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ABSTRACT
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Lecture I: Introduction and Formalism

1 Introduction

Polarized lepton-nucleon scattering provides information on the spin structure of
the proton and neutron. The experimental breakthrough in the field came in
1972, when a group from Yale University pioneered the production of polarized
electron beams using the principle of photoionization of electrons from polarized
alkali atoms.! The difficulty of producing a polarized electron beam prior to this
fairly late development was driven by the inability to polarize electrons through
Stern-Gerlach techniques due to the Heisenberg uncertainty principle.? Polarized
atomic beams from the Stern—Gerlach discovery had long been developed.

The first experiment? to scatter elastically polarized electrons at low energies
off polarized hydrogen is an instructive example of polarized lepton-nucleon scat-
tering. In this experiment, a polarized beam of Cesium atoms is stripped of its
electrons and accelerated into the beam transport line (see Fig. 1). The electron

beam is directed into a polarized hydrogen beam injected into an interaction
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Fig. 1. Experimental setup for polarized electron polarized hydrogen
elastic scattering experiment.



region, where the scattered hydrogen ions are detected. The motivation for the
experiment was to study in a simple process spin-dependent scattering and spin-
dependent interactions. “Theoretically, electron-hydrogen elastic scattering is the
simplest and most fundamental of all electron-atom collision problems. Nonethe-
less, it cannot be solved in closed form.” The results are presented in Fig. 2.
Large asymmetries in the scattering are observed and compared to theoretical
predictions. The theoretical models vary enormously in their predictions and the
experimental results disagree with all models, which is typical in the field of spin-

dependent scattering.
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Fig. 2. Results on asymmetry versus energy for elastic scat-
tering experiment. For references to theoretical models,

see Ref. 3.

Energies for scattering polarized leptons off polarized nucleons extend from
the 1 eV level, as just discussed, to the 200 GeV level from polarized muon scat-
tering at CERN. These lectures will concentrate on polarized electron nucleon
scattering at high energies, greater than 10 GeV. Low-energy polarization exper-
iments are discussed here only to the extent that they aid in understanding the
high-energy results. These lectures will concentrate on physics provided by scat-
tering polarized leptons off polarized targets. Experiments with neutrino beams
(which are naturally polarized) and experiments with polarized electrons scat-
tering off unpolarized targets (which are used in the study of electroweak parity

violation) are not discussed.
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Fig. 3. Pictorial of Quark Parton Model constituents in the nucleon.

The primary goal of high-energy deep inelastic scattering of polarized lep-
tons by polarized nucleons is to study the internal spin structure of the pro-
ton and neutron. It has long been known that the nucleon has substructure (see

Fig. 3). The questions being asked here include:

¢ Do quarks carry the spin of the nucleon?

¢ What is the distribution of the nucleon spin between the different

quark flavors?

o What is the role of the orbital angular momentum of the constituents in

the nucleon?
o What role do the gluons play?
o Does QCD adequately account for the behavior of the nucleon spin?

The answers to these questions require input ranging from nuclear physics to the
current algebra of quarks, from the atomic and solid-state physics of polarized
targets and polarized beams to high-energy particle physics detectors. This lecture
series is divided into three parts. The first lecture reviews the formalism of deep
inelastic scattering and how it is applied to polarized lepton-nucleon scattering.
It discusses some of the foundational theoretical work which motivated the field
and identified the language for interpreting the experimental results. While the
formalism of polarized deep inelastic scattering has been reviewed previously by
Fred Gilman,! the language is somewhat outdated. The second lecture focuses
on experimental techniques and presents results on experiments which have been
performed up to the end of 1993. Crucial to the experimental developments have
been the large role played by solid state and atomic physics. The third lecture
addresses the theoretical implications of the results and the difficulties faced in
interpreting the results. The goal of this lecture series is both to educate the

nonexpert and to review the status of the field.
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2 Unpolarized Deep Inelastic Scattering

Deep inelastic fixed target experiments scatter high-energy (F) lepton beams of
electron, muons, and neutrinos off targets, detect the scattered lepton, and mea-
sure its angle of deflection (#) and its outgoing energy (E') (see Fig. 4). From the
three measured quantities £, E', and 0, one can extract three independent scaling
variables Q?, z, and y where the scaling variables are given by
Q? = 4FE sin?[0/2] ,
v = QU2M(E - ),
y = [E—-EE .

E' Detector
Primary Beam //9/’

E

12-93
Target 7585A5

Fig. 4. The variables E, E’', and # as defined in fixed

target deep inelastic scattering experiments.

Here, M is the nucleon mass. In the Quark Parton Model (see Fig. 5), these three
variables have a simple meaning. In the view that deep inelastic scattering is a
process describing the scattering of a lepton off a quark in the nucleon via the
exchange of a virtual photon, Q7 is the four-momentum of the virtual photon, =
is the fraction of the total nucleon momentum carried by the struck quark, and y

is the fraction of incoming energy carried by the virtual photon.
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Fig. 5. Scaling variables in lepton-nucleon scattering.



The cross section for unpolarized deep inelastic scattering can be described

by two “structure functions” (W; and W) that are functions of only = and Q*:
d*c a® cos?(0/2)
dQdE  4E? sin*(0/2)

[Wo 4+ 2W5 tan? (0/2)] . (1)

Here « is the fine structure constant and 2 is the solid angle available for the
scattered leptons.

Knowledge of the structure functions Wy and Wj is sufficient to calculate
scattering rates for any deep inelastic experiment with proton and neutron targets.
Experiments using polarized beams and targets require only small modifications
to these rates, since the effects of polarized scattering is relatively small compared
to the unpolarized case. For calculating electron scattering rates in order to
estimate factors such as spectrometer performance, knowledge of the unpolarized
scattering cross sections is sufficient.

The language and conventions that describe unpolarized structure functions
have evolved with time. Historically, W and W5 were denoted as the unpolarized
structure functions. Bjorken® postulated that these structure functions taken at
high momentum transfer Q? and high virtual photon energy transfer v = F — B’
become functions (F} and F3) of only «,

MWi(v,Q%) — Fi(z) ,

vWa (v, Q%) — Fy(x) .

A simple relation developed by Callan and Gross® between Fy and Fy emerges in
the naive Quark Parton Model,

Fo(x) = 2aFi(x) (2)

In today’s language, results are usually presented as a mixture of the old conven-
tion. The two structure functions now quoted in most papers or review articles
are given as Fy(z, Q%) and R(z,Q?), where R measures the deviation of Fy and
Fy at finite Q? from the Callan-Gross relation,
FZ(vaz) |: Q2:| 1

b

R(z,Q*) = e Fi(z, Q%) 1‘|‘ﬁ

(3)
and
Fz(:zj,Qz) = l/Wz(l’,Qz). (4)

From F, and R, one can extract Wi and W3 and calculate scattering cross sections.

Modern results on F for the deuteron from CERN’ and R from SLAC® are



presented in Figs. 6 and 7, respectively. The ratio R is difficult to measure with
precision, since it represents the small difference between two structure functions,
Fy and 2z F.

From the scattering cross section, it is straightforward to calculate the number
of scattered electrons per energy E'. The total number of scattered electrons at

a particular energy is

N="IpLNsQd* . (5)

Here I, is the number of incident electrons, p is the target density, L is the target
length, N4 is Avogadro number,  is the spectrometer solid angle, and d%o is the
double differential scattering cross section with energy and solid angle. A useful

mnemonic for calculating the density of target nucleons is

Number of target nucleons / cc pN 4,

with p in units of gm/cc.
Consider the following example: If one scatters a 50 GeV electron beam with
a current of 1 pgA off a 1-cm-long hydrogen (Z = 1) target with a density of

1 gm/cc and detects the scattered electrons in a 1 msr spectrometer set up at 7°,
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Fig. 6. Structure function F, of the deuteron versus Q? for different values of .
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Fig. 7. The longitudinal-to-transverse structure function ratio R as
a function of Q? for two values of .

how many scattered electrons per second are observed with energies between 10

and 11 GeV?
The kinematics are well defined, and give the values of Wy and W,. For the
above conditions,

Q* = 4-50 GeV -10.5 GeV -sin?(7°/2) = 7.8 GeV?* |

Q? 7.8 GeV? 011
Tr = = — . .
2Mv 2(0.938 GeV) (50 GeV —10.5 GeV)

From Figs. 6 and 7, one can read off the values of Fy(z, Q%) and R(z,Q?) at these

values of = and Q?,
F5(0.11,7.8) ~ 0.35, R(0.11,7.8) ~ 0.1,

and extract Wy and Ws,

I I
Wi = —= ~ 1.5 W, = —= =~ 0.009
V) ’ 2 v ’

applying Iy ~ Fy/22(1 + R).
The scattering cross section [ Eq. (1)], is

P (1/137)2  cos?(7/2)
750 GeV)?  sin®(7/2)

-[0.009 + 2(1.5) tan*(7/2)] .
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Numerically, this gives
d*c =~ T.7x 1075 GeV ™2 sr71 = 3x 107 em?/sr

using the conversion factor that 1 GeV™? = 3.89 x 1072 ecm?. The number of
scattered electrons [Eq. ()] per second with energies between 10 and 11 GeV
detected by the spectrometer is

1075 A
1.6x10719 A /e~

-lgm/cc-LTem-6x10% - 1072 sr- 3x107%% cm?/sr .

e ~

The result becomes

N. = 11 electrons/second

This example is typical of the zeroth-order calculations done in deep inelastic
scattering. It should be emphasized that this is an over-simplified case. In reality,
issues such as radiative corrections (Sec. 3.1) must be taken into account, which

complicates the situation significantly.

3 Polarized Deep Inelastic Scattering

Deep inelastic scattering experiments using polarized lepton beams off polarized
targets provide information on the spin structure function of the nucleon.” These
experiments typically measure differences between the scattering cross sections for
the case where the beam and target spins are in various orientations (see Fig. 8).
The relationship between the spin-dependent scattering cross sections and the nu-
cleon spin-dependent structure functions has a parallel formalism to the unpolar-
ized case. Once again, there are two primary spin structure functions G (z, Q%)
and Ga(x,Q?) (analogous to Wy and Ws) and the scattering cross sections and

the spin structure functions are related by,'9—12

d?ol! el 4’

d0%dv — dQ%dv . Q2E? [M(E + E' cos0) G1(Q%,v) = Q* G2(Q*,v)] , (6)

and

d2ol—  diol ira’E
dQ%dv B dQ%dv - Q2E? sin ¢ [M Gl(Qz’V) +28 GZ(QZ’V)] ' (7)

10
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Fig. 8. Spin orientations of beam and targets in
polarized lepton polarized nucleon scattering.

Here o1, 61}, and o'~ correspond to the scattering cross sections with beam
and target spins parallel, antiparallel, or at 90° to one another. Like Wy and W,

these structure functions scale at high Q2. As Q? — oo,
M Gy(v, Q%) — g1(x) , and M Go(v,Q*) — go(x) . (8)

Modern convention presents results in terms of structure functions g1 (x, Q%)
and go(x, Q%), which are dimensionally the same as the g; and g, defined above.
Since the difference between the various spin-dependent cross sections are
usually quite small, the formalism of spin-dependent deep inelastic scattering
experiments has developed around the use of asymmetries or the difference over
the sum of the scattering cross sections. The next section describes the various

types of spin-dependent asymmetries which appear in the literature.

3.1 Asymmetries in Spin-Dependent Deep Inelastic
Scattering

The goal of most deep inelastic spin-dependent scattering experiments today is to
extract the virtual photon nucleon asymmetries Aq(x, Q%) and Ay(x, Q?), where
Aj refers to the difference in scattering cross sections for the case where the virtual
photon and nucleon spins are parallel versus antiparallel,
2510 _ 2,11

= G T )
Similarly, the transverse asymmetry As represents the comparison in which the
nucleon target spin is transverse to the photon spin,

d’cl— — o~

- d2ol= + dol—

2 (10)
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Fig. 9. Coordinate system for polarized lepton-nucleon scattering.

In practice, the virtual photon does not have 100% polarization (even if the
lepton does!), nor does it scatter head-on. Even if the lepton scatters head-on,
the virtual photon will scatter at some angle ¥ that depends on the electron
energy before and after the scatter (see Fig. 9). If All'and AL represent the cross
section asymmetries for scattering a 100% longitudinally polarized lepton off a
polarized nucleon, then the relationship between Al and AL and A; and As is

given by kinematics,

Al = D (A +94,) (11)
At = d-(Ay+CAY) . (12)

The factors n and ( are typically small, providing a strong correlation between
the asymmetries Al and A;, and between the asymmetries A+ and A,. Here the

two depolarization factors are given by kinematics,

,

D - % (13)
and

d =D fje, (14)
and the factors n and ¢ are found via,

g= 2 (15)



=) (16)

where ¢ characterizes the virtual photon polarization,

1

1+2<1+é§>tmﬁ<§>

The depolarization factor D is a pure QED factor and has a simple inter-

pretation. It can be divided into two multiplicative terms, the first representing
the angle ¢ between the virtual photon and the struck nucleon, and the second
representing the polarization P7 of the virtual photon in the interaction. The

scattering angle ¥ and polarization P7 can be extracted from kinematics,

E—-1 1 — ¢2
ﬁiez 5 and P'Y = € (18)
— €

oSt = TreR

where R is once again the ratio of longitudinal-to-transverse structure functions

defined earlier. The entire depolarization factor is simply
D = P7.cos (19)

which reduces to Eq. (13).

