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ABSTRACT

The way of generating soft y-quanta in the simulation
of the process eTe~ with radiative corrections is sug-
gested when the required accuracy is about 1%.

The process of ete ™ elastic scattering (Bhabha scattering) is of
great importance in the experiments with the electron-positron colli-
ding beams. Its cross section can be calculated with high accuracy
in QED. At the energy less than 10 GeV the number of detected
events of Bhabha scattering is compatible with that of the other
ete™ interaction processes, therefore this process is often used as a
monitoring one to determine the integrated luminosity. Apparently
the simulation accuracy of this process when it is used for monito-
ring can restrict the accuracy of determination of the cross section
of the other processes. Another evident usage of the Bhabha scatte-
ring simulation is to obtain the admixture of its events to the expe-
rimentally separated events of the other processes (especially those
with a small cross section). In the case when the required accuracy
of the process under discussion is better than 10%, one should take
into account several effects which can change the cross section of
the process. The most complete analysis of these effects at the level
of the simulation of the scattered particles parameters was carried
out in the paper [1]. They include hard bremsstrahlung, hadronic
and leptonic vacuum polarization, the effect of virtual Z-boson ex-
change. Roughly, the algorithm suggested in [1] is the following.

The total cross section do of Bhabha scattering is divided into
two parts: the cross section do, of soft bremsstrahlung with the
energy of quantum o below some threshold £, and the cross section
do, of hard bremsstrahlung with w>F,.

The former includes both one-loop electromagnetic corrections
and corrections for the vacuum polarization and Z-boson exchange,
while the latter includes all Feynman diagrams of the third order
with a y-quantum in the final state.

When the cross section do, with w<E, is simulated, a y-quan-
tumn in the final state is not generated at all, the angular distributi-
on of the scattered electron and positron is determined by the cross
section do, without radiation.

The choice of the threshold energy E. is done according to the
following considerations. The cross section of soft bremsstrahlung
do,=do, (1 +8) where § is usually referred to as a radiative correc-
ton. The formulae for § used in [1] have an error of about 8%, the-
refore in the case when the simulation accuracy must be about 1Y%
the radiative correction § should not be higher than 10%. This li-
mits Ec from below. For example, if the energy of initial particles
E,=5000 MeV, this restriction appears to be rather high:
E.>1000 MeV. The upper boundary for E, is less definite. The main

3




point can be formulated as follows: in what cases can one neglect
the radiated y-quantum as a separate particle? When the accuracy
of 1% is considered, one should take into account not only the
changes of the angles and energies of the final electron and posit-
ron, but the interaction of the produced y-quantum with the matter
of the detector, the appearance of the «extra» particles in the re-
construction routine and possible rejection of such events as well. It
is clear that there does not exist a definite answer to this question,
more precisely the answer depends on the detector and experimental
separation procedure of the Bhabha-scattering events. At first sight
it seems to be dangerous to neglect the y-quantum with the energy
- of ~100 MeV, when the accuracy of-1% is required.

We obtain the contradictory requirements: on one hand E.> 1000
MeV to provide' the accuracy in 8, on the other hand one would pre-
fer to consider the y-quantum with ®>100 MeV as the separate
particles having the influence on the kinematics of the scattered
electron and positron and interacting with the matter of detector.

In the present paper the way of essential decrease of the boun-
dary energy in the bremsstrahlung spectrum in the simulation of
the Bhabha scattering is suggested.

