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D waves in the nucleon: A test of color magnetism
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The Becchi-Morpurgo selection rule that the decay E~Ny is pure M1 was an early

success of the quark model. We show that quark hyperfine interactions produce D waves

in the nucleon and 5 which lead to a small violation of this rule. The observation of this

effect, especially when combined with earlier tests for mixed-symmetry S waves in the nu-

cleon, would provide good evidence for the presence of the color magnetism expected
from one-gluon exchange. Existing measurements give some indications for the predicted
effect.

I. INTRODUCTION where in QCD in lowest order

The study of low-energy hadron physics has
been strongly infiuenced by the present hegemony
of quantum chromodynamics. While the rigorous
derivation of the connection between the realms of
high-q phenomena and soft hadronic properties is
lacking, it is nonetheless possible to make some
plausible conjectures about the structure of this
latter regime. ' In the resulting models the un-
known long-distance properties of QCD are sub-

sumed into an unknown confining potential or bag,
while it is assumed that the remaining interquark
forces will essentially be dominated by the calcul-
able and electromagnetic-type one-gluon exchange.

While the fate of such conjectures is for the mo-
ment uncertain, at least one aspect of the resulting
models has received support from almost every

quarter: the color hyperfine interaction. This in-

teraction, which is the color analog of the
magnetic-dipole —magnetic-dipole interaction of
electromagnetism, is of the form (see Fig. l)

between q; and qJ in a baryon,
3 m. mJ

between q; and qJ in a meson .
3 mi mj

(2)

This interaction has a number of distinctive
parameter-independent features including (A} its
sign in baryons and mesons, (B) its relative
strength in baryons and mesons, (C) the (rntmt }
dependence on the quark masses, (D) the short

contact force

force

i lJSJ r J —S; Sj
iJ

FIG. 1. The hyperfine interaction, showing the con-
tact and tensor forces and the relation between them.
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range of the S;.Sl (contact) interaction, and (E) the
relative strength and sign of the tensor and contact
terms. Of these features, (A) and (B) reflect the
underlying color symmetry; (C), (D), and (E) are
characteristic of elementary-massless-vector ex-
change.

Among the successes of this interaction are the
following.

(1) It automatically predicts' Mz & M and

M~ &M~ and relates ' the sizes of these two split-
tings (A,B).

(2) It explains" the X-A mass difference (C).
(3) It correctly gives' mass differences such as

X*—X:"*—:"I(*—E, and D*—D.
(4) It provides an explanation for the pattern of

P wave [i.-e., (70,1 )] baryon masses (A,C,D) (Ref.
2, 5, and 6): The fact that the S= —, states

1

6(1650)—, and b, (1670)—, lie so near the (dom-

inantly) S = —, states N(1700) —, , N(1700) —, , and

N(1670) —, is, for example, due to the short range
of the contact term; for a long-range S; SJ interac-
tion the 5's would lie at —1500 MeV near the
(dominantly) S=—, nucleonic resonances.

(5) It explains the mixing angles (i.e., decay pat-
terns) of P wave baryo-ns (A,E) (Refs. 2, 5, and 7):
For example, the mixing angle in the X*—, sector
between the P~ and PM SU(6) states (our nota-
tion is +'L„where m=S, M,A is the symmetry
of the spatial wave function) constitutes quite a
direct measurement of the relative sign and magni-
tude of the contact and tensor terms and supports
the +8m/3 of Eq. (1).

(6) It provides an explanation for the observed
pattern of low-lying positive-parity baryon reso-
nances (A,C,D) and for their decay patterns
(A,C,D,E), (Refs. 2, 5, and 7): For example, the
tensor force provides just the (56,2+)-(70,2+) mix-
ing angle suggested bp phenomenological analyses
to make the 5(1890)—, decay dominantly to an

+

F-wave hm and to decouple the other predicted5+
resonance from mX scattering.

(7) It predicts the existence of SM [i.e., (70,0+)]
components in the nucleon which explain the
charge radius of the neutron ' and violations of
the SU(6) selection rules A4PMmEN and
N PM~Jpy (A,D).

