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The prospects to search for scalar and vector leptoquarks at high energy e+e - coUiders are reviewed. We 
compare production cross sections in the energy range between ~ = 0(200 GeV) and 1 TeV for e+e - annihilation. 
QED and QCD corrections and the effect of beamstratdung in these processes are discussed. For the case of linear 
colliders the search potential in the different possible collider modes as e+e - annihilation, e+~f scattering, and -y-f 
fusion is compared. 

1. I n t r o d u c t i o n  

Leptoquark states emerge in various exten- 
sions of the Standard Model both in Grand Uni- 
fied Theories and scenarios of fermion compos- 
iteness [1]. One may claim a more fundamen- 
tal reason behind the observed tight correlation 
of lepton and quark quantum numbers in the 
SU(2)L x U(1)y theory, which leads to anomaly 
canceUation and may bc related to fields carrying 
both lepton and quark quantum numbers. 

Severe constraints have been derived on the 
fermion couplings of leptoquarks during the last 
years in the analysis of rare decays [2] and stud- 
ies of electron-quark scattering at high ener- 
gies [3]. Because these couplings are generally not 
predicted in the individual models experimental 
searches have to always limit both these parame- 
ters and the particle mass. 

Conversely, one may study production mecha- 
nisms, e.g. pair production, involving only the 
couplings of leptoquarks to gauge bosons being 
known in the Standard Model. The phase space 
is smaller but a decisive search for these states is 
possible. The recent analysis of leptoquask pair 
production in e+e - annihilation [4, 5] at LEP [6] 
has led to a thorough exclusion of leptoquarks of 
all families in the mass range up to ~ 45 GeV. 
Large pair production cross sections are also ob- 
tained in p/~ and pp scattering [7, 8]. However, 
since leptoquarks are either color triplets or an- 
titriplets other interactions are needed to deter- 
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mine their fiavour, charge, and weak coupling 
quantum numbers, as well as possible anomalous 
couplings in the case of vector leptoquarks. These 
quantum numbers can be disentangeled studying 
their production and decay at e+e - or ep [9] col- 
liders. 

An extension of the mass range will be obtained 
by LEP200 for leptoquarks of any family. High 
energy linear colliders in the energy range from 
v/s = 500 GeV to 1 TeV will extend the range 
further and, moreover, allow to study e7 and 77 
scattering as complementary options at similar 
luminosities 2 . 

In this paper we review the prospects to search 
for both scalar and vector leptoquarks in e+e - 
annihilation, e7 scattering and 77 fusion at future 
high energy colliders. For definiteness we consider 
the class of leptoquarks containing dimensionless 
couplings to fermions, which are baryon and lep- 
ton number conserving, family diagonal, and re- 
spect SU(3)c x SU(2)L x U(1)y symmetry. The 
leptoquark states obeying these properties have 
been introduced in [11]. 

The paper is organized as follows. In section 2 
the Lagrangians of these leptoquark states for 
fermion interactions and interactions with gauge 
bosons are given and their quantum numbers are 
summarized. In section 3 pair production of lep- 
toquarks in e+e - annihilation is considered. As 
known from other processes [12], the QED ra- 
diative corrections for pair production at thresh- 
old - a typical situation in the search for new 

2The possibility to produce leptoquarks in e-c- [I0] col- 
lisions has also been studied recently. 
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particles - may be rather large. Effects due to 
beamstrahlung at linear colliders are substantial 
in this range. Furthermore, si~.eable QCD final 
state corrections are expected [13]. These aspects 
are dealt with in section 4. Single leptoquark pro- 
duction in e+e - and e7 scattering is considered 
section 5. Pair production in 77 fusion is dealt 
with in section 6. Section 7 contains a comparison 
of the different collider options. 

