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The flavor asymmetry of the light quark sea of the nucleon is determined in the kinematic
range 0.02 , x , 0.3 and 1 , Q2 , 10 GeV2 for the first time from semi-inclusive deep-inelastic
scattering. The quantityfdsxd 2 usxdgyfusxd 2 dsxdg is derived from a relationship between the
yields of positive and negative pions from unpolarized hydrogen and deuterium targets. The flavor
asymmetryd 2 u is found to be nonzero andx dependent, showing an excess ofd over u quarks in
the proton. [S0031-9007(98)08024-7]

PACS numbers: 13.60.Hb, 11.30.Hv, 14.20.Dh, 25.30.Fj
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The flavor content of the nucleon sea has come to
recognized as an important domain for testing models
nucleon structure [1]. Until recently there has been lit
experimental constraint on the flavor asymmetry in t
quark distributions of the light quark sea in the nucleo
The first was an integral test, based on a comparison
inclusive deep-inelastic scattering on the proton and
neutron to determine the Gottfried sum [2] defined as

SG ;
Z 1

0

dx
x

fFp
2 sxd 2 Fn

2 sxdg , (1)

where F
p
2 sxd and Fn

2 sxd are the structure functions o
the proton and neutron, respectively. The assumption
isospin symmetry in the quark-proton model allows t
sum to be written as

SG 
1
3

Z 1

0
fuysxd 2 dysxdg dx

2
2
3

Z 1

0
fdsxd 2 usxdg dx , (2)

whereuysxd anddysxd are the density functions of the va
lence quarks andusxd and dsxd those of the antiquarks
in the proton, andx is the fraction of the nucleon ligh
cone momentum carried by the struck quark. A flav
symmetric sea,usxd  dsxd, leads to the Gottfried sum
rule SG  1y3. A measurement of the Gottfried sum
by NMC [3] resulted inSG  0.235 6 0.026, at Q2 
4 GeV2. If isospin symmetry holds, a global flavor asym
metry

R1
0fdsxd 2 usxdg dx ø 0.15 would account for the

NMC result. Many ideas such as Pauli blocking and pi
clouds have been proposed to explain such a flavor as
metry in the sea [1]. Two methods have been propose
measure itsx dependence: the Drell-Yan process [4] a
semi-inclusive deep-inelastic scattering [5].

Results are presented here for thex dependence of
sd 2 udysu 2 dd from the analysis of charged pion yield
in semi-inclusive deep-inelastic scattering of positro
on unpolarized hydrogen and deuterium targets. T
data cover the kinematic range0.02 , x , 0.3 and
1 , Q2 , 10 GeV2, where2Q2 is the four-momentum
transfer squared of the exchanged virtual photon a
520
e
f

.
of
e

of

r

-
to

s
e

d

x  Q2y2Mn is the Bjorken variable withM being the
proton mass,n  E 2 E0 the virtual photon energy, an
E sE0d the energy of the incident (scattered) positron.

The ratiosd 2 udysu 2 dd is determined from a quan
tity that combines good sensitivity to the sea asymme
with minimal sensitivity to instrumental effects. This
the ratio of the differences between charged pion yie
for proton and neutron targets [5]:

rsx, zd 
Np2

p sx, zd 2 Np2

n sx, zd
Np1

p sx, zd 2 Np1

n sx, zd
, (3)

where z  Epyn is the fraction of the virtual photon
energy carried by the pion andNp sx, zd is the yield of
pions coming from deep-inelastic scattering off nucleo
Factorization between the hard scattering process and
hadronization of the struck quark implies

Np6

sx, zd ~
X

i

e2
i fqisxdDp6

qi
szd 1 qisxdDp6

qi
szdg , (4)

where ei is the quark charge in units of the elementa
charge,qisxd and qisxd are the density distributions o
quarks and antiquarks of flavori, and the fragmentation
functionsDp6

qi
szd represent the probability that the qua

of flavor i fragments to a charged pion. Assumin
isospin symmetry between protons and neutrons as we
charge conjugation invariance, the number of light qu
fragmentation functions is reduced to two: the favor
and disfavored fragmentation functions [6], e.g.,Dp1

u and
Dp2

u . Using Eq. (4) to expressrsx, zd in terms of quark
distributions and fragmentation functions results in

