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Ward Identity for Gauge Field in Stochastic
Quantization with Nonlocal Form Factors

M. Dineykhan and Kh. Namsrai'
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In the framework of the stochastic quantization method with nonlocal form
factors, two-, three- and four-point correlation functions for the Yang-Mills field
and B function are calculated. A Schwinger-Dyson renormalization program is
formulated for regularized QCD,. It is shown that the gauge fixing due to
Zwanziger does not break gauge invariance and that the Ward identity is also
fulfilled.

1. INTRODUCTION

In recent years, interest has significantly increased in the study of
stochastic quantization (Parisi and Wu, 1981) due to the fact that it has
been possible to apply an idea of nonequilibrium statistical mechanics to
different theoretical field models (e.g., Migdal, 1986). It turns out that this
alternative method of quantization of physical systems (besides the usual
formalisms of the canonical quantization and the integral over paths) leads
to new ideas and methods in quantum field theory. As mentioned by Bern
et al. (1987), these achievements include Zwanziger’s gauge fixing
(Zwanziger, 1981), stochastic stabilization (Greensite and Halpern, 1984)
and regularization (Bern et al, 1987; Niemi and Wijewardhana, 1982; Breit
et al., 1984, Namiki and Yamanaka, 1984; Bern, 1985), the QCD, maps
which run in ordinary time (Glaudson and Halpern, 1985; Bern and Chan,
1986), and also numerical applications of the Langevin equation in lattice
gauge theory (Hamber and Heller, 1984; Batrouni et al., 1985).

In a previous paper (Dineykhan and Namsrai, 1988) we studied the
problem of regularization of stochastic equations of the Langevin and
Schwinger-Dyson type within nonlocal quantum field theory (Efimov, 1977,
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1484 Dineykhan and Namsrai

1985). The basic idea of our approach was as follows: Instead of the usual
equations of the stochastic scheme, the modified versions with nonlocal
white noise

n(x, 1) = Alx, t)=J (dy) K(x=y)n(y, 1) (1)

were considered, where K(x)= K([1)6%(x) is the nonlocal generalized
function constructed by Efimov (1977); ¢ is the fictitious parameter, usually
called the “fifth time.” Here 7(x, t) is the local white noise satisfying the
condition
(n(x, On(x', 1)), =28%(x—x)8(t—1)

It turns out that the nonlocal white noise (1) plays a double role in the
scheme of the stochastic quantization method: it controls the quantum
behavior of the physical systems and at the same time it makes the theory
finite in each order of perturbation.

This method has been employed in the study of scalar and gauge fields
and also in scalar electrodynamics. This is the second in a series of papers
studying covariant-nonlocal regularization of continuum quantum field
theory and is devoted to the renormalization problem and to the calculation
of the B function for four-dimensional QCD. Here we use the method
expounded by Bern et al. (1987), where it was used for continuum regulariz-
ation with meromorphic functions.

In Section 2 the renormalization of the Schwinger-Dyson equation in
four-dimensional QCD is studied. The next section is devoted to the calcula-
tion of two-, three-, and four-point diagrams and to the definition of the
renormalization constants. Qur results show that in the given scheme the
Ward identity is fulfilled.

2. THE RENORMALIZATION OF THE SCHWINGER-DYSON
EQUATION

The basic equations of the stochastic quantization method are the
Langevin and Schwinger-Dyson equations. These equations define the
behavior of the field function and their interactions and also the dependence
on white noise. The field function, interaction constant, and parameter of
gauge fixation in these equations are bare. The bare constant of interaction
8o and fixed gauge parameter a, and also the field function A}, are usually
expressed through the physical constants (g, o, Az, ):

28 =22."""g
Al(x)=ZY?A%.(x) (2)

CYO:Z;la
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where the constants Z,, Z,, and Z, correspond to the renormalization of
the interaction constant, wave function, and gauge fixation, respectively.
The Langevin equation for the gauge field is written as

dAR(x, 1) 88

— +Dab b J ab b
= PDE 2 0t | @) KEWnin )

