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We study the signals for composite vector leptoquarks in ete™ colliders (CERN ete™

collider,

LEP II, Next Linear Collider, and CERN Linear Collider) through their effects on the production
of jet pairs, as well as their single and pair productions. We also analyze their production in ve and

4 collisions.
PACS number(s): 12.50.Ch, 12.50.Fk, 14.80.Pb

I. INTRODUCTION

The standard electroweak theory provides a very satis-
factory description of most elementary particle phenom-
ena up to the presently available energies. However, there
are experimental facts, such as the proliferation of the
fermion generations and their complex pattern of masses
and mixing angles, that are not predicted by the standard
model. A rather natural explanation for the existence
of the fermion generations is that the known particles
(leptons, quarks, and vector bosons) are composite. In
general, composite models exhibit a very rich spectrum
which includes many new states such as excitations of
the known particles and bound states which cannot be
viewed as excitations of the familiar particles, since they
possess rather unusual quantum numbers. Among these
are leptoquarks, which are particles carrying simultane-
ously leptonic and baryonic number. Leptoquarks are
naturally present in a variety of theories beyond the stan-
dard model such as some technicolor models [1], grand
unified theories [2], Eg superstring-inspired models [3],
and composite models [4].

In the present work we study the production of vector
leptoquarks in ete™, ey, and 7y collisions. We shall con-
sider two sources of photons: they can be produced either
by bremsstrahlung or by backscattering laser light of the
incident positron (electron) beam [5]. Here an intense
hard-photon beam is generated by backward Compton
scattering of soft photons from a laser of a few eV en-
ergy. We shall not consider beamstrahlung photons since
its spectrum depends strongly on the machine design.

For definiteness we shall consider the vector lepto-
quarks predicted by the Abbott-Farhi model [4]. The La-
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grangian of this model has the same form as the standard
model one. However, the parameters determining the po-
tential for the scalar field and the strength of the SU(2),,
gauge interaction are such that no spontaneous symme-
try breaking occurs and the SU(2); gauge interaction is
confining. The model is essentially the confining version
of the standard model and is also called the strongly cou-
pled standard model (SCSM). The spectrum of physical
particles in the SCSM consists of SU(2) gauge singlets,
including fundamental particles which are neutral with
respect to the SU(2). force, such as the right-handed
fermions and the U(1) gauge boson. For instance, the
physical left-handed fermions are bound states of a pre-
onic scalar and a preonic dynamical left-handed fermion,
while the vector bosons are P-wave bound states of the
scalar preons. Provided some dynamical assumptions on
the model hold true, it has been shown [6] that the predic-
tions of the SCSM model are consistent with the present
experimental data.

We denote the preonic left-handed fermionic doublet
by ¢, with the flavor index a running from 1 to 12
for three families. 1} belongs to a 2 representation
of the SU(2). and to the (0,3) representation of the
Lorentz group. The vector leptoquarks in the SCSM
model are bound states of the form 1/;“_,1‘\1/)’_}1, where ¢¢
carries baryon number while 12 carries lepton number.
We define V:b as the interpolating field for the vector
leptoquarks, which is an SU(2) singlet, belongs to the

-%, -%) representation of the Lorentz group and is a triplet
under SU(3)color- From its preonic content it follows that
these particles have an electric charge —2.

The SCSM model cannot be analyzed perturbatively
since it is strongly interacting at the energy scale of inter-
est. Instead, we describe the interaction between lepto-
quarks and physical left-handed fermions by an effective
Lagrangian [7]. We assume that

e
F—_¢%
2+/2sin Oy

describes the low-energy interactions of Vlfb, where L*

Lint = — (V:bTE“’y“Lb + H.c.) 1)
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are physical left-handed doublets under the global SU(2)
symmetry of the model [6], and Oy is the weak mixing
angle. The parameter F' is a measure of the strength
of this interaction compared to the Wqq vertex. No-
tice that the vector leptoquarks couple to both upper
(or lower) components of the lepton and quark doublets.
It is important to realize that the above L;,; conserves
charge, color, and baryonic and leptonic numbers.

