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A conte&&on is found between two successful models of SU(6) breaking. A quark-model mixing scheme

(56,0+)+(70,0+) for the baryon octet has been devised to exp/ain the ratio F & (x)/F P'(x) in the valence-

quark region and explains naturally other departures from the usual SU(6) predictions. On the other hand,
the gluon~xchange model of SU(6) breaking accounts satisfactorily for the hadron spectrum splittings. The
spin-spin contribution from this chromodynanic force is indeed shown to generate a (56,0+)+ (70,0 ) mixing

of the octet. However, it yields a wrong sign for the mixing angle, thus pointing to a contradiction between

spin-spin forces of one-gluonwxchange type and the deep-inelastic structure functions in the valence-quark

region. Other spin-spin poten&b, giving the right sign for the mixing angle, are shown to be also in

di%culty, because of the hyperfine structure of excited levels. Finally, acarefol discussion ismade of the
subtle X-A diect in both approaches.

I. INTRODUCTION

Meas about the nature of the SU(6)-breaking for-
ces inside the hadrons have been suggested by De
Hujula, Georgi, and Glashow' (hereafter DGG),
followed by other authors. * Invoking the asymp-
totic fxeedom of color-gauge theox'ies, they px'o-

pose that the small-distance quark-quark forces
should be dominated by one-gluon exchange; mak-
ing a v/c expansion, an SQ6)-breaking potential
appears: the well-known Breit-Fermi interaction.
On the other hand, the large-distance confining
force should be SU(6) symmetric.

These suggestions are very interesting since the
earlier approaches to the SU(6$breaking forces'
were purely phenomenological. Here, instead, we
have a much more theoretical derivation, and the
form of the potential is well defined, although the
strength of the force a, is, in px'inciple, momen-
tum dependent. A particularly striking result de-
rived by DGG is the relation between two mass dif-
ferences within the 56 baryon ground state: Z-A
and &-N, which tux"n out to be both of hyperfine
type. In the work of DGG, the wave functions re-
main unknown since they do not assume a specific
long-range potential. In Ref. 2, explicit wave func-
tions are given corx'esponding to a linearly rising
potential.

Another series of manifestations of SU(6) break-
mg can be described by an SU(6) configuration mix-
ing of the baryon octet. %'e have shown4 that the
remarkable behavior of the ratio F;"/F;~ in the val-
ence-quark region, which deviates strongly from
the —,'prediction of the 56 model, can be ascribed
to a well-defined mixing between the usual (N, O')

ground state of the harmonic-oscillator model' and
an upper level with radial excitation (VO, O ):

e, = cosy(56, 0'), + sinrp(VO, O'), .
The decuplet is assumed to be unmixed for sim-

plicity. The (VO, O ) is the unique configuration at
the level N = 2 which can pxoduce the desired effect.
Other configurations mould produce no effect on
the ratio F~/F;~ except at the cost of exceedingly
large mixing angles. [Note that at this step SU(3)
is conserved, so that no octet-decuplet mixing is
allowed, in contrast with the (56, 0') + (N, 2') mix-
ing of I tpkin .] Moreover, the mixing angle is un-

ambiguously fixed to be

y —-20 .
A crucial step in this analysis is the connection

established between the usual rest-frame wave
functions of the naive quark model, and the stxuc-
ture functions, naturally introduced in the I' = ~
frame by quark-parton models. This connection
relies on the simple boost prescription

4p..(b„p)r})=6,(((P),—»g)/»g, p)rj) (I ~)

for the spatial wave function, and a Lorentz trans-
formation of the Dirac spinors in the spin part. "'

The above SU(6)-mixing interpretation of the ra-
tio F, /F;~ is partly in the spirit of an earlier work
by Altarelli, Cabibbo, Maiani, and Petronzio. "

They introduced a mixing (56, 0') + (VO, 1 ) at P =- ~.
%e have prefex'x'ed a P = 0 approach, which is more
powerful when one deals mth the static properties.
Both these approaches traduce in a quantitative
manner the qualitative fact, emphasized by Close, '
that the isosinglet-diquark state is enhanced in the
nucleon wave function for x ~ 0.5.

%hat seems to us very important to emphasize
for the following discussion is the fact that the
SU(6)-broken behavior of the structure functions
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is not only a very short-distance (x= 1) pheno-
menon. It extends from x-0.3 to x-0.8, the points
beyond being not well measured. Therefore, it ap-
pears unsated factory to explain it only by something
happening at x= 1, as in Farrar and Jackson. '
And also, it is likely that an important part of the
phenomenon can be analyzed in the frame of the
naive quark model —with nonrelativistic or semi-
relativistic assumptions —rather than with the ul-
trarelativistic hard-parton methods of Ref. 10. In
our previous papers, we have spoken of the be-
havior of F;"/F28~ "at x-1" and this was mislead-
ing, all the more since our boost prescription is
not expected to work at x=1, but only for moderate
x. F(x) does not vanish as it should for x~ 1."

