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We propose a sensitive way to test the anomalousHVV couplings (V5W6, Z0) of the Higgs boson (H),
which can arise from either the dimension-3 effective operator in a nonlinearly realized Higgs sector or the
dimension-6 effective operators in a linearly realized Higgs sector, via studying theVV scattering processes at
the CERN LHC. The gold-plated pure leptonic decay modes of the final state weak bosons in the processes
pp→VV j j are studied. For comparison, we also analyze the constraints from the precision electroweak data,
the expected precision of the measurements of the Higgs boson production rate, decay width and branching
ratios at the Fermilab Tevatron run-2 and the CERN LHC, and the requirement of unitarity of theSmatrix. We
show that, with an integrated luminosity of 300 fb21 and sufficient kinematical cuts for suppressing the
backgrounds, studying the processpp→W1W1 j j → l 1n l 1n j j can probe the anomalousHWWcouplings at a
few tens of percent level for the nonlinearly realized Higgs sector, and at the level of 0.01–0.08 TeV21 for the
linearly realized effective Lagrangian.
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I. INTRODUCTION

The standard model~SM! of the electroweak interaction
has proven to be very successful in explaining all the av
able experimental data at the scale&O(100) GeV. How-
ever, the mechanism of the electroweak symmetry break
~EWSB! remains one of the most profound puzzles in p
ticle physics. The Higgs sector of the SM suffers the we
known problems of triviality @1# and unnaturalness@2#;
therefore there has to be new physics beyond the SM ab
certain high energy scaleL. Within the SM formalism, the
precision electroweak data favors a light Higgs boson. I
light Higgs boson candidateH is found in future collider
experiments, such as the run-2 of the Fermilab Tevatron,

TeV pp̄ collider, or the CERN Large Hadron Collide
~LHC!, a 14 TeVpp collider, the next important task is t
experimentally measure the gauge interactions of this Hi
scalar and explore the nature of the EWSB mechanism.
detection of the anomalous gauge couplings of the Hi
boson will point to new physics beyond the SM underlyi
the EWSB mechanism.

Although the correct theory of new physics is not y
clear, the effect of any new physics at an energy below
cutoff scaleL can be parametrized as effective interactio
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in an effective theory whose particle content is the same
the SM. This provides a model-independent description,
the anomalous couplings relative to that of the SM reflect
effect of new physics. In the present study, we assume
all possible new particles other than the lightest Higgs bo
H are heavy and around or above the scaleL, so that onlyH
is relevant to the effective theory. Therefore testing the
fective anomalous gauge couplings of the Higgs boson
discriminate the EWSB sector of the new physics mo
from that of the SM. It has been pointed out that sensit
tests of the anomalousHVV couplings ~with V5W6, Z0)
can be performed via Higgs boson productions at the fut
high energye1e2 linear colliders~LC! @3–5#. The tests of
the anomalousHVV couplings at hadron colliders via th
decay modeH→gg andH→tt have also been studied, an
the obtained sensitivities are lower than that at the LC@6–8#.

In this paper, following our recent proposal@9#, we study
an additional way to test the anomalousHVV couplings via
the weak-boson scatterings at the LHC. We shall show tha
the LHC, rather sensitive tests of the anomalousHVV cou-
plings can be obtained by measuring the cross sections o
longitudinal weak-boson scattering,VLVL→VLVL(VL

5WL
6 , ZL

0), especially WL
1WL

1→WL
1WL

1 . The scattering
amplitude contains two parts:~i! the amplitudeT(V,g) re-
lated only to the electroweak gauge bosons as shown in
1~a!, and~ii ! the amplitudeT(H) related to the Higgs boson
as shown in Fig. 1~b!. At high energies, bothT(V,g) and
©2003 The American Physical Society24-1
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FIG. 1. Illustration of Feynman diagrams fo
VV scatterings in the SM:~a! diagrams contribut-
ing to T(V,g), and ~b! diagrams contributing to
T(H).
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T(H) contain a piece increasing with the center-of-mass
ergy ~E! asE2 in the nonlinear realization and asE4 in the
linear realization. In the SM, though the individual diagra
in Fig. 1~a! may contribute anE4-dependent piece, the sum
of all diagrams in Fig. 1~a! can have at mostE2-dependent
contribution, which can be easily verified by an explicit ca
culation. Furthermore, theHVV coupling constant in the SM
is fixed to be the same as the non-Abelian gauge s
coupling of the weak bosons. This causes the t
E2-dependent pieces to precisely cancel with each othe
the sum ofT(V,g) and T(H), resulting in the expected
E0-behavior for the total amplitude, as required by the u
tarity of the SMS matrix. If theHVV couplings are anoma
lous due to the effect of new physics above the cutoff sc
L, the total amplitude ofVV scatterings can grow asE2 or
E4 in the high energy regime. Such deviations from theE0

behavior of the SM amplitude can provide a rather sensi
test of the anomalousHVV couplings in high energyVV scat-
tering experiments. This type of tests require neither the
tection of the Higgs boson resonance nor the measureme
the Higgs boson decay branching ratios, and is thus of s
cial interest. If the anomalousHVV coupling associated with
the new physics effect is rather large, the total decay width
H may become so large thatH cannot be detected as a sha
resonance@10# and therefore escapes the detection wh
scanning the invariant mass of its decay products aro
mH . In that case, can we tell whether or not there exist
sub-TeV Higgs boson? The answer is yes. It can be teste
carefully studying the scatterings of weak gauge boson
the TeV region@12#. Furthermore, if the new physics caus
a rather smallHVV coupling ~much below the value of the
SM HVV coupling!, the production rate of a light Higgs bo
son can become so small that it escapes the detection w
the experimental measurement is taken around the Higgs
son mass scale. However, as mentioned above, the scatt
of VLVL has to become large in the TeV region according
Therefore, this makes it important to study theVLVL scatter-
ing in the TeV regime even in the case where a light Hig
boson exists in the EWSB sector. In Sec. IV, we show t
this type of test of the anomalousHVV couplings can be
more sensitive than those obtained from studying the
shell Higgs boson production and decays at the LHC@6–8#,
11402
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as well as the constraints derived from the precision e
troweak data and the requirement of the unitarity of theS
matrix. Therefore, studying theVLVL scatterings at the LHC
is not only important for probing the strongly interactin
electroweak symmetry breaking sector without a light Hig
boson, but also valuable for sensitively testing the anomal
gauge interactions of the Higgs boson when a light Hig
scalar exists in the mass range 115–300 GeV. This fur
supports the ‘‘no-lose’’ theorem@11# for the LHC to deci-
sively probe the EWSB mechanism.

This paper is organized as follows. In Sec. II, we brie
sketch a few key points related to the calculations of theVV
scatterings discussed in this paper. In Sec. III, we system
cally study the test of the anomalousHVV coupling from the
dimension-3 operator in a nonlinearly realized Higgs sec
@13#, as an extension of@9#. The test of the anomalousHVV
couplings from the dimension-6 operators in the linearly
alized Higgs sector@14,15# is studied in Sec. IV. In both
cases, the constraints on the anomalousHVV couplings from
the precision electroweak data and the requirement of
unitarity of theS matrix are also discussed. Section V sum
marizes our concluding remarks.

II. VV SCATTERINGS

As mentioned in the previous section, we will take t
enhancedVV scatterings as the signals for testing the anom
lousHVVcouplings. We choose the gold-plated pure lepto
decay modes of the final state weak bosons as the tag
modes, this will avoid the large hadronic backgrounds at
LHC. Even in this case, there are still several kinds of ba
grounds to be eliminated, namely the electroweak~EW!
background, the QCD background, and the top quark ba
ground studied in Refs.@16,17#. At the LHC, the initial state
V’s in the VV scattering are emitted by the quarks in t
protons. As Refs.@16–19# pointed out, the QCD backgroun
can be greatly suppressed by tagging a forward-going jet~the
out-going quark after emitting theV). This forward-jet tag-
ging will also suppress the transverse component (VT) of the
initial V, so that the initial stateV will be essentiallyVL .
Following Refs.@16,17#, we impose, in addition to forward
jet tagging, the requirement of vetoing the central jet to f
4-2
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ther suppress the QCD background and the top quark b
ground. The EW background can be suppressed by dete
isolated leptons with large transverse momentum in the c
tral rapidity region, especially requiring the two final sta
leptons to be nearly back to back. These leptonic cuts
suppress theVT contributions in the final state. Moreove
choosing the decay leptons in the central rapidity region a
avoids the collinear divergence in the diagrams exchangin
photon inT(V,g).

In this paper, we shall calculate the complete tree le
contributions to the processes

pp→VV j j , ~1!

wherej is the forward jet. We shall impose all the cuts me
tioned above, and use the updated CTEQ6L@20# parton dis-
tribution functions for the distributions of quarks in the pr
tons. We also take into account the effect of the width of
weak boson in calculating the helicity amplitudes.

References@16,17# studied various strongly interactin
models which do not consist of a light Higgs boson and
VLVL→VLVL scattering amplitudes are largely enhanced~by
powers ofE2) in the high energy region. The signal amp
tudes were calculated in the effectiveW approximation
~EWA! @21# because theVLVL→VLVL scattering amplitudes
predicted by those models violate the unitarity condition o
2→2 scattering matrix so that a full 2→4 processpp
→VLVL j j could not be reliably calculated to predict the si
nal event rates in the TeV region. Instead, theVLVL
→VLVL scattering amplitudes were properly unitarized b
fore they were convoluted with theW-boson luminosities
obtained from the EWA to predict the signal event rat
With this method of calculation, it was shown that after im
posing the kinematic requirements discussed above,
backgrounds are reasonably suppressed relative to the
nals, so that theVLVL scattering signals can be effective
extracted.

