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Five-parton amplitudes with two quarks and two photons at next-to-leading order

Yoshiaki Yasui
KEK, Oho 1-1, Tsukuba, Ibaraki 305-0801, Japan

~Received 21 March 2002; revised manuscript received 5 August 2002; published 25 November 2002!

We discuss one-loop five-parton amplitudes with two-quark, two-photon, or three-photon external legs. The
amplitudes are required to evaluate the NLO corrections for thegg jet production process at hadron colliders.
The results have been already discussed by several groups in terms of QCD amplitudes. Here, we present a
more straightforward version of one-loop calculations without using the QCD amplitudes.

DOI: 10.1103/PhysRevD.66.094012 PACS number~s!: 12.38.Bx, 14.80.Bn
os

C
in
-
s

ua
r-

y
na
s

CD
rs
es

-

th
ay

-to
n

t
-
h

te
in

s

th

nd
n
e

t
ne-

five-
he

that
li-

om-
of
o
nal

the
s.
at
in
e

We
es
ent
in-
ve

s
ar-
ro-
rtial

d
y

nta-
er
I. INTRODUCTION

The search for the Higgs boson will be one of the m
important issues of the CERN Large Hadron Collider~LHC!
experiments. However, if the mass of the Higgs boson
light (MH<140 GeV), the Higgs boson search at the LH
will not be so easy. In this range, the rare decay mode
two photons (H→gg) is expected to give rather clear sig
nals@1#. Many calculations have been done for this proce
including radiative corrections@2,3#. They found that the
next-to-leading order~NLO! corrections to Higgs production
are very large@2#. The next-to-next-to-leading order~NNLO!
corrections also have been evaluated in the large top q
mass limit@3#. The NNLO corrections show a good conve
gence in the perturbative expansion. Now, the uncertaint
the higher order corrections for the Higgs production sig
is less serious. On the other hand, the QCD background
has large uncertainties. The NLO corrections of the Q
background (qq̄→gg) are also very large. To make matte
worse, NNLO corrections of gluon-gluon initiated process
such as the box type correctiongg→gg, may be very large
due to the large gluon distribution@4,5#. Actually, the size of
a NNLO correctiongg→gg is comparable to the LO con
tribution qq̄→gg. Thus, at least, full NNLO analysis will be
required to obtain the significant evaluation. However,
NNLO analysis of the QCD backgrounds is still on the w
@6,7#.

It has been pointed out that we can improve the signal
background ratio by considering the associated productio
the Higgs boson with a high transverse energy jet (pp
→H jet→gg jet) @8#. The existence of a highPT jet in the
final state allows us to choose suitable cuts to suppress
QCD background@8#. In addition, for this process, the am
biguity of the higher order corrections is less serious. T
subprocess with two-gluon initial statesgg→ggg again
contributes first in the NNLO, which is believed to domina
the NNLO contributions. However, the LO correction,
which the main contribution comes from the subprocessqg
→qgg, is sufficiently larger than the NNLO contribution
because of the large gluon distribution@4#. Thus we expect
that the NLO analysis is fairly accurate to understand
QCD background.

To evaluate the NLO corrections of the QCD backgrou
we need the tree-level QCD amplitudes for six parto
(qq̄gggg,qq̄QQ̄gg) and one-loop amplitudes for the fiv
0556-2821/2002/66~9!/094012~11!/$20.00 66 0940
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partons (qq̄ggg). In Ref. @10#, they present the compac
expressions for the six-parton tree-level amplitudes. The o
loop amplitudes are also discussed in Refs.@9,10#. They pro-
vided the systematic procedure to express the one-loop
parton amplitudes with using the known results of t

qq̄ggg amplitudes or ‘‘primitive amplitudes’’@11#. However,
the QCD amplitudes include many unnecessary terms
disappear from the final expression of multiphoton amp
tudes. Thus, their one-loop expressions are still rather c
plicated. In this paper, we carry out the direct calculations
the one-loop five-parton amplitudes, which are involving tw
massless quarks, two or three external photons. Our fi
goal of this paper is to obtain the explicit expressions for
one-loopq̄qggg amplitudes without using QCD amplitude

The paper is organized as follows. It is now popular th
QCD matrix elements of multi-partons are expressed
terms of the color ordered helicity amplitudes. In Sec. II, w
explain some technical prescriptions of these methods.
also explain known general forms of tree-level amplitud
with external gluons and/or photons. In Sec. III, we pres
one-loop helicity amplitudes for five-parton processes
cluding two or three external photons. In Sec. IV, we gi
some concluding remarks.

