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Loop-induced Higgs boson pair production ate1e2 colliders
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We analyze the loop-induced production of Higgs boson pairs at future high-energye1e2 colliders, both in
the standard model and in its minimal supersymmetric extension. The cross sections for standard model Higg
pair production throughW/Z boson loops,e1e2→H0H0, are rather small but the process could be visible for
high enough luminosities, especially if longitudinal polarization is made available. In the minimal supersym-
metric standard model, the corresponding processes ofCP-even orCP-odd Higgs boson pair production,
e1e2→hh,HH,Hh and e1e2→AA, have smaller cross sections, in general. The additional contributions
from chargino or neutralino and slepton loops are at the level of a few percent in most of the supersymmetric
parameter space.@S0556-2821~96!04113-6#

PACS number~s!: 12.15.Ji, 12.60.Jv, 14.80.Bn
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I. INTRODUCTION

The search for scalar Higgs particles and the explora
of the electroweak gauge symmetry-breaking sector will
one of the main goals of future high-energy colliders. Wh
Higgs particles will probably be first produced at the CER
Large Hadron Collider~LHC!, the clean environment o
high-energye1e2 linear colliders would be required for
detailed investigation and for the high-precision measu
ment of the fundamental properties of the Higgs particles@1#,
a crucial requirement to establish the Higgs mechanism
the basic mechanism to generate the masses of the kn
particles. To this end, a precise calculation of the branch
ratios of all important decay channels as well as the cr
sections of the production mechanisms, is mandatory@1,2#.

The main production mechanisms of the standard mo
~SM! Higgs particleH0 at high-energye1e2 colliders @2#,
are the bremsstrahlung process@3#, e1e2→H0Z, and the
vector boson fusion mechanisms @4#,
e1e2→W*W* /Z*Z*→H0nn̄/H0e1e2. In addition to pro-
viding the experimental signals for the Higgs particles, th
processes would also allow one to measure the Higgs
plings to gauge bosons, and to test that they are indeed
portional to theW/Z masses, a fundamental prediction of t
Higgs mechanism. Some of the couplings of Higgs partic
can also be measured by considering the decay branc
ratios@5# or higher-order production processes. For instan
the Higgs boson self-coupling can be accessible in the
production processes e1e2→H0H0Z and/or
W*W* /Z*Z*→H0H0 @6#, while the Yukawa coupling of
light Higgs bosons to top quarks can be directly measure
the processe1e2→t t̄H0 @7#.

Higher-order processes might also be useful to discri
nate between the Higgs sector of the standard model f
the usually more complicated scalar sectors of its poss
extensions. Among these extensions, supersymmetric t
ries and in particular the minimal supersymmetric stand
model ~MSSM! are the most natural, theoretically. In th
MSSM, the Higgs sector is enlarged to contain two sca
doublet fields leading to a spectrum of five Higgs particl
two neutralCP-even (h and H), a CP-odd (A) and two
charged (H6) Higgs bosons@1#. In the decoupling regime
540556-2821/96/54~1!/759~11!/$10.00
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@8#, where theA,H, and H6 bosons are very heavy, the
lightest Higgs bosonh has exactly the same properties as th
SM Higgs boson, except that its mass is restricted to b
smaller thanMh&140 GeV.

If the genuine supersymmetric particles were too heavy
be kinematically accessible in collider experiments, the on
way to distinguish between the SM and the lightest MSSM
Higgs boson in this limit, is to search for loop-induced con
tributions of the supersymmetric particles, which could giv
rise to sizable deviations from the predictions of the SM
Well-known examples of this loop-induced processes are t
gg widths of the Higgs particles~which can be measured in
the decay Higgs boson→gg at hadron colliders, and more
precisely at high-energye1e2 colliders in the direct produc-
tion of Higgs particles via laser-photon fusion,gg→ Higgs
boson! or the processe1e2→Z1Higgs boson which in the
MSSM receive extra contributions from supersymmetri
gaugino and sfermion loops@9–11#.