With a 100% polarized lepton beam scattering from a 100% polarized nucleon,
Ay and Ay can be extracted by measuring Al and A+ and knowing the event
kinematics, in order to determine the constants D, d, n, and (. In reality, however,
the target has a polarization P, only a fraction f of the nucleons are polarized,
and the beam polarization is less than 100%. As a result, the measured raw event

asymmetry A™ is smaller than AL or Al. In fact, to extract Al
Ameas — Al p, o p.f (20)

Figure 10 presents a schematic of how the various dilutions appear in the interac-
tion, compared to the ‘pure’ case in which a fully polarized virtual photon collides
head-on with a fully polarized nucleon. The smaller asymmetry A™¢*® represents
a technical challenge to the experiments.

To extract A; from the experiment, it is necessary to unravel the impact of
radiative corrections on the deep inelastic scattering measurements.'® Theoretical
models of A; and sum rules assume that the scattering corresponds to the single
photon exchange Born approximation. Therefore, to compare to theory, it is

necessary to calculate the radiative correction diagrams (see Fig. 11) and then to

13



Muon or
Electron

Polarized
Nucleons

32

Fig. 10. Experimental dilutions in polarized lepton-nucleon scattering.

12-93
7585A11 Py

apply these corrections to the measured A; asymmetries in order to find A; values
corresponding to the Born approximation. This process is laborious and requires
an interative approach, since the size of the corrections is strongly correlated to
values of Aj. Figure 11 presents the primary diagrams needed to extract A; from
the measured asymmetry. A few of the important properties of the radiative

corrections and their effect on the data are:

¢ The difference between the radiative corrections to the scattering cross sec-

tions o' and o't is small.

¢ The dominant corrections are pure QED diagrams, and the largest effect

comes from the bremsstrahlung diagrams.

¢ Radiative corrections move events from high E' bins to lower E' bins (which

is easy to understand in terms of bremmstrahlung).

¢ To the extent that the asymmetries are flat as a function of x, there is little
change in the central value of the asymmetries due to radiative corrections.
This is a direct consequence of the first point. However, even without an
x-dependence in the asymmetry, the statistical error bars on the asymmetry
at low x will increase after radiative corrections due to the subtraction of

events from the high £’ bins, which have contaminated the low £’ bins.

o Solid targets have typically larger radiative corrections compared to gas
targets due to ‘external’ radiative corrections.!* These corrections scale with
the thickness of the targets (in radiation lengths) and can be comparable in

magnitude to the internal radiative corrections.

An example of radiative corrections to the proton target used in the EMC proton

t15

experiment ™ is given in Fig. 12. The increase in the size of the correction for low

x 1s evident, and is a result of the contamination of events at low .

14



RADIATIVE CORRECTIONS
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Fig. 11. Primary radiative correction diagrams
in deep inelastic scattering.
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Fig. 12. Radiative corrections as a function of = for the EMC proton experiment.

The transverse spin asymmetry As has a different behavior. For this asym-
metry, the nucleon spin must lie in the scattering plane defined by the incoming
and outgoing scattered electron. Transverse spin-dependent scattering in which
the target nucleon spin is outside the scattering plane will result in no asymmetry

due to CP conservation. As has a number of interesting properties:

o Its value is bounded by the value of the unpolarized longitudinal structure
function, namely |As(z, Q%)| < R. This behavior results from positivity
bounds.'® Initial experiments which extracted Ay used this bound on Ay and
Eq. (11). However, future precision experiments on A; will require direct

measurements of AL

16



o In the Quark Parton Model (QPM) the value of Aj is believed to be small,
since it is proportional to the quark masses. In the QPM, the helicity
flip probability varies as m,/F, and vanishes to the extent that quarks are
massless.

¢ The transverse spin structure function g2 extracted from As obeys a sum
rule (Burkhardt-Cottingham)'™ which implies an overall small contribution,

g2(x)dx = 0. (21)

The next section discusses the old QPM predictions of the values of Ay and

its behavior as a function of « and Q2.

4 The Virtual Photon Asymmetry A4

Historically, the asymmetry A; and its dependence on x, in particular, was the
primary variable which theoretical models of nucleon spin structure tried to pre-
dict. The following sections discuss some of the simplest early theories on A; and

how it behaves.

4.1 The SU(6) Model

The simplest QPM prediction of the quark distribution in the nucleon!® is SU(6).
This model presents a static picture of the nucleon in which the proton (neutron)
consists of purely valence quarks with two up (down) quarks and one down (up)
quark. The wavefunction for the proton and neutron is found by counting all the
possible antisymmetric combinations of three quark states, with one quark spin
antiparallel to the other two quark spins. From the nucleon wavefunction, it is
straightforward to extract the probability of finding an up or down quark with its

spin parallel T or antiparallel | to the nucleon spin.

ul =5/9 ul =1/9 ,

d'=1/9, dh=2/9 .

The value of A; for the proton is given by the charge squared of the quarks times
the quark spin probability given above,
p_ 4/9(ul —uly +1/9(d" — ab
Va/9(ul +ub) +1/9(d0 + db)

(22)

The proton asymmetry yields 5/9, and the neutron asymmetry is 0.

17



Although SU(6) is known to breakdown due to the existence of sea quarks
and gluons, the SU(6) predictions appear to work at @ near 0.3. For example, the
measured values of Ay for the proton and neutron appear to be in fine agreement

with SU(6) at « = 0.3.

4.2 Regge Theory and Small X

The small = behavior of A; and As is a topic of great interest in terms of un-
derstanding the “sum rules” discussed at the end of this lecture. Small  mea-
surements correspond in QPM to scattering in which the struck quarks are car-
rying a small fraction of the nucleon momentum. The loss of information from
the initial static state can be understood in terms of the emission of gluons,
“taking spin away” from the struck quark. As a result, the asymmetries tend to
zero as x approaches zero. The convergence of the asymmetries to zero is described
by the data over the measured range, and this tendency to coverge is apparent in
all existing data samples.

For understanding the data below the x range of the measurements, a Regge
parameterization is taken. A long, complicated history of Regge theory!??Y
has evolved and is used to describe the low-x behavior of structure functions,
in general. The results of the Regge theory prediction for the convergence of the

asymmetries to zero has some particular properties,?!

o As x approaches zero, the structure functions and asymmetries become
independent of Q2.

¢ The value of the cross sections needed for the structure functions and

asymmetries is given by the optical theorem,

tot

ImA = s-0,

where A is the scattering amplitude, s is the center-of-mass energy, and

o' is the total scattering cross section.

o Regge theory predicts how the amplitude varies as = approaches zero,
A(s,0) = 52(0)

where «(0) is a Regge intercept given by «;(1270) and f;(1285) evaluated

from pion-proton scattering.?”

18



At low x, the value of = can be related to the center-of-mass energy via
o~ Qs ~ 1)s.
Therefore, when s is large and z is small,
Py o o plma1(0) - Py oA o1(0)

and similarly

g R z2(0)

Since Ay &~ ¢1/ 11,
Ay~ 21(0)=e2(0)

The same behavior of = evaluated to a power??

behavior of the spin structure function g; described later in Sec. 5.1.

4.3 The Quark Parton Model and High X

is invoked to extract the low-z

The large = behavior of the structure functions is also predicted by the Quark

Parton Model (QPM). Figure 13 presents the Feynman diagram for scattering off

a quark that carries all of the nucleon momentum (i.e., @ approaches 1). For this

case, the measured asymmetry for the proton (or neutron) will come from the

scattering off a single quark,

T _ gt
q q
Af(z — 1) = )

q' +qt
1
Spin 5
1 | Spin 0
12-93 7585A9

Fig. 13. Diquark production in scattering at high x.
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For the case of massless quarks at high x, the probability of spin-flip varies as
O19 R 2% (¢! finite) and o379 =0 (¢} zero). The formula above implies that the

asymmetry A will approach one as = approaches one.?*

This behavior appears reasonable, since the struck quark carries the nucleon
spin, and the two remaining quarks pair off with a net zero spin. If the struck
quark is decoupled from the other two quarks or from polarized gluons at high z,
then the single-struck quark aligned with the nucleon spin (with no mechanism

to undergo spin-flip), is the only scattering channel.

This model of the nucleon at high 2 also predicts?® that the ratio of the
neutron-to-proton cross sections in deep inelastic scattering should tend to 1/4 as

x approaches 1. The experimental data appears to support this conclusion.?®

4.4 The Carlitz-Kaur Model

In 1977, Carlitz and Kaur developed a model®” that supports the low-, middle-,
and high-x predictions discussed in the last three sections. The results for the
asymmetry predictions as a function of x from the Carlitz-Kaur model is given in
Fig. 14. This model also obeys a sum rule developed by Ellis and Jaffe discussed at
the end of this lecture. This model has become a standard to which experimental

data can typically be compared.

1.0

0.8 - -
Proton
0.6 [~ —
A1l
04 - 7

0.2 Neutron m

_02 | | | |
0 0.2 0.4 0.6 0.8 1.0

12-93 X 7585A10

Fig. 14. Carlitz-Kaur model of A; versus x for the proton and neutron.
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5 The Spin Structure Function gq

Knowledge of the spin-dependent asymmetries A; and A2 and the unpolarized

structure functions Fy and R completely determines the spin structure function
91,
gl(l', Qz) = Fl(xv Qz) ) [Al(l‘, Qz) + 7‘42(1;7 Qz)] ) (23)

where 7 is a kinematic factor given by v = @/1/ Terms proportional to v have

been neglected. In the QPM, the structure function ¢g; has a simple interpretation,
gi\r) = 2z |4, \T) — ¢, {T)],
(#) = S=lg) (x) = 4/ (2)] (24)

where the sum is over the different quark flavors. This relationship is analogous to

the relationship between I and the quark distributions for unpolarized scattering,
Fie) = Sefla) () + g7 ()] (25)

The asymmetry Ay develops a simple meaning in the Quark Parton Model, since
A1 = g1/ F1 (ignoring higher order corrections). The kinematic factor 4 is gener-

ally small, and suppresses the A; contribution to the spin structure function g¢;.
A number of interesting idiosynchrasies of the structure function ¢g; appear:

o As x gets large, F| approaches zero, implying that ¢, approaches zero. Sim-

ilarly, the uncertainty on g1 becomes small, since it is bounded by g1 < F7.

o At low x, g varies as Aj/x. This implies that the precision on determining
g1 quickly becomes limited due to the divergent 1/z behavior. As a result,
the statistical error bars on ¢; from any measurement tend to increase as
x gets small, even though the error bars on the asymmetry measurements

may be small and independent of x.

For completeness, the transverse spin structure function go is given,
Ay
ga = Fi- (7 + ’}/Az — A1> . (26)

As discussed earlier the integral over go is expected to vanish.?” Interestingly, this

implies that A # 0!
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5.1 The Spin Structure Function at Low X

An important quantity in the study of spin structure functions is the integral over
the full x range of the spin structure function ¢g;, namely 01 g1(x)dz. The integral

values are useful for testing ‘sum rules’ discussed in the next section. Since the
measurements are only valid over an z-range limited to typically greater than
0.005 and less than 0.7, extrapolations of the measurements must be invoked in

order to extract the full integral.

For the low-z extrapolation, one uses Regge theory as described in Sec. 4.2.

At low z, g; is expected to be independent of )2, and varies as

o
x
g1 = <_> s
o
where x( is the lowest & value determined by the experiment. The contribution

of the integral from the low-z unmeasured region then becomes

To
e = gi(a) de = T09TO
0 1—Oé

The value of the integral diverges as a approaches one. Calculations?® give a range
in « for spin-dependent scattering to be —0.5 < a < 0. With this constraint, the

low-x extrapolation becomes
0.66 20 g1(x0) < € < 20 g1(x0) -

To maintain as small a low-x extrapolation as possible, it is important to both
measure the low-z structure function gy (x¢) as accurately as possible and to make
sure that g is as small as possible. In general, high-energy (200 GeV) muon
beams can measure the structure functions to values of ¢ less than 0.01, but
with limited statistics on g¢1(x¢); whereas, low-energy electron beams (30 GeV)
can measure the structure function only down to values of z¢ near 0.02, but with

high precision on g1 (o).

It should be stressed that without a theory for the low-x extrapolation, the

value of € is unbounded.
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6 The Bjorken Sum Rule

In 1966, prior to the development of QCD, Bjorken?® discussed applications of
SU(6) x SU(6) current algebra. Within this famous paper, he derived what at the
time was an obscure relationship between spin-dependent deep inelastic scatter-
ing cross sections and the weak coupling constant found in neutron beta decay.
This relationship known as the ‘Bjorken Sum Rule’ has become the holy grail for
experiments in spin-dependent deep inelastic scattering. The sum rule is regarded
as inviolable, since it depends only on current algebra assumptions and the assign-
ment of charges to the quarks. Corrections to the sum rule for experiments which
measure the spin structure functions at finite Q? are given by QCD, implying that

30 wrote

a violation of the sum rule would be a direct threat to QCD. Feynman
that the Bjorken sum rule’s “verification, or failure, would have a most decisive

effect on the direction of future high-energy theoretical physics.”

The sum rule without QCD corrections stands on three pillars: current

algebra, quark currents, and beta decay.

