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Quark-composites approach to QCD: The nucleon-pion system
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We present a new perturbative approach to QCD, based on the use of quark composites as fundamental
variables. The composites with the quantum numbers of the nucleons are assumed as new integration variables
in the Berezin integral which defines the partition function, while the composites with the quantum numbers of
the chiral mesons are replaced by auxiliary bosonic fields. The action is modified by the addition of irrelevant
operators which provide the kinetic terms for these composites, and the quark action is treated as a perturba-
tion. The resulting expansion has the quark confinement built in. As a first application we investigate the
pion-nucleon interactior].S0556-282199)01615-X

PACS numbgs): 11.15.Pg, 11.10.St, 12.38.Bx

[. INTRODUCTION nents of the up and down quarks. This number, calleds
equal to 24.

We can divide the calculations in QCD in two classes: Our approach has two quite desirable features. First it is
those which aim at clarifying the confining mechanism andcompatible with a perturbative as well as nonperturbative
those devoted to the description of hadronic physics. One afegime of the gluons with respect to the gauge coupling con-
the present difficulties in this field stems from the fact thatstant. For this reason we adopt a regularization on a Euclid-
the former calculations are done in a framework where itean lattice, which is the only one suitable for both cases. This
would be very awkward, if not impossible, to perform the choice seems also natural dealing with composites. The other
latter. More generally, the actual understanding of the theoryemarkable aspect is that the quark confinement is built in.
requires a nonperturbative approach for low energy and peifhis is due to the fact that our perturbative expansion is of
turbative methods for high energy, which until now has beerweak coupling for the hadrons but, as a consequence of the
impossible to unify in a unique scheme. spontaneous breaking of the chiral symmetry, of strong cou-

The strategy we adopt to overcome this impasse is to usgling for the quarks. To any finite order, the quarks can then
guark composites with hadronic quantum numbers as fundanove only by a finite number of lattice spacings, and there-
mental variable$l]. An earlier attempt in this spirit can be fore they can never be produced in the continuum limit, at
found in Ref.[2], but it is restricted to the strong coupling. variance with the standard perturbation theory, where the
We avoid such limitation by means of new technical tools. quarks are propagating particles at the perturbative level, and

There is a fundamental difference between trilinear andhe confinement is essentially nonperturbative. Let us em-
bilinear composites. Surprisingly enough, some trilineamphasize that the hopping character of the quark propagator
composites, in particular the nucleon fields, can easily bashould not generate any confusion with a strong coupling
assumed as integration variables in the Berezin integraéxpansion in terms of the gauge coupling. As stated above,
which defines the partition function, since they satisfy thethe gauge coupling constant can have any value required by
same integration rule as the quark fields. As a consequendhe dynamics, while mesons and nucleons do move in the
the free action of these composites is the Dirac adi&jn true continuum.

Also the mesonic composites can be introduced as inte- One can wonder whether the Wilson term to avoid spuri-
gration variables, but the resulting integral does not reduce inus quark states is at all necessary in our approach: Since the
general to a Berezin or ordinary integral, and it is very com-quarks have no poles whatsoever to finite order, why should
plicated. In particular the propagatsrnot the inverse of the we worry about the spurious ones? In any case we can safely
wave operator It has then required some effort to find an assume the Wilson term for the quarks of subleading order in
operator containing the free action of the chiral composite®ur expansion parameters, so that we can ignore it in a first
[4], but once constructed, we can circumvent the difficulty oforder calculation.
the integral over the chiral composites by replacing them In the previous works the nucleons and the chiral mesons
with auxiliary fields by means of the Stratonovich-Hubbardwere discussed separately. Here we unify their treatment in-
representatiof5]. cluding the electromagnetiem) interactions, so as to be

