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Parity-violating asymmetry in nucleon-nucleon scattering
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The weak parity-violating component of the nucleon-nucleon interaction can be studied di-
rectly and in detail through the scattering of longitudinally polarized nucleons on nucleons.
We use distorted-wave theory to predict the dependence of the differential and total. cross
sections on the helicity of incident longitudinally polarized protons for elastic proton-nucleon
scattering at energies up to 300 MeV. The weak force used is parametrized by p, ~, x,
and 2x exchanges, the strong one by a Hamada- Johnston or Bryan-Gersten potential.

NUCLEAR REACTIONS Weak nucleon-nucleon force. Calculate parity-violat-
ing asymmetry for longitudinally polarized nucleon-nucleon scattering.

I. INTRODUCTION

The theory of weak interactions in its various
forms predicts a weak parity-violating (PV) con-
tribution to the nucleon-nucleon interaction. "
In a current-current formulation, this fox ce arises
fx'om a weak hadronic current interacting with it-
self. A study of parity violation in the nucleon-
nucleon system thus offex s a unique opportunity
for studying such a self-interaction. It has been
pointed out, for instance, ' that there is no com-
pelling reason to expect the coupling constant for
diagonal processes, i.e., those described by a
current interacting with itself, to be identical to
that for off-diagonal processes. Broken gauge
theories of weak interactions' allom such differ-
ences. Studies of the weak nucleon-nucleon inter-
action allow one to investigate these questions,
possibly to obtain the sign of the weak coupling
constant, ' and quite generally to determine the
nature of the weak interaction of hadrons. With-
out this knowledge, it is difficult to attempt to
understand nuclear PV experiments.

In the conventional Cabibbo theory of the weak
interactions, the currents consist of leptonie and
hadronic components. The lom-energy properties
of the leptonic current are mell understood; the
structure of the hadronic weak currents is ob-
tained from studies of semileptonic processes.
The Cabibbo theory has been eminently success-
ful in explaining the experimental results of these
leptonic and semileptonic processes. However,
the theory has had to be extended or modified to
understand nonleptonic decays and reactions. '
For instance, the empirical AI= —,

' rule, mhich is
found to hold to high accuracy in the meak non-

leptonie decays of strange bax'yons and mesons,
does not follow from the simple Cabibbo theory.
It is possible that this rule mill be obtained di-
rectly from a theox'y of weak interactions. ' In
the meantime, the Cabibbo theory is assumed to
be generalized by either (a) the addition of (neu-
tral) currents or (b) dynamical octet enhance-
ment. '' The first one of these modifications
adds sufficient currents that the AI =2 rule is
obtained, whereas the second modification as-
sumes that the hadronie forces enhance the octet
x epresentation of the current-current interaction.
Because the n. I=-, is contained in the {27}repre-
sentation, octet enhancement suffices to give the
desired result; alternatively, one may assume
suppression of the {27}.There are differences
between (a) and (b) which can be tested experi-
mentally, particularly in the weak force between
nucleons. Thus, the long-range weak one-pion
exchange force is more than an order of magni-
tude larger for modification (a) than for (b)."
Regardless of the origin of the 4I= —,

' rule for
strangeness-changing decays, related modifica-
tions of the Cabibbo theory axe expected for the
weak nucleon-nucleon force, e.g. suppression of
the 4I=2 PV force; clearly direct investigations
of this force are crucial in understanding the
weak interactions of hadrons.

The existence of a parity-violating component
of the nuclear force has been ascertained from
numerous experiments performed in nuclei. Ex-
amples are the a decay' of a 2 state in ' 0 and
observations of the nonvanishing expectation values
of pseudoscalar quantities in electromagnetic nu-
clear transitions, ' ' particularly 'the circular
polarization of photons. %ith the exception' of
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the a decay from "0, published theoretical cal-
culations' ' predict effects which are generally
an order of magnitude or more too small and of
the wrong sign. Although corrections to the nu-
clear theory-dependent part of the calculations
have been suggested" and may rectify the dis-
crepancy, it will be difficult, if not impossible,
to isolate. the nuclear-structure factors from the
weak-nuclear-force factors. For this purpose,
it is necessary to go directly to the two-nucleon
system. " Indeed, the circular polarization of
photons emitted in the capture of thermal neu-
trons by protons has been measured. " The re-
sults and theory disagree, " but it is difficult to
discern exchange current and parity-violating
electromagnetic corrections from the hormal
effects in this capture process. "