II. TREE-LEVEL AMPLITUDES

The color decomposition@12# technique and helicity basi
method@13#are standard techniques to express the multip
ton amplitudes. The color decomposition method is the p
cedure that constructs color ordered gauge invariant pa
amplitudes in the QCD. At the tree level, amplitudesAn
involving two quarks andn22 gluons can be decompose
into the partial amplitudesM’s, which are characterized b
the single string of the group matrices@14#,

An5gn22 (
aiPSn22

~Ta3
•••Tan!An~qi 1,q̄i 2,gi 3, . . . ,gi n!,

wherei j are parton helicities.Ta(a51,2, . . . ,N221) are the
matrices of the gauge group in the fundamental represe
tion. Sn denotes the set of noncyclic permutations ov
1, . . . ,n.
©2002 The American Physical Society12-1
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We also introduce the spinor helicity basis method@13#.
We use the popular notations for the helicity basis of a ma
less spinor fieldc @14#,

^q6u[
1

2
c̄~q!~17g5!, uq̄6&[

1

2
~16g5!c~ q̄!.

In this paper, all external momenta are taken to be outgo
All color ordered helicity amplitudes are expressed in ter
of following spinor products:

^pq&[^p2uq1&, @pq#[^p1uq2&,

@pq#^qp&5spq[2p•q.

We can also describe external gauge fields by using
spinor helicity basis. The polarization vectors can be writ
in terms of massless spinorsup6& and uk6&,

«6~p,k!56
^p6ugmuk6&

A2^k7up6&
, ~1!

wherep is the gauge boson momentum andk is the arbitrary
momentum that satisfiesk250. We call this momentumk as
the referencemomentum. Physical quantities do not depe
on thereferencemomentum, because a change in the re
ence momentum is equivalent to a gauge transformation

«1~p,k!m→«1~p,k8!m2A2
^kk8&

^kp&^k8p&
pm .

This means that we can choose an appropriatereferencemo-
mentum for any gauge invariant subset of the full amplitu
For example, in this formula, we obtain the following ide
tities:

«”6~p,k!uk6&50, ^k7u«”6~p,k!50. ~2!

Using these identities, we can easily show that the am
tudes in which all gluons have the same helicity vanish@14#,

An
tree~ q̄,q,g3

1 ,g4
1 , . . . ,gn

1!50. ~3!

From the above formula, we also obtain the simple expr
sion of the amplitudes in which one gluon has negative
licity and all other gluons have positive helicity@10#,

An
tree~ q̄1

1 ,q2
2 ,g3

1 , . . . ,gj
2 , . . . ,gn

1!5 i
^1 j &^2 j &3

^12&^23&•••^n1&
,

~4!

where thej th gluon has the negative helicity. Here, we fo
lowed the notations and conventions given in Ref.@14#. ~In
Sec. III, we use the different normalization condition
group factorTa.!

The amplitudes involving external photons are obtain
by summing over permutations of gluon matrix eleme
@14#. The amplitudes containing gluons and photons w
maximally helicity-violating ~MHV ! configuration
(2,2,1, . . . ,1) are @10#
09401
s-

g.
s

e
n

d
r-

.

li-

s-
-

d
s
h

An
tree~ q̄1

1 ,q2
2 ,g3 , . . . ,gr 12 ,g r 13 , . . . ,g r 1m12!

5 i
^1i &^2i &3

^12&^23&•••^~r 12!1& )
j 5r 13

r 1m12 F ^21&

^2 j &^ j 1&G , ~5!

where thei th gluon or photon has the negative helicity. T
obtain the one-loop level photons amplitudes, similar pro
dure have been applied to the one-loop amplitudes@9,10#.

The amplitudes with other configuration of helicities a
obtained by Parity inversion and charge conjugation@11#.
Parity inversion reverses the sign of all helicities of exter
legs. This conversion is achieved by taking the complex c
jugation. In terms of the helicity basis method, this operat
is equivalent with the replacement of spinor produ
^ i j &↔@ j i #, but with no substitution ofi→2 i . In addition, a
factor 21 is required for each quark antiquark pair. Char
conjugation replaces quarks and antiquarks without chang
helicities. From these relations, we can reduce the numbe
independent partial amplitudes. For the case ofqq̄ggg am-
plitude, we only need to calculate the amplitudes w
following three types of helicity configurations
(q̄2,q1,g1,g1,g1) and (q̄2,q1,g6,g7,g1).

