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Chiral corrections to the axial charges of the octet baryons from quenched QCD
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Using quenched chiral perturbation theory, we calculate one-loop corrections to the axial charges of the octet
baryons in the quenched approximation to quantum chromodynamics. The results are used to compare chiral
corrections to the axial charges in full QCD chiral perturbation theory with those in quenched QCD. We find
that the quenched chiral perturbation theory resfiit (c3+ c3m?2)Inm2+c3mé+ - - - is singular in the chiral
limit unlike the regular behavior of the full QCD chiral perturbation theory resylt c,zmi In mf,+
[S0556-282198)07517-1

PACS numbgs): 12.38.Gc, 11.30.Rd, 12.39.Fe, 14.20.

I. INTRODUCTION deviation is small in the physical mass region, we may safely
neglect it. For the pion mass, numerical investigations re-
Lattice quantum chromodynamid¢QCD) simulation al- vealed that although there is a difference between the chiral
lows us to investigate the low-energy phenomena of stron§ehavior of full QCD and that of QQCD, it is either small at
interactions using first principles of quantum field theory. Itthe physical pion mass regid6,7] or may be caused by the
is well suited for understanding the nonperturbative nature ofinite lattice volume[8]. The quenching effect on each
strong interactions. Thus far, this method has been succesd@ryon mass is numerically small although quenching effect
fully employed in calculating various low-energy QCD re- On the baryon mass splitting is significd8f.
lated quantitie$1]. Of course, there are many more quantities where the
However, many physical observables are calculated in lafduénched approximation introduces noticeable differences
tice QCD using the so-called “quenched approximation” in (€-9-, the heavy-light meson syst¢a0,11, pion scattering
which vacuum polarization effects coming from quark- Ier}gth[12], etc) which await numerical investigation. Here,
antiquark pair creation and annihilation are neglected. Thi$!Sing the method developed in RE8J, we suggest that the
approximation is used because of the extensive comput&hiral behavior of the axial charge of the octet baryons in
tional cost in full QCD lattice simulations in particular of the QQCD should depart noticeably from that of full QCD in the
light quark system. Such truncation, otherwise in a first prinehysical pion mass region, provided that the same couplings
ciple calculation, can cause undesirable effects. First of all, itnd the same cutoff are chosen for both QQCD and full
is difficult to estimate quantitatively systematic errors in-QCD. In this case, a quenched calculation may not be
duced by the truncation. Second, since most cases of currefit!Sted, let alone a linear extrapolation of quenched lattice
lattice simulations are done with bare quark masses whicRCD simulation results. _ _
produce pion masses heavier than the experimental value, In Sec. Il, we briefly explain the quenched chiral pertur-
heavier mass results from simulations must be extrapolateg@tion theory described in Reff5] where the baryon fields
to the experimental pion mass region. Usually, a linear o@re introduced via the heavy baryon formulation. Section Il
quadratic fit has been used for the chiral extrapolation. SucR*Plains our calculations of the axial current matrix elements
an extrapolation may not be appropriate in quenched Qctf)_or the octet baryons. In Sec._IV we dlscu_ss some implica-
(QQCD) because nonanalytic terms in the chiral expansiorfions of our results. In Appendix A expressions for the coef-
due to pion loops in quenched QCD will be different from f]C|ents defined in the axial current renormalizations are

those in full QCD. listed.

In order to understand quenching effects on the chiral
limit of various physical observables in light quark systems, 1l. QUENCHED CHIRAL PERTURBATION THEORY
Sharpe devised a rul¢ diagrammatic methof2]. Bernard WITH BARYONS

and Goltermani3] developed a systematic way based on the
symmetry of QQCD extending earlier wofi]. The latter
method is in a similar spirit to chiral perturbation theory and

an application of the same idea to the baryonic system w. L :
bp y y ef.[5]. The quenched approximation amounts to neglecting

constructed by Labrenz and Sharffg. By use of these . : -
methods, it is found that the chiral behaviors of many physi_the quark determinant. Canceling the quark determinant can

cal quantities in QQCD are different than those in full QCD be achieived by introd.ucing additional bosonic degregs of
and there are indeed differences caused by the quenched dfzédomg; corresponding to each flavor of the quark field

proximation. One may ask whether such differences are nug; . Eachq; has the same mass, charge, etc., as the original
merically noticeable in the physical pion mass region. If thequark. Since the new bosonic degrees of freedom have the

