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We here suggest an experimental investigation of the Xyy vertices (X= 7t, g, or g') in the
specific case where both photons are spacelike, one of them being almost real and the other
one highly virtual. For this purpose, we suggest that, in an electron-positron storage ring,
e e+ inelastic collisions of the type e e+ e e+X e e+yy should be analyzed, one of the
outgoing e~ particles being detected at a very small scattering angle (a few milliradians),
in coincidence with the other one measured at a relatively large scattering angle (higher
than a few degrees) and with both decay photons emitted at large angle with respect to the
beam axis. Assuming various experimental cutoffs on angles and energies, we show that
(a) the background due to double bremsstrahlung can be made negligible through our choice
of these cutoffs; (b) for X= ~ or q, the cross sections should be high enough to justify ex-
periments of this type to be planned with future storage rings of beam energy& 3 GeV and
luminosity& 10""cm sec; (c) such experiments should allow a discrimination between
various types of electromagnetic form factors used for the Xyy vertices.

I. INTRODUCTION

In a recent paper, ' we suggested an investigation
of the Xyy vertices (X= wo, q, q') in electron-posi-
tron storage rings, using the process e e'-e e'X

e e+yy under specific experimental conditions
which should be the following: Both outgoing e'
particles would be detected at very small scatter-
ing angles, in coincidence with both photons pro-
duced at large angles with respect to the beam ax-
is. Such an experiment should allow a quite pre-
cise measurement of the various Xyy coupling con-
stants [or, equivalently, of the decay widths
I'(X-2y)]. This suggestion inserted itself into the
general scheme defined in our previous papers"

for studying photon-photon collisions through in-
elastic e e' scattering processes (and in particu-
lar reactions of the type e e'-e e'A. A', where
A' is any charged particle) in electron-positron
colliding-beam devices.

We here suggest the following variant of the ex-
perimental scheme proposed before: Only one of
the outgoing e' particles would be detected at a
very small scattering angle (not more than a few
milliradians), whereas the other one would be
measured at a relatively large scattering angle (at
least a few degrees). Thus, only one of the virtu-
al spacelike photons exchanged [see the Feynman
diagram of Fig. 1(a)] would be almost real [its q'
value would be lower than a few (MeV/c)' for beam
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energies of a few GeV], whereas the other one
would be highly virtual [its q' value would be high-
er than 10' (MeV/c)']. The basic purpose of such
an experiment would be to determine the electro-
magnetic form factors of the Xyy vertices in a
spacelike region.

This type of experiment was already proposed
and studied by the authors two years ago, ~ but not
in an entirely realistic way. In particular, we as-
sumed at the time that a missing-mass experiment
(measuring only the outgoing e' particles) would
be sufficient, whereas we now consider that, in
order to get a sure identification of the pseudo-
scalar particle X, the decay photons from the pro-
cess X-2y (which is the only one existing in the
case X=g', the most important one for X=q, and
still the simplest one for X=@') should also be
measured.

Before showing our numerical predictions, we
first present a check —extracted fx om our pre-
liminary work —of the Williams-Weizsacker ap-
proximation' which we used throughout in oux cal-
culations and which is much discussed nowadays. 6

We then study the problem of background rejec-
tion, this background being due -as in Ref. 1-to
the double-bremsstrahlung process, the leading

term of which is represented by the diagram of

iX

Fig 1(b). We will show that this background can
be made negligible by imposing additional experi-
mental requirements. At the same time, we give
the values of the integrated cross sections of the
process of interest, and we show that -under the
conditions assumed —these values are sufficient,
at least for X= mo and q, to ensure reasonable
counting rates with e e+ storage rings of beam en-
ergy R3 GeV and luminosity 21032 cm 2sec '.

We also show the angular dependence of the
cross sections (with respect to the e' particle
scattered at large angle), and in particular the in-
fluence of various types of electromagnetic form
factors proposed for the Xyy vertices.

In- our conclusion, we rediscuss briefly the in-
terest and feasibility of such experiments, and we
mention their connection with some recent sugges-
tions for e' colliding-beam experiments made by
other authors.

Details of calculation are given in an Appendix.

