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ABSTRACT Buchmiller, Riickl and Wyler (BRW) [17]:S;, S; (scalar, iso-
We studv sinale leptoauark production it e— and singlet); R», R» (scalar, iso-doublet)S; (scalar, iso-triplet);
y sing ptog P €. e Uy, Uy (vector, iso-singlet)Vs, V2 (vector, iso-doublet){/s

o
p* - collisions due to th_e quark cor_1tent of the photon. I'em\?vector, iso-triplet). The production and corresponding decay
quarks can be produced in substantial numbers for masses

) . Sohatures are quite similar, though notidentical, and have been
close to the centre of mass energy of the collider which resultsy . . .
) . . - ) o studied separately by many authors. The question arises as to
equivalently high discovery limits. Using polarization asymme- : ; )
2 . . . ow to differentiate between the different types. In the sec-
tries in arey collider the ten different types of leptoquarks I|ste<(j)nd art of this report we show how a polarizedcollider can
by Buchmiller, Ruickl and Wyler can be distinquished from on P P P i

another for leptoquark masses essentially up to the kinem \e?used to differentiate the LQs. (ie. a polarizedeam, like

- . ; : C, in conjunction with a polarized-laser backscattered photon
limit. Thus, if a leptoguark were discovered@ncollider could . )

lay a crucial role in determining its origins beam.) This process ta}kes advantage of the hadronic component
P ' of the photon which is important and cannot be neglected [18].

l. INTRODUCTION

There is considerable interest in the study of leptoquarks
(LQs) — colour (anti-)triplet, spin 0 or 1 particles which carry The process we are considering is shown if Fig. 1. The parton
both baryon and lepton quantum numbers. Such objects ]ﬁyﬁl cross section for scalar leptoquark production is trivial,
pear in a large number of extensions of the standard model s@if¢n by:
as grand unified theories, technicolour, and composite mod-
els. Quite generally, the signature for leptoquarks is very strik-
ing: a highp,. lepton balanced by a jet (or missing bal-
anced by a jet, for theq decay mode, if applicable). Searche
for leptoquarks have been performed by the H1 [1] and ZE
[2] collaborations at the HERAp collider, by the DO [3] and

II. LEPTOQUARK PRODUCTION

T2 ROem

o(8) = i,

§(My —V35) 1)

where we have followed the convention adopted in the
|éerature[13] where the leptoquark couplings are replaced by
a generic Yukawa coupling which is scaled to electromag-

! - . netic strengthy?/4n = kaen,. The cross section for vector
CDF [4] collaborations at the Tevatrgmp collider, and by the leptoquark production is a factor of two larger. We only con-

ALEPH [5], DELPHI [6], L3 [7], and OPAL8] collaborations sider generation diagonal leptoquark couplings so that only lep-

at the LEPete™ collider. Discovery limits have also been Obio uarks which couple to electrons can be produceehifor
tained for the LHC[9]. In this report we consider single le q P P

p-, . : T .
toquark production init -, e+e—, ander collisions which eTe™) collisions while for theu™ .~ collider only leptoquarks

utilizes the quark content of either a backscattered laser pp'lvoh-ICh couple to muons can be produced. Convoluting the par-

ton for theey case or a Weizacker-Williams photon radiatindo" level cross section with the quark distribution in the photon

off of one of the initial leptons for thet = or ete™ cases Bne obtains the expression
[10, 11, 12,13, 14, 15, 16]. This process offers the advantage of

a much higher kinematic limit than the LQ pair production pro- o(s) = /fq/v(Z, M2)5(8)dz

cess, is independent of the chirality of the LQ, and gives similar o2

results for both scalar and vector leptoquarks. In the first part = [y (M2 /s, Mf)w‘ )

of this report we use single leptoquark production to estimate §

the discovery limits at future high energy ., e"e™, andey  The ¢ross section depends on the LQ charge since the photon

colliders. . has a largen: quark content tham quark content. We note
Although the discovery of a leptoquark would be dramatig; the interaction Lagrangian used in Ref. [14] associates a

evidence for physics beyond the standard model it would |eﬁ%tor1/\/§ with the leptoquark-lepton-quark coupling. Thus,

to the question of which model the leptoquark originated frorge should compare our results witho those in Ref. [14] with
Given the large number of leptoquark types it would be impej;. \we give results with: chosen to be 1.

