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Quark additivity and magnetic moments of charmed hadrons
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Magnetic moments and transition moments of charmed hadrons have been calculated using the state vectors
and the additivity principle of the quark model.

I. INTRODUCTION

Quarks were first introduced by Gell-Mann' as
fundamental constituents of hadrons. This not
only gave physical content to SU(3) and SU(6) but
also proved extremely useful in predicting rela-
tions among magnetic moments, strong and weak
decay widths, ' etc. of hadrons. It was surprising
that some of the predictions such as u~/u„=--,' of
SU(6) were in excellent agreement with experi-
ment. The basic assumptions underlying these
calculations are to (i) set the space part of the
overlapping integrals of hadron wave functions
equal to unity and (ii) use the principle of additivity
according to which some properties of a hadron
are described as a sum of the contributions from
the constituent quarks or antiquarks.

Recently, however, a great deal of attention has
been given to the notion of understanding hadrons
as consisting of four quarks, ' u, g, 8, and c,
where u, d, g are the conventional Gell-Mann trip-
let and e is called a charmed quark. This scheme
seems to provide the most probable answers to
the questions raised in the context of the discovery
of narrow resonances at 3.i and 3.'7 GeV.' These
resonances have been interpreted as ce bound
states. ' Acceptance of this hypothesis naturally
leads to possible existence of hadrons with non-
zero charm quantum numbers. The explicit quark
structures of these hadrons are given in Ref. 5.
The recent discovery of a state at 1.865 GeV (see
Ref. 6) seems to provide evidence for existence of
charmed hadrons. Thus by a straightforward ex-
tension of SU(3) and SU(6) to SU(4) and SU(8) one
can calculate the observable properties of the
charmed hadrons. Working along this line Okubo,
Mathur, and Borchardt' have predicted the masses
of charmed hadrons and Choudhury and Joshis have
calculated their magnetic moments. However,
quark structures and calculation of hadronic prop-
erties become physical'y more transparent when
represented in terms of state vectors. o Thirring'
has calculated magnetic moments and transition
moments of uncharmed hadrons using their state
vectors and the quark additivity principle. In this
paper we wish to extend the formalism to charmed
hadrons.

II. MAGNETIC MOMENTS

We write the magnetic moment of hadron A be-
tween the maximum z component of the spin as

ug) =(yg, z, =z) llifl 4 g, J,=z)) .
Assuming that the magnetic moment operator M

is the sum of the magnetic moment operators M«
of the constituent quarks and the M„'s in turn are
proportional to the charges of the quarks, we
write

(2)

where p~ is the proton magnetic moment. "
The calculated magnetic moments of the charmed

particles obtained by using Eqs. (2), (1), and the
corresponding wave functions presented in the
Appendix are listed below:

u(D') = u (D') = u (& ') = u (g.')

= u (D~) = u(D ) = u (& ) = 0,
u (D")= u(D") = u (p ) =0

(3)

u(D") =u&"') =-u(&' ) =-u(+' ) =u, , (5)

u(c,")= u, (c,') = u (A') = u(A') = u(c,') = -u(s')-
=-u(&') =u(x„'') =4, , (6)

u(x;) =u(x,') = u, , (1)

u(c,') =u(s') =0, (8)

u(c,*")= u(x„"")= u(R'") =2u, ,

u(c,*')=u(s*') =u(xf') =u, (x, ') =u~,
u(c~') =u(s*') =u(r*') =0

(8)

(10)

(11)

These values, as expected, have exact agree-
ment with the SU(8)-invariant result of Ref. 8.

III. TRANSITION MOMENTS

One finds that though the charmed mesons have
zero magnetic moments, these, like the uncharmed
mesons, also seem to possess a sort of inner
magnetic moment which manifests itself in transi-
tions to spin-1 states. Thus for the transition mo-
ments (p(s =1, s, =0) lM l p(s =0, s, =0)) we get
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&D*' ll}4ID'& =&D* I~ID & =& &*' IMI&'&

=& z*- fm Iz-& =--,'q,

(D" ll}f ID'& =(D*'I ~ ID'& =- ~3vp .

For the charmed baryons analogous to the ZA
transition in the uncharmed sector we get

(12)

(13)

and

&c*,'lllc', & =-&s*'l~l&'& =(~}'"u

& c,*' i~le', & =& s*'
IM Is'& =(W2/3) q, ,

&c IMlc', & =(s*'IMIs'& =& T*'IM le'&

=(x,*'Iu lx,'& =&X+' ll lx,')
= 2&2/3. (17}

&c,'IMlc.'&=-(s' I~l~'& = ~ ~, . (14)

Finally for the transition moments
(Q(s=-,', s, =-,') IMI P(s =-,', s, =-,')) our results are

In conclusion it may be noted that our results de-
pend crucially on the c quark having the same mag-
netic moment as the u quark. If quark magnetic
moments are inversely proportional to their
masses, "quite different results will be obtained.

