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Determination of leptoquark properties in polarized e~ collisions
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We study leptoquark production using polarized ey colliders for the center-of-mass energies
4/8 = 500 GeV and 1 TeV. We show that, using polarization asymmetries, the ten different types of
leptoquarks listed by Buchmiiller, Riickl, and Wyler can be distinguished from one another for lep-
toquark masses essentially up to the kinematic limit of the respective colliders. Thus, if a leptoquark
were discovered, an ey collider could play a crucial role in determining its origins.

PACS number(s): 14.80.—j, 12.15.Ji, 13.88.+¢, 14.70.Bh

There is much interest in the study of leptoquarks
(LQ’s), color (anti)triplet, spin 0 or 1 particles, which
carry both baryon and lepton quantum numbers. Such
objects appear in a large number of extensions of the
standard model such as grand unified theories, techni-
color, and composite models. Quite generally, the signa-
ture for leptoquarks is quite striking: a high p, lepton
balanced by a jet (or missing p,. balanced by a jet, for the
vq decay mode, if applicable). Although the discovery of
a leptoquark would be dramatic evidence for physics be-
yond the standard model it would lead to the question of
which model the leptoquark originated from. Given the
large number of leptoquark types it would be imperative
to measure its properties to answer this question.

Following the notation of Buchmiiller, Riickl, and
Wyler (BRW) [1], the complete set of possible LQ’s num-
bers 10 is S;, S; (scalar, isosinglet), R, R, (scalar,
isodoublet), S3 (scalar, isotriplet), Uy, U, (vector, isosin-
glet), Va, Vy (vector, isodoublet), Us (vector, isotriplet).
The production and corresponding decay signatures are
quite similar, though not identical, and have been studied
separately by many authors. Even focusing only on the
Next Linear Collider (e*e™, ey, and vy modes), there
is a considerable number of works in the literature [2-8].
The question arises as to how to differentiate between the
different types. We propose to use a polarized ey collider
to differentiate the LQ’s: a polarized e beam [such as the
SLAC Linear Collider (SLC)] in conjunction with a po-
larized laser backscattered photon beam. We concentrate
on LQ production in esy, which makes use of the fact that
the hadronic component of the photon is important and
cannot be neglected [5,7,9,10]. An ey collider is the best
choice for the production of LQ. Given a linear eTe™ col-
lider and backscattered laser technology, an ete™, an e,
and a v collider of roughly equal energy and luminosity
are available at the same facility. The single LQ produc-
tion rate at an e*e™ collider will be lower than that at an
e~y collider since the quasi-real photon needed to supply
the initial state quark is produced by radiation off one
of the beams (i.e., a Weiszicker-Williams photon), the
effective energy and the luminosity in the ete™ case will
be significantly lower than the ey case. Similarly, the
initial e needed in the v~ case will be radiated by one
of the v beams (again, a Weiszacker-Williams process),
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again lowering the effective energy and the luminosity.
Although the production of a LQ’s in polarized evy colli-
sions was considered first in Ref. [8], those authors do not
use the polarization information to determine the specific
model of a LQ.

We will assume that a peak in the e+jet invariant mass
is observed in some collider (i.e., the existence of a LQ
has been established), and so we need simply to identify
the particular type of LQ. We assume that the leptoquark
charge has not been determined and assume no intergen-
erational couplings. Furthermore, we will assume that
only one of the ten possible types of LQ’s is present.
Table 2 of BRW gives information on the couplings to
various quark and lepton combinations; the missing (and
necessary) bit of information is that the quark and lep-
ton have the same helicity (RR or LL) for scalar LQ pro-
duction while they have opposite helicity (RL or LR) for
vector LQ production. It is then possible to construct the
cross sections for the various helicity combinations and
consequently the double spin asymmetry, for the different
types of LQ’s. In the language of polarized collider phe-
nomenology, the parton level asymmetry (denoted arr)
for any type of LQ is fully determined by the above in-
formation: ary = +1 for a scalar LQ, and arr = —1 for
a vector LQ. The observable asymmetry (denoted Arr)
will, of course, differ from +1 due to the polarizability of
the e and v beams, and also due to the polarized parton
distribution functions (which are related to the polariz-
ability of the quarks within the polarized 7).

