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mN1V form factor for explaining sea-quark distributions in the nucleon
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We reinvestigate a soft m.NN form factor with a monopole cutoff parameter A& &0.5 GeV ob-
tained by Frankfurt, Mankiewicz, and Strikman for explaining sea-quark distributions in the nu-
cleon. It is found that their estimate is small in comparison to the limit A& &0.65—0.7 GeV estimat-
ed in this investigation. Studying processes involving mNN and m.Nh vertices, we find that the limit
for the dipole form factor is A2 &0.95 GeV (which corresponds to A& &0.6 GeV). Therefore, a typi-
cal ~NN form factor with A&-0.6 GeV in quark models could be consistent with deep-inelastic ex-
perimental data at this stage. However, it is softer than a ~NN form factor with A, —1 GeV widely
used in nuclear physics. Using the cutoft A~=0.95 GeV, we investigate pionic contributions to a
SU(2)f-breaking distribution u(x) —d(x) in the nucleon. We find that the pionic contributions to
u(x) —d(x) are negative and a contribution to the deviation from the Gottfried sum rule is estimat-
ed to be —0.041, which could explain a part of the discrepancies indicated by recent New Muon
Collaboration experiments.

Using Sullivan's formalism' for the leptonic scattering
processes in Figs. 1(a) and 1(b), Thomas suggested that
the size of the ~AN form factor could be estimated by
comparing theoretical results with experimental sea-
quark distributions in the nucleon. Using this approach,
Frankfurt, Mankiewicz, and Strikman (FMS) suggested
that the ~AN form factor for explaining deep-inelastic
data is much softer than those usually used in nuclear
physics. They set a limit for the momentum cutoff pa-
rameter in the monopole form factor as A, &0.5 GeV,
which is much smaller than a "normal" value A& —1 GeV
in nuclear physics. There is no definite agreement what
the cutoff is in different nuclear-physics processes. How-
ever, if their finding is right, we have a lot of problems in
nuclear physics, " because a cutoff of 1 GeV or larger is
essential for explaining some fundamental nuclear-
physics phenomena, for example, deuteron properties
(nuclear tensor force, l.0 & A, & l.4 GeV) and NN-
scattering data ' (0.9 & A, & 1.4 GeV). Furthermore, the
FMS soft form factor is even softer than those of cloudy
(chiral) bag (A&=0. 6 GeV) and fiux-tube' '"
(0.7 & A ( & 1.0 GeV) quark models.

Because the FMS conclusion is very important in nu-
clear physics and is quite different from the usual expec-
tations, we try to reexamine their analysis of deep-
inelastic experiments by using new data obtained by the
E615 Collaboration at the Fermi National Laboratory

and a recent parametrization by Harriman, Martin,
Roberts, and Stirling' (HMRS). The FMS analysis uses
parametrized sea-quark distributions given by Eichten,
Hinchliff'e, Lane, and Quigg' (EHLQ), which are based
on CERN-Dortmund-Heidelberg-Saclay (CDHS) (1983)
data. ' In comparison to other experimental data, such
as the CERN-Hamburg-Amsterdam-Rome-Moscow
(CHARM) neutrino experiment, ' deep-inelastic lepton
scattering experiments by SLAC-MIT' and the Euro-
pean Muon Collaboration' (EMC), and a neutrino
experiment by Caltech-Columbia-Fermilab-Rochester-
Rockefeller' (CCFRR), the EHLQ sea-quark distribu-
tion is believed to be underestimated. ' This underesti-
mate' is also indicated by a recent Drell-Yan experiment
by E615 Collaboration and the HMRS parametrization.
Therefore, it is not appropriate to set an upper limit for
the cutoff parameter A& based on underestimated sea-
quark distributions.

The pionic contribution to an antiquark distribution in
the nucleon is given' by a pion momentum distribution
f (y ) in an infinite-momentum frame and an antiquark
distribution in the pion, q (x, Q ):

xq~(x, Q )=f dy f (y)—q (xly, g ), (1)
x

where f (y)=f' '(y)+f' I(y) and they are given
by
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(a)

FIG. 1. Pionic contributions in deep-inelastic scattering from
(a) mNN process and (b) ~NA process.