1 1 rsx, zd
1 2 rsx, zd


usxd 2 dsxd 1 usxd 2 dsxd

fusxd 2 usxdg 2 fdsxd 2 dsxdg
Jszd ,

(5)

where Jszd  3
5 s 11D0szd

12D0szd d and D0szd  Dp2

u szdyDp1

u szd.
It should be noted that the right-hand side of Eq.
factorizes into two independent functions ofx and z,
respectively. Thus, the equation may be rearranged
isolate a quantity sensitive to the flavor asymmetry:
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dsxd 2 usxd
usxd 2 dsxd


Jszd f1 2 rsx, zdg 2 f1 1 rsx, zdg
Jszd f1 2 rsx, zdg 1 f1 1 rsx, zdg

.

(6)

The assumptions leading to Eq. (5) imply that the expr
sion on the right-hand side of Eq. (6) is independent oz.

In the HERMES experiment, 27.5 GeV positrons c
culating the HERA storage ring at DESY are scatte
on internal hydrogensH2d, deuteriumsD2d, and helium-3
s3Hed targets. The target gas is fed into the cen
of a 40-cm-long open-ended storage cell. System
uncertainties are minimized by cycling the three ga
through one of various permutations, several times d
ing each 8–12 hour HERA fill. The unpolarized lum
nosity of s1 5d 3 1032 cm22 s21 is monitored by a pair
of NaBisWO4d2 electromagnetic calorimeters that dete
Bhabha scattering from target electrons.

A detailed description of the HERMES spectrome
is provided elsewhere [7]. It is a forward spectrome
that identifies the scattered positron as well as the a
ciated hadrons, in the scattering angle range of0.04 ,

u , 0.22 rad. Positron-hadron discrimination is bas
on information from four particle identification detector
a threshold gašCerenkov counter, a transition-radiatio
detector, a lead-glass electromagnetic calorimeter, a
preshower detector located directly before the calorim
ter. This combination provides an average position id
tification efficiency of 99%, with a hadron contaminatio
that is dependent on the kinematics of the positron bu
always less than 1%. One of the features of the sp
trometer central to this work is its thresholďCerenkov
counter, which distinguishes pions from heavier hadr
for particles with momenta greater than 3.8 GeV wh
maintaining better than 95% pion identification efficien
at momenta larger than 6 GeV.

The kinematic requirements used in this analysis
Q2 . 1 GeV2, invariant massW of the initial photon-
nucleon system greater than 2 GeV, and fractional ene
y  nyE of the incident lepton transferred to the virtu
photon less than 0.85. Events are required to origin
from the target-beam interaction region. For the deter
nation ofrsx, zd, the data are partitioned in five bins ofx
in the range0.02 , x , 0.3 and up to six bins inz in the
range0.2 , z , 0.8. The pions are selected to be in t
current fragmentation region (i.e., derived from the stru
quark and not target fragments) by requiringxF  2PLyW
to be greater than 0.25, wherePL is the momentum compo
nent of the pion in the longitudinal direction with respe
to the virtual photon in the photon-nucleon center-of-m
frame. Data at Bjorkenx . 0.3 are excluded because the
are dominated by scattering from the valence quarks.
yields for the neutron target appearing in Eq. (3) can be
ferred from yields obtained from deuterium and hydrog
targets,Np6

n  Np6

d 2 Np6

p . Thus the determination o
fdsxd 2 usxdgyfusxd 2 dsxdg is made by taking ratios o
differences between yields from hydrogen and deuteri
The pion yields extracted from the data areNp

detsx, zdyL ,
s-
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whereNp
detsx, zd is the number of detected pions asso

ated with deep-inelastic scattering events andL is the
integrated luminosityfsnucleiycm2dysg corrected for in-
strumental dead time and inefficiencies; the possible ef
of different acceptances forp1 andp2 is included in the
systematic uncertainties discussed below. The fragme
tion functionsDp6

