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Radiative decays of mesons, both ¥ — Py and P — Vv, are calculated in a relativistic quark model of
hadrons proposed earlier by one of the authors. The matrix elements for the above processes are calculated
directly by considering appropriately Lorentz-boosted hadronic states. The electromagnetic current operator
in terms of the appropriately Lorentz-boosted quark field operators are utilized. Only the wave functions of
hadrons enter the picture. No vector dominance is assumed. Mixing angles of mesons are taken from
quadratic mass formula in SU(3). Thus with no adjustable free parameters or concepts, there is reasonable

agreement with experimental results.

I. INTRODUCTION

In a quark model, the radiative decay of mesons
has been one of the simplest hadronic problems
and therefore has attracted attention from the very
beginning.! The form of the interaction is known;
the complicacy involved is in describing the rela-
tivistic state of the outgoing meson and the appro-
priate consideration of the photon vertex. This is
resolved by considering an interaction vertex,

_il'feuvm(auvu)(ale)P’ (101)

and comparing the effect of (1.1) with that of a
quark model at nonrelativistic energies, thus in a
way determining f. Clearly this involves ad hoc
approximations of interactions as well as kine-
matics for essentially a relativistic problem. The
same problem has been tackled by Feynman et al.?
in the relativistic harmonic-oscillator model.
However, like the earlier approaches, the electro-
magnetic interaction is postulated not through a
field operator, but a wave function. The Bethe-
Salpeter wave functions used here also do not have
a clear physical meaning,® and the timelike modes
of the harmonic-oscillator wave functions are to
be suppressed.? The same problem has also been
considered using vector dominance, replacing
(1.1) with

%gDachAwhu(auvuf)(axvg)Pc ’ (1.2)

where D,,. includes effects of SU(3) breaking.?
The results are either unsatisfactory or have too
many parameters to adjust.®

Recently one of the authors has proposed a field-
theoretic description of hadrons’ from which one
can construct a relativistic theory by Lorentz
boosting.® This may be contrasted with the Lor-
entz boosting of wave functions,® or the replacing
of two-component spinors by four-component
spinors in an ad hoc manner: The model yields
correct I'(n—~ 2y)/T'(n°~ 2y) without using partial
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conservation of axial-vector current (PCAC).”

The nonrelativistic harmonic-oscillator wave func-
tion appears to be adequate for a description of
low lying hadrons, including an almost quantita-
tive generation of strong-interaction couplings
from quark model parameters,® and is consistent
with the Okubo-Zweig-Iizuka rule!® with contri-
butions similar to quark-pair-creation terms of
earlier models.! In this model, the quark field
operators describing hadrons in motion and the
electromagnetic current in terms of quark opera-
tors already have preassigned meanings.® The
quark parameters have also been determined.

We chose a meson oscillator wave-function radius
to be known from the charge radius of the pion,
and to be universal. Also, we take the mixing of
mesons to be known from the quadratic mass form-
ula. Then, the matrix elements for the radiative
decays-have no adjustable parameter.

We calculate the widths for these decays and ob-
tain a fair agreement with experimental results.
We have not included any strong-interaction effects
which could be responsible for the disagreement of
L(w—my).

II. GENERAL THEORY

We note that in our model we first describe
mesons at rest in terms of quark and antiquark
creation operators.” The space dependence of
these four-component field operators is given a
specific but unconventional form, different from
the free Dirac field operator. The constituent
quarks are assumed to occupy fixed energy levels
in hadrons in their rest frame, which naturally
yield the time dependence of the quark field opera-
tors. Thus the space-time dependence of the
quark field operators as constituents of hadrons
becomes known in the rest frame of the hadron.
The quark field operators corresponding to had-
rons in motion are then determined by Lorentz
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boosting,® knowing that they are Dirac field opera-
tors whose transformation properties are known.
Thus Q“”(x), the quark-annihilation field operator
corresponding to a hadron of four-momentum p,

is given as

Q) = UL(PDS (PN QUL (DI X L())
o0\ 2 -
=@ (2)" [ Surme, wew

X exp[—i(L(p)k) - x|d%k .

(2.1)
In the above equation,
uf (k) =S(L(p)) e = |« (2.2)
r - go-& ok Ir » .
and
po 1R
U(oN @ @ LoN=(E) e Lo
(2.2%)

We note that we have included spin rotation
S(L(p)) in (2.2) and not in (2.27). Also & =(k, &°)
with £°=w =the quark energy level in the hadron

of mass m=(p2)"2, and S(L(p)) is the spinor-trans-
formation matrix corresponding to the Lorentz
transformation L(p). We assume here the usual
anticommutation rules:

[Qr(LE), QF (L'R")], =6,,6,(Lk - L'E").  (2.3)

For the hadron of momentum P, |#(P)) is obtained
by Lorentz boosting of |2(3)), and thus is described
in terms of quark field operators Q},(L(p)k) when
the descripuon of |[#(3)) is known. The modifica-
tions in the above are trivial when we include the
color and flavor degrees of freedom. We do so
hence forth.

