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Chiral symmetry and the charge asymmetry of the ss distribution in the proton
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Recently it has been suggested that a sizeable fraction of the strange and charm quarks in a
nucleon —the so-called "intrinsic strangeness of charm" —have momentum distributions which extend to
large x». This effect is enhanced if these virtual heavy quarks live long enough so that many interactions
with the rest of the nucleon can occur. It is shown that the same mechanism responsible for the intrinsic
component also leads to a sizeable charge asymmetry of the corresponding spin and momentum distribu-
tions.

PACS number(s): 14.20.Dh, 11.30.Rd, 12.40.Aa

I. INTRODUCTION

Most virtual ss pairs in a proton have a very short life-
time (of the order r-I/+ —q, where q is the momen-
tum transfer in the deep-inelastic scattering process).
They are concentrated at small xb and arise primarily
from logarithmic QCD evolution [1]. The underlying mi-
croscopic process is the incoherent fragmentation of a
gluon into a QQ=(ss, cc) pair where interactions with
other partons (spectators) are neglected. The resulting

QQ sea is then characterized by the following properties.

Inclusive:
The spin and momentum distribution of the Q and Q

are the same by charge conjugation and using the fact
that the QQ pair is too short lived to interact with the
rest of the proton (and thus cannot find out whether it
has been created in a proton or antiproton).

The spin and momentum carried by the pair are pro-
portional to the gluon spin and momentum, and thus the

QQ pairs are typically concentrated at low xb,

Exclusive:
The sum of the magnetic moment contributions of s

and s is zero by charge conjugation (see above).

Besides these perturbative or extrinsic ss pairs the pro-
ton is expected to contain also a more long-lived com-
ponent of virtual pairs [3,4]. Of course, the initial pro-
cess for creation of ss pairs is always the same: fragmen-
tation of a gluon. However, a few of these sea quarks-
the "intrinsic" component —do not immediately recom-

bine, and interact for some time with other quarks and

gluons in the hadron. One major difference between ex-
trinsic and intrinsic ss pairs is that intrinsic ones can be
found at larger values of xb-. This is because they have

time to reach an energetically more favorable (i.e., less
off-shell) state, where the light-cone kinetic energy

m2+k2
Pk;. =X

is close to the minimum value [3]. Thus, small values of
xb —in particular for heavy quarks —are suppressed in

these long-lived components. In this work we will con-
centrate on this component and see what general features
of the corresponding distribution functions we can pre-
dict. Unless otherwise stated, all following remarks con-
cerning sea quarks will refer to this intrinsic component.

In order to reach large values of xbj (i.e., xbj )0.2) a
sea quark has to undergo several interactions while accu-
mulating more and more momentum fraction. During
that process the qqqQQ fluctuation tends to arrange itself
into energetically more favorable states. In the case of
Q=s the lowest contributing state with the right quan-
turn numbers is a AE+ state, which is thus expected to
play an important role for ss production at large xb . In
order to understand the qualitative implications of this
picture let us assume for the moment that the p~AK+
fluctuation is the only source of virtual ss pairs in a pro-
ton. The consequences for some spin observables are
then clear. Angular momentum and parity conservation
require the K+ to be emitted in an l = 1 state, and the to-
tal angular momentum wave function reads

,' & =(&2~l =1,I,-=1& ~s =
—,', s, = —

—,
'

&

1—
~
I = 1, I, =0 & ~

s =
—,', s, =

—,
'

& ) — . (2)

In a constituent-quark model the A spin is carried by its s

Most of the conclusions in this work remain qualitatively
correct if we replace ss by cc, though there will be a quantita-
tive difference.
2Long lived means here a lifetime of the order M&~ [2].

