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Detection of neutral MSSM Higgs bosons at CERN LEP-II and NLC
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We study the possibility of detecting the neutral Higgs bosons predicted in the minimal supersymmetric

standard model (h0,H0,A0), with the reactionse1e2→bb̄h0(H0,A0), using the helicity formalism. We ana-
lyze the region of parameter space (mA02tanb) whereh0(H0,A0) could be detected in the limit when tanb
is large. The numerical computation is done for the energy which is expected to be available at CERN LEP-II
(As5200 GeV! and for a possible Next Lineare1e2 Collider (As5500 GeV!. @S0556-2821~99!00709-2#
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I. INTRODUCTION

The Higgs sector is one of the most important areas of
standard model~SM! that has not been tested yet@1#. The
SM contains only one neutral Higgs boson and although
detection would give more validity to the SM, there are so
theoretical problems that suggest the need for new phys
One of the more attractive extensions of the SM is supers
metry ~SUSY! @2#, mainly because of its capacity to solv
the naturalness and hierarchy problems while keeping
Higgs bosons elementary.

The minimal supersymmetric extension of the stand
model~MSSM! doubles the spectrum of particles of the S
and the new free parameters obey simple relations. The
lar sector of the MSSM@3# requires two Higgs doublets; thu
the remaining scalar spectrum contains the following phy
cal states: twoCP-even Higgs scalar (h0 and H0) with
mh0<mH0, one CP-odd Higgs scalar (A0), and a charged
Higgs pair (H6), whose detection would be a clear signal
new physics. The Higgs sector is specified at the tree leve
fixing two parameters, which can be chosen as the mas
the pseudoscalarmA0 and the ratio of vacuum expectatio
values of the two doublets tanb5v2 /v1, then the massmh0,
mH0, and mH6 and the mixing angle of the neutral Higg
sectora can be fixed. However, since radiative correctio
produce substantial effects on the predictions of the mo
@4#, it is necessary to specify also the squark masses, w
are assumed to be degenerated. In this paper, we focus o
phenomenology of the neutralCP-even andCP-odd scalars
(h0,H0,A0).

The search for these scalars has begun at the CERNe1e2

collider LEP, and the current low-energy bound on th
masses givesmh0, mA0.75 GeV for tanb.1 @5#. At e1e2

colliders the signals for Higgs bosons are relatively clean
the opportunities for discovery and detailed study will
excellent. The most important processes for the produc
and detection of the neutral Higgs bosonsh0, H0, andA0,

*Permanent address: Centro de Investigacio´n y de Estudios Avan-
zados del Instituto Polite´cnico Nacional, Apartado Postal 14-74
07000 México, D.F. Mexico.
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aree1e2→Z*→h0,H01Z0, e1e2→Z*→h0,H01A0, and

e1e2→nn̄1W1* W2*→nn̄1h0,H0 ~the latter is conven-
tionally referred to asWW fusion!; precise cross section for
mulas appear in Ref.@6#. There is considerable compleme
tarity among the first four processes, and theWW fusion
processes are also complementary to one another and t
first four. If mA0*mZ0, so that cos2(b2a) is small, then
Z*→h0Z0, Z*→H0A0, andWW→h0 are all maximal, and
the other three are small.

In particular, anh0 with mh0;mZ0 could be seen a
LEP-II provided thatAs*200 GeV withL;500 pb21 @7#
can be achieved, and that efficientb tagging is possible@8#.
But, if the h0 were not discovered at this energy, pushi
slowly to As5240 GeV would rapidly open up the possibi
ity for h0 detection in the regions of parameters space co
sponding to the higher values ofM t̃ and tanb. Of course, the
ability of LEP-II to detecth0 is also strongly dependent upo
the actualAs that can be achieved and upon the unkno
value of M t̃ ~and to a lesser degree on the parameters
control squark mixing which in this paper will be neglected!.
Since radiative corrections make possible to havemh0

.mZ0, it seems that hadron colliders will be also required
fully test the Higgs sector of the MSSM@9#.

