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Abstract

A search for the lepton flavour violating processps— ;X andep — 7X is performed
with the H1 experiment at HERA. Final states with a muon oraad a hadronic jet are
searched for in a data sample corresponding to an integhatgidosity of 66.5 pb—! for
et p collisions andl3.7 pb~! for e~p collisions at a centre-of-mass energy3df GeV. No
evidence for lepton flavour violation is found. Limits areigded on the mass and the cou-
plings of leptoquarks inducing lepton flavour violation im @xtension of the Buchmuller-
Ruckl-Wyler effective model. Leptoquarks producedjrcollisions with a coupling strength
of A\ = 0.3 and decaying with the same coupling strength to a muon-qoairkor a tau-
quark pair are excluded at 95% confidence level up to massé9dteV and379 GeV,
respectively.
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1 Introduction

In the Standard Model (SM) the patrticle interactions covsépton flavour, although there
is no underlying symmetry supporting this feature. Howggrperimental evidence for lepton
flavour violation (LFV) in solar and atmospheric neutrin@itiations has been reported [1, 2].
The experimental upper bounds on neutrino masses implysveayl LFV effects in the charged
lepton sector. The observation of such effects would ofgadicate new phenomena beyond
the SM.

In ep collisions at HERA, LFV processe® — n.X orep — 7.X lead to final states with a
muon or a tau and a hadronic systéfn The LFV process can proceed via the exchange of a
leptoquark (LQ), a boson with both lepton and baryon quamtumber which appears naturally
as a colour triplet scalar or vector boson in many extensaétse SM such as grand unified
theories [3], supersymmetry [4], compositeness [5] andrimolor [6].

In this paper a search for LFV phenomena is performegpinollision data recorded dur-
ing the years 1998-2000 by the H1 experiment, correspontingn integrated luminosity
of 66.5pb ' for e*p collisions and13.7pb ! for e p collisions at a centre-of-mass energy
Vs = 319GeV. The present results supercede those derived in previeushes at the H1
experiment using*p collisions at,/s = 300 GeV [7].

2 Experimental conditions

A detailed description of the H1 detector can be found in[[8the following, only the detector
components relevant for this analysis are briefly discusgde origin of the H1 coordinate
system is the nominadp interaction point, with the direction of the proton beam wdiefy the
positivez-axis (forward direction). Transverse momenta and azialwthgles are measured in
thexy plane. The pseudorapidity is related to the polar afidglg » = — In tan(6/2).

A tracking system consisting of central and forward detecit® used to measure charged
particle trajectories and to determine the interactioriexer The central tracker is composed
of two concentric cylindrical drift chambers providing lfakcceptance for particles in the range
22° <0 <160°, complemented by a silicon vertex detector [9] coveringémge30° <0 < 150°.
Transverse moment#®4) are determined in the central region from the curvatur@éefpiarticle
trajectories in a magnetic field of1.15T with an effective resolution of
o(Pr)/Pr ~ 0.01 - Pr(GeV). The tracking is complemented in the forward regiér: < 25°
by a system of drift chambers perpendicular to the beam axis.

With a polar coverage af® < § < 154° and full azimuthal acceptance, the liquid Argon (LAr)
calorimeter encloses the tracking chambers. It consisesmohner electromagnetic part with
a fine granularity and an outer hadronic part with a coarsamgarity. The energy resolution
of the LAr calorimeter for electrons and hadrons was deteechin test beam measurements to
beo/E =12%/\/E(GeV) & 1% ando /E = 50%/+/E(GeV) & 2%, respectively [10]. In the
backward regiori53° < < 178°, the LAr calorimeter is complemented by a lead-scintitigti
fibre spaghetti calorimeter.



The iron return yoke of the magnet is instrumented with streratubes to identify muon
tracks. Further chambers of the central muon system aréquesil around the yoke to provide
a precise muon track measurement in the polar rahged < 175°. Additional drift chambers
positioned at either side of a toroidal magnet are emplogedetect muons in the forward
direction 8° <0< 17°).

The luminosity is determined from the rate of the Bethe-ldejtrocesgp — epy, measured
using a photon detector located close to the beam pipe-at-103 m.

Electrons are identified as compact and isolated electrostagclusters in the calorime-
ter. Within the acceptance of the tracking detectors, aocat®ed track is required. A muon
candidate is identified by associating an isolated trackéforward muon system or in the
inner tracking system with a track segment or an energy dieposhe instrumented iron.
The hadronic final state is reconstructed from the depasitee LAr calorimeter in combi-
nation with tracking information. The hadrons are then co@d into jets using the inclusive
kr-algorithm [11] with aPr-weighted recombination scheme where jets are treated sslesa
and the separation parameter is set to one.

3 LFV phenomenology and SM background processes

The LFV processesp — X andep — 7.X can be attributed to LQs produced at HERA pre-
dominantly by electron-quark fusion.

In the framework of the Buchmiller-Ruckl-Wyler (BRW) efitive model [12], LQs are
classified into 14 types with respect to the quantum numhimens isospin and chirality. Lepto-
quarks carry both leptorif) and baryon B) quantum numbers. The fermion numbBés L +3 B
is assumed to be conserved, taking values'ef 2 for e~¢ processes anfl = 0 for e*¢ pro-
cesses. Leptoquark processes proceeslefemnnel resonant LQ productionochannel virtual
LQ exchange, as shown in figure 1. For LQ masses well below thee*p centre-of-mass
energy, thes channel production of' =2 (F =0) LQs ine p (e¢*p) collisions dominates. For
LQ masses abov 9 GeV thes andu channel processes become of equal importance and both
e~p ande™p collisions have similar sensitivity to virtual effects fnoF’=2 LQs as well as from
F=0LQs.

