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Chiral corrections to the vector and axial couplings of quarks and baryons
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We calculate chiral corrections to the semileptonic vector and axial quark coupling constants using a
manifestly Lorentz covariant chiral quark approach up to order @(p*) in the two- and three-flavor
pictures. These couplings are then used in the evaluation of the corresponding couplings which govern the
semileptonic transitions between octet baryon states. In the calculation of baryon matrix elements we use
a general ansatz for the spatial form of the quark wave function, without referring to a specific realization
of hadronization and confinement of quarks in baryons. Matching the physical amplitudes calculated
within our approach to the model-independent predictions of baryon chiral perturbation theory allows us
to deduce a connection between our parameters and those of baryon chiral perturbation theory.

DOI: 10.1103/PhysRevD.77.114007

I. INTRODUCTION

The study of the semileptonic decays of the baryon octet
B; — Bjev, presents an opportunity to shed light on the
Cabibbo-Kobayashi-Maskawa (CKM) matrix element V.
At zero momentum transfer, the weak baryon matrix ele-
ments for the B; — Bjev, transitions are determined by

. . B:B; . .

just two constants—the vector coupling g,/ ’ and its axial
B.B; o

counterpart g," . In the limit of exact SU(3) symmetry,

BB, B.B; . .
gy ' and g, are expressed in terms of basic parame-
ters—the vector couplings are given in terms of well-
known Clebsch-Gordan coefficients which are fixed due
to the conservation of the vector current (CVC), while the
axial couplings are given in terms of the simple SU(3) octet
axial-vector couplings F and D. The Ademollo-Gatto
theorem (AGT) [1] protects the vector form factors from
leading SU(3)-breaking corrections generated by the mass
difference of strange and nonstrange quarks. The first non-
vanishing breaking effects start at second order in symme-
try breaking. As stressed in Ref. [2] this vanishing of the
first-order correction to the vector hyperon form factors

BB, . .
gy ' presents an opportunity to determine V,, from the

direct measurement of V geiBj. The axial form factors, on
the other hand, contain symmetry-breaking corrections al-
ready at first order. Note that the experimental data on
baryon semileptonic decays [3] are well described by
Cabibbo theory [4], which assumes SU(3) invariance of
strong interactions. However, for a precise determination
of V,, one needs to include leading and perhaps subleading
SU(3)-breaking corrections.

The theoretical analysis of SU(3)-breaking corrections
to hyperon semileptonic decay form factors has been per-
formed in various approaches [5-22], including quark and
soliton models, 1/N, expansion of QCD, chiral perturba-
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tion theory (ChPT), lattice QCD, etc. Quark models, in
particular, have had a major impact on the understanding of
the phenomenology of hyperon semileptonic decays. The
original predictions of the naive SU(6) model [23] have
been substantially improved by inclusion of relativistic
[24] and SU(3) symmetry-breaking effects [8,12,13], and
gluon [25] and meson-cloud corrections [12,26]. However,
a fully consistent presentation of chiral corrections [both
SU@3) symmetric and SU(3) breaking] to semileptonic
form factors of baryons is still awaited, although a
model-independent inclusion of some chiral corrections
to semileptonic form factors of baryons has been per-
formed using different versions of the chiral effective
theory of baryons (including baryon ChPT and heavy
baryon ChPT) [16-22]. Recently a complete calculation
of the SU(3)-breaking corrections to the hyperon vector
form factors up to O(p*) in covariant baryon ChPT has
been presented in [22]. Note that a detailed ChPT analysis
of the nucleon axial coupling/form factor has also been
performed in Refs. [27-33].

In the present paper we evaluate chiral corrections to the
semileptonic vector and axial quark coupling constants,
using a manifestly Lorentz covariant chiral quark approach
up to order O(p*) in the two- and three-flavor pictures.
Here SU(3)-breaking corrections are generated by the mass
difference of strange (s) and nonstrange (u, d) current
quarks. We proceed as follows. First, we calculate the
vector and axial quark couplings including chiral effects.
Then we use the weak quark transition operators contain-
ing these couplings to evaluate the octet baryon matrix
elements involved in the semileptonic transitions.
Performing the matching of the baryon matrix elements
to those derived in baryon ChPT, we deduce relations
between the parameters of the two approaches. This match-
ing guarantees inclusion of chiral corrections to baryon
observables, which is consistent with QCD. In the calcu-
lation of the baryon matrix elements, we employ a general
ansatz for the spatial form of the quark wave function,
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without referring to any specific realization of hadroniza-
tion and confinement of quarks in baryons. In a forthcom-
ing paper [34] we will consider the evaluation of the
baryon matrix elements within a specific Lorentz- and
gauge-invariant quark model [35] explicitly including the
internal quark dynamics. Note that in Refs. [36,37] we
performed an analogous study of the electromagnetic prop-
erties of the baryon octet and the A(1230) resonance. In
particular, we developed an approach based on a nonlinear
chirally symmetric Lagrangian, which involves constituent
quarks and chiral fields. In a first step, this Lagrangian was
used to dress the constituent quarks by a cloud of light
pseudoscalar mesons and other (virtual) heavy states using
the calculational technique of infrared dimensional regu-
larization [38]. Then within a formal chiral expansion, we
calculated the dressed transition operators relevant for the
interaction of the quarks with external fields in the pres-
ence of a virtual meson cloud. In a following step, these
dressed operators were used to calculate baryon matrix
elements including internal dynamics of valence quarks.
(Note that a simpler and more phenomenological quark
model based on similar ideas regarding the dressing of
constituent quarks by the meson cloud has been developed
in Refs. [39].) We treat the constituent quarks as the
intermediate degrees of freedom between the current
quarks (building blocks of the QCD Lagrangian) and the
hadrons (building blocks of ChPT). This concept dates
back to the pioneering works of Refs. [40,41]. Further-
more, our strategy in dressing the constituent quarks by a
cloud of pseudoscalar mesons is motivated by the proce-
dure pursued in Ref. [41]. Recent analyses of experiments
at Jefferson Lab (TJLAB), Fermilab, BNL, and IHEP
(Protvino) renewed the interest in the concept of constitu-
ent quarks. The obtained data can be interpreted in a
picture, where the hadronic quasiparticle substructure is
assumed to consist of constituent quarks with nontrivial
form factors. These experiments also initiated new
progress in the manifestation of constituent degrees of
freedom in hadron phenomenology (see, e.g., Refs. [42]).

The present approach has the intrinsic advantage that it
is a priori not restricted to small energy or momentum
transfers. In a full evaluation, when taking into account the
effects of the internal dynamics of valence quarks, one can
describe hadron form factors at much higher Euclidean
momentum squared when compared to ChPT. When re-
stricting to the inclusion of valence quark effects, our
approach was successfully applied to different problems
of light baryons and also heavy baryons containing one,
two, and three heavy quarks (see Refs. [35,37]). We
achieved good agreement with existing data and gave
certain predictions for future experiments. For example,
our predictions for the semileptonic, nonleptonic, and
strong decays of heavy-light baryons were later confirmed
experimentally. On the other hand, in Refs. [36,37] we
developed the formalism in order to include chiral effects
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in a way consistent with low-energy theorems and the
infrared structure of QCD. Consistency in the present
formalism with ChPT is limited since we cannot consider
baryonic matrix elements in Minkowski space. Also, our
approach does not provide any constraints for the expan-
sion parameter of standard ChPT.

In the present manuscript we proceed as follows. First, in
Sec. II, we discuss the basic notions of our approach, which
is in direct line with our previous work of Refs. [36,37].
That is, we derive a chiral Lagrangian motivated by baryon
ChPT [38,43], and formulate it in terms of quark and
mesonic degrees of freedom. Using constituent quarks
dressed with a cloud of light pseudoscalar mesons and
other heavy states, we derive dressed transition operators
within the chiral expansion, which are in turn used in the
quark model to produce baryon matrix elements. In Sec. III
we derive specific expressions for the vector and axial
baryon semileptonic decay constants, while in Sec. IV
we give the numerical analysis of the axial nucleon charge
and the vector and axial hyperon semileptonic couplings.
Finally, in Sec. V we present a short summary of our
results.

II. APPROACH

A. Chiral Lagrangian

The SU(3) chiral quark Lagrangian £, [up to O(p?)],
which dynamically generates dressing of the constituent
quarks by mesonic degrees of freedom, consists of three
primary pieces, £,, L,,, and L:

‘EqU = £L] + .qu + LU’

L= L0+ L9+ L1
— r®

Ly,=Ls+ -,

Ly=LP+---

)]

The superscript (i) attached to £([§) and £ denotes the

q(aq)
low-energy dimension of the Lagrangian:

F2 . 1
LY =t xs) L) = q[zw —m+ EgW]q,

(2a)
c? . cr
ngz) = 73<u,u14#>61q + I“qla-#v[u/.u uv]q + - " (2b)
D? D7 .
Ly = Stahy alx) + Aty xdg t o, Q0)
D% _ DI _ o
Lo = TIqrivsqqqom + Tzq{yiyi X+19dq
DY
+767ﬁ756167f(+61+“', (2d)

where the symbols (), [ ], and { } occurring in Eq. (2) denote
the trace over flavor matrices, commutator, and anticom-
mutator, respectively. In Eq. (2) we display only the terms
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involved in the calculation of vector and axial quark/
baryon coupling constants. In addition to the one-body
quark Lagrangian we included also the two-body part
L,,- The detailed form of the chiral Lagrangian used in
the calculations of electromagnetic properties of baryons
can be found in Refs. [36,37].

