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Five-parton amplitudes with two quarks and two photons at next-to-leading order
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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 forythéet 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 nuntder12.38.Bx, 14.80.Bn

. INTRODUCTION partons qyyg). In Ref.[10], they present the compact
expressions for the six-parton tree-level amplitudes. The one-
The search for the nggs boson will be one of the mosqoop amp”tudes are also discussed in Rmsl()] They pro-
important issues of the CERN Large Hadron CollidefiC)  vided the systematic procedure to express the one-loop five-

experiments. However, if the mass of the Higgs boson iparton amplitudes with using the known results of the

light (My=<140 GeV), the Higgs boson search at the I‘chaggg amplitudes or “primitive amplitudes[11]. However,

will not be so easy. In' this range, the rare decay mode_lnt(?he QCD amplitudes include many unnecessary terms that
two photons t— yy) is expected to give rather clear sig- gisappear from the final expression of multiphoton ampli-
nals[1]. Many calculations have been done for this processy,ges. Thus, their one-loop expressions are still rather com-
including radiative correction$2,3]. They found that the pjicated. In this paper, we carry out the direct calculations of
next-to-leading ordefNLO) corrections to Higgs production  the one-loop five-parton amplitudes, which are involving two
are very largg2]. The next-to-next-to-leading ordéNLO)  massless quarks, two or three external photons. Our final
corrections also have been evaluated in the large top quagoal of this paper is to obtain the explicit expressions for the
mass I|.m|t[3]. The NN!_O corrections show a good conver- ne-loopqqgyy amplitudes without using QCD amplitudes.
gence in the perturbative expansion. Now, the uncertainty of' 't "vane’ic organized as follows. It is now popular that
the higher order corrections for the Higgs production signaECD matrix elements of multi-partons are expressed in

Is less serious. On the other hand, the QCD background sl rms of the color ordered helicity amplitudes. In Sec. I, we

has large uncertainties. The NLO corrections of the QCD,, ) 4in some technical prescriptions of these methods. We

background q— yy) are also very large. To make matters ajso explain known general forms of tree-level amplitudes
worse, NNLO corrections of gluon-gluon initiated processesyith external gluons and/or photons. In Sec. IIl, we present
such as the box type correctigy— yy, may be very large  one-loop helicity amplitudes for five-parton processes in-
due to the large gluon distributidd,5]. Actually, the size of  cjuding two or three external photons. In Sec. IV, we give
a NNLO correctiongg— yy is comparable to the LO con- some concluding remarks.

tribution qg— yvy. Thus, at least, full NNLO analysis will be

required to obtain the significant evaluation. However, the

NNLO analysis of the QCD backgrounds is still on the way Il. TREE-LEVEL AMPLITUDES

[6,7]. . . . .

It has been pointed out that we can improve the signal-to- The color decompositiofiL.2] ftechnlque and helicity bas_|s
background ratio by considering the associated production dhethod[13]are standard techniques to express the multipar-
the Higgs boson with a high transverse energy jep (  tOn amplitudes. The color decomposition met_hod is the pro-
—H jet— yyjet) [8]. The existence of a higR jet in the cedu_re that constructs color ordered gauge invariant partial
final state allows us to choose suitable cuts to suppress trfgnplitudes in the QCD. At the tree level, amplitudes
QCD background8]. In addition, for this process, the am- involving two quarks andh—2 gluons can be decomposed
biguity of the higher order corrections is less serious. Thdnto the partial amplitudes\1's, which are characterized by
subprocess with two-gluon initial statesg—gyy again the single string of the group matricg#4],
contributes first in the NNLO, which is believed to dominate
the NNLO contributions. However, the LO correction, in
which the main contribution comes from the subprooggs 2 a a, i T i i
—qyy, is sufficiently larger than the NNLO contributions An=9 ai;s:‘] (T T A(a,a2,, - - - g,
because of the large gluon distributipf]. Thus we expect
that the NLO analysis is fairly accurate to understand the
QCD background. . wherei; are parton helicitiesT?(a=1,2, .. . N>~ 1) are the

To evaluate the NLO corrections of the QCD backgroundmatrices of the gauge group in the fundamental representa-
we need the tree-level QCD amplitudes for six partonsjon. S, denotes the set of noncyclic permutations over
(99yy99,00QQyy) and one-loop amplitudes for the five 1,... n.
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We also introduce the spinor helicity basis methaa].
We use the popular notations for the helicity basis of a mass-
less spinor fieldy [14], _ (1i)(2i)3 rem+2

1223 ((r+2)1) 2 s

AHee(aI' 02 2035 - Gre2:Yr43s -+ Yieme2)
(21
(2)(i1)

where theith gluon or photon has the negative helicity. To

In this paper, all external momenta are taken to be outgoing?Pt@in the one-loop level photons amplitudes, similar proce-
All color ordered helicity amplitudes are expressed in termglure have been applied to the one-loop amplit|@es0].

