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We show that the background field method (BFM) is a simple way of deriving the same gauge-
invariant results which are obtained by the pinch technique (PT). For illustration we construct
gauge-invariant self-energy and three-point vertices for gluons at the one-loop level by the BFM
and demonstrate that we get the same results which were derived via the PT. We also calculate the
four-gluon vertex in the BFM and show that this vertex obeys the same Ward identity that was

found with the PT.

PACS number(s): 11.15.Bt, 11.30.—j, 12.38.Bx

I. INTRODUCTION

The formulation of a gauge theory begins with a gauge-
invariant Lagrangian. However, except for lattice gauge
theory, when we quantize the theory in the continuum
we are under compulsion to fix a gauge. Consequently,
the corresponding Green’s functions, in general, will not
be gauge invariant. These Green’s functions in the stan-
dard formulation do not directly reflect the underlying
gauge invariance of the theory but rather obey compli-
cated Ward identities. If there is a method in which
we can construct systematically gauge-invariant Green'’s
functions, then it will make the computations much sim-
pler and may have many applications.

Two approaches along this line exist: One is the pinch
technique and the other the background field method.
The pinch technique (PT) was proposed some time ago
by Cornwall [1,2] for a well-defined algorithm to form new
gauge-independent proper vertices and new propagators
with gauge-invariant self-energies. Using this technique
Cornwall and Papavassiliou obtained the one-loop gauge-
invariant self-energy and vertex parts in QCD [3,4]. Later
it was shown [5] that the PT works also in spontaneously
broken gauge theories, and since then it has been ap-
plied to the standard model to obtain a gauge-invariant
electromagnetic form factor of the neutrino (5], one-loop
gauge-invariant WW and Z Z self-energies [6], and YWW
and ZWW vertices [7].

On the other hand, the background field method
(BFM) was first introduced by DeWitt [8] as a tech-
nique for quantizing gauge field theories while retaining
explicit gauge invariance. In its original formulation, De-
Witt worked only for one-loop calculations. The multi-
loop extension of the method was given by 't Hooft [10],
DeWitt [9], Boulware [11], and Abbott [12]. Using these
extensions of the background field method, explicit two-
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loop calculations of the 3 function for pure Yang-Mills
theory was made first in the Feynman gauge [12,13], and
later in the general gauge [14].

Both the PT and BFM have the same interesting fea-
ture. The Green’s functions (gluon self-energies and
proper gluon-vertices, etc.) constructed by the two meth-
ods retain the explicit gauge invariance; thus obey the
naive Ward identities. As a result, for example, a com-
putation of the QCD [B-function coefficient is much sim-
plified. The only thing we need to do is to construct the
gauge-invariant gluon self-energy in either method and
to examine its ultraviolet-divergent part. Either method
gives the same correct answer [3,12]. Thus it may be
plausible to anticipate that the PT and BFM are equiv-
alent and that they produce exactly the same results.

In this paper we show that the BFM is an alternative
and simple way of deriving the same gauge-invariant re-
sults which are obtained by the PT. Although the final
results obtained by both methods are gauge invariant, we
have found, in particular, that the BFM in the Feynman
gauge corresponds to the intrinsic PT. In fact we ex-
plicitly demonstrate, for the cases of the gauge-invariant
gluon self-energy and three-point vertex, that both meth-
ods with the Feynman gauge produce the same results
which are equal term by term. We also give the gauge-
invariant four-gluon vertex calculated in the BFM and
show explicitly that this vertex satisfies the same simple
Ward identity that was found with the PT.

The paper is organized as follows. In Sec. II we review
the intrinsic PT and explain how the gauge-invariant
proper self-energy and three-point vertex for the gluon
were derived in the PT. In Sec. III we write down the
Feynman rule for QCD in the BFM and compute the
gauge-invariant gluon self-energy at the one-loop level in
the BFM with the Feynman gauge. The result is shown
to be the same, term by term, as the one obtained by
the intrinsic PT. The BFM is applied, in Sec. IV, to
the calculation of the three-gluon vertex. The result is
shown to coincide, again term by term, with the one de-
rived by the intrinsic PT. In Sec. V we compute the
gauge-invariant four-gluon vertex at one-loop level in the
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BFM. We present each contribution to the vertex from
the individual Feynman diagram. Then we show that
the acquired four-gluon vertex satisfies the same naive
Ward identity that was found with the PT and is re-
lated to the gauge-invariant three-gluon vertex obtained

previously by the PT and BFM.

