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Heavy-meson observables at one-loop in partially quenched chiral perturbation theory
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| present one-loop level calculations of the Isgur-Wise function®ferD *)ev, of the matrix elements of
isovector twist-2 operators iB andD mesons, and the matrix elements for the radiative deBgys:Dy 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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[. INTRODUCTION taken to be degenerate with mass. The valence-, sea-, and
bosonic-quarks are combined into column vectors
In order to extract fundamental quantities from systems . .

containing heavy quarks, such as the weak mixing anglesQLz(u,d,s,j,I,r,u,d,s)[, QRz(u,d,s,j,I,r,u,d,s)E,

Vpe andVy,, the strong interaction contributions to the ob- 1)

servable of interest must be determined. This is because the ) _

standard model of electroweak interactions is constructed iWhich transform in the fundamental representation of

terms of quarks, gluons and leptons, while we are only abl&U(6|3). r respectively. The ground floor @, transforms

to study the quarks via the properties of the hadrons withir2S & 6,1) of SU(6),.® SU(3)g. while the first floor trans-

which they are confined. Significant progress was made iforms as (,3). The right handed fiel®g transforms analo-

eliminating the strong interaction uncertainties in some magously. The PQQCD Lagrange density is invariant under

trix elements in hadrons containing one or more heavySU(6|3) . ®SU(6|3)g chiral transformations, and in direct

quarks in the late 1980s with the discovery of the heavyanalogy with QCD a chiral Lagrangian can be constructed to

quark Symmetriei]_], and the formulation of heavy quark describe the IOW-energy dynamics of the low Iylng hadrons.

effective theory[2]. Ultimately, such strong interaction ef-  The low-energy QCD dynamics of hadrons containing a

fects will be directly computable from numerical lattice single heavy quark are described by a chiral Lagrangian that

QCD simulations; however, at this point in time, and in thehas the heavy quark spin symmetry and flavor symmetry

foreseeable future, lattice simulations will not be performedManifest[10,11]. The extension of the heavy quark chiral

with the physical values of the light-quark masses,. In  Lagrange density to describe heavy quark systems in

order to make a connection between the lattice simulationfQQCD can be found in Ref4]. The dynamics of the

and nature, an extrapolation from the lattice quark masses f@seudo-scalar mesons are described at leading order by a

those of nature is required. One can most efficiently perfornt-agrange density of the form

the extrapolation for many observables using simulations of 2

partially quenched QCDPQQCD matched to partially _ ws t

quenched chiral perturbation theory (BI) [3-9]. Some £ SStM 0,21+ AstimoX 4 moX]

observables have been analyzed withyQ in the light

pseudoscalar meson sector, such as decay constants and

masse$5]. Further, the decay constants ad@arameters for

mesons containing a single heavy quark have been comput

[4]. In this work we present the one-loop analysis inyfQJ .

of the Isgur-Wise function foB— D) decays, of the matrix 2=ex;{ @) =2 B=

elements of isovector twist-2 operators that are directly re- f '

lated to moments of the parton distribution functions, and of

the radiative decayP* —Dvy. where M and M are matrices containing bosonic mesons
while y and y' are matrices containing fermionic mesons,
with

+agdtdod, do—midg, @)
&J’lere the meson field is incorporated3nvia
M XT

X M) @

Il. PQQCD
. . oKt 2% Lt RY
We will consider a theory constructed from three valence- KU

quarks, u,d,s, three-sea quark$,l,r and three bosonic- 7 79 KO JT L° RO
quarksu,d,s. The masses of the bosonic-quarks are equal to K~ K »#o J; L2 RO
those of the valence-quarks, m,m respectively, where we M=

0 + + ) + + |
have chosen to work in the isospin limit. The sea-quarks are > Jsoomp Yy Y
L= L L2 Y, o Y

- R0 RO - {0
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T w KT contributions will be included via higher dimension local
B o operators. The axial coupling constagt has been con-
M=| = 74 K° strained to bey,~0.56[13] (or g,,=0.24) by the radiative
o=y decaysD* —Dy,! and recent quenched lattice simulations
KE s yield g,~0.42[15,16]. Very recently, there has been a de-
termination ofg,, by a direct measurement of ti* width
Xuy  Xat XK+  X30 XL+ XR* [17]. The measured width,['(D* *)=96+4+22 keV,

yieldsg,=0.59+0.01+ 0.07. The low-momentum strong in-
teraction dynamics oD*) mesons are described in an
Xk- Xk0 Xng Xa7 X0 XRO analogous way, with heavy quark flavor symmetry dictating
(4)  that the axial couplingg ., for theB’s andD’s is the same.