Of the five characteristics of hyperfine interac-
tions we have listed above, we believe showing that
the tensor term is present with the correct relative
strength is the most convincing way of proving
that the interactions are really of magnetic-dipole
type, as illustrated by Fig. 1. Some of the evidence

we have mentioned in favor of quark hyperfine in-
teractions, namely (5) and (6) above, do indicate
the feature (E). Indeed, we would be willing to ac-
cept this evidence as conclusive if it were not for
one unsettling fact: one-gluon exchange also
predicts the presence of spin-orbit effects from
color magnetism, but the observed effects are much
smaller than the predicted ones. ' ' There may
well be a simple reason for this failure: In a pure
r ' potential it is well known that Thomas preces-
sion effectively reduces the magnetic spin-orbit ef-
fects by a factor of 2; in an (r '+ confinement)
potential it can be shown that the reduction will al-
ways be greater. While it is very difficult to make
these observations quantitative in baryons, there
has been some success in showing both in char-
monium and old mesons that this may indeed be
the mechanism by which spin-orbit effects are
suppressed. '

Nevertheless, in view of these uncertainties the
tests (5) and (6) cannot be considered conclusive.
It is the purpose of this paper to point out a test
for quark hyperfine interactions that is indepen-
dent of the uncertainties surrounding spin-orbit ef-
fects.

II. E2 ADMIXTURES IN THE DECAY h.~Ay
AND RELATED EFFECTS

The hyperfine interaction (1) violates SU(6) and
so introduces "impurities" into the Ss [i.e.,
(56,0+)] baryonic ground states. Since spin-orbit
interactions have neither diagonal nor off-diagonal
matrix elements in S waves these impurities are
produced solely by hyperfine interactions. The ef-
fects of the S~ impurity, which is produced by
the contact term, have recently been discussed9 and
found to be in good agreement with the experimen-
tal data on the charge radius of the neutron ' and
on violations of the SU(6) selection rules for
A I'~~EX and X P~ —+py. Here we point out
that the tensor term will induce D waves in the 6
and the N which should have an observable effect
on the decay b, ~Ny allowing a test of the relative
sign and magnitude of the tensor and contact
terms independent of uncertainties arising from
spin-orbit terms. "

As in Ref. 9 our discussion is framed in terms
of the harmonic-oscillator model; we reserve con-
sideration of the resulting model dependence of our
conclusions to Sec. III. The interaction (1) will
lead to a physical nucleon and delta with the ap-
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proximate structures

(3)

(4)

where we have truncated the mixing series by in-

cluding only the %=2 harmonic-oscillator levels. '

IN&=0 93 IN'Ss& —o 29 IN'Ss &
—0 23 IN'SM &

—0.04
i
X D~ & +0.00

i
N P~ &

[
a&=0.97

[
a'S,&+0.20

~

~'Ss'&

—0.10
~
6 Ds &+0.07

~

b Dsr &,

These compositions are based on the matrix ele-
ments of (1) listed in Table I and on an extensive
analysis of the positive-parity baryons. The
relevant wave functions have been given else-
where. ' ' These compositions differ somewhat
from those given earlier ' as a consequence of our
having included here the effects of mixings which
occur in the %=2 band as calculated in Ref. 5.

If we now define ' '

2+3/p =3~2p~ & N ( + —, )
~

—
q —i ( —, )

'"V exp[i( , )'~—qA,] ~

5, (+—, ) &,

3~~2 ——3v Zpz(N( ——, )
~

exp[i( , )'~—qA,,] ) 6(+ —, )&,

[see Ref. 7 for a full explanation of our notation;
—i( —, )'~ Vi is the momentum of the third quark
in the final state] then we can calculate the radia-
tive amplitudes between various components of the
5 and the N; the results are listed in Table II (the
effects of the transitions that are second order in
the mixing coefficients are negligible so they are
not shown).

The two amplitudes A3/2 and A ~/2 may be mea-
sured in the reaction yN~irN. If we define the
magnetic dipole (M) and electric quadrupole (E)
amplitudes

v3E=
2 ~ 3/2 ~ 1/2 s

2

and the quantity

phys- +0.007 . (10)

M '

then /=0 in the absence of D-wave components in
the nucleon and 6 (Ref. 14), but with hyperfine in-
teractions we expect from Eqs. (3) and (4) and
Table II that

v3M= ~3/2+ 2~&/2 s
2

TABLE I. Hyperfine mixing matrix elements.

(7)

TABLE II. Some radiative transition amplitudes in

&~Ny [in units of( 2/v'3)p—~qe 'i ~6 ].

