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Polarized light-flavor antiquarks from Drell-Yan processes ofh¿N¢ \ l¢Á¿ lÂ¿X
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We propose a formula to determine the first moment of difference between the polarizedū and d̄ quarks in

the nucleon, i.e.,Dū2Dd̄ from the Drell-Yan processes in collisions of unpolarized hadrons with longitudi-
nally polarized nucleons by measuring outgoing lepton helicities. As coefficients in the differential cross

section depend on theu- andd-quark numbers in the unpolarized hadron beam, the differenceDū2Dd̄ can be
independently tested by changing the hadron beam. Moreover, a formula for estimating theK factor in Drell-
Yan processes is also suggested.
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Several experiments have been devoted to investiga
the nucleon structures. In the large momentum transfer
gion, the nucleon~generally hadron! can be regarded as com
posed of almost free pointlike constituents with spin 1/2, i
partons. It seems quite natural to identify partons as~almost!
massless quarks. Then, how do quarks construct the nucl
Inclusive deep inelastic scatterings~inclusive DIS! off lepton
beams on nucleon targets have revealed some combina
of valence and sea quark distributions in the nucleon. Tra
tionally, the light-antiquark distributions,ū(x) and d̄(x),
have been taken to be flavor symmetric in phenomenolog
analyses for structure functions of nucleons from a poin
view, which the strong interaction is independent of t
quark flavor for light quark-pair creations from gluons. How
ever, the asymmetry ofū(x) andd̄(x) has been predicted@1#,
and in 1991 the New Muon Collaboration~NMC! at CERN
has reported on the violation of the Gottfried sum rule@2#
from the unpolarized structure functions of the proton a
the neutron@3#. This implied a significant flavor asymmetr
for the unpolarized light-antiquark distributions,ū(x)
Þd̄(x). Furthermore, this asymmetry was confirmed ind
pendently by the NA51 at CERN@4# and the E866 at fermi-
lab @5,6# through the Drell-Yan~DY! processes with proton
beam and proton and deuteron targets at rapidityy50 and
for a largexF ~i.e., smallx! region. At present, from thes
experimental results several approaches such as chiral q
model, Skyrme model, Pauli blocking effects, etc., are p
posed to understand light-flavor antiquark asymmetry@7#.
However, the discussions are still ongoing. Since the str
interaction does not depend on the quark flavor for pertur
tive QCD, the mechanism for its flavor asymmetry may
addressed to nonperturbative QCD effect@8#. Therefore, the
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studies of its mechanism are related to disclose how qu
build up the hadron, and are a challenging subject in part
and nuclear physics.

We also come to mind a question whether the longitu
nally polarized light-antiquark distributions have this asy
metry or not. Unfortunately, we have no idea to estimate
first moment ofDū2Dd̄ such as the Gottfried sum rule fo
the unpolarized light-antiquark flavor asymmetry. It mak
the analysis on the light-flavor antiquark polarization dif
cult. The experimental data for the longitudinally polariz
semi-inclusive DIS@9–11# have been reanalyzed recently f
Dū(x) and Dd̄(x) @12#. The result implied the asymmetr
betweenDū(x) andDd̄(x), but had ambiguities because o
insufficient information on the fragmentation functions a
of statistical error. At present we cannot derive any conc
sion onDū(x) andDd̄(x) from data, though several mode
with this asymmetry were proposed@13,14#. Thus, it is im-
portant to find a formula for the first moment ofDū2Dd̄,
and to measure it directly without ambiguities.

So far, several approaches for polarized light-flavor an
quark distributions in the DY process@14,15# and the weak
boson production@16# have been proposed, but these pr
cesses can only probeDū and Dd̄ in a limited kinematic
region.

Here we propose a formula for the first moment ofDū

2Dd̄ from the DY process with longitudinally polarize
nucleon targets and unpolarized hadron beams by measu
the helicity of one of the produced lepton pair.

Let us consider a process ofh1NW → lW61 l 71X. The
spin-dependent cross section is defined by@17,18#

d3Ds

dx1dx2d cosum
[

d3s11

dx1dx2d cosum
2

d3s12

dx1dx2d cosum
,

~1!

where the subscript~12! means the target nucleon helicit
©2003 The American Physical Society01-1
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and that of one of the outgoing leptons are parallel and
tiparallel, respectively. This cross section is expressed a

d3Ds

dx1dx2d cosum
5Kpol

dDŝ

d cosum
(

i
ei

2@ q̄i
h~x1 ,Q2!