Further, the dynamics of the anti-heavy mesons can be de-
where the upper 83 block of M is the usual octet of scribed in analogous waw].

pseudo-scalar mesons while the remaining entries corre-

spond to mesons formed with the sea-quarks. The singlet Ill. DECAY CONSTANTS

field is defined to b&,=str(®)//2, and its masm, can be

taken to be of order the scale of chiral symmetry breaking, 1he heavy meson decay constants, sucfsashave been

x=| Xa= Xng Xk0 Xij= XLO XRO

mo— A, [9]. The super mass matrir)g, is analyzed at the one-loop level in ROT by Sharpe and
L o Zhang[4]. Their analysis provides a very clear demonstra-
Mg = diag m,m,mg,m; ,m; ,m; ,m,m,m;), (5)  tion of the implementation of PQQCD and R®T, and it is

_ _ o . . worth reviewing their results.
where we will work in the limit of exact isospin symmetry.  The decay constants of the heavy mesons are defined via

The convention we use correspondsfte132 MeV. the matrix element
The B mesons with quantum numberstof form a nine- _ _
component vector, (0[ay*(1=¥s)b|Bg(v))= —ifg mgv*. (11
B=(B,.Bq.Bs.B;.B;,B,,B;,B3.B3), (6) In the heavy meson effective field theory, this matrix element

receives contributions from both tree-level operators and
and heavy quark spin symmetifipr a comprehensive review from diagrams involving light-meson loops. Up @(my),
see Ref[lZ]) is implemented by Combining the annihilation the local operators that contribute are
operators for theB and B* mesons together into the field
H,:

v

K Ci(A)
Ls=— 5T y,(1= ye)H %) - ——
1 :
Hy=5(1+#)[y*B; +iysB], () Co(A)
XTH (1= ) Hy M €0 = =5 —
whereH,—H, V' underSU(3) flavor transformations and

H,—S,H, under heavy quark spin transformations. The B + a C3(A)
four-vectorv* is the four-velocity of the heavy meson. The XTiyu(1=ys)Hy &M, 0] 2
low-momentum strong interaction dynamics of the heavy fa

mesons are described by a Lagrange density of the faim XTry, (1= ys)H, E'n?]stf M., ], (12)

L . — wheren? is a column vector that picks out the light quark
= — I — v
L FTH 0 (9, H, +1H, V) 1=07 TTHH, v A, associated with the desired curreat,s the renormalization
tS) scale, and M, is related to the mass matrix via1.
where = 3(émgé=¢'mog"). At leading order one finds thefig

= K/‘/mBq. At O(mg) in PQyPT the decay constants g

o Ogt.0 ap*x 1 ; T 1
Hy=7"H, 7y =[y"B; +iysB'I5(1+9¢), 9 1+3g? w1
,/mqug;?: K| 1— sz’;( 3m, IogA—J,;1 —5(2m§q
and where the light-meson fields are
2
i 1 2 aaag (R) (R)
Au=5(E0,E'=£10,8), V,=5(£0,6'+E3,8). mjjlog 5 || +(C7(A)+C2T(A)m,
(10)
+3CP(A)m;, (13

The Tff ]'s in Eq.(8) correspond to traces over Dirac indices,
and implicit in Eq.(8) are stf ]'s over the flavor indices.