II. CHECK OF THE WILLIAMS-%EIZSACKER METHOD

In order to check the Williams-Weizsacker ap-
proximation, ' we calculated, for the process e e'
- e e+vo, the differential cross section d'u/

[2nd(cos8')], divided by the width I' of the mo, us-
ing both an exact calculation and the approxima-
tion, the latter being applied to the vertex where
an e' particle is scattered at a smail angle (for
simplicity, we shall call ttus vertex the left-hand
one). 8' is the scattering angle of the right-hand
e' particle (supposed to be scattered at a com-
paratively large angle; i.e., 8'~ 5'). For the left-
hand scattering angle, we chose a higher limit
8,„=3'. In both the exact formula [(AQ) in the Ap-
pendix] and the approximate formula (A16), the
electromagnetic form factor I' was assumed to de-
pend only on the four-momentum squared (f'=)q'2()
of the right-hand virtual photon. Three different
expressions were used for this form factor, name-
ly:

FIG. 1. (a) Main Feynman diagram for the process
g-g+ g"g+~ e-e+yy (g= mo, g, or g'). (b) Leading
Feynman diagram (under the conditions defined) for the
double-bremsstrahlung process e e+ e"e+yy.

with f' expressed in (GeV/c)2.
Figures 2(a), 2(b), and 2(c) show the curves ob-

tained, with these three form factors, for beam
energies +0= 1, 2, and 3 GeV, respectively. It
can be seen that, when compared with the exact
calculation, the Williams-Weizsacker approxima-
tion always gives the right order of magnitude and
angular behavior, even at E, = 3 GeV, where the
four-momentum transfer () q') 'I') of the left-hand
vertex can no longer be considered as very small
with respect to the pion mass [we then have

((q'(,„)'"=-150 MeV/e]. Thus the approximation
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works even better than we might have expected.
On the other hand, it is legitimate to assume thai
this approximation would work still better for
those reactions of the same type where particles
with higher masses (q and q'} are produced. Fi-
nally, since in our following study we take an even
much smaller value of 8,„(only 4 mrad), we may
conclude that our use of the Williams-Weizsacker
approximation in that study was perfectly justified,
and that the errors involved should not be higher
than a few percent.

(= &a,„/E,) for the left-hand e' particle. The stan-
dard value chosen was X,„=70%.

It should be noticed that here there is no reason
for defining similar cutoffs on the relative energy
loss of the right-hand e' particle. However, an
absolute lower limit of l0 MeV was set on the en-
ergy E' of the outgoing right-hand e' particle.

Qn the other hand, we used the following values
of partial decay rates, branching ratios, and
masses:

(1) Partial decay rates 1 (X- 2y): 11 eV for X

III. BACKGROUND ELIMINATION AND VALUES

OF INTEGRATED CROSS SECTIONS

10
(a)

In order to introduce realistic experimental con-
ditions for the study of the reaction e e'- e @+X- e e'yy according to the variant considered here
[diagram of Fig. 1(a), with the left-hand virtual
photon almost real and the right-hand one highly
virtual], we define the following parameters (see
the kinematic scheme of Fig. 3 for the definition of
the scattering and emission angles):

(i) A maximal scattering angle 8,„ for the left-
hand e' particle; we chose 4 mrad as the standard
value for 8

(ii} A minimal emission angle g . for both out-
going photons; more precisely, this means that
g . & g, g' & m —g;„. We took g . =45'.

(iii) A minimal scattering angle 8 . for the
right-hand e' particle. We chose 8';„=5'.'

(iv) A maximal scattering angle 8',„ for the
right-hand e' particle. We chose 6',„=35', so that
8',„&g . . This choice was motivated both by the-
oretical reasons (background rejection, see the
discussion in Sec. III of Ref. 1) and by experimen-
tal ones (it appears preferrable that the devices
for photon detection and for e' detection should be
located in separate angular regions).

(v} A maximal relative energy loss }t,„(=~ /E„. .

&u being the energy of the left-hand virtual photon),
imposed to the left-hand e' particle. The values
to be chosen for X;„will be discussed hereafter.

(vi) A maximal relative energy loss II,„
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FIG. 3. Kinematic scheme corresponding to Figs.
1(a) and 1(b) (for simplicity, azimuthal angles are left
out) .

