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A search has been performed for the production of charged Higgs bosons 1n e *e~ annthilation at center of mass energies up to
46 8 GeV From the absence of both hadronic and leptonic decay signatures, we exclude them up to a mass of 19 GeV/c? indepen-

dent of the hadronic and leptonic branching ratios

1 Introduction A fundamental feature of the
Standard Model (SM) of electroweak interactions 1s
that 1t requires the presence of at least one scalar
Higgs doublet, which leads to the prediction of a
neutral boson [1] However, the SM does not con-
strain the total number of such doublets, and several
models designed to solve some of 1ts difficulties and
ambiguties enlarge this Higgs sector (e g models for
CP-violation [2] or addressing the strong CP-prob-
lem [3], and all supersymmetric models [4] #!) All
of them are characterized by the appearance of new
charged Higgs bosons (H £ ) which can be produced
m e*e” annihilations according to the differential
Cross section

3
g—;(eﬁe* —»H*H*):gﬁawﬁsmzﬁ, (1)

where 0,,=(4/3s)mo? 1s the total p-pair cross sec-
tion, B 1s the Higgs velocity and & 1s the relative angle
between the incoming and outgoing particles The
total cross section 1s {a,,8°

The weak decay into fermions depends on several
parameters The present knowledge about the quark
mixing angles, the fermion masses and the bounds
on the fermion-Higgs couplings [ 6] imply the decay
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modes H* »1tv, c¢s, cb to be dominant for Higgs
masses 1n the PETRA energy range, thus giving rise
to the following ractions

e*e">H"H™ »1vtv
tau final state,

ete"-H*"H -cqcq’ (q,q =s,b)
hadronic final state,

ete -H"H -»1veq (gq=s,b)
mixed tau and hadronic final state

Higgs production could also change the total cross
section of taus and multihadrons

In this paper we report an experimental search for
unstable ** charged Higgs bosons using the signa-
tures mentioned above It should be noted that these
signatures hold also for technipions as predicted by
technicolor models [7]

2 Data collection and detector properties The data
used for the present study were collected with the
CELLO detector operating at the PETRA e*e~ col-
lider The total integrated luminosity used for this
analysis was 34 pb~ !, most of 1t (27 pb—!) was taken
at a fixed center of mass energy of 44 GeV, the rest
1n an energy scan from 42 5 GeV to 46 8 GeV The
CELLO detector has been described 1n detail else-
where [8] Here we summarise the main features of
the apparatus used 1n this analysis

—The central tracking device measures momenta
of charged particles with a set of cylindnical dnift- and
proportional chambers nside a 1 3 T solenoidal
magnetic field The resolutions obtained 1n polar
angle (6), azimuthal angle (¢), and transverse
momentum (p,) are g,=3 mrad sin’f, o,=2 mrad,
and o(p)/p,=002p, for|{cos | <09

—The hquid argon electromagnetic calorimeter 1s
divided into two parts The barrel part covers the

*2 We assume that the H® decay with a decay length less than
10~2m
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|cos 8| range up to 0 86 and the end caps cover the
region 0 92 < {cos 8| <099 It has a total thickness
of 20 radiation lengths and the showers are sampled
7 umes 1n depth The fine lateral segmentation pro-
vides an angular resolution ¢,=6 mrad and g,=38
mrad The energy resolution 1s ¢,/E=005
+0 10/\/E, where E 1s the shower energy in GeV

—The so called ““hole tagger” 1s a lead scintillator
sandwich which closes the gap between the barrei and
the end cap colorimeters (0 86<|cos 8] <092)
Though 1ts energy resolution 1s poor, 1t 1s efficient in
tagging events with photons escaping in the hole
between the barrel and end cap calornimeter

The triggers of interest for the present analysis
require either

(1) at least 2 GeV deposited energy 1n the barrel
liquid argon calorimeter and one or more charged
particles 1n the central detector with a momentum
greater than 650 MeV/c transverse to the beam (as
determined by a fast hardware processor), or

(2) two charged particles with a minimum open-
ing angle of 135° 1n the r¢ plane perpendicular to the
beam and a transverse momentum greater than 650
MeV/c