The BRW model assumes lepton flavour conservation (LFC) gwatlthe LQs produced in
ep collisions decay only te X or v, X final states. These LQs are referred to in the following
as first generation LQs and have been studied in a recent Hicatidn [13]. A general ex-
tension of the BRW model allows for the decay of LQs to finatestacontaining a lepton of a
different flavour, i.e... or 7, and a jet, as illustrated in figure 1. Non-zero couplings to an
electron-quark pair andl,,; (\;,,) to a muon(tau)-quark pair are assumed. The indicaad;
represent quark generation indices, such tatdenotes the coupling of an electron to a quark
of generation, and)\,,, is the coupling of the outgoing leptdito a quark of generation

LIn the following the quark generation indices are attachdy when it is relevant.
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Figure 1. Left: s-channel resonant LQ production and decay to a lepton-goairk Right:
u-channel exchange of a LQ. The indicesnd; represent quark generation indices, such that
Aeq; denotes the coupling of an electron to a quark of generafiand )\, is the coupling of
the outgoing leptord to a quark of generation For/ = p, 7, the LQ introduces LFV.

The double differential cross section for thehannel tree level process is [12]:

2 2 \2 a2
o5 _ _1 Negig® ¢i(z,8) %
- ~ : A9 2 2 2 2 : [ Y
dedy — 32m5 (82 —mig)? +miglig
N s N ~ >
phase space Breit-Wigner LQ propagator term parton density

scalar LQ
2(1 —y)? vector LQ,

N[

(1)

wherez is the Bjgrken scaling variablg,denotes the inelasticity of the scattering process,
5 = sx represents the square of thecentre-of-mass energy aid, is the total LQ width. A
similar expression holds for thechannel exchange [12].

An overview of the extended effective model for the LQ congliou andd quarks is given
in table 1. For convenience only one LFV transition is coasd: either between the first
and the second generations or between the first and the #metations. The branching ratio
LQ — p(7)q is given by

r L scalar LQ
BR = 3 x with — M1 gnd Ty, = mpoAZ, x 4 167
Be X Brrv Brrv Foie +Te lq LQAY ﬁ vector LQ

(2)

wherel',, denotes the partial LQ decay width to a leptos e, i, 7 and a quarly and where
Be=T14y/(Tey + T,q) is the fraction of decays into charged leptons. Some LQsehaf, ST,

Vi andV}*, can decay to a neutrino-quark pair resultingdin= 0.5. Since neutrino flavours
cannot be distinguished with the H1 experiment, such firéstare not covered in this search,
but they are implicitly included in the search for first geatean LQs [13].

To determine the signal detection efficiencies, events Wi§is are generated using the
LEGO [14] event generator with the CTEQS5L parametrisatibthe parton distribution func-
tions (PDF) of the proton [15]. The LQ signal expectation fsiraction of the LQ type, mass,
coupling constant and; yv. The analysis usually requires a large number of simulatgthb
Monte Carlo (MC) samples. To overcome this technical difficuhe LEGO program is used
to produce a high statistics MC signal event sample gerteeatteording to a double-differential
CroSs Sectiol?oyeneric/ (dx dQ?) obtained from (1) by replacing the Breit-Wigner LQ propaga-
tor term with a constant. This unique MC sample is used toutaie the efficiency to select a

6



LQ of a given type, massiq, coupling)., and 5y by attributing to each event a weight:

2
d”0exact

ogsst (type, mrq, Aeg, Prev, 7, Q°)

d? neric
%ch(xaQ%

) 3)

w(type, mrq, Aeg; BLrv, T, Q%) =

whereQ? = sxy refers to the generated negative momentum transfer sqaackd is the
Bjarken scaling variable known at the generator level. fnecedure provides an exact pre-
diction over the full range of LQ production parameters avmids approaches like the narrow
width approximation or the high mass (contact interactegproximation.

The LQ kinematics are reconstructed using the double angthad [16]. The direction of
the detected lepton and jet are used to reconstruct the @jetaling variable and therefore
the LQ massni§ = /zs.

The contributions from Standard Model (SM) background psses which may mimic the
signal include neutral current (NC) and charged current)(@%&p-inelastic scattering (DIS),
photoproduction, lepton pair production and real W bosarydpction. These processes are
briefly described below:

e NCDIS (ep — eX)
NC DIS processes contribute to the selected event sample is¢attered electron is
attributed to the tau electronic decay or if it is misideetifas a narrow jet corresponding
to a tau decay to hadrons. The NC DIS background is modelied tise event generator
RAPGAP [17]. The proton PDFs are parametrised using CTEQ5L4nd hadronisation
is performed using JETSET [18] parton showers and the Luimtgsragmentation.

e CCDIS (ep — vX)
Lepton flavour violating processes usually exhibit an imabak in the measured calori-
metric transverse momentum due to either the presence ohiaally ionising muon
in X final states or the escaping neutrino(s) from tau decaysXirevents. This im-
balance is exploited in the event selection. The CC DIS m®deads to events with
genuine missing transverse momentum and therefore cotdsto the selected sample
if hadrons or photons from the final state are misidentifiechasns or if tau decays are
falsely reconstructed. The CC DIS contribution is modellisthg the DJANGO event
generator [19].

e Photoproduction (yp — X)

Events from photoproduction processes may contributedditial selection if a hadron
is wrongly identified as a muon or if a narrow hadronic jet fakiee tau signature. This
contribution is calculated using the event generator PYW[20]. CTEQS5L [15] serves

as the proton PDF parametrisation and the photonic parsinhiition parametrisation
GRV-LO [21] is used. As PYTHIA only contains leading order— 2 processes, the
multi-jet production cross section is underestimated .[2ZRPherefore, the prediction is
scaled up by a factar.2 in this analysis, in agreement with previous analyses sfijet

photoproduction [22].



¢ Lepton-pair production (ep — eft£~X)
Lepton-pair production events contribute to the backgdobacause they may lead to
high momentum leptons in the final state. In particular,asgt di-muon events with one
unidentified muon may fake theX LFV signature. The background samples incluée
e andrr production generated with the event generator GRAPE [23].

e W production (ep — eW X)
Real W boson production leads to final states with isolated litgheptons and missing
transverse momentum. The simulatédproduction samples are created with the event
generator EPVEC [24] and include leptonie(, 1.7, 77;) and hadronid?” decays.

All signal and SM samples are passed through a detailed atronlof the H1 detector
response based on the GEANT program [25] and the same reectst and analysis algo-
rithms as used for the data.

