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ABSTRACT

In this paper the treatment of radiation in pulse-pulse collisions relevant to
high energy electron-positron colliders is extended to multiple photon processes.
The resultant multiple photon spectrum is hard. We discuss the possibility of a
photon-photon collider utilizing this radiation. The expected flux is calculated
and turns out to be from one to two orders of magnitude larger than that of
the conventional virtual two photon source, depending upon machine parame-
ters. Photon-electron processes are also enhanced by this additional hard photon

source.
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We extend our previously published studies’ of quantum beamstrahlung in
the one photon approximation (see also Refs. 2—4) by including the contributions
of multiple photon emission during the mutual traversals of pulses composed of
electrons and positrons.5 The new results substantially alter the spectral distri-
bution of radiated photons and scattered e* but they have little effect on the
average fractional energy loss from the particle beams (the beamstrahlung loss)
calculated in the one-photon approximation (in fact, it decreases). Of particular
interest, the equivalent luminosity for collisions of real, high-energy photons is
considerably larger than the familiar result for two virtual photons. This is the
case for linear colliders in the 500 GeV-1 TeV energy range now being studied

and viewed as technically practical.®™®

This result introduces a new dimension into the design and application of
et linear colliders. For constant luminosity, the beam pulses can be shaped as
desired in order to either maximize or minimize the fields and the resulting beam-
strahlung (i.e., radiation due to beam-beam interaction). The beamstrahlung
can be reduced by forming beams with thin ribbon-like cross sections, permitting
study of ete™ interactions at maximum energy and with narrow energy spread.
Oppositely, in order to study high energy photon-photon processes, the collider
can be tuned to maximize beamstrahlung by shaping the beam pulses to more
nearly circular cross sections. After describing the calculation we will illustrate
the potential for producing Higgs bosons in the 100-200 GeV mass range based

on predictions of the standard model.

We work in the rest frame of the uniformly charged pulse of N positrons using
the same approach as found in Ref. 1. The pulse length is L = £oy where £ is its

length in the colliding beam (laboratory) frame, and E = ym is the beam energy



in the laboratory. The cross section of the pulse is elliptical with semi-major and

semi-minor axes a;,ay and area A = mazay. It is convenient to introduce the

aspect ratio

G

G tay 5. (1)
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As discussed in Ref. 1 our analysis is restricted to small values of the disruption
parameter, which is the expansion parameter for our quantum treatment. Small
disruption means that there is only a small fractional change in the value of the
electron’s impact parameter as it crosses the positron pulse. Furthermore, for all
cases of interest (i.e., foreseeably realistic) the incident elecfrons are characteris-
tically separated by transverse distances that are large relative to the dimension

of their individual radiation patterns; i.e.,

A (0.1p)? 1
N ———( 105)) =10"2cm? > 7 10~ 2e¢m? |

and hence can be treated incoherently. The pulse effects, however, must be

treated coherently. To that end, denote by
T(z,2) dldz (2)

the probability that an electron with momentum fraction z will radiate a photon
with momentum fraction (2 — z) and end up within dz of z after traversing a
fraction d€ of the pulse length (0 < £ < 1). In the approximation of single photon

emission

1
§(1 photon) = / dz(1 - 2)T(,1) (3)
0



is the fractional energy loss—or beamstrahlung—and (1 — z)T'(z,1) is the one
photon power spectrum ( % in Ref. 1). We also introduce

z
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which is the probability that the electron with 2 radiates one photon while

traversing d£.

We now demonstrate that it is possible to proceed classically in calculating
multiple photon emission. Theoretically a pulse can be chopped into thin slices,
each of thickness L/2y, with y = 2 +/wL , where L is the luminosity per pulse.
For future colliders of interest in the TeV energy range, y ~ 100-1000. The
significance of L/2y is that it is the length of the electron’s trajectory over which
it acquires a transverse momentum ~m from the electric field of the pulse (it
defines the transverse coherence length, £ l).l Radiation from successive slices
will therefore be incoherent since there will be no overlap. Furthermore, each
slice is sufficiently thin that there is negligible probability for radiating more

than one photon per slice.

Treating each slice of the pulse of thickness L/2y as differentially small we
simply construct the rate equation P.(z,£), defined as the probability of finding
an electron with momentum fraction = at fractional depth £ within the pulse:

1 z
P.(z,L+ dt) — P,(z,£) = dl/ dzT(z,z) Pe(2,¢) — dl/ dzT(z,z) P.(z,£) ;
z 0

or

ﬂ%%Q:/@T@@ﬂ@@—ﬂ@E@A, (5)
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where the two terms on the right-hand side are the standard “source” and “sink”
contributions that represent falling into and out of the momentum fraction z as

a result of radiating a photon.

Analogously, the rate equation for the probability of finding a photon with

momentum fraction v at depth £ is

1
W = /da:T(:z:—v,m)Pc(x,f) . (6)

Equations (5) and (6) include only the first generation of shower development;
neglected is subsequent pair conversion of the high-energy radiation formed in

the pulses.

The fractional energy loss including the effects of all photon emission can be

written in the equivalent forms:

1 1
5(total) = /di(l—z)Pc(z,l) = /dvaPh(v,I) . (7
0 0

It is interesting to note that one expects that §(total) will be somewhat smaller

than (1 photon) for the same parameter values.’

