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Abstract

S-wave and P-wave production cross sections of top quarks in the threshold region
are obtained from perturbative QCD in terms of my, I'y and ag. S-wave production is
described in terms of the Green’s function for the 7 system whereas P-wave production
depends on the second space derivatives of the t7 Green’s function. We show by explicit
calculation that those relativistic corrections that a priori could affect specifically the non-
S-wave production are quite insignificant if top decays mainly like ¢ — bW or ¢t — bH
with H denoting a charged Higgs state. A comparison of the S-wave and P-wave case thus
provides a novel probe of QCD as it affects top dynamics. Collisions of polarized photons
off each other allow to extract separately the S-wave and P-wave production cross section.
Such polarized photon beams can be generated by Compton backscattering laser light off
polarized electron and positron beams.
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1. Introduction

- Top quarks have not been discovered yet and a non-trivial lower bound on their mass
has been established:
my 2> 91 GeV (1.1)

Yet due to various indirect lines of reasoning there exists little doubt that

- top quarks as defined in the Standard Model do exist in nature

== with a mass that is probably in the range of 100 — 200 GeV or there about.
This range suggests that top quarks should be discovered in the foreseeable future and
_ that accelerators are feasible that would allow a detailed study of top production and
- decay.
It has been realized more and more in recent years that the physics of very heavy
~top quarks has many redeeming features [1]. One particularly intriguing observation is

that the top decay width provides an infrared cut-off for the strong forces between top
quarks and antiquarks [2]. The semi-weak width for the decay t — b+ W actually rises
so quickly with the top mass that for m; > 130 — 140 GeV perturbative QCD suffices
to treat the threshold production of top quarks. One can actually deal with S-wave and
P-wave production sepafately: the former can be expressed in terms of the Schrédinger
Green’s function describing the relative motion of the top quark and antiquark produced;
the latter involves two space derivatives of this Green’s function. There arises a further
distinction between the two cases [3]: while one can show that S-wave production can be
described in a non-relativistic picture sufficiently close to threshold, this is not necessarily
true any longer in P [D etc.]-wave production. For in general there arise high-momentum
contributions which are controlled by the off-shell behaviour of the top decay width. Yet
for a given top decay process one can determine I';(p?) and thus compute such relativistic
corrections. We will show below that for the decays t — b+ W+ or t — b+ H* these
corrections are numerically irrelevant. A non-relativistic description is thus a posteriori
justified both for S- and P-wave production of top quarks right at threshold.

The threshold production cross section is calculated in terms of m;, I; and ag. Since, as
already stated, S-wave [P-wave] production depends on the Green’s function [second space
derivative of the Green’s function] for the tZ system a study of top threshold production that
disentangles contributions from S- and P-wave configurations thus provides us with novel
and independent probes of top dynamics. More specifically it would allow an experimental
extraction of the three parameters m;, I'; and even ag with high accuracy and in a way
that is systematically different from other methods.

Alas, this is easier said than done! The reaction ete™ — ¢f yields predominantly an
S-wave configuration; it appears unlikely that the small admixture of P-wave production
could be extracted; hadronic production holds out even less promise of separating S- and
P-wave production; this is compounded by the fact that the #7 pairs are there produced
both in a colour singlet and octet configuration [4].

A Photon Linear Collider (hereafter referred to as PLC) provides new opportunities
here. A PLC is a facility where high energy photon beams are generated by Compton



backscattering of laser photons off high energy electron beams; those photon beams are
then brought into collision with another similarly obtained photon beam. Such beams
possess a threefold advantage for our analysis [5]:

(1) High luminosity photon beams can be achieved in such an environment. One might
actually achieve higher luminosities here than in direct ete™ annihilation!

(2] There are neither appreciable beam-beam effects nor initial beam radiation that could
" affect adversely the measurements.

~ (3) Using polarized electron beams and lasers one might be able to prepare quite mo-

'~ nochromatic photon beams with a high degree of polarization [5,6]. Changing the
polarization of the photon beams will allow us to separate S-wave and P-wave pro-
duction of top quarks.

Our paper will be organized as follows: in sect. 2 we list the expressions for the decays
t— b+ W, b+ H; in sect. 3 we recapitulate S-wave top production whereas in sect. 4 we
describe P-wave production; there we also demonstrate that relativistic corrections can be
ignored; in sect. 5 we present the formulae for the collisions of polarized photons and show
how S- and P-wave production can be distinguished; our summary is finally presented in
sect. 6.

