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SCATTERING OF LIGHT BY L I G H T  USING 
E L E C T R O N - P O S I T R O N  COLLIDING BEAMS 

By 

Z. KUI'qSZT, R. M. MURADYAN artd V. M. TER ANTONYAN 
J O I N T  INSTITUTE FOR NUCLEAR RESEARCH, DUBNA, USSR 

We discuss the proeess e- + e + ~ 7-f-hadrons. Using automodelity, vector~meson 
dominance and the parton model, we gire ah estimate of the deep-inelastic cross seetion, 
showing that ir might be comparable to the cross section of the deep-inelastie reaetion e- + 
§ e + ~ H + anything H being a singled-out hadron. Some of the one-meson contributions 
are calculated in the quark model. 

I. Introduet ion 

As elect ron-posi t ron and electron-electron storage rings will be consider- 

ably developed in the next  few years,  fur ther  new interest ing experiments 
will be feasible if the energies and luminosities ant ic ipated ate achieved [1]. 

First of all the reactions of higher order in electromagnetic  interact ions ate 

interesting. By  storage ring machines the following reactions m a y  be studied:  

e -  ~- e + -~ hadrons (1) 

e -  ~- e + -~ hadrons ~- ~, (2) 

e - - ~  e + ~ h a d r o n s + ~ t - + #  + (3) 

e -  -~ e; --~ hadrons + e -  -+- e; (4) 

The corresponding Feynm an  diagrams and the expected order of the cross 

sections are given in Fig. 1. Process (2) is of third order in the electromagnetie 

coupling cons tan t  and its cross section most  likely does not  decrease faster 
than  the cross section for process (1). 

The significance of process (2), which can be considered as generalized 
Bhabha  and M611er scattering, is based on the increase of  the cross section 

near forward direction with increasing energy. A s a  consequence, the addit ional  
factors ~ and ~2 in the cross sections for process (2) and (1) will be compensated  

at higher energies as first shown by  L o w  ten years ago [2]. Each process above 

gives informat ion for the C-even hadronic  states, and their  cross sections ate 
connected with the fundamenta l  process of p h o t o n - p h o t o n  scattering. 

The present practical  impor tance  of React ion ( 4 ) h a s  been realized at 

Orsay [3], Novosibirsk [4] and SLAC [5]. I t  represents a powerful method 
especially for the s tudy of p l lo ton -pho ton  scattering. The cross section Ÿ 

given as follows [5]: 
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where  H a~y(s) is t he  cross  sec t ion  for  t he  r e a c t i o n  7 7  --~ h a d r o n s ,  s is t h e  c .m.  
e n e r g y  squa red ,  a n d  f(x) is a k n o w n  f u n c t i o n  
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1 
f ( x ) =  ( 2 + x 2 )  2 1 o g - ~ -  ( 1 - - x  2) ( 3 + x 2 ) .  

(As to the resonant scattering of light by  light see [6]). 
We discuss only Reaction (2), in the deep-inelastie region. Its  importauee 

in the investigation of hadron systems with even charge pari ty conjugation 
has been studied by CREUTZ and EII~HORN [7]. In particular, they thoroughly 
investigated the ~~-:r  + final state. 

In Section II  the kinematics is presented and we diseuss how to minimize 
the baekground. In Section III ,  using vector-meson dominanee (VDM) and 
the parton model, we give a rough estimate of the deep-inelastie eross seetion. 
Finally, in Seetion IV we briefly review the one-meson eontributions. 

II. Kinematies 

In the one-photon exchange approximation there are two types of amo 
plitudes, as shown in Fig. 2. 

l ( -  

C=+1 k- q,~ 

P~, C=-I 

(A) ~ -/<,+h_ ~= q..q' (B) 
Fig. 2. Feynman diagrams which represent Reaction 2 

For experiments whieh treat  the eharges symmetrically the interference 
term between these two typ6s of diagrams vauishes by  charge conjugation 
invariance 

dG = & r -  + d(~ + or IA[2 + [BI z. (6) 

The magnitude of A up to order e a can be exaetly ealeulated using Q.E.D. 
and the knowledge of the eross section for Reaetion (3). Therefore, we can 
measure the magnitude of B in a "charge symmetrie" experiment. 

