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Summary. — A search for the production and non-standard decay of a Higgs
boson, h, into four taus through intermediate pseudoscalars, a, is conducted on
683 pb~! of data collected by the ALEPH experiment at centre-of-mass energies from
183 to 209 GeV. No excess of events above background is observed, and exclusion
limits are placed on the combined production cross section times branching ratio,
tom o -

g = % x B(h — aa) x B(a — 7t77)%. For my, < 107GeV/c* and
4 <my <10CeV/c?, €2 > 1 is excluded at the 95% confidence level.

PACS 14.80.Ec — Other neutral Higgs bosons.

1. — Introduction

Searches conducted at LEP2 have excluded the standard model (SM) Higgs boson
decaying into bb or 777~ for masses below 114.4 GeV/c? [1]. The LEP experiments ob-
served a ~ 2.50 excess in the bb final state for a Higgs boson mass around 100 GeV/c?,
which is consistent with SM-like production and a reduced branching ratio into bb [2].
This excess, the mild tension with electroweak precision tests [3], and the fine-tuning
needed in the minimal supersymmetric standard model (MSSM) have prompted the con-
sideration of models with exotic Higgs boson decays, such as those of the next-to-minimal
supersymmetric standard model (NMSSM) [4,5] as well as more general frameworks [6,7].
In these models, new decay channels can dominate over h — bb and render the Higgs
boson “invisible” for conventional searches. In particular, a Higgs boson decaying into
two light pseudoscalars is well motivated by these models and results in a four-body
final state as the pseudoscalars decay into light fermions. A search for h — 2a — 471
with ALEPH data, extending the mass range to my, ~ 110 GeV/c?, is presented in this
paper. The pseudoscalar a may arise from a two-higgs doublet model, as in the MSSM,
or it can include a component from an additional singlet field as in the NMSSM. These
possibilities differ in their details and relations between model parameters. The present
search is performed in a model-independent manner and simply adopts the two main
characteristics of the pseudoscalar: the coupling to a Higgs boson resulting in h — aa
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Fig. 1. — Higgs boson production and decay modes considered in this analysis.

decay and the coupling to SM fermions proportional to their Yukawa couplings. The
present analysis concentrates on the region 2m, < m, < 2my,, where the a — 7777
decay mode is expected to be substantial. The Higgs boson production mode considered
here is the higgsstrahlung process, shown in fig. 1 with Z — ete™, p*u—, vi.

A detailed description of the ALEPH detector can be found in ref. [8]. The detector’s
performance is described in ref. [9]. The average centre-of-mass energies at which the
machine operated and the corresponding integrated luminosities used in this analysis are
presented in table 1.

2. — Signal and background generation

Both signal and background were generated for all centre-of-mass energies shown in
table T using the GEANT3-based simulation of ALEPH [10]. Backgrounds were generated
with a variety of generators listed in table II.

3. — Event selection

For the mass range considered, the Higgs boson is produced approximately at rest,
and thus the decay h — 2a — 47 results in a pair of taus recoiling against another pair of
taus. The JADE algorithm [20,21] was employed to cluster into jets all energy-flow objects
except for those identified as energetic, isolated photons, energy deposits in the LCAL
and SICAL, and the two hardest, oppositely-charged leptons in the case of the Z — £T¢~
channels. Given that each jet is expected to arise from the on-shell decay a — 7777, an
effective way to target the signal topology is to use the JADE algorithm with y.,¢ chosen
to merge proto-jets up to a mass of mje; = 15 GeV/c?. Because the taus from the same
a decay are highly collimated, the identification of jets containing the decay products of
two taus was based only on the track multiplicity of the jets, denoted n*ak with the
index i ordered in decreasing jet energy. Because the tau predominantly decays either
to one charged particle (“one-prong” decay) or three charged particles (“three-prong”
decay), each jet is expected to contain two, four, or six tracks. To maximize the tracking
efficiency, the jets were required to be well contained in the tracking volume.

TABLE 1. — Integrated luminosities collected at the different average centre-of-mass energies.

Ecum(GeV) | 18265 | 188.63 | 191.58 | 195.52 | 199.52 | 201.62 | 204.86 | 206.53
[Ldt(pb™) | 56.8 | 1742 | 28.9 79.9 86.3 41.9 81.4 | 1332
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TABLE II. — Details on SM background processes and their categorisation. Fragmentation, hadro-
nisation and final state radiation were simulated with PYTHIA 6.1 [11]. PHOTOS [12] was used to
model final state radiation, and TAUOLA [13] was used for tau decays. More details can be found
wn ref. [14].

