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Abstract

The production of tau leptons ip collisions is investigated using data recorded by the H1
detector at HERA in the period 1994-2000. Tau leptons aratified by detecting their
decay products, using leptonic and hadronic decay modes.ciidss section for the pro-
duction of tau lepton pairs is measured for the first time aRAEFurthermore, a search for
events with an energetic isolated tau lepton and with langsinmg transverse momentum is
performed. The results are found to be in agreement with tiwvedard Model predictions.
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1 Introduction

In the Standard Model (SM), tau leptons are produced eithgairs or in association with a tau
anti—neutrino, as expected from lepton flavour consermatioelectron—proton collisions, pairs
of tau leptons are produced via photon—photon interaetion+ 7+~ (figure 1a), in which a
photon from the electron interacts with a photon emittedhgydroton [1]. Tau leptons and tau
anti—neutrinos are producedlii boson decays, as illustrated in figure 1b [2]. The signattire o
these events is a high transverse momenttpn) {(solated tau lepton, large missing transverse
momentumPis* due to the undetected neutrinos, and a hadronic systensatiypof low Pr.

This paper presents a measurement of the production ofgisanieairs ¢ *7~) and a search
for events with an isolated tau lepton accompanied by largsing transverse momentum
(r + Pris). The measurement of 7~ production is performed at low transverse momentum
considering both leptonic and hadronic tau decays. Thissaoreanent complements that of
electron and muon pair production previously performedhsy 1 collaboration [3,4]. In
the search for + P& events tau decays are identified in the hadronic channel drtis
search complements the previous H1 measurements of theqti@dof events with an isolated
electron or muon and large missing transverse momentuncjwiave revealed an excess over
the SM expectation of events containing in addition a higghhadronic system [5-7]. The
ZEUS collaboration has also studied the production of eveiith an isolated lepton and large
missing transverse momentum [8—10].

The analysis is based on data from electrqgmoton collisions at a centre—of-mass energy
of 301 or 319 GeV, recorded by the H1 experiment at HERA in thega 1994-2000. The
total integrated luminosity amounts t66 pb~! for the measurement oft 7~ production and
115 pb~! for the search for + P events.

This paper is organised as follows. The physics procesadsigto tau lepton production at
HERA are described in sectiantogether with the relevant background processes. In settio
the H1 detector and the experimental conditions are briefbcdbed. Particle identification is
presented in section 4. The selection of events with taws@aid the resulting measurements
are described in sectidh The search for events with an isolated hightau lepton and large
missing transverse momentum is presented in se6tidnsummary is given in section

2 Signal and Background Processes

The Standard Model processes leading to tau lepton pradtuitielectron—proton collisions
are briefly outlined in this section, together with the doamhbackground processes. For each
process,X is used to label the hadronic final state, excluding the taaylproducts.

The following processes, denoted henceforth as signal, tee@vents containing genuine
tau leptons in the final state:

1n this paper, the name of the particle is used for both degiand anti—particles, unless otherwise stated (e.g.
“electron” is used generically to refer to both electrond positrons).
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Figure 1: Diagrams of the main production mechanisms oféatohs in electron—proton col-
lisions: a) tau pair production via photon—photon collisions dndingleWW boson production
followed by the subsequent decay of fheinto a tau lepton and a tau anti—neutrino.

e Tau pair production: ep — ert7= X
The production of tau pairs proceeds mainly via photon-gunabllisions [1], as shown
in figure la. The proton can remain intact (elastic productwhich dominates) or be
dissociated in the interaction (inelastic production)eTircident electron is usually scat-
tered at small angles and is often not observed in the magatttet Only a small fraction
of the total cross section is visible in the detector, as tlosscsection steeply falls with
the transverse momentufy. of the tau leptons. The cross section is about 20 pb for
P7 > 2 GeV. This process is modelled using the GRAPE [11] Monte C@vIC) gener-
ator.

e Production of W bosons:ep — eW X — eTv, X
The dominant production mechanism fidf bosons inep collisions [2] is depicted in
figure 1b. The cross section is largest in the photoproducigime (photon—proton
collisions), in which thé¥ boson usually has small transverse momentum and the scat-
tered electron is not observed in the main detector. TWheroduction cross section
at HERA is about 1 pb, resulting in a cross section of aboutphXor the process
ep — eWX — erv. X. This process is modelled using the EPVEC generator [2]. The
next—to—leading order QCD correctionsito production [12] are taken into account by
weighting the events as a function of the rapidity and trars¥ momentum of th@’
boson [13].

The following processes, denoted henceforth as backgradmaot contain genuine tau
leptons but contribute to the selected samples througtdemsfication or mismeasurement:

¢ Neutral Current deep inelastic scattering (NC DIS):ep — e X
The scattered electron, or a quark or gluon that hadronmgesai collimated jet of low
particle multiplicity, may fake the hadronic tau decay sigme. Missing transverse mo-
mentum may occur in NC DIS events because of fluctuationsidétector response and
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limited geometrical acceptance. The RAPGAP [14] generataised to calculate this
contribution to the background, including diffractive pesses.

e Photoproduction of jets: vp — X
Photoproduction processes may contribute to the backgribarjet in the hadronic final
state is misidentified as a hadronic tau decay. As in NC DI&tsyenissing transverse
momentum may be measured due to fluctuations in the detezipomse and limited
geometrical acceptance. The PYTHIA generator [15] is usedlculate the contribution
from non-diffractive hard scattering photoproductiongesses. The contribution from
diffractive photoproduction processes is simulated utiegRAPGAP generator.

e Electron or muon pair production: ep — eete™ X or et~ X
Events with two leptonseg, 10 Or er) may mimic events containing™ ~~ pairs in which
both tau leptons decay leptonically. The production of tetecor muon pairs may also
contribute as background if one electron or muon is not ifledtand fakes the signature
of a hadronic tau decay. This contribution is calculatedgishe GRAPE generator.

e Charged current deep inelastic scattering (CC DIS)ep — v X
CC DIS events contain genuine large missing transverse mimmedue to the presence
of a neutrino in the final state. A jet originating from theustk quark may fake the
hadronic tau decay signature. This process constitutan e background contribution
to ther + P> analysis. The DJANGO [16] generator is used to calculatb#ickground
contribution from CC DIS processes.

