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Abstract

A brief review of a complete tree-level Standard Model calculation of the re-
actions ete™ — bb + 2 fermions in the energy range of LEPII and the Next
ete~ Linear Collider is presented. Cross sections of the Higgs boson, the total
background and important subsets of background are shown as a function of the
center-of-mass energy. Properties of the Higgs signal and its extraction from
background are discussed.

1 Introduction

One of the most important problems in today’s elementary particle physics is the
understanding of the origin of the masses of the particles. In the Standard Model
(SM) the fundamental particles receive masses through the interaction with a
scalar field [1] which corresponds to a real physical neutral scalar particle, the
Higgs boson H®. The Higgs mass is however not predicted by the SM and
experiments which have searched for it set a lower limit of My =~ 64.5 GeV,
see e.g. ref. [2]. It is expected that the main production mechanisms for the
Higgs are the Higgsstrahlung off the Z boson (3], ete™ — H 07  with Z— Il
(I = e, pt,T,Ve,Vu,Vr) o Z— qq (¢ = u,d,s,c,b) and the fusion process 4],
etem = HO Il (I=e,ve).

If the mass of the Higgs boson is ~140 GeV, the SM predicts its decay to be
into b and b quarks, H®— bb, in about 85% of the cases. Thus a very promising
reaction for its detection and the study of its properties is ete™ —bb+ 2 fermions
[5].

In several studies of this reaction at LEPII and NLC energies some questions
have remained unanswered. In particular, questions like: - how large are contri-
butions from non-leading diagrams - to what extent are interferences important
which might influence the Higgs signal and its properties - is it important to use
a complete 4-body kinematics and a correct spin structure of matrix elements
- in what cases it is neccessary to keep non-zero fermion masses were not ad-
dressed. That is why several complete tree level calculations and analyses have
been carried out by our collaboration.

The reaction ete™ — bb utu~ has been calculated in [6, 7, 8]. It turned out
that this reaction has the cleanest signatuse for the Higgs but the event rate 1s
rather small. Six times more Higgs events are expected in the reaction ete” —
bbyi, to which some extra contribution comes from the fusion process ete” —
H° Il (I = e,v,) at energies above LEPII. Complete tree level calculations of
this reaction have been performed in [9, 10].



The reaction et~ —bbhete turned out to be the most complicated one from
the calculational point of view, aud the extraction of the Higgs signal out of a
background two orders of magnitude larger requires well designed cuts [11].

Higgs production and detection potential have also been considered in the
reaction ete™ — bb+ 2 jets [12, 8, 13]. The rate for this reaction is given by the
sum of the rates for ete™ — bb g G, where the symbol ¢ denotes the sum over
the u,d, s,c and b quark states, and ete~ — b} + 2 gluons.

In this short review we follow papers [7, 9, 11, 13]. In sect. 2 we present
a complete set of Standard Model diagrams for one of the reactions mentioned
above and describe the method of calculation and the input parameters. We show
the total cross section behaviour for all cases. In sect. 3 different background
contributions and their relative weights are discussed for the most complicated
case ete™ — ete” bb. Sect. 4 is devoted to some properties of the Higgs signal
and to its extraction out of the bb + 2 fermions background. Sect. 5 contains
the summary and conclusions.

2 Rate of the reactions ete~ — b} + 2 fermions

The calculation procedure consists of the following main steps. The generation
of Feynman 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 [14]. The integration over phase space and
the generation of the event flow have been done with the help of the adaptive
Monte Carlo package BASES/SPRING [15]. One has to point out that because
of the complicated phase space structure of the 4-fermion final states and the
occurrence of singularities, a reasonable choice of variables and smoothing of sin-
gularities were mandatory. Today’s version of CompHEP offers all the features
needed to overcome these problems [14].

Our calculations include Breit-Wigner propagators for the Higgs and Z bo-
sons. the tree-level Higgs width and the following set of parameters: M, = 0.0005
GeV, Mz =91.16 GeV, 'z = 2.53 GeV, a = 1/128, a, = 0.115, sin?OQyp = 0.226,
Mw = Mz cos Ow, mp =5 GeV, m. = 1.35 GeV, m, =0.130 GeV, m, = myg = 0
and Vi = 0.044. The t’'Hooft-Feynman gauge is used. Unphysical ghosts and
Goldstone contributions, which appear as an internal property in this gauge, are
included in the calculations.

For all reactions ete™ —bb+ 2 fermions the lowest order diagrams contain the
contributions of the Higgs signal as well as different backgrounds. The general
structure of the diagrams is similar in all cases. However, in the case of the
most complicated reaction, e*e™ —e*e b, there are specific contributions due



to the radiation off a neutral boson (photon or Z) from the initial electron or
POSILION. AS an exaiuple we preseut i Fig. 1 all possible diagrais contributing
to the reaction ete™ — ete™ bb.

Figure 1: Feynman diagrams for the reaction ete™ — ete™ bb.