The calculations to extract the current algebra part of the sum rule are
laborious and not reproduced here. The result of Bjorken’s calculation relates
the integral over x of the spin structure function ¢; to the equal time commuta-
tor of the transverse components of the electromagnetic current densities J;(x,0)

and J,(0). The derived relationship gives at infinite momentum transfer Q?,

1 :

pe)de = & @ (P [L(r.0).0,(0)] | P)
The above relationship requires no models of hadronic structure.

Previous work with electromagnetic currents®! had already connected the
transverse components of the electromagnetic currents to the axial current of the

interaction, yielding
[Jo(2,0), J,(0)] = 2i8%(x) Jg + Schwinger terms .

Substituting the above equation into the Bjorken relationship previously given
yields trivially,
1

gi(x) de =
0

(P|J)|P) . (27)

DO | =
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The second step in the Bjorken sum rule derivation is the assignment of the
quark currents. The vector quark current can be written in Dirac notation, in
which J, = @ZJVHQJJ, where 1 is the Dirac spinor for three quarks (u,d,s) and Q
is the quark charge matrix with specific quark charges assigned to the up, down,

and strange quarks,

2/3 0 0
Q=10 -1/3 o0
0 0 —1/3

The axial vector quark currents of this problem are
1

Iy = 2 s 1 QR

Defining the matrices for hypercharge Y and isospin I3,

1/3 0 0 /2 0 0
Y=1]0 1/3 o0 : Lb=]0 =—1/2 0
0 0 —2/3 0 0 0

By simple matrix manipulation, it can be shown that

2 1 2 1 1
2
= 2 4-Q=4-(L+=Y
Q 9+3Q 9+3<3+2>

In taking the difference between the matrix elements of the axial vector current be-

tween a proton and a neutron, only the isospin component will survive as nonzero.

<pr0ton ‘Ji‘ proton> — <neutron ‘Jg‘ neutron>

= <pr0ton

9 ;
=3 (Pt ysyu I3b| P)

1 B
3 Vs Yu I3

1 _
3 ¢757u]3@/" pr0t0n> — <neutron

neutron>

The last relation arises from the fact that the proton and neutron isospin values

are equal and opposite in sign.

Substitution from Eq. (27) provides for the result in terms of the proton and
neutron spin structure function integrals,

1 1

gl dn= gi(e)de=g 2P el P) . (28)
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The final step in the derivation of the Bjorken sum rule is the equating of the
above matrix element to the matrix element that describes neutron beta decay.
The weak coupling constant from beta decay g4 is related to an axial vector

current between a proton and a neutron state,
ga = <pr0ton ‘;/) V5 Y ]"'1/3‘ neutron>

Here gy is set equal to one by convention, so that the expression ¢g4/gy = ga.
By introducing the lowering operator T~ = ¢y9l " td*z, the coupling constant
ga can be related to the third component of the isospin operator in the following
manner,

ga = (Plysy T T™| P)

Plpys oy [T 171 0] P)

= 2- (P[5 7. I3¢| P)

Substituting the above result into Eq. (28) yields the Bjorken sum rule, which
states that at infinite 2,

1 1 1

@(x)de— g (x)de = 5 9a- (29)
0 0

{
{

At this stage the weakest assumptions inherent in the Bjorken sum rule is probably
the charge assignments to the quarks. The current algebra derivation of the
Bjorken sum rule is today typically replaced by Operator Product Expansion

techniques.3?

In any case, the foundations of QCD rest upon the algebra which yields the

Bjorken sum rule.

Experimentally, infinite momentum transfer in an interaction is of course
unattainable. Experiments are performed at a particular Q? or even more realis-
tically over a range of Q%. In order to test the Bjorken sum rule, it is necessary
to make measurements at similar Q? between the proton and neutron integrals
and then compare the results to the Bjorken sum rule including perturbative and
nonperturbative QCD corrections. Perturbative QCD corrections to the Bjorken

sum have been performed up to third order in the strong coupling constant ag

(see Lecture III, Sec. 7),

1
) de—  gM)de = = L& 1 AQOD (30)



The theoretical prediction for AQC? is to be compared to the pure experimental
quantities in the Bjorken sum rule equation, namely

1 1
6 o, gh(x)de—6 , g(x)da

AP — 1
galgv

Nonperturbative QCD corrections which vary typically as 1/Q™ also may influence
AQYD and are discussed in some detail in Lecture III, and by Stan Brodsky.??

7 The Ellis-Jaffe Sum Rule

In the early days of the experiments, only polarized proton targets were available,
implying that only the proton spin structure function was measurable. Since no
polarized neutron targets existed, the Bjorken sum rule (which requires both the
proton and neutron spin structure functions) could not be tested. It was, therefore,
of great interest to have a prediction for the proton spin structure function integral
by itself.

In 1974, Ellis and Jaffe3* using SU(3) symmetry between the up, down, and
strange quarks, derived a unique prediction for both the proton and neutron spin
structure function integrals. The relationship became known as the Ellis-Jaffe
sum rule, and its derivation is reproduced below.

As noted earlier, the spin structure functions have a simple description in
the QPM. The integral over the proton spin structure function can be written in
terms of a sum of integrals over the spin-dependent quark distributions, weighted
by the charge square of the quark:

4 1 1
Plz) de = —A —Ad+ —A 31
where Au = 01 [ul () — u!(2)] and u! (u!) corresponds to the case where the up
quark is parallel (antiparallel) to the nucleon spin. The quantities Au, Ad, and
As can be interpreted as a measure of the polarization of the quarks in a polarized
proton.

The integral over the neutron spin structure function yields the same relation
except that the up and down quark distributions are interchanged by isospin
symmetry,

. 4 | |
gr(x) de = EAd—I—EAu—I—EAS. (32)

Substituting Eqs. (31) and (32) into the Bjorken sum rule (Eq. 29) yields,

Au—Ad = 24 (33)
qgv
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Notice that the strange sea contribution cancels out.

A relation from SU(3) symmetry is used to extract information on the in-
dividual proton and neutron integral. In SU(3), rotations are performed on the
baryon octet presented in Fig. 15 to extract relations to coupling constants. For
example, SU(3) symmetry postulates that the quark distribution in the proton is

just a V-spin rotation of that in a cascade,

(uds)proton — (Sdu)cascade

Applying a V-spin rotation one transforms Eq. (33) with the following substitu-

tion,

Au—Ad — Ad— As.

The matrix elements of the neutron and cascade decay are given below in terms

of the symmetric and antisymmetric tensor constants £ and D,

proton cascade
(QQ —F 4D, <@> —F-D.
gv %

Applying the V-spin rotation yields the equation,

Ad—As=F—D . (34)

d < Isospin —— u n p

SU(3) Octet 7585A15

Fig. 15. Schematic of SU(3) baryon octet.
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With the strange sea left unconstrained, one can use Eqgs. (33) and (34) and
substitute into Eqs. (31) and (32) to yield an independent relation for the proton
and neutron integrals.

1 1
Proton gi(z) dz = 5 (9F — D) + 3 As ~ 0.17, (35)

1 1
Neutron gr(x) de = e (6F —4D) + 3 As ~ —0.02. (36)
0

The numerical values for the integrals use updated values of the F' and D
constants,?> F' = 0.47 4 0.04 and D = 0.81 £ 0.03, and assume that the strange
sea is unpolarized (As = 0). That As should be small is regarded as reasonable,
since the strange sea provides only a small fraction of the total quark contribution
to the nucleon.

The first data on the neutron spin structure function has come into existence
only in this past year. As a result, only the Ellis-Jaffe sum rule for the proton has
played a role in evaluating results prior to 1993. Lecture II reviews experimental
results up to the end of 1993, and Lecture III discusses the implications of these
results and future programs that will study QCD and nucleon spin structure in
more detail.
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Lecture II: The Experiments

Despite a twenty-five year history, only five polarized beam polarized target deep
inelastic scattering experiments have been performed, three at SLAC and two at
CERN. This lecture describes each of the five experiments. The impact of the
results from these experiments has been large, each motivating extensive theoretical
activity. This activity (discussed in Lecture III) has in turn continued to provide
fuel for more experiments with higher precision at higher energies.

This lecture covers the five experiments and their results, one-by-one in chrono-
logical order. Lecture III will discuss the implications of the experimental results

and future experimental programs.

1 SLAC Experiment E-80

The first experiment to scatter a polarized electron beam off a polarized target was
performed at SLAC in End Station A.M? Although deep inelastic scattering exper-
iments with polarized targets had been performed previously,> SLAC experiment
E-80 was the first to run with a polarized electron beam. The primary electron
energies in the experiment ranged from 6 to 13 GeV and scattered off a polarized
alcohol (butanol) target. Scattered electrons were detected using the 8 GeV spec-
trometer built for the full range of deep inelastic scattering experiments.* The out-
standing features of experiment E-80 were the relatively high average beam (50%)
and target (60% peak value) polarizations.

The E-80 polarized electron source relied on the photoionization of alkali atoms

by a pulsed ultraviolet light source. The electrons stripped from these polarized
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atoms remained polarized, since the excitation takes place through an electric
dipole transition. The method for polarizing electrons follows a number of technical
steps (see Fig. 16):
(1) polarization of the °Li atoms via passage through a six-pole magnet,
(2) °Li ionization using a high-intensity ultraviolet lamp producing
transversely polarized electrons,
(3) acceleration of the electrons in an electric field concurrent with the
ionization, and
(4) rotation of the electron spin to the longitudinal direction

using a polarizing coil.

Longitudinally
) Polarizing
Mechanical Cathode Coil

Li® Oven ~ Chopper

Repeller
Six-Pole

Magnet Diagonal

Mirror

Collimator

Vortex-Stabilized
Flash Lamp

Ellipsodial
Mirror Schematic of Peggy
To Accelerator
Au Foil

ln:{:> T Detector at 120°

O
WW Scatterer
7586A2

Mott Polarization Monitor 1293

Fig. 16. Stanford Linear Accelerator Center E-80 polarized electron
source and Mott polarimeter.
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The development of the source was a large technical effort and a great success
for the first production of a longitudinally polarized beam of electrons. The E-80
polarized source was limited in beam current, since the number of electrons depends
on the number of polarized atoms (~ 10% electrons per pulse). The low current was,
however, not an issue for the experiment, since the polarized target was sensitive
to radiation damage and could not handle higher currents. In fact, the beam was
scanned across the target (“rastered”) on a pulse-to-pulse basis so as to reduce the

hot-spot radiation damage.

Determination of the electron beam polarization was an experiment in itself.
Experiment E-80 used both Moller and Mott polarimetry to measure the elec-
tron beam polarization. Mott polarimetry was used to monitor the electron beam
polarization at the front end of the SLAC accelerator. This type of polarimeter
involved scattering transversely polarized electrons off a gold nucleus, and study-
ing an asymmetry in the spatial distribution of the backscattered electrons.® This
asymmetry comes about from the spin orbit interaction between the electron and
the gold nucleus. The size of the asymmetry is a function of energy and scatter-
ing angle, called the Sherman function, and is known to approximately 2%. The
E-80 Mott polarimeter (see Fig. 16) monitored the polarization of the electrons as
they were emitted from the polarized source, but did not determine the electron
polarization at high energy near the interaction in End Station A. Depolarization
of the beam in the transport from the source to the polarized target was expected

to be small, but was not excluded.

As a consequence, a special Moller scattering experiment was performed at

the conclusion of the E-80 experiment.
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Fig. 17. Schematic of a Moéller polarimeter setup.

Moller polarimetry determines the polarization of the electron beam by mea-
suring the cross section asymmetry in the scattering of polarized electrons by polar-
ized electrons. Polarized electrons are scattered off a polarized ferromagnetic foil,
and the elastic scattered electrons are produced at a particular scattering angle
that maximizes the asymmetry (90° scattering in the center-of-mass). The Moller
electrons after the interaction pass through a magnetic field and are detected by
a detector package. The primary unscattered electron beam is shielded from the
magnetic field used for analyzing the Moller scattered electrons (see Fig. 17). A
difference in cross sections for the scattering of beam electrons with spins parallel

or antiparallel to the target foil electron spin results in a scattering asymmetry:

_ oll — !l _ y(2+4 3y + 2y2)
oll 4ol (1 4+y+y?)?

(1)

Here y varies with the center of mass scattering angle and is given in the laboratory

frame by y = E0?/2M.. The measured raw asymmetry is related to this pure QED
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asymmetry A (calculated from Feynman diagrams in electron electron scattering)
via

AT = A Pream + Proil - (2)
Here Pyeam and Py are the beam and target foil polarizations, respectively. Only
two of the twenty-six electrons in iron are polarized, yielding a dilution of the
target foil polarization P;. The foil polarization is determined by measurements
of the magnetization of the foil and its thickness.® From the measured asymmetry
below the elastic peak (see Fig. 18), the beam polarization is determined directly.
For experiment E-80, the polarized target consisted of an iron-cobalt compound
called supermendur.® The target was set up in End Station A at the same position
as the true polarized target, and the 8 GeV spectrometer (see Fig. 18) was used to

detect the scattered electrons and to scan the elastic peak.

The E-80 butanol (CgO4Hg) target” was polarized using the principle of dy-
namic nuclear polarization.® A high magnetic field and low temperature is used to
achieve high polarization and to calibrate the absolute polarization P of the target
via P, = tanh[pH/kT]. Application of 140 GHz microwaves polarizes the target.
A summary of the target parameters is given? in Table 1. A review of dynamic

nuclear polarization using solid frozen targets is given by Gordon Cates.”?