Couplings toP, [4], such as sfA, |, have not been included A more detailed study14] gives g,~0.76+0.2 or g,~0.27
as thed, will be integrated out of the theory, and such =0.07.
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FAEREN 275N ments from long-distance strong-interactions processes. The
/ v n? ® , v p” ong . | .
B ! n—: D D . o\ largest contribution of this type is from the one-loop dia-
grams shown in Fig. 1 in which tHe* —D mass-splitting is
(a) (b) explicitly retained in theD™) propagator[20]. Recently,

quenched lattice QCD simulations of tBe-D ™) form fac-
tors have been performd@1,22 but the light-quark mass

B PN B dependence of the results has yet to be ascertained.
é é The hadronic matrix elements f&—D*)ev are
(c) (D(v")[cy*b|B(v)) = Vmgmplh. (W)(v-+v')*
FIG. 1. One-loop diagrams that contribute to the matrix ele- +h_(w)(v—v")*]

ments forB—D®). The solid lines denote mesons containing a

heavy quark, while the dashed lines denote light mesons. The soli{b* N I e S
square corresponds to an insertion of the weak interaction vertex, (v 'E)|C7 y5b|B(v)) MgMp+«[ 'hAl(W)(W

while the small solid circles denote a strong interaction vertex L *
X X i o +1D)e**+iha (W)(v- €)™
«g, . Diagram(a) is a vertex correction, while diagrans) and(c) ) AZ( ) )
correspond to wave function renormalization. : Lk T
+iha (W)(v-e¥)u'#] (19

where mq,, m;; and m;, are the masses of light mesons
with quark compositionqq, jj and jg respectively. The
(R) i i
;:r|1 d (t[(:r)masr(?[hr:tn Z:?aal:wzaeldtizo:mﬁ?:\?ewgee;?} t;%tsho?k')\;edrg_?ﬂga?vherev . IS the four-velocity of the initial-statB mesony |,
> y q ) ' is the four-velocity of the final-stat®*)-mesonw=v-v’
expression in Eq(13) holds for all g=u,d,s,j,l,r, and

. R andh., hy andh,, _. are the six independent form factors
agrees with the expression in Re4] when there are three , 123 X
sea quarksN;=3. Lattice simulations ofg , andfs at that contribute. In the heavy quark limft_(w)=ha,(w)

various values of the sea-quark masses, and various val- ~ ~ 0 andh (w)=hy(w)=ha  (w)=¢£(w) where£(w) is the
ues of the valence masses will allow for the determination ofiniversal function for the8®*)—D®*) decays known as the
the quantitiesk, C{P(A) and the combinatiorC{P(A)  Isgur-Wise function. The matrix element is reproduced in the
+C(2R)(A). As these counterterms have the same value ifeavy meson chiral Lagrangian by an operator of the form
QCD and PQQCD, their values can be inserted into the QCD _

expressions for the decay constajsL8] cy*(1—ys)b—— g(w)Tr[ﬁfﬁ) y“(1—ys)HP], (16)

(D*(v',€)|cy*b|B(v)) = Vmgmp«hy(w)e#**F e VoUgs

1+3ng 3, mf, ) mﬁ whereé(w) is the Isgur-Wise function, and we have retained
VMs, T, = k| 1= 55—57| 5 M7 l0g 7+ miclog 3 the flavor labels on thel fields.

The lowest order heavy-quark-spin-symmetry breaking

1, mfz R ®) — operator in the heavy quark chiral Lagrangian is dimension
+gMylog, 7] | +(C17(A)+C37(A)m three due to the chromomagnetic moment interactions of the
charm quark with the light degrees of freedom,
+CP(A)(2m+my) ~co*’GH'c/m, (we neglect the contribution from the
b-quark chromomagnetic interactions, im,>m;). This in-
1+3gfr ) mﬁ 2, mf] teraction gives rise to a mass-splitting betweenDfeandD
\/m_BS fo,= | 1= 35 =72| 2Mi log 7+ M log ;7 at order I, in the heavy meson chiral Lagrangian, which

® ® after performing the Dirac trace, is
+(CP(A)+CR(A)m 50— A@D* IDve, -
+CP(A)(2m+my). (14)
As this is the lowest dimension operator that breaks the
heavy quark symmetries, it provides the dominant long-
distance contribution to the m# corrections to the matrix
elements in Eq(15) [20]. Randall and Wisd20] found a

