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Abstract

The virtual photon absorption cross section differences [0, ,, — o3 ,,] for the proton and neutron have been determined
from measurements of polarised cross section asymmetries in deep inelastic scattering of 27.5 GeV longitudinally polarised
positrons from polarised 'H and ®He internal gas targets. The data were collected in the region above the nucleon resonances
in the kinematic range » < 23.5 GeV and 0.8 GeV?2 < Q? < 12 GeV 2. For the proton the contribution to the generalised
Gerasimov-Drell-Hearn integral was found to be substantial and must be included for an accurate determination of the full
integral. Furthermore the data are consistent with a QCD next-to-leading order fit based on previous deep inelastic scattering
data. Therefore higher twist effects do not appear significant. © 1998 Elsevier Science B.V. All rights reserved.

The GDH sum rule, derived in the sixties by
Gerasimov [1] and independently by Drell and Hearn
[2], relates the anomalous contribution « to the
magnetic moment of the nucleon (k, =179, «,=
—1.91) with the total absorption cross sections for
circularly polarised real photons on polarised nucle-
ons. It is written as:

w dv 2% )

J Loe(v) =oae(n)] - = = (D)
where o, ,, and o5, are the photo-absorption cross
sections for total helicities 1/2 and 3/2, v is the
photon energy, and M is the nucleon mass. The sum
rule arises from the combination of a general disper-
sion relation for forward Compton scattering [3] and
the low-energy theorem of Low [4], with the addi-
tional assumption that the spin-flip part of the Comp-
ton scattering amplitude goes to zero at infinite
energy without any poles. The theoretical predictions
for the integral are —204 ub and — 233 ub for the
proton and neutron, respectively. Experimentally this
sum rule has never been tested directly because of
the lack of suitable polarised real photon beams.

! Deceased.

The integral defined in Eg. (1) can be generalised
to the absorption of virtual photons with energy v
and squared four-momentum — Q?2:

dv
v

1(Q%) = fQo:/ZM[Ul/Z(V’QZ) - ‘73/2(V'Q2)]

B 8m 10,(x.Q%) — ¥?9,(x,Q%) %
M fo K X
(2)

Here g, and g, are the polarised structure functions
of the nucleon, x is the Bjorken variable and K =
v/1+ y? isthe flux factor of the virtual photons [5],
with y2=Q?/v2 For Q?=0 the left side of Eq.
(2) is trivially equal to the left side of Eq. (1). The
Q? dependence of this integral connects the static
ground state properties of the nucleon with its helic-
ity structure as measured in inelastic scattering in the
resonance and deep inelastic regions.

Interest in the generalised GDH integral arose in
1989 when it was related [6] to I = [$g,(x)dX,
which had been measured [7,8] to be significantly
smaller than expected [9]. In fact, for y < 1, the
right side of Eg. (2) reduces to 1,(Q?% =
167 % T, /Q?. For both neutron and proton a strong
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variation of 1(Q?) is required in order to connect I’
to the GDH prediction for real photons; in the case
of the proton I'; is positive and then 1(Q?) must
change sign at low Q?. Several possible explanations
of this behaviour have been proposed [10-16] — for
example the contributions of the resonances, of g,
and of higher twist effects to the Q>-evolution of the
integral were taken into consideration.

This letter presents results for the cross section
differences [o,,, — 03,,] extracted from measure-
ments of the longitudinal positron-nucleon cross sec-
tion asymmetries A for the neutron and the proton
in the deep inelastic scattering (DIS) region. The
data were collected during the 1995 and 1997 years
of operation of the HERMES experiment. The 1995
®He data for the neutron have previously been used
for the extraction of the polarised structure function
g7(x) [17]; the 1997 *H data have been used for the
determination of gP(x) [18].

