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Heavy-meson observables at one-loop in partially quenched chiral perturbation theory
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I present one-loop level calculations of the Isgur-Wise functions forB→D (* )en, of the matrix elements of
isovector twist-2 operators inB andD mesons, and the matrix elements for the radiative decaysD* →Dg in
partially quenched heavy quark chiral perturbation theory. Such expressions are required in order to extrapolate
from the light quark masses used in lattice simulations of the foreseeable future to those of nature.
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I. INTRODUCTION

In order to extract fundamental quantities from syste
containing heavy quarks, such as the weak mixing ang
Vbc andVbu , the strong interaction contributions to the o
servable of interest must be determined. This is because
standard model of electroweak interactions is constructe
terms of quarks, gluons and leptons, while we are only a
to study the quarks via the properties of the hadrons wit
which they are confined. Significant progress was made
eliminating the strong interaction uncertainties in some m
trix elements in hadrons containing one or more hea
quarks in the late 1980s with the discovery of the hea
quark symmetries@1#, and the formulation of heavy quar
effective theory@2#. Ultimately, such strong interaction e
fects will be directly computable from numerical lattic
QCD simulations; however, at this point in time, and in t
foreseeable future, lattice simulations will not be perform
with the physical values of the light-quark masses,mq . In
order to make a connection between the lattice simulati
and nature, an extrapolation from the lattice quark masse
those of nature is required. One can most efficiently perfo
the extrapolation for many observables using simulations
partially quenched QCD~PQQCD! matched to partially
quenched chiral perturbation theory (PQxPT) @3–9#. Some
observables have been analyzed with PQxPT in the light
pseudoscalar meson sector, such as decay constants
masses@5#. Further, the decay constants andB parameters for
mesons containing a single heavy quark have been comp
@4#. In this work we present the one-loop analysis in PQxPT
of the Isgur-Wise function forB→D (* ) decays, of the matrix
elements of isovector twist-2 operators that are directly
lated to moments of the parton distribution functions, and
the radiative decaysD* →Dg.

II. PQQCD

We will consider a theory constructed from three valen
quarks, u,d,s, three-sea quarksj ,l ,r and three bosonic
quarksũ,d̃,s̃. The masses of the bosonic-quarks are equa
those of the valence-quarks,m̄,m̄,ms respectively, where we
have chosen to work in the isospin limit. The sea-quarks
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taken to be degenerate with massmj . The valence-, sea-, an
bosonic-quarks are combined into column vectors

QL5~u,d,s, j ,l ,r ,ũ,d̃,s̃!L
T , QR5~u,d,s, j ,l ,r ,ũ,d̃,s̃!R

T ,
~1!

which transform in the fundamental representation
SU(6u3)L,R respectively. The ground floor ofQL transforms
as a (6,1) of SU(6)qL^ SU(3)q̃L while the first floor trans-
forms as (1,3). The right handed fieldQR transforms analo-
gously. The PQQCD Lagrange density is invariant und
SU(6u3)L ^ SU(6u3)R chiral transformations, and in direc
analogy with QCD a chiral Lagrangian can be constructed
describe the low-energy dynamics of the low lying hadro

The low-energy QCD dynamics of hadrons containing
single heavy quark are described by a chiral Lagrangian
has the heavy quark spin symmetry and flavor symme
manifest @10,11#. The extension of the heavy quark chir
Lagrange density to describe heavy quark systems
PQQCD can be found in Ref.@4#. The dynamics of the
pseudo-scalar mesons are described at leading order
Lagrange density of the form

L5
f 2

8
str@]mS†]mS#1l str@mQS†1mQS#

1aF]mF0]mF02m0
2F0

2 , ~2!

where the meson field is incorporated inS via

S5expS 2iF

f D5j2, F5S M x†

x M̃
D , ~3!

where M and M̃ are matrices containing bosonic meso
while x and x† are matrices containing fermionic meson
with

