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Abstra
t

A sear
h for lepton-
avor-violating intera
tions ep ! �X and ep ! �X has

been performed with the ZEUS dete
tor using the entire HERA I data sample,


orresponding to an integrated luminosity of 130 pb

�1

. The data were taken

at 
enter-of-mass energies,

p

s, of 300 and 318 GeV. No eviden
e of lepton-


avor violation was found, and 
onstraints were derived on leptoquarks (LQs)

that 
ould mediate su
h intera
tions. For LQ masses below

p

s, limits were set

on �

eq

1

p

�

`q

, where �

eq

1

is the 
oupling of the LQ to an ele
tron and a �rst-

generation quark q

1

, and �

`q

is the bran
hing ratio of the LQ to the �nal-state

lepton ` (� or � ) and a quark q. For LQ masses mu
h larger than

p

s, limits were

set on the four-fermion intera
tion term �

eq

�

�

`q

�

=M

2

LQ

for LQs that 
ouple to an

ele
tron and a quark q

�

and to a lepton ` and a quark q

�

, where � and � are

quark generation indi
es. Some of the limits are also appli
able to lepton-
avor-

violating pro
esses mediated by squarks in R-Parity-violating supersymmetri


models. In some 
ases, espe
ially when a higher-generation quark is involved

and for the pro
ess ep! �X, the ZEUS limits are the most stringent to date.
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1 Introdu
tion

The re
ent observations of neutrino os
illations [1, 2℄ have shown that lepton-
avor vio-

lation (LFV) does o

ur in the neutrino se
tor. The LFV indu
ed in the 
harged-lepton

se
tor due to neutrino os
illations 
annot be measured at existing 
olliders due to the low

expe
ted rate [3℄. However, there are many extensions of the Standard Model (SM) su
h

as grand uni�ed theories (GUT) [4℄, supersymmetry (SUSY) [5℄, 
ompositeness [6℄ and

te
hni
olor [7℄ that predi
t possible e! � or e! � transitions at dete
table rates.

In many theories, LFV o

urs only in the presen
e of a parti
ular quark generation. At

the HERA ep 
ollider, lepton-
avor-violating intera
tions 
an be observed in the rea
tion

ep ! `X, where ` is a � or � . The presen
e of su
h pro
esses, whi
h 
an be dete
ted

almost without ba
kground, would 
learly be a signal of physi
s beyond the Standard

Model. This sear
h is sensitive to all quark generations for LFV o

urring between e

and � or � . Strong 
onstraints on LFV also arise from measurements of rare lepton and

meson de
ay, muon-ele
tron 
onversion on nu
lei, et
. [8℄; nevertheless, HERA generally

has a 
ompetitive sensitivity, and better sensitivity in the 
ase of e { � transition when a

se
ond- or third-generation quark is involved.

In this sear
h, no eviden
e for LFV was found. The Bu
hm�uller-R�u
kl-Wyler (BRW)

leptoquark (LQ) model [9℄ and supersymmetry with R-Parity violation are used to set

limits from the sear
h. Leptoquarks are bosons that 
arry both leptoni
 (L) and baryoni


(B) numbers and have lepton-quark Yukawa 
ouplings. Their fermioni
 number (F =

3B + L) 
an be F = 0 or jF j = 2. Su
h bosons arise naturally in uni�ed theories that

arrange quarks and leptons in 
ommon multiplets. A LQ that 
ouples both to ele
trons

and to higher-generation leptons would indu
e LFV in ep 
ollisions through the s- and

u-
hannel pro
esses shown in Fig. 1. The same pro
esses 
an also be mediated by squarks,

the supersymmetri
 partners of quarks, in SUSY theories that violate R-Parity [10℄. A

detailed des
ription of the 
onsidered phenomenologi
al s
enarios and of the 
ross se
tion

assumptions used in this paper is given in a previous publi
ation [11℄.

Sear
hes for LFV have been previously made at HERA [11,12℄. This analysis is based on

the entire HERA I sample 
olle
ted by ZEUS in the years 1994 { 2000, 
orresponding to

an integrated luminosity of 130 pb

�1

. These results supersede previous results published

by ZEUS [11,13℄, based on a sub-sample of the present data.

2 The experimental 
onditions

A detailed des
ription of the ZEUS dete
tor 
an be found elsewhere [14℄. In this se
tion

a brief outline of the main 
omponents used in this analysis is given: the 
entral tra
king

1



dete
tor (CTD) [15℄, the uranium-s
intillator 
alorimeter (CAL) [16℄ and the forward

muon dete
tor (FMUON) [14℄.

The CTD, whi
h is immersed in a magneti
 �eld of 1:43 T provided by a super
ondu
ting

solenoid, 
onsists of 72 
ylindri
al drift 
hamber layers, organized in 9 superlayers 
overing

the polar-angle

1

region 15

Æ

< � < 164

Æ

. The transverse-momentum resolution for full-

length tra
ks is �(p

T

)=p

T

= 0:0058p

T

� 0:0065 � 0:0014=p

T

, with p

T

in GeV. The CTD

was used to re
onstru
t tra
ks of isolated muons and 
harged � -de
ay produ
ts. It was

also used to re
onstru
t the intera
tion vertex with a typi
al resolution of 4 mm (1 mm)

in the Z (X and Y ) 
oordinate.

The high-resolution uranium{s
intillator 
alorimeter 
onsists of three parts: the forward

(FCAL), the barrel (BCAL) and the rear (RCAL) 
alorimeters. Ea
h part is subdi-

vided transversely into towers and longitudinally into one ele
tromagneti
 se
tion (EMC)

and either one (in RCAL) or two (in BCAL and FCAL) hadroni
 se
tions (HAC). The

smallest subdivision of the 
alorimeter is 
alled a 
ell. The CAL energy resolutions,

as measured under test-beam 
onditions, are �(E)=E = 0:18=

p

E for ele
trons and

�(E)=E = 0:35=

p

E for hadrons (E in GeV).

The FMUON dete
tor, lo
ated between Z = 5 m and Z = 10 m, 
onsists of 6 planes of

streamer tubes and 4 planes of drift 
hambers. The magneti
 �eld of 1:6 T produ
ed by

two iron toroids pla
ed at about 9 m from the intera
tion point and the magneti
 �eld of

the iron yoke (1:4 T) pla
ed around the CAL enable the muon-momentum measurements

to be made. The use of FMUON extends the a

eptan
e for high-momentum muon tra
ks

in the polar-angle region 8

Æ

< � < 20

Æ

.