We will denote the various helicity cross sections as
o*<* | A\; = + for R helicity, \; = — for L helicity, and
Otot = 0T 4+ 07~ + 07t 4+ 0677, As is usual in the
case of polarized collider phenomenology, it is useful to
introduce the double longitudinal spin asymmetry Arr,

_ (@ toT) — (et o)
- (U++ + J—~) + (U+— + g—+)

Arr (1)

and the helicity sum and difference distribution functions
of partons within the photon:

fq/’Y(m7Q2) = :/-7($7 Qz) + fq_/,y(wan)a
(2)
qu/7(£17, Qz) = f:/»y(mv Qz) - f¢;/7(ma Qz)v
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where fq+/(7_) (z, @?) is the probability of a quark with the
same (opposite) helicity as the photon to carry a fraction
z of the photon’s momentum. Unlike 11, Arz is an ex-
perimentally measurable quantity. It is then straightfor-
ward to construct Az, for all ten types of LQ’s in terms of
J

_ f;z/s(dw/x)[Afu/'y(yv Mz) + zAfd/’y(yv MZ)]f'y/e(w)

qu/'y(w’Qz) = Afq/y(, Q?), fq/,,(:c,Qz) = fa/+(, Q?),
and KL, R (gi,R/47r = KL,RQem). There are three general
cases.

(1) ot* = 0 (only left-handed electrons couple to

LQ):

Apr(S3) = —H

sz/s(dx/m)[fu/,y(y, M2) + 2fasy(y, M?)]fy/e(z)
ApaFa) =~ fnldlz/s(dw/w)[Afu/v(y, M) je(@)

sz/s(dz/m)[fu/,y (¥, Mz)]f'v/e(m)
s Jaro (@) @)D fapy (4, M?) + 28 fu (4, MP)] £y ()

Lp(Us) = ——H
fM'A’/s (dw/m)[fd/'y(y’ Mz) + qu/'y(ya MZ)]f*y/e(m)

() = Jara,o(d2/2)[DFaso (4, M) fy e (@)

- Jar2a(42 /) [ Fay2 (4, M) £y (@)

(2) 0=* = 0 (only right-handed electrons couple to LQ):

Jaar o (@2/2) (B faj (y, MP)) fy ()
Sz (@2/3) [ Fapy (y, M) fy e(2)
Jaz15(@2/2)[B fuy (4, )1 £ (2)
Ja316(@2 /) Fupy (u, M2)] £y (@)

Apr(8)) =

Apr(U) =—

) (5)

(8)

(3) o=*v,0%* # 0 (both right- and left-handed electrons couple to LQ):

ALL(Sl) _ f}}lz/s(dl‘/z)[Afu/,y(y, Mz)]f7/e(m)
fﬂl’“/a(dz/x)[fu/-y(y,MZ)]f,Y/e(w) )

B sz/,(dw/w){nR[Afu/q(y, M?) + Afasy(y, M?)] + LA fa/y (Y, M?)} fy /e ()

(9)

ALL(VQ) = I
fME/a(dIE/w){K«R[fu/“{(yy M2) + fd/'y(y, M2)] + KLfd/"/(y7M2)}f—y/e(m)
Ar(Uy) = ._fltl:/s(d(l:/x)[Afd/'y(ya Mz)]f.y/e(:r) ,
Jarz /s (d2/ @) [fa/y (Y, M?)] £y e (@)
A Jnzz 1o (d2/2){ERID fuyy (4, M2) + B fapy (4, M) + LA Fuyy (4, M2)} o e (2)
Ln(Ra) = |

(10)

(11)

In all the above cases, the momentum fraction y of the
quark within the photon is given by y = M?/(zs) and
f+/e(x) is the backscattered laser photon spectrum. The
negative sign in front of the vector LQ asymmetries is
a standard result; it comes about from the annihilation
of two objects with opposite helicity into a vector parti-
cle. Another comment should be made at this time. Up
to now, we have assumed that the beams will be polar-
ized perfectly. This is probably not a bad assumption for
the photon beam as the backscattered photon beam will
carry the polarization of the incident laser beam, and it
should be straightforward to polarize the laser to a very
high degree. Electron beam polarizations of order 70%
can be expected, and this will modify some of our argu-

f;,p/s(dw/“f){'ﬂi[fd/v(yy M?2) + fa/y(y, M2)] 4+ KL fusy (Y, M2)} £ e ()

(12)

f

ments. First, even if the LQ couples only to a particular
helicity of electron, the contamination of the e beam with
the wrong helicity will contaminate the signal. The finite
polarization of the electron beam (Apeam) Will dilute the
observable asymmetries by a factor Apeam. Some care
will have to be taken to ensure that any LQ signal ob-
served with polarized beams is real, and is not due to
contamination of the beam.