Since the free composite actions are irrelevant operatorgible to evaluate strong corrections to em processes. We de-
we can freely add them to the standard action and derive Ave a perturbative expansion in terms of the nucleon com-
perturbative expansion by treating the quark action as a peposites and the auxiliary fields which replace the chiral com-
turbation. The expansion parameters are the inverse of twposites. The numerical coefficients of this series are given in
dimensionless constants entering the definition of theerms of integrals over the gluon and quark fields. As an
nucleon and chiral composites, and of the number of compoapplication we investigate the nucleon-pion interaction, get-

ting to lowest order a contribution to the one-pion exchange
of the Yukawa model.
*Electronic address: palumbof@Inf.infn.it The paper is organized as follows. In Sec. Il we define the
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modified partition function we will use. In Sec. 11l we define Accordingly we introduce specific notation for the sums over
the hadron composites and their actions. In Secs. IV and Vthe whole lattice or its sublattices:
we report for the convenience of the reader the results, ob-
tained in the previous works, concerning the introduction of _ .3
the nucleon fields as integration variables, and of the auxil- (.g)=a a‘; FO9g(),
iary fields for the chiral composites. In Sec. VI we derive our
perturbative expansion. In Sec. VII we show that the quarks 3 3
do not propagate at the perturbative level. In Sec. Vil we(f:9)n=2 Zatin: f(ng(n), (f.g)c=a 2at§c: f(c)g(c).
evaluate the nucleon-pion interaction and in Sec. IX we con- 2.2
clude our paper.

The quark fields\2,, with color, isospin, and Dirac indices
a, 7, and «, respectively, are related to the up and down

II. THE MODIFIED PARTITION FUNCTION quarks according to

We assume the modified partition function
P NS =ud, ND=dl. 23

a?

Their action is

z- [ 10U] [ (0] exi ~ Sy S B
So=(\,QN), (2.9

xf[dfd)\]exr[—SN—Sc—SQ], (2.)  where

1
whereSyy andSy, are the Yang-Mills and Maxwell actions, Qxy=Mqdxy~ 5= zk: (Fg= YIUkOVI(X) B ey
So is the action of the quark fields, aig{ andSc are irrel-

evant operators which provide the kinetic terms for the quark 1

composites with the quantum numbers of the nucleons and " 2a, EE: (rg= Yea)Ua(X)Va(X) Sxiey, €=*1,
the chiral mesons\ is the quark field, the gluon field is

associated to the link variablés,, andA,, is the photon (2.5

field. The reason why we have introduced the photon field .

explicitly, is that it is associated to different link variables in with
the interactions with the quarks and the composites. Finally 3 1
differentials in square brackets are understood, as usual, as Mg=my+r, 5+ L (2.6)
the product of differentials over the sites and the intrinsic t
indices, and dU] is the Haar measure. ) , We have adopted the standard convention
All the elementary fields live in an anysotropic Euclidean
lattice of spacing in the spatial directions ara} in the time ke{-3,...,3, e =—¢&, e_=—¢,
direction, whose sites are identified by four-vectos spa-
tial components x,=0,... N and time componentt Y k=" Yks Y-t=" Vis
=0,...,q;, and satisfy periodic boundary conditions, with
the exception of the quark fields which are antiperiodic in U_(x)=Ug(x—e), U_(x)=U/(x—e), (2.7
time: A(X) =N(x+Neg)=—A(x+2N,e,), e, and e, being
the unit vectors in th& and time directions. and the corresponding ones for the link variablgsassoci-

The simplest way of unifying the treatment of nucleonsated to the photon field
and mesons is to put them at different, complementary sites ) ,
of the latttice. A possible option, which respects the hyper- V(X)) =€xdiad; A1, vi(X)=exfiaq.Aux)].
cubic symmetry, is to put them on the sites of two dual (2.8
sublattices, defining the parallel transport along the majoh is the quark electric charge
diagonals[7]. Here we make a different choice, possibly
more suitable for the hadron termodynamics. We restrict the 2
nucleons and mesons to the odd and even sites in one direc- 91=3€ =~ 3e e=electroncharge. (2.9
tion (which is natural to assume as the time directjavhile
letting them occupy the whole remaining three-dimensionalrhe spurious quark states are prevented by the Wilson term
volume. The hypercubic symmetry is lost, but it remainsyith Wilson parameter .
valid at least for the free composites, if we assume the tem-  sjnce we will assume the nucleon and chiral composites
poral spacing half the spatial one. We will keep however theys fundamental variables, we must separate the quark action

spacings unrelated having the hadron thermodynamics ifhto the terms which live only in the nucleon and chiral
mind. So the nucleon and chiral composites are defined raattices and those which couple them

