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Probing the H? vertex in e*e™, ye, and yy collisions for light and intermediate Higgs bosons
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We study double Higgs boson production at future linear colliders while paying special attention to the
option of high-energy and high-luminosity photon beams. The main purpose is to examine the feasibility of
e*e™, ye, andyy colliders in order to establish bounds on the value of triple Higgs coupling, which could be
crucial for understanding a spontaneous breaking mechanism. We consider mainly those cases of light and
intermediate Higgs bosons, including an analysis of the electroweak backgrounds. The madé,raridge is
discussed separately. It is shown that for a light Higgs bosotitheoupling can be visible, even at a future
lineare* e~ collider at 500 GeV. For an intermediate Higgs boson, a collider with TeV energies is suitable for
investigations. We estimate the bounds on the anomaldumupling which can be experimentally established
at future linear colliders.S0556-282(196)00523-1]

PACS numbeps): 14.80.Bn, 12.60.Fr, 14.80.Cp

[. INTRODUCTION coupling constanh, is a free parameter in the SM, and is
connected with the Higgs boson mass:
One of the most important problems after future discovery
of the scalar boson will be a study of its self-interaction. It Ta I\/Iﬁ
will be necessary to clarify the nature of the spontaneous )‘ZITW\,'
breaking of the gauge symmetry, which provides nonzero
masses of intermediate bosons and fermions. In the standard The present direct experimental bound on the Higgs bo-

()

model (SM) one scalar doublet field is introduced: son mass is~65 GeV[1]. The rangeM <105 GeV (light
Higgs boson will be explored by the CERN: e collider
1 —¢r—igy LEP Il experiments, while the up-graded Fermilab Tevdtron
- V2 \H+o+i ¢3) : (D can scan some heavier masses, up to 120 [@¢Vlhe scan-

ning of a higher mass range is expected at the CERN Large

Here,H is the physical scalar bosdHiggs boson, itselfand Hadron Collider(LHC) (see[3] and the references thergin
The observation of a Higgs boson with a mass of up-t0

the ¢;'s are unphysical Goldstone fields corresponding to the

pure gauge degrees of freedom. The Higgs potential i@sU C€V (intermediateand heavy Higgs bosohswill also be
invariant: available at future linear colliders witfis=500 GeV, which

has been discussed intensively these d4ys
A, The existence of a relatively light Higgs boson is based on
V(Q* Q)= = (2D* D —p?)?, many theoretical models. In supersymmet8USY) exten-
sions of SM(see, for examplé¢5,6] and references thergin
. several scalar particles are predicted with masses of less than
_ 2Mwsinby @2 200 GeV. Grand-unification theories also require such a light
e ' Higgs boson in order to provide an experimental value of
sirf6,,. Precision tests of the standard model indicate the
Heree= J4ma is the electric chargayl,y is the mass of the lightness of a Higgs boson as wéH]. Experiments at LEP
W boson, andj,, is the Weinberg mixing angle. The value of I, Tevatrort, LHC, and future linear colliders will crucially
the vacuum expectatiom~250 GeV, is fixed by parameters expose these intriguing theoretical constructions. Hence, in
of the intermediate bosons obtained from experiments. Thehe situation in which only one scalar boson is discovered,
the search for evidence for a nonminimal Higgs boson self-
interaction becomes an actual problem. Such evidence could

v
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the too-small cross sections. Thus, a measurement dithe (JLC) (KEK, Japan, TeV Energy Superconducting Linear
coupling is the only possibility to test the SM Higgs bosonCollider (TESLA) (DESY, Germany, CERN Linear Col-
self-interaction and to select new theories. lider '(C.II_IC) and Next Linear CoI!idel(NLC) (SLAC). The

An anomalous triple Higgs vertex appears in various theopossibility to realizeey and yy collisions on the basis of the
retical constructions. For example, in models with a composCompton backscattering of laser photons against an electron
ite Higgs bosori8] the H3 coupling can differ from the SM beam[15,16 is an additional attractive feature of these
value. Furthermore, we point out the scalar sector in MSSMProlects. Thus, three options for future linear colliders are
(minimal supersymmetrical extension of $Mvhere the Under consideratiore”e, ye, andyy. We shall discuss the
triple scalar bosons couplings depend on two free parametefSOSPects of all ;hese options in connection with the problem
(tand and coty) showing up a crucial difference from the M Probing theH™ coupling. .
Higgs potential of SM(see, e.g., complete set of Feynman Backscattered photons generally have a wide energy spec-
rules for MSSM in[9]). Thus, if the mass of the lightest trum. However, if it is possible to shift the interaction point
scalar particle is fixed there is still an extra free parametef®” €nough from the conversion one, the low-energy photons
which contributes to the corresponding triple vertex: also, thVill 1eave the interaction area with relatively large escape
measurement of this vertex can be considered to be a po&ndles. In this way a photon beam can be made practically
sible search for evidence of supersymmetry. Of course, botf'onochromatic, and peaked at a point close to the energy of
parameters contribute to other vertices, and one can hog8€ Pasic electron beaf,™ of ~ 0.8,. Moreover, when
that these parameters will be extracted, for example, fromne pollanzatlon of the laser photons and that of electrons are
data on superpartners production. Even in this case, a direBPPOSite, the spectrum of backscattered photons becomes the
measurement of thil® coupling will be of great interest due most monochromatic. It is expected that the luminosity of

to independent information about the structure of the Higgdh€ ¥y mode could be on the same order as that forethe™
sector. collider [17—21]. Further, our analysis is based on the cross

sections for a monochromatic photon beam. We shall also

boson production considered as a possible reaction for @V the coefficients, which allow one to estimate a convo-
Higgs boson discoveryia next-to-leading loop corrections. ution with the whole energy spectrum of backscattered pho-
However, these corrections should be rather small, while thE?nS[15] by rescaling our numerical resuits. _

expected statistical error is on the order of a few percent. It Another attractive feature of linear colliders is that an

thus seems that this way is closed. Furthermore, although tHectron beam can be highly polarizEZP]: 90% of circular
H2 coupling is present in tree diagrams on the orderddf polarization is considered to be available using the existing

with n=5 the cross section is also very small due to the!®chnology. A polarized positron beam has also been pro-
higher orders of perturbation theory. As a result, the proposed[23]: 80% of circular polarization is considered to be

cesses of order a#® and a* with double Higgs boson pro- realistically achievable. Because of the chirality of elec-
duction are practically the only opportunity to investigatetroweak interactions, the use of polarized beams can enhance

scalar boson self-interaction. the cross sections of some processes. This enhancement

