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Drees and Godbole have proposed that, at the iteraction point of an e e ~ linear collider, one expects
a high rate of hadron production by yy collisions, providing an additional background to studies in
e*e” annihilation. Using a simplified model of the y¥ cross section with soft and jetlike components,
we estimate the expected rate of these hadronic events for a variety of realistic machine designs.

PACS number(s): 13.65.+1i, 12.38.Bx, 13.87.Ce, 41.60.Ap

I. INTRODUCTION

One of the most important issues in the design of fu-
ture e Te~ colliders is the effect of the beam-beam in-
teraction on the physics environment. A linear collider
operating at a center-of-mass energy of 400 GeV and
above requires a luminosity in excess of 10> cm™?sec ™.
Such a high luminosity can only be achieved by colliding
tiny, intense bunches of electrons and positrons. In this
circumstance, these bunches interact strongly with one
another, producing large numbers of photons and
electron-positron pairs [1,2]. This effect potentially
creates troublesome backgrounds for experiments on
ete ™ annihilation and must be controlled by adjustment
of the collider parameters or the interaction region
geometry.

In a recent set of papers, Drees and Godbole [3,4]
called attention to another potentially serious back-
ground due to the beam-beam interaction, in which pho-
tons created by the bunch collision interact to produce
hadronic jets. In some designs, the rate of this process
exceeds one jet pair per bunch crossing. Under these
conditions, each e te ™ annihilation event would be su-
perposed on an extraneous system of hadronic jets. Thus
it is important to evaluate this background systematically
and determine its dependence on machine parameters.

In this paper, we will evaluate the rate of hadron and
jet production for a variety of accelerator designs which
have been proposed for 500-GeV and 1-TeV e Te ™ linear
colliders. Three ingredients are needed for such a calcu-
lation. The first is the photon-photon luminosity spec-
trum for the given linear collider design. The second is
the cross section for hadron production in photon-photon
collisions. The final ingredient is a realistic detector
simulation to evaluate what fraction of the produced had-
rons is actually seen by the experiments. For the first two
of these ingredients, we will present an explicit model
which can easily be applied to other accelerator parame-
ters sets. For the third, we will present some illustrative
Monte Carlo calculations. We hope that our analysis will
make it straightforward to incorporate the constraints of
the Drees-Godbole background process in any future
proposal for a linear collider. We will also demonstrate
that, with an appropriate collider design, the Drees-
Godbole background can be reduced to a level where it is
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quite unimportant.

In Sec. II, we begin our study by reviewing the
photon-photon luminosity spectrum at linear colliders.
This spectrum is by now well understood. It is given by a
sum of contributions from photons radiated from elec-
trons in the scattering process (bremsstrahlung photons)
and photons created upstream of the photon-photon col-
lision by the coherent action of the electric field of one
bunch on the particles of the other (beamstrahlung pho-
tons). The bremsstrahlung contribution depends almost
entirely on the luminosity for e Te ™ collisions. The
beamstrahlung contribution depends on the accelerator
parameters in a manner which is complicated, but which
has by now been worked out in some detail. We will
present an explicit parametrization of the photon-photon
luminosity spectrum which incorporates these two
sources in a convenient form. We will also review the
case of a dedicated photon-photon collider, which may be
constructed by backscattering laser beams from the elec-
tron bunches of an electron linear collider [5-8].

The second ingredient, the value of the photon-photon
hadronic cross section, is subject to considerably more
uncertainty. One possible model is a vector meson domi-
nance picture in which the photon-photon cross section is
taken to be proportional to the p-p cross section. In their
original work, Drees and Godbole [3] took a very
different picture, in which the photon-photon cross sec-
tion originated from the scattering of partons which are
constituents of the two photons. This model leads to a
cross section which is small at low energies and increases
rapidly with energy above the center-of-mass energy of
100 GeV. Both of these features, we believe, are unphysi-
cal. Their use of this model has led to considerable con-
fusion, especially in the accelerator physics community,
as to the proper way to estimate the important new back-
ground source to which they have called attention. In
Sec. ITI, we will attempt to clarify this issue and present a
physically reasonable scheme for estimating the photon-
photon hadronic cross sections. As Drees and Godbole
have stressed, two separate questions must be addressed.
First, what is the total cross section for hadron produc-
tion? Second, what is the rate for hadron production ac-
companied by QCD jets of 5-20 GeV transverse momen-
tum? Both cross sections can potentially be large enough
to lead to rates of order of one event per bunch crossing.
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In Sec. III, we will argue that the total cross section is
best estimated using vector dominance ideas. This con-
clusion is in accord with recent high-energy measure-
ments of the of yp total cross section at the DESY ep col-
lider HERA [9,10]. To estimate the cross section for
events with jets, we must also invoke the parton-parton
cross section for hard scattering. We will evaluate this
partial cross section by introducing a very simple model,
which we call the reference model. We will explain why
we consider the reference model a better description of
the structure of jet production than the model of Drees
and Godbole. This model follows the essential physics of
the ‘“‘eikonalization” scheme of Forshaw and Storrow
[11]. We have modified their model so that it contains no
free parameters and is straightforward to apply.

In Sec. IV, we will combine these models of photon
spectra and the jet cross section to estimate the rates of
hadron and jet production by photon-photon reactions
for a wide variety of proposed machines. These calcula-
tions depend on the parameters of the machine in a quite
straightforward way. We hope that the calculations of
this section will be both sufficiently simple and
sufficiently informative that they can aid in the estima-
tion of hadronic backgrounds for future stages in the
design of e Te ~ linear colliders.

However, as we have already noted, the full effect of
hadronic backgrounds cannot be understood without a
generating hadronic events and passing them through a
realistic detector simulation. The detectors planned for
future linear colliders typically have holes in the forward
and backward directions and substantial masking to
avoid the ete™ pairs produced by the beam-beam in-
teraction. Explicit studies of the Drees-Godbole back-
ground have shown that much of the hadron production
either is lost through these holes or appears at very low
energy [12,13]. In Sec. V, we will report a set of Monte
Carlo simulations based on the model of hadron produc-
tion presented in Secs. II and III of this paper. We will
quantify the hadronic backgrounds actually detected for
some illustrative machine designs, and we will show that
these backgrounds are indeed minor effects.

As we were completing this paper, we received two
new contributions on the estimation of yy backgrounds
in linear colliders [14,15].

II. PHOTON SPECTRA
FROM BREMSSTRAHLUNG, BEAMSTRAHLUNG,
AND COMPTON BACKSCATTERING

We will describe the spectra which enter yy cross sec-
tions at e e linear colliders in terms of a photon-
photon luminosity function L,,(x;,x,). Its parameters
x,x, are the fractions of the total energy of the initial
electrons and positrons, respectively, carried by the col-
liding photons. The luminosity function contributes to
cross sections as follows:

ale (p;)et(p,)—>X+ anything)
1 1
= fo dx, fo dx;L,,, (x1,x3)0[y(x,p))y(x,p,)—X] .
2.1
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As noted in the Introduction, the luminosity function
receives contributions from two sources, beamstrahlung
and bremsstrahlung, corresponding to real and virtual
photons. Assuming that the sources of the two photons
are independent of one another, we can write the lumi-
nosity functions for an e *e ™ collider as a sum of com-
ponents:

Lyy(xl,X2)=fv(xl )fv(xZ)
) () + £ (x1)f (%3]
1 (x)f(xa)

In this equation, f,(x) is a modification of the
Weizsacker-Williams distribution for radiation in a col-
lision process and f,(x) is the average of the beam-
strahlung spectrum over the process of interpenetration
of the e~ and e’ bunches. In the cross term, there may
be a geometrical suppression of the virtual photon distri-
bution. This effect is important in e *e ™ pair creation at
the interaction point in linear colliders [16]. However,
the same logic predicts that this effect is negligible for the
process considered here.

