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Motivated by measurements of the flavor singlet axial coupling constant of the nucleon in polarized deep
inelastic scattering we study the contribution of instantons to Okubo-Zweig-lizukd®ap violation in the
axial-vector channel. We consider, in particular, the-a; meson splitting, the flavor singlet and triplet axial
coupling of a constituent quark, and the axial coupling constant of the nucleon. We show that instantons
provide a short distance contribution to OZI violating correlation functions which is repulsive in theson
channel and adds to the flavor singlet three-point function of a constituent quark. We also show that the sign
of this contribution is determined by positivity arguments. We compute long distance contributions using
numerical simulations of the instanton liquid. We find that the isovector axial coupling constant of a constituent
quark is @i)on.g and that of a nucleon @: 1.28, in good agreement with experiment. The flavor singlet
coupling of a quark is close to one, while that of a nucleon is suppreghed).77. However, this number is
larger than the experimental valg§=(0.28— 0.41).
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I. INTRODUCTION N;g2
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The current interest in the spin structure of the nucleon 16 f

dates from the 1987 discovery by the European Muon Col-

laboration that only about 30% of the spin of the proton isjmplies that matrix elements of the flavor singlet axial cur-
carried by the spin of the quarks]. This result is surprising yent A% are related to matrix elements of the topological
_from_ the point of view of the naive q_uar_k model, and it charge density. The anomaly also implies that there is a
implies a large amount of Okubo-Zweig-lizuka ruezl) .. mechanism for transferring polarization from quarks to glu-
violation in the flavor singlet axial-vector channel. The axial- ;5 | perturbation theory the nature of the anomalous con-
vector couplings of the nucleon are related to polarized quarkip tion to the polarized quark distribution depends on the

densities by renormalization scheme. The first moment of the polarized
5 quark density in the modified minimal subtractioM$)
ga=Au—Ad, (1) scheme is related to the first moment in the Adler-Bardeen
(AB) scheme by[6]
ga=Au+Ad—2As, ()
Az a5 N 2 ae0) 5)
g2=AS=Au+Ad+As. &) MSTEEAR T og ’

The first linear combination is the well known axial-vector where AG is the polarized gluon density. Several authors
coupling measured in neutron beta deC@%:l_ZG? have suggested that>, 55 is more naturally associated with
+0.004. The hyperon decay constant is less well deterthe “constituent” quark spin contribution to the nucleon
mined. A conservative estimateg§=0.57+0.06. Polarized SPin, and that the smallness % s is due to a cancellation
deep inelastic scattering is sensitive to another linear combRetweem X 55 andAG. The disadvantage of this scheme is
nation of the polarized quark densities and provides a medhat AZ g is not associated with a gauge invariant local
surement of the flavor singlet axial coupling constgfjt ~ oPerator7].

Typical results are in the rangg = (0.28—0.41), seg2] for Nonperturbatively the anomaly implies thg} =A% can _

a recent review. be extracted from nucleon matrix elements of the topological
Sinceg! is related to the nucleon matrix element of the charge densitg®G3, G5, /(327°) and the pseudoscalar den-

flavor singlet axial-vector current many authors have specusity myi ysi. The nucleon matrix element of the topological

lated that the small value @‘2 is in some way connected to charge density is not known, but the matrix element of the

the axial anomaly, se8—5] for reviews. The axial anomaly scalar densit)gZGZVGZV is fixed by the trace anomaly. We

relation have[8]
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g2 . vector current in the field of an instanton. In Secs. Il and IV
(N(p)] 2Gj‘wa‘w|N(p’)>=Cs(qz)m,\,u(p)u(p’), we use this result in order to study OZI violation in the
32w axial-vector correlation function and the axial coupling of a

(6) constituent quark. Our strategy is to compute the short dis-

with C<(0)= — 1/b whereb=11—2N,/3 is the first coeffi- tance behavior of the correlation functions in the single in-
stanton approximation and to determine the large distance

gehavior using numerical simulations. In Sec. V we present
numerical calculations of the axial couplings of the nucleon
5 ~ . and in Sec. VI we discuss our conclusions. Some results
G“==GG, and the nucleon coupling constants of the scalategarding the spectral representation and the instanton con-
and pseudoscalar gluon density are Oexpected to be equglipution to the three-point functions are collected in Appen-
Cs(0)=Cp(0) [9], see alsg10]. Usingga=N;Cp(0) inthe  gices A and B.
chiral limit we get ggz—Nf/b:—O.Z, which is indeed

cient of the QCD beta function. Here(p) is a free nucleon
spinor. Anselm suggested that in an instanton model of th
QCD vacuum the gauge field is approximately self-dual,

quite small.
A different suggestion was made by Narisenal. [11]. II. AXIAL CHARGE VIOLATION IN THE FIELD
Narisonet al. argued that the smallness afS =g is not OF AN INSTANTON

related to the structure of the nucleon, but a consequence of \we would like to start by showing explicitly how the axial
the U(1), anomaly and the structure of the QCD vacuum.anomaly is realized in the field of an instanton. This discus-

Using certain assumptions about the nucleon-axial-vectogion will be useful for the calculation of the OZI violating
current three-point function they derive a relation betweemart of the axial-vector correlation function and the axial

the singlet and octet matrix elements, charge of the nucleon. The flavor singlet axial-vector current

\/E in a gluon background is given by
9= 9A 7 VXiop(0)- v

Here,f ,.=93 MeV is the pion decay constant a;@gjp(O) is
the slope of the topological charge correlator

A#(X):Tr[ '}’5')/MS(X,X)] (9)

whereS(x,y) is the full quark propagator in the background
field. The expression on the right hand side of E9). is

) 4 singular and needs to be defined more carefully. We will
Xtop(d )Zf d*X€P(Q1op(0) Qrop(X)), (8 employ a gauge invariant point-splitting regularization
with Quop(X) =0%G%,G3,/(327%). In QCD with massless _
fermions topological charge is screened apgh(0)=0. The Tl ysy,S(x,x)]=lim Tr[ Y5YuS(X+€,X—€)
slope of the topological charge correlator is proportional to 0
the screening length. In QCD we expect the inverse screen- x+e
ing length to be related to the’ mass. Since the;’ is xPexr{—iL AM(X)dX) . (10

heavy, the screening length is short auagp(O) is small.

