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ABSTRACT

We propose a new measurement of spin-dependent asymmetries in the deep inelastic
scattering of polarized muons by polarized protons and deuterons in an experiment similar to
the EMC polarization experiment, using a modified CERN/EMC polarized target, the
EMC/NMC spectrometer and including a muon polarimeter. The measurement will
determine the spin-dependent structure functions of the proton and neutron,

grf (x) and grf (x), in the scaling regime from x = 0.01 to x = 0.7 and hence their first
i

moments [" = f g1(x) dx. A test of the fundamental Bjorken polarization sum rule at about
0

the 10% accuracy level should be achieved. Also tests of individual sum rules for the proton
and neutron will be made. Measurements of these quantities will make it possible to test
further nucleon models and to explore the contribution of quark spins to the nucleon spin.
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1. INTRODUCTION AND REVIEW OF CURRENT KNOWLEDGE

The spin-dependent structure functions of the nucleon contain the basic information
about the spin composition of the proton and neutron and make possible important tests of
QCD and of our models of the nucleon. These spin-dependent structure functions are
independent of the exhaustively studied spin-independent structure functions. They are
determined from measurements of spin-dependent asymmetries in the deep inelastic
scattering of polarized electrons or muons on polarized nucleons!.

Two major experiments have determined the spin-dependent structure function glf(x)
of the proton. The first was an experiment with polarized electrons at SLAC? in the

kinematic range x = 0.1 to x = 0.7, and the second was a recent experiment with polarized
muons at CERN3 in the broader kinematic range x = 0.01 to x = 0.7. The quantity

) . ) G112 G320 . . )

measured in these experiments is A, (x) = ————, in which o, 12(G3,9) is the
C112FC3p2

absorption cross section for polarized virtual photons by polarized protons when the total

component of angular momentum along the collision axis is 1/2 (3/2). The results of the two

experiments are shown in fig. 1. The agreement is excellent in the region of overlap from

x=01tox=0.7.

A fundamental sum rule, originally derived by Bjorken4 from current algebra but now
recognised to be based on QCD in the scaling limit relates the first moments of the spin-
dependent structure functions of the nucleon to the weak interaction coupling constants for
neutron beta decay. It reads

ga

gv

f (8 -tw) = L

[}

(1 a,(Q)

) = 0.191 +0.002 (1)
bi%
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in which F»(x) and R(x) have their usual meaningsl. The factor involving the strong
coupling constant g = 0.27 at Q2 = 10 GeV?2 is the correction to the zeroth order Bjorken
sum rule due to perturbative QCD3. In the naive quark-parton model

g® = 23 o] w-a'w) 3

where i indicates the quark type with charge ej and where qiT b (x) is the probability that

quark of type i with fractional momentum x of the nucleon has its spin parallel (antiparallel)
to the nucleon spin. Hence % Aq; (x) = % [qiT (x) - qil (x)] is the contribution of quark type i

with momentum fraction x to the proton spin.
Auxiliary sum rules for the proton and neutron separately, which involve nucleon
model-dependent assumptions - principally the validity of flavor SU(3) and that the strange

quark sea is unpolarized - have been given by Ellis and Jaffe6 (a similar result was obtained
by Belyaev et al.”):

r, = [dxgl ) = 0.189:£0.005 “)
0

1
I, = fodxg'{ (x) = -0.002 + 0.005 (%)

The above numbers contain QCD corrections as explained in ref. 3.

Thus far, experimental data are available only for the proton so that the Bjorken sum
rule cannot be tested. However, the Ellis-Jaffe sum rule for the proton given in eqn. (4) can
be tested. From the CERN data alone it was found3 that

[ dx gl (x) = 0.114+0.012 (stat) + 0.026 (syst.) ©6)
¢

in substantial disagreement with the theoretical prediction of eqn. (4). Combination of the
CERN and SLAC data8 gave

[(ax gl () = 0.116+0.009:+0.019 -
[



Figure 2 shows the CERN and SLAC data on the first moment of g}f as a function of the

lower limit x of the integral, from which the result of eqn. (7) is derived. Note that the low
x region (x < 0.1), measured for the first time by the EMC group, was decisive in showing
the violation of the Ellis-Jaffe sum rule. The combined experimental result given in eqn. (7)
disagrees more strongly with the theoretical value of eqn. (4); indeed by 3.5 standard
deviations when combining statistical and systematic errors in quadrature. Furthermore,
assuming the Bjorken sum rule of eqn. (1) and the experimental result of eqns. (6) and (7),
we conclude that I'y, for the neutron is much more negative (-0.075 £+ 0.009 (stat.) £ 0.019
(syst.)) than the value of eqn. (5) predicted by the Ellis-Jaffe sum rule.

Finally using the Bjorken polarization sum rule of eqn. (1), the experimental results of
eqn. (7), and the naive quark-parton model relation of eqn. (3), it follows that the fraction of
the proton spin carried by quarks is (3 + 9 * 17)%, an unexpectedly small value which
implies that the spin of the proton is carried by gluons and/or orbital angular momentum.
Further discussion of this conclusion is given in ref. 3.

A number of theoretical papers have recently appeared discussing the observed
violation of the Ellis-Jaffe sum rule and the smallness of the spin component of the proton
carried by the quark spins. A wide range of viewpoints?-24 have been advocated to resolve
or understand these problems, including the following approaches:

(1) The errors involved in deducing the first moment of the structure function have
been underestimated?, specifically those arising from the uncertainty of the
extrapolation to x= 0.

(2) In the Q2 range of the experiments important higher twist effects linked to the
Drell, Hearn, Gerasimov sum rule exist and help to resolve the problem10.

(3) For the Skyrme model of the nucleon in the chiral limit (where mq = 0) and in
the leading order of the I/N; expansion, it has been shown that none of the
proton spin is carried by the quark spins. When chiral symmetry and SU(3) are
broken, the contribution of the quark spins to the proton spin is still smallll. If
the chiral Lagrangian is adjusted so that the gluons carry ~ 50% of the proton
momentum, then most of the orbital angular momentum L; is carried by quarks
and accounts for the proton spin!2, However, the magnitude of the first order
correction in 1/N¢ to the above results is currently unknown.



C))

(3)

(6)

Q)

8

®

Deviations from the Ellis-Jaffe sum rule may arise!3 from the Adler-Bell-Jackiw
anomaly, which could cause large variations with Q2 in the non-perturbative
regime.

The Adler-Bell-Jackiw anomaly induces a gluon contribution in the singlet part
of the first moment of g;. This gluon term can in principle be large at all values
of Q2 and is consistent with a large quark spin component!4. A related paper!S
also arrives at the conclusion that the gluon contribution to the first moment of
g1 is important, although the quantitive predictions are different from those in
ref. 14. Four additional papers!6-19 also ascribe an important spin-dependent
gluonic component to the proton.

The effect of orbital angular momentum in a relativistic constituent quark model
can be sizeable?0:21,

The proton spin wavefunction may be substantially affected by gluon
exchange?2.

Use of flavor SU(3), which leads to the Ellis-Jaffe sum rules is unjustified, but
the EMC result is nevertheless unexpected 23,

The experimental results from polarized deep inelastic scattering can be
interpreted to provide evidence against perturbative QCD?4.

The experimental results for g‘l’ (x) have important implications for searches for dark

matter23,26, Further experiments to pursue the study of spin-dependent nucleon structure
functions as well as different types of experiments are suggested?’-34. The great diversity of
theoretical interpretations and new ideas demonstrates the urgent need for new experiments.



II. SCIENTIFIC MOTIVATION AND GENERAL METHOD OF EXPERIMENT

II.1 SCIENTIFIC MOTIVATION

There has always been ample justification of a general nature to measure the spin-
dependent structure functions of the nucleon; indeed a proposal was made at SLAC in 1980-
82 to measure the neutron asymmetry A]. The recent surprising EMC results, that the Ellis-
Jaffe sum rule for the proton is violated and that only a small fraction of the proton spin is
carried by the quark spins, have stimulated great interest in further measurements of the
nucleon spin-dependent structure functions. Most important and fundamental will be the

first measurement of the neutron spin-dependent asymmetry A} (x), or the neutron spin-
P p y 1 P

dependent structure function grll (x) and its first moment I',. Additionally, new proton data

of higher precision are highly desirable.
Measurements of the spin dependent structure functions of the proton and the neutron

- will allow a test of the fundamental Bjorken polarization sum rule eqn. (1).
This sum rule is obtained from QCD without model-dependent assumptions;
hence its experimental verification will be of fundamental importance.

- will provide a further basis for testing model-dependent sum rules, such as
those from Ellis and Jaffe for the proton and neutron.

- will provide important new information and constraints concerning the spin-
isospin structure of the nucleon.

- are essential for understanding high energy scattering processes which
involve polarized nucleons33-38, These include hadron-hadron scattering, the
polarized Drell-Yan process and production of polarized W or Z vector
bosons in collisions of polarized protons in a high energy storage ring.



