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Production of neutral and charged Higgs bosons of the MSSM at futureeg colliders
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A complete study for the production of neutral@h0,H0,A0(5f i
0)# and charged Higgs (H6) bosons at

electron-photon colliders is presented in the context of the minimal supersymmetric standard model. A par-
ticular choice of the nonlinearRj gauge is used to evaluate the amplitudes of the reactioneg→ef i

0 . The
resulting cross section indicates that it will be possible to detect a signal from the neutral Higgs bosons for
most regions of parameter space at the future linear colliders withAs5500 GeV through the reactioneg
→ef i

0 . This reaction also offers the interesting possibility of measuring the Higgs boson mass through the
detection of the outgoing electron. The production of the charged Higgs boson (H1) through the reaction
eg→neH

6 has in general smaller values for the cross section, which seems more difficult to observe.

PACS number~s!: 14.80.Cp, 12.60.Jv, 13.85.Qk
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I. INTRODUCTION

The search for Higgs bosons at future colliders has
come the focus of extensive studies, because of its im
tance as a test of the mechanism of electroweak symm
breaking@1#. The detection of the full spectrum of scala
seems necessary in order to determine the nature of the p
ics that lies beyond thestandard model~SM!. Among the
extensions of the SM, supersymmetry has received incr
ing attention, not only because of its aesthetical propertie
a field theory, but also because the naturalness problem
the SM can be alleviated within the so-calledminimal super-
symmetric standard model~MSSM! @2#.

The MSSM contains two Higgs doublets, whose physi
spectrum includes a charged pair (H6), two neutral
CP-even scalars (h0, H0), and one pseudoscalar (A0). The
MSSM Higgs sector is determined at tree level by two p
rameters, which are nowadays chosen as theA0 mass and
tanb ~the ratio of the VEVS of the two Higgs doublets!. This
in turn fixes the values of the neutral Higgs boson mixi
angle a and the remaining Higgs masses, which obey
tree-level relations,mh0<mZ<mH0, mh0<mA0<mH0, mW
<mH6. However, these relations are substantially modifi
when the effect of radiative corrections is included@3–5#. In
particular, it makes it possible thatmZ<mh0, mA0<mh0, and
for some regions of parametersmh0 could even reach a valu
of about 130 GeV@6–8#.

Current CERNe1e2 collider LEP2 limits on the Higgs
boson masses are of about 90 GeV for the light scalar (h0),
and, depending on the value of tanb, up to about 85 GeV for
A0 @9#. However, LEP2 will be able to cover the region up
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mh0&110 GeV@10#. Recently, it was found that the Tevatro
can be used to test a significant portion of the param
space through the reactionpp̄→Wh01X @11#, moreover, the
possibility to perform b-tagging with a high efficiency ha
opened the window to detect the modepp̄→bb̄h01X at the
CERN Large Hadron Collider~LHC! @12# and it will allow
us to test the large tanb region of parameters at the Tevatro
@13#. On the other hand, it has been shown@14# that LEP2
plus LHC results will be able to cover almost all the MSS
Higgs sector parameter space, and through a combinatio
the reactionspp̄→t t̄ 1h0(→gg)1X, pp̄→h0(→ZZ* )1X
@15–17# and weak boson fusion@18#, the full region will be
covered. At future linear colliders like such as the Next Li
ear Collider~NLC! @19#, Cornell TeV Energy Superconduc
ing Linear Accelerator~TESLA! @20# or Japan Linear Col-
lider ~JLC! @21#, it will be possible to search for neutral an
charged Higgs bosons, through the production reacti
e1e2→h0Z,h0g @22,23# ande1e2→H1H2 @24#.

The future linear colliders can also operate in theeg
mode@25#; in this case the production of the SM Higgs b
son has been studied through thegg→f0 mechanism
@26,27#, and also with the full one-loop two-body reactio
eg→f i

0e @28–30#. The production of the pseudoscal
Higgs bosonA0 through the reactioneg→A0e has been
studied too@31#, using the photon pole approximation. Eve
though these reactions can occur at tree level, they rec
the main contributions at the one-loop level where the he
particles of the model play an important role. These p
cesses could be used to measure the couplings:f0g* g,
f0Z* g @29,32,33#, which constitute important one-loop pre
dictions of the theory, and are also sensitive to the effect
new physics. Moreover, because of the possibility of m
suring the electron momenta, this reaction offers the po
bility to determine the Higgs mass with high precision.

In this paper we present a detailed analysis of the prod
©2000 The American Physical Society09-1
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tion of the neutral and charged Higgs of the MSSM atge2

colliders through the reactionseg→ef i
0 (f i

05h0,H0,A0)
and eg→nH6, at the one-loop level. Our goal is to dete
mine the regions of parameter space where a signal is de
able, and also to find out where it will be possible to dist
guish between the MSSM and SM Higgs signals. We assu
that the superpartners are heavy, and thus decouple from
amplitudes@34#, however, the effect of squarks will be in
cluded in the Higgs effective potential using the approxim
tions presented in Ref.@35#.

The organization of the paper is as follows: Sec. II d
cusses the production of neutral Higgs bosons. It include
discussion of the region of parameter space that can be
cluded, and also on the determination of the Higgs bo
mass. Section III is devoted to the production of the char
Higgs bosons, whereas the conclusions of our work are
sented in Sec. IV. Details about the nonlinear gauge use
the evaluation of the one-loop amplitudes as well as the
plicit formulas for the various amplitudes are presented
the Appendixes.

II. THE NEUTRAL HIGGSES

We now proceed to present the results of our calcula
of the amplitudes of the reactions:

g~k1!1e2~p1!→f0~k2!1e2~p2!, ~1!

wheref0 denotes any ofh0,H0,A0, and we have also dis
played the notation for incoming and outgoing momenta.
have organized the calculation according to the Uem(1)
gauge invariance, thus the diagrams are grouped as follo

~1! three-point diagrams characterized by thef0g* g and
by thef0Z* g coupling @Fig. 1~a!#;

~2! Z- and W-mediated box diagram and its related t
angle graphs@Figs. 1~b!–1~d!#.

