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We give an overview of chiral quark models, both for the pure light sector and
the heavy-light sector. We describe how such models can be bosonized to obtain
well known chiral Lagrangians which can be inferred from the symmetries of QCD
alone. In addition, the coefficients of the various pieces of the chiral Lagrangians
can be calculated within these models. We discuss a few applications of the models,
in particular, B — B mixing and processes of the type B — DD, where D might be
both pseudoscalar and vector. We suggest how the formalism might be extended
to include light vectors (p,w, K*), and heavy to light transitions like B — 7.
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1. Introduction

While the short-distance (SD) effects in hadronic physics are well understood
within perturbative quantum chromodynamics (pQCD), long-distance (LD) effects
have been hard to pin down. Even if quark models are not QCD itself, various
QCD inspired quark models have been useful to make predictions for a limited
class of problems. Lattice QCD and QCD sum rules are on more solid ground
theoretically, but are in various cases not so easy to apply. In the light quark
sector, low-energy quantities have been studied in terms of the (extended) Nambu-
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Jona-Lasinio model (NJL)[1], and also the chiral quark model (xQM)[2], which is
the mean-field approximation of NJL.

Within the xyQM, the light quarks (u,d,s) couple to the would be Goldstone
octet mesons (K, m,n) in a chiral invariant way, such that all effects are in principle
calculable in terms of physical quantities and a few model-dependent parameters,
namely the quark condensate, the gluon condensate, and the constituent quark
mass [3, 4, 5]. More specific, one may calculate the coupling constants of chiral
Lagrangians by integrating out the quarks by means of the yQM. In this way
chiral quark models bridge between pQCD and chiral perturbation theory (xPT)
as indicated in Fig. 1.

SUSY, STRINGS,
EXTRA DIMENSIONS ... 77?
1TeV 22
M ,~80GeV QCD + EW
udschbit, ... o
c
m, ~5GeV 2
HQET ¢, b 1”
QCD u,d,s 3
SUEXSUE 5 g
| A xQM+HLXQM | /@
u@)y, CPT + HLCPT
Knm,B,D,..

Fig. 1. Energy hierarchy in interactions of elementary particles.

The ideas from the chiral quark model of the pure light sector [2, 3, 4, 5] has
been extended to the sector involving a heavy quark (c or b) and thereby to heavy-
light mesons [6]. Such models we name heavy-light chiral quark models (HLxQM).
Also in this case, one may integrate out the light and heavy quarks and obtain
chiral Lagrangians involving light and heavy mesons [7]. That is, we calculate the
parameters of chiral Lagrangian terms, where the descriptions of heavy mesons are
in accordance with the heavy-quark effective field theory (HQEFT) [8]. In our ap-
proach [9], we extended the formalism of [6] to include gluon (vacuum) condensates.

One important motivation for the inclusion of gluon condensates is the possibil-
lity to estimate non-factorizable (colour suppressed) contributions in non-leptonic
decays. For instance, K — K-mixing and the Al = 1/2 rule for K — 27 can be
understood in a reasonable way within the xQM [3, 5] including gluon condensates.
Especially, the suppression of the I = 2 amplitude found for K — 2x is also in
agreement with the generalized factorization [10]. Furthermore, it allows us for in-
stance to consider decays where the gluonic aspect of 1’ is relevant [11], and some
aspects of D-meson decays [12]. The most important application is to calculate
non-factorizable contributions to B — B-mixing [13], where our approach includes
1/my corrections and chiral corrections both from loops and counterterms. Also
processes of the type B — DD are calculable [14]. It should be emphasized that
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the HLxQM can not, — in its present form, be used for heavy to light transitions
like B — wK, where QCD factorization [15] or soft collinear theory(SCET) [16] is
often applied . Still, in the last section, we suggest how an extension to this case
might be performed. We also suggest how the yQM might be extended to include
light vectors (p,w, K*).

2. Charal perturbation theory

2.1. The pure light sector

Quarks are the fundamental hadronic matter. However, the particles we observe
are those built out of them: baryons and mesons. In the sector of the lowest-
mass pseudoscalar mesons (the would-be Goldstone bosons: 7, K and 7), the
interactions can be described in terms of an effective theory, the chiral Lagrangian,
that includes only these states. The chiral Lagrangian and chiral perturbation
theory (xPT) [17, 18] provide a faithful representation of this sector of the Standard
Model after the quark and gluon degrees of freedom have been integrated out. The
form of this effective field theory and all its possible terms are determined by the
SUL(3) x SUR(3) chiral invariance and Lorentz invariance. Terms which explicitly
break chiral invariance are introduced in terms of the quark mass matrix M,.

The strong chiral Lagrangian is completely fixed to the leading order in momenta
by symmetry requirements and the Goldstone boson’s decay amplitudes

2 f? f?
L) = T T (D,EDPET) 4 T BoTr (M, EF 4+ M), (1)

where the covariant derivative D# contains the photon field, and M, =
diag [m., ma, ms). The quantity By is defined by (g;q;) = — f?Bgd;j, where

(ms +ma)(qq) = —famik , (mu+ma)(qe) = —f2m (2)

in the PCAC limit. The quantity (Gq) is the quark condensate, being of order
(-240 MeV)3. The SUL(3) x SUg(3) field 3 contains the pseudoscalar octet IT

0 L ms + +
2 Ae | it . K
EEexp <f]._.[>, H:?QSUI(Z'):E T —%::7/7% KO . (3)
K~ KO —l’ﬂg
V6

The quantity f is, to lowest order, identified with the pion decay constant f, (and
equal to fx before chiral loops are introduced).

When the matrix ¥ is expanded in powers of f~!, the zeroth-order term ob-
tained from (1) is the free Klein-Gordon Lagrangian for the pseudoscalar particles.
From this Lagrangian, one might deduce the (left-handed) current

2
J = —i%Tr [(A"SDHST] (4)
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where n is a flavour octet index and A, a SU(3) flavour matrix.

For the next-to-leading order Lagrangian Eégong, there are ten terms and

thereby ten coefficients L; to be determined [18] either experimentally or by means
of some model. Some of these play an important role in the physics of ¢ in K — 27
decays [19]. As examples, we display the Ls and Lg terms in governing much of the
penguin physics

Ls By Tr [D,STDFE (M + 5T M,)] (5)
and
Lg By Tr [MISM}S + M ETM T (6)

Under the action of the elements Vi and V7, of the chiral group SUg(3) x.SUL(3),
the field ¥ transforms as

2 — VBV, (7)

and accordingly for the conjugated fields. Formally, M, is given the same trans-
formation properties as 3, and ./\/lg as X

2.2. The heavy light sector
The strong chiral Lagrangian for the heavy light sector is [7, 20]:

Low =% T [HG (0 Du) HGY| = gaTe [ HGOHG 7548,

() - (&
+2A Tr [Hif)Hif)(Mc}/)hk] + ZﬂTr [Héi)Hif)g _ F(Qg)hk} 4+ (8)

where k, h are the SU(3) triplet indices, and v is the velocity of the heavy meson.
The ellipses indicate other terms (of higher order, say), and iD}, = dp D" + V',
Moreover, Qg = (£7Qu€ + £Q,£1) /2, where @, is the SU(3) charge matrix for light
quarks, Q, = diag(2/3,—1/3,—1/3), and F is the electromagnetic field tensor.

ngﬁ) is the heavy meson field containing a spin zero and spin one boson:
+ + . o+
Hy  =Pe() (P, - 1P ),
+ + + . p(£)5
HG = G = (P =1 (PF) s P (9)

where

Pi(v) = (1£7-v)/2 (10)
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are the projection operators. The fields P(¥)5(P(#)#) represent heavy-light mesons,
0~ (17), with velocity v. The signs + refer to particles and anti-particles, respec-
tively, and will sometimes be omitted in the following when unnecessary.

