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Abstract. We calculate the HQET quark—gluon vertex at one loop, for arbitrary external momenta, in an
arbitrary covariant gauge and space-time dimension. Relevant results and algorithms for the three-point
HQET integrals are presented. We also show how one can obtain the HQET limit directly from QCD

results for the quark—gluon vertex.

1 Introduction

Heavy quark effective theory (HQET) is an effective field
theory meant for approximating QCD for problems with a
single heavy quark having mass m when the characteristic
momenta of the light fields are much lower than m, and
there exists a 4-velocity v such that characteristic residual
momenta k = p—mu of the heavy quark are also small. It
has substantially improved our understanding of heavy-
quark physics during the last decade [1,2]. Methods of
perturbative calculations in HQET are reviewed in [3].

In this paper, we calculate the quark—gluon vertex in
the leading-order HQET (1/m") at one loop, for arbitrary
external momenta, in an arbitrary covariant gauge, in
space-time dimension d = 4—2¢. This allows us to take all
on-shell limits (introducing additional 1/e divergences) di-
rectly. The general d-dimensional results can also be used
for expansion around a dimension other than 4; for exam-
ple, 2-dimensional HQET was considered in the literature
in some detail.

A one-loop calculation of the QCD quark—gluon vertex
with a finite quark mass m has recently been completed
(see [4], where references to earlier partial results can be
found). We check how the HQET result can be obtained
by taking the limit m — oo in the QCD result.

Let the sum of bare one-particle-irreducible vertex di-
agrams in HQET (Fig. 1) be igot*I'*(k, q). The “full” mo-
menta of the incoming quark and the outgoing one are

p=mv+k, p=mv+k, (1)
where v is the heavy-quark 4-velocity (v? = 1), and k,
k' are the residual momenta. The momentum transfer is
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Fig. 1. HQET quark—gluon vertex

g=7p —p=Fk —k. Inthe HQET limit, m — oo, k ~ k' ~
q ~ O(1). The heavy-quark propagator in HQET is

P+l 1

S(k) 2 k-v+i0’

(2)
and the elementary quark—gluon vertex is igot®v*.

In the leading-order HQET, heavy-quark propagators
and vertices do not depend on the component of the heavy-
quark momenta orthogonal to v. Therefore, I'*(k, q) does
not depend on k; = k — (k- v)v. The only vectors in the
problem are v and ¢, and (see [3])

I'(k,q) = Ly(w, ', )" + Ty(w,o’,¢%)g",  (3)

where
w=k-v, J=k-v (4)

are the residual energies, and ¢-v = w’ —w. The functions
I, and I'; can be reconstructed from the contractions

(W' —w) g, — ¢*TMv,

Fv = Q2 5
(W —w)Hv, — Ttq
Fq = QQH = ’ (5)
where
Q= (W —w)® - ¢ (6)

is the 3-momentum transfer squared in the v rest frame.
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Fig. 2a,b. One-loop vertex diagrams

At the tree level, I'* = v*. One-loop corrections are
shown in Fig.2. The contribution I?* of the diagram
Fig. 2a is proportional to v#; that of Fig. 2b has both struc-
tures.

The contraction I'*(k, ¢)g, can be simplified using the
identities shown in Fig.3. Here a gluon line with a black
triangle at the end denotes a “longitudinal gluon inser-
tion”; when attached to a vertex, it means just the con-
traction with the incoming gluon momentum (note that it
contains no gluon propagator!). A dot near a propagator
means that its momentum is shifted by g. The color struc-
tures are singled out as prefactors in front of the propa-
gator differences. The circular arrow in Fig. 3b shows the
order of indices in the color structure of the three-gluon
vertex if?°. Two last terms in Fig. 3b contain longitudi-
nal gluon insertions again; for them, the identities of Fig. 3
can be recursively used.

Application of these identities to the diagrams of Fig. 2
is shown in Fig. 4. Here the non-standard vertices of Fig. 5
are igot® and g2 f2¢t“v#. This is, of course, just the one-
loop case of the general Ward—Slavnov—Taylor identity for
the quark—gluon vertex, which is discussed in [5,4] in de-
tail. The one-loop contributions to this identity are col-
lected in (2.28) and (2.29) of [4]. They can easily be asso-
ciated with the diagrams shown in Fig.4. The only term
which requires some explanation is the diagram involving
a one-loop ghost self-energy contribution (the first dia-
gram in the second line of Fig. 4b). It has the form I,v",
where the integral I,, depends on the only vector ¢; there-
fore, Lo* = (- v)(1,4")/® = (&' — w)(1,q")/q°. This
can be depicted as in Fig. 6. Thus, this term corresponds
to the last contribution on the r.h.s. of (2.29) of [4]. Using
Fig. 6, we can avoid introducing the non-standard vertex
shown in Fig. 5b.