As to be discussed in Secs. III and VI, in our present ca
the Higgs boson is light, and the new physics effect is
sumed to only modify the effective operators in either a n
linearly or a linearly realized Higgs sector. In the nonlinea
realized case, theVLVL scattering amplitudes with a not to
small anomalousHVV couplings are also enhanced in th
high energy region due to theE2 behavior of the amplitudes
Hence we may apply the same methodology as propose
Ref. @17# for calculating the signal rate. However, in th
work, we shall not choose using the EWA. Instead, we sh
compute the fullpp→VV j j cross sections at the tree leve
cf. Eq. ~1!, which is justified as long as the LHC sensitivi
to the size of the anomalousHVV coupling is smaller than
that required to render the unitarity of theVLVL→VLVL
partial wave amplitudes. As to be shown in Secs. IV and
this is indeed the case and the backgrounds can be rea
ably suppressed relative to the signals by imposing the s
kinematical cuts suggested in Ref.@17#. On the contrary, in
the case of the SM~without anomalousHVV couplings!, all
theVLVL , VTVL , andVTVT amplitudes behave asE0 rather
thanE2. Because the probability of finding a transverse v
tor boson with high momentum is much larger than a lon
11402
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tudinal vector boson@21#, the contribution ofVLVL→VLVL
to the production rate ofpp→VV j j in the TeV region is
small as compared to theVTVL and VTVT contributions.
Therefore, although the imposed kinematics cuts can ef
tively suppress the QCD and the top quark backgroun
they leave a considerable EW background~mainly originated
from the VTVL and VTVT contributions! that dominates the
VV scattering in the SM. Throughout this paper, we will c
theseVV scattering contributions the remaining SM ele
troweak backgrounds after imposing the kinematical cu
We shall do a complete tree-level calculation for both t
signal and the background processes with the improvem
on the simulation of the kinematical distributions of the d
cay leptons, and the cross section calculation with the
dated parton distribution functions@20# and the inclusion of
the vector boson width. Furthermore, we do not apply
EWA @21# in our calculations, hence, our results are not ide
tical to those given in Ref.@17#, even for the SM case.

In the case of a linearly realized effective Lagrangian,
physics consideration is quite different. As to be shown
Sec. VI, theVLVL→VLVL scattering amplitudes can hav
not only theE2 but also theE4 contributions depending on
the process and operator under consideration. Furtherm
both theVTVT→VLVL and VLVT→VLVT scattering ampli-
tudes can also have theE2 contributions, which should be
undoubtedly counted as part of thesignalrates because thos
contributions are absent in the SM. Because the lumino
of VT is larger than theVL , the contributions fromVTVT and
VTVL scatterings cannot be ignored unless theE4 contribu-
tions dominate theE2 contributions which occur only when
both the energyE and the anomalous couplings becom
large. It implies that including only theVLVL→VLVL contri-
bution with the EWA, as done in Ref.@17#, is not adequate in
this case, and a full 2→4 calculation should be used to ca
culate the signal rates. Although it is possible to apply
EWA to include also theVTVT andVLVT contributions@22#
with jet tagging efficiencies~for VL andVT , separately! ex-
tracted from the study done in Ref.@17#, we choose to per-
form a full pp→VV j j tree-level calculation which is justi
fied as long as the unitarity condition is satisfie
Nevertheless, as to be discussed in the end of Sec. VI,
shall apply the EWA, folded with theVV→VV scattering
amplitudes, to check the high energy behavior of the ful
→4 amplitudes which are also verified to be gauge invaria

III. TESTING ANOMALOUS HVV COUPLING FROM
DIMENSION-3 OPERATOR

A. The anomalousHVV coupling from dimension-3 operator

It is known that there is no anomalousHVV coupling
arising from the dimension-3 and dimension-4 gauge inv
ant operators in the linearly realized effective Lagrang
@14,15#. Here, we consider the nonlinearly realized Hig
sector formulated in Ref.@13#. In this nonlinear formalism,
the effective Lagrangian below the cutoff scaleL contains
the Higgs field H transforming as a weak singlet, th
would-be Goldstone boson fieldvW , and the electroweak
gauge boson fields, and it respects the electroweak ga
4-3
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symmetry, charge conjugationC and parityP, and the custo-
dial SU(2)c symmetry. Up to dimension-4, the effective L
grangian is given by@13#

L52
1

4
WW mn•WW mn2

1

4
BmnBmn1

1

4
~v212kvH

1k8H2!Tr~DmS†DmS!1
1

2
]mH]mH2

mH
2

2
H2

2
l3v
3!

H31
l4

4!
H4, ~2!

whereWW mn and Bmn are field strengths of the electrowea
gauge fields,v.246 GeV is the vacuum expectation valu
breaking the electroweak gauge symmetry, and (k,l3) and
(k8,l4) are dimensionless coupling constants from
dimension-3 and dimension-4 operators, respectively. In
~2!, we have defined

S5expS i tW•vW

v D ,

~3!

DmS5]mS1 ig
tW

2
•WW mS2 ig8BmS

t3

2
,

in which the Pauli matrixt i is normalized as Tr(t it j )
52d i j , andg and g8 are theSU(2) andU(1) gauge cou-
pling constants, respectively. The SM corresponds tok5k8
51 andl35l45l53mH

2 /v2.
We note that at the tree level, only the dimension-3 o

erator 1
2 kvHDmS†DmS in Eq. ~2! contains the anomalou

HVV coupling that can contribute to theVV scatterings~cf.
Fig. 1!. ThereforeVV scatterings can test this dimensionle
couplingk, andDk[k21 measures the deviation from th
SM valuek51.

B. Precision constraints on the couplingk

Equation~2! shows an important difference between t
nonlinearly and the linearly realized Higgs sectors. The n
linear formalism allows new physics to appear in the eff
tive operators with dimension<4 whose coefficients are no
necessarily suppressed by the cutoff scaleL. Hence the
gauge couplings of Higgs boson to weak bosons can n
rally deviate from the SM values by an amount at the or
of &O(1), assuggested by the naive dimensional analy
@23#.

In the unitary gauge, the anomalous couplings of Hig
boson to gauge bosons relevant to the precision oblique
rameters (S,T,U) @24# are

@4~k21!vH12~k821!H2#

v2 FmW
2 Wm

1W2m1
1

2
mZ

2ZmZmG .
When calculating radiative corrections using the effect
Lagrangian~2!, it is generally necessary to introduce high
dimensional counter terms to absorb the new divergen
arising from the loop integration. There are in principle thr
11402
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next-to-leading order~NLO! counter terms to render th
(S, T, U) parameters finite at the one-loop level, name
@25#

L (2)85,0

v2

16p2

1

4
@Tr T~DmS!S†#2,

L 1
(4)5,1

v2

L2
gg8Tr@BmnS†WmnS#, ~4!

L 8
(4)5,8

v2

L2

g2

4
@Tr~TWmn!#2,

whose coefficients (,0 ,,1 ,,8) correspond to the oblique pa
rameters (T,S,U), respectively. HereWmn5WW mn•tW /2, Bmn

5Bmnt3/2, andT[St3S†. Comparing toL 1
(4) , L 8

(4) is of
the same dimension, but with two newSU(2)c-violating op-
eratorsT, so that we expect,8 /,1;1/16p2;1022!1. This
generally leads toU!S,T. To estimate the contribution o
loop corrections, we invoke a naturalness assumption tha
fine-tuned accidental cancellation occurs between the lea
logarithmic term and the constant piece of the counterter
Thus the leading logarithmic term represents a reason
estimate of the loop corrections. This approach is commo
used in the literature for estimating new physics effects
effective theories@26#. It is straightforward to compute the
radiative corrections toS,T, and U, arising from theHVV
anomalous couplings, using dimensional regularization in
modified minimal subtractionMS scheme and keeping onl
the leading logarithmic terms. After subtracting the S
Higgs contributions (k51) with the reference valuemH

ref ,
we find

DS5
1

6p F ln
mH

mH
ref

2~k221!ln
L

mH
G ,

DT5
3

8pcw
2 F2 ln

mH

mH
ref

1~k221!ln
L

mH
G , ~5!

DU50,

where the terms containing lnL represent the genuine ne
physics effect arising from physics above the cutoff scaleL
@27#. Note that at the one-loop order, the couplingk8 has no
contribution to theS, T, and U parameters. In the SM (k
51), an increase of the Higgs mass will increaseDS and
decreaseDT. Choosing the reference Higgs massmH

ref to be
mH , we may further simplify Eq.~5! as

DS52
k221

6p
ln

L

mH
,

DT51
3~k221!

8pcw
2

ln
L

mH
, ~6!

DU50.
4-4
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FIG. 2. DS-DT contours~a! from the current
precision electroweak data, and~b! from includ-
ing the expected Tevatron run-2 measurement
mW and mt ~assuming the current central value
of mW and mt with an error of 20 MeV and 2
GeV, respectively!. Here, we have setmH

ref

5100 GeV andDU50 in the fit.
a
u

e
so

w

.

s
-
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-
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For a given value ofL and mH , we find DS,0 and DT
.0 for uku.1. This pattern of radiative corrections allows
relatively heavy Higgs boson to be consistent with the c
rent precision data@cf. Fig. 2~a!#. Furthermore, from Eq.~6!
we see that the loop contribution fromkÞ1 results in a
sizable ratio ofDT/DS529/(4cw

2 )'23.
Within the framework of the SM, the global fit to th

current precision electroweak data favors a light Higgs bo
with a central valuemH583 GeV ~significantly below the
CERN e1e2 collider LEP2 direct search limitmH
.114.3 GeV @28#! and a 95% C.L. limit, 32 GeV<mH
<192 GeV, on the range of the Higgs boson mass. Ho
ever, it was recently shown that in the presence ofnew phys-
ics, such a bound can be substantially relaxed@29–33#. The
latest NuTeV data was not included in the above analysis
we include the NuTeV data, the value of the minimumx2 of
the global fit increases substantially~by 8.7!, showing a poor
quality of the SM fit to the precision data~this fit also gives
a similar central valuemH585 GeV and 95% C.L. mas
range 33 GeV<mH<200 GeV). We also find a similar in
crease ofx2 ~by 8.9! in theDS2DT fits, which implies that
the NuTeV anomaly may not be explained by the new ph
ics effect from the oblique parameters (DS,DT) alone. As
11402
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the potential problems with the NuTeV analysis are still u
der debate@34#, we will not include the NuTeV data in the
following analysis.@But for comparison, we have also dis
played a 95% C.L. contour~dotted curve! from the fit includ-
ing the NuTeV anomaly in Fig. 2~a!.# In Fig. 2~a!, we show
the DS2DT bounds~settingmH

ref5100 GeV) derived from
the global fit with the newest updated electroweak precis
data @35,36#. Furthermore, formH

ref5115(300) GeV and
DU50, we find that the global fit gives

DS50.01~20.07!60.09,
~7!

