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ABSTRACT 

Experimental data suggest that some strange quark bilinear operators have 
relatively large matrix elements in the proton, while others are very small. We 

propose a likely resolution of this problem. The mixing between the light quark qq 
and the ss meson states strongly depends on the spin parity of the meson multiplet. 
We conjecture that this pattern of OZI violation in mesons and the suppression of 
some strange matrix elements in the proton are caused by the same nonperturbative 
mechanism. We construct helicity-dependent strange quark distributions in the 
proton, which have the expected large II: nonperturbative behavior and propose 
the experiments in which our hypothesis can be tested. 
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1. Introduction 
t 

The issue of “strangeness” content of the proton has recently received much 

attentioni’-*I but so far the situation remains somewhat unclear. On the one hand, 

the success of the non-relativistic quark model (NQM), based on the hypothesis 

that proton is built from u and d quarks only, might be taken as an argument 

indicating that the number of ss pairs in the proton ought to be small. The second 

argument pointing in the same direction comes from the QCD sum rule calculations 

of the various static and dynamic nucleon parameters (mass, magnetic moments, 

form factors, etc.) 1’1 These calculations were based on the same hypothesis and 
.- . . they are in good agreement with experiment. Yet another argument comes from the 

deep-inelastic scattering data. The mean value of the proton momentum fraction 

carried by strange quarks has been measured and found to be small, much less 

than the proton momentum fracljon carried by u and d quarks. On the other 

hand, various theoretical arguments have been put forth to indicate that the proton 

contains a large number of ;FS pairs. The theoretical interest has been triggered 

the EMC measurement ‘lo1 of the polarized structure function g:(z). The results 

of this experiment can be interpreted[4’5’101 as indicating relatively large matrix 

element in the proton of the operator ~7~75s. Another experimental indication 

of relatively large “strange content” of the proton comes from the n-N a-term, 

from which one can infer ‘1’2’3~11~123 (although the th eoretical analysis contains some 

uncertainties) that 

bl=4P) 
(p/m + dd + alp) N Oa2 - ‘*’ 

(1) 

We propose here a possible resolution of this difficulty. We point out that the 
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question “how many strange quark pairs are there in the proton” is not well defined 

until one specifies the operator which one wishes to discuss. In afterthought, this 

should not come as a surprise. In meson physics it is well known that the question 

of strange quark content, or the degree to which the Okubo-Zweig-Iizuka (OZI)[131 

rule works, strongly depends on the spin and parity of the meson multiplet. In 

the pseudoscalar sector the physical 77 and 7’ mesons are close to the SU(3) octet 

7s N (EU •l- dd - 2~s)/& and to the singlet 71 N (au + dd + SS)/&, respectively. 

Both physical states contain a strange quarks admixture of order 0( 1). In contrast, 

in the vector multiplet there is the so-called “ideal mixing” of the singlet and octet, 

leading to a physical 4 which is purely an ss state, while w N (EU + zd)/fi. A .- 

similar thing happens for spin-2 mesons f’ and f, with f’ being an almost pure 

ss state. These facts cannot be explained by perturbative QCD and must be of 

nonperturbative origin. 

2. Instantons and 021 violation in mesons 

The question of qualitative explanation for the pattern of OZI rule realization 

and violation in the meson multiplets was previously discussed in Ref. 14. It was 

suggested there that the most important nonperturbative configurations of the 

gluonic field in QCD vacuum are of instanton type. Consider the mixed polarization 

operator representing OZI rule violation 

~s++d(?Y) = (01 w(4,YYY)4(Y~~ IO) (4 

where j”~s~d are vector, axial-vector, pseudoscalar, scalar and tensor currents of s,u 

and d quarks. Disregard perturbative gluon exchange and take quarks as moving 
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in an external instanton field. Then the r.h.s. of (2) factorizes 

-. 
nsyu+%, Y) = (Ol~“bc> IO) PI T(Y) + P(Y) IO) (3) 

and may be represented by the diagram of Fig. 1. 