1.2 GENERAL METHOD

Our proposed experiment can be viewed as an extension of the recent EMC
experiment3. A new target system will provide polarized deuterons as well as polarized
protons. The asymmetry (A) for longitudinally polarized muons scattered by longitudinally
polarized nucleons is defined as

T ™
do -do

Ty ™ 8
doc +do

A=

where doTT(TV) is the cross section for parallel (antiparallel) muon and nucleon spins. It is
derived from the measured asymmetry

A = Aness/ (P Pr ) ©

where P, and Pt are the beam muon and target polarizations and f is the dilution factor
arising from unpolarized material in the target. In first order QED, the asymmetry A is
related to the virtual photon - nucleon asymmetries A; and Aj by

A = D(A; +1 A (10)

where D and 1 are functions of the kinematical variables. To a good approximation
A; = A/D.

The aim of this experiment is to measure the proton and neutron asymmetries
Aland A7 and to determine the spin dependent structure functions in order to test the
Bjorken sum rule with about 10% accuracy. The neutron asymmetry will be derived from
the proton and deuteron asymmetries A} and Af by the relation

n_ L+F3/Fy a (p ) ,p
Al = e Ad-(F2/F)) A7 (11)
where wp, represents the D-state probability of the deuteron (~ 5%). The Bjorken sum rule
will be evaluated from egns.(1) and (2)

To reduce the systematic errors on the measured asymmetries it is essential to reverse
the nucleon spins frequently and thus rapidly. In this way effects due to drift in the
acceptance are largely avoided. We aim to measure Py, with an accuracy of 5% using the
polarization dependence of the muon decay spectrum, and Pt to an accuracy of 3% (see
chapter III for details).



III. EXPERIMENTAL APPARATUS AND METHOD

Considerable upgrading of the EMC spectrometer, including the on-line computer
and data acquisition system and additional tracking chambers, has been done by the NMC
which is presently using this spectrometer (experiment NA37). Further improvements and
extensions are planned for the new experiment, notably for the polarized target and muon
polarimeter. See figure 3 for a schematic diagram of the experimental apparatus. In the
following section details and newly needed components of the experimental apparatus are
discussed.

III.1 MUON POLARIZATION MEASUREMENT

The polarization of the incident muon beam will be measured from the spectrum of the
decay electrons though in a different way than has been done previously39. The goal in
precision for measuring Py, which is expected to be about 80%, is 5%. Monte Carlo
calculations of the muon polarization will be improved. In addition we plan to develop a
promising new method based on elastic muon-electron scattering from a magnetised iron
target40,

III.1.1  Introduction

In the ideal case of monochromatic pion and muon beams, the muon beam
polarization can be calculated from simple kinematics. In reality, however, the beam line
has finite acceptance, which is a complicated function of the pion and muon energies and
emission angles. Therefore, the calculation of the polarization requires a detailed simulation
of the beam line with all its magnetic elements. Such a Monte Carlo simulaton! was used
by EMC to calculate the polarization with an estimated accuracy of about 8%. This
calculation was found to be in agreement with measurements performed3? for the NA4
experiment which had an accuracy of 10-15%.

It is hoped that a study of the Monte Carlo simulation of the beam will lead to a
better understanding of it, resulting in a reduced uncertainty in the calculated polarization. In
addition, we propose to measure the polarization using an improved implementation of the
method used in the past 39 and which is described below.

10



III1.1.2  Method

The muon decay method is based on the forward-backward asymmetry in the
positron direction with respect to the muon spin in muon decay. In the laboratory frame, the
energy spectrum of the decay positrons is given by42

3 3
dN _ N' {3 52,47 (L 5,2, 87 12
iy - N, [(3 3y+3) (3 3y+3)PL} (12)

where Py, is the longitudinal muon polarization, y = E.+/Ey+ is the fraction of the parent-
muon energy carried by the positron and N/N, = 1.6 x 104 D(m)/P,(GeV/c) is the total
number of decays per beam muon from the decay region of length D. Figure 4 shows the
shape of the spectrum for different muon polarizations. The highest sensitivity to the muon
polarization is around y = 0.75 measured by the magnitude of the spectrum and at y = 0.4 or
1.0 by the slope.

The polarimeter, proposed here, is an improvement over the one used previously to
measure the polarization of the same beam, described in detail in ref. 39. The previous
polarimeter, consisting of a few simple scintillator and lead glass elements, was installed
immediately downstream of the last 24 mrad bend of the M2 beam line. Decay positrons
were deflected downwards and out of the muon beam into the polarimeter. A Monte Carlo
simulation of the beam was used to calculate the expected rates as a function of y. Within
their uncertainties of 10-15%, the measurements agreed with the Monte Carlo calculations.

[11.1.3 Implementation

The polarimeter will be set up downstream of the experiment (fig. 5). A plug is
placed in the beam hole in the final steel wall to absorb positrons from upstream muon
decays. The beam is refocused by the quadrupole triplet (Q - Q3) and remaining positrons,
including those generated in the absorber, are vetoed by the shower counter (SV)
downstream of the quads. Thus the beginning of a controlled field free decay region is
established. The muons decay over a distance of about 35 metres, while being tracked by
beam proportional chambers (BC1-6) until they reach the dipole MNP26. The decay
positrons are deflected to the right into a horizontal scintillator lead glass hodoscope

11



(H1,LG) immediately downstream of a proportional chamber system used for determination
of the momentum dependent trajectory.

The lead glass is used for positron identification in the trigger and provides an energy
measurement as a cross check on the momentum measurement made with the chambers.
Incompatibility between the two measurements allows discrimination against positrons
arising from muon decays in the magnet. Depending on the energy resolution of the lead
glass counters, 90-95% of this background is eliminated, leaving only a residual
background of 1-2% in the spectrum used for the polarization measurement. An optional
synchroton radiation detector may serve as an additional means of rejecting
background3943. Most of the decay volume will be in vacuum to reduce positron
interactions in air.

The spectral range that can be covered depends on the excitation of the magnet and on
the minimum allowable distance of the lead glass from the beam. With the configuration
shown in fig. 5 this range is approximately 0.2 < y < 0.7. The maximum attainable y is
determined by the beam diameter at the lead glass which is expected to be about 5 cm
FWHM.

The muon decay in the field free region should give rise to a positron spectrum with
little distortion compared to the theoretical shape shown in fig. 4. The slope of the spectrum
near y = 0.4 is a measure of the muon polarization independent of the beam flux
normalisation. The absolute magnitude of the spectrum around y = 0.7, normalised to the
beam flux, is also a sensitive measure of the muon polarization.

The measured yields will be corrected for the acceptance of the polarimeter which, we
believe, can be determined to within 3%. The relative acceptance of different y bins should
be known to an even higher accuracy. The random trigger method#4 used by the EMC for
monitoring the beam flux is accurate to 2%.

An important advantage of this downstream polarimeter is that the muons which decay
will have been tagged by the beam momentum hodoscopes, so that the variable y = E+/Ep+

of the decay spectrum is precisely known on an event by event basis, which enhances the
accuracy of the measurement.

We estimate that systematic errors (tab. 3.1) will dominate the statistical error and that

an overall error of 5% can be achieved. We expect 300 useful positron/107 beam muons
decaying into the polarimeter. For testing and setting up we expect to record more than

12



105 i decays/hour, which gives greater statistical accuracy than the estimated systematic
errors. During normal data acquisition this will be prescaled to about 10%/hour which still
gives a rapid measurement.

Table 3.1
Systematic Errors

Source Estimated Magnitude
Beam Normalisation 2%
Beam Phase Space 2%
Spectrometer Acceptance 3%
Background 2%

The polarimeter apparatus could be supplemented with additional detectors and
readout electronics that would also allow measurement of the muon polarization by elastic
l-e scattering on a magnetised iron target40.

III.1.4 Muon Polarimeter Equipment

Four beam multiwire proportional chambers (MWPC's), similar to those now in use
by the NMC, must be constructed. Lead glass shower counters, a scintillator hodoscope as
well as three larger MWPC's are to be built. The magnet MNP26 and its power supply are
already in use by the NMC. Three standard PS quadrupoles with power supplies must be
obtained. The equipment required is shown in the following table.

Table 3.2
Equipment for Muon Polarimeter

Equipment Quantity Status
MNP26 Dipole + power supply 1 In use by NMC
PS Quad + power supply 3 To be procured
Beam proportional chambers 2 In use by NMC
4 To be built
Shower veto counter 1 To be built
Proportional chambers 3 To be built
Trigger scintillator hodoscopes 1 To be built
Lead glass counters 6 To be built

13



[11.2 POLARIZED PROTON AND DEUTERON TARGET

111.2.1 Introduction

Our polarized target will make use of parts from the CERN/EMC target43:46, The
method of dynamic nuclear polarization (DNP) is used to polarize the target*743, There are
two new major requirements for our experiment, (1) to polarize deuterons as well as
protons, and (2) frequent reversal of the target polarization. New equipment, most
importantly a solenoid/dipole magnet will be needed to meet these new requirements. We
aim for a new twin-target, each half being 60 cm long and 4 to 5 cm in diameter with a
30 cm spacing between the two target halves. The new polarizing magnet will be a solenoid
approximately 220 cm long and 28 cm in diameter. Special new features for the polarized
target and the related R&D efforts will be discussed in the following subsections.