Let us consider each term in (3) separately. Thus, the first term in (3),
85/ 8A, is expressed by the action S, which is defined in the form

S= J’ dx £(x)
where £ is the Lagrangian of the gauge field
$=-iF.F, 4)
Here F;,, is the stress tensor of the Yang-Mills field:
Fi,=0,A%—3,A%+ g, f** AL AS (5)

Then, in accordance with (2) and (5), we get from (3)
L(x) = Lr(x)+Lcr(x)
where &y is the renormalized Lagrangian:
Fr=3A% 0T, AR+ 8/ AR, (3,A%) Ak,
+ i8S ARy ARy AR ARy (6)
and Z.r is the corresponding counterterm written in the standard form:
Lor==HZs- D AROT,, AR +(Z,~ g f* AR (9,A%) AR,

+ 1 (Z1) e a, s Anar, ™)
In accordance with this, the action is also made up of two pasts: S=
Sk + Scr. Here we have used the notation employed in our previous paper
(Dineykhan and Namsrai, 1988). The second expression in (3) is the

so-called Zwanziger term (Zwanziger, 1981) and defines the gauge fixation.
Due to (2) and after some simplification one gets

D Z"=[8"0,+ g [ AL(X)]Z" = Z 3V ZR+ ZEr)

where

1 a abe 4 ¢
%:Z(a bau+gf b AR}L)aVAZV (8)
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and
cr=> [(Z Za—1)8%0, +8(Z,Z, —1)f " AR.] 0, ARy 9)
In our case, the distribution of the white noise is the entire analytic function
and is caused by the quantum behavior of the system,; it consists of two parts:
K?:)’:(A) = K:‘b)(AR) + K:f(ACT)

where the renormalized part takes the form (see Dineykhan and Namsrai,
1988)

K2(Ag)=K2(D)

+S KOOI HO)+ HOK @)1
+E[KOOIEHO)+ HOTSK (O]

+ 36_ [KPMIRHO)IRHO)

+ HOI'RKP(MOIRH(D)
+ HOFHOT K18 (10)

and corresponding counterterm reads

K(Acr) =12 (Z%* 1) [KPOITHO+HOITK ()Y

+£ (j - )[K“)(D)rz H(O)+ HO)MEK ()]

Z2 2) R R
+ 6(22 1>[K (OIrTHO)ITTH(D)

+ HOTKP(@HO) + HOCTHOT K 2(0)]5
(11)

where KY(0) is an entire analytic function of the concrete type as shown
in (Efimov, 1977); the renormalization vertexes I'X and 'R are defined in
the following way:

(FR)ab - lzfabC[A;;L(x)a,u. +a/.LA§2;L(x)] 5?:)—\')

(12)
(M) % =L AR (x) ARy (x) 8¥(x ~ y)
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Table I

Diagram type Expression

8" (1-2,)¢°8,,+(1/a—1+Z,)
x(1-2Z,/a)q,4,]

Wz, -1

uvp

+1/a(Z,Z,-1)Z2%]

nvp

§(Z3/Z,- 1) Qi

8(Z, [ Z, = 1) [P (g, — g5),

g2(22g/zi‘ _ l)fandfnbr

X I*8,,8,,
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Making the necessary calculations, taking account of (6}, (8), and (10), we
obtain the renormalized Schwinger-Dyson equations in the x space:

< J d4x[ ;f J (dy) (d2)K25(Ag)
é ba SF[AR] _
XSACIIQF_ ny(AR)] aA‘;(M >_0 (13)

Using equation (13), one should calculate the correlation function which
determine two-, three-, and four-point renormalization. On the other hand,
ta determine the renormalization constants Z,, Z,4, and Z,, we must calcu-
late the corresponding counterterm diagrams. In accordance with (7), (9),
and (11) it is simplest to calculate the vertex diagrams and these expressions
are shown in Table 1. Here we use the following tensor notation:

th;;__ TZu;(‘ha 92, 93)

