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Abstract. Several theoretical aspects in leading (l-loop) and higher (2-loop) order as well as
various approaches of extracting leading twist-2 parton distributions from structure function
measurements are discussed and summarized. Their implications for the small-x region
(x~< 10 -2) are analyzed and compared with alternative approaches where higher twist
contributions ('fans') are added to the twist-2 LO terms in the evolution equations. The second
part of these lectures deals with longitudinally polarized parton distributions related to the
structure function gl, in particular with various scenarios to explain the total spin structure
of nucleons, including the gluon anomaly as well. Specific (realistic) tests for discriminating
between these alternatives are discussed as well as x-dependent expectations, in particular for
neutron targets in connection with the Bjorken sum rule. Furthermore, various theoretical
expectations and sum rules for the transverse (chiral-even) structure function g2 are presented
and very recent developments of transverse chiral-odd ('transversity') distributions are briefly
discussed.
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1. Introduction

Several theoretical aspects concerning leading (l-loop) and higher (2-loop) order of
perturbative Q C D as well as various approaches of extracting leading twist-2 parton
distributions from structure function measurements are discussed and summarized.
Their implications for the small-x region (x ~< 10-2) are analyzed and compared with
alternative approaches where higher twist contributions ('fans') are added to the
twist-2 LO terms in the evolution equations. Various 'realistic predictions' are given
and compared with recent (NMC) measurements in the small-x region.
The second part of this review, starting with § 5, deals with polarized parton
distributions, in particular with various perturbative scenarios to explain the total
spin structure of nucleons, including the gluon anomaly as well. These scenarios are
then also formulated within the operator approach which leads, via the generalized
U(1) Goldberger-Treiman relation, to non-perturbative definitions (and estimates)
of the total contributions of quark and gluon components to the proton spin. Specific
(realistic) tests for discriminating between these alternatives are discussed as well as
x-dependent expectations, in particular for neutron targets in connection with the
Bjorken sum rule. Next, the transverse spin structure function 02(x,Q 2) will be
considered, which will serve as a probe of the quark-gluon bound-state dynamics
("higher twist"), but is so far unfortunately totally unmeasured. Finally, a new class
of transverse polarization chiral-odd nucleon structure functions, the so-called
"transversity" distributions, will be discussed in § 8 and the conclusions will be
summarized in § 9.
2. Theoretical preliminaries

For a deep inelastic lepton-hadron scattering process, the "master equation" of the
Q C D parton model is the factorization formula which generically reads

a,N=

~. f .#t:,

(1)

f =q,q,#

where the hard partonic cross sections # in the convolution product can be calculated
perturbatively, since all their non-perturbative collinear divergences have been absorbed
into the parton distributions f(x, Q2) at an arbitrarily chosen factorization scale [1]
Q = Qo. With proper attention to their definition and a consistent convention, these
distribution functions are universal, i.e. they are independent of the physical process
and can be applied to other processes as well (such as hadron-hadron scattering),
which is obviously the main virtue of the parton model.
In the leading logarithmic order (LO), the QCD parton framework reproduces the
original parton model [21 results, but with scale dependent parton distributions and
eq. (1) reduces to [1]
1
- F 2 = 2F 1 ,-, q(x, Q2) + ~(x, Q2)

(2)

X

where the obvious sum over electric or weak charges has been suppressed. In contrast
to the pure valence (flavor non-singlet) structure function F3N ~ q - q, the fermionic
flavor-singlet combination E/(q + Cl) enters only F1, 2 whereas, in LO, the gluon
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distribution #(x, Q2) enters only indirectly via the Altarelli-Parisi (AP) Q2-evolution
equations 1-3]
,~(x, Q2) = (~,/2~)1-q,e~O~ + v_,ptO)a
qo J'

O(x'Q2)=(~s/2g)

(q+q)*Pgo +o*Poo

'

(3)

where 4 -= dq/dln Q2,
1 dz

2

x

(4)

and ~ts = ~O(QZ) = 4rr/(fl ° In Q2/A2o) with flo = 11 - 2f/3. The AP approach and the
manifestly covariant extension to higher orders [4] are 'just' Bjorken-x reinterpretations
(and generalizations!) of the original renormalization group (RG) analysis of the
operator product expansion 1-5] in terms of leading twist ( = dimension-spin) z = 2
fermionic and gluonic operators O~=~,g. This analysis is performed for (Mellin)
moments,

f,(Q2) _

x ~- if(x, Q2)dx,

(5)

which allow for an analytic solution [1] ("resummation of leading logs") of the
evolution equations (3) since the convolutions factorize,

fo dXX.- l f , p =f,(Q2)p,,

(6)

