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� Introduction.
� LQ in ���� interactions :

– virtual effects;
– single production;
– pair production.

� Searches with theOPAL detector.
� Conclusions.
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� LEPTOQUARK: scalar or vector particle coupling
to aleptonand aquark.

LQ

l

q

� Why LEPTOQUARKS?
– Apparent simmetryquarks- leptons,

unrelated “objects”within theStandard Model.
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– BeyondtheStandard Model
(e.g.G.U.T., Composite Models) :

��
�� � transitions mediated by fields
carrying both quarks and leptons
quantum numbers.
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� Minimal requirements:
– Baryon (B) and lepton (L) numbers conservation.
– Respect of theSM simmetries

������ � ������ � �����

LQ (RPV��) F=3B+L ��� �

�� ( ���) 2 -1/3 ��� ��
��� 2 -4/3 ��

�� 2 2/3 -1/3 -4/3 ��

���� 0 -2/3 -5/3 ��� ��
����� ( ���, ���) 0 1/3 -2/3 ��

�� 0 -2/3 ��� ��
��� 0 -5/3 ��

�� 0 1/3 -2/3 -5/3 ��

���� 2 -1/3 -4/3 ��� ��
����� 2 2/3 -1/3 ��

W.Buchm̈uller, R.R̈uckl & D.Wyler, Phys.Lett. B191(1987)

���� � �����������
� � leptongeneration, � � quarkgeneration

� Within this model :

– Coupling within a single
fermions’ generation.

�� Three
LQ generations.
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�� in ���� collisions

� Virtual effects:

���� � ��
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� Single production: ���� � 	
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� Pair production: ���� � 	
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The LEP collider
and the OPAL experiment

� LEP : Large Electron Positron collider

POINT 4.

LAKE  GENEVA GENEVA

CERN Prévessin

POINT 6.

POINT 8.

POINT 2.
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� OPAL : Omni Purpose Apparatus atLEP
Muon detectors

Hadron calorimeters and return yoke

Electromagnetic calorimeters

Presamplers

Time of flight detector

Solenoid and Pressure Vessel
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Microvertex detector

Original forward detector

Silicon-tungsten forward detector
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Virtual effects in �
�
�
�

��� (1)

� Process
���� � ��

e- e-

e+ e+

q q

q


q
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γ/Z0
LQ

λ

λ

� ���� � �	
 � ��������

 Run : even t   5121 :      3  Da t e  991009  T i me  142600                                  

 Ebeam 100 . 00  Ev i s  152 . 4  Em i s s   47 . 6  V t x  (    - . 03 ,     . 07 ,    - . 57 )               

 Bz=4 . 350  Bunc h l e t  1 / 1   Th r us t =  . 9825  Ap l an=  . 0022  Ob l a t =  . 0182  Sphe r =  . 0064     

C t r k ( N=  24  Sump=  90 . 8 )  Eca l ( N=  41  SumE=109 . 7 )  Hca l ( N=27  SumE=  47 . 7 )  

Muon ( N=   3 )  Sec  V t x ( N=  5 )  Fde t ( N=  0  SumE=    . 0 )  

Even t  t ype  b i t s
  4  Low  mu l t  p r ese l      
  5  H i gh  mu l t  ve t o       
 12  Tagged  t wo  pho t      
 13  H i ggs  h i gh  mu l t      
 16  TKMH  mu l t i had r on     
 22  S  pho t  muon  ve t o     
 23  S  pho t  beam- wa l l     
 25  S  pho t  EM and  TOF    
 26  S  pho t  I n - t i me  TOF   
 27  S  pho t  EM c l us       
 28  S  pho t  H i gh  pT  t r k   
 31  l ong - l i ved  decay s    
 32  " Phy s1 "  se l ec t i on    
  1  Z0  t ype  phy s i c s      
 19  LEP2  Mu l t i  Had r on    

Y

X
Z

   200 .  cm.   

