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Search for Lepton Flavour Violation at HERA

H1 Collaboration

Abstract

A search for second and third generation scalar and vector leptagpiarétuced irep
collisions via the lepton flavour violating processgs— X andep — 7X is performed
by the H1 experiment at HERA. The full data sample taken at a centre-sd-ew@ergy
Vs = 319 GeV is used for the analysis, corresponding to an integrated luminosity of
245 pb~! of etp and 166 pb~! of e~ p collision data. No evidence for the production of
such leptoquarks is observed in the H1 data. Leptoquarks produegg itollisions with
a coupling strength ok = 0.3 and decaying with the same coupling strength to a muon-
quark pair or a tau-quark pair are exclude@%t confidence level up to leptoquark masses
of 712 GeV and479 GeV, respectively.
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1 Introduction

Theep collisions at HERA provide a unique testing ground to seaocméw particles coupling
directly to a lepton and a quark. An example of such partialesleptoquarks (LQs), colour
triplet bosons which are a generic prediction of grand udifieories [1], composite models [2],
technicolour [3] and supersymmetry wiffrparity violation [4]. In the Standard Model (SM)
particle interactions conserve lepton flavour, and if thgperty is extended to LQ models, any
such particles produced at HERA would decay exclusively antpuark and a first generation
lepton, namely an electréior a neutrino. Dedicated searches have been performed at ERA
such leptoquarks, where the SM expectation is dominatecbyral current (NC) and charged
current (CC) deep inelastic scattering (DIS) background]5—7

The introduction of lepton flavour violation (LFV) to leptogrk models would mean the
processesp — uX orep — 7X, mediated by the exchange of a leptoquark, would be ob-
servable at HERA with final states containing a muon or the yipcaducts of a tau lepton in
combination with a hadronic systeM. Searches for such signatures have been performed at
HERA and limits on LFV leptoquark production have been detij® 8, 9]. In this paper a
search for LFV phenomena is performed usifigy collision data at a centre-of-mass energy
Vs = 319 GeV, recorded during the years 1998-2007 by the H1 expetiat¢fERA. The cor-
responding integrated luminosity 2£5 pb~! for e™p collisions andl66 pb~! for e~ p collisions
represents an increase in size of the data sample with tetspi@ previous publication by a
factor of3 and12, respectively. Data collected from 2003 onwards were takéna longitudi-
nally polarised lepton beam, with polarisation typicaltyadevel of35%. The presented results
supersede those derived in previous searches for leptamuflsiolating leptoquarks by the H1
experiment [8].

2 Leptoquark Phenomenology

The phenomenology of LQs at HERA is discussed in detail elsesvfb]. In the framework of
the Buchniiller-Ruckl-Wyler (BRW) effective model [10], LQs are classified irtbtypes [11]
with respect to the quantum numbers sginweak isospin/ and chiralityC'(= L, R). Scalar
(J = 0) LQs are denoted as¢ and vector { = 1) LQs are denoted’ in the follow-
ing. LQs with identical quantum numbers but different wegkdrcharge are distinguished
using a tilde, for exampl&;* and V. Some LQs, namel}, S, V' andV}, may de-
cay to a neutrino-quark pair resulting in the branchingtfoarcfor decays into charged leptons
Be=T1y/(Ley +T,,,) = 0.5. Since neutrino flavours cannot be distinguished with thek{ier-
iment such final states are not included in this analysis.

Leptoquarks carry both leptorl) and baryon B) quantum numbers, and the fermion
numberF =L+3 B is assumed to be conserved. Leptoquark processes proceetydvia
s-channel resonant LQ production or indirectly viechannel virtual LQ exchange. For LQ
massesnq well below /s, the s-channel production of” = 2 (¥ = 0) LQs ine p (e"p)

Yn this letter the term “electron” is used generically toerefo both electrons and positrons, if not otherwise
stated.



collisions dominates. However, for LQ masses aboMeGeV, both thes andu-channel pro-
cesses are important such that betlp ande™p collisions have similar sensitivity to LQs with
F =2 and LQs withF' = 0.

The BRW model assumes lepton flavour conservation, althowginaral extension of this
model allows for the decay of LQs to final states containingiarkj and a lepton of a different
flavour, that is a muon or tau lepton. Non-zero couplingsto an electron-quark pair ang,,
(Arg;) to @ muon(tau)-quark pair are assumed. The indicasd j represent quark generation
indices, such thak,.,, denotes the coupling of an electron to a quark of generatiand )\, is
the coupling of the outgoing lepton (whefe- i or 7) to a quark of generation An overview
of this extended model for the LQ couplingdaandd quarks is provided elsewhere [8].

