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We first review how the simpl&-matrix unitarized linear S(2) sigma model can explain the experimental
data in the scalafr7r scattering channel of QCD up to about 800 MeV. Since it is just a scaled version of the
minimal electroweak Higgs sector, which is often treated with the same unitarization method, we interpret the
result as support for this approach in the electroweak model with scaled values of the tree-level Higgs boson
mass up to at least about 2 TeV. We further note that the relevant QCD effective Lagrangian which fits the data
to still higher energies using the same method involves another scalar resonance. This suggests that the method
should also be applicable to corresponding beyond minimal electroweak models. Nevertheless, we note that
even with one resonance, the minimk@lmatrix unitarized model behaves smoothly for a large bare Higgs
boson mass by effectively “integrating out” the Higgs boson while preserving unitarity. With added confidence
in this simple approach, we make a survey of the Higgs sector for the full range of bare Higgs boson mass. One
amusing point which emerges is that the characteristic factor oMW fusion mechanism for Higgs boson
production peaks at the bare mass of the Higgs boson, while the characteristic factor for the gluon fusion
mechanism peaks near the generally lopBysicalmass.
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[. INTRODUCTION somewhat lighter and broader sigma meson, in agreement
with other approaches which neglect the effect of ghee-
There has recently been renewed intefdst28| in the  son.
low energy scalar sector of QCD. Especially, many physi- For the purpose of checking this strong interaction calcu-
cists now believe in the existence of the light, brdaedJ lation, meson-meson scattering was also calculated in a gen-
=0 resonance, sigma in the 500-600 MeV region. Theeral version of thdéinear SU(3) sigma model, which contains
sigma is also very likely the “tip of the iceberg” which may both ¢(560) andf,(980) candidate$28]. The procedure

consist of a nonet of light noge-type scalar§29] mixing ~ adopted was to calculate the tree amplitude and then to uni-

[30] with another heavieqa—type scalar nonet as well as a tarize, without introducing any new parameters, by identify-
glueball ing the tree amplitude as th&matrix amplitude. This also

A variety of different approaches to meson-meson scatteldave a reasonable fit to the data, including the characteristic

ing have been employed to argue for a picture of this SortRamsauer-Townsend effect which flips the sign of the