This remark helps us to understand why the
SU(6)-broken behavior of the structure functions
teaches something about low-energy, small-mo-
mentum-transfer properties of the baryons, which
test a rather peripheral region of the wave func-
tion. Indeed, a most remarkable issue of the mix-
ing (1.1) concerns the SU(6) predictions for static
properties. It does not affect the good predictions
like p, ~/p, „=——, and F/D = -„and it cures the not-
so-good predictions like tj. */p,

&
——2M2/3 and G*/G„

3 yielding the desired + 40 /0 correction. It also
yields a Z-l~ splitting effect of 70 MeV." On the
other hand, the explanation of hyperfine splittings
like &-N is outside the scope of this approach, and
requires a. knowledge of the SU(6)-breaking forces.

An obvious question now is the following: Is the
mixing (1.1) explainable in terms of the DGG SU(6)-
breaking potential? The Schrodinger perturbation
theory establishes a very simple relation between
a perturbing potential and the perturbation of the
wave function [see (2.1) below]. It comes out that
the Fermi spin-spin contact term precisely gen-
erates a (56, 0'), + (70, 0')„butwith the surong s ign.
After having shown this fact (Sec. II), we see if one
can avoid this disappointing conclusion by a change
in the spatial behavior of the potential. We find a
definite obstacle, because it is then impossible to
maintain the DGG explanation of excited-level hy-
perfine splittings (Sec. III).

The remarkable prediction of the subtle Z-A
splitting by both approaches then raises the follow-
ing question: Why do they both yield the same cor-
rect sign, while they disagree on the mixing-angle
sign. We answer this delicate question in Sec. IV,
and discover at the same time a correction to the
DGG calculation of the gluon-exchange effect.

(2.1)

and, moreover, limited to the first allowed excited
level. We do not mean that V is indeed truly small
or that higher excited states do not contribute sig-
nificantly. On the contrary one knows that the ef-
fective quark-gluon coupling may be large for the
ground state. But we hope that this simple calcu-
lation will give the general trend of the effect. The
perturbation V is the one considered by DGG, neg-
lecting for the moment the SU(3) breaking arising
from the m„m~ mass d-ifference (the common
quark mass is then denoted by m):

V= kn, +S(~, (2.2)

where k = ——', for mesons and —-,'for baryons, and

S
&&

= S,g+ S,g+ S,.&+S,&

where S',
&

is the spin-independent part,

0

(2.3)

(2.4)

S~& is a spin-spin force,

(2.5)

Sif ls a spin-orbit force,

S(~ —,3 [(r xp ) ~ f( (r xp ) ~ f

monic-oscillator quark model. ' This means that
we take the harmonic oscillator for the confining
force. It is a particular case of the SU(6)-invar-
iant growing potential considered in DGG, who
leave it unspecified. Some authors' consider a
linear potential as being more theoretically found-
ed. In fact, one can compare the spectrum of these
respective potentials by treating their difference
as a perturbation. This has been done by Gromes
and Stamatescu. ' There appears a splitting of the
N= 2 oscillator levels. However, it is not very re-
levant to the study of the SU(6) breaking. The har-
monic oscillator seems on the whole an acceptable
zero-order approximation for the study of the
ground state.

Our starting point will be the Schrodinger per-
turbation method, limited to the first order in a
perturbing potential which we call V,

II. PERTURBATION DUE TO THE BREIT-FERMI
POTENTIAL: SU(6) CONFIGURATION MIXING

OF THE GROUND STATE

We adopt as unperturbed wave functions both for
baryons and mesons those predicted by the har-

+2(r x p, ) 0& —2(r xp&) ~ 5,];

and S~& is a tensor force,

(2.6)



PHENOMENOLOGICAL SU(6) BREAKING OF BARYON %AVE. . .