The experiment was performed with a 27.5 GeV
beam of longitudinally polarised positrons incident
on longitudinally polarised *H and ®He gas targets
internal to the HERA storage ring at DESY. The
positron beam in the HERA ring is transversely
polarised by emission of synchrotron radiation [19].
Longitudinal polarisation is obtained by using spin
rotators located upstream and downstream of the
HERMES experiment [20]. The average beam polari-
sation for the analysed data was 0.55 with a relative
systematic uncertainty of 3.4% (3.9%) for the proton
(neutron).

The *H target atoms are produced by an atomic
beam source (ABS) based on Stern-Gerlach separa-
tion of atomic hydrogen spin states [21]. The ®He
target atoms are polarised by spin exchange colli-
sions with optically-pumped *He atoms in the 2°S
meta-stable state [22]. The beam of polarised atoms
enters a 400 mm long open-ended thin-walled stor-
age cell located inside the storage ring, providing an
areal target density of approximately 7 x 108 'H-
atoms/cm? or 3.3 x 10** *He-atoms/cm?. The av-
erage values of the target polarisation during the
experiment were 0.88 + 0.04 for "H [18] and 0.46
+ 0.02 for *He [17].

The magnetic spectrometer is fully described in
Ref. [23]. It is constructed as two identical halves
mounted above and below the positron ring plane.
The angular acceptance of the spectrometer extends

over the range 40 mrad <6< 220 mrad. For
positrons the average angular resolution is better
than 1 mrad and the average momentum resolution is
better than 2% aside from bremsstrahlung tails.
Positron identification is accomplished with a lead
glass calorimeter, a preshower counter, a transition
radiation detector and a gas threshold Cerenkov
counter. For the analysed data sets the hadron con-
tamination was less than 1% at an average positron
identification efficiency of 99%.

The cross section difference [0y ,, — 03 ,] can be
expressed in terms of the virtual photo-absorption
asymmetry A, and the unpolarised structure function
Fi:

8w AF,
01,2 = 03/2= M K (3)

The structure function F; = F,(1 + y2)/(2x(1 + R))
was calculated from published parameterisations of
the unpolarised structure function F, [24] and of
R= o, /0o [25], the ratio of the absorption cross
sections for longitudinally and transversely polarised
virtual photons. The asymmetry A, was extracted
from the measured longitudinal asymmetry A, by
means of the formula A, =A,/D — nA,, where
D=y - y)1+ y?y/2)/[y*(1 + y>)(Q -

2m2/Q?) + 21 —y— y2y?/4)(1+ R)] is the vir-
tua photon depolarisation factor (m, is the electron
mass), n=vy(@d—y— y2y?/4)/(1 —y/2)(1 +

v2y/2) and y = v/E, where E is the beam energy.
The asymmetry A, is bounded by the positivity limit
A, < VR and has been measured to be small [26—28];
moreover, the factor i is less than 0.5 in the kine-
matic range covered by this analysis. The contribu-
tion of A, for the proton was evaluated with a
parameterization Ab = O.SX/W based on existing
data [27,28], while the contribution of A, for the
neutron was neglected and the uncertainty [26] was
included in the systematic error.

After applying data quality criteria, 1.8 (2.7) mil-
lion events for the proton (helium) target were avail-
able in the kinematic range 0.8 GeV?2 < Q%< 12
(10) GeV?, v< 235 GeV and W>W,= 1.8 (2)
GeV, where W is the energy of the hadronic final
state. The kinematic plane covered by this experi-
ment is shown in Fig. 1. Above the minimum angle
of 40 mrad the events are continously distributed
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Fig. 1. Kinematic plane covered by the HERMES experiment
showing the boundaries and the binning in Q2 and v used for the
evaluation of the GDH integral for the proton data above the
resonance region. The points shown are a sample of the whole set
of collected data.

allowing — without interpolation — the integration
over v for severa binsin Q2.

The x-range covered in the different Q2bins
varied from 0.03-0.36 for the lowest Q%bin to
0.2-0.8 for the highest one. The kinematic range for
the proton was slightly increased compared to that of
the neutron due to the intrinsically higher figure of
merit of the 'H target.