The triangle graphs related to theZ- andW-mediated box
diagrams are the one-loopf0e* e three-point functions.
These groups of diagrams are finite and gauge invarian
themselves. Group~1! receives contributions from loops o

FIG. 1. Classification of graphs that contributes to the reac
eg→eh0.
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charged fermions, theW gauge boson, and the charged Hig
bosonH6. On the other hand, group~2! is sensitive to the
f0W1W2 andf0ZZ vertices, respectively. ForA0 there are
contributions from fermionic triangles only, thus only grou
~1! appears.

In the linear gauge, the reactioneg→ef i
0 also receives

contributions coming from the reducible diagrams with t
Z* g self-energy, which is an extra complication because o
needs to perform a renormalization of this term. However
the nonlinear gauge this term is absent as a consequen
the explicit Uem(1) gauge symmetry in theW, Goldstone,
and ghost sectors. Notice that there are no contributi
coming from the charged Higgs boson to group~2!. This
happens because we use the approximationme50 and also
because there is nogW6H6 vertex at tree level.1

A. Production of h0,H 0

The Mandelstam variables used in this calculation are
fined bys5(k11p1)2, t5(k12k2)2, andu5(k12p2)2. In
addition, em(k1 ,l1) will denote theg polarization vector.
We have evaluated the amplitudes using dimensional re
larization, with the help of the programFEYNCALC @36# and
the numerical librariesFF @37,38#.

The result for the total amplitude of the reactioneg
→eh0(H0) can be written as

M5Mg1MZ1M Z
box1M W

box, ~2!

whereMg , MZ , M Z
box, andM W

box correspond to the set
of diagrams~1!, ~2!, ~3!, and ~4!, respectively. The ampli-
tudes coming from thef0g* g andf0Z* g couplings can be
written as follows:

Mg,Z5
ia2mW

4sw
3 cw

4
ū~p2!gn~ag,Z2bg,Zg5!u~p1!em~k1 ,l1!

3Fg,Z~k1•k2gmn2k2mk1n!, ~3!

where

Fg5
4sw

2 cw
4

mW
2 t

S (
f

2 f fNcQf
2F f

1/21vfFg
11sfF0D , ~4!

FZ5
cw

4

mW
2 ~mZ

22t !

3S 2(
f

f fCV
f NcQf

cw
2

F f
1/21vfFZ

12
sfc2w

2cw
2

F0D ,

~5!

1We consider possible contributions arising from reducible d
grams that include theg* f0 andZ* f0 self-energies~with the vir-
tual fields tied to the electronic line!. However, it can be shown tha
these terms always vanish.

n

9-2
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with ag51, bg50, aZ5124sw
2 , bZ51, tw5sw /cw , and

c2w5cw
2 2sw

2 . The coefficientsf f , vf , andsf characterize

thef0 f̄ f , f0ZZ, andf0H6H7 couplings in the MSSM, and
are given by

f f55
sina

sinb
, H0ūu,

cosa

cosb
, H0d̄d,

cosa

sinb
, h0ūu,

2
sina

cosb
, h0d̄d,

vf5H cos~b2a!, f05H0,

sin~b2a!, f05h0,

sf55 cos~b2a!2
1

2cw
2
cos 2b cos~b1a!, f05H0,

sin~b2a!1
1

2cw
2
cos 2b sin~b1a!, f05h0.

The functionsF f
1/2, F0, Fg

1 and FZ
1 arising from fermion,

scalar and gauge boson loops are given in Appendix B.
The amplitude for the contributions of theZ-mediated box

diagram, including the relatedf0e* 2e2 triangle graphs, is
the following:

M Z
box5

ia2mW

4sw
3 cw

4
ū~p2!gn~aZ2g5!2u~p1!em~k1 ,l1!

3@2A~ t,s,u!~k1•p1gmn2p1mk1n!1A~ t,u,s!

3~k1•p2gmn2p2mk1n!#, ~6!

where the functionsA(t,s,u) andA(t,u,s) are presented in
Appendix B.

The amplitude for theW-mediated box diagrams and i
related triangle graphs is given by

M W
box5

ia2mW

4sw
3 cw

4
ū~p2!gn~12g5!2u~p1!em~k1 ,l1!

3$A12~ t,s,u!~k1•p1gmn2p1mk1n!

2A21~ t,s,u!~k1•p2gmn2p2mk1n!%, ~7!

where the functionsAi andAi j are given in Appendix B.
After squaring the total amplitude, the correspondi

cross section for this process is given by

ŝ5
1

16ps2 Emf
2

2s

0

dtuM̄u2, ~8!

where
03500
uM̄u25
a4mW

2

64sw
6 cw

8 ~2t !@~s21u2!FgZ1s2Fs1u2Fu#, ~9!

with

FgZ5uFgu21auFZu212aZ Re~FZFg* !, ~10!

Fs5uA12~ t,s,u!u21cuA~ t,s,u!u2

12Re$@A12~ t,s,u!22aA~ t,s,u!#Fg*

1@4bA12~ t,s,u!22dA~ t,s,u!#FZ*

22A12~ t,s,u!A* ~ t,s,u!%, ~11!

Fu5Fs~s↔u!, ~12!

where we have defineda511az
2 , b511az , c5116az

2

1az
4 , andd5az(az

213).
Finally, in order to obtain the total cross section (sT), one

needs to convoluteŝ with the photon distribution, namely,

sT5
1

S E
mf

2

0.83S

f gS s

SD ŝ~s!ds, ~13!

whereS denotes the squared c.m. energy of thee1e2 sys-
tem, and the photon distribution is given by

f g5
1

D~j! F12x1
1

12x
2

4x

j~12x!
1

4x2

j2~12x!2G ,

~14!

where

D~j!5S 12
4

j
2

8

j2D log~11j!1
1

2
1

8

j
2

1

2~11j!2
.

