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Abstract

Results of calculations of all tree-level Standard Model diagrams for the re-
action ete~ — ete~ b in the energy range of LEPII and the Next ete
Linear Collider are presented. The complete matrix element was calculated by
means of the software package CompHEP; phase space integration and event
generation were carried out with the computer programs BASES/SPRING
with additional regularizations necessary in order to handle singularities. The
contributions of the dominating subsets of diagrams, the possible interference
terms and their influence on the Higgs signal are studied in detail. Agree-
ment with results of previous calculations as ‘well as with those derived from
simple analytical approximations is demonstrated. Encouraging results were

obtained regarding the extraction of the Higgs signal from the overwhelming
background.

1 Introduction

Reactions like ete™ — 2 leptons + bb provide the most promising framework
for light and intermediate (Mg < 140 GeV) Higgs searches within the Standard
Model [1] at LEPII and Next ete” Linear Collider (NLC) energies (see e.g.
refs. [2, 3, 4, 5]). They provide the channels for detailed investigations of the
Higgs sector since the properties expected for the Higgs may be extracted which
great confidence from such 4-body final states. Since the Higgs is produced
either in the Higgsstrahlung reaction ‘

ete™ — H°Z (1)

with the subsequent decay H® — bb and Z — U (I = e, i, T, Ve, Vyy V;) OI in
the fusion process

ete” — IIH° (2)

with | = e or v, and subsequent H® — bh decay, the framework for Higgs
detection and determination of its properties is the final state I1bb. It seems
therefore mandatory to investigate this final state in detail and to extract the
Higgs signal from it, taking into account all competing subprocesses and pos-
sible interferences which lead to the same Ibb final state. Such a procedure is
further supported by the expectation that the background is much larger than
the Higgs signal itself, and a simultanous investigation of both components
leads to more appropriate background substracted Higgs studies.



In recent papers detailed analyses have been carried out for the reaction

[6, 7]

€+

e~ — ptpbb (3)
as well as for [8, 9]

ete” — vibb. (4)

In order to complete the analysis of the 2 leptons + bb final state configu-
ration we present in this paper our results for the reaction

ete” — eTebb. (5)

Reaction (5) provides not only a promising signature for the Higgs boson, it
also represents in cases of undetected outgoing electrons a serious background
to the Higgs signal in reaction (4). Furthermore, the calculation of the total
bb pair production rate in reaction (5) is important for top quark physics and
for estimating the background in searches for possible new physics at higher
energies.

Compared to processes (3) and (4) the reaction ete™ —ete™ bb possesses
the greatest complexity. It involves the largest number of possible lowest order
diagrams and in addition it contains a number of singularities in phase space
which have to be carefully taken into account. Most of these singularities are
connected with final state electrons produced in the very forward direction. In
our calculations we use the computer program CompHEP[10] to generate all
possible Standard Model tree-level diagrams and the package BASES/SPRING
[11] for integration over phase space. In the past several Monte Carlo genera-
tors for 4-fermion final states in e*e™ collisions have been created [12, 13, 14],
but none of them takes into account all contributing diagrams and their pos-
sible interferences. As an example, one of the recently developed generators,
FERMISV [15], includes all lowest order diagrams with photon and Z boson
propagators in reaction (5) but omits the Higgs boson intermediate states.

This paper is organized as follows. In sect. 2 we present and discuss all
contributing diagrams. The total cross section for reaction (5) is calculated
as a function of the center of mass (cms) energy /s and compared with the
expected Higgs rate. Sect. 3 is devoted to a detailed study of Higgs production.
In particular, its cross section as a function of \/sand the H® mass are presented
and the two Higgs production mechanisms and their interferences are discussed.
In sect. 4 the cross sections of various subsets of background diagrams which
contribute to different kinematical regions are presented and compared with
simple semi-analytical results using the formulas summarized in the Appendix.
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Sect. 5 contains a summary of the strengths of the interference terms between
the subsets of diagrams discussed, and based on that, our suggestion for an
approximate description of reaction (5) at LEPII energies as well as around
/5= 500 GeV. In sec. 6 it will be demonstrated that by application of simple
cuts the H° signal can be clearly extracted from the overwhelming background.
The summary and concluding remarks are presented in sect. 7.