The motivation for the study of PV effects in
N-N (nucleon-nucleon) scattering should be clear
from the above discussion. Measurements of
the total cross section of longitudinally polarized
projectiles from an unpolarized target (or vice
versa) have been suggested" and are being at-
tempted. " In this experiment, the spin direction
is reversed periodically, and a nonvanishing ex-
pectation value of (o p) is sought. Here (o) rep-
resents the initial polarization and P a unit vector
along the incident momentum. Such an experi-
ment has the advantage of no background from the
much larger parity-allowed terms such as (5 p
xp') where p' is the scattered momentum. This
term is present in differential cross section
searches of parity violation where one may seek
nonvanishing expectations of (o P) or (o P ).
Although the magnitude of the PV effect is small
(of order l ppm), the resonance technique pio-
neered by Lobashov et al."can be exploited. A

detector tuned to the frequency of the polarization
flipping rate is used to remove parity-conserving
effects, such as those due to bremsstrahlung
emitted during the scattering. The experimental
geometry should, of course, be chosen to miti-
gate such possible spurious effects. The removal
of systematic errors is crucial, since there is no
comparison experiment easily available for which
a null result would be predicted.

II. WEAK PV POTENTIAL

Since there still is no definitive theory for the
weak interactions of hadrons, we consider the
simplest and most basic framework, namely, the
Cabibbo theory. However, we introduce those
modifications of the theory required by experi-
mental studies of the nonleptonic decays of strange
particles, that is octet enhancement or (27) sup-
pression.

In the Cabibbo theory the Hamiltonian density
which gives rise to the weak nucleon-nucleon
interaction is

with

J =J" ' ' cos8+J' ' ' sin8 t (2)

where 8 is the Cabibbo angle, tan8=0. 22. The
current J„conserves strangeness, whereas J„'
changes it by -1. Both currents consist of vector
and axial-vector components in terms of which
the parity-violating strangeness-conserving part
Of H~k is

H„„(aS=0) =-2 '"G[(V„A"t +A„V"t)cos'8

+(V'A'"t+A' V'"")sin'8].jf

Because J„ is an isovector, the first term in Eq.
(3) transforms like a spurion of isospin AI=O
and 2, whereas the second term which arises from
an isospinor current behaves like a spurion of
isospin AI =1. As discussed in the Introduction,
the b,I=-,' transition matrices are found to domi-
nate those withal= 2 (aI=-,' rule) for the strange-
ness-changing decays of bar yons. This suggests
that the octet representation of the product of two
weak currents is enhanced or that the (27}repre-
sentation which supplies the AI= 2 transition
matrices is suppressed. We assume that this
empirical finding also applies to the strangeness-
conserving currents, so that the b, I=2 part of
the first term in Eq. (3), which belongs to the
f27) representation, is strongly suppressed and
thus only retains the isoscalar part of that term.
As a consequence, PV forces occur not only be-
tween neutrons and protons (n-P) but between
protons (P-P) and between neutrons (n-n). This
contrasts with older calculations of the PV
force, ' ' where only the exchange of charged
mesons is included. In that case one obtains a
pure exchange nucleon-nucleon interaction pro-
portional to

~ (+) g(-) g g (+) g(-)
1 2 2 1

On the other hand, a AI=O weak interaction gives
a force which does not depend on isospin or is
proportional to 7y T2.