The vector and axial vector fields V,, and A, are given by

i i
VME§(£T6M£ + faugt) ) AME - 5(5’[6“5 - faugt) . (11)
The fields £ and H, transform as
E-UeVy =veut,  H,— H,U', (12)

where U e SU(3)y, which is the unbroken symmetry group.
The vector and axial fields transform as

V., UV, U + iU, U, A, —-UA,U". (13)

The vector field V* is seen to transform as a gauge field under local SU(3)y, and can
only appear in combination with a derivative as a covariant derivative (10" + V#).

~V —~ A
The quantity M, (as well as the orthogonal combination M, ) is related to the
current mass term

MY =2 @M remle),  Mp=- JEME -emMle. ()

The heavy-light weak current, to zeroth order in 1/m¢ and chiral counting, is

represented by
@

JR(0) = ST (¢ T Hun (15)

and under SU(3), it transforms as

JE s g (Vg)hk . (16)

This current has also (counter) terms, of higher order in the chiral counting, needed
to make the chiral loops finite,

w1 — W —

M) = ST (e i MY |+ ST [, TiE | MYy ()
where the parameters wy and w/ are commented on in Sec. 4.3. To the leading order,
I'* = v*L, where L is the left-handed projector in Dirac space, L = (1 — 75)/2.
However, this is slightly modified by perturbative QCD for p below mg, which
gives [8]

r*=C,(p)y* L + Co(p)v* R, (18)
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where R is the right-handed projector, R = (1 + 75)/2. The coefficients C (1)
are determined by QCD renormalization for i < mg. They have been calculated
to NLO and the result is the same in MS and MS scheme [21]. (C, is close to
one and C, is rather small). Corrections to the weak current of order 1/mg will be
discussed in Sec. 5.

Before closing this section, we write down the bosonized b — ¢ transition current
in terms of the heavy fields

Q4 LQLY) — ¢t | B LAY, (19)

where ((w) is the Isgur-Wise function for the B — D transition [22]. The indices
on the heavy fields here refer to the the b- and c-quarks with velocities v, and v,
with w = vy - v.. The current for DD production is

$ 0@l — (AT [H e LE )] (20)

where the Isgur-Wise function ¢(—A\) is (in general) complex. We have A = v, - 7,
where ¥ is the velocity of c.

3. The chiral quark model (x QM)

3.1. The Lagrangians for x QM

The light quark sector is described by the chiral quark model (xQM), hav-
ing a standard QCD term and a term describing interactions between quarks and
(Goldstone) mesons [1—5]

Lyqm = @Liv-D qp+qrivD ar—q Mg ar —GrM) a.—m(qrSTqr+q.Sqr) , (21)

where m is the (SU(3)-invariant) constituent quark mass for light quarks ¢7 =
(u,d, s). The left- and right-handed projections ¢y, and gg are transforming after
SU(3) and SU(3)g, respectively,

qr. — Vo qr and qr — VR QR - (22)

From (21), we deduce the Feynman rules. For instance, the Pqg coupling is
(m7ys/ f) times some SU(3) factor (P is a pseudoscalar meson, 7, K, 7). From such
Feynman rules, and including the quark propagator S(p) = (y-p — M,)~!, we can
calculate aplitudes for, say, m—m scattering in the strong sector. Here M, = m+m,
is the total mass. Alternatively, one might keep only the constituent mass m in the
propagator, and take the current mass m4 as a coupling. Incuding also the Feynman
rules for weak vertices, one might calculate [5, 4] amplitudes for non-leptonic decays
in terms of quark loops representing fr and the semileptonic form factors fi, but
also for more complicated cases.
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Also, as a more exotic example, one may calculate the effect of the electroweak
s — d self-energy transition contribution to K — 27 as shown in Fig. 2. This is
an off-shell effect which vanishes in the free quark case, but is non-zero for bound
quarks and proportional to m within our framework [4].

Tt
d_q------- RRRRREEE
K° >
_________ | . u
+
Tt
........ »_...-.-..

Fig. 2. Contribution to the process K — 21 from the non-diagonal s — d transi-
tion.

If one wants to deduce chiral Lagrangians from the yQM, it is more transparent
to consider the flavour rotated version of (21) by defining the flavour rotated quark
fields x given by

xe=¢&q,  xr=&r, £-E=X. (23)

The constituent quark fields x, and x g transform in a simple way under SU(3)y
xL —=Uxe, xr — U Xxr - (24)

In the rotated version, the chiral interactions are rotated into the kinetic term,

while the interaction term proportional to m in (21) becomes a pure (constituent)
mass term [2, 5]

»CxQM :Y[’YM(ID,U—’_V# +’V5A#) _m]X_quX, (25)
which is manifestly invariant under SU(3)y. Moreover,
M=M) + My, (26)
where M(}‘A are given in (14).
In the light sector, the various pieces of the strong Lagrangian in Sec. 2.1 can
now be obtained by integrating out the constituent quark fields y, and these pieces

can be written in terms of the fields A, , J/\Z}/ and ZT];‘. This can easily be seen by
using the relation

1 1
Ay = _Zf (D2 € =+ ZfT (D% € (27)
The same method can be used for chiral Lagrangians in the weak sector.
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In our model, the hard gluons are assumed to be integrated out and we are
left with soft gluonic degrees of freedom. These gluons can be described using the
external field technique, and their effect will be parameterized by vacuum expec-
tation values, i.e. the gluon condensate (%GQ) Gluon condensates with higher
dimension could also be included, but we truncate the expansion by keeping only
the condensate with the lowest dimension.

When calculating the soft-gluon effects in terms of the gluon condensate, we
follow the prescription given in [23]. The calculation is easily carried out in the
Fock—Schwinger gauge. In this gauge, one can expand the gluon field as

i(2m)* Ge (0)i5(4)(k) 4 (28)

A[L (k) - - ) pu 8kp

In some simple cases, one may also use the light-quark propagator in a gluonic
background (to the first order in the gluon field)

S1(p,G) = —%Gzﬁtb [aa’g(v ‘p+m) + (y-p+ m)aaﬁ] (p* —m?)~2, (29)

where g5 is the strong coupling constant, a and b are the colour octet indices, and
t® are the colour matrices. In general, one should stick to the prescription in Ref.
[23] in order to get correct results. Since each vertex in a Feynman diagram is
accomplished with an integration, we get the Feynman rule given in Fig 3. The
gluon condensate contributions are obtained by the replacement

472 R 1
QEGZUGZB - (]\72771;]_)5ab<%G2>ﬁ(guaguﬁ - guﬁgua) . (30)
— k 1 R,
——gsta’y“G (0)_ + -
2 a ok? kP=0

Fig. 3. Feynman rule for the light quark —soft gluon vertex.