~ igf*[(g1 = 42)p8s + (42 = 43)80p+ (43— 41) .8, ]
Zon=Zu(q1, 92, 93)

— i8S (@380~ G208, (14)
s == LS (8,80 = 8unBup)

+ P88~ B Bup) F S8, By = 818 ]

3. TWO-POINT RENORMALIZATION

Let us consider two-point renormalization for the Yang-Mills field.
From (13) one can determine for the Schwinger-Dyson equations the
correlation (A‘,’Q,L(ql)A?g,,(qz)). In Dineykhan, Namsrai (1988) we proposed
a method to calculate the correlation function in the framework of the
stochastic quantization method with nonlocal form factors. Details of the
concrete calculations are not given here. Two-point renormalization
diagrams are presented in Figure 1. The contributions corresponding to the
diagram on Figure 1a are written in the following way:

(A?m(‘h)A Ag)) = 8¢ (‘I1+512)HR,W(‘11)
where

V(lez 1 1 amn
N&.(9) == J(d) 7 Pt (p— q)z[ Iips(gp,p—q)

nmb amn mnb

pr(q Papa )+—q—2FupB(q5p_q: _P)Fpﬁv(q—.p’p, '"‘I)

amn

(-9 Tia(a—p,p, —q)T g (— q,p,q—p)} (15)
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Fig. 1. (a) Two-point renormalization diagrams. (b) Two-point counterterm diagrams.

and the three-gluon vertex 'Yy is defined in the standard way (see Ramond,
1981)

mn £4£343 1 mn
l;pﬂ(ql’ G2, 43) = ( :)LpB+; Zi’a,pﬂ) (16)

The V(p®I?) are the nonlocal form factors (Efimov, 1977). Using the Mellin
representation

—B—ic
V(pzzz)z—z%f 28 ey o<p<l (17)

—B+iw sin f

and making a simple calculation, from (15) one can obtain easily

g’8*’N lnuzlz( 8, .43 qu,;)

37" 24 ¢° (18)

where N is of the order of SU(N) group symmetry and u is an undetermined
parameter which corresponds to the choice of renormalization scale.
The counterterm contribution is determined by the diagram shown in
Figure 1b. After some calculations we have

ab

ne,.(q) = [(1—ZA>6 S+ Zu(1- Z)q“"”] (19)

Using (18) and (19) and requiring that the R sum plus the CT sum equals
zero gives immediately

8 g°N
zQ= -3 gzln n Pu?
43 g’N
ZP=1+— £ T 22 (20)

24 167°
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4. THREE-POINT RENORMALIZATION

Let us consider the three-point renormalization in the momentum space.
From (13) the Schwinger-Dyson equation gives for the three-point correla-
tion function

Gg}%ﬁ;(‘ln 92, 93)
—<AR,,,(511)AR,,Z(‘h)A‘;f,,B(%))
_ 1
Gt et

X J’ (dpy) (dpz)[8—4(Q1 —p1—P2)

X ri{g,i(_‘h :plapZ)(A%p.(p2)AlI,20(p1)A?{2y2(q2)
x A%, .(gs))+cyclic perm in (¢)]
1 -

+ 8*(py+patps—
q§+q§+qgj(dpl)(dpz)(dps)[ (prtpatps—aqi)
ﬁlf/';,TL(A (Pz)A;B(Pz)A (Pl)AR,,Z(%)A;?,,B(%))

+ cyclic perm in (g)] 21)

where 8°(p) = (27)3( p) and the four-gluon vertex is defined in the standard

way (Ramond, 1981) as
I"a a2a3 4 __GQII a203a4 (22)

v pav3vy vivav3vy

From (21) it is shown that the three-point correlation functions are expressed
through four- and five-point correlation functions. If we restricted ourselves
to only the first order of g, then from (21) we have