III. ONE-LOOP RESULTS

The one-loopqq̄ggg amplitudes can be written by th
three types gauge independent partial amplitudesM 5

i ( i
51,2,3),

A 5
12 loop~qq̄ggg!52

eq
2g3Ta

2 H 1

Nc
M 5

1~qq̄ggg!

1NcM 5
2~qq̄ggg!J

2(
i 51

nf eqi

2 g3Ta

2
M 5

3~qq̄ggg!. ~6!

M 5
1 andM 5

2 have different dependence on the color fac
Nc(53 for QCD) andM 5

3 is the fermion loop contribution.
eq is the charge of the external quarks.eqi

are the charges o

loop fermions andnf is flavor. To explain the one-loop re
sults, we change the normalization condition of the gro
generators as Tr(TaTb)5dab/2.

To carry out the one-loop calculations, we need the inf
mation on the Feynman integrals. We follow the technolo
of the Feynman integral calculation which was discussed
Refs. @15,16#. We use dimensionally regulated one-loop i
tegrals in 422e dimensions. In the conventional dimen
sional regularization~CDR! scheme, both momentum com
ponents and helicity states are dealt with inD(5422e)
dimensions@17#. Thus, all gluons and photons have 222e
helicity states. On the other hand, the spinor helicity basi
defined in four dimensions. To apply the helicity bas
method in the one-loop calculations, we need some mod
cation in the regularization scheme. The ’t Hooft–Veltm
scheme is one of the solutions where polarization of
2-2
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FIG. 1. Feynman diagrams forO(1/Nc) contributions.
hi
s
n
au

th
l
n

k

ity

the
he
y

served particles is dealt with in four dimensions~then ob-
served gluons and photons have 2 helicity state!. The four-
dimensional helicity~FDH! scheme@17# is a more efficient
approach when using the spinor helicity method. In t
scheme, momentum components of unobserved particle
dealt with in 422e dimensions, but we treat all helicities i
four dimensions. Thus, both observed and unobserved g
bosons have 2 helicity states.

A.M 5
1
„q̄qggg…

We give the Feynman diagrams which contribute to
partial amplitudesM 5

1 in Fig. 1. Here, one of the externa
gauge boson legs is a gluon and others are photons. We
tice that the amplitudesM 5

1 are obtained from the two-quar

three-photon amplitudesA(qq̄ggg) by converting one of
the photons into a gluon.
d

os

09401
s
are

ge

e

o-

M 5
1~q,q̄,g,g,g!5m5~q,q̄,g→g,g,g!,

A 12 loop~q,q̄,g,g,g!5eq
3g2

Nc
221

2Nc
m5~q,q̄,g,g,g!.

Therefore, we present theqq̄ggg amplitudes at first.
From the analogy of Eq.~2! and Eq.~3!, the tree level

amplitudes in which all of the photons have the same helic
vanish:

mn
tree~ q̄,q,g3

1 ,g4
1 , . . . ,gn

1!50.

This result ensures that the corresponding amplitudes at
one-loop level must be infrared and ultraviolet finite. T
explicit form of the one-loop amplitude for the helicit
(q1

1 ,q̄2
2 ,g3

1 ,g4
1 ,g5

1) is
m5~q1
1q2

2g3
1g3

1g4
1!5

i

16p2

2A2

@24#^14&^35&^45&^34&F2
@13#@24#^14&2^25&^23&

^24&^51&
1

s24̂ 35&@51#^12&

^23&
2

s24s45̂ 35&^12&

^23&^51&

1@24#@51#^12&^45&1
s24@51#^25&^13&

^23&
22

s13@24#^12&^45&

^51&
1

@24#^12&^45&s23

^51&
2

@24#^12&^45&s12

^51& G
1~3↔5!.
wn

s

This result is consistent with the result of Ref.@10#.
An independent nonvanishing tree-level partial amplitu

m5
tree is given by the helicity configuration

(q2,q̄1,g2,g1,g1),

m5
tree~q1

1q̄2
2g3

1g4
2g5

1!5
i2A2^12&^24&2

^25&^23&^51&^13&
. ~7!

Here, we define the partial amplitudesm5’s as

A5
tree~qq̄ggg![e3m5

tree~qq̄ggg!.