4 High Pr Muon Signatures

Leptoquarks with couplings to the first and the second legtareration can be produceddmn
collisions and may decay to a muon and a quark. The signatwae isolated hig; muon
back-to-back to the hadronic system in the transverse plargeneral, a muon deposits a very
small fraction of its energy in the LAr calorimeter. The sadjis therefore expected to exhibit
large P&°, which is the net transverse momentum reconstructed frboiusters recorded in
the LAr calorimeter alone.

The event preselection requires at least one muon with ssMease momentum above GeV
in the polar angular rangs)° to 140° and at least one jet. The muon is required to be isolated.
The angular distancé) = /(An)2 + (A¢)2, of the muon to the nearest track and to the near-
est jet is required to be greater thaw and1.0, respectively. Only events witR:!° greater
than12 GeV are selected. In order to further exploit the event topologye transverse plane,
the cutV,,/V, < 0.3 is employed, wheré’,,/V), is defined as the ratio of the anti-parallel to
parallel projections of all energy deposits in the calotinevith respect to the direction of
Psalo [26].

Figure 2 displays the distributions of the transverse mdomarof the muon, its polar angle
0., Ps° and the acoplanaritp\¢, x between the muon and the hadronic final sttafter
the muon preselection. The data passing the preseleceonedr described by the SM predic-
tion. The signal corresponding to a scalar LQ withg = 200 GeV is also shown. It displays
muons with largePy: produced predominantly in the forward direction (16y) in events with
significantP*° and back-to-back topologs¢,,— x ~180°.

In the final LFV selection step, the NC DIS background is farteuppressed by reject-
ing events with identified electrons, and by accepting onignés with an imbalance of the
calorimeter depositgs?l° > 25 GeV, and with a back-to-back topolog® ¢, x >170°. The
latter selection criterion is only applied for events forigfhthe hadronic final state is well
contained in the detector, with the reconstructed polalearig< 0y < 140°.

The selection efficiency ranges from 40% to 60% dependindgpeih.@ mass and type (see
table 2).



5 High Py Tau Signatures

Leptoquarks with couplings to the first and the third lept@ngyation can be produceddp
collisions and may decay to a tau and a quark. Tau leptonslantified using the electronic,
muonic and hadronic decays of the tau.

5.1 Electronic tau decays

The final state resulting from the electronic tau deeays> ev,.v,, leads to an event topology
that is very similar to that of higkp? NC DIS events. The preselection follows that presented
in [27]. A reconstructed jet with a minimal transverse motoem of P% > 25 GeV back-
to-back in the transverse plane to an electron vitth> 10 GeV is required. The kinematic
domain is restricted t6)?> > 1000 GeV? andy > 0.1. Figure 3(a) shows the distribution of
Pmiss after this preselection, wher@™*s is defined as the total missing transverse momentum
reconstructed from all observed patrticles.

In the final selection a large missing transverse momen@iiff > 20 GeV is required in
order to account for the expected missing momentum cargetidneutrinos produced in the
tau decay. These neutrinos are boosted along the electrectidn, implying an imbalance
between the transverse momenta of the elect?prand the hadronic final stat®;. Hence,
the restrictionPs/ P < 0.8 further reduces NC DIS background. In addition, the azirauth
distance between the missing transverse momentum andettteoel must not exceexd)°. The
remaining NC DIS background, due to mismeasured electrergess leading to missing en-
ergy near the electron, is reduced by the requirenf&nf" / Pz~ > 0.7, where P& " is
measured from the electromagnetic cluster &id"™* from tracking information. Any events
with additional isolated muons are excluded from the eteutrtau decay channel. The final
selection in the electronic tau decay channel yields aniefity normalised to all tau decays
of 3% to 10%, which is limited by the branching fractioBR(r — ev,v,) = 17.8% [28] and
dependent on the assumed LQ mass and type (see table 2).

5.2 Muonic tau decays

Muonic tau decays — puv,v. result in similar final states as the high muon signatures
described in section 4. The same selection cuts descriledithare applied here. To ac-
count for possible effects due to different muon kinematesulting from a tau decay, the
selection efficiency was studied in detail with a LFV MC sigsample with ar X final state
and a subsequent muonic tau decay. The selection efficiemges between 4% and 8%,
which is dependent on the LQ mass and type, normalised t@aaltdecays and limited by
BR(t — pv,v,) = 17.4% [28] (see table 2).

5.3 Hadronic tau decays

The hadronic decays of the high tau lead to a typical signature of a high “pencil-like” jet.
The signal topology is a di-jet event with no leptons. Thej&us characterised by a narrow
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energy deposit in the calorimeter and low track multipjiaitith predominantly one or three
tracks in the identification cone of the jet. The neutrinavirthe tau decay are boosted along
the direction of the hadrons. The missing transverse mameint the event is aligned with the
tau-jet.

Tau-jet candidates are defined as jets with exactly one eettracks in the tau-jet cone
with an opening angle that varies betweg&nand 30° with decreasing jet momentum. The
tracks are required not to be associated with identifiedreles or muons and the scalar sum
of their transverse momenta is required to be larger than\2 Qe fine granularity of the LAr
calorimeter is used to match extrapolated tracks with gndegposits in the calorimeter and
to separate additional neutral particles associated ttatheandidate from unmatched energy
deposits in the tau-jet cone. The sum of the four-vectorsefrtacks and of the neutral particles
defines the tau-jet candidate four-vector.

