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Abstract. The flavor structure of the nucleon as revealed in parton dis-
tributions (PDF’s) is central to understanding the partonic structure of
the nucleon. Recent data on unpolarized PDF’s and their implications for
the flavor- dependent quark helicity distributions are discussed. Results are
presented for spin asymmetries in inclusive and semi-inclusive cross sections
for production of pions, and kaons measured by the HERMES experiment
in deep-inelastic scattering of polarized positrons on proton and deuterium
Targets. A full 5 component extraction of polarized quark distributions for
u, d, U, d, and (s + 5) is reported. Resulting valence quark distributions
conform to results of earlier experiments. There is no evidence for a signif-
icant polarization of the light sea. In contrast to the conclusions inferred
from studies of polarized inclusive scattering, a leading order analysis of
the HERMES data suggests a zero or slightly positive polarization of the
strange sea. There is no evidence for a measurable flavor asymmetry in the
polarized distributions for the light sea.

1. Introduction

Parton distribution functions(PDF’s) form the basis for the description of
the flavor structure of the nucleon. The unpolarized parton distribution
functions, q(x,Q?), where f is the quark flavor, describe the mass struc-
ture of the nucleon. Polarized parton distribution functions, such as the
longitudinal PDF, Aq¢(x,Q?), provide information on the helicity distribu-
tions of the quarks, ie. the spin structure of the nucleon. Over the years a
very detailed picture of unpolarized PDF’s has emerged, but a number of
questions remain, some with important implications for the spin structure
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of the nucleon. By contrast, for polarized PDF’s, only broad features of
parton helicity distributions are established. Detailed properties, such as
the sea polarizations are poorly known. And there are no direct measure-
ments of gluon polarization, or of contributions from parton orbital angu-
lar momenta. New experiments addressing these issues involving selective
probes of various features of partonic structure, particularly spin structure,
are in progress or about to be launched at HERMES, COMPASS, and
RHIC. This paper will focus on recent progress in measurements of the
flavor dependence of the helicity distributions of the nucleon as measured
in the HERMES experiment. The discussion will begin with brief remarks
on unpolarized PDF’s and a discussion of models of PDF’s and their impli-
cations for deep inelastic scattering(DIS) reactions, and in particular the
flavor structure of polarized PDF’s. This will be followed by a description
of the HERMES experiment and the flavor tagging technique for isolating
quark effects in parton distributions. Finally, new data on polarized quark
helicity distributions and their implications will be discussed.

2. Unpolarized parton distributions

A new generation of parton distributions based on a global data analysis
(CTEQ6) is now available [1]. The study is carried out mainly in the MS
scheme with an improved error treatment, but in most respects the new
PDF’s do not differ substantially from the previous compilation, CTEQ5.
Among the outstanding problems are lack of data on parton distributions
at high x;;, uncertainties in the behaviour of the light sea flavor asym-
metry for x;; above 0.1, and the fragmentary information on the distribu-
tions for strange quarks. From the HERMES point of view, the unresolved
discrepency in s(x) as determined by dimuon v data compared to results
from charged and neutral current structure functions is particularly seri-
ous. The lack of knowledge of s(x) precludes a precise comparision of new
results for As(x) with the unitary limit. The CTEQ compilation assumes
s =35 =0.2(7 + d). The decrepency between the CTEQ value for s(x) and
other compilations is as much as 100%.

The flavor asymmetry of the light sea has received much attention. The
Gottfried sum rule which is given by the equation

dz 2 rl

1
Io= [ (@ -B@T =32 [G@-ned 0

provides a measure of that asymmetry. The first evidence for an asymme-
try came from the CERN experiment NA51, which reported the result,
I =0.235 £ 0.026, instead of the value 1/3 expected for a symmetric sea.
Subsequently, in a measurement of the Drell Yan process [2] the ratio, d/u
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Figure 1. The ratio of d/@ as a function of the scaling variable, x measured in the
Fermilab experiment E866. The result from NA51 is plotted as an open box. Also shown
is the CTEQ4 prediction(solid line).

was measured as a function of x. The results are presented in fig. (1). Im-
portant features of these data can be explained by a number of theoretical
models, developed to describe PDF’s. According to these models, the fla-
vor aysmmetry observed for the light sea puts important constraints on the
flavor asymmetry for the polarization of the light sea.

