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In earlier publications we have analyzed the strong and radiative decays of heavy hadrons in a formal-
ism which incorporates both heavy-quark and chiral symmetries. In particular, we have derived a
heavy-hadron chiral Lagrangian whose coupling constants are related by the heavy-quark flavor-spin
symmetry arising from the QCD Lagrangian with infinitely massive quarks. In this paper, we reexamine
the structure of the above chiral Lagrangian by including the effects of 1/mg corrections in the heavy-
quark effective theory. The relations among the coupling constants, originally derived in the heavy-
quark limit, are modified by heavy-quark symmetry-breaking interactions in QCD. Some of the implica-

tions are discussed.

PACS number(s): 12.39.Hg, 11.30.Rd, 13.40.Hq

I. INTRODUCTION

In this and a subsequent paper, we would like to exam-
ine various symmetry-breaking corrections to the strong
and electromagnetic decays of heavy hadrons. There are
two different kinds of symmetry-breaking effects on the
chiral dynamics of heavy hadrons: the 1/mg, corrections
from the heavy quarks and the finite-mass effects from
the light quarks. We will focus on the 1/m, corrections
in this work and leave the discussion on SU(3)-breaking
effects to the forthcoming paper [1].

As is well known, the QCD dynamics in the limit of
infinite quark mass exhibits a new spin-flavor symmetry
which is known as heavy-quark symmetry (HQS) [2,3].
Corrections to this symmetry limit can be systematically
incorporated into the heavy quark effective theory
(HQET) of QCD where symmetry-breaking effects are
summarized by higher-dimensional operators suppressed
by powers of 1/mg [4-9]. Such an effective theory has
been a powerful tool to analyze weak-transition form fac-
tors of heavy hadrons containing one single heavy quark
[10]. We have recently, among others, initiated a study
of strong and radiative decays of heavy hadrons by deriv-
ing a heavy-hadron chiral Lagrangian which obeys con-
straints from the heavy quark symmetry [11-17]. As the
idea of synthesizing the heavy-quark and chiral sym-
metries receives growing attention, there remain impor-
tant issues to be explored. Especially, implications of the
aforementioned 1/mg, corrections to the structure of the
heavy-hadron chiral Lagrangian have not been systemati-
cally studied [18]. Since the charmed quark is not partic-
ularly heavy compared to the QCD scale, such correc-
tions can be important in the chiral Lagrangian for
charmed hadrons.

As an example to illustrate the issues involved, consid-
er the heavy-meson chiral Lagrangian given by Eq. (2.16)
of Ref. [17]:
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where P and P* are the ground-state heavy mesons with
quantum numbers J P=0"and 17, respectively, and

t= t_ t
pyl=p,P:"—D P},
D, Pt =3,P:'+v Pl—iea, Pt @ —aP:"),

(1.2b)

(1.2a)

and a similar definition for the covariant derivative
D#PT. In Eq. (1.1) A4, is the electromagnetic field
whereas V,, and A, are, respectively, the chiral vector
and chiral axial fields (see Ref. [17] for more detail). The
prediction from heavy-quark symmetry consists of two
parts. The flavor symmetry implies that the coupling
constants f and g are the same for any heavy flavor. The
spin symmetry relates the two parameters by

g8=z/

Similar predictions have also been obtained for the heavy
baryon chiral Lagrangian. These predictions help reduce
the number of unknowns in the heavy-hadron chiral La-
grangian. For instance, the D*Dm and D*Dy coupling
constants are related to those of D*D*7 and D*D*y, re-
spectively. This is crucial since the latter two couplings
are very difficult to measure in practice. With the
knowledge of the above coupling strengths, the predictive
power of the heavy meson chiral Lagrangian is greatly
enhanced. However, success of such a scheme demands
an assessment of how large the 1/mg, corrections are.
The purpose of this paper is to study such type of 1/m,,

(1.3)
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corrections which modify the various HQS relations
among the coupling constants. At present, we do not at-
tempt to give a quantitative predictions on the sizes of
various 1/mg effects. A quantitative analysis will be
presented in a future publication.

As is well known, there are two energy scales in the
chiral perturbation theory involving a heavy hadron: the
mass of the heavy hadron My and the chiral symmetry-
breaking scale A,. In principle, one may expand the
theory in inverse powers of these two scales. However,
because the heavy hadrons have large masses, the deriva-
tives acting on the heavy-hadron fields will produce large
momentum factors. This complicates the power counting
procedure. This difficulty is overcome by a simple obser-
vation. Strong and electromagnetic interactions at low
energies of a heavy hadron with other light hadrons are
governed by the energy scale Agcp which is much small-
er than My. Consequently, the four-momentum of a
heavy hadron has only fluctuations of the order of Agcp
throughout its history. Its momentum can, therefore, be

parametrized as
P=Myv+k, v’=1, (1.4)

where & is of order Agcp. In accordance with the param-
etrization, one introduces a velocity-dependent field
H,(x) by [12,19]

J
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—iMyv-x

H(x)=e H,(x), (1.5)

where H(x) is the standard field operator for a heavy
hadron. The velocity-dependent field H,(x) carries only
the residual momentum k. It follows from (1.5) that

—iMyv-x

3,H (x)=e [—iMyv,H,(x)+3,H,(x)]. (1.6

The dependence on the large mass My is now made expli-
cit: the second term in (1.6) is of order k /M relative to
the first one. In terms of H (x), derivatives acting on the
heavy hadron and Goldstone boson fields are treated on
equal footing, and a consistent 1/My and 1/A, expan-
sion can be developed for the heavy-hadron chiral La-
grangian.

The velocity-dependent fields for the 0~ and 1~ heavy
hadrons of (1.1) are

—iM_ L v-x

P(x)=e ** P(x), (1.7a)
—iM_Lux

Pi(x)=e P Py,(x), (1.7b)

v-P*(v)=0. (1.7¢)

To simplify our notation, we write P(v)=P,(x) and
Pi(v)=P;,(x). Retaining only the leading terms, we
obtain

L) px=—2iM <P (v)o-DP'(v)+2iM, . P*(v)v-DP}" (v)+ AM?P (v)P(v)

YV MpMo [P (0)AFPS (0)+ P 0MAPPT(0) |4 2iM p ag €1, P *H(0)0 AP (0)

with

AM*’=M}. —Mj; . (1.9)
Note that we have neglected terms which are suppressed
by 1/M,. comparing with the leading contributions.

Therefore, ‘LLI;)'p* is the leading-order heavy-meson

chiral Lagrangian in the double expansions of 1/M

and Goldstone-boson momenta. Before proceeding fur-
ther, we should like to make two remarks on the La-

rangian L1 .. First of all, the parameters M, and
g g v, PP P

M« in Eq. (1.8) are taken to be the physical masses of

the heavy mesons P and P*, respectively. This accounts
for the appearance of AM?*P(v)P'(v) in Eq. (1.8).
Theoretically, we expect

M,.—M,=0 (1.10)

mg

Abep }

so AM? is of order A}cp and it is a simplest 1/My
correction to the leading terms of £!') . which we keep.
Second, the coupling constants f and g are no longer as-
sumed to satisfy the spin symmetry relation (1.3).

It has been noted by Luke and Manohar [20] that the

(1.8)

f

structure of the 1/My expansion must satisfy the
“reparametrization invariance” which is a consequence
of the nonuniqueness of the parametrization (1.4). The
four-velocity v and the residual momentum k can be arbi-
trarily chosen so long as v>=1 and k ~Aqcp <<My. For
consistency, the heavy-meson chiral theory must be in-
variant under the transformation

) +r/MP., k—k—r, (1.11a)

(v +r/MP,.)2=1 ) (1.11b)

This leads to the conclusion that a reparametrization-
invariant heavy-meson chiral Lagrangian, which we
denote as L ,,+, must have the structure [20]

Lpps=3 L, ,p+(P(0),P*(), W), (1.12)
where
W,=v,+iD, /M. , (1.13a)
F"‘(v)=P"‘(v)—v"%§—(—Ul . (1.13b)
P*

Therefore, to maintain the reparametrization invariance
to order O (1/M,+), the Lagrangian is augmented to be
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= —M2P W)W = 1P () + M2 P*() W — P (0)+ AM?P (v)P'(v)

+ Y/ MpM s [P (VAP (0)+ PAARP (1)) +iM o8 €, [ PHH(0)W AP *(0) + PHH(u)A WP (0)] .