 Cen t r e  o f  s c r een  i s  (     . 0000 ,     . 0000 ,     . 0000 )         

50  GeV2010 5

� Only ��� gen.	
 coupling to ���
�����

� Fit of the predicted����
to the data

��
Exclusion curves

(95� C.L.)
in the������� plane.

� OPAL : Eur. Phys. J.C6 (1999) 1.
(1997 data,

�
� � ��� GeV).

LEPcombined : CERN-EP-2002-091
December 2002.

(chiral couplings are assumed i.e.�� � �� � �)
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Virtual effects in �
�
�
�

��� (2)

� OPAL:
�
� � ��� GeV.

Limits on the coupling for Vector Leptoquarks
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� LEP:
�
� up to 209 GeV
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Single production (1)

� ���� � 	
 � �
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� The production x-section depends on the� couplings
(but not on the chirality).

� Only ��� gen.	
 coupling toecan be produced.

� 	
 with 	
��	 � ���� ��� (�� couplings) favoured
w.r.t. 	
 with 	
��	 � ���� ��� (�� couplings).

� After the production:	
� �� �� � �� 	�

�� Energetic, isolated and high
� lepton
balanced by ahadronic jet.

� 	
� � �
M�� � ��� GeV�
� � ��� GeV

 Run : even t   7211 :     43  Da t e  980207  T i me  195008                                  

 Ebeam  91 . 50  Ev i s  212 . 7  Em i s s  - 29 . 7  V t x  (    - . 03 ,     . 10 ,    1 . 51 )               

 Bz=4 . 350  Bunch l e t  1 / 1   Th r us t =  . 9352  Ap l an=  . 0116  Ob l a t =  . 0768  Sphe r =  . 0734     

C t r k ( N=  22  Sump=125 . 8 )  Eca l ( N=  30  SumE=131 . 2 )  Hca l ( N=16  SumE=  73 . 8 )  

Muon ( N=   1 )  Sec  V t x ( N=  0 )  Fde t ( N=  1  SumE=   1 . 6 )  

Ev en t  t y pe  b i t s
  4  Low  mu l t  p r ese l      
  5  H i gh  mu l t  ve t o       
  7  LL  I so l a t ed  Lep t on   
 11  Heav y  l ep t  I so l T r k   
 12  Tagged  t wo  pho t      
 13  H i ggs  h i gh  mu l t      
 16  TKMH  mu l t i had r on     
 22  S  pho t  muon  ve t o     
 25  S  pho t  EM and  TOF    
 26  S  pho t  I n - t i me  TOF   
 27  S  pho t  EM c l us       
 28  S  pho t  H i gh  pT  t r k   
 30  S  pho t  no  H+MU  ve t   
 31  l ong - l i ved  decay s    
 32  " Phy s1 "  se l ec t i on    
  1  Z0  t ype  phy s i c s      
  2  Lum i  t ype  phy s i c s    
 19  LEP2  Mu l t i  Had r on    

Z

Y

X

   200 .  cm.   

 Cen t r e  o f  s c r een  i s  (     . 0000 ,     . 0000 ,     . 0000 )         

50  GeV2010 5
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Single production (2)

� Search for single production events :
(Phys. Lett.B526 (2002) 233).

– Data sample :
�
� � ���
 ��� GeV;

�
��� � ��� 
��	

– Chiral couplings are assumed� �� � �� � �

�� 
 � �����	
� ���� = 0, 0.5, 1
(	
 with 
 � � not allowed).

channel � ���
(M�� � �	� 
		 GeV)

Exp. Bkg.
(MC) data

�� 10�50 ����� 
��	 43

�� 30�60 
���� ��� 25

– No excess is observed in the data
w.r.t. the expected bkg.

