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ABSTRACT 

Possibilities for charged Higgs boson searches at 0($-l TeV) e+e- colliders 

are examined. With an integrated luminosity of 0(104’ cmm2), it is not difficult 

to find charged Higgs boson pair production if the beam energy is not too close to 

the charged Higgs mass. Experimental searches for all the major possible decay 

modes of charged Higgs bosons, i.e. H’ + 6, H+ -+ cs (or ci;), H+ --+ T+V, and 

H+ + W+Ht, where Hi” is one of the neutral Higgs bosons, are surveyed in this 

paper. Searches for charged Higgs bosons in top quark decays are also discussed. 

At e+e- colliders the background level is low and well controlled compared to 

searches at hadron colliders (SSC or LHC). At hadron colliders, except in some 

very special cases, it is extremely difficult to find charged Higgs bosons. 
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1. Introduction 

1.1 CHARGED HIGGS B&SONS IN THE TWO DOUBLET MODELS 

Higgs bosons play an important role in the standard model; they are respon- 

sible for generating the masses of all the elementary particles (leptons, quarks 

and gauge bosons). However, the Higgs boson sector is the most untested one in 

the standard model. If Higgs bosons are responsible for breaking the symmetry 

from SU(2) x U(1) to U(1) EM, it is natural to expect that other Higgs bosons 

are also involved in breaking other symmetries at the grand unification scale etc. 

Higgs bosons may be something like the ‘ether’ (the medium of light before the 

advent of special relativity theory) and not really exist. Even in this case we 

need experimental effort to perform the equivalent of the ‘Michelson-Morley ex- 

periment’. In any case it is extremely important to look for the Higgs bosons or 

for something like them. 

If the Higgs sector is non-minimal, in general, there will be physical charged 

Higgs bosons. The minimal extension of the Higgs sector is to add another SU(2) 

Higgs doublet: 

cbl=(g, m,=(3, 

where $;‘, @ , 4: and 44 are complex fields. Therefore there are initially eight 

fields. The vacuum expectation values (VEV’s) are 

0 
<c#q>= ( ) 0 

Vl/& ’ 
<&>= 

( ) v2/& - 

Assuming CP non-violation, the relative phase between the two vacuum expecta- 

tion values is zero. The effective vacuum expectation value for this non-minimal 

model (v) is derived from the sum in quadrature of the individual VEV’s, hence 

Mwk = g - v/2 = g - 
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Since the p parameter (p = MizzB,) is experimentally consistent with unity, 

(p = 1.006 f 0.008) “I the Higgs multiplets are likely to be SU(2) doublets (also 

any number of SU(2) singlets are allowed). At least two Higgs doublets are neces- 

sary for most supersymmetric models,‘21 and models with axion need at least two 

Higgs doublets to exist. Is’ Also technicolor models need more than two composite 

Higgs doublets.141 For the two SU(2) doublet models, there are three physical 
. neutral Higgs bosons (Hi’, Hl, Hi) and two charged Higgs bosons (H+ and H-). 

Originally there are four neutral and four charged fields but one neutral field and 

two charged fields are absorbed to give mass to the 2’ and to IV* by the Higgs 

mechanism. The mass eigenstates of the physical Higgs bosons can be mixtures 

of the weak eigenstates. There are two mixing angles for two Higgs doublets 

since the charged and neutral sector do not mix. One of the mixing angles is 

related to the ratio of the vacuum expectation values. In general, the physical 

Higgs bosons in the two doublet model are given by 

H* = -r$Fsinb + @cosb, 

Hf = h[ (Re4: - VI) cos a + (Re& - vz) sin a], 

Hi = d[-(Re@ - VI) sin a + (Re& - ~2) cos a], 

H; = h[-Irn&’ sin b + Im& cos b]. 

The mixing angle b is defined by tan b = 2. The other angle a is also an 

arbitrary parameter. The recipe to obtain the above linear combinations is given 

elsewhere.‘51 

Among the neutral Higgs bosons, Hi is a pseudoscalar and the other two are 

scalars, if their parities are defined through their couplings with fermions. To be 

more precise, Hi is a CP-odd state and the other neutrals (Hi and Hi) are CP- 

even states, if CP is conserved. The interactions of Higgs bosons with fermions 

can be determined from the fermion mass term in the Lagrangian. The couplings 

are different from model to model and depend on which Higgs is most responsible 

3 



for which fermion mass. An important constraint on the Higgs couplings is 

that flavor changing neutral currents (FCNC) should not be induced by the 

neutral Higgs bosons (or at least that FCNC should be suppressed to within the 

experimentally allowed level). FCNC from the neutral Higgs sector are absent if 

fermions with the same electric and weak charges are allowed to couple only to 

one of the two Higgs doublets (only to 4: or only to $5). 
. 

The charged Higgs bosons are expected to be heavier than the W bosons 

in the minimal supersymmetric models,[61 but in general the mass is unknown. 

