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Abstract

A search for pair-produced charged Higgs bosons in decays of the Z° has been per-
formed using the ALEPH detector at LEP for the decay channels Ht H- — v7 or,
Ht*H™ — v7 ¢s and HYH- — ¢5 ©s. Searches for two additional decay channels in
which ¢s is replaced by cb were also performed. With 1.17 pb~! of integrated luminosity,
corresponding to about 25000 hadronic decays of the Z°, the charged Higgs has been
excluded at 95% C.L. in the mass range 7.6 to 43.0 GeV for BR[H* — v7] = 100%,
8.3 to 40.6 GeVfor BR[H* —v7r] = BR[H* —cs] = 50%, and 14.4 to 35.4 GeV for

BR[H* — cs] = 100%. With cs replaced by cb, the charged Higgs has been excluded at
~ 95% C.L. in the mass range 12.0 to 40.7 GeV for BR[H* — v7] = BR[H* — ¢b] = 50%,
and 16.2 to 35.7 GeV for BR[H* — cb] = 100%.




1 1ntroduction

The minimal formulation of the Standard Model of electroweak interactions [1} uses a
single doublet of coxﬁplex fields to provide, via the Higgs mechanism [2], masses for
the W* and Z° bosons [3]. In this formulation there is a single massive scalar, the HO,
whose mass is not specified by the theory and which has been recently excluded in the
region 32 Mev < My < 24 GeV [4]. However, there is no reason to believe that the
Higgs sector is not richer in structure. Non-minimal Higgs sectors may play important
roles in such diverse areas as electroweak CP violation [5], the suppression of strong
CP violation [6], the generation of neutrino masses [7], and B°B? mixing [8], and they
are an essential element of supersymmetric theories [9]. Models in which there are two
or more doublets have puee = M /(M2 cos?w) = 1 and also allow the absence of
flavor-changing neutral currents to be readily arranged [10].

In this letter, the minimal extension of the Standard Model from one having a single
complex doublet to one having two such doublets is considered. This extra doublet
introduces four additional degrees of freedom and hence four additional physical Higgs
particles, bringing the total number of such particles to five, denoted by HP?, h®, A®,
H* and H™ . For the last two of these, a partial width for pair production from Z° decay
may be obtained without any further specification of the model. This partial width
is [11]

3
I[Z° — H*H- | = 2ok (1

2
0 (sn) e O

where fp+ = 4/1 - 4M?2, /s. This gives, for example, a branching ratio of 0.26% for
Mgz = 35 GeV at s = M2, .

The decay rate of the charged Higgs into fermions is given by [12]

G2

MHE - ul) = = Mys mf tan® (2)
G2
T(H* — uim2djm123) = é:r/_MHi 3|Vyl? [m? cot” § + mjz_ tan® )6] ! (3)




where | = (e, u,7), v = up-type quarks, d = down-type quarks and tanf = vy /vy is
the ratio of the vacuum expectation values. Hence, in the mass range explored in this

letter the following processes will dominate:

HY H™ - v7,vr

v — { HY H- - vT,es or H*,H™ — v7,cb (4)

Ht H- —c5,8s or HY,H™ — cb,cbh.
Searches for‘ these processes are presented in sections 3,4, and 5, respectively. The two
hadronic decay modes H* — ¢s and H* — ¢b are required to satisfy identical selection
criteria, and for each of the processes above which involve hadronic decays two distinct
limit contours are derived. From eq. (3), the relative rate I'(cb)/T'(cs) ~ 0.01 to 0.05 for
tan 3 ~ 1, and 0.6 to 2.4 for tan 3 > 1, using quark masses and Kobayashi-Maskawa
matrix elements as given in ref. 15.

These analyses have been performed using the data obtained by the ALEPH detector
at LEP from September to December, 1989, collected at the Z° peak and in a region
+3 GeV around it. A total of 1.17 pb™'of integrated luminosity, corresponding to
about 25000 hadronic Z° decays, have been used.