The data processing was carried out be the stan-
dard CELLO reconstruction programs After this
procedure we selected all topologies of interest by
applying different sets of cuts which are described in
detail below

3 Tau final states The decay of both Higgs bosons
into tv leads to a characteristic signature of events
with two charged tracks coming from the t decay
(Br(t—1 prong)~86% {9]) and missing energy
-momentum due to the undetected neutrinos

To select such events and suppres standard QED
background we required

(1) two tracks in the inner detector within
|cos @] <0 85 and originating from the vertex,

(2) a momentum above 2 5§ GeV for both charged
particles or above 6 GeV for one charged particle and
1 GeV for the other,

(3) the acoplanarity angle of the two tracks
(defined as the acollinearity in the plane r¢) between
35° and 170°,

(4) a missing transverse momentum, as calculated
from the two charged particles only, above 3 GeV/c,

(5) the acoplananity of the t-jet axes, obtained by
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Fig 1 Limits at 95% CL on the mass of the charged Higgs part-
cles as a function of the branching ratio into leptons or hadrons
The area on the shaded side of the contour 1s excluded 1n each
case and they are obtained from the different analysis explained
1n the text The combined limit for all of them (thick line) shows
that charged Higgs bosons below 19 GeV/c? are excluded

using both charged and neutral particles, greater than
20°,

(6) photons either 1n the barrel or 1n the hole tag-
ger or 1n the end cap had to give an invariant mass
with one of the charged particles <2 GeV/c?, else
the event was considered to be a Tty candidate and
rejected

Cut 3 removes collinear lepton patr production and
cuts 2, 3, and 4 effectively suppress lepton paris from
two photon scattering which tend to be balanced 1n
transverse momentum Cut 6 removes events from
tau pair production with two very acoplanar tracks
of which one has low momentum

No candidate event 1s left after the cuts, while the
residual background expectation from QED 1s 0 3
events The detection efficiency with these critena 1s
12% for H* masses around 22 GeV/c¢? and falls lin-
early to zero at 5 GeV/c?

From the absence of such a signal we exclude H*
masses at 95% CL 1n the range between 5 6 GeV/c?
and 19 5 GeV/c? (assuming 100% branching ratio
forH-1v) The contour labelled as H* —»tau’s in fig
1 shows the dependence of the limits on the branch-
1ng ratio

4 Hadronic final states If both charged Higgs par-
ticles decay into quarks (H* —cs, ¢cb) and have a rel-
atively high mass (>8 GeV/c?) the most obvious
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Fig 2 (a) Sphericity distribution for the events accepted by the
multthadron selection (b) Mimimum angular separation between
jets 1n the four-jet event sample The expectations from second
order QCD and charged Higgs production with masses of 17
GeV/c? and 10 GeV/c? are also shown All distributions are nor-
malized to the total number of events found 1n data

signal after quark hadronization 1s an excess in the
number of four jet events In contrast to those orig-
mating from QCD processes these events will show
two jet combinations with an invariant mass clus-
tering at the corresponding Higgs mass

The multihadron preselection 1s the same as
described 1n ref [10] The main requirements are

(1) The multiplicity of charged particles n > 4

(2) Energy of charged particles E.,>0 10\/}

(3) Energy of neutral particles E,.,>0 08\/5

(4) Total energy of all particles £, >0 40\/s

To enhance the Higgs signal we required 1n
addition

(5) Energy of charged particles E ., >0 30\/5

(6) Large sphenicity values (S>0 15) (see fig 2a)

(7) The polar angle (6,,,) of the sphericity axis
constrained to |cos G,,| <0 75
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(8) The charged energy greater than the neutral
energy

(9) Four and only four jets found by a cluster
algorithm ** where these jets in addition were
required to have

(a) ajet energy (neutral plus charged) larger than
3 GeV with 1ts axis constrained to |cos 6] <0 8,