II. INTRINSIC PINCH TECHNIQUE

There are three equivalent versions of the pinch tech-
nique: the S matrix PT [1-3], the intrinsic PT [3], and
the Degrassi-Sirlin alternative formulation of the PT [6].
To prepare for the later discussions and to establish the
notation, we briefly review, in this section, the intrinsic
PT and explain the way the gauge-invariant proper self-
energy and three-point vertex for gluons at the one-loop
level were obtained in Ref. [3].

In the S-matrix pinch technique we obtain the gauge-
invariant effective gluon propagator by adding the pinch
graphs in Figs. 1(b) and 1(c) to the ordinary propagator
graphs [Fig. 1(a)]. The gauge dependence of the ordinary
graphs is canceled by the contributions from the pinch
graphs. Since the pinch graphs are always missing one
or more propagators corresponding to the external legs,
the gauge-dependent parts of the ordinary graphs must
also be missing one or more external propagator legs.
So if we extract systematically from the proper graphs
the parts which are missing external propagator legs and
simply throw them away, we obtain the gauge-invariant
results. This is the intrinsic PT introduced by Cornwall
and Papavassiliou [3].

We will now derive the gauge-invariant proper self-

(b)

()

FIG. 1. S-matrix pinch technique applied for the elastic
scattering of two fermions. Graphs (b) and (c) are pinch
parts, which, when added to the ordinary propagator graphs
(a), yield the gauge-invariant effective gluon propagator.
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energy for gluons of the gauge group SU(NV) using the in-
trinsic PT. Since we know that the PT successfully gives
gauge-invariant quantities, we use the Feynman gauge.
Then the ordinary proper self-energy whose correspond-
ing graphs are shown in Fig. 2 is given by

iNg? dPk 1

2 /(27T)D k2(k + q)?
X [FapA (k, Q)FAua(k +4q, -(I)
—ku(k+q)y — ku(k + q),], (1)

where we have symmetrized the ghost loop in Fig. 2(b)
and omitted a trivial group-theoretic factor §2°. We as-
sume dimensional regularization in D = 4 — 2¢ dimen-
sions. The three-gluon vertex s, (k, g) has the expres-
sion [15]

Fap.,\(k, q) = Fayz\(kv q,—k— Q)
= (k - Q)a\gau + (k + ZQ)ag,‘,\
—(2k + @) ugra- ()

0 _
I, =

Here and in the following we make it a rule that when-
ever the external momentum appears in the three-gluon
vertex, we put it in the middle of the expression, that is,

like g, in Eq. (2). Now we decompose the vertices into
two pieces: a piece I'F which has terms with external
momentum ¢ and a piece I'P (P for pinch) which carries
the internal momenta only:

Laur(k,q) = Ffu,\ + Fz,‘)\,
Lk q) = —(2k + @) ugra + 29agur — 2029an,  (3)
Taur(k,9) = kagur + (K + @)rgau-

The full vertex Ly, (k, q) satisfies the Ward identities

k+q
qu Qv
k
®
k+q
P,
qp. \\\\ ’,', qV
N
k

(b)

FIG. 2. Graphs for the ordinary proper self-energy IIj,.
(a) Gluon loop. (b) Ghost loop. Momenta and Lorentz indices
are indicated.
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k®Taux(k,q) = Pux(9)d™ (@) = Pua(k + @)d™ ' (k + g),
(k + @)*Taur(k, 9) = Pau(q)d™*(q) = Pau(k)d™ (k), (4)

where we have defined
d'(q) =¢* (5

The rules of the intrinsic PT are to let the pinch vertex
I'P act on the full vertex and to throw out the d~1(q)
terms thereby generated. We rewrite the product of the
two full vertices I'qual'ava as

