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Next-to-leading order jet distributions for Higgs boson production via weak-boson fusion
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The weak-boson fusion process is expected to provide crucial information on Higgs boson couplings at the
Large Hadron Collider at CERN. The achievable statistical accuracy demands comparison with next-to-leading
order QCD calculations, which are presented here in the form of a fully flexible parton Monte Carlo program.
QCD corrections are determined for jet distributions and are shown to be modest, of the order of 5%–10% in
most cases, but reaching 30% occasionally. Remaining scale uncertainties range from the order of 5% or less
for distributions to below62% for the Higgs boson cross section in typical weak-boson fusion search regions.
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I. INTRODUCTION

The weak-boson fusion~WBF! processqQ→qQH is ex-
pected to provide a copious source of Higgs bosons inpp
collisions at the Large Hadron Collider~LHC! at CERN. It
can be visualized~see Fig. 1! as the elastic scattering of tw
~anti!quarks, mediated byt-channelW or Z exchange, with
the Higgs boson radiated off the weak-boson propagator.
gether with gluon fusion, it represents the most promis
production process for Higgs boson discovery@1,2#. Once
the Higgs boson has been found and its mass determined
measurement of its couplings to gauge bosons and ferm
will be of main interest@3#. Here WBF will be of central
importance since it allows for independent observation in
H→tt @4#, H→WW @5#, H→gg @6#, andH→ invisible @7#
channels. This multitude of channels is crucial for separa
the effects of different Higgs boson couplings.

The WBF measurements can be performed at the L
with statistical accuracies on cross sections times de
branching ratios,s•B, reaching 5%–10%@3#. In order to
extract Higgs boson coupling constants with this full sta
tical power, a theoretical prediction of the standard mo
~SM! production cross section with an error well below 10
is required, and this clearly entails knowledge of the next-
leading order~NLO! QCD corrections.

For the total Higgs boson production cross section
WBF these NLO corrections have been available for a
cade@8# and they are relatively small, withK factors around
1.05–1.1. These modestK factors are another reason for th
importance of Higgs boson production via WBF: theoreti
uncertainties will not limit the precision of the coupling me
surements. This is in contrast with the dominant gluon fus
channel where theK factor is larger than 2 and residual u
certainties of 10%–20% remain, even after the two-loop c
rections have been evaluated@9,10#.

In order to distinguish the WBF Higgs boson signal fro
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backgrounds, stringent cuts are required on the Higgs bo
decay products as well as on the two forward quark j
which are characteristic of WBF. Typical cuts have an acc
tance of less than 25% of the starting value fors•B. The
question then arises whether theK factors and the scale de
pendence determined for the inclusive production cross
tion @8# are valid for the Higgs boson search region also. T
is best addressed by implementing the one-loop QCD cor
tions in a fully flexible NLO parton-level Monte Carlo pro
gram.

We are presently developing such programs for a coll
tion of relevant WBF processes, of which Higgs boson p
duction, in the narrow resonance approximation, is the s
plest example. The purpose of this paper then is twofo
First we use the Higgs boson signal process as our exam
to discuss the generic features of NLO QCD corrections
WBF processes. We use the subtraction method of Ca
and Seymour@11# throughout. In Sec. II we describe th
handling of real emission singularities. We give explicit fo
mulas for the finite contributions which remain after facto
ization of the initial-state collinear singularities and aft
cancellation of divergences produced by soft and collin
final-state gluons against the corresponding terms in the
tual corrections.

This procedure yields a regularized Monte Carlo progr
which allows us to determine infrared-safe observables
NLO. The main features of the program, numerical tests,
parameters to be used in the later phenomenological dis
sion are described in Sec. III. In Sec. IV we then use this t
to address our second objective, a discussion of the Q
radiative corrections as a function of jet observables.
determine theK factors and the residual scale uncertaint
for distributions of the tagging jets which represent the sc
tered quarks in WBF. In addition, we quantify the cross s
tion error induced by uncertainties in the determination
parton distribution functions~PDFs!. PDF errors and scale
variations in the phase-space regions relevant for the H
boson search turn out to be quite small~approximately 4%
when combined! and thus indicate the small theoretical u
certainties required for reliable coupling measurements. C
clusions are presented in Sec. V.
©2003 The American Physical Society05-1
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II. SUBTRACTION TERMS FOR SOFT
AND COLLINEAR RADIATION

