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Among the different electromagnetic processes of particle production much attention has been
paid to two-photon production (fig. 1) in the last 3 years. In this process colliding particles 1 and
2 emit virtual photons. These photons produce some system f of particles. Thus two-photon par-
ticle production is connected directly with the process of light-light interaction — the condensation

of light into matter (yy - f).

The experimental study of two-photon production processes opens new ways towards the solu-
tions of a number of physical problems. The present interest in the two-photon production is due,
first of all, to the fact that a completely new region of investigations in high energy physics is thus
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Fig. 1. The two-photon particle production.

discovered, i.e. the study of the reaction yvy - h (hadrons). It is essential that in this case a study
of the reaction dependence not only on the energy, but also on the “masses” of both colliding
particles (photons) is possible. On the other hand, an experimental study of some two-photon
production processes shows new ways to a solution of more traditional problems such as the in-
vestigation of 7 and K-meson form factors, a search for new particles etc. A comparatively large
value of the cross section for two-photon e*e” pair production leads to a number of important
effects in high energy processes (e.g. in cosmic ray physics). This allows to use this process as an
instrument for solving some problems of experimental physics.

The above processes did not attract attention for a long time. In fact, they are of the fourth
order in the electromagnetic interaction constant a = 1——;—7 and, at first glance, their cross sections
seem to be very small. Nevertheless, in a number of cases these processes are dominant.

For example, for colliding e*e™ beams the two-photon channel of particle production should be
already one of the main ones at not very high beam energies [1—3]. For illustration, the energy
dependences of cross sections for different processes of particle production are plotted in fig. 2.
These dependences have been calculated in QED (with no strong interaction effects taken into ac-
count). At low beam energy E the main channel for particle production is the annihilation one
(fig. 3) that is a process of second order in «. Its cross section is determined by the virtual photon
“mass”’, 0 ~ a?/g*. For example,

ma? 8.7 X 10732 [cm]?

o s o o T . ]1
Tete > utu 3E? s[GeV]? (1.1)

The measured now total e’e” — h cross sections o, (fig. 12) have such values that o, < 6 0+~ _, -
(at 2 < s < 25 GeV?),

In the two-photon production both photon “masses” can be simultaneously small and the cross
section is not suppressed by photon propagators. Its value is determined by the yy = f cross sec-
tion. An integration over each photon “mass” gives In(E*/m2). An additional integration over each
photon frequence also gives one or two InE, depending on the high energy behaviour of g, _, .
For instance, at high energy the total cross section for two-photon production of lepton pair is
given by the following formula [6]

28a* s\ s
Octe > oterr ~ = (11’1——) ln-—Z; I=eorp. (1.2)

2 2
27wm; ms m;

Therefore, the ee > ee u*u -cross section at +/s = 4 GeV is approximately 6 times as much (1.1) and
is near to the e*e” - h cross section. In the same manner the total cross section for two-photon pro-
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Fig. 3. The annihilation particle production (g2 = (p; + p3)? = s = 4E2).

35

Fig. 2. Some production cross sections for colliding e*e™-beams: ee — ee n*n~, ee — ee u*u", ee - ee w0 (two-photon production)
and e*e” = n*n", e*e” - u*u” (one-photon production). The ee = ee n*n~ cross section (in neglecting a strong interaction) and the
ee — ee u*u” cross section are the results of exact QED calculation [4], the ee — ee m© cross section is the result of exact calcula-
tion with using the three-point vertex 7OFMVFLY [5]. The e*e™ — u*u” cross section is of the same order as the experimental e*e”—h
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duction of hadrons is asymptotically (see [7])

4 2 6 2
e tery = s [ =L 2 (1n i—) (1.3)
18m°m2  mimi  mim;

o 2
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o
— ~ 03X 107 cm?.
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m

Therefore, in contrast to annihilation production, the two-photon production cross section in-
creases logarithmically with energy.

The main possibilities for the experimental observation of such processes are due to progress
of the accelerators with colliding e*e™ beams. The two-photon production has already been ob-
served in experiments on such devices, firstly in Novosibirsk (e*e” - e*e"e"e¢™) [9] and then in
Frascati (e*e” - e*e’e’e” [10], e*e™ » ee 'y [11], ee” > e*e "7 [201]). The feasibility of
the experimental study of different processes with such devices is clear from a comparison of
their cross sections (particularly shown in fig. 2) to the modern accelerator parameters (table 1).
The counting rate (the number of observed events per time unit) for a process with cross section
o for a device with luminosity L is determined by the relation

N=Lo. (1.4)

For example, for a device with L = 10%'cm™2sec™ at+/s = 2E = 7 GeV the counting rate N for

ee > eep'pu” and ee » eew'n observation should be 1600 and 140 events per hour, respectively.

Thus, an investigation of the two-photon hadron production becomes quite a real problem.

Since 1970 many theoretical papers devoted to the two-photon production have been published.
They are concerned with the four fundamental directions of investigation:

a) physics of the vy — h transition;

b) methods for extracting information on the vy — h transition from experimental data (e.g.
from experiments with colliding beams) and the estimation of the related cross sections;

c) effects connected with the two-photon production of leptons;

d) search for new particles.

From our point of view, two problems are central here: what can be known while studying
hadron production, and how lepton production can be used.

The following text of this section is, in essence, a brief description of the review structure. Each
subsection corresponds to the section with the same title.

The structure of our review and the material selection correspond, to a considerable extent, to
above classification of the problems. In particular, some results of exact quantum-electrodynami-
cal calculations, e.g. the exact formulas for the electron energy spectrum in the pp - ppe’e” reac-
tion [12] are not included. On the other hand, interesting questions such as photon decay into
two photons in a nucleus Coulomb field [13], the role of the two-photon e*e” pair production at
an early stage of evolution of the Universe and others are also not discussed here. However, “no-
body can embrace the non-embraced” as Kozma Prutkoff said.*

*A review “Two-photon processes for particle production at high energies” by H. Terazawa {14] has been published recently. It
seems useful to show what is the essential difference between this review and ref. [14]: 1) The treatment is intended for a general
physicist audience. 2) The widest possible range of physical problems is discussed. 3) In the discussion of two-photon hadron pro-
duction the main attention is paid to a problem (which is aimost not treated in ref. [14]) namely, what information can be extracted
from the related experiments and how. 4) In accordance with this, we give a more detailed discussion of various experimental feasi-

bilities as well as a more detailed set of formulas. 5) There is a detailed discussion of the equivalent photon approximation with an
indication of some specific mistakes and inaccuracies (some are encounted also in ref. [14]).
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Table 1
The main parameters of e*e” and e"e” colliding beam accelerators (for details see ref. [8]).

Name and location Type Maximum The beginning Luminosity
total c.m.s. of experiments Licm? sec™!]
energy
5= 2E GeV

VEP-1

(Novosibirsk) ee” 0.32 1965 1027 avear

(Stanford) ee” 1.1 1965 6 X 1027 peak

VEPP-2

(Novosibirsk) ete” 1.4 1967 3 X 1028 avear

ACO (Orsay) e*e” 1.1 1968 6 X 1028 avear

ADONE

(Frascati) ete” 3 1970 3 X 1029 avear

CEA Bypass

(Cambridge, USA) ete” S 1972 3 X 1028 peak

SPEAR

(Stanford) e‘e” 4-9 1973 103t

VEPP-2M

(Novosibirsk) e*e” 1.3 in preparation 1030-1031

VEPP-3

(Novosibirsk) ete” 6 in preparation 103t

DORIS ee”

(Hamburg) e'e” 6—9 in preparation 1032

VEPP4

e

(Novosibirsk) e'e 12-14 in preparation

1.1. Two-photon production of leptons and search for new particles

An early interest in the two-photon processes has arisen after the discovery of the positron by
Anderson (1932) and his experiments on fast particle interaction with matter. There appeared the
necessity to find out the processes in which positrons are generated. Studying e*e” pair produc-
tion in collision of fast charged particles, Landau and Lifshitz [6] have ascertained, that the two-
photon channel of fig. 1 is dominant there. They have calculated the cross section of this process
(1.2).

The two-photon channel is also of importance in present searches for new particles, whose main
interaction with substance is through electromagnetic interaction (e.g. Dirac’s monopoles, heavy
leptons or W-bosons).

At present the processes of two-photon production of electrons, photons and muons are of
special interest. Here one can hardly expect a discovery of new physical regularities. However,
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these processes can give a large background contribution to the measurement of reactions of
more physical interest. The importance of these processes is seen, e.g. from the following fact: in
a proton collision with a nitrogen nucleus at £; = 10'7 eV the cross section for the e*e” pair pro-
duction reaches 350 mb, i.e. 25 mb per nucleon. This is comparable with the total pp-cross section
(0, ~ 40 mb) at energies of existing accelerators. The essential role of this process for charged
particle deceleration in substance had already been discussed by Williams and Weizsicker [15].
On the other hand, a comparatively large value of the cross section for two-photon e*e™ pair pro-
duction together with the possibility of its exact calculation within the QED frame allows one to
use this process in a number of cases as an important instrument for investigation. Using this pro-
cess one can, in principle, calibrate the luminosity of accelerators with colliding pp; pp and ep
beams, study the pion and “10on form factors, measure the phase of the proton Compton-effect
amplitude and high energy photon polarization, etc.

Finally, a relatively large value of the cross section for two-photon e*e” pair production allows
one to observe radiative corrections to this process such as the two e"e” pair production,
positronium production and production of the e*e™y-system. All these problems are considered
in section 2, where the main attention is given to the discussion of a qualitative part of their solu-
tion.

1.2. Physics of hadron production by photons (v* = hand vy - h)

A wide range of interesting physical problems is connected with two-photon production. The
problems associated with hadron annihilation production get into close contact with them. A
study of hadron production by photons opens new, and often unique ways for solving a number
of fundamental problems in strong interaction physics and also fundamental questions in QED.

The possibility of a direct investigation of the structure of strong interaction at short distances
is a main advantage of processes of hadron production by virtual photons. Now progress in this
direction is connected with the results of the SLAC-MIT-experiments on deep inelastic ep-scatter-
ing (i.e. on virtual photoabsorption by a proton).

A study of the yy — h reaction will permit an important further step in this direction because
one may change here the “mass’ of both projectile and “‘target”. In particular, there exists such a
domain of kinematical variables where the cross section for this reaction is due to short distance
interaction only, while long distance effects are completely excluded. Only one-photon annihila-
tion at high energy can be compared in this respect with the 4y -~ h reaction.

In studying yp-scattering one has discovered that real, or almost real, photons interact with
proton like hadrons. Simultaneously with an increase of photon “mass”, i.e. with a transition to
shorter distances, the photon-hadron interaction becomes pointlike. The study of yy — h transition
together with other collisions involving hadrons such as pp and yp is of importance both for the
test of the idea of a hadronlike photon and for understanding the character of changes in the colli-
sion process in the transition from structural hadrons (protons) to structureless ones (photons).

Moreover, experimental investigations of hadron production by photons permit testing some
fundamental ideas of hadron physics such as current algebra and the partially conserved axial cur-
rent (PCAC) hypothesis idea on the wide applicability of two-particle unitarity at low energies,
etc. In these experiments one can also study a number of properties of the produced hadron sys-
tems, for example, the meson resonance parameters, S-wave scattering length in 77 scattering, etc.
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This range of problems is discussed in section 3. Here we tried to show what new information
can be obtained by the corresponding experiments for a solution of these problems. Particular
reaction channels and related physical problems in two-photon and annihilation production are
listed in tables 2 and 3, respectively.

1.3. What can be investigated in the e*te” » ete” h experiments and how

Electron colliding beams (e*e™ or e7¢”) seem to be the main instrument for the study of the
vy~ h and vy - h processes. Preference for experiments on these accelerators is due to the fact
that no difficult question associated with the genesis of the observed hadrons arises in this case.
One can be sure that these hadrons are produced by one or two photons. In particular, while
studying resonances no special hypotheses about the production mechanism which would be
necessary for separating resonance from background are required as, e.g. in an analysis of #p colli-
sions. The fact that there are no other hadrons but those produced by photons makes the interpre-
tation of results easy.

When studying e*e” annihilation production of hadrons e*e” - 4* - h, a physically interesting
quantity My* -, — the amplitude for the y* - h transition — is connected with the cross section
by a simple relation do .-, ,, (a/s)IM,Y* ~ 1!*. On the contrary, for two-photon hadron produc-
tion, the physically interesting amplitudes which correspond to vy = h transition are connected
with the cross section of the observed process, ee -~ eeh, by rather complicated relations. They are
of the type (1.8) given later.

Therefore, there arises in the first place, the question of what type of information on the
vy = h process can be extracted from experimental data and how. On the other hand, and this for
an estimate of the possibility of setting up for future experiments, the corresponding cross sections
should be estimated taking into account experimental limitations. These very important prob-
lems are discussed in section 4. In order to provide estimations for the corresponding cross sections,
we give simple and rather exact analytic formulas suitable for solving the numerous problems
taking into account the various experimental limitations. (Let us note that in refs. [5, 16, 17] the
tables and graphs have been calculated on a computer for some particular values of parameters.
This clear and convenient representation of results suffers from the impossibility to be applied to
other values of the parameters.)

1.4. Kinematics and some differential distributions for the two-photon particle production

In most cases interest in the two-photon production processes is stipulated by the possibility
of the extraction of new information about still unknown amplitudes which they allow. Examples
of such type are the study of amplitudes of the yy - h transition in the reaction ee - ech and the
pion form factor in the reaction #Z - wZe*e”, etc. For a solution of all these problems a special
form for writing the differential distributions is useful, in which the contributions from vertices
and transition amplitudes vy - f are factorized. Just such a description is contained in section 5
(which includes also much of the useful differential distributions).

Such writing allows one to apply the formulas obtained for a number of two-photon processes
differing by the nature of the colliding particles or by the type of produced system f. These expres-
sions are convenient not only for extracting information about the process yy — f but also for the
calculation of the cross section when amplitudes for the process vy — f are known. Besides, such a
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writing offers a basis for obtaining various approximations as well as estimation of their accuracy.
Often these approximate formulas turn out to be formulas in an equivalent photon approximation.*

1.5. Equivalent photon approximation

An equivalent photon approximation (Weizsacker—Williams’ method) is a convenient approxi-
mate method for calculating the cross sections of a large number of electromagnetic processes. As
well known, it consists in describing the electromagnetic interaction of particles as the interaction
of one of these particles with a flux of photons equivalent to the field of the second particle. This
approximation is also widely applied to the description of two-photon particle production.

Section 6 contains a derivation of this approximation. Here we tried to give a description as com-
plete as possible, which is similar in its style to a text-book. We have accompanied it by a criticism
of the erroneous statement found in the literature. The necessity for such a description is due par-
ticularly to the fact that, in a number of papers using the equivalent photon approximation, one
now meets erroneous or inaccurate statements together with superfluously lengthy formulas and
calculations. We think that treating this approximation simply as a convenient method for the ap-
proximate calculation of some Feynman diagrams allows avoiding many such errors and inaccura-
cies. Such an approach has allowed to give a simple and accurate formulation of the approximation
and also to estimate its accuracy and the range of its applicability to various physical problems.

1.6. Some notations. Kinematics

When using many-photon production processes the main research objects are the amplitudes
for the vy - f process, both off mass shell and for almost real photons. Here the colliding photons
with momenta ¢, and g, are space-like (g3 < 0).** They may have both a transverse (T) polariza-
tion and a scalar (S) one. The produced system f is C-even and its mass is W =+/(g, + ¢,)*. The ob-
served ee — eef cross section is expressed in terms of the off mass shell yy — f cross sections for the
corresponding photons 0., 0+, Ogr, Ogg, €-8., Opg is the ¥y > f cross section for the collision of a
transverse photon g, with a scalar one g,. Besides, the result has four additional interfering terms
T T1s Trr and Tig, €.g., the quantity 7., is the difference between cross sections for scattering
transverse photons with the parallel (o) and orthogonal (0,) linear polarizations: 7., = 0, —0,.
Analogously, the quantity 75 is the difference between the cross sections for scattering of trans-
verse photons in states with total helicity 0 (g,) and 2(0,)

- . _ . _1 _1
T~ 0y — 0y, T?[T-UO_UZs OTT—5(0" +Ul)—5(00+02)- (1.5)

The quantities 71 and 744 are connected with the interference terms of amplitudes for the transi-
tion yy — f where both transverse and scalar photons participate. All these quantities depend on
W2, g% and q} only.

The connection of these quantities with the absorptive part of the forward y-scattering ampli-

*Cheng and Wu’s [18] known statement on the nonapplicability of this approximation to a calculation of two-photon processes is
merely a terminological misunderstanding connected with using a too limiting form of the approach (see in detail section 6.7).
**We use a standard practice of employing units where # = ¢ = 1. The metric is such that pyp, = p’i‘pfz‘ = p‘,’pg — p1pa2, so that a space
like four-vector g have g2 < 0. The fine structure constant a = e2/4m ~ 1/137. We use the spinor normalization f&u = 2m. The he-
licity of transverse (T) and scalar (S) photons equals 1 and 0, respectively.
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tude W ., ., and with the amplitudes M,, for the yy ~ f transition is given in the helicity basis by
the relations

Wow ap =5 My M,,(2m)*8(q, + g5 ~ 20,k,)dT; (1.6)

3

dF=1:[ 5%)—3 a b ab =+1,0.

NXorp =Wep=3Wey 4y W )5 XWX 0rg=Wog = Wio, 405

NXog =Wy = Wor 045 WX 055 = Wes =Wog, 00

WX = Wiy = Wit -5 WX = =3 (War 00t Wos o);

WA = Wi =3 (Wey = We_ L) 2\/Y7'9rs5 Wis =3Wos 00 = Wor, o); (1.7

ors(W? g1, q3) = oi: (W2, 43, q4%);
X=(q192)* ~ q2q% = 3 [W* — 2W(q? + ¢2) + (¢> — q2)*].

The differential cross section for the two-photon production (fig. 1), summed over the final
states of a system f, has the form (5.12) (one assumes that the initial and final particles are un-
polarized)

172

2 2,2
do = & (@.0.)" ~ 414 [4pt*p3topr + 2lpt—pt= 7 pcos20 + 2p1" 0300 g
16mqiq3
d*p\dp) (1.8)
+2p90p3 05 + P00 0gg — 81070030 T gcOsP] T
1£2

The quantities p?” are expressed in a known way in terms of the momenta p; and g, and the par-
ticle form factors (cf. (5.13)). With the polarization of the colliding or scattered particles taken in-
to account, the terms with 7§ and 734 are added in (1.8).

Let us give some notations used below (see fig. 1):

p; colliding particle momenta (i = 1, 2).

s=(p;+py)? /s=2E the total c.m.s. energy.

p; scattered particle momenta.

E,=p;® scattered particle energies.

m; =p}=p}.

q; = p; — p; virtual photon momenta, g7 < 0.

k; momentum of the jth produced particle.
€; = k? energy of the jth produced particle.
k=2Zk;=q,+q. total momenta of produced system f.
€=k°=2Z total energy of produced system f.

k transverse momentum of the jth produced particle in c.m.s. of colliding particles.
kl z k]l 4, T q,, total transverse momentum of system f.
1% effective mass of system f.

1l
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X =(¢.192)* — q%g3. In the virtual photon c.m.s. X/W? is the squared three-momentum of a

photon.

¢ angle between the scattering planes of colliding particles in their c.m.s. (i.e. angle between

_ P T g andpy = —q,).

¢ angle between the scattering planes of colliding particles in c.m.s. of virtual photons (see

(A.4)).
p?? elements of the photon density matrix for a photon produced by the ith particle;a, b =
+1, 0.

£, =1pi~1/p!* polarization of the ith virtual photon.

Some words about terminology. We use for the processes under consideration (fig. 1) the term
“two-photon particle production”. In our opinion, this term describes more exactly the nature of
the object, whose investigation is of great interest here. Though similar objects participate also in
the two-photon annihilation production (fig. 30) and in the radiative one-photon annihilation pro-
cesses e'e” = hy (fig. 28), e'e” » hu'u” (fig. 29), we hope that using the above term for the pro-
cesses of fig. 1 only causes no difficulty. It should also be noted that in some papers other terms
are used for the fig. 1 process. They are based on the method for the observation of the process
in the electron storage ring experiments; they are ‘“‘symmetrical electroproduction”, ““double elec-
troproduction” and “‘deep inelastic ee-scattering”. (The last of these terms refers also to the anal-
ogy with the related process in deep inelastic ep-scattering.) These names are also not quite exact
because they include both the process of fig. 1 and the bremsstrahlung production (fig. 27).
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2. Two- photon production of leptons and search for new particles
2.1. Production of e*e” and u*u -pairs

The two-photon production of lepton pairs has been the subject of a number of experimental
investigations. The well-known investigations of the process yZ » Z e¢*e” (Bethe—Heitler process)
can be listed among them. Among the recent observations we mention only the electron storage
ring ones (e*e” » e*e’e*e” [9, 10], e*e” = e*e ' [11]).

Early calculations of the two-photon particle production were made already in 1934—1937.
Naturally, at that time only e*e” pair production was discussed. In 1934 Landau and Lifshitz [6]
calculated, in the main logarithmic approximation, the cross section for e*e”-production in the

collision of fast charged particles (with charges Z,e, Z,e and masses 1, m,)*

*Already ref. [6] contained many practically interesting differential distributions for the produced electrons in the region giving
the main contribution to the cross section. Though they are written in the rest system of one of the colliding particles, a simple
modification makes them suitable for colliding beams (see the end of section 5.6). Bhabha [19] has calculated such distributions
in a wider energy range.
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Already here we see the two characteristic features of this process:

A) Its cross section is slightly less than hadronic. In fact, a/m, ~ 2/m,_ and already at not too
high energies o* > 1, i.e. 0 > (Z,Z,)%a/m?.

B) As the energy increases, the cross section increases rather rapidly « .

At energies achieved now, the expression (2.1) provides only an order of magnitude for the cross
section, since the first logarithmic correction proportional to {?, has a large negative coefficient.
Racah [12] has calculated this cross section for the collision of heavy particles up to terms of the
order of 57!

28a*?

ag - =
2122*212283 2
27mm}

[(1—2.12)*+2.2(1 - 2.12) + 0.41] (Z,Z,)*. (2.2)

Appendix F contains more accurate expressions both for this cross section and for the cross sec-
tions for e*e” or u*u” production in the collision of various particles. A review of modern calcula-
tions for lepton pair production can be found, for example, in [20].

We shall consider below only a number of physical effects associated with two-photon produc-
tion of leptons.

1. Energy losses of fast muons in matter. When fast electron pass through matter they lose ener-
gy. This is mainly due to the bremsstrahlung. For muons such a mechanism is not alone. This is
due to the fact that the bremsstrahlung cross section for muons (~a3/mz) is essentially less than
(2.1). However the mean energy loss in every act of two-photon e*¢” production is m“/me times
less than in bremsstrahlung. As a result both mechanisms play an approximately identical role in
the energy losses of fast muons in matter (see e.g. [21, 22]).

2. Contribution to the high-energy hadron cross sections. The two-photon e*¢” production gives
an essential contribution (increasing with energy) to the interaction of cosmic ray protons with
nuclei. Fig. 4 shows the dependence of the cross section for these processes on the laboratory ener-
gy calculated according to (2.2), (F. 1—3). In particular, for the energies investigated in cosmic rays

0.7 Z’mb at E, = 10° GeV
op2—> pZete” = (22a)
7Z°mb  at E, = 10° GeV.

After the recalculation per proton for nitrogen nuclei (Z = 7) it gives ~ 0.06 oggw at £, =10% GeV
and ~ 0.6 ogg‘” at £, = 10® GeV (Ogg“’ =40 mb)*. As a result, this effect can be essential in the
interpretation of the experimental results on total pp cross section.

Let us note also that at £, = 10® GeV, the energy distribution of the pair produced has the form
de/e in the range 1 MeV—10°GeV. Hence, two-photon production of e*e” pairs can be essential in
the evaluation of extended air showers with initial energy £, > 10® GeV.

*In the calculation of the e*e” production off atoms (in air, in emulsion, etc.) one should take into account screening of nucleus by
atomic electrons. This effect decreases slightly the cross section (2.2a).
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Fig. 4. The pZ — pZe*e” total cross section versus the proton lab-energy according to the Racah’s formula (F.1-3).

3. Geshkenbein and Terentjev [23] have proposed to use the processes 7Z -~ nZe*e” and
KZ ~ KZe"e™ for investigating the pion and kaon form factors F,(g*) and Fy(g*). In these pro-
cesses at (Za)?/1g21> R?* (R is the nuclear radius) the two-photon contribution of fig. 5a domi-
nates over the bremsstrahlung one of fig. 5b. This allows to determine the form factor of the
7(K) from the known cross section do/dw,dq?dq}dW?. The scattering on the nucleus is coherent
and the nucleus form factor (the lower blob in fig. 5a) can be neglected at igZ| < R™2. For
Za ~ 1 these both limitations coincide.

If lead is used as a target and £, > 60 GeV, then for the determination of ¥, (¢?) in the region
—q*~ 1 GeV according to [23] the above conditions are fulfilled when the energy losses of the
pions are not less than 30—50 GeV. One should measure here a cross section of the order of
107** cm? as well as a nuclear recoil momentum not exceeding 10—20 MeV.

4. Possibility of calibration of accelerators with pp, pp, ep-colliding beams and with a gas target.
One of the main parameters of accelerators with colliding beams, the luminosity L, is defined
by eq. (1.4). Let us consider a process with the following properties: 1) it is sufficiently exactly
calculable; 2) it has not too small a cross section; 3) it is convenient for recording and is well
separated from the other processes. Then its measurement allows one to determine the luminosity
L in an independent way. In this case no detailed information on the distribution of the beams
density in the interaction range, which is hard to measure, is required.

For the electron storage rings the problem of choosing such a (calibrating) process consists in

7(K)

(K}

(b)

Fig. 5. The two-photon (a) and bremsstrahlung (b) e*e™-pair production for # or K meson scattering on a nucleus.
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selecting the most suitable process among many calculable ones in quantum electrodynamics. In
accelerators with colliding pp-beams almost all the processes cannot be calculated without using
models for strong interactions, i.e. no good accuracy is expected for the calculations. Such pro-
cesses are not suitable for the calibration.

In our paper [24] it has been shown that with an accuracy not worse than 0.1%, the process
pp ~ ppe‘e is completely calculable in the framework of quantum electrodynamics only provided
that the energies €, and the escape angles of the e* in the c.m.s. of the protons are limited by the
inequalities e, < 20 meE/mp and |k, |, W < 20 m,. In this region the cross section is completely
given by the diagram of fig. 1 together with the corresponding radiative corrections for it. Here
the protons practically do not leave the beam and the behaviour of the proton form factors is not
essential. The contribution of this region to the cross section is not less than 0.1 mb.

Due to these causes the process pp - ppe*e” was proposed to be used for determining the lumi-
nosity of accelerators with colliding pp-beams. Exactly, in the same manner, this process can be
proposed for measuring the luminosity in experiments on a gas target in an ordinary accelerator.
According to (2.2) its total cross section for 300 GeV protons equals 0.08 mb.

At present a project for a positron—electron—proton colliding beam system (PEP) with 15 GeV
electrons and 72 GeV protons is being discussed [25]. At such energies e*e” production
(ep —~ epe’e”) turns out to be one of the main processes (its cross section is ¢ ~ 3.4 mb). Therefore,
one may here propose the process ep - epe*e” for the calibration of such a device.

5. Measurement of the forward amplitude phase for the processes yp - ypand yp > Vp(Visa
vector meson). The process yp - pe*e” is described by the two diagrams of fig. 6. The charge
asymmetry in the differential distribution e and e is only due to the interference of these two
diagrams. The Bethe—Heitler amplitude of fig. 6a is completely known and real. Thus, the measure-
ment of the charge asymmetry of the produced electrons gives the forward amplitude phase for the
process yp = vyp. In the region of small effective masses of the e*e”™ pair the forward Compton
amplitude phase has been found in such a way [26], and in the range of effective masses ~ my,,
the forward amplitude phase for the process yZ = pZ has also been found [27]. It is clear that to
study the forward amplitude phases of vector meson photoproduction one can also use the process
YP > pUH.

6. Measurement of high energy photon polarization. The azimuthal asymmetry of the recoil
electron in the reaction ye - ee*e” is due to the photon polarization (cf. (5.48)). Therefore, one
can use this reaction for finding the photon polarization (Boldishev, Peresun’ko [28], see also
[29]). Already at the photon energy w; > 20 m, the cross section is described by the Bethe—
Heitler diagram and has the form (5.48).

(a) (b)

Fig. 6. The C-even (Bethe—Heitler’s) (a) and C-odd (b) diagrams of the yp — pe*e” process.
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Fig. 7. The two-photon u*u™-pair production in pp-collision with the proton fragmentation (to the jet).