��
Lower limits (95� C.L.) on M��

as functions of the� couplings
(exclusion curves in the��� ���� plane).
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Single production (3)

� Exclusion curves (examples)

Scalar	
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leptoquark states with q=-1/3:

βe=0.5 S0, S1
βe=1.0 S0
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leptoquark state with q=-4/3:

βe=1.0 S
~

0

Vector	
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OPAL(c)
leptoquark state with q=-5/3:

βe=1.0 V1
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OPAL(e)
leptoquark states with q=-2/3:

βe=0.5 V0, V1
βe=1.0 V0
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Pair production (1)

� ���� � 	
	


e- e-

e+ e+

LQ LQ

L

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

Q


γ/Z0
q

λ

λ

� � � ������
��� �
� ��.
Thet/u-channel contribution (� dependent) exists only
for 	
 coupling toelectrons.

� Advantages(w.r.t. single production) :

– � 
 �(1pb) @LEP2 even for small values of the
� couplings to fermions (� ���	).

– Any 	
 in the model could be produced.

� Drawback:
– Lower kinematic limit for���

(
�
��� � � 100 GeV @LEP2).
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Pair production (2)

� ��� ��, ��� ����

�

Three possibile final
states

for each generation
��

– ������

– ��	���

– 	�	���

�
� � �� �� �

� For a given	
 the fraction of events falling in each
final state depends on
 � �����	
� �� � ��
�� �
 
 � �����	
� 	 � ����

� Signal events:
– High multiplicity (hadronicjets).
– High fraction of visible energy.
– Energetic and isolatedleptons.

� Main bkg: ����,��	 ( ��	��� )

 � � ( ������ , 	�	��� )
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Pair production (3)

� 	�	�


M�� � �	 GeV�
� � 
�� GeV

 Run : even t   8352 :   9500  Da t e  981022  T i me  065515                                  

 Ebeam  94 . 50  Ev i s  145 . 4  Em i s s   43 . 6  V t x  (    - . 04 ,     . 10 ,    1 . 15 )               

 Bz=4 . 350  Bunch l e t  1 / 1   Th r us t =  . 7371  Ap l an=  . 0759  Ob l a t =  . 4009  Sphe r =  . 6708     

C t r k ( N=  39  Sump=  81 . 7 )  Eca l ( N=  69  SumE=  66 . 6 )  Hca l ( N=19  SumE=  31 . 6 )  

Muon ( N=   3 )  Sec  V t x ( N=  1 )  Fde t ( N=  0  SumE=    . 0 )  

Even t  t ype  b i t s
  4  Low  mu l t  p r es e l      
  5  H i gh  mu l t  v e t o       
  7  LL  I s o l a t ed  Lep t on   
 13  H i ggs  h i gh  mu l t      
 16  TKMH  mu l t i had r on     
 22  S  pho t  muon  v e t o     
 23  S  pho t  beam- wa l l     
 25  S  pho t  EM and  TOF    
 26  S  pho t  I n - t i me  TOF   
 27  S  pho t  EM c l us       
 28  S  pho t  H i gh  pT  t r k   
 31  l ong - l i ved  decay s    
 32  " Phy s 1 "  s e l ec t i on    
  1  Z0  t ype  phy s i c s      
 10  Chg i no  Gen  ACop      
 13  GP  Cha r g i no          
 19  LEP2  Mu l t i  Had r on    

Y

X
Z

   200 .  cm.   

 Cen t r e  o f  s c r een  i s  (     . 0000 ,     . 0000 ,     . 0000 )         

50  GeV2010 5

� ��


M�� � �	 GeV�
� � 
�� GeV

 Run : even t   8352 :  12014  Da t e  981025  T i me  152929                                  

 Ebeam  94 . 50  Ev i s  190 . 3  Em i s s   - 1 . 3  V t x  (    - . 03 ,     . 11 ,    1 . 24 )               

 Bz=4 . 350  Bunch l e t  1 / 1   Th r us t =  . 8535  Ap l an=  . 0014  Ob l a t =  . 4503  Sphe r =  . 2423     

C t r k ( N=  17  Sump=133 . 9 )  Eca l ( N=  25  SumE=  40 . 5 )  Hca l ( N=22  SumE=  48 . 6 )  

Muon ( N=   4 )  Sec  V t x ( N=  3 )  Fde t ( N=  0  SumE=    . 0 )  

Y

X
Z

   200 .  cm.   