For trivial kinematical reasons one cannot expect to opcould be important, because much higher statistics will be
serve double Higgs boson production at LEP I angneeded for some physically interesting processes, and this is
Tevatrorf, even if the Higgs boson is discovered at these? €@l necessity, e.g., for the discussed double Higgs boson
machines. We thus must study prospects of the LHC an&roductlon_. We discuss the dep_end_ence of the calculated
future linear colliders in connection with the discussed prob-10SS Sections on the beam polarization.
lem. As for hadron collisions at TeV energies, the relevant 1 NiS Paper is organized as follows: In Sec. Il an anoma-
calculations are presented jA0—13. Note that the cross lous H!ggs potential is introduced. In Sec. Il we present thg
sections in hadron collisions are on the same order as at TeQUmerical results for some processes and comments on sig-
linear colliders for reactions with th&/-fusionmechanism of ~Nals with double Higgs Eoson_ production. We pay special
double Higgs boson production. However, much more com@ttention to the case f;~M in Sec. Il D. In Sec. IV we
plicated background conditions which naturally the accom9'V€ @ deta|Ie3d analysis of the cross-section dependence on
pany hadron collisions do not allow any hope to measure th@10malousH* coupling for the considered processes in
H2 coupling because of the small cross sections. One coull € » ¥& andyy collisions. We have already presented our
consider a reaction with thgluon-gluon fusiormechanism  Préliminary results in24]. After completing this work we
[12], which has larger cross section. However, the g|u0n_became aware of a similar analysis with calculations made in
gluon fusion proceedsia a t-quark loop, and the sensitivity qonl|near_gauge for double Higgs t_>oson production at.future
to H® coupling is several times weaker than in tefusion linear colliderqd25]. Our results are in good agreement if one
reactions(see the corresponding motivation bejowve can rescales the fine-structure constant to 1/18& useda=1/
presumably conclude that hadron collisions have no prospe3128)'
to resolve the discussed problem.

At the present time the construction of an electron-
positron linear collider with a c.m. systefo.m.s) energy of
500 GeV and with a year-integrated luminosity of 10 ¥bs To estimate the contribution of the triple Higgs vertex we
under discussion, with further extensions up\ts=2 TeV  must change the corresponding constenin the Higgs po-
and L,¢,~100 fb 1 [4,13,14. In the text we refer to these tential (2) while maintaining the S(®) invariance and the
two basic steps ase500 andLC2000 machines. Several value of the vacuum expectation. We thus add to the SM
projects are under discussion: the Japan Linear Collidepotential the monomialg26,27]

Note that theH? vertex contributes to the single Higgs

1. ANOMALOUS HIGGS POTENTIAL



54 PROBING THEH® VERTEX IN e"e™, ye, AND yy... 6719

A a) if 82, >D? then § "<o6<s8 -
vn(q>*<p)zn—'“(2q>*q>—uz)“, n=34,.... (4 @ mn

or st <o<érT,
Although many new vertices will appear, only some of them

can contribute to the processes on the ordera®oéind o*. (b) if 8%,<D? then 5 *<8<5"".
They are Here
A
VT O=2 (8vPH+ 1207H+ 1202H2 g3 87 = Srmint 1St €D?,
=+
+242H%w 0 7), (5) 7,{=*1,
~ , 1.96/(0)
V(3)+(4):_4 44 ©6) D2=_"—"""'_~""
4 3 % ' K\/Z
where ™= (¢, Fi ,)V2 The variant(a) implies that two values o correspond to the

measured cross section within experimental errors. Further-
more, these two values are separated by fixed interval which
does not depend on experimental errors. So we are dealing

appearance of new free parametats,. In other gauges, for ™ ! . . ) .
op P B gatg with some kind of discrete uncertainty which will take place

example, in renormalizable covariant gauges, all vert{bgs .
and (6) can contribute, again with two free parameters. NoteEVen if a number of measured events corresponds to the level

that the constant at thid* vertex remains a free parameter pred|cte_d bY SM’ somehadovwr)terva_l will S.hOW up. When
for the processes cﬂ)(a3) and O(a4). Unfortunately,\, is the luminosity is small, the variarib) is realized. However,

beyond any experimental study due to the small cross se(‘,"-’i_th increasing the integrated luminosity a discrete uncer-

tions of the relevant processes, and oxlycoupling can be tainty appears at some critical val(€), which depends only
seen. on the Higgs boson mass,

In the unitary gauge, where) =0, this new potential
changes only two SM verticesl® andH*, and results in the

We now introduce the dimensionless parameter . [1.96,2 g(0)
= T) —7 €)
81)4 5min K
0= 57 As. () N :
3My For the limitations ond we use two parameters which we

o denote bys™. In case(b) 5 =56"". In case(a) they are the
The values=0 implies SM. A nonzero value of théparam-  pounds of that intervall s *,6~ ") or (5" ~,8), which in-

eter can arise in physical models extending SM, e.g., if new, des the SM poins=0
physics comes at some scaleThis is realized, for example, Note that by using Eq(7) one can derive the following

in composite Higgs mode(8], where the constants, of the  ¢5m 15 for thecompositescales(A~) introduced above:
extended Higgs potential are associated with the correspond-

ing inverse powers aA?, e.g.,|\g~1/A% Of course, the sign 100 GeV? 1
of the nonstandard potential ternt® can be both positive TV = -

and negative. As we will see, the sensitivity of the discussed H 671

processes to the value of anomaldiiis different for posi- Thus, the bounds established at the le&|~1 mean that

bounds on the&ompositescaleA™ relatively. TeV for M,;=100 GeV.

However, such characteristic as the scales natural for
composite models, but not for SUSY models. For example, Ill. CROSS SECTIONS OF DOUBLE HIGGS
in MSSM the deviation from SM leads to a violation of the BOSON PRODUCTION

relation (3) between the Higgs boson mass and the triple ) . .

