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ABSTRACT 

We have used detailed Monte Carlo simulations to 
- study search strategies for Higgs bosom at high energy 

e+e- colliders. We extend an earlier study of the minimal 
single-Higgs-doublet model at a center-of-mass energy of 
1 TeV to examine the effects of b-quark tagging and jet 
counting. It is found that these techniques can increase the 
signal-to-noise ratio substantially in the mass range around 
the W  mass. In addition, we have studied this model at a 
center-of-mass energy of 400 GeV and found that an e+e- 
collider in this region would be sensitive to a Higgs boson 
with mass up to twice the 2’ mass. 

We have also considered a nonminimal two-doublet 
model for the Higgs sector by extending a study of charged 
Higgs boson searches to include a mass very close to 
the mass of the Wf. We demonstrate that techniques 

. which include b-quark tagging can be utilized to extract 
- a significant signal. In addition, we have examined the 

prospects for detecting nonminimal neutral Higgs bosons at 
1 TeV. We conclude that it would be possible to detect the 
CP-even and CP-odd neutral Higgs bosons when they are 
pair-produced in e+e- annihilation over a limited mass 
range. However, in some scenarios of supersymmetry, the 
charged Higgs boson constitutes a significant background 
to the CP-odd and the more massive CP-even neutral 
Higgs boson. 

1. INTRODUCTION 

We continue two earlier studies of Higgs boson search 
strategies at a 1 TeV e+e- collider: one for the neutral 
boson Ho which remains as a physical particle in the min- 
imal Higgs theory, 1) and another for the charged bosons 
H* which appear in two-dotibI&t versions of the Higgs 

_. _ _-. sector.2)These studies included the effects of detector res- 
_ &&ion on the observed final,states and of beamsirahlung 

on the spectrum of center-of-mass energies at which e+e- 
collisions take place. The main conclusions of the previous - studies were the following: 

- - 
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- It is possible to extract a significant signal from all 
standard model backgrounds if the mass of the min- 
imal Higgs boson is not near the mass of the W* 
or 2’ and is less than 400 (500) GeV when a data 
sample of 10 (30) fb-’ has been collected at 1 TeV. 
The most important signal is due to the process 
e+e- + v, ye H”. In the region around the mass of 
the W*, the major background to this signal is due 
to the process e+e- + e+ Y, W-. 

- Production of a charged Higgs boson with mass less 
than about 80% of the beam energy is detectable 
with an integrated luminosity of about 10 fb-’ at 
1 TeV through direct pair production and also from 
the decay of the top quark if the top quark is massive - 
enough. In this study, charged Higgs bosons with 
mass less than about 100 GeV were not considered. 

In this paper, we extend the above studies in the following 
ways: 

- For the minimal Higgs boson at fi = 1 TeV, we ’ 
consider &quark tagging and jet counting as ways to 
enhance the signal at MH~ near Mw*. 

- We study search strategies for the minimal Higgs bo- 
son at J;; = 400 GeV. 

- - We study the detection of nonminimal neutral Higgs 
bosons through the pair production of a CP-even and 
CP-odd neutral Higgs boson at fi = 1 TeV. 

- For the charged Higgs boson, we consider &quark 
tagging, as well as other techniques, to enhance the 
signal around the mass of the W*. 

2. SIMULATION OF EVENTS 
AND DETECTOR RESPONSE 

We have used standard Mont’e Carlo techniques to gen- 
erate both signal aad background events, and to simulate & 
the response of the detector. Detailed accounts of these 
simulations are given in Refs. (1) and (2), but we briefly -- 
review them here. 

2.1 Beamstrahiung 

The extremely high density to which beam particles 
must be focused to produce sufficient luminosity to do 
particle physics at a high-energy e+e- collider results in 
a significant interaction rate between the particles of one 
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beam and the collective electromagnetic fields produced by 
the particles in the opposite beam. A major consequence 
of this is that the spectrum of center-of-mass energies at 
which e+e- interactions take place is not at all monochro- 
matic. Radiation of photons during the beam-beam colli- 
sion (“beamstrahl~ng”) will result in a spectrum of parti- 
cle interactions that depends in detail on the energy and 
bunch characteristics of each beam. We have used a spec- 
trum that has been calculated3) for a specific set of beam 
parameters, but that is typical of most machine designs 
that have deen studied 4, This calculation includes theef- 
fects of multinle radiat’ion and beam-beam disruntion for 
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an e+e- machine operating at a nominal center-of-mass 
energy of 1 TeV and a luminosity of 3 x 1O33 cm-2s-1. Ap- 
proximately 30% of the luminosity lies within 2% of the 
nominal center-of-mass energy squared for the spectrum 
that we have chosen. 

Included in the Monte Carlo simulations are both the 
effective reduction in center-of-mass energy and the net 
longitudinal momentum created by the energy loss of each 
beam. The mean fractional enerrrv loss that narticles un- 
dergo during the beam-beam colgiion is 0.26 jor the spec- 
trum that we have used. We compute production cross 
sections by convoluting the luminosity spectrum with each 
cross section evaluated at the reduced center-of-mass en- 
ergy of individual e+e- pairs. 

2.2 Event Simulation 

_-.. .- . 
-. 

With the exception of the Higgs particles that we are 
studying, we have assumed that the standard model with 
three generations of quarks and leptons is a correct descrip- 
tion of nature. The LUND 6.3 mode15) with full showering 
of quark and gluon partons has been used to generate QCD 
background events and to fragment into hadrons final-state 
quarks and gluons in all signal and background processes. 
The mass of the top quark was assumed to be 40 GeV, un- 
less otherwise specified, and the masses of the W ’ and 2” 
gauge bosons have been taken to be 83 GeV and 93 GeV, 
respectively. The background process e+e- + e+ v, W- 
was generated with the formulae of Gabrielli.‘) 

2.3 Detector Simulation 

The properties of a detector that a.re necessary to suc- 
cessfully carry out a search for a Higgs boson at a high en- 
ergy e+e- collider are easily achievable with current tech- 
nology. The emphasis in our analysis is on calorimetry and 
we generally ignore tracking information for hadrons. 