7. The two-photon channel for production of the u*u” pair with large invariant mass W in hadron
collisions. In the experiments of Christenson et al. at Brookhaven the production of massive u*u”
pairs (W ~ 1—6 GeV) in the collision of protons with an uranium target at the energy 20 to 30 GeV
was studied. These experiments are expected to be continued at higher energies (at ISR and at NAL).

Such a process is of interest from two points of view. Firstly, in its investigation one hopes to
find the W boson. Secondly, in the one-photon production of u*u~ pairs an additional possibility
arises to investigate the hadron interaction at short distances. The two-photon channel of the u*u”
production can turn out a source of background in such investigations.

In these experiments [30] at not too high energies the one-photon channel dominates and the
two-photon contribution is neglected. The one-photon u*u™ production can be imagined as the pro-
duction of a hadron system withJ = 1 and the further transition - v* - u*u” (the simplest version
of such a kind is a scheme of the vector dominance, see e.g. {31]). But then the cross section for
the one-photon process should be constant like those for inclusive production of any hadron com-
binations with a fixed mass (except for the threshold growth at relatively small s ~ W?).

The cross section for the two-photon process pp — ppu*u” grows rapidly with energy do/dW? «
In3s. Ats= 2500 GeV? and W 2 2 GeV it has the same order of magnitude [32—34] as the data
[30] recalculated for pp-collisions (at s ~ 50 GeV?), which are plotted in fig. 8.
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Fig. 8. The cross-section do/dW for two-photon pair production in pp-collisions at s = 2500 GeV2. Curve I is the cross section taking
into account jets (fig. 1 and fig. 7) and curve II is the contribution of the fig. 1 diagram. The experimental points {30] at s = 50 GeV2
are given for comparison.
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Together with the usual two-photon mechanism (fig. 1) the process with jet formation (fig. 7)
is of importance here. The contribution of the first of these mechanisms is easily calculated (for
details see sect. 6.8) [34]. The total cross section, taking into account the jets shown in fig. 8,
has been found by numerical integration in [35].

Thus, if the one-photon contribution does not grow with increasing s, then at s 2 1000 GeV?
(in the experiments at the ISR) one needs to take into account the two-photon mechanism for
uu pair production.

2.2. Some processes of high order in o

With the increase of the energy of accelerators it now appears possible to measure processes of
rather high order in a.

1. The cross section for two e*e™ pair production is expressed in terms of the yy - e*e’e"e”
cross section which is of special interest too.* The cross section of the process yy — e*e e’e is
asymptotically constant and equals 6.45 X 1073° cm? [36, 37]. The total cross section for the
transition ee -~ eee*e”e*e” increases as (In s)* (Serbo [38], Lipatov and Frolov [37])

a? j
Oge — eec*ee’e @ Oy — e*eete” (ln ;—i—;) . (2.3)
€
At+/s =7 GeV this cross sections is ~ 0.6 X 1073! cm? and of the same order as that for the pro-
cess ee = ee u'u~ (cf. fig. 2). This reaction can give a marked background in measuring the yy - h
cross section. For hadron production on nuclei the role of the reaction yZ - Ze*ee*e” is discussed
in refs. {39].

2. In the electron colliding beams the cross section for positronium Ps production in a free
state appears to be not too small (Meledin, Serbo, Slivkov [41]) (we speak of the parapositronium,
i.e. the e"e¢” bound state with a spin S = 0). Since, roughly speaking, it is necessary to hit in the
momentum range (Ap)* ~ (m )3, this cross section is a® times less than ones of the e*e” pair pro-
duction:

a"¢(3 5\ s\
Oee—>eePs=W ln—2) =6.6 X 10_37(11’1;?) Cm2; ¢(3)=1.202. (2.4)

We note that this cross section is of the same order as that for C-even hadron resonance production.

The produced positronium moves for some period of time in the accelerator magnetic field.

This can lead to a new channel for its decay. In particular, the velocity of Ps'may appear so high
that already in the magnetic field of the accelerator it is converted into longer life orthopositronium
or can decay into e* and e”.

3. Fadin and Khose [42] have noted that in colliding ee-beams the two-photon production of
the system e*e™y (fig. 9) is dominant for producing the photons with the energy w > 1 MeV at large
angles 0., ~ 1. This process is a radiative correction for the process of fig. 1, its cross section in-
creases logarithmically with energy

*This interest is due to the fact that already at W ~ 1 GeV the yy — e*e"¢*e” cross section is larger than the yy —> e*e” cross section.
The latter falls off with energy (o,y., — e*e- ~ 4ma2/W2). Therefore, for cosmic photons with the energy wr, 2 1022 eV just the
process vy — e*e’e*e” determines a contribution into a mean free-path due to collisions with relic radiation [40].
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Fig. 9. The dominant diagram of ee — ee e*e”y process. This process is a main source for low energy photons emitted at large angles.

7o’ s\ w?sin®6,, 4k,
d SR — (1n~——~= - 0.06) - (2.5)
oo coete’y 3mw* sin*0,, ( m? ) w
(The cross sections for both the usual and double bremsstrahlung radiations are negligibly small at
w? < a?, since they fall as a®/s and «*/s.)

The above process can give a marked background for the physically very interesting reaction
gte” - viy.

2.3. Production of new (hypothetical) particles

Searches for certain new particles have been carried out already for a long time. We want to em-
phasize that, in some cases, the two-photon channel can give new ways for their search.

1. In 1931 Dirac pointed out that some particle which would have an elementary magnetic
charge g (monopole) (g =n/2e;n =1, 2, 3, ...) can exist. Result of searches for monopoles now
consists in the fact that for m, < 5 GeV the cross section for monopole production is less than
107%3 cm? (see, e.g. review [43]).

The magnitude of the cross section for monopole production in electromagnetic interactions
should not be determined in terms of order « since the small constant e enters such a cross section
only when multiplied by a large constant g. For that reason the two-photon channel is not here,
at least, less significant than the one-photon channel. The importance of the two-photon channel
was pointed out by Cabibbo and Ferrari [44].

Because of the strong interaction of monopoles with light their production should be suppressed
as long as the relative momenta g and g are not very large, i.e. at W ~ 2mg (Ruderman and
Zwanziger [45]). It is very probably that at W > 2mg a large part of the energy is realised in.elec-
tromagnetic radiation [45].

In addition to this, one can expect, by analogy with hadrons, that the cross section for the two-
photon production of n photons (through the virtual gg state) is already Oy ny ™ m;,z already at
W< 2mg. Therefore, if Dirac monopoles exist, then at s > 16m; nearly isotropic background of
photons (and perhaps e*e”, u*u”) can be observed with the cross section 2 m;f and specific effective
mass ~ 2m, in pp-scattering. The characteristics of the spectrum of such photons is discussed by
Newmeyer and Trefil [46].

2. One cannot exclude that besides e* and u* other charged heavy leptons L* can exist (see, e.g.
review [47]).
As Gerstein, Landsberg and Folomeshkin have pointed out [48], if the spin of the L* is more



V.M. Budnev et al., The two-photon particle production mechanism 199

than 3, then the cross section for the process yy > L*L™ can grow with energy. The two-photon
mechanism should then dominate already at not too high energies.

3. Topical problems deal with the two-photon production of an intermediate vector boson W in
ee-collisions (ee - ee W*W"). The cross sections expected here depend essentially on the W-boson
gyromagnetic ratio g. In the Weinberg renormalizable theory of weak and electromagnetic interac-
tions g = 2.

In this theory Sushkov, Flambaum and Khriplovich [49a] have investigated the W-boson pro-
duction. At W?> mj, the yy > W*W~ cross section is asymptotically constant, 0 ~ 8ma?/m3,. Asa
result, the total ee > eeW*W~ cross section grows as In*s (like for ee > eeh). At (s/m?2) > In(s/m,):

4ot s\ s\ s
- a 215 1,2
Oce > eeww™ ~ m2, (ln m2) [(ln mwzzv) —eIn— 5 5T ] : (2.6)
e w

This cross section begins to dominate over the annihilation (e*¢”™ - W*W") production cross section
atv/s~ 14my,.
If g # 2 (nonrenormalizable theory), then the yy - W*W/cross section increases as a>?W?/m$,
when W? increases. As a result, at g = 1 one has 0, _, .oy ~ (Sa*s/54mm, ) {In(s/m?)}? [49b].
Let us note in conclusion that in the Weinberg theory m,, > 37 GeV/c?. The present experi-
mental lower bound of m,, is 10 GeV/c2.

3. Physics of hadron production by photons

In this section we shall discuss the physical problems connected with hadron production by
photons in the yy - h and e*e™ > y* > h reactions. We restrict ourselves to a discussion of problems,
which are of great interest from our point of view.

We begin with a brief review of experimental results obtained for these reactions (sub-section

3.1). The following sub-sections are devoted to a description of a number of physical problems
whose understanding can advance by means of experiments on hadron production by photons.
‘We attempt to construct our description in order to show what new information for solving these
‘problems can be obtained from such experiments*. A summary for a number of possible experi-
ments is given in tables 2, 3.

The y*y* - h transition is studied in experiments on two-photon hadron production (fig. 1).

ete” > ete y*y¥ > efeh. (3.1)

Here the main object for an investigation is the vy - h amplitudes, both off mass shell and for al-
most real photons. In this reaction the colliding photons are space-like (7 < 0). The produced
hadron system is C-even and its total mass is W =+/(q, + ¢,)*.

The y* - h transition is studied in experiments on annihilation hadron production (fig. 3)

e > AF > b 3.2)
Here the main ‘object under study is the vertex v* - h. The produced hadron system has the quan-

*A discussion of a number of such problems from a similar point of view is contained in refs. [7, 50, 34, 14].
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tum number of a v, i.e. it is C-odd, its total angular momentum J = 1, and its effective mass is
Vqt=+/s=2F.

3.1. Experimental results

The main experimental data on hadron production by photons have been obtained from experi-
ments on electron colliding beams (e*e”). The energies of the first generation of such accelerators
were comparatively low. Therefore, in experiments which had been carried out up to now, mainly
annihilation production (3.2) was studied.

First of all vector mesons with the photon quantum numbers p, w, ¢ have been investigated.

These experiments have provided an important extra information on their parameters (masses,
widthes, decay modes and mixing angles), see e.g. [51].
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The broad peak in the energy dependence of the cross section for production of four charged
pions in ¢*e -annihilation [52] has been interpreted [52—53] as evidence for the existence of a
new vector meson resonance, p’, of mass m_ =~ 1.6 GeV and with I, = 0.35 GeV, having the same
quantum numbers as the p-meson (JP€= 17", I¢ = 1*). The same resonance was observed also in
photoproduction off a proton [54].

In colliding e*e™ beams, 7, K and p form factors have been investigated firstly in the range of
time-like photon momenta. To extract e.g. the pion form factor F_(s) one uses the relation:

2 A2\
Ogtem s gty = —— ( — ") IF ()12, (3.3)
s

The experimental values of F_(s) are plotted in fig. 10. The p-peak (1F, (s = mf))l2 ~ 42) and the
shoulder at /s ~ 780 MeV due to p—w mixing are seen clearly. The experimental values of the
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Fig. 10b.

Fig. 10a, b. The pion form factor versus /s = 2E. The solid line is the best fit on the p-range in which the Gounaris—Sakurai ap-
proximation [60] was used, and p—cw-mixing was taken into account.
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IFkl

3.0+

o Novosibirsk [57]

v BCF [59]

25}

1.0

0 1 | L
1.0 1.5 2.0 25 3.0

2E(GeV)

Fig. 11. The kaon form factor versus \/s = 2E. The solid line is the theoretical expectation based on the p, w, ¢ tails.

kaon form factor at s > m:, are plotted in fig. 11.(1F (s = m:,)l ~ 85). The e*e™ = pp cross section
is measured now at a unique value /s = 2.1 GeV only [61]. Assuming |G| = |Gy! the authors
of ref. [61] have found |Gl = I1Gy | = 0.27 + 0.04 at g = 4.4 GeV?>. This value is considerably
greater compared to what is obtained by a simple extrapolation from a space-like region (dipole
approximation).

One of the most interesting trends in electron colliding beams is an investigation of the total
cross section 0,,-_,, of the annihilation hadron production. As it is seen from fig. 12 the cross
section 0+,-_, ,, is of the same order or even larger than that of the annihilation of point-like par-
ticles (1.1). Such a relatively large cross section is mainly due to multihadron (n, 2 3) production.

These various enumerated results are discussed in more detail in a number of reviews (see e.g.

[51, 68, 70]).
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At last, yy — h transition was investigated so far mainly in experiments on the photoproduction
of m° and 7 off a nucleus only (Primakoft effect, cf. [69]). In such a way, the most precise value
of the me life-time has been obtained. In colliding €*¢” beams the process e*e” - e*e™n'n7, i.e.
¥y~ 7' transition, has been observed recently [201].

3.2. The hadron-like properties of the photon. The reaction vy - h near the mass shell

From the present point of view, the interaction of a real, or almost real, photon with a hadron
is similar to that of hadrons with an other hadron. Such an approach allows one to use a number
of ideas of hadron physics for a description of the vy - h reaction also. Experimental study allows
one to test the correctness of this approach and as long as this is the case one then finds only some
peculiarities for the yy-interaction when compared to other hadron collisions.

1. The idea of the hadronlikeness of the photon allows one to predict a number of specific fea-
tures for the yy —» h reaction. Some of these predictions seem reliable enough.

In the first place they are concerned with the energy dependence of the total cross section .,
[7]1. This dependence should be found to be as shown in fig. 13. A distinction between 0., and
hadron cross sections is primarily determined by the factor «2. This gives the characteristic value
ofag,., ~ a?/m?.

Near threshold W? = 4m? the cross section should be close to the yy - "7~ one calculated in
QED (Born approximation) 0,,,, , s+,-qrp = (7e?/2min/1 — 4mi/W?. As W? increases strong inter-
action becomes dominant. At first the main contribution to the cross section is due to the produc-
tion of a mmr-system. Further 0., shows a set of overlapping peaks corresponding to the production
of C-even boson resonances. With further increase of W2, the cross section gradually approaches a
constant 0., (=) ~ «?/m} just as in other hadron processes.

Inclusive reactions of the type vy — 7 + ... will be apparently the first to be studied experimen-
tally. At intermediate energies a usual missing-mass method allows one to obtain from them a new
information on resonances.

At high energies one can expect that the Feynman scaling law [71] will be fulfilled. And the
question now is what energies for yy-collisions are large enough, i.e. beyond what energies the
scaling law, if any, takes place. A peculiarity of yy-collisions can result in a noticeable distinction
for the composition of secondaries at high energies as against that found in pure hadron collisions.

The distribution in transverse momentum also should have the same characteristics as in hadron
collisions. It is natural to expect a mean transverse momentum {p,) of the same order as that
found in all hadron processes (300—500 MeV). But in the range Ip, | < 300—500 MeV the distri-
bution in p, is probably flatter than in usual hadron collisions (see sect. 4.3). The yy - h reaction
can turn out to be the most convenient one for a study of the (p > dependence, if any, on energy.

2. Let us describe now more specific predictions concerned with particular models of hadron
interaction.

For a description of the cross section 0., in analogy with hadron cross sections, one can apply
a Regge analysis. If the Pomeranchuk singularity is dominant, then according to the factorization
theorem [72}

0,,(W? a1, q3) = 0,,(W?, qD)o, (W?, q3)/0,,(W?). (3.4
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Tyy=h

Oyy ()

Fig. 13. The near-mass-shell yy — h cross section versus squared center-of-mass energy W2 in assumption of hadronlikeness of photon.

From there we have the asymptotic behaviour of the total cross section on mass shell [7]
0,,(=,0,0)= 0. (®) = (0.11)*/38 mb=~ 3 X 1073 cm?® = a?/3 m?. (3.5)

One can expect that the total contribution of all resonances is large. If this is so then, due to
duality at finite values of W? 2 5 GeV?, the value ow(Wz) should markedly exceed 0., (). This
difference should decrease as a W™ (contributions of P’ and A, trajectories). Taking account of
the f-resonance in direct channel only, we have a 2 ow(oo) GeV.

At W?> 1 GeV? a large contribution to the cross section should result from diffractive photon
excitation, i.e. processes yy > V,V, (V,, =p, ¢, w, ...) [2]. The total cross section for these pro-
cesses can be calculated either by means of the factorization theorem (with known cross sections
vp ~ Vp and pp = pp) or by means of a vector dominance model. Both these methods give close
results. For instance {73, 74, 5]

o o (2=5)X 107*2 cm?~ 0.1 ow(w). (3.6)

Yy P
Comparing (3.5) and (3.6), one sees that the fraction of diffractive photon excitation in the total
Y7y cross section is to be of the same order as the fraction of elastic hadron scattering in the total
cross section.

An important characteristic of these processes is the slope parameter of a diffractive peak b.
Using the usual approximation do/dt = Ae?? for a contribution of the Pomeranchuk singularity
P and with the aid of the factorization theorem, we obtain

byy>viva = bypsvip Y hypo vy — Doy gy 3.7)

There is here the interesting possibility of an anomalous small value of b, . LV, 1€ the weak
t-dependence of the vertex yVp [74]. So, choosing experimental values for the Pomeranchon
(i.e. neglecting contributions except p) b =54+0.3([75] and b =10 GeV ™% we ob-
tainb, ., _,,=0.8+0.3 GeV™2,

In the resonance range the yy - h cross section may be estimated with the help of finite energy
sum rules. The two-photon widths of e, f, A, were obtained in refs. [76] just in the same manner.

One can study also the quantity T,,- There is a difference between the cross sections for scatter-
ing of a transverse photon with parallel linear polarization (o) and orthogonal linear polarization
(0,), 7., =0y — 0, (1.5). At small W the value of 7, is Of the same order as of 0,,. So, in the pro-
duction of a hadron system with J? = 0* (e.g. some resonances)

Tyy = *20,.. (3.8)

Y

YP—>¥p PP PP
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In ref. [77] a Regge analysis of all yy-forward amplitudes has been carried out and this analysis
has shown that singularities with the negative P-parity (and positive signature) only contribute to
Ty For such Regge trajectories a(0) < 0. The leading singularity of such type corresponds to the
exchange by three Pomeranchons. Their contribution decreases as (In W?)™2 only. If such relatively
large contribution to 7. will not be observed, then this will come to large doubts about the vali-
dity of models with the Regge cuts. If in 7, there are no fixed singularities with Re j > 0 and
such Regge cuts are unessential, then in this case the superconvergent sum rule is applied [74]

[, (WDHdw? = 0. (3.9)

3. The near-mass shell region. The whole preceding description was applied to processes in
which participate both real photons and photons with a small virtuality (Ig? 1S m';’;). (An evident
modification for virtual photons is the inclusion of processes with the participation of scalar
photons.)

In particular, the energy dependence of the cross sections o,, should be qualitatively the same
as in fig. 13. But with increasing 1g?| the typical value for these cross sections changes. By analogy
with deep inelastic ep scattering one can expect with sufficient confidence here that with the in-
creasing of —g? the cross section o1, decreases while 01, 01, Ogg first increase but later decrease.
A specific scale for these changes is, apparently, ~mz. Such a behaviour seems also natural from
the point of view of the vector dominance model.

In the asymptotic region (W? - =) the relative value of the cross sections of scalar photon
scattering can be found by using the data on y*p-scattering [ 78] with the help of the factorization
theorem (3.4). This theorem may be applied separately to both the scalar and transverse photons.
This results in [7]

0ss(Y* " > h) _ o5 (y*y* > ) _os(y*p > h)
ors(Y*y* > h) op(y*v¥*->h) op(y*p->h)

R ~ 0.18. (3.10)

According to the SLAC data [79] the relative Pomeranchukon contribution to the yp-cross
section decreases with decreasing —s/g2. Hence the estimation (3.10) becomes less accurate with
decreasing —W?/q7.

It is also very interesting to study the g} dependence for such quantities as the multiplicity, the
transverse momentum distribution, the composition of secondaries, the relative role of diffraction,
the character of inclusive spectra etc. The SLAC-MIT experiments show us that for yp scattering
the above features change qualitatively already at not too high lg7| ~ 1 GeV? (see e.g. [79]). This
fact is interpreted as a transition to a domain where the photon interacts as a point particle probing
the internal structure of the hadron. Does a similar phenomena take place in y7y scattering? And if
it is the case then, for what g? such a change in the ¢g? behaviour takes place?

Finally, at still higher values of l¢?| we reach a region, where the short distance interaction be-
comes dominant.

3.3. The short distance interaction
The nature of strong interactions at short distances is a fundamental problem of elementary par-

ticle physics. The conventional point of view is such that at short distances the hadron mass spec-
trum details are negligible and the strong interaction has a high symmetry and universality.
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The highly virtual photons can probe in detail the internal particle structure. Then a study of
hadroi production in processes with highly virtual photons is one of the few direct ways of
studying strong inteiaction at short distances.

I. Let us describe briefly some basic theoretical approaches which are used in the investigation
of phenomena at short distances.

One of the most transparent models is the parton one [80—82]. In this model hadron consists
of pointlike constituents — partons, and the short distance parton—parton interaction is negligibly
small. Then the interaction of highly virtual photons with hadron is reduced to noncoherent inter-
actions with pointlike partons.

In other words, the hadron is supposed to consist of partons in much the same way as nuclei
consist of nucleons. But in contrast to nucleons the free partons are not identified up to now.

Another widely discussed possibility is the hypothesis that short-distance strong interaction is
scale invariant [83—85]. This means that in case of a coordinate dilatation (scale transformation)
the vacuum expectation of a product of any number of field operators, which are taken at near-by
points, changes by a numerical factor only. In a renormalizable theory the scale symmetry leads
to the conformal one additionally (see cf. [84]). Such a model also corresponds to the description
of hadron as composite particle. Here, however, the hadron constituents strongly interact with
each other by such a way that the dimensional parameters of the theory (masses and coupling con-
stants) are not essential. \

Still another method of approach is in terms of light cone commutators. The measurable cross
sections with high virtual photons are expressed via the commutators of the electromagnetic cur-
rents J*(x) (cf. (3.11), (3.16)), e.g. the main subject investigated in the experiments on deep in-
elastic ep scattering, fig. 14 (the absorptive part of the forward Compton amplitude) is

1 [dxII*(x), 7(0)] Ip) - expigx }

g P P\ W,(qP, ¢
= 87r’ozm,,{~(g“”—L;Z )Wl(qP, g+ (P"“—q“g?)(l’"—q” q—z )-———Z(qi ) ) : (3.11)
q q q s

In a very natural assumption one can show that as Ig?| - = and a fixed w = 2Pg/(—q?) the main con-
tribution to this integral is due to the short distance region x2 ~ 1/q2. Therefore, phenomena at
lg%l - o are determined by the character of the light cone current commutator singularity [86].
The approaches based on quantum field theory models are often used as well. Here theories of
the ¢>-type [87] and the ladder y°-model with transverse momentum cut-off [80] correspond to
the parton model. A similar picture appears also in the non-Abelian gauge theories of strong inter-
actions which have the property of becoming a free-field theory at short distances (asymptotic
freedom) [97]. The short distance interaction is scale invariant in the renormalizable theories if

electron electron

[
proton hadrons

Fig. 14. The deep inelastic ep-scattering.
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the dimensionless coupling constant renormalization is finite (see e.g. [88]). In particular, the
short distance scale invariance take place in theories of the type (see in detail [89]):

Lim=gs$l1/sps+gps$75wps +h‘P4- (3.12)

2. Most models and approaches considered were called into being by the SLAC-MIT experi-
mental results on deep inelastic ep-scattering. In these experiments the structural function W, and
gPW, (3.11) were found to depend practically on the dimensionless ratio w = 2Pg/(—g?) but not
on the quantities g% and Pq separately (if lg21 and Pq are large enough). This quite nontrivial prop-
erty predicted by Bjorken [90] is called a scaling law (or an automodelity). Before describing the
applications of the considered models to yy-scattering, it is useful to note that all they do at least
not contradict to these data.

This scaling law is naturally explained by the parton model [80—82]. Just in the same manner
this scaling law is obtained under the assumption that the light-cone current-commutator singularity
is just the same as that for free fields [91].*

In the models with scale invariance at short distances the scaling law can be broken by strong
interaction at short distances. In such models the products of field operators on the light cone are
in general more singular than that for free fields [84]. For the structure functions W, the Polyakov
sum rules take place only here [85], e.g.

~ dw ) .
kaBWAuqﬂ:J=B®Gﬂ%”W; j=2 v2=0. (3.13)

Here B and v are independent on g2. The scaling law for W, and ¢gPW, is valid only if v(7) = 0. In
particular, in the ladder y°*-model ¥(j) # 0 and the scaling law is broken. This breaking can be
numerically small [93] and could not contradict the experimental data.

Thus, the known results of experiments on deep inelastic ep-scattering do not contradict the
above models. To choose between them it is necessary to investigate both this and other processes
(e.g. yy-scattering).

Annihilation hadron production (e*e” - y* - h):

1. When studying the total cross section for one-photon-annihilation hadron production o, (s) a
fundamental problem is whether a quantity so, (s) is asymptotically constant as it is in the electro-
dynamics of point-like particles (1.1). Such a dependence is obtained from sufficiently general
suggestions in a wide class of models {80-82, 85, 94—96, 31, 97].

A. In the simplest variant of the parton model (see e.g. {80, 951) an annihilation production
develops according to the scheme of fig. 15, namely, a photon decays into a parton—antiparton
pair followed by the further conversion of these partons into real hadrons. Since the electromag-
netic transition vertex is point-like, then so, (s) > const. The value of this constant is determined
by the charge and the spin of the partons only. In this case [94, 95]

o(e'e” > y*—>h)

lim
s—o o(e'e” » y* > utu)

R=2lo?+1 20z (3.14a)

*The restrictions on spectral functions of the Jost—Lehman-—Dyson representation due to the scaling law are obtained in refs. [92].
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Here Qe and Qe are the charges of the parton with spin  and O respectively. In the usual quark
model R =%. In the coloured quark model R = 2 as well and if meson and baryon octets are ele-
mentary then R =%. The experimental s-dependence of R is plotted in fig. 12.

B. In theories w1th scale invariance at short distances the electromagnetic current has a normal
dimension due to gauge invariance. Because of this the quantity so,(s) is also asymptotically con-
stant [85] but the quantity R has no simple meaning (3.14a).

Crewther [139], Chanowitz and Ellis [152] have considered the photon form factor for the
trace of the stress-energy tensor ('y(klp)lc’);(O)I*y(sz)) = —(g"¥(k.ky) — kKBKYYF[(ki—k;)?] in the
model of partially conserved dilatation current (PCDC). They have shown that this form factor is
connected with R through a simple relation

R —Q-TLF(O) ——Z——F(O) (3.14b)

Using VDM and the hypothesis that the electromagnetic current is U-spin singlet, Terazawa [202]
has obtained from here the result which is in agreement with data (cf. fig. 12)

R=16m/f2~ 5.7+ 0.9. (3.14c)

C. A different approach to the problem of asymptotic behaviour for so, (s) based on the ideas
of the vector dominance model is discussed in section 3.4.

D. The recent SPEAR and CEA data (see fig. 12) show that the cross section o, (s) itself is ap-
proximately constant, 0,(s) ~ 15—25 nb in the interval 4 GeV? < s < 25 GeV?. Such a behaviour
is impossible to understand in the framework of the known models.* If 0, (s) will not decrease as
s will increase, then there arises a contradiction to the present ideas about the nature of the strong
and electromagnetic interactions which appears, probably, to be too serious. This seems to us to
be impossible, i.e. we suppose that o, (s) will decrease not slower than s' beginning from some
values of s.

2. The shape of the angular and energy distribution of secondaries and multiplicity depends
essentially on the feature of the pure hadron interaction also.

A. In a parton model, as well as in models with scale invariance a photon decays into a parton—
antiparton pair (figs. 15, 16). But further the process may develop in different ways.

In a version of the parton model [80] hadron production from a primary parton is like brems-
strahlung (fig. 15). In this case produced hadron form two jets. The transverse momentum spread
within the limits of these jets is small and a distribution in log €; is, roughly speaking, uniform.
Depending on average mass of the primary virtual parton, the number of produced hadrons (mul-
tiplicity) is either finite [98] or growing as Ins [80].

B. In a model with scale invariance [85] a parton or stream decay is a cascade process (fig. 16).
At each step a heavy stream is transformed into a small number of lighter streams with masses
comparable to that of the stream that has produced them. The fission process goes on until the
mass decreases and is a real hadron mass. As a result, the produced hadrons form a few jets in-
side which one can extract more small jet structures with large transverse momenta. For such a
mechanism the multiplicity (n) increases as s° (8 < 1).

