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Hadron and quark mass differences*
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An estimate D + —D —5 MeV is made on the basis of a phenomenological quark model in which baryon
mass differences are fitted exactly and simple corrections made for the looser structure of bosons. The other
boson fits are satisfactory except for predicting p+ —p -0,3 MeV. An incidental quark mass difference is
obtained: m„—m„= 10 MeV from sources other than ordinary @ED. It is suggested that weak interactions
with the heavy charmed quark are responsible, so that [(rn„—m„)/(m, —I„)]'"—H~, the Cabibbo angle.

Electromagnetic mass differences (hm, ) of
hadrons is o topic that has long attracted atten-
tion. ' In particular, it has proved exceedingly dif-
ficult to obtain the correct sign for the n-p mass
difference. "Treatments involving symmetry
principles like SU(3) have led to a number of
specific relations among the mass differences,
which have been successful as a phenomenology but
do not predict absolute differences. ' Recently,
the surprising success of explicit quark models
for hadron structure" has led to their use in pre-
dicting absolute electromagnetic mass differences.
This is especially critical for the D mesons be-
cause of threshold effects on their decay se-
quences. ' ' Several sets of estimates for D'-D'
have been published: the more phenomenological
ones ' leading to values on the order of 12-15
MeV, the more detailed ones' " to values around
7 MeV. In the face of this discrepancy it has been
suggested" that all the models are inadequate;
quadratic mass dependences have also been pro-
posed. "

In the following note we attempt to counter this
suggestion by providing an example of a phenom-
enological treatment, motivated by the Breit equa-
tion, that leads directly to D'- D'= 5 MeV. It de-
pends on (a) detailed rehearsal of the situation for
baryon ~m, plus suitable correction of these pa-
rameters upon transference to bosons, using sim-
ple kinetic effects related to binding, and (b) use
of the ratio of

l g(0)l' to (1/r)' as a relative con-
stant in this transference, as it seems to be rea-
sonably constant in more than one phenomenologi-
cal quark potential. As a consequence an intrinsic
quark mass difference m~- m„= 10 MeV is esti-.
mated, which is rather large and seems to exacer-
bate the classical n-p dilemma at the level of
quarks. We suggest that this difference reflects
the influence of the weak interaction, with
(m~ —m„)/(m, m„) = tan—'ec, where 8c is the
Cabibbo angle and rn, is the charmed-quark mass.

E, =a g @&q&fa, +a2a, g, [1 +X(y&+ yJ)tj

+a,X(y,. +y, )),
The summation is over all quark pairs with q, the
quark charge in units of e, or& =2s,. its Pauli opera-
tor, and y,. its hypercharge. The mass differences
of the quarks themselves are taken phenomenologi-
cally at this level and are represented by

m, ——,'(m„+m, ) =am, ,

m, = ~(m„+m„+m, ),
nz —m =i5m.d 8

(la)

(1b)

(1c)

In Eq. (1) the expansion in A. is taken only to first
order and effects of order 6m/mo are neglected;
observed baryon mass differences will of course
contain direct terms 5m in addition to E,

In Eq. (1) the phenomenological coefficients cor-
respond to the following two-body Breit terms:

a, =(o./r)+a, ,

a, =-3~a Ig;;(0) I'/m. '

P& 'PI &' t&'P&) P;)03 = pQ2 —{X +

To evaluate Eq. (1) it is necessary to decompose
the three-body SU(6) baryon wave functions into
two-body components with explicit SU(3)x SU(2)
content. The '66 supermultiplet in SU(6) contains
two multiplets,

(sl l)'- l[(6I 1)'+(3I0)'],
(10l-,')'-3(6l 1)' .

(3)

I. BARYONS

The phenomenological formula for baryon mass
differences arising from electromagnetic interac-
tions of quarks is taken from the Breit equation'
to be
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TABLE I. Baryon mass differences. —-0=6.7 MeV,
1 I
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—0m +—a& ——a3A,
3 3

'~~+0 =6~n + —a
&
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3 3 and

+g*' —2g*' = 1.8 MeV,
~'- g" =-0.5 MeV,

(Z" —Z*') —(= ~ —" *0)= 1.3 MeV,
a'- a' =1.3 MeV,

z -z'=3.1MeV,

a,' ~ = 3f (Z* - Z*') - (:- * —:-*')].

aS= a2+as

(uu) =(6i1)',
(ud) =-,'(6i1)'+-,'(3(O)',

(4)

used similarly for all other octet baryons. The
decouplet is totally symmetric throughout.

In this way one arrives at Table I for 4',,„, ,

displaying a number of familiar relations. The
empirical values" are accurate for the first three
entries only, but this is enough to determine the
relevant coefficients:

The notation in Eq. (3) defines the wave function as
p =(SU(3) iSU(2)), and the reduction is (g(3 body) i'-

I P(2 body) i', the left-hand sides being normal-
ized to three particles. Of course the wave func-
tions have more detailed spin-isospin structure,
but it will not be needed for the simple considera-
tions below. The only explicit feature required is
to keep track of the exchange properties in the
octet. For example, p =uud decomposes as fol-
lows:

The empirical agreement with Eq. (6) is satis-
factory, the respective values" being 6.4a 0.6
MeV and 0.8+1.5 Mev for the first andfourthen-
tries; and ~ —~"= 1+2 MeV. There are no dis-
agreements outside the quoted errors although, in
some cases, these are so large as to render the
comparison meaningless. This is unfortunately
true of Eq. (7), so we must take for A. the estimate
from strong-force correlations' that

z=0.3*0.1 . (8a)

a, /a, =-(f '+2+ 3X)/(1+g)

-1 to -2
0

There still remain three quantities, (1/y), a„
and a„ to determine from a,' and a,', For this
purpose we rely on the estimate of a,(1/r) ' = f,
obtainable from three popular shapes of nonrela-
tivistic quark potential: Coulomb, linear, and
Gaussian as in Table II where p, is the reduced
mass. The linear and Gaussian forms are equiva-
lent for this purpose. Then Eq. (5) implies that
a,'+a,'=0 or hence

n- P =1.3 MeV, 6m =1.9 MeV,

Z —Z+ = 3.1 MeV, a,' = 1.8 MeV,

—Z'=4.9 MeV, a,'=-1.8 MeV .
One then predicts

(5)
respectively, for the Coulomb and linear Gaussian
cases. But Eq. (2) suggests that a, /a, is displaced
from a zero-order value of 3/2; this displacement
is less for the second case, which we therefore
adopt. Then

TABLE Il. Parameters for various potentials.