3Dqi
N~x2 ,Q2!1qi

h~x1 ,Q2!Dq̄i
N~x2 ,Q2!#

[Kpol

dDŝ

d cosum
DPhN~x1 ,x2 ,Q2!, ~2!

with x1[xbeam andx2[xtarget in the leading order~LO! of

QCD. Kpol , D q
(-)

i
N and q

(-)

i
h in Eq. ~2! are theK factor of this

DY process, the polarized quark~antiquark! and the unpolar-
ized quark ~antiquark! distributions with flavor i, respec-
tively. Also um is the lepton production angle in the cente
of-mass frame ofhN collisions. In the LO QCD, the
differential cross sections of the subprocess in Eq.~2! is
given by @17#

dDŝ

d cosum
57D f ~x1 ,x2 ,Q2,cosum!,

~3!
D f ~x1 ,x2 ,Q2,cosum!

5
pa2

Q4

8x1
2x2

2pN
2

$~x11x2!2~x12x2!cosum%3

3$x1
2~12cosum!22x2

2~11cosum!2%,
05150
n-with Q25x1x2s andpN being the nucleon momentum. Her

the initial 2 and 1 signs refer toDqq̄→ lW1l 2 and Dq̄q

→ lW1l 2 for measuring the positive lepton helicity, respe

tively. For negative lepton,2 and 1 refer to Dq̄q→ l 1 lW2

andDqq̄→ l 1 lW2, respectively.
When the target is the longitudinally polarized proton ta

get,DPhN(x1 ,x2 ,Q2) in Eq. ~2! can be written by

DPhp~x1 ,x2 ,Q2!

5
4

9
@ ūh~x1 ,Q2!Dup~x2 ,Q2!2uh~x1 ,Q2!Dūp~x2 ,Q2!#

1
1

9
@ d̄h~x1 ,Q2!Ddp~x2 ,Q2!2dh~x1 ,Q2!Dd̄p~x2 ,Q2!#

1
1

9
@ s̄h~x1 ,Q2!Dsp~x2 ,Q2!2sh~x1 ,Q2!D s̄p~x2 ,Q2!#

1~contributions from heavy quark distributions!. ~4!

Similarly, DPhn(x1 ,x2 ,Q2) for the neutron target can be als
obtained. Assuming the isospin symmetry for the tar
nucleon, one has an interesting equation such as
sitively
d3Dshp

dx1dx2d cosum
2

d3Dshn

dx1dx2d cosum
5Kpol

dDŝ

d cosum
$DPhp~x1 ,x2 ,Q2!2DPhn~x1 ,x2 ,Q2!%57KpolD f ~x1 ,x2 ,Q2,cosum!

3F1

9
@Duv

p~x2 ,Q2!2Ddv
p~x2 ,Q2!12$Dūp~x2 ,Q2!2Dd̄p~x2 ,Q2!%#$4ūh~x1 ,Q2!

2d̄h~x1 ,Q2!%2
1

9
$Dūp~x2 ,Q2!2Dd̄p~x2 ,Q2!%@4uv

h~x1 ,Q2!2dv
h~x1 ,Q2!

12$4ūh~x1 ,Q2!2d̄h~x1 ,Q2!%#G , ~5!

where the initial2 and1 signs in the right-hand side of the above equation correspond to the measurement of the po
charged lepton and the negatively charged one, respectively. Integrating overx1 andx2 on Eq.~5!, we obtain the following
relation:

E
0

1E
0

1 d3Dshp/dx1dx2d cosum2d3Dshn/dx1dx2d cosum

KpolD f ~x1 ,x2 ,Q2,cosum!
dx1dx2

5
1

9
@Duv

p~Q2!2Ddv
p~Q2!12$Dūp~Q2!2Dd̄p~Q2!%#$4ūh~Q2!2d̄h~Q2!%

2
1

9
$Dūp~Q2!2Dd̄p~Q2!%@4uv

h2dv
h12$4ūh~Q2!2d̄h~Q2!%#

5
1

9 UgA

gV
U$4ūh~Q2!2d̄h~Q2!%2

1

9
$Dūp~Q2!2Dd̄p~Q2!%@4uv

h2dv
h12$4ūh~Q2!2d̄h~Q2!%# ~6!
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for the measurement of thel 2 helicity. In Eq.~6!, gA andgV

are the nucleon axial and vector coupling constants, res
tively, and uv

h and dv
h are numbers of the valenceu and d

quarks in the beam particleh, respectively. Here, we drop th
labelQ2, since the valence quark numbers in the hadron
independent of Q2. Therefore, appraising 4ūh(Q2)