It was shown in Ref. 14 that the matrix elements (01 j(z) IO) in the dilute in- 

stanton gas approximation are zero for vector and tensor currents and nonvanishing 

for axial vector, pseudoscalar and scalar currents. For vector current the proof is 

simple. Consider the transformation G, = C1, , where C is the charge conjugation 

and 1c is the 180° rotation around y-axis of the instanton in the SU(2) subgroup of 

.- . the SU(3) color group. The Lagrangian of quarks in the instanton field is invariant 

under G,. But the operator j P = ?j-ypq changes its sign under the action of G,. 

Therefore (01 j, IO) = 0. 0 ne can also give a proof for tensor mesons if we consider 

the quark energy-momentum tensor OF, as their source!“’ In contrast, for axial 

vector ji = ?jypy5q, pseudoscalar j5 - aPjE and scalar currents the mixed polar- 

ization operators are nonvanishing. In such a way a qualitative explanation of the 

OZI rule in meson multiplets can be achieved. Unfortunately the attempts[15’16’ to 

obtain a quantitative description are model-dependent, since the dilute instanton 

gas approximation is not self-consistent. 

It is necessary to mention here an essential feature of the proposed mechanism: 

the strong momentum dependence of the polarization operator (2) in momentum 

space. For the axial-vector case at large Q2 

pu+d &cc&v 
PV N12 Q 

in the dilute instanton gas approximation. This property is also very desirable 
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from the phenomenological point of view: it explains the disappearance of non- -. 
t perturbative effects in the charmonium region (e.g. the small qc decay width into 

.-- light hadrons). 

Of course, there is no full confidence in the results obtained in the dilute 

instanton gas approximation. But it is plausible that some features of the instanton 

model of the QCD vacuum, like the selection rules (vanishing of matrix elements 

of some operators) and the strong Q2 dependence correctly capture the essential 

physics. 

3. Quark Operator Mixing in the Proton 

We now turn back to the problem of strange quarks in the proton. It is plau- 

sible that the relatively large values of certain strange quark bilinear operators 

are due to a nonperturbative mixing between the s and u or d quark bilinears, 

as indicated in the diagram of Fig. 2. Let us further assume that on the quali- 

tative level the same nonperturbative mechanism is responsible for the operator 

mixing in both the proton and in the mesons. A direct consequence of this hypoth- 

esis is that (pi Oiy 1~) d oes not receive contributions from nonperturbative effects. 

Since (pi 0;” 11)) d e ermines the fraction of proton momentum carried by strange t 

quarks, it follows that the latter is due to perturbative effects only and ought to be 

small if one adopts the common belief that perturbative effects are small even at 

1 GeV. An analogous conclusion can be obtained for nucleon magnetic moments 

and electromagnetic form factors. 

The successful proton mass calculations in the QCD sum rule approach[g1 are 

not affected by our hypothesis. In Ref. 17 it was shown that the instanton contri- 
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bution to the main term in the sum rule vanishes if the interpolating field for the 
-. 

t proton is given by the quark current according to the prescription in Ref. 9” 

4. Proton Structure Functions 

Let us turn now to the matrix element (pi ~7~75s Ip) which is proportional to 

the integral 

1 

As E 
J 

dx [s+(x) - s-(x)] (5) 
0 

where s+(x), s-( x are the strange quark distributions with helicities +3(-i), ) 

respectively. In the framework of our hypothesis (pi ~7~75s lp) cx As is nonzero due 

to nonperturbative effects. Unfortunately, unlike the mixing in the pseudoscalar 

meson nonet, we cannot support this statement by direct calculation, even in 

the dilute gas approximation, because the momentum transfer in the diagram in 

Fig. 2 is equal to zero and then the dilute gas approximation breaks d0wn.t If 

the momentum transfer qP in the diagram of Fig. 2 is not zero, say Q2= - q2 ;2 1 

GeV2, one could attempt to calculate the corresponding strange quark contribution 

to the proton axial form factor in the QCD sum rule approach. However, due to 

the drawbacks of the dilute gas approximation we see no reason to carry out such 

a calculation. For us it is enough to point out, along the lines of Sec. 2, that the 

nonperturbative gauge field configurations of instanton type lead to the mixing of 

ss and iiu+zd pairs in pseudoscalar meson nonet and to the formation of 77 and 77’ 