2 The ALEPH Detector

The ALEPH detector has been described in detail elsewhere [14]. Briefly, the parts of
the detector relevant to the analyses presented in this letter are: the cylindrical inner
tracking chamber (ITC), exfending from 13 to 29 ¢m in radius and providing up to
8 coordinates in azimuth and radius; the cylindrical time projection chamber (TPC),
extending to 180 cm in radius and providing up to 21 three-dimensional coordinates;
the electromagnetic calorimeter (ECAL), having 45 lead sheet /proportional wire cham-
ber layers and 74000 cathode pad towers arranged in a projective geometry; and the
hadron calorimeter (HCAL), having 23 iron slab/streamer tube layers and 4600 pro-
jective cathode pad towers. The HCAL which also serves as the iron return yoke of

the magnet, which is a 1.5 T superconducting solenoid located between the ECAL and




HCAL barrels. The luminosity calérimgter (LCAL) provides energy and position mea-
surements of the ete™ pairs coming from small-angle Bhabha scattering and is similar
in construction to the ECAL.

The readout of the detector is triggered independently by several separate condi-
tions, three of which are relevant for this study. The first requires an energy deposit of
at least 6.6 GeV in the barrel of the ECAL, or at least 3.7 GeV in one of the endcaps, or
at least 1.5 GeV in each of the endcaps. The second independent trigger demands that
there be an ITC track (defined as a signal in at least 5 of the 8 cylindrical wire layers
recording ionization from charged particles) in azimuthal coincidence with a deposit of
at least 1.3 GeV in the ECAL. The third independent trigger requires an ITC track in

azimuthal coincidence with a signal penetfating at least 40 cm of iron in the HCAL.

3 Search for HtH™ decaying to v7 o7

In the decay channel H* H~ — 7 U7, the two final states considered have “good”
charged particles in 1-on-1 and 3-on-1 topologies, corresponding to roughly 75% and
23% of all the possible tau-tau decay modes, respectively. A “good” charged particle is
defined as one making an angle a with the beam axis such that | cos a| < 0.95, having
at least 4 TPC coordinates, |dy| < 2 e¢m, |z| < 10 cn, and a momentum measured by
the ITC and TPC greater than 2 GeV. Here, |dp|is defined as the distance of closest
approach to the interaction point in the plane perpendicular to the beam axis and
zo is defined as the coordinate along the beam with respect to the interaction point.
Only those charged particles which meet these criteria are used in this analysis. Events
are not kept if they have additional charged particles which do not satisfy the above
criteria.

Events with a 3-on-1 topology are kept only if the invariant mass of the three most
closely clustered charged particles is less than 2 GeV, consistent with having come from

the decay of a tau. In this topology, the most isolated charged particle (see eq. (5)) is




chosen as the daughter of the one-prong decéy. Events having a total invariant mass less
than 2 GeV are not kept because the simulation of events due to two-photon exchange
(henceforth called “2y” events) is not well understood in this region.

Defining the decay axes as the individual charged particle momenta for the one-
prong tau decays, and as the sum of the momenta of the charged particles for the

three-prong tau decay, the following quantities are calculated:
1. the angle between the decay axes Gayes;
2. the projection of f,xe onto the plane perpendicular to the beam axis Opyq;;

3. the vector sum of the charged particles’ momenta transverse to the beam axis

Pt = |EﬁJ.|-

Background from Z° — [*[=()events is reduced by the requirement cos6uces >
—0.9. Fig. 1 shows the distribution of 44 for the data, the simulated background,
and a simulated 40.0 GeV charged Higgs signal for those events which pass the 1-on-
1 or 3-on-1 topology requirement and the invariant mass criteria. In this figure, the
simulated background and the simulated charged Higgs signal are normalized to the
integrated luminosity of the data. Both 2yand Z° — I*{~(y) backgrounds are reduced
by requiring p; > 7 GeV. Further reduction in 24 background is achieved by requiring
o8 Oproj > —0.99, and further reduction in Z° — I*1~(v) background comes from the
veto of events with a clustered energy deposit greater than 5 GeV in the ECAL or
LCAL outside a cone of half-angle 20° centered on each decay axis. Since the charged
Higgs signal process is rich in neutrinos, the total energy in the ECAL is required to
be less than 0.45,/s. With these event selection criteria, no events are observed in the
data.