The phenomenology of the charged Higgs bosons is less ambiguous than that 

for the neutral ones since there is only one mixing angle b (tan b = 2) for the 

two doublet model. The couplings of the charged Higgs boson to fermions are 

constrained by the absence of the FCNC. There are two typical models which 

can avoid the FCNC which might be induced by the neutral Higgs bosons: 

(1) All th e f ermions couple only to one of the Higgs doublets and do not couple 

to the other one. In this case, the relative ratios of the coupling constants of 

the charged Higgs boson to fermions are proportional to the fermion mass. 

(2) Fermions with weak isospin I3 = l/2 couple only to one of the Higgs dou- 

blets and those with I3 = -l/2 couple only to the other doublet. The 

relative ratios of the coupling constants depend on both the ratio of the 

vacuum expectation values and the fermion masses. 

Of cource, many other choices are possible. In any case, the coupling H*tb is 

larger than that for H*cs and the coupling for H*cs is larger than for H*ud. 

1.2 PRESENT MASS LIMITS AND SEARCHES IN THE NEAR FUTURE 

Charged Higgs bosons have been looked for at the PEP and PETRA e+e- 

colliders. Most of the region up to - 19 GeV is excluded independent of the 

charged Higgs decay modes. V’ “’ [‘I [lo1 Limits below the bottom quark mass are 

obtained by the CLEO group[“] using the b quark decays, b + c + H* or u + Hf. 
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Recently, ARGUS claimed that they found evidence for Bj& mixing.[“’ The 

measured mixing is large: 

?-d = 

This implies the ratio zd = s is 0.73 f 0.18. Within the standard model, 

the top quark mass is constrained to be larger than 50 GeV due to the large 

rd for reasonably conservative estimates of the KM-mixing angles and the QCD 

corrections. However, BOB0 mixing can be induced by charged Higgs boson 

exchange in the GIM diagram, 113lIl4 even for a relatively light top quark. Hence 

the top quark mass may not necessarily be high, if there is a light charged Higgs 

boson which couples to t and b quarks. Furthermore, if the charged Higgs boson 

is lighter than the top quark and the top quark decays into b + H*, the top mass 

limit obtained by the UAl collaboration (A&t > 44 GeV) “” may not be valid, 

since the number of high pt isolated leptons is significantly reduced, compared 

to the standard top decay mediated by a W boson. Therefore we may still find 

both top and charged Higgs bosons at SLC/LEP. 

If the charged Higgs mass cannot be reached by SLC/LEP or even by LEP- 

II, we will look for them at the hadron colliders (SSC or LHC) or at the O(f- 

1 TeV) e+e- colliders. At SSC or LHC, the charged Higgs boson is produced 

by the interaction b + g + t + H- (and the charge conjugated process) and the 

cross section is typically O(l-100 pb).[16’ In general, the charged Higgs boson 

cannot be produced via WZ-fusion processes in any Higgs doublet model, since 

the HWZ-coupling is forbidden, whereas the standard neutral Higgs boson can 

be produced via WW- or ZZ-fusion processes. The most promising decay mode 

to look for is H- --) 7~~) since the QCD background is not very high. However, 

the background from the process b + g + t + W- with just the same event 

signature as the signal and a much higher cross section makes the search seem 

hopeless. [16’ It is even more difficult to look for the decay mode H+ + t + 6, 

because of the higher QCD background. Therefore, although the cross section is 

5 



not small, it seems to be very difficult to search for the charged Higgs bosons at 

hadron colliders”7’ * . 

On the other hand, at 0($-l TeV) e+e- colliders, the background conditions 

are far better and the events are cleaner since there are no spectator jets. In this 

paper, I will demonstrate that it will not be difficult to find the charged Higgs 

. bosons at such e+e- colliders. In general, new particles without color are easier 

to look for at e+e- colliders, if such a machine is built, than at hadron colliders. 

2. Phenomenology 

2.1 PRODUCTION CROSS SECTION 

The charged Higgs bosons (H+H-) are pair-produced in e+e- annihilation 

via virtual 7 or Z” exchange as shown in Fig.l(a) and l(b). The total cross 

section for the process e+e- -+ 7, Z” + H+H- is given in ref.19 . 

OH+H- = a,+,-,QED ’ (p3/4) - [l - 2cVc’V 
s(s -AI;) 

(s - M$)” + A@; 

where 

cv = 
l-4sin2Bw 

4 sin 9~ cos 8~ ’ 

c,= -l 
4 sinew cos 8~ ’ 

c, ---l- 2sin28w 
V- 2 sin ew cos ew ’ 

C’A =o. 

The angular distribution of the H* is da/da cx sin2 0. 

* The case of charged Higgs boson production from heavy quark decay at SSC(for example, 
g + g -+ t + 5 + bH+ + 6H-) is under study. “‘I 
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The cross section relative to that for qif plus W+W- plus Z”Zo events at the 

0( k-1 TeV) e+e- collider is 

RH+H- 0.30 - p3 

Rhadronrr + Rw+w- + Rzozo = 7+20+1 
M 0.01 . ps. 

The large effects due to radiative corrections and beamstrahlung effects are not 

taken into account here. After the cut on the polar angle (I cos 01 < 0.6) the 

above ratio is about 0.03 - f13 * . 
. 