DT50.07~0.16!60.11.

In the same figure, we also plot the SM Higgs boson con
butions toDS and DT with different Higgs masses. Figur
2~b! shows that the upcoming measurements of theW6 mass
(mW) and top mass (mt) at the Tevatron run-2 can signifi
cantly improve the constraints on new physics via the
lique corrections, in which we have input the current run
es

-

FIG. 3. Constraints on the new
physics scaleL as a function of
the anomalous couplingDk[k
21. The regions below the solid
curves and above the dashed lin
@~a!# or between the two solid
curves@~b! and~c!# are allowed at
the 95% C.L. The dashed lines in
dicate the value ofmH

ref5mH .
4-5
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TABLE I. The 95% C.L. limits onDk imposed byZ-pole and low energy precision electroweak data,
a few typical values of new physics scaleL and Higgs boson massmH .

mH~GeV! 1
L~TeV!

10
100

115 20.15<Dk<0.23 20.069<Dk<0.12 20.045<Dk<0.08
300 0.074<Dk<0.60 0.027<Dk<0.24 0.016<Dk<0.15
800 ~excluded! 0.20<Dk<0.45 0.11<Dk<0.26
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central values of (mW ,mt) and the expected errors of (mW
andmt) from the planned run-2 sensitivity of 20 MeV and
GeV, respectively.

Using the allowed range of (DS,DT) in Fig. 2~a!, we can
further constrain the new physics scaleL as a function of the
anomalous couplingDk for some typical values ofmH

ref

5mH @cf. Eq. ~6!#. Figure 3 depicts these constraints. W
Fig. 3, we can alternatively constrain the range ofDk for a
given value of (L,mH), which is summarized in Table I
Figure 3 and Table I show that formH*250–300 GeV, the
Dk,0 region is fully excluded, while a sizableDk.0 is
allowed so long asL is relatively low. Moreover, formH
*800 GeV, the regionL,1.1 TeV is excluded. For the
range of mH*250–300 GeV, the preferred values ofDk
.0 require theHW1W2 andHZZ couplings to be stronge
than those in the SM. In this case, the direct production
of the Higgs boson, via either the Higgs-strahlung or theVV
fusions in high energy collisions, should raise above the
rate. On the other hand, formH&250 GeV, the direct pro-
duction rate of the Higgs boson can be smaller or larger t
the SM rate depending on the sign ofDk. Hence, when
Dk,0, a light nonstandard Higgs boson may be partia
hiddenby its large SM background events. However, in th
situation, the new physics scaleL will be generally low.
For instance, whenmH5115 GeV, a negativeDk5
20.15(20.28) already forcesL<1(0.4) TeV. Finally, we
comment that, for a certain class of models, new phys
effects may also be induced by extra heavy fermions suc
in the typical top-seesaw models with new vector-like ferm
ons@29,37# or models with new chiral families@31#. In these
models, there can be generic positive contributions toDT, so
that theDk,0 region may still be allowed for a relativel
heavy Higgs boson, but such possibilities are very mod
dependent. In our current effective theory analysis, we c
sider the bosonicHVV couplings as the dominant contribu
tions to the oblique parameters, and assume that o
possible anomalous couplings~such as the deviation in th
gauge interactions oftbW/t t̄ Z @38#! can be ignored. How-
ever, independent of these assumptions, themost decisive
testof theHVV couplings can come from the direct measu
ments via Born-level processes at the high energy collid
which is the subject of the next two sections.

C. Constraints on k from unitarity requirement

Before concluding this section, we discuss the possibi
of unitarity violation in the scattering processpp
→W1W1 j j → ln ln j j for kÞ1, whose leading contribution
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comes from the subprocessWL
1WL

1→WL
1WL

1 when the ini-
tial WL

1 bosons are almost collinearly radiated from the
coming quarks or antiquarks. The scattering amplitude
WL

1WL
1→WL

1WL
1 contributes to the isospinI 52 channel,

and in the high energy region (E2@mW
2 ,mH

2 ), it is domi-
nated by the leadingE2-contributions, and

T@ I 52#.~k221!
E2

v2
. ~8!

Using the partial-wave analysis, thes-wave amplitude
aI ,J52,0 is found to be

a20.~k221!
E2

16pv2
, ~9!

where E5MVV is the invariant mass of the vector boso
pair. The unitarity condition for this channel is1 uRea20u
,2!/251, in which the factor 2! is due to the identica
particles (W1W1) in the final state. This results in a require
ment that

A12
16pv2

E2
,uku,A11

16pv2

E2
. ~10!

For example,

uku,3.6 for E50.5 TeV,

0.5,uku,1.3 for E52 TeV, ~11!

0.8,uku,1.2 for E53 TeV.

As to be shown in the next section, the expected sensiti
of the LHC in determiningDk @cf. Eq. ~13!# is consistent
with the unitarity limit since the typical invariant mass of th
W1W1 pair, after the kinematic cuts, falls into the rang
500 GeV<E<2;3 TeV. The contributions from higher in
variant mass values are severely suppressed by parton l
nosities@17,39#, and are thus negligible.

1Another convention in the literature@16,17# reads, uRea20u
,1/2, for a20.(k221)E2/(32pv2). In this convention, the partia
wave amplitude of the elastic scatteringW1W1→W1W1, beyond
the tree level, satisfies the relation Ima5uau2.
4-6
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IV. TESTING k VIA VV SCATTERINGS AT THE LHC

Knowing the above constraints, we turn to the analysis
testingk via VV scatterings at the LHC. Following the pro
cedures described in Sec. II, we calculate the tree-level c
sections of the scattering processes

pp→ZLZL j j → l 1l 2l 1l 2 j j ,l 1l 2nn̄ j j ,

pp→WL
1WL

2 j j → l 1n l 2n̄ j j ,

pp→WL
1WL

1 j j → l 1n l 1n j j ,

pp→WL
2WL

2 j j → l 2n̄ l 2n̄ j j , ~12!

pp→ZLWL
1 j j → l 1l 2l 1n j j ,

pp→ZLWL
2 j j → l 1l 2l 2n̄ j j .

In our numerical calculations, we shall take the same
nematic cuts as those proposed in Ref.@17# to suppress the
backgrounds discussed in Sec. II. It has been shown in T

TABLE II. Cross section sl1l2
~in units of fb! of pp

→Wl1

1 Wl2
1 j j at the LHC for various values ofDk with mH

5115 GeV.Wl
1 denotes a polarizedW boson with the polarization

index l5T or L.

Dk sall sLL sLT sTT

0.0 1.1 0.02 0.2 0.8
0.4 4.1 3.0 0.3 0.8
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II of Ref. @17# that, after imposing the kinematical cuts, th
sum of the cross sections of the QCD background and the
quark background is smaller than the cross section of
remaining electroweak background by one order of mag
tude. Thus the EW background needs to be studied in m
detail. For that, we have examined the polarization of
final stateW1 bosons. In Table II we list the cross section
pp→Wl1

1 Wl2
1 j j at the LHC, for various values ofDk with

mH5115 GeV, whereWl
1 denotes a polarizedW boson with

the polarization indexl5T or L. As expected, whenuDku is
large, theWL

1WL
1 production rate dominates, and all the S

backgrounds, after the kinematical cuts, are reasonably
pressed relative to the signal due to theE2-dependence of the
WLWL amplitude. However, forDk50 ~the SM case!, al-
though the QCD and top quark backgrounds are neglig
small, the EW background contributed from theTT and LT
polarizations are still quite large as compared to the sig
cf. Table II. Therefore, in this work, we shall take the cro
section forDk50 ~the SM case! as the remaining EW back
ground cross section.

In Tables III–VI, we list the obtained numbers of even
~including both the signals and backgrounds! for an inte-
grated luminosity of 300 fb21 with the parameters
115 GeV<mH<300 GeV and21.0<Dk<0.7. In general,
the number of events fork.0 andk,0 are not the same
However, the result of our calculations shows that the diff
ence between them is very small. Thus we only list the nu
ber of events withDk>21 (k>0) in the tables. We see
that the most sensitive channel to determine the anoma
coupling Dk is pp→W1W1 j j → l 1n l 1n j j ~cf. Table III!
due to its small background rates, and thus the weakes
nematic cuts@17#.
TABLE III. Number of events at the LHC, with an integrated luminosity of 300 fb21, for pp

→W6W6 j j → l 6n( n̄) l 6n( n̄) j j ( l 65e6 or m6) with various values ofmH andDk. (Dk50 corresponds
to the SM.! The values ofNS/ANS1NB are also shown in the parentheses.

pp→W1W1 j j → l 1n l 1n j j

mH~GeV! Dk

21.0 20.6 20.3 0.0 0.2 0.3 0.4 0.5 0.6 0.7

115 62~6.0! 48 ~4.8! 27 ~2.3! 15 24 ~1.8! 37 ~3.6! 58 ~5.6!
130 62~6.0! 48 ~4.8! 27 ~2.3! 15 24 ~1.8! 37 ~3.6! 57 ~5.5!
200 62~6.0! 48 ~4.8! 28 ~2.5! 15 22 ~1.5! 33 ~3.1! 52 ~5.1! 78 ~7.1!
300 61~5.9! 49 ~4.9! 30 ~2.7! 16 20 ~1.1! 29 ~2.6! 43 ~4.3! 65 ~6.2! 95 ~8.2! 136 ~10.4!

pp→W2W2 j j → l 2n̄ l 2n̄ j j

mH~GeV! Dk

21.0 20.6 20.3 0.0 0.2 0.3 0.4 0.5 0.6 0.7

115 13 10 6 3 4 6 9
130 13 10 6 3 4 6 9
200 13 10 6 3 4 6 8 11
300 13 10 6 4 4 5 7 10 14 19
4-7
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It is easy to check that the numbers in Tables V and
for theZW6 andZZ channels, are consistent with the unita
ity bound. Only theW1W2 channel, cf. Table IV, need
further unitarization@16,17#. It is expected that after unita
rizing the scattering amplitudes, the corresponding numb
in Table IV will become smaller, and thus this channel is le
interesting. Therefore in this paper we only take the b
channel, theW1W1 channel~cf. Table III!, to constrainDk.