The chiral quark soliton model(xQSM) makes a strong prediction [3]
about A% — Ad. In this approach the nucleon is described as a soliton
of an effective field theory. Unpolarized quark and antiquark PDF’s, as
well as polarized PDF’s for quarks plus antiquarks given by this model
are in good agreement with experiment. From the structure of the theory,
parametrically Au(z) — Ad(z) > [u(z) — d(z)|. Calculations at low scale
in the the large-N. limit with an effective field theoretic description of
chiral symmetry breaking confirm this prediction. The results are shown
in Fig. (2). A second very different model employs methods of statistical
mechanics. This statistical model in which one generates all the PDF’s
from a very small number of parameters [4] shows impressive agreement
with the global data base for the structure functions F¥(z, Q?),F§(z, Q?),
and, G(z,Q?). Again, from the chiral structure of QCD and features of
u(x) and d(x) known from DIS, in this theory, d(z) > u(z); Au(z) >
0; Ad(z) < 0;, and most significantly, Au(z) — Ad(z) ~ d(z) — u(z). A
third model developed to explain the enhancement of d over @ is a meson
cloud model [5] in which the physical proton is viewed as a coherent sum of
virtual meson-baryon states. The leading term is a proton with a symmetric
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Figure 2. Isovector antiquark distributions at low normalization point, as obtained from
the chiral quark soliton model.

sea. The “Sullivan process” generates an antiquark asymmetry through
reactions which arise from the 7NN and the wAN couplings. With some
tuning of the cutoff parameters for these couplings, the virtual pion model
gives an excellent description of measured light sea asymmetry. However,
in contrast to other models, for a light sea generated by a pion cloud plus a
symmetric sea generated by gluon splitting, this model gives AT — Ad ~ 0.
Because of these differing predictions for the light sea polarization, a precise
measurement of the asymmetry in the helicity distributions of the light sea
will provide a good test of these models. A detailed measurement of the
flavor structure of the quark helicity distributions is one of the principal
goals of the HERMES experiment.

3. The HERMES Experiment

Deep inelastic scattering events are generated in the HERMES experiment
by the interaction of the polarized lepton beam of the HERA accelerator
at DESY with polarized target gases which are injected into a 40 cm long,
tubular open-ended storage cell located at an interaction point on the lep-
ton orbit. The lepton beam is self polarized by the Sokolov-Ternov effect
with a polarization time which is typically about 20 minutes. The beam
polarization is measured continuously with Compton backscattering of cir-
cularly polarized laser beams. The beam polarization is routinely about
0.55. Spin rotators in the ring provide longitudinal polarization at the in-
teraction point. The polarized target gases, atomic H or D are generated
by an atomic-beam source based on Stern-Gerlach separation which pro-
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Figure 3. The HERMES Spectrometer.

vides an areal density of about 2 x 10'* atoms/cm? for H and 7 x 10!3
atoms/cm? for D. The nuclear polarization is measured with a Breit-Rabi
polarimeter and the atomic fraction with a target gas analyser. The target
polarization is reversed within short time intervals to minimize systematic
effects. The relative lumimosity is measured by detecting Bhabha- or Mott-
scattered target electrons in coincidence with the scattered lepton, in a pair
of NaBi(WOy)y electromagnetic calorimeters.