For the contributions of the diagrams of Figs. 2a,b, we
have

rtthga = (1- g ) (S@) -5, 0
I} (k,q)q, = % (X(w) — X(w')) + (ghost terms).

Here —iX(w) is given by the one-loop self-energy diagram
of Fig. 7:

S0 = FRmCrd-99Tw).  ®)
i d9
W) =~ a7 / (v +w+i0)(2 +1i0)

= 2(—2w) 33 —d)r(d/2—1) (9)

A L Davydychev, A.G. Grozin: HQET quark—gluon vertex at one loop

(see [9]). In what follows, we shall not explicitly write
+i0 in the denominators. Here & = 1 — ag; ag is the
bare gauge-fixing parameter. We can see that the Yen-
nie gauge [6] (see also in [7]) is of special interest, since
Y(w) is finite at £ = —2. Moreover, if the generalization
of the Yennie gauge to an arbitrary dimension is chosen as
&= —2/(d—3) [8], then in the Abelian case (and, in par-
ticular, at one loop), the heavy-quark self-energy vanishes
[9] (see [3] for a tutorial). The two-loop HQET self-energy
was obtained in [9]; the three-loop one can be calculated
using the methods of [10]. These calculations are based on
integration by parts [11].

Using the identity (7), we can obtain the result for the
diagram of Fig. 2a without calculations:

g = - (1 gy ) HE =2 e

This result is also confirmed by direct calculation. Feyn-
man integrals of the type of Fig. 2a,

(10)

d4
/ (I-v+w)r(l-v+w)e(2)vs’ (11)

can always be calculated, for integer v, vo, by applying

1 ! 1 1
(-v+w)(l-v+w)

TV —wllvtw vt

the required number of times. We note that in [12] inte-
grals of the type (11) with different velocities v have been
examined.

Calculation of Fig. 2b requires more complicated Feyn-
man integrals. A method of their calculation is presented
in Sect. 2. Results for the HQET vertex, as well as various
limiting cases, are discussed in Sect. 3. Section4 contains
a brief summary of the results obtained. In Appendix A,
we present general results for the Feynman integrals of the
type of Fig. 2b, for arbitrary d and powers of the denomi-
nators. In Appendix B some issues related to the m — oo
limit of scalar integrals occurring in QCD are examined.
In Appendix C, we discuss the relation between the QCD
vertex at k, ¢ < m and the HQET vertex. In Appendix D,
we present the HQET vertex for the heavy-quark scat-
tering in an external gluon field in the background-field
formalism.

2 Triangle integrals
2.1 Recurrence relations

We consider the class of Feynman integrals (Fig. 8)

v i ddl

(vo,vi,12) = —7 / PR D
(12)

The cases vy = 0, v5 = 0, 1 = 0 are trivial; the results

are proportional to

V(0,1,1) = ()
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Fig. 3a,b. Longitudinal gluon insertions into quark and gluon propagators
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Fig. 4a,b. Ward—Slavnov—Taylor identities for the one-loop vertex
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Fig. 7. Heavy-quark self-energy
Fig. 5a,b. Non-standard vertices
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Fig. 8. Feynman integral V'
Fig. 6. Relation between ghost self-energy contributions

\_(/

(9/01) - v, (8/01) -1, and (9/0l) - (I — q) to the integrand

of (12), we obtain the recurrence relations

= (- 2)d/2—2F(2 —d/2)I?(d/2 —1)
e r(d-2) ’ (100" + 20117 (07 —w)
V(11,0 =1(w), V(1,0,1) =I(). (13) +20,2F(07 — )] V =0, (14)

e +
When all the indices are non-zero, we use integration [d—v0— vz =201 +wi0
by parts [11], similarly to [13,9]. Applying the operators 1227 (¢? — 17)] V=0, (15)
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[d—vo — 11 — 20 + W10

+111%(¢* —27)] V =0, (16)
where 0TV (v, v1,v2) = V(1o + 1,v1, %), etec. When con-
structing the recurrence procedure we assume that all in-
dices v; are integer.

If 1 < 0 and vs # 1, we can raise v by (15);if 1 <0
and 12 = 1, vy # 1, we can raise 14 or vy by (14); if 1 <0
and vo = vy = 1, we can raise v1 or vy by (16). The case
v < 0 is symmetric. If v; > 1, we can lower it or vs
by (16); the case vy > 1 is symmetric. We are left with
V(Vo, 1, 1)

Let us take ¢%/2 times (14), add w times (16) and w’
times (15), and subtract the 0~ shifted sum of (15) and
(16). We obtain at v; = vy =1

gl/oOJr +(d =21 —2)(w+w') —2(d — vy — 2)0~
XV(”O? 1a 1)
=127 (w-0")+2"17 (' = 07)] V(r, 1, 1), (17)
where
Q=g 44w = (W +w)? - Q> (18)

The integrals on the right-hand side of (17) are trivial.
This relation allows us to raise or lower vy.