. ®
1— — 1 — }
(A= SHD(ATF ), [a7)=5 (1% y5)u(a).

of following spinor products: The amplitudqs vyith other configuration of helicities are
obtained by Parity inversion and charge conjugafiaf.
(pay=(p_la*), [pal=(pTlqa~), Parity inversion reverses the sign of all helicities of external
legs. This conversion is achieved by taking the complex con-
[pPal{ap)=Spq=2p-Qq. jugation. In terms of the helicity basis method, this operation
is equivalent with the replacement of spinor products
We can also describe external gauge fields by using theij)«[ji], but with no substitution of— —i. In addition, a
spinor helicity basis. The polarization vectors can be writterfactor — 1 is required for each quark antiquark pair. Charge
in terms of massless spinojis™) and k™), conjugation replaces quarks and antiquarks without changing
. . helicities. From these relations, we can reduce the number of
e (p,k)= +(p |7ﬂ|k ) (1) independent partial amplitudes. For the caseqdyy am-

2| pty plitude, we only need to calculate the amplitudes with
A <t o a0 the arbi following three types of helicity configurations:
wherep is the gauge boson momentum the arbitrary (o= o+ g+ »* vy and @ .a* .t " v*
momentum that satisfié€=0. We call this momenturk as @.anenyy) @rangnynyh).
the referencemomentum. Physical quantities do not depend
on thereferencemomentum, because a change in the refer- Ill. ONE-LOOP RESULTS

ence momentum is equivalent to a gauge transformation: The one-loopqayyg amplitudes can be written by the

& (KK') three types gauge independent partial amplituddég(i
e (p,K)—e (PK)y=N2————p,. =1,2,3),
. “ T (kp)k'p)y "
hi h h xfer 1-100p; ~ v, eggsTa 1.1 =
This means that we can choose an appropritrencemo- ALT1°0P(qqyyg) = — 5 N_M Yaayy9)
mentum for any gauge invariant subset of the full amplitude. c
For example, in this formula, we obtain the following iden- -
tities: +NM E(qug)]
£7(p,k)k*)=0, (k™[£=(p,k)=0. 2 n €2 giTe
-¥ o —Mmiag ®)
Using these identities, we can easily show that the ampli- ~ 5(4qyy9).

tudes in which all gluons have the same helicity varnish,

AT a.a 07 g)=0 3 Mg and M have diﬁergqt depende.nce on the cqlor factor
n Y3 194 0 -k s : N.(=3 for QCD) andM ; is the fermion loop contribution.

From the above formula, we also obtain the simple expres<d 'S the c_harge of th? external quarlegl,_are the charges of
sion of the amplitudes in which one gluon has negative heloop fermions and is flavor. To explain the one-loop re-

licity and all other gluons have positive helicifg0], sults, we change the normalization condition of the group
generators as TIETP) = §2°/2.

ree— — 4 _ L (1p2))d To carry out the one-loop calculations, we need the infor-

A (d1 .92 .93 -+~ 9j -+ - Oy ):'mv mation on the Feynman integrals. We follow the technology

@) of the Feynman integral calculation which was discussed in
Refs.[15,16. We use dimensionally regulated one-loop in-
where thejth gluon has the negative helicity. Here, we fol- tegrals in 4-2¢ dimensions. In the conventional dimen-
lowed the notations and conventions given in R&#|. (In sional regularizatiofCDR) scheme, both momentum com-
Sec. lll, we use the different normalization condition of ponents and helicity states are dealt withDx{=4—2¢)
group factorT?.) dimensiong 17]. Thus, all gluons and photons have-2e¢
The amplitudes involving external photons are obtainechelicity states. On the other hand, the spinor helicity basis is
by summing over permutations of gluon matrix elementsdefined in four dimensions. To apply the helicity basis
[14]. The amplitudes containing gluons and photons withmethod in the one-loop calculations, we need some modifi-
maximally  helicity-violating (MHV)  configuration cation in the regularization scheme. The 't Hooft—Veltman
(=,—,+,...,+) are[10] scheme is one of the solutions where polarization of ob-
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FIG. 1. Feynman diagrams f@P(1/N.) contributions.

