f¢f x) shall be
simply ignored. With regards to all the other sources [in-
cluding the mass matrix M and ©(x)], no such restriction
is imposed; we consider their arbitrary powers.

The generating functionals above should be interpreted
as those defined in a suitably regularized theory. If we
characterize regularization by a certain large parameter A
(e.g., 1/4—n in the dimensional regularization scheme
or large mass parameters appearing in the Pauli-
Villars regularization), the renormalization constants
(Z,Y,85,ZF,Z3;,8X) will be appropriately chosen func-
tions of A. Symbolically, removing regularization from
the theory may be represented by the limit A— « and
this is the topic of the next section. We shall not specify a
particular regularization scheme; for our purpose, it suf-
fices to specify conditions which a good regularization of
QCD should meet. First, in the limit A— o, all ambigui-
ties in the theory should be restricted to local Lagrangian
counterterms of dimension not larger than four. Second,
the generating functionals defined with the help of a good
regularization should realize various symmetries of QCD
in a proper way—it must obey various WT identities
given below, at least for sufficiently large A with
discrepancies vanishing like powers of 1/A in each order
of loop expansion. (In this section, however, we do not as-
sume finiteness of our generating functional themselves in
the limit A— «.) Note that most commonly used regu-
larization procedures can be made consistent with these
conditions by incorporating, if necessary, suitable “im-
provement” terms?! in each loop order.

The WT identities for suitably regularized QCD gen-
erating functionals can be inferred by considering change
of path integration variables corresponding to infini-
tesimal transformations (2.10) and (2.12) with our path in-
tegral representation (3.1). The procedure is quite
straightforward when there is no anomaly, viz., for the
BRS symmetry and the global SU(N,);, XSU(Ny)g sym-
metries. In terms of the modified proper-vertex generat-
ing functional T, the BRS WT identity reads?

fd“ 8T 8T " 8T 8T
SA“"( ) 8T (x)  8x*(x) 8L%x)
8T 8T 8T 8T
= — =0. (3.9
8Ys(x) 8Us(x) BUs(x) 8y(x)
The ghost equation of motion
8T 8T
_-° _ (3.10
”ST;‘,(x) X (x) )

is also useful in studying renormalization. We may ex-
press the WT identities associated with the global
SU(Ny) XSU(Nf)g symmetries in terms of two separate
relations. The WT identity associated with the diagonal
subgroup SU(Ny), of SU(Ns), X SU(N)g [i.e., related to
the a variation in Eq. (2.12)] reads
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8T - 8T = T 8T
d* (Th tptpp(x) (XN T pp—= +UpxN T pp—
f x[&}y(x) ff'pf x +¢fx ff alllf'(X) rix ff SUf:(x) SU( )

8T 8T
+([M'S), ’]),f8 (S,+([M“’) T'])ffs 7 =0, (.11

(T )ff Uf(x)

where /=1,2,...,N fz_ 1. On the other hand, the WT identity associated with the group actions along the coset space
SU(N;) X SU(Nf)/SU(Ny)y [i.e., related to the B variation in Eq. (2.12)] reads

fd‘x—

- oI
(TH et %)+ B p(x)y (T pp—
Ys(T) ppipp(x) + 9 (x)ys(T ) g5 57 (x)

8T 7 !
6¢f(x) U/(x)‘}’s(T )er

BU'f:(x)

8T
1P)

Ys(THppUp(x) —i({M‘P’,T’})ff'B:{I;S, +i({MS, T} pp—= s =0 312
fr

__sor
SU. f(X)
Note that, to have Egs. (3.11) and (3.12), the condition that all renormalization constants be M independent is absolutely
necessary.
In Eq. (2.12) the B, variation describes global infinitesimal U 4(1) transformation, and it suffers from an anomaly in

the quantum theory.” As for this anomalous U 4(1), it suits our purpose better to have at hand the WT identity corre-
sponding to a general local U 4(1) variation:

SY(x)=—iBo(x)ysth(x), 8P(x)=—ih(x)ysBo(x) . (3.13)

The anomaly arises because the Fermi field integration measure defined in the presence of a background-gauge field does
not remain invariant (i.e., the Jacobian is not equal to 1)** under the change of variables corresponding to Eq. (3.13). Ex-
plicitly, for arbitrary given functions Aj(x) [and 77(x),%¢(x)], take the quantity

iv*|a, —zg,,z‘/zA“}‘ dp—ZyMyp (3.14)

N’ [ [dylld]exp l [a% [zp:/:f Y+ + 8y }
with N’ representing a suitable normalization constant needed to make the given path integral well defined. We shall as-
sume that this path integral is defined with the help of a SU(3)-color gauge-invariant (and preserving locality of the
theory in the limit A— o) regularization. Then, as is well known, considering the change of field variables correspond-
ing to Eq. (3.13) with the path integral (3.14) leads to the following relationship (up to terms vanishing like powers of
1/A):

0=N" [ [dY1dF] | —Zrd,[Fsv*y s¥y(x))+2ZpZyByiy sMyrp(x)

_ N
— i (X )y s (X)—i P (x )y sm(x) +h 16; g52Z *FHFC (x)

X exp iy* |9, ngZ’/zA“ 8sp—ZyMyy (3.15)

“;‘; [ d* {ZI-"/’f b+ + ¥y ]
Under the condition on regularization which we have just stated, this relation can be shown to be unique and we may
here identify the term proportional to *##*.77, as the U ,(1) current anomaly.’

Based on Eq. (3.15), we can formulate the correct U (1) WT identity which should be satisfied by the properly regu-
larized QCD generating functional. In Eq. (3.1), imagine performing quark-field integrations first. (This should be per-
missible for a suitably regularized expression.) Separating S* into two parts, namely, parts &, and &, with all quark-
field-dependent terms in S* included in «/,, we may then cast Eq. (3.1) in the form

exp o (A, X, X J,,,§,§,T ,L)

h

LW} =N" [ [dA21[dX°][dX “] exp

N’ [ [dy]ldP]exp

where we have set N =N'""N' and

”QIZ(A”’X X ¢ ¢ 7 T),U U /5/4»/5 ] ’ (3.16)

Al Al
l‘y“ a —lgBZVZA“ 8ff ZMMff ¢f+ ﬂf—lYngl/sz."Xa ¢

dz—— fd X[Zplllf

+$f

a
ﬂf—iYgBZl/Z%Xan

+ZrZ oS sy YPy s+ ZrZy Uiy sMppfy } . (3.17)
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With the amplitude N’ f [dy]ld J]ewmdz, a relation similar to Eq. (3.15) can be immediately written down and that in

turn will lead to the following relation for W:

B A L T LA LAV
Ko ) x| e ) 0 Y
_ sSW_ . sW sW
—i | Tplx)ys—t—+ Up(x) |+2N 0. (3.18)
s ys&Uf(x) U, 3 7 80(x) F o= r'5=0

