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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,.

. . * . . . P
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 colliders 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 Wiproduction are expected in
Ye collisions well as measurable rates for w*w— pair production in 7YY 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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1. INTRODUCTION

A list of some future ( and existing) collider projects is given in TABLE 1. 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” one pass linear collider
(iii) pE single ring collider
(iv) pp double ring collider

(v) ep double ring collider

A priori,two photon physics is possible at any collider, though all experimental re-
sults published till now (with one exception) have come from efe” storage rings. By
far the largest number of studies have been devoted to the LEP machine [1],[2],[3],
t41, [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 range

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 > 100 GeV) real
YY 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 hasalso 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 [16]. Most theoretic-
al work has been devoted to calculations [17] , [18] , [19] of the background due to
the 2y process pp—>u+u-pp in the Drell Yan [20] production of | pairs. One experi-
ment at the ISR [21] has detected 2y production of u+u- pairs in pp collisions
(this is the "exception'referred to above). More recent calculations ofu+u— production

in pp, pp and ep collisions have been performed by Vermaseren [22] .
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As for the production of hadromic 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. 19

or by double gluon exchange graphs (Fig. 1b). It is interesting to note that, as
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[24 ], the exper-—
[25] on the

already pointed out by Sens
imental data from the I.S.R.
reaction pp » ppX, where the scattered protons
are detected at small scattering angles

(t = 0.1 (GeV/c)Z) 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/c2 (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 w,, Py, A, is seen. There is a
small fO signal. Since however the fo cross

section shows the same energy dependance as
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the pg,. wy production it can not be produced predominantly by pomeron pomeron fusion.
It may turn out that the pomeron, 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 =~ lf (or equivalently large
momentum transfer =« 1 mﬂ) associated with confinment effects in QCD the importance of
a two double gluon exchange graph such as that shown in Fig. 1b in the very low t
region where one or both protons are elastically scattered is unclear. To the writer'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 (wMAX = 800 GeV/c2 compared
to 260 GeV/cz). Because of the unknown level of purely hadronic background processes
such as these indicated in Fig. la, lb 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 pﬁ 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 proton beams
contain horizontal bends which, as in the case of HERA (see below) can be used to fa-
cilitate 0° 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 2y 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 0° tagging system.
In Section 5 some estimates of the production rate of Z° and W bosons in Yy 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
LEP, SLC and HERA colliders an effective luminosity (arbitrarily taken to be % 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 £ 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

getot dL
Y . 7 (1)
dw dw

Where %% is a differential two photon luminosity function given by :

dL a2 1 /2 2E W
S = 1n(ﬁ) In (;n—2~) £ Gp) - @

where £(z) = (2+z9)%In L = (1-z) (+2%) = 4 In < - 3 if 2 <.

E is the beam energy in the centre of mass system of the colliding beams and my, M,
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 u+u_ 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 factgf of ~ 7 forivmasses of 20 GeV. For HERA these
factors will be reduced to roughly (4)2 = 2 or (7)? = 2.6 respectively. Most of
this loss of flux occurs at large q2 values. In the small angle tagging system at
HERA considered below the maximum q2 value is =~ O.Z(GeV/c)z. Parameterising the pro-

ton form factor as [19]

)
q 2
a+55

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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factor of two smaller than given by Eqn 2.

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

luminosity given by :

Acc d£TOT
YY - XYY
T - AGLE,B) ... 3)

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

lar angle limit ec for the acceptance of produced particles.

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 6 in the lab system (Fig.3)
For a given angular cut in the lab system :

6C <g<T-~- GC (a symmetrical detector is
assumed) and a given range of production angles
in the two photon centre of mass system :

OT < 6*< T - 6; (Fig. 4) there is a maximum
boost given by the relativistic velocity Bc

such that all particles produced in the indi-

* . s .
cated range of 6" lie within the angular cutin

the lab.

Fig. 3 - Kinematical definitions in
the Lab system. «

For fixed values of GC and 61 it is found

LAB that :
cos o* [;/R( 1 + (R—l)cosze*) - 1]
8 1 1
g =
Bt &c c 2. %
I + R cos 61 )
% (Y2 -1 sinze + cosf tanze*
a* - c c c 1
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Taking for example ec = 10° to correspond to

Fig. 4 - Angubar acceptance intervals the minimum angle in a solenoidal detector at
Ain the Lab and yyCM systems. which detection and momentum analysis by mag-

e . . . *
netic deflection is feasible, and 61 = 45 ° to have a reasonably large acceptance

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

(1+8 )
ot S

*
2
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= 6°
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Acceptance = 72 % 47 in yy C.M.

