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We propose a sensitive way to test the anomaléu¥ couplings =W", Z° of the Higgs bosonH),
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\iseattering processes at
the CERN LHC. The gold-plated pure leptonic decay modes of the final state weak bosons in the processes
pp—VVjj 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®frthtix. We
show that, with an integrated luminosity of 300 fband sufficient kinematical cuts for suppressing the
backgrounds, studying the procgss—W W' jj—1* vl vjj can probe the anomalol/NW couplings at a
few tens of percent level for the nonlinearly realized Higgs sector, and at the level of 0.01—-0.08 fdeYhe
linearly realized effective Lagrangian.

DOI: 10.1103/PhysRevD.67.114024 PACS nunfiferl4.65.Ha, 12.15.Lk, 12.60.Nz

I. INTRODUCTION in an effective theory whose particle content is the same as
the SM. This provides a model-independent description, and
The standard mod€EM) of the electroweak interactions the anomalous couplings relative to that of the SM reflect the
has proven to be very successful in explaining all the availeffect of new physics. In the present study, we assume that
able experimental data at the scafeO(100) GeV. How- all possible new particles other than the lightest Higgs boson
ever, the mechanism of the electroweak symmetry breakingl are heavy and around or above the s¢aleso that onlyH
(EWSB) remains one of the most profound puzzles in par-is relevant to the effective theory. Therefore testing the ef-
ticle physics. The Higgs sector of the SM suffers the well-fective anomalous gauge couplings of the Higgs boson can
known problems of triviality[1] and unnaturalnes$2]; discriminate the EWSB sector of the new physics model
therefore there has to be new physics beyond the SM abovfeom that of the SM. It has been pointed out that sensitive
certain high energy scal&. Within the SM formalism, the tests of the anomalouslVV couplings (with V=W-=, Z°)
precision electroweak data favors a light Higgs boson. If acan be performed via Higgs boson productions at the future
light Higgs boson candidatel is found in future collider high energye™e™ linear colliders(LC) [3-5]. The tests of
experiments, such as the run-2 of the Fermilab Tevatron, a fie anomalousHVV couplings at hadron colliders via the

TeV pp collider, or the CERN Large Hadron Collider decay modeéd— yy andH— 77 have also been studied, and
(LHC), a 14 TeVpp collider, the next important task is to the obtained sensitivities are lower than that at the 6€8].
experimentally measure the gauge interactions of this Higgs In this paper, following our recent propodall, we study
scalar and explore the nature of the EWSB mechanism. Than additional way to test the anomalad¥V couplings via
detection of the anomalous gauge couplings of the Higgéhe weak-boson scatterings at the LHC. We shall show that at
boson will point to new physics beyond the SM underlyingthe LHC, rather sensitive tests of the anomaléi8v cou-
the EWSB mechanism. plings can be obtained by measuring the cross sections of the
Although the correct theory of new physics is not yetlongitudinal weak-boson scattering,V, V|, —V V| (V_
clear, the effect of any new physics at an energy below the=W,, ZE), especially W W, —W,"W,". The scattering
cutoff scaleA can be parametrized as effective interactionsamplitude contains two part$t) the amplitudeT(V,y) re-
lated only to the electroweak gauge bosons as shown in Fig.
1(a), and(ii) the amplitudeT (H) related to the Higgs boson
*Mailing address. as shown in Fig. (b). At high energies, botfT(V,y) and
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FIG. 1. lllustration of Feynman diagrams for

(a) VV scatterings in the SMa) diagrams contribut-
ing to T(V,y), and(b) diagrams contributing to
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T(H) contain a piece increasing with the center-of-mass enas well as the constraints derived from the precision elec-
ergy (E) asE? in the nonlinear realization and &' in the  troweak data and the requirement of the unitarity of 8
linear realization. In the SM, though the individual diagram matrix. Therefore, studying the, V, scatterings at the LHC

in Fig. 1(a may contribute arE*-dependent piece, the sum is not only important for probing the strongly interacting
of all diagrams in Fig. a) can have at mosE?-dependent electroweak symmetry breaking sector without a light Higgs
contribution, which can be easily verified by an explicit cal- boson, but also valuable for sensitively testing the anomalous
culation. Furthermore, thelVV coupling constant in the SM gauge interactions of the Higgs boson when a light Higgs
is fixed to be the same as the non-Abelian gauge selfscalar exists in the mass range 115-300 GeV. This further
coupling of the weak bosons. This causes the twosupports the “no-lose” theorerill] for the LHC to deci-
E2-dependent pieces to precisely cancel with each other isively probe the EWSB mechanism.

the sum of T(V,y) and T(H), resulting in the expected This paper is organized as follows. In Sec. I, we briefly
E%-behavior for the total amplitude, as required by the uni-sketch a few key points related to the calculations of\fhe
tarity of the SMS matrix. If the HVV couplings are anoma- scatterings discussed in this paper. In Sec. Ill, we systemati-
lous due to the effect of new physics above the cutoff scaleally study the test of the anomaloH¥V coupling from the

A, the total amplitude oWV scatterings can grow &> or  dimension-3 operator in a nonlinearly realized Higgs sector
E* in the high energy regime. Such deviations from Bfe  [13], as an extension ¢B]. The test of the anomalousvV
behavior of the SM amplitude can provide a rather sensitiv¢ouplings from the dimension-6 operators in the linearly re-
test of the anomaloudV'V couplings in high energyVscat-  alized Higgs sectof14,15 is studied in Sec. IV. In both
tering experiments. This type of tests require neither the decases, the constraints on the anomaldi/ couplings from
tection of the Higgs boson resonance nor the measurement #fe precision electroweak data and the requirement of the
the Higgs boson decay branching ratios, and is thus of speitarity of theS matrix are also discussed. Section V sum-
cial interest. If the anomalousVV coupling associated with marizes our concluding remarks.

the new physics effect is rather large, the total decay width of

H may become so large thilt cannot be detected as a sharp Il VW SCATTERINGS

resonancg 10] and therefore escapes the detection when

scanning the invariant mass of its decay products around As mentioned in the previous section, we will take the
my . In that case, can we tell whether or not there exists a&nhanced/V scatterings as the signals for testing the anoma-
sub-TeV Higgs boson? The answer is yes. It can be tested BgusHVV couplings. We choose the gold-plated pure leptonic
carefully studying the scatterings of weak gauge bosons idecay modes of the final state weak bosons as the tagging
the TeV region12]. Furthermore, if the new physics causes modes, this will avoid the large hadronic backgrounds at the
a rather smalHVV coupling (much below the value of the LHC. Even in this case, there are still several kinds of back-
SM HVV coupling, the production rate of a light Higgs bo- grounds to be eliminated, namely the electrowd&kV)

son can become so small that it escapes the detection whéackground, the QCD background, and the top quark back-
the experimental measurement is taken around the Higgs bground studied in Ref§16,17]. At the LHC, the initial state
son mass scale. However, as mentioned above, the scatteril¢ in the VV scattering are emitted by the quarks in the
of V_ V| has to become large in the TeV region accordingly.protons. As Refd.16—19 pointed out, the QCD background
Therefore, this makes it important to study MgV, scatter- can be greatly suppressed by tagging a forward-goingtjet

ing in the TeV regime even in the case where a light Higgsout-going quark after emitting th¥). This forward-jet tag-
boson exists in the EWSB sector. In Sec. IV, we show thaging will also suppress the transverse compon¥k) (Of the

this type of test of the anomalousVV couplings can be initial V, so that the initial stat&/ will be essentiallyV, .
more sensitive than those obtained from studying the onFollowing Refs.[16,17], we impose, in addition to forward
shell Higgs boson production and decays at the HES], jet tagging, the requirement of vetoing the central jet to fur-
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ther suppress the QCD background and the top quark backuddinal vector bosofi21], the contribution ofV,V, —V, V.
ground. The EW background can be suppressed by detecting the production rate opp—VVjj in the TeV region is
isolated leptons with large transverse momentum in the cersmall as compared to th¥;V, and V{V; contributions.

tral rapidity region, especially requiring the two final state Therefore, although the imposed kinematics cuts can effec-
leptons to be nearly back to back. These leptonic cuts alstively suppress the QCD and the top quark backgrounds,
suppress th&/; contributions in the final state. Moreover, they leave a considerable EW backgrounminly originated
choosing the decay leptons in the central rapidity region alsérom the V;V, andV;V+ contributiong that dominates the
avoids the collinear divergence in the diagrams exchanging ¥V scattering in the SM. Throughout this paper, we will call

photon inT(V, 7). theseVV scattering contributions the remaining SM elec-
In this paper, we shall calculate the complete tree levetroweak backgrounds after imposing the kinematical cuts.
contributions to the processes We shall do a complete tree-level calculation for both the
signal and the background processes with the improvement

pp—VVjj, (1) on the simulation of the kinematical distributions of the de-

cay leptons, and the cross section calculation with the up-
wherej is the forward jet. We shall impose all the cuts men-dated parton distribution functiori20] and the inclusion of
tioned above, and use the updated CTEQ®L parton dis- the vector boson width. Furthermore, we do not apply the
tribution functions for the distributions of quarks in the pro- EWA [21] in our calculations, hence, our results are not iden-
tons. We also take into account the effect of the width of thetical to those given in Ref17], even for the SM case.
weak boson in calculating the helicity amplitudes. In the case of a linearly realized effective Lagrangian, the