3.2. Bosonization of the x QM

The Lagrangians (21) or (25) from the previous section can now be used for
bosonization, i.e. to integrate out the quark fields. This can be done in the path
integral formalism, or as we do here, by expanding in terms of Feynman diagrams.
Within the xyQM, with Feynman rules obtained from (21), one may calculate the
simple quark-loop amplitude for 7 — W which defines f (the bare f;) in terms of
a logarithmicaly divergent integral I times the coupling ~ m/f. Including also the
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gluon condensate contribution, one obtains [3, 4, 5]

) 1 o,
f? = —idm?*N,I, + m<?G2> , (31)

where I is the following logarithmically divergent integral (d is the dimension of
space within dimensional regularization)

B dk 1
o= [ G 32

Equivalently, one may obtain the (kinetic part of the) strong Lagrangian in (1)
by attaching two axial fields A, to a vacuum-polarization-like quark loop diagram
by using (25). Then one obtains

d
i) =, | (;1;; Tr [(v095A4%) S(0) (v75A4°) S(p)] = *Tr [A,A"] . (33)

where the trace is both in flavour and Dirac spaces (a similar diagram with gluons
should also be added). This is easily seen by using the relation (27), provided f? is
given by (31). Equation (33) gives the Lagrangian (1) in the light sector by applying
(27).

The quark condensate is

_ . ddp . 1 Qg
(qq) = —lNcTT/WS(p) = —4imN.I; — %<?

where I; is the quadratically divergent integral

dk 1

In Egs. (33) and (34), S(p) has to be understood as the quark propagator in an
external gluon field up to the second order in gs;. The a priori divergent integrals
I 2 have to be interpreted as the regularized ones. The physical values of I; o are
determined by the physical values of f and (Gg). In general, by coupling the fields

G?), (34)

A, and J,\Z}/ 4 to quark loops, the chiral Lagrangian terms and their coefficients
within the light sector can be obtained.

Similarly, we may bosonize the weak currents. The left-handed current can be
written

N = XAt xp . AT = e (36)

The lowest-order term O(p) is obtained when the vertex A™ from (36) and axial
vertex (~ A,) from (25) are entering a quark loop (see Fig. 4)
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Yuls
Ay

Fig. 4. Feynman diagram for bosonization of the left-handed current to order O(p).

. . dip n - n
BB = =iV [ ST LA S0) (G A”) SG)] ~ Tr (A7 AL (37)

which coincides with (4) when (27) is used.

As a more non-trivial example, to obtain a non-zero non-factorizable contribu-
tion to D — KYK? at tree level, one has to consider the coloured current j®

to O(p?), involving insertions of the “mass fields” Mq in (26) [12]. (This coloured
current is obtained by Fierz transformations of the relevant four-quark operator).
From Fig. 5, one obtains the contribution

d’p

jm*(Fig. 5) :i/(%)d

Tr [(1,LA™%) S(p) (15754%) S(p) My $1(p,G)] - (39)
“ M,

YuLt?

Ag

Fig. 5. Diagram for bosonization of the colour current to O(p?).

Summing all six diagrams with permutated vertices compared to the one in
Fig. 5, we obtain in total

o, a7y . Ys 1 KA T n, n,
]H a(G7§7A7Mq) = 12m 1671’2 “ [lgupm/\ Ts P + (g/,bﬁgp)\ - gu)\gpn) Tg p} 3
(39)
where (we have used the analytical computer program FORM [24])
n,p __ K L R n,p __ QL R
1P =48 =3(S,+8,), Ty" =8y = S (40)
The S’s are chiral Lagrangian terms
n T 1 n
Sf o= T [A A,,Mﬂ = T [(\(D,z) MY] (41)
SE = Tr [A MfAP} = 57T [\ M, (D,EN] (42)
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1 —~ —

K = ST A (A DI 4 MF ) | (43)
1

= 5 A" ((D,2) STM ST — SMIS(D,E1)] . (44)

The current (39) has to be combined with the left-handed colour current for D-
meson decay, later given in (93), to obtain a contribution to D° — K9K0 [12].

4. The heavy - light chiral quark model (HLx QM)
4.1. The Lagrangian for HLx QM

Our starting point is the following Lagrangian containing both quark and meson
fields

L = LuqerT + LyqMm + Lint » (45)

where [8]

. 1 s . _
Luqurr = Q5 iv-D Q) + —Q (‘CM %U G+ DL)@H) QS +0(my?)

2mQ
(46)
is the Lagrangian for the heavy-quark effective field theory (HQEFT). The heavy
quark field QE,H annihilates a heavy quark with velocity v and mass m¢. Similarly,

Q,(f) annihilates a heavy anti-quark. Moreover, D,, is the covariant derivative con-
taining the gluon field (eventually also the photon field), and o - G = o# G}, ¢,
where o = i[y#,4"]/2, and G, is the gluonic field tensor. This chromo-magnetic
term has a factor C);, being one at tree level, but slightly modified by perturbative
QCD. (When the covariant derivative also contains the photon field, there is also
a corresponding magnetic term ~ o - F', where F*" is the electromagnetic tensor).
Furthermore, (iD)%; = Cp(iD)? — Ck (iv- D)%. At tree level, Cp = Ck = 1. Here,
Cp is not modified by perturbative QCD, while Ck is different from one due to
perturbative QCD corrections for u < mg [25]. We observe that soft gluons cou-
pling to a heavy quark are suppressed by 1/mg, since to leading order, the vertex
is proportional to v,v, G** = 0, v, being the heavy quark velocity.

In the heavy — light case, the generalization of the meson — quark interactions
in the pure light sector QM is given by the following SU(3) invariant Lagrangian

Lo = —Gr [xHG) Q) + QU HG x| (47)

where k is a triplet SU(3)-index and Gy is a coupling constant of dimension mass
to the power (-1/2). In Ref. [6], one used instead Gy = 1, but compensated with
a renormalization factor for the heavy meson fields H,, which is equivalent. The
interaction Lagrangian (47) can, as for the xQM, be obtained from a NJL model.
This has been done in Ref. [6] (as for the light sector in Ref. [1]).
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4.2. Bosonization within the HLx QM

The interaction term Ly, in (47) can now be used to bosonize the model, i.e. to
integrate out the quark fields. This can be done in terms of Feynman diagrams as
we do here, by attaching the external fields H2, He, V*, A* and M(Y’A of Sec. 2.1
to quark loops, and using (25) and (47). In this way, one obtains the strong chiral
Lagrangian (8) and terms of higher order in the heavy light sector. Some of the
loop integrals will be divergent and have to be related to physical parameters, as
for the pure light sector [2, 3, 4, 5]. As the pure light sector is a part of our model,
we have to keep the relations in (31) and (34) from the pure light sector within the
heavy light case studied here. The 1/mg terms will not be discussed in this section,
but will be considered later in Sec. 5.

