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Abstract. We present estimates of possible data on spin-dependent asymmetries in inclusive scattering of
high energy polarized electrons by high energy polarized protons at HERA with their statistical errors
and discuss systematic errors. We show that these data will provide important information on the low-x
behavior of the polarized structure function g1, and will reduce the uncertainty in the determination of
the first moment of the polarized gluon distribution ∆g(x, Q2) obtained from the QCD analysis of g1 in
NLO. Furthermore, using asymmetries for di-jet events from a polarized HERA would substantially reduce
the uncertainty in the shape of ∆g(x, Q2). Use of the information on ∆g(x, Q2) from the di-jet analysis in
conjunction with the NLO QCD analysis of g1 will provide an accurate determination of ∆g(x, Q2) and
its first moment.

1 Introduction

Measurements of nucleon structure functions by lepton-
nucleon inclusive electromagnetic deep inelastic scattering
(DIS) were of fundamental importance in studying nu-
cleon structure and have provided crucial information for
the development of perturbative QCD (pQCD). The his-
tory of these experiments over the past 40 years has shown
that important new information has been obtained when
measurements were extended to new kinematic regions.
In the mid-1950’s at Stanford, measurements of elastic
electron-proton scattering were extended to a higher Q2

range of 1 (GeV/c)2 and for the first time it was observed
that the proton has a finite size [1]. In the late 1960’s at
SLAC the extension of measurements of inelastic inclusive
electron scattering to the deep inelastic region of Q2 > 1
(GeV/c)2 led to the discovery of the parton substructure
of the proton [2]. This substructure was further studied in
muon-nucleon deep inelastic scattering [3]. The extension
of the data to lower x and higher Q2 made possible by the
HERA ep-collider showed a surprisingly steep rise towards
low x of the unpolarized structure function F2 [4] whose
explanation has led to an improved understanding of per-
turbative QCD. Furthermore, these data as well as data
from di-jet production [5] enabled a precise determination
of the gluon density in the nucleon.

Polarized DIS, which measures the spin dependent
structure function of the nucleon has a similar history.
The first measurements by the Yale-SLAC collaboration

[6] extended down to x = 0.1 and were consistent with
the naive quark-parton model view that the nucleon spin
is carried by its constituent quarks. These experiments
were followed up at CERN by the EM Collaboration [7]
extending the measurements to lower x of 0.01. The results
showed that the Ellis-Jaffe sum rule is violated, which
within the quark parton model implied that the contri-
bution of the quark spins ∆Σ to the proton spin is small.
This surprising result stimulated a large amount of ex-
perimental and theoretical work on polarized structure
functions [8]. The next generation of experiments by the
SM Collaboration at CERN [9,10], by the SLAC collabo-
rations [12,11,13], and by the HERMES collaboration at
DESY [14] reduced significantly the statistical and system-
atic uncertainties on the measurements and the kinematic
range was extended to x = 0.003. In addition, spin struc-
ture functions for the deuteron and neutron as well as the
proton were measured, thereby providing the first experi-
mental verification of the fundamental model-independent
Bjorken sum-rule. On the theory side, in the QCD quark
parton model, the breaking of the Ellis-Jaffe sum rule can
be interpreted as due to a positively polarized gluon distri-
bution and/or a negatively polarized strange quark contri-
bution. Hence precise information on the polarized gluon
distribution is important for the understanding of the spin
structure of hadrons, and will be studied in this paper.

Despite the recent experimental progress, the polar-
ized structure functions are still measured in a limited x
and Q2 range and a large uncertainty on the first moment
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of g1 comes from the unknown low-x behavior of g1. The
kinematic range accessible by present-day fixed target ex-
periments is limited and therefore to obtain a significant
extension of the kinematic range the scattering of polar-
ized electrons by polarized protons must be studied in a
collider mode such as HERA. While the polarized quark
distributions ∆q are accessible in fixed target experiments
from measurements of g1, the polarized gluon distribution
∆g is deduced from scaling violations of g1. However, the
good quality data on g1 in the present kinematic range al-
lows us to perform complete next-to-leading order (NLO)
QCD analyses of the Q2 dependence of g1. Recently sev-
eral such analyses have been performed [15–18] and have
provided the first information on the first moment of the
polarized gluon distribution,

∫ 1
0 ∆g(x)dx. These analyses

suggest a fairly large contribution of the gluon to the spin
of the proton [10,19]. Nevertheless the uncertainties are
very large and the shape of ∆g(x) is poorly constrained.
This analysis would benefit greatly from additional data
over a wider kinematic range.

The HERA collider at DESY provides 27.5 GeV elec-
trons and 820 GeV protons. At present the proton beam at
HERA is unpolarized whereas the electron/positron beam
has a natural transverse polarization, which can be ro-
tated into a longitudinal polarization in the interaction
regions. Once the protons in the HERA ring are polarized
it will be possible to measure polarization asymmetries
and thus explore spin dependent structure functions in
the full HERA kinematic range. The possible extension
in the measured x − Q2 range for spin structure function
measurements is shown in Fig. 1. The scientific and tech-
nical problems involved in obtaining polarized protons in
the HERA ring have been discussed in [20]. The measur-
ability of the polarized structure functions at HERA has
first been discussed in [21–23].