Here y is the laboratory rapidity of the yy system. This can also be writtenin terms
of the scaled energies of the two virtual photons 3! =K]/E1, X, = K2/E2 (see Fig. 3)
as

X
ln——l—
X

y =

o} —

(5)

N

In Eqn (5) and in the following discussion the transverse motion of the YY systemis

neglected.

The luminosity function L in Eqn (1) can be written, in either of the following dif-

ferential forms :

2
a‘L
2
- @D @ [ e iyraep’y L L (6)
dx dx, i 2 Xy %y
I A 222y 102y [1+(1-ze")?] [1+(-2eH?] L %)
dydz =26« m) nﬁg) ze”) e >
where z = W/2E
2 . .
W1 Gev/c? gL Note that %, and x, are invariant

drde withrespect to Lorentz transformations

1. along the beam directionif the masses
/ of the beam particles and the virtual
/ photons are neglected. They thus have
% the same values in the lab, the colli-

ding beam centre of mass system and

the YY centre of mass system.

The distribution of the luminosity
function in terms of the laboratory
rapidity of the YY system is shown in
Fig. 5a for PETRA with W = 1.0Gev/c?
and in Fig. 5b for HERA with

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

dity distribution is similar in the

Fig. 5 - Difperential Luminosity function versus Lab hapidity.
a) PETRA, E = 20 GeV W = 1 GeV/c? ,
b) HERA, E_ = 30 Gel, Ep = 820 GeV, W = 10 GeV/c“. The choss hatched area
indicates Xegion accepted by the cuts 10° <6< 170°, 6°<6*<45° fon wlitna-
nelativistic produced parnticles.
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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 rapiditydis-
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

213 GeV/czwhen the acceptance defined by the rapidity cut |y| < 1,6, is limited to
50 %Z. 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,ec). Here, for simplicity, it is noted that the rapiditydistri-

butions are roughly flat so that :

Yo oo Ye
A(wsE’ec) = A(w’ E,YC) g = 1 (8)
IMAX In()
where Eqn. (5) and the relation :
2:2 =X, X 9

have been used.

To compare the emergy (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 |29L

If x,, x, << 1 Eqns (6) and (7) simplify to :
2. 1 1
dL=kKxd [ 1n(—§1-) Jal ln(;l—)] (10)
or -k xd [Im@)] &y an
In@%) So the luminosity function is
: proportional,in this approxima-
ln(%J tion,to the area in a plot of
Y either lncg—) versus 1n(£7) or

1 .
1n(—lz~) versus y. Using Eqns (5) and
(9) it can be seen that these two
plots are related to eachother bya

45° rotation (Fig. 6).

Fig. 6 - The Cowrau PLot
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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 ln(ﬁT) versus 1n(£5) plot. The kinematic range defined by the possible values
of the mass of the 2 photdn system, W,is delimited by straight lines perpendicular
to the diagonal. The neglect of Xys X, 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 g 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.

For masses less than ECMe_yC ~ 13 GeV/c2 (yC = 1.6) HERA loses little acceptance as
compared to the e'e” colliders. However it is clear that for larger masses the:accep-
tance is limited to 50 Z as here the Yrax allowed by kinematics is < Ve and exactly
the area below the diagonal is accepted. This results from the arbitary choiceof Yo

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

It is clear from Fig. 7 where PETRA (ECm = 40 GeV) is compared with HERA
ECM = 314 GeV) that the effective energy range for twophoton physics increases only

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

luminosity. Fig. IOMindicates 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 6, 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. 10
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/c2 with a good efficiency.It'sacceptance is muchworse
in the low mass region from 1 to a few GeV/c2 where the effects of diffractive elec—

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

The luminosity functions defined by Eqn 2 are shown in Fig. 11 for PETRA, LEP (1/6)
or SLC, LEP(2) and HERA. LEP (1/6) 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 ec = 10°, Y. = 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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Fig, 11 - Differential Luminosity functions forn different collidens.
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Fig. 12 - Acceptance function versus W forn different colliders.
10°< g < 170°, 6° < o* < 45°, y, = 1.6.
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A
w d:t,vl;Ec cm? sec! i
dw

6x10? |

LEP (2)

W GeV/c?
Fig. 13 - Accepted differential Luminosity versus W for difgerent colliderns.

