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Parity violating observables in low energy nucleon-nucleon scattering*
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We have calculated the parity violating observables in p-p and n-p scattering using a number of strong

nucleon-nucleon potentials for a large class of weak parity violating potentials.

NUCLEAR REACTIONS pp and np low energy scattering; calculated parity vio-
lating observables A&, An, various strong and weak potentials.

As a by-product of our recent calculation of the
parity violating observables in the reaction
n+ p-d+ y (Refs. 1 and 2) we are able to, give the
parity violating observables for proton-proton
and neutron-proton scattering at low energies,
for a wide class of strong nucleon-nucleon po-
tentials and weak parity violating nucleon-nu-
cleon potentials. In this note we present results
for the asymmetries or analyzing powers A„and
A~ for the scattering of longitudinally polarized
neutrons and protons from protons. Details of
the calculational technique may be found in Ref. 1.

Following Danilov' we write the amplitude for
np scattering at low energies, f '"'(k„, k„'), as

f &"&(k„, k„') =f &"&(k„,k„)P,+f&"& (k„, k„')P,

p C&"&f,&"&(k„, k„')(o„+op) ~ (k„+k„')

~ (o o ) ~ [X~&"& f & "'{k„,k„')(k'„P, + k„P,)

+ &
&" &f &"&(k„,k„)(k„P, +k„'P,)]

In Eq. (1) k„and k„' are the initial and final neutron
momenta in the c. m. frame, P, and P, are pro-
jection operators onto spin singlet and spin triplet
states, f&"' and f,'"' are the corresponding parity
conserving (PC) scattering amplitudes, and C'"',
&&&&" &, and &&,

"' are parity nonconserving (PNC) am-

plitudes which ar'e real at low energies. In prin-
ciple they can be functions of k„' =k„" and k„~ k„',

but at low energies they become constants, pro-
portional to the amplitudes for the PNC transitions
'S, +'D, 'P„'9,+'D, 'P„and 'So 'Po, re-
spect;ively. %e define the neutron analyzing power
by'

neutrons of helicity +—and ——,', respectively, A„
is given in terms of the parameters of Eq. (1).by'

2I (4C&n&y&e& )e 2y& & )f&n&)2 2&
& & (f &n& )eJ

ff 3 j f &"& I'+ I f
(3)

f &P&(k )kIf &P&(k kl)p &
&P&f &P&

x (k„k', )(o, —&&, ) (k,'P, + kP, ), (4)

with only one parameter A.,'~' describing the parity
violation at low energies. The analyzing power

A~ is given by

Notice that, at least in the low energy region where
C '"', &&',"', &&e'"', f,'"', and f,'"' may be regarded as
constants, A„ is proportional to k. This behavior
is to be expected since A„, at low energies, is
proportional to the amplitude for mixing to a P
state, and thus should be proportional to k„. This
argument breaks down at higher energies, when

higher partial waves become important. At 15
MeV, where we will apply Eq. (3) the corrections
due to higher partial waves amount to 2Q/0 or so.'
It should be emphasized that C and A. , already in-
clude transitions from the coupled '5„+'D, state
to 'P, and 'P„respectively. Omitting the tensor
force coupling can change C and X, by almost
5Q/, ."

In the proton-proton case the scattering ampli-
tude f 'p'(k„k', ) is simpler than Eq. (1) at low ener-
gi.es because the Pauli principle forces the spin-
triplet amplitude to vanish. We have

A„= (o& —o'&)/(o &+ o &), (2) p e &

~f
&p&[e
S

where o.
&

and a'& are the cross sections for incident where we make a distinction. between f,'~', the total



17 PARITY VIOLATING OBSERVABLES IN LOW ENERGY. . .

TABLE I. Parity violating pv potential parameters. Two methods of calculation are used,
the standard method, reviewed in Ref. 11., and the renormalization group method, reviewed
in Ref. 9. We use sin8~=0. 235, sin 9~=0.4. The parameters are given numerically. Alge-
braic formulas may be found in Refs. 1, 9, and 11.