Although the target material is not pure hydrogen, only the hydrogen atoms
contribute to the polarized scattering; carbon and oxygen are spin-0 nuclei. The
dilution factor [used in Lecture I, Eq. (20)] is merely the number of scattered
electrons originating from polarized hydrogen compared to the total number of
scattered electrons coming from the entire target. For butanol, this fraction is
approximately f & 10/74 =~ 0.11. Figure 19 presents a schematic view of the E-80

polarized target with the microwave guide for polarizing, cryostat for temperature
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Fig. 18. The 8 GeV spectrometer and an example of a Moller elastic peak.
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Table 1: E-80 Polarized Proton Target

Characteristic

Value

Magnetic Field

Temperature

Target material

Initial polarization of free protons
Depolarizing dose (1/e)

Polarizing time (1/e)

Annealing time

50 kG

1.05° K
butanol-porphyrexide beads
0.5 to 0.65

~ 3 x 10 e~ /cm?

~ 4 minutes

~ 45 minutes

Cryostat

Heat Exchanger \

Helium
Valve

Plastic Cup with 25 cc
of Butanol Beads

oo
=
‘/9 i

12-93
7586A3 Loop

140 GHz
Microwave
Guide

Niobium-Titanium
Superconducting
Solenoid

Fig. 19. Stanford Linear Accelerator Center E-80 polarized butanol target.

37



control and assembly container for the 25 cc of butanol target beads. Measurement
of polarization was accomplished using standard NMR techniques. The dominant
systematic error in the polarization measurement of the target came from the

measurement of the small calibration signal from thermal polarization.

Scattered electrons from the polarized target were detected in the 8 GeV spec-
trometer. This spectrometer accepted electrons with energies up to 8 GeV, and
was situated on rails which allowed for measurements over a range of scattering
angles 6. Figure 20 presents a floor plan and side view of the spectrometer set up
for experiment E-80. The spectrometer magnets were selected in an orientation

that allowed for focussing of the scattered electrons in two dimension, which gave

Polarized

RS1 TR1 TR2 BPM RS2  rarget

e

Ve

Elevation

Polarized
Target
RS1 TR1 TR2 BPM RS2

e

7586A4 .
12-93 Beam Monitor and Spectrometer Assembly

Fig. 20. Stanford Linear Accelerator Center E-80 experimental setup.
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Fig. 21. Results of AY versus x from experiment E-80.

a direct measurement of the electron scattering angle and momentum. The detec-
tor package used in this experiment consisted of a Cerenkov counter for electron
identification, tracking hodoscopes for electron momentum measurements and a
lead-glass shower counter for pion rejection. Data for experiment E-80 was col-
lected at scattering angles ranging from 7° to 11°.

In total, the experiment collected about two million scattered electron events.
As predicted by Bjorken, the experiment found large asymmetries A for the pro-
ton (see Figure 21). This result was regarded as a success for the Quark Parton
Model and gave asymmetries with values close to the SU(6) prediction of 5/9 (see
Lecture I, Sec. 4.1). The average Q* was low (Q? ~ 2 GeV?), which helped mo-
tivate the follow up experiment to measure the proton spin structure function at
higher = and higher Q?. The desire to measure structure functions at high Q?,
closer to scaling where theoretical corrections become small, is a continuing goal

in the field.
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2 SLAC Experiment E-130

The desire to re-measure the proton spin structure function at higher energy to
observe the Q? dependence of the asymmetries and to characterize their high-z
behavior motivated a second SLAC experiment (E-130).1%1! The experiment had
the same basic philosophy as E-80, but with some substantial modifications. For
this experiment, the beam energy was set to an energy of 22.66 GeV, while the
spectrometer was set up at a fixed scattering angle of 10° and had a fifteen times
larger effective acceptance. The target was improved and ran with a higher average
polarization of 60%, and the beam polarization was increased to ~ 80% by focus-
ing the ultraviolet light at the source more effectively. Finally, the experiment
built a special Méller polarimeter (in situe) in End Station A, which allowed for
beam polarization measurements to be done continuously during the experiment.
Figure 22 presents a layout of the E-130 experiment in End Station A, as seen in
a top view. The front half of the beam line is devoted to the Moller polarimeter.
A polarized target foil was placed far upstream, followed by a strong bend magnet
(18D72), and an array of proportional tube detectors. The 8 and 20 GeV spec-
trometers shown were not used in the experiment. Downstream of the Moéller po-
larimeter was the polarized butanol target and the single arm E-130 spectrometer.
Cerenkov and lead-glass counters were used to identify the scattered electrons and
measure their energy. Wire chambers were used for tracking and pion rejection in
coincidence with the lead-glass counters.

The experiment concentrated on the measurement of the proton spin structure
function at high = where the scattering cross section is low. As a result, the exper-
iment only collected about one million events. The kinematic coverage extended

from 0.2 < = < 0.65 and 2 GeV? < Q? < 6 GeV?. Figure 23 presents the results
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Fig. 22. The SLAC E-130 experimental setup.

for the proton asymmetry measurements A} for E-130 and E-80 together. Notice
that the average result is in good agreement with the SU(6) prediction of 5/9.

The E-130 results agree well with those of E-80. No discrepancies appear
within error bars, despite the substantial difference in Q? of the two experiments
The observation of a rise in the asymmetries as x gets large appears to be confirmed.
As z approaches one, the prediction that A} approaches one looks reasonable (as
discussed in Lecture I, Sec. 4.3). Figure 24 presents a comparison of the E-80 and
E-130 results to various theoretical model predictions. A discrepancy between the
data and some models is evident. The Carlitz-Kaur Model (Lecture I, Sec. 4.4)
gives a good fit to the experimental data.

The confirmation of large asymmetries as predicted by the Quark Parton

Model (QPM) appeared to indicate that the discovery potential for new physics
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Fig. 23. Results of A} versus x for experiments E-130 and E-80.

was low. The continuation of the spin structure function measurements at SLAC
ended as the SLC collider project began. The field of spin structure function mea-
surements then moved to CERN, and the surprises began.

Although not apparent from Figs. 23 and 24, the measurement of the proton
asymmetries at low a (below 0.1) is very important, since the spin structure func-
tion g1 varies as Aj/x, and its contribution to the proton integral ¢7(z)dx could
be large. In fact, from the combined E-80 and E-130 results, a proton integral of

gy (z)dx = 0.17 £ 0.05 is obtained. The result is in agreement with the Ellis-
Jaffe sum rule prediction, but the large error bar is due to the extrapolation of the
integral over the unmeasured = range from 0 to 0.1. A measurement of the low-z
asymmetries in order to test the Ellis Jaffe sum rule with higher precision became
a motivating goal, and CERN with its high-energy muon beam became the new

center for this physics.
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Fig. 24. Results of Al versus z for experiments E-130 and E-80 compared to
various theoretical models.

3 The CERN EMC experiment

In 1988, the European Muon Collaboration (EMC) at CERN reported on an ex-
citing result for the low-z measurement of the proton spin structure function.!?=14
This experiment changed the field of spin physics by bringing it to the forefront of
the high-energy physics community.

The EMC experiment scattered 100 to 200 GeV polarized muons off a large

polarized ammonia target (NHsz) and detected the scattered muons in a well tested
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muon tracking spectrometer. The high beam energy allowed for high-Q? and low-z
measurements of the proton spin structure function. However, since the muon beam
is produced as a secondary beam from a primary proton beam, the luminosity of
the experiment was low. The beam current for the muons was typically, 3x 107 /sec.
Even with the large acceptance EMC spectrometer, the overall statistics was on the
order of one million events collected for the experiment over two years of running.

The polarization of the muons comes naturally from pion and kaon decay.
Since the pion is spin-0, and the decay proceeds through a parity-violating weak
interaction, the muons come out naturally polarized (see Fig. 25) depending on
their energy.!® For nF decay, the muons are emitted left-handed as viewed in
the pion rest frame; whereas in the laboratory frame, the muon polarization is a
function of energy and has a full range of values. Figure 26 presents the energy
dependence of the muon polarization as a function of the ratio of the muon-to-pion
energy. For the EMC experiment, the beam was selected such that the average

polarization of the muon beam was on the order of 80%.
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Fig. 25. Pion decay—production of polarized muons.

The EMC polarized ammonia (NH3) target also relied on the principle of
dynamic nuclear polarization. What was unique about the EMC target was its large
size. It had a length of two meters in order to maximize statistics, and a large width

in order to contain the fairly large transverse muon beam spot. The target ran at a

44



1.0

05 —
PL — —
0
- 051
~1.0 | | | |
0.5 0.6 0.7 0.8 0.9 1.0
12-93 EU/ En 7586A12

Fig. 26. Polarization versus energy fraction of outgoing muon.

temperature of 0.5° K and a magnetic field of 2.5 Tesla. Figure 27 presents a layout
of the target and shows the two target halves, polarized in opposite directions so
that the asymmetry measurements could be performed without normalizing to the
beam flux. Nuclear Magnetic Resonance (NMR) coils were placed along the length
of the EMC target in order to determine the polarization of the target as a function
of its length.

The EMC spectrometer'® was a large muon tracking device developed for the
full range of structure function measurements. Figure 28 presents the spectrometer
setup and its relation to the position of the polarized ammonia target. Chambers
for tracking up and down stream of the target determined the vertex of the muon

event. Downstream chambers tracked muons passing through an analyzing bend
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Fig. 29. Results of A} versus a from the EMC experiment compared to
earlier SLAC experiments and to the Carlitz-Kaur Model prediction.

magnet for momentum and production angle determination. The vertex distribu-
tion of the scattered muon events was relevant for selecting events from the ap-
propriate polarized target half. Reversal of the target spins was performed eleven
times in the experiment. Changes in the spectrometer acceptance from one spin
reversal to another could produce false asymmetries. This effect was the limiting
systematic uncertainty in the experiment.

Results of the proton spin structure function measurements from this exper-
iment came as a major surprise. Figure 29 presents the EMC proton asymme-
try results compared to early SLAC results from E-80 and E-130, and compared
to the Carlitz-Kaur model discussed in Lecture I. The agreement with the SLAC

experiments over the commen x range was fine. However, the low-x asymmetries all
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Fig. 30. Results of the proton spin structure function g} versus z for
the EMC experiment.

come in low compared to the Carlitz-Kaur model, which conserves the prediction
of the Ellis-Jaffe sum rule. The low value for the asymmetries at low x translates
into low values for the proton spin structure function ¢} and a low value for the
integral over the proton spin structure function ¢V (z)dz. Figure 30 presents ¢}
versus « for the EMC data, and Figure 31 presents  ¢{(z) dz integrating over the
limits from x,, to one. The value of the proton integral from z of 0.01 to = of 1
is compared to the Ellis-Jaffe sum rule prediction. Assuming only a small contri-
bution to the proton integral below x of 0.01, the disagreement between the sum
rule and the measurement is at the 3.5 standard deviation level. The values of the
F and D constants were quite different from today’s values,!” and the errors on
the old values were underestimated.'® Today the I and D values and their error

analysis have brought the disagreement to 2.5 standard deviations.
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Fig. 31. Results of 1g () dx versus = for EMC com-
pared to the Ellis- Jaffe sum rule prediction at the time.

Even more surprising, the EMC results implied the quark contribution to the
proton spin is small; see Lecture III. Quarks did not carry the spin of the proton.
This caused a tremendous upheaval in the field, generating hundreds of theoretical
papers. A strong desire to measure the neutron spin structure function emerged,
both to check the implications of the proton measurement and to test a founda-
tional QCD equation, the Bjorken sum rule. Such a test required a measurement

of the neutron spin structure function.

4 The CERN SMC experiment

Soon after the EMC result broke into the community, a new generation of muon
experiments at CERN were proposed by the Spin Muon Collaboration® (SMC)
(also covered by Bernard Frois?’).

Unlike EMC, which had done a single spin

physics experiment after a long tradition of unpolarized nucleon structure function
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studies, the SMC experiments were focused on measurements dedicated to nucleon
spin structure. The goal of these experiments was to measure the proton and
neutron spin structure function with precision, using polarized proton and deuteron

targets, and to test the Bjorken sum rule.

The SMC experiment (run in 1992 and published in 1993) used the same
polarized target as EMC, but replaced the polarizable material of ammonia with
butanol. The butanol targets provide a measurement of the spin structure functions
in which the only polarized nucleons in the target are the proton and deuteron (as in
E-80 and E-130), and the target spin reversal is more rapid. Rapid target-spin
reversal is advantageous in order to reduce the dominant systematic uncertainty
coming from false asymmetries due to changes in the spectrometer acceptance.
With the alcohol targets, spin reversals took 1/2 hour and were implemented every

& hours.

