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A simple parametrization of the high-energy 7I.-3T, K-3l, and lV-N scattering phase shifts is obtained. The
partial-wave amplitudes are assumed to be purely imaginary. This representation is used to discuss the ab-
sorption in a peripheral-model description of charge-exchange reactions with incident pions, kaons, and nu-
cleons. The Jacob-Wick helicity amplitudes are used to treat the spin dependence. The n-P charge-exchange
di6'erential cross section is found to be narrow, primarily because, in the presence of absorption, the pion-
exchange contribution is not zero in the forward direction. In addition the angular distribution exhibits a
secondary maximum at a small angle due to one of the helicity-Rip amplitudes. In contrast, the m-E and
K-E charge-exchange angular distributions, determined by p exchange, are relatively wide.

II. PARAMETRIZATION

The parametrization that we suggest at high energies
invokes purely imaginary phase shifts, and is

2i5g—
C exp{RA 'I 1—(1/P/O2R')'"))

(1 +P/O2R2) 1 f2

where C~&1, A, R are three adjustable parameters.
However, except for the large-angle elastic scattering,
the results are primarily dependent on C and AE.. The
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I. ImRODUCTIOm

E have found a simple parametrization for high-
energy nucleon-nucleon, kaon-nucleon, and pion-

nucleon scattering. The simple model is able to repro-
duce approximately the following features: (a) the
total cross section, ' (b) the ratio of the elastic to the
total cross section, ' (c) the small-angle diffraction
scattering (but without shrinking), '' (d) the large-
angle elastic scattering. '' In addition, our scattering
amplitude has some of the expected analytic properties
anticipated at high energies and is particularly suitable
for carrying out distorted wave calculations for periph-
eral processes. ' ' We apply it here to 22-p charge ex-
change scattering' and use it to predict the differ-
ential cross section for the pion-nucleon and kaon-
nucleon charge-exchange reactions. The narrowness of
the former is due to the pion exchange, which does not
contribute to the latter reaction. Consequently the sr-p

and E pcharge-exchang-e angular distributions are
predicted to be even somewhat wider than the elastic
differential cross section.

critical value of l for which xt/xp= e is given by l„
J '= O2L(R+A)2 —R2$=2ARO2 (2)

where the latter equality holds if R/A))1.
In terms of the above constants, the differential

elastic cross section is given by'

~p(ktP)x(P)PdPI'

exp( —2RA 'L(1/k 'A') —ll}= (kARC)' (3a)
1+kt2A2

= (kARC)'e 2""N for ktA« 1

= (ORC/k ) e2sss'" for O,A))1 .

(3b)

(3c)

The appearance of k&=—k sine occurs from the asymp-
totic replacement of Pt(cosg) by Jp(ktp). It has been
arguedv that for large angles 2k sin-', 8 should be sub-
stituted for k&, but this is not done below. The replace-
ment would not affect our detailed comparisons with
experiments, which are restricted to angles less than
40'. The parameter p corresponds to J/k. The elastic and
total cross sections are'

0'el = 2X X'( ) Pd PP

22r(RC)sen'" Ei(——2R/A) =srARC', (4)

&total x(p)pdp=42rARC,

where the function Ei is the exponential integral. We
note that our model contains both the small-angle
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Phys. B6, 649 (1964); and E. M. Henley and D. U. L. Yu, Phys.
Rev. 135, 31152 (1964).
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tions, Inc. , New York, 1943).

1783



E. M. HENLEY AND I. J. MUZINICH

diffraction behavior /do/dQ exp(Art), with I the
invariant four-momentum transferj and the larger
angle exponential behavior suggested by Orear. '
Furthermore, except for the large-angle data, only the
constants AR and C enter. The ratio of the elastic to
the total cross section is 0.25C. For E-X scattering
(X stands for neutron or proton), the data' suggest
C=1. On the other hand, for m-p and E Psca-ttering
this ratio is =0.18, so that C=0.72. The total cross
section for both P-P (=40 mb) and sr-P (=28 mb)
collisions then determines AX=0.32 F'. This parameter
also describes the measured small-angle elastic scatter-
ing. For instance, Orear' uses AR=0.36 F', but with a
form which corresponds to Eq. (3b) rather than (3a);
the latter requires a somewhat smaller value of A R, in
agreement with our choice. The additional parameter
R is at our disposal to fit the large-angle scattering, Eq.
(3c). The value suggested by Orear is 2= x F; because
of our denominator, a somewhat smaller value of R
gives a better fit and in the calculations below we use
R=0.6 F.

