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Abstract

Higgs boson production via weak boson fusion is sensitive to the tensor structure of theHV V (V = W,Z) couplings, which
distinguishes loop induced vertices from SM expectations. At the CERN large hadron colliderthis information shows up mos
clearly in the azimuthal angle correlations of the two forward and backward quark jets which are typical for weak boson
We calculate the next-to-leading order QCD corrections to this process, in the presence of anomalousHV V couplings. Gluon
emission does not significantly change the azimuthal jet correlations.
 2004 Elsevier B.V. Open access under CC BY license.
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1. Introduction

The production of Higgs bosons in the weak bos
fusion (WBF) process will provide a direct and high
sensitive probe ofHWW andHZZ couplings at the
CERN Large Hadron Collider (LHC)[1–5]. The deter-
mination both of the strength and of the tensor str
ture of these couplings is crucial for the identificati
of the produced boson as a remnant of the spontan
symmetry breaking process which is responsible
W andZ mass generation.

Within spontaneously broken, renormalizab
gauge theories like the standard model (SM), t
coupling originates from the kinetic energy ter
(DµΦ)†(DµΦ), of a scalar Higgs field,Φ, whose
neutral component obtains a vacuum expectation v
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(vev), Φ0 → (v + H)/
√

2. This replacement the
leads to a characteristic coupling in the interact
Lagrangian, of the formHVµV µ (V = W,Z). The
existence of the vev is necessary to produce a
linear HV V coupling at tree level: withv = 0 all
couplings to the gauge fieldsV contain two scala
fields, i.e., onlyHHV andHHVV couplings would
be generated. A trilinearHV V coupling may also be
loop-induced, however. The SMHγγ and Hgg ef-
fective couplings are an example: they are indu
by W -boson and/or top quark loops. Gauge inva
ance dictates a different tensor structure of these lo
induced couplings: the corresponding effective L
grangian contains the square of the field strength,
the lowest order loop-induced terms are of the fo
HVµνV

µν or HVµνṼ
µν , where Ṽ µν = 1

2εµνρσ Vρσ

denotes the dual field strength of the gauge field.
The task of future Higgs experiments is, the

twofold: (i) to measure the overall strength of t
HV V coupling, and (ii) to identify its tensor structur
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One would expect a loop-induced coupling to
much smaller than the expected SMHV V coupling
strength. However, the measurement of WBF ra
alone will not be sufficient to establishH as being
related to spontaneous symmetry breaking: to give
two examples, the loop-induced couplings might
substantially enhanced by additional non-SM partic
in the loop or by the existence of multiplets
large weak isospin which couple strongly toH . Or a
particular LHC signature may be strongly enhanced
a much largerH decay branching ratio than in the SM.
A confirmation that theHV V coupling has tree leve
strength is, thus, ambiguous: a clear identification
the Higgs boson also requires the identification of
tensor structure of theHV V vertex.

It was pointed out some time ago that the azimut
angle correlations of the two quark jets in the we
boson fusion processqQ → qQH provide tell-tale
signatures for the tensor structure of theHV V cou-
plings[6]: the SM expectation is for a flat distributio
while the loop-induced couplings lead to a pronoun
dip at azimuthal separationsφjj of the two tagging
jets of 90 degrees for aHVµνV

µν coupling and at 0
and 180 degrees for the CP violatingHVµνṼ

µν ver-
tex. Observation of the tagging jets is crucial for is
lating the WBF process from backgrounds and, the
fore, their distributions will be available for all WB
samples. Also, signal to background ratios for W
processes are expected to be very good within the
exceeding the 1:1 level for wide ranges of the Hig
boson mass[1–5].

The analysis of Ref.[6] was performed at leadin
order (LO) in QCD. This means that additional glu
emission, which might lead to a de-correlation of t
tagging jets, was ignored in the analysis. Subseque
it was argued[7] that such de-correlation effects pla
an important role in a related process,gg → Hgg,
when the two tagging jetsare widely separated i
rapidity, which is a typical requirement for WB
studies. In this Letter we analyze this question,
calculating the tagging jet distributions in next-t
leading order (NLO) QCD, for the production of
scalarH via WBF with an arbitrary tensor structu
of the HV V vertex. If de-correlation is importan
it should show up in the form of large radiativ
corrections at NLO. We use the term “Higgs boso
as a generic name for the produced scalar in
following.
2. The NLO calculation

Our calculation is an extension of the NLO QC
corrections for the SM WBF processesqQ → qQH

(and crossing related ones)[8–10]. For the total cross
section these corrections have been known for ov
decade[8]. Recently, we have recalculated them
developing a NLO parton level Monte Carlo progra
[9] which provides the flexibility to calculate arbitra
distributions at NLO, such as the azimuthal an
correlations that we are interested in here.