We have used the relation (3.3) here, and also made an assumption that path integrations over variables (4;,X? ,X°) in
Eq. (3.16) do not generate new U 4(1) anomalies other than the one already identified in Eq. (3.15). This latter assump-
tion can be justified?* in the regularization scheme using higher covariant derivatives. 25 Equation (3.18) is the desired

U4(1) current WT identity. In terms of the functions T, this U 4(1) current WT identity will read

8T

. oT 5%
89(x)

2
WS su(x) 67 sx)

ysr(x

)—tzf(x)ys

—i

— 8T
Us(x)
SRS ST

8T
5lz_f(x)
8T 8T
2N =0. .
+ 30,00 vsUs(x) | +2N 20— o 0. (.19

Note that we are accepting the Adler-Bardeen theorem?* for regularized QCD generating functionals. To prove the

corresponding result for renormalized QCD generating functionals,?®

one must also establish finiteness of amplitudes in-

volved in the limit A— . That will be considered in Sec. IV. We can also give the integrated form of the U ,(1)
current WT identity. Especially, in our (M,6)-independent renormalization scheme, we may combine the integrated
(over the space—time) version of Eq. (3.19) with Eq. (3.8) to deduce

. 8T - 8T 8T
d*x )+ r(x) — —Us(x) — — Us(x)
/ By VTG T U G T U, Y
81'“ oT 8T
_ (P) (s) — 3.
M7 s TAMIT S *50(x) (3.20
[
This is the WT identity associated with global U ,(1) C =expliag—iysBo+ia-T—iysB-T),
transformations and the piece, —2iN; [ d*x 8T /86(x), (3.22)

here corresponds to the global U (1) anomaly.

The regularized proper-vertex generating functional of
QCD should be consistent with various WT identities
given above. Among them, note that the WT identities
(3.11), (3.12), and (3.20), which are connected with global
SU(Ny)L XSU(Ng)g XU ,(1) symmetries, have been
given under the premise that all renormalization constants
are to be chosen to be M independent. Actually, the
meaning of these three WT identities is quite simple. In-
cluding also the trivial U(1) symmetry related to the fer-
mion number, they imply that the regularized QCD gen-
erating functional T(A4 Ay, ¥,X%X° T LU T o S
F M, 0) or I" should be invariant under transformations
of the form?’

PY(x)—9Y'(x)=Cy(x)
Yx)—>P ' (x)=9P(x)C ,
Ux)—>U'(x)=C~'Ux),
Ux)-»U'(x)=Ux)C~",
M—M'=C~'MC™!,
O(x)—O'(x)=0(x)—2NsB, ,
(AZ,X,)?, THY,L®, F s, f s: unchanged)

(3.21)

with general global flavor rotation matrices C,C=y,C 'y,
parametrized as

5=CXP( —iao—iYSBo—ia‘T—i‘)/5ﬂ'T) .

[Here, real numbers (ag,Bo,a,B) need not be infini-
tesimal.] This information will be able to tell us precisely
what changes are necessary for parameters of the theory
when we make a global rotation of quark field basis in the
flavor space.

Finally, we wish to say something about the behavior of
our regularized functional T under the parity (P)
transformation. We do not wish the regularization pro-
cedure to be a source of P violation in QCD—given
M =0 and O(x)=0, we want P to be an exact symmetry
of QCD. In the (M,6)-independent renormalization
scheme this can be also easily implemented with the gen-
erating functional T(4j,4,4,X%X%T*,L°U,T, £,
F 5;M,0); we may require that the functional I (or I") be
a scalar under the parity transformation

M->M'=yMy, O(x)—0O'(x')=-—06(x),
W x>—>¢’(x’ =7o¥(x),
P(x)—>P'(x")=Px)y, ,
_ (3.23)
AP(x)— A"M(x')=(4%(x), — A7(x)) ,
Fs(x)— f5x")=— fFs(x),
SRx)— 8 =(— fUAx), Fix)), etc.,

where x*=(x% —x’). [Ghost fields (X%X°) may be re-
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garded as either scalar fields or pseudoscalar fields as long
as parity transformation rules for (T#%,U,U) are assigned
consistently with those.]

IV. PROOF OF FINITENESS TO ALL ORDERS
AND THE RENORMALIZED U (1) WT IDENTITY

In the previous section, symmetries of properly regular-
ized generating functionals in QCD have been identified.
While observing those WT identities, we now wish to re-
move regularization, i.e., consider the limit A— « in
order-by-order loop expansion. The freedom at our dispo-
sal is the choice of A-dependent renormalization constants
(Z,Y,88,ZF,Z);,6X). When the finite A— o limits for
the regularized generating functionals can be secured by
]

Variable s ALX X MR,=3,0,F5,

¥, 9,U,U

CHOONKYU LEE AND P. Y. PAC 33

exploiting this freedom, the resulting well-defined limiting
expressions are renormalized generating functionals of
QCD. Within order-by-order loop expansion, we shall
demonstrate below that well-defined renormalized QCD
generating functionals can indeed be constructed to all or-
ders if the six renormalization constants are chosen judi-
ciously.

For this demonstration it is convenient to work with
the functional T. This is because, with suitable care re-
garding subgraph divergences, possible ultraviolet diver-
gences for the proper-vertex generating functional can be
always isolated as the space-time integral of local polyno-
mials in variables (AZ,!/J,J,X“,X’ aTHLC U, U,/s,,,
£ 5,M,0) with net dimension not exceeding four. Our di-
mension assignments will be based on the following rule:

TH, LY

Dimension 0 1

These are dimensions to be used by us for ultraviolet-
divergence power counting. A noteworthy point here is
that we have assigned dimension 1 (rather than 0) to the
mass matrix M and also to R, (x)=3,0(x) [see Eq. (2.4)
and ensuing comments]; these dimension assignments in
fact naturally lead to the (M, 0)-independent renormaliza-
tion scheme. The presence of the dimension-0 quantity
JF s(x) will not complicate the ultraviolet power counting;
as should be evident from the form (3.2) for S*, #s(x)
enters T always in the form of the dimension-1 quantity
Fs(x)M. Another useful quantity is the ghost number.
We will assign the ghost number —1 to the field X, + 1
to (X,TH4,U,U), + 2 to L® and zero to the rest of vari-
ables. Then the functional T should clearly have the
ghost number O.

