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ABSTRACT 

After briefly reviewing previous work on two photon collisions at future high energy 

colliders (e+e , e p, pp, pp) a comparative survey is made of PETRA, LEP, SLC and 

HERA from the view points of luminosity, acceptance and energy range. A more detailed 

study is then presented of a 0 ° tagging system in the proton beam line of HERA. 

Bremsstrahlung background and the separation of two photon production and diffractive 

electroproduction events are briefly discussed. It is concluded that HERA gives a 

unique possibility to study single and double tag two photon physics for large centre 

of mass energies > 10 GeV. 

The interest of observing W ± and Z ° production in virtual photon e, p collisions at 

HERA is also mentioned. 

In the second part of the talk, devoted to the more distant future, the possibility 

of producing real YY or ye collisions in very high energy linear eolliders such as 

SLC or VLEPP is discussed. Both the technical realisation, by Compton back scattering 

of high intensity laser beams, and the new domain of physics which would be opened to 

experiment are considered. Large rates of single Z ° and W±production are expected in 

ye collisions well as measurable rates for W+W - pair production in yy collisions. The 

W production cross sections are sensitive to the fundamental gauge boson vertices 

yWW and yyWW. 

On leave of absence from DESY Hamburg. 
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I. INTRODUCTION 

A list of some future ( and existing) collider projects is given in TABLE I. This 

list, though certainly not exhaustive, is at least representative as it contains 

examples of all types of colliders forseen until now : 

(i) e e storage ring 

± -- 

(ii) e e 

(iii) pp 

(iv) pp 

(v) ep 

one pass linear collider 

single ring collider 

double ring collider 

double ring collider 

A priori,two photon physics is possible at any collider, though all experimental re- 
+ -- 

suits published till now (with one exception) have come from e e storage rings. By 

far the largest number of studies have been devoted to the LEP machine []],[2],[3] , 

~4], [5] . For a comprehensive survey of the various physics topics accessible at 

LEP the interested reader is referred to Davier's contribution to the 1981 Paris two 

photon workshop [5] . No further discussion will be given here except to compare in 

a global way LEP with PETRA, SLC and HERA with respect to luminosity and energy rang~ 

The linear colliders (ii) such as SLC [ 6] and VLEPP [ 7] are of interest not so 

much for "classical" 2y physics using virtual photons but because of the unique 

possibilities they offer for generating high intensity real photon beams (in arbitary 

polarisation states) which may be used to make very high energy (W > I00 GeV) real 

y¥ and ey collisions. The technique used to generate the real photon beams, as well 

as the new physics topics which can be investigated by their use, are discussed be- 

low in sections 6 and 7. In these sections I have drawn largely from previous work 

carried out both at SLAC [ 8] and Novosibirsk [ 9] [10] [11] on the technical problem 

of generating the real photon beams by Compton back scattering of Laser beams. This 

subject has also been reviewed by Kessler [ 12 ] . For the physics of very high energy 

ye and yy collisions the work of Renard [ 13 ] and Ginsberg et al [ 14 ] has largely 

been used. 

Two photon physics in pp and pp collisions has been reviewed from the theoretical 

view-point by Donnachie [ 15] and from the experimental one by Tao ~6]. Most theoretic- 

al work has been devoted to calculations [ 17] , [ 18] , [ 19] of the background dueto 
+ -- 

the 2y process pp+~ ~ pp in the Drell Yan [20] production of ~ pairs. One experi- 

ment at the ISR [21] has detected 2y production of ~+~- pairs in pp collisions 

(this fs the "exception"referred to above). More recent calculations of~+N - production 

in pp, pp and ep collisions have been performed by Vermaseren [22] . 
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As for the production of hadronic final states in 2y collisions with pp or pp colli- 

ders it has been generally concluded [ 15 ], [ 16 ], [23 ] that the two photon colli- 

sion processes would be completely overwhelmed by pomeron-pomeron fusion (Fig. I@ 

or by double gluon exchange graphs (Fig. Ib). It is interesting to note that, as 

already pointed out by Sens [24 ] , the exper- 

P p 

P p 

a} 

Fig. I - a) Pomeron pompon fus ion  
graph. 

imental data from the I.S.R. [25] on the 

reaction pp + ppX, where the scattered protons 

are detected at small scattering angles 

(t = 0.1 (GeV/c) 2) do not indicate dominance 

of pomeron pomeron scattering as suggested, 

for example, in Ref. [ 15 ]. The observed mass 

spectra for the system X at total centre of 

mass energies of 23 and 30 GeV/c 2 (Fig. 2) 

show no dominant production of states of spin 
+ 

parity O +, 2 , ... (for example fo) as requir- 

ed for pomeron pomeron fusion . Rather, copious 

production of ~o' Po' A2 is seen. There is a 

small fo signal. Since however the fo cross 

section shows the same energy dependance as 
b) Double gluon exchange graph. 

p*p  ~ pl+P2.X 
s = g40 GeV 2 
lYxl <OB 

charged mu{tip[icity 2 
enriched se[ection X=1"[*T~- 
two-body fit P(X 2) >( ]04 

enriched selection X=IT.~ 

two-body fit P(X 2) < 004  

0 1 2 3 4 5 1 2 3 4 
- -  M x (GeV) ~ - -  M x (GeV) - -  • 

Fig. f - M~s ing  mass s p e c t r a  of t h e  r e a c t ~ n  p + p ÷ p  + p + X. ISR experiment  
Ref.  [ 25 ]. The dash-dot  l i n e  i n d i c a t e s  t he  es t imated  non-resonant  
background. 
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the P0, ~0 production it can not be produced predominantly by pomeronpomeron fusion. 

It may turn out that thepomeron, which is a useful concept for describing diffractive 

scattering in the language of Regge-pole exchange,has little relevance in processes 

such as that show in Fig. la. Because of the short range = If (or equivalently large 

momentum transfer = l m ) associated with confinment effects in QCD the importance of 

a two double gluon exchange graph such as that shown in Fig. Ib in the very low t 

region where one or both protons are elastically scattered is unclear. Tothewriter's 

knowledge no QCD calculations of such processes have so far been attempted. 

Before leaving the subject of pp and pp collisions the essential conclusions of 

Ref. [16] may be restated. A very high luminosity pp collider such as the original 

ISABELLE project would have = 2X the LEP luminosity for two photon physics in the 

region of energy overlap and a much larger energy range (WMA X = 800 GeV/c 2 compared 

to 260 GeV/c2). Because of the unknown level of purely hadronic background processes 

such as these indicated in Fig. la, Ib it was concluded that 2y collision events may 

be difficult to isolate, but that the hadronic background processes are themselves of 

considerable physical interest. In contrast the luminosity of the CERN pp collider 

and the planned fermilab pp collider are too low to be of any interest for two photon 

physics, except perhaps for the detection of the 2~ final state as a luminosity mo- 

nitor. 

The writer's opinion is that 2 photon physics remains a very interesting option for 

a high luminosity pp collider. The separate lattices of the two colliding pro£on beams 

contain horizontal bends which, as in the case of HERA (see below) can be used to fa- 

cilitate O ° tagging. My guess is that processes such these shown in Fig. la,b will 

not constitute an overwhelming background, in any case, for the 2 photon events of 

the greatest physical interest e.g. those with high transverse momentum jets, or 

exclusively produced meson pairs in the final state. 

The possibility of using an ep collider to study 2¥ collisions was first suggested 

by Coignet [26 ] , and was briefly considered also by Kessler [23] . Now that the 

HERA proposal [ 27] is available a more quantitative re-appraisal of its potential 

for two photon physics is possible. In Section 2 below the luminosity and available 

kinematic range of HERA are compared with PETRA,LEP and the SLC while in Section 3 a 

first study is made of 0 ° tagging in the proton beam line. In both cases the conclu- 

sions reached are encouraging and indicate the interest of further, more detailed 

studies. Section 4 contains estimates of the background due to diffractive electro- 

production processes and beam-beam bremsstrahlung in the proposed O ° tagging system. 
+ 

In Section 5 some estimates of the production rate of Z ° and W- bosons in y e and 

y p collisions at HERA are briefly reviewed. 
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2. A COMPARISON OF PETRA, LEP, SLC AND HERA 

To make a realistic comparison of an existing machine (PETRA) with the proposed 
I 

LEP, SLC and HERA colliders an effective luminosity (arbitrarily taken to be T of 

the design luminosity) is assumed for LEP, SLC and HERA while the luminosity measured 

over a 65 day run is taken for PETRA. 

The collision energies and effective luminosities K are then as indicated in Table2. 

Using the equivalent photon approximation,the two photon luminosity differential in 

the effective mass W of the colliding 2y system can be written as : 

d£tot dL 

dW dw 
(1) 

dL 
Where ~ is a differential two photon luminosity function given by : 

where 

(2E) (~_~) (2) dLdw - 4(~)2 W1 Inim~ ) in ~2 f "'" 

f(z) = (2+z2)21n ! - (l-z 2) (3+z 2) ~ 4 In ! - 3 if z <<I. 
z z 

E is the beam energy in the centre of mass system of the colliding beams and ml, m 2 

are the masses of the beam particles. Eqn(2) does not take into account, for the pro- 
+ -- 

ton case, the effect of form factors. In Ref. (16) it is shown that for D ~ produc- 

tion in pp collisions at 2E = 540 GeV the total virtual photon flux is reduced by a 

factor ~ 4 masses of 10 GeV and a factor of ~ 7 for masses of 20 GeV. For HERA these 

factors will be reduced to roughly (4) 2 = 2 or (7) 2 = 2.6 respectively. Most of 
2 

this loss of flux occurs at large q values. In the small angle tagging system at 
2 

HERA considered below the maximum q value is ~ 0.2(GeV/c) 2. Parameterising the pro- 

ton form factor as [19] : 

2 
2 (1 + ~q-!v) 

u . /  

The maximum suppression factor expected is ~ 1.7. In order to give a realistic 

estimate of the tagging efficiency in the small angle region (Eqn 15 below) where 

form factor effects are small, the tagging efficiency is normalised to the total flux 

of transverse photons without form factor corrections. Multiplying this tagging effi- 

ciency by the total flux given by Eqn(2) then gives a good estimated of the tagged 

luminosity. I should be borne in mind however that due to the form factor effects the 

untagged luminosity may be,depending on the mass of the produced system, up to a 
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faetor of two smaller than given by Eqn 2. 