The Lagrangians (2) contain the basic building blocks of
our approach. The couplings m and g denote the quark
mass and axial charge in the chiral limit [i.e., they are
counted as quantities of order O(1) in the chiral expan-
sion], ¢ is the triplet of u-, d-, s-quark fields, C? and D;’ are
the second- and third-order, one-body quark, low-energy
coupling constants (LEC’s), respectively, while D? are the
third-order, two-body quark LEC’s. The LEC’s encode the
(virtual) contributions due to heavy states. We denote the
SU(3) quark LEC’s by capital letters in order to distinguish
them from the SU(2) LEC’s ¢/ and d{. Also, for the one-
body quark LEC’s we use the additional superscript ““ g’
to differentiate them from the analogous ChPT LEC’s: C;,
D; in SUQ3) and c;, d; in SU(2). For the two-body quark

LEC s we attach the superscript ” The octet of
pseudoscalar fields
8
¢ = Z DiA;
i=1
70 /2 + /6 ot K*
=42 T —7°/\2 + /6 K°
K~ K° —2n//6
3)

is contained in the SU(3) matrix U = u®> = exp(i¢p/F)
where F is the octet decay constant. We use the standard
notations [38,43]

D, =94, +F
FM——[u d,ul — —u rMu—%ul ut,
u, = H{ut, d,up + ut rui = ulﬂu*,

“4)
X+ = lﬁ/\/uJr * u)(qu,

X=2BM+ -,

X+ =X+ — §<X+>-

The fields r,, and [, include external vector (v,,) and axial
(a,) fields: r,=v,+a, I, =v,—a, M=
diag{m, m, m,} is the mass matrix of current quarks (we
work in the isospin symmetry limit with m, = m,; =
m =7 MeV, and the mass of the strange quark i, is
related to the nonstrange one via i, = 25#1). The quark
vacuum condensate parameter is denoted by B =
—(0liau|0)/F* = —(0|dd|0)/F?. To distinguish between
constituent and current quark masses we attach the symbol
“(“hat”) when referring to the current quark masses. We
rely on the standard picture of chiral symmetry breaking
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(B> F). To leading order in the chiral expansion the
masses of pseudoscalar mesons are given by M2 = 2B,
= (il + i,)B, M3 = 3 (i + 2#,)B. For the numeri-
cal analysis we will use M, = 139.57 MeV, My =
493.677 MeV (the charged pion and kaon masses), M, =
547.51 MeV, F =F,_, =924 MeV in SU(2), and F =
(F, + Fg)/2 in SU(3) with Fg/F, = 1.22 [44].
Reduction of the SU(3) Lagrangian to its SU(2) counter-
part is straightforward. The quark triplet (u, d, s) and me-
son octet are replaced by the quark doublet (i, d) and the
pion triplet, respectively. Likewise, the LEC’s C?, DY, and
D?? should be replaced by their SU(2) analogues c" dl,
and d?. Note that the SU(2) Lagrangian does not contain
the LEC s df, and d2(3) Also, we should use M =

diag{r, M} and . = x+ — 4(x+) instead of the corre-
sponding quantities defined in Eq. (4).

B. Dressing of quark operators

Any bare quark operator can be dressed by a cloud of
pseudoscalar mesons and heavy states in a straightforward
manner by use of the effective chirally invariant
Lagrangian L. In Refs. [36,37] we illustrated the tech-
nique of dressing in the case of the electromagnetic quark
operator and performed a detailed analysis of the electro-
magnetic properties of the baryon octet and of the A — Ny
transition. Here we extend our method to the case of vector
and axial quark operators. First, we define the bare vector
and axial quark transition operators constructed from quark
fields of flavor i and j as

ov(g) = [ dxe 9%, (),

j,u,V(x) = QJ(x)’le,QI(x): (5)
Joalg) = [ dhxe 9, 4 (),
Jua(x) = q;(x)y,v59:(x).

Next, using the chiral Lagrangian derived in Sec. IT A, we
construct the vector/axial currents with quantum numbers
of the bare quark currents which include mesonic degrees
of freedom. Then these currents are projected on corre-
sponding quark (initial and final) states in order to evaluate
the dressed vector and axial quark form factors encoding
the chiral corrections. Finally, using the dressed quark form
factors in momentum space, we can determine their
Fourier transform in coordinate space.

The dressed quark operators ]dr""ii N (x) include one-body,

‘/i;e‘izg)) (x), and two-body, ]dre‘;z(z) (x), operators:

_ dress(1) dress(2)
JaSian @) = i ) + 7,50 (). (6)
In Refs. [36,37] we restricted to the consideration of one-
body quark operators only. Here we discussed also the two-
body operators. In Figs. 1-4 we display the tree and loop
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diagrams which contribute to the dressed one- and two-
body vector and axial operators, respectively, up to and
including third order in the chiral expansion.

The dressed one-body quark operators Jdre“(l)( ) and

,V(A)
dress(1)

their Fourier transforms J#,V( A) (g) have the forms

JUos 0 (0) = fi(= 027y uqix)]
f3(=9)

mi~|—mJ

R
o, 02, 90,00)

dress(1)( ) = fa’“xe axg;(x )I:YMfl (4%)

Turq” fi
m; +m; 2

39"[q;(x)0,q:(x)]

du

ml+m]

+ ) + ;f'<q2>]q,-<x>,
@)

and

Ja () = g7 (=630 Y. y5q,)]

L 8(=97)
m; + mj
J( 82)
mi + m;

dresi(l)( )= fd4xe ’qxqj(x)[Y,LYSg (qZ)

ay[qj(x)a.,uv‘)/SQi(x)]

id [6]1 (X) Y54 (x)]
®)

+ L%g’z](rf)

qu

+——"—ysg ](qz)]q,(X)
m; +m;

where m;; is the dressed constituent quark mass of i(j)th

flavor generated by the chiral Lagrangian (2) (see details in

Ref. [36]); f1,5(¢?) and g7, ;(¢?) are the one-body quark

(e) (f)

FIG. 1 (color online). Diagrams contributing to the one-body
vector quark transition operator up to fourth order. Solid, dashed,
and wiggly lines refer to quarks, pseudoscalar mesons, and the
external vector field, respectively.
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vector and axial i — j flavor changing form factors encod-
ing the chiral corrections. In Figs. 1 and 2 we only show the
one-body diagrams which are relevant for the calculation
of the vector f} i = (O) and axial g’lj =g} /(0) couplings
at the order of accuracy to which we are working in. The
ellipses - - - in Figs. 1 and 2 denote higher—order diagrams,
i.e., diagrams which contribute only to the q* dependence
of f(¢*) and ¢'(¢?) and/or to the remaining four form
factors f2(3)(q ) and g2(3)(q2). The full analysis of all six

form factors goes beyond the scope of the present paper.
The contributions of the various graphs in Figs. 1 and 2 to
the vector and axial couplings are discussed in Appendix A
and are listed in Tables I and II. Evaluation of the one-body
diagrams in Figs. 1 and 2 was performed using the method
of infrared dimensional regularization suggested in
Ref. [38] in order to guarantee a straightforward connec-
tion between loop and chiral expansions in terms of quark
masses and small external momenta. We relegate a detailed
discussion of the calculational technique to Ref. [36].

In Figs. 3 and 4 we display the two-body diagrams
(contributions to the vector and axial operators, respec-
tively) which are generated by the chiral Lagrangian (2) at
the order of accuracy we are working in. These diagrams
include the terms generated by meson exchange and by the
contact terms representing contributions due to heavy
states and generated by the two-body O(p?®) chiral

() (b) ()

(d) ©)

()

FIG. 2 (color online). Diagrams contributing to the one-body
axial quark transition operator up to fourth order. Solid, dashed,
and wiggly lines refer to quarks, pseudoscalar mesons, and the
external axial field, respectively. Vertices denoted by a black
filled circle and box correspond to insertions from the second
and third order chiral Lagrangians.
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(e) ()

FIG. 3 (color online). Diagrams contributing to the two-body
vector quark transition operator up to fourth order. Solid, dashed,
and wiggly lines refer to quarks, pseudoscalar mesons, and the
external vector field, respectively. The vertex denoted by a black
filled circle corresponds to insertion of the two-body mass
counterterm due to one-meson exchange.