The electromagnetic-current field operator is
taken as

J“(x)=?j° eQPH (X P (x). (2.4)

In the above, ¢ stands for the flavor, i for the
color index, and Po(x) =Q(x) +@(x), including both

J

quark annihilation and antiquark creation opera-
tors. Further, the index g stands for the fact that
the field operators in (2.4) can belong to any had-
ron in any frame of reference.

We now utilize this description to consider elec-
tromagnetic decays M-~ M’ +y. The matrix ele-
ment for this process in the lowest order is given
by

(M (B (&, V)IS| M(B)) = 6,(py = pi)My,  (2.5)
where by translational invariance,

My, = =i m)¥ M (D) T (0)| M(D))

X @) g eu(Fo ). (2.6)

In the above, the notations are cbvious. J*(0) has
quark field operators @ (0) or ¢*(0), which will
get contracted with quark field operators describ-
ing [M(P)) or (M(P’)|. In such a case, ¢*(0) will
be replaced by @“#(0), with the application of
(2.1) and (2.3).

Thus we note that My; has no arbitrary param-
eters which are yet to be determined. The rela-
tivistic nature of M’ has already been taken into
account in a specific manner in our earlier paper,®
and the field operator also has a known form.”

We take the nonrelativistic harmonic-oscillator
wave functions for the mesons™® and calculate
My;. We now proceed to illustrate this for differ-
ent cases. The final results have some similarity
to predictions of nonrelativistic quark models, but
as will be obvious from the details, the nature of
the contributions is totally different. The way we
have taken Lorentz boosting plays an essential
role in the quantitative predictions.

III. APPLICATIONS

We §hall give some details for the evaluation of
M;;(p” -~ 77y) and quote the results for the other
cases.

A. p- > M7y

Here with the colored-quark model we have,?
with the summation convention for repeatedindices,

16 (B = f Sall + IR Bt (R (i ()" 55 (i () vac) @.1)
and
\1/2 -
|7 () = (ﬁf‘—) vl (B
0\ 12 -
=lﬁ( 1‘; )1 f 04 (ky + k)% d3kyu e (R ud, 01 s AL (P, )@ (L(p)R,y)|vac) . 3.2)



2532 L. MAHARANA AND S. P. MISRA 18

Thus by (2.6) we get

Myilo = 1) =i 2men 2 L) (= BITH0)lsi(D), ©.3)

where we effectively have (2.4) replaced by
J (0) = [@“"’(O)y“m‘m) + e@@i (0)7“&“‘(’)(0)_]
=(27)3 f BrdE’ (23) . [ mEFP (i’ y us (KT (L(p )k ) 90 (k)
= - wthr s Ir s

+egvs(R)*V EO(RNGL, (B)T @1 (L(PIR') ] . (3.4)

In the above, uZ)(k’) is given by (2.2), and
gos‘E'
v EI(k’) =S(L(p)) fo | v (3.5)

where, as before

0 i
vr(u) =\_; ) and vreum =\ ) -

Using straightforward algebra, we then obtain, with repeated applications of (2.3) and some integrations,

My = o 7 () L) [ [ Pt Ry (RO ()

pO
+eg j dskzuﬂ-igu,,(—Ez)a/z(ﬁz)y“vﬁ;;(ﬁs)] : (3.6)
In (3.6),
ki =L(p) ™k, +2,(m,/p°)D, (3.7)
and
K =L(p) i, +2,(m,/p°)D, (3.8)

where the matrix L(p);, ={Li;(p): ,j=1,2,3}, and A\, m, = wy, A\,m,=wg, i.e., they are fractional energies
of the quark and antiquark in 7°. Also we take e,(k,\)=(0,&(k,))). We then obtain, for the first term on
the right-hand side of (3.6),

a (ki e, (k, Mu(k,) = = (RS [L(p)] (@ &) u(k,)

==[£f1b(T - D)T %) +agy /,(T k(T +¥)

+flaga(T 8)(T +k,) + bge?(5-k)(G - DNT-8)(T-k,)]. (3.9)
In (3.9), we have
fi=(1 =gk 2~ 1= SgPk,2, (3.10)
fiz1- gk, (3.107)
( a b'&-ﬁ)
S(L(P))= b-a,.-r-) a ) (3.11)
with a =[(p°+m,)/2m,]‘/2 and b = [2m,(p°+m,)]2. We shall now substitute as follows:
b=t [ kS S (Eu(E), (3.12)
B3 -B) = agy [ dR, /(T RDu(EDu,(Ry), (3.13)