with the n-th moment of the splitting functions P"i j usually referred to as "anomalous
dimensions". It should be remembered that here, after covariantly regularizing ( 0 7 >,
the Q2-dependence of fn(Q2) ,,~ <plO) lp> enters via a renormalization point dependence
of the operator O~ [5, 1].
This approach is in principle different from the one where, alternatively, quark
and gluon ladders are summed as originally pioneered by Gribov and Lipatov [6]
for abelian vector-gluon theories and appropriately extended to Q C D by several
authors [7]. Denoting the (transverse) momenta in the i-th rung of the ladders by
k i, with Q2/> k 2 ~>.../> k 2 i> Qo2, the k~-integrals are (non-covariantly) regularized by
a cutoff prescription Sdkn2 #(k~2 )--. SQ2dk 2 v(k2). Thus the Q2-dependence of parton
distributions enters here via cutting off at Q2 the loop-integrals of the rungs. At the
leading logarithmic order these two approaches give the same result for the Q2.
dependence of parton distributions, i.e. the same evolution equations, just because
of very universal feature of the coefficients (i.e. splitting functions or anomalous
dimensions) of the leading logs or of the 1/e terms in 4-e dimensions [1]. Going beyond
the LO, however, the results of these two approaches can and will differ as we shall
see later! (For example, a model based on ladder summation for the low-x behavior
of parton distributions results in a mixture of different twist contributions to the
evolution equation--this mixture is strictly prohibited in a rigorous RG analysis of
the operator product expansion where different twists to not mix).
Without having performed a higher order (HO) calculation, i.e. including at least
2-100p contributions, LO results are dearly insufficient and unreliable because one
P r a m a n a - J. Phys., Vol. 40, N o . 6, June 1993
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somehow has to check the stability of the perturbative results, apart from the fact
that as can be theoretically meaningful defined only in H O by specifying a particular
renormalization scheme [1,8]. Choosing a specific renormalization/factorization
scheme is merely a matter of convention. In the MS or DIS scheme, (2) changes to
-O~s M S
1-F2(x, QZ)~(q+q)MS
+2nc,
t *(q ..,[.. ~ ) M ~
-

..{_ a s _ M S

-

x

~.-..g

MS

=_ (q + ~)D,s,

(7)
(8)

with similar relations for F1, and the LO l-loop splitting functions in (3) are, for the
]gt'g scheme, simply replaced by [4, 9]

p[o,__, P,jco,

~s l)m

(9)

In the DIS scheme the gluon contribution is, by definition, absorbed into the quark
distributions according to eq. (__8).This implies a modification of the evolution of the
DIS distributions and the p~J)MS in (9) have accordingly to be transformed to
" ij

with

~"

ij

cM (cq

- U

--2Cij

3V [ C ~ ' x P ( ° ) ] i J

(lo)

m

c.

- - Cq - - 2 f O g

which has been derived by imposing the total energy-momentum conservation
constraints for n = 2 moments which, in addition, are assumed to hold for all n-moments,
i.e. for all x. Similarly the definition of the DIS gluon distribution is not unique and
a common choice, inspired again by the momentum conservation constraint, is [ 10]

g(x, Q2)DIS _ gMS -- ~-~[Cq*(q + ~) + 2fcg,g] Ms + 0(~2).

(11)

Since most of the hard partonic HO cross sections d, like the ones in (1) and the
ones for hadron-hadron and Drell-Yan dilepton production processes, have been
calculated in the theoretically more advantageous ~
scheme, all our following
discussions and qualitative results will refer to the ~ ' ~ scheme. Needless to emphasize
that a theoretically consistent calculation requires the same scheme for both the parton
distributions f and d entering the expression for a physical cross section a like in (1).
Therefore the H O expression for ~s has also to refer to M-~,
~s~g ( Q2)
1
fll l n l n Q 2 / A ~
4n
- flo In Q2/A~ - r3 (In Q2/A~-~)2

(12)

with fll = 102 - 38f/3. Recent experimental determinations of as(Q 2) indicate that
the A-values in LO and HO(MS) are very similar [11, 12] which, for f = 4 flavors,
are Z-'LO*t4~... A~/~S- 200 MeV. This approximate equality implies that aLO>s asHOwhich
has an obvious important implication for the 'K-factor', K --- HO/LO, by keeping it
smaller than for using aLO=
~nO
s
5 " Furthermore, the inclusion of heavy quarks
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(h = c, b, t) in the evolution equations is, as usual, assumed to follow the same pattern
as for the light (u, d, s) quarks [10, 13, 14] by requiring ~s(Q 2) to be continuous across
the 'threshold' Q = mh with the boundary condition h(x, m2) = h-(x, m2) = 0.
The actual calculation of patton distributions and structure functions can now be
performed by either solving iteratively the evolution equations (3) directly in Bjorken-x
space and then doing the required convolutions like in (7), or working with (Mellin)
n-moments (5) where, because of the factorization in (6), the LO and H O evolution
equations can be solved analytically [1,8, 15]. The latter method, where the xdependence has to be obtained from a numerical Mellin inversion [10, 14] of the
n-moments, turns out to be more convenient, faster and more accurate, if large
variations in Q2 and x (e.g. 0-5 < Q2 ~ 10s GeV 2, 10-s < x < 1) are of interest.