P;w(q) = —Gu + qthVq_za

Faukrkua = FE“Arfua + FQP“)\F)\ua + Fa;t)\rfya
—F(I:u/\rfua' (6)
Using the Ward identities in Eq. (4) we find that the
sum of the second and third terms of Eq. (6) turns out
to be
FSMAF/\VOI + Fal‘f\rfua = 4PMV(q)d_1(q)
—2P,, (k)d (k)
—2Pu(k+q)d7 (k+4q). (7)
We drop the first term on the right-hand side (RHS)
of (7) following the intrinsic PT rule. Now we use

the dimensional regularization rule (which we adhere to
throughout this paper)

/dek‘?‘ =0, (8)

and discard the parts which disappear after integration;
then the second and third terms can be written as

~2Py, (k)d™" (k) — 2P (k + q)d ™' (k + q)

= —2kuk, — 2(k + q)u(k + @)u- (9)

Also applying the dimensional regularization rule Eq. (8)
to the fourth term on the RHS of Eq. (6), we find

Lol ha = —2kuky — (kugu + quky). (10)

Now combining the first term on the RHS of Eq. (6) with
Egs. (9) and (10), and inserting them into Eq. (1), we
arrive at the following expression for the gauge-invariant
self-energy [3):

= iN g2 dPk 1
w= "2 | @mP Rk +q)?
X [ng.k(kv q)r‘fva(k + q, —q)
—2(2k + q)u(2k + q)u]. (11)

PN iNg? dPk 1
I‘“ua(qlv q2, <13) = - 2 {/ (27(')D k%k%k%

(2)

\\ ! \\
P kg I ks
! AL ! v
I S~ ! N
\\ ! \\
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) -7 ! prad
! e q ! 7 q
T ke b ke
§S:3 yﬁh
(b) ()

FIG. 3. Graphs for the ordinary proper three-gluon vertex
re (a) Gluon loop. (b), (c) Ghost loops. Momenta and

By
Lorentz indices are indicated.

The same rules are applied to obtain the gauge-
invariant three-gluon vertex at the one-loop level. The
contributions of the graphs depicted in Fig. 3 to the or-
dinary proper three-gluon vertex are summarized as [15]

o __iNgz/ dPk 1
pre T2 (27)D k2k2k2
Nuva = Lopr(kz, 91)Tavp(ks; 42)T pao (K1, 03)
+kivkzakay + kiakauksy, (13)

Nuva, (12)

where the momenta and Lorentz indices are defined in
Fig. 3(a) and the overall group-theoretic factor gf2 is
omitted.

Decomposing I' into ' 4+ I'? and dropping the terms
involving d~!(g;) which are generated by application of
I'P to the full vertices, Cornwall and Papavassiliou ob-
tained the following expression for gauge-invariant proper
three-gluon vertex:

[TZ, (k2 01)T%, (K3, 42) T (K1, 03) + 2(k2 + k3) (ks + k1)u (k1 + k2)al

“8(QIagy.v - 41ugua);{(q1) - 8(‘12ugcw - 42aguu)g(42) - 8(q3ugp,a - f13ugua)2(¢I3)}, (14)
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where A(g;) is defined by

~ dPk 1
A(q;)=/(2")p BT (15)

III. BACKGROUND FIELD METHOD
AND THE GAUGE-INVARIANT GLUON
SELF-ENERGY

In this section we write down the Feynman rules for
QCD in the background field calculations and compute
the gluon self-energy in the Feynman gauge. Then we
will see that the result coincides, term by term, with the
gauge-invariant gluon self-energy derived via the intrinsic
PT.

In the BFM, the field in the classical Lagrangian is
written as A + Q, where A (Q) denotes the background
(quantum) field. The Feynman diagrams with A on ex-
ternal legs and Q inside loops need to be calculated. The
relevant Feynman rules [12] are given in Fig. 4. It is

a b —i5,b kuku
VANANNANNNNN = (g — (1 =
m X v k’+:e[g" 1-0 k’]
8ap
a . b i
a,\
P
b abe 1 1
L 3 gf*™ |(p—gq+ Er)v.q»\u +(g-r— EP)/\guv +(r = P)ugir
I
C,V
p "
D -
b e
m ® N —-9f*(p+ q)u
94 ¢
a,u d,p

~ig® [ f*(gurgup — Jupur + %guvg/\ﬂ)
+fnhf:b‘(guu94\n ~ GurGvp — %gﬂpgw\)
+£ (G grs — Gupgu))

