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The high flux of equivalent photons present in relativistic heavy ion collisions of two 
charges Z 1 and Z2 gives rise to the collision of two equivalent photons. The cross-sections 
for various processes are directly related to the corresponding 7 - ~  cross-sections. As 
compared to Y - 7  physics being studied at e § e -  colliders, we find that high energy 
states will not be so easily accessible at the existing facilities, however, the enhancement 
factor (Z 1 Z2) 2 in the expression for the cross section will provide very large photon 
fluxes for lower energies. 

PACS: 12 .20 . -m;  l l . 8 0 . - m ;  25.70.Np 

An extensive programme of 7 - ~  physics is going on 
at high energy e § e -  colliders. The dominant  graph 
is shown in Fig. 1. The charged particles e § and e -  
emit "vir tual"  (sometimes also called "equivalent") 
photons which collide to form a neutral system X 
with charge parity C = + 1. There exists a vast litera- 
ture on this subject, the properties of the virtual 7's 
are calculated in great detail and the cross sections 
in e § e -  collisions are directly related to the corre- 
sponding 7 - 7  cross sections. (See [1, 2, 3] where 
many further references are contained). An early re- 
sult is due to F.E. Low [4] where the measurement 
of the rc ~ lifetime by ~z ~ production in e e or e - e  § 
collisions is proposed. Using a variant of the 
Weizs/icker-Williams method, the cross section for the 
process e - e  + ~ e - e + X  is found to be related to the 
cross section for 7 + y ~ X  by (we use the notation 
of [5]) 

dae- -e+x(S)=q2Sdo~f(oo)dav,_~x(COs ) (1) 

with 

s =  (Pl +p=)2 (2a) 

r / = ~ l n  = ~ l n y  (2b) 
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and 

f (c~ [(2 + c~ ln l~- 2(1--~~ (3 + o)] (2c) 

For  a collider s is given by s = 4 E  2 where E is the 
e + (e-) energy in the labsystem, m is the electron mass 

1 E 
and 7 = - -  . In addition to the situation 

V2 m 
1 c2 

pertaining to (1), where the final momenta of e + and 
e-  are not measured ("untagged luminosities") one 
can study cases where these momenta are measured 
("tagged" and "double  tagged" luminosities, see e.g. 
[2]). 

It is the purpose of the present paper to discuss 
the 7 - 7  processes which occur in relativistic heavy 
ion (RHI) collisions. It is the additional factor 
(Z1 Z2) 2, where Z 1 and Z2 are the charge of the collid- 
ing heavy ions, which increases strongly the RH!  
cross section as compared to the e § e -  case. We study 
the collisions of two "equivalent" photons in the sys- 
tem, where the two heavy ions move with opposite 
velocities v and - v  towards each other (see Fig. 2). 

This is equivalent to the collision of two photons 
with frequency distributions nl(coz) and n2(c%) mov- 
ing in opposite directions. The expressions for the 
frequency distributions, integrated over the impact 
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e + e + 

e ~  e ~  

Fig. 1. Production of neutral C = + 1 states X in the collision of 
two charged particles (e.g. e + e ) via the two photon mechanism 
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Fig. 2. Two relativistic heavy ions collide in a system where they 
move with opposite velocities v and --v towards each other. This 
corresponds to a collision of two photons with opposite momenta 
with photon energy distributions given by nl(col) and n2(~o2), ac- 
cording to the Weizsficker-Williams method 

parameter ,  are derived e.g, in [6] they are given by 
the Weizs/icker-Williams method.  This is further  dis- 
cussed also in [7, 8]. F o r  7 > 1 we can use the expres- 
sion 

ni(a)i)= 2Z2c~ In 7c (3) 
co i R~ 

where the radius R i of  the ion i determines the mini- 
m u m  impac t  parameter .  The adiabat ic  cut-off sets in 
at 

max 7 C (4a)  (D i -~-- -  
Ri 

and we put, for simplicity, 

ni(coi) = 0 for coi> co max (4b) 

The Lorentz- fac tor  7 is related to the cor responding  
Lorentz- fac tor  7p of  the projectile (for a fixed target  
machine) by 

yp = 2 72 - 1 (5) 

The total cross section a c for the t w o - p h o t o n  process 
Z1 + Z 2 ~ Z 1  + Z z + X  is given by 

d e )  1 . de) z 
O-c = ~ ~ 1 1  J ~ - 2 / ' I t  (fA)l)/q2 ((D2)O'77 + X ((D 1 (,92). (6) 

In t roduc ing  the variable x=co I co 2 (4x corresponds  
to the square of  the invariant  mass of  the 27-system) 
one obtains  

where 

~ dx%~-~ x(x) I (x), (7a) 

ox  L ~ J  " 