In addition to the above features, the model gives a
branch point for the scattering amplitude at t=k~'
=A '= 7m '. Analytic properties dictate that the
threshold for the cut occur for t=4m ', so that our
choice of constants is not inconsistent with this feature.

Because of the shrinking of the p-p diffraction pattern
with increasing energy, ' the above parameters are not
too useful for lower energy nucleon-nucleon processes
(say, below 5 BeV). For instance, at 2.85 BeV, which
corresponds to the highest energy at which the np-
charge exchange reaction has been measured, ' the
observed angular distribution for elastic P-p scattering
is considerably wider than given by the above form;
furthermore, the ratio of the elastic to the total cross
section is 0.36 rather than 0.25. These characteristics
imply that x ~ may not be purely real and that the transi-
tion from no absorption (x~=0) to full absorption
(z&

——1) given by Eq. (1) is too gradual. For a sharp
transition, with C= 1,

x~——1 for /&l„
y) ——0 for l&l„ (6)

the ratio of elastic to total cross section is 0.5, but such
a sharp boundary leads to secondary diffraction max-
ima in the elastic differential cross section, con.trary to
observation. ' At this energy, the situation appears to be
intermediate between Eqs. (1) and (6).

T. Fujii, G. B. Chadwick, G. B. Collins, P. J. Duke, ¹ C.
Bien, M. A. R. Kemp, and F. Turkot, Phys. Rev. 128, 1836
(1962).

III. CHARGE EXCHANGE

A. n+p ~p+n
The above considerations are applied to the np, Ep,

and s.ib charge exchange reactions. Of the known

particles and resonances only the x and p can be ex-
changed's in n+ p —+ P+n; and only the p in s +P ~
s'+e, and K +P —+E s+N. Furthermore, in perturba-
tion theory (or peripheral model) of e+P ~ p+ss only
the p contributes at very small angles; the pion effect is
zero in the forward direction. However, in the distorted-
wave Born approximation the pion not only contrib-
utes, " but dominates the angular distribution at
forward angles, as we shall show.

With. the use of the WEB approximation' the dis-
torted-wave Born amplitudes for nucleon-nucleon
scattering can be written as"

where 8~q„„~ is the partial-wave helicity amplitude'4
for the single particle exchanged and pvq„.„~ is the
corresponding single-particle-exchange helicity ampli-
tude. The parameter Xz is given by Eq. (1); dz

are well-known rotation matrices"; E is the energy of
either particle in the c.m. frame; X,X are the helicities
of the Anal nucleons and p', p, the corresponding ones for
the initial nucleons. The pion exchange, which con-
tributes to the helicity amplitudes g++ and qb+ +,
and the p exchange, which contributes to all 6ve
independent helicity amplitudes, do not interfere in the
cross section. "With the factor (1-Xg), which cuts off
the lower angular momenta, g++ no longer vanishes
for the pion in the forward direction; however, p+ + is
still zero for the m, since it is expanded in terms of
functions dt, ~ (8) which are zero at 8=0'.

Unfortunately, the highest energy measurements
reported to date' have been carried out at 2.85 BeV,
where the parameterization given by Eq. (1) is no
longer very good. Nevertheless, we have carried out the
partial-wave sum in Eq. (7) with this form. With the
insertion of the proper isospin factors, we compare our
result with the data in Fig. 1.The secondary maximum
at 8=15' is caused by the amplitude p+ + reaching a
maximum at this angle. In the same 6gure, we also show
the differential cross section obtained with only pion
exchange, as well as with pion exchange in the absence
of the amplitude p+ +. It is clear from the figure that
the pion contribution dominates the cross section at
small angles. With values of g,~g/4s=2 and g ~g/
4s = 14, we Qnd a differential cross section of 3.2 mb/sr
at 0' in the c.m. system. This compares favorably with
the experimental cross section of 3.0&0.5 mb/sr.
Although there is a small imaginary part of the ampli-
tude that has been neglected, its contribution is less
than 0.3 mb/sr at 0' for a 4-mb difference between the
pp and esp total cross sections. Thus, the imaginary part

"See, for instance, I. J. Muzinich, Phys. Rev. Letters 11, 88
(1963);M. M. Islam and T. W. Preist, ibid 11, "44 (1963).."D.V. Bugg, Phys. Letters 7, 365 (1963)."See, e.g., L. I. SchiG, Phys. Rev. 103, 443 (1956)."K.Gottfried and J. D. Jackson (to be published).