*Note, however, that for the minimal (nonrenormalizable) electromagnetic interaction of vector mesons the quantity soy, should
increase with s [158].
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Fig. 15. The hadron production in a timelike photon decay according to models [80, 95]. The photon decays into parton—anti-
parton pair, the hadron production off the initial parton is similar to bremsstrahlung.

C. A special group is formed by statistical and hydrodynamical models in which a photon de-
cay is like a point explosion. These models predict angular and momentum distributions and also
multiplicity but no value for the cross section. In the statistical model [99] one suggests that,
after the explosion, the interaction is switched off immediately and the mean energy does not de-
pend on s. In this case the hadron decay is isotropic and the multiplity grows as+/s
((ny ~ +/3/(E)). If strong interactions among a large number of hadrons after the explosion are
taken into account, in the spirit of the hydrodynamical Landau theory [100], then the decay is
altogether isotropic but some secondaries are high energetic ones*. For multiplicity estimation, it
is sufficient here to use the thermodynamical relations for the entropy S and energy Q:

So VT3, Q« VT? (V is the volume, T is the temperature, Q = /s = +/¢?). The multiplicity (n) is
proportional to the entropy at the moment of decay for fragments when V' ~ m_>. As a result, in
such a model (n) o« Q34 = s¥8,

3. A specific information can be obtained by studying the inclusive cross sections e'e” > p+ ...,
e*e” > m+ ... etc. (fig. 17). The corresponding distribution in energy € = gP/v/s and in escape angle
0 of the labelled hadron hkas the form {80] :

d 4me’ — 2 —
? ke m.er—m? |2W, + £ 1) W,sin?0 |.
4 P p m?

: P

dedcosf B q

The e*e™ - p + ... structure functions W, and gPW, are specific analytic continuations to the
domain g% > 2qP >.0 of the functions W, and W, (3.11) defined for g*> < 0 (see e.g. [102]). Is the
scaling law fulfilled for W, and gPW, in the timelike region? Are there any simple relations between

W, and W;? The relation
— 1
W2(1/0), q2) = — ;:)‘ wz(W, _qz)

is an example of such a relation, obtained in ref. [101].

A comparison of inclusive spectra of different particles will be an important test of short-distance-
interaction internal symmetry. For example, according to SU(3) and the hypothesis that the elec-
tromagnetic current is a U-spin singlet, the differential cross section labelled by the detected baryon,
and observed at identical values of ¢? and gP, should satisfy the relations [80]:

*Let us note that in this point the preliminary data of SPEAR [203] are close to the predictions of the hydrodynamical model
[100, 204].
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Fig. 16. The hadron production for a timelike-photon decay according to scale invariance model [85].

1
g -=0 +:0K1', 01(0:5(3071—0"0)’

Oz = 0g-s Ozt = Ops g0 =0, =3(305 — 0go). (3.15)
If at short distances there is no SU(3) breaking then at large ¢2 and gP these relations should be
exact. As a possible criterion for passage to the short distance region one can use e.g. the fulfill-
ment of scaling law for W, and gPW,.

From a somewhat different point of view some of the above questions are discussed in the ex-

cellent review [70].

Two-photon hadron production

yy-scattering is a unique example of a reaction in which the masses of both colliding particles
can be changed in a wide range.

Deep virtual yy-scattering is less studied theoretically than yp-scattering. Also in a majority of
papers only the total yy-cross sections are described. One usually proposes that these cross sec-
tions should depend not on three invariants W2, g2, and ¢% but on the smallest number of param-
eters, namely, on one or two combinations of these invariants. These combinations depend both
on a used model and on the relation between W2, ¢3, g3 and m? ~ 1 GeV? (m, is the inherent
mass parameter of strong interactions). In particular, W’/q,? is no good scaling variable in y~y-scatter-
ing usually.

The yy-cross sections are connected with the absorptive part of the forward yy-amplitude

Fig. 17. Inclusive process e*e” — y* ~ h + anything.
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" (a) QZ'V’ {b) (c) {d)

Fig. 18. The virtual forward ~y-scattering.

WH VB (¢, (5.7)). This amplitude is in turn connected with a commutator of four currents by
the equation* (see fig. 18)

wr e =1 [qox 4y 4%z explig,(x—2) + iy 1COI[T*{J* (Y () ¥, T*{J#(2)J¥(0) }1_10). (3.16)

In yp-scattering one squared distance x? only can be small (the distance between the space-time
points x and 0 in (3.11)). Then e.g. in the parton model [81] this process is represented by the
diagram of fig. 19 in which the straight line between x and O corresponds to a free parton, and the
dashed blob describes the (large-distance) parton—proton scattering. Therefore, in the measurable
cross section both short and large distances effects are essential. Such a property applies to almost
all the other known processes.

Unlike in yp-scattering, in yy-scattering there are values of the kinematic variables W?, g% and
g3 such that simultaneously small values for some distances x2, (x — »)?, z? etc. are essential. The
essential supremacy of yy-scattering over the other processes is that such a domain of W2, ¢3, ¢3
exists, in which all six distances in fig. 18 are small. In it large distance interactions is inessential.
That domain is of the most principal interest.

1. Short distance region. In accordance with ref. [103], a main contribution to (3.16) is due
to the domain where all six distances between the vertices of fig. 18, have small values if**
2> ml; m,~ 1 GeV. (3.17)

mg, < W? < qiqi/mi; lq;
A. Here one can test most directly the short distance scale invariance hypothesis [200]. Ac-
cording to this hypothesis the yy-amplitude is a non-trivial function of two dimensionless variables .

In the absence of quasilocal terms of fig. 18b—d it has the form
Rai/we, q3/w?). (3.18)

The usual additional factor (W?) 2 €y is absent here because of the photon anomal dimension
€, = 0 (cf. e.g. [85]). If the quasilocal terms are essential then the terms which grow as (W*)" can
appear (1 is the anomal dimension of the (scalar or tensor) quasilocal operator
[6S/8A*(x)8A%(x)1S™ (cf. [200])).

B. Let us discuss now this domain in terms of light cone algebra. The existence of a large number

*The designation 7* corresponds to the necessity of taking account of quasilocal terms (corresponding to interactions of the type
mnd Ay, nOFUVELY etc ). With their being taken into account a direct reduction to the usual commutator of four currents is im-
possible. As a result, the measurable absorptive part in W2 is described by diagrams of fig. 18. Usually, only the first of them
(fig. 18a) is taken into account.

**In this case (at g2 ~ ¢2)

x-»? ~ 22 Sqaaleeds 0P S41a,/What ¥ $4,9./Wads (3.173)

x2 < q,q,(W? — q2)/Wq3q3; 0-2)? $q,9,(W? — q})/Wliqiqd; 29192 = W? - q% — 43.
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Fig. 19. The yp-scattering diagram giving the main contribution at small x2 according to the parton model. The straight lines corre-
spond to free partons the dashed blob describes parton—~proton scattering.

of short distances demands here new assumptions. The usual assumption on the singularity of a
simple commutator of two electromagnetic currents near the light cone [91] (which gives the re-
sult for the yp-scattering) reduces the matrix element (3.16) to the commutator of two bilocal
operators near the light cone. Further, it is necessary to make an assumption about the character
of the singularity of this commutator.

Such an assumption is contained e.g. in a hypothesis on the bilocal operator algebra as made in
ref. [104]. According to this hypothesis, the singularity of this commutator is the same as that
for free fields. These assumptions determine the asymptotic behaviour of W*'*":#? in the domain
(3.17) completely. This asymptotic behaviour is just the same as that of the box-diagram contribu-
tion of fig. 20 [105—-109] *.

C. Finally, in the parton model the amplitude is also determined by the box-diagram contribu-
tion of fig. 20, in which the lines between the vertices x, y, z, 0 correspond to free partons
[109—111]. The choice of a definite set of fundamental partons determines the result exactly.
(This corresponds to the fact that at short distances, strong interactions are switched off and only
the usual electromagnetic parton-light interactions are conserved.) The corresponding contribu-
tions of scalar and spinor partons to the yy-amplitude are computed e.g. in ref. [108]. They are
listed in appendix E.

Sometimes the scalar and spinor contributions are fully separated. For example, scalar partons
do not contribute to a transverse photon cross section at W?> Ig?I:

orr(Y*Y* > h) = opp(yry* - wu) - 2208 (3.19a)

Spinor partons do not contribute to a scalar photon cross section at W2 < g} — g3 1:

21ra2 2q2q2 qz
oan(y¥y* - h) = —2T0 [1+_1‘21n_1J.EQ4_ (3.19b)
ss i - g2l U g=ai " 4 o

Here eQ; and eQ, are the charges o1 the spinor and scalar partons, respectively. In the quark
model £ Qf =3, £ @} = 0, in the coloured quark model Q% =2, T Q¢ = 0, if partons form meson
and baryon octets, ZQf = 4, 2 Qf = 2.

Equations (3.19) and (3.14a) (for the y* - h transition) will give an important knowledge on
the parton charge and spin.

*In ref. [105] another channel y — hy* was considered (for timelike photons). In refs. [106—108] the results of ref. [105] were
extended to a y*y* — h transition for space-like photons in the domain W2 < —q’;’; Iql?| > mg. In refs. [103, 109] one has shown
‘that, for ql? < 0, the box-contribution is dominant in a wider domain (3.17).
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Fig. 20. The box-diagrams for yy-scattering.

2. With our going out of the region (3.17) the large distance strong interaction effects become
essential.
The first example of such a kind is the Regge region at large photon ‘“‘masses’:

W?> qiqi/mi; lg?1 > m3. (3.20)

Here the main contribution to the integral (3.16) is due to small values of (x—z)* ~ 1/g} and
»*~ 1/¢3% and due to a larger domain in the other distances: x2, z?, (x—y)?, (y—2)*> < W?/q} 4>
[109]. Therefore, the usual methods of the hadrodynamics may be used here.

A. In particular, one can expect that in the region (3.20) the factorization theorem (3.4) is
valid for each Regge-trajectory contribution. For the trajectory « in pp-scattering W20pp ~ (W*m?2)*.
In much the same way as in yp-scattering Wzow ~ (W?%/g*)*P (if the scaling law is fulfilled in the
Regge-region also).

As a result W?q,,, ~ (W?0, )2(W?a_ )"! ~ (W?m?/q3q3)*p . Since this conclusion is valid for a
contribution of any Regge- trajectory, the total amplitude has then the form [93, 112]:

vy = fW?mi[qiq3), (3.21)

i.e. it depends on the only (dimensional) parameter W?/q2q3.

B. The result (3.21) is also obtainable in the parton model [113] as well as with usual assump-
tions about light cone commutator algebra[ 109] *. Of course, in all these descriptions it is neces-
sary to take into account the box-contribution of fig. 20. The amplitude has the form (3.21) only
if the quantity (3.21) is dominant over the box-contribution [111].

The application of the factorization theorem (3.4) both for transverse and scalar photons per-
mits to conclude that the ratio R (3.10) of the cross sections for scalar and transverse photons
scattering is independent of the type of target. In the parton model R gives an estimate of the
relative significance of spinor and spinless partons in the corresponding processes. The universality
of R means that the composition of partons with which the ““heavy” photons interact is indepen-
dent of the type of target. Data on deep inelastic ep-scattering show a small value of R (=~ 0.18)
i.e. a dominant role of spinor partons.

C. For a model with short distance scale invariance in the region (3.20) the ziaplitude depends
both on W?/g?q?2 and on the other dimensional parameter g2g2. Here sum rules like (3.13) take
place. In a very rough approximation, the contribution of every Regge trajectory « is multiplied

by (g% q2/m*)*® [89].

*This is easily understood with the help of the arguments of ref. [113]: If photon g, is treated as a target then it is clear (by
analogy with the yp-scattering) that the amplitude is some function &,ol(WZ/q2 qg/mz) But if photon g, is treated as a target,
then this amplitude is p2(W?/q2;43/m2). Since ¢, and ¢, are the same functlon then it should depend on W2/q%43 only.
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D. Using the automodelity hypothesis [31] (or dimensional analysis) the result should take a
form independent of the relations between W2, g2 and ¢3. Here no amplitude should depend on
dimensional variables, i.e. it should depend on g?/W? and g3/W? only, either in the region (3.17),
or in a Regge region (3.20). In the last case this prediction obviously differs from that of other
models.

3. An other example is the resonance region

W*~m?k;, g} > m?. (3.22)
o q; o

Here the main contribution to the integral (3.16) comes from small values of
(x—y)?~ 2>~ 1/(q, — q,)* [105].

The usual assumption is that the light-cone current-commutator singularity is the same as that
for free fields. It is used here in the same manner as when obtaining the scaling law for yp-scatter-
ing. It now follows that amplitudes depend on two parameters only [105—107]

FWmy; (a3 — aIG} +a3)). (3.23)

(This conclusion is also reproduced in the parton model [107—109] and in models of the
gi-type [103].)

At —g? changes from zero up to values much greater than m? at fixed lg3 | > m?, the values
of the amplitudes and the relative contributions of resonances and background can be noticeably
changed. However, from (3.23) one can see that with a further —g? growth, at ¢% fixed, the am-
plitudes do not change, since a second argument of (3.23) is transformed to unity. Using an addi-
tional assumption about the fast decrease of the one photon—hadron vertices with the increase of
the photon mass [114], authors of ref. [109] obtained that this conclusion is valid also if the sec-
ond photon is not too “heavy”, i.e. —q2 < m?2.* Such a behaviour is in strong contrast with the
well known fact that there is rapid decrease of resonance contributions in y*p-scattering. This dif-
ference is due to the special nature of the targets: in y*p-scattering the target is structural but in
the y*v*-scattering the target is a structureless one.

3.4. Resonances

The meson resonances were the first to be studied in colliding beam experiments. In such experi-
ments the most precise investigation of meson resonance properties (masses, widths, decay modes
etc.) is, in principle, possible. A prominent advantage of their study in colliding beams experi-
ments follows from the fact that the abovementioned properties can be extracted without special
hypotheses about the resonance production mechanism (such hypotheses are necessary e.g. in an
analysis of wp-scattering).

1. The annihilation production. The investigation of the C-odd vector mesons p, ¢, w [51] isa
well known example. Indication for the existence of the p’ meson [52] puts a number of new
questions. In particular, whether w and ¢-mesons have similar analoges, w’ and ¢’ [116], and then,
whether the set of vector mesons is finite. To answer these questions is of course of importance

*I11 a number of papers [115] for the description of the region —q% P m?,; q% ~ ( another assumption was used that the y*vy struc-
tural functions are distinguished only by a factor from the well known «*p-structural functions.
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for particle systematics. This allows also a deeper understanding on the applicability range of
models of the vector dominance (VDM) type. In an extended VDM [117, 118] one assumes that
the annihilation production takes place through vector mesons only. One calls here for a
Veneziano-like spectrum of vector mesons, with properties M2 = Mf,(2n + D, M,/f, = Mp/f ,
and adds up all their contributions (assuming their Breit—Wigner form at ¢? far from m3, also).
To provide the convergence of the series, a hard enough restriction on the resonance widths is
necessary (e.g. in the variant [117] T', -~ 0 is necessary and in the variant [118] T, /M, ~ 0). As
a result, it turned out that the ratio R = 0, /0+,- _, ,+,- is constant on the average,
R =8m?/f2? ~ 2.5-3. (With the modification of the mass spectrum and M, /f,,, one obviously can
get any suitable value for R.) Unfortunately, a direct test of such a construction is at least diffi-
cult. This is due to strong overlap between resonances and also to the competitions between
different effects.

In the investigation of hadron production in an inclusive set up (s is not too large) a main interest
is in the study of quasi-two-particle final states (e*e” - y—- R, e'e” » v* - R}R,) [124, 125].
These final states contribute essentially to o, (s) at Vs~ 1-1.5 GeV (cf. [52b]). Such processes
are the two-particle decays of a motionless massive photon (with secondaries moving collinearly).
Therefore, their study allows to test directly the relations followed from collinear symmetry
groups e.g. (SU6),, [126].

A study of A, production is of special interest due to its production in hadron collisions and is
often suppressed (because of this fact one doubts in the A, existance). There is a hypothesis [127]
that in the ¥* - 7A, reaction this suppression disappears.

2. Two-photon production of C-even resonances. Resonances with spin J # 1 can be produced
by almost real photons [119, 120, 1]. If such a resonance is narrow (I' < my) then its production
cross section is expressed through its two-photon decay width ' (with an accuracy of the order
of I'/my):

rrr r

~ 8mM2+ 1) ———————— ~ 87 (2T + 1) — §(W? — m}). (3.24)

o
Yy~ R 2 22 2,32
(W? — mp)* + Img My

For most (but not all!) of the resonances one may restrict oneself now to the rough estimation
=~ T (3.25)

which is often the average value of different theoretical estimations obtained by means of, either
finite energy sum rules [ 76], or the tensor dominance model [121], or the quark model [122] etc.

For the production of resonance with J = 1%, like the A,(1070), though one photon should
have an essentially nonzero mass. The cross sections for such resonance production must then be
markedly smaller than for resonances with J # 1.

In connection with the pseudoscalar nonet problem it is interesting to study X° and E produc-
tion (their spins are not yet known well enough [69]). Here one can expect additional informa-
tion on the X°spin, since according to [123] a ratio I'"(J = 2)/T"7(J = 0) ~ 107? is obtained for
two permissible values of J(X°). The observation of many events of the two-photon type E(1422)
production would eliminate the possibility J = 1* for this meson which is discussed now.



V.M. Budnev et al., The two-photon particle production mechanism 217

3.5. Current algebra, PCAC, etc.

The hypothesis of a partially conserved axial current (PCAC) and current algebra allow a global
description of a number of phenomena of low energy pion physics. Such an approach also permits
to establish a number of relations for pion production by photons, some of them having a high ac-
curacy. Some of the features of such amplitudes reflect the essential dynamical properties of
strong interactions. On the other hand in studying pion production by photons one can directly
investigate quantities which are basic for this approach such as spectral densities of axial and vec-
tor currents.

1. Pais and Treiman [128] have noted that the spectral density of the isovector axial and vec-
tor currents® can be defined from the differential cross section of the reactions (fig. 17):

e*e” - | soft pion + anything (3.26)
e'e” - 2 soft pions + anything. (3.27)

Let us consider e.g. the reactions (3.26). A soft pion with a zero four-momentum P - 0 takes
away a parity and one unit of isospin only. Therefore, the system *“anything” is produced by the
isovector axial current 4 L As a result, the differential cross section of the process (3.26) summed
over all the possible states standing for “anything” is proportional to the axial current spectral
density p,(g®) (3.28). With the aid of PCAC and current algebra Pais and Treiman have obtained
that this relation has the form (at ¢*> < 4 mz)
3.2
o,(q*) = 16;4‘1 p,(qg®) form*

do
872a? li Py —g?m?] 1?2 —= | = 3.29
mfad m [(gP)*—q*m;] P (3.29)

0 for n°.

(The possibility of studying the spectral density p, (¢*) is here complicated by the large extrapola-
tion range from qP = e\/s = m_/s to ¢P = 0. In this connection the accuracy of the approximation
is controlled only by testing m°-production suppression, i.e. a theoretical estimation of the accura-
cy in the measurement of p, is do°/do*.)

The current algebra and PCAC hypothesis give a number of predictions for a pion production
by one or two photons near a threshold. These predictions are discussed in details e.g. in the re-
views [129, 14]. We limit ourselves here to a short survey of some of the most important results.

2. The production of an even number of pions near a threshold. Terentjev [129] has obtained

the next expression for the yy » 77~ amplitude on mass shell

MMy ___M/.wBom + ezﬁwz(gnv _ q‘zlq,f/(h‘h) (3303)

*These densities are introduced by analogy with the electromagnetic current spectral density, e.g.

. . " 9,9
(2m)3 Zn) 0l4L In)n14L10)5(q—p,,) = —87 {(g‘w— :2”

NG » ety pps(g?)]. (3.28)
q2
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Using the first Weinberg sum rule (f(py —p, )du?/u? = f2) [133], he has obtained*

1 A —py(u?) , 1
= " du? ~ — (3.30b)

2ml2) '
Here (r? is the squared pion radius. Therefore, the amplitude is described by the simple Born dia-
gram with the high accuracy of order of (W/m p)2. In the same manner the yy — 7°7° amplitude
is of the order of (W/mp)" [129]. For the large photon masses the yy - #*7~ amplitude is [ 130,
131]

B=3H+

du?. (3.300)

8ma (g‘“’ q4q} )fpv(uz) — pale®)
ffr d142 u*+q.q.,

With a subsequent use of PCAC and reduction formulas it follows that the yy -~ n(7*7") ampli-
tude near a threshold equals the ¥y -~ #*#~ amplitude multiplied by kinematic factors only [132].

3. In the description of the production of an odd number of soft pions a new parameter F"°
appears, which is the coupling constant for m© - vy decay (n° life-time 7 = 64 7 (F™°)*m.?).
Let us explain its origin.

In a naive use of the standard PCAC procedure, the two-photon decay of a massless pion is for-
bidden. In this connection Adler {134] has shown that with regard to electromagnetic interaction
the basic PCAC relationship between the pion field #f and the axial current Az(x) for the neutral
component (i = 0) should be modified as follows (anomalous PCAC condition)

s
3, AS(x) = m2f, mO(x) + == MPPIFRI(x)FPI(x). (3.31)
4

Here F*¥(x) is the electromagnetic field tensor and Adler’s anomaly S is a certain number. In this
case F™° for the massless pion is expressed through §

2
F™(m2 =0) = — —8. (3.32)
Tfy
One supposes usually that this quantity differs slightly from the physical constant ¥ ™ ie.
F™ = F™(m?) ~ F"°(0). (3.32b)

The observed #° life-time (7 = 0.84 X 107! sec) corresponds to S = 0.54.

A true role for the Adler’s anomaly can be found in the first place by studying the #° > v,
v* - 37 and yy » 37 reactions. Using the general assumptions of PCAC and current algebra only,
Terentjev [135] and Adler et al. [136] have obtained an important relationship between F’ o
and the constant F3™ of the y* -» 37 reaction:

eF3T = FT°f2, (3.33)

This equation determines the connection between the values of the observed processes only if

*The formula for 8 obtained in ref. [132] does not contain the term (r2)/3 (cf. in details [129]).
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they are due to the anomal term (3.31) only. If it is not the case, equation (3.33) becomes meaning-
ful. Thus the experimental verification of (3.33) will be an essential test for the determination of
the true role of the Adler’s anomaly.
The yy » 37 amplitude is determined through the constant F™° and the parameter vy, con-
nected with the wr-scattering length [135, 136]. One can express through the same parameters
the v* - (2n + D7 and vy - (2n + 1)7 amplitudes near the threshold (see e.g. [129]). Such ex-
pressions are obtained also for v = 0 by means of a phenomenological Lagrangian technique [137].
The vy > nm° amplitudes vanish near threshold P, ~ O at least as (P,,o)"+1 [138, 134].

4. Adler’s anomaly and short distance interaction. Wilson has shown that Adler’s anomaly is
entirely due to short distance interaction (i.e. the large distance interaction does not contribute in
the value of S) [84]. It has allowed a determination of S e.g. in different variants of the quark
parton model (see e.g. [129])

Z)Pw—‘ L0, + Q- (3.34)

Here eQ is the average charge of the fundamental isotopic multiplet. In the usual quark model
0= <, in the coloured quark model Q = % The last value permits to explain a visible lifetime un-
der the assumption that itis due to Adler’s anomaly only.

In the assumption of s]7(ort distance scale invariance, Crewther [139] has shown that

S=%+RK (3.35)

Here R =lim, _, ., [0+, ye S h () O, pru- (91 (cf. fig. 12) and K is the axial current contribution
to a Wilson operator product expansion for the product of two electromagnetic currents. The
quantity K? can be measured from the e*e” - p*u™7° cross section at large s and p,o fixed [140].
In ref. [141] the connection between S and the vy - h cross section at large 1g?! and W? is dis-
cussed.

The fact that the quantity S is independent on large distance interaction makes the investigation
of the q7 dependence of S especially interesting. For this purpose one should compare the gi-de-
pendence on the 7° two-photon production amplitude and the spectral density of the axial cur-
rent. One may attempt to extract the latter, in particular, from experiments on the A, two-pho-
ton production.

3.6. The reactions v* - wm(KK) and vy - #n(KK) on mass shell, low energy nwn-scattering, € and
S*-mesons

In the reactions y* - 7w, v* - KK .. the 7, K, ... form factors are obtained (3.3). As the form
factors describe directly the space electromagnet1c structure of the particles their further investi-
gation is of unquestionable interest.

At not too high energies pion pair production (yy - #*7”) should be the most important
vy ~ h channel. A study of reactions vy - 77 and vy - KK will allow to test a wide range of
fundamental ideas for the low energy physics (see e.g. [142]) both for w7 scattering and for the
transitions yy - wm, ¥* > 7. The test of these ideas involves in particular the following questions:
1) with what accuracy are threshold theorems valid and what is the range of their applicability?

2) what is the domain of applicability of the two-particle unitarity approximation? 3) how do
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resonances in 7w and KK system influence the character of the yy - 7m (KK) amplitudes? 4) how
do crossing-channel processes have an influence on these reactions? 5) what are the main param-
eters of wm-scattering?

The vy — 7*7~ amplitude at threshold must be close to the Thomson limit. Current algebra
and PCAC determine the accuracy of this approximation. According to (3.30), a description of
the yy - #*7” reaction by means of QED formulas (for pointlike pions) is valid with an accuracy
~(W/m p)2. The yy — wom° amplitude is determined in the same approximation by means of an
effective Lagrangian including the ymp and ymw interactions. This amplitude near the threshold
is of the order of

~a WH(W? — 2m121)/m:‘).
In the low energy domain two-particle unitarity is valid for the yy - 77 amplitude, namely
Im M7 (yy > wn) « M¥ (yy > am)M(zm > mm). (3.36)

At W < 4m_ this equation is exact. An assumption of approximative validity for such equa-
tions up to W ~ 1 GeV is one of the fundamental hypothesis of the low-energy physics. From the
equation (3.36) it follows directly, that the yy > w7 phases coincide with the m7 phases §,. Let
us note, that this relation does not determine directly the yy - 7w partial amplitude values. For
elastic scattering the amplitude is simply e'® sin 8, i.e. the amplitude modulus is unambiguously
determined by the phase 8. In contrast to this for an inelastic reaction, such as yy - @7 the am-
plitude is If1ei® with 1f1 not directly connected with &. In particular, a small value of the phase &
does not lead, generally speaking, to a small value of Ifl.

For mr-scattering at W < 1 GeV the higher partial amplitudes (with J > 2) are small (§; < 1).
Due to (3.36) it follows that the related 4y > wn phases are small. However, the related partial
amplitude modules at not too high W are determined by the Born diagrams (due to the threshold
conditions). Therefore, one may say that, in accordance with ideas of present low energy physics,
the Born approximation should describe these waves with a good accuracy at W < 1 GeV. It is
of interest to elucidate up to what energies such a description is valid.

A special question is the behaviour of an isoscalar S-wave amplitude M°° [143—149]. For the
calculation of the M°° a dispersion approach was often used. In this approach the result is ambig-
uous. The ambiguity can, however, be removed using certain normalizations for the amplitude:
at W - o [146], on the amplitude value either at W ~ m_ (which is being unknown now) [147],
or at the threshold (using the low-energy expansion (3.30)) [144, 145]. The last variant (with
using (3.30)) seems to us to be most suitable. The amplitude M°° resulting in this case has a
wide maximum connected with the e-meson. The position of this maximum (at W < m,) signifi-
cantly differs from m_~ 750 MeV (due to the high e-meson width, ~ 400 MeV), and the value
of M°° in this maximum can be expressed through the parameter 8 from (3.30). At W =~ 400—700
MeV the quantities M°° obtained at the reasonable values of the § are of the same order of mag-
nitude as M2 __. Namely, at W = 600 MeV the ratios (M°°/M$° ) equal 1;2 and 3 for 8= 1/2m3;
l/mf, and —3/ 2m2, respectively [144]. In order to imagine ourselves the real significance of the
S-wave in the cross-section do, . _, . /dcos 6 = (IM,_I1* + IM,,|?) we list a few numbers: at
6 ~ 3 mand W = 660 MeV the amplitude M, coincides practically with M°° and 1M, /M, | ~ 0.5
forg= l/mz, but the cross section differs from the Born one very slightly for 8= 1/ Zmz,.

The experimental investigation of the yy - 7w reaction permits us to answer some questions
which appear in other problems of low energy physics.
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Measured quantity or reaction

Studied physical object or investigated problem

The ee — eeh cross section
(cm?2) to be measured
(at /s ~ 510 GeV)

yy = atn
700

vy~ KK

yy—=>nmn>?2
¥y = 7O(n)

=R
(resonance)

High energy behaviour of
Tyy(W2)

Y=+ V1V,
V;=p,w,0,..)