* The estimate in Ref. 17 of instanton corrections to quark condensate terms in the sum rules 
is incorrect, due to double counting. 

t Attempts to describe the spin-dependent proton structure functions via instanton contri- 
butions were made in recent papers!1s’191 
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states. It follows from the Goldberger-Treiman relation that up to Q2 2 rnt the 

flavor-octet axial form factor is described by the contribution of the 77 meson 

F;,, N ii (6) 

where v is the proton spinor. (The singlet axial form factor differs from ((6)) due 

to anomaly.) The O(1) mixing of Z’S and ?iu-$d pairs in form factors is evident. 

Even though the instanton-type consideration yield the correct physics in the meson 

sector, we do not have to rely on them exclusively. Instead, we shall put forth a 

working hypothesis that (pl~y,y5s lp) # 0 ’ d 1s ue t o a nonperturbative mechanism 

and we will investigate the consequences. (In dilute instanton gas approximation 

only the term N ??q,@y5v in (6) appear. So the dilute instanton gas approximation 

cannot describe the full axial form factor (6).) 

The nonperturbative piece of the proton axial form factor has a very strong Q2 

dependence, Gi(Q2) N ( 1/Q2)“, where the superscript s indicates the s-quark con- 

tribution. In the dilute instanton gas approximation n 2 5. The large-Q2 behavior 

of the form factor is connected with the x + 1 behavior of the corresponding struc- 

ture functions through the Drell-Yan relation: (1/Q2)” + (1 - x)P, p = 2n - 1. 

Therefore for x -+ 1 we expect that s+(x) - s-(x) N (1 - x)P, p ;5 10. At small x, 

s+ - s- is dominated by the A1 exchange, the intercept of the A1 Regge trajectory 

being close to zero! Disregarding the perturbative contribution to s+(x) - s-(x), 

we propose the parametrization: 

s+(x) -s-(x) = B(l - x)P (7) 

$ See Ref. 27 for an additional discussion of this point. 
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The unpolarized strange quark distribution s(x) = s+(x) + s-(x) can also be 
-. 

f parametrized 

I. s+(x) t s-(x) = $1 - x)k t C(x) (8) 

The first term in the r.h.s. of (8) is the generally accepted form of the strange 

quark distribution. The l/x factor comes from pomeron exchange at small x, the 

factor (1 - x)‘, Ic M 5 corresponds to the quark-counting rule at x + 1. The term 

C(x) represents the nonperturbative contribution to s+ + s- . If we assume that 

the nonperturbative contribution to (pi diy lp) vanishes, then we must require that 

. 

1 

J 
x C(x)dx = 0 (9) 

0 

We shall show that under the above assumptions the relatively large value of 

As N -0.2 proposed in Refs. 4,5,10 as an explanation for the “spin crisis” can be 

reconciled with the smallness of proton momentum fraction carried by the strange 

quarks[201 

1 

v; = 
J 

x [s+(x) t s-(x)] dx = 0.026 f 0.006 (10) 
0 

For the time being let us ignore C(x) in (8). Combining (7) and (8) we can write 

s+(x) = ; 
[ 

$1 - x)” + B(l - x)P] 

s-(x) = ; 4(1- x)k - B(l - x)P 
[ 1 

Since s+(x) and s-(x) are positive, 

A(1 - x)k 2 IB(1 - x)Pl 
X 

(11) 

(12) 
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It follows from (12) that 
- 

t. 
IBI 2 Ah - Ic -+ l)p-k+’ 

(p - k)@ 

and 

k + 1 (p - k + l)++l 
IAs’ ’ ‘: p+l (p _ k)p--k 

(13) 

(14) 

The inequality (14) is not restrictive for large p: for example, for p = 10 and k = 5, 

we have 1 AsI 2 SV,S and there is no contradiction between As 31 -0.2 and V2’ in 

(10). 