(b) a particle multiplicity (neutral plus charged)
for each jet larger than 2,

(c) no particle having more than 90% of the cor-
responding jet energy,

(d) a minimum angle between any two jets of 65°
(see fig 2b) For small Higgs masses this cut 1s too
restrictive and 1t was loosened to 40° as will be dis-
cussed hereafter

(10) For the remaining four jet events, the jet four-
momenta were recalculated from the measured jet
directions and known quark masses In this way large
mass fluctuations due to poorly measured or unob-
served particles are avoided and the mass resolution
for the H* candidates 1s improved Only well recon-
structed events with little missing energy and
momentum were accepted by requiring the rescaling
of the jet energies and momenta to be between 0 5
and 2 5

(11) Once the event was reconstructed kinemat-
ically, only clean four jet events were selected by
requiring that all jet-jet combinations showed a large
invariant mass (Y= (m,,/\/g)2>0 05) and that the
difference between the invariant masses of the two
jet pairs was less than 10 GeV/c? for at least one of
the two wrong jet-jet combinations The wrong jet
pairings were distinguished from the correct pairing
by calculating the probability for all possible jet pair-
mngs via a least square fit requining pair production
of particles with equal masses From a Monte Carlo
simulation the Higgs mass resolution was found to
be 1-2 GeV/c? 1n the mass range of interest

No event survived these cuts and the detection
efficiency was found to be 5-6% for Higgs masses
above 13 GeV/c? The expected background from
second order QCD processes 1s 0 8 events

For smaller Higgs masses the jets become more
collimated and so we made shightly different cuts

#3 This cluster algorithm 1s a utility routine 1n the Lund Monte
Carlo program [11], version JETSETS 2 The parameter
defining the cluster resolution (d,,.,) was chosen to be 2 GeV/c

379



Volume 193 number 2 3

(1) The angular separation between jets was
required to be only >40° (see fig 2b)

(2) The correct jet-jet combinations had to have
a small invariant mass ( Y<0 06) and all other com-
binations had to have m,>18 GeV/c?, since this
configuration gives large invariant masses for the
wrong jet combinations

One event remained, which was kept as a candi-
date (My;=10 GeV/c?), the expectation from sec-
ond order QCD background 1s 06 events The
detection efficiency for these selection criteria 1s 4%
around 13 GeV/c¢? and falls to zero at 8 GeV/c* From
these efficiencies and the observed number of events
we exclude H™ masses between 8 7 GeV/c? and 18
GeV/c? at 95% CL (for 100% branching ratio
H=* —cs) These limits are shown 1n fig 1 as function
of the branching ratio by the curve labelled H* -4
Jets Since the number of events surviving the cuts
were only 0 or 1, we did not make any QCD back-
ground subtraction for the limit calculations, thus
obtaining conservative limits which do not depend
on uncertainties from multyet production from
higher order QCD

For the Monte Carlo simulations the LUND string
fragmentation [11,12] including imitial state radia-
tive corrections was used A variation of the frag-
mentation parameters o, and the vector meson
probability for the ¢ and b quarks within reasonable
limits do not affect the H* detection efficiency
significantly

The different hadronic decay modes H* —cs or
H* - cb show simular detection efficiencies The limit
contour n fig 1 labelled as H* —4 jets corresponds
to the case H* —»cs The somewhat better limit for
the decay H* —cb has been indicated at the bottom
of the figure

5 Mixed hadronic and tau final state When one
Higgs decays into a Tv and the other 1nto quarks (cs,
¢b), the cleanest signature for the detection of charged
Higgs 1s evidence of an excess of multihadron events
with an 1solated track and missing energy
-momentum

After a multihadron preselection softer than the
one used 1n the preceeding section (nq.,>2,
E.>0 lv/:v, E...>20 GeV), the following require-
ments were made

(1) A missing total energy greater than 0 25\ﬁ
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Fig 3 Acollinearitv distribution for the accepted multihadron
events with an 1solated charged track (as expected 1n a mixed
hadronic and leptonic H* decay) This 1s compared with the sec-
ond order QCD prediction and the charged Higgs production with
amass of 17 GeV/c? All distributions are normalized to the total
number of events 1n data