At lowest order, Higgs boson production via weak-bos
fusion is represented by a single Feynman graph, like the
depicted in Fig. 1~a! for q̄Q→q̄QH. We use this particular
process to describe the QCD radiative corrections. Gene
zation to crossed processes (q̄→q and/orQ→Q̄) is straight-
forward. Strictly speaking, the single Feynman graph pict
is valid for different quark flavors on the two fermion line
only. For identical flavors annihilation processes, likeq̄q

→Z* →ZH with subsequent decayZ→q̄q or similar WH
production channels, contribute as well. Forqq→qqH or
q̄q̄→q̄q̄H the interchange of identical quarks in the initial
final state needs to be considered in principal. However
the phase-space regions where WBF can be observed ex
mentally, with widely separated quark jets of very large
variant mass, the interference of these additional graph
strongly suppressed by large momentum transfer in
weak-boson propagators. Color suppression further ma
these effects negligible. In the following we systematica
neglect any identical fermion effects.

At NLO, the vertex corrections of Fig. 1~b! and the real
emission diagrams of Fig. 2 must be included. Because
the color singlet nature of the exchanged weak boson,
interference terms between subamplitudes with gluons
tached to both the upper and lower quark lines vanish id
tically at orderas . Hence it is sufficient to consider radiativ

(a) (b)

g

Q

V

V
H

Q Q

H

Q

q q q q

FIG. 1. Feynman graphs contributing toq̄Q→q̄QH at ~a! the
tree level and~b! including virtual corrections to the upper qua
line.

(a) (b)

(c) (d)
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gg(pa)

g

q(p1)

q
V(q)

q(pa)

FIG. 2. Real emission contributions to Higgs boson product
via weak-boson fusion. Corrections for the upper quark line o
are shown: gluon radiation@~a! and ~b!# and gluon initiated pro-
cesses@~c! and ~d!#.
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corrections to a single quark line only, which we here take
the upper one. Corrections to the lower fermion line are
exact copy. We denote the amplitude for the real emiss
process,

q̄~pa!1Q~pb!→g~p1!1q̄~p2!1Q~p3!1H~P!, ~1!

depicted in Figs. 2~a! and 2~b! asM r
q̄5M r

q̄(pa ,p1 ,p2 ;q),
whereq5p11p22pa is the four-momentum of the virtua
weak bosonV of virtuality Q252q2.

The three-parton phase-space integral ofuM r
q̄u2 suffers

from soft and collinear divergences. They are absorbed
single counterterm, which, in the notation of Ref.@11#, con-

tains the two dipole factorsD 2
q̄1 andD 12

q̄ ,

uM q̄using
2 5D 2

q̄11D 12
q̄

58pas~mR!CF

1

Q2

x21z2

~12x!~12z!
uM B

q̄ u2, ~2!

whereCF5 4
3 andM B

q̄5M B
q̄( p̃a ,p̃2 ;q) is the Born ampli-

tude for the lowest-order process,

q̄~ p̃a!1Q~pb!→q̄~ p̃2!1Q~p3!1H~P!, ~3!

evaluated at the phase-space point

p̃a5xpa , p̃25p11p22~12x!pa , ~4!

with

x512
p1•p2

~p11p2!•pa
, ~5!

z512
p1•pa

~p11p2!•pa
5

p2•pa

~p11p2!•pa
. ~6!

This choice continuously interpolates between the singul
ties due to final-state soft gluons (p1→0 corresponding to
x→1 andz→1), collinear final-state partons (p1uup2 result-
ing in p1•p2→0 or x→1), and gluon emission collinear t
the initial-state antiquark@p1→(12x)pa and z→1]. The

subtracted real emission amplitude squared,uM r
q̄u2

2uM q̄using
2 , leads to a finite phase-space integral of the r

parton emission cross section:

s3
NLO~ q̄Q→q̄QHg!

5E
0

1

dxaE
0

1

dxbf q̄/p~xa ,mF! f Q/p~xb ,mF!

3
1

2ŝ
dF4~p1 ,p2 ,p3 ,P;pa1pb!

3$uM r
q̄u2FJ

(3)~p1 ,p2 ,p3!