The calculation of Ref.[9] uses a SM vertex

function,T µν(q1, q2) = 2m2
V

v
gµν for theHV V vertex

in Fig. 1. Here we need to generalize this vertex
the most general structure compatible with Lore
invariance. Taking into account that the quark curre
in Fig. 1 and for the corresponding gluon emissi
processes are conserved, all terms proportional toq

µ
1

or qν
2 may be dropped, and the most generalHV V

vertex may be written as

T µν(q1, q2) = a1(q1, q2)g
µν

+ a2(q1, q2)
[
q1 · q2g

µν − q
µ
2 qν

1

]

(1)+ a3(q1, q2)ε
µνρσ q1ρq2σ .

Here q1 and q2 are the four-momenta of the tw
weak bosons, and theai(q1, q2) are Lorentz-invarian
form factors, which might, for example, represe
scalar loop integrals in a perturbative calculation
is straightforward to implement the general ver
of Eq. (1) into our NLO QCD Monte Carlo: the
virtual amplitude ofFig. 1 is proportional to the Born
amplitude,MBorn, irrespective of the structure of th
HV V vertex. Thus, all amplitudes reduce to a sim
contraction of quark (or quark–gluon) currents w
the vertex function ofEq. (1). These currents, an
their contractions, are evaluated numerically, using

(a) (b)

Fig. 1. Feynman graphs contributing toq̄Q → q̄QH at (a) tree level
and (b) including virtual corrections to the upper quark line. Th
momentum labels and Lorentz indices for the internal weak bo
correspond to the vertex function ofEq. (1).
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amplitude formalism of Ref.[11]. All other aspects
of the present NLO calculation are handled as
Ref. [9], except that we do not simulate any Hig
boson decays in the following. Factorization a
renormalization scales are fixed toµF = µR = Qi

for QCD corrections to the first or second qua
line in Fig. 1. Here Q1 and Q2 are the virtualities
of the exchanged weak bosons. We use CTEQ
parton distributions[12] with αs(MZ) = 0.118 for all
NLO results and CTEQ6L1 parton distributions for
leading order cross sections.

3. Anomalous couplings and form factors

While the gµν -term in the vertex function(1)
corresponds to a SM Higgs coupling, the anomal
coupling termsa2 and a3 can be related to highe
dimensional operators in an effective Lagrangi
They first appear at the dimension 5 level1 and may
be written as

L5 = gHWW
5e

Λ5e

HW+
µνW

−µν + gHWW
5o

Λ5o

HW̃+
µνW

−µν

(2)+ gHZZ
5e

2Λ5e

HZµνZ
µν + gHZZ

5o

2Λ5o

HZ̃µνZ
µν,

where the subscripte or o refers to the CP even or od
nature of the individual operators. In our discuss
we will neglect possible contributions fromHγγ and
HγZ couplings which can appear inSU(2) × U(1)

invariant formulations[13,14]. The precise mix of
HWW , HZZ, HZγ andHγγ contributions is quite
irrelevant for the observable azimuthal angle distr
utions, as long as we do not consider interference
fects between SM and anomalous vertices, and it
not affect our conclusions about the size of NLO c
rections. For simplicity we therefore seta1 = 0 for the
anomalous coupling case and choose relative contr
tions fromWW andZZ fusion as in the SM, by taking
gHWW

5o = gHWW
5e = 1, gHZZ

5e = gHZZ
5o = 1/cos2 θW ,

and by using eitherΛ5e � 480 GeV,Λ5o = ∞ for the
CP even case orΛ5o � 480 GeV,Λ5e = ∞ for the

1 The dimension 5 language is appropriate for, e.g., an isosin
scalar resonanceH . For a Higgs doubletΦ with a vev, the leading
operators appear at dimension 6 level[13,14] and the couplings in
Eq. (2)are suppressed by an additional factorgHV V

5 ∼ v/Λ.
CP odd case, which roughly reproduces SM rates
a scalar mass ofmH = 120 GeV.