The difference between Eq.~5! and Eq.~7! in the factor 2A2
comes from the different normalization of group factorTa.
The corresponding one-loop level partial amplitude p
e

-

sesses ultraviolet and infrared divergences. It is well kno
that the singular part of one-loopn-point amplitudes have the
universal structure@18,19#,

mn
1-loopusingular5cGmn

treeF2
1

e2 (
j 51

n

S j
[n] S m2

2sj , j 11
D e

1C [n]
1

e G ,

~8!

where

cG[
~4p!e

16p2

G~11e!G2~12e!

G~122e!

with D5422e andm is the renormalization scale.mtree is
the tree-level partial amplitude.S j

[n] are the coefficients of
the soft singularities andC j

[n] are the sum of the coefficient
2-3
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of the collinear and ultraviolet singularities which depend
the particle contents of amplitudes. For the massless Q
accurate values of the coefficientsS j

[n] and C j
[n] are well

known @11,19#. Because of this fact, it is easy to check t
singular part of one-loop level amplitudes. We will discu
this matter again in the end of this section. Here, we pres
the amplitudes in which ultraviolet divergence is unsu
tracted.

We also introduce the following functions to explain th
nonsingular parts:

L~s,t,u![Li2S 12
s

uD1Li2S 12
t

uD1 ln
s

u
ln

t

u
2

p2

6

09401
D,

nt
-

RlnnS s

t D[

lnS s

t D
~s2t !n

,

where Li2(Z) is the dilogarithm function@20#,

Li 2~Z![2E
0

Zdx

x
log~12x!.

The explicit form of the one-loop partial amplitude for th
helicity configuration (q2,q̄1,g2,g1,g1) is
m5~q1
1q̄2

2g3
1g4

2g5
1!5cGmtreeH 2

2

e2 S m2

2s12
D e

2
3

e~122e! S m2

2s12
D e

232dDJ 1
i

~4p!2A 2

@24#2^35&2^12&F f 1lnS s34

s12
D

1 f 2lnS s14

s45
D1 f 3Rln1S s23

s45
D1 f 4Rln2S s14

s23
D24

^35&@24#s24̂ 12&2s12~2@13#^34&1@51#^45&!

^23&^51&s13
2

3L̃~s23,s12,s45!24
^45&2^12&3@24#2^35&

^51&3^23&
S L̃~s14,s45,s23!1

s51
2

s13
2

L̃~s23,s12,s45!D
24

^12&^35&s24
2

^51&^23&
„L~s12,s51,s34!1L~s34,s24,s51!…

1H 2
@35#~2@14#^51&^34&1^23&@24#^45&!~s341s45!

s35
22

s34
2~2s121s3422 s51!

s51

22
@23#~@51#^12&^35&2^34&@45#^25&!~s512s34!

2

s23s51
22^34&@45#^51&@13#12^23&@24#^45&@35#

12 s23s1224 s12~s512s34!J L~s45,s34,s12!1R01~3↔5!G .

The scheme dependence is controlled by the parameterdD . We obtaindD50 in the FDH scheme anddD51 in the ’t
Hoot–Veltman scheme. Here, we also used the following definitions:

L̃~s23,s12,s45![L~s23,s12,s45!2s13Rln1S s23

s45
D

L̃~s14,s45,s23![L~s14,s45,s23!2s51Rln1S s23

s45
D2s51Rln1S s14

s23
D .

f i ( i 51, . . . ,4) andR0 are given by

f 156
^12&^35&s45

2

^13&^25&
2

^45&@14#^12&~3 s4512 s23!

^25&
22

^12&@25#^35&~4 s451s25!

^13&
24

^12&@23#^35&~s341s23!

^51&

22
@45#^34&^25&~2 s121s342s51!

^23&
22

^45&@51#^12&@24#s23

s25
12

s23s12s45

s25
13

s45
2s12

s25
23

^45&@51#^12&@24#s45

s25

22 s25s3412 s25s1212 s25
218 s25s4514 s23s1216 s45

2112s12s45
2-4
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f 252
@13#^23&^51&~s2313 s12!

^25&
14

s12̂ 35&@45#^24&

^23&

f 3522
@51#^12&@23#^35&~s231s34!~s23s121s23s131s12s3413 s34s13!

s23s51

22
@51#^12&@23#^35&~22 s12s5125 s34s4514 s12s3412 s51s45!

s23
22^12&@24#@13#^34&~3 s3422 s4512 s12!

110s34
2s1224 s12s34s51110s12s23s3426 s23s12

224 s23s12s1324 s12s51s2324 s12s51s1326 s12
2s3426 s12s34s13

12 s23s13
2

f 452
@51#^12&@23#^35&~s342s51!~s511s45!~s34s5112 s45s512s34s45!

s23s51

22
@51#^12&@23#^35&~2s121s34!~2s23s121s34s2322 s34s45!

s51
12~s511s45!

