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Virtual QCD corrections to Higgs boson plus four parton processes
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We report on the calculation of virtual processes contributing to the production of a Higgs boson and
two jets in hadron-hadron collisions. The coupling of the Higgs boson to gluons, via a virtual loop of top
quarks, is treated using an effective theory, valid in the large top quark mass limit. The calculation is
performed by evaluating one-loop diagrams in the effective theory. The primary method of calculation is a
numerical evaluation of the virtual amplitudes as a Laurent series in D — 4, where D is the dimensionality
of space-time. For the cases H — ¢gqq and H — qgq'G’ we confirm the numerical results by an explicit

analytic calculation.
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I. INTRODUCTION

In this paper we study the production of a standard
model Higgs boson in association with two jets. This is
one of the most promising discovery channels at the LHC,
especially for a Higgs boson with a mass in the range
110 GeV < My < 180 GeV. At Born level there are two
classes of processes which contribute, as illustrated in
Fig. 1.

In Fig. 1(a), the Higgs is produced via vector boson
fusion, while in Fig. 1(b) the coupling of the Higgs boson
to gluons is mediated by a top quark loop. In the limit in
which the mass of the top quark tends to infinity the
coupling can be treated using an effective theory as de-
scribed below. We shall refer to this process as the gluon
fusion process. Notice that the external gluon lines in
Fig. 1(b) could as well be replaced by quarks.

The final aim of this study is the calculation of the Higgs
+2-jet rate, at next-to-leading order (NLO), where the
Higgs is produced using the effective coupling to gluons,

1
'Eeff = ZA(] + A)HGZ,,G“’“V. (1)

In Eq. (1), GY,, is the field strength of the gluon field and H
is the Higgs boson field. The effective coupling A is given
by

g2
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where g is the bare strong coupling and v is the vacuum
expectation  value  parameter, v = (Gpv/2)7! =

(246 GeV)?. The finite O(g?) correction to the effective
operator has been calculated [1,2]
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The full NLO result will require the evaluation of the

3

*Electronic address: ellis@fnal.gov
Electronic address: giele@fnal.gov
*Electronic address: zanderi @fnal.gov

1550-7998/2005/72(5)/054018(11)$23.00

054018-1

PACS numbers: 12.38.Bx, 14.80.Bn

virtual corrections to the Higgs + 4 parton processes,
which are the subject of this paper, the calculation of the
tree graph rates from the Higgs + 5 partons amplitudes
already given in Refs. [3—5] and the calculation of a set of
subtraction terms. The subtractions remove singularities
present in the real emission diagrams in the regions of soft
and collinear emission. After integration over the momen-
tum of the unobserved parton they are added back to the
virtual emission diagrams and cancel the singularities in
those virtual terms.

We believe this calculation would be a useful addition to
the literature for several reasons. First, the effective
Lagrangian approach appears to be valid for light Higgs
boson mass if the transverse momentum of the associated
jets is less than the top quark mass [6,7]. Second, this
process constitutes a ‘““background‘ to the experimentally
interesting vector boson fusion process, Fig. 1(a). A com-
plete NLO calculation will improve knowledge of this
“background** process. In addition, because the vector
boson fusion process has a well-determined normalization,
it is one of the most accurate sources of information about
the couplings of the Higgs boson at the LHC [8]. An
uncontrolled background from gluon fusion process could
compromise that measurement. For a comprehensive re-
view of standard model Higgs physics, see Ref. [9].

(2) (b)

FIG. 1 (color online). (a) Lowest order process for vector
boson fusion. (b) Example of a diagram contributing to the
gluon fusion process in association with two jets.
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Note that the process calculated in this paper is distin-
guished from the vector boson process, Fig. 1(a), by the
presence of colored particles exchanged in the z-channel.
The exchange of color charge generates extra jet activity in
the central region, allowing discrimination against this
process by a jet veto. Although the efficacy of such a
veto will finally have to be determined by experiment, it
will still be interesting to see how this works at the parton
level with a full NLO calculation.'

In the large top quark mass limit, virtual corrections
have been considered in the effective theory by previous
authors. Loop corrections to the process H — gg are con-
sidered at one-loop level in Ref. [1] and at two-loop level in
Refs. [10,11]. The results for the processes H — ggg and
H — ggg are given in Refs. [12,13]. In the following we
shall describe results for the virtual corrections to the

pr?ff)sses H—4q34'q, )
(B) H— 4444, o)
©) H— qqss, (6)
(D) H— g888, )

using the effective theory, Eq. (1).