2. C lass i f i ca t ion  o f  L e p t o q u a r k  S ta te s  

There exist nine scalar and nine vector lepto- 
quark states carrying SU(3)t x SU(2)L x U(1)y 
invariant couplings, which are B and L conserv- 
ing and family diagonal [11]. The effective La- 
grangian which describes their interaction with 
fermions and neutral gauge bosons in the low en- 
ergy range (M~ < 1 TeV) is given by 

£ = £{Fl=Z + £/F=0 + £'~,Z,g + £~,~ 

with 

£{FI=~- 
= _--c- l (gtr.qi.t'r~ L + g~Rft~eR)S~ 

+ ~tRd~eRSt + ga~i ' r~lLf fa  
+ (g~zd~Tglz + gzRqe~TgeR)Vztt 

(1) 

(2) 

+ 

+ 

+ 

where F = 3B + L and 

£ ' t , g , g  _-- 

(h2Lf~R1L + h~R~Liv2eR)R~ 

h~,dRl~,R~ + (htL~l,'r~'lL 
h:RdR~/t~ eR)U~g + htRfiRTg ea(Y~, 

hst, flX,~'r#lz~sg + h.c. (3) 

E [ (Dt~g2)t(Daq') - M2q'tq'] 
scala~'s 

,~to~, - 2  t,~ + M20~tq~. (4) 

In (4) only the minimal vector leptoquark cou- 
plings are described. Notation for the leptoquarks 
follows ref. [11]. The covariant derivative is 

D~, = a t, - ieQ'~ A.  - ieQZ Z~, - ig, ~ .A~  (5) 
g~ 

where A~,Z~ and A~, denote the photon-, 
Z-boson, and gluon fields, respectively, and 
G ~  = D g ~  - D~@~, is the field strength ten- 
sor. Q't = Q~,~ denotes the electromagnetic 
charge of a given leptoquark, QZ = (Ts - 
Q~,~sin20~,)/cosO,~ sin0,~, with T8 the third 
component of the weak isospin and 0~ the weak 
mixing angle, g0 is the strong coupling constant 
and $~ are the Gell-Mann matrices. Note, that 
the triple boson couplings appearing in (4) for 
vector leptoquarks are not gauge couplings. For 
the case of the photon-vector leptoqnark interac- 
tion the anomalous (non-minimal) terms are 

(6) 

The Lagranian (1) is U~,~(1) invariant. The 
anomalous couplings tea and XA are related to 
the QED anomalous magnetic moment #~ and 
electric quadrupole moment q~ of leptoquarks by 

eQ., (1 - - (7) 
q 4 , A  = - -  M ~  

The quantum numbers of the different leptoquark 
states are summarized in table 1. 

3. Pa i r  P r o d u c t i o n  in e+e - A n n i h i l a t i o n  

t , e -  

e' \ ~sy 
#P~y 

Fig. 1 Born diagrams for leptoquark pair production 
in e+e - annihilation 

The integrated production cross section for 
scalar[4, 51 and vector leptoquarks are [4] 

{ 2s Z: =L,R I *(s)l 

k / J 

(8) 
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Tab.  1 Quantum numbers of leptoquarks [4]. 

leptoquark (~) spin F co|ou~ Ts ~. ,~ ~ ( l q )  )~R(lq) )~L(vq) 

Sz 0 -2 3 0 1/3 gzL 

Sl 0 --2 3 0 4 / 3  0 
+1 4/3 -v'~g~L 

~3 o -2  ~ 0 1/3 -g~L 
--1 --2/3 0 
1/2 5/3 h2L 

R2 0 0 3 
--1/2 2/3 0 

1/2 2/3 h2L 
R2 0 0 3 

-1 /2  -1 /3  o 

1/2 4/3 g2L 
V2~ 1 -2 

-1 /2  113 o 

- - I /2  --2/3 0 
Uzg 1 0 3 0 2/3 hzL 
0,~ 1 o 3 o ~/3 o 

+1 5/3 ,¢~h~ 
~sg 1 0 3 0 2/3 - h s ~  

-1  -1 /3  o 

gzR --gz/, 
.#,R 0 

0 0 
0 --g~L 
0 V~gsL 

h2R 0 

--h2R 

0 
h2L 

0 

0 h21, 

g2R 0 

g2R g2i, 

0 0 

0 ~2L 
hz.R hzz, 
h~,z 0 

0 0 
0 h3L 

o V~h~L 

Tab.  2 Branching ratios for final states arrislng from the decays of leptoquazks associated with the first 
(l = e) and second (I =/z)  family. The sequence of branching fractions given in the second and third row 
refers to the assumptions ~L = ~kR, )~/, = 0, and ~R = 0, zespective|y [4]. 