O,
b,y cA
a b
\\\ yd
AN s —ig’g,,,(f‘“’f"“ + fadtfseb)
@ &
c.u dyv

FIG. 4. Feynman rules for background field calculations in
QCD. The wavy lines terminating in an A represent external
gauge fields. The other wavy lines and dashed lines represent
Q fields and ghost fields, respectively. Only shown are rules
which are requisite for calculations in this paper.

noted that the Feynman rule for the ghost-A vertex is
similar to the one which appears in the scalar QED. Now
let us write a three-point vertex with one A%, field as

~:{Zcu(p, q, T) = gfbacfz\pu (P, q, 1'), (16)

=~ 1 1
FAuv(p, q"") = (p —q+ —7') Iap + (q -r - —p> uv
£/, £/

+(r — P)uua- (17)

Then we find that in the Feynman gauge £ = 1,
TCour(k,q,—k — g) turns out to be

’fauk(kaqa —k — q)lle = _2q,\ga/_¢ + 2‘1&9}1%
_(Zk + Q)ughaa (18)

which coincides with the expression of I‘EM in Eq. (3).
This fact gives us a hint that the BFM may reproduce
the same results which are obtained by the intrinsic PT
(and we find later that it is true in fact).

Now we calculate the gluon self-energy in the BFM
with the Feynman gauge. The relevant diagrams are de-
picted in Fig. 5. Diagram 5(a) gives a contribution

- 2 D
Lo == (2m)D k2(k + q)’r"“"(k’Q)

Xr\fua(k +q, _Q)v (19)

where we have used the fact f‘a,‘,\|£=1 = I‘gy,\ and
f;\,,algzl =T¥ .. On the other hand, through the scalar
QED-like coupling for the background field and ghost
vertices, diagram 5(b) gives

iN g2 D
1‘;9 / (;’f)kD kz(k1+ 222k + Du(2k + 9.

oe =
(20)

It is interesting to note that the contributions of diagrams
5(a) and 5(b), respectively, correspond to the first and

k+q

k+q
P S
/’/ \\\\
@/\Mn(/ MAN :)
\ 7
Qu RN /" Qv
N -
N
k

(b)

FIG. 5. Graphs for a calculation of the gauge-invariant
self-energy II,,, in the BFM. (a) Gluon loop. (b) Ghost loop.
Momenta and Lorentz indices are indicated.
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second terms in the parentheses of Eq. (11) and the sum
of the two contributions coincides with the expression of
the gauge-invariant self-energy ﬁ“,, which was derived in
Sec. II by the method of the intrinsic PT.

IV. GAUGE-INVARIANT THREE-GLUON
VERTEX

The success in deriving the gauge-invariant PT result
for the gluon self-energy by the BFM gives us momentum
to study, for the next step, the gauge-invariant three-
gluon vertex at the one-loop level. The relevant diagrams
are shown in Fig. 6, where momenta and Lorentz and
color indices are displayed. With the fact that an AQQ
vertex in the Feynman gauge, I'¢—;, is equivalent to rf
in Eq. (3), it is easy to show that the contribution of
diagram 6(a) is

a)a iNg3fabc de 1
¢ )Futca((h,%»%) = / (

2 2m)D k2k2k3

X [Fqu(k27 QI)Ff\;‘yp(k:}, ‘12)
XF;I:acr(kh q3)]

(21)

(b)
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The contribution of diagram 6(b) (and the similar one
with the ghost running the other way) is

. 3 rabc D
(5)prabe _ _iNg*f d”k 1
Fuua(ql,q% q3) 2 (27[’)D k%k%k%

x[2(kz + ks) (ks + k1)o (k1 + k2)al-
(22)

When we calculate diagram 6(c), again we use the Feyn-
man gauge (£ = 1) for the four-point vertex with two
background fields. Remembering that diagram 6(c) has
a symmetric factor % and adding the two other similar
diagrams, we find

; 3 fabc
(C)FZII,:;(Qla q2, Q3) = ﬂg_zi—[s(‘haguu - q1ugua)A(q1)

+8(q2ugau - qZQQuu)A(QZ)

