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Sigma-term physics in the perturbative chiral quark model
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We apply the perturbative chiral quark model at one loop to analyze meson-baryon sigma terms. Analytic
expressions for these quantities are obtained in terms of fundamental parameters of low-energy pion-nucleon
physics(weak pion decay constant, axial nucleon coupling, strong pion-nucleon form)facof only one
model parameter(radius of the nucleonic three-quark cpreéur result for thewN sigma term o,y
~45 MeV is in good agreement with the value deduced by Gasser, Leutwyler, and Sainio using dispersion-
relation techniques and exploiting the chiral symmetry constraints.
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[. INTRODUCTION whereA? (a=1,...,8) are thecorresponding Gell-Mann
flavor matrices and curly brackets refer to the anticommuta-

The meson-nucleon sigma terms are fundamental paranter. In this paper we perform the calculations of thé\,
eters of low-energy hadron physics since they provide a diKN, and »N sigma terms in the isospin symmetry limit with
rect measure of the scalar quark condensates in baryons afgl = m,=m. With the use of key Eq(3) the quantities of
constitute a test for the mechanism of chiral symmetry breakinterest are given by
ing (for a review and recent advances in sigma-term physics
see Refs[1-4]). In particular, sigma terms pose an impor-
tant test for effective quark models in the low-energy hadron
sector, since these quantities are mostly determined by the
guark-antiquark sea and not by the valence quark contribu- v . m m+mg — —
tion. The problem of the meson-nucleon sigma terms is also UKN:Upp:T<p|uu+SS| p),
closely related to properties of light hadron phenomenology
such as the chiral expansion of baryon masses, the pseudo- .
scalar meson-nucleon scattering lendthis7], properties of 4 . e Mtmg — —
hadronic atom$8], and nuclear matter at finite temperature TkNT Tpp= " (pldd+ss|p),
or density[9,10].

In current algebra the nucleon sigma tes{f, is derived 1
from the low-energy theorem for meson-nucleon scattering. o”Niagizg
It is given by the double commutator of the axial-vector
chargeQ2 with the chiral symmetry breakingySB) part of

the HamiltonianH,sg, averaged over nucleon statd$> where |p) denotes a one-proton state. By analogy we can
[2]: define the sigma terms related to theisobar by changing

the proton statép> to the corresponding statd > from
ab . a b the isomultipletA (1230).
oun=(NI[Qs. [Qs. HysallN). @ The pion-nucleon sigma ternx .y is equivalent to the
o _ value of the scalar nucleon form facte(t) at zero value of
In the QCD Hamiltonian the source of chiral symmetry momentum transfer squared:, y=o(0) [7]. On the other

T = o ps=m(p|uu+dd|p), 0

(p|m(uu+dd)+2mgss|p),

breakdng is simply the quark mass term with hand, the pion-nucleoa term is also related to the nucleon
massmy by means of the Feynman-HellmaffH) theorem
q. UU -+ madd -+ moss 1,11
H(ng?st):q/\/lq:muuu+mddd+msss:i:u2ds m, SRCP | [1,11]
2 _om
OaN— m_AN . (5)
am

where M =diag{m,,myq,m} is the mass matrix of current
quarks ands?©P is the scalar density operator corresponding
to the quark ofth flavor. After straightforward use of current
algebra one obtains

Both relationso.y=0(0) and Eq.(5), are quite crucial as a
consistent check of any approach applied to the study of the
pion-nucleono term.

Other quantities which we consider are the strangeness
content of the nucleogy and the isovectoKN sigma term

ab _ )\_a )\_b
onn=(N| 2 |2 M (N, ©)
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2<p|§5| p) - T +mg o(l/Fz,r?],ms).l The chiral limit with ﬁ1,m5—>0 is well de-
NT = = .+ OkN =T<p|uu—dd|p), fined. Electromagnetic gauge invariance is guaranteed at all
(pluu+dd|p) 6 steps of the calculations in a specific frame, that is the Breit
6) frame (for details, see Refl16]).
o In the present paper we proceed as follows. First, we de-
where the strange quark condensatgss|p) is related to the  scribe the basic notions of our approach: the underlying ef-
nucleon mass by use of the FH theorem with/ss|p)  fective Lagrangian, _the Dirac equation for quark_s in the
= gmy/dmg. The isovectoiKN sigma term is related to the Model potential, choice of free parameters, and fulfillment of
flavor-asymmetric condensa(e|Uu—ad|p) of the proton. low-energy theorems, and finally, key perturbative equations