M5S hu p1 K1 J0 L1 R1

p2 hd K0 J2 L0 R0

K2 K̄0 hs Js
2 Ls

0 Rs
0

J̄0 J1 Js
1 h j Yjl

1 Yjr
1

L2 L̄0 L̄s
0 Yjl

2 h l Ylr
0

R2 R̄0 R̄s
0 Yjr

2 Ȳlr
0 h r

D ,
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M̃5S h̃u p̃1 K̃1

p̃2 h̃d K̃0

K̃2
K̃̄0 h̃s

D
x5S xhu

xp1 xK1 xJ0 xL1 xR1

xp2 xhd
xK0 xJ2 xL0 xR0

xK2 x K̄0 xhs
xJ

s
2 xL

s
0 xR

s
0

D
~4!

where the upper 333 block of M is the usual octet of
pseudo-scalar mesons while the remaining entries co
spond to mesons formed with the sea-quarks. The sin
field is defined to beF05str(F)/A2, and its massm0 can be
taken to be of order the scale of chiral symmetry breaki
m0→Lx @9#. The super mass matrix,mQ , is

mQ5diag~m̄,m̄,ms ,mj ,mj ,mj ,m̄,m̄,ms!, ~5!

where we will work in the limit of exact isospin symmetr
The convention we use corresponds tof ;132 MeV.

TheB mesons with quantum numbers ofbQ̄ form a nine-
component vector,

B5~Bu ,Bd ,Bs ,Bj ,Bl ,Br ,Bũ ,Bd̃ ,Bs̃!, ~6!

and heavy quark spin symmetry~for a comprehensive review
see Ref.@12#! is implemented by combining the annihilatio
operators for theB and B* mesons together into the fiel
Hv :

Hv5
1

2
~11v” !@gaBa* 1 ig5B#, ~7!

whereHv→HvV† underSU(3) flavor transformations and
Hv→SbHv under heavy quark spin transformations. T
four-vectorvm is the four-velocity of the heavy meson. Th
low-momentum strong interaction dynamics of the hea
mesons are described by a Lagrange density of the form@4#

L52 i Tr@H̄vvm~]mHv1 iH vVm!#2gp Tr@H̄vHvgng5An#,

~8!

where

H̄v5g0Hv
†g05@gaBa*

†1 ig5B†#
1

2
~11v” !, ~9!

and where the light-meson fields are

Am5
i

2
~j]mj†2j†]mj!, Vm5

1

2
~j]mj†1j†]mj!.

~10!

The Tr@ # ’s in Eq. ~8! correspond to traces over Dirac indice
and implicit in Eq. ~8! are str@ # ’s over the flavor indices.
Couplings toF0 @4#, such as str@Am#, have not been included
as theF0 will be integrated out of the theory, and suc
03401
e-
let

,

y
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contributions will be included via higher dimension loc
operators. The axial coupling constantgp has been con-
strained to begp;0.56 @13# ~or gp50.24) by the radiative
decaysD* →Dg,1 and recent quenched lattice simulatio
yield gp;0.42 @15,16#. Very recently, there has been a d
termination ofgp by a direct measurement of theD* width
@17#. The measured width,G(D* 1)59664622 keV,
yieldsgp50.5960.0160.07. The low-momentum strong in
teraction dynamics ofD (* ) mesons are described in a
analogous way, with heavy quark flavor symmetry dictati
that the axial coupling,gp , for theB’s andD ’s is the same.
Further, the dynamics of the anti-heavy mesons can be
scribed in analogous way@4#.

III. DECAY CONSTANTS

The heavy meson decay constants, such asf Bu
, have been

analyzed at the one-loop level in PQxPT by Sharpe and
Zhang @4#. Their analysis provides a very clear demonst
tion of the implementation of PQQCD and PQxPT, and it is
worth reviewing their results.

The decay constants of the heavy mesons are defined
the matrix element

^0uq̄gm~12g5!buBq~v !&52 i f Bq
mBvm. ~11!

In the heavy meson effective field theory, this matrix elem
receives contributions from both tree-level operators a
from diagrams involving light-meson loops. Up toO(mq),
the local operators that contribute are

Lm
a 52

k

2
Tr@gm~12g5!Hvj†na#2

C1~L!