G(ull)u‘;v‘;zas(qla q2, ‘13)
_25%q:+q:+43) [
9293

]-va a,a,
q%+q§+qg q V]V2V3(q1’ ‘12, (I3)
+ T w(q ) t—— . s 0(gs, g )]
q%qg V2V3V| 2, ‘h, ‘11 qlqz vyryva\Y35 41 q2

This expression determines the general structure of the three-point renor-
malization, and corresponding diagrams are shown in Figure 2. Three-point
renormalization is determined by the diagrams represented in Figures 3-7.
Four- and five-point correlation functions entering in (21) may be expressed
by six-point correlation functions, Using (21), one can obtain the expressions
corresponding to the diagrams shown in Figures 3-5. In particular, the
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a .»9,

9.
a4 V2 q’z
S %
v : % 93
5 % G

Fig. 2. Three-point structural diagrams.

8)

0

Fig. 3. Three-point renormalization vertex diagrams.

expression corresponding to the diagram shown in Figure 3a is written in
the following form:

GUO%%%(q,, 45, q3)
B R PP
G+ a+4; 4q; P

a b b 1
X ru}y'l,fz(%, —p1,P—q1) pz+(p_ql)2+q§+q§
I‘bzcxas + ) 1
X Mﬁl,,B(% =D, qTPp,qs p2+(p+q2)2+q%+2q§
x T3%% (= p—qs, g2, p) (23)

% g, 5
o v *
! mﬁ?ﬁ }mm %
a) Y % h 8
1,%
}m wRT g,
% 0

Fig. 4. Three-point renormalization vertex diagrams.
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\)3 Q’g q’z 3
9, % K
ql q1
%
Q3 ‘13 st

Fig. 5. Three-point renormalization tree-structure diagrams.

Using the representation (17) and according to (16) and after some sim-
plification and integration over (dp), we have

G(fl‘iﬁ;“z“?(qz, 9, q3)
_ igSfalazasN ln 12#2
1679295 qi+4q:— 43

7 49 31
X [ﬁq2v26ul vy _th@au, vy +%Q2 v18u27)3
s 5 37
+ 2_4q3V28V|V3 +—2—‘iq3 V36D1 vy 56935, 5v2y3]

The expressions for the diagrams of Figures 3b and 3¢ may be written in
an analogous form as (23) and we obtain the contribution from the diagrams

a, ﬂ'z
&

&
93 43
Fig. 6. Three-point counterterm vertex diagram.
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%

q! qg 33

q1 qz

q; ‘13

Fig. 7. Three-point counterterm tree-structure diagrams.

of Figures 3a-3c:
GS’ZZ)”‘;I”Zzas(ql s q2’ q3)

g fuma N In Py’
167°q3q5 43+ g3+ 43

85 7 125
X (_ 4_8q2V18u2V3 +ﬁq21125v1113 +7;§‘q2v36u, vy
125 7 83
- Kqﬁivzavl V3_§Zq31«'36111 V2+Z§q3vl 51/27)3) (24)

The expression for the diagram illustrated in Figure 4a, is written in the
following way:

(4a)
lei;/gaZ%(ql k] an ‘I3)

12 1 J V(PP ..
= (dp) —=—Tes(q—p,p—q1)
9+ >+ a3 4393 P e '
1 bca,a
ﬁe'}s”z

X
pPPHp-a)V+atq
According to (16), (17), and (22) and making an integration over (dp) we
have
IgsN a,a,a, ln 12,LL2
2

167°q395 41+ 49343
X [%(q2+qS)V36u1u2’%((I2+Q3)V28ulu3] (25)

(4a)a,a,a —
GVIVleg 2 3(q1: 92, CI3) -
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The diagrams of Figures 4b and 4c¢ are calculated in an analogous way as
above and we obtain for the diagrams of Figure 4

(4)
le V‘;llgza3(q1 s 492, ‘I3)