The Z0h0 production cross section contains an over
factor sin2(b2a) which suppress it in certain parameter r
gions ~with mA0,100 GeV and tanb large!; fortunately the
A0h0 production cross section contains the complement
factor cos2(b2a). Hence theZ0h0 and A0h0 channels to-
gether are well suited to cover all regions in the (mA0

2tanb) plane, provided that the c.m. energy is high enou
for Z0h0 to be produced through the wholemh0 mass range,
and that an adequate event rate can be achieved. These
ditions are already shown to be satisfied@10# for As5500
GeV with assumed luminosity 10 fb21, as is expected to be
the case of the Next Lineare1e2 Collider ~NLC!.

In previous studies, the two body processese1e2

→h0(H0)1Z0 and e1e2→h0(H0)1A0 have been evalu-
ated @6# extensively. However, the inclusion of three-bod
processe1e2→h0(H0)1bb̄ ande1e2→A01bb̄ at LEP-II
and NLC energies is necessary in order to know its imp
on the two body mode processes and also to search for
©1999 The American Physical Society11-1
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relations that could have a cleaner signature of the Hi
boson production.

In the present paper we study the production of SU
Higgs bosons ate1e2 colliders. We are interested in findin
regions that could allow the detection of the SUSY Hig
bosons for the set parameter space (mA02tanb). We shall
discuss the neutral Higgs boson productionbb̄h0(H0,A0) in
the energy range of LEP-II and NLC for large values of t
parameter tanb, where one expects to have high productio
Since the couplingh0bb̄ is proportional to sina/cosb, the
cross section will receive a large enhancement factor w
tanb is large. A similar situation occurs forH0, whose cou-
pling with bb̄ is proportional to cosa/cosb. The coupling of
A0 with bb̄ is directly proportional to tanb, thus the ampli-
tude will always grow with tanb. We consider the complet
set of Feynman diagrams at the tree level and use the he
formalism@11–17# for the evaluation of the amplitudes. Th
results obtained for the three-body processes are comp
with the dominant mode two-body reactions for the pla
(mA02tanb). Succinctly, our aim in this work is to analyz
how much the results of the Bjorken Mechanism@Fig. 1~d!#
would be enhanced by the contribution from the diagra
depicted in Figs. 1~a!–1~c!, 1~e!, and 1~f!, in which the
SUSY Higgs boson is radiated by ab(b̄) quark.

Recently, it has been shown that for large values of tab
the detection of SUSY Higgs bosons is possible at Ferm
and the CERN Large Hadron Collider~LHC! @18#. In the
papers cited in Ref.@18# the authors calculated the corr
sponding three-body diagrams for hadron collisions. Th
pointed out the importance of a large bottom Yukawa c
pling at hadron colliders and showed that the Tevatron c
lider may be a good place for detecting SUSY Higgs boso

FIG. 1. Feynman diagrams at the tree level fore1e2→bb̄h0.

For e1e2→bb̄H0 one has to make only the change sina/ cosb
→cosa/cosb.
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In the case of the hadron colliders the three-body diagra
come from gluon fusion and this fact makes the contribut
from these diagrams more important, due to the gluon ab
dance inside the hadrons. The advantage for the cas
e1e2 colliders is that the signals of the processes
cleaner.

This paper is organized as follows. We present in Sec
the relevant details of the calculations. Section III conta
the results for the processe1e2→bb̄h0(H0,A0) at LEP-II
and NLC. Finally, Sec. IV contains our conclusions.

II. HELICITY AMPLITUDE FOR NEUTRAL HIGGS
BOSONS PRODUCTION

When the number of Feynman diagrams is increased,
calculation of the amplitude is a rather unpleasant task. So
algebraic forms@19# can be used in it to avoid manual ca
culation, but sometimes the lengthy printed output from
computer is overwhelming, and one can hardly find the
quired results from it. The CALKUL Collaboration@20# sug-
gested the helicity amplitude method~HAM ! which can sim-
plify the calculation remarkably and hence make the man
calculation realistic.

In this section we discuss the evaluation of the amplitu
at the tree level fore1e2→bb̄h0(H0,A0) using the HAM
@11–17#. This method is a powerful technique for computin
helicity amplitudes for multiparticle processes involvin
massless spin-1/2 and spin-1 particles. Generalization of
method that incorporates massive spin-1/2 and spin-1
ticles, are given in Ref.@17#. This algebra is easy to program
and more efficient than computing the Dirac algebra.

A Higgs bosonh0, H0, andA0 can be produced in scat
tering e1e2 via the following processes:

e1e2→bb̄h0, ~1!

e1e2→bb̄H0, ~2!

e1e2→bb̄A0. ~3!