At PEP/PETRA energies the relative cross section is 

RH+H- ~ 0.25 */I3 

Rhadrons 4 
za 0.063 - p3. 

For 1 cos 81 < 0.6, the ratio is 0.10. p3. 

Although the naive estimation of the signal to background ratio gives smaller 

ratios at the high energy colliders than at PETRA, the background situation ‘is 

actually better since jet reconstruction is easier at high energies (using electro- 

magnetic and hadronic calorimetry). 

2.2 DECAY OF THE CHARGED HIGGS BOSONS 

The possible decay modes are H- + bf, SE or rz& as shown in Fig.2(a), 2(b), 

and 2(c). The decay process H+ + t6 is the dominant mode for most of the 

parameter space, if it is kinematically allowed. If the mode H+ + t6 is not 

allowed, the decay rate to rz& can be significant. For two doublet models the 

branching fraction depends on the ratio of the vacuum expectation values. If the 

ratio of the vacuum expectation values is close to unity, the branching fraction 

of H- + TZ& can be as large as 30 %. 

* On the 2’ peak the cross section relative to that for the multihadrons is 

IyZO + H+H-) 
c I-(20 + qq) = 

IyZO -+ VpDp) . (l/2) . COG 2ew . p3 fil o 016. p3 

mv” + q(T) 
, 

where the top quark contribution is neglected. For 1 cos 01 < 0.6, the ratio is 0.02 . p3. 
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The other possibility for the charged Higgs decay H’ + Hf + W+ (Fig.2(d)), 

where Hf is one of the physical neutral Higgs boson, is also considered in this 

paper. This process is important since the lightest neutral Higgs boson may not 

be detected at LEP-II if the ZZH,” coupling is suppressed. Especially for Hi 

(CP odd pseudoscalar state), the ZZH,O and WWH,O couplings are forbidden so 

that Hi cannot be produced from the process e+e- -+ .ZOH,O or from WW- or 

ZZ-fusion. 

Note that the charged Higgs bosons do not couple to W+ + Z” at the tree 

level, if they are members of SU(2) doublets. Therefore even if kinematically 

allowed, the H* + W+ + 2’ decay mode is forbidden (at the tree level). 

3. Monte Carlo Studies 

For the Monte Carlo studies, a simple detector is assumed, taking into ac- 

count the energy and angular resolution, and the geometrical acceptance (see 

Appendix A). Beamstrahlung effects, which are significant at high energy e+e- 

linear colliders, are also considered (see Appendix B). A typical luminosity distri- 

bution as a function of the center of mass energy after beamstrahlung is plotted 

in Fig.Al. All the cross sections are folded with this luminosity function in the 

analysis. 

3.1 THE CASE FOR Milt >Mt+ M* 

e+e- + H+H- + t6 + bf 

The events have approximately a four jet structure. Reconstruction of the 

jets and calculation of jet-jet invariant masses are the key points of this analysis. 

The experimental methods which are described here were mostly developed at 

PETRAi201 and for SLC.1211 These methods can be applied at the O(i-1 TeV) 

e+e- collider, if beamstrahlung effects are not too severe. 
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Cluster Algorithm 

To reconstruct the jet structure of the H+H- events, a cluster algorithm is 

introduced. The method is based on the variable dii (as used in the Lund cluster 

algorithm), lzal which defines the ‘distance’ between two particles (or clusters): 

The variable is a combined measure of the opening angle and momentum imbal- 

ance of the two particles (or clusters) i and j. Since there are 4 jets in the lowest 

order for the processes H+H- + bft6, the number of reconstructed clusters is 

forced to equal four. The basic scheme goes as follows. Initially, each observed 

particle is assumed to be a cluster by itself. Then the two clusters with the 

smallest ‘distance’ dt are combined by adding vectorially their 4-momenta. This 

is repeated until the number of clusters is reduced to four.[211 

Event Reconstruction 

Even with initial state radiation and beamstrahlung effects, most of the events 

with large visible energy and with good longitudinal momentum balance can be 

reconstructed using the beam energy constraint. For any heavy particles which 

are pair produced, the event shape is little modified by beamstrahlung and initial 

state radiation since the events cannot be produced after hard radiation. After 

finding four clusters (jl, j2, j3, j4), the energy of the clusters are calculated 

assuming that the velocity of the clusters p& is as observed,[201 

The calculated energy Ei can be negative for badly reconstructed events. 

In the next step, the best combination of two clusters for forming H+ (or H-) is 

searched for. Within the three different combinations i.e. (12)(34),(13)(24) and 

(14)(23), the combination with the smallest x2 is selected, where: 
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. 

The parameter (Y is optimized so that the reconstructed mass resolution is small 

for H+H- events and, simultaneously, the mass distribution for the background 

is reasonably wide in order to maximize the signal to background ratio. The 

value Q: = 0.25 is chosen. 

cuts 

To enhance the H+H- signal relative to ordinary multihadron background, 

and to WW- and ZZ-background, the following cuts are applied (the cuts are 

optimized for 200 GeV H*‘s and fi = 600 GeV ): 

(1) Nch > 6, where Nch is the measured charged multiplicity. 