The effective Lagrangian ofEq. (2)produces cou
plings

a2(q1, q2) = − 2

Λ5e

gHWW
5e ,

(3)a3(q1, q2) = 2

Λ5o

gHWW
5o

for theHWW vertex, and

a2(q1, q2) = − 2

Λ5e

gHZZ
5e ,

(4)a3(q1, q2) = 2

Λ5o

gHZZ
5o

for the HZZ vertex. In general, theai are form
factors which are expected to be suppressed o

the momentum transfer,
√

−q2
i , carried by the virtua

gauge boson reaches the typical mass scale,M, of the
new physics which is responsible for these anoma
couplings. Below we use the simple ansatz

(5)ai(q1, q2) = ai(0,0)
M2

q2
1 − M2

M2

q2
2 − M2

for discussing the consequences of such form fa
effects.

4. Results

The typical signature of a weak boson fusion ev
at the LHC consists of the two quark jets (tagging je
and the Higgs decay products. The tagging jets ten
be widely separated in rapidity, with one quite forwa
(typical pseudorapidity of 3 to 4) and the second o
backward, but frequently still located in the cent
detector (pseudorapidity below 2.5). Various Hig
decay modes have been considered in the literatur
WBF, H → WW [1], H → ττ [2], andH → γ γ [3]
being the most promising ones. While optimized ev
selection varies, in particular for the decay produ
the cuts on the tagging jets are fairly similar in
analyses. Since here we are interested in the Q
features of WBF events, which do not depend on
Higgs decay mode, we perform our NLO analy
without simulating Higgs decays, and we only impo
typical WBF cuts on the tagging jets.
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In order to reconstruct jets from the final-state p
tons, thekT -algorithm[15] as described in Ref.[16]
is used, with resolution parameterD = 0.8. In a given
event, the tagging jets are then defined as the two
with the highest transverse momentum,pTj , with

(6)pTj � 20 GeV, |yj | � 4.5.

Here yj denotes the rapidity of the (massive)
momentum which is reconstructed as the four-vec
sum of massless partons of pseudorapidity|η| < 5.
Backgrounds to weak-boson fusion are significan
suppressed by requiring a large rapidity separatio
the two tagging jets. This motivates the final cut

(7)�yjj = |yj1 − yj2| > 4, yj1 · yj2 < 0,

which includes the requirement that the two tagg
jets reside in opposite detector hemispheres.

The structure of theHV V coupling affects the pro
duction dynamics ofH and we can expect significa
deviations in jet observables if, instead of the S
anomalous couplings describe the vertex ofEq. (1).
One example is shown inFig. 2, where transverse mo
mentum distributions,dσ/dpTj (max), are compared
between the SM (solid line) and the CP even c
pling a2(q1, q2), with different form factor scalesM
in Eq. (5). Here,pTj (max) is the maximumpT of
the two tagging jets. Only the shape of the distrib
tion is considered, since the rate can always be
justed by multiplying the anomalous couplings by
constant factor. Also, we should note that a CP o
coupling leads to very similar curves for a given fo
factor scale. In all cases we show the LO expectat
(dashed lines) together with the NLO results: QC
corrections are of order 10%, typically, and well u
der control.

One finds that anomalousHV V couplings gener
ally lead to harderpT spectra of the two tagging jet
Since the anomalous Lagrangian inEq. (2) couples
the Higgs boson to weak boson field strengths, tra
verse polarizations of the incidentV V pairs dominate
the anomalous case, while longitudinalV V fusion is
responsible for SM Higgs production. A telltale sig
of transverse vector boson fusion is the more cen
n))
rm
y the
Fig. 2. Normalized transverse momentum distribution of the hardest jet for the SM Higgs boson (light grey (solid red line in the web versio
and a scalarH of massmH = 120 GeV with CP even anomalous couplinga2(q1, q2). The dash-dotted curves correspond to different fo
factor scalesM = 100, 200, 400 GeV inEq. (5)anda2 = const (grey (blue curves in the web version)) at NLO. LO curves are shown b
dashed lines and differ very little from the NLO results.
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and, hence, higherpT production of the tagging jets
This effect is enhanced bythe momentum factors i
theHV V anomalous vertices.

While the changed transverse momentum dist
utions in Fig. 2 could be used to rule out the SM
the reverse is not readily possible: a jet transve
momentum distribution compatible with SM expec
tions might be faked by anomalous couplings an
judiciously chosen form factor behavior of the coe
cient functionsa2 or a3 in Eq. (5). The different scale
choices inFig. 2 demonstrate this effect: a low form
factor scale ofM = 100 GeV or slightly lower would
be difficult to distinguish from the SM expectation a
one can certainly find a functional form of the for
factors which reproduces the SM within experimen
errors.