The diagrams of Feynman, which contribute at the t
level to the different reaction mechanisms are depicted
Figs. 1 and 2. Using the Feynman rules given by the minim
supersymmetric standard model~MSSM!, as are summarized
in Ref. @6#, we can write the amplitudes for these reactio
For the evaluation of the amplitudes we have used
spinor-helicity technique of Xu, Zhang, and Chang@12#
~XZC! which is a modification of the technique developed
the CALKUL Collaboration@20#. Following XZC, we intro-
duce a very useful notation for the calculation of the p
cesses~1!–~3!.

A. Casesbb̄h0 and bb̄H 0

Let us consider the process

e2~p1!1e1~p2!→b~k2!1b̄~k3!1h~k1!, h5h0,H0

~4!
1-2
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in which the helicity amplitude is denoted b
M@l(e1),l(e2),l(b),l(b̄)#. The Feynman diagrams fo
this process are shown in Fig. 1. From this figure it follo
that the amplitudes that correspond to each graph are

M152 iC1PZ0b~s13!PZ0e~s!TZ0b
m TZ0em ,

M252 iC2PZ0b~s12!PZ0e~s!TZ0b
m TZ0em ,

M352 iC3PA0b~s23!PZ0e~s!TA0b
m TZ0em , ~5!

M45 iC4PZ0b~s23!PZ0e~s!TZ0b
m TZ0em ,

M552 iC5Pgb~s13!Pge~s!Tgb
m Tgem ,

M652 iC6Pgb~s12!Pge~s!Tgb
m Tgem ,

where

C15H g3mb sina/32MW cos2uW cosb, h5h0,

2g3mb cosa/32MW cos2uW cosb, h5H0,

C25H g3mb sina/32MW cos2uW cosb, h5h0,

2g3mb cosa/32MW cos2uW cos,b, h5H0,

C35H g3mb tanb cos~b2a!/16MW cos2uW , h5h0,

2g3mb tanb sin~b2a!/16MW cos2uW , h5H0,

C45H g3MZ0 sin~b2a!/4 cos3uW , h5h0,

g3MZ0 cos~b2a!/4 cos3uW , h5H0,
~6!

C55H gmbe2QeQb sina/2MW cosb, h5h0,

2gmbe2QeQb cosa/2MW cosb, h5H0,

FIG. 2. Feynman diagrams at the tree level fore1e2→bb̄A0.
09501
C65H gmbe2QeQb sina/2MW cosb, h5h0,

2gmbe2QeQb cosa/2MW cosb, h5H0,

while the propagators are

PZ0b~s13!5
1

~k11k3!2
,

PZ0e~s!5
1

~s2MZ0
2

2 iM Z0GZ0!
,

PZ0b~s12!5
1

~k11k2!2
,

Phb~s23!5
1

@~k21k3!22Mh
22 iM hGh#

, h5h0,H0,A0,

~7!

PZ0b~s23!5
1

@~k21k3!22MZ0
2

2 iM Z0GZ0#
,

Pgb~s13!5PZ0b~s13!,

Pge~s!5
1

s
,

Pgb~s12!5PZ0b~s12!,

and the corresponding tensors are

TZ0b
m

5ū~k2!gm~ab2bbg5!~k” 11k3!v~k” 3!,

TZ0em5 v̄~p2!gm~ae2beg5!u~p1!,

TZ0b
m

5ū~k2!~k” 11k” 2!gm~ab2bbg5!v~k3!,

TA0b
m

5ū~k2!g5~k21k32k1!mv~k3!, ~8!

TZ0b
m

5ū~k2!gm~ab2bbg5!vk3 ,

Tgb
m 5ū~k2!gm~k” 11k” 3!v~k3!,

Tgbm5 v̄~p2!gmu~p1!,

Tgb
m 5ū~k2!~k” 11k” 2!gmv~k3!.

In fact, we rearrange the tensorsT’s in such a way that
they become appropriate to a computer program. Then,
lowing the rules from helicity calculus formalism@11–17#
and using identities of the type

$ūl~p1!gmul~p2!%gm52ul~p2!ūl~p1!

12u2l~p1!ū2l~p2!, ~9!
1-3
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which is in fact the so called Chisholm identity, and

p”5ul~p!ūl~p!1u2l~p!ū2l~p!, ~10!

defined as a sum of the two projectionsul(p)ūl(p) and
u2l(p)ū2l(p).