2. Top Decay Width

In general one cannot treat the production of heavy quarks near threshold perturba-
tively since there one encounters infrared singularities reflecting resonance formation etc.
Yet the decay width of the produced quarks provides an infrared cut-off that removes these
singularities or at least softens them,; if the decay width is sufficiently large, the threshold
production can be treated with perturbative QCD without recourse to a phenomenological
model.

Our discussion of how large a decay width is expected for top quarks does not contain
any new findings at this point; we present it here for completeness and also because it will
lead to a new result in the subsequent analysis.

According to the lower bound stated in eq. (1.1) top quarks are sufficiently heavy to
undergo the semiweak decay t — W+ + b [1]:

3 2\ 2 2 2 4
Tt — Wt +b) = Grm, (2Pw> [( _ T_g_) + @;’_ (1 + %) - 2m:"] , (2.1)

87v2 \ my m;

where 12

Py = {[m? — (mw +my)?|[m? — (mw — my)?]} " /(2my). (2.2)
Extensions of the Standard Model like SUSY contain charged Higgs fields; those could
also be lighter than top quarks thus allowing the transition ¢t = H* + b which adds to the



decay width:
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I(t— H* +b) =

(2.3)

I‘hé SM mode, eq. L(2.1)‘, yields a width of 100 MeV for m; = 100 GeV and 1 GeV for m;
- = 160 GeV. The weight of the Higgs mode, eq. (2.3), depends on the size of the V.E.V.’s
~ v1,vy; if they satisfy the relation

1Stanﬂ——$—~30 (2.4)
my
(as obtained in Grand Unification schemes) then the width for the Higgs mode is somewhat
smaller than for the W mode; otherwise it could be larger. For completeness we will include
this decay mode in our subsequent analysis. In any case for m; > 120 GeV a perturbative
treatment of top threshold production becomes more and more reliable numerically.

3. S-Wave Top Production

Gluon exchanges between the produced top quark and antiquark generate contributions
that depend on ag/pB; rather than just cg; this is in close analogy to the case of Coulomb
exchanges in QED [7].. These terms are dominant close to threshold where 8; < 1 holds;
they change the S-wave Born cross section which vanishes at threshold proportional to §;
into an expression proportional to ag, i.e. finite right at threshold. Once these leading
contributions are summed to all orders in ag/f:, toponium resonance formation is repro-
duced. This can actually be described by a multiplicative correction of the Born cross
section that depends on the orbital angular momentum, the colour quantum number and
the energy of the produced tf pair [2,3]. In gamma gamma production of top one deals
with colour singlet configurations; one then finds:

K{(E)

do = tf) = do'P (yy — 1) =S
5(77 ) (77 )K(B)(E)

(3.1)

dang) denotes the Born result for the differential cross section; the correction factor is

expressed as the ratio of two functions of E, the amount of energy that exceeds the
threshold

These functions are given by [2]

K$P(E) = ImGW(0,0, E + iTy), (3.3)



where G() is the I = 0 component of the Schrédinger Green’s function for the relative
motion of the top quarks in a colour singlet state:

GO(F, 7' E +1iTy) = (7 |[HD = (E +iTy)]"17). (3.4)

- The non-relativistic Hamilton og)erator H®) contains the potential for colour singlet ¢

configurations. The quantity K_(g finally is the Born approximation to Ks:

K®(E) = g-:-(m,E)l/Z. (3.5)

- Assuming a fixed strong coupling g one can give an analytical expression for K g)(E):

2
KQ(E) = ImGM(0,0, E +iT,) = £ {k—" + 251 rctan ot

4 | my my k- (3:6)
3.6
o 28 Tobint bt B3 TE 4 K/
a1 mint [E + k}/(mun?)]? +T7 ’
with 9
k= §a5mt, (3-7)

ks = % (\/EZ +T2 4 E) (3.8)

The expression inn (3.6) can be interpreted in a straightforward fashion: the first two terms
in the curly bracket describe continuum production of top quarks while the third sums
over the toponium resonances.

To include the effects caused by the “running” of ag one can evaluate the Green'’s
function numerically as done in ref. [8]. Using their algorithm we have calculated the
cross-section ratio Ry = og(yy — tt)/o(ete” — utp~) and plotted it against E in GeV
for in the S-wave case for m; = 100, 130, 150 and 200 GeV, where

4o
3w?’