To simulate finite detector resolutions and segmenta- 
tion we modify the generated particle momenta for signal 
and background processes in the following manner. We 
assume the azimuthal and polar angles of muons and elec- 
trons are well determined by a tracking chamber. The en- 
ergy of each muon is smeared by a Gaussian distribution 
with standard deviation 

..- _= 
OE - = 3 x low4 E GeV-’ 
E 

. 
- - 

This resolution should be achievable, for example, with a -- drift chamber with radius 1.8 m, 72 position measurements 
each with 200 pm resolution, and embedded in a solenoidal 

- - magnetic field of 1.0 Tesla. For electrons, we calculate 

the above smearing for low energies and the calorimetric 
formula 

OE -= 
E 

-%- GeV112 + 2% 
a 

for high energies, and apply the smearing formula which 
gives the best resolution for a particular energy. We assume 
that the charges of electrons and muons can be assigned 
unambiguously. 

Photons and charged and neutral hadrons are treated 
indiscriminately as clusters of calorimetric energy. Tracks 
within 4’ of one another are combined; then the direction 
of the combined track is smeared by a box function of size 
& 2’. The energies of these tracks are smeared with 

UE -= 
E 

$ GeV1f2 + 2% . 

Finally, to account for possible obstruction of the ac- 
ceptance of the detector near the beam line by machine 
components and the hardware needed to support them, 
we simply ignore particles within 10’ of the beam axis. 
We assume, however, that the remainder of the detector is 
completely hermetic, and that the hardware performs well 
enough to avoid any further loss of sensitivity to the pres- - 
ence of particles in signal or background events. 

2.4 Impact Parameter Tagging 

Because Higgs bosons are expected to decay preferen- 
tiallv through bauarks. the detection of the nresence of b- 
quaiks in ai eveit is ah important tag whit; can be used 
to isolate the production of Higgs particles. The relatively 
long lifetime of the &quark gives rise to decay vertices dis- 
placed from the primary e+e- vertex or equivalently to 
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tracks with large impact parameters. At & TeV linear kol- 
lider, where the uncertainty in the position of the primary 
vertex is expected to be much smaller than the mean decay- 
length of the &quark, especially in the plane perpendicular 
to the beam direction,7) precision vertex detectors may be ’ 
used to identify such large-impact-parameter tracks which 
can then be exploited to enhance the signal-to-background 
ratio in searches for Higgs bosons. 

We investigate this possibility by simulating the perfor- 
mance of a combined vertex detector and central tracking - 
chamber in our Monte Carlo and using the impact parame- 
ter information in the analysis. The simulation is kept sim- 
ple and generic in order that the success of the analysis not 
be dependent on specific details of detector design. Each 
track in an event is projected into the plane transverse to 
the beam line and the impact parameter is defined as the 
distance of closest approach of the track projection to the 
primary vertex. We compute it for each track using the 
generated four-vectors, and smear these calculated values 
with an impact parameter resolution function chosen to be 
d = ,/A2 + (B/p)2- The details of the vertex and track- ; 
ing system are encompassed in the parameters A and B, 
which reflect in turn the intrinsic resolution of the tracking .-- 
system and the-effect of multiple scattering of particles as 
they traverse the beam pipe and detector. We choose val- 
ues of A and B that are characteristic of combined vertex 
and tracking systems currently in use, namely A = 5pm 
and B = 50pm GeV. We assume that the uncertainty in 
the location of the collision point is small compared to the 
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impact parameter resolution. For the analysis in this pa- 
per, a charged track is defined to be a ‘high impact param- 
eter track’ if it lies within 1 cos 61 5 0.9 and has a (smeared) 
impact parameter less than 3 mm and greater than three 
times the resolution 0 = dm. The 3 mm upper 
limit suppresses contamination from KS and A decays. 

3. MINIMAL HIGGS BOSON AT fi = 1 TeV 

In Ref. (l), two production mechanisms were consid- 
ered for the standard model Higgs boson: e+e- + Z”Ho 
and e+e- + u,i& H”. It was found that the process 
e+e- + Y, iie Ho gave the strongest signal at fi = 1 TeV. 
The signal is well above standard model backgrounds* ev- 
erywhere except around the mass of the W* (50-150 GeV). 
In this region, the signal is dominated by the W ’ mass 
peak from the process e+e- + e+ ve W- when no attempt 
is made to enhance the signal through &-quark tagging or 
jet counting. We will now consider the effect of &quark 
tagging and jet counting for the intermediate mass Higgs 
(MH < 2Mw) at fi = 1 TeV. 

First, we will review the selection criteria discussed in 
detail in Ref. (1). We assume that a Higgs boson with 
mass less than twice Mw will decay to either a top or 
bottom quark pair depending on the masses of the Higgs 
boson and the top quark. The philosophy of our analy- 
sis of the e+e- + u, iiL H” reaction with MH < 2Mw is 
to search for events that contain two acopl&ar jets each 
with mass below that of the W. We select events in which 
1 cos Bthr 1 < 0.7 and I cos Amiss I < 0.9 where 6thr and 6miss 
are the polar angles of the thrust axis and the missing mo- 
mentum in the event, respectively. The first cut ensures 
that the event is well contained in the detector and pref- 
erentially rejects processes with differential cross sections 
which are sharply peaked along the beam axis (for example, 
e+e- -+ W+W-, e+e- + Z”Z”, and e+e- 4. qq). The 
second cut reduces backgrounds due to events with large 
beamstrahlung radiation and/or missing particles. We re- 
ject events if the visible energy is less than 100 GeV or 
greater than 400 GeV. This cut removes backgrounds but 
is extremely efficient for retaining the signal events. 