(2) Evia > 0.7 * &, where Evis is the total visible energy obtained by the 

electromagnetic and the hadron calorimeter (muon momenta are added). 

(3) ICPz 1 /J&is < 0.29 where Cp, is the sum of the longitudinal momenta mea- 

sured in the same way as the visible energy. 

The cuts (2) and (3) reject events with large momentum imbalance along the 

beam direction due to beamstrahlung and initial state radiation effects. 

(4) 1 COS eH&I < 0.70, where OH& is the reconstructed polar angle of the H* 

momentum. 

(5) The reconstructed energy of each cluster (Ei, i = 1,2,3,4) should exceed 

30 GeV. 

(6) The difference between the H* and Hr energies has to be smaller than 

20 GeV. 

(7) The difference between the reconstructed “H*muss” and “H~muss” must 

be smaller than 40 GeV. 
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(8) The minimum angle (+,i,) b e ween t any pair of cluster momenta should 

be greater than 50’. 

The expected T+!J~~~ distributions are shown for H+H- events assuming MS = 

150 GeV in Fig.S(a), f or multihadron events in Fig.S(b) and for W+W- events 

in Fig.S(c). After the cuts (l)-(8), the distributions of the averaged invariant 

mass of the two reconstructed Higgs bosons are shown in Fig.4(a) for H+H- 

events for M* - H - 150 GeV. The assumed charged Higgs mass of 200 GeV is 

used for the x2 calculation in eqn.(l). H ence a small enhancement is seen even 

above 200 GeV, but this is not a problem for reconstructing the charged Higgs 

mass of 150 GeV. In Fig.4(b), 4(c), 4(d) and 4(e), the same plots are shown for 

QCD background, for W+W- events, for Z”Zo events, and for the sum of the 

above three background distributions, respectively. The numbers of events in the 

figures correspond to an integrated luminosity of 1040cm-2. It is not difficult 

to distinguish the charged Higgs boson production from the background. The 

mass resolution is determined by the jet energy calculation and hence it depends 

very much on the missing neutrino momenta and energy resolution of the hadron 

calorimeter (for the details of the resolution, see Appendix A). 

Since in an event there are four B-hadrons which have a relatively long 

lifetime of M 1 ps and are heavy (M 5 GeV), we can select the events containing 

charged particles with large impact parameter (distance from the main vertex to 

the track in the plane perpendicular to the beam) to enhance events with a large 

number of B-hadrons. Assuming an impact parameter resolution of 40pm and 

a small beam spot size of < 1 pm, the following cut is applied: 

(9) At least three charged particles are required to have momentum greater 

than 1 GeV and have impact parameter between 200 pm and 2 mm. 

The larger impact parameter cut of 2 mm reduces the contamination from 

charged particles coming from KS- or A-decays. After the cut (9), the recon- 

structed Higgs mass (average,of the two in an event) for 150 GeV H* in Fig.5(a) 

and corresponding background processes are shown in Fig.5(b). Comparing to 
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Fig.4 shows the background to be largely reduced. In Fig.6 and Fig.7, the same 

plots are shown for MH* = 120 GeV and 200 GeV, respectively. A weaker cut 

on the minimum angle cut between any pair of clusters (timin > 40’) is applied 

for the case of MH~ = 120 GeV. For fi = 1 TeV, the mass plot is shown for 

300 GeV assuming a top mass of 60 GeV in Fig.8(a). In Fig.8(b), the plot is 

shown for the same Higgs mass but with a top mass of 120 GeV. The correspond- 

ing background plot is shown in Fig.8(c). S ince the top decays into a bottom 

quark and an on shell W boson in this case, the events do not have a four jet 

structure. The Higgs mass peak is broader and the efficiency is worse, but the 

peak is still significant. All the plots are based on the integrated luminosity of 

1040cm-2 for both fi = 600 GeV and 1 TeV. 

The QCD background is estimated using the Lund QCD shower model (ver- 

sion 6.3). [“I We definitely need a parton shower model in the 0(1 TeV) region, 

because even at PEP/PETRA energies we often have more than 4 jets in an event 

with a reasonable jet resolution. Although the Lund shower model (version 6.3) 

fits the PEP and PETRA data almost perfectly,[261 we are not sure that predic- 

tions of this model are reliable in the 0(1 TeV) region. The model is based on the 

leading log approximation (LLA) with the soft and collinear gluon interference 

effects approximated to by the parton’s angular ordering. Because of the leading 

log approximation, cross sections for the hard gluon emission processes are not 

reliable. For example, the hard three jet event rate is overestimated, compared 

to the prediction based on the exact matrix element.* To obtain the correct 

parton momentum distribution predicted by the exact O(a,) calculations, the 

first qqg branching is modified so that the angular and energy distributions are 

constrained to be just those given by the O(as) exact calculation. Of course, this 

modification is not sufficient. If only a soft gluon is emitted at the first branching 

* The rate of hard three jet events is underestimated by the Webber leading log parton 
shower model. Ia” This difference might depend on the gauge used for the two models. 
Although the physical quantities must be gauge invariant at infinite orders of the perturba- 
tive calculations, it is not surprising to have a different results at lower orders because the 
models are based on the leading log approximation. 
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and a hard one is emitted at the second branching, then there is no correction 

for this hard gluon emission. Therefore, we should not believe that the results of 

the models are exact. However, even if the QCD background is a factor of two 

larger, this analysis demonstrates that we would still have no problem finding 

the charged Higgs signal for the decay scheme H+ + t + 8. 