The spinor products are given by

s~pi ,pj ![ū1~pi !u2~pj !52s~pj ,pi !,

t~pi ,pj ![ū2~pi !u1~pj !5@s~pj ,pi !#* .
~11!

Using Eqs.~9!–~11!, which are proved in Ref.@17#, we can
reduce many amplitudes to expressions involving only spi
products.

Evaluating the tensor products of Eq.~5! for each combi-
nation of (l,l8) with l,l8561 one obtains the following
expressions:

M1~1,1 !5F1f 1
1,1s~k2 ,p2!t~p1 ,k1!s~k1 ,k3!,

M1~1,2 !5F1f 1
1,2s~k2 ,p1!t~p2 ,k1!s~k1 ,k3!,

~12!
M1~2,1 !5F1f 1

2,1t~k2 ,p1!s~p2 ,k1!t~k1 ,k3!,

M1~2,2 !5F1f 1
2,2t~k2 ,p2!s~p1 ,k1!t~k1 ,k3!,

M2~1,1 !5F2f 2
1,1t~k2 ,k1!s~k1 ,p2!t~p1 ,k3!,

M2~1,2 !5F2f 2
1,2t~k2 ,k1!s~k1 ,p1!t~p2 ,k3!,

~13!
M2~2,1 !5F2f 2

2,1s~k2 ,k1!t~k1 ,p1!s~p2 ,k3!,

M2~2,2 !5F2f 2
2,2s~k2 ,k1!t~k1 ,p2!s~p1 ,k3!,

M3~1,1 !5F3f 3
1,1t~k2 ,k3!@s~p2 ,k2!t~k2 ,p1!

1s~p2 ,k3!t~k3 ,p1!2s~p2 ,k1!t~k1 ,p1!#,

M3~1,2 !5F3f 3
1,2t~k2 ,k3!@ t~p2 ,k2!s~k2 ,p1!

1t~p2 ,k3!s~k3 ,p1!2t~p2 ,k1!s~k1 ,p1!#,
~14!

M3~2,1 !5F3f 3
2,1s~k2 ,k3!@s~p2 ,k2!t~k2 ,p1!

1s~p2 ,k3!t~k3 ,p1!2s~p2 ,k1!t~k1 ,p1!#,

M3~2,2 !5F3f 3
2,2s~k2 ,k3!@ t~p2 ,k2!s~k2 ,p1!

1t~p2 ,k3!s~k3 ,p1!2t~p2 ,k1!s~k1 ,p1!#,

M4~1,1 !5F4f 4
1,1s~k2 ,p2!t~p1 ,k3!,

M4~1,2 !5F4f 4
1,2s~k2 ,p1!t~p2 ,k3!,

~15!
M4~2,1 !5F4f 4

2,1t~k2 ,p1!s~p2 ,k3!,

M4~2,2 !5F4f 4
2,2t~k2 ,p2!s~p1 ,k3!,
09501
r

M5~1,1 !5F5s~k2 ,k1!t~k1 ,p1!s~p2 ,k3!,

M5~1,2 !5F5s~k2 ,k1!t~k1 ,p2!s~p1 ,k3!,
~16!

M5~2,1 !5F5t~k2 ,k1!s~k1 ,p2!t~p1 ,k3!,

M5~2,2 !5F5t~k2 ,k1!s~k1 ,p1!t~p2 ,k3!,

M6~1,1 !5F6s~k2 ,p2!t~p1 ,k1!s~k1 ,k3!,

M6~1,2 !5F6s~k2 ,p1!t~p2 ,k1!s~k1 ,k3!,
~17!

M6~2,1 !5F6t~k2 ,p1!s~p2 ,k1!t~k1 ,k3!,

M6~2,2 !5F6t~k2 ,p2!s~p1 ,k1!t~k1 ,k3!,

where

F1522iC1PZ0b~s13!PZ0e~s!,

F2522iC2PZ0b~s12!PZ0e~s!,

F352 iC3Phb~s23!PZ0e~s!,
~18!

