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Abstract

We present a systematic analysis of the B®) — 7 ¢ v weak decay form factors

to order 1/my, in the heavy quark effective theory, including a discussion of
renormalization group effects. These processes are described by a set of ten
universal functions (two at leading order, and eight at order 1/m;), which
are defined in terms of matrix elements of operators in the effective theory.
In the soft pion limit, the effective theory yields normalization conditions
for these functions, which generalize the well-known current algebra relations
derived from the combination of heavy quark and chiral symmetries to next-
to-leading order in 1/m;. In particular, the effects of the nearby B*-pole are
correctly contained in the form factors of the effective theory. We discuss
the prospects for a model independent determination of |V,;| and the BB*1
coupling constant from these processes.
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I. INTRODUCTION

Of the three independent mixing angles in the Cabibbo-Kobayashi-Maskawa matrix,
|V is the most poorly determined. Chiral symmetry provides an absolute normalization of
the hadronic form factor in the decay K — m /v, allowing a precise and model independent
determination of |V,s| [1]. Heavy quark symmetry provides absolute normalization and
various relations among the form factors in the decays B — D™")/¢ v, allowing a precise and
model independent determination of |V;| [2-6]. Neither of these symmetries is as powerful
in heavy-to-light transitions such as b — u¢v. Consequently, the present determination of
|Vip| from the endpoint of the lepton spectrum in semileptonic B decays suffers from large
theoretical uncertainties and strong model dependence [7,§].

It was suggested that the exclusive semileptonic decay mode B — 7 ¢ v could be used for
a more reliable determination of |V,,| [9]. The basis for this hope is the fact that, to leading
order in the heavy quark expansion and over a limited kinematic range, the corresponding
form factors are related to those of D — w/lv by heavy quark flavor symmetry. The
applicability of this idea depends, besides experimental considerations, on the importance
of symmetry-breaking corrections of order 1/mg. For the related case of leptonic decays of
heavy mesons, there are indications from lattice gauge theory [{(-13] and QCD sum rule
calculations [12-171] that these power corrections can be significant.

Our purpose in this study is to work out the structure of 1/m;, corrections for the B® —
mlv decay form factors using the heavy quark effective theory. The main points of our
analysis are as follows:

(i) Eight universal functions are needed to describe the 1/my, corrections to these pro-
cesses. They are defined in terms of matrix elements of dimension four operators in
the effective theory.

(ii) The renormalization group improvement of these low-energy parameters is discussed
in detail.

(iii) The behavior of the universal functions in the soft pion limit is derived using standard
current algebra techniques.

(iv) It is shown explicitly that the B*-pole contribution is correctly contained in the heavy
quark effective theory.

At leading order in the heavy quark expansion, the two form factors which parameterize
B — 7 {v decays have been investigated by several authors [9,1821]. It is well-known that,
in this limit, the soft-pion behavior is fully determined by the decay constant of the B meson
and the BB*m coupling constant. Here we generalize these results to next-to-leading order
in 1/my. In particular, we show that when one uses the physical meson decay constants and
the physical BB*m coupling constants (as opposed to their asymptotic values in the m;, — oo
limit), there are neither 1/my, nor short-distance QCD corrections to the soft pion relations.
We also derive the general structure of the decay form factors at larger pion momenta, where
a chiral expansion is no longer valid.

The paper is organimdrisdpportett bl Inofoceratmmpet Aces-yegraokistiective theory relevant
to our work is reviewed in Sec. {}. In Sec. [1I, we then construct the heavy quark expansion
for the B*) — 7 (v decay form factors to next-to-leading order in 1/my, including a detailed
analysis of renormalization group effects. In Sec. IVi we derive the normalization conditions



for the universal functions of the effective theory, which arise in the soft pion limit. We com-
pare our results to the predictions of the so-called heavy meson chiral perturbation theory
[19.20]. Sec. M contains a summary and some concluding remarks concerning the prospects
and possibilities to obtain a model independent measurement of |V,;;| and the BB*m coupling
constant. Technical details related to the renormalization group improvement and the soft
pion limit are described in two appendices.

II. THE 1/mg EXPANSION

Our goal in this paper is to analyze the dependence of the hadronic form factors describing
B — m/lv decays on the mass of the b-quark, in the limit where m; > Aqcp. A convenient
tool to make this dependence explicit is provided by the heavy quark effective theory (HQET)
[22-30]. Tt is based on the construction of an effective low-energy Lagrangian of QCD, which
is appropriate to describe the soft interactions of a heavy quark with light degrees of freedom.
In the effective theory, a heavy quark bound inside a hadron moving at velocity v is described
by a velocity-dependent field h,,, which is related to the conventional quark field in QCD by

[24]

hy(x) = exp(imgv-x) ! —; ! Qz). (1)

By means of the phase redefinition one removes the large part of the heavy quark momentum
from the new field. When the total momentum is written as P = mg v+k, the field h, carries
the residual momentum k, which results from soft interactions of the heavy quark with light
degrees of freedom and is typically of order Aqcp. The operator %(1 + 9) projects out the
heavy quark (rather than antiquark) components of the spinor. The antiquark components
are integrated out to obtain the effective Lagrangian [22,24,25.2§]

- 1
z@=ﬁvam+5%y%fH%am0m4+wwm@, (2)

where DF = 0" — ig,T, A" is the gauge-covariant derivative. The operators appearing at
order 1/mg are

Okin - Bv 1D 2hv> Oma - % Bv O_wlehv . 3
g 9 /

Here G* is the gluon field strength tensor defined by [iD*,iD"] = igsG**. In the hadron’s
rest frame, it is readily seen that Oy, describes the kinetic energy resulting from the residual
motion of the heavy quark, whereas Oy,g describes the chromo-magnetic coupling of the
heavy quark spin to the gluon field. One can show that, to all orders in perturbation theory,
the kinetic operator Oy, is not renormalized [31]. The renormalization factor Chag (1) of the
chromo-magnetic operamorkisamppsesd ¢yl odat@shiadepdingogesHdosis: approximation and is
given by [2§]

2
Crag = 227 f=11-z2ny, (4)



where © = a(u)/a(mg), p denotes the renormalization scale, and ny is the number of light
quarks with mass below mg.