The luminosity was measured using the pro
ess ep! e
p. The small-angle photons were

measured by the luminosity dete
tor [17℄, a lead-s
intillator 
alorimeter pla
ed in the

HERA tunnel at Z = �107 m.

2.1 Kinemati
 quantities

The total four-momentum in the CAL (E;P

X

; P

Y

; P

Z

) is de�ned as:

(

X

i

E

i

;

X

i

E

i

sin �

i


os �

i

;

X

i

E

i

sin �

i

sin�

i

;

X

i

E

i


os �

i

);

where E

i

is the energy measured in the i

th


alorimeter 
ell. The angular 
oordinates �

i

and �

i

of the i

th


ell are measured with respe
t to the re
onstru
ted event vertex. The

1

The ZEUS 
oordinate system is a right-handed Cartesian system, with the Z axis pointing in the

proton beam dire
tion, referred to as the \forward dire
tion", and the X axis pointing left towards

the 
enter of HERA. The 
oordinate origin is at the nominal intera
tion point.

2



absolute value of the missing transverse momentum, 6P

t

, is given by

p

P

2

X

+ P

2

Y

, while the

transverse energy, E

t

, is de�ned as

P

i

E

i

sin �

i

.

Another relevant quantity used in this analysis is E � P

Z

=

P

i

E

i

(1 � 
os �

i

). In the

initial state, E � P

Z

= 2E

e

, where E

e

is the ele
tron beam energy of 27:5 GeV. If only

parti
les in the very forward dire
tion (proton beam), whi
h give negligible 
ontribution

to this variable, are lost, as in NC DIS events, E � P

Z

� 55 GeV is measured in the �nal

state.

Jets are re
onstru
ted using the k

T


luster algorithm [18℄ in the in
lusive mode [19℄; only

jets with transverse momentum greater than 4 GeV are 
onsidered.

3 Data samples and Monte Carlo simulation

The data used in this analysis were 
olle
ted in the years 1994{2000. The total integrated

luminosity was 112:8 � 2:2 pb

�1

with e

+

p 
ollisions at the 
enter-of-mass energy of 300

and 318 GeV and 16:7� 0:3 pb

�1

with e

�

p 
ollisions at 318 GeV.

In the absen
e of a signal, limits were pla
ed on LFV 
oupling strengths. The sear
h is

sensitive to any pro
ess with a �nal-state topology where the s
attered ele
tron of the ep

neutral 
urrent (NC) deep inelasti
 s
attering (DIS) is repla
ed with a � or a � . However,

for the purpose of limit setting, the signal was taken to be the LFV pro
esses mediated

by s
alar or ve
tor LQs of any mass. These were simulated by the Monte Carlo (MC)

generator Lqgenep 1.0 [20℄, whi
h is based on the BRW model. The simulation of the

hadronization and parti
le de
ays was performed using Pythia 6.1 [21℄.

Various MC samples were used to study the Standard Model ba
kground. Charged 
ur-

rent (CC) and NC DIS events were simulated using Djangoh 1.1 [22℄, an interfa
e to

the program Hera
les 4.6.1 [23℄ and Lepto 6.5.1 [24℄; Herwig 6.1 [25℄ was used for

photoprodu
tion ba
kground simulation while lepton pair produ
tion was simulated with

Grape 1.1 [26℄.

4 e� � transition

The 
hara
teristi
 of su
h events is an isolated muon with high transverse momentum,

whi
h is balan
ed by that of a jet in the transverse plane. An apparent missing transverse

momentum, measured by the 
alorimeter, due to the penetrating muon is used for event

sele
tion. Further requirements were applied, as des
ribed below, to identify 
harged

parti
les as muons.
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4.1 Muon identi�
ation

The muon identi�
ation 
omprises two di�erent methods, in two di�erent angular regions,

for the �nal-state � 
andidate. The �rst was used in the polar-angle range 15

Æ

< � < 164

Æ

and required that the following 
onditions were satis�ed:

� a CTD tra
k pointing to the vertex with transverse momentum above 5 GeV mat
hing

a 
alorimeter deposit 
ompatible with a minimum-ionizing parti
le;

� D

trk

> 0:5 and D

jet

> 1 where D

trk

(D

jet

) is the distan
e in the ��� plane between the

tra
k asso
iated with the 
andidate muon and the 
losest tra
k (jet) to the 
andidate;

� 
andidate muons in the polar-angle region 115

Æ

< � < 130

Æ

were ex
luded to eliminate

ba
kground from ele
trons that lose mu
h of their energy in the dead material at the

transition between BCAL and RCAL.

The se
ond method was used for very forward muons (8

Æ

< � < 20

Æ

) and required a

re
onstru
ted tra
k in the FMUON dete
tor with hits in at least 5 dete
tor planes.

4.2 Presele
tion

The trigger used in this analysis was identi
al to that used in CC DIS measurement

des
ribed in detail elsewhere [27℄. It was based on a 
ut on 6P

t

with a threshold lower

than that used in the o�ine analysis. After applying timing and other 
uts to reje
t

ba
kground due to non-ep 
ollisions (
osmi
s and beam-gas intera
tions), the following

presele
tion requirements were imposed:

� a re
onstru
ted vertex with jZ

vtx

j < 50 
m;

� 6P

t

> 15 GeV;

� no ele
tron

2


andidate with energy larger than 10 GeV [28℄; this 
ut was used to

suppress NC DIS pro
esses in a region of potentially high ba
kground and negligible

anti
ipated signal;

� an isolated-muon 
andidate in the dire
tion of the 6P

t

(�� < 20

Æ

, where �� is the

di�eren
e between the azimuthal angles of the 
andidate muon and of the 6P

t

ve
tor).

After the presele
tion, the sample 
ontained 20 data events, while 25:9�1:1 were expe
ted

from SM MC, mainly from QED di-muon pro
esses (ep! �

+

�

�

X).