Events with LQs are generated using the LEGO [12] event gémrewith the CTEQ5L
parametrisation [13] of the parton distribution functiarighe proton. The LQ signal expecta-
tion is calculated as a function of the LQ type, mass, cogptionstant and the branching ratio
S to a given charged lepton flavour, where:

L scalar LQ

= B, X with — 1D and Ty, = mo)2 x { 167
5 5@ 5LFV BLFV Lq LQNq vector LQ
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wherel',, denotes the partial LQ decay width for the decay to a leptere, 1, 7 and a quark
g. In order to avoid the need to generate many Monte Carlo (MCpkzsrat each leptoquark
mass, coupling and branching ratio, a weighting technigwsed to provide predictions across
the full range of LQ production parameters [8].

Leptoquarks with couplings to the first and the second legimeration may decay to a
muon and a quark, leading to an event topology with an isglaigh transverse momentuRy
muon back-to-back to a hadronic system in the transverse plaeptoquarks with couplings
to the first and the third lepton generation may decay to a tausaquark. Tau leptons are
identified in this analysis using the muonic and one-prordydwaic decays of the tau. In both
cases, the tau decay results in missing transverse momentilma event due to the escaping
neutrinos. Previous LFV leptoquark analyses also examined e X decays and three-prong
hadronic tau decays [8], for which the background from SMcpsses is large [14]. Given the
increase in data luminosity with respect to the previouslipation, a correspondingly large
increase in the SM background is observed, which limits émsisivity of these decay channels
and they are therefore not included in the presented asalysi

3 Standard Model Background Processes

Several SM processes may mimic the LQ signal. The main SMdvaakd contribution is
from photoproduction events, in which a hadron is wrongbnitified as a muon or a narrow
hadronic jet fakes the signature of the hadronic tau decawila8ly, the scattered electron in
NC DIS events may also be misinterpreted as the one-pronghiadau decay jet. Smaller
SM background contributions arise from events exhibitmgmsic missing transverse momen-
tum (for example CC DIS), events containing high leptons (such as lepton pair production,



particularly inelastic muon-pair events if one muon is @mtfied) or events with both of these
features (realV production with leptonic decay).

The RAPGAP [15] event generator, which implements the BoralJég9CD Compton and
boson-gluon fusion matrix elements, is used to model inguUNC DIS events. The QED ra-
diative effects arising from real photon emission from kb#incoming and outgoing electrons
are simulated using the HERACLES [16] program. Direct andlvesiopphotoproduction of jets
and prompt photon production are simulated using the PYTHIA event generator, which is
based on Born level scattering matrix elements. In RAPGAP &IHPA, jet production from
higher order QCD radiation is simulated using leading Idgaric parton showers and hadroni-
sation is modelled with Lund string fragmentation [18]. Ilrstve CC DIS events are simulated
using the DJANGOH [19] program, which includes first ordgatémic QED radiative correc-
tions based on HERACLES. The production of two or more jets iIANDBOH is accounted
for using the colour dipole model [20]. The leading order M@dction of processes with two
or more high transverse momentum jets in NC DIS, CC DIS andgpmotuction is scaled by
a factor of1.2 to account for the incomplete description of higher ordarthe MC genera-
tors [21, 22]. Contributions arising from the production ofgle 1/ bosons and multi-lepton
events are modelled using the EPVEC [23] and GRAPE [24] evamigators, respectively. The
uncertainties on the SM background predictions are destiibsection 6.

Generated events are passed through a GEANT [25] basedasiomubf the H1 appara-
tus, which takes into account the running conditions of tamdaking. Simulated events are
reconstructed and analysed using the same program chamsed for the data.

4 Experimental Conditions

A detailed description of the H1 experiment can be foundveisge [26]. Only the detec-
tor components relevant to this analysis are briefly desdriere. A right-handed Cartesian
coordinate system is used with the origin at the nominal @rynap interaction vertex. The
proton beam direction defines the positivexis (forward direction). The polar angteand
the transverse momentg- of all particles are defined with respect to this axis. Thenathal
angle¢ defines the particle direction in the transverse plane. Beegorapidity is defined as
n = —Intan g.

The Liquid Argon (LAr) calorimeter [27] covers the polar éaganget® < 6 < 154° with
full azimuthal acceptance. The energies of electromagisébwers are measured in the LAr
with a precision ofo(E)/E ~ 11%/+/E/GeV& 1% and hadronic energy depositions with
o(E)/E ~50%/+/E/GeVa& 2%, as determined in test beam measurements [28, 29]. A lead-
scintillating fibre calorimeter (SpaCal) [30] covering thackward regionl53° < 6 < 178°
completes the measurement of charged and neutral partiEt@selectrons a relative energy
resolution ofo(E)/E ~ 7%/\/FE/GeV @ 1% is reached, as determined in test beam measure-
ments [31]. The central(°® < # < 160°) and forward {° < 6 < 25°) inner tracking detectors
are used to measure charged particle trajectories anddastuact the interaction vertex. The
measured trajectories fitted to the interaction vertex eferred to as tracks in the following.
The LAr calorimeter and inner tracking detectors are emzlaa a superconducting magnetic
coil with a field strength ofi.16 T. From the curvature of charged particle trajectories & th
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magnetic field, the central tracking system provides trars/momentum measurements with
aresolution obp,./Pr = 0.005Pr/GeV @ 0.015 [32]. The return yoke of the magnetic coil is
the outermost part of the detector and is equipped withsee&ubes forming the central muon
detector {° < 0 < 171°). In the very forward region of the detectd®(< 6 < 17°) a set of
drift chambers detects muons and measures their momentg arsiron toroidal magnet. The
luminosity is determined from the rate of the Bethe-Heitlexgessp — epy, measured using
a photon detector located close to the beam pipe-at-103 m, in the backward direction.