Potential
no. Weak Hamiltonian Ref. Method

Cabibbo:

d'Espagnat

a Std

b Std

-0.17 0.95 0

2 92 0 95 095 039 -0 55 -055

Wemberg-Salam c, d Std 3.47 0.95 0.40 —4.8

Cabibbo a Renorm.
with no
enhancement

0.010 0.98 -0.34 0.96 0 -0.05

We inberg-Salam Renorm.
with
enhancement

0.77 — 1,22 0.67 1.56 0.52 0.53

~N. Cabibbo, Phys, Rev. Lett. 10, 531 (1963).
"B.d'Espagnat, Phys. Lett. 7, 209 (1963).
S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967); 27, 1688 (1971); A. Salam, in g)eypgeygtgyy

Particle Theory, (Nobel Symposium No. 8), edited by N. Svartholm (Almquist and Wiskell, .

Stockholm, 1968), p. 367.
"M. Gari and J. 3.eid, Phys. Lett. 53B, 237 (1974).

amplitude including Coulomb scattering, and f&~'

the purely nuclear amplitude. This distinction is
potentially important at very low energies. For
example, as has been emphasized by Lewis, ' at
90' in the c.m. frame at an energy of 500 keV the
total amplitude f,&~' is very small because of de-
structive interference between Coulomb scattering
and nuclear scattering, and a large enhancement
of A~ is therefore possible. However, in this note
we quote values of A„and A~ at 15 MeV laboratory
energy, corresponding to that of the only available
experiment, ' and at these energies Coulomb effects
are relatively unimportant. 'The higher partial
waves omitted in this calculation can modify the
15 MeV results by about 20/p. Nevertheless, we
quote results at this energy for illustrative pur-
poses.

In these calculations we have used as a weak
potential that of Ref. 1, namely

V= VP+ V, ,

with

V~ = = ( —fr&&& && r&») (o&»+ o&») .[p v (/)]

where

( fb)

g, '/4«=14, and v&, is the pion mass. The notation
employed is that o,"' (7,"') represents the «th
spherical component (i.e., p, = 0, +1) of the spinor
(isospinor) acting on the ith particle. The bracket
[p, v(x)] denotes a commutator, and [p, v(x)], will
be used to denote an anticommutator, with p = -iV
= —,'(p«' —p&2') the conjugate relative momentum
operator.

There is at present some controversy over the
value of f„ the weak PNC NN«amplitude, which
is implied by a particular form of the weak Hamil-
tonian. We do not want to enter this controversy
here, simply setting

2.72 x 10

and listing in Table I the values of A implied by
various models and various methods of calculation.
(The sign of A is not determined by the standard
analysis. We have arbitrarily chosen a particular
sign. ) This list is meant to be typical rather than
exhaustive. We give our results in such a way that
the reader can extract values of A„and A~ for
whatever weak interaction potential is preferred,
provided that it can be parametrized in the way
that ours is. Also listed in Table I ary the param-
eters of the p exchange potential,

V Vb, T-"0, 2 VQT"- j
P P P

where, neglecting the p-~ mass difference,
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yA r1 (~&2)v&1) r&1)@&2))~ 1~pl(r&1)o&l) ~&2)@&2)),[P v (~)]
I

+ "I+-,'~3(l+ l&, )I' (r"'+r"')(ic"'x o'") [p v (r)]
—12' S 0 O 7 P

+ y( &fan&1) )& &&2)) (&&&&)+ c&2&) .[p v (&)] (oa)

V,"="=[M(r)+ —6L,](o"' o"') [P, v, (r)].+ [(1+«„)M(r)+ (1+ p, ) 6L, ]—(ic"'&«"') [p, v(~)], (ob)

where

( )
GGmp' e
4~Wm

(9c)

M(v) = 'Fl(v"' -r"' —r"'r"')+ ~Kv'"'7"' (10)

and «, (= 0.88) and p„(=3.'10) are the isoscalar and
isovector anomalous nucleon magnetic moments.
'Ihe last contribution to V,

~=' is the pseudotensor
contribution with strength given by"' "

5 f, m,
g(C abi bb07

Jw P

in the absence of second class currents; its effects
are generally negligible compared to the isovector
one-pion exchange (OPE) potential of Eq. (7). If
second class currents are present this term is
modified as shown by Blin-Stoyle and Herczeg"
and others. " 'Ihe isoscalar and isotensor contri-
butions to V~~=" can be separated out by intro-
ducing the rank-two isotensor of zero projection

[r &1) x g&2) &
&2) ( 1 )1/2(g&1), g &2). 3r &1)r &2))