spectively at the site:i=(x,2t+1) and c=(xy,2t),
=0, ... N;, which identify the nucleon and chiral lattices. So=Sonct+ Sacnt Sont Sqc: (2.10
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where whose wave operatdy is given by
3 — 3 1
Sone=2a%2 2 Mn)Qneh(©), No = | M+ 5+ 52 O,
. 1
Socn=2a%a >, A (€)Qc\(N), ~ 23 4 N7V dnieyn,
cn
1 1
Son=3 (R.QM)y. " Za 2 (= Ye)Val(M) iz ny (39
1 In the above equationy is the Wilson parameter
SQCZE()\aQ)\)c- (21]) 0<rN$1! (34)
We then have my is the mass of the nucleon an, is the link variable
associated to the em field acting on the nucleons:
y f [dU]exF[—Svm]f [dNdA ], Vi (n)=exdie, aA(n)]exdie,a,A(n+e)],
e,=e, e,=0, (3.9
XeXF[_SC_SQc_San_ San]v (2-12)
with the standard conventions. Needless to say, the coupling
where with the em field is necessary to preserve the Abelian gauge
— g — invariance of the QCD action.
[dAdA]=[dAdA]a[dNON]. (213 The chiral composites are the pions and the sigma
The formalism for a nonlinear change of variables in Be- 1
rezi_n integrfals has b_een developed_ in REfS3]. In the fql- 7T¢=ikﬁa2fy5—(rliirz))\, Trozik,,azfySrg,)\,
lowing section we will report what is necessary to arrive at \/E

the formulation of our perturbative expansion.
o=k_a’\\, (3.6
IIl. THE HADRON COMPOSITES AND THEIR ACTIONS
whereys is assumed Hermitian, thg’s are the Pauli matri-

The nucleon composites af8] ces and the factom’k, has been introduced with the same
> criterion used for the nucleons, so that alsp must not
o= — §k,{{2a3ea 20O €x - diverge in the continuum limit.
T 19283 7 TT2 " T173

The chiral transformations over the quarks

X (¥5Y) ey (CY ) apa Aot N2 N (3.D) i
PR e e et 5x='§y5¥-&>\, (3.7
In the above equation and in the sequel the summation over
repeated indices is understodtljs the charge conjugation S,
matrix, andi,,, , ¥, are the proton, neutron fields. It is easy O\= E)\ V5T & (3.8
to check that with the above definition they transform like
the quarks under isospin, chiral, a@{4) transformations.

. . ; .~ induceO(4) transformations over the mesons
We should explain why we have included in the definition (4)

the cubic power of the lattice spacirsgand the parameter So=a-m 3.9
ky - The cubic power of a parameter with the dimension of a ’ '

3 i I 1 - -
length, say,l”, is necessary to give the nucleon field the P (3.10

canonical dimension of a fermion field. At the same time a

power of the lattice spacing at least cubic is necessary te,, any real vectorsr, y, we adopt the convention
make the kinetic ternfwith the Dirac actiohirrelevant. We "

have Writt.en for Iatgr convenier]de” in the fo'rm kﬁ,’za_ﬁ, T X=X+ T X+ F ToXo. (3.1
where ky is dimensionless and it must not diverge in the
continuum limit. Since for massless quarks the QCD action is chirally in-
The nucleon free action is the Dirac action variant, the action of the chiral mesons must be, apart from a
linear breaking termQ(4) invariant. It must then have the

Sv=(4,Ny),, 3.2  form
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1 . 1 These fields obey the same multiplication rules of the quark
Sc=|5(mCm)et 5(0,Co)e— gz(\/ﬁmﬁ)c : fields. We can then define for them an integral

(3.12
di, (nN)¥(n)
The factory/Q has been introduced for later convenience. Hu Vral (
The heuristic considerations which led to the choice of the
wave operatoC are based on experience with simple, solv-
able models, and can be found in Ref]:

