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The usual evidence for the strange-quark content of the proton comes from chiral-symmetry
breaking as measured in the pion-nucleon ¢ term, which involves the proton matrix elements of the
scalar-quark densities. Another piece of evidence for it, which involves the proton matrix elements

of the pseudoscalar-quark densities, is presented.

It has been known for quite some time that the pattern
of chiral-symmetry breaking in QCD is not compatible'
with the fact that the proton is entirely made of up and
down quarks. This conclusion is inferred from the con-
sideration of the X term in pion-nucleon scattering which
is given by

an(0)=%<P | [F?—iZ’[F?+i2’HM]] |P) ’ n

where F) are the axial-vector charges and H),, is the
chiral-symmetry-breaking Hamiltonian in QCD:

Hy=m, iu+mydd +mgs
_ 2
=‘/6m0S0+_‘7——3‘(m—ms)Sg+(mu—md)S3 . (2)

Here mo=(m,+m,;+m;)/3, m=(m,+m,;)/2, and
S;=g(A;/2)q, where A; (i=0,1,...,8, A;=V'2/3I) are
the Gell-Mann matrices and g =(#ds). Using the equal-
time commutators in the quark model,

[FiS’Sj]ZidijkPk ’

(3)
[Fis’Pj]z _idijksk ’
where P; =igys(A; /2)q, one obtains
— 1 =
Soy(0)=m{p| (5, +V350) p)
=mp|au+dd|p) . @)
Let us write
(p|V2Sy|p)=2(1+¢c,){b|Ss|p) (5a)
or
- 1 T
(p|3s|p)=2c % 2c, (p|Hau+dd)|p), (5b)
so that
2 n0)=V3m(142¢,){p |Ss|p) . (5¢0)

Now (p|Sg|p) is entirely determined from the Gell-
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Mann-Okubo mass splitting caused by the second term
of (2) as'

—mz—m
(p|Ss|p)=V3i— _A . (6)
=
Thus, finally one obtains
3 (0= —3(mz—mp)(1+2c) . (7

mg—m

Now i /(m;—#m)~0.04 as determined from the stan-
dard SU(3) PCAC (partial conservation of axial-vector
current) analysis of pseudoscalar masses.> Thus

S.4(0)~25(1+2¢;) MeV . ®)

Now in a valence-quark model if the proton primarily
consists of up and down quarks, one would expect?

(p|ss|p)<<(p|uau+dd)|p)
or 9

c,~0,

giving

= 4(0)=~25 MeV , (10)

which is about half the value of 2_5(0) extracted from
low-energy pion-nucleon scattering: namely,"*

S 4(0)=51%5 MeV .

One possible explanation of this discrepancy is that the
assumption (9) is wrong® and in fact one would require
that ¢, =2, which is very large, or, from (5b),

(p|3s|p)=p|Hau+dd)|p); (1)

i.e., the proton has about 50% probability of containing
strange s quark pairs as compared to the average of 7u
and dd pairs.’

The purpose of this paper is to show that a similar con-
clusion about the strange Ss-quark content of the proton
is reached if one considers the effect of the isospin-
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violating part (i.e., the third term) of the Hamiltonian (2)
on the pion-nucleon vertex function. Let us consider

C=(pn® | H3' |p)
=—bgu(p"iysu(p) . (12)

In the soft-pion limit one obtains [on using (3)]

r=_FL<p |[F3,HY55' 11 p)

= — 7= (m,—my}p | [F},S5]|p)

i
FTr

(md_mu)id33k<P | Py ‘P>

my—m, i —
— Vv
F. \/E(pi(Ps-}- 2Py) |p) . (13)

Note that the same combination of the pseudoscalar den-
sities enters as that for the scalar densities in the Z .
Now we also have

aMA8#=-—i[F§,HM]

s
=202 +m, )P8+23—2(m —m)P,.  (14)

As in (5b), let us write
(p|V2Py|p)=2(1+c,p|Pg|p) , (15a)

or

(p|Siyss |p)=2c L (p| Nuiysu+diysd)|p) .

*P1t+ic,

(15b)

my;—m,
— 2 V3(1+2¢,)p | P | p)

F. (16a)

and

(p18,4g, | p)=3(A+2m)+2(1+c, N7 —m,)]

x{p|Pg|p), (16b)
so that
md—'m —_
F=—~—Fﬁ—u\/3(1+-§—cp)
(p|d,4 )
—— ply Splp— ) (16¢)
A +2m ) +2(1 ¢, )7 —m)]
Now
s 3F -D
(p 9,4, |p)=2mi(p")iysu(p)g 4 WAFLD) |
(17

where F+D =1 and we have used the flavor-SU(3) pa-
rametrization for the matrix elements (p |3,4,,|p),

i=3 and 8. Using the Goldberger-Treiman relation
mg ,/F,.=g, (g, being the pion-nucleon coupling con-
stant) and (12), we obtain, from Egs. (16¢) and (17), the
isospin-violating correction due to H (Azchl:

% . 3F/D—1
g, Ma—m) T

1+ 3¢,
X .
A +2mg)+2(1+c, )M —m;)]

(18)

Note that if c,#0, 8g/g, does vanish in the chiral
SU(2) X SU(2) limit as it should. If, however, we assume
that the proton consists of primarily up and down
quarks, so that, from Eq. (15a),

and we obtain, from Eq. (18),

% _ MMy
8x my+m,

1 3F/D—1

19
V3 F/D+1 |’ (19)

which shows that 6g /g, does not vanish in the chiral-
SU(2) X SU(2) limit which cannot be so since g as defined
in Eq. (12) does not have any pion pole. Thus one may
conclude that c,+0, i.e., the proton has the strange-
quark content when one evaluates the proton matrix ele-
ments of pseudoscalar-quark densities.

Now in the chiral-SU(3)xSU(@3) limit, {p | Pg|p) is
dominated by the 73 pole while {p | P, | p ) does not have
any such pole (note that the ninth pseudoscalar meson 7,
is not a Nambu-Goldstone boson). Therefore, it follows
from Eq. (15a), that in the chiral SU(3) X SU(3) limit

cpz—l , (20)

which is rather a very large value. This gives

_8_5.~1/§_—md_m“ ___1~_ E—l / _F_ 1
g, 2Am+2m,) | V3 |D DT
~3.75%X1073 . (21)

Thc; numerical value in Eq. (21) has been obtained by us-
ing

(myg—m,)/(F+2m;)=~1.37x1072
and®
(3F/D —1)/V3(F/D +1)=0.316 .

It may be that the chiral-SU(3) X SU(3) limit is badly bro-
ken so that the actual value of ¢, is not —1 but numeri-
cally smaller. For example, cpz——% and c,~—; give
6g /g, about two and four times the value given in Eq.
(21) (as M <<m,). But with such large values of 6g /g,
one may be in trouble’ with small charge asymmetry al-
lowed experimentally in 'S, pp and nn scattering lengths.

However, it is also possible that the breaking of chiral
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symmetry gives ¢, numerically larger than 1. For exam-
ple, if ¢, = — 3, 8¢ /g, would be about 0.4 times the value
in Eq. (21), consistent with the small charge asymmetry
allowed in 'S, pp and nn scattering lengths.

Finally, since, in the nonrelativistic quark model,

. _o-(p'—p)
qiYsq ~q m q,

q
where m, is the constituent-quark mass, the negative sign
for c,, which implies [cf. Eq. (15b) with ¢, ~ —1]

(p| —Fiyss |p)=~2{p | tuiysu+diysd)|p) , (22)

indicates that the strange quarks are polarized opposite
to the proton’s spin while the up and down quarks are
polarized along the proton’s spin. Probably this can be

tested in the sum rule of the type recently considered in
Ref. 6.

To summarize, the rather large values of ¢, and ¢, im-
ply that as the proton matrix elements of scalar and pseu-
doscalar density operators are concerned, the proton
behaves in the valence-quark model as if it had large
strange-quark content. Otherwise, the quark-model com-

mutation relations in Eq. (3) may need modification.

The authors would like to thank M. Cruetz and the
Theory Group for their hospitality at the Physics Depart-
ment, Brookhaven National Laboratory, where a part of
this work was done. One of us (Riazuddin) would like to
acknowledge the support of King Fahd University of
Petroleum and Minerals for this work.

'For a recent review, see R. L. Jaffe, MIT Report No. CTP
1466, 1987 (unpublished).

2M. Gell-Mann, R. J. Oakes, and B. Renner, Phys. Rev. 175,
2195 (1968); S. Glashow and S. Weinberg, Phys. Rev. Lett. 20,
224 (1968); S. Weinberg, Festschrift for Rabi (New York
Academy of Science, New York, 1977).

3T. P. Cheng, Phys. Rev. D 13, 2161 (1976).

4See W. Wiedner et al., Phys. Rev. Lett. 58, 648 (1987), for

3.~(2m2) at the Cheng-Dashen point, and for the difference
3.n(2m2)—3_y(0)~14 MeV, see H. J. Pagels and W. J. Par-
dee, Phys. Rev. D 4, 3335 (1971).

5]. F. Donoghue and C. R. Nappi, Phys. Lett. 168B, 105 (1986).

6Quoted in R. L. Jaffe, Phys. Lett. B 193, 101 (1987).

TRiazuddin and Fayyazuddin (unpublished); Riazuddin and T.
A. Al-Aithan (unpublished).