3.2 MHA <Mt+Mb . 

e+e- + H+H- + T+V, + sE(bE), r-& + CS(C&) 

If the H* + t + b decay is kinematically forbidden, it is worth studying the 

TV+ hadrons topology since the decay branching fraction for the mode H- + 

r-p7 can be as large as 30%. The branching fraction depends on the ratio of the 

vacuum expectation values. 

This mode has already been looked for at PETRA and PEP. We can try 

similar cuts to those applied by JADE at PETRA[” resealed for fi = 0(1 TeV). 

These cuts are the following: 

(1) Nch 2 2, where Nch is the visible charged multiplicity, 

(2) O-30 * fi < Evis < fi, 

(3) I cos&h I< 0.7, where 6th is the polar angle of the thrust axis, 

(4) 4acop > 20°, where &op is the acoplanarity angle of the event* . 

(5) Each thrust hemisphere is required to have at least one charged particle 

and an energy of at least 10 GeV. The invariant mass of the four vector 

sum in one of the thrust hemispheres Ml must be larger than 150 GeV and 

that for the other hemisphere M2 must be smaller than 5 GeV. 

* Momenta of particles in each hemisphere defined by the thrust axis are summed vectorially. 
With the two resultant momenta pT; and pT, the acoplanaxity angle #acop is defined as the 
angle between the plane formed by p; and the beam direction e$ and the plane formed by 
p2 and e;: 

hop = -(pq x e2) . (p= x eG)/{I& x eI&I . lp= x Gl}. 
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This cut efficiently rejects W+W- and Z”Zo events. After all the cuts (l)-(5), 

the detection efficiency for the H+H- events is about 5 % for MH~ = 200 GeV 

and for Br(H- + T-I&) = 0.30. The number of events expected after all the 

cuts is about 15, for an integrated luminosity of 1040cm-2, MH~ = 200 GeV 

and B(H- --) r-&) = 0.30. None of the background events from multihadrons, 

W+W- or Z”Zo events pass the cuts in the Monte Carlo analysis. Because of 

the limited Monte Carlo statistics of the background events, the 68% C.L. upper 

limit on the number of background events is 2. After selecting the events, the 

higher one of the two hemisphere masses corrected by the hemisphere visible 

energy 

m = M+(+/WE+, 

is plotted in Fig.9, where M+ is the larger hemisphere mass and E+ is the cor- 

responding visible energy in the hemisphere. A sharp peak is seen in the plot. 

Charged Higgs Bosons from Top Quark Decay 

We can also look for charged Higgs bosons in top quark decays, since the decay 

channel t -+ H+ + b is fully competitive with the main decay mode t + W+ + b. 

The ratio of the two decay widths is give by”81 : 

I’(t + H+b) PH+ Ml? PC - Mi+) 

r(t + w+b) = G  (Mf + 2Mg)(Mf - M&) ‘Ot2 b9 

where pH+ and pw+ are the center-of-mass momenta of the H+ and W+ for the 

respective decays. The cross section of tE events is greater than that for charged 

Higgs boson pair production by approximately an order of magnitude: 

a(e+e- + H+H-) 

a(e+e-+P+w-)Q~D 
M o.3p3 M 0.12 

(for MH* = 200 GeV and fi = GOOGeV), 

u(ZO ---) tq) 

++~---+~+~-)QE~ 
M 1 

(for Mt = 250GeV and fi = 600 GeV). 
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Since it is hard to detect the hadronic decay of the charged Higgs boson, the 

H- --) ri+ mode is used. The signature of r’s from the charged Higgs decay 

is an isolated charged pion with or without accompanying no’s (electromagnetic 

shower energy). On the other hand, the signature of the ordinary top quark decay 

(t + W+ + b) is an isolated lepton (e or p). Of course, isolated charged pions 

are also produced from the chain t + W+ + b + T+Y~ + b + K+D,(+T~‘s) v, + b. 

This probability is, however, about a factor of five lower than the probability of 

having an isolated e or p. Therefore, by comparing the ratio of the number of 

isolated charged pions over the number of the isolated leptons (e’s or p’s) to the 

same ratio expected for ordinary top decays into W+ alone we can observe, in 

principle, a signal for the decay t + b + H+ * 

The ratio, however, cannot be studied in the absence of the other cuts, since 

the isolated leptons or isolated charged pions can also come from W+W- or Z”Zo 

events. Therefore, the event topology requirements are also needed to reject the 

background. 

The following set of cuts are proposed: 

(1) &is > O-5&, 

(2) 1 ~0~0th I< 0.8, where 0th is the polar angle of the thrust axis, 

(3) Each thrust h emisphere is required to have at least three charged particles. 