2uM q̄using
2 FJ

(2)~ p̃2 ,p3!%, ~7!

n
y

5-2



c-
n

je
-

s

nt
go

, i
ea

l r
za
1
e

a
i-

l

n

nd
n-

n-

ion
l-

ti-

NEXT-TO-LEADING ORDER JET DISTRIBUTIONS FOR . . . PHYSICAL REVIEW D 68, 073005 ~2003!
whereŝ5(pa1pb)2 is the center-of-mass energy. The fun
tions FJ

(3) andFJ
(2) define the jet algorithm for three-parto

and two-parton final states and we obviously needFJ
(3)

→FJ
(2) in the singular limits discussed above; i.e., the

algorithm ~and all observables! must be infrared and collin
ear safe. Being finite, the phase-space integral of Eq.~7! is
evaluated numerically inD54 dimensions. Similarly, for the
gluon initiated process,

g~pa!1Q~pb!→q~p1!1q̄~p2!1Q~p3!1H~P!, ~8!

the singular behavior forg→qq̄ splitting is absorbed into the
singular counterterm:

uM gusing
2 5D 2

g11D 1
g2

58pas~mR!TF

1

Q2 Fx21~12x!2

12z
uM B

q̄~ p̃a ,p̃2 ;q!u2

1
x21~12x!2

z
uM B

q~ p̃a ,p̃2 ;q!u2G , ~9!

whereTF5 1
2 andM B

q̄ andM B
q denote the Born amplitude

for the leading-order ~LO! processes q̄( p̃a)1Q(pb)
→q̄( p̃2)1Q(p3)1H(P) and q( p̃a)1Q(pb)→q( p̃2)
1Q(p3)1H(P), respectively. The subtraction ofuM gusing

2

from the real emission amplitude squared leads to a co
bution to the subtracted three-parton cross section analo
to the one given in Eq.~7!.

The singular counterterms are integrated analytically
D5422e dimensions, over the phase space of the collin
and/or soft final-state parton. Integrating Eq.~2! yields the
contribution~we are using the notation of Ref.@11#!

^I ~e!&5uM B
q̄ u2

as~mR!

2p
CFS 4pmR

2

Q2 D e

3G~11e!F 2

e2
1

3

e
192

4

3
p2G . ~10!

We have regularized the divergences using dimensiona
duction. If we had used conventional dimensional regulari
tion, we would have obtained a finite piece equal to (
24p2/3). The 1/e2 and 1/e divergences cancel against th
poles of the virtual correction, depicted in Fig. 1~b!. For the
case at hand, the virtual correction amplitudeMV is particu-
larly simple, leading to the divergent interference term

2 Re@MVMB* #5uM B
q̄ u2

as~mR!

2p
CFS 4pmR

2

Q2 D e

3G~11e!F2
2

e2
2

3

e
1cvirtG . ~11!

Here we have included the finite contribution of the virtu
diagram which is proportional to the Born amplitude. In d
07300
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mensional reduction this contribution is given bycvirt
5p2/327 (cvirt5p2/328 in conventional dimensiona
regularization!.

Summing together the contributions from Eqs.~10! and
~11!, we obtain the following finite two-parton contributio
to the NLO cross section:

s2
NLO~ q̄Q→q̄QH!

5E
0

1

dxaE
0

1

dxbf q̄/p~xa ,mF! f Q/p~xb ,mF!

3
1

2ŝ
dF3~p2 ,p3 ,P;pa1pb!uM B

q̄ u2FJ
(2)~p2 ,p3!

3F11
as~mRa!1as~mRb!

2p
CFS 92

4

3
p21cvirtD G .

~12!

The twoas terms, at distinct renormalization scalesmRa and
mRb , correspond to virtual corrections to the upper a
lower fermion lines in Fig. 1, respectively, and we have a
ticipated the possibility of using different scales~like the
virtuality of the attached weak bosonV) for the QCD cor-
rections to the two fermion lines.

The remaining divergent piece of the integral of the cou
terterms in Eqs.~2! and ~9! is proportional to thePqq and
Pgq splitting functions and disappears after renormalizat
of the parton distribution functions. The surviving finite co
linear terms are given by

s2,coll
NLO~ q̄Q→q̄QH!

5E
0

1

dxaE
0

1

dxbf q̄/p
c

~xa ,mF ,mRa! f Q/p~xb ,mF!

3
1

2ŝ
dF3~p2 ,p3 ,P;pa1pb!uM B

q̄ u2FJ
(2)~p2 ,p3! ~13!

and similarly for quark-initiated processes. Here the an
quark functionf q̄/p

c (x,mF ,mR) is given by

f q̄/p
c

~x,mF ,mR!5
as~mR!