2

3Tr@gm~12g5!HvM1j†na#2
C2~L!

2

3Tr@gm~12g5!Hvj†M1na#2
C3~L!

2

3Tr@gm~12g5!Hvj†na#str@M1#, ~12!

wherena is a column vector that picks out the light qua
associated with the desired current,L is the renormalization
scale, andM1 is related to the mass matrix viaM6

5 1
2 (jmQj6j†mQj†). At leading order one finds thatf Bq

5k/AmBq
. At O(mq) in PQxPT the decay constants are@4#

AmBq
f Bq

PQ5kF12
113gp

2

32p2f 2S 3mjq
2 log

mjq
2

L2
2

1

3
~2mqq

2

2mj j
2 !log

mqq
2

L2 D G1„C1
(R)~L!1C2

(R)~L!…mq

13C3
(R)~L!mj , ~13!

1A more detailed study@14# gives gp;0.7660.2 or gp;0.27
60.07.
4-2
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HEAVY-MESON OBSERVABLES AT ONE-LOOP IN . . . PHYSICAL REVIEW D65 034014
where mqq , mj j and mjq are the masses of light meson
with quark compositionq̄q, j̄ j and j̄ q respectively. The
Ci

(R)(L) are renormalized constants where both divergen
and terms that are analytic inmq have been absorbed. Th
expression in Eq.~13! holds for all q5u,d,s, j ,l ,r , and
agrees with the expression in Ref.@4# when there are three
sea quarks,Nf53. Lattice simulations off Bu,d,s

and f Bj
at

various values of the sea-quark masses,mj , and various val-
ues of the valence masses will allow for the determination
the quantitiesk, C3

(R)(L) and the combinationC1
(R)(L)

1C2
(R)(L). As these counterterms have the same value

QCD and PQQCD, their values can be inserted into the Q
expressions for the decay constants@4,18#

AmBu
f Bu

5kF12
113gp

2

32p2f 2S 3

2
mp

2 log
mp

2

L21mK
2 log

mK
2

L2

1
1

6
mh

2 log
mh

2

L2D G1„C1
(R)~L!1C2

(R)~L!…m̄

1C3
(R)~L!~2m̄1ms!

AmBs
f Bs

5kF12
113gp

2

32p2f 2S 2mK
2 log

mK
2

L21
2

3
mh

2 log
mh

2

L2D G
1„C1

(R)~L!1C2
(R)~L!…ms

1C3
(R)~L!~2m̄1ms!. ~14!

IV. CHIRAL 1 Õmc
2 CORRECTIONS TO B\D „* … AT ZERO

RECOIL

The matrix elements for the semileptonic decaysB
→Den andB→D* en at zero-recoil are normalized to unit
in the heavy quark limit@1#. Further, there are no correction
at zero-recoil of the form 1/mc,b by Luke’s theorem@19#, and
the leading corrections in the heavy quark expansion ente
1/mc

2 . In addition to contributions from perturbative inse
tions of local operators in the heavy quark Lagrange den
there are also contributions that receive infrared enhan

FIG. 1. One-loop diagrams that contribute to the matrix e
ments forB→D (* ). The solid lines denote mesons containing
heavy quark, while the dashed lines denote light mesons. The
square corresponds to an insertion of the weak interaction ve
while the small solid circles denote a strong interaction ver
}gp . Diagram~a! is a vertex correction, while diagrams~b! and~c!
correspond to wave function renormalization.
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ments from long-distance strong-interactions processes.
largest contribution of this type is from the one-loop di
grams shown in Fig. 1 in which theD* 2D mass-splitting is
explicitly retained in theD (* ) propagator@20#. Recently,
quenched lattice QCD simulations of theB→D (* ) form fac-
tors have been performed@21,22# but the light-quark mass
dependence of the results has yet to be ascertained.

The hadronic matrix elements forB→D (* )en are

^D~v8!uc̄gmbuB~v !&5AmBmD@h1~w!~v1v8!m

1h2~w!~v2v8!m#

^D* ~v8,e!uc̄gmg5buB~v !&5AmBmD* @2 ihA1
~w!~w

11!e* m1 ihA2
~w!~v•e* !vm

1 ihA3
~w!~v•e* !v8m# ~15!