Any operator of the full theory that contains one or more heavy quark fields can be
matched onto a short-distance expansion in terms of operators of the effective theory. In
particular, the expansion of the heavy-light vector current reads

07 Q=Y Cli) S+ g 3 By(1) 0, + O(1 ). Q

where the symbol 2 is used to indicate that this is an equation that holds on the level of
matrix elements. The operators {.J;} form a complete set of local dimension-three current
operators with the same quantum numbers as the vector current in the full theory. In HQET
there are two such operators, namely

J1=qv"hy, Jy = quth, . (6)

Similarly, {O;} denotes a complete set of local dimension-four operators. It is convenient
to use the background field method, which ensures that there is no mixing between gauge-
invariant and gauge-dependent operators. Moreover, operators that vanish by the equations
of motion are irrelevant. It is thus sufficient to consider gauge-invariant operators that do
not vanish by the equations of motion. A convenient basis of such operators is [29]:

Ol :qip)/“iwhv7 04 ZQ(_iU'D)VILhU7
Oy = qu*iDh,,  Os=q(—iv-D)v'h,, (7)
O3 = qiD"h,, , Os = q(—iD") h, .

For simplicity, we consider here the limit where the light quark is massless. Otherwise one
would have to include two additional operators O7; = m, J; and Og = my Jo. It is convenient
to work with a regularization scheme with anticommuting 5. This has the advantage that,
to all orders in 1/mg, the operator product expansion of the axial vector current can be
simply obtained from (5) by replacing § — —G~s in the HQET operators. The Wilson
coefficients remain unchanged. The reason is that in any diagram the 5 from the current
can be moved outside next to the light quark spinor. For m, = 0, this operation always
leads to a minus sign. Hence it is sufficient to consider the case of the vector current.

A “hidden” symmetry of the effective theory, namely its invariance under reparameteri-
zations of the heavy quark velocity and residual momentum which leave the total momentum
unchanged [31], determines three of the coefficients B;(x). It implies that, to all orders in
perturbation theory [32],

By () = Ci(p)

Bo() = 5 Baln) = Calp). 0
*Work supported by DOE Contract DE-AC03-76SF00515.
The remaining coefficients in (5) can be obtained from the solution of the renormalization
group equation that determines the scale dependence of the renormalized current operators in
HQET. For our purposes, it will be sufficient to know these coefficients in leading logarithmic
approximation. They are [4,29,33]



Ci(p) = xQ/ﬂ> Co(p) =0,
34 2/3 4 —1/,6_10 16
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4, 10
B6(M):—2332/ﬂ—§33 1/ﬂ+§> (9)

where again x = a(u)/a(mg).

After the effective Lagrangian and currents have been constructed, one proceeds to pa-
rameterize the relevant hadronic matrix elements of the HQET operators in terms of univer-
sal, mg-independent form factors. In the effective theory, hadrons containing a heavy quark
can be represented by covariant tensor wave functions, which are determined completely
by their transformation properties under the Lorentz group and heavy quark symmetry. In
particular, the ground-state pseudoscalar and vector mesons are described by [26,34]

M(v)

149 (=7 ; pseudoscalar meson,
9 ¢ ; vector meson.

(10)

Here €* is the polarization vector of the vector meson. Any matrix element of an operator
of the effective theory can be written as a trace over such wave functions, whose structure
is determined by symmetry and by the Feynman rules of the effective theory.

We will now develop this formalism for B — = transitions. Matrix elements of the
leading-order currents J; in (§) can be written as (see, e.g., Ref. [35])

(w(p)| T hy [M(v)) = =Tr{TI(v,p) T M(v) }, (11)

where ' is an arbitrary Dirac matrix. Note that we use a mass independent normalization
of meson states to 20° (instead of 2p”), as this is more convenient when dealing with heavy
quark systems. The Feynman rules of HQET imply that there cannot appear any ~-matrices
on the right-hand side of I". The matrix II(v,p) must transform as a pseudoscalar, but is
otherwise a general function of v and p. Using the fact that M(v)$ = —M(v), we can write
down the most general decomposition

M(v,p) =75 [A(v - p, 1) +FB(v-p, )| . (12)
We find it convenient to introduce the dimensionless variable

P
P = , v-p=1, (13)
v-p

so that the scalar functions A(v - p, ) and B(v - p, ) have the same dimension. These
universal form factors depend on the kinematic variable v - p. They also depend on the
scale p at which the HUEKSupraHee Ry REECABFAthAREACHIERR08IP-the heavy quark mass
mg. These functions are the analogs of the celebrated Isgur-Wise function, which describes
heavy-to-heavy meson transitions at leading order in HQET [H].

Let us now turn to the study of the leading power corrections proportional to 1/mg,
which arise from the corrections both to the currents and to the effective Lagrangian of

>



HQET. We first consider the dimension-four operators in the expansion of the currents (3).
Matrix elements of the operators Oy, Oy, and Oz, which contain a covariant derivative acting
on the heavy quark field, have the generic structure

(m(p)| qLiD"hy |M(v)) = —Tr{|(FLo" + B 9" + Fy7") 75
H(Fyv" + Fs ' + Foy") 95 7] T M(v) } (14)

The functions F;(v - p, u) are new low-energy parameters. They, again, depend only on
the kinematic variable v - p and the renormalization scale (although we do not display this
dependence for simplicity), but not on the heavy quark mass. Not all of these functions are
independent. The equation of motion, iv-D h, = 0, implies

Fy+F,—F3=0,
Fyt+ Fs— Fy=0. (15)

We may furthermore use the structure of the field redefinition (1) to derive that

(m(P)|i0"(qT ho) [M(v)) = (Av* = p*) (z(p)| g T ho [M(v)), (16)

where A = my — m¢ denotes the finite mass difference between a heavy meson and the
heavy quark that it contains, in the infinite quark mass limit [277,29]. This parameter sets
the canonical scale for power corrections in HQET. Substituting I' = v, I" into the above
relation, and using the equation of motion for the light quark field, i) ¢ = 0, we find

FQ—F4—|—2F6 :—UpA—]\B,
We shall use the relations (13) and (17) to eliminate Fy, Fb, F3, and F}y in favor of F5 and
Fs. Matrix elements of the operators Oy, Os, and Og in (%) can be evaluated along the same
lines, using
G(—tD*)T hy = qI (iD*) hy — 10"(q 1T hy) (18)

together with (18).