In all cases when event numbers are presented or discussed, they are nor-
malized to an integrated luminosity of £ = 500 pb~lor L =10 fb~! at /s =
200 GeV and 500 GeV, respectively,

9 The cross section of the reaction efe” — ete bb

The calculation of the cross section for reaction (5) has been performed in the
same manner as for reactions (3) and (4) in refs. [7, 8]. This procedure has
also been used recently in an estimation of single top quark production in the
LEPII energy range [16].

The main steps in our calculation are the following. The generation of Feyn-
man diagrams, the analytical expressions for the matrix elements squared and
the corresponding optimized FORTRAN codes have been obtained by means
of the computer package CompHEP. The integration over phase space, after
smoothing of singular variables in order to improve the efficiency of the pro-
gram, and the event generation have been done by employing the Monte Carlo
integrator and event generation system BASES/SPRING. We would like to
point out that in contrast to previous calculations [7, 8, 16], it was necessary
to employ a quadruple precision in the computer code. The calculation of the
diagrams includes a non-zero mass value of the electron and Breit-Wigner dis-
tributions for the Higgs and Z bosons in the intermediate states. The results
presented were obtained taking into account the Standard Model parameters
and the tree-level Higgs width. For the coupling factor o we used the Thom-
son limit 1/137 in cases of long distance physics, i.e. in cases of soft photon
exchanges, and otherwise 1/128 [17]. The calculations were carried out in the
t'Hooft-Feynman gauge.

All lowest order diagrams contributing to reaction (5) are collected in Fig.
1. The two diagrams in the first row are responsible for the Higgs production
either via the Higgsstrahlung process ete™ — H 07 or the ZZ fusion reaction
ete— —s ete~ H®. The Higgsstrahlung diagram is analogous to that in the
reaction ete~ —— ptpu~ bb (or ete” — VD bb) with relative weights as
determined by the Z — ete™, pTp~ and v# branching fractions. The ZZ
fusion contribution is suppressed by about a factor of ten with respect to the



corresponding W W~ fusion process in the reaction ete™ — viv H? due to
the different couplings of the Z and W boson to leptons (see [4]).

The diagrams in the second raw in Fig. 1 are of multiperipheral nature and
are governed by the 2-to-2 processes v*(Z)y*(Z) — bb.

Diagrams in the third and fourth row can be considered as due to v*(Z)e* —
v*(Z)e* subprocesses which proceed either via electron (positron) t-channel
exchanges or via s-channel production with subsequent radiation of a v*(Z2)
from an off-shell electron (positron).

The fifth row of diagrams corresponds to the 2-to-2 subprocesses ete™ —
v*(Z)v*(Z) with subsequent decays of v*(Z) to e*e™ and bb.

The diagrams in the last row of Fig. 1 correspond to 7*/Z s-channel for-
mation with bb or eTe” production and subsequent radiation of a photon/Z
and its decay into eTe~ or bb.

We would like to point out that these five classes of subprocesses are to
a good approximation gauge invariant by themselves, so that their individual
cross sections can be calculated and compared with each other.

In Fig. 2 the total cross section for the reaction ete™ —se*ebb is presented
as a function of /s between 200 GeV and 1 TeV. It is worth emphasizing that
all diagrams of Fig. 1 and their interferences were taken into account to obtain
these values. The cross section of reaction (5) does not strongly vary with /s;
it increases by a factor of ~ 4 in the energy range considered. In addition, Fig.
2 shows also the total amount of H® production to the ete™ bb final state.
The H° rate is however about two or more orders of magnitude lower. The
figure indicates that the ratio of the H° to the total background rate turns out
to be best in the LEPII energy range where the Higgsstrahlung mechanism
dominates. However, also at this energy the background is overwhelming and
efficient cuts have to be applied in order to reduce the background substantially
without removing the few H° events expected. In order to optimize such cuts

we study separately in more detail the behaviour of the signal and the different
background contributions.

3 The Higgs boson signal

In Fig. 3a we present the total Higgs boson cross section in the reaction
efe™ — ete” bb for five Higgs masses between 80 GeV and 140 GeV as
a function of the cms energy, in the range /s = 160 GeV to 500 GeV. The
behaviour of these distributions is well understood. At low energies (around
LEPII energies) the Higgsstrahlung cross section dominates, as seen in Fig. 3b.
It rises sharply near threshold,reaches a maximum at /s ~ Mz 4+ v2Mpgo and



falls down with 1/s at higher energies. The H° fusion mechanism (Fig. 3c),
negligible at LEPII energies, rises continously with increasing energy (~ log
s) and dominates around or above 500 GeV. However, comparing the absolute
H° cross section in reaction (5) at 500 GeV with that in reaction (4), ete™ —
v bb[8, 9], its value is about one order of magnitude lower due to the different
couplings of Z and W to the Higgs and fermions (see [4, 18]). Fig. 3d shows
the interference pattern between both production mechanisms. Although it is
very small, it can be noticed that the larger the Higgs mass the smaller is the
interference contribution.