In addition to the colour Coulomb exchanges we have also included the hard gluon exchange
corrections and gluon bremsstrahlung off the final state quarks [8,9] which are of order ag
rather than ag/B;. For the cross-section this gives [10] a factor

olete™ - ptu™) = (3.9)

For photon beams the heights of the resonance curves are not reduced or modified by
initial state radiation as it was the case in the analysis of refs. [3,8,11]. For ag(my) =
0.12 our results are given in fig. 1 [fig. 2] with the top decays assumed to proceed like
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t — bW [t —» bW, t — bH]; the dashed curves represent the Born result. We want to draw
attention to the following observations:

¢ A clear resonance structure emerges for “light” top quarks with m; = 100 GeV. It
quickly fades away with increasing m; and has disappeared for m; = 200 GeV.

o Very sizeable threshold enhancements in the cross section occur even apart from the
- obvious resonance peaks.
) "o The detailed shape of the excitation curve depends on the decay width of the top
. quarks. For fig. 2 it was assumed that the top decay width is enhanced by 50% over the

- Standard Model expectations as it could happen if the decay channel ¢ — b+ H were

available. While the position of the resonance peaks and the open top plateau remain
 unaffected — as expected — the height of the peaks do change, in particular for “light” top
quarks. If on the other hand the top decay width is smaller than expected — say because
- the KM parameter [V/(¢b)| is (in contrast to a three family ansatz) appreciably below unity
— then the resonance peaks will be enhanced, while their positions remain unaffected.

¢ To reveal these intriguing structures one needs the energy of the photon beams defined
to better than a GeV.

4. P-Wave Top Production

An extension of this treatment to a P-wave ¢t production can be performed according
to refs. [3]:

KO O(E)
KP(E)
where the functlon Kp 1) which represents the impact of the strong final state interactions
is given by

dop(yy = tf) = da(B)(77 — tt) (4.1)

EOE) =tm( L2 a0 7
(E) = Im <6 a_,,G’ 5 )>r=r/.—.o, (42
with GS)(F, ') defined as in (3.4), but taking the I = 1 component of the Green'’s function
in the singlet state. K};B)(E) finally denotes the Born expression:

K (B) = TH(m.B). (4.3)

These final state interactions change the production cross section, which on the Born level
is proportional to 3%, into an expression proportional to a3, which is finite (although rather
small) right at threshold.

There arises a new feature for non-vanishing orbital angular momenta: strictly speak-
ing a nonrelativistic description a priori does not hold anymore since the loop integrals
describing the invariant mass distribution of the decay products can now receive contri-
butions from high top momenta. This new contribution does practically not depend on E
and is given by

H 2 _ p2)3/2 23 7,2
=) _ o 2 (™ (9mf —p?) T¢(p*)dp
K =2m Az (27!')2 (4mt)3(m3 _ p2)1/2, (4.4)
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where p is the minimal invariant mass of the decay products, i.e. mw+ +my or mg+ + my.
['y(p?) is the off-shell decay width for the top quark; in the unitary gauge it is obtained by
replacing m? by p? in the on-shell decay formula (2.2):

3 /op 2\ ? 2 2 2md
: I‘(pz;t-—>W++b)=8iF5§< V;(p)) [(1-%) +-"1VK(1+@)— ’;W], (4.5)

Py (p) = {[p* — (mw +ms)?p? — (mw — ms)21}"” /(20). (4.6)

- It is rather straightforward to obtain the analogous expression for the decay t — H* + b.

For the case at hand (¢ decay into W and/or H*), the integral (4.4) has proven to be
- numerically rather small and the validity of the nonrelativistic approximation has thus
been established a posteriori; however its contribution has been added to K ,(;1 )(E)

The function K )(E) can be evaluated analytically for a fixed value of ag:

2
KSY(E) = (B + mE)K$"(E) + m4‘—:t {_k_ + 2k, log

.
k- + ik
282 & 1 (nko + ky)(E + K2 /myn?) — kT

my Az 0 [E + k}/(mn?)]? +T?