F452iC4PZ0b~s23!PZ0e~s!,

F5522iC5Pgb~s13!Pge~s!,

F6522iC6Pgb~s12!Pge~s!,

and

f 1
1,15 f 2

1,15 f 4
1,15~ab2bb!~ae2be!,

f 1
1,25 f 2

1,25 f 4
1,25~ab2bb!~ae1be!,

f 1
2,15 f 2

2,1,5 f 4
2,15~ab1bb!~ae2be!,

~19!
f 1

2,25 f 2
2,25 f 4

2,25~ab1bb!~ae1be!,

f 3
1,15 f 3

2,1,5~ae2be!,

f 3
1,25 f 3

2,25~ae1be!.

Here,ae52114sin2uW, be51, ab5211 4
3 sin2uW and bb

521, according to the experimental data@22#.

B. Casebb̄A0

The Feynman diagrams that contribute to the proc
e1e2→bb̄A0 to the tree level, are shown in Fig. 2. Th
corresponding amplitudes to each graph are

M15C1PZ0b~s13!PZ0e~s!TZ0b
m TZ0em ,

M25C2PZ0b~s12!PZ0e~s!TZ0b
m TZ0em ,

M35C3PZ0H~s23!PZ0e~s!TZ0H
m TZ0em ,
1-4
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M45C4PZ0h~s23!PZ0e~s!TZ0h
m TZ0em , ~20!

M55C5Pgb~s13!Pge~s!Tgb
m Tgem ,

M65C6Pgb~s12!Pge~s!Tgb
m Tgem ,

where

C15g3mb tanb/32MW cos2uW ,

C25C1 ,

C352g3mb cosasin~b2a!/16MW cosb cos2uW ,
~21!

C452g3mb sina cos~b2a!/16MW cosb cos2uW ,

C55gmbe2QeQb tanb/2MW ,

C65C5 .

The propagators are given in Eq.~7!, while the tensorsTZ0b
m

andTZ0em Eq. ~8!, and the new ones as follows:

TZ0b
m

5ū~k2!g5~k” 11k” 2!gm~ab2bbg5!v~k3!,
09501
TZ0h
m

5ū~k2!~k12k22k3!mv~k3!. ~22!

Making use of Eqs.~9!–~11!, we can reduce the ampli
tudeM to expressions that contain only spinor produc
Finally, evaluating the tensor products in Eq.~20! for each
combination ofl,l8561 we obtain

M1~1,1 !52G1g1
1,1t~k2 ,k1!s~k1 ,p2!t~p1 ,k3!,

M1~1,2 !52G1g1
1,2t~k2 ,k1!s~k1 ,p1!t~p2 ,k3!,

~23!
M1~2,1 !52G1g1

2,1s~k2 ,k1!t~k1 ,p1!s~p2 ,k3!,

M1~2,2 !52G1g1
2,2s~k2 ,k1!t~k1 ,p2!s~p1 ,k3!,

M2~1,1 !52G2g2
1,1t~k2 ,p1!s~p2 ,k1!t~k1 ,k3!,

M2~1,2 !52G2g2
1,2t~k2 ,p2!s~p1 ,k1!t~k1 ,k3!,

~24!
M2~2,1 !52G2g2

2,1s~k2 ,p2!t~p1 ,k1!s~k1 ,k3!,

M2~2,2 !52G2g2
2,2s~k2 ,p1!t~p2 ,k1!s~k1 ,k3!,
M3~1,1 !52G3g3
1,1s~k2 ,k3!@ t~p2 ,k2!s~k2 ,p1!1t~p2 ,k3!s~k3 ,p1!2t~p2 ,k1!s~k1 ,p1!#,

M3~1,2 !52G3g3
1,2s~k2 ,k3!@s~p2 ,k2!t~k2 ,p1!1s~p2 ,k3!t~k3 ,p1!2s~p2 ,k1!t~k1 ,p1!#,

M3~2,1 !52G3g3
2,1t~k2 ,k3!@ t~p2 ,k2!s~k2 ,p1!1t~p2 ,k3!s~k3 ,p1!2t~p2 ,k1!s~k1 ,p1!#, ~25!