In the preselection step at least two jets with a transvelcmmeenltumPr}etl > 20 GeV and
P}e” > 15 GeV reconstructed in the polar angle rarige< 6;.s < 145° are required. One jet
must fulfil the criteria of a tau-jet candidate with;, > 20°. In addition, the calorimetric
shower shape and tracking signature are exploited to valithe tau-jet candidates. The fol-
lowing estimators are used to separate a tau-jet from quagkuon induced jets: the number
of all tracks associated to the tau-jet candidate, thernistann — ¢ between tracks and calori-
metric clusters, the number of calorimeter cells of thej&ue 5, the radial extension of the
calorimetric depositgr) = Y =" E;r;/ Y. E;, the standard deviation(r) = /(r?) — (r)?
and the invariant tau-jet mass reconstructed from caldameells. A neural net algorithm is
employed and trained using the six estimator variablesxpkai@ed in [29]. The neural net
yields a discriminator variabl®y in the range) < Dxy < 1 with values close t0 for quark
or gluoninduced jets and closeldor hadronic tau decays. The distribution of the discrimina
Dy after the preselection is depicted in figure 3(b). The distions of P and A ¢pmiss—riet
after requiringDyy > 0.8 are shown in figures 3(c),(d). This requirement yields aaligiffi-
ciency of80% and a quark or gluon induced jet rejectiondéfs. After all preselection criteria
16 (112) events are selected ép (e*p) data sample fo22.0 4 1.0(stat.) (121.1 & 5.3(stat.))
expected from the SM.

The final selection step in the hadronic tau decay channeksiake of the characteristic
large missing transverse momentum carried by the tau meutrhich is expected to be in the
direction of the tau-jet. The difference inbetween the missing transverse momentum vector
and the tau-jetA¢yiss_rjet, 1S required to be below0°. A minimal value of PIiss > 12 GeV
is chosen for an accurate determination of the directionaddition P& > 12 GeV is re-
quired. The final signal selection efficiency in the hadrdaic decay channel varies between
3% and 13%, normalised to all tau decays and limited by thadhiag fractionBR(r~ —

v; + hadrons) = 64.8% [28] (see table 2).

6 Systematic Uncertainties

The following experimental systematic uncertainties anesgdered:
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e The energy of electrons is measured with a systematic wmegrin the range from.7%
to 3% depending on the polar angle. The uncertainty of the eleatir@ction is estimated
to be less thaB mrad in # and1 mrad in ¢.

e The scale uncertainty on the transverse momentum of Rijginuons amounts t6%.
The uncertainty on the reconstruction of the muon direas@mrad in # and1 mrad in

.

¢ For the hadronic final state, an energy scale uncertair§iadnd a direction uncertainty
of 20 mrad are assumed.

e The luminosity of the analysed datasets is knowi. 5%.

The effects of these systematic uncertainties on the sagththe expected SM background
are evaluated by shifting the relevant quantities in the MQu#ation by their uncertainty and
adding all resulting variations in quadrature.

Systematic errors accounting for normalisation uncetitssnon the expected background
determined from the individual MC event generators araresid to be 10% for NC DIS and
Lepton-pair production, 15% for W production and 30% for f@pooduction and CC DIS.
The relatively large error of 30% on photoproduction and CIS 3 due to uncertainties on
higher-order corrections. The errors associated to thiegnaund normalisation are added in
guadrature to the experimental error to calculate the &stak of the SM prediction.

The main theoretical uncertainty on the signal cross seciminates from the parton den-
sities. This uncertainty is estimated as described in [t33.found to be5% for LQs coupling
to up-type quarks and varies betwegn at low masses an8% at masses arourzh0 GeV
for LQs coupling to down-type quarks. The correlation betwdifferent channels is taken into
account for the statistical interpretation and limit cétion [30]. A detailed description of the
analysis can be found in [31].

7 Results

No candidate is found in the final data sample of the muon ailaiiihe expected number of SM
background events is03 + 0.32 in thee*p set and).18 & 0.06 in thee p sample. The largest
contribution to this background comes from muon-pair patidun and the muonic decays of
W bosons. These results apply equally to the muonic tau ddaynel.

In the electronic tau decay channel no data event is foungbaced to a SM expectation of
0.28 + 0.19 events in thee~p sample and .24 + 0.55 events in the™p data. NC DIS events
with a mismeasured electron energy are the largest backdroantribution.

No e~ p data event passes the final selection criteria in the hadtanidecay channel. The
expected SM background amount9td9 + 0.06. One event is selected in thép data for an
expected SM prediction &£.63 + 0.57, dominated by NC DIS and photoproduction processes.

The results of the final selection in all channels are sunsadrin table 2. Typical signal
selection efficiencies for some LQ types with a mas$i0fGeV and500 GeV are also given.
The observation is in agreement with the SM prediction anéwidence for LFV is found by
the present analysis. Limits on the model parameters predém section 3 are calculated as
described in the following section.
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8 Limits

The results of the search are interpreted in terms of exaridsnits on the mass and the coupling
of LQs that may mediate LFV. The LQ production mechanism aRAEnvolves non-zero
coupling to the first generation fermions, > 0. The LFC decay$.QQ —eq or LQ —v.q are
therefore possible. In order to cover the full LQ decay waltll to generalise the results of LFV
searches imp collisions to an arbitrary weight between the LFC and LFValechannels, the
searches for LFC decays presented in [13] are combined auth ef the LFV search channels
pX or X of the present analysis. It is assumed that only one of thelcms \,, and A,

is non—zero and therefore theX and X channels enter the limits calculation separately. A
modified frequentist method with a likelihood ratio as th&t ®atistic is used to combine the
individual data sets and search channels [32].

In first generation LQ signals are searched for in about 468 o them,q —y plane and
the observed data is in agreement with the irreducible SM NC@C background [13]. For
the LFV channeluq (7q), the couplings\., and A, (\,,) and the LQ mass determine the
total production cross section, which is compared to thecsetl data from the LFV search
channel and the first generation results. A combined tesstitas built and used to set limits
as a function of\.,, \,,(\;,) andmyq. This procedure implicitly includes in the analysis the
decays to a neutrino of any flavour and a quark.

Figure 4 shows limits before and after combination with tearsh for first generation LQs
for the LQ typesS{ and V" up to LQ masses df20 GeV assuming\., =\, and ., = A,
l.e. BLry =0.5, In the resonance production region. The comparison faethges exemplifies
that the limits on those LQs which can decay to a neutrinaigpair, namelyS}, SE, Vi and
VL, benefit most from the combination with the search for firstegation LQs which covers
decays to a neutrino-quark pair. In the high mass regimeg> /s (contact interaction region)
the obtained limits are similar to those deduced withoutabmbination. The fluctuations in
the combined limits are due to the observed data events iseifueh for first generation LQs.
In the mass range fro@b0 GeV to 300 GeV both the combined limits ok, and,, are for all
LQ types up to a factor 2 more stringent than without comlbamatTable 3 shows the 95% CL
combined lower limits on the LQ mass for all LQ types assunairgupling of electromagnetic
strength\., =\, (A7y) =0.3.