qi
szd and their ratioD0szd were extracted

from the measured pion yields from each of the unpo
ized targets: H2, D2, and 3He [8], using Eq. (4) togethe
with the GRV 94 LO [9] parametrization of parton distr
butions. No statistically significant differences were fou
between the results from the different targets. To av
statistical correlations with the pion ratios, onlyD0szd ex-
tracted from3He is used in this analysis. The fragment
tion function ratioD0szd determined within the HERMES
acceptance is found to vary withx and Q2 typically by
less than 10%, except in the low-yield region nearz  0.8
where as much as 40% may be seen. However, extrac
of the flavor asymmetry in bins ofx andQ2 revealed the
averaged result to be unaffected by this variation. The
pendence of the left-right instrumental asymmetry on p
charge is significant only at the lowest momenta and
taken into account as a correction. For allx bins, the re-
sulting change in the sea asymmetry is less than 1.5%

The results for the quantitysd 2 udysu 2 dd are shown
in Fig. 1 as a function ofz for five bins in x. The
data show noz dependence and are consistent with
form of factorization shown in Eq. (5). The values
sd 2 udysu 2 dd averaged overz are plotted in Fig. 2(a)

0
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1

0

1

0

1

(d
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0
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FIG. 1. The distributionsd 2 udysu 2 dd as a function ofz
in five bins ofx. The points are fit to a constant for eachx bin.
The error bars represent statistical and systematic uncertai
added in quadrature. Some points are omitted due to lim
statistics.
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FIG. 2. (a) sd 2 udysu 2 dd as a function of x. Also
included are the GRV 94 LO [9], CTEQ 4lq [10], MRS (A
[11] low Q2, and MRST (98) [12] parametrizations calculat
at the appropriateQ2 for eachx bin. (b) d 2 u as a function
of x. The open circles represent the E866 [15] determina
of d 2 u at Q2

0  54 GeV2. The solid (dashed) curve is th
GRV 94 LO [9] parametrization, evaluated at theQ2

0 values
for the HERMES (E866) experiment. The inner error ba
represent the statistical uncertainties while for all data includ
those from E866, the total error bars represent statistical
systematic uncertainties added in quadrature.

as a function ofx and are presented in Table I. They a
nonzero and positive everywhere in the measuredx region,
clearly showing an excess ofd quarks overu quarks in the
proton. Also included in this figure are the GRV 94 L
[9], CTEQ 4lq [10], MRS (A) [11] lowQ2, and MRST (98)
[12] parametrizations ofsd 2 udysu 2 dd, calculated at
the averageQ2 of the events in eachx bin. The HERMES
results are determined without making higher order Q
corrections and so only leading order parametrizati
should be compared to them. At lowQ2, only GRV 94
is available at leading order. The distributiond 2 u as a
function ofx is thus derived fromsd 2 udysu 2 dd using
the GRV 94 LO parametrization ofusxd 2 dsxd, again
0
5
3
0
9

5522
TABLE I. Values for sd 2 udysu 2 dd andd 2 u.

x kQ2l Stat Syst Stat Syst
range kxl sGeV2d

d2u
u2d error error d 2 u error error

0.020 0.050 0.038 1.33 0.20 0.08 0.07 0.53 0.21 0.2
0.050 0.075 0.062 1.82 0.42 0.08 0.06 0.91 0.17 0.1
0.075 0.115 0.092 2.52 0.15 0.07 0.06 0.30 0.14 0.1
0.115 0.150 0.131 3.38 0.20 0.08 0.05 0.36 0.13 0.1
0.150 0.300 0.198 4.88 0.17 0.07 0.05 0.26 0.11 0.0
n

s
g
nd

D
s

calculated at the appropriateQ2 for eachx bin. Other
combinations from GRV 94 LO could have been us
instead, such asuy 2 dy or u 1 u 2 d 2 d, but these
choices result in more sensitivity to this model input,
indicated by differences seen from substituting the GR
98 LO parametrization [13]. The results are presen
in Fig. 2(b) and Table I and give an integral over th
measuredx region of

