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Scattering of X+ Mesons by Nucleons*
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A calculation of the scattering of low-energy (&50 Mev) X+ mesons by nucleons via the mechanism of
a boson-boson interaction between two pions and two E mesons is presented. The following experimentally
observed features of the low-energy scattering seem to be simply represented by the scheme: (o) The scat-
tering is predominantly in the S wave and the cross section shows a slight rise with increasing energy.
(b) The effective nuclear potential is repulsive and of relatively short range (~1/2p). (c) The charge exchange
scattering is very small at very low energies. A preliminary discussion of the scattering at higher energies
is given by introducing, in addition, the 'direct" scattering via the interactions of E' mesons with nucleons
and hyperons.

INTRODUCTION AND SUMMARY OF RESULTS
' 'HE scattering of E+ mesons by nucleons has been

and is being investigated experimentally by a
number of groups. ' ' At present several features of the
existing experimental analyses are of particular interest
insofar as they may serve as the basis for a preliminary
theoretical study of E+-nucleon scattering. We enu-
merate brieRy those features, which we consider sig-
nificant for our present theoretical analysis: (p) the
magnitude of the E+-hydrogen scattering cross section
at very low energies (&50 Mev), (b) the very gradual
rise of this cross section in the energy interval from 0
to 200 Mev, ' (c) the apparent constructive interference
between the Coulomb and the nuclear scattering ampli-
tudes in the E+-proton differential cross section at small
angles, ' ' (d) the apparent variation in the ratio of the
charge-exchange scattering to the non-charge-exchange
scattering from a value of less than 1/10 at energies
below 60 Mev to a value of about 0.24 at energies
above 150 Mev. '' Although these features are in
evidence in the present experimental results, they are
yet to be either confirmed or altered by the greatly
improved statistics of the current and future experi-
mental studies.

In this paper we shall discuss the results of the
application of a simple theoretical scheme to the E+-
nucleon scattering problem. In particular we shall see
to what extent the features of the scattering enumerated
above can be reproduced within the framework of this
scheme.

Our discussion of the scattering at very low energies
will be based upon a mechanism recently suggested by
the author. ' The E meson is considered to be scattered
via the exchange of two pions between the nucleon and
the E meson. The scattering is then evaluated in terms
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of the pion-nucleon coupling constant (as given in the
work of Chew and Low') and the coupling constant
which characterizes the interaction between two E
mesons and two pions. As a result of the analysis we
shall find that with the latter number taken as unity
we obtain a repulsive nuclear potential (this is not
dependent on the E-meson parity) and a zero-energy
nuclear scattering cross section of about 5.3 mb. This
cross section increases slowly with increasing energy.
With the inclusion of the Coulomb scattering amplitude
we estimate in Born approximation the differential
cross section at 30 Mev.

Thereas a reasonably coherent treatment of the
low-energy scattering via the above mechanism is given
below, we are unable to do the same for the scattering
above 100 Mev. Here we must deal with the fact that
the continued very slow variation of the cross section
with energy may indicate that the S-wave scattering
is still predominant and also the fact of the increased
charge-exchange scattering. The mechanism discussed
above gives no charge-exchange scattering. We therefore
introduce, in addition, the scattering via the direct
interaction of E mesons, hyperons, and nucleons. By
considering the scattering of pseudoscalar E mesons in
the S wave via the intermediate pair state, in conjunc-
tion with the scattering via the exchange of pions, we
obtain, at jI00 Mev available kinetic energy in the cen-
ter-of-mass system, the following cross sections:

o (E++p +E++p)-17 -mb,

a(E++n ~E++I.) 3 mb,

o (E++ts —+ E'+p) 6 mb.

The charge-exchange to non-charge-exchange ratio is
then about 0.3. The couplings of E mesons to nucleons
and A particles and to nucleons and Z particles are
taken as gzA&'/kr 4 and glitz&'/4s. 0.4. The analysis
suggests that the coupling parameters which charac-
terize the E meson-hyperon-nucleon interactions as
well as that which characterizes the hypothesized
four-6eld boson-boson interaction are "strong" coup-
lings, but are not necessarily as large as the pion-nucleon
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parameter, gs/4s. 15.At the higher energies the scheme
is, at present, nothing but phenomenology in that we
supplement the pion exchange mechanism with the
"direct" scattering by putting the latter into the scat-
tering amplitude without an understanding of how
its e6ect is damped at the lower energies. The form
of the "direct" scattering which we introduce provides
a simple way of correlating the three E+-nucleon cross
sections at about 160 Mev laboratory kinetic energy
and is suggestive of the magnitude of the couplings
involved. A treatment of this scattering will have to
be done with methods better capable of handling the
strong coupling of a heavy meson to baryons, when the
parity of the E meson has been established by experi-
ment.