1
g g (5, r)(5/ ~ r)

(2.v)

~,(8, —.")= (P'x'+P x )0:, (2.8)

+ (10 -")=0'x'0' (2.9)

where 4, X, g denote, respectively, the SU(3),
spin, and space wave functions, with the various
types of symmetry under quark exchange. " Due to
J~ conservation, V will mix 4'o only to states of
the same J at the second excited oscillator level
X=2. Let us enumerate the various (8, -,-') and

(10,—,") at this leveL For the (8, —,") we have the
following states:

56,0,+=2,s=-,', 8, 2 ) = (y'x'+y'x')q'„. ,

~vo, o,x=2, s=-,', 8, —,"&

(2.10)

1 [(ysXI y2XII)qn +(ytXe+ yIIXI)qz ] (2 11)

iv0, 2,N=2, s=-'. , 8, —,")
1= ~4 '[x;e.' .],/. + 0"[x',e." .],/. ), (2»)

M2

~20, 1,1v=2, s=-,', 8, ,'-'&

Note that everywhere a nonrelativistic expansion is
made in v/c, up to v'/c2. This is in the spirit of
the usual quark-model ca,lculations. But one must
recall that I//c is not truly small, at least for non-
strange quarks. En Sec. EV, we discuss some
weaknesses in the assumptions adopted here. Some
of them may be crucial.

Let us examine the effect of the various terms
in (2.3) on the (56, 0') baryon state wave function.
First, we make explicit the octet and decuplet
wave function (omitting the color-singlet function)

(r, + r, —2r,),
W6

(2.1v)

and the normalization is made with the respect
to the measure

TABLE I. Spatial vrave functions of the N =2 levels.
&0

= {1//~3 R~vt3)1/2 exp[ —(p 2+A, 2)/282|.

~(56.0)=~ 2[3A -(P +~)1~0

II' ~(-, z,l
I.et us now look for the nonzero matrix elements

of V between the ground state and these various
A'= 2 degenerate levels. To make the discussion
simpler, one can use the overall symmetry of the
baryon wave functions:

(4„/V/4, &=3(4„/V„/4,&, (2.18)

where t/'» is the potential between quarks 1 and 2,
and the wave functions have been chosen to be
either symmetric (label s or double prime) or
antisymmetric (label a or prime) for the exchange
of 1 and 2 in each separate contribution of the
form (II)y ]&. It is then sufficient to look a,t the sym-
metry properties of V» with respect to spin and

space.
%'e get the following conclusions:
(i) The operator S' mixes the ground state and

the multiplet (56, 0')„., for both the octet and the de-
cuplet.

(ii) The spin-spin force 5~2 mixes the octet with
the (56, 0')„,and the (VO, 0')„,; on the other hand,
the decuplet is mixed with the (56,0')„,only.

[@'[x" &~.2]I/2 —0"[x' tI'I'. ri]I/2) (2 13)
2

1/2

P (,"6, 2+) = — —
2 [ P'2 (P ) + P. P, ) ) P

and, for the decuplet (10, 2"),

156 o' &=» s=-' 1o -"&=0'x*4=2 (2.14)

0'(70, 0')=~ 2 (-2~ P)40

~56, 2, 1V=2, S=

i
V0, 2, 1V=2, S=

1=~ e'Gx',

—:,», —,"&= ~'[x', ~..]./. ,

-', 1o, 2'&

~I=2]2/2+ [X ) ~I 2]2/2) '"-(2.15)

(2.16)

0"(70, 0') =
~3&2

(~'- p')00

g'(70, 2+) = —, ~ (1,1;M —m mI 2 I)Hvt

The notation [X, p]I taken from Mitra and Hoss"
denotes the quark- spin-quark-orbital-momentum
coupling to the total angular momentum J.

The various spatial wave functions are given
in Table I, where X and p are the relative co-
ordinates

e~ ~/2 1g" (70, 2 ) = — —
2 [ YP (P ) —F2 (A, )] (}t'0

8'"1f' (20, 1') = — —
2 (P X)$0
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e(8, —,")= I56, 0 &„,+o I56, 0 &„

+P I70, 0 &„,+, I70, 2.&„„
4((10, 2")=

I
56, 0'&~~+y

I
56, 0'&}}(.z

+ 6 I56, 2'&„-.+ ~170,2g„„
(2.19)

(2.20)

where, of course, the multiplets must be pro-

(iii) The tensor force Sr mixes the octet with the
(70, 2 }„„andthe decuplet with the (56, 2'}„,and the
(70, 2')N= ~

(iv) The spin-orbit force does not generate any
mixing, and therefore we have the following mix-
ing schemes:

jected on the respective SU(3) components.
Let us compare this with our own mixing scheme

(1.1) and (1.2). The (56, 0')„,which appears in
(2.19) and (2.20) is irrelevant to the discussion of
SU(6) breaking; it only slightly modifies the start-
ing spatial wave function. The (70, 0')„,in (2.19)
is jus t what we have suggested on phenomenologi-
cal grounds. The (56, 2')„,in (2.20) was not con-
sidered in our approach-which was suggested by
the nucleon structure functions. It is worth in-
vestigating the effect of such an additional mixing
for the calculation of i}.~(n -Ny) and G*.