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 (1/6) both from the viewpoint of intrimsic 27y
luminosity (Fig. 11) and effective luminosity (Fig. 13). In the energy region
W > 40 GeV/c2 HERA is clearly superior. Both HERA and LEP(1/6) 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 inte 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 collisionsthe levels 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 in 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 [27] 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 possible = 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/c2 at rest in the lab

E =0.96Gev system. The energies of the virtual

E,=157GeV 3, X =0.0061
...... , =0

photons radiated by the electron and

proton are, respectively, 26.2,

E)E; 266216679\/ . Ep =570V 96 gev (x, = 0.167, x, = 0.0061).
27 If Yeum is the rapididty difference bet~-
ween ep CM and the lab and 6e, epare

Fig. 15 - Kinematics of a typical 2 photon the electron and proton scattering

event at HERA in the ep CM system.  angles in the ep CM  system, the cor—
W=10 GeV/cZ. The produced system

5 at nest in the Lab. responding angles in the lab system
are :
6 YoM % *
ee = Y (l—g y = e e ] =5.0x9
oM oM ¢ ¢
e* . (12)
p CM % *
5 = = e 0 =0.2x8
P You 1By P P

Since, as pointed out above, 1.6.

Jem T
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Eqns (12) imply that both small angle proton tagging (where protons are detected at

angles < 6 ) and finite angle electron tagging (where electrons are detected at

MAX

MIN
rest in the lab :

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

Yom = 0 YoM = 1.6
. <0<
proton angular acceptance : 0<9< eMAX 0<6® SeMAX
: <
electron angular acceptance : eMIN <8 0.26MIN 6

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

glected in Eqns[lZ J.

If the protons are scattered at angles which are small .compared to the angular di-

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

a 3.9 x 10_5 rad (horizontal)

X

9.0 x 107° rad (vertical)

i}

3
y

the trajectory of a proton with a given fractional energy loss x, can be simply cal-

1
culated. The horizontal displacement at a given position in the machine is given by :

d=D x (13)

where D_ is the horizontal dispersion function. Dx in the proton beam line downstream

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

To have the greatest sensitivity to small values of X the detector should be placed
near to the maximum of D_, which is about 100 m downstream of the interaction point.
Other detectors, closer to the interaction point, where Dx is smaller will then be
sensitive to larger values of 3E The smallest value of 3! which can be detected is

limited by :

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

)

(—lf)bealm = 1.4 x 1072 [27]

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

If the detector is placed too close to the beam the lifetime of the latter will be
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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)

D (L) + 1o (14)

X" p “beam b
where o, = transverse beam size
= 0.069 v EX (ox in mm, EX in m)

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

range 5-10 to ensure negligible beam losses.

The largest value of X 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 100 m downstream of the in-

teraction point it is possible to cover the range

0.0032 < X < 0.11
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 p. A telescope of such detectors
could mesure both the position and angle of the scattered protons. For protons scat-
tered at 0° a Ilmm. spatial resolution corresponds to a precision in the fractional
energy of the virtual photon of about 57 (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 lnG——) are shown in the Courau plot (Fig. 10). Also indicated in Fig. 10 is
the value o% lnCl~) corresponding to intrinsic beam energy spread (‘jbbeam It is
clear from Fig. 16 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 the whole angular range :

0 <6< QMAX

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| is given approximately by :

in[r+1] - r/(x+D)
2E 1
[21n(m—p) -5 ]

2
5EB
_ MAX
r = —=2
m X
pl

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

(0 <06 < %

o) " (15

where

in the limit L3 eMAX << 1. 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"
eMAX = 0.54 mrad eMAX = 0.039 mrad
x, = 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) 4x10™% sx10”’

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

the fractional energy loss X|. This is because the peak in the angular distribution
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'le
of the scattered protons is at an angle of i and so, for large x5 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 wereat rest
in the lab i.e. the factor 5 in Eqn(15) is replaced by one. In the physically interest~
ing region where

0.0032 < x;, < 0.0]

1
covered by the tagging detectors |1 and 2 a tagging efficiency of > 40 7 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 whichare large

as compared to the beam divergence.