In this analysis and in the analyses which follow, all simulated events are made
using Monte Carlo methods which include triggering and detector efficiencies, detector

geometry and initial-state radiation, and all are processed by the same reconstruction




and analysis programs used for the -data-. The simulation of the tau decay follows
recently measured branching fractions [15]. Monte Carlo methods are used to simulate
the background due to Z° — I*1~ (), 2v, and Z° — ¢g(g) processes [16,17]. Based on
these simulations, 1.46+0.33 events are expected to satisfy all the selection criteria.
Since there is no evidence for a signal in the accessible H* mass range, a 95% C.L.
limit is set at 3.0 signal events, assuming Poisson statistics. The contour of the excluded
mass region is given in fig. 2 as a function of BR[H* — v7], the leptonic branching ratio
of the charged Higgs. Table 1 shows the number of expected signal (1,) and background

(ps) events and the signal efficiency (¢) at several values of Mgz .

4 Search for HYH™ decaying‘ to v7 ¢cs or vT cb

The characteristic topology for the decay channels H* H~ — v7 ¢s and Ht H- — vr ¢b
is a two-jet-like system plus an acoplanar isolated charged particle coming from the
hadronic decay of one charged Higgs and the leptonic decay of the other, respectively.
Missing energy and momentum result from undetected neutrinos. Since the signature
contains jets, only events which pass Z° multihadronic decay selection criteria are ac-
cepted. These criteria are that each event must have at least five “good” charged
particles and the total energy in these charged particles must exceed 10% of the center-
of-mass energy. A good charged particle is defined using the same criteria as in section 3,
but without any minimum momentum requirement. Only charged particles satisfying
these criteria are used in this analysis. In this analysis and in the analysis in the next
section, LUND 6.3 Parton Shower [16] is used to simulate the hadronization process in
the H* decays.

The most isolated charged particle in an event is selected as follows: for each charged

particle 7 the isolation parameter p; is calculated by clustering [18] all charged particles




except the ith into N jets. The quantity p; is defined as [19]

pi = _Illli'I}]\.I {\/2.5';(1 — cos 9,-,-)} , (5)

3

where E; is the energy in GeV of the ith charged particle and §;; is the angle between
the ¢th charged particle and the axis of the jth jet. The most isolated charged particle
in an event has the largest value of p;. Only events whose most isolated charged particle
has a momentum greater than 1.5 GeV are accepted.

Once the most isolated charged particle is selected, all the remaining charged par-
ticles are grouped into two jets. Two characteristic angles are defined for the resultiﬁg

topology:

1. the angle ¢ between the isolated charged particle and the normal to the plane

containing the two jets;
2. the angle 8;is between the two jets.

Missing momentum in the Higgs signal causes the isolated charged particle to be acopla-
nar with respect to the two-jet system, therefore | cos ¢| > 0.25 is required. To reduce
two-jet background, 8.4, < 135° is required.

For each event satisfying the topology selection, the following quantities are calcu-

lated:

1. the boosted sphericity S$® defined, in the rest frame of the two-jet system, as the

sphericity of all the charged particles except the most isolated one;

2. the decay angle 8, defined, in the rest frame of the two-jet system, as the angle

the boosted jets make with the direction of the two-jet system in the ZP rest frame;

3. the sum of the energy deposited in the ECAL, Egcar, and the sum of the energy
deposited in the LCAL, ErcaL;

4. the direction of the thrust axis of the event;




5. the vector sum of the charged particles’ momenta transverse to the beam axis

Pt = IEﬁJ.|'

In the rest frame of the hadronically-decaying Higgs, the two-jet system is well
collimated and therefore S* < 0.2 is required. Since the H¥ decays isotropically in its
rest frame, in contrast to gluon radiation from quarks, cos#? < 0.6 is required. To
remove any event which may mimic an isolated charged particle topology by virtue of
having some of its charged particles escape undetected, the thrust axis must make an
angle 8y, with the beam axis such that | cos 6y, < 0.9, and Epcay is required to be
less than 3 GeV. To select events with missing momentum and energy, p, > 6 GeV and
EgcaL < 35 GeV are required. With these selection criteria, no events are observed in
the data. Fig. 3 shows the distribution of p, for the data, the simulated background,
and a simulated 37.5 GeV charged Higgs signal for events satisfying all selection criteria
except p, > 6 GeV. The simulated background and the simulated charged Higgs signal
are normalized to the integrated luminosity of the data.