To compute the jet production cross section at a jet
transverse momentum of order Q, Drees and Godbole
have argued that one should use a modified version of the
standard Weizsacker-Williams formula. The standard
formula integrates over all photon transverse momenta.
However, only those photons which are off shell by less
than Q? can produce jets with transverse momentum of
order Q with an unsuppressed rate. In addition, only a
fraction c, of the partons in these photons will be off shell
by an amount less than Q2. By integrating the formula
for the equivalent photon distribution given by Brodsky,
Kinoshita, and Terazawa [17] up to Q2 and applying the
additional suppression factor, we obtain

(2.2)

Ey=c,=%— |[1+(1—x7] | n L —1
2
x 1—x
+7 In x2 +2
—x)2 -
n (2—x) In 21 2x _ |,
2 (Q*/E“+x7)
(2.3)
where E is the electron beam energy. We will take
c,=0.85, (2.4)

following the estimate of Drees and Godbole [3,18]. The
distribution (2.3) modifies a simple dependence propor-
tional to InQ? to include the correct enhancement at
small x and suppression at large x from the electron kine-
matics.

In contrast to bremsstrahlung, beamstrahlung occurs
in the situation where the scattering amplitudes between
the radiating particle and the target particles within the
characteristic length add coherently. Typically, for the
beam-beam collision in linear colliders there can be over
109 target particles involved within the coherence length.
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The process can therefore be well described in a semiclas-
sical calculation where the target particles are replaced
by their collective electromagnetic (EM) fields.
High-energy e te ™ beams generally follow Gaussian
distributions in the three spatial dimensions, and their lo-
cal field strength varies inside the beam volume. In the
weak disruption limit, where particle motions have small
deviations from the z direction, it is possible to integrate
the radiation process over this volume and derive rela-
tions which depend only on averaged, global beam pa-
rameters. The overall beamstrahlung intensity is con-
trolled by a global beamstrahlung parameter [19,20]:

(B) _5 reyN
y =2

YYo= ,
0 B, 6 aoc,(o,+0),)

(2.5)

where (B ) is the mean electromagnetic field strength of
the beam, B, =m?/e ~4.4X 103 G is the Schwinger crit-
ical field, N is the total number of particles in a bunch,
04,0,,0, are the nominal sizes of the Gaussian beam, ¥
is the Lorentz factor of the beam, r, is the classical elec-
tron radius, and a is the fine structure constant. The col-
lective fields in the beam also deform the other beam dur-
ing collision, by an amount controlled by global disrup-
tion parameters, which may be different in the two trans-
verse directions [21,22]:

2Nr,o,

= 2.6
» yo,,lo0,t0y) 2.6)

In the most general designs for linear colliders, the
photon spectrum due to beamstrahlung is not a factor-
ized function of the electron and positron sources and de-
pends on the detailed evolution of the bunches in the col-
lision process. In general, then, the spectrum of radiation
must be computed by detailed simulation [23,19]. How-
ever, typical beams in linear colliders are very long and
narrow. Since all particles oscillate within the focusing
potential that is defined by the geometry of the oncoming
beam, the oscillation amplitudes are small compared with
their periodicity in z. Then the assumption of small devi-
ations from the z direction remains approximately valid.
The main effect of disruption on beamstrahlung is the
change of effective EM fields in the bunch due to the de-
formation of the transverse beam sizes. Thus beam-
strahlung is in practice still factorizable even under a
non-negligible disruption effect, if one computes its mag-
nitude using an effective beam size which takes the global
disruption into account.

The proper value of this effective beam size can be
found from the luminosity enhancement factor, defined as
the ratio of the effective luminosity to the nominal lumi-
nosity due to the change of beam size:

g,0

x")y

xay

Hp=

2.7

SN

Ql

The luminosity enhancement factor is calculable analyti-
cally only in the D <<1 limit. Beyond this limit, the dy-
namics of the beam-beam interaction becomes nonlinear,
and one must use simulations. From the results of these
simulations, we can extract scaling laws for H;, and thus

for the effective beam size. For the case of round beams
(0, /0,=1), simulations produce the behavior [22]

3
HD=1+D”4!ID {In(V'D +1)+21n(0.8/4)} ,

+D?

(2.8)

where 4 =0, /B* and B* is the Courant-Snyder 3 func-
tion at the interaction point. This scaling law is valid to
about 10% accuracy. Thus, for round beams, the
effective beam size is roughly given by =0 Hp, /%

In realistic designs for high-energy e *e ™ colliders, the
beams are intentionally made quite flat, with R =0, /0,
greater than 5 and as large as 100 in some designs. In
this case, there are separate * values and separate dis-
ruption parameters (2.6) for the x and y directions. Typi-
cally, Hp, computed from (2.8) with D=D, and

A =0,/B%, is close to 1, while H D, computed from (2.8)

using the D, and o, /fj, is large. Since the field strength
in a flat charge distribution is mainly determined by o,
this means that the disruption effect and its enhancement
of beamstrahlung will be relatively mild. However, it
turns out that the effect of o, is quantitatively important
and cannot be neglected.

We therefore suggest the following prescription for

computing the effective beamstrahlung parameter: Let
(24]

o,=0,Hp'"?, ay=ayH5y'/3 i (2.9)
The exponent ; in the second term is determined from
computer simulations for very flat beams in which the
horizontal particle motion is ignored [22]; a theoretical
basis for this scaling law has been proposed in Ref. [25].
Then the effective beamstrahlung parameter is given by

rlyN

_— (2.10)
ao,(G,+7,)

5
T==
6

This prescription gives beamstrahlung spectra which
agree with the simulation results to an accuracy of 10%
for colliders with flat beams (R > 5).

Once one has an effective value of the beamstrahlung
parameter, it is straightforward to derive the photon
spectrum [26]. The number of soft photons radiated per
unit time, calculated by the classical theory of radiation,
is

_ 5 a?
Vel 2‘/3 re')/T

(2.11)

Note that for a given field strength v is independent of
the particle energy. This expression applies to the in-
frared limit of the spectrum where photon energies ap-
proach zero. For a hard photon, up to the initial energy
of the electron, the quantum mechanical calculation gives

a more general formula:
v, =vy[1+71?/3]7172 (2.12)
14 cl

In a multiphoton radiation process, it was found useful to
introduce a linear interpolation between these two values.
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Let x be the energy fraction of the initial electron carried
by the photon. Then define

- 1 1 ’ ’ ’
v(x)=-1j-x—fx dx'[x"vg+(1—x")v, ]
=1 +xvg+(1—xv,] . (2.13)

With these basic parameters introduced, f,(x) is given by
[26]

) 5 173
= 2 —2/3(1_ \—~1/3
fr(x) T |37 x (1—x)
X exp | ——2%— |G (x) (2.14)
P 7 3v(1—x) ’ '
where Y is given by (2.10),
G(x)= 1—w _ 1 [l_e—g(x)ny]
g(x) g(x)n,
tw 1—i[1—e_"7]|, (2.15)
n
¥
glx)=1—2(1—x)?"3
V.
¥
and
1 3’Y‘ 1/2
w'_—g Y ) n},=\/3ozv},. (2.16)

n, is the mean number of photons radiated per electron
throughout the collision. The approximations are valid
for Y S5.