Equation(7) relates the suppression of the flavor singlet axial

charge to the largey’ mass in QCD. In the following we will consider arfanti) instanton in sin-
Both of these suggestions are very interesting, but thg@ular gauge. The gauge potential of an instanton of pize

status of the underlying assumptions is somewhat unclear. [and positionz=0 is given by

this paper we would like to address the role of the anomaly

in the nucleon spin problem, and the more general question 2,2 ¥
S . . pe X

of OZI violation in the flavor singlet axial-vector channel, by A2 — —_Rab,b (11)
. . . o 7];1,1/ .

computing the axial charge of the nucleon and the axial- X2+ p? x2

vector two-point function in the instanton model. There are

several reasons why instantons are important in the spin — . , ab )

problem. First of all, instantons provide an explicit, weak Here, 7, is the 't Hooft symbol andR®> characterizes the

coupling, realization of the anomaly relation Ed) and the color orientation of the instanton. Thg fermion propagator in

phenomenon of topological charge screenitg,13. Sec- @ general gauge potential can be written as

ond, instantons provide a successful phenomenology of OZI

violation in QCD[14]. Instantons explain, in particular, why (X)W (y)

violations of the OZI rule in scalar meson channels are so S(x,y)=2,

much bigger than OZI violation in vector meson channels. A

And finally, the instanton liquid model gives a very success-

ful description of baryon correlation functions and the massvhere ¥, (x) is a normalized eigenvector of the Dirac op-

of the nucleor{15,16]. erator with eigenvalua, DV, (x)=\¥,(x). We will con-
This paper is organized as follows. In Sec. Il we reviewsider the limit of small quark masses. Expanding B¢) in

the calculation of the anomalous contribution to the axial-powers ofm gives

A—m (12
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Wo(x) g (y) AANCI N where D#=g*—iA* and A.(x,y) is the propagator of a
S.(Xy)=-— + scalar field in the fundamental representation. Equati&n
m A#0 A can be verified by checking th&l'# satisfies the equation of
¥ motion and is orthogonal to the zero mode. The scalar propa-
)Wy (y) -
mS A A +o(m?). (13 ~ 9ator can be found explicitly
) )N
Here we have explicitly isolated the zero mode propagator. 1 P20 -Xoi -y
The zero model, was found by 't Hooft and is given by AL (X,y)=A(X,y) - It ————
p X7y
1 v X 1+ —2
= 14 X
Wolx)= T (X2+p2)3/2 \/_ (14
1
Here ¢%*= eaa/ﬁ is a constant spinor andy.=(1 X ' (16)

*+ yg)/2 for an instanton/anti-instanton. The second term in

Eq. (13 is the nonzero mode part of the propagator in the 1+ ;
limit m—0 [17]
N(x.y)= %(X)‘P y) where Ay=1/(472A?%) with A=x—y is the free scalar
- X#0 propagator. The explicit form of the nonzero mode propaga-
R - tor can be obtained by substituting Ed6) into Eq.(15). We
=D AL (X,Y)y=+AL(X,Y)Dyy= (15  find
|
1 pPo5 Xo sy
SH(xy)= Sox=y)| 1+
2,,2
NE \/ g -
1 J— J—
2 2
Ag(x=y) [ p? p?
- 05 X0+ Y0z Ao Yy.+ O XO. Aoz yo Yy | (- 7
x2y? p2+ X2 p21y?

Here Sy=— A/(27%A%) denotes the free quark propagator. mode part will contribute. Expanding the nonzero mode
As expected, the full nonzero mode propagator reduces tpropagator and the path ordered exponential in poweks of
the free propagator at short distance. The linear mass term ime find

Eq. (13) can be written in terms of the nonzero mode propa-

gator
2p%xH
Tl ysy*S(X,X) ] =+ ————, (19
. 5 7202+ p?)?
V()W) (y) 4 NZ NZ
—zzf d*zS%(x,2)SV4(z,y)
r#0 A which shows that instantons act as sources and sinks for the
AL (XY)ye— AMXY) e flavor singlet axial current. We can now compare this result
=XY)y=m ALY Y=, to the anomaly relation E@4). The divergence of Eq19) is
(18  given by
where A.(x,y) is the scalar propagator and"(x,y) 2p* 4p®—2x*
_ 2 “10) y A= E—— ———. (20)
=(x|(D*+o-G/2)"'|y) is the propagator of a scalar par- 72 (xC+p2)t

ticle with a chromomagnetic moment. We will not need the
explicit form of AM(x,y) in what follows. We are now in the
position to compute the regularized axial current given in EqThe topological charge density in the field of @mti) instan-
(10). We observe that neither the free propagator nor the zerton is
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The axial-vector correlation functions are defined analo-
gously. At very short distance the correlation functions are
dominated by the free quark contributioi3=T12=T113

) . . =119~ 1/x®. Perturbative corrections to the connected corr-
FIG. 1. Quark line diagrams that contribute to the vector and v . .
Q g elators areO[ a¢(x)/ 7], but perturbative corrections to the

axial-vector two-point function in the isovector and isosinglet chan-d. d | al 1712). |
nel. The solid lines denote quark propagators in a gluonic back= isconnected correlators are very smallf as(x)/7]°). In

ground field. The two diagrams show the connected and discorthis section we will compute the instanton contribution to the
nected contribution. correlation functions. At short distance, it is sufficient to con-

sider a single instanton. For the connected correlation func-
5 1254 tions, this calculation was first performed by Andrei and
GE G2 =+ 2p 1) Gross[ 18], see alsd19]. Disconnected correlation functions
16m2 "m0+ p2)t were first considered if20] and a more recent study can be
found in[21].

We observe that the divergence of the axial current given in In order to make contact with our calculation of the vector
Eg. (19) does not agree with the topological charge densityand axial-vector three-point functions in the next section, we
The reason is that in the field of an instanton the second terrariefly review the calculation of Andrei and Gross, and then
in the anomaly relation, which is proportional g ysy compute the disconnected contribution. Using the expansion
receives a zero mode contribution and is enhanced by a fadl POWers of the quark mass, EG-3), we can write
tor 1/m. In the field of an(anti) instanton we find

(PS,O”)ﬁ_’:”(x,y)= (Pf,on)gv-f-Aﬂ_L_V-l— BAY (28)
— 4
2m¢| ‘y5lﬁ— +772(X2—+p2)3. (22) with
Taking into account both Eq&21) and(22) we find that the  (PV°)6"= =Tl ¥*So(X,¥) ¥"So(y. X)], (29

anomaly relation4) is indeed satisfied.
AR = =TI y*SY4(x,y) y"SE (Y, x) 1= (PPNEY(X.Y),

lll. OZI VIOLATION IN AXIAL-VECTOR (30)
TWO-POINT FUNCTIONS
In this section we wish to study OZI violation in the axial- BA"= —2 T y*Wo. (X)W (y) YA (Y. X) y=].
vector channel due to instantons. We consider the correlation (3D
functions ) o ) o
' Using the explicit expression for the propagators given in the
I, ,(x,y) =(J .(¥)] (), (23)  previous section we find
wherej, is one of the currents 2
pur=" hxhy{SﬂaVﬁ[th hy(2A A ;— A25,5)
Va= 0y, m(p), Vo=iy,0), S 2aal ST e
vy 0_7.
AL=dyuysTd(ar), AL=dyysi(fa), (249 +hy(YA o+ Yol g) = hy(XA o+ XA p)]
where in the brackets we have indicated the mesons with the F2e*"*P(hyA Y g— A pX,)} (32

corresponding quantum numbers. We will work in the chiral
limit m,=my—0. The isovector correlation functions only gnq
receive contributions from connected diagrams. The isovec-
tor vector (p) correlation function is