Lepton flavour violating processes usually exhibit an irbak in the measured calorimet-
ric transverse momentunstl°, due to either the presence of a minimally ionising muon in
1 X final states or the escaping neutrino(s) from tau decaysXirevents. The LAr calorime-
ter provides the main trigger in this analysis. The triggiiciency is about60% for events
with a transverse momentum imbalance measured in the wedtet of12 GeV, rising to about
90% for an imbalance o£5 GeV [33]. Events are also triggered by hadronic jets in the LA
calorimeter, with a trigger efficiency abo9é% for a jet transverse momentuj'?j}et > 20 GeV
and almosti00% for P5* > 25 GeV [34]. For di-jet events with a scalar sum of the transwers
energy in the evenb; > 30 GeV, the trigger efficiency is greater thag’ [35].

In order to remove events induced by cosmic rays and otheepdackground, the event
vertex is required to be reconstructed with35 cm in z of the average nominal interaction
point. In addition, topological filters and timing vetoeg applied.

5 Particle Identification and Event Selection

Electromagnetic particle (electron and photon) candglate identified as compact and iso-
lated clusters of energy in the electromagnetic part of thedalorimeter. Electron candidates
are defined as electromagnetic particle candidates wittsaocated track. Identification of
muon candidates is based on a track in the inner trackingtese associated to a signal in
the muon system. Tracks and calorimeter deposits not feehtas originating from isolated
electromagnetic particles or muons are combined into eftshck objects to reconstruct the
hadronic final state [36]. Jets are reconstructed from thbgerts using an inclusivie, algo-
rithm [37, 38] with a minimumP, of 4 GeV and a distance paramet@r= 1.0. The missing
transverse momentur™ss, which may indicate the presence of neutrinos in the findésta
is derived from all reconstructed particles in the evente TR kinematics are reconstructed
using the double angle method [39]. The direction of the aetklepton and the hadronic fi-
nal state are used to reconstruct the Bjorken scaling variabhd subsequently the LQ mass

mLq = \V/s.

5.1 Search for second generation leptoquarks

An initial sample of events with muons and jets is selecterklyiring at least on€;: > 8 GeV
muon in the polar angular rang®° < 6, < 120° and at least one jet. In additiof;™ is
required to be greater tharz GeV. After this selection996 events are observed in the data,



in good agreement with the SM prediction @8 + 187, where the uncertainty includes the
statistical and systematic errors (see section 6).

Events with at least one isolated muon are then selectedhwhidone by requiring the
angular distanceD = /(An)% + (A¢)2, of the muon to the nearest track and to the nearest
jet to be greater thaf.5 and 1.0, respectively. In addition, an isolated muon may have no
more tharb GeV deposited in the LAr calorimeter within a cylinder cewtion the muon track
direction of radius}5 cm (75 cm) in the electromagnetic (hadronic) section. The muolaizm
requirements reduce the number of selected data eve22§,toompared to a SM prediction of
218 + 48.

The NC DIS background is further suppressed by increasiagctit on the calorimetric
momentum imbalance tB*° > 25 GeV, which implicitly increases the minimum muon trans-
verse momentum, and by rejecting events with identifiedatedl electrons. To reduce the
muon-pair SM background, exactly one isolated muon is requias expected in LFV LQ sig-
nal events. The back-to-back event topology in the azimytlaae is also exploited to remove
the SM background and the difference between the azimurtigge &f the hadronic system and
the muonA¢,,_x is required to be greater thaf0°. As the majority of the energy deposited
in the calorimeter is due to the hadronic final state, sigmahts tend to exhibit an azimuthal
imbalance when considering the calorimeter measuremenealTherefore, a requirement of
Vap/ Ve < 0.3 is also employed, wher¥&,,/V}, is defined as the ratio of the anti-parallel to
parallel projections of all energy deposits in the calotenevith respect to the direction of
P2l [40]. After these selection cuts, the data sample is redt@é@vents, compared to a SM
prediction of7.5 + 1.8.