Therefore, all integrals (12) can be expressed, exactly
at any d, as linear combinations of three trivial integrals
(13) and a non-trivial one, V(1,1,1) = V(w,w’, Q). An
implementation of this algorithm in REDUCE can be ob-
tained at http://wwwthep.physik.uni-mainz.de/
Publications/progdata/mzth0101/.

2.2 Master integral

The master integral
i / ddl
/2 | (1-v+w)l?(l —q)?

is convergent at d = 4, except for the case ¢> = 0 when
it has a collinear divergence (infrared if ¢ = 0). We shall
consider the region w < 0, w’ < 0, ¢ < 0, where no real
intermediate states exist.

Using the HQET version of the Feynman parameteri-

V(w,',Q) = — (19)

zation (see, e.g., [3])
; w5 (20)
avbs F / (a + by)otp
twice, we have
4 d4 dy dy’
V= 3
w2 ) [yl =y (1= )2 =20 v — 2]
- —2F(1 +e) (21)
dy dy’
X 1 2 I, 2,011+’
)0 (ry)iTEl = 2wy +o'y) — @yl
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where y and 3’ have the dimensionality of inverse energy.
For e = 0 (d = 4), calculating the integral in 3’ and
substituting y = 1/z, we obtain

v=z [
0

where z has the dimensionality of energy. Separating the
logarithm as

—q — 2w’z
z2(z — 2w)
z+Q7w+w)(27Q7w+w’)’

dz

(22)

/

2
—log d + log
Q—-—w—uw 2(Q —w —w')

and making the substitution z = (—¢?)/2’ in the second
integral, we obtain the representation

el
”

0

log —q® — 'z _ —q® — 'z
z(z — 2w)

-2
log —— 24,

Q—-—w—uw

z+Q — w+w)(z—Q—w+w’)

z— 2w
e w®

+Q+w—-—w)z—Q+w—uw)’

(23)

which is explicitly symmetric under w <+ w’. The poles of
the denominators at z = Q + (w —w') are compensated by
the corresponding zeros of the numerators.

Finally, we obtain

QV(w,w’,Q) = Liy (Q+w+w’) + Liy <Q—|—w+w’>

2w 2w’
_ ! _ !
b (@R gy, (Gt
2w 2w’
_ _ ! _ !
+10gQ C; wlogQ wtw
—2w —2w
Q—-—w—uw Q+tw—w
+log —2w'! log —2uw'!
2
s
-3 (24)

This expression has cuts at w > 0, ' > 0, and Q <
|w" — w|, where real intermediate states exist.

3 HQET quark—gluon vertex
3.1 General results

Here we present the one-loop HQET vertex, for arbitrary
d and £. The contribution of the diagram of Fig.2a was
given in (10). For Fig. 2b, we obtain

Ca @ Ww—w
2 (Pw) - 2W)-Cx - = —
o (50) = ) - Carfhes U

x{2(w +w) [¢® +ww' (4 + (d — 4))] V(w,w', Q)

Fl;uqlt:
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— 174 = ) + dww' (4 + (d = 4)8)] G(¢°)

+(d = 3)¢ (WI(w) +wI(w))}

Iz 9(2) 3

Iyv.=Ca (47)/2 8¢2 (22

X[(d — 6)€Q* P’

+020Q*(2¢° + (44 (d — 4)§)ww)

+(2+ (d - 3)) 2wV (w, o, Q)

+14(d — 3)(d — 6)éqPww’ (W' + w)?

—20¢*(¢* — 4w’ (d — 4 + (d — 3)¢))

+02Q*((d —4)(4+ (d — 4)§) 12

+(d = 3)(4~ (d - 4)€)¢)]G(4°)

—(d=3)(d - 6)¢* (W' + w)*(WI(W') +w'T(w))

—(d - 3)212¢*(W" — w)(Z(W) ~ Z(w))

HA+ (d =98 ~ ) (WI(W) — WI(w))

+2(3 + )¢ (WI(W') + w'Z(w))]}, (26)
where (2 is defined in (18). We have also derived the first
contraction using (7) (Fig. 4). The second contraction van-
ishes in the Feynman gauge, because the three-gluon ver-
tex yields 0 when contracted with v in all three indices.
We also note that there are some cancellations in the gen-
eralized Yennie gauge, £ = —2/(d — 3), as well as in the
“singular” gauge £ = —4/(d — 4) (which was discussed in
[14] in connection with the three-gluon vertex).

