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ABSTRACT

HERMES, HERA Measurement of Spin, is an experiment to study the
spin structure of the nucleon. The experiment was installed and commis-
sioned in 1995 in the HERA storage ring at the DESY laboratory in Ham-
burg, Germany. Inclusive and semi-inclusive spin-dependent deep inelastic
scattering on polarized internal gas targets are measured simultaneously in
a forward spectrometer using. Data were taken on polarized 3He and 1H
targets as well as on unpolarized targets of hydrogen, deuterium, 3He, and
nitrogen. The experiment is described briefly and some recent results from
the 1995 to 1997 running periods are presented.
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1 Introduction

Understanding how the spin of the nucleon is constructed from its its elementary con-

stituents has proven to be a significant challenge both theoretically and experimentally.

In a simple parton model the spin of the nucleon can be decomposed as1

1

2
=
1

2
�� +�G+�Lq +�LG; (1)

where �� and �G are the intrinsic spins carried by the quarks and gluons, and �Lq

and �LG the orbital angular momenta of the quarks and gluons. Whereas the left hand

side of Eq. 1 is very well known, the right hand side has been investigated for more

than twenty years, starting at SLAC in 1975. Scattering polarized leptons off polarized

nucleons has been the method of choice in the past to understand the contributions to the

nucleon spin from quarks. Using an analysis based on the quark parton model with QCD

corrections the main conclusion of these polarized deep inelastic scattering experiments

is that the quarks contribute only at the 20% level to the nucleon’s spin,2 much lower

than expected from the relativistic quark parton model. No direct measurements of the

other components are available at present.

Many open questions remain: what are the contributions of the other components;

what are the individual quark contributions to ��, i.e. what is the contribution of the

valence quarks, the sea quarks – in particular the strange quarks, and what is the role of

the glue?

2 HERMES Experiment

Hermes has been designed3 to address many of these open questions using a new exper-

imental technique to measure spin-dependent deep inelastic scattering. Inclusive and

semi-inclusive spin-dependent measurements are done simultaneously on undiluted po-

larized 1H, 2D, and 3He targets. Semi-inclusive spin asymmetries resulting from hadron

particle identification provide the means to investigate the spin structure of the nucleon

in a new way. HERMES provides data not only on polarized structure functions but also

on unpolarized structure function ratios, investigates the light sea flavor asymmetry, ex-

tracts information on fragmentation functions, and studies hadronization in nuclei. A

sizeable program exists also in diffractive vector meson production of �, �, ! and J=	

mesons to extract cross section, decay angular distributions and to study nuclear trans-

parency. HERMES studies also transversity and azimuthal distributions in polarized �



prodution, and more ...

The HERMES experiment is located in the East section of the HERA electron-proton

collider. The experiment is arranged such that the 27.5 GeV longitudinally polarized

electron beam interacts with internal polarized gas targets without interference from the

proton beam. The beam is self-polarized transverse to the beam direction by emission

of synchrotron radiation in the curved sections (Sokolov-Ternov effect4). Spin rotators

located at the entrance and exit of the East straight section5 precess the spin direction

from vertical to longitudinal at the target position. The polarization builds up with a rise

time of about 25 minutes and is measured with two polarimeters. Fig. 1 shows a typical

polarization rise time recorded by both polarimeters.
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Figure 1. Polarization rise time recorded simultaneously with the longitudinal and transverse

polarimeters to compare build-up time and general performance of both polarimeters. At the

beginning and the end of the spectrum, the beam was depolarized on purpose.

In 1995 data were taken with a polarized 3He target, and in 1996/97 HERMES was

running with a polarized hydrogen target. The HERMES target3,6 is contained in an

open-ended thin walled storage cell through which the circulating electron beam of the

HERA accelerator passes. The target region surrounding the storage cell is displayed

schematically in Fig. 2. A magnetic holding field provides a quantization axis for the

target polarization. Polarized gas enters the target cell through a central feed tube and

then leaves the cell at the ends, where high speed pumps prevent the gas from flowing

into the electron beam pipe. In 1995, a typical 3He polarization of 50% was obtained. In

1996 and 1997, the atomic beam source has achieved hydrogen polarization of 80�95%.

Unpolarized hydrogen, deuterium, 3He, and nitrogen gases up to 1015 atoms/cm2 have

also been used to check the detectors in the spectrometer and to take unpolarized data.