It is also natural to assume that vector leptoquarks
V‘fb interact with the photon and the physical Z. In this
work we assume that the couplings of vector leptoquarks
to Z’s and ~’s are similar to the W boson ones to these
particles. Therefore, we postulate the Feynman rules (see
Fig. 1)

—_ + .
7%, =ieQv {gas(p1 — P2)p + 9po(P2 — P3)a
+gpa(p3 - pl)ﬂ} , (2)
+y- :
1“173‘;0 V" = —ie? Q% {29ap9p0 — 9a098p — Japdpo} »
(3)
1“5[‘,’,,‘ vt _ —iF%e cot 0w
x{gap(P1 — P2)p + 98p(P2 — P3)a
+gpa(p3 - Pl)ﬂ} , (4)
where Qv (= —-g-) is the electric charge of the vector

leptoquark and Fz is a free parameter. The couplings
in Eqgs. (2) and (3) were obtained via minimal substitu-
tion and assuming that V;b has an anomalous magnetic
moment kK = 1.

The absence of experimental evidence for composite-
ness constrains the low-energy phenomenology of the
SCSM. These constraints can, in principle, place bounds
on the vector leptoquark mass (My) and coupling con-
stants (F' and Fz). In fact, the analyses of the contri-
bution of vector leptoquarks to the four-fermion Fermi
interaction at low energies lead to the constraint [7]

My > 197 F (GeV). (5)

In practice, contributions from other states soften this
bound [8], so that My and F are in reality free parame-

Vg Vg
pz
Aq +
v, Ay v
Zg’ Py P3 Y Y
Ae
FIG. 1. Feynman rules for the vertices AVtV~,

yyV*V~,and ZoVTV ™.

ters. However, an educated guess for the coupling F' can
be made as follows. In the SCSM model the Z and the
W are bound states of two preonic scalars; therefore, it
is natural to assume that the coupling of vector lepto-
quarks to physical left-handed fields is of the same order
of the coupling of these fermions to W’s and Z’s, i.e., F'
is of order 1. Analogously, we expect that Fz ~ F ~ 1.
We can constrain the couplings F' and Fz imposing
that unitarity is respected at the tree level [9]. For in-
stance, the process ete~ — V1V~ violates unitarity at
high energies for arbitrary values of the couplings. How-

ever, if we choose F = Fz = /|Qv| =
tree level is restored.

The main decay mode of vector leptoquarks is into a
pair lq or v¢’, therefore, its signal is a lepton plus a jet,
or a jet plus missing energy. Using the couplings given
above we obtain that the width of a vector leptoquark is
given by

%, unitarity at

aF?

Ty = —%___
V'™ 4sin? 0y

My, (6)

where we neglected all the fermion masses and summed
over the possible decay channels.

The outline of this paper is the following. The anal-
ysis of the indirect signals for leptoquarks is contained
in Sec. II: One way to look for vector leptoquarks in
ete™ colliders is through their effects on the production
of jet pair (ete~ — ¢@), since they can be exchanged
in the t channel. Another way to search for these parti-
cles is to study the forward-backward asymmetry in the
production of bb pairs. In Sec. III, we study the single
production of vector leptoquarks through ey — V©iq,
where the photons come either from bremsstrahlung or
from laser backscattering. In Sec. III we also discuss
the signal and its potential backgrounds. Pairs of vector
leptoquarks can also be produced provided that there is
enough available energy. Section IV exhibits the study of
the production of vector-leptoquark pairs in ete~ and vy
colliders. We summarize our results in Sec. V. The Ap-
pendix presents the relevant expressions for the photon
distribution functions used throughout this paper.

II. INDIRECT EVIDENCE
FOR VECTOR LEPTOQUARKS

We can look for signals of leptoquarks even when the
available center-of-mass energy is not enough to produce
these particles on shell. This can be done through the
study of their effects as an intermediate state of reactions
like ete~ — dijets and ete~ — bb.

A. Total cross section ete~ — qg

The existence of vector leptoquarks can be investigated
through the analysis of the reaction ete~ — ¢g, where
they lead to a new t-channel contribution, in addition to
the usual exchange of v and Z in the s channel. Using
the vertices derived from the interaction Lagrangian (1),
the cross section for this process is given by
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do o2, 2 2 1 52
— == 14 cos“ @
dQ  4s @ )+ 16sin? Oy cost Oy (s — M2)2 +TZ M2
x[(C5? + C5%)(CL? + CL%)(1 + cos? ) + 8CEC4CLCY cosb]
_ Q s(s — M3) e g 2 e 4
2sin% Oy cos? By (5 = ME)? - L3013 [CFCY (1 + cos® ) + 2C5C% cos 6]
F?2 (14 cosf)? F? 1 + Q
sin?@y cos®—n |4sin?6y cosd—n | 2
_ 1 q q e e S(S - M%)
8 sin® Oy cos? Oy (G +CA)(Cy +Ca) (s— Mg)z + I‘%M% ’ @)

where Mz is the mass of the Z boson, 8w is the weak
mixing angle, and n = 1 + 2M2/s. According to our
conventions the charge of a quark is Qe (e > 0), Cy =
I, — 2Qsin? 6w, and C4 = I,.