It is assumed that at energies ~300 MeV both
the strong and the weak PV nucleon-nucleon inter-
action can be described by a potential. Because
of the strong hadronic repulsion at small dis-
tances, a direct contact term between the nucleons
is ineffective and the weak force is mediated by
the meson cloud surrounding the nucleons. If we
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p»(p»w» ~ ~ ~ ~

However, even without SU(8) symmetry, the cal-
culations required are complex and give results
which suggest that octet enhancement may not be
large. " For this reason, we assume that the
(27}, or XI=2 part of Eq. (4), is suppressed
rather than that the (8}or n. I=0 part is enhanced.
We thus take the p-N coupling to be purely iso-
seala1 and w1 lte

(Nplffpvl&) =f(, »»Nr"Y'»& P„, (6)

only include single-boson exchange contribu-
tions, then the weak PV potential arises from
diagrams such as that shown in Fig. i.

The potential obtained from J„J"~ has been
derived by Michel in a factorization approxima-
tion" and has also been obtained by other
means. ' ' ' In the factorization approximation,
the weak p-nucleon vertex is given by

2-'"G((ff(Z" ]Z) (p(Z'„(0)+h.c}. {4)

In order to estimate dynamical effects, such as
octet enhancement, a reasonable theory of bary-
onic structure with SU(3) symmetry is required.
A quark model could be used, but divergences
occur which make the result subject to serious
questions. There are models'which allow one to
carry out suitable renormalizations due to the
pxesence of hadronic forces. One such model is
the o model, which has been generalized to SU(2)."

FIG. 1. One-boson-exchange contributions to the weak
PV potential. The weak PV vertex is shown as a triangle,
the strong one as a circle.

with p„an isovector spin-1 operator. Although

f~ is a function of the momentum transfer, this
dependence is unimportant at the momentum trans-
fers considered by us, and we identify f~ with that
obtained in the factorization approximation for
the charged p-II vertex, Eq. (4),

f~ = 2 'g~„'G m~' cos' eg„=1.4 x 10 ',
where G is the weak-coupling constant, m& is the
mass of the p meson, g„ is the axial-vector re-
normalization constant g„=1..24" and g~„ is the
strong p-N coupling constant, g~„'/4»» =0.62.

In addition to a weak PV p-N coupling, other
vector mesons may contribute. With the assump-
tion of isoscalar dominance, ~ emission becomes
likely. Indeed, a large matrix element for weak
I(I- N(d is found with SU(6)W or with a quark mod-
el.~ We write the vertex as

(» III~ I&& =fA r" r'»»&(d„

With SU(6)W and strong octet dominance, McKellar
and Pick find f„= 6f~, but w-ith other assumptions
they obtain f = ,'f~ etc. Fo-r simplicity, we assume
f =f~, but also investigate f =0 and f = f~,
since the relative sign of f and f~ is unknown.

The potentials which arise from p and ~ ex-
changes are readily found from Eqs. (4) to (f)

to be

(8)

where M is the nucleon mass, p.~ = 3.70 is the iso-
veetor anomalous magnetic moment, r =r, —r„
p =-', (p, -p, ) are the relative position and momen-
tum of the nucleons, and v(r) =exp(-mr)/4' with
m =775 MeV, the average mass of the p and (d.
ln Eq. (8) there is no anomalous magnetic moment:
term for V~v, similar to p, ~, because of the ab-
sence of a magnetic coupling (x:u(p')io„, »I" u(p)up"
of the ~ to the nucleon. " In most of the following
results we take g„„=2'"g~„, a choice made by
some nuclear-force theories'; however, we also
investigate the effect of other ratios g (»/g» be-

cause the above estimation is a low one.
In addition to the cos'8 or J„J"~contribution to

the N-N potential, which we represent by p and
~ exchanges, there is the sin'8 or J„'J'"~ con-
tribution. The longest-range part of this inter'-
action is the one-pion exchange potential. Here
CP conservation forbids m' exchange, ' ~d one
finds

Vp('=2„,~ {o,+(y, ) [p, v.(r)j(r, xr, )('&,

where g is the strong m-nucleon coupling constant
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g /4m = 14.4, f is the weak w-nucleon coupling
constant f= 4.3 &10 ', and v, (r) =exp(-m, r)/4vr
with m„= 136.6 MeV the charged-pion mass.