"M. Jacob and G. C. Wick, Ann. Phys. (N. Y.) 7, 404 (1959).
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of the amplitude does not spoil the agreement between
our model and experiment. In fact, for a sharp cutoff,
Eq. (6), with l, =kR, =6 the charge-exchange angular
distribution is even somewhat sharper than with Eq.
(1) and the magnitude of the cross section is reduced to
about 2 mb/sr. Thus, it is clear that one can understand
both the sharp angular distribution as well as the
magnitude of the charge-exchange cross section on the
basis of a simple peripheral model with absorption.

B. m +p ~ m'+n

The above calculation has been repeated for the
reaction 8 +P~ we++ at the same c.m. momentum,
corresponding to a laboratory kinetic energy of 3.15
BeV as well as at 6 BeV. Unlike the case of Np charge
exchange, only the p contributes, and we find a con-
siderably wider angular distribution. The experimental
~ p elastic scattering does not show any shrinking and
Eq. (1) (with the chosen parameters) gives a reasonable
fit to the total cross section and elastic-scattering data"
even at 3.15 BeV as shown in Fig. 2.

For the charge-exchange reaction the distorted-wave
helicity amplitudes in the c.m. are'4"

FIG. 1. Charge
exchange scattering
at 2.85 BeV. The
experimental points
are taken from Ref. 6.
The solid curve cor-
responds to the pro-
posed high-energy
model with the in-
clusion of both p and
7r COntributiOnS. The
dashed curves show
the pion contribu-
tion; that with the
long and short dashes
omits the helicity
amplitude It+ +.
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where W is the total energy, f&, „8 is the single-particle
exchange (Born term) helicity amplitude, and 8&, „~ is
given by (fs=c=1)

'-g.~N &
1+&~/k i

A.y&,
'=

47r k Mto/k' /'

+EQ&+&/2(8) ~Q&—t/2 (t)3 (9)

In Eq. (9), E is the energy of the nucleon, &o is that of
the pion, k is the momentum of either particle, and
(=1+m,'/2k', where IrI, is the mass of the p meson.

In Fig. 2 we exhibit the relative charge exchange
differential cross section, at 3.15 Be V arbitrarily
normalized at O'. The angular distribution out to 40'
is only slightly narrower for a sharp cutoff (l,=kR„
R, 1 F, and C=0.72), Eq. (6), than for our repre-
sentation, Eq. (1) which is plotted. The differential
cross section at 0' is 3.7 mb/sr with Eq. (1) and 1.3
mb/sr with Eq. (6), if we use the generally accepted
values" of g, '/48-=g, /vtv'/4~=2. Although the rela-
tively broad angular distribution is in agreement with
preliminary results obtained at 4 BeV by Faissner,
Ferrero, Gerber, Reinharz, and Stein, ' the magnitude
of the 0' cross section is too large, even with a sharp
cut-off. It thus appears that a smaller coupling constant

' C. C. Ting, L. W. Jones, and M. L. Perl, Phys. Rev. Letters
9, 468 (1962).' G. F. Chew, M. L. Goldberger, F. E. Low, and Y. Nambu,
Phys. Rev. 106, 1337 (1957)."J.J. Sakurai, in Proceedings of the International School of
Physics, Varenna, Italy, 1962 (to be published).' H. Faissner, F. Ferrero, H. J. Gerber, M. Reinharz, and J.
Stein (private communication).