I+

p
(I15),,,(%,Y) = 2(PS*") ., (X.Y) B = = e My oY) 2 (y Xy )
= —2(Tr[7,S(x¥)%,S(y.0]). (25

The isosinglet correlator receives additional, disconnected,
contributions, see Fig. 1. The isosinglet vecta)) (correlator ~ With  h,=1/(x*+p?), A=x-y, and S**"F=greg”’
is given by —g*"g*P+g#Pg*”. Our result agrees witf.8] up to a color
factor of 3/2, first noticed ifi22], a “—" sign in front of the
(T19) (%) =2(P$°M ., (x,y) + 4(PY) ,,(x,y) (26)  epsilon terms, which cancels after adding instantons and
anti-instantons, and a-" sign in front of the 2nd term in
with B#”. This sign is important in order to have a conserved
dis current, but it does not affect the traB&*. Summing up the
(PY?) (YY) =T v, S X) T v, S(y,¥)1). (270 contributions from instantons and anti-instantons we obtain

¥ e* Yy g (33
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L/R L/R

LR L/R

FIG. 2. Instanton contributions to the disconnected axial-vector correlation function. The left panel shows the single-im&ianéva
mode contribution. The right panel shows the instanton—anti-instafenmion zero modecontribution.

(PYHA(X,y) 9 [ &€ 1+¢
F(A,&)=—| —log—]. (39
12547FA Ay 1 JAZ\ A2 T1-¢
=2—————+ —(hsh,)%p?
3 xy)p . .
(27%)2A 274 The computation of the connected part of the axial-vector
) correlator is very similar. Using Eq$30) and (31) we ob-
2%, 2%-A serve that the only difference is the sign in front&#f”. We
X| ——A*AY+ (ZHAT+H ARV =3 - Agh?) find
A% A*
S(PROMH= (PR — 2( PR EH
2
+—Z(Azg“V—A“A”—AMEMAVE“)]. (34 1
A =~ —[20A%G"+56G], (40)
ar
This result has to be averaged over the position of the instan-
ton. We find with G’ given in Eq.(37).
We now come to the disconnected part, see Fig. 2. In the
v Ao Vg o vector channel the single instanton contribution to the dis-
2a” _g j d°zA"(x—2y~2) connected correlator vanishgz0]. In the axial-vector chan-

nel we can use the result for[hr5y*S(x,x) ] derived in the

1 52 previous section. The correlation function is
=—— G(A?,p)+2G' (A% p)gH”|,
2| a8,0n, AP TEC NP . 4p*(x—2)"(y—2)"
(PR9*(x.y) = :
(35 m[(x=2)*+ p?IP(y—2)*+p*]°
(41
2brr=> j d*zB*"(x—z,y—2) Summing over instantons and anti-instantons and integrating
x over the center of the instanton gives
1| ) ) o* 92
=—| —G(A%p)+2G' (A% p) |g", (36) plisyur—p ~ F(A 42
2| a2 e  TW WLt (42)
with and
2
IG(A%p) p?| 2p? 1-¢ ‘ 4p* d
G'(A2p)=— =" | - ¢log———1 (PAS)#i=—1{ 2—+A2| — | [F(A8). (43
dA? A4 2 1+¢ m | dA? da?

(37) We can now summarize the results in the vector singlat (
and £2=A2/(A%2+4p?). The final result for the single in- and triplet (), as well as the axial-vector singlet,) and
stanton contribution to the connected part of the vector curlfiPlet (2;) channel. The result in the and w channel is
rent correlation function is

. o 12 24 p*
M — Mp— _
B(PYN) = (P 2P B T PO
(44)
24 p* 9 [ & 1+¢&\ 24 p*
=— ——| —log——|=——F(A,§), In thea;,f; channel we have
w2 A2 9A2\ A2 T1-§&) 72 A? 1 )
(38)  (I[3)re=— . 6+Jdpn(p) ——2(20AZG"+56@') ,
A T
where we defined (45)
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is of O(x®) and not singular at short distance. Our results
show that it remains small and repulsive evexifp. We
also note that the sign of the OZl-violating term at short
distance is model independent. The quark propagator in Eu-
clidean space satisfies the Weingarten relation

2 s S(x,Y) "= y5S(y,%) ¥s. (50
% This relation implies that TS(x,x) v, vs] is purely real. As
= a consequence we have

im {Tr[S(X,%) ¥, vsI T S(Y,Y) v, ¥s]}>0.  (51)

X—Yy

Since the path integral measure in Euclidean space is posi-
tive this inequality translates into an inequality for the corre-
lation functions. In our convention the trace of the free cor-
x [fm] : relation function is negative, and E¢1) implies that the
interaction is repulsive at short distance. The result is in
FIG. 3. Correlation functions in the, w, a;, andf, channel. ~agreement with the single instanton calculation.
All correlation functions are normalized to free field behavior. The ~We can also study higher order corrections to the single
data points show results from a numerical simulation of the randoninstanton result. The two-instantganti-instantoi contribu-
instanton liquid. The dashed lines show the single instanton aptions are of the same form as the one-instanton result. An

proximation. interesting contribution arises from instanton—anti-instanton
pairs, see Fig. 2. This effect was studied[RB]. It was
12 2 shown that the instanton—anti-instanton contribution to the
(H%)““z — + f dpn(p)| — —(20A%G" +56G") disconnected meson channels can be described in terms of an
m4A8 w2 effective Lagrangian
16p* 2G _
f—(2F +AZF) |, (46) L= m(lﬂ?’,ﬂ’slﬁ)z (52)
Cc

In order to obtain a numerical estimate of the instanton conwith
tribution we use a very simple model for the instanton size

distribution, n(p)=ned(p—p), with p=0.3 fm and ng B ) ,N(p1,p2)
=0.5 fm 4. The results are shown in Fig. 3. G= | dpadpa(2mpy)*(2mp2) 872 (53
We observe that the OZI rule violating difference between 1A

the singlet and triplet. axial-vector correlation. functions ,iswheren(pl,pz) is the tunneling rate for an instanton—anti-
very small and repulsive. We can also see this by studyingystanton pair andr,, is the matrix element of the Dirac
the short distance behavpr of the correlation functions. Theotween the twéapproximatg zero modes. We note that this
nonsinglet correlators satisfy interaction is also repulsive, and that there is no contribution
>4 to the  channel.
X f dpn(p)+- - - (47) Numerical results for the vector meson correlation func-
3 PP ' tions are shown in Figs. 3 and 4. The correlation functions
are obtained from Monte Carlo simulations of the instanton
liquid as described if24,25. We observe that OZI violation
. in the vector channel is extremely small, both in quenched
(48  and unquenched simulations. The OZI violating contribution
to the f; channel is repulsive. In quenched simulations this
As explained by Dubovikov and Smilga, this result can becontribution becomes sizable at large distance. Most likely
understood in terms of the contribution of the dimensibn this is due to mixing with am’ ghost pole. We observe that