Higgs coupling constant, even for the lightest scalar boson; N this section we present numerical results for the pro-
here, an extra free parameter appears. Thus, if one would liKgesses with double Higgs boson production. Although we
to discuss the possibility to search for SUSY evidencecarried out calculations within the framework of the standard

through the triple Higgs coupling, the consideration of theModel in the 't Hooft—Feynman gauge, we checked some

dimensionless parametéris more natural. points for each reaction by calculating in the unitary gauge.
It is clear that the cross sections are quadratié:in We used the packages CompHEZ8] and Gran Sasso Air
Cherenkov ExperimentGRACE) [31] (see also[32]) for
0(8) = k(8= Smin) >+ 0 (Smin) - (8) independent calculations of the matrix elements and cross

sections. These packages provide automatic tree-level com-
Thus, there is some specific point in the corresponding stgputations of the cross sections and distributions in the stan-
tistical analysis. Let us consider the case when the experdard model and its extensions. Complete set of tree-level
ment does not show any deviation from SM at the 95% C.Ldiagrams has been generated for each process discussed and
for the H® coupling. This means tha{N(5)—N(0)| coherent summation of these diagrams has been performed.
<1.96yN(0), whereN(8)=Lo(6) is the number of detected The calculations were made with 1% statistical accuracy, and
events, andC is the integrated luminosity. Two variants can we checked that both packages gave consistent results. Total
be realized: cross sections and distributions have been calculated by
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FIG. 1. Energy dependence of the total cross sections of the readtiores’e” —ZHH; (2) e*e” = voreHH; (3) ye— v WHH; (4)
yy—WrW™HH.

means of multidimensional Monte CarldC) integration of  large cross sections in the presence of QCD coupling, creat-
the matrix element squared. Numerical results were obtaineihg difficulties for the signal separation especiallyyi col-

with the following values of the physical constants=1/ lisions. Reliable separation of this background is a difficult
128,M,=91.178 GeV, sim,,=0.474. calculation problem, and we need here in not only advanced

In Figs. 1 and 2 we show the dependence of the total crossalculation techniques. Below we discuss some specific fea-
sections on the energy andl, for the processes tures of distributions in the processes under consideration
e'e"—»ZHH, e'e —wv.vHH, ye—v,WHH, and which can allow one to apply suitable cuts in order to sup-
yy—W W HH. press direct multijet background.

We estimated the number of expected events assuming
that all events with double Higgs boson production could be
reconstructed from the decay products. Of course this is a
very optimistic assumption. We found that in all reactions (a) e*e”—ZHH. In this process the Higgs particles are
the angular distribution of Higgs bosons is rather smoothproduced by theH bremsstrahlung from th& boson line.
(see some representative histograms in Fjgarl the main  This process was discussed [i89,11], and we have only
part of H decay products will be produced at large anglesconfirmed those numerical results. The cross section has a
with the beams. So one can hope that efficient reconstructiomaximum and decreases with energy far enough from the
of double Higgs boson production events is realistic. threshold/§=2MH+ M . For a light Higgs boson the cross

When analyzing the signatures in the processes we argection maximum is located rather close to the energy ex-
discussing one_must remember that the light Higgs bosopected for theee500 collider.
decays into &b pair with a high ratémore than 90% Thus This reaction has no competitive electroweak background:;
the main signature of light Higgs boson production is twofor M, <150 GeV the main signature Bbbbb, giving a
b-quark jets. However, iM;>150 GeV the Higgs boson six-jet final state in the case of hadronic decays; for
decays mainly intoVW or ZZ and the signature should be M,,>150 GeV the signatur& WWWW gives up to 10 jets.
defined by the main modes W andZ decays, each of them  We might hope that in the case of light Higgs boson the
giving dijet in the final state. Although these multijet signa- observation of more than five events per year is plausible at
tures seem very clean we should note that in the backgrounghe e 500 collider. Note that the often-discussed initial-state
processes multijets can be produced directly due to multiperadiation reduces the total cross section by less than 7%. We
ripheral mechanisms. Such background processes can haggould also mention that the rate of this reaction might in-

crease by a factor of up to 2 when electrons and positrons are

A. ete™ collisions
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FIG. 2. Total cross section vs the Higgs boson mass for the FIG. 3. Higgs boson angular distributions in the reactiqis:
same processes as in Fig. 1. Bdre~ —ZHH, ¢ is calculated at e*e " —ZHH at My=65 GeV and \s=335 GeV; (2
energies corresponding to its maxima. For other processes the'e™ —wv.veHH at M,;=150 GeV, andy/s=2 TeV. For each dis-
curves were calculated at=2 TeV. tribution 5000 events were generated.
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(W) e () ——re(W) ve(W)
< ! W+? () ! FIG. 4. Feynman diagrams of the fusion
W+?H H foH wry oH mechanisnW™ W~ —HH. For the discussed pro-
RN Wi b cesses the virtual incoming/ bosons are sus-
W+§ ‘H 1; H Wﬂ H pended from the initial electrofpositron or pho-
1 é !
i

et (y)——— wH+ et(y)—— ton.
(W) et (y)——=7n(W) 7.(W)

polarized, due to the conservation of fermion chirality in thegrams we give in Fig. 5. Surely, this effect should help also
Z-fermion-fermionvertex. in the separation of the signal from the direct QCD multijet

(b) e"e” —vreHH. This process has been discussed inbackground. Furthermore we found that the spectators in the
[30]. Our numerical results are in agreement with this paperprocesses withV-fusion mechanism have large transverse
In this reaction the diagrams witlV-fusion(see Fig. 4give =~ momentum, at leagh,>10 GeVE for the LC2000 collider.
the main contribution to the cross section. Due to the contriSo the largep; of the spectators is caused by the exchange of
bution of these diagrams with a vector boson exchange in thmassiveW bosons, in theé channel(see diagrams in Fig.)4
t channel, the total cross section increases with enésgg  One can hope that the largg of decay products ofV
Fig. 1. The cross section is small enough at the energy obosons(if they are detectedor large missingp; (due to
theee500 collider showing no practical interest to search forinvisible neutrino or undetectabl® bosons could help us to
double Higgs boson events. However, the cross section irseparate thélH signal.
creases rather rapidly and already at 1.5 TeV a real opportu- Since only the left-handed electron and the right-handed
nity appears. This reaction has the biggest cross sectigmositron contribute to this reaction, the statistics increase by
among other double Higgs boson production processes. a factor of 3—4 if the electron and positron beams are polar-

The final states are identified by Higgs boson decay. Thézed. For unpolarized experiments 34 events per year will be
main signature foM <150 GeV is four jets. For larger observed forM,;=150 GeV atLC2000. Note that for the
Higgs boson masses it is four gauge bosoMéWWW  reactione™e” — v v HH the initial-state radiation reduces
WW2ZZZZZ2) with their subsequent decays, giving up to the cross section more seriouslgy ~20%) than for the
eight jets. The possible electroweak background could be"e™—ZHH reaction.
given by the reactioe”e” —HH, where theH® vertex gives (c) Other processes with double Higgs boson production
a negligible contribution because it is accompanied by thén e™e™ collisions have cross sections that are too sifsae
H-electron-electronvertex. Nevertheless, on the one-loop Table )) to be of practical interest, evenla€2000. We only
level this reaction has a relatively large cross section due taote that the reactioa™e”—ZHHH could be of particular
the contributions of other verticdsee Table)l, and should interest because it is the only one where Hikvertex con-
be considered as background. However, one can see frotributes.