Another type of such discriminating processes is the pa
production of Higgs bosons which will be analyzed in this
paper. In the standard model, where it was discussed in R
@12#, the process

e1e2→H0H0 ~1.1!

is mediated only byW andZ boson loops, Fig. 1~a!, while in
the minimal supersymmetric extension, additional contribu
tions to the corresponding process

e1e2→hh ~1.2!

will originate from chargino, neutralino, selectron, and
sneutrino loops, as well as loops built up by the associat
A andH6 bosons; Fig. 1~b!. At high center-of-mass ener-
gies, As*1 TeV, the cross sections of the processes a
rather small, being of the order of a fraction of a femtobarn
However, with the large luminosities expected at these co
liders,*L*100 fb21, and with the availability of longitudi-
nal polarization of the electron and positron beams whic
could increase the cross sections by a factor of 4, a fe
759 © 1996 The American Physical Society
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FIG. 1. Feynman diagrams contributing to the Higgs boson pair production process ine1e2 collisions: ~a! SM Higgs production,
CP-even~b! andCP-odd ~c! Higgs boson production in the MSSM.
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hundred events might eventually be collected in the cours
a few years, allowing for the experimental study of this fin
state.1

The supersymmetric contributions to the proce
e1e2→hh in the MSSM turn out to be rather small com
pared to the dominantW/Z ~andA/H6) contributions. Ex-
cept in some regions of the SUSY parameter space wh
they can reach the level of;15%, they are typically of the
order of a few percent, rendering the distinction between
SM and the light MSSM Higgs bosons rather difficult in th
decoupling regime. For completeness, we have also analy
the pair production of the heavy neutral Higgs particles
the MSSM. Up to phase space suppression factors, the c
sections for the processes

e1e2→HH and AA ~1.3!

are of the same order as the SM Higgs pair production cr
section. In contrast, due to mixing angle factors suppress
the cross section for

e1e2→Hh ~1.4!

is at least 1 order of magnitude smaller, but the supers
metric contributions are of the same size as theW/Z/Higgs

1This process is similar background to the double Higgs bo
productionW*W*→H0H0 or e1e2→ZH0H0→nn̄H0H0, which
consist of the same final state~although with missing energy! and
which can be used to measure the trilinear Higgs self-coupling@6#.
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boson contributions. The processese1e2→HA/hA and
e1e2→H1H2 appear already at the tree level, and will no
be considered here.2

The rest of the paper is organized as follows. In the ne
section we present the cross sections for the Higgs boson
production process in the standard model. In Sec. III, w
discuss the case of the Higgs boson pair production proc
in the MSSM. Some conclusions will be drawn in Sec. IV. I
the Appendix, we will give the lengthy analytical expres
sions of the cross sections in the MSSM.

II. SM HIGGS PAIR PRODUCTION

In the standard model, many Feynman diagrams could
principle contribute to the amplitude for the Higgs boson pa
production process, Eq.~1!. However, in the limit of vanish-
ing electron mass, which implies a vanishingHee coupling,
the contributions of the tree-level diagrams where the Hig
bosons are emitted from the electron lines are negligib
Nonzero contributions to the processe1e2→H0H0 can
therefore only come from one-loop diagrams.

Because of the exact chiral symmetry forme50, all dia-
grams involving the one-loopHe1e2 vertex must give zero
contributions~in fact this statement is valid to all orders in
perturbation theory!. Furthermore, because ofCP invari-
ance, the amplitudes of the diagrams withg and Z boson

on
2The radiative corrections to these processes, including the con

butions of the supersymmetric particles, have been recently d
cussed in Refs.@9,10,13#.
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54 761LOOP-INDUCED HIGGS BOSON PAIR PRODUCTION AT . . .
s-channel exchanges, which give rise to two Higgs bos
through vertex diagrams, also vanish~the contribution of the
longitudinal component of theZ boson will be proportional
to the electron mass, and is therefore negligible!. Additional
contributions from vertex diagrams involving the quart
WWH0H0/ZZH0H0 couplings are proportional to the elec
tron or neutrino masses and are again negligible. The o
contribution to Higgs pair production in the standard mod
will therefore come fromW andZ box diagrams, Fig. 1~a!.

Working in the Feynman gauge, where theW/Z boson
contributions can be split into thegmn and the neutral Gold-
e
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stone parts, the ultraviolet-finite amplitudes have been
duced from a complicated tensorial form to scalar Passar
Veltman functions@14# using the packageFORM @15#. Before
the reduction to scalar functions, we have verified that
expressions agree with those obtained in Ref.@12#. The am-
plitudes have then been symmetrized and squared; a fac
1/2 has been included because of the two identical part
in the final state. Allowing for the polarization of both th
electron and positron beams, which are, respectively,
noted byl2 and l1 , the differential cross section of th
process~1! @in the limit me50# is then given by
, and
the
ds

d cosu
5

GF
4MW

8

1024p5

A124MH
2 /s

s~ut2MH
4 ! H ~11l2!~12l1!UFW1

~2 sW
2 21!2

2cW
4 FZU21~12l2!~11l1!4

sW
8

cW
8 UFZU2J ~2.1!

with s,t, andu the usual Mandelstam variables,u the angle between the initial electron and one of the Higgs bosons
sW
2 512cW

2 5sin2uW. The form factorFV with V5W/Z can be split into two terms corresponding to the contributions of
gmn and Goldstone parts

FV52MV
2F1

V1F2
V , ~2.2!

where, in terms of the scalar two-, three-, and four-point Passarino-Veltman functions,3 denoted, respectively, byB0 ,C0 , and
D0 , the form factorsF1,2

V are given by

F1
V5$@2MH

2 u2MV
2~u2t !2u~u1t !#D02sC0~MV

2,0,MV
2,0,0,s!1~MH

2 2u!@C0~MV
2,0,MV

2,0,u,MH
2 !