A more useful parameter for comparing different machines is the acceptance corrected 

luminosity given by : 

d£ Acc d£ TOT 

- Y% - YY A(W,E,@ c) (3) 
dw dW "'" 

where A(W, E, @c) is an acceptance function which depends upon W,E and the lower po- 

lar angle  l i m i t  @ f o r  the  accep tance  of  produced p a r t i c l e s .  
e 

The precise definition of A will depend on the fraction of the solid angle in the 

CM system that is required to be observed. Consider the production of ultra-relati- 

vistic particles in the two photon collision at an angle O in the lab system (Fig.3) 

Fig. 3 - Kinematical d e f i n ~ i o ~  in  
the lab sys£em. 

LAB 

For a given angular cut in the lab system : 

@ < @ < ~ - 0 (a symmetrical detector is 
c c 

assumed) and a given range of production angles 

in the two photon centre of mass system : 

O 1~ < 0~< w - @ 2~ (Fig. 4) there is a maximum 

boost given by the relativistic velocity Bc 

such that all particles produced in the indi- 

cated range of @~ lie within the angular cut in 

the lab. 

For fixed values of @ and ~ it is found c 01 

that : 

.os l .. ] 
¢ = 
c I + R cos2O~ 

(4) I 

~'CM / 

Fig. 4 - A n g u ~  acceptance i ~ v a l s  
in  the  lab and yy CM systems. 

( 2 I) sin2@ + cos@ tan2@~ 
Yc - c c • R = -  

cos @ 2 = y~ sin29 + cos29 tan2 @ 
C c e 

Taking for example 0 = I0 ° to correspond to 
c 

the minimum angle in a solenoidal detector at 

which detection and momentum analysis by mag- 

netic deflection is feasible, and 0~ = 45 o to have a reasonably large acceptance 

in the yy centre of mass sytem it is found that : 

I (I+Bc) , 0 • 6o 
Y =5 In 1.6 2 = 

c (1_Bc) 
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Acceptance = 72 % 47 in YT C.M. 

Here y is the laboratory rapidity of the YT system. This can also be written in terms 

of the scaled e n e r g i e s  o f  t h e  two v i r t u a l  p h o t o n s  x 1 = K 1 / E 1 ,  x 2 = K2/E 2 ( s e e  F i g .  3) 

a s  

1 Xl 
y = ~- In x2 (5) 

In Eqn (5) and in the following discussion the transverse motion of the Ty system is 

neglected. 

The luminosity function L in Eqn (I) can be written, in either of the following dif- 

ferential forms : 

I 1 d2L (c~)2(In2E)'~ m i (i 2mn~ ) [ 1+(l-Xl )2] [ I+(I-x2)2] x |  x 2 

dx I dx2 

(6) 

dydz d2L = 2~)2(1n2E) (1  2 m n ~ ) m ]  [ ]+ ( ] - zeY)2 ]  [1+ (1-ze-Y) 2] -~-] (7) 

where z = W/2E 

PETRA 

W:l GeVl¢ 2 I d~L 

-1.6 ~ /  1.6 ~) 

-~, -3 -2 -1 0 1 2 3 

Note that x I and x 2 are invariant 

with respect to Lorentz transformations 

along the beam direction if the masses 

of the beam particles and the virtual 

photons are neglected.%h~y thus have 

the same values in the lab, the colli- 

ding beam centre of mass system and 

the yy centre of mass system. 

HERA 
W= 10 GeV/c 2 

-1.6 I 

dZL 
dy dz 

1.6 
I b) 

1 2 3 ~ 5 Y 

The distribution of the luminosity 

function in terms of the laboratory 

rapidity of the yT system is shown in 

Fig. 5a for PETRA with W = 1.0GeV/c 2 

and in Fig. 5b for HERA with 

W = 10 GeV/c 2. The shape of the rapi- 

dity distribution is similar in the 

Fig.  5 - D i f f e r e n t i a l  l u m i n o s i t y  f u n c ~ o n  v ~ s u s  l ab  r a p i d i t y .  
a) PETRA, E = 20 GeV W = I GeV/c z 
b) HERA, E o = 30 GeV, Ep = 820 GeV, W = 10 GeV/c 2. The cross  ha tched  area  
i n d i c a t e s  ~ e g i o n  a c c e p t e d  by t h e  c u d  10 o <@< 170 °, 6°<@~<45 ° f o r  u l t r a -  
r e l a t i v i s t i c  produced p a r t i c l e s .  
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two cases, but for HERA the centre is displaced by = 1.6 units of rapidity because 

of the boost between the lab and the ep centre of mass system. The region of accep- 

ted luminosity corresponding to the cuts defined above is cross hatched. It is clear 

that the boost between the lab and the overall centre of mass systems at HERA causes 

a small loss of acceptance in this case. Simply a different part of the rapidity dis- 

tribution (corresponding to 2y systems moving in the same direction as the incoming 

electron beam) is sampled. However, this is no longer true for larger masses 

13GeV/c 2when the acceptance defined by the rapidity cut IY] < 1.6, is limited to 

50 %. This will be further discussed below. By integrating Eqn (7) over the accepted 

range of rapidity it is easy to obtain an analytical expression [28] for the accep- 

tance function A(W,E,0c). Here, for simplicity, it is noted that the rapidity distri- 

butions are roughly flat so that : 

Yc Yc 
A(W,E,@ c) =.A(W, Bye ) =YMAx in(l )~ (8) 

where Eqn. (5) and the relation : 

z 2 = x] x 2 (9) 

have been used. 

To compare the energy (W) range of the different machines and to see in a clear way 

the effect of acceptance cuts it is particularly useful to use the Courau plot 129 I. 

If xl, x 2 << I Eqns (6) and (7) simplify to : 

d2L = K x d C in(x~) ] d E in(x~)] (10) 

or : K' x d [In(~)] dy (11) 

In(,I 

In(~) 

In(!) 

So the luminosity function is 

proportional ,in this approxima- 

tion,to the area in a plot of 

either In( ] ) versus In(I) or 
T Xl x2 

In(z) versus y. Using Eqns (5) and 

(9) it canbe seen that these two 

plots are related to each other by a 

45 ° rotation (Fig. 6). 

Fig .  6 - The  C o ~ a u  P l o t  
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As the effect of an angular acceptance cut translates naturally into a rapidity cut 

(Eqn (8) above) different angular cuts correspond to lines parallel to the diagonal 

of the In(x~) versus in(x~) plot. The kinematic range defined by the possible values 

masslof 
o 

of the the 2 photon system, W,is delimited by straight lines perpendicular 

to the diagonal. The neglect of xl, x 2 as compared to unity in Eqns (6) and (7) is 

only important near the extremes of the rapidity plateau (see Figs 5a,b) where the 

differential luminosity drops by a factor < 2 as compared to the centre. Figs 7,8 

and 9 are Courau plots in which HERA is compared with, respectively,PETRA, LEP(~) or 

SLC and LEP (2). Because of the boost between the overall centre of mass system and 

the lab the accepted region for HERA is displaced below the diagonal. 

ECMe-Y c For masses less than = 13 GeV/c 2 (Yc = 1.6) HERA loses little acceptance as 
+ - 

compared to the e e colliders. However it is clear that for larger masses th¢~a¢¢¢p- 

tance is limited to 50 % as here the YMAX allowed by kinematics is < Yc and exactly 

the area below the diagonal is accepted. This results from the arbitary choice Of Yc 

which is just equal to the rapidity difference between the lab and ep CM systems. 

It is clear from Fig. 7 where PETRA (E = 40 GeV) is compared with HERA 
cm 

ECM = 3]4 GeV) that the effective energy range for two photonphysics increases only 

very slowly with ECM. The new kinematic region appears with only a relatively low 

luminosity. Fig. I0 indicates the great importance of forward acceptance for two 

photon physics. The Courau plot for HERA is shown with the acceptance regions corres- 

ponding to angular cuts 0 c of 2.6, 10 ° , 30 ° indicated separately. The 30 ° cut is 

typical of the first generation PETRA solenoidal detectors. 2.6 ° corresponds to the 

minimum acceptance angle specified in the HERA proposal [27] . Also shown in Fig. I0 

is the region accessible to a = 0 ° tagging system in the proton beam line, to be 

discussed below. It can be seen that tagging system covers the interesting high 

mass region from 10 to ~40 GeV/c 2 with a good efficiency. It,s acceptance is much worse 

in the low mass region from ] to a few GeV/c 2 where the effects of diffractive elec- 

troproduction background to the 2~ process are expected to be most severe (see below). 