2

Throughout this paper, \ele
tron" is used generi
ally to refer to e

+

as well as e

�

.
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4.3 Final sele
tion

The 
uts for the �nal sele
tion were designed optimizing the sensitivity using signal and

ba
kground simulations [29℄. For this purpose a s
alar LQ with a mass of 600 GeV,


oupling to se
ond-generation quarks, was taken as signal. Monte Carlo studies showed

that this pro
edure results in good sensitivity for the whole range of LQ masses 
onsidered

here. The following 
uts were applied:

� 6P

t

> 20 GeV;

� 6P

t

=

p

E

t

> 3

p

GeV; this 
ut was 
hosen to reje
t high-E

t

ba
kground events, where

the small apparent 6P

t


an arise from the �nite energy-measurement resolution;

� E �P

Z

+ �

�

> 45 GeV, where �

�

= 6P

t

(1� 
os �

�

)= sin �

�

, �

�

being the polar angle of

the 
andidate muon; the quantity �

�

represents the 
ontribution to E � P

Z


arried

by the muon, assuming that the transverse momentum of the muon is 6P

t

.

Figure 2 shows the 
omparisons between data and MC expe
tations before the �nal sele
-

tion. No event satis�ed the �nal 
uts, while 0:87�0:15 were expe
ted from the simulation

of the SM ba
kground.

For LFV events mediated by resonant produ
tion of a leptoquark, the sele
tion eÆ
ien
y

varied with the LQ mass, ranging from 39% to 54% for s
alar LQs and from 47% to 62%

for ve
tor LQs with mass between 140 and 300 GeV.

For leptoquarks with mass mu
h greater than the 
enter-of-mass energy the eÆ
ien
y is

typi
ally lower than that for resonant LQs, be
ause of the softer Bjorken-x distributions

of the initial-state quarks. In this 
ase the eÆ
ien
ies were almost independent of the LQ

mass but depended on the generation of the initial-state quark. Sea quarks, with softer

Bjorken-x distribution than valen
e quarks, result in a lower momentum of the �nal-state

lepton, leading to a lower signal eÆ
ien
y. Overall, the sele
tion eÆ
ien
y for high-mass

LQs was in the range 20 { 45%.

5 e� � transition

Lepton-
avor-violating events leading to a �nal-state � are 
hara
terized by a high-

momentum isolated � balan
ed by a jet in the transverse plane. Sin
e the � de
ays


lose to the intera
tion vertex, only its de
ay produ
ts are visible in the dete
tor. Due

to the presen
e of at least one neutrino in all � -de
ay 
hannels, a high value of 6P

t

is

expe
ted. Therefore, for all the 
hannels, the CC DIS trigger (as des
ribed in Se
tion 4.2

for the muon 
hannel) was used together with the following 
ommon presele
tion:

� 6P

t

> 15 GeV;

5



� a re
onstru
ted vertex with jZ

vtx

j < 50 
m.

5.1 Leptoni
 � de
ays

For � leptons de
aying into muons (� ! ��

�

�

�

), the same sele
tion 
uts as des
ribed in

Se
tion 4.3 were applied, sin
e the event topology is very similar to that of LFV with

e! � transitions.

For the � ! e�

e

�

�


hannel, the �nal state is 
hara
terized by a high-energy isolated

ele
tron in the 6P

t

dire
tion; the following 
uts were applied after the presele
tion:

� 20 < E � P

Z

< 52 GeV;

� total energy deposit in RCAL less than 7 GeV;

� 6P

t

=

p

E

t

> 2:5

p

GeV;

� an ele
tron with energy larger than 20 GeV in the polar-angle region 8

Æ

< � < 125

Æ

and in the 6P

t

dire
tion (�� < 20

Æ

);

� a jet with a transverse momentum above 25 GeV, ba
k-to-ba
k with respe
t to the

ele
tron (��

e�jet

> 160

Æ

) where ��

e�jet

is the di�eren
e between the azimuthal angles

of the jet and of the ele
tron.

No event was found in data, while 0:43� 0:08 were expe
ted from SM MC.

5.2 Hadroni
 � de
ays

The � lepton, be
ause of its small mass, typi
ally de
ays with only one or three 
harged

tra
ks with limited transverse spread. Sin
e jets 
oming from hadroni
 � de
ays must be

separated from a large ba
kground of QCD jets, a � �nder was employed to distinguish

the � jets from the quark- and gluon-indu
ed jets. The algorithm exploits the fa
t that

high-energy QCD jets usually have higher multipli
ity and a larger internal transverse

momentum than those for the de
ay produ
ts of the � .

5.2.1 Tau identi�
ation

A te
hnique for � identi�
ation [30℄ was developed for a previous study [31℄ in whi
h

a small number of isolated-� events were found in the data set identi
al to that used

here. The longitudinally invariant k

T


luster algorithm was used to identify jets. The

jet shape was 
hara
terized by the following six observables [31℄: the �rst (R

mean

) and

the se
ond (R

rms

) moment of the radial extension of the jet-energy deposition; the �rst
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(L

mean

) and the se
ond (L

rms

) moment of the energy deposition in the dire
tion along the

jet axis; the number of subjets (N

subj

) within the jet resolved with a resolution 
riterion

y


ut

of 5 � 10

�4

[32, 33℄; the mass (M

jet

) of the jet 
al
ulated from the 
alorimeter 
ells

asso
iated with the jet. In order to separate the signal from the ba
kground, the six

variables were 
ombined into a dis
riminant D, given, for any point in the phase spa
e

~x(� log(R

mean

);� log(R

rms

);� log(1� L

mean

);� log(L

rms

); N

subj

;M

jet

), by:

D(~x) =

�

sig

(~x)

�

sig

(~x) + �

bkg

(~x)

;

where �

sig

and �

bkg

are the density fun
tions of the signal and the ba
kground, respe
tively.

Su
h densities, sampled using MC simulations, were 
al
ulated using a method based on

range sear
hing [34℄. Lepton-
avor-violating events in whi
h the �nal-state � de
ays into

hadrons and a neutrino were used to simulate the signal. The ba
kground simulation was

based on CC DIS MC events. For any given jet with phase spa
e 
oordinates ~x, the signal

and the ba
kground densities were evaluated from the number of 
orresponding simulated

signal and ba
kground jets in a 6-dimensional box of �xed size 
entered around ~x. The

� signal tends to have a large dis
riminant value (D ! 1) while the CC DIS ba
kground

has a low dis
riminant value (D ! 0).

