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Chiral perturbation theory for hadrons containing a heavy quark
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An effective Lagrangian that describes the low-momentum interactions of mesons containing a heavy
quark with the pseudo Goldstone bosons &, K, and 7 is constructed. It is invariant under both heavy-
quark spin symmetry and chiral SU(3); xSU(3)g symmetry. Implications for semileptonic B and D

decays are discussed.
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The interactions of a heavy quark Q (i.e., mg > Aqcp)
are simplified by going over to an effective theory where
the heavy-quark mass goes to infinity with its four-velocity
fixed [1-13]. The effective theory has new symmetries
that are not manifest in the full theory of QCD [1,2]. For
N heavy quarks the effective theory has an SU(2N) spin-
flavor symmetry because the interactions of heavy quarks
are independent of their mass and spin. Heavy-quark
symmetry has been used to predict many properties of
hadrons containing a single heavy quark. For example, it
implies that all the form factors for B— Dev, and
B— D*ev, can be expressed in terms of a single universal
function [1] and that the value of this function at zero
recoil (where in the rest frame of the B the D and D* are
at rest) is known [1,10,11]. These results are expected to
play an important role in determining the value of the
Cabibbo-Kobayashi-Maskawa matrix element V.

The strong interactions have an approximate SU(3),
xSU(3)g chiral symmetry that is spontaneously broken
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Here f is the pseudoscalar pion (or kaon) decay constant,
f=135 MeV. Under a chiral SU(3), xSU(3) transfor-
mation

r— LIR' )

where L € SU(3); and R € SU(3)g. It is convenient
when discussing the interactions of the z, K, n with other
fields to introduce

E=Vz. 3)
Under a chiral SU(3); xSU(3) transformation,
£— LEUT=UER', (@)

where in general the special unitary matrix U is a compli-
cated nonlinear function of L, R and the pseudo-Gold-
stone-boson fields. [However, for an unbroken SU(3)y
transformation, ¥ =L =R, the matrix U is equal to V']

In this paper the low-momentum interactions of the r,
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to the vector SU(3)y subgroup. This symmetry arises be-
cause the light u, d, and s quarks have masses that are
small compared with the QCD scale Aqgcp. Associated
with the spontaneous breaking of the approximate chiral
symmetry are the light pseudoscalar mesons x, K, and 1.
The interactions of these pseudo Goldstone bosons, at low
momentum, are described by an effective Lagrangian that
contains the most general couplings consistent with chiral
symmetry. Much of the predictive power arises because
at low momentum terms with the fewest number of
derivatives and insertions of the (3;,3z)+(3,,3%) sym-
metry-breaking light-quark mass matrix dominate.

The pseudo Goldstone bosons are incorporated in a 3% 3
unitary matrix

2ZiM }, (1a)

X =exp
s

where

K+
K° ) (1b)
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r
K, and n, with the ground-state heavy mesons with Qg
flavor quantum numbers are studied. (Here a=1,2,3 and
q'=u, g*=d, q>=s.) These heavy mesons have s;"
= 17, for the spin-parity of the light degrees of freedom.
Combining the spin of the light degrees of freedom with
the spin of the heavy quark gives (in the mg— oo limit)
three degenerate doublets consisting of an SU(3), anti-
triplet of spin-zero mesons that are denoted by P, and an
SU(3)y antitriplet of spin-one mesons that are denoted by
P}. In the case Q =c these are the spin-zero D°, D*, D,
mesons and the spin-one D*°, D**, D mesons. It is im-
portant that the effective Lagrangian that describes the
low-momentum interactions of the heavy P, and P
mesons with the pseudo Goldstone bosons be invariant un-
der heavy-quark symmetry. For example, even if one is
interested in processes involving only a real D meson (e.g.,
D semileptonic decay) the D* meson will occur as a virtu-
al particle in pole-type Feynman diagrams. The heavy-
quark spin symmetry relates the couplings of the D* to

© 1992 The American Physical Society



45 CHIRAL PERTURBATION THEORY FOR HADRONS . ..

those of the D.
It is convenient to combine the P, and Pa",‘, meson fields
into a 4 x4 matrix H,, given by [14,15]

l+v’(

H,= PEy" —Pays) . (5)

Here P, is the field operator that destroys a P;' meson of
four-velocity v. It satisfies the constraint

l’”P;;, =0. 6)

The field operator P, destroys a P, meson of four-velocity
v. Pair creation does not occur in the effective theory
(where mg— o) so these field operators do not create the
corresponding antiparticles. Under SU(3),xSUQG)g
chiral symmetry,