So far, we have been discussing the photon spectra as-
sociated with linear colliders operating in a mode to
study e "e ~ collisions. It is also possible to run a linear
collider in a mode dedicated to the study of yy collisions,
by backscattering a laser beam from each electron beam
just before the collision point. The luminosity for
photon-photon collisions should be essentially equal to
the design luminosity for e Te ™ collisions, without the
enhancement factor (2.7). Ten years ago, Ginzburg et al.
[5] studied this possibility in some detail and displayed
many interesting characteristics of the photon-photon
collider. In particular, they computed the luminosity
spectrum of each photon beam. Ignoring polarization
effects,

_ 1] 1 4 4x?
fc(x)—N 1 x+1_x X(l—x)+X2(1——x)2 ,
2.17)

where
4 8 1, 8 1

N=|1-—-——= | m(1+X)+ =+ ———— .
{ X X"]n 2 X 201+Xx)?
(2.18)

The parameter X is related to the center-of-mass energy
of the electron-laser photon collision, X =(E, ,, /m,)?,

and x is restricted to x <X /(1+X). Telnov [27] has ar-
gued that the optimal value of X is X =2+1'8~4.83,
and we will use this value here. The luminosity function
for the yy collider is then simply

Lyy(xl’xl)zfc(xl )fc(XZ) .

The formulas tabulated in this section give a complete
and rather straightforward method for computing the
photon spectrum relevant to background processes at fu-
ture linear colliders.

(2.19)

III. ¥y TOTAL CROSS SECTION

In order to compute hadronic backgrounds due to the
photon spectrum described in Sec. II, we must fold this
spectrum with a reasonable theory of the photon-photon
hadronic cross section. Unfortunately, this cross section
has been measured only at very low energies—energies
below 20 GeV in the center of mass. The extrapolation of
these measurements even to 100 GeV in the center of
mass depends on the theoretical models. In this section,
we will describe a simple, specific model which we pro-
pose should be taken as a reference.

The simplest model of the energy dependence of the
photon-photon hadronic cross section is that given by
vector meson dominance. In this model, the photon is
considered to resonate, with some amplitude, to a ha-
dronic state such as the p. Then the photon-photon total
cross section should be proportional to the p-p total cross
section as a function of energy. In practice, among the
hadronic total cross sections, only the pp and pp cross
sections are measured above 30 GeV in the center of
mass. We will estimate the energy dependence of the
photon-photon total cross section by averaging these to
remove the effects of baryon exchange. Using the param-
etrization of Amaldi et al. [28] [which continues to fit
the more recent CERN Super Proton Synchrotron (SPS)
and Fermilab data], we have

o(yy— hadrons)=0,{1+(6.30X1073)[ In(s)]*!
+(1.96)s 7%}, 3.1

where s is given in (GeV)’. The same formula, with
0, =280 ub, describes the new high-energy determinations
of the yp total cross section from HERA [9,10]. To de-
scribe yy scattering, the constant may be adjusted so that
o(yy)=[o(yp))*/o(pp) in the region of approximately
constant cross sections at E_ ;, ~30 GeV:

00=200 nb . (3.2)

The formula (3.1) is plotted in Fig. 1 and compared to
direct determinations of the yy hadronic cross section
[29-31]. Comparing o(yp) to o(mp), we conclude that
the photon is a hadron a fraction ;% of the time.

A second model of the photon-photon cross section is
one based on parton-parton scattering. Many authors
have speculated that the hard QCD processes can make a
significant contribution to the total cross section in
hadron-hadron scattering at high energies. Drees and
Halzen [32] proposed that parton-parton scattering could
be the dominant process in the photon-hadron cross sec-
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FIG. 1. Parametrization of the photon-photon total hadronic
cross section, Eq. (3.1), compared to data from Refs. [29] (cir-
cles), [30] (squares), [31] (dots).

tion above 100 GeV in the center of mass and that this
mechanism would lead to photon-hadron cross sections
which rise much faster than (3.1). This theory of the
photon-hadron cross section was then taken over by
Drees and Godbole to describe the photon-photon ha-
dronic cross section. However, this theory has been criti-
cized in both contexts by many authors. Let us first write
out a simple, quantitative version of the Halzen-Drees-
Godbole theory and then explain how this theory should

do
d cosf

fV(p,,)=foldle(zl)foldzzF(zz)f_lld cos6

In this formula, 6 is the center-of-mass parton-parton
scattering angle. We take the parton distribution F(z) to
be the sum of gluon and quark distributions [33],

F(z)=fg(z)+%2[fq,-(z)+f7i(z)] , (3.5)

with the appropriate coefficient that we can approximate
all of the parton cross sections by the gluon-gluon cross
section:
ma; | (2+ cos?0)?
o (gg—»gg)=—9— s | (2+ cos
d cosO 16 3% sin*0
where §=2z,z,s is the square of the gluon-gluon center-
of-mass energy. The coupling constant a, is evaluated at
the momentum scale p,. We compute a; from leading-
order evolution with four flavors and A=400 MeV [a; (3
GeV) = 0.37], the convention of Drees and Godbole.

For the parton distributions of the photon, we use the
parameterization of Drees and Grassie [34]. The gluon
distribution in the photon is poorly known experimental-
ly. However, this distribution should be calculable
theoretically to rough accuracy by integrating the
Altarelli-Parisi equations, taking as an initial condition at
Q ~300 MeV the parton distributions of a meson, multi-
plied by the probability (in vector dominance) that the
photon resonates with a meson. Although Drees and
Grassie took their initial condition from the early
photon-photon scattering data from the DESY e te ™ col-

, 3.6)

(gg—gg)0(p, —p,) .
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be used in the calculation of hadronic backgrounds.

At the most naive level, the cross section for hadron
production by hard parton-parton scattering is given by
folding the parton scattering cross sections computed in
QCD with the experimentally determined parton distri-
butions. In general, this cross section is infrared diver-
gent and requires a cutoff at low momentum transfer or
transverse momentum. Drees and Halzen noted that one
can obtain cross sections of the order of the expected to-
tal cross section for hadron production if one takes this
cutoff to be a few GeV. In this calculation, the most im-
portant effect comes from gluon-gluon scattering at small
momentum fractions.

Let us define the jet yield ¥Y(p, ) as the expected num-
ber of jets with p, >p,, divided by the luminosity. The
simplest hard-scattering theory of the total cross section
would be to take

olyy)=o,+3¥Y(p,), (3.3)

where o, is a constant soft-scattering cross section and
the cutoff p, is taken sufficiently large that events con-
tributing to the jet yield are not also accounted as part of
0. Let us first describe how we evaluate ¥(p, ) and then
discuss its relation to the total cross section.

We compute ¥ (p, ) from the formula

(3.4)

lider PETRA, their result actually agrees with the result
of this more theoretical method. Unfortunately, deter-
minations of the photon structure functions directly from
two-photon data [35,36] have a larger spread than the er-
ror of about 30% that we assign to this method.

The QCD result for the gluon-gluon scattering cross
section at low momentum transfer has much larger un-
certainties. First of all, the lowest-order QCD result re-
ceives large perturbative corrections. There are further
corrections which come from outside the standard
leading-logarithmic diagrams of QCD. On the one hand,
the summation of diagrams relevant to multiple gluon
production reveals that gluon-gluon scattering is con-
trolled by a Regge pole which increases the cross section
proportional to a (small) power of the gluon-gluon
center-of-mass energy [37]. On the other hand, because
the phioton is a total color singlet, the amplitudes for
creating low-transverse-momentum gluons should exhibit
cancellations between the various color sources [38].
Both classes of corrections are beyond the scope of this
paper. From here on, we will consider (3.4) as a standard
reference point for the calculation of jet production. We
expect that it yields a calculation of ¥(p, ) up to an un-
certainty of about a factor of 2.

This said, we present in Fig. 2 the result of evaluating
Y(p, ). From the simplest point of view, this is a theory
of the photon-photon hadronic cross section:
o~1¥Y(p,), for an appropriately chosen value of p,.
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FIG. 2. Jet yields predicted by the formula (3.4), for p, =1.6,
3.2, 5, and 8 GeV, shown as a function of the yy center-of-mass
energy. The dotted curves show the parametrization of this
quantity given in (3.7).