Having estimates of event numbers from previous
works, we now need to determine if the different asymme-
tries predicted can be statistically separated. Because of
a complete lack of data on parton distribution functions
within a polarized photon, we need to use some theoreti-
cal input on the shapes of the helicity difference distribu-
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tion functions of partons within the photon. There exist
some parametrizations of the asymptotic polarized pho-
ton distribution functions [11, 12], where it is assumed
that Q2 and z are large enough that the vector meson
dominance part of the photon structure is not important,
but rather the behavior is dominated by the pointlike vqg
coupling. In this approximation, the distribution func-
tions take the form
« 2\ 1

Afyya(@Q%) = 21 (55 ) Zan(o) (13)
where Ap(z) is a polynomial. In order to be consistent,
we will use a similar asymptotic parametrization for the
unpolarized photon distribution functions as well [13],
even though various sets of more correct photon distri-
bution functions exist (e.g., [14-17]). We will only use
this asymptotic approximation in the unpolarized case
only for the calculation of the asymmetry, where it is
hoped that in taking a ratio of the asymptotic polar-
ized to the asymptotic unpolarized photon distribution
functions, the error introduced will be minimized; still,
we suggest that our results be considered cautiously at
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FIG. 1. Arpr vs M for LQ’s which couple only to left-

handed electrons; (a) is for a 500 GeV collider and (b) is for
a 1 TeV collider. The solid curve is for an S3 LQ, the dashed
line is for a V, LQ (— Az shown), the dotted line is for a Us
LQ (—Arr shown), and the dot-dashed line is for a éz LQ.
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least in the relatively small LQ mass region. Our re-
sults should not be considered as hard predictions of the
asymmetry Ay, but rather a plausibility argument for
this type of experimental analysis. We demonstrate the
separability of the various LQ types, but a full analy-
sis would make use of experimentally measured polar-
ized and unpolarized parton distribution functions of the
photon, when available. We note that in the asymp-
totic approximation, the unpolarized photon distribution
functions have (not unexpectedly) a similar form to the
polarized photon distribution functions:

2
fur,@) = 210 () n(a). (14)

where p(z) is another polynomial. Finally, in regards to
the question of the polarized photon distribution func-
tions, a more careful calculation of the helicity difference
distributions does exist [18] which includes the effect of
VMD. However, the authors of Ref. [18] give parametriza-
tions of the ratio of the helicity difference to the helicity
sum distribution functions that are independent of Q2.
These are reported to be valid for 10 < Q2% < 100 GeV?2.
Given the large mass of the LQ’s being considered, the

090

~ e
- Solid — §,

ALL
1

e b b e

I J/"/ Dash — U, (~A;;, shown)
085 -
I
oo b o v e e by
0 100 200 300 400 500
M (GeV)
1.06 T T T T T T T
L I I I ]
L (b ]
100 - -
0.95 [ —
P ]
0.90 — = —
i _~="" Solid - 3, ]
e Dash — U; (-Ay shown)
085 — —
P I I R BRI S
0 200 400 800 800 1000
M (GeV)
FIG. 2. Arr vs M for LQ’s which couple only to right-

handed electrons; (a) is for a 500 GeV collider and (b) is for
a 1 TeV collider. The solid curve is for an S1 LQ and the
dashed line is for a Uy LQ (—ALz shown).
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Q2 is much too high to use these parametrizations.

We find that the asymmetry Ar; depends only on the
dimensionless variable M/,/s, though the event numbers
depend on M and /s separately. For Figs. 1-5, (a)
corresponds to the results at a 500 GeV ete™ collider
operating in ey mode and (b) corresponds to a 1 TeV
ete™ collider operating in ey mode. Throughout, we
use an integrated luminosity of 50 fb~!/yr and the un-
polarized photon distributions of Gliick, Reya, and Vogt
[16] to estimate the number of LQ events in a given LQ
model. Also, unless noted otherwise, our results are for
kL = kg = 1. The first step in determining the lepto-
quark couplings would be to use electron polarization to
divide the leptoquarks into subsets that couple only to
left-handed electrons, right-handed electrons, or to both.
Once this is done the asymmetry can be used to dis-
tinguish between leptoquarks within these subsets. We
show, in Fig. 1, Ay, vs M for the set of LQ’s which cou-
ple only to left-handed electrons, that is, S3, Us, V3, and
R; in the notation of BRW. The asymmetries for the vec-
tor LQ’s (Us and V2) have been multiplied by —1 in order
to reduce the scale to the point that the structure in the
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FIG.3. Ar.p vs M for LQ’s which couple to both left- and