The two diagrams in the first row are responsible for the Higgs production
either via the Higgsstrahlung process ete™ — H®Z or the ZZ fusion reaction
ete™ —ete” HY. The Higgsstrahlung diagram is analogous to that in the reaction
ete™ — ptp~ bb (or efe™ — v bb) with relative weights determined by the
Z — ete” , ptp~ and vi branching fractions. The ZZ fusion contribution is



suppressed by one order of magnitude with respect to the corresponding W+W —
lusion process i e¢'c — v HY due to the different couplings of the Z and
W Dhoson to leptons The diagrams in the second raw 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 7*(Z)etr — ~*(Z)et
subprocesses which proceed either via electron (positron) t-channel exchanges
or via s-channel processes with subsequent radiation of a v*(Z) from an off-
shell electron (positron). The fifth row of diagrams corresponds to the 2-to-2
subprocesses e*e” — y*(Z)v*(Z) with subsequent decays of v*(Z) to e*e~ and
bb. The diagrams in the last row correspond to v*/Z s-channel formation with
bb (or e*e” ) production and subsequent radiation of a photon/Z and its decay
into ete™ (or bb).

For the case of ¢¢ pair production in the reaction ete™ — bb + 2 jets there
exists also a contribution when a gluon radiates off the quark and splits into a
bb or ¢G pair.

An important step of our calculation is to split all diagrams into several sub-
sets as indicated in Fig.1. In principle it is possible to calculate all diagrams
contributing to a given reaction at once, but such calculations are technically
very complicated and, in addition, the understanding of individual subsets of
diagrams is lost. The last point turned out to be of importance if physical prop-
erties of subchannels are of interest. Practically, the division of the contributing
diagrams into subsets is based on the occurrence of different types of singulari-
ties: s-channel resonances, t-channel bosons exchanges and s-channel photon or
gluon splitting into a pair of light fermions. In addition, each subset consid-
ered is to a good approximation gauge invariant, because it is based on gauge
invariant 2-to-2 and 2-to-3 subreactions. In general, the calculations show that
interferences between diagrams of a particular subset are important and, due to
gauge invariance, huge cancellations occur. In contrast, interferences between
different subsets were found to be very small and often negligible.

The cross section for the reaction ete™ — p*u~ bb is presented in Fig. 2 as
a function of the cms energy /s for different values of the Higgs mass. One
notices the typical threshold behaviour: a fast rise and a 1/s fall-off at large
energies. In addition, a two-peak structure appears if the Higgs mass is ~120
GeV or larger which is due to the onset of the dominant 2-to-2 body reactions
ete”™ — ZZ and ete” — H'Z at different thresholds. For My < 120 GeV, both
thresholds are close to each other-and no distinct two-bump structure appears.
It is interesting to note the size of the ¥~ bb cross section itself near threshold
for H° masses < 100 GeV: at /s = 200 GeV, i.e. at LEPII, the 4-body final
state cross section is about 50% larger if an H® with My = 100 GeV exists than
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Figure 2: Cross sections of the reaction ete™ — utu~ bb as functions of the cms energy.
ptu

without a Higgs, and twice as large for Mg = 80 GeV. Hence, just counting the
events of ete™ — p*u~ bb provides a first hint for the existence of the Higgs
boson.

Fig.3a shows the cross section for ete~ — v bb as a function of the cms
energy /s at different values of the Higgs mass. The cross sections for the
subreactions ete™ — (v, + v,7,)bb and ete” — v,7bb are shown in Fig. 3b
and c, respectively. In the energy range of LEPII their behaviour is quite similar
to the ptpu~ bb case. The rise of the total v bb cross section at large energies
comes from the fusion contributions of the Higgs in ete~ — v.7bb as well as
from ete™ — 1,7, Z, with subsequent Z — bb decay.

In Fig. 4 the total cross section for the reaction ete™ — ete™bb is presented
as a function of \/s between 0.2 TeV and 1 TeV. In general, this behaviour is
completely different from previous cases due to the dominance of the multipe-
ripheral contributions. The cross section g(e*e™ — bbe*e™ ) does not strongly
vary with /s ; it increases by a factor of ~ 4 in the energy range considered.
In addition, Fig. 4 also shows the H® rate to the e*e” bb final state. This
rate is however about two orders of magnitude lower, so that the overwhelming
background has to be removed ‘by efficient cuts without affecting the H® event
rate expected. More details are given in sect. 4.

In Fig. 5 the total cross section for the reaction ete™ — bb + 2 jets is
presented as a function of /s between 160 and 500 GeV (full curve). We
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Figure 3: Cross sections of the reaction ete~ — vi bb as functions of the cms energy.
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Figure 4: Cross sections of the reaction ete~ — ete- bb as functions of the cms energy.

also show in this figure the cross sections for the Higgs (with My = 80 GeV)
and the background reaction ete~ — ete qq as well as the cross sections for
ete™ —bb + 2 gluons. As can be seen, the total event rate close to \/s= 160 GeV
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Figure 5: Cross section of the reaction ete™ — bb + 2 jets as functions of the cms energy.

is dominated by the 2-gluon final state which decreases as 1/s with increasing
energy and is found to be the most important contribution above /s~ 300 GeV.
The bb + q§ background does not exceed 15% of the total rate at \/s< 170 GeV.
The sharp rise of the overall reaction cross section ete™ — bb + 2 jets between
V§= 170 GeV and 200 GeV is due to the onset of the Higgs production (dashed
curve) and the two-body reaction ete™ — ZZ, with the subsequent decays of
Z—bb and Z— ¢q§. The latter dominates the total bb + qq background rate.