The eontributions of the C-odd amplitudes to the spin average eross 
seetions with respect to the variable v and f2 (solid angle of the final photon) 
are: 

da(-)  _ 8 r a  a (1--a2/v)2+eos 2 0  e(q2 2v) ' (7) 
dQ dv q2 sin 2 0  
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where e is defined as follows: 

~,. (4) = _~~~ (2~r)' 6 ( q - q ' - - e N )  <0[J,(0)LPN> <PNIJv(O)IO> = 
N 

= (-~~g~v+(7,, 4~) Q@),  
(8) 

where 4 = q ---q', 4 2 = q2__ 2v. 
J, (x)  is the electromagnetic current of hadrons. Using knowledge of 

~(4 2) from Reaction (3), this eontribution can be removed. The C-even spin 
average cross section has the forro 

~~~+, 2~3__~ [ ~--sin~O ~(q2,~,], ,9, 
dv dQ -- q6 ~~(q2, r) + 2 

where the inelastie form-faetors W~ are defined as 

W;. -:  ~ "  (2~r)4 (~(q --q~--PN) ~ d4x & y  e - i q ( x - y )  I'Nv(x , y) , 
N 

where 

N I',~ ,,(x, y) ~ <NIT(J~(x ) je(O) 10> <N[T(J~(y) J~(O)10> 

and 

(lo) 

q~q i ~ ~q~ ~, +1  ( q }{ q2 ~ ~(q2~, ,11, 
+ q2 ] T q ~ - Y q ~  q~ - 7  q~) 

A more detailed kinematieal analysis ineluding spin-dependent cffeets is pre- 
sented in [8]. 

Performing sueh experiments one eneounters the question of distinguish- 
ing the intcrnal bremsstrahlung proeess, represented by diagram B in Fig. 2, 
from the large baekground of external bremsstrahlung and photons eoming 
from zt ~ decays. Because of the known features of the external bremsstrahlung 
photons, the photons radiated by  the hadron blob have to be observed at 
large anglcs with respect to the direction of the beato and the momenta of the 
other charged particles involved. To reduce the background one has to know 
something about the produetion mechanism of hadrons. (As to the baekground, 
see the analysis of the inelastic Compton seattering given in [9].) 

BJOnKE• and BRODSKY have pointed out [10] that  there are two poss- 
ible extremes. On the one hand, the jet  picture, where the distribution of the 
transverse momenta of secondaries relative to a particular axis is given by an 
exponential law. Therefore, energetic photons measured at large angles with 
respect to the jet  axis should mainly be due to internal bremsstrahlung (see 
Fig. 3(a) ). On the other hand, the statistical model predicts a distribution of 
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secondaries which falls off with energy exponentially. According to this model, 
the mean value of the energy of pions should be <Ex> ~-~ 400 MeV. If  the pro- 
duction of hadrons exhibits sucia a "stat ist ical" behaviour, very energetic 
photons transversal to the beam directions should be observed (see Fig. 3(b)). 

p urr 

e + ~ (  a ) 

firr hall picturr - ~  
(b) 

Fig. 3. Graphieal sehemes for the two possible extremes 
of the produetiort meehanism of hadrons 

Hopefully, measurements of Reaction (1) will provide us with the ne- 
cessary information to set up an experiment where photons produced by  in- 
ternal bremsstrahlung can be distinguished from the large backgrouncl. 

III. Estimate for the deep-inelastic cross section 

To gire a rough estimate s the energy-dependence and the magnitude 
of the cross section, we use automodclity, VMD and the parton mode]. 