2.1 Small and large x behavior of patton distributions
Starting with some input distribution at Q -- Qo,

xf(x, QE)~x-J(1 - x ) a,

(13)

Q C D predicts very specific changes at Q > Q0 which, for the limiting cases x ~ 1 and
x--, 0, can be stated in analytic form. Let me begin with the LO expectations which
can be most easily derived by studying the n-dependence of Mellin-moments defined
in (5). F o r completeness let us start with
(i) x--* 1: This limiting case is governed by the large n behavior of the non-singlet
splitting function p~O), in (3), or more specifically the RG exponent which governs the
Q2-evolution o f f n ( Q 2) behaves, for n -* 0% as [16, 1] 2P~°J"/flo ~- - (4CF/flo)ln n where
CF ----4/3. This expression can be Mellin-inverted analytically, giving rise to the final
result [16] for large x

xf(x, Q2)~(1 - x) a+e
(14)
with P = 4CF~/flo and ~ = In [(In Q2/A2)/(ln Q2/A2)]. Thus a parton (valence) distribution will, as x--* 1, fall off faster at Q > Qo than a chosen input at Q = Qo(ii) x--, 0: This is the more interesting limit in particular in view of the forthcoming
low-x experiments at HERA. Let us first consider J = 0 in (13), i.e. a flat input
xf(x, Q2o)... constant as x --, 0, according to standard Regge lore ("pomeron" exchange).
For this case Q C D predicts asymptotically [17]

xf (x, Q2 ) ,'~ [ (16C A/flo ) ~ ln ! l -1/4exp [ (16C A/flo ) ~ ln ~ ] 1/2

(15)

This famous long-known result [17] surprisingly tells us that a parton (gluon or sea)
distribution increases exponentially as x--. 0 at Q > Qo, although it was constant at
Q = Qo! This important small-x result originates from the rightmost singularity in
the complex Mellin n-plane of the splitting functions in the evolution equations (3)
which is encountered in the purely gluonic RG exponent 2Ptf)"/fl o .., (4CA/flo)(n -- 1)- x
with C A = 3. This expression can be again Mellin-inverted analytically with the result,
[18] using for the constant gluon input in (3) g.(Q2)... 1/(n- 1),

xg(x, Qz) ..~
-ioo

dnx -o, - 1 ) _ _ exp [a/(n - 1)] = Io 2 a In x
n-- 1
(16)
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with a =-(4CA/flo)¢ and ¢ defined below eq. (14). Using the asymptotic expression
for the modified Bessel functions 1v(z ) .,~ eZ/x//2~ - O(1/z)for large z, we arrive at (15).
For sea distributions one arrives in a similar way at the asymptotic solution [19]

x~](x, Q 2 ) ~ ( l n ~ x ) t / 2 l l ( 2 ( a l n ~ ) l / 2 ) .

(17,

This shows that the gluon distribution, apart from being larger than x~] already at
the input scale, dominates the small-x region. In contrast to these results for a constant
input, an input with J S 0 in (13) essentially reproduces itself [20] at Q > Qo,
x f ( x , Q 2) ... x -J, apart from small logarithmic corrections. Such a steep J :/:0 input
has been theoretically anticipated [21] at Q2 = Qo2(= ?) when the transverse momenta
in the n rungs of quark and gluon ladders are no longer strongly ordered,
2 In this case one expects [21] J ~<J,~a~ = [3~q(Q2)/n]41n2 "~ 0"5.
Q2 > k2. ~ "'" > kl2 > Qo.
Two major problems are apparent from these results:
(i) What is the specific value of Q2 for the various input distributions where the RG
evolutions start? In most QCD analyses, Qo is arbitrary and a mere matter of
convention, but the magnitude of the typical QCD expectations at Q > Qo is sensitive
to i t - - i n particular in the low-x region;
(ii) The exponential growth ofa parton distribution according to (15) cannot continue
forever since the growth is limited by unitarity bounds, e.g.
4~z2~t
aYtot = Q2 F2(x, Q2) < 2nR~(s)

(18)

with the hadron radius growing like Rh(s ) ",~ In s, where s ~- Q2/x. This dramatic LO
increase will be reduced (dampened) by taking into account H O 2-loop effects as
symbolically illustrated in figure 1. Such a dampening of the LO increase is usually
referred to as 'shadowing' (or eventually 'saturation'). Its magnitude depends, in our
case, of course on the values of Qo2 and Q2, i.e. on the size of ¢ which is a characteristic
measure of the RG evolution "distance". We shall return to this point later as well
as to other LO-oriented 'shadowing' or 'screening' models.
The fact that HO 2-loop contributions dampen the LO exponential increase of
parton distributions as x-*0, can be easily visualized by studying the dominant

LO
xg

-0.01

X

Figure 1.
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( ~ 1/x) contributions of the 2-loop splitting functions [9,22] in (9) entering the
(o) + (~/2n)pl~) we have, for x << 1,
evolution equations (3): Defining Pi~ = Pi~

-4+ aMs / 2 401'X
P°":3
-2r~ ~ t ' f ~ x ) '

1
P":2+

81+~MS(_

!)

