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Recent results of analyses investigating the production of tau leptons in ep collisions at HERA are reviewed.
In total, four different types of analyses are presented: the production of 777~ pairs, the production of single,
isolated tau leptons in events with large missing transverse momentum (in addition to that resulting from the tau
decay); plus two searches for specific new phenomena - for doubly charged Higgs bosons with subsequent decay
H'™ — e™7" and for tau leptons produced in lepton flavor violating processes ep — 7.X.

1. Introduction

Within the Standard Model (SM), tau leptons
are expected to be only rarely observed at HERA.
The dominant production mechanism, the pro-
duction of 777~ pairs in photon—photon collisions
has a cross—section of about 20 pb to produce tau
lepton with transverse momenta above 2 GeV [1].
The cross—section for the production of single tau
leptons in events with large missing transverse
momentum is even smaller, of the order 0.1 pb [2].
The observed rate of tau lepton production at
HERA may, however, be significantly enhanced
by contributions from new physics.

In this paper, studies of SM tau lepton produc-
tion and searches for BSM phenomena produc-
ing tau leptons in the final state are presented,
using data collected in ep collisions at HERA.
The analyzed datasets were recorded by the H1
and ZEUS experiments in the years 1994—2006
and correspond to integrated luminosities of up
to 341 pb~! (H1) and 250 pb~! (ZEUS).

2. Experimental Conditions

2.1. The HERA Collider

In the HERA storage ring, electrons ! are ac-
celerated to a beam energy of E, = 27.6 GeV and
protons to a beam energy of E, = 920 GeV (since

IThe HERA collider can be operated with either electrons
or positrons. In the following, the term “electron” will be
used generically to describe either electrons or positrons
unless specifically noted.
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1998; in the years 1994-97 HERA was operated
with a proton beam energy of 820 GeV), yielding
an ep center—of-mass energy of /s = 318 GeV
(301 GeV in the period 1994-97).

2.2. The Experiments H1 and ZEUS

The H1 and ZEUS detectors are designed as
general purpose detectors, similar in construction
to particle detectors used at other high energy
physics experiments.

In the center of both detectors, enclosing the
nominal interaction point, silicon vertex detec-
tors are installed. The silicon vertex detectors
are complemented by planar and cylindrical drift
chambers which provide tracking information up
to higher radii. The transverse momenta of
charged particles are measured by the curvature
of tracks in a solenoidal magnetic field. Electro-
magnetic and hadronic calorimeters surround the
tracking detectors. The iron return yokes of the
solenoid magnets providing the magnetic fields
in the tracking detectors are instrumented with
limited streamer tubes for muon detection. For
the detection of penetrating particles produced at
small polar angles, separate forward muon detec-
tors are installed behind the main H1 and ZEUS
detectors in proton beam direction.

In both experiments, a right handed coordinate
system is used, in which the z—axis is defined by
the proton beam direction. The polar angles 6
and transverse momenta Pr of particles produced
in the ep interactions are defined with respect to
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the z—axis and the azimuthal angle ¢ defines the
particle direction in the transverse plane. The
pseudo-rapidity 7 is defined as n = —Intan g.

A more detailed description of the H1 and
ZEUS detectors can be found in [3] and [4], re-
spectively.

3. Analyses of 777~ Pair—Production

The analyses of 777~ pair-production comple-
ments previous H1 [5,6] and ZEUS analyses [7]
of electron and muon pair-production. An H1
analysis of multi—electron production has found
3 tri-electron and 3 di-electron events with an
invariant mass (of the highest Pr electron pair)
above 100 GeV [5], a region where only 0.30+0.04
and 0.23+0.04 events are expected from SM pro-
cesses 2. It is therefore interesting to investigate
if 777~ pairs of high invariant mass or Pr are
present in the H1 and ZEUS data.

3.1. H1 Analysis

In the H1 analysis, 777~ events are selected
in a combination of leptonic (e + u), semi-
leptonic (e+jet, u+jet) and hadronic (jet+jet) de-
cay channels of the two tau leptons.