states I ÷ I -  + 2je~s Iv + 2jet8 v~ + 2~ets 

4 I 4 1 1 I 
s~ u, 5 1 ~ 5 o ~ 5 o 

R21S 1 1 1 v~ I~ ~ 1 o ~ o o ~ o 1 

~s 4 2 4 

" 3  " ' 2  " ' 2  

S~213 k;1/~ ~-213 U;-ll~ 
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( 
I'~,~(s)l'~l(f~) 2M~ 

(9) 

10] • 0 
b 

50 60 70 80 ~O 300 ~,00 

M~. I Gev M~. I GeV 

16' 

Fig. 2 The pair production cross sections for the 
leptoquarks $1 and U1 for a) ~ = 190 GeV and b) 
V ~ = 1 TeV [4]. 

The corresponding diagrams are shown in fig- 
ure 1. The cross sections are the same for F = 0 
and IF[ = 2 type leptoquarks since the fermions 
entering the process are treated as massless. In 
the above, 

$ 
~ . ( s ) - -  ~ Q[(e)~ OV(~),(10) 

v=7,z - M~ + i M v r v  

where --1, Q~(e) ( - 1 / 2  + QIR(e) = = 
s i n 2 0 ~ ) / c o s 0 ~  s in0, . ,  and QZ(e) = tan0,~ are 
the relevant charges for the electron. My and 
Pv denote the mass and the width of the neu- 
tral cuirent gauge bosons. Furthermore, /3 = 
V/1 - 4M~/8 and the functions Fi(~) and g ( 3 )  
a r e  

3 (1+:3 2 (1 - f12) 2 1 _+ ~ ) 1 1  ) 
F~(~) = ~ \  ~ 2 ~  i n  

1 1 + / 3  2 ,  l + f ~  (12) 
~(~) = 3 - ~ +  2-5~n1--~7 

: : ('4':) I1,I 
:~(,e)_ 15 ~. 

4 + 2 ~  - '84 

3 1 1 + ~  (14) ~-~( - f~)~(5 - f~2)ln 1--/3 

f12 s Fa(fl) = 3 ( 1 + / 3 2 ) + - - - -  
4 M s 

3 1 + ~ (15) 
+ ~ -~ (1 - f l 4 ) ln  1- -3" 

The differential distributions were given in [4]. 
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Fig. 3 Angular distributions for ]eptoquark pair pro- 
duction at v/s = 1 TeV. Full line AL,R = 0; dashed 
llne AL/e : 0.3, AR = 0; dotted line: AR/e = 1, 
~L = 0 [4]. 

Asymptotically, for s >> M},  M~, the cross sec- 
tions for scalar leptoquark production behave like 
N ln(s /M~)/s .  In the case of vector leptoquarks s 
with minimal coupling to the photon and Z-  
boson the pure s-channel  contribution and the 
interference of the s-  and t-channel terms ap- 
proach a finite value contrary to the case of gauge 

aIn [14] the pair production of vector leptoqusrks of the 
type [15] is discussed assuming Y~ng-Mills type couplings 
and  very large fermion couplings A/e : 1/s~f~n 20~ 
2 . 0 9  w h i c h  a re  l i n k e d  to  t h e  g a u g e  c o u p l i n g s  t o  o b t a i n  
t ree - - l eve l  u n l t  ar i ty .  
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couplings. The pure t-channel contribution grows 
proportional to s, however. There is n o  genuine 
relation between the fermion and gauge boson 
couplings for leptoquaxks in general. The effec- 
tive Lagrangian (1) is assumed to describe the 
leptoquark interactions in the low energy range 
s / M ~  _~ 1 only and has to be supplemented by 
other terms provided by the respective underly- 
ing theory at high energies which restore unitax- 
ity. For the leptoquarks $1 and U1 the produc- 
tion cross sections axe the lowest among the scalar 
and vector leptoquarks, respectively. Assuming 
an integrated luminosity of £ : 500 pb -1 for 
LEP200 and £ = 10 fb -1 for a 1 TeV linear eol- 
lider one can reach search limits assuming 50 sig- 
nal events of about  70 GeV and 250 GeV for the 
state $1 at LEP200 and a 1 TeV coUider, respec- 
tively, whereas all vector leptoquark states can 
be searched for up to the kinematical limit prac- 
tically (figure 2). Figure 3 shows that  the spin 
of the produced leptoquaxks can be clearly deter- 
mined from the cms angular distribution in e+e - 
annihilation. 