For our present purpose, we first consider an approach tB’(_QBO) resonance cc_)ntrl_butlon. _At a de_eper and more real-
describingm, | =J=0 scattering which is based on a con- istic level of description in the linear sigma model_frame-
ventional nonlinear chiral Lagrangian of pseudoscalar andvork, one expects two different chiral multipletste- as
vector fields augmented by scalar fields also introduced in avell asqqgg—to mix with each other. A start on this model
chiral invariant mannef13]. The experimental data from seems encouragir@1].
threshold to a bit beyond 1 GeV can be fit by computing the Now, if we restrict attention to the energy range from
tree amplitude from this Lagrangian and making an approxithreshold to about 800 MeYbefore thef,(980) becomes
mate unitarization. The following ingredients are presént: importani, the data are well fit by the simple $2) linear
the “current algebra” contact term(ii) the vector meson sigma mode[32], when unitarized by th&-matrix method
exchange termgjii) the unitarizeds (560 exchange terms, [5]. If one further restricts attention to the energy range from
and(iv) the unitarized ,(980) exchange terms. Although the =7 threshold to about 450 MeV, the data can be fit by using
p(770) vector meson certainly is a crucial feature of lowthe nonlinear S(2) sigma mode[33], which contains only
energy physics, it is amusing to note that a fit can be madegion fields at tree or one loofchiral perturbation theojy
[14] in which the contributior(ii) is absent. This results in a level. To get a description of the sigma resonance region by
using only chiral perturbation theoy34] would seem to
require a prohibitively large number of looggsee, for ex-
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sigma particle of this model is not necessarily jusgq the unitarized model as a “prescription,” even the bare mass
bound state in the underlying fundamental QCD theoryd0ing to infinity is a sensible limit.
Rather the linear S(2) sigma model seems to be a “robust” A leading experimental question at the moment concerns
framework for describing the spontaneous breakdown othe actual mass of the Higgs particle. Direct experimental
SU(2), X SU(2)r~0(4) to SU(2).There are just two pa- searct{44]rules out values less than about 115 GeV. Indirect
rameters. One may be taken to be the vacuum value of thebservation via a “precision” global analysis of all elec-
sigma field; this is proportional to the “pion decay constant” troweak data including the effects of virtual Higgs boson
and sets the low energy scale for the theory. The second magkchange in loop diagrams actually gives a preferred central
be taken to be the “bare” mass of the sigma particle; as itssalue of about 80 GeV45]. However, there are unexplained
value increases, the theory becomes more strongly interactprecision” effects such as the NuTeV experiment @ameu-
ing and hence nonperturbative. THematrix unitarization  trino scattering off nucleong!6] and the measurement of the
gives a physically sensible prescription for this nonperturbainvisible Z width at the CERNe* e~ collider LEP or SLAC
tive regime wherein the model predicts the “physical” massLinear Collider(SLC), [45] which raise doubts about what is
of the sigma to be significantly smaller than the “bare” mass.happening. For example, in Ré#7], the authors suggest the
There is, in fact, a maximum predicted “physical” mass aspossibility of explaining these two effects by reducing the
the “bare” mass is varied. strength of neutrino couplings to ti&boson. In that case,
Now it is well known that the Higgs sector of the standardthey find a new overall fit which prefers rather large Higgs
electroweak model is identical to the &) linear sigma boson masses, even up to about 1 TeV. This is somewhat
model of mesons. The sigma corresponds to the Higgs bos@peculative but does make it timely to revisit the large mass
while the7* and#° appear eventually, in the unitary gauge, Higgs sector and the consequent need for unitarity correc-
as the longitudinal components of tW#* and Z bosons. tions.
There is an important difference of scale in that the vacuum In the present paper, after giving some notation in Sec. Il,
expectation value of the Higgs boson field is about 2656wne review in Sec. Il the fit to low energy=J=0#7 scat-
times that of the “QCD sigma.” However, once the bare tering obtained with theK-matrix unitarized S(2) linear
masses of the two theories are scaled to their correspondirgigma model amplitude and its extension to higher energies
vaccum expectation values, one can formally treat both apdasing an SUB) linear sigma model. This establishes a pre-
plications of the same model at once. The practical signififerred value for the bare mass of the “QCD sigma” and
cance of comparing these two applications is enhanced bghows it to be in the nonperturbative region of the linear
the Goldstone boson equivalence theorE®6—4d. This  sigma model. The physical mass and width, obtained from
theorem has the implication that, for energies whdrg/E  the pole position in the complexplane, differ appreciably
is small, the important physical amplitudes involving longi- from their “bare” or tree-level values. This effect is explored
tudinal W andZ bosons are given by the corresponding am-in Sec. IV for a full range of sigma “bare” mass values,
plitudes of the sub-Lagrangian of the electroweak theory obwhich can be rescaled to arbitrary choices of bare Higgs
tained by deleting everything except the scalar fielddboson mass in the electroweak theory. The difference be-
(massless “pions” and massive Higgs bogofhus, except tween zero and nonzero pion masses is also shown to be
for rescaling, the electroweak amplitudes may be directlyqualitatively small. Further, the existence of a maximum
given by the pion amplitudes computed for QCD with vary- value for the physical sigma mass is displayed.
ing bare sigma mass. There is no reason why the scaled In Sec. V, using the equivalence theorem, we discuss the
Higgs boson mass should be the same as the scaled “QCsgrattering in thel=J=0 (Higgs channel of longitudinal
sigma” mass since, while the two Lagrangians agree, thgauge bosons for the complete range of bare Higgs boson
scaled bare mass is a free parameter. masses. This provides the characteristic factor in the pro-
A simple and perhaps most important point of the presenposed ‘W-fusion” mechanisn{48] for Higgs boson produc-
paper is that the same model which appears to effectivelyion, although here we will mainly regard it as a “thought
describe the Higgs sector of the electroweak model can bexperiment.” Some of this material has already been given
used, with theK matrix prescription, to describe the nonper- by other workers[41-43. One feature which is perhaps
turbative scalar sector of QCih agreement with experiment treated in more detail here is the peculiar behavior of the
In fact, the K-matrix method of unitarization is a popular scattering amplitude for large bare Higgs boson mass values.
[41-43 approach to the nonperturbative regime of the elecWe note that it can be thought of as an evolution to the
troweak model, although it is not easy to rigorously justify. characteristic bare mass equal to infinity shape. This shape is
We will see that the QCD sigma meson has about the samghown to be simply th&-matrix unitarized amplitude of the
scaled mass as a Higgs boson of 2 TeV. This provides aonlinear sigma modeln other words, taking the bare mass
practical justification of the use of thematrix procedure up to infinity in the K-matrix unitarized amplitude effectively
to that value at least. In fact, the successful addition of theintegrates out” the sigma field. We also show that the mag-
f,(980) resonance to the low energy sigma using the lineanitude of the scattering amplitude always peaks atlthe
SU(3) sigma model and the same unitarization scheme sug-iggs boson mass. For values greater than about 3 TeV, the
gests that the range of validity of the electroweak treatmentvidth is so great that the peaking is essentially unobservable.
is even higher. It also suggests that the same method should In Sec. VI we discuss the characteristic factor for the
also work in models which have more than one Higgs mesofigluon fusion” reaction [49], which is another possible
in the same channel. Furthermore, we will note that, treatingource of Higgs boson production. Unlike tiéfusion re-
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action, this involves final state interactions rather than unita- L=— anpTqu)Jr 2adTd —4b(d D)2, (7)
rization. We point out that in our model the magnitude of the

gluon-fusion factor peaks at thghysicalHiggs boson mass Here one employs the notatian= 2(#°) so that, noticing
rather than at the bare Higgs boson mass found in theq. (6),

W-fusion case. It seems to present an amusing example

showing how the production mechanism of the Higgs boson =

can influence its perceived properties. Finally, some conclud- v=(0o)= . €)
ing remarks and directions for future work are offered. V2

(In the electroweak theory,=0.246 TeV, about 2656 times
the value in the low energy QCD cake.

First let us make a correspondence between the notations
employed for the SU(2)X SU(2)g linear sigma model used [ll. UNITARIZED LINEAR SIGMA MODEL
to model low energy QCD and to model the Higgs sector of
the minimal standard SU(2)X U(1) electroweak theory. In
the latter case the Higgs sector by itself possesses O(

1. COMPARISON OF NOTATIONS

Now let us consider the SB) linear sigma model in Eq.
4 ) as a “toy model” for the scattering of two pions in the

~SU(2), % SU(2)r symmetry, which is explicitly broken wave isosinglet channel. It has been known for many years

when the gauge bosons and fermions are taken into accourlil'ﬂat this gives a_good dgspription of the low energy scattering
néar threshold in the limit of large sigma mass. Of course,