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

for the angular range :

\
miy < 8

can be written as

(16)

Some typical values are :

eMIN = 45 mrad eMIN = 20 mrad
X, = 0.037 0.18 (0.06) 0.24
0.167 0.30 (0.17) 0.36
1.0 0.43 (0.31) 0.50

The bracketed figures 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 eMIN 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. 15 for
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" figure for the

example has a double tag efficiency, even taking the "pessimistic
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(q”) =~ (17)

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 4x10_3 for tagging at 20 mrad at LEP(2). For electron tagging at
HERA F has maximum values of 0.05, 0.36 for eMIN = 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 p 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 [41 . 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 pT) 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 Qz,x,y can be
7 x unfold-

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

determined completely from the double tag measurements, avoiding the

how LEP could compete for this type of measurement. The diffractive electroproduction
process which can constitute a serious background for yy physics at low W and q2 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. 17b the observed cross section ratio, for production of

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

obs

2% _ 2 @l gp28 o 1| Syox® fay W) e (18)
obs W om m, 2 diff

do W LW
X P _YpsX (vp ) €p (W53)

daw P

Where OYY + X (W) is the total vy
cross section to produce systen.
Oﬁl?f

with effective mass W, and _ Yp-ox
dw

- (WYP,W) is the differential cross

section to produce a system of mass
W by diffractive photo production
where wYP is the total +vyp centre of

4 mass energy. , EYP are the proton

€oy
tagging efficiencies for the two pho-
p ton and electroproduction process

respectively.

d)

Fig. 17 - Signal and backgrounds 4in 2y colli- One process where measurements exist

( . " . .
ﬁozﬁ at E?uggaiwvzcgzzmopw_ for both 2y production [33] and
duction. c¢) difgractive N* electro- photoproduction [34] 1is the system
Eﬁﬁgueuan. d) beam beam bremsstrah-~ s rtrTr for masses W of 1.1 —

1.8 GeV/cz.

It can be seen from Fig. 10 that masses as small as 1.5 GeV/é2 are detected in the
tagging system only for values of ¥, near to the minimum of 0.0032. This implies that
WYP = 26.3 GeV/c2 when W = 1.5 GeV/cz. Taking the (Elab)_o'4 dependance of the pho-

toproduction cross section found in Ref. [34] it is estimated that :

do
_APZAT g5 pb/GeV/cz(wa = 26.3 Gev/cZ, W = 1.5 Gev/cd)
aw

while Ref. [§3] gives

GYY‘*4W 0.2 ub W=1.5 GeV/cZ)

Taking eMAX = 0.039 mrad, then as found above eyz = 0.33. To calculate er it
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is noted that, in this case [34

do 2
___'29_21&11 . e
dq
2 2.2
if UYyax = 25 E eMAX << 1 then
q2
f --7q2 2
) 3 e dq ., q2
YP a2 MAX
! 79742
ivin, € = 6.6 x 10—3
EIVIRE Eyp :
for eMAX = 0.039 mrad.
So from Eqn(18)
obs
2y AT o490 W= 1.5 Gev/c?
Oobs
YP > 4T

Because of the dependence of €YP on e;AX this ratio would be much smaller if a

MAx Vere used. Conversely a smaller value of eMAX would result in a

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

larger value of 6

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 electroproduction 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,w,$ production) ~ 10 ub and that O is 0.3 ub as given by

YYrX
VDM and factorisation argumements.

The distribution in W is taken to be flat :
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d 10 ub 10 yb

aw “yp 125 Gev/c?

“yp> X -

while the q2 distribution is taken to be less steep [35] than in the low mass re-

gion above.

2
Cyp rx x e
dq2
giving € = 4.7 x1073 with By = 0:039 mrad.

From Eqn (15) if is found that :

€2Y = 0.22
or using Eqn (18).
obs
Iy X 2
—— = (.91 W =10 GeV/c
obs
Gyp—»X

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 Py jet production, or exclusive production of high P Reson
pairs, the diffractive electro-production background is expected to be absent. In
the high Py processes there is another type of background coming from directy 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 NX (1410)

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

giving x| = 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
6* = g) decay angle and energy of the proton in the lab system are 0.72 mrad and

580 GeV (x1 = 0.29) whereas the acceptance range of the tagging system is 9< 0.54
mrad and X < 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, is given by [3ﬂ .