4. R a d i a t i v e  C o r r e c t i o n s  to  e+e - A n n i h i l a -  
t i o n  

4.1. Q E D  I n i t i a l  S t a t e  C o r r e c t i o n s  
The dominant contributions to the QED cor- 

rections are due to the initial state corrections. 
In [13] these terms have been calculated in lead- 
ing order up to O(a  2) including also soft photon 
exponentiation. 

A 0 E D , i . .  • ~(X,-t)ts  ~ + . . ( 2 , 2 ~ ) 1 s  ~ 
trto t ~s)  = " t o t  ~ / ~ to t  ~ I 

+o-(2,+"+)ts x + (~,/7)ts~ ..(>2,,o/t), , (16) 
tot t I °'tot ~ / 4 " ~ t o t  ( s )  

Each term can be expressed as convolutions of a 
splitting function and the Born cross sections. 

(i,x) i fox 

o(. x - x tort )J (17) 

with L,~ = l o g ( s / m  2) and C x  = 1 for 
bremsstraldung and C x  = 0 otherwise, (of. [13] 
for details). The contributions are due to sin- 
gle and double photon bremsstraldung and e+e - 

and fermion pair ( fT)  production. While the 
latter terms amount  to a few per cent only [13] 
the bremsstrahlung contributions are large in the 
threshold range. 
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Fig. 4 QED initial state bremsstraMung corrections 
for e+e - --~ @~; a) leading order terms up to O(a ' )  4- 
soft exponentiation for scalar leptoquarks; b) O(a 2) 
-F soft exponentiation terms only for vector lepto- 
quarks [13]. 

In figure 4a the bremsstrahlung corrections are 
illustrated for scalar leptoquark pair production 
and amount  to - 4 5 %  at /~ -- 0.I. Figure 4b 
shows the correction excluding the O(c~) term. 
The 2nd and higher order corrections are posi- 
tive and amount to about  I0 % of the Born cross 
section. 

4.2. B e a m s t r a h l u n g  
The effect of beamstrahlung has a significant 

impact on production cross sections at high en- 
ergy linear colliders [16]. Numerical studies have 
been performed for a series of accelerators [17]. 
The beamstrahlung correction can be described 
by the convolution 

A BsCs) : ez!dL z  C°)l.' 
£ d z  ~ i x J 

× o z - ( 1 8 1  
$ 
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The normalized longitudinal luminosity distri- 
bution (1/£)d£(z)/dz has to be determined by 
Monte Carlo simulations of the accelerator type 
considered. In figure 5 the beamstrahlung cor- 
rection to the production cross section for scalar 
and vector leptoquarks is shown using a simulated 
spectrum (1/£)d£(z)/dz [18] for V~ : 300 GeV. 
Although a spectrum for a narrow band machine 
has been considered the corrections amount to 
0 ( - 8 0  %) for/3 ~ 0.1. 

Here, Li2(z) = -- fo dtln(1 - t)/t denotes the 
dilogartithm. The final state corrections are 
5j. = 1 + C(~, / ,0~: . ( /3)  are shown in figure 6 
where C = CF = 4/3, c~ = c% for QCD and 
C = 1, a = ctQBo for QED. The form factor is 
dominated by 7r2-terms and peaks at low/3 due 
to the Coulomb singularity which indicates the 
onset of possible bound state creation. The QCD 
corrections are always larger than ~ 40%. Thus 
the QCD corrections compensate for the lowering 

Fig. 5 Bearnstrahhmg correction for the leptoquark 
pair production cross section of $I and Ux for a nar- 
row band machine st v/s = 300 GeV as a function of 

[13] 