The maximum target thickness is determined by the impact on the stored electron life-

time.
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Figure 2. Schematic of the HERMES target region. See text for more explanation.

The HERMES spectrometer, as shown in Fig. 3, was designed3,7 to detect scattered

electrons and hadrons from deep inelastic scattering. The spectrometer consists of two

identical halves above and below the electron ring plane. This provides two independent

measurements of observables and thus a cross check on systematic uncertainties. The

HERMES spectrometer contains a bending magnet to measure particle momenta and to

reject background. Tracking chambers before the magnet, inside the magnetic field, and

behind the magnet provide charged particle tracking. The Čerenkov, transition radiation

detector (TRD), hodoscope (H1), and calorimeter are used for particle identification and

the magnet and calorimeter for momentum and energy analysis.
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Figure 3. Schematic side view of the HERMES spectrometer.



3 The spin structure of the nucleon

Experimentally, the spin structure function g1 is extracted from the measured asymme-

try, Ak, of the scattering cross section as the beam or target spin is flipped. These asym-

metries are measured with longitudinally polarized beams and longitudinally polarized

targets. Ignoring contributions from transverse asymmetries for the purpose of simplic-

ity here, this can be written as Ak � D(x; y)A1, where D(x; y) is the virtual photon

depolarization factor and A1 the longitudinal virtual photon asymmetry. Finally, g1 is

determined using

g1(x;Q
2) =

Ak

D

F2(x;Q
2)

2x(1 +R(x;Q2))
; (2)

with parametrizations of the unpolarized structure function9 F2(x;Q
2) and R(x;Q2),10

the ratio of longitudinal to transverse virtual photon absorption cross sections.
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Figure 4. The structure function ratio g
p
1=F

p
1 of the proton as a function of x from HERMES

is compared with recent results for gp1=F
p
1 measured at SLAC (E143) and Ap

1 at CERN (SMC).

The inner error bars show the statistical uncertainties and the outer ones the quadratic sum of the

statistical and total systematic uncertainties.

The first HERMES results for the proton spin structure function11 taken on polarized
1H in 1997 are presented in Fig. 4, and compared to the published data from SLAC12

and SMC.8,13 The structure function ratio gp1=F
p
1 , which is approximately equal to A1,

is given for the measured Q2 at each value of x. There is good agreement between these

three sets of data, although the Q2 values of E-143 and HERMES differ from those of

SMC by a factor between five and ten. This demonstrates that there is no statistically

significant Q2 dependence of the ratio gp1=F
p
1 in the Q2 range of these experiments.



In Fig. 5 the spin structure function g
p
1 on the proton is shown as a function of x,

evolved to a common Q2 of 2 and 10 GeV2 for comparison with the SLAC and SMC

results. The evolution was done under the assumption that the ratio gp1=F
p
1 does not de-

pend onQ2. The evolved HERMES data are in excellent agreement with both data sets.

The apparent Q2 dependence of gp1 seen when comparing the left and right plots entirely

originates from theQ2 dependence ofF p
2 andR. In summary, the HERMES results were

obtained using an entirely different technique from that used in all previous experiments,

indicating that the systematic uncertainties are well understood for both techniques over

the entire measured x range.
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Figure 5. The spin structure function gp1 on the proton is shown as a function of x. In the left

panel, the HERMES data are evolved toQ2 = 2GeV2 and compared to recent results forQ2 > 1

GeV2 from E143.12 In the right panel, the HERMES data are evolved to Q2 = 10 GeV2 and

compared to recent results for Q2 > 1 GeV2 and x > 0:01 from SMC.13 The error bars are

defined as in Fig. 4.

A summary of spin structure function measurements is shown in Table 1, where the

beams, targets, energies, and measured quantities are listed for each experiment. The ex-

periments complement each other in their kinematic coverage and their sensitivities to

possible systematic errors associated with the measured quantities. The pioneering ex-

periments on the proton were performed at SLAC14 with modest polarizations of beam

and target. They were followed by more precise proton data from EMC,15 which, while

consistent with the SLAC data, showed a large deviation from the Ellis-Jaffe sum rule16

and a corresponding small value for the implied quark contribution to the proton’s spin.

This result spurred a new generation of experiments at SLAC, CERN, and DESY with

significant improvements in precision.