2d̄h(Q2) in the unpolarized beam hadronh and theK factor
of this polarized DY process, we get information on the fi

moment of Dūp2Dd̄p from the cross sections forh

1$pW andnW %→ lW6 1 l 71X with wide ranges of bothx1 and
x2 .

If the polarized light-flavor antiquark distribution is sym
metric, i.e., Dūp2Dd̄p50, the right-hand side of Eq.~6!

reduces to 1/9ugA /gVu$4ūh(Q2)2d̄h(Q2)%. For instance,
choosing the proton as the unpolarized hadron beamh and
taking x1 min51025 and Q254 GeV2, it becomes 1/9
31.26730.143102519.7 with 0.1413102 or 0.1393102

for 4ūp(Q2)2d̄p(Q2) by the parametrization of Glu¨ck-
Reya-Vogt 1998 ~GRV98! LO @19# or Martin-Roberts-
Stirling-Thorne 1998~MRST98! LO @20#, respectively. Also,
the difference between the spin-dependent differential c
sections ofpp andpn collisions as a function ofx2 for sev-
eralx1 values is shown in Fig. 1 by takingKpol51.8. We use
AAC @21# with Dū5Dd̄ and GRV98LO parametrizations a
polarized and unpolarized distribution functions, resp
tively. Therefore, we can conclude that the behavior ofDū
05150
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andDd̄ in the nucleon is asymmetric if we find a discrepan
between the measured values and above predicted ones

For other unpolarized hadron beams, for example char
pions, kaons and so on, it is not difficult to estima
4ūh(Q2)2d̄h(Q2) in Eq. ~6! from experiments. The value o
4ūh(Q2)2d̄h(Q2) in the unpolarized beam hadronh can be
obtained from data in the same way as above. With unpo
ized nucleon targets, the same procedure as Eq.~6! leads to

FIG. 1. The difference between the spin-dependent differen
cross sections ofpp andpn collisions for the measurement of thel 2

helicity as a function ofx2 with Kpol51.8.
itten as

udied

m such

f

E
0

1E
0

1 d3shp/dx1dx2d cosum2d3shn/dx1dx2d cosum

Kunpoldŝ/d cosum
dx1dx2

5
1

9
$ūp~Q2!2d̄p~Q2!%~4uv

h2dv
h!1

1

9
@uv

p2dv
p12$ūp~Q2!2d̄p~Q2!%#$4ūh~Q2!2d̄h~Q2!%, ~7!

whereKunpol is theK factor of the unpolarized DY process, and the differential cross sections of the subprocess is wr

dŝ

d cosum
5

pa2

Q4

8x1
2x2

2pN
2

$~x11x2!2~x12x2!cosum%3 $x1
2~12cosum!21x2

2~11cosum!2%.

Since the value ofūp(Q2)2d̄p(Q2) in Eq. ~7! was obtained by the NMC and other experiments and also has been st
intensively, one can extract 4ūh(Q2)2d̄h(Q2) from the combination of the differential cross sections,dshp anddshn, for the
unpolarized DY processes. Using the NMC result, namelyūp(Q2)2d̄p(Q2)520.14760.039 atQ254 GeV2 @3#, and choos-
ing the proton as the hadronh, we obtain

4ūh~Q2!2d̄h~Q2!5F E
0

1E
0

1 d3shp/dx1dx2d cosum2d3shn/dx1dx2d cosum

Kunpoldŝ/d cosum
dx1dx210.114G Y 0.0784. ~8!