TTT = 0§—0}

1.5

Distribution in transverse
momentum, multiplicity,
secondaries composition,
p_’f_—dependences, large p,,

q2-dependence

Inclusive reactions
Yy .y p ..

77 — soft pion + anything

the yy—h
cross-section at large g7

1S 8

2
w22 ‘“2" > mg
mO

2 2
q192
2
mO

2
mg <€ W2 <

2 .2 2
mg ~ W < lg;)

; |q?| >\m‘2)

Threshold theorems, Born term.

PCAC, current algebra.

Two-particle unitarity approximation.
(Range of validity.)

The number of essential partial waves.
nr-phases and scattering lengths.

Going out of mass shell.

The first Weinberg sum rule {132, 133].
e, f, §*, inelasticity.

Connection with the trace of energy-momentum tensor.
FESR

PCAC, chiral Lagrangians.

nO-lifetime.
Triangle anomaly, g2-dependence [157].

Resonance parameters (e, f, Ao, etc.).
Spin of X°, E.

FESR, symmetries.

Parameters of 4, etc.

Validity of Regge analysis.
Factorization theorem.
Duality.

Diffractive éxcitation of photons.
bp, ai,, g+<-uependence.

g2-dependence for the relative contribution of diffraction.

Vector uominance.

P-parity of resonances.
Superconvergent sum rule (3.9).

Transition from structural particles to pointlike ones.
Short distance interaction.

Dependence on large p| behaviour, on the nature and masses

of the colliding particles.
Parton model [153].

Feynman’s scaling law.

(yIVV + AAly) [154]

Short distance interaction.

Parton model.

Bilocal operator algebra.

Scale invariance.

The number of independent variables in o,

Super-scaling.
Applicability of Regge analysis.

Direct test of scale invariance.
Charge and spin composition of partons.

Relationship between resonances and background at large q'?.

10733
1073510736

10734..10735

1073510736
107351036

1073310734

1073610737

1033

107331035
1073310734

<1073

10734

3 X 1073510736

1073510736

1073410737

10734

1073710739




222

Table 3
The physical problems for the e*e”™ - y* — h reaction

Measured quantity or reaction

Studied physical object or investigated problems

Cross-section to be measured (cmz)

Asymptotic behaviour of the
total cross section
a(e’e™ > y* > h)=o0p

High energy angular and ener-
gy distributions, multiplicity

High energy inclusive reac-
uonsete = p+ ...,
“omparison of different
reactions

e*e” — R (resonance)

Final states

Quasi-two-particle final states
e*e” = 7R, RyR,
R=w,p,e,Ay,..)

e'e” > ¥ > gt
- KK
- pp
o(e*e” = K°K®)
o(ete” = a'n)
a(e*e” > K'K)
o(e*e” — n'w)
at large §

ete >yt o+ L
efeT > y*¥ o ar+ ...
(soft pions)

ete” > y* > nnm
n>2

e*e™ > y* > 3n

olefe” > y*>p+...)
olete > y*>p+..)
agle*e" > y*->K +.)
olete™ > y* > K*+..)

e*e” > KPKQ at/s = my,
Correlations in decays

Short distance electromagnetic interaction.
Test of peintlikeness.

Composition of partons.

Connection with triangle anomaly.
Character of renormalization in QED.

What is short distance hadron interaction?
(Variants: it is inessential, it is scale invariant, thermo-
dynamic, etc.)

Comparison with ep-scattering.

Scaling law.

Light cone commutator algebra.

Short distance interaction symmetry.
Electromagnetic splitting of particle masses.

Vector meson parameters (p, w, ¢)-

Number of vector mesons (p’ etc.).

Role of resonances for oy, at § > oo,
Extended VDM.

Role of vector mesons in strong interactions.
Decay modes of vector mesons and their off-shell coupling
constants.

Comparison with pp-annihilation.
Contribution to oy,.

Investigation of Ay, B, ...

Test of SUw(6).

@, K, p, ... -form factors

Test of short distance SU(3)

Isovector axial and vector currents.
Test of isotensor current absence [155].

PCAC

Triangle anomaly .

Test of C-invariance [155].

Test of CP-invariance [156].

10-31
5(GeV?2)

10731
5(GeV?2)

1032

5(GeV?2)

10“30
103210733

10732-10-33

10733-10-34

2X 10731 ats=6m2
10734 at s = 8 GeV?2

10735

10735
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For example, the observation of interference quantities Re(M}_M, ) and Re(F*M.,,) (4.6) near
threshold pera:its, in principle, to determine in this range the S and P-wavcs 77 scattering phases
8o and &, (Re(M¥.M, )~ MEMB, cos(8,—8,), Re(F*M, )~ |F,IMB, cos(8,—8,), M5, are Born
amplitudes with helicities g, b). From here one can determine the S-wave 7w scatiering lengths
(as 8,/8;, > 0;68,/8,~ 0).

A very interesting features of 77 scattering is the sharp variation of S-wave phase at W ~ 950
MeV [151] which is interpreted as due to the influence of the KK bound state (S*-resonance
[150]). The investigation of 4y > 77 and vy -~ KK in this range should give additional informa-
tion on this effect. In this region one should, apparently, find out the yy > 77 and yy » KK
amplitudes simultaneously with taking account of the 7w and KK intermediate states in the uni-
tarity relation.

An investigation of the vy - 77 and vy - KK S-wave amplitude energy dependence is of inte-
rest also in connection with the determination of the two-photon widths of the € and of the s*¥
These two-photon widths are obtained in an independent way with the help of FESR [76]. From
another point of view, such a piece of formation is essential for an approach in which e (and S*)
are connected with the trace of the momentum-energy tensor #* in a broken scale invariance
model where (0161e) = m2F,. For the coupling constant of € with two photons g, ., one obtains
here the relation [“139, 152]:

o(e'e” > y*>h)

121°F,¢,,, =R = lim (3.37)

s— = o(e'e” > u'u)
If one choose,S(Fe ~ 150 MeV (T, , ., ~ 400 MeV) and m_ ~ 700 MeV then, according to [152]
and (3.37), 1t tollows that the width for two-photon € decay I',,., ~ 0.2R* keV (cf. fig. 12). This
does not contradict the data of ref. [201].

4. What can be investigated in ete” > e*e h experiments and how

When studying two-photon hadron production the yy > h amplitudes are of main interest. They
are connected with the observed ee - eeh cross section by means of rather complicated relations
of the type (1.8). The related differential distributions are obtained in section 5. Here we take
them as a basis and discuss what information about the yy - h transition can be extracted from
colliding beam experiments and how it can be done. The cross section estimations given below
show to what degree the above experiments are realistic.

Hadron production by two photons was considered for the first time by Primakoff [160] who
suggested to measure the m° life-time in the reaction yZ - Z#°. In 1960 Low [119] has drawn
attention to the fact that the #° life-time can be measured also in e*e” collisions in the reaction
ee > ee 7 (fig. 1). Simultaneously Calogero and Zemach [161] have considered the two-photon
reaction ee > ee 7*n~. However, the rates involved seemed unmeasurable at that time and no
further work was done.

Since 1969 in view of the increase of accelerator energy a wide streem of papers devoted to the
two-photon particle production appeared. In the early papers of this generation, production of mw

The direct determination of these quantities through their production cross sections is impossible since e is a very wide resonance
and since S* lies near threshold.
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and KK systems, #°¢ and n-mesons was considered (De Celles and Goehl [162], Arteaga-Romero,
Jaccarini, Kessler, Parisi [11).

These authors have pointed out the possibility to study some problems of hadron physics in
these experiments. In the papers [2, 163, 7] Balakin, Budnev and Ginzburg have shown that
from the colliding beam experiments one could extract information on a new fundamental pro-
cess namely yy - h. They have also given the necessary formulas and estimations. Almost simul-
taneously with ref. [2] the paper of Brodsky, Kinoshita and Terazawa [3] appeared, in which the
conclusion for a dominant role of the two-photon channel was made on the basis of the study
of the reaction ee - ee #*7 within the frame of QED.

Later on similar problems were widely discussed by various authors, which considered a new
domain of variables (e.g. Choban and Shechter [164], Kunszt [108], Terazawa [106]) or new
experimental set-ups (e.g. Carlson and Tung [143], Cheng and Wu [18], Baijer and Fadin [165],
Chernyak and Serbo {166]), as well as the influence of some experimental limitations (e.g.
Kessler with collaborators [ 16], Slivkov and Schwartzman [17], Brodsky et al. [5]) etc. A num-
ber of papers devoted to yy — h physics have also appeared (cf. section 3).

As a result many physicists reached the definite point of view about the two photon processes.
To all appearances correct statements coexist often with the erroneous ones in the corresponding
literature.* We hope that the consideration given in this section will allow particularly to dissipate
similar mistakes.

This section is intended to focus the readers attention on the results only. The basic kinematical
information which is necessary to read this section is contained in sub-section 1.6. If the reader will
desire to retrace the derivations of the formulas of this section he should read section 5 before
section 4.

4.1. Ways of extracting information about the vy — h process

1. An accurate separation of the two-photon channel demands measuring the momenta of the
scattered electrons. In this case the procedure of extracting information about the yy - h transi-
tion is quite similar to that used in experiments on deep inelastic ep-scattering. The parameters
of the hadron system on the whole (W?, g3, ¢3) are fixed in full from the known electron momenta.
Such an approach seems very attractive from a theoretical point of view since here it is possible
to investigate the yy - h transition both on mass shell and far away from it.

In the considered set-up the relations (5.12), (5.13) solve completely the problem of extracting
the information on the vy —+ h transition from experimental data. We shall consider in details in
the next sub-section how and what information can be extracted in some important kinematical
domains in such a set-up. We follow below, in the main, the papers of Balakin, Budnev and
Ginzburg [2, 7, 1631, where this set-up has been suggested and analysed in details. (A discussion
of such a set-up is contained also in refs. [143, 164, 168].)

Note that for the elimination of background due to pure electromagnetic processes such as
ee = eeyy, ee — eee’e”, ..., one should record the scattered electrons in coincidence with a pro-
duced hadron. This requirement gives a rise to very complicated problems due to limited effi-

*Two typical mistakes are wide-spread: 1) For the estimations one uses often the wrong equivalent photon spectra from [119, 3].

2) The opinion disseminate that the total cross section decreases as W‘n%in with rising the threshold W ... of the recorded effec-

tive hadron mass (cf. [167]). The first of these mistakes is discussed in details in section 6.7, and the second one in section 4.3.
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ciency of recording this hadron, when the produced hadron momentum distribution is unknown.
At present such a problem is solved only for the production of resonances, which decay into two
particles [5, 16, 171, and also for pion (kaon) pair production [5, 16]. (The analysis of kaon
and pion pair production [5, 16] was made neglecting strong interactions. Such a description is
probably valid near threshold (cf. sections 3.5—6). An extension of these results to a domain of
large effective masses W 2 1 GeV can result in errors.)

The problem on the efficiency of hadron recording was not yet discussed in full. We discuss
below (at the end of section 4.3) only the effect of the distribution over hadron tranverse mo-
mentum which is important at solving this problem.

For studying inclusive cross section (e.g. ete” - efe™w + ...) the problem of the efficiency of
hadron recording becomes however purely technical. Here one can use the relation (5.12), (5.13)
and formulas of section 4.2 with the trivial substitution o,, - do,,/d*k,. Taking into account the
hadron azimuthal asymmetry one can use here Karlson and Tung’s results [ 143].

Provided the electrons and one hadron are recorded, the only background process is the brems-
strahlung hadron production (fig. 27). We discussed it in section 4.6 (but irrespectively of the
problem of the efficiency of hadron recording).

2. Another experimental set-up is also widely discussed where only hadron moments are mea-
sured (like the wide-angle experiments of the type discussed in [9]). In these experiments using
the hadron distributions one can define, in principle, the on-shell yy - h helicity amplitudes only.

In this case for obtaining any complete information on the ¥y - h transition, in e*e” collisions
it is necessary to measure the momenta of all the produced hadrons. (This is difficult because of
the neutral hadrons and those emitted at small angles.) Therefore, it is useful here to know the
specific features of the two-photon mechanism.

For the production of an arbitrary hadron system in the two-photon channel, the distribution
in the total transverse momentum k| is very distinctive. At k? < m? it has the form (5.31)
(dk3/k?)Ink?. (If one hadron is not recorded, then the distribution in the total transverse momen-
tum of the visible hadrons which are left becomes more smooth.) This allows one to test the re-
cording efficiency of the entire hadron system produced and its two-photon origin.

The two-photon particle pair production is characterized also by a sharp distribution (5.46) in
the non-coplanarity angle  (between k,, and —%,,)

dy E m,
domﬁln(\[/—) at—< Y < 1. “4.1)
V] m, E
The sharpness of this distribution has already been used for the identification of two-photon pro-
duction of e*e” pairs [9] and u*u™ pairs [11]. In this experimental set-up an investigation of the
m and K pair production at not very large values of their summary effective mass W < 1 GeV
seems the most realistic. In the next sub-section we discuss, what information can be extracted
from such experiments.

The background problem for colliding e"e” beams should be solved in a similar way as in the
previous experimental set-up. In the colliding e*e” beams the separation from the annihilation
channel may make good use of the record of the presence of though one scattered electron. At
the same time, even rather rough energy measurement for both scattered electrons permits to
control the absence of hadrons which would be not-recorded in the given event.
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4.2. What can be measured and how

1. In such a set-up, when the momenta of the scattered electrons are measured, equations (1.8)
or (5.12), (5.13) solve completely the problem of extracting information on 4+ - h transition from
the experimental data. Measuring the angular and energy distributions of these electrons by means
of (1.8) or (5.12) one can, in principle, find six yy > h amplitudes 0.1, 01, Ogrs Ogg, Trps T1s de-
pending on W?, g%, and ¢3.* The coefficients p;’” of (1.8) in front of these functions depend only
on the electron momenta and in this sense are completely defined by (5.13). In a number of re-
gions of importance these relations are simplified and become more clear.

A. The main contribution to the cross section is given by the region of small angles of electron
scattering 0, (these electrons can be extracted e.g. by means of a magnetic field in the interaction
domain). From (5.12), (5.13) at m2 < lg?| < W? with the accuracy limited only by
lg21/Ww? < 62s/W?* we obtain [2] (see notations in fig. 21)

da ( o )2 (E*+ E2)E* + E2) exp “4.2)
= ag ; .
dE,dE,dQ2,dQ2, \8n?/ EHE—E,)E—E,)sin*%6,sin?2¢9, 7~
0P = Opr T £,00g H§, 057 + Ei6a0gg + 3 T17€0829) — § - T5COsY.

In this approximation

W2 = 4E — ENE — E5), q? = —4EE;sin*30,;
2EE EVE.E(E+EXE+E
;- , 54 VEE X ), “3)
E*+E? (E* + E2)(E* + E%)

Here ¢ is the (azimuthal) angle between the electron scattering planes.

[t is seen from here that one can find 7,1 and Trs measuring the azimuthal asymmetry of the
scattered electrons. To measure o,, separately it is necessary to study the dependence of oSxP,
on §;. In the main region E ~ E; > w;, where the quantities §; are close to 1, one can measure
only a combination o.; + opg + oST+ Ogg-

A similar study of the region of deep virtuality for both photons Ig?! ~ W? < s has been carried
out by Choban and Shechter [164].

B. If the scattering angle of one of the electrons (e.g. of the second one) is very small, then the
information only on real photon collision with the virtual one can be extracted [1, 163]. Such a
set-up is indeed more natural when the energies of both scattered electrons and scattering angle
of the first electron are all measured. (The scattering angle of the second electron which is inside
the interval 0, < 0, < m p/E is not measured.) The corresponding cross section obtained with
accuracy n ~ max{ iq3 1/W?; (02, EE)m} In"'(E£?0%, m;?)} has the form

—h

*From polarized electron experiments one can, in principle, define the remaining two functions 7§ and v by means of (5.12),
(5.13a). However, such measurements are hardly possible in the near future, since in the main region covered by the kinematic
variable the coefficients A and B (5.13a) appearing in front of r3.; and TTS are very small. After azimuthal averaging their relative
values are of order of m2/s (in comparison with that in front of o). The terms in 4 and B connected with the azimuthal asym-
metry in the main region are also smail. But in the region of very small |q2I where such terms are of order of 1, measuring the azi-
muthal asymmetry is doubtful.
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Py= (E1 - P1)

e—

Fig. 21. The kinematics of the two-photon particle production for colliding e*e -beams.
do _a  (E*+ E)N(E, 0,)
dE,dE,dcosf, 4m E*E — E\(E — E,)sin?36,

o [E2+E.  EEfn E,
N(E,, 0 =—[ 2 jp —==2= -——]
E b=l " M -5 E

(OTT + SIOST); (44)

; EE,0,, < mz.

It is seen from this relation that, in this set-up, only 6, and o4y at g3 = 0 can be determined.*
C. If both scattering angles are small, then information only on the real photon interaction
can be extracted (i.e. on the W? dependence of o, on mass shell). It is necessary then to record
all the electrons scattered within the angular range 9, , <0 _ < m p/E . It is sufficient to measure
the energies £, E, of these electrons but their scattering angles 6 ., themselves are unnecessary

to measure. Then and with the relative inaccuracy EFE ,.Bfn[mf,ln(EZan/mg)] ~! we have

do 1
dEVdE, (E—-ENE-E))

N(Ey, 6, IN(E,, 0_)orp(W?). (4.5)

In such a set-up one can, in particular, investigate the C-even resonances with spin J # 1. The
position of the maximum and the width of the do/dW? curve give the value (2 + I (cf.
(3.24)). The resonance spin can be found from (4.13) if 0,,—r and I’Y7 are known, as well as
from the details of the angular distribution (Budnev, Slivkov [120]). Measuring the sign of the
quantity 7 should allow the determination of the resonance parity (cf. (3.8)) [50].

*For this set-up a term “deep inelastic scattering of electron on the photon target” [115] was suggested in a number of papers.
We note that in the above papers the wrong spectrum N(E5, 61, is used (for details see section 6.7).
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D. More detailed information can be extracted by measuring both the distribution of the elec-
trons and that of the produced hadrons (not necessary all). Carlson and Tung [143] have obtained
the differential distribution for an inclusive reaction with one or two detected hadrons. This dis-
tribution do involves 20 independent combinations of the helicity amplitudes M% M , =T,
When averaging over azimuthal directions the do has the same form as (5.12); the do involves 6
terms 7, with a—b = a'—b'. The azimuthal asymmetry of the produced hadrons is due to the 14
rest T, (with a—b # a'—b"). Thus, measuring the corresponding cross sections with the help of
these formulas, one can find not only the differential cross sections but also density matrix ele-
ments for the given 4y - h channel.

2. In a set-up where hadron momenta only are measured the pion (kaon) pair production was
the only case investigated in details.* The two photon origin of these hadrons may be tested by
an inherent sharp distribution over the total transverse momentum k, or acoplanarity angle y (be-
tween the hadron production planes).

We consider here separately three regions for the total transverse momentum of the pion pair,
namely: a) k3 2 A%, b) kI Sm?2, c)m? < k? < \% (Here A is a specific parameter for the varia-
tion of amplitudes M, as a function of ¢ and q7.)

In a first case the dependence of the amplitudes M,, on g7 cannot be neglected. It is essential
since the cross section do/d*k,d3k, is expressed in terms of integrals over ql? of the amplitudes M,
multiplied by nontrivial weight functions (p?b). Therefore, extracting interesting information on
the transition yy - 77 in this region is rather difficult to say at least.

Using Cheng and Wu’s [ 18] formulas one can, in principle, find M, , and M, _ and the relative
phase of M., and M, _ on the mass shell in the range k? < m?2. However, the measurement of such
asmall k£, is a complicated experimental problem. One should measure the pion momenta with
very high accuracy so that the corresponding inaccuracy Ak;, is rather less than m,.

More information on the amplitudes M,, can be extracted from the range (m,w,/E)* < k} < N\?
which gives the main contribution to the cross section. In this range the pion differential distri-
bution do/d*k,d*k, depends on six combinations of three helicity amplitudes M, and on the pion
form factor F, (5.40). If the pion momenta are measured rather accurately, the study of the
angular and energy correlations between pions allows, in principle, to extract from experiment
all the six combinations (Cernyak; Serbo [166])** by means of (5.40)

UM, 2+ 1M, 1) do,, . /df; Re(M*M,); M, 1?
Re[(M* M, + M* M, )/iv/—q%); Re(F*M., ); Re(F*M, ).

The measurement of the first three quantities allows to extract the module and relative phase
of the on-shell amplitudes M, , and M,_. The fourth combination describes the relative value of
amplitudes with scalar photon participating as compared to those with a purely transverse photon.
A measurement of the charge asymmetry among pions allows to extract the last two combinations,
i.e. the relative phases F, and amplitudes M, , and M, _ (I1F,| is found from experiment in the anni-
hilation channel).

(4.6)

*For calibration of hadronic events it is useful together with the hadron production to measure also in the same set up the u*u”
pair production (the related formulas for the u*u” pair production are given in sections 5.5—6 and appendix E.
**A relative order of the neglected terms in (5.40) is ~kJ2_/ A2. The accuracy of defining the first two combinations (4.6) is of the
same order and for the rest the accuracy is not worse than ~k J“/ P my).
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As it was discussed in section 3.6 for a wide range of W < 1 GeV while describing the yy »> nw
process one can restrict himself to the approximation of two-particle unitarity (3.36). In this ap-
proximation the phases of the partial amplitudes of the vy - 77 and v* » 77 processes are equal
to those of wr-scattering. Since the form factor F, depends only on W2, the phase analysis of the
two latter quantities in (4.6) is simpler than that of the first four ones. For example, the quantity
IM{,| cos(8,—8,) can be defined from the relation

1
[ Re(F*M, )P,(cosf) dcos 8 « IF, | - IM],lcos(8,~5,). 4.7)

~1

Here M/, is a partial amplitude with momentum J, and & 7 is the related w7 phase (we remind that
unlike the wm-amplitudes, the amplitudes M/, with J > 2, are not small to all appearances when
compared to M2, and this already at W? 2 Smfr [143]). At threshold values of W the measure-
ment of the interference contributions Re(M} M, ) and of Re(F*M,,) permits to find directly the
phases §,—68, and §,—8,, i.e. the 7w scattering lengths.

All the combinations (4.6) except the first one (proportional to the cross section for real un-
polarized photon scattering dow/ d¢) are included into the cross section (5.40) with factors de-
pending on the azimuthal angle x (between k; and k,| —k, ). Therefore, it is necessary for their
determination to measure pion momenta k;, with error Ak, , essentially smaller than k. Other-
wise, an effective averaging over angle x (as in (5.45a)) takes place:

20 do'y'y—» nr l: ( kj2_~)' ) } d3k1d3k2
(do), = — 1 -1l +g|=——
X 7T4ki dr g\ m: Wz & €1€2 (4 8)
S ST e () () |
& 22! TNy 1 BT \E) T U T2 %
(it is necessary to putk,, = —k,, in do,,/df). In such a case one can define only do.., _, ,./dz.

In the dominant range k;, ~ m, a measurement accuracy for the pion moments of ~2% gives
an error Ak;, ~ 3 MeV/c. It means that the combinations which appear in (4.6), except dow/dt,
can be measured in the range £, 2 10—15 MeV/c only.

4.3. Estimates of the measurable cross sections

Discussing the feasibility of measurements for one or an other quantity, it is useful to have
values for the related cross sections. Here highly rough estimates are sufficient and only that can
be made when one has only very preliminary information on the two-photon amplitudes.

The cross sections for production of some hadron systems are plotted in figs. 22—23.

Let us give some estimations for/s = 7 GeV. In accordance with (4.12) for the investigation
of the W? dependence of a 0, at W? =5 GeV? it is necessary to measure the cross sections which
have the following order of magnitude (cf. (3.5—-6)):

107* cm? for yy-h

Ao 4.9)

~
ee—>eeh

107%% cm? for ~y— p°p°.
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Fig. 22. Cross-sections for two-photon resonance production, e*e” — e¥e R, calculated by means of eq. (4.13). Here the next

values of two-photon widths I'YY were used: a) for m0-average world data [69] ; b) for the X®-product B(X° - YY) max, Where

B(X° — yv) is the known branching ratio of yy decay and T'max is the maximal instrumental value of the total width [69]; ¢) for

other resonances IY¥ = 2T, which is often the average value of different theoretical estimations. The ee — een*n™ cross section is
calculated by means of QED [4] (Born approximation).

Estimating the possibility of a measurement for the dependence of oy on W? and q7 one
should keep in mind that each of the integrations over g7 gives a large factor In(m3js/miW?) ~ 15.
No such an integration takes place while measuring the cross section dependence on g7 and the
corresponding factor is replaced by Aq}/q?, i.e. in this case within the averaging interval
Aqilq? ~ 3, cross sections which are 30 times less, have to be measured (we do not take into ac-
count here the change of o, while leaving the mass shell). Thus, to measure the dependence of
the vy ~ h cross section on W? and ¢? one should measure cross sections which have the following
order of magnitude:

3x 107 em?; gl < m} AW? Aq}

1 1
Ao 1 i 5 S R
2 3> 2 22
W q;

~ . 2> 2

co= een ™| 1097 orme: A =1 ; W? 2 2 GeV2. (4.90b)
More detailed estimations can be obtained with the help of the equations discussed below.

There the measurable cross section is expressed in terms of the yy > h cross sections which are

the quantities of interest. For particular estimations it is necessary to use a definite assumption

on these vy —~ h cross sections, e.g. one of those discussed in section 3;e.g., for the yy - 77~

transition near threshold (W ~ 2m,) one can use the QED result and, for resonance production

equation (3.24).
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Fig. 23. The ee ~ eeh cross-sections. a) The total ee — eeh cross section, as a sum of contributions ee - een*n”, ee = eeS*, ee — eef,
ee — eeA, and of curve b. b, c) The ee — eeh cross sections calculated for the Gy — h ™ a,’,pa,),p/app ~ a2/3m3, and at
W2 i = (3mp)? (b) or W2 ;. =1 GeV? (c).

1. The set-up, in which the momenta of the scattered electrons are measured.

A. Let us discuss firstly the question of finding the on mass shell cross section o
role of experimental limitations in this case as well:

0,<6,<1; E<E_; (& =E-E,). (4.10)

min

W(W’) and the

Under these conditions the measurable cross section has the form:*
*For obtaining this equation it is sufficient to use the equivalent photon expression (cf. (5.26)):

do = 0.y (W) dwl:fN(wl)N(w -» ) dws | 4.112)

4wy] w1y

. 2 2 R 2
Nw)) =%[(1 - %Jf%z)ln——q;"‘;"‘ - (1 - %’)( _imin )]

4imin 9imax
Here
@imin = MaWHEE-wp;  qmax = min{m?; EE-wpel, }. (4.11b)

The limits of integration over w) in (4.11a) are determined either by the experimental limitations or — if no such limitations
exist — by conditions w; < E and q,?min < qizmax, ie.

max {w§XB; 5 W¥dw,y o < wy < min {w§ER, s WH4w, mins B} @.11¢)
The expression obtained for the cross section do/dW? (a single integral) has the high accuracy n ~ E’of,.,[m,z,ln(m%s/mgw2 )] 1
Graphs for these cross sections for some particular values of the parameters W, 6, wmin and s are given in refs. [16, 17, 5].

For estimations of experimental feasibilities less accuracy is sufficient. In particular, with logarithmic accuracy eq. (4.11) is
reduced to (4.12).
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do (a * 04y (W?) 1 SR 1)2 s w 1(1 wr oy
= p— ————— n , —_ —
dw? w) w? [( W2m? (w2 4wmm) V402

o))
oAx, v) = (1 +51x—)21ny~ 2 ]/%(1 +%)( ~y1—)+2y_x(1 71—2) (4.12)

The inaccuracy of this expression is limited to n ~ [In(s*62 /W?m?2)] ™. (For /s = 7 GeV this inac-
curacy becomes less than 0.1 already at 6 _ > 1°.) This expression is correct for Ef,<m, and
W< 4Ew ;.. If W* > 4Ew then in (4 12)

min?’

1\’ 1
ox, y) > fx) = (1 +—) Inx — —(1 4~)(3+ ) (4.12a)
2x X X
IfEO, > m, then in (4.12)
E*Q: - mz. (4.12b)

In particular, a resonance production cross section is obtained from (4.12) after substitution of
0, - g according to (3.24) [120]:

8a2[ sm? : 2
Ory s ug = (2T + 1) 2 [(m —=a —1) f(—s—)—g(lni”. (4.13)
my R my my

Let us note that such an approximation is not valid for the e-meson production since I', ~ m..