As discussed above, we shall take the SM events~for
Dk50) listed in Table III as the intrinsic SM electrowea
background rate in our analysis, i.e.,NB[N(Dk50). We
can then define the number of signal events~for DkÞ0) as
NS[N(DkÞ0)2NB . The total statistical fluctuation is
ANS1NB. To study the potential of the LHC in distinguish
ing theDkÞ0 case from the SM, we also show the deviati
of the signal from the total statistical fluctuatio
NS /ANS1NB, in the parentheses in Table III. The values

TABLE IV. Number of events at the LHC, with an integrate
luminosity of 300 fb21, for pp→W1W2 j j → l 1n l 2n j j ( l 65e6

or m6) with various values ofmH andDk. (Dk50 corresponds to
the SM.!

mH~GeV! Dk

21.0 20.6 20.3 0.0 0.2 0.3 0.4 0.5 0.6 0.7

115 19 14 8 4 7 11 17
130 19 14 8 4 7 11 17
200 19 14 8 4 8 12 19 29
300 19 14 7 4 9 14 23 34 48 69
11402
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NS /ANS1NB in Table III show that the LHC can limitDk to
the range

20.3,Dk,0.2 ~13!

at roughly the (123)s level if no anomalous coupling
(DkÞ0) effect is detected.

As mentioned in Sec. I, if the new physics above t
cutoff scaleL happens to makeDk negative and close to
Dk521 (k*0), the Higgs production rate may become
small that the Higgs resonance may be difficult to dete
However, we see from Table III that the event numbers
pp→W1W1 j j → l 1n l 1n j j for this k value are much large
than those for the SM, so that we can clearly detect thk
*0 effect via these processes without the need of detec
the resonance of a light Higgs boson. This is the clear
vantage of this type of measurements when the resonant
of the Higgs boson is difficult to be directly detected expe
mentally.

V. OTHER POSSIBLE TESTS OF k FROM FUTURE
COLLIDER EXPERIMENTS

There can be other tests ofk from future collider experi-
ments. After discussing a few relevant measurements av
able at the Fermilab Tevatron and the CERN LHC, we sh
also comment on the potential of the future LC. They a
given below in order.

A. AssociateHV production

First, let us consider the associate production of a Hig
boson and vector boson (H1V) at high energy colliders.
TABLE V. Number of events at the LHC, with an integrated luminosity of 300 fb21, for pp→ZW6 j j

→ l 1l 2l 6n( n̄) j j ( l 65e6 or m6) with various values ofmH ~in GeV! andDk. (Dk50 corresponds to the
SM.!

pp→ZW1 j j → l 1l 2l 1n j j

mH~GeV! Dk

21.0 20.6 20.3 0.0 0.2 0.3 0.4 0.5 0.6 0.7

115 9 7 4 2 3 5 7
130 9 7 4 2 3 5 7
200 9 7 4 2 3 4 6 10
300 9 7 4 2 3 4 5 9 12 16

pp→ZW2 j j → l 1l 2l 2n̄ j j

mH~GeV! Dk

21.0 20.6 20.3 1.0 0.2 0.3 0.4 0.5 0.6 0.7

115 4 3 2 1 1 2 3
130 4 3 2 1 1 2 3
200 4 3 2 1 1 2 3 4
300 4 3 2 1 1 2 2 4 5 7
4-8
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TABLE VI. Number of events at the LHC, with an integrated luminosity of 300 fb21 for pp→ZZ j j

→ l 1l 2l 1l 2(nn̄) j j ( l 65e6 or m6) with various values ofmH ~in GeV! andDk. (Dk50 corresponds to
the SM.!

pp→ZZ j j→ l 1l 2l 1l 2 j j

mH~GeV! Dk

21.0 20.6 20.3 0.0 0.2 0.3 0.4 0.5 0.6 0.7

115 9 8 5 4 5 6 8
130 9 8 5 4 5 6 8
200 9 8 5 4 5 7 9 13
300 9 7 5 4 6 9 12 17 24 32

pp→ZZ j j→ l 1l 2nn̄ j j

mH~GeV! Dk

21.0 20.6 20.3 0.0 0.2 0.3 0.4 0.5 0.6 0.7

115 5 4 2 0 1 3 5
130 5 4 2 0 1 3 5
200 5 4 2 0 1 3 5 8
300 5 4 2 0 1 3 6 9 14 20
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The studies at LEP-2 concluded that the mass of the
Higgs boson has to be larger than about 114.3 GeV@28#. For
a non-SM Higgs boson, this lower mass bound will be d
ferent. For example, in the supersymmetric SM, theH-Z-Z
coupling is smaller than that of the SM by a factor of sina
2b) or cos(a2b), depending on whetherH denotes a light
or a heavyCP-even Higgs boson, and the above-mention
lower mass bound is reduced to about 90 GeV@40#. If the
mass of the SM Higgs boson is around 110 GeV, it can
discovered at the Tevatron run-2. Assuming an integra
luminosity of 10 fb21, the number of the expected sign
events is about 27 and the background events about
according to Table 3~the most optimal scenario! of Ref. @41#.
Therefore the 1s statistic fluctuation of the total event i
A271258;17. Consequently, at the 1s level, 0.6,uku
,1.2, and at the 2s level, uku,1.5.2 Similarly, we estimate
the bounds onuku for variousmH as follows:

mH~GeV! 1s 2s

110: 0.6<uku<1.2, 0<uku<1.5,

120: 0.4<uku<1.4, 0<uku<1.6, ~14!

130: 0<uku<1.5, 0<uku<1.8.

We see that the above limits onk are weaker than that in Eq
~13!. Of course, the above bounds can be further improve

2This bound can be improved by carefully examining the invari

mass distribution of thebb̄ pairs.
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the Tevatron run-2 by having a larger integrated luminos
until the systematical error dominates the statistical er
The same process can also be studied at the LHC to tes
anomalous couplingk. However, because of the much larg
background rates at the LHC, the improvement on the m
surement ofk via the associate production ofV and Higgs
boson is not expected to be significant.

B. Measuring total decay width of a Higgs boson

The anomalousHVV coupling can also be tested from
measuring the total decay width of the Higgs boson. Wh
the Higgs boson mass is larger than twice theZ boson mass,
it can decay into aZ boson pair which subsequently deca
into four muons. This decay channel is labeled as one of
‘‘gold-plated’’ channels~the pure leptonic decay modes! be-
cause it is possible to construct the invariant mass of theZZ
pair in this decay mode with a high precision, which pr
vides a precision measurement on the total decay width
the Higgs boson. A detailed Monte Carlo analysis has b
carried out in Ref.@42# to find out the uncertainty on the
measurement of the Higgs boson width. Assuming that th
is no non-SM decay channel opened and only the anoma
HVV coupling is important, one can convert the conclusi
from @42# to the bounds onDk. Since the decay branchin
ratio of H→W1W2 or ZZ for a SM heavy Higgs boson is
large~almost 100% formH.300 GeV), the total width mea
surement can give a strong constraint onk. We define the
accuracy on the determination ofk using the relation
2nDG<G(k)2G(k51)<nDG, where n51,2 denoting
the 1s and 2s accuracy, respectively, andG(k) is the width
of the Higgs boson for a general value ofk, G(k51) is for
t

4-9
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TABLE VII. Decay branching ratioB(H→gg), in the unit of 1023, as a function ofDk for variousmH .

mH~GeV! Dk

20.4 20.3 20.2 20.1 20.05 0.0 0.05 0.1 0.2 0.3 0.4

110 2.8 2.4 2.2 2.0 2.0 1.9 1.9 1.8 1.8 1.7 1.7
120 4.3 3.2 2.7 2.4 2.3 2.2 2.1 2.1 1.9 1.8 1.7
130 6.7 4.4 3.2 2.6 2.4 2.3 2.1 2.0 1.8 1.6 1.5
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a SM Higgs boson, andDG is the experimental accuracy i
measuring the Higgs boson width. From Table 3 of Ref.@42#,
we find that at the LHC~with an integrated luminosity o
300 fb21 @43#!, the bounds onDk obtained from the mea
surement of the total decay width of a Higgs boson, via
processpp→H→ZZ→m1m2m1m2, are as follows:

mH~GeV! 1s 2s

200–300: 0.9<uku<1.1, 0.8<uku<1.2.
~15!

C. Decay branching ratio of H\gg

Another important effect of a nonvanishing anomalo
coupling k is to modify the decay branching ratio ofH
→gg, and hence, the production rate ofgg→H→gg at the
LHC. In Table VII, we list the decay branching ratioB(H
→gg) as a function ofDk for various mH . As shown,
B(H→gg) decreases forDk.0, and increases forDk
,0. For example, for a 120 GeV Higgs boson,B(H→gg)
decreases by 14% forDk50.2 and increases by 45% fo
Dk520.3.

D. Detecting a Higgs boson resonance

When the SM Higgs boson is light, it is expected that t
production rate ofqq→qqH with H→WW* → l l 8E” T is
large enough to be detected at the LHC, and this process
also be used to test the coupling of theHWW@44# by study-
ing the observables near the Higgs boson resonance. In
effective Lagrangian~2!, the Lorentz structure~and the di-
mension! of the anomalous couplingsk andk8 is the same
as the SM coupling. Therefore the result of the study p
formed in Ref.@44# also holds for the current study whenmH
is less than twice theZ boson mass. In this case, its produ
tion rate isk2SSMB(k)/B(k51), whereSSM is the SM rate,
and B(k) is the decay branching ratio ofH→WW* for a
general value ofk. Needless to say thatB(k51) corre-
sponds to the SM branching ratio.

