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SCATTERING OF LIGHT BY LIGHT USING
ELECTRON-POSITRON COLLIDING BEAMS

By

Z. Kunszr, R. M. MuraDYAN and V. M. TER ANTONYAN
JOINT INSTITUTE FOR NUCLEAR RESEARCH, DUBNA, USSR

We discuss the process e~ - et — » - hadrons. Using automodelity, vectorsmeson
dominance and the parton model, we give an estimate of the deep-inelastic cross section,
showing that it might be comparable to the cross section of the deep-inelastic reaction e~ 4
+ et —+~ H + anything H being a singled-out hadron. Some of the one-meson contributions
are calculated in the quark model.

I. Introduction

As electron—positron and electron—electron storage rings will be consider-
ably developed in the next few years, further new interesting experiments
will be feasible if the energies and luminoesities anticipated are achieved [1].
First of all the reactions of higher order in electromagnetic interactions are
interesting. By storage ring machines the following reactions may be studied:

e~ -+ e* — hadrons (1)
e~ + e* — hadrons + y (2)
e~ + e* — hadrons + pu -+ u* 3)
e~ + e — hadrons + e~ 4 e 4)

The corresponding Feynman diagrams and the expected order of the cross
sections are given in Fig. 1. Process (2) is of third order in the electromagnetic
coupling constant 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 Moller scattering, is based on the increase of the cross section
near forward direction with increasing energy. As a consequence, the additional
factors « and «? in the cross sections for process (2) and (1) will be compensated
at higher energies as first shown by Low ten years ago [2]. Each process above
gives information for the C-even hadronic states, and their cross sections are
connected with the fundamental process of photon—photon scattering.

The present practical importance of Reaction (4) has been realized at
Orsay [3], Novosibirsk [4] and SLAC [5]. It represents a powerful method
especially for the study of photon—photon scattering. The cross section is
given as follows [5]:
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) = @+ 2P log— ~ (1— ) @ + 2.

(As to the resonant scattering of light by light see [6]).

We discuss only Reaction (2), in the deep-inelastie region. Its importance
in the investigation of hadron systems with even charge parity conjugation
has been studied by CREUTZ and EiNHORN [7]. In particular, they thoroughly
investigated the yn—a* final state,

In Section II the kinematics is presented and we discuss how to minimize
the background. In Section III, using vector-meson dominance (VDM) and
the parton model, we give a rough estimate of the deep-inelastic cross section,
Finally, in Section IV we briefly review the one-meson contributions.

II. Kinematics

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

LS ¢ Py C=-
k+ i
-—é—’\/\/\‘lq_

k™ q_’
———ANANNANAN
Kk* -
— q. PNl c=-1
(A) g=k.+h m)=q--q’ (B)

Fig. 2. Feynman diagrams which represent Reaction 2

For experiments which treat the charges symmetrically the interference
term between these two typés of diagrams vanishes by charge conjugation

invariance

do = do~ + do* oc |A]2 -+ | B2 (6)

The magnitude of 4 up to order e? can be exactly calculated using Q.E.D.
and the knowledge of the cross section for Reaction (3). Therefore, we can
measure the magnitude of B in a “charge symmetric” experiment.

The contributions of the C-odd amplitudes to the spin average cross
sections with respect to the variable v and £ (solid angle of the final photon)

are.

dol=)  8va® (1—a?/y)2+cos?O

2—2v), 7
dQdv ¢ sin? @ A=) @
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where p is defined as follows:

2ur (9) = > (27)* 0(q —q' —Fy) <O1J(0)| P> (PyIJ(0)]0) =
N
- (“Qz gpv+ép. év) Q(éz) L]

where § =q-—¢q', ¢ = ¢ — 29,

J.(x) is the electromagnetic current of hadrons. Using knowledge of
0(¢®>) from Reaction (3), this contribution can be removed. The C-even spin
average cross section has the form

do‘“i - 20
dvdQ ¢

[Wz(qa » + % sin? @ (g2, v)], 9)

where the inelastic form-factors le are defined as

W, = ﬁ‘j (27)* (g ~q'—pn) [ dix dty e~ 9= TN (x,y), (10)
where
LY (%, y) = (N|T(J (%) J(0) 10> (N | T(J,(y) J(0) |0>
and

2 2 _
Wi :( Buv T g%zq—) W, (g% 7) + —%7 [qr qTq,i) [qu 4 qi] Wig*»). (11)
A more detailed kinematical analysis including spin-dependent effects is pre-
sented in [8].

Performing such experiments one encounters the question of distinguish-
ing the internal bremsstrahlung process, represented by diagram B in Fig. 2,
from the large background of external bremsstrahlung and photons coming
from 7° decays. Because of the known features of the external bremsstrahlung
photons, the photons radiated by the hadron blob have to be observed at
large angles with respect to the direction of the beam and the momenta of the
other charged particles involved. To reduce the background one has to know
something about the production mechanism of hadrons. (As to the background,
see the analysis of the inelastic Compton scattering given in [9].)

BJorkEN 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 {(E > ~ 400 MeV. If the pro-
duction of hadrons exhibits such a “statistical” behaviour, very energetic
photons transversal to the beam directions should be observed (see Fig. 3(b)).

jet picture

et e~

(a)

fire ball picture

(b)
Fig. 3. Graphical schemes for the two possible extremes
of the production mechanism 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 background.

ITI. Estimate for the deep-inelastic cross section

To give a rough estimate for the energy-dependence and the magnitude
of the cross section, we use automodelity, VMD and the parton model.

The approximate automodelity or scale invariance principle was formu-

-ed for lepton—hadron processes at high energies and large momentum trans-
fers [11].