Under the limitations (4.10) an effective hadron mass W cannot be less than 2w P . If W only
slightly exceeds 2wisP or W is close to /s, the accessible phase-space volume is small and the
limitation on the electron energy leads to small cross sections.

Equation (4.12) shows us that when leaving the threshold region W ~ 2w“’"p the main depen-
dence on W has rhe form do « [0, (W?)/W?]1dW?. If g (W?) decreases as w? increases the quantity
Ao=(Y glax (dOge, oo/ AWHAW? is determined by the value of the lower bound: Ac ~ « 20, (W2in)-
Such a Whin dependence takes place, e.g. for e*e” or u*u” two-photon production, when
Ao ~ of/Wi,, If o (W?) changes weakly as W? increases then Ao ~ o 2o In(W?, /Wi The
same dependence on the region bounds should take place for hadron productlon as o, const.
when W? — oo, (Therefore, the often cited statement [167] that with increasing Wmln the total
observed ee - eeh cross section should fall as 1/W? . is incorrect.) In particular, fig. 23 shows
that the cross sections calculated at different W2, are brought together as s increases. For
example, at /s = 20 GeV the ratio Ao(W? ;. = 0.16 GeV?)/Aa(W? .., = 4 GeV?) is markedly
smaller than the ratio W2 . /W? .= =25.1In particular, the asymptotical behaviour of the

ee ~ eeh cross section which depends on W_. can be obtained after the substitution of the

min
asymptotic value o, = 0,504p /o ~ o?/3m? into (4.12) [7]:
ot sm3 s\ smg,
Oresaen = in 2% (1 ) In . (4.14)
¢ 1 81r2m3|' 2 W?ﬂln w?mn 6w3nll'l

B. An estimation of feasibility of measuring o, depending on W? and q* at g2 ~ 0. Under the
limitations (4.10) for the energies of both electrons and the emission angle of the second electron
we have from (4.2):



V.M. Budnev et al., The two-photon particle production mechanism 233

Cdg? dW? (/s WP S w2 E%62,
do- ) o ¥ 2z, oo [~ 1)
7 ( ) QI W2 { (W2 4'(")mm ort W2 75t ! W2m§

mm

o1t 2 Yo 2.

The accuracy of this expression is the same as that of (4.12).

C. The possibility of measuring the vyy-cross sections as a function of W, q3 and q3 can be es-
timated with the help of the distribution dofdW?*dq?dq?, obtained by Bonneau, Gourdin and
Martin [170] for arbitrary values of g7 and W?.

In the important range for this purpose, m2 < |q?| < W?, one can use (4.2) in which it is neces-
sary to switch to new variables dpdq?dq?dW?*dw, and to perform the trivial integrations over ¢
and w;. In the other region of interest, W? < lg?| < s, the measurable cross sections are very small.
A corresponding estimate has been found by Kunzst [108]:

do=12° dg} dg? dw? (g3 +q3)? (1 s )[
O‘ = —_— —
T @t @ -q) — WG+ gD\ 2t + gl T

+...]. (4.16)

2. The set-up in which the momenta of the produced hadrons only are measured.

A. For pair production detail estimations can be obtained with the help of eq. (4.8). We shall
give only a simple estimate for the cross section for production of relativistic particles emitted at
large angles 0, ~ %‘n with respect to the beam (7—0_,;, < 6, < 0_,.). It can be easily obtained
from (5.47)

2
o .
A0ge s cenyay = (;r ) AW G T — 6 i) (ln o~ ) o, a,a, (W2 1= =S WD)/dr. (4.17)

In order to estimate the pion pair production cross section at not large W, the Born approximation
for dow_, AlAq/dz“ (E.6) can be used. It gives Ao ~ 5X 1073 cm? at W= 0.4 GeV, /s =7 GeV,
6 ,nin =37 and AW?/W? = 0.1.

B. For the yy - 3w transition near threshold, the estimations of the measurable cross section

are fullfilled in refs. [171]. (The background due to n decay is also discussed there.)

3. In the set-up, in which the momenta of the scattered electrons are measured, the separation
from the background requires that one also record at least one hadron. To understand which re-
strictions are due to this requirement it is useful to know the character of the hadron distribution
in transverse momentumk  =p, .

A. If the recorded electrons are scattered at small angle (-yy = h transition on mass shell) the
momenta of the photons and of the colliding electrons are practically collinear. Therefore the ob-
served distribution in p? is the same as in the c.m.s. of the photons, i.e. it does not actually fall
practically up to p, ~ 300 MeV/c. Indeed, at W ~ 1—-2 GeV, particle production should take
place mainly via resonances R (with my = W). Since the resonance decay is qua51-1sotroplc in
its rest frame, the distribution of the produced pions in p? does not fallup top, ~ 3 IW—IW. At
higher W diffractive photon excitation (i.e. processes of the type yy > p°p°) should play an essen-
fial role. Since the decay of such produced vector mesons in their rest frame is quasi-isotropic the
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Fig. 24. The annihilation hadron production.

distribution in p? should not fall here also up to p, ~ ;m o~ (At this point the photon scattering
processes can markedly distinguish itself from other hadron collisions in which the distribution
in p? falls from p? = 0.)

B. Let only one final electron be recorded at not too small angle. In this case in order to get
the distribution in p? one needs also to take into account the transverse movement of the whole
Yy-system with momentum q,, +q,, (together with the above considered distribution over p;
in the yy-system, which itself depends on ¢7). A similar contribution is considered in ref. [153].

C. Let us note that in order to get the total distribution in p? for an inclusive set-up such as
efe” - m+ ..., it is necessary to take into account all contributions pointed out above together
with that of bremsstrahlung production (fig. 27). The estimation [172] reached for such a set-up
has only one of these contributions and is underestimated.

4.4. The annihilation hadron production and its role in processes of higher order in a

1. For not too high energies of the e'e” beams hadrons are practically produced only in the
process with the least order in a i.e. annihilation (fig. 24). The energy dependence of this cross sec-
tion is plotted in fig. 12. Some features of this process are discussed in sections 3.1 and 3.3.

Let us now compare briefly the annihilation channel of hadron production and the two-photon
one. If the above estimations are valid for the two-photon channel, then for the present genera-
tion of accelerators with colliding e*e”™ beams (see table 1) the cross sections for hadron production
in the two-photon and in the annihilation channels differ less than in one order of magnitude.*

The angular distribution for hadrons produced in the ¢*e™ annihilation is close to the isotropic
one and their summary effective mass W equals+/s. In contrast to this, for the two-photon produc-
tion of hadrons the W is usually smaller than v/s, and the beam direction is preferable in their an-
gular distribution.

It is just that difference in the differential distribution that allows one to conclude that the
two-photon contribution is relatively small (but noticeable) for the cross section, which has been
measured in CEA-SPEAR experiments {67, 203] (namely, one record the event only where more
than two particles are emitted with large angles, non-coplanar pair only are taken into account, etc.).

The actual role of the two-photon channel will be understood only in result of measurement in-
cluding the recording of electrons or one in e”e” collisions.

*Up to 1973 one assumed that the oe*e- — 1, differs little from the e*e” — u*u~ cross section for s > 1 GeV2. On this basis one
made the conclusion that the two-photon channel of the hadron production would dominate already at \/s =~ 4—6 GeV. The
recent CEA-SPEAR data [67, 203] have shown that the cross section of the annihilation production has a different behaviour.
This fact has forced to withdraw our conclusion about the dominant role of the two-photon production in the mentioned energy
range.
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2. The same hadron system can be produced in some other processes with higher order in «
(figs. 25—27). The cross sections of these processes are found theoretically, if the cross section
for annihilation production at lower energies is known. Therefore, their study will not give new
information on hadron production by photons. However, they must sometimes be taken into ac-
count in interpreting hadron production experiments.

The following estimations are valid forv/s < 10 GeV if the o, will not increase essentially in
this range.*

A. The process of fig. 25 is a radiative correction to the annihilation hadron production process.
This process has been discussed in a number of papers (see, e.g. [ 172]). Its specific feature is an
exact relation for the total momentum Ik| and the effective mass W of the hadron system:
21k1 =~/s(1 — W?/s). For this process

do...- o w* s O.so- W?
Wt _ @ 1+__)( S )— 4.18
dw? 1r( s? Ino7—1 s — W? ( )

e

This equation shows us what domains might give the relatively large contribution to the total
cross section of hadron production: a) The domain W ~ m ps Where 0v.-_, , is very large (e.g.
Octe-—yp ~ 1mb for /s = 3 GeV). The contribution from this domain decreases as s™' when s in-
creases. b) The domain W? ~ s, where do -, v~ 1nb dW?/(s—W?) for/s ~ 3—10 GeV.

Let us note that the singularity of eq. (4.18) at W2 > s is the usual infrared divergence due to
soft photon emission. This singularity disappears in the total cross section of hadron production
after summing the contribution of the process in fig. 25 with the contributions of the other radiative
corrections to the diagram in fig. 24 for the process e'e” - h. (In this calculation one should
write the e"e™ = vh cross section for W? ~ s with higher accuracy than in (4.18).) The measurable
radiative correction depends on the experimental set-up, but it is comparatively small (a few per
cent).

B. The cross section of the process in fig. 26 is very small. The process in fig. 27 is discussed in
section 4.6. _

The next radiative derivatives of the above processes do not generate new effects, since electro-
magnetic interaction provide no mechanisms leading to the power growth of any cross sections
with energies, and corrections of erder aInE or even of order a In(E/m)In(E/m,) are negligibly
small.

*We shall make the most natural hypothesis that at s — e the oy, falls down as 51 If such a behaviour will take place, the cross
sections of the processes in figs. 25 and 26 fall down in a similar manner with a subsequent increase of s. In this case a relative con-
tribution of all annihilation processes will quickly decrease.
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Fig. 26. Fig. 27. The bremsstrahlung particle production.
4.5. vy »> h reaction study in the other regions. The e*e¢” beams

Up to now we have only investigated in detail the most important case of two-photon produc-
tion. It corresponds to the scheme of fig. 21, and to the region where g2 , < 0. Such reactions
can be studied both in e*e” and e”¢” collisions. ,

However, one can, in principle, study the yy - h transition in other variation regions of g%. The
corresponding proposals [105, 174, 175] can in principle be realized in e*e” collisions only. Un-
fortunately, the cross sections for the relevant reactions are very small.

1. In papers [ 174, 175] it was pointed out that a study of the process of fig. 28 petmit to ex-
tract information on the vy - h reaction in the region

s=q% > W3 q:=0. (4.19)

The cross section for this process is not very small in that region where annihilation via vector
meson production is observed, i.e. at /s = m,, [174]. Here the cross section is expressed in
terms of the widths for the radiative decays of the vector mesons. Conversaly just the same
widths can be found while studying this process. Estimates for the related cross sections are given
in [174]. In this process one can also study S-wave ww-scattering [175].

It is natural to expect that with energies extending beyond the resonant region, the behaviour
of the cross section for the process of fig. 28 will be like that for one-photon annihilation. This
process is either part of the one-photon annihilation processes or is described by associated radia-
tion in annihilation hadron production. Therefore, at s - « one expects

3

028 < L lns. (4.20)
S

The diagrams of figs. 28 and 25 describe the same process e'e” - v + h. However, in a total cross
section denoted by o¢*P, the contributions of these diagrams do not interfere, since the hadron
systems which are respectively produced have different C-parity. At the same time, the cross sec-
tion 0,5 for the process of fig. 25 is completely calculated using the known annihilation produc-
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s — h
—
Fig. 29. Fig. 30. The two-photon annihilation production.

tion cross section. Therefore, 0,5 can be simply subtracted from g¢*p, in order to obtain the in-
teresting cross section for the process of fig. 28.

2. In the paper [105] it was suggested to use the process of fig. 29 for extracting information
on the reaction yy - h in the region:

s=q% > W g3, q:> 0. “4.2D)

A study of this process at large values of g7 and W? permits to test directly the predictions of the
light cone bilocal operator algebra or the hypothesis of scale invariance (cf. section 3.3). One
should note that

4 d 2
d02e S Sns S22 . (4.22)
S q;

In ref. [105] the bdckground problems for this reaction are also discussed.

3. At last, for studying the yy - h process or the properties of produced C-even hadron system
one can, in principle, use experiments on two-photon annihilation into hadrons (fig. 30). In par-
ticular, the intérference of the two-photon annihilation terms in the region of the f-meson leads
to a marked (~10%) charge asymmetry in #*7 -production.[176] .

The observable cross section for the process of fig. 30 is expressed via amplitudes for the yy - h
transition, which are integrated over a wide range of photon masses g? and transferred momenta
compatible with a given value W? = s = 4E2. Therefore, it is impossible to extract from here a direct
information on the y - h transition; special model assumptions are necessary for this*. On the
other hand, the process of fig. 30 interferes strongly with that of fig. 26. The hadron systems pro-
duced in these processes have identical quantum numbers and even similar angular distributions.
One may expect that the cross section for these prdcesses is of order of (a*/s)In’.

4.6. The background problems in two-photon hadron production

1. A physical process by means of which one can study the 4y - h transition is the process
e*e” > ete h. It is, therefore, necessary to know, first of all, how to separate out in this process
the interesting contribution of the two-photon mechanism of fig. 21 from the other ones which

*In this connection it should be noted also that the cross section of this reaction is not connected directly with the yy-elastic am-
plitude since here it is necessary also-to take into account the cuts at g?> 4m? in the planes of the mass variables g7.
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Fig. 31.

are represented in figs. 27 and 31. This becomes simpler due to the fact that, for this reaction, the
two-photon mechanism is dominant. In fact, the relevant contribution to the cross section increases
logarithmically with increasing energy. Annihilation diagram contributions and crossing-diagram
contributions for this process (fig. 31) rapidly decreases with increasing s (as s7!).

Bremsstrahlung production (fig. 27) contribution is the most important one: This process is
discussed in detail in refs. [173].

Below we list, mainly, their results.

A. Due to the difference in C-parity for the produced hadron systems, the interference of the
two-photon and bremsstrahlung mechanisms leads only to a hadron charge asymmetry. The contri-
bution of this interference to the total cross section vanishes. As a result, the contribution of the
two-photon mechanism to the ee — eeh cross section can be obtained subtracting from the experi-
mental cross section the relatively small cross section for bremsstrahlung production. The latter is
calculated using the known cross section for one-photon annihilation at smaller energies.

The contribution of the bremsstrahlung production to the cross section increases with increasing
s. However, this contribution is markedly less than the two-photon one and its relative value de-
creases with increasing s. Moreover, the differential distributions for these channels are very dif-
ferent. Due to this difference, in particular, the bremsstrahlung contribution is negligibly small in
the main domains for the two-photon production and for set-ups considered by us.

B. The cross section of the bremsstrahlung production for W? < s has the simple form

2 2 2
dos, =§(f‘-) O n (W) ﬂ LA (4.23)
m:  Wm,

Comparing eqs. (4.23) and (5.28), one can see that this cross section does not top by 10% the
two-photon one (at W # m,, m, m,). For W=~ m, at present energies a bremsstrahlung contribu-
tion may be dominant. (Th1s very Wf domain gives the main contribution to the cross section of



V.M. Budney et al., The two-photon particle production mechanism 239

the bremsstrahlung production; o ~ 0.6 nb for /s = 5 GeV. A total contribution of the rest
domain is very small.)

C. The main contribution to the cross section of the bremsstrahlung production corresponds,
in contrast to the two-photon production, to the case when one of the electrons scatters almost
backwards, but the other scatters forward at a small angle. Then both scattered electrons move
along one of the beams, but hadrons move in the opposite direction. Their distribution in the
total longitudinal momentum has a sharp peak for &, ~ 3V, doy, = dk,/ [N/ sH(WN/ S)—2\/fkj+W2)] .
In particular, the large angle bremsstrahlung production is very suppressed.

D. The above conclusions about the relative value of the bremsstrahlung are conserved if, e.g.
mj < lg}| < W? and an integration over g2 have been performed. If m2 < lg}l, g3 1< W? the
bremsstrahlung contribution is very suppressed. At the same time according to ref. [177] the
bremsstrahlung contribution is dominant at lg?| > W2

ee—*eep

2. Experimental set-ups. In practice, and almost as a rule, all the particles cannot be recorded.
Nevertheless, one can separate the two-photon channel of hadron production either detecting the
ee - eeh reaction (set-up A), or separating directly the two-photon channel from the background
due to all reactions with hadron production (set-up B).

A. If in measuring one or two scattered electrons are recorded, all the annihilation processes
are separated automatically. To separate pure electromagnetic processes such as ee > eee’e”;
ee = eevyy,... whose cross sections are very large (e.g. (do /dW?) ~ a*/W?*m?) one should
also record at least one produced hadron [7].

B. While studying two-photon production in a set-up when only the produced hadrons are re-
corded, the background is due to the annihilation channels. (In e’e™-beams this source of back-
ground is absent.) To separate out the two-photon channel in such a set-up at not too high ener-
gies some specific features of this channel can be used (e.g. the sharpness of the distribution in &k,
or — for pair production — in the noncoplanarity angle ¥, cf. section 4.1).

Let us note that in such an experimental set-up one should remind the processes in figs. 25 and
27. Their contributions may be excluded using such a fact that an essential part of the correspond-
ing cross sections is connected with a large (k, ~ %\/s) longitudinal momentum of the whole
hadron system.

ee ~> eeyy

5. Kinematics and differential distributions for two-photon particle production

We have considered above a wide range of physical problems connected with two-photon par-
ticle production. In this section we shall give a systematical derivation of the two mainly used
formulas (1.8), (5.12), (5.40) and also some useful equations.

With this aim in mind, cross section for two-photon production (fig. 32) is written in such a
form as fo extract explicitly the contribution of the (virtual) y*y* - f transition and those of
the 1 > 1'+y*and 2 > 2' + ¥* vertices. For the y*y* —» f amplitudes we give a kinematic analysis
using Lorentz and gauge invariance only. As a result we write the cross section as a sum of a
rather small number of terms every one of which is simply the product of one yy - f invariant
function and of the corresponding vertex contributions. Such a representation allows one to apply
the obtained formulas to a wide number of two-photon processes, which differ from each other
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F’ig. 32. The two-photon particle production. The colliding particles with momenta p; and p, change these momenta to p; and
p, while interacting, and emit virtual photons with momenta gq; = p;~p;, (q,? < 0). These colliding photons produce the finite
particle system f, whose momentum is k = Z;k; = q| + g2 and effective mass is W = k2.

either by the kind of colliding particles used or by the nature of the produced system f. These ex-
pressions are convenient both for the extraction of information on the yy — f process and for the
calculation of the cross section, when the yy -~ f amplitudes are known. Additionally, such a re-
presentation is the basis for obtaining various approximations and estimating their accuracy. One
of these approximations is the equivalent photon approximation, which is obtained in section 5.3.

The cross section for two-photon production can be expressed in terms of the M*” amplitudes
for the vy — f transition as follows (see notations in fig. 32 and in section 1.6):

LT iyt g 210@ + g3 — AT dpidps
q1ZJ2 l[(p1p2) - ”217”21 '2E12f2(2“)6

Here p, , are the momenta of the colliding particles, q; = p; — p; are the momenta of the virtual
photons, k = Z,k; = q, + q, is the total momentum of the produced system f with mass W =/k?
and the phase-space volume is dI" = Hj d3kl-/ 2€j(27r)3. The matrix p; corresponds to the vertex i.
This matrix has the meaning of an (unnormalized) density matrix for the virtual photon, generated
by the ith particle. For electron beams we have*

do (5.1

(5.2)

q?‘q?) (2p; —q9)*(2p; — q,)F

1 A a1
piP = 5= SPlB; + my* (B + m )] = _(gaﬁ ' 7

2—q})

Let us note that this matrix is non-diagonal, i.e. the virtual photons are polarized.

Below we consider in detail two different sorts of distribution: a) one is over the momenta of
scattered particles; b) the other is over the momenta of the particles of the produced system f.

As a rule, all the considerations in this section concern any processes with two-photon produc-
tion. However, some definite formulas are written for the case of ete™ collisions. For the descrip-
tion of two-photon production in collision with other particles it is sufficient to replace the ex-
pressions p; (5.2) and the spectra (5.18), (5.23) which appear in these formulas by the correspond-
ing ones given in appendix D.

*The factor 1/(~¢{)lin p; }g intr’o,duced for convenience, since in virtue of current conservation at q,? — 0 one has
(2p1 — qH2py — g M¥EV MY « ¢,
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5.1. Kinematics of virtual vy forward scattering [163, 77, 7]

After integrating over the phase—space volume of the produced particles f, the result (5.1) will
include the quantity

w”,yr,“v —_ %fM*“’”’M"”(%)“S(q, + q, — k)dF. (5.3)

According to the optical theorem the quantity WHY Y g the absorptive part of the yy-forward
amplitude, connected with the cross section in the usual way. (The expression of this amplitude in
terms of the electromagnetic currents is given in (3.16).)

In the expansion of WH'v'.iv into the invariant functions one should take into account Lorentz
invariance, T-invariance (symmetry in the substitution u'v’ < uv) and gauge invariance as well, i.e.

g we'v ey = qllt’wu’V',uv =gq" we'v iy = qg'wu’V’,uv =Q.
. . L) . .
The tensors in which W ¥+ #¥ js expanded can be constructed in terms of vectors q,, g, and the

tensor g*. In order to take evidently into account the gauge invariance it is convenient to use
their linear combinations:

Q: = @[qz—ql (q;—?)]; Q, = V?I}In_ch (qg”] ; (5.4)

R*% = RP* = —g* + X' [(q,492)(q7q5 + 4{43) — 414345 — 43q34f - (.5
Here X/W? is the square of the photon three-momentum in the yy-c.m.s.
X =(q192)* — qiq} =1 [W* — 2W(g} + ¢} + (4% — ¢3)*]. (5.6)

The unit vectors Q; are orthogonal to the vectors g; and the symmetrical tensor R*# is orthogonal
both to g, and q,, i.e. to Q, and Q,:

qul=q2Q2= 0, q?RaﬂzQ:xRaB=O’ Q"; =Q%= 1, RaﬁRaﬁzz, RaﬁRﬁ'Yz_Ra'Y.

We note, that R*# is a metric tensor of a subspace which is orthogonal to g, angyq,. In the c.m.s.
of the photons, only two components of R*® are different from 0 (R** = RYY = +1).

The choice of independent tensors in which the expansion is carried out, has a high degree of
arbitrariness. We make this choice so that these tensors are orthogonal to each other, and the in-
variant functions have a simple physical interpretation:

WrsY = RUKRY W + REE' QS QF Wag + Q44 R Wy
+ QU QK Q504 Weg + 5 [RMRM'Y + REVRM'Y — REH'RW | W, 7
—[R¥QY Q3 + R¥QY' Q4 + (v o W) Wi
+ [REVREY — RWRMYI WA — [R¥QY'QY — R¥QL'Q) + (v w'v)] Wis.

The dimensionless invariant functions W,, defined here depend only on the invariants
W? = (q, + 2% g% and g2. These invariant functions are simply connected with the yy-helicity am-
plitudes in the vy c.m.s. (the choice of phase is given in appendix C). The first four functions are
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expressed through the cross sections o,, (a, b = S for scalar photons, and a, b = T for transverse
photons). The amplitudes W], correspond to transitions with spin-flip for each of the photons
with total helicity conservation. The last two amplitudes are antisymmetric

Wir = WX o =5(We, (ot W, s

Wis = WX 0ps=W,g105 Wsr = 2V X 051 = Wo. 045

Wss = 2VX 035 = Wy 005 Wic =2 Xrpp =W, (5.8)
Wis=2NXr1pg= %(W++,OO tWor—o)

Wesir = We i )5

Wit 00 = Wou, —0)s

ors(W? g}, q3) = o5c (W2, 43, qD). (5.9)

For the process vy = e*e™ (or vy —» u*u”) the corresponding amplitudes are given in appendix F.
The quantities 01 and 7,1 can also be expressed through the cross sections for the scattering
of photons with parallel (o) and orthogonal () linear polarization [170}:

opp =3(0y +0)); Trp =0y — 0, (5.10)

Since the WE”"#¥ tensor is regular at g7 > 0 and the vectors Q, are singular at g7 - O, near the
mass shell (at g7 - 0) the cross sections of scalar photon scattering vanish. Here 014 and 7, are
transformed into the corresponding quantities for real photoprocesses. In particular, at g7 = 0,
07y coincides with the cross section o, of the yy - f transition for real non-polarized photons.
As a result we have at g7 > 0

OTT(W2’ q%r CI%) - O‘}y»y(wz); TTT(Wz’ Q%, q%) - T.Y’y(wz);
Ors < 435 Og7 = 43; Ogs < 4143; T1s < Vaqiqs . (5.11)

Let us note that, from the positiveness of the 7 cross-section at arbitrary photon polarization,
some inequalities between the invariant functions (5.8), follow, e.g. I7¢| < 204
2Arpg)? < 2044071 + 01505t [170, 178].

The connection with helicity amplitudes in the f-channel and the Regge analysis for forward
yy-amplitude are given in [77].

5.2. Momentum distribution of the scattered particles

The momentum distribution of the scattered particles p; and p; follows from (5.1) after inte-
gration over the phase space volume of the system f (see (5.3)). The differential cross section is
then expressed in terms of cross sections 0,, and of the amplitudes 7,, for the vy - f transition
(5.7—8). Substituting the expansion (5.7) into (5.1) and summing over u, v, u’, ¥’ we obtain the
equation (1.8):
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do = a2 [(ql 2)2_ % %:]1/2[4 ++p++o,
167%q3q% [ (pp2)?* — mim3 PPz Orr
+21p} " py ITppcos 28 + 207 p3% g + 208 %05 0g
0 d*pi &°p’

+p%%9% . — 81pi°p30 It gcOsP + AThy + BTig] “FE (5.12)
1

Here ¢ is the angle between the scattering planes of the colliding particles in the photon c.m.s.
The quantities p?® are the convolutions of the matrices pj."ﬁ with the coefficient of the expansion
(5.7)*. All these quantities are expressed in terms of the measurable momenta p; and p; only and
to that extent are completely known. In particular, when using the expression for p‘l?‘ﬁ in (5.2), we
obtain for e*e” collisions:

27" =207 = p{PR* = X'(2p1q: — q192)* + 1 + 4milq};

p3° = p$P010% = X'(2p1g2 — 192)* — 1;

81p1°p3%Icos P = 4X (29143 ~ 4192)(2p241 — 4:42)CL345 1™ (5.13)
C=(2py — 4202 — 42)PR** = —(2p, — 41)(2p2 — q2) + X71(4:92)(2P 192 ~ 4:92)(2P24:1 — 4:92);
21p}™ pyIcos 28 = C*/q3q3 — 2pt* — 1(p}* — 1);

1p%1 = 1p%(1 » 2)1; It l=p* —1; I3 =/(p%°+ DIpr1; A=B=0.

If the initial electrons are polarized, then in (5.2) the term —2i(m /q?)e**"®q]n? is added. Now #;
is the electron polarization vector. With this used in (5.12) and (5.13) the coefficients A and B
only (in front of the antisymmetric amplitudes) change-

16m? 16m?
A=— m (Qin)(Qsny);  B= \/qz—q‘;n‘:’R“"né (5.13a)
112 1112

(in the dominant region of phase space these coefficients are small).

Both quantities in (5.13) and the yy-system parameters are simply expressed in terms of the
energies E; and angles 0, of the scattered electrons and of the angle v between their scattering
planes in the colliding electrons c.m.s.. This implies the relations (for E; > m,):

q; = —4EE;sin® 10, — qj i Qimin = MeW;/EE; w, = E-E; .19

W?=(q,+ q,)* = 4w w, — 2E,E(1 — cos0,cos 0, — sin 0,sin 8, cos p);

2p\q.=4Ew, — q3; " 2p.gi = 4Ew, — 4i.

The expressions (5.12—5.14) have been obtained in [2, 163, 7] and, later, by many other
authors also [143, 164, 168, 170].

The momentum distribution of the electrons and of one or two of the produced particles is de-

*It is easy to test (cf. (B.3), (C.2), (C.9)), that the matrices p‘,?b are density matrices of virtual photons in the yy-helicity basis.
The exact expressions for cos ¢ 1s given in (A.4).
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scribed by more complex expressions than (5.12), (5.13). They contain 20 independent helicity
amplitudes [143].