Although the SMC deuteron run of 1993 was essentially the same experiment
with a different nuclear target, one significant improvement was the measurement
of the beam polarization. The EMC proton experiment determined the muon beam
polarization by studying the muon event distribution and inferring the polarization
of the muon beam via a Monte Carlo study of muon production. In SMC, a direct
measurement of the muon beam polarization was performed by studying the energy
spectrum of positrons from muon decay. An asymmetry in the decay g — et v, v,
arises from parity violation.?! Figure 32 presents the experimental setup to detect
the final state positron. After traversing the spectrometer magnet, the muons from
the primary beam pass through a decay region, where proportional wire chambers
are able to track charged particles transverse to the primary beam. Lead-glass

shower counters were used to measure the positron energies. The positron energy
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Fig. 32. Setup of Spin Muon Collaboration muon polarimeter which detects the
positron decay products.

spectrum is a function of the ratio of the energy of the positron (F,) to that of the

dN 5 4y3 1 8y?
o N (232 ) (232422 Py 3
i ng y+3> <3 v 4 (3)

Here P, is the beam polarization and y = E./E,. The energy distribution for muon

muon (£,),

decay with polarization of 100%, 0, and —100% is shown in Fig. 33. Measuring
the shape of this spectrum determines the average muon beam polarization.
Results from the SMC experiment were published this year. The asymmetries
for the deuteron (Fig. 34) gave slightly positive values for + > 0.1 and were con-
sistent with zero for # < 0.1. Error bars in Fig. 34 are statistical only, and are the

dominant uncertainties for the point-to-point asymmetries. The band underneath

51



=1
z oL
Z 1 —
©
0
-1
0 | I
0 0.5 1
12-93 y 7586A20

Fig. 33. Positron energy spectrum from polarized muon decay. Shown are the
spectra for £100% and 0% polarized muons.

the data points corresponds to the small contribution from systematic uncertain-
ties. Results of the deuteron structure function :L'gil versus x are shown in Fig. 35.
It is interesting to note that plotted on a logarthmic scale, xg; versus log = pro-
vides a visual determination of the spin structure function integral. The area
under this curve is the integral to be determined. Plotting on the log-z scale also
provides a clear view of the low-z behavior of the spin structure function. In
Figs. 34 and 35, the deuteron is defined by convention as being one-half (proton
+ neutron). Figure 36 gives the deuteron integral result (similar to Fig. 31) com-
pared to the Ellis-Jaffe sum rule prediction. A two-standard-deviation difference
is evident. Although the error bars are large, the apparent disagreement with
the Ellis-Jaffe sum rule established by the EMC experiment appears confirmed by

the SMC measurements.
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Fig. 34. Results of Ail versus x from the Spin Muon Collaboration experiment.
The band below the data points represents the contribution of systematic un-
certainties.
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Fig. 35. Results of :L'gil versus = from the Spin Muon Collaboration experiment.
The band below the data points represents the contribution of systematic un-
certainties.
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Fig. 36. Results of xl gil(:zj) dz versus x for the Spin Muon Collaboration
compared to the Ellis-Jaffe sum rule prediction.

5 SLAC Experiment E-142

Concurrent with the SMC experiment, SLAC experiment E-142 ran to measure
the neutron spin structure function using a polarized *He target?? (also covered by
Zein-Eddine Meziani??). Scattering from a polarized *He target is approximately
the same as scattering off a polarized neutron plus two unpolarized protons. This
behavior results from the Pauli exclusion principle discussed in Lecture III. The
E-142 spectrometer was conceptually an extension of the E-130 spectrometer. The
spectrometer was set up, this time, with two single arms, one at a scattering angle
of 4.5° and the other at 7° (see Fig. 37). The benefit of two arms located at small
scattering angles gave a rather wide coverage in x and Q?, with the smallest angles

providing the lowest x data. Small scattering angles also provided high statistics,

54



Polarized

Pulsed 3He Target \Y Magnetic
B = spectrometer
eam | —§ a5 2P

e —>
19-26 GeV }

N } e'

Magnetijc
peCtrOmeter

i

12-93
7586A24

'

Fig. 37. Schematic of SLAC experiment E-142.

since the cross section is large. Naturally, low-z measurements of the spin structure
function was a goal after the large impact of the surprising low-z EMC results.

The E-142 polarized electron source relied on developments of solid state GaAs
cathodes. This technology and the recent exciting advances that have led to high
polarizations are discussed in detail by Richard Prepost.?* In experiment E-142, a
1 psec pulse with polarizations on the order of ~ 40% was achieved. The beam
ran at 120 Hz and produced a high current of typically 3 x 10! electrons per pulse.
Data was collected at beam energies of 19.4, 22.66 , and 25.5 GeV. Reversal of beam
spin direction was implemented randomly on a pulse-to-pulse basis, whereas target
spin reversal occurred a few times a day. As a result, effectively no uncertainty
from false asymmetries was present in this experiment.

The E-142 polarized 3He target is described in detail by Gordon Cates.” The
3He nucleus is polarized using optical pumping techniques.?>?% Circularly polar-
ized near infrared laser light illuminates a target cell of 3He and rubidium vapor.
The outer shell electrons in the rubidium become polarized, and the rubidium po-
larization is transfered to the 3He nucleus via spin exchange collisions between the
rubidium and 3He nucleus. The hyperfine interaction for this process is weak, and,
as a result, it took hours for the *He gas to become polarized. However, once

achieved, the polarization of the 3He is stable due to the long time constants. Fig-
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Fig. 38. The SLAC E-142 polarized 3He target.

ure 38 presents a schematic view of the polarized *He target. Five sets of Argon ion
lasers optically pumped five sets of Ti:sapphire lasers yielding approximately 5 W
of near infrared laser power per laser set. The circularly polarized laser light was
directed onto the top chamber of a double chamber *He target cell. The top cell

0'* atoms/cm?®. Approx-

contained 3He at ~ 9 atm and rubidium vapor at a few 1
imately 50 torr of nitrogen is also present in the target cells to aid in the optical
pumping process. The polarization collision process of 3He and rubidium occurs in
the top chamber, where the rubidium is trapped by controlled temperature gradi-

ents. Polarized 3He then diffuses down into the bottom chamber where the electron

beam passes. The entire target chamber was placed in a 30 gauss magnetic field
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Fig. 39. The SLAC E-142 experimental setup.

which holds the spins of the 3He in a particular orientation. Nuclear Magnetic
Resonance techniques were used to determine the *He polarization.

An overview of the experimental setup is given in Figure 39, which shows a
top and side view of the spectrometer magnets (which momentum analyze scat-
tered electrons and sweep out neutral background spray). The Cerenkov counters
were used to identify electrons, hodoscopes were used for tracking and momentum
determination, and the lead-glass counters located in the rear were used for an
additional determination of the electron energy from shower deposition.

Experiment E-142 collected and analyzed approximately 300 million events,
more than two orders of magnitude greater than had been achieved in past spin
structure function measurements. The results of the asymmetries for the neutron
as extracted from the *He asymmetries is presented in Fig. 40, and for the structure
function g7 in Fig. 41. One sees small negative asymmetries for the neutron and

similarly small negative values for the neutron spin structure function. At face
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Fig. 40. Results of A} versus « from experiment F-142.
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Fig. 41. Results of ¢ versus x from experiment E-142.
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value, the results support the simple QPM description of the nucleon in which the

neutron spin structure function is expected to be small and negative.

6 Summary and Comparisons

Now we compare the results from the three experiments (EMC, SMC, and E-142).
Figure 42 presents the proton asymmetry measurements of EMC, the deuteron
asymmetry measurements of SMC, and the neutron asymmetry measurements from
E-142. The smaller error bars on the neutron are a consequence of the high statis-
tics. We can extract the neutron asymmetry measurement from CERN by taking
twice the SMC deuteron results and subtracting out the EMC proton results. Com-

parison of the results of the asymmetry measurements of the neutron from CERN
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Fig. 42. Comparison of Ay verus x of the CERN EMC proton,
the SLAC E-142 neutron, and the CERN SMC deuteron.
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versus those from SLAC is given in Fig. 43. Immediately, the complementary na-
ture of the information from the two types of experiments is apparent. The CERN
experiments with > 100 GeV beams penetrates to much lower = measurements.
The SLAC experiment measures over a more limited = range, but with large gains

in statistical precision. No disagreement in the neutron result is apparent from

Fig. 43.
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Fig. 43. Comparison of A} versus « for SLAC E-142 compared to CERN (using
a subtraction of the EMC proton result from the SMC deuteron result).

A comparison of the structure function measurements from CERN EMC (pro-
ton), CERN SMC (deuteron) and SLAC E-142 (neutron) is given in Fig. 44. Im-
mediately apparent are the large positive proton results, the small negative neu-
tron results, and the small positive deuteron results. The deuteron results are
consistent with being an average of the proton and neutron results, which is just

a restatement of the conclusions drawn from Fig. 43. The appearance of a rapid
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Table 2: Systematic Uncertainties

Uncertainty EMC proton | SMC deuteron | E-142 neutron
Beam polarization 0.0092 0.0015 0.001
Target polarization 0.0074 0.0010 0.0016
Dilution factor 0.0054 0.0010 0.003
Acceptance variation 0.0108 0.0130 -
Extrapolation to high x 0.001 0.004 0.003
Extrapolation to low x 0.002 0.003 0.006
Uncertainty in F5 0.0071 0.0012 0.002
Radiative corrections 0.0016 0.0009 0.001
Uncertainty on R 0.0007 0.0005 0.001
As 0.0030 0.0041 0.003

convergence of the small-z asymmetries as = approaches zero is evident. A com-
parison of systematic uncertainties from the three experiments is given in Table 2.

The largest uncertainties of the CERN muon experiments come from the false
asymmetry possibility arising from possible variations in the spectrometer accep-
tance between target spin reversals. The largest uncertainty in the SLAC neutron
integral determination comes from the small z-extrapolation, which is limited by
the low electron beam energy.

The results of the nucleon integrals are given in Table 3. The first error in the

table is statistical and the second is systematic.

Table 3:  Nucleon Integrals

EMC proton 0.123 £0.013 £ 0.019
SMC deuteron 0.023 £ 0.020 £ 0.015
E-142 neutron -0.022 £ 0.007 £ 0.009
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These are to be compared to the Ellis-Jaffe sum rule prediction that

1

Proton ¢(z)de ~ 0.17,
0

Neutron g1 (z)dx ~ —0.02,
0

and the Bjorken sum rule prediction that
1 1
gy (z)dx — gr(x)de ~ 0.18 ,
0 0
where the Bjorken sum rule value depends on the Q? of the results being compared.
Detailed discussions on the implications of these three integral results are
presented in the next lecture. With the three integral values given above, a first
test of the Bjorken sum rule is possible as of 1993. Each integral also provides a
statement on the quark spin contribution to the nucleon in the QPM.

Below are the references for the five polarized deep inelastic scattering spin

experiments which have been published up to now:

Experiment Reference

SLAC E-80 Phys. Rev. Lett. 37 (1976) 1261
SLAC E-130 Phys. Rev. Lett. 51 (1983) 1135
CERN EMC Phys. Lett. B206 (1988) 364

Nucl. Phys. B328 (1989) 1
CERN SMC Phys. Lett. B302 (1993) 553
SLAC E-142 Phys. Rev. Lett. 71 (1993) 959

Lecture III covers implications of the results, model interpretations, low-energy
implications, and near future and future experimental programs to measure in

detail the nucleon spin structure functions.
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Lecture III: Implications and Future Programs

In this lecture, we examine the implications of the results from the three experi-
ments that have measured the nucleon spin structure functions over a range in z,
providing a reasonable test of the Ellis-Jaffe and Bjorken sum rules. SLAC exper-
iments E-80 and E-130 do not provide much of a restriction on the proton integral
value, so they are only discussed to a minimal extent. The consequence of the
1988 EMC proton result alone has had extensive theoretical implications, and has
motivated the three programs that now exist at CERN, SLAC, and DESY. This
lecture will begin with a discussion of theoretical implications, and will end with

a review of ongoing and future experimental programs.

1 CERN versus SLAC

Experiments to date provide first tests of various sum rules and of the Quark
Parton Model. An instructive way to view the results is to divide the discussion
into how to interpret the results using only the CERN measurements or using only
the SLAC measurements. The two experimental results from CERN are the EMC

proton, which gives
1
/ g (x) dz = 0.123 +0.023 ,
0
and the SMC deuteron result which gives

1
/ g(z) dz = 0.046 £ 0.050 .
0

Here, we have added the statistical and systematic uncertainties on the integrals

in quadruture, and the deuteron is written as the sum of a proton and a neutron.



From these two integrals, we extract the difference between the proton and neutron

integrals,

1 1 1 1
/ g (z) dx — / g7 (z)dx = 2/ g (x) dx — / gi(z) dz = 0.20 £ 0.07 .
0 0 0 0

Small corrections due to the D-state wavefunction of the deuteron have been
implemented,! but are negligible. The above result should be compared to the

Bjorken sum rule, which predicts

/Olgf(x)dx—/olg?(m)dx _ Lo [1_%} ~ 0.19 . (1)

and the Ellis-Jaffe sum rule, which predicts,

1
1
/ @(x)de = — [9F — D] =~ 0.17,
. 18

1
1
/ ¢l x)de = — [16F —5D] ~ 0.15 .
0 18

Conclusions from using the ‘CERN only’ results are that:
¢ The Bjorken sum rule is confirmed.
¢ The Ellis-Jaffe sum rule is violated.
o Quarks carry little of the nucleon spin.
¢ The strange sea has a significant polarization.
For clarification of the QPM conclusions, see the next section.

Commenting on the SLAC experiments, the ‘CERN view’ would be that
the E-142 neutron and the SMC deuteron results agree over the measured range
(see Fig. 43). However, the SLAC data does not extend to low enough z, where

significant contributions to the neutron integral may be present.