Finally, we define the photon flux through the pulse

F(v) = / de P (v,2) - (8)

The equivalent luminosity for beamstrahlung photon-photon collisions at total

mass W is



1 1

L

W= /dm/"lsz(vl)F(vz)5(51’1”2 ~we,
0 0

or

ofsror).

22
where 22 = W2/s = W?2/4E?

Equations (5) and (6) can be integrated numerically in terms of known single
photon radiation probabilities. Figure 1 shows the resulting spectra which depend
only on momentum fraction z and the scaling variables y and D = CG, where
C = mly/4vy o« €, /L., which also describe the one photon :«)‘pproxima.tion.1

F(v) is to be compared with the equivalent virtual photon flux, which takes

the simple form for v < 1,

3R

nqy(v) = % (Zn ° —1) . (10)

m2y2

The luminosity spectrum d£.,/dz is shown in Figs. 2 and 3 and compared with
that computed from the virtual photon spectrum for a specific but interesting

choice of machine parameters for a ~ 1 TeV collider:®

C = 1.5 and y = 400, or £ ~ 0.7103°cm™2 and £y ~ 0.9 mm
(11)
C = 0.5 and y = 800, or £ ~ 2.810°°cm™2 and 4o ~ 0.3 mm.
The sensitivity to the beam geometry is illustrated by the two curves plotted
in Fig 2 corresponding to different values of the pulse aspect ratio, G =1 and

5, respectively. The latter value corresponds to a flat beam with aspect ratio



ay/a; = 100 and its beamstrahlung luminosity is smaller than that due to
the well-known virtual photons for all values of the photon-photon mass for the
parameters shown. However, for higher values of the luminosity per pulse, the
situation changes. In Figure 3, the beamstrahlung photon-photon flux is larger
by a factor of 5 — 10 for W ~ (0.1 — 0.25) y/s. The virtual photon curves are

drawn for a 1 TeV collider;10 the beamstrahlung curves are independent of s.

Thus depending on specific design parameters, £, can be made negligible
or can be made to dominate the two photon flux in future high-energy colliders.
The large ratio to the virtual photon luminosity shown in Figs. 2 and 3 sug-
gests naturally the potential for linear colliders operated in a mode to maximize
beamstrahlung to explore relatively rare reactions initiated by the two photons
as well as the more copious hadronic states that they produce. One example is

the search for a neutral Higgs boson via the coupling v+ H.

The single neutral Higgs boson of the standard model should be produced
copiously in hadron-hadron c}ollisions11 but will be very difficult to pull out of
the large backgrounds if its mass lies below the W+ W~ or Z9 Z° threshold.'?
In the mass region 100-200 GeV it will be necessary to rely on et e~ colliders.

The process of W-fusion
ete” mete” (WW™)uvo — ete  Hyvo (12)

leads to an observable signal for high-luminosity colliders: '3

OW fugion ~ 1.50p0int for a 1 TeV collider with mpy, = 200 GeV

(13)
OW fusion ~ 0.30p0int for a 600 GeV collider with mpy, = 120GeV ,
where 0point = 4’53‘2 = 86'8;‘(,}2;,;?“‘2 . These predictions correspond to 10 and



6 H°’s per day, respectively, for a luminosity of 1033 cm—2sec™!.
Beamstrahlung photons also lead to H® production in the standard model

that can be estimated theoretically. 4 The predictions depend on collider pa-

rameters thru the £, flux and the coupling of H® — 2+ which is sensitive to

theoretical details, including the mass ratio of the heavy lepton and the W to
the Higgs.

Using the definition of £,

d _ _ d
Iz' Ubeamstrahlung(e+e —ete X) = [E ‘C’W] 0:'7'7—>X(W) ) (14)

we find in the narrow resonance approximation for the Hp

d 47T (mpy, — 2
abeamstrahlung(HO) = lia'z- fﬂyfy] ( Ho ’Y)} . (15)

s=mise/\/5 { ™,
This gives approximately obeamstrahlung (Ho) ~ 10~36cm? using I'(mpg, — 2v) ~
5 keV for Higgs masses in the 100-200 GeV mass range and d—d; Lyy ~ 10 for

z = 0.2 from Fig. 3. This corresponds to roughly 100 Hy’s per day for a collider

2 1

luminosity of 1033cm=2%sec™1.

This example is used only to suggest that two photon reactions via beam-
strahlung can be significantly larger than previously appreciated on the basis of
virtual photon processes.15 Note also that the beamstrahlung source works with
electron-electron as well as positron-electron colliders. 18 These hard photons may
lead to troublesome backgrounds or, conversely, raise the attractive possibility of
doing interesting new physics with linear colliders in the 500 GeV-1 TeV energy
range that is now being studied.'® The colliders can be tuned by beam shaping

to minimize or to maximize the beamstrahlung contribution as demanded by

experiment.
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Figure 1.

Figure 2.

Figure 3.

FIGURE CAPTIONS

The photon flux integrated through the pulse as defined in Eq. (10) in the
text. The upper and lower solid curves are for C = 0.5 , y = 800 and
C = 1.5, y = 400, respectively, for G = 1. The dashed curve is for the

latter case with a ribbon beam, G = 5.

The photon-photon luminosity relative to the incident electron-positron
flux is plotted for the case C = 1.5 and y = 400. The effect of pulse
shaping is illustrated by the two values of G. The virtual two photon flux
is also plotted as the dotted line for a collider energy of 1 TeV.

The same as Fig. 2 but for machine parameters of C = 0.5 and y = 800.

The increase in luminosity is evident.
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