Table 1 summarizes the number of H® events expected for an integrated
Juminosity of £ = 500 pb~! and £ = 10 fb~! at /s = 200 GeV and 500
GeV, respectively, for the five Higgs masses indicated in Fig. 2. As can be
seen, the number of Higgs events expected at LEPII are either very small or
completely negligible. Better possibilities for Higgs detection occur at energles
around /s = 500 GeV. Higgs production above 500 GeV will not be discussed
here, since the most appropriate energy range for Higgs detection is in between
LEPII energies and 500 GeV, for Higgs masses considered in this paper (80
< Mpo < 140 GeV). Higgs bosons with masses larger than 140 GeV are best
be searched for in the ZZ*(ZZ) or WW*(WW) decay modes rather than in
the H® —bb decay channel, so that the final states expected are different from
2 leptons + bb [18].

Some H® event distributions as expected at /s = 200 GeV are presented in
Fig. 4, for Mpgo = 80 GeV and £ = 500 pb~!. In particular, we present in this
figure the cosine of the electron production angular distribution, cos®., the
total bb-quark energy distribution, Eu, the total bbh transverse momentum
distribution, pbf , and the ete” invariant mass distribution, M. +.-. Detailed
inspection of the event distributions in these variables leads us to conclude
that appropriate cuts should remove the overwhelming background to a very
small or negligible level while keeping most of the signal. For further details
we refer to sect. 6.

The analogous H® event distributions for Mpo = 140 GeV and Vs = 500
GeV are presented in Fig. 5, where different H 0 production mechanisms com-
pete and the background exhibits a somewhat different behaviour than at /s=
200 GeV (see the next sect. for more details).

4 The background contributions

Since the background in reaction (5) is about two orders of magnitude larger
than the Higgs signal, it is important to investigate the different mechanisms



contributing to different phase space regions in detail so that reasonable cuts
can be applied for their suppression while retaining the H° signal. According

to the classification of the diagrams in Fig. 1 we discuss now their individual
characteristics in turn.

4.1 The multiperiphal background contribution

We denote as multiperipheral background that part which proceeds via the
multiperipheral diagrams in the second row of Fig. 1. Such contributions of
massive fermion pair production in ete™ collisions have been studied in a
number of papers and is known in QED for a long time; e.g. Landau and
Lifshitz [19] calculated the main e*e™ pair production cross section in 1934.
The dominant part of the multiperipheral background is expected to be due

to photon-photon exchange with very small momentum transfer squared. This
background has the asymptotic form [20]

1 s 5
o~ —In® SIn—, (6)
m$  miom

where the term In%(s/m?) is related to the photon propagators and the term
In(s/m?%) is connected to the subprocess y*v* — ff.

A more accurate but still approximate analytical formula may be found in
ref. [21], while a number of Monte-Carlo generators, proposed for this kind of
multiperipheral diagrams, are discussed in [12, 13, 14, 15].

In order to gain confidence in our calculation of the multiperipheral back-
ground diagrams, we have first applied the formalism to the reaction ete” —
ete™ ptp~ for which detailed and accurate calculations exist [12]. Very good
agreement between our results and those of ref. [12] has been found, so that
the procedure applied for smoothing of singular variables, mandatory in order
to obtain stable numerical results, is strongly supported. Fig. 6 shows cross
section values obtained for the multiperipheral background in reaction (5) (full
curve) as function of \/s and, for comparison, the results from a simple an-
alytical formula, given in the Appendix, based on the v*v* —bb two-body
reaction convoluted with the appropriate photon spectrum from the electron
(dashed curve). The agreement with our calculation, which involves all possi-
ble multiperipheral diagrams, is excellent. Hence, as expected, v*y* exchanges
represent the overwhelming contribution to the multiperipheral background.
Multiperipheral v*Z and ZZ exchange diagrams are suppressed by about a
factor of 1072 and 107%, respectively. Interferences between the multiperiph-
eral diagrams were found to be very small; they are at best of the order of the
~v*Z exchange contribution.