This is, in fact, the theory applied by Drees and Godbole,
with the parameter choice p, =1.6 GeV [4]. Note that
for any value of p,, this prediction for the cross section
rises much faster at high energy than the expectation
from (3.1). In addition, this prediction for the cross sec-
tion is very small at low energy, since it does not include
the effects of soft hadronic reactions. The dependence of
the jet yield on energy and p, is well described by the pa-
rameterization

A
(E, , )2
YPu,E f)=A,————
y c.m. 1(A3+p*)2
B,(p,)
Xexp|— B,pp) | 3.7
(Ecm. —P4)

where ¥ is given in nanobarns, energies are in GeV,
A 1 =4000, A2=0.82, A3=3.0, and

B,(p,)=14.2tanh(0.43p 1),

(3.8)
B,(p,)=0.48/p%% .

This parametrization fits our numerical evaluation to
within 20% accuracy for p, <10 GeV and E_, <10
TeV. As we have emphasized, the numerical evaluation
itself is considerably more uncertain. We used this pa-
rameterization in the computations reported in Sec. IV.

However, it has been argued that the photon cross sec-
tions cannot rise as fast as the jet yield is predicted to rise
in Fig. 2 [39,40]. The easiest way to argue to this con-
clusion is to redo the analysis just described for pp col-
lisions and compare the results to the data on the pp total
cross section. This comparison is shown in Fig. 3(a).
Note that the jet yield calculation using the Drees-
Godbole value of p, is completely incompatible with the
pD total cross section in a region where this cross section
is well measured. A similar comparison can now be made
in photoproduction following the new HERA measure-
ments, and this in shown in Fig. 3(b).

In addition to the total cross section, the UA1 experi-
ment has reported measurements of the cross section for
events with jet activity, by counting events with a fixed
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deposition of transverse energy in a circle of radius 1 in
the plane of rapidity and azimuthal angle [42]. In this
paper, the experimenters argued that such minijet events
are well defined only for values of the transverse energy
of a cluster above 5 GeV. In Fig. 3(a), we show their re-
sults for the cross section for producing clusters of 5 GeV
transverse energy and the comparison of this cross sec-
tion to half the jet yield for a parton transverse momen-
tum cutoff p, =3.2 GeV. At the time of these measure-
ments, Pancheri and Srivastava [43] pointed out that this
cross section could be fit by a simple QCD estimate with
a value of p, reduced from the observed transverse ener-
gy. The comparison shown in Fig. 3 fixes the size of this
reduction for the Drees-Godbole conventions. To esti-
mate the cross section for events with clusters of 10 GeV
transverse energy, we will use p, =8 GeV.

The idea that minijets with only 5 GeV of transverse
energy are produced independently of the underlying
minimum-bias multiple-particle production is still con-
troversial. It is possible that a model with incoherently
produced jets makes sense at values of the transverse en-
ergy of 10 GeV or above. When we evaluate jet cross sec-
tions later is this paper, we will also illustrate the depen-
dence of our results on the transverse momentum cutoff

Pu-
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FIG. 3. (a) Comparison of the jet yield in pp collisions to the
observed total cross section. The data are taken from Ref. [42].
The upper set of data points represents measurements of the in-
elastic pp cross section; these measurements are well fit by the
formula of Ref. [28]. The lower set of data points represents the
UA1 measurements of the jet cross section as described in the
text. The two curves show the energy dependence of %‘y(p.)
for pp collisions, for p4 =1.6 and 3.2 GeV. (b) Comparison of
the jet yield in yp collisions to the observed total cross section.
The data is taken from Refs. [41,9,10]. The smooth curve
through these points is proportional to (3.1). The two rising
curves show the energy dependence of 1¥(p,) for yp col-
lisions, for p4, =1.6 and 3.2 GeV.
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We will now argue that, in photon-photon collisions,
we should see the same disagreement between the actual
total cross section and the jet yield calculation at high en-
ergy. At low energies, photon-photon collisions have an
approximately constant hadronic cross section from vec-
tor dominance: Each photon resonates, with a certain
probability, to a hadron, and these hadrons collide with a
certain total cross section. Taking the probability that
the photon is a hadron to be the value ;; given above
and taking the maximum hadronic cross section to be
that of a disk of radius 1 fm, we obtain an estimate

(3.9)

which is in reasonable agreement with (3.1). In order to
produce a significantly larger cross section, either the
photon must become larger or it must become a hadron
with higher probability. Resolving the hadronic com-
ponents of the photon into partons does not increase the
size of the photon. Altarelli-Parisi evolution can create
new hadronic components of the photon, through the di-
agram in which the photon, off shell by an amount Q,
splits to a gg pair. This diagram has a substantial effect
on the total number of gluons in the photon, but it has
only a small effect on the photon’s hadronic cross section,
since the new hadronic component has the very small size
w/Q?% 1t is possible to explain a slowly rising cross sec-
tion by making a model in which the soft hadron is a grey
scattering distribution which becomes black as the
gluon-gluon scattering becomes important. As the disk
becomes black, the effect of gluon-gluon scattering on the
total cross section must turn off. This physical effect can
be implemented in a calculational scheme called “eikon-
alization.” For the case of yp scattering, explicit models
of this sort have been constructed by Forshaw and Stor-
row [44] and Fletcher, Gaisser, and Halzen [45].
Forshaw and Storrow have also written an eikonalized
model of the yy cross section [11]. Qualitatively, these
eikonalized models have a slowly rising total cross sec-
tion similar to that of (3.1). An example of such a model
which fits the rise of the pp cross section has been given
in Ref. [46]. On the other hand, it is possible that parton
hard scattering has nothing to do with the observed rise
in the pp cross section at high energy. In this paper, we
will adopt the most straightforward course, that of taking
the formula (3.1) literally as a first approximation to the
energy dependence of the cross section for hadron pro-
duction in ¥y collisions.

However, we are also interested to know the cross sec-
tion for hadronic reactions which contain hard QCD jets.
It is quite possible that ordinary, low-p, hadronic events
produce little complication when superposed on high-
energy e *e~ annihilation events, but that hadronic
events with jets produce troublesome complications.
Thus we need to estimate backgrounds from events with
jet production. We emphasize that we are concentrating
on the case of jets with transverse momentum below 20
GeV which appear as the result of a second collision at
the same beam crossing as the e *e ~ annihilation. Above
this transverse momentum, parton-parton scattering de-
creases in importances as a source of hadronic jets rela-
tive to quark-photon and direct photon-photon scattering

o 7(yy— hadrons)~300 nb ,

processes (the processes Drees and Godbole call “once-
resolved” and “direct”) [3]. However, these latter events
are too rare to appear superposed on a significant number
of e Te ™ annihilation events.

To a first approximation, the jet yield ¥(p, ) computed
from (3.4) should be a valid estimate of the total number
of jets produced even when the jet yield substantially
overestimates the total hadronic cross section. The
reason for this is that the individual parton-parton in-
teractions are relatively weak, and it is only because there
are many gluons in a hadron that the sum of these cross
sections saturates the geometrical limit on the cross sec-
tion. In other words, those events in which the hadronic
disks overlap typically contain a soft interaction plus
gluon-gluon scatterings; if Y(p,)>>o, typical en-
counters contain many individual gluon-gluon collisions.
If we assume that these collisions are completely indepen-
dent, we would expect the number of pairs of jets per
event to follow a Poisson distribution, such that the mean
number of jets per event is

(njet)zcy(P. )/U .

The cross section for events with jets of p, >p,, in this
model, is

(3.10)

olp,)=c{l—exp[—Y(p,)/20]} . (3.11)

If the mechanism of scattering changes as a function of
the impact parameter, as is true in eikonal models, there
will be small corrections to this simple model. We will
ignore them.