4.3. Q C D  C o r r e c t i o n s  
For small fermionic couplings AL,R/e << 1 the 

final state QCD and QED corrections are de- 
scribed by a single form factor ~r (/3) for scalar 4 
leptoquarks [19] given by 

-~',(/3) : [4Li~. (1 - - -~ )  -{- 2Li, ( 11 

2 f l l n l + f l  21n/31n 1 + / 3 ]  
- 3 I n 1 +  1 - - - ~  -- I - - ' - ~ J  

x /3 - 41n/3 

+ -- 2 In 1---- ~ 

3 1 + / 3  ~ 
+ 2 /32 (19) 

4For vector leptoquarks QCD corrections can only be cal- 
culated in the standard way in the case to# : ),g = 0. For 
other values of these couplings the Lagrangiart has to be 
supplemented by higher order operators to absorb diver- 
gent terms. 

0.2 I [ u ~  ~ of the cross section due to the initial state QED 
0 ( radiation and beamstrahlung. 

-0.4 3 ;Z Scalars 

-0.6 2.8 

-0.8 2'i 
-10.1 0.2 0.3 0 .40 .5  0.6 0.7 0.8 0.9 

1.5 

1.2 ~' \  . . . . . . . . . . . . . . . . . .  

0.8 

0.4 

0 
0.1 0.2 0.3 0.40.S 0.6 0,7 0.8 0.9 

P 
Fig. 6 Ist order final state corrections 6f, for scalar 

leptoquark pair production for c+e - annihilation vs 

ft. Full llne: QCD corrections, dotted line QED cor- 
rections [13]. 

Fo rma t ion  of  Bound S t a t e s  
The Coulomb singularity of the QCD corrections 
for/3 --4 0 accounts for possible bound state for- 
mation of the @~ pair s. Both the e+e - annihi- 
lation cross sections for scalar and vector lepto- 
quarks behave for small fl like 

or( e+e- --~ %,~s) oc /3s 
~(e+e- -~ ~ , $ , )  ~ /33 (20) 

Sln the case of scalars this is identical to stoponium for- 
matlon [20, 13]. 



J. Bliimlein, E. Boos /Leptoquark production at high energy e+ e - colliders 187 

while for ~,7 fusion the 

--, t , ¥ , )  = 

cf. (8,9) and (25,27). 
bound states is thus 
e+e - annihilation. 

behaviour is 

(21) 

The chance to find possible 
larger in ~(  fusion than in 

5. e±'f S c a t t e r i n g  

5.1. Single L e p t o q u a r k  P r o d u c t i o n  in  e+e - 
a n n i h i l a t i o n  

The production cross sections for single lep- 
toquark production is proportional to (AL,R/e) i 
and thus sensitive to the unpredicted leptoquark 
fermion couplings. In the subsequent illustrations 
we will always assume A/e - 1 and concentrate 
on the sensitivity of the different observables with 
respect to the particle mass. 

(~÷ . . . .  e + ~+ e + ~+ . e + 

s 
? . . . . . .  qs ~s e" q e" ,, e" ,q 

Fig. 7 Dominant diagrams for single leptoquark pro- 
duction in e + e  - scattering. 

~ '  ~ , Q  = - 5/3 

o 

l 

,o',' o---- ~ ' ,  " d l  a3 o:, o:~ 

M (TcV} 

Fig. 8 Direct contribution to the cross section for sin- 
gle leptoquark production in e+e - scattering at v/~ = 
500 GeV for scalar leptoquarks with A/e = 1 [21]. 

Single production of scalar leptoquarks in e+e - 
annihilation has been studied in [21] for the case 
of direct production. The dominant diagrams are 
shown in figure 7. In principle, family two and 
three leptoquarks can be produced in e+e - anni- 
hilation but the production cross section is much 
smaller than that  for the first family. As seen in 
figure 8, masses nearly as large as the kinemati- 
cal limit are accessible for all scalar leptoquarks 

with A/e =__ 1 at a 500 GeV linear collider assum- 
ing a signal of 50 events. The resolved photon 
terms are also important. They have been studied 
in [22] for scalar leptoquark production. The pho- 
ton beam spectrum is assumed to be described by 
the Williams Weizs£cker approximation (WWA) 
and different parametrisations of patton distribu- 
tions in the photon have been compared. Figure 9 
shows the production cross sections as a func- 
tion of the leptoquark mass and charge. Again 
the cross section is so large that  nearly the whole 
kinematical range can be probed if A = e. 