Since there is no evidence for a signal in the accessible H* mass range, a 95% C.L.
limit is set at 3.0 signal events as in section 3. The contour of the excluded mass
region is given in fig. 2 as a function of BR[H* —¢s] and in fig. 4 as a function of
BR[H* — cb], the hadronic branching ratios of the charged Higgs. Table 1 shows the
number of expected signal (p,) and background (u;) events, and the signal efficiency
(e) for several values of Mys+ . The quantities g, and y; are obtained by counting the
number of simulated Z° — ¢§(g) events which fulfill all the selection criteria and have
a reconstructed mass lying in a region Xoar around each value of My« in the table,

where o ~ 2.5 GeV is the resolution for the reconstructed mass.




5 Search for H*H~ decaying to ¢s ¢sor cb @b

In the decay channels HY H~ — ¢3 €s and HY*H- — ¢b ¢b, the final states have a
four-jet topology and hence only events passing the Z° multihadronic decay selection
criteria described in section 4 are accepted. Only charged particles satisfying the “good”
cha,rgéd particle criteria described in section 4 are used in this analysis.

To remove a large fraction of the Z° — ¢g{g) background, only events with an apla-
narity greater than 0.02 are accepted. The charged particles are then clustered into
at least two jets [21]. Events having less than four jets or more than five jets are
re-clustered [22] so that they have exactly four jets. Five-jet events are made into
four-jet events by merging the jet having the smallest energy with the jet closest to it
spatially. This procedure provides a better mass resolution than re-clustering for large
Higgs masses where gluon radiation is a more frequent occurrence. Jets whose charge
magnitude is greater than 2, or whose charged multiplicity is less than 3, are considered
to be poorly reconstructed and therefore the corresponding event is removed. From
the observed jet velocities ﬁ_;et, calculated by assigning all charged particles the mass of
the charged pion, the energies Ej, of the individual jets are recalculated [23] by solving
the equations of energy and momentum conservation

4 i
Y Eje=FEq, and > Ejefier = 0. (6)
jet=1 jet=1
Events with any jet having a negative recalculated energy are removed. Also, events
with any jet having a recalculated energy Eje, differing greatly from its original observed
value Eje, as defined by
Eje,

% |Eje, — Eer] < 100.0 GeV, (7)
-E_let

0.01 GeV <

are removed. For the remainder of this analysis, the recalculated jet energies are used.




In each event there are three possible jet-jet pairings, but since the charged Higgs

have equal masses only the jet-jet pairing minimizing
Ei+ E; — Fowi/2| (8)

is taken, where i, j denote two of the four available jets. For the chosen pairing, with
i,J, k,! denoting the individual jets and ij and k! denoting the two jet-pair systems,

the following quantities are then calculated:

1. the production angle 67, defined as the acute angle between the jet-pair system

directions and the beam axis;

2. the invariant masses M;; and M, of the two jet-pair systems;

3. the two opening angles 67" and 6,7 , defined as the angles made between the

jets in each jet-pair system in the Z°rest frame;

4. the two decay angles 6 (6), defined, in the i;(kl) rest frame, as the angles the
boosted jets 7, j(k,!) make with the 7j(k!) direction in the Z° rest frame;

5. the boosted sphericities S7;(S};), defined as the sphericities in the ij(k!) rest frame.