401

ct~s (101"~
2n \ 3 x /

'

6 1_ e M S (

(19)

-2f

611'X

).

(20)

Because of the negative 2-loop contributions in (20), the LO increase of the gluon
distribution will be reduced. The situation is more subtle for sea (~) distributions
which receive not only the positive corrections from (19) but also contributions from
the negative gluonic terms in (20) due to pair creation from gluons; eventually (x << 1
and large Q2 or ~), however, the large g,Pgg in (3) will dominate and thus dampen
the LO increase of sea densities, eq. (17), as well.
Finally, it is evident from the singular 1/x HO terms in (19) and (20) that the
smallness of %/2n is by far not sufficient to guarantee perturbative convergence:
Regardless how small 0q(Q2)/2n might be, there will always be small enough values
of x where 2-loop contributions become larger than the LO l-loop terms! Therefore
a fully-fledged HO analysis (including all required convolutions in (3), (9) and (7))
has always to be performed explicitly in order to ensure perturbative stability/
convergence throughout the kinematic region considered.
3. Parton distributions

In the conventional approach to parton distributions one chooses some parametrizations which are fitted to available data on structure functions, direct photon
production, etc., in the experimentally accessible x-range, x >i xclp "--0-02, and at some
perturbatively 'safe' value of Q2 = Q2 = 0(4-20 GeV2). For x < x p one furthermore
implements some theoretically 'motivated' extrapolation-ansatz reflecting different
guesses concerning the pomeron intercept and the scale Qo at which it should be
relevant. Unfortunately the predictions resulting from evoluting to Q > Qo are very
sensitive to these arbitrary inputs, in particular for x < Xexp, and moreover very often
they imply unphysical results for Q < Qo ('backward' evolution) where perturbative
Q2-evolutions are still expected to hold [23].
Such a fit procedure is rather safe for (flavor non-singlet) valence distributions
uv, do "~ F v.~
3 , F~-n simply because the lack of data for uo and do at small values of x
is unimportant here due to the expected vanishing of the valence distributions as
x--+ 0 and due to the stringent constraints
uv(x, Q2)dx = 2,

do(x, Q2)dx = 1.

(21)

For the sea densities (~) the situation is already arbitrary as far as their small-x
behavior is concerned, although (] can be directly deduced from neutrino data, and
is getting even worse for the gluon density which enters measurements of structure
functions rather indirectly (in LO just via the evolution equations (3)). It should,
however, be kept in mind that hadronic direct-v production with its dominant gq --+vq
subprocess provides, for the time being, the best information [24] on g(x,Q 2) at
Pramana - J . Phys., Vol. 40, No. 6, June 1993
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0" 1 < x < 0"6. Without entering a detailed comparative discussion let me just state,
partly for historic nostalgia, various sets of LO and/or H O parton distributions
suggested and widely used during the past decade:

()R[251
G H R [261
EHLQ[271
DO[283
DFLM[10]
(H)MRS[291
KMRS[30]
MT[31]

(LO)
(LO; heavy quarks)
(LO; heavy quarks)
(LO)
(LO; HOrns)
(no,g)
(HO~-g)
(LO; H O ~ , DIS)

which represent about 30 different parametrizations together with their exact Q C D
evolutions. Most of them are obsolete but some of the more recent ones agree with
present experiments, depending of course on the data-sets selected for the input fits
at Q2 = Qo2. They disagree substantially in their "predictions" for the experimentally
not yet accessible small-x region, x < x v ~- 0.02, depending on how flat or steep an
input for xg(x, Q2) and x~t(x, Q2) has been chosen as x--,0. Nevertheless, this kind
of conventional fit approaches appear to be unsatisfactory and problematic for the
following reasons:
(i) There are too many fit-parameters (and thus there is only little understanding of
the hadron structure itself) and fit-ambiguities. The latter refer to the unfortunate
E M C / B C D M S disagreement with EMC data falling below B C D M S by about 10~
in the small x-region [321. Both datasets cannot be simultaneously 'explained'
theoretically unless one renormalizes [33, 34] EMC by + 8 ~ and BCDMS by - 2~o
while arbitrarily choosing the lower-Q 2 SLAC data as a fixed standard of reference;
(ii) Extrapolations to x < x~xp ~ 0.02 are arbitrary, being critically dependent on the
ansatz chosen for the input a t Q 2 _--Qo2 Therefore, low-x 'predictions' for HERA,
LHC and SSC are ambiguous and questionable;
(iii) Evoluting 'backwards' to Q2 < Q2, the probability densities g(x, Q2) and ~(x, Q2)
become unstable, i.e. negative as illustrated for x ~< 10 -2 in figure 2. (This can be
easily understood from the analytic RG solutions in moment space by taking into
account that the RG exponent changes sign to ~ - ln(cq(Q2)/~s(Q2)) < 0 for Q < Qo).
The situation we encounter in figure 2 is rather embarrassing since one set (DFLM)
of distributions becomes unphysical for Q2 < Q2° = 10 GeV 2, another one (HMRS) is
perfectly legitimate there just because of the smaller input scale Qo2 -- 4 GeV 2 chosen
in the latter case.