\I,Crittft]gnloi\r/]vtir:r?]rg)égﬁgggglgggosqg;gzléasgranglan density ISthe nqnlinear sigma modgl is more convenient for c;hiral per-
turbation theory calculations. However, we are going to fo-
1 cus on the properties of the sigma here and the simple linear
L==5(0,m d,m+d,00,0)+a( o’+ %) —b(o’+ 7%, sigma model is appropriate for this purpose.
(1) The Il =J=0 partial wave amplitude at tree level is

where the real parameteasandb are both taken positive to 0 B(s)
ensure spontaneous breakdown of chiral symmetry. The [Toltred S)=a(s)+ 2 s
vacuum valu€ o) of the o field is related to the pion decay ob

constant as

(€)

where
F=V2(0). ) P
1_ w
(In the low energy QCD modek .=0.131 GeV.) The pa- S 2 5
rametera is given by a(s)= TaonF? (MG, —mz)
1 2 2 2 2
=_m? mi,—ms [ mi,+s—4m:
a=g Mo @ x| =10+ 4—"——Tin| —2— ,
s—4m;, me,
wherem,, is the tree-level value of the sigma mass. Finally,
the dimensionless parameterwhose value furnishes a cri- am?
terion for the applicability of perturbation theory, is related to 3\/1-
other quantities as S)l=—— "~ (m2.—m?)2. 10
B(s) = (MGp—mz) (10
2
My
b= 8(0)7 (49 For generality we have added the effect of a nonzero pion

mass which would correspond to the addition of a small term
linear in o to Eq. (1). The normalization of the amplitude

The Higgs sector of the standard model employs the fields > ™" © . X ) '
To(s) is given by its relation to the partial wav@matrix

¢" -
fb=( 0" DT=(p™¢%). (5 K(s)=1+2iTY(s). (12)
These can be rewritten in terms of theand o fields by The formula a_bove is not, Of. course, new; we are following
: e here the notations di28], which contains many references.
identifying . i .
While this tree-level formula works well at threshold, it does
it involve large coupling constants and cannot be expected to
o be a priori reasonable even several hundred MeV above
o= o—in|. (6)  threshold. In addition, at the poirsi=m2,, amplitude (9)
J2 diverges. A usual solution to this problem is to include a
phenomenological width term in the denominator by making
In this language the same Lagrangian, EQ, is written the replacement
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FIG. 1. Comparison with experiment of real part of theJ FIG. 2. Comparison of the best fit for the real part of thed
=0m scattering amplitude in the §P) linear sigma model, for =0 scattering amplitude in the nonrenormalizable($Uinear

m,,=0.5 GeV (dotg, m,,=0.8 GeV (dashes and m,,=1GeV  sigma model with experiment. Figure taken frf28]. Best fit value
(solid). Figure taken from[28]. Experimental data are extracted of the barec meson massn,,, is 0.85 GeV.
from Alekseeveet al. (squaresand Grayeret al. (triangles [51].
=1.2 GeV. Predictions fom,,=0.5,0.8, and 1.0 GeV are
1 1 also shown. It is seen that the data up to rougkly
I (12 =0.8 GeV can be fit whem,, lies in the 0.8-1.0 GeV
ob ob ob range. Thus, perhaps surprisingly, the simple model does a
However, this standard approach is not a good idea in th easonable job of accounting for the low energy, but not just

present case. As emphasized especially by Achasov arlge linear threshold regios;wave 77 scattering data. This
Shestakov[5], replacement(12) completely destroys the circumstance enhances the plausibility of the model based on
good threshold result. This is readily understandable sincH“; Lagrafnglanmof Eq(1) together with the unitarization
the threshold result is well known to arise from a nearlysc_l_ehme 0 'IIQ( ).b i ina doubt b h
complete cancellation between the first and second terms of ere still may be some lingering doubt because the en-
Eq. (9). An advantage of the nonlinear sigma model is thatSr9y region between abqu'g 0.8and 1.2 GeVis not at all fit by
the good threshold result is obtained directly without neecfhe model. However, this is due 1o the neglect of a second

for such a delicate cancellation. However, the pole in theSCaIar resonance which is expected to exist in low energy

linear sigma model can be successfully handled by usin QCD'AS shown recently if28], if the Lagrangian of Eq1)

. : P : “ ded” to the three-flavor cag®2-59 [so that an-
instead of EQ.(12), K-matrix regularization[5,50], which S “upgra . A . . .
instructs us to adopt the manifestly unitary form other scalar fields’ identifiable with thefy(980) is con-

tained the entire region up to aboufs=1.2 GeV can be

1+i[ T yed S) reasonably fit. This is shown in Fig. 2; in obtaining this fit
Sy(s)= — 0 : (13)  the valuem,,=0.847 GeV was selected. Two other param-
1-i[Tolyed ) etersm,,,=1.300 GeV and a-¢’ mixing angle, were also

determined in the fit. Most importantly for our present pur-

Using Eq.(11) we get pose, exactly the same calculational scheme of simply feed-

[T%edS) ing the tree approximation into the unitarization formula of
T9(s)= _Lbooqwee® (14  Eg.(14) was employed.
0 . 0 . - . .
1-i[Tolueds) In assessing the validity of this approximate model for

low energy QCD, one should also consider the role of the

Near threshold, WhergTg(s)]yee is small, this reduces to yector mesons. These are known to be important in many
[To(S) Iwee @s desired. Elsewhere it provides a unitarizationiow energy processes and give the dominant contributions to
of the theory which is seen to have the general structure of ¢the “low energy constants{56] of the chiral perturbation
“bubble sum.” We will adopt this very simple model as a theory expansion. Nevertheless, it was fo(ihd] that, while
provisional approximation for the strong coupling regime ofrho meson exchange does make a contribution to low energy
QCD in thel =J=0 channel. swave pion-pion scattering, its inclusion does not qualita-

It seems difficult to rigorously justify this as an effective tively change the properties of the light resonance which
procedure for the strong coupling regime. However, we mayeems crucial to explain the=J=0 partial wave. More spe-
at least compare with the experimental dataranscattering  cifically, the effect of the rho meson raises themass by
[51]. SinceF . is known there is only a single parameter— about 100 MeV and lowers its width somewhat.
the tree-level masm,,,. In Fig. 1, the experimental curve It also seems worthwhile to remark that this unitarized
for the real panRg(s) of Tg(s) is plotted up to about/s linear sigma model approach gives similar results to a more

