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1 Introduction. 

A fast luminosity monitor based on the Bremsstrahlung process 

e~p-^ie~p (1.1) 

was proposed for the HERA-collider in [l]. The idea is to consider events 
where the photon and the outgoing electron are detected in coincidence. 
Although both the electron and photon will be produced highly collinear 
with the incoming electron it will be possible to detect them. The photon 
namely escapes the beam pipe through a small window and the scattered 
electron will be deviated from the direction of the noninteracting electrons 
by a magnetic field because of its energy loss during the interaction. 

In this paper we compute the production rate of the process 

e~{Pi)p{P2) -+l{Pz)t~{p*)p(Pt) (1.2) 

with the following experimental constraints 

8 < E3 < 14 GeV 

16 < EA < 22 GeV 

0 < flu < 0.2 mrads (1.3) 

0 < On < 25 mrads 

The pi between brackets are the corresponding four-momenta and % de
notes the opening angle between the (three-) momenta P,- and P, in the 
HERA-frame. The lower limit on the energy of the photon avoids an in
frared singularity. Special attention will be paid to the numerical evaluation 
of the differential cross section in order to implement it in an event gener
ator. 

The outline of this paper is as follows. In section 2 we discuss extensively 
the phase space integration. In particular we discuss the method used to 
incorporate the experimental conditions (1.3) in the integration boundaries 
of the kinematical variables. In section 3 the matrix element is discussed 
and finally in section 4 the results and the conclusions are presented. 
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2 Kinematics. 

In this section we describe the phase-space integration. Eventually we will 
use a Monte Carlo method for the numerical integration of the matrix 
element squared. We consider the process (1.1). 

Using standard techniques [2] we can write the three particle phase-
space in terms of four invariants Si, ti, si, t2 : 

ƒ 
d*Pi <Pp2 dsj>i 4 , 

w f d$2 dt\ ds\ dti 
/

ds-> dU dst dU 
I (2-1 

16y/X{s,m\,ml)J yj'-^*{p\,P2,Ps,P*) 

The invariants are defined as follows: 

si = (Ps + P*)2 

*i = (Pi - P3)2 

«2 = (P4 + P5)2 

h = (P2-P5)2 (2.2) 

Furthermore we have used the function \(x,y,z) = (x + y — z)2 — 4xy. 
Finally the Gram-determinant A4(pi,p2>P3>P4) is defined as: 

A4(PI,PJ,P3,P<) =det |p<-p, | (2.3) 

The integration boundaries on Si, tt, a2 and tt are completely given by 
the equation &i{pi,P2,p3,PA) — 0. This is the restriction on the integration 
domain given by four-momenta conservation. In our case however the ex
perimental conditions as discussed in the introduction restrict the domain 
of integration severely. 

2.1 General scheme of the phase space integration. 
The experimental set-up constrains the outgoing electron and photon to 
forward cones with a very small opening angle. As a consequence the 
invariants are very much restricted. For example the variable a\ which can 
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take values from m\ to [y/s — ms)
2 due to momentum conservation is now 

restricted to an interval: 

m\ < Si < max (EIE4 (013 + 014)
2) w 10 -2 GeV2 (2.4) 

The invariant t2 which is allowed to run from w 0 to « —5 is now confined 
to an interval of similar size just below t2 = 0. Another example is illus
trated by the Chew-Low plot of the invariants s2 and ti given in figure (l) 
where both the full phase-space and the area which is allowed by the ex
perimental cutoffs are displayed. From these examples it will be clear that 
the part of phase-space of interest here is only a very small part of the full 
phase-space ( in fact the ratio is of the order 10"16 ). For this reason we 
will incorporate the experimental cutoffs in the integration boundaries of 
the variables s\, t\, s2 and t2 as much as possible. Otherwise too many 
kinematical configurations generated in the numerical integration will not 
respect the cutoffs and must therefore be thrown away. In this way we are 
able to increase the efficiency. 