3.1 Radiative (dynamical) generation of patton distributions
An alternative way to penetrate the small-x region (x < Xe~p)and to avoid the sensitivity
of QCD results on ad hoc input parametrizations for x --, 0, is to choose a low value
/~ of the input scale Qo in order to allow for a valence-like input which vanishes as
x--,0. In this way one arrives at predictions for x ~ 10 - 2 at Q >/A where gluon and
sea densities have been generated radiatively by evoluting the original valence-like
424
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Figure 2. The backward evolved DFLM [10] gluon- and HMRS(E) [29]
antiquark-distribution at small-x.
structure at # to Q > #, which are mainly due to the QCD dynamics and not
contaminated by artificial input assumptions for small values of x.
The original attempt 1-35] to generate purely dynamically all gluon and sea distributions at Q > # merely from measured valence densities was based on the extreme
boundary conditions g ( x , # 2 ) = ( t ( x , # 2 ) = O in order to avoid any free additional
parameters. Moreover this radiative approach provides us with a qualitative understanding of the connection between constituent quarks and partons. The resulting
size and shape o f y and t] at Q2 > 1 GeV 2 strongly indicate a posteriori their radiative
origin from an underlying dominant valence component at some low Q = # = (2-3)A.
In particular this results in the remarkable parameter-free (!) prediction 1,35] for the
momentum fraction carried by gluons, S~xg(x, Q 2 ) d x - 0-45 at Q 2 = I_5GeV z and
furthermore that g ,-~ 1/x at low x. This suggests the reliability of dynamical predictions
for averaged (integrated) quantities, although the detailed x-dependence of g(x, Q2)
and t](x,Q 2) turns out to be somewhat too soft, i.e. too steep 1-36] at small x in LO
as well as in HO.
This disagreement (steepness in x) disappears for finite valence-like inputs of gluon
or/and sea densities as well 1-14,37] at Q2 = #2. One can choose as boundary condition
either 1-14]
g(X,# 2) '~' 2 V(X, lU2), q(x, ]22 ) "~0,
--3

(22)

where V =
- uo + do, q =- ~ = d = g = s, and which reproduces the gross features of all
present data at Q >/~ reasonably well, with just one additional free parameter (i.e.
the normalization of g has been optimized by experiment) whereas/~2 is fixed by the
energy-momentum sum rule; or more generally 1,37]
xg(x, #2) = Axe(1 _ x)p,
xfi(x, g2) = x d ( x , #2) = A' x~" (1 -- x) r,

(23)

XS(X, ~2) __. Xg(X,/.~2) ~---0,
Pramana - J. Phys., Vol. 40, No. 6, June 1993
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where the vanishing of the strange sea at the input scale p has been chosen in order
to comply with experimental indication [38, 39] of a broken SU(3) sea. Here again
we have chosen a low value of p in order to allow for valence-like inputs (~, ~t' > 0),
i.e. in order to suppress any dependence of our predictions for x << 1 and Q > # on
any articificial input parametrization for small values of x. The parameters in (23)
are furthermore related by energy-momentum conservation

fo X[V(x,#2) + g(x, /12) + 4~(x, p2)]dx = 1,

(24)