2p E
x

1dz

z H f g/pS x

z
,mFDA~z!

1F f q̄/pS x

z
,mFD2z fq̄/p~x,mF!GB~z!

1 f q̄/pS x

z
,mFDC~z!J

1
as~mR!

2p
f q̄/p~x,mF!D~x!, ~14!

with the integration kernels
5-3



m
-

n
e

ed

.

the

ns
se

ear

om

rge
al-

FIGY, ZEPPENFELD, AND OLEARI PHYSICAL REVIEW D68, 073005 ~2003!
A~z!5TF@z21~12z!2# ln
Q2~12z!

mF
2z

12TFz~12z!,

~15!

B~z!5CFF 2

12z
ln

Q2~12z!

mF
2

2
3

2

1

12zG , ~16!

C~z!5CFF12z2
2

12z
ln z2~11z!ln

Q2~12z!

mF
2z

G ,

~17!

D~x!5CFF3

2
ln

Q2

mF
2~12x!

12 ln~12x!ln
Q2

mF
2

1 ln2~12x!1p22
27

2
2cvirtG . ~18!

Note thatcvirt exactly cancels between the contributions fro
Eqs.~12! and ~18!. This fact will be used below to numeri
cally test our program.

The same kernels define the quark functio
f q/p

c (x,mF ,mR), which appear with the Born amplitud
m
e

rto
e

07300
s

M B
q(pa ,p2 ;q) in the analogue of Eq.~13! for the qQ

→qQH processes. The gluon distributionf g/p(x,m f) thus
appears twice, multiplying the Born amplitudes squar

uM B
q u2 and uM B

q̄ u2 in the quark and antiquark functions
These two terms correspond to the two terms in Eq.~9!, after
the 1/e collinear divergences have been factorized into
NLO parton distributions.

Formulas identical to the ones given above for correctio
to the upper line in the diagrams of Fig. 2 apply to the ca
where the gluon is attached to the lower line~with a↔b,
p2↔p3). As for the renormalization scalemR in Eq. ~12!, we
distinguish between the two factorization scales that app
for the upper and lower quark lines, calling themmFa and
mFb , when needed.

A second class of gluon-initiated processes arises fr
crossing the final-state gluon and the initial-state quarkQ in
the Feynman graphs of Figs. 2~a! and 2~b!. The resulting
process can be described asgq̄→q̄VH with the virtual weak
bosonV undergoing hadronic decayV→QQ̄. Such contribu-
tions are part of the radiative corrections toq̄q→VH; they
are suppressed in the WBF search regions with their la
dijet invariant mass, and we do not include them in our c
culation.
een
helicity-

at related
III. NLO PARTON MONTE CARLO PROGRAM

The cross section contributions discussed above for theq̄Q→q̄QH process and crossing related channels have b
implemented in a parton-level Monte Carlo program. The tree-level amplitudes are calculated numerically, using the
amplitude formalism of Ref.@12#. The Monte Carlo integration is performed with a modified version ofVEGAS @13#.

The subtraction method requires the evaluation of real emission amplitudes and, simultaneously, Born amplitudes
phase-space points@see, e.g., Eqs.~7! and~13!#. In order to speed up the program, the contributions froms3

NLO ands2,coll
NLO are

calculated in parallel, as part of the three-parton phase-space integral. Since the phase-space element factorizes@11#,

E dF4~p1 ,p2 ,p3 ,P;pa1pb!5E
0

1

dxE
0

1

dz dF3~ p̃2 ,p3 ,P;xpa1pb!
Q2

16p2x
, ~19!

we can rewrite the finite collinear term of Eq.~13! as

s2,coll
NLO~ q̄Q→q̄QH!5E

0

1

dxaE
0

1

dxb

1

2~pa1pb!2
dF4~p1 ,p2 ,p3 ,P;pa1pb!H f g/p~xa ,mF!A~x!1 f q̄/p~xa ,mF!@B~x!1C~x!#

1x fq̄/p~xxa ,mF!FD~xxa!

12xxa
2B~x!G J f Q/p~xb ,mF!

8pas~mR!