The combination of these ideas has an interesting im-
plication. ¥(p) increases much more rapidly with energy
than 0. However, in this picture, the main effect of the
increase in Y(p, ) is not to increase the hadronic cross
section, but rather to increase the number of jets per
event. For photon-photon collisions and for hadron-
hadron collisions, above 1 TeV in the center of mass, we
expect that the typical event is bristling with jets of 10
GeV transverse momentum. In Fig. 4, we illustrate the
time structure of events at an e "e ~ collider in a naive
model and in what we feel is a more correct model of jet
production. The latter case casts the problem of hadron-
ic jets underlying e e~ annihilation events in a quite

wt
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FIG. 4. Time structure of e e ™ reactions in a linear collider.
The dots represent individual bunch crossings. In the naive
model (a), the minijet are distributed evenly among bunch cross-
ings. The model (b) has a much smaller ¥y hadronic cross sec-
tions, but the same large value of the jet yield.

(a)



3216

different form and one which is probably much easier to
ameliorate. In Fig. 5, we show the energy dependence of
the mean number of jets in yy collisions with hadron
production, according to our model, for various values of
the transverse momentum. In Fig. 6, we show the corre-
sponding predictions for the total cross section for a yy
collision to produce events with parton scattering at these
values of transverse momentum. We have already noted
that the results for the lowest value of p, are probably
academic, since such small minijets cannot be dis-
tinguished in hadron-hadron collisions. The two curves
with p, =3.2 and 8 GeV correspond to events with clus-
ters of 5 and 10 GeV transverse energy.

Since Fig. 5 predicts a relatively large number of jets
per hadronic event, one might hope that multiple jet
events could be recognized experimentally in yp or pp
collisions at accessible energies. Unfortunately, our mod-
el gives fewer jetlike events in these processes, since the
gluon distribution in the proton is softer than that in the
photon. For p,=3.2 GeV, we estimate an average of
0.15 jet pairs for yp collisions at 200 GeV and an average
of 0.6 jet pairs for pp collisions at 2 TeV. However, we ex-
pect two jet pairs per minimum-bias event at the Super-
conducting Super Collider (SSC) energy of 40 TeV, so
that the phenomenon of multiple minijets may become
observable at the SSC.

In our model, jet cross sections eventually saturate at
the value of the total cross section. Thus we must give
some thought to the value of Q we should use in comput-
ing vy total cross sections from the virtual photon distri-
bution function (2.3). The logarithm in (2.3) comes from
an integral over photon transverse momentum. Ordinari-
ly, to evaluate total cross sections due to soft processes,
one would cut off this integral at a momentum charac-
teristic of the soft momentum transfer, of order 1 GeV.
To compute the cross section for a hard process, one
would run this integral up to the momentum transfer of
the hard process and, therefore, take Q =p,. However,
when the cross section for a hard process with momen-
tum transfer P is comparable to the total cross section,
photons with transverse momenta up to this value con-
tribute strongly to the total cross section, and we must

20

Minijets/Hadronic Event
o

102

Ecm.(vY) (GeV)

FIG. 5. Number of jets with transverse momentum greater
than p, per hadronic yy event, for p, =1.6, 3.2, 5, and 8 GeV,
according to the model of Eq. (3.10). The ordinate is the yy
center-of-mass energy.
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FIG. 6. Cross sections for hadron production in ¥y collisions
accompanied by jets of transverse momentum greater than p,,
for px«=1.6, 3.2, 5, and 8 GeV, according to the model of Eq.
(3.11). The ordinate is the yy center-of-mass energy.

take Q ~ P also to compute the total cross section. Using
(3.7), we estimated this value as a function of energy.
Thus, in evaluating virtual photon cross sections for jets
with transverse momentum p,, we choose Q in f,(x,Q)
according to the prescription

Q =max([p,,Qy(E),1 GeV], (3.12)

where Qy =(E /10.0)%* and E is the yy center-of-mass
energy in the collision.

We will refer to the model for the yy hadronic cross
section given in (3.1), (3.4) or (3.7), (3.10), and (3.11) as
the reference model (RM). We feel that this model is the
best compromise available between simplicity and plausi-
bility in the theoretical extrapolation of the ¥y hadronic
cross section. We emphasize that the results of this mod-
el related to jet production are expected to be uncertain
to at least a factor of 2.

At some points in the following section, we will com-
pare the predictions of this model to two additional mod-
els which represent the extreme behaviors possible for
this hadronic cross section. On the one hand, there is the
constant cross section (CC) model, in which we take

o(yy —hadrons)=300 nb , (3.13)

independent of energy. On the other hand, there is a
model which we will call the minijet dominance (MD)
model:

o(yy— hadrons)=300 nb+1¥(p, ), (3.14)

with the choice p, =1.6 GeV. This is not exactly the
model advocated by Drees and Godbole; they omit the
constant term, and at the end of Ref. [4], they argue that
the jet yield estimate should be modified in a manner
similar to what we have described above. However, this
model captures the spirit of the explicit calculations that
they have performed, in a way that can be easily com-
pared with our reference point.

IV. HADRON PRODUCTION RATES

Having now specified our model completely, we can
make use of it to predict the rate of hadronic Yy events
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to be expected at future colliders. In this section, we will
present the results of applying this model to a variety of
specific collider designs, for center-of-mass energies of
500 GeV and 1 TeV, both for e e~ and for ¥y col-
lisions. Our set of sample collider parameters is given in
Tables I and II. Table I gives a set of designs for 0.5-TeV
colliders presented at the 1992 Linear Collider Confer-
ence [47]. Table II gives a set of designs corresponding to
extensions of the 0.5-TeV machines to 1.0 TeV in the
center of mass [48].

Before beginning the analysis of specific designs, we
would like to present some results which appear as gen-
eral scaling laws, independent of the details of the collid-
er. This will also give us an opportunity to compare our
reference model (RM) with the minijet dominance (MD)
model and constant cross section (CC) model defined at
the end of the previous section.

In a linear ete™ collider, the rate of hadronic yy
events per bunch crossing is obtained as a convolution of
the photon spectra from bremsstrahlung and beam-
strahlung. If we ignore beamstrahlung and consider the
rate from bremsstrahlung alone, our results will be in-
dependent of the detailed collider design and, for a fixed
design energy, will simply be proportional to the luminos-
ity per electron-positron bunch crossing. This is also true
for the full rate of hadronic events in the case where the
machine is converted to a yy collider by backscattering
laser beams, since, in that case, the energy distribution of
backscattered photons is fixed by the physics of Compton
scattering. As a reference point close to most current
designs, we will assume a design luminosity of
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2

L=10"*|—"~| cm ?sec!.

4.
1 Tev @.1)

In typical designs, this luminosity is divided into pulses
which are produced at a repetition rate of roughly
Srep~100/sec. In the most recent designs, which have
been inspired by attempts both to raise the design lumi-
nosity and to reduce the Drees-Godbole background, the
electron and positron pulses are divided into trains of or-
der n, ~ 100 bunches, which we will assume can be dis-
tinguished in time by the detector. Thus we take as our
reference value a luminosity per bunch crossing equal to
10™* sec times (4.1), that is,

2
c.m.

—1
ITev | ™ -

Ly=L/(frepn;)=1072 4.2)

For any specific machine, the results for bremsstrahlung-
or laser-photon-induced hadronic backgrounds can be
obtained by scaling the luminosity per bunch crossing up
or down from this value.

The assumption that the hadrons produced at each
bunch crossing can be distinguished in time is crucial to
our analysis and deserves some further comment. This
assumption is more or less restrictive depending on which
of the specific collider designs in the tables is being con-
sidered. In designs such as TeV Electron Superconduct-
ing Linear Accelerator (TESLA), based on superconduct-
ing rf cavities, the bunch spacing is typically of order 1
psec, and there is no problem timing tracks to much
higher accuracy. However, in the designs based on con-

TABLE I. Parameters and hadronic backgrounds for 0.5-TeV linear colliders.