Next we investigate the effects of 1/mg corrections to the effective Lagrangian of HQET.
The operators Okin and Opae in (B) can be inserted into matrix elements of the leading-
order currents J;. The corresponding corrections can be described in terms of six additional
functions G;(v - p, ), which parameterize the matrix elements of the time-ordered products

(m(p)]i / dy T{qT h(0), Owin(y) } [M(v)) = =Tr{7s (G1 + FG2) T M(v) } ,
(19)
(w()|i [ dyT{aT ha(0), Oumas ()} 1M (0)

= ] (G P4 RO PRSP PRABEIFIEL L o0 (o)}

Using the above definitions and relations, it is a matter of patience to compute the matrix
elements relevant to B — 7 fv to order 1/m;,. We will discuss these matrix elements in
the following section.



IIT. MATRIX ELEMENTS

The matrix element of the flavor-changing vector current responsible for the decay B —
m/lv can be parameterized in terms of two invariant form factors, which are conveniently

defined as

Vi ((p)| 27" QB() = fula?) (v +p)* — "2 T g

m% —m?

+ fo(g?) T“ q", (20)

where ¢ = mpv — p. The prefactor \/mp appears since we use a somewhat unconventional
normalization of states. In practice, only fy(¢?) is measurable in B — 7 /v decays into the
light leptons e or u, since the contribution of fy(¢?) to the decay rate is suppressed by a
factor m?/m%. However, both form factors are important in B — 7 7 v decays.

As we have seen above, in the context of HQET it is more natural to work with the
velocity of the heavy meson, and to consider the form factors as functions of the kinematic
variable

_ mp+m2 — ¢

- , 21
vep G (21)

Accordingly, we define

(7(p)| 77" QBW)) =2 | fi(v-p)v" + folv - p) '] . (22)

The two sets of form factors are related by

f+(a®) =\/m_3{f2(v'p) + fl(v'p)},

v-p mp
fola®) = J;—B mQB””‘_ZBmgr {[1@-p+£0p] - ZL [0 9+ 20D} )

The fact that in the m, — oo limit the functions fi (v - p) become independent of my,
(modulo logarithms) implies the well-known scaling relations [9]

f+ ~vms,  fo~1/\/ms, (24)

which are valid as long as v - p does not scale with mp.
By evaluating the traces and using the definitions of the previous section, we find, to
next-to-leading order in 1/m;, the following expressions:

f1 :ClA+02(A+B)
1 *Work supported by DOE Contract DE-ACQ3-76SF00515.
+ —{Cl [—(A—Q%pS)A—i-%pp B+4F6+G1(]
me
+ Cy [(A—l—v-p)A—l—(3]\—v~p]32)B+4F6+G1+G2}

—~Bs(A—v-p)A=Bs(A—v-p)(A+B) — Bs |(A—v - p) A — 2F]

7



1 C1 Chnng [ — 2G5 + 6G4 + 2% G| + C Cinag [6Gs — 2(1 — 7%) G + 6G) } ,
(25)
1 - -
f2:013+2—{01 [~ v-pA—AB—4F; + G| 20, [v-pA+AB + 2]
mp
~Bi(A—v-p)B - Bs|(A—v-p) B +2F]
1 C1 Cunng [2G5 — 2G5 + 6G } .
For simplicity, we have omitted the dependence of the universal functions on v - p and pu,
and the dependence of the Wilson coefficients on .
From the fact that the physical form factors must be independent of the renormalization
scale, one can deduce the p-dependence of the universal functions of HQET, since it has to

cancel against that of the Wilson coefficients. For the leading-order functions A(v-p, 1) and
B(v - p, ), it follows that

Avenlv0) = [as()]

Brn(vp) = [as()] " B0 p.0) (20)

A(U 'pmu)>

must be p-independent (in leading logarithmic approximation). It is then convenient to
define two related functions

|77 Arenlv-p) = 2/ Al - p. 1),

Bien(v-p) =25 B(v - p, ), (27)

fl(v p) = [&S(mQ)

B(v p) = [&S(mQ)]_Qm

which are clearly also p-independent. These functions are no longer universal since they
contain a logarithmic dependence on the heavy quark mass. At tree-level, however, they
agree with the original functions A and B.

In order to find the corresponding relations for the subleading universal functions F;
and G, the expressions (25) for f; and f» are not sufficient. We have thus worked out the
heavy quark expansion for B* — m v decays, although these processes have little (if any)
phenomenological relevance. We define hadronic form factors h; by

(m(p)| qv* Q|B*(v)) = 2i " eq Py vy ha(v - p),
(28)

()| @5 Q| B*(v)) = 2 [h2(v p) e —hz(v-p)e-p v —hy(v-p)ep ]3“] .

By studying these form factors at order 1/my, one can derive enough relations to fully
determine the u-dependence of the universal functions. We discuss this somewhat technical
issue in appendix 'A. *Wbkreuppordedine ROEo off anctRE-AGIB-#65F005165up invariant functions
Fi(v-p) and G;(v - p), which are p-independent and coincide with F; and G; at tree-level.
In terms of these functions, the form factor relations take a much simpler form. Instead of
(25), we find



flzfl—l——[—(]\—%p)fl—i-v pp° B+ 4Fs + Gy — 2G5 + 6G4 + 2p G5}
fo=B+s—|—v-pA—AB—4F;+ Gy + 2G5 — 2G5 + 6Ge| , (29)
and the B* — 7 decay form factors are given by

. 1 A A . A A
h1:B+—[”UpA+AB+2F6+G2—2G6},
me

. 1 11 - o1 L2 .
—(A+B)+ — | =(A—v-p)A+=(A— B—=(1-p*F
h=(A+B)+ 5 | S(h=v-p) A+ (A—v-pi) B— L (1= ) Fy
+é1+éz—2é4—2€;6]7

thB—i-—[—UpA—]\B—QFAB—FGA(Q—QGA(g—QGA%},

me

1
hy =5 255+ 2G5 (30)

Note that Fg appears only in the vector form factors fi, fo, and hy, whereas Fy appears only
in the axial form factors hs, hs, and hy.

Most relevant, of course, are the form factors f, and fy that are usually used to describe
B — wlv decays. From (23), we obtain at next-to-leading order in 1/m:

fo= Y2 B (oA — KB —4Fy+ Gy + 26y — 2G5 + 6Gol
v-p 2my,

(31)
2 A B [~ (Rtv-p)A—(A+v-p) B

+ G4 Gy +6G, —2(1 — p2)Gs +6@6]}.