The approximatc automodelity or sca]e invariance principle was formu- 
.ed for lcpton--hadron processes at high energies and large momentum trans- 

fers [11]. 
This principle gives the asymptotie forro of the structure functions 

W~(q 2, v) whieh are homogeneous functions of corresponding dimensions under 
the seale transformation 

q -* 2q, q' -~ ~q'. (12) 

From Eq. (9) it is clear that  the functions W~ are dimensionless. From the auto- 
modelity principle ir follows that  

W~(~2q 2, ~2v) : W~r(q ~, v) i = 1, 2 
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These requirements can be satisfied by putt ing 

i = 1, 2 (13) 

at  high beato and photon energies. 
The veetor-meson dominanee model can be used for the processes with 

real photons. I t  might; however, not be used for virtual photons'in the far-off 
time-like region. We use VMI) only for the real photon as shown in Fig. 4. 

Fig. 4. Vector meson dominance for the real photon 

The model eonneets the C-even part of the cross section for Reaction (2) with 
the r seetion for the reaetioi  

e - + e  + ~ V + h a d r o n s ,  (14) 

V being a singled-out vector meson (cf. [12] and [13]). The second rank tensor 
of Eq. (10) can be rewritten as 

W~v = ~ (2zl) 4 O(q--q'--PN) <01Jg(0)IPN, V(q')> x 

x <PN, v(~')lJ~(0)[> + interference terms. 

(15) 

Negleeting the interferenee term, we obtain 

3my zr ~~,  (16a) 

--  37t v ~~.{_~_2 ) (16b, 
W~ = ~ "  7~ m~ 

where IV~ and W~ are the structure functions for the proeess of Eq. (14). They 
ate conneeted with the strueture functions of eleetroproduetion on rector  
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mesons by  the subst i tut ion law: 

m 
rv~~(q, q') = v/~.(q, --q'). (17) 

The cross section for electroproduction on vector meson has the usual forro: 

da ~o- 

dE 'd~  4E 2 sin 4 0/2 
(W~(q 2, v) cos ~ ~2Ÿ § 2 W--~ sin 2 0/2). (18) 

Integrat ing over the photon solid angle in Eq. (9), and introducing the new 
variable 

2v 
o~ = , (19) 

q2 

we can rewrite the cross section given in Ec I. (9) as follows: 

da _ 2Yto�91162 [ 1 ~ ~ ] .  

Using the relations given in Eqs. (16), we obtain:  

da 2zc~3 ~ { 3mv~ - ~~v o ~ - -  Wg . v } 
dr q2 �89 IVŸ § 2? 2 m~ 

In the l imit  __q2 _~ ~ ,  ~ __~ ~ and when co is fixed, the  BJORKEN seale invari- 
ance behaviour  for IV i is assumed [14] to be: 

lim ~ W~ = l~~(co), 
q', ~-+| m, (20) fixed 

lim my W~ = F~(o~). 

f~xed 

Obviously, the s t ructure  functions ~ / / e x h i b i t  the same automodel  behaviour:  

- -  3 7 t / ~ ~ ( c 0 ) .  w ~ ~ ~  r. ~ 
lim (21) 

~o fixea W ~ ~  2 2?2 

Therefore, the deep-inelastic cross section for React ion (2) reads as follows: 

da(+) 67t2 ~3 r 

dr q2 
- -  ~ :  1-~- (F~(o,) + 6 F~(o~) } �9 

r~ 
(22) 
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We assume tha t  the asympto t ic  form factors ffŸ162 and lvŸ162 can be obta ined 
b y  analyt ic  cont inuat ion of  the  form factors of deep-inelastic electroproduc- 
tion F~(co) and F2@ ). This assumption has been proposed b y  several authors 
[12, 13]. I t  is worth  noticing tha t  such a p roper ty  can be shown in a simple 
field theoret ic  model. In Veneziano-type models,  however,  the  asympto t ic  