1C0~0,MV
2 ,MV

2,0,MH
2 ,u!#1~u2t !C0~MV

2 ,MV
2 ,MV

2 ,s,MH
2 ,MH

2 !%1$t↔u%, ~2.3!

F2
V5H @ tu2u212 uMH

2 22MH
4 #C0~MV

2,0,MV
2,0,0,s!1u~u2MH

2 !@C0~MV
2,0,MV

2,0,u,MH
2 !1C0~0,MV

2 ,MV
2,0,MH

2 ,u!#

2
t2u2u2t22u314MH

2 ~ tu2u2!1MH
4 ~ t1u!

2 ~s24MH
2 !

C0~MV
2 ,MV

2 ,MV
2 ,s,MH

2 ,MH
2 !1@u2~u2t !1MV

2u~ t1u!

12 uMH
2 ~MH

2 2u!22MH
4MV

2 #D01
ut2MH

4

s24MH
2 @B0~MV

2 ,MV
2 ,MH

2 !2B0~MV
2 ,MV

2 ,s!#J 1$t↔u% ~2.4!
d
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D0[D0~MV
2,0,MV

2 ,MV
2,0,0,MH

2 ,MH
2 ,s,u!. ~2.5!

The cross sections are shown in Fig. 2~a! as a function of
the Higgs boson mass for two center-of-mass energ
As5500 GeV and 1.5 TeV. Except when approaching t
2MH threshold~and the small dip near theWW threshold!,
the cross sections are practically constant for a given valu
the c.m. energy, and amount tos;0.2 fb atAs5500 GeV in
the unpolarized case. The decrease of the cross sections
increasing center-of-mass energy is very mild: atAs51.5
TeV, the cross section is still at the level ofs;0.15 fb for
Higgs boson masses less thanMH&350 GeV.

3The complete analytical expressions of the scalar functions
be found in Ref.@16# for instance; for their numerical evaluation w
have used the packageFF @17#.
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The effect of polarizing the initial electron-positron
beams is also shown in Fig. 2~a!. With left-handed polarized
electrons, the cross sectioneL

2e1→H0H0 is larger by a fac-
tor of 2, while for left-handed electrons and right-hande
positrons, the cross sectioneL

2eR
1→H0H0 is larger by a fac-

tor of 4, compared to the unpolarized case.~These simple
factors of 2 and 4 are due to the fact that the contribution
theW boson is much more important than the one of theZ
boson, a mere consequence of the larger charged current c
plings compared to the neutral current couplings.! Therefore,
the availability of longitudinal polarization of the initial
beams is very important.

With integrated luminosities of the order of*L;100
fb21 which are expected to be available for future high
energy linear colliders, one could expect a few hundre
events in the course of a few years, if both initial beams ca
be longitudinally polarized.

Figure 2~b! shows the angular distributionsds/d cosu at
a center-of-mass energy ofAs5500 GeV for a Higgs boson

can
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762 54A. DJOUADI, V. DRIESEN, AND C. JU¨ NGER
mass ofMH5150 GeV. It is forward-backward symmetric, a
consequence of the two identical particles in the final sta
and follows approximately theds/d cosu;sin2u law. Again,
the angular distribution does not strongly depend on t
Higgs boson mass and on the c.m. energy, except near
2MH production threshold.

For Higgs boson masses belowMH&140 GeV, the signal
will mainly consist of fourb quarks in the final state,

e1e2→H0H0→bb̄bb̄, ~2.6!

since the dominant decay mode of the SM Higgs boson
this mass range isH0→bb̄. This calls for very efficient
m-vertex detectors to tag theb-quark jets. Since these rare
events will be searched for only after the discovery of th
Higgs boson in the main production processes, the Hig
boson mass will be precisely known and the two mass co
straintsm(bb̄)5MH , together with the rather large numbe
of b quarks in the final state, give a reasonable hope to
perimentally isolate the signals despite the low rates.