^D* ~v8,e!uc̄gmbuB~v !&5AmBmD* hV~w!«mnaben* va8vb ,

wherevm is the four-velocity of the initial-stateB meson,vm8
is the four-velocity of the final-stateD (* )-meson,w5v•v8
andh6 , hV andhA1,2,3

are the six independent form facto

that contribute. In the heavy quark limith2(w)5hA2
(w)

50 andh1(w)5hV(w)5hA1,3
(w)5j(w) wherej(w) is the

universal function for theB(* )→D (* ) decays known as the
Isgur-Wise function. The matrix element is reproduced in
heavy meson chiral Lagrangian by an operator of the for

c̄gm~12g5!b→2j~w!Tr@H̄v8
(c)gm~12g5!Hv

(b)#, ~16!

wherej(w) is the Isgur-Wise function, and we have retain
the flavor labels on theH fields.

The lowest order heavy-quark-spin-symmetry break
operator in the heavy quark chiral Lagrangian is dimens
three due to the chromomagnetic moment interactions of
charm quark with the light degrees of freedom
; c̄smnGmnc/mc ~we neglect the contribution from th
b-quark chromomagnetic interactions, i.e.mb@mc). This in-
teraction gives rise to a mass-splitting between theD* andD
at order 1/mc in the heavy meson chiral Lagrangian, whic
after performing the Dirac trace, is

dL (c)5D (c)Da*
†D* a. ~17!

As this is the lowest dimension operator that breaks
heavy quark symmetries, it provides the dominant lon
distance contribution to the 1/mc

2 corrections to the matrix
elements in Eq.~15! @20#. Randall and Wise@20# found a
contribution of the form (D (c))2log(mp

2/L2)1••• at w51
from the pion loop-diagrams shown in Fig. 1. In order
exactly compensate the renormalization scale depende
L, the 1/mc

2 operators that are independent ofmq will com-
bine together to give amq-independent contributionX1(L)
at w51 for theB→D decay andXA(L) at w51 for theB
→D* decay. The form factors at zero-recoil are modified
O(1/mc

2) by the one-loop diagrams in Fig. 1 to become

-

lid
x,
x
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h
1

(Bq)PQ
~1!511X1~L!1

gp
2

16p2f 2F3F jq2
1

3
Fqq2

1

3
~mqq

2

2mj j
2 !RqqG

h
1

(Bj )PQ
~1!511X1~L!1

gp
2

6p2f 2 F j j

~18!

hA1

(Bq)PQ
~1!511XA~L!1

gp
2

48p2f 2F3F̄ jq2
1

3
F̄qq2

1

3
~mqq

2

2mj j
2 !R̄qqG

hA1

(Bj )PQ
~1!511XA~L!1

gp
2

18p2f 2F̄ j j ,

where we have used the shorthandFab5F(mab ,D (c),L),
F̄ab5F(mab ,2D (c),L), Rab5R(mab ,D (c),L) and R̄ab
5R(mab ,2D (c),L). The expressions in Eq.~18! are true for
q5u,d,s. The loop functionsF andR are

F~m,d,L!5d2 logS m2

L2D22~2m22d2!

2dAd22m2logS d2Ad22m21 i e

d1Ad22m21 i e
D

1
2m2

d S pm2Ad22m2log

3S d2Ad22m21 i e

d1Ad22m21 i e
D D

→d2logS m2

L2D1O~d3!

R~m,d,L!5
3pm

d
26

2
3~d222m2!

2dAd22m2
logS d2Ad22m21 i e

d1Ad22m21 i e
D

→ d2

m2 1O~d3!. ~19!

It is interesting to note that in theD (c)!mqq limit, there is a
contribution to thehi

(Bq)PQ(1) of the form (mqq
2 2mj j

2 )/mqq
2 .