The regularized functional T is expanded as a power
series in the loop-expansion parameter h (which may be
identified with 1 after making the expansion):

T= 3 Ty . 4.2)
k=0

Here one should not forget that renormalization constants
are also some power series in & and, in writing Eq. (4.2),
the h dependences resulting from renormalization con-
stants are included. To calculate I" up to /-loop order, it
will be sufficient to have the renormalization constants
(Z,Y,88,Zp,Zy) expanded up to O(h') and 8X up to
Oh'=Y) (for I>1),ie.,

1 l
z-z"= 3 'z, Y->Y"= 3 hty,,
k=0 k=0
(4.3)

1
8}9*’8};’)5 2 hkgB,k, ..
k=0

-1
,8X-8xV= "3 n*kex;
k=0

with the lowest-order values identified to

) 4.1)
3 2

-
Zy=py, Yo=py,

Zpo=py Zpmo=1, 4.4)
g2
=g, 8Xy= t.
8B,0=8 0 3972

Here, (p 4,px,py»8,t) are renormalized (and thus finite) pa-
rameters of the theory and their explicit values depend on
normalization conditions chosen. [Only g, M, and 6 are
genuine free physical parameters of QCD. Additional
free parameters (p4,px,pyt) introduced here will allow
one to treat finite-renormalization effects systematically.
Note that the unrenormalized action (2.1) is obtained if we
set p4 =py=py=1and t =0.] Formally we have

Z=3 h*z,, gg= 3 h'gps, ... etc.,
k=1 k=1

and general k-loop renormalization constants
(Zi, Yi,88,kZF,k>Zp k,0Xk 1) are supposed to be in-
dependent of M and 6. Note that, because of the relation
(3.3), the U,(1) current renormalization constant Z, is
fixed in loop expansion as

Z=3 "z,
k=0

1
zZ{= 3 h*Z, =1-2N;h8x"-",
k=0

ZA,O=1’ ZA’k=—2Nf8Xk_1 (fOkal)

(4.5)

Let S*Y represent the expression obtained from S* [see
Eq. (3.2)] simply via the substitution (4.3) for renormali-
zation constants. In S"”), one should not truncate the ex-
pression up to the /-loop order but keep every term ob-
tained through the substitution (4.3) with S*. (We shall
need S*| (1, 1)100p below.) We may then use the nota-
tion T to indicate the suitably regularized modified
proper-vertex generating functional which is obtained by
using the action S*¥ in place of S* in defining generat-
ing functionals. The functional T ¥’ may also be expand-
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ed in powers of A, viz.,

TO_TFWD oD ... IR, I+ W
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There should be no subgraph divergences with T ”+
since it_is based on the /-loop renormalized action S &0

vk

(4.6)

Clearly, T{’=Ty for k <l. Here, we note that none of
the renormalization constants appeared explicitly in our
WT identities formulated in Sec. III—Egs. (3.9), (3.11),
(3.12), (3.19), and (3.20)—or in the relations (3.8) and
(3.10). Then, naturally, those relations should remain true
even if T takes the position of T. Below we will thus
assume that, with T replaced by T ¥, various WT identi-
ties of Sec. III and Egs. (3.8) and (3.10) are satisfied at
least up to the (/ + 1)-loop order in loop expansion; these
are our requirements for the “suitably regularized” gen-
erating functional T . Also for any given [, the func-
tional TV is supposed to be a scalar under the parity
transformation (3.23).

We now proceed to the construction of the renormal-
ized QCD generating functional. The functional T in the
tree approximation, I'y (=T {'), of course requires no re-
normalization and is simply given by

F0=S*(O) | e(x)=0+ i f d4X(a“AZ)Z . (47)
Here, in accordance with the above definition, S*© is ob-
tained from S* via the substitution (Z,Y,g5,ZF,Zy,
BX,ZA)—»(pA,px,_g,p,p,1,(g2/3217'2)t,1). Beyond the tree
approximation, I" becomes highly nonlocal and is very
difficult to calculate explicitly. Nevertheless, the
ultraviolet-divergence structure and renormalizability of
the theory can be studied systematically on the basis of
power counting and various WT identities. Below we
shall employ the usual iterative procedure.

This means that, with a judicious choice of (M,0)-
independent renormalization constants,

(Zi, Yi,88,1sZF 130Xk _ 1, Z 4 5 = —2N;8X; 1)
(k=1,...,1) (4.8
the amplitudes T (=T'¥) for k ranging from 1 to / have
been established to have finite A— « limits. We then
wish to extend the statement to (/4 1)-loop order. First,
we note that the (/ + 1)-loop amplitude I'; . | may be writ-

nite A— oo limits; viz., T {,; may have only whole graph
divergences. From thlS fact and power counting, we may
conclude that divergent pieces of T ', (denoted by
Ty i1 1.qiv) are restricted to the space-time integral of a lo-
cal polynomial in (A5, X%X %, ¥, T, L°,U,U s sus
# 5M,3,0) with the dimension of each monomial not
exceeding four. [See our dimension assignments (4.1).]
We may then use the BRS WT identity (3.9), with T in
the equation replaced by T V. Especially, using the loop
ex ansion (4.6) for T ¥, look at the terms proportional to

+! from the relation. Since T for k <I have finite
A—+ o llmlts, it gives us the following constraint equation
for r ! +l div*

fl"1+1d,v—0 (4.10)
where
8T 8T 8T
5% fd“ o b o & o &

8TE 84» T 8L° 8X° ' 8T, Uy
+ 8T, & . 8T, & 8T, 5
5U; 69, 845 8T% = 8X° SL°
N 8T, § oIy 5
8 8U, &4, Uy

(4.11)

As is well known,!”?? the functional differential operator

% obeys the nilpotency relation . ¥ =0. Exploiting this
ml otency, one can show that the local functlonal
T +1 giv obeying Eq. (4.10) is necessarily of the form??

FI+1,div=G(Ay7¢s¢)/5prf5’Myape)+yQ .

Here, AL, s f5sM,0,0) is a general, local,
Lorentz scalar functional (mvolvmg only variables 4, ¥,
0, f sw 5 M, and 9,0) which is invariant under the
(tree level) SU(3)-color gaugc transformation

(4.12)

A5 (x)=[0,85c +8p 4" *fabe AL (x)]A%(x)
8,7 5u(x)=8 7 5(x)=8M =80(x) =

(A 172\
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function #s,(x) or £ 5(x) with our generating functional,
and the dimensionless quantity £ s(x) should be always
accompanied by M. On top of these conditions, we may
impose the global SU(Ny), XSU(Ny)g symmetries, i.e.,
use the WT identities (3. 11) and (3.12) with T replaced by
TP, This will lead to the conclusion that Egs. (3.11) and

J

G= [ d*% | — a1 F*"(p P AF},(p s ?A) + by pybriv®

(3.12) should hold even if T there is replaced by the local
functional T} ,+1 dive [The U,(1) will be considered
separately below.] Also, T S+1 aiv should be a scalar under
the parity transformation (3.23). The most general form
for the functionals G and , consistent with all these re-
quirements, can be easily recognized as?®

ap—igpA‘/zA‘ Pr(x)

— 1 1P My x) +dp 1Py sy pY*Y st (X)+¢f 1Py s piy sMypibp(x)

+71410,0(x)KH(p 42 A) + 51 4 1py 3,0 X)Wy y st (x) |, 4.14)

Q= [ d* e 1 LAXXx) +f1 4 1(TH — 3T Nx) AR (%) +hy o [Up(x (%) + 84 (x)Uf(x)]} 4.15)

where various constants (a; ;1,671,614 1,81 41,61 1,71 + 1551 + €1+ 1bS1 +1,H1 +1), Which may diverge as A— o, do not de-
pend on the mass matrix M or 8. Power counting alone indicates that all these constants can be logarithmically diver-
gent as A— . Note that, in the expression (4.14) for G, pure quark bilinears without involving the mass matrix M ex-
plicitly are forbidden by the SU(N,), X SU(Ny)g consideration.