When theWW~andZZ! decay mode dominates the Higg
boson decay, such as whenmH is larger than twice theW
boson mass, the ratio of the decay branching ratios foH
→WW* , B(k)/B(k51), would be close to 1. Howeve
this ratio can be quite different from 1 whenmH is small. For
example, formH5120 GeV, the ratioB(k)/B(k51) is 0.68
and 1.4, respectively, fork50.8 andk51.2. From Table 1
of Ref. @44#, one can determine the constraint on the ra
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k2B(k)/B(k51), denoted asR, using the relationSSM

2nAB1SSM<RSSM<SSM1nAB1SSM, where B is the
background rate andn51,2 denotes the 1s and 2s accu-
racy, respectively. Assuming an integrated luminosity
300 fb21, we find that the bounds onR for variousmH are

mH~GeV! 1s 2s

110: 0.87<R<1.13, 0.74<R<1.26,

120: 0.94<R<1.06, 0.88<R<1.12,

130: 0.97<R<1.03, 0.93<R<1.07,

150: 0.97<R<1.03, 0.94<R<1.06,

170: 0.98<R<1.02, 0.95<R<1.05.

~16!

To extract the bound onk, we need to know the deca
branching ratioB(k) of H→WW* assuming that the effec
tive Lagrangian~2! differs from the SM Lagrangian only in
the coefficientk. A few values ofB(k) as a function ofk for
variousmH are given in Table VIII. The result of Table VIII
and Eq.~16! indicates thatk can be measured at a few pe
cent level when a light Higgs boson is detected. However
our opinion, this conclusion seems to be too optimistic b
cause the systematical error of the experiment at the LHC
expected to be at a similar level of accuracy.

E. At the Linear Collider

Before closing this section, we note that the anomalo
coupling ofHZZ andHW1W2 can also be tested at the L
via the processese2e1→ZH(→bb̄), e2e1→e2e1H

(→bb̄) via ZZ fusion, ande2e1→nn̄H(→bb̄) via W1W2

fusion. In Refs.@3,4#, it was concluded thatDk can be de-
termined better than a percent level for a 120 GeV SM-l
Higgs boson produced from the above processes, assu
an integrated luminosity of 1 ab21 for a 500 GeV~or 800
GeV! LC. After converting the notation in Ref.@4# to ours,
the 2s error in measuringDk is found to be at the level o
0.3%. Thus the expected precision in the measurement ofDk
at a high luminosity LC is higher than that at the LHC, in th
case of a SM-like Higgs boson~i.e., the decay branching
ratio of H→bb̄ is about 1!. Even in the case that the Higg
4-10
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TABLE VIII. Decay branching ratioB(k)[B(H→WW* ) as a function ofuku for variousmH .

mH~GeV! uku

0.6 0.7 0.8 0.9 0.95 1.0 1.05 1.1 1.2 1.3 1.4

110 0.013 0.018 0.024 0.03 0.033 0.037 0.040 0.044 0.052 0.061 0
120 0.048 0.064 0.082 0.10 0.11 0.12 0.13 0.14 0.17 0.19 0
130 0.12 0.16 0.20 0.24 0.26 0.28 0.30 0.32 0.35 0.39 0.
150 0.48 0.55 0.60 0.65 0.67 0.68 0.70 0.71 0.74 0.76 0.
170 0.95 0.95 0.96 0.96 0.96 0.97 0.97 0.97 0.97 0.97 0.
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boson is not SM-like, the LC can still determineDk by
studying the Higgs-strahlung processe2e1→Z(→ l 1l 2)H
and theZZ fusion processe2e1→e2e1H, whereH decays
into anything@5#. However, due to its much smaller rate, th
sensitivity toDk is lower than the SM-like case. In the ne
section, we shall show that the precision of determining
dimension-6 anomalous couplings viaVV scatterings at the
LHC will be comparable to the level of the precision e
pected at the LC.

VI. TESTING ANOMALOUS HVV COUPLINGS FROM
DIMENSION-6 OPERATORS

A. Anomalous HVV couplings from dimension-6 operators

Now we consider the test of the anomalousHVV cou-
plings from the dimension-6 operators arising from the l
early realized effective Lagrangian. In the linearly realiz
effective Lagrangian, there is no gauge invariant anomal
operators at dimension-3 and dimension-4, and the lea
anomalousHVV couplings are from the effective operators
dimension-6@14,15#. ~All the gauge invariant operators wit
dimension-4 or less have been included in the SM Lagra
ian.! In the following, we shall analyze the test of these lea
ing order anomalous couplings. As is shown in Refs.@14,15#,
the C and P conserving effective Lagrangian up
dimension-6 operators containing a Higgs doubletF and the
weak bosonsVa is given by

Leff5(
n

f n

L2
On , ~17!

wheref n’s are the anomalous coupling constants. The ope
tors On’s are @14,15#

OF,15~DmF!†F†F~DmF!,

OBW5F†B̂mnŴmnF,

ODW5Tr~@Dm ,Ŵnr#@Dm,Ŵnr#!,

ODB52
g82

2
~]mBnr!~]mBnr!,
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OF,25
1

2
]m~F†F!]m~F†F!,

OF,35
1

3
~F†F!3, ~18!

OWWW5Tr@ŴmnŴnrŴr
m#,

OWW5F†ŴmnŴmnF,

OBB5F†B̂mnB̂mnF,

OW5~DmF!†Ŵmn~DnF!,

OB5~DmF!†B̂mn~DnF!,

whereB̂mn andŴmn stand for

B̂mn5 i
g8

2
Bmn , Ŵmn5 i

g

2
saWmn

a , ~19!

in which g andg8 are theSU(2) andU(1) gauge coupling
constants, respectively.

At tree level, the operatorsOF,1 , OBW , ODW , andODB
in Eq. ~18! affect the two-point functions of the weak boso
V whenF is taken to be its vacuum expectation value:

F→ 1

A2
S 0

v D . ~20!

Thus they are severely constrained by the precisionZ-pole
and low energy data. In Ref.@15#, it was concluded that a
the 95% level, in units of TeV22, the magnitude off DW/L2

or f F,1/L
2 is constrained to be less than 1, andf DB/L2 or

f BW/L2 can be about a factor of 10 larger. We shall upd
these bounds in Sec. VI B. Since it will be very difficult t
observe the effect of these operators in the high-energy
servables, in what follows, we will neglect their effect whe
discussing theVV scatterings.

The two operatorsOF,1 and OF,2 in Eq. ~18! lead to a
finite renormalization of the Higgs boson wave function@15#.
Similarly, the two operatorOF,3 induces a finite renormal
ization of the Higgs potential@15#. In a recent paper@4#, it
was shown that after renormalizing the Higgs boson field
that the residue of its propagator at its mass pole is equa
4-11
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ZHANG et al. PHYSICAL REVIEW D 67, 114024 ~2003!
one, two effective anomalous couplings of a Higgs boson
gauge bosons are induced by the dimension-6 operatorOF,2
as

2 f F,2~vH1H2!

L2 FmW
2 Wm

1W2m1
1

2
mZ

2ZmZmG .
After converting the above anomalous couplings to the no
tion introduced in Sec. III for a nonlinear effective theor
the anomalous couplingDk corresponds to2 f F,2v

2/4L2.
For example, at a 500 GeV~or 800 GeV! LC with an inte-
grated luminosity of 1 ab21, the 2s statistical error on the
determination of the anomalous couplingf F,2/L

2 is at the
level of 0.2 TeV22, for a 120 GeV SM-like Higgs boson@4#.
This corresponds to the determination ofDk at about the
0.3% level. Since this operator can only gener
E2-dependence of theVLVL→VLVL scattering amplitude
and it is best determined at the LC for a SM-like Hig
boson, in what follows, we will neglect its effect in our stu
ies.

The operatorOWWW contributes to the triple and quarti
vector boson self-couplings, but not the anomalous coup
of Higgs boson to gauge bosons. On the other hand, the
four operatorsOWW, OBB , OW , andOB in Eq. ~18! contrib-
ute to the following anomalousHVV couplings@15#:

L eff
H 5gHggHAmnAmn1gHZg

(1) AmnZm]nH1gHZg
(2) HAmnZmn

1gHZZ
(1) ZmnZm]nH1gHZZ

(2) HZmnZmn

1gHWW
(1) ~Wmn

1 W2m]nH1H.c.!1gHWW
(2) HWmn

1 W2mn,

~21!

where

gHgg52S gmW

L2 D s2~ f BB1 f WW!

2
,

gHZg
(1) 5S gmW

L2 D s~ f W2 f B!

2c
,

gHZg
(2) 5S gmW

L2 D s@s2f BB2c2f WW#

c
,

gHZZ
(1) 5S gmW

L2 D c2f W1s2f B

2c2
, ~22!

gHZZ
(2) 52S gmW

L2 D s4f BB1c4f WW

2c2
,

gHWW
(1) 5S gmW

L2 D f W

2
,

gHWW
(2) 52S gmW

L2 D f WW,
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with s[sinuW, c[cosuW. In our calculation, we have in
cluded the complete gauge invariant set of Feynman
grams that receive contribution from the anomalous ope
tors OWWW, OWW, OBB , OW , and OB . For example, the
triple vector boson self-couplings include the contributio
from the operatorsOWWW, OW , andOB , while the quartic
vector boson self-couplings are induced byOWWW andOW .
The reason that the operatorsOWW andOBB do not modify
the gauge boson self-couplings is as follows. When
Higgs field of those operators is replaced by its vacuum
pectation value, it seems that they would induce anomal
operators to modify the gauge boson self-couplings. Ho
ever, the resulting operators are proportional to the kinem
term of the SU(2) and U(1) gauge bosons, and lea
to a finite wave-function renormalization of the gau
fields by constants Z2W

1/25(12g2f WWv2/2L2)21/2 and

Z2B
1/25(12g82f BBv2/2L2)21/2, respectively. Therefore, from

the fact that the building blocks of the effective Lagrangi
Leff , cf. Eq. ~17!, involving gauge bosons aregWmn ,
g8Bmn , and the covariant derivativeDm , we can perform
a finite charge renormalization of the gauge couplin
g and g8 by constantsZg5(11g2f WWv2/2L2)21/2 and
Zg85(11g82f BBv2/2L2)21/2, respectively, so that the ne
effect of the operatorsOWW andOBB is to modify only the
couplings of a Higgs boson to gauge bosons, but not
self-couplings of gauge bosons.