All generated events are passed through the full GEANT [B&Ed simulation of the H1
apparatus and are reconstructed using the same procedti®dpplied to the data.

3 Experimental Conditions

At HERA, electrons of energy.. = 27.6 GeV collide with protons of energy/, = 820 or
920 GeV, corresponding to a centre—of—-mass engrgyf 301 or 319 GeV, respectively. The
analysed datasets consist36f5 pb~! of ¢*p collisions at,/s = 301 GeV (taken in the period
1994-1997)65.1 pb~! of e*p collisions at,/s = 319 GeV (1999-2000) andi3.6 pb™" of e~ p
collisions at\/s = 319 GeV (1998-1999), corresponding to a total integrated larsiily of
115.2 pb~!. The data recorded in the period 1994-1995 are not includethé measurement
of tau pair production, reducing the integrated luminogity06.0 pb~" for this analysis.

A detailed description of the H1 detector can be found in [18hly the components es-
sential to the present analysis are described here. A reyiddd cartesian coordinate system
is used with the origin at the nominal primaty interaction vertex. The proton beam direction
defines the: axis. The polar angle$ and transverse momentg of all particles are defined
with respect to this axis. The azimuthal angleefines the particle direction in the transverse
plane. The pseudorapidity is definedias: — In tan £.

The inner tracking system contains the cent2at (< # < 160°) and forward {° < 6 < 25°)
drift chambers, and the proportional chambers which ard@&yep for triggering purposes. It
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is used to determine the position of the interaction vertex & measure the trajectories of
charged particles. Particle transverse momenta and chargeletermined from the curvature
of the trajectories in a solenoidal magnetic field af5 T.

Hadronic final state particles as well as electrons and pisoéme absorbed in the highly
segmented liquid argon (LAr) calorimeter [19]°( < 6 < 154°) which is 20 to 30 radia-
tion lengths deep depending on the polar angle. The hadsewction of the LAr calorimeter
is 5 to 8 hadronic interaction lengths deep. Electromagnetic sh@mergies are measured
with a precision ofo(F)/E = 12%/+/E/GeV & 1% and hadronic shower energies with
o(E)/E =50%/\/E/GeV @& 2%, as determined in test beam measurements [20]. In the back-
ward region (53° < # < 178°), the LAr calorimeter is complementéty a lead—scintillating
fibre spaghetti calorimeter (SpaCal) [21]. The LAr and Spa@rimeters are enclosed within
the superconducting coil and are surrounded by an ironmrginke which is instrumented with
streamer tubes to allow for the detection of muons in theedhg: 6 < 171°.

Dissociated proton states may be measured at small poléesabg a set of detectors in
the forward direction: the PLUG, a sandwich calorimeterstarcted from copper plates and
silicon counters({.6° < # < 3.5°), the proton remnant tagger (PRT), an array of scintilla-
tors (0.06° < 0 < 0.17°), and the drift chambers of the forward muon detector (FMEZ3B] [
(3° < 6 < 17°).

The luminosity is determined from the rate of Bethe-Heideentsep — evp, where the
photon is detected in a calorimeter located downstreameointieraction point.

The events selected in this analysis are triggered by degesiiectromagnetic clusters in the
LAr or SpaCal calorimeter (electron trigger), by measu@arigrge missing transverse momen-
tum in the LAr calorimeter Pii** trigger), or by using hits in the muon detectors combinedwit
central tracker signals (muon trigger). In the kinematitge of this analysis, events contain-
ing a pair of tau leptons are triggered with an efficiency awth5% (35%) if one tau lepton
decays leptonically (both tau leptons decay hadronicaltygnts containing single tau leptons
and missing transverse momentum abové&eV 25 GeV) are triggered with an efficiency of
about50% (85%).

4 Particle Identification

4.1 Identification of electrons

An electron candidate is defined by the presence of a compactsalated electromagnetic
cluster of energy deposits in the LAr or SpaCal calorimefdre kinematics of the electron
candidate are measured from the calorimeter cluster. Anttemgharged tracks reconstructed
in the event, the track with the lowest extrapolated distasfclosest approach to the clust@y (
is associated to the electron if it satisfies the condition 12 cm. In this case, the azimuthal
angle¢ and the charge of the electron are measured from the as=tiack. Additional energy
within a cone of radiug).5 in the pseudorapidity—azimuth+¢) plane around the electron

2In 1994, a lead-scintillator calorimeter [22] was usedeéast
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candidate is required to be less thsgh of the energy attributed to the electron candidate. The
electron identification efficiency is estimated using NC Bi@nts and is greater than’% for
an electron energy aboeGeV.