Without any loss of generality, we may set h;, ;=0 in Eq. (4.15) since the terms proportional to k;; from Q are al-

ready represented fully in the expression (4.14) for G. Now, using Eq. (4.12), we have

T av=G6+ [ d*| f1 4 1pd TH — 3T )x)(3,80c +8P4 " are AL X (x)

s Iy
I+15A““( )

With this expression, we may now use our last
constraint—the U 4(1) current WT identity (3.19), with T
replaced by T 7. Thls will lead to the conclusion that Eq.
(3.19) holds w1th T{" | av in place of T. If we use the ex-
pressnon (4.16) for T J;“ div» that equation implies that we
may in fact identify

di1=b 4 1—2Ngsi1, Cip1=Cry1, 1141=0. (4.17)

Note that, for the one-loop case where 8T (' /60(x) is ex-
actly equal to the finite expression

5 ,,.z £ [*Fr(p 2 AFE (p 4 2 A) — tp @ Ppyy )]

we obviously have 8T %;,/80(x)=0 and r,=s;=0.

J

(gg))Zz(l)

J d*x0n—=—=—

are in fact sufficient for the (/ + 1)-loop renormalization
consideration. (For ! =1, this has been checked explicitly
in Ref. 29. Note that, up to the one-loop order at least,
gsZ'”? is independent of the number of quark flavors al-
though gp and Z'/2 separately do depend on N in a non-
trivial way?°.)

AP(x)+ €1 1 13Px8P 4 AL (%) fape XO XX E(x) +-€) 4y ———

[apAva avAm+g(l)(z(l))l/2fabcApbAvc][a Aa a‘,A“ +gm(zm)l/2f,.d¢AﬂA$]

—X%x) (4.16)

8T,
X %(x)

r
Then, Eq. (4.17) says that d;=b, and c¢|{=c;. Beyond
the one-loop order, s;(I>2) cannot be set to zero (i.e.,
divergent as A— ) and hence d; for / >2 will be in gen-
eral different from b;.

The last relation in Eq. (4.17), r; =0, is especially re-
markable since it will immediately lead to the conclusion

n
5F1+1

: i A f 1=0,1,2,....
500x) finite as A— o for all 0.

y=9=0
(4.18)

Equation (4.18) indicates that, as far as ©(x)-dependent
bosonic counterterms are concerned, the (/+1)-loop
counterterms coming from the /-loop renormalized action
S*¥ je., the (I +1)-loop terms of the expression

(4.19)

Having applied all symmetry restrictions we have on
F}’_},ld,v, let us now go back to Eq. (4.9). As we let
A— 0, a finite functional T, ; will be secured if we can
set

T L+ S 0 _S*D) | 1) 10p=0 . (4.20)
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This may be regarded as the renormalizability condition.
With the form of T |}, 4, restricted as above, Eq. (4.20) is
indeed satisfied if we let our (/ + 1)-loop renormalization
constants (Z; 11, Y71 1,8814+1ZF1+1Zum1+1,0X1,Z 41 41)
be determined according to

Zi o =pal—a; 1 +2f141), 8141=78A141

Zpi1=—Pybiv1s Zmi1=biyi—cy s

Yii=pxl—fi1+eisy), (4.21)

2

g
8X;=—s5;,1+8 t,
1 14170103, 3

ZA,I+1= —ZNJ‘BX[ .

By construction, these (/ +1)-loop renormalization con-
stants will be independent of M and 6. On the basis of
the renormalized action (3.2), we have thus shown that the
existence of a well-defined A— « limit for the functional
T can be extended to (I + 1)-loop order.

|

(i) T {50, =P | m—0=18abpa(Mup>—pup,) at p’=

.. 0 =r .
(i) Sz)‘jr(rxr;?)(P,*PHM:o:lSabe atp’=—p*,

Assuming loop expansion, we have so far presented an
iterative proof of renormalizability on the basis of our re-
normalized action S*. The renormalized QCD generating
functional can be set to the expression

(4.22)

(TE"=Ty, TE"= lim T fork>1).
k

A— o

Clearly, T ™" will possess the same symmetry properties as
our suitably regularized functional T; viz., Egs. (3.9),
(3.11), (3.12), and (3.19) hold with T there replaced by
T ™. They are appropriate WT identities for the renor-
malized proper-vertex generating functional in QCD. The
six  (M,0)-independent  renormalization  constants
(Z,Y,88,ZF,Zp,8X) may be chosen such that the follow-
ing normalization conditions (in momentum space) may
hold:

—,u2 , (4.23a)

(4.23b)

(i) T {Laa(psgr =—p — @55 [ m—0=1p 4" 8 abc [Mur(r —@pu+Mru(p — 1)y 471 —p)3]

+ (different tensor structure) at p’=g’=r’=—p?, (4.23¢c)

(iv) _ff;,"@)(p,—p)w~0ip¢,p)——ip¢,M+0(M2) at pi=—p*, (4.23d)

(v) ——9 T (g;p.p'=—p —q@) | m—o=ipypsr*ys |with p :1—thg2z at p?=—pu? (4.23e)
3f sul—q) WTT M= s T 1en? ' '

(Here, for quantities given on the left-hand sides, setting
THM=L°=U=U=/fs,=/s=6=0 is implicitly as-
sumed.) Note that we have chosen a (arbitrary) spacelike
momentum scale, p>= —pu?, as our normalization point.

If one changes the value of 2, the values of renormal-
ized parameters (p 4,px.8,Py,M,ps) should be adjusted ap-
propriately to have vertex functions unchanged. In this
sense, renormalized parameters (p4,0x.8:PyM,ps) are
really functions of u? and the precise functional depen-
dences are expressed through renormalization-group equa-
tions:

u du =Y4\8P4> #dp =Yx\8px »

dg _ dpy _
P =Bg), p d =vu&lpy

(4.24)

am _ aps _
7 di =Ym(@M, pu dpl =8(g)ps .

Here, [v4(g), vx(8), B(&), vy(&), vm(g), 6(g)] are
renormalization-group coefficients which become in-

dependent of M and 6 in the (M,60)-independent renor-
malization scheme. Note that the value of the vacuum
angle 6, fixed by the action (2.6) [with the substitution
(2.3)], remains unchanged for different values of u>.