6 0 0

'Thus, M(r) contains the only isotensor contribu-
tion, and may be reexpressed in terms of the iso-
scalar (7"' ~ r"') and isotensor parts as

M(y} —'(2p /If)q &». r&»+ (i)»2(ff H)[q-&» )& y&»]&»

(13)

One of the features of interest in this reaction is

the degree to which one can draw firm conclusions
about the weak interaction parameters from the
observations. This is governed by the extent to
which the strong nucleon-nucleon interaction in-
fluences the observables. We investigate this prob-
lem by calculating with several different strong
nucleon-nucleon potentials. These are as follows:
(a,) the Reid soft core potential" as modified by
Peiper" (RPSC); (b) the supersoft core potential
of Gogny, Pires, and de Tourreil" (GPD); (c) the
separable potential of Sirohi and Srivastava"
(SS). This potential does not fit the two-particle
scattering data as wel. l as we would like, as ex-
plained in Refs. 1 and 15, and the variation of this
case from the others is as much a consequence of
this variation in the phase shifts as it is of the
soft core, separable nature of the potential. Fi-
nally, there are (d) the one boson exchange poten-
tials of Gersten, Thompson, and Green'" (GTG) and
of the Bonn group Erkelenz, Holinde, and Mach-
leidt, " (EHM). The features of these potentials
which are of importance in determining the parity
admixtures in the wave functions are discussed in
detail in Ref. 1 and this discussion will not be re-
ported here. Instead we simply quote the results
of the calculations.

'Iable II gives the results for the parity violating
amplitudes C'"', ~'"' and ~,'"' and A.,'~' in terms
of the parity violating potential parameters. We
write

TABLE II. Expansion parameters for the parity violating amplitudes.

Amplitude
(x 1O8) RPSC GPD

Strong potential
SS GTG EHM

—27.0

—0.92

-8.60

—1.90

+ 11..66

—1.226

—0.355

—24.9

-2.26

-17.7
—1.02

+ 23.3

-2.51

—0.751

—26.4

—5.48

—133.5

—5.67

+ 89.3

—9.81

—3.01

—13.3

2.19

+ 16.00

—l.64

—0.458

—27.4

-1.06

-9.45

—2.08

+ 17.05

—1.81

—0.531
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TABLE III. Expansion parameters for parity violating observables at 15 MeV.

Parameter
(x 10') RPSC GPD

Strong potential
SS GTG EHM

n2

n3

Pl 4

—1.03,

-4.66

0.398

—0.848

-0.029

-2.05

-9.32

0.769

-0.782

—0 ~ 071

—6.83

-35.72

3.03

-0.829

-0.172

-1.39

-6.40

-0.526

0.750

-0.050

—1.56

-6.82

0.576

-0.860

-0.033

P2

+ 4.08

0.429

0.124

+ 8.16

0.879

0.263

+ 31.26

1.054

+ 5.60

0.574

0.160

+ 5.97

0.634

0.186

m„C'"~ = C,A + C, (P ——,'I),

m~XI"' = y, (2H+K)+ vL,

m~A,
'" = ri( 2H+K)+-KL,

m~X,'~' = -qK+ tcL+ p(9I'+I),

(14a)

(14b)

(14c)

A„=n, (2H+ K)+ n, (K H)+ n,L-
+ nP+ n, (I' ,'I), ——

A, =P,K+I,L+P, (9I'+I) (16)

It is immediately apparent from Table III that the
analyzing powers at low energy do not suffer from

and tabulate C„C„p,, v, q, and I(.
' for the various

strong potentials. T'his table permits the con-
struction of A„and A~ for the various strong poten-
tials at any sufficiently low energy.

As an example we select 15 MeV laboratory ener-
gy and tabulate the appropriate expansion param-
eters for A„and A~ at this energy. We write

the amazing cancel1. ations which occur when cal-
culating I'„, and that, if we ignore the SS case,
the expansion parameters are determined to with-
'in a factor of 2. Remembering that K = 3[(2H+K)
+ 2(K -H)], we see that A„ is much more sensitive
to the isotensor component of the potential than is
A~, a point which we have already noted else-
where. '

Finally, to illustrate the use of Table III we
present the values of A„and A~ for the various
weakpotenti'als of Table I. These results are given
in Tables IV and V.