I11.2.2  Target Configuration and Target Material

The polarized target will be operated analogously to the EMC twin-target
configuration (fig. 6) with its two halves having opposite polarizations. These polarizations
in opposite directions are obtained simultaneously by using slightly different microwave
frequencies in the two cavities of the twin-target. Leakage of microwaves between the
cavities of the two halves may be more harmful for the polarization of deuterons than in the
case of protons; we plan to test this before operating the target in the experiment. In the
event of significant depolarization due to leakage, as compared with the almost negligible
losses in the EMC polarized ammonia target, we shall improve the microwave isolation
between the cavities. This requires a study of microwave absorbing materials at low
temperatures, and tighter fabrication and assembly tolerances for the target cavities. This
investigation will be pursued in collaboration with one of the university groups.

We propose to operate the target in the frozen-spin mode, in order to allow
polarization reversal by field rotation. This requires a lower base temperature (50 mK
compared with 80 mK previously), which can be reached by improving the thermal

grounding inside the target holder assembly. This part must be reconstructed also for other
reasons.

We plan to use as target material (deuterated) butanol mixed with about 5% of
(deuterated) water to promote glass formation. The material will be prepared in the form of
small beads, obtained by letting droplets freeze in direct contact with liquid nitrogen. As
paramagnetic (deuterated) dopant EHBA-Cr(V), which is commercially available now, will

14



be used. The preparation of the material will be optimised by testing samples in the PS 199
polarized target setup at CERN.

[I1.2.3  Solenoid/Dipole Magnet

A new magnet is needed for two principal reasons. The first is to provide a
longitudinal field of 2.5T over the target volume with high homogeneity (£ 2 x 10-5 rather
than + 104 for the EMC magnet), to achieve highest deuteron polarization (because of the
lower spin temperature required for the deuteron).

The second reason is to provide a transverse dipole magnetic field. A dipole field of
0.1T will be used for the method of spin reversal by field rotation (see section II1.2.5),
while a dipole field of 0.5T allows a transverse proton polarization for an exploratory
measurement of Ag (see section IV). The transverse dipole field need not be homogeneous

because the proton polarization is maintained in the frozen spin mode.

111.2.4 Polarization Measurement

The target polarizations Pt will be derived using equation

S G
Scal G

Pr= Peal (13)
where S is the integrated polarization signal after applying DNP, and Scj] is the calibration
signal obtained with the target in thermal equilibrium without applying DNP. Further,
G and Gcal are the gains in the electronics for these two cases of polarization. Pcg] is the
polarization of the target in thermal equilibrium according to

h YBI(I+1)

P, = -
cal = or 3KT (14)

An important restriction for the accuracy of determining the target polarization is the error of
the temperature (T) due to temperature non-uniformity over the target, the inaccuracy of the
international temperature scale etc. Small errors in Y and the magnetic field (B) can be
neglected. The various sources of errors related to the integrated polarization signals and
gain factors amount to about 1%. The total relative error of the deuteron and proton
polarization measurements, including uncertainties in the temperature measurement, will be
about 3%..
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For the deuteron polarization measurement a 16 MHz NMR setup will be constructed,
featuring 8 channels of simultaneous parallel measurement in 8 distinct localised NMR coils.
This requires two microprocessors and two interfaces in a CAMAC crate, both handling
4 channels simultaneously. These units can be obtained commercially.

The polarization reversal by adiabatic fast passage*’ will require the installation of
16 MHz resonators to both cavities. The RF field in these must cover the target volume
with moderate homogeneity requirement. The resonators can also be used for overall
polarization measurements in each half of the twin-target.

The deuteron target polarization measurement will be calibrated using the following
independent methods:

(1) Comparison of the deuteron polarization signal with the signal obtained when the
target is at thermal equilibrium with the helium bath (1 K).

(ii) Comparison of the deuteron-NMR signal with the proton-NMR signal arising
from the target residual protons in dynamic thermal equilibrium with each other
after DNP; this is called spin temperature calibration.

The deuteron polarization can also be obtained from the asymmetry of the deuteron-
NMR line: this procedure may give about 2% accuracy assuming homogeneous target
polarization within the coil volume (this requires a high homogeneity of the magnetic field)
and a linear measurement circuit with a phase-sensitive RF detector.

The proton target polarization will be measured as in the previous EMC experiment
where an accuracy of 4 to 5% was obtained. With our new solenoid and with improved
measurement techniques we expect to achieve also an accuracy of 3% in measuring Py,

I11.2.5 Polarization Reversal

We propose to use three methods of target polarization reversal:

(a) Reversal by rotating the magnetic field.
The target polarization will be frozen at about 50 mK for this operation.
The axial holding field in frozen spin operation will be 0.5 T. The reversal time
is estimated to be 1/2 hour.

16



(b) Reversal by fully depolarizing and repolarizing the target by retuning the
microwave frequency.

The reversal time is estimated to be up to 8 hours.

(¢) Reversal by adiabatic fast passage, followed by DNP.

We will study the possibility of reversing the sign of the target spin
polarization by adiabatic fast passage with magnetic field sweeping followed by
microwave DNP with computer optimisation. We believe that it is possible to
reach at least 98% of the dynamic equilibrium value of the deuteron polarization.
The reversal time may be of order 10 min.

The fast adiabatic reversal technique consists of sweeping the magnetic field through
resonance while applying a relatively strong transverse RF field in the target volume. In
small samples this technique achieves over 80% adiabatic efficiency. Completing the last
20% by DNP will take much less time now, compared with reversal by normal DNP, case
(b). Strong evidence of this is in the observation that zeroing the target polarization, before
reversal by DNP, will already substantially speed up the achievement of the last 20% of the
polarization. This effect can be explained by slow spin diffusion in the target material, and
can be verified (as is often done) by turning microwaves off for a few minutes during DNP;
turning the microwaves back on results in a fast growth of the polarization until the curve
limited by spin diffusion is reached.

We propose to reverse the spin and field direction once every 8 hours by method (a)

and once every several days by (b). If method (c) is successful, more frequent reversals
will be made.

II1.2.6 Target Components

The proposed target is based on several components of the EMC polarized proton
target. The following items are available.

- Dilution refrigerator;

- Target holder (this requires new coaxial lines and target support structure);

- 3He pumps and gas handling system;

- 3He charge of 730 litre atm (200 litre atm needs to be added);

- Microwave components and HV supplies for operation at 70 GHz;

- NMR interface for fast polarization measurement (one 4-channel unit available,
a second one and a spare unit must be constructed);

17



- CAMAC processor and software for driving the NMR interface (a second one
and a spare must be purchased).

It is assumed that CERN would provide the installation of a cold box, helium transfer
line and 1700 litre dewar which were used in the EMC experiment.

I11.2.7 Test Program, Installation and Time Scale

Tests of materials, deuteron polarization and the adiabatic fast passage technique will
be made with the existing CERN PS 199 polarized target. The major construction item is
the superconducting solenoid. It will determine the time scale for realisation of the target.
The design work for this item has already started in order to meet our goal of being ready to
run in 2 years.

II1.2.8 Options

- A 5 Tesla field capability instead of 2.5 Tesla. This may allow us to achieve a
significantly higher deuteron polarization. There would be additional costs,
however, for a 140 GHz microwave system and a different NMR system, which
will be necessary to implement this option.

- The possibility of employing a very interesting new polarized target material,
irradiated 6LiD and 7LiH, which is under investigation at Saclay and which offers
considerably higher effective target polarizations.

Table 3.3
Operating Conditions for Polarized Target

Target Material Butanol and deuterated butanol
(Doped with EHBA-Cr(V))
Magnet Field A 25T
Temperature 0.5 K for DNP mode
0.05 K for frozen spin mode
Polarization 0.8 for proton; 3% rel. error
0.4 for deuteron; 3% rel. error
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I3 BEAM AND SPECTROMETER

[11.3.1 Introduction

The determination of spin asymmetries in deep inelastic muon-scattering is essentially
a measurement of inclusive cross section ratios. The main requirements for the spectrometer
are therefore the unambiguous reconstruction of the muon vertex and its kinematic variables
x and Q2 with high efficiency and time stability.

Through the utilisation of a twin-target with its two halves polarized in opposite
directions and exposed to the muon-beam at the same time, together with a regular spin-
reversal the systematic effects due to flux normalisation and acceptance errors are eliminated.

The stability of all spectrometer components (beam definition, momentum
measurement and tracking components) together with the stability of the beam parameters
(emittance, position, time structure and polarization) is more important than the exact
knowledge of the value of the acceptance which would be vital for absolute structure
function measurements. Special attention is required to guarantee the unambiguous
assignment of an event to either of the target halves. The longitudinal vertex resolution
which is needed depends on the kinematical region (x,Q2) and will limit the kinematical
range towards small scattered angles and low muon momentum at a given separation of two
targets.

[11.3.2 Description of the Spectrometer

The spectrometer for the proposed experiment will be based on the EMC muon
spectrometer?? which is presently used by NMC (fig. 3). A few modifications are proposed
to improve the efficiency and stability of the beam and the detection of the scattered muon.