In the above equations, t is the four-momentum square of
the pion; t „and t',„are the maximum t given byt,„=—

m)vy l(1—y ) and t',„=m~y —m ~/(1 —y );
and the mNX coupling constant is given by g &&=13.5.
The mNA coupling constant is given by the 6 decay
width (I"z) by' '

12+m~I ~

~p ~ (m~+E~)

1 /2

where ~p ~

=225.4 MeV and E)v=966. 6 MeV. Equations
(2b) and (3) are derived by taking the AND, coupling as
g (vt, /(2m~)P * TF ~t, (p„)P~~„g~, where Qz is the
Rarita-Schwinger spinor and T is the transition iso-
spin. " We assume F tv', (t ) =F z~(t ) in Eq. (2b) for sim-

plicity. The isospin factors, " fP*+ r/ +/()) *, r/ =3 in

the ~NX process by taking the proton as the initial nu-
cleon and ~P*+ T~ +~/*, .T~ +~/* T~ =2 in the

mN 6 process, are included in Eqs. (2) by assuming

q + =q, =q in Eq. (1). This assumption is satisfied as

explained in the following paragraphs, because the sea-
quark distribution, q = (u +d ) /2 —s, is studied in this in-

vestigation. Equation (1) indicates that the antiquark dis-
tribution [q&(x, Q )] in the nucleon is a convolution of a
probability [f (y )] of finding a pion with a fraction y of
the nucleon momentum with a probability [q (x/y, Q )]
of finding an antiquark with a fraction x of the pion
momentum.

We now discuss what the appropriate distribution (q)v)
is for investigating the pionic effect. There are significant
contributions to the strange-quark distributions from the
gluon splitting into a qq pair at large Q . Since the
sea/valence quark ratios in the nucleon are measured in

(4)

where the form factors are normalized by F„&&(m ) = 1.
These form factors have different behaviors at large ~)t ~;

however, these differences are not particularly important

the Q range, 20& Q &70 GeV, the gluon-splitting pro-
cess is significant in nucleon s sea-quark distributions. In
order to learn about the mlVÃ vertex, we should exclude
this contribution. Assuming that the sea quarks from the
gluon splitting are fiavor independent at large Q, we try
to investigate an antiquark distribution, xq)v

—=x (u
+d )/2 —xs in Eq. (1), where we expect that the gluonic
splitting contribution is subtracted out. Then, the xq&
given by this equation could be partly identified as the
pionic contribution to the antiquark distribution given by
Eq. (1). Namely, we are trying to attribute the SU(3)(i„„
breaking of the sea to mesonic effects at large Q .

We need a pion structure function and a m.NN
form factor for evaluating the pionic contribution
in Eq. (1). There exist three experimental data
(NA3, NA10, E615 ) on the pion structure function,
all of which have been measured by Drell-Yan experi-
ments. There is, however, a disagreement of the order of
20%%uo among these experimental data. The major reason
for this discrepancy lies in the uncertainties in the nor-
malization factor which strongly depends on the unmea-
sured pion structure functions at small x, as explained
in Fig. 15 of Ref. 25. In order to show the effect of the
uncertainties in the pion structure function, we use all
three structure functions in our calculations. The anti-
quark distribution xq =x(u+d)/ 2 —xs for the pion is
given by the valence-antiquark distribution as
xq + =xq ()=xq =xV /2 (note xV =F" in Ref. 25)
by using relations d + =u = V„+S, u + =d
=S„, u O=d o= V„/2 +S, and S =S =S„. We do
not use Q -evolved pion structure functions from
(Q ) =25 GeV, at which they are measured, because
our evolution program for the nonsinglet distribution
indicates that changes due to Q evolution in the range
(20& Q &70 GeV ) are at most 10% . This is smaller
than the differences (20%) in the pion-structure-function
measurements among different groups. In the pion struc-
ture function, the SU(3)f is assumed for sea quarks
in the pion. Although it may seem contradictory to the
SU(3)f-breaking physics which we try to investigate in
the nucleon, we find this is not a problem in Eq. (1) in the
following way. The nucleon's sea distribution at x -0.15
is to be investigated and the pion momentum distribution
is peaked around y -0.25, so the pion structure function
at x/y -0.6 (essentially valence distribution) contributes
to the nucleon's sea significantly, and the pion's sea does
not contribute unless x is very small.