In this paper we study the potential impact of a polar-
ized HERA on the knowledge of the polarized structure
function and the polarized gluon distribution in the pro-
ton. We first show that g1 data from polarized colliding
beam experiments at HERA would provide information on
the low-x behavior of g1 and through QCD analyses of g1
would substantially improve the determination of the first
moment of the polarized gluon distribution. We present for
the first time an analysis which includes ∆g(x, Q2) mea-
surements from di-jet asymmetries together with the QCD
analysis of g1 data from fixed target experiments and from
HERA. The determination of the polarized gluon distribu-
tion ∆g(x, Q2) and its first moment improves substantially
when using such a combined analysis.

2 Current status
of polarized parton distributions

The structure function g1 is related to the polarized quark
and gluon distributions through

g1(x, t) = 1
2 〈e2〉

∫ 1

x

dy

y

[
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Fig. 1. Measurable x−Q2 region with polarized HERA shown
with the presently explored regions by CERN(SMC), SLAC
and DESY(HERMES) experiments, and the kinematic limit of
measurability at HERA

+2nfCg(x
y , αs(t))∆g(y, t)

+CNS
q (x

y , αs(t))∆qNS(y, t)
]
, (1)

where 〈e2〉 = n−1
f

∑nf

k=1 e2
k, t = ln(Q2/Λ2), ∆Σ and ∆qNS

are the singlet and non-singlet polarized quark distribu-
tions:

∆Σ(x, t) =
nf∑
i=1

∆qi(x, t),

∆qNS(x, t) =
nf∑
i=1

(e2
i /〈e2〉 − 1)∆qi(x, t),

and CS,NS
q (αs(Q2)) and Cg(αs(Q2)) are the quark and

gluon coefficient functions.
The x and Q2 evolution of the polarized quark and

gluon distributions is given by the DGLAP evolution equa-
tions [24]. The full set of coefficient functions [25] and
splitting functions [26] has been computed up to next-to-
leading order in αs. At NLO splitting functions, coefficient
functions and parton distributions depend on the renor-
malization and factorization scheme. The scheme choice
is arbitrary and parton distributions in different factor-
ization schemes are related to each other by well-defined
linear transformations.

The polarized parton distributions can be obtained by
fitting the experimental spin structure function data. The
distributions are parametrized at an initial scale and are
evolved using the DGLAP equations to values of x and Q2

of the data, varying the parameters to fit the experimental
values of g1 [15–17]. Here we follow the procedure used
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Table 1. Results from the NLO QCD fit to all available pub-
lished data compared to the results from a fit including also
projected data from HERA. The parameters ηp,n

NS are fixed by
the octet hyperon β decay constants: gA = F + D = 1.2601 ±
0.0025 [29] and F/D = 0.575 ± 0.016 [30], (a8 = 3F − D). The
parameter ηg is the first moment of the gluon distribution. All
values of the parameters are given at Q2 = 1 GeV2. Errors
reflect the statistical and systematic errors on the data

Parameter Fit to [7,9,10,12,11,13,14] HERA L = 500 pb−1

ηg 0.9 ± 0.3 0.9 ± 0.2
ηq 0.40 ± 0.04 0.38 ± 0.03

η
p(n)
NS +(−) 3

4gA + 1
4a8 +(−) 3

4gA + 1
4a8

αg −0.5 ± 0.3 − 0.6 ± 0.1
αq 0.7 ± 0.3 0.9 ± 0.3

αp
NS −0.1 ± 0.1 −0.1 ± 0.1

αn
NS −0.1 ± 0.2 0.1 ± 0.2

βg 4.0 (fixed) 4.0 (fixed)
βq 1.3 ± 0.7 1.5 ± 0.7

βp
NS 1.5 ± 0.3 1.4 ± 0.3

βn
NS 2.6 ± 0.6 2.6 ± 0.6

aq −1.4 ± 0.1 −1.4 ± 0.1

in [15]. The initial parametrization at Q2 = 1 GeV2 is
assumed to have the form

∆f(x, Q2) = N(αf , βf , af ) ηf xαf (1−x)βf (1+af x), (2)

where N(α, β, a) is fixed for each distribution by the nor-
malization condition, N(α, β, a)

∫ 1
0 xα(1−x)β(1+ax)dx =

1, and ∆f denotes ∆Σ, ∆qNS, or ∆g. With this normaliza-
tion the parameters ηg, ηNS , and ηΣ are the first moments
of the polarized gluon distribution, the non-singlet quark
distribution (in the proton or in the neutron), and the sin-
glet quark distribution, respectively, at the initial scale.
In this parametrization αf and βf determine the low-x
and high-x behavior of the parton distribution, respec-
tively. The polynomial describes the medium-x region and
was included only for the parametrization of the singlet
quark distribution. Some variations of the initial parton
distributions were also tried in order to check the depen-
dence of the results on the choice of the parametrization.
The evolution was performed within the AB factorization
scheme (in which C1

g = −αs

4π ). The strong coupling con-
stant αs(M2

Z) was taken to be 0.118±0.003. The factoriza-
tion scale M2 and the renormalization scale µ2 were taken
to be M2 = k1 · Q2 and µ2 = k2 · Q2, with k1 = k2 = 1.
Further theoretical details of the fit procedure and anal-
ysis can be found in [15,19]. Following this scheme, the
SMC performed a QCD analysis in NLO to existing po-
larized structure function data for proton, neutron and
deuteron measured at SLAC, CERN and DESY [7,9,10,
12,11,13,14]. We repeated this fit and show the results for
the best fit coefficients in Table 1. The world data on gp

1
are compared to the best fit in Fig. 2.