Table 1. Summary of experiments at SLAC, CERN, and DESY to measure spin-dependent deep

inelastic scattering.

Lab Experiment Year Beam Target Measured Quantities

SLAC E80 75 23 GeV e� H–butanol A
p
1

E130 80 23 GeV e� H–butanol A
p
1

E142 92 25 GeV e� 3He An
1

E143 93 29 GeV e� NH3/ND3 A
p
1,Ad

1,Ap;d
2

E154 95 49 GeV e� 3He An
1 , An

2

E155 97 49 GeV e� NH3/LiD A
p
1,Ad

1

CERN EMC 85 100-200 GeV �� NH3 A
p
1

SMC 92 100 GeV �+ D–butanol Ad
1,Ad

1;h

SMC 93 190 GeV �+ H–butanol A
p
1,Ap

1;h

SMC 94/95 190 GeV �+ D–butanol Ad
1,Ad

1;h

SMC 96 190 GeV �+ NH3 A
p
1,Ap

1;h

DESY HERMES 95 28 GeV e+ 3He An
1 , An

1;h, An
1;�

HERMES 96/97 28 GeV e+ 1H A
p
1, Ap

1;h, Ap
1;�

The new experiments at SLAC, CERN, and DESY over the last six years have fo-

cused on high precision measurements of the structure function g1 over a large kinematic

range to extract information on the spin structure. They appear to be consistent if they

are evolved to the same Q2. The experiments confirmed EMC’s initial observation of

the violation of the Ellis-Jaffe sum rule. The Bjorken sum rule,17 on the other hand, is

verified at the 1 � (8%) level and is considered a successful test of QCD on spin observ-

ables. They however indicate that only about 20% of the spin comes from the spin of

the quarks. Therefore, the question of how the spin of the nucleon is related to its in-

ternal structure is not resolved. The need for measurements of other observables using

more sophisticated experimental techniques is evident: g1 needs to be measured at very

small x; the polarization of the sea, in particular the polarization of the strange quarks

using flavor decomposition needs to be measured; and a direct measurement of the gluon

helicity distribution �G is important to make definitive statements about the nucleon’s

spin structure.



4 Semi-Inclusive Physics

To this end, HERMES is currently running a broad scope of semi-inclusive measure-

ments. This is done by measuring the hadronic reaction products in coincidence with

the scattered lepton. As shown schematically in Fig. 6, it should be possible in appro-

priate kinematics to tag the flavor of the struck quark18 which is reflected by the type of

hadron in the current jet. In this way the right hand side of Eq. 1 may be decomposed.

k’=(E’,k’)

q=(   , q )ν

γ

l’

l

initial Nucleon

Hadron

Current Fragments

Target
Fragments

Θ

p = ( E ,p )
h h h

p=(M, 0 )

k=(E,k)

Figure 6. A schematic illustration of the hadronization process.

4.1 Flavor Tagging

Assuming factorization between the hard scattering process and the hadronization of the

struck quark the hadron asymmetry can be expressed as

Ah
1(x; z) '

Ah
k
(x; z)

D(x;Q2)
'

P
e2f�qf(x) �D

h
qf
(z)

P
e2fqf (x) �D

h
qf
(z)

: (3)

This equation differs from the inclusive formula by the factor Dh
qf
(z), which represents

the probability for a struck quark of flavor f to fragment into a hadron of type h with

energy fraction of the virtual photon z = Eh=�. A measurement of the hadron asym-

metry will then give access to new linear combinations of polarized quark distributions

�q.



Of course, the hadronization is a statistical process, and a quark with flavor f may

produce either a leading �+ or ��; however, because of the valence quark structure of

mesons the probabilities are not equal and one can define both favored and disfavored

fragmentation functions, D+ andD� , respectively. These pion fragmentation functions

as extracted from the HERMES data using the EMC extraction method are shown in

Fig. 7. They are compared to the EMC data.19 There is good agreement between these

two data sets.
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Figure 7. Preliminary data on the favored D+ and disfavoredD� pion fragmentation functions

from HERMES are compared to data from EMC. They are shown in the top panel. The same

extraction method has been used for both data sets. The relative systematic errors are displayed

in the lower panel.