3 ig3Nfa'aza3 ln 12#‘2
167°9343 qi+d5+ 45

39 3 63
X (E‘bul 81/2113 + §q2u26111 vy + Eq2V36ul vy
63 3 39
+ 1‘6‘13-/2514 vy _§q3V36ulV3 —-Eq3V16V2V3) (26)

Using the notation in (14) and the summation of (26) and (24), we obtain
the contributions for the vertex diagram:

(ver)
GRSy (a1, 42, 43)

2 2_2
g N ln l v 1 . a,a. a, a,a a,a,a
“rdid Pt ETd [ Thss+Zhns) —RZ05s (27)

The corresponding counterterm diagrams for this vertex are represented in
Figure 6 and their contributions are written in the following way:

G(g;;rr),?;'»:%?(‘h > 492, q3)

1 1
== 53 2 (- DThus+ (2.2, -1) 2550 (28)
ittt g ¢ . #
The tree-structural diagrams represented in Figure 7 also contribute to the
three-point correlation function. These diagrams are calculated in the same

way as above and finally we have the result

t
G(Rf?/iligi?(‘h » 42, q3)

2 2,2

Ninl 1
S —— 2{—2—3(T‘:;z;s;+zz;z;:s
16779295 qitq>2tq; :

43
t o 5 [ Gie (T 205 T 255323+ G, e
24(q%+q§+q§)[q1 ) 1( 17273 1 23) Dv, P20,
43| 4.,%0
X (TSt Z05E5) ¥ Gt Totiz+ Z55) 142, [—~—q2 s
X (T“lazas+Z“1“2“3)+—q3”3q3°'3 (T“|“2“3+Z“|a2a3)]} (29)
»102%3 v102a3 § V1 ¥203 viy203

The corresponding counterterms for these diagrams are represented in
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Figure 8 and their contribution is given by

GEueadr, 42, g3)
1 1 a,a a. a,a
e EE{B(I—ZA)[T‘::I,§V;+Z,:V§V;]
_Za(Z,-1)

PR (91,910 (T3 T Z3203) + 400, G0 (T3 3252
+ Z020) F QoG (T2t + Z310203) 1 = Za(Z, 1)

x [——qz"z?‘”(m;zg‘;;+zz;:;g‘;g>+—"3”3‘£3”3 (T$:i§§g+25:‘£§§§)]} (30)
q> qs

Adding (27)-(30), i.e., G+ G&+ GRr+ G&r =0, inserting the value of
Z, defined in (20) into it, and equating to zero every tensor coefficients
separately, we have

43 Ng’

ZQ =1+ In Py’
VR
13 g°N
ZP=1-C e lu’? (31

From (20) and (31) we see that Z, and Z, satisfy the Ward identity:
A Z(3). ZEAZ) — ZS:)

Now let us consider verification of the Ward identity for Z,. For this purpose,
we consider four-point renormalization.

% %
qivmr'%: % ql 1

Fig. 8. Four-point structural diagrams.
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5. FOUR-POINT RENORMALIZATION

Four-point renormalization is defined by the set of diagrams shown in
Figures 9-12. If it is limited to the lower order of g, then the four-point
correlation function is defined by

GEJII)VZL‘;%?H“(% » 92, 935 q4)
_54(‘11+‘I2+CI3+‘14)[ 1 a,a,a,a

= 17°273%a
gi+qi+ai+q: Ladgiqr
1
+ = Qi+ Quszt——5— ‘5:3;‘:233}
aigaga M qigagt T qidiq; o
q, o a,
K Y " ® % %
! Oy
W, Yy, % 4 q
@ ) ) 4
ql q; q!
g %
9, 4 4 q,
93
d) qq
€ ) %
@ 9,
9, 4
9) q
- h) *
0
VA ar 0 )
» x)

Fig. 9. Four-point renormalization vertex diagrams. Cyclic permutations for ¢, g3, ¢4.
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%
ql 13 ql Qz
!
4 q3
%
9 % 19 1.
9
4
% 4y
Fig. 10. Four-point renormalization tree-structure diagrams. Cyclic permutations for
925935 94-
9%
91 qs
%

Fig. 11. Four-point counterterm diagram.