—4 operators(g2G2) and <maq> in the operator product the effect disappears in unquenched simulations. The pion

1+

(I9)# = (T15) "

(Hf’\)"“=(Hf\)g‘”[1—wzx4f dpn(p)+---

expansionOPB. The OZI violating contribution contribution to thea, correlator is of course present in both
quenched and unquenched simulations.
(ng')ﬂﬂz(ﬂg)““— (Hi)““ Experimentally we know that the andw, as well as the

a, andf, meson, are indeed almost degenerate. Both isos-
472 X8 inglet states are slightly heavier than their isovector partners.
- f dpn(p) (49 To the best of our knowledge there has been only one at-

= —(I)4*
45 p? tempt to measure OZI violating correlation functions in the

094028-6
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T T T T | T T T T T T T T
1 —
03 0.5 FIG. 5. Physical interpretation of the gauge invariant axial-
E i vector three-point function of a quark in terms of a weak light-
é/ L quark transition in a heavy-lighgq meson.
i the gauge invariant quark axial-vector three-point function is
i related to light quark weak transitions in heavy-light mesons.
0 The spectral representation of vector and axial-vector
- three-point functions is studied in some detail in Appendix
L | | ] A. The main result is that in the limit that,>z,>x, the
0 0.5 1 15 ratio
X [fm]
T (IT300)
FIG. 4. Correlation functions in thg, o, a;, andf; channel. L ASQ 3757] —>% (55)
All correlation functions are normalized to free field behavior. The Tr[(HVQQ)474] 9v
data points show results from unquenched simulations of the instan- ) ) )
ton liquid model. tends to the ratio of axial-vector and vector coupling con-

stants, ga/gy. We therefore define the following Dirac
vector and axial-vector channel on the lattice, [&28]. Isgur ~ traces:
and Thacker concluded that OZI violation in both channels
was too small to be reliably measurable in their simulation. (Y0 *"(x,2,y) =T (o) “¥"1, (56)

a —_ a
IV. AXIAL VECTOR COUPLING OF A QUARK (ITag@) " (X,2,y) =T (ITx ) * v5¥"]-

5
In this section we wish to study the isovector and isos- 57

inglet axial coupling of a single quark. Our purpose is two-As in the case of the two-point function the isotriplet cor-
fold. One reason is that the calculation of the axial-vectorrelator only receives quark-line connected contributions,
three-point function involving a single quark is much simplerwhereas the isosinglet correlation function has a discon-
than that of the nucleon, and that it is closely connected taected contribution, see Fig. 6. We find
the axial-vector two-point function studied in the previous
section. The second, more important, reason is the success of  (II{00)“"(X,2,y) = (PY30)**(X.2,y)
the constituent quark model in describing many properties of ;
the nucleon. It ig clear that constituent qgarks %;veein intrin- =(TS(x.2)¥*S(zy) ")
sic structure, and that the axial decay constant of a constitu-
ent quark need not be close to one. Indeed, Weinberg argued

that the axial coupling of a quark igi)QzO.8[27]. Using RY _ (PCOon \uv _ dis \uv
this value of g,i)Q together with the naive SU(6) wave (g™ (x.2.y)=(Pygo)™(x.2.y) = 2(Pvqq (X’Z’(gg)
function of the nucleon gives the nucleon axial couplgig
=0.8-5/3=1.3, which is a significant improvement over the
naive quark model result 5/3. It is interesting to study
whether, in a similar fashion, the suppression of the flavor
singlet axial charge takes place on the level of a constituent
quark.
In order to address this question we study three-point
functions involving both singlet and triplet vector and axial- q
vector currents. The vector three-point function is

(58)

(Moo ¥ (x,2,Y)=(q*()V2(2)P(y)).  (54)

The axial-vector function miQQ) is defined analogously.
We should note that Eq54) is not gauge invariant. We can  FIG. 6. Quark line diagrams that contribute to the vector and
define a gauge invariant correlation function by including aaxial-vector three-point function of a constituent quark. The solid
gauge string. The gauge string can be interpreted as thimes denote quark propagators in a gluonic background field. The
propagator of a heavy antiquark, see Fig. 5. This implies thatvo diagrams show the connected and disconnected contribution.
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1
0.9
<)
<
=
No)
=08
LR LR L/R L
FIG. 7. Instanton contributions to the disconnected axial-vector 07
three-point correlation function of a quark. The left panel shows the ’
single-instanton(nonzero modg contribution. The right panel T
shows the instanton—anti-instant@ermion zero modecontribu- 0 0.5 1 15
tion. X [fm]
with FIG. 8. Axial and vector three-point functions of a quark as a
function of the separation between the two quark sources. The cor-
g ) ) . ) ior.
(PV'SQ)“”(x,z,y)=<Tr[S(x,y) YT S(2,2)v*]), relation functions are normalized to free field behavior. The data

(60) points show results from numerical simulations of the instanton
liquid and the dashed lines show the single instanton approxima-

as well as the analogous result for the axial-vector correlatof"™
In the following we compute the single instanton contri-

bution to these correlation functions. We begin with the con- p?
nected part. We again write the propagator in the field of the TS y)ysy'l=+——————
instanton asS,y,+ Syz+ Sy, Where S, is the zero-mode THX=Y) Xy
term, Syz is the nonzero-mode term, arfg}, is the mass By N
correction. In the three-point correlation function we get con- « xyP(x—y)
tribution of the typeSy,Snz, SzmSm, andS,Sym \/ 02 P2
1+—|| 1+ —
(PaNo”"=Plznzt Canv(Poumt Pizu ( X2) ( yz)
:Tr[SNZ(X,Z) ’y’uSNZ(Z,y) ’)/V]+CA/VTr Savo’ﬂ Sao’vﬁ
X[= W0V (27~ A (2Y)7-)"] . ( T iy? ©3
_ o
e T (-A-(x2)y-)y Combined with Eq(19) we obtain
X(=Wo(2) ¥y (¥)7'], (61)
. 2p*2*xyP(x—y)”
where the only difference between the vector and axial- (P,‘i'SQ)“E—
vector case is the sign ofZMm’ and “ mZM’ terms. We 7 (X—y)XPyA (22 +p?)®
havec,y= =1 for vector (axial-vectoj current insertions.
The detailed evaluation of the traces is quite tedious and we % 1
relegate the results to Appendix B. 5 5
Our main goal is the calculation of the disconnected cor- \/ 14 P 14 P
relation function, which is related to OZI violation. In the X2 y2
single instanton approximation only the axial-vector cor-
relator receives a nonzero disconnected contribution geveB  guovp
. x( - ) , (64)
(PAGQ" =THS(Xx.Y)y5s¥'1T(S(z.2)ysy*], (62 pPxt pPty?