~15!

Notice that, as in Ref.@29#, one should use, instead of th
photon distribution, an exactly monochromatic initial phot
beam which can help in distinguishing the physical effe
related to the particular collision process from details, d
pending on the final realization of the laser beam.

To evaluate the cross section forh0 and H0, we have
takenmt5175 GeV, and the values for the electroweak p
rameters given in the table of particle properties@39#. In fact,
as it was discussed in Ref.@29#, the contributions of the
boxes can be neglected. The cross section forh0 is about 4.2
fb for mA0.200 GeV andEc.m.5500 GeV, as can be see
from Fig. 2. With the expected luminosity at the future line
colliders @19–21# of about 50 fb21/yr, it will be possible to
observe up to about 210h01e events, which should allow us
to study the properties of the Higgs boson. Among them
will be interesting to test its spin andCP-even nature by
studying the angular distributions, however, this aspec
beyond the goal of the present work, where we are ma
interested in determining if the MSSM Higgs sector can
tested at electron-photon colliders. Total cross sections
the production of the heavy Higgs bosonH0 as a function of
9-3
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the pseudoscalar massmA0 and for different values of tanb
are shown in Fig. 3. These graphs present the total c
section as a function of the pseudoscalar mass (mA0) for
several values of tanb for the c.m. energy of 500 GeV.

B. Production of A0

On the other hand, the amplitude for the production of
pseudoscalar contains only contributions from the fermio
triangles. Thus, the amplitude takes the form

M5Mg1MZ , ~16!

where

Mg5
2 ia2Qf

2NCf bmW

sw
ū~p2!gnu~p1!em~k1 ,l1!

3
4mf

2

mW
2

C0~ t,mA
2 ,mf

2!S emnabk1
ak2

b

t D , ~17!

and

FIG. 2. Total cross section for the reactioneg→eh0 for differ-
ent values of tanb, with As5500 GeV.

FIG. 3. Total cross section for the reactioneg→eH0 for differ-
ent values of tanb, with As5500 GeV.
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MZ5
ia2QfCV

f NCf bmW

4sw
3 cw

2

3ū~p2!gn~CV
e2CA

eg5!u~p1!em~k1 ,l1!

3
4mf

2

mW
2

C0~ t,mA
2 ,mf

2!S emnabk1
ak2

b

t2mZ
2 D , ~18!

with C0(t,mA
2 ,mf

2)5C0(t,mA
2 ,0,mf

2 ,mf
2 ,mf

2) the Passarino-
Veltman three-point scalar function written in the notation
the FEYNCALC program and

f b5H cotb, f 5u,

tanb, f 5d.
~19!

The total squared amplitude is

uM̄u25
a4Qf

4NC
2 f b

2

sw
2

2t

mA

s21u2

t2 F12
CV

eCV
f

2sw
2 cw

2 Qf

t

t2mZ
2

~20!

1CV
f 2

CV
e21CV

f 2

16sw
4 cw

4 Qf
2 S t

t2mZ
2D 2G u2mf

2C0~ t,mA
2 ,mf

2!u2.

~21!

To obtain the total cross section we use the expressions w
ten previously for theCP-even Higgs bosons, Eqs.~13!–
~15!. Results are shown in Fig. 4, where we plot again
total cross section as a function of the pseudoscalar m
(mA0), for several values of tanb and for the c.m. energy o
500 GeV. It can be noted that the cross section forA0 is
smaller than the one resulting forh0/H0. Thus, in this case it
will be more difficult to detect the signal.

C. Backgrounds and exclusion contours

The final signature for the reactioneg→ef i
0 depends on

the decay of the Higgs boson. Forh0, the dominant mode is
into bb̄, whereas forH0 andA0 this decay can also be re
evant for some regions of the parameter space. To eval

FIG. 4. Total cross section for the reactioneg→eA0 for differ-
ent values of tanb, with As5500 GeV.
9-4
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PRODUCTION OF NEUTRAL AND CHARGED HIGGS . . . PHYSICAL REVIEW D 62 035009
the B.R. of the Higgs bosons we shall assume that the de
into SUSY modes~i.e., charginos, neutralinos, sfermion!
are not allowed and take the relevant equation for the de
widths from @1#. Our results are in agreement with the on
obtained in the literature, for instance, in Ref.@40#. Thus, we
shall concentrate on the signature coming from the de
f i

0→bb̄. In this case the main background comes fromeg

→ebb̄, which receives contributions from eight graphs
tree level; we have evaluated numerically this process u
COMPHEP@41,42#. Following Dicuset al. @31#, we have also
imposed a cut on the angular distribution of the outgo
electron (ucosuu,0.98, relative to the incident photon! that
reduces significantly the background, while retaining mos
the signal rate. To determine the region of parameter sp
which is taken as the plane tanb-mA0, where the Higgs sig-
nal is detectable, we have proceeded as follows: for e
value of mA0 we evaluate the Higgs boson masses and
cross sections, then we find the value for tanb where the
cross section of the signal is above the background at th
and 5s level.

In Fig. 5, we show the regions in the plane tanb-mA0

where the cross section coming fromh0 has detectable val
ues. The region to the right from the heavy line is where
signal is detectable, above backgrounds at the 3s level. The
dashed line denotes the contour at the 5s level. It can be
seen that the signal is above the backgrounds for a signifi
region of parameter space.

On the other hand, Fig. 6 shows the region where
cross section fromH0 reaches detectable values. Again, t
region to the left from the heavy~dashed! line is where the
signal is detectable at the 3~5! s level. It can be noticed tha
this region covers the sector of parameter space where
more difficult to detect the lighth0. Thus, the cross section
for h0/A0 andH0/A0 play a complementary role in providin
a detectable signal for the full parameter space. Moreo
we also notice from the superposition of Figs. 5 and 6, t
there is a small region where the two Higgs boson sign
can be detected, which will allow us to distinguish clea
between the MSSM and the SM Higgs sectors.