In contrast to Z° — ¢g(g) decays, Z° — H*H~ decays follow a sin? distribution,

and therefore 87 > 60° is required. The two charged Higgs particles have the same mass,

and therefore |M;; — My| < 4 GeV ~ 2037 is required, where o037 is the resolution for

the average reconstructed mass, %(M,-,— + My). For the same reason, the opening angles
open

should be nearly the same, hence |67 — 67| < 15° is required. Since each charged

Higgs decays isotropically in its rest frame, in contrast to gluon radiation from quarks,
d d
cos 6;; - cos; < 0.13 (9)

is required.
The final-state topology varies widely as a function of Higgs mass, from being es-

sentially two-jet-like with low sphericity and small average opening angle at low masses
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to being nearly isotropic with high sphericity and large average opening angle at high
masses. However, in the rest frame of each Higgs the topology is nearly two-jet-like with
low sphericity throughout the accessible H* mass range, hence the boosted sphericity

product S} - 5%, [20] is required to satisfy
St - St < 0.08. (10)

Since the two charged Higgs particles have the same velocities, the boosted sphericities

should not be vastly different, and therefore
0.067 < S,/ Sy < 15.0 (11)

18 also required. With these selection cﬁferia, six events are observed in the data, one
with an average reconstructed mass of 25 GeV and the remaining five with average
reconstructed masses > 40 GeV. Fig. § shows the quantity S?; - S}, for the data, the
simulated background, and a simulated 30 GeV charged Higgs signal for those events
which have a reconstructed average mass £2.5 GeV (=~ +o37) around 30 GeV and
which pass all the selection criteria except S’f’j + 8%, < 0.03. The simulated background
and the simulated charged Higgs signal are normalized to the integrated luminosity of
the data.

Since there is no strong evidence for a signal in the accessible H* mass range, a 95%
C.L. limit is set assuming Poisson statistics. At a given M+, this limit is obtained by
counting the number of events in the data (u,) in a region 42.5 GeV around My+ which
satisfy all selection criteria. The expected background is not subtracted, giving a more
conservative limit. The contour of the excluded mass region is given in fig. 2 as a
function of BR[H* —¢s] and in fig. 4 as a function of BR[H* — cb), the hadronic
branching ratios of the charged Higgs. Table 1 shows the number of expected signal
(1s) and background (u;) events, the signal efficiency (€) and p, for several values of
Mpy+ . The numbers p,, gy and g, are counted in a region £2.5 GeV around each value

of My+ in the table, in the same way as described at the end of section 4.
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6 Results and Conclusions

Before making the limit contours, the following systematic errors are added in quadra-
ture and subtracted from the expected signal for each channel: less than 2% systematic
error in the luminosity measurement [24] and a 10% systematic error estimated from
the ef'féct of reasonable variations in the selection criteria. In addition, a 2.6% reduction
in the signal for H* H™ — v7 v7 is made since the same percentage of the random trig-
ger events are removed by the veto on ECAL or LCAL energy deposition described in
section 3. Similarly, a 1.8% reduction in the signal for H* H- = vr ¢s(vr ¢b) is made
since the same percentage of random trigger events are removed by the requirements
Frcan < 3 GeV and Egcar, < 35 GeV described in section 4.

The individual limit contours for the decay channels Ht H~ — v7 o7, HYH- —
vr es(vt cb) and HYH™ — ¢35 @s(cb ¢b) are shown in fig. 2 (4). All limits are
obtained without the subtraction of expected background. Previous work has ex-
cluded the charged Higgs below 19 GeV [25]. In the analyses presented here, the
lower limits on Mpy+ are due to the following tendencies in the charged Higgs signa-
tures which reduce the signal detection efficiencies: the increasing collinearity of the
final state particles for HY H- — u7 7r, the decreasing acoplanarity of the isolated
charged particle for H* H- — vt ¢s(vr cb), and the increasing two-jet-like behavior
for HtH- — ¢5 @s(cb ©b). The upper limits are due primarily to the decrease in
production rate. The requirement that the angle between the jets 8, < 135° for
HY*H- — vt cs(vr cb) and the difficulty in accurately reconstructing four jets for
H+H~ — ¢35 @s(ch eb) also reduce the signal detection efficiency for these decay chan-
nels at the larger values of Mpyax .