T ™" is guaranteed to be invariant under the general fla-
vor transformation (3.21). Based on this, we can now es-
tablish the formula (1.3) as a relation valid to all orders.
Here, M [see Eq. (1.2)] should be taken as the renormal-
ized mass matrix which appears in our renormalized ac-
tion (2.6) and also in the normalization condition (4.23d).
Also, we emphasize that the parameter 0 should enter the
renormalized action precisely in the form shown in Eq.
(2.13), with no additional finite (multiplicative) renormali-
zation with the composite field

(8p°Z /32m%) * FH.74 (x)

allowed. Given a quark mass matrix M of the general
form (1.2), one can always make a suitable
SU(Ny)L XSU(Nf)g XU (1) rotation on quark-field
basis such that the mass matrix in the new basis may be-
come ys-free and diagonal. If one does not wish to end up



2966

with a different theory, such flavor rotation must be made
according to our transformation law (3.21). An elementa-
ry analysis tells us that, to obtain a ys-free and diagonal
mass matrix M’'=C ~!MC~! with flavor matrices (C,C)
specified by Eq. (3.22), we nmust assume
Bo=—(1/2Ny)arg(det.#). Then the transformation law
©’(x) =6(x)—2NyBy, upon making the substitution (2.3),
immediately leads to the formula (1.3). The formula (1.3)
should be thus exact to all orders since it is a consequence
of our symmetry transformation law (3.21). In case a
strictly massless quark exists in the theory, the vacuum
angle 0 is not physically meaningful (and may be set to
zero if one wishes) since the value depends on the (physi-
cally undistinguishable) chiral phase convention for that
massless quark-field variable.*

Note that the U, (1) WT identity plays a very impor-
tant role in our discussion. It may be thus useful to have
our properly renormalized expression for it translated into
the operator language. Looking at Eq. (3.18), it is easy to
see that our renormalized U 4(1) current WT identity cor-
responds to the operator relation*°

7 Sp(x)= 2J’e"(x)+2th.x1 e(x)

——iﬁf(x)yy//f(x)-iil:,(x)’}/sn/(x) , 4.25)
where
T x)=Zp(1—2Nh8X),(x)y ,y ss(x (4.26a)
TEx)=ZpZy Py (x)iy sMppipp(x) (4.26b)
gp’Z
A N (x) = 2 *FE( A (x)F LA (x))
— Zp(8X)[hs(x)yystp(x)] . (4.260)

Formally, Eq. (4.25) is just a rearrangement of the relation

a“[Zszf(x)y,‘ysdzf(x)]

=2Zy Zpdp(x)iy sMppihp(x)

2
g Z
+2Nsh
4 3272

FFEUA(X))F (A (x))

— l"f]f(X)‘}’s!bf(JC) -—iJf(x)ysnf(x) .
(4.27)

Note that Eq. (4.27) can be regarded as the regularized
form of the U (1) current divergence relation (with the
Adler-Bardeen theorem?*), and in Eq. (4.25) certain rear-
rangement has been made to write the relation in terms of
finite (i.e., suitably renormalized) operators. Equation
(4.25) is the generalization of the similar result obtained in
spinor electrodynamics.?®*3!  In non-Abelian gauge
theories, people have been uneasy in making a definite
statement (in other than the background gauge’) because
the finiteness property for the operator representing the
anomaly term has not been clearly established.’? In this
paper we have shown that in the generalized Landau
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gauge, the set of operators [J n(x),7 ¥%(x), o *"(x)] de-
fined in Egs. (4.26a)—(4.26¢) are finite operators and Eq.
(4.25) indeed corresponds to the properly renormalized
form. [We must warn readers here that, in the context of
supersymmetric Yang-Mills theory, there exist some con-
troversies concerning the renormalized U,(1) current
divergence relation and its compatibility with supersym-
metry transformations.’® In this paper, we shall remain in
(nonsupersymmetric) QCD and thus not worry about su-
persymmetry.]

Using the operator mixing language, we shall here give
a quick reaccount on why [J} 5u(x), TE%(x), ™(x)] de-
fine finite operators. (In our 1terat1ve proof, this has been
implicitly incorporated.) First, taking into account di-
mensions of operators and various symmetry restrictions,
it is easy to see that the three dimension-4 operators

[* (W (X)y ¥ st (X)), b (x)iysMppibp(x)

CFEUx)F X)), (4.28)
may mix only among them under renormalization. Actu-
ally, the first two operators in Eq. (4.28) are multiplica-
tively renormalizable (i.e., no mixing with other opera-

tors). The reason is as follows. The first in Eq. (4.28) is
multlphcatively renormalizable since the operator
1/Jf JYuyste(x) is  so; z[;f J7uys¥s(x) is the only

dimension-3, gauge—invarlant ﬂavor-smglet pseudovector
operator. The operator ¥(x)iysM rrp(x) is multiplica-
tively renormalizable since (i) M is an external factor
[with dimension 1 according to Eq. (4.1)] and thus the
counterterms must be also proportional to M and (ii)
Us(x)iysMypbs(x) is the only dimension-4, gauge-
invariant, flavor-singlet [in the sense of Eq. (3.21)], pseu-
doscalar [in the sense of Eq. (3.23)] operator which is
proportional to M. On the other hand, the operator
PFUX)F X) =X (A(x)) may  mix  with
a“(:lzf(x Yu¥s¥r(x)) but not with 1/}, xX)iysMpeipp(x).
This is because (i) 3" of 0*% ,(4 (x)) behaves also as an
external factor (just like M) and thus the counterterms
must be also of the form 9*(---) and (ii) the set

(0 H (A (x),*(Pp(x)y,ys¥s(x))}  encompass all
dimension-4, gauge-invariant, flavor-singlet, pseudoscalar
operators which are of the form d*( - - - ). Counterterms

for the three operators in Eq. (4.28) are further controlled
by the regularized U,(1) current divergence relation

(4.27) (which is just the Adler-Bardeen theorem). Equa-
tion (4.27) indicates that the dimension-4 operators,
J =2 Zy U (X)iy sMypibylx
- gs’Z
" | Zpp(X)y .y s¥p(x) 2th oy KA ||,
(4.29)

having different structures [i.e., one proportional to M
and the other having the form a“ - )], should define fi-
nite operators separately. Then the structures of finite
operators [j §°"(x),.121 "x)] shown in Egs. (4.26a) and
(4.26¢) follow immediately from the three observations:



aﬂ(wf x)yﬂysll'f(x)) is multiplicatively renormallzablc,
(ii) *F#¥(x)F 4, (x) mixes only with 3*(Ps(x)y,ys¥s(x
under renormalizatlon and (iii)

I ZpB(x)y,ysthr(x))—2N p82Z
FYr\X)Y Y s¥r f 3072

* T %) F 0 (%)

corresponds to a finite operator.

In the renormalized U 4(1) current divergence relation
there still remains the connection to the Atiyah-Singer in-
dex theorem smce, as we argued at the end of Sec. II, the
quantity f d*x o ™(x) may be identified with the Pon-
tryagin index operator in renormalized theory. Note that
this fixes the overall normalization of the term propor-
tional to *F#*(x).#,(x) in & ™(x). Once the renor-
malized action is ﬁxed to the form (2.6), the only ambi-
guity inherent with Eq. (4.25) is the finite renormalization
associated with the renormalization constant 8X; this will
affect the definitions of the operators [J5"(x), o T (x)]
accordmg to Egs. (4.26a) and (4.26¢c), but not the quanti-

f d*x o7 ™"(x). If some of the quarks were massless
and could appear as asymptotic states, this freedom in
choosing 8X could be used in securing the correct U 4(1)
charge for isolated massless quarks [cf. the condition
(4.23¢)].