Fig. 5 that the missing energy is lar¢gbout 80% of the total

energy in the reactioree™ — v,v,HH, thus one can hope B. ye collisions

that the corresponding criteria for the event selection will . . :
help a great deal for the separation from the double Higgs (@ ye—veWHH. In this reaction the H|ggs bqsons are
boson events produced in the reactsie” —HH. p'ro<'juced by mefm§ of the/-fusion mechanism(Fig. 4)'.

As we will see below, all processes with double HiggsSiMilarly to thee”e —wereHH case. In total 13 generic
boson production through th&-fusion mechanism are char- Feynman dlagr_a_ms co_ntrlbute, e_ach .Of them producing a
acterized by explicit energy separation of the spectdtws- number of additional diagrams witth; fields, see Eq(3),
trinos or W bosong from the Higgs bosons, typical histo-

X}xi)ax er’z‘gx
TABLE I. Unpolarized cross sections of different channels in . ! 1
e*e™ collisions with double and triple Higgs boson production. E :
These calculations were performed in the standard model with L I
Higgs boson maskl,,=65 GeV. The values df,,,, correspond to L - o
energies where cross sections reach their maxima. 2 ! N . K/ ¢ 2
~ l l 777 i -
+ A ot =
eTe” channel Js ' (fh) g | E % Vo .
ZHH VSmax=335 GeV 0.61 E I _
VeveHH 2 TeV 1.0 el B A
ete™HH 2 TeV 0.13 0 1
HH [33] >250 GeV <0.1 X
ttHH VSmax=800 GeV 0.063 FIG. 5. Energy distribution of outgoing particles in reactions
W W™ HH VSmax=700 GeV 0.035 involving theW-fusion mechanism. Here=2E/ \/s. For the Higgs
ZZHH VSmax=610 GeV 0.0043 boSONS Xmayx<(My+My)/\/s. For spectatorsv, or W boson$
ZHHH VSmax=520 GeV 0.8x10°3 Xmax—~1—2(My+My)//s. This picture is typical for/s~2 TeV

andM_=100-300 GeV.
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1600 : ‘ ‘ - haveW decay products going into forward or backward 5°
W Vs=2 TeV cones. If the detection of particles is not easy at such small
1200 A VMo 150 GeV angles, the triggering must include a large missing energy.
My=

One should note that the reactigy—HH will give a back-
ground comparable with the signal only if the Higgs boson

o3}
o
[}

g 7 decay products are detected without any missing energy.

g Our conclusion is that for light and intermediate Higgs

< 400 v . .

3 0 bosons a noticeable number of events will be produced. For

= ?Wmmmﬂm example, forM ;=150 GeV about 20 events can be seen per
o 15 30 45 80 75 90 year atLC2000 and about 14 events can be observed for

Y deg M =200 GeV.
The convolution with the whole photon spectrum de-
FIG. 6. Angular distribution ofW in yy—W"W HH; 5000  creases the cross section by 7—12 timesMgr=100—200
events have been generated. GeV. The dependence on the photon polarization is only

_ within 7% aty/s~2 TeV.
Goldstone partners dfV and Z bosons. The cross section (b) yy—ffHH, where f

increases with energy and at 2 TeV reaches the order qj|
tenths of fb showing a real possibility to study theé cou-

is a fermion. Since the
fermion-fermioncoupling is proportional to the fermion
i mass, we calculated only thequark case to estimate the
p"ll_gr; Wb . itted inlv in the direct | ‘ upper bound of the cross sections. The total cross section
h ﬁt (i)son IS ?tfr?_' 620 rrcl))?my in the L;ec "gn cog_e © decreases with the energy and Higgs boson mass; for
€ photon beam within 2°-3° cone around deam di- My=65 GeV it has a maximum value of 0.07 fb at
rection(theW angular distribution in the process is similarto ' _ . )
o - . Js=850 GeV andm,,,=170 GeV. Hence, this reaction can
the W angular distribution in theyy—W"W™HH reaction - .o : :
(see Fi . The W boson ener is the order have visible statistics only for light Higgs boson and the
9. % 9y integrated luminosity higher than 100 th

(\/§/Z—MH—MW) (see Fig. % and it easy to show that © . -
; . vy—HH. This reaction proceeds at the one-loop level.
about 90% of the events will hawy/ decay products going Analytical formulas for the amplitudes and a detailed nu-

into the forward 5° cone, and more than 50% going 10 &y ica| analysis are presented [B4,35. The rate of this
forward 2° cone. We conclude that the event selection has to,  io 1 is comparable with that of tiw—>W+W‘HH pro-

L?]ZlLijr?\(/ea:ih;ngorug\év;nge;rlfiﬁg%étl) .t\zvzc; g ?gh(;erzggz ée;‘;g\r/gc cess atM ;<300 GeV and's>1 TeV. These two reactions
W " have comparable cross sections in the case whafl decay

About 20 events per year can be observedNy=150 o
GeV atLC2000 Thepcor?lvolution with the photgfr?{spectrum products are detected. Of course, a large missing energy,
i occurring in theW-fusion reaction, would help to separate

decreases the cross section by three timedffigr300 GeV the events of these two channels

and+/s~2 TeV. Since only the left-handed electrons contrib- '

ute to this reaction, its cross section increases with the rate of

the electron-beam longitudinal polarization, while the depen- D. Case ofMy~M;

dence on the photon polarization is less than 3% at WhenMy is close to theZ boson mass it is difficult to

Js~1-2 TeV. separate the signal from tlzebackground by reconstructing
(b) ye—eZHH. The total cross section decreases withthejet-jet mass. Ab-tagging procedure can be used to sepa-

the energy and Higgs boson mass. Mo, =65 GeV the rate the signal in this case. This procedure is based on

maximum is o'% =0.009 fb at/s~500 GeV; this reaction searching for a second vertex from thedecay by a high-

has very small total cross section and is beyond any experf€solution vertex detector. We collect in Table Il the total
mental study. cross sections of double Higgs reactions together with those

of the background processes. In the same table we give the
estimates of theignal-to-backgroundatio (S/B) calculated
o ) ) by two methods.