This principle gives the asymptotic form of the structure functions
W?(q%, v) which are homogeneous functions of corresponding dimensions under
the scale transformation

q— g, ¢ — 2. (12)
From Eq. (9) it is clear that the functions W are dimensionless. From the auto-
modelity principle it follows that

Wi (222, 3%) = Wr(q?, ») i=1,2
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These requirements can be satisfied by putting

— . 2
Wi(q?,v) = F7 (__g ] i=1,2 (13)
4

at high beam and photon energies.

The vector-meson dominance model can be used for the processes with
real photons. It might, however, not be used for virtual photons'in the far-off
time-like region. We use VMD only for the real photon as shown in Fig. 4.

Fig. 4. Vector meson dominance for the real photon

The model connects the C-even part of the cross section for Reaction (2) with
the cross section for the reaction

e~ -+ et — V 4- hadrons, (14)

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

Wi, = > (@n)td(g—q —Py) [L) OIT.(0)1Pw, V(q)) X
N 2y

(15)
X (By, V(¢')|J,(0)|> + interference terms.
Neglecting the interference term, we obtain
= Imynm —
W= >—— W, (16a)
__72;:2 3 v 175’[ v ]’ (16b)
v m, q*

where W} and W} are the structure functions for the process of Eq. (14). They
are connected with the structure functions of electroproduction on vector
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mesons by the substitution law:

Wi(g.q9') = Wi, —q'). (17)

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

do o«?
a0~ aprem g WA 0 Q242 Wisin? 02). (18)

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

w=-—, (19)

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

S [ on —
do 2o WH—LW’Q .
dow q> 3

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

do 2na® w 3m,
g0 _ dna 2(

; : Wi+ 20l ;7;).
w 9

73 271} m,

In the limit —¢? — oo, ¥ — co and when o is fixed, the BJORKEN scale invari-

ance behaviour for W, is assumed [14] to be:

lim —— W2 = Fw),

Tiea M (20)
lim m, W? = Fi(o).

Dthed

Obviously, the structure functions W? exhibit the same automodel behaviour:

W{N 2 F”(w
lim (21)

Z) fixed WgN 2 —_— wF”( ).
293

Therefore, the deep-inelastic cross section for Reaction (2) reads as follows:
do®  6m2adw 1

2o Fiw) + f;iﬁz«o) : (22)

v

do T
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We assume that the asymptotic form factors F(w) and Fy(w) can be obtained
by analytic continuation of the form factors of deep-inelastic electroproduc-
tion FJ(w) and Fj(w). This assumption has been proposed by several authors
[12, 13]. It is worth noticing that such a property can be shown in a simple
field theoretic model. In Veneziano-type models, however, the asymptotic
form factor Fy(w) diverges [15].
Supposing that such an analytic continuation is possible, we find (see
Eq. 17):
F() = Fi(o), (23a)
Fi(w) = —Fj(0). (23b)
For annihilation and electroproduction the physical region has a common
boundary, therefore, we can estimate the magnitude of the cross section, Eq.
(22), near ® ~ 1 using the knowledge of the asymptotic form factors of electro-

production. The parton model of BjorkEN and Pascros [9] should be useful
in estimating the order of magnitude of Fy,(®). For spin 1/2 partons we have:

Fi(w) = —;— wF}(w). (24)
Therefore, the cross section (Eq. (22) ) can be written as

dot 272 o3 1
= w?: ¥ — F¥w), nearw ~ 1. 25
= e 3o e (29)

v

Since the parton—antiparton cloud gives the main contributions, the magni-
tude of Fy(w) is of the same order as for electroproduction on protons. The
behaviour of Fj(w) near w ~ 1, however, is different from F}™!"(w). In such
parton models (the parton spin is 1/2) we have at w = 1 the following threshold
theorems [12]:

for fermions

Fyw) = C (0 — 1+ ... n=0,1,2,..., (26a)
and for bosons:

Fyw) = Cllwo — 1y + ... n=20,1,2. (26b)

Therefore, assuming smooth behaviour near w ~ 1 and that C, > 0, we find
that F,() is larger for bosons than for fermions (see Fig. 5).

The most important contribution comes from the ¢ meson, Using the
experimental values of the factors y, [1], we obtain:

da” do®

> 0.1. 27)
dw dw
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Fig, 5. Asymptotic structure functions for electroproductions and their possible continuations

to the region of annihilation

Integrating the cross section (Eq. (25)) over the region o = 0.77-0.99, at
the virtual photon mass square ¢% ~~ 50 GeV2 we find

Ag ~ 10 35 — 10 38 cm?,

Therefore, despite the additional factor « in the cross section for Reaction (2),
we expect that it will be comparable with the cross section of the deep-inelastic
reaction et + ¢~ — H 4 anything, H being a singled-out hadron [12].
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PACCESAAIHME CBETA HA CBETE, MCIIOJIb3Y 5l CTAJIKVBAIIIMECSH
3JIEKTPOHHbIN U MO3UTPOHHBIN MMYUKH

3. KYHCT, P. M. MYPAIISIH u B. M. TEP-AHTOHSAH

Pesiome

PaccmoTpenbl npoueccsl €~ + et — p 4 azaponbl. [Tonb3ysach annpoxcumauuei ¢
NIOMOILBIO0 BEKTOPHBIX ME30HOB, NapTOHHON MOAENbIO, H ABTOMOJAENLHOCTBIO, CHAesaHa OLEHKa
1J1s1 r1y60KO Heynpyroro CeyeHusi, KOTOpasi MOKa3LIBAET, YTO OHO CPABHHMO C CEUYEHHEM IIy-
Goko Heynpyroii peakuuu e~ + e* — H - uro- To, rae H-ects BuIGpaHHmit ajipod. Hekotopule
H3 OJHOME30HHBLIX BKJIAJOB BBHIMUCJIEHB 110 MOIEJIH KBapKOB.
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