We divide the event into two clusters using a cluster- 
ing algorithm and select events in which the acoplanarity 
of the clusters is greater than 10’ and in which each clus- 
ter has an invariant mass greater than 1 GeV (to reject 
leptonic decays of the W*) and less than 50 GeV. Finally, 
events are accepted only if the missing momentum trans- 
verse to the beam is greater than 50 GeV and the number 
of charged particles &side the 10“ hole around the beam 
axis is between 10 and 36. The probability that an event 
of the type e+e- + v, & Ho will pass the above selection 
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*In a CERN studys) of detection of neutral heavy Higgs bosons 
at CLIC (6 = 2 TeV), it was found that a significant back- 
ground to a heavy Higgs boson signal (MH 2 500 GeV) is 
due to the process e+e- + e-c= Z” W+. This background 
was not considered in Ref. 1; however, this background is not 
as significant for MH 5 500 GeV (the mass range considered 
in Ref. 1) because the width of the Higgs scales as Mi, lead- 

Tg to a considerably narrower signal at smaller m&es. We 
estimate the contribution from this backgroundg) at 10% of 
the signal for MH = 300 GeV and 20% for MH = 500 GeV in 
the Weizsacker-Will iams approximation with beamstrahlung 
neglected. This increases to N 40% when the bearnstrahlung 
spectrum described in Sec. 2.1 is included, due to yW inter- 
actions involving the beamstrahlung photon. 

criteria varies between about 35% and 50% depending on 
the mass of the Higgs boson and the decay mode of the 
Higgs boson. The background is dominated by the pro- 
cess e+e- + e+ ue W- When the invariant mass of the 
event is plotted in 4 GeV bins the peak bin for the back-, 
ground distribution contains about 25 to 50 times as many 
events as the peak bin for the signal. It should be possible 
to discover a Higgs boson with mass greater than about -- 
150 GeV using just the above selection criteria’) but the 
observability of Higgs bosons with masses closer to M W  
depends critically on the resolution of the detector. 

To further enhance the signal-to-background ratio, we 
count the number of high impact parameter (h.i.p.) tracks 
in each event. The definition of a h.i.p. track was given in 
Sec. 2.4. Events are accepted if the number of h.i.p. tracks 
is at least four. We first consider the case in which the Ho 
decays to bb. The efficiency for signal events to pass the cut 
on h.i.p. tracks, after all other cuts, is about 92% while for 
the background it is about 30%. The invariant mass distri- 
butions for a 120 GeV Higgs boson and a 150 GeV Higgs 
boson are shown in Figs. l(a) and (b), respectively. The 
figures include standard model backgrounds. The 150 GeV 
Higgs boson signal is clearly separated from the large W  
peak due to the e+e- + e+ u, W- background. However, 
the 120 GeV Higgs boson signal is just a shoulder on the 
side of the W* mass peak. The 120 GeV signal stands out 
clearly, though, if the resolution of the hadronic calorime- 
ter is: 

OE 35% 
7;- = r= GeV’12 + 2% , 
l3 l/B 

instead of 
FE -=- 
E 

50% GeV’i2 + 2% . 
a 

After making the cut on h.i.p. tracks, we are left with 
a background which is dominated by events in which the 
W* decays to t&. It should be noted that if the top quark 
mass is greater than the Wf mass, these events will be ab- 
sent, significantly reducing the background. On the other- 
hand, if the top quark mass is 40 GeV, the signal-to-noise 
ratio is improved by about 60% by reducing the allowed 
jet mass range from (l-50) GeV to (l-25) GeV. However, 
the number of signal events which pass all of the selection 
criteria is reduced by about 60%. 

For Fig. 1, we assumed that the Higgs boson decays 
to a bottom quark pair. If we assume that the Higgs bo- 
son decays to a top quark pair, we can further increase the 
signal-to-background ratio by accepting events only if they 
have at least four clusters found by an algorithm which 
groups particles until further additions to the group would 
result in a cluster of particles with invariant mass much 
greater than the bottom quark mass and less than the top 
quark mass. The technique does not depend critically on 
the exact cutoff mass. In Fig. 2, we plot the invariant 
mass of events with at least four high-impact-parameter 
tracks and at least four clusters found by the clustering al- 
gorithm. The distribution includes a 150 GeV Higgs boson 
and backgrounds. The W  peak from the e+e- + e+ u, W- 
background has been further reduced so that now the peak 
signal is over half of the peak background. 

We conclude that impact parameter tagging is a use- 
ful tool for enhancing the signal of an intermediate mass 
Higgs boson relativi to stindard model backgrounds. 
In addition, if the Higgs boson decays to ti, the number of 
low mass clusters provides a useful discriminator between 
signal and background. 

s 
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Fig, 1. Reconstructed mass distribution, after se- 
lection criteria, for background events plus (a) a 
120 GeV Higgs boson and (b) a 150 Gel/ Higgs boson. 
The Higgs boson is produced in the process e+e- + 
ve V, Ha at fi = 1 TeV and decays to b&. The se- 
lection criteria include a cut on the number of high- 
impact-parameter tracks. The number of events in the 
peak bin near the W* mass is about 3000. 

4. MINIMAL HIGGS BOSON AT fi = 400 GeV 

If the mass of the Higgs boson is less than N 200 GeV 
(for example, MH~ < 2M,70), the Higgs boson could 
be discovered and studied at an e+e- collider with 
a center-of-mass energy considerably less than 1 TeV. 

..- _T_ It is important lo) to gain access to this mass range since 
it may not be possible to find such particles at any other 

- ~ mine that is currently beitig contemplated by the par- 
ticle physics community and because of the difficulty with 

- backgrounds at larger center-of-mass energy discussed in 
the previous section. We have briefly examined the situa- 

- - tion at an e+e- collider with fi = 400 GeV. The designs 
of machines”) in this energy range incorporate very little 
beamstrahlung (the mean energy loss per beam is typically 

lb) 
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Fig. 2. Reconstructed mass distribution, after selec- 
tion criteria, for background events plus a 150 GeV 
Higgs boson. The Higgs boson is produced in the pro- - 
cess e+e- --+ ue V, H” at fi = 1 TeV and decays to 
tt. The selection criteria include a cut on the number 
of high-impact-parameter tracks and on the number of 
clusters found. 

less than a few percent), so analyses that apply energy and 
momentum constraints are quite efficient. 