As for the strong interactions, in addition to
one-boson exchange potentials (OBEP), two-
particle exchanges should probably be included.
Of these, the two-pion exchange potential (TPEP)
is undoubtedly the most important. There are
contributions to V'pv from both terms of Eq. (2).
Those from J„J" have been estimated by Henley
et al. , whereas the sin 8 terms have been calcu-
lated by Desplanques' and by Pirner and Riska. 2'

Because of double-counting problem. s with the p
and ~ exchange contributions and because of the
uncertainties in evaluating off-mass-shell con-
tributions, which are required to obtain V~ pro-
portional to cos'L9, we assume that the major part
of this term is already included in Vpv+ Vpv, On

the other hand, because standard applications"
of the Cabibbo theory have heretofore not given
any P-P and n nforces -(no neutral meson ex-
changes and thus only exchange forces), we in-
cluded TPEP from J„'J'"~. We will see that this
contribution is very small indeed compared to
that from p and ~ exchanges. The potential of
Desplanques'4 was used; it differs insignificantly
from that of Pirner and Riska, "and is

V"=2f(v;"&+a,"&)(Ã(ir, xir, ) Ip, f, (rll

total asymmetry is

A=(o, —o )/o. (12b)

The PV scattering amplitude is calculated in
distorted-wave Born approximation. The total
scattering amplitude can be written as

(13)

(15)

For n-P scattering we do not include V'", since

where F, , is the normal hadronic amplitude for
total spins s and s' and

(14)

with distorted waves which were computed for
both a Hamada-Johnston and a Bryan-Gersten
potential.

Since we are particularly interested in the weak
PV force, we compute the asymmetry separately
for Vpv, Vpv, and VPpv+ Vpv. The one-Pion Poten-
tial of Eq. (9) does not contribute for like nucleons.
In this case, it follows from the identity of pro-
jectile and target that the asymmetry A(e), Eq.
(12a), is symmetric about 90'. We actually con-
sider neutron-neutron scattering because we do
not take Coulomb effects into account. In the no-
tation of Eg. (13) we find

(10)

where fc(x) and fs(r) are continuous superpositions
of Yukaw". functions whose detailed form is given
in Ref. 24.

~--

50

I I

~--- -y
I--~--——~

m. PV ASYMMETRY

With the potential Vpv given by the sum
3
Q 0

Vpv = Vpv+ Vpv+ Vpv+ Vpv

do, /dQ do /dQ—
dc/dQ

(12a)

where da, /dQ and der /dQ are the differential
cross sections for positive and negative helicities
of the incoming nucleon, respectively, and do/dQ
is the unpolarized diff rential cross section. The

we can calculate PV effects. As discussed in the
Introduction, the simplest experiment is the mea-
surement of an asymmetry in the total cross sec-
tions of longitudinally polarized nucleons scattered
from a hydrogen target. We have also computed
the differential asymmetry A(8):

0 I 0 20 30 40 50

e~ ~ (deg)

I I i

60 70 80 &0

FIG. 2. The asymmetry AP~(e) due to p and cu ex-
changes with f~g „=2' fpppN for like-nucleon scatter-
ing as a function of center-of-mass angle, at laboratory
energies of 15, 50, 100, and 300 MeV. The solid curves
have been calculated with the Hamada- Johnston, the
dashed ones with the Bryan-Gersten potential.
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this parity-violating interaction gives a negligible
contribution to the asymmetry of the like nucleon
system. On the other hand, we include the one-
pion exchange PV potential, E1I. (9), which con-
tributes to the asymmetry only for n-P scattering.