The general scheme of the simulation is reserved the same as in
[1]. However the energy E. is considered now as a boundary bet-
ween the hard photon spectrum and the soft photon one, the algo-
rithms of simulation for them being essentially different. Let us con-
sider separately the algorithms for génerating hard and soft pho-
tons. - :

1. SIMULATION OF THE HARD BREMSSTRAHLUNG SPECTRUM

In order to simulate the cross section do, of the scattering with
the emission of one hard quantum with the energy w>E, one can
use the formulae with 109 accuracy, because the integral of the
cross section with w>E, itself is about 109% of the total cross secti-
- on. The simulation program using the algorithm reported in this pa-
per has been written which is included into the UNIMOD code [2]
for the simulation of e"e™ experiments. For the hard part of the
y-quamtum spectrum the formula from [3] was used instead of that
from [1] (but both formulae provide sufficient accuracy, the choice
depends on the convenijence only):
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Pi: P2, P3 Py R are four-momenta of all particles (initial and final).
. Hnwe?ﬁer, one can take both formulae for the cross section and
the algorithm for the hard bremsstrahlung simulation directly from

[1].

2. SIMULATION OF THE SOFT BREMSSTRAHLUNG SPECTRUM

[n the case when the photon energy is small compared to the
charged particles energies the cross section of the process looks like
a product of da, and the factor of accompanying radiation [4]:

do,=do R (2)
&’k ' ' ;
R=,_ag P ol = ol P2 ]
Y)Wk ok ) T h) -
+ e :
where p; are four-momenta of the charged particles, £ is the fo-
ur-momentum of the y-quantum with the energy o,
(pik) = Eiw —pik
Wy << W< E,
£ [t seems to be convenient to make the cross section (2) and the

total cross section of the soft bremsstrahlung with the quantum

v ~ energy w<E,, which can be taken from [1], equal by a proper choi-
, ce of ;-




do R =do, (1+6) (4)
R=1+68

Then all the generated events will have one emitted quantum.
The lower boundary of the y-quantum spectrum as derived accor-
ding to this recipe appears to be rather small. For example, at the
energy of initial particles E;=5000 MeV and E.=1000 MeV w, sho-
uld be about 1 MeV.

To obtain w, it is necessary to calculate the value R. If an auxi-
liary function is introduced

dk _Lop) [in E]r1 (5)

el e RO

wg<w<E,

where p;, p; are the four-momenta of two charged particles with the
electron mass, the same energy £, and angle x between the momen-
tum directions, integration being over all directions of the photon
momentum and its energy within the interval w,<w<E,, then the
value R could be written in the following way:
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where 0 is an electron séattering angle.
The function /(x) can be derived for any x:

_mi+2L° L+ K
0= T2 [ K]
where L=p sin (x/2), K= ym’+L?, 1(0)=1

The algorithm of generating a y-quantum with the energy
wy< w < E, can be the following.

A y-quantum energy is obtained from the formula:

- m=EEexp[---rln£‘f] (8)
Wy
where r is a random number within the interval (0, 1).

The exact generation of the direction ol the y-quantum emission
can be realized in the most simple way by the importance sampling
method:

1) With the probability of 0.5 the distribution axis is chosen from
two possible directions: along the initial or final electron.
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2) The polar angle 0, is generated with respect to the chosen axis:

(9)

where E,, p are energy and momentum of the initial electron,

M= exp [{Qr— 1)In ( Eztf?) ]

r is a random number within the interval (0, 1).

3) The azimuthal angle ¢, is chosen randomly within the interval
(0, 2m).

4) Now the direction of the y-quantum is determined with respect
to the momenta of the four charged particles (initial and final).
The weight function F is now calculated:

i
F= g7,
2
oty weollide b P 10
Fy h%m 0B (pak) | (P2k) e
f | |

2T My plsini®;  mi+plsin’o;

D\, Po P3. P4 k are four-momenta of the charged particles and y-qu-
antum,

0; is an angle between the y-quantum and initial electron,

0; is an angle between the y-quantum and scattered electron,

[} o 2
Then the function value F is compared to the next random number

r. If r<F then the y-quantum is accepted, otherwise the proce-

dure starts from the point 1 again,

When the y-quantum is generated, the particles of the final state
do not satisfy the energy and momentum conservation laws. Taking
into account that soft y-quanta are emitted and the kinematics of
the final charged particles is changed slightly, one can correct the
characteristics of the scattered particles so as to satisfy conservati-
on laws. The following way seems to be the simplest. One can use
the formulae for the decay of some auxiliary particle with the total
energy of (2E,—o) and the momentum of (—k) to the electron and
positron, the angles of electron and positron in the frame of this
particle being the same as before the correction.
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Evidently, after some small corrections the described algorithm
can be applied to the processes of two-body annihilation of the
electron and positron (ee—pp, ee—nn etc.).