We note in conclusion that the quantities w;, £ and cos y are easily written in covariant form
(cf. appendix A). The covariant expansion of the vectors g, in terms of the vectors p, and p, and
in the plane orthogonal to p, and p; is useful here q; = ap,+B8p, t4q;5 q;,p,=4q;p, =0. Then

w; = q;(p, + PN, q: < 0; cosp=—(q,14,)NVa5.95:- (5.15a)

(If, in the c.m.s. of the colliding particles one directs the Z-axis along a vector p, = —p,, then
q;, =(0,9;.,0)=(0, g;y, 4;,,, 0)). In terms of these invariants, the phase space volume element of -
the scattered particles has the form

d3p) d°p; _ s

d(=gDd(—qDdwidw,dy. 15.15b
E\E;  2[(p1p2)?* — mimi) (=gD)d(—q)dw dw,dp ( )

5.3. Approximate formulas in the region of small scattering angles. Estimations for cross sections
from below

The formulas written in the previous section completely describe the momentum distribution
of the scattered particles. It is of special interest to consider in detail the region of small electron
scattering angles (i.e. and small “masses” of the photons) which gives the dominant contribution
to the cross section. Here the expressions for the cross section and the kinematical relations are
essentially simplified. In this region the contributions of the scalar photons can be neglected in
virtue of (5.11), and in the quantltles WX 07 and WX Trr, One can put q, =(, i.e. one can
replace them by W?0,_. and W?r,

2
@ W2 ++ ++ + = 4 ~ MB’Z
do = (W) g 41T 0y, + 216701 Iy cos 31 S (5.16)

If 1g}1 < W?, then the kinematic relationships (5.14) and the expressions for the density matrix
elements (5.13) are simplified too. In particular, the angles between the electron scattering planes
in the c.m.s. of the photons, ¢, and in that of colliding electron, y, coincide:

$= ¥, W2 = 4w w, = 2/X;

2 - qil + g2 . 2 - mfwf . (5 17)
q; 1 — (OJI/E) i min> qimin E(E _ wi) . :
++ 2E(E - wi) qimin
i 2 (1 - 2 )+ L.
W; q;

If we now introduce suitable notations (with proper account of the phase-space volume trans-
formation (5.15b))

*The region of validity of this approximation is discussed in detail below.
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Fig. 33. The spectrum equivalent photons produced by electrons versus g2 and versus q}_ (w is fixed),
—g> 2 2,2
dn:gd(q)d_w[ w, w +mw:|

7 1§21 w | E 282" E2q% |
w,;dw;d(—g?) dw; d(—¢?) w; w} W\ 1g2 .,
dn,.=—°‘—p;+—‘—’—q=9‘---—- [( - —)—(1——‘)1““‘“]; (5.18)
2 E?|q? T w; lgl E 2F? E q;
71 =1
El = ++ = ++ ’
P; P;
then the differential cross section (5.16) is rewritten in the form
do = (o, + %Elszrwcos%p)dn,dnz dg/2m. (5.19)

The expressions (5.18—5.19) are the essence of the equivalent photons approximation for the
two-photon production, which is written here in a Lorentz covariant form (cf. (5.15)). According
to the terminology of this method dn;, is the number of equivalent photons, or the photon spec-
trum (the dependence of this spectrum on ¢? and ¢?, is given in fig. 33), and §; are their polariza-
tions.

Besides the cross section for non-polarized photon scattering o, the equation (5.19) contains
the interference term 7, . Its appearance is due to the polarization of the virtual photons. With
azimuthal averaging this additional term disappears and we obtain

(do), = 0, dn,dn,. (5.20)

The accuracy of the approximation (5.18—5.20). The sources of errors in the above approxima-
tion and their relative values are listed in table 4. Let us explain this table.

When writing the approximate expressions (5.17), quantities < lg?1/W? were omitted and,
hence, these expressions are correct for Ig?1 < W2. For Ig?l > W? the quantities p?® decrease as
1/q? when q? increases.

An other source of inaccuracy is due to our approximating (5.12) as (5.16), i.e. our neglecting
contributions from scalar photons and the g*>-dependence in o4 and 7. Since all p?? are of the same
order, the relative value of the neglected terms in above approximation, is defined only by quanti-
ties of the type ogr/o¢p and [0, (g2, ¢3) — 0,1(0, 0)1 /01 1(0, 0).
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Table 4
The sources of inaccuracy for the approx1mat10n (5.18— 5 20). For lq2 1> A2 the quantmes Oab
and 7, decrease as a power with ql increasing. For Iq 1> w? the quantities p b decrease as a
power. For most processes under consideration the inequality Ay < W is valid.

Source of inaccuracy Relative value of inaccuracy

A

Neglection of the scalar photon contributions Iq?I/Ai at Iq?l <A

2
Y
2
4

A

Neglection of the ql?-dependence in oy and 7T lq,.zl/A,zy at Iql?l <A

The approximate kinematical relations (5.17)

N

ig7yw? at 1g? < w?

For the process yy - [*I” (I = e, p) the quantities o,, and 7,, are given in appendix E. These
expressions show that the quantities o and 7, decrease with increasing q?. Deviations of these
quantities at lg?| < W? from their mass shell values o, and 7., are of the order of q?/W? at small
W ~ m,. Here the ratios 0g1 /011, 015/01 1> oss/oTT are of the same order. At lg?! > W? the
quantities 0,, and 7,, decrease with increasing —g* according to a power law. Thus, a value of
the cross sections for scalar photon scattering and the variation of the cross sections o1 and 7o
are determined by the same specific scale A7 ~ W.* 7

For the vy — h transition there aré presently no detailed experimental data. The study of the
hadron form factors and of the cross sections for y*p scattering shows, that the specific scale for
the variations of these quantities when g? varies, is of the order of mf,. It is then natural to expect
that for the vy - h transitions the quantity A, ~ m,, at least, at W 2 m,

For the processes considered we have as a result,

0s1/0r1,  Ors/Orys  OsslOpp,  Trs/opp S 1g7I/AL; (5.21)
orr(W? g1, q43) = 0, (W1 + O(q;/A)]

(W2 43, 43) = 7 (WHI1 + O(qi/A2)]

A,~m, for yy-h (at W2 m,); (5.22)
A,~W  for yy->I'I" (at W~ m,).

To obtain a distribution in photon frequencies, i.e. over the scattered particle energies one
should integrate (5.18) over —q? up to some g}, , that gives [16] **

dn; = N(w;) dw,/w;;

N( ) [(1 wl wl )1 q?max (1 )( ql?min )j| (5.23a)
w; — —_ —— — . .
£ )" g E i max

In the main logarithmic approximation one has:

. s B
dny = N(wop) 220 =& 990y, Timan @ ) 7 Aimer (5.23b)
w

2.0,2
;oW T W wim;

2
i min

*At W > m; the scales appear to be different. This case is considered in details in section 6.8.
**To avoid misunderstandings we note some inconsequence in notations: g7, ;. = min(—¢?; ¢ nin < 47 < ¢2max-
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Note, that in this approximation the form of the spectrum does not depend on the type of par-
ticle producing the virtual photon.

The upper limit g7, for the integration regions can be defined by the experimental conditions,
e.g., the limitation in the emission angle of the electrons 6, < 6. If EE,03 < A, then
qhax = EE0% . At 1g21 < Al the main g*-dependence in do (5.12) is a logarithmic one: dq;/q7.
After the integration over ¢7 the terms taken into account are of the order fdg?/q* ~
In(q?,0x/qmin) but the neglected terms are of the order (see table 4) dq*/A2 ~ g% ,,/A%. There-
fore, the accuracy of the approximation is

2
qmax

n-~ .
Azln(q?'nax/qfnin)

(5.24a)

If the experimental conditions are such that, for example, EE,07, > A} or, if we are interested
in the total cross section for the process, then the decrease of 0,, and 7, at lg}i > A2 and of p?
at Ig?l > W? leads to an effective cut off of the integral on ¢? in (5.12) at Ig?I > AZY. This allows
to limit oneself to the integration of the approximate expressions (5.18—5.20) from ¢} _;, to
QLo = AZY. The accuracy of the approximation here appears to be logarithmic:

1~ [In(A2/q2;)]7" (5.24b)

The above estimations of the accuracy show how to obtain simple and reliable estimations for
the cross section from below. Such estimations are especially useful for the understanding of the
feasibility of new experiments. The equation (5.24) shows that the contribution of the region
Ig*< q2,, < Afr, rather accurately computed, gives a reliable estimation for the cross section.
This is an estimation from below, since the rest of the region of the g®-variable obviously gives a
positive addition. If ¢2 , decreases the calculated value of the cross section decreases but the es-
timation reliability increases. Such estimations are the more so important that, in known cases of
two-photon particle production, the first corrections to the main logarithmic approximation are
negative, and, at energies now accessible, they are of the same order as the main term (cf. appendix
F).

For the process pp - ppe*e” such an estimation has been obtained in ref. [24] and for
ee » eeuu” in ref. [179]. For two-photon hadron production in colliding beams, similar estima-
tions from below are given in section 4.3.

5.4. Total four-momentum distribution for the produced system

Momentum distributions for the scattered particles (5.12—5.16) are easily transformed into
those over the total four-momenta of the produced system k = g, + ¢,. The main contribution to
the cross section is given by the region of small scattering angles, considered above.

Then we shall use the obtained approximate formulas for cross sections together with the sim-
plified kinematical relations (5.16—5.20). The expressions obtained below describe actual distri-
bution with a good accuracy. We stress that, without taking into account the ¢7-dependence of
0O,p> @ precise description is just impossible.

In the c.m.s. of the colliding particles we choose the z-axis along p, = —p,. The energy of the
produced system is simply the sum of the photon energies, w; + w,; the transverse momentum
ky=q  + g, 1> and the longitudinal momentum (in the same approximation as in (5.17)) is equal
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to the photon frequency difference:
€= Wy + W,y k,=w; — wa; w,, =3(exk,) (5.25)

Using these relations the w, " -distributions (5.20), (5.23) can be easily transformed into the
e and W? (or k, and W?)-distributions as well as into the € and k, ones [ 34].

Distribution in the effective mass of the produced system W follows from the integration of
(5.20) and (5.23) over w,. Bounds for the latter are defined either by the experimental conditions,
or — if there are no such limitations — by the conditions w,; < E or g7 ;. < q?_..,1.e.

2 2
do =g, (W?) dwisz(wl)N(wz = —W—)

4,
WZ
max {we"p ; ]

1 min ’
4(‘02 max

dor (5.26)

wh

2 /2
exp . W qlmax

» > ’
1 max 4:>;xp‘ m,
min .

N

Wi < min {w

For electron beams one usually has g7 ., > m2, and in the absence of experimental limitations,
W; max = E. The order of the (5.26) inaccuracy is determined by the relation (5.24) (see, also, the
discussion after (5.24)).

In order to illustrate this point we consider the main logarithmic approximation for e*e™ pair
production in the collision of charged particles [6]. In this case g7 _,, ~ m2, in the main region
w; <€ E. The spectrum has the form (5.23b) M(w,) = (2a/m)In(E/w;). Substituting this spectrum
into (5.20) and integrating over w, from m m,/E to m E/m,, we obtain

3

2 2 - (W?
(E%) - PLAVAVAY! (z772—>e e U] (ln 2iP2 ) ) (5.27)
dw ZIZ2—> ZIZ2e+e' 37T W m1m2

Using the known expression (E.4) for 0.,y — *e- N the integration over W?, we get (1.2).

The other example is hadron production in colliding electron beams. In this case g3 ,, ~ m3,
and the quantity w,/E is not small. Besides, in the large energy range, one has
In(s/W?) < In(m3/m3). Therefore, when calculating in the main logarithmic approximation one
should find precisely the coefficient of the high power of ln(mf)/mz) taking W?%/s as a not small
value. With the accuracy n ~ [ln(smf,/W2m§)] 1< 0.1 we have [7]:

R e (A TR REN N E 529
flx) = (”%)Zlnx"% (1 _312)(3%)' (5.29)

Of course, in the coefficient of [In(s/W?)} 3 the contributions ~W?2/s are omitted since these
terms can become of importance only at W?/s < 1. This relation differs appreciably from the
known result of Brodsky and others [3]: do/dW? ~ (a2077/7r2w2){1n(s/m§ — 1}?f(s/W?). The ori-
gin of these authors’ error is discussed in section 6.

In two-photon processes the distribution over the total transverse momentum k;=q,, +q,, is
very specific. Let us consider as an example the distribution in k2, w;, w, [180]. To obtain it we
rewrite the cross section (5.16—5.18) in terms of new variables, neglecting for simplicity the



V.M. Budnev et al., The two-photon particle production mechanism 249

terms ~ (w,/E)*:

2 dw,dw,d*k 32k — g0, + 3 Ty cos2p)d?

d0=a—4 (I ——21) (1 . (ﬁ_g\ (A)l-gi_l Xf Qu( 611)1(' yy T2 Ty 50) qdi11 . 2’(530)
m E ET 7@, (@ F o 7E TR — q,.)° F (0. /E)’]

cos @ = g1k —q,1)

lg 1+ 1ky —q,. 1

The appearance of 7,,, in (5.30) is due to the virtual photon polarization.

Let us first consider this distribution in the range k2 > (m,w,/E)* (which gives the main contri-
bution to the o), limiting oneself by the main logarithmic approximation. For these values of k|
the main contributions in the integral over q,, are given by the two symmetric sub-regions
(mywi/E)* < g2, < k% and (m,w,/E)* < (k; — q,)* < k3. In the former one k; — ¢,, ~ k, and in
the integrand (5.30) y appears in cos2¢ only. Therefore, averaging over the directions of the vec-
tor g, in this sub-region the term r, . disappears from the result. The integration over q3, gives
here a large logarithm In(E%k3/w?m?). Taking into account both the sub-regions, we obtain

2a? d d dk? k?
d(,:_“?(l__“i)(l_ﬂ)ﬂ do, diey | Ri@iP2) (5.31)
T E E wW; Wy k}_ Y W2m1m2

A specific sharp distribution in the total transverse momentum (dk?/k?)Ink? is due to the fact
that a distribution over the “mass” g? of each photon has the form dq?/q? with very small lower
limit.

At small values of k; the coefficients of 0., and 7., are of the same order. In particular, if
k, =0, then cos2¢ =1, and

do « a0, + 17, )dw,dw,dk? . (5.32)

Yy 27y

5.5. Production of pair. Momentum distribution of the particles produced in e*e” collisions

In this sub-section we shall consider the momentum distribution of the pair of produced par-
ticles A;A, averaged over the spin orientation of particles A, and A,. The result is written in terms
of vy > A, A, amplitudes.* The formulas obtained describe also the multiple production in an in-
clusive set-up, then A, is one of the produced particles, and A, is a system combining all other
produced particles.

Let us denote the momentum (energy) of a particle A, by symbols k(¢;). The total energy of
the pair € = €, + €, and the longitudinal momentum k&, = k,, + k,, are connected with the photon
frequencies by the simple equation (5.25).

The distribution under consideration can be obtained from the equation (5.1) in the same
manner as the approximate equations (5.19). With the quantity T = p'l“"pg”'M *UVMBY we may
go from a summation over the vector indices uv, u'v’ to a summation over the helicities of virtual
photons g, b = £1,0, defined in the c.m.s. of the photons i.e. T is then represented as

*In appendix E the values of these amplitudes for e*e™ or u*u -pair production and for the yy = n*n”~ transition in the Born approxi-
mation (point-like pions) are written out.
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T=p2'pt" M., M,,. Just as before, the main contribution to the cross section for two-photon
production is given by the region of small photon “masses”. In this region the contributions of
scalar photons (e.g. M¥ ,M,,), can be neglected in 7. In all the remaining yy ~ A, A, helicity
amplitudes, M, , one can neglect the g?-dependence. That corresponds to the equivalent photon
approximation. As a result,

T= 4p:+p;+{712(|M++|2 * 'M+—|2) - glRe(]uzk M++)C052¢1
—&,Re(M* M, )cos 2@, + 2§, 6, [M* M, cos2(@, + @) + M* M__cos2(p, — @)1} (5.33)

Here &, = |p;~1/p;* is the i-photon polarization (5.18) and o, is the angle between the scattering
plane of the ith electron and that of A, production

~ gtk —ky)) ('qill
o] |
O T g By [ ey -39

The quantities M}, . M,, depend on the invariants W?, ¢? and ¢ = (g, — k,)* = (g, — k,)* only.
As we said above, we neglect the g7 dependence assuming g7 = 0 everywhere in M, . Then the
dependence on the small variable g, is still conserved, since

t=10+2q, k, +0(@)=1+2q,k, +0(q}); (5.35)
1= m?\, — (et k,)e — k), 1= miz —(e—~k,)e, +hy,)=15 +k(k, —k,) '

(unlike ¢ the quantities #7 are expressed only through the measurable momenta). In accordance
with the spirit of the approximation we put the quantities q,, = 0,i.e. t~ t{ ~ £J inM,,.

Let us compare (5.33) with (5.19). The first term in (5.33) refers to the scattering of non-
polarized real photons and corresponds to o,,, while the latter refers to 7, in (5.19). In addition
to them, equation (5.33) contains the three new terms connected with the interference of ampli-
tudes with various helicities.

An integration over the phase—space volume of the scattered electrons is conveniently per-
formed by means of the approximate relationship:

2

d®p, d’p) _ d’qq1 (5.36)
EE,  2E— w)E —wp) '

(gt q.— k)

As a result the cross section is expressed through the quantity 7 defined by (5.33), which is
regular at g;;, - 0, in such a form

_eo T d*qq1 &k,
52 [q2, + (M /EV ] k=4, )" + (m,w,/E)*] 2er2e5t2m)¢

Let us now find the distribution in k, , in the main logarithmic approximation [180], which
is often sufficient. The main contribution to the cross section is given by the region of not too
small k2 > (m_ w,;/E)?*; here the integral (5.37) is cut off at g%, ~ k}. Therefore, the main logarithmic
contribution is, as in (5.31), associated with the two subregions (m,w/E)* < g%, < k} and
(m,w./E)* < (k, — q,,)* = q>, < k3. In the former one q,, ~ k,, and the angle , coincides with
that of integration, while @, coincides with the fixed angle x between k, and k,, —k,, ~ 2k, .

do (5.37)
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Table §
The sources of inaccuracy for the approximation (5.37). Here 7\?1 and )\3 are the specific scales of the M,; dependence on q? and ¢t
respectively, A = min(xq, Ap-

Source of inaccuracy Relative value of inaccuracy
Approximate kinematical relations (5.17), (5.25) < lgF/w? at Iqt?l < W2
cos g; (5.34) < Iqil/klllat gt < kg |
Neglection of the g?-dependence in Mp, (5.33) < lg? I/}\fl at lg?l < )\é

The approximation for ¢ = {5 = £3 (5.35) in My < iq”_ku/kg ‘

Neglection of the scalar photon contributions < \/T%/Aq at lq?l < xfz
Neglection of the interference with the bremsstrahlung production of fig. 27 < \/—q_?/ W at Iqt?i < w?

Therefore, after integration over g, , in both subregions, we obtain, with the logarithmic accuracy

_ 16ma? w,, wi Wy Wi\y
0= e (1 —E—*afz)(l 7*552) (5.38)
d’k, &%k,

X {%( M, 2+IM, _1*)(L,+L,)—{§,L,Re(M* M, )tE,L Re(M*M, )]cos2x} —————.
2€,2€,(2m)°

In this approximation the expression for the polarization of the ith photon §; is simplified as com-
pared with (5.18), and

1—(w,/E kiE? (ky(ky, —ky))?
= 1-(w,/E) | . L,=In _._21_2; cos2x = 2 i R =
1—(w,/E) + (w?/2E?) m2e? Kk, —k,)

From eqs. (5.33)—(5.37) one can obtain the answer with more accuracy than the logarithmic
one. To be convinced of this fact let us consider the sources of inaccuracies of approximation
(5.33)—(5.37). They are listed in table 5. Table 5 shows that the main terms neglected are of the
order ~q;, /X where A is the least of the two scales \, and ?\q which are, generally, different. The
expressions (E.5) show that this is the case for lepton pair production A*> ~ m] + k3, . For the
hadron production it is naturally to expect that A\ 2 m,,.

When integrating (5.37) over q,, the leading terms among those taken into account are of the
order fd%q,,/q3q3 ~ (1/k)In(k2E*/miw,w,) (we remind that q? = —(q?, + (m . w,/E)*]1/(1 — w,/E)
and that the terms neglected are of the order of f(q,,/Nd*q,,/q}q% ~ (k /NIn(RIE*/m2w?).
Therefore, the accuracy of the approximation after integration can be

n~ Ik, I/ (5.39)

It is just with such an accuracy that the differential cross section for the pion-pair production [ 18]
and for the production of an arbitrary system of particles in [169], have been found. These results
contain all the five combinations of the amplitudes M, in (5.33), and look very complex. In the
main region k2 > (m w,/E)* the result [18, 169] can be written in the form
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do = [(16ma)*/k3] {f- dow_,AlAz/dt + ...}l o, with coefficients given by f= C,L; + C,L, + Cs,
where the C; are dimensionless quantities of the order of unity and independent of k. The quan-
tities C; and C, are the same as in the logarithmic approximation (5.38). The greater accuracy of
the approximations [18, 169] is due to nonlogarithmic terms of the Cs-type.

Beyond the equivalent-photon approximation. Already at relatively small &k, the difference be-
tween (5.38) and formulas [18, 169] is an overshoot in accuracy. Really, the terms (k,/\)L;
omitted in writing f at rather small &, are comparable with Cj. (So, at s/W? < 100 and at
k, ~ 10—20 MeV/c for the pion production (k,/m. )L, ~ 1 ~ Cj.)

At the same time taking into account the main terms of the previously omitted ones is here
rather simple. It permits one to increase the accuracy up to

lkll(l k2E? )“ ki}
~ max{ —\{In R —
K A mlw? A2

(For the above parameters the relative error decreases from ~0.15 to ~ 0.02.) From table 5 we
see that one has here to take into account corrections of the two types. Some of them (lines 2
and 4) are reduces to a translation of arguments in the results [18, 169]. The other corrections
are new terms having amplitudes with one scalar photon (line 5) and those connected with inter-
ference between the two-photon diagram and the bremsstrahlung diagrams of fig. 27 (line 6). The
corresponding calculation has been carried out in [166], both for scalar particle pair production,
e.g. 7w or KK and for u*u -pair production. The result has the form

do = doC =+ + dointerf

_16ma? (1_&+w_%>(1#6_0_2 w3 (5.40)

_ +_)(@ ‘o )d3k1d3k2
K2w* E 2F? E 2E%)CTCTr Tintertih e 2e,(2m)8

A contribution of the C-even diagram of fig. 32 is
q)C=+ = %(Ll - El)(IM++|2 + |M+—|2)t=t? + %(LZ - E2)(|M++|2 + ]M+_|2)t= tg
—&1(L,—1-E)Re(M* M, ), - 0 cos2x, — ExL,—1—-E)Re(M* M, ), - © cos2x_

M0+

M,,
wW-4i  TTw-4

+ £ 8, M* M, _cosdx + (L&) — L&)k IRe (Mi"* ) cosyx. (5.41)

Here x is the angle between the vectors k, and k, — &k, and

k| € — €% (K, — ky,) — 1 —(w;/2FE)

sin®x cosx; 0=2 )
ey, — k| €t et (ky, +kyy) xeosx, &=V 1—(w,/E)+(w}/2E?)

cos2x, =cos2x — 4

For the quantities with logarithmic terms L,, the value of the argument ¢ (29 or t9) is given. For
the rest of them the difference between % or #J is unessential. (We remind that at g7 - O the quan-
tity M, //—q? is finite.)

The quantity ®, .. is the contribution from the interference of the two-photon and of the
bremsstrahlung production. This quantity describes the charged asymmetry in A;A, emission. For
pions (F, is the pion form factor)
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- 5 _ *
Bypiert = —Tke (| — H)FZRe(FZl(;)_ ii()F"M*‘) L+ E—‘Re(Fi‘f(;l ii()F"M*‘) L2].(5.42)
For the u*u™ pair production (the particle mass is u)
b, . = 4’ ki(ky —k, 48,02 +2W? — 4k, . 48, u2+2W? — 4k3, jl (5.43)
interf it | wy(E — w,) WAE — wy) :

The “minus™ sign corresponds to positron—electron and the “plus” sign to electron—electron
collision.

The generalization of the results (5.40—5.43) to the production of an arbitrary system of
hadrons is reduced to a small increase in the number of independent combinations of helicity
amplitudes.

5.6. Particle pair production. Some specific features

The formulas of the previous sub-section fully describe the differential distribution in the par-
ticle momenta of the produced pair in the region which gives the main contribution to the cross.
section. We shall discuss now some specific features of this distribution.

From eq. (5.38) it is seen that the angular distribution of the produced particle posses an
azimuthal asymmetry (the terms proportional to cos 2x). The appearance of this asymmetry is
the natural result of the fact that the virtual photons are polarized.

In particular, if both particles A, and A, are emitted at large angles 6,, 6, ~ 1, then w; = w,.
If additionally the energies €; of these particles are low in comparison with £, then the terms
w?/2E? can be neglected, i.e. one can put §; = &, = 1. The result (5.38) is simplified accordingly

2a? e \do kis d°k,d%k,
do = 1 ——) Y (1 — p®cos2x)1 -, 5.44
? Tk? ( E/ dr ( pricos 2x)In e miW? €€, ( )
2 2 % *
doy, M, 1>+ 1M, 1 RS doyy _Rel(MX, + MIOM,,] (5.45)
dt 320w dt 320w

Here do,, ,/dt is the yy > A, A, differential cross section for real nonpolarized photons, and
p(z)do7 / dr corresponds to the interference of the amplitudes with the difference of the total
helicities of the photons equal to 2.

In the leading approximation, the distribution of the produced particles is a charge symmetric
one. The charge asymmetry which is due to the interference between the two-photon production
and the bremsstrahlung production (5.42), is small.

Some particular distributions are also quite specific. They can be obtained by integrating (5.38),
(5.44) over unessential parameters. The distribution as a function of the first particle momentum
Ik, as well as that of the angles 8, and 6, of both particles of a pair and of the angle of non-co-
planarity y (between k,; and —k,)) is obtained after integration of (5.38) over lk,!. Since in the

main region k%, > k3, one has then to put k,, = —k,, everywhere, except in the rapidly changing
factors 1/k2 and cos 2 x, for which we have
x? — 4sin®(y/2 o | — lkyyl
cos 2x = WD o —ga, e+ Asind(9/2)] 5 x = kb2l

x? + 4sin*(Y/2) Ik,
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It follows that

dik,| 7 dlk,|
= ; m— 2x = 0. .
J K2 20k, Isin8,sin, Isin(/2)! J gz COS X (5-452)

Thus, the distribution over |k, 1, 8,, 8,, ¥ or some of these parameters is expressed only by the
differential cross section for the nonpolarized photons dow/ dr [180, 34] in the leading approxi-
mation. Substituting the latter relation into (5.38), we have at m2/s < Y2 < 1 [165, 181]

Qa2 e’ e W2\*1do sk? | sin?(y/2)
(R s-
o k) THET s ) e T e (5-46)

« Ik, 12 sin%@,
€16, sin*0, Isin(Y /2)1

Note, that the distribution in  is sharp: (dy/y)In y.
Also, the distribution in lk,1, 8,, 0, has the form

2 2 2,2 2k, sin6
do=—f—[(l _;—E) +1(E#K)]%(ln_s_) SO 1k, 1d6,d6,. (5.47)

a N
w? E 5 dt m? ) €,€,sin%0,

dlk,1d6,d0,dy.

For lepton pair production such a result has been obtained by Landau and Lifshitz [6]. They
carried out calculations in the laboratory system p, = O using the variables ¢, = k,p,/m, and k.
For transformation to the c.m.s. it is sufficient to make a trivial substitution:

de,; de,; d?k,, |k, 13sin%6,

277 - dik,1d0,d0,;
€,€,81n°0,

€161
~ (2 2
W~ (mZ+ki )€ T €) e e, »> dwiw,.

The further integration over €;; and k|, is also contained in [6] (see also [182]).

5.7. Photoproduction in the Bethe-Heitler-Primakoff scheme and possibility of observation of the
vy - h transition

Photoproduction on nuclei (fig. 34) is also a widely known mechanism for the two-photon pro-
duction of particles. For e*e” pair production such a mechanism has been discussed for the first
time by Bethe and Heitler [183]}. This process was observed many times, in particular, for testing
QED (see review [ 184]). Primakoff [160] suggested to use it to measure the #° lifetime. Both the
width of the n° and the most accurate value of the w° lifetime have been obtained by this method.

The cross section of this process, integrated over the phase space volume of the produced system,
has a form similar to (5.12)

o« 919 s Y leP 1?2 P
Y g ﬁ[zp’ orr + olfons + 1931 (2 TR AL T

Pu=ReP ~ 2q4,q, PIW* ;3 ~ o} (5.48)
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Fig. 34. The Bethe—Heitler—Primakoff effect — photoproduction off the Coulomb field of nucleus. The nucleus momentum is P
(P"), mass is mp and g, = P-P'.