We supplement the notation used earlier and ex-
press the weak scattering amplitude in terms of

I 'If', ', , where I' and I now denote the isospin
of the final and initial states, respectively, and
m, m ' are magnetic quantum numbers. We find

for the numerator in E11. (12a)

dg d Q ~ ( lm, 11 lm, 11)(flm, 11 f lm, 11) (~1m, M lm, 10)(flm, 00 f lm, 00)~
m'

(16a)

(16b)

iV. RESUr TS AND DlSCUSSrON

The dominant part of the PV nucleon-nucleon
potential is due to p and ru exchanges; it is thus

- of short range. Since the weak amplitude is cal-
culated with waves which are distorted by the
strong fox'ces, the amplitude is influenced greatly
by the short-range behavior of these distorted
waves. It is for this reason that we investigate
the PV asymmetry for two different hadronic
forces, namely, the hard-core Hamada-Johnston"
potential and the velocity-dependent Bryan-Ger-
sten potential with no hard core." As might be
expected, the asymmetry calculated with the
Bryan-Gersten potential is larger than that found
with waves distorted by the Hamada-Johnston po-
tential. The enhancement is about twice as large
for n-P as for P-P (n n) scat-tering. This result
can be understood as follows. The low-angular-
momentum components are the ones affected most
by the hard core. Although Z =0 contributes for
both n-P and P-P, J=1 contributes only to the PV
n-P scattering amplitude. Hence the enhancement
is larger in that case.

We first treat the case of like nucleons, i.e.,
n-n or P-P. The asymmetry due to p and u ex-
changes with f~ „=2'f'fzg0„, is plotted as a
function of scattex'ing angle at various energies
in Fig. 2 for both the Hamada-Johnston and Bryan-
Gersten potentials. In order to discuss the phys-
ical interpretation of these results, it is useful
to write the total scattering amplitude as

where J is the total angular momentum. In the
present calculation, angular momenta up to J=4
axe included. For 15 MeV, the lowest energy

considered here, the asymmetry is almost inde-
pendent of the scattering angle, which indicates
that the J =0 contribution dominates. As the en-
ergy increases, the angular dependence becomes
more pronounced since higher angular momenta
become more and more important. .

The total asymmetry is shown as a function of
energy in Fig. 3. We display the asymmetry due
to the two-pion potential, multiplied by 10, only
as a function of energy because its effect turns

I I

IOO 200
E ~, b (MeV)

300

FIG. 3. The total asymmetry for A. for like nucleons
as a function of laboratory energy. The points corre-
spond to calculated energies. The p-m contributions are
shown with f~g»= 2~~2f& g&&. The solid curves are cal-
culated with the E~ada- Johnston, the dashed one with
the Bryan-Gersten potential. The 2m contribution fax' the
Hamada- Johnston potential is shown separately; the dif-
ference in scale shouM be noted.
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FIG. 4. The sum of the p and ~ contributions (f~g N

, =2' fpgpN) to A(&) for e-P scattering as a function of an-
gle at various laboratory energies.

FIG. 6. The p-~ (f~g N=2' fp g&N) and 1x contributions
to the total asymmetry A for n-p scattering as a function
of energy.

out to be negligible despite the longer range of
the two-pion exchange force. %e therefore do not
include it for the n-P system; To gain some under-
standing of the behavior shown in Fig. 3, we con-
sider the J =0 part of the decompcsition given by
Eq. (17). For sufficiently small energies both

f„(0)and f»(0) are monotonically increasing
functions of energy, whereas F«(0) is proportion-
al to sin[5('S, )) and F»(0) to sin[5('P, )]. Both
phase shifts, here denoted by their spectroscopic
nomenclature, 'S, and 'P„pass through zero
somewhat above 200 MeV. Thus the J=0 part
of the numerator of Eq. (15) first increases as a
function of energy, reaches a maximum, and
passes through zero at about 215 MeV. These

features also can be obtained from the optical
theorem. The denominator does not vanish but
becomes small, also in the same energy region.
The asymmetry due to the J=0 part, alone, there-
fore varies rapidly with energy close to 200
MeV." The higher-angular-momentum contribu-
tions to the asymmetry, notably those for J=2
and 4, become more important as the energy in-
creases. They have the opposite sign to the J=0
part and thus partially cancel it; this results in a

1.0

O.e

0.6

3
0.4 "

4-
30

K2, IO
IO

oo

O
0.2

-2 — l5
I~=

-4 I

0 20
I

40

HAMADA- JOHNSTON
———BRYAN-GERST EN

I I I I I I

60 80 I 00 120 I 40 I 60 I 80
e, (deg)

-0.2-
I

IOO

E, (Mev)
200 300

FIG. 5. The 1~ contribution to A (8) for n-P scattering
as a function of angle. Laboratory kinetic energies are
given.