Allowing for an arbitrary decay rate between the LFC and LFe¢aly channels? rv, the
excluded regions for two LQ types and four mass values il\fhe—\.,, (a,b) and\-,, — A,
(c,d) planes are presented in figure 5. For very low valugg gf (Ae;>> A4(Arg)), the limits
on )., reproduce the bounds published in [13], as expected, sieceRC channel dominates
the LQ width. Forfp ey >0.5 (A4 (M) > Ae,) the present analysis extends significantly the
published limits on\, to lower values. The limit without combination in the coritaterac-
tion region (where the cross section is proportionalg;g)\#(T)qj/miQ) forms a cross-diagonal
straight line following different values of;ryv. The combination in the contact interaction re-
gion, e.g.mpq = 350 GeV, barely strengthens the limit as the virtual effects of tlghhmass
LQ contact interaction at low values ¢fs are marginal compared to the irreducible NC and CC
DIS background. Fluctuations of the data may even resultessstringent combined limit.

Figures 6 and 7 display the 95% CL upper limits on the couplpgand ), of all 14 LQ
types to a muon-quark pair and a tau-quark pair, respegtiasl a function of the LQ mass
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leading to LFV inep collisions, assuming., = \,,(A-,). The limit curves referring to the LQ
typesSE and Sf/Q are identical to profiles of the corresponding excludedamsgifollowing
the valuefry =0.5 in figure 5. The limits are most stringent at low LQ masses wélues
O(10?) aroundmy,q = 100 GeV. Corresponding to the steeply falling parton density fiorct
for high values ofr, the LQ production cross section decreases rapidly andigxel limits
are less stringent towards higher LQ masses. For LQ masss/akar the kinematical limit of
319 GeV, the limit corresponding to a resonantly produced LQ tumsathly into a limit on
the virtual effects of both an off-shedtichannel LQ process anduachannel LQ exchange. At
massesn,q > /s the two processes contract to an effective four-fermiogramttion, where the
cross section is proportional ta,,-4\eq /M7 o)*. This feature is visible in the constant increase
of the exclusion limit for masses above #hecentre-of-mass energy ¢fs = 319 GeV. Due to
initial state QED radiation and very low parton densitiesrfasses neay’s the “kink” of the
transition region is shifted to somewhat smaller massesonirad 290 — 300 GeV.

It is noticeable that the limits on vector LQs are more stmgcompared to those on the
scalars, due to the considerably higher cross section awslithhtly higher acceptance. In each
plot those LQ types that have couplings to bothndd quarks exhibit the best limit. The limits
corresponding to LQs coupling toaquark are more stringent than those corresponding to
LQs coupling to thel quark only, as expected from the largeguark density in the proton.
The LQsSE and S{ (ViE and V) differ only by the decay into a neutrino and a quark of the
lefthanded LQ. As this decay channel is not covered in the HE¥ay channels, the left-handed
LQ cannot be as strictly excluded as the right-handed onis.arfgument applies to the resonant
production where the analysis is only sensitive to the glantidth of the LQ. In the high mass
region the limits forS{ and S (Vi and V) are similar, as the four-fermion interaction is
independent of the decay width.

The limits on\,,;), = A, derived from the virtual effects of @0 GeV LQ are transformed
into a limit on the value\,(-),; Aeq; /i @and shown in tables 4 and 5 féf = 0 LQs and in
tables 6 and 7 foF' = 2 LQs. For each LQ type the limit is calculated for the hypoihed
a process with only the quarks of flavourand j involved. With respect to quark flavours,
the selection criteria described in sections 4 and 5 aresne since no flavour tagging of the
hadronic jet is used.

These results may be compared with constraints from lowggnexperiments, based on
the non-observation of LFV in muon scattering and rare decdymesons and leptons [28].
The interpretation in terms of leptoquark exchange and$ion A, -y, Acq, /mﬁQ [33] are also
shownin tables 4, 5, 6 and 7. Bounds of similar magnitude laserved for processes involving
e — 7 transitions and charm or bottom quarks. In these casestiis bbtained in the present
analysis are often superior to those from low energy expans

The results on LFV in LQ production are directly comparablthwhose from the ZEUS
experiment [34]. Similar limits are obtained. At hadronlictdrs LQs are mainly produced in
pairs independently of the coupling, and therefore searchanot constrain LFV couplings.
Lower mass limits on the second and third generation le@idguextend up t@50 GeV and
150 GeV, respectively, depending on the type and the assumed deaaghing ratios [35].
Similarly, second and third generation leptoquarks aregraduced irete~ annihilation where
typical lower mass bounds reach valued @ GeV [36].
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9 Conclusion

A search for lepton flavour violation processes induced Ipyolguarks inep collisions at a
centre-of-mass energy 89 GeV with the H1 experiment at HERA is presented. No signal for
the LFV processesp — X orep — 7.X is found. Constraints on LFV LQ couplings are set
combining the LFV search with the search for first generalti@s. The limits are a factor of 2
to 4 more stringent and extend beyond the domain in LQ madadea by previous searches
performed by the H1 experiment [7]. Exclusion limits on gavscenarios of LFV transitions
of the kindeg; — 7¢; are more stringent than limits from searches for certaia nagson or tau
decays. Assuming a coupling of electromagnetic strenggtofjuarks mediating lepton flavour
violating processes — p ande — 7 can be ruled out up to masses4ab GeV and379 GeV,
respectively.
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_ _ Branching
Type Q ep dominant process Coupling .
ratio 3,