Vou «Aa vou, Aa

Fig. 6. Bosonization in the strong sector to obtain Eq. (8).

From the diagrams in Fig. 6, we obtain the identification for the kinetic term,
which by Ward identities is the same as for the term with the vector field V),
attached to the light quark

) . (8—37) as
—1 G%{NC <13/2 + 2m]2 + 1 m<?G2> =1 s (48)
where Iy is given in (32) and
d% 1
I = 4
v = [ Gy E— 1)

which formally depends on v? which is equal to one. From the same diagram, with
the axial field A, attached, we obtain the following identification for the axial
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vector coupling g4

) 1 .m . (8—37) as
g_AElG%—]NC (3[3/22777,]211271_1384]\707713<7TG2>> , (50)

As I; and I, are related to the quark condensate and f., respectively, the
(formally) linearly divergent integral I3/, is related to dg4 = 1—ga, which is found
by eliminating I from Egs. (48) and (50)

4. o . m

Note that the gluon condensate drops out here. Within a primitive cut-off regu-
larization, I3/, is (in the leading approximation) proportional to the cut-off in the
first power

Lo =ige- (1+0(%)), (52)

where the cut-off A is of the same order as the chiral symmetry breaking scale A,,.
In contrast, I35 is finite and proportional to m in dimensional regularization. Note
that the cut-off A is only used in qualitative considerations here and in subsection
4.4. Anyway, I35 is determined by the physical value of g4.

When attaching M (Y like in Fig. 6 instead of vector or axial vector fields, one
finds for the mass correction term in (8)

o .m 1iBr—4) as .

The electromagnetic 8 term in (8) is obtained by considering diagrams like those
in Fig. 6, but with the vector and axial vector fields V,, or A, replaced by a photon

field tensor
e N, (32437 008
= 2 4iNIp+ — — [ ———— | (= . 4

p 2{ Pl b (576m4><77G>} (54)

Within the full theory (SM) at the quark level, the weak current is
T =T Q. (55)
where @ is the heavy quark field in the full theory. Within HQEFT this current will,

below the renormalization scale p = mg (= msp, m), be modified in the following
way

T =Xn€h M Qu + O(mg") (56)
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The operator in Eq. (56) can be bosonized by calculating the Feynman diagrams
shown in Fig. 7, which gives the bosonized current in (15) with

. i(3r—4) as
ag= — QIGHNC <_Il + m[d/Q + 3(84]\7C7fr12<7rG2>> . (57)

=====©§Tra + ===== £ipe

Fig. 7. Diagrams for bosonization of the left-handed quark current.

To the first order in the chiral expansion, we obtain the bosonized current
obtained by attaching one extra field A, to the quark loops in Fig. 7

1
JE(1) = 5 Tr |€,T Hunlagg) 7 s + a0 5) Ay | (58)

where the quantities ag) are given by expressions similar to (57).

The coupling ay in (15) is related to the physical decay constants fgy and fg-
in the following way (for H = B, D)

(O[T vsb| H) = —2 (0|J|H) = i My frrv® . (59)

Taking the trace over the gamma matrices in (15), we obtain a relation for ay and
the relations between the heavy meson decay constants fy and fg« (for H = B, D)

_ favMg  fu/Mpy-
ag = = 5 (60)
Cy (1) + Co(p) Cy(w)
where the model dictates us to put 4 = A,. Later, in Sec. 5.2, we will see how
chiral corrections and 1/mg corrections modify this relation.

4.3. Constraining the parameters of the HLx QM
The gluon condensate can be related to the chromomagnetic interaction
1 -1
2 = ——— p— .
MG(H)_ ZMHCM(M)<H|QU20 GQ’U|H>7 (61)

where the coefficient Cy(p) contains the short-distance effects down to the scale
and has been calculated to next to the leading order (NLO) [26]. The chromomag-
netic operator is responsible for the splitting between the 1~ and 0~ state, and is
known from spectroscopy,

WE(H) = Smo(Ma- — Mp) (62)
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An explicit calculation of the matrix element in Eq. (61) gives

—G?, where =

Combining Egs. (31), (34) and (63), we obtain the following relations

2 2
o pefe 1 5 2m
=G =" Gy=—0pr, 64
Gen=tel o o= (64)

where the quantity p is of the order one and is given by

2
(1+3g4)+ mu(;
n2m

)

(65)

S
Il

N.m?
8 f2

41+

where 7;=m/32. In the limit where only the leading logarithmic integral I is kept
in (48), we obtain

1 V2
m f
which for g4 and 3 correspond to the non-relativistic values [7].
From Egs. (31), (53), and (63), we find
1 (9m — 16)uZ,
20 =-Bga— 1)+ ——=— 67
V= 5B+ (67)

In the limit (66), we obtain 2A\; — 1, as expected. The parameter A is related to
the mass difference My, — Mp,. To the leading order, we obtained the following
expression for the S-term

P N.m? 56 + 31\ s o
b= m{1+ amf? (576f2m2) (¢ >}’ (68)

which is rather sensitive to m. Choosing m in the range 250300 MeV, we find
[27] B = (2.540.6) GeV~! to be compared with 3 = (2.740.20) GeV~! extracted

from experiment.

Using Egs. (48) and (34) we may write ay as

G (o) o,

Copa - by o 2)<‘G2>) , (69)

m P 16m2 ‘=

(0573 9
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Combining (60) with (69), in the leading limit (taking into account the logarithmic
and quadratic divergent integrals only, and let C, — 1, C, — 0 and g4 — 1 as in
(66) ) we obtain [12] the “Goldberger-Treiman like” relation

/0y — L (70)

which gives the scale for fg. (It is, however, numerically by the factor 2 off for the
B-meson.)

Using the relations (48), (50) and (65), we obtain for a(bl[zy and a(hl,z) in (58)

294
oy = Gy ()
W _ 4o (2 (L)) [mNe, (748 as 2
Oy = 3G (2m (,0 1S T 2 0 ) (72)

Moreover, for the mass correction to the weak current given in (17), we find that
w1 = —4X\1 /Gy, where )1 is given in Egs. (53) or (67). The term wj is subleading
in 1/N.,.

Vi, AR VH, AH

S ,g,

Fig. 8. Loop diagrams for bosonizing the b — ¢ current, V* = y#, AV = yl~g.

The Isgur-Wise function ((w) in (19) relates all form factors describing the
processes B(B*) — D(D*) in the heavy-quark limit. This function can be cal-
culated from the diagrams shown in Fig. 8. The result before 1/m¢g and chiral

corrections is 2
((w) = m(1*P)+PT(w)» (73)

where p is given in (65) and r(w) is the same function that is appearing in loop
calculations of the anomalous dimension in HQEFT

1
- 2 _
r(w) — In (w +Vw 1) . (74)
Note that ¢(1) =1 as it should be.