If the bare vertex I'* is expressed via the renormalized
quantities

(25)

{=2(d — 4) (W + w)

9 _ 05 peone 1+ O(as)]
(4m)d/z 4t S
it should become ZrI'*, where Zr = 1+ Zya5/(dme) +- - -
is a minimal renormalization constant, and the renormal-
ized vertex I'#* is finite in the limit ¢ — 0. Retaining only
the pole parts Z(w) — 2w/e, G(¢?) — 1/e, V(w,w', Q) —
0, we obtain, either from (25) or from (26),

ap =a[l+ O(as)],

a—+3
4

Qg

4me

Zr=1+ [(a —3)Cr + CA:l (27)
When goI'™* = gFr“Zi/ZZp is multiplied by the external

leg renormalization factors ZQZ;/ 2, it should give a finite
matrix element. Using

1 13\ 4 a
Za=1-|z(a-2) 4T
A [2 <a 3>+3 Fm] dne’

Qg
Zo=1—(a—
Q (a =3)Cr 4me

(Zg follows from (8), n; is the number of light flavors), we
arrive at

Bo = %CA - %TFTLL

(28)
This means that the heavy-quark coupling with the gluon
field in HQET is renormalized in the same way as the other
QCD couplings. Of course, this must be the case, because

otherwise renormalization would destroy gauge invariance
of HQET.

s

Zo=275°25°23 =1~ f

dre’
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3.2 g parallel or orthogonal to v

In the parallel case ¢ = (W' — w)v, @ = 0. The denomina-
tors of (19) are linearly dependent. Inserting

(1—q)?—1P+2w —w)(l-v+w)

1=
w? —w

into the integrand, we obtain

V(w,w',0)
1 oy T)—T(w)
W 4w [QQ((w ) ) w —w » (29)

exactly at any d.
The vertex I'* is, of course, proportional to v*. There-
fore, we obtain, either from (25) or from (26),
/ J—
r—1-(1- Ca\ Y(W)—2(w)
QCF w—w

% § WI(W) —wI(w)
—Ca (47r;)d/2 4(w' + w) [(d =3 W - w

I(W) - ZT(w) (' —w)?

+2ww’ 5

G((w' —w)?)

. (30)

w? —w w4+ w

It has an imaginary part, which is contained in G((w’ —
w)?).

The case when ¢ is orthogonal to v (' = w, ¢ = —Q?)
does not lead to great simplifications. The contribution
(10) of Fig. 2a now contains dX(w)/dw = (d — 3) X (w) /w.
The contraction (25) is zero, and hence I} is parallel to
v*, too. The contribution of Fig. 2b to I, is obtained from

(26) by putting w’ = w.

3.3 g on the light cone

When ¢? = 0, the reduction algorithm of Sect. 2.1 breaks
down. All V' (vp,v1,12) with vy < 0 vanish. We can use
(14) to lower vy down to 1. Let us suppose that vo >
0; otherwise, we can interchange vy <+ 9, w <> w’. The
relation

[(d—vo—v1 — o)W —w) — 1w + 1w

Fwr 1727 —W12T17V =0, (31)

which is w’ times (15) minus w times (16), allows us to
lower v5 down to 1. We are left with V' (1,14,1). Taking
(16), subtracting w’ times (14) and adding 2w’ times 17
shifted (31), we obtain at vy = s =1

[d—rv1 — 3420w (W —w)(d -2 —4)17] V(1,11,1)
= (1 — 2w (1 + 1)1 1727V (1,14, 1), (32)
where the integrals on the right-hand side are trivial. Us-
ing this relation, we can lower or raise v; to 0. Therefore,
all the integrals V (vg,v1,12) at ¢ = 0 can be reduced to
Z(w) and Z(w’). For example, for V(1,1,1) we have
(d - 3)(WI(w) — wI(w))
2(d — d)ww' (W —w)

V(w, o, | —wl) = (33)
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at arbitrary d.
Repeating, with the new algorithm, the calculation of
the diagram in Fig.2b at ¢> = 0, we obtain

2 1

Vg, = CA( g;)d/2 8(d — d)ww

x[2(d =5+ (d = 3)(d — 4)§)ww(Z(w) — Z(w))

—(d - 3)( (d 4)8)(W*I(w) — wZ(W))], (34)
Lyvn=Ca (47r§d/2 16(d — 6)w2w2 (W' — w)

x[2(d — 6)w?W?(Z(w) — Z(w"))

+(2 — (d = T (W?I(w) - W*I(W))

+(2+ (d = 5)8) (W T(w) — w'Z(W))]- (35)

These results can also be obtained from (25) and (26), if
we expand the numerator of (26) up to the ¢* term.

The case ¢ = 0 belongs to all the categories considered
above. We obtain, from each of the above results, I, =0,

9 (d— )I(w)
(47)d/2 8w
x[4(24 (d=3)§) Cr — (44 (d = 5)§) C4l,

r,y=1-

(36)

exactly at any d.