=1 all the other integrals vanishing, (4.2

which obeys the same rule as the Berezin integral for the

p quarks:
C(w)=a" 2—232—2 (3.13
[T dx2 . (mAm)
C is given in terms of the covariant Laplacidh? whose ana
action on a functiory is =1 all the other integrals vanishing. 4.3
1 In the latter equation\ (n) is the product of all the quark
2 - _
(P9)(c)= a? Ek: [wi(c)g(c+e)—g(c)] components at the sitein the order
A(n)=P[A1s(n)]- - - P[N14(n)]P[A21(N)]- - - P[A24(n) ],
4a2 > [wa(c)g(c+2e.)—g(c)], (4.9
(3.14  Wwith
w being the link variable associated to the em field acting on PN o(M) =N (MNZ,(MAS,(n). (4.9

the charged pions i . ) )
It is then easy to check that for an arbitrary function which

. depends on the quark fields only through thewe have,
wy(c)m. =exd FieaA(c)]m. , with the appropriate ordering for the differentials

wi(c)m.=exd FieaA((c)]exd FieaA(c+e) 7= .

‘ Arieafl@lonrieatlerallns 1 f I s mgtuinmy=3 | 11 du,(mglu(n),
Notice that therr. has negative or positive chargk.poste- 4.6
riori the choice of the wave operator can be justified by, . idedJ. defined by
observing that in the Stratonovitch-Hubbard representatloﬁ ’
the kinetic term of the auxiliary fields is related® *, and W(n)=JA(n), (4.7)
therefore the present form generates in the simplest way a
Klein-Gordon operator. Let us stress thatrifand o were s different from zero. This is in fact true for the nucleons
ordinary bosons, rather than even Grassmann variables, withhd, for the color grouBU(3) in four dimensions
the above action they would be static. This is not a paradox,
because the propagator of even Grassmann fields is not the J=kga?2??x 33X 5. (4.9
inverse of the wave operator.

The irrelevance of the nucleon action is ensured by the This result justifies the choice of the Dirac action as the
insertion of the appropriate powers of the lattice spacing irfree action for the nucleons. Let us define the free nucleon
the definition of the nucleon composites. For the chiral acpartition function
tion instead the request of irrelevance constrains also the

parameterp, which cannot vanish in the continuum limit. —
The dependence oa assumed below for the breaking pa- ZN:f [AMN]nexd = Syl 4.9
rameterm ensures also the irrelevance of the chiral symme-
try breaking term. Notice that the integral is over the quark fields in the nucleon
lattice only. Let us now consider the nucleon-nucleon corre-
IV. THE NUCLEON COMPOSITES AS INTEGRATION lation functions
VARIABLES

In this section we report the results we will need on the (Vral Q) Yoply :_f [N Tt (X) oY) €XHL — S .
change of variables for trilinear composites. There are eight (4.10
nucleon field components at any site Let us denote by
W (n) their product in the order Since the integrand is a function of the quark fields only

through they, we can assume them as integration variables
W(N) = h1a(N) 1N - - - Praz(N) (M) (4.1  getting
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_ 1 L monomials in the quark and antiquark fields of order
(ra(X) Pp(y))=— aTat(N_ )op,ralY = X), 3x integer, and this can be done according to &ql2.

(4.11
. . . . V. THE AUXILIARY FIELDS FOR THE CHIRAL
namely, the free correlation function of two Dirac particles. COMPOSITES

It should be noted that this result does not depend on the
value of the Jacobian, provided it is different from zero, nor In this section we review the properties of the chiral ac-
on the value ofky . Inverse powers of this latter constant, tion necessary for the further developments. To this end we
however, will appear in the perturbative expansion of QCD define the chiral partition functiof:
due to the presence &, in the total partition function.

It is remarkable, and it is at the basis of our perturbation _
theory, that more general formulas hold, which involve the Zc:f [dA]exp[—SM]J [dhdN]cexd =S¢, (5.
quark as well as the nucleon fields. In fact the following

substitution rule holds in Berezin integrals: where there appear the chiral composites and the Maxwell

Ny () - N ()Ap (M) <+ Npy (D) field only. Also the chiral composites can be assumed as

integration variables, but the resulting integral is impracti-

cable. Sinc&s: is quadratic and the wave operafis nega-

tive definite, the difficulty can be overcome by introducing

Xy (n)- g (N)gy (N)- -4y _(n), (412  auxiliary fields by means of the Stratonovich-Hubbard trans-
! m ! m formation