FIG. 5. Cross section contour lines for the reactioneg→eh0,
for different values ofs~fb!, with As5500 GeV. The region to the
right from the heavy~dashed! line is where the signal is detectab
@above backgrounds at the 3~5! s level#.
03500
ys

ay
s

y

t
g

g

f
e,

ch
e

3

e

nt

e

is

r,
t

ls

Finally, we also want to stress the fact that this react
offers a unique opportunity to obtain a clean measuremen
the Higgs mass, thanks to the possibility of measuring
outgoing electron momentum. The mass of the Higgs bo
is related to the maximal energy of the electron as

mh05As2Emax. ~22!

Thus, the precision attained for the electron energy w
translate into a good determination of the Higgs mass.

On the other hand, the largest values of the cross sec
for A0 ~see Fig. 7! are obtained for large values of tanb
~which is usually assumed to be at most of order 50!; how-
ever, we find that even in this case the resulting cross sec
does not seem to give a detectable signal. Moreover,
large values of tanb there appears a mass degeneracy
tweenA0 andh0 or H0, which will make it difficult to dis-
tinguish the individual signals. In this case, it will be nec
esary to optimize the cuts to be able to detect
pseudoscalarA0, and to separate it from the largest signa
coming fromh0 andH0. Otherwise, one would have to ad
the respective signals; for instance, one could impose

FIG. 6. Cross section contour lines for the reactioneg→eH0,
for different values ofs~fb!, with As5500 GeV. The region to the
left from the heavy~dashed! line is where the signal is detectab
@above backgrounds at the 3~5!s level#.

FIG. 7. Cross section contour lines for the reactioneg→eA0,
for different values ofs~fb!, with As5500 GeV.
9-5
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criteria that whenever the difference between the Hig
masses is less than 5 GeV~a conservative criteria given th
possibility to obtain a precise measurement of the Hig
mass!, the individual contributions to the signal must b
combined. We find that this only helps to enlarge the exc
sion contours for tanb above 30.

Another option to detectA0 ~and a heavyH0 too! is to use
the planned second and third stages of the future e-gam
colliders @19–21#, which could reach an energy of 1 and
TeV, with integrated luminosities that could reach 125 a
500 fb21, respectively.

III. THE CHARGED HIGGS

Now, turning to the production of the charged Higgs, w
observe that it can also proceed through the one-loop r
tion:

g~k1!1e2~p1!→H2~k2!1ne~p2!. ~23!

The diagrams encountered in the calculation of thee2g
→nH2 are shown in Fig. 8. They include: triangle grap
with bosons and fermions in the loop@Fig. 8~a!#, seagull-type
graphs with bosonic contributions@Figs. 8~b! and 8~c!#, and
finally those with self-energy insertions@Figs. 8~d!, 8~e!,
8~f!#. Figure 8~f! gives a vanishing contribution for massle
external fermions.

FIG. 8. Classification of graphs that contributes to the reac
e2g→neH

2.
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A. Production of HÁ

Our result for the total amplitude is written as

M5
ia2

2A2sw
3 mW~ t2mW

2 !
ū~p2!gn~12g5!u~p1!em~k1 ,l1!

3@~Vf1VH1f01VWf0!~k2mk1n2gmnk1•k2!

1 iA femnabk1
ak2

b#, ~24!

where Vf , VH1f0, VWf0, and Af denote the contribution
from the different sets of graphs shown in Fig. 8 and a
given in Appendix C.

Figure 9 shows the cross section for our process for s
eral values of tanb ~51.5, 5, 10!. The cross section is smal
about 0.5 fb formH65200 GeV and Ec.m.5500 GeV, which
can give 25 events with an expected future linear collid
luminosities of 50 fb21/yr. In Fig. 10 we compare the cros
section from eg→H2n, with the pair productione1e2

→H1H2, eg→H1H2e and gg→H1H2. The production
mechanismse1e2→H1H2, gg→H1H2, have been dis-
cussed in the literature@43#. On the other hand, the reactio
eg→H1H2e is evaluated using the Williams-Weizsack

n

FIG. 9. Cross section contour lines for the reactione2g
→nH2, for different values of tanb, with As5500 GeV.

FIG. 10. Cross section for the reactione2g→nH2, with As
5500 GeV compared with different production channels.
9-6
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PRODUCTION OF NEUTRAL AND CHARGED HIGGS . . . PHYSICAL REVIEW D 62 035009
approximation~for the second photon! and we use the sub
reactiongg→H1H2. It can be seen that the single produ
tion dominates only for large Higgs masses, i.e., for val
that lay beyond the threshold for pair production.

B. Backgrounds

In this paper we only show~Fig. 9! the results for fixed
values of tanb51.5,5,10, and as can be appreciated it tu
out that the resulting cross section has smaller results, w
hardly seem detectable. In order to determine if the signa
detectable, one needs to consider the potential backgrou
which depend on the Higgs mass, since this determines
decay signatures. For instance, ifmH6,mt1mb , the domi-
nant decay mode isH1→tn which reaches a branching rat
of order 1 for most values of tanb. In this case the back
ground will come from the productionge→W* n, which for
massesmH6'mW will be much larger than the signal~it
reachess.4 pb! and probably will not allow detection. Fo
masses somehow larger, both the signal and the backgr
will be more suppressed and the question of detectability
depend on the experimental ability to identify the dec
mode and to reconstruct the charged Higgs mass.

For heavier Higgs masses,MH6.mt1mb , the dominant
Higgs decay is intot1b̄, and in this case one needs to com
pare the signal with the background arising from single
production,eg→n t̄ b for MH6.mt1mb , which according
to the results of Booset al. @44#, has s.15 fb for As
5500 GeV andmt5175 GeV. Thus we can see that at t
level of total cross section the background is again lar
than the signal. However, if one makes a cut in the invari
mass of thet-b system, then it will be possible to reduce th
background.