Referenceq 16,17 studied various strongly interacting physics consideration is quite different. As to be shown in
models which do not consist of a light Higgs boson and theSec. VI, theV V|, —V, V| scattering amplitudes can have
V,V,—V,V, scattering amplitudes are largely enhaniedd  not only theE? but also theE* contributions depending on
powers ofE?) in the high energy region. The signal ampli- the process and operator under consideration. Furthermore,
tudes were calculated in the effecti approximation both theV;{V:—V_ V_ andV V:—V,V+ scattering ampli-
(EWA) [21] because th¥, V| —V, V, scattering amplitudes tudes can also have tHe* contributions, which should be
predicted by those models violate the unitarity condition of aundoubtedly counted as part of thignalrates because those
2—2 scattering matrix so that a full-24 processpp  contributions are absent in the SM. Because the luminosity
—V_V_jj could not be reliably calculated to predict the sig- of V1 is larger than th&/, , the contributions fronv+Vy and
nal event rates in the TeV region. Instead, thgV, V+V, scatterings cannot be ignored unless Bfecontribu-
—V,V, scattering amplitudes were properly unitarized be-tions dominate thé&? contributions which occur only when
fore they were convoluted with thé/-boson luminosities both the energyE and the anomalous couplings become
obtained from the EWA to predict the signal event rateslarge. It implies that including only th€ Vv, —V V contri-
With this method of calculation, it was shown that after im- bution with the EWA, as done in Rdf17], is not adequate in
posing the kinematic requirements discussed above, thiis case, and a full 2:4 calculation should be used to cal-
backgrounds are reasonably suppressed relative to the sigdlate the signal rates. Although it is possible to apply the
nals, so that th&/, V| scattering signals can be effectively EWA to include also th&/;V; andV V5 contributions[22]
extracted. with jet tagging efficiencies¢for V| andVy, separatelyex-

As to be discussed in Secs. Ill and VI, in our present casdracted from the study done in R¢fl7], we choose to per-
the Higgs boson is light, and the new physics effect is asform a full pp—VVjj tree-level calculation which is justi-
sumed to only modify the effective operators in either a nonfied as long as the unitarity condition is satisfied.
linearly or a linearly realized Higgs sector. In the nonlinearly Nevertheless, as to be discussed in the end of Sec. VI, we
realized case, th¥, V, scattering amplitudes with a not too shall apply the EWA, folded with th&V—VV scattering
small anomaloudHVV couplings are also enhanced in the amplitudes, to check the high energy behavior of the full 2
high energy region due to tHe? behavior of the amplitudes. — 4 amplitudes which are also verified to be gauge invariant.
Hence we may apply the same methodology as proposed in
Ref. [17] for calculating the signal rate. However, in this
work, we shall not choose using the EWA. Instead, we shall [ll. TESTING ANOMALOUS HVV COUPLING FROM
compute the fullpp—VVjj cross sections at the tree level, DIMENSION-3 OPERATOR
cf. Eq. (.1)’ which is justified as long as the_ LHC sensitivity A. The anomalousHVV coupling from dimension-3 operator
to the size of the anomaloudVV coupling is smaller than
that required to render the unitarity of thé VL—V, V| It is known that there is no anomalowVV coupling
partial wave amplitudes. As to be shown in Secs. IV and VI,arising from the dimension-3 and dimension-4 gauge invari-
this is indeed the case and the backgrounds can be reasg¥it operators in the linearly realized effective Lagrangian
ably suppressed relative to the signals by imposing the sanid4,15. Here, we consider the nonlinearly realized Higgs
kinematical cuts suggested in RgL7]. On the contrary, in  sector formulated in Ref.13]. In this nonlinear formalism,
the case of the SMwithout anomalousdVV couplings, all the effective Lagrangian below the cutoff scalecontains
theV V., V1V, , andV;V; amplitudes behave &° rather ~ the Higgs field H transforming as a weak singlet, the
thanE?. Because the probability of finding a transverse vecwould-be Goldstone boson field, and the electroweak
tor boson with high momentum is much larger than a longi-gauge boson fields, and it respects the electroweak gauge
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symmetry, charge conjugatidband parityP, and the custo- next-to-leading ordefNLO) counter terms to render the
dial SU(2). symmetry. Up to dimension-4, the effective La- (S, T, U) parameters finite at the one-loop level, namely

grangian is given by13] [25]
L=~ D, U TB, B (024 260 H @ vt 1 12
=—-W,, ——B. —(v KU = -
4" 4°Hm 4 L €0167T24[Tr7'(DM2)2 17
1 m?
+k'H?)Tr(D,S'D#S )+ =9, Ho*H— — H? L
2 2 £49=6,-599'T[B,, XWX, @
)\31} 3 )\4 4
BERARETH & 2 g2

(@_p V9 2
R ‘68 _€8A2 4 [Tr(’zwp,y)] ’
whereW,, andB,,, are field strengths of the electroweak
gauge fieldsp =246 GeV is the vacuum expectation value whose coefficientsf(y, ¢, ¢ :
: 0, 1,€g) correspond to the oblique pa-
breaking the electroweak gauge symmetry, arghg) and rameters T,5,U), respectively. Her W:WW_ 3 B,

(x",\4) are dimensionless coupling constants from the "~ ' 1 . @ @y
dimension-3 and dimension-4 operators, respectively. In Eq[._ B, 73/2, _andT%ETf’)E ) ?omparlng toL 4 £8_ is of
(2), we have defined e same dimension, but with two neswJ(2).-violating op-

erators7, so that we expeatg/€,~1/16m°~10 2<1. This
i o generally leads tdJ<S,T. To estimate the contribution of
3= exp( ) , loop corrections, we invoke a naturalness assumption that no
fine-tuned accidental cancellation occurs between the leading

- 3 logarithmic term and the constant piece of the counterterms.

T . 3 Thus the leading logarithmic term represents a reasonable
D,2=d,2+ig5-W,2-ig'B,> =, ; : : )

W2 =02 Fig 2 w2 719'B,2 2 estimate of the loop corrections. This approach is commonly

. ) ) ) ) ) used in the literature for estimating new physics effects in
in which the Pauli matrix7; is normalized as Tr7;)  effective theorieg26]. It is straightforward to compute the

=26, andg andg’ are theSU(2) andU(1) gauge cou- radiative corrections t,T, and U, arising from theHVV
pling constants, respect2|veI2y. The SM corresponds o<’ anomalous couplings, using dimensional regularization in the
=1 andA3=A,=\=3mj/v". modified minimal subtractioMS scheme and keeping only

We note that at the tree level, only the dimension-3 opthe leading logarithmic terms. After subtracting the SM
erator ; koHD % "D*3. in Eq. (2) contains the anomalous Higgs contributions £=1) with the reference valuen’®',
HVV coupling that can contribute to théV scatteringscf. e find
Fig. 1). ThereforeVV scatterings can test this dimensionless
couplingk, andA k=« —1 measures the deviation from the

1
SM valuex=1. ASZB—
T

ref
H

m A
|n—“—(K2—1)|n—],
m My

B. Precision constraints on the couplings

Equation(2) shows an important difference between the AT= >
nonlinearly and the linearly realized Higgs sectors. The non- 8mcy,
linear formalism allows new physics to appear in the effec-
tive operators with dimensios4 whose coefficients are not
necessarily suppressed by the cutoff scale Hence the
gauge couplings of Higgs boson to weak bosons can nat
rally deviate from the SM values by an amount at the orde

of =0O(1), assuggested by the naive dimensional analysi contribution to theS, T, and U parameters. In the SMx(

[23]. . : .~ =1), an increase of the Higgs mass will increas® and
In the unitary gauge, the anomalous couplings of H'ggsdecrease&T Choosing the reference Higgs maﬂgf to be
boson to gauge bosons relevant to the precision oblique pa- '

rameters 8,T,U) [24] are my,, we may further simplify Eq(5) as

ref
H

My A
—In—+(K2—1)Inm—H1, (5)

where the terms containing fa represent the genuine new
hysics effect arising from physics above the cutoff scale
27]. Note that at the one-loop order, the coupliaghas no

2

A(k—1)oH+2(x" — 1)H? 1 __ k1A

A vz( el MW, Wkt =mez, Z). A= N
When calculating radiati i i i 3(k*-1) A

g radiative corrections using the effective AT=+—— in—, (6)

Lagrangian(2), it is generally necessary to introduce higher 8mc, My
dimensional counter terms to absorb the new divergences
arising from the loop integration. There are in principle three AU=0.