3 More details about the reaction ete™ — ete™ bb

Since the background in ete™ —e*e~ bl is about two orders of magnitude larger
than the Higgs signal, it is important to investigate the possible mechanisms con-
tributing to different phase space regions so that reasonable cuts can be applied
for their suppression while retaining the H? signal. According to the diagram
classification of Fig. 1 we present in Fig. 6 their individual contributions.

Most of the cross section for the reaction ete™ — ete” bb 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 e*e™ — v*Z, from which that with the subsequent
decays v* — ete” and Z — bb is found to be the dominant one. Double Z
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production is comparable to the Higgs production rate. Contributions due to the
s-channel] diagrams (last row in F ig. 1) are very small and can be neglected in
the energy range studied. We have searched for significant interferences between
the diagrams contributing. They were found to be negligible (smaller than 1
fb in magnitude) except the interference between single cascade diagrams with
Z — bb and double cascade diagrams with v* — ete~ and Z — bb decays,
and between single cascade diagrams with ¥* — eTe” and Z — bb themselve.
The dashed curves in Fig. 6 represents semianalytical calculations.

4 The extraction of the H® signal

Extractions of the Higgs signal from background in an efficient way have been
presented in (7, 9, 11, 13]. Here we only emphasize a few points.

The reaction e*e™ — ete™ bb is interesting for at least two reasons: i) the
H® signal is expected to be about two orders of magnitude smaller than the
background and ii) large background is expected in the channel ete~ — v bJ ,
from reactions with final state electrons which are missed in the detector.

Fig. Ta (8a) shows the bb invariant mass distributions for all events of the
reaction ete”™ — ete” b expected at /5 = 200 GeV (vs = 500 GeV) for an
integrated luminosity of £ = 500 pb~! (£ = 10 fb~1). Most of the events are
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Figure 7: Number of events of the reaction ete~ — ete™ bb as function of the bb invariant
mass at 200 GeV for an integrated luminosity of 500 pb~'.

concentrated between the bb-threshold and My & 40 GeV, independent of V.
At 200 GeV, the Higgs boson with Mgzo = 80 GeV (shown shaded) is to a great
extent hidden by the Z boson tail and additional continuum background. At 500
GeV., there exists some indication of the H® around 140 GeV. However, in both
cases the Higgs signal is very weak in comparison with the large background.
Since in most of the final states the e~ and e* remain undetected within the beam
pipe. only cuts based on the b and b quark information are applied. Detailed
studies of the signal and background distributions led to the following selection
criteria:

|cos Q| < 0.94, |cosOg < 0.94, pP> 45 GeV, Ey> 90 GeV at 200 GeV
|cos O] < 0.94, |cosOf < 0.94, p%¥ > 10 GeV, Ey > 120 GeV at 500 GeV.

The resulting M, distributions are presented in Figs. 7c and 8c. Clear H 0
signals remain in both cases. Thus, the application of a few simple cuts based
on b and b quark measurements allows us to extract the Higgs boson almost free
of background (provided Mgo # Mzo).

If one compares the bb invariant mass distributions with those of the reaction
ete” — v bb (Fig.9), clear peaks from the Z and H® bosons are visible. A
comparison with Figs. 7c and 8c indicates that there are no problems to extract
the Higgs signal.
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The Higgs signal extraction in the bb + 2 jet events relies on the total (b )
CLCIEY, e Tapldity aiid Ve ¢V el spaericity [19] ¢Vell 1 cases Whel =-jet evelts
and some b-tagging inefficiency may fake 4-jet events with two b-jets involved.

5 Summary and conclusions
The results obtained can be summarized as follows.

e For the reactions ete~™ —bb + 2 fermions the dominant contributions come
from the incoherent sum of the 2-to-4 subsets of diagrams, which are based
on 2-to-2 and 2-to-3 gauge invariant subreactions.

e Interferences within a given subset of diagrams are important and strong
gauge cancellations take place. Interferences between diagrams of different
subsets are very small and can be often neglected in realistic simulations.
This property allows to build efficient Monte-Carlo generators which imply
only the dominating contributions.

e In no case there is a significant impact on the Higgs signal from background
diagrams. Interference between Higgsstrahlung and fusion mechanisms of
Higgs production is very small as long as /s > Mz + Mp. It is however
important below this threshold where Higgs production is small.

e It i1s important to keep non-zero fermion masses and a correct 2-to-4 body
kinematics for precise total rate calculations.

e Cuts on bb pair variables like plf , By, and on single b/b quantities like
| cos O are very efficient to reduce background while retaining most of the
Higgs signal events.
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