This indicates already that perturbative QCD is not appropri-

ate to describe this component of the proton wave function, and

we have to use other approximation schemes for these large-xbj

sea quarks.
4It is assumed here that the lifetime of the fluctuation is large

enough to allow formation of these hadrons.
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quark. Thus, finding the s quark with polarization anti-
parallel to the initial proton spin is most likely. In this
oversimplified picture the s is unpolarized because the
E+, where it is contained, is spinless. Later we will see
that the chiral symmetry of the interaction demands an
additional scalar meson which, through interference with
the pseudoscalar E+, yields s quarks polarized parallel to
the initial proton spin. Also vector mesons, like the E
which have been neglected here, can yield polarized s.

Note that both s and s contribute to the proton's mag-
netic moment with the same sign (both parallel to the
proton spin). This is because the s has negative charge,
thus compensating for the antiparallel spin, and positive-
ly charged s has orbital angular momentum parallel to
the proton spin.

The binding of quirks in pseudoscalar mesons is (due
to chiral symmetry) usually stronger than in baryons.
This has striking consequences for the (unpolarized)
momentum distributions [5]. In order to see this let us

assume that the momentum in the AE system is shared
such that the light-cone kinetic energy is minimized [4],

61.e.,
(x~& (x~ &

mg

mA
or (xA&=

mA+mz

mg
(xx) =

mA+m&
(3)

and that a corresponding relation is valid for the quarks
inside the A and I(, i.e.,

M,

M,
(x ) = ' (u„)=0.2

(4)

(in these estimates, involving long-lived fluctuations, it is

appropriate to use the constituent quark masses M„=350
MeV and M, =500 MeV). Using

(x, &/(x, &
= m~

M, +2M„
mg

M, +M„
it is evident that the stronger binding of the s in the K al-

lows smaller values of x&. for the s than for the s. Al-

~Strictly speaking, the nonrelativistic reasoning used here can-

not be applied to the structure functions. However, our explicit

calculations in the context of the Gross-Neveu model confirmed

these heuristically obtained results.
The momentum fractions computed here are momentum frac-

tions in the AK system. Of course, in order to estimate the

absolute momentum fraction in a proton which is carried by s
or s, one has to multiply these numbers by the probability of
finding intrinsic sea quarks, i.e., by the probability that the pro-

ton is in a virtual AK state.
7Although perturbative QCD predicts the same scaling power

p for s(x) and s(x) as x~1 [16], the coefficient of (1—x)
can be quite different for quarks and antiquarks and does not
follow from simple counting rules.

though this (very crude) picture cannot be taken as more
than qualitative, more realistic models should exhibit a
similar trend, and we give an example.

We should emphasize the role of chiral symmetry in
this context [7). The most important point here is the
low masses of the pseudoscalar octet, which make those
mesons the source of the energetically lowest excitation
of nucleons with intrinsic sea quarks. It is the low mass
of these mesons which is responsible for the peculiar
asymmetry in the momentum splitting between s and s
quark. Furthermore, for the predictions concerning spin
and magnetic moment of the s quark it was important
that the kaon is spinless.

For heavy quarks (Q=c, b) chiral symmetry is badly
broken. However, for charm quarks there is some evi-
dence for an intrinsic component [3] and, like chiral sym-
metry, the color-hyperfine splitting yields comparatively
light pseudoscalars. But the effect is relatively small,
which results in decreased importance of the A, D com-
ponent. Hence, the charge asymmetry should be smaller
for these quarks.

In the following some model calculations will be used
to demonstrate what size of effects one can expect. For
this purpose one could have in mind developing some
kind of convolution model where the (dressed) nucleon
structure function is given by a convolution of the bare
nucleon structure function with the bare meson structure
function and a relative wave function [8,9].

Here one faces immediately some conceptual
difficulties. E.g., the kaons inside a nucleon are off-shell
and it is a priori not clear how the off-shell structure func-
tion of a kaon relates to its on-shell structure function
and how this depends on the off-shellness. Furthermore,
it is not clear how many mesons, besides the pseudoscalar
octet, one should take into account. So far such ques-
tions have made it very difficult to study the impact of
chiral symmetry and chiral-symmetry breaking on the
structure function of a nucleon [7].