The exchange of a vector particle in the ¢ channel mod-
ifies the high-energy behavior of this process: within
the scope of the standard model this cross section de-
creases as the center-of-mass energy increases, however,
the new contribution alters this behavior, yielding a con-
stant cross section at high energies which is given by

T a?F4 1

Pumit(€7e” = 0D = G ST, M
\4

(8)
This is a dramatic signal because there will be many more
dijets than expected in the scope of the standard model
at high energies. In Fig. 2, we exhibit the cross section
og(ete~ — ¢@) as a function of center-of-mass energy for
different values of the vector leptoquark mass and for
F \/g This figure was obtained imposing the cut
| cos 8] < 0.9, and assuming the existence of three vector
leptoquarks (Ve?, Ve, Vb) which have the same mass
and values for the coupling constants. Notice that after
the Z peak the results, which include the leptoquark,
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FIG. 2. Total cross section for the production of two jets
as a function of the collider center-of-mass energy. The solid
line stands for the standard model result, while the dotted,
dashed, and dot-dashed lines include the contribution of a vec-
tor leptoquark of mass 300, 700, and 1500 GeV, respectively.

[
depart significantly from the standard model prediction.
In order to estimate the capabilities of the different col-
liders [CERN ete™ collider (LEP II), Next Linear Col-
lider (NLC), CERN Linear Collider (CLIC)] to search for
leptoquarks, we evaluate the largest mass of a vector lep-
toquark, keeping F' fixed, for which the cross section for
dijet production differs by 10% from the standard model
result. In our estimates we were conservative assuming
that only one vector leptoquark contributes to this reac-
tion. We have defined

’ (9)

where o is the total cross section including the lepto-
quark contribution and owg is the standard model re-
sult. Figure 3 displays F' as a function of My, which
satisfies the constraint A(F, My) = 10%, for several col-
lider center-of-mass energies. From this figure, we can
learn that an eTe™ collider with center-of-mass energy
of 200 (1000) GeV will be able to unravel the existence
of vector leptoquarks of masses up to 400 (2000) GeV,

assuming F' = \/g .

g —0ows
ows

A

B. Forward-backward asymmetry for bb pairs

Another indirect way to look for the vector leptoquark
Vb is studying the forward-backward asymmetry in the
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FIG. 3. F as a function of My for several 1/s: the dotted,
dashed, solid, and dot-dashed lines stand for /s = 100, 200,
500, and 1000 GeV, respectively.
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FIG. 4. Allowed values of the coupling F and My from
the experimental results from LEP for bb production (dotted
line). The dashed, solid, and dot-dashed lines are the region
for which the forward-backward asymmetry is 5%, for center-
of-mass energies of 200, 500, and 1000 GeV, respectively.

production of bb pairs. Recently at LEP this asymmetry
has been measured [10] and it is in agreement with the
standard model prediction. Imposing that the contribu-
tion of this vector leptoquark to this reaction is at most
of the size of the experimental error (5%), we can exclude
a region of the plane My x F, as is shown by the dotted
line in Fig. 4. Assuming F = %, the data constrain the
mass of the eb leptoquark to be bigger than ~ 370 GeV.

From Fig. 4, we can also foresee the potential of the
future e*e~ machines for discovering the leptoquark Ve?:
The dashed, solid, and dot-dashed lines indicate the re-
gion for which the forward-backward asymmetry is 5%,
for center-of-mass energies of 200, 500, and 1000 GeV,

/%, LEP II (NLC, CLIC) should

be able to look for V® with mass up to 600 (1300, 2300)
GeV.

respectively. For F' =

III. SINGLE PRODUCTION
OF VECTOR LEPTOQUARKS

‘We can produce a single vector leptoquark V7 (¢ = d,
s, b) through the process ye~ — V®4q. This process can
take place in ete™ colliders, with the v being produced by
bremsstrahlung, or in ye machines, with the v originating
from laser backscattering. The elementary cross section
for this reaction is