Due to the propagators in the matrix element it will be clear that the 
dominant part of the cross section comes from the region where the invari
ants «i, t\ and t2 are small. This corresponds to the case that both the 
electrons and the photon are (almost) collinear. Then S\ and t\ are of the 
order m\ and the momentum transfer can become as small as 10~23 GeV2. 
As was mentioned before only the cutoff E3 prevents t2 to become zero 
exactly. These small values force us to be very cautious of numerical can
cellations. In the sequel we give expressions in a numerical stable way which 
are relevant for a reliable treatment of the kinematics. 

The dominant behaviour of the matrix element comes from the photon 
propagator (tj1) and to a smaller extent from the fermion propagators 
((«i - m 2 ) - 1 , ^ 2 - 'i)_1)> In this way the boundaries of t2 are constant 
throughout the numerical integration. It turns out to be crucial that the 
boundaries tf do not fluctuate too much. Only then the ^-behaviour can be 
smoothened using a suitable mapping function. This implies that t2 is to be 
integrated out last so that the integration boundaries t2 do not depend on 
the other integration variables. Also we keep «i and tt as explicit integration 
variables to account for the fermion propagators. For this reason we have 
used the following order of integration: t2, «1, (j and s2. Bearing in mind 
that in the numerical computation the integration order is reversed we 
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proceed in the following manner: first we determine a value for 12 , then for 
«i, for tt and finally for s2 . 

The Gram-determinant ^4{pi,P2,P3,p*)cdLn be written as a quadratic 
polynomial in one of the invariants. We use the following expression: 

16A4(Fi,P2,Ps,P4) = Ps\-2Qs2 + R 

= P(*« - «ï)(*i - *J) (2-5) 

where P, Q and R are functions of *i, tt, s2 and the masses m,. The 
integration boundaries s2 define the phase-space and are given in terms of 
the other invariants. In particular we have: 

P = \{Sl,m\,t2) (2.6) 

Following the discussion in [3] we rewrite the expression (2.1) in such a 
form that s2 is expressed in terms of a new variable z. Hence: 

32 = £L±£L + £ L Z ^ c o s („ x ) , 0 < x < ! ( 2 7 ) 
Z it 

If we also rewrite the Gram-determinant in terms of z we see that the 
z-dependence of the denominator in the phase space integral is cancelled 
against the Jacobian \ds2/dx\. Hence the singular (although integrable) 
term (- A*)-1'2 is mapped away. We then find the following expression: 

TT f ds2 dt\ ds\ dt2 

16yJ\(s,m\,m\)J \/-A4(p,,pj,p3, ft) 
ir2 f dt2dsidtxdx f dt2 d»i &t\ dx 

\\J\{s,m\,m\) J yj\{si,m\,t2) 

We will use this expression to integrate out the phase space. The rather 
technical discussion of the method we used to incorporate the kinematical 
constraints in the boundaries of the kinematical invariants as much as pos
sible we relegate to appendix A. Furthermore, in the sequel we will use the 
fact that in our case m4 — mt (electron mass) and m$ = m2 (proton mass). 
Hence in the expressions derived we omit factors like m\ — m\. 
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2.2 Numerical accuracy. 

In order to see whether the kinematical constraints are respected for a par
ticular point in phase space we need expressions for the laboratory variables 
Es, E4, dl3 and du (<£,, = 1 - casOij). To evaluate the matrix element we 
will also need the energy transfer from the lepton current to the proton 
current AJS = E3 + E4 — E\ and the cosine of the azimuthal angle c+. 

Suitable expressions for the energies are: 

* 8 = ElP3 + E1Pl
 ( 2 9 ) 

&E = Es + Ei-Ei (2.10) 
P2(«i - m\) - t2{P, - Pt) 

2{E1P2 + EiP1) 
(2.11) 

The last expression for the determination of AE is to preferred because 
AE can be of the order 10~9 GeV. Hence first calculating Et in a similar 
way as for E3 and then numerically determining the difference E3 + E4 — Ei 
would involve a loss of around 10 digits in accuracy. 