In the following, we briefly mention the essential ingredi-
ents of quenched chiral perturbation theoryy®J). Details
re available in Refd.3,5] and we follow the notations in
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same quantum number as fermion degrees of freedomhese new couplings, and m3 break the usual power
(quarks except the statistics, the Gaussian integral over theounting rule inyPT since higher loop diagrams involving
new degrees of freedom matches exactly the determinambese vertices are not suppressed by power/df, or
from the quark degrees of freedom with the inverse of themw/AX where A, is the chiral cutoff. However, since the
determinant. Because of new bosonic degrees of freedomactual expansion parameters in loop calculations cagé3

the symmetry of QQCD becomes the graded symmetryndmi/3, we assume thatq/3 and (my/A,)?/3 are small
U(3[3)xU(3|3) for the quenched system of light quarks and calculate only the leading behavior in these coupling
Q=(u,d,s,u,d,s). This symmetry determines the form of [3,5].

the interactions among the pseudoscalar mesonsyiATQ The following is a brief summary of the method described
The dynamics of the meson sector is conveniently dein Ref.[5], on how to extend the above idea for the meson
scribed by a Hermitian 86 matrix field®, fields to the baryon fields in QQCD. QQCD hagq, qqq,
b ¥ andqqq baryons, in addition to the usugkjq baryons. To

®= (2.1  construct irreducible representations of SIRR for
QQCD, we guide ourselves by the baryon field representa-

3 tions in QCD and begin Witﬁ the “quark” field) and its
where¢ is the ordinary mesony is the meson composed of conjugate “antiquark” fieldQ, defined the above. These

bo;onlc quarks., ang,x" is the fermionic meson. As n the Q,Q fields transform as a fundamental representation and its
chiral perturbation theoryyPT) for full QCD, the following conjugate representation of SU3, . Using threeQ's, we
is useful in constructing the effective Lagrangian for QQCD:define spin-1/2 baryons '

X

_ Q2i®(x)/f — AP0/ " N
FOOZeTL L00=eTEL 22 By [Qr QP Q- QT Qe C¥6)ap.
| 1 (2.9
- T_ gt - T4 gt
Au(x)= 2(5%5 €0,8), Vux)= 2(&9”5 +£9,8). in analogy to spin-1/2 baryon fields in full theory
2.3 " "
Bl ~[af%a)  al°~a%a) °a Je apd C ) ap
Under U(3 3)Xx U(3|3), the meson fields transform as (2.7
S SLIRTELEUT(X)=U(x)ERT. (2.4 and for spin-3/2 baryons, we define
A componentS;; has the same transformation properties as T4~ [QM QI QL+ QP PQQp®
the operatoQ;Q; . The axial anomaly breaks this full chiral L OrcO¥a0Bb c 28
symmetry in the classical level, down to the semidirect prod- QIR Qi Teand Cyu)y 29
uct[SU(3 3)x SU(3 3)]® U(1) in the quantum level. This in analogy to spin-3/2 baryon fields in full theory
reduction in the symmetry introduces the fiel®,
= str(®)/\3=(7n"—7")/2 and allows the quenched chiral e ~Lam2afay°+ o Py
Lagrangian to include arbitrary functions &f,. The result- y.CraanBib
ing Lagrangian in the mesonic sector is then +0770" A 1eabd C ¥ gy (2.9
2 whereC=i1vy,7, is the charge conjugation matrix aad b,
/;g:z[str([yﬂzaﬂy)vl(cpo) andc are color indices. Both fields have the same transfor-

mation properties
+2u st ETméT + EME)V,(Do) ]