The luminosity functions defined by Eqn 2 are shown in Fig. 11 for PETRA, LEP (I/6) 

or SLC, LEP(2) and HERA. LEP (I/6) corresponds to the probable first running confi- 

guration of LEP, with only 1/6 of the (conventional) R.F. power installed [30 ]. 

LEP (2) is the maximum energy machine that would result from full utilisation of 

superconducting R.F. 

The acceptance functions given by Eqn (8) with 0 c = 10 ° , Yc = 1.6 are shown for the 

different machines in Fig. 12. Fig. 13 presents the accepted two photon luminosities, 

given by Eqn (3), as a function of W for the different colliders. Effective ee orep 

luminosities are taken from TABLE 2. 
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In (~) 12 

W PETR/~lGeV/cZ 10 

6 

1 0 ~  4 

4o\ 

D PETRA 

D HERA 

Ycm = 1.6 "LABvH[RA = 3.2 

\ / o.o 1.6 

6 

W= 160 80 /.,O 20 10 
HERA 

D HERA ONLY 
(W>40 OeVlc ~ ) 

1'2~n (~) 

1 OeV/c z 

Fig. 7 - PETRA/HERA Comparison. 

In (~) 

WEI ~ IOeVlc' \ 
I 0 \  

8 

lO~ 
6\ 

20 \ 

/ ~0  . \ 

D LEP(116) OR SL£ 

[ ]  HERA 

O. 

-1.6 

WHERA= 160 80 40 20 10 
Fig. 8 -  LEP(I/6) or SLC/HERA Compar~on. 

\ 
1GeV/c z 
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WLEP= 1 
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~/~ LEP(2) 

HERA 

HERA 
FZa. 9 - LEp (2)/HER/', comp~.~on.  

In (~) 12 
0 ° p Tagging 

,, : ~ 
: Yc~ "1.9 ' 

8 ' ~ ' x  I 

4- " -2.O 
-3.2 

Ta g gin g - -  ~ 1~ P)~x)~x~x'~mx~,,m 
defecl-or 

'I~ In (~) 
\ 

I GeVlc 2 

HERA 

J~  74% 4"n" CM O-c: 2.6 o 

10 ° 72% 

30 ° 59 % 

In (_~) 

W= 40 10 16eV/c z 
Fig. 10 - Cowtau plot for HERA showing the e f f ec t  on the acceptance of 

d i f ferent  angular cuts, and the kinematical region covered by the 
proposed ~-0 ° proton tagger. 
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wdL dW 

~xlO -2. 

2xi0 "2. 

0.0 
SLC or LEP(I/6) 

~o ~;o oo ~o W 5eV/c 2 

Fig. 11 - D i f f e r e n t i a l  luminos i t y  funct ions  for  d i f f e r e n t  co l l i de r s ,  

A W) 

PETRA 
/ SLC orLEP (I16) 

1.0 

/ 
0;51,, HERA 

~o 4o 6'o 8o 
W 6eV/c z 

Fig. 12 - Acceptance funct ion versus W for  d i f f ~ e n t  c o l l i d e r s .  
10°< @ < 170°' 6° < @~< 450' Yc = 1.6. 
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W d~,~ cc cm -z see I 

dW 

6x10295 

(2) 

3" 

2 ~ E p (  1/6 ) 

20 40 60 80 

W GeV/c 7 
Fig. 13 - Accepted d i f f~en t ia l  luminosity versus W for d i f f ere~  colliders. 

The following comments can be made on the basis of Fig. 11, 12, 13. 

- SLC has a smaller luminosity than PETRA in the low mass region and seems of little 

interest for :'classical" 2y physics. Here however the interesting possibility of 

real yy or ye collisions (see section 4 below) should not be forgotten. 

- HERA competes very well with LEP (I/6) both from the viewpoint of intrinsic 2y 

luminosity (Fig. 11) and effective luminosity (Fig. 13). In the energy region 

W > 40 GeV/c 2 HERA is clearly superior. Both HERA and LEP(I/6) give = 3X PETRA 2y 

luminosity in the low mass region. 

- LEP(2) is superior to HERA by a factor ~ 2 in intrinsic luminosity (Fig. 11) 

and a factor ~ 3 in effective luminosity (Fig. 13). However taking into account the 

notorious difficulty that all e+e - machines have had till now to reach their design 

luminosity, and the possibility (still unknown) that the situation may be better 

for ep collisions£helevels of the various curves in Fig. 13 should be treated 

with some scepticism. In practice, the relative positions of the LEP (2) and 

HERA curves could easily be reversed. In contrast the curves shown in Figs 11 and 

12 are determined essentially by QED and kinematics and so are subject to a much 

smaller uncertainty. 
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The overall conclusion is that both HERA and the first generation LEP machines improve 

significantly over the existing machines PETRA and PEP (factor ~ 3 lin 2y luminosity 

at low masses). If LEP(2) reaches its design luminosity it will have almost an order 

of magnitude higher luminosity than existing machines at low masses. This luminosity 

will be useful however mainly for untagged physics, as is the case at existing ma- 

chines. If LEP(2) does not reach design luminosity it will have a very serious compe- 

titor in the high energy region in HERA. In any case, as will be discussed in the 

following section, HERA has quite unique features which facilitate single or double 

tag two photon physics. 

3. SMALL ANGLE TAGGING AT HERA 

The beam transport system forseen ~7] for a HERA interaction region is shown in 

Fig. 14. The 820 GeV proton beam crosses the 30 GeV e ± beam horizontally at an angle 

of 20 mrad. Immediately after the beam crossing the proton beam is bent back parallel 

to the electron line by a horizontal bending magnet. It is this horizontal bend which 

makes possihle = 0 ° tagging for the scattered protons. 

Before discussing the tagging system in more detail some comments should be made on 

the kinematics of two photon collisions at HERA. Fig. 15 shows, in the ep CM system 

the configuration of an 2y collision event resulting in the production of a system 

of mass 10 GeV/c 2 at rest in the lab 

/ ~ - ~ _  E :0 96GeV system. The energies of the virtual E, 
:157GeV ~'~-~ ~_ ~ X,=0.0061 photons radiated by the electron and 

@ $ ~ _ _ _ _ ~  proton are, respectively, 26.2, 
E~= 26.2 G Ep =157GeV 

X, = 0.167 - ~ ~- ~f--~ 

Fig. 15 - Kinematics of a t yp i ca l  2 photon 
event a t  HERA in  the ep CM system. 
W=10 GeV/c 2. The produced system 
i s  at  r e s t  in  the lab. 

0.96 GeV (x 2 = 0.167, x I = 0.0061). 

If YCM is the rapididty difference bet- 

ween ep CM and the lab and 0e, @ are 
P 

the electron and proton scattering 

angles in the ep CM system, the cor- 

responding angles in the lab system 

are : 

0e eTCM @~ @~ 
0e = ~ = e = 5.0 x e 

@~p -YcM ~ 

~p YCM(I+BcM) e @ = 0.2 x @ P P 

(12) 

Since, as pointed out above, YCM = 1.6. 
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Eqns (12) imply that both small angle proton tagging (where protons are detected at 

angles < 0MA X) and finite angle electron tagging (where electrons are detected at 

angles > 0MI N) are more efficient than would be the case if the ep CM system were at 

rest in the lab : 

YCM = 0 YCM = 1.6 

proton angular acceptance : 0 < 0 < 0~iAX 0 < 0 < 50MA X 

electron angular acceptance : @MIN < 9 0.20MI N < 0 

The kinematical effects of the 20 mrad crossing angle are very small and so are ne- 

glected in Eqns[12 ]. 

If the protons are scattered at angles which are smallcompared to the angular di- 

vergence of the beam at the interaction point, which is given by [27] 

(% 
x 

Y 

-5 
= 3.9 x 10 rad 

= 9.0 x 10 -5  rad 

(horizontal) 

(vertical) 

the trajectory of a proton withagiven fractional energy loss x I can be simply cal- 

culated. The horizontal displacement at a given position in the machine is given by : 

d = D x x I (13) 

where D is the horizontal dispersion function. D 
x x 

of a HERA interaction region is shown in Fig. 16. 

in the proton beam line downstream 

To have the greatest sensitivity to small values of x I the detector should be placed 

near to the maximum of Dx, which is about 100 m downstream of the interaction point. 

Other detectors, closer to the interaction point, where D is smaller will then be 
x 

sensitive to larger values of x I. The smallest value of x I which can be detected is 

limited by : 

(i) The intrinsic energy spread in the proton beam : 

= 1.4 x 10 -3 |271 (-2) 
p beam L ~ 

(ii) The transverse beam dimension at the position of the detector. 

If the detecto~ is placed too close to the beam the lifetime of the latter will be 



286 

N 

X 

W 
~ E 

"2. O 

\w  --I 

0 

II 

td 

0 
v , -  

0 

c 

E 

c~ 

II 

N 

X 

0 

t~ :g 
II 

N 

X 

x 

LU 

I 
E 

E 

I 
E 

@ 
@ 
@ 

E~ 

E N 

u 

1= 
I . .  
0 

144 

S, ° 

rg 

rg 

I 



287 

limited by interactions of the tails of the beam distribution with the detector. In 

practice the detector should not be closer to the beam than : 

o 
Dx Cp--~) + no (14) 

beam x 

where O = transverse beam size 
x 

= 0.069 /-~x (o x in m m, E x in m) 

E is the horizontal beam envelope function shown in Fig. 16. n should be in the 
x 

range 5-10 to ensure negligible beam losses. 

The largest value of x I that can be detected for = 0 ° scatters is determined by the 

position of the downstream bending magnet and the radius (3cm) of the vacuum pipe. 