In vy collisions double Higgs boson production can occur (1) The ratio is calculated by the method proposef38].
in several reactions at the tree level and in one process is realistic to assume a 80%tagging efficiency. At this
yy—HH, atthe one-loop level. All of these processes are Officiency misidentification ob quark as light quark can be
the ordera’”. . , , _ taken to be equal to 0.5%, while for tieegquark it is 35%. At

(& yy—W "W HH. At high energies the Higgs bosons |g5st twob quarks are assumed to be tagged for separating
are produced in this reaction again with the hely\sfusion e HH signal.
mechanism(see Fig. 4, in total 49 generic Feynman dia- (1) The ratio is also calculated by applying the highest

grams contribute So the total cross section increases Withefficiency for b-tagging when the value of th&/B ratio is
energy. We also note that it decreases with the Higgs boso&ven by

mass more slowly than in thee reaction, and already for
M, >120 GeVyyreaction gives more double events(Fig.
2).

As in ye— v, WHH reaction theW bosons escape closely
to the collision axis, concentrating at the angles of the order
3°-4° (see Fig. 6. Again we conclude that due to the large which is the most optimistic estimate.
energy ofW bosongsee Fig. »about 90% of the events will To determine the possibility of separating the signal com-

C. yy collisions

_O'signal _
ohe B(Z—bb)*+af - B(Z—bb)’

(10
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TABLE II. Unpolarized total cross sections of signal and back- IV. & SENSITIVITY
ground processes at the poilty=M;. The signal/background
ratio was estimated in two wayst) with a realistic assumption
concerning theb-tagging efficiency and quark contaminatif86],
(11 with the formula(10) based on a direct account of tBe~bb

In this section we analyze numerically the sensitivity of
cross sections to the anomalad$ coupling. The represen-
tative parameters characterizing this sensitivity are collected
in Table Ill (see Sec. Il for definitionsIn this table you find

branching. . - -
cross sections of processes under consideration calculated at
Case ofMy=M, three values of anomalomlﬂ;3 coupling,5=0,+1. We remind
B the reader that dimensional parametérrepresents the
Signal reactions Vs ot _____——  anomalous triple Higgs coupling;, Eqgs.(4) and(7). These
and backgrounds (TeV) (fb) 0 I numerical results give an opportunity to reconstruct param-
T eters of quadratic functio(B), we give in Fig. 7 representa-
ee —ZHH 05 0.31 0.56 tive curves for procesyy—W' W~ HH for some values of
ZZZ 115 Higgs boson mass. The last two columns represent the inter-
L 2eH 0.95 val (5,87) which characterizes the sensitivity at integrated
e'e —wereHH 2 073 013 042  |yminosity£ of 100 fb % If Slies on the intervals~,8") the
VeVelZ 33.8 deviation from the SM cannot be registered within statistical
veveZH 6.48 error, so the wider the interval is, the less the sensitivity is.
ee—e'e ZZ 4.65 We found that for Higgs boson mass range under discus-
e'e ZH 1.20 sion and integrated luminosities of future linear colliders
ye— v, WHH 2 0.36 0.12 0.26 (10—100 fb'Y) the cross sections are expected to be close to
veWZZ 31.1 the minimum point of quadratic functio(8) (see also Fig.
veWZH 4.49 7). As a result, when integrated luminosity is higher than
yy—W* W~ HH 2 0.34 0.06 0.14 parameter’, Eq. (9), the effect of discrete uncertainty does
W*rW~ZzZ [37] 65.6 manifest. It means that two different interval$ ,6) and a
WrW~ZH 6.35 shadowone (see Sec. )| exist where the cross section has

the same value as predicted by the SM within statistical er-
rors. If the integrated luminosity is close tbor lower, these
two intervals join and, as a result, the sensitivity dgets
drastically weaker.

We discuss below some further features of éheensitiv-
ity in the cases of light, intermediate, and heavy Higgs

ing from thee™e™ —ZHH process, we must use a hadronic
decay mode of th& boson. In this case the signal is six jets
with four b-quark jets from twdH decays. One can see from
Table Il that afterb-tagging a ratio §/B) of ~0.56 can be bosons
ach|eved_. Th|§ vaIu_g allows us to hopg that a numbet idf Light Higgs boson. As noted above, only the process
events will be identified at thee500 collider. Unfortunately, o*e~_,ZHH gives some prospects to be examined at the
even with this value one cannot hope to measureHRe ee500 collider due to its rather large cross section. The effect
coupling in the realistic experiment. of the shadowinterval is present at the integrated luminosity
For W-fusion reactions the situation is much worse, andof 10 fb™ 1. Since the two intervals are very close to each
we cannot hope to separate any noticeable number of eveng¢her (see Table IV the real bounds are rather weak10
with double Higgs boson production. For the reactions<§<?2.
e“e” — v HH andye— v, WHH, afterb-tagging one can At LC2000 a much stronge# limitation can be estab-
expect theS/B ratio to be at the very small levet0.13.  lished inW-fusion reactions, see Table Ill, especially for the
Even if we apply the most optimistic estimate of type Il, the reactione”e™ — v v HH.
S/B ratio is not larger than 0.3—0.4. Also note that for the In thee™e™ reaction the effect of a discrete uncertainty
e*e” reaction another type of background could arise fromshows up rather clearlisee Table 1V, and the correspond-
the efe” —e"e ZB processes, wher8 denotesZ or H, ing shadow interval could be resolved in the mode of
with electrons and positrons being hidden in the forward-LC2000, thus demonstrating the complementarity of differ-
backward invisible cones, or when they escape with tocent options of planned linear colliders. Combined data from