5.2.2 Presele
tion

The following 
uts were applied for the presele
tion of the hadroni
 � de
ay 
hannel:

� no ele
tron 
andidate with energy larger than 10 GeV;

� E

t

> 45 GeV;

� 15 < E � P

Z

< 60 GeV;

� total energy deposit in RCAL less than 7 GeV;

� a � -jet 
andidate as des
ribed below.

The � -jet 
andidate was required to have a transverse momentum greater than 15 GeV, to

be within the CTD a

eptan
e (15

Æ

< � < 164

Æ

) and to have between one and three tra
ks

pointing to the CAL energy deposit asso
iated with the jet. Events with jets in the region

between FCAL and BCAL (36

Æ

< � < 42

Æ

) were removed. In order to reje
t ele
trons

from NC events, a 
ut of 0.95 was applied to the ele
tromagneti
 energy fra
tion of the

jet (f

EMC

). In addition the jet was required to satisfy the 
ondition f

LT

+ f

EMC

< 1:6,

where f

LT

(the leading-tra
k fra
tion) was de�ned as the ratio between the momentum of

the most energeti
 tra
k in the jet and the jet energy. The quantity f

LT

+ f

EMC

is 
lose

to 2 for ele
trons, the main sour
e of ba
kground that this 
ut is designed to reje
t.
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Figure 3 shows the 
omparison, after the presele
tion, between data and MC for the

jet dis
riminant variables. Figure 4 
ompares the dis
riminant and the �� distributions.

Here, �� is the azimuthal angle between the 
andidate � -jet axis and the 6P

t

ve
tor. After

the hadroni
 presele
tion, 119 events were found in the data, while 131� 4 were expe
ted

from SM pro
esses, mainly from CC DIS. The data distributions in Fig. 4 generally


onform to those expe
ted from SM ba
kgrounds.

5.2.3 Final sele
tion

For the �nal sele
tion, the following additional 
uts were applied to the events in Fig. 4:

� D > 0:9;

� the � -jet 
andidate was required to be aligned in azimuth with the dire
tion of the 6P

t

(�� < 20

Æ

).

The dis
riminant 
ut was tuned to optimize the separation power, S = �

sig

�

p

R (where

�

sig

is the signal eÆ
ien
y and R = 1=�

bg

is the ba
kground reje
tion), for a s
alar LQ

with a mass of 240 GeV [29℄. In Fig. 5, the �� distribution of the 8 events with D > 0:9

is shown 
ompared to the SM expe
tation (10:2 � 0:9 events).

After imposing the �nal 
ut on ��, no data events remained in the hadroni
 de
ay


hannel, while 1:1� 0:5 were expe
ted from MC.

5.3 Summary on e! � sear
h

No 
andidate was found in the data for any of the three � -de
ay 
hannels, while 2:3� 0:5

were predi
ted by Standard Model simulations.

The 
ombined sele
tion eÆ
ien
y for low-mass (M

LQ

<

p

s) s
alar (ve
tor) LQs was in

the range of 22� 29% (23� 34%), while for high-mass (M

LQ

�

p

s) LQs it was 4 { 20%.

As is the 
ase for the e! � transition dis
ussed above, the signi�
ant eÆ
ien
y drop for

high-mass LQs is due to the softer Bjorken-x distribution of the initial state quarks.

6 Results

Sin
e no eviden
e of lepton-
avor-violating intera
tions was found, limits at 95% C.L.

were set { using a Bayesian approa
h [35℄ that assumes a 
at prior for the signal 
ross

se
tion { on the pro
esses ep! �X and ep! �X mediated by a leptoquark.
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In the low-mass 
ase, limits on the 
ross se
tion were 
onverted, using the narrow-width

approximation, into limits on �

eq

1

p

�

`q

, where �

eq

1

is the 
oupling between the lepto-

quark, the ele
tron and a �rst-generation quark, while �

`q

is the bran
hing ratio of the

leptoquark into a lepton ` and a quark (u, d, s, 
, b). For high-mass leptoquarks, the 
ross-

se
tion limits were 
onverted, using the 
onta
t-intera
tion approximation, into limits on

�

eq

�

�

`q

�

=M

2

LQ

, where � and � are quark generation indi
es. The 
ross se
tions were eval-

uated using the CTEQ5 [36℄ parton densities, taking into a

ount the QED initial-state

radiation, and, for low-mass s
alar leptoquarks, NLO QCD 
orre
tions.

6.1 Systemati
 un
ertainties

The following sour
es of systemati
 un
ertainties are dominant:

� the 
alorimeter energy-s
ale un
ertainty (2%). The resulting variation in the signal

eÆ
ien
y for the muon (� ) 
hannel is less than 1% (3%) for low-mass leptoquarks and

less than 5% for high-mass leptoquarks;

� the luminosity un
ertainty: 1:5% for the 1994-97 e

+

p data, 1:8% for the 1998-99 e

�

p

data and 2:2% for the 1999-2000 e

+

p data;

� Systemati
s related to the parton-density fun
tions (PDF) have been 
al
ulated us-

ing the 40 eigenve
tor sets, provided by CTEQ 6.1 [37℄, that 
hara
terize the PDF

un
ertanties. This 
ontributes to the dominant un
ertainty for low-mass leptoquarks,

espe
ially when a d quark is involved and the LQ mass approa
hes the HERA kine-

mati
 limit. The e�e
t of this un
ertainty on the LQ limits is given in more detail

elsewhere [29℄.

The un
ertainties related to muon and tau identi�
ation were evaluated following the

methods des
ribed elsewhere [31, 38℄ and were found to be small. The systemati
 un
er-

tainties have been in
luded in the limit 
al
ulation assuming a Gaussian distribution for

their probability densities. For low-mass LQs, the e�e
t of the in
lusion of systemati


un
ertainties is the largest at the highest masses and the limit on the 
oupling in
reases

by less than 7% at 250 GeV. The e�e
t is very small for high-mass LQs (below 1%).