& __ . n P [6 + 3G — M)
df " °36sin® 0w MZ(5 +1t— M2)2(f — M2)2s®
x{(F — M2) [M2(3 + D) + 262 M3 + 4MY + M(]
—AEME (5 +£) + 26MEME (5 — 2 + MZ + M?)]
+28ME + 2MEM + 20 ME} (10)

where N, = 3 is the numbers of colors, § is the center of

mass energy squared of the subprocess, t = M. Z - —;—(1 -
B cos 8*), with 3 being the V7 velocity in the subprocess
c.m. and 6* its angle with respect to the incident electron
in this frame. In order to obtain the cross section for this
reaction we must fold the above expression with the v
distribution function [f, /()] (see Appendix)

1
o= dz f'y/e(x)&(xs) )
ZTmin
where Tmin = (M, + My)?/s. Figure 5 exhibits the be-
havior of ¢ as a function of My . As expected, the process
initiated by laser backscattering possesses a cross section
that is one order of magnitude larger than the processes
initiated by bremsstrahlung photons, with the same My,
and s.

Once the leptoquark couples to eq and vq’ with the
same strength, the signal for its single production is ei-
ther (e)jjp or (e)jje, where the spectator e is usually
lost in the beam pipe in the case of eTe™ colliders. The
main background for the signal (e)jjp, [(e)jje] comes
from the process ye — Wv (ey — Ze) with the W (Z)
decaying into two jets [11]. However, this background
can be easily eliminated by requiring that the invariant
mass of the jet pair is not close to My (M3z).

At first sight, another potential background is the
Bethe-Heitler production of hadrons (ye — ¢g), which
exhibits a large cross section. However, the main contri-
bution to the cross section in this case is due to the region
of small transverse momenta of the produced particles.
This allows us to reject with a high efficiency this class
of events by demanding that the observed particles and
jets have a sufficiently high pr.

In order to access the capability of the future col-
liders to establish the existence of leptoquarks through
the reaction ey — V®q, we require the occurrence of
5000 events per year with the final state jje~. Once
the couplings V®%eq and V®vq’ are expected to be ap-

(11)
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FIG. 5. Total cross section for the process e™y — V¢
as a function of My: (a) laser backscattering at /s = 500
GeV (dotted line); (b) laser backscattering at /s = 1000
GeV (solid line); (c) bremsstrahlung at /s = 500 GeV (dot-
dashed line); (d) bremsstrahlung at /s = 1000 GeV (dashed
line).
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proximately equal, we take that o(jje~) = o(V*g)/2.
Assuming an integrated luminosity of 1034 cm~2 s~ for
the future machines, the maximum observable mass for
an ete™ collider is My = 300 (400) GeV for /s = 500
(1000) GeV, while a collider e using laser backscatter-
ing can unravel the existence of leptoquarks of mass up
to My = 450 (900) GeV for a center-of-mass energy of
500 (1000) GeV.

IV. PAIR PRODUCTION
OF VECTOR LEPTOQUARKS

A.ete - VTV

Pairs of vector leptoquarks can be produced in ete~
collisions provided that there is enough available energy
(/s > 2My/). This process takes place through the ex-
change of a quark in the ¢ channel and through a Z and
~ in the s channel. Using the interaction Lagrangians
of Sec. I, it is easy to evaluate the cross section for this
reaction, resulting that

10.0 T

LR I L R B

5.0

o (pb)

""100 200 300 400 500
My (GeV)

FIG. 6. Cross section of the process ete™ — VtV~ as a
function of My for several collider energies: /s = 500 (dot-
ted line); 1000 (solid line); 2000 (dashed line) GeV. It was
assumed that F = Fz = \/g .

do _ Flmo? [3st2M2 — 4sME + (¢2 + AME)(t — ME)(u — MZ)]
dt ~ 16s2t2M3 sin? Oy v v v v v
22
+72T:418IZ [t(s2 +tMZ)(u — ME) + 82 MZ (s — u — 10MZ) + 2st> M + stuM?
v
—4sMB(t — u) + 2su2 M2 + tu? M2 + 8tuMb — u2ME — 8M‘3,]
+ F27ra2Qv
483t M} sin® Oy

[stha + 45 M} + st?(u — 3MZ) — 3stMZ(u — MZ) + 4sMi (u + MZ)

—22 M2 (u — MZ) — 2t M3 (u — MZ) + 4M8 (u — Ma)]