These relations show how, in a rather complicated way, the 1/m; corrections to fi and f
are related to matrix elements of operators in HQET. To gain more insight into the structure
of the corrections, it is instructive to consider the soft pion limit v-p — 0 and p? = m2 — 0,
in which current algebra can be used to derive normalization conditions on the universal
functions. This is the subject of the following section.

IV. SOFT PION RELATIONS

In this section we shall derive the normalization conditions for the universal functions of
HQET, which arise in the soft pion limit p — 0. Our goal is to reduce, as much as possible,
the number of indepeug‘)@ & s ameten E}g}geompég%%u&c}age%gﬁ%gf depend. The soft pion
relations are derived by using the PCAC relation for the pion field. To be specific, let us
consider the decay M°® — 7t¢~v (where M° = B or B%). Then

() = 0" Au(z) (32)

fwm2

9



where A, = cf”y,fyg)u is the axial vector current, and f, ~ 132 MeV is the pion decay
constant. The LSZ reduction formalism can be employed to write

wmaWMwbwm—U”ﬂ’/MWWMNa>WMUHW»,@m

pZ2—m?2 fﬂ— m2

where O may be any operator that couples M to m. The right-hand side can be rewritten
using

i / dz e T {O(0), 9" A, (x)} = p / dz e T{A,(z),000)} —i[Q5, 00)].  (34)

Here 5 denotes the axial charge, i.e., the spatial integral of the zero component of A,:
Qs = [ d®z d"y5 u. Therefore,

@5, 0(0)] = O'(0), (35)

where the operator (' is obtained from O by replacing 4 by d(—7s), i.e., if O = 4 y* b then
O’ = d~"y5b, etc. The soft pion relation is obtained by analytically continuing (33) to
p — 0. In this limit the first term on the right-hand side of (34) is saturated by intermediate
states degenerate with the ground-state. They lead to poles proportional to 1/v - p, which
cancel the factor p* in front of the integral. In the case of B — 7 transitions, the relevant
intermediate state will be the B* meson, which to leading order in HQET is in fact degenerate
with the B meson. We obtain

lim (7 (p)| O(0) [ M (v))

1 A
= 5 { (010 O) M) + Ly [ dr ™ (0|T {O(0).p- A@) M)} (36)
s p=

In what follows we shall refer to the first and second terms on the right-hand side as the
commutator and the pole contribution, respectively.

A. Soft pion relations for A(v-p) and B(v - p)

Let us now evaluate this relation for the matrix elements arising at leading order in the
1/m¢q expansion, where the effective current operators have the generic form O = ¢I'h,.
Both the commutator and the pole contribution involve a current-induced transition of a
heavy meson into the vacuum. At leading order in HQET, the corresponding matrix elements
can be written as [14]

1F
(010 b, () = T mrme)y. (37)
*Work supported by DOE Contract DE- AC03 76SF00515.
where I" = —45 1" in the commutator term, and I" = IT" in the pole term. The prefactor

is chosen such that the universal low-energy parameter F'(u), which is independent of the
heavy quark mass, corresponds to the asymptotic value of the scaled meson decay constant:

F ~ fyry/mas (modulo logarithms).

10



To compute the pole term, we further need the coupling of two heavy mesons to the axial
vector current, as shown in Fig. . We define

(M (v, p)| p- A|M(v,0)) = g(v - p) Tr{rs J M (1) M(v) }, (38)

where M’ is off-shell by the pion momentum p. The form factor g(v - p) is real and regular
as v-p — 0. We define

lim g(v-p) =g(0) =g. (39)
Note that ¢ is renormalization-group invariant. We can now write the pole contribution as

S (018 ko M) 5 (V0] - AIM ()
= FUICD) i M ) e M 0G0} (40

where we have used that in the effective theory the intermediate meson propagator is simply
given by i/v - k, where k stands for the residual momentum. (Recall that we use a mass
independent normalization of states.) To proceed further, we need a relation that allows
us to combine the two traces appearing on the right-hand side into a single trace. This is
accomplished by the identity

> T {X M (0)} Te {5y M (0) M(v) } = =2Tr{55 (f = v p) X M(v)}, (41)

M'=PV

which is valid for any Dirac matrix X, and for a pseudoscalar or vector meson M (v). The
sum extends over the ground-state pseudoscalar and vector mesons M’(v) degenerate with
M (v), and summation over polarizations is understood if M’ is a vector meson.

Putting together the various pieces and using (il'l), we obtain the soft pion relation

lim Tr{ys [A(v- p, ) + FB(v-p, )| T M(v) }

F :
— 2;” [Tr{’m I'M(v)} —l—})l_r% g(v-p) Tr{’y5 (F—1) F/\/l(v)}] , (42)
from which we read off the values of the form factors A and B in the soft pion limit:
F(p) F(p)
A0 = 1— B(0 = . 4
(0, ) 2fﬂ( 9); (0, 1) af Y (43)

These relations are preserved by renormalization. In fact, one can define a scale-independent
quantity F' = 22/% F(u), which agrees with I at tree-level [14]. As mentioned above, the
coupling constant g is not renormalized. From (27), it then follows that

*Work suppoﬁed by DOE Contract DE-ACOI};76SFOO515.

A(O):E(l_g% B(O)_Eﬁﬁ (44)

which are the desired normalization conditions for the universal functions in the soft pion
limit.

11



B. Soft pion relations for F(v - p)

Let us next consider the soft pion relations for the subleading form factors F; defined
in (14). The only difference from the previous derivation is that now the current contains
a covariant derivative. Hence we need the corresponding matrix elements for the case of
meson-to-vacuum transitions. They are [14]

(0] G iD"hy |M(v)) = —@ % Te{(v" + ") T'M(v) }. (45)

Using again the trace relation (41}), we obtain for the pole term:

> (0[gTiD"h, |M'(v)) (M'(v)|p- A|M(v))

2 ) 20+ (=p)
_F (/é) Ag (U“.' ]f) Tr{ns (f — v - p) @ + 1) T M(0)}. (46)

The commutator term is simply given by (43) with I = —v; . Combining the two, we
obtain from a comparison with (14):

Ao =282 0-g, Ao --TE 2,
Fy(0,p1) = Z;Ff ) ?A F5(0,p) =0, (47)
RO =202 049, R0 =-S22

Note that the relations (1H) and (17), which are consequences of the equations of motion,
are satisfied by these expressions. Using the results of appendix A, we find that radiative
corrections can again be incorporated in a straightforward manner. The two independent
renormalized form factors satisfy

: : § g. (48)

C. Soft pion relations for C;’z(’u D)

Here one encounters the complication that the soft pion relation involves the time-ordered
product of three operators: the original heavy-light current, the axial vector current that
interpolates the pion field, and one of the operators Oy, and Oma which appear at order
1/mg in the effective Lagrgﬁé i I‘RQ% ‘PéSH‘s"‘é:&BEnt?“ Gesr'éog%esboth single and double
pole contributions in addition to the commutator term, and the derivations become more
cumbersome. We shall only give the final expressions here and refer the interested reader to
appendix B, where we give details of the calculation.