see Fig. 7. We observe that the second trace is the axialhich has to be multiplied by a factor of 2 in order to take
vector current in the field of an instanton, see @@). As for  into account both instantons and anti-instantons.

the first trace, it is easy to see that neither the zero-mode part Results for the vector and axial-vector three-point func-
of the propagator nor the part 8f; proportional to the free tions (IT3o0)*Y(7,7/2,0) and {I330)*X(,7/2,0) are shown
propagator can contribute. A straightforward computationin Fig. 8. We observe that the vector and axial-vector corre-
gives lation functions are very close to one another. We also note
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FIG. 9. Axial and vector three-point functions of a quark as @ k1, 10. Ratio of axial-vector to vector correlation functions of
function of the separation between the two quark sources. The dala constituent quark calculated in the instanton liquid model. The
points show results from an unquenched instanton simulation.  5yen points show point-to-point correlation functions while the

. L solid point is the zero momentufpoint-to-plang limit. The figure
that the disconnected contribution adds to the connected paghows the isovector and isosinglet correlation functions.

of the axial-vector three-point function. This can be under-

stood from the short distance behavior of the correlatlon]-his correlation function is directly related to the coupling

fun_ct|on. T_he d|sgonnected part of the gauge invariant threec':onstant, see Appendix A. We find that the isovector cou-
point function satisfies

pling is smaller than one,g@)QzOB, in agreement with

lim {(HfiiéQ)se’(x,z,y)} Weinbgrg’s idea. The flavor singlet coupling, on the othe.r
V.2 hand, is close to one. We observe no suppression of the sin-
glet charge of a constituent quark. We have also checked that

= lim{TIS(x,X) y35]Tr[S(2,2) y3¥5]}>0. (65  this result remains unchanged in unquenched simulations.
X—Z

This expression is exactly equal to the short distance term in V. AXIAL STRUCTURE OF THE NUCLEON
the disconnected; meson correlation function. The short
distance behavior of the connected three-point function, on In this section we shall study the axial charge of the
the other hand, is opposite in sign to the two-point function.nucleon in the instanton model. We consider the same corre-
This is related to the fact that the two-point function involveslation functions as in the previous section, but with the quark
one propagator in the forward direction and one in the backfield replaced by a nucleon current. The vector three-point
ward direction, whereas the three-point function involvesfunction is given by
two forward propagating quarks. A similar connection be-
tween the interaction in thE; meson channel and the flavor a \ap /o an B
singlet coupling of a constituent quark was found in a ()" (xY) (7 (OV.(y)7 (- (66)
Nambu-Jona-Lasinio modg28,29. It was observed, in par- _ .
ticular, that an attractive coupling in tfie channel is needed Here, 7 is a current with the quantum numbers of the
in order to suppress the flavor singlegﬁ\oQ. nucleon. Threg-quark currents with the nucleon quantum
The same general arguments apply to the short distandgjmbers_were introduced by Iof[é_Z]. He shoyved_ that there

contribution from instanton—anti-instantofiA) pairs. At ar_e_two independent curren_ts with no derlvatlv_e_s and _the
long distance, on the other hand, we expect that IA pajr&ninimum number of quark fields that have positive parity
reduce the flavor singlet axial current correlation function.2nd spin 1/2. In the case of the proton, the two currents are
The idea can be understood from Fig. 7, 5880,31. In an
Ik;Atrdansiéion a Ieft—Eanr(]d'eg valence hqplc?gark grritﬁ a rigf\m/fl- nlzeabc(uaCyMub) ¥57,d%

anded down quark which acts to shield its axial charge. We _ a b c
have studied this problem numerically, see Figs. 8—10. We 72= €and UC T U7) Y50, 0 67
find that in quenched simulations the flavor singlet axial
three-point function is significantly enhanced. This effect islt is sometimes useful to rewrite these currents in terms of
analogous to what we observed in thechannel and disap- Scalar and pseudoscalar diquark currents. We find
pears in unquenched simulations. We have also studied the

axial three-point function at zero three-momentuyw 0. 71=2{ €2, UBCAP) y5u°— €,p(URCy5dP)US}, (68)
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72= 4 €apd UPC ) YU+ € UPC y5d°) U} 9 T, 5(X) = 2€anc€artre{ (7, Y555 (0X)7,Ys5) g

a’ bb’ T
Instantons induce a strongly attractive interaction in the sca- ! 7#83 (0x)7,C(8," (0x)'C]). (70

lar diquark channele?®(u°Cysd®) [15,33. As a conse-

quence, the nucleon mainly couples to the scalar diquarﬂ-he vector and axial-vector three-point functions can be con-

Component of the loffe Currentﬁlyzl This phenomenon was structed in terms of vector and axial-vector insertions into

also observed on the latti¢84]. This result is suggestive of the quark propagator,

a model of the spin structure that is quite different from the

naive quark model. In this picture the nucleon consists of a Vyaa' _ab ba'

tightly bound scalar-isoscalar diquark, loosely coupled to the (T8 () =S(0y) 7,5 (y.%), (72)

third quark[35]. The quark-diquark model suggests that the

spin and isospin of the nucleon are mostly carried by a single (F/’j ?a'(x,y): sP0y) '}/M'}/SS?a,(y,X)_

constituent quark, and thah=g%. (72
Nucleon correlation functions are defined mﬁ(x)

=<na(0);ﬁ(x)>, wherea, 8 are Dirac indices. The correla- The three-point function is given by all possible substitutions
tion function of the first loffe current is of Egs.(71) and(72) into the two-point function. We have

(T80 22 (%,Y) = 2€apcearn e ({9 ¥, ¥5(T D5 (X,Y) Yo ¥8) s TH 7,522 (0X) 7,C(S5 (0X))TC]
+209(7, 7555 (0X) 70 78) s T 7,(T 2% (%,Y) 7,C(SI” (0%))TC]

— (7,755 (0X) Y5 ¥5) s TH 7,2 (0X) 7,C(SE (0)) TCITI Y, 2y, y) + 957,55y ) 1),
(73)

where the first term is the vector insertion into heuark  nucleon coupling constant was determined from the nucleon
propagator in the proton, the second term is the insertion intbwo-point function. The figure shows that we can describe
theuu diquark, and the third term is the disconnected contri-the three-point functions using the phenomenological values
bution, see Fig. 11. The vector charges of the quarks aref the vector and axial-vector coupling constants. We have
denoted byg!, . In the case of the isovector three-point func-also checked that the ratio of axial-vector and vec-
tiondwe havegi=1, gd=—1 and in the isoscalar casg, 3
=gy=1. N

Vector and axial-vector three-point functions of the L
nucleon are shown in Figs. 12 and 13. In order to verify that
the correlation functions are dominated by the nucleon pole
contribution we have compared our results to the spectra 4
representation discussed in Appendix A, see Fig. 12. The