114024-4



TESTING ANOMALOUS GAUGE COUPLINGS OF TH.. .. PHYSICAL REVIEW D 67, 114024 (2003

g |
0.4 — 0.4
0.2 — 0.2
i FIG. 2. AS-AT contours(a) from the current
. precision electroweak data, affio) from includ-
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For a given value ofA andmy, we find AS<0 andAT  the potential problems with the NuTeV analysis are still un-
>0 for|«|>1. This pattern of radiative corrections allows a der debatd34], we will not include the NuTeV data in the
relatively heavy Higgs boson to be consistent with the curfollowing analysis.[But for comparison, we have also dis-
rent precision datgcf. Fig. 2a)]. Furthermore, from Eq6) played a 95% C.L. contoydotted curvefrom the fit includ-
we see that the loop contribution from+1 results in a ing the NuTeV anomaly in Fig.(@).] In Fig. 2(@), we show
sizable ratio ofAT/AS= —9/(4c2)~ —3. the AS— AT bounds(setting mL‘ff= 100 GeV) derived from
Wwithin the framework of the SM, the global fit to the the global fit with the newest updated electroweak precision
current precision electroweak data favors a light Higgs bosonata [35,36. Furthermore, form{j’f= 115(300) GeV and
with a central valuemy =283 GeV (significantly below the AU=0, we find that the global fit gives
CERN e*e™ collider LEP2 direct search limitmy
>114.3 GeV[28]) and a 95% C.L. limit, 32 Ge¥m,

<192 GeV, on the range of the Higgs boson mass. How- AS=0.01—0.07)*=0.09,

ever, it was recently shown that in the presenceef phys- 7
ics, such a bound can be substantially relak28-33. The

latest NuTeV data was not included in the above analysis. If AT=0.070.16*+0.11.

we include the NuTeV data, the value of the minimy@of

the global fit increases substantiallyy 8.7), showing a poor

quality of the SM fit to the precision datéhis fit also gives In the same figure, we also plot the SM Higgs boson contri-
a similar central valueny=85 GeV and 95% C.L. mass butions toAS and AT with different Higgs masses. Figure
range 33 Ge¥=my <200 GeV). We also find a similar in- 2(b) shows that the upcoming measurements ofihfemass
crease ofy? (by 8.9 in the AS— AT fits, which implies that  (m,,) and top massr(,) at the Tevatron run-2 can signifi-
the NuTeV anomaly may not be explained by the new physeantly improve the constraints on new physics via the ob-
ics effect from the oblique parameterA$,AT) alone. As lique corrections, in which we have input the current run-1

105 T T T T L L T T T ™ T T T T T T T T 105

95%C.L.
-my =115GeV

95%C.L. Bound
my, = 300GeV

~
&
=
(R
(R
T T T T 17T
[

A (GeV)

FIG. 3. Constraints on the new

104 — 1 104 . .
- 3 IF E physics scaleA as a function of
- ] F ] the anomalous coupling\ k=«
- ] It ] —1. The regions below the solid
- . 1F curves and above the dashed lines
103 3 [(@] or between the two solid

3 E 10 curves|(b) and(c)] are allowed at
E the 95% C.L. The dashed lines in-

dicate the value of®'=m,, .

Allowed

102"'l"T"l‘"l"‘f"l‘"l"'l"l‘“ L I L L I I I L T | I L L 102

Coupling k- 1
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TABLE I. The 95% C.L. limits onA x imposed byZ-pole and low energy precision electroweak data, for
a few typical values of new physics scaleand Higgs boson massy, .

my(GeV) 1 A(Tev) 100

10
115 —0.15<Ax=<0.23 —0.069<Ax=<0.12 —0.045< A =<0.08
300 0.074 A k=0.60 0.02EAK=<0.24 0.016<Ax=0.15
800 (excluded 0.20sAk=<0.45 0.1xAk=<0.26

central values of fiy,m;) and the expected errors ofn(y  comes from the subproce¥¥ W,"—W,"W," when the ini-

andm,) from the planned run-2 sensitivity of 20 MeV and 2 tial W," bosons are almost collinearly radiated from the in-

GeV, respectively. coming quarks or antiquarks. The scattering amplitude of
Using the allowed range of\S,AT) in Fig. 2a), we can  w,"W,” —W," W, contributes to the isospih=2 channel,

further constrain the new physics scaleas a function of the  anqd in the high energy regiorEf>m3,,m2), it is domi-

anomalous coupling\x for some typical values oS’  nated by the leading2-contributions, and

=my [cf. Eq. (6)]. Figure 3 depicts these constraints. With

Fig. 3, we can alternatively constrain the rangeAaf for a 2

given value of (\,my), which is summarized in Table I. Tl =2]=(x*-1)—. (8)

Figure 3 and Table | show that fon,=250-300 GeV, the v

A k<0 region is fully excluded, while a sizablex>0 is . . . .

allowed so long as\ is relatively low. Moreover, formy Using ’_[he partial-wave analysis, thewave amplitude

=800 GeV, the regionA<1.1 TeV is excluded. For the &.3=201S found to be

range ofmy=250-300 GeV, the preferred values Afk 5

>0 require theHW" W~ andHZZ couplings to be stronger ane=(k?— 1) E

than those in the SM. In this case, the direct production rate 20= (K 16702’

of the Higgs boson, via either the Higgs-strahlung or\fve

fusions in high energy collisions, should raise above the SMyhere E=M,,, is the invariant mass of the vector boson

rate. On the other hand, fon,;=250 GeV, the direct pro- pajr. The unitarity condition for this channel®i$Reay|

duction rate of the Higgs boson can be smaller or larger than-21/2= 1 in which the factor 2! is due to the identical

the SM rate depending on the sign afc. Hence, when particles w*W+) in the final state. This results in a require-
Ak<0, a light nonstandard Higgs boson may be partiallyment that

hiddenby its large SM background events. However, in this
situation, the new physics scale will be generally low.

C)

2 2
For instance, whenmy=115 GeV, a negativeAx= 1— 16mv <|k|<\[1+ 16mv (10)
—0.15(—0.28) already forces\<1(0.4) TeV. Finally, we E? E?
comment that, for a certain class of models, new physics
effects may also be induced by extra heavy fermions such d@sor example,
in the typical top-seesaw models with new vector-like fermi-
ons[29,37] or models with new chiral familie31]. In these |k|<3.6 for E=0.5 TeV,
models, there can be generic positive contributionSTo so
that the A k<0 region may still be allowed for a relatively 0.5<|k|<1.3 for E=2 TeV, (11
heavy Higgs boson, but such possibilities are very model-
dependent. In our current effective theory analysis, we con- 0.8<|«|<1.2 for E=3 TeV.

sider the bosoni¢iVV couplings as the dominant contribu-

tions_ to the oblique parameters, and assume th_at Oth?(s to be shown in the next section, the expected sensitivity
possible anomalous couph_ngsuch as the deviation in the of the LHC in determiningA « [cf. Eq. (13)] is consistent
gauge interactions abW/ttZ [38]) can be ignored. How- with the unitarity limit since the typical invariant mass of the
ever, independent of these assumptions, rtiest decisive \W*w™ pair, after the kinematic cuts, falls into the range
testof theHVV couplings can come from the direct measure-500 GeV< E<2~3 TeV. The contributions from higher in-

ments via Born-level processes at the high energy colliders,ariant mass values are severely suppressed by parton lumi-
which is the SubjeCt of the next two sections. nosities[:L?,sq, and are thus neg||g|b|e

C. Constraints on &« from unitarity requirement
yred IAnother convention in the literatur§l6,17] reads, |Reay

Before concluding this section, we discuss the possibility<1/2, fora,e=(x2—1)E2/(32mv2). In this convention, the partial
of unitarity violation in the scattering procesPp  wave amplitude of the elastic scatteridg" W+ —W+W*, beyond
—W* W*jj—lvlvjj for k#1, whose leading contribution the tree level, satisfies the relation &w |a|2.
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TABLE II. Cross sectiono, ,, (in units of fo of pp
—W; Wiy,jj at the LHC for various values ok with my
=115 GeV.W, denotes a polarized boson with the polarization

index\=T or L.

Ak Tall gL LT oTT
0.0 1.1 0.02 0.2 0.8
0.4 4.1 3.0 0.3 0.8

IV. TESTING & VIA VV SCATTERINGS AT THE LHC

PHYSICAL REVIEW D 67, 114024 (2003

Il of Ref. [17] that, after imposing the kinematical cuts, the
sum of the cross sections of the QCD background and the top
quark background is smaller than the cross section of the
remaining electroweak background by one order of magni-
tude. Thus the EW background needs to be studied in more
detail. For that, we have examined the polarization of the
final stateW™ bosons. In Table Il we list the cross section of
pp—>W{1W}f2jj at the LHC, for various values af x with

my =115 GeV, wherdV, denotes a polarized/ boson with

the polarization index =T or L. As expected, whep «| is
large, thew,"W," production rate dominates, and all the SM

Knowing the above constraints, we turn to the analysis ofackgrounds, after the kinematical cuts, are reasonably sup-
testing x via VV scatterings at the LHC. Following the pro- Pressed relative to the signal due to Efedependence of the
cedures described in Sec. Il, we calculate the tree-level crosdL Wi amplitude. However, fon x=0 (the SM casg al-
sections of the scattering processes

PP—Z ZLjj—1 I i T v,

pp— W W jj—1" 2l vjj,

pPP—W W jj—1" vl *vjj,

pp—WL W jj—1" vl vjj,

PP—Z W jj— 1171 ],

pPP—Z W, jj— 171717 vjj.

(12

though the QCD and top quark backgrounds are negligibly
small, the EW background contributed from th& and LT
polarizations are still quite large as compared to the signal,
cf. Table Il. Therefore, in this work, we shall take the cross
section forA k=0 (the SM casgas the remaining EW back-
ground cross section.