small energies. Indeed, the corresponding total cross sections -

are relatively larggsee Table . However, if we veto the \/s;zz'Tev

electrons and positrons to be observed in a visible region and -

apply the missing momentum cut at for instance several tens - f

of GeV, this background can be reduced to less than 1/1000 3,

with keeping almost all signal events. © ]
For the reactionyy—W" W~ HH the situation is more 2 \ ‘\goo“~---_/'

complicated because of the larger value of the background N =7

cross sectiongsee Table I, and one can expect th&/B 10~ \\ //

ratio to be not larger than 0.1. . bl .
Probably, another method to separbteandZ events by -1.0 -05 0.0 05 1.0

using the angular distributions of their decay prodJy&s| 6
could help. However, since this method also discards signal FIG. 7. Total cross-section dependence on ltfeanomalous
events, we need higher luminosity colliders. coupling & for yy—W* W~ HH.
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TABLE lIl. Unpolarized total cross sections and parameters representing the dependence on the artéfnedoysing 5. For the y
channels the results are obtained for monochromatic photon(bedrhe values of the cross section for #iee ™ —ZHH reaction are given
at points of its maximdthe corresponding energies in TeV are indicated in bragkiéts other processes the cross sections were calculated
at\/s=2 TeV. Parameters” are limitations ons available at an integrated luminosity of 100 fb Parametell matches the Higgs boson
masses for which the shadow interval exists; it appears in addition to the limitation in@hvad< 5", if the integrated luminosity is higher
than L.

Cross sectiongph) A

My L
Process (GeV) 5=0 (SM) 5=-1 5=1 () 5 s
65 0.61(0.335 0.41 0.87 9 -0.73 0.62
M, 0.32 (0.44) 0.20 0.49 21 -0.88 0.69
ete” »ZHH 120 0.20(0.56 0.12 0.32 36 -1.1 0.77
150 0.14(0.7) 0.079 0.23 58 -1.3 0.82
200 0.094(0.95 0.050 0.17 109 -438 0.85
250 0.072(1.2) 0.036 0.13 143 —4.4 0.86
300 0.0591.5) 0.029 0.12 180 -41 0.85
65 1.0 1.6 0.77 42 -0.42 0.61
M 0.73 1.4 0.52 64 -0.34 0.55
ete = vv HH 120 0.49 1.2 0.41 133 —0.30 1.6
150 0.34 0.99 0.37 262 -0.28 1.2
200 0.19 0.81 0.40 1116 -0.27 0.77
250 0.11 0.67 0.41 4871 -0.27 0.56
300 0.066 0.55 0.41 >10 -0.27 0.44
65 0.51 0.86 0.37 100 -0.47 2.8
M 0.36 0.78 0.28 169 -0.38 1.8
ye— v WHH 120 0.26 0.71 0.27 381 -0.33 1.3
150 0.19 0.65 0.31 1088 -0.32 0.91
200 0.11 0.58 0.38 >10* -0.31 0.58
250 0.072 0.51 0.44 >10* -0.32 0.41
300 0.048 0.45 0.45 >10* -0.33 0.33
65 0.46 0.86 0.38 213 -0.43 1.9
M 0.34 0.86 0.36 370 —-0.34 1.3
y—WW HH 120 0.25 0.86 0.43 1102 -0.30 0.85
150 0.20 0.86 0.55 5817 -0.29 0.59
200 0.13 0.84 0.76 >10* —-0.30 0.36
250 0.10 0.80 0.92 >10* -0.33 0.25
300 0.08 0.75 0.99 >10* -0.35 0.20
500 0.033 0.36 0.61 1641 -0.45 0.17

the two experiments could establish the limitation at the levehction forM ;<110 GeV at the integrated luminosity of 100
of —0.4<6<0.6 without the shadow interval. fb~L. Again we note, that the/y mode of LC2000 can re-
Intermediate Higgs boson. First, one can see that theolve this shadow interval, see the Table IV.
ee500 collider has no feasibility for these Higgs boson We would like also to note that if they luminosity can
masses in allWW-fusion processes due to the too-small crossbe increased significantlyfor example, as discussed in
sections (see Fig. 1 However, for a small interval, [18,21]), the yy reaction can set extremely strict limitations
M,<M,<100 GeV, some weak limitations still can be es-on é. In the case of£~10" fb~* (probably too optimistig
tablished in the reactioa®e™ —ZHH, see Table IV. these bounds can be established at-#e05<5<0.08 level
For LC2000 the situation is much better. We note that thetogether with the shadow interval of 6:2<0.35.
lower bound does not practically depend on the reaction. Heavy Higgs boson. For Higgs boson masses of hundreds
Furthermore this lower bound does not depend on the valu&eV we found an interesting effect of a large enhancement
of Higgs boson mass, within the rather wide interval fromof the total cross sections al/-fusion reactions for large
100 to 300 GeV. As for the upper bounif the reaction values of the anomalous couplinty We show some repre-
e e  — v v, WWis better forM ;<110 GeV. However, for ~sentative curves for three values léf anomalous coupling
larger massesvl ;>120 GeV, theyy reaction gives the best in Fig. 8. This effect can be explained by the competition of
chance to establish limitations on two factors. One factor is associated with a decrease of the
For the intermediate Higgs boson the effect of the shadovtotal phase space due to large Higgs boson masses. The other
interval appears in the analysis of taée™ — v, v, WW re-  one is specific for the processes under investigation, and is
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TABLE IV. Prospects to establish bounds on the triple Higgs coupling at future linear colliders.

My Shadow Composite
(GeV) Collider Best channel (6,8 interval scale(TeV)
70-85 ee500 ete"—ZHH (—4,2 (-10.2-4.9 -
70-85 LC2000 e*e —woreHH (—0.4,0.6 (2,5,3.5 From both reactions,
y—W* W HH (0.4,1.9 - atM,=80 GeV:
AT=~1.6,A"=2.0
95-100 ee500 ete"—ZHH (—-8,2 - -
95-110 LC2000 e"e —wereHH (—0.3,0.6 (1.3,2.2 From both reactions,
yy—W W~ HH (-0.3,1.0 - atM, =100 GeV:
At=13,A"~18
110-200 LC2000 yy—W'W HH (-0.3,0.9-0.3 - At~1.0-0.8
A"=1.7-0.9
<700 LC2000 W-fusion |8~1 can be detected -
>700 LC2000 yy—HH [35] bounds at the leveb~1 -