~ 01 3mOr amr Fi g f g

where~ does not refer to any approximation, but means that

the equality holds only under the Berezin integral, and the B dy do

: s . —Sc]=[detC(A)] | | =| | =
f's are numerical coefficients called transformation func- ~ &XH —Sc]=[detC(A)] 2= | 2x
tions. We have wused the shorthand notatiam ¢ ¢
=(a;,7,q;),hi=(a,7,q;), 1=(7,a),l=(7,a). Restrict- A0 ) A1
ing ourselves to integrals trilinear in the quark and antiquark xexp 5 p{(x(a°C) "X
fields

1, ..
22 (X, )¢

I1 dra, o(Mdha . (MG, ()] ”"5’(&4@_1"’)&]6“{

a, ,a

S 1
X N, (MR (Mg (NN (Mg (NN, (N) + ;(Pzdﬁ‘ Jom, o), ] (5.2)
:fﬁgﬁzﬁlflhlhzhsyf [T dy, (ndy, () In the above equation we have ignored, as we will do in the
ne sequel, field independent factors. Now the chiral partition
X () Ui (m) a(n). (4.13  function

The transformation functions in such a case are
Zczf [dAlexp[— Sy —TrIn[C(0) " 1C(A)]}

fTa’TO( Toll Tall a, ,a a:e-aaah'TC(T(l Tol Talln!
1T, T, T3003,81 85,83 1883 'Ta, T @), Ty, Taag >
(4'14) XJ d_X d_¢
V2 V2
where e Tle
h X ex 1 H(x,(a*C)"y)
TaTla172a273a3 Zp X’ X C
_i —3k—1/2[6 C—]_ .
_96a N 77267173(75’)/#)011:1(’)/;1, )a2a3 +(¢),(a4C)7l¢)c} J'[d)\d)\]c
+ 8. € r (Y5 apa Vil ™ Dayasl: (4.19 1 1
TTl T27'3 M a2a M a1a3 o s
Xexp{ 2P Mt 2(pPd+VAm,o), ]

The functionsh are totally symmetric wr to the exchange of
any pair of numbered indices. The appearancle,;d'f2 in the (5.3
rhs shows how an expansion in this parameter is generated.

It should now be clear in which sense we can talk of adescribes bosonic fields interacting with the quarks. To get
change of variables. Even though the quarks cannot be exhe effective action of the chiral mesons we integrate out the
pressed in terms of the composites, we only need to inverquark fields with the result
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Zc= f [dA]lexp{— Sy —TrIin[C(0) *C(A)]}

dy | | d¢
Xf \/T_ﬂ- C \/T_ﬂ- CeXF[—SX], (5.9

where
1 N >
S, =51 (x.(a'C) " Ix)c+(4,(a%C) 1))

Q -
-5 g In@KZ{[VOm+ p?¢(c) 1>+ px(c)?}).

(5.9

Since(} is a rather large number we can apply the saddle
point method and evaluate the partition function as a serie

in inverse powers of this parameter. The minimumSpfis
achieved fory=0 and

_ o
= Tzatp””fz_f]’ (5.6
where
1
g—z a2a;m. (5.7

The quadratic part o8, is

1. .1
SP=5 (. (=D m2)x)c+ 5 (6,(~D?4+m2)0).,

(5.8
where
o=¢—¢ (5.9
is the fluctuation of the field) and
2
m? :2_’32_ §
By
2p% J1+¢°
mi :? b ) (5.10
with
b=1+ §§+ £ (5.11
Therefore, if we assume
1 a 5
m=—1/5—amz+0(1//Q) (5.12)
p V2a

in the continuum limit

2 _ 2
m-=—m_,

PHYSICAL REVIEW D 60 074009

2
2 2p
M=z

(5.13

and the propagator of the pion field to leading order ifi(1/
turns out to be the canonical one

1
—D?%+m?

ko

, (5.14

Cq1.Co

(mh(cy) m(Co))= a32at

while the o is unphysical because its mass is divergent. No-
tice that, in analogy to the case of the nucleons, the constant
k, is uninfluent at this stage, but its inverse powers will
appear in our perturbative expansion of QCD.

