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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 x and EC beams is discussed. The photoproduction of p's and ~'s is considered by a diffraction
mechanism as well as by a one-pion-exchange mechanism. Both of these methods lead to surprisingly large
numbers for the cross section. The subsequent decay of p'(«P) -+ e+(et+)+e (ts ) is considered as a possible
and interpretable correction to the pure quantum electrodynamic calculations of large angle pair production.
The possibility of measuring the p(cu)~p coupling constant is examined by considering the coherent process in
the nuclear Coulomb 6eld ++A —+ p(eo)+A. The question of whether vector boson production could give
signi6cant enhancement to secondary pion and kaon beams is considered. No con6dent theoretical statement
can be made about this question, and a deGnite 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 x and E beam interactions.

It is neither the aim nor pretension of these calcula-
tions to yield quantitatively reliab1e 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 to
compile these results in one place.

We consider Grst, in Secs. II and III, the cross
sections to photoproduce the p' and ~ as unstable heavy
brothers of the photon via diffraction and one-pion-
exchange channels. From our estimates it appears
feasible to d.etect their rare electromagnetic decay modes
p', co~e++e and p', os~ tt++tt and thereby to
confront quantum electrodynamics with new tests.

In arriving at these results it is necessary to introduce
interaction vertices for the p and co resonances with
pions and photons and to appeal to existing experi-
mental numbers. The possibility of directly measuring
some of these parameters by observing coherent produc-
tion of vector resonances from incident or's (or E's) in
a nuclear Coulomb Geld is discussed in Sec. IV. For
some parameters we must appeal to theoretical argu-
ments 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 discussions and the
subsequent work of Gell-Mann, Sharp, and Wagner'

are extended in Sec. II to further reactions at higher
energies.

In Sec. V we consider possible photoproduction
amplitudes involving absorption of the incident photon
on the currents of the vector resonances. Finally in
Sec. VI we compare the various channels as production
mechanisms for secondary x and E beams from photon
accelerators.

It is to be understood that questions of "elementar-
ity" versus "dynamical resonance" of the vector bosons
are of no concern here. The plan is a purely phenomenol-
ogical 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 materializes via diffrac-
tion scattering from a proton target, say, as a spin-one
resonance with the same quantum numbers as a y:
J=1; parity I'= —1; I= j, 0; charge conjugation
C= —1.This process is recognized by observing a bump
in the decay spectrum at the resonance mass and by
recognizing a diffraction angular distribution similar to
the observed pattern in x—E and X—E scatterin;. „at
the same total energy s= (pt+ps)'=LE, "']'. The
Grst question to answer is: what are the vector res-
onances coupled to the photon; i.e., what bumps are
found in the mass spectrum in addition to the p and
to (to) 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 primary 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 m and E djLffraction
measurements.

~ Supported by the U. S. Atomic Energy Commission.' M. Gell-Mann and F.Zachariasen, Phys. Rev. 124, 953 (1961).
~ M. Gell-Mann, R, Sharp, and %.Wagner, Phys. Rev. Letters

8, 261 (1962).

'L. Hand, D. G. Miller, and R. Wilson, Rev. Mod. Phys. 35,
335 (1963}.

D. Amati, S. Fubini, and A. Stanghellini, Nuovo Cimento 5,
896 (1962).
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Fxo. 5. Top rung of pion-
nucleon di6raction scatter-
ing diagram. The inter-
mediate p of momentum
(k —q) is shown by the two
lines.
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FIG. 6. The coax vertex
and the &opal- vertex, respec-
tively.

(y') P

e@),kgb)

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 mesons'.

e
gyqf fat

=
gpqrfsf ~

2+p
(6)

The p and co may be substituted for each other every-
' In this model the vector p and ao mesons couple to photons with

a direct coupling (e/2yv)mv'e(y) ~ e(V) and the constants are
related by g„=g„„e/2yv. This coupling is not explicitly gauge
invariant. As introduced here it is not more than a formal state-
ment of the approximation that the dominant electromagnetic
interactions proceed via the resonant 2s. state with I=1 (p
meson) or 3~ state with I=0 (co meson). The propagator of the
p (or co) coupling the virtual photon to a nucleon line gives the
approximately observed electromagnetic form factor dependence.
To nucleons the I= 1 vector meson (p) couples the conserved
isovector current

iEyq»~(f)~ 7"+ e""q N(e)v~"(~),

where q p denotes a unit isovector for the y isotopic triplet; and
Xv ——1.85 is the observed anomalous isovector moment; the co

couples to the isoscalar current

q &x{r(f) 'Y"+23Ie""q {{(e)e({e)
«8 „„

where E8= —0.06 is the isoscalar moment. No form factors F (q )
are introduced to modify significantly the point couplings for
varying q' values. The observed q~ dependence of the electro-
magnetic form factors of nucleons comes from the vector boson
propagators joining photons onto the nucleon line. This gives for
the isovector interaction for example