The value of A, /D has been extracted in each
bin by using
A, 1 NL"—NL-

- 4
D DN LJ+N'L; (4)

where N isthe number of detected scattered positrons
corrected for e*e” background from charge sym-
metric processes. Here L is the integrated luminosity
corrected for dead time; L, is the integrated [umi-
nosity corrected for dead time and weighted by the
product of beam and target polarisations. The super-
script + (—) refers to the situation where the target
spin axis was oriented parallel (anti-parallel) to that
of the positron beam. Radiative corrections are typi-
caly 2% of the observed asymmetry for the proton
and 20% for the neutron. They were calculated using

the prescription given in Ref. [29]. The neutron
asymmetry A7 was obtained from the *He asymme-
try by correcting for nuclear effects, assuming a
relative polarisation of 0.86 4+ 0.02 for the neutron
and —0.028 + 0.004 for each of the two protonsin
the *He nucleus [30], and using a fit of data for AP
[31].

The cross section differences[ o, ,, — o5 ,] calcu-
lated from the extracted values of A} and A] by
means of Eq. (3) are presented in Fig. 2. They are
compared to the values of [ o ,, — 073,,] determined
from the published data from other experiments for
AP using polarised proton targets [7,27,28] and for
A7 using polarised helium-3 targets [32,33]. There is
good agreement between different experimentsin the
overlapping kinematic regions. Note that the data of
Refs. [27,32,33] were obtained at fixed scattering
angles and are therefore restricted to kinematic re-
gions that are highly correlated in » and Q2. An
evaluation of the integrals 1(Q?) with these data
would thus require interpolations.

All HERMES values for the proton are clearly
positive, ranging between about 1 b and about 16
pb. Most of the data for the neutron at v> 8 GeV
are negative, ranging between about —10 ub and 0
wb. In each Q%*bin the present data for the cross
section difference [0, ,, — 03, ] has been multiplied
by 1/v and integrated over the range v, < v < 23.5
GeV, with v, = (W2 —M?+ Q?)/2M. In the inte-
gration the v dependence of the integrand F, /(Kv)
within the individual »-bins was fully accounted for.
The data listed in Table 1 and shown in Fig. 3
represent the DIS component for the HERMES kine-
matic range | 5taues(Q?) of 1(Q?). For the proton
this contribution decreases from about 21 ub at
Q?= 1.3 GeV? to about 3 ub a Q*= 9.3 GeV?2.
The contribution for the neutron is smaller in abso-
lute value and between —5ub and +8 ub.

The sizes of the systematic uncertainties are indi-
cated by the bands at the bottom of Figs. 3a and 3b.
The main contributions are those from the beam and
target polarisations. Other sources are uncertainties
in A,, in radiative and smearing corrections, and in
the knowledge of the unpolarised structure functions
F, and R. For the lowest Q? bin the uncertainty due
to the knowledge of A, is dominant. In addition, for
the neutron there is a contribution from the nuclear
corrections.
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Fig. 2. Cross section differences as a function of » measured in different bins of Q2 for the proton (a) and the neutron (b). Filled circles are
data from this experiment. Open symbols are values derived from other experiments: stars [7], triangles [27], squares [28], diamonds [32],
and circles[33]. Only statistical uncertainties are given. The dashed curves are v~ Regge fits to the HERMES data with W> 4.5 GeV; the
dash-dotted curves show the next-to-leading order QCD parameterization [34].

The data are compared with estimates of the
integrals that do not include contributions from nu-
cleon resonances or possible higher twist effects.
These estimates were derived using a parameteriza-
tion [34] for the asymmetry A, given by a next-to-
leading order (NLO) QCD analysis. Note that a
number of the low Q2, low » data points shown in
Fig. 2 from Ref. [27] are not used in this parameteri-
sation. The dashed curves in Fig. 3 show the inte-
gras for this parameterisation over the x range
measured at HERMES for proton and neutron. They
are in good agreement with all data, indicating that

higher twist effects do not contribute significantly in
the deep inelastic region, even at the lowest mea-
sured Q2. The dash-dotted curves show the integrals
of the NLO parameterisation from v, to infinity,
thus including in addition the low x (high ») contri-
bution, which for the proton is about 4u.b.

