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The total cross section is computed for the resonant process p'+Z —p'+Z+jgo- p'+Z
+ (hadrons or leptons), where 8 is the hypothetical massive spin-1 boson of electromag-
netic interactions, proposed by Lee and Kick, and where Z is either a proton or Fe.
Only those diagrams in which the B is emitted by the muon are calculated.

This Letter reports on computations of production cross sections for the hypothetical massive spin-1
boson of electromagnetic interactions (the Bo particle) proposed by Lee and Wick. '2 The resonant pro-
cess

p'+Z- p'+Z'+Bo- g'+Z'+(hadrons or leptons)

is considered in lowest order for two cases of Z and Z': (a) elastic scattering off a proton (Z =Z'=P)
and (b) coherent scattering off a nucleus (Z =Z'=Fe is used). The case of inelastic scattering off a
proton (Z =P, Z is a nucleon resonance or an hadronic system in the continuum) will be treated else-
where Pos. sible contributions from diagrams in which the Bo is emitted by Z or Z' (rather than by the
muon) are neglected. It should be noted that the neglect of such diagrams is consistent with gauge in-
variance. '

The interaction Lagrangian of the B with the muon is anti-aermitian, "and is given by

& (=eA, yg&q'g, (2)

where q and g denote the B' and muon fields. The two lowest-order Feynman diagrams in which the
B is emitted by the muon are given in Fig. 1 in which the cross denotes the electromagnetic interac-
tion with the nucleon or nucleus. The four-momenta of the incoming muon, the target Z, the outgoing
muon, the B' particle, and the final nucleon or nucleus Z', shall be denoted by k, P, k', B, andP', re-
spectively. All these momenta, are on the mass shell; thus we have k' =k" = -m „', P' =P" = -M', and
B' = -m~'. Defining the four-momentum transfer q =P '-P, the matrix element K for the lowest-order
process is then

K= —ie'u'([(k -q)'+m„'] '(-q„y~y, . y, +2k, y&)+[(k'+q)'+m„2] '(q, y y„y„+2k, 'y„)]up „V,.
Here u and u' are the respective spinors of the incoming and outgoing muons, normalized so that uu
=u'u'=2m„. The amplitude of the B, denoted by pz, satisfies

Zq'), 9' = ~ ~ +B~B /m (4)

where the sum extends over the three polarization states of the B'.
The factor V, is calculated for each of the Z, Z' cases as follows.
(a) For the case of elastic scattering off a proton, or incoherent scattering off a nucleus (when the

lepton elastically scatters off a nuclear proton which can be regarded as essentially free), the familiar
dipole fit' is used:

E (q') =G~[1+~(1+4M'/q') '] F,(q') =-,Gs~(1+q'/4M') ',

where G ~
= (1 +q'/0. 71) ', q in GeV, and z = 1.7928. Then

V =(ie/q2)u&. (F y +2iF2M '(y yz-yBy )q8]u&,

where u~ and u~ are the spinors of the initial and final protons, with u u~ =u&.u~. =2M.
(b) For coherent scattering off a nucleus of charge Z we take

V.=(eZ/q')(P +f ') X'(q'), (7)
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which is exact for a spin-0 nucleus. The form
factor used is the same as that assumed by Lee,
Markstein, and Yang'.

with

a' = —,'(l.3 &&10 "A"')' cm'.

The differential cross section is given by
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IX I' d'k 'd'B d'P ' 5 ~ (k k'-- B —q)
(4w)SMI kIko'B, P, ' (10) FIG. 1. Feynman diagrams.

in the lab frame. To calculate the total cross section (assuming the incoming beam to be unpolarized
and summing over spins of all outgoing particles) we express TIKI' (summed over all spins) as the
product of a leptonic factor I, and an hadronic factor 8'„, where I.„and 8', are symmetric, and

q, I. ,=q W, =O. The five variables of integration are chosen to be q', k q, p~. , P, and p', where P
=m~'+2k B, y~. is the azimuthal angle of p' in the lab frame, and p' is the azimuthal angle of k' in