(
8gpNN ( fop ) 6fs ()t') $Ey{{(f)7"+2~e""qy 's' {pp{{(e).

q
—tnp +zFpmp

The common Dirac and Pauli form factor dependence on q' is then

gNN
1 q

where the imaginary term has meaning only near the resonance
q„'=s{,' for time-like momenta. The ratio of constants g,Nz/y~
measures the importance of the p channel in the observed electro-
magnetic structure. If the entire interaction proceeds via the p
channel the ratio would be gpNN jyp= 1 corresponding to a universal
coupling scheme. A closer app~roximation to experiment (see
Ref. 3) is obtained with g,Nz/7, =2 and, for 0&q'& —3m,s

2 1
I'"v(q') =

1—qs/s{~s 1—q~/2m~'

A similar form is consistent with observation of the isoscalar form
factor. See Ref. 3 for accurate parameters.

In the present applications there are no worries about gauge
invariance due to the form assumed above for the direct (y —p) and
(p —co) couplings. The electromagnetic interaction will be only to
conserved currents if the au and p channels through which it
proceeds couple only to conserved hypercharge and isotopic
currents, respectively. No false static charge couplings are possible
in this case. For example, a cancellation between p and co assures
that the neutron has zero static charge. For the hyperons there is
no p -+ au -+ h. coupling since the h. hypercharge vanishes, and for
neutral Z vertices p —+ p —+ Z' also vanishes. The only practical
use made here of this interaction is in relating the 21-pcs coupling
constant g,„,in Eq. (5) to observable (xcoy) and ({rpy) coupling
strengths on one hand and to the ~' —+ 2y decay rate as estimated
by Gell-Mann et al. (Ref. 2).

(7,'/4 )=(v.'/4 )=!(g.../4 )=-', ; (8)

(g -r'/4 )w=gv /4w=s~(g. -'/4w) . (9)

A crude estimate of the magnitudes of the coupling
constants in (9) is given in Ref. 2 in terms of a model
of the x' —+ 2p decay via Fig. 7. The decay rate, in the
present notation, is

1 ere,s (g, „'/4s)
o &:—I o=—0',

64 ~,s (~,s/4 ) (~.'/4 )

and from the measured rate of

7 0 & 1)(106 sec 6 eV.
we 6nd

(10)

(ge~~ /4r) (ge~~ '{
=1.5, or

( ~

=0.4, (11)

and

gr~~ /4rr= gree /4'= s+ ~ (12)

Alternatively we may appeal to the bootstrap calcula-
tion of Zachariasen and Zemach' for the estimate

g, „s/4x =2 to 4.

FIG. 7. x'0 decay in two
photons via intermediate p
and co poles.

J.Button, G. KalbQeisch, G. Lynch, B.Maglic, A. Rosenfeld,
and M. Stevenson, Phys. Rev. 126, 1858 (1962); D. O. Caldwell,
E. Bleuler, B. Elsner, L. %. Jones, and B. Zacharov, Phys.
Letters 2, 253 (1962).

SG. von Dardel, D. Dekkers, R. Mermod, J. Van Putten,
M. Vivargent, F.Weber, and K.Winter, Phys. Letters 4, 51 (1963).' F. Zachariasen and A. C. Zemach, Phys. Rev. 128, 849 (1962).

'where in (4), (5), and (6). A crude estimate of y, s,nd
p„may be made by assuming the p and co channels to
dominate the nucleon and pion electromagnetic form
factors completely, so that

gpss%'

2+p 2+co p (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 g, '/4x =2 for F,=100
MeV ~ and therefore
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I'"ro. 8. p' photoproduc-
tlon via onc-pion-exchange
mechanism.

The constants g, 7'/4n and g„~'/4tr can then be related
to peripheral photoproductlon cross sections or meas-
ured as discussed in Sec. IV for p+ production from x+
in a Coulomb 6eld. They are expressed in terms of
1'p(„) +v, the partial width for the process p(M) -+ e.+y
by

1 t'gp( ) v') (
&.(.)

24k 4n p E pep')

In the experiment of McLeod, Richert, and. Si}verman, '~

a p' bump appears in the reaction y+p~ p+e++tr
for an incident photon energy of = 1 BeV. If this bump
is analyzed in terms of a one-pion-exchange peripheral
production as in Fig. 8, one 6nds

Fxo. 9. Top rung of
photoproduced p-diBraction
diagram.

the transverse part of the momentum components of
the intermediate x mesons: qg %=0. In the AFS model
the x meson propagating with q, after forming the
6rst resonance (k—tt)'=m„' retains almost all of the
incident energy k and is very relativistic. From this and
the momentum transfer in the laboratory system,
ttttp2/2ke, required to form the p in the forward direction
it follows that

g
—

g t)tpe .
Therefore, both intermediate mesons cannot be near
their mass shells simultaneously. For a rough estimate
we take 9'=0 and find for (16)

(gv-g"-) e, eI 4~p'7.