013008-4



COMPARING THE HIGGS SECTOR OF ELECTROWEAK . . . PHYSICAL REVIEW &8, 013008 (2003

conventional nonlinear sigma model appro@t8], wherein 1¢ .

the scalar mesons are included explicitly. In order to get the 09 b —__ massless case

effects of the vector and axial vector mesons in the linear ——- mpi=0.137 GeV

sigma model framework, one should also add them explicitly 0.8 £ .

in a chiral symmetric mannde.g., Ref[57]). 07 b F
IV. SIGMA POLE POSITION - 06 ’ E

D £

Let us ask: how nonperturbative is the linear sigma modelg 05 ¢ 3
when it is employed as an approximation to low energyEa 0.4 e e T E
QCD? The ordinary criterion for the model to be deep in the € Vs \
nonperturbative region is that the dimensionless couplingg 03 ¢ 4 3
constant in Eq. (1) be very much greater than unity. Using 0o
Egs.(2) and(4), this criterion reads

Myp | 2
b=
2F,

01 E E

2 E

ma.b ) 0 % |

= >1. (15 0 1 2
( 2 \/EU m bare (GeV)

Takingm,;,~0.85 GeV to fit the experiment, as discussed FIG. 3. Plot of\Re(z,) in GeV as a function ofn,, in GeV for
in the last section, gives a valle=10.5. Thus it seems fair the QCD application.
to say that the theory lies outside the perturbative region
[58]. Nevertheless, th&-matrix unitarization can lead to a It is easy to solve this equation numerically. In Fig. 3 we
result in agreement with the experiment. In a nonperturbativehow how yRe(zy) depends on the choice ofi,, for low
regime, one might expect the physical parameters such as tlemergy QCD(solid ling). For comparison, the situation with
sigma mass and width to differ from their “bare” or tree- m_=0.137 GeV is also showidashed ling We note that
level values. To study this, we look at the complex sigmathe behavior is qualitatively similar.

pole position in the partial wave amplitude in E4$4) and In Fig. 4, we show how/—Im(z,) depends on the choice
(10): of m,, for low energy QCD. One sees that the real and
) imaginary pieces ok, are bounded. Thus, we can get an
T0(s) = (M5p—s)a(s)+B(s) 16 accurate analytic approximation iy for large m,,, by ex-
o(s)= (M2o—9)[1—ia(s)]—1B(5) panding the “log” in Eq.(19). In order to get the leading

order approximation t@, it is necessary to keep only three
This is regarded as a function of the complex variable terms: In(tx)~x—3x?+3x2. Then, in the SU(2X SU(2) in-
which agrees witls+i € in the physical limit. The pole po- variant case withm_ =0,
sition z, is then given as the solution of

(M3~ 20)[ 1~ ia(2o)] =1 B(20) =0. (17 2o~ =5 =~ 8, (20
m
Note thata(s) remains finite agj?=s—4m>—0, so there
are no poles due to the numerator of Ebf). 1 .
For treating both the low energy QCD as well as the stan- massless case
dard electroweak situation, it is convenient to introduce the ———  mpi=0.137 GeV
scaled quantities 0.8 -
— Mgy Mgy
m= ——= s | _ = .
F7T 20 % 06 ’////
(O] ///
S =
_ Z Z c v
Zo= g = . (18 T 047 74 1
Fo 2v E 4
« /
Then, specializing to the unbroken SUEPU(2) case 02 | /// i
by settingmizo in Eq.(10), we may write Eq(17) explic- /
itly as /
m2 2 - % | K | | 2
— m 4m 2 3im*
(M2=zp){ 1—i=—| —10+ —In| 1+ —=| | { — m bare (GeV)
3277 ZO m2 16/77
FIG. 4. Plot ofy—Im(zy) in GeV as a function ofn,,, in GeV
=0. (199  for the QCD application.
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at largem=m,,/\2v.
The quantity Re(zy) can be interpreted as a physical
(renormalized mass. Now from Fig. 3 and E¢20) we note

that VRe(z,) decreases monotonically to zero for lange
There is a maximal value of the physical mas&e(zo)
around m,,=0.74(0.79) GeV in the QCD case witim_

=0(0.137) GeV. This corresponds to_the scaled variable
taking the value 5.6%6.03. Increasingm beyond this point

will decrease the physical mass. Thus, there are two distinct
m'’s for each value of the physical mass. Low energy QCD

selects, in the sense of fitting tom scatteringm,,, around
0.85 GeV(with m_=0.137 GeV) and the corresponding
around 6.5. The physical mass at that point is around 0.4
GeV. The same physical mass would also arise whegis

PHYSICAL REVIEW D 68, 013008 (2003

FIG. 5. Schematic illustration gfp—W*W~X.

there is a reasonable probability that the standard model it-
self is part of a still larger theory. Thus it may be appropriate
o regard the Higgs sector, Eq7), unitarized by the
K-matrix approach, as a kind of effective prescription. An

about 0.75 GeV. However, as may be seen from Fig. 4alternative “canonical” way to proceed, which has been in-

V—Imzy) is different for the two cases. At smath,, we
may plausibly identify the physical width of the sigma as

—Imz,

phy™ JRezy

For largem,, we may regard this as a convenient mea-
sure of the width, even though the simple Breit-Wigner ap
proximation as we will discuss in the next section, is doubt
ful there. From Eq(20) we note that, at largen,, [59] the
physical sigma mass goes to zero proportionallytm,,,
while the physical measure of the width in Eg1) increases
asm,,. Clearly, this limiting behavior is different from a
narrow Breit-Wigner resonance. For a descriptive under
standing of the nonperturbative situation, it is probably bette
to look at the unitarized amplitude, E(L.4), itself. The real

r (21)

part is illustrated in Fig. 1 and will be further discussed in the
next section. The mathematical significance of the pole irf
this nonperturbative situation is that the amplitude is ap-

proximately given by the sum of a complex consthptand
the pole term:

o

_ZO'

T8(S)=b,+ (22

Here the residue,, is actually complex. The numerical val-
ues ofa, andb, are given in Table | 0of28] for the SU?2)

linear sigma model case. A check of the accuracy of this

approximation for the more complicated &Ylinear sigma
model case is illustrated in Fig. 9 of the same reference.