According to the cross sections obtained one expects a large number of
bh events from the multiperipheral v*+* mechanism, namely about 500 at
/5 = 200 GeV and about 30000 at /s = 500 GeV. Hence, this mechanism
represents a large background to the H 0 signal. Variables which might be
useful for background suppression while retaining the H 0 events have been
searched for and some of them are presented in Fig. 7. The number of events
shown are expected for an integrated luminosity of 500 pb~! and 10 fb~! at
/5 = 200 GeV and /5 = 500 GeV, respectively.

4.2 The background from +*/Ze — ~*/Ze¢ contributions

The third and fourth row of the diagrams in Fig. 1 (denoted as single cascade
diagrams) involve the subreaction v*/Ze — 7 /Ze which proceeds either via
electron t-channel exchanges or s-channel off-shell electron production with
subsequent radiation of a photon or Z boson. The calculation of all diagrams
contributing to this part of the background and their interferences results in
cross sections also presented in Fig. 6 as function of Vs . In addition, we
have also carried out cross section estimations for this background part using
a simple semi-analytical approach as given in the Appendix (dashed curve
in Fig. 6). As can be seen, satisfactory agreement between the complete
calculation and the approximative scheme occurs. Since the total rate of this
background is also substantial a search for sensible variables is needed in order
to suppress most of the background in Higgs search analyses. The variables
selected are presented in Fig. 8 for /s = 200 GeV and 500 GeV, assuming -
for the event number estimation an integrated luminisity of 500 pb~! and 10
fb~ !, respectively.

4.3 The background from e*e™ — v*(Z)7y*(Z) contribution

The double cascade diagrams of the fifth row in Fig.1 correspond to the 2-
to-2 body processes ete” — v*(Z)y*(Z) with subsequent decays of v* —
ete™ (bb) and Z — bb(eTe™ ). The total cross sections associated with this
type of background are also shown as function of Vs in Fig. 6 (full curve).
In addition, we also present the cross sections expected for the four separate
contributions, ete™ — v*v*, eTe™ — y*Z —(eTe” )(bb), ete” — y*Z —
(ete” )(bb) and ete” — ZZ , including possible interference terms. As can
be seen, the v*Z final state with v* — e*te”™ and Z — bb decays represents
the bulk of this background. Double Z production is smaller by about a factor
of 10 (5) at 200 (1000) GeV and comparable to the Higgs production rate in
the LEPII energy range. Results from some simple semi-analytical calculations



which are outlined in the Appendix, are also shown in Fig. 6 as dashed curves.
The agreement between the complete and approximate schemes is reasonable.

Fig. 9 show relevant event distributions for this background in variables
selected for background suppression, again normalized to an integrated lumi-

nosity of 500 pb~! and 10 fb~! at /s = 200 GeV and 500 GeV, respectively.

For completeness we have also calculated the cross sections for the remaining
s-channel diagrams shown in the last row of Fig.1, including possible interfer-
ences. This background is found to be very small and would amount to less
than one event at 200 GeV (for £ = 500 pb™!) and to about three events at

500 GeV (£ = 10 fb~!). Hence, we omit these diagrams and their interfereces
in our further discussion.

5 Study of interferences and a suggestion for an approx-
imative description of the reaction ete™ — ete™ bb

In previous sections we have studied the contributions of the Higgs signal and
the different background subsets separately, including only the interferences
between the diagrams for each subset. In this part we will search for possible
interferences between the different subsets themselves, and according to the
results found we suggest an approximation scheme to describe reaction (5)
reasonably well over a very large range in /s .

At first, it turns out that the interferences between the Higgs diagrams and
all the background diagrams are very small. Typically, their contributions are
in the range 107 - 10~° fb and the largest interference contribution of 1073 fb
occurs with the multiperipheral diagrams (second row in Fig. 1) at /s = 200
GeV. Such a behaviour is not surprising since Higgs production and most of
the background mechanisms contribute to very different phase space regions,
and also because of the different spins of the H® and the Z boson and photon.
Therefore, interferences between the Higgs boson and the background can with
confidence be neglected in any further studies.