II. LOWEST ORDER PROCESS
A.H—qqq'q
We first perform the calculation of the matrix element

for the process involving two distinct flavors of massless
quarks, ¢ and ¢’, process A,

H— q(ky) + q(ky) + q'(k3) + @' (ky). ®)

At Born level, only the diagram in Fig. 2(a) contributes.
The color expansion of the amplitude can be written as
iy iy

A T
Mk ko o k) = 0187 — 510 [00(1,2,3.4)

)]

where i; denotes the color index of the jth quark and we
have introduced the notation

a(o)(l, 2,3, 4) = Cl(o)(kl, hysky, hos ks, by ky, h4), (10)

where k; and h; denote the momentum and the helicity of
quark i. The result for the squared matrix element summed
over the spins and colors of the final state quarks and
antiquarks is then

'"To a limited extent this has been looked at in Ref. [3].
However in a tree graph calculation one cannot look at the
effects of finite jet size or of the central jet veto.
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FIG. 2 (color online). (a) Lowest order process for H —
q3q'q'. (b) Second diagram for identical quark process H —

9999

Agky, ka, k3, ky) = Z |ME (ky, ky, ks, k)12
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The number of colors N, enters as V = N2 — 1, so, for the

case of SU(3), we have that V = 8. The Lorentz invariants

are defined as s;; = (k; + kj)2 = 2k; * k;. The momentum

of the Higgs can be eliminated in terms of the four massless

momenta, py = —k; — k, — k3 — ky, so that

M%I =S12+S13 +S14+S23 +S24+S34. (12)

B. H — qq4qq

In the case of massless quarks of identical flavor, process
B,

H — q(ky) + q(ky) + gq(ks) + g(ky), (13)

the Born amplitude squared is determined by the two
diagrams, shown in Fig. 2(a) and 2(b), which differ by
the exchange of the final state antiquarks. The color ex-
pansion of the amplitude can be written as

o 1 . .
M (ky, ky, k3, ky) = [5;;5;; -y 5;;5;;}61(0)(1, 2,3,4)

o 1 . .
- [ auar - 5 ohok o0 432
b g4 Nc 4 1
= M} (ky, ky, ks, ky) — M (ky, Ky, ks, k).
(14)

The result for the matrix element squared, summed over
the spins and colors of the final state quarks and antiquarks
is given by

By(ky, ky, k3, ky) = Z |ME (ky, ky, ks, ky)I?
= Ag(ky, ky, k3, kyg) + Ag(ky, ky, ks, k)

+ BY(ky, Ky, k3, ky), (15)

where the interference term is defined as
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Bi(ky, ky, k3, ky) = =2 Z Re[M{ (ky, ky, ks, ky)*

X MA(ky, ky, ks, k)], (16)

The result for the lowest order interference term By is given
by,

B{(ky, ky, k3, ky) = g*A2C{[(s15 — $24)* (512534 + 514523
- 513524) - 2(313324 t S14803 — 312534)

X (812834 + 513524 — S14523) ]}
1
X — (17
$12514523534

with C; = (N2 — 1)/(2N,) = 4/3.

C.H — qqgg
We now turn to process C,

H— q(k)) + q(ky) + g(ks) + g(ky). (18)
At lowest order the amplitude is given by
ME = (TT%), ,.¢\"(1,2,3,4)
+ (T%T%); ;. c(1,2,3,4), (19)

where a3, a, are the color indices of the gluons and iy, i,
are the color indices of the quarks. As before we have
introduced notation of the form

(1,2,3,4) = ¢V ky, hysky, has ks, £33k, £4), (20)

where ¢g; is the polarization vector of gluon i and
c(zo)( 1,2,3,4) = c(lo)(l, 2, 4, 3). Explicit forms for the three
independent helicity amplitudes can be found, for example,
in Refs. [3,14]. The former reference also contains explicit
results for the amplitude squared.