This new and rather  simple formula  is very powerful,  
I t  allows the calculat ion of  7 - 7  processes in R H I  
collisions in terms of  the cor responding  7 - 7  cross 

(7 c) 2 
section. Fo r  x >  one can no longer use (7b) 

R1 R2 
and one has to treat the exponential ly decreasing par t  
of  the equivalent  p h o t o n  spectrum (see (4 b)) in a bet- 
ter way. Unfor tunate ly ,  we have found no simple way 
to deal with this case in an analytic form. This case 
could be relevant for the p roduc t ion  of  heavy parti- 
cles, and a numerical  t rea tment  seems appropriate .  
There  are impor t an t  differences of  this equa t ion  as 
compared  to the one used for the e + e -  collisions 
[-4, 5]. In  the derivat ion of  (1) and (2), it was assumed 
that  7 > 1 (as is appropr ia te  for the e + e -  colliders). 
This means  that  the adiabat ic  cut-off, (4), which is 
relevant for the R H I  collisions, is no t  impor tan t  for 
the e + e -  case. The  m a x i m u m  energies of  the equiva- 
lent pho tons  are determined there by the kinematics 
of  the process (total energy loss for e § or  e - ,  see 
e.g. (15) of  [-4]. This means  that  the higher energies 
will no t  be easily obta ined in R H I  collisions. 

A n  impor tan t  process in 7 - 7  collisions is the 
e § e -  pair  p roduc t ion  

7 + y ~ e  + + e - .  (8) 

The cor responding  e § e -  pair  p roduc t ion  in charged 
particle reactions has been studied before (see e.g. [9, 
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10]) where different methods have been used. In [103, 
for example, the equivalent photon spectrum of one 
of the heavy ions is folded with the Bethe-Heitler cross 
section for the 7 + Z ~ e  + e-  Z process. Since the 
Bethe-Heitler cross section can also be derived with 
the equivalent photon method (see e.g. [11]) it is evi- 
dent that one can obtain the cross section for Z~ 
+ Z 2 -+ Z i  + Z2 + e + + e-  with the help of (7) and the 
well-known expression (see e.g. [I 1]) for the cross sec- 
tion for pair production with two y's. As it is discussed 
for example in [10], the minimum impact parameter, 
where the equivalent photon method works is given 

by the Compton-wavelength 2 =--1 of the electron�9 
m e  

In this case, the expression ~ R 2 in (7b) has to 
1 

be replaced by - - .  
1~1 e 

Another purely quantum electrodynamical pro- 
cess i s ,  + g ~ ,  + , ,  the elastic scattering of light on 
light (see e.g. [11])�9 Its cross section involves an addi- 
tional factor of cd as compared to the pair production, 
it is, therefore, rather small and it has never been 
possible to study it directly. On the other hand, the 
elastic scattering of , 's in the Coulomb field of nuclei 
has been experimentally investigated (Delbrfick scat- 
tering). It is also possible to study the elastic scattering 
of two photons with RHI  collisions by means of the 
process Z ,  + Z 2 - + Z  ~ + Z z + y +  ,. In order to calcu- 
late the total cross section az~z~z~z~7  for this pro- 
cess we use the simple expressions (see e.g. [11]) for 
the low and high energy limits. One has 

973 7~0~2 r2 (~2c2) 6 
a ~ . r ~ - -  1012~ (9a) 

for 

co ~ m (9 b) 

e 2 
where r. = - -  is the classical electron radius and o~ 

m c  2 

is the energy of each photon in the c.m. system. In 
the high energy limit one has 

for 

(lOa) 

co>>m. (10b) 

Inserting (9) and (10) into (7) one obtains the cross 
section for purely electrodynamical production of 2 7's 
in a RHI  collision. We divide the cross section into 
two parts, according to the conditions (9b) and (10b). 

~z, z~ ~ z,z~ ~ = tel) + a(2) (11) 

where the cross section 0 "(1) for the low energy photons 
is found to be 

2 0.(i) = 5.51.10-3 (Z 1 Z2 0~2)2 re 

�9 (ln 3 r +�89 In 2 ( +{  In r +~6)  (12a) 

where ~ -  7c 
rnV-~i R 2 

one finds 

_ _ .  For  the high energy photons 

a(2)=2.54(Zl Z2 (Z2) 2 r2(ln3 ~--3 ln2 ~ + 3 3 ~--~). (12b) 

We see that a(1)~0. (a), so the total cross section, (11), 
is entirely dominated by the high energy photons, 
given by (12b). 

For  the present kind of RHI  experiments at 
CERN (200 GeV/A 32S beams on a U target) one 
obtains a value of 0 . s v ~ s v ~ - 3 0 0  rob. This is not a 
very small effect, it may be viewed either as an (un- 
wanted) "background",  or it might be used as an 
alternative to the experimental study of 7 - ,  elastic 
scattering with Delbrfick scattering. 