An alternative approach was also used to account
for the high » region. It is well known that the
applicability of the smple Regge picture is uncertain
and that the asymptotic behaviour of [0 ,,(v) —
a3,,(v)] a higher energy or g,(x) at low x requires
a more refined treatment [35,36]. However, if a
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Results on 153,,25(Q?) for the proton and neutron

Q*[Gev?] I3Rmes(Q?) + stat.
+ syst. [ ub]
proton 1.28 20.9+3.0+26
2.23 16.6+1.2+18
331 11.84+07+11
4.79 7.3+04406
6.81 474+03+04
9.25 29+044+02
neutron 128 75492426
2.23 —52445+13
331 —-13+30+11
4.79 —214+16+0.6
7.25 —-09+09+04

Regge behaviour is assumed here for the sake of
comparison, the main high » contribution comes
from the a,(1260) Regge trgjectory such that [o ,
— 03,,]a v®~!, where « is the intercept of this
trajectory. The present data with W > 4.5 GeV have
been fitted with such a parameterisation using = 0
[37]. Fits are shown as dashed curves in Fig. 2; they
are in fair agreement with data. The contribution of
the high v Regge extrapolation to the integral is
about 3 wb for the proton data, as well as for the
neutron data with Q2 < 4 GeV 2.

—30

1”5 [ub

-\ proton

10 -

537

Little experimental information is available about
the size of the resonance contribution to 1(Q?). Up
to now the resonance part (W< 2 GeV) of I'; has
been determined only for two Q? values (0.5 GeV 2
and 1.2 GeV?) [27,38]. This contribution has been
compared to the part of I, at larger W and at the
same fixed Q?, obtained by interpolating to the
appropriate Q? the data taken at fixed scattering
angles of 4.5 and 7 degrees and at the two beam
energies 9.7 GeV and 16.2 GeV. For example at Q?
= 1.2 GeV 2, the resonance contribution was found
to be about 37% of the whole integral I";, for the
proton, including a negative contribution from the
first resonance [27,39].

A measurement of A, and A, is planned at
TJINAF [40] for a determination of the contribution
of the resonance region to the generalised GDH
integral 1(Q?) for Q% < 3 GeV 2. This together with
the present results in the deep inelastic scattering
regime and a more refined estimate of the high
energy extrapolation will provide the Q? evolution of
the entire integral. In addition, several experiments
are planned at different facilities to measure the
spin-dependent  photo-production cross sections to
test the GDH sum rule for real photons [41].

In conclusion, the polarised cross section differ-
ences [0, ,, — 03,,] have been determined for the
proton and neutron in the kinematic range 0.8 GeV 2

=
= |
©
w
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R
i
i |
01 | .
= K} i
/E//‘ _+/ — =
79 e
a ,/
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a0t 4
/
20, £
8 0
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Fig. 3. The generalised GDH integral as a function of Q? in the deep inelastic region. The points are 15 5,es(Q?) as measured for
HERMES data in the range v, < v < 23.5 GeV for the proton (a) and for the neutron (b). The error bars show the statistical uncertainties
and the bands represent the systematic uncertainties. See text for the explanation of the curves.
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<Q?< 12 Gev?, W> 1.8 GeV, v< 235 GeV,
and the corresponding DIS parts of the generalised
GDH integrals 1(Q?) have been evaluated. For Q?
above 1 GeV? the results are at least of the same
order of magnitude as expectations for the resonance
part of 1(Q?). Therefore the rapid excursion of
1(Q?) towards the predicted negative values at Q2 =
0 must occur below a Q? of about 1 GeV 2. Further-
more the data are consistent with a QCD next-to-
leading order fit based on previous deep inelastic
scattering data, indicating that higher twist effects
are not significant even at the lowest measured Q2.
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