Category Process Software
ete™ — Z/y" — qd(y) KK 4.14 [15]
Bhabha and eTe™ — Z/y* — eTe™ (v) BHWIDE 1.01 [16]
2f ete™ = Z/v" — utp—(y) KK 4.14 [15]
ete”™ = Z/yv —1r17 () KK 4.14 [15]
ete” — Z — vi(y) PYTHIA 6.1 [11]
ete” = Z/y* — WHW™ KORALW 1.51 [17]
ete” — 77 PYTHIA 6.1 [11]
4af ete” — Zete™ PYTHIA 6.1 [11]
ete” — Zuw PYTHIA 6.1 [11]
ete” — WHeTu PYTHIA 6.1 [11]
P PHOTO2 [18, 19)]
o ¥y — qq PHOTO2 [18,19]
ny ete” —ny PYTHIA 6.1 [11]

The Z — ¢t¢~ decay is often accompanied by additional photons from final state
radiation, which can carry substantial momentum. The photon was considered part of the
candidate Z system when the invariant mass of the /T~ system was closer to the Z mass
than the invariant mass of the lepton pair alone. This algorithm resulted in an increase of
~ 20% in the signal efficiency after the Z mass window cut, 80 < mz < 102 GeV/c?. For
each of the channels below, a loose selection and final selection are presented. The loose
selection isolates the broad characteristics of the signal events and allows for comparison
of the data and simulated backgrounds.

3'1. Z — ¢T¢~. — The loose selection consisted of the following requirements. An
ete™ or ptpu~ pair and the presence of two jets (or 3 jets with nfak < 2 ) were
required for consistency with the final state of the signal. The three-jet events are
kept to recover signal efficiency for events with converted photon arising from final state
radiation. Proper containment of the jet in the tracking volume was ensured by requiring
|cos | < 0.9 and |cos#,| < 0.9, where 6, is the angle of the i-th jet with respect to
the beam axis. Additional lepton isolation was imposed by requiring that a cone of
10° around each lepton contained less than 5% of the visible energy of the event and
cos Qj-rf‘in < 0.95, where erf‘in is the minimum angle between each pairing of a jet and
lepton.

The final selection consisted of the following requirements and maintained an accept-
able signal efficiency while rejecting most backgrounds. A mass window for the candidate
7Z between 80-102 GeV/c? was effective at removing two-fermion backgrounds. Due to
the neutrinos from tau decays the signal was separated from fully hadronic final states by
requiring a missing energy F;s > 20 GeV. The expected jet configuration of the signal
was enforced by requiring cosbj,j, < 0, where 6;;, is the angle between the two jets.
Finally, the remaining backgrounds were suppressed by requiring nﬁrjd‘ = 2 or 4, the
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Fig. 2. — Distributions for the Z — p*u~ channel after the loose selection for (a) the recon-
structed Z invariant mass and (b) missing energy, where signal corresponds to my, = 100 GeV/c?,
ma = 4GeV/c® with €2 = 1. The same distributions are shown in (c) and (d) after the final
selection, excluding any requirements on the variable shown.

dominant track multiplicities expected in the signal. Figures 2 show the distribution of
the reconstructed Z mass and missing energy for the Z — p+pu~ channel. The numbers
of events passing loose and final selection in data and simulated background are shown

in table III.
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TABLE III. — Number of events passing loose and final selections in each channel, in data,
simulated background, and simulated signal (my = 100, m. = 4 GeV/c*). The numbers of
events passing the final selection are categorised by track multiplicity.

Channel Selection Data Total Background category Signal
(nfrack pfrack) background 2f 4f o ny
Loose 299 332 183 137 | 12.31 | 0.65 2.27
7 ote- (2,2) 0 0.034 0.034 | 0.000 | 0.000 | 0.000 | 0.689
(2,4)+(4,2) 0 0.055 0.014 | 0.005 | 0.037 | 0.000 | 0.610
(4,4) 0 0.031 0.019 | 0.013 | 0.000 | 0.000 | 0.126
Loose 83 74.50 12.79 | 60.64 | 1.07 | 0.00 2.37
Z— it (2,2) 0 0.058 0.005 | 0.053 | 0.000 | 0.000 | 0.800
(2,4)+(4,2) 0 0.005 0.000 | 0.005 | 0.000 | 0.000 | 0.676
(2,2) 0 0.006 0.000 | 0.006 | 0.000 | 0.000 | 0.127
Loose 206 200 135 | 47.97 | 13.50 | 3.74 12.63
7 v (2,2) 0 1.312 0.663 | 0.408 | 0.240 | 0.000 | 5.097
(2,4)+(4,2) 0 1.948 0.528 | 0.575 | 0.845 | 0.000 | 4.741
(4,4) 2 2.569 0.461 | 0.820 | 1.288 | 0.000 | 1.089