or C closer to 1 (rather than 0.72) is required to fit the
magnitude of the ~ p charge-exchange cross section.
The larger C is also in agreement with a larger ratio
o,~/o«t, (=0.22) at this energy. Thus, with C=0.8, the
cross section is 0.7 mb/sr at 0' with the sharp cutoff.
However, the choice of 3.15 BeV is not a particularly
suitable one to test our model, since recent measure-
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FIG. 2. Difterential cross sections for m —p scattering at 3.15
SeV. The experimental points are those for elastic scattering
measured by Ting, Jones, and Perl (Ref. 15). The solid curve is
that calculated for m p -+ m p, normalized at 0' by a factor of 1.2
and the dashed one is that for x p ~ m n, arbitrarily normalized
at 0'.
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FIG. 3.Differential cross section for the reactions 7J- +p —& 7I +n
6 BeV and E' +p ~E +e at 5.8 BeV, based on Eq. (1). In both
cases k=11.7ns . The angular dependence is the same for both
reactions, but the ordinate for the IC p charge-exchange cross
section should be multiplied by 0.5.

ments" show a resonance and considerable structure
close to this energy. We have repeated our calculation
at 6 BeV, where the parametrization given by Eq. (1)
is expected to be better. The differential charge ex-
change cross section for this energy is plotted in Fig. 3. g KK ~2++($2+2/2K2)1/2 2

(R=
g )/2++($2+222 2)1/2

(10)

C. K +P —& K'+n
The development of the previous section applies also

to the E p charge-exchange reaction. In fact, Eqs. (8)
and (9) are equally valid for this case, if ~ is taken to be
the energy of the kaon and g, is replaced by g,KK(2) '/'

where the factor (2) '/' comes from isospin consider-
ations. SU3 symmetry predicts that gp+~ gp when
defined in the above manner. "At the present time the
highest energy at which data" exist is at 2 BeV/c. In
Fig. 4 we compare our calculated angular distribution
to the measured one at angles &40', where the periph-
eral model should be applicable. Again, for these
angles the sharp and rounded cuto8s yield only slightly
diferent angular distributions. However, the former
case (with C=0.72, J,=M, and R,=I F) gives a
forward differential cross section of 0.4 mb/sr, whereas
the latter one yields 1.1 mb/sr compared to a measured
cross section of the order of 0.4 mb/sr. Thus the
peripheral absorption model accounts well for both the
magnitude and angular shape. At 3 BeV, the calculated
forward cross section is 0.6 mb/sr for the sharp cutoff
and 1.9 mb/sr for Eq. (1). The shape of the angular
distribution is essentially identical to that for the pion
charge-exchange reaction at 3.15 BeV shown in Fig. 2.
In fact the ratio of (do/dQ) (0') for E +P~X'+22 to
that for 2r +p —&m'+n can be used to test the SU2
prediction of the coupling constants. This ratio is
given by

I.O

—0.8I—o
LLJ

G6

at the same c.m. momentum. In fact, the above ratio is
approximately valid at other angles as well (if the c.m.
momenta are identical) because the helicity flip ampli-
tude is small. This conclusion is independent of the
details of the absorption and depends only on the
validity of the peripheral model. At 5.8 Beg, where our
parametrization Eq. (1) is expected to be valid, the
differential cross section is shown in Fig. 3.
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FIG. 4. Relative differential cross section for the reaction
E +P ~E'+e at 2 BeV/|;. The histogram is that obtained in
reference 20, the solid curve corresponds to Eq. (1) and the long
and short dash one to Eq. (6) with /, =6

"M. A. Wahling, I. Mannelli, L. Sodickson, O. Fackler, C.
Ward, T. Kan, and E. Shibata, Phys. Rev. Letters 13, 103 (1964).

IV. CONCLUSION

We conclude that the peripheral model, modi6ed to
take absorption into account, is capable of explaining
many of the characteristic features of charge-exchange
reactions. In particular the pion exchange in 22+P —&

P+22 accounts for the sharp fall-off at small angles.
However, in the 2rP and KP charge-exchange reactions
the dominant peripheral contribution comes from the
p-meson exchange and absorption, and the angular
distribution is considerably wider. This is in contrast to
the prediction based upon the dominance of the
p-meson Regge trajectory. "

"D.Barge, W. Chu, L. Leipuner, R. Crittenden, H. J. Martin,
F. Ayer, L. Marshall, A. C. Li, W. Kernan, and M. L. Stevenson,
Phys. Rev. Letters 13, 69 (1964).



HI GH —ENERGY x —N, X —N, AN D N —N SCATTERI N 6 8 1787

In the Np case one of the helicity flip amplitudes,
Q+ +, causes a secondary maximum to appear at small
angles (=15'). Although this maximum might be
washed out, more experimental data would be valuable
to study this feature of the absorption model.