The corresponding diagrams are represented in Figure 8. This expression
defines the common structure of the four-point renormalization. The
expression which defines the four-point correlation function is obtained
from the Schwinger-Dyson equation (13). The full expression is complicated
and therefore we do not write it explicitly as was done in the case of the
three-point correlation function (21). However, we give concrete expressions
corresponding to separate diagrams. We consider only expressions corre-
sponding to the diagram shown in Figure 8a, and others will be obtained

9%
% mm»%r %
%
9, ,
q, wrvw%v 9, q
%

%
%

Fig. 12. Four-point counterterm tree-structure diagrams. Cyclic permutations for ¢, g3, q,.



1498 Dineykhan and Namsrai

by cyclic permutation. First we consider the vertex diagram. The expression
corresponding to the diagram of Figure 9a is

G(Qa)a a,aza,

Y ¥aV3vg
36 1 J'(d y VP'P) Lo b,
q%ngi ql+q;.+q3+q4 p2 ”'ll‘l#z”z

1 b.a,a.b.
X 2 2 2 2 2Fnllv:vssifz
(p+qs+q.) +p°+a3+qi+2q;

where the I'-four-point vertex constant is defined in (22). Using the notation
(17) and after some algebraic simplifications, we have

G(9a)ala2a3a4
V1 Va3V,

_ -g* In P> NG
‘I%+q§+q§+q3 1672 q2q3q4 ajazntazasn
X (8,,,:;361;2;;4_ 61/1114 Vzv3)+Sa a, a304(26,,l,,2 ,,3,,4+ 6,,1,,46,,2,,3)

+ §4%%%(28,,,,8,,0, 1 8.,,,8.,2,)] (32)
Here we have introduced the following notation:
Sala2a3a4 ____falnmfazmc 3cbfa“bn (33)

Let us consider the diagram of Figure 9b. The corresponding expression
has the form

(9b)a,a,a,a,
vyvav3 vy
24 1 Fabba .[(d)v(pzlz)
TG Et gt g galel M

X ,L,M( 94— qs— P, 43t P, qa)
1 ca
X 1950,
(p+qs+q)°+p*+q5+q5+243 Foin
X [(P+Q3)2+P +q3+2qz+2q4] !

"2b: is obtained in (16). After some standard

(—4:—p,q3,p)

The three-gluon vertex I';:%
calculations we have
G(Qb)a a,a,a,

4 2 2
g In Pu [N
- falal" 324" 8,,1,,6;,21;4_31'211361’1"4)
gi+qi+qitaq; 16w2q§q§qi S O

a a,a,a, 9 1
+ §%%% 4(166V|”26”3V4+ 5V2V36V1"4+165V|”38V2V4)

+ §4 aza‘a3(168v|vz vy 165V2V36V|V4+ 5”1"36”2"4)] (34)
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Now consider the diagram of Figure 9c; its corresponding expression has
the following form

G(9c)a a,a.a,

48 1
= 222
4t >+ g3+ 93 929395
a a V(P2 2) b.ca
X r"\l‘-ll:iz’gz J (d ) I’““B‘l;(p —43, ™D, ‘h)
1 b 294€)

X +
(p+q.)*+(p—aqs)’ +43+q5+2q3 Firis (=44 2. 45 7)

x[p*+(p+q.)’+qi+2¢3+243]7"
Carrying out analogous calculations to the above, we find
GO aaass

—2g* In Pu,
2.2 2 2

i+ @3+ i+ i 167793934

N
X [‘gf‘alaznf%a“n(ﬁmvsavzww 6”1 V46V2"3)
+ §4% 0403( 5»,»2 v3vy 45V1V35V2”4)
+ Sa‘ﬂ2a3a4(%6yly25V2V4+%8V1,,46,,2,,3)} (35)