The cross sections for the processes e+e- -+ Z”H” and 
e+e- + u, fie Ho are shown in Fig. 3 for the case MH~ = :. 
100 GeV. The process e+e- -+ Z”H” has previously been 
studied’2) in detail at & = 200 GeV in preparation for the 
LEP II physics program. It has been shown that Higgs par- - 
titles with masses up to 80 GeV can be found rather easily 
at that machine but that it will be difficult to reach higher : 
masses. The cross section for e+e- + Z”Ho decreases as 
fi becomes large compared to the masses of the final state 
particles. However, at J;; = 400 GeV it is still greater than 
the fusion reaction e+e- -t u, Ye Ho for MH~ = 100 GeV. 
There would be approximately 1000 e+e- + Z”Ho events - 
produced in a data sample of 10 fb-’ at this Higgs boson 
mass. For the machine under discussion, this reaction is 
clearly worthy of further study. 

The decay signatures for e+e- + Z”Ho are summa- 
rized in Fig. 4. The analyses of these final states at fi 
= 400 GeV will be quite similar to those developed for 
LEP II. The process shown in Fig. 4(a) can be isolated 
from qij, W+W-, and Z”Zo backgrounds at all masses ex- 
cept MH. x Mze by taking only high-multiplicity events 
with large missing transverse momentum. To search for t,he 
possibility that the Higgs boson mass is close to that of the G  
2” mass, it is necessary to reduce the Z”Zo background in 
the sample. This can be done by directly tagging the flavor 

.._ 

of the final decay products as discussed in Sec. 2 or by re- 
moving events with small sphericity in the center-of-mass 
system of the observed final state particles as discussed in 
Ref. (12) Events in which the 2” decays to lepton pairs 
( e+e- or p+p-) as shown in Fig. 4(b) can be effectively 
reduced to the same problem once the 2’ + l+l- decay 
has been identified. In this case, the use of the measured 
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Fig. 3. Cross sections for the processes e+e- + 
Z’H” (dashed curve) and e+e- + u, V, Ho (solid 
curve) for a 100 Ge V Higgs boson. 
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Fig. 4. The decay signatures for the process 
e+e- + Z’H”. 

lepton momenta to reconstruct the Higgs signal as a recoil 
mass is a useful tool that is available at lower energy e+e- 
machines. We have not done detailed studies of these final 
states at fi = 400 GeV, but Higgs particles with masses 

..- _F_ up to 180-200 GeV should be visible in these channels.13) 
- --The hadronic final states ‘shown in Fig. 4(c) are the 

most numerous, but require the most sophisticated analy- 
-- ses to find and study. The strategy is to reconstruct the 

individual quark jets. It has been shown 12) that at LEP II 
- - the case Ho --) d results in distinctive four-jet events that 

can be kinematically fitted to yield clear signals for h4~” 
up to 70 GeV. We consider here the case in which a heavier 
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Fig. 5. The jet structure for e+e- -+ ZOHO when 
the Z” decays hadronically and the Higgs boson 
decays to a top quark pair. 

Higgs decays to tf pairs. For this exercise we assume that 
the top quark mass is 40 GeV and the parton structure of 
the final state is as shown in Fig. 5. The signature of this 
final state is a multijet event tagged by the pair of jets that 
originate from the decay of the Z”. Once this pair has been 
isolated, the remainder of the event (in its own center-of- 
mass) is a highly spherical decay of two massive quarks. 
The details of the event-selection procedure are as follows: - 

0) 

(2) 

(3) 

(4) 

(5) 

Reconstruct the visible mass and thrust axis of each 
event. Demand greater than 300 GeV of visible mass 
and 1 cos Othr 1 < 0.8. 
Reconstruct the jet topology of the event. We have 
used the LUND cluster algorithm modified to find 
jets with masses only up to 20 GeV. This means 
that top quarks are split into their decay partons. 
Require that there be five or more iets in candidate 
ZOk events. This technique stron*gly rejects Z”Z” 
and W+W- events. 
Search for jet pairs with invariant masses within 
15 GeV of the Z” mass. If more than one pairing - 
results in a Z” candidate, then identify the one with 
the invariant mass nearest to 93 GeV as the Z”. If no 
candidate Z” decays are found, then reject the event. 
Boost to the center-of-mass of the system that re- 
coils against the Z”, find the thrust axis in this sys- 
tem, and reconstruct the invariant masses of the ob- 
served particles in the hemispheres defined by the 
plane perpendicular to this thrust axis. Demand that 
both of these hemisphere masses lie between 20 and 
50 GeV as would be expected for decays of 40 GeV 
top quarks. 
Fit the measured jet four-vectors in each event to the 
hypothesis that energy and momentum are conserved 
and that the Z” mass is 93 GeV. We have assumed 
that there is no smearing of the overall center-of- 
mass energy and moment;m due to beamstrahlung, 
but have included lowest order initial state radiation. 
Reject events if they yield a poor fit (x2/DOF > 1). 

The result of this analysis is shown in Fig. 6. Back- 
grounds from an annihilation and two-photon processes 
are summed and shown. as the open region. The signal 
is shown as the shaded region. This also includes Z“H’ 
events in which the wrong pair of jets is identified as 
the Z’. The solid histogram gives the signal that would 
be seen for MH. = 150 GeV. An integrated luminosity of 
10 fb-’ would result in a signal of 43 events over a back- 
ground of 35 events. 
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Fig. 6. Invariant mass distribution, after selec- 
tion criteria, for a 150 GeV Higgs boson pro- 
duced in the process e+e- + Z”H” at fi = 
400 Ge V. Backgrounds from annihilation and two- 
photon processes are shown as the open region; the 
signal is shown as the shaded region. 

We conclude that Higgs boson searches at an e+e- col- 
lider with fi = 400 GeV will be successful in the Z’H” 
channel for MH~ at least as large as twice the Z” mass. 
The mass interval near Mze will require special attention, 
but the Z”Zo cross section is only e 5 times the Z”Ho 
cross section (when MH~ = Mze) and the techniques of 
jet counting and flavor tagging discussed earlier in this pa- 
per effectively isolate the heavy quark decays of the Higgs 
boson. An integrated luminosity of 10 fb-’ will suffice to 
find and conduct reasonable &dies of the minimal HO. 
This samnle could be accumulated over a 34 vear neriod 
of operatibn at a machine with an instantaneous luminos- 
ity of .M 3 x 1032cm-2s-1. 