TABLE I. Total cross section in units of 10 cm for the process p'+ Z
+Z+Bo p~ +Z +(h adr onsor leptons) for Z=p and Z=Fe.
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E
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the frame k'= —B. (In each frame the polar axis is chosen to be k. ) The q~ integration is trivial. The
double integral

X„=ffL, dPdq ' (»)
depends only upon A and q, and can be written as

N„=IV„(5„—q 'q, q, ) 1V~(k —q 2k qq, )(k, —q 'k qq, ),

where N„and N~ are simply related to E and 4 X,A,.
The expressions for L and k,l. ,k are calculated in invariant form, using Veltman's symbolic

manipulation program SCHOONSCHIP7 to perform some of the tedious algebra. Since P2I. , and P2k, l.„
&k, are independent of q' and are polynomials in P, ~~ and X~ are easily calculated. The remaining
variables of integration are q' (in which variable the integrand varies most rapidly) and k q. These
integrations are carried out by a multiple adaptive Simpson integration scheme.

It should be noted that any modification of the photon propagator due to the possible existence of B
enters also into the empirical determination of the hadronic form factors, and therefore need not be
consider ed separately.

Total running time on the CDC 6600 at New York University was about ten minutes.
The integration scheme was checked in part by using it to calculate the cross section for spin-1 %-

boson production by neutrinos. The results for elastic scattering agreed with those of Brown and
Smith' (using the same form factors) to within about I/o, and those for coherent scattering off Fe
agreed with the results of Lee, Markstein, and Yang to within 3%.

The total elastic cross section for production off iron is calculated using the approximate expression'

+ (1 v' &lgtotal elastic p, elastic ~1 ~ ~ Fe, coherent ~ (13)

(14)total elastic Fe, coheren t ~

Eqs. (13) and (14) neglect the effect of higher-or-
der graphs, neutron contributions, Fermi statis-
tics of the nucleons, details of the proton wave
functions within the nucleus, and contributions
from the graphs in which the 8 is emitted by Z
or Z'. The cross sections for incoming muon en-
ergies E„;„-=(k,), , b up to 1000 GeV, and B'
masses of 4, 7, 10, and 13 GeV, ave presented
in Table I. The results for m~ =7 and 10 GeV
are also plotted in Fig. 2.

I am indebted to Professor T. D. Lee for sug-
gesting this problem, and for essential advice
and encouragement throughout the course of the
work. I also wish to thank Dr. R. %. Brown for
valuable discussion and for supplying me with a
copy of the program SCHOONSCHIP.
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At energies below, or very close to, the thresh-
old for elastic production off protons and at suffi- case we replace Eq. (13) by
ciently large energies (where essentially all pro-
duction occurs via the coherent process) cr„„„,„,
exceeds the right-hand side of Eq. (13). In that

10 IO

E„„ in GeV

FIG. 2. Total cross section, per proton, for the re-
sonant processes p'+Z —p +Z+B -p'+Z+(hadrons
or leptons) at B masses of 7 and 10 GeV, for Z=pro-
ton (solid curves), and for the coherent process with
Z= Fe (broken curves).
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For kinematic configurations in which (k-k') is
large, the neglect of these diagrams is a reasonably
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those in which the B is emitted by the nucleon or nu-
cleus is experimentally measurable by comparing
cross sections for incident p and p+ beams.
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ERRATA

THEORY OF FLUCTUATION-INDUCED DIAMAG-
NETISM IN SUPERCONDUCTORS. Patrick A.
Lee and Marvin G. Payne [Phys. Rev. Lett. 26,
1537 (1971)].

The manuscript receipt date as printed is
erroneous; it should read 4 March 1971.

DISPERSION OF SURFACE PLASMONS IN InSb.
N. Marschall, B. Fischer, and H. J. Queisser
IPhys. Rev. Lett. 27, 95 (1971)].

A typographical error resulted in the chemical
formula in the title appearing as "InSp."

170