In the next section we outline the method of cal-
culation and give the relevant formulas. In our con-

eluding remarks we give certain additional calculational
results and summarize the discussion.

CALCULATION

We consider the scattering of E+ mesons below 50
Mev. The scattering is assumed to proceed through the
exchange of pions. The pion-nucleon interaction Hamil-
tonian is given in the papers of Chew and Low' and
Miyazawa. ' The interaction between E mesons and
pions is taken to be

XE ~E x;tx;,

where the symbol for the particle denotes the 6eld
operator which destroys it, the isotopic spin indices
0. and j run from 1 to 2 and 3, respectively, and the
dagger (t) denotes Hermitian adjoint. The 5 matrix
for the scattering process to lowest order in ) is given
in the center-of-mass system by

S;t=(& 'k'Ik'+')

=2 I&(
' —)(0 i 4're'&e '&' Q a(a a. e'& e '&'+a &a &e ' e ''+a &a.e '&j u, p'

+a„a 'e '&' "') 0) (1)

= (27r)'8(~' —44) P pub( —k'+p+p'+k)(OIa„a ~ IO)+h( —k' —y —p'+k)(OI&vtrrv, tI0)
945

+ (—k' —p+ y'+k) (0 I
a„tu„

I 0)+ (—k' —p'+ p+k) (0 I a„a,.t I 0)}.
The a„and u„t are plane-wave pion annihilation and

creation operators, respectively; the indices p and p'
include the momentum and isotopic spin labels; the state

I 0) denotes the physical nucleon; and p = i (16~~'v v') ~—
where (u= (k'+mx')l 4o'= (k"+mx')' v= (y'+t4')'*
and v' = (p"+t4') l with t4 =pion mass and 4rtrc ——E-meson
mass. The expression may now be transformed by using

the standard techniques of the Wick-Chew-Low field

theory~s for handling exPressions like (0 I
avav.

I
0). The

t matrix given by S;r——1—2n-i8(40' —a&)t;r is then ex-

pressible in terms of the pion-nucleon interaction cross
section. The result for the t matrix for zero momentum

transfer (k' —k=0) is

t (f)'(3p' ) 1
(~'I t

I ~)=, , I

—
I I Imp+ ~dP dvL4&" (g)+2~"(v)+2~"(v)+~"(v)j

2(4eco')'* " I tr) & 2m'v4& 124r' J

p' p'
X

-PCOq P Mq PMq P GOq

t (f)'(3p' ) p' 1
I~p+ dp ~v 4 "(q) -+

2(4e'cu) & J i 44) I 2s.sv4) 124rs j P GOq P (dq P P COq J

=Ct COCO (2)

This expression gives the transition matrix for zero
momentum transfer for E+ mesons on protons or
neutrons. There is no "spin Qip" in either ordinary or
isotopic space. The first term in the curly brackets is
the Born approximation expressed in terms of the
rationalized, renormalized pion-nucleon coupling con-
stant, f'=br(0. 08); the second term involving an
integral over the pion-nucleon cross sections 0.'&' in the

spin, isotopic spin states (2j,2i) involves corrections
from the multiple scattering of the exchanged pions on
the physical nucleon. The momentum integrals are
taken from 0 to E„, =(24)' p, , i.e., the cutoff in our
work is chosen at 5 p. Integrals of the above form have
been evaluated in the work of Miyazawa~ on the

7 H. Miyazawa, Phys. Rev. 101, 1564 (1956).' G. C. Wick, Revs. Modern Phys. 27, 339 (1955).
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nucleon anomalous moments. We find for n

n= (0 75/I )(~/2). (3)

t.3

I.2-—

The Born approximation contributes (0.51/p)(X/2) to
o., and the terms involving the integrals over the pion-
nucleon cross sections contribute (0.24/p) (X/2).

In order to take into account some higher order
effects in the coupling X, we propose to iterate the t

matrix evaluated above in a "ladder" approximation.
We define the complete T matrix for forward scattering
to be the solution of the familiar equation'

(~'I T'l~&=(~'I tl~&

+(cu'I t f(u"&(rd ro"+—irt) r(co"
I Tice&. (4)

The type of diagrams included in this approximation
are shown in Fig. 1. For a t matrix factorable in co and
co' as given by Eq. (4), the exact solution for (rv'I 2" lco)

is given (with k= k') by"
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FtG. 2. Curve A—the center-of-mass differential cross section
from the nuclear scattering of E+ mesons by nucleons at 30 Mev
E+ kinetic energy in the laboratory. Curve 8—the center-of-mass
differential cross section from the combined nuclear and Coulomb
scattering at this energy. The cutoff angle is taken at about 33'.