4.4. The formal limit m — 0

In this subsection, we will discuss the limit of restauration of chiral symmetry,
i.e. the limit m — 0 [27]. In order to do this, we have to consider the various
constraints obtained when constructing the HLxQM [9].
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Looking at the Egs. (31) and (34), one may worry that (gg) and f behave like
1/m in the limit m — 0 unless one assumes that (%GQ) also go to zero in this
limit. We should stress that the exact limit m = 0 cannot be taken because our
loop integrals will then be meaningless. Still, we may let m approach zero without
going to this exact limit. In the pure light sector (at least when vector mesons are
not included), there are no restrictions on how (2=G?) might go to zero. In the
heavy light sector, we have in addition to (31) and (34) also the relations (48) and
(50), which put restrictions on the behaviour of the gluon condensate (%=G?) for
small masses. As (2=G?) has dimension mass to the fourth power, we find that
(qq) and f? may go to zero if (2=G?) goes to zero as m* or m3A (eventually
combined with In(m/A)). However, the behaviour of m3A is inconsistent with the
additional equations (64) and (65). Still, from all equations (48), (64), (65), we find
the possible solution

<%G2> =¢N.m*K(m) , where K(m)=(—4il, + ! (75)
71'

87) ’
and ¢ is some constant. Then we must have the following behaviour for G%, g
and ,u%v when m approaches zero

m3

1 m
with some restrictions on the proportionality factors. Here, the regularized I, is
such that for small m, K(m) = (¢1 + colnm/A), ¢; and ¢y being constants. The
behaviour of G% is in agreement with Nambu-Jona-Lasinio models [1]. Note that
in our model, g4 — 4/3 (corresponding to g4 — —1/3) for m — 0, in contrast
to dga — 2/3 for a free Dirac particle with m = 0. Note that in Ref. [9], we
gave the variation of the gluon condensate with m for a fixed value of uZ,. For the
considerations in this subsection, we have to let ,u%; go to zero with m in order to be
consistent. When m — 0, we also find that § — 1/A, provided that the coefficient
¢ in (75) is fixed to a specific value (which is ¢ = 576/(37 + 32) ~ (1.93)*).

5. 1/mg corrections within the HLx QM

5.1. Bosonization of the strong sector

To order 1/mg), one obtains further contributions to chiral Lagrangians (see ref.
[9] and references therein)

Lsy = ——- Tr[Hi(iv- D)Hy] + —— Tr [Hy Hyo, VY]

mQ mQ

g1 €2 - af:
+ m—QTr @Hh’yu%flzk} + m—QTr [Hka Piv - DHkaag}

6 « L
— m—i?Tr [Hyo 5%1};‘11@0@5}%] + Tz—QQ’H (Hevuvs A He] + -+, (T7)
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where the ellipses indicate other terms (of higher order, say), and D,, contains the
photon field. The new terms of order 1/m¢ in (77) are a consequence of the chro-
momagnetic interaction Omag (the second term in equation (46)), and the kinetic
interaction Oy (the third term in (46)). Calculating the diagrams of Fig. 9 and

Ogin - Oyin
H H
Vs Aa Vo, Aa
Ok'in Ok’m

Fig. 9. Diagrams responsi-
ble for 1/m¢ terms in the
chiral Lagrangian.

Vo, Ao

eliminating the divergent integrals and using equations (32), (34) and (51), gives
for example

q 2 N.m?(3r+4 C q
(Cx —2m) as
T 6dm2 <7rG2>>’ "
(7 +4) p2
N (79)

As the 1/mg terms break heavy-quark spin symmetry, the chiral Lagrangian in
(77) will split in H(0~) and H*(17) terms.

5.2. The weak current to order 1/mg
In HQEFT, the weak vector current at order 1/mg is [8]

JY = E Ci(p)J; +72mQ E Bj(11)05 +72mQ E Ap(p) Ty, (80)
i=1,2 j k
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where the first terms are given in (18) and (56), the B;’s and A;’s are the Wilson
coefficients, and the Of’s are two quark operators

Of = a1 Q. , 0§ = @17 (—iv-D)Q, ,
D

0% = qrviDQ, Og = qrv*(—iv- D)Q, ,
0% =qiD*Q,, 02 =q(-iD)Q,, (81)

The operators T}, are nonlocal and are a combination of the leading order currents
J; and a term of order 1/mg from the effective Lagrangian (46).

Combining (80) with (15), and adding chiral corrections and the 1/mg correc-
tions indicated in (56), we obtain for H = B, D

1
= (€l + Gy + 12+ 5 | (52)

where C, , are defined in (18). Here the model dictates us to put pp = A,. The
quantities ng and 7, are given in Ref. [9]. One should note that the quantities 7¢g
for Q = b, ¢ depend on the Wilson coefficients C;, B;, A; in (80) and some hadronic
parameters, for instance €1 o from (77). The Wilson coefficients entering fz depend
on mg through In(mq/p), and therefore fy is a complicated function of mq, (qq),

gA, fr, and the constituent light-quark mass m. Note that <%G2>1/4 is fixed to
be around 320 MeV. In Fig. 10, fg is plotted as function of m for standard values
of the other parameters. One should note that bigger values of |(gq )| give higher
values of fp. For a discussion of the numerical values of our parameters, see Refs.
[9] and [27].

0.20 , ,

I |
. Leading order (LO) ——
019 LO +1/mq) .
. LO +x+1/m@ ------

0.18 |
0.17
0.16
0.15
0.14
0.13
0.12
0.11 -

0.10 | | | | |
0.18 0.20 0.22 0.24 0.26 0.28 0.30

m (GeV)

fB (GGV)

Fig. 10. f5 as a function of m for (gq)"/® = —240 MeV.
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6. Applications

In this section, we focus on the chiral quark model aspects, especially contribu-
tions proportional to the gluon condensate. There are always additional chiral loop
corrections which can be found in Refs. [5, 9, 13, 14] and references therein.

6.1. B — B mixing and heavy-quark effective theory

At quark level, the standard effective Lagrangian describing B — B mixing is
(28]

_ G2 .
L3P = = 5 My (ViiVag)® Sir (20) ns b(w) Qs (83)

where G is Fermi’s coupling constant, the V’s are KM factors (for which ¢ = d
or s for By and By, respectively) and Sy is the Inami-Lim function due to the
short-distance electroweak loop effects for the box diagram. The quantity Qp =
Q(AB = 2) is a four-quark operator

QB =97 b QL Va br (84)

where gy, (br,) is the left-handed projection of the ¢- (b)-quark field. The quantities
np = 0.55+0.01 and b(p) are calculated in perturbative quantum chromodynamics
(pQCD). At the renormalization scale p = my (=~ 4.8 GeV), one has b(m;) ~ 1.56
in the naive dimension-regularization scheme. The matrix element of the operator
(B between the meson states is parameterized by the bag parameter Bp,

(BIQsIB) = 2 FAME B, (1), (55)

where by definition, Bg, = 1 within the factorized limit. In general, the matrix
element of the operator @ p is dependent on y, and thereby Bp, also depends on .