Combining with Eq. (3) we arrive at

(d~(s&)q

E da /, +p~+p, dig«ac(ca,

I'p ~=0.5 MeV

(g, v'/4tr) =0.016. (15)

1+cos't 1 P„1)' I g '/4)r79 '/4)r7
I
—-I

~&, 4& I 121',/p)r, 7'

This is one order of magnitude larger than the result
suggested in (12). The value (15) may be grossly in
error since all nonpole contributions were excluded. in
analyzing the p bump in the experiment of McLeod
e$ al. However, at the energy of 1 BeV the distance of
the physical region from the one-pion pole (&mp'/2k
=300 MeV) is large enough so as not to encourage
optimism in the quantitative meaning of this approxi-
mation. In Sec.IV we propose an experiment measuring
1'p „directly but for present work take (12) and (15) as
lower and upper limits, respectively. "

With the interactions (4) and (5) we compute, after
some algebra for the forward scattering of a y to a p at
the top rung of Fig. 3,

(gv«~gp«~/pnp )e' epPetsp g +aawp 9
—RV+i~'I «. I'7 («)

where the kinematics is shown in Fig. 9; I q, I denotes

'0 D. McLeod, S.Richert and A. Silverman, Phys. Rev. Letters
7, 383 (1961).

&& Qnc may also attempt to determine Fp y and F,o y from
p and cv exchange poles in single-pion photoproduction. Here one
has the dB5culty that the retardation denominators for these
heavier mass vector mesons are diflicult to identify, and further-
more considerable mystery still shrouds the p and e exchange
channels in high-energy amplitudes. See R.Talman, C.Clinesrnith,
R. Gomez, and A. Tollestrup, Phys. Rcv. Letters 9, j.77 (1962);
H. Palevsky, J. Moore, R. Stearns, H. Meuther, R. Sutter, et u).
Phys. Rev. Letters 9, 509 (1962); S. D. Drell, in Proceedhegs of
the IetereationaI Conjerewre orI, High Eeergy Physics, edited by
J. Prentkt (CERN, Geneva, 1962), p. 897.

x
~

~

do. (s1))
(1&)

/ «N, dl8ractioa, tt~

We shall consider numerical results in more detail
later but here we note that additional contributions to
the absorptive amplitude come fmm the x current which
contributes to a diagram like Fig. j.o. This contribution
is neglected here and if important would serve only to
emhume our predicted cross sections since absorptive
amplitudes are always positive. "

From this model of converting incident y rays into
massive vector bosons via a diGraction scattering a
number of speci6c predictions follow. The numerical
values of cross sections are not to be considered to
carry great significance but the indicated qualitative
behaviors are presented as motivation for experimental
searches.

The p'(et') angular distribution and, the energy varia-
tion of the cross section should follow the general
features of elastic diGraction cmss sections as observed.
in xN and EE 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 ~ 2x decay will be sin'8~ about the

"The amplitude for Fig. 10 is very dificult to estimate vrithout
a detailed theory since the transverse polarization of the incident
photon and angular momentum conservation along the incident
axis require a nonvanishing transverse momentum of the inter-
mediate x.
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=3 keV

=3X10-'X~p~2. . (18)

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= p'= (l++l )'=ttt ')0. The form
factor at the vertex from which the virtual photon
emerges is given, near the p, co mass by a propagator
(s mv'+—iFvtttv) ' 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 direction, with

k p+ kp =kE(1 P, ——costt);-
E=—E+=E (=k/2),

this contribution does not interfere with the ordinary
Bethe-Heitler pair production amplitude" and the
cross section is (ttt, =m„except in the resonance denom-
inators and, the mass of the lepton is neglected, i.e.,
m P/ttt '((1)

incident photon direction as viewed in the rest system
of the p resonance.

If this mechanism of pP(toP) production is suKciently
copious it provides the possibility of observing the rare
decay branching ratios p', oP-+ e+, e and p+, p, . 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. "

%ith this aim consider the photoproduction of
charged lepton pairs (tt+tt or e+e ) through the diffrac-
tion scattering of the y into p or or. The diagrams
considered are shown in Fig. 11.

The encircled mechanism of the co', p' decay to a
lepton pair is that of Gell-Mann e$ ul. ' ' and corresponds
to a decay rate of

otp tttv ( tttt')
Fv tt= 1+0~

(yv'/4tr) 12 Etttve/

FIG. 10. Yop rung of a
possible diagram contribut-
ing to the absorptive ampli-
tude in the photoproduction
of p0.

f

+
I
I

pp 1
X +

4x s tn, '+—iF,est, 4tr s ttt„'—+iF„ttt„
(20)

Inserting the experimental lifetime (11) and the
observed p-+ 2tr decay width F,=100 MeV into (20)
we arrive at the ratio

+40
2

~=2X10-~
4tr 1 s/ttt—,p iF,/—ttt,

Vp

4tr 1—s/tN„' —iF„/tN„,
~ (21)

Alternatively an estimate based on (13), (15), and
(18) gives a ratio R' larger than Eq. (21) by a factor
of =10.