Linear colliders CLIC DLC JLC NLC TESLA VLEPP
L (10¥3cm™2sec™!) 2.7 2.4 6.8 6.0 2.6 12
Srep (H2) 1700 50 150 180 10 300
n 4 172 90 90 800 1
L, (1073 nb7 1) 0.40 0.27 0.50 0.37 0.33 40
N (10'9) 0.6 2.1 0.7 0.65 5.15 20
o./0, (nm) 90/8 400/32 260/3 300/3 640/100 2000/4
o, (um) 170 500 80 100 1000 750
Bx /B, (mm) 2.2/0.16 16/1 10/0.1 10/0.1 10/5 100/0.1
D, /D, 1.3/15 0.70/8.8  0.09/8.2  0.08/8.2 1.25/8.0  0.43/—
A./4, 0.08/1.06 0.03/0.5 0.008/0.8 0.01/1.0 0.1/0.2  0.008/—
7./, (nm) 40/5.5 246/19 259/2.0 300/2.2 304/50 1587/4
Hp 3.3 2.8 1.5 1.4 4.2 1.3
L (10® cm™2sec™!) 8.80 6.67 10.1 8.22 11.1 15.1
L, (1073 nb™ ") 1.30 0.76 0.74 0.51 1.39 50.2
Y, 0.16 0.043 0.15 0.095 0.031 0.059
0'e 0.35 0.071 0.15 0.096 0.065 0.074
8p 0.36 0.08 0.05 0.03 0.14 0.14
n, 4.6 3.1 1.0 0.84 5.8 5.1
eTe”™ mode
Niad 1.37 0.32 0.07 0.04 1.57 453
Ni (1072) 5.80 0.44 0.22 0.10 1.62 56.2
Niewo (107%) 16.4 1.16 0.69 0.31 3.90 139
Yy mode
Niaa 0.15 0.10 0.19 0.14 0.13 15.2
Nis (1072) 6.90 4.72 8.61 6.43 5.68 685
Nietto (107%) 32.4 22.3 40.7 30.4 26.9 3240
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TABLE II. Parameters and hadronic backgrounds for 1.0-TeV linear colliders.

Linear colliders DLC JLC NLC TESLA

L (10*® cm ™ %sec™!) 2.5 8.8 12.8 10.6
Srep (H2) 50 150 90 10
n, 50 20 90 800
L, (1073 nb™ ) 0.99 2.17 1.58 1.31
N (10'9) 2.8 1.8 1.3 5.8
o,/0, (nm) 223/28.3 372/3.2 425/2 404/50.5
o, (um) 500 113 100 1100
Bx /B, (mm) 5/0.8 24.6/0.12 40/0.1 8/2.5
D,/D, 1.40/11.0 0.08/9.7 0.04/8.5 1.95/15.6
A, /A, 0.1/0.625 0.005/0.9 0.0025/1.0 0.14/0.44
0./, (nm) 100/17.1 372/2.2 425/1.5 172/27.0
H, 3.7 1.5 1.4 4.4
L (10 cm™2sec™!) 9.2 12.8 17.5 46.6
L, (1073 nb™ ) 3.70 3.10 2.18 5.86
Y, 0.20 0.38 0.27 0.10
Y 0.42 0.38 0.27 0.24
6z 0.53 0.14 0.07 0.50
n, 8.1 1.7 1.1 10.4
ete”™ mode
Niag 15.3 0.83 0.34 40.1
Niess 1.53 0.09 0.03 2.65
Njet1o (1072) 5.53 0.37 0.12 8.54
Yy mode
Npag 0.42 0.93 0.68 0.56
Nius 0.31 0.68 0.50 041
Niero (1072) 2.50 5.61 4.10 3.40

ventional cavities, the length of a bunch train cannot be

. 101 ¢

greater than a few hundred nsec, and so the spacing of g

bunches must be proportionately smaller. In the Next

Linear Collider (NLC) design, for example, the bunch 100

spacing is only 1.4 nsec. However, we do not feel that
this is unreasonably small. The drift chamber of the
Mark II experiment at the SLAC Linear Collider (SLC)
could time tracks to a resolution of 1 nsec, even though it
was not optimized for this feature. Energy clusters in a
calorimeter can be given time stamps with 1 nsec resolu-
tion or better by adding layers of timing detectors, such
as scintillation counters, to the calorimeter. The time be-
tween bunch train crossings is quite long (5.6 and 11.1
msec for the 500- and 1000-GeV NLC designs, respec-
tively) so that one can make use of timing detectors with
large recovery times.

Now we present our estimates of yy background rates
for the reference machine defined above, as a function of
its energy. We consider first e "e ™ colliders, ignoring
beamstrahlung. In Fig. 7(a), we plot the total rate of yy
background events, as a function of the design energy of
the machine, assuming the specific luminosity (4.2). The
Yy cross section is integrated over all solid angles and
down to a yy center-of-mass energy E,, of 5 GeV. Note
that the MD model predicts a much higher level of back-
ground, while the RM and CC models are actually quite
close in their predictions. Under the assumptions of the
RM model and assuming that the multibunch operation
called for in (4.2) is indeed feasible, the total rates of ha-
dronic background seem to be tolerable without a need
for further analysis for e *e ~ colliders of energy up to 2
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FIG. 7. Comparison of the predictions of three models of the
Yy total cross section for the rate of hadronic background
events in e "e” colliders. Beamstrahlung is ignored, and the
luminosity per bunch crossing is taken to have the canonical
dependence (4.2): (a) predictions of the RM, MD, and CC mod-
els (described in the text) for the total rate of yy events; (b) pre-
dictions of the RM and MD models for the rate of events with

observable minijets of transverse energy 5 and 10 GeV.



TeV. Unfortunately, the assumption of ignoring beam-
strahlung breaks down well before this point.

In Fig. 7(b), we show the corresponding predictions for
hadronic events with observable QCD jets, using the MD
and RM models with transverse energies above 5 GeV
(computed at p, =3.2 GeV) and 10 GeV (computed at
P+ =8 GeV). Again, we integrate over E,, >5 GeV. As
the jet transverse momentum increases, the MD and RM
models come into closer agreement. In addition, the
number of events is substantially smaller, especially at
e e energies of 1 TeV and below.

At this point in the analysis, it is not clear whether the
true figure of merit for assessing the hadronic back-
ground at linear colliders is given by the total rate of ha-
dronic events or only the rate for events containing jets.
In Sec. V, we will report simulation results which indi-
cate that both rates play a role in determining the ha-
dronic backgrounds. Events with jets are more effective
in depositing unwanted background energy, but events of
the minimum-bias type can also have some effect. As we
proceed to discuss specific collider designs, we will
present the total rate of hadronic events and also the rate
of jet events for p, =3.2 and 8 GeV. Taking these three
numbers together, one can obtain a feel for the general
character of the hadronic background.

In Figs. 8(a) and 8(b), we show the results of calcula-
tions similar to those of the previous figure for yy collid-
ers. Again, we assume the luminosity per bunch (4.2);
essentially, we are assuming that high-energy electrons
can be converted, one to one, to photons. As Drees and
Godbole pointed out, the results for this case are about
an order of magnitude higher than the bremsstrahlung
contribution for 500-GeV machines, rise faster with ener-
gy, and are considerably more model dependent. It is
comforting, at least, that, according to our reference
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FIG. 8. Comparison of the predictions of three models of the

Yv total cross section for the rate of hadronic background
events in ¥ colliders. The conventions are as in Fig. 7.
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model, a 500-GeV yy collider based on most current
e*e ™ collider designs should not have a serious problem
with its ¥y background.