4.2 ldentification of muons

A muon candidate is identified by a track in the inner traclgggtem associated with a track
segment or an energy deposit in the instrumented iron. TreamMmomentum is measured from
the track curvature in the solenoidal magnetic field. Theatgn of hadrons traversing the
calorimeter and reaching the muon detectors is improve@gyiring that the muon candidate
deposits less thah GeV around its extrapolated track in the LAr calorimeterhivita cylinder
of radius35 cm in the electromagnetic aridd cm in the hadronic section. The efficiency to
identify muons is estimated using elastic — ™~ events and is greater th&i% in the
energy range considered in this analysis.

4.3 Reconstruction of the hadronic final state

The hadronic final state (HFS) is measured [24] by combinmgygy measurements from the
calorimeter with charged particle momenta measured byrtheritracker. ldentified isolated
electrons or muons are excluded from the HFS. The hadromoggrscale is calibrated by
comparing the transverse momentum of well measured efextoothat of the HFS in NC DIS

events [25]. Jets witlr > 2 GeV are reconstructed from HFS patrticles using an inclusive

algorithm [26] in theP; recombination scheme with a separation parameter set to one

4.4 ldentification of tau decays

Leptonic tau decays (branching rati6% [27]) are identified by detecting an electron or a
muon as described above. Hadronic tau decays typicallyysetbw multiplicity, collimated,
hadronic jets, henceforth denoted agets. Depending on the number of charged hadrons
produced, the hadronic decay modes are summed up in twaceggeferred to as “1-prong”
(one charged hadron, branching ratids) and “3-prong” (three charged hadrons, branching
ratio 14%). The branching ratio for decays into more than three clibingelrons is small (about
2%) and such decays are not considered in the present analysis.

Two different algorithms to identify hadronic tau decaysplked to jets reconstructed in the
angular range0° < § < 120°, have been developed and are described below. The measureme
of tau lepton pair production, in which the tau leptons gatghave low momentum, requires
an optimal background rejection. In contrast, the searchaioleptons produced i decays
at high Py uses an algorithm that maximises the identification effiyesince the signal cross
section is low and the background is less severe.



A: Neural Network based identification algorithm optimised for low Py taus

For the measurement of the tau lepton pair production, aoritihgn has been developed that
uses multiple neural networks to discriminate betweejets and the background from elec-
trons, muons or hadronic jets. A detailed description ofligerithm can be found in [28]. The
algorithm is implemented in two steps.

In the first step, 1-prong (3—prong) candidates for hadrtmicdecays are preselected by
requiring exactly one (three) well reconstructed trackshe drift chambers within a cone
(“7-cone”) around the jet axis. The opening angle of theone varies betweert &nd 30
depending on the jet momentum, with smaller angles at higienentum due to the larger
Lorentz boost in the direction of the tau candidate. Theksare required to be not associated
to identified electrons and muons and the scalar sum of lagisterse momenta is required to
be larger thar2 GeV. The fine granularity of the LAr calorimeter is used to cha¢xtrapolated
tracks with energy deposits in the calorimeter and to recoasadditional neutral particles
associated to the tau candidate from unmatched energy itepothe r—cone. The sum of
the four—vectors of the tracks and of the neutral partickfinds ther—jet four—vector. If all
associated tracks have a well measured charge, the chattye taiu candidate is reconstructed
as the sum of the charges of the associated tracks.

In the second step of the algorithm, various variablesedlad the particle multiplicity and
collimation of ther—jet candidate are used. The set of variables includes: titgotcity of the
neutral clusters within the—cone; the invariant masses calculated from clusters, fraoks
and from charged and neutral particles in th&one; the difference in energy measured from
tracks and from clusters; the distance)in ¢ between tracks and clusters; the first and second
transverse moments of the distribution of energy depasitiseé calorimeter with respect to the
jet axis; the sum of energy deposits detected in an extenoleel af radiusl.0 in n-¢ around
the r—cone. Two neural networks (NN) using these variables graragely trained using MC
simulations to identify 1-prong and 3-prong tau decay mpttes output of which is denoted
by L'~prong and 3~Prons respectively. Their numerical value varies between zartbane and
is used to discriminate between tau candidates (close tpamkhadronic jets (close to zero).
Depending on the track multiplicity of the jet, the outputosfe of these NNs is used to select
tau candidates. By requiringt—P"¢ > (.75 (for 1-prong candidates) dr*—Pne > (.75 (for
3—prong candidates), the efficiency of this algorithm taidg hadronic tau lepton decays in
7T~ events is aboui0%, as calculated from MC simulations of tau decays with vesdalergy
in the range considered in this analysis. The probabilityhéxdronic jets to be misidentified as
hadronic 1-prong (3—prong) tau decay$.8% (4%).

The signature of hadronic 1-prong tau decays may also be fakenidentified electrons
and muons. Two additional neural networks are trained to getch cases. The output of
these NNs, denoted b¥: ., and .., respectively, is expected to be close to one for tau de-

cays and close to zero for electrons or muons that fail thetifilgation criteria described in
sections 4.1 and 4.2.

B: Identification algorithm optimised for high Pr taus

A different approach to tau identification is used to seamhelents with a high momentum
tau lepton and larg&**. A high identification efficiency and a sufficient level of kacound
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rejection are achieved by requiring a collimated jet, comtg only one charged particle and
isolated with respect to other tracks and jets within a cdmadius1.0 in n—¢. The identifica-
tion of hadronicr-decays is therefore restricted to hadronic 1—prong deacajes

The collimation of a jet is measured by the jet radiis;, defined as the energy weighted
average distance in— between the jet axis and all HFS particlegneutral and charged) in
the jet:

1 . .