Q2
uM B

q̄ u2FJ
(2)~ p̃2 ,p3!, ~20!
nce
e

wherex andz are determined as in Eqs.~5! and~6!. Equation
~20! allows for stringent consistency checks of our progra
since we can determine the finite collinear cross section
ther as part of the two-parton or as part of the three-pa
phase-space integral. For example, because of the canc
,
i-
n
lla-

tion of cvirt mentioned below Eq.~18!, the final result cannot
depend on its value. We have checked this independe
numerically, at the 331024 level. Another method to test th
program is to determine the~anti!quark functions
f a/p

c (x,mF ,mR) by numerical integration of Eq.~14!, to then
5-4
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NEXT-TO-LEADING ORDER JET DISTRIBUTIONS FOR . . . PHYSICAL REVIEW D 68, 073005 ~2003!
compute the finite collinear cross section together with
Born cross section, and to compare with the results of
~20!. For all phase-space regions considered, our nume
program passes this test, with relative deviations of less t
231024 of the total Higgs boson cross section, which is t
level of the Monte Carlo error.

As a final check we have compared our total Higgs bo
cross section with previous analytical results@8#, as calcu-
lated with the program of Spira@14#. We find agreement at o
below the 131023 level which is inside the Monte Carlo
accuracy for this comparison.

The cross sections to be presented below are base
CTEQ6M parton distributions@15# with as(MZ)50.118 for
all NLO results and CTEQ6L1 parton distributions wi
as(MZ)50.130 for all leading order cross sections. For
Z-exchange contributions theb quark is included as an
initial- and/or final-state massless parton. Theb-quark con-
tributions are quite small, however, affecting the Higgs b
son production cross section at the 3% level only. We cho
mZ591.188 GeV,aQED51/128.93, and the measured val
of GF as our electroweak input parameters from which
obtainmW579.96 GeV and sin2uW50.2310, using LO elec-
troweak relations. In order to reconstruct jets from the fin
state partons, thekT algorithm@16# as described in Ref.@17#
is used, with resolution parameterD50.8.

IV. TAGGING JET PROPERTIES AT NLO

The defining feature of weak-boson fusion events at h
ron colliders is the presence of two forward tagging je
which, at LO, correspond to the two scattered quarks in
processqQ→qQH. Their observation, in addition to ex
ploiting the properties of the Higgs boson decay products
crucial for the suppression of backgrounds@4–7#. The strin-
gent acceptance requirements imply that tagging jet distr
tions must be known precisely for a reliable prediction of t
SM Higgs signal rate. Comparison of the observed Hig
boson production rate with this SM cross section, with
cuts, then allows us to determine Higgs boson couplings@3#
and, thus, the theoretical error of the SM cross section
rectly feeds into the uncertainty of measured couplings.

The NLO corrections to the Higgs boson cross section
not depend on the phase space of the Higgs boson d
products because the Higgs boson, as a scalar, does n
duce any spin correlations. It is therefore sufficient to a
lyze tagging jet distributions to gain a reliable impression
the size and uncertainties of higher-order QCD correctio
Since search strategies depend on the decay mode consi
and will evolve with time, we here consider generic wea
boson fusion cuts only. They are chosen, however, to giv
good approximation of the cuts suggested for specific Hi
boson search channels at the LHC. The phase-space de
dence of the QCD corrections and uncertainties, within th
cuts, should then provide a reasonably complete and reli
picture.

Using thekT algorithm, we calculate the partonic cro
sections for events with at least two hard jets, which
required to have

pT j>20 GeV, uyj u<4.5. ~21!
07300
e
q.
al

an

n

on

l

-
se

e

l-

d-
,
e

is

u-

s

i-

o
ay
in-
-
f
s.
red

-
a
s
en-
e
le

e

Hereyj denotes the rapidity of the~massive! jet momentum
which is reconstructed as the four-vector sum of mass
partons of pseudorapidityuhu,5. The Higgs boson deca
products~generically called ‘‘leptons’’ in the following! are
required to fall between the two tagging jets in rapidity a
they should be well observable. While an exact definition
criteria for the Higgs boson decay products will depend
the channel considered, we here substitute such specifi
quirements by generating isotropic Higgs boson decay
two massless ‘‘leptons’’~which representt1t2 or gg or bb̄
final states! and require

pT,>20 GeV, uh,u<2.5, DRj ,>0.6, ~22!

whereRj , denotes the jet-lepton separation in the rapidi
azimuthal angle plane. In addition the two ‘‘leptons’’ are r
quired to fall between the two tagging jets in rapidity:

yj ,min,h,1,2
,yj ,max. ~23!