served particles is dealt with in four dimensiofiken ob-

served gluons and photons have 2 helicity stat@e four-

dimensional helicity(FDH) schemeg[17] is a more efficient 2
) . = . N -1

approach when using the spinor helicity method. In this Al- Ioop(q a,7,7,y)=eg? ms(q, q VYY),

scheme, momentum components of unobserved particles are = 2N,

dealt with in 4-2¢ dimensions, but we treat all helicities in .

four dimensions. Thus, both observed and unobserved gaudéerefore, we present thgqyyy amplitudes at first.

bosons have 2 helicity states. From the analogy of Eq(2) and Eq.(3), the tree level

amplitudes in which all of the photons have the same helicity

vanish:

ME(9,9,9,7,7) =ms(,9, Y=, %),

A. M(qagyy)

We give the Feynman diagrams which contribute to the ”ee(q '3 Ya e )=0.
partial amplitudesA/15 in Fig. 1. Here, one of the external
gauge boson legs is a gluon and others are photons. We nGhis result ensures that the corresponding amplitudes at the
tice that the amplitudes ; are obtained from the two-quark one-loop level must be infrared and ultraviolet finite. The

three- photon amp“tudeﬂ(qq;y/y»y) by Conver“ng one of eXplIEt form of the one- |00p amp|ltude for the heI|C|ty

the photons into a gluon. (01 .02 Y3+ Y4 »¥s8) IS
(@ G 7 5= 2\2 [ [13][24)(19%(25)(23) (355112  Spusue(35)/(12)
ST Y3 Y3 Y8 6 [24](14)(35)(45)(34)| (24(51) (23 (23(51)
S 511(25(13) 5,4 241(12)(45) [24](12)(45)s,3 [24](12)(45)s:>
+[24][51](12)(45) + 23 - ) (1) - (51)
+(3<5).
|
This result is consistent with the result of REE0]. sesses ultraviolet and infrared divergences. It is well known
An independent nonvanishing tree-level partial amplitudethat the singular part of one-looppoint amplitudes have the
mg®® is given by the helicity configuration universal structur¢l8,19,
(@ .a"y "),
1 u? o\ 1
m% o0 |smgular Crmgee{ - ? 'Zl SEn]( S +C[n] ;}’
e o 12V2(12)(24) . ” b
e(ql q2 Y3 Y4 7Ys5 (25><23><51><13>- ( ) (8)
where

Here, we define the partial amplitudes’s as

(A4m)T(1+e)3(1—e)
167 I'(1-2¢)

3 tree( Cr

AZe%(qqyyy)=e*mi®(qayyy).

The difference between E¢) and Eq.(7) in the factor 2/2 ~ With D=4—2¢ and u is the renormalization scalen"*® is
comes from the different normalization of group facis.  the tree-level partial amplitudeS[”] are the coefficients of
The corresponding one-loop level partial amplitude pos-the soft singularities and; [ are the sum of the coefficients
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of the collinear and ultraviolet singularities which depend on s
the particle contents of amplitudes. For the massless QCD, s In(;)
accurate values of the coefficieng]” and ¢! are well Rm“(-)z ,
known [11,19. Because of this fact, it is easy to check the ) (s—t)"

singular part of one-loop level amplitudes. We will discuss

this matter again in the end of this section. Here, we presenfheare Li(Z) is the dilogarithm functiori20]
the amplitudes in which ultraviolet divergence is unsub- '

tracted.
We also introduce the following functions to explain the ) B zdx
nonsingular parts: Lix(Z)=— . ~109(1=X).
L(s.t,u)=Li,| 1— E) L (1_ t +InEIn£— 77_2 The explicit form of the one-loop partial amplitude for the
R ST 27 uu 6 helicity configuration ¢~,q*,y ,y",y") is