B,ijk(T4 i) — (=) F1D+I7+ID0ekD
+apVs(Pg)d,Pod Do —mVo(Do) D2, (2. ’

oVs(P0)d,Pd*Po—mpVo(Po)Pp, (2.5 XUy Uy Uige By (T2 ),
where str denotes super tracg3,5] and m (2.10
=diag(m, ,my,Mg,m,,my,Mms). The potentials are normal- '
ized asV;(®g) =1+ O(PF). In our calculations, the higher where U e SU(3/3)y, and these transformation properties
order terms in the potentials will not be needed since we arenakeB and T representations of SU(3), . Due to the fact
interested in leading order behaviors. In full chiral perturba-that the off-diagonal & 3 blocks ofU are Grassmann vari-
tion theory, the verteX(a¢p2—m§)/3 iterates infinitely in  ables, there are sign factofgrading factors The notations
the ' propagator. Thug' acquires heavy mass and can befor the indices in the sign factors are as follows: one for the
integrated out of the effective Lagrangian. In the quenchednticommuting variablesi €1,2,3) and zero for the com-
theory, however, only one insertion of this vertex survivesmuting variables i(=4,5,6). The spin-3/2 baryon fields are
and the®, remains light. We must therefore keep the lastcompletely symmetric under flavor index exchanges and this
two terms in£ g, and this will introduce two additional pa- makes it easy to see that they are irreducible representations
rameters in the baryon sector unlike full theory and will in- SU(3|3)y . Constructing the spin-1/2 baryon fields are more
duce more singular behaviors in the chiral limit of QQCD. involved. It is true even in the full QCD case since spin-1/2
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T e >< FIG. 1. Vanishing graphs. The solid dots rep-
g resent the vertices stemming from the axial cur-
rent.

(g) (h) (1

baryon fields are m!xed representations of(S)UIavor_syr_n- CAC,EijiACi’jk ’ 213
metry of full QCD: in Eq.(2.8), among three flavor indices
of qqq, the first two are antisymmetric under the exchange
and the third one is symmetric under the exchange with any
of the first two indices. Thus, the second term in the con- _ _ o ,
struction of spin-1/2 baryons in quenched theory is needed to CAC'E=CyjAE )y, (—) DD,

make the representation irreducible under §3)3 [5]. (2.19

These CD baryon fields satisfy the symmetry proper-
QQ Y Y y Y prop whereC andC' are the baryon field€ is a matrix field, and

CAEC'=Ci;iAE; Cl, (2.14

ties
A is an arbitrary Dirac matrix. An example & is A*.
Bijk:(_)]k+lBikj ' The lowest order Lagrangian is, then,
LO=L3+ L (2.16

Bijk+(_)ij+lBjik+(_)ij+jk+ki+1Bkji:01
) . where£J is given in Eq.(2.5 and
The= ()T T = (=) Ty (2.1
, _ L§r4=iBv-DB—iT’v-DT,+AMT"T,+2aBS,BA*

because of the grading factors. The above two lines make
spin-1/2 baryon fields irreducible representations of +2B§SMAMB+ZYESMBSU(AM)_’_ZH?VSMAMTV
SU(3|3)y with dimension 70. The first condition gives 6
X 3X5x%6 independent states and B/ (3!3!) constraints \F T =
from the second condition reduces the total number of states - EC[T A'B+BA,T"]+2y'T"S,T,SU(A").
to 70. The representation including spin-3/2 baryons is 38

dimensional. We call the baryons of the(38) simply “oc- (2.17

tet” (“decuplet”) baryons since they contain an &) octet The symbolsy andS* denote the fixed velocity and the spin

(decuplet when restricted to the index range 1-3. operator in the heavy baryon formaligih3]. Various other
The Lagrangian in the baryon sector in the lowest order P . vy bary S1as]

: . . . o ey B, (=)D
can be written in terms of the invariants of bilinear b.’:lryonpos.sIble terms such @& S"A, j; Bij (=)™ ', etc., are
fields. They include the covariant derivative or the fily  NOt independent due to the symmetry properties given in Eq.

in Eq. (2.3. The covariant derivative of the field, is (2.11). In calculating contributions from the decuplet bary-
4 ons, we assume th&tM<m_ and treat the octet and the

iven b ) .
g y decuplet baryons as degenerate. Extending our calculation to
i the caseAM #0 is easy. Its effect will be discussed in Sec.
D#Bijk = 0" Bijic+ (V#)ii Birji+ (=) TFI(VH) /By i V. Y

When the flavor indices are restricted to the range31
the baryon fields in the quenched theory are explicitly related
to ones in full theory as

