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Radiative and pionic transitions between the ground-state pure qq vector and pseudoscalar
mesons compatible with observed mass splittings are studied.

The radiative transition between ground-state qq
mesons is one of the most fundamental processes of had-
ron physics. In the quark model, it is usually approached
in terms of direct magnetic moments of quarks. When
this simple model fails to work, inclusion of quark anom-
alous magnetic moments is also argued. Then however,
the intuitive virtue of the model diminishes considerably.

In this Brief Report, we discuss another very viable ap-
proach which leads to simple predictions (expressible in
terms of a single parameter) of the radiative transitions
involving pure qq ground-state mesons p-m, K -K, D *-D,
D,*-D„Bd-Bd, . . . , explicitly compatible with observed
mass splitting patterns. D* branching ratios in good
agreement with experiment and also total widths are pre-
dicted. The singlet electromagnetic current is shown to
be essential for understanding radiative transitions. We
also argue the existence of general selection rules for par-
ticular single photon and single pion emission transitions
between radially excited and the ground-state qq mesons.

Our theoretical framework consists of the quantum-
chromodynamics (QCD) Lagrangian with quark mass
and electroweak terms and the successful idea of Gell-
Mann' that the dynamics of observable hadrons is severe-
ly constrained by the presence of equal-time commuta-
tion relations (ETCR's), derived from the fundamental
Lagrangian. For these constraint algebras, we use the
ETCR's involving the generators (the vector and axial-
~ector changes V and A } of the underlying sym-
metry groups of QCD. The chiral SUt;(N}LSU+(N)z
charge algebras, [V„VJ]=[A;,Aj]=if jk Vk, and
[V;, A. ] =if,"k Ak are valid, ' even though the underlying
symmetries are broken. Moreover, the exotic ETCR's in-
volving V also hold, i.e., [V, Vt1]=[V, Ap]=0, where
V =i[H, V ], where H is the total QCD Hamiltonian
and (a,P) is an exotic combination of Aavor indices.

We write the electromagnetic current J„ in SUF(4)
(u, d, s, c quark system) as

jEM —j3 +( 1/3/3)j 8 ( 2 )I/2j 15 +(V 2/3)

while in SU~(5) (adding the b quark)

JEM —~ 3 +(1/Q3) ~ 8
(

2 )1/2 ~ 15+( 2 )I/2 24
P P P 3 P & P

+ [3/(2/5)/3] j„.

[Vz.o,j„]= [VD o,J'„]= [ VD+,J'„]

(2)

where V 0= V6+i V7, V 0= V9 —iV&o, V + =
V&3

—i V&4,
S

etc.
To extract information from these constraint algebras,

we use the notion of asymptotic SUF(4) symmetry
whose key ingredient is the behavior of the charge V
when acting on a physical state with infinite momentum
k. Namely, the annihilation operator aa(k, A, ) of the on
mass-shell physical hadron with momentum k, helicity I,,
and physical SUF(N) index a (a=a, E,D, . . . ) is as-
sumed to maintain its linearity [including, however,
SU+(N) particle mixing] under flavor transformations
generated by V but only in the asymptotic limit k~ ~.
All nonlinear terms vanish like

~
k

~

" '
( e & 0) as

k~co. (Solvable models generally yield e=1.) There-
fore, a (k, A, ) is still linearly related to the SUF(N) repre
sentation operator a (k, A. ) for k~ oc, i.e. ,

~a, k, J.&=+C., ~j, k, J &, k
J

The matrix C involves SU~(N) mixing parameters and
hence can be constrained directly by the constraint alge-
bras without introducing an ad hoc mass matrix.

We now sandwich one of the ETCR's of Eq. (1),
[ V o,j„(0)]=0 between the states (D,+(p')

~
and

g+~D* (p, k, = 1) & with p'~ac and p —mao. We obtain

(3)

In general, we write j„=j„+j„wherej„—=j„and j„
denotes the isoscalar current. In the presence of the
SUF(N)-singlet current j„, the relevant constraint alge-
bras available are

[V .,j„' ]=[V,.j „' ]=[V,
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(D,+D+)&D+(p')lj„ ID'+(p) &
—&D,+(p')lj„' ID,*+(p)&(D,*+D*+)+g(D,+D+)&D+(p')lj„ ID* (p) &

J

—g (D,+(p')Ij~ ID,*+(p') &(D,"+D'+)=0, (4)
J

&D+(p')lj (o)ID* (p)&=&D,+(p')lj„' (o)ID,' (p)&,

p —+ &e and p ~ oo (5)

where j =1,2, . . . , denote the first, second, . . . , radial-
ly excited D and D * states and (D,+D +

)

= (D+(p')I Vx ID+(p') ) with p'~ ~, for example.