The first moment of the gluon distribution resulting
from this fit is: ηg = 0.9 ± 0.3(exp) ± 1.0(theory) at Q2 =
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Fig. 2. The NLO fit to proton gp
1 data. The solid lines are

the fit to the data at measured Q2 values, and the dashed and
the dotted lines are the fit evolved to Q2 = 1 and 10 GeV2

respectively

1 GeV2. Similar results were obtained by an analysis per-
formed by Altarelli et al. [19]. The experimental error de-
pends on the statistical and systematic uncertainty in the
measured data points, while the theoretical uncertainty
comes mainly from the choice of the factorization and
renormalization scales (δηg = ±0.6), the initial parton dis-
tribution (δηg = ±0.5) and the uncertainty in the value of
αs (δηg = ±0.3). The polarized gluon distribution is de-
duced mostly from the observed scaling violations in the
intermediate and low-x regions. Clearly the uncertainty
on the size of the polarized gluon distribution is large.
The existing data poorly constrain the low-x behavior of
the various parton distributions and hence the values of
αΣ , αg, and αNS . Moreover different functional forms for
the initial parton distributions result in different predic-
tions for the low-x behavior of g1(x) as well as different
values of the first moment of the polarized parton distribu-
tion [19], although the quality of the fit remains practically
the same.

The behavior of g1 at low x is still unknown. Unpolar-
ized structure function data measured at HERA showed
that F2 rises at low x which is in agreement with pQCD
[27], and for Q2 > 1 GeV2 does not follow a Regge behav-
ior. For polarized DIS the low-x information is crucial to
obtain a good determination of the moments of g1 [10,18,
19]. In the past the extrapolation of g1 from the measured
region down to x = 0, required to obtain its first mo-
ment, was done assuming a Regge behavior of the struc-
ture function, which implies [28] g1 ∝ x−α as x → 0 with
0 ≤ α ≤ 0.5, i.e. a valence-like behavior of g1. This behav-
ior disagrees with that predicted by QCD. A comparison
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Fig. 3. The statistical uncertainty on the structure
function gp

1 measurable at HERA for Q2 = 10 GeV2

with an integrated luminosity L = 500 pb−1 and a
comparison of various low-x behaviors of gp

1 . Also
shown are the SMC measurements. Starting from
the measured values of gp

1 by SMC, the possible
values for gp

1 at low-x are shown for three scenar-
ios: valence-like Regge behavior g1(x) ∝ x−α with
α = 0, a strong powerlike positive rise g1(x) ∝
1/(x · (lnx)2), and the pQCD prediction based on
the present best fit. A detailed comparison in the
low-x region of the SMC data is shown in the inset

between the Regge and QCD extrapolations from a recent
analysis by the SMC [10] is shown in Fig. 3.

The low-x behavior has significant consequences on the
first moment of g1. While the integral in the measured x-
range of 0.003 < x < 0.7 amounts to 0.139±0.006(stat.)±
0.008(syst.) ± 0.006(evol.) at Q2 = 10 GeV2 (the last er-
ror is due to the uncertainty in the Q2 evolution), the
contribution from the unmeasured low-x range amounts
to 0.002 or −0.011 depending on whether a Regge or a
pQCD prescription is used to extrapolate into the low-x
region. This provides the largest uncertainty on the first
moment of g1. Hence, an experimental measurement of the
low-x behavior of g1 would lead to significant insight on
the validity of QCD.

3 Measurement of gp
1(x, Q2)

at HERA and its impact

Presently all measurements of polarized structure func-
tions are made by deep inelastic lepton-nucleon scattering
on fixed targets. To evaluate the impact of measurements
in the extended kinematic range accessible at HERA, a de-
tailed study has been performed assuming an integrated
luminosity of L = 500 pb−1. After the planned luminosity
upgrade of HERA [31] this would be achievable in about
three years of data-taking. Beam polarizations were as-
sumed to be 0.7 for electrons and protons. Kinematic cuts
were applied based on standard analyses of data from the
present detectors at the HERA collider [32,33]:

– the angle1 of the scattered electron, θ′
e, is required to

be < 177o;
– the inelasticity y is limited to 0.01 < y < 0.9;
– the energy of the scattered electron, E′

e, is required to
be > 5 GeV;

– data were taken with Q2 > 1 GeV2.

A new parametrization [10] for the unpolarized structure
function F2, which includes recent data from NMC, E665,
H1 and ZEUS was used. The SLAC parametrization [34]
was used for the ratio R of longitudinal and transverse
γ∗p cross sections. Results for the expected number of
events for different x − Q2 bins are listed in Table 2, to-
gether with the average y, the depolarization factor D =
(y(2− y))/(y2 +2(1− y)(1+R)), and the expected statis-
tical uncertainty on the measured asymmetry δAm. Stan-
dard deep inelastic scattering formulae [22,35] were used
to calculate the kinematics and statistical uncertainties on
the measured asymmetries. Using the best-fit parton dis-
tributions obtained from the QCD analysis of the data dis-
cussed in Sect. 2, predictions were made for g1(x, Q2) val-
ues and hence for cross section asymmetries in the HERA
range. Systematic uncertainties were not included and will
be discussed at the end of this section. As shown in Fig. 1,
measurements of g1 at HERA will extend the x region
down to x = 5.6 × 10−5. In Fig. 3 we show the expected
accuracy of the determination of g1 at HERA with the
maximal extent of variation in the low-x behavior com-