Rice = =— > En/An(jet. h) + Ag(jet. h)? . (1)
Jet 7

Jets with one track anft;.; < 0.12 are selected as tau candidates. The four—vector of the tau

candidate is taken to be that of the jet. For jets with> 7 GeV, this identification procedure

results in an efficiency of abot0% to identify 1—prong hadronic decays of tau leptons resgltin

from decays ol bosons. The misidentification probability for hadronisjistless tharn %.

5 Production of 7+~ Pairs

5.1 Event selection

The decay modes investigated in the present analysis axgfed adeptonicwhen both taus
decay leptonically (branching rati6.2%, excluding decays to same flavour leptons),
semi-leptonigvhen one tau decays hadronically and the second lepton{d¢afl) andhadronic
when both taus decay hadronical2{o). The case where both tau leptons decay to charged
leptons of the same flavougd or e final state) is not included in the present analysis, as the
separation of the™ 7~ signal from electron or muon pair production is difficult.

Leptonic and hadronic tau decays are identified as desciibibe previous section and by
applying in addition the following selection criteria. Tie®lation of electrons and muons is
measured by the distance in the- ¢ plane to the closest hadronic jé?;(;) and to the closest
track (Dyrack)-

e ¢ candidates are reconstructed in the polar angular regfion< 6. < 140° and are
required to have an energy above 5 GeV and a transverse mameabbve 3 GeV. They
must be isolated from jets with;., > 1.0.

e 1 candidates are reconstructed in the polar angular regfion< 6, < 140° and are
required to have a transverse momentum above 2 GeV. Theytaustlated from other
tracks and jets withDy,,a > 0.5 and D;., > 1.0, respectively.

e 7—jet candidates of transverse momenta above 2 GeV are teactesl in the polar an-
gular regior20°® < ¢, < 120°, using algorithmA as described in section 4.4. The output
of the neural network is required to satigfy—P~m¢ > 0.75 or L3~Prone > (.75,
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Events with two tau candidates are selected. If the chargetbftau candidates is measured,
events with two candidates of the same charge are rejected.

In order to avoid significant background contributions frbd@ DIS andyp processes, the
analysis is restricted to elastip — epr*7~ production. Inelastic events are vetoed by re-
quiring no extra track or energy deposit above the noisd iavilae main detector in addition
to those associated to the decay products of both tau lepimha possible additional elec-
tron. Furthermore, no significant activity should be obedrin the forward detectors (PLUG,
FMD and PRT). The requirements applied [29] ensure that th#op remains intact or disso-
ciates into a low mass state. Remaining background origgnaiainly from elastic lepton pair
production and from diffractive NC DIS orp processes.

Electron and muon pair production processes + ¢*e~ andyy — p* ™) constitute a
background to tau pair production in semi—leptonic decayl@sovhen one of the leptons is
correctly identified ag or ¢ while the second lepton fails to be identified by the algonish
described in sections 4.1 and 4.2 and fakes the signaturd-gp@ng hadronic tau decay. In
order to reject this background;_, > 0.75 (L..., > 0.75) is required for 1-prong tau jet

veto

candidates selected in thet 7—jet (u + T—jet) channel.

To further reduce the background from NC DIS processes, evtier scattered electron is
selected as a candidate for a~ ¢ decay and the struck quark fragments into a collimated jet
of low particle multiplicity that fakes the—jet signature, the longitudinal momentum balance
calculated as

E—P. =Y Ef(l-cost) (2)

is employed, wheré’; andf; denote the energy and polar angle of each particle detectee i
event. For events in which only momentum in the proton dioeds undetectedy — P, is equal

to twice the energy., of the electron beam, i.€i5.2 GeV. For events containing tau leptons,

FE — P, values well belows5.2 GeV are expected since the neutrinos produced in the taysleca
are not detected and, most of the time, the scattered beatrogl@escapes down the beam pipe.

By requiring ¥ — P, < 50 GeV when the detected electron has the same charge as the beam
lepton, the NC DIS background is rejected to a large extené FT— P, cut is also applied to

the leptonic channel and rejects muon pair—productiontsy&or which the scattered electron

is detected together with one produced muon while the seowmh escapes in the forward
direction. If a second electron is detected in the everg,dbndition is not applied.

The selection criteria fort7~ events are summarised in table 1. With these selection
criteria, 1.2% of the elasticyy — 777~ events in which both tau leptons satisty > 2 GeV
and20° < 6, < 140° are selected. The efficiency is limited by the fact that thergy of the
detected tau decay products is significantly lower thanabégpton energy, since the neutrinos
escape detection.

5.2 Background studies

Due to the aforementioned elasticity requirements, theaneimg background from NC DIS
and~p processes consists mainly of exclusive diffractive evdiotswhich the validity of the
resolved pomeron model [30] as implemented in the RAPGARBnara is questionable. Hence

11



Selection ofr++~ Events

Decay Channel| Leptonic Semi-leptonic Hadronic
e € ,u T—jet
T Signatures [ r—jet T—jet T—jet

Events with two same charge tau candidates rejected

Elastic No additional tracks, no additional clusters in the LAr oaSpl calorimeter,
Production no activity in forward detectors above noise level
Background Leeio > 0750 | LE > 0.75(1)

Reduction E— P, < 50 GeV?

(1) applied only to 1-prong—jet candidates
(2) applied only if the electron associated with the tau decaytha same charge as the beam legton

and no second electron is detected

Table 1: Selection criteria for elastic 7~ events in the leptonic(+ 1), semi—leptonicd + 7—
jet, 1 + 7—jet) and hadronicr{-jet+ r—jet) decay modes of thelepton pair.

the RAPGAP prediction for NC DISyp) is normalised to the number of events observed in a
control sample in which an electron and a jet (two jets) akecsed in theP; andé ranges of
the analysis, and where the elastic requirements are dpjilieas been verified that the shapes
of the observed kinematic distributions are reasonably described by RAPGAP.