The HERMES spectrometer[6], shown in Fig. (3) is a forward angle
open geometry system consisting of two halves which are symmetric about
a central horizontal shielding plate in the spectrometer magnet. A fly’s eye
calorimeter and a transition radiation detector furnish clean separation of
hadrons and leptons. Identification of 7's, K's and p’s are accomplished by
means of a novel dual-radiator ring-imaging Cerenkov counter(RICH)[7]
which is located between the rear tracking chambers. The combination of
radiators consisting of a wall of clear aerogel and a gas volume of C4Fjg
provide clean particle identification over almost the full acceptance of HER-
MES, i.e. 2-15 GeV. The scattered leptons and hadrons produced within
an angular acceptance of + 170 mr horizontally, and 40 - 140 mrad verti-
cally are detected and identified. Typical kinematics for studies of DIS are
E = 27.5 GeV for the incident lepton, > 0.02 where z = Q?/2Mv is the
Bjorken scaling variable, 0.1 GeV? < Q% < 15 GeV? with —Q? the square
of the momentum transfer, and v < 24 GeV where v = F — E' with E(E")
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is the energy of the incoming(scattered) lepton in the target rest frame.
To insure that hadrons detected are in the current fragmentation region,
cuts of z = Ep/v > 0.2 and zp =~ 2pz’)‘am”el/W > 0.1 are imposed, where

W = /2Mv + M? — @Q? is the invariant mass of the photon-proton sytem.

4. Flavor Decomposition

Until recently, all of the information on the flavor decomposition of quark
helicity distributions resulted from analysis of inclusive data under the as-
sumption of SU(3) symmetry. One found [§]

Au =+0.78 +£0.03, Ad=-048+0.03, As=-0.144+0.03. (2)

A subsequent next to leading order global analysis of all data for a pro-
ton target [9] gives for the strange quark contribution to the singlet ax-
ial coupling, a; = —0.07 & 0.04. In order to improve sensitivity to flavor
dependencies, the HERMES experiment uses semi-inclusive deep-inelastic
scattering to determine the separate contributions Ags(x) of the quarks
and antiquarks of flavor f to the total spin of the nucleon. By means of
the technique of flavor tagging, individual spin contributions can be deter-
mined directly from spin asymmetries of hadrons with the appropriate fla-
vor content. For example, the spin asymmetry of K, an all sea object, will
have a high sensitivity to the polarization of the quark sea. The measured
semi-inclusive spin asymmetry, Aﬁ, and the corresponding photon-nucleon

asymmetry, A?, for the hadron of type h are given by

N _ At h
Am _ Ny = N Al = Aj 3)
NG+ N D(1+1)

where, for simplicity, we assume unity beam and target polarizations and
constant luminosity. Here D is the depolarization factor for the virtual pho-
ton, 7 is a kinematic factor, and NTT(N™) are the number of DIS events
with coincident hadrons for target polarization parallel (anti-parallel) to
the beam polarization. In leading order QCD assuming the validity of fac-
torization, one can write the semi-inclusive DIS cross section, o”(z, Q?, 2),
to produce a hadron with energy fraction, z = E} /v as

o"(2,Q*, 2) o Syetes(w, Q% 2) D (w, Q%) (4)

where the sum is over quark and antiquark types f = (u,u,d, d, s,5). Ej, is
the energy of the hadron. The quark charge, ey, is in units of the elementary
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Figure 4. Inclusive and semi-inclusive hadron, pion and kaon asymmetries for a deu-
terium target. The hadron asymmetries are compared with data from the SMC collabo-
ration. The error bars of the HERMES data are statistical and the bands are systematic
uncertainties. These data form the deuteron portion of the data base used in the purity
analysis described in the text.

charge. In this approximation,

lemm dz 3 e?ch(SC) : D?(z) Agg(z) 1+ R(z, Q?)

h xr,z
Al( ) ) Zlmm dz Ef’ e?uq]“’ (:p) . D}t,(z) Qf(ill') 1+ 72 (5)
_ Ags(z) 14 R(z,Q)
= L T e )

The quantities, P}‘(m), are the integrated purities which are defined by
Eq. (6). They are spin-independent quantities in leading order and repre-
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sent the probability that the quark, gy was struck in the DIS event. The
ratio R = o, /or of the longitudinal to transverse photon cross section cor-
rects for the longitudinal component that is included in experimental pa-
rameterizations of g¢(z, @*) but not in Agy(x,Q?). The term vy = V@2 /v
is a kinematic factor.