1 Angles are defined with respect to the direction of the pro-
ton beam
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Table 2. The kinematic variables x, Q2, y, and D, with the
number of events expected Ntotal, and the statistical uncer-
tainty in the measured asymmetry δAm assuming an integrated
luminosity L = 500 pb−1 and proton and electron beam po-
larizations Pp = Pe = 0.7

x Q2 GeV2 y D Ntotal δAm

5.6 × 10−5 1.8 0.40 0.47 3.8 × 106 5.1 × 10−4

1.8 × 10−4 1.8 0.13 0.13 6.9 × 106 3.8 × 10−4

5.6 0.40 0.46 2.8 × 106 6.0 × 10−4

5.6 × 10−4 1.8 0.04 0.04 1.0 × 107 3.1 × 10−4

5.6 0.13 0.13 4.9 × 106 4.5 × 10−4

1.8 × 101 0.40 0.47 1.4 × 106 8.6 × 10−4

1.8 × 10−3 1.8 0.01 0.01 1.4 × 107 2.7 × 10−4

5.6 0.04 0.04 7.3 × 106 3.7 × 10−4

1.8 × 101 0.13 0.13 2.4 × 106 6.4 × 10−4

5.6 × 101 0.40 0.47 6.9 × 105 1.2 × 10−3

5.6 × 10−3 5.6 0.01 0.01 9.2 × 106 3.3 × 10−4

1.8 × 101 0.04 0.04 3.6 × 106 5.3 × 10−4

5.6 × 101 0.13 0.13 1.2 × 106 9.3 × 10−4

1.8 × 102 0.40 0.47 3.1 × 105 1.8 × 10−3

1.8 × 10−2 1.8 × 101 0.01 0.01 4.1 × 106 4.9 × 10−4

5.6 × 101 0.04 0.04 1.5 × 106 8.3 × 10−4

1.8 × 102 0.12 0.13 5.1 × 105 1.4 × 10−3

5.6 × 102 0.40 0.47 1.3 × 105 2.8 × 10−3

5.6 × 10−2 5.6 × 101 0.01 0.01 1.4 × 106 8.5 × 10−4

1.8 × 102 0.04 0.04 4.4 × 105 1.5 × 10−3

5.6 × 102 0.12 0.13 1.4 × 105 2.7 × 10−3

1.8 × 103 0.40 0.47 3.7 × 104 5.2 × 10−3

1.8 × 10−1 1.8 × 102 0.01 0.01 3.1 × 105 1.8 × 10−3

5.6 × 102 0.04 0.04 9.8 × 104 3.2 × 10−3

1.8 × 103 0.13 0.13 2.8 × 104 6.0 × 10−3

5.6 × 103 0.40 0.47 6.9 × 103 1.2 × 10−2

5.6 × 10−1 5.6 × 102 0.01 0.01 1.4 × 104 8.4 × 10−3

1.8 × 103 0.04 0.04 3.9 × 103 1.6 × 10−2

5.6 × 103 0.13 0.13 9.8 × 102 3.2 × 10−2

1.8 × 104 0.40 0.47 2.1 × 102 6.9 × 10−2

patible with the requirement of integrability of g1 (which
implies that at small x g1 can rise at most as 1/(x lnα x)
with α > 1).

For the HERA measurements only one data point is
shown at each x value, chosen to be the point with the
smallest statistical errors which corresponds to the largest
depolarization factor (see Table 2). The figure also shows
that a polarized HERA can clearly distinguish between
the different prescriptions for the gp

1 behaviors in the low-
x region.

The measurable points with their estimated errors for
HERA experiments are shown in Fig. 4 for eight accessi-
ble x-bins (out of the nine bins listed in Table 2). They
are predicted on the basis of the NLO fit of Table 1, rep-
resented by the solid line. We also consider two limiting
scenarios: a) the first moment of the gluon distributions is
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Fig. 4. Predicted values for gp
1 from NLO fits together with es-

timated statistical uncertainties for a future polarized DIS ex-
periment with an integrated luminosity L=500 pb−1 and with
beam polarizations Pe = Pp = 0.7. The solid lines are pre-
dictions based on fits to present data extended into the HERA
kinematic range, while the dotted and dashed lines are the pre-
dictions with a maximal and minimal gluon, respectively (see
text)

fixed to be 0 at Q2 = 1 GeV2 (minimal gluon: dashed
lines in Fig. 4) and b) the first moment of the singlet
quark density was fixed to ηq = a8 at the same reference
scale (maximal gluon: dotted lines in Fig. 4). Of course
still wider deviations from these fits are possible since the
low-x behavior of the current best fit is only very loosely
constrained due to the lack of direct experimental infor-
mation at low x. Furthermore, higher order corrections
beyond NLO may turn out to be important at very low
x [36,37].

The polarized gluon distribution is deduced from the
scaling violations of g1. Therefore a reasonably wide kine-
matic coverage is required in order to achieve such a deter-
mination with satisfactory accuracy. In particular, most
of the present-day parametrizations of polarized parton
distributions [15–17] indicate that ∆g(x, Q2) is peaked in
the unmeasured low-x region. Therefore data in this re-
gion with a large span in Q2, such as those obtainable at
HERA, would substantially improve the determination of
∆g(x, Q2).