The prescription (1.13) uniquely determines the terms of
order 1/M,+ necessary to ensure the reparametrization

1) «. These 1/M,s corrections are

essentially kinematic in nature. They are important, but
they can be retrieved by following the prescription (1.13).
However, there are other 1 /M pt contributions which are
reparametrization invariant by themselves, but at least
contain two derivatives. It should be pointed out that the
original Lagrangian (1.1) is reparametrization invariant.
Equation (1.14) follows simply from Eq. (1.1) by keeping
the first two leading orders in the 1/M expansion using
Eq. (1.7) [in particular, Eq. (1.7c) should hold to order
1/My]. The requirement of reparametrization invari-
ance will become more useful as the 1/M}; expansion is
carried out to higher orders, or when we deal with new
situations [21].

There is another type of 1/M 4 corrections which will
be the focus of the present work. In contrast with the
previous corrections, these are dynamical in nature and
they arise from taking into account the 1/mg, terms in
HQET. It is well known that the following two operators
in HQET break the heavy-quark spin-flavor symmetry at
the order of 1/m, [7,8]:

invariance of L

L=h,iv-Dh,+L, , (1.15a)
L,=0,+0,, (1.15b)
1 - .
01=—2m—QhU(1D)2hU , (1.15¢)
0,=——F, |~ ~g,0,,G" |n 1
27 2mQ v 2g:0yv vt (1.15d)

Specifically, the operator O, breaks the flavor symmetry,
and the operator O, breaks both the flavor and spin sym-
metries. To the first order in the Goldstone-boson
momentum, the only effects of O, and O, are to make
1/mg corrections to the coupling constants f and g
which appear in Eq. (1.14). To order 1/m,, we may
write

f:fo+fc—A~ , (1.16a)
2mQ

g=g0+gc?r;; s (1.16b)
where go=1f,, and A is an arbitrary mass scale.
Presumably, the value for A should be chosen in such a
way that f.~f, and g, ~g,. Under this requirement, it
has recently been argued that the parameter A is of order
A, rather than Agcp [22]. However, we will take no po-
sition on this point as it is still not widely accepted.

We observe that the two types of 1/My (1/mg)

(1.14)

f

corrections discussed above have distinct characteristics.
The 1/My; correction demanded by reparametrization in-
variance introduces new structures which modify the
leading-order Lagrangian. The other, dynamical correc-
tions of order 1/m, produce heavy-quark symmetry-
breaking contributions to the coupling constants in the
leading-order Lagrangian but they do not alter the struc-
ture of the Lagrangian. The two effects together provide
the complete 1/My (1/mg) corrections to heavy-quark
symmetry. Since

1/My=1/my+0(1/m}) ,

there is no need to keep the difference between 1/My and
1/mg, at this order.

So far, we have used the heavy-meson dynamics as an
example to discuss the various issues in the
1/My(1/mg) corrections to the heavy-quark symmetry.
Clearly, we can carry out a similar discussion for heavy
baryons on reparametrization invariance and dynamical
corrections to the coupling constants.

With the issues in the 1/My (1/mg) corrections clear-
ly defined, we will concentrate our attention in what fol-
lows on interactions between the heavy hadrons and the
Goldstone bosons with a single derivative. Section II is
devoted to a study of the O (1/mg) correction to the cou-
pling constants for both strong and electromagnetic in-
teractions in the heavy meson sector. A similar study for
heavy baryons is carried out in Sec. III. We will employ
the method of interpolating fields extensively utilized in
Ref. [17]. We find that all the heavy-quark spin symme-
try relations among the coupling constants (both strong
and electromagnetic) are completely broken by 1/m,
corrections.

Finally, in Sec. IV we make some concluding remarks
and we shall comment on the work done by Randall and
Sather [23] concerning the SU(3)-violating corrections to
the heavy-meson hyperfine splitting, which is a typical
O(1/my) phenomenon. As we shall point out, the calcu-
lation performed in Ref. [23] is incomplete; namely, it
does not include all the corrections of order 1/my.

II. 1/my CORRECTIONS TO THE DYNAMICS
OF HEAVY MESONS

In this section we shall study the 1/m corrections to
the coupling constants of the heavy-meson chiral La-
grangian given by Egs. (2.16) and (2.19) of Ref. [17].
First of all, we shall rewrite the chiral Lagrangians L‘P’;*
and ,L;,Z}Z,. in terms of velocity-dependent fields and retain
only the leading terms in the 1/Mj expansion. The
velocity-dependent version of L)), is given by Eq. (1.8),

which we recall here for convenience:
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L) v ==2iM o P(v)0-DP"(0)+2iM, . P**(v)v-DP}" (v)+ AM?P (v)P"(v)
+f1V/' MM . pe[P( vM”P*T(vH-P (AP ()] +2iM ,ge#mP"‘(v)v"A}‘P"‘T(v), (2.1
with
AM*=M2.—Mj} . 2.2)

Substituting Egs. (1.7a) and (1.7b) into L(Pzg. which describes the radiative transitions, we obtain (see Ref. [17] for nota-

tion)

PP*
+id"MpF, ,P*"0)[y Q' —

where @' is the heavy-quark charge and @ denotes the
charge matrix of the light quarks:

win
(=]
o

Q=10 -+ o |. 2.4)

o O

Note that, contrary to Eq. (2.19) of Ref. [17], we do not
need to subtract from L%}« the normal magnetic mo-
ment term of Pj induced by the minimum substitution.
This is because such contributions are not among the
leading terms kept in (2.3).

As indicated in Egs. (1.16a) and (1.16b), every coupling
constant in Li}‘ I)’P‘ and ‘L%P* can be expanded in powers
of 1/my. In ;;articular, we have written there the expan-
sion for coupling constants f and g:

AM=AM[P*(v,e)—>P(v)+7%q)]
=-f1—#q“<P(v) T [ d*x[0,(x)+0,(x)145(0)

AM'=AM[P*(v,e)—>P*(v,e’)+7%gq)]

=-1—q"<P‘(v,s') iT [d%x[0,(x)+0,(x)145(0)

To determine the general Lorentz structure of Egs. (2.8)
and (2.9), we recall that the interpolating fields for pseu-
doscalar and vector mesons are given by [24]

P (v)=gyshivV'Mp ,
)=qeh; /M . .

Since we will keep only leading terms in the 1/My ex-
pansion, we can simply neglect the 1/My corrections
needed for reparametrization invariance. For the same
reason, we can also neglect residual momenta k and k' in
Egs. (2.8)-(2.10). Furthermore, we shall treat contribu-
tions from O, and O, separately. Since O, preserves
heavy-quark spin symmetry, its contributions to both am-

(2.10a)

P*(v,e (2.10b)

= Y/ MpM,e€,,050 °P*P(v)[ 1d (£'QE+ £QEN +d' @' 1IF*P(v) + H.c.
L' oe+eagh1p+iw) , 2.3)

f=f0+fc——2A 2.5)
mg
and
A
=g, +g. —— . i
g=got8 2mg 2.6)

The zeroth-order contributions f, and g, are related by
HQS [11]: namely,

g8=3f0 - 2.7)

To compute thel /m, corrections to f and g,, we insert
operators O, and O,, defined in Egs. (1.15¢) and (1.15d),
into the relevant decay amplitudes:

) o9

P*(v,e)> . 2.9)

I
plitudes must be of the form

ag;

AM = V' MpM,. pr(€°q) u(P*)"’—u(P) (2.11a)
frer
ag
AM'1=—‘T"';QMP.M (P‘)";iu(P")IG#VAKq‘LE'V hex

(2.11b)

where u (P*), u(P), and u (P'*) are isospin wave func-
tions of the heavy mesons and a is a constant independent
of heavy-quark masses.