V. APPLICATION TO THE SU (2)XU(1)
ELECTROWEAK MODEL

Whereas Lagrangianl), characterized by the scale
=0.131A/2 GeV, is supposed to be an effective theory for
calculating theJ=0 partial wave amplitudes of low energy
QCD, the same Lagrangidmritten as Eq.7)] is generally

tensively investigate@0,61], would be to replace it by the
nonlinear effective chiral Lagrangian, improved by system-
atically including loops and higher derivative terms. How-
ever, this procedure is expected to be practical only to an
energy below the Higgs boson magsg., up to about 0.45
GeV in the analogue QCD model, as shown in Fig. 2
Clearly it is desirable to consider a model, like the present
one, which has the possibility of describing the scattering

amplitude around the energy of the Higgs boson even if it

were to exist in a nonperturbative scenario.

The discussion of ther7r scattering amplitud§8 in Secs.
Il and IV can also be used to treat the high energy scattering
of the longitudinal components of thi andZ bosons in the
electroweak theory by making use of the Goldstone boson
lequivalence theoref86—39. This theorem implies that the
vector boson scattering amplitudes are related to the scatter-
ing of the Nambu-Goldstone bosofwith m_=0) of the
lectroweak theory as

ol
(23

My

ampgW/ W =W/ W )=amgn* 7 —a 77 )+0 E
w

m
amqwwaaszL):amp(w*w—>w°w°)+0( W

etc.

In the amplitudes on the right hand sides, the value
=F_/\2=0.246 TeV should of course be used. We will
specialize to thel3(s) partial wave as in Eq(14) and will
setm_=0 in Eq.(10). This partial wave amplitude will con-
tribute important pieces to the reactions in Eg3), espe-
cially in the vicinity of the Higgs pole. When folded together
with the appropriate strong interaction pieces, the scattering

is in principle [48] measurable fronpp processes like the
one schematically illustrated in Fig. 5. Of course, competing
contributions must also be disentangled.

Now, we want to compare the unitarized longitudinal

considered to be a portion of the minimal electroweak La-electroweak vector boson scattering with the analogue

grangian, characterized by the scabe=0.246 TeV. Of

course, many people consider this portion to be the least wediffect of m_.

scattering. Figures 3 and 4 show that, in the latter case the
nonzero is qualitatively small. Since

established aspect of the electroweak theory. Furthermor@y /v e<M,/vacp, the effect of nonzera,, is expected
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FIG. 6. Square root of modulus of real and imaginary parts of pole in unitarized amplitude as a function of bare Higgs boson mass.
VReZ,, . may be identified as “physical” Higgs boson mass. Physical width may be identified fronREq.

to be even less significant. Then the Higgs pole positions cagRe(z,) approximately agrees with the bare Higgs boson
be obtained from Figs. 3 and 4 using the scaled quantitiegyassm,, until aboutm,,=0.5 TeV. Thereafter, the physi-
defined in Eq(19) or the asymptotic formula E¢20). How- 4 Higgs boson mass grows less quick®g] until it peaks
ever, for convenience, we display the Higgs pole position iny: anout 1.1 TeV withm,,, about 2.0 TeV. Afterwards,

Fig. 6. Balr ) i -
For orientation we recall that the “QCD sigma” has a . Re(z,) decreases gradually and vanishes &sn,, accord

bare massn,,, of about 850 MeV which gives a dimension- ing to Eq.(20). On the other hand, —Im(z,) monotonically
i increases to the saturation value Vir=1.74 TeV. This
general pattern of pole position versus bare Higgs boson
[nass has been observed in a variety of nonperturbative ap-
proacheg41-43,64.
At large values ofn,y,, the intuitive meaning of the pole
osition is not immediately clear. It may be more physical to
values & several hundred Ge\ivhich are now usually con- consider the question of the deviation of the predicted Higgs
: : : esonance shape from that of a pure Breit-Wigner resonance.
sidered for the Higgs boson mass. Of course, there is n|5 Fig. 7 Ip 70 ?u . 'f\/—'gf] .
reason for the scalar Higgs parameﬁy to agree with the nrg. 7 arep ottgd o(s)| as a unct_|on Os ToT various
.values of bare Higgs boson mass in comparison with the

s e et AP Bretigner nape g e same bare mass and bre
P y width (I'pae= 3mf’,b/327-rv2). In all these plots, the Breit-

K-matrix unitarization model for Eq7) to bare Higgs boson . . ob
masses in at least the 2-TeV region. In other words, the samvé/Igner curve is higher before the peak and lower after the

model with the same scaled parameters agrees with expeﬁ—eak' Note that the actubhre amplitude in Eqs(9) and(10)

ment there in a different context. Since the present status d'f'CIUdeS the effect of cros_sed chgnnel Higgs boson ex-
hanges and a contact term in addition to $fehannel pole.

the Higgs sector of the standard electroweak theory ma% : .
change if future experiments reveal evidence for new physic or a bare Higgs boson mass of 350 GeV, there is still not

gjuch deviation from the pure Breit-Wigner shape. However,

less massn=6.49 [62]. This value ofm corresponds to a
bare Higgs boson mass value wif ,=2.26 TeV. At that
value, the measure of the physical Higgs boson mas