by taking V(x,# 2) as Q2-evolved from some experimentally determined V(x, Q~) at
Qo2 ~>4 GeV 2, say. The underlying physical picture of this radiative approach amounts
to "constituents" gluons and light sea quarks comoving with the valence quarks in
the nucleon at some 'static' scale Q2 = #2 (#to "" 0"5 GeV, #Ho -~ 0-55 GeV). Using the
boundary conditions (22) or (23), the LO and HO predictions for the n-moments of
parton distributions at Q > # can be given in analytic form [14] which can be easily
inverted numerically to obtain their explicit Bjorken-x dependence. Simple LO and
HO parametrizations of these results can be found in references [14] and [37] which
from now on will be referred to as GRV.
The following general features are common to these radiative predictions at Q* > #2:
(i) They agree with present data (x ~>0.02), whether one starts from the simple ansatz
(22) which reproduces all experimental gross features well, [14] or from the more
refined input (23) which yields a remarkable agreement [37] between all lepton-hadron
and hadron-hadron measurements. However, in the experimentally not yet accessible
small-x region, x < 0"01, both input sets give very similar and typical predictions;
•(ii) As x ~ O (x ~<0.01) the resulting gluon and sea distributions are steeper than
obtained in 'conventional' approaches (unless, of course, a steep input is not put in
'by hand'). These predictions, being due mainly to the QCD dynamics, are insensitive
to the details of the valence-like inputs in the small-x region where x V ~ 0 and being
furthermore constrained by (21). These very typical (radiative) steepness is a remnant
of the long evolution "distance", i.e. the large value of ~ due to the smallness of #2.
Thus, extrapolations into experimentally yet unmeasured regions (x < 10 -2) might
be 'safer' and more reliable (HERA will test this soon!);
(iii) The predictions are perturbatively stable by comparing LO and HO results despite
of #2 being rather small (where nevertheless ~, stays small, e.g. ~YS(#~o = 0.3 GeV2)/
n ~ 0.22);
(iv) The radiatively generated parton distributions g(x, Q2), ~(x, Q2), s(x, Q2), etc. are
positive definite for all Q2 >i #2 ~_(2A)2.
The radiatively generated gluon distribution at Q2 = 10 GeV 2 is shown in figure 3
where one observes that for x >0-05 it agrees well with determinations from
direct-photon data [24] as well as with conventional fits (KMRS [30], MT[31])
performed at Qo2 >>p2. A similar agreement is obtained for sea quarks as shown in
figure 4. From this it follows that structure function measurements of F~p, F~d,
F ~n/F"p
etc. are equally well reproduced [37] where in particular F~n/F
up
depends
2 /--2
'
2
2
mainly on the d~/uv ratio being used as measured input for the valence distributions.
It is remarkable that our distributions are also in agreement [14, 37] with the very
low_Q2 (Q2> 0-3 GeV 2) EMC ed data [40] at x < 0.08. This indicates that 'higher
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Similar results are obtained from the boundary conditions (22) [14].
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twist' corrections ( .-. 1/Q 2, etc.) might not be required in the small-x region (x ~<0.2) - a
similar conclusion has been put forward in reference [33].
Far more interesting and exciting are the predictions for kinematic regions not yet
explored experimentally. Typical examples are shown in figure 5 for the expected
x-dependence of gluon and sea distributions down to x = 10 -4. The radiative
distributions are consistently steeper in x than conventional expectations where
constant Regge-like inputs are assumed at Qo2 = 0(10 GeV 2). The radiative predictions
are practically unambiguous, being mainly due to the Q C D dynamics since any
artificial dependence on an input as x--* 0 is removed due to the valence-like inputs
in (23). This is in contrast to conventional fit approaches which have no predictive
power when extrapolated to the low-x region, yielding vastly different results for
x < I 0 - 2, as shown in figure 5, depending entirely on the assumed input for x --* 0.
Furthermore, the LO increase, in particular for the gluon density, is indeed sizeably
reduced by HO corrections, as discussed at the end of § 1, and the deviations from
LO evolutions m a y become visible already at x -~ 10 -2. It is also interesting to note
that the steeper radiative predictions imply xg.,~x - ] with JLo--~0"4-0-5 and
J . o -~ 0.3-0.4 for x ~< 10 -3 at Q 2 = 10-100 GeV 2. This agrees surprisingly well with
expectations based on reggeized gluon exchange [21] as discussed in § 1, after (17).
A "complete" saturation, however, may be delayed until much smaller values of x
than shown in figure 5, but there H O effects not yet calculated (3-loops, etc.) might
be of relevance as well. The LO and HO predictions are rather similar for the sea
distribution =iin Figure 5 due to the combined positive and negative H O contributions
for x << 1 in (19), (20) and as discussed at the end of § 1.
The consequences of this steeper increase of parton distributions in the small-x
region are shown in figure 6 for F=2P(x,Q2) in a kinematic region relevant for future
H E R A experiments: Although conventional fit approaches have no predictive power
428
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for x < 10 -2, due to ambiguous choices of the small-x dependence of the input at
Q 2 = Q2, the radiative predictions are about a factor of 2-3 larger (!) for
10 -4 < x < 10 -3 and Q2 = 10_100GeV z than 'conventional" (flat, Regge-like)
expectations for F2. Since within the radiative approach this large difference cannot
[14, 37] be sizeably reduced (simply because of the large evolution 'distance' ~) and is
rather insensitive to the different valence-like inputs (22) or (23), it will constitute a
decisive (low-x) test for future experiments at HERA!
It should be mentioned that the radiative appraoch to calculate parton distributions
is particularly useful for processes where rather limited experimental information is
available. This is the case for the pionic singlet distributions E41] g~ and ~ as well
as for the photon structure function [42], in particular for the gluon and sea distribution
gr and ~Y in the photon. A detailed knowledge of the small-x behavior of g~ and ~]~
might, among other things, be important for understanding the anomalously large
/~-content in cosmic ray showers in the multi-TeV region.
So far we have entirely dealt with the dominant twist ~ = (dimension-spin)--2
contributions, i.e. with parton distributions which can be interpreted as expectation
values of the fermionic and gluonic Wilson operators [1, 5-1 O nq -_ q?
- ~, D ,2 . . . D~" q a n d
O"g = F ~m D~2-.. D u"-' F~- giving rise to the perturbatively RG summed logs, pictorially
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illustrated in figure 7, we have considered thus far. These contributions are characterized
by the fact that there is no communication between struck partons and spectator
partons. Thus the resulting evoluted parton distributions f ( x , Q 2) are process
independent and can be used for predicting other hard processes as well. This predictive
power is obviously the main virtue of the parton model which is usually referred to
as the "universality of the parton model'.
This important feature is not maintained anymore for 'higher twist' z > 2 contributions, illustrated in figure 8, which are suppressed by powers of 1/Q 2, depending on
the value of z. 'Higher twists' refer to interactions of struck partons with spectators
and are thus process dependent, i.e. non-universal. For example, it has been long
known [43] that the twist-4 'water fall' diagram in figure 8(a) gives rise, relative to
the leading twist-2 piece, to a contribution xl~2/(Q2(1- x)) which turns out to be
relevant for explaining measurements [32, 33] at large x(x > 0.2, Q2 < 20GeV2). Of
similar relevance is the diquark diagram in figure 8(b) which corresponds to a ~ = 4
operator @Dq@Dq. The 'fan' diagrams [44] in figure 8(c), having received renewed
attention recently in view of future low-x HERA experiments, might be of some relevance
in the small-x region, to be discussed in the next section. In general, the various twist
contributions to structure functions can be formally expressed by an operator expansion
of the product of electroweak currents [1,43,45], suppressing all Lorentz indices,