E'=308. (22)

Finally this ratio varies with the measured decay width
of the p-+2tr roughly as =1/I', ' and is therefore
further increased by the smaller width reported in the
high-energy measurements. ~

These results (21) and (22). while numerically un-
reliable are neither suQiciently large nor small that
one can say for certain that there will or will not be an
observable bump in the mass spectrum of lepton pairs

where s= (p++ p )' is the mass of the p oreo state formed
and we are interested for s near the resonance at =mp'.
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

(der/d@dfLde+)Dttfractton 1 &ep esto f' tie ttR=
(dtr/dQ+dfl —de+) Bethe-Heitler 128 tr ttt 412Fo)

d@dQ dat.

1 (g„„'/4r) (g„,'/4tr) L12F„ t t/ttt, ]
mp'ka

2 (8tr) e
t 12F,/ttt, ]'

X[a tot(s)]P
s ttt„'+i F„t—rt„

y, '/4tr I s ttt, '+iFe—ttt,
» See, for example, Ref. 2 and the Proceeds'ttgs of the Itt ter

gatepost

at
ConfereNce oe High ENergy I'hyzics, edited by J.Prentki (CERN,
Geneva, 1962)."J.Bjorken, S.D. Drell, and S.Prautschi, Phys. Rev. 112,1409
(1958).

Fza. j.i. Diagram showing p and co photoproduced by diffraction
mechanism and subsequently decaying into lepton pairs.
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at s=m, '. With a resolution width &I',/2 in d.etecting
the mass of the lt pair they lead to ratios spanning
unity at s= m, '. Off resonance E&&1 and, in particular,
for s(m, ', 8&10 '. This is because the diffraction
channel decreases as we move below resonance vrhereas
the Bethe-Heitler formula for large angle pair formation
increases according to 1/s' as the mass of the lepton pair
decreases for a fixed incident y energy.

Equations (21) and (22) constitute a possible and
interpretable correction to the pure electrodynamic
calculations of large angle pair formation. " Great
interest in observing a bump in the lepton mass spec-
trum comes from the fact that the ratio of bumps at
s=tn, ' for p+p to e e+ pair production must be one
(to within an accuracy of =m„'/m, '&2%) if the p, and
e have the same electrodynamic interactions. Any
deviation of this ratio from unity would be a manifesta-
tion 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 pair spectrum at
s=mp' vrould be of great interest to observe.

III. ONE-mEXCHANGE AMPLITUDES

I

7T '
l

FIG, 12. p'S~ photo-
production via one-pion-
exchange mechanism.

In the forward direction and in the limit vrhere
m, „/k,«1 and ~t;~~"'=m, ,„'/2k&&m, we have for p'

production (multiply by 2 for p+)

3(g-»'& I'.t-~-A(mo;5'( ..~t'1
(27)

Eeaj, 8& 4~ j m, ,„j&Mj km. j km

Using (15) for a numerical estimate we Gnd

(tfa'/~)orz 0=3X10 "cm'/sr
at k=5M= 5 BeV, (28)

vrhich may be compared vrith the corresponding cross
section at this energy from the diffraction channel

(gerp ) (gyros )
IX10 "cm'/sr

&4 j&4~ j
(23)

We consider next the production of p or &o mesons in
the one-pion-exchange model. Pions are assumed to be (ggjD,.z„,«,
coupled to y and p(&v) by a coupling of the form of
Eq. (4). In addition to elastic p' and &o production from
nucleons,

as in Fig. 8, one-x exchange also leads to charged
bosons and to excitations of the various possible x—N
states

v+p~ p(~)+&* (24)

X, (25)
( t)+m ' M'Bg

where ~t~ is the invariant momentum transfer, k=in-
coming photon energy, M=nucleon mass, g N&'/4s.

=14; I', &„~ „is given in Eq. (14), p= momentum of
outgoing p meson, and

MkBg $(Mk+'sm „')'—m——„'((M+k)'
—k' cos'8}]"', (26)

where 8 is the p(~) production angle.

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 vrith the pion propagator, the
ys p(re) vertex and the s SN vertex is

(g~N+ ) I p&N)~~q) )t) ('3p )
kdQ ~,b E 4s j m, ,„jm,,„"E2k'j

=10 9 cm'/sr according to (11) and (12);

=3X10 "cm /sr according to (13) and (15). (29)

To disentangle the one-m exchange and diffraction
amplitudes, which do not interfere with one another
because of the pseudoscalar coupling of the pion to the
nucleon, one can compare p' with p+ photoproduction
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-x
exchange as (15) increases with k' whereas (27) is
falling as 1/k'.