To exploit the longitudinal balance of the event, a requeaton the sum of the energy
and longitudinal momentum of all detected particlés the events;(E* — P!) > 40 GeV is
applied. In the case of signal events this quantity is exqgett be aroun@E? = 55.2 GeV,
where £° is the electron beam energy. However, for the remaining Stkdgraund after the
above event selection the scattered electron or some adbkwiard going final state particle is
typically undetected, resulting in significantly lower wak ofS;(E* — P?). In order to improve
the resolution, which is poor for very highr muons due to the small curvature of the track, the
transverse momentum of the muon is calculated from the hémsystem P = — PX and the
muon track direction is used to reconstruct the longitudioanponent* and energy* used
inthe (F — P,) sum [41].

The cut onX;(E* — P?) removes five of the remaining data events, so that one event is
observed in the final selection of the analysisudf final states, which compares well to the
SM prediction 0f2.0 + 0.4, where the largest contribution comes from muon-pair eefihe
presented analysis has a lower background contaminatobaraimproved selection efficiency
with respect to the previous H1 publication. The selectificiency typically ranges froni5%
for LQs masses of arounth0 GeV to 65% for LQ masses abova00 GeV, representing an
improvement of an additionab — 25% with respect to the previous publication [8].

5.2 Search for third generation leptoquarks

In the search for third generation leptoquarks, tau leptorsdentified in this analysis using
the muonic and one-prong hadronic decays of the tau.

8



Muonic tau decays — pv, v, result in final states similar to the high> muon signatures
described in section 5.1. The same selection cuts are terapplied in this channel. To
account for possible effects due to different muon kinegsatesulting from the tau decay,
the selection efficiency was studied in an LFV MC signal sawpkh a7.X final state and a
subsequent muonic tau decay. The selection efficiencysrctidannel is up ta0% at leptoquark
masses of arounth0 GeV and abou55% for LQ masses abov&)0 GeV, which represents a
similar level of improvement with respect to the previoudblpzation [8] as observed in the
second generation search described in section 5.1.

The one-prong hadronic decay of the tau leads to a Rigmarrow “pencil-like” jet, so that
the typical LFV signal event topology is a di-jet event. Aitiad event sample for the analysis
of this decay channel is formed by selecting events with astléwo jets in the polar angle
ranges° < 6 < 175° and with P! > 20 GeV andP)™ > 15 GeV. This results in a large
di-jet sample of approximately.2 - 10° events, which is consistent with the SM prediciton of
(2.6 + 0.5) - 10°, where the main contribution comes from photoproduction.

A tau jet is characterised by a narrow energy deposit in theriozeter and a low track
multiplicity within the identification cone of the jet. Taatjcandidates are identified in the di-
jet sample, where the candidate is required to be in the polgle rang@0° < ¢t < 120° and
has a maximum jet radius;.; of 0.12 [42]. The jet radius is used as a measure of the collimation
of the jet and is calculated a&;e; = ﬁ S En/An(jet, h)? + Ad(jet, h)2, whereE is the
total jet energy and the sum runs over all jet daughter haclforal state particles of energy
E,. At least one track withP; larger thar2 GeV not associated with an identified electron or
muon is required within the jet radius of the tau jet candidadpproximately3 - 10* tau jet
candidates are identified in the di-jet sample.

The undetected neutrinos from tau lepton decays result iavanall Pr imbalance and
therefore a minimum missing transverse momenfg* > 12 GeV is required. Events with
only one tau jet are then selected, which is required to Hatesd from tracks and other jets
in the event by a distanc® > 1.0. A track multiplicity of one is required in a cone of radius
R = 1.0 around the jet axis. Tau jets with additional track segmaantditted to the event ver-
tex within a cone of radiu® = 0.3 around the jet axis are also rejected [43]. To reject purely
electromagnetic jets, a maximum @#% of the jet energy may be recorded in the electromag-
netic part of the calorimeter. The resulting selection aorg104 data events compared to a SM
prediction of116 + 16.

Further cuts are then applied to reduce the remaining SMdrsaukd. The hadronic trans-
verse momentun®:X is required to be larger that GeV and the acoplanarity between the tau
jet and.X system in the transverse plade,  is required to be greater thag0°. Note that
for the analysis of the hadronic tau decay channel, the tas gibtracted from the inclusive
hadronic final state to obtain the four-vector of the remrajrtiadronic systemX’. Analogous to
the muon channel, a cut &f;(E* — P!) > 40 GeV is applied to exploit the longitudinal balance
of the event. Similarly to the muon channel, only the di@tf the tau jet is used in the sum,
and the transverse momentum of tkiesystem is employed to determine the tau jet four-vector.
Electrons entering inactive regions of the electromagrssction of the LAr calorimeter may
fake the tau jet signature and therefore these regions ahaded from the analysis [41].

In the analysis ofr X final states where the tau lepton decays hadronicélgyents are
observed in the data, in good agreement with the SM predicti®.2 + 1.1, where the main
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SM contribution is from remaining NC DIS events. The selmttfficiency in the one-prong
hadronic tau decay channel ranges fro#fi; for leptoquark masses in the rang#-200 GeV
to 12% for masses abov&)0 GeV.