In computing the differences dï3, du and dM it is possible to loose 5 
digits in a single subtraction. For the input parameters like the experimen
tal constraints a Taylor expansion solves this problem easily though. For 
other expressions it is often possible to derive a (more) stable expression 
analytically e.g. 

d34 = 1 — C34 

= 1 — (CisCl4 — S13S14) 

— (C13^14 + C\is\s) 

1 + Ci3CU — S13SU 
(2.12) 

(dj = costf,, and 3tj = y/l - c}}) 
Another example is provided by ĉ  which tends to equal - 1 . A conve

nient expression is: 

2 _ ~ (•M<*13><*H»jW + 2di3di4(fM) 1" c>= (w* (2-13) 
Hence all the terms of order <f,? can be collected in a A-function. 
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This is not difficult to understand if one realizes that in the limit </tJ —• 0 
equation (2.13) reads 

fï^p = V-*M»*?«.4J + 0 ( - y (214) 

( s*j = 2d,-j + 0(dfj) ). This is just the area of the surface spanned by 
the unit vectors (P1/|P1|,P3/|Pj|,P4/|P4|) in the limit were the curvature 
of the surface can be neglected. 

2.3 

As was mentioned before we give the explicit expressions and calculations 
in an extensive manner in appendix A. This has been motivated by the 
many subtle problems we have encountered in setting up a stable numerical 
procedure for the integration of the matrix element over a region of the 
phase space that is an exceedingly small part of the full phase space. 
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3 The matrix element. 
In this section we discuss the matrix element. For the kinematical region we 
are considering it is only necessary to consider radiation from the lepton 
current. The reason for this is that if the photon is emitted from the 
incoming or outgoing hadron it must have an opening angle with the hadron 
which is very close to ir due to the cutoffs imposed. But in that case the 
momentum transfer is much larger than in the case where the photon is 
emitted by the electron and we can safely neglect this contribution to the 
cross section. The contribution from Z-exchange is suppressed by a factor 
tj/M%; hence can be neglected as well. 

This leaves us with the two diagrams as shown in figure (2). The am
plitude for the lepton side reads: 

«(*) (3.1) Af = u{p4) i— _ - y + Y—; — - 4 

The lepton tensor is then given as: 

L^=E^rwr (3.2) 
pel. 

The hadronic structure functions WX,W2 are introduced by writing the 
hadron tensor as: 

W" = 2ql(g'u'-^f\wl (3.3) 

with <£ = p£ - p£. 
(We adopt the convention as used in ref. [3] that is, the normalization is 
such that for spin-1 point particles Wx and W2 are both equal to one.) 

For the case of elastic scattering we use the dipole formfactors F\, F^: 

w> = ( r 1 + *,w(,__i_) (3.5) 
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with 

* - ( l - £ ) " (") 
F2 = iCpF, (3.8) 

where KV is the anomalous magnetic moment of the proton, KP — 1.792 and 
Hd = .71 GeV2. 

In ref. [3] the 2-photon subprocess *y*"/* —* M~M+ 1S discussed in great 
detail. Special attention was paid to the problem of large numerical can
cellations due to gauge invariance. For the same reason we have expressed 
our results in terms of Levi-Cevita tensors as much as possible. The main 
advantage of this approach is that the expressions become manifestly gauge 
invariant. We will show that the Levi-Cevita tensors are also useful to han
dle cancellations which appear in the case that all momenta are collinear 
(pf = (Ei,0,0,Pi), i=l, ...,5) or almost collinear. 

The result for the 2-photon process can be used for the (quasi-)Compton 
scattering proces cy* —• cy, cy —• cy* we are interested in. This is done 
using crossing and putting one of the photons on its mass-shell. The result 

, w _ MlWl + MtWt 

with 

M, = -3292
2{((p3-<72)Mp3-Q)2)((p3-Q)2 + (p3-tt)2 

- Q\2m\ + q\)) - 4m\(p3 • Q)\2m\ + q\) } (3.10) 

M, = -64 { ((ft • q2f - (ft • QY) ( - ^ " ' W - €**«'«„,,J 

- 2m\ ((ft • Q?*"»"*^ + I {e^^eP392Qfiy) } (3.11) 

and (?" = p? + p?. 
It can be shown that in the case that all momenta are collinear only the 

components L11 and L M are nonvanishing: 