We thus obtain

~= —(2~/k) Im(~l Tl~&. ( )
where

Now the total cross section is related to the imaginary
part of (~I2 lro& by

X'n'/m'

(1—D)'+X'k'n'/4s'

D= —()tn/2'') P) k'd(o'/(ro' —r0),

A P
FIG. 1. Typical Feynman graphs considered in the calculation

of the low-energy E+-nucleon scattering via the mechanism of
the boson-boson interaction between two pions and two E mesons.

9 An equation of the form

&h'I T Ih& = &k'III &&+ &I 'I II&"&&I "IT Il &

was utilized in the early work of Chew on the pion-nucleon scat-
tering problem I

G. F. Chew, Phys. Rev. 94, 1755 &1954)g.
Equation (4) is obtained with k'= k by neglecting the dependence
of the integral term upon A'= k"—k. This is a 6rst approximation
and will give us an idea of the behavior of this scattering mecha-
nism in this "ladder" approximation.

'0 J. S. Blair, Phys. Rev. 95, 209 {1954).

T (o),h) t'(ro, A)+ t.(rd, h)— (g)

The quantity 6 is the momentum transfer = 2k sin(8/2);
t, {rd,h) is the Coulomb transition matrix given by

t, (re,A) = 2s e'/I 4¹sin'(8/2) j) (9)
where e' is the fine structure constant. The quantity
t'(~, d) is the following approximate form for the nuclear
transition matrix in the Born approximation:

t'( ,C0t&=}(2)w'(4N} '3(j'/JIB)X(2+8), (10)

and I' denotes the principal value. Evaluation of this
expression with X'/4s 1 gives a zero-energy cross
section for the nuclear scattering of E+-mesons on
protons or neutrons of about 5.3 mb. If X'/kr 5, this
cross section is about 14 mb, We see that the quantity
D is negative and decreases somewhat with increasing co.

The cross section for the nuclear scattering from this
mechanism alone consequently increases somewhat with
increasing energy. For X'/4s 1 and co —rlrr 100 Mev
(identified as the available kinetic energy in the center-
of-mass system in this static treatment of the nucleon),
o 6.5 mb.

We would like to examine the differential scattering
from this mechanism and the Coulomb potential, at a
low energy, say for about 30-Mev E+ incident on
protons. For this purpose we write, in Born approxi-
mation,
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v t. vie

p' (a—2b) (a+-', b) c—2b (d—b) (d+-,'b)
A= —,dv —

3 ln +s ln +ln
vh (g—sb) (g+2b) c+2b (d—sb) (d+b)

8= dv p'vh
t' 1 ) a+a' ,'—b —5 (a—2b)(u+-', b) 1

l
ln —+ ln +-

E4v4a) a+a'+ ssb 12v4u (a—sb) (e+2b) v4b

C 1 d+d'+ ,'b -3 (d —b) (d+-', b)+ ln + +ln + ln
4v'b' c+2b 4v4d d+d' sb —4v4d (d ——',b) (d+b)

with
a= 1+(56'/4v'), a'= p'6'/v4,

b =ph/v',

c=1+(LV/v'),

d =1+(36'/v') d'= p'LV/2v'.

FIG. 3. Feynman graph
for the "direct" scattering
of a pseudoscalar E meson
in the S wave via the inter-
mediate pair state.

K

These expressions constitute a good approximation as
long as 6,„/v(1, since they are obtained in an ex-
pansion in powers of this parameter, retaining powers
up to the second. Here v 3p, at 30 Mev, 8, , 1.5p
and 6„„/v 0 5 We ta. k.e X/(47r)& 1.

In Fig. 2 we show the differential cross section from
the nuclear scattering and that from the combined
nuclear and Coulomb scattering. The total cross section
for E+-proton scattering at 30 Mev is found from Fig. 2

to be about 5.4 mb while the experimental number is
probably between 3 and 9 mb. 4

We turn to a preliminary discussion of the scattering
at higher energies. We seek a simple additional con-
tribution to the T matrix at zero momentum transfer
[as given by Eq. (4)] which will increase the scat-
tering in the state of isotopic spin one and decrease the
scattering in the state of isotopic spin zero. A possible
simple additional type of scattering process capable of
achieving this result is shown in Fig. 3. This is the
"direct" scattering of pseudoscalar E mesoris in the S
wave. Evaluating this diagram in the Born approxi-
mation with neglect of recoil eAects and adding this to
the t matrix of Eq. (2), we obtain for the modified T
matrix"

(~l T.lm)

Xn/to+ 2rrZ, /(m+ mrs), —
(11)

(1—D—D)+(tb /2 )+[tXZ,/(~+m —)j

In this expression, o. and D have been dined previously,
D' is given by

I'
D Zp

(m+ m —t0') (cv' —n)
(12)

m and m are the nucleon and the average A-Z masses,
respectively, and the index p =0,1 refers to the isotopic
singlet and triplet states, respectively. The quantities
Z, are given by