1

2
4(l—x1)E 1

ddo _ 2a N 2. 4 . 1
i 2 [1 + (1 Xl) ] 3 1 %y 1In 5 5 (19)

1 mpxl

Tsking the worst case, the minimum value of Xy = 0.C032 and Axl = 0.001 gives a
cross section of

5.2 x 10733 o

With a luminosity of 6}{103‘1cm“25ec—1 this corresponds to a total count rate of 0.3 hz.
A more relevant parameter is the number of counts per bunch crossing whichis 3x 10_8.
Clearly there is no problem of occupation of the tagging detectors from this source.
It is interesting 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 lO6 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) the situation is even worse and it has
been concluded [37] that there small angle tagging is not possible for angles below

1 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 realisation 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 :
+
yet > W (1)
ve » 2% (i1)

can already be obtained at HERA. The energy and luminosity of HERA is such that
there should be a sufficient flux of high energy Weisacker-Williams photons radiated
by the proton beam to observe both (i) [38] and (ii) [39] . In addition wt bosons
can be produced via the process, specific to ep collisions [4@

9
Y > owox T (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(cmz) Ref. Number of events
(2 years at £)
+ + -
e'p > WX 9.0x10738 [38] 110
efp >+ e'z% 1.0x10738 [39] 1300
+ + + 2+ -36
ep WX 1.2x10 [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 Weisacker-Williams form-—
+

ula to estimate the flux of virtual photons radiated by the e  1is 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. [34] 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 > 1000 should be adequate to identity the z° and Wo by the clean,purely

leptonic,decay signatures

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 7YYy 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] , [4IJ s [42] 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 :

N
REP

4T 0 O (20
Xy

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

REP
bunch collisions and O Oy are the horizontal and vertical beam widths (gaussian

profiles are assumed). is much smaller in a linear collider than in an

VREP

+ -
e e storage ring (vREP = 250 kHz, 50 kHz, 180 Hz for respectively PETRA, LEP, and

S.L.A.C.). In compensation N is made very large and Os Oy as small as technically
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possible. For the SLC project B] , [41] R UZI it is planned to increase Nby a factor
3 50 and values of Gx, 0& as small as | - 2" tm with a corresponding beam emittance
of 3){10_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' [6] , [42] . The SLC 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

1 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 1% 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 (l6) or is absorbed in a beam
dump. The polarised photons strike a conversion target (l4) producing a beam of lon-
gitudinally polarised electrons and positrons. After charge selection these particles
are accelerated up to an energy of 1 GeV in an intermediate accelerator (2). The
bunch length of 1 cm is stretched by a factor of = 10 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 im the linear accelerator

(7), (8) and the whole process is repeated. An injector (1) provides the initial beam.

Such a machine can provide collisions between longitudinally polarised e® at.energies
up to and beyond 1 TeV with luminosities of 1032 cm_zsec_l. Many technical problems
remain, however to be resolved [6]&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] ,P],[lO] . The principle of operation of such a "photon

accelerator” will now be brefly described.
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Compton Back Scattering

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 enefgy physics experimentation was pointed
out, after the advent of the laser, by Milburn [45] 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 15

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 = w/E Yo = wo/E
e do 2% L M 2%
¥2 °% 72 Z %7

e

Taking typical values
E = 50 GeV, w, = 1.17 eV (neo-
dymium glass laser) and o, = 0

x is found to be 0.90. For this

case the energy of the incident

n
Y
3

E

photon in the electron rest

frame is low = 0.12 MeV and the

. . . . total scattering cross section
Fig. 19 - Kinematics of Compton back-scattering.
is close to the classical
(Thompson) limit of 2.5x10_25cm%

The maximum energy of scattered photon is given by :

YMax = x/ (1+x) - (21

while the energy of the scattered photom is related to its scattering angle 6 by the

relation (8 << 1)

Y
y o X 22
1+ (8/6,)

where 60 = /I+x/y
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High energy photons are scattered at angles smaller than Q) ~ -, The parameters

1
v

a, a and b are defined in Fig.20. aeis the half widthof the collision region of the

Y

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, = l to 2 ym, a, = 20 pm

and b is 5 to 10 cm. A transverse
magnetic field B of order 1T is
need to deflect the electron
beam after the laser crossing
region to avoid direct electron
electron interactions of the

residual beam.