H,— HyUf, , ¢))

where the repeated index b is summed over 1, 2, 3. Here
U is the 3x3 matrix introduced in Eq. (4). Under the
heavy-quark spin symmetry group [i.e., SU(2).],

H,— SH., ®)

where S € SU(2), (recall that [2] [¢,S1=0). Finally,
under Lorentz transformations,

H,— D(AYH,D(A) ', 9)

where D(A) is an element of the 4x4 matrix representa-
tion of the Lorentz group. It is convenient to introduce
the matrix

H,=y°Hly°. (10)

Explicitly,

H, =P yﬂ+PJy5)' an
For H, the transformation laws corresponding to those in
Egs. (7), (8), and (9), respectively, become H,— UaHp,
H,— H,S ™', and H,— D(A)H,D(A) ~".

The strong interactions of the pseudo Goldstone bosons
with the heavy mesons are described by the effective La-
grangian density

=—iTrH,0,0"H,+ ¥ i TrH, Hypo* (E19,E+£8,E)sa
+ Y ig TeH Hpy,rs(6707E—E0"EDp+ -+, (12)

where the ellipsis denotes terms with more derivatives and
the repeated indices a, b are summed over 1, 2, 3. Deriva-
tives on the heavy-meson fields give factors of the small
residual momentum [2]. The Lagrangian density in Eq.
(12) is the most general one that is invariant under
SU(3), xSU@3)g chiral symmetry, Lorentz transforma-
tions, SU(2), heavy-quark spin symmetry and parity.
[Note that TrH,Hpysv,(£79E — £8YET),, vanishes.] Fac-
tors of \/mp and \/mp+ have been absorbed into the P,
and P, fields so that the Lagrangian is independent of the
heavy-quark mass. Consequently, the heavy-meson fields
have dimension 3.

Expanding & in powers of the meson fields and taking
the traces yields Feynman rules for the interactions of the
n, K, and n with the heavy mesons. The P, and PF prop-
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agators that follow from (12) are i8,/2v-k and
— 84 (guv—vut,)/ 20 k, respectively. In the case Q=c
the D* — Dr decay width is determined by g:

2
F(D*+—.D°n+)-[*6l7]%|p,|3. a13)

Unfortunately, because of the small value of the pion
three-momentum, Ip,l =40 MeV, the D* lifetime is so
long that it is very hard to measure. [At present there is
an experimental limit T'(D**— D%*%)<0.6 MeV,
which gives the bound g? < 3.] The coupling g is indepen-
dent of the heavy-quark mass.

The light-quark mass terms in the QCD Lagrangian
transform as (3,,3g)+(3,,3%) under chiral SU(3),
xSU(3)g. To incorporate the leading effects of explicit
chiral-symmetry breaking from light-quark masses,

LY =\ TrHyH, (Em,E+ETm ey

A TrH H,(m 2+ m)pp+ - (14)
is added to the Lagrangian density in Eq. (12). In Eq.
(14) the ellipsis denotes terms with derivatives and

m, 0 O
my=|0 my O 15)
0 0 m

is the light-quark mass matrix. It is also possible to in-
clude deviations from the mgp— oo limit that violate
heavy-quark spin symmetry. At order Aqcp/mg the
heavy-quark spin symmetry is broken by the color-
magnetic-moment operator [6]. To include its effects,

8£(2)=l—2—Trﬁao”"Hao,,v+ .. (16)
mg

is added to the Lagrangian density in Eq. (12). (Note
that A; and A{ are dimensionless but A, has dimension 2.
The coupling constants A; and A are independent of the
heavy-quark mass, while A, has a calculable logarithmic
dependence on the heavy-quark mass [6] from perturba-
tive QCD.) In Eq. (16) the ellipsis denotes terms with
derivatives. The leading term in Eq. (16) does not involve
the pseudo Goldstone bosons. Its only effect is to change,
respectively, the P, and P; propagators [16] to i8./
2(0-k+ §A) and —ida(guy—v,0,)/2(0- k — % A), where
A=mps—mp. (In terms of the coupling constant A,,
A= —2)s/mg.) Now in the rest frame v=(l 0), an on-
shell P, meson has the residual energy — 7 A and an on-
shell P¥ meson has the residual energy % A. It is con-
venient when dealing with situations involving a real P,
meson and a virtual P; meson to redefine the heavy
meson fields by exp(i § Ac- x) so that the P, and P prop-
agators become i8,/2v-k and  —idup (g, —vuv,)/
2(v-k —A), respectively. For @ =c and Q =b, the mass
difference A is of the order of the pion mass and so in
power counting it is considered to be as important as one
derivative.