Here e is the polarization vector of a real photon, p4® is the density matrix of the virtual photon,
emitted by the nucleus (see appendix D), and the quantities 011, 015 and 7 have in their argu-
ments g7 = 0. For nonpolarized light the term containing 7,1 vanishes in (5.48). The total trans-
verse momentum of the produced system of particlesisk, =¢,, = —P|.

In the region giving the main contribution to the cross section g2 | is small. Therefore, with a
good accuracy one can neglect 05 and take o1 and 7, on mass shell. In the production on a
nucleus with charge Ze and form factor F one gets for non-polarized photons

Z2C{ dW2 q%l
do=— F¥q¥o, (W) — —=dq>. (5.49)
T vy w2 q;
In the laboratory frame P = 0 (w;, is the frequency of the ingoing photon, 8 is the nucleus recoil
angle)

q:P=wimp; W?=2w\P,;; —q3, =P?%  q31/q;~sin®0;  qimin = (W?/200))*.

The scale A? of the cut off of the integral over g3 due to o can be considerably greater than
the scale A} of a variation of the nucleus form factor. If the form factor is known up to a value
—q% markedly exceeding the value AZ, then after integrating (5.49) over g% we obtain a result
with high accuracy [180]

1~ (AplA, ) [In(465 AR/ W] ™. (5.50)

In principle, this mechanism can be used in order to obtain information on the yy - h transi-
tion [160, 163, 185, 186]. But here a difficulty arises due to the separation of the contribution
of this particular channel from that of usual photoproduction off nucleus. The possibility of
extracting the Primakoff-effect contribution from this background is connected with small values
k, in the two-photon production (cf. the specific k| = gq,, -distribution in fig. 33). The observation
of such a dependence near the maximum requires either a measurement of the nucleus recoil mo-
mentum or a very exact measurement of the momenta of all the produced particles. Because of
the small value of k| (i.e. also the virtual photon mass g3) the 4y > h cross section can be studied
here but on mass shell only. (For photoproduction on nuclei with Z > 1 the small value of the
effective values of g3 is also connected with the cut off due to the nucleus form factor.)

Let us give a characteristic value. The cross section for the two-photon e-meson production on
xenon at w; ~ 20 to 40 GeV is of the order of 10ub.

The above discussion can be extended to electroproduction off nuclei with a small modification
only.
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6. The equivalent photon approximation (EPA)

The idea of the equivalent photon approximation belongs to Fermi [187], who paid attention
to the fact, that the field of a fast charged particle is similar to an electromagnetic radiation. This
radiation may be interpreted as a flux of photons distributed with some density n(w) on a fre-
quency spectrum. Therefore, the electromagnetic interaction of this particle, e.g. with a nucleus
is reduced to the interaction of such photons with the nucleus. This thought has been used and
developed for the calculation of the cross section of interaction of relativistic charged particles
in the papers of Williams and Weizsdcker [15]. In these early papers a semi-classical approach was
used for obtaining the equivalent photon spectrum n(w). M. and G. Nordheims et al. [188] have
used the old perturbation theory for that purpose. In the papers of Dalitz and Yennie, Curtis,

D. and P. Kesslers [189] the same results were obtained by means of Feynman diagrams. However,
the equivalent photon spectra obtained in these papers may be used for solving only a small range
of problems. The most consistent derivation of EPA, with discussion of various situations, is given
in the paper of Pomeranchuk and Shmushkevitch [185]. In the paper of Gribov et al. [190] some
calculations necessary for the derivation of EPA are performed in a simple and consistently co-
variant form*. Unfortunately, all these papers do not contain a discussion of the applicability
range of EPA and of its accuracy.

This defect takes place also in the EPA description available in text-books, at least those known
tous [182].

In the last years, EPA was widely used to obtain various cross sections for two-photon particle
production. When solving this problem in a number of papers the spectra from refs. [189] beyond
their applicability range of simply erroneous spectra were used. On the other hand, a number of
incorrect or inaccurate statements pertaining to the essence and the advantages of EPA were given**.

For this reason we considered it to be useful to derive in details EPA in this section and to dis-
cuss important errors and inaccuracies encounted in its use.

6.1. The essence of EPA

From the present point of view EPA (Weizsiacker-Williams’ method) is in essence only a simple
and convenience method for the approximate calculation of Feynman diagrams for the collision

of fast charged particles.
As an example we shall consider inelastic electron scattering off proton in the lowest order in a.

*The most detailed history of EPA and its derivation is contained in Kessler’s report {191].

**As an example, we point out a funny incident which happened with a formula for the cross section for e*e” or u*u~ pair produc-
tion in collision of fast charged particles. The correct asymptotic behaviour of the cross section for this process (1.2) was ob-
tained by Landau and Lifshitz in 1934 {6]. At the same time this result was confirmed in papers by Williams [15], Bhabha
[19] and Racah [12] and it has been included in the text-books (Williams obtained his result by means of EPA). Nevertheless,
just recently two papers [5, 192] were published, in which incorrect formulas for the same cross section were obtained by
different methods and in a review [50] quite a wrong statement was even proclaimed, namely that the results of both these
papers coincide with the recent (correct) calculations [193]. This incorrect result was repeated in review [14] also.

These errors are given proper attention in refs. [34, 170] (in details see sub-section 6.7). Nevertheless, recently one more paper
[194] has appeared which concludes that this discrepancy is due to the fact that the authors with the correct result [6, 170]
“integrate over all electron scattering angles, rather than just over the region of validity of the equivalent photon approxima-
tion”, i.e. that the applicability range of EPA gives quite another value for the asymptotics of this process compared to both the
correct formula [6] and the incozrect one [5)
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(a) (b}

Fig. 35. Electroproduction and photo-absorption.

The connection of this process with photo-absorption on proton is evident from fig. 35. How-
ever in this photo-absorption amplitude the photon is off mass shell and no longer transversely
polarized. The equivalent photon approximation consists in ignoring both these deviations from
real photo-absorption. As a result, the cross section for inelastic electron scattering off proton is
expressed in terms of the cross section o, (w) for the absorption of real photons with frequency
w:

do,, = 0. (w)dn. 6.1

The quantity d»z in this equation is called the equivalent photon number or spectrum. The de-
pendence of the spectrum dn on the photon frequency w and its mass squared ¢ is unambiguously
defined by the form of the e > e'y* vertex.

A consistent analysis of the terms neglected in going from the accurate expression of the dia-
gram of fig. 35a to the approximate relation (6.1) permits in a natural manner to estimate the ap-
plicability range of EPA and its accuracy. This can be performed in a general form for every reac-
tion. In this case the details of the result depend essentially on the characteristic behaviour met
when moving off mass shell for photoprocess amplitudes.

In most of the physically interesting cases such a parameter A7 (a dynamical cut off) exists such
that, at g2l < A:, the photo-absorption cross sections differ only slightly from their values on
the mass shell and quickly decrease at 1g%1 > A?,. This particular feature permits one to use EPA
for the description of the cross sections at Ig2l < Afy. (Let us note, that sometimes a cut off on ¢*
may be also due to the form factor at the 1 > 1’y vertex, e.g., for Coulomb proton scattering on
nucleus.)

On the other hand, the Ig?! < Afr domain gives the main contribution to the total cross section,
since the contribution of small ¢ is enhanced logarithmically.

Therefore, the integral over the (—g? < A2?) domain, with an approximate expression of type
(6.1) as an integrand, describes correctly the frequency distribution and the total cross section*.
The accuracy of the approximation obtained here can be either logarithmic or higher, if there are
other cut off factors.

Thus, for the practical use of EPA one should elucidate in each case, whether there is a dynam-
ical cut-off (the A,-parameter), and estimate it. An essential advantage of EPA consists in the fact
that, when using it,|it.is sufficient to know the photo-absorption cross section on the mass shell
only. Details of its off mass shell behavior are not essential.

*The integration of the approximate expression (6.1) over the entire kinematically allowed g2 -change region leads, as a rule, to
erroneous expressions, since in this mode of operation the (Ig21 > A?y)-domain is able to give a large fictitious contribution.
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Note, that the virtual photons are polarized. This stipulates an azimuthal asymmetry for some
distributions. (An example is offered by the distribution over the scattered particle momenta in
the two-photon production.)

We shall give the derivation of EPA in terms of the well known example of inelastic ep scatter-
ing. Let us note, that in all approximate formulas given below a small value for the w/E ratio is
not assumed. The only requirement is put on the ultra-relativistic nature of a scattered electron
(£ — w> m,) and is commonly made.

6.2. Connection with the photo-absorption cross sections

In this sub-section a derivation of eq. (6.8) expressing the cross section for electroproduction
(fig. 35a) in terms of the cross section for virtual photo-absorption (fig. 35b) [195] is given.
Denoting the virtual photo-absorption amplitude by M*, averaging over the initial spin states,
and summing over the final ones, we obtain
4 ' 37
do = 4ma MEIp oY Qmdé(p+P—p —k)dll dp .
ep (_q2) 4 /(pP):z _ p2P2 2E’(2ﬂ’)3
Here T is a phase space volume of the produced particle system (with total momentum k), and
“q*\ Cp—q@)*(p—q)
q* - q° ’

(6.2a)

pﬂvV =

(6.2b)

S SPLO M@ mgy) = (2
The p*¥ quantity is the (non-normalized) density matrix of the virtual photon produced by an
electron. Let us note that the p*” is non-diagonal, i.e. the virtual photons are polarized. The ex-
pression (6.2) is written in such a form as to introduce naturally the terminology which is suitable
for EPA. Namely, instead of speaking about the ep collision (fig. 35a) one may speak about the
collision of a virtual photon with the proton (fig. 35b). Then the number of photons with a given
polarization in a given element d°p’ = d3q of the phase space volume is proportional to the quan-
tity p#*d’q/q*.

After integration over the phase space volume I of the produced system of particles, the follow-
ing quantity will be included in the result (6.2):

WY = %fM*”M“(Q’IT)“NQ + P — k)dr'. (6.3)

In accordance with the optical theorem, W*" is the absorptive part of the yp-forward amplitude,
connected with the cross section in the usual way. The tensors according to which W*” is expanded,
can be constructed only of the g, P vectors and g"? tensor. In order to take into account explicitly
gauge invariance gt WH? = g"W*Y = (, it is convenient to use the following linear combinations:

_ = _ (gP) _ N
0= Vipp g P a0=0. @=n;
RWV=R™ = g7 + [(@P)@P* + ¢°P) — PP — PPqhq?) [1(aP) — ) (6.4

g*RM” = QMR = 0.
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Having expanded W*” in these tensors, we obtain
WEY = REYW. (g%, qP) + Q*Q"Ws(q? qP). (6.5)

The dimensionless invariant functions W, and Wy are simply connected with the cross section for
transverse or scalar photon absorption ¢ and o4 respectively*:

Wi = 24/(qP)* - q*P* 0,; Wg = 24/ (qP)* — ¢*P? og. (6.6)
Substituting (6.5), (6.6) into (6.2), we obtain

1/2 d3pl
jl (2p**op + p°%0y) rak (6.8)

o (qP)* — q*P*
o’ =

47r2|q2l[(pP)2 — p*P?
Here the coefficients p2? are the elements of the density matrix (6.2b) in the yp-helicity basis:
(2pP — qP)? 14 dm3
@PY="¢*P* a

2p++ = p“VRI““) =

2

4
poo = pMVQuQv = 2p++ _ iz -2, . (69)
q

It is further convenient to use the covariant variables

P P ' dwd(—g¥)Dde  dwd(—¢*
w=2, pPP, dp_dedgy  dwdq) (6.10)
m, m, F WE - m; VE —m;

In the lab-system (P = 0) the invariant E coincides with the electron energy, and w coincides
with the photon energy; ¢ is the azimuthal angle for the scattered electron. (Integration over ¢ is
performed trivially in our case.)

At E — w > m,_, the photon mass ¢? varies in the range:

2

g, = E(Z:i"%) [1 + o((E'_n;)z)] < —q*< 4E(E - w). (6.11)

6.3. g*-dependence of the quantities p*® and o,

A. The W*? tensor (6.3) is, obviously, regular at g2 = 0. At the same time and in accordance
with (6.4) the Q¥Q” factor in (6.5) increases as (g2)™' at ¢> - 0. Therefore,

*Such a connection becomes obvious if one takes proper account of simple equations for the photon polarizations vectors e(a)
in the ypc.m.s. (cf. (B.3), (B.4))

e0)=iQ;  e*F(H1)e¥(+1) + e*H(—1)e¥(~1) = RW. ©n
The Wy and Wg functions are connected with the commonly used W, and W, functions (3.11) by means of simple relations

ig2im2
@ —qrpr M1V

Let us note that our normalization of o, differs from the one introduced by Hand [195]: W, = (2¢P + ¢?)0a3(Hand); 2= T, S.

8r2ampWy = Wr; 8ntam,W, =
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W « 05~ g% at >~ 0. (6.12)

At g* - 0 the quantity o, approaches the cross section o, for real non-polarized photon absorp-
tion.

For the construction of EPA this purely kinematical information is insufficient. It is necessary
to have a dynamical information on a character of the ¢ dependence of 0.

In our particular case — inelastic ep scattering — experiment shows that as —q? increases o de-
creases as (—¢*)~? with @ > 1 and that the characteristic scale of this change is of the order of mz.
(In particular, at 1g%! < mf) one has [0} — 07] /o7 < Iq""l/mf).) The quantity og increases firstly
(6.12), but it does not exceed o, in order of magnitude and, at large values of Ig*l, it falls down
as o also.

In numerous cases which are of practical importance the g*> dependence of o and og is of the
same nature. For example, the Bethe--Heitler process ey - ee"e” (fig. 36) may be treated as in-
elastic electron scattering off the photon target. Therefore, this process cross section is expressed
in terms of virtual y*y > e*e” cross sections (E.3). In this case 0, = 0 decreases with the in-
crease of g* and first g = 04 increases from zero and then decreases. According to (E.3) a
specific scale for the above changes is of the order of W2.

Therefore, one may state that, for both these examples,

lg?:
W = 24/(qP)* — ¢*°P* o5 < 22 @P)oy, (6.13)
Y
Wy = 2/(qP)* — ¢*P* 01w, ¢*) = 2AqP)o,(w) [1 +O(@*/A2)] atig*I <AJ
and when gl > A2, 0, and og vanish as a power when lg*| increases. One also has
A, ~m, for the electroproduction off proton,

A~ W for the Bethe—Heitler process. (6.13a)

If the conditions (6.13) are not fulfilled, a special consideration is necessary. One such example
is analysed in section 6.8. Below, everywhere except in section 6.8 we consider the cases in which
conditions (6.13) are fulfilled.

B. In our case the ¢? dependence of p** and p°° (6.9) is entirely known. Both these quantities
are almost of the same order. In addition

20" = (QE — w)¥w?+ 1 +4m?/qg*  at  lg*l < w? (6.14)

and for lg*! > w? the quantities p** and p°° decrease quickly with increasing 1g?!. At
G2 ;. < —q* < w? the quantity p** does not practically depend on ¢>.

p P’

e

Fig. 36. The Bethe—Heitler process, ey — ee*e” treated as inelastic electron scattering on photon target, P 2=, q=p-p',W? = (q+P)2.
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C. As a result, the g?-dependence of the cross section do,, (6.8) has the following properties.

In a wide range of not very large g2, ¢2 . < —q* < w?, A;, its dependence is logarithmic:
do « dg?/q* With further increase of g2 the cross section do decreases quickly. The beginning of
this decrease is determined either by the dynamical cut off at g2 ~ Afr (6.13) or by the kine-
matical one, at g% ~ w? (6.14).

D. The virtual photons can also be produced by other particles, e.g. by pion or proton. In
appendix D.the corresponding expressions for p** and p°° are given.

If one first does not take into account the g?-dependence of form factors, then, as before, for
lg?! < w? the quantity p** does not practically depend on g2, and for Ig2| > w?, p** decreases
quickly as Ig1? increases and p°° ~ p**. The g*-dependence of the form factors leads to an extra
decrease of p**. For pion e.g. p** and p°° are proportional to 1F,(g*)1? (F, is the pion form factor).
As ¢! increases this form factor decreases and we denote by A the specific scale of this decrease.
Consequently, the quantities p** and p°° decrease quickly for

Ig%l > min(w?, A?), (6.15)

at lg?l < min(w?, A?) the quantity p** does not practically depend on ¢>.

6.4. EPA. The w, q*-distributions

The small g% domain gives the main contribution to the cross section of processes under consider-
ation. In this domain our expression for the cross section (6.8) can be essentially simplified. When
switching to the approximate formulas of EPA two simplifications are performed. First the scalar
photon contribution oy is neglected, second v/(¢P)? — q*P* o, (w, q?) is substituted by its on-shell
value (¢P)o,(w). As a result the photon frequency and “mass” distribution has the form

do,, = 0 (w) dn(w, ¢*), (6.16a)

dn= (6.16b)

. d(—¢*) _ « [(25— w)? 4m? Jwdwd(—g?)
P wdw = ]

= +1+
g%l 4nE*L ? —g* q’ lq?

The dr-quantity is an equivalent photon number.

Let us emphasize that the whole formulation of EPA should also include statements on the
domain, where these equations are a good approximation to the exact result (6.8). This requires
a special consideration in each case.

Since in the case under consideration 2p** and p°? are of the same order, the approximation
(6.16) is correct in the domain

lg*l < Al. (6.16¢)

Here 0g < o and the g2 dependence in v/(qP)*> — q*P* o, can be neglected. Due to (6.13) the
accuracy of such an approximation is

2nE?

n~ qul/A,’y. 6.16d)
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In numerous cases of physical interest the only range of importance is that of not very small fre-
quencies w 2 A, Here the terms of the order of q*/w? should be rejected as the overshoot of
accuracy, and the expressions for the spectrum can be simplified (cf. (6.11))

2
qmin

dn P

E

=3di3d(—qz)|:1 w, w? A<1 w)
T w lg*

] (6.16¢)

E 2F?
6.5. EPA. The w-distribution

Let us show that the distribution in the photon frequency can be obtained by a simple integra-
tion of (6.16) over the region of small g2 (i.e. over the validity region for (6.16)) and find out the
limits of this region together with the accuracy of the approximations.

After integrating (6.16) over the region ¢2; < —¢q?< g2 . the cross section can be written in
the form

do = oy(w) dn(w); (6.17a)

2
9 max
dn(w)= | ¥ dn(w, g0 = Mw) dw/w;
2
9min

Mw) == [(1 -9 32_)1 Tmax _ (1 42)2111 O gy Mo ( _ min )} . (6.17b)
m E 2E2 q?nin 2E (4)2 + q?nin Ezqfnin qf-nax

For the description of the cw-distribution, one should choose a lower limit of the g2-integration
region which is equal to the kinematic limit (6.11), i.e. g2, = m2w?*/E(E — w).

The upper limit g2 ,, is usually less than the kinematic limit 4E(E — w) (6.11). The value of
42, differs from problem to problem and is defined either by cut off parameters (6.13—6.15) or
by the experimental limitations.

Let us go to the description of some important particular cases.

A. The high-frequency part of the w-distribution (w 2 A, Yin the absence of experimental
limitations. For w 2 A, the dynamical cut off is the actual one and one should take ¢%,,, = A}
Indeed, for 1%l < A?y’ the main g2-dependence of do,, (6.8) is logarithmic (dg?/g?). After inte-
gration over — ¢2 < A? the terms taken into account in the approximation (6.16) are of the order
of fdq*/q* ~ In(A2/q};,)-

The contribution to the integral of the neglected terms in this region is of the order of
f dqz/Afr ~ 1. Since for lg?1 > AZY both o and o4 decrease quickly, the integral contribution of
this domain to the entire w-distribution is also of the order of unity. Therefore, EPA (6.17) with
9% = Afy describes the high-energy part of the w-distribution with an accuracy

n~ (A3 /g1 7" (W2 Ay Qhay = A (6.18a)

With this accuracy the expression for spectrum (6.17b) can be simplified:

2

S e e

e
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B. For the low-frequency part of the w-distribution (w < Av) instead of the dynamical cut-off
(at 1g%l ~ Afr) the kinematic cut-off at 1% ~ w? (due to denominator w? — ¢? in the main term
of (6.9)) is the actual one. Operating just in the same manner as above we must take g2 . = w?
and neglect the ¢*-dependence in p** (except for the term 4m?/q* (6.14)). As a result, the low-
frequency part of the w-dependence is described by EPA (6.17) with q2 ,, = w?. The accuracy of
this approximation is

n~ [In(w?/q%; )17 ~ 1/In(E*/m?). (6.19a)
The simplified spectrum dn(w) has the form

d
dn:g_w (1
T W

2 _
bl )mM. (6.19b)

Y
E 2FE? m?
However, since the p** quantity is entirely known, the approximation accuracy can be markedly
improved if one widens the integration up to g3 ,, = A3. The estimation of the accuracy of the
resulting approximation is similar to the one performed when obtaining (6.18a). (Now, however
the neglected terms are of the order (wz/AZY)ln(Afr/wz).) As a result, EPA with the spectrum
(6.17b) for g2 .. = Afy describes the low-frequency part of the w-dependence with an accuracy

w? ln(A?Y/wz) w? ln(Afr/wz).
TN In(w*aly) | AR In(EYm?)

(W< A = A2). (6.19¢)

7> Tmax
Within this accuracy limitation the result does not change, if the integration is additionally widened
to the domain lq®! > A taking q2 ,, equal, e.g. to the kinematic limit 4£(E — w) (6.11). Then one
obtains [188, 5] the known expression for the spectrum:

dn=- l —=+—|)In — In —. (6.19d)

a[2( w wz) 2E(E - w) w? 2E - w . w]dw
T E 2F? my(2E — w) 2F? w Flw

(Using this expression out of its range of validity has been the source of numerous errors, cf.
section 6.7.)

Let us note, that the spectrum (6.17b) with q% ,, = Af/ may be used for the description of the
whole w-distribution with an accuracy not worse than logarithmic.

C. Let us now consider the effect of the experimental limitations on the spectrum. As an example
we shall analyse the w-distribution for such experimental conditions, when only the events with
electrons scattered at small angle 6 < 6, < 1 are observed. Here 1¢?| < E(E — w)0?,. If this value
is larger than Afr it is obvious, that the previous estimations are valid. However, if this experimental
limitation is more restrictive than the dynamical or kinematic cut offs, i.e. E(E — w)8? < w?, Afy,
then (6.17) with g2, = E(E — w)6?, describes the frequency distribution with a higher accuracy

qt Qhax
~%[m '2“] L @l = E(E — w02, < w?, AL, (6.20)
¥ min
Just in the same manner, one can also describe the low-frequency spectrum edge
W< E(E - w)h? < AZY (with the accuracy (6.19a)).
D. If the virtual photons are not produced by electron, as in the above examples, but, e.g.
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by pion or proton, then an extra cut off at |g%l = A? arises due to the form factors (cf. (6.15)).
The only case, when this cut-off is the actual one, i.e. A < w, A7, requires here a special discus-
sion. If the form factors are well known up to lg?| ~ A2 (or up to those values Ig?1 < A2, at
which they become negligibly small), then the w-distribution can be described by EPA (6.17a)
with q7,,, = AJ. In this case the accuracy n ~ (A/A,)*[In(A%/q7;,)]1 7" The respective expression
for the spectrum, produced by proton is given in appendix D. Simpler expression can be ob-
tained in the logarithmic approximation, where a specific form for the form factor g2-dependence
is inessential. Here one should put ¢2,,, = A? (in this case n ~ [In(A%/q%; )]171).

6.6. EPA. The momentum distribution of secondaries

The momentum distribution of secondaries involves a new important feature — it is here neces-
sary to take into account the polarization of the virtual photon. The photon polarization is un-
essential, if the integration over the momenta of the secondaries is performed (and, therefore, any
specific direction is preferred). For this reason the diagonal elements of the density matrix p4?
only are present in (6.8), and the cross section for absorption of non-polarized light ¢, only ap-
pears in the result (6.16), (6.17).

For definiteness let us consider the distribution over the momentum k, of one of the second-
aries. This momentum determines a specific direction, and terms which describe an azimuthal
asymmetry arise in the cross section. They are proportional to the non-diagonal elements of the
photon density matrix p*~, p*°

As above, taking into account the contributions of the transverse photons only, and neglect-
ing the g*>-dependence, we come to the equation of EPA with just the same spectrum, dn(w, )
asin (6.16):

do d(oy —0,) dy
do,, = [d3;1+ £cos 2y ——('1—]?—— a3k, dn(w, g% o (6.21a)

Here o is the (azimuthal) angle between the planes of electron scattering and k, production in
the yp c.m.s. (i.e. between the planes (p, p') and (k,, q)), and £ is the photon polarization:

P 1 Pk,
= p++ =1 == Cospr~ ———— - (6.22)
p p Pyl 1kl

Finally, o, and o, are the absorption cross sections for a transversely polarized photon either
in the (k,, q) plane (0,) or orthogonal to it (g,) (do —d(o“ + 0))). In the helicity representation
the quantity d(o, — o)) is due to the interference of the yp amplitudes for right-handed and left-
handed polarized photons (d(o; — 0,) « —2MFM_).

When writing the approximate expression (6.21a) the largest among the neglected terms of the
type M¥M, are due to the interference of scattering amphtudes for scalar and transverse photons
By analogy with (6.12), these terms decrease as /—q? as ¢* > 0. Generally speaking the A2 scale
of the g?-dependence of the differential cross sections differs also from A’ As a result, the EPA
accuracy (6.21a) is

~ V1@ V/A,. (6.21b)
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This accuracy is markedly worse than that found for the total cross section (6.16d). After
azimuthal integration (over y) the term connected with an interference of scalar and transverse
photons disappears. Then corrections to (6.21) proportional to +/—g? are lost and an accuracy of
the type (6.16) n ~ qz/Ag is restored.

6.7. Features of EPA in the two-photon case. Some widely spread errors and inaccuracies

Many problems on the two-photon production are solved by means of EPA. Using this approxi-
mation has permitted to obtain (in sections 4 and 5) a number of useful distributions in a com-
paratively simple form*. The derivation of EPA given in section 5 was performed using the same
procedure as done above in sections 6.2—6.6. In this sub-section we shall only show some features
specific to the two-photon case in comparison with the one-photon one.

1. The exact relationship (6.8) expressed do,, in terms of the photoabsorption cross sections
oy and og. It was the starting point while constructing EPA in the one-photon case. For
g2l < Afr we neglected the contribution from scalar photons and substituted o4 by its on-shell
value O rewriting the cross section in the form

++ d3p' 2
doep « p**o, E—' =0, dn(w, g%). (6.22a)
This relation is, in fact, the essence of EPA in the one-photon case.

In the two-photon case we have transformed the exact relation (5.12) in the same manner to
the form (5.16) for Ig?! < AZY:

do,, = p1*p3*(0,, + 1£,§,7,,C0s29p) d°p| &°p)/E\E, . (6.22b)

(Let us remind that A?y is a characteristic scale for the g2-dependence of the yy scattering
cross sections and §; stands for the ith photon polarization.)

One would think that the equation (6.22b) is directly transformed into the simple EPA-rela-
tion (5.19):

daee = [o'y'y + %ElzzTyycosz‘P] dn(wl’ qg)d"(wz» qg)d‘P/z”T (623a)

(¢ is the angle between the scattering planes of the electrons).

However, the real situation is not such a simple one. It is essential that the quantity p7* (5.13)
in (6.22b) depends not only on the momentum of the “own’ photon ¢,, but also on the mo-
mentum of the “strange’ photon ¢g,. Therefore, equation (6.22b) does not directly reduce to
(6.23a). However, such a reduction turns out to be possible when lg?| < W2. Indeed, the quantity
Pt — 2m?/q? (5.13) depends only on (q,9,)/(pp,) and qiq3/W*. It is easy to show that at
lg?1 < W? with an accuracy not worse than q%/W? the quantity (4.9,)/(P142) = (q.p2)/ (P 1D2).
Therefore, in this region the g,-dependence of p}* is inessential.

*Let us list some results obtained by means of EPA. In section § we obtained the next distributions: for the total four-momentum
of the produced system (section 5.4), over the momenta of the secondaries (5.38, 5.45, 5.47) and over the noncoplanarity angle
¥ in a particle pair production (5.46). A number of estimations of observable quantities for various experimental set-ups are ob-

tained in section 4.3. By means of EPA also the estimations from below for the pp — ppe*e™ [24] and ee — eeu*n” [179] pro-
cesses were obtained.
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As a rule, the condition Ig}! < W? is not an extra limitation, since the dynamical cut off
(g}l ~ Afy) appears earlier, i.e. A, < W. However, even if the dynamical cut-off is absent. i.e.
A, > W, the description by means of (6.23a) turns out to be usually valid due to the kinematical
cut-off at 1g71 ~ W? (the quick decrease of the quantities p;* at Ig?| > W?). Thus, the region for
EPA validity is determined by the conditions

Ig21 < W2, g2 < A2. (6.23b)

It is necessary to emphasize that the kinematical cut-off met in the two-photon case is essentially
different from that met in the one-photon case (6.14), where the similar cut-off appears at
lg?1 ~ w?. Moreover, unlike what occurs in the one-photon case, the restriction Ig?1 < W? is
necessary in the two-photon case to write EPA in the factorizable form (6.23a).