(NljjlN)=~ )

C'~(InQ2)(NIO':IN)

(25)

where the Wilson coefficients C~ contain, for z = 2, the perturbatively summed logs
discussed thus far. Within this rigorous RG analysis, only operators of the same twist
and structure (symmetry properties, quantum numbers, tensor structure) mix under
renormalization [5, 45]. In other words, only operators of the same twist appear in
RG evolution equations: Twists do not mix in a RG analysis!
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We will now turn to an alternative approach where contributions of different twists
are taken into account in the evolution of parton distributions.
4. Alternative approaches to smali-x physics

In the previous section we have already courageously extrapolated, and will continue
to do so, the partonic Q C D results to x < 10 -2, i.e. to x = 10 -4 or even below that,
although there is no convincing reason that the p a r t o n model is still relevant (valid)
there [2]. F o r example, at H E R A (x/~ = 314 GeV) for x = 10 -4 the longitudinal p a r t o n
m o m e n t u m becomes significantly less than the typical intrinsic transverse scale,
p: = xp "~ 0.03 GeV <<k~ trinsi¢ ~ mN/3 "~ 0"3 GeV. This corresponds precisely to
Feynman's wee region I-2] ('wee partons') where the p a r t o n model is not expected to
hold anymore. We should keep this warning in the back of o u r mind, although most
of us disregard it for the time being and continue with theoretical considerations for
the very small x region [46] which hopefully will turn out to be of some relevance
for future (HERA) measurements.
As x decreases, a parton distribution, in particular xg(x, Q2) grows rapidly with ln(l/x)
according to the L O - Q C D prediction (15). If the density of partons (gluons) becomes
too large they can no longer be treated as isolated and independent partons, but they
eventually start to overlap inside the nucleon and new effects like 'recombinations'
Of gluons (i.e. multi-gluon distributions etc.) will come into play. When does one
expect this to happen? N o one really knows, but a very naive and crude estimate
goes as follows. Since xf(x, Q2) measures the number of partons per unit of rapidity
with a transverse size ,-, 1/Q, the transverse area of the 'thin' disc they occupy is
~ (ots/2rc)xf/Q 2 where we have taken into account that a p a r t o n - p a r t o n interaction
cross section ~ ~ [(o~s/2n)xf]2/Q 2. Thus
W = (parton area at distance scale Q - 1 ) / ( h a d r o n area)

= [lr(~/2rr)xf/QZ]/nR 2

(26)

where R ~ 1 fm --~ 5 G e V - 1 is the radius of the hadron. (Whether there is a factor
~/27r or possibly ~/rt, or even just ~,, is clearly a matter of dispute). As long as
W << 1 partons can be regarded as isolated, whereas for W < 1, i.e.

xg(x, Q2 ) ~ Q2 600 G e V - 2,

(27)

they start to overlap and saturation effects become relevant. However, at presently
attainable values of x the value of xg(x, Q2) does not exceed 4, and even at x = 10 -4
it is expected not to exceed 100, as can be seen from figures 3 and 5, respectively.
Therefore, if the above estimate is correct, we might have a long way to go before
we reach the saturation limit (27), i.e. before recombination ('shadowing') effects
become relevant.
Nevertheless let us briefly discuss alternative mechanisms which limit the L O
growth of parton distributions, in particular of the d o m i n a n t gluon distribution due
to (15), which eventually have to take place in order not to violate unitarity, (18). As
already discussed above, the L O increase will be d a m p e n e d (reduced) by including
either
(i) H O (2-loop): 'radiative distributions'
or