Fira? 1

—2Z ____(C% +C?
+852M{4, sin? Ow( v A)(s — MZ)2+T% M2

[szM?,(s —t —u—10MZ) + s%tu + 8tuMy

+stMZ(2t + u — AMZ) + 2suME (u — 2ME) + t2ME (u — ME)
FulM2(t — M2) — 8M§,]

Fira?CyQy s— M2
253 M} sin® Oy (s — M2)? + T3 M2

[32M%’,(s — u— 10M2) + s2¢(u — M2) + t2M2 (u — M2)

+stMZ(2t + u — 4AME) + 2suME (u — 2M3)
+ulMZ(t — M2) + 8tuMi — 8M3]

FZF?%a?

s— M2
852t M sin® Oy

C C
(v +C e 122

[sZtM?, + 482 ME + stu

—3stMZ(t +u — M%) + 4sMp (u + ME)
—2tM2(u— M2)(t+ M2) + AME (u — Ma)]

where t = M —£(1—0cos ), with 6 being the scattering
angle between the e~ and the negatively charged lepto-
quark in the laboratory frame, and 8 = /1 — 4MVi /s.
This cross section exhibits a bad high-energy behavior
(o x s), and violates unitarity in this limit for an arbi-

trary choice of the couplings F' and Fz. However, this
violation of unitarity can be avoided by a careful choice

of the couplings: for F' = Fz = \/g this cross section

[
has a good high-energy behavior. Moreover, for these
values of the couplings, the cross section for this process
is 4/90(ete~ — WTW ™). Therefore, we must make this
choice if we want to preserve unitarity at tree level.
Figure 6 exhibits the total cross section for the process

ete™ — V*+V~ as a function of My for F = Fz = \/-g

The signal for such a process is either jjee, jjep,, or
Jjpp- Certainly the identification of the leptoquark is
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very easy in the mode jjee since the backgrounds, such
as ete™ — ZZ, can be efficiently eliminated by looking
at the invariant mass of the pairs ee and /or jj. Moreover,
the signal is very striking since it consists of two pairs ej
with (approximately) the same invariant mass. Assuming
an integrated luminosity of 10 pb—! per year, there will
be more than 10% events per year, which is more than
enough to establish the existence of the leptoquarks.

B. vy = Vtv-

We can also produce pairs VYV~ in vy colli-
sions, where the photons are generated either by
bremsstrahlung or by laser backscattering. There are
three Feynman diagrams that contribute to this process:
there is the exchange of a V' in the ¢t and u channels and
the quartic vertex yyVV. The cross section for this re-
action is equal to the one for vy — W+W ™ scaled by a
factor Qf%, since the couplings Vy and W+ are assumed
to be proportional. It is straightforward to obtain that
the subprocess cross section is

dé 4 8ma?

@ _q (16z2 + 3) M
it YV M2

2~ MZ)2(a - MP)?
3 (8z + 3)M} L3
8z(t — MZ)(4 — MZ)  64z2MP |’
(12)

where we defined z = §/4MZ. One characteristic of this
process is that the cross section is peaked at the forward
region at high energies. Furthermore, due to exchange of
a spin-1 particle in the ¢ and u channels, the cross section
goes to a constant at high energies

. 128 o2
Glimit 2o - (13)
v

We can obtain the total cross section for this process
folding ¢ with the photon distribution functions:

mo="L""I""l""l""5
10_15‘ -3
2 1072 3
S E T~ 3
1073 .
C ' ]

o4 Lo b b b N
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My (GeV)

FIG. 7. Cross section for the process vy — V*V ™, with
the « originating from bremsstrahlung, for several energies:
(a) v/s = 500 (dotted line); (b) 1000 (solid line); (c) 2000
GeV (dot-dashed line).
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FIG. 8. Same as in Fig. 7, but with the 4’s produced by
laser backscattering.

o= /d:l:]_ /dng.,/e(:cl)f.,/e(mg)&(?; = T1228). (14)

Figures 7 and 8 show the behavior of the cross sec-
tion of the process vy — V*V ™ as a function of My for
bremsstrahlung and laser backscattering photons, respec-
tively. In this case also, the cross section for the process
initiated by backscattered photons is one to two orders of
magnitude larger than the one for bremsstrahlung pho-
tons due to the distribution of backscattered photons be-
ing harder than the one for bremsstrahlung. From Fig.
7 we can infer that this reaction is observable for lepto-
quark masses up to ~ 100 (200) GeV in an e*e~ machine
with 4/s = 500 (1000) GeV. Analogously, we can see from
Fig. 8, that this process is observable for masses up to
~ 200 (400) GeV in a v collider with 4/s = 500 (1000)
GeV.