Furthermore, we have searched systematically for interferences between the
several background subsets as indicated in Fig. 1. The result is that only
interferences between the single cascade diagrams with Z — bb decay and the
double cascade diagrams wirh v* — ete” and Z — bb decays turn out to be
significant: -24 fb at /s = 200 GeV, -7.8 fb at /s = 500 GeV and -4.0 fb at
/s =1 TeV. Interferences between the single cascade diagrams with v* — bb
and Z — bb decays themselves are found to be -3.2 fb, -4.3 fb and -4.9 fb at
Vv/s = 200, 500 GeV and 1 TeV, respectively. Other interferences exceeding 1
fb in magnitude were not found.



Based on these results and those in sect. 4 we suggest the following ap-
proximative precription for calculating the reaction ete™ — ete” bb. To
the incoherently added Higgs signal diagrams, add incoherently the multipe-
ripheral diagrams (second row in Fig. 1), the whole contribution of the single
cascade diagrams (third and fourth row in Fig. 1) and the double cascade
diagrams with v* — ete” and Z — bb decays (fifth row in Fig.1). This
approximation is able to describe the complete cross section for reaction (5)
with high accuracy (deviations are ~ 5% or less). Including the non-zero inter-
ference terms mentioned above improves the accuracy such that any deviations
compared to the complete treatment are reduced to ~ 1%. Since the complete
4-body kinematics is used we expect in principle such an agreement not only
for the total cross section but for the event distributions as well. Statistical
uncertainties will however dominate the errors for the design luminosities of
the colliders considered.

6 Extraction of the Higgs boson signal from background

As already emphasized the number of H® events expected in reaction (5) is at
least two orders of magnitude smaller than the number of background events.
We have already introduced variables (see Figs. 4,5,7,8,9) which indicate that
the behaviour of background and H® events are so different that appropriate
cuts in these variables should allow a clear signal extraction with negligible
remaining background. 4

Fig. 10a (11a) shows the bb invariant mass distributions for all events
of reaction (5) expected at /s = 200 GeV (/s = 500 GeV) for an integrated
luminosity of £ = 500 pb~! (£ = 10 fb~!). Most of the events are concentrated
between bb-threshold and about My; = 40 GeV, independent of /5. At 200
GeV, a clear signature for the Higgs boson with Mygo = 80 GeV (shown shaded)
is prevented by the Z boson tail and additional continuum background. Now,
assuming a complete measurement of the final state e* and e~ and both quarks,
the application of the following cuts

e |cos O] < 0.94 and | cos O] < 0.94" and P > 45 GeV and Ey; > 90 GeV
¢ |cosO,-| < 0.96 and |cosO.+| < 0.96 and 60 GeV < Me+e- < 110 GeV

results in a clear H? signal of 6 events (out of 11) with only one remaining
background event (Fig. 10b). If we do not have any et and e~ information
(resembling a somewhat more realistic situation since most of the final state

1The restriction of the polar angular range for the quarks to 20° < @, /5 < 160° should ensure good measuring
capability of the quark fragments.



electrons/positrons remain undetected) and only apply the cuts based on the b
and b quark information, the resulting M,; distribution is presented in Fig. 10c.
Beside some remaining Z events, a clear H° signal of 7 events remains. Thus,
the application of a few siraple cuts based on b and b quark measurements allows
us to extract the Higgs boson almost free of background (provided Mpgo #
Mgo).

At 500 GeV (Fig. 11a) there exists some indication of the H® around 140
GeV in the uncutted distribution?. The application of the following cuts

o |c0sOy| < 0.94 and |cosOz| < 0.94 and p? > 10 GeV and Ej; > 120 GeV
¢ |c05O,-| < 0.985 and |c0sO.+| < 0.985 and M +.- > 50 GeV

results in the distribution shown in Fig. 11b. A clear H? signal (shaded
histogram) of 54 events (out of 79) is visible over negligible background. The
application of less stringent cuts (based again only on the quark information)
yields the spectrum in Fig. 1lc. Again, the H is clearly seen (75 events of
the original signal are retained) and the remaining background is very small.

These results are also of importance for the detection of the H° in the
reaction ete™ — v bb, since a lot of background comes from reaction (5)
with undetected electrons in the final state.

7 Summary and conclusions

A complete tree-level calculation for the reaction ete™ —s ete~bb within the
full 4-body kinematics has been carried out at cms energies in the LEPII and
NLC regimes. The reaction considered is very interesting from several points
of view. It provides a promising possibility for the Higgs boson search, and
consequently, together with information from the reactions ete~ — v bb

and ete™ — pTu~ bb, it might help to establish the nature of the Higgs bo-
son. Furthermore, reaction (5) represents an important background of Higgs
production in the process ete~™ —vbb and is important for the understand-
ing of several top quark production aspects and in searches for possible new
physics at large energies.