_-.. - . 
L 5. NONMINIMAL NEUTRAL HIGGS 

BOSONS AT fi = 1 TeV 

In the simplest extension of the standard model, two 
Higgs doublets yield five physical Higgs particles, two 
charged and three neutral. The neutral Higgs particles con- 
sist of two CP-even states (ho and Ho) and a CP-odd state 
(A”). The masses of the charged and three neutral Higgs 
bosons, and two mixing angles are free parameters in the 
most general case. Minimal supersymmetry can be used14) 
to impose constraints, reducing the free parameters from 
six to two. These may be chosen to be the charged Higgs 
boson mass, MH*, and the ratio of the vacuum expecta- 
tion values of the two Higgs doublets, expressed as tan /3. 
Once Ml~t and tan/? are specified, production cross sec- 
tions, decay branching ratios, and masses of the neutral 
Higgs particles can be calculated. The results of Ref. (14) 
may be summarized briefly. The.light scalar h” behaves 

,- _??_ much like the standard model Higgs boson and may be pro- 
_ duced by the familiar mechanism e+e- + Z’ + Zh’ with 

.~ s’;rme possibility for discovery‘at SLC or LEP. By contrast, 
these production mechanisms are forbidden for the A0 and 

-- suppressed for the Ho. The only production mechanism 
available to these heavy Higgs particles that has adequate 

- - cross section is e+e- + Z* + HoA’. At 1 TeV, the 
largest predicted cross section is approximately 10 fb,f or 
about one-tenth the lowest order QED cross section for 

e+e- -+ p+p-. A key challenge for a TeV linear collider is 
the discovery of the Ho and A’, should they exist. In the 
remainder of this section, we investigate techniques for such 
discovery and attempt to evaluate the likelihood of success. 

For this study we assume that the charged Higgs mass 
is 150 GeV, the top quark mass is 60 GeV, and the ratio 
of the Higgs vacuum expectation values tan/? is 1.5. The 
masses of the neutral Higgs bosons and their decay modes 
and branching ratios with these assumptions are given in 
Table 1. We note that MH. = 153 GeV, MA. = 126 Gey, 
and the branching ratios are dominated by tf and bb. 
The choice of 150 GeV for the charged Higgs mass is mo- 
tivated by two considerations. If MH~ 5 135 GeV then 
MA” < 100 GeV and there is little hope of seeing the signal 
over the W  and Z background. As M,y+ becomes larger 
than 150 GeV, the signal is further from the U’ and Z 
background, and becomes only easier to see. Moreover, 
for large MH*, MAO = MH~, giving one additional han- 
dles on the signal that may be exploited. The choice of 
h4~t = 150 GeV was therefore felt to be the most chal- 
lenging case with any prospect of success. 

Table 1. Parameters used to generate e+e- + HOA’. 

MH* = 150 GeV BR(H’ -+ tf) = 79.6% 

MH’ = 153.4 BR(H’ + bb) = 6.5% 

MAO = 125.7 BR(H’ -+ h”h“) = 13.6% 

h& = 29.2 BR(AO + tt) = 95% 

Mt = 60 BR(A” + bi;) = 5% 

tan/3 = 1.5 BR(h’ + bb) = 100% 

Events of the type e+e- -+ HoA are characterized 
by two jets of unknown, and not necessarily equal, mass.. 
To maintain the highest level of generality, the analysis ex- 
ploits only two features of the events: the fact that the jets ’ 
should be distributed as sin2 0, and the fact that many b 
quarks will be produced, leading to events with high mul- 
tiplicity and tracks with large impact parameters. The 
dominant standard model backgrounds are e+e- --+ qq> 
e+e- + W+W- and e+e- + Z”Z”. In contrast to H”A” - 
events, these backgrounds are characterized by angular dis- 
tributions peaked in the forward and backward direction, 
by lower multiplicity, and by few tracks with large impact 
parameters. The cuts on multiplicity and impact parame- 
ter prove to be the most powerful in enhancing the signal- 
to-background ratio. 

In a run of 10 fb-’ integrated luminosity, one expects to 
produce approximately 112 H“A’ events, 40000 qq events, 
35000 W+W- events, and 2000 Z’Z” events. To simulate 
such a run, we generate the correct numbers of background 
events, and 1120 H”A” events which are then weighted by c 
0.1. We apply the following cuts: 

(1) The total number of detected charged tracks in 
the detector volume (I cos 01 5 0.9) is at least 40. 
This favors events with b-quarks which tend to have 
high multiplicities. 

(2) The number of detected charged tracks in the central 
region of the detector (I cos 61 5 0.71) is at least 20. 
This cut favors events with sin2 0 distribution. 
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(3) The total number of high impact parameter tracks 
(as defined previously) is at least 16. This strongly 
favors events with &quarks. 

(4) When the event is divided into two jets by a clus- 
,; ter finding algorithm, 15) then the cluster containing 

fewer high impact parameter tracks must still contain 
. at least seven such tracks. This tends to reject back- 

ground events in which one jet has a large number 
of high impact parameter tracks due to a statistical 
fluctuation. 

(5) The invariant mass of each jet is formed and the event 
is rejected if both jets have a mass in the range 63 GeV 
to 112 GeV. This helps reject remaining W+W- and 
Z’Z’ events. Naturally it also excludes any possibil- 
ity of finding H”A’ events with masses in this range, 
but in doing so enhances the prospects for finding 
such events with masses near the W  and 2’. 

The results of this analysis are not sensitive to the exact 
number of detected charged tracks required in the first two 
cuts. The number required would have to be tuned for a 
particular detector configuration. 