+(_)(i+j)(k+k’)(vu)kk,|3ijk, , (2.12

whereV* is a vector current defined by E@.3). The cova-
riant derivative of the fieldTt, takes the same form. We 1
follow the notation of Ref[5] for the contraction of the Biilr=—=(eii/B™ + &, B (2.18
flavor indices. They are il N
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__ full
Tijklr=Tijk -

(2.19

Using these relations, one can formally show that the
guenched Lagrangian is equal to the full Lagrangian under

PHYSICAL REVIEW D 58 074509

(a) (b)

the restrictions of the flavor indices and the identifications of

the parameters

5
~ ~D+F

1D+F
3 3

a=2 3

y=2(D—F),
(2.20

ol

although there is no reason why the parameters of two theo-

(¢) (d)

ries should be related to each other. For better comparison
with xPT result, we will re-express our results using these FIG. 2. Wave function renormalization graphs. The cross repre-

relations excepty.

lll. THE AXIAL CURRENT MATRIX ELEMENTS
FOR THE OCTET BARYONS

sents the vertek(aqp?—m3)/3.

The axial current from the quenched chiral Lagrangian is

given by
f2 _ _
Ja=i Estr[Ta(a,Lz‘fz—(9,;2*)]+uM[BQ‘1B+2BBQ’i
+3T"Q"T,]+2aBS,BO% +268BS,04B
+2yBS,Bst(Q})+2HT’S,Q4T,

= A 3 TrOAR L ROATL
+2y'T'S,T,st(Q%) — \/5C(THQAB+BOATH),

(3.1

Q§=%(§TA§Tt§*TA§), (3.2
N RS

Lt PNAT 3.3

M2, M3,
Xogpy=—"7—In——, 3.
ab 16772f2 Mz ( 5)
(M3~ Mg)Xaa— (@pMpy—mg) Xpp 36
b= , )
) 3(M3,—Mpp)
2
aa
Yaa:m (Zad)Mga_ m%)'”?"’(a’@Mga_ mg) )

(3.7

Wheretﬁ is the tree level resuly;; ., andp;; 5, are the wave
function renormalization factors without and with the hairpin
vertex[i§(agpk?—mg)], and af} ., and B} 4, are the one-
loop corrections without and with the hairpin vertex. We list
the coefficients in the Appendix. Here we work in the limit
m,=my. The u is the scale introduced in the dimensional
regularization. The scale dependence is canceled by the
counterterms obtained by t@(m,) Lagrangian such as

(u?)2d2_
A—B(gT m¢T+ Emé)SHA B, (3.9

X

wherem is the quark mass matrix. Including the counter-

where\”* are Gell-Mann matrices. The numerical factors 2terms, the functiorX,, changes to

and 3 are due to the symmetry properties given in(Ed.1).

The renormalization of the axial current can be calculated M2
by computing the diagrams given in Figs. 1, 2, and 3 using

Feynman rules derived fro8$, £34, and the vertices
from Eq. (3.1). All the contributions from the diagrams in

Fig. 1 vanishi(a) vanishes since only closed quark loops are

present(which cannot exist in the quenched approximation
and the others are zero due to the propertg=0. Then, the
matrix element of)* for the octet baryon8; and B; can be
written in the form

(Bi|34B;) :Usi )’”J’SUBjtﬁ

1+a§b (@} ab= Nij ab) Xab

+a§s:b (ﬂﬁ,ab_pijyab)Yab:|, (3.4)

Xab— ) (3.9

M2
ab ab
— In +c(um)
67Tf2|: w? #

wherec(u) is the counterterm. In the real world the loga-
rithmic correction is not significantly largel4].

It is interesting to compare full chiral corrections with
quenched chiral corrections for one of the above matrix ele-
ments(since we are interested in qualitative feature of the
chiral limit, we takeu=A ~1 GeV and neglect the finite
part in the following. We choose the isovector axial charge
of the protong, for the comparison since a quenched lattice
simulation data for this quantity is availabl&5]. Also, for
full YPT case, Jenkins and Manohar already computed one-
loop chiral logarithmic contributions to the baryon axial vec-
tor currents with the intermediate states of the octet and de-
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(2 ®) (e
P >< FIG. 3. Graphs contributing to the coefficients
e . - afj ap and B} 4, The solid dots represent the
vertices stemming from the axial current. The
(d) (e) f) cross represents the vertgp?— mé)/3.
:: ° B { ® ; ; ® i
(2) (h) (i)

cuplet state$16,17]. Since Jenkins and Manohar worked in Note that in the quenched chiral calculations the meson loops
the limit my=my=0, we only need to consider additional with the s flavor do not contribute to this matrix element.

contribution from nonzeram,(=my) for the comparison

For a graphical comparison, we need to consider the val-

[14]. With this additional contribution, the full chiral pertur- ues of various parameters in the above result. In full theory

bation theory result fog, becomes

ga=(D+F)|1-11+2(D+F)?