IV. CONCLUSIONS

We have studied the production of the neutralCP-even
and charged Higgs boson of the MSSM (h0,H0,H6) at fu-
ture eg colliders, through the reactions eg
→eh0,eH0,eA0,nH2. The amplitudes are evaluated using
nonlinearRj gauge, which greatly simplifies the calculatio
The resulting cross section indicates that it is possible
detect the light neutral Higgs boson (h0) for most values of
parameters. On the other hand, detection of the heavy ne
Higgs bosonsH0 seems possible only for light values o
mA0. We have determined the regions in the plane tanb-mA0

where the signal is above the backgrounds. The cross
tions for h0 and H0 play a complementary role, since th
region whereH0 reaches detectable values occurs precis
in the region where it is more difficult to detect the lighth0.
Thus, both reactions allow to cover the full plane tanb
2mA0 with at least one detectable signal. However, it
found that the possibility to distinguish the MSSM from th
SM case, through detection of bothh0 andH0 signals, occurs
only for a limited region of parameter space.

On the other hand, the results for the pseudoscalar and
charged Higgs boson have smaller values of the cross
tion, which seems difficult to detect.
03500
s

s
ch
is
ds,
he

nd
ll
y

-
p

r
t

o

ral

c-

ly

he
c-

ACKNOWLEDGMENTS

We acknowledge financial support from CONACYT an
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APPENDIX A: THE NONLINEAR GAUGE

In the evaluation of the above processes, we have us
Feynman–’t Hooft version of the nonlinear gauge@45–49#
that greatly simplifies the calculation. In order to appreci
the advantages that offer a nonlinear gauge, we find it c
venient to compare it with the conventional linear gauge
the SM. It is well known that in a linear gauge only th
charged fermion sector presents explicit electromagn
gauge symmetry@Uem(1)#, since the gauge fixing procedur
used for the SU~2! sector destroys manifest Uem(1) symme-
try in the charged gauge boson (W6) and ghosts sector
(c,c̄), when they are considered separately, because
gauge functional used to define theW propagator does no
transform covariantly under the Uem(1) symmetry. It follows
that instead of obeying naive Ward identities, these sec
are related through Ward-Slavnov identities. In order to o
tain a finite and Uem(1)-invariant result for higher-orde
~loop! calculations, one must sum over the contributions a
ing from the W gauge boson, the charged ghosts, and
W6G7 combined effects,G6 denotes the would-be Gold
stone boson. On the other hand, the functional used to de
the W propagator in the nonlinear gauge contains the e
tromagnetic covariant derivative. Thus, the Uem(1) symme-
try is respected by each charged sector of the SM. It follo
that a finite and Uem(1) gauge-invariant result is obtained fo
each type of diagram containing a given kind of charg
particles. Moreover, the number of diagrams involved is c
siderably reduced because there are noW6G7 combined
effects. In the SM, the functionals that define theW, Z, andg
propagators are given by

f 15D̄mW1m2 i jmWG1,

f Z5]mZm2jmZG0, ~A1!

f A5]mAm,

where Dm5]m2 ig8Bm , with Bm52swZm1cwAm , G0 is
the neutral would-be Goldstone.j is the gauge paramete
which in general is different for each of the three gau
bosons. However, in the nonlinear Feynman–’t Hooft v
sion of this gauge, one takesj51 for all sectors. The gauge
fixing Lagrangian is given by

LGF52
1

j
f 1 f 22

1

2j
~ f Z!22

1

2j
~ f A!2, ~A2!

which in turn removes theW6G7g and W6G7Z vertices
from the Higgs kinetic energy term. Notice that thef 1 f 2

term is Uem(1) gauge invariant, which implies that th
Fadeev-PopovLFP Lagrangian is also Uem(1) invariant. It is
also possible to proceed further with this scheme and rem
more unphysical vertices, such asf0W6G7g(Z) and
9-7
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G0W6G7g(Z). This procedure requires us to define the functionalsf 6 nonlinearly both in the vector and scalar par
However, for the present purposes it is sufficient to use the scheme presented above.

In this case only the couplings in the gauge and ghost sectors are modified. We give the Lagrangian for these se
form that clarifies the role of the electromagnetic gauge invariance. For this, we define the derivative:D̂m5]m2 igWm

3 , with
Wm

3 5cwZm1swAm . This operator shares with the derivativeD defined above, the property of containing the e.m. covar
derivative. After adding the gauge-fixing Lagrangian, one obtains the couplings for the gauge bosons (W,Z,A), which are
contained in

L52
1

2
~D̂mWn

12D̂nWm
1!†~D̂mW1n2D̂nW1m!2 ig~swFmn1cwZmn!W2mW1n

2 igFswFmn1cwZmn1 i
g

2
~Wm

2Wn
12Wn

2Wm
1!GW2mW1n2

1

j
~D̄mW1m!~D̄nW1n!†1mW

2 Wm
2W1m

2
1

4
ZmnZmn1

1

2
mZ

2ZmZm2
1

2j
~]mZm!22

1

4
FmnFmn2

1

2j
~]mAm!2, ~A3!

whereFmn5]mAn2]nAm , Zmn5]mZn2]nZm . Notice that, apart from the gauge fixing term]mAm, this Lagrangian is Uem(1)
invariant.

On the other hand, the ghost sector is substantially modified in the nonlinear gauge; however, since the gau
functionals are U~1! invariant, the charged part of this sector is also invariant. We present now the corresponding F
Popov Lagrangian, written in such a way that Uem(1) invariance is explicit: namely,

LFPG52 c̄2@D̄mD̂m1jmW~mW1f01 iG0!#c12 igcWc̄2D̄m~cZW1m!2 iec̄2D̄m~cgW1m!2 i
gsW

2

cW
W1mc̄2~]mcZ!

1 ieW1mc̄2~]mcg!2 igcWW1m~]mc̄Z!c22 ieW1m~]mc̄g!c22gc2wjmZG1~ c̄2cZ1 c̄Zc2!