Table 2. Selection criteria and number of events 
which satisfy each criteria. 

cut H’A” qq w+w- Z” 

Generated sample 1120 40000 35000 2000 

Total charged 
multiplicity > 40 774 5934 995 53 

Central multiplicity > 20 753 5505 853 45 

# High impact 
parameter tracks 2 16 426 128 65 6 

# H:i.p. tracks on side 
with fewer 2 7 305 71 32 2 

Not both in 
63 GeV< M < 112 GeV 302 66 14 1 

Table 2 shows the impact of each of these cuts on the 
signal and background events. The net efficiency for the 
H0Ao signal is 27% and the rejection power against stan- 
dard model backgrounds is approximately 1OOO:l. For a 
10 fb-’ run we expect 30 signal and 81 background events, 
giving an overall signal-to-background ratio of about I:3. 
A nonstandard-model background which we do not ad- 
dress here is the process e+e- + r*, Z* + H+H- which 
is expected to have a cross section approximately three 
times larger than the HoA* cross section. Such events will 
pass our selection criteria. In the minimal supersymmet- 
ric model. it is nredicted that Mui N Mu0 N MA., as 

,- _F_ the mass ‘of the-charged Higgs p&icle becomes -h&vier 
- @d&-t 2 150 GeV). F or such a case, it would be very dif- 

ficult to distinguish the Higgs particles from one another 
unless some new characteristic parametrization other than -- the invariant mass is found. Outside the context of super- 
symmetry, however, no relation among the Higgs masses 

- - is predicted and the mass peaks need not be close to one 
another at all. 

The invariant masses of the clusters are calculated with 
a beam energy constraint included. The beam-constrained 
mass calculation balances the momentum of the two clus- 
ters and the (unobserved) beamstrahlung photon in both 
the beam direction and the plane transv&e to the beam 
direction, and requires in addition that the three energies 
sum to 1 TeV. By making the approximation that all beam- 
strahlung and initial state radiation is carried by a sin- 
gle photon, we can write the momentum and energy con- 
servation conditions as three equations in three variables 
(the two cluster energies and the beamstrahlung photon 
energy). The invariant masses of the clusters are then 
computed using the beam-constrained cluster energies. 
Figure 7 shows the configuration of the two-jet momenta 
and the beamstrahlung momentum. In general, the three 
vectors do not lie in a plane as shown in Fig. 7, but a 
(small) Lorentz boost transverse to the beam direction is 
applied to bring them into this configuration. We then 
compute the velocity vector for each jet by summing over 
particle momenta and energies: /J = Cpi/CEi. In the coor- 
dinate system shown in Fig. 7, the momentum and energy 
constraint equations become 

Jet #l t 

X  

- cj5 I 
z - 

-- 
h- CE 

\ 

Fig. 7. Momentum vectors for two jets and a 
beamdrahlung photon. The z-axis is along the 
beam direction. 

IL% + hzE2 = 0 , 

BlzEl + P2zE2 + P7 = 0 , and 

El-+ E2 + E, = 4 . 

In the approximation that only one photon carries .-Q 
away momentum and energy, we have El = IP,I. Solv- 
ing for El, E2, and E,, we then derive the jet masses us- 

ing Mi = Ei F 1 - pi. The beamstrahlung photon energy 
E, is a by-product of little direct use, but it is checked 
against the generated energy to confirm the correctness of 



the method. Use of the algorithm sharpens the mass distri- 
butions and yields mass values quite close to the generated 
values. It proves to be essential for identification of mass 
peaks above background. The method is generally useful 

_ for analysis of two-jet events with missing momentum and 
“- energy along the beam axis. 

. Figures 8 (a) and (b) show the mass distributions for 
the higher mass cluster and the lower mass cluster, just 
prior to applying the final analysis cut (exclusion of events 
with both masses in the range 63-112 GeV). A substantial 
background of W  and Z events is evident. Figures 9(a) and 
(b) show the same plots after all analysis cuts are applied. 
In Fig. 9(a) the higher mass cluster stands out clearly at 
the correct (i.e. generated) mass of N 150 GeV while in 
Fig. 9(b) the lower mass cluster (expected at N i25 GeV) 
is obscured by the presence of W* and Z” backgrounds. 
The lower mass cluster may be enhanced by applying a 
cut on the higher mass cluster. Figure 10(a) shows that 
when the higher mass is required to lie inside the range 
120-200 GeV, a choice motivated by Fig. 9(a), the lower 
mass cluster stands out more clearly. By contrast, 
Fig. 10(b) shows the lower mass cluster distribution when 
the higher mass is required to lie outside the range 120- 
200 GeV; in this case there is no evidence for a mass peak. 
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- Fig. 8. Reconstructed mass distn’bution for (a) the larger 
mass cluster and (b) the smaller mass cluster when the fi- 
nal analysis cut (ezclusion of events with both masses in 

- - the range 63-112 GeV) is not applied. The shaded region 
is signal; the open region is background. 
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Fig. 9. Reconstructed mass distribution for (a) the larger 
mass cluster and (b) the smaller mass cluster when all 
analysis cuts are applied. The shaded region is signal; the 
open region is background. 

We conclude that with modest impact parameter res- 
olution and simple cuts designed to enhance events with 
b-quarks and central distributions, a sample of 10 fb-“ 
integrated luminosity is sufficient to identify the pres- 
ence of H”A” events with Higgs boson masses larger than 
N 110 GeV and with decay modes dominated by heavy 
quarks. 

6. CHARGED HIGGS BOSON AT 4 = 1 TeV 

6.1 Introduction 

Charged Higgs bosons can be produced in pairs in e+e- 
annihilation via a virtual photon, or via a real or a virtual 
Z boson. The cross section normalized to the lowest order 
QED cross section for muon pairs, R(H+H-), does not de- 
pend strongly on the models except near the Z peak since 
the photon couples to all charged particles with the same 
strength. In a previous study,2l it was demonstrated that 
searches for charged Higgs bosons at e+e- colliders with 
fi e l/2 - 1 TeV are relatively easy. The main conclu- 
sions from the earlier study are: c 

(1) With an e+e- linear collider of fi x l/2 - 1 TeV 
and an integrated luminosity of about 104’ cm-‘, .-- 
we can detect production of charged Higgs bosons 
and determine the mass for H* bosons with masses 
less than 80% of the beam energy and a dominant 
decay mode H+ + t6. we can detect production 
of charged Higgs bosons and determine the mass for 
Hf bosons with masses less than 80% of the beam 
energy and a dominant decay mode H+ + tb. 
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Fig. 10. Reconstructed mass distribution of the smaller 
mass cluster for events in which (a) the larger mass lies 
inside the range 1.20-200 Ge V and (b) the larger mass lies 
outside the range 120-200 Gel/. The shaded region is sig- 
nal; the open region is background. 
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(2) If the charged Higgs boson is sufficiently lighter than 
the top quark, the top quark decays to H+b. We 
can then detect the signal of the charged Higgs bo- 
son both through its direct pair production and in 
the top quark decay. 