We may also compare electron or muon-pair produc-
tion through a virtual x exchange with ordinary pair
production and vrith the diffraction mechanism. The
mechanism is shovrn by the Feynman diagram, Fig.
13. Comparing the cross section for the case of sym-

FIG. 13. One-pion ex-
change p s subsequently
decaying into lepton pairs.



metric pairs as in Eq. (20) we find,

g, (4')'"
l gl fg»'& (I'o v'l (4s')'"

+
d a„h. H.; (., (1280) kM'm, 'l (lgl+m, ')'( 4sr I 4 m, & y, s—m, '+iI',m, g„,

(4s ) 'ls
mrs g„,„(4sr)'is

=10-'X
mo +sl erne gv~o V~

s —m„s+il'„m„

(3o)
s—m„s+iI'„m„

Because of the pseudoscalar coupling of the pion to the
nucleon the amplitude of the one-pion-exchange model
of p(s&) pmduction does not interfere with the Bethe-
Heitler amplitude.

For pmcess (24) we express the sr'Ã* vertex directly
in terms of the 33 resonance cross section as in Ref. 15.
In that case we And in the lab system

3 pl, ,„
(does.g, ,

N' 2 '4 m, , ) /e+m'—

(p) ~111'z
xl -

I -.&1kB (»)
Ek) me, „s

where Fr=width of 33 resonances=m, 0.@=33 cross
section=200 mb, Eg=pion energy necessary to excite
33 resonance=300 MeV and {1,),s} are the isotopic
factors for p, p', and p+ production, respectively.

Alternatively, the cross section can be determined
treating the E*as a ~3 particle with a coupling constant
determined from the known width of the 33 resonance.
Following this pmcedure we find for process (24)

do (3p' 1 (I', ,„„y I'ltM*'q

dn (,b, sr' (2k' Bsm, ,„k m, ,„) q, s i
L. lgl+(M*-M) jl lgl+(M*+M) q

X- 1,-'„-', , (32)
(M+M*)'M'M*'

where Bs is determined from Bi in Eq. (26) by replacing
m, ,„'with (m, ,„'+M' M*'), 3II* is th—e 33-isobar mass;
p, M and k are as before. The quantity qs is the momen-
'tlllll of tile pioli (01' llllcleoll) floni all E decaylllg a't
rest and numerically

—so I'11M*s/gas =26.

In the limit of lgl =mes Eqs. (31) and (32) are
approximately equal. However, in the physical region
Eq. (32) can be considerably larger than Eq. (31).

In the forward direction Eq. (31) yields for p' pro-
duction, say,

(
do) I', „$ (3m, n4'

dn)s. s' m ) (sr'm (Ig; I+m ')'

In general
I g;„I is small compared to m, ' only at very

high energies. For example, with k=5M,
I 1;,I

=6.4
"S.D. DreQ, Phys. Rev. Letters 5, 2'l8 (1960).

tn '. Using the value" of 0.5 MeV for I', ~ we 6nd from
Eq. (33) for p production at k= SM,

(do'l =10-"cm'/sr
ada&s, lv'

which is comparable to Eq. (28) for process (23) even
though one has the yq coupling there. This is because
lg; I

is larger for process (24) than (23). At higher
energies the inelastic process (24) dominates over (23)
since Eq. (27) decreases with increasing energy as 1/k',
whereas Eq. (33) increases as It;, I decreases with 1/k'.

JV. COULOMB PRODUCTION OP 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 independent direct measure of
I'» ~. For example, the chain of reasoning in Gell-Mann
et u/. ' leads to a significantly smaller decay width as
noted earlier. %e therefore propose a permutation of
lines in Fig. 8 leading to conversion of a x into a p meson
in the Coulomb field of a nucleus, as illustrated in
Fig. I4.

sr++Z ~p+g.
The related processes of Coulomb production of m's and
g's from incident photons have been considered by
PrimakoG and by Andersen, Halprin, and Primako8, ~6

and this mechanism has also been discussed recently by
Pomeranchuk and Shmushkevich, Good, and Walker,
and Barmin et' ul. '7 %e condne our remarks here to

Fxo. 14. Coherent pro-
duction of p by ~ in the
Coulomb Geld of a nucleus
of charge Z.