6 Systematic Uncertainties

The following experimental systematic uncertainties amestdered in the search for second
generation leptoquarks: the scale uncertainty on thevesiss momentum of hig’; muons

is 2.5% and the uncertainty on the muon polar angle measurethemtad [44]; the muon
identification efficiency has an error 6% in the region¢* > 12.5° and15% in the forward
region [43]; the hadronic energy scale is known with# and the uncertainty on the hadronic
polar angle measurement i® mrad [34]. In the search for third generation leptoquarks an
uncertainty on the description of the jet radilig, is included in the analysis by varying the
cut value of0.12 by 10%. All other experimental systematic uncertainties in thediaannel are
included in the model uncertainties described below [48]bdth searches, the uncertainty on
the trigger efficiency i2-3% and the uncertainty on the luminosity measuremeatis

The effects of these systematic uncertainties on the sagrhthe expected SM background
are evaluated by shifting the relevant quantities in the M@u&ation by their uncertainty and
adding all resulting variations in quadrature.

Additional model uncertainties are attributed to the ndisaéion uncertainties in the analy-
sis phase space of the SM MC generators described in sectidre3e model uncertainties are
estimated from control analyses in an extended phase splagamt to the search signature [43].
In the analysis of.X final states, the contributions from RAPGAP (NC DIS), PYTH[#6to-
production) and GRAPE (lepton-pair production) are eaafbated a systematic error 80%,
which is increased t60% for the period 1998-2000 [41]. The contribution from DJANBO
(CC DIS) in events with isolated muons is attributed an udety of 50%. In the analysis
of 7X final states where the tau lepton decays hadronically, th&ibation from RAPGAP,
PYTHIA, DJANGOH and GRAPE are attributed systematic undetiess of 15%, 20%, 20%
and30%, respectively. The theoretical uncertaintyl6f is used for all predicted contributions
from EPVEC (¥ production) [23].

The total error on the SM prediction is determined by addinmegMC statistical error to the
effects of all model and experimental systematic unceresnn quadrature.

The main theoretical uncertainty on the signal cross sedi@inates from the parton den-
sities. This uncertainty is estimated to B% for LQs coupling to up-type quarks and varies
betweer% at low masses anth% at masses arourz0 GeV for LQs coupling to down-type
quarks [6].

7 Results

The observed number of events is in agreement with the SMqgtied and therefore no evi-
dence for LFV is found. The reconstructed leptoquark magkersearch foep — X and
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ep — 71X events is shown in figure 1, compared to the SM prediction arekample LQ signal
with arbitrary normalisation.

In the absence of a signal, the results of the search ar@iated in terms of exclusion limits
on the mass and the coupling of LQs that may mediate LFV. Thetd@uction mechanism
at HERA involves non-zero coupling to the first generationmiens \., > 0. For the LFV
leptoquark decay, it is assumed that only one of the couplipgand ., is non-zero and that
Aeg = Aug(Arg), Which results in.ry = 0.5. A modified frequentist method with a likelihood
ratio as the test statistic is used to combine the individiaéh sets and thep — 7.X search
channels [45]. The lepton beam polarisation enters the datculation for the 2003-2007 data.

Figures 2 and 3 display t&% confidence level (CL) upper limits on the couplirg, and
A-q Of all 14 LQ types to a muon-quark pair and a tau-quark pair, respedgtias a function of
the mass of the LQ leading to LFV &p collisions. Only first generation quarks are considered
in these limits. The limits are most stringent at low LQ masgéth values ofO(1073) at
myq = 100 GeV. The limits corresponding to LQs coupling ta:ajuark are more stringent
than those corresponding to LQs coupling to thquark only, as expected from the larger
u quark density in the proton. Corresponding to the steephinfaparton density function
for high values ofz, the LQ production cross section decreases rapidly andigieel limits
are less stringent towards higher LQ masses. For LQ masesvakar the kinematic limit of
319 GeV, the limit corresponding to a resonantly produced L@gwsmoothly into a limit on
the virtual effects of both an off-shedichannel LQ process anduachannel LQ exchange. At
massesnq > /s the two processes contract to an effective four-fermioeratttion, where
the cross section is proportional {d.,),.(-s/miq)?. For a couplingh of electromagnetic
strength, where\ = \/4ma.,, = 0.3, LFV leptoquarks produced i#p collisions decaying to a
muon-quark or a tau-quark pair are excluded % confidence level up to leptoquark masses
of 712 GeV and479 GeV, respectively.