L " = L " = -*{ElEi ~ PIPA) (3.12) 
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This implies that in the collinear case Mt becomes zero while M\ reduces 
to the simple expression: 

Mi = 512q\ 3 l 4 n 1 ^ - ^ V- (3.13) 
m i 

In other words, there is a radiation zero for the scalar part of the hadron 
tensor (for a more extensive discussion of radiation zeroes see for example 
[4]). Expression (3.13) together with the radiation zero of M; can serve as 
a powerful check of the numerical evaluation of the matrix element. 

A closer look at M2 (eq. (3.11)) reveals that it consists of three terms 
which vanish independently for collinear momenta. This is obvious if one 
notices that the components of the vector oM = ePiP>Pktl are equal to zero 
for fi = {Ei,O,0,Pi) ( ij,k = 1.....5). From eq. (3.11) we then find 
immediately that both the determinants 

e tPaP3«aM 

c ^ ' W , , (3-14) 

vanish for collinear momenta. Although it is for the third term not as clear 
as for these determinants it can be verified that also 

(P3 • 0) V " " ' w , + I (e™«"eM3Q»Y (3.15) 

vanishes in the collinear case. 
If one naively expresses the terms (3.14, 3.15) in terms of the invariants 

«i, ti, s2 and t% it is found in the numerical computation that indeed the 
term AfjWj drops several orders of magnitude for collinear momenta but 
one the other hand is still larger than M\W\ (eq. (3.13)). This is mainly 
due to large numerical cancellations between Et and (P,), which can exceed 
the precision of the computer. As a consequence the matrix element is 
overestimated. 

In order to avoid this problem we derive expressions for the components 
of the vectors a? = eP2piP''' which depend almost only on the combinations 
Ei-{Pi)t, {Pi)z and (P<)v- These expression are given in appendix B. Hence 
all the important cancellations can be dealt with, especially those between 
the two terms in equation (3.15). Furthermore, all the terms can be shown 
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to be proportial to s^. This gives us the proper behaviour of the radiation 
zero which does not depend on significant cancellations. 

It is noted that problems of this kind occur only very near or at the 
boundaries of the phase space. 
(The Gram-determinant A4 = ^rinV3Plipinnpt equals zero in the collinear 
case too). 
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4 Results and discussion. 

We now present our results for the process 

e-p-+~te~p (4.1) 

For the integrated cross section (using the kinematical range as given 
in (1.3)) we find: 

o(e~ p -v -7 e" p) = 23.42(1) 10"" cm"2 (4.2) 

In figure (3) the differential cross sections 

do do 
dE$ dE\ 
da do 

d$i3 dffu 
do do 
5ê7 ' dAË' 

{AE = E3 + E4- Ei) (4.3) 

are shown. It can be shown from figure (3.a) that do/dEs shows a typical 
Bremsstrahlung behaviour i.e. it is proportional to E$l. Furthermore, 
because do/dAE is sharply peaked around AE = 0, as can be seen from 
figure (3.f), it can be understood that do/dE* increases with increasing E4 

(viz. figure (3.b)). The behaviour 

do 
d$i3 
do 

dJTi 

< 0 

< 0 (4.4) 

(figure (3.c,3.d)) is due to the fact that the momentum transfer \tj\ is small
est for small opening angles 0i$ and 9\A (viz. eq. (A.20,A.23)). For the same 
reason ĉ  = - 1 is favoured (figure (3.e)). 