D. H — gggg
Lastly we consider the matrix element for the process D,

H — g(ky) + g(ky) + g(ks) + g(ky). 21

At lowest order the four gluon matrix element has the
structure

M(? = tr(7T%0 T T4 Tdow)
TES,/Zy

X d2(o(1), 0(2), 0(3), o(4)), (22)

where the sum runs over the six noncyclic permutations

and we have introduced the notation
di(l, 2, 3, 4) = di(kl’ €15 k2, €7, k3, €3, k4, 84). (23)

The partial amplitudes satisfy the relations [15,16]
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d’(1,2,3,4) = d”(4,1,2.3) cyclicity, ~ (24)
d”(1,2,3,4) = d”(4,3,2,1) reflection,  (25)
a’1.23 4+ dPe 139+ de3 0 =0 o

dual Ward identity,

so that at Born level for fixed helicities there are only two
independent amplitudes. Explicit expressions for the he-
licity amplitudes can be found, for example, in
Refs. [3,14]. The former reference also contains explicit
results for the amplitude squared. Equations (24) and (25)
continue to be valid beyond leading order [17].

ITI. HIGHER ORDER PROCESSES

In order to control the divergences which will occur at
higher order, we will continue the dimensionality of space-
time, D = 4 — 2e. Within the context of dimensional regu-
larization there remain choices of the dimensionality of
internal and external gluons which are needed to com-
pletely specify the scheme. The most commonly adopted
choices are the conventional dimensional regularization,
(CDR), the ’t Hooft-Veltman scheme, (HV) [18], and the
four-dimensional helicity scheme, (FDH) [19,20]. In the
CDR scheme one uniformly continues all momenta and
polarization vectors to D dimensions. The HV scheme
differs in the treatment of the external states, which remain
four-dimensional. Finally in the FDH scheme all states are
four-dimensional, and only the internal loop momenta are
continued to D dimensions.

Since we are interested in a numerical evaluation of
helicity amplitudes, it is preferable to consider the external
quarks and gluons in four dimensions, with two physical
helicity states. We choose to work in the "t Hooft-Veltman
scheme. The relationship of the CDR, HV and FDH regu-
larization schemes has been presented in Refs. [21,22]. Tt is
therefore straightforward to translate our results to another
scheme. The details of the translation between the HV and
FDH schemes are provided in Sec. IV.

A. Distinct quarks
At next-to-leading order in the perturbative expansion,
30 virtual diagrams contribute to the amplitude given in
Eq. (8). At one-loop level the amplitude can be decom-
posed into two independent color structures,

iy Ziy

o 1 . .
M2 (ky, ky, ks, ky) = [5’.] 5~ 5;;5;;}1(1”(1, 2,3,4)

+87670ay(1,2,3,4). 27)
The color subamplitude a(zl) does not contribute at next-to-
leading order because the interference with the color struc-
ture of the Born amplitude vanishes.
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Before renormalization we find for the squared matrix element, summed over spin and colors of the final state

Ay (ky, ky, k3, ky) = Z(|Mé + MAP? — M7

2 6
— Aolky, ko K, k4)[1 + v ks k4)} + a2V ES X0k o s )
T T
+ XA(ks, kg, ky, ky) + XAk, Ky, kg, k3) + XA (ky, k3, ko, ky)] + O(e). (28)

All ultraviolet and infrared singularities are in the functions Y (ky, k, ks, k4) given by

A CFIU“ZE € 1 Crlu’ze —€ —€ —€ —€
YA(ky, ky, k3, ky) = =N, ) [(=s14)7€ + (=523)~ ]"‘F ) [(=s12) 7€ + (=534) 7€ = 2(=s13) "€ + 2(—s14)

c 20 152
ri [3Cs = boll(=512) "¢ + (—=s34)~ ]__nf_'_T

+ 2(=523) 7€ — 2(—524) )] — N, — 16C;

1 2
+ F[Ls{“}e(sm, $2345 S34, M3) + Lszrrfe(s123, 1243 12 M3)] — F[Lszjﬂle(sm, S1345 S13, M3)
C c

+ Ls®¢ (5124, 52345 24, M3)] — (Nc - )[Lsgnfe(slz4r S1345 140 M7) + Ls?M(s123, 52343 523, M7)],

N,

(29)

where

_ EF(I + e)[2(1 — €) _ (4m)© 3
cr = (4m) T —2¢) “Ti-o + 0(e’), (30)
and
_ (1IN, Zﬁ

by = ( 3 3 ) (31

As usual n; is the number of light flavors and u is the scale introduced to keep the coupling constant dimensionless in D
dimensions.