The contributions from O, are given by
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89" . 4T aB aroy |
AMz———W<P(v)|tde x B, 0%G ygh, (x)A%(0) ’P*(v,s)> , (2.12a)
avy == (pr (o o) |iT [ d*x B0 G b, (x1A%0) [P (0,e) 212
5 amyf. v,e") |i x h,0%G 4gh, (x)A v,€)) . (2.12b)
To evaluate AM, and AM 5, we make use of Egs. (2.10a) and (2.10b) to obtain
89"/ M, M« _
AM )= — 0li Y g ¢ @
: gl < iT [ d*x §,#'h,h,0%G ,gh,(x)A %0, g, |o>
8:9"Mps 1+1f 1+15
= ' aB 4
gt r|¢ < iT [d*x q,G,pA%T, > (2.13b)
89"V MM
AMY)=— 4
. e < iT [ d* g,£'h,F,0%G ygh, (x)A (O, £q, >
84 Mpe | 1S gl tH
= ' o : 4 a=
Fro R : < iT [d*x 4,6 A, !0> (2.13b)
Both Egs. (2.13a) and (2.13b) contain a matrix element which describes the dynamics of light constituents:
Maﬁp=<o ‘ind“x 9,GopAlT, 0>
=u(P*)* T u (P)€qgu(bv + ey +dy B) e 750 v, +ierV s(8au¥ p—8puT a)] » (2.14)

where b, ¢, d, e;, and e, are constants independent of
heavy quark masses. Note that we have suppressed the
g-dependent terms since they correspond to higher-
dimensional terms in chiral expansion. The right-hand
side of Eq. (2.14) is the most general expression consistent
with the symmetry properties of its left-hand side. Sub-
stituting Eq. (2.14) into Eq. (2.13) yields

8V MpM,s
4me,,
Xu(P)b—c+d+2e,),
&M«
amyf .

X (b —c +d)e,,mq"e™v

AM,=— (£~q)4u(P*)*—T2—
(2.15a)

AMYy=—

4iu (P* )*%u (P'*)

rvaB

(2.15b)

Since AM and AM' can also be computed through the
chiral Lagrangian by expanding

1 1 a._.a
‘)4#—*7#—6“ ‘2'7' + - 5 (2.16)
hence, the AM and AM’ given by (2.11) and (2.15) imply
2g;
f.= A —[a —(b—c+d +2e,)] (2.17a)
and
&s
gc=—A~[a +(b—c+d)]. (2.17b)

It is clear that g.#1f,, in general.

We note that the same combination b —c +d appears
in both f, and g.. It means that the corrections f, and
g. are characterized by three parameters a, b —c +d, and
e,. We will now show that e, is zero, so actually there
are only two unknowns to describe the two coupling con-
stants f. and g.. The two processes P*—P +m and
P — P*+1 are related by charge conjugation, and the ap-
propriate coupling constants are f and f*, respectively.
In Egs. (1.1) and (1.8), it is implicitly assumed that f is
real; this can always be accomplished with a judicious
choice of phases for the field operators of the heavy
mesons. We will assume that this is done. Let us denote

AM"=AM[P(v)—>P*(v,e)+7m%q)], (2.18)

which can be computed by the same procedure for com-
puting AM. We find that AM" also depends on M
given by (2.14). Indeed, we obtain

afu

g;\/MpMPt 74
AM"=— ———————(e-q)du (P*)*—
amof, 1 2
Xu(P)b—c+d—2e,), (2.19)
which gives
28
fr="la—(b—c+d—2e)]. (2.20)

We now demand that f.=fr.
and (2.20) yields e, =0. Finally,

A comparison of (2.17)
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fo= zi’ (a—b") (2.21a)
and
&s
gc=X(a +b'), (2.21v)
where b'=b —c +d.

To discuss 1/m, corrections to the coupling constants
in L(z’ pp+>» We shall treat the heavy-quark and light-quark
electromagnetic currents separately. In the case of the
heavy-quark electromagnetic current, the relevant
coefficients d’ and d"'y are both of order 1/m because
they arise from the magnetic moment of the heavy quark.
As pointed out by us [17] and by others [15,16], these
couplings are rigorously determined by the heavy-quark
effective theory. For completeness, we shall reproduce
the results here. First of all, the heavy-quark electromag-
netic current in the effective theory to order 1/m, can be
written as [9]

fom =Eu’7phv - ﬁﬁu’(DYy—‘y#D )hv

=k, ,h —Wh Dy, +y,Dh,
+ Z;Q 3 (kv v hy) (2.22)
Using the identity
YV v=8uy 10, (2.23)
the Gordon decomposition
R,y hy=1h (' +o)h, +Likyo, (0" —0)h, (2.24)
and the identity
(H;(v")|3,(h,Th,)|H;(v))
=iK(v’—v)M(Hf(v’)lit_U,Fh,,lH,-(v)), (2.25)

with H, and H; being generic hadronic states and
A= MH —mgy= MH —my, we finally arrive at

Jem=1h,(v'+v), g k*hyo,h, 0%, (2.26)
where kY= —My(v'—v)", and
w' — I = » A ’ viy
oV =——1h (' =v)hyy v b, - 2.27)
Q

vty ™
mg 2m

In Eq. (2.26), we have used the notation = to remind the
reader that such a relation holds only after taking the
matrix element. The contribution due to O Z”' is negligi-
ble since it cannot change the normalization of J;™ at
v =v’, and its contribution to the anomalous magnetic
coupling is necessarily of order l/mé. The first term in
Eq. (2.26) corresponds to the convection current of the
heavy quark, which has already been taken into account
in L“PP. The second term, which is of order 1/m, will

contribute to the coefficients d’ and d"y in L2 o PP*"

2495

There is another source of 1/ mg corrections which arises
when one evaluates the time-ordered products of
—h (v'+v),h, with the symmetry-breaking operators O1
and 0,. However these contributions vanish at v =v’

since the normalization of the vector current is already
fixed at the leading order. Consequently, to order 1/ my,
the parameters d’ and d’’y are solely induced by the
second term on the right-hand side (RHS) of Eq. (2.26):

p— * ’ ’ ‘ @ V
F’?—<P (0,8) | 5 K B0 |P ’€)> N
(2.28a)
F,?=<P<v') fmﬂk%awhv P*(u,s)> N (2.28b)

The evaluation of F; 2 and Fg F9 is straightforward with the
aid of Egs. (2.10a) and (2. 10b) Taking F; 9 as an example,
we convert the matrix element in Eq. (2. 28a) into

FS=L;"TQ—kVMP.(O!qv.t'hv,ﬁv,a#,,hvﬁvtq,,IO)IU:U,
@y,
2myg
r g2 1+" 1+”¢<o|qqu 0, |, @29
where [2]
(0/g,3,10), =, =&(w-v'=1)=1. (2.30)
Working out the trace, we obtain
eQ'M,.
Fg=—————(e#8'-k~el"e-k) . (2.31a)
Mo
Similarly, we have
_ ie@Q/MpM .
Fo=———— T ¢ k%P, (2.31b)
mo
Comparing Eq. (2.31) with Eq. (2.3), we obtain
e e
=, d"y=—. 2.3

To determine d and d’’, we need to consider the form
factors induced by the light-quark electromagnetic
current. To order 1/mg, we have

A

d=dy+d,—,
(0] 2m Q

(2.33a)

d"=dy+d (2.33b)

C2Q'