We can now calculate the coefficient P, which
comes from the spin-spin potential, through (2.1)

fl= — ( 0, 0'}„„8,—,
" Q} ',

~ (56, 0'}„„8,—,''), (2.21)

where M„M,are the ground-state and second-
excited-level mean masses. We obtain then

More precisely, we have

3
2' &4=. I6'(P) l&~=.&

using the spin matrix elements

(2.22)

and therefore

(2.25)

&x'Is, .s, l~'&=--:,

&x" ls, .s, lx "&= l
(2.23)

With the wave funtion |t}'„',given in Table I, we
get

0"=,I6'(T)IP' &&0, (2.24)

and then P &0 in contradiction with our phenomeno-
logical determination y & 0. This latter sign was
determined by the x behavior of the structure
function F;"(x)/F ', (x); since x is the longitudin-
al-momentum fraction of a quark, we defined in
Ref. 4 y using momentum-space wave functions.
To have consistent configuration-space wave func-
tions, one must carefully perform the Fourier
transform; in Table I, there corresponds to the
combination (l}"(70, 0') - (p~'-p}, ') (Ref. 4) the com-
bination

q" (70, 0') - (A' —P') .
The predicted positive sign of P comes from the
positive X term. On the other hand, the negative
sign of y was crucial in interpreting the decxease
with x of F2"(x)/F; (x). A positive sign would
imply an increase of this ratio above -', for large
X e

Concerning the magnitude of P, it can be related
to the hyperfine splitting 6 -N which is caused by
the same spin-spin force

n —N
M2-Mo

M2 Mo 2 W2
(2.26)

III. DISCUSSION OF THE SPIN-SPIN POTENTIAL

Although the SU(6)-breaking scheme proposed by
DGG is very appealing, there is some controversy
in the literature about the statement that the spin
dependence arises only from one-gluon exchange.
Other conjectures have been stimulated by the fail-
ure of the g-q, hyperfine splitting predicted by
DC',

g -'q, = 27 MeV.

This value is much too small as compared to the
tentative experimental assignment }7,(2800).
Schnitzer" suggests substituting the Coulomb po-
tential by the full linear plus Coulomb potential in
the Breit-Fermi expression. This substitution
gives a I/r spin-spin potential. It could give a
satisfactory splitting by giving up the usual radial-

In conclusion, we see that the Breit-term potential
indeed generates a mixing of the nucleon with the
(70, 0')„,level through the spin-spin force, but
the sign of the mixing angle is opposite to the
phenomenological determination from the nucleon
structure functions. " This is a very serious prob-
lem. To escape this situation, there seem to be at
least two possibilities: either we keep to the
Breit-Fermi potential and look for weakness in
our treatment, or we look for other spin-spin po-

tentialss.
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z-N 1
M2 —Mo 2y 6 (3.1)

which is of the wrong sign as in (2.26).
(ii) On the contrary an increasing potential

~
r~"

yields

S-N n

M2-Mo 2V 6
(3 2)

Thus we see that the spin-spin potentials suggested
by gauge theories, either in 6'(r) or 1/r, yield a
wrong sign for the mixing parameter. On the con-
trary, an increasing spin-spin potential gives a
right sign and would give a correct order of mag-
nitude for 2 &n &4.

However, independently of its lack of theoretical
basis, such a spin-spin potential increasing with
distance encounters very serious difficulties in ex-
plaining the L =1 levels.

From (2.21) and V»= f(p)S, R„onesees that

P &0 implies

OO 00 g2 2
g2p2 g2 p2 f p exp p dpdgg0

0 0 8
(3.3)

and then

00 p2
p'f(p) exp —&, dp

0

) 3 g2
oo p2

p'f(p) exp ——,dp. (3.4)

This implies a hyperfine splitting for L =1 levels,
'10-'8 at least of the same order of magnitude as
for the ground state, in contradiction with experi-
ment. Note that the right-hand side is positive in
(3.4) to get n-N&0.