The finite function X4 (ky, k,, k3, k,) is given by

2 2
XA(ky, ko, k3, ky) = Ls_ (12, 513; 5123)ﬁf1(k2, ky, k3, kg) + Ls_ (512, 5233 S123)<Nc - m)fl(kl: ky, k3, ky)

c

1
+ (N + N¢>L < 123>f2(k1, ky, k3, kg) + N, Lo( 123>f3(k1, ky, k3, ky)

1
+ —Lo(— 5123
Ne

1 s
T )f5<k1,kz,k4,k3)+zv1( 123)f6(k1,k2,k3,k4>+1v1( b (L

N. 1 K
>f4(k1, ky, k3, ky) + ( > N >L0< 123>f5(k1, ky, ks, ky)

s s s
+ N, ln< s12>f8(k1, ky, ks, kq) + ﬁ In ( 123>f9(k1, ky, k3, kq) + F In < 123>f10(k1; ky, ks, ky)

1 —S12 1 —s -5
— In(—=2)f1,(ky, ky, ks, ky) — — 23 Frolka, Ky, ks, ky) — — In(—2) 1, (ky, Ky, k3, ky)
Nc sl Nc —823 NL‘ $13
(Ve o)t ko (32)
[

The special functions coming from the loop integrals, (1 + 2 and 3 < 4) and the renaming property (1 < 3 and
Lo, Ly, Ls_; and Ls?M° are given in Appendix A. The 2 — 4) are manifest in Eq. (28).
explicit expression for the kinematic functions f; are given The ultraviolet divergences are removed in the

in Appendix B. We note that the line-reversal symmetry ~ MS-scheme by adding a counterterm A, given by
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c
Aclky, ky ks, ky) = —2 erbo AO(kb ky, k3, ky).  (33)

1672

Additionally, there is a finite contribution, Ag,, coming
from the effective Lagrangian, Eq. (1), which is

Agin(ky, ky, k3, ky) = AAy(ky, K, k3, ky), 34)
where A is given in Eq. (3).

B. Identical quarks

In the case of identical quarks, 60 diagrams contribute

the next-to-leading order process, Eq. (13). Before renor-
|

2
B (ky, ko, k3, ky) = Biy(ky, ky, ks, k4)[1 + %YB(/% ko, ks, k4)i| + A%V

PHYSICAL REVIEW D 72, 054018 (2005)

malization we find for the squared amplitude, summed
over colors and spins,

By (ky, ky, k3, ky) = Z(IMS‘ + M2 —MBI2)  (35)

= A (ky, ky, k3, ky) + Ay (ky, ky, k3, ky) + B (ky, ky, ks, ky),
(36)

with A; given in (A1). The result for the interference term
can be written as,

6
% [XB(ky, ko, ki, ka) + X (ks ko, 1, k)

+ XB(ky, ky, ks, ko) + XB(ks, ky, ky, ky) + XB(ky, k3, ko, ki) + XB(ky, k3, ky, ky)
+ XB(k4, k], k2, k3) + XB(kz, kl’ k4, k3)] + 0(6), (37)

where the function Y2 contains all divergent terms

c NC _ c _ _
Y2(ky, ko, ks, k) = — 15— o ((=s524) 7€+ (=513)9) + ]5'“ [(=s12) 7€ + (=534) 7€+ (=514) ¢+ (—523) €
_ _ C _ _
—(=524) 7 = (=s13) "] + FM (=6Cs + 2b)[(—512) 7€ + (=514) 7 + (—523) € + (—534) €]
20n; 80N, 8
) ! 9 N, N [LS 1134, 82343 34, MF) + Ls™(5123, 82343 523, M7)

+ Ls?M(s124, S1345 S14 M7) + L™

— Ls®M¢(s5124, 52343 524, M%) ]

The finite function X2 is given by

1
XB(kpkb ks, k4) —Ls_ 1(312,S1%,S123)g1(s12»S13yS14, $23, S24,S%4)(1+ )

1
— Ls_ (512, 233 5123)82(512, 513, S14, $23, 24, 534)N +L, (
C

+ L0< e >g4(s12, 513, 814, 523, 824 534) + Lo(
12

5123 -
+ln< s >g6(512,513»314» 523, $24» 534) +ln<
12

1
+ g5(512, 513, S14, 523, S24, S34)(1 + m)
C

where the functions g; are given in Appendix C. We note
that the result in Eq. (35) is symmetric under the exchange
of (1 = 3)or (2—4).