i 2 [ (534)
Fam? V251 s,

— B 2 MZ € 3 /~L2 €
Ms(01 2 V3 ¥4 v§)=0rm"ee+—?<_slz) —6(1_26)<_512 ~3-68p

2 —
| o +f3R'”l(s_23)+f4R'”Z(%)—4<35>[24]524<12> 51~ [13](34) + [51)(45))
45 S45 So3 <2 3> < 51> 5132
= 45)2(12)3[24]1%(35) | 2
><L(82313121545)—4< ) 251;35233 ( ><L(514,S45,523)+ S_ZL(523'512’545))
12)(35)s,4
- %(L(S”’sﬂ’%“”L(S34’3241551))
[ 35— [141(51)(34) + (23)[24)(45)) (St Sas) _23342(_512+ Suu—250)
S35 So

- — 2

_2[23]([51]<12><35> (34)[45)(25))(Ss51— S34) — 2(34)[45)(51)[13] + 2(23)[ 24](45)[ 35]

S23S51

+ 2553815~ 4 S15(S51~ S34) ( L(S45,534,512) + Ro+(3+5)

The scheme dependence is controlled by the paran®iterWe obtain =0 in the FDH scheme andp=1 in the 't
Hoot—\Veltman scheme. Here, we also used the following definitions:

L S23
= 1
L(32315121345)=L(523,312,S45)_313R|n (;45>

~ So3 S14
_ 1 1

L (S14,S45,S23) =L (S14,S45,S23) — S51RIN ( )_551R|n ( .

Sy5 S23

fi (i=1,...,4) andR, are given by
_ (12)(35)s45” B (45)[14](12)(3 s45+ 2 S23) B (12)[25](35)(4 S45+ S25) B (12)[23](35)(Sa4+ S23)
YT (13)(29 (25 (13) (51)

2[45]<34><25> (28151 S34—S51) 2<45>[51]< 12)[24]Sp3  _Sp3812545 S452512 (45)[51](12)[ 24]s45
- - +2 +3 -3
(23 So5 So5 So5 So5

—2 5558341 2 Sp5510 2 Sp5”+ 8 SpsSy5+ 4 Sp38151 6 Sus” + 12515545
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[13](23)(51)(sp3+3510)  S1A35)[45](24)
2" (25) (23

B 2[ 51](12)[ 23](35)(S23+ S34) (S23S12+ Sp3813+ S15S34F 3 S34513)

3=

S23S51
51]1(12)[23](35)(—2s —583,S5+45S + 2558
_2[ 1(12)[ 23](35)( 1255; 34545 12534 51545) 2(12)[ 241 13](34)(3 Sas— 2 Sus+ 2 512)
23
+ 105342515~ 4 5155345511 10515523534~ 6 Sp351,° — 4 23515513~ 4 15551523~ 4 S15551513— 6 S1°S34— 6 S12534513

2
+2 85,3813

2[ 51](12)[ 23](35)(S34— S51) (Ss1+ S45) (S345511 2 S45551— S34545)

S23551

B 2[51]<12>[23]<35>( — St 5::;)1( — S23S12 S34523~ 2 S34545) T 2(5ey+ 5902 — (34)[45](51)[ 13]+ [ 14][ 25](12)
X (45) — S15813) + 2(S34— S51) (S51+ Sa5) (SasS12+ Ss1°— SasSs1+ 2[ 34](45)[ 51](13)) + 2( — S1o+ S34) (S34— S51)

X (8158511 2[51](12)[23](35) + 845°) + (— (45)[51](12)[ 24] — [ 23](34)[ 45](25)) (12— Saa) (S12H S45) + 2 S23
(—S12F S34)(S12° + S4sS12+ 2[ 4](45)[51](13) + 834 — S51°) + 2(23)[ 25][ 34](45) S5l S51F Sus) — Sas(Saat 5 S23)
(—S12+ 534)(Sas—Ss51) — (— (45)[ 51](12)[ 24] — [ 23](34)[45](25) — S34851F Sas’ + S51°)Sas( — Soa+ Saa) + (Sas
—S51) (Ss11S45) (— Sag” + 3 45551+ 2 S4sS12+ 6 S4sS23T 2 S3551) + (— S121 S34) (Ss1+ S45) (3 S45512— 10845523