We do not specifically require the two tagging jets to res
in opposite detector hemispheres for the present analy
Note that no reduction due to branching ratios for spec
final states is included in our calculation: the cross sect
without any cuts corresponds to the total Higgs boson p
duction cross section by weak-boson fusion.

At LO, the signal process has exactly two massless fin
state quarks, which are identified as the tagging jets, p
vided they pass thekT algorithm and the cuts describe
above. At NLO these jets may be composed of two part
~recombination effect! or we may encounter three wel
separated partons, which satisfy the cuts of Eq.~21! and
would give rise to three-jet events. As with LHC data,
choice needs to be made for selecting the tagging jets in s
a multijet situation. We consider here the following two po
sibilities:

~1! Define the tagging jets as the two highest-pT jets in the
event. This ensures that the tagging jets are part of
hard scattering event. We call this selection the ‘‘pT

method’’ for choosing tagging jets.
~2! Define the tagging jets as the two highest energy jets

the event. This selection favors the very energetic f
ward jets which are typical for weak-boson fusion pr
cesses. We call this selection the ‘‘E method’’ for choos-
ing tagging jets.

Backgrounds to weak-boson fusion are significantly s
pressed by requiring a large rapidity separation of the t
tagging jets. As a final cut, we require

Dyj j 5uyj 1
2yj 2

u.4, ~24!

which will be called the ‘‘rapidity gap cut’’ in the following.
Cross sections, within the cuts of Eqs.~21!–~24!, are

shown in Fig. 3~a!, as a function of the Higgs boson ma
mH . As for the total WBF cross section, the NLO effects a
modest for the cross section within cuts, amounting to
3%–5% increase for thepT method of selecting tagging jet
5-5
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FIG. 3. Effect of QCD radiative correction
on the Higgs boson production cross section v
WBF, as a function of the Higgs boson massmH .
Results are given at LO~dotted! and at NLO for
the pT method~solid! and theE method~dashed!
for defining tagging jets. Panel~a! gives the total
cross section within the cuts of Eqs.~21!–~24!.
The corresponding scale dependence, for va
tion of mR andmF by a factor of 2, is shown in
panel~b!. See text for details.
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~solid red! and a 6%–9% increase when theE method is
used.1 TheseK factors and their scale dependence are sho
in Fig. 3~b!. Here theK factor is defined as

K5
s~mR ,mF!

sLO~mF5Qi !
; ~25!

i.e., the cross section is normalized to the LO cross sect
determined with CTEQ6L1 parton distributions, and a fa
torization scale which is set to the virtuality of the we
boson which is attached to a given quark line.

We have investigated two general scale choices. First
consider the Higgs boson mass as the relevant hard s
i.e., we set

mF5jFmH , mR5jRmH . ~26!

As a second option we consider the virtuality of the e
changed weak boson. Specifically, independent scalesQi are
determined for the radiative correction on the upper a
lower quark lines, and we set

mFi5jFQi , mRi5jRQi . ~27!

This choice is motivated by the picture of WBF as two i
dependent deep inelastic scattering~DIS! events, with inde-
pendent radiative corrections on the two electroweak bo
vertices. In general we find the largest scale variations w
we vary the renormalization and factorization scales in
same direction. We only show results for this casej5jR
5jF in the following. The curves in Fig. 3~b! correspond to
the largest variations found forj51/2 andj52 when con-
sidering both scale choices simultaneously. The resid
scale uncertainty is about65% at LO and reduces to below
62% at NLO.

In addition to missing higher-order corrections, the the
retical error of the WBF cross section is dominated by u

1The larger cross section for theE method is due to events with
fairly energetic extra central jet. A veto on central jets ofpT j

.20 GeV and rapidity between the two tagging jets, as sugge
for the WBF selection, lowers the NLO cross section to 0
3sLO for the pT method and 0.933sLO for the E method.
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certainties in the determination of the parton distributi
functions. We have investigated this dependence by calcu
ing the total Higgs boson cross section, within the cuts
Eqs. ~21!–~24!, for the 40 PDFs in the CTEQ6Mxxx~xxx
5101–140! set. They correspond to extremal plus-min
variations in the directions of the 20 error eigenvectors of
Hessian of the CTEQ6M fitting parameters@15#. Adding the
maximum deviations for each error eigenvector in quad
ture, one obtains the blue dashed lines in Fig. 4, which de
the PDF error band. We find a uniform63.5% PDF uncer-
tainty of the total cross section over the entire range ofmH
shown.