III1.3.3  Beam Definition

The beam momentum is determined in the Beam Momentum Station (BMS), a
24 mrad vertical down bend together with two hodoscopes with horizontal strips in front of
and behind the bend. Reconstruction of beam tracks is possible with 3 coincident hits in the
4 BMS planes. Past experience has shown that by failure of a few central elements
efficiency losses of up to 15% can occur. An increased redundancy by the addition of two
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hodoscope planes is therefore proposed. This will also improve the reconstruction
efficiency at high instantaneous beam intensity of 2 x 107 sec! as they are envisaged for the
new experiment. The present installations would allow for such an extension.

The existing M2 muon beam has been designed for a maximum energy of 280 GeV
and for use with two experiments (NA2 and NA4). Discussions with those responsible for
the M2 beam in the SPS division have led to plans for a reoptimisation of the beam line for a
muon energy of 100 GeV and for the presently proposed experiment; these plans involve
only a rearrangement of the existing beam elements. The goal should be to obtain a reduced
beam halo, a better momentum determination of the beam muons and reduction of the beam
to a diameter of less than 4.5 cm.

The beam hodoscopes were rebuilt in 1986; they perform satisfactorily. An
improvement of the time resolution of the large veto wall is envisaged to reduce the random
veto effects which could suppress up to 20% of the scattering events at the high beam
intensities projected.

111.3.4  Scattered Muon Measurement

The momentum determination of the scattered muons is based on a 1 x 2 m? window
dipole magnet. The magnetic field has been mapped previously. We propose the
installation of an NMR probe to improve the reproducibility of the field setting.

The wire chambers in the magnet (3 x (z,y,0)) have been recently refurbished with
new sense wire planes. A spare chamber has to be completed. Improvements of the cooling
system for the preamplifiers located inside the spectrometer magnet and a revision of the low
voltage power distribution are planned.

The P@ chambers covering the small angle region and the dead areas of the large
chambers will be exposed to high beam currents. To be able to supply the corresponding
electrical current we would like to increase the number of HV-power supplies to feed each of
their 8 planes separately.

The drift chambers W12 behind the magnet are a mix of chambers with one and three
potential wires. The drift chambers with 3 potential wires have lower nonlinearities and
higher efficiency near the potential wires. However, they suffer from a larger sensitivity to
mechanical distortions. We plan to redesign the wire positioning and fastening system in
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order to better control the mechanical tolerances inside the chamber. All planes will be

equipped with 3 potential wires per drift cell. The new design is currently being evaluated in
a test setup in Freiburg.

The W45 system of drift chambers, located in front of the hadron absorber, has cells
with a 2 cm drift space and one potential wire. It was refurbished in 1986 and the problem
of dramatic aging (which was still there during the EMC polarized target runs) was
eliminated. The flux of particles through this chamber is, however, rather high (mainly
from electromagnetic showers) and so the reconstruction efficiency decreases with
increasing beam intensity, especially on the 64 wire z-planes. For the same reason the
number of planes in the W45 system for track reconstruction is just enough. Spare planes
do not exist.

It is therefore planned to upgrade and improve the W45 system, consisting now of
4 chambers, by building two new chambers. The wire spacing in the new chambers will be
reduced to 1 cm, at least in the central part. Two of the old chambers could then serve as
spares or could stay in the experiment to improve redundancy. The additional electronics
needed for the new chambers should be based on the same drift time measurement and
encoder system as is used for the rest of the drift chambers in the experiment. It could come
partly from the dismantled W67B system and partly from other experiments that have been
phased out at CERN. For our use the performance of such a system is appropriate. The
question of maintenance has to be arranged with the EP electronics division. Preamplifiers
suited for the smaller wire spacing have to be obtained or reproduced.

The main problem of the current spectrometer setup is the drift chamber system W67
behind the hadron absorber. This large system of 3 sets of chambers (A,B,Cin fig. 3) hasa
6 cm graded field drift space. It is built from copper clad epoxy material. The material
fatigue in this system (radiation and chemical aging) leads to instabilities (discharges,
oscillations) which are difficult to keep under control.

We intend to replace the central (B) chambers of the W67 system, which covers the
region of interest for deep inelastic muon scattering, by a streamer tube setup. The A- and
C- chambers can stay in place. Since multiple scattering limits the precision with which the
muon can be traced from the upstream chambers through the hadron absorber to about
1.1 cm and 6 mrad, the requirements for the spatial resolution of the muon chambers are
moderate and can be met by a relatively cheap streamer tube arrangement.
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II1.3.5 Streamer Tube Array to Replace W67

The new detectors will consist of 16 panels of Iarocci type streamer tubes0. The
necessary 6400 tubes could be produced in the streamer chamber assembly and research
facility (SCARF) in Houston (Texas), set up by the University of Houston together with
Northeastern University. The estimated failure rate for 6400 tubes altogether would be

about 8 tubes per year of running and the replacement of a failed tube could be done in a
short time without touching the rest of the system.

Each of the 16 panels will be read out with external 1 cm pick-up strips on either side,
yielding a total of 32 coordinate measurements per track. The panels will be divided into 4
sets of 4 panels (8 coordinates) each, as shown in fig. 7a. They will be 4 x 4 m? in
dimension and contain virtually all of the interesting events as mentioned previously.
Figure 7b depicts a cross section of one set of 4 panels. A scheme of stacking is shown
that will limit inefficiencies due to the intercellular walls to at most one panel per set.

To evaluate the effect of such inefficiencies and of the limited spatial accuracy on the
pattern recognition and track matching routines, several Monte Carlo calculations were done.
First, tracks were generated in the proposed W67B streamer tube configuration, digitising
the hits and comparing the refitted line with the generated one. It was observed that the
spatial error at the rear surface of the absorber, where the match with the track measured
upstream is done, is about £ 2.2 mm and the error in the slope projections is 0.7 mrad.
Both values are an order of magnitude less than those expected from multiple scattering in
the absorber. This was confirmed by another simulation where actual data from NMC were
taken. The known muon tracks in the W45 chambers were projected through the proposed
streamer tubes and their response was simulated. The quality of the resulting match from
lines reconstructed in the proposed W67B system and in the existing one was
indistinguishable, again because of the dominance of multiple scattering. We conclude that
the resolution of fitted tracks with the proposed detectors, including their inefficiencies, is
more than adequate.

To further simulate the suitability of the proposed streamer tube detectors, a
calculation was done to estimate from geometric considerations the anticipated efficiency for
reconstructing tracks with missing coordinates. Based on experience with data from the
present spectrometer, we expect this efficiency to be > 99%. Since the streamer tubes are
expected to have only about 10% of the out-of-time background as compared to the present
W67 chambers, the new detector system should certainly match the efficiency of the present
system for those events now reconstructed. Further we anticipate that with double the
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number of coordinates as compared to the present system, with the availability of a 4th
projection axis, and with the lower background, some fraction of the existing events that
cannot now be resolved by the pattern recognition program will be recovered with the new
chamber. This can be coupled with the ability of the individual streamer tubes to run at rates
in excess of 1 MHz per wire (1 cm cell) allowing the chambers to be sensitive very close to
the beam. The net effect should be a considerable improvement over the present chambers
in overall performance.

To read out these new streamer tubes it is proposed to use a system that is essentially
commercially available. The system consists of 32 channel front-end amplifier/
discriminator/shift register cards similar to those made in the past by LeCroy, which are now
fabricated by SGS. The cards of a single panel (ca. 800 channels) are daisy-chained and
serviced by a single line-driver card that also supplies thresholds, low voltages, shift clocks

and impedance matching. The whole system would be read out by just four CAMAC
modules.

Our Dubna collaborators also propose to provide a streamer tube array to replace
W67B.

I11.3.6  Trigger Electronics and Data Acquisition

After a recent upgrade of the combined Romulus-Fastbus event building system,
which now includes five, 1 Mbyte buffers, typically 800 events/spill can be accepted with a
dead time of ~ 25%. This is sufficient to run the experiment at a flux of 4 x 107 p/pulse.
The trigger system selects muons emerging from the target region with scattering angles and
momenta larger than a minimum value in order to suppress the kinematic region dominated
by radiative events.

For our proposed experiment it is envisaged that the on-line data evaluation and
monitoring, which have greatly improved recently using three tVAX III systems, can be
advanced further by immediate track reconstruction of an adequate sample of the recorded
events. This is of importance to control the possible systematic errors within the tightest
possible constraints. The polarized target control and the beam polarization measurements
need additional on-line systems and software.
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I11.3.7 Data Processing

A significant fraction of the data processing will be done on large main frame (mostly
IBM and VAX) computers, partly in home institutes and partly at CERN. We expect for
data-quality monitoring, first data evaluation and testing a need of typically 3000 hours
(IBM168 equivalent) per year from the CERN central computing facilities during 1991-
1993. For software development and simulations we need 1000 hours 168 IBM units
during 1989-1990.

Production of data summary tapes will be done with dedicated multiprocessor
systems. Each physics trigger requires typically one (IBM168) second of computing time.
The NMC operates nine emulators (370E). Presently a prototype study is underway at
NIKHEF to make use of commercially available microprocessors (e.g. 80386) each being
able to run independently the reconstruction program. The system will de designed for an
easy adaption of new hardware generations.