6.2 Low-mass leptoquark and squark limits

To illustrate the sensitivity of this sear
h, 95% C.L. upper limits on the 
ross se
tion

times the bran
hing ratio, ��

`q

, for F = 0 and F = 2 leptoquarks are shown in Fig. 6; for

the e

+

p 
ase, only the subsample (65 pb

�1

) with the higher

p

s of 318 GeV is used. Upper

limits on �

eq

1

p

�

�q

are shown in Figs. 7 and 8 for F = 0 and jF j = 2 s
alar and ve
tor

LQs, assuming resonantly produ
ed leptoquarks as des
ribed by the BRW model. Sin
e,
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for suÆ
iently large LQ masses, the 
ross se
tion is dominated by ele
tron valen
e-quark

fusion, only e

+

p (e

�

p) data were used to determine F = 0 (jF j = 2) LQ produ
tion limits.

Similar 
onsiderations hold for the results shown for the e� � 
hannel in Figs. 9 and 10.

For 
ouplings with ele
tromagneti
 strength (�

eq

1

= �

`q

�

= 0:3 t

p

4��), LQs with

masses up to 299 GeV are ex
luded (see Tables 1 and 2). Alternatively, for a �xed M

LQ

of 250 GeV, values of �

eq

1

p

�

�q

and of �

eq

1

p

�

�q

down to 0:010 and 0:013, respe
tively,

are ex
luded (see Tables 3 and 4).

Constraints on �

eq

1

p

�

`q

for

~

S

L

1=2

and for S

L

0


an be interpreted as limits on �

0

1j1

p

�

~u

j

!`q

and �

0

11k

p

�

~

d

k

!`q

for ~u

j

and

~

d

k

R-Parity-violating squarks of generation j and k, respe
-

tively [39℄.

6.3 High-mass leptoquark and squark limits

Tables 5 and 6 show the 95% C.L. limits on �

eq

�

�

�q

�

=M

2

LQ

(third row of ea
h 
ell) for

F = 0 and jF j = 2 high-mass leptoquarks 
oupling to eq

�

and �q

�

. Limits were evaluated

for all 
ombinations of quark generations �, �, ex
ept when a 
oupling to a t quark is

involved. Tables 7 and 8 show the 
orresponding limits for LQs 
oupling to eq

�

and �q

�

.

Limits for

~

S

L

1=2

LQs 
an also be interpreted as limits on �

0

1j�

�

0

ij�

=M

2

~u

for a u-type squark of

generation j, where i = 2; 3 is the generation of the �nal-state lepton (� or � ). Similarly,

limits for S

L

0

LQs 
an also be interpreted as limits on �

0

1�k

�

0

i�k

=M

2

~

d

for a d-type squark of

generation k.

7 Comparison with limits from other experiments

7.1 Low-energy experiments

There are many 
onstraints from low-energy experiments on lepton-
avor-violating pro-


esses 
oming from muon s
attering and rare lepton or mesons de
ays [8℄. Most 
an be


onverted into limits on �

eq

�

�

`q

�

=M

2

LQ

for massive s
alar or ve
tor leptoquark ex
hange.

In Tables 5-8, the limits from su
h measurements are 
ompared to the 
onstraints from

this analysis. For the e� � transition, su
h indire
t limits are very stringent and ZEUS

limits are better only in a few 
ases involving the 
-quark. In the e � � 
hannel, ZEUS

improves on the existing limits for many initial- and �nal-state quark 
ombinations, espe-


ially when a quark of the se
ond or third generation is involved. Assuming �

eq

1

= �

`q

�

,

ZEUS limits on low-mass LQs 
an be 
ompared to the limits from low-energy experiments.

In Figs. 7 and 8, limits on �

eq

1

as a fun
tion of the LQ mass are 
ompared to the limits

from e� � 
onversion in nu
lei and from rare K- and B- meson de
ays. ZEUS limits are
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better or 
ompetitive with indire
t limits up to � 250 GeV when the quark in the �nal

state is of the third generation. In Figs. 9 and 10, the 
orresponding limits for the � 
ase

are shown 
ompared to 
onstraints from rare � , B or K de
ays. ZEUS limits improve on

low-energy results in most 
ases.

7.2 LFV and leptoquark sear
hes at 
olliders

Tevatron limits are 
omplementary to those from HERA sin
e the 
ross se
tions at p�p


olliders do not depend on the Yukawa 
oupling, and LQs are assumed to 
ouple only

with one lepton generation. Therefore, su
h experiments are sensitive to only a subset

of the intera
tions 
onsidered here. The CDF and D� 
ollaborations ex
lude s
alar LQs


oupling ex
lusively to �q with masses up to 202 GeV [40℄ and 200 GeV [41℄, respe
tively.

CDF performed an analysis sear
hing for leptoquarks whi
h 
ouple ex
lusively to the

third generation of leptons and ex
luded LQs with M

LQ

< 99 GeV if �

�b

= 1. The D�


ollaboration looking for ��bb �nal states ex
luded LQs with masses below 94 GeV if

�

�b

= 1. The CDF 
ollaboration also performed a sear
h for a narrow resonan
e de
aying

to two 
harged leptons of di�erent generation [42℄, observing no deviation from the SM

expe
tation.

Sear
hes for LFV intera
tions, not mediated by LQs, were performed by LEP experiments,

looking for e�, e� and �� produ
tion in e

+

e

�

annihilation at the Z

0

peak [43℄; the OPAL


ollaboration extended the sear
h to higher energy using LEP2 data [44℄. Also in this


ase, no signi�
ant deviation from the SM expe
tation was found.

8 Con
lusions

The data taken by the ZEUS experiment at HERA in e

+

p and e

�

p intera
tions at 
enter-

of-mass energies of 300 GeV and 318 GeV during the years 1994{2000 
orresponding to an

integrated luminosity of 130 pb

�1

were analyzed for lepton-
avor violation. Sear
hes in

both � and � 
hannels were performed. No eviden
e of lepton-
avor-violating intera
tions

was found. For masses lower than the 
enter-of-mass energy, limits at 95% C.L. were set

on �

eq

1

p

�

`q

for leptoquark bosons as a fun
tion of the mass. For a 
oupling 
onstant

of ele
tromagneti
 strength (�

eq

1

= �

`q

�

= 0:3), mass limits between 257 and 299 GeV

were set, depending on the LQ type. For M

LQ

= 250 GeV, upper limits on �

eq

1

p

�

�q

(�

eq

1

p

�

�q

) in the range 0:010 { 0:12 (0:013 { 0:15) were set.