Scale and PDF uncertainties exhibit little dependence
the Higgs boson mass. We therefore limit our investigation
a single, representative Higgs boson mass for the remai
discussion, which we take asmH5120 GeV.

While the scale dependence of the integrated Higgs bo
production cross section is quite weak, the same need no
true for the shape of distributions which will be used to d

ed

FIG. 4. Variation of the total cross section, within cuts, due
errors in the parton distribution functions, as a function ofmH . The
central solid line corresponds to the ‘‘best fit’’ CTEQ6M PDF, whi
the upper and lower curves define the PDF error band, whic
determined from the 40 error eigenvectors in the CTEQ6M
~CTEQ6M101–CTEQ6M140!, adding cross section deviations i
quadrature.
5-6



of

-

s

NEXT-TO-LEADING ORDER JET DISTRIBUTIONS FOR . . . PHYSICAL REVIEW D 68, 073005 ~2003!
FIG. 5. Transverse momentum distribution
the softer tagging jet for thepT method ~solid
line! andE method~dashed line! of defining tag-
ging jets, formH5120 GeV. The right-hand pan
els give theK factors ~dash-dotted line! and the
scale variation of the NLO results. Solid curve
correspond tomF5mR5jQi and dashed curves
are formF5mR5jmH with j51/2 and 2.
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criminate between Higgs boson signal and various ba
grounds. Having a fully flexible NLO Monte Carlo progra
at hand, we can investigate this question. Crucial distri
tions for the detection efficiency of the signal are the tra
verse momentum and the rapidity of the tagging jets. In F
5 the cross section is shown as a function ofpT,tag

min , the
smaller of the two tagging jet transverse momenta. At L
the tagging jets are uniquely defined, but at NLO one fin
relatively large differences between thepT method~solid red
curves in the top panels! and theE method ~dashed blue
curves in bottom panels!. The right-hand-side panels give th
correspondingK factors, as defined in Eq.~25! ~black dash-
dotted lines! and the ratio of NLO differential distribution
for different scale choices. Shown are the ratios

R5
dsNLO~mF5mR5Qi !

dsNLO~mF5mR5m!
~28!

for m5261Qi ~solid lines! and m5261mH ~dashed lines!.
While the K factor is modest for thepT method, it reaches
values around 1.3 in the threshold region for theE method.
This strong rise at NLO is due to hard forward gluon je
being misidentified as tagging jets in theE method. This
problem was recognized previously in parton shower Mo
07300
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Carlo simulations and has prompted a preference for thepT

method @18#. In spite of the largeK factor, however, the
residual scale uncertainty is small, ranging from24% to
12% for thepT method and from22% to 15% for theE
method.

The more forward selection of tagging jets in theE
method is most obvious in the rapidity distributions of Fig
6 and 7. In Fig. 6 the rapidity of the more central of th
tagging jets,uyu tag

min , is shown. At NLO, the tagging jets ar
slightly more forward than at the tree level, leading to aK
factor which varies appreciably over phase space. Thisuyu tag

min

dependence is shown in the right-hand panel for theE
method, together with the residual scale dependence at N
Again, scale variations of less than64% are found over
virtually the entire phase space. For thepT method, similar
scale variations arise, as shown in Fig. 7 for the rapid
separation between the two tagging jets, where the cut
Eqs. ~21!–~23! have been imposed. Figure 7 demonstra
that the wide separation of the tagging jets, which is imp
tant for rejection of QCD backgrounds, does survive at NL
In fact, the tagging jet separation even increases sligh
making a separation cut likeDy5uyj 1