In Tables 1lI-VI, we list the obtained numbers of events
(including both the signals and backgroundsr an inte-
grated luminosity of 300 fb! with the parameters
115 Ge\=my <300 GeV and—1.0<A«=<0.7. In general,
the number of events fot>0 and«x<<0 are not the same.
However, the result of our calculations shows that the differ-
ence between them is very small. Thus we only list the num-
ber of events withAx=—1 (x=0) in the tables. We see
that the most sensitive channel to determine the anomalous

In our numerical calculations, we shall take the same kicoupling Ax is pp—W"W"jj—I1"vl*vjj (cf. Table Il
nematic cuts as those proposed in Ré&f] to suppress the due to its small background rates, and thus the weakest ki-
backgrounds discussed in Sec. Il. It has been shown in Tableematic cut§17].

TABLE lIl. Number of events at the LHC, with an integrated luminosity of 300%b for pp
—WEW=jj —I1Fv()Fv(v)jj (I"=e" or u™) with various values o, andA k. (Ax=0 corresponds
to the SM) The values ofNg/\Ng+ Ng are also shown in the parentheses.

PP—W W' jj =17 vl " vjj

my(GeV) Ak
-10 -06 -03 00 02 0.3 0.4 0.5 0.6 0.7
115 62(6.00 48(4.8 27(2.3 15 24(1.8 37(3.6) 58(5.6
130 62(6.00 48(4.8 27(2.3 15 24(1.8 37(3.6) 57 (5.5
200 62(6.00 48(4.9 28(2.5 15 22(1.5 33(3.1) 52(5.1) 78(7.)
300 61(5.9 49(4.9 30(2.7) 16 20(L.1) 29(2.6) 43(4.3 65(6.2 95(8.2 136(10.9
PP—W W jj =1 vl vjj
my(GeV) Ak
-10 -06 -03 00 02 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
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TABLE IV. Number of events at the LHC, with an integrated Ns/+/Ng+ Ng in Table 11l show that the LHC can limiA « to
luminosity of 300 b *, for pp—W*W~jj—1"vl"vjj (I"=€6"  the range
or u~) with various values oy andA«. (Ax=0 corresponds to
the SM) —0.3<Ak<0.2 (13

my(GeV) Ax at roughly the (1-3)o level if no anomalous coupling

Ak+#0) effect is detected.
—-10 -06 -03 00 0.2 03 04 05 0.6 0.7 ( . . . .
As mentioned in Sec. |, if the new physics above the

cutoff scaleA happens to maké k negative and close to

115 19 14 8 4 7 11 17 Axk=—-1 (k=0), the Higgs production rate may become so
130 19 14 8 4 7 11 17 small that the Higgs resonance may be difficult to detect.
200 19 14 8 4 8 12 19 29 However, we see from Table Il that the event numbers of
300 19 14 7 4 9 14 23 34 48 69 PPp—W'WTjj—I1"vl"vjj for this k value are much larger

than those for the SM, so that we can clearly detectkhe
=0 effect via these processes without the need of detecting
It is easy to check that the numbers in Tables V and V|'the resonance of a light Higgs boson. This is the clear ad-
for theZW* andZZ channels, are consistent with the unitar- Vantage of this type of measurements when the resonant state
ity bound. Only theW*W~ channel, cf. Table IV, needs of the Higgs boson is difficult to be directly detected experi-

further unitarization[ 16,17 It is expected that after unita- Mmentally.

rizing the scattering amplitudes, the corresponding numbers

in Table IV will become smaller, and thus this channel is less V. OTHER POSSIBLE TESTS OF x FROM FUTURE
interesting. Therefore in this paper we only take the best COLLIDER EXPERIMENTS

channel, thav* W™ channel(cf. Table IlI), to constrair «.

As discussed above, we shall take the SM evdfis
Ak=0) listed in Table Ill as the intrinsic SM electroweak
background rate in our analysis, i.&g=N(Ax=0). We
can then define the number of signal evelfits A «#0) as
Ns=N(Ax#0)—Ng. The total statistical fluctuation is
VNg+ Ng. To study the potential of the LHC in distinguish-
ing theA k# 0 case from the SM, we also show the deviation
of the signal from the total statistical fluctuation, First, let us consider the associate production of a Higgs
Ns/+VNg+ Ng, in the parentheses in Table Ill. The values of boson and vector bosorH(+ V) at high energy colliders.

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

A. AssociateHV production

TABLE V. Number of events at the LHC, with an integrated luminosity of 300%bfor pp—ZW*jj
=177 15 p(v)jj (I"=e" or u™) with various values ofmy (in GeV) andA«. (Ax=0 corresponds to the
SM.)

pp—ZW'jj =117 1" vjj

my(GeV) Ak
—-1.0 —-0.6 -0.3 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
PPp—ZW jj— 11717 vjj
my(GeV) Ak
-1.0 -0.6 -0.3 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
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TABLE VI. Number of events at the LHC, with an integrated luminosity of 300 ffor pp—ZZjj
=17 17171 (vw)jj (I"=e* or u™) with various values ofny (in GeV) andAx. (Ax=0 corresponds to
the SM)

PP—ZZjj—1 11T 1Tj

my(GeV) Ak
—-1.0 —-0.6 -0.3 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—ZZjj—I 1" vjj

my(GeV) Ak
-1.0 -0.6 -0.3 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

The studies at LEP-2 concluded that the mass of the SMhe Tevatron run-2 by having a larger integrated luminosity
Higgs boson has to be larger than about 114.3 G&8}. For  until the systematical error dominates the statistical error.
a non-SM Higgs boson, this lower mass bound will be dif-The same process can also be studied at the LHC to test the
ferent. For example, in the supersymmetric SM, th&-Z anomalous coupling. However, because of the much larger
coupling is smaller than that of the SM by a factor of ain( background rates at the LHC, the improvement on the mea-
—pB) or cos@—B), depending on whethéd denotes a light surement ofk via the associate production &f and Higgs

or a heavyCP-even Higgs boson, and the above-mentionedboson is not expected to be significant.

lower mass bound is reduced to about 90 G&V9]. If the
mass of the SM Higgs boson is around 110 GeV, it can be
discovered at the Tevatron run-2. Assuming an integrated
luminosity of 10 fo'!, the number of the expected signal  The anomalouHVV coupling can also be tested from
events is about 27 and the background events about 25&easuring the total decay width of the Higgs boson. When
according to Table &he most optimal scenaiof Ref.[41].  the Higgs boson mass is larger than twice Zngoson mass,
Therefore the #r statistic fluctuation of the total event is it can decay into & boson pair which subsequently decay
\27+258~17. Consequently, at theol level, 0.6<|«| into four muons. This decay channel is labeled as one of the
<1.2, and at the @ level, |K|<l.5.2 Similarly, we estimate “gold-plated” channels(the pure leptonic decay modese-

B. Measuring total decay width of a Higgs boson

the bounds onk| for variousm, as follows: cause it is possible to construct the invariant mass oZthe
pair in this decay mode with a high precision, which pro-
my(GeV) lo 20 vides a precision measurement on the total decay width of
the Higgs boson. A detailed Monte Carlo analysis has been
110:  0.6s[«[<1.2, O<[«[=15, carried out in Ref[42] to find out the uncertainty on the
measurement of the Higgs boson width. Assuming that there
120: 0.4<|«|<1.4, 0O<|k|<1.6, (14  is no non-SM decay channel opened and only the anomalous
HVV coupling is important, one can convert the conclusion
130: Os|k|s=15, Os|k|<1.8. from [42] to the bounds om\ k. Since the decay branching

ratio of H—W"W~ or ZZ for a SM heavy Higgs boson is
We see that the above limits anare weaker than that in Eq. large(almost 100% fom,>300 GeV), the total width mea-
(13). Of course, the above bounds can be further improved aurement can give a strong constraint enWe define the
accuracy on the determination of using the relation
—nAT'<I'(«)-TI'(k=1)<nAl', where n=1,2 denoting
2This bound can be improved by carefully examining the invariantthe 1o and 2r- accuracy, respectively, add{ ) is the width
mass distribution of théb pairs. of the Higgs boson for a general valueof I'(«x=1) is for
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TABLE VII. Decay branching rati®(H— yv), in the unit of 10 3, as a function ofA « for variousm,, .
my(GeV) Ak
-04 -03 -02 -01 -005 00 005 01 02 03 04
110 2.8 24 2.2 2.0 2.0 1.9 1.9 18 18 17 17
120 43 3.2 2.7 24 2.3 2.2 21 21 1.9 18 17
130 6.7 4.4 3.2 2.6 24 2.3 21 20 18 16 15

a SM Higgs boson, andT" is the experimental accuracy in
measuring the Higgs boson width. From Table 3 of R&2],

we find that at the LHQwith an integrated luminosity of
300 fb ! [43]), the bounds om\ k obtained from the mea-

k’B(k)/B(k=1), denoted asR, using the relationSgy
—N{yB+Sgu=RSsy=Ssyt+NVB+Ssy, Where 5 is the
background rate and=1,2 denotes the & and 20 accu-
racy, respectively. Assuming an integrated luminosity of

surement of the total decay width of a Higgs boson, via theygg 571 \we find that the bounds oR for variousm,, are
procespp—H—ZZ—u " u pn*u~, are as follows: ’

lo 20

My (GeV)

200-300: 0.8 |x|<1.1, 0.8<|x|<1.2.