PIG. 4. Integrated cross section as a function of
y . , for the process e-e+ e e+X e e+yy, with 8~~
= 4 mrad, omin = 5'» 0m~m = 35 s &min = 45 ~

(a) &0= 2 GeV, (b) E0=3 GeV. Solid lines, main process
(form factor E = E3); dashed lines, background, i.e.,
double bremsstrahlung with the 2y invariant mass inte-
grated over between mz —100 MeV and mz+ 100 MeV.
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1O' the main term [Fig. 1(a)] and the background [Fig.
1(b)]. The corresponding curves are shown in
Figs. 4(a) and 4(b) for Ee =2 GeV and 3 GeV, re-
spectively; here all cutoff parameters other than

y;„were kept fixed at their standard values. For
the main term, the electromagnetic form factor
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FIG. 5. Integrated cross section as a function of
/max, for the process e e e e X e e~yy, with @0

g . = 5% for X= n, 13% for X= g, 20% for X= g'.
(Form factor E = F3.)

= me, ' 1 keV for X =q, ' 5 keV for X=@' (which is
just a guess, assuming that this rate is approxi-
mately proportional to m~').

(2) Branching ratios I'(X- 2y)/I'(X- total): 100%
for w', 40%%uo for q,

' 10% for q'."
(3) Masses rnz 135 M.eV for m', 549 MeV for q,

958 MeV for q'.
The first point we studied was the variation of

the integrated cross sections with y,-„, for both
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FIG. 6. Integrated cross section as a function of
0 „, for the process e e+ e e+X e e+yy, with
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FIG. 7. Integrated cross section as a function of
Eo, for the process e e+ e e+X e e+yy, with ~~
=4 mrad; dmin= 5 l ~max= 35 ' dmin=45 i Xmax= 70%
(a) X= m ~ &min = 5%. (b) X= g~ &min= 13%~ (c) X'

= 20%. Solid lines, main process (F.=E~, E»
or E3); dashed line, background, i.e., double bremsstrah-
lung with the 2y invariant mass integrated over between
mx-100 MeV and mx+ 100 MeV.



2242 J. PARISI AND P. KESSLER

TABLE I. Integrated cross sections in 10 cm, calculated for the process
e e+ e e X e e+yy, with Omax =4 mrad, 0~m=5'~ emax=35'~ &min=45's &max =70%.

X =7t' (Xmm= 5%)
3 GeV 4 GeV

X= g (X, ~ =13%)
3 GeV 4 GeV

X =q' (y =20%)
3 GeV 4 GeV

2,36
0.87
0.54

2.61
0.65
0.34

0.66
0.22
0.14

0.67
0.13
0.06

0.11
0.04
0.03

0.11
0.02
0.01

E, (as defined in Sec. II) was used, in order to give
a lower rather than a higher limit for the cross
sections. In the background term, the 2y invariant
mass was integrated over between mx —~m and
m~+ 4m with Am =100 MeV. It can be seen that
(a) the background rejection is substantially better
at E, = 3 GeV than at 2 GeV; (b) as the mass of X
gets higher, higher values of y;„must be chosen
in order to ensure an efficient background sup-
pression. We were thus led to adopt the following
standard values: y;„=5% for vo, 13% for q, and
20% for q'.

We then studied the variation of the integrated
cross sections of the main term with y,„(Fig. 5)
and 8,„(Fig. 6), all other cutoff parameters being
kept fixed at their standard values, the beam ener-
gy being taken as E, =S GeV, and the electromag-
netic form factor F, being chosen. It is seen that
both y,„and e,„are not critical parameters.

Finally, we studied the energy behavior of the
integrated cross sections [Figs. 7(a), 7(b), and

7(c}for X=v', q, and q', respectively], all cutoff
parameters being kept at their standard values.

The effect of the three electromagnetic form fac-
tors defined in Sec. II is shown. Also shown is the

energy behavior of the background; here again we

notice that the background suppression becomes
much better when the energy is increased.

In Table I, we show the numerical values ob-
tained for the integrated cross sections of the main
term at E, =3 GeV and 4 GeV, all cutoff parame-
ters being kept fixed at their standard values, and
the three form factors F„F„F,being used.

To conclude, let us mention that all numerical
integrations were performed, using formulas (A16)
and (A20) of the Appendix (for the main term and
the background term, respectively}, through a
computer program (the limitations on the the angle
(' had to be introduced specially into the program,
since this angle is not used as an integration vari-
able).

