Z. Phys. C — Particles and Fields 34, 329-334 (1987)

Zeitschrift

fiir Physik C Partides
andFields

© Springer-Verlag 1987

The Process y+y -> £+ ¢ in Coherent Heavy Ion Collisions

G. Alexander!:2, E. Gotsman!-2, U. Maor?
! DESY, D-2000 Hamburg, Federal Republic of Germany

2 School of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978, Israel

Received 18 December 1986

Abstract. Using a covariant formalism we calculate
to leading order the 2-photon contribution to lepton
pair production in coherent heavy ion collisions with-
in the framework of EPA. The most significant result
of our calculation is the presence of a prominent nar-
row threshold enhancement in the e¢* e~ invariant
mass distribution. The position of this peak is essen-
tially energy independent, however, its height and
width tend to increase with increasing energy, mass
and charge of the colliding ions. Results are presented
for configurations at the Bevalac and SPS machines
which are then extrapolated down to the GSI energy
region.

I. Introduction

Recently, experimental facilities which allow the study
of high energy heavy ion collisions became operation-
al, and are producing a large variety of interesting
data. In particular the study of lepton pair production
in such collisions, has attracted much attention. This
interest is triggered in part by the puzzling results,
obtained from low energy experiments at the GSI
facility [1]. In these experiments e e~ pair produc-
tion is observed which exhibits an exceedingly narrow
enhancement very close to threshold. The origin of
this peak, which was scen in the collisions of ultra
heavy ions with incident kinetic energy of about
6 MeV per nucleon, is at present still unknown. Sever-
al hypotheses for its origin have been suggested and
a few background sources were investigated [2]. In
this paper we discuss in some detail the contribution
of the “double Primakoff effect” [3], i.e. we limit our
study to coherent production of lepton pairs pro-
duced via two quasi-real photons in the process yy
—ete orutpu.

II. Formalism

In two previous papers [4, 5] we investigated the con-
tribution of the two photon collisions in deep inelastic
lepton-nucleon and lepton nucleus scattering. We
now extend these calculations to evaluate the cross
section for lepton pair production which stem from
the y—7v reactions in two heavy ion high energy col-
lisions. We restrict ourselves to the double coherent
casc where we benefit from the kinematics of large
mass projectile collisions, as well as from the factor
(Z,Z,)* where Z, and Z, are the charges of the two
colliding ions.

We proceed to calculate the two photon contribu-
tion to the reaction

(Al,Z1)+(A2,ZZ)—>(A1,Z1)+(A2,Z2)+/+/* (1

which is illustrated in Fig. 1. The kinematic variables
associated with this process are:
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Fig. 1. Diagram for the yy process in two ion collisions
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where orp stands for the transverse photon-photon
cross section p(Q3)+7(P?)—»¢* ¢ and

W+ P

2pj[+:[1+(
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Our notation is essentially the same as that of
Budnev et al. [6], where w, and w, denote the energy
transfers associated with Q02 and P? in the center of
mass system. The 2-photon exchange cross section
corresponding to the diagram shown in Fig. 1 pro-
vides the leading contribution to the lowest order cal-
culation, as long as Z, Z,«*> <1 and other diagrams
of this order can be neglected. It has been shown
[7] that competing processes, most notably the
bremsstrahlung channels with a timelike photon, are
much smaller than the 2-photon exchange contribu-
tion discussed here. Approximate evaluations of
Fig. 1 were made sometime ago by the authors of
[6, 8]. In our covariant formulation the only approxi-
mation used is the Equivalent Photon Approximation
(EPA) [9] which can be applied over the whole range
of kinematic variables. The EPA simplifies the calcu-
lation and is justified as the main contribution to
our integrals come from Q% and P? region near the
lower kinematic bounds which are indeed very small
for the cases treated below. For example in the reac-
tion O+Pb—>O+Pb+(e*e”), 04,=0.132x1073
GeV?, for incident kinetic energy of 8 MeV/nucleon
and this decreases to Q2,,=0.103x 10”7 GeV?2, for
Eg4=15GeV.