The order of magnitude of the
laser power needed to convert

~ 100 7 of the electron beam into
Fig. 20 - Definition of beam parametens forn Compilon

backscattering of a Lasen beam photons can be readily calculat-

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

no, = § (23)

- . 1
Taking g, = 2.5x10 25 cm2 and S = ﬂai where a,, = 20 um gives n = 5 x 10 9. The

y
. . . . 19
corresponding energy in the laser pulse, taking wy = 1.17 eV is then 5.9 x 1077y
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 yy collision luminosities in

terms of the electron electron luminosity

The energy spectrum of the scattered photons for various values of Eis shown in
Fig. 21 for w, = 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 yy collisions respectively for E = 150

E = 150 GeV, w, = 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 7%, the luminosity available in the real yy collisions near the
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Ujo- L}7eV' "4 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

4 small scattering angles to the incident

electron beam, the energy spectrum will

15 .
’ 150Gev be concentrated more in the region of

{ 3008V 1 Yvax? giving a photon beam with a

narrower energy spread. Such a "monochro-

05t 4
matisation' of the colliding beams can

L i 1 L ] 1 L 1

0 of 02 03 O4 05 06 07 08 09

be most easily obtained by increasing b

, -WJ/E, (Fig.20). If however the ratio :
Fig. 21 - Energy spectrum of back sedttoned

photons. bo, 2
gz T T o= P (24)
KELee Wo= 11TeV

becomes large, the typical scattering
angle of the photon (60) is greater than
the angular extent of the ee collision
region as seen from the e laser inter—
action point (ae/b) and aloss of lumino-
sity results, even for the high mass

region. This effect is demonstrated in

Figs 25 and 26 where the differential

1 L s i 1

0 01 02 03 o4 05 06 01 08 luminosity functions for ey and YY
2= Wyyf2E

Fig. 22 - Differential Luminosity of vy

collisions fon p?<l. Cunves a,b,c conrespond different values of p . It can be seen

Zo E = 50,150,300 GeV.

i 1 1

collisions respectively are shown for

that monochromaticity is bought only at

I ' ‘ ' the cost of luminosity. If the laser
i’-ﬁéi“‘:j photons have polarisation (circular or
| linear) this polarisation is largely re-
tr tained by the scattered photons. If the
laser light is unpolarised and the elec-—
dee/dg trons are longitudinally polarised, the
Lee ] scattered photons have a high degree of
odF circular polarisation. Details of these
polarisation effects may be found in
T e [10] .
004 L L L 1
0 02 ol 06 08 . e {

Fig. 23 - Differentiak ﬁum{nou,t;*‘{,m ve and Y¥e
collisions E=150Gel, w, = 1.17 el p? <<1.



302
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Fig. 24 - Digfenential Luminosity fo Wetl?

vy and +** collisions. E = 150 Gel,

w, = 1.17 eV,p?<< 1.
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St ]
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Fig. 25 - Differential Luminosity §on ve and y*e
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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 Tow repetition
rates, and the required repetition
rates or greater have been reached,
but with somewhat lower power [10] .
100 ps

seems less difficult to obtain. A

The required pulse length of

possible solution to the power and
repetition rate problem would be to
use a batteryof 10or 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 lipac (Fig. 27.). To
provide sufficient laser power this
needs to have a field of 2T, a pe-
riod Ao 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, in advanceof the elec-
tron bunch, to be focussed on to the
opposing bunch. This system has the
advantage that synchronisation of
the laser beam collisionis garanteed
both in terms of arrival time and of
pulse overlap. It is unfortunately

not applicable to a one linac colli-



Fig. 27 - Free electron Lasen (undulator) fon generating high enengy photon beams.
;. - mgt&o;zn, 2. - accelerating system, 3. - High frequency generaton.
.- oun on.

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
YY * s
+ -
Yy >ree

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

(1/w2) energy dependance. It is proposed to use instead the reaction :

+ -+ -
YY > eeip

39 cm2 and relatively

which has a larger, energy independant, cross section of 5.7x10°
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 YY COLLISIONS.

The advantage of real ye and 7Yy 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 pr quark and gluon jets [ 50 , 51l or of pairs
of mesons at high pT[SZ ]. Another advantage of the real Yy 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 y production Fig. 28b should

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

q2 in real ey collisions is = IOA(GeV/c)2 where Y

and z° exchange contributions are already comparable
@ put it is doubtful if the luminositywill be adequate
to exploit this possibility.

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 ZO, wt.

- b =
5 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-

] 0 cult to observe these contributions because the
Fig. 28 - a) 7° exchange contrc- L. . : )
bution to the photon stauc- Cross section is dominated by the neutrino exchange

ture function. . graph. In contrast the processes Ye > WV and
b) Change cuwient inter- - . + = + -
action 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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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(ye > Z°e) =

Hlae

[(1- 242y 1eq0-pacd]|
where x = (W_ /M ~)2
Ye' Z

2

o= —22 —[1+ (4sin®e, - 1)2] = 5.9 pb
2M2 sin226 W
z W
W -l
L=2ln (&%, (25)
m W
e Ye

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.