Electrons are identified by the presence of a
compact isolated cluster in the electromagnetic
calorimeter and are required to have an anergy
above 5 GeV and to be within the angular range
20° < 0, < 140°.

Muons are identified by associating an isolated
track in either the planar or cylindrical drift
chambers with a track segment or an energy de-
posit in the instrumented iron and are required
to be within the angular range 20° < 6, < 140°
and have a transverse momentum above 2 GeV.

Jets resulting from hadronic tau decays (de-
noted as “tau—jets” in the following) are identified
by a set of neural networks trained to discriminate
between hadronic one—prong and three—prong tau
decays on the one hand and electrons, muons and
jets resulting from hadronization of quarks and
gluons (“hadronic jets”) on the other hand. For
the training of the neural networks, a set of jet—

2Here and in the following, uncertainties quoted on SM
predictions represent systematic and statistical uncertain-
ties added in quadrature, unless specifically indicated oth-
erwise.

shape observables reconstructed from hits in the
drift chambers and from energy deposits in the
calorimeters are used [8]. The jets are required
to contain at least one track with a transverse
momentum P%* > 2 GeV and to be within the
angular range 20° < 0., < 120°.

In order to reduce background contributions,
the events are required to be compatible with
elastic production, i.e. to contain neither energy
deposits above noise level in the calorimeter nor
tracks in the drift chambers that cannot be asso-
ciated with either the tau decay products or the
scattered electron.

In an e*p dataset corresponding to an inte-
grated luminosity of 106 pb~!, 30 events are
selected in the combination of leptonic, semi-
leptonic and hadronic decay channels. The num-
ber of events selected in the data is in agreement
with a SM prediction of 27.1+4.1 events, of which
59% are expected from 777~ (signal) processes.
The distribution of the transverse momenta of the
visible decay products (e, p or jet) is shown in fig-
ure 1. The Pr distribution as well as the distribu-
tion of the invariant mass of the detected decay
products are found to be in agreement with the
SM expectation [9].

In the kinematic region defined by 20° < 60, <
140° and P > 2 GeV, the measured cross—
section is 13.6 = 4.4 + 3.7 pb [9] (the first error
represents statistical and the second systematic
uncertainties), in agreement with a SM expecta-
tion of 11.2 £ 0.3 pb [1].

3.2. ZEUS Analysis

In the analysis performed by the ZEUS collab-
oration, 777~ events are selected in the leptonic
(e + p) decay channel only.

Electrons are required to have an energy F, >
4 GeV and to be within the angular range 6. <
2.6 rad. For electrons within the geometric ac-
ceptance of the cylindrical drift chamber (17° <
0 < 164°), a track of momentum Pi.qcr > 2 GeV
is required to match the electron cluster.

Muons are identified by a combination of
their minimum ionizing particle signatures in the
calorimeter and hits reconstructed in the muon
detectors. They are required to match a track of
PF > 2 GeV in the cylindrical drift chamber.
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Figure 1. Distribution of transverse momenta of
the visible tau decay products in the H1 777~
event sample. Note that selected events enter the
distribution twice. The open histogram shows the
SM expectation and the shaded band its uncer-
tainty. The signal contribution is indicated by the
hatched histogram.

As in the H1 analysis, the events are required to
be compatible with elastic production, in order to
reduce the contributions from various background
processes.

In an e p dataset corresponding to an inte-
grated luminosity of 135 pb™!, 3 events are se-
lected, in agreement with a SM expectation of
2.0+0.8 events from 717~ (signal) processes plus
less than 0.2 from T pu~ (background) processes.
The Pr and invariant mass distributions of the
detected decay products are found to be in agree-
ment with the SM prediction as well.