— 2 534845 512"+ 34512~ 3 S51°) + (Ss1+ Sa5) (— 2 Sa5”Sp3— SusSs1” + 5 SusS23851+ 2 S51°) — (Ss1+ Sus) *Sas”+ (— Sp2
+534) (5127845~ 3 512545” — 4 5125238341 6 Sus”Sp3t SusSas” + S455237) — Sus’( — Sus” — 45523~ S4sSs51— 3 S23851

+4 534573) T 4(— S1p1 S34) *S23845— 2 Sus( — S12+ Saa) (S34— S51) (Ss1F S45) + (S34— S51) *(— S12 S34) (S51+ Sa9)

— 53— 512 539)%(— Sus+ S12) — 2(S12— S30) *(Ss11 Sus) (Spa+ Sas) + 2 Spg Ss1+ S4s) (— SasT S+ Sp3) + 2 Sau( Ssy
+845)*(S34 S5+ S23) — (— S121S34) *(Ss1+ S45) Saa— 2(— S1o+ Saa) *(Sas— S51)S23

Ry= [25]({45)[ 34](23) +(51)(24)[ 14])(2 S51— 3 S34— 545)524+ (14)[34](—[12](23) +[51](35))S3551,
(S347+S45)S25 S14523
N S5 (Sp3tSas)  (45)[24](—[51](12) +[35](23))ss5” B Sgs”(S1o1 Saut Sast Spa)
Ss1 S51(S511 Sas) S51F Ss5
N (—(5D[12](23)[ 35] +[ 34][ 51]( 14)(35) — S515,3) S12S35
S23(S51 Sgs)
N 2312514([51] (12)[23](35) — (34)[45](51)[ 13] + S45” — Sp3513~ 2S23545)
S3(Szat Sas)
o H((BDI25K(2[13] ~ [34)(45)[SL(13) + 51"+ Suessut Sig)S1a
Sgat Sus5
N 3[51](<13><45>[34] +(12)[23](35))(Sz5+ S34)° B 3(512_ S45)S34
S51523 S23
N [23]({25)[45](34) —[ 51](12)(35))(2 Sp5+ 3 S34) N 2545512(551+ S4s) T 1423)[ 34](45)( 25] + 7[ 12)(23)[ 34]

S23 So3
X (14)—7[51](12)[ 23](35) + 7 S4sSaa+ 5 Ss1°— 6 S51S23+ Spa° — 3 S51S12+ S12523— S23Sa5— 5 Sas’ + 2 Sgrt + 517

— 4 553534+ 3 SysS511 4 S12534— 7 SysS12— S34S51 -
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FIG. 2. Feynman diagrams f@(N.).

B. M 2(qqgyy)

The Feynman diagrams which contribute to @&\.) part are given in Fig. 2. The amplitudes of all helicity positive gluon
and photons vanish again at the tree level. The corresponding amplitude at one-loop level is infrared and ultraviolet finite as

2o b e 22 {[12][51](13)(14)(25}2 [12][34](13)(24)(14)(25)}
Me010e 7% %)= o 2 a0 (14(19(39 | (23045 (49(12 HEed.
This result is also consistent with the result of Rdf0].

Tree-level amplitudes with the helicity configuratioaq,f,yi,gi) are nonvanishing. Corresponding one-loop ampli-
tudes have the ultraviolet and infrared divergences, again. The amplitude in which a gluon has negative helicity and two

photons have positive helicity is
€ 3 MZ € 5 i 2
T e(1-26) | —sg;) P (4m)2 V[12]%(34)%25)

2(14}[12]2<25)334(2[45](51)(24) +3(23)[34](14)) R 2( 8_51> B 4(34}(25}5122 ]
(45) <—23><45> (L(S51,S45,523)
(29)[511(34/(12)s1,
(23)(24) L(S12,S51,S34)
B 2< 25)[12][45]((14)s51S34— (24)[ 25](51)S45)S34
S51S4s(S23~ S51)

o 2 qu € 2 ,LLZ
Y R N treg _ < _c
M5(919; ¥3 Y405 )= —CcrM { 62< _512) 62( .

