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Searh for lepton-avor violation at HERA

ZEUS Collaboration

Abstrat

A searh for lepton-avor-violating interations ep ! �X and ep ! �X has

been performed with the ZEUS detetor 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 evidene of lepton-

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

that ould mediate suh interations. 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 eletron and a �rst-

generation quark q

1

, and �

`q

is the branhing ratio of the LQ to the �nal-state

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

p

s, limits were

set on the four-fermion interation term �

eq

�

�

`q

�

=M

2

LQ

for LQs that ouple to an

eletron and a quark q

�

and to a lepton ` and a quark q

�

, where � and � are

quark generation indies. Some of the limits are also appliable to lepton-avor-

violating proesses mediated by squarks in R-Parity-violating supersymmetri

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

and for the proess ep! �X, the ZEUS limits are the most stringent to date.
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1 Introdution

The reent observations of neutrino osillations [1, 2℄ have shown that lepton-avor vio-

lation (LFV) does our in the neutrino setor. The LFV indued in the harged-lepton

setor due to neutrino osillations annot be measured at existing olliders due to the low

expeted rate [3℄. However, there are many extensions of the Standard Model (SM) suh

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

tehniolor [7℄ that predit possible e! � or e! � transitions at detetable rates.

In many theories, LFV ours only in the presene of a partiular quark generation. At

the HERA ep ollider, lepton-avor-violating interations an be observed in the reation

ep ! `X, where ` is a � or � . The presene of suh proesses, whih an be deteted

almost without bakground, would learly be a signal of physis beyond the Standard

Model. This searh is sensitive to all quark generations for LFV ourring between e

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

meson deay, muon-eletron onversion on nulei, et. [8℄; nevertheless, HERA generally

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

seond- or third-generation quark is involved.

In this searh, no evidene for LFV was found. The Buhm�uller-R�ukl-Wyler (BRW)

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

limits from the searh. 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. Suh bosons arise naturally in uni�ed theories that

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

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

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

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

detailed desription of the onsidered phenomenologial senarios and of the ross setion

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

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

the entire HERA I sample olleted 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 desription of the ZEUS detetor an be found elsewhere [14℄. In this setion

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

1



detetor (CTD) [15℄, the uranium-sintillator alorimeter (CAL) [16℄ and the forward

muon detetor (FMUON) [14℄.

The CTD, whih is immersed in a magneti �eld of 1:43 T provided by a superonduting

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

the polar-angle

1

region 15

Æ

< � < 164

Æ

. The transverse-momentum resolution for full-

length traks is �(p

T

)=p

T

= 0:0058p

T

� 0:0065 � 0:0014=p

T

, with p

T

in GeV. The CTD

was used to reonstrut traks of isolated muons and harged � -deay produts. It was

also used to reonstrut the interation vertex with a typial resolution of 4 mm (1 mm)

in the Z (X and Y ) oordinate.

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

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

vided transversely into towers and longitudinally into one eletromagneti setion (EMC)

and either one (in RCAL) or two (in BCAL and FCAL) hadroni setions (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 eletrons and

�(E)=E = 0:35=

p

E for hadrons (E in GeV).

The FMUON detetor, loated 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 produed by

two iron toroids plaed at about 9 m from the interation point and the magneti �eld of

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

to be made. The use of FMUON extends the aeptane for high-momentum muon traks

in the polar-angle region 8

Æ

< � < 20

Æ

.

The luminosity was measured using the proess ep! ep. The small-angle photons were

measured by the luminosity detetor [17℄, a lead-sintillator alorimeter plaed 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 respet to the reonstruted event vertex. The

1

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

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

the enter of HERA. The oordinate origin is at the nominal interation 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 eletron beam energy of 27:5 GeV. If only

partiles in the very forward diretion (proton beam), whih 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 reonstruted using the k

T

luster algorithm [18℄ in the inlusive 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 olleted 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 absene of a signal, limits were plaed on LFV oupling strengths. The searh is

sensitive to any proess with a �nal-state topology where the sattered eletron of the ep

neutral urrent (NC) deep inelasti sattering (DIS) is replaed with a � or a � . However,

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

by salar or vetor LQs of any mass. These were simulated by the Monte Carlo (MC)

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

hadronization and partile deays was performed using Pythia 6.1 [21℄.