As discussed in Ref. [17], one can apply the heavy-quark



2496 CHENG, CHEUNG, LIN, LIN, YAN, AND YU 49

spin symmetry to obtain

To see whether d, and d.' obey the same relation, we

1, 4 evaluate the following magnetic form factors induced by
do=— Edo : (239 the light quark electromagnetic current j ;" =egQy ,g:
J
F,=(P*(0e) iT [ d'%10,(x)+0,x)j510) [P*(0,0)) 2.350)
Fu=<P(v) ind4x[01(x)+02(x)]jf,“‘( P*(v,e)> , (2.35b)

where the subscript m indicates the fact that we keep only the magnetic interactions. To evaluate F, and F ,» We again

employ the technique of interpolating fields [24] to obtain
F,= <0

F.ll:(o ?led4x q-uyShu[OI(X)+02(‘x)]jlelm(0)}T”tq”

iT [ d* §,#h,[0,(x)+0,(x)]j

™ (0)h,£q,

For convenience, we shall treat contributions by O,(x)
and O,(x) separately. Their contributions are denoted by
F), (F)) and F’, (F7), respectively. As O,(x) preserves
the heavy quark spm symmetry, F, ! js related to F L
such a way that

o> (2.36a)
0> . (2.36b)
[
and
_ 2ia
Fl= 18s VMM a6,k 0P (2.37b)

with a, being a constant independent of the heavy-quark

mass. For simplicity, we have set the charge matrix
24 Q=1 and suppressed the flavor quantum numbers while
Fl= 185 M, a(e,€'-k —€lek) (2.37a)  obtaining Egs. (2.35) and (2.37). To compute F? and F,
mo we apply Egs. (2.10a) and (2.10b) to obtain
J
gsMp* — —
2 . 4. = o 8 .
Fo= s <o iT [ d*x g,£'h,F,0%G ,gh, (x)]S™(O)F, £q, o>m
8sMp
=L e H” “ﬁ“;” <0iind4x 4, o7, o) : (2.38)
mQ m
- &V MpM . — »
Fﬁz—ﬁL(O T [ d* §,7sh h,0%G 5, (x)] ™0V, £q, o>
8V MpM
=2 pi P tr y51;”oaﬁl+"z<o iT [ d*x q,G .5/, 0> (2.38b)
Q m

The nonperturbative dynamics of the light constituents
can be parametrized as
°

where k is the outgoing photon momentum and b, is a
constant independent of the heavy-quark mass. In Eq.
(2.39), we kept only structures linear in k relevant to
magnetic interactions. With this to be understood, Eq.

iT f d4x 9 Gaﬂjzmqv

M= (0

= —ibl(ga‘ukﬁ_“g,gﬂka) s

(2.39)

(2.39) then represents the most general Lorentz structure
for M g, which is consistent with gauge invariance, pari-
ty conservation, and the constraint M5, = —Mp,,. Sub-
stituting Eq. (2.39) into Eqgs. (2.38a) and (2.38b), we ob-
tain

——gsMp*
Fl=———b(g,e" "k —g,ek), (2.40a)
Mo
_ lg ’\/MPM *
Pr=— b e, k"0 %" . (2.40b)

mgo
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Since the results in Egs. (2.40a) and (2.40b) can also be . 28
obtained from the Lagrangian £?) o ppt» We can hence d'= A 2a,+by) . (2.41b)
make the identifications It is clear that d.# —1d/’, in general.
_ & Equations (2.21) and (2.41) are the main results in this
dc—x(Zal'i'b] ) ’ (2413) Section-

III. 1/my CORRECTIONS TO THE DYNAMICS OF HEAVY BARYONS

In this section we study the 1/mg corrections to the coupling constants appearing in the heavy-baryon chiral La-
grangian LY’ and L’ given by Egs. (3.8) and (3.9), respectively, in Ref. [17]. In terms of velocity-dependent fields,

L= %tr[E—(v)(iv -D)B5(v)]+tr[B4(v)(iv-D)Bg(v)]—tr[ Bg#(v)(iv-D)BE, (v)]
+g,tr[ By (v)y,vsA¥Bg (v)]+g,tr[Bg( v)y,¥sA Bs(v)]+H.c. +g3tr[B6u(v).>4“B6(v)]+H c.
+g4tr[B§“(UMPB3(v)]+H.c. +g5tr[BZ"(v)7/#y5.>4“Bgv(v)]+g6tr[B§(v)y#7fgo4"B§(v) (3.1

[

with is the charge matrix of light quarks and @' is the charge
_ T of the heavy quark Q. Note that we have omitted those
D,B()=3,B(v)+V, Bw)+BW)YV, terms which are induced by mass differences between
+ie@Q A,B(v)+ied, (@QBW)}, (3.2)  various baryons.
It is well known that baryons do not behave much like
Dirac point particles. As a result, they can have large
anomalous magnetic moments. The most general gauge-
invariant Lagrangian for magnetic transitions of heavy
Q=diag(},—5—7%) baryons is given by

where, as before,

L2} = a,tr[ B((v)Qo -FB4(v)]+atr[Bs(v)Q'0 -FB4(v)]+a,tr[ B¢(v)Qo -FB5(v)]+H.c.
+aytr[ B4(v)Q'o -FB5(v)]+H.c. +atr[€,,,, B (v)QyF*Bg(v)]+H.c.
B(v)Q'y"F™B(v)1+H.c. +atr€,,, B2 (v)Qy F*B;(v)]+H.c.

+a'3tr[e‘wh

+atr[€,,, B e v)Qy FMB5(v)|+H.c. +astr[ BE#(v)Qo -FBE,(v)]

+astr[ B (v)Q'o- FB6“(U)]+a6tr[B (v)Qo -FB5(v)]+agtr[B;(v)Q'c-FB3(v)] . (3.3)
l
The Lagrangian L%} is also the most general chiral- g =g%+gf A (3.50)
invariant one provided that one makes the replacement L% 2my

A
’ ' -0
Q—Leae+eaeh), @ - . (3.4) a;=aP+af—— my (3.5b)

Let us first focus on the coupling constants g;’s in L{'}.

Note that, contrary to (3.9) of Ref. [17], we do not
y to Eq. | (171, The relations among the leading terms g’ are governed

need to subtract from Eq. (3.3) the Dirac magnetlc mo- . .
ments of the heavy baryons, because "CuB is now ex- by HQS [111. They have been derived Ey evaluating the
pressed in terms of velocity-dependent fields and conse-  decay amplitudes B;—By+m, Bg(Bg )'*BS'H’_" and
quently contains no Dirac magnetic moments to the Bg(B§)—>B4(B§)+m. The results can be summarized as
lowest order. The magnetic couplings a; are induced by
light-quark electromagnetic currents whereas a; are in- V3
duced by heavy-quark ones and they are of order 1/mg. b4 BN
To incorporate l/mQ corrections, we expand the cou- 0 _—
pling constants in L'} and L2} as follows: g4=—V3g3, (3.6b)

’ (3.6a)
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(3.6¢)

o
[- =)
Il
(o)

The result g2=0 follows from the fact that, in the
heavy-quark spin symmetry limit, the strong transition

J

AM;[B5(v,5)—B5(v,s")+7%q)]=

fﬂ

between antitriplet baryons is forbidden by parity conser-
vation. To relate the subleading coefficients g;’s, we in-
sert the operators O, and O, of Egs. (1.15¢) and (1.15d)
into the relevant matrix elements. First of all, the sub-
leading amplitude for By — B+ is given by

<B v,s’ >|1de x [0, (x)+0,(x) A" (0)‘3 vs)> (3.7)

To determine the general Lorentz structure of M3, we employ the following interpolating field for antitriplet baryons

[25]:

Bs(v,s)=u(v,s)¢,h, ,

(3.8)

where ¢, is a Lorentz scalar. One can easily show that O does not contribute to M5. Denoting the O,’s contribution

as AM1, we then have

1
Zf,,mQ

AML[B5(v,s)—B5(v,s")+7%q)]=

By Eq. (3.8) we may rewrite (3.9) as

AMl=

q*u(v,s"u (v,s)

1
ZmeQ
><<0 iT [ d*x ¢,(iD)2AZS]

Since we cannot construct an axial vector out of v and g,

0> . (3.10)

q“<B§(v,s’ )

T [ d*x &, (iDPh, (x)A%(0) )Bg(v,s)> . (3.9)

we conclude that

<O 0>=0 ,

and hence AM % =0. The situation is different in the case
of O, insertion. The amplitude AM % is given by

iT [ d*x ¢,(iD%A ) (3.11)

89"
AMG=—~ N <B (v,s") [iT [ d*x h,0%G 4gh, (x)AS (0))3 (vs> : (3.12)
Applying Eq. (3.8) gives
849" 1+¥ pltd . t 1a
AME=— amof . #(v,s )= BTu(v,S)<0 \szd“x ¢,G gy AL O> . (3.13)

Since the diquark field ¢, is a Lorentz scalar, we may
parametrize the matrix element of light constituents as

(O)iT [ a*x 6,Gp8lA2 |0) = —recg”

where r is a constant independent of the heavy-quark
mass. We have also neglected the flavor wave functions
of incoming and outgoing baryons as they are irrelevant
to our discussion. Substituting Eq. (3.14) into Eq. (3.13)
yields

(3.14)

78

AMi= a(v,s" )y su(v,s) . (3.15)
3 2m Qf 4}’5
Comparing this result with Egs. (3.1) and (3.5), we find
gé=rg, /A, (3.16)

which is nonvanishing, in general. This shows that the
decay B;— B3+, while forbidden in the infinitely
heavy-quark limit, is allowed in the subleading order. As
a similar conclusion has also been arrived at by Cho [18],
we would like to compare our result with his in some de-
tails.