The counterterm renormalizing the ultraviolet divergen-
ces in the case of identical quarks reads

c
B (ky, ky, k3, ky) = =2 erbo BO(klyka ks, ky), (40)

1672

while the finite contribution coming from the effective

(S123, $1245 512, MH)]

(N, +—)[LS “(5123, S1343 513 M7)

(38)

N2

$123 1
_p 83(512, 813, $14, 23, S04, S34)[ 1 + —

2
12 Nc
8123 1
85(512, 513, S14, 23, 524, S34)—2
—s N,
12 c
$123 1
_ 87(812, 513, 514, 523, S24, 334)—2
12 Nc

(39)

[
Lagrangian is

B (ky, ky, k3, ky) = ABy(ky, ky, k3, ky). (41)

C. H — qqgg
At one loop the full amplitude is calculated from 191
Feynman diagrams, which can be decomposed into the
three color-ordered subamplitudes,

054018-5
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ME = (ToT%), . \V(1,2,3,4)

iy
+ (TTe), , $V(1,2,3,4)
+ 844, c(1,2,3,4), (42)
Bose symmetry requires that cg)(l, 2,3,4)= c(ll)(l, 2,4,3).

The divergent parts of these one-loop amplitudes are
given by

2,.2¢
(1) 8 _Nc . —€ _ —€
c1'(1,2,3,4) = cr 16772[ ?(( 524)7 €+ (=s13)
_ 1 _
+ (—534)79) + N e (=s12)"€
3C b
- —O:|c(10)(1, 2,3,4) (43)
€ €
g2lu26

1
(1) (0) _ —€
C3 (1, 2, 3, 4) > Cr 16 B |:2€2 cl (1)20 3: 4)(( S14)

+ (=523) 7€ = (=512) 7€ = (—s34)7°)

1
+ ch‘”(l, 2,3,4)((—s13) "¢

#(on) = (s~ (509 |
(44)
The interference between the Born and the NLO ampli-
tude is given by

VN,
2Re(MlCMg*) - ¢ Re[c(ll)c(lo)* + c(zl)cgo)*]

Vv
— 5y Rel(e” + (el + )]

c

+ VRe[c"(c? + )], (45)

with ¢; = ¢;(1, 2, 3,4). Counterterms, analogous to those
in Egs. (33) and (34) need to be included to obtain the full
renormalized result.

Numerical results, which are given in the following
section, were generated using an extension of the method
suggested in Ref. [23]. Analytic expressions for the
Feynman graphs are generated using Qgraf [24] and
Form [25]. The scalar and tensor integrals appearing in
the amplitudes are reduced numerically using the
Davydychev reduction for the tensor integrals [26] and a
recursive procedure similar to the one proposed in
Ref. [23] to reduce all scalar integrals to a small number
of analytically known basis integrals. These are then eval-
uated numerically as a Laurent series in the € parameter.”
The key point of this method is that a record is kept of all
previously computed integrals, so that each scalar integral

>The numerical Laurent expansion technique was first used in
Ref. [27]. In a more general analytic context it was used by many
authors before.

PHYSICAL REVIEW D 72, 054018 (2005)

is computed only once. The result of our procedure is a
numerical expression for the scalar and tensor integrals
component by component each of which has a Laurent
expansion in €. This method will be described in detail in a
later paper [28]. Numerical or seminumerical methods
have also been described in Refs. [27,29-36].

D. H — gggg

At NLO the amplitude for process Eq. (21) requires the
calculation of 739 Feynman diagrams, which can be ex-
panded in nine color subamplitudes

MP = z tr(T 40 T4o@ T4 @)
TgES,/Zy

x d\"(a(1), 7(2), 0(3), o(4))

1
o w(TOT ) (T T9)d(1,2, 3, 4)

c

1
+ o w(TNTe) w(TT*)d(1,3,2, 4)

1
+ o w(TT) (T T%)d(1, 4,2, 3). (46)

If we discard diagrams with internal quark loops we
have the decoupling identity [17]

1,239 =3 d(c() o), 0(3), c4)). 47)

OES,/Zy

However, at NLO the d, terms in Eq. (46) do not receive
contributions from internal fermion loops. This can be
easily shown by explicitly examining the diagrams with
internal fermionic bubbles, triangles, and boxes. The gen-
eral expansion can thus be simplified as a consequence of
Eq. (47) so that

MID = Z tr (7% T4e@ T4 Tho@)
OES,/Zy

X d\"(a(1), #(2), 0(3), o(4))