2~2^34&@45#^51&@13#1@14#@25#^12&

3^45&2s12s13!12~s342s51!~s511s45!~s45s121s51
22s34s5112@34#^45&@51#^13&!12~2s121s34!~s342s51!

3~s12s5112@51#^12&@23#^35&1s45
2!1~2^45&@51#^12&@24#2@23#^34&@45#^25&!~s122s34!~s121s45!12 s23

~2s121s34!~s12
21s45s1212@34#^45&@51#^13&1s34

22s51
2!12^23&@25#@34#^45&s23~s511s45!2s45~s3415 s23!

~2s121s34!~s342s51!2~2^45&@51#^12&@24#2@23#^34&@45#^25&2s34s511s45
21s51

2!s45~2s231s34!1~s34

2s51!~s511s45!~2s45
213 s45s5112 s45s1216 s45s2312 s23s51!1~2s121s34!~s511s45!~3 s45s12210s45s23

22 s34s452s12
21s34s1223 s51

2!1~s511s45!~22 s45
2s232s45s51

215 s45s23s5112 s51
3!2~s511s45!

2s45
21~2s12

1s34!~s12
2s4523 s12s45

224 s12s23s3416 s45
2s231s45s34

21s45s23
2!2s45

2~2s45
22s45s232s45s5123 s23s51

14 s34s23!14~2s121s34!
2s23s4522 s45~2s121s34!~s342s51!~s511s45!1~s342s51!

2~2s121s34!~s511s45!

2s23~2s121s34!
2~2s451s12!22~s122s34!

2~s511s45!~s231s45!12 s23~s511s45!
2~2s451s511s23!12 s34~s51

1s45!
2~s341s251s23!2~2s121s34!

2~s511s45!s3422~2s121s34!
2~s342s51!s23

R05
@25#~^45&@34#^23&1^51&^24&@14# !~2 s5123 s342s45!s24

~s341s45!s25
1

^14&@34#~2@12#^23&1@51#^35&!s35s12

s14s23

1
s35

2~s231s34!

s51
2

^45&@24#~2@51#^12&1@35#^23&!s35
2

s51~s511s45!
2

s35
2~s121s341s451s23!

s511s45

1
~2^51&@12#^23&@35#1@34#@51#^14&^35&2s51s23!s12s35

s23~s511s45!

12
s12s14~@51#^12&@23#^35&2^34&@45#^51&@13#1s45

22s23s1322s23s45!

s23~s341s45!

12
~^51&@25#^23&@13#2@34#^45&@51#^13&1s51

21s45s511s45
2 !s14

s341s45

13
@51#~^13&^45&@34#1^12&@23#^35&!~s231s34!

2

s51s23
23

~s122s45!s34
2

s23

1
@23#~^25&@45#^34&2@51#^12&^35&!~2 s2513 s34!

s23
12

s45s12~s511s45!

s23
114̂ 23&@34#^45&@25#17@12#^23&@34#

3^14&27@51#^12&@23#^35&17 s45s3415 s51
226 s51s231s23

223 s51s121s12s232s23s4525 s34
212 s45

21s12
2

24 s23s3413 s45s5114 s12s3427 s45s122s34s51.
094012-5
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B.M 5
2
„q̄qggg…

The Feynman diagrams which contribute to theO(Nc) part are given in Fig. 2. The amplitudes of all helicity positive glu
and photons vanish again at the tree level. The corresponding amplitude at one-loop level is infrared and ultraviolet

M 5
2~g1

1q̄2
2g3

1g4
1q5

1!5
i

16p2

2A2

@12#^51&^14&^13&^34& F @12#@51#^13&^14&^25&2

^23&^45&
2

@12#@34#^13&^24&^14&^25&

^45&^12& G1~3↔4!.

This result is also consistent with the result of Ref.@10#.
Tree-level amplitudes with the helicity configuration (q̄,q,g1,g6,g7) are nonvanishing. Corresponding one-loop amp

tudes have the ultraviolet and infrared divergences, again. The amplitude in which a gluon has negative helicity
photons have positive helicity is

M 5
2~g1

2q̄2
2g3

1g4
1q5

1!52cGM treeH 2
2

e2 S m2

2s12
D e

2
2

e2 S m2

2s51
D e

2
3

e~122e! S m2

2s51
D e

2dDJ 2
i

~4p!2A 2

@12#2^34&2^25&

3F2
^14&@12#2^25&s34~2@45#^51&^24&13^23&@34#^14&!