Cho constructed the following operator to describe the
decay B;— B3+ to the order of 1/mg:

0114 =——€4a NI DT, (0)(AM) (3.17)
mo
where
T(v), =€ [B5(0) ] » (3.18)

apart from an overall normalization. In Eq. (3.18), (B3)
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is the jk matrix element in the baryon matrix B5 [11].
The operator Opr, is not reparametrization invariant it-
self. Therefore, it should be part of one which is. We
will now show that O, is a reparametrization-invariant
partner to the interaction term in (3.1) with the coupling
constant gg:

L=ggtr(Bsy v sA*B3) ,

where it is understood that B; and §3 have velocity v.
The reparametrization-invariant generalization of L is
obtained through the substitution [20]

(3.19)

iD
The result is
7 5 D iD
Ze=gqtr |B: |1—= " )
6=8elr | B3 2, V¥ sA 1+2M3 ]33
=L+ Lg, (3.21)
where L is given by (3.19) and
i _ -
Li=— 2;6 tr[By(Dy At+y, APD)ysBs] . (3.22)
3
The identity
Yu¥v=8uy IO (3.23)

reduces L to

AM6§[B6(u,s,K)—>B§(v,s')+1r"(q)]=%q"(Bg(v,s')

where k is used to specify the spin of sextet baryons:
k=1 corresponds to spin-} baryons whereas k=2 denotes
spin-2 ones. To evaluate AM 5, we employ the interpo-

lating fields [17]
BG(v,s,K)=§“(v,s,K)¢f,‘hv , (3.29)

where ¢# is an axial-vector field. The wave function B 18
given by

89"
AMZ%=—
63 4meﬂ_

89"

=20 s')‘—“aaﬁ%avw,s,x)@ |iT [ d*x 8,6 o581,

dmof, 7 2

2499

ig

L=~ 2,

tr[ B3(D,A*+A*D,)ysB5

+iB50,,(D*A*—A*D")ysB5] . (3.24)

The first term in (3.24) vanishes as a result of the two
identities

(E‘j )ij(5“+a”)75(33 )kI =a#[(§§ ),'j'}’5(B§ )kl] s (3.25a)
(F§)in5(B§)kl=0 . (3.25b)

The second term in (3.24) can be further transformed
with the aid of the identity

G”VUAU"W=2I'O'OL7’5 . (3.26)
Finally, we obtain
ig - -«

which, aside from the factor gg, is Orr,4 in a somewhat
different notation. We see that as a reparametrization-
invariant partner to L, the coupling constant for Opr 4
is given by g¢ which is of order O(1/mg). Since the
operator Orr, already contains a factor of 1/my, its
contribution is smaller by one power of 1/m, relative to
L.

Our next task is to relate g5 to g4. To do this, we
evaluate the amplitudes of B¢— B;+7 and B§ —B5+.
With our previous notations, the subleading contribution
is

ind4x[01(x)+02(x)}>4Z(O) '36(U,S,K)> ) (3.28)
I

Eu(v,s,x=1)=71_3—17(v,s)75(y#+vu) , (3.30a)

l_iﬂ(v,s,x=2)=z'iy(v,s) , (3.30b)

with u,(v,s) and u (v,s) being the Rarita-Schwinger vec-
tor spinor and usual Dirac spinor, respectively. The con-
tribution from the operator O, gives

(Bg(v,s') )led4x ﬁvaaﬂGaﬂhv(x)JlZ(O) ]B6(U,S,K)>

0> . (3.3



2500 CHENG, CHEUNG, LIN, LIN, YAN, AND YU 49

The matrix element for light constituents may be
parametrized as

M,uvaB: (O|¢vGaﬁAz¢I,v[0>

= rl(g,uavﬁ_g,uﬁva )vv+r2(gvav[>’_gvﬂva )U/,L

+iry(8a,.8p ~8pu8av) > (3.32)

where r|, r,, and r; are constants independent of the
heavy-quark mass, and the flavor wave functions are
neglected for simplicity. This is the most general Lorentz
structure for M,z which is antisymmetric in a and B.
With Eq. (3.32) we can immediately conclude that contri-
butions from r; and r, are zero because of the identity

%lo“ﬁ%luazo . (3.33)

The contribution due to 5 is

i r3gsq“
2men.

Using (3.30) for the wave function B", we find

AM

= #0,,B"(v,sK) . (3.34)

89"
AM? 2—————<B (v,5",6")
66 4myf 6
m

r38s

AM§§(6*—>§)=——-—-2meﬂ aqtu, (3.35a)
— r,g
2 _ 385 —
AMZ(6—3)= Vamgf . a3y sug (3.35b)

where we have used the notations 6* and 6 to denote a
spin- and spin-} baryon in the sextet, respectively.
Equation (3.35) implies the following corrections to the
coupling constants g, and g,:

8 |, 2
g;:x r __‘7-§‘r3 y (3.36a)

c &s Q.
g4=‘K—("\/3r —ry), (3.36b)

where we have added the contributions proportional to 7’
coming from the operator O; which preserves the spin
symmetry.

Finally, we discuss strong transitions among sextet
baryons. The contribution due to O, gives

ind“x EUU“BGth,,(XMfL(O) ’Bé(v,s,K)>

iT [d*x ¢, ,GupAlDL, o> . (3.37)

The matrix elements of the light constituents can be parametrized as

iT [[d*x $,,G A%

)

M aPuik = <0

= v‘uékaﬁxs + eaﬁuvv Vg)ucs 1 + eaBKvU ngp.s2 + eaBka Vg,wcs} + (gay GBVAK—ng €avik )U vs4

+ (galeﬁvpx—gﬁ}»eav,uk)v VSS +(gaK6Bvuk_gﬁK6avuk)v 1’s6 ’

where s and s; are constants independent of the heavy-
quark mass, and the flavor wave functions are again
neglected. This is the most general Lorentz structure for
M g Which conserves parity, and is antisymmetric
with respect to the indices a and 3. Let us write

8,9,

AMZ = — amof, (3.39)
with

A=B;(v,5',k')0 4B ,(v,5,K) M P} (3.40)
We further denote

A=A +A+A,+ - +Ag (3.41)

for contributions due to s,s;,5,, . . . ,Sg, respectively.
Using the properties of the wave functions

v¥B,, (v,5,k)=0, (3.42a)

(3.38)

M
(¥ —1)B,(v,5,6)=0, (3.42b)
y"uu(v,s)=0 , (3.42¢)

the identity (3.26), and
i€y = (—yhy y gty =gty g ks

(3.43)
we obtain

A,=0, (3.44)
A(6%—6%)=2s, @ v ysu, , (3.452)
A(6*—6)=—2s qut (3.45b)

V3
A(6—6%)= s Thu (3.45¢)