2ejmWG1~ c̄2cg1 c̄gc2!1H.c.2 c̄Z @h1jmZ~mZ1f0!#cZ2 c̄ghcg , ~A4!
s-
e

al
e

e
g
V.
e

on

ng

o
e
to

la-
re,

ns
-

ich
wherec6( c̄6),cZ( c̄Z),cg( c̄g) denote the pairs of ghosts a
sociated with theW,Z,A gauge bosons, respectively. Th
phase convention for the charged ghost is (c1)†5c2 and
( c̄)†5 c̄2. In addition, one hasf05cos(a2b)H01sin(a
2b)h0, where h0,H0 denote the light and heavy neutr
Higgs bosons of the MSSM. Notice that neither the charg
Higgs (H6) nor theCP-odd Higgs bosons (A0) appear in
this Lagrangian, which can be understood if one rememb
that these fields do not appear in the definition of the gau
fixing terms, and also because they do not receive a VE

Finally, we would like to mention the properties of th
couplings of gauge bosons with the Higgs and Goldst
bosons. First, in this gauge the couplingsW1G2g and
W1G2Z are absent by construction, whereas the coupli
G1G2Z(g), H1H2Z(g), f0W1W2 andW1H2f0 do not
depend on the gauge-fixing procedure. However, the c
plingsf0G1G2 or f0c1c2 can depend on the choice of th
gauge-fixing terms, when both the vector and scalars sec
are chosen nonlinearly.
03500
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In conclusion, the Feynman rules needed for our calcu
tion, which are dependent on the gauge-fixing procedu
arise from the Lagrangians of Eqs.~A3!,~A4! written above.

APPENDIX B: LOOP FUNCTIONS ASSOCIATED WITH
NEUTRAL SCALARS

In this appendix we present the various loop functio
coming from thee2g→e2f0 processes. The functions aris
ing from fermion, scalar, and gauge boson loops, wh
characterize thef0g* g andf0Z* g couplings, are given by

F f
1/25

4mf
2

mf
2 2t

H 12
1

2
~mf

2 2t24mf
2!C0~ t,mf

2 ,mf
2!

1
t

mf
2 2t

@B0~mf
2 ,mf

2!2B0~ t,mf
2!#J , ~B1!
9-8
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F052
4mW

2

mf
2 2t

H 112mH6
2 C0~ t,mf

2 ,mH6
2

!1
t

mf
2 2t

@B0~mf
2 ,mH6

2
!2B0~ t,mH6

2
!#J , ~B2!

Fg
152

4mW
2

mf
2 2t

H 31
mf

2

2mW
2

1F3S 12
mf

2

2mW
2 D 1

2t

mW
2 G

32mW
2 C0~ t,mf

2 ,mW
2 !1S 31

mf
2

2mW
2 D S t

mf
2 2t

D @B0~mf
2 ,mW

2 !2B0~ t,mW
2 !#J , ~B3!

FZ
1524~32tw

2 !mW
2 C0~ t,mf

2 ,mW
2 !1

2mW
2

mf
2 2t

F51
mf

2

2mW
2

2S 11
mf

2

2mW
2 D tw

2 G
3H 112mW

2 C0~ t,mf
2 ,mW

2 !1
t

mf
2 2t

@B0~mf
2 ,mW

2 !2B0~ t,mW
2 !#J , ~B4!

whereC0(t,mf
2 ,mi

2)5C0(0,t,mf
2 ,mi

2 ,mi
2 ,mi

2), B0(mf
2 ,mi

2)5B0(mf
2 ,mi

2 ,mi
2), andB0(t,mi

2)5B0(t,mi
2 ,mi

2) are Passarino-
Veltman three- and two-point scalar functions written in the notation of the FEYNCALC program.

The loop functions coming fromZ-mediated box diagram, including the relatedf0e* 2e2 triangle graphs, are given by

A~ t,s,u!5
1

2st H s2mZ
2

s
@mZ

2~s1u!2su#D0~1,2,3,4!1~s2mZ
2!FC0~1,2,4!1

u

s
C0~1,2,3!2

t1u

s
C0~2,3,4!

1
1

s S t2s2
2mZ

2st

~s1t !~s2mZ
2!
D C0~1,3,4!G1

2t

s1t
@B0~3,4!2B0~1,3!#J . ~B5!

A(t,u,s) is obtained fromA(t,s,u) by means of the interchanges↔u. The arguments of the scalar functions are given b

D0~1,2,3,4!5D0~0,s,mf
2 ,u,0,0,me

2 ,me
2 ,mZ

2 ,mZ
2!,

C0~1,2,4!5C0~0,s,0,me
2 ,me

2 ,mZ
2!,

C0~1,2,3!5C0~0,0,u,me
2 ,me

2 ,mZ
2!,

C0~2,3,4!5C0~s,0,mf
2 ,mZ

2 ,me
2 ,mZ

2!,

C0~1,3,4!5C0~0,mf
2 ,u,me

2 ,mZ
2 ,mZ

2!,

B0~3,4!5B0~mf
2 ,mZ

2 ,mZ
2!,

B0~1,3!5B0~u,me
2 ,mZ

2!. ~B6!

Finally, the loop functions associated with theW-mediated box diagrams and its related triangle graphs are the follow

A12~ t,s,u!52cw
4 @A1~ t,s,u!1A2~ t,u,s!#,

A21~ t,s,u!52cw
4 @A2~ t,s,u!1A1~ t,u,s!#, ~B7!

with
035009-9
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A1~ t,s,u!5
1

2st H s2mW
2

s
@mW

2 ~s1u!1st#D0~1,2,3,4!1~s2mW
2 !FC0~2,3,4!2

t

s
C0~1,3,4!2

s1u

s
C0~1,2,3!

1
u1t

s
C0~1,2,4!G1

2t

s1u
@B0~1,2!2B0~1,3!#J , ~B8!