The matrix elements for the semileptonic decags contribution of the form 0©)2log(MmE/AY)+--- at w=1
—Dev andB—D* ev at zero-recoil are normalized to unity from the pion loop-diagrams shown in Fig. 1. In order to
in the heavy quark limif1]. Further, there are no corrections exactly compensate the renormalization scale dependence,
at zero-recoil of the form 1. ,, by Luke’s theorenj19], and A, the 1mZ operators that are independentrof will com-
the leading corrections in the heavy quark expansion enter &tine together to give ang-independent contributioX , (A)
1/m§. In addition to contributions from perturbative inser- atw=1 for theB—D decay andX,(A) atw=1 for theB
tions of local operators in the heavy quark Lagrange density,~D* decay. The form factors at zero-recoil are modified at
there are also contributions that receive infrared enhance?(1/m2) by the one-loop diagrams in Fig. 1 to become

IV. CHIRAL 1 /mg CORRECTIONS TO B—D*) AT ZERO
RECOIL

034014-3
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9z

NEIP(L) =1+ X, (A) -0l 3F g = Faa— =
+ T R I R L

2
_mii)qu}
2
. 9
h®7(1)=14 X (A)+ 5 5 F

2

o [— 1
hfiq)PQ(l)z 1+XA(A)+—[3qu— a0

487°f?

, =
- mjj)qu}

2
hEPPA(L) =14+ Xa(A) + 15772

where we have used the shorthaRigy=F(m,,,A,A),
Fap=F(Map,—A©,A), Ryp=R(Myp,A,A) and Ry,
=R(Mg,,,— A, A). The expressions in E(L8) are true for

g=u,d,s. The loop functiond= andR are

PHYSICAL REVIEW D 65 034014

92

3 1
(1) =14 X, (A)+ 35 500 5 Pt Fict EF”}

2
hE(1) =1+ X, (A) + —or

3

m2
F(m,s,A)=6%log 2 —2(2m?- &%)
S—\8—ml+ie
— 56— m2log| — ———
9 S+ —m+ie
2m?
+T<wm—\/52—mzlog
" 5—\&—mi+ie
S+V2—mi+ie
2
— 6%log 2 +0(6%)
3mm
R(M,8,A)=———6
8
3(52—2m2)I 5—\8—ml+ie
- |0
26\ 6°—m? g S+ —mi+ie
52
—>W+O(O\?)

It is interesting to note that in th&(®)<m, limit, there is a
contribution to theh(®?"(1) of the form Mm5q— M)/ m; 2 3 ., m
This is analogous to the enhanced chiral logarithms found by €8, «(W)=&§W)| 1+ o5 [r(w)—1]| smzlog 7
Sharpe[5] that contribute to the light meson masses and
decay constants. Once lattice simulations have determined
X4+ (A) and XA(A), they can be inserted into the QCD ex-
pressions foh, (1) andhAl(l) for B, 4 s to obtain the zero-

recoil matrix elements in QCD:

[ 2
16722 ZFK+‘Fv}

(20
o7 [3- — 1—}

FotFet 5Fy

(Bu) 1y — _ g7 7
hA1 (1)=1+Xa(A)+ 487272 ™

, .
CAYPNE 97 | = 2=
hif (1)—1+XA(A)+W_2FK+§F,7 ,

where we have useBy=F(my,A©® A) and Fy=F(my,
—A(© A). Keeping only the contribution from pion-loops
and counterterms we recover the results of R2d].

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

While the Isgur-Wise functiog(w) in Eq.(16) is normal-
ized to unity at zero recoil(1)=1, away from zero recoil
its value depends upon the light quark masses. In QCD the
leading non-analytic contributions to the Isgur-Wise function
for By g decaysgBu d(w), and the Isgur-Wise function fd
decays,ng(W), of the formm, logm, have been computed

[23,24. In addition, the contributions of this form arising in
guenched QCOQQCD) have also been comput¢ds]. In
the heavy quark limit, matrix elements of the operator

cy*(1— ys)b betweenB andD*) states are reproduced, up
to O(my), by
CyH(L1=ys)b— — EW)TITH? y#(1— 75 HP]
= (W, M) TIH y#(1= 75 HP M. ]
— a(w, A)SULM T HD y(1

—y5)HP], (21)

where we use notation similar to RgR24] for the higher
order countertermsy, ,. In addition heavy quark symmetry
requires thaty; (1,A)=0. The one-loop diagrams shown in
Fig. 1 and the contributions from E¢21) give Isgur-Wise
functions in QCD atO(my):