V3
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A1(6_>6)=%slnyﬂysu , (3.45d)
A,(6* —>6%)=A,(6*—>6)=0, (3.46a)
A (6—6%*)=2V3s, 7 u , (3.46b)
A)6—6)=—2s,ay ysu , (3.46¢)
A4(6*—6%)=A4(6—6*)=0, (3.47a)
Ay(6*—6)=2V3s,Tu" , (3.47b)
A (6—6)=—2s;ay"ysu , (3.47¢)
A,(6* >6*)=A,6—6)=0, (3.48a)
A,(6*—6)=2V3s,Tu" , (3.48b)
A(6—6*)=—2V3s,a"u , (3.48c)
Ay(6* —6*)=2ssa v yu, , (3.49a)
A6 —6)= st (3.49b)
Af6—6%)= — —2s atu (3.49¢)
V73
A(6—6)=3ssaytysu , (3.49d)
A((6* —6*)=2s¢ia vy ysu, , (3.50a)
A6(6*-—>6)=—-‘—5—§—s6ﬁu“ , (3.50b)
A6(6——>6')=~‘—‘——s617”u , (3.50c)
V73
Ag(6—6)=2Lseuyrysu . (3.50d)
Collecting all the terms, we find
AMY(6* —>6*)=— —2° (s, +s5+s¢)Tdysu, ,
2me,,
(3.51a)
AMY6* —6)=—— | L s +1735, +V3s
2myf, | V3 1 2 4
+\—/2_§s5—%§s6 ugtu, ,
(3.51b)
AMY6—6%)=— s L_s +V3s,—V3s
2myf, | V3 ! 2 4
~T/%s5+%s6 a,q"u ,
(3.51¢)
8s

AMY(6—6)=— 2myf '%51—32~S3+%S5+-‘3186]

Xudysu ,

where we have dropped the subscripts 66 in the correc-

(3.51d)

2501

tions to the matrix elements AM2 When Eq. (3.51) is
compared with (3.1), we find

g€=_i_s s'+%sl—s2—ss+%s5+%s6 , (3.52a)
g§=—§Ai yzis’+%s1+V§Sz_V§54
_?%s#%sé , (3.52b)
ggtz—_gxs VTES’+‘/L_§SI+\/—3.S3+\/SS4
+_j__3,s5_71_536] , (3.52c)
gg=—%s— —--;—s’+s1+s5+s6 : (3.52d)

where we have added a term proportional to s’ due to the
operator O; which preserves the spin symmetry. As in
the heavy-meson case, we will assume that the phases for
the field operators of the heavy baryons have been so
chosen that all the coupling constants are real. Then,
g5=g5" gives

S, —S4FtSsg=s3t85,+55 . (3.53)
We can rewrite (3.52) in terms of the combinations
sy=s,+s83, (3.54a)
5’3 =S5 +36 . (3.54b)
Finally, we obtain
g , . 1 .
g§=——§ s +§sl—-s2+§s3 s (3.55a)
8 | V3 2 V'3 1
C—0nC* — _ ° 5, +—5' [ —
g3 g3 A 2 s 1/—5SI 2 s2+2‘/3s3]’
(3.55b)
8 3, ,
g§=—xs — 58 st (3.55¢)

Equation (3.55) shows that the spin symmetry relations
(3.6a)-(3.6¢c) are completely broken at order O(1/my)
due to the presence of the parameters s, 53, and s3.

We now turn to the 1/m corrections to the radiative
interactions Lﬂf};, we shall treat the heavy- and light-
quark electromagnetic currents separately. It is known
that the magnetic couplings aj-ag induced by heavy-
quark electromagnetic currents, can be rigorously deter-
mined by the heavy-quark effective theory [15,17]. As in
the meson case, coefficients a}-a ¢ arise entirely from the
magnetic moment part of J;* shown in Eq. (2.26). For
antitriplet baryons, we evaluate the magnetic form factor
%k"hvowhv

G, =<Bs(v,5') ng,s)} . (3.56)
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Notice that we have taken v =v’ while maintaining a
finite photon momentum k*. Applying Eq. (3.8) yields

GQM—;CT(QQIk"E(v,s') 142”’0# 1“2”’ 5,5)(0l6,4110)
(3.57)
with [25]
(0ld,510) =¢(w-v") (3.58)
and £(1)=1. After simplifying the gamma matrices and

comparing the result with that given by LU '3, We obtain

e

’

ag=—

(3.59)

1

For magnetic transitions between sextet and antitriplet
baryons, we evaluate the matrix element

_ )| e @ kY
G%ﬂ—<B§(v,s) e A (v,s,K)>. (3.60)
Application of Egs. (3.8) and (3.29) yields
o _ i@ 1+4 1+4
G63,1 m Qk u(v,s’) > U#V——z
X B%v,s5,k){0|$,4! ,10) . (3.61)

Since the diquark fields ¢ and ¢, are scalar and axial-
vector fields, respectively, the matrix elements
(0l¢,4! ,/0) must vanish due to conservation of parity.
This renders

(3.62)

Finally, we evaluate the following matrix elements to
determine the couplings ai, a3, and as:

Gg()p=<B6(U’S',K’) g”mQQ-kVEUUWhU Bﬁ(v,s,x)>A

(3.63)

Applying Eq. (3.29), we obtain
|

Gy, = < vs)‘szd“x[O] X)+0,(x)]jem 0)!3 vs)> :

G%u 5 @QI YB%v,s’,k') ljﬂa“v—ly
X BB(v,5,k){019,, .91 410) , (3.64)
with [25]
<0|¢u,a¢z',310>:—gaﬁgl(v'U')+U;U3§2(U‘U')+ B
(3.65)

where terms proportional to v, or/and vy are not shown,
as they do not contribute to (3.64). The normalization of
£, is given by

(3.66)

In the v =v’ limit, the function £, does not contribute to
G g(,“ because

v B, =0 . (3.67)

One can explicitly work out G&” by substituting Eq.
(3.30) into Eq. (3.64). Comparing results obtained in this
manner with those given by the relevant couplings in
L}, we arrive at

e
2mQ

e

[—

1
’ aS_E

ZmQ

r=1
“17% » BTVE | 2m,

(3.68)

The results (3.59), (3.62), and (3.68) agree with the quark
model calculations [17].

Next we tackle the light-quark electromagnetic
currents, which give rise to the magnetic couplings a-a,.
In the heavy-quark mass expansion, we again write

a;,=a’+af (3.69)

i ’
2mg

where i =1,2,...,6. The relations among a”’s were de-
rived in Ref. [17] by evaluating the matrix elements
for B;—B5+vy, ¢(Bg)—>B5+y, and Bg(Bg)
—B((Bf)+y. Wefind

(3.70)

We shall follow the previous procedure to obtain the sub-
leading contributions. For B;—B5+v, we have

(3.71)

m

where the subscript m indicates magnetic contributions only. As in the previous section, we shall set the charge matrix
@=1 and suppress all the flavor quantum numbers in the subsequent discussions.

Since the operator O does not alter the Lorentz structure of light constituents’ matrix element, the magnetic form
factors in Eq. (3.71) receive no contributions from O, [17]. The contribution from O, is given by

2 =
G3,

4m

s
=—4mQu(vs )oPu (v0,5)(M3g,),,

<B (v,s’ \szd x huaaBG“BhU]em(O \Bg(v,s)>
Q m

(3.72)
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where
Mg =<0 T [ d% 8,Gopiim4) 0> . (3.73)
Since M ?zﬁu must be antisymmetric with respect to the in-

dices a,B and obeys constraints from both parity and
electromagnetic current conservation, one concludes
3 .
Maﬂy__la(gyakﬁ_gpﬂka) ) (3.74)

where 8 is a constant independent of the heavy-quark
mass and k is the photon’s momentum. In parametrizing

J

M (3,5“, we restrict ourselves to the structures linear in k
since we are only interested in magnetic interactions.
The same simplification will be assumed in the subse-
quent discussions. Substituting Eq. (3.74) into Eq. (3.72),
we arrive at

, _ i

B 2m

u(v,s")o .k u(v,s) . (3.75)

Equation (3.75) corresponds to a change in the transition
amplitude for B; —B;+y:

AT(B;—B~+7)={Bxy(k,e) |iT [ d*x 0,(x)[—j<™(0) 4#(0)]|B5
3 3 3 u 3

— g“'s 5 uv.
= amg uo, F*u ,

where
F,,=ilk,e,—k,,).