VRe(zp) would be about 1.1 TeV ang—Im(zy) would be
about 1.3 TeV. Evidently, the QCD sigma is much further in
the nonperturbative region than the corresponding range

just beyond the standard model, it seems worthwhile to hav fm..—1TeV the deviation is rather marked. In thi

some confidence in an approach to a possibly nonperturb of Myp=- 1€ € deviation IS ratner marked. s case

tive Higgs sector. In particular, as the QCD analogue two- € unitarized mo_del appears re_al_lst|c at 'OV_Ver energies be-
sigma model discussed in Se,c (Hee Fig. 2 shows, the fore the peak, which is not surprising since it obeys the low

K-matrix unitarization method can be expected to work inSheray theorem and so is forced to vanistsas0. On the

the case of more than one Higgs particle even in nonpertuf-)ther hand, the simple Breit-Wigner resonance looks unreal-

; - ; tically high at energies below the peak due to its large
bative regions of parameter space. For example, the intrd>" ‘
duction of thes’ resonance which gives Fig. 2 would scale width, as discussed after E(12). Above the peak, however,

: - - he unitarized amplitude appears to rise and level off. This
to a two Higgs model describing physics up to about 3.3 Te\} . o a ]
in some electroweak theory. trend is clarified by the plot for then,,=3 TeV case; there

It may be interesting to give a brief survey of the charac-the unitarized model has a similar shape to the 1 TeV case

0 . .
teristics of the Higgs particle, as “seen” in tisavave vector ~PelOW the peak butTO(s)|_ simply saturates to unity for
boson scattering predicted by the unitarized Higgs modelNigher Vs. It is also amusing to observe that the peak of
Figure 6 indicates that the physical Higgs boson mas$Tg(s)| always occurs at the bare Higgs boson mass,
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FIG. 7. Comparison of absolute value Kfmatrix unitarized(solid) and simple Breit-Wignefdashed | =J=0 amplitudes form,;
=0.35, 1, 3 TeV.

out at larges for all three choices ofn,, . This effect may be
described analytically by making a largeexpansion(with
m_,=0) for fixed bare massn,, of Egs. (9) and (14).

[T3(s) Jyee bECOMeES the constart5Sm?, /327702, which im-
plies the flat larges behaviors

=m¢,. This may be seen by noting that, sifE§(s) may be
expressed in terms of the phase shift as[ieR(s)]sin 53(s),
the peak will occur whergs9(s)| = /2. In other words, the
peak will occur WhereTg(s) is pure imaginary. This is im-
mediately seen from Eq16) to be the case whes=m2, .
In order to better understand the larg®ehavior of the

unitarized amplitude, it seems helpful to examine the real —5m§b
and imaginary parts R&5(s)] and InfT9(s)], for various >
. 327mv
values ofm,,. Figure 8 shows these for the same values of ReT%~
K . . . 0 2 29

the bare Higgs boson masses, as in Fig. 7. Notice that the smg,
real part RETQ] always vanishes a=m2, while Im[TJ] is 1+ 32702
always unity at that point[These features are evident on
inspection of Eq(9) together with Eq(14).] While this as-
pect of a simple Breit-Wigner resonance is preserved, it is Im T~ 1 (24)
seen that the symmetry about the bare mass point gets to be 0 32702\ 2
strongly distorted as the bare mass increases. 1+ >

One notices that both the real and imaginary parts flatten Smgy,
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FIG. 8. Real(solid), imaginary(dotted, and absolute value@ashedl of the K-matrix unitarizedl =J=0 amplitude form,,=0.35,

1, 3 TeV.

curve—any larger value ofm,, will give a very similar
clear that the amplitudes for these valuesngf,, vary sig- shape. This may be seen by expanding the amplitude for
nificantly with energy only up to slightly above,,,. The large m,, while keeping s<m,,. Then [T5(S)]yee
physics beyond this point might be filled out if a heavier ~s/16mv2+ O(s?/v?m?,), so, withK-matrix regularization,
Higgs meson exists and one would get a picture resemblingye get for largem
Fig. 2. Adding the effects of other interactions involving the

Higgs meson tc{Tg(s)]tree in Eg. (14) might also be ex-

By construction, the amplitude is unitary for &l It is

ob

pected to fill out the flat energy region. S
From the point of view that th&-matrix unitarized model o 16702
is interpreted as an effective thedmyhich is unitary for any ReTy(s)~ s \2
m,y,), it is especially interesting to consider the case where 1+ )
m,, gets very large. As a step in this direction, Fig. 9 shows 16mv?
a plot of the amplitude fom,,=10 TeV. It is seen to be
similar to the amplitude fom,,=3 TeV, except that the real 1
part (which does go through zero as=10 TeV) saturates IMmTY(S)~ —=—r7. (25)
to a value which is almost indistinguishable from the hori- 1+(167TU )
zontal axis. In fact, this is tending toward a “universal” S
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T Imaginar}l’pan
m bare=10 TeV , infinity —— Real part
1+
05 A -
°
©
2
=
3
<
0 = FIG. 11. Gluon fusion reaction.
ergy range centered arouna ¢w~1.74 TeV. Of course, it
may be more likely that the model would represent a unita-
05 . . rization of the theory with bare Higgs boson mass in the
o 5 10 0.1-3 TeV rangd65]. In any event, the simplen,,—