As for the K — K mixing, one defines a renormalization-scale-independent quantity

By, = b(1)Bs, (1) - (86)

For A, < pu < my, the AB = 2 operator in Eq. (84) can be written [29, 30]

RQp=C1Q1+C2Q2 + mib > Xy +0(1/mp). (87)

The operator @)1 is @ p for b replaced by qui), while Q- is generated within pertur-
bative QCD for pu < m;. The operators X; are taking care of the 1/m,, corrections.
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The quantities C, Co, h; are Wilson coefficients. The operators are given by

Q= 277" Q" Q) (88)
Qo= 270" QY qL v, QL) (89)
X1= 2qriD" QS}JF) qiL'Y/th(;) tee (90)

The explicit expressions for the operators X; are given in Ref. [13]. There are
also non-local operators constructed as time-ordered products of Q)12 and the first
order HQEFT Lagrangian in (46). The Wilson coefficients C; and Cy have been
calculated to NLO [29] and for i = A, one has C1(A,) = 1.22 and C(A,) = —0.15.
The coefficients h; have been calculated to leading order (LO) in Ref. [30].

In order to find all matrix element of (12, one uses the following relation
between the generators of SU(3). (4, j,{,n are colour indices running from 1 to 3)

1 a a
0ij0in = ﬁcfsm% + 25, 1 (91)

where a is an index running over the eight gluon charges. This means that using the
Fierz transformation, the operator ()1 in (88) may also be written in the following
way (there is a similar expression for Q)2)

Qf = Qi+ 4Tty QT Q) (92)
The first (naive) step to calculate the matrix element of a four-quark operator,
like @1, is to insert vacuum states between the two currents. This factorized limit
means to bosonize the two currents in @; and multiply them (see Eq. (56)). The
second operator in (92) is genuinely non-factorizable. In the approximation where
only the lowest gluon condensate is taken into account, the last term in (92) can be
written in a quasi-factorizable way by bosonizating the heavy-light colour current

with an extra colour matrix ¢* inserted and with an extra gluon emitted as shown
in Fig. 11.

Fig. 11. Non-factorizable soft gluonic contribution to the bag-parameter. (Here
F=¢~y*L.)

We find the bosonized colour current

G S a «a . v 1 v
(qT;ta yani>)1G_> _%g Go,Tr {gw LH® (:l:l L {o", - v}+8—7T ot )] (93)
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where {, } symbolizes an anti-commutator. The result for the right part of the
diagram with B replaced by B is obtained by changing the sign of v and letting

P5(+) — P5(7). Multiplying the coloured currents, we obtain the non-factorizable
parts of @1 and @ to the first order in the gluon condensate by using Eq. (30).

Now the bag parameter can be extracted and may be written in the form
. 3~
B =-b |:1 +

1
RS AR e el (o1)

N, my | 32m2f2
where the parameter b also involves the Wilson coefficients C,,» defined in (18)

The soft gluonic non-factorizable effects are given by
B NC<%G2> m 01
5G = a0 27972 AT KB 5
327T2f2f3 MB p=Ay

96
oG (96)
where kg is a dimensionless hadronic parameter which depends on m, f, N2G and g4,
and is of the order 2. Note that we are qualitatively in agreement with Ref. [31],
where also a negative contribution to the bag factor from soft gluon effects was
found. Numerically, f and fp are of the same order of magnitude, and 6% is,
therefore, suppressed like m/Mp compared to the corresponding quantity
Qs Y2
K _ (%=G7)
o = 6327T7r2f4 (97)

found for K — K mixing [5].

2.00 T T I I :
LO 4+ 1/mQ + x ——
LO + x
1.80 | Leading Order (LO) ------ B
1.60 - |
< R
Q

1.40
1.20 - ]
1.00 ! I 1 | |

0.18 0.20 0.22 0.24 0.26 0.28 0.30

. m (GeV)
Fig. 12. The bag parameter B for By as a function of m.
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However, one should note that fp scales as 1/v/Mp within HQEFT, and there-
fore 6% is still formally of the order of (m;)°. The quantity 7, represents the 1/my,
corrections due to the operators X;. Furthermore, the quantity 7, represents the
chiral corrections (including counterterms) to the bosonized versions of Q1o [13].

The bag parameter B is plotted as function of m in Fig. 12 for the case By. Our
results are numerically in agreement with the lattice results [32].

6.2. The processes B — D) D)

It has been observed [14] that the processes B 05— Ds, aDs 4, Bo,s — D} aDs.ds
Bg)s — Ds,dD:’d and Bg’s — D7 st 4» have no factorized contribution from the
spectator mechanism. If one or two of the D-mesons in the final state are vec-
tors, there are relatively small contributions from the annihilation mechanism. The
effective non-leptonic Lagrangian at the quark level has the usual form [28]

»CW = cb‘/>k Zaz Qz . (98)

In our case, there are only two numerically relevant operators (for ¢ = d, s)

Q1 = (@7*b1) (Ervacr) 3 Q2 = (€L7°br) (Gpvact) - (99)

At 1 = mp, one has as ~ 1 and a; ~ 1/10.

Using (91), we obtain the Fierzed version of the operators Ql,g

N 1 4
QF = 37 @2 +2(7t"b) (31 Yat"cL)

. 1.
Q= A Q1 +2(qy"t"br) (CLvatcr) (100)
C

The genuine non-factorizable 1/N, chiral Lagrangian terms from “coloured-quark
operators” can be estimated within the HLxQM. However, in order to do this,
we have to treat the effective weak non-leptonic Lagrangian in (98) within heavy-
quark effective theory (HQEFT) [8]. Then b, ¢, and ¢ quarks are replaced by their
corresponding operators in HQEFT,

b—QF, c—QP, e-qQ), (101)

up to 1/my and 1/m. corrections. Then the effective weak non-leptonic Lagrangian
(98) can be evolved down to the scale u ~ Ay ~1 GeV [33]. At p = 1 GeV, we
have a; ~ 1.29 + 0.081i, and a; ~ —0.35 — 0.07i. Note that a; 2 are complex for
Ay < p<me[33].
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Fig. 13. Factorized contribution for BO — DT D7 through the spectator mecha-
nism, which does not exist for the decay mode B® — D} D . The double dashed
lines represent heavy mesons, the double lines represent heavy quarks, and the
single lines light quarks.

The bosonized factorized weak Lagrangian corresponding to Fig. 13 and the

operator Qo (with the dominating Wilson coefficient ay) is obtained from (15),
(19) and (98)

R rae(@2) = 1LV Vi 0+ ) () 22 e [y 1D ) e e L],
\/5 N, 2

(102)

where w = vy - v. = vy - U = Mp/(2Mp). This Lagrangian (corresponding to

the spectator mechanism) contributes to the factorized amplitude for the process

BY — DT D7, and is the starting point for chiral loop contributions to the process

B — D®D®). These chiral loop contributions, suppressed by 1/N., are of order
(mrga/4mf)? times the factorizable contribution obtained from (102).