The nucleon actiorsy gives an exactly free propagator.
Instead, the chiral action contains a residual interacﬁbn
which can be obtained by expanding the In in inverse powers

f (). Here we report the first terms, given in R¢d] [a
actor — Q) is missing in front ofS®) and S appearing in
Eq. (63) of Ref.[4]]

1 (p\31 /2a R
Slxzm(g 2 ?t{ei(_92+3()()2)c}
42a -
+m(g ?t{(aza02)c+()(21()(2_602))c}
+0(Q %2, (5.15

VI. THE PERTURBATIVE EXPANSION

In this section we derive a perturbative expansion for the
partition function of QCD in terms of the nucleon compos-
ites and the auxiliary fields. We start by the Stratonovich-
Hubbard transformation to get rid of the chiral composites

dy | | do
Y < - -1 AN B R
exi - Sc~ Sqel ~[detC(a)] | o] ﬂ]
><exp[—sX]AexpE&(D+QH>A)C}.
(6.1
where
-1
A=|]] detDc)
D=ak,[p?p+Om+ip?ysr x]
a
=\Qpb \/2—atk7r
yaz2a )
X 1+§Wt(0+l'y57-x) ,
1
(Qleye,= 7 2 (1= MIUCOVI(CL) Fey g, e
(6.2
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We have absorbed the terMq in the parametem which Finally assuming the nucleon composites as integration
now reads variables we get the desired perturbative expansion of the
partition function of QCD in terms of the nucleon and chiral

e 1 [ a - 1 M 63 fields:
pV2a© T 2ok, O ' -
sz [dA]exp[—SM—TrIn[C’l(O)C(A)]}f [dydy],

The partition function is so transformed into

dy

J2m ),

do | <
— T, ~S—S,].
N2 Ci=zo r+sz=3i s &H SN S

z=J [dAlexp{— Sy —TrIn[C 1(0)C(A)]} XJ

XJ [deA]nexp[—sN]f (6.9

dx
V2w c c The integrals over the quark and gluon fields are relegated in
T _s 6.4 the functionsZ, ;. Note that we do not need to treat the
exf =S, 64 gluon field perturbatively: If and where this can possibly be
where done rgmaiqs here an op(irl qLielstion. _
At this point the role ok~ ,k_~ as expansion parameters
_ should be clear. Since the integral over the quarks in the
Izj [dU]exp:—SYM]exr{—SQn]AJ [dNdA ] chiral lattice is proportional td ~*, namely, tok_ """,

L and because of the dependence of the transformation func-

— tions (4.15 onky, Z, ¢ ~ky "9k (2t

xXexg =\, (D+Qu)\).— - : 6. N» “rst N 4 .

F{a( (D+Qu)NeSone SQC”} €9 We conclude this section by the evaluation of the corre-
lation functions. To this aim we observe that the

_To perform the integral over the quark fields we exp@nd - stratonovich-Hubbard transformation can be written in the
with respect toS,. We note that only terms with an equal form

number of factorsSy,,. and S, can contribute. Moreover,
after the integration in the chiral lattice there remainZin Whl(Cl)~ . ~7rhs(cs)exp[—SC—SQC]
only polynomials of the quark fields in the nucleon lattice.

They will contribute, according to E¢4.12), only if they are d tC(A)]*lf d)_() do Aexi—S.]
; L =[de —| | —| Aexd —
of order 3x integer both in\ and\. Therefore 2 . 27 . X
- 1
I~ | [dUJexd — —1)S—5—(Sgn)°A 0 9
[dUlex = Sml2, | 2 (=D rzg (Son) X (a2ayp?)

Ixn,(€)  dxn(Co)

_ 1
X dhdh r ' -\, (D+ A 1
[ 00 S0 (S x93 (D Q| cod L 0+aum] 610
=Z E I s- (6.6 Repeating the previous manipulations we then arrive at the
i=or+s=3 explicit expression
We remind the reader that does not refer to any approxi- ,—
mation, but it means that the equality holds only under thd #(N2)- - (), (C1) - - 7 (Cs))
Berezin integral. The functioris, s can be evaluated by ex- 1
panding the exponential with respect@y, : = ZJ [dAlexp{—Sy—Trin[C~1(0)C(A)]}
Z5=Z, Tiat: ) « [ tdayl,ent - suwny - piny
Since only even powers @, can contribute f d)}’ de A 2)-s
—| |—| exd—S a2a;pc)”
1 \/ﬁ . \/ﬂ . F[ X] ( tP
— S S
Ir,s,t_f [dU]exd —Syml(—1) W(SQn) A ; ;
(A™1T). (6.11