The analysis software will be basically the same as for the NMC experiment. Several
modifications and extensions in the reconstruction programs due to use of new equipment
and new standard software will be required.

I11.3.8 Comparison with EMC Running Conditions

Because of the upgrade of the apparatus by NMC, which has resulted in improved
stability and reliability, the overall loss of beam time due to detector problems (for NMC
20%) has decreased by about a factor of two since the EMC polarized target experiment.
Furthermore, the beam flux that can be handled by the new data acquisition system has
increased substantially. Table 3.4 presents a summary of the modifications to the apparatus
since the EMC polarized target measurement, which either have already been made by NMC
or are planned for the new experiment.
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Table 3.4

Changes with Respect to the EMC Polarized Target Experiment

Equipment Change Made by To be
made by

Beam line reoptimisation CERN
Beam momentum stat. (BMS) 2 planes to be constructed CERN
Beam hodoscopes (BHA/B) 8 planes rebuilt NMC
Beam polarimeter 30 planes SMC
Beam calibr. syst. (BCS) NMC
Prop. chamber PV1 4 planes new NMC
Prop. chamber P1,2,3 9 planes new sense wire planes NMC
Prop. chamber P@ 10 planes  new NMC
Prop. chamber P45 2 planes  new in add. to 8 planes NMC
Drift chamber W45 16 planes  new sense wires NMC
Drift chamber W45 8 planes  to be constructed SMC
Drift tubes W67B 16 planes  to be constructed SMC
Small angle hodoscope 3 planes new NMC
Readout S branches  fully spill buffered NMC
On-line system 3 uvVAX new NMC
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IV. RUNNING CONDITIONS AND EXPECTED ACCURACY OF DATA

The systematic errors arising from the uncertainties in the beam and target
polarizations and from various other sources listed in table 4.1 amount to 10 and 13% for
the first moments of the proton and neutron structure functions, respectively, and to 10% for
the Bjorken sum rule. Therefore we aim for a statistical accuracy of the order of 10% which
can only be achieved within a reasonable running time at relatively low energy
(Ey = 100 GeV). The average values of Q2 in each x interval and the expected numbers of
events to be obtained in 220 days are listed in table 4.2.

A compromise between error optimisation for the neutron asymmetry and for the
Bjorken sum rule leads to a division of the beam flux in the ratio 2/1 between the deuterium
and hydrogen targets. The resulting running conditions and the expected statistical errors
are summarised in table 4.3. The quoted values for AAII1 take into account the D-state

probability of the deuteron51,52,

Table 4.1
Expected Systematic Errors
Ip T4 I'n IpTn

Assumed Values 0.116 | 0.041 | -0.075 0.191
Source Estimate
Py 5% 0.006 | 0.002 | 0.006 0.012
PTarget 3% 0.003 | 0.001 | 0.003 0.006
Smearing, 6% 0.001 | 0.000 | 0.001 0.002
dilution
RQCD 9% 0.001 | 0.000 | 0.001 0.002
Rad.Corr. 1.3% 0.002 | 0.001 | 0.002 0.003
F; 5% 0.006 | 0.002 | 0.006 0.010
Neglectof A2 | <VRqcp| 0.003 | 0.006 | 0.003 0.006
Total 0.010 | 0.007 | 0.010 0.018
Percentage 0% | 17% 13% 10%
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With the transverse field provided by the new polarized target magnet, it will be
possible to rotate the target polarization to a direction perpendicular to the beam. This
configuration provides an opportunity to measure the second spin asymmetry A, which only
gives a small contribution to the measured asymmetry when target and beam polarizations
are parallel. We plan to devote a small fraction of the running time to an exploratory
measurement of the A; asymmetry. A run of about 14 days could provide values of A; at
low x with statistical errors smaller by a factor of 3-4 than the positivity upper limit Aj <
VR and yield the first experimental values of ga(x) for the proton.

Table 4.2
x Interval <Q2> [GeV?) Expected Nr. of events
(in 106)
0.01 - 0.02 2.3 1.42
0.02 - 0.03 3.0 1.78
0.03 - 0.04 4.0 1.59
0.04 - 0.06 53 2.68
0.06 - 0.10 6.9 3.74
0.10 - 0.15 8.6 2.89
0.15-0.20 10.1 1.60
0.20 - 0.30 12.0 1.67
0.30- 0.40 15.0 0.64
0.40 - 0.70 19.7 0.64
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Table 4.3

Running Conditions and Statistical Errors

Running Time 220 Days
Ep 100 GeV
Kinematical Range 001 <x<0.7
y <0.85
1.5 <Q2<70GeV?2
Normal Flux 4 x 107 wpulse
Integrated Flux 63 x 1012
Reconstructible Flux 22 x 1012 y (Efficiency = 0.35)
Beam Polarization 80+ 4)%
Events /p 0.9 x 10-6
Events, total Nr. 19 x 106
Butanol Pp = (80 £ 2.4)%
Polarized Targets 1/3 of flux
Deuterated butanol Pq = (40 £ 1.2)%
2/3 of flux
Statistical Errors
low x 0.018 (x = 0.015)
AAY
high x 0.087 (x = 0.55)
low x 0.037 (x = 0.015)
AA]
high x 0.314 (x = 0.55)
1
P
A f g1dx 0.006 (~ 1/2 of EMC statistical error)
]
' 4
AJ g1dx 0.009
0
1
n
Af gy dx 0.011
0
A“g‘{ -l ) dx 0.015

28




V.1

1.

REQUIRED RESOURCES AND TIME SCALE

CAPITAL EQUIPMENT COSTS

The principal R&D tasks fall into three categories:

1. Polarized proton and deuteron target
2. Spectrometer
3. Muon Polarimeter

Polarized Proton and Deuteron Target (SMC, CERN)

New superconducting solenoid/dipole magnet

Cryogenic control system with interlocks, alarms and data logging
Control room installation and cabling

Maintenance of pumps and gas handling and purifier system
3He (200 litre-atm)
Target holder repair and upgrade

R-F Q-metres for deuteron polarization measurement
Purchase and preparation of deuterated materials for the target
Minicomputer for target operation

Fast reversal system, with field rotation and adiabatic fast passage

2.

Total:
Spectrometer (SMC, CERN)

2a) Improvement of muon beam momentum station (CERN,SPS)
(two additional hodoscope planes with readout )

2b) W1/2 upgrade

2c) W4/5
(two new chambers with finer granularity)

2d) New W67 (B-chambers)
(four streamer tube chambers + readout)

2¢) Data acquisition and processing
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Estimated
Costs
(KSF)

700
70
70
90
60
50
70
100
50

240

1500

200

800

200

SMC
CERN
CERN
CERN
SMC
CERN
SMC
SMC
SMC
CERN

CERN

SMC

SMC

SMC

SMC



3. Muon Polarimeter
3a) MWPC's, counters, plus readout 600 SMC

3b) Additional readout to allow for i-€ scattering - (option)
polarization measurement

Total estimated costs: 3900 KSF

V.2 ANNUAL OPERATING COSTS
SMC (KSF)

Computer maintenance 200
(Includes about 125KSF for maintenance of 3 microvax
computers used for off-line analyses)

Tapes (6000 data tapes + copies with reuse) 25 SFR/Tape 150
Gases, Stores, installations, miscellaneous 130
Personnel

(Secretary, collaboration members including full-time 120

electronics engineer)

600
CERN Contribution (from below) -100

500

CERN
EF Division: 1 technician (spectrometer)

Support for polarized target maintenance and operation
EP Division: 1 data aide

Travel, subsistence, general assistance on operating costs

200 KSF

(including 100 KSF to be used to reduce SMC costs above)
Equipment pool: Cover SMC costs

Central computing facilies: 1000 - 3000 IBM168 equiv.) hours
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V.3 TIME SCALE AND BEAM TIME REQUEST

We estimate that the R&D for this experiment will require 2 years and hence we
hope to be ready for checkout and data-taking by early 1991. We will probably request
some modest beam time in 1990 for tests of new equipment.

For the experiment we request 220 days of beam time starting 1991. One month

interruption is needed to change the target material from polarized deuterium to polarized
hydrogen.
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FIGURE CAPTIONS

1. Compilation8 of all the data on Alf as a function of x. The EMC points and the SLAC

data points (E80 and E130) are shown. Inner error bars are the statistical errors and
the outer error bars are the total errors (statistical plus systematic added in quadrature).
The systematic errors include uncertainties in the values of R and Aa.

2. Compilation8 of resuits for f g1 (x)dx. Full circles: computed from the EMC data.

Open triangles: computed from the SLAC data. The solid curve was computed from a
fit to the EMC data. Inner (outer) error bars are the statistical (total) errors.

3. Experimental Apparatus.

4. Decay positron energy spectra (Ll+ —e’y evu} for different values of the muon

longitudinal polarization. y = Ee+/E+.
5. Muon polarimeter.
6. EMC polarized target.