Furthermore, to check that the probability for an electmmuon or a hadronic jet to be
misidentified as a—jet candidate is well described by the MC simulation, seM@rent samples
are studied in which the contribution of individual backgnd processes is enhanced. These
event samples are selected in a phase space similar to tet-0f~~ event sample, requiring
the conditions for elastic production to be fullfilled. Inder to enhance the background com-
ponent in the control samples, the conditiblr?™"¢ > (.75 or L*~P™"¢ > (.75 on the NN
outputs forr—jet candidates is not applied.

The following samples are employed:

e v~ — ete™ control sample
A vy — ete” dominated event sample is defined by selecting events withe@@ttron
and one 1-prong—jet candidate. No veto condition dH,,,, is applied. Events with two
same charge tau candidates are rejected.

eto

e v~ — ptTp~ control sample
A vy — ptu~ enriched event sample is defined by selecting events withmaren and
one 1-prong—jet candidate. No veto condition afy,,, is applied. Events with two
same charge tau candidates are rejected.
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e ~p control sample
A ~p enriched event sample is defined by selecting events camgetivo jets with one,
two or three tracks. If both jets are 1-prong tau candid#tes,equirements;_, > 0.75
andL!_, > 0.75 are applied to suppress the contributions frgm— ete™ and~y —
ptu~ processes. In order to reduce the contribution from NC Dt®ess, only events

with £ — P, < 45 GeV are accepted.

e NC DIS control sample
A NC DIS enriched event sample is defined by selecting eveititsome electron and one
T7—jet candidate. If the—jet is a 1-prong candidaté;,,, > 0.75 is required in order to

suppress the contribution fromy — e*e™ processes.

The selection criteria of the background control samplesammarised in table 2, in which
the numbers of events obtained from the data and the MC siiomilare also given.

The distributions of all quantities used in the selectiorih&f~* 7~ event sample are well
described by the MC simulation both in shape and normatisati the control samples. Ex-
amples of these distributions are shown in figure 2. Theiligions of the electron and muon
rejection discriminatorg._,, and L', are shown in figures 2a and 2b for the control samples
where most of the tau candidates are unidentified electmhsnaions, respectively. The distri-
bution of the NN output.! ~Prons (L3-Preng) js shown in figure 2c¢ (2d) for 1—prong (3—prong)
jets in theyp control sample which is enriched in hadronic jets. In figitasd the contribution
from tau pair production populates the region close to orglethe background accumulates
at values close to zero, as expected. Finally, the distabudf the £ — P, variable is shown
in figure 2e for the NC DIS control sample. The agreement betvgata and simulation in the
control samples shows that the background contributionedisas the experimental efficiencies
are modelled by the MC simulation within the attributed sysatic uncertainties described in
the next section.

5.3 Systematic uncertainties

In this section, the systematic uncertainties associafétthe measurement of elastic¢ 7~
production are discussed. The uncertainties on the sigpabt#ation are determined by varying
the following experimental quantities hyl standard deviation.

¢ Electron identification and reconstruction
In the kinematic region considered in th&r~ analysis, the uncertainty on the electron
identification efficiency i$% (2% when the electron energy is aboMeGeV). The elec-
tron energy scale uncertainty is estimated t6 %e The uncertainties on the measurement
of the electron anglegand¢ are3 mrad andl mrad, respectively.

e Muon identification and reconstruction
The uncertainty on the muon identification efficiency>§6. The relative scale uncer-
tainty on the muon momentum is conservatively taken t6%eThe uncertainties on the
measurements of the muon angleand¢ are3 mrad andl mrad, respectively.
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1+~ Background Control Samples
Control ete~ php TP NC DIS
samples
€ M two jets €
Signatures | 1-prongr—jet | 1-prongr—jet | with < 3 tracks T—jet
Events with two same charge
tau candidates rejected
Elastic No additional tracks, no additional clusters in the LAr oaSgal calorimeter
Production no activity in forward detectors above noise level
Backgroung Liego > 0.751) Leto > 0.75)
Reduction L, > 0.750)
I — P, <45 GeV
H1 Data 115 20 29 29
Total SM 133.1£19.5 141414 2494+ 10.0 324+6.3
(95%ete™) | (50% putpu™) (79% ~vp) (62% NC DIS)
(1) applied only if both jets are 1—prong tau candidates
(2) applied only to 1-prong—jet candidates

Table 2: Selection criteria for the background control seesmm which each background contri-
bution is individually enhanced. The numbers of observatiexpected events are also shown.
The dominant contribution to the total SM expectation iséated as a percentage in the last
row. Here, the tau candidates are not required to satisfycdmelition L'~P™"¢ > (.75 or
L37prong > ()75,

¢ |dentification and reconstruction of hadronic tau decays

For each of the charged tracks associated torthet, a reconstruction efficiency un-
certainty of3% is assigned. The efficiency to identify hadromicecays with the NN
algorithmA has an additional uncertainty o6% [28], estimated by comparing different
simulations of shower development in the LAr calorimeterhds been verified, using
a large statistics sample of hadronic jets from inclusive @S and NC DIS samples,
that the output of both NNs is well described by the MC simalat The uncertainties
arising from the modelling of tau decays are negligible, stsveated by comparing the
results obtained using either the PYTHIA [31] or TAUOLA [32jograms to simulate the
decays of the tau leptons generated with GRAPE. The enertjyeafieutral clusters of
r—jet candidates has a relative uncertaintyl@f, corresponding to the hadronic energy
scale uncertainty. The uncertainties on the measuremétiie o—jet angled) and¢ are