+8(q3ugy.a - q3ugua)A(q3)]- (23)
Finally, the contribution of diagram 6(d) (and two other
similar diagrams) turns out to be null because of the
group-theoretical identity for the structure constants f2%¢
such as

+ 2 permutations

a,u

:V\N\@ + 2 permutations

(d)

FIG. 6. Graphs for a calculation of the gauge-invariant three-gluon vertex ’I:,,.,A in the BFM. (a), (c) Gluon loops. (b),(d)

Ghost loops. Momenta and Lorentz indices are indicated.
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fead(fdbzfzce + fdczfzbe) =0. (24)

Now adding the contributions from diagrams (a)—(c)
in Fig. 6 and omitting the overall group-theoretic factor
gfeb, we find that the result coincides with the expres-
sion of Eq. (14) which was obtained by the intrinsic PT.
Also we note that each contribution from diagrams 6(a)-
6(c), respectively, corresponds to a particular term in Eq.
(14).

Finally we c1<3§e this section with a mention that
the constructed I',,o(q1,492,93) is related to the gauge-
invariant self-energy ﬁ,,,, of Eq. (11) through a Ward
identity [3]

qi‘fy.ua (91, q2, 43) = —ﬁva(qZ) + ﬁWX (q3)’ (25)

which is indeed a naive extension of the tree-level one.

V. GAUGE-INVARIANT FOUR-GLUON
VERTEX AND ITS WARD IDENTITY

The gauge-invariant four-gluon vertex has been con-
structed by Papavassiliou [4] using the S-matrix PT. As
he stated in Ref. [4], the construction was a nontrivial
task because of the large number of graphs and certain
subtleties of the PT. Although he did not report the ex-
act closed form of the gauge-invariant four-gluon vertex,
he showed that the new four-gluon vertex is related to the
previously constructed T\, in Eq. (14) through a simple
Ward identity. In this section we apply the BFM with
the Feynman gauge to obtain the gauge-invariant four-
gluon vertex at the one-loop level. We give the closed
form of this vertex and show that it satisfies the same
Ward identity which was proved by Papavassiliou.

The bare four-gluon vertex in Fig. 7(a) is expressed as
—ig?l'abed; with

FZ?lccfﬁ = fabszdz(g#agVﬁ - gpﬁgua)

+.faczfdbc (guﬂgav - guugaﬂ)
+fadszcz (gyugﬁoz - gyagﬁv); (26)

while the bare three-gluon vertex in Fig. 7(b) is expressed
as gl"z‘,’f)‘(kl, k2, k3) with

T35 (k1 k2, k) = Fo°T (i, ka, ks) (27)

and T, 5 (k1, k2, k3) is given by Eq. (2). Now acting with

gy on Tabed; we get
AT = % £ (q100up — 189va)

+fo fdbz (9189ar — ‘hv.qaﬂ)

+£°% £°° (q1098a — 91a98v)- (28)
Next with the help of the Jacobi identity

fabtfcda: + fac:cfdbz + fad::fbca: — 0, (29)
we add
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0= (fabzfcdz + faca:fdbz + fadz:fbc:l:)

x[(gs — 43)v9ap + (92 — 94)agpy + (43 — 92)B9va]
(30)

to the RHS of Eq. (28) and we obtain the tree-level Ward
identity [15]

giTed, = — =T (43,94, 01 + 2)

—f"“l‘?f,’,ﬂ(% 92,91 + q3)
— T35 (g2, 93, 01 + Ga)- (31)

The bare three- and four-gluon vertices are manifestly
gauge independent. However, if we consider the usual
one-loop corrections to these vertices, they become gauge
dependent and do not satisfy Eq. (31) any more.