(4.7)

To analyze the precise impact that the “running” of ag has on the production cross section
one has to compute K}(;l) numerically. Unfortunately the algorithm developed in ref. (8]
-for the S-wave case cannot be applied here since the effective potential is more singular
for I = 1. To exploit the QCD analysis presented here to its fullest potential one needs a
numerical procedure developed that allows to treat P-wave production. Lacking that for
the moment we use a semi-quantitative ansatz similar to ref. [2] to gauge the impact of
the “running” of ag:

i) for each m; we determined the value of E corresponding to the first resonance in the
S-wave case;

ii) then we substituted myy/E? + I'} for r~2 in the two-loop expression for running oy [8].

One gets ag = 0.213, ag = 0.201 and ag = 0.195 for m; = 100, 130 and 150 GeV,
respectively, for both 't = T'(t - W+ +b) and Iy =T (t - W+ +b) + 't — H* +b).
For m; = 200 GeV we get ag = 0.179 in the former case and ag = 0.177 in the latter.

Results for the cross-section ratio Ry = op(yy — tf)/o(ete™ — p*pu~) are plotted as
function of E [in GeV], the energy above threshold, for m; = 100, 130, 150 and 200 GeV in
fig. 3. The contributions of hard gluon exchanges and gluon bremsstrahlung to the cross
sections are included through a correction factor [12]

_ 16 ag(4m})
J— (4.8)



The dashed lines again represent the Born result. The following observations should be
noted:

o The P-wave production cross section right at threshold is rather small compared
to the S-wave case. That is not surprising on quite general grounds: for the P-wave
production cross section opens up very gradually at threshold, namely like 32 for the Born
- contribution or like o after summing over the colour Coulomb exchanges between the 7
pair viz. 8 or ag for S-wave production. The threshold enhancement due to the strong
.. final state interactions is relatively much larger in the P-wave than in the S-wave case, yet
it still yields a much smaller P-wave than S-wave cross section.

o A single resonance peak appears and even that only for the light top quark case of
“m; = 100 GeV. This as well is easily understood qualitatively: due to the slow opening

-of P-wave production close to threshold — as mentioned above — only the spectacular
- resonance peaks can then surface. This also implies that perturbative QCD will yield a
satisfactory description of P-wave production for lower values of the top mass than for
S-wave production.

o The height and width of the resonance peak - if it is there — is sensitive to the size
of T'y, i.e. whether |V(¢b)| is indeed very close to unity and/or whether there are other
significant channels available for top decays.

5. Top Production in the Collisions of Polarized Photons

In the preceding sections we have treated the S-wave and P-wave case separately and
for a fized c.m. energy. We will describe now how the use of polarized photon beams will
indeed allow to distinguish S-wave and P-wave production; we will also address the issue
of the monochromaticity of the photon beams.

The Born cross section for the production of top quarks in the collisions of polarized
photons is given by [13]

2
olyy =+ tt) = W;,f {2(3 — %) log %—é—g —48(2 - B) + 460¢D (3ﬂ ~log %)
114 1 )
- (‘w + ;ﬁ) [;f; (6767 - 676”) + 26¢. (&7 + cé’*’))] } !
(5.1)
with -
V= Gy P=VI-4mi/WE R =Neej. (5.2)

W is the c.m. energy of the reaction and e; [N¢] the charge [colour factor] for the outcoming
particles (e; = 2/3 and N¢g = 3 for top quarks); (; denotes the helicity of the top quarks
whereas the photon helicities are expressed by the Stokes parameters ¢’s defined in ref. [14]:
§§1) and 552) denote the degree of circular polarization whereas f{l’z) and §§1'2) represent the
amount of linear polarization of the two colliding photons. We will focus here on circularly
polarized photon beams since laser backscattering appears to be able to produce them;
therefore we will set £§1'2) = {gl’z) = 0 throughout this paper.
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We are actually treating top production near threshold where 8 <« 1 holds; summing
over the quark helicities we obtain

ruma = TR (14 e0e) (84 20) + (- ) 2] 69)

If the two photons carry the opposite helicities, i.e. for fél) . §§2) = —1, the t pair is
" produced in a pure P-wave state with op(tf) oc #3. It is easily understood why S-wave
"“production vanishes for such a configuration: for the initial state then carries two units of
angular momentum which cannot be made up by the two spin 1/2 quarks in an S-wave.
" .If on the other hand the two photons carry the same helicities, i.e.for 55” . 52(»2) = +1, the
tt pair is produced in an S-wave state with og(tf) o §.

It is worth mentioning here that the quark helicity {; enters the expression for the cross
section only in the combination (; ( gl) + fgz)). This is due to parity invariance and Bose
statistics for the photons.

