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ABSTRACT

Various approximate methods are applied in order to estimate vector
boson production at high energies. Most of the calculations refer to
photon-induced interactions, but in addition a certain class of reactions$
induced by =n and X beams is discussed. The photoproduction of p's
and o's is considered by a diffraction mechanism as well as by a one pion
exchange mechanism. Both of these methods lead to surﬁrisingly large
nunbers for the cross section. The subsequent decay of po(aP) s
e+(u+) + e (u7) 1is considered as a possible and interpretable correction
to the pure QED calculations of large angle pair production. The possibil-
ity of measuring the p(w)my coupling constant is examined by considering
the coherent process in the nuclear Coulomb field = + A — p{(w) + A.

The question of whether vector boson production could give significant
enhancement to secondary pion and kaon beams is considered. No confident
theoretical statement can be made about this question, and a definite

answer depends on the experimental determination of certain parameters.



I. INTRODUCTION

A number of high energy processes are computed in terms of observed
strong interaction cross sections. We are concerned here primarily with
photon initiated reactions but consider in addition a class of related
7 and K beam interactions.

It is neither the aim nor pretension of these calculations to yield
quantitatively reliable results. Quite the contrary; we are fully aware
of the very crude nature of the approximations and intend the results
only to show those special features which may be of value in planning
experiments at the new accelerators.

We suspect that many of these results may be found in the lower
left hand drawer of the desks of many of our colleagues; however, we
feel it of some value té compile these results in one place.

We consider first, in Sections II and III, the cross sections to
photoproduce the po and o as unstable heavy brothers of the photon
via diffraction and one pion exchange channels. From our estimates it
appears feasible to detect their rare electromagnetic decay modes
0%, ® —»et +e” and °, o —»ut 4+ 17 and thereby to confront quantum
electrodynamics with new tests.

In arriving at these results it is necessary to introduce inter-
action vertices for the p and w resonances with pions and photons
and to appeal to existing experimental numbers. The possibility of
directly measuring some of these parameters by observing coherent pro-
duction of vector resonances from incident ='s (or K's) in a nuclear
Coulomb field is discussed in Section IV. For some parameters we must
appeal to theoretical arguments as given by Gell-Mann and Zachariasen®
who discussed the dispersion theoretic basis for a model introducing the
vector resonances into diagrams with elementary couplings. Those dis-—
cussions and the subsequent work of* Gell-Mann, Sharp, and Wagner® are

extended in Section II to further reactions at higher energies.

In Section V we consider possible photoproduction amplitudes in-
volving absorption of the incident photon on the currents of the vector

resonances. Finally in Section VI we compare the various channels as



production mechanisms for secondary = and K beams from photon ac-
celerators.

It is to be understood that questions of "elementarity" vs "dyna-
mical resonance" of the vector bosons are of no concern here. The plan

is a purely phenomenological one of relating different processes which

proceed through common interaction vertices and channels.

II. DIFFRACTION PRODUCTION

The first class of processes we consider proceeds via a diffraction
channel. A photon materialiies via diffraction scattering from a proton
target, say, as a spin one resonance with the same gquantum numbers as a
y: J = 1; parity P = - 1; I = 1, O; charge conjugation C = - 1. This
process is recognized by dbserving a bump in the decay spectrum at the
resonance mass and by recognizing a diffraction angular distribution
similar to the observed pattern in = - N and N - N scattering at the
tot]z
c

same total energy s = (pl + P2)2 = [E o 1+ The first question to

answer is: what are the vector resonances coupled to the photon;

i.e., what bumps are found in the mass spectrum in addition to the p

and ® at 750 and 780 MeV, respectively? If the soft cores in the

electromagnetic form factors® are to be associated with heavy vector
resonances with m* = 1 . 1 BeV they should be observed via their pri-
mary decay channels.

In order to estimate the cross section for this process we turn to
the Amati, Fubini, Stanghellini®* model of diffraction scattering to
relate the y —vector diffraction cross section to observed =« and N
diffraction measurements.

In this model diffraction scattering is calculated by summing
overall two pion exchange graphs as in Fig. 1. Each rung in the lad-
der represents a low energy resonant nn systenm (a nN system for the
top and bottom rungs in NN scattering and for the bottom rung in =N
scattering) and the sum of these graphs for all numbers of rungs in the
ladders represents an approximate solution for the elastic amplitude in
the strip approximation to the Mandelstam representation.5 The ab-
sorptive part of the amplitude proceeding through real intermediate

resonant states dominates.
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In application so far this model has been limited to point S-wave
couplings where it has the now uncertain virtue of leading to the Regge
pole behavior of a diffraction pattern of shrinking width with increas-
ing energy. We use it here only to estimate ratios of diffraction
cross sections in the following way. The ratio of NN to =N dif-
fraction scattering is given by the ratio of =nN resonance to =nx
resonance couplings as in Fig. 2. Treating the virtual exchanged pion
as sn incident real one at the top vertices, forming a 33 resonance in
the NN scattering case and a p resonance in the =N case, with the