Lagrangian Lffq) (2d). Inclusion of the two-body quark
operators in the evaluation of the vector and axial cou-
plings of baryons goes beyond the scope of the present
paper and will be done in the future (therefore, in the
numerical calculations we will restrict to the one-body
approximation). Here we just give the general expressions

for the Fourier transforms of the two-body operators
Jdreqs(z) ( )
u,V(A) :

dress(2)( ) = [d“xe lf{xZ(qj(x)Fumq (x)q;(x)

X F/‘c/l mqk(x)),u,fl]kl( ) (93)
dresG(Z)( )_ fd‘*xe quz(qj(X)Fl] mdi (x)ql(x)
X sz,ka(x))Mg%kl(f), (9b)

where TV reflects the corresponding spin structures,

ij,m

F(2)#¥(4?) are the two-body quark form factors encoding
chiral effects, and m is the summation index over possible
contributions to the two-body operators. We discuss the
two-body operators in Appendix B.

In order to calculate the vector and axial current tran-
sitions between baryons, we project the dressed quark
operators between the corresponding baryon states. The
master formulas are

(Bi(PSSy(@IBi(p)y = 2m)*8*(p' — p — q)

XMMV(A)(pJ ): (10)
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P

(e) () (€

FIG. 4 (color online). Diagrams contributing to the two-body
axial quark transition operator up to fourth order. Solid, dashed,
and wiggly lines refer to quarks, pseudoscalar mesons, and the
external axial field, respectively. Vertices denoted by a big
(small) black filled circle and box correspond to insertions of
the two-body mass counterterm due to one-meson exchange,
from the second and third order chiral Lagrangians.

V(p, p) = zf (@XB,(PIVY (OIB(p))
+ zf'fk’<q2><3j<p’>|v;fﬁi<0>|3i<p)>

_ : io ,,q BB
= uB,(p’){m Pig?) + p—— im F," (q%)
q BB,
+ 7“173 ’((12)}”3,.(1?), (11)
mBi + mB/

MEEi(p, p') Z g/ (q*)(B,(p)IAY (0)|B;(p))

" Zg‘f"’<q2><B,<p'>|A““ O1B:(p))
mp, + mpg,
q B;B;
ld ’)/5G3 (qz)}
mB,‘ + mBI

X g, (p), (12)

where B;(p) and ug (p) are the baryon state and spinor,
respectively, normalized via

(B;(p"|B;(p)) = 2Ep2m)*8*(p — p'),
ig,(p)ug,(p) = 2mp, (13)

_ BB,
= i, (p’){m vsG, ' (q%) +

BB,
X ysG, ' (g*) +

with Ep.

the baryon mass. The index i(j) attached to the baryon
state/field indicates the flavor of the quark involved in the

= 4/mjp, + p* being the baryon energy and my,

. . .- BB B.B: .
semileptonic transition. Here, F,""/(¢*) and G, (¢*) with
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k=1, 2, 3 are the vector and axial semileptonic form
factors of baryons.

The main idea of the above relations is to express the
matrix elements of the dressed quark operators in terms of
the matrix elements of the one- and two-body valence

quark operators V*/ i (0), A o (0, Vi (0), and AX(0),
and encode the chlral effects in the form factors f (qz)

27(q?), fiF(g?), and g (g?). The set of valence quark
operators is defined as

V70 = g;0TY%,q,0),  AY,0) = g, ,4,0),

(14a)
Vilin(0) = (7,00TY,,,4:(0)7,(0)T},g4(0)),..
A5 (0) = (7,074, ,4:(07,(0)T, ,,4:(0),, (14b)
where
i0,,q9" q
v = Vv —_Tmrt Vv —_ Ir
Yw w2+ my w3 m +my
. R (P
Fur=wurs D= mi+m; 7>
a4 —_ 4w
T4y =—"%—ys (15)

"3
m; + mj

The set of Eqs. (10)—(15) contains our main result: we
perform a separation of the effects of internal dynamics
of valence quarks contained in the matrix elements of the

bare quark operators V(A)Z, (0), V(A)’l{k,fl (0) and the effects
dictated by chiral dynamics which are encoded in the
relativistic form factors f7/(¢%), gi(¢?), fi(¢?), and

” . l(qz) In particular, the results for the baryon properties
(statlc characteristics and form factors in the Euclidean
region) derived using the above formulas satisfy the low-
energy theorems and identities dictated by the infrared
singularities of QCD (see, e.g., the detailed discussion in
Refs. [36,37]). Let us stress that consistency in the present
formalism with ChPT is limited since we cannot consider
baryonic matrix elements in Minkowski space. Because of
the factorization of the chiral effects and effects of internal
dynamics of valence quarks, the calculation of the form

factors f(g)¥(¢?) and f(g)is"(¢%) encoding chiral dynam-
ics, on one side, and the matrix elements of V(A)” (0) and

V(A)”kl (0) encoding effects of valence quarks, on the
other side, can be done independently. The evaluation of

the matrix elements V(A)” (0) and V(A)”kl (0) is not

restricted to the small squared momenta and, therefore,
can shed light on baryon form factors at higher Euclidean
momentum squared in comparison with ChPT. In particu-
lar, as a first step we employ a formalism motivated by the
ChPT Lagrangian, which is formulated in terms of con-
stituent quark degrees of freedom, for the calculation of

fo)¥ /(g% and f(g)#¥(¢?). The calculation of the matrix
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elements of the bare quark operators can then be relegated
to quark models based on specific assumptions about in-
ternal quark dynamics, hadronization, and confinement.
Note that Eqgs. (10)-(15) are valid for the calculations of
dressed vector and axial quark operators of any flavor
content.

C. Chiral expansion of vector and axial quark couplings

In this section we present the results for the chiral
expans1on of the vector f” = f7(0) and axial g} =

g7 (0) quark couplings for various i — j flavor transitions
in the SU(2) (isospin) limit. We begin by defining the quark
wave function renormalization constant Z. In particular,
the tree graphs Ti.. in Figs. 1(a) and 2(a) should be
renormalized in terms of Z via 1/2{T.., Z}. Details of
the calculation of Z can be found in [36]. In SU(2) we find

Z=1-9R, (16)
while in SU(3) we have
diag{Z, Z. Z} =1~ Y apRp, (17)
P=mK,n
where in both cases Z = Z,, = Z,; and
2 2142
_8 8 Mp 3w _ Mp
Re=fadrtorapall = mef me= L
9 3 9
P=mK =20+21-2
m, K, m, Ay =5Q+ 1= 4
3 3 1 3
aK=—3Q+2I+§/\3, an——§Q+§I+4)&3
(18)
Here Q = diag{2/3, —1/3, —1/3} and the quantity Ap is
defined as
AP = ZMIZJ/\P,
Md 4 1 (19)
— —(Ind7 +17(1) + 1
AT 2{d 4 2(“77 o )}

In Appendix A we explicitly list the contributions of the
various graphs to the vector (Fig. 1) and axial (Fig. 2)
couplings. First, we discuss the vector couplings. For com-
pleteness, we consider vector currents conserving the
quark flavor, i.e., corresponding to electric and isospin
charge, as well as those involving d — u and s — u tran-
sitions. Because of charge conservation and isospin invari-
ance, the total contribution of the diagrams of Fig. 1
properly reproduces the quark electric and isospin charges.
In addition, the vector coupling governing the d — u tran-
sition is equal to unity— f* = 1 [a detailed discussion for
both SU(2) and SU(3) is presented in Appendix A]. As
stressed in Ref. [20] the total contribution of diagrams
shown in Fig. 1 to these quantities is finite, and no un-
known LEC’s appear at the order of accuracy to which we
are working in. In the case of the s — u transition, the total
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contribution of the diagrams given in Fig. 1 to the corre-
sponding vector coupling fi" is finite but contains
symmetry-breaking corrections of second order in SU
(3)— O((Mg — M,)?*) and O((Mg — M,))*). Note, that
the Ademollo-Gatto theorem (AGT) protects the coupling
fi* from first-order symmetry-breaking corrections. As
shown explicitly (cf. Appendix A) the AGT holds for the
two sets of diagrams, set I and set II, independently. For set
I, including the diagrams of Figs. 1(a), 1(b), 1(e), and 1(f),
and for II, including the diagrams of Figs. 1(c) and 1(d),
we have

su;l sus(i
: — Z fl (1)
i=a,b,e,f
92
—1- g G Hak + Hyx + G + Gy) - (20)
and
m I _ su; (i ) 3
= > A —1gHax T Hap)- 1)

i=c,d

The O(p?) functions H,, and G,,, which show up in the
context of ChPT (see, e.g., Refs. [9,16,17,19,20,22,45]) are
defined as

1 s, 2M2ME | M
(47F) M2 — M M}
= O((M; — M;)°),

1 27 (M, — M,)?
4mwF)?3m M,+ M,
O((M3 — M})?).

Gy = — (M2 +3M M, + M?)

(22)

Therefore, the final result for the s — u quark transition
vector coupling is
|

2 MZ
= gdu = o)1 — 8 <M2+M2+—7’>
81 gl g{ 16772F2 T K 3
3
+ —247TI’ZFZ (3 +3g> —4Cim + 8Cim) +

1
+ 2M$,(D‘{6 +3 !