Numerical estimates for the process (4.1) using the Bethe-Heitler equa
tion [5] were used in [lj. The Bethe-Heitler equation describes, in our case, 
the scattering of an electron on a fixed target (taken to be a static, point
like and spinless "proton"), thereby emitting a photon. As a consequence it 
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gives the contribution to the cross section due to the scalar part of the pro
ton (which is proportional to W2 (eq. (3.4)) in the rest frame of the proton. 
It also implies exact energy conservation at the lepton vertex ( AE — 0 ). 
As is clear from the previous discussion this is expected to account for the 
major part of the cross section. The integrated cross section as given by 
the Bethe-Heitler equation for the kinematical range 

8<-Es<14GeV, E4 = El-Es (4.5) 

(no constraints on the opening angles), reads 

o{e~ p-»^e" p)B-H = 24.66 10~27cm"1 (4.6) 

Hence a difference of approximately 4 % compared with the result (4.2) 
To conclude our results we would like to mention that we have casted 

our calculation in the form of an event generator using the package of Kawa-
batc [6,7]. The results for a sample of 10s events are shown in figure (4). 
Using the event generator it is straightforward to add additional cuts to 
the ones used sofar. This makes it possible to use the results obtained in a 
detector simulation. 

In a forthcoming paper we will discuss the contribution to the total 
cross section of the production of -7 e~ via the channel 

e"p->fe~"X (4.7) 

Also a discussion of the radiative corrections to (4.1) will follow. 
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A Appendix: Kinematics. 

For the full phase space it holds: 

tf = 2m\-
(s + m\ - ml)(s + m\ - Si) =F y/\(s,m\,mf )A(«,m|,«i) 

_ 

It can be shown that 

(A.l) 

for 2 

"^ < «i < (v/s - "*s) (A.3) 

The equal sign in equation (A.2) holds if s\ — m\ — m\. 
Furthermore it holds that, for the interval (A.3), 

Hence: 

t~2 = ${,;) (A.5) 

Instead of using the lower limit sj~ = m\ we can determine tho bound
aries tf more accurately by tailoring 5J" with respect to the kinematical 
constraints (1.3). We have 

*i = (Pi + Pt)2 

= m2
4 + 2Es{E4-P4cu) (A.6) 

where we have used the notation c,;' = cos0j,,s,; = J\ — c?.. Also all 
variables, as far as they are not relativistically invariant, are understood to 
hold in the laboratory frame. In addition: 

C34 = *13*14<V + c13Cl4 (A.7) 
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(c,p is the cosine of the azimuthal angle <f>) 

The variables in equation (A.6) are Et, E*, Ci3, cu and ĉ . We will 
assume that no restriction is imposed on e*; hence it can take all values 
between —1 and +1. Then, for example, the function e^Cu) describes an 
ellips if In and 4> are kept constant. 

The minimum and maximum of ay read: 

sf = m\ + 2Et (Ét - Pfc^) (A.8) 

(f? = El 
with 

and 

m\) 

C34 = < 

CS4(CI3> C14> c* ~ ! ) 'f c13 < c14 
c ^ f e c\4, c+ = 1) if crs > cj, 
1 otherwise 

C34 = 

c34(c13>c14»c* = " I ) >f c13 < _ c 1 4 

—1 otherwise 

(A.9) 

(A.10) 

For the kinematical constraints (1.3) the case 

= +1 
C34 = cu(cu,clAyc+ = -1) 

occurs most frequently. Furthermore it holds 

p - = -2JE3P4 < 0 
OCu 

(A.11) 

(A.12) 

2E3 
- ( # 4 ~ PA) if C34 = 1 

{yjE\ - m\ - E4Ê4
lyjÈ4 - m\) \iO<cu<l 

\PA + E4\C*4\) i fc 34<0 

with É4 = m4/s34. 
Hence we must distinguish the following cases in order to determine E4. 
For the minimum sï we have: 

1. 4 4 = 1 
É4 = EX (A.13) 
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2. O < c$4 < 1 : 

EA = 

3. 4 , < O : 

And for the maximum sj": 

1. c;4 = 1 : 

2- 0 < Cj4 < 1 : 

E; if £ 4 < £4" 
Ë4 if E4 <E4< Et 
E4 , otherwise 

£4 = £4" 

E4 = £4-

(A.14) 

(A.15) 

(A.16) 

£ 4 = < 

3. C34 < 0 : 

Et 
E; 
Ef 

if £4 < E4 

if £? < £ 4 (A.17) 
for «ifJS^cjJ > ^ ( i ^ , ^ ) otherwise 

£ 4 = £? (A.18) 

This enables us to find the minimum and maximum of st as determined 
by the kinematical constraints. Of course the minimum and maximum 
thus obtained, should be checked against the boundaries of the full phase 
space (A.3). In practise however, this does not impose any additional con
straint. 