The cross section for the process illustrated in
Fig. 1 can be expressed as [6]:
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This can be rewritten in terms of more convenient
variables as
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with
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for 2p; * one has the same expression with the substi-
tutions: A<«>B, Q?«P? w,«<>w,. The appropriate
nuclear form factors are given by:

CZ=1)=Gl(g); CiZ>1)=0 )
D(Z=D)=Fq): D(z>D)=22Fxg) O
with

Gr(g?)=2.79 Gg(g?)

Gy(q?)=[1—¢?/0.71 GeV?] > o

FR(ah)=(4m} G} — g7 GR/(4m? —g?)
Fah)=[1—q?2ri>]1 7"

The expression used for the electric form factor is
identical to that which we used in a previous paper
[5] and was discussed in detail there. In the numerical
calculation of (4) we average over the azimuthal angle

¢, and calculate do/d W)/,. The relevant limits of inte-
gration for d/d W}, are
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For Q% we have
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For P? they are

PLn— 07— W2+

2W2
- (W5 — Q> —m3) (W5 + W, —m3)
1
iW [A(WE, — 0% m})
B
- AWy, W, mp)]'? (10)
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where
Ay, 2)=x>+y*+z2—2(xy+xz+yz).
Note that
_wWi-md)
s
where
Wi =s+mz—T/A(Wg, — Q% mp)

W3

2mi WZ+0*+mi  2mi+P?
T=det |W#+Q0*+m3 2W Wi — W2 +mp
s—Wi+mg s+ Wg—mj 0

Our final expression can thus be written
d
g2 =11 o, (W2, 0% P?)

awy;
fifpdor dQ* dP? (11)

where

, (0 2
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ITI. Results

We present our results for various configurations
which are of practical interest. These were chosen so
that the parameters correspond to the experimental
facilities which presently exist at the Bevalac, and at
the SPS at CERN. In Figs. 2 and 3 we display the
differential cross section do/dm2, as a function of m2,
for the reactions

Fe?® + Fe?® - Fe?®+ Fe?¢+(e*e™)

F626+F626 _)F626+F626+('u+'u-)
016+Pb204___)016+Pb204+(e+e—)
016+Pb204_>016+1)b204+(#+’u—)

at kinetic energies of E,=1.88 and 15 GeV per nuc-
leon. The effect of the nuclei mass on the cross section

can be seen by comparing the above results with the
reaction

U238+U238___)U238+U238+(e+e‘)
U238+U238—>U238+U238+(ﬂ+‘u_)

at E, =1.88 GeV per nucleon (Fig. 4).
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Fig. 2a, b. do/dm? for the reaction Fe+ Fe — Fe+4 Fe +(£¢) for inci-

dent kinetic energy of 1.88 GeV per nucleon. a /£=e*e ;b ¢/
i

=utu

In comparing Figs. 2-4 we note the following gen-
eral features, which pertain to all three processes:

a) The distributions exhibit a threshold peak very
close to the value 4m,, its position is almost indepen-
dent of the energy and type of colliding ions.

b) The width of the peak, which is rather narrow
(about 1.2 MeV? for (et e™) pairs) at low incident en-
ergies becomes broader when the incident kinetic en-
ergy is increased to several GeV per nucleon.

¢) For a given process, an increase in the kinetic
energy of the incoming ion gives rise to an increase
in the magnitude of the differential cross section.

d) The large difference in magnitude in the differ-
ential cross sections for the production of (e e™) and
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(ut u7) pairs under the same conditions, is due to
the different mass thresholds, and consequently differ-
ent Q2. pertaining to the two processes.

Additional properties of the 2y process in heavy
ion collisions cannot readily be deduced from (4) or
(4') without detailed numerical calculations, since the
kinematic factors in the above expressions have a non
trivial dependence on the masses and energies of the
colliding ions. For a given reaction, an increment in
the kinetic energy of the projectile increases the ion’s
incoming flux and, consequently one would expect
a smaller cross section. However, this also causes a
decrease in the lower kinematic bounds of the integra-
tion (over P? and Q7) resulting in an overall increase
in the differential cross section. An additional compli-
cating factor when comparing the results of the differ-
ent reactions is the non linear dependence between
the charges and masses of the different ions.