12



The 1/m¢ insertions from corrections to the effective Lagrangian correct both the meson
decay constants and the M M'r coupling constant, as shown in Fig. 2a. The corrections to
the decay constant were treated in Ref. [14]. They can be parameterized in terms of two
renormalized parameters Gl and GQ, which describe the effects of the kinetic and chromo-
magnetic operator, respectively. To order 1/mg¢ (and in leading logarithmic approximation),
the physical decay constants are

fp\/m—:ﬁ{1+mLQ(gA1+6G2—%>}>
oy = £ {1+ 2 (G- 26+ ) | (19)

Similarly, at next-to-leading order in 1/mg the coupling of two heavy mesons to the pion
receives corrections. Instead of the universal coupling constant g in (89) we write

1 .
gpve = gvpr = g + 2 (g1 +4G2) ,
mq

1
=0+ — —44s), 50
avv g 2mg (91 92) ( )

where P and V stand for a pseudoscalar or vector meson, respectively. The coupling of two
pseudoscalar mesons to the pion vanishes by parity invariance of the strong interactions.
For the precise definition of the parameters G; and ¢; and their renormalization the reader
is encouraged to consult appendix ‘B.

In terms of these parameters, we find the following soft pion relations for the renormalized
form factors CA?Z

= |2(1 = _
Gi(0) = 5 20 =9) G 1]
= |2
Go(0) oF | 991+91],
= — [2(1— — 2§
Gi(0) = 5 21— 9) %2 i)
G5(0) =0,
Ge(0) = F 29 Gs + 2§ 51
6()—E[9 2+ 92}7 (51)
as well as
. A F 2 2 g 5 A
lim Gs5(v - p) = —— [/(mv —mp) —— + 89 Ga + 442 | . (52)
=0 wwork suppor%dfdfb DOE Contrac€BE-RC03-76SF00515.

It might seem surprising that G, develops a pole as v-p — 0, with a residue proportional to
the mass splitting between vector and pseudoscalar mesons. However, as we shall see below,
this is exactly what is required to recover the correct pole contributions predicted by chiral
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symmetry. The singular behavior of G results from the diagrams depicted in Fig. 2b. For
later purposes, we define a regular function G5 (v - p) by

Fg(mv mp)
Afr wvep

[89Ga + 43s) (53)

Gi(v-p) = Gs(v-p) +

A

GO =3,

D. Meson form factors in the chiral limit

The soft pion relations derived above will become more transparent when we consider
the physical meson form factors f; and h; defined in (22) and (28). We start by considering
the sum f; 4+ f5. In the soft pion limit, we obtain

F A f3y/MB
0 14+ — 6Gs — — | p = —F— 4
f1(0) + f2(0) = 2f7r{ + (g1+ Gs 2)} 2 (54)
where we have used (49) to write the result in terms of the physical decay constant fg.
Next, consider the form factor f,. We find

/\

lim fov-p) = 5 {1+— (gl—zgﬁg)}{mgiw(glwgﬁ} (1—%3), (55)

where

2 2
myp. —m
AB:M%mB*—mB, (56)
me
and we have factorized various terms in an educated way, so that it is immediate to identify
the decay constant of the B* meson and the BB*m coupling constant. In fact, using (49)
and (50) we can rewrite the result as

IBy/MB~ Gy (57)

2f, T i pt Ap)

The resummation of the B*-pole term, which is allowed to the order we are working, has
removed the spurious singularity at v - p = 0, and we have recovered the physical pole
position at v - p = —Ap, corresponding to ¢ = m%.. This becomes apparent when we use
(23) to convert to the conventional form factors fi(¢?) and fo(¢?). In the soft pion limit,
they become

lim fo(v-p) =

hm filq )_ mp fB* gBB* fB* 9BB*r
q> —>m + 2 é Bg él — q2/m2B*] ’
Prwork suppojgted by DOE Contrac E- AC03 76SF00515.
o(mp) = T (58)

where we have used that mp«/mp = 1+ O(1/m3). These are the well-known results for the
meson form factors in the chiral limit. They have been previously derived in the m; — oo
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limit by combining HQET with chiral perturbation theory [19,20], or by using current algebra
in connection with the fact that the B and B* mesons are degenerate to leading order in
1/my [21]. The same relations have also been obtained without a heavy quark expansion,
by assuming nearest pole dominance [18,36]. We emphasize, however, that here we have not
only recovered these results from a rigorous expansion in QCD, but we have proven them
to hold even at next-to-leading order in 1/m;, and including short-distance corrections. We
find that there are no such corrections to the soft pion relations once one uses the physical
values of the meson decay constants and of the BB*m coupling constant, as compared to
their values in the m; — oo limit.

In a similar manner, one can derive the soft pion limit for the B* — 7 decay form factors

h; defined in (28). We obtain

hy (0) = f327 Vﬁr””“B
ha(0) = P
h3(0) = % 9B*Br ﬁ ;

ha(0) =0. (59)

9B*B*r

Again, at leading order in 1/my, these relations could also be derived using heavy meson
chiral perturbation theory.

V. SUMMARY AND CONCLUSIONS

We have presented a systematic analysis of the B® — 7 ¢v decay form factors to
order 1/m; in the heavy quark expansion, including a detailed treatment of short-distance
corrections. Similar analyses have been carried out in the past for the semileptonic decays
B — DW(y 27 and A, — A, Cv [37], and for heavy meson decay constants [i14]. As in these
cases, the analysis of the form factors in the context of a heavy quark expansion provides
the theoretical framework for a comprehensive investigation of the hadronic physics encoded
in the universal functions of HQET, using nonperturbative techniques such as lattice gauge
theory or QCD sum rules. For the decays between two heavy mesons, this strategy has been
very successful and has led to much insight into the properties of these nonperturbative
objects. In particular, analytic (two-loop) predictions have been obtained for the leading
and subleading Isgur-Wise functions using QCD sum rules [38,8Y], and first results for the
leading-order Isgur-Wise function are available from lattice gauge theory [40,41]. Previous
predictions for the B — w /v form factors, on the other hand, were obtained using quark
models [4243], or QCD sum rules in the full theory [#4-49]. The next step should be a
more detailed analysis in the context of the heavy quark expansion. Recently, calculations
incorporating ingrediefWersishepeied AxROEFAMEEHPEARODHESERARID- in the m;, — oo limit
[50-52]. One of the purposes of our paper is to allow an extension of this type of calculations
to order 1/my,.