3. DISCUSSION OF SOME DISTRIBUTIONS
OBTAINED WITH SUGGESTED ALGORITHM

For illustration we present below some distributions obtained by
this method in the case of E,=4730 MeV (Y-meson energy),
E.=1000 MeV. '

The first question to this algorithm which arises is: how well do
the distributions over the energy of the soft and hard photons agree
at the point @w=E.? In fig.l the joint distribution of events with
w<E. and o>E. is shown. The divergence of the spectral density to
the right and to the left from w=E.(~209%) is connected with the
fact that the cross section of hard bremsstrahlung goes to zero at
the hard end of the spectrum, and the formula for accompanying
radiation gives the simple dependence do~dw/w.

In this paper the correction to the soft photons spectrum is in-

cluded as a factor , where ¢ is some parameter with a dimen-

l+w/e
sion of energy. At w<e the distribution does not differ, and for the
continuity at the point w=E, it should be e=~E, The distribution
corrected in this way with e=E, is shown in fig.2. For the generati-
on of the photon energy with w< E. taking into account the correcti-

. : EE . E.(l +ml:|/’l£l:|)
one should l‘leplaﬂe in (6) ln(mu) b}f ln[mu{l -i—E:-;"En)]

 TEaiE,
and instead of (8) use:

Ecp

T E AU
E = Edl +wy/Ey) ;
o- oo [ i)

r is a random number within the interval (0, 1).

Further we shall compare two variants of simulating the process
of Bhabhe scattering at the angle more than 30 degrees: the first
one-soit y-quantum radiation with e <E,=1000 MeV is not simula-
ted, the second one-soft y-quantum radiation is simulated in accor-
dance with the foregoing algorithm:

[n table 1 the distribution of events over the energy of the scat-
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Fig. 1. Energy distribution of the emitted y-quantum.
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tered electron is presented. The difference between two variants is
much higher than 19% in some energy intervals. However, it is evi-
dent that the experimental energy resolution, which should also be
simulated, will smooth the difference between the variants, but it
should be considered for each detector separately.

The same situation is with the acollinearity angle A8 in the pla-
ne going through the beams and the final particles
(A=0,+6,—n). Some values of the integral distribution function
over AQ are presented in table 2. In this case it is also valid that
the experimental angular resolution will smooth the difference bet-
ween two variants of simulation. Nevertheless, the considerable dif-
ference of the distributions over two cited parameters in two vari-
ants of simulation and necessity to take into account the interaction
of the soft photon at least with the vacuum chamber of the storage
ring in the precise experiments demand to simulate the soft brem-
sstrahlung in the process of Bhabha scattering.

Tabie 1.
Distribution P, of the events over the energy £,
of scattered electron in two simulation variants
E,, GeV 0+3 34 445 4.5=4.7 =47

1 variant | 3,24+0,21 | 4,09+0,20 | 1,82+0,13 | 1,30=+0,11 |89,55+0,31

P %
2 variant | 3,23+0,22 | 5,30 +0,20 {10,20=0,30 | 20,69+ 0,41 |60,58+0,49
THble 2.
Distribution P, over the acollinearity angle Af
of the final charged particles in a plane,
going through the beam axis
ABy, (1AD]| <ABy) 1° 2° 5°
1 variant 91,31 +0,28 91,90+0,27 92,67 0,26
Py %
2 variant 76,43+0,42 | 82,43+0,38 | 89,71 0,30

In conclusion the author expresses his gratitude to E. A. Kuraev
and V. S. Fadin for useful discussions.
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