FIG. 7. The total asymmetry for n-P scattering with

f~g(d&/fp gp p' = 0 + 2 and + 3 for the Hamada- Johnston
potential,
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shift of the maximum of A to about 50 MeV and of
the zero to approximately 170 MeV, as seen in
Fig. 3.

Turning to n-P scattering, we plot the p-~ con-
tributions to the differential asymmetry%(8) at
various energies in Fig. 4. The differential asym-
metry due to the one-pion PV exchange potential
is shown in Fig. 5. The more-pronounced angular
dependence of A(8) for n ps-cattering than for P-P
scattering arises because odd as well as even J
values contribute to the PV scattering amplitude
in the n-P case. The pion contribution to the dif-
ferential asymmetry vanishes at 180' at all ener-
gies due to the form of the PV potential, Eq. (9}.

Figure 6 shows separately the p-v and the one-
pion contribution to the total asymmetry as a func-
tion of energy. The asymmetry due to p-~ ex-
changes follows the same pattern as for the like
nucleon case. The one-pion exchange contribution
is only shown up to somewhat above 200 MeV be-
cause we did not include J& 4, and these angular
momenta could be important at higher energies
due to the long range of the pion exchange force.

We had hoped that A would be larger for the
n-P system than for like nucleons, since all J
values contribute to the former asymmetry where-
as only even ones do for two like particles. This
hope was not borne out by the calculation, as can
be seen from Fig. 6. One reason is that the par-
tial cancellation of the J= 0 contribution to the
asymmetry by higher angular momenta occurs
in the n-P system as well as in the p-P one.
Nevertheless, the numerator of Eq. (12b) is in-
deed larger for n-P than for P-P, but the increase
in the denominator is even greater, so that the
asymmetry remains small.

In all of the above work we have chosen f =f~
and g =2'"g~. However, both the relative sign
and the magnitude of f /f~ are not known, although
quark model and strong SU(6}~ predict f /f~ &0."
Furthermore, even the ratio g „/g~» is not well
determined. Nuclear force fits with various

meson exchanges or use of SU(3) together with
Q-u& mixing give 0.5 &g „/g~„~ 4."" On the
other hand, there is general agreement that the
anomalous magnetic moment coupling o-uio"'q,
xue„ is absent or small for ~ exchange. "' ' This
is reflected in Eq. (8). The normal vector cou-
pling, ~uy"u~„, enters in the PV ~- or p-ex-
change potential only through the combination

f~ or f~g~. Because of the uncertainties re-
ferred to above, we show the sensitivity of the
asymmetry to the ratio f g /f~g~ in Fig. 'I.
There, we plot the total n-P asymmetry as a
function of energy for f~ /f~g~ = 0, a2'", and
+3 for the Hamada-Johnston potential with f~gz„
fixed.

In conclusion, our calculation, which is based
on the Cabibbo theory supplemented by (2 I) sup-
pression, predicts an asymMetry which is barely
within reach of present-day experiments. Further-
more, we predict that the best energy at which to
carry out searches for this asymmetry below ap-
preciable meson production threshold is close to
50 MeV. Although many theoretical assumptions
on which the calculation is based do not stand on
fix'm ground, the energy dependence is primarily
determined by hadronic interactions and should
therefore be trustworthy. Experimental mea-
surements of the asymmetry are of great sig-
nificance and a study of their energy and angular
dependence would shed considerable light on the
theory of the weak interaction of hadrons. For
instance, in contrast to many previously pub-
lished papers, ' ' we predict a PV force between
protons, which may even be larger than that be-
tween neutrons and protons.

We are grateful to Professor H. Frauenfelder,
Dr. R. Mischke, and Dr. D. Nagle for fruitful
discussions of the experimental aspects of the
problem, and for keeping us informed on the pro-
gress of their experimental search for the asym-
metry A. .
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