With the definitions ofyy and o we can relateKN and for the calculatm_n O.f baryon masses and sigma terms. Other
. . details(renormalization, gauge invariance, and application to
nN sigma terms to therN sigma term as

electromagnetic properties of nuclepesan be found in Ref.
[16]. Next, we concentrate on the detailed analysis of the
" m+m; 1 g ! 1 meson-nucleon sigma terms in our approach: the chiral ex-
OrN= T (1 +YN) an TOKN »  OKNTORNT20KN » pansion of therN sigma term in powers of pion mass and,
m @) after taking into account the kaon amdmeson loop contri-
butions, model predictions for th€N, »N sigma terms, and
the strangeness content of the nucleon. Finally, we present
m+ 2ynymg our predictions for theA-isobar sigma terms. We compare
UnN:UwNST- all our predictions to results of other approaches, in particu-
lar, chiral perturbation theoryChPT), heavy baryon chiral

perturbation theoryHBChPT), and lattice QCD.
In the literature other definitions of the KN sigma terms can

be found, namely Ref§12-14],

Il. PERTURBATIVE CHIRAL QUARK MODEL

We start with the zeroth-order Lagrangian describing rela-
(p|—uu+2dd+ss|p). tivistic quarks in an effective static potentisll¢¢(r)=S(r)

® +9°V(r) with r=|x| [15,18,23,

m+m;
2

ocB=0ot, and o@=

O ()= ()i h— M — _ A0
In the following we consider the relativistic quark model L700=¢(0l10=M=S() =y V(O l¥(x), - (9)

suggested in Ref15] and recently extended in R¢lL6] for which obviously is not chiral invariant due to the presence of
the study of low-energy properties of baryons, which are e quark mas); termM and the scalar potent S?r) To
described as bound states of valence quarks surrounded b)Irre}ico(\]/er chiral invariancéof course, in theplimit/\/leoj we
cloud of Goldstone bosonsmtK,7) as required by chiral introduce the interaction of quarks with the octet of Gold-

symmetry. Similar models have been studied in REEZ~ .
19]. We refer to our approach as thperturbative chiral stone pseudoscalar mesons K, ) by use of the nonlinear

quark model(PCOM). The PCOM is based on an effective o-model gnsatz{Zl]. Wg define the 'cpiral fields us'ing the
chiral Lagrangian describing quarks as relativistic fermionsgxponentional parametrization &ex{i®/F], whereF is the
moving in a self-consistent fielstatic potentigl The latter  pion decay constant in the chiral limit. The octet matbiof

is described by a scalar potent@&providing confinement of pseudoscalar mesons is defined as

quarks and the time component of a vector potenji&V

responsible for short-range fluctuations of the gluon field & D\,

configurationg20]. Obviously, other possible Lorenz struc- _:E —

tures(e.g., pseudoscalar or axiare excluded by symmetry V2 =12

principles. The model potential defines unperturbed wave 0 + +
functions of quarks which are subsequently used in the cal- w2+ 77/\/6 i K

culation of baryon properties. Interaction of quarks with _ T —7%\2+ 5l \6 KO
Goldstone bosons is introduced on the basis of the nonlinear K- KO —241\6

o model[21]. When considering mesons fields as small fluc- K
tuations we restrict ourselves to the linear form of the meson-
guark-antiquark interaction. With the derived interaction La- (10
grangian we do our perturbation theory in the expansion = , . )
parameter H (whereF is the pion leptonic decay constant Klnenp term of meson fleldsC_(b and their interaction La-
in the chiral limit. We also treat the mass term of the currentdrangian with quarkg, are given by

quarks as a small perturbation. Dressing the baryon three-

quark core by the cloud of Goldstone mesons corresponds to

inclusion of the sea-quark contribution. All calculations are IThroughout we use the Landau symb@iéx) [o(x)] for quan-
performed at one loop or at order of accuracytities that vanish likex [faster tharx] when x tends to zerd8].
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|:2 ; 1 order of accuracy(1/F?). Finally, with the use of ansatz

Lo=—,Tld,Ud*U ]=5(D,P )2 (1) (16) our full Lagrangian’ [see Eqs(13) and(14)] reduces
to the effective linearized Lagrangian
and 1
u+uf u-ut Les(X)=p0O)[16=S(r) = yV(r)]g(x) + E(%‘Di)z
— )
_ b — YOSy )+ LyseX). (17
=~ y()S(r)exg i y* g | ¥(x), (12