This is analogous to the enhanced chiral logarithms found
Sharpe@5# that contribute to the light meson masses a
decay constants. Once lattice simulations have determ
X1(L) and XA(L), they can be inserted into the QCD e
pressions forh1(1) andhA1

(1) for Bu,d,s to obtain the zero-
recoil matrix elements in QCD:
03401
y
d
ed

h
1

(Bu)
~1!511X1~L!1

gp
2

16p2f 2F3

2
Fp1FK1

1

6
FhG

h
1

(Bs)~1!511X1~L!1
gp

2

16p2f 2F2FK1
2

3
FhG

~20!

hA1

(Bu)
~1!511XA~L!1

gp
2

48p2f 2F3

2
F̄p1F̄K1

1

6
F̄hG

hA1

(Bs)~1!511XA~L!1
gp

2

48p2f 2F2F̄K1
2

3
F̄hG ,

where we have usedFY5F(mY ,D (c),L) and F̄Y5F(mY ,
2D (c),L). Keeping only the contribution from pion-loop
and counterterms we recover the results of Ref.@20#.

V. CHIRAL CORRECTIONS TO THE B\D ISGUR-WISE
FUNCTION

While the Isgur-Wise functionj(w) in Eq. ~16! is normal-
ized to unity at zero recoil,j(1)51, away from zero recoil
its value depends upon the light quark masses. In QCD
leading non-analytic contributions to the Isgur-Wise functi
for Bu,d decays,jBu,d

(w), and the Isgur-Wise function forBs

decays,jBs
(w), of the formmq logmq have been computed

@23,24#. In addition, the contributions of this form arising i
quenched QCD~QQCD! have also been computed@25#. In
the heavy quark limit, matrix elements of the opera
c̄gm(12g5)b betweenB andD (* ) states are reproduced, u
to O(mq), by

c̄gm~12g5!b→2j~w!Tr@H̄v8
(c)gm~12g5!Hv

(b)#

2h1~w,L!Tr@H̄v8
(c)gm~12g5!Hv

(b)M1#

2h2~w,L!str@M1#Tr@H̄v8
(c)gm~1

2g5!Hv
(b)#, ~21!

where we use notation similar to Ref.@24# for the higher
order counterterms,h1,2. In addition heavy quark symmetr
requires thath1,2(1,L)50. The one-loop diagrams shown i
Fig. 1 and the contributions from Eq.~21! give Isgur-Wise
functions in QCD atO(mq):

jBu,d
~w!5j~w!F11

gp
2

8p2f 2 @r ~w!21#F3

2
mp

2 log
mp

2

L2

1mK
2 log

mK
2

L21
1

6
mh

2 log
mh

2

L2G G1h1
(R)~w,L!m̄

1h2
(R)~w,L!~2m̄1ms!
4-4



-

e

-

-

th
ing
ic

al
l.
ta

de

ling
the
ion
s

D

n

of

A
o-
of

s to
he

an-
vy
olid

HEAVY-MESON OBSERVABLES AT ONE-LOOP IN . . . PHYSICAL REVIEW D65 034014
jBs
~w!5j~w!F11

gp
2

8p2f 2 @r ~w!21#F2mK
2 log

mK
2

L2

1
2

3
mh

2 log
mh

2

L2G G1h1
(R)~w,L!ms

1h2
(R)~w,L!~2m̄1ms!, ~22!

where thew-dependent function is@23,24#

r ~w!5
1

Aw221
log@w1Aw221#. ~23!

h1,2
(R) are renormalized constants withh1,2

(R)(1,L)50.
In PQxPT, the Isgur-Wise functions for mesons com

posed of ab quark and an anti-valence quark,bū, bd̄, or bs̄,
at one-loop order and in the limit of isospin symmetry, ar

jBq

PQ~w!5j~w!F11
gp

2

8p2f 2 @r ~w!21#F3mjq
2 log

mjq
2

L2

2
1

3
~2mqq

2 2mj j
2 !log

mqq
2

L2 G G1h1
(R)~w,L!mq

13h2
(R)~w,L!mj , ~24!

whereq5u,d,s. The Isgur-Wise function for mesons com
prised of ab quark and an anti-sea quark,j, is

jBj

PQ~w!5j~w!F11
gp

2

3p2f 2 @r ~w!21#mj j
2 log

mj j
2

L2 G
1„h1

(R)~w,L!13h2
(R)~w,L!…mj . ~25!