For larger Higgs boson masses,MH*140 GeV, since
H0→W1W2 and H0→ZZ will be the dominant decay

FIG. 2. ~a! The cross sections for the Higgs pair production
the SM,e1e2→H0H0, as a function of the Higgs mass for two
center-of-mass energies,As5500 GeV ~dashed lines! and
As51.5 TeV ~solid lines!. The lower curves correspond to the un
polarized cross sections, the middle curves to the cross sect
where the electron beam is longitudinally polarized and the up
curves to the cross sections where both the electron and posi
beams are longitudinally polarized.~b! The angular distribution as a
function of the scattering angle in the unpolarized case,
As5500 GeV and forMH5150 GeV.
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modes of the Higgs boson, the signals will consist of fou
gauge bosons in the final state,

e1e2→H0H0→W1W2W1W2,W1W2ZZ,ZZZZ
~2.7!

leading to eight final fermions. These rather spectacul
events should also help to experimentally isolate the signa

Although the discussion of the background events is b
yond the scope of this paper, a few comments are neverth
less in order.

~i! For light Higgs bosons, assuming thatb quarks will be
efficiently tagged, the main backgrounds will consist of th
QCD four b-jet process,ZH0 andZZ pair production with
the Z bosons decaying intobb̄ pairs, the latter background
being the most dangerous especially ifMH;MZ . However,
sinceZZ production is mediated byt-channel electron ex-
change, the cross section is strongly peaked in the forwa
and backward directions contrary to the signal process
shown in Fig. 2~b!; a strong cut on cosu should considerably
reduce the background, while leaving the signal almost u
altered.

~ii ! For higher Higgs boson masses, multiple vector boso
production will be the main background; however, sinc
these are higher-order processes in the electroweak coupli
the cross sections should be small enough for this bac
ground to be manageable.

~iii ! Finally, one should note that double Higgs productio
in WW fusion, e1e2→H0H0nn̄ and in the bremsstrahlung
processe1e2→H0H01Z@→nn̄# would also act as back-
grounds since the two neutrinos will escape undetecte
However, the requirement of no missing energy in the fina
state will easily discard these events.

III. MSSM HIGGS BOSON PAIR PRODUCTION

In the case of the pair production of theCP-even Higgs
bosons of the minimal supersymmetric standard mode
e1e2→F1F2 with F1 ,F2[h,H, several additional Feyn-
man diagrams will contribute to the processes; Fig. 1~b!. In
addition to theW andZ boson box diagrams, one first has
the box diagrams with the exchange of the pseudoscalar a
the charged Higgs bosonsA and H6. Then, one has two
classes of box diagrams built up by chargino-sneutrino an
neutralino-selectron loops.4 These two sets consist of dia-
grams where both Higgs bosons couple to the neutralin
chargino or to slepton pairs, and diagrams where one Hig
boson couples to neutralino-chargino pairs and the other
sleptons. One has also to include the crossed diagrams
Fig. 1~b!, with the exchange ofF1 andF2 .

For the pair production of theCP-odd Higgs boson in the
MSSM, e1e2→AA, only a small subset of the previous
Feynman diagrams contributes; Fig. 1~c! and the correspond-
ing crossed diagrams. Indeed, because ofCP invariance the

4Vertex diagrams involving the quartic slepton-slepton-F1-F2

couplings will give rise to contributions which are proportional to
the mixing between the two slepton eigenstates. Since this mixing
proportional to the partner lepton massesme andmn , these dia-
grams give negligible contributions.
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TABLE I. ~Top! The Higgs-vector boson couplingsgFVV ~normalized to the SM Higgs coupling
gH0VV52@A2GF#1/2MV

2), and the Higgs-boson–Higgs-boson–vector-boson couplings@normalized to
gW5(A2GF)

1/2MW andgZ5(A2GF)
1/2MZ for the charged or neutral weak couplings#; the latter come with

the sum of the Higgs momenta entering and leaving the vertices.~Middle! The couplings of the neutral Higgs
bosons to left- and right-handed sleptons, normalized togW8 5@A2GF#1/2MW

2 . ~Bottom! The couplings of the
neutral Higgs bosons to charginos and neutralinos, normalized togW5@A2GF#1/2MW ; the matrix elements
Qi j /Si j andQi j9 /Si j9 can be found in Ref.@21#.