2

2 2

mz 1 m _
+m2 IogA—§+ gmf, IogA—;’ +7{P(w,A)m

+ 78 (w,A)(2m+my)

034014-4
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2 2 *
_ 9x _ 2 My D D
&g (W)=§&(w)| 1+ W[F(W) l][ZmK Iogxz > .
\ /
2 200 e Se=”
+ §m,7logP (w,A)mg é
+ 7R (w,A)(2m+m), (22)

FIG. 2. One-loop diagrams that contribute to the radiative tran-
where thew-dependent function if23,24 sitionsD* — D y. The solid lines denote mesons containing a heavy
quark, the dashed lines denote light mesons and the small solid

circle denotes a strong interactierg, .
r(w)=———loglw+ yw*—1]. (23
vwo-1 pendent of the light quark masses arising from the coupling
of the photon to the light degrees of freedom, and to the
heavy quark. At next to leading order there is a contribution
of the form \/m_q resulting from the one-loop diagrams
shown in Fig. 2.

In the heavy quark limit, the transition moments in QCD

737 are renormalized constants witf3(1,A)=0.

In PQYPT, the Isgur-Wise functions for mesons com-
posed of & quark and an anti-valence quallq), bd, orbs,
at one-loop order and in the limit of isospin symmetry, are

o 2 are
b (W)= E(W)| 1+ ez [r(w) — 1] 3m; |og—’§ 2 2 gm¢ g%m
. M= 3m T3P T4 aaf?
1
—§(2m )Io 3+ 7P (w,A)m, 21 +gf,m ,
Md= 3mc §B 47Tf2 ( 7)
+3780(w, A)m;, (24)
. . 2 1 gimg
whereq=u,d,s. The Isgur-Wise function for mesons com- M=z 3Bt <2,
prised of ab quark and an anti-sea quaik,s Me m
2 m2 where g is the mg-independent counterterm contribution
PQIwW) = £(W 1+ rw)—1 m2 log mjj from the light degrees of freedom.
ScBi( J=EW) 2[ (w)—1] A? In PQQCD the calculations are analogous to those of
R R QCD, and one finds that
+ (7P (w,A)+ 375 (w,A))m; . (25)

. o 2 2 ¢’my,
As required, the expression in E&2) reduces to the expres- wh = —pg— =T '2
sion in Eq.(25 whenm_ =mg=m,=m;; andm, 4 s=m;. 3me 3 27t
By determlnmggBQ(w) and fEJQ(W) in lattice simulations ,
and fitting the quantitieg(w) and n1AW,A), one can then po_ 2 1, 9Mu
use the QCD expressions fgg _ (w) in Eq. (22) to per- Ha 3m, 3 Af2
form the extrapolation imy . (28)

VI. RADIATIVE TRANSITIONS: D*—Dy o 2 1 g5mis

Mg =3 =723 2
The widths of the radiative decais" — D y are relatively 3me 3 4rf

well measured. These decays are quite interesting as they
have allowed for a determination of the axial vector coupling PQ_ 2 N 2 gwm”
constang,, in combination with the leading order magnetic M= 3m, 37 o g2’

transition moment counterterft3,14. The value forg,. that

has been extracted from these decays is significantly smallgyhere the coefficieng is the same in QCD and PQQCD. A

[13,14] than the value expected in the naive quark model. fit to lattice calculations of these matrix elements will pro-
The width for radiative decays is given in terms of a totalyide a determination of, and consequently an estimate of

radiative matrix element,, the radiative matrix elements for the physical valuesngt
F(D* —D.y)= |Ma| ||(y|3 (26) VII. MATRIX ELEMENTS OF ISOVECTOR TWIST-2
OPERATORS
where the subscriptd” denotes the flavor of th&®*) me- Recently, it has been realized that the chiral corrections to

son. At leading order there are contributions that are indethe matrix elements of isovector twist-2 operators in the

034014-5
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nucleon and octet-baryons can be computed in chiral pertur-
bation theory[26—3(0. Such corrections systematically in-
corporate the long-distance strong interaction contributions
to the moments of the parton distributions. While it is not
possible to perform deep-inelastic-scatteribgS) from had-
rons containing heavy quarks, it is possible to consider the
parton distributions of heavy hadrons from a theoretical
standpoint, and further it is likely that lattice studies of these
distributions will be significantly easier than analogous stud-
ies in nucleons.