resonance propagating on the mass shell (absorptive amplitude) we find

\
i §
do(s,t) dozj(a%,t=0)
at at
~ -~ (1.3)%
anc(s,t) daﬂﬁ,p(mp,t=0)
at s/t>>1 at

which is close to the cbserved ratio, by the optical theorem, of
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Similarly for the photoproduction of a o meson, say, in the for-
ward direction we consider the diagram Fig. 3 in the spirit of the AFS
model and evaluate it in terms of the observed = nucleon diffraction
cross sections by evaluating the ratio of the vertices at the top rungs
in the ladder in Fig. 2b and Fig. 3 in the resonance region.

In calculating the =n-N scattering amplitude we intrcduce a pxx

coupling

€5 e (o) [k + kg]H (1)



at a vertex in Fig. 2b to form the p resonance in the =nn interaction.

The kinematics are illustrated in Fig. 4, and the coupling constant 7pnn

is determined from the measured width of the dominant 2n decay mode of
the p:

N /;2 I 2 Léé
_ 1 pm o _x
Pp =15 Q—E;t—- 1 KJ‘/ mp. (2)

With this interaction we obtain for forward scattering of the incident

n-meson at the top rung of Fig. 2b

] k- Q" (x - Q)Y |

- g2 MY
By B+ Q) Lg = (x +4q),
o
2 2\%
(k= - a7) |
= - g% (x +q)% - ——s——]
o me -
& J
_ 2 2 2/ 2
= &on mp {l + 0 (mn/mp)] (3)

where the kinematics is taken as illustrated in Fig. 5, and we make the
peripheral approximation ‘qalz mi << mi.

In calculating the p-photoproduction we must introduce ymw and
prw vertices at (a) and (b) in Fig. 3. These have unique gauge in-

variant forms with factors

&y e(a) b e a .
- sbea €(7 k(y) €lw) k(w) )
p
and
gpnw a b c d
= Cabed €(p) k(p) €(w) k(w) (5)
P

corresponding to kinematics as shown in Fig. 6.
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A relation between the two coupling constants in (4) and (5) is
given in Ref. 1 on the basis of a universal coupling scheme for vector

meson86 :

&y - 2y Bonw (6)

The p and o may be substituted for each other everywhere 1n (L),
(5), and (6). A crude estimate of 7, and 7~ may be made by assuming
the p and w channels to dominate the nucleon and pion electromagnetic

form factors completely, so that

g =2y =2y (7)

where the last equality assumes unitary symmetry and the factors of two
relative to Ref. 2 are in the definition of the y's. From (2) we find

& [hn ~ 2 for T =~ 100 MeV’ and therefore
pr o

2 2 2
7p ~ 7& 1 gpnn oL (8)
Iin ¥ L Thx T 2°
2 g2 2
gynw o YT 2 gpﬁw (9)
L Tn 2 \ kx )T

A crude estimate of the magnitudes of the coupling constants in (9) is
given in Ref. 2 in terms of a model of the Ko — 2y decay via Fig. 7.

The decay rate, in the present notaticn, is

ne (g8 /hx)
Th=r o=z d = g‘;‘“/ . (10)
m (VD/ﬁN) (75/ )

and from the measured rate of®



T;é ~ 1 x 10*%sec™ ~ 6 eV.

we find
(g [bn) g
p““/ ~ 1.5, or|{ 22}~ 0.4, (11)
(7i/hﬂ) (7i/hn) e
and
2 2
Eynw  Symo L1, (12)

Alternatively we may appeal to the bootstrap calculation of Zacharias-

en and Zemach® for the estimate

2

gpnw

Ly

~ 1 to 2 (13)

The constants giﬂ7/hn and gimy/hﬂ can then be related to peripheral
photoproduction cross sections or measured as discussed in Section IV

* +
for p production from = in a Coulomb field. They are expressed in

terms of Pp(w) ——— the partial width for the process p(w) —n+y by
1 Ké2(m)ﬂ: 2/ 2 \
IN (w>_> = y\_p__—l m 6_ - m /m R (ll}.)
e AN \ L= P TP

In the experiment of McLeod, Richert, and Silverman,lo a p° bump ap-
pears in the reaction 7y +p —>p + n+ + 7 for an incident photon
energy of = 1 BeV. If this bump is analyzed in terms of a one pion ex-

change peripheral production as in Fig. 8, one finds



r ~ 0.5 MeV

or, by (1k)

g2
L = 0.016 (15)