_ 1_ 2t ey axn(co)
< | [dxdxk(senc)f(smn)f(5<A,QHMC) Xn(E0) o

VII. QUARK CONFINEMENT

1
Xexﬂ[a“’m‘)c] 6.8 Let us consider the quark propagator
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1
(’\(X)F(X,Y)My»:zf [dU]f[dA] exf — Sym— S

Since the quarks have no poles whatsoever, it seems that
we do not have to worry about the spurious ones. If this turns
out to be confirmed by the study of the anomaly in the
present approach, we can altogether forget the Wilson term
for the quarks. In any case we can safely assume the Wilson
parameterr, of order 14/Q, and neglect the quark Wilson
term to leading order in our expansion.

xf [ANANIA(OT (X, Y)A(Y)

X exp] — Sy~ Se—Sql, (7.0
whereI'(x,y) is an arbitrary string of gluons making the
above integral gauge invariant. We can repeat the previous
manipulations until we arrive at

VIIl. THE NUCLEON-PION INTERACTION

As an application we investigate the pion-nucleon inter-
action to lowest order. It occurs ifi; , the lowest order
term of Z, ,. Since the integrand will result to be indepen-
dent on the gluon field, the corresponding integral will factor
out and we will therefore omit it from the start

(NOOT(XY)N(Y))

1
= ZJ [dA]exp{— Sy

1 — 1
_ Ty 0= = (Som?A | [dNAN].SoncSoen [{— )\,D)\)C}
~TrnCHO)C(A)} [ (N0 ],exif — Sy Soul 12075 (8o | [0 SoncSoene 5

- 1, 2
f dy do s :_Ea a(Sqn)
X —| | —/—=| exXq —
N2 . NP3 . =S

-1 _
X z (Qc—eét,ch Qc,c-%—em)hlhl

% | tautextt -2 [ [ERIXGIT oy )

X N, (C—€)hp (CHe,). (8.1)

. (7.2

1 —
xexr{a()\,(DﬂLQH))\)c—San— San

We look for the terms ir¥; , o proportional toZ, ¢, namely,

. - ___containing threex at one and the same site and also three
In the above formulation the quarks appear in interaction

with the auxiliary fields and the nucleon fields, and have al at one and the same, possibly different, site. They are ob-

— Nained by retaining only the contributions with= — #, and
effective mass equal th,(p?¢+ JOm)~pQpk,/a2a,. only the mass term frorS,

This mass seems to diverge in the continuum limit, but we
will see that the constark,, must be tuned with the lattice
spacing in a way which will not be determined in the present 7
paper. If the necessary tuning turns out to be such that the
effective mass is actually divergent, the quarks are obviously
confined in the sense that they are unphysical. But even if

their mass is not divergent the confinement is realized, al-
though in a weaker form. In fact since the quark effective 3442 4 _
mass in the chirally broken vacuum grows\#8, the saddle - Zaloat MQ; (Qere,.cDe Qc’c+eet)hlhl
point expansion results to be a strong coupling expansion for

1
_ 10,342 -1 _
,2,0_Za acn QC . (Qc+eét ,ch Qc,c+e€t)hlh1

X (M AnAnghn Ay Mnge-e,,

the quarks, so that if the sitesy aren lattice spacings apart
from one another, the first nonvanishing contribution to the

quark propagator occurs at an order of the expansion n%

smaller tham. As a consequence the quarks are never pro-

X finnohyfinnon, i(C T e dn(cey). (8.2

e need the transposed of the prod@dD Q. Assuming

duced to any finite order, a fact first observed in Réf. In

rq of the order 14/Q we can neglect the Wilson term of the

this sense we can say that they are confined. Since the quafk@rks so that
effective mass to leading order {d does not depend on the
breaking parameterthis confinement is a genuine conse-(Qﬁet,cDngC'Het)T
guence of the spontaneous chiral symmetry breaking
whose absence there would be no saddle point expansion. 1 1 _