A much better observable for distinguishing t
different tensor structures of theHV V vertex is the
azimuthal angle correlation of the two tagging je
dσ/dφjj [6]. Hereφjj is the azimuthal angle betwee
the two tagging jets. The corresponding distributio
are shown inFig. 3 for the SM (solid line) and for
the same choices of form factors as before. The
at φjj = 90 degrees for the CP even coupling and
suppression at 0 and 180 degrees for the CP odd
pling are clean signatures which only depend on
tensor structure of the couplings and not on the pre
-

dynamics which is responsible for the form facto
The remaining form factor dependence is very sm
and can be explained by kinematic effects related
the higher average jet transverse momentum for
form factor scales,M: at smallφjj two highpT jets
recoil against theH scalar, resulting in an increase
invariant mass of the event compared to the situa
with two back-to-back jets. This leads to a more asy
metricφjj distribution for high form factor scales.

The pronounced dip at 90 degrees, which is ch
acteristic of the CP even coupling, is also found
Hjj production via gluon fusion[17], at LO. This
is not surprising because, in the large top mass li
the Hgg vertex can be described by an effective L
grangian proportional toHGa

µνG
aµν , which exhibits

the same field strength squared behavior and henc
same tensor structure as the CP evenHV V coupling
in Eqs. (1), (2). Since the two tagging jets are far ap
from each other, separated by a large rapidity gap
units of rapidity or more, this LO behavior may be s
nificantly reduced by gluon radiation when higher
der QCD corrections are taken into account. Such
correlation effects have been studied for dijet event
the Tevatron[18]. For Hjj production via gluon fu-
sion, Odagiri[7] has argued that the dip structure
largely washed out by additional gluon emission
tween the two tagging jets.
olid
r

Fig. 3. Normalized azimuthal angle distribution, 1/σ dσ/dφjj whereφjj is the azimuthal angle separation of the two tagging jets. NLO (s
and dot-dashed) and LO results (dashed lines) are shown formH = 120 GeV in the SM (light grey (red curves in the web version)) and (a) fo
a CP even anomalous couplinga2(q1, q2), (b) for a CP odd anomalous couplinga3(q1, q2) with form factor scalesM = 100, 200, 400 GeV
and (grey (blue curves in the web version))M = ∞.
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Fig. 4. Higgs mass dependence of the azimuthal angle separationφjj of the two tagging jets. In (a) the normalized azimuthal angle distribut
are shown at LO (dashed lines) and NLO (solid lines) for Higgs masses ofmH = 120, 200, 500 GeV and a constant CP even anoma
couplinga2. CorrespondingK-factors are shown in (b).
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Our NLO calculations show that such de-corre
tion effects are irrelevant for weak boson fusion, wh
t-channel color singlet exchange severely suppre
gluon radiation in the central region. The LO and t
NLO curves inFig. 3 are virtually indistinguishable
In order to better exhibit the size of NLO QCD effec
for the WBF case, we show, inFig. 4(a)the azimuthal
angle correlations for a pure CP even anomal
coupling for three different Higgs masses,mH = 120,
200 and 500 GeV. Only small changes are visi
when going from LO (dashed lines) to NLO (sol
lines). The differences between LO and NLO a
smaller than kinematical effects that can be indu
by cuts on the Higgs decay products or by variatio
of the Higgs boson mass.

The small to modest size of the QCD correctio
is quantified inFig. 4(b) where theK-factor for the
distribution is shown, which is defined as

(8)K(φjj ) = dσNLO/dφjj

dσ LO/dφjj

.

The K-factor is below≈ 1.4 even in the dip region
where the cross section is severely suppressed. V
ally identical results hold for the CP-odd case. Clea
the characteristic azimuthal angle distributions of
jets in WBF are not affected in any significant way
NLO QCD corrections.
5. Conclusions

We have performed a first calculation of the NL
QCD corrections to Higgs boson production via WB
in the presence of arbitrary anomalousHV V (V =
W,Z) couplings. Anomalous couplings lead to ch
acteristic changes in the azimuthal angle correlatio
the two tagging jets in weak boson fusion events at
LHC, which provides for a very sensitive test of t
tensor structure of theHV V couplings of the Higgs
boson or of any other scalar with sufficiently large p
duction cross section in WBF[6]. We have shown by
explicit calculation that these azimuthal correlatio
are not washed out by gluon emission, at NLO QC
even though the tagging jets are widely separate
rapidity. This behavior can be understood as a co
quence oft-channel color singlet exchange in WB
which severely suppresses the central gluon radia
which might cause tagging jet de-correlation.
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