The limits on\., =\, in the regionmq > /s are transformed into a limit on the
value Aeg, Au(r)q, /Mt @nd shown in tables 1 and 2 fét = 0 LQs and in tables 3 and 4 for
F =2 LQs. For each LQ type, the limit is calculated for the hypsth@f a process with only
the quarks of flavours and j involved. With respect to quark flavours, the selectionecidt
described in sections 5.1 and 5.2 are inclusive since noutaamging of the hadronic jet is
used. Nevertheless, the sensitivity of the analysis tewdfit quark flavours varies due to the
parton content of the proton and the presence ofithkannel exchange. Leptoquark couplings
to the top quark are not considered in these limits.

The H1 limits may be compared with constraints from low egexperiments, based on the
non-observation of LFV in muon scattering and rare decays@gons and leptons [46]. The
interpretation of these results in terms of leptoquark arge and limits ot, (-, / miQ [47]
are also shown in the tables. Superior limits are observétillay the search for third generation
leptoquarks, compared to limits from — 7e decays, as well as in a few unique channels.

At hadron colliders, LQs are mainly produced in pairs indefantly of \, and therefore
searches cannot constrain the LFV couplings. Lower magssliny the CMS experiment on
second generation scalar leptoquarks extend w94aGeV [48] for a branching ratie = 1.
Third generation scalar (vector) leptoquarks are ruledoeldw 247 GeV by the D@ experi-
ment [49] 817 GeV by the CDF experiment [50]) fogf = 1. For 5 = 0.5, which is a more
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appropriate value for a comparison to the production of LQISERA, the above second gen-
eration search rules out leptoquark masses below argh&eV, at which mass this analysis
rules out such scalar LQs with couplings in the range 0.2-0.3.

8 Conclusion

A search for lepton flavour violation processes induced Ipyolguarks inep collisions at a
centre-of-mass energy 619 GeV with the H1 experiment at HERA is presented. No signal
for the LFV processesp — uX orep — 7.X is observed and assuming a coupling strength of
A = 0.3, leptoquarks mediating lepton flavour violation are ruled ap to masses afl2 GeV
and479 GeV, respectively. The new H1 limits extend beyond the donralLQ mass excluded
by previous searches at HERA. Additionally, the H1 limits eemcompetitive in certain chan-
nels with those from low energy experiments and for largeieslof the couplings exclude
leptoquark masses beyond the current limits from hadrdideos.
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ep — uX H1 F=0
Upper exclusion limits o\, Ay, /miq (TeV ™)
for lepton flavour violating leptoquarks 85% CL
L R oL L R 7R L
o 51/2 Sl/2 Sl/Q ‘/0 VE) ‘/0 ‘/1
7i4; U 0~ U, =D =D =D =D U 0~U, =D
U (tU, et D 0t D 1t D ot D U (tU, et D
uN — eN uN — eN uN — eN puN — eN uN — eN uN — eN puN — eN
11 52x107° | 2.6x107° | 52x107° | 26 x107° | 2.6 x107° | 2.6 x107° | 0.8x 107°
0.6 0.6 0.9 0.5 0.6 0.4 0.2
D — peé K — pe K — peée K — pe K — pé D — pe K — pe
12 0.8 2x10°° 2x 10°° 1x10°° 1x107° 0.4 1x107°
0.7 0.6 0.5 0.2
B — e B — upe B — pe B — pe B — e
13 * 0.08 0.08 0.04 0.04 * 0.04
1.0 0.9 0.7 0.8 0.7
D — pe K — pe K — pe K — pe K — pe D — pe K — pe
21 0.8 2x10°° 2x107° 1x107° 1x107° 0.4 1x107°
1.4 1.2 1.5 0.6 0.7 0.5 0.2
uwN — eN N — eN uN — eN uwN — eN uN — eN uwN — eN uN — eN
22 9.2x10"% | 1.3x 103 3x 1073 1.5x 1073 | 1.5 x 1073 | 4.6 x 1074 | 2.7 x 10™%
B — peK B — peK B — peK B — peK B — peK
23 * 20x107% | 20x1073 | 1.0x 1073 | 1.0x 1073 * 1.0 x 1073
2.3 2.1 1.4 1.5 1.4
B — pe B — pe Vub B — e Vub
31 S 0.08 0.08 0.14 0.04 * 0.14
2.1 1.9 0.6 0.7 0.6
B — jieK B — fieK B — fieK B — jieK B — fieK
32 * 20%x1073 | 20x1073 | 1.0x1073 | 1.0x 1073 * 1.0 x 1073
nwN — eN uN — eN uwN — eN N — eN uwN — eN
33 * 1.3 x 1073 3x 1073 1.5x 1073 | 1.5 x 1073 * 2.7 x 1074
3.8 3.4 1.7 1.9 1.7