This last parameter can clearly be made more flexible by installing a special section 

of beam pipe of larger radius. 

By placing 3 detectors at distances of 55 m, 75 m, and I00 m downstream of the in- 

teraction point it is possible to cover the range 

0 . 0 0 3 2  < x 1 < 0 . 1 1  

in fractional proton energy loss (or scaled photon energy). Details on the parameters 

of the tagging detectors are given in TABLE 3. 

A possible candidate detector is the Multi Electrode Silicon Detector (MESD) [31] 

which has the required property of operating easily in high vacuum conditions and 

could have a spatial resolution in the range 10-300 N. A telescope of such detectors 

could mesure both the position and angle of the scattered protons. For protons scat- 

tered at 0 ° a Imm spatial resolution corresponds to a precision in the fractional 

energy of the virtual photon of about 5% (see TABLE 3). The positions of the detec- 

tors in the lattice are shown in Fig. (16) and the corresponding ranges in the va- 
! 

riable In(x-~) are shown in the Courau plot (Fig. ]0). Also indicated in Fig. 10 is 
I 

the value o~ In(~-~-) Corresponding to intrinsic beam energy spread (~--~beam'~ It is 

clear from Fig. 14 that the tagging is effective mainly in the high W-region when 

the angular acceptance for the produced final state particles is properly taken into 

account. 

A realistic calculation of the tagging efficiency to be expected using a system such 

as that defined in TABLE 3 requires a study of particle tracking through the HERA 

beam elements. 
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Here a rough order of magnitude calculation is made by noting that the proposed sys- 

tem covers a range of horizontal scattering angles up to 0.54 mrad in the lab. An 

optimistic estimate of the tagging efficiency is given by assuming that for a given 

value of x I the whole angular range : 

0 <0< 0MA x 

is detected independant of the azimuthal angle of scattering. A more conservative 

estimate is given by assuming that only protons scattered through angles less than 

the horizontal beam divergence of 3.9 x 10 -5 radians are detected. For comparison 

the inner edge of the furthest tagging detector and the beam line subtend an angle 

of 8.7 x 10 -5 radians at the interaction point. The first estimate is optimistic be- 

cause protons can be lost if they scatter in a direction opposite in azimuth to the 

sense of magnetic deflection, the second is conservative because the overall angular 

acceptance of the tagging system is underestimated. 

The tagging efficiency corresponding to the above angular range in the lab system 

and fractional energy loss x I is given approximately by : 

= l_nn[r+1 ] - r/(r+1) (15) 
_ 1 ] ~(0 < @ < O~.£~X) [21n(2E)mpp 

where 

r = (SE0~I~X ~ 2 

\ mpX I ] 

This formula may be derived from the exact transverse luminosity function [28], [32] 

in the limit x I, 0MA X << I. The factor 5 comes from the boost between the ep centre 

of mass and the lab systems (see Eqns 12). The following values are found for the 

tagging efficiency : 

"Optimistic" "Pessimistic" 

0MA X = 0.54 mrad e~iAX = 0.039 mrad 

x I = 0.0032 0.8 (0.51) 0.33 (0.08) 

0.01 0.59 (0.31) 0.14 (0.005) 

0.10 0.19 (0.013) 4xi0 -4 8x]0 -7 

It can be seen that the small angle tagging becomes ineffective for large values of 

the fractional energy loss x I. This is because the peak in the angular distribution 
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xlm p 
of the scattered protons is at an angle of E and so, for large Xl, is displac- 

ed far from the acceptance region of the tagging system. The figures in brackets in- 

dicate the tagging efficiency that would be obtained if the ep CM system were at rest 

in the lab i.e. the factor 5 in Eqn(15) is replaced by one. In the physicallyinterest- 

ing region where : 

0 . 0 0 3 2  < x 1 < 0 . 0 1  

covered by the tagging detectors I and 2 a tagging efficiency of > 40 % can be 

expected. In tagging detector 3 protons are detected with a somewhat lower effi- 

ciency (probably > 10%) in the case that they are scattered at angles which are large 

as compared to the beam divergence. 

With similar approximation tothose used in Eqn(15) the electron tagging efficiency 

for the angular range : 
I 

9MI N < 9 

can be written as 

/2x2 
~(e > 0MI N) = 2 In5~o~iN ~ 

1 + - 
2 

(16) 

21n 2E I ] 
m e 2 

Some typical values are : 

@MI N = 45 mrad 0MI N = 20 mrad 

x 2 = 0.037 0.18 (0.06) 0.24 

0.167 0.30 (0,] 7 ) 0.36 

1.0 0.43 (0.31) 0.50 

The bracketedfigures are found when the factor 5 in Eqn. (16) (coming from the boost 

to the ep CM system) is replaced by one. 

45 mrad corresponds to the minimum detection angle defined in the HERA proposal [27] 

It can be seen that there is little gain in efficiency in reducing eMi N to 20 mrad. 

This is no.longer true however when form factor effects are important (see below). 

The tagging efficiencies for both protons and electrons are sufficiently large to 

make double tag physics viable. The kinematic configuration shown in Fig. ]5 for 
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example has a double tag efficiency, even taking the "pessimistic" figure for the 

proton case, of ~ 10%. Depending on the physics, the naive tagging efficiencies quot- 

ed above will be modified by form factor effects [ 4] . 

For a simple VDM type coupling of the photon, for example, a form factor of order 

F(q2) 2 2 (17) 

(I + -~f-) 
m 

P 

is expected. Because the q2 values reached by the small angle proton tagging system 

are low ~ 0.2(GeV/c) 2 the values of F are large at HERA ~ 0.6. This may be com- 

pared to a value of 4xi0 -3 for tagging at 20 mrad at LEP(2). For electron tagging at 

HERA F has maximum values of 0.05, 0.36 for 0MI N = 45,20 mrad. Smaller angle elec- 

tron tagging than forseen in the current HERA proposal would therefore be advanta- 

geous for "soft" single tag and double tag two photon physics. It should be noted 

however that the simple VDM suppression factor 5 given above, which corresponds to 

the O propagator only is ~ 2 times smaller than the prediction of generalised vec- 

tor meson dominance, where the effect of higher mass vector mesons are taken into 

account [4] . When the virtual proton couples to the hadronic system in a point 

like manner (as in photon structure function measurements, or processes where jets 

are produced at high pC no propagator suppression as in Eq. 17 is expected. HERA 

would be particularly suitable for a double tag measurement of almost real photons, 

using the virtual photons radiated by the proton beam as target, and those radiated 

by the electron beam as the probe. The relevant kinematical variables Q2,x,y can be 

determined completely from the double tag measurements, avoiding the x VI~ x unfold- 

ing problems which arise if only a single tag measurement is made. It is hard to see 

how LEP could compete for this type of measurement. The diffractiveelectroproduction 
2 process which can constitute a serious background for yy physics at low W and q va- 

lues (see Section 4 below) would be expected to give a negligible contamination in 

a structure function experiment. 

4. BACKGROUNDS TO TWO PHOTON PROCESSES AT HERA 

The most serious background for hadronic states produced in two photon collisions 

at HERA (Fig. 17a) is likely to be the diffractive electroproduction process 

(Fig.17b). 

Using the equivalent photon approximation for the eey and ppy vertices in Fig. 17a 
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and for the eeY vertex in Fig. |7b the observed cross section ratio, for production of 

a system X of mass W and rapidity y is estimated to be : 

oh. [ ] 
°2y÷X _ 2 (~) 21n 2E _ I °yy÷ X (W) s2y (W'y) 

oobs W mp 2 do diff (Wyp,W) 
yp ÷ X Yp÷x Cyp (W,y) 

dW 

. . .  ( 1 8 )  

Y e / 

/ p 
P 

a} 

f p  

b} 

p ~ ,, 

p p 

c} d} 

Fig. 17 - Signal and backgrounds in  2y c o l l i -  
sions a t  HERA. a} 2y process. 
b) i n e l a s t i c  d i f f r a c t i v e  ~ec t ropro -  
duction, c) d i f f r a c t i v e  N e lec tro-  
production, d} beam beam bremsstrah- 
lung. 

Where ~yy ÷ X (W) is the total yy 

cross section to produce system 
d~i f 

~ith effective mass W, and Y~÷X 
dW 

(Wyp,W) is the differential cross 

section to produce a system of mass 

W by diffractive photo production 

where W is the total yp centre of 
YP 

mass energy, g2y' gyp are the proton 

tagging efficiencies for the two pho- 

ton and electroproduction process 

respectively. 

One process where measurements exist 

for both 2y production ~33] and 

photoproduction [34] is the system 

~+~+~-~- for masses W of 1.1 - 

1.8 GeV/c 2 . 

It can be seen from Fig. 10 that masses as small as 1.5 GeV/c 2-- are detected in the 

t a g g i n g  sys t em o n l y  f o r  v a l u e s  o f  x.  n e a r  to t h e  minimum of  0 .0032 .  Th i s  i m p l i e s  t h a t  
1 

W = 26.3 GeV/c 2 when W = 1.5 GeV/c 2. Taking the (E~ab) -0"4 dependance of the pho- 
YP 
toproduction cross section found in Ref. r34] it is estimated that : 

do 
. yp+ 47 = 0.5 ~b/GeV~2(Wyp 

dW 
= 26.3 GeV/c 2, W = 1.5 GeV/c 2) 

while Ref. ~33] gives 

oy~÷4~ = 0.2 ~b (W = 1.5 GeV/c 2) 

Taking OMA X = 0.039 mrad, then as found above gy2 = 0.33. To calculate gyp it 
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daTp÷ 4~ m e-7q 2 
2 

dq 

2 2 2 
If qMAX 25 = E OMAx 

gyp 

<< 1 then 

2 

7q2 dq2 
O 

/ C°e-7q2dq 2 
giving 6.6 x 10 -3 ayp 

for @MAX = 0.039 mrad. 