As the SPS accelerator at CERN is set to acceler-
ate light ions to energies of 200 GeV/nucleon, we have
calculated the cross section for the process

016+Pb204_)016+1)b204_|_(#+’u—)

at this energy. The results are shown in Fig. 5. We
note that at this energy the position of the peak has
moved to slightly higher mass squared values and
has become much broader. The magnitude of the
peak of the differential cross section is a factor of
a hundred larger than for Eg ,=15GeV. (Compare
Figs. 3d and 5.)

The cross sections at high energy and fixed mass
increase like In?(s) as expected (see Fig. 6). It should
be mentioned, that, following the methods described
in [4, 5] one can easily extend our calculations

a) to include the non-coherent 2-photon process,
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Fig. 4a, b. d6/dm” for the reaction U+ U — U + U +(¢¢) for incident
kinetic energy of 1.88 GeV per nucleon. a for electron pairs; b for
muon pairs

and

b) estimate the hadron production in these pro-
cesses. The production of a lepton pair by the 2-pho-
ton process is however, far easier to detect experimen-
tally.

It is also of interest to investigate the e* e¢™ pro-
duction process at energies of several MeV per nuc-
leon, as long as Z,Zza? <1. In Fig. 7a we show our
results for Fe+Fe—Fe+Fe+(ete™) with Eg
=8 MeV per nucleon. The do/dm?, exhibits a sharp
enhancement at m2,= 1.4 MeV? with a peak cross sec-
tion of 0.59 nb/MeV? and an approximate full width
of 1.3 MeV?2.

To study the role of the charge of the nuclei on
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Fig. 5. do/dm?, for the reaction O+Pb—O+Pb+(u™ u~) for inci-
dent kinetic energy of 200 GeV per nucleon
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Fig. 6. da/dm?, at peak as a function of centre of mass energy
squared s for the reaction O+Pb—-O+Pb+(u" p")

the size of the 2-photon cross section we have also
calculated e* e pair production in the reaction O
+Pb—>O+Pb+(e*e”) Fig. 7b. This process has an
additional advantage in that the product of its charges
(8 x 82) is practically identical to the product of
charges of Fe+Fe (i.e. 26x26), enabling one to
isolate the dependence of the ion masses on the cross
section. The shapes of do/dm?, for the three reactions
are very similar (see Fig. 7) while the cross sections
for the electron pair production at E, of 8 MeV per
nucleon are in the ratio of approximately 65:228:600
for Fe+Fe, O+Pband U+ U.

In view of the recent results at GSI [1], where
a (e e”) sharp enhancement has been observed to
be produced with a cross section of several pb in
very heavy ion collisions, we also show our results
for the reaction U+U—-U+U+(e*e”) at E,
=8 MeV per nucleon (Fig. 7c). Bearing in mind that
for this process, with very high Z ions, other diagrams
with multi-photons may no longer be negligible [10].
On the other hand, it is not unreasonable to assume
that the main features of the reaction will still be
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Ferte—Fertererel .appr_oximate@y given by the 2—photon.process shown
Ey/A=8Mev | in Fig. 1. As in the case of Fe + Fe collisions a narrow
prominent peak is seen in d o/dm?, distribution attain-
ing a maximum of 68 nb/MeV? at a mass squared
. value of 1.3 MeV?. To compare our results with the
GSI effect, we integrate the distribution over m2, and
obtain a total cross section for the 2 photon produced
(e*e”) peak of about 126nb. This value is ap-
preciably smaller than the current reported cross sec-
tion value for the GSI effect.

035

025

da7dmZ,inbiMev?)

015 IV. Conclusions

005 ! We have calculated a sizeable and kinematically well
located contribution to lepton pair production in high
energy heavy ion collisions. This contribution should
. : . , be experimentally detectable and can supplement the

0*Pb~0+Phrie" &) study of gamma-gamma reactions in electron col-
250 Eighs Ml i liders. Furthermore the yy process should be included
in the evaluation of background to relevant processes
in heavy ion collisions. In particular we emphasize
the need to properly evaluate this and similar electro-
magnetic background contributions to the low energy
. GSI experiments.
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