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It is proposed that the dynamical contribution to the hadron electromagnetic mass dif-
ference induced by the splitting of the up and down quark masses can be extracted phenom-
enologically from the quark masses by interpolation, in accordance with general @CD
assumptions. The results are consistent with all observed electromagnetic mass differ-
ences. The model-independent prediction B —B+=2.3+0.3 MeV will serve as a crucial
test for these assumptions. A useful mass formula for the s-wave hadron ground states
is also presented.

PACS numbers: 13.40.Dk, 12.70.+q, 14.80.0q

Recently Behrends et a/. have successfully re-
constructed the B decays into a, D or D* meson
plus charged pions. ' The masses of B mesons
given by their data are B'= 5274.2+ 2.0 MeV and
B'=5270.8+2.3 MeV. ' The average B mass is
5272.3+2.0 MeV and the mass difference is B'
-B' = 3.4+ 3.0 MeV. With the open-channel BB
threshold only 32 MeV below the Y(4S) mass we
should expect that very accurate determination of
B masses may be possible in the near future. In
particular the precise mea, surement of B' —B' to
within 1 MeV should contribute greatly toward
our understanding of the hadron electromagnetic
mass differences. '

In this paper I would like to present a reliable
prediction B'-B' =2.3+ 0.3 MeV extracted phe-
nomenologically from some general properties of
quantum chromodynamics (QCD) but otherwise
model independent.

The electromagnetic mass difference (EMD)
arises from two different sources: (1) the one-
photon exchange and (2) the strong isospin viola-
tion due to intrinsic up and down quark mass dif-
ference. The one-photon exchange representing
the electromagnetic interaction energy between
the constituent quarks is well understood. In
most cases it contributes less than 2 MeV or less
than 40%%ug of the EMD. Apart from a possible dif-
ference of a fraction of a megaelectronvolt, its
contributions to the EMD are not very sensitive
to the theoretical model used for such calcula-
tions. A nonelectromagnetic isospin-breaking
mecha, nism, necessary to explain n&p and K'
&A', has been attributed to the difference in the
up and down quark masses. I would like to as-
sert that associated with this mass difference
there must be an induced dynamical isospin-
breaking effect and that its contribution to the
hadron EMD can be estimated very reliably from
some general assumptions which are consistent
with the QCD hypotheses. The assumptions are

that (l) the only flavor-symmetry-breaking mech-
anism is the quark mass, and (2) the flavor sym-
metry violation due to the sea quarks or the
quark loop is negligible. If one is further re-
stricted to the nonannihilation (nonzero flavor
quantum number) channel, then there should not
be any dependence on the flavor quantum numbers
other than the implicit dependence through the
quark masses. Therefore, it is possible to con-
tinue analytically from one flavor to another via
a continuous parameter, the quark mass. It is
not necessa, ry to specify the definition of the
quark mass as long as different types of quark
mass are related by analytic functions. It will
be assumed that there exists a choice of quark
mass such that the physical observables are
smooth functions of the quark masses. This will
allow meaningful interpolation between quark
masses to extract EMD from given hadron mass-
es. As a conseque~ "e, if two different models,
dynamical or phenomenological, satisfy the above
assumptions and agree on their predictions on the
hadron strong mass splittings, they must also
predict hadron EMD consistent with each other.

The assumptions used are sufficiently general
that all dynamical models of QCD, such as poten-
tial models and the MIT bag model, 4 would satisfy
them. In principle their predictions of the EMD
of hadrons are also model independent. In prac-
tice the usefulness of their predictions is limited
by their ability to fit the observed hadron mass
splittings. For the purpose of quark-mass inter-
polation, it is sufficient to use a phenomenologi-
cal model versatile enough to fit the observed
hadron masses accurately but restrictive enough
so that the mass interpolation is sufficiently
unique. The latter condition can be checked
against a dynamical model such as the MIT bag
model for a range of bag parameters. I shall
choose the mathematically simplest phenomeno-
logical model which satisfies these conditions.
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The main advantage is that the masses of hadrons
can be expressed in terms of quark masses in a
simple mass formula and many of the necessary
equations can be solved algebraically. Moreover
there exists a consistent physical picture of this
model.

+ 2ss '@D m *„[2s„„(s„+1)—21+ + [s(s + 1) —s„(s„+1)——',
IIfPZifPl2 813 Vl i ma

[2s, (s, +1) —2)+ ' + [s(s+1)—s, (s, +1)—s]I,S23 m g Ptl 2

—HDgm„
2 Q1

VE] I

The model, ' motivated by the De Rujula-Georgi-
Glashow model, ' has been proposed for a broken-
SU(8) quark model and has successfully predicted
O'-D'. However, its full potential as a useful
tool for quark mass interpolation has not been
recognized. In this model, the s-wave hadron
masses are determined by the matrix element

M =p~+Qm;+ c(,(~)k~Dpm„x4 Q '
~ ' +nC~ 5 Q;Q, —nDpm„2x4 Q Q, Q,. (1)