form factor  F2(o~) diverges [15]. 

Supposing tha t  such an analytic cont inuat ion is possible, we f ind (see 
Eq.  17): 

F~(co) = F~(o~), (23a) 

F2@ ) -~ --q (23b) 

For  annihilation and electroproduct ion the physical  region has a common 
boundary ,  therefore, we can est imate the magni tude  of the cross section, Eq. 
(22), near  co ~ 1 using the knowledge of the asympto t i c  forro factors of electro- 
produet ion.  The par ton  model  of BJORKr~ and PAscnos  [9] should be useful 
in es t imat ing the order of magni tude  of F~,2(r ). For  spin 1/2 par tons  we have : 

1 
F~(to) = - -  co F~(co). (24) 

2 

Therefore,  the cross seetion (Eq. (22))  can be wri t ten as 

da+ 2 ~ 2  ~3 

do~ q2 
- - c o 2  ~ y-~-F~(a) ,  near ~o ~-~ 1. (25) 

Sinee the pa r ton -an t ipa r ton  cloud gives the  main contributions,  the magni- 
tude  of  F2(r ) is of the same order as for e lectroproduct ion on protons.  The 
behaviour  of F~(r near co ~-~ 1, however,  is different  from F pr~176 (co). In such 
par ton models (the par ton  spin is 1/2) we have at r = 1 the following threshold 
theorems [12]: 

for fermions 

and for bosons: 
Fe(w ) = C , ( w - -  1)2n+1 + . . .  n = 0, 1, 2 , . . . ,  (26a) 

F2(�91 = C t Ÿ  _ _  1)2, -4- . . .  n ~- 0, 1, 2. (26b) 

Therefore,  assuming smooth  behaviour  near co ~-~ 1 and tha t  C O ~= 0, we find 
that/~2(~o) is larger for bosons than for fermions (see Fig. 5). 

The most  impor tan t  contr ibut ion comes from the Q meson, Using the 
exper imenta l  values of the factors y~ [1], we obtain:  

d~r~ dr v 

dco dm 
>~ 0.1. (27) 
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Fig. 5. Asymptotic structure 

z-e§ Q n n i h i l a t ~ ~ , ~  " 

/ r t roproduction 

.............. ~ =1 ca -> 
9 

funetions for e]ectroproductious and their possible continuatio~Is 
to the region of annihi]ation 

I n t e g r a t i n g  t h e  cross  s e c t i o n  ( E q .  (25) )  o v e r  t h e  r e g i o n  o~ = 0 . 7 7 - 0 . 9 9 ,  at  

t h e  v i r t u a l  p h o t o n  m a s s  s q u a r e  q2 ~ 50  G e V  2 w e  f i n d  

A a  ~-~ 10 -35 __  10-36  c m  2. 

T h e r e f o r e ,  d e s p i t e  t h e  a d d i t i o n a l  f a c t o r  ~ in t he  cross sec t ion  for  R e a c t i o n  (2), 

we e x p e c t  t h a t  ir  wil l  be  c o m p a r a b l e  w i t h  t he  cross s ec t ion  o f  t he  dcep - ine l a s t i c  

r e a c t i o n  e + q- e -  --~ H -f- a n y t h i n g ,  H be ing  a s i n g l e d - o u t  h a d r o n  [12]. 
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PACCE~IHHE CBETA HA CBETE,  HCFIOJ1b3Y~I CTAJ]I~HBAIOII~IdECYI 
~)J-IEKTPOHHbII71 Id HO3HTPOHHbIIT[ HYqI~H 

3. I-(YHCT, P. M. MYPA~~IH H B. M. TEP-AHTOHyIH 

PeaN)Me 

PaccMoTpeHbl npoueccb~ e - - F  e + ~ Ÿ + a~poHbL Flonbayacb annpoKcHMaunefi c 
HOM0mbIO BeKT0pHb[X Me30HOB, I13pTOHHO~ MOJ~eJlbIO, H aBTOMO~eJIbHOCTbIO, c~I, eJ]aHa 0~eHKa 
~J~~ rJ~y‰ Heynpyroro ceqeHHYI, KOT0pa~[ noKa3biBaeT, qT0 0H0 cpaBHnM0 C ceqeHHeM FJIy- 
6o~o Heynpyrofi peaKLtnn e -  4- e + -~ H -{- qT0- TO, r~e H-eCTb a~I6paHHUfi a~pon. HeKoT0pue 
Ha O~HOMea0HHU~X BKJIa~oB Bblqnc~eHu no Mo~eJm ~aap~(oB. 

Acta Physir Acaclemiae Scientiarum Htmguricae 31. 1972 