For LQs with M

LQ

�

p

s, upper limits on �

eq

�

�

�q

�

=M

2

LQ

and �

eq

�

�

�q

�

=M

2

LQ

were 
al
u-

lated for all 
ombinations of initial- and �nal-state quark generations.
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Some of the limits also apply to R-Parity-violating squarks. In many 
ases, espe
ially in

the � -
hannel, ZEUS limits are more stringent than any other limit published to date.

9 A
knowledgments

We would like to thank the DESY Dire
torate for their strong support and en
ourage-

ment. The remarkable a
hievements of the HERA ma
hine group were essential for the

su

essful 
ompletion of this work and are greatly appre
iated. The design, 
onstru
tion

and installation of the ZEUS dete
tor have been made possible by the e�ort of many

people who are not listed as authors.

12



Referen
es

[1℄ Super-Kamiokande Coll., Y. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998).

[2℄ SNO Coll., Q.R. Ahmad et al., Phys. Rev. Lett. 87, 071301 (2001).

[3℄ J. I. Illana and M. Masip, A
ta Phys. Polon. B 34, 5413 (2003).

[4℄ J.C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974);

H. Georgi and S.L. Glashow, Phys. Rev. Lett. 32, 438 (1974);

P. Langa
ker, Phys. Rep. 72, 185 (1981).

[5℄ H.P. Nilles, Phys. Rep. 110, 1 (1984);

H.E. Haber and G.L. Kane, Phys. Rep. 117, 75 (1985).

[6℄ B. S
hrempp and F. S
hrempp, Phys. Lett. B 153, 101 (1985);

J. Wudka, Phys. Lett. B 167, 337 (1986).

[7℄ S. Dimopoulos and L. Susskind, Nu
l. Phys. B 155, 237 (1979);

S. Dimopoulos, Nu
l. Phys. B 168, 69 (1980);

E. Farhi and L. Susskind, Phys. Rev. D 20, 3404 (1979);

E. Farhi and L. Susskind, Phys. Rep. 74, 277 (1981).

[8℄ S. Davidson, D. Bailey and B.A. Campbell, Z. Phys. C 61, 613 (1994);

E. Gabrielli, Phys. Rev. D 62, 055009 (2000);

M. Herz. Diploma Thesis, Universit�at Bonn, Bonn, Germany, Report

hep-ph/0301079, 2002;

Parti
le Data Group, K. Hagiwara et al., Phys. Rev. D 66, 010001 (2002);

Babar Coll., B. Aubert et al., Phys. Rev. Lett. 92, 121801 (2004);

Belle Coll., Y. Yusa et al., Phys. Lett. B 589, 103 (2004);

CLEO Coll., A. Bornheim et al., Phys. Rev. Lett. 93, 241802 (2004).

[9℄ W. Bu
hm�uller, R. R�u
kl and D. Wyler, Phys. Lett. B 191, 442 (1987). Erratum

in Phys. Lett. B 448, 320 (1999).

[10℄ V. Barger, G.F. Giudi
e and T. Han, Phys. Rev. D 40, 2987 (1989).

[11℄ ZEUS Coll., S. Chekanov et al., Phys. Rev. D 65, 92004 (2002).

[12℄ H1 Coll., C. Adlo� et al., Eur. Phys. J. C 11, 447 (1999). Erratum in

Eur. Phys. J. C 14, 553 (2000).

[13℄ ZEUS Coll., M. Derri
k et al., Z. Phys. C 73, 613 (1997).

[14℄ ZEUS Coll., U. Holm (ed.), The ZEUS Dete
tor. Status Report (unpublished), DESY

(1993), available on http://www-zeus.desy.de/bluebook/bluebook.html.

13



[15℄ N. Harnew et al., Nu
l. Inst. Meth. A 279, 290 (1989);

B. Foster et al., Nu
l. Phys. Pro
. Suppl. B 32, 181 (1993);

B. Foster et al., Nu
l. Inst. Meth. A 338, 254 (1994).

[16℄ M. Derri
k et al., Nu
l. Inst. Meth. A 309, 77 (1991);

A. Andresen et al., Nu
l. Inst. Meth. A 309, 101 (1991);

A. Caldwell et al., Nu
l. Inst. Meth. A 321, 356 (1992);

A. Bernstein et al., Nu
l. Inst. Meth. A 336, 23 (1993).

[17℄ J. Andruszk�ow et al., Preprint DESY-92-066, DESY, 1992;

ZEUS Coll., M. Derri
k et al., Z. Phys. C 63, 391 (1994);

J. Andruszk�ow et al., A
ta Phys. Pol. B 32, 2025 (2001).

[18℄ S.Catani et al., Nu
l. Phys. B 406, 187 (1993).

[19℄ S.D. Ellis and D.E. Soper, Phys. Rev. D 48, 3160 (1993).

[20℄ L. Bellagamba, Comp. Phys. Comm. 141, 83 (2001).

[21℄ T. Sj�ostrand, Comp. Phys. Comm. 82, 74 (1994).

[22℄ H. Spiesberger, hera
les and djangoh: Event Generation for ep In-

tera
tions at HERA In
luding Radiative Pro
esses, 1998, available on

http://www.desy.de/~hspiesb/djangoh.html.

[23℄ A. Kwiatkowski, H. Spiesberger and H.-J. M�ohring, Comp. Phys. Comm.

69, 155 (1992);

H. Spiesberger, An Event Generator for ep Intera
tions at HERA

In
luding Radiative Pro
esses (Version 4.6), 1996, available on

http://www.desy.de/~hspiesb/hera
les.html.

[24℄ G. Ingelman, A. Edin and J. Rathsman, Comp. Phys. Comm. 101, 108 (1997).

[25℄ G. Mar
hesini et al., Comp. Phys. Comm. 67, 465 (1992).

[26℄ T. Abe, Comp. Phys. Comm. 136, 126 (2001).

[27℄ ZEUS Coll., J. Breitweg et al., Eur. Phys. J. C 12, 411 (2000).

[28℄ ZEUS Coll., J. Breitweg et al., Eur. Phys. J. C 11, 427 (1999).

[29℄ C. Genta. PhD Thesis, Universit�a degli studi di Firenze, Firenze, Italy, Report

DESY-THESIS-2005-017, 2005.

[30℄ C. N. Nguyen. Diploma Thesis, Universit�at Hamburg, Hamburg, Germany, Report

DESY-THESIS-2002-024, 2002.