We have calculated the total production rate of reaction (5), etfe™ —
ete~ bb, and the expected Higgs cross section between /s = 200 GeV and 1
TeV. In general, the H® production rate is suppressed by about two orders of
magnitude compared with the overall background rate.

2This weak HO signal is visible by using an enlarged scale for the ordinate.
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In order to extract the Higgs signal from such an overwhelming background
we have calculated the contributions of different subsets of background dia-
grams and studied their behaviour in phase space. The results may be sum-
marized as follows. Most of the cross section for the reaction etem —ete b
comes from the two-photon multiperipheral diagrams (second row in Fig. 1).
Next important are contributions from single cascade diagrams (third and forth
row in Fig. 1) with off-shell Z production and subsequent Z —bb decay. Much
less important are 2-to-2 body reactions like ete™ —~*Z, from which the one
with the subsequent decays v* — ete™ and Z — bbh is found to be the dom-
inant one. Double Z production is comparable to the Higgs production rate.
Contributions by the s-channel diagrams (last row in Fig. 1) are very small and
can be neglected in the energy range studied. We have searched for significant
interferences between the diagrams contributing to reaction (5). They all were
found to be negligible (smaller than 1 fb in magnitude) except those between
single cascade diagrams with Z — bbh and double cascade diagrams with v* —
ete~ and Z — bb decays, and between single cascade diagrams with v* —
ete~ and Z — bb themselve. Based on these results a simple approximative
description for reaction (5) is suggested which might be useful for future event
generators incorporating the complete 4-body kinematics.

Concerning the extraction of the Higgs signal we have demonstrated that by
the application of few simple cuts based only on b and b quark information the
overwhelming background can be reduced to a negligible level while retaining
most of the H® events. Encouraging results were obtained even in the case
of only a few H° events expected in the presence of two orders of magnitude
higher background (as in the LEPII energy range).

We are aware that a thorough study would have to include electroweak
and QCD corrections as well as a realistic detector simulation. The aim of
this paper was, however, to study the contributions of the different subsets of
diagrams (partially omitted so far in related investigations), their interference
pattern and the impact on the detection probability of the Higgs boson.

A Appendix

1. A simple estimation for the multiperipheral diagram cross section is obtained
by means of the (improved) Weizsicker-Williams approximation (WWA) [22,
23]. The total cross section reads

o= /-’Ema“ dx1dzo0(3 — 4m3)6 (yy — bb) f (1, 6) fy(x2,9) (A-1)

Tmin

with
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f(x,8) = — og —2

2 € x2d T

v [1 + (1 — :1:)2 \ 1—=x 1—x— :1:2(5} | (A-2)

x 1s the fractional energy transfered by the photon, with z,, = 4m§ /Sy Tmaz =
1 and § = m?/4m}, and

2
6(yy — bb) = 22(;': {(3 - Bﬂlni -i_— g —203(2 — [32)} , (A-3)

the cross section for bb pair production in v collision [24], with

2
B =41- 4nfb and S = X1X»S. (A-4)
5

The numerical results using formula (A-1) are presented in Fig. 6 as dashed
curve.

2. For the semi-analytical approximations of the single and double cascade
contributions we start from general formulas for either e*e™ or ye interactions

with one or two off-shell photons produced in association with n particles and
subsequent decay(s) v* —ff:

o(ete(ye) = L+ n+ 7' (= ff) = (A-5)
1 ((va-m)* dM2 ) )
P ) Y5(ete (ve) = 1+ ...+ n+y (" — ff)

7 J4m} M
and
olete (ve) = 14 ... +n+ (= fif)ns(— fofo) ~ (A-6)
—];- (\/E_ﬁl"szz)z dM‘y% /(\/;—ﬁ"_Mn)z dM‘y% "
7T2 4m§1 iM'Yf 4m}2 M‘yg

si(eTe”(ve) = 1+ ..+ n+ (v — f)T(vs — fofe)

with m = ¥ ; m; and the off-shell photon decay width

Dy = fF) = SQITM, (1 + 227) 1~ 4ay, (A-7)
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where z; = m%/MZ, Q% = 1/9 for the b-quark and 1 for the electron. The
color factor 7. is 3 for b-quarks and 1 for electrons.