4rrz0 gKAN +3gKzN y

47rzr =gscsx +gtrzA,
(13)

"It is interesting to remark upon the difference between gNg~'
and gprztrs (garztrs/47r 4 while gs ztrs/4s. 0.4). In a previous
note PS. Barshay, Phys. Rev. 107, 1454 (1957)], the author
remarked upon the possible incompatibility of the equality
g~z~ =g~y~ along with a universal pion-baryon coupling, and
the hypothesis of charge independence, in the light of the experi-
mental results on associated production in pion-nucleon collisions.
The suggestion was based upon a perturbation estimate. A recent
work on symmetries of the strong interactions, by A. Pais LPhys.
Rev. 110, 574 (1958)7 has come to my attention, in which
similar conclusions are reached by other than perturbation argu-
ments. In the present work, our interactions are charge-inde-
pendent and we arrive at a marked inequality between the two
coupling constants in question. If one considers the lowest order
"open" Feynman diagram for the processes E +p ~ A.'+m0 and
E +p —+Z'+~', one readily sees that g&z~'&g&z~' implies a
suppression of A.o production in E capture in hydrogen. Thishas
indeed been a striking and puzzling feature of the experimental
situation Lace L. Alvarez et at. , University of California Radiation
Laboratory Report 3775, 1957 (unpublished) j.

where the g's characterize the pseudoscalar couplings
of pseudoscalar E mesons to A particles and nucleons
and to Z particles and nucleons. With the choice of
g~q~ and g~~~ given in the introduction, " we have
Zo= —2.8 and Z~=4.4. This corresponds to an effective
attractive potential in the isotopic singlet state and an
effective repulsive potential in the isotopic triplet state
from the "direct" scattering mechanism. The three
E+-nucleon cross sections, at about 160 Mev laboratory
kinetic energy, are then as given in the introduction, in
fair agreement with the experimental values' in the
vicinity of this energy, as deduced from emulsion
studies.

CONCLUDING REMARKS

In Eq. (11),with a choice of two coupling parameters,
we represent two complex amplitudes which determine
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reasonably well the three E+-nucleon cross sections at
about 100 Mev available kinetic energy in the center-
of-mass system. This form is simple but is certainly not
unique and is meant to give an idea of the strength of
the couplings that are likely to be involved in the
"direct" scattering. We have no coherent answer to the
problem of how the "direct" scattering might be
damped at low energies, leaving only the scattering
from the exchange of pions. This problem may be similar
to the long-standing problem of the apparent smallness
of pair effects in the S-wave scattering of low-energy
pions by nucleons. A strong attack on the problem must
likely await a dehnitive determination of the E-meson
parity, a quantity which enters in so important a
manner in the "direct" scattering mechanisms. A
remark might be made on the application of Eq. (11)
to the E+-nucleon scattering at the even higher energies
now under investigation in emulsion work. At about
150 Mev available kinetic energy in the center-of-mass
system, Eq. (11) gives about a 15% increase in the
"average" cross section, o = ', (o(E+-p)+o(E+e)) and
the charge-exchange to non-charge-exchange ratio is
about 0.3. Of course, we are pressing too close to our
cutoff (about 200 Mev available kinetic energy) for the
numbers to be taken seriously. Preliminary experi-
mental results" seems to indicate that the average
E+-nucleon cross section in emulsion may rise from
about 12 mb to about 18 mb in the energy interval
from, say, 180 to 300 Mev and then level off again. This
might be partially due to pion production by E+ mesons
near threshold, although the frequency of this process
may be very hard to estimate in emulsion owing to reab-
sorption of the emerging pions in the nucleus. In this
respect, it might be well to remember that the first
evidence for appreciable pion production by m mesons
incident upon nuclear emulsions at moderate energies

"Gustave Zorn (private communication).

(&500 Mev) came after a large correction for pion
reabsorption was applied to the data. "This cast some
doubt on the actual frequency of this process. "How-
ever, the recent Russian experiments" on n. -p col-
lisions from 300 to 370 Mev have shown quite clearly
the several millibarns of pion production which have
been predicted by some recent theoretical calcula-
tions. ""Of course, P-wave scattering of the E meson
is also likely to be appreciably present at these energies.

In conclusion we summarize the results of the erst
part of this calculation. The hypothesized four-boson
interaction between E mesons and pions, within the
framework of this crude calculation, seems capable of
simply giving rise to the following experimentally
observed features of the low-energy scattering of E+
mesons by nucleons: (a) The scattering is predominantly
in the S wave and the cross sections shows a slight rise
with increasing energy. (b) The effective nuclear poten-
tial is respulsive and of relatively short range ( 1/2p).
(c) The charge-exchange scattering is very small at very
low energies. A boson-boson coupling )'/4m 1 to 5
seems capable of giving the magnitude of the low-energy
E+ proton cross section.
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