1
o [T Te(TOT ) + (T T ) (T T )

+ (T T (T2 T4)]d(1, 2, 3, 4). (48)

Using Eq. (48) it can be shown that the result for the matrix
element squared is

NA(N2-1)
16 UESZ4/Z4
X{d(a(1), 0(2), 0(3), 7 4))I?
+2Re[dV(a(1), 0(2), o(3), o(4))*
x d\(o(1), 0(2), 0(3), o ()]}
(49)

Counterterms, analogous to those in Egs. (33) and (34)
need to be included to obtain the full renormalized result.

|MD + MPJ2 — |MP|? =
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Numerical results for this matrix element squared were
generated using the method described above. The pole
structure for the color subamplitude d; has the simple form

2,,2€

(1 g u N oo -
a'(1,2.3,4) = TEE| = () + (o)

+(—s3) " + (—W*)}dﬁ‘”(l, 2,3,4).

(50
|
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IV. NUMERICAL RESULTS

In this section we present numerical results for the Born
amplitude squared and for its interference with the one-
loop matrix element for the four processes of interest,
A, B, C, and D. We use the following arbitrarily chosen,
momentum configuration, where a Higgs boson of unit
mass decays into four well separated partons,

(E, po Py P2):

py = (—1.000 000 000 00, 0.000 000 000 00, 0.000 000 000 00, 0.000 000 000 00),
k; = (+0.306 740378 67, —0.177 386 94693, —0.016 644 72021, —0.249 692779 74),
k, = (+0.344 45032281, +0.146 352828 00, —0.107 077 62397, +0.292 850229 75), (5D
ky = (+0.220916 67641, +0.089 119 15938, +0.197339 018 56, +0.043 809417 93),
ky = (+0.127892 622 11, —0.058 085 04045, —0.073 616 674 38, —0.086 966 867 95).

For each process, {A, B, C, D}, we introduce the quantities

1
Xp = on(klr ky, ks, ky),
_ 87 (52)
Xy = W[Xl(kl’ ky, k3, k) — Xo(ky, ko, k3, kg)],

with X = A, B, C; D,

which are independent of the value of the coupling con-
stant. Thus Xp is the matrix element squared evaluated
using the Born amplitude. Xy 5 and Xy 4 denote the con-
tributions of the interference between the virtual amplitude
and the lowest order, as calculated from the numerical and
analytical formulas. The unrenormalized results are given

[
in Table I for the scale choice @ = My and the momenta of
Eq. (5D).

The explicit results show that far from exceptional mo-
mentum configurations, where divergent inverse Gram
determinants are known to spoil the accuracy of the nu-
merical procedure, a relative accuracy of @O(10~ 1) can be
achieved. For processes C and D, where a full analytical
result is not available, we verified that the answer satisfies
the Ward identities to a similar relative accuracy. For
process D we checked numerically that for n; = 0, the
color amplitudes satisfy the decoupling identity, Eq. (47).
Close to exceptional momentum configurations, it is still
possible to use a numerical approach [28,37].

We have also checked numerically that our results sat-
isfy the following relationship between the HV and FDH
regularization schemes,

TABLE I.  Numerical results for the Born amplitude squared (Xj) and the numerical and analytic one-loop corrections (Xy y and
Xy 4) to the four processes A, B, C, D, Egs. (4)—(7).

cr/ € cr/e 1
Ap 0 0 12.916295 8212387
Ay y —68.886911046 6063 —114.642248 172519 120.018444 115458
Ay 4 —68.886911 046 606 4 —114.642248 172523 120.018444 115429
Bp 0 0 858.856417 157052
Bywy —4580.567 558 170 94 —436.142317 955208 26470.960897 8350
By 4 —4580.567 558 17099 —436.142 317955 660 26470.960897 8346
Cp 0 0 968.590 160211 857
Cyn —8394.448 055 169 30 —19808.039633 1354 —1287.905749491 12
Cya —8394.448 055 169 42 —19808.039633 1363 not known
Dg 0 0 3576991.279 60852
Dy y —4.292 38953553022 X 107 —1.044 363726 555 80 X 108 —6.798309 114716 04 X 107
Dy 4 —4.292 38953553022 X 107 —1.044 363726 555 80 X 108 not known
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I's <NL. 1

a1, 2,3,4) — a"MV(1,2,3,4) =

1672\ 3 N,

AVFPH(1 2,3, 4) — DHV(1,2,3,4) =

1672\ 6 2N,

—£— —>a<°>(1, 2,3,4),

2 /N 1
§ (—C )cﬁ‘”(l, 2,3, 4),
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a1, 2,3,4) — a"MV(1,2,3,4) = 0,

(33)

PP, 2,3,4) — MV(1,2,3,4) = 0,

d\VPPH(1,2,3,4) — d\PHV(1,2,3,4) = 0.