C. Decay branching ratio of H—yy

Another important effect of a nonvanishing anomalous
coupling « is to modify the decay branching ratio ¢

my(GeVv)

(15

120:

130:

— v, and hence, the production rategd—H — yvy at the

LHC. In Table VII, we list the decay branching rati®(H

—vyy) as a function ofAx for various my. As shown,
B(H—vyvy) decreases foAx>0, and increases foAx

<0. For example, for a 120 GeV Higgs bos@{H— yy)

110:

150:

170:

lo
0.8&R=<1.13,
0.94<R=<1.06,
0.9%R=<1.03,
0.9%R=<1.03,

0.98R=1.02,

20
0.74<R<1.26,
0.88<R=<1.12,
(16)
0.93<R=<1.07,
0.94R<1.06,

0.95:R=<1.05.

To extract the bound o, we need to know the decay

decreases by 14% fakx=0.2 and increases by 45% for branching ratioB(«x) of H—WW* assuming that the effec-
tive Lagrangian(2) differs from the SM Lagrangian only in
the coefficientc. A few values ofB(«) as a function ok for

variousmy, are given in Table VIII. The result of Table VIII

Axk=-0.3.

D. Detecting a Higgs boson resonance

effective Lagrangiar(2), the Lorentz structuréand the di-
mension of the anomalous couplings and k' is the same

as the SM coupling. Therefore the result of the study per-
formed in Ref[44] also holds for the current study whem,
is less than twice th& boson mass. In this case, its produc- "
tion rate isk?SgyB(«)/B(k=1), whereSsy, is the SM rate,
and B(«) is the decay branching ratio ¢ —WW* for a
general value ofx. Needless to say tha(x=1) corre-

sponds to the SM branching ratio.

boson decay, such as whem, is larger than twice th&V
boson mass, the ratio of the decay branching ratiosHor
—WW*, B(k)/B(k=1), would be close to 1. However,
this ratio can be quite different from 1 whemy is small. For
example, fomy =120 GeV, the rati®(«)/B(x=1) is 0.68
and 1.4, respectively, fok=0.8 andk=1.2. From Table 1

When the SM Higgs boson is light, it is expected that theand Eq.(16) indicates thak can be measured at a few per-

production rate ofggq—qqH with H—-WW* —IlI"E; is
large enough to be detected at the LHC, and this process can
also be used to test the coupling of tH&VW[44] by study-
ing the observables near the Higgs boson resonance. In thé

cent level when a light Higgs boson is detected. However, in
our opinion, this conclusion seems to be too optimistic be-
cause the systematical error of the experiment at the LHC is
expected to be at a similar level of accuracy.

E. At the Linear Collider

Before closing this section, we note that the anomalous
coupling ofHZZ andHW*W~ can also be tested at the LC

via the processese*e*—>ZH(—>Rg), e e —ee'H
(—bb) via ZZ fusion, ande”e* — vvH(—bb) via WW~
fusion. In Refs[3,4], it was concluded thah « can be de-

termined better than a percent level for a 120 GeV SM-like
When theWW (andZ2) decay mode dominates the Higgs Higgs boson produced from the above processes, assuming

an integrated luminosity of 1 aB for a 500 GeV(or 800
GeV) LC. After converting the notation in Ref4] to ours,
the 20 error in measuring\ « is found to be at the level of
0.3%. Thus the expected precision in the measuremehiof
at a high luminosity LC is higher than that at the LHC, in the
case of a SM-like Higgs bosofi.e., the decay branching

of Ref.[44], one can determine the constraint on the ratioratio of H—bb is about 1. Even in the case that the Higgs
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TABLE VIII. Decay branching ratidd(«)=B(H—WW*) as a function of x| for variousmy .

m,(GeV) | ]
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 0.069
120 0.048 0.064 0.082 0.10 0.11 0.12 0.13 0.14 0.17 0.19 0.21
130 0.12 0.16 0.20 0.24 0.26 0.28 0.30 0.32 0.35 0.39 0.42
150 0.48 0.55 0.60 0.65 0.67 0.68 0.70 0.71 0.74 0.76 0.78
170 0.95 0.95 0.96 096 0.96 0.97 0.97 0.97 0.97 0.97 0.97
boson is not SM-like, the LC can still determinex by 1 R R
studying the Higgs-strahlung processe™ —Z(—I*I")H O =59 (P'®)d, (P D),

and theZZ fusion procese e*

—e~ e"H, whereH decays

into anything[5]. However, due to its much smaller rate, the 1
sensitivity toA « is lower than the SM-like case. In the next O(I,,3=§(<I>T<I>)3, (18
section, we shall show that the precision of determining the

dimension-6 anomalous couplings W&/ scatterings at the
LHC will be comparable to the level of the precision ex-

pected at the LC.

VI. TESTING ANOMALOUS HVV COUPLINGS FROM

DIMENSION-6 OPERATORS

A. Anomalous HVV couplings from dimension-6 operators

Owww= T W, W"PW-],
OWW: (DTWMVWMV(I),
OBB: (I)Té/_“}é'uvq) y

Ow=(D,®)"W*"(D,®),

Now we consider the test of the anomaldd¥V cou-
plings from the dimension-6 operators arising from the lin- Og=(D ®)'B#*(D,d),
early realized effective Lagrangian. In the linearly realized ® !
effective Lagrangian, there is no gauge invariant anomaloug hare  andW  stand for
operators at dimension-3 and dimension-4, and the leading my mr
anomalouddVV couplings are from the effective operators of R g’ R g
dimension-g14,15. (All the gauge invariant operators with Buy=15Buy, Wy, =i EUanw. (19
dimension-4 or less have been included in the SM Lagrang-
ian) In the following, we shall analyze the test of these lead-, \which gandg’ are theSU(2) andU(1) gauge coupling
ing order anomalous couplings. As is shown in Rgtd, 15, constants, respectively.
the C . and P conserving. gﬁectivg Lagrangian up to At tree level, the operato®g 1, Ogw, Opw, andOpg
dimension-6 operators containing a Higgs doullleand the  j, ¢ (1) affect the two-point functions of the weak boson

weak bosond/? is given by

fn
Eeﬂ:; Pon-

wheref,’s are the anomalous coupling constants. The opera-

torsO,'s are[14,15

O41=(D,®)'®'®(D D),
OBW: (I)TBMVWMVQ,
ODW: Tr([D/J. ,Wyp][DM,WVP]),

g/2
Ops=— 5 (7,B,,)(#B"),

(17) P

V when® is taken to be its vacuum expectation value:

0
) . (20

J2\v
Thus they are severely constrained by the precigigole

and low energy data. In Ref15], it was concluded that at
the 95% level, in units of TeV?, the magnitude of py/A?

or fg1/A? is constrained to be less than 1, afih/A? or
fsw/ A2 can be about a factor of 10 larger. We shall update
these bounds in Sec. VIB. Since it will be very difficult to
observe the effect of these operators in the high-energy ob-
servables, in what follows, we will neglect their effect when
discussing thé&/V scatterings.

The two operator€g ; and O, , in Eq. (18) lead to a
finite renormalization of the Higgs boson wave functjas].
Similarly, the two operatoQyg, 3 induces a finite renormal-
ization of the Higgs potentidll5]. In a recent paped], it
was shown that after renormalizing the Higgs boson field so
that the residue of its propagator at its mass pole is equal to
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one, two effective anomalous couplings of a Higgs boson tavith s=sin 6, c=coséy. In our calculation, we have in-
gauge bosons are induced by the dimension-6 ope@ator  cluded the complete gauge invariant set of Feynman dia-

as grams that receive contribution from the anomalous opera-
tors Oywww: Oww: Ogg, Ow, and Og. For example, the

_f¢’2(UH+H2) 2 A 1, u triple vector boson self-couplings include the contributions
A2 My W, W5+ EmZZMZ ' from the operator®©yww, Ow, andOg, while the quartic

vector boson self-couplings are induced @y andOy .