E TeV limit nicely explains the evolution of the scattering ampli-
) ) ) ) tudes for large bare Higgs boson mass. We should also re-
FIG. 9. Realsolid) and imaginarydotted parts of thek-matrix a1k that the nonlinear sigma model can be more generally
unitarized! =J=0 amplitude form,, =10 TeV andm,=c. motivated directly; there is no need to integrate out the sigma
from a linear model. This would lead to the alternative “ca-
To show the trend towards saturation we have plotted imonical” approach mentioned at the beginning of this sec-
Fig. 10 |Tg(s)| for the bare Higgs boson masses tion.
1,3,10TeV. What is happening should not be surprising.
As m,,— the tree amplitude is going to nothing but the VI. ADDITIONAL DISCUSSION
“current algebra” one,s/(16mv?). This may be obtained OF THE ELECTROWEAK MODEL
directly from the nonlinear S(2) sigma model, which is ) ) . .
expected since the nonlinear model was origing#g] mo- ~ We just discussed the/, -W,_scattering making use of the
tivated by taking the sigma bare mass,, to be very large S|rr_1ple K-matrix gnltanzatlon and the equa_lence theo_rem.
and eliminating the sigma field by its equation of motion. This has an application to theN-fusion” reaction shown in
Thus Egs.(25) just represent th&-matrix unitarization of ~ Fig- 5. Now we point out that a similar method can be used
the “current algebra” amplitude. Since the result is unitary, it{0 take into account strong final state interactions in the
is nota priori ridiculous to contemplate the possibility that “gluon-fusion” reaction[49] schematically illustrated in Fig.
Egs.(25) could be a reasonable representation of the physicsl: This is an interesting reaction since it is predidté6—
whenm,,,, describes a far beyond the standard model sectd?® that gluon fusion will be an important source of Higgs

of a more fundamental theory. However, all the structure iPoson production. The quark shown running around the
the scattering amplitude is confined to the much lower enlriangle makes the Iarges? contribution becau;e the quarks,_ of
course, couple to the Higgs boson proportionally to their

masses. According to the Equivalence Theorem, at high en-

12 R ' ies this F di il contai fact
____________ o 2t o aTev ity ergies 4 is Feynman diagram will contain a factor
Ooma!(Miy—s) Where thes’s correspond to th&V, ’'s and
Tr JoT T Sema T L T S gmm:mib/v appears in the trilinear interaction term
7 (9¢wnl2)o - w Obtained from Eqs(l) and(4). The need for
08 L A ] unitarization is signaled, as in tM¢W scattering case by the
I fact that this diagram has a pole st m?2, . Now it is nec-
T /' A essary to regularize a three-point rather than a four-point
206 ,'// 1 amplitude; this is discussed in Refs,50]. The WW scatter-
E‘ /'/ ing ampli'gude[Tg]treein the previous section was unitarized
o4 [ /S ] by replacing
: 1,
7 0
/ /;l [TO] [To]tree
02+ iy . 0dtree™ ;
4 1-i [Tg] tree
_ 70 rT0 072
0 L L L _[To]tre<,{1+ | [To]tree_[To]tree+ n ) (26)
0 1 ETev 2 3 4 This has the structure of a bubble sum with the interme-

diate “Goldstone bosons” on their mass shells. For the gluon
FIG. 10. Comparison of absolute value of unitarized amplitudefusion reaction the final “Goldstone bosons” similarly res-
| TS| for m,,=1 (dotted, 2 (dashed} 3 (dash-dottey] = (solid) TeV. catter and we should replace
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In the second step we used the relation for the phasezﬁqift
in the K-matrix unitarization scheme: taid=[ T3] yee, Where

(27)

the unitarizedl =J=0 Smatrix element is given bySp

=expa&.

It is especially interesting to examine the quantity
coség(s), which corresponds to the reduction in magnitude of3om

It is clear that the factor coﬁ(s) in Eq. (27) effectively
replaces the tree-level denominatmi()—s) by the magni-
tude of the quantity in Eq(17), which defines the physical
pole position in the compleg plane and which we used to
identify the physical Higgs boson mass. Note that, as in the
W-fusion situation, the regularization i®quired for any
value of m,, (not just the large valugsin order to give
physical meaning to the divergent expression. The regular-
ized electroweak factor for the amplitude of Fig. 11,
cos&y(mé,—9), is plotted as a function oE= s in

the unitarized gluon fusion amplitude from that shown inFig. 12 for the cases,;,=0.5, 1.0, 1.5, 2.0, 2.5, 3.0 TeV. It
Fig. 11. Using Eq(9) it is straightforward to find

2
m b—S

cossy(s)= ————
mrrb_

The numerator cancels the polesatm?, in Eq. (27), so one

has the finite result

gO'7T7T

m2

(od

cosé)

b_S

(s=m?,)=

2+[a(s)(mg,—s)+B1*

(28)

327v

. (29)
szrb

is very interesting to observe that these graphs clearly show a
peaking, which is correlated with the physical Higgs boson
mass[taken, say, as/Re(zy)] rather than the bare Higgs
boson massm,,. At m,,=0.5 TeV, one is still in the re-
gion where the physical mass is closenn,,. Already at
m,,=1.0 TeV the peak has markedly broadened and is lo-
cated at about 0.89 TeV. Ah,,=2.0 TeV the still broader
peak is located near 1.03 TeV, which is about as large as the
physical mass ever gets. Beyond this, the peak continues to
broaden but the location of the physical mass goes to smaller
s. For example, atn,,=3.0 TeV, the peak is down to 0.88
TeV and is much less pronounced. Going further the curves
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6 - ' ' - amplitudes are added, the “final state interaction” phase fac-
tor in Eq. (27), exdi&g(s)] must be included too. The value
st mbare = 4.0Te andninty 1 of 83(s) may be readily obtained from ER8). cos&y(s) is

plotted in Fig. 15 for representative values rof,,. For a
detailed practical implementation of this model, it would be
appropriate to take into account the relatively strong cou-

pling of the Higgs boson to thet channel. This could be
conveniently accomplished by unitarizing the two channel

W, W, -tt scattering matrix.