(2) An absolute missing momentum greater than
0 1\/5 and pointing 1n the barrel calorimeter

(3) The polar angle 4,,, of the sphericity axis -
calculated including the missing four momentum 1n
the event — had to satisfy |cos f,,,| <06

(4) One charged track 1solated by more than 60°
from any other charged track and having a minimum
energy of 1 5 GeV

(5) Inside this cone not more than 3 neutral par-
ticles were allowed, in addition the neutral energy
was not allowed to exceed the energy of the 1solated
track by more than a factor 1 5 and the averge energy
of the particles inside the cone had to be larger than
1 GeV

(6) Since heavy Higgs particles are slow,
B2 =(pi/Ew)? was required to be less than 0 95,
where p,,, and E,, ** are the summed momentum and
energy of all particles outside the cone defined above

(7) The acollinearity of the two momentum sums
of the particles mmside and outside the cone was
required to be between 15° and 90° (see fig 3)

Cuts 6 and 7 efficiently reject Tt background Cut

# E.o Was calculated under the assumption that all charged par-
ticles were pions
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2 rejects events from yy collisions with one of the
radiating electrons scattered into the acceptance of
the detector No event survived these cuts, the
expected background from QCD 1s 1 event The
detection efficiency for this decay mode 1s 5-6% when
the Higgs branching ratio 1s assumed to be 50% for
both leptonic and hadronic channels With this
assumption we exclude at 95% CL H* masses
between 4 2 and 18 2 GeV/c? The contour labelled
H* - jets+““tau” shows the limit as a function of the
branching ratio

These cuts still yield a sizeable efficiency for a 100%
branching ratio into hadrons, since heavy quark
decays can produce 1solated charged particles when
the Higgs mass 1s big enough The overlap in effi-
ciency for these selection criteria and those used 1n
the four jet analysis 1s estimated to be less than 1%,
so the data samples are practically independent, thus
allowing one to make a combined limit

6 Total cross sections for tau and multthadron pro-
duction The main purpose of this analysis 1s to search
for the production of Higgses 1n the low mass corners
of fig 1 not accesible by the analysis described 1n the
previous sections The pair production of Higgs
bosons decaying into multihadrons gives an increase
of 0 2587 1n the ratio R of the measured total had-
ronic cross section and the muon pair production
cross section Such a large increase 1s easily excluded
from the combined results on R of the vartous PEP
and PETRA experiments [13] To obtain the limit
as function of the H* mass and the branching ratio
we fitted simultaneously the strong coupling con-
stant ¢, and the branching ratio of the charged Higgs
for a given mass The value of the electroweak mix-
ing angle sin? 8y, was kept fixed at the world average
of 0 23 [14] The fitted value of o was always close
to the one without the Higgs contribution The
excluded mass range at 95% CL as function of the
branching ratios are shown 1n fig 1 as the contour
labelled R We have also tried a fit in which a; was
kept small (Aqcp=10 MeV), so that most of the
excess over the quark parton model prediction can
be attributed to Higgs production In this case the
area excluded by the contour R 1n fig 1 1s roughly
reduced to half 1ts size The limits determined from
R depend on the relative detection efficiency for the
Higgs bosons and the normal multithadron produc-
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tion For CELLO this ratio 1s close to one and we
have assumed 1t to be one also for all other detectors

A similar fit has been performed to our measure-
ments of the total cross section for tau production
[15] The results are shown by the curve labelled 5.,
in fig 1

No attempts have been made to exclude H* with
masses below the threshold for decay into taus, since
this region has been excluded already [16]

7 Conclusion In a search for unstable charged
Higgs particles we did not observe any signal 1n erther
hadronic or leptonic decay modes using data up to
the highest PETRA energy of 46 8 GeV The com-
bined results on the searches for all possible decay
modes exclude charged Higgs bosons with masses
below 19 GeV/c? at 95% CL independent of the
branching ratio This limit also holds for techniptons
which have the same signatures [7]

The present result improves significantly previous
ones from PEP and PETRA [17], none of which
exluded by 1tself charged Higgs bosons idependently
of their decay mode
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