3402 =0

Another interesting case is 2 = 0 (¢? = —4ww’). After
reducing V (v, v1,v2) to V(vp,1,1) and trivial integrals
(Sect. 2.1), we can use (17) to reduce v to 0. In particular,

roor d—3
V(w,w, w +w)= =D +w)
X {49(—4ww’) — @ I((:jl) ) (37)

for any d. Repeating the calculation of the vertex, we ob-
tain

% 1
(4m)4/216(d — 4)(d — 6)ww' (W' + w)?

x{4[ —(d—6)(4+ (d— 1)) (W +w)?
+4(d — 3)(d — 4){(.«.)40'} ww' (W — w)G(—4ww")

+[@a@-6)+ (@~

If'q,=Ca

3)(3d — 16)¢) (& +w)?
—4(d — 3)(d — 4§ww’}
x(d = (W + )W T(w) — wI(w)
+[(4(d = 6) (= 3)(d - 2)(d - &)’ +w)*
—4(d — 3)( }

4)éww’

A L Davydychev, A.G. Grozin: HQET quark—gluon vertex at one loop

X (' - w) (W Tw) + WIW)}, (38)
v, — Oy 0 3

. (47)4/2 32(d — 6)(d — 8)w?w?(w' + w)?
{[(@=6)(a=-8)4+ (@~ +w)*
+4(d — 8)(2d — (d — 3)(d — 4))ww (' + w)?

+32(d — 3)(d — 8 — 3¢) Qw'2]ww (—dww)
(

~|e@-n@-8) - @~
—4(d—5)(d—8— 3g)ww’}
x(d = 3)(w +w) (W ?T(w) + W I(w)
+[(@=5)(2(d = 8) + (d - DO +w)?
+A(d—8— 3g)ww’}

4)(d = 5)E) (W' + w)?

x(d - 3) (W — w)(W?T(w) — wQI(w’))}. (39)

3.5 Quark(s) on the mass shell

If one of the quarks is on its mass shell, say w’ = 0, then

QV(,0,Q) = 2T, (Q“’) Flog? 9

2w —2w

_11 0@ —w

272

Q+w 3

(40)

at d = 4. The contractions of the vertex are obtained from
(25) and (26) by setting Z(w') = 0 and then w’ = 0.
When both quarks are on shell (w =w’ = 0),

Fb“qH:O (41)

% ¢ (d - 2 ().

w
Iyv, = a )d/28

Ca

[—2(4d — 13) +

In this case, V(0,0, Q) does not appear.
It is easy to consider the cases when ¢ is parallel to v
and ' =0, and when ¢> =0, w’ = 0.

4 Conclusion

We have obtained general expressions (10), (25) and (26)
for the one-loop HQET quark—gluon vertex. Using the re-
currence relations (14)—(17), we expressed the results in
terms of one non-trivial integral V(w,w’, @) (19) and some
trivial integrals (13). For the integral (19) in four dimen-
sions, we have obtained an analytic result (24) in terms of
dilogarithms. In Sects. 3.2-3.4 we have also studied some
special limits of interest.

In Appendix A we have provided some results for the
integrals (12) with arbitrary indices and in arbitrary di-
mension. We have also discussed, in Appendix B, how the
HQET limit can be obtained directly from the standard
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integrals occurring in the QCD calculation. Using this pre-
scription, in Appendix C we have examined the m — oo
limit of the general QCD result [4] for the one-loop quark—
gluon function, and we have found that it is in agreement
with our calculation. We have also presented the result for
the background-field vertex (Appendix D).
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Appendix
A One-loop HQET integrals

The result for the two-point HQET integral is well known
[9]:
i d?l
I(vg,v) = T2 / (I-v+w)n(12)”
(—1)vo+varo(_g)d—r—2v
I'(vo+2v—dA)I'(d/2 —v)
I'(vo)I'(v) '

(42)

For the triangle integral (12), using Feynman param-
eters, we arrive at the following double integral represen-
tation:

(—1)rotraitragio (g + vy + vg — d/2)
F(Z/())F(I/l)F(VQ)

dydy’y”l 1 /l/2 1(y+y)yo+u1+uz —d

[1— 2wy — 2w’y — 2yy/) o2

V(vo,v1,v2) =

0o oo

<]
00

The symmetry (w,v1) ¢ (W', v2) is explicit.