From (35) and (34) one can see that the structure of the corresponding
expression for the diagrams depends to a great extent on the permutation
of internal lines. The diagram of Figure 9d is calculated in an analogous
way and it is equal to the expression defined in (34). The corresponding
expression for the diagram of Figure 9c is

G980 0%
24 1 V(P’P) bcaa
— zf(d> D) P
Q1+q2+tI3+‘I4 q29344 P b
y 1
PP H(p—q)+g3+gi+4qi

Tonb (g, p— a1, —p)

1 ‘1“2b

X 5 vy
P (p+a)’ +43+245+24; Vo

(=p—92,9:,p)
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After a simple calculation we obtain

G(Qe)a a,a,a,
V| Va3,

_g4 lz 2
i+t qi+a; 16w2q§q§qi

N
X [-gfalaznfasa“n(avl V35V2V4— 5v2v38u1 u4)

a a,a,a,(5 3 1
+ §%1%% 4(§6ulv26rf3m+§8V2V36V|"4+§5”l"36"2”4)

+ Sa1a2a4a3(%6,,1,,28,,3y4+ 61;21/361/1 V4 81)11'38"2”4)] (36)

Other diagrams are calculated in an analogous way. We do not go into the
details of the calculation; the results are given in Table II. Here it is necessary

Table 11

Diagram type Contributions®

Renormalization vertex
diagram: Figure 9 Qﬁl,'izf;ﬁ;‘
+ (g5, ¢31, 44) permutations

Renormalization 55C aya,a 43C
. — 1v 3494 —_—
g.ee'““;g‘“f(e dlagram): 6~ T 24(gi+ai+ i+ ad)
igure 10+ (g2, 43, 94
permutations X [G10, 910, Qo333 ¥ 420,920, QU104

Q,a,a,0,

a,a,a,a
+ q3»3q3o'301/[ V%U‘:; va + q4V4q4U4QV| ugv;a:]

+ 83 w20, Ha aza3a4+q3"3q30'3 Qa|a2a3a4
24 V[(Tzllgl—',g TN

4 4

q4V4q4a'4 a,a
Quis:
q 4

Counterterm vertex

2 _ a,a
diagram: Figure 11 (Ze/ Za=1) Qupzit

Counterterm tree-structure Z,(Z,-1)
diagram: Figure 12 41~ Z) Qs — 2 = 2, 2
gram: tig ) gitartaital
+ (42, 95, q4) permutations

a,a,aa, a a,a a
X [ql V,th. 171V22V3V4+ ququU'aQV|(Izzu33V4+ q3V3q3o'3 V}V;(r:;m

+ Qo a0, Qo231+ Za(Z, - 1)

[q2V2q20'7 alazasa4+q3vgq3o'3 Q a,
u,wo@m
a

viohv3v,s
‘12

q4"4q4"4 Qa a2a3a4]

yyyarios
‘I4

“The In 112 terms are in units of [g3g3¢2(g3+ g5+ g3+ ¢3)]17"; here C = Ng?/(1672) In IPp?
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to do permutations between them for the diagrams of Figures 9, 10, and
12. The final contribution of the four-point renormalized and corresponding
counterterm diagrams of Figures 9-12 must be equal to zero. Inserting the
value of Z, defined in (20) under such conditions and equating to zero the
coefficients of each tensor separately, one can calculate Z{¥ and Z{:

43 Ng?
zP= l+—~24 16i2 In Py’

13 g°N (37)
ZW=1 o lg6772 In P’

From (37) and (31) one can see that the constant g and the parameter of
gauge fixing « satisfy the Ward identity. On the other hand, the Zwanziger
gauge-fixing term does not break gauge invariance. Here the 8 function for
g can be defined in the standard way (see Ramond, 1981):

g 11 gN

B

Tolng 3 1677

which corresponds to value of the Feynman gauge.
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