On the contrary, the contact interaction is in
fair agreement with the L = 1 hyperfine splitting
both for mesons and baryons —it predicts a degen-
eracy between '8 and the '10 levels of the (70, 1 }

excitation assignment of the g'(3700). Duncan"
suggests still more complicated spin-spin effective
interactions due to high-order gluon corrections.
Some of them are phenomenologically included by
Schnitzer, "in particular an anomalous magnetic-
moment coupling of the gluon to quarks, which
yields also 1/r spin-spin force W. ithout neces-
sarily adopting their conclusions, we draw the
conclusion that the nature of the spip-spin force
is still obscure.

Therefore we look, from a purely empirical
point of view, for the mixing effect and 6-N split-
ting coming from various spin-spin potentials. In
analogy with (2.26), we find the following:

(i) 1/r spin-spin poi;ential

multiplet and moreover '8 lower in mass.
Gromes and Stamatescu" have made a calcula-

tion with the 6'(r) and 1/r spin-spin potentials.
They find, respectively,

8' 10' 8=1:1:-1,
'8 ''10''8= 5' 3 5

One sees that the 1/r hypothesis is already in a
bad position. The increasing potential is still
worse:

'8: '10:'8 = ( n + 6):—(3n + 6):—(n+ 6) .
We finally encounter two rather general difficul-
ties:

(i) The contradiction between the hyperfine struc-
ture of the spectrum and the sign of the mixing
angle.

(ii) For the spectrum itself, there is a contra-
diction between What is needed to explain the hy-
perfine splitting of the conventional hadrons (con-
tact interaction) and the g q, spl-itting (dominant
1/r spin-spin potential).

The point (i) means that we cannot obtain an in-
terpretation of our phenomenological mixing
scheme in terms of a perturbation by color ~~o-
body forces.

IV. CRITICAL DISCUSSION OF THE CALCULATIONS
OF THE Z-A SPLITTING

We are now faced with the following situation:
(i} On the one hand, we have a phenomenological

mixing scheme for the SU(6) breaking of the bar-
yon wave function, which provides an explanation
of a certain number of phenomena: the F;"/F;
behavior for large x, the ratios p*/p& and G*/G„,
and the Z-A mass difference. " However, we
cannot explain the origin of this mixing by a two-
body (spin-spin) potential a fortiori by the con-
tact Fermi term suggested by DGG. Then the
problem of predicting the hyperfine structure
of the hadron spectrum is left completely open
in this scheme.

(ii) On the other hand, the Breit-Fermi po-
tential proposed by DGG yields a number of
encouraging results on the meson and baryon
spectra, in particular the right sign and order
of magnitude of the Z-A splitting. However, DGG
do not try to understand the SU(6) breaking in the
ratios

pw/p Gw/G j'8"/Qe&

One notices that there is a phenomenon where
both approaches seem to meet: the explanation
of Z-A splitting. But it is rather paradoxical
since the sign of P determined by the Fermi force
is opposite to the phenomenological value in the
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A. Nonrelativistic perturbation theory

Let us set this discussion in a quantitative man-
ner. We consider the Hamiltonian in its non-
relativistic form:

H = P T, (m, )+ gU,.&++ V,& (m, m&),
ja

where we make explicit the mass dependence,
crucial in the discussion of the ~-A splitting.
T, (m, ) is the kinetic energy of the ith quark;
U;~ is an SU(6)-invariant potential which re-
presents the main part of the potential; in our
approach it is the harmonic-oscillator potential;
in DGG it is the SU(6)-invariant confining force,
whose form is left undetermined; V, , is an

(4.1)

scheme (i), and in this case the sign of Z-A is
given by the sign of P (P &0). What happens is
that in the perturbation theory, the Z-A splitting
is a rather subtle phenomenon, involving first
order both in the SU(3} breaking and a spin-de-
pendent perturbation, i.e., it is an interference
term in the second-order perturbation. As we
shall see, there are two different contributions
of the same order: one (I) is due to the variation
of the wave function with the SU(3) mass breaking
in the kinetic energy, and the second (II) is due
to the variation of the spin-dependent potential
with the SU(3) mass breaking. The two approaches
neglect either (I) or (II). In our scheme, we start
from an SU(6)-broken but SU(3)-symmetric wave
function and we calculate the contribution (I). The
contribution (II) is not present in our approach,
by assumption. DGG start from an SU(6)-sym-
metric wave function and they calculate the con-
tribution (II}. They could also calculate the con-
tribution (I). We have done this ca.lculation and
we find indeed for (I) a negative contribution to
the ~-A splitting, instead of a Positve one in our
scheme. But this contribution (I) turns out to
be smaller than (II). Then both approaches yield
a positive sign for Z-A.

eventually mass-dependent SU(6)-breaking force;
in DGG it is just the Breit-Fermi potential, and
the mass dependence comes only from the re-
duction to Pauli spinors. As for us, we have
assumed an SU(6)-breaking force independent of
the quark masses without any theoretical prej-
udice.