10 3 "'I" "I" I "'I'" i 

s<>,,,, - , , , ,  cb) 
' | \  Dash  - GRV LD -~ 

102 "~.~ D o t d a , h  - DG t 

io o 1/3.-s/3 4 

I°-I lls - - 2 / 3 . - 4 / 3  1 

I 0 - 2  . . . .  I . . . .  I . . . .  I . . . .  I . . . .  ! J  
0 2 0 0  400  GO0 000  lO00  

M s (GeV) 

Pig. 9 Resolved photon contribution "~*e --. q~ + 
e --~ Sq for single scalar leptoquark production for 
A/e = 1 at ~ = 1 TeV [22]. The photon distribution 
is calculated in WWA. 

5.2. Single  L e p t o q u a r k  P r o d u c t i o n  in e7 
C o m p t o n  S c a t t e r i n g  

The production of leptoquarks in e7 scatter- 
ing can be studied directly at high energy linear 
colliders by converting one of the electron beams 
into a photon beam through Compton back scat- 
tering of a Laser beam [23]. The resulting photon 
spectrum is 

1 [ 1 4z 
~.y(z) [ 1  - • + - 

4z2 ] 
+ z2(~ : z )  2 (22) 

with the normalization 

16 + 322 + 1822 + z s  v(x) = 
22(1 + z) 2 

z 2 - 4z - 8 
+ z2 In(1 ÷ z) ,  (23) 

where z ~ zma= - z/(z+ 1) ~ 2(V/2+ 1)1(2"v/'2+ 
3) is given by the pair production threshold. 
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Single production of scalar leptoquarks via 
e7 --* 5"~ has been studied first in [24]. 

F00 

o J i i ~ 

M { Gev) 
Fig. 10 Direct contribution to the e~ scattering cross 
section for scalar leptoquazks at V ~ = 1 TeV for a real 
photon beam (dC/dz = $(I - z)) with A/e -- I [25]. 

" ' I . . . .  # . . . .  I . . . .  1 . . . .  

io-I . ' ' . . .  

i0-3 
2 0 0  4 0 0  600  0 0 0  1000 

M tccv) 
Fig. 11 Integrated cross section of scalar leptoquark 
production e'~ ~ S~ in Laser backscattering. The 
contribution due to eg~ ---* S~ is added. Dashed line: 
v ~ = 2 TeV, full line: Vt~ = 1 TeV, dotted line: v ~ = 

500 GeV [26]. 
1°2  ' ' 1  . . . .  I . . . .  J . . . .  I . . . .  

io 0 

200  400  600  800  IOO0  

~ ,  ( c e v )  

Fig. 12 Integrated cross section for e--), - .  (I)~q 
vs M, for A/e ~ 2.09. Full line: Compton Laser 
v ~ --- ITeV; dotted line: V~ = 500GeV; dashed 
llne: WWA v~ -- 1 TeV; dash-dotted line: v ~  = 
5 0 0  GeV [14]. 

The production cross section for scalar lepto- 
quarks was invesigated in [251 in the energy range 
of future linear colliders. In figure 10 the mass de- 

pendence of  the product ion cross section for the 
different leptoquark types is shown. The cross 
sections are large enough to allow for a search in 
almost  the full kinematical  range. 

In [26] the production of scalar leptoquarks of 
the type discussed in [15] are studied referring 
to the Compton photon spectrum. The resolved 
photon contributions due to eg t ~ 5"~ are added 
to the direct terms. At a signal level of 50 events 
the accessible mass range is found to extend to 
about 0.45v~ (figure 11). 

The single production of vector leptoquarks of 
the type [15] was studied in [14] again assuming 
Yang-Mills type couplings of the photon to the 
leptoquark. The cross sections are much larger 
than in the case of scalar leptoquarks. Different 
options are compared in figure 12. It is also shown 
that the production cross sections are larger by 
orders of magnitude in the high mass range for 
e7 scattering in the case of a Compton photon 
spectrum compared to the WWA spectrum. 