This is one order of magnitude larger than the result suggested in (12).
The value (15) may be grossly in error since all non-pole contributions
were excluded in analyzing the p bump in the experiment of McLeod

et al. However, at the energy of 1 BeV the distance of the physical
region from the one pion pole > m2/2k ~ 300 MeV) is large enough so

as not to encourage optimism in the quantitative meaning of this approxi-
mation. In Section IV we propose an experiment measuing Ppny directly
but for present work take (12) and (15) as lower and upper limits,
respectively.ll

With the interactions (M) and (5) we compute, after some algebra

for the forward scattering of a 7y toa p at the top rung of Fig. 3,

gyﬂaﬁpmw g 7z

me o)

spoe 1413 (8
o)

where the kinematics is shown in Fig. 9; IE;I denotes the transverse part
of the momentum components of the intermediate = mesons: al ‘ E = 0,
In the AFS model the = meson propagating with q, after forming the
first resonance (k - q)2 = qi, retains almost all of the incident
energy k and is very relativistic. From this and the momentum trans-
fer in the laboratory system, mi/Eko, required to form the p in the

forward direction it follows that



Therefore, both intermediate mesons cannot be near their mass shells

simultaneously. For a rough estimate we take q? ~ 0 and find for (16)

- . - l =
gynwgpnuJ € T

Combining with Eq. (3) we arrive at

fastex) (rse) B af (22, ] [ /4]

=)
A/ rppto 2 By L [121‘0/ mp]
Diffraction
6 —0°
do(st)
=0 ) - n
N
Diffraction
6 —0

We shall consider numerical results in more detail later but here we note
that additional contributions to the absorptive amplitude come from the
% current which contributes to a diagram like Fig. 10. This contribu-
tion is neglected here and if important would serve only to enhance our
predicted cross sections since absorptive amplitudes are always positive.la

From this model of converting incident y-rays into massive vector
bosons via a diffraction scattering a number of specific predictions
follow. The numerical values of cross sections are not to be considered
to carry great significance but the indicated qualitative behavioré are
presented as motivation for experimental searches.

The po(wo) angular distrivution and the energy variation of the
cross section should follow the general features of elastic diffraction
cross sections as observed in =N and NN scattering. Furthermore,
the vector bosons are transversely polarized as are the incident photons.
Thus, the angular distribution of one of the final pions in the p —2n
decay will be sin29D about the incident photon direction as viewed in
the rest system of the p resonance.

If this mechanism of p®(a®) production is sufficiently copious

it provides the possibility of observing the rare decay branching ratios
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0, o® »e*, &7 and ut, L7, From the ratio of these two decay branches
one has the very attractive possibility of comparing muon and electron
electrodynamic vertices for time like momenta of = 750 MeV, as already
noted by many authors.™>

With this aim consider the photoproduction of charged lepton pairs
(W or e’e”) through the diffraction scattering of the 7 into o
or . The diagrams considered are shown in Fig. 11.

The encircled mechanism of the «°, p° decay to a lepton pair is

that of Gell-Mann et al%’® and corresponds to a decay rate of
T S %2 ﬁ 1 +0 (mj’//m{;)
V- i7V7En§ 12
=~ 3 keV

~3x10° x0T (18)

pren
Alternatively we may view the processes in Fig. 11 as Compton scattering

of a real photon with k% = 0 to a virtual photon with s = p2 = ({4 + {:>2
~ mi > 0. The form factor at the vertex from which the virtual photon
emerges is given, near the p, @ mass by a propagator (s - m% + 1 FVmVJ-l
as discussed in Footnote 6 in analogy to the nucleon electromagnetic form
factor discussions. This point of view leads to the same result as does
(18). For the lepton pair produced symmetrically about the forward direc-

tion, with

k *p =k p_ ~kE (1 - Bp cos 6) ;
E=E, =E (=k/2),

this contribution does not interfere with the ordinary Bethe-Heitler pair
production am.plitudel4 and the cross section is (m_ = m except in the
resonance denominators and the mass of the lepton is neglected, 1. e.,

m%/mi << 1)



0,00 Metne NGl ) [l s
(

= m
4 2 &
a0 da_ge, 2 &) {lEFp/mp}
i 5 ~ 32
tot 2 1 70-/1Ht 1
x fo_y (s) . - . » (19)
- 4 g -m +1iDlm y /i s - m= +1iTm
W @ w P P PP
where s = (p+ + p_)2 is the mass of the p or w state formed and we
are interested for s near the resonance at = mi. Introducing (6),

(10) and (18) into (19) and expressing the result as a ratio to the Bethe-

Heitler formula for the same energies and angles we find

do _ 2

dn_dq_de 1o fw® m

Diffraction I

R = =

4o o
(dQ_I_dQ_de ) 128 o* m: " |12r

Bethe-Heitler i P

2
72 L 7 1
X | = + £ . (20)

bt s - +1ilm b s -m= +1m
0 0P w W w

Inserting the experimental lifetime (11) and the observed p — 2xn

decay width, Pp ~ 100 MeV, into (20) we arrive at the ratio

2 2 2
R 1 ¥2 1
R~2x 102 |2 . + £ - (21)
bp 1- s/mp -1 I“p/mp b 1- s/mw - i Fa/mw
Alternatively an estimate based on (13), (15), and (18) gives a
ratio R' larger than Eq. 21 by a factor of = 10:
R' =~ 10 R. (22)
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Finally this ratio varies with the measured decay width of the p —2xn
roughly as = l/PZ and is therefore further increased by the smaller
width reported in the high energy measurements.