The state vectors for charmed hadrons are

APPENDIX

p(D') = (1/W)(dtct —dtct), Q(D ) = (1/W)(utct —utct), 4 (&') =(1/W)(stet —ctst),

Q(ri,') =(1/~)(utut —utut+dtdt —dtdt+stst —stst —3ctct+3ctct),

Q(D ) =(1/W)(ctdt —ctdt), p{D ) =(1/W}(ctut —ctut), y(~ ) =(1/W)(ctst —ctst),
P(D*', 8, =1) =ct2t, Q(D*, Z, =1)=ctut, Q(E*',J,=l)=ctst,

p(p„p, =l) =ctct, Q(D*, &, =1)=dtct, $(D*,Z, =1)=ctut, $(E*,J,=1)=ctst,
Q(c', +, J, = ~) =(1/~)(ctutut+ctutut+ututct+utctut+utctut+ututct -2ctutut —2ututct —2utctut),

$(c', , 4, =-,') =-,'(ctutdt + ctdtut+utdtct+ utctdt+dtctut + dtutct+ ctdtut+ ctutdt +dtutct+ dtctut

+utctdt+utdtct-2ctutdt —2ctdtut —2utdtct —2utctdt —2dtctut —2dtutct),

y(co„J', = —,') = (1/~)(ctdtdt+ ctdtdt+dtdtct+dtctdt+dtctdt+dtdtct —2ctdtdt —2dtdtct —2dtctdt),

p(c,', J,=-, ) =(1/~)(utdtct+utctdt+dtctut+dtutct+ctutdt
+ctdtut —utdtct —utctdt —dtctut —dtutct —ctutdt —ctdtut),

p(S', J, =-,') =-,'(ctstut+ctutst+stutct+stctut+utctst+utstct+ctutst+ctstut+utstct+utctst
+ stctut+ s tu tet —2ctstut —2ctutst —2s tutct —2stctut —2utctst —2uts tet),

g(S', 8, =-,') =~6(ctstdt+ctdtst+ stdtct+stctdt+dtctst+dtstct+ctdtst+ctstdt+dtstct+dtctst
+stctdt+ stdtct —2ctstdt —2ctdtst —2stdtct —2stctdt —2dtctst —2dtstct),

p(A', 4, =-, ) = {1/v"R)(stutct+ stctut+utctst+utstct+ ctstut
+ ctutst —utstct —utctst —stctut —s tutct —ctutst —ctstut),

P(A', 2, = —,') = (1/v'Tf )(std tet+ stctdt+dtc tst+dtstct
+ ctstdt+ ctdtst —dtstct —dtctst —ctstdt —ctdtst —stdtct —stctdt},

4 (T', &, = 2}= (1/v Ta){-2stctst —2sts tet —2ctstst+ ctstst
+ s4c0sk+ stc4s4+ s4s4c4+ c0skst+ sts4c0),

p(x'„', J,= —,) = (1/PK)(2ctutct+ 2ctctut+ 2utctct —ctctut —ctutct
—c

fulcra

—u0ckc0 —u0c0c4 —c4cku4),

P(x ~ ),8, = —,
'
) = (1/v'TE )(2c td tc t + 2c tc td t + 2d tc tc t —ctctd t

—c0d0ck —c4d4c4 —d4ckc4 —d0c0c4 —cfc4d4),
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P(X,', J, = &) =(1/v TB)(2ctstct+2ctctst+2stctct —ctctst- ctstct
—ctstct —stctct —stctct —ctctst),

P (C,*",J, = —,
'

) = (1/~ )( c tu tu t + u tu tct +u t c tu t),

Q(C,*',J,= —,') = (1/W)(ctutd t+ utdtct+ dtctut + ctdtut+dtutct+ utctdt),

P(C*, , J,= —,') =(1/W)(ctdtdt+dtdtct+dtctdt),

P(S*',J,=-,') = (1/W)(ctstut+ ctutst+ stutct+ uts tet + utctst + st ct ut ),

Q(S ~', J,=-,') = (1/&6)(ctstdt+ ctdtst+ stdtct+dts tct+d tctst+ stc tdt),

P(T*,J,= ~) =(1/W)(ctstst+ ststct+ stc tst),
P(R*",J,=-,') = ctctct,
Q(X*„,J,=-, ) =(1/W)(ctctut+ctutct+utctct),

Q(Xf,J,=-,') = (1/W&)(ctctdt+ ctdtct+dtctct),

P(X,*',J,=-,') = (1/&2)(etc tst+ ctstct+ stc tet),
sphere the arrow on the right-hand side of each quark gives its spin direction.

For vector mesons with J', =0, P's can be constructed by noting that the corresponding spin wave func-
tion is (1/W)(t t+ t t). Similarly for the 2" baryons with J, =

~ the corresponding spin function to be used
is (1/W)(ttt+ t tt+ t tt). For states with J,=--,', -1, and -~3 the spin wave functions are obtained by just
flipping 0 to 4 and vice versa in spin states of J,=-,', 1, and —,', respectively. g's, then, can be constructed
by reading off the corresponding unitary spin part.
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