The unperturbed Hamiltonian is defined to be

H, = QT, (m, ,),Q U (4.2)

where m„=~»=rq, and the corresponding eigen-
functions are denoted by g„"',and we consider
now the effect of introducing the potential and
introducing a small change in the quark masses
m, ,—m,. +6m; [in fact, we break SU(3) by making
m~km6, =+. Then the perturbation is given by

IV=—. +ST,(m, ) ~P V&& (m„m~)
i j&f

, +6V,, (m„m,), (4.3)

m =(y"'Iw~q,"'&,g
~0 EO-E.

From (4.4} and by using (4.3}we pick up the terms
of first order both in the SU(3) breaking and in the
spin-dependent potential, which are those con-
tributing to the Z-A splitting:

where 5 denotes the variation with respect to the
mass change

mjo m) +6mj.

In IV the first term is first order in SU(3) break-
ing, the second is first order in the spin-de-
pendent force, the third is first order in both.
The energy perturbatio~ to the (overall) second
order is denoted by

(~H) - =(O'"IZ«~~(mi m~)l&'"&

(4.6)

In the frame of DQQ, it is easy to see that the
two terms in (4.5) have indeed the same order of
magnitude, say n, 5m/m, where 5m/m is the
strength of the SU(3) breaking and n, is the
strength of the spin-dependent potential. In the
frame of the harmonic oscillator, we have the
following estimates:

T (m )
-p'/2m - I /m R ' - (o

5m
5T(m) - (o, V(m) - n, ,

5V(m) - n, ,
6m

E —E,-(d.
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(t3E), , = &q(;)
I Q 5v, , (m„m,)ly( )&

+2&5y(;)I g V, , (m,.„m,,)lq(;)&
f cf

= (11)+ (I) . (4.7)

Equation (4.7) shows that (t3E)z A comes from the
total variation of

(4.8)

with respect to the mass change m, ,- m;, +5;. On
the other hand (I) can also be written in the form

The first term corresponds to what we have called
contribution (II), the only one calculated by DGG.
It is not present in our approach. The second term
is not considered by DGG, although it has exactly
the same order. It corresponds to the variation of
the original wave function due to the SU(3) breaking
in the kinetic energy

; 5T;(;)IO'."&

N aeo Eo —E„
This is what we have called contribution (I). Then

according to DGG. The total contribution is still
positive,

Z -A = ~ (z -N)(l-m, /m, ),
and still of the right order of magnitude,

Z -A= 50 MeV,

using the DGG values for m~ and m), .

(4.13)

(4.14)

HD= H g +V)), (4.15)

B. Relativistic perturbation theory

We have explained the difference between our ap-
proach and that of DGG for the Z-A splitting by
showing that they correspond to two different con-
tributions in a nonrelativistic perturbation theory.
The role of these two contributions appears in a
very transparent way if we treat the problem in the
frame of relativistic quantum mechanics with two-
body forces. This is the natural frame for one-
gluon-exchange forces as considered by DGG. As
for us, we do not know if our phenomenological
mixing can be explained in such a frame. (See the
end of this subsection and also Sec. IIL)

We now write the Hamiltonian in the form

2&/(,') Q 5T; (m,.) q(')&

with

(4.9)

(4.10)

where HI includes the free-particle Dirac Ham-
iltonians plus the confining potential, and V~ rep-
resents the SU(6)-breaking force which dominates
the small distance. In its relativistic form, V~
will only be a combination of y matrices acting on
pairs of quarks,

Vo Q Vo() ~

i&j
as can be seen from the second term of (4.5).

One recognizes in (4.9) our calculation of the Z-
A splitting, provided that the mixing is truly gen-
erated by the spin-dependent and SU(3)-symmetric
potential Z;„V(m,„m,g The p.aradox raised
above is then solved in the following way. If V;& is
the Breit-Fermi potential, then (II) & 0 according
to DGG and (I) (0 since t) & 0 according to (2.26)
(we assume harmonic-oscillator wave functions
and we retain only N= 2 levels). On the contrary,
with the phenomenological value of P, P &0, we get
(I) & 0 and then (t3E) z A & 0 in both approaches. It
remains now to compute quantitatively (I) in the
case of a Breit-Fermi potential, using (2.26), to
compare the relative weights of (II) and (I). In the
Appendix, we solve exactly the problem of three
particles of unequal masses interacting through a
harmonic-oscillator potential. Here we give only
the approximate results:

V(,) =Q P, 5m, .
j

(4.16)

The second-order perturbation on the energy, of
first order in both VD and V ~,~, which is respon-
sible for the ~-A splitting, is denoted by

For instance, for DGG V~„-FT.
&

' Z&. It thus may
not depend explicitly on the quark masses. The
dependence on the masses displayed in (4.1) then
comes only of the reduction from Dirac to Pauli
sPinors.