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

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

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

photoprodution bakground simulation while lepton pair prodution was simulated with

Grape 1.1 [26℄.

4 e� � transition

The harateristi of suh events is an isolated muon with high transverse momentum,

whih is balaned 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

seletion. Further requirements were applied, as desribed below, to identify harged

partiles as muons.

3



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 trak pointing to the vertex with transverse momentum above 5 GeV mathing

a alorimeter deposit ompatible with a minimum-ionizing partile;

� D

trk

> 0:5 and D

jet

> 1 where D

trk

(D

jet

) is the distane in the ��� plane between the

trak assoiated with the andidate muon and the losest trak (jet) to the andidate;

� andidate muons in the polar-angle region 115

Æ

< � < 130

Æ

were exluded to eliminate

bakground from eletrons that lose muh of their energy in the dead material at the

transition between BCAL and RCAL.

The seond method was used for very forward muons (8

Æ

< � < 20

Æ

) and required a

reonstruted trak in the FMUON detetor with hits in at least 5 detetor planes.

4.2 Preseletion

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

desribed 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 rejet

bakground due to non-ep ollisions (osmis and beam-gas interations), the following

preseletion requirements were imposed:

� a reonstruted vertex with jZ

vtx

j < 50 m;

� 6P

t

> 15 GeV;

� no eletron

2

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

suppress NC DIS proesses in a region of potentially high bakground and negligible

antiipated signal;

� an isolated-muon andidate in the diretion of the 6P

t

(�� < 20

Æ

, where �� is the

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

t

vetor).

After the preseletion, the sample ontained 20 data events, while 25:9�1:1 were expeted

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

+

�

�

X).

2

Throughout this paper, \eletron" is used generially to refer to e

+

as well as e

�

.
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4.3 Final seletion

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

bakground simulations [29℄. For this purpose a salar LQ with a mass of 600 GeV,

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

that this proedure 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 rejet high-E

t

bakground 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 expetations before the �nal sele-

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

of the SM bakground.

For LFV events mediated by resonant prodution of a leptoquark, the seletion eÆieny

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

for vetor LQs with mass between 140 and 300 GeV.

For leptoquarks with mass muh greater than the enter-of-mass energy the eÆieny is

typially lower than that for resonant LQs, beause of the softer Bjorken-x distributions

of the initial-state quarks. In this ase the eÆienies 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 valene quarks, result in a lower momentum of the �nal-state

lepton, leading to a lower signal eÆieny. Overall, the seletion eÆieny for high-mass

LQs was in the range 20 { 45%.

5 e� � transition

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

momentum isolated � balaned by a jet in the transverse plane. Sine the � deays

lose to the interation vertex, only its deay produts are visible in the detetor. Due

to the presene of at least one neutrino in all � -deay hannels, a high value of 6P

t

is

expeted. Therefore, for all the hannels, the CC DIS trigger (as desribed in Setion 4.2

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

� 6P

t

> 15 GeV;
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� a reonstruted vertex with jZ

vtx

j < 50 m.

5.1 Leptoni � deays

For � leptons deaying into muons (� ! ��

�

�

�

), the same seletion uts as desribed in

Setion 4.3 were applied, sine the event topology is very similar to that of LFV with

e! � transitions.

For the � ! e�

e

�

�

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

eletron in the 6P

t

diretion; the following uts were applied after the preseletion:

� 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 eletron with energy larger than 20 GeV in the polar-angle region 8

Æ

< � < 125

Æ

and in the 6P

t

diretion (�� < 20

Æ

);

� a jet with a transverse momentum above 25 GeV, bak-to-bak with respet to the

eletron (��

e�jet

> 160

Æ

) where ��

e�jet

is the di�erene between the azimuthal angles

of the jet and of the eletron.