To assess the impact of these data we have repeated the
QCD analysis described in Sect. 2 and included the pro-
jected HERA data. The values of g1 at HERA predicted by
the QCD analysis were randomized within their estimated
statistical errors by assuming a Gaussian distribution. The
values of the best-fit parameters (Table 1) of course re-
main the same within the errors, but the calculated sta-
tistical errors on the projected measurements, used in the
QCD analysis provide an estimate on the reduction of the
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experimental uncertainty in the fitted parameters. In Ta-
ble 1 we compare the result of the fit with the projected
HERA data to the analysis of present-day data only. Note
in particular the sizable improvement in the determina-
tion of the first moment of ∆g, from the present error
δ(ηg) = ±0.3 to ±0.2 with HERA data. A similar im-
provement is observed for the uncertainty in αg, which
is determined by the low-x data. The theoretical uncer-
tainty on the first moment of ∆g as of today is large. The
major contributing sources are factorization and renor-
malization scales, the initial parton distributions and the
uncertainty in the value of αs. At least the first two are
direct consequences of the fact that g1 structure function
measurements are available from a rather small x and Q2-
range, namely 0.003 < x < 0.8 and 1 < Q2 < 100 GeV2.
With HERA the measured x and Q2-range would increase
substantially, 10−5 < x < 0.8 and 1 < Q2 < 104 GeV2.
Consequently the principal sources of theoretical uncer-
tainty are expected to reduce significantly. Out of all the
systematic uncertainties we tried to study the most dom-
inant one, namely the factorization and renormalization
scale uncertainty. This uncertainty is related to the lack
of availability of higher than next-to-leading order cor-
rections and is usually estimated by changing the scale
factors, k1, k2 (see Sect. 2), in both directions (up and
down), e.g. by a factor of two [19] or four [16]. The differ-
ence between the central value ηbest

g and the one obtained
from the fit which gives the largest deviation from ηbest

g is
assigned as the uncertainty on ηg due to the uncertainty
in scales, δscale(ηg).

If we follow this procedure using the present day data,
the δscale(ηg) ≈ ±0.6. In order to estimate the improve-
ment one can expect in this uncertainty from future HERA
data, this procedure was repeated with the projected data
in Table 2. The QCD analysis fails to converge with the
scale factors changed by factors of 4 or even 2, indicating
that with HERA data, this uncertainty is constrained al-
ready. We repeated this procedure further by changing the
scale factors by smaller amounts ([k1, k2] = 0.5, 0.8, 1.2,
1.5) with the requirement that the fit procedure should
converge and result in fits with comparable χ2-confidence
level. The largest difference in value of ηg obtained from
such a procedure compared to the one in our present best
fit was δHERA

scale = ±0.15. This suggests a possible improve-
ment in this source of uncertainty by a factor of ≈ 4.
This improvement is indicative of the reduction one could
achieve in the total theoretical uncertainty in ηg from
HERA data.

Systematic errors are discussed in [22,23]. The prin-
cipal types of systematic errors associated with spin de-
pendent asymmetry measurements are normalization er-
rors and false asymmetries. The normalization errors are
mainly due to uncertainties in the electron and proton
beam polarizations Pe and Pp. These lead to a change in
the magnitude of the measured asymmetry by an amount
which is small compared to the statistical error, and hence
they are important primarily when evaluating the first mo-
ment of gp

1 (x).

Measurements of the electron polarization Pe at HERA
by Compton scattering from polarized laser light have
achieved [14,38] a relative uncertainty of 5%, and plans
are being made to improve it to the 2% level which has
already been achieved at SLAC [39]. Absolute measure-
ment of the polarization of the high energy proton beam
presents a new challenge and is presently under investiga-
tion at RHIC and at HERA. It is reasonable to expect that
an accuracy of 5% can be achieved [40–43]. The polariza-
tion errors of 2% (5%) translate directly into a relative
error of 2% (5%) on the structure function g1.

The other type of systematic error, which is due to
false asymmetries, arises from time variations in detector
efficiencies between the measurements for the parallel and
antiparallel spin conditions, and the correlation of proton
polarization with the beam intensity or the bunch cross-
ing angle. With regard to the time variation of detector
efficiencies, the interaction region for proton and electron
bunches should be the same for different proton spin ori-
entations, thus keeping the detector acceptance constant.
In the polarized HERA collider we expect to run in a
mode where a sequence of about 10 proton bunches will
have a given polarization, and the next sequence will have
the opposite polarization. Since the time interval between
the successive bunch crossings is 96 ns, the asymmetry
measurements will be done within 2 µs and for such a
time scale the detector efficiencies should be constant. A
possible correlation between proton bunch intensity and
polarization can lead to a false asymmetry, which can be
avoided by repeating the measurements after rotation of
all the proton spins. Small contributions to false asym-
metries may arise due to the correlations with the proton
spin direction of the micro-structure and polarization dis-
tribution within a bunch which can also be eliminated
by the proton spin rotation. A further possible source of
false asymmetries comes from potential asymmetries of
background contamination in the ep sample, namely in-
teractions of the beams with beam-gas. Present analyses
at HERA have achieved data samples with a purity of bet-
ter than 99%. Furthermore, residual asymmetries caused
by such background interactions can be efficiently moni-
tored by using so-called pilot bunches, i.e. bunches which
pass the interaction region and have no collision partner
in the other beam. Therefore this source of systematics
can be kept smaller than 10−4. Hence we believe that
false asymmetries at polarized HERA can be controlled
at the required level of 10−4 or less. Similar requirements
are necessary for the RHIC-SPIN program and are being
actively studied. More quantitative estimates can not be
made at this time, since they depend on the polarized col-
lider parameters and operating conditions which are being
studied at DESY.