0~ A 1/2

Sk -1/3 | e,ur, — B g /
ved —AL 1/2

Sk —1/3 | egur  — ! u AR 1
SE —4/3 | epdp = 07d AR 1
{~u -2 1/2

I -1/3 | e;ur, — g /
—4/3 €ZdL — !~ d —ﬁAL 1

Vi, —4/3 | e;dp —  47d AL 1
VR —1/3 | egur,  — Cu AR 1

12 —4/3 | epd, —  07d AR 1
VIL/2 -1/3 | e;ur — {~u AL 1

t+d AL 1/2
Vi +2/3 tdr, —

0 / “rROL { vpu, AL 1/2
VOR +2/3 e—lL_dR — td )\R 1
Vi +5/3 | efur  — T AR 1

ttd | =X 1/2
+2/3 | ebd;, —
Vi /3] ende { Dpu AL 1/2
+5/3 eEuL — axy NN 1
SIL/2 +5/3 eEuR — rtu AL

R +2/3 e—lL_dL — rtd _>\R 1

51/2 + +
+5/3 | ejur, — 0t AR 1
51, +2/3 | efdp —  0Hd AL 1

Table 1: The 14 leptoquark (LQ) types of the BuchmulleeRd\yler classification [12] in the
Aachen notation [14]. The LQ subscripts refer to the weakpgoand the superscripts refer to
the lepton chirality. Columns 2-4 display the spinfermion number?” and electrical charge
. The dominant resonant production processpiscattering and the corresponding coupling
is shown in columns 5 and 6 respectively. Leptoquarks whaipte to a left-handed lepton
doublet and can decay into a neutrino-quark pair, have agelldepton decay branching ratio

of Be =T/ (Teg + Tyq) =1/2.
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H1 Search for LFV ep: 13.7pb!  etp: 66.5pb !
Selection results Selection efficiency
Channel Data| SMMC mLq Sl Vil | V| S,
150 GeV | 58.0% | 60.9% | 60.1% | 57.7
epll 0 |018+0.06 ¢ % % % %
s 500 GeV | 47.2% | 38.5% | 42.3% | 37.8%
(&
b H 150 GeV | 55.5% | 57.9% | 58.7% | 55.8%
etpll 0 |1.03+0.32
500 GeV | 40.9% | 40.5% | 36.6% | 41.4%
150 GeV | 28.3% | 27.6% | 27.1% | 28.1
epll 0 0754021 ¢ % % % %
oy 500 GeV | 21.3% | 14.4% | 17.1% | 13.8%
€ T
b 150 GeV | 26.8% | 26.4% | 26.9% | 27.0%
etpll 1 4904085
500 GeV | 17.0% | 16.7% | 14.1% | 17.3%
1o Tosssoge | 130GV [ 0.0% | 7.8% | 7.6% | 8.9%
ep = 7X b ' T 500GeV | 6.7% | 4.0% | 5.2% | 3.8%
s 150GeV | 8.3% | 7.2% | 7.3% | 8.4
STl 0 | 1244055 ¢ % % % %
500CeV | 4.8% | 5.1% | 4.0% | 5.3%
150GeV | 7.4% | 7.6% | 7.6% | 7.4
epll 0 |018+0.06 ¢ % % % %
ep — 17X 500GeV | 6.3% | 4.7% | 5.4% | 4.6%
SN 150GeV | 7.8% | 8.0% | 8.1% | 7.8
T el 00 ] 103+ 0.32 ¢ 6| 80% | 8.1% | T8%
500CeV | 5.2% | 5.2% | 4.5% | 5.3%
150 GeV | 11.9% | 12.2% | 11.9% | 11.8
epll 0 |029+0.06 ¢ % % % %
ep — X 500CeV | 8.3% | 5.7% | 6.5% | 5.4%
h, 150 GeV | 10.7% | 11.2% | 11.5% | 10.8
T Ly |1 | 2634057 ) | 1127 11.5% | 10.8%
500CeV | 7.0% | 6.4% | 5.6% | 6.7%

Table 2: Summary of the selection results of the search ®L#V processesp — ;X and

ep — 7X. The results of the individual tau decay channels are alsashThe errors on the
SM MC expectation include statistical and systematic sremtded in quadrature. Examples
of signal selection efficiencies for leptoquarks of the g/g§, VIL/Q, Vi amdSlL/2 with masses
mi,q 0f 150 GeV and500 GeV are also shown. For the tau decay channels the efficienaes ar

normalised to the sum of all tau decays.
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H1 lower exclusion limits onnq (GeV) at95% CL
F=0 SlLQ 552 glLQ VOL VOR ‘N/OR VlL
eq — pg || 302 | 309 | 288 | 299 | 298 | 333 | 459
eq —7q || 298 | 298 | 285 | 290 | 293 | 307 | 379
F=2 SOL S(})Q 5‘({3 SlL V1L2 V1R2 V1L2
eq — pq || 294 | 294 | 278 | 306 | 299 | 374 | 336
eq —1q || 293 | 294 | 276 | 295 | 282 | 302 | 297