In conclusion in the present approach the quarks do not ~— 432 DCD;CTZVt(Vt)+(C)Dc7’tvt(c)c 18l
propagate at the perturbative level, so that they might be-
come alive only due to nonperturbative effects. The situation
is reversed with respect to the standard perturbation theory
where the quarks appear as physical particles whose confineterel . is the unit in color space. Now by using the iden-
ment is intrinsically nonperturbative. tities

8.3
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— AN +
Fiynohgfinghon, (Ve 7 (Vi) (Vi) 2 Vs Vir Vi,

= finnyh, finnony(Ve )7Ve, o summation, (8.4)

where
Ve(c)=exdie,aA(c)], (8.5
we get
Ilzo—:a athE DTI)*
X{CTZ')’etDcyetC7l}hlﬁlmhlhlh2h3
X[y(cte )V ()L V(c)y(cte ] (8.6

The sum over colors has been performed. Using the explicit

expressions of the functiorts

1
I1,2,o:§ 24za ath czé Dc ] ———(c+e )V (c)
X[3D1+iDoc]V(C) e+ eq), (8.7
where we have decompos@&daccording to
D=D,;+iD,. (8.9

Retaining the leading terms in(/in the matrixD and sum-
ming overe we get the final result

Il,z,o=ingﬂa32at§ y(c+e)VH(c)ys7 x(c)V(c)

X (c+e)+ad2a,>, dSmyp(cte)p(cre),

(8.9

where
3 1 2a a’mg 61
IN-""F 2% & Okk, (810

o=~ 2 o 8T gy
NT828 NV a [opkyk, © '
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plicit breaking parametang . As in the chiral models, there-
fore, the quark mass must be considered a further expansion
parameter, so that the present contributions are not the domi-
nant ones with respect to the whole set of expansion param-
eters. Finally, it is perhaps worthwhile noticing that &q_ .
and émy to be both finite in the continuum limitp must
scale as the inverse of the lattice spacing.

The interpretation ofyy., as the pion-nucleon coupling
constant follows by the evaluation of the three-point correla-
tion function

— 1

g mie) =3 [ [da)
X exp{—Sy—TrIin[C~}0)C(A)]}
x |t exd - s Jn uno)
|

Xexd —

dy | | dé
V2w | V2w,

S, ]A(a2ap?)

(A5, (8.12

X Txn(©)

Since the term with the derivative @ , o does not contrib-
ute in the continuum limit, we have

(p(ny)g(n,) my(c))

1
= Zf [dA]exp{—Sy—Trin[C~X(0)C(A)]}

x | taagnn ving)
d de
Xexq—SN]f \/% E

Xxn(C)Zy206Xd — S, 1. (8.13

IX. CONCLUSIONS

We have derived a perturbative expansion in QCD in
terms of the quark composites with the quantum numbers of
the nucleons and the auxiliary fields which replace the chiral
composites. The coefficients appearing in the perturbative
series are defined in terms of integrals over the quark and
gauge fields.

is a renormalization of the nucleon mass. In the continuum The expansion parameters are the invers@ pthe num-
limit the shift in the arguments of the fields can be ignoredber of quark components, the inverse of the constants

and the link variable® disappear. Even if the above contri- ky k., entering the definition of the composites and the

butions are of leading order with respect tdd/ 1/k,, they

quark massng . The nature of the expansion is, however, at

cannot be the most important ones, which are expected to gresent not fully understoodky is indeed accompanied by
related to the spontaneous breaking of the chiral symmetryfarge numerical factors related to the number of quark com-
And indeed the present contributions are depressed with rggonents, but we do not know how the powers of these factors

spect to higher order terms by the square of @mal) ex-

will be related to the powers ddy in higher order terms. We

074009-9
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do not see at present any other way of clarifying this issuéf we coupled the chemical potential to the nucleons, which
than by studying higher order terms. we can easily do in the present formalism.
One of the problems for which the present formulation of
QCD seems particularly promising is the phase transition at
high barion density8]. The reason is that in the usual way of
introducing the chemical potential this is coupled to the ACKNOWLEDGMENTS
guarks to allow an analytical integration to be performed on
the latter. But the price to be paid is an interplay between This work has been partially supported by EEC under
gluon field and chemical potential which would not be thereTMR contract ERB FMRX-CT96-0045.
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