F gFVV gFAZ gFH6W6

h sin(b2a) cos(b2a) 7cos(b2a)
H cos(b2a) 2sin(b2a) 6sin(b2a)
A 0 0 1

l̃ i l̃ j gh l̃ i l̃j gH l̃ i l̃j
gA l̃ i l̃j

ẽLẽL (2sW
2 21)sin(b1a) 2(2sW

2 21)cos(b1a) 0
ẽRẽR 2sW

2 sin(b1a) 22sW
2 cos(b1a) 0

ñLñL sin(b1a) 2cos(b1a) 0

gL,R/F h H A

gFx
i
1x

j
2

L Qji* sina2Sji*cosa 2Qji* cosa2Sji*sina 2Qji* sinb2Sji*cosb

gFx
i
1x

j
2

R Qi jsina2Sijcosa 2Qi jcosa2Sijsina Qi jsinb1Sijcosb

gFx
i
0x

j
0

L Qji9* sina1Sji9*cosa 2Qji9* cosa1Sji9*sina 2Qji9* sinb1Sji9*cosb

gFx
i
0x

j
0

R Qi j9 sina1Sij9cosa 2Qi j9 cosa1Sij9sina Qi j9 sinb2Sij9cosb
s
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r
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pseudoscalar Higgs boson does not couple to vector bo
pairs and to slepton pairs~in the latter case, the couplings
would be proportional to the lepton masses,me andmn). The
only relevant contributions will therefore come from the dia
grams with h,H,H6 boson exchange, and those wit
chargino-sneutrino and neutralino-selectron exchang
where bothA bosons are emitted form the neutralino
chargino lines.

We have calculated the cross sections of the four p
cesses, Eqs.~2!, ~3!, and ~4! in the MSSM, following the
same steps as those discussed in the case of the SM H
boson pair production. The analytical expressions of t
cross sections are much more involved than in the SM ca
a consequence of the many additional contributions, and
the case ofe1e2→Hh, of the two different particles in the
final state. These expressions will therefore be given in
Appendix. Here, we will simply describe our inputs and di
cuss the numerical results which have been obtained.

In addition to the four massesMh ,MH ,MA andMH6 of
the Higgs particles, two parameters determine the Higgs s
tor of the MSSM at the tree level: the ratio tanb5v2 /v1 of
the vacuum expectation values of the two Higgs doub
fields and a mixing anglea in the neutralCP-even sector.
However, supersymmetry leads to several relations amo
these parameters and only two of them are in fact indep
dent: if the pseudoscalar Higgs massMA and tanb are speci-
fied, all other masses and the mixing anglea can be derived
at the tree level@1#. Supersymmetry imposes a strong hie
archical structure on the mass spectrum,Mh,MA,MH ,
MW,MH6, andMh,MZ , which, however, is broken by
radiative corrections@18#.

The leading part of the radiative corrections grows as t
on
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e

fourth power of the top quark massmt and the logarithm of
the common squark massMS @18#. At the subleading level
the radiative corrections will introduce the supersymmetric
Higgs mass parameterm and the parametersAt ,Ab in the
soft symmetry-breaking interaction@19#. In our analysis, we
will take into account the full one-loop corrections for the
Higgs boson masses@9#; for the mixing angle we will use the
one-loop-improved@20# relation (tanb andMA are the input
parameters andMh is the full one-loop-correctedh boson
mass!

tana5
2~MA

21MZ
2!tanb

MZ
21MA

2tan2b2~11tan2b!Mh
. ~3.1!

Once these parameters are fixed, the couplings of the Higg
particles to gauge bosons and fermions will also be uniquely
fixed; the Higgs-boson–vector-boson couplings relevant to
our analysis are given in Table I~top!.

To fully describe the supersymmetric sector two param-
eters must be introduced, in addition to
MA , tanb, MS , At ,Ab , and m. These are the gaugino
mass parameterM2 @we will use the grand unified theory
~GUT! relation which fixes the bino mass in terms of the
gaugino mass,M15(5/3)tan2uWM2# and the common slep-
ton massML . The masses of the four neutralinosx i

0

( i51, . . . ,4) and the twocharginosx i
1 ( i51,2) are then

completely fixed by tanb,m, andM2 . The masses of the
left- and right-handed selectronẽL ,ẽR , and of the left-
handed electronic sneutrinoñL will be fixed byML ~in prac-
tice these masses will approximately be given by
mẽL

.mẽR
.mñL

5ML ; the mixing between the two selec-
tron states is negligible!.
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For the couplings of the Higgs bosons to neutralino
charginos, and sleptons, one also will need the value of
mixing anglea which is fixed by tanb andMA . These cou-
plings are given in Table I~middle and bottom!; the cou-
plings of the electrons to chargino-neutralino pairs and sl
tons which will also be needed in the analysis are given
the Appendix.

We are now in a position to discuss the numerical resu
The cross sections for the four process
e1e2→hh,HH,AA, andhH are displayed in Figs. 3–6, as
function of the Higgs boson masses and for two values of
c.m. energyAs5500 GeV and 1.5 TeV~except forhH pro-
duction! and two representative values of tanb51.5 and 50.
In all the figures we have chosen the paramet
M252m5150 GeV, while the common slepton and squa
masses are taken to beML5300 GeV andMS5500 GeV;
the parametersAt andAb are set to zero. Only the unpolar
ized cross sections are discussed: as mentioned previo
they are simply increased by a factor of 2~4! when the initial
beam~s! are longitudinally polarized.