Fig. 8 displays the hadron asymmetries measured in 1995 on polarized 3He and in

1996 on polarized 1H targets. In the top panel the inclusive asymmetry A
p
1, and the

semi-inclusive asymmetries for positive Ap
1(h

+) and negative Ap
1(h

�) hadrons on pro-

ton targets are shown. The corresponding asymmetries on 3He are shown in the bot-

tom panel. The semi-inclusive asymmetries are compared to the available SMC semi-

inclusive data.20 There is generally good agreement between the two data sets.
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Figure 8. Preliminary data for positive and negative charged hadron asymmetries on the pro-

ton and 3He from HERMES are compared to available data from the SMC experiment. Also

included are the inclusive asymmetries on the proton and 3He from HERMES for comparison.

In order to extract the polarized quark distributions several quantities are needed21

as input: the measured hadron asymmetries Ah
1(x; z), the unpolarized quark distribu-

tions q(x), and the fragmentation functions Dh
qf
(z). It is further required to rewrite the

photon-nucleon asymmetry (Eq. 3) in such a way that one can isolate the quark polar-

izations, and end up with a sum over quark purities times the quark polarizations

Ah
1(x; z) =

X
q

e2qq(x)D
h
q (z)P

q0 e
2
q0q

0(x)Dh
q0(z)

�
�q(x)

q(x)
(4)

=
X
q

P h
q (x; z) �

�q(x)

q(x)
:

The quark purityP h
q is the conditional probability that a quark qwas struck in an event, if

a hadron of type h was produced. The purities are spin-independent, unpolarized quan-

tities. They are produced by Monte Carlo simulations tuned using unpolarized HER-

MES hadron multiplicities. A matrix equation including various hadron asymmetries



and quark polarizations can then be defined as

~A = P ~Q: (5)

To extract the quark polarizations this matrix equation has to be solved.

Since the sea purities are too small for decomposition with the statistics that is cur-

rently available, it is assumed that the relative polarization of the sea quarks is flavor

symmetric,
�usea

usea
=
�dsea

dsea
=
�s

s
; (6)

to reduce the number of degrees of freedom. It is then possible to extract the polariza-

tions of the u-valence, d-valence, and sea quarks. In order to compare with the data from

SMC,20 x times the polarized quark distributions are plotted in Fig. 10.

                                         statistical errors only
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Figure 10. Preliminary data on the quark spin distributions at the measured Q2 are shown sep-

arately for the valence �uv , �dv and the sea ��u as a function of x. The error bars shown are

statistical only. The distributions are compared to results from SMC evolved to Q2 = 10 GeV2.

The error bars of the SMC result correspond to its total uncertainty.

Note, that even though different sea quark assumptions are used for HERMES (equal

polarizations) and SMC (SU(3) flavor symmetric sea), the results change by less than



10%. The SMC results, evolved to a fixed Q2 of 10 GeV2, are in rough agreement with

the polarized quark distributions at HERMES, which are given at their measured Q2.

4.2 Unpolarized Semi-inclusive Results

As with polarized scattering, flavor tagging with unpolarized targets allows flavor depen-

dent separation of valence and sea quark probability densities. By forming the ratio of

charged pion yields on 1H and 2D targets,

r(x; z) =
N��

p (x; z)�N��

n (x; z)

N�+
p (x; z)�N�+

n (x; z)
; (7)

one can extract the flavor content of the nucleon sea. Here N�(x; z) is the yield of pi-

ons coming from deep inelastic scattering off nucleons. Until recently, there has been

little experimental constraint on the flavor asymmetry in the distributions of the light sea

quarks in the nucleon. The first one was an integral test, based on a comparison of inclu-

sive deep inelastic scattering on the proton and the neutron to determine the Gottfried

Sum22 defined as SG =
R 1
0

dx

x
(F p

2 (x)�F n
2 (x))where F p

2 (x) and F n
2 (x) are the structure

functions of the proton and neutron, respectively. The assumption of isospin symmetry

in the quark parton model allows the Sum to be written as SG = 1

3
� 2

3

R 1
0 (
�d(x)��u(x))dx.

A flavor symmetric sea, �d(x) = �u(x), leads to the Gottfried Sum Rule SG = 1=3. A

measurement by NMC23 resulted in SG = 0:235 � 0:026. If isospin symmetry holds,

a global flavor asymmetry
R 1
0 (
�d(x)� �u(x))dx � 0:15 would account for the NMC re-

sult. Two methods have been proposed to measure its x dependence: The Drell-Yan pro-

cess24 and semi-inclusive deep inelastic scattering.25 HERMES can measure the ratio

( �d� �u)=(u�d) from the ratio of charged pion yields defined in Eq. 7, in semi-inclusive

DIS on 1H and 2D.

