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The production of hadrons in high-energy e*e~ collisions by photon-photon scat-
tering has been recently investigated by several authors (). Hadrons are produced
in a 0=+ 1 state with logarithmically increasing cross-sections which, at high energies,
dominate over the more familiar one-photon processes. When the final electrons are
detected within small angles 6., and 6,,,, With respect to the initial beam direction
(67 2m0ex A~ M/E) the cross-section for production of a final state F is
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which is approximately given by
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with f(y) = —(2+ y)?Iny —2(1 —y)(3 + y). Here m, E are the mass and the energy of
the colliding electrons and aﬁv(t) is the cross-section for production of the state F by
two real photons of total c.m. energy squared ¢ with threshold ¢,.

The contribution to eq. (1) of low-energy processes, like n® and v production, and
creation of pion and kaon pairs according to pure QED have been studied in ref. (1-5).
Some strong-interaction corrections to yy — nw have also been considered. A com-
plete theoretical analysis of asy(t), for any final state ¥, has not been done. However,
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due to the factor di#/t in the right-hand side of eq. (1), low-mass final states are ex-
pected to dominate the production cross-section. Once ‘711:7('5) is expressed in terms of
the lower-lying resonances one expects, therefore, to get a fairly good description
of the production mechanism. Remembering, in addition, that a two-photon system
does not couple to a J? = 1- state, the final states F therefore have the quantum
numbers J?= 0", 0* and 2%.

The aim of this paper is to present an evaluation of the different contributions to
the total hadronic cross-section from the just-mentioned states. We note that in the
case of F being a pseudoscalar meson the sitnation seems rather firmly established (*-2).
On the contrary, no definite predictions are available for the remaining cases, since the
coupling of the two-photon system to a scalar or tensor meson is unknown. In order
to estimate these quantities dumality and finite-energy sum rules are used in the way
described by Aviv and NuUssiNov (5), who first applied these ideas to compute the
o — nn% decay rate, and, more recently, by GouNaris and VERGANELAKIS (%), who
successfully studied v — =%y.

Briefly the procedure is as follows: consider Compton scattering from pseudosecalar
mesons

2) Plgy) + v(—ky) = Plga) + v(ky)

and with the kinematical invariants s= (¢, — k)% &= (b + k)?, 4= (¢, —k)? v=
= Ls—u) and Q= §(q;+ ¢,), write the Feynman-invariant amplitude as

(3) F=el'syT

v

with the gauge-invariant tensor given by

(4) Tﬂv = A(V, t) {g‘un(klk2) - klukzﬂ)} +
+ B, 1) {(Qk1)ka2M + (Qk:)Q Koy, — Q1) (QF) g, — (751]92)9#(21;} :

For low values of » the amplitudes A(v, t) and B(v, t) are described in terms of contri-
butions from nearby singularities in the s and % channels, namely the p, » and B mesons.
The high-energy behaviour, on the other hand, is parametrized by the Regge trajec-
tories exchanged in the ¢-channel, which, according to the two isospin possibilities, are
P’ and ¢ trajectories or A, and 3. The usual lowest-momentum FESR is then applied
to calculate the Regge residues. The details of this calculation are accurately discus-
sed in ref. (7). Once the on-shell Regge residues are known it is easy to obtain the
representation of the A and B amplitudes in the {-channel, where the vy system is coupled
to the scalar and tensor mesons.
For the processes vy — 3, A, —nw, the result is
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(") R. Aviv and S. NussINOV: Phys. Rev. D, 2, 209 (1970).
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where

Am?, m3, m3) = [m} — (my + my)"] [m] — (my—mg)*]

B=10.118, fi=-—0128, fp=0.0154, v= H{(t—m2 —m3)* — dmimz}t cos o,

and 6, is the production angle of the nm system in the c.m. frame of the two photons.
The masses appearing into A(m?, m3, m3) are expressed in GeV. In order to take ac-
comnt of the finite width of the 8 and A, resonances which oceur at the physical region
in the t-channel, we have phenomenologically added an imaginary part to es() and
ap,(t). Notice also that the § pole contributes only to A(», ).

Consider now the reaction vy — nox® with the s-meson as intermediate state. From
the smallness of the o —>wrny decay rate (I'p—smin-y < 0.16 MeV) (%) and considering
the e-meson as a member of an octet, one gets from VMD gey., = (— 2)(e/fo) Jewm-
This relation together with the results from ref. (%) yields

14
(®) P L Pp— . E—

t—mg + im L
where g5= 1.12(¢/f,). It is worth noting that § U, symmetry gives for the ratio
B = 2oy 02nons/93vy Joqm the value 3fg/de® which agrees well with K= 210 as can be
easily deduced from (5a) and (6). The fact provides a good check for the above
calculations.