A ‘SLAC only’ view of the data provides a measurement of the proton from

E-80 and E-130,

1
/ gh(x)dr = 0.17+0.05 .
0
The neutron from E-142 gives
1
/ g1 (z)dz = —0.022 £0.011 .
0

The difference

1 1
/ gt (x) dx —/ g1 (z)dr = 0.192 £0.051
0 0

is still consistent with the Bjorken sum rule (Eq. 1), and agrees with the Ellis-Jaffe

sum rule (for the neutron),

1
1
/ gt (x)dx = —[6F —4D] ~ —0.02.
0 18

Conclusions from using the ‘SLAC only’ results are that:
¢ The Bjorken sum rule is confirmed.
¢ The Ellis-Jaffe sum rule is confirmed.

o Quarks carry approximately half the nucleon spin, just like they carry half

the nucleon momentum.
¢ The strange sea polarization is small.

The ‘SLAC view’ would be that the large statistical uncertainties of the CERN

results make it difficult to draw meaningful conclusions.



2 The Quark Spin Content Au, Ad, and As

The extraction of the quark spin contributions comes from SU(3) symmetry, dis-
cussed in relation to the Ellis-Jaffe sum rule (Lecture I, Sec. 7). The quantities to
be determined are As, Au, and Ad, and the sum over the three Aq = Au+Ad+As.
To extract these three unknowns, we need three equations. The EMC proton spin

structure function integral provides one,
/1 P(x)d 4A +1 Ad+1 A 0.126 £ 0.018 (2)
gi(z)der = — Au+ — — As = 0. . .
o & 18 18 18

Here, we take the value of the proton integral from the combined EMC, E-80, and
E-130 analysis.?2 The Bjorken sum rule interpreted in the QPM provides a second
equation,

Au—Ad = T4 = 1.2544+0.006 . (3)
av

Hyperon decay and the SU(3) model provides a third,
As—Ad = D—F =0.284 £ 0.016 . (4)

Here, F' = 0.485 4 0.012 and D = 0.769 4 0.010.® With these three equations, the

solutions for Au, Ad, and As give,
Au =0.75+0.06 , Ad = —-0.514+0.06 , As=-0.224+0.06 .

The sum over the three parameters gives the total quark contribution to the nucleon
spin,

Aq=0.02+0.16 .



We see that the EMC proton result, which differs from the Ellis-Jaffe sum rule, does
indeed imply that the strange sea has a significant negative polarization, and the
total quark contribution to the nucleon spin is small (“The Proton Spin Crisis”).

Applying the same equations using the neutron result from SLAC E-142, re-

sults in an equation for the neutron integral that replaces the proton integral

(Eq. 2),
/1 n(z)d A4 Aut A 0.022 + 0.011 (5)
- _ — As = —0. ) .
MR 18~ TS

Solving with Egs. (2), (3) and (4) and updated values* for the F' and D constants

(F =0.47£0.04 and D = 0.81 + 0.03) gives,
Au = 0.92+0.06 , Ad = —0.33+0.04 , As = —0.01 £0.06 .
The total summed quark contribution now becomes
Agq=0.60+£0.11 .

For the SLAC case, the quarks are now carrying half the spin, and the strange sea
polarization is small. This agrees with the Ellis-Jaffe sum rule, which assumes a
zero polarization for the strange sea. No attempt is made to correct for a possible
@Q? dependence on the result from Eq. (5). This analysis reproduces approximately
the published E-142 results.”

Figure 45 presents a comparison of published results from the three experi-
ments on the total quark contribution to the nucleon spin. They have markedly
different central values, but given the substantial error bars, there is only a mild
disagreement at this point. An average of the three data points is a plausible sce-
nario. Similarly, Fig. 46 presents a comparison of the three results on the strange

sea polarization. Once again, the three results are in reasonable agreement if the
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Fig. 45. Total quark contribution to the nucleon spin Aq for the EMC,
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Fig. 46. Strange sea contribution to the nucleon spin As for the EMC,
SMC and E-142 experiments.



true answer is an average of the three data points. Notice that the larger relative
error bars on the strange sea polarization (as compared to the total quark contri-
bution) is due to the larger impact of the systematic uncertainties on As coming
from the F' and D uncertainties.

The calculations in this section reproduce the published results. However, us-
ing identical F' and D constants and errors, and accounting for the Q? dependence
of the integral results from higher order QCD corrections, does bring the central

values into somewhat better agreement.

3 Polarized Strange Sea

The EMC proton measurement created a great interest in studying the possible
existence of a large polarized strange sea in the nucleon. Intuitively, it has been
a surprise that the strange sea polarization could be so large, in light of the fact
that the total strange sea in the nucleon is relatively small.

Information on the strange sea in the nucleon was established® in deep inelas-
tic neutrino scattering experiments in the 1980s. The production of opposite-sign
dimuon events in the final state of neutrino interactions provides some direct infor-
mation on the total amount of nucleon strange sea. Figure 47 presents a diagram of
a neutrino interaction and the production of two opposite-sign muons originating
from scattering off a strange quark. From the measured rates of dimuons, the neu-
trino experiments have determined the total strange sea content of the nucleon to
a reasonable precision. The ratio of the amount of strange sea to the total amount

of sea was found to be,%

= 0.52+£0.09.
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Fig. 47. Opposite-sign dimuon production.

Bounds on the strange sea momentum have been extracted’
1
/ zs(z)dr < 0.048 +0.022 . (6)
0

This value is quite small and actually places an upper limit®? on the amount of

polarized strange sea As
s(x) = s'(@) + st (@) 2 s'(2) = st(2) |

yielding As < 0.057 + 0.23(—0.057).
Results of the SU(3) interpretation of the EMC data support the existence of

a large polarized strange sea, since
1
As :/ [s! —stlde ~ —0.2. (7)
0

The coexistence of As large and s! + st small appears to be a contradiction. Three
lines of reasoning have developed to explain the possible discrepancy.

First, there is a possibility that s(x) is large at low z (though xs(x) is small),
implying that the total amount of strange sea has been underestimated. There is
certainly a kinematic limit to the study of the strange sea from the dimuon anal-

ysis of the neutrino data. Some fits'%!! to the quark spin-dependent distributions



appear to satisfy the constraints on both the strange sea polarization and its mo-

mentum. There has been a tremendous controversy over this point.?

Second, there could be a significant contribution from polarized gluons. The
gluon polarization could modify the amount of strange sea measured compared
to what exists in the nucleon. This model originates from the ‘axial anomaly’

discussed in the next section.

Third, a radical line of reasoning is that perturbative QCD (PQCD) is wrong.
In this model (Sec. 5), the QPM is assumed to be fine with a small strange sea
polarization and a small gluon polarization. The weak link is attributed to the
Bjorken sum rule itself. If the Bjorken sum rule is wrong (due to PQCD limita-
tion), then the extraction of Au, Ad, and As using the Bjorken sum rule becomes

meaningless.

The role of gluons, orbital angular momentum, and QCD violating models are

discussed in the following sections.

4 Gluons and Orbital Angular Momentum

The spin crisis brought on by the EMC proton spin structure function results
produced a flurry of theoretical papers. One of the most intriguing issues that
arose was the possibility for a large gluon polarization in the nucleon. This effect
would manifest itself as a modification to the observed amount of polarized strange
sea via the ‘axial anomaly’.’>~16 The diagram for the contribution of polarized
gluons to the scattering process is shown in Fig. 48. This diagram couples to the

polarization of each of the quark flavors and gives a modification to the amount of
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Fig. 48. Diagram of gluon contributions.

polarized quark contribution via

(&7

Agf' = AgP - T AG. (8)

Here ¢y is a particular quark flavor. This contribution had not initially been
regarded as significant, since it is a first order correction in ag. However, there is
no theoretical limit on the size or sign of AG. If AG is as large as 5, for instance,

then the true amount of polarized strange sea As'®

could be close to zero, even
if As™e® ~ —0.2. A result such as AG = 5 of course, is a huge polarization of the
gluons and has implications for the orbital angular momentum of the constituents

in the nucleon.”

A simple relation exists between the spin of the nucleon (1/2) and the contri-

bution of the various constituents to the nucleon spin
1
J = §AQ+AG+AL. (9)

Here, J = 1/2 is the nucleon spin, Ag is the total quark contribution to the

nucleon spin, AG is the contribution due to the polarized gluons, and AL is the



contribution due to the orbital angular momentum of the nucleon constituents.
This relation has immediate implications:

If the total quark contribution to the nucleon spin is large, then the amount of
polarized gluons and the oribital angular momentum of the quarks in the nucleon
can be small. This was the old worldview of the nucleon before the EMC data was
released.

If the quarks do not contribute much to the nucleon spin (Agq is small), and the
proton crisis is instead explained by the axial anomaly with large gluon polarization
(AG = 5), then the orbital angular momentum contribution of the constituents
must be large (AL ~ —4.5). Such a large orbital angular momentum is itself

surprising!

5 A Perturbative QCD Violating Model

The possible violation of the Bjorken sum rule is a carrot for the experimentalists.
One idea is that perturbative QCD corrections to the Bjorken sum rule are not
adequate to account for the behavior of the nucleon and its spin. As reviewed in
Lecture I, the Bjorken sum rule must be tested experimentally at finite Q2, where

Perturbative (PQCD) corrections are present:

! p ! n 1ga PQCD
/Ogl(:v)dx—/o gr(x)de = == [1—A }

For reasonably large Q? from deep inelastic scattering, AT?CP is expected to
be small.
The reasoning behind the QCD violating model proceeds as follows:
¢ The amount of strange sea is small (from neutrino scattering) and, as a

consequence, the amount of polarized strange sea is small (As is small).



o The Quark Parton Model and SU(3) are adequate for describing the the
nucleon and its structure. SU(3) symmetry breaking plays only a small role,
since the strange sea contribution is anyhow small. Therefore, Eq (4) becomes
Ad~ F — D.

¢ The EMC measurement is taken as fine.

o A large gluon contribution to the nucleon spin is taken as unlikely (AG is
small).

¢ The large strange sea implied by the EMC results imply a violation of the
Bjorken sum rule [Eq. (3)] in the QPM,

Au—Ad # T4
gv

From proponents of the violation of the Bjorken sum rule, there is no surprise.
PQCD is unable to explain quark confinement, and this inability shows up
in the measurements of the spin asymmetries A; at low x. The low-x asym-
metries are closer to zero for the proton and neutron than expected from the
Bjorken sum rule prediction. A replacement, the Fire String Model,'® does
an excellent job at describing the EMC proton data for all = (see Fig. 49).
Results from this model on the neutron prediction unfortunately were never
calculated.
A closing comment on the PQCD violating model: without the Bjorken sum rule
prediction, the most precise results on the nucleon spin structure function mea-
surements to date do show an expected behavior as compared to the QPM. At
x near 0.3, the results agree with SU(6). At high x there is a tendency for the
asymmetries to rise to one, though this has not been confirmed by the neutron
measurements yet. At low z, there is a definite rapid loss of spin information as

the asymmetries quickly converge to zero (see Fig. 43). Without the constraints



08 — m EMC ? |

A SLAC E-80
O SLAC E-130 1

|| | Lot | RN
0.01 0.02 0.05 0.1 0.02 0.05
1-94 X 7587A5

Fig. 49. AY versus z from EMC compared to the Fire String Model.

of the Bjorken sum rule, the measurements are tending to agree with intuitive ex-
pectations. Future precision measurements of these structure functions should be
able to nail down precise values of the QPM quantities and test the Bjorken sum

rule to a level of better than 10% (see Sec. 7).

6 Nuclear Uncertainties

When the results from the various experiments are compared, one of the signifi-
cant questions asked is what are the sizes of the nuclear uncertainties in extracting
the proton and, even more importantly, the neutron spin structure functions, from
nonpure polarized proton and neutron targets. This section briefly reviews some
of the questions concerning nuclear uncertainties arising from the different target

species.



For the proton, there are presently three types of targets being used to extract
the proton spin structure function (solid ammonia, solid butanol, and pure hydro-
gen gas). The butanol target consists of carbon and oxygen that are spin-0 nuclei,
and therefore do not contribute any spin dependent nuclear uncertainties. Issues
such as the EMC effect!? (i.e., that bound nucleons have different cross-sections
than free nucleons) give only a small correction to the denominator of the mea-
sured asymmetries. Ammonia, on the other hand, has a subtraction that needs to
be made due to the polarized nitrogen. The nitrogen in ammonia is spin-1 and
polarized when the target is polarized. The shell model of nitrogen can be used
to correct for this contribution. Here, a nitrogen (7 neutrons and 7 protons, and
spin-1) can be approximated as a carbon (6 neutrons and 6 protons and spin-0)

plus a deuteron (1 neutron and 1 proton, and spin 1).
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Fig. 50. Nitrogen polarization versus hydrogen polarization in polar-
ized ammonia.



The polarization of the nitrogen in a solid, polarized ammonia target has been
measured to be a~ 13% compared to the polarized hydrogens®® (see Fig. 50). The

final effect on the measured proton spin asymmetry from ammonia turns out to be

AcorT (_%) : (%) - (13%) = 1.5%

Here A is the additive correction factor that is applied to the measured asym-

quite small:

metry. The first factor of (—1/3) comes from Clebsch-Gordon coefficients; the
second factor of (1/3) comes from the ratio of the number of nitrogen to hydrogen
atoms, and the 13% comes from the polarization of nitrogen in a fully polarized
ammonia target.

The extraction of the neutron spin structure function is generally more tricky,
since a free polarized neutron target is unfeasible. There are two nuclear species
which presently allow for an extraction of the neutron spin structure function: the
deuteron and 3He.