Figure 3 shows the cross section for the proce
e1e2→hh. The solid lines are for the full cross section

FIG. 3. The cross sections for the pair production of the light
Higgs boson in the MSSM,e1e2→hh, as a function ofMh for two
center-of-mass energies,As5500 GeV andAs51.5 TeV and for
two values of tanb51.5 and 50. The solid curves correspond to t
full cross sections, while the dashed curves correspond to the c
sections without the SUSY contributions.
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while the dashed lines are for the cross sections without the
supersymmetry~SUSY! contributions~this will correspond
to a two-Higgs-doublet model with the MSSM constraints!.
Let us first discuss the case where the supersymmetric con
tributions are not included. For small tanb, the cross section
is of the same order as the SM cross section and does no
strongly depend onMh especially at very high energies. Al-
though the WWh/Zhh couplings are suppressed by
sin(b2a) factors, the suppression is not very strong and the
W/Z box contributions are not much smaller than in the SM;
the diagrams whereA/H6 are exchanged will give compen-
sating contributions since thehAZ/hH6W couplings are
proportional to the complementary factor cos(b2a). As in
the SM case, the cross sections slightly decrease with in
creasing energy.

For large tanb values, the factors sin/cos(b2a) vary
widely when Mh is varied. For smallMh , the factor
sin(b2a)→0, and the contribution of the diagrams with
A/H6 exchange dominates. The latter contribution decrease
with increasingMh @i.e., with decreasing cos(b2a)], until
the decoupling limit is reached forMh.110 GeV. In this
case, the factor sin(b2a)→1 and theW/Z boson loops are
not suppressed anymore; one then obtains the SM cross se
tion.

est

he
ross

FIG. 4. The cross sections for the processe1e2→HH, as a
function ofMH for two center-of-mass energies,As5500 GeV and
As51.5 TeV and for two values of tanb51.5 and 50. The solid
curves correspond to the full cross sections, while the dashed curve
correspond to the cross sections without the SUSY contributions.
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The contributions of the chargino-selectron a
neutralino-sneutrino loops lead to a destructive interferen
At high energies, the supersymmetric boxes practically
not contribute; but at low energies, and especially below
decoupling limit, the SUSY contributions can be of the ord
of ;10%. We have scanned the SUSY parameter space
the maximum contribution of the SUSY loops that we ha
found was about;215%. In the decoupling limit, the
SUSY contributions are, at most, of the order of a few p
cent. Because of the rather low production rates, it will the
fore be difficult to experimentally see this effect.

Figures 4 and 5 show the cross sections for the proce
e1e2→HH ande1e2→AA, respectively. Except for sma
A/H masses where they are of the same order as in the
the cross sections are below the 0.1 fb level and the sig
will be hard to detect, especially forMA ,MH*350 GeV
~independently of the phase space suppression!. The SUSY
contributions are relatively even smaller than for the case
e1e2→hh.

Finally, Fig. 6 shows the cross section for the ca
e1e2→hH at As5500 GeV. It is 1 order of magnitude
smaller than in the previous cases and therefore neglig
small. This is due to the fact that theW/Z andA/H6 contri-

FIG. 5. The cross sections for the processe1e2→AA, as a
function ofMA for two center-of-mass energies,As5500 GeV and
As51.5 TeV and for two values of tanb51.5 and 50. The solid
curves correspond to the full cross sections, while the dashed cu
correspond to the cross sections without the SUSY contribution
nd
ce.
do
the
er
and
ve

er-
re-

sses
l
SM,
nals

of

se

ibly

butions are both suppressed since the combinatio
sin(b2a)3cos(b2a) appears in all these contributions;
since one of the factors is always small, this brings these
contributions down to the level of the small SUSY-loop con-
tributions.

IV. SUMMARY

We have analyzed the one-loop-induced production o
Higgs boson pairs at future high-energye1e2 colliders in
the standard model and in the minimal supersymmetric stan
dard model. In the SM, the unpolarized cross section is
rather small, of the order 0.1–0.2 fb. The longitudinal polar-
ization of both thee2 ande1 beams will increase the cross
section by a factor of 4. With integrated luminosities
*L*100 fb21 as expected to be the case for future high-
energy linear colliders, one could expect a few hundred
events in the course of a few years if longitudinal polariza-
tion is available. The final states are rather clean, giving a
reasonable hope to isolate the signals experimentally.

