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Production cross sections for the multi-Higgs-boson process e+e =H; H+H

M. H. Nous
Faculty ofEducation, Ain sha-ms University, Cairo, Egypt

M. El-Kishen and T. A. El-Azem
Faculty of Science, Cairo University, Cairo, Egypt

(Received 9 April 1991;revised manuscript received 21 June 1991)

The production cross sections for the process e+e ~H;H+H are calculated in the two-Higgs-
doublet model. We consider the situations in which H; could be produced either from the propagator
exchange or from the initial legs or the Anal legs. At &s =300 GeV, this process can be detected if the
mass of the Higgs boson H; is smaller than Mz. Our calculations show that the situation in which the
propagator exchange is ZZ becomes the dominant one, while the other situations are negligible.

I. INTRODUCTION

The theory of supersymmetry (SUSY) in particle phys-
ics has a prominent status due to its amelioration of the
theoretical "hierarchy" and "fine-tuning" problems of
the standard model (SM). These problems arise as a
consequence of quadratic divergences for the normalized
scalar (Higgs) particle mass, combined with the prejudice
that the SM Higgs particle should be "light, " 5 1 TeV,
so as to achieve correct electroweak breaking and to
avoid violation of tree-level perturbative unitarity. SUSY
removes the quadratic divergences. Since global SUSY is
not phenomenologically satisfactory, it is natural to con-
sider a theory of local SUSY which includes gravity
through a local symmetry between fermions and bosons.
Since SUSY is manifestly not a low-energy symmetry, it
must be broken. The idea of breaking supergravity at the
Planck scale in a "hidden sector" has become very popu-
lar in the last few years.

Minimal X= 1 supergravity models have been re-
viewed by several authors [1]. The absence of experimen-
tal evidence for supersymmetry implies lower bounds on
the SUSY partner masses and the SUSY-breaking scale
[2).

II. TWO-HIGGS-DOUBLET MODEL

In the general CP-conserving two-Higgs-doublet mod-
el, three of the eight original scalar degrees of freedom
become the longitudinal components of the 8'—and Z
via the Higgs mechanism [3]. The five remaining physi-
cal degrees of freedom manifest themselves as three neu-
tral Higgs bosons H, , H2, H3 and a pair of charged
Higgs bosons H +—. %'e assume the model is CP conserv-
ing, in which case H, and Hz are CP even (scalar), while

H3 is CP odd (pseudoscalar) with respect to coupling to
the SM fermions.

There are seven independent parameters in the Higgs
sector. These are the two vacuum expectation values
(VEV's) v, and vz, the mixing angle a that results from
diagonalization of the H &-H z mass matrix, and the

masses m&, m2, m3, and m+ of the Higgs particles
H J H2 H3 and H, respectively. The rms value of the
VEV's is chosen to generate the correct masses of the 8'
and Z bosons [4], leaving six undetermined parameters.
One of these is conventionally chosen to be the VEV ratio
v2/v„and renamed tanp, with p obviously restricted to
O~P~n/2. The minimal SUSY model has two Higgs
doublets and additional constraints [5,6]

m3+Mz=m ) +m22 2= 2 2

—m 3+If+2 = 2 2

m2 —~z ~m& .

From these constraints it also follows that

m2 m3 mi, m+ (Mii, m3),

m
&
~~m+ if m2~~MzsinO~,

(2)

(3)

(4a)

(4b)

where 0~ is the standard weak mixing angle. Important-
ly, these SUSY relations guarantee that the neutral Higgs
particle H2 exists with a mass less than that of the Z.
The two angles p and a are fixed in terms of the Higgs-
boson masses:

cos2a = —cos2P

sin2a = —si n2P

m —M

m i
—~z'

m +m1 2

m —m1 2

The angle a can be taken to lie in the interval—m/2~a~O.

III. MULTI-HIGGS-BOSON PRODUCTION

One reaction which produces H; H+H (i =1, 2, 3)
from e+e annihilation is

e+e H; H+H

where H; could be produced either from the propagator
exchange or from the initial legs or the final legs. The sit-
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uation in which H; is emitted from the propagator ex-
change contains 18 Feynman diagrams. The situation in
which H,- is emitted from the initial or final legs contains
ten Feynman diagrams for the process (6) when it is
mediated by the Z boson and 20 diagrams when it is
mediated by the Higgs boson.
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IV. THK MATRIX ELEMENTS VIA
THE PROPAGATOR EXCHANGE

The 18 Feynman diagrams which contribute to process
(6) for the situation in which H, is em. itted from the
propagator exchange are shown in Fig. 1. The matrix
elements for each diagram are given as

M, 2(a) =(2 ~ i' Mzcos29II, )u(P+ )y„FU(P )

X [(P+ +P ) —Mz2] 'RJ

X [(K++K ) —Mz] '(K++K )p

where

F=1—4sin 0~—
y5 ~

R, =cos(p —a), Rz=sin(p —a) are the Feynman rules
for the H Z Z vertex; notice the absence at tree level of
an H3Z Z vertex [7],

FIG. 1. Feynman diagrams for the process
e+e —+H; H+H (/, i = 1,2, 3 and j= 1,2) via the diferent
propagators exchange. There are 18 Feynman diagrams.