II. CHARGE ASYMMETRY OF THE STRANGE SEA
IN THE CHIRAL GROSS-NEVEU MODEL

In order to avoid the above-mentioned difficulties we
start by studying a chirally symmetric generalization of
the (1+1)-dimensional Gross-Neveu (GN) model [11]
which can be described in terms of quark degrees of free-
dom only.

This model is relevant for the above discussion since it
is an example with spontaneous chiral-symmetry break-
ing. Furthermore, it is renormalizable and asymptotica1-
ly free (in 1+1 dimensions); hence, deep-inelastic struc-
ture functions scale in the Bjorken limit, and it makes
sense to relate deep-inelastic scattering observables to
parton distributions.

Since we will define the model in terms of quark de-

For zero quark mass those mesons would be Goldstone bo-

sons.

The latter is also not known but could be determined in a fit

procedure.
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grees of freedom only, the Goldstone bosons will be au-

tomatically composite. Most importantly, a consistent
and physically simple interpretation of the parton distri-
bution arising from the meson cloud becomes possible
within this model.

We start from a "chirally" symmetric generalization of
the Gross-Neveu model [10],

2

&o=&4~4+
2N

[(4&'0)' (—

4&'rsvp)')

e

where the quark fields carry both color and flavor [the v'

generate the U(N} flavor symmetry subgroup]. In lead-

ing order in 1/N, the ground state of Xo breaks chiral

symmetry, i.e., gg develops a nonzero vacuum expecta-
tion value, and hence, an effective mass for the fermions
is generated. Now, quarks (in the real world) have
nonzero current masses, i.e., chiral symmetry is explicitly
broken. This phenomenology is incorporated into the
model by adding fermion mass terms to the Lagrangian

Xsr =m„y„q„+mgqgqy+m,q, q, +m, 1/r, lb, .

As is the case for the coupling constant, these bare
masses are tuned such that the pseudoscalar meson spec-
trum (m =139 MeV, mx =494 MeV, mD =1.87 GeV) as

well as the effective quark masses are reproduced [11].

U, S

)g ~ + )s

U, S

,S

+

U, S U, S

FIG. 1. Typical O(N, ) contributions to the u-quark propaga-
tor.

(Here we use M„=M&=340MeV, M, =540 MeV, and

M, = 1800 MeV. )

Since the GN model is 1+1 dimensional there are no
rc tations; hence, there is no notion of spin, so we will re-
strict ourselves in this section to the unpolarized struc-
ture functions. Note that the GN model does not confine
the constituent fermions (which we will call quarks in the
following). This allows us to simplify the discussion by
considering the meson cloud around a single constituent
quark instead of the meson cloud around a nucleon [12].
Furthermore, we will perform a 1/N, expansion and

evaluate the structure functions only to first order in

1/N, . To this order the quark propagator is modified by
tadpole-type graphs (Fig. 1) as well as virtual emission of
bubble chains (Fig. 2). ' Only the latter contribute sea
quarks to the structure functions, yielding for the wave
functions

D~(q ) M„—
1

SSQ Pf
C

M,
D, (q ) M—„+

M„

M, M'+
y 1 —x —y

M, M,M„—
x

M„
1 —x —y

(7)

There

M
q =(1—x) M„—

x

and Dz, D, are effective meson propagators:

Dz '(q )=[(M„—M, )
—

q ]B(M„,M, , q )

—[(M„—M, ) p~ )B (M„,M2,—p~„),

D, '(q ) = [(M„+M,) q)B (M„,M2, q—~)

—[(M„—M, ) p~ ]B(M2, M2—, p~~ ),

B(M„,M, , q }= dx2 1

M„x+M, (1—x}—x (1—x)q

(8)

(10)

One now evaluates the structure functions from the
defining equation

s (x)=N, 1 "dy If,,„(x,y) I

(12)
s(y)=N, j dxlg, ,„(x,y)l

Typical numerical results are displayed in Fig. 3, where
contributions from light (dd ) and heavy (cc ) quarks are
also shown. Note that, although the charge asymmetry
decreases as we go from light to heavy quarks, " there is

still a sizeable effect —even for c quarks.
At this point one might be tempted to extract the con-

tribution from the pion pole from the full calculation

(7)—(12), but this would go beyond the scope of this work.