Applying the finite renormalization which compensates for
the difference between the ultraviolet regularization in the
two schemes [21], we recover the expected difference
between the two schemes due to the differing infrared
regularization,

a\V™H(1,2,3,4) — "MV (1,2,3,4)

2
=57,a%0,2.3.4).¢"™(1,2,3,4) - " (1,2.3,4)
2
=57, 7)e(1,2.3,.4).4,™(1,2.3,4)
Tr

—d"V(1,2,3,4)
g - o
:4777_25‘/ng (1)2y 3:4)» (54)

where

N,

Yq= 7 and ;)75’ = ? (55)

The other two relations in Eq. (53) are unchanged.

V. OUTLOOK

In this paper we presented results obtained using a
general, seminumerical calculation of one-loop correc-
tions. In order to establish the feasibility of the seminu-
merical method, we computed all the one-loop corrections
to Higgs plus four parton processes using an effective
Lagrangian. We presented explicit results for a specific,
nonexceptional phase space point. For practical applica-
tions of this method, one has to be able to treat exceptional
momentum configurations also. The method of this paper
can be extended to treat those regions. A detailed descrip-
tion of the algorithm is presented in a separate work [28].

The results presented in this paper generate two separate
lines of research. The first is clearly the completion of the
calculation of the Higgs boson plus two jet process at next-
to-leading order. As indicated in the text all of the needed
elements are now in place.

The second development is the extension of these meth-
ods to calculate other one-loop processes which currently
lie beyond the range of analytic calculation. Examples of
processes of current experimental interest are diboson plus
one jet (Vy, V,, j), triboson production (Vy, V,, V3) and
vector boson plus heavy quark pairs (VQQ).
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APPENDIX A: INTEGRAL FUNCTIONS
APPEARING IN AMPLITUDES

The integral functions appearing in the virtual correc-
tions are presented in this appendix. Following closely the
notation of Ref. [38] we define

In(r)
1—7

Lo(r) = (A1)

The above functions have the property that they are finite
as their denominators vanish. Furthermore we define

t
Ls (s, t;m?) = Liz<1 - %) + Li2<1 - —2>
m m

—s —t m?
+ ln(_m2> 1[1(_—”12) - Z, (A2)
where the dilogarithm is defined as usual as
x In(1 —
Li,(x) = —] P Gk} (A3)
0 Z

The function Ls_; is simply related to the scalar box
integral with one external mass evaluated in six space-
time dimensions, where it is infrared- and ultraviolet-finite.

The “easy” six-dimensional box function with two non-
adjacent external masses, m;, ms, is related to the function
Lg2me

2 2
Ls2me (s, 1;m2, m2) = —L12<1 ~ %) - Li2<1 - %)

2 2
- Li2<1 - @> - Li2<1 - @>
s t

mm3\ 1 —s
+Lip(1 — -2} - -In?(—).
o(1-70) ()

This function has the property that it vanishes as s + ¢t —
m?} — m3 — 0. The analytic continuation of these integrals
is obtained adding a small positive imaginary part to each

invariant, s;; — s;; + ie.
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APPENDIX B: FUNCTIONS FOR DISTINCT QUARKS

The kinematic functions for the virtual corrections to H — ggq’g' appearing in Eq. (32) are given below:

2 2 2 2 2 2
Filky, ko, ks, k) = — S12834 n 3813824 — S33 + S14823 — STy — STz SISy Sy
1\R], A2, R3, Rg D) 2 B 2 2
513 $12834 $128713534 $12534
2
S13824 — S148 s S148
_2( 13 242 214 23) 45 14223 5 (B1)
S12534 S13 513
2 2
$12834(812834 + 523(524 + 2503 — 514)) + 533(524 + 514)
fz(kl: kZ) k3r k4) = 3 (Bz)
2512S34
\
S34 S12534
f3ky, ko, ks, ky) = =+ $23(524 + 514) folky, ko, ks, ky) TR
2593 $13523
o St dsy3 + 3514 | 354 + 453 +4323524 + 25148524 — 3513504 T 3514523
257,534 2512 2512834
B3 52,8 s 1
(B3) 4 SiaS3 S 1 (B6)