^45&
Rln2S s51

s23
D24

^34&^25&s12
2

^23&^45&
„L~s51,s45,s23!

1L~s23,s12,s45!…14
^25&@51#^34&^12&s12

^23&^24&
L~s12,s51,s34!

22
^25&@12#@45#~^14&s51s342^24&@25#^51&s45!s34

s51s45~s232s51!
1~3↔4!G ,

where

M tree5
2A2i ^12&2^25&

^45&^24&^23&^35&
.

The tree-level amplitudes are given by

A 5
tree~qq̄ggg!5e2gTaM 5

tree~qq̄ggg!.

The amplitude with the helicity (q̄2,q1,g1,g2,g1) is given by

M 5
2~g1

1q̄2
2g3

2g4
1q5

1!52cGM treeH 2
2

e2 S m2

2s12
D e

2
2

e2 S m2

2s51
D e

2
3

e~122e! S m2

2s51
D e

22L~s34,s23,s51!22L~s12,s51,s34!

222dDJ 2
i

~4p!2A 2

@23#2^14&2^25&F f 1Rln2S s35

s12
D1 f 2Rln2S s35

s24
D1 f 3Rln1S s34

s12
D

1H 24
@45#^51&@12#^24&~@45#^51&@12#^24&2^23&@34#^45&@25# !2

s12s45
3

FIG. 2. Feynman diagrams forO(Nc).
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22
~2@45#^51&@12#^24&2@51#^25&@24#^14&2^23&@34#^45&@25# !

s45
2

~2^23&@34#^45&@25#12@23#^34&

3@45#^25&1s12s45!12
@45#~^24&@12#^51&2@23#^34&^25&!s51s24

s45
2

12
~2s51s2322 s34s231s51

22s34s51!s25

s45
12

~^45&@51#^12&1^23&^14&@13# !s23
2

s51̂ 24&

22
@51#~^12&@23#^35&1^13&^45&@34# !~2s231s34!

s51
12

s23
2~2s231s45!

s51
22@24#~@51#^25&^14&

2^34&^12&@13# !12s51
226 s34s5112 s51s2322 s34s4524 s51s1212 s45s2314 s34

2

12 s12s34J L̃~s34,s35,s12!14
@14#@25#s23

2L~s51,s45,s23!

@12#@45#

1H 2
@51#~^12&@23#^35&1@34#^45&^13&!s34

2~s232s45!

s51s24s14
24

^12&@13#^34&2@23#@45#^25&

^24&s14

12
s34~^12&@13#@24#2@23#@45#^25&!~@12#^23&^14&1^45&@51#^13&!

s24s14

22
@34#2~@12#^23&^14&1^45&@51#^13&!2

s24s14
J L̃~s24,s12,s35!1R0G ,

where

M tree5
i2A2^25&^23&2

^12&^45&^24&^51&
.

We also used the following functions:

L̃~s34,s35,s12!5L~s34,s35,s12!2s45Rln1S s35

s12
D1

1

2
s45

2 Rln2S s35

s12
D2s45Rln1S s34

s12
D

L̃~s24,s12,s35!5L~s24,s12,s35!1
1

2
s14s24Rln2S s35

s12
D .

f i ( i 51,2,3) andR0 are

f 152@24#~^45&@51#^12&1@13#^14&^23&!s23
2S 2

28 s45s2313 s23
216 s45

2

s51s24
2

3 s5126 s2318 s45

s24
D

2
@51#~^13&^45&@34#1^12&@23#^35&!~s232s45!~3 s23

223 s34s2325 s45s2313 s34
213 s34s45!

s51

1
@12#~@45#^51&^24&2^14&@34#^23&!s23

2s45

s12
1

s23
2~s232s45!~28 s45s2313 s23

216 s45
2!

s51
1~2 ^23&@34#^45&@25#

12^23&@24#^14&@13#22@51#^25&@23#^13&2s23
2!s23~2 s5114 s4525 s23!23~@34#^45&@51#^13&1^23&@24#^14&@13#

22^12&@23#^34&@14#12 s34s451s51s2322 s23
2!~2s451s12!~s451s34!2s23~s23

326 s34s23
22s23

2s122s51s23
212 s23

2s45

22 s51s23s1227 s23s45
222 s23s34s4513 s23s45s1216 s34

2s4522 s12s45
212 s45

316 s34s45
2!
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f 25@51#~^13&^45&@34#1^12&@23#^35&!s14S 2
s23~s232s45!