We conclude that introduction of systematic errors
will not change significantly our conclusions on the im-
pact of future HERA g1 data. This conclusion also applies
to radiative corrections, which have been studied for the
HERA kinematics in [44] and we checked, using the pro-
gram HECTOR 1.11 [45], that they are well under control.
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Fig. 5. Feynman diagrams for the processes contributing to
the di-jet cross section at LO: the Photon-Gluon Fusion (PGF)
process (left) and the QCD-Compton (QCDC) process (right)

4 A direct measurement of ∆g(x, Q2)
from di-jet events at HERA

From the discussion in Sect. 3 it appears that the polarized
gluon distribution ∆g(x, Q2) is not as well constrained by
the Q2 dependence of the structure function as is the un-
polarized gluon density. In fact, while the first moment
of the polarized gluon density can be deduced from scal-
ing violations (including future HERA data) within 20%,
the shape of ∆g(x) is not constrained. Therefore mea-
surements which are directly sensitive to ∆g(x, Q2) are of
great interest and are expected to add important infor-
mation to the determination of not only the first moment
of ∆g but also of its shape. It has been shown by H1
at HERA [5] that in leading order (LO) the unpolarized
gluon momentum distribution, g(x), can be accessed in a
direct way by measuring the cross section of di-jet pro-
duction in DIS in a region of Q2 = 5−50 GeV2 with both
jets measured in the central detector (the proton remnant
jet is not counted), and for jets with a transverse energy
ET larger than 5 GeV. In leading order two processes con-
tribute to the di-jet events, Photon-Gluon Fusion (PGF)
and QCD-Compton scattering (QCDC), both leading to
two jets back to back in azimuth in the hadronic center-of-
mass system. The Feynman diagrams for the two processes
are shown in Fig. 5. The PGF cross section is proportional
to αsg(x). The QCDC cross section, however, is propor-
tional to αsq(x) and constitutes the background. The kine-
matic parameters to describe the PGF process are the mo-
mentum fraction of the proton carried by the gluon xg, the
four-momentum transfer Q2 and the invariant mass of the
two jets ŝ. They are related to the Bjorken-x, by:

xg = x(1 +
ŝ

Q2 ).

For ŝ > 100 GeV2, xg is larger than x by about an order
of magnitude and the accessible range at HERA is about
0.002 < xg < 0.2.

The feasibility of using this kind of measurement in
the case of polarized lepton-nucleon scattering to extract
∆g(x, Q2) from di-jet asymmetries has been discussed in
[47,48]. A new study of such a measurement at HERA
has been performed and is detailed in [49]. Recently NLO
corrections were calculated for the polarized jet rates and
found to be small [50]. In this paper we summarize the

main results and use the projected data to assess the sen-
sitivity to the shape of ∆g(x, Q2). In LO the total unpo-
larized di-jet cross section is the sum of the contributions
from PGF processes and QCDC scattering, and can be
written as:

σdi−jet = σPGF
di−jet + σQCDC

di−jet = A g + B q (3)

where g and q are the gluon and quark densities. A and B
can be calculated in perturbative QCD. Similarly, for the
polarized case we can write:

∆σdi−jet = σ↑↓
di−jet − σ↑↑

di−jet = a ∆g + b ∆q (4)

with ∆g and ∆q being the polarized gluon and quark den-
sities. The left arrow in the subscript denotes the polariza-
tion of the incoming lepton with respect to the direction
of its momentum. The right arrow stands for the polar-
ization of the proton being anti-parallel or parallel to the
polarization of the incoming lepton. The di-jet asymmetry
is sensitive to ∆g/g, especially at low x where the PGF
cross section dominates.

Adi−jet =
∆σdi−jet

2 σdi−jet
(5)

= A ∆g

g

σPGF
di−jet

2 σdi−jet
+ B ∆q

q

1
2

(1 − σPGF
di−jet

σdi−jet
),

with A ≡ a/A and B ≡ b/B. The experimentally accessi-
ble asymmetry Ameas is related to Adi−jet by

Ameas =
N↑↓ − N↑↑

N↑↓ + N↑↑ = PePpDAdi−jet (6)

where D is the depolarization factor and Ameas is the mea-
sured asymmetry. The quantities N↑↓ (N↑↑) are the total
number of observed di-jet events (N↑↓ = N↑↓

PGF +N↑↓
QCDC)

for antiparallel (parallel) proton and electron spins.
A Monte Carlo study was performed for a polarized

HERA on the expected size and uncertainty of the mea-
sured di-jet asymmetries and the contributions from sig-
nal and background processes. PEPSI 6.5 [51] was used,
which is a full LO lepton-nucleon scattering Monte Carlo
program for unpolarized and polarized interactions, in-
cluding fragmentation, and unpolarized parton showers
to simulate higher order effects. On the parton level the
results were cross checked using the Monte Carlo cross
section integration program [52]. Detector smearing and
acceptance effects were included based on the performance
of the present H1 detector. As input for the unpolarized
parton distributions we used the LO GRV parametriza-
tions [53] and for the polarized distributions various pub-
lished parametrizations, as well as the result for ∆g of
the NLO fit described in the previous section were used.
All these distributions are in agreement with the present
data. Monte Carlo events were generated for an integrated
luminosity of 500 pb−1 and beam polarizations of 0.7 for
electron and proton beams. Jets were defined by the cone
jet algorithm with a cone radius of 1 in the pseudorapidity
η and azimuthal angle φ plane. Di-jet events were selected
by the following criteria:
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Table 3. a Expected measured asymmetries from di-jet events
for six xg-bins with a polarized HERA and background cor-
rected asymmetries with statistical errors corresponding to an
integrated luminosity of 500 pb−1, b The background corrected
asymmetries for two different Q2 ranges

a) 5 < Q2 < 100 GeV2

xg Ameas Acorr δ(A)