2C2(9D+9F+25H)] M2 M2

n_
81 D+F) 16722 2
1 15D3-D?F+3DF?+33F3
27 6(DF)

C3(—27D+45F+20H)] MZ M3
162D +F) 16m212 2

2 2

_(=D+3F)* M7 M7

3 16722 u?

. (3.10

On the other hand, our result for the quenclggds

4(D—3F)(D?+2DF +3Dy+3Fy)
3(D+F)

gR=(D+F)| 1+

C2(—15D+9F—10H)} M2 M2

n_
27(D+F) 16m2f2 u?

1 M2
+2(=D+3F)*— 2|(2a(pM727—m§)|n—2
487-f M

) (3.11

+(aq)Mi—mé>]

which we can get easily from E3.4) using the fact thagj,

is equal to the(p|J**'?In) due to the isospin symmetry.

with octet states only, there are two free paramefeesndF

in Eq. (3.10. A x? fit to the hyperon semileptonic decays
gives D~0.56 andF~0.33. Additional contribution from
the intermediate decuplet states introduces two additional pa-
rametersC? and H. Jenkins and Manohar determined the
parameterC? by fitting the A—N= decay rate|C|~1.6.
Three parameter fit yielded~0.61, F~0.40, and H
~—1.9. They usedu~1 GeV. The quenched chiral ex-
pressions for the axial currents given by E814) need seven
parameterd, F, C% H, vy, ag, andmy. One way to
determine the values of these parameters is to fit to the
quenched lattice data for the axial currents obtained on the
physical quark masses. However, since such simulation data
is not yet available at present and we are only interested in
the qualitative comparison between the full chiral and the
guenched chiral behaviors of the physical quantities rather
than actual values of the parameters, let us use the values for
the parameter®, F, C? andH obtained by Jenkins and
Manohar for the sake of comparison. Also, let us choose the
physicalz’ mass for the value of the parameteg. We set

the value of the parameter by the relationy=2(D—F)

and chooserq=0.

In Fig. 4, we show the full and the quenched chiral be-
haviors of the nucleon isovector axial charge with the octet
states only and with both the octet and the decuplet states
using the parameter values mentioned in the ab@vehe
full chiral calculations, theK-7 and the »-K mass differ-
ences are fixed at the physical valueghe full yPT result
with the octet states only gives noticeable pion mass depen-
dence while the result with the octet and the decuplet states
shows flatter behavior. On the other hand, both plots of the
g% shows an almost flat behavior in the regiom¥¥and
emPscal nterestingly, for the quenched case, the result
with the octet states only is flatter. For the same values of the
parameters, in Fig. 5 we compare the quenched theory result
with the full theory result for degenerate quark mass case
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25 f . i

FIG. 4. Chiral behaviors of the nucleon is-
ovector axial charge from £PT and yPT with
the intermediate states of the octet states and with
the intermediate states of both the octet and the
decuplet states. The solid, dotted, dashed, and
dot-dashed lines show the chiral behaviors form
QxPT with the octets, @PT with the octets and
the decupletsyPT with the octets, angPT with
the octets and the decuplets, respectively. Here
the horizontal axis representa,,/mPWs® and
ranges from 0.01 to 7.

Axial Charge

0.5 | . 4

(m —mK—m’z) in order to see isolated effects from the charge exis{15] but the simulation was performed in the
qguenched chlral singularity. There is not much differenceheavy pion mass region so we could not compare our one-
between the full theory with nondegenerate quark massdeop result with the lattice data.