In Eq. ~21!, the anomalousHVV couplings are expresse
in terms of the Lorentz-invariant dimension-5 operators c
taining the Higgs boson and the gauge bosonsW6, Z, and
g. Among them, the operatorsHAmnAmn, HAmnZmn,
HZmnZmn, and HWmn

1 W2mn can also be induced from th
gauge-invariant dimension-5 operators in the nonlinear r
ization of the Higgs sector because in which the Higgs fi
H is an electroweak singlet. Thus it is worth noticing that t
following LHC study of testing the linearly realized anom
lousHVV couplings viaVV scatterings may be generalized
the case of the dimension-5 operators in the nonlinear r
ization.

B. Constraints on f n from the existing experiments
and the unitarity requirement

There are known experiments that can constrain the
of the anomalous coupling constantsf n .

The constraints on the anomalous coupling consta
f WWW, f WW, f BB , f W , and f B have been studied in Refs
@15,45,46#. At the tree level,DS andDT are proportional to
f BW /L2 and f F,1 /L2, respectively. Thus we can obtain th
68% and 95% C.L. bounds on the (f BW /L2)-( f F,1 /L2)
plane directly from the corresponding bounds in Fig. 2~a!.
This is shown in Fig. 4. We see from Fig. Fig. 4 that t
precision data give quite strong constraints onf BW /L2 and
f F,1 /L2. At the one loop level,DS and DT are related to
five other anomalous coupling constants through loop cor
tions. Following Refs.@15,45,46#, we make a one paramete
fit of the five anomalous coupling constants by using
formulas given in Ref.@46# and the updatedDS-DT bounds
in Fig. 2~a!. The obtained 95% C.L. constraints~in units of
TeV22) for mH5100 GeV are
4-12
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26< f WWW/L2<3,

26< f W /L2<5,

24.2< f B /L2<2.0, ~23!

25.0< f WW/L2<5.6,

217< f BB /L2<20.

These constraints are much weaker than that shown in F
because these five anomalous coupling constants contr
to DS andDT through one loop corrections which are su
pressed by the loop factor 1/16p2.

The triple gauge coupling data lead to the following 95
C.L. constraints~in units of TeV22) @6,15,47,48#:

231<~ f W1 f B!/L2<68 for f WWW50,

241< f WWW/L2<26 for f W1 f B50. ~24!

Furthermore, the Higgs searches data at the LEP2 and
Tevatron can give rise to the following 95% C.L. bound
f WW(BB) ~in units of TeV22) for mH<150 GeV@6#

27.5<
f WW(BB)

L2
<18. ~25!

The theoretical constraint onf n coming from the require-
ment of the unitarity of theSmatrix has been studied in Re
@49#. In terms of the present symbols of the anomalous c
pling constants, the unitarity bounds given in Ref.@49# read
~in units of TeV22)

U f B

L2U< 98

L2
, U f W

L2U< 31

L2
,

FIG. 4. The 68% and 95% C.L. bounds onf BW /L2 and f F,1 /L2

~in units of TeV22) from the tree level formulas ofDS andDT @40#
and theDS-DT bounds given in Fig. 2~a!.
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2
784

L2
1

3556mW

L3
<

f BB

L2
<

638

L2
1

3733mW

L3
, ~26!

U f WW

L2 U< 35.2

L2
1

4.86

LmW
, U f WWW

L2 U< 38

3g2L2
,

in which we have put the center-of-mass energyAs'L. For
L'2 TeV, the bounds are~in units of TeV22)

U f B

L2U<24.5, U f W

L2U<7.8, U f WWW

L2 U<7.5,

2160<
f BB

L2
<197, U f WW

L2 U<39.2. ~27!

These bounds are essentially the same level as the a
bounds~23! and ~24!.

We see that, except for the constraints from the precis
data ~cf. Fig. 4!, all other constraints are rather weak. Fu
thermore, the above constraints onf n /L2 lead to the follow-
ing constraints~in units of TeV21) on the anomalous cou
pling constantsgHWW

(1) , gHWW
(2) , gHZZ

(1) , and gHZZ
(2) , cf. Eq.

~22!, related to theVV scatterings:

20.20<gHWW
(1) <0.065,

21.2<2gHWW
(2) <0.73,

20.26<gHZZ
(1) <0.24, ~28!

20.62<2gHZZ
(2) <0.36.

We shall see in the following section that the limits on the
coupling constants obtained from studying theVV scattering
processes at the LHC will be significantly stronger than th
in Eq. ~28!.

C. Testing f n via VV scatterings at the LHC

The test of the anomalousHVV couplings from the
dimension-6 operators viaVV scatterings is quite differen
from that for the dimension-3 operator. The relevant ope
tors in Eq.~18! contain two derivatives, so that the intera
tion vertices themselves behave asE2 at high energies. Thus
at high energies, the scattering amplitudes ofVLVL→VLVL
grow as E4, and those containing transverse compone
i.e.,VTVT→VLVL , VTVL→VTVL , andVLVL→VTVT , grow
asE2. Hence the scattering processes containingVT actually
behave assignalsrather than backgrounds. This is very di
ferent from the case of the nonlinearly realized dimensio
anomalous coupling studied in Sec. IV. As discussed in S
II, since theVTVT and VLVT scatterings also contribute t
the signal rate, we decide to do the full 2→4 tree level
calculation, in contrast to performing the calculation usi
the EWA folded by the 2→2 VV scattering amplitudes. Nev
4-13
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TABLE IX. ~A! Number of events at the LHC, with an integrated luminosity of 300 fb21, for pp→ W6W6 → l 6n l 6n j j ( l 65e6 or
m6) in the linearly realized effective Lagrangian with various values ofmH and f W /L2. The values ofNS/ANS1NB are also shown in the
parentheses.~B! Number of events at the LHC, with an integrated luminosity 300 fb21, for pp→ W6W6 → l 6n l 6n j j ( l 65e6 or m6) in
the linearly realized effective Lagrangian with various values ofmH and f WW/L2. The values ofNS/ANS1NB are also shown in the
parentheses.

A
pp→W1W1 j j → l 1n l 1n j j

mH~GeV! f W /L2 (TeV22)

24.0 23.0 22.0 21.4 21.0 0.0 0.85 1.2 2.0 3.0 4.0

115 117~9.4! 72~6.7! 38~3.7! 26~2.2! 20~1.1! 15 20~1.1! 25~2.0! 42~4.2! 78~7.1! 129~10!

130 118~9.5! 72~6.7! 38~3.7! 26~2.2! 20~1.1! 15 20~1.1! 25~2.0! 42~4.2! 78~7.1! 130~10!

200 119~9.5! 73~6.8! 38~3.7! 26~2.2! 20~1.1! 15 20~1.1! 25~2.0! 42~4.2! 79~7.2! 132~10!

300 121~9.6! 75~6.9! 39~3.8! 27~2.3! 21~1.3! 16 21~1.3! 26~2.2! 43~4.3! 80~7.3! 134~10!

pp→W2W2 j j → l 2n̄ l 2n̄ j j

mH~GeV! f W /L2 (TeV22)

24.0 23.0 22.0 21.4 21.0 0.0 0.85 1.2 2.0 3.0 4.0

115 23 14 7 5 4 3 4 5 8 15 25
130 23 14 7 5 4 3 4 5 8 15 25
200 23 14 7 5 4 3 4 5 8 15 26
300 24 15 8 5 4 4 4 5 8 16 26

B
pp→W1W1 j j → l 1n l 1n j j

mH~GeV! f WW/L2 (TeV22)

24.0 23.0 22.2 21.6 0.0 1.6 2.2 3.0 4.0

115 47~4.7! 33~3.1! 25~2.0! 19~0.9! 15 20~1.1! 26~2.2! 33~3.1! 48~4.8!
130 48~4.8! 33~3.1! 25~2.0! 19~0.9! 15 20~1.1! 26~2.2! 34~3.1! 49~4.9!
200 49~4.9! 34~3.3! 25~2.0! 19~0.9! 15 20~1.1! 26~2.2! 35~3.4! 50~4.9!
300 51~5.0! 35~3.4! 26~2.2! 20~1.1! 16 21~1.3! 27~2.3! 36~3.5! 52~5.1!

pp→W2W2 j j → l 2n̄ l 2n̄ j j

mH~GeV! f WW/L2 (TeV22)

24.0 23.0 22.2 21.6 0.0 1.6 2.2 3.0 4.0

115 9 6 5 4 3 4 5 6 9
130 9 6 5 4 3 4 5 7 10
200 10 7 5 4 3 4 5 7 10
300 10 7 5 4 4 4 5 7 10
rg
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s is

n to
lec-
ertheless, we shall use the EWA to check the high ene
behavior of the full calculation, in the case that the anom
lous coupling is large.