To describe the properties of baryons as bound states of
whereD,, is the covariant chiral derivativil 7], defined as  quarks surrounded by a meson cloud we have to formulate
o ® perturbation theory. First, let us specify how we calculate the
s i} ; _ & baryon mass spectruthere and in the following we restrict
F = CD) a"( q)) with & \/a'z considerations only to the nucleon aAdisobay. In our ap-
) ) ) proach the massdgnergies of the three-quark core for the
The resulting LagrangianCyy, = Lin, +£Lysg CONtAINS @  nycleon andA isobar are degenerate and are related to the
chiral-invariant pieceCi, single quark energy, by Eq=my=m,=3-&, (In this pa-
— er we do not discuss the removal of the spurious contribu-
Lin, ()= $(0[16=yNV(D)](X) + Lo+ Line (13 'I[Dion to the baryon mass arising from the cer?ter-of-mass mo-
tion of the bound staje The energy of the bound stakg,
satisfies the eigenequatidty| o) =Eg| o) with Hy being
the free quark Hamiltonian andb,) being the unperturbed
_ B . . three-quark state. The single quark ground state engydy
Ly sa(X) = = h(X) Mih(X) = §Tr{<1>, {®, M}} (14  obtained from the Dirac equation for the ground state quark
wave function(w.f.) ug(x) with
corresponding to the mass terms for quarks and mesons. . R
Here B=—(0|uu|0)/F? is the low-energy constant which [—iaV+BS(r)+V(r)—E&]ue(x)=0, (18
measures the vacuum expectation value of the scalar quark
densities in the chiral limi{23]. We rely on the standard where we use the standard spinor algebra notatieny®y
picture of chiral symmetry breakin@3] and for the masses and g=1°. The quark w.f.uy(x) belongs to the basis of
of pseudoscalar mesons we use the leading term in their chpotential eigenstate@ncluding excited quark and antiquark

D,u,q)i:é],uq)i_l_

and includes a ternf, sg which explicitly breaks chiral sym-
metry:

ral expansiorti.e., linear in the current quark mass solutiong used for expansion of the quark field operator
) ¥(X). Here we restrict the expansion to the ground state
Mizzfngl M2 (m+my)B, M%ZE(fn+2m5)B_ contribution with zp(x)zbouo(i)exp(—ieot), where bg is

the corresponding single quark annihilation operator. In Eq.
(15 (18) we drop the current quark mass to simplify our calcula-
Meson masses obviously satisfy the Gell-Mann—Oakes- tional technique. Instead we consider the quark mass term as
Renner and the Gell-Mann—Okubo relatlori\/lffr M2 a small perturbatiof24]. Inclusion of a finite current quark
—4M2 _ In the evaluation we use the following set of 6CD mass leads to a displacement of the single quark energy
K- < N 9 5 . which, by Eq.(5), is relevant for the calculation of the sigma
parameterd24]: m= 7 MeV, mg/m=25, B=M’./(2m)  term; a quantity which vanishes in the chiral limit. On the
=1.4 GeV. For the pion decay constdft defined in the other hand, the effect of a finite current mass on observables
chiral limit, we take the value of 88 MeV, calculated in which survive in the chiral limit, like magnetic moments,
ChPT[5]. charge radii, etc., are quite negligible.
Our next approximation consists of a linearizing the re- In general, for a given form of the potentia®r) and
sulting LagrangiarC;,; with respect to the chiral field: V(r) the Dirac Eq(18) can be solved numerically. Here, for
the sake of simplicity, we use a variatiorfahussian ansatz
b
U=ex =
%2

é)) [25] for the quark wave function given by the analytical form
In other words, we treat Goldstone fields as small fluctua- uo(§)=N ex;{ -—

(16)
1

; as S 2 (i péi/R) XsXiXe, (19
tions around the three-quakq) core. Considering the 3q
baryon core as a zeroth-order approximation we take into
account mesonic degrees of freedom bpeaturbative ex- whereN=[ 72?R3(1+3p?/2)]~*2is a constant fixed by the
pansion i.e., expansion in terms of the coupling=1/n the  normalization condltlorfd3xuo(x)u0(x) 1; xs» X5 Xc @re
evaluation of matrix elements we restrict ourselves to thehe spin, flavor and color quark wave functions, respectively.
one-loop approximation, i.e., we perform our calculations toOur Gaussian ansatz contains two model parameters: the di-

1 EIS
= +IE+0 E
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mensional parametd® and the dimensionless parameger 3,
The parametep can be related to the axial coupling constant 1- PLA 1
ga calculated in zeroth-ordépr 3g-corg approximation: Y= 3 =159 3 (25)
1+ —p2
Y P 20 2