A Monte Carlo method based on a DIS physics event generator is used
to calculate the purities from CTEQ5 leading order parameterizations of
the parton distributions. A LUND string fragmentation model tuned to
HERMES kinematics provide fragmentation probabilities. The Monte Carlo
program includes the effects of the acceptance of the experiment. The sys-
tematic uncertainties in the purities were estimated by variation of the
fragmentation parameters and by using alternate PDF parameterizations.
By incorporating the correction factor in the purities, one can rewrite Eq.
(6) in a matrix form as

A(x) =P(x)-Q(x) (7)

where A(x) becomes a vector whose elements are all the integrated mea-
sured asymmetries which are to be included in the analysis. The Q(x) vector
contains the quark and antiquark polarizations. These quantities are now
connected by the purity matrix which contains the effective integrated puri-
ties. The determination of the quark polarizations from the experimentally
measured spin asymmetries is reduced to the task[10] of inversion of Eq. (7)
to obtain Q(x). Eq. (7) can be solved for Q(x) by minimizing

X’=(A-P-Q'V,'(A-P-Q) (8)

where V4 is the covariance matrix of the asymmetry vector A (x). The flavor
decomposition is obtained by solving Eq. (7) for a vector Q(x) of dimension
corresponding to number of independent quark flavor distributions.

5. Results

The purity formalism has been used in the HERMES analysis to make a
flavor decomposition into polarized quark distributions for u,@, d,d, and
s +35. For the first time, a global analysis of inclusive spin asymmetries and
semi-inclusive spin asymmetries for 77,77, KT, and K~ has been carried
out for longitudinally polarized targets of hydrogen, and deuterium. The
measured spin asymmetries A%(x, Q2, z) were integrated in each z bin over
the corresponding Q2-range and the z-range from 0.2 to 1 to yield A%(z).
The data for A?(x) together with the inclusive data obtained with the
deuterium target are shown in Fig. (4). There the data for unidentified
hadrons are compared to earlier results from the SMC collaboration [11]



FLAVOR STRUCTURE OF THE NUCLEON 9

X-Au _‘__+..----+--..{
02 i ._._t._-_-.-—§""*"“r
R ____.___,__#___- :.'_-+.':. z
0 ”””” }””””””’I’””,’ ””””””””””””””””
> ]
0 x-Ad
"'""+’N"}““+"'+"“‘;'—'----*:.':_':.+:_'I;:}l'-_-'-+ ——————————
0.2 |
: : J
0.1 F xAu
0 "”C’;:é’_’;’_?’_;;:*:”’;:;:;{’;.25.4;’7‘-;;+’i """""""""""
ol +
01¢ X-Ad + +
O ":’;’;C‘+'_’;’_}’_:;::::::+’;’;:;7;7 :-:\;-;'1+;7i """"""""""""
01t e HERMES prelim.
: —__ (1996-2000)
0lfypAs , = GRSV/(1+R)
e BB
0 ":’;’;:..}’;.;.;;;:;: ::::+::;:”;’.;’ :._:.;;a#ii-- - —---;--
0.1 _ _ Q" =25GeV
0.02 0.1 0.7
X

Figure 5. The z-weighted polarized quark densities. The plots show a five parame-
ter fit to the data assuming a symmetric strange sea polarization. The data have been
evolved to a common Q* = 2.5 GeV?. The dashed line shows a GRSV parameterization,
and the dashed-dotted curve an alternate parameterization of Bluemlein and Boettcher

(hep-ph/0203155).