So from Eqn(18) 

2 
-- 7qMA X 

obs 
o2y +4~ 
obs 

(7 
YP ÷ 4~ 

0.70 W = 1.5 GeV/c 2 

2 this ratio would be much smaller if a Because of the dependence of gyp on 0MA X 

larger value of @MAX were used. Conversely a smaller value of @MAX would result in a 

sharp reduction in the electro production background, at some cost in tagging effi- 

ciency. It is clearly of importance to be able to measure accurately both the angle 

and the position of the scattered proton. 

It is more difficult to give an estimate of the diffractive electroproduetion back- 

ground to be expected at higher masses, where the main physics interest at HERA lies. 

To make an estimate of the level of such background the kinematical configuration 

shown in Fig. 15 is considered. 

It is assumed that the total inelastic diffractive cross section is the same as the 

elastic one (i.e. P,~,~ production) = 10 ub and that ayy÷X is 0.3 Ub as given by 

VDM and factorisation argumements. 

The distribution in W is taken to be flat : 
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do 10 Nb 10 ~b 
yp+X _ 

dW Wyp 125 GeV/c 2 

while the q2 distribution is taken to be less steep 

gion above. 

d~yp ÷ X ~ e -5q2 

2 
dq 

than in the low mass re- 

giving gyp = 4.7 xl0 -3 with @MAX = 0.039 mrad. 

From Eqn (15) if is found that : 

c2y = 0.22 

or using Eqn (18). 

obs 
<72%' ÷ X 

obs 
O yp+X 

= 0.91 W = I0 GeV/c 2 

Considering the conservative nature of the above assumptions, particularly the large 

assumed value for the inelastic diffractive cross section, and the flat W distribu- 

tion (which surely overestimates the high mass region) this result is quite encoura- 

ging. 

It should also be pointed out that for the most interesting final states in 2y col- 

lisions accessible at high W values, for example deep inelastic scattering on an 

almost real photon, high PT jet production, or exclusive production of highPT meson 

pairs, the diffractive electro-production background is expected to be absent. In 

the high PT processes there is another type of background coming from direct y quark 

or y gluon scattering where the quark or gluon is a constituent of the incident pro- 

ton. Such events however (unlike the 2y collisions where the same hard scattering pro 

processes may contribute) are always expected, as in the Drell Yan process, to be 

accompanied by a target fragmentation jet. 

Requiring the detection of a scattered proton with very small scattering angle and 

energy loss should effectively suppress this background. Further rejection , can be 

obtained requiring the absence of fragmentation products accompanying the detected 
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proton, either in the forward hadronic calorimeters of the detector, or in special 

veto detectors with an acceptance extending down to smaller angles. 

Another possible source of background are events where the proton is diffractively 

excited : p ÷ N ~ where N ~ is a resonance with the same quantum numbers as the pro- 

ton Fig. 17c).It is not difficult to see, from simple kinematical arguments, that 

such processes are not expected to give significant backgrounds in the small angle 

tagging system. Considering for example : the lightest such resonance, the N ~ (1410) 

the maximum possible energy for the decay proton is 154.8 GeV in the ep CM system 

giving x I = 0.014. Such events are therefore kinematically forbidden for tagging de- 

tector 1 . The rate in the other detectors should be low, as the typical (decay at 

= 7) decay angle and energy of the proton in the lab system are 0.72 mrad and 

580 GeV (x I = 0.29) whereas the acceptance range of the tagging system is e< 0.54 

mrad and x I < 0.11. 

A potentially large source of background in the small angle tagging system is that 

due to the beam-beam bremstrahlung process where a photon is radiated from the 

proton line. One graph contributing to this process is shown in Fig. 17d . The cross 

section, differential in the fractional energy loss x I is given by [36] 

dx 1 2 2 1 + (1 - X l  )2 4 ( l _ X l )  In  1 - -5- 2 - ~ (19) 
mpX 1 mpX 1 

Tsking the worst case, the minimum value of x I = 0.0032 and Ax I = 0.001 gives a 

cross section of : 

5.2 x 10 -33 2 
cm 

With a luminosity of 6x1031cm-2sec -I this corresponds to a total count rate of 0.3hz. 

A more relevant parameter is the number of counts per bunch crossing which is 3x 10 -8. 

Clearly there is no problem of occupation of the tagging detectors from this source. 

It is interestin~ to note, from Eqn (19) that if e+e - collisions under the same 

kinematic conditions are considered the rate would be a factor 6 x 106 higher, so 

there would be an occupation problem (0.18 hits per buch cross). At LEP with its 

lower duty cycle, (4 bunches instead of 210) thesituation is even worse and it has 

been concluded [37] that there small angle tagging is not possible for angles below 

I mrad. 

In summary, the rough calculations, presented in this section indicate that two pho- 

ton physics at HERA should be distinguishable from backgrounds when the small angle 
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tagging system is used. In this connection it is important to measure both the po- 

sition and the angle of the scattered photon with good precision, as the diffractive 

electroproduction background drops sharply at small scattering angles. For processes 

which have a characteristic two photon signature, less stringent angular cuts are 

needed. Beam beam bremstrahlung backgrounds (in sharp contrast to LEP and other 
+ -- 

e e machines) are negligible. 

5. WEAK BOSON PRODUCTION AT HERA. 

Before describing the technical real±sat±on and the physics interest of real ye 

and yy collisions it is interesting to note that a glimpse (or perhaps more) of the 

physics of the ye collision processes : 

ye ± ÷ wi~ (i) 

ye ÷ Z°e (ii) 

can already be obtained at HERA. The energy and luminosity of HERA is such that 

there should be a sufficient flux of high energy We±sacker-Williams photons radiated 

by the proton beam to observe both (i) [38] and (ii) [39] . In addition W ± bosoms 

can be produced via the process, specific to ep collisions [40] 

W ± 9+ y~p ÷ X (iii) 

Where the y~ is a virtual photon radiated by the electron beam. 

At HERA with beam energies and effective luminosity as given in TABLE 2 the follow- 

ing cross sections and numbers of events can be expected for these processes : 

Otot(Cm2) Ref. Number of events 
(2 years at £) 

+ 

e-p + ~W±X + 9.0xi0 -38 [38] 110 

+ 

e-p ÷ e±Z°X 1.0xl0 -36 [39] 1300 

e±p e±W±X ~+ 1.2xi0 -36 [40] 1500 

The cross sections quoted correspond to the standard Glashow-Weinberg-Salam electro- 

weak theory. The estimate of Ref. [40] which uses a simple We±sacker-Williams form- 
± 

ula to estimate the flux of virtual photons radiated by the e is probably somewhat 

optimistic. There seems to be an inconsistency between ref. [38], [39] concerning 
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the relative contributions of the elastic and inelastic proton form factors to the 

virtual photon flux. For a total ep CM energy of order 300 GeV,Ref. [38] found rough- 

ly equal contributions, whereas Ref. ~4] found, at the same energy that the elastic 

contribution was more than an order of magnitude smaller then the inelastic one. Until 

this discrepancy is resolved, the last two results quoted above should be treated 

with some caution. Putting aside this difficulty the number of events for these pro- 

cesses of $ ]000 should be adequate to identity the Z ° and W ± by the clean,purely 

leptonic,decay signatures : 

Z ° ~ e + - + - e, pD 

+ 

W- + e-+~ , ~+-~ 

As will be discussed further below the processes (i) and (iii) are of special interest 
+ -- 

because they are sensitive to the direct YW W coupling, i.e. the magnetic moment of 

the W boson. 

6. REAL ye AND yy COLLISIONS IN ONE PASS LINEAR COLLIDERS. 

Linear Colliders 

+ - 

In order to reach significantly higher energies in e e collisions than will be 

provided by LEP, a new type of machine known as the one pass linear collider has been 

proposed by groups at SLAC [6] , [41] , [4~ and Novosibirsk [7]. The idea is to 

make a head on collision of the beams of two electron-linear accelerators or of two 

bunches from the same linac . The cost of such a machine and its energy are roughly 
+ -- 

proportional to its length. In contrast the cost of a e e storage ring is roughly 

proportional to the square of the desired centre of mass energy. It has been pointed 

out that to achieve significantly higher energies than LEP a linear collider is a 

more economical proposition. The luminosity of such a machine is given by the expres- 

sion : 

o 

N~RE P 

4 ~ c r o  ~ 
x y 

(20) 

where N is the number of particles per bunch,VRE P the repetition frequency of the 

bunch collisions and Ox, o are the horizontal and vertical beam widths (gaussian 
Y 

profiles are assumed). ~REP is much smaller in a linear collider than in an 
+ -- 

e e storage ring (%EP = 250 kHz, 50 kHz, ]80 Hz for respectively PETRA, LEP, and 

S.L.A.C.). In compensation N is made very large and ~x' o as small as technically 
Y 
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possible. For the SLC project ~] , [41] , ~2~ it is planned to increase Nby a factor 

50 and values of ~x' ~y as small as I - 2 Nm with a corresponding beam emittance 

of 3x10 -5 rad.m are proposed. The enormous mutual focussing forces destroy the bunches 

during collision, but, in so doing, actually increase the luminosity by the so called 

'pinch effect' ~] , ~2] . The sec projet at SLAC has two aims, first to build a 

collider capable of studying Z ° physics at relativly low cost and secondly to act as 

a prototype for a more ambitious collider giving centre of mass energies of up to 

I TeV. 