In QCD the twist-2 isovector operators have the form

1 - .
Oﬁinffz ek mqhav’{,ﬁ(l D,,) - (iD, ))q—traces,
(29

where the{ ...} denotes symmetrization on all Lorentz in-
dices, and\? areSU(3) Gell-Mann matrices. In PQQCD the
operator has an analogous form:

1 - o
oM. = HQ)\a 7{#1('DM2)' ’ '(|D,un})Q—tl’aces,

lat Lo |

A3 matrix has entries diag(%,1,0,1~1,0,1~1,0). Forward

matrix elements 0®(.° ~ between heavy meson states

are reproduced up t@(m,) by forward matrix elements of

PHYSICAL REVIEW D 65 034014

PAEEREN ’ @ N
B ’ \
_a‘ﬂ . .\ Y
(a) (b)

(e)

FIG. 3. One-loop diagrams that contribute to the matrix ele-
ments of the isovector twist-2 operators in mesons containing a
(30 heavy quark. The solid lines denote mesons containing a heavy
o quark, while the dashed lines denote light mesons. The crossed
where\? is a super Gell-Mann matrix. As an example, thecircle denotes an insertion a .2 -
circle denotes a strong interactiorg, .

., While the small solid

for n=o0dd andn>1. In the loop calculations we have only
retained the non-analytic contributions, and & are

1 renormalized counterterms. Faore=1 the matrix element is

(n),3 —

N
Hikg - By 2 VuV

-, T H,H S, ]

[y -
+s{(A)THH, H M \E, ]
+ P (AT H,H A M. ]
+s{(A)TITH, H A Ist{ ML 1], (3
wheren}, = 3(£N\3e+aN3¢).
At O(mg) in the chiral expansion the forward matrix el-

ements receive contributions from the operators in Bd)
and the one-loop diagrams shown in Fig. 3:

(BJOP:2 . |BYFO
3(1+3g%) , mp,
:U,ulUMz...U,un t(ﬂ)(l—wmw O A2

+(SPOA) +PO(A)M+ 3P (A)m,

3 P

<Bj|O£F1)#2---Mn|Bj> ©
- - 3(1+3g%) , m:
_vﬂlvﬂz...vﬂnt 1—Wm” ng

+SPMA)+sPMA)+3sPO(A))m; |, (32

034014-6

(n),3

<Bu|0,u,1,u,2...;Ln|BU>:UP«1v:U-2 o 'Up'n|:t(n)< B 16’772f2

absolutely normalized sinc:@f}l)'3 is the isovector charge

operator. Matrix elements in the other meson states can be
found straightforwardly from those in Eq(32). From
PQQCD lattice simulations one envisages that the constants
tN sPMA)  and the
+sPM(A) can be individually determined and then in-
serted into the analogous expressions in QCD to determine
the moments of combinations of parton distributions in
heavy mesons. In QCD I find the matrix element betwBgn
states to be

combination s{PM(A)

(1+3g2)

2 M o M
X 2m7,IogP+mKlogP
+ (PO (A) +sPM(A)

+2sPM (A )M+ sPM(A)mg

(33

VIIl. CONCLUSIONS

In this work | have computed several observables in me-
sons containing heavy quarks at one-loop level in partially



HEAVY-MESON OBSERVABLES AT ONE-LOOP IN . .. PHYSICAL REVIEW [®5 034014

guenched heavy quark chiral perturbation theory and in oreover the QCD prediction to some order in the chiral expan-
dinary heavy quark chiral perturbation theory. In order tosion.
determine these observables from numerical lattice QCD
simulations, an extrapolation in the quark masses from those
that can be simulated on the lattice down to their physical
values is required. The recent progress in understanding par-
tially guenched QCD has provided an efficient pathway to M.J.S. would like to thank the Aspen Institute for Physics
perform such extrapolations. The counterterms that contribfor providing the wonderful environment in which this work
ute to partially quenched observables are the same as thosas performed. | would also like to thank the organizers of
that contribute to the analogous QCD observables, and hentkee heavy flavors workshop that was held in Aspen. This
partially quenched simulations along with the light-quarkwork is supported in part by the U.S. Department of Energy
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