'6 H. PrimakoG, Phys. Rev. 81, 899 (1951);C. Andersen, A.
Halprin, and H. Primako8, Phys. Rev. Letters 9, 512 (1962).'r M. Good and W. Walker, Phys. Rev. 120, 1855 (1960);
I.Pomeranchuk and I.Shmushkevich, Nucl. Phys. 23, 452 (1961};
V. Barmin, Yu. Krestnikov, E. Kuznetsov, A. Meshkovskii Yu.
Nikitin, and V. Shebanov, in I'roceedirIgs of the IrlferneHonal
Conference ol High Erlergy Physics, edited by J. Prentki (CERN,
Geneva, 1962), p. 199.Our calculation for the Coulomb produc-
tion is a factor of 2 larger than that of Pomeranchuk and
Shmushkevich.
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charged p production from charged x mesons as experi-
mentally observable. In principle the same formulas are
obtained for p' and oP production from H's and indeed
this latter process may be observable as a Z' contribu-
tion to p' and oP production cross sections due to
conversion in a Gnal state interaction of emerging m"s

in the Coulomb Geld of the target nucleus.
For high-energy incident-charged pions the momen-

tum 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 Geld. For p's produced in
the near forward direction this condition is achieved
when

ILlF

FIG. 15. Coherent pro-
duction of p by m via en

exchange on nucleus of
mass number A.

= (m, '/2E. ) (R, ',

=z'aF (t)
kdal z, i,b

24Fp~g y

, , (35)
m, ' $8'+ m, '/4E, 'j2

This 1/8' behavior of the cross section at small angles is

familiar from the scattering of a magnetic dipole such

as a neutron in a Coulomb field. In the present case, the

spy vertex LEq. (4)$ has the form which reduces at
low-momentum transfers to a magnetic dipole interac-
tion. Equation (35) has a sharp maximum at an angle

8=m, '/2E '. At this angle the differential cross section

becomes

(
d ) -241', „ t'E )'

=z2.
dg]z m, Etit, & m, '

(36)

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

which case Eq. (36) becomes

0 /sr.td~ t'10'I',

KdQ) Z 13,mex; Be 10Bev E Stp

where E is the incident laboratory pion energy and

E, is the radius of the nucleus of charged g.
The differential cross section in the laboratory frame

for p's produced at angle 8 for this process is readily
expressed in terms of the partial decay width F,
and the electromagnetic form factor of the nucleus

F(t) as

(do') I' „) 1
=24Z F(t)

Edfllz, i.b m, im, '

E,'p, ' sin'8
X , , (34)

$mp' 2E E—p(1 Pcos—8)j'
where we have neglected terms proportional to the

pion mass and where P'=1 m, '/E, '. Th—e form factor
F(t) is normalized so that F(0)=1 and, as usual,

n=1/137 is the 6ne structure constant. For small

angles Eq. (34) becomes

4' '
2 ~

A (m, '/2E, )2
(z/A) .

Slp
(37)

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 over-
estimate of the x~ contribution. From a Regge-pole
analysis of the decreasing magnitude of the difference of
7iP and PP total cross sections at high energy, one is led
to a reduction of the co propagator at zero momentum
transfer by a factor = (E/M) "(13.Also for the pp
elastic cross section one Gnds by perturbation theory
a ratio of the real amplitude at forward scattering angles
due to co exchange to the imaginary amplitude deter-
mined from observed total cross sections by the optical
theorem of Re/Im=kr(g ~~'/4m)M'/rtt„' where .M
is the nucleon mass. Since this ratio appears experi-

Again estimating I', „=0.5 MeV as in Eq. (15), we
find a cross section at the maximum angle of 0.4 b/sr.

The p mesons produced in the Coulomb field &vill be
transversely polarized for all production angles; hence,
in the p rest system the decay angular distribution of
pions will be of the form sin'8 where 8 is the angle
between pion momentum and p direction.

Since the x and p mesons both have unit isospin the
possibility arises of an interfering coherent production
of the p by the x in a complex nucleus via purely strong
interactions. This interfering process 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 co propagator,
= (1/m„')', but it might also contribute a large cross
section. In order to estimate roughly the relative
magnitudes of the strong production to the Coulomb
production, we consider a model in which the p is
peripherally produced with a one-co-exchange pole as
shown in Fig. 15. Using Eq. (11) for the mph& coupling
constant and assuming the co-nucleon coupling constant
to be of order unity, the ratio of the Coulomb to the
strong production amplitude in the forward direction
is roughly
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mentally to be small at high energies, we conclude that
g»'/42r can at most be =10 ' and may be smaller. It
is therefore unlikely that the coherent co-exchange
contribution buries the Coulomb production. Detection
of it by observing its broad angular distribution will be
interesting in its own right as a measure of g„~~."