Table 3: Lower exclusion limits at 95% CL on leptoquark masse;,, assuming
Aug=Aeqg = 0.3 0r Ay =X\, = 0.3.
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ep — puX H1 F=0
. . . 2 —9
Upper exclusion limits 0.y, Ay, /miq (TeV™)
for lepton flavour violating leptoquarks 85% CL
L R QL L R 7R L
o SI/Q Sl/2 SI/Q VE) ‘/O ‘/O ‘/1
qZQJ e" e~ (@ +d) e~d e~ d e~ d e” e” (V2a + d)
etu et(u+d) etd etd etd etu et (V2u + d)
N — eN N — eN N — eN N — eN N — eN N — eN wN — eN
11 5.2x 1075 | 2.6 x107% | 5.2x107°% | 2.6 x 107% | 2.6 x 107% | 2.6 x 10~° 0.8 x 10~°
1.4 1.1 2.0 1.3 1.3 0.9 0.4
D — pe K — peé K — pe K — peé K — pe D — pe K — peé
12 2.4 2 x 1077 2% 1072 1x 1075 1x 1072 1.2 1x 1075
1.4 1.2 2.0 1.5 1.5 1.1 0.5
B — pé B — pe B — pé B — pe B — pé
13 b 0.4 0.4 0.2 0.2 * 0.2
2.1 2.1 1.6 1.6 1.6
D — pé K — pe K — pe K — pe K — pe D — pé K — pe
21 2.4 2 x 107° 2x 1077 1x10~° 1x10~° 1.2 1x10~°
4.2 2.9 4.1 1.7 1.7 1.5 0.7
N — eN N — eN N — eN N — eN wN — eN N — eN N — eN
22 9.2x 10™% | 1.3 x 1073 3x 1073 1.5x 1073 | 1.5 x 1073 | 4.6 x 10~% 2.7 x 1074
6.0 3.7 4.8 2.5 2.5 3.1 1.3
B — peK B — peK B — peK B — peK B — peK
23 x 0.3 0.3 0.15 0.15 * 0.15
5.2 5.2 3.5 3.5 3.5
B — e B — pé Vub B — e Vub
31 X 0.4 0.4 0.12 0.2 * 0.12
5.3 5.3 1.8 1.8 1.8
B — jie K B — fieK B — e K B = fieK B — e K
32 X 0.3 0.3 0.15 0.15 x 0.15
7.0 7.0 2.8 2.8 2.8
uN — eN N — eN uN — eN N — eN uN — eN
33 x 1.3 x 1073 3x 1073 1.5 x 1073 | 1.5 x 1073 * 2.7 x 1074
8.3 8.3 4.3 4.3 4.3

Table 4: Limits at 95% CL or)\eqi)\qu/miQ for I = 0 leptoquarks (bold). Combinations oOf

and; shown in the first column denote the quark generation cogptirihe electron and muon
respectively. In each cell the first two rows show the progessiding the most stringent limit
from low energy experiments. The cases marked withréfer to scenarios involving a top
guark, not considered in the present analysis. Highlightgédimits are more stringent than
those from the corresponding low energy experiment.
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ep — 17X H1 F =0
. . . 92 —9
Upper exclusion limits otk Ay, /miq (TeV™7)
for lepton flavour violating leptoquarks 85% CL
L R oL L R 7R L
o 51/2 51/2 51/2 ‘/0 ‘/O VE) ‘/1
qlqj e” e~ (7 +d) e~ d e~d e~ d e" e~ (V2a +d)
etu et(u+d) etd etd etd etu et (V2u +d)
11 0.4 0.2 0.4 0.2 0.2 0.2 0.06
2.1 1.8 3.1 2.1 2.1 1.5 0.7
T — Ke K — wvo T — Ke T — Ke K — mvv
12 6.3 5.8 x 1074 3.2 3.2 1.5 x 1074
2.2 1.8 3.2 2.5 2.5 1.7 0.8
B — Té B — Té B — Té B — Té B — Té
13 x 0.3 0.3 0.13 0.13 x 0.13
3.2 3.2 2.7 2.7 2.7
T — Ke K — wvo T — Ke T = Ke K — wvo
21 6.3 5.8 x 1074 3.2 3.2 1.5 x 1074
6.7 4.8 6.9 2.8 2.9 2.3 1.1
T — 3e T — 3e T — 3e T — 3e T — 3e T — 3e T — 3e
22 5.0 8.0 17.0 9.0 9.0 3.0 1.6
10.9 6.7 8.6 4.5 4.5 5.5 2.4
B — teX B — 1eX B — 1eX B — teX B — 1eX
23 b 14.0 14.0 7.2 7.2 * 7.2
9.3 9.3 6.3 6.3 6.3
B — Té B — Té Vub B — Té Vub
31 X 0.3 0.3 0.12 0.13 X 0.12
9.1 9.1 3.0 3.0 3.0
B — 7éX B — 1teX B — teX B — 7eéX B — teX
32 X 14.0 14.0 7.2 7.2 X 7.2
12.6 12.6 4.9 4.9 4.9
T — 3e T — 3e T — 3e T — 3e T — 3e
33 x 8.0 17.0 9.0 9.0 * 1.6
15.2 15.2 8.1 8.1 8.1

Table 5: Limits at 95% CL OI’)\eqi)\qu/m%Q for F' = 0 leptoquarks (bold). Combinations of
¢ andj shown in the first column denote the quark generation cogpérthe electron and tau
respectively. In each cell the first two rows show the progessiding the most stringent limit
from low energy experiments. The cases marked withréfer to scenarios involving a top
guark, not considered in the present analysis. Highlightgédimits are more stringent than

those from the corresponding low energy experiment.
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ep — uX H1 F=2
. . . 2 —9
Upper exclusion limits 0.y, Ay, /miq (TeV™)
for lepton flavour violating leptoquarks 85% CL
L R SR L L R 7L
N S0 S0 S0 Si V1/2 V1/2 V1/2
qZQJ e u e"u e  (u+d) e” (u + V2d) e~ d e  (u+d) e"u
eta et et (a +d) et (a +v2d) etd et(a+d) eta
N — eN N — eN N — eN N — eN wN — eN N — eN wN — eN
11 5.2 x 1075 | 5.2x107% | 5.2x 107° 1.7 x 1075 2.6 x 107°% | 1.3x107% | 2.6 x 10~°
2.0 2.0 2.6 1.0 1.1 0.6 0.8
K — mvo D — pe K — pe K — peé K — pe K — pe D — pé
12 1x 1073 2.4 2 x 1072 1x 1075 1x 1075 1x 1072 1.2
2.6 2.6 3.2 1.4 2.0 1.4 1.9
B — pe Vub B — pe B — pe
13 X X 0.4 0.24 0.2 0.2 *
3.3 1.6 2.5 2.5
K — wvo D — peée K — pe K — pe K — pe K — pe D — pé
21 1x 1073 2.4 2x 107° 1x107° 1x10~° 1x10~° 1.2
2.6 2.6 3.3 1.4 1.1 0.7 0.8
N — eN N — eN N — eN N — eN wN — eN N — eN N — eN
22 9.2x 10™% | 9.2x 1073 3x 1073 2.5 x 1073 1.5 x 1073 | 6.7 x 10™% | 4.6 x 1074
6.0 6.0 4.8 2.2 2.5 1.9 3.1
B — peK B — peK B — peK B — peK
23 x x 0.3 0.15 0.15 0.15 x
5.2 2.6 3.5 3.5
B — pe B — pé B — pe B — pe
31 X X 0.4 0.4 0.2 0.2 *
3.7 1.9 1.2 1.2
B — fieK B — e K B — fieK B — e K
32 X X 0.3 0.15 0.15 0.15 X
7.0 3.5 2.8 2.8
N — eN uN — eN N — eN N — eN
33 x x 3 x 1073 2.5 x 1073 1.5x 1073 | 6.7 x 1074 x
8.3 4.3 4.3