1 g 35
2 _ _ 2
where the divergent quantity,
5 md_“{ 1
167’ ld—4 2

1 -
—D(ll7 <1 + 3g2))l -
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m _fiul +fsu11

3
=1+8f"=1- E((l +3¢%)(Hx + Hyx)

+ 3g2(G7TK + G'r]l()) (23)

where 811" is the total SU(3)-breaking correction.

Next we turn to the discussion of the axial couplings
governing the d — u and s — u quark flavor transitions.
The expressions for the axial (isovector) charge g, and the
axial couplings responsible for the d — u and s — u tran-
sitions g% and gi" are given in the following
(cf. Appendix A for the expressions of the separate dia-
grams in Fig. 2). In SU(2) we have

&AM
1672 F?

M3
247mmF?

g1=gf“=g{1—
X(3+3g2—4c§]m+802m)}

+anzfar, - 8 (L4 2 24

m1%16 FE 8 (- ( )

Absorbing the infinity in the LEC d¥,

_ g 1
d(l]6 = d(l]6 + ﬁ(i + g2>)\77, (25)
we arrive at the ultraviolet-finite expression for g;:
g1 =gf" =g+ g
2142 3
g Mz Mz
=gl — 3+3g-—4
g{ 16772 " 2dgmpr O T 38 T dcdm
+ 8cf{m)} + 4M2di,, (26)

where 8g7¥ g1’ is the SU(2) chiral correction.
In SU(3) the corresponding expression for the isovector
axial coupling g, is

M3 9 g2M3
o] Gl 2+Sc‘f)+7’7}
A7 FZ( 28 L AT y—)
gl +2¢9) Mz & | M%)
DL m? | 288mF m?
- g(1+3gh) My g M
AT N T e m—) @7)
~ L ndr + 1) + 1)} (28)

coincides with Ap when m = Mp. The last two lines in Eq. (27), containing divergences, can be written in more compact

form in terms of one of the divergent quantities Ap (P =

m, K, n)—e.g., in terms of /\,,

, these lines have the succinct form
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1 17 1 35 1
2M727<D?6 + gD‘{7 2 (1 + 3g2)/\,7 -1+ 2g2)Lm]> + 2M%<(2D?6 - gD‘f7 ~3m (1 + 3g2))\n - 5(1 + 3g2)LK7]),
(29)
where
g M

L, =—>5—= In—. 30
Y Py e Vel G0

Again we remove the divergences in g; using the renormalized LEC’s D_?é and D_ﬁl7:

_ 23 _ 3g 11

Dfs = Dis + 22 (1 Yy 9 82))‘77’ D, = DY, + 2F2<1 Sy 9 g2>/\7,- G

Therefore, the result for the renormalized coupling g¢* in SU(3) is expressed in terms of the axial charge and quark mass in

the chiral limit, the meson masses, and two unknown LEC’s, D4 and D;7:

2 2 3

— U — 3 — g M M7T
M; 9 M3 1
+ K 3+—2+8c‘f) 7}+2M2(D"+ =Dl — (1 +2¢*)L, )
487TmF2< 28 AT a8 m 16 T30 ( g°)
_ 1 - 1
+ 2M%(<2D(1/6 - §D?7 - 5(1 + 382)LK7,> (32)

where 6 g{“ is the SU(3) chiral correction.
Also we perform an expansion of g; = g{* in powers of the SU(3)-breaking parameter m, — 7:

g =gl =gV + 8g (33)

where

TR I 23 o
SU 8

N PR n + 22 g2 = 8CIm + 24C%m )} + 6M2D1 34
& { A8T2F2 | 487 mF> (9 28 " 16 (34

is the SU(3) symmetric term, and

9672 F? 3 967mF? 2
= h(M} — M3) + O(M7 — M%)?) (35)

59 M 11 2 -
Sg1 = (M} — M%T){L (9 + —gz) _ 8% (9 + e 16ctm + 24c3m) - §D§’7} + O(M2 — M2))

is the SU(3)-breaking term, where we display the first-order term. Here for convenience we define the so-called SU(3)
symmetric octet mass M of pseudoscalar mesons as M = 2mB with m = (m, + m, + m,)/3 = (2@ + my)/3.
Likewise, we have the result for the s — u flavor transition axial coupling gi" in terms of DY, and D%:

3g? M? M} 9
=g+ 8gf" = {1——(M2+2M2+—’7)+7” <3+—2+16C‘1 )
S8 os T T g\ K779 )" ammr2\’ T 28 Al
M3 9 16 16 M3 11 16
+—K (3+-g2——Cim+—C] )+7” <3+ 2+ —Cim )}
327TmF2( 2873 RN L Rlyp— 65 "3
_ 1. 3 _ 1 3

where 5g7™

is the strangeness changing chiral correction. The m; — i expansion for the g{* coupling reads
gl =g+ dgp (37

where
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79 ol 11 1.
5”‘=M2—M2{—g <9+—2)+—(9+—2—16c‘1 —~ 16C! )+—Dq}
gi' = My = M2) 155 22 38 ) T 192mmE? 28 3 am | T35
+ O((M% — M2)?) = hy,(M% — M2) + O(M% — M%)?). (38)

D. Bare quark matrix elements

Now we are in the position to discuss the calculation of
the matrix elements of the bare quark operators derived in
Egs. (11) and (12) and restrict in the following to the one-
body approximation:

Vi (0) = 3,007,401, AT (0) = ,(0)y,.¥54:(0).

(39)

As stressed earlier, the evaluation of these matrix elements
can be done independently of the calculation of chiral
effects. Therefore, it can be relegated to a quark model
based on a specific scenario about hadronization and con-
finement of quarks within baryons, including internal
quark dynamics.

As mentioned in the Introduction, in the calculation of
the baryon matrix elements (V,, ;) = (B;(p')| V;'L’,, (0)|B;(p))
and (A, ) = (B/-(p’)lAZyl(O)IB,-(p», we employ a general
ansatz for the spatial form of the quark wave functions,
without referring to any specific realization. In a forth-
coming paper [34] we will evaluate the baryon matrix
elements using a Lorentz- and gauge-invariant quark
model based on a specific hadronization ansatz—i.e. mod-
eling internal quark dynamics, which goes beyond the
additive quark model. Note that in Ref. [37] we did an
analogous study of the electromagnetic properties of the
baryon octet and the A(1230) resonance. One should stress
that the approach [37] is restricted to the evaluation of
baryon matrix elements in the Euclidean space to avoid
unphysical cuts. Therefore, it pretends to the evaluation of
the baryon matrix elements only for the Euclidean trans-
ferred momentum squared.

In the evaluation of the bare matrix elements (VM’ 1) and
(A1), we follow, e.g., Refs. [5,39]. We begin by introduc-
ing the ground-state wave function of the quark with flavor
f moving in a spin-independent central potential:

450 = gD, g, = (l. 06 r()r%)xsmc,

(40)

where u;(r) and [,(r) signify the upper and lower compo-
nents of the quark wave function (in the nonrelativistic
limit /; vanishes); x;, x, x. are the spin, flavor, and color
quark wave functions, respectively. Note that this form of
the quark wave function also appears in relativistic har-
monic oscillator models utilizing a central potential (see
references in [39]). In the following we use the notation
(u = u, = uy, L =1, = 1;) for nonstrange and (u,, ;) for
strange quark wave functions. In practice it is also conve-

|
nient to introduce ratios between the two sets of wave
functions via
u )
gu = _S’ fl = -
u l
The normalization condition for the spatial wave function
is

(41)

[ Pxgt (D)) = f PR+ B) =1 (@)

Now we are in the position to pin down the matrix elements
(V1) and (A, ;) by considering quark operators with
different flavor structure. We begin by calculating the
vector matrix elements for the respective initial and final
baryon states:

Bi1)

vyt = <B,,AT | f d*x;(x)¥°q;(x)
= [t + 16081

3
k
> Al
k=1

B, T>,
43)

where the spin-flavor matrix elements (B j 1 22:1 )\f,-IB,- »
are evaluated using the simple SU(6) quark model:

(1 for n — p,
—4/3/2 for A — p,
3 -1 for 2~ —n,
<BjT Z)‘ﬁ- B,-T>=-O for 3~ — A,
=i 372 for B — A,
Vi/2 for E- — 30,
L1 for B0 — 3T,
(44)

)\f»i are the linear combinations of the Gell-Mann flavor
matrices, and relativistic effects are included in the overlap
of the spatial quark wave functions. It is clear that
F|”(0) = 1 as required by conservation of the vector cur-
rent (CVC)—the CVC prediction of unity emerges as the
normalization condition (42) for the spatial quark wave
functions. Note that in the SU(3) limit, wherein quarks,
independent of their flavor, have identical wave functions,
the “spatial” integral in Eq. (43) is identical to the wave
function normalization condition (42). As aresult,in AS =
1 transitions the corresponding vector current is also con-
served to the extent that the s and u quarks are degenerate
in mass.