In the special case w = w’ = 0, the integral (43) can
be evaluated in terms of I" functions,

(43)

V(V07 v, V2)|w:w’:0 = (_1)D0+V1+U22V0_1
X (=g?) W22 Dy oy + 092 — d)2)

F(V0/2)F(d/2 - 1/0/2 - lll)F(d/Z - V0/2 - 1/2)
I'(vo) I (v1) I (v2)'(d — vo — v1 — v2) '

(44)

In particular, for v; = 1 we get

L(1/2)1((5 - d)/2)I*((d - 3)/2)
r(d—-3)Q+*

V(Oa 05 Q) = -

7T'2

- —5 + 0(6)

In another special case, ¢ = 0, we get a hypergeomet-
ric function,

(45)

V (v, 11, v2) grg = (—1)70 #1220 (o)t vo= 220,
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F(l/o +2V1 +21/2 —d)F(d/Q—l/l —1/2)
F(Vo)F(I/1 +I/2)
2 2v9 — !
><2F1<V2’V0+ v+ 20 —d 1_w>. (46)
V1 + o w

Using simple transformations of the oF} function, it is
easy to see that the result obeys the symmetry (w,v1) <
(w',v2), as it should. Note that the structure of the result
(46) is quite similar to that of the two-point integral with
different masses and zero external momentum, see (2.9) of
[15]. When vy = vp = 1, the result (46) reduces to

V(vo, 1,1)]| 20 = (=1)"29* (g — d + 3)I'(d/2 — 2)
(_w/)d—uo—?) _ (_w)d—uo—3
X . (47)

w—w

Let us represent the denominator of (43) in terms of
double Mellin—Barnes integral, expanding with respect to
w and w’ (see, e.g., (3.4) of [15]). Then, the resulting mo-
mentum integral can be recognized as

V(vo +t1 +to, 11 + t1, 12 + t2)|w=w=0,d—d+2t1 +2t5, (48)

where t; and t, are the contour integration variables. Us-
ing (44) we can evaluate the integral (48) in terms of I’
functions. Making a linear substitution for the contour in-
tegration variables (1 = s +t, to = s — t), we arrive at
the following double Mellin—Barnes representation for the
integral (12):

(_1)U0+U1+V22U071(_q2)d/271/0/27l/171/2

. 'I‘(U())F(Vl)[‘(V2>F(d — vy — V) — o)
| [ (5) )

xI'(—s :‘:;I:E:O_ s)
xI'(d)2 —vp/2 —v1 —)(d/2 — 19 /2 — va + 1)
xI'(vo/2+v1 +ve —d/24 ) (/2 + s).

V(V03V17V2) -

(49)

B QCD integrals in the HQET limit

Here we discuss the relation of massive integrals occurring
in standard QCD calculations and HQET integrals. First,
let us consider the two-point integral with one massive line
and one massless line,

J(vg,v;m,0) = / PEE

For general values of vy, v and d, such integrals have been
examined in [16,17].

When we substitute p = mv + k, the massive denomi-
nator in (50) becomes

d4
“ 2 ()

(50)

—v

[2m(l+ k) v+ (1 +k)? (51)

For k < m, several regions of integration in [ are essential.
When [ ~ k, we can expand the heavy propagator (51) in
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both k/m and [/m, and it becomes the HQET propagator.
The leading term of this HQET contribution (called “ul-
trasoft” in [18,19]) yields 1/m"° times an HQET integral
(42), which is proportional to (—2w)?~*0 =2 by dimen-
sionality. Higher terms form an expansion in k/m.

Let us subtract and add this expansion of the heavy
propagator to the exact one. In the difference, the con-
tribution of small [ ~ k is suppressed; typically, [ ~ m.
Therefore, we can expand this integrand difference in reg-
ular series in k/m, and integrate term by term. Integrals
of all terms of the HQET integrand expansion in k/m van-
ish in dimensional regularization, because they contain no
scale. Therefore, this “hard” contribution can be obtained
by expanding the exact QCD integrand (51) in k/m, and
integrating term by term. It is analytical at £k = 0, by con-
struction. The leading term is proportional to md4—2¥0=2¥
by dimensionality, whereas the higher terms form an ex-
pansion in k/m. This separation of J(vp,v;m,0) at k < m
into two contributions [17] is a particular case of a more
general threshold expansion [18]. Note that k plays the
role of the threshold parameter, since p?> — m? ~ mk.

We can check these qualitative considerations, using an
explicit expression for J(vp,v;m,0). It can be presented
in terms of the o F} function of z = p?/m? (see (10) of
[16]). Note that in the HQET limit z approaches 1,

k2
Z:M, |— ye
m

2w k2
m  m?2’
i.e., it is at the border of convergence of the 5 F} function.
Transforming from the variable z to 1 — z, we obtain (see
also (1.12)—(1.15) of [17])

J(vo, v;m,0) = ir@/2(—1)v0tvmd—2ve—2v

I'(vo+v—d/2)I(d—vy —2v)
I'(vo)I'(d—vy —v)

1_2)

o Fy (V,Vo—l—u—d/Q

V0+2V—d+1
F(VO + 2v — d)F(d/Q — V) d—vo—2v
(L—z)™
I'(vo)I"(v)
d/2—v,d—vy—v
><2F1< d—vy—2w+1 1 Z)} (52)

We see that the first term here is nothing but the
“hard” contribution. It has a prefactor m%=2"0=2¥_ The
prefactor of the second 5 F} function is

md72u072u(1 _ Z)dfu()fQu = Tnfuo(_2(/u)d71/072u7

up to higher powers of 1/m. This is the HQET (“ultra-
soft”) contribution; in the leading order, it yields

J(vo, v;m, 0) = in¥2(2m) =" I (v, v),
where I(vg,v) is defined in (42).