This cut efficiently rejects W+W- and Z”Zo events which contain isolated charged 

particles. 

(4) Mout = &CPp > 80 GeV, where pFt is the transverse momentum of 

each particle from the plane defined by the two major sphericity axes. [241 

In the sample of events obtained by the above cuts, the inclusive numbers of 

isolated leptons (e’s and p’s) or isolated charged pions are counted. The isolation 

condition for the charged particle is 

* This method was first tried for charged Higgs boson searches in tf production at SSC. w 
The background calculation for the QCD processes at SSC is not yet completed. 
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(5) The momentum must be larger than 2 GeV. The isolation parameter L-4 

P = &wil(l - COS~J~) must satisfy the condition p > 3.0 GeV1i2, where 

p’i is the isolated charged particle momentum and BJi is the angle between 

the isolated charged particle i and the nearest jet J, which is defined by 

the Lund jet algorithm.[231 

After the cuts, the numbers of isolated leptons or isolated charged pions are given 

in Table 1. For the first row, I’(t + H+ + b) = I’(t + W+ + b) is assumed. The 

numbers of events are based on the cross section with initial state radiation (the 

maximum initial state photon energy is 99% of &Y/2) and with beamstrahlung 

effects. 

Table 1 

Comparison of number of isolated leptons and isolated charged pions 

MH~ = 150 GeV, Mt = 200 GeV and L = lo4 pb-l. 

Process 

t-+W*orH*+b 

t --+ W* + b (no H*) 

light quark pair (udscb) 

w+w- 

z”zo 

total # of ev. # of isol. I # of isol. 7r* # 7r* / # I* 

3436 272 171 0.629 f 0.061 

3436 445 104 0.234 f 0.025 

93647 4.3 4.0 

65100 I 48 I 26 I 

3858 7.2 5.3 

If the background is taken into account, the ratio ( # K* / # 1’ ) for Br(t -+ 

W+b) = 1.0 ( no charged Higgs boson below top mass) is 0.276f0.026 and for the 

case Br(t + H+b) = 0.5 the number is 0.622f0.055. The above two numbers 

differ by more than five standard deviations. The ratios are not very sensitive to 

the top mass as long as the number of isolated x* and 1’ from the background 

is small compared with those from the top quark decays. For a 250 GeV top 

quark and 150 GeV H *, the effect is still more than four standard deviations if 
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Br(t + H+b) = 0.5. Perfect e, p and x * identification is assumed here. Since 

there are not many isolated charged tracks, reasonably conservative values of the 

e ~1 and charged pion misidentification probabilities do not significantly change 

the result. For example with the lepton detection efficiency P(Z + I) = 0.9, the 

charged pion efficiency P( 7r -+ X) = 0.9, the lepton misidentification probability 

P(Z + K) = 0.01, and the pion misidentification probability P(K + I) = 0.01, 

the ratio ( # 7r* / # Z* ) for Br(t + W+b) = 1.0 is 0.286f0.028, and for 

the case Br(t + H+b) = 0.5 the number is 0.629f0.058. The efficiencies and 

misidentification probabilities are defined within the acceptance of the detector 

(see Appendix A). 

3.3 CHARGED HIGGS BOSONS DECAYS INTO W+Hf 

e+e- --+ H+H- + H;OW+ + H;OW- + b6 + L*vl+ b6 + 98 

If there is a light neutral Higgs boson, charged Higgs bosons may decay into 

W plus this light neutral Higgs boson. For the scalar Higgs bosons (CP even 

states), the decay branching fraction of the process H+ + W+Hf (i = 1,2) may 

be suppressed due to the Higgs mixing. If the lightest Higgs is pseudoscalar (CP 

odd state Hi), there is no such suppression for two doublet models. This case 

is more interesting because a pseudoscalar Higgs cannot be produced from the 

process e+e- + Z”H,O or from WW- or ZZ-fusion since there is no tree level 

ZZH,O- or WWHi-coupling. The decay branching fraction of H+ + W+Ht 

depends on the top mass but it can be the dominant decay mode if Hf is light 

enough. The dominant decay mode of the Hf is normally b6. For simplicity, 

MH~ = 150 GeV, Br(H+ + W+Hf) = 1, MH; = 25 GeV and Br(Hf + b8) = 1 

are assumed. B-tagging techniques can be used to select these events since each 

event contains at least four B-hadrons. 

The most promising process, having a distinctive event topology and the ad- 

vantage of charged Higgs mass reconstruction, is when one W decays leptonically 

and the other W decays hadronically. The events are selected by requiring an 
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isolated lepton from a W decay and also requiring tracks with a large impact 

parameter (B-tagging). 

The events are selected by using the same set of cuts for the tC selection 

discussed in the previous section (cuts (l)-(4)). Also an isolated charged lepton 

is required. The isolation condition is just as in the previous section (cut (5)). 

Since the event signature is one isolated lepton plus four jets (two Ht jets and 

two jets from W-decay), the selected events are forced to form four clusters using 

the cluster algorithm discussed in section 3.1 (The isolated lepton is removed 

from the event for the clustering). The events have to have a W boson, so one 

of the pairs of jets is required to form W-mass: 

(6) A combination of two jets (i and j) exits and satisfies 

IMij - MwI < 5 GeV. 