(3) If there is a light neutral Higgs boson, a charged 
Higgs boson may decay into W plus the neutral Higgs 
boson with a large branching fraction. Even if neu- 
tral Higgs bosons cannot be produced via the process 
e+e- + Z’H,?, or WW- or ZZ-fusion (for example, 
the CP-odd state), the neutral Higgs boson can be 
produced and detected in the decay H* + W&H,?. 

(4) It is necessary to understand higher order QCD pro- 
cesses, to improve the QCD shower models, and to 
test them at lower energies. Also, processes contain- 
ing weak vector bosons must be experimentally un- 
derstood. 

,- _T_ (5) Beamstrahlung effects must be moderate. We have 
- - to compramise between the integrated luminosity 

and beamstrahlung effects. The moderate beam- 
strahlung effects assumed in the earlier Monte Carlo 
studies21 are perfectly acceptable for studies of 
charged Higgs boson production. 

However, it looks difficult to search for H* if the mass 
is close to the W* mass since some of the W boson decay 
modes are the same as the H* decay modes and the cross 
section for W* production is about 100 times larger than 
for Hf production. Fortunately, since the W+W- differ- 
ential .cross section peaks in the forward region and is rela- 
tively’low in the backward region, we can e&ciently reduce 
the background by rejecting events in the forward region if 
the charge of the W can be identified. Even if we cannot 
measureihe charge, we can reduce the W pair background 
by applying a hard cut on the polar angle: for example, 
1 cos0l < 0.5. Although W bosons have the same decay 
modes as charged Higgs bosons, their branching fractions 
are very different since charged Higgs bosons prefer to cou- 
ple to heavy fermions (t&, cS@) or Y,T+) while W bosons 
couple to all fermions with the same strength. 

We can also search for the charged H&s boson in top 
quark decay. We have already studied this case in the 
previous paper21 and the analysis does not depend signif- 
icantly on the H* mass (of course, the H* mass must be 
lighter than the top quark mass). Therefore, we do not 
repeat the analysis in this report. 

In the next section, we will demonstrate that we can 
find H* at TeV e+e- colliders with an integrated luminos- 
ity of 10 fb-’ even if the H* mass is very close to the W* 
mass. 

6.2 kfp > Mt + Mb 

For this case, the production and decay sequence is 
e+e- + H+H- + tb + bf. These events have ap- 
proximately a two-jet structure for Mxt = 70-100 GeV 
at fi = 1 TeV. To enhance the H+H- signal relative 
to WW and 22 backgrounds, and ordinary multihadron 
backgrounds, the following cuts are applied (the cuts are 
optimized for MH* M Mw and ,/Z = 1 TeV): 

(1) .!& > 0.5&, where Eyis is the total visible en- 
ergy measured by the electromagnetic and hadronic 
calorimeters (muon momenta are added). 

(2) ICp,I/Evi, < 0.4, where Cp, is the sum of the longi- 
tudinal momenta measured in the same way as the 
visible energy. 

Cuts (1) and (2) reject events with large momentum imbal- 
ance along the beam direction due to beamstrahlung and 
initial state radiation. 

(3) / ~0~6th~ 1 < 0.50, where Othr is the polar angle of the 
thrust axis. 

This cut rejects the major part of the W+W- background. 
The event is now divided into two hemispheres by the plane 
perpendicular to the thrust axis. 

(4) Both thrust hemispheres must have large numbers of 
charged particles: one hemisphere must have at least 
16 charged particles and the other must have at least 
eight. 

- 

Since in each event there are four B-hadrons which have a 4 
relatively 1on.g lifetime of about I DS. we select events con- 
taining many-charged particles witi large impact param- .-- 
eter. For this analysis, we assume an impact parameter 
resolution of 

a6 = 4 (10 pm)2 + [70 (pm GeV)/p12 . 



The following cut is then applied: 
(5) The number of charged tracks with large impact pa- 

rameter 6 in each thrust hemisphere is counted. -Only 

i ,; 

(6) 

events with many large-impact-parameter tracks in 
both thrust hemispheres are selected: one thrust 
hemisphere must have at least five such tracks and 
the other must have at least three. The definition of 
a large-impact-parameter track for this analysis is: 
p > 1 GeV, ii/as > 3, and 6 < 2 mm. The larger 
impact parameter cut of 2 mm reduces the contam- 
ination of charged particles from KS or A decays. 
The difference in the invariant mass of each hemi- 
sphere must be less than 15 GeV. 

After all the cuts, the reconstructed Higgs mass (the aver- 
age of the two hemisphere invariant masses in an event) is 
plotted for MH* = 70 GeV, 83 GeV, 93 GeV and 100 GeV 
in Fig. 11(a)-(d). Contributions from the background pro- 
cesses.WW, ZZ and qq are added to the plots. As can be 
seen from the plots, the signal (shaded part in the figure) is 
larger than the background near MH~. The plots are nor- 
malized to an effective integrated luminosity of 10 fb-‘. 
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Fig. 11. Invariant mass distribution of recons2ructed 
charged Higgs bosons (the average of the two in each 
event) after all the cuts for H+H- + bft& with (a) 
MH* = 70 GeV, (b) MHA = 83 GeV, (c) MH+ = 
93 GeV, (d) MH~ = 100 GeV. The top quark mass 
is assumed to be 60 GeV. The shaded region is signal; 
the open region is backgground. 

6.3 MHi < Mt + Mb 

If the decay H- + bi is kinematically forbidden, it is 
worth studying events of the type r-fir+ hadrons since the 
branching fraction for the decay mode H- + r-ii, can be 
as large as 30%. The branching fraction depends only on 
the ratio of the vacuum expectation values for the mini- 
mal supersymmetric model, and-in general it depends on 

,- _F_ the Higgs boson-fermion couplings and Higgs boson-gauge 
boson couplings. Therefore, we will study the production 

- .- Xid decay sequence e+e- i H+H- + r+u, + k[b?). 
The cuts to select H+H- + rv + hadrons are the -- following: 

(1) Nch 1 3 where Neh is the number of visible charged 
- - particles. 