Potential

Ag
C oui omb.

y'

linear: ar + b

Gaussian: —p, +2z'2 = -k r2

1—(pe )3

3i4

1/3 a2 iis
12 2~ m04

3 2m 0

Parameter
(Refs. 4, 6, 8, 14, 15)

~, =0.2—0.5

a = 0.2-0.3 GeV2

k =0.1—0.3 GeV3

0,01—0.04

0.3—0.8

0.3-0.8
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a, =a2'=-1.8 MeV,

(~/r) = 4.0 Mev .

II. BOSONS

(8b)

(8c)

The biggest change in Eq. (11) from the baryon
values is in 5m; it therefore seems plausible to
account for the tighter structure of the D mesons
relative to the light mesons by using a value of
6m averaged between Eqs. (11) and (5). Then

p' —w'=-,'(1/r) +-,'a,'(1+ & x),
p'- p'=m'- m'+-,'(a,' —a,')(1+ g x),
K'-K'=6m + .'(1/-r) +-,' a,'(1- -'~),
K*+—K* =K+ —K + '(a,' —a,')(1 —3A),

O' D'=-5m+-,'(1/r) + ~ a,'»+-,'a, (1 —2»),
D*' —D*' = D'- D, + ,(a,' —a,')»-,

(10)

where g,' =g, —Sa, and»=m, /m, = 0.2, the ratio of
ordinary- and charmed-quark masses. The empiri-
cal values" are m+- m' =4.6 MeV, K '- K' =4.0
MeV, E*' —K*'=-4.1+0.6 MeV; the difference
p' —p is not well defined but appears to be 0 to 6
MeV negative. We take the numerical values to be
in decreasing order of reliability on the grounds
that the broader the resonance, the more difficult
it is to position exactly, as is true of the ~ bary-
ons.

Nevertheless, the qualitative relation seems
established thai

(m' —n') (p' —p')-» (K' -K') —(K+' -K+'),

implying that ~ has become relatively large for
the bosons. This is a difference in effective quark
masses, as is 5m, so that both may be expected
io change with the situation, i.e., baryons vs bos-
ons. In fact, it appears below that 5m increases
by a factor 3 in going from baryon to light boson.
Although we have no proof that A, behaves in an
identical fashion, this is the most obvious phenom-
enological modification that suggests itself; ac-
cordingly, A.

- 1 in the following. As before we
take a,/a2 = 0 and (1/r) =a, /f with f =-0.5; then
the m+ —m and K' -K mass values yield

. 5m = 5.8 MeV, (o./r) = 2.6 MeV,

a2 =-1.3 MeV .
This value of ( 1/r) and that of Ref. 9 are the
same. From these we expect"

The quark-antiquark states are already separated
according to singlet and triplet spins. Equation
(1) can again be applied, with the caveat not to re-
verse the signs of y& and 5m for antiquarks. The
4m formulas are

D' —D'= 5.4 MeV,
D~' —D*' = 4.7 MeV .

The uncertainty in these estimates appears to be
of order 2 1VleV.

III. INTRINSIC MASS DIFFERENCE md-m„

The difference of effective masses m„—m„has
appeared to be strongly momentum-dependent in
the above. This is in agreement with the first non-
relativistic correction, ' which suggests that

(14)(6m/6m„) =1-( p') /2m„' .
B we now approximate (p') -(1/r)' for the two
cases considered, use in Eq. (14) suggests that

gm0= 10 MeV . (15)

Zm, sin'ec = tan 6rc,
g

(16)

these being the relative contributions of the domi-
nant term with m=m, .

To check with our numbers above,

This value and the one in Eq. (5) are much like
those obtained in Ref. 11 cited above.

Now the n-p mass-difference problem has been
made to regress one stage to become the d-u mass-
difference problem. This is in principle unsatis-
factory; and in practice it is even worse, as the
sequence seems to be diverging. The magnitude
of 5m0 is five times as large as for n-p, the elec-
tric-charge-squared difference is only 3 as great
for the quarks, and the algebraic sign is still
wrong. Thus it is tempting to look for another, not
explicitly electromagnetic source of Gap that would
be effective first at the quark level.

The weak interactions seem to offer this possi-
bility„and we sketch an heuristic argument. The
self-energy of a neutral quark arising from emis-
sion and absorption of a 5 will be ~ m- (2m ——,'mo) in(A/mo), where m is the mass of the
intermediate quark, and A is an explicit cutoff.
When m=m, this term is presumably much larger
than when m = m, . In terms of the Cabibbo angle
6}c, regarded as fixed by other constraints, "

K*' -E*'= -5.1 MeV,

p+ —p
™0.3 MeV,

D+ -D'= 7.4 MeV,
D*'-D"= 6.7 MeV .

(12)

Am~ 10 MeV
bm, =A, m =m ='s 0 0 0 g2 003 = 300 MeV,

(17)

which is a currently popular value for m„pro-
vided that the relatively small 9c is acceptable.
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