The value of (2m)"® J(vp, v; m,0) at the singular point
1/m = 0is (up to a factor ir%?) the HQET integral
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(42). When setting 1/m = 0, we discard the “hard” con-
tribution, which is proportional to m%~*0=2"_ because we
can always choose d small enough for this contribution to
vanish. The naive Taylor expansion in 1/m is given by the
HQET contribution. Similarly, the value of J(vg,v;m,0)
at the singular point £ = 0 is the QCD on-shell integral.
When setting & = 0, we discard the HQET contribution,
which is proportional to (—2w)?~*0~2¥ because we can al-
ways choose d large enough for this contribution to vanish.
The naive Taylor expansion in k is given by the “hard”
contribution. Neither of these naive expansions, taken sep-
arately, describes J(vp,v;m,0) at k < m. It is given by
the sum of both contributions, “hard” and HQET (“ul-
trasoft”) ones (see in [18]).

Now, let us consider off-shell three-point integrals with
one massive and two massless internal lines. For arbitrary
powers of propagators, such vertex integrals has been con-
sidered in [16] (see (25)—(29)) and [20], (4.1)—(4.5). Using
the Mellin—Barnes representation, (4.2) of [20] (see also
(26) of [16]), we see that two (of three) arguments, p? /m?
and p3/m* (we denote pi = ki, p3 = kis, p§j = ki)
are approaching 1 in our limit, which is at the border of
convergence of the corresponding function.

Again, as in the two-point case, we need to construct
the analytic continuation of this representation in terms
of the variables containing (m? — p?) and (m? — p3). To
do this in the Mellin—Barnes representation, we use the
contour-integral version of the corresponding formula for
oF1, namely, (A7) of [20] (where we put v5 = 1p). In this
way, we arrive at

Ji(vi,v2,v03m)
iﬂ_d/2(_1)v0+u1+u2md—2vo—2ul—2u2

o F(Vl)F(VQ)F(Vo)F(d — V] — Vg — 1/0)

w0 2 _ . 2\S /o2 2\t
ot ] o () (5
pg u
X(_mQ) D(=s)[(—t)'(—u)
xI'(d—vg—2v1 —2u9 — s — t — 2u)
XF(V0+V1+V2—d/2+S+t+U)
xI(vy +t+u)l(va + s+ u).

(53)

Now, we need to analyze the contributions of the poles
in the right half-plane of the contour variable u, since they
correspond to increasing powers of p3/m?. There are only
two series of poles (with 7 =0,1,2,...),

(J)u=j (due tol'(—u)) and
(iu=d/2—1v9/2 —v1 —va —8/2—t/2+j/2
(due toI'(d — vy — 2v1 — 209 — s — t — 2u)).

The prefactors contain m?=2"0=21-2"2 (case (i)) and
m~"0 (case (ii)). The series (i) yields the “hard” contri-
bution. The HQET (“ultrasoft”) contribution is given by
the series (ii), whose leading term is j = 0. These two
contributions are related to the singular limits 1/m = 0
and k = ¢ = 0 in a way similar to the two-point case.
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Picking up this leading HQET contribution, we arrive
at a double Mellin—Barnes representation (in terms of the
remaining contour integrals over s and t), where the kine-
matical variables involved yield (in the limit m — co) the
HQET variables,

m? — p? -2’ m? — p3 —2w

- , - :
my=p3 V-t my-pi
After introducing the new contour variables (s +t)/2 and

(s —t)/2 we see that the resulting Mellin—Barnes repre-
sentation is equivalent to (49), so that

J1(v1,va,v9;m) = iﬂd/2(2m)7VUV(Vo, V1, 3).

Therefore, the HQET integrals can be formally ob-
tained directly from the standard loop integrals, by picking
up the formal Taylor series in 1/m which has no prefactors
containing m to a power depending on d. Such a prescrip-
tion is similar to some other prescriptions in dimensional
regularization. For instance, considering the massless limit
of the integral (50) we need to represent the result in terms
of the functions of the variable m?/p?, and then discard
the contribution containing m=2¢ (see (11) of [16]). We
have also demonstrated that the HQET contributions are
equivalent to the “ultrasoft” ones, in the language of the
threshold expansion [18]. In other words, in the cases con-
sidered the exact result is given by the sum of two con-
tributions. The first one is given by a formal Taylor ex-
pansion of the integrand in the small parameter of the
threshold expansion (the “hard” contribution). The sec-
ond one is nothing but the HQET series in 1/m.