(pb),
? 7 Y e
100

~N

o (ye—Ze)
3

00 150 200
z /5 (GeV)

Fig. 29 - Cross section forn the process ye > 2°¢ as a function of
W = /5 oy @nd Lowest order contributing graphs.
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This process is discussed in Ref. [13 ], [14 ]. The lowest order diagrams and the
total cross section versus we are shown in Fig. 30. t channel W exchange gives an
important contribution which is sensitive to the gauge coupling YW+W_. At high
energies the W exchange graph is predominant and the produced W boson is emitted most-
ly parallel to the incoming photon. The total cross section can be written in terms
of the degrees of longitudinal polarisation of the electron and photon beams Pﬁ;, P$

as [14]:
olye' » W) = (17 %) 0™+ P’YL 1)
o e e S e Ty ol l Ly
or = UEI x)(1+ = T 4x2) x(z+ x " XZ) lnxJ

. Olx-1 3 3y 1o |
T = |:4x (l3+x) (1+x) lnxJ

= @ )’ (26)

Q
n
]

£~

~

o)

o
»

I

Fig. 30 - Choss section for the
process ye > W, as a

T r . T y gunction of W, = /S_QY and
wol Lowest onden clmbmng
graphs.

30}

29

101

0
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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 [1l4] :

Gy, > WW) = o™+ et 2.l t
12 Y1 Y2 2y,

onp=6vtl+i+ -2 a-H LJ
16x 16x 16x 2x

= X [— 19 + (8'—2) L:|
16x
3
16

- ov €1
T = — [} + 7% L }
X
nere 5= 8T%% g6 o = Wy /oM )2
where = Mé = P x = (W Mw)
_ _1 _ 1 1 +v
v = //1 - L = - 1n == (27)

2 . : . . .
Here P s pt are the degrees of longitudinal and transverse polarisation respecti-
vely of*the pﬁoton i. A¢ is the azimuthal angle between the planes of tramsverse

polarisation of the two photons. T and 1® can also be written in the form :

(28)

where oy , 0, are the cross sections for photons with parallel, perpendicular planes
of transverse polarisation and O,» O, are the cross sections for states of total heli-
city 0,2 for the two photons. Fig. 31 shows the dependance of Onp,T,Ta 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 trams-—
verse polarisation. Such a measurement is semsitive to the different contributionsof

the ¥ W and the YYW+W- couplings (Fig. 31).
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IS w” L vy > u > 2°%2°
v, ¢ -, r B’z
“ T C ,
" . In the case that the Higgs scalar meson
¥ w Y w
‘1§ e X, 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 * 7°7° [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
isno "born term" corresponding to W

exchange.

The total cross section to be expected
for the processes discussed above,when
account 1is 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 section forn the process
Yy + W as a function of
W = /Syy and Lowest order
contrnibuting ghaphs. For definitions
of 1, % see Lext.

1 By ome? 1 by

2

+1 -y - + 4y

29
wlo ) |1 -y x(oy) (1)’ @

ﬁ& dy

where x, y are defined in section 6 above, Oc(x) is the Compton cross section,ana a
laser photon energy of 1.17 eV is chosen.x is = 1 for SLC energies and = 2-5 for
VLEPP. In the curves corresponding to Ye and Yy collisions a conversion efficiency
k of 0.5 is assumed. Some counting rate estimates using Fig. 32 for SLC and VLEPP

"effective luminosity" are presented in TABLE 4.

taking in each case 2 years of
Notice that for SLC the effective luminosity is now a factor 3 smaller than in TABLE
2, sincethe "pinch effect” enhancement is no longer operative. It should be remarked
in general however that the parameters for optimum luminosity in yYe and Yy collisions
are not the same as in e e [7]1 , implying that the estimates of TABLE 2 are perhaps

conservative. For SLC the maximum [6] beam energy of 70 GeV 1is taken,
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Fig. 32 - Cross sections fon vanious 1°, WE production processes, weighted by
the photon enengy distribution of Eqn(29) as a function of 2E = ‘/S_ee'