7

8 L
=3
E L
<
u,d = 5
N E2
d u
N N L

FIG. 11. Quark line diagrams that contribute to the axial-vector
three-point function of the proton. The solid lines denote quark ' X [fm]
propagators in a gluonic background field. The lines are connected
in the same way that the Dirac indices of the propagators are con- FIG. 12. Vector, axial-vector three-point functions of the
tracted. The isovector and isosinglet correlation functions correnucleon and nucleon two-point function calculated in the instanton
spond togx= —gdA=1 and gx=gf\=l, respectively. The discon- liquid model. All correlation functions are normalized to free field
nected diagram only contributes to the isoscalar three-poinbehavior. The results are compared to a simple pole fit of the type
function. discussed in Appendix A.
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T T T 16—| T T T T T T—
3
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}/%/‘%‘

0.25 0.3 0.35 0.4
p [fm]
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FIG. 13. Ratio of axial-vector to vector correlation functions of

the nucleon calculated in the instanton liquid model. Th N FIG. 14. Axial coupling constants of the nucleon as a function
€ nucleon calculated | € instanton lqu odel. The OPER e instanton sizep with the instanton density fixed atN(V)
points show point-to-point correlation functions while the solid

oint is the zero momentuipoint-to-plang limit. The figure shows =1fm"“. We show the isovector, connected isosinglet, and full
poin U P - 'hetlg ) isosinglet axial coupling constant.
the isovector, connected isosinglet, and full isosinglet axial-vector

correlation functions.
VI. CONCLUSIONS

tor current three-point functions is independent of the The main issue raised by the EMC measurement of the
nucleon interpolating field fok>1 fm. The only exception flavor singlet axial coupling is not so much wig] is much _
is a pure pseudoscalar diquark current, which has essentialgmaller than one—except for the naive quark model there is
no overlap with the nucleon wave function. no particular reason to expegf to be close to one—but
The main result is that the isovector axial-vector correla-why the OZI violating observablgg—gi is large. Motivated
tion function is larger than the vector correlator. The corre-by this question we have studied the contribution of instan-
sponding ratio is shown in Fig. 13, together with the ratio oftons to OZI violation in the axial-vector channel. We consid-
§=0 correlation functions. We find that the isovector axial €¢d thef1—a; meson splitting, the flavor singlet and triplet

coupling constant i:g3A=1.28, in good agreement with the axial coupling of a constituent quark, and the axial coupling

) i . _constant of the nucleon. We found that instantons provide a
experimental value. We also observe that the ratio of point-: P

i int lation funcii i | than thi lue. A short distance contribution which is repulsive in theme-
o-point correfation tunctions 1S farger than his valu€. ASqqn channel and adds to the gauge invariant flavor singlet

explained in Appendixes A and B, this shows that the axial,ee_noint function of a constituent quark. We showed that
radius of the nucleon is smaller than the vector radius. Takg,g sign of this term is fixed by positivity arguments.
ing into account only the connected part of the correlation e computed the axial coupling constants of the constitu-
function we find a singlet couplinga=0.79. The discon- ent quark and the nucleon using numerical simulations of the
nected part is very smalgg(dis)z —(0.02£0.02). Assum- instanton liquid. We find that the isovector axial coupling
ing that As=Au(dis)=Ad(dis) this implies that the OZl constant of a constituent quark igi()on.g and that of a
violating diﬁerencegi—gg is small. This result does not nucleon isgiz 1.28, in good agreement with experiment.
change in going from the quenched approximation to fullThe result is also in qualitative agreement with the constitu-
QCD. ent quark model relatiog=5/3- (g3)o - The flavor singlet
We have also studied the dependence of the results on tlwupling of a quark is close to one, while that of a nucleon is
average instanton size, see Fig. 14. We observe that there issappressedg3=0.77. However, this value is still signifi-
slight decrease in the isosinglet coupling and a small increasgantly larger than the experimental valu92=(0.28
in the isovector coupling as the instanton size is decreased. g 41). In addition to that, we find very little OZI violation,
What is surprising is that the disconnected term changes sigRs~ Au(dis)~—0.01. We observed, however, that larger
betweenp=0.3 and 0.35 fm. The small valugi(dis)  values of the disconnected contribution can be obtained if the
=—(0.02=0.02) obtained above is related to the fact thataverage instanton size is smaller than the phenomenological
the phenomenological value of the instanton size is close tQalue of p=1/3 fm.
the value whergQ(dis) changes sign. However, even for There are many questions that remain to be addressed. In
as small as 0.2 fm the disconnected contribution to the axiabrder to understand what is missing in our calculation it
coupling gf\(dis) =—(0.05=0.02) is smaller in magnitude would clearly be useful to perform a systematic study of OZI
than phenomenology requires. violation in the axial-vector channel on the lattice. The main
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guestion is whether the small valuegﬁ is a property of the m2
nucleon, or whether large OZ| violation is also seen in other D'(mx)=—
channels. A study of the connected contributions to the axial
coupling constant in cooled as well as quenched quantum

QCD configurations was performed [86]. These authors are the Euclidean coordinate space propagator of a scalar
find g,‘i(con)=Au(con)+Ad(con):O.6 in both cooled Particle with massnand its derivative with respect to The

and full configurations. The disconnected term was COm_contr@bution to the spectral function arising from a nucleon
puted by Donget al. [37]. They find Au(dis)+Ad(dis) pole is
=—0.24.

In the context of the instanton model it is important to
study whether the results fcgf\ obtained from the axial-
vector current three-point function are consistent with calcu- . .
lation of g% based on the matrix element of the topologicaIWh(_:‘re A is the coupling Of. the nucleon to the current,

AT (0] 7|N(p))=Anu(p), andmy is the mass of the nucleon. It
charge density G [38—41. It would also be useful to fur- s often useful to consider the point-to-plane correlation
ther clarify the connection of the instanton liquid model to fynction
soliton models of the nucledd?2]. In soliton models the spin
of the nucleon is mainly due to the collective rotation of the N
pion cloud, and a small value fa is natural[43,44. The KP( T):f d3XIRA(7,x). (A8)
natural parameter that can be used in order to study whether

this picture is applicable is the number of coldi,. Unfor- e ntegral over the transverse plane insures that all inter-
tunately, a direct calculation of nucleon properties M megiate states have zero three-momentum. The nucleon pole

>3 would be quite involved. Finally it would be useful to ¢ontribution to the point-to-plane correlation function is
study axial form factors of the nucleon. It would be interest-

ing to see whether there is a significant difference between 1

the isovector and isosinglet axial radius of the nucleon. A K (7)= §(1+ ya) PNy exp(—my7).  (A9)
similar study of the vector form factors was recently pre-

sented in45].