Tor the reaction yy —f—nx® we obtain from ref. (®) and SU; symmetry the fol-

lowing results for the invariant amplitudes A(»,?) and B, 1):
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where B5 = /33 —%(e/fo) 4.7, pi~ /365 and v = F4(1— dmz/t)* cos 0.
The evaluation of the cross-sections for two-body processes is straightforward.
From eq. (3) we have

1 1 [ d3q d3q,
(8) ny—>Pp’(t) = @ Z f 2050 ’% (ks + ko —q1 — ) Tuu e,

where the photon polarizations have been explicitly averaged and T, is determined
through eqs. (5), (6) and (7). An equivalent expression for cﬁY(t), valid near a resonance R
of angular momentum J, is

I'R - yy)I'(R - PP’)
(t—mg)* -+ mp g

(9) Oypysmspp! (1) = 87(2J + 1)

(®) PARTICLE DATA GROUP: Rev. Mod. Phys., 43, No. 2, Part 2 (1971).
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Comparing eqs. (8) and (9), we find

(10a) IS —yy)I(8 »nm) = 3.7 (MeV)?,
(100) Pe>vyy)l(e>nm) = 1.5 (MeV)2,
(10c) T(Ay = vy) (A, — ) = 5-10-% (MeV)?,
(10d) It >y T(f —>nm)  ~ 0.1 (MeV)?,

where in the e, f->nn decays all the charged-pion states are included. Taking
I'(8 = nm) =~ 70 MeV, I'(e - nw) ~ 250 MeV, I'(A,~>nn) >~ 15 MeV and I'(f — nn) ~
= 120 MeV (8), we also obtain

I8 »vyy) =50keV, I'(e —vyy) = 6keV,
(11)

I'(A; = vy) = 0.3 keV, I —yy) >~ 0.8 keV .
The produetion cross-sections are easily evaluated by substituting eq. (8) into (1).
They are shown in Fig. 1 in the case of 5 and ¢ mesons. The contribution coming from

A, and f turns out to be negligible. For n*x~ production we have shown the pure QED
predictions and the complete ecross-section which is deduced from

2 4
(12) () = 1 é{4e4 [1 + f? (1 Sl 1—1Lf) g Sy -llﬂ] +
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where § = (1— 4m2/it.

For the sake of completeness we have also plotted in Fig. 2 the ecross-section
for-production of =% 7 and . They have been obtained using (%= yy) = 7.8 eV,
I'(n —~y) = 1keV (%) and I'(4" > vyy) = 55keV. The latter partial width has been
deduced from SU, symmetry assuming a quadratic mass formula for the 7-v’ mixing (°-19),

Let us briefly discuss our results. In the reaction ee -—»eer™=— the Born terms
practically dominate over all other exchanges. Similar conclusions have been drawn
by Lyru (°) using dispersion relations and unitarity. On the contrary, our result is smal-
ler by a factor of about 8 than that obtained by Bropsky, KiNosHiTA and TERA-
zAWA (3). A reason for such a diserepancy can be traced to the fact that in the super -
convergent sum rule used by these authors only the e-resonance was taken into ac-
count. If we had used only the ¢ and § poles to explain the « - o0y and % = nlyy
decays, our results ((10a), (105)) would have increased by more than a factor 10.

For high-multiplicity production we find that the & and 7’ intermediate states domi-
nate over all others. Adding together the different g, for any state F we show in
Fig. 2 the total cross-section for hadron production by vy scattering. It can be seen that
the predicted rate for hadron production by two-photon mechanism would exceed
1032 em? at B = 1.5 GeV and is, therefore, comparable with the e*e~ annihilation cross-

(®) H. HARARI: Proceedings of the Vienna Conference (Vienna, 1968) .
(*9 A. BARAcOA and A. BRAMON: Nuovo Cimento, 69 A, 613 (1970).
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Fig. 1. — Total cross-sections for 8§ and ¢ production. The values mg= 0.8 GeV and mg= 1 GeV have
been used.

Fig. 2. — Total cross-section for production of w°,n and y'. oy, refers to the total hadronic two-photon
cross-section,

sections. It follows that the use of tagging systems is necessary to separate the one-
photon from the two-photon processes.

After this work was completed we have received the paper « Finite-Energy Sum
Rules and the Reactions ee — eee(750) and ee —eef(1260)» by B. ScmrEMPP-OTTO,
F. 8careMpp and T. F. Warsm, DESY 71/20, where some of the arguments discussed
above are studied in a similar way.

® % K
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