Comparing Eq. (3.76) with L2}, we conclude that
ag=g.0/2A .

(3.76)

(3.77

(3.78)

Since a2 =0, the amplitude for the magnetic transition B;— B3+ is suppressed by A/2m,. For Bg(Bg)—B5+v,
the operator O, gives a contribution to the electromagnetic form factor:

G, = —Tgnf;@s(v,s') lind‘*x F,0 45G“Ph,j<™(0) ‘BG(v,s,K)>
— & (0,50 BB 0,5,k (M g,,) (3.79)
4mQ #(v,s")o v,S,K aBuv)m > .
where
Mg, = (o iT [ d* 6,6 oi™9! , 0) : (3.80)
The most general structure of M ,5,, relevant to the magnetic transition is given by
MaB;w=(gavepﬁlx_gﬂve;mkx)k)\vkt ’ (3.81)
where ¢ is a constant independent of the heavy-quark mass. Equations (3.79) and (3.81) give
AF2(6'—>§)=<B§y(k,s) [ind4x 0,(x)[ —j<"(0) 4(0)] B;‘>
t
= 46:1Q em,MﬁyVF“u" , (3.82a)
= &t 1
2 —_ = v,
AT4(6—3)= 2myg 73 30, F"uq . (3.82b)
Comparing Eq. (3.82) with £}, we find
8s t
€= " e
a=% t V3 |’ (3.83a)
8
ai=— Vir+< |, (3.83b)

where the spin-symmetry-preserving contributions proportional to ¢’ come from the operator O;.

Finally we consider the couplings a§, a§, and a$, which are relevant to magnetic transitions among sextet baryons.
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The relevant matrix element is

G66u < 6(U s’ K)

iT [ d*[0,(x)+0,(x)1j¢ (0)|B vsx)> .

(3.84)

Particularly, we shall focus on the contribution from the operator O,, which is given by

G66[,L 4mQ <B6(U s’ K ")

& =
= — 4mQ BV(U,S',K’)UaBB}‘(U,S,K)(MaBVA# )m s

where
M (O|¢uv aB.] ¢uk|0>

One can parametrize M ,,,,, as follows:

afviu

M afviu =

+iw3[gak(gﬁykv_gyvkﬁ)—gﬁ)\(gaukv—gp,vka)] ’

tde x huaaﬁG"‘Bh jut(0) ‘Bs(v s K)>

(3.85)

(3.86)

w18, (8 uakp—8upka) TiWr[8 0 8k n —8iukp) —8p (8 apki —8iuka)]

(3.87)

where the constants w,, w,, and w; are independent of the heavy-quark mass. Equations (3.85) and (3.87) give a contri-

bution to the photon transition amplitude:

—<B6(v’,s’,lc')y(k,e) ’ind“x 0,(x)jem

(0) 4#(0) ‘Bﬁw,s,x))

=— E‘,(v’,s’,K’)(wla"BFaBg")‘+2w20”BFBA+2w3UABFBV)BA(v,s,K) .

AT?[B¢(v,s,k)—Bg(v',s", k") +y(k,e)]=
&s
4mQ
Let us denote
2 8s
4mQ

where

8,=w,B"(v',5",k)0PF 4B, (v,5,K) , (3.90a)

8,=2w,B (v',s',k")aPF 5 BM(v,s,k) , (3.90b)

8;=2w3B"(v',s",k" Yo F 4B, (v,5,k) . (3.90¢)

Making uses of the identities for the Dirac matrices stat-
ed earlier and

{va"}/K} =2€vaKyK7/5 ’ (3.91a)
[o’,uv’,},)\]:—2i(gyk)/v—gvA)/p) ) (391b)
r*0,,7,=0, (3.91c)
7Mv)o , ¥ uy (v)=2ia"(v)F ,,u" () (3.91d)
we obtain
8,(6*—6%*)=w, ﬁ”o“ﬁFaBu,, , (3.92a)
8,(6* —6)= ‘/3 = w €, Y FHut (3.92b)
8,(6——»6*)=-—-‘—/%wle‘“’“ﬁ“vaMu : (3.92¢)

(3.88)
8,(6—6)=1w,70%F pu , (3.92d)
8,(6* —6%)= —w, T 0PF u,, , (3.93a)
~ 2 gk
62(6*_>6)=T/:3wzeymuy FMutb | (3.93b)

1 VA
82(6—>6*)=—73—w26" T,y ok (3.93c)
8,(6—6)=—4w,0%F pu , (3.93d)
85(6* —6%)= —w; 7 0“°F pu,, , (3.94a)
5,(6% —6)=— 71§—w3euwﬁyVF“u# , (3.94b)

2 VAKZ
86— 6* )=T/§w3e“ M4,y Fa (3.94¢)
8;(6—6)=—4w;70F ,5u . (3.94d)
Collecting all the terms yields
&s —=v__q
AT(6* —6%)=— amg (W, —w, —w3) T 0F gu, ,
(3.95a)
8s 2 2 1
2(6* — = — —_ = —_— e —
AT*(6* —6) amyg ‘/3w + 3 Wy = A w,

X €,y F M ut (3.95b)
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8s 2 1 2
AT?(6—6*)=— ——=w,——=w,+—=
(6—6") amg AT AT R
X €, 0"y FMu (3.95¢)
8 1 4 4 —
AF2(6—>6)=—4”:Q FWIT W W #0%F gu .
(3.954)
When Eq. (3.95) is compared with Lff},, we have
as=—2 L, —dw,—4w,) | (3.96a)
1 A 3 Wi 2
g V3 1
a§=—’{sA— ——2—w+7(—2w1—-w2+2w3) ,
(3.96b)
g V3 1
a§‘=—-2;\ ——Tw+—‘/—§-(—2w1+2w2—w3) ,
(3.96¢)
8 3
as=——25X —Swtw —w—wy) | (3.96d)

where we have included the contributions proportional to
w from the spin-symmetry-preserving operator O;.
Again, we will assume that the phases of the heavy
baryon fields have been so chosen that the coupling con-
stants are real. Then a§=a§* gives

w,=ws , (3.97)
and

g 1 8

a§=-— 2;\ w+;w1 FW2 | (3.98a)

& | V3 2
C—pck —__°2% | _ Y9I
a3;=a; A Sy w ‘/§w1+\/§w2 ,
(3.98b)

g 3

a{=-— 2;\ W +w, 2w, (3.98¢)

It is clear from Eqgs. (3.78), (3.83), and (3.98) that to order
O(1/my) all the spin symmetry relations among the cou-
pling constants a; for radiative transitions are broken.

Equations (3.16), (3.36), and (3.55) are the main results
in this section for the strong-coupling constants
81,---,8¢ and (3.78), (3.83), and (3.98) for the elec-
tromagnetic transition couplings a,, . . . ,a,.

IV. DISCUSSION

In this work we have carried out a systematic theoreti-
cal study of the order 1/m effects to the heavy-meson
and heavy-baryon chiral Lagrangian for strong and elec-

tromagnetic interactions. There are two distinct correc-
tions at this order. The first is a kinematic correction re-
quired by reparametrization invariance. In practice, this
effect for simple processes such as decays can be largely
taken into account by using the full momentum P of a
heavy particle and the corresponding polarization vector
or Dirac spinor instead of parametrizing it by
P=Mpyv +k and dropping the residual momentum k.
The second effect is a dynamic correction induced by the
order 1/m terms in the QCD Lagrangian which break
the flavor-spin symmetry of the heavy quarks. As in our
earlier publications [11,17], we focus our attention on the
interactions involving only the first order in the momen-
tum of a Goldstone boson or a photon. To this order, not
surprisingly, the heavy-quark symmetry-breaking interac-
tions of QCD do not produce any new types of interac-
tions for the heavy hadrons with the Goldstone bosons or
photons. Instead, their effects make order 1/m, correc-
tions to the coupling constants in the heavy-hadron
chiral Lagrangian.