IV. ANGULAR DEPENDENCE

We show, in Figs. 8(a), 8(b), 8(c}, the differen-
tial cross section do/d(cosg') of the main process,

(a)
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for X= m', q, and q ', respectively; here the beam
energy was taken as E, = 3 GeV, and the cutoff pa-
rameters 8,„, g . , y;„, and g,„were kept fixed
at their standard values. It can be seen how the
experiment would allow to discriminate (from 8'
~ 5 on, for all three pseudoscalar particles con-
sidered) between the various types of form factors
introduced.

V. CONCLUSION
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As already stressed in Ref. 1, it would be quite
interesting to obtain some indications on the elec-
tromagnetic form factors which are effective in
the physical region considered (where one of the
virtual photons has a high spacelike q' value, and
the other one may almost be considered as real),
all the more since other types of experiments
might allow the determination of the same form
factors in different physical regions. "

As we see from Table I in Sec. III, the integrat-
ed cross sections should be high enough, under the
conditions defined, to give rise to reasonably large
cross sections in the case of w' and q production,
provided that electron-positron storage rings with
beam energies of 3 GeV or higher, and with a lu-
minosity of at least 10" cm ' sec ' will be availa-
ble in the future.

On the other hand, the values obtained for g' pro-
duction are obviously somewhat too low to under-
take this type of experiment. The situation would
even be worse if the branching ratio F(q'-2y)/
1 (q'-total) proved to be only of the order of 2%
(instead of 10%), as a very recent experiment per-
formed at CERN seems to indicate. " In that case,
one might wonder whether a missing-mass experi-
ment (i.e., a measurement of the outgoing e' par-
ticles alone) should not be envisaged for the case
of the q'. However, such an experiment would re-
quire a special careful preliminary study, since
very difficult background problems would arise.
Not only the theoretical background (double brems-
strahlung, leptonic processes) but also fortuitous
coincidences would have to be taken into account.

As a last remark, we should like to mention that
there is an obvious connection between the idea
presented here and the suggestion recently made
by some other authors' '4 to study the deep-in-
elastic scattering of electrons on a photon target
(with multi-hadron production). by looking, here
again, for electron-positron inelastic collision
processes where one of the e' particles would be
scattered at small angle and the other one at large
angle. Here again, there will be delicate back-
ground problems which should be carefully inves-
tigated in the future.

APPENDIX: DETAILS OF CALCULATION

1 . Main Term .(Exact Calculation)

The generalized helicity method" allows us to
write

do' = (4vn)'dC D,

with the kinematic factor dC given by

1 m' M
dC = 6(2», d~dvE'dE'dQdQ»

(A1)

(A2)

where we use the following symbols: m is the
electron mass; E, is the beam energy; & is the lab
energy of the left-hand virtual (almost real) pho-
ton; r=)q'(/(4 m), f' being the squared four-mo-
mentum of the left-hand virtual photon; E' is the
lab energy of the right-hand outgoing e ' particle
(scattered at large angle), and 0 is the solid angle
of that particle; Q„ is the solid angle of one of the
emitted photons; M is the invariant mass of the
photon pair produced, given by

Ma=4&v(E, -E') —2(E, —&o)E'(1+cose), (A3)

where e is the angle between the outgoing e ' parti-
cles (it becomes 8= v —8' in the case where 8«8',
8 and 8' being the respective scattering angles of
the left-hand and right-hand e' particles). Finally,
Ã is given by

N=2E, —(E, —&u)(l —cosg) -E'(1 —cosg), (A4)

where g is the emission angle, with respect to the
8 ' colliding-beam axis, of one of the emitted pho-
tons, and $ is the angle between that photon and the
right-hand scattered e' particle; the latter angle
can be expressed by

cosg = -cos icos 8'+ sing sin8' cos(4 —4»), (A5)

where 4 and C, are the respective azimuthal angles
of the right-hand scattered e ' particle and of the
photon considered. [Notice that dC'» = dA»/d(cosP);
and that all angles defined here are taken in the
lab frame. ]

The dynamic factor D is given by1,[I'(X-2y)]'
29vn4m' 1'(K total) 6 M - mx), (A6)
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where E is an electromagnetic form factor (for the
vertex connecting the particle X with both virtual
photons), and Z is expressed as

beam axis. One easily gets

do' = (4wn)'dC' D', (A12)