PB VPl i &j f'&j ~s ~j
where the index )() takes on two values, B for baryon and M for meson. m(, Q;, and s; are the effective
constituent quark mass, charge, and spin of the ith quark, respectively. According to SU(3) QCD, k„
=-,' and k~ = T. The &,' ' term is the color spin-spin interaction and the last two terms are the Cou-
lomb and magnetic interactions. (). and n, ' are the fine-structure constant and the effective QCD

coupling constant, respectively. The zero-point energy p~, C), =(1/)')~, and D~ =(2)v/Sm„')(5'(r))~ are
assumed to be constant which is a fair approximation for the mass matrix. '

The masses of mesons are given by

M, (m„m2) = p, „+m, + m2+nC„Q, Q, + (p4 n,(")—n Q, Q2)D„(m„ /m, m2) [2s(s +1) —3],
where s is the total spin. Given that the quark masses satisfy m„-m„«nz, -m„«m, -m, «m„-m„
one can always number the three quarks in any baryon so that Im, —~, I «2m, —m, -m, ; then the eigen-
states of s»'-—(s, +s,)' and s ' are, for all practical purposes, the eigenstates of the mass matrix (1).
The masses of baryons are given by

B„»~(m„m2,m~) = ps + m, +m2+ m3+& +CD! (Q —Q,)(Q —Q~) ~ 2Q„Q„j

where Q = Q, +Q, + Q„s» -1 for s = ~3 and s» =0,
1 for s = ~. The off-diagonal matrix element
which mixes the &» =0 and sy2 1 states is
v2~3o. ,(~)Ds(m„/m, —m„/m2)(m„/m, ). The cor-
rections to the mass eigenvalues are negligibly
small in all cases. As can be seen clearly, in
the limit n =0, the mass of the hadron depends
on the flavor only through the smooth continuous
function of effective quark masses. It should be

emphasized that in parametrizing the hadron
masses in this particular form, one is essential-
ly choosing a convenient mapping of the current-
quark mass p into the effective quark mass m (p).
For the purpose of interpolation between flavor
splittings the detailed functional form of m (p) is
irrelevant.

By neglecting the isospin violation, one can de-
termine the following:

m=m„=m, =(A —N)(Z* —Z)/(b, —N —Z*+Z) =335.7 MeV, m, =m(b, -N)/(Z*- Z) =512.5 MeV,

n, ( )Ds =g(b, —N) =73.3 MeV, p, s =p2(b. + N) —3m=78.2 MeV,

n,("'D„=
2'22 (K2'-K)m, /m=113. 9 MeV, g2([=7(3K*+K)-m -m, = —53.7 MeV. (3)

The charmed-. quark mass I,=1674 MeV is ob-
tained from the equation D —K =m, —m, + 44K
—K)(1 —m, /m, ). For the heavy f) quark the equa-
tion & -K =m, —m, + 34 (K*—K) (1 —m, /m, ) can be
well approximated by m, =& —248 MeV to give
m„= 5024 MeV. Except for electromagnetic split-
tings, the parameters in Eq. (1) are completely

!determined. The masses for the ordinary and
the charmed hadrons can be found in Table I of

Ref. 5. The agreement with the known values is
good to the order of 10 MeV.

Alternatively one can obtain mass relations by
eliminating the parameters. Relations between
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the known hadrons are well satisfied: TABLE I. Electromagnetic mass differences (in

megael ectronvolts) .
~ —A —~(& —& —&*+~) =0 (10 MeV),

~+ 5 =0 (23 MeV),

& -~ -3(:-~-Z*)=0 (-3 Mev),

ObserveclPrec1icteR

—1.29
—7.98 + 0.08
-4.88 + 0.06
-6.4 + 0.6
—5.2 +0.6
—5.5+ 2.5
—3.2 +6

4.6
—4.01 +0.13

4.7 + 0.3
2.6 + 1.8

—3.4 + 3.0

Input
Input
Input

—6.7
9

3~3
—3.6

5.4 + 0.8
Input
4.7 + 0.4
3.3 + 0.4

—2.3+0.3
—2.0 + 0.3

P —n
+

~p
~p
pe

+

gyp
gp

+ p
Tr 'r
z'-zp
n'- np

g)g + g)gp

a+- ap

gg Q +

a-x- =*+&" + ~(& -&)

=0 (10 MeV),

~-NK" —p —A+ N + —'(K" —K) —
&)

» -p ——,'(Z'+Z- —2Z')
»I „»r~=-,, = —2.66 MeV,

=0 (-5 MeV).
The charmed-meson predictions include D * =1987
MeV, + =2073 MeV, and +~ =2153 MeV. ' The ob-
served values are D * =2007* 2 MeV, I' =2021~ 15 r ~ o

MeV, and+*=2140+ 60 MeV. The mass of the
charmed baryon C, =A, =N +»~, -~n =2277 MeV is jn good agreement with the recent value A, = 2282 ~3
MeV. ' The lowest-lying bottom baryon mass is hg = A+ Bl, - )P2 = 5627 MeV.