In the nonrelativistic limit p=0) we gety=1 and therefore

the corresponding displacement is equal to the current quark
mass. In the relativistic picture, f@?>0, we definitely have

For p=0 we obtain the nonrelativistic value gh=5/3. The <1 . Particularly for our choice of,=1.25 we gety
parameteR can be physically understood as the mean radius-5/g.

of the three-quark core and is related to the charge radius |n our approach the PCA(artial conservation of axial-
(rg)P of the proton in the zeroth-order approximation as  vector current requirement and consequently the
Goldberger-Treiman relation are fulfilled. In other words, the

12,2
1 5P

14 § 2 expectation _value of the pseudoscalar isovector derdity
2P [ utini2us _37Rz 2 =(1/F)S(r) i ysTy between unperturbed 3q statpd,)
(rE)3q-core™ XUg(X)X“Uo(X) = 2 3 states leads to the pion-nucleon constanf;y and we arrive

1+ 2P at the Goldberger-Treiman relation between the couplings
(21) G’?TNN a.nd gA W|th
In our calculations we use the valgg=1.25 as obtained in G :5mN _ 2p? _ M 26
ChPT[5]. Therefore we have only one free paramdgein NN 3F 3, F Ja:
the numerical evaluatioR is varied in the region from 0.55 1+ 7P

to 0.65 fm corresponding to a change(of)5, core in the
region from 0.5 to 0.7 frh The use of the Gaussian ansatz The same condition holds even for their form factors. The
(19 in its exact form restricts the scalar confinement potenanalytical expression for the pion-nucleon form factor in the

tial S(r) to chiral limit is given by
1-3p%2 p 2y My 2y My 2
S(r)= +—3r2=M+cr2, (22) G nn(Q%) = ga(Q%) E gaFnn(Q%), (27
2pR 2R
M X whereQ? is the squared Euclidean momentum of the pion

, andF ,\n(Q?) is the #NN form factor normalized to unity
expressed in terms of the parametBrand p. The constant 4t 19 recoilQ2=0:

part of the scalar potentidfl can be interpreted as the con-

stituent mass of the quark, which is simply a displacement of Q°R? Q°R? 5

the current quark mass due to the poterial). The param- FWNN(QZ):eXF< ~ 72 ) ( 1+—3 ( 1- @) } :
eterc is the coupling defining the radigtjuadrati¢ depen- A (28)
dence of the scalar potential. Numerically, for our set of

parameters, we getM=230+20 MeV and c=0.08 Following the Gell-Mann and Low theorefi26] the en-

+0.01 Ge\?. These and the following error bars in our re- ergy shift AE, of the three-quark ground state due to the
sults correspond to the variation of the param&eFor the  interaction with Goldstone mesons is given by the expression
vector potential we get the following expression:

(_ n

i)
n!

AEqy=
+302  p 0 <¢o|i§1

+_
20R " oR3

wm:&—l (23)

) ) . XJ P 8(t)d*q - - A T H, (X1) - Hy (X0) 1 o),
where the single quark enerdy is a free parameter in the
Gaussian ansatz. For our purposealculation of the sigma (29
termg the magnitude of the quark energy in zeroth-oréigr
does not influence the result. Nevertheless, in view of Eqwhere
(5), the shift of&, due to a finite quark mass will contrib-
ute to the meson-baryon sigma terms. The displacement of
the quark energy in an expansion to first ordemrwith the
use our Gaussian ansatz, is

— )
Hi(X)=(x)i y5$8(r)¢(x) (30

is the interaction Hamiltonian and subscript’™ refers to

Eo— E(M)=Ey+ ym+o(m), (24 contributions from connected graphs only. We evaluate Eq.
(29) at one loop witho(1/F?) using Wick’s theorem and the
where v is the relativistic reduction factor appropriate propagators. For the quark field we use a Feyn-
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man propagator for a fermion in a binding potential. By re- AN
stricting the summation over intermediate quark states to the
ground state we get

iG ,(X,Y) = (o TLHX) (Y)}] o) — Uo(X) Ug(Y)

xexd —i&(Xo—Yo)10(Xo—Yo)- (31) (a)
For meson fields we use the free Feynman propagator for a FIG. 1. Diagrams contributing to the baryon energy shift: meson
boson field with cloud (a) and meson exchange diagrdh).
iAjj(x—y)=(0|T{®;(x)D;(y)}|0) by the product of the SU(6) spin-flavor w(fvave function

and SU(3) color w.f. (see details in Refl27]), where the
(32 nonrelativistic single quark spin w.f. is replaced by the rela-