(Fig. 4 and the full theory with degenerate quark masses

(Fig. 5.
Although g diverges asm,—0 as expectedg? stays V. DISCUSSIONS
within ~20% of the experimental value fa, aroundm, To understand quenching effects on the axial charges of

~mPsieal This may be just due to a fortuitous choice of the the octet baryons in QCD, we performed a one-loop correc-
parameters: our result varies less than 10% for the vajues tion to the axial charges using quenched chiral perturbation
=0~1 and depends much more weakly @ (the variation theory for baryons. In quenched QCD, the contribution from
is less than 3% fowg=—1~+1) andD (stable for 0.49 the disconnected quark diagrams vanishes and singlet meson
<D<0.73). On the other hand, the behavior of our resultn’ remains light. This induces more singular chiral correc-
changes a lot asn? or F is changed(see Figs. 6 and)7 tions (m§/48m2f2)In(M2/u?)[=5In(M3/u?)] to the matrix
because the singular contribution is proportional ® ( elements (B|J4B;) than M?%/16mx%f?)In(M%u?) (M
—3F)2m0. =m,,m¢,m,) in full QCD. Therefore, similar to the observ-
Of course these results are reliable only for sufficientlyables considered by others, a quenching artifact to the axial
small pion mass because the higher order corrections becorfgarge also occurs as a leading singularity.
important as the pion mass increases and the leading order In particular, we compared 3PT result forgA with xPT
result will be no longer valid. In the large, case, we result forg, in detail. Beside the obvious fact thiitand »
should take our figures as suggestions for the possihle loops do not contribute to the renormalization gf in
dependence. Quenched lattice simulation data of the axiguenched theoribecause they form disconnected quark dia-

FIG. 5. Chiral behaviors of the nucleon is-
ovector axial charge from gPT andyPT for the
degenerate quark massesi=mz=m’?). The
meaning of the line types and the axes is the same
as Fig. 4. The horizontal axis ranges from 0.01 to
7.

Axial Charge

05+ I
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25 f

FIG. 6. Chiral behaviors of the nucleon is-
ovector axial charge from £PT with the octet
and the decuplet states. The dot-dashed line is for
my=500 MeV, the dotted line is form,
=m;7(960) MeV (the parameter chosen for Fig.
4), and the solid line is fomy=1500 MeV. The
horizontal axis ranges from 0.01 to 7.

Axial Charge
&
T

0 1 2 3 4 5 6 7

grams, we found that in the limitm_—0, can appear. Similarly, Figs(, 3(c), 3(g), and 3h) do not
depend ony’ because the interaction vertices in these dia-
gR—c®nm,,, (4.1)  grams do not have decuplet-meson-decuplet vertices. Figures
3(d) and 3i) do not contribute toy’ dependence because the
in contrast to full QCD chiral perturbation theory behavior, interaction vertices from the Lagrangian do not have
decuplet-meson-decuplet vertices and the axial current inser-
ga—(D+F). (4.2 tion cannot havey’ dependence due to vanishing sfFA}.
In Sec. lll, we calculated the chiral corrections to the axial
Since the chiral limit of the axial charges of the octetcharge assuming that the octet baryons and the decuplet
baryonsgg in the quenched chiral perturbation theory is baryons are degenerat& 1 =0). In reality, this assumption
found to be singular, extrapolating the quenched lattice QCRIoes not hold and in the lattice QCD simulation the octet-
calculation result of octet baryon axial charge to lighterdecuplet mass splitting depends on the simulation param-
guark mass would require careful consideration. Interesteters. Thus, we need to consider thi#l #0 case. The effect
ingly, our result does not depend gt even though there are of finite AM can be taken into consideration by modifying
two possible sources for the’ dependence: one from the the decuplet baryon propagator froiR,,/v-k to iP,,/
axial current Eq. (3.1)] and the other from the Lagrangian (v-k=AM) (whereP,, is the projection operator for the
[Eq.(2.17]. This is because there is nd contribution from  spin-3/2 fieldv ,v,—g,,—4/3S,S,) for those Feynman dia-
the axial current insertion because the vertex in the cur-  grams which involve decuplet baryon propagators. For these
rent contains str T*) and vanishes. Thus, the tree level dia- Feynman diagrams, flavor factors and vertices stay the same
grams do not have’ dependence. In one-loop level, wave as in theAM =0 case. We can expand this modified decuplet
function renormalization type Feynman diagrafrgs. 2b) baryon propagator for smallAM. Then, up to
and 2d)] do not give they’ dependence because only the O(AM), X.,,Yap,Yaa fOr those terms which involv€? in
interaction vertices involving the octet-meson decupl@} ( Eg. (3.4) are replaced by

4 FIG. 7. Chiral behaviors of the nucleon is-
ovector axial charge from £PT with the octet
and the decuplet states. The dot-dashed line is for
1 F=0.32, and the dotted line is fdt=0.40 (the
parameter chosen for Fig),4and the solid line is
for F=0.48. The horizontal axis ranges from
0.01to 7.