X

So3

+L(S23,812,545)) +4

+(3<—>4)},

where

oo, 242i(12)%(25)
M  (45)(24)(23)(35)°

The tree-level amplitudes are given by
AS*%(qagyy) =€’gTME*(qagyy).
The amplitude with the helicityq",q*,y",y~.g") is given by

)

MEGITs v3 7] 0= —er ™™ — 5 S DT AR D ( “ ' 2L(ssas Ss1) — 2L (S12,551,534)
5(91 02 Y3 Y405 r 2\ Zs,, 2| Tsy, e(1-2¢) | —s5, 34,523,S5 121,551,534

i 2 _f | 2(335
~27 % "Gm? Vizaraares) MM s,

+| _4[45](51>[12]<24>([45](51>[12]<24>—<23>[34]<45>[25])2

3
S12845

s s
+ f2R|n2(i5) +f3R|n1(ﬁ‘)
S24 S12
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_2(2[45](51)[12](24>—[51]<25>[24]<14>—<23>[34]<45>[25])(2<23>[34]<45>[25]+2[23]<34>

Su5”
X[45](25) +S1545) + 2[45](<24>[ 12]<51>S_ [223]<34><25>)351524
45
(—S51Sp3— 2 S34So3+ 5512 —S3,551)S05 _((45)[51](12)+(23)(14)[13]) 3232

+2 42

S45 Se1(24)

_ 2,

L [51I(12)[23K(35) +<i3><45>[34])( St Sa) S 5323+ Si9) o (5112914
>t 51

—(34)(12)[13]) +255:*— 6 SgsSs11 2 S51Sp3— 2 S34S45— 4 S51510+ 2 SasSp3t 4 S3s

T [14][ 25]5,352L(Ss1,S45,S23)
+2512534] L(S34,S35,510) +4 [2132][4;]1 451523

. ( 2[51](< 12)[23](35)+[34](45)( 13>)3342(523_ S45) _ <12>[13]<34>2[23][45]<25>
S51524514 (24)s14
N 2834(<12>[13][24] —[23][45](25))([12](23)(14) +(45)[ 51](13))

S24514

3412([12](23)(14) + (45)[51](13))?) -
B2 ARSI e

S24514
where

oo 121/2(25)(23)2
M =1 (524 (5D) -

We also used the following functions:

Sss

~ 1 S35 S34
L (S34,535,512) = L (S34,535,512) — S45R| nl( + _535R|n2( — | —susRInt| =
S12) 2 S12 S12

~ B 1 5[ S35
L(S24,512,S35) =L (S24,512,S35) + 5514824Rln 5

fi (i=1,2,3) andr, are

— 854553+ 35,57+ 65,5 3S5,— 6 Sy3+ 8 S5

1=~ [24)((45)[ 51112+ [ 13K 14X 23)s,| — -
51524 24

B [51]((13)(45)[ 34] +(12)[ 23](35))(Spa— Sa5) (3 Sps” — 3 S34S3— 5 SasSpa+ 3 34>+ 3 S34Sa5)
S51
. [12]([45](52)(24) — (14)[ 34](23))S5”Su5 N S5 (S5~ S45) (— 8 SysSpat 3 Sp5”+ 6 S457)
S12 S5
+2(23)[ 24](14)[ 13] — 2[ 51](25)[ 23](13) — 5232)523(2 S51+ 4 Sy5— 5 Sp3) — 3([ 34](45)[ 51](13) +(23)[ 24](14)[ 13]

+(2(23)[34](45)[ 25]

— 2(12)[ 23](34)[ 14] + 2 S34S45+ S51523— 2 S25°) ( — Sas+ S12) (Sast S34) — S2a(S23> — 6 S34525 — S23°S12— S51525 + 2 Sp3°Sus

2 2 2 3 2
=2 551503512~ 7 S23545" — 2 S23534S45+ 3 S23545512+ 6 S347S45 2 S15545” T 2 Sg5” + 6 S345457)

094012-7



YOSHIAKI YASUI PHYSICAL REVIEW D 66, 094012 (2002

f,=[51]((13)(45)[34]+(12)[ 23](35))S.4 — 323(32: S 333“(3235: Si9) | p%iA~ zj S| | 3([23)(34)[45](25)

—[51](12)[ 23](35) +Sp5°) (S12— Sas) S1a+ 2([ 23](34)[ 45]( 25) — [ 51]( 12)[ 23](35) — S34512) (S12+ Spa)S1a+ 2[ 14]((12)
X [23](34) +(51)[ 25](24)) 51555~ 2 S14525°( — Spat Ss1+ S12 S3a) — S1a( — 2 S51+ 2 S34+ 3 523)S15°— S14(3 S34~ S29)Sus”
+514534( — 4 S51+ 2 S347+ 5 S45)S121 2 S14(3 S23534545 S51°S1)