The difficulty of measuring the neutron spin structure function as extracted
from a polarized deuterated ammonia target (ND3) is more severe than the ammo-
nia target (NHj), since the nitrogen is spin-1 as are the deuterons. To alleviate this
problem, modern measurements of the deuteron spin structure function extracted
from ammonia use an isotope NDs, and even '°NHj, as in SLAC experiment
E-143 (Sec. 9.3).

The deuteron is the simplest nucleus used for extracting neutron information,
since it consists of a proton and a neutron in a relatively weak bound state (binding
energy 1.1 MeV /nucleon). A polarized deuteron can be approximated as a polar-
ized proton plus a polarized neutron. The magnetic moment of the deuteron (0.857

nuclear magnetons gy ) is similar to the sum of the magnetic moments of the pro-



ton (2.79 py) and the neutron (—1.91 py); the difference is only on the order of
a couple of percent.

The correction to this simple model of the deuteron comes from a small term
due to the quadrupole moment of the deuteron. There is a D-state contribution
in which the deuteron has the proton and neutron spins aligned antiparallel to the
deuteron spin (J=1, L=2, and S=1). The D-state probability (L=2) is determined
by theoretical calculations to be Pp ~ 6%.! This D-state correction is small, but
has a large uncertainty since it is not directly measureable.?l?? The complete
correction which needs to be applied in order to extract the neutron integral from
the deuteron is p 1

1+15Pp’
where K is the correction factor and the multiplicative factor of 1.5 comes from
evaluating Clebsch-Gordon coefficients.

A second method of extracting the neutron spin structure function comes from
the use of a polarized 3He target. To a large extent (~ 90%), the polarized 3He
nucleus can be modeled as a polarized neutron plus two protons with spins aligned
in directions opposite to one another (see Fig. 51). The antiparallel alignment of
the proton spins follows from the Pauli exclusion principle. The extent to which

the 3He nucleus is described in such a model depends on the S-state probability

Neutron
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Fig. 51. Schematic of polarized 3He in the S-state.



Table 1. Three nucleon wavefunction
Channel L S la Lo P K Probability (%)
1 0 0.5 0 0 A 1 87.44
2 0 0.5 0 0 M 2 0.74
3 0 0.5 1 1 M 1 0.74
4 0 0.5 2 2 A 1 1.20
5 0 0.5 2 2 M 2 0.06
6 1 0.5 1 1 M 1 0.01
7 1 0.5 2 2 A 1 0.01
8 1 0.5 2 2 M 2 0.01
9 1 1.5 1 1 M 1 0.01
10 1 1.5 2 2 M 2 0.01
11 2 1.5 0 2 M 2 1.08
12 2 1.5 1 1 M 1 2.63
13 2 1.5 1 3 M 1 1.05
14 2 1.5 2 0 M 2 3.06
15 2 1.5 2 2 M 2 0.18
16 2 1.5 3 1 M 1 0.37

of the 3He wavefunction. Table 1 presents results of a calculation of the 3He
wavefunction.?3 A correction for the D-state of the 3He in which the proton spins
are parallel (Fig. 52) must be incorporated in the extraction of the neutron spin
structure function from measurements using polarized 3He. Figure 53 presents
a calculation®® of the difference in the neutron spin structure function compared
to 3He. The overall difference is small. A more recent detailed calculation including

Fermi motion refines these results.2
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Fig. 52. Schematic of polarized 3He in the D-state.
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Fig. 53. Comparison of the 3He and neutron spin structure function
from theoretical calculations.

One of the theoretical land mines in extracting the neutron from either 3He or
the deuteron is the possible existence of large spin-dependent meson exchange cur-
rents. Meson exchange currents are known to exist in deep inelastic scattering, and

enter as corrections to the simple Born approximation description of the scattering



process. Since these currents are hard to calculate, it is difficult to know the size of
the correction. Hence, it is difficult to know what theoretical uncertainty needs to
be placed in extracting the neutron, for example, from the various nuclear targets.

Pion and rho production are channels that can contribute corrections to the
scattering process (Fig. 54). Off hand, pion production is not believed to be a
major difficulty, since this is a spin-0 particle and does not account for any spin-
dependent effects. The existence of pion exchange currents will only influence the
denominator of the measured asymmetry. To the extent that the asymmetry is

small, pions play little role in the overall uncertainty.

e e
T, P
nucleon
1-94 7587A8

Fig. 54. Meson exchange current production.

Rho exchange currents are more problematic, since the rho is spin-1. Spin-
dependent scattering with a rho may produce an asymmetry that differs from the
lowest-order deep inelastic scattering process. However, the effects of scattering
with rho mesons will only become a problem to the extent that rho production
is large (low Q?), the rho scattering asymmetry is large, and rho production is
substantially modified by the existence of neighboring nucleons (the bound-state
nucleon differs from the free nucleon). The Bjorken sum rule should not depend
much on meson exchange currents, since their effect should largely cancel out in

the difference between the proton and neutron integrals.



Intuitively, 3He is regarded as a bit more dangerous in terms of extracting
the neutron information. The binding energy (2.57 MeV /nucleon) in 3He is larger
than the deuteron, and the magnetic moment of the *He (—2.12 puy) is a worse
approximation (by 11%) to the free neutron (—1.91 py) than a deuteron is to the
sum of a proton plus neutron. The 11% difference is usually ascribed?’ to the

influence of meson exchange currents!

To summarize, the general attitude towards measurements (of the neutron spin
structure function, in particular) is to measure the quantity with as many different
targets as possible, so as to characterize the possible nuclear uncertainties. If the
experimental results from different targets agree within experimental uncertainties,
it will be (somewhat naively) assumed that the nuclear corrections are indeed small.

If the results disagree, then a new storm of theoretical work is likely to erupt.

7 Testing the Bjorken Sum Rule

The greatest motivation for measuring nucleon spin structure functions is to test
the Bjorken sum rule.?” The success of this sum rule is generally considered a
necessary condition for the validity of QCD, since the sum rule derivation uses

tools that are essential to QCD.

In order to test the Bjorken sum rule, it is necessary to specify both experi-
mentally and theoretically at what Q? the test is being performed. The sum rule is
a relation valid at a particular Q2. Ideally, an experiment is performed at a fixed
@Q?, and the integral over the proton and neutron spin structure functions are com-
pared. However, it is essentially impossible to achieve a measurement over a wide

range in = at a uniform Q?; for example, low z implies low Q2.



Generally, the method used to test the Bjorken sum rule proceeds as follows:

o Measurements are performed on A; versus x at the highest possible Q2 to

ensure the results are from the deep inelastic scattering regime.

o Tt is assumed that the Ay results are independent of Q.

This behavior is nothing more substanitive than the view that the cross sections

scale similarly for o1 and ¢!}, In most quark models of the nucleon, such behavior

is evident. Figure 55 documents a typical quark model evolution?® of Ay with z and

Q?. Notice that the abscissa is a logarithmic scale in Q? and that the variation of
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Fig. 55. Quark Parton Model prediction of A; versus Q? in different z bins.



Aj is only evident as x gets large, typically greater than 0.4. Such small variations
of Ay with Q? are beyond the precision reachable by any planned spin structure

t2? evaluates the polarized extension of

function measurements. A recent preprin
the Altarelli Parisi equations, and also finds that the asymmetry variation with (?
is small.

o A % independent A; implies that the nucleon spin structure function g at a

particular Q2 varies only as a function of the unpolarized structure functions

F5 and R (ignoring the small Ay term),

~ Ai(2) - Ba(z,Q%)
©22[1+ R(z,Q?)]

The evolution of F5 and R with z and Q? is well documented.

g1(,Q%) (10)

To summarize, from the measurement of the asymmetries Aj(x) and the
known Q? evolution of the unpolarized structures, [ gi(z)dz can be extracted
from Eq. (10) for any value of Q2.

For the ‘right-hand side’ of the Bjorken sum rule containing the weak coupling
constant, QCD corrections need to be applied. The best understood corrections
come from perturbative QCD that are calculated at this time up to third order in
as. The Q? dependence of the Bjorken sum rule is reflected in the variation with

Q? of ;. Writing the Bjorken sum rule with a correction factor APQCD gives
! ! 1 ga
| dtwda— [ gide = ¢ % [1-arecr]
0 0 6 gv
Calculations on the value of APQCP depend on the number of quark flavors that

31 in ay is simple and has a co-

participate in the interaction. The first order term
efficient of 1, independent of the number of flavors. The results for the calculations

up to third order3? give

2 3
APQCD _ T | 358 [%} +20.22 [%} (11)
e T T



for three quark flavors (N; = 3), and
2 3
APQCD _ s 4 305 [%} +13.85 [%} (12)
m 7r m

for four quark flavors (Ny = 4). The extraction of ay itself depends on @? and the

number of quark flavors,

127
@ = [33—2Nf] In [QQ/A2QCD] ' (13)

Here Agcp is the QCD coupling constant which has been determined in numerous

fixed target and collider experiments:

Aocp ~ 200 MeV

Before comparing to the Bjorken sum rule, a few comments on the g; results are
worth noting:
¢ The majority of the contribution to the proton spin structure function inte-
gral comes from the region near x of 0.3, which is naturally at a reasonably
high Q? (see Figure 44).
¢ The value of the high-xr measurements of the asymmetries has little impact
on the spin structure function integral, since the spin structure function falls
to zero as Fy(x) falls to zero at high x.
¢ The asymmetries A; for the proton as measured by EMC are small at small
x. Therefore, evolving the proton spin structure function to different Q2 has
little impact on the central value. Basically, the variation of [ ¢;(z)dz with
()? is small.
¢ The neutron spin structure function has the largest contribution to its own
integral at much lower x near x of 0.08. Therefore, it is much more sensitive

to the low Q2 behavior of the unpolarized structure function Fb. However,



the overall value of the neutron integral is small, since A} is everywhere
small. Even relatively large changes in 5 and R with Q2 have little impact
on the Bjorken sum rule, since the absolute value of the neutron integral is
always small.

Evolving the experimental results from the EMC proton, SMC deuteron, and
E-142 neutron measurement to various average Q2 tests the Bjorken sum rule.
Figure 56 presents the Bjorken sum rule prediction and its variation with Q? using
Oth, 1st, and up to 3rd order PQCD corrections, compared to the integral results
of EMC, SMC and E-142 evolved to different Q2. Each pair of integral measure-

ments provides a separate test. The difference between the measurements and the
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Fig. 56. Bjorken sum rule prediction versus Q? for Oth, 1st and up
to 3rd order perturbative QCD corrections compared to results from
experiments at CERN and SLAC.
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compared to the Bjorken (a line) and the Ellis-Jaffe (a point) sum rules.

Bands correspond to £20.
prediction is minimal. There is no error assigned to the theoretical uncertainty
coming from the lack of precision in the extraction of Agcp in Fig. 56. No evi-
dence for a violation of the Bjorken sum rule exists from this data, assuming that
the coefficients of the PQCD corrections are indeed calculated correctly.
A nice method of presenting the world data is to plot the proton integral

versus the neutron integral as bands of possible values (see Fig. 57). In such a



plot, the proton and neutron integrals represent horizontal and vertical bands,
respectively, and the deuteron integral represents a band at 45°. The Bjorken sum
rule which gives a relation between the proton and neutron integrals represents an
independent band on this plot. The Ellis-Jaffe sum rule represents a point on this
plot, with a particular value for the proton and the neutron integral. All integral
bands represent a range corresponding to £2o.

One final subject that keeps rearing its ugly head in the issue of testing the
Bjorken sum rule is the role of nonperturbative QCD corrections. These correc-

tions, which vary as a constant divided by Q2 or Q*, are difficult to calculate,
A = % + % + ...

Typically the coefficients such as K are extracted experimentally from the data by
subtracting out the normal PQCD corrections and fitting remnant variations to the
higher twist coefficients. This type of analysis is dangerous in that any difficulty
with the results will tend to get swept under the higher twist rug. Extractions of
the higher twist terms from such a method have been employed for the unpolarized
structure functions. Figure 58 shows, for example, the results of the coefficients for
a higher twist analysis involving the unpolarized structure function®? FP—F'. The
precision needed to perform such an analysis for spin structure functions requires
the next round of experiments.

Recent calculations using various QCD inspired models of nucleon structure
have been done to try to estimate the higher twist contribution to the Bjorken
sum rule.?* These calculations were applied in a recent analysis® of the E-142 and
SMC experimental results. The results indicated a large contribution of higher

twist terms at low Q2. The calculations were later found3® to be based on flawed

assumptions carried over from the original formalism,3” thus implying incorrect
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Fig. 58. Higher twist corrections to F§—F}' versus x for unpolarized scattering.

conclusions in the updated analysis.?> A different approach, using limits from mea-
sured unpolarized higher twist contributions, finds that the effects are small, but in
a direction that would only worsen the disagreement.?® Although higher twist ef-
fects are generally believed to be small at reasonably high Q2, there true value is un-
known. The calculations of higher twist effects are difficult and model-dependent,
and at present poorly known.

To summarize, the higher twist effects present us with a number of difficulties.
Since they are hard to calculate, the error on any calculation is large. They, there-
fore, present a significant theoretical uncertainty to interpreting measurements of

the spin structure functions at finite Q2. There is also no prescription on how to



evolve the proton and neutron structure functions separately as functions of Q2 due
to the higher twist terms. Experiments performed at high @? will hopefully be safe

from higher twist corrections since, by definition, they decrease as Q? increases.

8 Low-Energy Spin Physics

A few low-energy spin-physics issues address the same questions provided by the
high-energy spin physics experiments. Three relevant topics are polarized photon-
nucleon scattering, neutrino-proton elastic scattering and precision hyperfine mea-
surements in atomic physics.