The SS potential is markedly different from the
other strong potentials in its predictions, but here
we suspect that this is a consequence of the poor
fit to the phase shifts. For the other strong poten-
tials the result is quite stable, leading to the hope
that measurements of A„and A~ will provide useful
information about the weak potential, and hopefully
the weak Hamiltonian. However, the experiments
on A& have to be improved by about an order of
magnitude in sensitivity before they probe the re-
gion of the predicted values.

TABLE IV. 10 A„ for various parity violating (pvp)
and parity conserving (pcp) potentials.

TABLE V». 10 A& for various parity violating and
parity conserving potentials.

HPSC 6PD SS GTG EHM pvp H,PSC GPD SS

2.61 5.09 21.10 3.57 3.66 0.0 0.0 0.0 0.0 0.0

4.86 9.72 38.99 6.70 7.02

-5.24 -7.79 -20.62 -5.92 -6.72

-4.65 -5.99 -13.48 -4.80 -5.59

6.66 25.24 4.66 4.90

-0.43 —0.96 —3.96 -0.52 -0.66

-1.03 -2.05 -7.81 -1.42 -1.50

5 -0.62 1.88 -5.76 -1.07 -1.35 2.72 5.47 21.17 3.70 3.99



BRUCE H. J. McKELLAR AND KEITH R. I, ASSEY

*Supported in part by the Australian Research Grants
Committee.

'K. R. Lassey and B. H. J. McKellar, Nucl. Phys. A260,
413 (1976).

K. R. Lassey and B. H. J. McKellar, Phys. Rev. C 13.,
349 (1975); 12, 721(E) (1975); Lett. Nuovo Cimento 11,
161,{1974),; 13, 351(E) (1975); Austr. J. Phys. 27, 637
(1974); 28, 477(E) (1975).

3G. S. Dani. lov, Phys. Lett. 18, 40 (1965).
~Note that some authors define the analyzing power

using the mean rather than the sum of at and 0.
&

in the
denominator. The resulting A„(or A&) is twice our
value.

B. H. J. McKellar, Nucl. Phys. A254, 349 (1975).
GG. N. Epstein, Phys. Lett. 55B, 249 {1975);V. R.

Brown, E. M. Henley, and F. R. Krejs, Phys. Rev. C
9, 935 (1974); M. Simonius, Nucl. Phys. A220, 269
(1974).

7R. Lewis {private communication).
8J. M. Potter, J. D. Bownan, C. F. Hwang, J. L.

McKibben, R. E. Mischke, D. E. Qebrunner, H. Fran-
enfelder, and L. B. Sorenson, Phys. Rev,. Lett. 33,
1307 (1974).

'J. F. Donoghue, Phys. Rev. D 13, 2064 (1976). Our
potential parameters are related to those of this refer-

ence byA =-2v~3A Q )/[2A(p )+A. ( )] 8= (Ap+Ap)/
(-Ao+2A~)/@ i=«so+co)/I 1=6~~A /

= —{2/W3) {a,+ g, )/a.
B. H. J. McKellar and p. Pick, phys. Rev. D 7, 260
(1973).
M. A, Box, B. H. J. McKellar, P. Pick, and K. R.
Lassey, J. Phys. G 1, 493 (1975).

' R. J. Blin-Stoyle and p. Herczeg, Nucl. Phys. B5, 291
(1968).
B. H. J. McKellar, Phys. Rev. D 1, 2183 (1970);
M. Chemtob and B. Desplanques, Nucl. Phys. B78,
139 (1974).

'4R. V. Reid, Jr. , Ann. Phys. (N. Y.) 50, 411 (1968).
~S. C. Pieper, Phys. Rev. C 9, 883 (1974).

~6D. Gogny, P. Pires, and R. de Tourreil, phys. Lett.
32B, 591 (1970).

'~A. P. S. Sirohi and M. K. Srivastava, Nucl. Phys. A179,
524 (1972); A201„66 (1973).

"A. Gersten, R. H. Thompson, and A. E. S. Green,
Phys. Rev. D 3, 2076 {1971).

'~K. Erkelenz, K. Holinde, and R. Machleidt, Phys. Lett.
49B, 209 (1974).

2oM. A. Box, A. J. Gabric, K. R. Lassey, and B. H. J.
McKellar, J. Phys. G 2, L107 (1976).