ative to measure its properties to answer this question. ThergOr ey, ete, and - colliders the cross section is ob-
are 10 distinct leptoquark types which have been classified tt&Yned by convoluting the expression for the resolved photon

* This research was supported in part by the Natural Sciences and Engin&gﬂtribu_ﬂon toery production of leptoquarks, Eq_n- (2), _With, as
ing Research Council of Canada. appropriate, the backscattered laser photon distribution [19] or
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the Weizsicker-Williams effective photon distributioh: thed quark content which can be traced to the Iar@%rof the
) Loy u-quark. There exist several different quark distribution func-
T 2T QemK T tions in the literature [21, 22, 23, 24, 25]. For the four different
ot > XS) = s /Mg/s x Faele, Vs/2) leptoquark charges we show curves for three different distribu-
2 2 tions functions: Drees and Grassie (DG)[23]u&X; Reya and
Xfapr (M [(ws), M), &) Vogt (GRV)[24], and Abramowicz, Charchula and Levy (LAC)
Before proceeding to our results we consider possible basgt 1[25]. The different distributions give almost identical re-
grounds [20]. The leptoquark signal consists of a jet and elgults for theQro = —1/3, —5/3 lleptoquarks and .for the
tron with balanced transverse momentum and possibly act¢z@ = —2/3, —4/3 leptoquarks give LQ cross sections that
ity from the hadronic remnant of the photon. The only serio)y&'y Py mosta factor of two, depending on the kinematic region.
background is a hard scattering of a quark inside the photon'B)Ith' remainder Qf our results we will use the G_RV distribution
the incident lepton via t-channel photon exchanrge: eq. By fu_ncpon; [24J which we take to be representative of the quark
comparing the invariant mass distribution for this backgrouftributions in the photon.
to the LQ cross sections we found that it is typically smaller Comparing the cross sections for the two collider modes we
than the LQ signal by two orders of magnitude. Related to ttige that the kinematic limit for they mode is slightly lower
process is the direct production of a quark pair via two photon
fusion

e+vy—>et+qg+q. (4) Vs =1 TeV

However, this process is dominated by the collinear divergence

Solid — LAC set 1

which is actually well described by the resolved photon process 102 fi Dash — GRV LO -
eq — eq given above. Once this contribution is subtracted away a Dotdash — DG ]
the remainder of the cross section is too small to be a concern 1ol =

[20]. Another possible background consists-sfpair produced s ]
Qs = —1/3,-5/3 |

via various mechanisms with onedecaying leptonically and 100 L ~
the other decaying hadronically. Because of the neutrinosinthe o i g
final state it is expected that the electron and jgysdo not 1071 = TN -
in general balance which would distinguish these backgrounds Qs = B/5.74/37N ]
from the signal. However, this background should be checked 102 b b Lo L L 1
. .. . 0 200 400 600 800 1000
in a realistic detector Monte Carlo to be sure. The remaining M, (GeV)
backgrounds originate from heavy quark pair production with
one quark decaying semileptonically and only the lepton being v — 1000 GeV
observed with the remaining heavy quark not being identified < ——
as such. All such backgrounds are significantly smaller than g ]
our signal in the kinematic region we are concerned with. 1ol LY Solid — LAC set 1 -
AN Dash — GRV LO E
0 L N Dotdash — DG
lll. LEPTOQUARK DISCOVERY LIMITS v
-1 L -
In Fig. 2 we show the cross sections foy/a =1 TeVete ) 10 :
operating in both the backscattered lasermode and in the T 107R b .
eTe™ mode. The cross section for leptoquarks coupling to the
u quark is larger than those coupling to tiieyuark. This is 1078 ¢ 3
due to the larger quark content of the photon compared to P S S
1The effective photon distribution from muons is obtained by replaging ° °00 ;ZO(GeV)SOO 000 1000

with my,.