M3~2,2 !52G3g3
2,2t~k2 ,k3!@s~p2 ,k2!t~k2 ,p1!1s~p2 ,k3!t~k3 ,p1!2s~p2 ,k1!t~k1 ,p1!#,

M4~1,1 !52G4g4
1,1t~k2 ,k3!@s~p2 ,k2!t~k2 ,p1!1s~p2 ,k3!t~k3 ,p1!2s~p2 ,k1!t~k1 ,p1!#,

M4~1,2 !52G4g4
1,2t~k2 ,k3!@ t~p2 ,k2!s~k2 ,p1!1t~p2 ,k3!s~k3 ,p1!2t~p2 ,k1!s~k1 ,p1!#,

M4~2,1 !52G4g4
2,1s~k2 ,k3!@s~p2 ,k2!t~k2 ,p1!1s~p2 ,k3!t~k3 ,p1!2s~p2 ,k1!t~k1 ,p1!#, ~26!

M4~2,2 !52G4g4
2,2s~k2 ,k3!@ t~p2 ,k2!s~k2 ,p1!1t~p2 ,k3!s~k3 ,p1!2t~p2 ,k1!s~k1 ,p1!#,

M5~1,1 !522G5t~k2 ,p1!s~p2 ,k1!t~k1 ,k3!,

M5~1,2 !522G5t~k2 ,p2!s~p1 ,k1!t~k1 ,k3!,
~27!

M5~2,1 !52G5s~k2 ,p2!t~p1 ,k1!s~k1 ,k3!,

M5~2,2 !52G5s~k2 ,p1!t~p2 ,k1!s~k1 ,k3!,

M6~1,1 !52G6t~k2 ,k1!s~k1 ,p2!t~p1 ,k3!,

M6~1,2 !52G6t~k2 ,k1!s~k1 ,p1!t~p2 ,k3!,
~28!

M6~2,1 !522G6s~k2 ,k1!t~k1 ,p1!s~p2 ,k3!,

M6~2,2 !522G6s~k2 ,k1!t~k1 ,p2!s~p1 ,k3!,
1-5
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where

G15C1PZ0b~s13!PZ0e~s!,

G25C2PZ0b~s12!PZ0e~s!,

G35C3PZ0H~s23!PZ0e~s!,

G45C4PZ0h~s23!PZ0e~s!, ~29!

G55C5Pgb~s13!Pge~s!,

G65C6Pgb~s12!Pge~s!,

and

g1
1,15g2

1,15 f 1
1,1 , g3

1,15g4
1,15 f 3

1,1, ,

g1
1,25g2

1,25 f 1
1,2 , g3

1,25g4
1,25 f 3

1,2 ,
~30!

g1
2,15g2

2,15 f 1
2,1 , g3

2,15g4
2,15 f 3

2,1 ,

g1
2,25g2

2,25 f 1
2,2 , g3

2,25g4
2,25 f 3

2,2 .

The expressions for thef 1
1,1 , f 1

1,2 , f 1
2,1 , f 1

2,2 , f 3
1,1 ,

f 3
1,2 , f 3

2,1 and f 3
2,2 are given in Eq.~19!.

After the evaluation of the amplitudes of the correspon
ing diagrams, we obtain the cross sections of the analy
processes for each point of the phase space using Eqs.~12!–
~17! and~23!–~28! by a computer program, which makes u
of the subroutineRAMBO ~random momenta beautifully or
ganized!. The advantages of this procedure in comparison
the traditional ‘‘trace technique’’ are discussed in Refs.@11–
17#.

We use the Breit-Wigner propagators for theZ0, h0, H0,
andA0 bosons. The mass of the bottom (mb'4.5 GeV!, the
mass (MZ0591.2 GeV! and width (GZ052.4974 GeV! of Z0

have been taken as inputs; the widths ofh0, H0, andA0 are
calculated from the formulas given in Ref.@6#. In the next
section we present the numerical computation of the p
cessese1e2→bb̄h, h5h0,H0,A0.

III. DETECTION OF NEUTRAL HIGGS BOSONS
AT LEP-II AND NLC ENERGIES

In an earlier paper@21# has been explored the possibili
of finding one or more of the neutral Higgs bosons predic
by the MSSM ingg→bb̄h (h5h0,H0,A0) followed by h

→bb̄, profiting from the very highb-tagging efficiencies. In
other works@18#, the discovery reach of the Tevatron and t
LHC for detecting a Higgs boson~h! via the processes
pp̄/pp→bb̄h(→bb̄)1X has been studied and the possib
ity of detecting SUSY Higgs bosons at Fermilab and LHC
tanb is large has been shown.