Fig. 18 which shows a schematic diagram of the VLEPP project at Novosibirsk gives an 

idea of how such a high energy collider might look. Only one half of the machine is 

shown. The operating cycle is as follows : After colliding the e+e - bunches in one or 

more interaction regions (11), a pulsed deflection magnet (9) and a spectrometer (18) 

deflect the beam into a helical undulator (12)where of the order of I% of the total 

beam energy is radiated in the form of circularly polarised photons with ~ 10 MeV 

energy. After passing through the undulator the beam is deflected by bending magnets 

and is used either in a stationary target experiment (16) or is absorbed in a beam 

dump. The polarised photons strike a conversion target (14) producing a beam of lon- 

gitudinally polarised electrons and positrons. After charge selection these particles 

are accelerated up to an energy of I GeV in an intermediate accelerator (2). The 

bunch length of I cm is stretched by a factor of ~ I0 in the debuncher (3) and the 

longitudinal polarisation in rotated into the transverse direction. After collecting 

the beam in the large acceptance storage ring (4) it is cooled down to the required 

low emittance value by radiation damping in the cooling ring (5). The transverse po- 

larisation is maintained in (4) and (5) by the Sokolov-Ternov mechanism [43]. After 

cooling the beam passes into the buncher (6) where the Bunch length is reduced to 

~ 1 cm and the polarisation is rotated back into the longitudinal direction. To 

complete the cycle the beam is accelerated to high energy in, the linear accelerator 

(7), (8) and the whole process is repeated. An injector (i) provides the initial beam. 

Such a machine can provide collisions between longitudinally polarised e ± atenergies 

up to and beyond I T~V with luminosities of 1032 -2 -I cm sec . Many technical problems 

remain, however to be resolved [~,[7],[42 J. Experience with the SLC, whose principles 

of operation are essentially the same as described above for VLEPP should indicate 

whether these problems can be overcome. 

Another feature of such a machine is the possibility to convert, with high efficiency 

the polarised electron beams of one or both of the colliding linacs into a beam of 

polarised real photons [8] ,~],[I~ . The principle of operation of such a "photon 

accelerator" will now be brefly described. 
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The production of high energy photons by collisions of highly relativistic particles 

with light quanta of optical wave lengths was first calculated by Feenberg and Prima- 

koff [ 44 ] in an astronomical context. They considered the interaction of high ener- 

gy cosmic electrons with starlight quanta. 

The interest of such a process for high energy physics experimentation was pointed 

out, after the advent of the laser, by.Milburn ~5] and Arutyunian and Tumanian [46] 

One experiment, in which a polarised photon beam produced by Compton back scattering 

of a ruby laser was incident on a hydrogen bubble chamber was carried out some ]5 

years ago [47] . 

The definition of kinematic quantities is given in Fig. 19. In addition the following 

dimensionless variables are introduced (the notation of Ref. [10] is followed) 

y = m/E Yo = ~o/E 

4Yo 2 ao 4E~o 2 ~o 
X = - ~  cos  -~-- = 2 COS 2 

m 
e 

E = Km, 

~kQser 

Fig. 19 - Kinematics of Compton b a c k - s c a t t i n g .  

The maximum energy of scattered photon is given by : 

Taking typical values 

E = 50 GeV, ~ = ].17 eV (neo- 
o 

dymium glass laser) and ~ = 0 
o 

x is found to be 0.90. For this 

case the energy of the incident 

photon in the electron rest 

frame is low = 0.]2 MeV and the 

total scattering cross section 

is close to the classical 

(Thompson) limit of 2.5x10-25cm2. 

YMAX = x / ( l + x )  (21) 

while the energy of the scattered photon is related to its scattering angle £ by the 

relation (8 << I) 

YMAX y= 
1 + (@/Oo)2 

(22) 

where @ = /]-/'x-/y 
o 
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High energy photons are scattered at angles smaller than ~ -~--] . The parameters 
o y 

ae, ay and b are defined in Fig. 20. a e is the half width of ~he collision region of the 

electron beams, ay is the corresponding parameter for the laser and electron beams, 

while b is the distance from the electron electron beam collision point to the laser 

electron beam collision point. For both SLC and VLEPP a -~ I to 2 ~m, a -~ 20 um 

Electron BeQm J .1 7 B 

2~ 

i b 
J 

e ¥ 

and b is 5 to 10 cm. A transverse 

magnetic field B of order I T is 

need to deflect the electron 

beam after the laser crossing 

region to avoid direct electron 

electron interactions of the 

residual beam. 

Fig. 20 - De f in i t i on  of beam p a r a m ~ s  for  Compton 
backscatt~ring of  a l ~  beam. 

ed. If S is the cross sectional 

area of the interaction region of the electron and laser beams, and n the number of 

photons in the laser pulse, saturation of the Compton scattering process will be 

reached if 

The order of magnitude of the 

laser power needed to convert 

~ 100 %of the electron beam into 

photons can be readily calculat- 

nq c = S (23) 

2 2 where aT = 20 Dm gives n = 5 x ]019 The Taking d c = 2.5x]0 -25 cm and S = ~ay 

corresponding energy in the laser pulse, taking i~ ° 1.17 eV is then 6.9 x 1019 
= eV 

or 9.4 joules. The efficiency of conversion of the electron beam into photons is 

measured by the coefficient k, which gives the ye and YT collision luminosities in 

terms of the electron electron luminosity : 

£ye = k£ee ' ~ = k2£ee 

The energy spectrum of the scattered photons for various values of E is shown in 

Fig. 21 for co ° = 1.17. As can be seen from Eqn 21, the higher the beam energy the 

closer is the end point of the scattered photon spectrum to the electron beam ener- 

gy. The differential luminosity for "yy collisions, as a function of the mass of the 

produced system for the same series of E values is shown in Fig. 22. In Figs 23 and 

24 the differential luminosity for ey and ~ collisions respectively for E = 150 

E = 150 GeV, ~o = 1.17 eV are compared with the corresponding luminosity expected 

from the virtual Weisacker-Williams photons radiated at the same energy. Even with 

k values as low as 30 %, the luminosity available in the real yy collisions near the 
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Fig. 23 - P i f f ~ e ~ a l  l uminos i t~  ~or y e  and y~e 

col l~s ions  E=150GeV, ~o = 1.17eV, @2 <<I. 

kinematical end point is some two orders 

of magnitude larger than in the virtual 

yy collisions ! It can be seen from 

Eqn 22, that if photons are selected at 

small scattering angles to the incident 

electron beam, the energy spectrum will 

be concentrated more in the region of 

YMAX' giving a photon beam with a 

narrower energy spread. Such a "monochro- 

matisation" of the colliding beams can 

be most easily obtained by increasing b 

(Fig.20). If however the ratio : 

becomes large, the typical scattering 

angle of the photon (@o) is greater than 

the angular extent of the ee collision 

region as seen from the e laser inter- 

action point (ae/b) andaloss of lumino- 

sity results, even for the high mass 

region. This effect is demonstrated in 

Figs 25 and 26 where the differential 

luminosity functions for ey and yy 

collisions respectively are shown for 

different values of O • It can be seen 

that monochromaticity is bought only at 

the cost of luminosity. If the laser 

photons have polarisation (circular or 

linear) this polarisation is largely re- 

tained by the scattered photons. If the 

laser light is unpolarised and the elec- 

trons are longitudinally polarised, the 

scattered photons have a high degree of 

circular polarisation. Details of these 

polarisation effects may be found in 
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Fig. 25 - Differential  luminosity for ye and y~e 

collisions (E=150 GeV, o=1.17 eV) for 
d i f f ~ e n t  @2 values. 
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Fig. 26 - Dif ferential  luminosity for yy and 
c o ~ i o P ~  ~E=150 GeV, Wo=1.17 eV) for 
di f ferent  p~ values. 

The required laser power seems to be 

within the reach of existing techno- 

logy. The outstanding problem is the 

high power output which is required 

in combination with a relatively 

high repetition rate. (180 Hz for 

SLC,10 Hz for VLEPP). To date consi- 

derably higher power outputs have 

been achieved but at ~ow repetition 

rates, and the required repetition 

rates or greater have been reached, 

but with somewhat lower power [10] . 

The required pulse length of 100ps 

seems less difficult to obtain. A 

possible solution to the power and 

repetition rate problem would be to 

use a battery of 10 or 100 lasers of 

lower power, triggered in co-inci- 

dence. 

A particularly elegant solution for 

the laser is proposed in Ref. 48 

This is to place an undulator, or 

free electron laser in the early 

part of the linac (Fig. 27.). To 

provide sufficient laser power this 

needs to have a field of 2T, a pe- 

riod %o of 20 cm and a total length 

of 40 m. After passing through the 

undulator, the electron beam (ener- 

gy 10 GeV) is diverted into a by- 

pass line (B in Fig. 27) so that the 

pulse of laser light arrives at the 

correct time, fn:advanceof the elec- 

tron bunch, to be focussed on to the 

opposing bunch. This system has the 

advantage that synchronisation of 

the laser beam collision is garanteed 

both in terms of arrival time and of 

pulse overlap. It is unfortunately 

not applicable to a one linac colli- 
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Fig. 27 - Free e l e c t r o n  l a s e r  (und~a tor )  for  ~enerat ing  high energy photon beams. 
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4. - u n d ~ a t o r .  

der der such as the SLC, where magnetic bending is needed to bring the bunches into 

collision. 