There seems to be no reason in general to prevent matrix elements in the op- 

erator expansion (pi Syc,DyDvl . . . D,,s lp) from getting non-zero value for nonper- 

turbative configurations of gluonic field. We therefore expect that the unpolarized 

strange quark distribution s+(x) + s-( ) x wr a so contain nonperturbative compo- ‘11 1 

nents. We expect that at x + 1 C(x) in (8) has approximately the same behavior 

as (7), C(x) N (1 - x)P’, p’ M p. At x 5 0.1 we expect it to be comparable 

in magnitude with the first term in the r.h.s. of (8). It is clear that despite the 

inclusion of C(x) in (8) the inequality (14) remains qualitatively unchanged. Ac- 

cording to our hypothesis, the distributions of ?j = u + d light antiquarks also have 

the nonperturbative component C*(x) z CS(x). Experimentally the ratio of the 

momenta carried by the strange and the ij sea in the proton is about 0.4[211. In 

the framework of our approach it means that the perturbative part of the q sea 

is enhanced in comparison with the strange sea.* Therefore the nonperturbative 

component is relatively more important in the strange sea than in the q sea. 

* The relative enhancement of the perturbative ij sea might be due to the contribution from 
the Z-diagrams and/or the suppression of the strange sea resulting from m, being close to 
AQCD. 
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5. Physical Consequences and Tests of the Proposed Picture -. 
f 

A direct experimental test of our hypothesis could be carried out by measuring 

strange particle production in polarized muon (or electron) scattering on a polar- 

ized proton. Because of (7), we expect a very strong x-dependence in such an 

experiment, s+ - s- - (1 - x)~, p M 10. 

Another possibility is the observation of inclusive charm production in 

~~ + N + p+ + charm + X. This experiment measures the distribution Z+(X) + 

a-(x) = s+(x) +s-( ) x an d one can attempt to measure the nonperturbative com- 

ponent C(x) in (8). The recently published data of the CCFR collaboration P-4 

on charm production in neutrino experiment give some indications in favor of our 

hypothesis. This experiment measured the s(x) distribution and found that it 

fans with increasing x faster than the q distribution. The authors parametrize 

the sea distributions by x??(x) = a,(1 - x)p’, XT(X) = a*(1 - x)pq and find 

pS = 10.8 f 1.0 f 0.7, to be compared with ,& = 6.gi211. From our point of view 

such a parametrization is not suitable. We can fit the data’221 using the parametriza- 

tion (8) with 

C(x) = +1 - bx)(l - x)P’, p’ M p M 12, k = 5, (15) 

the same of the s and the q sea. The factor 1 - bx in (15) is introduced so that 

eq. (9) will be fulfilled. The constant C is constrained by the positivity of s+(x) 

and s-(x). 

The nonperturbative mechanism contributing to the sea-quark distribution can 

also contribute to the gluon distribution. For the time being, however, we have no 
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good ideas how one could observe such a nonperturbative component of the gluon -. 
f distribution. 

. 
The third possibility is the measurement of the axial form factor in elastic vp 

scattering. This involves taking the difference dn,l(vp) - da,l(vp). In this form 

factor we expect two structures: the usual one, which must coincide[231 with the 

vector form factor at large Q2, and a nonperturbative one, rapidly decreasing with 

Q2. Therefore we expect that the proton axial form factor behaves differently 

from the electric or magnetic (Sachs) proton form factors. The latter two are 

well described by a dipole fit in the region of low and intermediate Q2 up to 

._ Q2 M 10 GeV2. In contrast, we expect that such a fit of the axial form factor with . . 

just one axial meson mass will not reproduce the experimental data, and that some 

deviations from the dipole fit must be found. 