We then introduce the SU(3) breaking in the quark
masses:

m„-m„+6m,,
This gives rise to a second perturbation:

(Z -A)(, )
= --,' (~ -N) (1-m, /m, ),

while

(Z A)(j)) 3(A -N)(1 —m(p/m), )

(4.11)

(4.12)

(4.17)

to be compared with the nonrelativistic expression
(4.5). The first contribution in (4.5) is now in-
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I I('")(("'I) =~"'(i)()&"'() )~&'*'(i)

izi+(n p+Pm)
2l~l

(4.23)

FIG. 1. The direct N and Z-graph QO contributions
to the &-A mass diffex'ence. The cross x'epresents the
SU(3) breaking P &~, and the dashed line the spin-de-
pendent potential Vz, as desex ibed in the text.

( (,)@ ) p, izi —m 5u,
u, 2m, ~ml

neglecting p, '/~, ' terms. Then (4.21) becomes

(4.24)

Let us x'ecRll thRt the 1 elRtlvistlc %'Rve functions
)i)taboo~ are assumed to have the ordinary SU(6} form
with Pauli spinors substituted by free Dirac spin-
ors u, (p,.). The effect of the A+'s is trivial. On

the other hand,

eluded in the second-ordex' relativistic perturba-
tion. What happens is that now the f gtno!} are a
complete set of solutions of the relativistic Hamil-
tonian H&0. In terms of old-fashioned perturbation
theory diagrams, (4.17}corresponds to two dif-
ferent types of diagrams [Fig. 1, (I) and (II)],
which represent, respectively, the tmo contribu-
tions mentioned above.

If we calculate the graph of Fig. 1 e) by inserting
as intermediate state only the nearest excited level
of the baryons, we just get the contribution Q) as
defined by the second term in (4.5), once we make
an expansion of Dirac spinors in terms of Pauli
spinors up to order U'/c'. V~„.P,P,5~, leads to

&,6T, (~,) (see our paper in Ref. 12}.
Let us now consider the graph of Fig. 1 (11). We

do not know a complete set of eigenvectors of H&0.
Let us tx'y then to approximate the intermediate
states by free-quark states, one arith negative en-
ergy. We select in (4.17) the term

,g (v':.'I~.„iv':!)(v':.'i~p, lv':„'}

(4.19)

in the case of the Breit-Fermi potential. In the
appx'oximation of free-quark intermediate states
Rnd neglecting the klnetlc enex'gy

F.-E„=Sm - (2m - m) = 2m.

Then (4.18}can be written

(4.21)

In (4.25) the variation refers only to the Dirac
spinors and not to the spatial wave function. (4.25)
can still be transformed to

(4.26)&0 &12 Do

Reducing (g~go~i&», if(DOO)} to Pauli spinors up to or-
der &'/c', one just obtains

y(0) g~ » y(0)5y
0

(
I gyp' 0

1
(4 27}

In the case of the ~-A splitting, the only effective
term is the Fexmi contact term. This is just the
Perm calculated by DGG.

V. CONCLUSION

Our general conclusion mould be that the status
of dynamical SU(6) breaking is still unclear. By
dynamical we mean the breaking of the spectrum
and of the wave functions and not, the so-called
SU(6)~ breaking in strong decays and current ma-
trix elements which is by now rather mell under-
stood.

In the latter, one has to not assume a breaking
of the spectrum of SU(6) wave functions, but ra-
ther to take into account the kinematical effect of
internal quark motion.