Table 6: Limits at 95% CL or)\eqi)\qu/miQ for F' = 2 leptoquarks (bold). Combinations of

and; shown in the first column denote the quark generation cogptirihe electron and muon
respectively. In each cell the first two rows show the progessiding the most stringent limit
from low energy experiments. The cases marked withréfer to scenarios involving a top
guark, not considered in the present analysis. Highlightgédimits are more stringent than

those from the corresponding low energy experiment.
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ep — 17X H1 =2
. . . 2 )
Upper exclusion limits otk Ay, /miq (TeV™7)
for lepton flavour violating leptoquarks 85% CL
L R QR L L R 7L
o S0 S0 S0 Si V1/2 V1/2 V1/2
qlqj e u e"u e  (u+d) e” (u + V2d) e~ d e  (u+d) e u
eta eta et (a +d) et (a +v2d) etd et(a+d) et
Gp T — we T — mwe T — we T = me T — we T = me
11 0.3 0.4 0.4 0.1 0.2 0.1 0.2
3.0 3.0 4.2 1.7 1.8 1.0 1.2
K — wvi T — Ke K — wvo K — mvv T — Ke
12 5.8 x 1074 6.3 2.9 x 1074 2.9 x 107% 3.2
4.0 4.0 5.0 2.1 3.5 2.3 3.1
B — Té Vub B — Té B — Té
13 x X 0.3 0.12 0.13 0.13 X
5.3 2.7 4.2 4.2
K — wvo T — Ke K — wvo K — wvo T = Ke
21 5.8 x 1074 6.3 2.9 x 1074 2.9 x 107% 3.2
4.2 4.2 515 2.3 1.8 1.1 1.2
T — 3e T — 3e T — 3e T — 3e T — 3e T — 3e T — 3e
22 5.0 5.0 17.0 14.0 9.0 4.0 3.0
10.8 | 10.9| 8.6 3.9 4.5 3.5 5.5
B — TeX B — 7eX B — TeX B — TeX
23 * X 14.0 7.2 7.2 7.2 *
9.3 4.7 6.3 6.3
B — Té B — Té B — Té B — Té
31 * x 0.3 0.13 0.13 0.13 *
6.3 3.1 1.9 1.9
B — TeX B — 7eX B — TeX B — TeX
32 x X 14.0 7.2 7.2 7.2 X
12.6 6.4 4.9 4.9
T — 3e T — 3e T — 3e T — 3e
33 * x 17.0 14.0 9.0 4.0 *
15.2 7.8 8.1 8.1

Table 7: Limits at 95% CL OI’)\eqi)\qu/m%Q for F = 2 leptoquarks (bold). Combinations of
¢ andj shown in the first column denote the quark generation cogpérthe electron and tau
respectively. In each cell the first two rows show the progessiding the most stringent limit
from low energy experiments. The cases marked withréfer to scenarios involving a top
guark, not considered in the present analysis. Highlightgédimits are more stringent than

those from the corresponding low energy experiment.
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Figure 2: Control distributions of the preselecied sample: (a) muon transverse momentum,

(b) muon polar angle, (c) transverse momentum as measunecdlifie calorimeter deposits and

(d) acoplanarity between the muon and the hadronic fina¢ stat Data (points) frome™p
collisions are compared to the SM expectation (histograbhe LFV signal MC sample of a

leptoquarks ), with myq
normalisation in each plot.
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Figure 3: Distributions of the preselected sample: (a) missing transverse momentum in the
electronic tau decay channel and (b) neural net tau-jetidigtant after the preselection in the
hadronic tau decay channel. The restricted sample obtaiftedthe additional cuDyy > 0.8

in the hadronic channel: (c) missing transverse momentuh(@nacoplanarity between the
tau-jet and the missing transverse momentum. The LFV sig@asample of a Ieptoquar&f/2

with mpq = 200 GeV and A\, = A\, = 0.3 is shown hatched with arbitrary normalisation in
each plot.
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Figure 4: Comparison of limits at 95% CL on the coupling canst)\,, under the assumption

Mg = Aeq @s a function of the leptoquark massq, for: (a) S on ., = Aeu, (0) Vi 0N 0= Aea,

(c) S§ on )\, = A, and (d)VE on A 4= ). The areas above the dashed lines represent the
exclusion regions using only the lepton flavour violatingttguark decay channets — ;.X
andep — 7.X, respectively. The limits after combination with the résuf the search for first
generation leptoquarks are shown as solid lines.
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H1 Search for lepton flavour violation
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Figure 5: Excluded regions at 95% CL (filled) on, as a function of\.,, for four differ-

ent leptoquark masses. The branching ratiey = A, /(\},, + AZ,,) is not fixed. Diagonal
dashed lines represent iso-curves for fixed values; gf,. The bounds deduced without the
combination with first generation leptoquarks are shownlaskicurves corresponding to the

different mass assumptions.
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H1 Search for lepton flavour violation
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Figure 6: Limits on the coupling constantg,, = \.,, as a function of the leptoquark mass,

for (a), (b) F = 0 and (c), (d)F' = 2 scalar and vector leptoquarks. Regions above the lines are
excluded at 95% CL. The notatian illustrates that only processes involving first generation
quarks are considered.
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Figure 7: Limits on the coupling constants,, = \.,, as a function of the leptoquark mass

for (a), (b) F = 0 and (c), (d)F' = 2 scalar and vector leptoquarks. Regions above the lines are
excluded at 95% CL. The notatian illustrates that only processes involving first generation
quarks are considered.
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