It is also possible to form strongly interacting neu- 
tral, C =  +1, particles in 2V-collisions, like 
zc ~ q, q . . . . . .  The ~o production was originally sug- 
gested by Low [4J, the qc-particle was recently pro- 
duced at PETRA [12]. The resonances are usually 
sufficiently narrow, so that their Breit-Wigner form 
can well be approximated by a 5-function in the inte- 
gral, (7a, b). For  example, the re ~ production cross 
section is given by [4] 

87~ 2 
0 . , , = - -  2-4x) (13) 

#z 

where 7=0.83.10-16 s and kt= 134.9 MeV are the life- 
time and mass of the n~ respectively [5]. A similar 
formula can also be used for the production of other 
C = + 1 particles of mass mR, spin JR and Y-7  width 
F(R-~,7) .  One obtains for its 7 - 7  production cross 
section in a RHI  collision: 

0. 128 Z F(R --. 7,) 

�9 (ln 2 ,  (,4) 
mR R ~ I  R~/ 

This new formula reduces the problem of calculating 
the production cross section by the 7 - 7  mechanism 
to the knowledge of its basic properties, spin mass 
and ? - 7  width. It can be easily applied to a variety 
of different cases. 

It might be argued that the strong Coulomb field 
present in the RHI  collision could lead to final state 
interaction effects with the charged particles produced 
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in the subsequent decay. This might lead to a compli- 
cation which might not be of importance in the case 
of V-7 physics at e + e- colliders. However, very sim- 
ple estimates of the collision time and the decay time 
of any reasonably well defined resonance show imme- 
diately that such final state effects are clearly negligi- 
ble in the RHI case also. 

One obtains a value of 30 gb for the rc ~ pro- 
duction by the two-photon mechanism for the con- 
ditions of the present RHI experiments at CERN 
(200 GeV/A azS beams on a U target). A list of known 
neutral C = + 1 particles, their total widths and their 
V-V branching can be found in [5]. Apart from 
the n ~ the q and q' mesons are the most likely 
candidates for production in V-7 collisions (we 
have m~=549MeV, F(q--+VV)~-O.324keV, and m,, 
=958 MeV, F(q'--* V7)~-4.5 keV). For present day ac- 
celerators, like at CERN, the y-values (see (5)) are 
hardly large enough to lead to a substantial produc- 
tion rate, this is directly due to the adiabaticity condi- 
tion, given by (4). As a side remark we mention that 
the 2v-decays of Ks ~ and K ~ were recently found ex- 
perimentally [13]. Of course, the V-V production 
cross sections of Ks ~ and K ~ will be extremely small, 
since the width F(K ~ ~VV)"-1.7.10 -11 eV involves 
the weak coupling constant. 

Certainly, with future high energy (heavy ion) ac- 
celerators, especially with colliders like RHIC, or even 
SSC and LHC, higher equivalent photon energies will 
become available (see (4)) and one can study V-V 
collisions at the ,-~ 100 GeV energy scale (see the re- 
cent preprint, 1-14]). 

Let us compare the characteristics of the RHI col- 
lisions with the e § e- collisions. Even in the highest 
energy RHI experiments, the y-values achieved are 
rather low: for ~p=60 or 200, appropriate for the 
CERN experiments, the corresponding V- values (see 
(5)) are rather modest. For a 1 GeV electron, e.g., one 
has already V'2000. The v-factor enters, however, 
only logarithmically in the cross section, whereas the 
(Z1 Z2) z factor enters directly in the cross section for- 
mula, giving a distinct advantage for the RHI col- 
lisions. The comparatively low value of V for RHI 
collisions leads to a limitation of the invariant mass 
of the 2V-system. This was already noted before in 
the study of heavy lepton (#+ #-  and r+ z-) pair pro- 
duction [15]. 

We cannot say too much about the actual experi- 
mental problems which one will have to face in such 
studies. Certainly, the strong interaction background 
will be serious, as compared to the leptonic e+e - 
collision system. Clearly one must find suitable ways 
to veto the violent nuclear collisions. In the context 
of electromagnetic excitation of nuclear states, there 
exist proposals for veto-detectors of these central col- 

lisions (see [16]). This method opens a way to study 
such processes for their own sake. On the other hand, 
it is important to have the purely electromagnetic 
processes under control as a possible source of back- 
ground in the search for new states of nuclear matter 
(like the quark-gluon-plasma). 