As required, the expression in Eq.~22! reduces to the expres
sion in Eq.~25! whenmp5mK5mh5mj j andmu,d,s5mj .
By determiningjBq

PQ(w) and jBj

PQ(w) in lattice simulations

and fitting the quantitiesj(w) andh1,2(w,L), one can then
use the QCD expressions forjBu,d,s

(w) in Eq. ~22! to per-

form the extrapolation inmq .

VI. RADIATIVE TRANSITIONS: D*\Dg

The widths of the radiative decaysD* →Dg are relatively
well measured. These decays are quite interesting as
have allowed for a determination of the axial vector coupl
constantgp , in combination with the leading order magnet
transition moment counterterm@13,14#. The value forgp that
has been extracted from these decays is significantly sm
@13,14# than the value expected in the naive quark mode

The width for radiative decays is given in terms of a to
radiative matrix elementma ,

G~Da* →Dag!5
a

3
umau2ukgu3, ~26!

where the subscript ‘‘a’’ denotes the flavor of theD (* ) me-
son. At leading order there are contributions that are in
03401
ey

ler

l

-

pendent of the light quark masses arising from the coup
of the photon to the light degrees of freedom, and to
heavy quark. At next to leading order there is a contribut
of the form Amq resulting from the one-loop diagram
shown in Fig. 2.

In the heavy quark limit, the transition moments in QC
are

mu5
2

3mc
1

2

3
b2

gp
2 mK

4p f 2 2
gp

2 mp

4p f 2

md5
2

3mc
2

1

3
b1

gp
2 mp

4p f 2 ~27!

ms5
2

3mc
2

1

3
b1

gp
2 mK

4p f 2 ,

where b is the mq-independent counterterm contributio
from the light degrees of freedom.

In PQQCD the calculations are analogous to those
QCD, and one finds that

mu
PQ5

2

3mc
1

2

3
b2

gp
2 mju

2p f 2

md
PQ5

2

3mc
2

1

3
b1

gp
2 mju

4p f 2

~28!

ms
PQ5

2

3mc
2

1

3
b1

gp
2 mjs

4p f 2

m j
PQ5

2

3mc
1

2

3
b2

gp
2 mj j

2p f 2
,

where the coefficientb is the same in QCD and PQQCD.
fit to lattice calculations of these matrix elements will pr
vide a determination ofb, and consequently an estimate
the radiative matrix elements for the physical values ofmq .

VII. MATRIX ELEMENTS OF ISOVECTOR TWIST-2
OPERATORS

Recently, it has been realized that the chiral correction
the matrix elements of isovector twist-2 operators in t

FIG. 2. One-loop diagrams that contribute to the radiative tr
sitionsD* →Dg. The solid lines denote mesons containing a hea
quark, the dashed lines denote light mesons and the small s
circle denotes a strong interaction}gp .
4-5
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MARTIN J. SAVAGE PHYSICAL REVIEW D 65 034014
nucleon and octet-baryons can be computed in chiral pe
bation theory@26–30#. Such corrections systematically in
corporate the long-distance strong interaction contributi
to the moments of the parton distributions. While it is n
possible to perform deep-inelastic-scattering~DIS! from had-
rons containing heavy quarks, it is possible to consider
parton distributions of heavy hadrons from a theoreti
standpoint, and further it is likely that lattice studies of the
distributions will be significantly easier than analogous st
ies in nucleons.