7. a) Proposed W67B streamer tube configuration (4 sets of 4 panels).
b) Cross section of one set of 4 panels.
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The spin asymmetey i deep inelastic scartering ot longuudinally polarised muons by longitudinally polanised protons nas seen
measured over a large .x range (0.01 <x<0.7). The spin-dependent structure function g, { .x) for the proton has been determined
and us tntegrai over x found t0 De 0.114=0.012 =0.026. 1n disagreement with the Ellis-Jaffe sum rute. Assuming the validity of
‘he Bjorken sum rute. this result implies a significant negative value tor the integral of g, for the neutron. These values r'orilne
:ntegrals of g, lead to the conciusion that the total quark spin constitutes a rather small fraction of the spin of the aucieon.

Deep inelastic scattening of polansed charged lep-
tons from polansed targets provides a method of
studving the internal spin structure of the nucieon
[1-6]. The important quantity obtained from the
measurements is the virtual photon-nucteon spin de-
pendent asymmetry .4, from which the spin-depen-
dent nucleon structure function g, can be derived. The
asymmetry A, is (6,,:=0y,2)/ (01,2 +0y,2) where g,
(o,,+) is the photoabsorption cross section when the
projection of the total angular momentum of the vir-
tual photon-nucieon system along the virtual photon
direction is 1/2 (3/2). In the quark-parton model
the structure function g, (x) is related to the differ-
ence of the quark distributions for quarks with helic-
ities parallet and antiparallel to the nucleon spin.

The measured asymmetry (A) from scattering lon-
gitudinally polarised leptons by longitudinally poia-
rised nucleons is defined as

' University of Warsaw, PL-00681 Warsaw, Poland. pantly sup-
ported by CPBP-01.06.
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dg* -de”

A= — )
do* +do

whereda "¢ ™ is the cross section when the lepton and

nucleon spins are parailel (anuiparailet). In the sin-
gle-photon exchange approximation, 4 s related to
the virtual photon-nucieon asymmetnes .4, and
Ay=mor /orby

A=D(A4, +n4,) . (2)

Here gr={(0,,2+0y,2) is the total transverse cross
section and oy is the contribution to the cross sec-
tion resulting from the interference of the transverse
and longitudinal amplitudes. D is the depolarisation
factor of the virtual photon givea by y(2-y)/
(¥3+2(1=y)(1+R)] and 7 is 2(1=y)yQ¥/
[Ey(2~-y)]. The standard kinematic variables of
deep inelastic scattering are used in these formulae.
The incident lepton energy is £; v and —Q*? are the
energy transfer in the laboratory frame and the four-
momentum transfer, respectively, and y=v/E.
R=ay /oy is the ratio of the longitudinal to transverse
virtual photoabsorption cross sections and is smail in
the energy range of this experiment [7]. See refs.
(5,8 for a review of the notation. The asymmetries
A, and A4, are bounded by positivity limits to be
|41 <1 and |4,/ €/ R (9]. Since both R and n are
small in the kinematic range of the experiment, A, 1$
the dominant contribution to the measured asym-
metry A.

The asymmetries 4, and A, are reiated to the spin-
dependent nucleon structure functions g,(x, Q°) and
gl(xn Ql) by
2x(L+R)

Fy
2x(1+R)
= -‘—-—-Fz
where M is the nucieon mass, x=Q*/2Mv and F, is

the spin averaged nucleon structure function ( the ex-
plicit (x, Q%) dependence of the structure functions

A= (8 —(2Mx/Ey)g:] .

A, (2Mx/Ey)''* (8 +82) . (3

363
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has been omitted. for brevity ). Hence g, is given by
£
2x(l+R)

- F:."l .‘
T x(l+RY’ (4)

2 = (4, +(2mx/Ey)'/ 34,

[n the quark-parton model (in the scaling limit) g,
is given by (2,10]

g )=y Y el (g7 (x)=q (%)), (5)

where e, i1s the charge of the quark flavour i and
g, '~ (x) is the distribution function for a quark of
momentum fraction x having the same (+) or op-
posite ( — ) helicity to that of the nucieon.

The Bjorken sum rule {1,11] relates the integral of
g,(x) to the ratio of the axial and vector coupling
constants G, and Gy measured in nucieon f decay.
After correction for QCD radiative effects {12}, this
fundamental sum rule is given by ‘

i

[ dx(8t () =87 ()1 =41Gu/Gul (1 ~as/m)
Q

=0.191+0.002 for @,=0.27%0.02. (6)

Separate sum rules for the proton and neutron have
been derived by Ellis and Jaffe [13] using SU(3)
current algebra with the assumption of an unpolar-
ised strange quark sea. These sum rules are given by

t

Jgflm(x)d_x
Q
L 1Gy gsno-n)
"Eia(*"“*s FiD+1 (7)

Again after correcting for QCD radiative effects [14]
the integrals have values 0.189+0.005 and
—0.002 £0.005 for the proton and neutron respec-
tively, using the current values of the ratio of the
SU(3) couplings F /D=0.632+0.024 (15] and the
value G./Gyv=1.254 £0.006. Because of the x in the
denominator of eq. (4), the smail x region is ex-
pected 10 make a large contribution to the integrais.
This paper repors the resuits of an experiment in
which 4, was measured using high energy polarised
muons and a polarised proton target, where the range
of x extended from 0.01 to 0.7 and that-of Q? from
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1.5 10 70 GeV?. The experiment was performed in
the M2 muon beam of the CERN SPS accelerator.
The muon beam polansation can be chosen by seiect-
ing a specific ratio of the parent pion to decay muon
momenta. The polarisation was calculated using a
Monte Carlo simulation [16] to be (82 =6 )% at 200
GeV where the error comes mainly from the uncer-
tainty in the pion beam phase space. This calculation
is in good agreement with a previous measurement
[17] of the polanisation of the same beam.

Data were coilected in eieven separate expenmen-
tal running periods at beam energies of 100, 120 and
200 GeV. Scattered muons and forward produced
charged hadrons were detected and measured in the
EMC forward spectrometer (18], modified (9] to
run at the higher beam intensities necessary for this
expeniment. —_—

The polarised target has been described in det..
elsewhere {20]. The target consisted of two sections,
each of a length 360 mm, which were polarised si-
multaneously in opposite directions. The two sec-
tions were separated by a gap of length 220 mm,
chosen such that reconstructed vertices from each
section could be clearly separated. The target mate-
rial was irradiated ammonia, chosen because of its
relatively high free proton content and its resistance
to radiation damage. Peak proton polarisations of
more than 80% were obtained with typical values in
the range 75-80%, measured with an accuracy = 5%.

The asymmetry 4 is obtained from the measured
asymmetry 4 by

Nl—Nz
N|+N1

where ¥, N, are the numbers of events from the two
target haives, Pr, Py are the target and beam pol ™
isations, respectively, and fis the fraction of the even.._
originating from the polarised free protons in the tar-
get. Here, fis a function of x since it depends on the
neutron-to-proton cross section ratio. The value of 4
is less than 2% over most of the kinematic range of
the experiment, requiring strict control of systematic
effects 10 measure it. This was the reason for having
a split target which ensured identical beam fluxes and
apparatus conditions for both orientations of
polarisation.

To compensate for the slightly differing geometric
acceptances of the two target halves, the polarisation

4=

=PrPsfA, (8)
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directions were reversed during each data taking pe-
riod. and the vaiues of J obtained for each contigu-
ration were averaged. Hence the only systematic
effects remaining were due to possibie changes in the
ratto of the acceptances ot the two target halves be-
tore and after polansation reversal. These effects were
studied by splitting the data in different ways tnto two
samples. one of which was expected to sutfer much
more acceptance changes. The consistency of the re.
sults obtained from the two samples showed no in-
dication of residual systematic effects beyond the
staustcal errors.

The cuts applied to the data were similar to those
used in previous EMC analyses {7]. The muon scat-
tering angle cut was increased to | ° to ensure good
resolution of events coming from the two target
halves. A total of 1.2 10% events survived these cuts.

Corrections to the dilution factor fwere applied for
the smearing of events into the target halves which
originated in the unpolarised matenal around the
target ( ~6%) and kinematic smearing due to the in-
trinsic resolution of the track measurements ( < 3%),
using a Monte Carlo simulation of the experiment.
Corrections ( ~ 1.5%) were also applied for the slight
polarisation of the nitrogen nucieus (21], and for
higher order radiative effects [22.23] (2-20%). The
contnibution to the asymmetrv from electroweak in-
terference was calculated and found to be negligible.

The values of 4, are given in table |, where n4, has
been neglected so that 4, xA/D. These values were
obtained by statistically combining the resuits from
the 11 data taking periods. The consistency of the
various periods is shown by the x to the mean value,

Table |

PHYSICS LETTERS B
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given (n tabie !. These vaiues of z* follow a reasona-
ble stauistical distribution. showing that time depen-
dent systematic effects were weil controlled. The
systematic errors given in table | include the unces-
tainties in the value of R (50% of its value) which
was taken to be the value calculated from QCD
(24.25], the uncertainty in neglecting 4, in eqs. (2)
and (4) (taking 4,= r R), the uncentainty in f
ansing from the error in the measured neutron-to-
proton cross section ratio and nuclear etfects on the
structure function £, in nitrogen, and the error due
1o radiative corrections. They aiso inciude an esti-
mate of the possible systematic error, as described
above, arising from time dependent acceptance
changes.