It is interesting not only to know the total number of
vy hadronic events, but also their distributions in the
various kinematic variables. Of these, the most impor-
tant is the distribution in the ¥y center-of-mass energy
E,,, since this quantity determines the multiplicity of
hadrons in the underlying event. In Figs. 9 and 10, we
display the center-of-mass energy spectrum

dn

E.  —
rY dEy-y

(4.3)

per bunch crossing for the canonical machine design de-
scribed above, for E_;, =500 GeV and | TeV e e~ and
vy colliders. These calculations assume the reference
model. Note that the largest number of background
events in e e ~ colliders involve relatively low-energy Yy
scattering processes. On the other hand, in a ¥y collider,
the luminosity spectrum of the background, like the spec-
trum of signal processes, peaks at the highest available
energy.

For e"e™ colliders, beamstrahlung is an important
source of photons. Unfortunately, the results both for
the number and spectrum of beamstrahlung photons de-
pend on the details of the machine design and, in particu-
lar, on the number of particles per bunch and the bunch
geometry. The disruption effect during the beam-beam
collision further complicates the situation, as discussed in
Sec. II. Thus, to assess the ¥y backgrounds due to beam-
strahlung, we must work with specific parameter sets for
proposed colliders. In Table I, we list six proposed pa-
rameter sets for 500-GeV colliders [49]. For each of
these, we have computed the number of ¥ hadronic col-
lisions per bunch crossing. In the table, we quote the
values of Ny,4, the total number of hadronic events, Njs,
the number of hadronic events with 5-GeV minijets (com-
puted at p, =3.2 GeV), and N, o, the number of events
with 10-GeV minijets (computed at p, =8 GeV). Each of
these numbers is integrated over the range E,, >5 GeV.
We also quote the values of these parameters for the case
in which the electron beams are converted to backscat-
tered photon beams, assuming no loss of the nominal
luminosity [50]. In Fig. 11, we show the distribution of
E,, for two representative cases: the Japan Linear Col-
lider JLC) and TESLA. The corresponding spectra for
the photon colliders can be obtained by scaling from Fig.
10(a), as we have remarked above.

We see from Table I that disruption effects have two
major impacts on beamstrahlung and the yy back-
grounds. First, disruption hardens the beamstrahlung
spectrum and increases its radiation rate. In addition, dis-
ruption enhances the luminosity per bunch crossing. In
machine designs such as the CERN Linear Collider
(CLIC), DESY-Darmstadt Linear Collider (DLC), and
TESLA, for which the beams are not extremely flat, the
horizontal disruption D, can be quite large. This leads to
an effective luminosity and concomitant beamstrahlung
substantially different from the nominal designed values.

+
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Care must be taken to include these effects when evaluat- other machines. When convoluted with a large number

ing beamstrahlung and the backgrounds. of beamstrahlung photons (mainly due to a large o),
In estimating the size of the beamstrahlung-induced VLEPP tends to produce the most hadronic event rates

backgrounds, one should pay special attention to the pa- among all the machines.

rameter n,, the average number of beamstrahlung pho- Since there are no beamstrahlung and disruption effects

tons radiated per electron. Since in the collider energy involved in the yy collision, the hadronic backgrounds in
range of our interest the hadron total cross section is the ¥y mode are very comparable among the first five
reasonably constant in the yy center-of-mass energy, the =~ machines listed in Table I.

total hadronic event rate Ny,4 scales roughly as the In Table II, we present some representative designs for
square of n, when L, is fixed. This is the source of the 1-TeV colliders and our estimate of the ¥y background
variation by almost two orders of magnitude among the  rates both in e e and yy collider modes. For the
first five machines of Table I in the total rate of hadronic e e~ collider designs, the E,,, spectra for the cases of
events per bunch crossing. Since the minijet production JLC and TESLA are shown in Fig. 12. Again, in the case
comes dominantly from high-energy photons, the jet of DLC and TESLA designs, the relatively larger disrup-
cross sections are less sensitive to n,,. The sixth machine, tion effects and n,, lead to a much higher rate of hadronic
the Serpukhov collider VLEPP, has a very different events. Although the yy reactions are mainly scft, one
design philosophy from the first five in having only one finds more than one jetlike underlying event per bunch
bunch in a pulse train. This results in a luminosity per crossing in these two cases. In the 1-TeV yy collision
bunch crossing which is about 100 times larger than all mode, it is true for all four machines that typical events

T lllllll ¥ 1 IIIIII] T ! T

(@) 500 GeV ete~ Collider

FIG. 9. Spectrum of yy hadronic events in
the yy center-of-mass energy, dn/dInE,,,
Ll produced in e*e™ colliders at the canonical

1 01 1 02 luminosity (4.2), from bremsstrahlung photons
only. The three curves represent all yy events,
10-1 LA L LI LA R B B AL events with 5-GeV minijets, and events with
10-GeV minijet. The two cases are (a) 500-

(b) 1 TeV e*e— Collider GeV collider and (b) 1-TeV collider.

[dN/d In E¢ m(Yy))/Bunch Crossing
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have underlying hadronic events with QCD minijets. It  momentum particles. Thus most of the final hadrons will
is interesting to note that, with the differences from  disappear down the beam pipe in the forward or back-
beamstrahlung removed in the ¥y mode, the hadronic  ward direction. Unfortunately, we did not find a simple

and minijet event rates for DLC and TESLA are compa-  way to estimate the expectation for the resulting energy

rable to those for JLC and NLC. distributions, except by direct simulation. In this section,

we will describe the results of a simulation of the back-

V. SIMULATION OF HADRONIC BACKGROUNDS ground hadronic energy deposition based on our refer-
ence model.

Now that we have computed the fraction of e Te ™ or According to Fig. 5, the qualitative form of hadronic

Yy events at a linear collider which have underlying ha-  background events will be different for the different sets

dronic activity, we should still ask how these underlying of colliders we have considered. For the 500-GeV elec-
hadronic events affect the analysis of high-energy event  tron colliders, not only are there relatively few hadronic
on which they may be superposed. There are good events per bunch crossing, but also those hadronic events
reasons to expect that the answer to this question should  are typically of minimum-bias type without minijets. On
further diminish the importance of the Drees-Godbole  the other hand, the background events at a 1-TeV yy col-
background processes. The yy collisions whose rates we  lider typically contain several minijet pairs, depending on
computed in the previous section typically occur between  the transverse momentum criterion for a distinct minijet.
photons of unequal energy, leading to a highly boosted =~ We will present results for both of these cases.

final hadronic system. Even if this system contains mini- To generate ¥y hadronic events, we need an appropri-
jets, it will include relatively few high-transverse- ate scheme for the simulation. Jets, when they occur,
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could be modeled by parton fragmentation, but it is less
clear how one should model the particle production from
low-momentum-transfer processes. One method, which
has been used by experimental groups investigating jet
phenomena in ¥y physics [51], is to model the soft part
of the hadronic reaction as the fragmentation of an addi-
tional pair of partons. In this approach, it is straightfor-
ward to include the correct color coherence between the
particle production by jets and by soft processes. Howev-
er, this is not obviously the best way to treat soft process-
es without jets which make up the largest part of our
event sample.