These results (21) and (22), while numerically unreliable, are
neither sufficiently large nor small that one can say for certain that
there will or will not be an observable bump in the mass spectrum of lep-
ton pairs at s = mi. With a resolution width < Pp/E in detecting
the mass of the A4 pair, they lead to ratios spanning unity at
s = mi. Off resonance, R << 1 and, in particular, for s < mi,
R < 1072, This is because the diffraction channel decreases as we move
below resonance whereas the Bethe-Heitler formula for large angle pair
formation increases according to l/s3 as the mass of the lepton pair
decreases for a fixed incident 7y energy.

Equations (21) and (22) constitute a possible and interpretable cor-
rection to the pure electrodynamic calculations of large angle pair forma-
tion.** Great interest in observing a bump in the lepton mass spectrum

comes from the fact that the ratio of bumps at s = m= for u+u_ to

e e pair production must be one (to within an accurgcy of = mﬁ/mi < 2%)
if the u and e have the same electrodynamic interactions. Any devia-
tion of this ratio from unity would be a manifestation of a difference

in the electromagnetic vertices of the muon and electron for time like
momenta of ~ s ~ (780 MeV)®. The possibility of such differences is

not ruled out by any present experimental information and therefore a
bump in the lepton pailr spectrum at s = mi would be of great interest

to observe.

III. ONE = EXCHANGE AMPLITUDES

We consider next the production of p or w mesons in the one
pion exchange model. Pions are assumed to be coupled to 7 and p(w)
by a coupling of the form of Eq. (4). In addition to elastic po and

@ production from nucleons,

y+p—p (0 +N (23)
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as in Fig. 8, one =n exchange also leads to charged bosons and to

excitations of the various possible =n-N states
*
y+p—p (0 +N (2k)

*
denoted by N in (24) and in Fig. 12.

The laboratory differential cross section for (23) in the one pion
exchange approximation, neglecting any form factor associated with the

pion propagator, the 7np(w) vertex and the =«NN vertex is

2
do 2 T t 2\ | |t] + ot 1
) (e (Tolweny [t 307\ J Il ] (o
an Ly m me k2 [t] + | M°B
lab p,W p,Ww kS 1
where |t! is the invariant momentum transfer,
k = incoming photon energy,
M = nucleon mass
g2
NN . . .
~ 14; T is given in Eg. (1k
» H p((b)-*:rr‘}' g q. ( );
p = momentum of outgolng p-meson, and
2 3
kB, = (Mk+-]:rr12 )" -2 [ + %)% - k% cos? 6 (26)
1 2 Tp,w pJ(D\L

where 6 is the p(w) production angle.

In the forward direction and in the limit where mp a/k << 1 and
L ’

\2 =t [k << m_, we have for p°  production (multiply by 2 for

lt.
min £,
o)
do 3 g2 r 2 /m 4 1
NN p(w)»ny p,w [ p,w
1 - —_ (27)
k
cm/oo 8\ Lx mp,w M m



Using (15) for a numerical estimate we find

dg . -29 2 ~ ~
(dﬂ)ogE ~ 13 % 10 e/ sr at k =~ 5M =~ 5 BeV, (28)
0

which may be compared with the corresponding cross section at this energy

from the diffraction channel

2 2

do 8wt W -
— ~ —-—57 I8 10726 cma/sr (29)
g 0° Diffraction b b

4

Q

1072° cn®/sr according to (11) and (12);

Q

10728 cnf/sr according to (11) and (15).

To disentangle the one = exchange and diffraction amplitudes,
which do not interfere with one another because of the pseudoscalar coup-
ling of the pion to the nucleon, one can compare pO with p+ photo-
production to which the diffraction cannot contribute. Both mechanisms
lead to transversely polarized p mesons in the forward direction. At
higher energies the forward diffraction cross section wins out over the

one 1w exchange as (15) increases with k© whereas (27) is falling as
1/%2.

We may also compare electron or muon pair production through a
virtual =n exchange with ordinary pair production and with the dif-
fraction mechanism. The mechanism is shown by the Feynman diagram,
Fig. (13). Comparing the cross section for the case of symmetric pairs

as in Eq. (20) we find

- 13 -



a 2 2
o : ° M &\ | ooy

d

%Rethe-Heitler

Because of the psuedoscalar coupling of the pion to the nucleon the am-
plitude of the one pion exchange model of o(w) production does not
interfere with the Bethe-Heitler amplitude.