Before closing this section, we may briefly comment
on the finiteness of the Pontryagin density
(8p*Z /32m%) *F*"(x)F 5,,(x) in the “zero flavor” QCD,
i.e., in pure SU(3) Yang-Mills theory. We have no such
thing like the U (1) WT identity to help us here. But the
operator (gp*Z /32m%) * F#*(x).74,(x) must be still a fi-
nite operator, given the facts that in QCD with Ny quark
flavors, (i) the operator o ™(x) defined in Eq. (4.26c)
corresponds to a finite operator for any Ny=1,2,3,...,
(ii) with boson external lines only and operator insertions
involving only boson fields, Feynman amplitudes for any
given loop order are polynomials in Ny (so that the ex-
pressions can be safely extended to the N;=0 case), and
(iii) our operator & ™(x) can be identified with
(85°Z /32m%) *FH(x)F 4 ,(x) in the zero flavor (i,
N;=0) case.

At the moment, within the generalized Landau gauge,
we do not have a direct order-by-order proof demonstrat-
ing the finiteness of (g5°Z /327%) * ##*(x)# 4 (x) in pure
Yang-Mills theory. (But, read our topology-based reason-
ing at the end of Sec. II.) Writing the Pontryagin density
as the divergence of the Chern-Simons form ¥ #(A), one
may here think that a suitable BRS WT identity involving
the operator #*#(A) may provide the additional informa-
tion necessary for the proof.’> (Note that the Cher-
Simons form possesses very simple gauge transformation
property.’!) But it is not sufficient to establish the finite-
ness (for an arbitrary gauge-fixing parameter a)’?; further
nontrivial properties unique to the Pontryagin density
have to be incorporated somehow.

V. THE DECOUPLING THEOREM AND LOW-ENERGY
EFFECTIVE 6 PARAMETER

The total number of quarks in nature are not known at

present. (By quarks we mean any elementary spin-5 fer-

mions to which color gluons couple.) This is because
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there is always a possibility that some quarks, with very
large Lagrangian masses (compared to the presently acces-
sible energy scale), have not been seen yet in experiments.
It is also conceivable that certain quarks, even with rela-
tively light Lagrangian masses, have not been identified
yet because they are strongly bound by some superstrong
gauge interactions. Theoretically, the decoupling
theorem!? of renormalizable field theories is relevant here.
Below we shall explain how this theorem applies for QCD
with nonvanishing 6 (in the generalized Landau gauge) in
case the full theory includes some quarks with very large
Lagrangian masses. In this discussion, weak-interaction
effects will be ignored completely and no attempt is made
to resolve the strong CP problem itself.

First, let us suppose that the full theory, with total N
quark flavors and some quarks quite heavy, is described
by the renormalized action S shown in Eq. (2.6) [with the
understanding that a substitution of the form (2.3) will be
made for ©(x) at the end]. Since we can freely make glo-
bal flavor rotations of variables in accord with the
transformation (3.21), we may assume without any loss of
generality the quark mass matrix of the following form:

M, 0 L (light)
my Y +1 0
. (5.1

0 my, INf—Lf(heavy)

Here, (m, pHD s Nf) are real and ys-free although the

mass matrix for light quarks, M, may still have the gen-
eral form as assumed in Eq. (1.2). Relative to the external
energy scale (E;) we are interested in, it will be assumed
that eigenvalues of the matrix M are smaller or at most
comparable to E, while m;, >>E, for h =Ls+1,... » Ny
(:the heavy-quark flavors). When the quark mass matrix
takes the form (5.1), let us denote the vacuum angle of the
theory by 6 [i.e., when we make the substitution (2.3), this
6 value enters]. Other free parameters of the theory,
(P 4>Px:8 Py M,1), may be deﬁned (as suitable functions of
the normalization scale u?) through the normalization
condition (4.23a)—(4.23e).

For studying very high-energy physics satisfying the
criterion Ey>my’s, we could conveniently choose our
normalization scale at u*~Ey% Here it would be quite
suitable to express various physical amplitudes using the
set of renormalized parameters defined through the nor-
malization conditions (4.23a)—(4.23e)—no large loga-
rithms, assuming cancellation of mass singularities, would
appear in the expressions. But, for physics at energy scale
Eo<<my’s, setting the normalization scale at u’~E,>
alone does not make our renormalized parameters espe-
cially good choices; uncontrolled powers of In(m;?/u?)
may still show up in the expressions for physical ampli-
tudes. The situation can be remedied by working with an
effective theory which is obtained by integrating out heavy
quark fields.>* This will be considered below.

Under the restriction %,=%,=0 for h=L,
+1,...,N¢ (ie, no external heavy quark legs), we may
write the connected Green’s-function generating function-
al W of the full theory as
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Ny —
exp l-—Nf[dA ][dX“][dX“]H[dtﬁ,][dl/J;] II [dvnllddn]
h=L+1
X exp | — 18(A4,, XX, ¥, %)

+ 2 fdx Zepiv* |3, —igpZ'PAL T |Yn(x
h= Lf+1
—ZrZp by mpty (x) — O(X)Zp(8X)3* (P y ¥ sty ) (x)
Ly _ _ _
+ fd“x APTL+ Y (771¢1+¢1711)+§°X°+X“§“” (5.2)
I=1

where S'(A4,,X ,X,¥;,%;) denotes the expression left after deleting all terms depending on 1, or ¥, (h =L r+1,...,Ny)
from the full renormalized action S [see Eq. (2.6)]. For E (the typical external energy scale) << mj’s, there exists in gen-
eral,**35 to all orders in renormalized perturbation theory, an effective purely light-particle field theory action S such
that the above generating functional W of the full theory may be expressed as

exp

h }_N [ 1d4 ][dX“][dX“]H[d¢1][d¢1]

X exp

+fd4x

To provide the precise meaning to the right-hand side of
Eq. (5.3), one should specify suitable regularization and
renormalization procedures with the effective theory. If
one compares expression (5.3) with Eq. (5.2), the meaning
of “integrating out heavy-quark fields,” to obtain an ef-
fective theory (which is described by the action S), should
be obvious. Note that, in a sense, heavy-quark fields
behave like extra regulator fields. Starting from the full
theory described by the right-hand side of Eq. (5.2), S can
be constructed systematically by replacing heavy-quark
loop effects with effective local interactions involving only
light particle fields.>> As emphasized in Ref. 35, this pro-
cedure can be really looked upon from the viewpoint of
Sactorization and, because of that, we may here sensibly
talk about the low-energy effective field theory without
explicitly mentioning nonperturbative aspects of QCD.