 Cen t r e  o f  s c r een  i s  (     . 0000 ,     . 0000 ,     . 0000 )         

50  GeV2010 5

Even t  t ype  b i t s
  4  Low  mu l t  p r es e l      
  5  H i gh  mu l t  v e t o       
  7  LL  I s o l a t ed  Lep t on   
 11  Heav y  l ep t  I s o l T r k   
 13  H i ggs  h i gh  mu l t      
 16  TKMH  mu l t i had r on     
 22  S  pho t  muon  v e t o     
 25  S  pho t  EM and  TOF    
 26  S  pho t  I n - t i me  TOF   
 27  S  pho t  EM c l us       
 28  S  pho t  H i gh  pT  t r k   
 30  S  pho t  no  H+MU  ve t   
 31  l ong - l i ved  decay s    
 32  " Phy s 1 "  s e l ec t i on    
  1  Z0  t ype  phy s i c s      
 10  Chg i no  Gen  ACop      
 13  GP  Cha r g i no          
 17  Un t agged  GG,  I nc l .   
 19  LEP2  Mu l t i  Had r on    
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Pair production (4)

� Search for pair-production events :
(CERN-EP/2003-021�	�� April 2003, submitted to Eur. Phys. J.C)

– Assumption :���
channel contribution is
negligible�� � �����
� for ��� gen.	
�.

– Data sample :�
� � ���
 ��� GeV;

�
��� � ��� 
��	.

channel � ���
(M�� � �	� 
	
 GeV)

Exp. Bkg.
(MC) data

������ 26�56 

������
�	�
 20

������ 31�68 �������
���
 4

	�	��� 17�35 ���	���	
���� 37

������ 9�36 
����
��
���� 13

������ 11�43 
������	
���� 26

	����� 2�25 ���	�
��
�
�� 35

���� 9�38 

���	�	
���� 28

– No significantexcess is observed in the data w.r.t.
the bkg expected from theStandard Model.

��
Lower limits (95� C.L.) on M��

as functions of
 � �����	
� ����
(Likelihood Ratio method,
Experimental errors included following
Nucl. Instr. and Meth.A434 (1999) 435).
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Pair production (5)

� Lower limits on M�� (GeV) : summary

�� 
���� � 1�� gen. 2	
 gen. 3�
 gen.

�� �
�� [0.5,1] 69(��) 79(��) 45(�)
��� ���� 1 99 100 98

�
�� 0 97 97 97

�� �
�� 0.5 69 79 45(�)
���� 1 100 101 99

�
�� [0,1] 94(��) 94(��) 93(��)
����

���� 1 100 100 98

�
�� 0 89 89 89
�����

�
�� 1 97 99 96

�� �
�� [0.5,1] 99(��) 99(��) 97(��)
��� ���� 1 102 102 101

�
�� 0 101 101 101

�� �
�� 0.5 99 99 97

���� 1 102 102 101

�
�� [0,1] 99(��) 99(��) 98(��)
����

���� 1 102 102 101

�
�� 0 99 99 99
�����

�
�� 1 101 101 99

(�): LEP1, (��): Minimum value� � � �������� ����
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Conclusions

� Leptoquarkscould be directly producedor
virtually exchangedin ���� collisions.

� Searches for deviations from theStandard Model
expectations due to	
 have been performed using the
data collected by theOPAL experiment at the highest
centre-of-mass energies reached by theLEPcollider.

� No significant evidence for any deviation has been
found.

�
Direct search for
single production

– and �
measurements of the
hadronicx-sections.

Exclusion curves in the
(�, M��) plane

for ��� generation	
.

Search for– �
pair production

Lower limits on M�� or
exclusion curves in the

(
, M��) plane.

� The results improve existing lower limits on M�� in
the region of small
 and enlarge exclusion regions in
the������� plane.
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