For process (2U) we express the AN vertex directly in terms of
the 33 resonance cross section as in Ref. 15. In that case we find in

the lab systen

2
do 3 [T 1t] + o py BT 1
_ _ 0,0 Ty 0,W /_) R R 0R§1,2/3, 1/3> (31)
an *x 275 \ m ltl + m= \k e
ab,N p,w kit p,w

where PR = width of 33 resonances = m
og = 33 cross section = 200 mb
ER = pion energy necessary to excite 33-resonance = 300 MeV

and <}, 2/3, l/%>are the isotopic factors for o , o°, and oF production
respectively.

Alternatively, the cross section can be determined treating the N*
asa.3/2 particle with a coupling constant determined from the known

width of the 33-rescnance. Following this procedure we find for process

(2k)

- 14 -



(32)

b oo el o]

M+ M )2 M M

where B, is determined from Bl in Eq. (26) by replacing mi ©
*2 * >
with (mi ot M -M ), M is the 33-isobar mass; p, M and k are as
J
before. The quantity g  1s the momentum of the pion (or nucleon)
*

from an N decaying at rest and numerically

*2 3
(3/2)T M Jag =~ 26 .

In the limit of ltl = - mi (31) and (32) are approximately equal.

However, in the physical region (32) can be considerably larger than
(31).

In the forward direction 31 yields for po production, say,

do A 3 m®
> 7t
( ) ) — 2p UR 2\ <33)
*
aq Oo N m T( mn (It + m )

n

In general ‘tmin‘ is small compared to m" only at very high energies.

It
For example, with k = 5M, \tmin‘ = 6.4 mi, Using the value*© of 0.5 MeV
for Pp -y we find from (33) for o production at k = 5M,

(do) -2g 2

- = 10 e /sr
*

af 0%,

which is comparable to (28) for process (23) even though one has the 7

coupling there. This is because |tminl ig larger for process (24)
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than (23). At higher energies inelastic process (24) dominates over (23)
since Eq (27) decreases with increasing energy as l/k2 whereas (33) in-

creases as [tmin‘ decreases with 1/k%.

IV. COULOMB PRODUCTICON OF VECTOR MESONS

In view of these large numbers as well as the intrinsic interest in
the nature of vector boson couplings it is desirable to have an inde-
pendent direct measure of Ppﬂy' For example, the chain of reasoning in
Gell-Mann et al.Z® leads to a significantly smaller decay width as noted
earlier. We therefore propose a permutation of lines in Fig. 8 leading
to conversion of a =« into a p-meson in the Coulomb field of a nucleus,

as illustrated in Fig. 14,
*
it +Z—=p + 2

The related processes of Coulomb production of =n's and n's from in-
cident photons have been considered by Primakoff and by Andersen, Halprin,
and Primakoff,16 and this mechanism has also been discussed recently by
Pomeranchuk and Shmushkevich, Good and Walker, and Barmin et al.t” Ve
confine our remarks here to charged p production from charged n-mesons
as experimentally cbservable. In principle the same formulas are obtained
for po and ap production from 7°'s and indeed this latter process
may be obgervable as a 72  contribution to po and wp production

cross sections due to conversion in a final state interaction of emerging

O,

n''s in the Coulomb field of the target nucleus.

For high energy incident charged pions the momentum transfer to the
nucleus can be small enough so that the conversion of a charged pion
into a p can occur coherently in the Coulomb field For p's produced

in the near forward direction this condition is achieved when

where En is the incident laboratory pion energy and RZ is the radius

of the nucleus of charged 2.

- 16 -



The differential cross section in the laboratory frame for p's
produced at angle 6 for this process is readily expressed in terms of
the partial decay width Pp
the nucleus F(t) as

> and the electromagnetic form factor of

do T x 1
— = ok Por(t)| 1L} —

n 2 2 _ _ 2
aa 7, 1ab o ;T [mp 2EﬁEp(l B cos Gﬁ

Eipi sin® @

(3%4)

where we have neglected terms proportional to the pion mass and where
B2 =1 - mi/Ez. The form factor F(t) is normalized so that F(0) =1
and, as usual, « = 1/137 is the fine structure constant. For small

angles Eq. (34) becomes

do ohp 1 67
— = 7BaF(t) | —5 — . (35)
m ot | 68 + m*/uE* =
Z,lab p o] T

This 1/92 behavior of the cross section at small angles is familiar
from the scattering of a magnetic dipole such as a neutron in a Coulonb
field. In the present case, the =py vertex Eq. (4) has the form

which reduces at low momentum transfers to a magnetic dipole interaction.
Equation (35) has a sharp maximum at an angle 6 = m§/2Ei. At this

angle the differential cross section becomes

— = 2% , (36)

do 24T E 1

aq m m -

Z ,max P e P

where we put F(t) = 1. That this is a very large cross section can be
seen by considering an example of a 10-BeV pion beam incident on an

aluminum target in which case Eq. (36) becomes

- 17 -



do 10°T_,
— = 0.55 — T barns/sr
da 7 = 13,max mp
E = 10 BeV
7T
Again estimating T ~ 0.5 MeV as in Eq. (15), we find a cross section

pry
at the maximum angle of 0.k barns/steradian.