2yj 2
u.4 even more

effective than at LO.
In all distributions considered so far, no clear preferen

emerges on whether to choose the weak-boson virtualityQi
5-7



n
ue

e

FIGY, ZEPPENFELD, AND OLEARI PHYSICAL REVIEW D68, 073005 ~2003!
FIG. 6. Higgs boson production cross sectio
as a function of the smaller of the absolute val
of the two tagging jet rapidities,ds/duyu tag

min ~in
fb, for mH5120 GeV). Results are shown at LO
~dotted! and at NLO for thepT method ~solid
line! andE method~dashed line! of defining tag-
ging jets. The right-hand panel gives theK factor
~dash-dotted line! and the scale variation of the
NLO result for theE method. Curves for the scal
dependence are labeled as in Fig. 5.
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or mH as the hard scale. While both choices are accepta
the transverse momentum distributions show somew
smaller scale variations form5jQi than m5jmH . The ef-
fect is most pronounced in the high-pT tail of the tagging jet
distributions. When consideringds/dpT,tag

max , as shown in
Fig. 8, the scale variation increases to110% at largepT
when m5jmH is taken, while the same distribution form
5jQi stays in a narrow62% band. This observation pro
vides another reason for our default scale choicem5Qi .

Unlike the tagging jets considered so far, distributions
07300
le,
at

f

the Higgs decay products show little change in shape
NLO.

V. CONCLUSIONS

Weak-boson fusion processes will play an important r
at future hadron colliders, most notably as a probe for el
troweak symmetry breaking. For the particular case of Hig
boson production, we have presented a first analysis of
size and of the remaining uncertainties of NLO QCD corre
g
,

e-

le

of

t-

are
FIG. 7. Rapidity separation of the two taggin
jets for mH5120 GeV. In the left-hand panel
ds/dDyj j ~in fb! is shown at LO~dotted! and at
NLO ~solid!, for the pT method of defining tag-
ging jets. The right-hand panel gives the corr
spondingK factor~dash-dotted line! and the scale
variation of the NLO results. Curves for the sca
dependence are labeled as in Fig. 5.

FIG. 8. Transverse momentum distribution
the harder tagging jet, formH5120 GeV. In the
left-hand panel,ds/dpT,tag

max ~in fb/GeV! is shown
at LO ~dotted line! and at NLO~solid line!, for
thepT method of defining tagging jets. The righ
hand panel gives the correspondingK factor
~dash-dotted line! and the scale variation of the
NLO results. Curves for the scale dependence
labeled as in Fig. 5.
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tions to jet distributions in WBF.
As for the inclusive WBF cross section, QCD correctio

to distributions are of modest size, of the order of 10%,
occasionally they reach larger values. These corrections
strongly phase-space dependent for jet observables an
overall K factor multiplying the LO distributions is not a
adequate approximation. Within the phase-space region
evant for Higgs boson searches, we find differentialK factors
as small as 0.9 or as large as 1.3. These corrections ne
be taken into account for Higgs boson coupling measu
ments, and our NLO Monte Carlo program, or the recen
released analogous program in theMCFM package@19#, pro-
vides the necessary tools.

After inclusion of the one-loop QCD corrections, remai
ing uncertainties due to as-yet-uncalculated higher-or
terms can be estimated by considering scale variations o
NLO cross section. Using the Higgs boson massmH and the
weak-boson virtualityQi as potential hard scales, we fin
that these remaining scale dependences are quite small. V
ing renormalization or factorization scales by a factor o
away from these two central values results in typical chan
of the NLO differential cross sections by62% or less. The
uncertainty bands form5jmH and m5jQi typically over-
lap, yielding combined scale uncertainties of less than63%
in most cases, occasionally rising up to order 5% at the ed
of phase space. Moreover, the variation in different regi
typically cancels in the integrated Higgs cross section, wit
cuts, leading to uncertainties due to higher-order effects
62% ~see Fig. 3!, even when considering different har
scales. The remaining theoretical uncertainty in the mea
.
ri,
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able Higgs cross section, thus, is well below expected sta
tical errors, except for theH→WW search for Higgs boson
masses around 170 GeV, where the high LHC rate allo
statistical errors as low as 3%. In addition, PDF uncertain
for the total cross section are of the order of63.5% over the
range 100 GeV<mH<200 GeV. This means that the SM
Higgs boson production cross section via WBF can be p
dicted, at present, with a theoretical error of about64%.

The expected size of the LHC Higgs signal is enhanc
slightly by the NLO QCD corrections. In addition to aK
factor slightly above unity this is due to a small shift of th
tagging jets to higher rapidities, still well inside the detec
coverage, but moving the tagging jets slightly farther ap
and hence allowing a better differentiation from QCD bac
grounds.

The techniques described in this paper work in a v
similar fashion for other weak-boson fusion processes.
are planning to extend our work to include alsoW and Z
boson production via weak-boson fusion and to make th
programs generally available.
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