Instead, we have chosen to model the soft part of the
reaction by applying the minimum-bias generator of the
ISAJET Monte Carlo program [52]. Since this generator
has been fit to data from minimum-bias events at the
CERN Intersecting Storage Rings (ISR), SPS, and Fermi-
lab Tevatron colliders, we have confidence that it will
give a correct description of the soft hadronic physics up
to the highest energies that we consider. The problem
with this strategy is that it is very difficult to impose the
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cancellations in particle production which result from
color coherence. In our simulation, we have chosen to
add minijets incoherently to the soft background. Our
expectation is that this strategy overestimates the particle
production in the central region and thus gives a conser-
vative estimate of the size of the hadronic background.
More specifically, we take the following model for yy
hadronic events. We first generate minijet pairs accord-
ing to the reference model, using a Poisson distribution
with mean given by (3.10). The energy and angle distri-
butions of the minijets are computed according to (3.4),
in particular, using the gluon and quark distributions in
the photon given by Drees and Grassie [34]. This calcu-
lation requires a cutoff p, on the transverse momentum
transfer in the parton-parton collision; we have taken this
cutoff to be either 3.2 or 8 GeV. As we explained in Sec.
III, the first of these values would assign the production
of clusters of 5 GeV transverse momentum to incoherent
production of minijets, while the second value would
make this assignment only for clusters of 10 GeV trans-
verse momentum. The partons are fragmented into jets
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using the LUND Monte Carlo program, version 6.3 [53].
Following the formation of all minijet pairs, the remain-
ing energy is converted to hadrons using the minimum-
bias event generator of the ISAJET Monte Carlo program.
We modify this generator only in replacing the leading
baryons by p”s. We restrict our analysis to events with
hadronic invariant mass at least 5 GeV.

To simulate the response of a detector to these events,
we have used a model based on the features and resolu-
tion of the SLC large detector (SLD) [54]. As an impor-
tant modification from the design of the SLD, we have
assumed that the detector is blind to particles passing
within 10° of the beam line (|cos@|>0.985). Planned
detectors for future linear colliders include masking in
this region to control the effects of electron-positron pairs
produced in the collisions of electron and positron
bunches, and simulations of physics signals at linear col-
liders incorporate this angular constraint.

From this model, we compute E dep? the total charged
and neutral energy deposited in the detector by a single
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hadronic background event. We also compute a number
of subsidiary quantities: To assess the effect of a stronger
angular restriction, we have examined the quantity
E45(0.9), the energy deposited in the angular region
|cosf| <0.9. Most physics analyses for future linear col-
liders are insensitive to this restriction. Since missing
transverse momentum signatures are important for some
physics processes, we have computed P, ., the missing
transverse momentum observed by the detector for the
hadronic events. Finally, we have recomputed the ob-
served missing transverse momentum using the stronger
angular restriction, to define P, ;. (0.9).

The results of this analysis are shown in Table III for
three cases which represent the range of possibilities:
first, the background hadronic events at a 500-GeV e e~
collider, second, the background hadronic events at a 1-
TeV e’ e collider (in both cases, assuming the NLC
design) and, finally, the hadronic events from mono-
chromatic yy collisions at 1 TeV in the center of mass.
Note that the last case involves harder yy collisions than
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TABLE III. Simulation results on hadronic backgrounds.

Linear colliders NLC (500 GeV) NLC (1 TeV) vy (1 TeV) vy (1 TeV)
D« 32 32 32 8.0

Eq., (GeV) 8.0 11.0 64 33

st. dev. 7.1 11.6 31 25

E;,(0.9) (GeV) 33 4.4 25 12

st. dev. 33 5.0 13 11

P miss (GeV) 0.6 0.9 4.7 24

st. dev. 0.5 0.9 3.2 2.9

P iss(0.9) (GeV) 0.7 0.9 5.0 2.3

st. dev. 0.6 1.0 3.6 3.1

one would find from the photon spectrum (2.17). In the
first two cases, it is relatively rare that a hadronic event
will contain a minijet pair, and so there is little difference
between the results with p, =3.2 and 8 GeV. In the
third case, however, a typical hadronic event contains a
5-GeV minijet pair. Thus there is a considerable
difference between the results for the two parameter
choices, and this difference mainly reflects the explicit in-
clusion of the minijets in the former case. We have
presented the results from both choices for comparison.
For the background events at e *e ™ colliders, we were
surprised by the small values that the simulation pro-
duces, both for the energy deposition and for the missing
transverse momentum. In Fig. 13, we display the distri-
bution of E4, and E,(0.9) computed for the 500-GeV
NLC collider. The distributions fall off exponentially,
with mean energy depositions of 7.9 and 3.3 GeV for E,
and Eg,(0.9), respectively. The event numbers in the

histogram of Fig. 13 correspond to an integrated lumi-
nosity of 0.5 pb~!. This yields 40000 hadronic back-
ground events, of which none has E4,(0.9) greater than
50 GeV. If we include in the simulation hadronic events
with invariant mass down to 1.6 GeV, this adds another
33000 hadronic events, of which virtually all have E 4,
less than 8 GeV and E,(0.9) less than 4 GeV. The
missing transverse momentum in our sample of hadronic
events is typically less than 1 GeV. Since the physics
processes for which this is a signature typically have
missing transverse momentum of order my, this small
uncertainty is quite unimportant. The qualitative
features of the hadronic background events, including the
exponentially falling distribution in deposited energy, are
the same for the 1-TeV e *e ™ collider.

For 1-TeV yy collisions, the hadronic background
events have a more serious effect and one which depends
more strongly on the model used to generate these events.
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gy is the sum of charged and neutral energy
— recorded by a detector, which is modeled as
described in the text. The number of events
corresponds to an integrated luminosity of 0.5
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In Fig. 14, we show the distribution in deposited energy
for these events corresponding to 10 nb~! of integrated
luminosity. In Fig. 14(a), we generate hadronic events us-
ing p,=3.2 GeV. Then typical events contain at least
one minijet pair. In Fig. 14(b), we assume p, =8 GeV,
corresponding to the more restrictive hypothesis that
minijets are not produced incoherently from the
minimum-bias hadronic production mechanisms until
they acquire a more substantial transverse momentum.
We put forward both calculations to illustrate the possi-
bilities. At a working yy collider, it will of course be
straightforward to measure this background and model it
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accurately. In either model, the background events de-
posit significant amounts of energy, but mostly in the ex-
treme forward and backward directions. They add rela-
tively little uncertainty to the determination of missing
transverse momentum.

We argued in the previous section that, at e *e ™ linear
colliders up to 1 TeV, only a small fraction of the e te ~
annihilation events should have underlying background
hadronic events generated by yy collisions. Now it
seems that, when such a background event does appear, it
makes only a minor modification of the event pattern of
the e Te ~ annihilation. For yy colliders, especially at 1
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TeV, the background problem is more serious. Though
the modification of the energy deposition in typical
events is small, it is significant and should be taken into
account in physics simulations.

VI. CONCLUSIONS

Drees and Godbole have called attention to the large
rate of photon-photon collisions to be expected at future
linear colliders and have suggested that the presence of
underlying yy events might be a serious source of back-
ground. To evaluate this claim, there are two issues that
must be understood.

First, one must carefully evaluate the expected rate of
soft and jetlike ¥y events to be expected for given collid-
er parameters. In this paper, we have presented what we
feel is a useful solution to this problem. We have present-
ed a physically correct picture of the hard and soft com-
ponents of the yy total cross section, and we have pro-
vided a set of formulas which allows this picture to be ap-
plied straightforwardly to compute the yy rate for any
collider design.

Second, one must ask whether such underlying hadron-
ic events actually affect the experiments to be carried out
at the next generation linear colliders. It is possible that
any underlying event will compromise some aspects of
linear collider physics. We have presented simulation re-
sults which indicate that the effect of this background
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will be minor at 500-GeV e "e ™ colliders, but that it will
be more significant at higher energies, especially in the
vy collision mode. Even in 1-TeV yy collisions, the
Drees-Godbole background remains a relatively small
perturbation of a high-energy reaction. In any event, we
have given prescriptions which allow the Drees-Godbole
background to be correctly included in simulations of
physics processes to assess its effects directly.

As a final note, we should point out that there are stra-
tegies for reducing the Drees-Godbole backgrounds in
e Te ™ colliders by readjusting the beam parameters. For
example, by increasing the collision rate while lowering
the bunch population and by colliding extremely flat
beams, one may decrease the yy reaction rates while re-
taining the total luminosity. We hope that the case stud-
ies and approximation schemes presented in this paper
will be useful in further optimizing the designs for linear
colliders.
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