3'2. Z — vv. — All objects found in the event were clustered into jets as described
above. The loose selection consisted of the following requirements. Missing energy greater
than 30 GeV and missing mass, muy;s, greater than 20 GeV/c? were used to reject dijet
and other two-fermion backgrounds. In order to further reject the vy background, events
were required to have Fyis > 0.05 E¢py, and | cos O] < 0.9, where Eyig is the visible energy
and 6y, is the angle between the missing momentum vector and the beam axis. Events
were required to have two well-contained jets with |cos6;| < 0.85, dijet invariant mass
mjj, > 10 GeV/c?, dijet angular separation cos 6,5, <0, and the highest energy jet was
required to have Ej, > 25GeV and n{"k =2 or 4.

The final selection consisted of the following requirements. First, the requirement
E;, + Ej, + Emis > Eem — 5GeV was used to reject events with energy deposits in the
forward regions of the detector. Consistency with Z — v© was ensured by requiring
FEnis > 60 GeV and myis > 90 GeV/c?. Finally, the second jet was also required to have
n§ak = 2 or 4. The numbers of events passing loose and final selection in data and
simulated background are shown in table ITI.

3'3. Signal efficiency. — The h — 2a — 47 signal efficiency is shown in fig. 3 as a
function of the Higgs boson mass with m, = 4-10 GeV/c? for the three Z decay channels
considered.

4. — Systematic uncertainties

Uncertainties and inaccuracies in the Monte Carlo simulation lead to systematic effects
in the analysis. The impact of uncertainties in jet energy and direction, missing energy,
and lepton identification and isolation were estimated. For the Z — ¢+~ channels, the
total relative systematic uncertainties from lepton identification and isolation were found
to be 0.6%, 2.6% and 7.5% for the signal, ZZ, and Zee backgrounds, respectively. The
systematic uncertainties for WW, Wevr, qq, and other backgrounds were all smaller than
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Fig. 3. — Signal efficiency as a function of the Higgs boson mass for the three channels considered
in this work, Z — ete™, u"pu~, and vo. The upper (lower) portion of the efficiency band
corresponds to m, = 4 (10) GeV/c?.

30%. Based on these estimates and the background composition, a 10% uncertainty is
estimated for the background in the Z — ¢T¢~ channels. The agreement between the
background estimate and the observed number of events in data with the loose selection
is within the systematic and statistical uncertainty for all three channels. Given the low
numbers of selected events, the final measurements are statistically limited.

5. — Results

No excess of events above the background was observed. Limits on the cross section
times branching ratio with respect to the SM higgsstrahlung production cross section,

£ = % x B(h — aa) x B(a — 7777)? were determined. Figure 4a shows

the 95% confidence level upper-limit on ¢2 as a function of my, for m, = 10GeV/c%.
Figure 4b shows 95% confidence level contours of £2 in the (my,, m.)-plane. Because the
selection has no my, or m, dependence, the resulting upper limits are fully correlated. The
observed number of events is consistent with a downward fluctuation of the background,
which leads to stronger than expected limits on £2.

6. — Conclusions

A search for a Higgs boson produced via higgsstrahlung at LEP2 energies has been
performed, where h — 2a — 47 and Z — e*e™, u"u~, vo. No evidence for an excess
of events above background was observed, and a limit on the combined production cross

tem — _ .
section times branching ratio, &2 = % x B(h — aa) x B(a — 7t77)? is
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Fig. 4. — (a) Observed and expected 95% confidence level limit on &2 as a function of the Higgs
boson mass for m, = 10GeV/c?. (b) Contours of observed 95% confidence level limit on & in
the (mun, ma)-plane.

presented. For my, < 107 GeV/c? and 4 < m, < 10GeV/c?, €2 > 1 is excluded at the
95% confidence level. This analysis covers a region of parameter space previously left

unexplored, and further constrains models with non-standard Higgs decays, such as the
NMSSM.
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