On noting that, as we have illustratésee also Fig.
there are two bare mass valugegith different widths for
each physical mass, one might wonder if a very light Higgs
o : . . . . _boson co_uld _exist in the st_ro_ngly interacting mode. Pc_;ssibly

ETev its contribution to “precision electroweak corrections”
would be comparable to those of their light bare mass im-
ages. This seems interesting, although the corresponding
bare masses would be very large-10 TeV according to
. . . Fig. 6), beyond where the validity of the model has been
do not look very different from that witn,,=co, shown in tested by the QCD analog. For bare masses in this region it

Fig. 13. Here the peaking has disappeared and we have tlWould seem most reasonable to approximate the situation by

; 2
analytic form(recall thatg,, .= m5,/v) using them,,— case.

In this paper we first noted that th&matrix unitarized
linear SU2) sigma model could explain the experimental
—12 data in the scalar channel of QCD up to about 800 MeV.
(30 Since it is just a scaled version of the minimal electroweak
Higgs sector, which is often treated with the same unitariza-
tion method, we concluded that there is support for this ap-
o _proach in the electroweak model up to at least Higgs bare
This is the analog of E¢(25) and corresponds to the unita- mass about 2 TeV. We noted that the relevant QCD effective
rized minimal nonlinear sigma model. It still takes into ac- Lagrangian needed to go higher in energy is more compli-
count final state interaction effects in direct production of:ated than the S@) linear sigma model and is better ap-
WWor zZZ pairs. fromgg fusion.. The nontrivial structure is proximated by the linear SI3) sigma model. This enabled
seen to be confined to the regiet? less than about 5 TeV. 5 to extend the energy range of experimental agreement at
There might be a sense in which such a prescription could bghe QCD level by including another scalar resonance. Simi-
appropriate for a situation with an arbitrarily heavy Higgs |arly, in the electroweak theory, there are many candidates,
bOSO_n[70]- _ e.g., larger Higgs sectors, larger gauge groups, supersymme-

Itis amusing to compare the effect of the present regularyry grand unified theories, technicolor, string models, and
ization prescription, Eq(27), for the divergence a=m2,  recently symmetry breaking by background chemical poten-
with that of the conventional Breit Wigner prescription used,tials [74], which may give rise to more than one Higgs par-
for example, in Refs[68,69, given in Eg.(12) with I'  ticle in the same channel. We interpreted the better agree-
=Iyee- These are plotted fam,,=1, 2, 3 TeV in Fig. 14. ment at larger energies in the QCD model as also giving
The main observation is that, although the absolute value cfupport to a similar treatment for a perhdfsbe seen in the
the factor in Eq.(12) flattens out due to the fact that the future) more realistic Higgs sector in the electroweak theory
tree-level Higgs width(to vector bosonsincreases cubically which may be valid at higher energies due to additional
so the Higgs signal gets lost for largey,,,, the factor in Eq.  higher mass resonances. Nevertheless we noted that even
(27) still has a peak at lower energies. Also the magnitude ofyith one resonance, the minimtmatrix unitarized model
the modified factor suggested in EQ7) is larger than that behaved smoothly at large bare mass by effectively “inte-
of the corresponding Breit Wigner factor. Other alternativesgrating out” the Higgs boson while preserving unitarity. In
to the Breit-Wigner prescription for treating the divergence aiour work we have focused on the effective Higgs sector of
s=m2, in the gluon fusion Higgs boson production mecha-the electroweak theory, not necessarily assuming it to arise
nism in Fig. 11 are momentum-dependent modifications ofrom some technicolor scheme. Such a theory might have
the Higgs boson width71,72 and explicit calculation of techni-rho excitations which have been mode[&@®] by
radiative correction§73]. scaling up thd =1 sector of low energy QCD.

Of course, the electroweak amplitude factor we have been With added confidence in this simple approach we made a
discussing must be folded together with the triangle andurvey of the Higgs boson sector for the full range of bare
gluon part of Fig. 11 as well as the gluon wave functions ofHiggs mass. While a lot of work in this area had been done
the initiating particles. Furthermore, only the J=0 partial  in the past, we believe that some new points were added. In
wave amplitude has been considered. If various partial wavearticular, we have noted that in this scheme the characteris-

gluon fusion factor

FIG. 13. Unitarized electroweak factag,,.,cossy/(nm’,—s),
plotted as a function oE = /s for the casesn,,=4.

2
ma—b —S 16mv

2
lim (goﬂrrﬂ'cosag(s)):[vz_i_( S )

mgp—®
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iqlufu_factor(x,lto) _— Iglufu_factor x,'2.0) —_—
glufu_BW(x,1.0) ------- glufu_BW(x,2.0) -------

ETev ETeV

qufu'_factor(x,h.O) -
glufu_BW(x,3.0) -------

FIG. 14. Comparison of modulus of unitarized electroweak factors in Higgs boson production amgéituge;,. coséﬁ/(r‘rﬁb—s) for the
present regularization schertsolid) and(b) prescription of including the tree-level Higgs boson widlashed shown in Eq(12). Here the
three graphs correspond mo,,=1, 2, 3 TeV.
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FIG. 15. Plots of cqssg(s)] for m,,=0. 5, 1.0, 1.5, 2.0, 2.5, 3.0 TeV.

tic factor of theW-W fusion mechanism for Higgs boson approaches include using the lafg@pproximatior{43], the

production peaks at the bare mass of the Higgs boson, whilBade approximant meth¢d2,43,76, the Inverse Amplitude

the characteristic factor for the gluon fusion mechanismmethod[76,77], variational approachegr8] and theN/D

peaks at the generally lowghysicalmass. method[79]. It is beyond the scope of this paper to compare
It should be remarked that while the simpldé&imatrix  the different approaches.

method of unitarization used here seems to work reasonably

well, it is not at all unique. For example, E(L4) might be
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