0.002 −0.003 −0.003 0.005
0.006 −0.008 −0.008 0.003
0.014 −0.013 −0.013 0.004
0.034 −0.030 −0.030 0.006
0.084 −0.031 −0.042 0.012
0.207 −0.023 −0.047 0.027

b) 2 < Q2 < 10 GeV2 10 < Q2 < 100 GeV2

xg Acorr δ(A) Acorr δ(A)

0.002 −0.006 0.005 −0.001 0.007
0.006 −0.010 0.003 −0.006 0.003
0.014 −0.011 0.004 −0.015 0.004
0.034 −0.033 0.007 −0.029 0.007
0.084 −0.041 0.013 −0.035 0.013
0.207 −0.091 0.027 −0.013 0.031

– two jets with ET > 5 GeV;
– 5 GeV2 < Q2 < 100 GeV2;
– 0.3 < y < 0.85;
– ŝ > 400 (100) GeV2.

The invariant mass of the two jets is reconstructed from
their four-momenta P1(2): ŝ = (P1 + P2)2. The cut ŝ >

400 GeV2 was chosen to keep higher order corrections
small [50]. However, the data with 100 < ŝ < 400 GeV2

were also analyzed. The asymmetries were found to be as
large as a few percent and are listed in Table 3a.

The two lowest xg-bins in the table are obtained from
the lower ŝ data. In this table the asymmetry corrected

for QCDC background (Acorr = Ameas − N↑↓
QCDC−N↑↑

QCDC

N↑↓+N↑↑ )
is also presented. Note that there is a significant QCDC
contribution only for the two highest xg-bins.

Figure 6 shows the projected values of ∆g(x)/g(x) and
x∆g(x) as a function of xg for L = 500 pb−1 for different
∆g(x, Q2) distributions: the polarized gluon density ob-
tained from the NLO fit to g1 data by the SMC, the gluon
set C by Gehrmann and Stirling [17] and an instanton-
induced gluon proposed by Kochelev [54]. The results are
presented at Q2 = 20 GeV2 which is very close to the
average Q2 of the simulated data.

The shaded error band shows an estimate of the sys-
tematic uncertainty considering the following error sour-
ces: an uncertainty of 2% on the calibration of the hadronic
energy scale, the error on the total unpolarized di-jet cross
section of 2% and on the unpolarized gluon density g(x) of
5% [55]. The uncertainty on the ratio of the polarized and
unpolarized quark densities, ∆q/q, was considered to be
10% and the error on the polarization measurements for
electron and proton beams was taken to be 5%. Both sta-
tistical and systematic errors were calculated [49] using as

input the gluon set A of Gehrmann and Stirling [17], which
resembles the gluon distribution extracted from the NLO
fit to g1, and were adjusted to the different parametriza-
tions used here.

It can be seen that the measurement is sensitive to
the different gluon distributions, and that its shape can
be determined with six bins in x. Using these projected
measurements the statistical error of the first moment of
∆g in the x-range of 0.0015–0.32 is: δ(

∫ 0.32
0.0015 ∆g(x)dx) =

0.2.
A further study was performed using additional in-

formation on the Q2 dependence. For this study we ex-
tended the Q2 range down to 2 GeV2 and divided the
data into two bins with: 2 < Q2 < 10 GeV2 and 10 <
Q2 < 100 GeV2. The expected sensitivity on ∆g(x, Q2),
reflected by the expected asymmetries and their errors, is
shown in Table 3b. The mean Q2 values for the two bins
are 4.5 and 30 GeV2, respectively. The effect of the Q2

evolution of the gluon can be seen, but does not appear
to be very large.

5 Combined QCD analysis of g1 data and ∆g
from di-jet asymmetries

The measurement of g1(x, Q2) and di-jet asymmetries pro-
vide complementary information on the polarized gluon
distribution. As argued in Sects. 3 and 4 the first moment
of the polarized gluon distribution can be obtained from
the QCD analysis in NLO of g1 data while di-jet asymme-
tries will provide a direct measurement of the polarized
gluon density ∆g(x, Q2) in the range 0.0015 < x < 0.32.
Hence, it is interesting to study the impact of a combined
analysis of g1 and di-jet asymmetry data on the determi-
nation of ∆g.

In principle, such an analysis should be carried out us-
ing the measured di-jet asymmetries and g1 data in a self-
consistent procedure in NLO. Polarized quark and gluon
densities should be fitted simultaneously to both data sets,
in order to reproduce the scaling violations in g1 and sep-
arate the PGF and QCDC contributions to the jet asym-
metry cross sections. The tools to perform such analysis
are not available yet. However, the effect of the combined
analysis on the uncertainty in ∆g can be assessed by in-
cluding the values of ∆g(x, Q2) obtained from the di-jet
analysis in the NLO QCD fit of the g1 data as an extra
constraint.