For the ~AN form factor in nuclear physics, we often
use a phenomenological approach and parametrize it as
monopole, dipole, and exponential forms:

1 —m /(A, )

1 t /(A,)—
[1—m /(Az) ]2

[1—t /(A, )']'
(p) (t —m )/(Ao)
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FIG. 2. Antiquark distributions in the nucleon obtained by
using different mNN form factors and the E615 pion structure
function for the ~NN process. The solid (dashed, dotted) curves
are results from the monopole (dipole, exponential) form factor.
The cutoff parameters A2 and Ao are given by A2=1.61A, and
AO=1. 28A, [see Eq. (5)].

in our research problem. The cutoff parameters for them
could be related simply by F"&z(to ) =F' zz( to )

=F'„&&(to ) =0.4. Solving this equation, we have the
following relation among various parameters:

A
&

=0.62A2 =0.78A0 (5)
If we relate the parameters in this way, antiquark distri-
butions obtained from Eq. (1) are almost independent of
the form of the +AN form factor as shown in Fig. 2.

We now show experimental results and compare them
with our calculations. Three sets of "experimental data"
are shown in Fig. 3. One is the EHLQ parametrization
I, ' and the others are recent measurements (E615) of the
sea/valence ratio, (u, +d, )/[2(u, +d, )] and the
HMRS parametrization E.' The E615 data are modified
to obtain xq& as defined in this paper by
xq~ = ( sea/valence )x ( u „+d, ) —xs. Here x ( u „+d, ) and
xs are taken from the HMRS-E parametrization at Q
given by the average invariant mass square of the muon
pair, (I„„)=11.1+164.0x GeV in the E615 experi-
ment. We note that the EHLQ parametrization is
much different from other two "experimental data. "
Namely, the E615 measurements of sea/valence and the
HMRS-E distribution are 50% larger than the EHLQ-I
values in 0. 1 &x &0.2, even though they are larger than
the EHLQ-I values by only 30% in the sea/valence ra-
tios. The enhancement (30%~50%) of the differences
is due to the (strange sea)/(ud sea) ratio,
2s/(u+d)=0. 43 (at Q =5 GeV ).' ' The 50%
enhancement in xq& could change results in estimating
the ~NN form factor, because FMS used the EHLQ pa-
rametrization to obtain A& & 0.5 GeV.

Using the pion structure functions measured by NA3,
NA10, and E615 Collaborations and the monopole form
factors with A&=0. 5, 1.0, 1.5 GeV, we obtain "theoreti-
cal" antiquark distributions [from the ~NN process in
Fig. 1(a)] shown in Fig. 3. We do not show theoretical
results in the small-x region (x & 0. 1), because the convo-
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FIG. 3. Theoretical results for the ~NN process with the
monopole form factor are compared with experimental data.
The solid (dashed, dotted) curves are results from using the
E615 (NA10, NA3) pion structure function. The XXXXX
(dashed-dotted) curve is the distribution by the EHLQ-I
(H MRS-E) parametrization. Experimental data by the
E615 Collaboration ( with modifications to obtain xq~
=x[{u+d)/2 —s]) are shown with error bars.

lution model is problematic in such a small x region due
to shadowing phenomena, and the assumption of
SU(3)f for sea-quark distributions in the pion is also not
without problems, as discussed earlier. Figure (3) indi-
cates that the present limit for the monopole cutoff pa-
rameter should be A, & 0. 8 GeV in the region
(1.0&x &0. 18) and A& &0.6 GeV in 0. 18 &x &0.30 by
considering experimental errors. Taking an average of
these limits, we have an estimate for the monopole cutoff
parameter as A, &0.7 GeV by the ~AN process.

Results in Fig. 3 could be compared with the FMS re-
sults (Fig. 6 of their paper) as follows. Because they
investigated d —s distribution, the isospin times
pion-structure-function factor is given by ~P +.Y. [d
—s] ++ ~P o r~ [d —s] o= —', V . On the other hand,
we have ~P + r~ [(u+d)/2 —s] ++ P 0 r~ [(u+d)/2
—s],=—', V . Because the factor —,

' is larger by 67% and

d —s =(u +d )/2 —s for the nucleon if we use the EHLQ
or HMRS parametrization, we could find tighter restric-
tion for the cutoff parameter. ' The theoretical curve
with A& =0.5 GeV multiplied by —,'agrees with the EHLQ
parametrization in Fig. 3; however, it is still below the
other two sets of experimental data. Therefore, a reason-
able estimate by the d —s is A& & 0.65 GeV in
0. 10&x &0. 18 which is larger than the FMS estimate,
A& &0.5 GeV in 0. 1 &x &0.2.