A2~ t,s,u!5
1

2tu H F t1u2mW
2

u
@mW

2 ~s1u!2st#22mW
2 tGD0~1,2,3,4!1~ t1u2mW

2 !F s

u
C0~2,3,4!1

t

u
C0~1,3,4!

2
s1u

u
C0~1,2,3!1

u222ut2t2

u~ t1u!
C0~1,2,4!G1

2t

t1u
@B0~2,4!2B0~1,2!#1

2t

s1u
@B0~1,3!2B0~1,2!#J . ~B9!

The scalar functions have the following arguments:

D0~1,2,3,4!5D0~0,0,0,mf
2 ,t,s,mW

2 ,0,mW
2 ,mW

2 !,

C0~2,3,4!5C0~0,0,s,0,mW
2 ,mW

2 !,

C0~1,3,4!5C0~0,0,t,mW
2 ,0,mW

2 !,

C0~1,2,3!5C0~ t,0,mf
2 ,mW

2 ,mW
2 ,mW

2 !,

C0~1,2,4!5C0~0,s,mf
2 ,mW

2 ,0,mW
2 !,

B0~1,2!5B0~mf
2 ,mW

2 ,mW
2 !,

B0~1,3!5B0~ t,mW
2 ,mW

2 !,

B0~2,4!5B0~s,0,mW
2 !. ~B10!

The expressions forA1(t,u,s) and A2(t,u,s) can be obtained from the respectiveA1(t,s,u) and A2(t,s,u) through the
interchanges↔u.

APPENDIX C: LOOP FUNCTIONS ASSOCIATED TO CHARGED SCALARS

In this appendix we shall write the explicit formulas for the functionsVf , VH6f0, VWf0, andAf using a notation that,
hopefully, facilitates its use by the interested reader. Our convention for the scalar functionsB0 , C0 is the same as in the
previous Appendix. In this case, the contributions arising from loops with fermions, scalars, and gauge bosons, h
following expression:

Vf5(
f

Nc

t2mH6
2 H ~Qu1Qd!~md

2 tanb1mu
2 cotb!12Qd@md

2~md
2 tanb1mu

2 cotb!

2~ t2mH6
2

!md
2 tanb#C0~0,mH6

2 ,t,md
2 ,md

2 ,mu
2!12Qu@mu

2~md
2 tanb1mu

2 cotb!

2~ t2mH6
2

!mu
2 cotb#C0~0,mH6

2 ,t,mu
2 ,mu

2 ,md
2!1Fmd

2 tanb1mu
2 cotb

t2mH6
2 ~mu

22md
21~Qu1Qd!mH6

2
!12~Qdmd

2 tanb

1Qumu
2 cotb!G @B0~ t,md

2 ,mu
2!2B0~mH6

2 ,md
2 ,mu

2!#1mumd

mu
22md

2

mH6
2 @B0~mH6

2 ,md
2 ,mu

2!2B0~0,md
2 ,mu

2!#J , ~C1!

and
035009-10
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Af5(
f

NcH Qdmd
2 tanbC0~0,mH6

2 ,t,md
2 ,md

2 ,mu
2!2Qumu

2 cotbC0~0,mH6
2 ,t,mu

2 ,mu
2 ,md

2!

1
md

2 tanb1mu
2 cotb

t2mH6
2 @B0~ t,md

2 ,mu
2!2B0~mH6

2 ,md
2 ,mu

2!#J , ~C2!

VH1f05 (
f05h0,H0

~2vf0sf0!
mW

2

t2mH6
2 H 112mH6

2 C0~0,t,mH6
2 ,mH6

2 ,mH6
2 ,mf0

2
!1S mf0

2
2mH6

2
2t

t2mH6
2 D @B0~ t,mH6

2 ,mf0
2

!

2B0~mH6
2 ,mH6

2 ,mf0
2

!#1S mf0
2

2mH6
2

mH6
2 D @B0~0,mH6

2 ,mf0
2

!2B0~mH6
2 ,mH6

2 ,mf0
2

!#J , ~C3!

VWf05 (
f05h0,H0

~2sf0
vf0

!
mW

2

t2mH6
2 H mH6

2
2mf0

2
1mW

2

2mW
2

1~3mH6
2

2mf0
2

1mW
2 22t !C0~0,mH6

2 ,t,mW
2 ,mW

2 ,mf0
2

!

1

~mH6
2

2mf0
2

2mW
2 !~mf

i
0

2
2mW

2 2t !24mW
2 ~mH6

2
2t !

2mW
2 ~ t2mH6

2
!

@B0~ t,mW
2 ,mW

2 !2B0~mH6
2 ,mW

2 ,mW
2 !#

1
~mf0

2
2mW

2 !~mH6
2

2mf0
2

1mW
2 !

2mW
2 mH6

2 @B0~0,mW
2 ,mf0

2
!2B0~mH6

2 ,mW
2 ,mf0

2
!#J , ~C4!

wheresH052vh0, sh052vH0, andf1
05H0, f2

05h0.
0

su

or

d

o

n

p

ss

.

l
-

i-

ep-

tt. B
@1# J. F. Gunion, H. E. Haber, G. Kane, and S. Dawson,The Higgs
Hunter’s Guide, 2nd ed., Frontiers in Physics Vol. 8
~Addison-Wesley, Reading MA, 1990!.

@2# S. P. Martin, ‘‘A Supersymmetry primer, Perspectives on
persymmetry 1-98,’’ hep-ph/9709356.

@3# Y. Okada, M. Yamaguchi, and T. Yanagida, Prog. The
Phys.85, 1 ~1991!.

@4# H. E. Haber and R. Hempfling, Phys. Rev. Lett.66, 1815
~1991!.

@5# J. Ellis, G. Ridolfi, and F. Zwirner, Phys. Lett. B257, 83
~1991!.