The values of ∆g(x, Q2) in the six x-bins, as obtained
from the analysis of di-jet asymmetries, were considered
as data. Statistical errors were obtained from the Monte
Carlo simulation discussed in Sect. 4. The values used for
∆g(x, Q2) were taken from the best fit of present-day g1
data described in Sect. 2. Like the projected g1 data for the
HERA kinematic region, they were randomized around
the calculated value within one standard deviation of the
statistical error. As mentioned in Sect. 3, including the
projected g1 data in the NLO analysis, reduced the er-
ror on the first moment of ∆g by about 30%, yielding
ηg = 0.9 ± 0.2, down from δ(ηg) = 0.3. The QCD analy-
sis of the present and the projected g1 data was repeated
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Fig. 6. a The sensitivity to ∆g(x)/g(x), and
b x∆g(x) from a measurement of di-jet events
with a polarized HERA at Q2 = 20 GeV2 as-
suming an integrated luminosity of 500 pb−1.
The error bars show the expected statistical
error. An estimate of systematic uncertainties
is reflected in the shaded error band. As in-
put for the parton distributions three different
parametrizations were used (see text)
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Fig. 7. a The polarized gluon distribution at Q2 = 20 GeV2

obtained from a 14 parameter fit (3), dashed line, including
only existing g1 data, b including existing and projected g1

and ∆g(x) data. For comparison also the results of the 10 pa-
rameter fit to existing and projected data is shown, solid line,
as well as the corresponding ∆g values with their statistical
errors, as they could be obtained from a di-jet analysis

including also ∆g(x, Q2) values from the di-jet asymme-
tries in the fit. While the best fit parameters are obviously
about the same as those obtained for the NLO fit of the
g1 data, the uncertainty on the first moment of the po-
larized gluon distribution is reduced by 50%, resulting in
ηg = 1.0 ± 0.1. The polarized gluon distribution from the
best fit of g1 data, and projected HERA data, evolved to
20 GeV2 is shown in Fig. 7 along with the projected data
of ∆g(x, Q2) used in the fit. The effect of the di-jet data
alone on the uncertainty in ηg is similar to that of the
additional g1 data which will be measured at HERA. The
combined fit of present-day g1 data with the ∆g(x, Q2)
from di-jet asymmetries yields ηg = 1.0 ± 0.2. The results
for the first moments of the polarized gluon distributions
obtained from the fit of g1 data with projected g1 and ∆g
data are summarized in Table 4.

While the first moment of the polarized gluon distri-
bution can be deduced from scaling violations in g1, the
QCD analysis does not constrain its shape. This can be
demonstrated by introducing an additional term, bf

√
x

into the functional form of the parton distributions,

∆f(x, Q2) = (7)

Table 4. The expected uncertainty in the determination of
the first moment of the gluon distribution at Q2 = 1 GeV2

with inclusive and di-jet data from polarized HERA with
L = 500 pb−1

Data used δ(
∫

∆g)

QCD Anal. of published g1 today (= “A”) ±0.3

“A” + Projected HERA gp
1 ±0.2

“A” + Projected HERA ∆g-jets ±0.2

“A” + Projected HERA gp
1 and ∆g-jets ±0.1

N(αf , βf , af ) ηf xαf (1 − x)βf (1 + af x + bf

√
x).

Using this form in the QCD analysis of the g1 data results
in a fit with a node in ∆g(x, Q2), which is not allowed
by the more restricted form of (2). The gluon distribution
obtained from a fit with this functional form is shown in
Fig. 7 where it is also compared with the gluon distribu-
tion obtained with the standard form (2). While the first
moment of ∆g at Q2 = 1 GeV2 is 0.9 ± 0.3, the same
value as obtained in the standard fit, the shapes of the
gluon distributions are different.

On the other hand, di-jet asymmetries provide good
information on the shape of the polarized gluon distribu-
tion in the measured region. The effect of the additional
data on our knowledge of ∆g can be demonstrated when
the projected values of g1 and ∆g(x, Q2), (obtained from
the standard, 10 parameter fit) are fitted with 14 param-
eters, as discussed above. As shown in Fig. 7, once all the
projected g1 and di-jet data are included in the fit, the
polarized gluon distribution obtained from the 14 param-
eter fit is essentially identical to that obtained from the
10 parameter fit in the region where ∆g(x, Q2) data are
introduced. Obviously, ∆g(x, Q2) remains unconstrained
in the high x region where no ∆g(x, Q2) data is added and
where the Q2 evolution is small. One may thus conclude
that the combined analysis will constrain the functional
form of the polarized gluon distribution in addition to its
first moment.
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6 Conclusions

Inclusive polarized DIS measurements at HERA with po-
larized protons and with a high integrated luminosity will
yield significant and unique new information on gp

1 (x, Q2)
over a much extended range in x and Q2, which is of great
theoretical interest. Statistical errors on the points will
dominate. For such measurements the false asymmetries
should be considerably smaller than the true asymmetries
to be measured, and normalization errors should be con-
trolled to be better than 10%.

The present uncertainties in the determination of the
first moment of the polarized gluon distribution are large.
They will be considerably reduced by the pQCD analy-
sis of the g1 structure function data from HERA. How-
ever we have shown that even further reduction in the
uncertainty can be achieved if polarized gluon informa-
tion coming from the di-jet events is used in the analysis
in conjunction with the g1 data.

The fact that HERA is an operating facility with a
plan for substantial increase in luminosity and with two
major operating detectors, as well as a polarized electron
beam, means that only the high energy polarized proton
beam needs to be developed. The efforts to achieve this
goal seem well justified and data from such experiments at
HERA would provide unique and complementary informa-
tion to that from other presently proposed experiments.
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