In the case of the corresponding baryon axial matrix
elements, we have
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B, T>

- jd3x[ui(r)”j(r) - ll"(r)lj(r):l

(s

where the spin-flavor matrix
(B; 1 >3 ot /\f,»IBi 1) are evaluated using SU(6):

k/\k

Bi1). (45)

elements

(5/3 for n — p,
—3/2 for A — p,
3 1/3 for 37 — n,
< Z ok Ak, > 1V2/3 for 37 — A,

J1/6 for 2 — A,
5/(3v2) for E- — 3,
[5/3 for B0 — 3%,

(46)

and, again, relativistic effects are included in the overlap of
the spatial quark wave functions.

Using the normalization condition the integrals over the
spatial quark wave functions can be simplified. There are
three possible situations: (1) overlap of nonstrange quark
wave functions; (2) overlap of strange quark wave func-
tions; (3) overlap of nonstrange with strange quark wave
functions. In the first case we have

Iy = [ &xlu?(r) + B(r)] =1, 47)

Q—]ﬁ[

In the second case,

—lz(r)] %l[cﬁxlz(r). (48)

1 = [+ B = [dgee) - gre=1,

(49)

Iy = jd3x[u§(r) — %l?(r):l =1- gflzfcpxlz(r)

=1+ &, —1), (50)

where ¢, and &; can be written in terms of the axial
structure integral I, via

-1
1+3(1 - & 4 1
£, \/ 3( §)1+3I (51)
It is clear that in the SU(3) limit— ¢, = &, — 1—the

PHYSICAL REVIEW D 77, 114007 (2008)

expressions for the overlap integrals /§’ and I3’ reduce to
I, and 1,, respectively.
In the third case we have

Iy = [ Exlu(ru,(r) + 1DL()]
= [ g + r o)

3
= fu + Z(fu - fl)(IA - 1), (52)

= [ w0 = 5100,0)]

~ & (6 +5) [arr)

_ 3§u fl o
=&+ (S Y-, (53

Here the parameter £, can be rewritten by using identity
(51). Therefore, all structure integrals (Iy, 14, I, I3, I},
I3) involving spatial quark wave functions are either fixed
precisely (like I, = I}’ = 1) or are expressed in terms of
I, and the parameter &;. In the case of exact SU(3) sym-
metry the vector and axial integrals are degenerate— I, =
I, =If=1 and I, =1} =1I}. In the nonrelativistic
hmlt I, =1, &, =1, and all these structure integrals are
unity—

Iy=LK=Iy=1,=01,=Iy =1 (54)
It should be stressed that all the vector integrals satisfy the
AGT—either they are exactly equal to unity (like I, and
I}7), or deviate from 1 by the corrections of second order in
SU(3) breaking. Specifically,

3 L,—1

L=1+=
v 21+3I,

82 + 0(8%), (55)

where 6 = £&; — 1 is an SU(3)-breaking parameter. In the
case of the axial overlap integrals I3 and I3, the SU(3)-
breaking corrections begin at order O(5).

Finally we note that the bare matrix elements (which
contain the effects of valence quarks) can be expressed in
terms of the axial structure integral /, and the parameter 0,
which encode the effects of SU(3) breaking, i.e., distin-
guish the lower components of the strange and nonstrange
quarks—

Iy =1y =1,
I =14 + 8I3,

=1+ I,
I =1, + 81, (56)

where
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Sl = £y =1+ 36— £)(1, — 1)

_3 Ll 0(83) = O(52
21+31A3+ (&) (&,
3
51;=§u—1+(1—1A)<1— j"——i’) 57

= (I, — 1)8 + O(8%) = O(5),
815 = (1 — L)1 — €)= 2, — )5 + O(5?)
= 0(9).

In Sec. III [see Eqgs. (62), (65), and (88)] doing the match-
ing of our results to the model-independent expressions
derived in ChPT and by Ademollo and Gatto in Ref. [1], we
express the quantities /4, and 6 = &, — 1 in terms of pa-
rameters of the chiral Lagrangian (1).

III. SEMILEPTONIC VECTOR AND AXITAL
COUPLINGS OF BARYONS

In this section we combine chiral and valence quark
: . . B;B;
effects in order to derive the expressions for vector gy

and axial gﬁiBj couplings which govern the semileptonic
transitions between octet baryons. Note, we use the phase
convention [9] which gives e.g. the positive sign for the
axial coupling g,” of the neutron B decay. In particular,
neglecting contributions of order ¢ = p’ — p the matrix
elements of semileptonic decays of the baryon octet are

determined by two constants, g‘lifo and giiBf, as
BB, _ a14BiB; B;B;
M,V a(p,p) =M, (p,p) =M, (p p)
_ B;B; B;B;
=g (P)vulgy” — ¥584 us,(p). (58)

Using Egs. (11) and (12), and the expressions for the
couplings encoding chiral effects and valence quark con-

o .. BB BB,
tributions, the quantities g,/ ' and g," ’ are defined as

BB, BB, /i< BB,
gy =F;"(0) = fivi", 59)
B,B; BB, ii BB,
g4 ' =G (0) = glel "

A. Nucleon axial charge
First we examine the nucleon axial charge and perform
the matching to ChPT—we relate the parameters of our
Lagrangian to those of ChPT. In SU(2) the expression for
the nucleon axial charge is
gaM;,
247rmy F>

X (3 + 3;124 - 4C3I;1N + 8C4}’(;1N) + 4M%rd_16

g =8 - gAM>
A2 H6mF?

(60)

in ChPT [27-29], and

PHYSICAL REVIEW D 77, 114007 (2008)

ga = gAY
_5, {g _gML | gMy
34 162 F2  247mF?

X (3 +3g% — 4cim + 8cim) + 4M3,3‘1’6} (61)

in our approach, where §A and i;zN are the values of the
nucleon axial charge and nucleon mass in the chiral limit.
Matching these expressions for the axial charge up to order
O(p*), we derive the following relations between the
parameters of the two approaches:

o 5 5 4
fa=er=2e1=35(1 -5 [@xP0) @

o3 3
- g 5. (= g
-4 _—nla —7), 63
16 6472 F2 3A< 16 6472 F2 63)
02
Lrgy e o 1Te o d g

8;;1,\, 3 6 8m 3 6
Here, for convenience, we introduce the definition R =

§A /g. Then from the first matching condition we can
derive constraints on the ‘““axial” integral I, (48) and on
the integral over the square of the lower/upper components
of the spatial quark wave functions—

Iy =3R (65)

and

f PaP(r) =1 — f Prid(r) = %(1 - %R). 66)

Therefore, the second matching condition (63) reduces to

g g

dig— —52—= R(&’f - ) 67

1 6472 F? 16 6472F2 ©7)
Taking into account the relation between the mass and
axial charge of both the nucleon and the quark in the chiral
limit,
i AL
My = (—) = R? (68)
m g

as derived in Ref. [36] from the matching of the nucleon
mass in the two approaches, the third condition (64) can be
simplified as

3

c3 = 2c4 =ci —2cd + (1 — R?. (69)

4my
We have two essential remarks: (1) the matching condition
(68) is very important in our approach, because it allows us
to remove the unknown scale parameter—constituent
quark mass—from the explicit expressions of the matrix
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elements; (2) for the evaluation of the nucleon axial charge we do not require an explicit form for the spatial quark wave
functions [see Eq. (66)].
Having dealt with SU(2), we note the corresponding expression for the nucleon axial charge in SU(3):

= R{l CH (M2+M2+M’27)+ M (3 +3g> —4Cim + 8Cim) + M (3+92+8C" )
fa78 162 FE\" 7 VKT S ) a8 S T 4
g°M;, 2n(pe o+ L 2 2 se 1 ] 2
W} + 2M7TR<D16 + §D17 - (1 + 2g )Lﬂ"’]) + 2MKR<2D16 - §D17 - 5(1 + 3g )LKW)' (70)
Substituting g = g4/R and m = my/R* we finally get
o2 2 3
_ o _ gA ) > % Mﬂ. 2 07 _ ﬂ q ) § q o
ga gA{l T PR (MW + My + 3 ) + 7877r71NF2 (R + g4 3 Cimy + 3 Cimy
) 02
M; o 0 M3 o 1., R+2gc°
+—kK <R2 32 5+ §C§{mN) + 8% } + 2M37R(D‘{6 +-Df, - ——=% 84 Lm)
167 my F> 2 3 481rmy F* 3 R
1., R +3gc
+ 2M§<R<2D?6 —3D% - TALK,,), (71)
|
where L = D{By*y*{a,B}) + F(By*y’[a,B)
2 H, H, -
o g M; + LBy Y Bla, AgY) + —2(By ySa,As)B
Lo =555 nﬁg, (72) \/§< y* v Bla,Ag}) \/§< y*y{a,As}B)
H; 5 5 B 5
+ —=(By*vy°a,BAgy — By*vy°A¢Ba,,)
\/g M M
B. Baryon octet semileptonic couplings H
Now we turn to the discussion of the vector and axial + \/—%((Baﬂh/” Y (BAg) + (BAg)y*y*(Ba,,))
couplings g‘li"B’ and gfiB’ (59) governing the semileptonic
decays of the octet baryons. Our results are summarized in
Table III, and have a relatively simple structure. where
In the case of the vector coupling gﬁ’Bf , our results are
unchanged from those of the SU(3) limit in the case of the 30/\2 + AJA6 S+
two AS = 0 transitions, while in the case of the five AS = B = S- —30/2+ A/J6 n
1 transitions, our predictions are found by multiplying the =- =0 —2A /6
simple SU(3) limit forms by the common factor 1 + §y.
Here (74)
oy = 6f" + O8I, + 66813 (73)  is the octet of baryon fields, while a,, denotes the external
1 14 1 Oy u
axial field
where the factors 6" and 61, have been defined in
Eqgs. (23) and (57) and are both second order in SU(3) 0 aqluy suy
breaking, in accord with the Ademollo-Gatto theorem [1]. Gp Vud  Ap Vus
. . B;B; a, =10 0 0 , (75)
In the case of the axial coupling g, the SU(3) sym- 0 0 0

metry breaking is first order and, as derived in Ref. [1] and
discussed e.g. in Refs. [7,11], can be described in terms of
an effective Lagrangian containing two SU(3) symmetric ~ with V,; and V,; being the usual CKM matrix elements.