-

B(5+D) = ~agn [ @R AT ur(Rueo(Ry), (3.14)
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and

i85+ (B ) =bgy® [ d,(5-R)(S B)(TB)(F K (RDu(Ry).
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(3.15)

Equations (3.13) and (3.14) are written from rotational invariance, and for (3.15) the fact that for decay at

rest € -P =0 has been utilized.
Parallel to (3.9), we obtain

(&, " ek, o EP(K) = = [bf, F2(T+E)(T D) + af, 25 (T 8)(T + k})
+af} 2o (T K,)(T8) +bgp?(5-K,) (T 8)(TD)(F- K],
where
fa=1-3ge%k2 fi~1-igpki.
Also, similar to (3.12) through (3.15), we define the following:

B =b [ @ty iRy,

-> -> ->

BT D) =agy [ dhafo(T Fpur(=Ru(=Ey),

->

B(5 D) = —ago [ AR S35 - Bpud (Rpen(=F),

and

->

i3+ (3 D) =bgy® [ d%,(5-K,)(3+8)(3B)(B K-ty (K,).
Thus, with the above substitutions, we obtain, from (3.6),

1 1m 1

My =Gy 75 5o (o) \~Cnbttl-ali T+ (B X E) s = €5y vimlio * (8 X)) Vreum}

- 1m, 1 , -
=G0 B p° GRO" (eqBo+ o B T 1) 0 * (B X €Nty gy -

[

In the above equation we have substituted Then, with (3.7) we get
4 E]’, =Q_,Y + a]’,.ﬁ ’
Bm=‘§: Bi, 3.23) where
=1
and D'=L(p)'D,
4 and
Be=2 B (3.24)
! ) =25 (0, - o)
We now proceed to obtain By and By. For this topo
purpose, we take all the meson wave functions as We then obtain
& _8_23/4 ipeT 2 T2, T 2_o2 2, r2\=2
uy(k,)= . exp(-sR*k,?). (3.25) ki? +k*=2X%+(a,® + a;*) %,

We are to evaluate the integrals for B; and B{ in

Eqgs. (3.12)-(3.15) and (3.18)—(3.21). We make the _ _ - ( 2p%?
substitution D=detD=1+dp’= PP +m?
k, =DX - a,p, (3.26) and
. . N 2
where we shall subsequently determine the matrix @, = 022m, -
D and the constant @,. We further choose that p% +my

Dy =6;;+dp'p’. (3.27) We also note that

provided we take, for (3.26) and (3.27),

.

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)
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D'=detg_'=%’§ , (3.33)
and
w =2 o (3.34)

my

Now, from (3.12) we obtain, with (3,10) and (3.10")
and the substitutions above,

D?>+D"?+4 -
B =Ab{1 - %gmz[——tz—éz; +(a® + afz)pz]} )
(

3.35)

where
A =Dexp[-3R*(a?+ al?)P?]. (3.36)

Similarly, we obtain the following from (3.13),
(3.14), and (3.15):

l)2 +2 -
B, =Aagy {a{ {1 - %gsl2< oR? +ay® pz)]

+ @8y ° 221%'} , (8.37)
B, = Aagy {al[l - b0 (B )|
+ a{gmz-%%:} s (3.38)
and
B, =Abgy? (ala{ﬁ"’ - 12)[?2,> . (3.39)

The evaluation of integrals (3.18)—(3.21) proceeds
in a similar manner, and we finally obtain, for
i=1,2,3,4,

Bi =Bi(A;= X, and gy~ gp) -
The effect of (3.40) is to be recognized in all the
defining equations. In all the integrals above, we
have included only up to X? terms in the evaluation

of the integrals.
Equation (3.22) now yields

We are to include here SU(3) mixing, and thus we take

and

In(®) = < ) f6w<m)fk¢ku4k)

AND S. P. MISRA 18

ml[kl®

3um, p (3.41)

P(P-" "-7)‘ 0 (eg[Bm‘*‘eoB@)z

As in Ref. 8, we take X\, =X, =3, and g, =1.62 GeV?,
g9 =1.71 GeV"'. We then finally obtain'?

4a m, lkl
27 mj)"

=36.6 keV .

Tl ~n"y)= (28 =Byf

(3.42)

We have taken R%2=22 GeV™2 as was indicated in
Ref. 8 for pion charge radius. We note that this
result as well as all the subsequent results are
not very sensitive to R?; there is about a 10%
variation in the numbers.

B. w—->m0y
For this process, Eq. (3.42) is replaced by

4a mA k[ lkl
27 myp°

~311 keV . (3.43)

For the evaluation of 8, and By, Egs. (3.35)-(3.39)
with corresponding kinematics, have been utilized.