[31℄ ZEUS Coll., S. Chekanov et al., Phys. Lett. B 583, 41 (2004).

[32℄ J. R. Forshaw and M. H. Seymour, JHEP 09, 009 (1999).

14



[33℄ M. H. Seymour, Nu
l. Phys. B 421, 545 (1994).

[34℄ T. Carli and B. Koblitz. Pro
eedings of the VII International Workshop on Advan
ed

Computing and Analysis Te
hniques in Physi
s Resear
h, P. Bath and M. Kasemann

(ed.), pp 110, Ameri
an Institute of Physi
s (2000). Also in hep-ph/0011224, 2000;

T. Carli and B. Koblitz, Nu
l. Inst. Meth. A 501, 576 (2003).

[35℄ M. Corradi, Pro
eedings of the Workshop on Con�den
e Lim-

its, F. James, L. Lyons, Y Perrin (ed.), p. 237. Geneva, Switzer-

land, CERN (2000). Also in preprint CERN 2000-005, available on

http://
ern.web.
ern.
h/CERN/Divisions/EP/Events/CLW/PAPERS/PS/
orradi.ps.

[36℄ H.L. Lai et al., Phys. Rev. D 55, 1280 (1997).

[37℄ J. Pumplin et al., JHEP 07, 012 (2002);

D. Stump et al., JHEP 10, 046 (2003).

[38℄ M. Tur
ato. PhD Thesis, Universit�a degli studi di Padova, Padova, Italy, Report

DESY-THESIS-2003-039, 2003.

[39℄ J. Butterworth and H. Dreiner, Nu
l. Phys. B 397, 3 (1993).

[40℄ CDF Coll., F. Abe et al., Phys. Rev. Lett. 81, 4806 (1998).

[41℄ D� Coll., B. Abbott et al., Phys. Rev. Lett. 84, 2088 (2000).

[42℄ CDF Coll., D. A
osta et al., Phys. Rev. Lett. 91, 171602 (2003).

[43℄ OPAL Coll., M. Z. Akrawy et al., Phys. Lett. B 254, 293 (1991);

ALEPH Coll., D. De
amp et al., Phys. Rep. 216, 253 (1992);

DELPHI Coll., P Abreu et al., Phys. Lett. B 298, 247 (1993);

L3 Coll., O. Adriani et al., Phys. Lett. B 316, 427 (1993).

[44℄ OPAL Coll., G. Abbiendi et al., Phys. Lett. B 519, 23 (2001).

15



LQ type

~

S

L

1=2

S

L

1=2

S

R

1=2

V

L

0

V

R

0

~

V

R

0

V

L

1

�-
hannel limit on M

LQ

( GeV) 273 293 293 274 278 296 299
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Table 1: 95% C.L. lower limits on M

LQ

for F = 0 LQs in the �- and the

� -
hannels assuming �

eq

1

= �

`q

�

= 0:3.
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�-
hannel limit on M
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( GeV) 278 284 261 281 269 289 289

� -
hannel limit on M

LQ

( GeV) 275 281 257 278 265 287 286

Table 2: 95% C.L. lower limits on M

LQ

for jF j = 2 LQs in the �- and the

� -
hannels assuming �

eq

1

= �

`q

�

= 0:3.
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0.066 0.026 0.024 0.046 0.019 0.013

Table 3: 95% C.L. upper limits on �

eq

1

p

�

`q

for F = 0 LQs with mass M

LQ

=

250GeV in the �- and the � -
hannels.
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0.058 0.15 0.049 0.10 0.038 0.042

Table 4: 95% C.L. upper limits on �

eq

1

p

�

`q

for jF j = 2 LQs with mass M

LQ

=

250GeV in the �- and the � -
hannels.
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Table 5: Limits at 95% C.L. on

�
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�

�

�q

�

M

2

LQ

for F = 0 LQs, in units of TeV

�2

.

The �rst 
olumn indi
ates the quark generations 
oupling to LQ� e and LQ � �,

respe
tively. ZEUS results are reported in the third line (bold) of ea
h 
ell. The

low-energy pro
ess providing the most stringent 
onstraint and the 
orresponding

limit are shown in the �rst and se
ond lines. The ZEUS limits are en
losed in a

box if they are better than the low-energy 
onstraints. The 
ases marked with *


orrespond to pro
esses where the 
oupling to a t quark is involved.
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Table 6: Limits at 95% C.L. on

�

eq

�

�

�q

�

M

2

LQ

for F = 2 LQs, in units of TeV

�2

.

The �rst 
olumn indi
ates the quark generations 
oupling to LQ� e and LQ � �,

respe
tively. ZEUS results are reported in the third line (bold) of ea
h 
ell. The

low-energy pro
ess providing the most stringent 
onstraint and the 
orresponding

limit are shown in the �rst and se
ond lines. The ZEUS limits are en
losed in a

box if they are better than the low-energy 
onstraints. The 
ases marked with *


orrespond to pro
esses where the 
oupling to a t quark is involved.
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for F = 0 LQs, in units of TeV
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The �rst 
olumn indi
ates the quark generations 
oupling to LQ � e and LQ� � ,

respe
tively. ZEUS results are reported in the third line (bold) of ea
h 
ell. The

low-energy pro
ess providing the most stringent 
onstraint and the 
orresponding

limit are shown in the �rst and se
ond lines. The ZEUS limits are en
losed in a

box if they are better than the low-energy 
onstraints. The 
ases marked with *


orrespond to pro
esses where the 
oupling to a t quark is involved.
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B ! ��eX B ! ��eX B ! ��eX B ! ��eX

3 2 � � 14 7:2 7:2 7:2 �

11 5:5 4:1 4:1

� ! 3e � ! 3e � ! 3e � ! 3e

3 3 � � 17 14 9 4 �

15 7:6 7:6 7:6

Table 8: Limits at 95% C.L. on

�

eq

�

�

�q

�

M

2

LQ

for F = 2 LQs, in units of TeV

�2

.

The �rst 
olumn indi
ates the quark generations 
oupling to LQ � e and LQ � � ,

respe
tively. ZEUS results are reported in the third line (bold) of ea
h 
ell. The

low-energy pro
ess providing the most stringent 
onstraint and the 
orresponding

limit are shown in the �rst and se
ond lines. The ZEUS limits are en
losed in a

box if they are better than the low-energy 
onstraints. The 
ases marked with *


orrespond to pro
esses where the 
oupling to a t quark is involved.
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Figure 1: (a) s-
hannel and (b) u-
hannel diagrams 
ontributing to LFV pro
esses.