The problem of calibration of the luminosity of real yy collisions has been consider- 

ed at Novosibirsk by Kuraev, Schiller and Serbo [49 ]. At the very high energies of 

VLEPP traditional QED processes such as : 

Y~+ ~+U- 

+ - 

yy÷ee 

are not suitable, both because of the low value of the cross section and its rapid 

(I/W 2) energy dependance. It is proposed to use instead the reaction : 

+ -- + - 

yy ÷ e e L U 

which has a larger, energy independant, cross section of 5.7xi0 -39 cm 2 and relatively 

clean signature due to the presence of a low mass muon pair which carries almost the 

full energy of one of the colliding photons. Special muon pair detectors in the for- 

ward direction will be required to observe this process. 
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7. THE PHYSICS OF REAL ye AND ~Y COLLISIONS. 

The advantage of real Te and yy collisions, in luminosity terms, as compared to 

the "classical" 2y physics using virtual photons is clear from Figs 23 and 24. Many 

of the most interesting processes from the theoretical viewpoint - those where QCD 

predictions can be tested - require large centre of mass energies in order to be in 

the kinematical region where perturbative calculations should be valid. Examples of 

such processes are the production of high PT quark and gluon jets [50 ,51]orofpairs 

of mesons at high p~ 52 ]. Another advantage of the real y beams is that they can be 

produced in various polarisation states (circular or transverse) so that more refined 

tests of theoretical predictions can be made. A good example of this is measurement 

of the real photon structure function, where by using longitudinally polarised elec- 

trons, and photons in arbitary circular or transverse polarisation states all the pho- 

ton structure functions can, in principle, be measured. Even at the lowest beam ener- 

gy proposed for VLEPP, E = 150 GeV, total centre of mass energies, in ey collisions, 

comparable to those that will be attained at HERA in ep collisions should be obtain- 

ed. In this case the contributions of Z ° exchange to the photon structure function 

Fig. 28a and the corresponding W exchange process with ~ production Fig. 28b should 

be measurable. At SLC with E = 50 GeV, the maximum 
2 

q in real ey collisions is ~ 104(GeV/c) 2 where y 
e 

and Z ° exchange contributions are already comparable 

al but it is doubtful if the luminosity will be adequate 

to exploit this possibility. 

e 

b) 

A particularly important field of physics that will 

be opened to experimental study by real ye and yy 

collisions at high energy is the production of the 

gauge bosons Z °, W ±. 

+ - 

The process e e ÷ W+W - has been studied in some 

detail in connection with the LEP project [53] . 

Although, in principle, sensitive to the fundamental 
+ -- 

gauge couplings yW W , Z°W+W -, it is in fact diffi- 

cult to observe these contributions because the 
Fig. 28 - a) Z ° exchange con~- 

bution to the photon st~uc- crosssection is dominated by the neutrino exchange 

t ~ e  function, graph. In contrast the processes ye ÷ W~ and 
b) Charge c u r r e ~  i n t e r -  
act ion on a photon target .  YY ÷ W+W- enable the couplings yW+W - and YYW+W - 

to be directly measured. A brief discussion of gauge 

boson production in ye and yy collisions follows. 
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z_~_+__z°~ 

The differential cross section for this process is given in Ref. [13 ]. The total 

cross section as a function of the ye centre of mass energy, and the lowest order 

diagrams which contribute are shown in Fig. 29. The total cross section is [ 14 ] : 

o ( y e  + Z°e)  = x 1-  x + 2) L + ~ ( ] -  ) 

where x = (Wye/MZ,) 2 

2" -- 2 ] + (4sin2ew - I)2 = 5.9 pb 
2M Z sin 2 @ W 

W 2 2 
- M Z 

L = 21n ( Y~ W ) (25) 
e¥e 

No fundamentally new couplings are measured in this process. The cross section is 

however large just above threshold. The dominant graph at high energy is u channel 

electron exchange, which results in emission of the Z ° preferentially antiparallel to 

the incoming photon direction. 

¥ e 
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Fig. 29 - Cross sec t ion  for the  process ye ÷ Z°e as a function of 
Wey = ~ , ,  and lowest  order contributing graphs. 
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This process is discussed in Ref. [13 ], []4 ]. The lowest order diagrams and the 

total cross section versus W are shown in Fig. 30. t channel W exchange gives an 
ey + _ 

important contribution which is sensitive to the gauge coupling ~W W . At high 

energies the W exchange graph is predominant and the produced W hoson is emitted most- 

ly parallel to the incoming photon. The total cross section can be written in terms 

pZ of the degrees of longitudinal polarisation of the electron and photon beams Pe~ , Y 

as [14 ]: 

~) O(ye ~ ÷ W~)) = (1 ~ PieT ) (OnP+ P%f 

O np = ~ I- x )(l+ 4xx + ~xZ-) - (2+ x + i 
x 

~' I:4-X 1 (13 + x ) -  (I + ~-) inx]  T : -- 3 3 

X 

~2 47 pb , x = (Wye/Mw)2 (26) 
~ sin2Ow 

~0 

30 

2"0 

1 0  

- 10 

, i 

d nP 

~ .  ~ -~ . . ~ . l ~  . . . . .  ~ _ _ _ - _ L  . . . . .  

f o o  2 0 o  
~eV 

Fig.  30 - Cross s e c t i o n  f o r  t h e  
p r o c e s s  ¥e ÷ W v as a 
f u n c t i o n  of  W e = /~e  and 
l o w e s t  o rder  c ~ n t r i b e ~ n g  
graphs .  
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The cross section vanishes for right handed electrons and left handed positrons. T is 

half the difference between the cross sections for photons with right handed and left 

handed polarisation. This is perhaps measurable in the region near threshold (see 

Fig. 30). 

Several theoretical calculations of this process have been made [14] ,[54] , [55] 

[56]. The total cross section can be written as [14] : 

~iY2 ÷ W+W -) = anp + p% p% Ta + 1 pt pt Tcos 2 A~ 
YI Y2 ~ YI Y2 

[- 

O np= ~v II + 3 +  3 3 
16x 16x 2 16x 2 

a ~v I 5] T = - -  - 19 + ( 8 ' -  ~ )  L 
1 6 x  

3 ~v I + L 
T - 16 x 2 

2 
~ 8Tr C~ ~/Mw)'Wyy'2--" 2 where O = -----a--= 86 pb x = 

( l  - 1) L] 
2x 

/ "  I I I + v  
v = ~/ 1 --- L =-- in 

x v l - v (27) 

Here P~ , pt are the degrees of longitudinal and transverse polarisation respecti- 
Ti Y~ 

vely of the p~oton i. A~ is the azimuthal angle between the planes of transverse 

polarisation of the two photons. T and T a can also be written in the form : 

a l 
T = 2 (~o - (52) 

( 2 8 )  

where Oll , ~± are the cross sections for photons with parallel, perpendicular planes 

of transverse polarisation and ~o' ~2 are the cross sections for states of total heli- 

city 0,2 for the two photons. Fig. 31 shows the dependance of o np,T,T a on Wyy as 

well as the 3 lowest order diagrams (all involving fundamental couplings of gauge 

bosons) which contribute to the cross section. It can be seen from Fig. 31 that the 

effects of longitudinal polarisation can be more easily measured than these of trans- 

verse polarisation. Such a measurement is sensitive to the different contributions of 

the y W+W - and the yyw+w - couplings (Fig. 31). 
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YY + H ÷ Z°Z ° 

In the case that the Higgs scalar meson 

of the standard electroweak theory is 

very heavy, the above process with a 

cross section of 10-2pb is expected 

to be the dominant one for the process 

Yy ÷ Z°Z ° [14 ]. This reaction would 

be a particularly clean way to detect 

a the Higgs scalar in this region,since 

unlike the reaction Yy÷ H ÷ W+W - there 
+ 

is n~:"born term" corresponding to W- 

exchange~ 

The total cross section to be expected 

for the processes discussed above,when 

account is taken of the energy spec- 

trum of the real photons produced by 

Compton back-scattering, are shown in 

Fig. 32. The cross sections shown are 

averaged over the energy distribution 

of the scattered electrons : 

Fig. 31 - Cross s ec t ion  for  the  process 
y y  ÷ W+W - as a funct ion of  
W¥. = ~ and lowes t  order 

o~6~ibu~ng graphs. For d e f i n ~ o n s  
of  % ~ s e g  t e x t .  

I d~ 2~a2 [ 1 4y 

- LI - + I -y- Ny dy Xme2 c(X) y x(l-y) 

+ 4Y 2 

x 2 ( I -y) 2 
(29) 

where x, y are defined in section 6 above, ~e(X) is the Compton cross section, and a 

laser photon energy of 1.17 eV is chosen, x is -~ I for SLC energies and -~ 2-5 for 

VLEPP. In the curves corresponding to ye and ~fy collisions a conversion efficiency 

k of 0.5 is assumed. Some counting rate estimates using Fig. 32 for SLC and VLEPP 

taking in each case 2 years of "effective luminosity" are presented in TABLE 4. 

Notice that for SLC the effective luminosity is now a factor 3 smaller than in TABLE 

2, since the "pinch effect" enhancement is no longer operative. It should be remarked 

in general however that the parameters for optimum luminosity in ye and yy collisions 
+ -- 

are not the same as in e e [7 ] , implying that the estimates of TABLE 2 are perhaps 

conservative. For SLC the maximum [6 ] beam energy of 70 GeV is taken. 