:5_f d*k  exd —ik(x—y)]

(2m*  Mi-kK-ie tivistic ground state solution of Eq19).
The diagrams that contribute to the energy shif, at
Ill. MESON-BARYON SIGMA TERMS IN THE PCQM one loop are shown in Fig. 1: meson cloiklg. 1(a)] and

. com /- meson exchange diagraffrig. 1(b)]. The explicit expres-

The scalar density operatogs “°" (i=u,d,s), relevant  sjons for the nucleon and-isobar masses including one-
for the calculation of the meson-baryon sigma terms in theoop corrections are given by
PCQM, are defined as the partial derivatives of the model
xSB Hamiltonian, sg= — £, sg With respect to the current Ma=3(En+ vm) + d7TTM2) + d5TT(M2) + dZTT (M2
quark mass ofth flavorm; . Note that the nondiagonal term 5=3(&+ ym) +dgll(M?)+dgll(Mic) +dgll( (3”7))
in 'H,sg Which is propqrtiongl to !(nu—_ my) 707 vanishes
because we apply the isospin limit with,=my. Here we

- 11
obtain T_ T A7
with df=750  di=1g0%. ds 19d '
oH
sPeQM- _&n);_SB:SiualJrslsea' (33)
I
N___ A7 7T
di=g7di. di=g3

WhereSUEil is the set of valence-quark operators coinciding

with the ones obtained from the QCD Hamiltonié) o
wheredg with ®=,K or » andB=N or A are the recou-

SAl=yu, SP'=dd, S¥=ss. (34)  pling coefficients defining the partial contribution of the
K, and »-meson cloud to the energy shift of the nucleon and

The set of sea-quark operatdss®® arises from the pseudo- A isobar, respectively. The self-energy operatbi\i ﬁ,),
scalar meson mass teffdue to Eq.(15)] with corresponding to meson cloud contributions with definite fla-

0.0 5 vor, differ only in their value for the meson mass and are
a-aT

SﬁeL_B(WJrW-F - +K+K’+%, (35  given by
2 rop dprﬁ
R o= 2] [ e,
Saa: (77.‘*',” + 5 +K0KO+E}! ( CI>) =E 0p2+ML2D WNN(p )1 ( )

wherep=|p| is the absolute value of the three momentum of
the meson. Using Eq$37) and (38) we obtain the expres-
sions for the baryoiinucleon and\-isoba) masses

To calculate meson-baryon sigma terms, equivalent to the

definition of Eq.(4), we perform the perturbative expansion n=3E+TI(0)- J°
for the matrix element of the scalar density oper&pr°M 5=3&+11(0) @zZ,K,n B
between unperturbed 3g-core states:

2
S B[ K*K+K°K°+§n2].

0
np

cir
¢ 2 Ay | d™%aTIH (X) -+ H (%)
042, | o i 3yt 3 d M3 -T1(0)]
=m,K,7y

><S.PC°M]|¢>0>C. (36)

=Amp
In the evaluation of Eqg29) and(36) we project the matrix
elements on the respective baryon states. Baryon wave fun
tions for nucleon and delta states are conventionally set u, =mg+Amg. (39)
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SR NS S S S Pyt
m— =M2 - = :
om0 IMZ 2 gMZ 3 gMm?2 ¢

™ n

(42

(a) Using Egs. (39-(41) we directly prove the Feynman-
Hellmann theorem of E(5); hence our approach is consis-
AR tent to order of accuracp(r:n,ms,llFZ). Our next point is
P Ny the analysis of the chiral expansion for thé&l sigma term
oy When we restrict to the two-flavor picture, i.e., we take
into account only pion contributions. The expansionddy,
in the PCQM is given by an analytic expression in terms of
fundamental constantéhe couplingsg, and F, the quark

and pion masses andM )

(b)

FIG. 2. Diagrams contributing to the meson-baryon sigma y d7 [ga 2 M2
terms: tree diagrant@), meson cloud diagrartb), and meson ex- oNT A fT —<—) T
change diagrandc). Insertion of the scalar density operator is de- 2B (277)3/2 F R
picted by the symbol,. 1
w =
The baryon mass in the chiral limit;mg—0) is m3. Me- > (=M R)" (2> (N+2)F(7)
son loops also contribute 3, since in the chiral limit N=o 2N2 N+1 LY
guarks interact with massless mesons. In the calculations of T2
the one-loop meson contributions to the baryon masses we
do not take into account the modification of the quark w.f. (43
due to a small but finite current quark mass. This effect isypere
strongly suppressed and therefore, as mentioned above, we
work at the order of accuraay(m,ms, 1/F2). Fuy)=1+ 1-y|N-1 [1-y)\*(N-1)(N-3)
At the same level of accuracym,mg, 1/F2) we calculate NGy 1+2y] 2 1+2y 16