14



estimated to b&0 mrad ands mrad, respectively.

e Elastic event selection
The efficiency with which elastic events are selected antbprdissociative events are
rejected depends on the noise level in the LAr and on the peeoce of the forward
detectors [29]. Its uncertainty does not excaéd

e Triggering
The trigger efficiency is studied using elastite™ and .+~ events and diffractive p
di-jet events in a phase space similar to that of the~ analysis. The uncertainty on
the trigger efficiency depends on the regiod im which the tau candidates are detected:
central ¢ > 30°) or forward ¢ < 30°). The uncertainty i$0% if both tau candidates are
in the central regiorR0% if one tau candidate is detected in the forward and the other i
the central region ant8D% if both tau candidates are detected in the forward region.

e Luminosity
The luminosity of the analysed datasets is measured witmeertainty ofl.5%.

The individual effects of the above experimental uncetiesnare combined in quadrature,
yielding a total uncertainty at1% on the signal expectation. The largest contributions te thi
uncertainty arise from systematics attributed to the tamtification procedurel (%) and to
the trigger efficiency12%).

Contributions from background processes, modelled usiagyenerators described in sec-
tion 2, are attributed relative systematic uncertainties 56f0 (yp), 30% (NC DIS),
15% (yy — ete™, vy — uTp™), estimated from the level of agreement observed between
the MC simulation and the data in the background enhancetiad@amples described in sec-
tion 5.2.

5.4 Results

In total, 30 7t7~ candidate events are selected, in agreement with the SMcitjoa of
27.1 £ 4.1 events, of whichl6.0 & 3.4 are expected from~y — 777~ signal processes. The
signal expectation is dominated>(0) by the elastic production component. The lepton pair
production, NC DIS angp processes contribute with similar rates to the backgroupédaa-
tion. The numbers of observed and expected events in thef@lysed channels are shown in
table 3. An event selected in the semi—leptonic channek@alyed in figure 3.

The distributions of the polar angle and of the transversmerdaum of the tau candidates,
together with the visible invariant mass, are shown in figur&he measured distributions are
compatible with the SM expectations. As expectedfor— 717~ processes, most tau decay
products are detected with relatively small transverse ergen

Using the selected sample, a measurement of the crossrséatithe elastic production
of *7~ pairs is performed in the kinematic region defined20y < ¢, < 140° and P} >
2 GeV. For this measurement, the data samples collecte at 301 GeV and319 GeV are
combined, taking into account their respective luminesitiAssuming a linear dependence of
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7+t~ Results
Decay Channel|| Leptonic Semi-leptonic Hadronic Total
e eT—jet | ur—jet | T—jetr—jet
H1 Data 7 2 10 11 30
SM 29404 1634+09|7.0+£1.3] 11.04£2.0 || 27.1 £4.1
Tt 56% 47% 85% 50% 59%

Table 3: Number of selected events and SM prediction forrthe analysis. The expected
relative contribution of the *~~ process to the SM prediction is also shown.

the cross section on the proton beam energy, as predictée8M, the measured cross section
corresponds to an effective centre—of-mass energy©of= 314 GeV. The cross section is
calculated using the formula: N N

data — {Vbgr

T A 3

whereNqa¢. IS the number of observed event$,,, the expected contribution from background
processes, the total integrated luminosity and the signal acceptance. The contribution
from inelasticyy — 7t7~ processes is included in the background expectation. Tmalsi
acceptancel is calculated using the GRAPE generator, as the ratio of timeber of events
accepted at reconstructed level to the number of eventsaeddn the defined phase space. It
accounts for the selection and trigger efficiencies andnfedifferences in momentum between
the originalr leptons and the detected decay products.

The measured cross section for elastic tau pair produefions epr™7~ integrated over
the phase space defined abovdiss + 4.4 + 3.7 pb where the first error is statistical and
the second systematic. The result is in agreement with theegMctation ofi1.2 + 0.3 pb,
calculated using the GRAPE generator.

6 Production of High Pr Tau Leptons in Events with Large
Missing Transverse Momentum

6.1 Event selection

Events containing an isolated tau lepton and large missaigsverse momentum are selected
with a procedure similar to that used in the analysis of es/eiith an isolated electron or muon
and large missing transverse momentum [7]. The tau leptomsdantified using hadronic
decays only, as the leptonic tau decays lead to final statehwhnnot be distinguished from
those studied in [7].

The event selection is performed in two steps. In the firgt, she net transverse momentum
reconstructed from all particles (electrons, muons anadre) Pi***, is required to be above
12 GeV. In order to ensure uniform trigger conditions, the nemsverse momentum measured
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from all energy deposits detected in the calorimeffl°, is required to be above2 GeV.
The reconstructed™* is approximately equal t@s*° except for events containing muons
in the final state. In order to exploit further the event tagyl in the transverse plane, the
variableV,,/V, is employed, defined as the ratio of the anti—parallel tolfgnarojections of
all energy deposits in the calorimeter with respect to tmeatiion of Pgl° [33]. Events with
genuine missing transverse momentum are in general reooted withV,,,/V,, values close
to zero and large values @f:*°, whereas background events from NC DIS ampdprocesses
are intrinsically balanced, with larger valuesdf,/V, and low values of’s*l°. Only events
with V,,,/V, below0.5 are accepted. For events wiit§*> below25 GeV, a stricter condition
of V,,/V, < 0.15 is applied. The background from NC DIS is further reduced dxyuiring

FE — P. < 50 GeV. Additionally, the events are required to contain asi@me isolated hadronic
jet with transverse momentum above 7 GeV in the central regd the detector
20° < 0., < 120°. The isolation is characterised by the distance of the jet i1 ¢ to the
nearest hadronic jet.; > 1.0) and the nearest track not belonging to the j&g.( > 1.0).