We now use aj" to find the boundaries t*(*f) as given in the equa
tions (A.l, A.5). Both ^(sï) will need special care, t^fa) because of 
large cancellations and t2{sl)~ because it gives a too small value (« —s) 
to be of any practical use. The first objection however can be remedied by 
rewriting the expression as: 

ttW = (A.19) 

-2ml(sï - mJ)J 

)J\(s,m\,ml)\(s,6Ï,ml) + (s + ml - m\){a + m\ - «J") - Asm\ 
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As far as the determination of tj is concerned it is possible to find a more 
accurate estimate for the lower boundary of t2 than t2 (sï). 

According to the definition of t%: 

*2 = (P2-P5)2 

= {Pi-Ps-Pi)2 

= m\ + «x - 2(pi3 + pi4) (A.20) 

( Pij = Pi -Pj)-

If we regard sx, p13 and pu as independant variables (which is an approx
imation of course) we can give a lower limit of t2 which is expected to be 
only slightly smaller than the exact lower boundary: 

We use 

(dti = l - c „ ) . 
It then holds 

with 

*ï = mJ + «7-2(pJ, + jif4) 

Pis = Ei(Ei — PiCu) 

- E ( m* l Pd ) 

Pu — E\E*~ P1P4C14 

Et + P4 Ei + Pi u 

_+ _ F + { m i | pd+\ 
*» " *» \El + Pi+Fldu) 

PXA = Pi4{E4,cï4) 

f Ei if E°4 < E; 
É4 = I El if E\ > Ei 

I Ei for pi4{Ei, eï4) > p u (£?, c^), otherwise 

(A.21) 

(A.22) 

(A.23) 

(A.24) 

(A.25) 

(A.26) 

(A.27) 
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To summarize, we will use the following estimate for t2 : 

t~ =. m\ + s~ - (A.28) 

The inverse of equation (A.l) is used to determine sf after having fixed a 
value for tt. 

sf = 5 + m\- (A.29) 

{s + m\- m\){2m\ - ts) ? y/fö - Am\t2)\{s,m\,™X) 
2m\ 

Because sï(tt) < m\ it is not necessary to evaluate $J~. It is important to 
realize that 

Hm«+(*,) = m? (A.30) 

Hence a cancellation of order a/m\ occurs and it is better to rewrite sf l.i 
the following form: 

't = m i+ (A-31) 
\l{t\-Am\t2)\($,m\,m\) + t2{s -m\ + m\) 

_ 

The boundary s\ is to be checked against the boundary sj" from equa
tion (A.3) to see whether the upper limit is restricted more after having 
fixed a value for t2. As a lower limit, sj from equation (A.8) is used. 

The invariant *i can be written as a function of t2 and «i. 

t\ = m\ - ^ ^ i ( , + m\ - m\ - yj\(s,mlml)) 

^i1- PFÏÏI) (A-32) 
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Again these must be compared with the boundaries as obtained using the 
kinematical constraints to eliminate any redundancy. 

*i = ( P i - P s ) 2 

= m\-2E3{E1-Picn) 

tf = m\-2Ef(^T- + P1d^ (A.33) 

Finally a value for s2 must be fixed. This is done using the variable z in 
equation (2.7). The boundaries sf{si,ti,t2) as given by four-momentum 
conservation only are determined by the equation 

A4(s2) = 0 (A.34) 

The corresponding boundaries of x read 

x- = 0 

z+ = 1 (A.35) 

The boundaries of s2 as given by the cutoffs can be calculated using 

s2 = (P4 + P5)2 

= (PI + P J - P S ) 2 

= s-2E3\E2 + P2 + ^ ^ - (P2- Pt)d13) (A.36) 

where we used that c23 = —C\$ (head on collision). Knowing that P2 > Pi 
it is clear that: 

if = a - 2E* [E2 + P2 + - 2 j L - - (P2 - pl)d*j (A.37) 