8. SUMMARY

A comparative study of the 2y physics potential of PETRA, SLC, LEP(1/6), LEP(2)
and HERA has been made. On the basis of the quoted design luminosities, both HERA and
LEP (1/6) (the initial version of LEP with 50 GeV beams) offer a significant advan~
tage 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/cZ. 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 HERAwill
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 0° the expected background level from beam-beam
bremsstrahlung is negligible. The production of z° and W* bosons in Y e andyp

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 1 TeV. Electroweak interference in the photon structure function

. . + . .
as well as copious production of z° and W* via the reactions :

Ye - z%
Yet » Wy
Yy W

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

couplings YWW, TYYWW.
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HIGH ENERGY COLLIDERS

. Design Luminosity
Machine Colliding Beams -2 -1
(Energy in Gev) (em “sec )
- - 29
CERN pp 270 p + 270 p 10
(%)
— 30
SLC 50 e + 50 e 6x 107
2
possibly et 30 vy 3x 10 9@)
30y +30 4.5 x 1028
(ex) -
LEP () 50 e+ 50 e 4 x 10°!
e (2) 0 130 e + 130 e~ 1032
HERA 30 e* + 820 p 6 x 107}
- - 30
FNAL pp 1000 p + 1000 p 10
ISABELLE pp 400 p + 400 p 1033
VLEPP eie 1032
+
ey
Yy
All beams polarised
Energy range 150 = 500
(*) A factor 3 enhancement from the "pinch effect” assumed.
(t) Monochromatic y beam with AE/E = 0.1 Ref. [8]
(x%) lst Stage of LEP
(1) Superconducting R.F. 'required.
Table 2
ENERGIES AND EFFECTIVE LUMINOSITIES FOR PETRA, LEP SLC AND HERA
Machine PETRA LEP (%) LEP (2) SLC HERA
Colliding beam | 20 e 50 e* 130 e 50 e"(e) | 820 p
Energies (GeV) 20 e 50 e 130 e 50 e 30 et
wMAX (GeV/c) 40 100 260 100 314
IenZsec™y | 4x10%° | 13103 3x10%! 2 x 100 |2 x 10%!
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Table 3

PARAMETERS OF SMALL ANGLE TAGGING DETECTORS

Detector 1 2 3

Distance from interaction 100 75 55

point (m)
Distance of detector 8.7 <r<30 8.9 <r <30 10.5 < r < 30
from beam line (mm)
Effective distance of D ( p) + 6o "o, 98g UL Y
inner edge from beam X b X X

eam
D (m) 2.7 0.8 0.28
Oy (mm) 0.86 0.28 0.5

Acceptance in e

0.0032-+0.011

0.011-+0.0375

0.0375-0.11

<UX1>
3 0.057 0.053 0.048
for of =1 mm
Table 4
COUNTING RATE ESTIMATES FOR Z°, Wi
PRODUCTION IN<Ye, YY COLLISIONS AT SLC AND VLEPP

sLe E = 70 GeV FNo 6.7 %107 an? sec”!
VLEPP E = 150 GeV 5.3 % 103 en? gee!
Numbers of events for 2 years at L

SLC VLEPP
ve + Z% 504 23,000
vet > Wy 24 15,000
vy > Wy - 4,000

(f) The effective luminosity £ is l—the quoted design luminosity. No "pinch effect"
enhancement is included for the 5LC.
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DISCUSSION

~ Vermaseren

In a reaction ep » eupy p vs ee » eeyy most of the HERA advantage for tagging
goes away when the observation of both W's is demanded. See for instance

NIKHEF preprint H/82-15.

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 favour HERA
over LEP. LEP cannot compete with HERA for the = 0° tagging as both technical
acceptance limitations and beam-beam bremsstrahlung background forbid tagging

at angles less than =~ 2 mrad at LEP.

Brodsky

There is an iﬁteresting hadronic diffractive process which would be a potential
background to YY physics in ep collisions ; specifically 7Y + pomeron - X or
Y + (gg) > X where the proton scatters elastically and forward at large xp.
This 1is an interesting process to study in itself ; careful studies are need-

ed to see if the 7YY reactions are separable.

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 electroproduction is a po-—
tentially important background. In the written version of the talk I shall try

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

Jonsson

I would like to point out that the possibility of making 0°-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 beam beam 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 1 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 tag efficiency at
DORIS would be of the order of 257 but with a cut at ] mrad it comes down to
about 87 which still is quite impressive.

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

DORIS.

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.

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.

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.

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 stwvong 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 ?

J.H.F.

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

photon-photon colloquium.
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