To extend the limit outside the bounds described by the individual contours, the
limits obtainable with any two or all three of the individual contours are calculated.
This extended limit is found by using the sum of the number of observed events,

Nzum - and the sum of the expected signals, p3*™, from the individual contours. The

12




combination of N5™ and us™ giving the best limit on the branching ratio is used to
make the combined contours shown by the héa,vier lines in figs. 2 and 4.

Fig. 2 indicates that at BR[H* — »7] = 100% the charged Higgs is excluded at 95%
C.L. in the mass range 7.6 to 43.0 GeV, at BR[H* — v7] = BR[H* —¢s] = 50% in
the range 8.3 to 40.6 GeV and at BR[H* — cs] = 100% in the range 14.4 to 35.4 GeV.
With cs replaced by cb, fig. 4 shows that at BR[H* —»v7] = BR{H* —cb] = 50%
the charged Higgs is excluded at 95% C.L. in the fange 12.0 to 40.7 GeV, and at
BR[H* — ¢b] = 100% in the range 16.2 to 35.7 GeV .
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Figure Céptions

Fig. 1: The angle between the decay axes 8,,e, for the decay channel Ht H- — v7 o1
for the data, the simulated background, and a simulated 40.0 GeV charged Higgs signal
for events which pass the 1-on-1 or 3-on-1 topoiogy requirement and the invariant mass
criteria. Both the simulated background and the simulated Higgs signal are normalized
to the integrated luminosity of the data. Only events with ... < 154°, as indicated

by the arrow, are kept.

Fig. 2: The 95% C.L. limit on the mass of the charged Higgs as a function of
BR[H* —v7] and BR[H* —¢cs]. The region on the hatched side of the contour is

excluded. The combined limit for all channels is indicated by the heavier lines.

Fig. 3: The quantity p, for the decay channel H* H~ — vr ¢s for the data, the sim-
ulated background, and a simulated 37.5 GeV charged Higgs signal for events which
pass all selection criteria except p; > 6 GeV. The simulated background and the sim-
ulated charged Higgs signal are normalized to the integrated luminosity of the data.

Only events with p; > 6 GeV, as indicated by the arrow, are kept.

Fig. 4: The 95% C.L. limit on the mass of the charged Higgs as a function of
BR{H* —»7] and BR[H* —¢cb]. The region on the hatched side of the contour is

excluded. The combined limit for all channels is indicated by the heavier lines.

Fig. 5: The boosted sphericity product S7;- S}, for the decay channel Ht H~ — ¢3 €s
for the data, the simulated background, and a simulated 30.0 GeV charged Higgs signal

for those events which have a reconstructed average mass +2.5 GeV (= +o37) around
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30.0 GeV and which pass all the selection criteria except St Sh < 0.03. The simulated
background and the simulated charged Higgs signal are normalized to the integrated

luminosity of the datd. Only events with S¥; - S, < 0.03, as indicated by the arrow, are

kept.
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Detection Efficiency and Number of Expected and

Table 1

Observed Events as a Function of Higgs Mass

H*H- — vF ore | HYH- — 7 gs® HtH™ — c5 ©s°
Mys (GeV) | e Bs | i € Bs | i € Hs | Bo | M
20 0.11530.0| 1.5 | 0087 |11.0| 00}0.042| 97| 0 | 24
25 0.156 [ 32.9 | 1.5{0.127 129 0.3 |0.054{10.0| 1 { 2.4
30 0.194 | 289 | 1.5]0.156 | 11.6 ] 0.7 (0052 69| 0 | 2.6
35 0220 120.1 ) 15(0154 | 70| 1.2|0.040( 3.3 | 0 | 2.8
38 0.248 | 13.8| 15710127 3.7 1.2{0.034| 20| 1 | 2.8
43 0276 35| 1.5 - - - - - 31 76
45 02851 05| 1.5 - - - - - 3| 76

Note that for the decay channels H* H- — »7 o7 and H* H™ — vt ¢s(wr cb) the
number of observed events p, = 0. In the table, e is the signal detection efficiency, u,
is the number of expected signal events, and u; i1s the number of expected background

events.

2 For BR[H* — v7] = 100%.
b For BR[H* — v7| = BR[H* — cs] = 50%.
¢ For BR[HT —¢s] = 100%.
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