s51
13

s34~s232s45!

s51
12

s12~2s231s34!

s51
D13~@23#^34&@45#^25&

2@51#^12&@23#^35&1s23
2!~s122s45!s1412~@23#^34&@45#^25&2@51#^12&@23#^35&2s34s12!~s121s23!s1412@14#~^12&

3@23#^34&1^51&@25#^24&!s12s2522 s14s23
2~2s231s511s121s34!2s14~22 s5112 s3413 s23!s12

22s14~3 s342s23!s45
2

1s14s34~24 s5112 s3415 s45!s1212 s14~3 s23s34s451s51
2s12!

f 352
@45#~^51&@12#^24&2@23#^34&^25&!s23~s34s232s12s2322 s51s12!

s45s12

1
~@51#^25&@23#^13&1^23&@34#^45&@25# !s23„3 s25s2512~s512s34!s45…

s51s24
2

s45s23
3~3 s2313 s1222 s45!

s51s24

22
s23~2s232s511s34!s45

2

s51
13

s45s23
2~s252s23!

s51
13

~^23&@34#^45&@25#2^23&@24#^14&@13#2s12
2!s23

2

s24

2
s23

2~6 s12s2322 s45s1225 s45s2313 s23
2!

s24
2

s23
2s34~2s511s34!

s12
14~2^23&@24#^14&@13#12@51#^25&@23#^13&

1@12#^23&@34#^14&!s23

R05~^51&@12#^23&@35#2^45&@51#^12&@24#1s12s352s51s35!S s12~s511s45!

s35~s121s14!
2

s12~2s511s12!

s51~s121s14!
D1~2^45&@51#^12&@24#

2^23&^14&@13#@24#1s14
2!S 2

s14s12~s141s45!

s45s35~s122s35!
2

s14~s511s45!

s35~s122s35!
D

2
~^45&@51#^12&@24#1@12#^23&@34#^14&!„~s512s23!

22s45s14…

s45s35
12

s14
2s45~s511s45!

s35~2s121s35!

2
s14

2s51~s45s122s45
22s51s452s14s12!

s45s35~2s121s35!
22

s51
3s12

s45s35
12

@24#~^45&@51#^12&1^25&@35#^34&!~2s341s51!
2

s51s24

22
s12

2~2s45s351s51
21s51s45!

s35~s121s14!
1

~s45s122s23
2!s14

s35
1

~@45#^51&@12#^24&1@51#^14&@34#^35&1s51
22s23

2!s51

s35

22
~^45&@51#^12&@24#1@12#^23&@34#^14&!s23

2

s45s12
1

s23~s51
21s23

2!

s45
22

s45~s12s232s34
2!

s51

1
~^51&@12#^23&@35#1^12&@13#^35&@25#1s45

2!~2s231s451s12!

s51
2

s45
2~s231s34!

s51

22
~2@51#^14&@34#^35&1^34&@35#^25&@24#2s34s45!~s232s34!

s51
2

2s34s23
21s23

2s12

s51
1

s45
3~s131s24!

s51s35

27
s34s45~s511s45!

s35
26

s23s45
21s51

2s34

s35
24

s51s45~s231s34!

s35
22 @12#^23&@34#^14&22 ^34&@35#^25&@24#24 s34s45

12 s14s5122 s23
214 s34s232s45

224 s51
222 s34

22s45s122s51s122s12s2323 s51s452s45s231s34s12.

C.M 5
3
„q̄qggg…

In the end of this section, we give amplitudes which come from the fermion loop contributions. Here, we only co
massless quark loops:

M 5
3~q1

1q̄2
2g3

1g4
1g5

1!5
16

iA2~4p!2

^45&@51#^12&@24#s142^45&@51#^12&@24#s242s25s24s141s24
2s51

s12@24#^41&^35&^54&^43&
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M 5
3~q1

1q̄2
2g3

1g4
2g5

1!5M 5
3~q1

1q̄2
2g3

1g4
2g5

1!5
1

i ~4p!2

8

A2@24#2^35&2^12&
F22 s24

2~2s122s35!s35Rln2S s34

s12
D

1H 2
~2^51&@12#^23&@35#2^45&@14#^13&@35#1s23s12!s14

s35

12
~^12&@23#^34&@14#2^51&@12#^23&@35# !s12s23

~2s121s45!s35
12

s34
2~2s23

21s12s511s23s51!