&~'Ss (Hn, p ~

~'Ss)=+ —,&

W34'
&~'Ds

I Hhyp
~

~'Ss) =+
20
V 15

~
20

&a'D ~H„„„IS'S,)=—

(N Ss iHhqp iN Ss) = — * = ——5
3 2$ Nlg

&N'Ss
~ H„yp I

N'Ss) =+
4

(N'S„ iH„„,iN'S, )= y
4

(N4D ~Hh„p~N2S )=+ 5
20

6 Ss~2Ss

Ss &'Ss

dL Ss—+N S~

6 Ss—+N D~

6 Ss —+N2Ss

Ds ~X2Ss

DM ~Pf 2Ss

33/2

v3 ~2
18

Q6 ~2
36 a2

v'l5 v 15 ~2
30 90 2

v3 ~2
i8

v30~i
90
v'rs+
30

A &/2

1

v3
~2

18 a2
v2 ~2
36 a2

v'5 v5~
10 4S a2

~2
j8 a2

&lo ~2
90 2

~5 v5~~
10 90 a2



25 D WAVES IN THE NUCLEON: A TEST OF COLOR MAGNETISM 2397

The D waves in the 6 will also cause it to have a
nonzero static quadrupole moment. One may easi-

ly calculate that

(ge, (3e —r ))e

eg—0.07
e

a quite substantial moment. Finally we mention
that there are related consequences of D wave m-ix-

ing in the semileptonic decay of the Q: with
mixing this otherwise purely axial-vector
(Gamow-Teller) decay will have a small vector
coupling amplitude.

III. DISCUSSION AND CONCLUSIONS

That the result (10) is so small is already a signi-

ficant prediction. Its size is the result of a strong

cancellation: if we were to reverse the relative sign

of the contribution of the D waves in the N and

the b, from the prediction of our QCD-like model,

gh„~ would become +0.03, almost five times larger;

the minus sign especially would then already be in

contradiction to experiment (see below).
There are at least two sources of uncertainty in

the predictions (10) and (11). The most serious is

probably the accuracy of the D wave amplitu-des in

the expansions (3) and (4) for the N and the b..
Since these expansions are "normalized" to spec-

troscopic splittings, they are independent of a„but
they do depend on the use of harmonic-oscillator

wave functions, and to some extent on our treat-
ment of the singular hyperfine potentials. ' How-

ever, it should be noted that similar uncertainties

are involved in calculating the amplitude of

~

N SM ) in (3) and this amplitude would seem to
be approximately correct. In view of this it is dif-

ficult to see why the amplitudes for
~

N DM ) and

~

b Dsr ) should be very wrong, especially consid-

ering that all three states belong to the %=2
harmonic-oscillator levels. The other cause for
concern in these calculations is the radiative ampli-

tudes themselves. The total amplitude for the
5—+Ny transition is, for example, inaccurate at the
level of 30%,' and although we may hope that the
ratios we are concerned with here will be less inac-

curate, without any understanding of the source of
this discrepancy we really have no right to this
hope. Finally, because the hyperfine-jnteractjon-

(12)
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induced D-wave amplitudes are so small, we must
also be concerned that effects of comparable size
may arise from other sources. In particular, it is
conceivable that mixing through virtual decay
channels may be significant at this level.

Using the amplitudes of the Particle Data
Group' we find that

g,„=+0.025+0.025

consistent with the prediction (10) but unable to
test it. On the other hand, the individual measure-
ments of g in the Particle Data Group compilation
are all positive, and the two most recent analyses
of which we are aware give g= + 0.017+0.008
(Ref. 17) and + 0.019+0.025 (Ref. 18). There is
to our knowledge, unfortunately, essentially no
data relevant to the prediction (11).

In view of the previous evidence in favor of the
contact-term-induced N Sz amplitude, and the ab-
sence of any complications from spin-orbit effects,
we hope it will be possible to check these predic-
tions more stringently and to thereby test the idea
of color magnetism embodied in (1).

Note added in proof. While this paper was in
the process of publication, S.S. Gershtein and Yu.
M. Zinoviev (unpublished) have drawn attention to
the quadrupole moment of the 0, which they
evaluated in an oscillator model with hyperfine in-

teractjons fjndjng 1.8)&10 e cm, a value whjch
they claim is susceptible to experimental verifica-
tion. This estimate has been checked by J. M.
Richard (unpublished) using other methods by
which he finds typically 0.4)(10 ecm. (We
believe that this smaller value results from con-
straining parameters to fit spectroscopic data. ) We
have repeated the calculations leading to (11) and,
constraining our calculation to give the correct
proton charge radius (as in Ref. 9), we find the
even larger value 3.1)& 10 e cm . A measure-
ment of the quadrupole moment of the 0 would
constitute a nice demonstration of the existence of
tensor components in the hyperfine interaction.
We are indebted to these authors for sending us
copies of their work.
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