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

5.2 Hadroni � deays

The � lepton, beause of its small mass, typially deays with only one or three harged

traks with limited transverse spread. Sine jets oming from hadroni � deays must be

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

the � jets from the quark- and gluon-indued jets. The algorithm exploits the fat that

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

momentum than those for the deay produts of the � .

5.2.1 Tau identi�ation

A tehnique for � identi�ation [30℄ was developed for a previous study [31℄ in whih

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

here. The longitudinally invariant k

T

luster algorithm was used to identify jets. The

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

mean

) and

the seond (R

rms

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

6



(L

mean

) and the seond (L

rms

) moment of the energy deposition in the diretion 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 alulated from the alorimeter ells

assoiated with the jet. In order to separate the signal from the bakground, the six

variables were ombined into a disriminant D, given, for any point in the phase spae

~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 funtions of the signal and the bakground, respetively.

Suh densities, sampled using MC simulations, were alulated using a method based on

range searhing [34℄. Lepton-avor-violating events in whih the �nal-state � deays into

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

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

and the bakground densities were evaluated from the number of orresponding simulated

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

� signal tends to have a large disriminant value (D ! 1) while the CC DIS bakground

has a low disriminant value (D ! 0).

5.2.2 Preseletion

The following uts were applied for the preseletion of the hadroni � deay hannel:

� no eletron 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 desribed below.

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

be within the CTD aeptane (15

Æ

< � < 164

Æ

) and to have between one and three traks

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

between FCAL and BCAL (36

Æ

< � < 42

Æ

) were removed. In order to rejet eletrons

from NC events, a ut of 0.95 was applied to the eletromagneti energy fration 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-trak fration) was de�ned as the ratio between the momentum of

the most energeti trak in the jet and the jet energy. The quantity f

LT

+ f

EMC

is lose

to 2 for eletrons, the main soure of bakground that this ut is designed to rejet.
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Figure 3 shows the omparison, after the preseletion, between data and MC for the

jet disriminant variables. Figure 4 ompares the disriminant and the �� distributions.

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

t

vetor. After

the hadroni preseletion, 119 events were found in the data, while 131� 4 were expeted

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

onform to those expeted from SM bakgrounds.

5.2.3 Final seletion

For the �nal seletion, 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 diretion of the 6P

t

(�� < 20

Æ

).

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

sig

�

p

R (where

�

sig

is the signal eÆieny and R = 1=�

bg

is the bakground rejetion), for a salar 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 expetation (10:2 � 0:9 events).

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

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

5.3 Summary on e! � searh

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

were predited by Standard Model simulations.

The ombined seletion eÆieny for low-mass (M

LQ

<

p

s) salar (vetor) 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 disussed above, the signi�ant eÆieny drop for

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

6 Results

Sine no evidene of lepton-avor-violating interations was found, limits at 95% C.L.

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

setion { on the proesses ep! �X and ep! �X mediated by a leptoquark.
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In the low-mass ase, limits on the ross setion 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 eletron and a �rst-generation quark, while �

`q

is the branhing ratio of the

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

setion limits were onverted, using the ontat-interation approximation, into limits on

�

eq

�

�

`q

�

=M

2

LQ

, where � and � are quark generation indies. The ross setions were eval-

uated using the CTEQ5 [36℄ parton densities, taking into aount the QED initial-state

radiation, and, for low-mass salar leptoquarks, NLO QCD orretions.

6.1 Systemati unertainties

The following soures of systemati unertainties are dominant:

� the alorimeter energy-sale unertainty (2%). The resulting variation in the signal

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

less than 5% for high-mass leptoquarks;

� the luminosity unertainty: 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;

� Systematis related to the parton-density funtions (PDF) have been alulated us-

ing the 40 eigenvetor sets, provided by CTEQ 6.1 [37℄, that haraterize the PDF

unertanties. This ontributes to the dominant unertainty for low-mass leptoquarks,

espeially when a d quark is involved and the LQ mass approahes the HERA kine-

mati limit. The e�et of this unertainty on the LQ limits is given in more detail

elsewhere [29℄.