6. Pair Production in "r~' Scattering 

8.I. Scalar Leptoquarks 

° t vq = 500 Gcv ............. 

k 

¢ . ,  O.AS 0 .~  O.~S O.J 0 .6S 0 . ?  0 . 7 5  ¢ . 8 0 . a $  0.~ 

Fig. 13 Integrated cross section for the pair produc- 
tion of scalar leptoquazks in ~-y fusion vs ~ [13]. 

The differential and integral product ion cross sec- 
tions are well-known [27] and given by 

f 2(1 -Z:) --dS"" - l r a 2 Q ~ N ¢ ~  1 
d cos 8 ~ ~ 1 - / 3  2 cos 2 8 

2(1 - Z )2 
+ (1 - cos3 s)2 ] 

(24) 
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and 

a,(~,;3) 7r0~2  4 ~ " 
- ~ Q~N~/2(2 - ;32);3 

- ( 1 - / 3 4 )  log ~ f (25) 

where N~ = 3. Numerical results have been de- 
rived for the case of a 77 collider opezating at 
V/s = 500 GeV in [13]. As seen in figure 13 only 
leptoquarks with large charges can be pair pro- 
duced at a sui~icient rate in this reaction. 

In [21] single production of scalar leptoquarks is 
considered for ~ f  fusion via 3,? ---* lqS. At typical 
luminosities the search limits reach 0.8 to 0.gv/'s 
for M,. 

6.2. Vec to r  L e p t o q u a r k s  
The differential and integral production cross 

section for vector leptoquarks are 

14 Fi($, ;3, cos 0) 
d~% ~rc~ Q~N~ E Xj _ ;32 (26) 

dcosO - ~ (1 cos~ 0) ~ 
~ =0  

with X~ = Xj(~A, AA) and 

14 ~ o X ~  = Fo + ~AF~ 

+~Ys + ~AA-~ + ~AA~FI0 
q-~AASAFll + ~AAAFI2 + e:SAAAFla 

and 

14 

2~rc~2 Q~N~ E XI(nA' ~A)Fj(s, ;3) (27) 
a , -  M, ~ ~=o 

with 

ffJ = -~-- Jo a~ (I -- ~ - ~  
(28) 

Eq. (26) agrees analytically with a result ob- 
tained in [28]. The functions F~(;,;3, cosO) are 
not given here but can be obtained as linear com- 
binations from relations given in eqs. (12,13) and 
(17) in [9]. 

: 

[1+;31 83 (1_;3~ ;3, + ; ~ ) 1 .  

3 (1 - ;3~) log 11 +/3 ~ : -8 ;3 -  ~ 

1 
: 

1 5 .~ 1 + ; 3  

i+;3 ~s : - (1 - ;32 ) log  

1 17 

+ ( - 3  ;32 1 ,~ T + ~M--~ ) 1+;3 - log 

11 .~ 1 ,;u 
-~' = -;3 + V;3~-~ - ~;3~-~ 

3 +  ;32 log l l  +;31 
- 7 -  

59 ,~ 113_ ,;2 Sa 

+ 2 ~;3 + ~ log 11-:-~ 
i + ; 3  

F9 = 2;3%(2-{-;32)1og 

7 
fflo : 2;3- ];SM~ 

+ I 
I 59 ~ 5 ~2 

5+;3  ~ 1+;3 I 
+ - - T - l ° g  ~--=-~I 

! 3 ff12 -- - ;3 - -  2 M~ 

1+;3 

FIs = I ; 3 + 1 ] ; 3 M ~  _41( i_ ;32 )10g  ~1+;3[ 
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1 11 ~ 17 ]2 

( 1 " ~  3 ) 1 + ~  (29) 
+ 8xl/7 2 4 3f l :  l°g 1---~ 

From (27,29) it follows that tree-level uni- 
rari ty is only obtained for AA : 0 and 

0. 
t" ~ J 

D 

I0 ~ 

10 

1 

#d 1 

t o  j 

100. 4 

V e c t o r  L e p t o q u a r k s  

0 _ =  1/3 ' . . : ' :  

L = 10 fb-'  ~ ' "  ...~ 

Vs = 500GeV ~ M  i 

// .............. M.C. 