Selecting now from all single cascade diagrams in Fig. 1 only those with
photon exchange in the t-channel and Z boson production with subsequent
7 —bb decay we obtain for the cross section

S /mmaz di /Qcifnax (ZQ2f7(ZZ', Qz)&(,y*e, — Ze; Q2)Br(Z — l)B) (A-S)

Tmin min

in the narrow width approximation for Z bosons. The singular behaviour of
the v*¢ — Ze cross section requires to consider virtual initial state photons
with -Q? [25].

For the effe_ctive photon spectrum within the electron we use the (improved)
Weizsiacker-Williams approximation [22, 23] before the integration over Q>*

a [14(1—x)? 1

2\ __ 2 -
fy(z, Q%) = Dy Q7 —2mix o (A-9)
with the following integration limits:
2
2 2 T 2 2
min me 1 — .’I', max Z
M 2 S — ve 2
Loin = (Mg + me) ; Lmny = (_‘/i_'_”_)_ (A-10)
s s

The cross section for the subprocess v*¢ — Be, where B means either the
Z boson or a v*, can be written as

CY2’/T

v+ 3
G(v*e — Be; QY = ; Cp {2(1 — 2z + 22%)In @t

o — 3

+ (A-11)

ze(1 4+ Txp) + z425(1 — 225 + 3u})

. O(xe,
g r. — r,xp(l — xp) +0( Lv)}
with ry = M2/s or Lyy = M, /5,
o _ 1 tsh +8sh o2
— o . = —
z 12s%,c%, ' T3

2
a=1—2p+ zetp — x> —x,(l — 2p — Te),
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B=[14 (2. —2y)* =2z, — 22,)(1 + (x. — x5)* — 27, — 2z5)]"/2,

v 2 2
_mg o Q7
~ 3 ‘l")’ — T A
5 S

, 5=uxs

and sy denotes the sinus of the Weinberg angle. The application of formula
(A-11) for the case B = Z yields, after multiplication with 2 due to photon
emission either by the initial state electron or positron, only one part of the
relevant cross section. The remaining part comes from subprocess v*e — y*e,
i.e. for B = v*. Its general cross section can be estimated using formula (A-5)

and the WWA [22, 23] as

Tmaz s 2 T

oy = [ da /Q‘;m dQ“% % Fr(2,Q1)5(v e — 7 e; Q)T (y* — bb)

(A-12)

where & is given by (A-11). The integration limits in (A-12) are obtained using
2my, instad of Mz in (A-10).

The sum of the cross sections (A-8) and (A-12) are shown in Fig. 6 as

dashed curve. They represent that part of the single cascade cross section

which only occurs via t-channel photon exchanges.

3. The double cascade contribution might be divided into three subreac-
tions, ete™ — y*~*, ete™ — ~v*Z and ete™ — ZZ , with subsequent Z and
~* decays to the final state eTe~ bb. The cross section for the first reaction,
¢Te” — v*+*, is obtained from eq. (A-6) and formulas of refs. {26, 27] which
might be summarized as follows

¥

ap+ Bp

G(ete™ — Z/v*, Z/v*) = p—

2
7rCD{III
S

.

AD — 36DCYD} (A—13)
with

4
Cp =

=, C¥D=1—LC1—.’L'2,
1-*.’L‘1—1L'2

Bp = \/1 + (x1 — 22)? — 221 — 22, Ap =14 (z1+ 332)2>

A2 M2
T = Mﬁ/s7 and Xy = Mﬁ/s.
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The results of this approach are shown as dashed curve in Fig. 6.
For the reaction ete~ —s~*Z we start from eqn. (A-5) using the expression

(A-13) with

Cn = 1 —4s%, + 8sfy 1 .
b= 20k, 5%, 1— iy — g
s
ap = 1—.’132—1137;;

Bp = ﬁ—}— (27 — @y;)? — 207 — 22y;
Ap = 14+ (2% + :1:7;)2,
M2

7*

S

and the narrow width approximation of the Z boson, i.e. multiplying the
resulting cross section with the appropriate branching ratio Br(Z — bb ),
respectively, Br(Z — ete™ ). The results of this procedure are shown as
dashed curve in Fig. 6 for the two possiblilities e*e™ — v*Z — (ete” )(bD)
and eTe™ — v*Z — (bb)(ete™ ).