V. CONCLUSIONS

We studied the signals of vector leptoquarks in ete™,
ey, and vy machines. In order to do so, we postulated the
interaction Lagrangian of the vector leptoquarks with the
quarks and leptons. Demanding that unitarity is satisfied
at tree level, in the different process analyzed [9], we
discovered that the couplings F' and Fz are constrained

2

to the value \/; . In this case, our effective theory for

the Abbott-Farhi model becomes a spontaneously broken
gauge theory (for details see Ref. [9]), in which the W%,
Zy, and vector leptoquarks are some of its gauge bosons.
This suggests that this effective theory would be a part of
a grand unified theory (GUT) with a gauge group such as
SU(5) or SO(10) or even larger, depending on the flavors
of quarks and leptons that the vector leptoquarks couple
to.

In ete~ machines, we can look for these particles
through their effect in ete~ — ¢, and the existence of
leptoquark can be established provided their masses are
smaller than O(24/s). In these machines, vector lepto-
quarks can also be single produced through the reaction
ey — V®q, where the « originates from bremsstrahlung.



This process is observable for leptoquark masses up to
300 (400) GeV, in a collider with /s = 500 (1000) GeV.
‘We have also studied the production of leptoquark pairs,
either through ete™ — V+tV~ or vy — VTV~ with the
two photons coming from bremsstrahlung.

In a ey collider, leptoquarks can be produced in asso-
ciation with jets through ey — V*¢?q. For hard photons
produced by laser backscattering, we can detect this pro-
cess provided that the leptoquark mass is smaller than
450 (900) GeV, for a collider with 4/s = 500 (1000) GeV.
We also investigated the production of V¥V~ pairs in
~v collisions, and we found that this process can be ob-
served for leptoquarks with masses up to 200 (400) GeV,
if v/s = 500 (1000) GeV.

Finally, we should remark that the above results rely
on the fact that F' ~ 1. In the Abbott-Farhi model this
is a natural assumption since the W* and vector lep-
toquarks are composite objects and consequently their
interactions with fermion should have approximately the
same strength. However, it is known that in strongly in-
teracting theories, such as QCD, we have F ~ 1/1672. If
the couplings of the Abbott-Farhi model turn out to be
of this order, the capability of the next generation of ac-
celerators to unravel the existence of vector leptoquarks
will be drastically reduced.
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APPENDIX

The contribution arising from the conventional
bremsstrahlung photons were computed using the well-
known Weiszicker-Willians distribution [12]

ww(z)=ﬂ1+(1"$)21n< s > ,

Fare 2m z 4m?2

(A1)
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where m, is the electron mass, and s is the center-of-
mass energy of the ete~ pair. This spectrum is peaked
at small z, i.e., most of its photons are soft.

Hard photons can be obtained by laser backscattering,
which converts an e beam into a v one. Here the intense
photon beam is generated by backward Compton scat-
tering of soft photons from a laser of a few eV energy.
The energy spectrum of the backscattered laser photons
is [5]

1 do
L =<
1/e(x7£)— 0. dT
1
) R
4z 422
Tii-o) Tea-o (42)
where o, is the total Compton cross section. For the

photons going in the direction of the initial electron, the
fraction x represents the ratio between the scattered pho-
ton and the initial electron energy (z = w/FE). In writing
Eq. (A2), we defined

4 8 1 8 1
PO =(1-¢5)R0+0+ 5+ ¢~ grien
(A3)
with
E
§E4m:)°c02229:2—\7/n§2w—q, (A4)

where wy is the laser photon energy and (ag ~ 0) is the
electron-laser collision angle. It is easy to verify that the
maximum value of z possible in this process is

o = ¥m &
™ E T 14¢°

From Eq. (A2) we can see that the fraction of photons
with energy close to the maximum value grows with E
and wp. Usually, the choice of wp is such that it is not
possible for the backscattered photon to interact with the
laser and create ete~ pairs; otherwise, the conversion
of electrons to photons would be dramatically reduced.
In our numerical calculations, we assumed wg =~ 1.26
eV, which is below the threshold of eTe™ pair creation
(wmwo < m2). Thus for the NLC beams (/s = 500
GeV), we have € ~ 4.8, D(¢) ~ 1.9, and z,, ~ 0.83.
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