The photons that can be produced from polarized electron and positron beams via the
backscattering of laser light are circularly polarized. The corresponding differential Born
cross section is given by [5,13]

do(vegyep = 1) 2102R _ [2—28% — (1 — E6() (1 + 2 cos? 0)(1 — 26° + 7 cos? )]
dcosd e b (1 — B2 cos? §)? '
(5.4)
Near threshold (8 <« 1) this expression and its interpretation simplify considerably: for
fél) = _52) = + 1, i.e.P-wave production, one finds do/dcos§ ~ sin?#@ (the forward ¢,
production is forbidden because of momentum conservation); for fél) = 552) = £ 1 on the
other hand, i.e.the S-wave case, one obtains a practically isotropic angular distribution.

The answer to the question whether S-wave and P-wave production can be separated
experimentally depends on two factors, namely on the relative size of the two cross sections
and on the degree of polarization that can actually be achieved.

As can be seen from figs. 1-3 the P-wave cross section is at most a factor of 10-20
smaller than the S-wave production (with the exception of the lowest resonance peak for
m; = 100 GeV). Therefore the degree of the photon polarization, {2(,1'2) has to exceed
95% to suppress the S-wave contribution below that for the P-wave case. Assuming that
electron beams with 90% polarization will become available one expects that high energy
photon beams can be prepared with ~ 97%. This would indeed provide more than adequate
suppression of the dominant S-wave production! The subsequent discussion on the energy
distribution of the photon beams will show, as a by-product, that the anticipated S-wave
and P-wave excitation curves will actually be more comparable in size thus facilitating
their separate measurements.

In the previous sections we have described top production in the collisions of vy beams
with a fized energy. This is of course a vast oversimplification of a rather multilayered
situation: the photon beams will exhibit a certain energy distribution. The real question
then is how wide or how narrow the effective luminosity curve is in energy. There are
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two concerns one has in this context: Firstly, if the luminosity distribution is too wide,
then the threshold enhancement gets very much diluted thus decreasing the sensitivity
of the observable excitation curve to m; and ag. Secondly, in that case the production
cross section would be involved at intermediate energies that are beyond the threshold
region proper, yet still not high enough for the Born result to provide a satisfactory
~ approximation; that is where relativistic corrections due to finite width effects etc. come
into play; those have not been included in our result. It is clearly quite premature to
.. attempt giving a final answer here concerning the width of the luminosity distributions.
- Yet the present thinking suggests that
(1) polarized photon beams will actually be more monochromatic than unpolarized pho-
~“ton beams if the circular polarization of the laser beam is set opposite to the longitudinal
polarization of the electron beam [5,6]. Technically one would proceed as follows: to obtain
~ the highest degree of monochromaticity of the high energy photon beam one sets the circu-
lar polarization of the two laser beams — {(laser 1), {(laser 2) — opposite to the polarization
of the electron and of the positron beams — Pol(e~), Pol(e*) —i.e. £(laser1)- Pol(e™) < 0
and £(laser2) - Pol(e*) < 0; S-wave tf production (with J, = 0) can then be studied
if both lasers are tuned to have the same circular polarization: ¢(laserl) = ¢(laser 2);
P-wave production is then obtained through flipping both the polarization of the electron
beam and the laser beam backscattering from it s.t. ¢{(laser 1) - €é(laser 2) < 0 holds while
(laser 1) - Pol(e™) < 0 is maintained.

(i) However even so the luminosity curve will not be extremely narrow; it is expected
to possess a full width at half maximum of 10-20 GeV.

Such a luminosity distribution has then to be folded with the relevant v+ cross sections.
In figs. 4 and 5 we show the resulting excitation curves for S-wave and P-wave production
for m; = 100 GeV. We plot the cross sections vs. the energy above threshold of the
electrons used to produce the polarized photons, and take into account the appropriate
luminosity distribution given in the first paper of ref. [5]. We note that one can achieve
a high monochromaticity only at the cost of luminosity. In general the luminosity will
go approximately as the square of the energy spread. In these conditions, for the S-wave
case there is no sharp rise to a plateau passing through the threshold region, and the loss
of luminosity may decrease the cross sections up to more than one order of magnitude,
because only a fraction of photons are close to the maximum energy. The curves are rather
similar for other values of the top mass. From these figures we can draw the following
conclusions:

o The resonance peaks have been averaged out. That had to be expected since they
require an energy resolution of better than 1 GeV. The excitation curves have then basically
lost their sensitivity to the top decay width and to |V (tb)].

o Nevertheless the very sizeable threshold enhancement has survived this averaging
and the sensitivity to ag.