After all the cuts, the higher hemisphere mass corrected by the hemisphere visible 

energy Ml(,/i/El) is plotted in Fig.lO(a). Th e corresponding background is 

shown in Fig.lO(b). 0 ne can see a clean peak of about 50 events at 150 GeV. 

It should be note that Hi can be found at LEP-II if both the Hi and H* 

are so light that the W* can decay into H&Hi. Since the branching fraction 

is not large, O(l%), the best process to look at is e+e- -+ W+W- with one 

W decaying subsequently into H*H,O + r*v, + b6 and the other W decaying 

leptonically. Since only the Hi decays hadronically in the event the Hi mass can 

be reconstructed. Measuring the momentum spectrum of the Hi allows the H* 

mass to be determined. 
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4. Conclusions 

(1) With an e+e- linear collider of fi = 0( $1 TeV) and an integrated lumi- 

nosity of 0( 1040 ~rn-~), we can detect production of charged Higgs bosons 

and determine its mass for H* masses of less than 80 % of the beam energy 

and a dominant decay mode of H+ + t + 6. 

(2) If the charged Higgs boson is sufficiently lighter than the top quark, the 

top quark decays to H+ + b. We can detect the signal of the charged Higgs 

boson 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 with a large branching fraction. Even if 

neutral Higgs bosons cannot be produced via the process e+e- + ZOH!, 

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,O. 

(4) It is necessary to understand the higher order QCD processes and to im- 

prove the QCD shower models, and to test them at lower energies. Also 

processes containing weak vector bosons must be experimentally under- 

stood. 

(5) Beamstrahlung effects must be moderate. We have to compromise between 

the integrated luminosity and the beamstrahlung effect. Beamstrahlung 

effects as moderate as we assumed for the Monte Carlo studies (see Fig.Al) 

are perfectly acceptable for studies of charged Higgs boson production. 
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APPENDICES 

A Monte Carlo Event Simulation 

Monte Carlo event generator programs for the process e+e- -+ H+H- are 

coded under the framework of the Lund 6.3 generator.[251 The production and 

decay processes are simulated according to the differential cross section and the 

decay matrix element. For spinless particle pair production, the angular distribu- 

tion is proportional to sin2 8. For the decay, the angular distribution is isotropic 

in the spinless particle’s rest frame. The higher order QCD effects in the decay 

processes (H- -+ bf + g’s) are included by applying the Lund shower model for 

the decay processes,‘281 the hadronic fragmentation being simulated by using the 

Lund string model. Initial state radiation effectsi2” and beamstrahlung effects[301 

are included in the simulation. 

The detector effects are not fully simulated, but acceptance cuts, and electro- 

magnetic and hadron energy smearings are applied according to the following 

parameters. 

For stable hadrons (n* , K*, KL, p, 8, n and R) 

CTE/E = 0.50/e (E in GeV, for 1 cos 0 I< 0.95) 

a~ = 5.0 mrad, 

a4 = 5.0 mrad, 

For photons and e*‘s: 

aE/E = 0.15/a (E in GeV, for 1 case I< 0.95), 

as = 3.5 mrad, 

a4 = 3.5 mrad. 

For muons: 

Op,/Pt = O.OOlPt (pt is transverse momentum of a muon relative 

to the beam in GeV, for I co.4 I< O.85), 
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The acceptance of each detector component is: 

1 cost3 I< 0.85, for the tracking chamber 

I case I< 0.95 for the electromagnetic and hadron calorimeter. 

It was assumed in the simulation that neutrinos escaped the detector undetected. 
. 

B Beamstrahlung 

At 0(&l TeV) e+e- colliders, there is a significant beamstrahlung effect 

since the beams must be focused down to a very small size (< 1 pm) in order to 

have a high luminosity of 0(1033 crne2s-l ). For these colliders, the particles in 

one bunch feel the very strong electromagnetic field of the other beam, and the 

trajectories of individual particles are bent so they emit radiation. Hence, there 

are two effects; 

(1) The center of mass energy is reduced and the system is boosted along the 

beam. 

(2) The electrons and positrons in the beam are often emitted at finite angles 

to the beam axis. This is called disruption. 

Because of the disruption we cannot install detectors in the small polar angle 

region. This is why the polar angle acceptance cut of lcosel < 0.95 is assumed 

for the calorimeters in this analysis. 

A typical luminosity distribution as a function of the center of mass energy 

squared, reduced by the beamstrahlung effect and normalized to the nominal 

energy squared at 1 TeV2, is shown in Fig.Al.[301 In the Monte Carlo analysis, 

all the cross sections are folded with this luminosity function to correct them. 

The reduction of the C.M. energy due to the beamstrahlung effect cannot be 

distinguished event by event from that due to initial state radiation where the 

radiation goes into the beam pipe. The beamstrahlung effect is hard to calculate 

to a good accuracy using the machine parameters, since these are difficult to 
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measure precisely in real time. Therefore we have to measure experimentally the 

luminosity as a function of the C.M. energy after beamstrahlung. This luminosity 

function can be obtained by measuring the number of Bhabha events as a function 

of observed C.M. energy and by unfolding with the theoretical Bhabha cross 

section after QED radiative corrections. The number of Bhabha events must be 

measured in the relatively large polar angle region where the number of electrons 

or positrons directly due to the disruption are negligible. 