Z=v v' (I,+I+, -I, I,' cos24), (AV)
m'

dC'=
2M 5 E'dE'dOdQI,

w LEEp
(A13)

with r'=)q")/(4m'), q" being the squared four-
momentum of the right-hand virtual photon; I++,
I, are matrix elements of the left-hand virtual
photon's polarization matrix, defined in the yy
c.m. frame with respect to the yy collision axis;
these matrix elements are given by

I~~ = 7'U+ 'T-1,

, [r(x-2y) j'
r(X total) 6(M

(A14)

All parameters used in (A13) and (A14) have the
same definition as in part 1 above, except that I,',
now has a somewhat simplified expression:

with

(8Eoar
' —M'+ t' —t)2

M'+2(t+f')M'+(t —t')' '

(A8) 8E&&-M -t'

One finally gets

(A15)

where N' is expressed as

N' = 2EO —(E, —&v)(1 —cose) (A10)

and E' is given by (A3), substituting m» for M.

2. Main Term (Williams-Weizsacker Approximation)

where &u'=Eo-E', t=[q'[, t'=[q" [; I,', are de-
fined in an entirely similar way for the right-hand
virtual photon, and are derived from (A8) by in-
terchanging (t, T, &o) with (t', ~', u&'). Finally, . 4 is
the azimuthal angle between the outgoing e' parti-
cles in the yy c.m. frame with respect to the yy
collision axis. Its expression with respect to the
lab parameters is somewhat complicated, but can
be derived straightforwardly from formula (A5) of
the Appendix of our previous paper. '

Using formulas (Al)-(A3) and (A6) given above,
one gets

, [r(x-2 ))'
2'I' 'E ' gpss' r(X- total)

(A9)

3. Background (Double Bremsstrahlung)

Applying again the Williams-Weizsacker approx-
imation to the left-hand vertex [this time in the
diagram of Fig. 1(b), instead of 1(a)], we write

doD~= F' o~—((o E )
Q —QPC4P

4m E' p
p

(A1V)

where E is again given by formula (A10) of Ref. 1,
and o~ is the cross section for double Compton
scattering between an almost real photon of ener-
gy ~ and an e' particle of energy E„colliding
practically along the electron-positron colliding-
beam axis.

One then gets

E ™g
2'g' m'E ' N'N'

p

x F '„' F' ~~i d(udQdQ»„, (A16),[r(x- 2y) j'

with N' defined as in part 1, and again E' given by
(A3) where m» is to be substituted for M.

If the Williams-Weizsacker approximation is ap-
plied to the left-hand vertex, .one gets

nb' c (4wn) dC D

where dC' is again given by (A13), and

(A18)

do~=
4

F', o'((u, E,),—(dd(d

p

(A11)

where E is the expression given by formula (A10)
of the Appendix of Ref. 1 (there it was called E),
and o' is the cross section for the reaction ye'-e'X- e'yy, assuming that the almost real photon
of energy u and the right-hand e' particle of ener-
gy E, coll.ide practically along the e e' colliding-

D =4~ 4X (A19)

X being used here for a somewhat complicated ex-
pression which is given in full detail in formulas
(11-33)-(11-35)of Ref. 16. Finally,

E' M
do' =,&&+ ~E, &, , FxdMd&udfldfl», (A20)

p

where E' is to be derived from (A3).
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The predictions of the multiperipheral model are compared with inclusive data in K+p and
m p reactions. We compare with topological longitudinal-momentum distributions, double-
differential distributions, multiplicity cross sections, x /x ratio, asymmetry characteris-
tics, isotropy in the c.m. system, and Regge behavior near the kinematical limit. The agree-
ment is reasonably good. We discuss the relation of this work to earlier work on the multi-
Regge model, to results of other models, and to the results obtained by other types of
approaches to the inclusive analysis.

I. INTRODUCTION

During the last: two years the inclusive" type of
reaction a+5- c+ anything has become a popular
means of studying high-energy collisions. Trvo
different ayproaches to this study can perhaps be

distinguished.
On the one hand, detailed studies have been made

of the momentum distribution of particle "c"in the.
momentum regions near the kinematical limit.
For example, comparisons of a given reaction
(e.g., s +p-s +anything for slow & 's in the lab'}