In the laboratory system the energy and angular
distribution of the decay charged pion of momentum p
and energy E has the form

QI

sh

Pro. 16.Photoproduction
of a vector meson via
exchange of the antivector
meson.

where

/Epp —1 —,
(g2 b2) 1/2

(38)

(g 2
2/2 2)1/2]2+2+ (E 2

2/2 2)1/2

XL1—cos8p cos8j

b=2& (g '—2/2')'/'sin8psin8,

COSOQ=

p(E 2
222 2)1/2 2p(E 2

2/2 2)1/2

In the exact forward direction Eq. (38) vanishes for all
energies F.. For small angles Eq. (38) becomes

TSAR
4

+8 2+82
4' 4

m,8 4

(82+82)+ (8 2 82) 2 1/2

i 468' 484

V. VECTOR BOSON EKCHANGES

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 x+x
pair is well known from studies on single-pion photo-

where terms of order m have been neglected.
If observed, Coulomb production will serve as an

interesting check on the interpretation of the experiment
of McLeod et a/. " which suggested the somewhat
surprisingly large width F, xp. It will also provide a
valuable input number for the various chains of
arguments presented. 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 E to a E~ meson. The
smaller mass difference, M~*—M~=390 MeV, makes
the minimum momentum transfer DM/ra N JP)//2F]
approximately the same as the p case for a given
incident energy. At this time we have no clue, however,
as to the E* +E+y decay w-idth which may possibly
be best determined by a study of its Coulomb produc-
tion. (Note that in the Unitary Symmetry scheme the
coupling constant for p+ ~ ~+p is equal to the coupling
constant for E*+ +E+y.)—

production, Because pions are spin-zero particles these
cross sections are proportional to sin'8, where 8 is the
angle between the produced pion and the incoming
photon. The existence of strongly interacting bosons of
spin unity such as the p, co, and E*mesons leads one to
entertain the possibility that these particles are also
photoproduced in a similar manner as in Fig. j.6. If
these vector mesons have a magnetic moment, then the
sin'8 factor present in the pion case will be absent;
hence, even though the propagator for the exchange
particle mill have a larger mass, the cross sections in
the vicinity of the forward direction may be as large as
the case when UV is a pion pair. "

Since photons are odd under charge conjugation the
only possibilities for UV among p, co, and E*are

+ ~ +2' 1++ a gstrQQQQ

A numerical estimate for the cross section even for
two-body 6nal states such as

V+p~ a++22, (39a)

~+p ~E*+~(xp) (39b)

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 transfers 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 write"

IyeP PF1(P1+P2)gcgaP+8(F1+/2yF2) (P2 Pl)X

Pe
X (g1 pgaa gXagap)+ {kaLP2 kgp, —Pp,kp7

25$2

+kppp1 kg „p1ak )), (40)—
where the kinematics are as drawn, and where t, is the
charge (1+/11) is the static g factor and (/11+Q) is
the static electric quadrupole moment.

' See also V. Glaser and B. Jakhi6, Nuovo Cimento 5, ii97
(i95/).
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ie Pi, &q

Fxc. 17. The photovector
meson vertex. The photon
has polarization to„and
momentum k; the initial
and 6nal vector mesons
have polarizations

4&t CQ + 8~v 5p.

to neutral p mesons which decay to a m+ —m pair, each
of which is readily detected in a coincidence experiment.
The difIerential cross sections for the m+ and x to
emerge with energies co+ and, co =4—~+ in solid angle
intervals dQ+ and dQ about 8+ and 8, respectively, are
readily computed. Vhth neglect of target recoil, corre-
sponding to low momentum transfers

l tl &m, ,„', we
find in the limit m —+ 0 for the OPE case

X (2m, '+ltl)Mk(2M. —m, o)

(l tl —m, ')(2M' —
l t l)

(41)

where (1+pv) is the total magnetic moment of the
chal gcd vector boson, I.c., p,g=0 corresponds to a
g factor of unity for a charged p interacting with a
constant magnetic field, and. where o = (po+m~')'ro.

In the forward direction (41) becomes

(drr/dQ) v,oo=&(g,mr /4 ) (1+'trav)'

X (0.7)10—» cm'/sr. (42)

A value of g,iviv'/4ir of unity yields a differential
cross section comparable to the case of one-pion
exchange as calculated in (28) ~ However, by comparing
the experimental pp pl cross s-ections as well as the
or p —~+p cross sections with the perturbation calcula-

tion using the one-p exchange we find a considerable
reduction from unity of the coupling constant g,ivN'/4r.

Since the one-p exchange does not interfere with the
one-pion exchange the charged-p production will be
the sum of Eqs. (28) and (42) ~

To the extent that the baryon mass differences are
neglected. (which is a good approximation for photon
energies above 3 BeV) Kq. (41) may be applied, to
process (39b) with m, replaced by mme andg, AN replac,ed.
by gK*NY

VI. SECONDARY BEAMS

The various mechanisms discussed, here may be
considered. and compared. as candidates for producing
secondary pion (or E-meson beams) at electron
accelerators. Both the diffraction mechanism of Sec. II
and the one-pion-exchange amplitude in Sec. III lead