(2) &is > 0.5 fi. 

(3) ICP*IIGis < 0.4. 
(4) One of the thrust hemispheres (hemisphere 1) is re- 

quired to have exactly one charged particle. The mo- 
mentum of this particle must be greater than 5 GeV. 
-The invariant mass of this hemisphere Ml is required 
;to be less than 5 GeV. The invariant mass of the other 
thrust hemisphere M2 must be larger than 50 GeV 
and the charged multiplicity Nchz must be larger 
than 10; i.e., N&r = 1, N&2 > 10, Ml < 5 GeV, 
and M2 > 50 GeV. 

(5) Since the W W  background is relatively small in the 
backward region, the events are restricted to this re- 
gion. The event must satisfy 0.0 < Qr ~0~0th~ < 0.7 
where Qr is the charge of the single particle in hemi- 
sphere 1 and ethr is the direction of the thrust axis 
pointing out of hemisphere 1. 
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Fig. 12. Distribution of the larger hemisphere *. 
mass after cuts (1) to (5) for H+H- + TV + 
hadrons (shaded region) in addition to the ex- 
pected background (open region) for (a) MHA = - 
70 GeV, (b) MH* = 83 GeV, (c) MH* = 93 GeV, 
and (d) MH* = 100 GeV. 

After applying cuts (l)-(5), the higher hemisphere 
mass M2 is plotted for MH* =70 GeV, 83 GeV, 93 GeV 
and 100 GeV in Fig. 12 (a)-(d). Contributions from the _ 
background processes WW, ZZ and qq are added in the 
plot. The dominant background due to e+e- + W+W- 
events makes it difficult to see the signal close to the 
W* mass. In Fig. 13, the same plots are shown for the 
case when the charged particle in hemisphere 1 is a pion. 
We assume 100% efficiency for pion identification and no 
particle misidentification. The signal-to-background ratio 
is improved because of the large branching fraction for 
r- + L+?T- + no’ (n 2 0). A branching fraction of 30% 
for H- + r-fir is assumed in this analysis. The plots are 
normalized to an integrated luminosity of 10 fb-‘. 4 

6.4 Summary 

Charged Higgs bosons with a mass of 70-100 GeV can 
be found at e+e- colliders with fi N  1 TeV with an inte- 
grated luminosity of 0(104’ cmm2), even if the mass is very 
close to the W  mass. The event topology H+H- + tb+ bt 
can be selected by using the &tagging method in addition 
to a hard polar angle cut which rejects W W  background. 

10 
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Fig. 13. Distribution of the larger hemisphere 
mass after requiring the isolated particle to be a 
charged pion for H+H- + TV + hadrons events 
(shaded region) in addition to the expected back- 
ground (open region) for (a) MB* = 70 GeV, (b) 
M,y* = 83 GeV, (c) MH~ = 93 GeV, and (d) 
MHA = 100  GeV. 

The process H+H- + TV + cs(cb) can be  selected by tag- 
ging an  isolated pion from the tau decay and  by rejecting 
events in the backward region where W W  backgrounds 
dominate. 

These methods can also be  used at intermediate energy 
(350-400 GeV) e+e- colliders. At & = 400  GeV, the 
signal- to-background ratio is worse than at 1  TeV because 
the relative cross section of H+H- to W+W- is smaller 
due  to the different threshold behavior of the two Drocesses. 
On  the other hand,  the absolute cross section for ihe signal 
is larger at lower energies. 

At LEP II it may be  difficult to detect a  charged Higgs 
boson with mass around the W  mass with a  luminosity of 
500  pb-‘. The R value for a  83  GeV H* at fi =  200  GeV 
is only 0.057, so the number  of expected events after cuts 
is very small and  the W  background is larger. At LEP 
energies, the event  topology is not two back-to-back jets 

_-..._ . and  the particles from H+ and  H- will be  mixed with 
-. each other due  to the small velocity of the Hf. Therefore, 

a  more complicated analysis may be  required. In any  case, 
the b-tagging and  the polar angle cuts d iscussed in this 
report are useful at any  energy.  

7. CONCLUSIONS 

High energy e+e- coll iders will offer nearly ideal oppor-  
tunities to search for and  study the Higgs sector of nature 
or its equivalent.16) W e  have shown that at 4  =  1  TeV 
the neutral Higgs boson that appears  as a  real particle 
in the simplest doublet model  of the Higgs sector can 
be  clearly isolated as long as its mass is less than about  
80% of the beam energy and  greater than about  120  GeV. 
Near the mass of the W*, the tagging of high-impact- 
parameter tracks is an  important tool for enhancing the 
signal- to-background ratio. The  intermediate mass range 

,- (A4~0 2  2Mz.) can be  reached at fi x  400  GeV. W e  
_r_ study the case in which the Higgs boson is heavy enough  

- -.- &-decay to t& In this case, :the reconstruct ion of- parton 
jets is an  important tool for rejecting backgrounds.  

Models in which the Higgs sector is more complicated 
contain greater numbers  of new particles which can be  
found and  studied. W e  have determined that charged 
Higgs particles can be  found even when the mass is near  
the W* mass and  that the neutral members  of the spec- 
trum of Higgs states can be  seen over a  limited mass range 
in sotie models through the product ion mechanism e+e- 
+ H”A”. Again, the tagging of high-impact-parameter 
tracks is essential for identifying the neutral Higgs bosons.  

Integrated luminosities of (10-30) fb-’ are needed  to 
complete the investigations that we have discussed. Beam- 
strahlung is not a  major problem for most analyses and  
at lower energy machines (& ,$ 500  GeV) the design pa- 
rameters that have been  proposed do  not predict signifi- 
cant beamstrahlung in any  case. The requirements that 
are p laced on  detectors are quite modest  and  can be  satis- 
fied with existing technology. 
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