Ii should be noted that the boundaries s2 are in general overestimating 
the integration interval of s2. The reason is simply that 4 t , tx and t2 are 
already fixed at this point. As a consequence the boundaries of E3 and 
dn are in most cases restricted to a smaller region than is allowed by the 
experimental cutoffs. 
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The boundaries x± now can be adjusted by comparing the boundaries 
sf as given in eq. (2.5) with the boundaries J* as given in eq. (A.37). This 
is illustrated with the following possibility: 

s2 < s j 
4 > $ (A.38) 

This determines the new boundaries for x as follows 

x± = arccos ( a t ^ s i ) ] ^ (A.39) 
Having fixed x, s2 is obtained using equation (2.7). This completes the dis
cussion of our method to integrate out the phase space with the kinematical 
constraints imposed. 

B Appendix: The matrix element. 

We give the expressions for the epsilon-contractions as used in 
equation (3.11). 

We begin with defining the auxiliary quantities: 

Q" = PÏ + iï (B.l) 
P" = rf-rf (B.2) 

We also introduce the quantity 6p associated with an arbitrary four-vector 
p as the difference of the associated energy pe and the z-component of the 
momentum pt: 

6p = pe- p„ p = Pi, p3, ?2, Q, P (B.3) 

(Pi, i = e,x,y, z are the covariant components of the vector p"). 
Then the epsilon-contractions read: 

-Pi ((P3*SP ~ PzSps)2 + (psv6P - PySpif) 

+ ml ({P3tPy - PzvPe)
2 + {p3xPe - P3e.P*)2 - {PizPy - PSyPz?) 

+ 2p2e(Pie + Pit) * 

{{P3,P. ~ P3zPz)(P3ePx ~ PZzPt) + (P3yPz ~ PZ,Py)(p3ePy ~ PSyPj) 
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+ ml ((g2eQtf ~ qiyQe)2 + (ft.Qe - <h*Qz)2 - faxQy ~ ftyQz)2) 

+ 2pj,.(pje + Pit) * 

((ftxQ. - 92*Q«)(?2e<?» - ftxQe) + {IZVQM ~ ft*QW) (ftiQy ~ 92y<3«)) 

(p3 • Q e"3"'"')2 + \ (e""*** W Q , ) * = (B.6) 

2 (aif2(o + 2p3.«g) - m^(p3 • Q)2(g2x92» + ftyfty) + P{P + Zpse&Qi)) 

Using the expressions: 

a = PsedisQ» - PsiQ* - PsyQw (B.7) 

T = P2«tf2* + P2«tf2« (B.8) 

/? = -IPudisQ, (B.9) 

- (?2« + Pj«)(92*(P3eQ* ~ PSz<?«) + tov{PuQy ~ PZyQe)) 

~ P2*(^Q(P3iÏ2» + PSyfty) ~ P&^lsCftzQz + 9lyQy)) 

This concludes the discussion of the matrix element. 
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Figure captions 

1. Chew-Low plot of (52, f 1) showing the full phase-space and the region 
allowed by the kinematical constraints as given in (1.3) .The physical 
boundaries of ti are (approximately) - 2 1 0 - 3 < ti < 210"7GeV2 

2. Bremsstrahlung diagrams 

3. Differential cross sections as obtained by integrating the cross section 
numerically. 

a) da/dE3 (mbarn/GeV) 

b) da/dEt, (mbarn/GeV) 

c) do/dOxz (mbarn/mrad) 

d) da/dOu (mbarn/mrad) 

e) do I d cos 4> (mbarn) 

f) da/dAE (mbarn/GeV). 

4. Results from a sample of 10s events. The y-axis gives the fraction of 
events; the x-axis gives respectively: 

a) £3 (GeV) 

b) E4 (GeV), 

c) flu (mrad) 

d) 9U (mrad), 

e) cos<£ 

f) AE (GeV). 
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