The p mesons produced in the Coulomb field will be transversely
polarized for all production angles; hence, in the p rest system the
decay angular distribution of pions will be of the form sin29Tt where
Sn is the angle between pion momentum and p direction.

Since the w and p mesons both have unit isospin the possibility
arises of an interfering coherent production of the p by the = in a
complex nucleus via purely strong interactions. This interfering pro-
cess would not be expected to have the sharp angular distribution of
the Coulomb production since the denominator in Eq. (34) is replaced by
the square of the  propagator, = (l/mi)a, but it might also contribute
a large cross section. In order to estimate roughly the relative magni-
tudes of the strong production to the Coulomb production, we consider a
model in which the p is peripherally produced with a one « exchange
pole as shown in Fig. 15. Using Eq. (11) for the npw coupling constant
and assuming the w~nucleon coupling constant to be of order unity, the
ratio of the Coulomb to the strong production amplitude in the forward

direction is roughly

z e . hocEi ) (5)
- —| m =~ (z/4) . 37
A <m2/2E) ® nf

P n p

For pion energies greater than 10 BeV, the above estimate indicates that,
in the region of its maximum, the Coulomb production should be larger
than the coherent strong production.

In any case Eq. (37) is undoubtedly a gross overestimate of the

now contribution. From a Regge pole analysis of the decreasing magnitude
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of the difference of ip and pp total cross sections at high energy,
one is led to a reduction of the w propagator at zero momentum transfer
by a factor = (E/Mio'a < 1/3. Also for the pp elastic cross section
one finds by perturbation theory a ratio of the real amplitude at for-
ward scattering angles due to w exchange to the imaginary amplitude

determined from cbserved total cross sections by the optical theorem of

2 Ma
Real/Imag ~ Mn( wNN) — where M 1is the nucleon mass. Since this ratio

by /| M
w

appears experimentally to be small at high energies we conclude that
giNN/hn can at most be =~ 1 and may be smaller. It is therefore unlike-
ly that the coherent o exchange contribution buries the Coulomb pro-

duction. Detection of it by dbserving its broad angular distribution
1L

WNN

In the laboratory system the energy and angular distribution of the

will be interesting in its own right as a measure of g

decay charged pion of momentum p and energy E has the form

a’p -1 p/E

where
\2 -
a = (? - B2 - m?) + 2ZE E2 - E.— cos 6 cos %
i T o) 1 T 0 o
b =28 (EfE -m° sin 6_ sin 8
i i o)
cos 6 = (38)

EE e
7 _ 0 )
[+2 2 [T2 2
1o En - m.p 2p Eﬂ - mp

In the exact forward direction Eq. (38) vanishes for all energies E..

For small angles Eq. (38) becomes

- 19 -



( m

o
En
a’p —- -1

+ 65 + &
@]

J'ms e JyC
[—L + B (6% + F) + (6 - &)
KL16Ei ol ©

where terms of order m have been neglected.

If cbserved, Coulomb production will serve as an interesting check
on the interpretation of the experiment of McLeod et aln,lo which sug-
gested the somewhat surprisingly large width Pp — Tt will also
provide a valuable input number for the various chains of arguments pre-
sented in Refs. (1) and (2) and above suggesting cross section variations
of interest to high energy photon accelerators.

Similar calculations can also be applied to the process of Coulomb
conversion of a K to & K* meson. The smaller mass difference,

MK* - MK = 390 MeV, makes the minimum momentum transfer [(Mi* - Mi)/éﬁq
approximately the same as the p case for a given incident energy.

At this time we have no clue, however, as to the K* - K + y decay width
which may possibly be best determined by a study of its coulomb pro-
duction. (Note that in the Unitary Symmetry scheme the coupling constant

for p+ —>ﬂ+7 is equal to the coupling constant for K%+ —>K% 7-)

V. VECTOR BOSON EXCHANGES

Returning to photoproduction amplitudes we consider briefly the
possibility of photoproducing a vector particle by absorption on its
current as shown in Fig. 16.