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

methods desribed elsewhere [31, 38℄ and were found to be small. The systemati uner-

tainties have been inluded in the limit alulation assuming a Gaussian distribution for

their probability densities. For low-mass LQs, the e�et of the inlusion of systemati

unertainties is the largest at the highest masses and the limit on the oupling inreases

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

6.2 Low-mass leptoquark and squark limits

To illustrate the sensitivity of this searh, 95% C.L. upper limits on the ross setion

times the branhing 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 salar and vetor

LQs, assuming resonantly produed leptoquarks as desribed by the BRW model. Sine,
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for suÆiently large LQ masses, the ross setion is dominated by eletron valene-quark

fusion, only e

+

p (e

�

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

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

For ouplings with eletromagneti strength (�

eq

1

= �

`q

�

= 0:3 t

p

4��), LQs with

masses up to 299 GeV are exluded (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, respetively,

are exluded (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 eah 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 �, �, exept 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 sattering and rare lepton or mesons deays [8℄. Most an be

onverted into limits on �

eq

�

�

`q

�

=M

2

LQ

for massive salar or vetor leptoquark exhange.

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

this analysis. For the e� � transition, suh indiret 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 seond 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 funtion of the LQ mass are ompared to the limits

from e� � onversion in nulei and from rare K- and B- meson deays. ZEUS limits are
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better or ompetitive with indiret 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 deays. ZEUS limits improve on

low-energy results in most ases.

7.2 LFV and leptoquark searhes at olliders

Tevatron limits are omplementary to those from HERA sine the ross setions at p�p

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

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

of the interations onsidered here. The CDF and D� ollaborations exlude salar LQs

oupling exlusively to �q with masses up to 202 GeV [40℄ and 200 GeV [41℄, respetively.

CDF performed an analysis searhing for leptoquarks whih ouple exlusively to the

third generation of leptons and exluded LQs with M

LQ

< 99 GeV if �

�b

= 1. The D�

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

�

�b

= 1. The CDF ollaboration also performed a searh for a narrow resonane deaying

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

expetation.

Searhes for LFV interations, not mediated by LQs, were performed by LEP experiments,

looking for e�, e� and �� prodution in e

+

e

�

annihilation at the Z

0

peak [43℄; the OPAL

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

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

8 Conlusions

The data taken by the ZEUS experiment at HERA in e

+

p and e

�

p interations 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. Searhes in

both � and � hannels were performed. No evidene of lepton-avor-violating interations

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 funtion of the mass. For a oupling onstant

of eletromagneti 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 alu-

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, espeially in

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

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

respetively. ZEUS results are reported in the third line (bold) of eah ell. The

low-energy proess providing the most stringent onstraint and the orresponding

limit are shown in the �rst and seond lines. The ZEUS limits are enlosed in a

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

orrespond to proesses where the oupling to a t quark is involved.
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.

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

respetively. ZEUS results are reported in the third line (bold) of eah ell. The

low-energy proess providing the most stringent onstraint and the orresponding

limit are shown in the �rst and seond lines. The ZEUS limits are enlosed in a

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

orrespond to proesses where the oupling to a t quark is involved.
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The �rst olumn indiates the quark generations oupling to LQ � e and LQ� � ,

respetively. ZEUS results are reported in the third line (bold) of eah ell. The

low-energy proess providing the most stringent onstraint and the orresponding

limit are shown in the �rst and seond lines. The ZEUS limits are enlosed in a

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

orrespond to proesses where the oupling to a t quark is involved.