terms proportional to the conventional couplings D plus F The axial semileptonic couplings of baryons are then
and four first order SU(3)-breaking terms proportional to  expressed in terms of the constants D, F, and H; as (see
the couplings H; (i = 1---4): also Refs. [7,11])
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2
gzp :D+F+§(H2_H3),

N 35/ D 1
gAP == _J;<F+§+§(Hl _2H2_3H3

_ 1
gi " =D~ F—3(H + Hy),

. 2 1
g M= {3(0 + 3(Hl + H, + 3H4))

- 6H4)>,

(76)
D

1
F—Z+_-(QH
5 (2H

3 — H, —3H; + 6H4)),

s |1 1

g~ =\[§(D+F—§(H2—H3)),
=0 + 1

g5 =D+ F =3 (H,~ Hy).

In our approach the axial couplings are expressed in terms
of the SU(3) symmetric contribution gSU‘ =3 g?U‘I 4 and
two symmetry-breaking factors, o4, and 6A2, using the
definitions (see also Table III)

Saily =301+ 84), 77)

= g1+ 8,). (78)

The basic symmetry-breaking pattern is then similar to that
in the case of the vector current—the two AS = 0 transi-
tions are altered from their SU(3) values by one factor 1 +
04,, while the five AS = 1 transitions are modified by a
different factor 1 + &4,, where

1T SUye 2 SUz
81 81 Iy

S5 osuys
38114

og" oIy
g1 Ia

Op, = (79)

Note that both factors 4, include not only leading—
O(m; — m)—but also higher-order SU(3)-breaking correc-
tions. In order to identify the effective couplings D, F, and
H; in the Lagrangian (74), we reduce the expressions (79)
to the pieces first order in SU(3) breaking. Then the
leading-order factors are given by [see Egs. (35), (38),
and (57)]

h
8y = gs—bs(Mi - M2), (80)
1

1_IA

0, 81
I, &1

h
8Y) = o (M} — M2) —

81
where the superscript (1) indicates that we have truncated
the full expressions to include only the pieces first order in
SU(3) breaking. Matching our results then for the axial
couplings gﬁ"B" to the model-independent predictions (76),

we find

PHYSICAL REVIEW D 77, 114007 (2008)
D=3F =3g" (82)
for the SU(3) symmetric contribution, and
Hy = sHy = 3l (Mi — M7)

= —Iihy(ME — M2) + &% (1 = 1,)6,  (83)

H 3 = H4 =0 (84)
for the SU(3)-breaking terms. Therefore, to first order in
SU(3) breaking the factors 55‘1]) and 8;12) are not indepen-

dent and are related via 5;11) = —255112), which, in terms of

parameters of chiral Lagrangian (1) or the model-
independent Lagrangian (74), can be written as

W =" =L (2 — M2)
&0

11y
2 ; 5). (85)

3
81 A

Then using the relation (83) or (85) we deduce the follow-
ing constraint involving the parameters of the chiral
Lagrangian and the quantities defining the matrix elements
of valence quarks (bare quark matrix elements):

M3 —M2 1—1,

GnF? 1, 2 (86)

where

G =

g (g 23, 107 ) 7

+ =g ——MC!
g?U3 2 6 3

The latter equation can be used to express the unknown
quantity & in terms of the parameters of the chiral
Lagrangian (1)—
_ GI, Mi—-M%
1—1, (4m7F)?
Substituting Egs. (57) and (88) into Eqgs. (73) we can then

in turn express 6(‘3) [the leading contribution to &y includ-
ing second-order SU(3) breaking] in terms of the parame-
ters of the chiral Lagrangian (1):

GZI2
(2) s —

(88)

(M — M3
(4mF)*

(89)

IV. NUMERICAL ANALYSIS

Now we perform the numerical analysis of the vector
and axial couplings of quarks and baryons. First, we de-
duce constraints on the quark LEC’s from the data on
semileptonic decays of the baryon octet. Then we compare
our results for the axial baryon couplings to the ones of
baryon ChPT in the large-N, limit [21], obtained from a fit

. B:B; , BB,
to the measured decays and ratios g, /g, .
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For the quark parameters in the chiral limit we use g =
0.9 and m = 420 MeV, values fixed previously in [36,37].
Note that these parameters are related to the corresponding

nucleon quantities § 4 and r;zN via the matching condition

(68). In particular, using the values §A = 1.2, 1.2695
(data), 1.3, we find for the nucleon mass in the chiral limit

the results l;zN = T746.7, 835.7, 876.3 MeV, respectively,
which are consistent with the values deduced in the context
of the baryon ChPT (see discussion in [30,32,36,37,46—
48)).

First, we analyze the axial charges of the quark and the
nucleon in SU(2) and SU(3), respectively. In SU(2) the
corresponding quantities in terms of the LEC’s ¢, i, and
di, are given by

g1 = 0.939 + 0.078«,

- (90)
a =0.1952¢! — ¢) GeV + d?, GeV?
and
1.251 + 0.104a for g, = 1.2,
ga=11324+0.110a for g, = 1.2695, (91
1.356 + 0.113a  for g, = 1.3.

Matching the expression for g, (91) to its experimental
value we derive the following constraints on the SU(2)
quark LEC’s:

0.178  for g, = 1.2,
a=1-0495 for g4 = 1.2695, 92)
—0.765 for g, = 1.3.

Using the matching condition (69), relating the combina-
tion 2¢f — ¢% of quark LEC’s to the corresponding ChPT
LEC’s ¢3 and cy4, and using the averaged values of ¢3 =
—4.7 GeV ™! and ¢, = 3.5 GeV ™! from [49], we estimate
the LEC df, = —1.957, —2.605, —2.868 GeV 2 (the cor-
responding ChPT LEC d,4 is equal to —2.469, —3.486,
—3.931 GeV~2). Note that for the axial charge of the quark
at one loop we find the values g; = 0.952, 0.9, 0.879,

respectively, which correspond to the values of §A = 1.2,
1.2695, 1.3.

In SU(3) the corresponding results for the axial charges
are

g1 = 2.163 + 1.0148,
B = (—0.012C! + 0.563CY) GeV
+ (DY, — 0.147D%) GeV? (93)

and

2.884 + 1.3528 for g, = 1.2,
3.051 + 1.4308 for g4 = 1.2695,  (94)
3.124 + 1.464B8 for g, = 1.3.

84 =
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Matching the expression for g, (94) to its experimental
value, we derive the following constraints on the SU(3)
quark LEC’s:

~1.194 for g, = 1.2,
B =14 —1.246 for g, = 1.2695, (95)
—~1.267 for g, = 1.3.

Next we estimate the quark vector coupling f{*. We de-
termine

=1+ 8f" = 1.070, (96)

i.e., an SU(3)-breaking correction 8 fi* = 7%.

Next we extract information about the SU(3)-breaking
parameters 5(‘,2) and 821) and find an additional constraint
for the linear combination of LEC’s C%, CZ, and D{, using

data for the ratios 518 = g™ /¢%% Direct calculation of
59 and 621) gives

0.070 — 0.074r%  for g, = 1.2,
89 =10.070 — 0.103r% for g, = 1.2695,  (97)
0.070 — 0.123r%  for g, = 1.3,
and
8 = —0.136r, (98)

independent of the value for 27 4> Where ry; and r4 are given
by
1 -0.935C] GeV

1 +0.449y,
ry = s =
v 1 +0.415y,

AT T F 0415y,

99)

Here y, and 7, are the combinations of the quark LEC’s:
y1 = D¢ GeV? — 0.311(C% — 3CY) GeV, (100)
¥, = D%, GeV? — 1.400(2C4 — 3CY) GeV.

Matching our results for 728 to data [3] for the five semi-
leptonic modes, we have the following conditions involv-
ing the parameters &y and 64:

=g, = g5 (1 + 8) = 1.2695 + 0.0029,

30505 1 — 1)
pAp =284 2% _ 5718 +0.015,
5 1+6%
SU3 1 _ 16(1)
pin= 84 " 3% _ 3440017,
5 14689
N T L o
PEA=CA 2 A — (25 +(.05
5 1+68%

1—1s
P = g 20 =1.20 £ 0.04 = 0.03.
1+ 67

Restricting to the central values of the data, we deduce the
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following constraints on 3(‘/2) and 5511):

U1+ 521)) = 1.2695 from the n — p transition,

(102)
p 1.197 from the A — p transition,
su; 1 — %5A) _ ] 1.700 from the %~ — n transition,
A+ e? 1.250 from the =~ — A transition,
1.200 from the Z° — 37 transition.