In the MSSM, additional contributions to the processes
e1e2→hh,HH,Hh and e1e2→AA come from chargino-

rves
s.

FIG. 6. The cross sections for the processe1e2→Hh, as a
function of MH for As5500 GeV and for two values of
tanb51.5 and 50. The solid curves correspond to the full cross
sections, while the dashed curves correspond to the cross sectio
without the SUSY contributions.
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neutralino and slepton loops. Forhh production, the contri-
butions of the supersymmetric loops are in general rath
small, being of the order of a few percent; the cross sectio
are therefore of the same order as in the SM. For the p
cesses involving heavy Higgs bosons, the cross sections
even smaller than fore1e2→hh, and the signals will be
hard to be detected experimentally.
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APPENDIX: CROSS SECTIONS IN THE MSSM

In this appendix, we will give the analytical expression
of the cross sections for the pair production of the MSSM
Higgs bosons. We start with the production of two
CP-even Higgs bosons,e1e2→F1F2 with F1 ,F2[h,H.
Similarly to the SM case, the differential cross section for th
process can be written as
ds

d cosu
5

1

11dF1F2

GF
4MW

8

8p5s
F S 12

MF1

2

s
2
MF2

2

s
D 224

MF1

2 MF2

2

s2
G1/2~ut2MF2

2 MF1

2 !

3F ~11l2!~12l1!U(
k51

9

Fk
1U21~12l2!~11l1!U(

k51

9

Fk
2U2G , ~A1!
o

wherel2 and l1 are the longitudinal polarizations of the
initial e2 ande1 beams;u the scattering angle ands,t,u the
usual Mandelstam variables;dF1F2

51 in the case where we
have two identical Higgs bosons in the final state, otherwi
dF1F2

50.

For the class of diagrams consisting ofW/Z andA/H6

loops ~a two-Higgs-doublet model!, there are three contrib-
uting amplitudesF1,2,3

6 given by

F1
15gF1VV

gF2VV

MW
2

2 F ~2sW
2 21!2

2cW
6 FA~MZ,0,MZ ,MZ ,s,t !

1FA~MW,0,MW ,MW ,s,t !G , ~A2!

F1
25gF1VV

gF2VV

MZ
2sW

4

cW
4 FA~MZ,0,MZ ,MZ ,s,t !,

F2
15gF1VV

gF2VVF ~2sW
2 21!2

16cW
4 FB~MZ,0,MZ ,MZ ,s,t !

1 1
8 FB~MW,0,MW ,MW ,s,t !G ,

F2
25gF1VV

gF2VV

sW
4

4 cW
4 FB~MZ,0,MZ ,MZ ,s,t !,

F3
15gF1AV

gF2AV

~2sW
2 21!2

16cW
4 FB~MZ,0,MZ ,MA ,s,t !

1gF1H
6W6gF2H

6W6
1
8 FB~MW,0,MW ,MH6,s,t !,

F3
25gF1AV

gF2AV

sW
4

4 cW
4 FB~MZ,0,MZ ,MA ,s,t !,
e

where the couplingsgFVV ,gFAZ , andgFH6W are given in
Table I ~top!. In terms of theDi jk four-point Passarino-
Veltman functions @14#, the form factors
FA,B[FA,B(m1 ,m2 ,m3 ,m4 , s,t) @the analogous ofF1 and
F2 of Eqs.~7! and ~8!# are given by

FA5D131$u↔t,MF1
↔MF2

%, ~A3!

FB5F2~MF2

2 2u!D012~MF2

2 2u!D1112~MF2

2 2t !D12

12 tD131
3MF1

2 1t

2
D2312 sD2412 ~ t2MF1

2 !D25

1
s14 ~u2MF1

2 !

2
D2618D271

MF1

2

2
D33

1
t2MF1

2

2
D371

u2MF1

2

2
D391

s

2
D31013D313G

1$u↔t,MF1
↔MF2

% ~A4!

with

Di jk[Di jk~m1 ,m2 ,m3 ,m4,0,0,MF1
,MF2

,s,t !.

For the class of diagrams consisting of sneutrino-chargin
loops, the contributing amplitudesF4,5,6

6 are given by

F4
152(

i51

2 MZ
2

8 cW
2 gex

i
1 ñ gex

i
1 ñ gF1 ñ ñ gF2 ñ ñ

3FA~mñ ,2mx
i
1,mñ ,mñ ,s,t !,
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F5
15 (

i , j51

2
MZ

2 cW
gex

i
1 ñ gex

j
1 ñ (

a5L,R
@gF1 ñ ñ g

F2x
i
1x

j
2

a

3FC
1a~2mx

i
1,mñ ,mñ ,2mx

j
1,s,t,MF1

,MF2
!