right-handed electrons; (a) is for a 500 GeV collider and (b) is
for a 1 TeV collider; here kK, = kg = 1. The solid curve is for
an S; LQ, the dashed line is for a V2 LQ (— ALz shown), the
dotted line is for a U; LQ (—Arr shown), and the dot-dashed
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asymmetries is visible. That is, the scalar LQ’s have pos-
itive values for Ay while the vector LQ’s have negative
values for Arr. In Fig. 2, we show Arr vs M for the
set of LQ’s which couple only to right-handed electrons,
that is S; and U;. We again multiply the vector LQ (U,)
asymmetry by —1. Finally, in Figs. 3-5, we show AL
vs M for the set of LQ’s which couple to both helici-
ties of electrons, that is Sy, Va2, U;, and R,;. We again
multiply the asymmetries of the vector LQ’s (Vz and U, )
by —1. As the asymmetries for this set of LQ’s depend
on the arbitrary couplings k1 and kg, we show results
for various values of the ks: in Fig. 3, kg = kg = 1, in
Fig. 4, ks = 1/2 and kg = 1, and in Fig. 5, kg = 1 and
KR = 1/2

Using earlier results, (e.g., Fig. 3 of Ref. [7]), event
numbers can be estimated and a statistical uncertainty
in the measurement of Az, (§ALz) can also be estimated.
For an asymmetry

_ o(e) — o(B)
a(a) +o(B)’

the statistical uncertainty d Ar is given by the expres-

(15)
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right-handed electrons; (a) is for a 500 GeV collider and (b)
is for a 1 TeV collider; here Kk = 0.5 and kg = 1. The solid
curve is for an S; LQ, the dashed line is for a V2 LQ (—ALL
shown), the dotted line is for a U; LQ (—ALr shown), and
the dot-dashed line is for a Rz LQ.
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sion
1-— A? 1 1— A2
8Arr = = , 16
e i-a V2N (a) Niot (16)

where N (o) and Nio are Lo(a) and Lio(a) + o(8)] re-
spectively, with L being the integrated luminosity. These
estimated § AL 1, are shown in the error bars in Figs. 1-5.
It can be seen that it is quite easy to distinguish a vec-
tor’s LQ from a scalar LQ, as Arp is large and positive
for all the scalar LQ’s while it is large and negative for
vector LQ’s. For a LQ which couples only to left-handed
electrons (see Fig. 1), it will be possible to differentiate
between the two possible vectors or scalar LQ’s essen-
tially up to the kinematical limit (remembering that the
backscattered laser photon spectrum cuts off at an x of
about 0.83; thus the maximum energy of an e« collider is
slightly lower than the energy of the corresponding ete™
collider). If the LQ couples only to right-handed elec-
trons (see Fig. 2), there is only one vector and one scalar
LQ possible, so it will be possible to determine the partic-
ular LQ essentially up to the kinematical limit. Finally,
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for a LQ which couples to both helicity electrons (see
Figs. 3-5), it will be possible to differentiate between the
two possible vectors or scalar LQ’s essentially up to the
kinematical limit, except for a small region of LQ mass
where the asymmetries for the two types of scalar LQ are
equal. The precise mass at which the crossover occurs de-
pends on the values of Kz g. The limits quoted here as-
sume a fully polarized electron beam; finite polarizatioh
will reduce these limits somewhat. A finite polarization
of the e beam ().) and the v beam (A,) will reduce the
asymmetries given above by a factor A.A,. This will also
increase the statistical uncertainty, because of the depen-
dence of § Ay, on Ay itself, primarily in the large LQ
mass region as Apy will now differ considerably from 1.
Assuming that A, = 0.85 and A, = 1, we find that it is
still possible to distinguish among the various different
LQ’s to a mass of about 350 GeV for a 500 GeV collider
and about 700 GeV for a 1 TeV collider (the exact limits
do depend on the particular LQ and the values of Kz, r).
In order to be a bit more quantitative, we compare, in
Fig. 6, the asymmetries (with expected statistical uncer-
tainties) the asymmetries for an S1 and a U; LQ at a
500 GeV collider. This is a representative example of the
full set of LQ types.

In conclusion, it certainly appears that a polarized ey
collider can be used to differentiate between the different
models of LQ’s that can exist, essentially up to the kine-
matic limit of the ey collider. Furthermore, it is quite
straightforward to distinguish scalar LQ’s from vector
LQ’s for all LQ masses (given that the LQ is kinemati-
cally allowed) with only a polarized electron beam. It is
thus clear that a more careful analysis is warranted, with
the following improvements.

We rely on theoretical input for information on the
parton distribution functions within a polarized photon;
given the European Muon Collaboration (EMC) (proton)
spin crisis, there may be some surprises in the polarized
photon as well.
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There are many questions as to the reliability of the
asymptotic approximation to the photon distribution
functions: Are the values of y (the momentum fraction
of the quark within the photon) and @? large enough
that the photon behaves asymptotically? Is it possible,
at the very least (in the absence of experimental data) to
improve the theoretical input into the polarized photon
distribution functions?
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