The results for 47 are piotted in fig. | together with
those of previous SLAC experiments {26.27], which
are in good agreement with our results in the region
of overiap. The prediction of the model of Carlitz and
Kaur {28] is also shown. This model gives a good
representation of the data at large x but fails to repro-
duce it for x<0.2. In fig. 2 values of A7 in several x
are plotted versus Q? to search for scaling violations.
These are expected to be small [6,29], and we con-
clude that within errors the data are consistent with
scaling. This justifies combining the data from pe-
riods with different beam energies. A good fit to the
datain fig. 1 is given by

AP (x)=1.04x"*[1 —exp(~2.9x)] .

The spin-dependent structure function g9 (x) was
obtained from 47 (x) using eq. (4), setting R to the
value calculated from QCD. The values of F? were

Results for 4, 1n x bins. There is a further 9.6% normalisation error on A, due to uncertainties in the beam and target polansations.

x range (x> @ At zsyst «*/DOF
(GeV/c):
0.01-0.02 0.015 3.8 0.021£0.035£0.017 6.8/10
0.02-0.03 0.025 45 0.087£0.043£0.022 9.7/10
0.03-0.04 0.03§ 6.0 0.013£0.054 £0.024 5.3/10
0.04-0.06 0.050 3.0 0.094£0.048 £0.028 4.0/10
0.06-0.10 0.078 10.3 0.139£0.049£0.037 4.3/10
0.10-0.18§ 0.124 12.9 0.169£0.063£0.048 19.8/10
0.15-0.20 0.17% 15.2 0.360x0.087+0.057 14.9/10
0.20-0.30 0.248 180 0.469£0.088£0.065 13.3/10
0.30-0.40 0344 225 0.517£0.141 £0.068 9.8/10
0.40-0.70 0.466 29.5 0.657%0.175%0.065 8.4/10
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Fig. |. The asymmetry .4? plotted versus x together with resuits
from previous expeniments { 26.27]. The curve ts from the model
of ref. [281].

taken from ref. [7] but corrected from the value R=0
assumed in that paper to the QCD value of R. Fig. 3
shows xg¢ (x) as a function of x. The solid curve is

™ T
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Fig. 2. 4% versus Q% The data in each x range-have been cor-
rected to the same mean x using a fit to the data as a function of
X.
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SLLS AFFE sum rule

“II-

j‘(mu.

Fig. 3. The quantity xgf(x) (rnght-hand axis and solid ciccles)

versus x. The left-hand axis and the crosses show the vajues of
/8% (x)dx where x., is the value of x at each lower bin edge.

The inner error bars are statistical and the outer error bars are

the total errors obtained by combining the statistical and syste==~._
atic errors (table 1) in Quadrature. The curves are describec

the text.

derived from the fitted function to A7 (x). The inte-
gral of g¢ (x) over the measured region was found to
be

Q.7

j- 28 (x)dx=0.111+0.012(stat.) £0.026 (syst.) .

0.01

The convergence of this integral is also shown in fig.
3 where [!_g?(x)dx is plotted as a function of .x,
the value of x at the lower edge of each bin. [t can be
seen that the integral converges well towards x=0.
The dashed curve is the integral of the solid curve
and this was used to extrapolate to x=0. The data
covered 98% of the value of the integral. The value
obtained at a mean Q? of 10.7 GeV? was

—.

]
J‘g? (x)dx=0.114+0.012(stat.) £0.026(syst.) .
Q

Here the systematic error was obtained from the in-
dividual systematic errors, added in quadrature and
includes a further uncertainty of 10% on the vaiue of
the integral to allow for possible errors on the value
of F, for the proton. The uncertainty due to the ex-
trapolation outside the measured range of x is smail
providing that xg,(x) is weil behaved and ap-
proaches zero reasonably as x tends to zero. It is ex-
pected from Regge theory [30] that xg(x)
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approaches zero linearly with x at small x and such
behaviour is compatible with the data in the range
0.01 <x<0.1. If. however, xg, (.x) approaches zero as
(1/ln x)* as predicted by an alternative Regge model
{30] the value of the integral increases by 0.018 which
is within the quoted systematic error. Such behav-
iour would imply that g, (x) diverges as x approaches
zero 1.e. the quarks remain strongly polarised, which
seems unreasonable. This also applies to any other
functional form for xg, (x) which tends to zero more
slowly than lineariy with x.

Our value for the integrai of 29 (x) is compatible
with the previously measured value of 0.17£0.05
{27] where the uncertainty is dominated by the ex-
trapolation to low x. However, it is smaller than the
value 0.189 +0.005 expected from the Ellis-Jaffe sum
rule. It is also smaller than the value 0.17 £0.03 de-
rived from a calcuiation based on QCD sum rule
methods (31] and that (0.205) expected from the
model [28] of the spin structure of the nucieon. As
we show later, the discrepancy with the Ellis-Jaffe
sum rule could be due to a polarisation of the strange
sea antiparailel to that of the proton, aithough a per-
turbative QCD calculation for the generation of the
sea [32] does not predict such an effect. Another
possible explanation has recently been offered by Jaffe
(33] in view of the non-conservation of the U(1) ax-
ial current in QCD, a consequence of the Adler
-Bell-Jackiw anomaly { 34.35]. Although the precise
size of the effect is currently uncalculabie, Jaffe gives
a lower limit for the proton sum rule of 0.113 which
is compatible with the measurement presented here.

The integral of g% (x) was expected to be close to
zero according to the Ellis-Jaffe sum rule. Using our
value for the integrai of gf (x), and assuming the va-
lidity of the Bjorken sum rule, we obtain a vaiue of
~0.077+£0.012(stat.) £0.026(syst.) for the integral
of g7 (x). Hence polarised lepton-neutron scattering
shouid show a significant negative asymmetry over at
least part of the x range.

Using the above values for the integrals of
£§'™ (x), the net spin carried by the quarks in the
nucleon can be deduced. Integrating the quark-parion
model expression for g, (x) (eq. (5)) and including
first order QCD correlations, we obtain
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:J g9 (x)dx=3Au(l - (a,/22)(Ci+1)]
[s]

+3Ad[1=(a,/r)(2C=1)]
+3As{1 = (a,/n)(2C, = 1) ],

where Cr=(33-8/)/(33<2/) with fthe number of
quark flavours and

t
Ju= J‘ (93 (x)+q5 (x)=qs (x)=q5 (x)|dx,
Q

etc. The corresponding expression for g7 (x) is ob-
tained by interchanging Au and Ad. If we assume an
unpolarised strange quark sea (As=0) these expres-

sions become
t

2 j g8 (x)dx=m 3+:2Au+ ‘-‘g—sM
Q

=0.228£0.024£0.052,

t
2| st oaem 08y 202
0

=-0.154+0.024+0.052.

Hence the mean z component of the spin, S, of theu
flavoured quarks in a proton with S.= + { is

(S:)y =4Au=0.348 £0.023 £0.051,
and that of the d flavoured quarks is
(S:)e=$Ad= -0.280+0.023£0.051 .
Thus the mean S, of the quarks is
(S:dusra =0.068£0.047+0.103.

Hence (14 +9+21)% of the proton spin is carried by
the spin of the quarks. The remaining spin must be
carried by giuons or orbital angular momentum
(36.37].

If we assume the discrepancy between our resuit
and the Ellis-Jaife sum rule prediction to be due to
the polarisation of the strange quark sea we obtain

(S:»,=0.373£0.019£0.039,
(§:)e==0.254£0.019£0.039,
(S:>,==0.113+£0.019£0.039,
(Se)uvrass =0.006£0.058£0.117,
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indicating that the quark spins carry (1 =12=24)%
of the proton spin.

In conclusion. measurements have been presented
of the spin asymmetnes n deep neiastic scattering
of polansed muons on polansed protons. The spin-
dependent structure function g, of the proton has also
been determined. The integral j$gf (x)dx=0.114*
0.012 £0.026 is significantly lower than the vajue ex-
pected from the Ellis-Jaffe sum rule. Assuming the
validity of the Bjorken sum rule this resuit implies
that the asymmetry measured from polarised neu-
trons should be significantly negative over at least part
of its x range. In addition, the resuit implies that, in
the scaling limit, a rather small fraction of the spin of
the proton is carried by the spin of the quarks.
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A recent EMC experiment has found that the integral of the spin-dependent structure function g, of the proton violates the
Ellis=Jaffe sum ruie. It 1s shown here that this result can be strengthened when combined with oider data from SLAC.