There are many applications of chiral perturbation
theory for hadrons containing a single heavy quark. For
weak semileptonic B decay to noncharmed final states
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with low momentum, matrix elements of the operator

y=g%"(1 —y5)Q are needed (with Q=b and a=1).
This operator transforms under chiral SU(3), xSU(3)g
as (3;,1g) and its hadronic matrix elements are given by
those of

Ly=

%]Try”(l—ys)Hh§Za+ e an

where the ellipsis denotes terms with derivatives, factors
of the light quark mass matrix my, or factors of 1/myg.
The constant a is related to the B-meson-decay constant
which defined by (0|@y'ysb|B ~(v))=ifpph, where pg
=mgv. Taking the B~ — vacuum matrix element of the
left-handed current in Eq. (17) and noting that the vector
part does not contribute (because of parity invariance of

the strong interactions) gives a =fg~/mp. The parameter
a has logarithmic dependence on the heavy-quark mass
from perturbative QCD [7,8]. For B® — n*ev, the need-
ed matrix element is

(* () liay* (0 —ys)b|B°(0)) = f+(pg+p,)"
+f_(pg—p.)". (18)

In chiral perturbation theory this matrix element of Ly
follows from the Feynman diagrams in Fig. 1. They yield

fe+fo=—=(/ )l —gv-p /- p,+A)], (19)
and
S+—f-=—gfemp/lf(v: p+4)], (20)

for the form factors f+ at small v-p,. Experimentally,
A=mg« —mp=50 MeV. Note that f+ —f_ is enhanced

(1 —y5)b=—B(c- l")Trf_la(")(v'))’p(l -y )HL () + - -

where the ellipsis denotes terms with derivatives, factors
of my, or factors of 1/mg. From the B— D (or D*) tran-
sition it follows that B(v-v') is the universal function
relevant for semileptonic B— Dev, and B— D*ev, decay
[1]. It has a logarithmic dependence on the heavy quark
masses from perturbative QCD [7-9]. The leading term
in Eq. (22) is independent of the =, K, and 7 fields. Con-
sequently, in chiral perturbation theory, it is pole-type di-
agrams that dominate the amplitudes for semileptonic
b— c transitions that have low-momentum pseudo Gold-
stone bosons in the final state. These pole-type diagrams
are determined by the function B(v-v') and the coupling
g. An interesting aspect of the application of chiral per-
turbation theory to these decays is that its validity is not
restricted to v- ¢’ very near unity. For example, if X=r,
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FIG. 1. Feynman diagrams for the matrix element in Eq.

(18). The solid square denotes the left-handed current and the
solid circle is the BB* r coupling that follows from the term pro-
portional to g in Eq. (12).

[17) by (mg/f) over f++f_,s0 f+=—f_ and
S+=—gfemp/12f (- p,+A)]. Q@n

This is the same result as Ref. [18] which previously con-
sidered the influence of the B* pole on B— rev,, and
found that it dominates f4+ for small v-p,. Of course,
with the methods developed here, multipion final states
can also be considered. Equations (19) and (20) hold for
D— mev, if the substitutions fg— fp, mg— mp, and
A=m;s—mp are made. In principle they can also be ap-
plied to D— Kev,. In that case A =mps —mp. However,
it is important to remember that the kaon mass is not very
small so in the D— Kev, case significant corrections to
Egs. (19) and (20) are expected from terms in Eq. (17)
with one derivative.

Semileptonic decays B— DXev, and B— D*Xev,,
where X is a low-momentum state of one or more pseudo
Goldstone bosons, can also be studied using chiral pertur-
bation theory. Hadronic matrix elements of ¢y,(1 — ys)b
are needed for these decays. This operator is a singlet un-
der SU(3), xSU(3)g and in chiral perturbation theory,
its hadronic matrix elements are given by those of

(22)

then chiral perturbation theory is valid for v- p, and ¢" p,
small. This can occur when v- ¢’ is not particularly close to
one.

A more complete discussion of the application of the
methods developed in this paper to semileptonic B and D
decays will be presented in a further publication.

Note added. After completion of this work I received a
paper by A. Burdman and J. Donoghue [Report No.
UMHEP-365 (unpublished)]. It contains similar work to
that presented here.
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ment of Energy under Contract No. DEAC-03-81ER-
40050.
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