associated with an increase of that part of the phase spataneous breaking of the local gauge invariance. One can find
where the Higgs boson propagator can be considered asaasupporting argument in some other figures presented in
constaniwhen the corresponding squared momentum can bgs5]. In fact, for M,>500 GeV andys>1 TeV the main
neglected in comparison witkl ;). For a largers the second  contribution to the amplitudes with equal photon polariza-
factor becomes significant, because Hiévertex is accom-  tions comes from th&V-loop diagrams; in this mass range
panied by the Higgs boson propagator, see the (@igha)  the sensitivity tod increases significantly.
diagram in Fig. 4. Thanks to this effect the anomalbis
coupling in theW-fusion processes becomes detectable for
rather large masses. For example, the vallel can be
measured up té1,,=700 GeV at LC2000. The main conclusion is that the® vertex can be studied
We now give some conclusions concerning the reactionn W-fusion reactionge*e™ — v v,HH, ye— v ,WHH, and
yy—HH using the results frorfi35]. The important pointis  yy—W"W~HH) at 2 TeV linear colliders with an integrated
that the anomalousi® coupling contributes only to ampli- luminosity of 100 5. We point out the following important
tudes with equal photon helicities. However, for such photoraspects.
polarizations and forM ;<300 GeV the cross section is  All modes of the linear collidete™e™, ye, andyy) can
dominated by diagrams with &quark loop: ~100% for  be used for probing thel® coupling.
Js>1 TeV. Consequently, the origin of thidependence in Because of poor statistics it will be necessary to accumu-
this reaction is different froriV-fusion reactions. As a result, late all events with double Higgs boson production. After
the sensitivity tos is several times weaker here. For ex- several years of operating the limitation at the level| &f
ample, from the figures presented[i85] one can pick out <0.5 (coming fromW-fusion reactionsis realistic for the
the following cross sections forMy =250 GeV: Higgs boson with mass less than 300 GeV.
0"°{(6=0)~0.104 fb, ¢™(—1)~0.112 fb ando™%(1)~0.1 fb. The rates of double Higgs boson production could be
Hence, the possible limitation is4.3<6<7.3. Such a weak greatly increased if the colliding electron and positron beams
sensitivity means that the interaction of the Higgs boson withare polarized. The polarization of photon beam does not no-
W boson has a stronger dependence on the anom#ldus ticeably affect the cross sections.
coupling than the interaction with fermions does. Certainly, The signatures of the processes discussed are (©ear
this difference is associated with the fact that HiggsW  eral jets, up to 8—12, with invariant masses peakeiat
interaction is deeply involved in the mechanism of the sponandM,,) without any electroweak background. Various fea-

V. CONCLUSIONS

1.0 e AREAsRa L e

\ VE=2 TeV |  feeeeeeei - ~

0.0 Lo : T
50 100 150 200 250 300 350 400 450 500

0.00 L L L . s T
50 100 150 200 250 300 350 400 450 500

My GeV My GeV

FIG. 8. Total cross section vs the Higgs boson mass for large values of the anorhlareupling constant: left-hand side for
ete” = v HH; right-hand side foryy—W*W~HH.
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tures(such as a large missing and energy, energy separa- of two jet signals from the Higgs and bosons. In this case,
tion of Higgs boson decay products and spectatoosild be  even theb-tagging will not help due to the large cross sec-
used to suppress direct multijet background. tions of the background processes.
In the case o™ e~ reactions the statistical analysis gives
two limitation intervals ofé for the light and intermediate
Higgs bosons: the interval around the SM value together ACKNOWLEDGMENTS
with shadowone. Such a discrete uncertainty might be re-
solved with the help of theyy reaction, what shows a This work was supported in part by the Japan Society for
complementarity of the different modes of future linear col-the Promotion of Science. V.A.l. and A.E.P. were also par-
liders. tially supported also by the European association INTAS
Anomalousés==*1 couplings are available to be detected (Project No. 93-1180and the Grant Center for Natural Sci-
for Higgs boson masses up to several hundred GeV iences of State Committee for Higher Education in Russia
W-fusion reactions. (Grant No. 95-0-6.4-38 We are also indebted to KASUMI
For very heavy Higgs bosorvi,>700 GeV, only the Co. Ltd. and SECOM Co. Ltd. for financial support to our
reactionyy—HH can be used for study of thé® coupling.  collaboration. V.A.l. and A.E.P. are grateful to M. N. Dubi-
Some observation could be made at &8500 collider in ~ nin and V. I. Savrin for many discussions. V.A.l. expresses
thee*e™ —ZHH reaction for a light Higgs boson. his deep gratitude to the Minami-Tateya collaborati&K)
Finally we note that the rang®l,,~M is not good for  for both hospitality and providing him with excellent condi-
probing theH? coupling in any reactions due to the identity tions to stay and work in Japan.

[1] M. Pohl, in Proceedings of the 27th International Conference [14] Proceedings of the 3rd Workshop on Physics and Experiments
on High Energy Physi¢csGlasgow, Scotland, 1994, edited by with Linear e*e™ Colliders, LCWS95, Morioka-Appi, 1995

P. J. Bussey and I. G. Knowl$OP, London, 1995 p. 107. (World Scientific, Singapore, 1996
[2] A. Belyaev, E. Boos, and L. Dudko, Mod. Phys. Lett18 25 [15]|. F. Ginzburget al, Pisma zh. Eksp. Teor. Fiz34, 514
(1995. (1981 [JETP Lett.34, 491 (1981]; Nucl. Instrum. Methods

[3] M. Spiraet al, Nucl. Phys.B453 17 (1995.

[4] See, e.g., Nucl. Instrum. Methods Phys. Res3%5 (1995;
Proceedings of the 2nd Workshop on Physics and Experimen
with Linear e e Colliders, Waikoloa, Hawaii, 1993, edited
by F. A. Harriset al. (World Scientific, Singapore, 1993
e"e” Collisions at 500 GeV: The Physics PotentiRroceed-
ings of the Workshop, Munich, Annecy, Hamburg, 1991, ed-

205 47 (1983; I. F. Ginzburget al, ibid. 219 5 (1984).

I|'516] E. L. Saldinet al, DESY Report No. 94-243, 199dinpub-
lished.