To obtain the number of predicted events for any theoretical model, this 

luminosity function must be folded in with the theoretical cross section (with 

QED radiative corrections). 

FIGURE CAPTIONS 

Fig.1 Feynman diagrams for charged Higgs pair production in e+e- annihilation. 

Fig.2 Feynman diagrams for the charged Higgs boson decay processes. 

Fig.3 The distribution of the minimum angle between any pair of the cluster 

momenta, after the cuts (l)-(7) at ,/Z = 600 GeV. 

(a) for H+H- + bft6 events for MH& = 150 GeV and Mt = 60 GeV, and 

for an integrated luminosity of M 1.5 . 1040 cmP2. 

(b) for multihadron events (Lund shower model), for an integrated luminosity 

of M 0.25 - 104’ cmm2. 

(c) for W+W- events, for an integrated luminosity of M 0.25 . 104’ cmd2. 

(d) for Z”Zo events, for an integrated luminosity of = 2.0 0 104’ cmm2. 

Fig.4 Invariant mass (average of the two in an event) distribution of reconstructed 

charged Higgs bosons for the events passing all the cuts except for the 

impact parameter cut (9). Th e cuts are optimized for a 200 GeV charged 

Higgs boson. Bin size of the plots for the background processes ((b)-(e)) is 

twice as large as for the signal (a), but the integrated numbers of events are 
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normalized correctly with the luminosity so that the plots can be compared 

by overlaying the figures. 

(a) for H+H- + bft6 with MH~ = 150GeV and Mt = 60 GeV. 

(b) for multihadron events (Lund shower model) 

(c) for W+W- events 

(d) for Z”Zo events 

(e) for the sum of (b), ( c and (d). The peaks in the background plot are ) 

due to statistical fluctuations because of the small statistics of the Monte 

Carlo events. 

Fig.5 Invariant mass distribution of reconstructed charged Higgs bosons for the 

events after all the cuts (l)-(9). Th e cuts are optimized for a 200 GeV 

charged Higgs boson. 

(a) for H+H- + bft$ with MH& = 150 GeV and Mt = 60 GeV. 

(b) for the sum of q’Q, W+W- and Z”Zo events. 

Fig.6 Invariant mass distribution of reconstructed charged Higgs bosons at fi = 

600 GeV after applying all the cuts. The cuts are optimized for MH* = 

120 GeV. 

(a) for the process H+H- + bftt6 for MH~ = 120 GeV and Mt = 40 GeV. 

(b) corresponding background (sum of &CD, W+W- and Z”Z”) 

Fig.7 Invariant mass distribution of reconstructed charged Higgs bosons at ,/Z = 

600 GeV after applying all the cuts. The cuts are optimized for MH~ = 

200 GeV. 

(a) for the process H+H- + bft8 with MH* = 200 GeV and Mt = 60 GeV. 

(b) corresponding background (sum of &CD, W+W- and Z”Zo) 

Fig.8 Invariant mass distribution of reconstructed charged Higgs bosons at fi = 

1 TeV after applying all the cuts. The cuts are optimized for MH& = 
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300 GeV. 

(a) for the process H+H-. + bfti; with MH~ = 300 GeV and Mt = 60 GeV. 

(b) for the process H+H- + bftt6 with MH~ = 300 GeV and Mt = 120 GeV. 

(c) corresponding background (sum of &CD, W+W- and Z”Z”) 

Fig.9 Plot of the corrected larger hemisphere mass (M = M+(&/2)/E+) after 

all the cuts for H+H- events with MH* = 200 GeV, and Br(H+ + 

r+vT) = 0.30, Br(H+ + c6) = 0.05 and Br(H+ + CS) = 0.65 at fi = 

600 GeV with an integrated luminosity of 104' cmv2. In the Monte Carlo 

studies no background events are survived after the cuts. Because of the 

limited statistics for the background calculation, the 68% C.L. limit of the 

background events in the plot is set to be 2. 

Fig.10 Plot of the corrected larger hemisphere mass (M = M+ (&/2)/E+) after 

all the cuts. 

(a) for H+H- events at fi = 600 GeV with integrated luminosity of 104’ cms2, 

MHk = 150 GeV, Br(H+ + W+H,O) = 1.00, MH; = 25 GeV and 

Br(H,O + b8) = 1.00. 

(b) The corresponding background plot for the sum of QCD processes, W+W- 

and Z”Zo with the same integrated luminosity as for the signal. 

FIg.Al Plot of the center of mass energy squared after the beamstrahlung over 

the nominal center of mass energy squared (s/so), where 6 = 1 TeV. 

The plot is for a typical case with T = 0.26, EC/& = 3.3 and L = 
3 1 . 1033 cm-2s-1 [301 . , where T and EC are defined in the Ref. 30. 
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