The subs
ripts � and � denote the quark generations, and ` is either a � or a � .
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Figure 2: Comparison between data (dots) and SM MC (solid line): (a) E�P

Z

+

�

�

, (b) 6P

t

, (
) 6P

t

=

p

E

t

and (d) polar angle of the muon, �

�

, after the �-
hannel

presele
tion. The dashed line represents the LFV signal due to a s
alar LQ, with

M

LQ

= 240GeV , with an arbitrary normalization.
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Figure 3: Comparison between data (dots) and SM MC (solid line) for the

variables used in the � dis
riminant: (a) � log(R

mean

); (b) � log(R

rms

); (
)

� log(1� L

mean

); (d) � log(L

rms

); (e) number of subjets, N

subj

; (f) jet mass, M

jet

,

after the � -
hannel presele
tion (hadroni
 � de
ays). The dashed line represents

the LFV signal with arbitrary normalization.

23



ZEUS

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

E
v
e
n

ts

1

10

10
2

p 94-00±ZEUS e

Background MC
=240 GeVLQ  MτLFV 

=600 GeVLQ  MτLFV 

(a)

φ∆
0 20 40 60 80 100 120 140 160 180

E
v
e
n

ts

1

10

10
2

(b)

PSfrag repla
ements

D

Figure 4: Distribution of (a) the dis
riminant, D, and (b) ��, after hadroni
 �

de
ay presele
tion. The dots represent the data while the solid line is the SM predi
-

tion from MC. The LFV signal distribution for two di�erent LQ masses, 240GeV

(dashed line) and 600GeV (dash-dotted line), are also shown with arbitrary nor-

malization. The distribution of �� for the M

LQ

= 600GeV LQ, whi
h is similar

to the M

LQ

= 240GeV LQ �� distribution, is omitted. The leptoni
 de
ay of the

tau, or the tau jet outside the CTD a

eptan
e, leads to events with �� > 160

Æ

.
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Figure 5: �� distribution of the events with D > 0:9 after hadroni
 � de
ay

presele
tion. Dots represent data while the solid line is the SM predi
tion from

MC. The dashed line represents the signal with arbitrary normalization. The small

fra
tion of the signal (� 5%) with �� > 160

Æ

is due to events that have the jet from

the � outside the CTD a

eptan
e. The two events from data that have �� = 72

Æ

and �� = 126

Æ

are the two events found in a previous ZEUS sear
h for isolated �

lepton events [31℄.
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Figure 6: The 95% C.L. upper limits for ��

`q

as a fun
tion of M

LQ

for s
alar(full

line) and ve
tor (dashed line) LQs: (a) F = 2 LQ ! �q; (b) F = 0 LQ ! �q; (
)

F = 2 LQ ! �q; (d) F = 0 LQ ! �q. A subset of e

+

p data (99-00, 
orresponding

to the higher 
enter-of-mass energy, 318 GeV) has been used to obtain �gures (b)

and (d).

26



ZEUS

(GeV)
LQ

M
150 200 250 300

 qµβ 
× 1

e
q

λ

10
-3

10
-2

10
-1

1

L
1/2S
R
1/2S
L
1/2S

p 94-00
+

(a) ZEUS e 

exclu
ded at 9

5%
 C

.L
.

~

(GeV)
LQ

M
150 200 250 300

 qµβ 
× 1

e
q

λ

10
-3

10
-2

10
-1

1

R
0,VL

0V
R
0V
L
1V

p 94-00
+

(b) ZEUS e 

exclu
ded at 9

5%
 C

.L
.~

(GeV)
LQ

M
150 200 250 300

1
e

q
λ

10
-3

10
-2

10
-1

1

 eµ →B 
 e N→ N µ
 eµ →K 

L
1/2S

p 94-00
+

(c) ZEUS e 

β q µλ= 
1

eqλ

~

(GeV)
LQ

M
150 200 250 300

1
e

q
λ

10
-3

10
-2

10
-1

1

 e µ →B 
 e N→ N µ
 e µ →K 

R
0V

p 94-00
+

(d) ZEUS e 

β q µλ= 
1

eqλ

Figure 7: Limits for F = 0 low-mass LQs in the � 
hannel obtained from e

+

p


ollisions. The upper plots show 95% C.L. limits on �

eq

1

�

p

�

�q

for (a) s
alar and

(b) ve
tor LQs. In the lower plots, ZEUS limits on �

eq

1

for a representative (
)

s
alar and (d) ve
tor LQ are 
ompared to the indire
t 
onstraints from low-energy

experiments [8℄, assuming �

eq

1

= �

�q

�

.
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Figure 8: Limits for F = 2 low-mass LQs in the � 
hannel obtained from e

�

p


ollisions. The upper plots show 95% C.L. limits on �

eq

1

�

p

�

�q

for (a) s
alar and

(b) ve
tor LQs. In the lower plots, ZEUS limits on �

eq

1

for a representative (
)

s
alar and (d) ve
tor LQ are 
ompared to the indire
t 
onstraints from low-energy

experiments [8℄, assuming �

eq

1

= �

�q

�

.
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Figure 9: Limits for F = 0 low-mass LQs in the � 
hannel obtained from e

+

p


ollisions. The upper plots show 95% C.L. limits on �

eq

1

�

p

�

�q

for (a) s
alar and

(b) ve
tor LQs. In the lower plots, ZEUS limits on �

eq

1

for a representative (
)

s
alar and (d) ve
tor LQ are 
ompared to the indire
t 
onstraints from low-energy

experiments [8℄, assuming �

eq

1

= �

�q

�

.
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Figure 10: Limits for F = 2 low-mass LQs in the � 
hannel obtained from e

�

p


ollisions. The upper plots show 95% C.L. limits on �

eq

1

�

p

�

�q

for (a) s
alar and

(b) ve
tor LQs. In the lower plots, ZEUS limits on �

eq

1

for a representative (
)

s
alar and (d) ve
tor LQ are 
ompared to the indire
t 
onstraints from low-energy

experiments [8℄, assuming �

eq

1

= �

�q

�

.
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