Among the complete set of on-mass-shell intermediate
states inserted, only the single-particle 0 + and 1

states survive according to asymptotic symmetry. The
third and fourth terms in Eq. (4) express the small
leakage —in the asymptotic limit —to the radially excited
states. If we neglect this effect of intermultiplet mixing

~+
we obtain, since (D,+D+)=(D,* D') in our asymptotic
limit,

tween the asymptotic states (K+I and Ip+), (D+I and
Ip+), (D,+I and IK*+), (8„+I and Ip+), . . . , using ap-
propriate ETCR's given by Eq. (1), two very simple pre-
dictions emerge:

x= (p+~—+) =(K+)=(D+)=(D+)

(p )' —(~+ )'= (K*+)' —(K+ )'=(D*+)' —(D+ )'
—(De+)2 (D+)2

=(8++ )2 —(8+ )2

In exact fiavor symmetry, Eq. (5) holds for aii values of p
and p'. In asymptotic fiavor symmetry Eq. (5) holds only
in our asymptotic limit while also neglecting intermulti-
plet mixing.

We define the 1 ~0 +y coupling constant by

(P(p')
Ij„ I V(p, i,= 1 ) ) =g~~re„„e (p, l, = 1 )p~p'

where e'(p) is the polarization four-vector of the 1

meson and we take the limit p~ao and p'~~ but
q =(p —p') ~0. Let us take p' along the Z axis
and p in the Z-X plane (i.e., p~=p~=O). Then the
implication of the sum rule Eq. (5) is as follows. For
p=0 or 3, a nontrivial sum rule is obtained by using a
noncollinear limit (use p, =A, lp'I and let A, —+1 and

p ~0), g ++ + (0)=g, + + (0). Let us simplify the
D y s s

notation: (D+):gDe+D+ (—0), (D, ):—gDe+D+ (0)D D y s s

(K+)=g, + +, (p m+):—g + +, . . . , etc. ; thus,

(6)

For p= 1 or 2, the collinear limit (p„=O) yields another
nontrivial sum rule:

(9)

Consistently, one can also derive the same sum rules Eqs.
(8) and (9) by using both algebras, Eqs. (1) and (2), with
p=0.

At the present time, perturbative QCD has not been
made to yield in a precise quantitatiue way the experi-
mentally verified relation (8„*)—(8„) = (D,*) —(D, )
=(D') —(D+) =-0.55 GeV, which involves particles
consisting of heavy and light quarks. The relation may
however, be understood, qualitatively, in the context of
the Schrodinger equation and a long-range confining po-
tential. Then it is found that M ( So)—M ('So)=const.
For relations such as (K*) —K =p —m. and

ri, =(D ) —D(good to—about 20%%uo) which involve
pairs of heavy or light quarks, euen the qualitative under-
standing is not good. Historically, (K*) K=p t- —
was first noticed in works employing SU(6) symmetry.
Actually, the existence of the mass relation Eq. (9), ex-
cept for (D,'+) —(D, ) =(D*+) —(D+) derived
above, has been known in the present theoretical frame-
work long before experimental confirmation, from the ex-
otic constraint algebras,

[(De+)2 (D+)2](D+) [(De+)2 (D+)2](D+) (7) [ V, g ]=[V,A ]=0, a=KO, DO, Bd, . . . . (10)

where (D,+ )—:(mass of D,+ ), etc. Eq'uations (6) and (7)
require the mass relation (D '+

)
—(D +

)

=(D,*+) —(D,+) . Repeating the same procedure be-

For example, corresponding to Eq. (4), we obtain, from
[V „g ]=0 [note that (D m. )—= &D IVDOI~ (p)& etc.
with p~ ~ ],

— p p (D I ~ - ID' (p) )(D*+p+)+ g (D ~,. )(~.
l g lp+(p))
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If we again neglect, as in Eq. (4), the leakage to the radi-
ally excited states, we obtain [since (&2)(D m )
=(D*+p+)]

(1/&2)&~'~ A ~p+(p) &
= &D'~ A ~D*+(p) & .

(12)

p —m. =(K') K=(—D*) D—= (13)

Equations (9) and (13) are remarkably consistent with the
presence of constraint algebras and asymptotic SU~(N)
symmetry. One can convert the sum rules [Eq. (12)] into
sum rules involving pion-emission coupling constants by
using PCAC (partial conservation of axial-vector current)
in the p —+ ~ limit:

&1/2(1/p)g ~ + o= —(I/K*)g~~+~0 +

= (1/D )gD ++Do + = (14)

Here a departure from the prediction of exact flavor sym-
metry is evident (i.e. , mass factors arise) unlike the sum
rule Eq. (8). The coupling constants g involve only the
small hard-pion extrapolation q =m ~0.

In addition to Eq. (8), the parametrization of the cou-
pling constants ger in broken SUF(4) compatible with

the constraint algebras Eqs. (1) and (2) is

&K'&= —2&K+&,+, &D'&=2&K+& +x,
&D+& =& +~+&=0

(15)

where the subscript 3 refers to j„—:j„. We note that in
deriving Eqs. (8) and (15) we do not assume SUt(2) sym-
metry, i.e., m„&md. We particularly notice that
&p ~ &, &K+ &, &D+ &, &D,+ &, . . . are described solely
in terms of x which is given by the asymptotic matrix ele-
ment of the SUF(4)-singlet current j„, which involves
b, t, . . . , quarks, whereas & K & and & D & involve both x
and &K+ &,.