R0.3
0.02fdsxd 2 usxdg dx  0.107 6

0.021sstatd 6 0.017ssystd, after the integrand at eachx bin
is “evolved” to the average measuredQ2

0 of 2.3 GeV2 by
applying the ratio of the GRV 94 values ford 2 u at the
two values ofQ2. The GRV 94 LO parametrization is use
to estimate the portion of the integral in the unmeasu
regions. The contribution fromx , 0.02 is significant:
0.050 (almost 50% of that over the measuredx range),
while the highx region x . 0.3 contributes only 0.006.
Including an extrapolation uncertainty estimate based
differences among the available parametrizations, the t
integral over allx is then approximately0.16 6 0.03,
which is consistent with the results first seen by NMC [3

An alternate approach to the measurement of
flavor asymmetry is the comparison of the Drell-Ya
process on protons and deuterons, which is sensitive
the quantityuyd [4]. Using this approach, the NA51
Collaboration at CERN determined thatuyd  0.51 6

0.04 6 0.05 at x  0.18 and a center-of-mass energy op
s  29 GeV [14]. The E866 Collaboration at Fermila

recently reported a measurement of the flavor asymme
in the x range 0.02 , x , 0.345 [15]. E866 uses the
CTEQ 4M [10] parametrization ofu 1 d to extractd 2

u from the measured quantitydyu. These results given
at aQ2

0 of 54 GeV2 are included in Fig. 2(b). This figure
demonstrates that the sea asymmetry measured in d
inelastic scattering and in Drell-Yan experiments agre
even though theQ2 of the two experiments differ by a
factor of about 20.

The total systematic uncertainties associated with
determination of the quantitysd 2 udysu 2 dd in the
present work are given in Table I. These uncertaint
include various effects as follows. After the correction
low momenta, any residual charge-dependent instrume
acceptance asymmetry is estimated to be less than 1
Effects of the finite resolution of the spectrometer a
bremsstrahlung have been investigated with Monte Ca
studies. These effects are small and are included
the systematic uncertainty. Radiative corrections to
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pion yields have been calculated following the presc
tion of Ref. [16]. Their effect on the pion ratio in Eq. (3
is estimated to be less than 1% and is included in
systematic uncertainty. Lepton contamination in the p
sample is found to be at most of order 1%, and
differences between the two targets were no more t
0.2%. The effects of hadrons misidentified as pions h
been estimated from the Monte Carlo simulations and
also included. Finally, the uncertainty in the fragmen
tion function ratioD0szd as measured at HERMES h
been accounted for. The statistical uncertainty ofD0szd
has been included in quadrature to the statistical un
tainty of the pion yields. The systematic component
this ratio determined from systematic studies of the HE
MES data has been included in quadrature to the t
uncertainty.

The only additional systematic uncertainty associa
with d 2 u is the choice of parametrization to extra
d 2 u from sd 2 udysu 2 dd. The GRV 94 LO [9]
parametrization ofusxd 2 dsxd is used. The MRS (A)
[11] low Q2 parametrization is used as an alternati
The resulting different in the value ofd 2 u is used as
an estimate of this uncertainty.

In summary, the flavor asymmetry of the light quark s
is extracted for the first time from pion yields in sem
inclusive deep-inelastic scattering. The data are reco
at the HERMES experiment in the kinematic range
0.02 , x , 0.3 and1 , Q2 , 10 GeV2. The measured
quantitysd 2 udysu 2 dd is found to be nonzero over th
entire x range measured, clearly showing an excess od
quarks overu quarks in the proton sea. Itsx dependence
will serve as a further constraint on global parametrizati
of parton density functions. The integral over the m
sured region of the derived quantityd 2 u is

R0.3
0.02fdsxd 2

usxdg dx  0.107 6 0.021sstatd 6 0.017ssystd at aQ2
0 of

2.3 GeV2, which accounts for two-thirds of the Gottfrie
sum rule deficit.
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