The ratio of the ~p to Kp charge-exchange cross
sections at the same c.m. momentum, particularly at
0', can be used to test the SUB prediction of coupling
constants. However, this test should be carried out at
higher energies (e.g. , &6 BeV) than where data pres-
ently exist in order to get outside the harp resonance

region. Thus, additional data, especially at higher
energies would clearly be of value.

ACKNOWLEDGMENTS

We would like to thank Dr. A. Martin, Dr. J. S. Bell,
and Dr. A. Goldhaber for helpful comments, and Dr.
H. Faissmer for making his results available to us. One
of the authors (I.J.M.) is grateful to the Los Alamos
Scientific Laboratory for i&s hospitality during the
completion of this work. Ke also thank Dr. %. R.
Gibbs and Mrs. M. Menzel for computational assistance.

P H YS ICAL REVI EW VOLUME 136, NUMBER 6B 21 DECEM BER 1964

Electromagnetic Form Factor of the Neutrino*
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Bernstein and Lee and, independently, Meyer and Schi6 have recently published calculations of the neu-
trino electromagnetic form factor, obtaining results diftering by a finite constant term. This difference can be
traced back to how the W-meson contribution is regularized: The Bernstein-Lee calculation is gauge-invari-
ant at every step, while Meyer and Schiff simply impose over-all neutrino charge neutrality at the end. The
g-limiting process in addition sums a class of electromagnetic radiative corrections and assigns the value
lna ' to the logarithmically divergent term in the P"-meson contribution. Since the Gnite term, which is al-
most comparable to inn in magnitude, is not fixed by the P-limiting method, the neutrino form factor has
actually been determined only to order of magnitude by this method. For this reason and because the P'
mass is large (or infinite), we have determined the largest part of the neutrino form factor from the charged
lepton contribution using a guage-invariant direct-interaction theory. This is obtained, without further cal-
culation, from the photon vacuum polarization. The v, charge radius thus measures the same integral that
appears in the perturbation-theory calculation of Z3,'~', the charge renormalization in quantum electro-
dynamics.

INTRODUCTION
" 'N the weak interaction theory, either based on the
~ ~ local four-fermion current-current self-interaction
(F theory) or on the intermediate boson model (W
theory), (ev,) (ev,) and (ttv„) (ttv„) couplings would
exist to the lowest order in the weak coupling constant
G (F theory) or g' (W theory). An immediate conse-
quence of this interaction is that the neutrinos would
have electromagnetic interaction through the genera-
tion of a charge form factor in the sequence'.

(i) F theorv: vt vt+l++l=vt+y,

(ii) W theory: vt l +W &+W +'v—vt+'y, (2)

where l=e or p, . The matrix element of the neutrino
electromagnetic current operator J„evaluated between
initial and 6nal one-neutrino states in a y5-invariant

*This work was supported in part by the U. S. Atomic Energy
Commission. One of the authors (S. A. B.) also gratefully acknow-
ledged the hospitality of the Physics Division of Aspen Institute
for Humanistic Studies where part of this work was done.

' In order to satisfy gauge invariance or energy-momentum
conservation, the coupling must be to photons o8 the g'=0 mass
shell, i.e., to virtual photons or to plasmons.

CE-invariant theory' is

FIG. 1. The lowest order
diagrams contributing to
the neutrino form factor
(l=e orts) in the W theory. g w+ +

Pg

w'i
I

w'

2 We do not consider the question of whether a consistent
quantum electrodynamics exists for a massless spinor field.

e J. Bernstein and T. D. Lee, Phys. Rev. Letters ll, 512 (1963).
4 Ph. Meyer and D. SchiB, Phys. Letters 8, 217 (1964).

(v'I J.I v) =&v(p')~. (&+vs)v(P)F(q')

where p and p' are, respectively, the initial and final
four momenta and q'=(p —p')'. F(q') is the neutrino
form factor, which, in lowest order electromagnetic and
weak interaction, originates from the Feynman dia-
grams of Figs. 1 or 2.

The explicit form of F(q') has recently been calcu-
lated by Bernstein and Lee' and independently by
Meyer and Schiff4 in the 8' theory for the case of vector