The complete set of EMD relations for the ordinary and the charmed baryons is given in Eqs. (5)-
(8) in Ref. 5. The calculated as well as the observed values of the hadron EMD are listed in Table I.
The agreement with measured values is excellent. ' The values of p - n, Z' —2P, and Z —Z' are used

for the input to determine

nD~=2 " ~n, ' 'D~ — ' (Z' —-''-P +n) = 1.18+0.08 MeV, (4)
)p7 jpz ~ + 2)p'j

nCg =&Dg + (Z + Z —2Z') =2.96 MeV.

»om Eqs. (2) and (4) we can evaluate o', =0.45*0.05 MeV. ' It is gratifying thatD~, C~, and n, are
positive as they should be. More importantly the magnitude of &,'" is very close to the value expected
from QCD.

The value of K' -E is used to determine the meson parameters:
K' —K =»i, —»i~+ 7~[(»I„—»i~)/»i, ](K*—K) + ~nC,»+ (m/m, )aD»,

—4.01~ 0.13 = —2.66 —2.36+ &nC»+ 0.55/~,"' (in megaelectronvolts).

In the absence of the 2.36-MeV term from the strong spin-spin interaction, either the Coulomb energy
would have to be negative or»I „-»I„4.01 MeV which is inconsistent with»~„- m„=2.66 MeV obtained
from baryons. The large contribution from the spin interaction term has just the right magnitude to
make the one-photon exchange contribution very reasonable. ' We have

(K' —K')», = -', n C „+0.55 Me V/n, " ' = 1.01*0.13 Me V. (5)

The positivity of C,«and &,"«' implies C,&&
& 3.03 MeV and ~, '" )0.54. Again the inequality of a,'M'

seems to be very reasonable. For the value &,""=1.1+ 0.5, one obtains &C „=1.5+ 0.8 MeV and ND, «

=0.8+ 0.3 MeV.
Since it is unlikely to expect this nonrelativistic model to be applicable to the pion, we shall follow

the scheme of Lane and %einberg. ' '7hey have combined Dashen's theorem" and the nonrelativistic
atomic model of the K meson and derived & —&'=~(K —K')». ~~/»» , ~Putting in the value from Eq. (6),
one obtains & —tt' =5.4+ 0.8 MeV which is consistent with the known value 4.6 MeV.

For the D meson, a simple calculation' shows D'-D'=5. 4 —0.77/&,""MeV and D*'-D~'=4.4
—1.2/n, ""MeV. The condition &,'"")0.54 imposes the inequalities 4.0 MeV~D -D'& 5.4 MeV and 2.2
MeV(D* -D" (4.4 MeV. For the value &,""' =1.1» 0.5, one obtains D '- D' =4.7~ 0.4 MeV and D "'
-O~ =3.3+ 0.4 MeV. The measurements by Peruzzi et;&l. O'-O =4.7+0.3 MeV ando~ -D*'=2.6
+ 1.8 MeV, are in excellent agreement with these predictions. " They are significantly below 6.7 MeV,
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the prediction of Ref. 9.
In the case of the B meson, we have

=///„— //Ig + 4 Q .Dg + ~&~,M + n~ l, = —1.9+0.5i&, ' MeV,
//l „—///g - 1 - I/1 / ( gI

//l y /'/l y

4 &n„—/&&&
gg* —8+ =/// —///g — & . +)/+ 3&~g—

3 /7I, t,

The restraint n, " ~ 0.54 confines the prediction
in a very narrow range 1.9 MeV&B' —B'&2.7
MeV and 1.6 MeV &B*'—8*' &2.5 MeV.
=1.1+ 0.5 iniplies B' —B+ = 2.3+ 0.3 MeV and 8*
—B~' =2.0+ 0.3 MeV. The prediction of B' —8'
is consistent with the CLEO measurement, 3.4
+ 3.0 MeV. ' The theoretical prediction of 4.4
MeV quoted in Ref. 1 is the result of a calcula-
tion" following the method used by Lane and
Weinberg. ' Since the Y(4S) is only 32.4 MeV
above the BB threshold, the branching ratio
I'(Y(4S)- B'B )/F(Y(4S)-B B') is very sensitive
to the B mass. This ratio is equal to 1.2 for B'
—B'=2.3 MeV in comparison to 1.5 for B'-B'
=4.4 MeV.

The crucial difference between my analysis and
that of Refs. 9 and 12 is the induced dynamical
isospin-breaking effects clue to the difference in
the up and down quark masses. I have presented
a method of quark-mass interpolation in accor-
dance with some general QCD assumptions to esti-
mate this effect phenomenologically. The in-
terpolation is carried out with the aid of a simple
model. It is clear that the spin-spin interaction
term must be present in order to achieve internal
consistency in fitting the mass differences. ' The
prediction of EMD in D mesons has been con.-
firmed to within 0.5 MeV. My prediction of 8
—B =2.3 MeV should be accurate to 0.6 MeV, in-
cluding possible error for the interpolation. If a
precise measurement finds B' —B outside the
acceptable range, some of the general assump-
tions used here should be reexamined carefully.
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