0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 

Fig.  14 Vector leptoquark pair production cross sec- 
tion for 77 fusion for Q,~ = 1/3 and V~ = 500 GeV 
VS ft. ~ lines: minimum coupling (M.C.) and Yang- 
Mills (Y-M) coupling; dotted line: hA = AA = I; 
dashed line: ha = -1,AA = 0. 

For other leptoquark types the cross section has 
to be multiplied by x(3Qi.) 4. The long-known 
special case ~:A = AA = 0 has been studied in 
[14] also. Even for the lowest charge IQ, I = i / 3  
and minimal vector coupling the accessible mass 
range extends to ~ 0.4v/s. 

7 .  C u r r e n t  B o u n d s  a n d  t h e  S e a r c h  P o t e n -  
t i m  a t  e+e - C o l l i d e r s  

An overview on the search potential  of the dif- 
ferent options at  future high energy e+e - collid- 
ers for leptoquarks is given in table 3 including a 
comparison with the best current bounds. 

Tab .  3 Leptoquark mass bounds from present 
and for future experiments 

Collider Mass Range Remarks 

LEP 
LQ pairs [6] 

TEVATRON 

LQ pairs[29] 

e+e - 
LQ pairs [41 
LEP 200: S 
LEP 200: V 
1 TeV LC: S 
1 TeV LC: V 

77 
1 TeV Comp- 
ton Laser 
LQ pairs: S [13] 
LQ pairs: V 

> 45 GeV 

> 132 GeV 

> 86 GeV 

> 70 GeV 
> 90 GeV 
> 200 GeV 
> 500 GeV 

> 300 GeV 
> 400 GeV 

single pro- 
duction [21]: S > 900 GeV 

e7 
single 
production 
1 TeV LC: 
W W A  
S (dir) [21] 
S (res) [22] 
Compton S [26] 
Laser : V [14] 

HERA eq  [3] 
single 
production: eq  : 

S,V : 
HERA 7g [9] 
pair 
production: 
dir. S: 
dir. V: 

> 900 GeV 
> 900 GeV 
> 900 GeV 
> 900 GeV 

>~ 200 GeV 

> 60 GeV 
> 55..75 GeV 

all LQ's 
,gx ¢4/s 

R S l S  5213 
2 1 "~2 

S1 
1st family 

mc vectors) 

(mc vectors) 

: x 1...625 
mc vectors 
IQ*I : 1/3 

( ~ / e )  ~ : 1, 

(~le)~ 

1 st family 
(~le) 2 : a 

1 st family 
( V e )  2 = 1 

[Qil = 4 /3 ,5 /3  
m c  v e c t o r s  

We concentrate here on the accessible mass 
ranges only and fix the fermion couplings AL,R. 

The different processes discussed offer comple- 
mentary  possibilities to constrain or to measure 
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the different couplings and quantum numbers of 
leptoquarks. The ~f~' fusion cross section 0¢ Q~ is 
most selective concerning the leptoquark charges. 
The cross sections for e p  o r  Drell-Yan [30] scat- 
tering, on the other hand, are oc (AL,R/e) 4 and 
provide ideal probes of the leptoquark-fermion 
couplings, as do single leptoquark production in 
hadron scattering [31]. For vector leptoquarks 
possible anomalous couplings either to the gluon 
or the photon fields can be constrained in proton 
collisions [8] or photon collisions. Pair produc- 
tion in ep collisions [9] is sensitive to both types 
of anomalous couplings. In principle, also anoma- 
lous couplings to the Z boson can be studied in 
e+e - annihilation, however, the cross section is 
dominated by photon exchange in the high en- 
ergy range. 

Tab .  4 
Sensitivity to leptoquark quantum numbers 

Scattering LQ Quantum 
Process Numbers 

e+e - S,V 

77 S 
V 

e7 S,V 
el) single LQ 

pairs : S 
pairs : V 

p~, pp: pairs 

/~, pp: single 
production 

V 

S 

S,V 

Q~, ~:A, ~.4 

~L,R 

Q~, ~A, ~a, ,XA, ,~a 

AL,R 
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