Axial Charge
o
=T

0.5 [ b
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The diagramga) and (b) in Fig. 2 yield

X. =Xyt n ot M 4.3
=XapEN ) .
ST E 1, , 1,
Nauu= ~ gD?+4DF —3F2— (4D —6F)y+ 5 C?,
M,+Mp)AM
Y/b Yab na@% 1
48mf Maus= —B5D2+2DF +3F2+ - C?,
(4.9 ' 2
M ,,AM Apss=(D+3F)y, (A3)
Yia=Yaa® 2nag : (4.5
487f? 1
AE,UU:—D2+3F2+6F«y+Ec2,
wheren is equal to 1 for the contributions from Figs(b3,
3(c), 3(g), and 3h) or 2 for those from Figs. (®), 2(d), 3(d), 5
and Ji). This correction is small in present lattice QCD s ys= —D?+6DF —3F2+ ~C?,
simulations. ' 6
kE,sszg(_D'H:)% (A4)
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ANuu=As,uut As usTAs 55y ANus™ AN,ss™ 0, (A5)

Az uwu=MNssss AEusTAsusy  AEssTAsuu-

Physics. (A6)
The diagramgc) and(d) in Fig. 2 yield
APPENDIX A: EXPRESSIONS FOR THE AXIAL 2
CURRENT RENORMALIZATIONS — §(£D _ 2|:>
pA,UU 2\ 3 ’
Here we give the expressions for the coefficients appear-
ing in EqQ.(3.4). The expressions fd]ﬁ- are 4 1 1 2
Prus=3|sD—2F || sD+F|, prss——=|5sD+F]| v,
~D+3F 2 AL 3 Toas
8 — tiHi2_p | iz \/:D (A7)
pp 2\/§ pn AZ™ 37
D+3F ps = —6F?— 5 C°
+ ,uu 1
thow-=D—F, thi®=— 76 3
2
= —_ + — 2
avis_ _PH3F 45 Pz.us=6F(D—F) 3C '
a== g o =D-F
3 2 1 2
PE,ss:_E(D_F) _§C ) (A8)
;;LS,_D” ! t35 5. (A1)
- \/E \/— PN,uu= Ps uuT P ust Py ssy PNus™ PN,ss= 0, (A9)
The coefficients\;; o, and pj; o are defined by PEuu=Psssy  PEus™Psus:  PEss™ P3,uu- (AL0)
Al
Nij ab=(Njapt Nj an)/2,
The a” ap COrresponds to the diagrams without the hair-
Pij,ab=(Pi abt Pjan)/2. (A2) pin in Fig. 3. Our result foraIJ ab IS

1+i2 _

2D(D—-3F)(—D+F)

2C%(6D+18F —5H)

P 3(D+F) B AR P ENS B

pnis= pnss=0, (A1)
1+iz _4D(~D+3F) 2(D—3F)y C?*—6D+18F—18y—5H)
Aps—uu™ 9 3 + 54D s
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1+io _D(D=3F) C(48D+72F—5H)