A sum rule which has been arguably relevant to interpreting how the nucleon
spin structure functions may evolve with Q? is the Drell-Hearn-Gerasimov (DHG)
sum rule.3%4 This sum rule states that at Q% = 0, there is a relationship between
the spin-dependent scattering cross sections of circularly polarized photons by lon-
gitudinally polarized nucleons to the anamolous magnetic moment of the nucleon

p. The sum rule states that for the proton or neutron separately,

03/9 = 01)2 2l
Tty = 14
/0 v . M (14)

where M is the nucleon mass, « is the fine structure constant, v is the energy of the
virtual photon, and oy /5 (03/2) is the scattering cross section for the photon and
nucleon spins antiparallel (parallel). For the photon at a value of Q?, the integral

may be rewritten in terms of the structure function*' g (z, Q?),

m2
1Q?) = 2Q—2 / o(z) da (15)

A smooth transition is expected from Q? of 0 where the DHG sum rule is valid, to
high @? where the Bjorken sum rule is valid. Figure 59 presents a pictorial of how

the sum rule and proton integral may evolve with Q2. It is interesting to note that
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Fig. 59. A prediction for the evolution of I versus Q? over the range
from deep inelastic scattering to Q2 = 0.

the DHG value of the proton integral is negative at Q? = 0, implying that there
is a crossover point where the low Q2 corrections will make the integral change
sign. This has been used as an argument that the positive proton integral will get
smaller than expected in the high-energy limit, possibly explaining the low EMC
proton result.

Recent criticism*? of this type of analysis has been directed at the formalism
that connects the spin structure function integral to the @ = 0 integral. If this
criticism holds, the argument presented by the DHG sum rule will not explain the
proton spin crisis as originally postulated. Experiments are being planned to test

this sum rule directly.*3



The search for a large measureable polarized strange sea (implied by the EMC
result) from low-energy elastic neutrino proton scattering® is an ongoing effort.
Due to the helicity-conserving nature of neutrino scattering, neutrino interactions
are sensitive to the axial vector currents Ag; from elastic neutrino proton scattering.

At Q? = 0, the Z° boson exchange couples to the quarks via

Uy Vs U — d’Yu Vs d — SYu V58

which is proportional to Au— Ad — As in the proton. This gives a completely new
equation (Sec. 2) for the determination of the various quark spin contributions to
the nucleon spin, and allows, for example, an independent solution for the strange
sea polarization.

A significant technical challenge exists for relating the neutrino results to the
theory. To obtain the @Q? = 0 value from the present measured Q% # 0 data
requires an extrapolation using a form factor, F = 1/[1 + Q*/M3]. The world
average® is M4 = 1.03240.036 GeV. Such a value gives the result for a polarized
strange sea of As = —0.15 + 0.09. Although this appears to support the EMC
result, it should be noted that a fit to As = 0 gives a mass of M4 = 1.06 which
is within one standard deviation of the world average. A program of more precise
elastic neutrino scattering measurements® at low energies avoids the extrapolation

difficulty, and aims to determine As to a precision near +0.05.

An amusing connection between the high-energy world of deep inelastic scat-
tering and the low-energy world of precision measurements in atomic physics is also
addressed by the spin questions. An old problem in atomic physics is the issue of
the hyperfine splitting in hydrogen, which depends on the spin-dependent polar-

izability of the proton. Basically, the experimental measurement of the hyperfine



splitting in hydrogen has been measured to an accuracy where the spin structure

function contribution from g; is noticeable:*”
Experiment Av = 1420405751.7667(£10) Hz .
From theoretical calculations,
Av = Avp-(1+6gep +6p) ,

where 0, is a term which depends on g¢1(x) and is on the order of a few ppm.

9 Future Programs

Three programs now exist to study nucleon spin structure functions with preci-
sion: one at DESY, one at CERN, and one at SLAC. The three have very differ-
ent experimental approaches for determining the nucleon spin structure functions
ranging from high energies at moderate statistical precision to high precision at

low energies.

9.1 HERMES at DESY

A new program called HERMES*® using ultrapure polarized targets is now
developing at DESY. The HERMES collaboration at DESY will build pure polar-
ized gas targets in the HERA storage ring, and study the scattering of ~ 30 GeV
polarized electrons off polarized gas targets. The scattered electrons will be de-
tected in a large acceptance forward spectrometer. This program has a number of
advantages over the SLAC and CERN experiments:

o The targets consist of pure gases of hydrogen, deuterium, and 3He. As a
result there is no background from windows, and the dilution factor will be

close to one (barring beam halo scattering from side walls). The thin targets



will still provide reasonable statistics, since the beam current is enormous
(60 mA).

¢ The HERMES spectrometer should be able to tag outgoing hadronic par-
ticles, such as pions and kaons, for more detailed polarization dependent
nuclear studies. Such investigations are known to extract additional spin-
dependent structure functions®® that can be used to extract new detailed
information on nucleon spin structure. Among the goals is to determine the
contribution of valence, sea and strange sea quarks. The statistical accuracy
of the HERMES experiment should be similar to or superior to that of SLAC,
assuming that HERMES can run parasitically with the collider projects at
HERA.

Progress in the development of the polarized gas targets for HERMES has been
impressive.?%:%1 Table 2 presents the proposed specifications for densities and flow
rates for the polarized targets and compares them to those achieved in storage ring
tests. These tests have been accomplished in the presence of ionizing radiation (the
primary source of target depolarization from electron beams) at a level comparable

to that planned for the runs at DESY. Figure 60 presents a schematic layout of a

Table 2. HERMES Target Progress

Condition Proton 3He
Flow rate 8 x 10% Hz 1.2 x 107 Hz
Density 1.1 x 10" /cm? 3 x 101 /em?
Polarization 45% 50%

Proposal Projection

Density 1 x 10'%/cm? 3 x 101 /cm?

Polarization 0% 50%
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Fig. 60. Schematic of polarized gas targets at HERMES.

polarized target installed in the HERA beamline. The polarization process occurs
in an upper chamber. The polarized atoms are then directed into the beamline
where the interactions take place. Measurements of the target polarization are
performed in a separate bottom chamber connected to the beamline. Waste gas
is pumped away by diffusion pumps. No windows are present in the scattering

process.

Figure 61 presents a layout of the spectrometer under construction by the
HERMES collaboration. The spectrometer has a large acceptance, and multi-
ple particle identification and energy measurement devices. To summarize, track-
ing chambers and hodoscopes are used for triggering, tracking, and timing; lead-
glass and transition radiation detectors (TRD) are used for particle identifica-

tion and energy determination. A strong magnet bends particles for momentum



1-94
7587A17

Fig. 61. HERMES spectrometer.

determination. A projection of the statistical precision of the HERMES experiment

is given in Fig. 62 assuming a specified number of data collection hours.

that HERMES faces are:

The important issues

)

(1) is the parasitic running with the collider project possible

(2) is the beam energy limit of 30 GeV adequate for running at high Q? and low

x, and

sufficiently fast time scale to be

(3) will the results from HERMES be on a

competitive.



04 T T TTTT7] T T T TTT]1

0.2 — —]

0 5 09%0op

-0.8 [— —

_1. LU Lt AN
0.01  0.02 005 01 0.2 0.5 1

2-94 X 7587A18

Fig. 62. Projected statistical uncertainty on gi versus x for a specified number
of data collection hours at HERMES.

To summarize, the HERMES program should give definitive systematically
clean measurements of the proton and neutron spin structure functions at reason-

ably high @2, and provide a first look at more exotic spin structure functions.

9.2 SMC at CERN

The program launched by the EMC proton experiment and now developed
by the SMC collaboration®® plans to continue running for the next couple of

years. During 1993, SMC collected data using a polarized butanol target in



order to extract the proton spin structure function. This experiment has re-
cently reported® a preliminary result for the proton integral: fol g (x)de =
0.152 4+ 0.015 (stat) £ 0.018 (syst). This value, higher than the EMC result, some-
what alleviates the nucleon spin ‘crisis.” The implications of this result are a story
in themselves, and an exercise remains: to calculate Au, Ad, and As from the new
SMC proton measurement [using Eqgs. (2 ), (3) and (4)]. Since the result is fresh
and comes after 1993, this lecture will not discuss these implications.

During 1994, SMC will run for more statistical precision on the proton.
The collaboration hopes ultimately to test the Bjorken sum rule to a level of

~ 10%. Figure 63 presents the proposal statistical error on the neutron asymmetry
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Fig. 63. Proposed statistical uncertainty on A} versus x for the SMC
experiment in the future.



measurement A} by SMC. These are substantially larger error bars than have been
achieved in the neutron measurement of experiment E-142. However, the SMC
measurement will be at higher average Q? and will make measurements of the
asymmetry to lower values of x (below = of 0.01). Even with the larger statisti-
cal error bars on the point-to-point basis, the overall statistical uncertainty on the

neutron integral should be comparable to the systematic uncertainty:.

9.3 Experiments E-143, E-154, and E-155 at SLAC

The third program that will measure the nucleon spin structure functions is at
SLAC. Experiment E-142, which extracted the neutron spin structure function

t>4 E-143 is currently run-

with a polarized 3He target, is complete. Experimen
ning (November 1993 to January 1994). This experiment will measure the pro-
ton and deuteron spin structure functions using the polarized electron beam at
10 to 30 GeV and a polarized ammonia target. Statistical uncertainties on the
proton (neutron) integral should be smaller than (similar to) those obtained in
E-142 and the range in x should extend down to near 0.02 (see Fig. 64). Am-
monia targets, as compared to butanol targets, are more robust in terms of
their resistance to radiation damage from the electron beam.?® In addition, the
ammonia targets have a larger dilution factor than the butanol targets. The
one disadvantage of the ammonia target in the electron beam, as compared to
the gas targets of HERMES and E-142 and the muon experiments of CERN,
is that the external radiative corrections in the E-143 experiment will be the

largest. Recently, SLAC has approved two more experiments to run with a 50

GeV beam in End Station A, which are followup experiments to E-142 and E-143.
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Fig. 64. Statistical error bars on the E-143 proton spin structure func-
tion g% versus z, compared to the EMC proton measurement.

The experiments E-154 and E-155 (3He target®® and ammonia target,”
respectively), will measure the nucleon spin structure functions at a high precision
over a reasonably large Q2. With a 50 GeV polarized electron beam, measurement
of the nucleon structure function to lower x near 0.01 will also be possible, still
maintaining Q% > 1 GeV2. The technical challenges facing the E-154 and E-155 ex-
periments come in the implementation of new spectrometer and detector packages
in order to handle the high backgrounds from much higher instantaneous currents.
At 50 GeV, the pulse length will be only 100 ns, as opposed to 1 us used in E-142
and 2 ps being used in E-143. New, faster, and more finely segmented detector
packages must be built. An example of the x-dependence of the asymmetries to

be measured in E-154 (< Q% >~ 5 GeV?) is shown in Fig. 65 compared to that
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Fig. 65. Proposed statistical uncertainties on A versus x for the 50 GeV
3He experiment (E-154).

achieved in E-142 (< Q% >~ 2 GeVQ). Experiment E-155 will measure the proton
and deuteron spin structure function to a precision similar to E-143. In terms of
testing the sum rules, after the completion of E-154 and E-155, the precision on
the sum rule tests should be impressive. Figure 66 presents a possible projection
of the tests of the sum rules similar to that presented in Fig. 57. It is assumed
in Fig. 66 that the E-154 and E-155 experiments measure the same central values
as the EMC, SMC, and E-142 experiments for the proton, deuteron, and 3He, but
with the proposed precision of E-154 and E-155. Clearly, the precision is superior
to the first round of experiments. Once again, the bands correspond to £2 stan-

dard deviations.
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10 Conclusions

Table 3 summarizes the proposed and published statistical (systematic) uncertain-
ties from the world experiments on nucleon spin structure function integrals. By
the time these programs are complete, there will be a vast resource of data on

nucleon spin structure functions. Each program has quite different experimental



Table 3. Proposed and published errors on nucleon spin integrals.

Experiment Proton Deuteron 3He
EMC (1988) 0.010 (0.015) - -
SMC (1993) - 0.020 (0.015) -

SMC proposal

0.006 (0.010)

0.009 (0.007)

E-142 (1993)

0.007 (0.009)

E-143 proposal

0.003 (0.010)

0.005 (0.011)

E-154 proposal

0.003 (0.004)

E-155 proposal

0.002 (0.008)

0.003 (0.008)

HERMES proposal

0.003 (0.007)

0.004 (0.007)

0.005 (0.004)

approaches regarding the beams, targets, and spectrometers thus ensuring system-

atically independent tests of the spin structure function measurements.

Since the field of nucleon spin structure function measurements began, there
has been a result appearing approximately every five years. With advances in
polarized target technology and high polarization in virtually all of the lepton
beams, results are now coming out each year; this is a true signature of the growth
in the field. Hopefully, the experiments will provide a consistent picture of nucleon

spin structure at their completion.

In summary, there are still many open questions regarding the internal spin
structure of the nucleon. Tests of QCD via the investigation of the Bjorken sum
rule is a prime motivator for the field, and will continue with the next round of
precision experiments. The question of the origin of spin is still a fundamental
problem. Our hope is that high-energy probes using spin will shed light on this

intriguing mystery, in addition to characterizing the spin structure of the nucleon.
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