Figure 2: The cross sections for leptoquark production due to
resolved photon contributions iy collisions, withx chosen to
X be 1. In the top figure the photon beam is due to laser backscat-
¢ tering in ay/s = 1000 GeVeTe~ collider. In the bottom figure
the the photon distribution is given by the Wedzkéer-Williams
effective photon distribution in §/s = 1000 GeV e*e~ col-
e lider. In both cases the solid, dashed, dot-dashed line is for re-
solved photon distribution functions of Abramowicz, Charchula
Figure 1: The resolved photon contribution for leptoquark prend Levy [25], Glick, Reya and Vogt [24], Drees and Grassie
duction ine~y collisions. [23], respectively.
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than theete~ mode. This is because the backscattered lasgther directly or by using a left-right asymmetry measurement:

mode has an inherent energy limit beyond which the laser pho-
tons pair produce electrons. On the other hand the backscattered
laser cross sections is larger than #fe~ mode. This simply
reflects that the backscattered laser photon spectrum is harder

than the Weizacker-Williams photon spectrum. To determiddis divides the 10 BRW leptoquark classifications into three
the leptoquark discovery limits for a given collider we multiph@roups:

the cross section by the integrated luminosity and use the cri-
teria that a certain number of signature events would constit(ie
a leptoquark discovery. When we do this we find that the dis-
covery limits for theey ande™e~ modes are not very different.
Although theey mode has a harder photon spectrum ¢he™
mode has a higher kinematic limit.

In Fig. 3 we plot the number of events for various collider
energies foete™, ey, andut u~ colliders. For theu™ = col-
lider we used the ands quark distributions in the photon rather
than theu andd quark distributions since we only consider gen-
eration diagonal leptoquark couplings. Rge = 500 GeV a
ete™ collider will have about a 25% higher reach thapgu ™
collider due to the larges andd distributions arising from the
smaller quark masses. For the highest energy lepton colliders
considered the differences become relatively small. For the high
luminosities being envisaged, the limiting factor in producing
enough leptoquarks to meet our discovery criteria is the kine-
matic limit. Because, for a giveti e~ centre of mass energy,
anete collider will have a higher energy than an collider
using a backscattered laser, the:~ collider will have a higher
discovery limit. Finally, note that the discovery limit for vector
leptoquarks is slightly higher than the discovery limit for scalar
leptoquarks. This simply reflects the fact that the cross section
for vector leptoquarks is a factor of two larger than the cross sec-
tion for scalar leptoquarks. We summarize the discovery limits
for the various colliders in Table 1.

IV. LEPTOQUARK IDENTIFICATION

If a leptoquark were actually discovered the next step would
be to determine its properties so that we could determine which
model it originated from. We will assume that a peak in the
e + jet invariant mass is observed in some collidez.(the ex-
istance of a LQ has been established), and so we need simply
to identify the particular type of LQ. We assume that the lepto-
quark charge has not been determined and assume no intergen-
erational couplings. Furthermore, we will assume that only one
of the ten possible types of LQs is present. Table 2 of BRW [17]
gives information on the couplings to various quark and lepton
combinations; the missing (and necessary) bit of information in
BRW is that the quark and lepton have the same helicity (RR
or LL) for scalar LQ production while they have opposite he-
licity (RL or LR) for vector LQ production. It is then possible
to construct the cross sections for the various helicity combina-
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tions and consequently the double spin asymmetry [11], for t gure 3:+Ev_ent “’?‘t?s for single leptoguark product_loa*rre—,_
different types of LQs. e, andu™ u~ collisions. The centre of mass energies and inte-

h i in identifving | K db q rated luminosities are given by the line labelling in the figures.
Thus, afirst step in identifying leptoquarks would be to detefy,g 1eqits were obtained using the GRV distribution functions
mine the coupling chirality, ie. whether it couplesetp, er, or

24].
ey. This could be accomplished by using electron polarizati(Ln ]
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Table I: Leptoquark discovery limits far"e—, ey, andu™p~ colliders. The discovery limits are based on the production of 100
LQ's for the centre of mass energies and integrated luminosities given in columns one and two. The results were obtained using
the GRV distribution functions [24].