4. Analyses of events containing single tau
leptons and large missing transverse
momentum

The analysis of events containing single, iso-
lated tau leptons and large missing transverse
momentum (P7%) is motivated by the obser-
vation of an excess over the SM expectation of
events containing isolated electrons or muons and
large P/ in the H1 data [10]. Such events are
produced by tauonic decays W — 7v of real W
bosons and can be a signature of physics beyond
the SM, such as the anomalous production of sin-

gle top quarks by flavor—changing neutral current
interactions [11].

4.1. H1 Analysis

The H1 analysis of 7 + P$ events is based
on the identification of the hadronic one—prong
decay modes of the tau. One-prong tau-jets of
PJ" > 7 GeV are identified within the angular
range 20° < ¢, < 120° by requiring a jet of ra-
dius Rje; < 0.12 that contains exactly one track,
which is required to have a transverse momentum
Pirack > 5 GeV. The jet radius Rj; is defined
as the energy weighted average distance in n—¢
between the jet—axis and all particles ¢ within the
jet:

1 L, L
Rjer = o ZEi\/AU (jet,i)” + Ag (jet,i)® .
Jje i

The decay products of the tau lepton are ex-
cluded from the reconstruction of the hadronic
final state X.

For events to be selected, a missing transverse
momentum of PJ"**¢ > 12 GeV is required. In or-
der to ensure that the reconstructed Py*** arises
neither from a mismeasurement of the hadronic fi-
nal state nor (solely) from the neutrino produced
in the tau decay, an angle (“acoplanarity angle”)
|¢j"‘t — ¢X’ < 170° between the one—prong tau
jet and the hadronic final state is required. A
few further selection criteria are applied, to re-
duce remaining contributions of background pro-
cesses [9,12].

In an e®p dataset corresponding to an inte-
grated luminosity of 278 pb~!, 25 events are se-
lected, in agreement with a SM expectation of
242732 As is illustrated in figure 2, a fluctua-
tion over the SM prediction is observed at large
hadronic transverse momenta, however. In the
region P > 25 GeV, 3 events are observed,
while only 0.741512 events are expected from all
SM processes (the main contribution of which,
O.44J_r8:8; events, is expected from tauonic decays
W — 7v of real W bosons).

4.2. ZEUS Analysis

The ZEUS 7 + Py analysis is also based
on identifying the hadronic one—prong tau decay
modes.
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Figure 2. Distribution of the hadronic transverse
momentum in the 7 + P7$ events selected in
the H1 e*p data (points), compared to the SM
expectation (open histogram). The contribution
from W boson decays is indicated by the hatched
histogram.

Loose tau—jet candidates are selected within
the angular range —1.0 < ;¢ < 2.5 by requir-
ing a jet of transverse energy E%Et > 5 GeV con-
taining an isolated track of transverse momen-
tum Pe* > 5 GeV. The final identification
of hadronic tau decays is based on a probabil-
ity density estimation (PDE) method [13,14]. In
the PDE method, a discriminant

D — pSig (‘f)
Psig (T) + pog (T)

is defined, based on the densities psig of tau—
jets and pyg of hadronic jets in a six-dimensional
space, which is spanned by selected jet-shape ob-
servables that are sensitive to the difference in
collimation and particle multiplicity between tau—
jets and hadronic jets. In this six-dimensional
space, the signal and background densities at a
point & are estimated using Monte Carlo simula-
tions of tau—jets on one hand and hadronic jets on
the other hand, by sampling (i.e. counting) the
number of simulated tau—jets and hadronic jets in
a small six-dimensional box centered around Z.
The jet—shape observables used in this analysis
are all reconstructed from the energy distribution
of the jet in the calorimeter. They correspond
to the first and second moments of the energy
distribution in direction transverse and parallel

to the jet—axis; to the number of subjets within
the jet (for a y—cut of 5-10~%) and to its invariant
mass [15]. For tau—jets to be identified as such a
discriminant D > 0.95 is required.