In this paper, we study the detection of neutral MSS
Higgs bosons ate1e2 colliders, including three-body mod
diagrams@Figs. 1~a!–1~c!, 1~e!, and 1~f!; Figs. 2~a!–2~c!,
2~e!, and 2~f!# besides the dominant mode diagram@Fig.
09501
-
ed

o

-

d

f

1~d!; Fig. 2~d!# assuming an integrated luminosity ofL
5500 pb21 andL510 fb21 at As5200 GeV and 500 GeV
for LEP-II and NLC, respectively. We consider the comple
set of Feynman diagrams~Figs. 1,2! at the tree level and
utilize the helicity formalism for the evaluation of their am
plitudes. In the next subsections, we present our results
the case of the different Higgs bosons.

A. Detection of h0

In order to illustrate our results on the detection of theh0

Higgs boson, we present graphs in the parameters spac
gion (mA02tanb), assumingmt5175 GeV,M t̃5500 GeV
and tanb.1 for LEP-II and NLC. Our results are displaye
in Fig. 3, for e1e2→(A0,Z0)1h0 dominant mode and for
the processes at three-bodye1e2→bb̄h0.

The total cross section for each contour is 0.01, 0.02,
0.05 pb, which gives 5 events, 10 events, and 25 eve
respectively. We can see from this figure, that the effect
the reactionbb̄h0 is lightly more important that (A0,Z0)
1h0, for most of the (mA02tanb) parameter space region
Nevertheless, there are substantial portions of parame

FIG. 3. Total cross sections contours in (mA02tanb) parameter

space fore1e2→(A0,Z0)1h0 and e1e2→bb̄h0 at LEP-II with
As5200 GeV and an integrated luminosity ofL5500 pb21. We
have takenmt5175 GeV andM t̃5500 GeV and neglected squar
mixing.
1-6



n
,

ion
th
p

s
b

re
V

ve
s

and

are

are

nts
so

ly-

y

al

s

fo

e

DETECTION OF NEUTRAL MSSM HIGGS BOSONS AT . . . PHYSICAL REVIEW D 59 095011
space in which the discovery of theh0 is not possible using

either (A0,Z0)1h0 or bb̄h0.
For the case of NLC, the results on the detection of theh0

are shown in Fig. 4. It is clear from this figure that the co
tribution of the processe1e2→bb̄h0 becomes dominant
namely, e1e2→(A0,Z0)1h0 is small in all parameter
space. However, they could provide important informat
on the Higgs bosons detection. For instance, we give
contours for the total cross section to say 0.01 and 0.03
for both processes. These cross sections give 100 event
300 events in total to each process, then it will be detecta
the h0 at NLC energies.

B. Detection ofH 0

The detection of the heavy Higgs bosonsH0 is not pos-
sible at LEP-II. Nevertheless, the possibility for a futu
e1e2 collider with center of mass energy of order 500 Ge
is surveyed. Consequently, detection of theH0 and A0 will
be only possible in such a scenario ifAs is significantly
larger thanmA01mH0, i.e., *2mA0 for large mA0 where
mH0'mA0. To illustrate more precisely our results, we gi
the contours for the total cross section for both proces

FIG. 4. Total cross sections contours for an NLC withAs
5500 GeV andL510 fb21. We have takenmt5175 GeV, M t̃

5500 GeV, and neglected squark mixing. We display contours

e1e2→(A0,Z0)1h0 and e1e2→bb̄h0, in the parameters spac
(mA02tanb).
09501
-

e
b

and
le

es

e1e2→(A0,Z0)1H0, e1e2→bb̄H0 in Fig. 5 for an NLC
with As5500 GeV andL510 fb21 in the case wheremt
5175 GeV andM t̃5500 GeV~squark mixing is neglected!.
The contours for this cross section are 0.01, 0.001,
0.0001 pb for both reactions (A0,Z0)1H0 andbb̄H0. While
that the number of events corresponding to each contour
100, 10, and 1, respectively.

Our estimate is that if more than 100 total events
obtained for a given process (A0,Z0)1H0 or bb̄H0 then the
Higgs bosonH0 can be detectable. Contours for ten eve
are also shown, but detection of any of the two cases with
few events would require very high experimental and ana
sis efficiencies.