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 proportional to sin'8
or vanish at the pole ltl =+m, ', and. hence in thespirit
of the one-meson pole approximation, we consider only
the magnetic moment coupling between photon and
vector meson. Kith these assumptions we find for
process (39a) the cross section in the laboratory system

(d0') t'g~iviv') 1 r'p) (1+Vv)'
EdQ) v, i.b k 4r )8M'kk) m '$l tl+m '$'

(3& t' k' ) (1—cose+)(1—cosa )

dQ+dQ 4 2 kk' —m„'& (1—cosa~)'

1
I'd'&x I
—I, (43)

L1—2mp'/k'(1+cose~) j'r' EdQ& i'

v+ p -+ po+ (others)
4 m++~—

one 6nds in the limit of small energy loss to the recoiling
target in the OPE approximation

(
da ) ( da

dQ~dQ 3;„i,. (dQ+dQ

4' ~ k—e+—tc

X --Lo iv"'(k —o+—o )] dog, (44)
Xg It l

where do/dQ+dQ, i„. is given in Eq, (43) with the
k'~ (k+M —Mo)' as indicated above and where

&+, e are the laboratory energies of the m+ and vr

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 Kq. (25) in the limit of no
target recoil

t'g~~~') (3.6X10» cm'

k4 iE m, m,

~p2 —2m '—8'ke
X 1+

L{m o+k'(~+~ )'}{m'+k'(8 —go)'}]'ro

m. Lk.t'o+m. o—m, 3Lm.o+k'(tr + troo) ]-
+ (45)

L{m '+k'(tt+ &o)'}{m.'+k'(8 —eo)'}j'r'

where k is the incident photon energy and 8+ is the
angle between the x+ and x mesons. For cos8~& 1
—2m, '/k' the positive sign in the square root of Eq. (43)
is taken, and for cose+-&1—2m, '/k' the negative sign
is taken ~ The expression for (do/dQ)i, b is as given by
Eqs. (25) or (27). For excitation of the 33 resonance in
the one-x-exchange process the only signi6cant change
at high energies is the replacement of k' by (k+M—M'*)'in, the square root and the use of Eqs. (31), (32),
or (33) for (do/dQ)i, b. More generally for the process
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j f I l, i l ~ f l I L j
'

j f

K=6BV

6 =5.0e~v

Finally we may compare with the contribution from
the p exchange current Eq. (41) which, for a finite

g factor of the p+, escapes the sin'8 suppression of the
other mechanisms in the forward direction. In this case
we 6nd for pion energies e )—',k

(1+pv) f'gyves ) / e

E 4~ ) &me)

nz„'
X t +sin'8 I& 1—

L8e ' - 2e,

X10 'r cm'/3eV-sr. (46)

0 I I

0 2 4 6 8 IO l2 l4 l6 l8 20 22 24 26 28 R

pro. &8. Function P, in Eq. (46) for e photoproduction via the p-
exchange current as in Fig. 16.

The function Ii 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-x exchange as calculated
in Ref. 15 is given at O, =m /k by

(1+pr )'(g,n n'/4n. )
Z„.= (1.5~) (m./M)'

where e and 8 are the energy and angle of the pion with
respect to the incident photon, k is the incident photon
energy and

cos8e ——L(k/p) —m '/2ep], with p'=k' —m '

This predicts an angular distribution of high-energy
pions distributed over a cone of opening angle =m~/k.
The corresponding pion Aux from photoproduction on
the pion current where the anal p of Fig. 12 is replaced
by a charged pion (and. X*represents any 6nal state)'e
is concentrated in a narrower cone of opening angle
=m /k and appears to dominate at such forward angles.
For example, the ratio of the pion Aux from the above
process to pions from p decay as given by Eq. (45) at
8 =m, /k is

a(g'/4rr) ' m, 'M'
JR ~ (k—e)ko ~(k—e)

8n'(9F, „/m, )

=200k(k —e)o ~(k—e)))1

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

xl
kk —.) \ .N(k —e.))

In view of the unknown magnetic moment of the
charged p and coupling constant g,~g/4n. this ratio is
undetermined. An appreciable p current contribution
would appear as a contribution to a charged pion Aux

spread over an angular cone of opening angle m, /k but
not leading to charged pion pairs as in Eqs. (43), (44),
and (45) since the p here must be charged.

All the above considerations may be applied to E
production at high energies if we mak. e the correspond-
ence m ~E and p —+ E*.Measurement of the Coulomb
production of E* mesons as in Sec. IV will indicate
whether the (yEE*) interaction may play a dominant
role in E beam production in photon machines. In
view of the larger E mass which pushes the pole in the
one E exchange amplitude much further from the
physical region than for one-x exchange we expect that
the E*-current contribution may play a dominant role
as a E-production mechanism. Whether the anomalous
thresholds in the pE*E*vertex signi6cantly reduce this
amplitude for virtual exchanged E*'s of = zero mass
is an open question.