Background arising from unidentified electrons
faking a hadronic jet signature is removed by re-
quiring fem > 95% and fen, + frr > 1.6, where
fem 1s the electromagnetic energy fraction of the
jet and frr denotes the leading track fraction,
defined as the ratio between the momentum of
the stiffest track within the jet and the total jet
energy.

For events passing the final event selection,
a missing transverse momentum of PS>
20 GeV is required.

In an e*p dataset corresponding to an inte-
grated luminosity of 130 pb~!, 3 events are se-
lected, while only 0.401)}3 are expected from all
SM processes. 2 of the 3 events are selected in
the region PX > 25 GeV (cf. figure 3), in which
the excess of lepton+P** events is observed
in the H1 data, exceeding a SM expectation of
0.20 + 0.05 events (49% of which are expected
from SM W — 1v decays).
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Figure 3. Distribution of the hadronic transverse
momentum in the 7 + P events selected in
the ZEUS e*p data (points), compared to the SM
expectation (solid histogram). The contribution
from W boson decays is indicated by the hatched
histogram. Also shown in the figure (dashed line)
is the hadronic transverse momentum spectrum
that might be observed if a signal for new physics
(in this example single top quarks produced by
flavor—changing neutral current interactions [11])
were present in the ZEUS data.
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A review of the H1 and ZEUS results for events
containing isolated electrons, muons or tau lep-
tons and large missing transverse momentum has
recently been published [16].

In summary, a fluctuation of 7 + P events
over the SM expectation is observed by both
H1 and ZEUS in the region of large hadronic
transverse momenta P;X. In the complementary
e+ Prss and p + PRS channels, H1 observes
an excess of events at high P in e*p collisions
only. The event yield observed by H1 in e™p col-
lisions is in good agreement with the SM. ZEUS,
on the other hand, sees no indication for an ex-
cess in the same channels, neither in e”p nor in
eTp collisions.

5. Search for doubly charged Higgs Bosons

Doubly charged Higgs bosons arise in mod-
els in which the SM Higgs sector is extended
by one or more triplet(s) with non-zero hyper-
charge [17-19]. The Higgs triplet(s) may couple
to charged leptons, to other Higgs and to gauge
bosons via Yukawa couplings that are in general
not related to the fermion masses. Couplings to
neutrinos and to quarks are not possible, due to
charge conservation.

The H*T can be produced at HERA if it has
a non-zero coupling (hee, hey Or her) to the elec-
tron. Decays to ee, ey and et are searched for by
H1 and no evidence for such signal is found [20].
Here, the search for production and decay of dou-
bly charged Higgs bosons via the h., coupling is
presented in more detail.

H**+ — er decays are searched for in a com-
bination of three channels, covering the decays of
the tau lepton into an electron (e + e channel), a
muon (e+p channel) or into a collimated hadronic
jet (e+jet channel).

Electrons are required to have a transverse mo-
mentum above 5 GeV and to be within the angu-
lar range 20° < 6. < 140° (120° in the e +
channel).

Muons are required to have a transverse mo-
mentum PJ > 5 GeV and to be within the angu-
lar range 20° < 0, < 140°.

Hadronic tau decays are selected in the angular
range 20° < ;e < 140° by requiring a jet that

contains at least one track of P:}T“Ck > 5 GeV and
no further tracks within a distance of 0.15 < R <
1.5 around the jet—axis (tracks closer than 0.15
to the jet—axis are interpreted as resulting from
three—prong tau decays).

In each channel, at least one electron, muon,
or tau—jet with a transverse momentum above
10 GeV is required, in order to insure a high trig-
ger efficiency (> 95%). The charges of the elec-
trons, muons and tau—jets are required to be pos-
itive, as expected for leptons produced in H++
decays. For events selected in the e + e and e+jet
channels, a significant missing transverse momen-
tum (Pj** > 8 GeV in the e + e channel and
Piss > 11 GeV in the e jet channel) is required,
indicating the presence of undetected momentum
in the final state, resulting from the neutrinos
produced in the tau decays. A few more selec-
tion criteria are applied, to reduce the contribu-
tions from specific background processes. Details
of the full event selection can be found in [22].