The results of the decomposition obtained by solving Eq. (7) are pre-
sented in in Fig. (5). A symmetric strange sea polarization was assumed,
i. e. As/s = AS/s. The general features of quark densities follow those
of earlier decompositions[10, 11]. The u-quarks show a strong positive
polarization, while the d-quarks have a substantial negative polarization.
The non-strange sea quarks are not significantly polarized. However, the
strange sea appears to be positively polarized, contrary to the conclusions
drawn within leading order QCDJ[12] from earlier inclusive data. The triplet
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Figure 6. Flavor asymmetry Au — Ad of the light sea extracted from the HERMES
five-component purity analysis. The curves describe predictions of the xQSM model and
the statistical model (see text). The error bars give statistical uncertainties and the
shaded band the systematic error.

strength Ags = Au— Ad extracted from the HERMES data is in agreement
with the Bjorken sum rule. The polarization of the strange sea can be ex-
tracted directly from the same data set by means of a purity analysis which
uses only two spin asymmetries, AP (z) and Afgﬂ{ " (). For this analy-
sis, fragmentation functions from e®e™ collider experiments can be used to
calculate purities. This method measures the quantity As+ As with no as-
sumption about strange sea symmetry, and provides an independent check
of the result from the five-component decomposition. The results obtained
show the same trend of positive strange sea polarization.

6. Remarks and conclusions

The HERMES result is the first “direct” five component decomposition of
quark helicity distributions using flavor tagging. The distributions for u, d,
and the nonstrange sea show trends similar to those inferred from inclusive
measurements, i.e. Au >> 0, Ad < 0, and AT = Ad ~ 0. The result
A(s +3) > 0 is unexpected, and it poses a challenge to our understanding
of the quark sea. To the extent that the sea arises from gluon splitting, one
would expect from the result for the strange sea that Aw ~ Ad > 0, i. e.
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that the light sea should show similar trends. The precision of the result
reported here is limited, but its implications are of such significance, that
further measurements of improved accuracy should receive high priority.
However, one point is clear. The hypothesis of a large negative strange sea
polarization as an explanation for the apparent violation of the Ellis-Jaffe
sum rule in inclusive scattering is ruled out.

The HERMES flavor decomposition does not support recent conjectures
of a strong breaking of the flavor symmetry of the light sea. The results for
the quantity Au — Ad are shown in Fig. (6) together with predictions based
on the chiral quark soliton model[3] (xQSM) and the statistical model of
Bourrely, et al [4]. Although the statistics are limited, the data indicate that
any flavor asymmetry in the nonstrange sea is substantially smaller than
the prediction of the yQSM, and each of the measured points lies below
the prediction of the statistical model. At the same time the HERMES
result is consisent with the expectation based on the simple pion-cloud
model discussed in section 2, that the polarized asymmetry should be small.
These results demonstrate that details of the flavor decomposition of the
helicity distributions can play an important part along with those of the
unpolarized distributions in providing insight into the mechanism by which
the quark sea of the nucleon is generated.

Other details of the sea distributions are under study. The singlet strength,
Ags = Au—Ad, agrees to within 1o with the Bjorken sum rule which states

1
Ags = / AgVS (z)dz = |§’l—“| x Coop = 1.01 +0.05 9)
0 v

A direct test of SU(3) symmetry assumed in inclusive analyses carried out
to date, can be made with the data from the flavor decomposition, by de-
termining the octet strength Ags = Au+ Ad—2As. The octet combination
can be related with SU(3) symmetry to the hyperon decay constants F' and
D according to the relation

Agg = (3F — D) x Coep = 0.46 £ 0.03 (10)

where Cgcp is taken from ref. [13]. Analysis of the HERMES data is contin-
uing. A determination of Agg is of high priority. In summary, the HERMES
results are the first complete decomposition of the quark helicity contribu-
tions to the spin of the nucleon. Such data will be of great value in revealing
manner in which the nucleon spin is generated by its partonic structure.
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