We calculate the tree level cross sections for all the p
cesses listed in Eq.~12! with the same method described
Sec. IV, but for the linearly realized effective Lagrangi
theory. Since there are several dimension-6 anomalous
plings related to theVV scatterings in this theory@cf. Eq.
~18!#, the analysis is more complicated than in the nonlin
realization case. If the anomalous coupling constants ar
11402
y
-

-

u-

r
of

the same order of magnitude, the interferences between t
may be significant, depending on the relative phases am
them. This undoubtedly complicates the analysis. In the
lowing, we again perform the single parameter analysis,
assuming only one of the anomalous coupling constant
dominant at a time. We see from Eq.~18! that the coupling
constants related toVV scatterings aref WWW, f WW, f BB ,
f W , and f B . As discussed in Sec. VI A, the operatorOWWW
does not induce the anomalous coupling of a Higgs boso
gauge bosons, and it may not be directly related to the e
4-14
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TABLE X. Number of events at the LHC, with an integrated luminosity of 300 fb21, for pp
→W1W2 j j → l 1n l 2n j j ( l 65e6 or m6) in the linearly realized effective Lagrangian with various valu
of mH and f W /L2.

mH~GeV! f W /L2 (TeV22)

24.0 23.0 22.0 21.0 0.0 1.0 2.0 3.0 4.0

115 35 21 10 5 4 6 12 23 38
130 35 21 10 5 4 6 12 23 38
200 36 21 10 5 4 6 12 23 39
300 37 22 11 5 4 6 13 24 40
it
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ng
troweak symmetry breaking mechanism, so we assume
small in the following analysis. Detailed calculations sho
that the contributions off B and f BB to the most sensitive
pp→W1W1 j j → l 1n l 1n j j channel are small even if the
are of the same order of magnitude as the anomalous
pling constantsf W and f WW. Hence we shall ignore thei
contributions in the following analysis, and discuss only t
sensitivity of theVV scatterings to the measurement off W
and f WW.

In the case thatf W dominates, the obtained numbers
events at the LHC with an integrated luminosity
300 fb21, for various values ofmH and f W /L2, are listed in
Table IX~A! and Tables X–XII. From these tables, we s
that the most sensitive channel is stillpp→W1W1 j j
→ l 1n l 1n j j , as listed in Table IX~A!. All other channels are
less interesting. Similar to the numbers in Table III, the nu
ber of the SM events~for f W /L250) is taken as the intrinsic
electroweak backgrounds, i.e.,NB5N( f W50). The number
of the signal events~for f W /L2Þ0) is then defined asNS
5N( f WÞ0)2NB . We also list the values of the deviation o
the signal from the total statistical fluctuation,NS /ANS1NN,
11402
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in the parentheses in Table IX~A!. If no anomalous coupling
effect is found via this process, we can set the followi
bounds onf W /L2 ~in units of TeV22):

1s: 21.0, f W /L2,0.85,

2s: 21.4, f W /L2<1.2, ~29!

for 115 GeV&mH&300 GeV.
In the case thatf WW dominates, the numbers of events a

listed in Table IX~B!, and the corresponding bounds are~in
units of TeV22) as follows:

1s: 21.6< f WW/L2,1.6,

2s: 22.2< f WW/L2,2.2, ~30!

which are somewhat weaker than those in Eq.~29!.
To see the effect of interference, we take a special cas

an example, in whichf W52 f WW[ f , i.e.,gHVV
(1) andgHVV

(2) in
Eq. ~22! are of the same sign. Then we obtain the followi
bounds~in units of TeV22):
of
TABLE XI. Number of events at the LHC, with an integrated luminosity 300 fb21, for pp→ ZZ j j

→ l 1l 2l 1l 2( l 1l 2nn̄) j j ( l 65e6 or m6) in the linearly realized effective Lagrangian with various values
mH and f W /L2.

pp→ZZ j j→ l 1l 2nn̄ j j

mH~GeV! f W /L2 (TeV22)

24.0 23.0 22.0 21.0 0.0 1.0 2.0 3.0 4.0

115 10 6 2 1 0 1 3 6 11
130 10 6 2 1 0 1 3 6 11
200 10 6 2 1 0 1 3 6 11
300 10 6 2 1 0 1 3 6 12

pp→ZZ j j→ l 1l 2l 1l 2 j j

mH~GeV! f W /L2 (TeV22)

24.0 23.0 22.0 21.0 0.0 1.0 2.0 3.0 4.0

115 9 7 5 4 4 5 6 8 10
130 9 7 5 4 4 5 6 8 10
200 9 7 5 4 4 5 6 8 10
300 9 7 5 4 4 5 6 8 11
4-15
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TABLE XII. Number of events at the LHC, with an integrated luminosity 300 fb21, for pp→ZW6 j j
→ l 6n l 1l 2 j j ( l 65e6 or m6) in the linearly realized effective Lagrangian with various values ofmH and
f W /L2.

pp→ZW1 j j → l 1l 2l 1n j j

mH~GeV! f W /L2 (TeV22)

24.0 23.0 22.0 21.0 0.0 1.0 2.0 3.0 4.0

115 10 7 4 3 2 3 5 8 12
130 10 7 4 3 2 3 5 8 12
200 10 7 4 3 2 3 5 8 12
300 10 7 4 3 2 3 5 8 12

pp→ZW2 j j → l 1l 2l 2n̄ j j

mH~GeV! f W /L2 (TeV22)

24.0 23.0 22.0 21.0 0.0 1.0 2.0 3.0 4.0

115 4 2 1 1 1 1 1 2 4
130 4 2 1 1 1 1 1 2 4
200 4 2 1 1 1 1 1 2 4
300 4 2 1 1 1 1 1 2 4
O

on

ee
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tic

he
1s: 20.6< f /L2<0.5,

2s: 20.9< f /L2<0.75. ~31!

In this case, the interference enhances the sensitivity.
course, if f W5 f WW5 f , the sensitivity will be reduced.

From the bounds in Eqs.~29!, ~30!, together with the
relations in Eq.~22!, we obtain the corresponding bounds
gHVV

( i ) , i 51,2 ~in units of TeV21):

FIG. 5. Invariant mass distributions of theW1W1 pairs pro-
duced at the LHC for mH5115 GeV with f W /L25 f B /L2

55 TeV22. The solid curve is the result from the complete tr
level calculation; the dashed curve is the result from the EWA c
culation with the exactWL

1WL
1→WL

1WL
1 amplitude; the dotted

curve is the result from the EWA calculation with the asympto
formula @49# for the WL

1WL
1→WL

1WL
1 scattering amplitude.
11402
f

1s: 20.026,gHWW
(1) ,0.022, ~32!

20.026,gHZZ
(1) ,0.022,

20.014,gHZg
(1) ,0.012,

20.083<gHWW
(2) ,0.083,

20.032<gHZZ
(2) ,0.032,

20.018<gHZg
(2) ,0.018,

l-

FIG. 6. Invariant mass distribution of the dileptons from t
decay ofW1 bosons produced at the LHC viapp→W1W1 j j for
mH5115 GeV with f W /L252 f WW/L250.75 TeV22 @Eq. ~31!#
~solid line!, f W /L251.2 TeV22, f WW/L250 @Eq. ~29!# ~dashed
line!, f WW/L252.2 TeV22, f W /L250 @Eq. ~30!# ~dashed-dotted
line!, and the SM~dotted line!.
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TABLE XIII. Summary of the 2s constraints on the anomalousHVV coupling k ([11Dk) from the
dimension-3 operator in the nonlinear Higgs sector studied in Sec. III.

Types of constraints Results Places in the te

Precision EW data regions shown in Figs. 2 and 3, Table I Eq.~7!

Unitarity ~at As52 TeV) 0.5,uku,1.3 Eq.~11!

W1W1 scattering 20.3,Dk,0.2 Eq.~13!

HV production (mH5120 GeV) 0<uku<1.6 Eq.~14!

Higgs width (mH5200–300 GeV) 0.8<uku<1.2 Eq.~15!

B(H→gg) Table VII Sec. V C

Higgs resonance (mH5120 GeV) 0.88<R<1.12 @R[k2B(k)/B(k51)#, Table VIII Eq. ~16!

LC ~500 GeV, 1 ab21) uDku<0.3% Sec. V E
ro
tl
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e
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e
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2s: 20.036,gHWW
(1) <0.031,

20.036,gHZZ
(1) <0.031,

20.020,gHZg
(1) <0.017,

20.11<gHWW
(2) ,0.11,

20.044<gHZZ
(2) ,0.044,

20.024<gHZg
(2) ,0.024.

These bounds are to be compared with the 1s bound on
gHWW

(2) obtained from studying the on-shell Higgs boson p
duction via weak boson fusion at the LHC, as given recen
in Ref. @8#. In Ref. @8#, gHWW

(2) is parametrized asgHWW
(2)

51/L55g2v/L6
2 , and the obtained 1s bound onL6 for an

integrated luminosity of 100 fb21 is about L6*1 TeV,
which corresponds togHWW

(2) 51/L5<0.1 TeV21. We see that
the 1s bounds listed in Eq.~32! are all stronger than this
bound. For an integrated luminosity of 300 fb21, the bound
gHWW

(2) 51/L5<0.1 TeV21 given in Ref. @8# corresponds
roughly to a 1.7s level of accuracy. Comparing it with th
results in Eq.~32!, we conclude that our 2s bound ongHWW

(2)

is at about the same level of accuracy, while our 2s bounds
on the other fivegHVV

( i ) ( i 51,2) are all stronger than thos
given in Ref.@8#.