To order 1/m,, QCD contains one operator O, [see
Eq. (1.15¢)] which breaks only the heavy flavor symme-
try, and a second operator O, [see Eq. (1.15d)] which
breaks the flavor-spin symmetry of heavy quarks. For a
given heavy flavor, the effects due to O, can be absorbed
by the coupling constants which satisfy the heavy-quark
spin symmetry. Effectively, the operator O, does not in-
troduce any new unknowns. On the other hand, the
operator O, introduces new unknowns of order 1/m,
which break the spin symmetry relations among the cou-
pling constants. In the heavy meson sector, there is one
new unknown each in the strong interactions and elec-
tromagnetic interactions, respectively. In the heavy-
baryon sector, there are five new unknowns of order
1/mg, to describe the six strong interaction coupling con-
stants g;,...,8¢. There are four new unknowns to de-
scribe the six radiative transition coupling constants
ay,...,as In particular, the reactions By—B;+7 and
B5;— B5+v which are forbidden in the infinitely heavy-
quark limit have coupling strength of order 1/mg,. In re-
ducing the number of unknowns, we have appealed to the
charge conjugation symmetry for certain processes and
the reality of the coupling constants associated with
them. This can always be accomplished by a proper
choice of the phases for the field operators of the heavy
hadrons. For example, in our quark model calculations
in Refs. [11,17], all the coupling constants are indeed
real.

These new unknowns depend on the QCD’s long-
distance dynamics of light quarks and gluons. In princi-
ple, they are calculable numerically in lattice QCD. At a
more phenomenological level, the quark model has no
simple predictions for them either, unlike the coupling
constants in the infinitely heavy-quark limit. Neverthe-
less, it is important to consider the sizes of these correc-
tions as they affect the strong and electromagnetic in-
teraction physics of the heavy hadrons, especially the
charmed mesons and baryons. For this purpose, it is
perhaps useful to calculate those corrections in the quark
model and the MIT bag model with some specific phe-
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nomenological wave functions for the heavy hadrons.

We will illustrate the last point with a problem of prac-
tical interest. For the heavy-meson chiral Lagrangian
.CE:I),P., the HQS relation f =2g is modified by 1/m,
corrections. The splitting of f and 2g, §=2g —f, will
contribute to SU(3)-violating corrections to the heavy-
meson hyperfine splitting. Such corrections are charac-
terized by the parameter [26]

APE(MPt—MPs)_(MP;—MPd) .

In the charmed meson case, experimental data give
[27,28]

Ap=0.9+1.9 MeV . 4.1)

On the theoretical side, a one-loop calculation based on
the heavy-meson chiral Lagrangian given by Eq. (2.1) has
recently been performed [23]. In this work A, is ob-
tained by evaluating the self-energy diagrams of D and
D*, where each diagram contains one insertion of the re-

sidual mass term AM 2P (v)P'(v) appearing in .Cil}),},*. By
32 .

retaining mgInm; and m;]’“ corrections, it was found
that, to the order of 1/m_ [23],

Ap=+95 MeV . 4.2)

In comparison with the experimental value given by Eq.
(4.1), this result is larger by almost two orders of magni-
tude. In addition to obtaining Eq. (4.2), the authors of
Ref. [23] also estimated other contributions to A, which
are of the same order or one order higher. As they point-
ed out, one had to include an additional contribution
which is quadratic in Goldstone-boson masses. Such
corrections arise from the chiral loops mentioned above
plus the counterterms listed below (see also Ref. [1]):

OP=a,MpP(EMTE+EMENPT

O =a,M . P%(EME+EMENP*HT @
where
m, O
M=10 my 4.4)
0 0 m

The counterterms OF and O”" contribute to A p because
there will be a deviation from the spin-symmetry relation
a,= —a, at the order of 1/m,. By a naive dimensional
argument, Randall and Sather estimated this contribu-
tion to be about 20 MeV in magnitude. Furthermore,
they noted that the O(1/m?) contributions to Aj, could
also be as large as 10 MeV in magnitude. These large in-
dividual corrections raise interesting questions on the re-
liability of chiral perturbation theory and/or 1/mg ex-
pansion. Given all these large contributions, the authors
suggested that there may be accidental cancellations
among various terms so that the resultant Aj is small.
Although this might indeed be the case, we would like to
point out that the calculation done in Ref. [23] is not
complete at order 1/m,. Specifically, it missed those
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effects induced by the splitting of f and 2g in the self-
energy diagram depicted in Fig. 1. At the order of 1/m,,
8 is finite, and D and D * will acquire different mass shifts
which contributes to the hyperfine splittings of heavy
mesons. Since the difference between D and D* mass
shifts is SU(3) flavor dependent, it therefore contributes
to the parameter A,. Denoting this extra contribution as
A}, we find

A 1my 1 mg 1 my
b 32 77'f721_ 48 7rf12< 96 'n'f%’
2 2
3 mg mg
ST [ M Mox . @9

where x = '8, and we have suppressed contributions pro-
portional to (Mp, —Mp, )2 or higher since they are found

to be negligible. The first term in Eq. (4.5) can be easily
obtained from Eq. (4.3) of our forthcoming paper [1] (see
the footnote there for details). The second term emerges
as one takes into account the splitting of the strange and
nonstrange heavy-meson masses. Now for numerical
analyses, we shall take A,~1 GeV [29], and the fitted
value of [27]

(MDS _MDd)=99‘ 5+0.6 MeV .

In view of large positive value in Eq. (4.2), one would
favor a negative A}, to counteract it. This requires x to
be positive or, in other words, 4g2> f2. At this point, we
do not plan to perform any model calculation of x. Nev-
ertheless, a crude estimation of x can be obtained by di-
mensional arguments. If we assume that the heavy-quark
expansion at the hadronic level is governed by the param-
eter A, /2mg, [22], we would roughly expect that

) | Ax
— = 4-
7 } 0 am, (4.6)
Taking m,=1.8 GeV and f?=2 [30], we obtain
|x]| )
—-=|—|=0.3. 4.7)
s

If one simply assumes x =0.3f2=0.6, then A= —62
MeV. If x is indeed positive, this would provide a sub-
stantial cancellation to the result of Eq. (4.2). The cancel-
lation would be further enhanced if the contribution from

FIG. 1. An additional chiral-loop diagram which contributes
to the hyperfine splitting of charmed mesons. The dashed line
denotes a light meson which can be strange or nonstrange. The
solid line represents a charmed meson which can be strange or
nonstrange, spin O or spin 1. In this case, the propagator of the
heavy meson contains no insertion of the mass-difference term,
AM?P(v)P'(v).
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Eq. (4.3) is also negative. Unfortunately, there still exists
no data to support this claim. In fact, there is also no ex-
perimental evidence for a positive x. Certainly, a nega-
tive x would make the situation even more troublesome.
At any rate, we want to emphasize that one should in-
clude the effect of Fig. 1 when computing the parameter
Ap. Whether or not this effect is adequate to resolve the
puzzle posed by Eq. (4.2) is not yet clear until one has
more experimental data, and a better theoretical under-
standing [31].

From the above example, we have seen that the split-
ting of f and 2g at the order of 1/m,, could give impor-
tant effects. Similar situations may also occur in other
parts of the heavy-hadron chiral Lagrangian. Since there
are insufficient data to fix the parameters of the theory, it
would be helpful to combine the results of this paper with
a certain model estimation of parameters, so that quanti-
tative predictions of the 1/mg correction can be made.
The results in this paper provide constraints that indivi-
dual contributions must satisfy in any model calculation.

To cite just one example, consider the corrections to the
heavy-meson strong interaction coupling constants f and
g. From Eq. (2.21) we see that the corrections due to the
operator O, satisfy the spin symmetry relation, and those
due to the operator O, also satisfy a relation, albeit a
different one. We shall leave such model studies to a fu-
ture investigation.
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