eTe Colliders

Vs (TeV) L (fb1) Scalar Vector
-1/3,-5/3 -4/3,-2/3 -1/3,-5/3 -4/3,-2/3
0.5 50 490 470 490 480
1.0 200 980 940 980 970
15 200 1440 1340 1470 1410
5.0 1000 4700 4200 4800 4500
ey Colliders
Vs (TeV) L (fb—1) Scalar Vector
-1/3,-5/3  -4/3,-2/3 -1/3,-5/3 -4/3,-2/3
0.5 50 450 450 450 440
1.0 200 900 900 910 910
1.5 200 1360 1360 1360 1360
5.0 1000 4500 4400 4500 4500

utp~ Colliders

Vs (TeV) L (fb 1) Scalar Vector
-1/3,-5/3 -4/3,-2/3 -1/3,-5/3 -4/3,-2/3
0.5 0.7 250 170 310 220
0.5 50 400 310 440 360
4.0 1000 3600 3000 3700 3400
€n- S, Uy functions [26, 27], where it is assumed tlizt andx are large
_ enough that the Vector Meson Dominance part of the photon
eg: Ui, Va, Ry, Sy

structure is not important, but rather the behavior is dominated
We can further distinguish whether the leptoquarks are scabyrthe point-likeyqg coupling. In order to be consistent, we

or vector. This could be accomplished in two ways. In the firgsed a similar asymptotic parameterization for the unpolarized
one can study the angular distributions of the leptoquark degatyoton distribution functions as well [21], even though various
products. In the second we can use the double asymmetry: sets of more correct photon distribution functions exeg(
(0*+ +0-7) = (67 +0+) [22, 23, 24, 25]). We only used this asymptotic approximation

in the unpolarized case for the calculation of the asymmetry,
(@ +o77) + (0™ +07F) where it is hoped that in taking a ratio of the asymptotic po-
where the first index refers to the electron helicity and the sdarized to the asymptotic unpolarized photon distribution func-
ond to the quark helicity. Because scalars only have a non-zéess, the error introduced will be minimized. Still, we suggest
cross section fop++ ando—— for scalar LQ’s the parton level that our results be considered cautiously, at least in the relatively
asymmetry folq collisions isa;;, = +1. Similarly, since vec- small LQ mass region. We note that in the asymptotic approxi-
tors only have a non-zero cross sectionddr— ando—* for mation, the unpolarized photon distribution functions have (not
vector LQ’'séa.;, = —1. unexpectedly) a similar form to the polarized photon distribu-

To obtain observable asymmetries one must convolute tfi@n functions.

parton level cross sections with polarized distribution functions.In Fig. 4 and 5 we show asymmetries for 100% polarization
Doing so will reduce the asymmetries from their parton levahd for 90% polarization which is considered to be achievable
values oft1 so one must determine whether the observalié/en the SLC experience. The error bars are based on an to-
asymmetries can distinguish between the leptoquark types. Thleintegrated luminosity of 20¢b—! for the 1 TeV case and
expressions for the double longitudinal spin asymmetyy;, 1000fb~! for the 5 TeV case. In these figures note that we are
are given in Ref. [11]. In Figures 4 and 5 we pldt,;, for showing— Ay, for the vector cases so that we can use a larger
the e collider which started withy/s_,,-=1 TeV and with scale. Quite clearly, polarization would enable us to distinguish
V/s.+.— =5 TeV respectively. To obtain these curves we used fdaetween vector and scalar. For the cases where there are two
rameterizations of thasymptotigolarized photon distribution types of leptoquarks of the same chiral couplings, for example