III. CHARGE ASYMMETRY OF THE STRANGE
SEA IN THE (3+ 1)-DIMENSIONAL

GROSS-.NEVEU MODEL

'oIt is convenient to replace the chain of Qu pairs by an

effective meson propagator. We should emphasize that this is a

mere rewriting of the sum of 8(1/N, ) diagrams, and not an

approximation.

The simple kaon-cloud picture, presented in the Intro-

duction, suggested already some charge asymmetry of the

'This is as we expect since the splitting between the pseudos-

calar meson and its first excitation decreases.
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FIG. 2. Typical O(N, ') contributions to the u-quark propa-
gator.

spin distribution associated with strange quarks in a pro-
ton. In order to go beyond heuristic arguments we have
to study a microscopic model. Since there are no rota-
tions, and hence no spin, in 1+ 1 dimensions, we have to
proceed to a (3+1)-dimensional model. A simple case,
which has been quite helpful in understanding the impli-
cations of chiral symmetry and chiral-symmetry breaking
is due to Nambu and Jona-Lasinio (NJL) [14]. For N, = 1

it can be considered a (3+1)-dimensional generalization
of the chiral Gross-Neveu model (5). However, since we
will perform a 1/N, expansion, those models are not
identical, though they are similar in a random-phase ap-
proximation. Since the NJL model is nonrenormalizable,

I

10
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FIG. 3. Numerical results for the sea-quark structure func-
tions in the Gross-Neveu model.

one has to work with a fixed cutoff that is typically taken
at the order of 1 GeV [15]. To leading order in 1/N„to
which we will restrict ourselves, the general features are
rather similar to the (1+1)-dimensional GN model and
we omit the details. One finds

Dz(q )T('z z +D„(q )Tq q ~
d ' ' '(x, qi, y, ki)=

Mc
2 s q~ s j. uM„—

x x(1—x) 1 x

where k j =k j + [y /( 1 —x ) ]q ~ and

(13)

1
q =M„(1—x)+M, 1 —— 2

q~
(14)

The effective meson propagators Dx(q ) and D„(q ), as well as the helicity amplitudes T' and TJ", are given in the Ap-
pendix. Again, the structure functions are obtained by integrating the squared amplitudes, e.g.,

st(x)= g f f f dy~f„' '( qxyj, k )~j(2~)' (2~)' (15)

has to be kept finite.
Equation (15) contains two logarithmic divergences:

one from integrating over the internal (ups-loop momen-
tum and the other one from integrating over the kaon
momentum. The cutoffs which we used' were a Euclide-
an momentum cutoff on the kaon line, i.e.,

e(A' —/q'[), (16)

and the Brodsky-Lepage cutoff [16] for the internal us
loop, ' i.e.,

For technical reasons we preferred to work with a cutoff pro-
cedure that is easy to implement once one has performed the
light-cone quantization.

Alternatively, we also used a simple cutoff only on the trans-
verse component of the internal loop, which provided qualita-
tively similar results.

~Ki +~lce
I'K

P„+M„
p+

Q
p+

S

(17)

which is invariant under all kinematic transformations in
the light-cone formalism. Before applying the latter
cutoff we should be careful about which value of A& to
choose. The light-cone cutoff essentially gives the restric-
tion A&2, )k~~/[x (1—x)], where x and 1 —x are the light-
cone momentum fraction carried, respectively, by the u
and the s. But 1/[x(1 —x)])4, so if the typical trans-
verse momentum is k~ =(0.5 —1) GeV then we must
choose an appropriately larger value 2 GeV ~A&, ~6
GeV . As far as the numerical value for Az is concerned,
we are bounded by the Landau pole from above and by a
"typical mass scale" (e.g. , the pseudoscalar-meson
masses) from below. This leaves us typically the freedom
to choose any value 1 GeV ~ AK 2 GeV, as explained
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in the Appendix.
The following qualitative results turned out to be cutoff

independent: s quarks carry more momentum than s.
The polarization of the s quarks is mostly antiparallel to
the initial u spin, whereas the s are polarized parallel to
the u spin. However, it was not possible to make an
unambiguous statement about the net polarization of the
strange sea. Typical structure functions for s and s
quarks around a u quark are shown in Fig. 4.