We first show that one of the predictions of Eq. (8),
&p+rr+ &

= &K+ & and its well-known mass counterpart

p —m. =(K*)2—K, is in agreement with recent experi-
ment. Indeed we predict that

When combined with the sum rule obtained from
[Voo, A ]=0 and using the same approximation as be-

fore, we find that (D* )
—(p+) =(D ) —(m ) . In this

way the constraint algebras Eq. (10) yield again two sim-
ple predictions (p~ ~ ),

(1/&2) & m
i
A ip+(p) &

= —
& K i A iK*+(p) &

= &D'~ A ~(D*+)'& = .

TABLE I. D*+ experimental and theoretical branching ra-
tios.

Group B(yD+) (%) B(m' D+) (%) B(~+D ) (%)
Mark III'
Mark II'

SLAC-LBL'
Theoryb

17+5+5
22+12
8+7

3.4+0.4

26+2+2
34+7
28+9
31+1

57+4+4
44+10
64+11
66+1

'See Ref. 8.
Theory: I (D*+—+all) =133+2keV.

Group B(yD ) (%) B(77 D ) (%)

= 1 —2& K+ &3/x. If we use the SUF(3) current
j„=j„+(1/&3j)„, then &K &/&K & is fixed to the
SUF(3) value of —2. However, since c, b, . . . quarks ex-
ist, j„must contain an SU~(3)-singlet current. Indeed,
the experimental ratio of I r(K* )/I (K*+) apparently
"knows" this and yields & K & /& K+

& =+( l. 5+0.1).
Our method is therefore subtly different from that of the
quark model. Quark masses do not enter into our
argument but a correct treatment of the SUF(N)
singlet current becomes crucial. A theoretically natural
choice of sign of & K & /& K+

& is found to be
&K &/&K+&= —(1.5+0.1). Then &D &/&D+&=2—&K &/&K+ & =+(3.5+0.1). Therefore once we in-
put the value of &K &/&K+ &, we predict that
I (D +)=(K*+/D*+) I (K*+)andr r
I (D*')=(K*+/D*')'(2 —&K'&/&K+&)'I (K*+) .r r

Our sum rule, Eq. (12), also allows us to compute the
rates of the D*~Drr decays from I (K*~K~).
Brief Report we choose E *~Km over p~m~ in order to
minimize the effect of the finite widths of the 1

mesons. In Tables I and II we display predictions of the
branching ratios of D + and D* and also their total
widths. We emphasize the fact that the results are ob-
tained solely by asymptotic SUF(4) rotation from K*+
and K* . The agreement with experiment is quite good.
Only B(yD+ ) is perhaps in question but, on the other
hand, more precise data are needed. Our results on
D *~D y are in general similar to those of Brekke and
Rosner based on a more phenomenological approach.
We also predict that I (D,*+~D,+y)=3.9 keV,
I (B„* ~B„+y) =0.24 keV, and I (Bd ~Bdy ) =0.56
keV.

We have neglected in Eqs. (5) and (12) the leakage to
radially excited states in the asymptotic limit. Although
the mixings and various matrix elements of j„and 3

TABLE II. D* experimental and theoretical branching ra-
tios.

r,(p+)/r, (K'+) = I(p — )/[(K') —K ](K*/p) I'

X(&p+~+ &/&K+ &) =(K"/p)'.

If we choose ' I (K *+
) = ( 51.1+5.2 ) keV, we predict

I r(p )=84+9 keV, while I r(p+),„, lies in the range
of 60—90 keV. A very recent experiment gives
I (p+ ) =81+4+4 keV.

Now from Eq. (15), we obtain & K & /& K+
&

Mark III'
Mark II'

SLAC-LBL'
JADE'
HRS'

Theory

37+8+8
47+12
45+15

53+9+10
47+23
47+6

'See Ref. 8.
Theory: I (D* —+all) =117+6keV.

63+8+8
53+12
55+15

47+9+10

53+3



39 BRIEF REPORTS 2065

~ ~ 0 Q 7 (16)

Thus, p ~my, K —+Ky, . . . , p ~em, K*~Kw, . . . ,
(j= 1,2, . . . ) may be forbidden (or small). We recall that
in the present theoretical framework, the sum rules ob-

may arrange themselves to make the e6ect negligible, we
wish to point out a much simpler and attractive possibili-
ty which keeps our predictions intact and which already
has some support from experiment, namely, that

tained from the constraint algebras, Eqs. (1), (2), and (10),
imply that the mass degeneracy p=co immediately leads
to the vanishing of the P~~y and P~pn. couplings. In
that connection, a recent analysis' of r~m. ~v, is very in-
teresting. It suggests that p(1600)—+2m is probably very
small. Another (more indirect) experimental indication
is that the couplings of P(3685)~pn and K~K are ap-
parently much smaller than those of J//~pm. and K*K.
In any case, the presence of such dynamical selection
rules will drastically simplify hadron spectroscopy if they
are confirmed.
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