Apr =
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the scalar isodouble®, and scalar isotriples; or the vector [12] 0.J.Eboli, E.M. Gregores, M.B. Magro, P.G. Mercadante, and
isoscalar/; and vector isodoublét,, we could distinguish be- S.F. Novaes, Phys. Le®311, 147 (1993).
tween them up to about 3/4 the kinematic limit. [13] H. Nadeau and D. London, Phys. R&47, 3742 (1993); G.
Finally, one additional bit of information to further differen-  Bélanger, D. London and H. Nadeau, Phys. R&8, 3140 (1994).
tiate among the variqus.possiblellepto.qua.rks. is to search for H’_‘Iﬂ J.L. Hewett and S. Pakvasa, Phys. LB227, 178 (1989).
vq' decay mode. This signature is quite similar to a supersyf% EC oh/9502355
metric particle decay (higp,. jet plus missingp,.) so that al- 1 F. Cuypershep-p ]
though it cannot be used to unambiguously determine the €&l Forrelated papers see also: J. E. Cieza Montalvo and @kbR,
istence on leptoquarks, it can be used, in conjunction with the Phys. RevD47, 837 (1993); T.M. Aliev and Kh.A. Mustafaev,
observation of an approximately equal numbeegévents (as ~ Yad- Fiz.58, 771 (1991); V. llyinet al, Phys. LettB351, 504
: : . . (1995); erratunB352, 500 (1995); Phys. LetB356, 531 (1995).
expected in some models) to provide further information on lep-
toquark couplings. Taken together, the leptoquark type canlbé W. Buchmiller, R. Rickl, and D. Wyler, Phys. LetB191, 442
uniquely determined. If more than one leptoquark were discov- (1987)-
ered, determining their properties would tell us their origin ari@i8] M. Drees and R.M. Godbole, Proceedings of the Linear Col-
therefore, the underlying theory. lider Workshop, Waikoloa Hawaii, April 1993 (World Scientific);
M. Drees, M. Kamer, J. Zunft, and P.M. Zerwas, Phys. Lett.
B306, 371 (1993); O.J.F=boli, M.C. Gonzalez-Garcia, F. Halzen,
V. SUMMARY and S.F. Novaes, Phys. LeR30L 115 (1993); A.C. Bawa and

To summarize, we have presented results for single lepto- W.J. Sirling, Z. PhysC57, 165 (1993); M. Glick, E. Reya, and
' P gi€ 1€PI0- A Weber, Phys. LettB298 176 (1993); P. Chen, T.L. Bark-

quark production irey, e*e™, andu "y~ collisions. The dis- 5, ang M.E. Peskin, SLAC report SLAC 5873 (1993; unpub-
covery limits for leptoquarks is very close to the centre of mass |igheqd): k.J. Abraham, Phys. Le®316, 365 (1993); E. Laenen

energy of the colliding particles. It also appears that a polarized s Riemersma, J. Smith and W. L. van Neerven, preprint ITP-SB-
ey collider can be used to differentiate between the different 93-46 anchep-ph/9308295 (1993, unpublished).

r_no_dels of LQs that can ex?st, essential!y up tp the kinemafﬁa] |.E. Ginzburget al, Nucl. Instrum. Methods205, 47 (1983)219,
limit. Furthermore, it is quite easy to distinguish scalar LQs "¢ (1984); C. Akerlof, Ann Arbor report UM HE 81-59 (1981; un-
from vector LQs for all LQ mass (given that the LQ is kinemat-  pyplished).
i +o— + .~ colli
ically a”.owed)' Thus™e "™, ey, andu™ i~ colliders have much {20] Hadronic backgrounds i#i" e~ andey collisions and associated
to offer in the searches for leptoquarks. If leptoquarks were dis- references are given in M.A. Doncheski, S. Godifrey, and K.A. Pe-
covered,ey colliders could play a crucial role in unravelling  arson. Carleton Preprint OCIP/C-94{20-ph/9407348 ).
their properties, and therefore the underlying physics. N

prop ying phy [21] A. Nicolaidis, Nucl. PhysB163 156 (1980).

[22] D.W. Duke and J.F. Owens, Phys. RBX26, 1600 (1982).
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Figure 4: AL, vs My for a 1 TeVey collider. The statistical errors are based on 200 fThe top row is for 100% polarization

and the bottom row for 90% polarization. The first column is for LQ’s which couple only to left-handed electrons, the second
column is for LQ’s which couple only to right-handed electrons, and the third column is for LQ’s which couple to both left and
right-handed electrons.
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Figure 5: 4,1, vs My for a5 TeVey collider. The statistical errors are based on 1000 fiThe top row is for 100% polarization

and the bottom row for 90% polarization. The first column is for LQ’s which couple only to left-handed electrons, the second
column is for LQ’s which couple only to right-handed electrons, and the third column is for LQ’s which couple to both left and
right-handed electrons.
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