Recently, an experiment by the European Muon
Collaboration (EMC) has measured [!] the asym-
metry in deep-inelastic poiarized muon-proton scat-
tering at CERN. The asymmetry A4, is shown in fig. |
as a function of the Bjorken scaling variable x, to-

o EMC

0.8 b 0 E80 1
3 €i’0
{ 4

<
0.4 p 4
o2 pr {h 1

Fig. |. Compilation of ail the data on 4! as a function of x. The
EMC points (ref. {1]) are shown as full circles while the SLAC
points are shown as open diamonds (experiment E-30, ref. {2])
and open squares (E-130. ref. [3]). Inner error bars are the sta-
ustical errors and the outer error bars are the total ervors (statise
uical plus systematic added in quadrature ). The systematic errors
include uncertainties in the values of R and A+, ’

gether with older data (2,3] from polanized elec-
tron-proton scattering at lower beam energies at
SLAC. The agreement of the CERN and SLAC data
is very good. From A4, the spin-dependent structure
function g, of the proton was computed, using the
relation

A (x)Fs(x) ()
x(1+R)Y ’

where F, is the usual spin-independent structure
function and R is the ratio of longitudinal and trans-
verse total cross sections. 4, is related to the mea-
sured asymmetry 4 by A= D(A4, +n4,) = DA, where
the kinematic factor D also depends on R. The quan-
tity 4, is a second asymmetry and 7 is 2 smail kine-
matic factor.

[n the EMC experiment the integrai of g, over x
was found to be

&i(x)=m

1
_’.87(x)dx-0.ll410.012t0.026. (2)
°

where the first error is statistical and the second sys-
tematic. This result is in disagreement with the Ellis-
Jaffe sum rule [4]. Without the QCD correction this
sum rule predicts

0370-2693/88/$ 03.50 © Elsevier Science Publishers B.V. 511
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' N 5377 <1
Jrvidrs = = Lir:( f,/ {)}

. RN N Frr -t
=0.200=0.005 . (3

Here ¢./3. = ~-123420.006 is the ratio of axial-

vector and vector weak coupling constants in nu-
cleon B-decay (5]. 7 and 7 are the SU(3) couplings
and the uncertainty in the sum rule is mainly due to
the expenimental error in the measurement (6] of the
catto #/ 7 =0.632=0.024. The first-order QCD cor-
rection [ 7] reduces the value of the integral in (3) to
0.189 at Q* =10 GeV3/c* The full circles in fig. 2
show the values for the integral of g, from the low
edge of each x bin 10 L. piotted at the edge of the bin.
The solid curve was computed using a fit to the EMC
values for 4,. The difference between the theoretical
and expenmental values is 0.075 £0.012 £0.026.

The EMC result is consistent with a determination
based on the SLAC data. which gave {3]

.

| g7(0)dx=0.172003, (4)

D]

with statistical and systematic errors combined in
quadrature. The uncertainty is dominated by the ex-
trapolation to low x (below 0.1) where no data were
taken. Due to this large error, the resultin (4) is aiso
consistent with the Ellis-Jaffe sum rule.

Since the new and the old data are in agreement

T T
0.8 = Etrig=vafte tum ruie e INC l
4 vale~SLAC
oS E
; Q2 -
=
3" qos b -
'\‘-
o.os 4
.03 p
R . AL
a0t 0.1 !

} 4
Fig. 2. Results for (g, (x)dx. Full circles: computed from the EMC
data {1]. Open triangies: computed from the SLAC daws. mery-
ing the two expenments (2.3]. The solid curve was computed
from a fit to the EMC 4, datw. [nner (outer) error bars are the
staustical (total) errors. ’
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over the region of overlap, 0.1 £.x<0.7. the total er-
ror ¢an be reduced by combining the two results 1n
this region and using the EMC potnts at low x. For
this purpose. 1t is important to treat the two sets of
datain as simtlar a fashion as possible. Therefore, the
SLAC data were re-examuined in order to separate the
statistical and systematic errors. Point-by-point sta-
tistical errors were added in quadrature when com-
puting the integral. while systematic errors were added
linearly. 10 allow for the possibility of common sys-
tematic errors affecting all the x bins in the same di-
rection. [n addition, uncertainties due 10 the values
of R and 4, which is unknown except that it 1s
bounded by {4, € V"R were included in the system-
atic error *'. Finaily, the data from ref. {2] which were
obtained in narrow x bins, were merged into the bins
of ref. (31].

The integrals were computed using a parametrnza-
tion of F, taken from ref. {8], at Q*=10 GeV?*/c*,
the mean Q? of the EMC data. Since no evidence for
any Q? dependence of 4, was found from the SLAC
and EMC data [ 1-3] it is justified to assume that the
A, values of the two experiments are valid at this @°.
For R, a QCD caiculation [9] was used. Since R=0
was assumed in extracting £, in ref. [8], £, was cor-
rected for consistency for the non-zero R values used
here (see eq. (2.7) inref. [8]).

The two data sets give, over the region of overtap,

0.7

——

29(x)dx=0.091 £0.008 £0.0013 (SLAC).

o

o
~

g9(x)dx=0.087+£0.010£0.015 (EMC). (5)

The SLAC results for [gfdx are also shown in fig. 2
(open triangies). The SLAC and EMC results are in
excellent agreement.

For the SLAC data, R=0.25+0.10 was used in
computing A, s previously done in refs. {2,3]. This
number is larger than the QCD prediction (9]. Us-
ing the same QCD calculation for the SLAC data, at

(=]

* The exact expression for g, is #, (<) = {F3(x)/2x( 1+ R)}HA/
D'H\/ai/v-qu,). The second term inude the square
bmummumwduwmmvduom.
The definition of all the relevant quaatities can be found 12
refs. {1-3).
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the 2ppropriate Q°. would reduce the 4. values be-
cause of tne R dependence ol D and the first integral
a1 3) would decrease by D.012. However. this cal-
cufation gives R values that are praobably too small
Yor the kinematic range of the SLAC data. A recent
expertment at SLAC found (10] that perturbative
QCD describes the data on R at these low Q- values
only if corrections for target-mass effects are in-
cluded. The parametrization given in ref. {10] im-
plies that R isin the range 0.1 3-0.29 in the kinematic
range of the data of ref. (2] and 0.08-0.16 in that of
ref. [3]. with the highest R values obtained for the
lowest x points {0.10-0.22). With this parametnza-
tion of R. the SLAC result above (eq. (5) ) is reduced
by 0.002.

The systematic ecrors in the two results above have
very different origins. and therefore they can be com-
bined as if they were statistical. This gives

5
J ¢°(x)dx=0.089£0.006 £0.010. (6)
0.1

In addition, EMC alone gives

a1

-

|| #t(x)ax=0024£0.007:£0.008. T2

vyl

In combining (6) and (7), care must be taken re-
garding the correlation in the uncertainties of the low-
and high-x EMC data. If the systematic errors in (6)
and (7) were uncorreiated, they should be added in
quadrature while if they were correlated they shouid
be added linearly. Since (6) was obtained with ap-
proximately equal contributions from SLAC and
EMC. the mean of the systematic errors obtained by
the two approaches is taken. Adding the contribue
tions of the extrapolations of the EMC data to un-
measured regions x=0-0.01 and x=0.7-1.0 (0.002
and 0.001. respectively ), we obtain

Ig?(x)dx:O.l 16+£0.009£0.019

0

(world average) , - (8)

with the systematic error containing an additional
10% uncertainty arising from the value of £, (see ref.
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{ 1] for an up-to-date discussion of the experimen-
tal situationon £;).

The combinaunon of the two results makes more
pronounced the difference between the experimental
and the QCD corrected theoretcal values. Combin-
ing alt errors tn quadrature. this difference is

‘ g?(X)dxlmcon - ‘ g?(-‘)d-‘luncnmcm
0 )

=0.073+0.022. (9)

or about 3.5 standard deviations.

One potential explanation for the failure of the sum
rule could be that the Q? of the experiments 1s not
high enough for asymptotic arguments to apply.
therefore the Q° evolution of the structure function
might conceivably be larger than the one predicted
by perturbative QCD. The Drell-Heam-Gerasimov
sum rule (121 for reai photoproduction requires that
the asymmetry be negative in the limit Q@*=0o0verat
least part of the range of the photon energy v. Hence
g% may vary rapidly with Q? until its integral reaches
the positive value predicted by eq. (3). However the
comparison (1] between the low-energy ( (Q*) =
4 GeV3/c?) SLAC data and the higher-energy
({Q?) =10 GeV?/c*) EMC data failed to detect any
strong Q* dependence.

[n addition to the data in refs. [2.3], there exist
data from SLAC on the asymmetry in the resonance
region (missing-mass range W=1.1-1.9 GeV) at
even lower Q3,0.5and 1.5 GeV?/c* [13]. The asym-
metry is positive practically everywhere except in the
region of the A(1232) resonance and is in good
agreement with the deep-inelastic data, indicating that
the transition from real to virtual photoproduction is
essentially complete in the kinematic range of the ex-
periments [ 1-3]. This is aiso supported by 2 partial-
wave analysis [ 14] of unpolarized pion-electroprod-
uction data at Q?=0.3-1.0 GeV?/c.

[n conclusion, we have shown that the violation of
the Ellis-Jaffe sum rule found by EMC [1] becomes
more significant when ail the available data { 2.3 are
included. [n addition, the comparison of data taken
in different kinematic ranges seems 1o exclude the
possibility that the effect is due to a strong Q?
dependence.

The authors want to thank the members of the EMC
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ported tn part by the US department of Energy.
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