In QCD the twist-2 isovector operators have the form

O m1m2 . . . mn

(n),a 5
1

n!
q̄lag$m1

~ iD
↔

m2
!•••~ iDJ mn%!q2traces,

~29!

where the$ . . . % denotes symmetrization on all Lorentz in
dices, andla areSU(3) Gell-Mann matrices. In PQQCD th
operator has an analogous form:

O m1m2 . . . mn

(n),a 5
1

n!
Q̄l̄a g$m1

~ iDJ m2
!•••~ iDJ mn%!Q2traces,

~30!

where l̄a is a super Gell-Mann matrix. As an example, t
l̄3 matrix has entries diag(1,21,0,1,21,0,1,21,0). Forward
matrix elements ofO m1m2 . . . mn

(n),3 between heavy meson stat

are reproduced up toO(mq) by forward matrix elements of

O m1m2 . . . mn

(n),3 →2
1

2
vm1

vm2
. . . vmn

†t (n)Tr@H̄vHvl̄j1
3 #

1s1
(n)~L!Tr@H̄vHvM1l̄j1

3 #

1s2
(n)~L!Tr@H̄vHvl̄j1

3 M1#

1s3
(n)~L!Tr@H̄vHvl̄j1

3 #str@M1#‡, ~31!

wherel̄j1
3 5 1

2 (j†l̄3j1jl̄3j†).
At O(mq) in the chiral expansion the forward matrix e

ements receive contributions from the operators in Eq.~31!
and the one-loop diagrams shown in Fig. 3:

^BuuO m1m2 . . . mn

(n),3 uBu&
PQ

5vm1
vm2

. . . vmnF t (n)S 12
3~113gp

2 !

16p2f 2 mju
2 log

mju
2

L2

1„s1
(R)(n)~L!1s2

(R)(n)~L!…m̄13s3
(R)(n)~L!mj G

^Bj uO m1m2 . . . mn

(n),3 uBj&
PQ

5vm1
vm2

. . . vmnF t (n)S 12
3~113gp

2 !

16p2f 2 mj j
2 log

mj j
2

L2 D
1„s1

(R)(n)~L!1s2
(R)(n)~L!13s3

(R)(n)~L!…mj G , ~32!
03401
r-

s
t

e
l

e
-

for n5odd andn.1. In the loop calculations we have onl
retained the non-analytic contributions, and thesi

(R)(n) are
renormalized counterterms. Forn51 the matrix element is
absolutely normalized sinceO m1

(1),3 is the isovector charge

operator. Matrix elements in the other meson states can
found straightforwardly from those in Eq.~32!. From
PQQCD lattice simulations one envisages that the const
t (N), s3

(R)(n)(L) and the combination s1
(R)(n)(L)

1s2
(R)(n)(L) can be individually determined and then in

serted into the analogous expressions in QCD to determ
the moments of combinations of parton distributions
heavy mesons. In QCD I find the matrix element betweenBu
states to be

^BuuO m1m2 . . . mn

(n),3 uBu&5vm1
vm2

. . . vmnF t (n)S 12
~113gp

2 !

16p2f 2

3S 2mp
2 log

mp
2

L2
1mK

2 log
mK

2

L2 D D
1„s1

(R)(n)~L!1s2
(R)(n)~L!

12s3
(R)(n)~L!…m̄1s3

(R)(n)~L!msG .

~33!

VIII. CONCLUSIONS

In this work I have computed several observables in m
sons containing heavy quarks at one-loop level in partia

FIG. 3. One-loop diagrams that contribute to the matrix e
ments of the isovector twist-2 operators in mesons containin
heavy quark. The solid lines denote mesons containing a he
quark, while the dashed lines denote light mesons. The cro
circle denotes an insertion ofO m1m2 . . . mn

(n),a while the small solid
circle denotes a strong interaction}gp .
4-6
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quenched heavy quark chiral perturbation theory and in
dinary heavy quark chiral perturbation theory. In order
determine these observables from numerical lattice Q
simulations, an extrapolation in the quark masses from th
that can be simulated on the lattice down to their phys
values is required. The recent progress in understanding
tially quenched QCD has provided an efficient pathway
perform such extrapolations. The counterterms that cont
ute to partially quenched observables are the same as t
that contribute to the analogous QCD observables, and h
partially quenched simulations along with the light-qua
mass dependence about the chiral limit are sufficient to
o
0

V.
y

03401
r-

D
se
l

ar-
o
b-
se
ce

e-

cover the QCD prediction to some order in the chiral exp
sion.
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