The similar case of the particle pair being a ﬂ+ﬂ_ pair is well
known from studies on single pion photoproduction. Because pions are
spin zero particles these cross sections are proportional to sin® 8,
where 6 is the angle between the produced pion and the incoming photon.
The existence of strongly interacting bosons of spin unity such as the
p, ® and K* mesons leads one to entertain the possibility that these
particles are also photoproduced in a similar manner as in Fig. 16. If
these vector mesons have a magnetic moment, then the sin® & factor

present in the pion case will be absent; hence, even though the propagator
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for the exchange particle will have a larger mass, the cross sections

in the vicinity of the forward direction may be as large as the case when
VV is a pion pair.lS

Since photons are odd under charge conjugation the only possibilities

for VV among p, w and K* are

+ - R *0 %0

A numerical estimate for the cross section even for two body final

states such as
+
Y+ P —p +n (39a)
o
7 +p—K +AZ) (3%0)

involves knowing, in addition to the charge, the magnetic moment, the
quadrupole moment of the vector mesons and their coupling with baryons
which are all unknown. Here we consider only the charge coupling of
vector mesons to baryons which will dominate for small momentum trans-
fers unless the magnetic coupling constant is very large compared to
the charge coupling constant.

For the interaction vertex of a photon at a vector boson line as in
Fig. 17, we writel®

Pop = PR (P +2) g +p (Fl * uF,) <p2 i pl> (guoa ) guﬁ)

)

-~

QF
3 i - R
—_ “ 1 - k o . _ N
P ol e R T my) OO

e

where the kinematicsar as drawn, and where p 1s the charge (1 + MV)
is the static g-factor and (uV + Q) is the static electric gquadrupole
moment.

It is possible to show that all other terms except the pure magnetic

moment interaction between photons and a pair of vector mesons are either
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proportional to sin® & or vanish at the pole |t] =+ mi, and hence in
the spirit of the one meson pole approximation we consider only the mag-
netic moment coupling between photon and vector meson. With these as-

sumptions we find for process (39a) the cross section in the laboratory

system

/.2 2 \ 2
&0 _ o Sonm i/f) L+ by
) 2772
aa Vv, lab \\hn &M= \k mp[}tl + mp]

X }<2mi + |t|>Mk<2M:€ - mi) - th _ mi) (2Me _ iﬂ) (41)

where (1 + pv) is the total magnetic moment of the charged vector boson,

i.e., by = O corresponds to a g-factor of unity for a charged p inter-
acting with a constant magnetic field, and where € = p2 + mia
In the forward direction (L41) becomes
2
do g
2 -
(- - o |2 (l + U ) % (0« 7) 107287 cn®/sr (k2)
v
aq o by
v,0

A value of giNN/hn of unity yields a differential cross section
comparable to the case of one pion exchange as calculated in (28). How-
ever, by comparing the experimental pp-pn cross sectlons as well as the
TP - n+p cross sections with the perturbation calculation using the
one p exchange we find a considerable reduction from unity of the
coupling constant giNN/hn. Since the one o exchange does not inter-
fere with the one pion exchange the charged p production will be the
sum of Egs.(28) and (42).

To the extent that the baryon mass differences are neglected (which
is a good approximation for photon energies above 3 BeV) Eq. (41) may
be applied to process (39b) with m replaced by mx and & re-
placed by BK*NY .
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VI. GSECONDARY BEAMS

The various mechanisms discussed here may be considered and compared
as candidates for producing secondary pion (or K-meson beams) at electron
accelerators. Both the diffraction mechanism of Section IT and the one
pion exchange amplitude in Section III lead to neutral po mesons which
decay to = n+ - 1 pair, each of which is readily detected in a coinci-
dence experiment. The differential cross sections for the n+ and 1
to emerge with energies w, and o =k - ®, in solid angle intervals
dQ+ and do_  about 6+ and ©_, respectively, are readily computed.
With neglect of target recoil, corresponding to low momentum transfers

|t |<=® , we find in the limit m_ —0
p,w hs

dg 31 k8 \ | (1 - cos 9+)(l - cos 6 )
= ;f 2 2 - 3
dq, da_ k% - 2 (1 -cos g, )

1 (dc>
2
\/1 - kX1 £ cos 6, ) [\a0/

where %k is the incident photon energy and 9+_ is the angle between
the = and n  mesons. For cos 6, >1- Zmi/ke the positive sign
in the square root of (L3) is taken, and for cos 6,_<1- EmZ/k2

the negative sign is taken. The expression for (dc/dﬂ)lab is as given
by (25) or (27). For excitation of the 33 resonance in the one =«
exchange process the only significant change at high energies is the re-
placement of k= by (k + M - M*)2 in the square root and the use of

(31), (32), or (33) for (do/dﬂ)lab. More generally for the process

y +p— p° + (stuff)

+ -
T+ 7

one finds in the limit of small energy loss to the recoiling target
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dg | da J LMP tot 7

) A R e

a0 an | o an lw{gg J
= + -,

inelas. elas.