Next, we add contributions from the mNA process
shown in Fig. 1(b). As it is obvious from Eq. (2b), the in-
tegral is logarithmically divergent if we take the mono-
pole form factor. Therefore, results with the dipole form
factor are shown in Fig. 4. We find that theoretical
curves with the NA3 pion structure function agree with
the FMS results in Fig. 5 of Ref. 3 within 10-15 %. How-
ever, the limit for A2 is slightly different from their con-
clusion because of the underestimation of the EHLQ pa-
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FIG. 4. Summations of theoretical results for the mNN pro-

cess and results for the DNA with the dipole form factor are
compared with experimental data. See Fig. 3 for notations.

rametrization. Reasonable estimates are A2 & 1.05 GeV
in 0. 10&x &0. 18 and A2&0. 90 GeV in 0. 18&x &0.30
by considering experimental errors. Therefore, an esti-
mate for the limit is Az & 0.95 GeV by the ~NN and ~NA
processes. In order to compare with the limit for the
monopole cutoff obtained from Fig. 3, we simply use Eq.
(5) to convert the monopole cutoff' even though it is not
exactly right because of the logarithmically divergent
problem. Then, we obtain A, & 0.6 GeV by the ~NN and
mN6 processes.

In this investigation, we obtain upper limits of the
cutoff parameters as

A, & 0.6 ( 0.7 ) GeV,
A& &0.95 (1.1) GeV, (6)
Ao&0. 75 (0.9) GeV,

by studying the ~NN and ~NA process contributions to
sea-quark distributions. In the above equation, the values
in the parentheses are the results obtained by studying
only the wNÃ process, and Eq. (5) is used to relate
different cutoff parameters. A typical ~NN form factor
with Al-0. 6 GeV in quark models '" and soft form fac-
tors used in ~N interactions could be consistent with
deep-inelastic experimental data at this stage. However,
it is softer than a ~NN form factor with A, —1 GeV wide-
ly used in nuclear physics. Especially, it is much softer
than the form factor with Al —1.4 GeV used in one-
boson-exchange-potential models. Tighter restriction for
the size of the ~NN form factor could be obtained by in-
vestigating other processes involving coNN, pNN, etc. ,
vertices, which are our next projects to be investigated.

Now, we discuss brieAy about the pionic contributions
to a SU(2)f-breaking distribution u(x )

—d(x ). Using the
dipole cutoff Az =0.95 GeV, which gives a good fit to the
data in the range (0. 10 & x &0. 15) in Fig. 4, we estimate
SU(2)f-breaking effects, because there is a recent interest

X

FIG. 5. Pionic contributions to the SU(2)f breaking in the
nucleon's sea quarks. The distributions x(u —d ) are calculated
by using the dipole form factor with the cutoff, A2=0. 95 GeV,
and the E615 pion structure function. ~NN indicates contribu-
tions from the process in Fig. 1(a) and ~NA indicates contribu-
tions from the process in Fig. 1(b). ~NN+~NA indicate the
summation of these values. Curves in 0&x &0. 1 are shown by
dashed curves because of problems associated with the convolu-
tion formula and the pion structure function.

in the Gottfried sum rule. Noting (u —d ) +
= —V, [u —d] 0=0, and [u —d] =+V, we can use
the same formalism in Eqs. (1) and (2) with simple
modifications. Namely, we should modify the isospin
times pion-structure-function factors to —2V„ in the
~NN case and +—', V in the ~NA case. In this way, we
find that we have negative contribution from the ~NN
process and have smaller positive contribution from the
~NA process shown in Fig. 5. Calculating the integral,
—', f dx(u —d ), we find that the pionic contribution to the
deviation from the Gottfried sum rule
[j(dx Ix )(F&~ F2" ) = —,

'
] is ——0.041, which could ex-

plain a part of the discrepancies indicated by recent
NMC experiments. Although this is a rough estimate
due to problems associated with the convolution formu-
la and the pion structure function in the small-x re-
gion (x & 0. 1), it is encouraging for further investigation,
especially comparisons with experiments. This research
is in progress and will be submitted for publication.
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