These curves show the trend of the effects; however their specific details should not be
viewed as exhibiting the final answers. For we should however keep two things in mind for
a proper perspective:
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- It would be rather premature (and for these authors also quite inappropriate) to make
definite claims about the energy resolution for photon beams that might be achievable ten
years from now.

— If however in the end the energy spread cannot be suppressed below 10 GeV, we
have to implement a fully relativistic treatment of S-wave as well as P-wave production to

. gauge the precision of our numerical results. Some relativistic corrections (like the large

~ momentum contribution proportional to the decay width or a relativistic expression for

_-the quark propagator) remain numerically insignificant. Others however that are due to

-- the “running” of the decay width T;(p?) could be potentially sizeable; unfortunately no
consensus has developed yet on this subject; see however [15].
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6. Conclusions and Outlook

 Backscattering polarized laser light off polarized electron beams appears capable of
achieving feats that look like miracles performed by Aladdin’s lamp:
o The effective luminosity might well exceed that of direct e*e~ annihilation. A lumi-
‘1iosity of 10%3¢m™2s™1 actually appears feasible for such a v+ collider.
# A relatively high degree of monochromaticity for the resulting photon beams is ex-
~ pected. '
o The photon beams are highly energetic and circularly polarized!
All these properties are essential for the analysis that we have discussed here to become
feasible:
- — Controlling the polarization of the photon beams allows to separate cleanly S-wave
- and P-wave production of top quarks.

— The relatively good energy definition of the photon beams lets us extract rather
directly the threshold enhancements.

— Comparing the values for m; and ag obtained from 4+ collisions with those from
ete™ annihilation provides us with a crucial systematic cross check on the accuracy with
which we have determined these fundamental parameters.

— At present it seems overly optimistic to hope for an energy definition of 1 GeV or
better in 44 collisions — or in e*e™ annihilation for that matter. In that case one will be
unable to observe the rather dramatic resonance peaks, as shown in figs. 1 and 2. This is
- a pity since it is unlikely that I'; — and thus |V (¢b)| — could be measured in any other way.

— Extracting m; and ag from P-wave production presents us with another systemat-
ically quite independent determination. As stressed before it probes quite different and
novel features of QCD dynamics, as contained in the second space derivatives of the ¢
Green’s function as opposed to the average of this Green’s function that determines S-wave
production.

It has to be understood that we have outlined here a general program rather than
presented the final algorithm. In particular as far as P-wave production is concerned we
have employed a prescription that attempts to mimic some aspects of the scale dependance
of ag, but clearly does not fully incorporate it. Applying it to the S-wave case where we do
know the numerical answers shows that the height of the resonance peaks are overestimated
by a factor of up to two. However we expect much smaller errors in P-wave production
since the resonance peaks are much less prominent there as shown above. The “plateau”
heights in the S-wave case between and above the peaks on the other hand show a much
smaller sensitivity to the scale dependance of ag; we expect this feature to hold for P-wave
production as well. Nevertheless it would be highly desirable to obtain an algorithm that
implements the “running” of ag in P-wave production [16]. We believe that our discussion
gives ample motivation for undertaking such an arduous task.
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Figure Captions

. 1 — The cross-section ratio Ry = og(yy — tt)/o(ete” — utu~) for S-wave pro-
duction and Standard Model top decay is plotted against E in GeV for m; = 100,
130, 150 and 200 GeV. The solid lines show the full result; the dashed lines show the

- Born approximation.

. 2 — Same as in Fig. 1, however with a top decay width that is assumed to be 50%
larger than the SM width.

3 — Same as in Fig. 1, but for P-wave production.

4 — The cross-section ratio Ry = og(yy — tt)/o(ete™ — ptp~) for S-wave produc-
tion is plotted against the energy above threshold of the electrons E, in GeV for m,
= 100 GeV after smearing the incoming photon energy by 16 GeV. The solid line
shows the full result; the dashed line shows the Born approximation. We assumed a
laser photon beam energy of 3.00 eV.

. 5 — The same as in Fig. 4, but for P-wave production.
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