J o Kalm (A6)

p1(S)=|\3|8(s—md), pa(s)=|\&Imy(s—m3),
(A7)

2. Scalar three-point functions
ACKNOWLEDGMENTS Next we consider three-point functions. Before we get to

We would like to thank E. Shuryak for useful discussions.three-point functions of spinor and vector currents we con-

This work was supported in part by US DOE grant DE-FG.-Sider a simpler case in which the spin structure is absent. We
88ER40388. study the three-point function of two scalar fieldsand a

scalar currenj. We define
APPENDIX A: SPECTRAL REPRESENTATION TL(X,y) ={$(0)j (y) b(X)). (A10)

1. Nucleon two-point function i ) .
The spectral representation of the three-point function is

complicated and in the following we will concentrate on the

aBion — [ ay B contribution from the lowest pole in the two-point function
IR (x)=(7*(0) n”(x)), (A1) ofthe field. We define the coupling of this state to the field
¢ and the currenf as

Consider the Euclidean correlation function

wheren“(x) is a nucleon current and is a Dirac index. We
can write

(0] ¢(0)|®(p))=X, (A11)
IRP(x) =13 (x) (X- ) B+ TT5(x) 5°%. (A2) .

§ ' (@(p")]j(0)|®(p))=F(q?), (A12)

The functionslI, 4(x) have spectral representations
where F(g?) with q=p—p’ is the scalar form factor. The
pole contribution to the three-point function is

I4(x) = f “dsp(s)D' (Vs %), (A3)

0
) H(x,y)=)\2f d*zD(m,y+2z)F(z)D(m,x—y—2),
11,00~ | “dspa (5.0, (A%) (A13)

whereD(m,X) is the scalar propagator aqz) is the Fou-
rier transform of the form factor. In order to study the mo-
mentum space form factor directly it is convenient to inte-
K,(mx), (A5)  grate over the location of the end point in the transverse
plane and Fourier transform with respect to the midpoint

wherep, ,(s) are spectral functions and

(m,x)=
D(m,x
47°x
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f d3x J dByeN(p(0)j(7/2,y) (7,X))

)\2

o2 exp(—m7)F(q?).
m

(A14)

The correlation function directly provides the form factor fo
spacelike momenta. Maiani and Testa showed that there is

simple procedure to obtain the timelike form factor from

Euclidean correlation functiorg6].

Form factors are often parametrized in terms of mono-

pole, dipole, or monopole-dipole functions

2

my
Fu(a?)=Fu(0) ——., (A15)
Q +my
mg 2
FD(q2)=FD(0)( . 2>, (A16)
Q°+my
2 2 ( g \?
F = Fuo(0 ,
mp(d°) mp( )Q2+mf Q2+m§
(A17)

PHYSICAL REVIEW [®9, 094028 (2004

4

my,
Fp(x)=——D(x,my), (A24)

, m2m} 1
Fup(X)=———>1 5 [D'(xm)—D"(x,my)]
My —my [ My— My
' X
no +ED(x,m2)]. (A25)

3. Three-point functions involving nucleons and vector or
axial-vector currents

Next we consider three-point functions of the nucleon in-
volving vector and axial-vector currents. The vector three-
point function is

(T 22 (x,y) = (n*(0)Va(y) 7P(X)).

The axial-vector three-point function is defined analogously.
The nucleon pole contribution involves the nucleon coupling
to the currenty and the nucleon matrix element of the vector

and axial vector currents. The vector current matrix element
is

(N(p")[VLIN(p))

(A26)

with Q2= —q?. For these parametrizations the Fourier trans-

form to Euclidean coordinate space can be performed ana-

lytically. We find
Fu(x)=mgD(x,my), (A18)
FD(x)=m\2,(—gD’(x,mV)—D(x,mV)), (A19)
m2m} 1
FMD(X):mg—mi mg_mi[D(X-ml)_D(Xamz)]
1/x )]
+— | =D’(x,my)+D(x,m,) | . (A20)
m3 | 2

We also consider three-point functions involving a vector

currentj,, . The matrix element is

(@(p")]j (0)]|P(p))=0a,F(a?). (A21)

The pole contribution to the vector current three-point func-

tion is
HM(x,y)zxzf d*zD(m,y+2)z,F'(z)D(mXx—y—2),
(A22)
with F'(z)=dF(z)/dz and2M= z,/|z|. For the parametriza-
tions given above the derivative of the coordinate space for

factor can be computed analytically. We get

Fu()=miD’(x,my), (A23)

09402

a

— i
=U(P")| Fa(0) 7, 577 F (090,07 | (),
(A27)

where the form factor$; , are related to the electric and
magnetic form factors via

2

2y _ 2 q_ 2
Ge(a%)=Fa(a") + ——F»(q%), (A28)
aAM
Gu(g?)=F1(q?) +F,(g?. (A29)
The axial-vector current matrix element is
(N(p")|AZIN(P))
A 2 1 2 ’
=U(p’)| GalA) vt 537 GrAT) (P~ D)y
a
X y575u(p) (A30)

whereG, p are the axial and induced pseudoscalar form fac-
tors.

We are interested in extracting the vector and axial-vector
coupling constantgy,=F;(0) andga=GA(0). In order to
determine the vector coupling, we study the three-point
function involving the four-component of the vector current
n[|n the Euclidean time direction. For simplicity we take
=x/2. We find that

(TLynn) §2(x,X12) =TTy 7) 8P+ TIG N 7) (72) 5,
(A31)

8-13



T. SCHAFER AND V. ZETOCHA

A ; ,2
w_herexﬂz(o,r). The two independent structurekg , are
given by

RaA
2Xq

H\llNN(T):|>\N|2f d4yHT mD’(x1)D(xy)

T2y,

2%, Fi(y)

|

D’(x1)D'(xz)

+

mD(x1)D’(xz)

Fa(y)
2m

ly|

+ ED’(Xl)D’(Xz) (A32)

- 4y§+ 4)72
4X1Xo

H\Z/NN(T):D\lef d4yH

+m?D(x,)D(xp) |F1(y)

m

XlD/(Xl)D(Xz)

+1yl

Fa(y)

om (A33)

|

whereF (y) are the Fourier transforms of the Dirac form
factorsFl,Z(qz), and we have defineg,=(y,r/2+y,) and
Xo=(=Y,712=Y,).

In order to extract the axial-vector coupling we study
three-point functions involving spatial components of the

m
+ X_D'(Xz)D(Xl)
2

axial-vector current. We choose the three-component of the

current and again takg=x/2 with xM=(6,7-). We find

(TTAnN $P(,X/2) =TT 3 (7 (75) P+ TTA NN T) (Y3Y5) P

+IIRNN(T) (Y3 YaYs) %, (A34)

with

T+2y
H,lANN(T):|)\N|2f d4me3[ 2%, 4D’(X1)D(X2)
T—2Y, ,
T Tox D(x1)D'(X2) |Galy), (A35)
2
72+ 8y3— 4y?
HiNN(T):|)\N|2J' d4Y{ [T;(ZD'(Xl)D,(Xz)
2
2 y3 m ’
+m*D(X1)D(xz) GA(Y)“‘m X_1D (X1)
m_, Gh(y)
XD(X2)+X_2D (X2)D(Xq) om [ (A36)
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FIG. 15. Nucleon pole contribution to the vectapper panél
and axial-vector(lower panel nucleon three-point function. The
solid line shows the complete results, the dashed line is the contri-
bution from theF; and G, form factors only, and the dash-dotted
line corresponds to a pointlike nucleon. We have used a nucleon
coupling constark =2.2 fm™ 2 as well as phenomenological values
for the form factors and coupling constants.