In the combination of the e+e¢e, e+ p and e+jet
channels, the efficiency to select H*+ — er signal
events amounts to about 25%.

In an etp dataset corresponding to an inte-
grated luminosity of 88 pb™!, 1 event is selected in
the combination of the three analyzed channels,
in agreement with an expectation of 2.07 £ 0.54
arising from SM (background) processes. As no
evidence for the production of H" bosons is ob-
served, limits on the mass My and on the cou-
pling h., are set [20], which extend the parameter
space excluded by H** searches at LEP [21] by
the amount shown in figure 4.

6. Search for Lepton Flavor Violation

Within the SM, lepton flavor is conserved in-
dividually for each lepton generation in all inter-
actions, in agreement with experimental observa-
tions. From a theoretical point of view, the con-
servation of generation—wise lepton flavor is not
mandatory, however, as there is no gauge symme-
try that demands it. The observation of lepton
flavor violating processes would be a clear indica-
tion of physics beyond the SM.

In ep collisions at HERA, lepton flavor viola-
tion (LFV) may be observed via a change in lep-
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Figure 4. Mass dependent upper limit (at the
95% confidence level) on the coupling h., assum-
ing that the H™1 decays solely via HT+ — er.
The region above the curve is excluded.

ton flavor of the incoming beam electron into a
muon or tau in the final state.

utort

4j

Figure 5. Resonant LQ production in the s—
channel with subsequent decay of the produced
LQ into a muon or tau lepton (left) and u—channel
exchange of a LQ possessing couplings to second
or third generation leptons (right).

Lepton flavor violating processes are described
by introducing a new particle species, color triplet
scalar or vector bosons that carry both lepton
and baryon numbers and are hence called “lep-
toquarks”. In the leptoquark (LQ) model, lepton
flavor violating processes ep — pX and ep — 7X
at HERA are described by the two Feynman di-
agrams shown in figure 5. In the figure, Ae; (Aej)
denotes the Yukawa coupling of a leptoquark to
a positron and a quark of generation ¢ (j) and Ay;
(Ai;) denotes the coupling to the same quark and

a lepton of generation ! (muon or tau). In the
following, results of searches for lepton flavor vio-
lating processes ep — 17X, leading to a tau lepton
in the final state, are presented.

6.1. H1 Analysis

The H1 search for LFV via ep — 7X processes
is based on identifying the hadronic decay prod-
ucts of the tau.

Events are selected by requiring two high Pr
jets of transverse momenta PJ" > 25 GeV and
PJ" > 15 GeV (the higher Pr jet is inter-
preted as the one resulting from hadronization
of the quark and the the lower Pr one as re-
sulting from the tau decay) within the angular
range 7° < Ojet1 jet2 < 145°. In order to reduce
the background from unidentified beam electrons
faking the signature of a hadronic tau decay, the
ratio fen, of energy deposited in the electromag-
netic calorimeter to the total energy of the jet,
deposited in either the electromagnetic and or
the hadronic calorimeter, is required to be less
than 95% for both jets. The background from
hadronic jets is reduced by requiring a jet radius
Rjet < 0.12 (defined in section 4.1), an invariant
mass Mje; < 7 GeV (reconstructed from energy
deposits in the calorimeter) and 1 < Nypgers < 3
tracks within the jet, all within a narrow cone of
radius 0.12 around the jet—axis.

For the selected events, a large missing trans-
verse momentum, PR > 20 GeV is required,
indicating the presence of undetected momen-
tum caused by the tau neutrino. The missing
transverse momentum vector is required to line
up within |¢7* — ¢™%| < 30° with the visible
tau decay products in the transverse plane. The
efficiency of these selection criteria ranges from
about 10% to 30%, depending on the LQ mass
and type 3.