We now apply the BFM to the case of the four-gluon
vertex and show that the constructed gauge-invariant
vertex satisfies the generalized version of the Ward iden-
tity in Eq. (31). The diagrams for the four-gluon vertex
at the one-loop level are shown in Fig. 8. It is noted
that the two-gluon loop diagrams 8(e) have a symmet-
ric factor % For later convenience let us introduce the
group-theoretic quantities

_f(a.bcd) = falmfbrnnfc‘nefdel, (32)
a,p
q1
dp qq b,v
q2 —ig’l":',’f:p
q3
c,0
(a)
b,v
92
a,L
a1 20
ds
c,A

(b)

FIG. 7. The bare four-gluon vertex (a) and the bare
three-gluon vertex (b). Momenta and color and Lorentz in-
dices are indicated.
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a,u
qi
+ 5 permutations
+ 2 permutations
(a)
a,u
Q1
e AN ‘\
i N 1 \\\
/1 \\ k-q; v “x K .
@/\{\// . + 4 B ! . bv + 5 permutations
. /I\i\/@ + 2 permutations . i .
N .
AN //
\\ /,
(d)
V2 N
// \\
¥ N
/, \\
// \\
+ K POANAA) 2 permutati
N P 2 permutations
\\ //
N 7 + 2 permutations
\\ pid
(b)
(e)

+ 5 permutations + 5 permutations

(c) ()

FIG. 8. Graphs for a calculation of the gauge-invariant four-gluon vertex f,,,,,,g in the BFM. (a),(c),(e), Gluon loops
(b),(d),(f) Ghost loops. Momenta and color and Lorentz indices are indicated.
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which satisfy the relations
f(abed) = f(beda) = f(badc), (33)
f(abed) — f(abdc) = ——J;,-f“b'fc"“’. (34)

The last relation is derived from an identity for the struc-
ture constants fb,

falmfb'mnfcnl — __J%T_fabc’ (35)

dPk
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and the Jacobi identity Eq. (29).

It is straightforward to evaluate the diagrams in Fig. 8,
and the relevant momenta, color, and Lorentz indices are
indicated in the graphs. The relations for color factors in
Eqgs. (33) and (34) are extensively used. We present each
contribution to the vertex from the individual Feynman
diagram, expecting that each contribution corresponds
to the particular term of the intrinsic PT result once the
calculation is made in the future. The results are the
following.

(a) Diagrams 8(a) give

1

(a)fzzccfﬁ(%,%y%,fh) = ig® f (abcd) / (

2m)0 k2(k + g2)%(k — g1 — q4)%(k — q1)?

x5,k = q1,01)T 5, (k, @) (K + g2, 93)TEax (k — g1 — 94, 44))
+{(q2s ba V) — (43, c, a)} + {(‘J:s, c, a) — ((14, da ﬂ)}v (36)

where the notation {(g2,b,v) «— (gs,c,a)} represents a term obtained from the first one by the substitution
(g2,b,v) +— (g3,¢,a). The same notation applies to the third term, and also to the expressions below.

(b) Diagrams 8(b) give

(b)Pabed

dPk 1

puaﬁ(%ﬂh,%,%) = -ing(abcd)

(2m)D k2(k + g2)%(k — q1 — qa)%(k — q1)?

x[2(2k — 1) (2k + 42).(2k — g1 — g4 + g2)a(2k — 291 — g4)3)
+{(g2,b,v) +— (a3,¢, @)} + {(g3, ¢, @) «— (g4,d,8)}. (37)

(c) Diagrams 8(c) give

(c)frabed dPk 1

wvap(91,92,93,94) = ing (2m)D k2(k + g2)%(k — g1)?
x{~[f(abed) + f(abdc)]gasT

fup(k -, ql)Ffu/\(k, 92)

+Nfaba:fcd:c[rg“)‘ (k —q1, ql)rfua(ki q2) - ng.z\ (k —q1, ql)rf‘uﬁ(k7 qZ)]}
+{(q27b1 V) —> (q3vca a)} + {(Q2’b, V) —> (Q4, dnB)}
+{(qlaa,ﬂ) — (QS,C, a)} + {(q19a, /"') > ((14,d7ﬂ)}

+{(<I1, a, Au') « (q3’ c a),

(d) Diagrams 8(d) give

(d)frabed dPk

(92,b,v) «— (q4,4,8)}. (38)

1

obeds(q1,02, 03, 9a) = ig”

(2m)P k2(k + g2)%(k — q1)?

x[f(abed) + f(abdc)|2gap(2k — q1)u(2k + q2)0
+{(g2,b,v) «— (g3,¢,2)} + {(g2,b,¥) +— (4,4, 8)}
+{(gq1,a, 1) +— (g3,¢, @)} + {(q1,a, 1) +— (94,d,8)}