534 2512813834 S13 2
falky, ka, k3, ky) = _2s7 — 523(504 + 514)
23

% S$24 + 2S23 + 5S14

2
2 2 2 _
2s12S34 f (k k k k ) _ S14S23 + S]3S34S12 §13514523524
455, + 655,53 — 35 TAR B2, B3 T4 252
S 23 14 (B4) S13534512
2515 (B7)
S13 2503 | So4 S;3 314333
Folky ke kg deg) = — =B = =2 4 24 2B
S14 S24 S14 8§34 S34534
$13823 . S13824  S34 514523 — 8513524
4 213723 | 713724 P34 (BS) fslky, ko, k3, ky) = T osisn (B8)
524834 S14534  Si4 512534
|
S1382 8198 §2,8 K s
folky, ky, k3, ky) = 13724 712734 TI4TB 522 4 oM
) s s
$12823534  S13523 812513534 523 S13

2 —
. 2524 + 2523S24 + 5S]4Sz4 5513S24 + 5S]4S23

(B9)
2512834

Sy 52453, — 51351452352 APPENDIX C: FUNCTIONS FOR IDENTICAL
flO(kl’ k2’ k3! k4) -

s 12S%3 S34 QUARKS
(B10) The kinematic functions for the virtual corrections to
H — ggqq appearing in Eq. (35) are given below:
513524 (s + 534
2 ki, ko, ks ky) = —1 — ———2 =%
Fialky, ky, ks, ky) = 13224 (B11) g1tk K ko Ky 4512514573534
512834 2 2
S13 + 2S14S23 - 2S13S24 + S24
4512834
flz(kl k2 k3 k4) _ S13(S13(S14 - S24) + 2S14523) + Si S%S - 2S13824 + S%4 + 2S12S34
25%2S34 2512 4514523
(B12) (Ch
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(C2)

2 2 2 2 2 _ 2
ok, Koy Koy Kg) = 1 sy 8789, 3514803824 | S13524(873 + 534) 2873 1 3814803 — 3813804 + 45y
2\K, Ko, K3, Kg) = — — ——— 5
4 dsy3 8512573534 8512513534 4512514523534 8512534
2 2 2 2
n 35125'24534 . 512S34 §$14523 + S12534 . 2513 3S|3S24 + 4S24 + 3S12534
2 2
8513514523 8573514523 8573 8514523
5 [
$53524 | S23(S14 + 523 + 524) 52,

gs(kb ky, k3, ky) =

S
gs(ky, ky, ks, ky) =2+

S24 +3S23(_2514+S24)

2 2
8S12S14 8S12 4512 8S12 4S12S14 8S12S14
_ 534 + (S23 + S24)s34 _S23(Sl4 +S24)2 834 S34 _3S24S34
45, 8512814 453,534 ds14  4so3 8siasn
2
s 2
+ T34 C3 81283y
8514523 © 2 (©5)
4S14523
5 S04 3S13S24 + 4S2 - 3S12S34
g6(kly k2) k3) k4) =35 T L
8 dsyy 8514523
C6)
_ Cet4 (
ga(ky, ky, k3, ky) = Sz — 34 (=5 + ) g7(ky, ko, ks, ky) = _Z+ S S 81
8512 851214 [ 8 4si3  4siy 4spsizsy
K 58948
B 434 } 24534 (C4) 53, S12834 53,53,
S S48
14 14923 451253 4s13523 4513514555
 s13804 + 259, — 512534 )
8514523
K K K s13(s14 — 25 138 S13574(813 + $13(2814 + 8
gg(ky, ko, ks, y) = 2, Si4 , Si2 13(S14 24) S35 13524 (813 24) 23(2514 24)
32S14 32.5'12 32S23 64S12S23 32S12S14 64S12S14S23 64S12S14
S1a T 823 | S13(812 83 — 2504) | (5120 — 2513 + S14)804 | S13504(813 + $24) | 813524(813 + $24)
32834 64514534 64523534 64512814534 64512523534
+ 8138524(813 1 524) n (513514 + 2512514 + $23) + 523524)534 (C8)
64514S23S34 64S12s14s23
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