Table 1: Limits at 95% CL Orj\eqi)\qu/m%Q for I = 0 leptoquarks (bold). The fermion pairs
considered in the analysis coupling to each LQ type are ateéctin the column headings. The
S, and Vi LQs couple to bothi-type (V) andd-type (D) quarks [10]. The cases marked
with "« refer to scenarios involving a top quark. Combinations a@ihd; shown in the first

column denote the quark generation coupling to the elecdr@hmuon respectively. In each
cell the first two rows show the process providing the moshgént limit from low energy

experiments. Highlighted H1 limits are more stringent tki@wse from the corresponding low

energy experiment.
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ep — 17X H1 F=0
Upper exclusion limits om.q, A, /m{ (TeV %)
for lepton flavour violating leptoquarks 85% CL
L R QL L R 7R L
o 51/2 Sl/? Sl/2 ‘/O ‘/O % ‘/1
4i4; U (—U, ¢~ D =D =D =D ol (~U, =D
tu vtuU et D 0t D 0t D 0t D (U (tu, et D
11 0.06 0.03 0.06 0.03 0.03 0.03 0.005
1.4 1.2 2.2 1.2 1.3 0.9 0.4
7 — Ke K — oo T — Ke T — Ke K — wvo
12 0.04 5.8 x 1074 0.02 0.02 1.5 x 1074
1.5 1.2 1.5 1.6 1.2 0.5
B — Te B — Té B — Te B — Te B — Té
13 x 0.07 0.07 0.03 0.03 x 0.03
2.2 2.2 1.8 1.8 1.8
7 — Ke K — wvo T — Ke T — Ke K — wvo
21 0.04 5.8 x 10~% 0.02 0.02 1.5 x 10~%
3.4 2.8 3.9 1.5 1.6 1.2 0.5
T — 3e T — 3e T — 3e T — 3e T — 3e T — 3e T — 3e
22 0.6 0.9 1.8 0.9 0.9 0.3 0.2
6.4 4.2 5.0 2.7 2.8 3.5 1.4
B — 1teX B — 1eX B — 1eX B — 1teX B — 1eX
23 % 14.0 14.0 7.2 7.2 % 7.2
5.8 5.6 3.6 4.0 3.6
B — Té B — Té Vaub B — Té Vub
31 * 0.07 0.07 0.14 0.03 b 0.14
5.3 4.8 1.5 1.7 1.5
B — 1teX B — 1eX B — 1eX B — 1teX B — 1eX
32 * 14.0 14.0 7.2 7.2 * 7.2
7.9 7.6 2.9 3.1 2.9
T — 3e T — 3e T — 3e T — 3e T — 3e
33 * 0.9 1.8 0.9 0.9 * 0.2
10.1 9.1 4.7 4.9 4.7

Table 2: Limits at 95% CL Or)\eqi)\qu/miQ for ' = 0 leptoquarks (bold). The fermion pairs
considered in the analysis coupling to each LQ type are ateéctin the column headings. The
Sti, and Vi LQs couple to bothi-type V) andd-type (D) quarks [10]. The cases marked
with "« refer to scenarios involving a top quark. Combinations a@ihd; shown in the first

column denote the quark generation coupling to the eleadrahtau lepton respectively. In
each cell the first two rows show the process providing thet staagent limit from low energy

experiments. Highlighted H1 limits are more stringent tki@wse from the corresponding low

energy experiment.
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ep — uX H1 =2
Upper exclusion limits o\, Ay, /miq (TeV ™)
for lepton flavour violating leptoquarks 85% CL
L R QR L L R 7L
skl osE ] s | sk L vE VT
7i4; U U (=D (~U, 6D (=D 0"U 6D U
Yanis tU ¢t D (tU,etD ¢t D (tU,etD Vi
uN — eN uN — eN uN — eN puN — eN uN — eN uN — eN puN — eN
11 52x107° | 52x107°% | 52x107° | 1.7x107° | 2.6 x107° | 1.3x107° | 2.6 x 10°°
0.7 0.8 1.1 0.4 0.5 0.3 0.3
K — wvo D — pe K — peé K — pe K — pé K — pe D — pe
12 1x 1073 0.8 2x 10°° 1x107° 1x107° 1x107° 0.4
0.8 0.9 0.4 0.5 0.6
B — upe Vub B — pe B — pe
13 x x 0.08 0.3 0.04 0.04 *
1.3 0.6 0.9 1.0
K — wvo D — pe K — pe K — pe K — pe K — pe D — pe
21 1x 1073 0.8 2x107° 1x107° 1x107° 1x107° 0.4
1.2 1.2 1.5 0.6 0.5 0.3 0.4
uwN — eN N — eN uN — eN uwN — eN uN — eN uwN — eN uN — eN
22 9.2x10"% | 9.2x 103 3x 103 25x107% | 1.5x 1073 | 6.7x10°% | 4.6 x 1074
B — peK B — peK B — peK B — peK
23 * ES 20%x1072% | 1.0x 1073 | 1.0x 1073 | 1.0x 1073 ES
2.3 1.0 1.4 1.5
B — peé B — pe B — peé B — pe
31 * * 0.08 0.08 0.04 0.04 *
1.8 0.8 0.5 0.5
B — fieK B — fieK B — jieK B — fieK
32 * % 2.0x1072% | 1.0x107% | 1.0x 1073 | 1.0x 1073 *
uN — eN uwN — eN N — eN uwN — eN
33 * ES 3x 1073 25x1073 | 1.5x1073 | 6.7 x 1074 ES
3.8 1.7 1.7 1.9