Results26 are presented for the x dependence of ( �d��u)=(u�d) in Fig. 11. Within the

measured x region, the values are nonzero and positive everywhere, clearly showing an

excess of �d quarks over �u quarks in the proton. Note that no higher order QCD correc-

tions have been made and so only leading order parametrizations should be compared to

these results. At low Q2, only GRV 94 LO27 is available at leading order. The distribu-

tion �d� �u as a function of x is thus derived from ( �d� �u)=(u� d) using the GRV 94 LO

parametrization of uv(x)� dv(x). The alternative approach to the measurement of the

flavor asymmetry is the comparison of the Drell-Yan process on protons and deuterons,

which is sensitive to the quantity �u= �d. The E866 collaboration at Fermilab recently re-

ported a measurement of the flavor asymmetry31 using the CTEQ 4M parametrization



of �u + �d to extract ( �d � �u) from the measured quantity �u= �d. These results at Q2 of 54

GeV2 are included in the lower plot. This figure demonstrates that the sea asymmetry

measured in deep inelastic scattering and in Drell-Yan experiments agree, even though

the Q2 of the two experiments differ by a factor of about twenty.
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Figure 11. In the top panel, ( �d � �u)=(u � d) as a function of x is shown. Also included are

GRV 94 LO,27 CTEQ 4lq,28 MRS (A)29 lowQ2, and MRST (98)30 parametrizations calculated

at the appropriate Q2 for each x-bin. In the bottom panel ( �d � �u) as a function of x is shown.

The curve is the GRV 94 LO parameterization. The E866 data determined from ( �d � �u) are

represented by open circles.

5 Future

At present, no direct measurement of the gluon contribution to the nucelon’s spin is

available. While NLO analyses of the inclusive data suggest that the gluon carries a

significant fraction of the nucleon spin32{36 to compensate the deficit due to the intrinsic

quark distribution, it is clear that a direct measurement of the gluon spin contribution is

very important. Several experimental efforts are underway to measure spin-dependent

charm production which should probe the gluons via the photon-gluon fusion reaction.



These include the COMPASS experiment at CERN,37 the SLAC proposal E156,38 and

the HERMES experiment at DESY. The HERMES collaboration has just finished an up-

grade of the spectrometer to enhance kaon identification using a Ring Imaging Čerenkov

(RICH) counter to probe the strange sea, and to enhance charm identification to probe

the gluon spin.39 In addition, the RHIC40 experiments at BNL plan to probe the gluon

spin by direct photon production. Further, it has been shown that HERA, with polarized

protons in collider mode and with significantly increased luminosity, can probe gluon

spin at low x.41 Table 2 summarizes the likely sensitivities of these experiments. The

upgrade of the HERMES spectrometer could provide direct information on the sign of

the gluon polarization by about 2000. The planned experiments at CERN, RHIC, and

SLAC should be able to provide significantly more precise information in the early years

of the next decade.

Table 2. Summary of experiments at BNL, CERN, SLAC, and DESY to directly probe gluon

spin.

Experiment Results expected by Kinematic range �
�
�G
G

�

HERMES 1999 xg � 0:3 � 0:5 /year

RHIC � 2001=2 xg � 0:05� 0:3 � 0:01� 0:3

COMPASS � 2002=3 xg � 0:15 � 0:1

SLAC E-156 deferred xg � 0:1� 0:5 � 0:02

pol. HERA not approved xg � 0:01� 0:1 � 0:1

6 Conclusions

The HERMES experiment has successfully finished its third year of data taking. Inclu-

sive and semi-inclusive data are collected simultaneously using polarized internal gas

targets. This novel target technology has proven to work well and has provided compet-

itive results with different systematic errors than the previous experiments. The recent

upgrades to the spectrometer have opened new possibilities for HERMES. It is expected

that by the end of 1999, HERMES will provide precise knowledge of the valence and

sea quark polarizations, report on the first direct measurement of the strange quark po-

larization, and maybe make the first direct measurement of the gluon polarization.
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