After converting the above anomalous couplings to the notal he reason that the operatd@gyy and Ogg do not modify
tion introduced in Sec. Il for a nonlinear effective theory, the gauge boson self-couplings is as follows. When the
the anomalous coupling « corresponds to- fg v2/4A2. Higgs field of those operators is replaced by its vacuum ex-
For example, at a 500 Gelor 800 Ge\f LC with an inte-  pectation value, |t_ seems that they would mduce_anomalous
grated luminosity of 1 ab!, the 2o statistical error on the Operators to modify the gauge boson self-couplings. How-
determination of the anomalous couplifg, JA?is at the ever, the resulting operators are proportional to the kinematic
level of 0.2 TeV' 2, for a 120 GeV SM-like Higgs bosdi].  term of the SU(2) and U(1) gauge bosons, and lead
This corresponds to the determination &k at about the t0 @ finite wave- fU”Ct'BQ renormalization of the gauge
0.3% level. Since this operator can only generatdfields by constants Z;3=(1-g*fyw?2A%) "2 and
E2-dependence of th&, V —V,V, scattering amplitude, Z32=(1—g'?fggv?/2A%)" 1/2, respectively. Therefore, from
and it is best determined at the LC for a SM-like Higgsthe fact that the building blocks of the effective Lagrangian
boson, in what follows, we will neglect its effect in our stud- ﬁeﬁ, cf. Eq. (17), involving gauge bosons argW,,,
ies. g’'B,,, and the covariant derivativB ,, we can perform
The operatoiOy, contributes to the triple and quartic a f|n|te charge renormalization of the gauge couplings
vector boson self-couplings, but not the anomalous coupling and g’ by constantsZy=(1+g*fyww?/2A%) "2 and
of Higgs boson to gauge bosons. On the other hand, the Iagt —(1+g'2fggv2/2A2)~ 1/2’ respectively, so that the net
four operatorOy, Ogs, Ow, andOg in Eq. (18) contrib- ettt of the operator®,,y and Ogg is to modify only the

ute to the following anomalouslVV couplings[15]: couplings of a Higgs boson to gauge bosons, but not the
H T ’ 2 B self-couplings of gauge bosons.
L et= OryyHA LAY +g(HZ)7AMVZN‘7 H +g'(42)7HA Wz In Eq. (21), the anomalou$iVV couplings are expressed
Q(le)zz ZrH+ g HZ, 7 in terms of the Lorentz-invariant dimension-5 operators con-
taining the Higgs boson and the gauge bosafs, Z, and
IwW(W, W™ H + H.c) + giuH W, W7, y. Among them, the operatordA, A", HA,,Z",
21) HZ,,Z"", and HW+ JWTHY can also be induced from the
gauge -invariant d|men3|on 5 operators in the nonlinear real-
where ization of the Higgs sector because in which the Higgs field
H is an electroweak singlet. Thus it is worth noticing that the
gmy | s*(fget fuw) following LHC study of testing the linearly realized anoma-
OHyy= — A2 2 ) lousHVV couplings viavV scatterings may be generalized to
the case of the dimension-5 operators in the nonlinear real-
ization.
1 _ gmy | s(fw—fg)
Onz,= A2 2c ' B. Constraints onf,, from the existing experiments
and the unitarity requirement
) (ng s[s?fgg—cC fWW] There are known experiments that can constrain the size
OhHzy= A2 c of the anomalous coupling constarits.
The constraints on the anomalous coupling constants
fwww fww, fes, fw, andfg have been studied in Refs.
(1) -
9hzz= ( faw/A? andfg, 1/A?, respectively. Thus we can obtain the

68% and 95% C.L. bounds on thefg(y/A%)~(fp1/A?)
4fBB+C foww plane directly from the corresponding bounds in Fi¢n)2
) This is shown in Fig. 4. We see from Fig. Fig. 4 that the
precision data give quite strong constraintsfgg,/A? and
fq)’1/A2. At the one loop levelAS and AT are related to
g — ( gmw) fw five other anomalous coupling constants through loop correc-

A2 ) 2

2 2
) fW+s fB (22) [15,45 46 At the tree level AS and AT are proportional to

2 tions. Following Refs[15,45,4G, we make a one parameter
fit of the five anomalous coupling constants by using the
formulas given in Ref[46] and the updated S-AT bounds

g(2) — (gmw) foww, in Fig. 2(a). The obtained 95% C.L. constraini® units of

A2 TeV~?) for my=100 GeV are
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784 3556m,, f 638 3733n
. -—+ 3Wsi§<—2+ BW, (26)
0044 A A A A A
—~ ooz fuf 352 4.86 fwqug 38
> A2| A2 Amy' | A2 | 3g2A%
b 0.00
in which we have put the center-of-mass enen&ye/\. For
u A~2 TeV, the bounds arén units of TeV ?)
I =0.02
: f f f
0.04 | B <24.5, v <7.8, W <7.5,
A2 A2 A2
-0.06 T T 1 T 1
-0.15 -0.10 -0.05 0.00 0.05 0.10 BB f w
—160< —=197, |—|<39.2. 2
/A (TeV?) e 2 @7

FIG. 4. The 68% and 95% C.L. bounds bg,/A? andf, ;/A?
(in units of TeV ?) from the tree level formulas af S andAT [40]
and theAS-AT bounds given in Fig. @).

These bounds are essentially the same level as the above
bounds(23) and (24).

We see that, except for the constraints from the precision
data(cf. Fig. 4), all other constraints are rather weak. Fur-

2
—6=fwww/A°<3, thermore, the above constraints iyt A2 lead to the follow-
) ing constraints(in units of TeV') on the anomalous cou-
—6<fw/A®<S5, pling constantsgw, 9w, 942,, and g{2,, cf. Eq.
5 (22), related to thevV scatterings:
—4.2<fg/A°<2.0, (23
—0.20<g{{hw=0.065,
—5.0<fyw/A2<5.6, Frww=
_ —a®
—17<fgg/A?<20. 1.2<—g?),,=0.73,
These constraints are much weaker than that shown in Fig. 4 —0.26<g({},<0.24, (28
because these five anomalous coupling constants contribute
to AS and AT through one loop corrections which are sup- —0.62$—gf422)z$0.36.

pressed by the loop factor 1/48.

The triple gauge coupling data lead to the following 95%we shall see in the following section that the limits on these
C.L. constraintgin units of TeV <) [6,15,47,48 coupling constants obtained from studying ¥ scattering

) processes at the LHC will be significantly stronger than those
—31=<(fw+fg)/A“<68 forfywnw=0, in Eq. (29).

—41< ’< +fg=0.
A= fuwww/ A7<26 forfy+fg=0 (24) C. Testing f, via VV scatterings at the LHC

Furthermore, the Higgs searches data at the LEP2 and the The test of the anomalouslVV couplings from the
Tevatron can give rise to the following 95% C.L. bound ondimension-6 operators Vvi®V scatterings is quite different

fwwes) (in units of TeV 2?) for my=<150 GeV[6] from that for the dimension-3 operator. The relevant opera-
tors in Eq.(18) contain two derivatives, so that the interac-
fwwes) tion vertices themselves behavelsat high energies. Thus,
—7.5s———=18. (25 at high energies, the scattering amplitudes/p¥, —V, V,

grow asE* and those containing transverse components,

The theoretical constraint oy, coming from the require- Le., VVr—V Vi, ViV — ViV, , andV V, —VqVr, grow

2 B .
ment of the unitarity of th& matrix has been studied in Ref. asE”. Hence the scattering processes contaiMpgctually

[49]. In terms of the present symbols of the anomalous Coupehave asignalsrather than backgrounds. This is very dif-

pling constants, the unitarity bounds given in K] read ferent from the case of the nonlinearly realized dimension-3
(in units of Te\f,z) anomalous coupling studied in Sec. IV. As discussed in Sec.

Il, since theV;V; andV V- scatterings also contribute to

f 98 f 31 the signal rate, we decide to do the ful-24 tree level
B <, W <, calculation, in contrast to performing the calculation using
A% A% A% A? the EWA folded by the 22 VV scattering amplitudes. Nev-
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TABLE IX. (A) Number of events at the LHC, with an integrated luminosity of 300 ffor pp— W*W* —I=vl*vjj (I*=e* or
1) in the linearly realized effective Lagrangian with various valuesgfandf,,/A2. The values oNg/y/Ng+ Ng are also shown in the
parenthesegB) Number of events at the LHC, with an integrated luminosity 300 ftfor pp— W*W* —1= vl *vjj (I"=e* or u*) in
the linearly realized effective Lagrangian with various valuesmpf and f\,/A?. The values ofNg/\/Ng+ Ng are also shown in the
parentheses.

A

pPP—W W' jj =17 vl T vjj
my(GeV) fw/A? (Tev?)

—4.0 —-3.0 —-2.0 -14 —-1.0 0.0 0.85 1.2 2.0 3.0 4.0
115 1179.9 72(6.7) 38(3.7) 26(2.2) 20(1.1) 15 201.1) 252.00 42(4.2 78(7.1) 12910
130 1189.5 72(6.7) 38(3.7) 26(2.2) 20(1.1) 15 201.1) 252.00 42(4.2 78(7.1) 13010
200 1199.5 736.8 383.7 26(2.2 20(1.1) 15 201.1)) 252.0 424.2 797.2 13210
300 1219.6 756.9 393.8 27(2.3 21(1.3 16 211.3) 26(2.2 434.3 80(7.3 13410
PP—W W jj =11l vjj
my(GeV)  fyw/A? (TeV ?)

—-4.0 -3.0 —-2.0 —-1.4 -1.0 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—W W jj =17 vl " vjj
my(GeV) fuw/A2 (Tev?)
—-4.0 -3.0 —-2.2 -1.6 0.0 1.6 2.2 3.0 4.0

115 4747 33(3.1) 252.0 190.9 15 201.1)) 26(2.2 333.1) 484.9
130 484.890 33(3.1) 252.0 190.9 15 201.1)) 26(2.2 343.1) 49(4.9
200 494.9 3433 252.0 1909 15 201.) 2622 353.4) 504.9
300 515.00 353.4 2622 201.1) 16 211.3 2723 3635 525.1)
PP—W W jj =171l vjj
my(GeV) fuw/AZ (TeV-2)

—-4.0 -3.0 —2.2 —-1.6 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

ertheless, we shall use the EWA to check the high energshe same order of magnitude, the interferences between them
behavior of the full calculation, in the case that the anomamay be significant, depending on the relative phases among
lous coupling is large. them. This undoubtedly complicates the analysis. In the fol-
We calculate the tree level cross sections for all the prolowing, we again perform the single parameter analysis, i.e.,
cesses listed in Eq12) with the same method described in assuming only one of the anomalous coupling constants is
Sec. IV, but for the linearly realized effective Lagrangiandominant at a time. We see from E{.8) that the coupling
theory. Since there are several dimension-6 anomalous cogenstants related t&V scatterings ardywww: fww, fsg.
plings related to the/V scatterings in this theorjcf. Eq.  f,y, andfg. As discussed in Sec. VI A, the operatdgyw
(18)], the analysis is more complicated than in the nonlineadoes not induce the anomalous coupling of a Higgs boson to
realization case. If the anomalous coupling constants are afauge bosons, and it may not be directly related to the elec-
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TABLE X. Number of events at the LHC, with an integrated luminosity of 300 b for pp
—W'Wjj —I1*vl " vjj (IT=e" or u™) in the linearly realized effective Lagrangian with various values
of my andfy, /A2

my(GeV) fw/A2 (Tev?)