The main motivation for a study of exclusive heavy-to-light decays is to extract the
element |V,| of the quark mixing matrix in a reliable, model independent way. The idea is
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to compare the lepton spectra in the decays B — w /v and D — 7w {v, which are related to
each other by heavy quark flavor symmetry [§]. In the limit of vanishing lepton mass, the
differential decay rate is determined by the form factor f; defined in (20):

dl'(B - wlv) Gimg
d(v - p) 1273

3/2
Vaol® [(v - p)* =m2]| 7| £ P (60)
Hence, the ratio of the two distributions at the same value of v - p is
|V

AD(B — 70v)/d(v-p) 2 N2 | D 5
dF(D—>’/T€l/)/d(Up) same v~p_ ‘/cd (mD> \/7n—Bf£—>7r

2

(61)

In the limit of an exact heavy quark flavor symmetry, the last factor on the right-hand side
equals unity. It is convenient to rewrite this factor as

B—mw

\/m—Dqu = UPERD (v, (62)

Vs [P T vp+ Ap
where Ag = mp —mp ~ 0.05 GeV and Ap = mp- — mp ~ 0.14 GeV. This definition of
Rpp takes into account the dominant momentum dependence for low momenta, which comes
from the presence of the nearby vector meson pole. The difference in the pole positions for
B — nlv and D — 7/{v is formally of order 1/mg, but is significant for v - p close to its
minimum value m.,. This effect is explicitly taken into account in (62). The remaining,
nontrivial power corrections reside in the quantity Rgp. Using (31), we obtain

Rpp(v-p) = 1+%Tc(v~p) - QLWTb(U'p) +0(1/mj), (63)

C

where the function

1 N N N N N N
ro(v-p) =1+ = (—v~pA+4F6—G2—2G§eg+2G5—6G6> (64)

depends logarithmically on mg through the definition of the renormalized form factors in
appendix . The function G5* has been defined in (53). The accuracy with which |V
can be determined depends crucially upon how well one will be able to estimate the 1/mg
corrections in (B4). Thus, a detailed investigation of the leading (A and B) and subleading
(Fg and CA?Z) universal functions is most desirable. Such an analysis is beyond the scope of
the present paper. We note, however, that for the related case of B — p /v decays, the form
factor ratio corresponding to (62) has been calculated in the quark model, using a 1/mg
expansion [53]. The results are encouraging in that the deviations from the flavor symmetry
limit turn out to be small, of order 15%. We expect corrections of similar size for the case
of B —  transitions. In fact, assuming that rq is of order unity, we expect that the scale
of power corrections is set by
*Work supporteﬁ by DO%Contract DE-AC03-76SF00515.

- —~11 65
ch me %7 ( )

where we have used A = 0.5 GeV, m. = 1.5 GeV, and mp = 4.8 GeV for the sake of
argument.
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Are there any indications that this estimate might be too optimistic? We think not. The
reason is that current algebra puts powerful constraints on the form factors in the soft pion
limit. In particular, it fixes the normalization of f} at zero recoil. Using (58) one obtains

9BB*r fB*\/mB
9DD*r fD*\/mD

While this relation was derived before in the infinite heavy quark mass limit [19-21,51],
we have shown that it is actually valid to next-to-leading order in 1/mg. It is well-known
that, for pseudoscalar mesons, there are substantial corrections to the asymptotic scaling
law fgy/mp ~ fpy/mp, which enhance the ratio fg/fp. Theoretical predictions typically
fall in the range (fz/m5)/(fp\/mp) ~ 1.3—1.5 [10-17]. However, in (66) there appear the
decay constants of vector mesons. Both QCD sum rules and lattice gauge theory predict
that spin symmetry violating corrections decrease the ratio fp«/fp- as compared to fg/fp.
The predictions are fp«/fp« = k(fg/fp) with £ = 0.79£0.03 from QCD sum rules [14], and
k = 0.86 & 0.06 from lattice gauge theory [I1]. The total effect is that the scaling violations
are much smaller for vector meson decay constants. One expects

lim RBD(U . p) = (66)
p—0

JoVME 4 05— 1.90, (67)
fD*\/mD

i.e., a rather moderate correction to the flavor symmetry limit. Although we are not able
to give a similar estimate for the ratio ggp+r/gpp+r in (:'66), we see no reason why it should
deviate from unity by an anomalously large amount. Hence, we believe that the deviations
from the symmetry prediction Rgp = 1 are of the naively expected order of magnitude.
We conclude that from a comparison of the lepton spectra in B — wfv and D — ©wlv
decays, it should be possible to extract |V,;| in a model independent way with a theoretical
uncertainty of 10 — 20%. This would already be a major improvement over the current,
largely model dependent determination of |V,;| from inclusive decays. To achieve an even
higher precision, it is necessary to study in detail the 1/m¢g corrections in (63). It is only at
this level that hadronic uncertainties enter the analysis. In this paper, we have developed
the theoretical framework for such an investigation.

At this point it is necessary to discuss the validity of the various expansions considered
in this paper. The heavy quark expansion is valid as long as, in the rest frame of the initial
heavy meson, the energy of the light degrees of freedom before and after the weak decay is
small compared to (twice) the heavy quark mass.i Hence, one must require that

A .
2«1, P (68)
2mg 2mg

where A is the effective mass of the light degrees of freedom in the initial heavy meson [23].
The first ratio is of order 5% for Q = b and 15% for () = ¢, whereas the second ratio varies

roughly between 0 andwc/’réf &P %S}e% by -D]9 FSC%) ('}fzalB:t—P %ﬁ?ﬁg?ﬁ%ﬁ%&, we expect the heavy

'For a discussion of the factor 2, see Ref. [30).
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quark expansion to hold over essentially the entire kinematic range accessible in semileptonic
decays. This assertion is in fact supported by quark model calculations [54,55].