Table 3: Limits at 95% CL Orj\eqi)\qu/m%Q for F = 2 leptoquarks (bold). The fermion pairs
considered in the analysis coupling to each LQ type are ateéctin the column headings. The
St andV/fj, LQs couple to bothi-type (U) andd-type (D) quarks [10]. The cases marked
with "« refer to scenarios involving a top quark. Combinations a@ihd; shown in the first

column denote the quark generation coupling to the elecdr@hmuon respectively. In each
cell the first two rows show the process providing the moshgént limit from low energy

experiments. Highlighted H1 limits are comparable to tHose the corresponding low energy

experiment.
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ep — 17X H1 =2
Upper exclusion limits om.q, A, /m{ (TeV %)
for lepton flavour violating leptoquarks 85% CL
L R QR L L R 7L
Sy | S S St Vije | Vip | Vi)
4i4; U U =D (~U, =D =D ¢—U, =D U
lanis Yanis ¢t D (tU, et D ¢t D (tU, et D to
GF T — e T — e T — Te T — e T — Te T — Te
11 0.3 0.06 0.06 0.01 0.03 0.01 0.03
1.6 1.8 2.6 1.0 1.1 0.7 0.8
K — wvo T — Ke K — wvo K — v T — Ke
12 5.8 x 10~ 0.04 2.9x 1074 | 2.9x107% 0.02
2.1 2.9 1.3 1.5
B — Té Vub B — Té B — Té
13 S * 0.07 0.3 0.03 0.03 *x
3.0 1.3 2.2 2.4
K — wvo T — Ke K — wvo K — wvo T — Ke
21 5.8 x 10~ % 0.04 2.9x107% | 2.9x107* 0.02
2.7 2.7 3.5 1.4 1.2 0.7 0.9
T — 3e T — 3e T — 3e T — 3e T — 3e T — 3e T — 3e
22 0.6 0.6 1.8 1.5 0.9 0.5 0.3
6.3 6.8 5.4 2.3 2.7 2.2 3.4
B — TeX B — TeX B — TeX B — TeX
23 * ES 14.0 7.2 7.2 7.2 *
5.8} 2.7 3.6 4.0
B — té B — Té B — T€ B — Té
31 * * 0.07 0.03 0.03 0.03 *
4.0 2.0 1.2 1.3
B — TeX B — TeX B — 7eX B — TeX
32 * * 14.0 7.2 7.2 7.2 %
7.9 3.7 2.9 3.1
T — 3e T — 3e T — 3e T — 3e
33 * ES 1.8 1.5 0.9 0.5 ES
10.1 4.6 4.7 4.9

Table 4: Limits at 95% CL Or)\eqi)\qu/miQ for F = 2 leptoquarks (bold). The fermion pairs
considered in the analysis coupling to each LQ type are ateéctin the column headings. The
St andV/fj, LQs couple to bothi-type (U) andd-type (D) quarks [10]. The cases marked
with "« refer to scenarios involving a top quark. Combinations a@ihd; shown in the first

column denote the quark generation coupling to the eleadrahtau lepton respectively. In
each cell the first two rows show the process providing thet staagent limit from low energy

experiments. Highlighted H1 limits are more stringent tki@wse from the corresponding low

energy experiment.
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Figure 1: The reconstructed leptoquark mass in the searcdha)ep — X and (b)ep — 7.X
events. The data are the points and the total uncertaintye8W¥ expectation (open histogram)
is given by the shaded band. The dashed histogram indida¢esEQ@ signal with arbitrary
normalisation for a leptoquark massiai GeV.
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Figure 2: Exclusion limits on the coupling constants = A., as a function of the leptoquark
massMy,q for (a) scalar LQs witht" = 0, (b) vector LQs withF = 0, (c) scalar LQs with
F = 2 and (d) vector LQs with® = 2. Regions above the lines are excluded&i CL.
The notationy, indicates that only processes involving first generatioarkgi are considered.
The parentheses after the LQ name indicate the fermion gairgling to the LQ, where pairs
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involving anti-quarks are not shown.
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Figure 3: Exclusion limits on the coupling constants = )., as a function of the leptoquark
massMy,q for (a) scalar LQs witht" = 0, (b) vector LQs withF = 0, (c) scalar LQs with
F = 2 and (d) vector LQs witit’ = 2. Regions above the lines are excluded&k CL. The
notationg; indicates that only processes involving first generatioarksi are considered. The
parentheses after the LQ name indicate the fermion pairglioguto the LQ; pairs involving
anti-quarks are not shown.
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