_ [451((5D)[12](24) — [ 23](34)(25)) Sp3(S34523~ S12523~ 2 S51S12)

3=

S45512
N ([511(25)[23](13) +(23)[ 34](45)[ 25])Sp3(3 SsSp5t 2(S51—S34)S45) S45523°(3 Sp5t 3515~ 2 Sys)
S51S24 S51524
5 Soo — Spg— Ss1+ S34)Sa5” N ,25453232( S25~ S23) N ,((23)[34](45)[ 25] — (23)[ 24](14)[ 13] - $12°)S28°
Ss51 ° Ss51 - S24

B 27 (6 515523~ 2 S4sS12— 5 SgsSozt 3 Sp3”) B Sp3S34( — Ss1+ S34)
So4 S12
+[12](23)[34](14))s,3

+4(—(23)[24](14)[ 13]+ 2[51](25)[ 23]{13)

S12(S51+ Sas5) - S12( —S511S12)
S35(S12TS14)  Ss51(S121 S14)

S1451AS141 Sa5)  S14(Ss11 Su5)
S45S35(S12—~ S35)  Sz5(S12— S35)

_ ((45)[51](12)[ 24] +[12](23)[ 34](14)) ((S51— S23)2 —S45514) n S142545( S511 S4s)

Ro=((51)[12](23)[ 35] — (45)[ 51](12)[ 24] + S15S35— S51S35)

+(—(45[51](12)[ 24]

—(23/(14[13][24]+ 15| —

S45535 Sas( — S1271 S35)
3 S14°S51(S45512— Sas” — S51S45~ S14512) 3 25513512 N 2[ 24]((45)[51](12) +(25)[ 35](34)) (— S34+S51)”
S45S35( — S12t S35) S45535 S51524

B 23122( — S45535+ S51° + S51545) N (S4sS12— S25°)S14 N ([45](51)[ 12](24) +[51](14)[ 34](35) + S5:°— Sp5°) Ss1

S35(S12 S14) S35 S35
B 2(<45>[51]<12>[24] +[12](23)[ 34](14))s,5” N Spa(Ss1”+ S23%) 2345(512323_ Sas’)

S45512 S45 S51
N ((51)[12](23)[ 35] +(12)[ 13](35)[ 25] + S457) (— Spa+ SasTS12)  Sas’(Soa+ Sza)
Ss1 Ss1
B 2( —[51](14)[34](35) +(34)[ 35](25)[ 24] — S34545) (S23— S34) s S24S25°+ S25°S12 N S45°(S13+ Spa)
Sg; S51 S51835

2 2
7534545( Ss511 Su5) B 6523545 TS517S3s 4551545( So3t S34)
S35 S35 S35

2[12](23)[ 34](14) — 2 (34)[ 35](25)[ 24] — 4 S34845
+2 514851~ 2 Sp3”+ 4 S34593— Sas” — 4 Ss1°— 2 S34”— S4sS12— S51512~ S12523~ 3 S51545— S45S23+ S34512-

C. M i(qagyy)

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

Mgt v vt = 16 (45)[51(12)[24]s14—(45)[ 51(12)[ 24]1S24— SpsS24514+ S24°Ss1
5(d1d2093 ¥4 ¥5)= 2(4m)? s14 24](41)(35)(54)(43)
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1 8
T i(4m? 2[241%(35)%(12)

— _ — _ S34
M g(QIQz 93+ Va 7’5+) =M g(Qsz 7;94 75+) —2S%(—S12— 535)535Rln2(s—12>

N 2( —(5D[12](23)[ 35] —(45)[ 14](13)[ 35] + S23S12)S14
S35

N 2(<12>[23]<34>[14] —(5D[12](23)[ 35])S12523 N 23342( — Spaf + 5155+ 523551)> ?
(—S127S45)S35 —S12FSys

 ((12)[13](34)[ 24] — (5[ 12](23)[ 35] — S34S23+ 2 S34551) (S3aS12T S3aSo3+ Sp3S12)

(—S12tS49)°

B ((23)[34](45)[ 25] +(12)[ 23](34)[ 14])( — S34t+S51+ 2 S23)
—S1otSss5

B 2[ 13]((12)(34)[ 24] — (23)[ 25](51))s1, - Soa — Sas’+ S34Ss1+ 2 S122+ 4 51551
—S10F Sys —S12t Sy