[17] We are grateful to I. F. Ginzburg for discussion of this point.
The corresponding references 4f5,18,19. Recent discus-
sion has led to conclusiof20,14] that the yy luminosity can

ited by P. W. ZerwagDESY Report No. 92-123A,B,C, Ham- be 1/2-1/5 of the luminosity of bas& e~ collider with prac-
burg, 1993 “JLC-l,” KEK Report No. 92-16, 1992 tically monochromatic photon beam. We refer alsd 18,21
(unpublisheq where an idea to increasgy luminosity up to 16°-10%

[5] J. F. Gunion, H. E. Haber, G. Kane, and S. Dawsdre Higgs cm ?s ! is described.

Hunter’s Guide(Addison-Wesley, Reading, MA, 1990 [18] V. I. Telnov, Nucl. Instrum. Methods Phys. Res. 294, 72

[6] A. Djouadi, J. Kalinowski, and P. W. Zerwas, @fe~ Colli- (1990.
sions at 500 GeV: The Physics Potenfid], p. 83. [19] I. F. Ginzburg, inPhysics at LEP 200 and BeyanBroceed-

[7]1 3. Ellis, G. L. Fogli, and E. Lisi, Z. Phys. 69, 627(1996); P. ings of the Workshop on Elementary Particle Physics,
Langacker, National Science Foundation Report No. NSF-ITP-  Teupitz, Germany, 1994, edited by T. Riemann and J. Blum-
95-140, UPR-0683T, 199&npublisheg lein [Nucl. Phys. B(Proc. Supp). 37B, 303(1994].

[8] D. B. Kaplan and H. Georgi, Phys. Left36B, 183(1984); H. [20] Proceedings of the 10th Workshop on Photon-Photon Colli-
Georgi, ibid. 151B, 57 (1985; Yu. F. Pirogov, Int. J. Mod. sions, Photon '95, Sheffield, 1998Vorld Scientific, River
Phys. A7, 6473(1992; Mod. Phys. Lett. A8, 3129(1993. Edge, NJ, 1996

[9] J. Rosiek, Phys. Rev. B1, 3464(1990. [21] V. I. Telnov, Nucl. Instrum. Methods Phys. Res. 355 3

[10] O. J. P. boli et al, Phys. Lett. B197, 269 (1987; W.-Y. (1999; V. E. Balakin and N. A. Solyakipid. 355 142(1995;
Keung, Mod. Phys. Lett. 2, 765 (1987; K. J. Kallianpur, V. E. Balakin and A. A. Seryibid. 355 157 (1995.
Phys. Lett. B215 392(1988; D. A. Dicus, C. Kao, and S. S. [22] T. Maruyamaet al, Phys. Rev. Lett.66, 2351 (199)); T.
D. Willenbrock, ibid. Phys. Lett. B200, 187 (1988. Omori et al,, in Proceedings of the High Energy Accelerator
[11] V. Barger, T. Han, and R. J. N. Philips, Phys. Re\3® 2766 Conference Hamburg, 1992(World Scientific, Singapore,
(1988. 1992, Vol. I, p. 157; H. Aoyagiet al, Phys. Lett. A167, 415

[12] D. A. Dicus, C. Kao, and S. S. D. Willenbrock, Phys. Lett. B (1992; Y. Kuriharaet al, Jpn. J. Appl. Phys34, 355(1995.
203 457(1988; E. W. N. Glover and J. J. van der Bij, Nucl. [23] For a helical undulator method, see V. E. Balakin and A. A.

Phys.B309, 282 (1988. Mikhailichenko, Report No. INP 79-85, 197@npublisheg
[13] Proceedings of the 2nd European Workshop on Physics with K. Flottmann, DESY Report No. DESY 93-161, 19@8pub-
e"e” Linear Colliders, Assergi, Gran Sasso, Italy, 1996- lished. For the other methods, see T. Okagial, Jpn. J.

published. Appl. Phys. 135, 3677(1996.



54 PROBING THEH® VERTEX IN e"e™, ye, AND yy... 6727

[24] V. A. llyin et al, KEK Report No. KEK-CP-030, 95-78un- [32] E. E. Booset al, Int. J. Mod. Phys. G5, 615(1994.
published; INP MSU Report. No. 95-16/38Qunpublisheg [33] K. J. F. Gaemers and F. Hoogeveen, Z. Phys2&; 249
Report No. hep-ph/9506326inpublishegl (1984.

[25] E. Chopin, presented at the Proceedings of the 2nd Europed34] G. V. Jikia and Yu.F Pigorov, Phys. Lett. 883 135(1992.
Workshop on Physics wite"e™ Linear Colliders[13]; F.  [35] G. Jikia and A. Tkabladze, in Proceedings of the Workshop
Boudjema and E. Chopin, Report No. ENSLAPP-A-534/95  e*e~ Collisions at 500 GeV: The Physics Potential, edited by
(unpublishedt Report No. hep-ph/9507396Ginpublished P. W. ZerwagDESY Report No. DESY 93-123C, 1998n-

[26] An analogous procedure was used[2V] so as to see the published, p. 529; G. V. Jikia, Nucl. PhysB412, 57 (1994.
contribution of higher-order monomials for heavy Higgs boson[36] N. Brown, Z. Phys. G49, 657 (1991; “JLCI,” KEK Report

(My~1 TeV and morg No. 92-16, 199Zunpublished, p. 86; P. Grosse-Wiesmann, D.

gg ‘I]E ‘JE v;n detr ?'J’II\T;C'\;SPJ]/B/SSIB;%JG_:;D‘IS'_\?? (1518'\?. INP MSU-94 Haidt, and J. Schreiber, in Proceedings of the Workshop
- £ oot al, eport No. e e*e” Collisions at 500 GeV: The Physics Potential, edited by

iﬁggggg‘;&iuﬁi’sﬂfﬁ 199npublishegt Report No. hep- P. W. ZerwagDESY Report No. DESY 92-123A, 199@in-
[29] G. J. Gounaris, D. Schildknecht, and F. M. Renard, Phys. Lett, pupllshed, p. 37. L
B83, 191 (1979. [37] This value calculated by CompHEP and GRACE is in agree-
[30] V. E;arger and T. Han, Mod. Phys. Lett. 8 667 (1990. ment with results obtained before by G. Jikia, Nucl. Phys.

[31] GRACE Manual, Vol. 1.0, KEK Report No. 92-19, 199@- B437, 520(1999; K. Cheung, Phys. Rev. B0, 4290(1994.
published. [38] Z. Kunszt and W. Stirling, Phys. Lett. B42 502 (1990.