The interpretation of the unpolarized distributions is
the same as in the (1+1)-dimensional model. The strong
negative polarization of the s quarks at large xbj can be
understood if one assumes that the kaon dominates the
meson cloud. However, this approximation is too crude
to understand the (positive) polarization of the s. Here
one has to take the interference between scalar and pseu-
doscalar degrees of freedom into account.

Numerically it turns out that most of the s polarization
arises from a region with relatively large (cotnpared to
the effective quark masses) perpendicular momenta —a
kinematic region where the chirally broken and unbroken
phases look quite similar. Thus, in order to simplify the
argument, let us assume for the moment that we are in
the chirally unbroken phase, i.e., that the quarks are
massless and that the effective interactions in the scalar
and pseudoscalar channels are of equal strength. ' With
these assumptions, and the helicity amplitudes listed in
the Appendix, it is evident that the polarization pattern
in this kinematic region is (s = l, s = 1', u = 1).

A more intuitive way to understand this result is the
following. Since helicity and chirality are the same for
massless quarks, we can combine the scalar and pseudos-
calar amplitudes (Fig. 5). Using again the equivalence of
helicity and chirality in this limit, as well as the
chirality-flip property of y and the projection properties
of 1+y&, one obtains a ssu state where the s has negative
and the s and the u have positive helicity. Furthermore,
the s must have the same helicity as the u, since in the
rest frame of the K they are flying apart. An infinite-
momentum boost (to the Breit frame) then tilts the spins
to be parallel, as shown in Fig. 5.

Though the polarization of the strange quark sea at
large xb. is dominated by the negative polarization of the
s, the situation changes for smaller values of xb, where
the negatively polarized s dominate and a cancellation in
the net polarization is conceivable. Numerically it turns
out that the sign of the net polarization depends on the
cutoff —mainly due to uncertainties associated with the s
contribution at small xb-. However, one should not take
the results at small xb- too seriously, since, in this high-
virtuality region, one does not expect the GN model to be
a good approximation for QCD. In fact, in that region
one does not have to rely on toy models, because there
perturbative QCD is applicable and yields a good descrip-
tion for the structure functions.

Finally we should emphasize that all angular momen-

1
' I

(

I I 1 i
(

I I

I

0.4

0. 1

0.0
0 0.2 0.4 0.6 0.8

X

turn effects discussed so far (spin of s and s as well as the
orbital angular momentum of the s) contribute coherently
to the magnetic moment of the dressed quark, thus sug-
gesting a relatively large (positive) contribution of strange
quarks to the magnetic moment of the proton.

IV. SUMMARY

Using only heuristic arguments, we argued that a size-
able charge asymmetry in s- and c-quark structure func-
tions is conceivable. The idea was mainly based on the
existence of light pseudoscalars which arise from spon-
taneous chiral-symmetry breaking in QCD. The main
predictions are as follows.

(1) s quarks carry more momentum than s quarks, i.e.,

f dx xs (x) & Jdx xs(x).
(2) s quarks are polarized antiparallel to the initial pro-

ton.
(3) s quarks carry parallel polarization.
(4) s and s both contribute a magnetic moment parallel

to the proton magnetic moment. In the case of the s the
magnetic moment arises from the spin, whereas the s con-
tributes through spin as well as orbital angular momen-
tum. All effects add up coherently to the magnetic mo-
ment of the proton [17].

Ut

i|- ——
1

I i- ——
1 +1/5 1 -I"f5

FIG. 4. Leading-order 1/N, numerical results for the polar-
ized s and s distributions in the meson cloud of a u quark in the
(3+1)-dimensional Gross-Neveu model. The parameters
M„=360MeV and M, =500 MeV, and a Brodsky-Lepage cutoff
A~', of 4 GeV' as well as a Euclidean cutoff Az of 1 GeV have
been used.