Inthe second selection step, the isolated jets are regiaigaks the tau identification criteria
of algorithmB described in section 4.4. A jet is accepted if it is narraw.( < 0.12) and
contains exactly one charged track/(’ ., = 1). In order to remove background from hadronic
jets containing mostly neutral particles, this track isuiegd to have a transverse momentum
Plreck greater thas GeV. If more than one isolated jet satisfies these requirésntre one with
the highes¥’r is considered as the tau candidate. In order to further esthecbackground from
intrinsically balanced events, in which t#&"= is due to a mismeasurement, the acoplanarity
A¢, defined as the angle in the transverse plane between-jaecandidate and the hadronic
system excluding the tau candidaf€)( is required to be below70°. This criterium removes
events in which the—jet candidate and the rest of the hadronic system are badbatk, as is
typical for NC DIS andyp events.

A summary of all selection criteria is presented in table 4ing these selection criteria,
SMW — 7 events are selected with an overall efficiencg@f. In comparison tdV decays
into electrons or muons [7})/ — Tv decays are selected with a significantly lower efficiency,
mainly due to the branching ratiaq%) for hadronic 1-prong tau decays and to the more
restricted polar angular range of this analysis.

6.2 Background studies

After applying the selection criteria, the main backgroisekpected to occur from events with
genuine missing transverse momentum produced by CC DI®gses, in which a narrow jet
with low track multiplicity fakes the tau signature. Adaitial background arises from NC DIS
and~p processes, which have a much larger cross section than tid €@rocess and lead to
events that contain hadronic jets but no genuiiés. The modelling of the CC DIS, NC DIS

andyp backgrounds is verified using samples in which the contiobubdf each background

process is enhanced. The selection criteria defining thieglbaond control samples are listed
in table 5, together with the observed number of events aa& expectation.

The CC DIS background control sample is selected using £#* + isolated jet” prese-
lection described in section 6.1. The NC DIS andsamples are selected in a complementary
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Selection ofr + Piss Events
Pgale > 12 GeV
le}nss + PFiSS > 12 GeV
Isolated Jet
Preselection &£ — P. < 50 GeV
Vip/Ve < 0.5 (<0.15 for Pole < 25 GeV)
Njets > 1
Pt > 7GeV
200 < B < 120°
Dtrack > 10
Djet > 1.0
Nt]:zfcks = 1
track
Final Pr > 5Gev
T+ PP Ry, < 0.12
Selection
Ap < 170°

Table 4: Selection criteria for events containing an ismatlepton and large’iss,

phase space at large — P. and largeV,,,/V,,, respectively. In these background samples the
tight selection criteria of tau candidates are not applied anly isolated jets, as defined in
table 4, are considered.

As shown in figure 5a—c, the distributionsBf.,, N7, andP%** in the CC DIS control
sample are well described by the MC simulation, both in shepnormalisation. The dis-
tribution of the acoplanarity angla¢ in the control sample enriched p events, shown in
figure 5d, shows a clear peak towards 1.&®rresponding to back—to—back events. In figure 5e
the distribution of the hadronic transverse momentin for the NC DIS control sample is
shown. The good agreement between data and MC simulati@mnaasin all control samples
confirms the good understanding of background rates andegbithperties of the jets (shape

and multiplicity) used in the tau identification procedure.

6.3 Systematic uncertainties

In this section, the systematic uncertainties associatéttiae search for events containing an
isolated tau lepton and large missing transverse momentemiscussed. The effect of those
uncertainties on the expectations from SM W production anchfbackground processes is
determined by varying the experimental quantitiestlystandard deviation.
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T + Pp= Background Control Samples
Control
Sample CCDIS NC DIS ~p
Pmiss > 12 GeV, Pgle > 12 GeV, atleast one isolated jet
Selection E— P, <50 GeV E—P >35GeV| E— P, <50 GeV
Vip/Vp < 0.5 P > 10 GeV Vap/Vp > 0.15
Vap/V, < 0.15 for Psale < 25 GeV | 5° < 0° < 150° no electrons
Data 1811 108 1165
Total SM | 1858.6 4+ 120.7 100.3 £ 22.0 1173.1 £ 208.3
(93% CC) (98% NC) (80%- D)

Table 5: Selection criteria for the + Piss background control samples together with the
number of selected events compared to the SM expectatiom.ddiminant contribution to the
SM prediction is indicated as a percentage in the last rolwetable.

e Tau identification procedure
The main experimental uncertainty on the signal and backgtexpectations arises from
the requirement of exactly one track within the jet and frbmd¢ondition on the jet radius
R;e+ < 0.12. The energy of charged tracks is reconstructed with an taiogy of 5%.
The measurements of the polar and azimuthal angles areudtti a systematic error of
3 mrad and 1 mrad respectively. The uncertainty on the trac&nstruction efficiency
is 3% and has a relatively large effect on the background expentadue to migrations
of hadronic jets with multiple charged particles into thegte track category. The mod-
elling of R, is studied with high statistical precision using jets in didated inclusive
NC DIS sample. The measured and simulated jet radius disirits are compared and
an uncertainty depending on the polar angle ofsthget is attributed ta?;.,. The uncer-
tainties associated with the tau identification &5& for the expectedl’ signal and25%
for the background predictions.