C QCD vertex at m — oo

If we substitute the “hard” parts of all scalar integrals into
the QCD vertex, then, in the limit K — 0, ¢ — 0, we just
get the on-shell vertex at ¢ = 0. Corrections to this limit
are regular expansion terms in k/m, g/m. Since we do not
consider 1/m suppressed terms here, these corrections can
be omitted.

If we substitute the HQET parts of all scalar inte-
grals (see Appendix B), we should obtain the HQET ver-
tex, which was calculated in Sect. 3. In order to make a
strong check of both the results of [4] (where the one-loop
quark—gluon vertex was calculated in arbitrary gauge and
dimension) and of the present ones, we consider here the
HQET limit of the QCD vertex [4].

Using the standard decomposition of the quark—gluon
vertex [21] (see also [22,4]), it can be split into longitudinal
and transverse parts,

4 8
IH— Z)\Z—Lf + ZTZ'CZ;M,
i=1 i=1

where \; and 7; are scalar functions depending on kine-
matical variables, whereas L! and T!" are vectors which
also involve Dirac matrices (see Sect.IID of [4] for further
details).

(54)
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We substitute

p=-mv—Fk—q, px=mv+k, p3=q
At the leading order in 1/m, the initial and final quark
spinors obey $u = u. Therefore, we can sandwich I'* be-

tween the projectors (¢ + 1)/2, and use

7’“‘17#7”1 :7’+1v“¢+1.
2 2 2 2

With the required accuracy, there are three independent
structures:

LY = v" + O(1/m),

1
T = vt — (W —w)g" + O(1/m), T = 5[’y“,ﬁ].
The others are

Ly = 4m*LY + O(m), LY = —2mL} + O(1),

Ly = O(1),
T = mTy +0(1), T4 = 2m*TY + O(m),
Ty = O(m), Tg = 0(1), Ty = O(m),

T = mTy + O(1).

According to Appendix B, the HQET-relevant “ultrasoft”
parts of the scalar integrals are

77'% = 07 77532,3 = 07 7]50,3 = g(q2>7
I(w) Z(w')
nNK12 = ——, MNK11=> —F
2m 2m
V(w,w', Q) 1 Z(W) — T(w)
= —F— = ;
el om 172 2m)2 W —w

where the notations ;, x;; and n are defined in Sect. ITA
of [4].

Therefore, at the leading order (1/m°) the HQET limit
of the QCD vertex (54) yields

(A1 +4m2 Xy — 2mA3) LY 4 (mmy + 2m> Ty + 73) T4
+(75 + m7g)TY.

Using the results for A; and 7; listed in [4], we have ob-
tained the result that at the order 1/m° the coefficient of
the chromomagnetic structure T}' vanishes, whereas those
of L} and T} reproduce the results (10), (25) and (26),
for arbitrary d and &.

Thus the QCD vertex at small k, ¢ is equal to its on-
shell value at k = ¢ = 0 plus the HQET vertex, up to 1/m
corrections. We can reformulate this statement: the QCD
vertex in the on-shell renormalization scheme is equal to
the HQET vertex in the on-shell renormalization scheme,
up to 1/m corrections. In QCD, the on-shell renormaliza-
tion subtracts from the one-loop correction its value at
k = q = 0. In HQET, the on-shell renormalized vertex
equals the bare one, because its value at k = ¢ = 0 van-
ishes.
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D Background-field vertex

The background-field formalism [23] is convenient for con-
sidering heavy-quark scattering in an external gluon field.
In this method, the vertex (Fig.1) with the background
gluon differs from the ordinary one. The diagram of Fig. 2a
still gives (10), because the quark—gluon elementary ver-
tex does not change. The contraction of the three-gluon
vertex with a background gluon momentum contains no
ghost terms, just the first difference in Fig. 3b. Therefore,

I = e

This is also confirmed by a direct calculation. For the other
contraction, we obtain

9 1
A (47)4/2 842022
{2 +w) 202 — (4 - 8)82°Q? - dEQQ?
—(16 + (d* — 18d + 40)€)£RQ*ww’
—(d = 3)(d — 4)&*¢°w’ — > Q*Pwu’
—8(5d — 12)£2Q*W* WV (w, ', Q)
+[ - 8027 + (424 - 7) - (d - 9ERQ?
—8(d —3)(2 — (d — 5)€)£RQ*wu
+4(d — 3)(d — 4)£22¢*w’
—16(d - 3)(d — 6)§?Q*w*w"?| G (q?)
+2(d - 3)¢ |2+ AW T(w) + W)

+2(4 + (d — 4)&)ww' (W? — w?)
* (W' I(w) — wI(w'))
—((14+ 82+ (d - 6)éww)¢?
(WI(w) + wI(w')
—(
(

B
Ijv, =

X

)
¢+ (6+ (d 5)€)ww’)q”

WSTW))] }-

X (wI(w) +
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