the meson-baryon sigma terms using B2f). The following . o L )
diagrams contribute to the sigma terms up to the one-loofs @ Polynomial in the relativistic factoy introduced before.
level: tree level diagrarfFig. 2(a)] with the insertion of the Explicitly, up to ordero(M2) we obtain
valence-quark scalar densig/?' into the quark line, meson 3 5

cloud [Fig. 2(b)], and meson exchange diagrapfég. 2(c)] oT=koM2+ kM3 +2k,M% + —ksM3 +0(M3),
with insertion of the sea-quark scalar dens&}f® to the 2 2

meson line. We neglect diagrams with an insertio&@f to (44
the quark lines in the second-order graplilee in Figs. X&)  wherek; are the expansion coefficients evaluated as
and(b)]. These terms are proportional o F2 and therefore

are of higher order. First, we consider thd\ sigma term. B 3y 171(9A

The analytical expression for this quantity is derived as ko= 2B 200\ F

21+2£-3¢

(2 71_) 3/2R (45)

o n=m(p| S M+ SFM py=3ym

. in (gA)Z B 171<gA)2R1—2§—§2
, 4 — _ap

3T 800n ~ 200 /
LS d®.T(M2), (40) 8007 | F 200\ F (27)32
d=7,K,7n
_ . . o 17lgA2R214
where the first term of the right-hand side of E40) corre- 5~ 71600\ F 7( —49),

sponds to the valence quark, the second to the sea quark
contribution. The vertex functioﬁ(pr), as derived by use

of Eq. (36), can be related to the partial derivative of the &
self-energy operatoH(M(ZI,) with respect to the nonstrange

current quark mass with In the present approach the coefficiégtdefines the leading
nonanalytic contributiofdLNAC) to o . Both, nucleon and
A-isobar degrees of freedom as intermediate states in the
meson-loop diagrams contribute to the coefficikpt The
nucleonic contribution to the coefficienk; is kj=

The derivativemd/am is equivalent to the one with respect —3g4/(327F?). The A isobar also contributes th; with

to the meson mass¢s]: k3=32/25} . In total, our LNA coefficientks results ink,

_ 1y
4142y

F(M3) = -2 T1(M3). 1)
om
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=Ky +k3=—171g3/(8007F?) as also obtained in a similar ¢X =1.7-0.4 MeV and o7,=0.023-0.006 MeV with
quark model approach28]. One should remark that our rg=>5.6=1.6% andr,=0.08+0.02%.

LNAC disagrees with a similar quantity given in effective  For theN sigma term we have the following final value:
hadronic approachef7,24,29,30 and in the cloudy bag

model[31]. In later approaches the unperturbed nucleon and ®

A states are not degenerate. Therefore only the loop diagram UWN:WEK oN=45E5 MeV. (50)
with 7N as an intermediate state contributes to the LNAC ST

which is equal to—ng\/(327rF2) and coincides with our
ks’?‘. The A loop diagram contributes to the next-to-leading
order nonanalytic term.

Our result for therN sigma term is in perfect agreement
with the value ofo,y=45 MeV deduced by Gasser, Leutw-

ically th buti fh | K h yler, and Sainio[33] using dispersion-relation techniques
Numerically, the contribution of the valence quarks to thez g exploiting the chiral symmetry constraints.