These results are quite complicated. The situation simpli-
fies if we consider three-point functions in which we inte-
grate all points over their location in the transverse plane.
The vector three-point function is

f d3xf d3y () $2(7,X; 712,y)

_

> (1+ 74) *P|\\|? exp(—my7),  (A37)

wheregy,=F4(0) is the vector coupling. Note that the three-
point function of the spatial components of the current van-

where G, p(y) are the Fourier transforms of the nucleon ishes when integrated over the transverse plane. The axial-

axial and induced pseudoscalar form factors.

09402

vector three-point function is
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f dsxf A3y (M ann) $2(7,X; 712,y) 1.6 — n

ga B )
:?[(1"‘ ¥4) ¥3vs]*F|\n|? exp(—my7), (A38) 1.4

A0

whereg,= G(0) is the axial-vector coupling. In the case of <" 1.2
the axial-vector current the three-point function of the time
component of the current vanishes when integrated over the
transverse plane. This is why we consider a three-point func- 1

T )/

tion involving the spatial components of the axial current. L G andF_| A
0.8 ---- G,,F only | _
4. Phenomenology e point-like
In Fig. 15 we show the nucleon pole contribution to the N e
vector and axial-vector three-point functions. We have used 0'60 1 2
the phenomenological values of the isovector coupling con- x [fm]
stants
FIG. 16. Ratio of the phenomenological parametrizations of the
Ge(0)=1, Gy(0)=4.7, axial-vector and vector three-point functions. We have added a short
distance continuum contribution to the nucleon pole terms. The
4M?2 curves are labeled as in the previous figure. Note that both the solid
Ga(0)=1.25, Gp(0)=—ga. (A39) and the dashed line will approagh=1.25 asx—o. Also note that
m2 the solid line is in very good agreement with the instanton calcula-

w

tion shown in Fig. 13.

We have parametrize@g y andG, by dipole functions with ~ correlation function at finite separation “sees” a larger
my,=0.88 GeV andm,=1.1 GeV. The induced pseudo- fraction of the axial charge as compared to the vector charge.
scalar form factor is parametrized as a pion propagator mul-
t|p||ed by a d|po|e form factor with d|p0|e massy . APPENDIX B: INSTANTON CONTRIBUTION TO QUARK

We observe that at distances that are accessible in lattice THREE-POINT FUNCTIONS

or instanton §|mulat|onsg~(1—2) fm, the. typical momen- In this appendix we provide the results for the traces that
tum transfer is not small and the correlation function is sub-,

. > >~ appear in the single instanton contribution to the quark three-
stantially reduced as compared to the result for a pointlik bp 9 d

nucleon. We also observe that the and G, form factors epomt function. Our starting point is the expression
make substantial contributions. Figure 16 shows that the ra- con  \uv_ puv uv v
tio of the axial-vector and vector correlation functions is nev- (Pavod™"=Piznzt Cav(Pzumt Pz, (BL)
ertheless close to the value for a pointlike nuclegR/gy  see Eq(61). Due to the Dirac structure of the nonzero mode
=1.25. We observe that the ratio of point-to-point correla-part of the propagator, thdZNZterm is the same for both
tion functions approaches this value from above. This is rethe vector and axial-vector correlation functions. It has four
lated to the fact that the axial radius of the nucleon is smalleparts stemming from combinations of the two terms of non-
than the vector radius. As a consequence, the point-to-poirtero mode propagator E¢L7):

p?
1+ —
ZZ

2H(x,2,y)(x=2)%(z—y)”

Sranb —+— |+
x2 y2

PﬁENle: (B2)

X-z z-y) p4x-y]

252,,2

m(x—2)%(z—y)* x°z%y

H(x,z,y)(x=2)"y” p’ p?
P/NL;NZ:[Z: 7%0 4 — x% Saoo'ooﬁi_zxaoeaoa'croﬁ

274 (x—2)4(z—y)?Z%y? x2 X

pA(z—y)"0 P(zy)” -
X (Sya,u(ri_ EV“M(")+ —(Sva/uro_,_ Eva,lw'o) , (83)
p2+ z2 P2+y2
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H(x,z,y)(z—y)*x" 2 2
P,u.v — 7404 _yao SﬂoooaOi_yaoeﬁaaoao
NZNZ;, 4 2 42,2 2 2
27t (x—2)4(z—y) 2 y y
p?(x—2)70 p?(x—2)”
(SVO’/.Lai evo,u,a)+ (SVO’(),U,CYI e.VO'o,lLa) , (B4)
p2—|-X2 p2+ Z2
PﬁENzﬂ:
4mt(x—=2)X(z-y)?22y*X? (p?+7?)
(x=2)7(z—y)" (x=2)%(z—y)™
X (Svaualt Eva;url)_i_ (SV‘TP“‘TII EVU'/.LO’J_)
(p?+x?) (p*+y?)
XTi[ag,a,0,a1,01,8], (B5)
where 2,a\,8
1 X| 6717+ > (S"l‘mﬁt e"l‘mﬁ) (B8)
p? p? p? z%y
H(x,z,y)=) | 1+ — 1+ — || 1+—
22 X2 yz

(B6)
and the Dirac tracd .. is defined as
T:[M12,374,5,@E[(9”253456_ g;L3.52456+ g,L452356
_ g,u582346+ gueszs45)
(9 12 ;3456_ g 13 2456 923€;L456
+ g45€M236_ g4GE,L235jL 9566;4234)],
(B7)

where 2,3. .. isshort forus,,us, .. .. TheS;uS,, term is

easily seen to be
Phim=TH —Yo(x) W (2) Y[~ A= (2y) y=17"]

@) p(z)x0zFo 1

8m2(z—y)> \/( pz)( pz)
1+ —|[ 1+ —
22 y2

XTI[aO!Ulvo-!BOJ*L’V]

with o(x) = p/[mVX(x2+ p?)¥?]. The S, S,y term is ob-
tained similarly

Phov=Tr(=A=(X,2) y=) Y (= ¥o(2) Vg (¥))7"]

@(2) p(y)z*yPo 1

8m%(x—2)? \/

XT=lag,01,0,B0,v,1]
2

xzP

x| 8717+ (S"l‘"’ﬁie"l‘mﬁ)]. (BY)

N

For all the above formulas, we need to add instanton and
anti-instanton contribution and integrate over the position of
the instanton, which was suppressed above. As usual, for an
instanton at positiorz; we have to shiftx,y,z according to
X—(X—1z), etc.
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