Finally, let us mention some speculations. Due 
to the large flux of equivalent photons in the MeV 
range, RHI collisions would be of interest to look 
for resonances in the V-V system�9 This could be of 
special interest at present in the search for an un- 
known particle which decays into e + and e- (for a 
recent review on the GSI experiments on positron 
emission in (low energy) heavy ion collisions see [-17] ). 
Various proposals using V-V collisions [18] or the 
Primakoff effect (as mentioned in [19]) exist in order 
to look for such an unknown particle. If it is heavier 
than 2me c 2 then it could decay into e + e- pairs and 
one can look for peaks in the invariant e + e- mass 
spectrum as produced in RHI collisions. This would 
also complement the search for resonances in e + e- 
collisions in the MeV region (see e.g. [20] ). 

All these proposals are, of course, quite specula- 
tive and involve some kind of non-standard physics. 
Assuming a "standard axion" (which is ruled out 
now) with a decay width given by F ,~  

= 1 4 {  m. /Ssec_l (see e.g. [213) one would ob- 
�9 \100 keV} 

tain rather small values for the axion production cross 
section. E.g. for a 200 GeV/A 3zs on U collision one 
would have a cross section of 0.17 nb for the axion 
production via the 2 y-mechanism, with an assumed 
axion mass of m, = 100 keV. Thus the investigation 
of new physics with V-V collisions in RHI collisions 
is rather speculative. The observation of the elastic 
V-V scattering or e + e- production would be a fur- 
ther (probably low precision) test of QED. On the 
other hand, it seems also important to keep control 
about "standard" V-7 processes which will show up 
in RHI collisions. The present paper has provided 
a simple basis for a discussion of "standard" as well 
as "exotic" V-V physics in RHI collisions. 

We would like to thank Prof. G. Soft for sending us a copy of 
Ref. 14. 

References 

1. Budnev, V.M. et al.: Phys. Rep. 15, 182 (1974) 
2. Field, J.H.: Nucl. Phys. B168, 477 (1980) 
3. Brodsky, S.J., Kinoshita, T., Terazawa, H.: Phys. Rev. D4, 1532 

(1971) 
4. Low, F.E.: Phys. Rev. 120, 582 (1960) 
5. Aguilar-Benitez, M. et al.: Review of particle properties. Phys. 

Lett. 170B, 1 (1986) 
6. Jackson, J.D.: Classical electrodynamics. New York: Wiley 1975 



G. Baur and C.A. Bertulani: Peripheral Relativistic Heavy Ion Collision 81 

7. Winther, A., Alder, K.: Nucl. Phys. A319, 518 (1979) 
8. Bertulani, C.A., Baur, G.: Nucl. Phys. A442, 739 (1985) 
9. Landau, L.D., Lifshitz, E.M.: Phys. Zs. Sowjet. 6, 244 (1934) 

10. Bertulani, C.A., Baur, G.: Nucl. Phys. A458, 725 (1986); and 
to be published 

11. Landau, L.D., Lifshitz, E.M.: Lehrbuch der theoretischen Physik. 
Vol. IV, Berlin: Akademie 1986 

12. Berger, Ch. et al.: Phys. Lett. 167B, 120 (1986) 
13. Burkhardt, H. et al.: Phys. Lett. 199B, 139 (1987) 
14. Grabiak, M., Mfiller, B., Greiner, W., Soft, G., Koch, P.: GSI-87- 

78 Preprint, November 1987 
15. Baur, G., Bertulani, C.A.: Phys. Rev. C35, 836 (1987) 
16. Fischer, R.D. et al.: Proceedings of the Workshop on Experi- 

ments and Experimental Facilities at SIS/ESR, March 30 April 
1, 1987, GSI Darmstadt 

17. Kienle, P.: Ann. Rev. Nucl. Part. Sci. 36, 605 (1986) 
18. Zahir, M.S.: Phys. Rev. D35, 3338 (1987) 

Brodsky, S.J. et al.: Phys. Rev. Lett. 56, 1763 (1986) 
Tsai, Y.S.: Phys. Rev. D34, 1326 (1986) 
Bibber, K. van et al.: Phys. Rev. Lett. 59, 759 (1987) 

19. Yamaguchi, Y., Sato, H.: Phys. Rev. C35, 2156 (1987) 
20. Wimmersperg, U. yon et al.: Phys. Rev. Lett. 59, 266 (1987) 

Maier, K. et al.: Z. Phys. A - Atomic Nuclei 226, 527 (1987) 
21. Zehnder, A., Gabathuler, K., Vuilleumier, J.-L.: Phys. Lett. 110 B, 

419 (1982) 

G. Baur 
Institut fiir Kernphysik 
Kernforschungsanlage Jiilich GmbH 
Postfach I9 I3 
D-5170 J/ilich 1 
Federal Republic of Germany 

C.A. Bertulani 
Instituto de Fisica 
Universidade do Rio de Janeiro 
21944 Rio de Janeiro 
Brazil 