Tw=1%) =57 (2Bp +By)”

C. K% > K% and K** > K*y

For the calculation of these processes, we had
seen in Ref. 8 that in (3.7) and (3.8) we have X,
=0.32 and A, =0.68 as has been determined from
¢ - 2K. Tentatively taking these values, we get

T'(K°*~ K%)= o —-“—Ikl (Bx+BL)

27
(3.40) ~115.5 keV . (3.44)
Proceeding in a similar manner, we have
+ X + ___f_l_a_ an2|EP 7 \2
T -K"y)= o m;(*PU (zﬁy—ﬁx)
~49.9 keV . (3.45)
J
D. ¢=>ny
cos 6
lQ) (0) f5 (k1+k )dsk d3k2u°( )[—\7"‘;—(l A’I(l./z)(k ) AI(]./Z)(kz)"' \[6— q,(w)(k ) q’(uz)(k )]|vac) y (3.46)
6
S UL THL () Ivacy . (3.47)

x [~ 2% 04 (L(p)e,) TL(p R +

V6
In (3.46) and (3.47), we have taken
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L)

The calculation can be be performed as for p"— 7”y. In the formula corresponding to (3.40), X, =X, =%

such that we finally get

4o m, 2|k . P
r'(¢- ’”’)=“27 _mLE’— ~2B,c0s6,c0s 6, + (285 —By)Sinb,sind, | . (3.48)
®.
)
Further, the quadratic mass formula for mesons , _dam 2k 6. coS 6.(28. —
yields 6,~5° 6,~-25° such that we obtain, L'~ V) =57 S pd [c0s € cos 64(2s =Fa)
T(p—my)=112 keV . (3.49) - 2sin6,sinb, B, P
E. ¢ 7'y ~4,8 keV. (3.56)

Here we obtain

4a mz2lk)? .

T'(¢p—1%)= 57 W:QT (285 + By)’sin6,
~2.7TkeV. (3.50)

If we take the mixing angle as 6°, then we get

I'~4.0 keV. (3.50%)

F. ¢—>n'y
We define |n’(D)) as orthogonal to the state in
(3.47), which yields

C(¢p—n'y)~0.19 keV . (3.51)

G. w~>nyandp? > 0y
With the mixing angles taken earlier, we obtain

T(w~ ny)=0.85 keV (3.52)
and
T'(p°=ny)=~16.9 keV . (3.53)

H. ' = pyandn' = wy

We note that this has the form P - Vy as com-
pared to V- Py. However, calculations remain
almost unchanged, and we obtain with the same
definition of Bg as earlier, similar to (3.22), with
only a change of sign;

1

i 1
My (n' - py) = e 7B

(2k0)112
X cos 6,(ep By ~exBy)
xu;(;/z)a'(ﬁx‘-‘é)ul(-uz) ’ (3.54)

=%
b

which yields

4o m2lk|?
' 2 M 1B1 2 2
L'~ or) =5 S po- ©05"6(2Be + B

~ 45,5 keV . (3.55)

Similarly, we get

We list in Table I the results along with the ex-
perimental data.'?

IV. DISCUSSION

The results of the calculations as tabulated are
suprisingly good when we recall that in the process
of calculations no constants have been adjusted,
and the calculations have been carried out from
“first principles” in the quark model in the lowest
order without any vector-dominance or subsidiary
hypothesis.!®* However, as in almost all such
papers, I'(w—~ my) as compared to I'(p—~ my) re-
mains a puzzle.®*'* We note that we have com-
pletely ignored strong-interaction effects. We have
a suspicion that this may be at the basis of the
disagreement mentioned above.!* Because of the
nearness of p and w masses, the correction for
I'(w— my) may be important here, and not be so
important elsewhere. As noted, this puzzle of
I'(w—~ my)/T(p~ my) remains here, as in other
models; e.g., in Ref. 6 nothing much better can be

TABLE I. Radiative decays of mesons. There is no adjustable
parameter, and no strong-interaction effect has been included.

Decay Calculated Experimental
Process width (keV) width (keV)
p Ty 36.6 3510
w->nl% 311 880t 50
K°* > K°y 115.5 75 35
K™ > K'y 49.9 <80
o>y 112 8216
om0 2.7-4 57+2
o=>n'y 0.19 <40
w=>ny 0.85 <50
p° =>ny 16.9 <160
n' = py 45.5 <250
n' = wy 4.8 <50
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achieved even while including symmetry breaking.
In the nonrelativistic quark models, kinematic
corrections due to the relativistic nature of the
problem were impossible to assess. This problem
has been resolved with a specific theory of Lor-
entz boosting of the hadrons from rest as developed
by one of the authors,® and this model seems to
find further justification here. We note that a
glance at Egs. (3.35)~(3.39) clearly reveals the
enormous quantitative differences of this model
compared to any earlier quark model, although
the final results are similar. It is nice to see that

the structure of the hadrons along with the familiar
form of electromagnetic interactions is mostly
adequate to describe the above electromagnetic
decays when Lorentz boosting is properly taken
into account.
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