+2[ 341(35)[ 51](14) + 2(45)[ 14](13)[ 35] + 2[ 45](14)[ 12](25)

—2(23)[ 24](45)[ 35] — 4 Sp3S511 4 S34593— 4 Sp3S15 2 Ss1Sa5+ Ss1”+ Sa34” — 2 S34S12

_ 2
x [ m(s—‘“’) _ G Slﬁzln(%)] —2[35]2[ 24]2((34)%(25)*+(23)%(45)?)
(S34—S12)

S12 S12

« L(S34:845,812) (2845~ 31+ 2S34) Rlnz(%)
S§5 S35 12
« ((23)[34](45)[ 25] +(12)[ 23](34)[ 14])S,5534
S12( —S12t Sys)

(34 45](51)[13]+(45)[51](12)[ 24]) S45551
S12(S34— S12)

» ((12)[13](34)[24] - (51)[ 12](23)[ 35])(S34 Sz3) | p 528561534
—S1o1 S5 —S1oF Sys

N (—(45)[51(12)[ 24] —(51)[ 12](23)[ 35] — S1545) ( — Sus+ S51)
S347 S12

N 2551545( —Sy5tSp3tS10) N (Sast S34)(—Sast S23)(—Szat Ss1)
S34— S12 S12

N ((12)[23](34)[ 14] — (45)[ 51](12)[ 24] + S45534) (— Sas— S34t S23+ S51)

S12

+ 534 — 2 S34S51+ S5+ 4 S3sSp3+ Ss1° + Spq
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Now, we give some comments concerning the cross-check qiCi—1 andC,—0) of our results and the results in Refs.
our results. Besides the previous results, we also carried ofit0,11]. In these limits, both results give the same quantity of
the direct calculation of the amplitudes with the helicity con-shifting parameteps.
figulatons @, 9", g%, v ,y") and @, q*, 9,
v~,v"). These amplitudes are also obtained from the previ-
ous results by using parity inversion and charge conjugation.
This procedure is basically the same procedure discussed in In this paper, we presented one-loop five-parton ampli-
Sec. II. Our direct calculations are consistent with this argutudes involving two massless quarks and two- or three-
ment. photon external legs. The one-loop five parton amplitudes
In addition, we checked the singular parts. Singular partsvith external photons are required to evaluate the QCD
of one-loop amplitudes have the well-known universal strucbackground for the Higgs boson production with a jet. These
ture Eq.(8) [18,19. Thus, we can easily compute the singu- amplitudes have been discus$6dLQ] in terms of the known
lar part of the amplitudes from the known results of Rel]  QcD amplitude qggg) [11]. They give the systematic pro-
by using the procedure given in RefS,10]. To evaluate the  cedure to replace external gluons into photons. However,
singular part, we have to keep in mind that the regularizationneir results are still in a rather large expression. Here, we

scheme does not affect the universal structure of thé 1/ Computed the One_|00p he||C|ty amp”tudes for the process

pole parts but the &/pole parts are scheme dependent. We_— directly and successfully obtained a more compact
estimated the singular parts in the FDH scheme and our reg_quy y y p

, ) xpression. With the amplitudes which we presented here,
sults are consistent with the results of R¢f510]. b P P

We also performed a consistency check of the schemiP9ether with the six parton tree-level amplitudes|¢ ygg,
dependence. It is well known that the FDH scheme at théldQQvy) [10], we can estimate the NLO QCD background
one-loop level is equivalent to the dimensional reductionfor the associated Higgs boson production with a jet.

(DR) scheme[21]. The conversion rule between the DR
scheme and the 't Hooft—\Veltman scheme for the two-quark
(n—2) gluon amplitudes is discussed in Rdfkl,22. From
their argument, the conversion from the DR scheme to the 't | would like to thank Professor Bern and Dr. Kilgore for
Hooft—Veltman scheme at the one-loop level is obtained byuseful discussions and comments, and Professocsangi
shifting the amplitudes a®\,—A,+ d, with §,=—cp(1  for pointing out an error in an earlier version of E§) and
—1/N§)AHee. Now, we can consider the colorless limits typos. | also thank Professor Okada and Professor Yazaki.

IV. CONCLUSION
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