309 
p6 

'i~$ rllll N 
n f i . . . . . .  , . . . .  . . . . . . . .  ~ i 

~li~i 2 0 0  i i O 0  q O i l  S O 0  i l  o ~  

,~.= 2E, 5eV 
W ± Fig. 32 - Cross s ec t ions  for  vo~ious Z ~, production processes ,  weighted by 

the  photon energy d i s t r i b u t i o n  of Eqn(291 as a funct ion  of 2E = ~ e e "  

8. SBM~RY 

A comparative study of the 2y physics potential of PETRA, SLC, LEP(I/6), LEP(2) 

and HERA has been made. On the basis of the quoted design luminosities, both HERA and 

LEP (I/6) (the initial version of LEP with 50 GeV beams) offer a significant advan- 
+ - 

rage in terms of accepted luminosity over the current (PETRA, PEP) generation of e e 

storage rings. LEP(2) (the ultimate version of LEP with superconducting R.F. and 

130 GeV beams) will permit an order of magnitude increase in accepted luminosity 

over PETRA and PEP, in the low energy region as well as giving useful counting rates 

at 2y masses as high as 100 GeV/c2o Because of technical limitations on the accep- 

tance of tagging detectors and background problems LEP (2) will be best used for un- 

tagged physics. 

The SLC seems to be of little interest for virtual 2y physics because of its rather 

low luminosity. The above statements are conditional on the respective machines reach- 
+ -- 

ing their design luminosities. Taking into account the difficulty all e e machines 

have experienced in approaching their design luminosity, it may well be that HERA will 

approach or even surpass LEP(2) for untagged two photon physics. In any case HERA 

seems to offer quite unique possibilities for single tag physics when the scattered 

proton is detected at very small angles. A first look at the background from diffrac- 

tive electroproduction indicates that it should be less than or of the order of the 

rate from 2y collisions. Even at O ° the expected background level from beam-beam 

bremsstrahlung is negligible. The production of Z ° and W ± bosons in y e andy p 

collisions should be observable at HERA. 

In the more distant future a single pass linear collider such as VLEPP or a higher 

energy successor to the SLC could provide intense real photon beams by Compton back 

scattering of laser light. Such photon beams (which can be circularly or transversely 
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polarised) will enable real yy and ye collisions to be observed at centre of mass 

energies as high as | TeV. Electroweak interference in the photon structure function 

as well as copious production of Z ° and W ± via the reactions : 

¥e + Z°e 

ye + + W+~ 

yy ÷ W+W - 

is to be expected. The last two reactions are sensitive to the fundamental gauge 

couplings yWW, yyWW. 
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HIGH ENERGY COLLIDERS 

Design Luminosity 
Machine Colliding Beams -I 

(Energy in Gev) (cm-2see ) 

CERN PP 

SLC 

LEP (~) ( ~ )  
(tt) 

LEP (2) 

HERA 

FNAL pp 

ISABELLE pp 

VLEPP 

possibly 

270 p + 270 p 

+ 

50 e- + 50 e- 
+ 

e + 30 y 

30 y + 30 y 

50 e + + 50 e- 

+ 
130 e + 130 e 

+ 

30 e- + 820 p 

I000 p + I000 p- 

400 p + 400 p 

+ - 
e e 
_+ 

ey 
YY 

All beams po la r i s ed  

Energy range 150 ÷ 500 

1029 

3O (~) 
6 x I0(,) 

3 x I0 z~ 

4.5 x 1028(*) 

4 x 1031 

1032 

6 x 1031 

1030 

1033 

1032 

(~) A factor 3 enhancement from the "pinch effect" assumed. 

(t) Monochromatic y beam with AE/E ~ 0.I Ref. [8 ] 

(~) Ist Stage of LEP 

(*#) Superconducting R.F.~required. 

Table 2 

ENERGIES AND EFFECTIVE LUMINOSITIES FOR PETRA, [EP SLC AND HERA 

Machine 

Colliding beam 

Energies (GeV) 

WMA X (GeV/c) 

-I 
7 (cm-2sec ) 

PETRA 

+ 
20 e 

20 e 

40 

4 x 1030 

LEP (I ~) 

+ 
50 e 

50 e 

100 

1.3 x 1031 

LEP (2) 

+ 

130 e 

130 e 

260 

3 x 1031 

SLC 

50 e+(e -) 

50 e 

100 

2 x 1030 

HERA 

820 p 

30 e ± 

314 

2 x 1031 
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Table 3 

PARAMETERS OF SMALL ANGLE TAGGING DETECTORS 

Detector I 

Distance from interaction 100 
point (m) 

Distance of detector 
8.7 < r < 30 

from beam line (nun) 

2 3 

75 55 

8.9<r<30 10.5 < r < 30 

Effective inner edge distance from beam of Dx(~)beam + 6ox .... + 28°x .... + 18~x 

D x (m) 2.7 0.8 0.28 

(ram) 0 . 8 6  x 

A c c e p t a n c e  i n  x 1 0 . 0 0 3 2  ÷ 0 . 0 1 1  

0.057 
<Ox I > 

x I 

for ~ = I mm 
r 

0.28 0.5 

0.011÷0.0375 0.0375÷0.11 

0.053 0.048 

Table 4 

COUNTING RATE ESTIMATES FOR Z ° ,  W ± 

PRODUCTION I N Y e ,  YT COLLISIONS AT SLC AND VLEPP 

SLC E = 70 GeV ~ 6.7 x 1029 em -2 seC -I 

VLEPP E = 150 GeV £(*~ 3.3 x ]031 cm -2 sed -I 

Numbers of events for 2 years at 

SLC 

ye ÷ Z°e 504 

ye ± ÷ ~ 24 

yy ÷ W+W - 

(@) The effective luminosity £ is 
enhancement is included for the 

~ the 
LC. 

VLEPP 

23,000 

15,000 

4,000 

quoted design luminosity. No "pinch effect" 
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DISCUSSION 

Q. ~ Vermaseren 

In a reaction ep + eDN p vs ee + eeNN 

goes away when the observation of both 

NIKHEF preprint H/82-]5. 

most of the HERA advantage for tagging 

D's is demanded. See for instance 

A. - J.H.F. 

This remark is true only for electron tagging. If a hadronic system is produc- 

ed rather than muon pairs, the smaller form factor suppressionwill favourHERA 

over LEP. LEP cannot compete with HERA for the ~ 0 ° tagging as both technical 

acneptance limitations and beam-beam bremsstrahlung background forbid tagging 

at angles less than -~ 2 mrad at LEP. 

Q. - Brodsky 

There is an interesting hadronie diffractive process which Would be a potential 

background to Y~ physics in ep collisions ; specifically y + pomeron ÷ X or 

y + (gg) ÷ X where the proton scatters elastically and forward at large x F. 

This is an interesting process to study in itself ; careful studies are need- 

ed to see if the yy reactions are separable. 

A. - J.H.F. 

There is some data for the corresponding reaction in pp collisions (Fig. 2) 

which indicates, perhaps rather surprisingly, that "pomeron pomeron" collisions 

are rather ineffective in the production of low mass, low multiplicity systems. 

For the ep collisions however, I agree, diffractive eleetroproduction is a po- 

tentially importan t background. In th~ written version of the talk I shall try 

to make some estimate of its magnitude relative to the 2 photon process. 

Q. - JSnsson 

I would like to point out that the possibility of making O°-tagging in principle 

also exists at DORIS, where the beams are vertically bent at some distance from 

the interaction point ; however, if you investigate the background situation 

you find that you will have problems with the beambeam single bremsstrahlung 

processes, which even if they don't contribute to the double tag rather direct- 

ly will give a high single tag rate. To get around this problem you have to 

introduce an angular cut at about ! mrad, which reduces the background by more 

than a factor 100. 
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If we wouldn't have these background problems the double hag efficiency at 

DORIS would be of the order of 25% but with a cut at J mrad it comes down to 

about 8% which still is quite impressive. 

I suppose you have to worry about the same background problems at HERA as at 

DORIS. 

A. - J.H.F. 

Again, in the written version of the talk I shall give an estimate of the beam- 

beam bremsstrahlung background for tagging at HERA. 

Q. - Wacker 

I found in a study of 0 ° tagging at DORIS, that a measurement of position and 

angle of the scattered particle behind the bending magnet does not always give 

a unique solution, there are sometimes two possible tracks with different mo- 

menta and scattering angles. This is due to the quadrupoles in the beam line. 

In case of e beams, a shower counter can resolve this, but that is obviously 

impossible with protons. 

A. - J.H°F. 

Such ambiguities may also exist at HERA. If there is a sufficiently large diff- 

erence between the proton momenta in the two solutions, the ambiguity can per- 

haps be resolved by observation of the produced final state. For exclusive 

final states measurement of the visible energy and rapidity define the energies 

of both virtual photons. 

Q. - Kessler 

I come back to Stan Brodsky's objection concerning yy collisions at HERA. 

Actually we gave up studying yy physics at HERA, because it came out from 

discussions with~ong interaction specialists that - even tagging the proton 

at 0 ° - yy reactions would be dominated by an overwhelming background from y 

Pomeron collisions. As I understand, the experiment you mention is showing that 

the Pomeron is not there in double peripheral reactions ? 

A. - J.H.F. 

The ISR experiment shown in Fig. 2 can be interpreted in terms of conventional 

Regge exchanges only. There is certainly no "dominance" of double pomeron 

exchange in this experiment, in which the total centre of mass energy is 23 or 

30.7 GeV. This has already been pointed out by H. Sens at the 1981 Paris 

photon-photon colloquium. 
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