-4.0 -3.0 -2.0 -1.0 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

troweak symmetry breaking mechanism, so we assume it i the parentheses in Table (X). If no anomalous coupling

small in the following analysis. Detailed calculations showeffect is found via this process, we can set the following

that the contributions of g and fzg to the most sensitive bounds onf,,/A? (in units of TeV ?):

pp—W W' jj—1*2l"vjj channel are small even if they 5

are of the same order of magnitude as the anomalous cou- lo: —1.0<fyw/A®<0.85,

pling constantsf,, and fy,. Hence we shall ignore their

contributions in the following analysis, and discuss only the 200 —14<fy/A*<12, (29

sensitivity of theVV scatterings to the measurement fgf for 115 GeVism, =300 GeV

and - )
In the case thaf,y, dominates, the obtained numbers of

events at the LHC with an integrated luminosity of

300 fb %, for various values ofmy andf,,/A?, are listed in

In the case that,,,y dominates, the numbers of events are
listed in Table IXB), and the corresponding bounds i@
units of TeV ?) as follows:

Table IX(A) and Tables X—XII. From these tables, we see 1o  —1.6<fyw/A%<1.6,
that the most sensitive channel is stiip—W*"W7jj
— 1" vl " vjj, as listed in Table IXA). All other channels are 200 —2.2<fuw/A?<2.2, (30)

less interesting. Similar to the numbers in Table IIl, the num-

ber of the SM eventéor f,,/A2=0) is taken as the intrinsic which are somewhat weaker than those in £9).

electroweak backgrounds, i.&g=N(f=0). The number To see the effect of interference, we take a special case as
of the signal eventsfor f,,/A2#0) is then defined adls  an example, in whictiy,=—fyw=T, i.e.,g)y andg{dy in
=N(fw#0)—Ng. We also list the values of the deviation of Eq. (22) are of the same sign. Then we obtain the following
the signal from the total statistical fluctuatidtg/ Ng+ Ny, bounds(in units of TeV ?):

TABLE XI. Number of events at the LHC, with an integrated luminosity 300 ¥bfor pp— ZZjj
=171 11" " ww)jj (I7=e" or u™) in the linearly realized effective Lagrangian with various values of
my and fy, /A2

pp—ZZjj—I 1" vjj

my(GeV) fu/AZ (Tev-?)

-40 —-3.0 —-20 -1.0 0.0 1.0 20 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—ZZjj—1T171717jj
my(GeV) fw/A? (Tev?)

-40 —-30 —-20 -10 0.0 1.0 20 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
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TABLE XII. Number of events at the LHC, with an integrated luminosity 300 ¥pfor pp—ZW*jj
—1=vl*17jj (IT=e" or x™) in the linearly realized effective Lagrangian with various valuesnpfand
fu /A2,

PP—ZW jj =1 171 vjj

my(GeV) fw/A? (Tev ?)

-40 -30 -20 -10 0.0 1.0 20 30 40
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
PPp—ZW jj— 11717 vjj
my(GeV) fuw/A? (TeV2)

—-4.0 —-3.0 —-2.0 —-1.0 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

lo: —0.6<f/A?<0.5, lo:  —0.026<g{ihw<0.022, (32)
_ (1)
20 —0.9<f/A?<0.75 (31) 0.026<g}2,<0.022,

—0.014<g({2,<0.012,
In this case, the interference enhances the sensitivity. Of @)
course, iffy=fyw="f, the sensitivity will be reduced. —0.083<gyjww=<0.083,
From the bounds in Eq929), (30), together with the
relations in Eq(22), we obtain the corresponding bounds on
gy, i=1,2(in units of TeV1):

—-0.032<g%),<0.032,

—0.018<g{7,<0.018,
g 0.4 s
-4 4 [
- (4}
-~ E 0.08 -
> 0.3
(] >
@ 006
s 8
E‘ 0.2 3
[ 5 0.04 4
-g a
5 £
E 0.1 Z 0024
[  —d
c
g o
w o
0.0 ; ; 0.00 4
3000 4000
M(W+W+) (GeV) : - o

1000
M(ll) (GeV)
FIG. 5. Invariant mass distributions of th&y*W™" pairs pro-
duced at the LHC formy=115 GeV with fy/A%=fg/A? FIG. 6. Invariant mass distribution of the dileptons from the
=5 TeV 2. The solid curve is the result from the complete tree decay ofW* bosons produced at the LHC vigp—W*W™jj for
level calculation; the dashed curve is the result from the EWA calm,=115 GeV with f\y/A?= —f,w/A%=0.75 TeV ? [Eq. (31)]
culation with the exactW, W, —W; W, amplitude; the dotted (solid line), fy/A%2=1.2 TeV 2, fyw/A?=0 [Eq. (29)] (dashed
curve is the result from the EWA calculation with the asymptotic line), fyw/A?=2.2 TeV 2, fy/A?=0 [Eq. (30)] (dashed-dotted
formula[49] for the W, W, — W, W, scattering amplitude. line), and the SM(dotted ling.
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he anomalotb/V coupling « (=1+ Ak) from the
studied in Sec. Ill.

Types of constraints Results Places in the text
Precision EW data regions shown in Figs. 2 and 3, Table | (Bq.
Unitarity (at \s=2 TeV) 0.5<|«|<1.3 Eq.(11)

W*HW* scattering —0.3<Ak<0.2 Eq.(13

HV production (ny=120 GeV) Os<|k|<1.6 Eq.(14)

Higgs width (my=200-300 GeV) 0.8&|k|<1.2 Eq.(15
B(H—vyvy) Table VII Sec.VC

Higgs resonancenfy =120 GeV) 0.88&<R=<1.12 [R=«?B(k)/B(x=1)], Table VIII Eq. (16)

LC (500 GeV, 1 ab?l) |Ak|<0.3% Sec. VE

200 —0.036<g{}),,=0.031,
—0.036<g{},=<0.031,
—0.020<g{;2,=0.017,
—0.11=g{&h<0.11,
—0.044<9%),<0.044,

—0.024<g(;) <0.024.

These bounds are to be compared with the Hound on
g{ah obtained from studying the on-shell Higgs boson pro-

duction via weak boson fusion at the LHC, as given recentI)J

in Ref. [8]. In Ref. [8], g%\, is parametrized ag{i\w
=1/As=g?%v/A3, and the obtained & bound onAg for an
integrated luminosity of 100 fbt is about Ag=1 TeV,
which corresponds tg{%),,,= 1/As=<0.1 TeV . We see that
the 1o bounds listed in Eq(32) are all stronger than this
bound. For an integrated luminosity of 300 th the bound
g2 w=1/As<0.1 TeV ! given in Ref. [8] corresponds
roughly to a 1.4 level of accuracy. Comparing it with the
results in Eq(32), we conclude that our&bound ong{Z\
is at about the same level of accuracy, while our lZounds
on the other fiveg{}),, (i=1,2) are all stronger than those
given in Ref.[8].

It has been shown in Ref3] that the anomalou$iZZ
coupling constantg(}), andg{?), can be tested rather sen-
sitively at the LC via the Higgs-strahlung proces$e™
—Z*—~Z+H with Z—ff. In Ref.[3], g}, andg{Z, are
parametrized agfi),= (92/m;) ¢y andgi;),=(gz/my) bz,
respectively, The obtained limits on the coefficien{sand
by arec,~by~0(10"3) [3] which correspond to the limits
ot),~g{2),~0(1073-102) TeV~ 1. Although the LHC
W*W* scattering bounds shown in E@2) are weaker than
these LC boundsN*W* scattering at the LHC can provide

the bounds org{{yw, i=1,2. So that the two experiments
are complementary to each other.