S
ol
|
1
i
|
|

Fig. 14. Factorized contribution for BO — Df Dy through the annihilation mecha-
nism, which give zero contributions if both D} and DJ are pseudo-scalars.

The bosonized factorized weak Lagrangian corresponding to Fig. 14 and the
non-dominating Wilson coefficient ay is

G a 1 _
LR (@) = 4 £V Vo lart2) (N ST ey 1| w1 Dy L (O,

\/5
(103)

where A = v-v. = (M3 /(2M3%)—1). Unless one or both of the D-mesons in the final

N,
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state are vector mesons, this matrix elenint is Zeridue to the current conservation,
which is analogous to the decay mode D% — K°K0 [12].

Fig. 15. Non-factorizable contribution for B — D} D7 through the annihilation
mechanism with additional soft gluon emission. The wavy lines represent soft gluons
ending in vacuum to make gluon condensates.

The genuine non-factorizable part for BO — DI D7 at quark level can, by
means of Fierz transformations and the identity (91), be written in terms of colour
currents. The left part in Fig. 15 with gluon emission gives us the bosonized colour
current which is the same as for B — B mixing in eq. (93). For the creation of a
DD pair in the right part of Fig. 15, there is an analogue of (93), which can be
written

P 2 R
(+) ja o (*)) GHgs a (+) (=) yuv
oot LQ; G Tr| He LH; X , 104
( LR G 32mm T 7 ° (104)
where
r(—A) 1

X = o {o", - t
ottt

and t = v, — v. Multiplying the currents and using (30), we obtain a bosonized
effective Lagrangian as the product of two traces. Note that our non-factorizable
amplitudes (proportional to the gluon condensate) are proportional to the numer-
ically favourable Wilson coefficient as.

The gluon condensate contribution obtained from (93) and (104) is a linear
combination of terms like:

Tr [g* ol H*t )} Tt [Hﬁ)%LHgﬂw} :

Tr [gwa HIEH] Tr [Hé*WXLHCﬁ*)aWR} :

Tr [ng T )] Tr [Hc(”%LHé_)M ,
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Tr [5TL HISH] “Tr {H((;+)’7(ILH£7)’YO¢} ,

T [eforo L i) e [ 9 LHE | (5= v

MO (4, + 3), T [gwﬂL Hﬁ)} Ty [HE.*H“LHCE*)M . (105)

These terms might have been written down based on the heavy-quark symmetry,
but the HLxQM selects a certain linear combination to be realized.

Our amplitudes for B — DD, in terms of the chiral loop and gluon condensate
contributions, are sensitive to the 1/m, corrections and counterterms which have
not yet been calculated [14]. Operators suppresssed by 1/mg are obtained by the
replacements

1
QY — iy D@, Di=D"-v'(v-D), (106)

for one of the heavy quarks in (99) and (100). Some new quark operators of the
order of 1/m¢g might also be generated by pQCD for u < mg. Counterterms

correspond to mass insertion of M, , given by (14) and (26), at light quark lines in
the diagrams for B — DD in Figs. 14 and 15.

6.3. Other applications

Within the HLxQM, the process B — D7’ has been estimated [11]. This is done
in two steps. First we calculate the subprocess B — Dgg*. Then the virtual gluon
g* is attached to the 7' gg*-vertex, and the other end in vacuum and make a gluon
condensate together with one of the other soft gluons (g) from the n’gg*-vertex.
Using Fierz transformations for the four quark operators for b — cdu, we obtain
contributions corresponding to Fig. 16.

B D
==>= =>=

Fig. 16. Gluon condensate contributions to B — D1'.
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We have used the existing parameterizations of the 7' gg*-vertex form factor and
assumed that the current for B — g* is related to the better known case B — p.
It turns out that the “factorizable” diagram to the left in Fig. 16 can be neglected
compared to the non-factorizable diagram to the right. For m in the range 230 — 270
MeV, we obtained the result [11] Br(B — Dn') = (2.2 4+ 0.4) x 10~*. Here 1/mg
and chiral corrections are not included.

Heavy to light non-leptonic processes like B, D — Km cannot in general be
treated within the HLyQM in its present form. (See, however, Sect 7.2). Still,
semileptonic heavy to light processes might be treated at the “no recoil point” [9].
The form factors fy(¢?) and f_(q¢?) are defined as:

(7% (pr)[uy*b|H) = 2(xt (po)|JFH) = f4(¢*)pr +px)* + f-(a®)(pE — Px)®
(107)
where p%; = Mpv®, the index a corresponds to quark flavour u and ¢ = pl, — kX.
The form factors get contributions from J#(0) in (15) and J¢(1) in (58) close to
the “no recoil point” where v - p; is small

FAd) + 1) = o (C 4 ComauC)an . (108)
@) = f(P) = —C f”;\ch (i*fZHJr SL) (109)

where we have neglected terms of the first order in v - p, (where agi contributes).

The 1/v - p; term in (109) is due to the H* pole. From Egs. (108) and (109), we
see that

(f+(@®) + f=( @)/ (f+(@®) = f=(¢°)) ~ 1 /My, (110

which is the well known Isgur-Wise scaling law [34]. The equations for the two
form factors f; and f_ should be studied further, and chiral corrections and 1/mg
corrections should be added.

7. Possible extensions of chiral quark models

In this section we consider two possible extensions of the chiral quark models
which have not yet been worked out in detail. The descriptions are therefore sketchy.

7.1. Inclusion of light vectors

One might include vectors in the chiral perturbation theory [35] and thus it
should be possible to use the chiral quark model also in this case. We suggest a
Lagrangian

L= Lmass + ExQM + LIVA ) (111)
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where the interaction between quarks and vectors and axial vectors is given by
Liva =X [y Vi + hav'v5Au] X - (112)

Here V are given as II in (3) with 7 replaced by p etc., and similarly for the axial
vector A where 7 is replaced by a;. The (bare) mass term is

Linass = My Tr [V, VF] +m3Tr[A,AM] . (113)

After quarks are integrated out, the masses are modified and identified with the
physical ones. Then a kinetic term is also generated

1 1
Lyin = —5 Vi VH] — 3 [A. AR (114)
where for X =V, A
Xw/ = VMXV - VVXua (115)

and similarly for the axial vector. Here V is a covariant derivative including the
Goldstones

VX, =0,X, + 1V, X0 . (116)
For the left-handed current for vac — X =V, A, we find the SU(3) octet current
Ji(vac — X) = %k‘XTr A"X,], (117)

where the quantity A™ is given by (36).