+{(qla a, ll') «— (Q3, c, a)a

(e) Diagrams 8(e) give

(e)fzzcga(fh, G2, 43, 92) = 192 A(q1 + g2)

(Q2,b, V) —> (Q4sd’ﬂ)}' (39)

X{[f(ade) + f(abdc)]Dg#Vgaﬁ + 4Nfabzf8dx(gu.agvﬁ - guﬁgua)}
+{(Q2, b’ V) > ((I3’ c, a)} + {(QZ1 b1 V) > ((14, d; ﬂ)}$ (40)

where Z(q;) is defined in Eq. (15).
(f) Diagrams 8(f) give

(f)f;tcja(ﬁ, 92,93,94) = —igzz(% + @2)[f(abed) + f(abdc)]|2g,m9ap
+{(Q2, b) V) > (Q3a (& a)} + {(427 b, V) — (q4’ d’ '8)} (41)
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Then the final form of the gauge-invariant four-gluon

vertex fz’:,c:ﬁ at the one-loop level is given by the sum

Pty = OB, +) B +© T,
d)Tabe T Tabe

+HOTRds +O T + O T (42)

Our next task is to show explicitly that the above four-

gluon vertex fz’,’f:p satisfies the following generalized ver-

sion of the Ward identity in Eq. (31):

q;‘r‘:?f:ﬁ = —fabzrf;faz.,(%,%m + q2)
— T3 (44,92, @1 + 43)
— T (g2, 3,41 + q4), (43)
where
I‘zl::; (qla q2, 43) = fachMVA(ql y g2, Q3) (44)

and f,‘u)\(ql,Q2,Q3) is the gauge-invariant three-gluon
vertex given in Eq. (14). The Ward identity Eq. (43),
J
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first found by Papavassiliou with the PT [4], is naturally
expected to hold in the BFM formalism.

We act with ¢} on the individual contributions to
[abed, which are expressed in Egs. (36)—(41). Before go-
ing through the evaluation we make some preparations.

Let us introduce the following integrals for the three-
point vertex with the constraint ¢; + g2 + g3 = 0:
dPk 1
(2m)P k2(k + ¢2)%(k — q1)*
X [Ffup(k — q1, QI)Ffur(kv Q2)
xTE o (k + 92, 43)],
dPk 1
C rva b b =
2 (ql q2 43) / (27r)D kz(k +q2)2(k _ql)z
X(2k — q1)u(2k + q2)u
x(2k — g1 + g2)a- (45)

Buua(%"hy%) = /

In terms of B,,o and C,,«, the gauge-invariant three-
gluon vertex I'y,,» in Eq. (14) is expressed as

=~ iNg?
FuuA(anQZ, 113) = _—Z_{Bpua(q17q2a (13) + ZCuva(QIqu» q3)
_S(qlag#l/ - q1ugua)g(q1) - 8(q2ugau - q2aguu)*;{(q2) - 8(‘]3!/9;401 - 113;4911&);{(43)}- (46)

These B,,o and C,,, satisfy the relations

Bva(41,92,93) = Buan(92,93,q1)
= “Buua(QZa 41,(13), (47)

= Cua;.:.(q27 q3, fh)
_Cvua(q2’ 1, q3)1 (48)

C;Luot ((11 » g2, 43)

which can be proved by changing integration variables
under the constraint ¢; + ¢2 + ¢3 = 0 and using the fact

|

(8) ¢ OTL (g1 a2, s, 0a) = igz{[f(abcd) + f(abde)lqn, /

2

[
IS, (k,q) = -TEF \(—k —q,9). (49)

Throughout the algebraic manipulations, we often take
the means of changing the integration variables under the
constraint q; + ¢z + g3 + g4 = 0 and make use of identities

TRk = a1,01) = [(k — 01)® ~ k*gap,
a7 (2k — q1)u = k* — (k — q1)? (50)
to reduce the number of propagators by 1, the relations
of Eqs. (47)-(49) for B,ya, Cuva, and anp to classify

terms into groups with the same color factors. We also
use the identity of Eq. (34). The results are

dPk TX, (k — q3,95)T 5, (k,q4)
(2m)P (k — q3)%k2(k + g4)?