2. Let us describe the relation between spectra in the one-photon and two-photon cases. The
quantity p** (6.9) in (6.22a) depends on the momenta of the electron p, the photon g and the
proton (target) P. For the quantities p2? going to the two-photon case (6.22b) implies only a sub-
stitution in the target (proton - photon). In particular, pj* (5.13) can be obtained through (6.9)
by means of the substitution p » p;, ¢ = ¢, P = ¢,. As it was said above for 1g? | < W? the q,-de-
pendence of p}* is substituted by its p,-dependence. Therefore, it is natural, that the spectra
(5.18) obtained here have the same form as the spectrum (6.16a) obtained in the one-photon
case when it was obtained under the restriction g%l < w?.

3. In order to describe distributions integrated over ¢} it is sufficient to integrate (6.23) over
the domain (6.23b). The contribution of the region, where lg?| > W? or Ig}| > A7, is negligibly
small because of the decreasing value of g, for Ig;| > A2 (the dynamical cut-off) and of p}* for
lg?1 > W? (the kinematical cut-off). As a result, the spectra (5.23) are obtained. The leading
approximation for them can be written in the form

. ; ? E*q?
44 dw, (1 w[ wl )l ql max (624)

dn(w;) =— — .
(c0) T W, w?im?

Here q7,,, either coincides with A2 or W? (if A, > W), or q%,,, is determined by the experimen-
tal limitations.

4. In a number of papers, the description of the two-photon production is done with spectra
which are very different from (5.23). They can not be obtained from exact formulas for the two-
photon production. As a rule, the genesis of these errors may be connected with the incorrect
choiee of cut-off. This is simply demonstrated in the leading approximation, where all spectra
have the same form as (6.24) but the values of g7, differ from exact ones. The kinematical and
dynamical cuts-off A2, and Aﬁyn, which are actually used by various authors are listed in table 6.

a) There is a widely spread mistake which consists in using for a two-photon case the same
spectrum (6.19d) as the one obtained in the one-photon case, with no dynamical cut-off taken
into account (cf. [119, 3, 5, 14]). This corresponds to a kinematical cut-off at lg?| ~ w?. At
present energies using this spectrum do not lead to large numerical errors in calculations of the
two-photon hadron production since here w, ~ W~ A,. For example, the exact expression for
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The upper limits of integration over Iql?l w};[;i:l:rg used actually while obtaining the spectra.
References a) [119, 3, 5, 14] b) [170] c) [194] d) [192] correct
kinematical cut-off Aiin w? w? w? - w?
dynamical cut-off Aﬁyn - - Ai — Az,y

the cross section

. 2 § 0 s 3
el = (55 1) 1) =3 )

do

(4.12) is replaced by (In(s/m?2)— 1)*f(s/W?) when calculating by means of (6.19d). At g%, ~ W?
and In(s/W?) < In(s/m?) the numerical difference between these two expressions is small. How-
ever, such a replacement leads to the wrong functional s-dependence, e.g., the high energy value
of do/dW? or the total cross section for the processes ee -~ eee*e”, ee > eeu’u — etc., which one
calculated by means of the spectrum (6.19d), are % times larger than the correct (1.2)*. Another
illustration is the graphs of the ee > een®, ee > een cross sections which are given in [50, 14]. In
these graphs the difference between the exact results and that obtained by means of the spectrum
(6.19d) increases with the E growth. (Let us remind that the EPA accuracy is improved when the
E increases.) An erroneous distribution in the limiting value for the angle 6 (8, < ) of the elec-
tron recording [115, 14] is also due to the use of a wrong kinematical cut off. (The correct dis-
tribution is given in section 4.3.)

b) The significance of a correct kinematical cut-off has been emphasized in ref. [170]. The rela-
tions given in [170] are directly applicable to lepton pair production with W ~ m,, when A, ~ W.
However, using these formulas for the description of hadron production (e.g. ee = eeh), where
A, < W, will lead to a noticeable error in the asymptotic of the total cross-section.

c) The kinematical cut off at Ig*| ~ w? occurs in ref. [194] as a result of an inaccurate use of
the requirement of Lorentz-invariance of the spectrum. The resulting conclusion [194] made on
the inapplicability of EPA for the description of do/dW? and total cross sections is also wrong.

d) The spectrum used in ref. [192] corresponds to the integration of the expression for dg?/q?
over the whole kinematically allowed domain (6.11) (one-photon case). Let us note that in ref.
[192] a wrong result is observed too with using own version of the Cheng and Wu technique.

5. The distribution (6.23) has an azimuthal asymmetry (the term £,£,7,.,cos2y), which is due
to the virtual photon polarization. Thus, in the two-photon case, the observable cross-section is
not expressed in term of the non-polarized photon scattering cross section 0., only. This property
is also present in the distribution for the total transverse momentum &, of the produced system
(5.32).

Recently, attention on this fact was drawn by Cheng and Wu [18]. They interpreted it as an
indication of EPA inapplicability in the two-photon case. From our point of view the question
is only concerned with inapplicability of the EPA formulation when proper account of the virtual

*Exact results for the e*e” and u*u~-production cross sections are collected in appendix F. They coincide asymptotically with the
result of EPA (1.2).
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photon polarization is not taken in solving such problems. Such a restrictive interpretation of EPA
is not due to essence of approximation scheme. Let us emphasize, that the virtual photon polari-
zation in the one-photon case also results an essential effect on the momentum distribution of
the produced particle momenta (6.21). A similar EPA modification has already been given in refs.
[185, 195]. In particular, as is shown in section 5.5, results of Cheng and Wu [18] can indeed be
obtained by means of EPA.

6. In conclusion, let us pay attention to one more specific possibility of using the EPA technique.
For two-photon production EPA corresponds to a picture, according to which virtual photons al-
most move along the collision axis. Therefore, e.g. in the case of an A, A, pair production con-
sidered in the c.m.s. of the colliding particles p, + p, = 0, the momenta of A; and A, and the mo-
mentum p, = —p, are coplanar. It may seem from here that EPA does not permit to obtain the
distribution in agle Y which measures the deviation from coplanarity. However, this opinion (see
e.g. [50, 14]) is wrong.

Actually, the use of spectra taking proper account of the g? dependence (5.18) corresponds to
taking the photon transverse motion in the range q}, < A2, (¢}, = ~q;(1 — w,/E)) in EPA. With
due regard of this dependence, EPA allows to obtain the distribution do/dy (5.46) for particle
pair production as well as for distributions in the total transverse momentum &, (5.31) (at
ki < A2) and other similar distributions.

6.8. An example of EPA inapplicability. The two-photon production of massive lepton pairs

The possibility of using EPA for particular processes was linked to a specific form for the g*-de-
pendence of the virtual photoprocess cross section (6.13) (cf. (5.21)). We, however, know a few
cases, where this dependence is of different form and, as a result, EPA is not applicable. These
cases are bremsstrahlung particle production (fig. 27) [173b], v#-pair production in ee collision
(fig. 37) [196], and the two-photon production of a lepton pair with large effective mass* [180].

Let us consider the last case. Using the exact yy > I"I” (here / = e, u) cross-sections (E.1) it is
easy to obtain, that for W2 > m? an essential (power) decrease of o occurs only for lg}!12 W?.
For lg?l < W2, the quantities 0g, 0gt, 0gg are negligibly small in comparison with o1, but in
o, the g*-dependence is essential in the large domain W?m? < q%q3 < W* (here however 01
decreases only logarithmically):

Opp =0, {1 —

" In(W*/m?) — 1 w?
- 4ma® ( W?
a=(m} — q2)mj — q2)Ym,W)?%; Oy = (lnm—? —1); (6.25)
Ors> Ogrs Ogs (Ig}1/W*oe.,,; Trr S (g3q;/WHo.,.,.

At the same time, the contribution from the domain W?m} < g% q2 < W* is not small. Therefore,
for In(W*/m?) 2 In(p,p,/mm,) one should use the more complicated formula (o1 from (6.25))

*The total cross section for lepton production is exactly calculated by EPA since the main contribution in that case comes from
the domain W ~ m;, where the inequalities (5.21) are correct.



V.M. Budnev et al., The two-photon particle production mechanism 269
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Fig. 37.
2 2 4,2
o\ wiw, dgidq; ., ..
do = (EE) dwldwzf—qal—Tp, oo (W @2, ¢2) (6.26)

instead of (5.26).

The situation is simplified for massive lepton pair production in hadron collisions for
m,W > mz. In this case the integrals are actually cut off at Ig;1 ~ %mz because of form factors,
and lop (W2, ¢2, q3) — 0p0(W?,0,0)1 < (mg/4Wm,)ow. For that reason, EPA (5.26) turns out
to be correct. In this case the cross section do/dW? is expressed through a single new scaling func-
tion J(s/W?) [34] (see table 7)

do [AW? = Qa/m)2I(s/WH o -(WH/W?. (6.27a)

PP Pty Yyt

When calculating the function J in terms of the spectrum (D.7) (taking form factors into account),
the inaccuracy of the approximation (6.27a) is

n~( "5 )2 (mi)-l. (6.27b)
4Wm,, W?

The W?-dependence of the contribution (6.27a) is plotted in fig. 8 for s = 2500 GeV?. Other con-
tributions to the cross section of the observable process pp - pu*u™ + ... are discussed at the end
of sub-section 2.1.

Table 7
s/w? 20 25 31 51 70 100 280 625 2500 104
Jis/w?) 0.2 0.29 0.42 0.88 1.3 2 5.3 10 24.6 49

Appendices
A. Some kinematical relations

Let us consider the collision of two particles with momenta q and p. We introduce a metric
tensor R*¥(q, p) in a subspace orthogonal to the four-vectors g and p (cf. (5.3))

N (gqp)(g*p® + g"p*) — q*p*p” — p*q*q*
(gp)* — q*p*

R*¥(q, p) = —g"” (A.1)

For any arbitrary vector r, one can define a component orthogonal to g and p: ri} = —R**(q, p)r*.
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The scalar product of the corresponding orthogonal parts r| and f| of two arbitrary vectors r and
f can then be written in the form:

i), , = R P = D], = 0D, 5 = —RM(g, ). (A.2)

In this review we wrote a number of relations for two-photon production, writing the momen-
tum k; of any produced particle in terms of its components in the c.m.s. of the colliding particles
p, and p, (they are the energy € longitudinal momentum k].z and the transverse momentum k,. -
Such relations are easy to transform to any frame, using the covariant form of these quantities

(at p? =p3)

kp,+ k.(p, —
¢, =_A&:%; k, = __ﬁj_‘__ﬁﬂ_z : k}tl = —R¥(p,, pz)k}’- (A.3)
VPt p2) v —(p1 — p2)
Finally, an angle ¢ between the electron scattering planes in the photons c.m.s. is defined by
the relations:

. Pub. ~
cosy = ~~—l~l >, pY = —R*¥(q., q)p? (A.4)
2 2 il
VP1iP2

B. Some covariant relations for the polarization vectors of a virtual photon

Let us consider the collision of a space-like photon with momentum q (g* < 0) with any other
particle (with momentum P). We shall denote the polarization vector of this photon by e*(a) in
the c.m.s. (a = O refers to scalar (S) polarization and a = +1 refers to the transverse (T) one). Ob-
viously,

ge(a) =0, e*t(a)e! (b) = (~1)%8,,;
(B.1)
20, (—1)Ye* (a)e”(a) = g** — q*q”/q* .
Moreover, with the usual choice of transverse polarization vectors we have
e*(x1) = —e(F1). (B.2)

It is clear, that the transverse polarization vectors e(¥1) in c.m.s. are orthogonal to ¢ = —P and
have only space-like components. This means, that they form a basis for a subspace orthogonal
to the four-vectors g and P, i.e. (cf. (A.1))

et (+1) e¥’(+1) + e*¥*(—1) e”(—1) = R**(q, P). (B.3)

Similarly, the vector e(0) is orthogonal to g and e(z1). Furthermore, an other unit vector
Q « P — q(qP)/q* has similar properties. Therefore, these two vectors should be proportional to
each other. In accordance with the normalization condition one may take

—a° P
e(0) = iQ = i ——5———[ A )] (B.4)
q j—

q2

In this manner one can obtain
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_fi%] . (B.5)
l(qP)2 . q2P2

Let us note that the above relations for e(a) are correct when one takes the polarization vectors
in the c.m.s. in the form

e*t (1) e’(x1) =1 [R‘“’(q, P) #i

e(il)=$71_5(0,1,ti, 0); e(0)=iQ—Vi—7(qu,O, 0, w). (B.6)

C. Helicity amplitudes for forward vyvy-scattering

The vy - f helicity amplitudes M, are defined by the relation
M,, = M*7e! (a)e, (D). (C.1)

Here the usual choice of polarization vectors e,(a) is assumed (cf. App. B, Q,-vectors are defined
in (5.4))

e,(z1)=¢,(F1); ef(z1) = —e,(F1); e, (0)=1iQ,; e,(0) = —-iQ,. (C.2)
In accord?nce with this the helicity amplitudes for the absorptive part of the yy-forward am-
plitude W# ¥ #¥ which is connected with M*? by the relation (5.3) are defined by the relation:
W ap = €X4'(@) €2V (b") WH'™P' ek (a) €4 (b). (C.3)

a

Due to P- and T-invariance

Warn ab =W v —ab = Wap,a's (€4

a

It follows from total helicity conservation for forward scattering and P- and T-invariance (C.4),
that forward yy-scattering is described in terms of eight independent helicity amplitudes. We
choose their simple linear combinations (5.8) as invariant amplitudes.

The polarization vector forms a complete orthonormal system (B.1). Therefore, it follows
from (C.3), that

WEYSBY = 50 (—1)EF Bt el (0) @2 (D) Wiy o, €FR(@) V(D). (C.5)

aba'dp’ ’

Using (C.4) one can easily write-the expansion coefficients WH'v".4v (C.5) in terms of the invariant
amplitudes. They are sums of a small number of products of polarization 4-vectors. As a result we
obtain the covariant expansion (5.7).

For instance, the coefficient determined for W,, ,, = Wqg is

REY W= (b (+1) efH(+1) + eb(—1) ef#(~1)] e5 (0)e3(0). (C.6)

This may be written taking into account (B.3) and (C.2) in covariant form
RUYuv = Run'gr o¥', (o)

Similarly, the coefficient determined for W,, ,, = Wig + Wig is
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[e'(+1) €X' (+1) + e4'(—1) €4 (= 1)] e3#(0) e3(0) + (uy < u'v').
By means of the equalities (C.2) we obtain
—[ef' (+D) ex(+1) + e (—1) e (—1)] eF4(0) e3°(0) + (v © p'v) = —[R*V'QL Q3 + R¥ QY04 1.
(C.8)
The density-matrix elements (5.2) are defined in the helicity basis by the relation
pe = (—1)** 2 e (@)piPers(b). .9)
D. The photon density-matrix and spectra for various particles
Keeping in mind the processes, in which photons may be emitted by various particles, we shall

give a generalized density-matrix of a virtual photon (5.2) in the case, when the initial and final
particles are not polarized ( a structure of this matrix is determined by gauge invariance conditions):

paﬁ:_

[

a8 20, — q4.)*2p, — q,)°
(g“ﬁ‘q'q' )Ci(q?) AL RRC Ta D(q}). (D.1)

a; a
The quantities C; and D, are given in table 8 for various particles.

Going from the representation (D.1) to the helicity basis can be done by means of (B.1—4),
(C.2), (C.9). For example, for the two-photon process

2
P; ~
PiT =3P RM =Gt ZDz’—q’;’L i = —RMaw qa)py (D.2)

D,
pi®=—C; — 4“3(piQi)2~
q;

In the full form this density-matrix is(a’, 2 =1, 0, —1)

Pt —ilpi®le?r;  —lpiTler¥1
r . _.~ . 1F .
p(;a= 1lpj°|e 1501; p(:O; —1|p';°|e“°‘ ) (D3)
| —ai a0 —iPy - ++
—IptTletie dlpytleTrs o)

i i=pi" = C 1p°l =Tt 1(p?° + C);

and g, is the azimuthal angle of the vector p, in the photon c.m.s.
In the same approximation as used for (5.18), the equivalent photon spectra have the form

2]

2
i

a dw; d(—q?}) W; w Wi
dn, =" 1 -E\p + S (1o
T e 1g8) [( E)D’ 25 € ( E)

2
9imin

q}

2 (D.4)
qi
Py

w?
D, + —’—C.].
g* 1t 2Er

In the dominant region w; < E the coefficient in front of C; is small, and this term may often be

_« dw; d(—q?)[

P 2
T w;, g}l
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Table 8
Here Gy, Gy and F; are the form factor of proton and pion. For the transition of
hadron into jet (mass M), Wy and W, are the usual structural functions of deep in-
elastic ep-scattering (3.11). For the nuclei with charge Ze the form factor D(0) = Z 2,

c) ~ 1.
particle C D
pointlike spinless 0 1
lepton/=e, u 1 1
m 0 F2
4m2G% - 42012\/[
P Gua® —?_4_,—:;_—
my—q

. 2m 2 2,02 1 2 2,22
hadron — jet 7 Wi (Miq")dM 3 Wo(M*, q*)dM
nuclei with charge Ze ~ y,zF%,I(qz) Z:FA g

neglected. This corresponds to neglecting a magnetic moment (spin). In this case the photon pola-
rization is §; = 1.

The spectrum N(w;,) is obtained after integrating (D.4) over —g?. In a number of cases N(w;) is
easily calculated. So, for leptons (C; = D, = 1) N(w;) is calculated in (5.18).

For pointlike spinless particles C; =0, D, = 1 and

dw, W; qt?max q? in
L M) =2 (1 ——) [m —1+ =" J (D.5)
T

dn, = N(w,)
! ! w; E qt?min q?max

If one can neglect the ¢* dependence of the form factors, then (D.5) is also correct for pions
and kaons. However, for protons D(0) = 1, C(0) = G3(0) = ,u; ~ 7.78,

2

o w; w; q?max W; qt?min \
Mew, =~[(1 LY —-)1 - (1 ——) (1 - } D.6
=2 U " am) E ) (b-6)

2
qimin qimax

Finally we shall give the equivalent photon spectrum produced by proton taking into account
the g*-dependence of the form factors. In the usual dipole approximation for form factors we
have G, = Gy/u, = (1 — ¢*/q2)?; g%~ 0.71 GeV?,

a dw; w; q? ax q .. »
e = 0= [ (G) -] 7

11' wi qo qo
(6) = (14ay ) [ —in(1+x-1)+ 3 1 (1-bd)y; rei+: 1 Lx—b 2, _b* }
(x)= ay.)| —In — c 7 V; ;

‘pl y; [ X kZ=>l = < 4y, [n 1+ Rs 1k(1+_x)k
w? . 4m:, 4m; uf, —
yi:ETE_—:_J’ a=':"(1 +I.l;)+ q2 = 716, b=1-— 2 ~ —396, c= b4 ~ (0.028.
H (o] [o]
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In conclusion, let us give the expressions for the spectrum of equivalent photons produced by
an atom. For ¢2; < m2a?Z*? screening by atomic electrons becomes here essential. Then, ac-
cording to [182]

_2Z%dw 183

e Mz

(D.8)

E. The vy~ e*e’(u*u’) cross sections and the Born approximation for yy - n*n”

Using the calculations [197] for vy - e*e”(u*u”) and taking into account the projection opera-
tors defined in (5.7) we obtain (m = m, ,)

o’ Im?  (2m*\® g%+ qg? 221472 2.2 12
GTT=—“‘: {(QIql)L [2+ ~( ) 8524, "-‘q-’w—z %( 4:q; H
Wex X q149:2 x 2x(q1q4) x(QxQz)
_Atl:l +T_2+q%+q% +‘I%Q§+% q%q%} :
x x T x2
_ ma’q} q} 5 9143
"Ts*—w—zx?{“[”?(6m’+q“3 =]
L 2,2
———|dmx + g3(W? + 2m?) + qg(qg rqi+d ‘“‘12”} :
q192 ¥

— 2 2y -
Ogr = 015(q1 < q3);

wazq%g%{ L ( q%q%)}
== 2W2x + 3g%q3) — At (2 + ; E.1
Oss Wi | q14a ( X qiq3) T (E.1)

ma’ {2_At [2m2 D q%q%]

TTT T AW | x w2 ’ x
2m* qi+q3 iq3
+ [16m4—16m2(q%+q%)—4q%q§(2+ + 4 q2+3*q12q2)“;
q.9- X X x
NI q%q3 419
o o1 522

sa = 1a*(q,1q2) {2L(‘11‘12H 1) A (2_611‘1_2_ 1 _q%q%)};
TT Wex X 9192

X T
. _ ma? _ (q1q.)At
s = 34372 (q:1q2)7" [L +———’; }

Here

Wix = (4192)* — 4143, At=to . =t = VAW — 4m?),
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T=0m?—t,,)m*—t_,)=4xm*+ qiq3,

tmin

m? — tmin =1 (QIQ2 + %At)2

L=In =n—— - . (E.2)
mE=t; AXMEF g5
In the case where one photon is real (e.g. g3 = 0) it follows from (E.1) that
2 At
o1 = ———s {L[2(qlq2)2 +2mIWE — dm* + W) ——[(q:g2)* + MW+ @iW?) 5 (E.3)
(9192) 142
,”.a2 2
Ogp = — LR [W2At — dm*( L1,
ST (9192)* Kk
2
= — At2 2W2+4+8 2 2 _ 2L‘
Trr 2qq0)" [At(2m q1) m*(q.q,)(m q1)L];
o - 2W?
rd . =—-—— D2[W? —(q )]L—At( —1)} ;
e (9:192)* { 2 9192
here
_ 4m? w w?
At=(W? —q?) Vl W ; L=2In (2—’;+ ‘/4m2 - 1) 5 2019, =W —qi .
Finally, if both photons are real g2 = g% = 0, only three non-zero quantities remain, namely
4ro’ 4m?  8m* 1 4m?
9117 Yn [(l T T )L - (WZ"L W )At]z vy EH
16ma*m? ) a 4ma? )
T (At+2m?L)=71_; T (WL — 3A1);

I w W2
At =W? Vl— . L=7 (——+ ‘/ —1).
w2 "N2om "V am?

We now give the expressions for the amplitudes in (5.38—48) written in terms of W? and
r* = (tu — m*)/W? in two important cases (see for example [166]).*
The lepton pair production (m=m, ,)
2mA(W? — 2m?) + 2r*(W* — 2r*)
(m2 + r2)2 ’

, do77
(M, 12 + 1M, _1?)=16aW* T= (4ma)?

*The quantity r2 is the squared transverse momentum of the pion in the photons c.m.s. Its approximative expression in terms of
measurable values has the form:

(ex — k1z)/(e — k) at t=1]

4
A
A= wzm =k3) — 2Kk, i rekd et f~19w1d.
(e1 +ky)(e+k;) at t=13
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m? 8rt

RC(M:':+M++) = —(47T0[)2 m ; M_,_k+M+_ = —(477'0()2 m, (E.S)

Re(M* M, + M* ——MO_ )—_- (4ma)? ==
—4 1\/—__Cﬁ ——i _q% W2(m2+r2)2

The corresponding expression for pion pair production in Born approximation (pointlike pions)
can be useful

M, =M~ 8mram? ; M=M= 8mar? ; .M0+ _ M,_ _ _4«/77mr(t—u)‘~
m*+r? m? +r? iv/—q? iv/—q? Wi(m?* + r?) (E.6)
The total yy > n*7™ cross section on the mass shell (in Born approximation) equals:
_ 2ma? V 4m? 4m? 4m? 4m? 1% w2
O’Y’Y” LAL W? I - W2 1+ W2 o W2 (2 - W2 )11](27?1“ + 4m> - )J : (E7)

F. The total cross section for the lepton pair electromagnetic production in the collision of
charged particles

The cross section for e*e” pair production in the collision of fast charged particles (with a power

accuracy) has the form

2_8(2122(12)2 2(pp2)

OZ1Zz->Z122e+e' = 271rm§ (13 —A12+BI+C)+O(1/I91P2); [=In —n—{lm2 . (Fl)
The coefficient A4 is the same for all the processes considered below
A=178/28 ~ 6.36. (F.2)

The coefficients B and C depend essentially on the nature of the collided particles.
Racah [12] has calculated the cross section for e*e” pair production in the collision of two
heavy particles with charges Z,e and Z,e:

B =35 (77* +370) ~ 15.7;
= —75[348 + ¥ 12— 21¢(3)] ~ —13.8;  {(3)~ 1.202. (F.3)

(The coefficients A and B have been calculated recently in [193, 198]. They turn out to coincide
with (F.2-3).)

The cross sections for the processes ep - epe*e” and ee > eee*e” are calculated in refs. [193, 179]
neglecting the contributions due to an interference between produced and scattered electrons*.

B~ 2.6; C~ 40 for ep— epe’e”
B~ —11; C= 100 for ee— eee’e”. (F.4)

*According to [199] these contributions change B and C weakly.
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The cross section for the u*u~ pair production in ee or e*e” collisions has been calculated by
Baier and Fadin [4, 193], Kuraev and Lipatov [ 179] (see also [205]):

280 s
Octe 5 ptepty™ = (P - AP +BI+O), (F.5)

A =12 ~6.36, B=—35[4212 + 196.4], + -+ 217* + 152] ~ —258,
C=35 (145 + 184.82 + (1109 + 55 — Tn2)l, + (36 + fHm? + 1% — 189¢(3) — 17251 ~ 1850;

1258

Let us note, for /s < 1 GeV the cross section (F.5) would be negative. This means that it is
necessary also to take into account here the terms of order of s7'. Therefore, at energies now
achievable the estimation from below turns out to be more useful (see the end of sub-section 5.3).
The significance of terms of the order of s7! is discussed in detail in ref. [205].

Notes added in proof

1. (To sub-section 3.3). Recently A. Bodek et al. (SLAC-PUB-1442 (1974), submitted to Phys.
Rev. Lett.) reported on “Observed deviations from scaling of the proton electromagnetic structure
functions”. This means that a short distance interaction is markedly complicated than it seems in
the simplest variants of the parton model and with usual assumptions on the light cone current
commutators. This conclusion is confirmed also by preliminary data on the annihilation e*e” > h
[203].

2. (To sub-section 3.1). A possible role of both radiative corrections and two-photon produc-
tion of hadrons in the SPEAR-type experiments is discussed in the paper of Ginzburg, Meledin
and Serbo (Phys. Lett. in print). The corresponding corrections to the observed cross section are
not too large but taking account of them can help in resolving the “‘energy crisis’’ which is now
discussed by a number of authors (see e.g. Ellis’s talk given at the London conference (1974)).

3. (To sub-section 3.1). G. Barbiellini et al. (Frascati preprint LNF-74/10(P) (1974)) reported
on observation of single event for the e*e” - ¢*e¢"X°(n’) process. The value of I',._,.. = 1 113 keV
or alternatively an upper limit I',,_, .. < 33 keV with 95% confidence level is obtained.

4. (To sub-section 6.7). Recently Grammer and Kinoshita (preprint CLNS-201 (1974)) have
compared the results of the exact calculation and those obtained by the two approximate methods
called by them DEPA and WW. The first method (DEPA) corresponds to using a spectrum (6.19d),
the second one (WW) is a simplified variant of DEPA; it is just WW used in refs. [119, 3, 5, 14].

It has appeared that for the reaction ee - ee u*u~ in transition from WW to DEPA an accuracy
of approximation improves markedly (the error < 10—15%). A description by DEPA turns out
to be unsatisfactory only at very high energies (v/s > 100 GeV). The causes of such discrepancy
from the exact results are the same as for WW (cf. sub-section 6.7).

A similar comparison was also carried out for the reactions ee > ee X, where X =7°, 0, 771" —
with neglecting the strong interactions of hadrons. It was concluded also that DEPA is here also
a good approximation for now obtainable energies.

This last statement seems to us quite baseless, even if, first of all, accurate calculation is impos-
sible here because the off mass shell behaviour of hadronic amplitudes (depending on photon
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masses) is unknown. With the information available on these amplitudes the cross section of the
given processes can be found only with logarithmic accuracy which is not high at present energies.
This very accuracy is given by an equivalent photon approximation (EPA) discussed in section 6.
At the same time the EPA provides a high (power) accuracy (cf. (4.11), (6.20)) for determining
the cross sections with the corresponding (experimental) limitations on the electron scattering
angles. Such an accuracy cannot be obtained by means of WW or DEPA.
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