7N sigma tegm_is 13.1 MeV, the cor_ltribution of sea quarks In our opinion, a meaningful description of theN sigma
at ordero(M7) is 66.9-5.7 MeV. nghcsar order contribu- 1oy should be based on the following guide lines: chiral
tions of the sea quarks are Kg2)M7=-57.2 MeV,  gymmetry constraints, fulfilment of low-energy theorems,
2kyM%=27.7£2.3 MeV, (Ks/2)M3=—-10=1.7 MeV, consistency with the Feynman-Hellmann theorem, and
and o(M2)~2.8 MeV. Therefore, at ordeo(M2) in the  proper treatment of sea quarks, that is meson cloud contribu-
two-flavor picture we have the following result for theN  tions. The model developed here fulfils these aspects. In the
sigma termo . [again, superscriptr refers to the S(2) literature there has been considerable effort to determine the
flavor picturg of 7N sigma term in the framework of different approaches:
effective field theories, lattice QCD, QCD sum rules, quark
o™)=40.5+5 MeV, (46)  models, soliton-type approaches, etc. In HBCHRZ-14
the 7N sigma term is used as an input parameter to fix the
compared to the full calculation of theN sigma term of Eq.  couplings in the effective Lagrangian. Then tK& sigma
(43) of terms are predictedsee discussion later @nA detailed
analysis of therN sigma term was done in the cloudy bag
on=43.3:4.4 MeV. (470 model(CBM) [32,34], which is similar to our approach. Nu-
merical results obtained in the CBM2] and the PCQM are
As we mentioned before, the error bars are due to a variatioguite close. For example, in both calculations the dominant
of the range parametd® of the quark wave functiorf19) contribution to thewrN sigma term is due to the pion cloud:
from 0.55 to 0.65 fm. 22.7 MeV (in CBM) and~30 MeV (in PCQM). Contribu-
To complete our estimate of theN sigma term we evalu- tions of kaon and;-meson loops are significantly suppressed
ate the additional contributions of kaon apemeson loops, in both approaches. A determination @f in lattice QCD
af,,\, and o, where superscript& and » refer to the re- has been undertaken by several groups using different tech-
spective meson cloud contribution. These terms are signifiniques: direct calculation of the scalar density matrix ele-
cantly suppressed relative to the pion cloud and to the vament of the nucleon and use of the Feynman-Hellmann theo-
lence quark contributions. For illustration, we give therem (see detailed discussion in Rdf35]). As correctly
expressions fory (ratio of kaon to pion cloud contributiohs pointed out in Ref[35], the main disadvantage of all lattice

andr,, (ratio of  meson to pion cloud contributiops approaches based on the calculation of the scalar matrix el-
ement of the nucleon is that latter quantity and the current
= dpp? ) ) quark massn are not renormalization groufRG) invariant.
oK g« JO meNN(D ) This Ieads to uncertainties ip the_ evaluation of #¢ sigma
re=—m =N K , (48  term which should be RG invariant. In a recent paj85]
o’—3ym 2d7 (= dpp ) ) (see also Ref[36]) the #N sigma term was calculated by
fo (|02+—M2)2F”NN(D ) means of the Feynman-Hellmann theorem and using present
. SU(2) lattice QCD data for the nucleon mass as a function of
. the current quark mass. The main idea of H&b] is to
f“ dpp 2 2 include the meson cloud contributions properly as based on
N d7 Jo (p?+ ME})Z (P chiral symmetry constraints; the E:orresponding expression
r,= TS‘A: ﬁ = doo’ (49) for the nucleon mass as function of includes meson loop
Tan T oYM N f LFZ (p?) contribution N and wA) with correct leading and next-to-
o (p2+M2)2 ™ leading order nonanalytic behavifd6]. Applying this ex-

trapolation function to the SU(2) lattice data results in a
The energy denominators in Eqg8) and (49) ensure that value ofoy=45+55 MeV. This result is quite close to our
the contributions of the kaon angtmeson cloud to therN estimate of therN sigma term in the two-flavor cagsee
sigma term are negligible when compared to the pionic oneEq. (47)]. Another example for the dominance of the pion
The same conclusion regarding the suppressioiK aind  cloud contributions to therN sigma term are the soliton-
7-meson loops was obtained in the cloudy bag m¢8&].  type quark models: the chiral quark soliton mof&¥] and
Numerically, kaon andzn-meson cloud contributions are the confining chiral soliton moddl38]. Their resultso
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=54.3 MeV [37] and o,5=30-40 MeV[38] are also in 2(p|SECMp)

gualitative agreement with the previously stated approaches YNT PCOM, <PCOM; —\ " (52)
(cloudy bag mode([32], lattice QCD[35]) and the result (plS, +Sq [P)

obtained here. The direct calculation of the strange-quark scalar density

One of the advantages of our approach is the possibility t¢p|SE“?M|p) using Eq.(36) is completely consistent with
estimate free coupling constants in the effective Lagrangianthe iF[ICdiF'&Ct one applying the Feynman-Hellmann theorem
of ChPT, Baryon ChPTBChPT), and HBChPT. For ex- (PISL?p)=amy/dms with

ample, in BChPT[7] and HBChPT[6] the quadratic term

_ 2\ - . . . PCQOM _ amy . Jd 4 9
(—4cM7) in the chiral expansion of therN sigma term (p|Ss Ip)= = > T3 7|
contains the unknown coupling of the effective ChPT La- IMs M M3,
grangian [7]. Using Eq. (45 we predict c;=—ky/4= gal2 (=