(103)

The three modes (A — p, 2~ — A, E° — %) are quite
consistent with each other. Future, more precise data for
the 3~ — n mode will probably yield a smaller value for
r¥_ As already stated above, in order to get a better
quantitative agreement with experiment, we plan to go
beyond the simple SU(6) quark model. Then we intendI

PHYSICAL REVIEW D 77, 114007 (2008)

to evaluate the valence quark matrix elements (see discus-
sion in Sec. II D) in a fully relativistic quark model based
on a specific scenario about hadronization and confinement
of quarks inside the baryon [34]. Roughly speaking, in-
stead of the trivial identities (102) and (103) involving only
two SU(3)-breaking parameters 6y and 64, we will derive
more general identities involving additional symmetry-
breaking parameters.

Using Eq. (102) we derive the following constraint on
the quark LEC’s:

—1.144 for g, = 1.2,
—1.195 for g, = 1.2695,
—~1.216 for g, = 1.3.

Next, using the typical value = 1.2 for the ratios in
Eq. (103), we deduce the following constraints on the
linear combinations of quark LEC’s:

y1 + 0.078y, — 0.130C? GeV = —1.787 for g4 = 1.2,

y; +0.079y, — 0.174C? GeV = —1.899 for g, = 1.2695,

(105)

1 + 0.080y, — 0.205C? GeV = —1.962 for g4 = 1.3.

Finally, using two equations (104) and (105) on four

LEC’s, C§, C{, D{,, and D{;, we can express two of
them (e.g. DY¢ and D?,) through the other two (C7 and
C1) as follows:

For g, = 1.2
DY = —1.565 GeV~2 + 0.311(CI — 2.727C%) GeV~},
DY, = —2.862 GeV 2 + 2.800(C{ — 1.294C%) GeV ™1,
(106)

For g, = 1.2695

Dis = —1.652 GeV~2 + 0.311(C] — 2.637C}) GeV !,
D% = —3.111 GeV~2 + 2.800(C% — 1.225C%) GeV~L.
(107)

For §A =13

Dig = —1.699 GeV~2 + 0.311(C? — 2.573C]) GeV ™!,

DY, = —3.283 GeV 2 + 2.800(C% — 1.177C9) GeV 1.
(108)

Note that the constraint (95) on the SU(3) quark LEC’s was

obtained without dropping the higher-order terms in SU(3)
breaking, while the constraints (106)-(108) were derived

[
using the approximation for SU(3)-breaking terms 6, —

5(‘,2) and 6,4, — 6/(411_) restricting to their leading terms.
Finally, for completeness we also present numerical
results for the axial couplings at values of §A = 1.2 and
Ci = 1.07 GeV~!. The other three LEC’s, C4, DY, and
DY, are then constrained as
Dis —0.311C4 = —1.668 GeV 2,
D%, —2.800C1 = —6.739 GeV 2.

(109a)
(109b)

Predictions for gfiBj of different semileptonic modes are
given in Table IV. We also indicate the results of heavy
baryon ChPT in the large-N, limit [21]. In Table V we
additionally present our results for the semileptonic decay
widths of hyperons, which are calculated using the expres-
sion [50] at order O((mp, — mBl_)6) and without inclusion

of radiative corrections:

G2
I'(B;— B +1+v) = W71;3|VCKM|2(Am)5(1 —38)
X (g™ + 3(gn ")) ().

(110)

In the last expression we have Am = mp — mg.,
6 = (mp — mBj)/(mBi + mBj), and Gp = 1.16637 X
1073 GeV 2 is the Fermi coupling constant. For the cor-
responding CKM matrix elements Ve = Vg O Vi, We
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use the central values from [3]: V,;, = 0.97377 and V,, =
0.225. Here r(x) is the function which takes into account
the charged lepton mass m;:

r(x) =m<l —gx2 — 4x )

where x = m;/Am and r(0) = 1.

41 1+ V1 — x?
\/l—x2
(111)

V. SUMMARY

In this paper we have analyzed the semileptonic vector
and axial quark coupling constants using a manifestly
Lorentz covariant chiral quark approach up to order
O(p*) in the two- and three-flavor pictures. The resulting
quark couplings were then used in the evaluation of the
corresponding hadronic couplings which govern semilep-
tonic transitions between baryon octet states. In the calcu-
lation of baryon matrix elements we utilized a general
ansatz for the spatial form of the quark wave function,
without referring to any specific realization of baryon
hadronization and confinement. Matching physical ampli-
tudes, calculated within our approach, to the model-
independent predictions of baryon ChPT allowed us to
deduce the relations between the chiral quark parameters
and those of baryon ChPT.

Our main results can be summarized as follows:

(i) Evaluating the chiral and SU(3) symmetry-breaking
corrections to the semileptonic vector and axial
quark coupling constants, we determined that the
SU(3) symmetry-breaking correction to the vector
coupling f{*, governing the s — u quark flavor tran-
sition, is positive and equal to 7%.

(i) Performing the matching to ChPT we reproduced
the analytical result for the nucleon axial charge g,
in SU(2). We also determined the expression for g,
in SU(3).

(iii) We derived results for the vector and axial cou-
plings governing the semileptonic decays of the
baryon octet, revealing both chiral and SU(3)
symmetry-breaking corrections.

TABLE 1.

PHYSICAL REVIEW D 77, 114007 (2008)

(iv) We presented a numerical analysis of the calculated
quantities and derived constraints on the parameters
of the chiral quark Lagrangian (LEC’s) using ex-

perimental data for g, and the ratios rf% =

B B; , BB,
" /g,"’. We also gave estimates for the semi-

leptonlc decay widths of hyperons.

In the future we plan to improve the quantitative deter-
mination of the valence quark effects by resorting to a
relativistic quark model [35,37], describing the internal
quark dynamics. This procedure will allow us to give
predictions for all six form factors showing up in the matrix
elements of the semileptonic decays of the baryon octet.
With the explicit form factors and with additional radiative
corrections included, we intend to give accurate predic-
tions for the corresponding decay widths and asymmetries.
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APPENDIX A: CONTRIBUTIONS OF DIFFERENT
DIAGRAMS TO THE VECTOR AND AXTAL QUARK
COUPLINGS

In this appendix we discuss the contributions of the
various graphs in Figs. 1 and 2 to the vector and axial
couplings with different flavor structures. The separate
contributions of these graphs to the vector and axial
couplings are listed in Tables I and II, respectively.
We use the following notations: the quark charge matrix
Q = diag{2/3, —1/3} in SUR) and 0=
diag{2/3, —1/3, —1/3} in SU(3); the unit 2 X 2 matrix
I = diag{l, 1} and the 3 X 3 matrix I = diag{1, 1, 1}. All
further flavor matrices are expressed in terms of the charge,
unit, Pauli (7;), and Gell-Mann (A;) matrices:

Contribution of different diagrams in Fig. 1 to the electric charges f 1Q [in SU®2)] and f IQ [in SU(3)], isotopic (vector)

charges f;73/2 [in SU(2)] and f,A3/2 [in SU(3)], vector couplings (d — u flavor transition) f‘f“ 7,4 [In SU(2)] and f‘f”)xud [in SU
(3)], and vector coupling (s — u flavor transition) f{“A,,. The contribution of the diagram in Fig. 1(a) is multiplied by the Z factor.

Coupling Figure 1(a) Figure 1(b) Figure 1(c) Figure 1(d) Figure 1(e) Figure 1(f)
[, 8002) 0(1 —2R,) 3R ~735% T LI = m)R; 3R,
f2,su@3) Q—3pBFRp  ZpARRY _ZP/\5> QAFP2 ZP/\?’ gApz 2 pARRS e AR}
fi=f{su@  1-3R, 2RY, — 2z 2 —R., 2R}
fi=f"SUB) 1—XpBpRp 2R.+RY —5hQA, + Ay 5LQA,+ A —RG+1RG 2R, + R}

su SU(3) 1= 3pyeRp L+ L —gn (A, +20g +A,)  Jox+ g —-2R¢ 3(R: + 2R} + R))
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TABLE II. Contribution of different diagrams in Fig. 2 to the isotopic (axial) charges g,73/2 [in SU(2)] and g;A3/2 [in SU3)],
axial couplings (d — u flavor transition) gf“ T,q [in SU(2)] and gf“ Ayuq [in SU(3)], and vector coupling (s — u flavor transition)
81" Ays. The contribution of the diagram in Fig. 2(a) is multiplied by the Z factor.