2s121s45
D 2

2
~^12&@13#^34&@24#2^51&@12#^23&@35#2s34s2312 s34s51!~s34s121s34s231s23s12!

~2s121s45!
2

2
~^23&@34#^45&@25#1^12&@23#^34&@14# !~2s341s5112 s23!

2s121s45

22
@13#~^12&^34&@24#2^23&@25#^51&!s12

2s121s45
2

s23~2s34
21s34s5112 s12

214 s12s51!

2s121s45

12@34#^35&@51#^14&12^45&@14#^13&@35#12@45#^14&@12#^25&

22^23&@24#^45&@35#24 s23s5114 s34s2324 s23s1212 s51s451s51
21s34

222 s34s12J
3H lnS s45

s12
D2

~s452s12!
2

~s342s12!
2

lnS s34

s12
D J 22@35#2@24#2~^34&2^25&21^23&2^45&2!

3H L~s34,s45,s12!

s35
2

2
~2s45231212s34!

s35
Rln2S 34

12D J
3

~^23&@34#^45&@25#1^12&@23#^34&@14# !s23s34

s12~2s121s45!

2
~^34&@45#^51&@13#1^45&@51#^12&@24# !s45s51

s12~s342s12!

3
~^12&@13#^34&@24#2^51&@12#^23&@35# !~s341s23!

2s121s45
12

s23s51s34

2s121s45

1
~2^45&@51#^12&@24#2^51&@12#^23&@35#2s12s45!~2s451s51!

s342s12

12
s51s45~2s451s231s12!

s342s12
1

~s451s34!~2s451s23!~2s341s51!

s12

1
~^12&@23#^34&@14#2^45&@51#^12&@24#1s45s34!~2s452s341s231s51!

s12

1s34
222 s34s511s45

214 s34s231s51
21s23

2.
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Now, we give some comments concerning the cross-chec
our results. Besides the previous results, we also carried
the direct calculation of the amplitudes with the helicity co
figulations (q̄2, q1, g7, g2,g6) and (q̄2, q1, g2,
g2,g2). These amplitudes are also obtained from the pre
ous results by using parity inversion and charge conjugat
This procedure is basically the same procedure discusse
Sec. II. Our direct calculations are consistent with this ar
ment.

In addition, we checked the singular parts. Singular pa
of one-loop amplitudes have the well-known universal str
ture Eq.~8! @18,19#. Thus, we can easily compute the sing
lar part of the amplitudes from the known results of Ref.@11#
by using the procedure given in Refs.@9,10#. To evaluate the
singular part, we have to keep in mind that the regularizat
scheme does not affect the universal structure of the 1e2

pole parts but the 1/e pole parts are scheme dependent.
estimated the singular parts in the FDH scheme and ou
sults are consistent with the results of Refs.@9,10#.

We also performed a consistency check of the sche
dependence. It is well known that the FDH scheme at
one-loop level is equivalent to the dimensional reduct
~DR! scheme@21#. The conversion rule between the D
scheme and the ’t Hooft–Veltman scheme for the two-qu
(n22) gluon amplitudes is discussed in Refs.@11,22#. From
their argument, the conversion from the DR scheme to th
Hooft–Veltman scheme at the one-loop level is obtained
shifting the amplitudes asAn→An1dn with dn52cG(1
21/Nc

2)An
tree . Now, we can consider the colorless limi
39
N/

ig

.

e

J

s
re
,

u,
cl
.

09401
of
ut
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i-
n.
in
-

ts
-

n

e
e-

e
e
n

k

’t
y

(Cf→1 andCA→0) of our results and the results in Ref
@10,11#. In these limits, both results give the same quantity
shifting parameterd5.

IV. CONCLUSION

In this paper, we presented one-loop five-parton am
tudes involving two massless quarks and two- or thr
photon external legs. The one-loop five parton amplitud
with external photons are required to evaluate the Q
background for the Higgs boson production with a jet. The
amplitudes have been discussed@9,10# in terms of the known
QCD amplitude (qq̄ggg) @11#. They give the systematic pro
cedure to replace external gluons into photons. Howe
their results are still in a rather large expression. Here,
computed the one-loop helicity amplitudes for the proc
qq̄ggg directly and successfully obtained a more comp
expression. With the amplitudes which we presented h
together with the six parton tree-level amplitudes (qq̄gggg,
qq̄QQ̄gg) @10#, we can estimate the NLO QCD backgroun
for the associated Higgs boson production with a jet.
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