1gF2 ñ ñ g
F1x

i
1x

j
2

a

3FC
1a~2mx

i
1,mñ ,mñ ,2mx

j
1,s,u,MF2

,MF1
!#,

F6
152 (

i , j ,k51

2

gex
i
1 ñ gex

k
1 ñ (

a,b5L,R
@gF1x

i
1x

j
2

a
g

F2x
j
1x

k
2

b

3FD
1ab~2mx

i
1,mñ ,2mx

k
1,2mx

j
1,s,t,MF1

,MF2
!

1g
F2x

i
1x

j
2

a
g

F1x
j
1x

k
2

b

FD
1ab~2mx

i
1,mñ ,2mx

k
1,2mx

j
1,s,u,MF2

,MF1
!#,

~A5!

and

F4,5,6
2 50. ~A6!
FA is given in Eq. ~A3!, and the new form factors
FC

6a[FC
6a(m1 ,m2 ,m3 ,m4 ,s,t,MF1

,MF2
) and FD

6ab

[FD
6ab(m1 ,m2 ,m3 ,m4 ,s,t,MF1

,MF2
), with a,b5L,R, are

given by

FC
2R5FC

1L5 1
2 ~m1D01m1D12!,

FC
2L5FC

1R5 1
2 m4D12,

FD
2RR5FD

1LL52 1
2 m1m4D13,

FD
2RL5FD

1LR5 1
2 @s~D121D13!1~s2MF2

2 !D23

1s~D242D252D26!12D272MF1

2 D33

2~ t2MF1

2 !D372~u2MF1

2 !D392sD31026D313#,

FD
2LR5FD

1RL52 1
2 m1m3~D01D13!,

FD
2LL5FD

1RR52 1
2m3m4D13. ~A7!

Finally, for the class of diagrams consisting of selectron-
neutralino loops, the amplitudesF7,8,9

6 are given by
to

d to
F7
15(

i51

4 MZ
2

8 cW
2 gex

i
0 ẽR

gex
i
0 ẽR

gF1ẽRẽR
gF2ẽRẽR

FA~mẽR
,mx

i
0,mẽR

,mẽR
,s,t !,

F8
15 (

i , j51

4
MZ

4 cW
gex

i
0 ẽR

gex
j
0 ẽR (

a5L,R
@gF1ẽRẽR

g
F2x

i
0x

j
0

a
FC

1a~mx
i
0,mẽR

,mẽR
,mx

j
0,s,t,MF1

,MF2
!

1gF2ẽRẽR
g

F1x
i
0x

j
0

a
FC

1a~mx
i
0,mẽR

,mẽR
,mx

j
0,s,u,MF2

,MF1
!#,

F9
15 (

i , j ,k51

4
1
2 gex

i
0 ẽR

gex
k
0 ẽR (

a,b5L,R
@gF1x

i
0x

j
0

a
g

F2x
j
0x

k
0

b
FD

1ab~mx
i
0,mẽR

,mx
k
0,mx

j
0,s,t,MF1

,MF2
!

1g
F2x

i
0x

j
0

a
g

F1x
j
0x

k
0

b
FD

1ab~mx
i
0,mẽR

,mx
k
0,mx

j
0,s,u,MF2

,MF1
!#, ~A8!

and

F7,8,9
2 5F7,8,9

1 ~ ẽR→ẽL ,FC,D
1ab→FC,D

2ab!, ~A9!

where the form factorsFA,B,C,D have been given previously. The normalized couplings of the neutral Higgs bosons
charginos, neutralinos, and sleptons are displayed in Table I~middle and bottom!. The only remaining couplings which have
to be defined, are the electron-chargino-sneutrino and electron-neutralino-selectron couplings, which, normalize
gW5@A2GF#1/2 MW , are given by

gex
i
1 ñ5Vi1 , gex

i
0 ẽR

512
sW
cW

Ni2 , gex
i
0 ẽL

52Ni22
sW
cW

Ni1 , ~A10!

where the matricesV andN can be found in Ref.@21#.
For the pair production of theCP-odd Higgs boson in the MSSM,e1e2→AA, the differential cross section takes the form

ds

d cosu
5
GF
4MW

8

16sp5A124
MA

2

s
~ut2MA

4 !F ~11l2!~12l1!U (
k510

12

Fk
1U21~12l2!~11l1!U (

k510

12

Fk
2U2G , ~A11!

where we have used the same notation as previously. The three contributing amplitudesF10,11,12
6 are given by
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with FB andFD as given previously; the couplings of the pseudoscalar Higgs bosons to the neutralino and chargino state
again given in Table I~bottom!.
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