It has been shown in Ref.@3# that the anomalousHZZ
coupling constantsgHZZ

(1) andgHZZ
(2) can be tested rather sen

sitively at the LC via the Higgs-strahlung processe1e2

→Z* →Z1H with Z→ f f̄ . In Ref. @3#, gHZZ
(1) and gHZZ

(2) are
parametrized asgHZZ

(1) 5(gZ/mZ) cV and gHZZ
(2) 5(gZ/mZ) bZ ,

respectively, The obtained limits on the coefficientscV and
bV arecV;bV;O(1023) @3# which correspond to the limits
gHZZ

(1) ;gHZZ
(2) ;O(1023–1022) TeV21. Although the LHC

W1W1 scattering bounds shown in Eq.~32! are weaker than
these LC bounds,W1W1 scattering at the LHC can provid
11402
-
y

the bounds ongHWW
( i ) , i 51,2. So that the two experiment

are complementary to each other.
To verify that our calculation does give the corre

asymptotic behavior as that given in Ref.@49#, and to see the
difference between the complete tree level result and
EWA result ~with only the VLVL→VLVL contribution in-
cluded!, we plot in Fig. 5 theMWW distributions in the
W1W1 channel withf W /L255 TeV22 from the complete
tree level calculation~solid curve!, the EWA calculation with
the exactWL

1WL
1→WL

1WL
1 amplitude ~dashed curve!, and

the result from the EWA calculation with the asymptotic fo
mula @49# for the WL

1WL
1→WL

1WL
1 scattering amplitude3

~dotted curve!. We see that the three curves coincide at h
energies which indicates that the asymptotic behavior of
complete tree level result obtained numerically is corre
The dashed curve is significantly below the solid curve
lower energies, which shows that the signal from the tra
verse component contributions taken into account in
complete tree level calculation is very important. The dot
curve is much lower than the dashed curve at low energ
even though they are all from the EWA approach with on
the longitudinal component contributions taken into accou
This is because that there are contributions of ener
independent terms contained in the dashed curve which
not included in the dotted curve, and the energy-independ
terms cause the dashed curve to peak significantly in the
energy region due to the larger parton luminosities in
smallerMWW region. To check the correctness of this exp
nation, we have calculated not only theMWW distribution
with a constant amplitude which shows the above-mentio
peak, but also theMWW distributions for the two EWA curves
with a very large f W /L2, say f W /L25100 TeV22, with
which the energy-independent terms are unimportant.
deed, the two obtained curves in this case almost comple
coincide, and the peak is shifted significantly to the hi
energy region. Finally, we note that for the values of t

3It only contains terms proportional toE4 or E2. The E0 contri-
bution is not included.
4-17
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TABLE XIV. Summary of the 2s constraints on the anomalous couplingsf n /L2 ~in units of TeV22) associated with the dimension-
operators@cf. Eqs.~17!–~19!# and the related form factorsgHVV

(1) andgHVV
(2) ~in units of TeV21) @cf. Eq. ~22!# in the linearly realized Higgs

sector studied in Sec. IV.

Types of constraints Results Places in the text

Precision EW data two-parameter fit at tree level: regions shown in Fig. 4, with Fig. 4

20.05,
f F,1

L2
,0.02, 20.10,

f BW

L2
,0.05.

one-parameter fit at one-loop level:

26<
f WWW

L2
<3, 26<

f W

L2
<5, 24.2<

f B

L2
<2.0,

25.0<
f WW

L2
<5.6, 217<

f BB

L2
<20. Eq. ~23!

Triple gauge coupling data 231<
~ f W1 f B!

L2
<68 ~for f WWW50),

241<
f WWW

L2
<26 ~for f W1 f b50). Eq. ~24!

LEP2 Higgs searches 27.5<
f WW(BB)

L2
<18. Eq. ~25!

Unitarity requirement U f b

L2 U<24.5, U f W

L2 U<7.8, U f WWW

L2 U<7.5,

~at As52 TeV)
2160<U f BB

L2 U<197, U f WW

L2 U<39.2.
Eq. ~27!

W1W1 scattering 1s 2s

21.0,
f W

L2
,0.85, 21.4,

f W

L2
<1.2. Eq. ~29!

21.6,
f WW

L2
,1.6, 22.2<

f WW

L2
,2.2. Eq. ~30!

or

20.026,gHWW
(1) ,0.022,20.036,gHWW

(1) <0.031.

20.026,gHZZ
(1) ,0.022,20.036,gHZZ

(1) <0.031.

20.014,gHZg
(1) ,0.012,20.020,gHZg

(1) <0.017.

20.083,gHWW
(2) ,0.083,20.11<gHWW

(2) ,0.11.

20.032,gHZZ
(2) ,0.032,20.044<gHZZ

(2) ,0.044.

20.018,gHZg
(2) ,0.018,20.024<gHZg

(2) ,0.024. Eq. ~31!

HVV coupling at
LC ~500 GeV, 1 ab21!

U fF,2

L2 U,0.2
Sec. VI A
q
o
e
a-
e

ex

of

tail
sh
anomalous couplings relevant to the bounds given in E
~29! and ~30!, the unitarity condition is well respected, s
that our full 2→4 calculation is justified. Furthermore, sinc
in our full 2→4 calculation, we keep track on the polariz
tion states of the final stateV bosons, we can also predict th
kinematical distributions of the final state leptons. As an
11402
s.

-

ample, Fig. 6 shows the distribution of the invariant mass
the dileptons from the decay of the final stateW1 bosons
produced viapp→W1W1 j j for various scenarios of the
anomalous couplings. It indicates that examining in de
various kinematical distributions might help to distingui
various scenarios of the new physics effect.
4-18



a
s
ls
h

g
o

c
o
k

un
th
o
as

e

n
ch
n
n

e

3

m

t i

-
th

-6

lin

reci-
the

u-
t
ia
a-
ing
is
the
, the
sig-
sis,
nts

the

y
cou-

ngs

the
ion
ds

ec.

-
m-
bo-
ous

of
m
-

for
ter-
ion
son
tu-

ni-
ent
nd

ant

er
w
R

TESTING ANOMALOUS GAUGE COUPLINGS OF THE . . . PHYSICAL REVIEW D 67, 114024 ~2003!
VII. CONCLUSIONS

We have examined the possibility of testing the anom
lous HVV couplings of a light Higgs boson with mas
115 GeV<mH<300 GeV at the LHC via various channe
of VV scatterings. This type of test is of special interest if t
anomalousHVV couplings differ from that of the SM by a
significant amount so that the direct detection of the Hig
resonance is difficult. The study includes two types
anomalousHVV couplings, namely the anomalousHVV cou-
plings from the nonlinear dimension-3 operator@13# and
anomalous HVV couplings from the linearly realized
dimension-6 operators@14,15#. The gold-plated pure leptoni
modes are chosen for detecting the final state weak bos
To reduce various kinds of backgrounds, we impose the
nematical cuts suggested in Ref.@17#.4 The calculations are
carried out numerically for the full cross sections ofpp
→VV j j including both the signals and the backgrounds
der the kinematical cuts, and we take into account only
statistical uncertainties in this calculation. The results sh
that, with a sufficiently high integrated luminosity, such
300 fb21, the tests of the anomalousHVV couplings can be
rather sensitive. We note that to further discriminate the
fect of the anomalousHVV coupling from that of a strongly
interacting EWSB sector with no light resonance will eve
tually demand a multichannel analysis at the LHC by sear
ing for the light Higgs resonance through all possible o
shell production channels including gluon-gluon fusio
Once the light Higgs resonance is confirmed,VV scatterings,
especially theW1W1 channel, can provide rather sensitiv
tests of various anomalousHVV couplings for probing the
EWSB mechanism.

In the nonlinearly realized Higgs sector@13#, the leading
anomalousHVV coupling (k) comes from the dimension-
operator1

2 kvHDmS†DmS. The differenceDk[k21 repre-
sents the deviation from the SM valuek51. Our calculation
shows that the most sensitive channel for testing this ano
lous coupling ispp→W1W1 j j → l 1n l 1n j j . We see from
Table III that the LHC can constrainDk to the range20.3
<Dk<0.2 in the case that no anomalous coupling effec
detected in the channelpp→ l 1n l 1n j j . For comparison,
several possible tests ofDk in the high energy collider ex
periments are also discussed in Sec. III. A summary of all
constraints considered in Sec. III is listed in Table XIII.

In the linearly realized Higgs sector@15#, the leading
anomalousHVV couplings arise from a set of dimension
operators, (f W/L2) OW , ( f WW/L2) OWW, ( f B/L2) OB , and
( f BB/L2) OBB , as shown in Eq.~18!. The anomalousHWW
andHZZ couplings are expressed in Eq.~21! in terms of the
anomalous coupling constantsgHWW

(1) , gHWW
(2) , gHZZ

(1) , and
gHZZ

(2) which are connected to the above anomalous coup

4Although it is possible to refine the kinematic cuts to furth
enhance the ratio of signal to background rates, for simplicity,
applied exactly the same kinematic cuts as those proposed in
@17# in this study.
11402
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constantsf W , f WW, f WWW, f B , and f BB via Eq. ~22!. These
anomalous coupling constants are constrained by the p
sion electroweak data, the triple gauge coupling data, and
requirement of the unitarity of theSmatrix. Such constraints
on the coupling constantsf n are given in Eqs.~23!–~27!. The
corresponding constraints ongHWW

(1) , gHWW
(2) , gHZZ

(1) , andgHZZ
(2)

are shown in Eq.~28! which restricts these anomalous co
plings to be ofO(1021)2O(1). Ourcalculation shows tha
the anomalousHWWcouplings can be sensitively tested v
pp→W1W1 j j → l 1n l 1n j j . Since there are several anom
lous couplings from the dimension-6 operators contribut
to theVV scatterings, the analysis of the LHC sensitivity
more complicated than in the nonlinearly realized case. If
anomalous couplings are of the same order of magnitude
interferences depending on their relative signs could be
nificant. In this study, we made a single parameter analy
i.e., assuming only one of the anomalous coupling consta
is dominant at a time. Detailed calculations showed that
contributions of f B and f BB to the most sensitivepp
→W1W1 j j → l 1n l 1n j j channel are very small even if the
are of the same order of magnitude as other anomalous
pling constants. So,f B and f BB are not particularly useful in
our analysis. We then analyzed the two parametersf W and
f WW, separately. The 1s and 2s bounds on these two
anomalous couplings via the most sensitive channelpp
→W1W1 j j → l 1n l 1n j j are listed in Eqs.~29! and~30!, and
the corresponding bounds on the anomalous coupli
gHVV

( i ) , i 51,2 are given in Eq.~32!, i.e., the 1s bounds are of
O(1022), and the 2s bounds are ofO(1022–1021). These
bounds are stronger than that obtained from studying
on-shell Higgs boson production via weak boson fus
given in Ref.@8#. They are also complementary to the boun
on gHZZ

(1) and gHZZ
(2) at the Linear Collider~LC!, as given in

Ref. @3#. A summary of all the constraints considered in S
IV is displayed in Table XIV.

In summary, we find thatVV scatterings are not only im
portant for probing the strongly interacting electroweak sy
metry breaking mechanism when there is no light Higgs
son, but also valuable for sensitively testing the anomal
HVV couplings~especially anomalousHWWcoupling! at the
LHC when there is a light Higgs boson in the mass range
115–300 GeV. This further supports the ‘‘no-lose’’ theore
@11# for the LHC to decisively probe the electroweak sym
metry breaking mechanism.
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