In considering the effective field theory we shall not
worry about terms suppressed by inverse powers of
heavy-quark masses. Then, as a result of simple heavy-
mass power counting,'>3® S may be restricted to the
space-time integral of a local polynomial in
(AL,X%X ¥, ¥;,M;, 3,0) with dimension not exceeding
four. In this power counting, dimension 1 may be as-
signed to the light-quark mass matrix M; and to 9,0(x).
These dimension assignments can be easily justified by

— | S(A, XX, ¥, 9)

(5.3)

Ly - _ _
AL+ Y (7711/’1+1/’1771)+§GX“+X“€°] | l

I=1

I
studying the change in large-m,; asymptotic behaviors of
Feynman amplitudes (including heavy-quark propagators
as internal lines) as one takes (functional) derivatives with
respect to M; or R, (x)=03,0(x). (See Ref. 35.) Further-
more, there are restrlctlons on the structure of S from
symmetry considerations, i.e., from consistency with vari-
ous WT identities of the full theory. Especnally, set
1/1,,-:&,,-U,,-U;,~O (h Lf+1 Nf) in the BRS
WT identity (3.9) and restrict one’s attention to the
SU(Ls), XSU(Ls)g flavor transformations (involving
light quarks) with Egs. (3.11) and (3.12)—those relations,
which coincide with the BRS and SU(L;); XSU(Ls)g
WT identities for QCD with L, flavors, should be ob-
served by generating functionals of the effective theory.
From gauge invariance and SU(L;); XSU(Lys)g-
symmetry considerations, we can then only conclude that
the effective theory action S should take precisely the
form of renormalized action for QCD with L, quark fla-
vors. Here, an implicit assumption is that regularization
procedures for the effective theory do not spoil the WT
identities. This is the content of the decoupling
theorem.'?

Ignoring terms down by mverse powers of heavy-quark
masses, we may thus write’®
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S= [ x|~ 1ZFMAF LA~ 5 (@480~
_s = 5172 4a A 5
+Zp 3 Wy |iv* |8,—i8sZ AZT dw—Zy (M)
1=1
&’ Z . Ly _
+80h | 5 T )~ Ze (5D ‘2 Ty v st
I=1

where
‘§FZV(A)EauA:_avA;+§BZ l/zfabcAzAf/ ’
D %=03,80+83Z *fapc AL

and we may set O(x)=0e ~|* I+ ¥ [+1z[+1t]) (g i the
low-energy effective vacuum angle). According to our
reasoning given earlier (near the end of Sec. II), the ex-
pression

'z
[ i;nl *FueFa(x)

may be identified with the appropriately renormalized
Pontryagin index in the effective theory. The effective
theory lg.s~diffe£ent~renoimalization counterterms, denot-
ed as (Z,Y,83,ZF,Z),0X), and possibly a new vacuum
angle 6; virtual heavy-quark effects of the full theory have
gone into them. Here, the heavy-mass power counting
guarantees that the effective theory counterterms
(Z,Y,85,Zr,Z3;,8X) can be taken to be (M, ,6) indepen-
dent and we may also set

6(x)=(1+C,)0(x)+C,

or (5.5)

0=(1+C)6+C,

with certain (M;,0)-independent constants C;,C,, In
Eq. (5.5), sources of having possibly nonzero values for
C, or C, are diagrams with some internal heavy-quark
lines.

To specify the counterterms (Z,Y,85,Zr,Zy,5X) pre-
cisely, it would be natural to adopt the same type of nor-
malization conditions as used for the fully theory, i.e.,
conditions (4.23a)—(4.23e). For renormalized vertex func-
tions of the effective theory, let us thus assume that the
normalization conditions (4.23a)—(4.23e) hold with the
following replacements:

Ny—Ly, (5.62)
(P4:Px:8:PpP5) (P 4P, &P pP5) » (5.6b)
MM, =M,

[7 is a finite, (M, ,60)-independent constant] ,  (5.6c)
[at M =0,6(x)=0]—[at M; =0,6(x)=0] . (5.6d)
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YN jox°

w | Yr

(x)

] ) (5.4)

An arbitrary spacelike momentum value, p2= —u?, may
be again assumed for the normalization point. Of course,
precise values of (§4,0x.&,Py-Ps»M,0) here should be
chosen such that, at energy scale sufficiently below the
heavy-quark threshold, the effective theory may repro-
duce the predictions of the full theory within our approxi-
mation. In general, (54,0x,8,0¢Ps7> CI,CZ) will be ngen
as suitable functions of p 4, py, &, py» Ps: My ’s, and p’. In
Ref. 34, the explicit formula expressing g in terms of g,
my’s, and p? is given in the one-loop approximation. The
parameters C,,C, will be fixed to all orders in a short
while. o

We may regard (5 ,px,8,pyPs»ML,6) as free parame-
ters of the effective theory, obtained after integrating out
heavy-quark-field freedoms. As functions of x?, they will
be governed by suitable renormalization-group equations.
Here, without much deliberation, one will recognize that
Eq. (4.24) will hold exactly under the replacements
(5.6a)—(5.6¢c). Also the parameter 6 should remain un-
changed as one varies u?; viz., the properly defined effec-
tive vacuum angle does not run. The reduction of the
quark flavor number, Ny— Ly, in renormalization-group
coefficients has an obvious meaning—heavy-quark-field
freedoms decouple in low-energy physics. For processes
happening at typical energy scale E, <<m,’s, physics will
be best described in terms of the parameters
(P4 ,px,g,p¢,p5,M L,B) normalized at u’~Ey% [Here,
needless to say, only (Z,M/,0) have real physical signifi-
cance.] For the description of physics at energy scale
Eo>my’s, the effective-theory parameters lose physical
meaning and one must go to our original set of parame-
ters (p4,px,8PypPssM,0) obeying the renormalization-
group equations (4.24) (with N, quark flavors).

We now wish to show that our low-energy effective
vacuum angle 6 should have the same value as the origi-
nal vacuum angle (or the value relevant at energy scale
larger than m,’s) 6, viz.,, C;=0 and C,=0 in Eq. (5.5).
Technically it implies that given the piece

4 ] ’z * o uva a
[ d* OLx)h=— " #(x)F ()
in the full renormalized action [assuming the (M,0)-
independent renormalization scheme], we have the piece

8'Z , ~ -
[ a*x 0nEEl «Fmax)Fax)
327

in the effective theory [based on the (M, ,6)-independent
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renormalization scheme]. The proof is quite simple. We
may fix the constant C, first by examining parity. The
proper-vertex generating functional based on the action
(5.4), say F(Ap,llzl,iﬁ,,)( ,X%M;,0), will be invariant
under the parity transformation of the form [see Eq.
(3.23)]

M;—>M;=yMyoe, B(x)—>8'(x")=—6(x),
P(x)—=Yi(x")=yo(x), (5.7
Di(x)—>P 1 (x)=P(xX)ygs - - - -

Up to terms down by inverse powers of my’s, T is sup-
posed to yield the same low-energy light-particle vertex
functions as the functional T7( “,l[)f,lﬁf,x X %M,
0)| ¥y =T =0 of the full theory. But, with the full renor-

malized quark mass matrix given by the form (5.1), it is
an immediate consequence of Eq. (3.23) that the latter
functional is invariant under

M; —>M; =yMry, O(x)—6'(x')=—06(x),
Yi(x) =i (x" ) =yoth(x) , (5.8)
D) =P i(x)=%X)yo .. . .