As previuosly, bosonization gives constraints on the parameters of the vectorial
sector. From normalization of the kinetic term(s) we obtain

2h3 1 Qs o
1 - —G =1 118
3m?2 15m2 f2 < T ) ’ (118)
where h 4 = hy before chiral corrections. For the currents we obtain
1 (9q) 2 I as
ky = zhy | ——— - —(—G 119
v = 5w ( m + f 8m2< - ) ) (119)
and similarly, for the axial case
1 (79) 2 L as
ka = sha | ——L — : 12
A QA( m 3er8mQ<7rG> (120)

The formalism suggested in this subsection might, for instance, give a reasonable
description of the weak current for D-meson decays D — V [36], when combined
with HLxQM. This might also be the case for processes like D — VP, where
V is a vector meson and P is a pseudoscalar. In the last case, non-factorizable
contributions can be calculated in terms of chiral loops and gluon condensates.
However, one should keep in mind that a limitation in this case is that V is (also
formally) light compared to D.
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7.2. Heavy to light transitions

As emphasized in the Introduction, the HLxQM is not suited to describe B — 7
transitions except for semileptonic transitions close to the no recoil point. It might
therefore be surprising that we consider a formalism for chiral perturbation theory
for B — 7 transitions (and more general B — P for P = w, K,n), because the
involved pion is hard. However, in general, in a transition B — pions, we might have
a configuration where one pion is hard and one (or more) is soft. For such cases, we
split the pseudoscalar sector in hard and soft pseudoscalars. The soft pseudoscalars
are represented as before, while the hard pseudoscalars are represented by an octet
3x3 matrix M given as IT in Eq. (3), but transforming as ¥ under SU(3)1 xSU(3)r.

Starting with a 75 coupling for quarks coupling to pseudoscalars, we represent
the hard light quark with a quark field g, [37, 16] and the soft light quarks by the
flavour rotated fields x in Sec. 3. Then we arrive at the interaction Lagrangian

Ln=Gux[¢'MR—¢MTL] g, (121)

for a hard light quark g, entering a hard pion (kaon) with momentum py; = En
where n is a lightlike vector and FE is the energy of the hard pion(kaon). The
hard quark has then momentum p, = En + k, where k is of the order of A, ~ 1
GeV or smaller. G is a coupling which has to be determined by some physical
requirements. For an outgoing hard quark we have

L =Gy [MER— MTEL] x . (122)

Now one might combine (121) and (122) with HLxQM and use some version of
a large energy effective field theory (LEET) [37] to describe the light hard quarks.
Using the LEET propagator

ven
2n - k

(123)

for the light hard quark, we can write down a quark loop diagram for B — P with
a corresponding amplitude for the heavy-light weak current (to leading order)

JHB—P) = KTt [[*Hyp,y-néMT] . (124)

Given the transformation properties in (7), (12), and (24), the current (124) trans-
forms as in (16).

The behaviour of the quantity K (form factor) is known from theoretical con-
siderations within LEET [37] and soft collinear effective theory (SCET) [16]

K ~ E¢("(Mp,E), (125)

where (V) is expected to scale as

VMg

Q(”)(MB,E) ~ T

(126)
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Note that the factor /Mp is associated with the heavy (B) meson wave function,
and similarly a factor vE with the wave function of the hard pseudoscalar meson.
Within our framework, K will contain the product of the couplings Gy and Gy,
and some loop integrals involving the heavy quark propagator, the ordinary Dirac
propagator for the soft quark, and the LEET propagator in (123). However, it
has been pointed out that the LEET propagator is too singular to give meaningful
loop integrals [38], and that the LEET is incomplete [16]. Therefore, the simple
expression in (123) has to be modified in some way, by keeping n*n, = 6% # 0 with
0 ~ 1/E, by adding a small quantity in the LEET propagator denominator, or by
modifying the formalism in other ways. This modification has to be done in such
way that one does not come in conflict with the known scaling properties of ¢(*).
Keeping § # 0 and § ~ 1/F, some of the involved loop integrals have the same
mathematical form as those involved in the Isgur-Wise function in (73), but with
w — 1/5. The most plausible scenario is that Gj; ~ E~3/2. Anyway, knowledge of
¢™ will put restrictions on G ;.

The W — 7 transition is in Refs. [15, 16] represented by an integral over a
momentum distribution proportional to z(1 — z) dominated at = ~ 1/2. However,
there are also suppressed contributions (for £ > A,) from momentum configura-
tions where one quark (anti-quark) is hard and the anti-quark (quark) is soft. The
left-handed current is in this case given by

= awl N X, or gl =x(EN) L, (127)

where [ is an SU(3) octet index. These quark currents will, when combined with
(121) and (122), generate a bosonized current

AJ, = NatTr [MN(SMT+ MxT)], (128)

where 71 is another (almost) lightlike vector with opposite three momentum com-
pared to n such that 72 = 62 and 72 - n = 2 — 6. In the most plausible scenario
mentioned above, N scales as a constant (E°), which is suppressed by 1/FE com-

pared with the leading order current ~ F fl(po) n*. The physical decay constant fp

(for P = m, K,n) is within this scheme given by fl(go) plus the suppressed contribu-
tion ~ N/E from (128).

Now, the product of the currents in (124) and (128) will give a factorized 1/FE
suppressed contribution to B — K corresponding to the diagram in Fig. 13, with
¢ and c¢ replaced by energetic (anti) quarks, D by m and D by K. Of course, this
contribution can not be distinguished from the standard factorized contribution.
However, pulling out soft pseudoscalars from £ and ¥ in the currents (124) and
(128), we obtain 1/F suppressed non-factorizable chiral loop contributions to B —
K. Similarly, there will be 1/E suppressed gluon condensate contributions. Such
suppressed terms are not in conflict with QCD factorization [15].
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8. Conclusion

We have presented the main features of chiral quark models, both in the pure
light and the heavy-light sector. Especially, the HLYQM seem to work well. In
that case, it is possible to systematically calculate the 1/m¢ corrections as well as
chiral corrections. The model may be used to give predictions for many quantities.
Especially, it is suitable for calculation of the B-parameter for B — B mixing [9],
and for a study of processes of the type B — DD. For heavy to light transitions
(B — K, say) the HLYQM cannot be used in its present form. It remains to be
seen if the extension indicated in Sec. 7.2 to incorporate light energetic quarks will
lead to some understanding of such decays.

In our version of the chiral quark models (pure light and heavy light cases)
soft gluon effects are truncated to include only the secord order gluon condensate.
It has worked reasonably well up to now, but one may wonder if this is enough
to accomodate all effects, for instance when light vectors are included. Maybe for
instance higher order gluon condensates could be included, but then our simple
model will be replaced by a more complicated one.
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KIRALNI KVARKOVSKI MODELI I NJIHOVE PRIMJENE

Dajemo pregled kiralnih kvarkovskih modela, kako za laki, tako i za tesko-laki
sektor. Opisujemo kako se u tim modelima moze provesti bozonizacija radi dobi-
vanja poznatih kiralnih Lagrangiana, koji se mogu izvesti iz samih simetrija QCD-a.
Nadalje, u tim modelima mozemo racunati koeficijente raznih ¢lanova kiralnih La-
grangiana. Raspravljamo neke primjene modela, posebice mijesanje B — B i procese
tipa B —DD, gdje D moze biti pseudoskalar ili vektor. Navodimo kako se taj for-
malizam moze prosiriti radi ukljucivanja lakih vektora (p,w, K*), i prijelaza teskih
u lake mezone, kao B — .
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