In an etp dataset corresponding to an inte-
grated luminosity of 66 pb~!, 1 event is selected,
in agreement with an expectation of 0.56 + 0.16
events from SM (background) processes. As no
evidence for an observation of LFV is found, lim-

3The efficiency depends on the LQ type via the spin of
the LQ, as a different LQ spin results in different angular
distribution and hence a different geometric acceptance of
the selection criteria.
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its on the couplings and masses of leptoquarks are
set [23].

6.2. ZEUS Analysis

In the analysis performed by the ZEUS collab-
oration, ep — 7X events are selected in a combi-
nation of electronic, muonic and hadronic decay
modes of the produced tau lepton.

Electrons are required to have an energy F. >
20 GeV and be within the angular range 8° <
0. < 125°.

Muons are selected in the angular range 8° <
0, < 164° by requiring the presence of either
an isolated track with a transverse momentum
> 5 GeV in the cylindrical drift chamber that is
matched to an energy deposit compatible with
a minimum ionizing particle signature in the
calorimeter or a track reconstructed in the for-
ward muon detector.

Hadronic tau decays are identified in the angu-
lar range 15° < 6.; < 164° by a cut D > 0.90 on
the discriminant described in section 4.2 (using
the same six jet—shape observables as those used
in the ZEUS 7 + P75 analysis). Background
from unidentified beam electrons is removed by
requiring fem > 95% and fem + frr > 1.6 (cf.
section 4.2).

For the selected events, a missing transverse
momentum PR > 15 GeV (> 20 GeV for
events selected in the muonic decay mode) lined
up within |¢#3¢ — ¢miss| < 20° with the vis-
ible tau decay products in the transverse plane
is required. Remaining background contributions
are reduced by a few more selection criteria, the
details of which can be found in [24].

In an e*p dataset corresponding to an inte-
grated luminosity of 130 pb~!, 0 events are se-
lected in the combination of leptonic and hadronic
decay modes, compatible with a SM (back-
ground) expectation of 2.3 + 0.5 events. In the
absence of a signal, limits on the masses and cou-
plings of the leptoquarks are set.

Some of the ZEUS limits actually represent the
most stringent bounds on leptoquark masses and
couplings available to date, improving the lim-
its [25] obtained from searches for rare tau lep-
ton, Kaon and B meson decays by up to a factor
four [24]. As an example, ZEUS limits on lepto-
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Figure 6. Mass dependent upper limits (at the
95% C. L.) on the coupling A, for scalar (left)
and vector (right) leptoquarks obtained by the
ZEUS search for LF'V compared to the parameter
space excluded by low energy experiments.

quarks of masses near the HERA kinematic limit,
obtained from the search for lepton flavor violat-
ing processes ep — 7X, are compared with the
parameter space excluded by low energy experi-
ments in figure 6.

7. Summary

Four different types of analyses investigating
the production of tau leptons in ep collisions at
HERA have been presented. The results of the
H1 and ZEUS 717~ analyses agree well with the
SM predictions. No evidence for doubly charged
Higgs bosons or lepton flavor violation has been
found.

In the analysis of 7+ P/ events a fluctuation
of events over the SM expectation is observed in
the region of large hadronic transverse momenta
P#. However, provided the limited statistics of
the available data samples, the results of the H1
and ZEUS analyses do not allow for final conclu-
sions yet.

It will therefore be very interesting to see how
the excess of e + Pmiss 4 Pmiss and r 4 Pmiss
events develops in the future. The datasets an-
alyzed in the lepton+Pm* analyses at HERA
so far correspond to integrated luminosities of
341 pb~! (e+ PRvs¢ and p+ PRviss H1), 278 pb~!
(1 + Priss H1), 250 pb~! (e + Pm and p +
Priss 7ZEUS) and 130 pb~! (7 + Pmiss ZEUS).
By the time of the HERA shutdown scheduled
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for end of June next year, each experiment is ex-

pected to have collected in total ~500 pb~! of

data. The datasets available for analyses will then
be about twice as large as the datasets that have
been analyzed to date.
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