19



e! � ZEUS e

�

p 94-00 jF j = 2

�� S

L

0

S

R

0

~

S

R

0

S

L

1

V

L

1=2

V

R

1=2

~

V

L

1=2

e

�

u e

�

u e

�

d e

�

(u+

p

2d) e

�

d e

�

(u+ d) e

�

u

e

+

�u e

+

�u e

+

�

d e

+

(�u +

p

2

�

d) e

+

�

d e

+

(�u +

�

d) e

+

�u

G

F

� ! �e � ! �e � ! �e � ! �e � ! �e � ! �e

1 1 0.3 0.4 0.4 0.1 0.2 0.1 0.2

2:5 2:5 3:5 1:4 1:4 0:8 1:0

K ! ���� � ! Ke K ! ���� K ! ���� � ! Ke

1 2 5:8� 10

�4

6:3 2:9� 10

�4

2:9� 10

�4

3:2

4:0 4:0 4:4 1:9 2:8 2:0 3:1

B ! ��e V

ub

B ! ��e B ! ��e

1 3 � � 0:3 0:12 0:13 0:13 �

5:1 2:6 4:0 4:0

K ! ���� � ! Ke K ! ���� K ! ���� � ! Ke

2 1 5:8� 10

�4

6:3 2:9� 10

�4

2:9� 10

�4

3:2

3:2 3:2 4:3 1:8 1:4 0:8 1:0

� ! 3e � ! 3e � ! 3e � ! 3e � ! 3e � ! 3e � ! 3e

2 2 5 5 17 14 9 4 3

10 10 6:5 3:2 3:5 2:8 5:1

B ! ��eX B ! ��eX B ! ��eX B ! ��eX

2 3 � � 14 7:2 7:2 7:2 �

8:3 4:1 5:4 5:4

B ! ��e B ! ��e B ! ��e B ! ��e

3 1 � � 0:3 0:13 0:13 0:13 �

5:3 2:7 1:6 1:6

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 indiates the quark generations oupling to LQ � e and LQ � � ,

respetively. ZEUS results are reported in the third line (bold) of eah ell. The

low-energy proess providing the most stringent onstraint and the orresponding
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box if they are better than the low-energy onstraints. The ases marked with *

orrespond to proesses 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 proesses.

The subsripts � 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
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+
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, (b) 6P

t

, () 6P

t

=
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t

and (d) polar angle of the muon, �
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, after the �-hannel

preseletion. The dashed line represents the LFV signal due to a salar LQ, with

M
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= 240GeV , with an arbitrary normalization.
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deay preseletion. 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
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= 600GeV LQ, whih is similar

to the M

LQ

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

tau, or the tau jet outside the CTD aeptane, leads to events with �� > 160
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.
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Figure 6: The 95% C.L. upper limits for ��

`q

as a funtion of M

LQ

for salar(full

line) and vetor (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).
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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) salar and

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

eq

1

for a representative ()

salar and (d) vetor LQ are ompared to the indiret 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) salar and

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

eq

1

for a representative ()

salar and (d) vetor LQ are ompared to the indiret onstraints from low-energy

experiments [8℄, assuming �

eq
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�q

�

.

28



ZEUS

(GeV)
LQ

M
150 200 250 300

 qτβ 
×

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

 qτβ 
×

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

 eτ →B 
 eπ → τ

ν ν π →K 

L
1/2S

p 94-00
+

(c) ZEUS e 

β q τλ= 
1

eqλ

~

(GeV)
LQ

M
150 200 250 300

1
e

q
λ

10
-3

10
-2

10
-1

1

 e τ →B 
 eπ → τ

 K e→ τ

R
0V

p 94-00
+

(d) ZEUS e 

β q τλ= 
1

eqλ

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) salar and

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

eq

1

for a representative ()

salar and (d) vetor LQ are ompared to the indiret 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) salar and

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

eq

1

for a representative ()

salar and (d) vetor LQ are ompared to the indiret onstraints from low-energy

experiments [8℄, assuming �

eq

1

= �

�q
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.
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