k - €+ - €
X ————— de, (bL)
ol
where do/dQ+dQ L is given in (43) with the k¥ —(k +M - M.*)2
~ elas.

as indicated above and where € €_ are the laboratory energies of the

’
<" and x, respectively. '
If one integrates over the variables of one of the pions and asks
instead for the cross section to produce a single pion in a given momentum
and solid angle interval there results from (25) in the 1limit of no target

recoil
do

dQde

me - 2m*c - 6%ke
P h1e

2
X1+

“v{%i + %% (6 + eo)%>§?i + %2 (o - 60)%>

2 2 2 2)[. 2 2 /.2 2
m~ {kse +m - mp][mﬁ + k= (65 + eo]

' [{mi + k(6 + 90)2 {mi + %% (8 - 90)2}]%

(45)

where € and 6 are the energy and angle of the pion with respect to

the incident photon, k 1s the incident photon energy and

cos 6 = [(k/p) - i/EepJ with p° = k2 - mi.
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This predicts an angular distribution of high energy pions distributed
over a cone of opening angle Q:mp/k, The corresponding pion flux from
photoproduction on the pion current where the final p of Fig. 12 is
replaced by a charged pion (and N represents any final state)™® is
concentrated in a narrower cone of opening angle = mﬁ/k and appears to

dominate at such forward angles. For example, the ratic of the pion

6 =mn /k is

R ~ O (x - ¢) ko (x - ¢)

N

~ 200 k (k - €) o (k -¢)>1

at high energies. Similar conclusions are suggested by comparing the
diffraction production and the inelastic production with the above
direct photon pion current interaction.

Finally we may compare with the contribution from the p exchange cur-
rent (Ml) which, for a finite g-factor of the pi, escapes the sino

suppression of the other mechanisms in the forward direction. In this

case we find for pion energies €. > % k
2 ’ 2 [ 2 4 2
d“o _ (1 + “V) &\ | ©x m
aq _de T Lt kM 8=
Tn : 7

2€

. 1
.2 27 2 _
+ sin eﬂ/a 1 - —[Fﬂ (eﬁ,eﬁ) X 10 cm® /BeV-sr (46)
T

The function Fn is in the neighborhood of unity for forward angles and
is shown for a few cases in Fig. 18. The ratio to the beam from one =

exchange as calculated in Ref. 15 is given at eﬂ = mn/k by
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R/ =~ (1.5 7n) (m_ /M)* I
p/n (l T (7[/ L a <\k_€}\§nl\l(k'€)

In view of the unknown magnetic moment of the charged p and coupling
constant giNN/Mn this ratio is undetermined. Appreciable p current
contribution would appear as a contribution to a charged pion flux
spread over an angular cone of opening angle mp/k but not leading to
charged pion pairs as in Egs. (43), (44), and (45) since the p here
must be charged.

All the gbove considerations may be applied to K production at
high energies if we make the correspondence g ::K*. Measurement of the
Coulomb production of K* mesons as in Section IV will indicate whether
the (7KK*) interaction may play a dominant role in K beam production
in photon machines. In view of the larger K mass which pushes the
pole in the one K exchange amplitude much further from the physical
region than for one = exchange we expect that the K* current con-
tribution may play a dominant role as a K production mechanism.
Whether the anomalous thresholds in the 7K*K* vertex significantly

reduce this amplitude for virtual exchanged K''s of =~ zero mass is

an open question.
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LIST OF FIGURE CAPTIONS

Rung diasgram describing Amati, Fubini and Stanghellini model of dif-
fraction scattering.

Rung diagrams for diffraction scattering.

Rung diagram for photoproduced po via diffraction mechanism.

The pnn vertex; kl and k2 are the four momenta of the pions and
e(p) 1is the p polarization vector.

Top rung of pion-nucleon diffraction scattering diagram. The inter-
mediate p of momentum (k - q) is shown by the two lines.

The wyn vertex and the wpn vertex, respectively.

7° decay in two photons via intermediate p and ® poles.

po photoproduction via one pion exchange mechanism.

Top rung of photoproduced p diffraction diagram.

Top rung of a possible diagram contributing to the absorptive ampli-
tude in the photoproduction of p°.

Diagram showing p and o photoproduced by diffraction mechanism
and subsequently decaying into lepton pairs.

p© N*‘ photoproduction via one pion exchange mechanism.

Ot

One pion exchange p°'s subsequently decaying into lepton pairs.

Coherent production of p by = in the Coulomb field of a nucleus
of charge Z.

Coherent production of p by = via « exchange on nucleus of

mass number A. '

Photoproduction of & vector meson via exchange of the antivector
meson.

The photon vector meson vertex. The photon has polarization e and
momentum k; the initial and final vector mesons have polarizations
€, € e

1 2 [0
Function F_ in Eg. (46) for = photoproduction via the p exchange

y €.

current as in Fig. 16.
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