Another important question is over what range in v - p can one trust the leading term in
the chiral expansion, i.e., the soft pion relations given in (58) and (66). Since the pion is a
pseudo-Goldstone boson associated with the spontaneous breaking of chiral symmetry, we
expect that the scale for the momentum dependence of the universal form factors of HQET
is set by A, = 47 f, which is the characteristic scale of chiral symmetry breaking. Although
one should not take this naive dimensional argument too seriously, we may argue that the
universal functions are slowly varying in x = v - p/A,, and the leading chiral behavior
should be a good approximation until v - p ~ 1 GeV. Hence, we expect that (58) and (66)
should not only hold near v - p = 0, but actually over a rather wide range in v - p. Recent
QCD sum rule calculations of the ¢?-dependence of ff_’”(qQ) in the full theory support this
expectation. The authors of Ref. [47] find that the pole formula (58) gives an excellent fit
to their theoretical calculation over the wide range 0 < ¢ < 20 GeV?. For the residue
at ¢*> = 0, they obtain fP=7(0) = 0.26 & 0.03, which is consistent with other sum rule
calculations [42-40,48,49], and with the quark model prediction of Ref. [42].

This result is interesting since, by means of (58), the residue can be translated into a
value for the BB*r coupling constant, yielding

200 MeV)
I '

This value is significantly smaller than a naive estimate based on PCAC and the non-
relativistic constituent quark model, which gives gpp+»r ~ 1 [B1856]. However, it has
been pointed out that this number may indeed be too large. From a generalization of the
Nambu-Jona-Lasinio model, the authors of Ref. [57] find ggp«r ~ 0.32. The large spread
in the theoretical predictions for the BB*r coupling constant poses the question whether
it is possible to obtain experimental information on this coupling. So far, attempts in
this direction have focussed on the decays of charm mesons, assuming heavy quark sym-
metry (i.e., neglecting 1/m,. corrections). From the width of the D**, one can derive
the rather loose upper bound gpp<; < 1.7 [19].2 The analysis of radiative D* decays in
Refs. [59,6U] allows 0 < gpp+» < 1. Finally, one can combine the measured branching ratio
for D° — 7~ etv with the assumption of a monopole behavior of the form factor ff ~™(q%) to
obtain gpp«r >~ (0.40 £ 0.15) x (200 MeV/fp+) [61,62]. All these determinations have large
uncertainties, however. The semileptonic decay B — 7 7 1/, on the other hand, offers a rather
clean measurement of gpp+,. By measuring the distribution in the decay angle between the
pion and the lepton, it is possible to disentangle the contributions of the form factors f, and
fo to the decay rate [B6]. By means of (58), such a measurement would determine the ratio
9B=([B+/fB) =~ 1.1 ggp~x, where we have used the results of Refs. [I1,14] for the ratio of
decay constants. This might be one of the best ways to determine this important coupling
constant experimentally.

*Work supported by DOE Contract DE-AC03-76SF00515.

Gppen ~ 017 ( (from Ref. [&7]) (69)

2The tighter bound gpp+, < 0.7 is obtained when one uses the value I'(D**) < 131 keV reported
in Ref. [bY].
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APPENDIX A: RADIATIVE CORRECTIONS

The renormalization scale dependence of the universal functions of HQET can be derived
from the requirement that the physical meson form factors defined in (22) and (28) be u-
independent. Using the explicit expressions for the Wilson coefficients given in (4) and (H),
we find that in leading logarithmic approximation the following combinations of functions
are renormalization-group invariant:

zi(v-p) = Fs5(v-p,pu) +v-pBv-p, ),
z2(v - p) =F6(v~p,u)+1(f\—v~p)3(v~p,u),

3
@wqoz%%g%§—§%m—vmnm%w»
@@4»:%%%%§—§gm—vmnm%w»

z5(0 - p) = las(W)] P 3 Gs(v - p, ) — Gs(v-p,p) + Go(v - p, p) + §(f\ —v-p)B(v %u)},

{ ;
z6(v - p) = [ag(w)] 77 {04(v Py ) — %(1 — %) Gs(v-p, ) + Go(v - p, )

8

~ 5 (A =v-p) [Aw-pp) + Bl -p0)] |

z2(v - p) = [os(p)]7/° {G5(v Py ) — %Fs)(v “pp) — %v -pB(v ~p,u)},

25(v - p) = [as()] 77 {Gﬁ(v "y 1) F % Fs(v-p,p) — 237(/\ —v-p)B(v-p, u)} : (A1)
These renormalized functions are still universal in that they do not depend on the heavy
quark mass. In the nexjvsfrRupR Aediby velateshiieropmakosddsnadsens F;(v-p) and Gi(v-p)
in analogy to (27%), by requiring that they be u-independent and agree at tree-level with
the original functions F; and G;. This necessarily introduces logarithmic dependence on the
heavy quark mass. We obtain, again, in leading logarithmic approximation:
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F5(v~p)=F5(v~p,u)—(332“—1)%293(@-19,#),
Fﬁ(v~p)=F6(v~p,u)—%($2/ﬂ—1)(A—v~p)B(v~p,u),
Gi(v-p) _Gilv-pp) 16 2

Aw-p)  A(v-p,p) 3B(A p)Inz,

Gov-p)  Galv-p,p) 16 <

- = —— (A—-v-p) Inz,

Bw-p)  Bv-ppu) 35( P)

~ 2 _

Ga(v-p) =2 P Gs(v-p, p) —%(ww—x_w) (A—v-p)B(v-p,p)

+ % (1=27%) |Fs(v-p, i) + Fo(v - p,p) + 3(A+20- p) B(v-p, p)]

3 B
Ga(v-p) =277 Ga(w ) + o (a7 = 2 P) (A= v p) Av - p.p)

2 (1= a ) [0 ) Fylw-po) + 3o o) + (A —v-p) Blo- )]
Gs(v-p) =27 Gs(v-p,p) + % (1=27Y") [Fs(v-p,p) +v-pBv-p,p)],

Go(v-p) =27/ Go(v-p,p) + 2% (%7 —27P) (A= v-p) B(v-p, p)
- % (1—a™9) [Fo(v-p.p) + (A = v-p) Blo-p.y)] (A2)

where © = a,(u)/as(mg). Using (27) and (Al), it is readily seen that these functions are
indeed p-independent. In terms of them, the 1/mg expansion of any meson form factor
assumes the same form as at tree-level.