The cross section for the reaction ete™ — ZZ — (ete™ )(bb) is obtained
from eqn. (A-13) and the narrow width approximation for the 2 bosons with

1= s34 24s%, — 32sh, + 38s%y, 1

C :
b 165, 5%, 1— 2z

ap =1—2xz, Bp=v1-—4drg,

MZ
Ap =1+ 4x5 and xg = —2.
S

The results of this approximation are shown as dashed curve in Fig. 6.
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Table Caption

Table 1: Number of H® events expected for an integrated luminosity of 500
pb~! and 10 fb~! at 200 GeV and 500 GeV, respectively, for five Higgs masses.

Figure Caption

Fig. 1: Lowest order Feynman diagrams contributing to the reaction ete™ —
ete= bb.

Fig. 2: Cross sections for the reaction ete~ — ete™ bb and the H® cross
section as functions of the cms energy /s .

Fig. 3: H° production cross section in the reaction ete~ —s eTe” bb. Fig. 3a
represents the total cross section, Fig. 3b the cross section expected from the
Higgsstrahlung mechanism, Fig. 3c the cross section expected from the fusion
mechanism and Fig. 3d the interference between both mechanisms.

Fig. 4: Differential distributions for H® events expected for Mpzo = 80 GeV
and an integrated luminosity of £ = 500 pb~! at /s = 200 GeV.

Fig. 5: Differential distributions for H° events expected for Mpzo = 140 GeV
and an integrated luminosity of £ = 10 fb=! at \/s = 500 GeV.

Fig. 6: Cross sections for different background contributions as functions of
the cms energy /s . The full curves correspond to the complete calculations
whereas the dashed curves were obtained from simple approximations as pre-
sented in the Appendix.

Fig. 7: Multiperipheral background events as functions of the cosine of the
¢~ production angle, cos ©,-, the total bb transverse momentum, pljf’, the

total bb energy, E;;, as expected for /s = 200 GeV (/s = 500 GeV) and an
integrated luminosity of 500 pb~! (10 fb~1).

Fig. 8: Single cascade background events as functions of the cosine of the e~
production angle, cos ©,-, the total bb transverse momentum, p%, the total bb

energy, E;;, as expected for /s = 200 GeV (/s = 500 GeV) and an integrated
luminosity of 500 pb~! (10 fb~1).

Fig. 9: Double cascade background events as functions of the cosine of the
¢~ production angle, cos ©,.-, the total bb transverse momentum, %, the

18



total bb energy, Ey, as expected for /s = 200 GeV (/s = 500 GeV) and an
integrated luminosity of 500 pb~! (10 fb71).

Fig. 10: Number of events of reaction (5) as function of the b invariant mass
at /s = 200 GeV for an integrated luminosity of 500 pb~!. Fig. 10a shows
the distribution without cuts, Fig. 10b results after the application of all cuts
(see text) and Fig. 10c is obtained after applying only cuts based on b/b quark
information. The H° events are shown as hatched histograms.

Fig. 11: Number of events of reaction (5) as function of the b invariant mass
at /s = 500 GeV for an integrated luminosity of 10 fb~!. Fig. 10a shows
the distribution without cuts, Fig. 10b results after the application of all cuts
(see text) and Fig. 10c is obtained after applying only cuts based on b/ b quark
information. The H° events are shown as hatched histograms.
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NE 200 GeV 500 GeV
Mpo (GeV)
80 11 124
Mz 8 114
100 ) 104
120 - 94
140 - 79

Table 1:
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Vs = 200 GeV, M, = 80 GeV
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Js = 500 GeV, M, = 140 GeV

30

20 F

||ﬂ

T I T

— |
: ?
75k

T ] \

I I
- - O F
O 10 . -
- i le 2o F E
B O lpo_ o onm | LSO, i O F i | H S T G
_ —1 0 1 0 200 400
O cos O, F., (GeV)
—Q 1 I 1 T T l _——T T | l
E 10 R )
S g
e ] n o |
6 — 4 N
4 — i |
] 2 —
2 - Mﬂ i
O ) 1 1 | 1j O 1 dM I “ L 1 1 ] nj \
0 200 400 O 200 400
P> (GeV) M., (GeV) J

Figure 5:

25



Cross Section o (pb)

Background cross sections In
e’e"—>e'e bb
l T T T ‘ T T T I

T I

total multiperipheral

total single cascade

total double cascade

200

600
Vs (GeV)

800

Figure 6:

26




Multiperipheral Background
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Double Cascade Backgrouna
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