“axtusT g 108D '
1+i» (D=3F)y C2?y
aAEI’,SS: 3 3D’ (A12)
- —4C2%y
1+i2 _ _
aEOE*,uu_(D F)y—i——g(D_F),
1tz _—D3+3D2F—27DF2+9F3+C2(18D+18F+5H)
¥E0="us™ 9(—D+F) 8D-F)
1+i2 _ D°+3D’F+9DF?—9F° or +C2(72F+727+5H) Ala
Y2027 55 9(—-D+F) Y 162D-F) ' (A13)
aiis _D3+45D2F—81DF2+27F3+(7D—15F)y+02(9D+9F—5H)
FpAuuT 18D +3F) 6 9(D+3F)
4+i5_—25D3+63D2F—27DF2—27F3+—[CZ(GD—18F+5H)]
XpA,us™ 18D+ 3F) 18D+ 3F) !
- —[(D+3F)y]
atiiS = — (A14)
4+i5s _(~D+F)(5D?~6DF+9F?) (7D—9F)y C* —9D+9F—18y—5H)
FAE ™ 6(—D+3F) 6 27(—D +3F) '
4tis _4D(D2+6DF—9F2)+2C2(3D—9F—5H)
#AZ"usT T 9(—D+3F) 27(—D+3F)
4ris  (D+3F)(—5D?+6DF—-9F?) (D+9F)y C3*D+3F+6y)
ApE-ss™ - + , (A15)
E7uss 18— D+3F) 6 9(—D+3F)
4sis _D3+9D2F—9DF2—9F3+(D—5F)7+C2(9D+45F+187+5H)
“nsuu” 18—-D+F) 2 81(D—F) '
4sis _—D3+3D2F—27DF2+9F3+C2(18D+18F+5H)
*nsus™ 18—D+F) 162D-F) '
a+vis _(D—F)y . C?y
anE*‘ss_ 2 + g(D_F); (A16)
4sis_(D—F)(~D?+6DF+3F?) (D-3F)y C*—9D+9F-5H)
#x0= - 6(D+F) 2 BID+F)
asis _(—D+F)(D2+3F2)+2C2(27D+45F—1OH)
#x0=-usT T 3(DHF) 81D +F) '
AS0R 55= A0 yu (A17)
@' 20 ap= @305 ap (A18)
8 2D(D—3F) C?H 5 .
app’uu=T+(D—3F)’y+5m, app,us:app.sszo' (A19)

074509-9



MYUNGGYU KIM AND SEYONG KIM

PHYSICAL REVIEW D 58 074509

The diagrams with the hairpin in Fig. 3 yield the following results ,&@’ab:

1+i2

pnuu—

1+i2
A3~ ,uu

1+i2

A3 ,us

1+i2

IBAE’,SS

1+i2
EEOE’,UU

1+i2
ﬁEOE_.US

1+i2

ﬁEOE’,ss_

4+i5
IBpA,uu

4+i5
pA,us

4+i5

B

4+i5
BAE’,uu

4+i5
BA:’,US

4+i5
IBA:’,SS

4+i5
anE‘,uu

4+i5
anEius

4+i5 _

an’,ss

4+i5

BEOE’,uu:

pA,ss—

(—D+3F)?
2

1+i2 _
pnus—

1+i2 _
pn,ss

B 0, (A20)

_2F(—2D+3F)
a 3

+202(—2D+3F)
9D

_ 2(D?-2DF+3F?)

C%(5D—3F)
= 3 + ,

9D

-D? DF F_2+—[C2(D+3F)]

6 3 2 9D

(A21)

’

_(D—F)? C?*(—36D+36F—5H)
2 81(D—F)

2C?(18D +18F +5H)
81(D—F)

=—2(D-F)F+

—[C%(72F +5H)]
_ 2
2F2%+ 81D—F)

(A22)

2

1.2b 3DF +3F?
T3ty T

3F?
2

_D2
6

1

+
2

’

1
7 (A23)

_1+2D2—5DF+3F2 4C%(—2D+3F)
T4 3 9(—D+3F)

—D?—10DF + 15F2
6

1
_§+

2C?%(5D—3F)
T 9(—D13F)

_1+F(D+3F)
4 3

2C%(D+3F)
9(D-3F)

(A24)

2C%(D-3F)

—1+F
4 9(D—F)

G TF(-D+3F)+

D?—4DF +3F2
2

2C%(D-3F)
9(—D+F) ’

2

(A25)

1
4

2C?%(—9D—9F +5H)
81D +F)

1
7HF(-D+F)+
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4405 1 D?-2D+5F? 4C?9D+9F—5H)
Bsoz-us= " 5 ,

FEus 2 81D+F)

4+is —1+F D4 E +2C2(—9D—9F+5H) A6
Byoz- s g+ F ) 8UD+F) (A26)
BgtiESO,ab: ng;‘ ,ab’ (A27)

(-D+3F)2
ng‘uu: 2 J ﬂgp,us:ﬁgp,sszo- (A28)
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