To verify that our calculation does give the correct
asymptotic behavior as that given in Ref9], and to see the
difference between the complete tree level result and the
EWA result (with only the V, V, —V,V, contribution in-
cluded, we plot in Fig. 5 theMy,, distributions in the
W*W* channel withf,,/A?=5 TeV 2 from the complete
tree level calculatiorisolid curve, the EWA calculation with
the exactWw, W, —W,;"W," amplitude (dashed curve and
the result from the EWA calculation with the asymptotic for-
mula [49] for the W, "W, —W, "W, scattering amplitude
(dotted curve We see that the three curves coincide at high
energies which indicates that the asymptotic behavior of the
complete tree level result obtained numerically is correct.
The dashed curve is significantly below the solid curve at
ower energies, which shows that the signal from the trans-
verse component contributions taken into account in the
complete tree level calculation is very important. The dotted
curve is much lower than the dashed curve at low energies
even though they are all from the EWA approach with only
the longitudinal component contributions taken into account.
This is because that there are contributions of energy-
independent terms contained in the dashed curve which are
not included in the dotted curve, and the energy-independent
terms cause the dashed curve to peak significantly in the low
energy region due to the larger parton luminosities in the
smallerM,y region. To check the correctness of this expla-
nation, we have calculated not only tié,, distribution
with a constant amplitude which shows the above-mentioned
peak, but also thi,, distributions for the two EWA curves
with a very largef\/A?, say fy/A%2=100 TeV 2, with
which the energy-independent terms are unimportant. In-
deed, the two obtained curves in this case almost completely
coincide, and the peak is shifted significantly to the high
energy region. Finally, we note that for the values of the

31t only contains terms proportional #* or E2. The E° contri-
bution is not included.
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TABLE XIV. Summary of the 2r constraints on the anomalous coupliffigg¢A? (in units of TeV 2) associated with the dimension-6
operatorgcf. Egs.(17)—(19)] and the related form factogi}),, andg{Z), (in units of TeV %) [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

f f
—0.05<—21<0.02, —0.10c—¥<0.05.
A2 A2

one-parameter fit at one-loop level:

f f f
= -WWW_3 o< W<p5 —42<-2<2p,
A2 A? A2
fww fes
-50<—-=<5.6 —17<—<20. Eq. (23
A2 A2
fy+f
Triple gauge coupling data —31< (WA—ZB)S68 (for fyyww=0),
f
—41< %"sze (for fy+f,=0). Eq. (24)
LEP2 Higgs searches —75< %slg, Eq. (25
itari i f f f
Unitarity requirement A_bz <245, Tw <738, WwWwW <75,
= f
(at ys=2 TeV) —160< % <197, |2 <39.2. Eq.(27)
W*W* scattering 1o 20
f f
—1.0<—2<0.85, —ld<—<1.2. Eq. (29
A2 A2
fww fww
—1.6<——<1.6, —2.2<——<2.2. Eq. (30
A? A2

or
—0.026<g)\y<0.022, —0.036< g{})=<0.031.
—0.026<g{}),<0.022, - 0.036<g{}),=<0.031.
—0.014<g{{},<0.012, - 0.020<g{2,=<0.017.
—0.083<g(3),,<0.083, —0.11=g(2),,,<0.11.
—0.03<g(%,<0.032, — 0.044<g{%),<0.044.
—0.018<g{{),<0.018, - 0.024<g(?) <0.024. Eq. (31)

HVV coupling at
LC (500 GeV, 1 ab)

Sec. VIA

anomalous couplings relevant to the bounds given in Egsample, Fig. 6 shows the distribution of the invariant mass of
(29) and (30), the unitarity condition is well respected, so the dileptons from the decay of the final stat&” bosons
that our full 2—4 calculation is justified. Furthermore, since produced viapp—W*"W™jj for various scenarios of the
in our full 2—4 calculation, we keep track on the polariza- anomalous couplings. It indicates that examining in detail
tion states of the final staMbosons, we can also predict the various kinematical distributions might help to distinguish
kinematical distributions of the final state leptons. As an ex-arious scenarios of the new physics effect.
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VIl. CONCLUSIONS constantsyy, fww, fwww: fg, andfgg via Eq.(22). These
anomalous coupling constants are constrained by the preci-
We have examined the possibility of testing the anomasion electroweak data, the triple gauge coupling data, and the
lous HVV couplings of a light Higgs boson with mass requirement of the unitarity of th® matrix. Such constraints
115 Ge\=my, <300 GeV at the LHC via various channels on the coupling constants are given in Eqs(23)—(27). The
of VV scatterings. This type of test is of special interest if thecorresponding constraints 1\3\/\/\/, gﬂz&/w, Qﬂlz)z, andg,(fz)z
anomalousHVV couplings differ from that of the SM by a are shown in Eq(28) which restricts these anomalous cou-
significant amount so that the direct detection of the HiggsPlings to be of0(10~*)—O(1). Ourcalculation shows that
resonance is difficult. The study includes two types ofthe anomalousiWWcouplings can be sensitively tested via
anomalousHVV couplings, namely the anomaloh’/V cou- Pp—‘WWV_JrJJ =1 vl wjj - Since there are several anoma-
plings from the nonlinear dimension-3 operafd3] and lous couplings fr_om the dlmenS|_on-6 operators COI’]-tI.‘IlZ-)UtI.ng
anomalous HVV couplings from the linearly realized to the VV scatterings, the analysis of the LHC sensitivity is

dimension-6 operatofd4,15. The gold-plated pure leptonic M°re complicated than in the nonlinearly realized case. If the

modes are chosen for detecting the final state weak boson@nomalous couplings are of the same order of magnitude, the

To reduce various kinds of backgrounds, we impose the ki[nterferences depending on their relative signs could be sig-

nematical cuts suggested in REE7].4 The calculations are nificant. In this study, we made a single parameter analysis,

. ; : i.e., assuming only one of the anomalous coupling constants
carried out numerically for the full cross sections pp

is dominant at a time. Detailed calculations showed that the

—VVjj including both the signals and the backgrounds un+,,«ributions of fy and fgg to the most sensitivepp

der the kinematical cuts, and we take into account only the—>W*W+jj 1"l " vjj channel are very small even if they

statistic_al uncert_a@nties in_ thig calculation. T_he results showyre of the same order of magnitude as other anomalous cou-
that, with a sufficiently high integrated Iummpsny, such aSpling constants. Sd,z andfgg are not particularly useful in
300 fb™*, the tests of the anomaloi#V couplings can be  our analysis. We then analyzed the two parametgrsnd
rather sensitive. We note that to further discriminate the eff, . separately. The @ and 2r bounds on these two
fect of the anomaloubiVV coupling from that of a strongly anomalous couplings via the most sensitive charmgl
interacting EWSB sector with no light resonance will even-wW*W"jj—I|" vl *vjj are listed in Eqs(29) and(30), and
tually demand a multichannel analysis at the LHC by searcht-he corresponding bounds on the anomalous couplings
ing for the light Higgs resonance through all possible on—gg{/v, i=1,2 are given in Eq(32), i.e., the I bounds are of
shell production channels including gluon-gluon fusion.Q(10 ?), and the 2r bounds are 0D(10 2-10 1). These
Once the light Higgs resonance is confirme, scatterings, bounds are stronger than that obtained from studying the
especially theWw"W™* channel, can provide rather sensitive on-shell Higgs boson production via weak boson fusion
tests of various anomaloudVV couplings for probing the given in Ref[8]. They are also complementary to the bounds
EWSB mechanism. on g\, andg{?), at the Linear CollidefLC), as given in

In the nonlinearly realized Higgs sectidk3], the leading  Ref.[3]. A summary of all the constraints considered in Sec.
anomalousHVV coupling (<) comes from the dimension-3 1V is displayed in Table XIV.
operators KUHD”ETDME_ The differenced k=« — 1 repre- In summary, we find tha¥/V scatterings are not only im-
sents the deviation from the SM valie=1. Our calculation ~Portant for probing the strongly interacting electroweak sym-
shows that the most sensitive channel for testing this anomdnetry breaking mechanism when there is no light Higgs bo-
lous coupling ispp— W W*jj—I*vl*vjj. We see from SON, but also valuable for sensitively testing the anomalous
Table IIl that the LHC can constrait « to the range-0.3 1YV couplings(especially anomalousWWcoupling at the

: ; id-HC when there is a light Higgs boson in the mass range of
<A«=0.2 in the case that no anomalous coupling effect i : u ,,
detected in the channadp—I+vl*vjj. For comparison, 115-300 GeV. This further supports the “no-lose” theorem

several possible tests &fx in the high energy collider ex- [11] for the LHC to decisively probe the electroweak sym-

periments are also discussed in Sec. Ill. A summary of all themEtry breaking mechanism.
constraints considered in Sec. Il is listed in Table XIII.

In the linearly realized Higgs sectdd5], the leading
anomalousHVV couplings arise from a set of dimension-6
operators, {w/A%) Ow, (fww/A?) Oww, (fg/A%) Og, and We would like to thank Jens Erler and Peter B. Renton for
(fae/A?) Ogg, as shown in Eq(18). The anomalou$iWW  discussing the electroweak precision data, Tao Han for inter-
andHZZ couplings are expressed in EQ1) in terms of the  esting discussions and for providing related calculation
anomalous coupling constangjaw. 9w, 9427, and  codes, and Dieter Zeppenfeld for discussing the weak boson
92, which are connected to the above anomalous couplinghysics. B.Z. and Y.P.K. are supported by the National Natu-

ral Science Foundation of Chinainder Grant 90103008
and Foundation of Fundamental Research of Tsinghua Uni-
“Although it is possible to refine the kinematic cuts to further versity; H.J.H. and C.P.Y. are supported by the Department
enhance the ratio of signal to background rates, for simplicity, weof Energy of the USA under Grant DEFG0393ER40757, and
applied exactly the same kinematic cuts as those proposed in Rdhie National Science Foundation of the USA under Grant
[17] in this study. PHY-0100677, respectively.
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