The Breit-Fermi potential of DGG seems to ac-
count fairly for the gross features of the spectrum,
even if some difficulties appear on the phenomeno-
logical side (y-q, splitting), "or on the theoretical
side. " ' '" The sign of the 6-N and Z-A split-
tings appear quite naturally. Moreover, the short
range of the spin-spin fox'ce is welcomed for the
excited levels.
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On the other hand, phenomenological mixing
schemes as ours, at P = 0, describing at the same
time deep-inelastic structure functions and static
properties of the octet and decuplet baryon ground
state, or the one of Cabibbo and collaborators at
P,-~, which relates the behavior of F',"(x)/P,' (x)
to the Z-A mass difference, also meet fair suc-
cesses." Unhappily, there appears to be a con-
tradiction between the mixing induced by the DGG
spin-spin force, and the one found empirically. A
similar contradiction has been recently found by
Barbieri, Gatto, and Kunszt" for the Q1 Q2 mix-
ing: the sign of the mixing angle was found oppo-
site to the one induced by the DGG spin-orbit
force. No simple way has been found to maintain
at the same time the explanation of the hyperfine
splittings and the description of other SU(6)-
breaking phenomena by configuration mixing. In
particular, a simple modification of the spatial
dependence of the spin-spin force, while giving a
good sign for the mixing angle and the ~-N split-
ting, will fail for the hyperfine splittings of ex-
cited levels.

Apart from this main conclusion of our paper,
there is an interesting byproduct of the discussion
of the Z-A splitting. In the frame of a chromo-
dynamic SU(6)-breaking scheme, we have found a
negative counterterm to the DGG calculation of
Z-A, which finally comes out to be half the value
quoted by DGG. This smaller value of Z-A is the
one found by the MIT bag model, "which also finds
Z-A too small by a factor 2, having taken into ac-
count the full variation of the wave function with
5m~. Also, our discussion emphasizes the im-
portance of Z-graph contributions in gluon-ex-
change corrections: the Z graphs may indeed be
more important than direct contributions.

APPENDIX

To see directly the SU(3)-breaking effect on the
spatial wave function (the term omitted by DGG in
the calculation of the Z-A splitting), let us solve
here the problem of three particles of unequal
masses interacting through a SU(3) symmet-ric
confining force (as assumed by DGG) plus a per-
turbation: a m ass-dependent Breit-Fermi poten-
tial. We take as the confining potential a two-body
harmonic oscillator.

Consider three particles, two equal masses m,
= m2= m, and a mass m3w m. The total Hamilton-
ian can be written as

V=--', a, QS;;, (A3)

where S,, is of the Breit-Fermi form,

S12 X12+ ~12 r (A4)

where we have separated the Fermi contact spin-
spin term

8n 1
X, = ——5(r) S, 5, ,

1 2
(A5)

mr, + mr, + m3r3R=
2m+m3

Ti
=

~2
(ri - r2) (A6)

(r, +r, —2r, ),
46

P=PI+P2+P3 ~

1
)pp= ~ (p| —p2 ~

We m, 2m

2 2m m ' ' 2m m

(A7)

we get

Q ( r, —rj)' = 3(p' +7.'), (A8)

2 ~2 ~2 p2P1 P2 P3
2m 2m 2m, 2(2m +m, )

+ ' -2 (A9)
2m Gmm,

We see that, although the harmonic-oscillator
force is SU(3) symmetric, the unperturbed wave
function will be dependent on the mass breaking
m, —m~ since the kinetic energy term is mass
dependent.

The ground-state spatial wave function will
be of the form

f 2 g2PNoeP
2 ' 2R '

Rp

where, since the harmonic-oscillator force is
SU(3) invariant, R, and R„satisfy the relation

which contributes to the 6-1V and Z-A splittings.
In (A2), Ku' is an SU(3)-symmetric (mass-inde-

pendent) constant.
Defining the center of mass and relative co-

ordinates and momenta,

H=HO+ V,
2 2

2m 2m 2m, j(j

(A1)

(A2)

mR4= 3 R4
2m im 3

so that

2m+m, 'I'
R 2 3m3

(A11)

(A12)
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Let us compute the &-N and ~-A splittings
using the perturbation V and the unperturbed
mass-dependent wave functions (A10). We obta. in

I=($, ~6(r, —r, ) ~g ) = ),~, R, ', (A16)

- —A = j-(y, —y2)(——', n, ),
N=--2y, (- 2n, ),

where

8m 1.
y, = ———, I(R~=nRp),

y, = —— Z(R„=n R,),8g

8m 1
v = — —.I(R =R )3 3 ~)2 X p

w he re, fro m (A12),

(A13)

(A14)

J =($, ~6(r, —r, ) ~Q

3 a,2 -3~2

(2 )3/2 P 4 4 R 2

Finally we obtain

,".-a=!(a n)I& — —(2 ' ')"

instead of the expression found by DGG,

(Z A)noo 3 (d N) 1
m )t

(A17)

(A18)

(A19)

2p'p'i + v?~Q=
30"

We obtain, approximately, expanding (A17) up to
first order in powers of 6m/m,

and I and 4 are the spatial integrals (Z A) —8 (Z' A)noo (A20)
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