Coupling Figure 2(a) Figure 2(b) Figure 2(c) Figure 2(d) Figure 2(e) Figure 2(f)
g =g SUQ@) (1 —¢R,) AMdi — A, Ty r; (c§ = 2c)T7
g1 =g{", SUB) g(1 = XpBpRp) (2M7 + 4ME)Di¢ — 5= (24, + Ag) Tg —3Ty T, — 5T (e 2CJZ)T{T
+2(M% — M%)DY, —CiTy

g, SUB) g(1 = 3pypRp) QM2 +4MYDY -5 (A, +20g +A,))  2T¢ (TS +2Tg +T5)  (C)— COTY

+1(M% — M2)DY, —1Ci(3T, + T4)
1 . 1 , 1 .
Tud = 5(71 +iTy), Aua = 5(/\1 +idy), Ays = 5()\4 +is),
3 1 3 5 1 1 3 1 1
0 _ 0 _ 0
=-Q+-1+-);, =—-0——-1—=A; =—-Q0——I1—-);,
BE =0+ I+7h  BR=30-I—sh  BI=10-51- 1k
9 3 1
Br=3  Bc=3  By=p
9 9 5
Y= 8} Yk 4’ 77] 8}
Ae=2s =M =M =2 Ap=A =M =2=30-X, A== =),=0
)le_Q+11_)l Ae——gQ—21+4x\ )\e—Q—ll—l)l
i 3 > K= 3% 97 37 K 9" 3™
|

We introduce the functions Rp, R%, T4, 1,;, and J (1) Electric charges: Summing up the individual con-

ibuti f th hs in Fig. 1 he electri
o 2 ‘L M2 {1 3 } zrﬁl;lrlgtleosnswg ﬁ;de graphs in Fig. 1 to the electric

I G VPeey 2 Hrp ’

, 3¢ M3 5ar f2 =090 =2R,) + m3(R, + RL) + I — m3)RS
R~ gt e gl =5 me) (Ad)
R =R, in SU(2) and

4" -
ol _ EM3 © =0+ D (—BERy + \oRY + ARG + A,R})
P T2 Mp Al P
16377F - (AD (AS)
_ 8 8§ Mp g .
Th =3t 32772F2{1 - 5””}’ n UG
g Using the identities R} + R, = 3Rp and BY =
Ty = WM pHP 3 A% + 2 X% we verify electric charge conservation—
o & ap f=9QinSUQ) and f¢ = Q in SUQ).
P 6mF2 ¥ (2) The isotopic charge f,/2 and the d — u transition
. du . .
where pp = % _and vector coupling f{" are given by the expressions
3¢ [3 AME— AM2 M2+ M2 M3+ M fr= £l =1=3R; + 2R} + Ry) = R (A6)
@ 4p?l2 M2 - M3 642 8mm in SU(2) and
MM} d b 4 pf b
MMy A2 H=M=1- Rp +2(Rb + RL) + R
8mm(M, + Mb)] (A2) ! ! ;'BP r 7 K
1
and +Rj — R, + 3R (A7)
3 TAM2 - A M, M:+M; _
SRR y222 [ VR v (A3) inSUG). o
Again, using identities involving the functions R}
Below we discuss the vector couplings in detail. we arrive at
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TABLE III. Semileptonic decay constants of baryons gﬁ"Bf and gi"B/

3)

PHYSICAL REVIEW D 77, 114007 (2008)

Decay mode gﬁiB" gﬁ’Bf

n—p Soily=ga =831+ 8,)

A=p —afy = =0+ 8y) Berty = =330 + 6,)

S —n —fidy = —(1+ 8y) e = 130 + )

2T —A 0 \/ggllA = ?68/4 = ‘/;giU‘(l +04,)

E —A Vo = + 8y) Viein = 1 + 8,

2 -3 Vi = B0+ 8y) Speils = el (1 + 8,

B -3t ATy =1+ 38y eI =gy (1+ 8,)
fi=rr= (A8)

in both the two- and three-flavor pictures.

The s — u transition vector coupling f7": The cou-
pling f3* is finite but contains pieces O((My —
M,)?) and O((Mg — M,)*) which are of second
order in SU(3) symmetry breaking. The AGT pro-
tects the f3*(0) from first-order symmetry-breaking
corrections. Moreover, the AGT holds indepen-
dently for two sets of diagrams—for set I, including
the diagrams of Figs. 1(a), 1(b), 1(e), and 1(f), and
for set 11, including the diagrams of Figs. 1(c) and 1
(d). In our derivation we use the identity

A M3 — AM?
L =2, (M:+M})+—
M2 — M oMa+ My) e
M} M?
X ——t —In—%. A9
M2 — M? M2 (A9)

Then the results for set I and set II are

su;l su;(i)
1 - 1
i=ab,e,f

9g

=1- (H7TK+H1]K+G77K+G7]K)

(A10)
and
TABLE IV. Numerical results for gf’B’

Decay mode Reference [21] Our results
n—p 1.272 1.2695
A—p —0.904 —0.944
3" —n 0.375 0.257
St A 0.653 0.622
3T —> A 0.624 0.622
E-— A 0.139 0.315
- —30 0.869 0.908
B0 — 37 1.312 1.284

I %(Hwk + Hyg), (A1)
i=c,d
where the functions H,, = O((M2 — M2)?) and
G.p = O((M%2 — M3)?) are defined in Eq. (22) of
Sec. IIC.
The final result for the s — u quark transition vector
coupling is

f{u fful +fsu 1
=1 _T6((1 + 3g2)(H7TK + H7TK)

+38%(Grx + Grx))- (Al12)

APPENDIX B: TWO-BODY OPERATORS

The diagrams contributing to the two-body vector and
axial quark transition operators up to fourth order are
displayed in Figs. 3 and 4. First, let us discuss the diagrams
in Figs. 3(a)-3(e) and 4(a)-4(e). Note, the diagrams in
Figs. 3(c), 3(d), 4(c), and 4(d) are generated by an insertion
of the two-body mass counterterm due to one-meson ex-
change, which is given by the four-quark operator

TABLE V. Numerical results for the semileptonic decay
widths of hyperons (in units of 10° s™!).

Decay mode Our results Data [3]
A—pep, 3.21 3.16 £ 0.06
A—pu b 0.52 0.60 = 0.13
3T — ne 7, 5.50 6.88 + 0.24
ST - npT 245 3.0 +0.2
3t — Aety, 0.24 0.25 = 0.06
3T — Ae 7, 0.40 0.39 = 0.02
E™ — Ae e 3.11 3.35 = 0.37
E-—Aup, 0.84 21431
E-— 3% 7, 0.51 0.53+0.10
E—=3Xu"p, 0.01 <0.05
E-—3%e 7, 0.90 0.88 + 0.04
E -3 up, 0.01 0.02 + 0.01
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2m? &
Oy (x,y) = S G(x)ysAig(x)A;;(x — ¥)g(y)vsA;q(y)
=1

(BD)

where
d4k e—ik(x—y)
Aji(x —y) = 01T $;(x);(»)|0) = &;; Qi M-I
(B2)

is the meson propagator. Writing down the expressions for
the diagrams in Figs. 3(a)-3(e) in the momentum space, it
is easy to show that the contribution of the diagrams in
Figs. 3(a), 3(b), and 3(e) is exactly equal to the contribution
of the diagrams in Figs. 3(c) and 3(d) but with opposite
sign. Therefore, their total contribution vanishes. Such
cancellation guarantees the charge conservation and ex-
cludes a double-counting of the one-meson exchange cor-
rections. The diagram in Fig. 3(f) does not contribute to the
time component of the vector current (only to the spatial
component); therefore we have no contribution to the
baryon vector couplings from the two-body operators dis-
played in Fig. 3.

In the case of the two-body axial diagrams, the diagrams
in Figs. 4(a)—4(e) do not cancel each other. Their total
contribution in momentum space is given by

8

@ = DY ), Ay Eu(p)a(p))

4F?
X ydu(py) + (1 = 2)

(B3)
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where u(p;) and i(p!) are the quark spinors, and A4 is the
flavor matrix corresponding to the axial quark flavor ex-
change. One can see, that the contribution (B3) vanishes
for g = 1. The other two diagrams in Figs. 4(f) and 4(g)
are generated by the one-body and two-body Lagrangians,
and they contribute to the axial couplings of the baryon
octet. Note that nonvanishing two-body operators corre-
sponding to the meson exchange can be simplified. One
can do the expansion of the meson propagators in powers
of meson masses M as

1 M?

1

+ @(M4)).

A is a free parameter representing an averaged exchanged
momenta between quarks, and we remove the infrared-
regular parts proportional to the 1/A"; i.e. they do not
contain powers of meson masses. Numerical analysis of the
contributions of the two-body diagrams will be done in the
future. Let us stress again that the vector couplings of the
baryons do not receive contributions from the two-body
quark operators (see diagrams in Fig. 3), while the axial
couplings receive the corrections quadratic in meson
masses. [t will not damage the nonanalytical chiral correc-
tions derived in the one-body approximation (see Sec. III)
and will only redefine the expressions for the quadratic
corrections. Note that such change of the quadratic chiral
corrections will be consistent with ChPT due to the match-
ing condition involving additional two-body quark LEC’s.
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