6. Scalar Densities in the Proton 

In the framework of our hypothesis the matrix element (pj ss Ip) can receive 

contributions from nonperturbative configurations (e.g., instantons in the diagram 

of Fig. 2) and therefore it is not small. In this context one ought to address the 

question whether the relatively large value of (pi ss Ip) in eq. (1) is in contradic- 

tion with the proton mass calculations in the quark model and in the QCD sum 

approach. One often encounters in the literature the statement [241 that the contri- 

bution of strange quarks to the proton mass is given by 

&J,fp = m, (PI 2s Is) (16) 

where m, M 150 MeV is the current mass of the s-quark. Using (1) and the 
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value ~3~~121 

-. 
f 

(pi iiu + dd lp) M 10 (17) 

and plugging in the o-term [25,261 

i(m, + md) (pi EU t ‘;td lp) M 60 MeV (18) 

we have 

(pi 2s lp) M 1 - 2 (19) 

. and S,M, M 150-300 MeV. Intuitively, this seems rather large (at least, the second 

value). In view of this, and in order to be able to compare this result with the 

various theoretical calculations of the proton mass (quark model, QCD sum rules, 

etc.), it is useful to rethink the exact meaning eq. (16). The most straightforward 

interpretation seems to be the following. Let Mi be the mass of the proton in 

the limit where the strange quark mass is taken to zero, m,=O. Assuming that 

the proton mass depends linearly on m,, we then define S,M,=M,-i$. The 

theoretical computation of this quantity is quite subtle. At present it is not known 

how it might be carried out in a reliable fashion. With the possible exception of the 

lattice approach, the essential difficulty is common to all theoretical calculations. 

For example, in the QCD sum rule approach, if one works directly at m, N 150 

MeV, then the contribution of m, to the proton mass comes in through the operator 

product expansion and appears to be small, N c$m, (01 ss IO). Things are different, 

however, with the definition of S,M, above (this point was discussed earlier in Ref. 

3). The computation of Mp is based on the values of the light quark condensates, 
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(Olm IO) = (Ol;id IO), t k a en f rom the experiment. An analogous calculation of Mi -. 
f requires as input the quark condensates in the limit of massless strange quark, 

(01 uu lo),s=o = (Ol a 10)m,=O. Th ese are unknown. It is known, however, that 

they condensate can depend on m, in an essential way, through a nonperturbative 

mixing of zs and ?iu+zd quark pairs, described by the polarization operator (2). 

Thus one cannot rule out the possibility that in such a formulation the QCD sum 

rule results would be compatible with the relatively large value of 6,A4, above. 

7. Summary 

Let us summarize the main points of this paper. We propose the hypothesis 

that the matrix elements (p’l~O,s Ip) of th e various operators 0, between proton 

states strongly depend on the form of the operators 0,. This strong variation in the 

magnitude of the matrix elements of the various operators is due to the fact that 

some of them receive nonperturbative contributions, while others do not. Using 

dilute instanton gas to gain intuition, we expect such nonperturbative contributions 

for 0, = ~~75, qPy5, 75, 1 and do not expect them for yP, ePLv = rPLaV + yVaL. A 

strikingly similar hierarchy of operator mixing is known to occur experimentally 

in the meson sector. We postulate that both phenomena are due to the same 

nonperturbative mechanism. The nonperturbative terms decrease rapidly with 

increasing momentum transfer Q2 = -(p’ - P)~. In the distribution of strange 

quarks in the proton they correspond to terms N (1-x)P, p N 10. The experimental 

consequences of our hypothesis can be tested experimentally along the lines of 

Section 5. 
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FIGURE CAPTIONS 

1) The diagram representing the mixed polarization operator in the instanton 

field. The instanton is depicted by the black point. 

2) The diagram representing the nonperturbative mixing of ss and iiu+zd in 

the proton. 
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