e Hadronic final state reconstruction
The hadronic energy measurement has a relative uncerwiinty,. The polar angle
measurement has an uncertainty varying from 3 mrad for getsnstructed in the central
region to 10 mrad for forward jets. The topological varialalg/V/, is attributed a relative
uncertainty ofl0%.

e Trigger
The uncertainty on thé&®* trigger efficiency is% deduced from a large statistics NC
DIS sample for which the trigger information is reconsteatoffline, ignoring the signal
from the electron [33].
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e Luminosity
The luminosity of the analysed datasets is measured witmeertainty ofl.5%.

e Theoretical errors on signal and background contributions
The uncertainty on thé&/ production signal cross section is estimated to &8 [12].
The expectations from NC DIS ang processes are each attributed an additional uncer-
tainty of 20%, a value which has been estimated from the control sampkgided in
section 6.2. This uncertainty covers the sensitivity ofjft@adius and multiplicity (used
in the tau identification algorithm) to the modelling of gartshowers in NC DIS anglp
MC samples.

The individual effects of the experimental uncertainties@mbined in quadrature to give
the total experimental systematic uncertainty. The tatakutainty on the SM W signal %%
and that on the SM backgroundig%. For both signal and background processes, the total
uncertainty is dominated by the uncertainty arising from tidlw identification procedure and
the theoretical uncertainties.

6.4 Results

In the final event samplé events are observed in the data, compared to a total SM extjoect
of 9.9 2 events, of which).8970 1% are expected from SM/ production. TheP;X spectrum
and other properties of the events in the final sample arershofigure 6. Table 6 summarises
the results. The events observed in the data are concehtrathe region of very lowP;,
where the contribution from CC DIS background processesimkes the SM expectation. In
the regionP# > 25 GeV, where an excess of events containing isolated electomuons is
observed [7], no event is found for a SM prediction0df9 + 0.10, of which 0.20 £ 0.04 are
expected from SMV production.

In the absence of a signal, a model independent upper limthercross section for the
production of events containing an isolated tau leptondange missing transverse momentum
is set in the kinematic regions® < 6, < 140°, PZ > 10 GeV andP¥s > 12 GeV. The
limit is calculated using a modified frequentist approackellon likelihood ratios [34] and
taking into account the systematic uncertainties disclugseection 6.3. The acceptance for
processes producing isolated tau leptons in events wige larissing transverse momentum
in the given kinematic region is estimated using the MC satiah for SM W production,
implemented in the EPVEC generator. An additional modekuiainty of10% is attributed to
the acceptance. This uncertainty is estimated by comptrengcceptance predicted by EPVEC
with that obtained using the generator ANOTOP, which sitasléhe anomalous production of
single top quarks iap collisions at HERA [35] and producég bosons with different kinematic
distributions.

An upper limit of e < 0.85 pb at95% confidence level is obtained for the production
cross section of events containing an isolated tau leptahlamge missing transverse mo-
mentum in the phase space defined above. In the re§jon> 25 GeV, the upper limit is

3The P# distribution for top events is peaked at abGotGeV, while events from SM W production are
concentrated at lowp;* values.

20



T + P Results | H1 Data| SM Expectation| SM Signal| Other SM Processes
Total 6 9.9 22 0.89 02 9.0 22
P¥ > 25 GeV 0 0.39 1099 0.20 1004 0.19 F99%
PX > 40 GeV 0 0.16 £5:97 0.08 F0:02 0.08 To0n

Table 6: Number of events observed in the data compared ®Nhexpectation for signal (W
decay intor) and background processes in the final Piiss sample.

o(P¥ > 25 GeV) < 0.31 pb at95% confidence level. These limits are higher than the cross
sections measured in the electron and muon channels [7prBEsent measurement is therefore
compatible with the previous measurement of events withlactren or muon and’®ss, as
expected if lepton universality is assumed.

7  Summary

In this paper, the production of tau leptonseimcollisions at HERA is investigated in events
containing ar* 7~ pair and events containing an isolated tau lepton and larggmg transverse
momentum.

The production cross section of 7~ pairs is measured in elastic processes, in a combi-
nation of leptonic, semi—leptonic and hadronic decay madéke two tau leptons. In a data
sample corresponding to an integrated luminositytefpb™, 30 events are observed, in agree-
ment with a Standard Model expectatior2afl + 4.1 events, of whichi 6.0 4+ 3.4 are expected
from vy — 7t~ signal processes. This is the first observation of tau paidymtion inep
collisions.

A search for the production of isolated tau leptons in evevith large missing trans-
verse momentum is performed in a data sample corresponaliag integrated luminosity of
115 pb~!. The selection yieldé candidate events, compatible with a Standard Model expecta
tion of 9.9 *2% events. No event is observed in the regidf > 25 GeV, where).39 + 0.10
events are expected, includin@0 + 0.05 events fromiW — 7, decays. An upper limit on
the production cross section of ;¥ > 25 GeV) < 0.31 pb at95% confidence level is set.
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Figure 2: Distributions o&) the likelihoodZ:,,, for r—jet candidates in they — ete™ control
sample,b) the likelihood L., for r—jet candidates in they — u*u~ control sampleg)
andd) the NN outputs/.'~Prone and L3~Prns for 1-prong and 3—prong—jet candidates in the
~p control sample, and) the longitudinal momentum balanée— P, in the NC DIS control
sample. In each figure the open histogram shows the total $lceation and the shaded band

its uncertainty. The contribution from tau pair productisishown as the hatched histogram.
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the open histogram shows the total SM expectation and theedhiaand its uncertainty. The
contribution from tau pair production is shown as the haddhistogram.
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