Ut Ut Uf

'4Actually, for the large-k& (kz =0.5 —1.0 GeV) component
of the wave function these are good approximations.

FIG. 5. Graphical representation of the sum of the scalar
and pseudoscalar amplitudes for massless quarks.
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The first prediction is mainly a consequence of the
strong binding in pseudoscalars —making them much
lighter than the sum of the effective masses of the valence
quarks they are made of. It could be confirmed in the
context of the chiral Gross-Neveu as well as the
Nambu —Jona-Lasinio models. We should emphasize
that, since the integrated sea-quark structure functions
are dominated by the extrinsic component, the total
probability of finding intrinsic ss pairs might be small.
Therefore, even if there is a significant charge asymmetry
at large xb. , the effect on the total momentum fraction
carried by s and s can be small.

The second prediction follows also from the pseudosca-
lar dominance in the meson cloud around a quark and
from angular momentum conservation. ' To understand
the third prediction is more difficult since it arises as an
interference effect between the scalar and the pseudosca-
lar components in the meson cloud around a quark. Fi-
nally, the last prediction emerged trivially from the
second and third ones.

The spin of the A, which is the lightest excited state of
the nucleon with strangeness, is carried by its (valence) s
quark. Thus, although the above results deal with the ss
cloud around quarks, they should be qualitatively gen-
eralizable to nucleons.

An important consequence would be that the usually
assumed charge symmetry of the ss sea around a nucleon
could no longer be used to extract the s distribution from
the s distribution in dimuon deep-inelastic scattering
events [18]. We would thus suggest testing this assump-
tion in the large x&J. region (xbj ~ 0.2) by measuring the s
and s distributions independently —for example, by com-
bining F, and F3 measurements from charged-current v
and v scattering experiments on protons and neutrons
[19].
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The computation of the spinor matrix elements is
straightforward, using the various helicity amplitudes
and conventions in Ref. [16]. One finds

M,'+M. k' -'+
x "

y 1 —x —y

M, +M„x

q ~ 1 1
Tg~~ = k* +

x y 1 x

(A4)

M,T' M„
1 —x —y

(A2)

(in a normalization where the baryon-meson coupling is
1). The constants c, and cz can then be fitted from the
physical values for Mz and fz. At this point it appears
that the cutoff has disappeared. However, the cutoff Az
[Eq. (16)] remains implicit in that the meson propagators
have Landau poles, and one must choose Az ~2 GeV
(where A~ is Euclidean invariant). The propagator for
the "scalar-kaon partner" is now fixed by chiral symme-
try,

D„'(q ) =c, —c2q + [(M„+M,) q]B(—M„,M, , q ) .

(A3)
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APPENDIX

where k =k, +ik~, q =q, +iq~. Similarly,

M, —M„k*—+
x "

y 1 —x —y

Summing the corresponding bubble chains in 3+ 1 di-
mensions gives inverse propagators for the mesons,
D '(q ), which are logarithmically divergent. These
divergences are then to be removed by mass and kinetic-
energy counterterms, while d D '(q )l(dq ) remains
finite and unambiguous. We have for the kaon,

Dz '(q )=c& c2q +[(M„——M, ) q]B(M~,M2, q~—),

M, —M„x 1 —x —y

~15 l t t L ALL

Tps —q I + +lTT x y 1 —x —y

M,+

(A5)

where

(Al) M, M„ t

x y 1 —x —y

~'A~ =(~T» )* .

Note that the explicit GN calculation reproduces the argu-
ments from the kaon-cloud picture. Hence, it indeed allows
enough time for the pseudoscalars to be formed (see footnote 4).

Note that T~&'&& =T&&&, whereas T)')g = —T))g. Thus,
there is constructive interference between T' and T~' for
T& & &, but destructive interference for T& & &

in the region
where /q/, /k

/
))M„,M, .
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