APPENDIX B: SOFT PION RELATIONS FOR C;'z('u - p)

In this appendix we derive the soft pion relations for the subleading form factors G;, which
arise from insertions of the 1/mg corrections in the effective Lagrangian into matrix elements
of the leading-order currents. The corresponding corrections to meson decay constants are

125

(0] [ dyT{aT ho(0), Oan(y)} 1M () = iF (1) Ga(n) TH{T M(v)}
(BL)
(0] [ dyT{aT 1 (0), Onag(y)} [M(v)) = 2idas F (1) Ga(r) Te{T M(0)}

where dj; = 3 for a pseudoscalar meson, and dj; = —1 for a vector meson. The corrections

o the coupling of two frayy Hesass P S3E AXlHasBEA S FeBRdRsC Written as

3The constants G;(u) were denoted by G;(u) in the original paper.

20



(M'(U,p)|i/dyT{p - A(0), Owin(y) } M (v)) = g1 Tr{%p/ml(v)./\/l(v)} +...,
(B2)
(M’(vap)li/dy T{p - A(0), Oumag(y)} 1M (v)) = 2(das + darr) g (1) Tr{ s g M () M(v) }
...,
where the ellipses denote terms quadratic and higher order in p.

Let us first work out the pole terms arising from an insertion of Oyy,. According to
Fig. 2a, there are two single pole contributions:

1

S (01T B [0'(0) s (/) [ Ay T - A(D), O} M)

M/ v - _p)
#0011 [ Ay T{aT 1u(0). Oua )} 1M () 55 (M ()] - AW ()
— = 3 2y 6u0) + ] Tels (-0 T MO} (B3)

As shown in Fig. &b, there are also potential double pole contributions. The first diagram
gives rise to

M%, (O[T hy |M"(0)) (M"(0)] Oggn | M (0)) (M'(0) | p - A|M(v)) (ﬁ)
A

:—W A%;(OICYFhvIM’(U)><M'(U)IP~AIM(U)>- (B4)

Note that only diagonal terms (M” = M') contribute to the sum. We have introduced
the mass parameter A\, which parameterizes the matrix element of the kinetic operator. In
general, one defines

(M ()| Owin [M(v)) =21,
(M (V)| Omag [M(v)) = 2dy Aa(p1) - (B5)

The same matrix elements also determine the 1/m¢ corrections to the physical meson masses:
. 1
mar =mq + A = s— [ M + dar Cunag (1) Do) + .- - (B6)
QmQ

This induces a mass renormalization which modifies the meson propagator, as shown in the
second diagram in Fig. 2b. The corresponding correction is obtained from the expansion

M Mooo 0 €
= 1——+ ... B7
[(M +vigex$ubported 53 DOE Colttradt E-AC@B'—%S—EO%JQ.’ (B7)

where M = mg + A. For the kinetic operator, ¢ = —A1/2mgq. (The Ay term will be
taken into account below.) Combining this with the leading-order pole contribution in (40),
we find that the contribution from mass renormalization exactly cancels the double pole
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contribution (B4). As a result, only the commutator and the single pole terms remain, and
we obtain the soft pion relations

G1(0,p) = %ﬁ) [2(1 —9)Gi(p) — 91] )
Ga(0.10) = 2 29 Guly) + ). (B9)

Things are slightly more complicated in the case of an insertion of the chromo-magnetic
operator Onae. The single pole contributions are

F(p)
20-p

5> [2dur 9 Galr0) + (dy + o) g2()] THE M)} ey M ()M} (B9)

M/

To recover the trace structures appearing in (19), we need a second trace identity besides
(41). Tt is

>~ (dar = dog) Tr{D M (0)} Tr{ 5y M (0) M(v) } = —4 Tr{z% Pavs ! ; ’ aaﬂM(v)} -

M/

(B10)
This allows us to rewrite our result (B9) as
=T g Gati) + 90000 s s (= v )T L 0 M)}
=200 (39 Galp) + ga()] Te{ins para T 5L o250 . (B11)

where we have used that (1 + ¢) 0agM(v) 0% = 2dp M(v) [14]. The double pole con-
tribution can be calculated in complete analogy to the case of the kinetic operator, except
that the contribution from mass renormalization will not cancel the direct double pole term,
since the spin of the pole meson can be different from the spin of the external heavy meson.
In fact, we find

s 3 ) (01T B [M(0) (070 - A 1)

2(v -
(iv p];) Tl”{% ipays I

1+
2

<

— iF (1) Ma(p) o M(v) (B12)

The parameter A2(u) has been defined in (Bj). Collecting the commutator, single and
double pole contributions and comparing the result with (19), we find the following soft
pion relations:

F(up)
2fr

é\ziij( su Md{?(ngEg?@;(?ﬁ B%g ﬁ)167SF00515.

[ =220 822 — 59,6303 — 404

lim G3(v - p) =
p—0

2fr
G5(O) = 07
Guf0) = 22 [29 Guv + 2020 (B13)
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To obtain the corresponding relations for the renormalized functions GZ(U - p), one first
has to renormalize the low-energy parameters appearing on the right-hand side of the soft
pion relations. It is easy to see that ¢, g1, and A; are not renormalized to all orders in
perturbation theory, whereas the p-dependence of go(p) and A2(p) is compensated by the
Wilson coefficient of the chromo-magnetic operator. The renormalization of G o is slightly
more complicated. It is discussed in Ref. [I4]. In leading logarithmic approximation, the
renormalized low-energy parameters are given by

Go =3P go(p), e Aa(p)
. 8A A 4\
G = gl(,u) - % Inz, Gy = x3/P [92(,“) - 2—7] ) (B14)

where 2 = a,(p)/as(mg). By means of (BG), Ay is related to the mass splitting between
vector and pseudoscalar mesons:

Ao =~ (mi —m3). (B15)

The soft pion relations (51) and (52) follow by combining (B§), (BI3), (BI%), and (A32).

*Work supported by DOE Contract DE-AC03-76SF00515.
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FIGURES

FIG. 1. Pole diagram contributing to the soft pion relations for the universal form factors.
The axial vector current is shown as the dashed line, whereas the weak current is drawn as a wiggly
line. The black dot represents the strong interaction vertex, the open box the weak interaction

matrix element.

FIG. 2. Single (a) and double (b) pole diagrams contributing to the soft pion relations for
the form factors G;. The notation is the same as in Fig. 1. In addition, a cross represents a 1/mg

insertion of Oyin or Omag.
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