The effect of incorporatebb̄H0 in the detection of the
Higgs bosonH0 is more important than the case of two-bod
mode (A0,Z0)1H0, becausebb̄H0 cover a major region in
the parameters space (mA02tanb). The most important con-
clusion from this figure is that detection of all of the neutr
Higgs bosons will be possible atAs5500 GeV.

C. Detection ofA0

For the pseudoscalarA0, it is interesting to consider the
production mode intobb̄A0, since it can have large cros
section due to that the coupling ofA0 with bb̄ is directly
proportional to tanb, thus will always grow with it. In Fig. 6,

r

FIG. 5. Same as in Fig. 4, but fore1e2→(A0,Z0)1H0 and

e1e2→bb̄H0.
1-7
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FIG. 6. Same as in Fig. 3, but fore1e2→bb̄A0.
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we present the contours of the cross sections for the pro

of our interestbb̄A0, at LEP-II energies.
We display the contour lines fors50.01,0.02, showing

also the regions where theA0 can be detected. These cro
sections give a contour of production of 5 and 10 events.
clear from this figure that to detecting the Higgs bosonA0

are necessary very high experimental and analysis effic
cies.

On the other hand, if we focus the detection of theA0 at
Next Linear e1e2 Collider with As5500 GeV andL
510 fb21, the panorama for its detection is more extensi
Figure 7, show the contours lines in the plane (mA02tanb),

to the cross section ofbb̄A0. The contours for this cros
section correspond to 100, 30, and 10 events. It is estim

that if more than 100 total events are obtained forbb̄A0, then
it is possible to detect theA0.

FIG. 7. Same as in Fig. 4, but fore1e2→bb̄A0.
09501
ss

is

n-

.

ed

IV. CONCLUSIONS

In this paper, we have calculated the production of a n
tral Higgs bosons in association withb quarks via the pro-

cessese1e2→bb̄h, h5h0,H0,A0 and using the helicity for-
malism. We find that this processes could help to detec
possible neutral Higgs boson at LEP-II and NLC energ
when tanb is large.

The detection of h0 through of the reactione1e2

→bb̄h0, compete favorable with the mode dominante1e2

→(A0,Z0)1h0. The process at three-bodybb̄h0 cover
lightly a major portion of the parameter space (mA02tanb)
as is shown in Fig. 3 and the corresponding cross section
each contour is ofs50.01, 0.02, 0.05 pb for LEP-II, while
for NLC we have thats50.01, 0.03 pb and the correspon
ing contours are shown in Fig. 4. However, there is a port
of the plane (mA02tanb) whereh0 is not detectable with

the mechanism (A0,Z0)1h0 or bb̄h0.
The heavy Higgs bosonH0 is not detectable at LEP-I

energies. Nevertheless, it could be detected at NLC via
(A0,Z0)1H0 or bb̄h0 reaction, withH0 being produced in
association withb quarks. The detection of theH0 will only
be possible in such scenarios ifAs is significantly larger that
mA01mH0, i.e., *2mA0 for largemA0 wheremH0'mA0. In
Fig. 5, we give the contours for the cross sections for b
cases (A0,Z0)1H0 and bb̄H0. We find that formA0 and
tanb large the reactione1e2→bb̄H0 is more important
thane1e2→(A0,Z0)1H0 and covers a major region in th
parameter space (mA02tanb) where this mode is kinemati
cally allowed. It is interesting to notice that the associa
production ofA0 with bb̄ is enhanced for larger values o
tanb, which could be used to detect neutral Higgs boso
provided that it will also be possible to tag the signals us
the b quarks produced in the reaction.

In the Figs. 6,7, we show the contours for the total cro
1-8
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section of the processbb̄A0 for both LEP-II and NLC ener-
gies. We can conclude that there is a region where the H
bosonA0 could be detected at the next high-energy machi
~NLC!.

In summary, we conclude that the possibilities of dete
ing or excluding the neutral Higgs bosons of the minim
supersymmetric standard model (h0,H0,A0) in the processes
e1e2→bb̄h, h5h0,H0,A0 are important and in some cas
are compared favorably with the mode dominante1e2

→(A0,Z0)1h, h5h0,H0,A0 in the region of parameter
space (mA02tanb) with large tanb. The detection of a
ic-

.
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r-

,
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s
5,

er

n

09501
gs
s
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Higgs boson will require the combined use of a future hig
energy machine such as LEP-II and the Next Lineare1e2

Collider.
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