—1.16+0.1 GeV . This prediction is in good agreement _<F) B | dpp'Fiun(p?)
with the value oft;=—0.925 GeV ! determined by Becher
and Leutwyler[39] from a fit of the elasticwN scattering dﬁ 4 dy

amplitude at threshold to data of the Karlsruhe partial wave . (52
analysis(KA86 datg.
Next we discuss our prediction for the strangeness contertombining Eqs.(40) and (52) we derive fory, following

of the nucleoryy which is defined in the PCQM as expression:

X +5
(P*+MQ)? 3 (p*+M3)°

2
gA) fw a2 d 4 d,
—| B| dpp'Finn(PY) +2
. (WF 0 (p*+MQ? 3 (p?+M?2)? 53
N 2 - !
E)"" o Bf dpp'F2an(p?) e 2 +£ = 2 +1 = 2
27 \aF] "o (P*+M2)? 2 (p*+MR)? 3 (p*+M%)?
|
with the numerical value of Comparative results for tH€N sigma term are less abundant
than for thewN sigma terms. We cite recefitevisited re-
yn=0. .012. sults o taking into account the decuplet contribu-
0.076+0.012 (54 Its of HBChPT(taking i he d | ib

_ _ tion) with ol =380+40 MeV, 0% =250+30 MeV [14],
The small value ofyy in our model is due to the suppressed (agyits of lattice QCD  with o= (0l + 0%y)/2=362
contrib_utions of kaon andy-meson cIouds_. Ou_r prediction +13 pMev [41], and predictions of the Nambu-Jona-Lasinio
foryy is smaller. than the vqlum:O.Z obtained in Re[.3.3] model with =425 MeV (with an error bar of 10—15 %
from an analysis of experlm.en'tal Fiata 'mﬂN phase shifts. 43]. Hopefully, future DADNE experiments at Frascd4]
On the other hand, our prediction is quite close to the resulfii allow for a determination of theKN sigma terms and

obtained in the Skyrme modgly~0.058[40] and in the  hence for a better knowledge of the strangeness content of
cloudy bag model\~0.05[32]. A revisited prediction of e nucleon.

HBChPT foryy givesyy=0.25+0.05 (without inclusion of Finally, for the sake of completeness we present the set of

the decuplgtand yy=0.20+0.12 (taking into account the oy predictions for the\-isobar condensates angN sigma
decuplet contribution [14]. Preliminary analyses of the tgrm:

strange content of the nucleon in lattice approaches gives

larger values foryy=0.36+0.03[41] and yy=0.59+0.13 0,A=32+3 MeV, y,=0.12+0.02,
[42], which imply a big contribution of the strange quark sea
to the nucleon mass. o N=T72%16 MeV, (56)

Next, we present our results for tieN sigma terms:

"o § 04, =262+26 MeV,
oUN=0&=340+37 MeV, oU\=284+37 MeV,

(59 04,=206+26 MeV, o,,=75+17 MeV.
o\Q=228+37 MeV, ol =28 MeV,
IV. SUMMARY AND CONCLUSIONS
d
and o E‘TﬁNJF OKN —312+37 MeV In conclusion, we have evaluated the meson-baryon sigma
KN 2 ' terms using a perturbative chiral quark model based on an
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effective chiral Lagrangian. The Lagrangian describes baryeontribution properly was taken into account. Analyses of
ons as bound states of three valence quarks surrounded byttee strangeness content of the nucleon, kaon-baryon, and eta-
cloud of pseudoscalar mesons as dictated by the chiral syniraryon sigma terms were done in detail. We compare our
metry requirement. The calculated quantities contain onlypredictions to results of other theoretical approaches. Ongo-
one model parameté®, which is related to the radius of the ing experimental efforts aim to allow for a reliable extraction
three-quark core, and are otherwise expressed in terms of these quantities, and hence to fix the scalar strange-quark
fundamental parameters of low-energy hadron physics: axialensity in the nucleon. To solidify the model approach we

coupling constang,, weak pion decay constaft normal-
ized strong pion-nucleon form factét,yy, and set of QCD
parametergcurrent quark masses andmg and quark con-
densate paramet®). Predictions are given for a variation of
the free parameteR in a quite wide physical region from
0.55 to 0.65 fm corresponding (mé)gq,co,e ranging from
0.5to0 0.7 fnf. Our result for therN sigma term is in per-

mention that with the same values of the free model param-
eter R we recently obtainefl16] a quite reasonable descrip-
tion of static properties and electromagnetic form factors of
the nucleon.
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