1
+Nfabzfcdz [-—Baﬂv(q:” 94,91 + q2)

e / dPk Tf,,(k —g3,43)T 55, (k,q4) — (v «— A)]}
QI (

2m)D
+{cyclic permutations},

(k — q3)2k2(k + q4)?

(51)

where {cyclic permutations} represents two terms which are obtained from the first term by the substitution
{(qz,b, v) = (g3, ¢,a) = (g4,d, 8) = (g2, b, V)} and the substitution {(qz,b, v) = (g4,d,8) = (g3,¢,a) = (g2, b, 1/)}

The same notation applies to the expressions below:

(b) g OFd (g, g5, 5,04) = igz{[f(abcd) + f(abde)](~2q1,)

dPk (2k — g3)a(2k + g4)p
(2m)P (k — g3)2k?(k + qa)?

+N 2% £ Crp, (43,94, 41 + QZ)} + {cyclic permutations}, (52)
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(©) & T (a1, 9205, %) = ig? ([f(abcd) + f(abdc)l{—oqwgagi(ql +2)
/ dPk T%,,(k — g3,93)T55, (K, qa)
W) @mP T (k= s K2 (k + 0)?
4001 4L a(aragp. = ta0g) Al + ) ~ Alan)]
B A/ dPk T%,,(k —gs3,3)T ), (k,qa) — (v +— A)
1) (em)P (k — g3)%k%(k + q4)?
+{cyclic permutations}, (53)
(d) g DT (g1,42,03,94) = ig?[f(abed) + f(ade)]{qugapZ(ql +¢2)
dPk (2k — g3)a(2k + g4)p
+2q1, li tations}, 54
' @m)D (k= g)2k2(k + g2)? } + {cyclic permutations} (54)
(e) g T2 (q1,q2,43,94) = ig?{[f(abed) + f(abdc)|Dqy1, gap Alar + ¢2)
+N £ £°924(q1 098, — qwg,,a)g(ql + g2)} + {cyclic permutations}, (55)
(f) ¢ (f)f:',’f:ﬂ(ql, 92, 93,9a) = ig°[f(abcd) + f(abdc)](——2q1,,)gaBZ(q1 + g2) + {cyclic permutations}. (56)
Adding together all the contributions [Egs. (51)—(56)], we find
wabed igzN abz pcdex
0 Toas (01,92, 00) = =5 f*[Bapy (23,9401 + 42) + 2Cap. (43, 94, 01 + g2)
—8{(q1 + 22)p9va — (01 + 92)a9us} Z(‘h + q2)
+8{q289va — 9209158} Z(qg)] + {cyclic permutations}. (57)

It is noted that all the terms which are proportional
to factors [f(abed) + f(abdc)], [f(acdb) + f(acbd)], and
[f(adbc) + f(adcb)] cancel out and only terms with fac-
tors N fabe fedz | facz fdbz  and N fedz fbcz remain in
the final result. The last step is to add

7 2
gzN [fabzfcdz + faca:fdbz + fad:nfbcz]

x{_s(qZﬁgua - q2uguﬁ);{(q2)
_8(q3ugaﬂ - q3ﬁgav)A(q3)
—8(¢4a98r — 94v982)A(q4)} (58)

to the RHS of Eq. (57) and to use Eq. (46), and we
arrive at the desired result of Eq. (43).

0=

VI. CONCLUSIONS

In this paper we demonstrated that the background
field method is an alternative and simple way of deriving
the same gauge-invariant results which are obtained by
the pinch technique. We have found, in particular, in the
cases of gauge-invariant gluon self-energy and the three-
gluon vertex that both the BFM in the Feynman gauge
and the intrinsic PT produce the same results which
are equal term by term. We also calculated the gauge-

[
invariant four-gluon vertex in the BFM and presented its
exact form. Finally we explicitly showed that this four-
gluon vertex satisfies the same simple Ward identity that
was found with the PT.

Note added. After submitting this paper for publica-
tion, we learned that Denner, Weinglein, and Dittmaier
[16] very recently dealt with the same topic and reached
the same conclusion as we have. They have applied the
BFM also to the electroweak sector of the standard model
and derived various Ward identities.
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