M3 ~(b)=(2 ' iGF Mz)u(P+)y„FU(P ),
X[(P~+P )

—M ] '(1 —R )'

X(p++P )„[(K++K ) mj ]
—'B~ .

Notice the absence of a Z H, H2 vertex due to CP invari-
ance, while Bose symmetry forbids vertices of the kind
Z'a, 'II,' [8],

B,=cos OIvcos(P —a) —
—,'cos2Pcos(P+a),

B2 =cos OII,sin(P —a)+ —,'cos2P sin(P+a),

where CP invariance forbids vertices such as H+H H3
[8,9]:

M, &(c ) =(2 m, GF Mzcos28 )IuI(P )+A; U(P )[(P+ +P )
—mi ]

X(1—R. )' (K~+K )[(K++K )
—Mz] '(K++K ),

where 3; are Yukawa couplings [6] given as

A, = ', A~ =—,A3 =iy5tana,COSB S111

coscx coscx

M9 Is(d)=( 2 im, M—zG~ )u(P+)3;U(P )[(P++P ) mi ] 'F&; [(K—++K ) —m ] 'B.
where

F», = 3 cos2a cos(P+ a ), F2zz = 3 cos2a sin(P+ a ),
F33, =cos2Pcos(/3+a), F332 —cos2P sin(P+a),

FIzI =F2, I

=FIICK

=2 sin2a cos(P+a)+cos2a sin(P+a),

Fzz, =F,2z =F2,z
= —2 sin2a sin(P+a)+cos2a cos(P+a) .
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FICx. 2. Feynman diagrams for the process
e+e ~H; H+H, mediated by the Z boson. There are 10
diagrams.

FIG. 3. Feynman diagrams for the process
e+ e ~H; H+H, mediated by the neutra1 Higgs boson.
There are 20 diagrams.
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VI. THK MATRIX ELEMENTS VIA
NEUTRAL HIGGS BOSON

The Feynman diagrams for the process (6), mediated
by the Higgs boson H~ (j= 1,2) are shown in Fig. 3. The
matrix elements for each diagram are given as

M„,5(a")=(2m, C/cos28~) U( P+) A, D( A. U(P )

X[(K++K ) —
m~ ] 'BJ,

M, 7 22(b" ) =(2m, C/c os28 11 ) U( P+) 2 D2 A, U(P )

X[(K++K ) —m ] '8

M23 25(c")=(8iMzC/cos0~)U(P+ ) A. U(P )

X[(P++P ) —m ]

XBJ[(K+ +K0) —m 2+ ] '8. ,

M27 30(d")=(8iMzC/cos8~)u(P+ )3 U(P )

X[(P++P ) —m ]

XB/[(K +K0) —m ] 'Bi,

where A = A „A2 and I is equal to the masses of the
two neutral scalars.

VII. CROSS-SECTION CALCULATIONS

In general the cross-section for the e+e ~H,. H+H
process can be written in the form

g —— 4 I'++I' —Ko —K+ —K)M ['
16s (22r)

dK+ dK dKo
X E E E

where s=(P++P ) =2(P+P ) and ~M~ are the ma-
trix elements given before. The integration is performed
using a simple approximation obtained by an improved
[12] Weizsacker-Williams procedure. In all our calcula-
tions we assume the following values for the vector-boson
masses suggested by [13] recent collider runs: M~ =80.0
GeV, Mz=9l. l7 GeV, and 6+=1.166X10 GeV
We can take tanP and one of the Higgs-boson masses, for
instance, that of H 3, as the unknown parameters.
Different authors [14—18] prefer very different values for
these parameters. We take tan13 =0.45 and
0 5Mz I3 l . 5Mz, which are the ones commonly used
[19,20].
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FIG. 7. The cross section for the process e+e ~H, H+H (through HI HJ exchange) as a function of s/Mz. . (I) for j=1 and
i =l=1,3; (II) for j=2 andi =l =2, 3; (III) for j=1 and i, l&3; (IV) for j=2 andi, l&3.
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FIG. 9. The cross section o.(c'), where the process is mediat-
ed by Z boson and HJ is emitted from H line, as a function of
s /Mz for fixed m

&
and m 2.

VIII. DISCUSSION

The results of the calculated cross sections for the pro-
cess e+e —+H;H+H for the difFerent situations are
presented in Figs. 4—l l as a function of s/Mz. Figure 4,

for the situation of Z Z exchange, shows that
H+H H, 2 production will be very dificult to observe
unless the Higgs scalar is light and &s =300 GeV. For
the situation of Z Hexchange, Fig'. 5(II) shows that the
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FIG. 10. The cross section o.(a' ) (where the process is mediated by Higgs boson HJ and H; is emitted from e line): (I) as a func-
tion of s/Mz for different values of the mass m;; (II) as a function of m, /Mz at &s =300 GeV.
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