For Kpol andKunpol appeared in Eqs.~6!–~8!, in general, it is important to find an equation where theK factor cancels out
in order to extract physical quantities from DY processes. However, we do not have enough information derived fro
equation. In order to get absolute values of the physical quantities induced from the DY processes, theK factor must be
estimated exactly. Using unpolarized antihadron beams together with unpolarized hadron beams, the mean value oKpol in
terms ofx for this polarized DY process is given as follows:
1-3
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E
0

1E
0

1
H d3Ds h̄p

dx1dx2d cosum
2

d3Ds h̄n

dx1dx2d cosum
J 2H d3Dshp

dx1dx2d cosum
2

d3Dshn

dx1dx2d cosum
J

D f ~x1,x2,Q2, cosum!
dx1dx257Kpol

1

9 UgA

gV
U~4uv

h2dv
h!,

~9!

with 7 being similar to Eq.~5!, where we assume the reflection symmetry along the V-spin axis, the isospin symmetry a
charge conjugation invariance for the unpolarized beam hadron with the polarized nucleon target. ForKunpol of the unpolar-
ized DY process, we also have

E
0

1E
0

1
H d3s h̄p

dx1dx2d cosum
2

d3s h̄n

dx1dx2d cosum
J 2H d3shp

dx1dx2d cosum
2

d3shn

dx1dx2d cosum
J

dŝ/d cosum
dx1dx25Kunpol

1

9
~uv

p2dv
p!~4uv

h2dv
h!.

~10!
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Since each term of the right-hand side in Eqs.~9! and~10! is
constant,Kpol andKunpol can be evaluated from the releva
differential cross sections.

Thus, measuring theK factors by using unpolarized had
ron and antihadron beams, and evaluating 4ūh(Q2)
2d̄h(Q2) from the unpolarized DY experiment, the pola
ized DY process for an unpolarized hadron beam and a
larized nucleon target allows to provide the first moment
Dūp(Q2)2Dd̄p(Q2) by measuring the helicity of one of th
produced lepton pair. Note that it does not require meas
ments with high precision for largex1 andx2 region in order
to determine the value ofDūp2Dd̄p, though differential
cross sections for the proton and the neutron targets are c
bined. Because each differential cross section for largex1
andx2 is quite small as shown in Fig. 1, a contribution fro
this region to the integral is small.

In summary, we have proposed a formula for the diff
ence between the polarized light-flavor antiquark dens
Dūp2Dd̄p, from DY processes. It is given by a combinatio
of the cross sections with an unpolarized hadron beam a
longitudinally polarized proton target by measuring one
the produced lepton helicity and that with a neutron targ
Then, the formula is described in terms of the neutr
b-decay constant and the difference betweenDūp andDd̄p.
As coefficients of these terms depend onu- and d-quark
numbers in the unpolarized beam hadron, we can indep
dently get information on the behavior ofDūp and Dd̄p by
changing the beam hadron.

Recently, the DY process in the next-to-leading ord
~NLO! of QCD has been discussed and compared with
in the LO, though it is the DY process for the longitudinal
polarized nucleon and the longitudinally polarized nucle
05150
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collisions@14#. The relevant differential cross section has
additional term including contributions from gluons. How
ever, in the differencedDshp2dDshn the contributions
from gluons will be canceled. Accordingly, Eq.~6! is ex-
pected to be also kept in the NLO.

Now experiments to solve the nucleon spin problems s
at Relativistic Heavy Ion Collider~RHIC! at BNL with col-
liding polarized protons at high energy,As5200 GeV. Also,
the Japan Hadron Facility~JHF! is under construction. It
provides 50 GeV high intensity proton and antiproton beam
and also can produce high intensity chargedp/K meson
beams. One expects that future experiments for proce
proposed here will be carried out at RHIC and/or JHF w
the detector measuring the helicity of high energy lepto
over wide ranges ofx1 and x2 . It is certainly difficult to
measure the high energy lepton helicity. However, the m
surement of the helicity of them1 produced in charged cur
rent interactions has already been carried out at high-en
antineutrino experiments at CERN Super Proto
Synchrotron ~SPS! @22#. The polarimeter used there wa
composed of the marbles for stopping the muon, the scin
lators for detecting the positron from muon decay and
proportional drift tubes for observing the muon track@22#.
This makes use of the fact that high energy positron is p
erentially emitted in the direction of the muon spin becau
of the V-A interaction in muon decay. Accordingly, it seem
possible to do experiments on the processes discussed
We wish to get new information onDūp2Dd̄p at RHIC
and/or JHF.

One of us~T.Y.! thanks T. Morii for enlightening com-
ments, and K. Kobayakawa for careful reading of this ma
script.
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