Now, compare this with the transformation (5.7). Clearly,
only with C,=0 _[and hence O(x)=C,0(x)],
I‘(A,,,l/},,l/},,X ,X%M;,0) can be invariant_under the
transformation (5.8). To fix the constant C,, we may
check the U 4(1) symmetry 1nvolvmg Ly light quarks. By
construction, I‘(A,,,l/},,l!},, X ML,G) will be invariant
under [see Eq. (3.21)]

P(x)—>Pj(x)=e —W’ﬁ"l/:,(x)

Ui(x)—>Pi(x)=1(x)e
M, —Mj =e""Pop; e "0
O(x)—8'(x)=8(x)—2LsB, (I=1,...,Nyf).

—ivsBy
’ (5.9)

But, to yield the same low-energy light-particle vertex
functions as the functional T'(A,,¥y,¥.,X%X "%,
0)| =Ty =0 WE know [as a direct consequence of Eq.

(3.21)] that I" should be also invariant under
{¥1(x),9y(x), ML }:
O(x)—>O'(x)=06(x)—2LspB, .

transform according to Eq. (5.9),
(5.10)

Clearly, the two transformations will be compatible only
with C;=0.

We have so far shown that no threshold effects show
up’? in the observed value of the QCD vacuum angle 6
with regards to the presence of heavy quarks, assuming
the quark mass matrix of the form (5.1) (i.e., diagonal and
ys-free in the heavy-quark sector). Stated differently, in-
tegration out quark fields with large Dirac mass term does
not change the vacuum angle. If large scales enter the
quark mass matrix in a different way, one should first
make a suitable flavor rotation in accord with our
transformation (3.21) to bring the quark mass matrix to
the form (5.1) and then, with the resulting vacuum angle,
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apply the above conclusion. Explicitly, suppose that the
Lagrangian mass term for heavy quarks is given as

/. 1+
_ZFZM 2 1,0],()‘) (-/lH)hh’ 2Y5
h=L,+1
(./IH);.;, Yp(x)
(5.11)

with certain nondiagonal mass matrix .# 5, and let the
given vacuum angle in this quark basis be 6. Then, after
integrating out all heavy-quark-field freedoms, we will
find the effective vacuum angle 6 =6+-arg(det.# g ).

V1. DISCUSSIONS

In this paper we have established a renormalization
structure for QCD with nonvanishing vacuum angle 0 (to
all orders in loop expansion), assuming the generalized
Landau gauge. We have identified the renormalized Pon-
tryagin density and then proved nonrenormalizability of
6. Full global symmetries of QCD, including U 4(1), are
incorporated in the renormalization procedure and corre-
sponding WT identities valid for renormalized vertex
functions are given explicitly. A simple consequence of
our WT identities is the well-known formula (1.3) which
relates the quark mass matrix phase with the vacuum an-
gle (in a quark field basis leading to a ys-free mass ma-
trix); hence, the formula is established as a relation valid
to all orders. We have then studied how the Appelquist-
Carazzone decoupling theorem applies to QCD with non-
vanishing 6. Here, through a careful examination of vari-
ous symmetry constraints [including that from the
U4(1)], we have been able to determine unambiguously
the low-energy effective QCD vacuum angle in terms of
parameters of the full theory (relevant at sufficiently high
energy).

Further extensions of our work are desirable. Especial-
ly, with QCD, quark masses appearing in the Lagrangian
should be considered just as externally given parameters.
But, in more extended theories including weak interac-
tions, Yukawa-type interactions between quarks and
Higgs fields can be a source of such quark masses. In the
context of such “larger” theories, at this moment we can-
not make definite statements concerning the 6-term renor-
malization and the global U,(1) flavor rotation with
quark field variables. The situation may actually change
depending on the status of U 4(1) (the Peccei-Quinn sym-
metry>?) and CP in the given larger theory. We shall ela-
borate below on this point to a certain extent.

Let us concentrate here on renormalization of the QCD
vacuum angle term in such a larger theory® (assuming,
say, the generalized Landau gauges with color gluon
fields). [Note that, without settling this, one cannot make
a definite statement on the global U,(1) phase change
with quark field variables, either.] As we explained in
Sec. II, the 6 term in the action can be always regarded as
a superrenormalizable term. Hence, regardless of the
theory in consideration, it should be possible to represent
its renormalized form such as [cf. Eq. (2.13)]
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gs°Z

d*x 0gh=2=* Fm(x)F 8 (x) 6.1)
J = onh T

where
05=Z96+2Z5 (6 is the renormalized vacuum angle) .
(6.2)

Here, Z\? and Z? are possible renormalization counter-
terms which do not depend on parameters associated sole-
ly with superrenormalizable interactions in the theory
(e.g., bare masses, 8). Now, the point is that (i) if (aside
from the vacuum angle term) CP happens to be a good or
softly broken symmetry*° of the Lagrangian, we may con-
sistently set Z” =0 in Eq. (6.2) and (ii) if (ignoring the
anomaly contribution) the global U (1) quark flavor rota-
tion corresponds to an exact®® or softly broken symmetry
of the Lagrangian, we may consistently set Z‘% =1.

Spontaneous symmetry breaking, by having an asym-
metric vacuum, whether that is for CP (Ref. 41) or for
U,4(1) (Ref. 8), will not affect these assertions.

For QCD [with a general quark mass matrix of the
form (1.2)] we have in fact both criteria satisfied and con-
sequently 65 =6, viz., 0 is not renormalized. [In our main
text we have invoked P (instead of CP) in setting Z 3’ =0;
this is allowed since QCD is a vectorlike gauge theory.]
Point (i) above is self-evident. On the other hand, point
(i) may be established generally by following the more-
or-less same steps as we have taken for the QCD case.
The above two criteria should apply separately, viz., CP

with the subtractive renormalization counterterms Z%’
and U (1) with the multiplicative renormalization coun-
terterm Z'®. When a given larger theory does not meet
these criteria, the situation—including physical interpreta-
tion for the vacuum angle (in case 83+6)—is very uncer-
tain. With CP explicitly broken by dimension-4 terms in
the Lagrangian,*? we do not have any reason not to expect
any infinite subtractive renormalization for the vacuum
angle.** At present, for this case, we do not have a well-
defined calculation scheme to verify whether such infinite
subtractive renormalization is really necessary or not.
Similarly, when the U,(1) is explicitly broken by
dimension-4 terms in the Lagrangian [e.g., the standard
SU(2) X U(1) X SU(3) model with one Higgs doublet], we
do not yet know whether we can still consistently set
Z\® =1. [The situation here is better in the sense that we
can here at least resolve the issue by calculation—one may
use our trick of replacing 6 by an arbitrary externally
given function ©(x) in intermediate steps.]
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