@6# Z. Kunszt and F. Zwirner, Nucl. Phys.B385, 3 ~1992!.
@7# R.-J. Zhang, Phys. Lett. B447, 89 ~1999!.
@8# S. Heinemeyer, W. Hollik, and G. Weiglein, Phys. Rev. D58,

091701~1998!.
@9# ALEPH Collaboration, M. P. Altarelli, ‘‘Higgs searches an

prospects from LEP-2,’’ hep-ex/9904006.
@10# J. Ellis, ‘‘Theoretical summary: 1999 Electroweak Session

the Rencontres de Moriond,’’ hep-ph/9906229.
@11# M. Carena, S. Mrenna, and C. E. M. Wagner, Phys. Rev. D60,

075010~1999!.
@12# J. Dai, J. F. Gunion, and R. Vega, Phys. Lett. B387, 801

~1996!.
@13# C. Balazs, J. L. Diaz-Cruz, H. J. He, T. Tait, and C. P. Yua

Phys. Rev. D59, 055016~1999!.
@14# M. Spira, Fortschr. Phys.46, 203 ~1998!.
@15# J. F. Gunion and L. H. Orr, Phys. Rev. D46, 2052~1992!.
03500
-

.

f

,

@16# J. L. Diaz-Cruz and O. A. Sampayo, Int. J. Mod. Phys. A8,
4339 ~1993!.

@17# M. Dittmar and H. Dreiner, Phys. Rev. D55, 167 ~1997!.
@18# T. Plehn, D. Rainwater, and D. Zeppenfeld, Phys. Lett. B454,

297 ~1999!.
@19# NLC ZDR Design Group and NLC Physics Working Grou

Collaboration, S. Kuhlmanet al., ‘‘Physics and technology of
the Next Linear Collider: A Report submitted to Snowma
’96,’’ hep-ex/9605011.

@20# ECFA/DESY LC Physics Working Group Collaboration, E
Accomandoet al., Phys. Rep.299, 1 ~1998!.

@21# T. Tauchi, ‘‘Physics plan at JLC,’’ Invited talk at Internationa
Conference on Hadron Structure~HS 98!, Stara Lesna, Slova
kia, 1998.

@22# H. E. Haberet al., ‘‘Weakly coupled Higgs bosons and prec
sion electroweak physics,’’ hep-ph/9703391.

@23# A. Barroso, J. Pulido, and J. C. Romao, Nucl. Phys.B267, 509
~1986!.

@24# S. Komamiya, Phys. Rev. D38, 2158~1988!.
@25# G. Giacomelli and P. Giacomelli, Riv. Nuovo Cimento16, 1

~1993!.
@26# O. J. P. Eboli, M. C. Gonzalez-Garcia, F. Halzen, and D. Z

penfeld, Phys. Rev. D48, 1430~1993!.
@27# J. M. Hernandez, M. A. Perez, and J. J. Toscano, Phys. Le

375, 227 ~1996!.
@28# U. Cotti, J. L. Diaz-Cruz, and J. J. Toscano Phys. Lett. B404,

308 ~1997!.
9-11



fe
,’

n

cl

.
cu-
,’’

f

. B

ys.

l.

. J.

U. COTTI, J. L. DIAZ-CRUZ, AND J. J. TOSCANO PHYSICAL REVIEW D62 035009
@29# E. Gabrielli, V. A. Ilin, and B. Mele, Phys. Rev. D56, 5945
~1997!; 58, 119902~E! ~1998!.

@30# Y. Liao and W. W. Repko, Phys. Rev. D57, 6998~1998!.
@31# D. A. Dicus and W. W. Repko, Phys. Rev. D53, 3616~1996!.
@32# A. T. Banin, I. F. Ginzburg, and I. P. Ivanov, Phys. Rev. D59,

115001~1999!.
@33# E. Gabrielli, V. A. Ilyin, and B. Mele, Phys. Rev. D60,

113005~1999!.
@34# A. Dobado, M. J. Herrero, and S. Penaranda, ‘‘Do heavy s

mions decouple from low-energy standard model?
hep-ph/9806488.

@35# R. Barbieri and M. Frigeni, Phys. Lett. B258, 395 ~1991!.
@36# R. Mertig, M. Bohm, and A. Denner, Comput. Phys. Commu

64, 345 ~1991!.
@37# G. J. van Oldenborgh, Comput. Phys. Commun.66, 1 ~1991!.
@38# G. J. van Oldenborgh and J. A. M. Vermaseren, Z. Phys. C46,

425 ~1990!.
@39# Particle Data Group, C. Casoet al., Eur. Phys. J. C3, 1

~1998!.
@40# M. Spira, A. Djouadi, D. Graudenz, and P. M. Zerwas, Nu
03500
r-
’

.

.

Phys.B453, 17 ~1995!.
@41# E. E. Boos, M. N. Dubinin, V. A. Ilin, A. E. Pukhov, and V. I

Savrin, ‘‘CompHEP: Specialized package for automatic cal
lations of elementary particle decays and collisions
hep-ph/9503280.

@42# P. A. Baikov et al., ‘‘Physical results by means o
CompHEP,’’ hep-ph/9701412.

@43# D. Bowser-Chao, K. Cheung, and S. Thomas, Phys. Lett
315, 399 ~1993!.

@44# E. Boos, A. Pukhov, M. Sachwitz, and H. J. Schreiber, Ph
Lett. B 404, 119 ~1997!.

@45# K. Fujikawa, B. W. Lee, and A. I. Sanda, Phys. Rev. D6, 2923
~1972!.

@46# M. Bace and N. D. H. Dass, Ann. Phys.~N.Y.! 94, 349~1975!.
@47# M. B. Gavela, G. Girardi, C. Malleville, and P. Sorba, Nuc

Phys.B193, 157 ~1981!.
@48# N. G. Deshpande and M. Nazerimonfared, Nucl. Phys.B213,

390 ~1983!.
@49# J. M. Hernandez, M. A. Perez, G. Tavares-Velasco, and J

Toscano, Phys. Rev. D60, 013004~1999!.
9-12