(ii) p a r t o n recombinations 1-44]: 'fan'.
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'fan diagram' (b) involvingjust two ladders originating from two-gluon distributions.
Case (i) has already been discussed in the previous sections and the effects are sizeable
(figure 5) [14, 37]. Let me now turn to the 'fan' of Gribov, Levin and Ryskin [44] in
(ii) which has been suggested, as illustrated in figure 9(b), as the dominant multi-ladder
contributions to the leading single-ladder term in figure 9(a) discussed thus far. The
fan diagrams can be summed in terms of a Bethe-Salpeter-like integral equation,
formally written as

F=Fo--ffFoVF

z

(28)

giving rise to an infinitely iterated fan structure. This is the (non-linear) GLR equation
[44] which can be written in more differential forms by differentiating with respect
to Q2 or/and x. The important "minus" sign in (28), responsible for the dampening
('screening' or 'shadowing') of the LO increase, is a general consequence of taking
the appropriate cuts through the triple-ladder vertex V in figure 9(b) [44]. It has the
same physical origin as the negative contribution of the well-known Glauber double
scattering term where the single scattering amplitude is predominantly imaginary.
To leading order in ~s, the triple-ladder vertex V has been explicitly calculated [47]
for x << 1,

xO(x, Q2) _

4n 3 f a 2 dk 2 (Ca~s(k2)~2ffdzz2ot2,(z, k2)
8 J (k~ \
~
]
~-

(29)

which describes the relative strength of the two-gluon distribution ~2) to the usual
one-gluon distribution ~ as is obvious from cutting figure 9(b) 'symmetrically'. Note
that here the gluon distribution has been defined through a Q2-cutoff expression
within the ladder approach which in general will be, beyond the LO, different than
the leading-twist distribution O(x, Q2) considered so far in the covariant RG analysis.
To account for the gluons in the ladders of figure 9(b) one can now derive a modified
evolution equation by taking Q2 O/OQ2 on (29) and adding the dominant gluonic LO
evolution term of (3):

x~(x, 02~-- oq p~O) _
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C 1f

dZ[zo(z, Q2)]2 + 0(1/Q 4)
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where C=9K~t2(QE)/2R2, which follows from eq. (29) by assuming [47,30]
~t2)= (K/~R2)[~]2 with K = 0(l). A similar approximate evolution equation can be
written down for the sea quark distribution ~(x,Q 2) [47]. This shows that the
additional non.linear 'fan' (recombination) contribution represents a higher-twist term
(~ 1/Q2). Thus (30) involves a mixing between twist-2 and higher-twist contributions.
Since the latter are process-dependent, the solution of (30) is non-universal, i.e. the
resulting parton distributions cannot be used for predicting other reactions such as
hadron-hadron scattering!
It should be emphasized again that such a mixing between different twists would
not occur in a rigorous RG analysis where the Q2 dependence enters through a
renormalization point dependence of the gluonic and fermionic operators. If this
latter procedure were followed, there would be no [47] 1/Q2 term in (30) since its
effect would be taken into account by the choice of the initial condition, g(x, Q2),
when integrating the renormalization point dependence of the gluon operator from
Q02to Q2. Equation (30) is therefore a typical example that the ladder approach leads,
beyond the LO, in general to different results than a covariant RG analysis, as
mentioned already at the beginning of § 2.
The non-linear evolution equation (30) is, as it stands, on a theoretically rather
rudimentary level. For example, the conceptionally important H O (2-loop) contributions to the linear LO term in (30) have not yet been calculated within the ladder
approach; moreover fermionic contributions have not yet been included in the
calculation of the triple-ladder vertex, i.e. of the strength C of the nonlinearity in
(30)--not even in the smaU-x approximation; the inclusion of still higher twist terms
( ~ 1/Q 4, not yet calculated) becomes necessary as soon as the second term ( ~ 1/Q 2)
on the r.h.s, of (30) becomes comparable to the first one; alas the evolution equations
for the two-gluon distribution itself and possible interference effects between, say,
one- and three-gluon distributions are not known yet; furthermore the absolute size
of C depends critically on the non-perturbative hadronic radius R parameter entering
via an assumed model for the two-gluon distribution. Even taking (30) for granted,
the strength parameter C as well as the input gluon distribution ~(x, Q02), and possibly
~-(x, Q2), have eventually to be fitted to the data.
Disregarding all this and assuming that ~(x, Q02)"~ g(x, Q2), where g refers to the
gluon distribution of definite twist commonly determined and used as discussed in
the previous sections, then (30) forms the basis, sometimes with minor modifications,
of all recent quantitative studies [30,48, 49] of non-linear recombination effects.
Representative results [49] of such studies are shown in figure 10. Their absolute
size in the small-x region depends obviously strongly on the input chosen (flat or
steep gluon) and the dampening of the LO increase, due to the non-linear "fan" term
in (30), depends critically on the size of the triple-ladder coupling strength C. For
comparison our radiatively predicted [14, 37] x-dependencies for xg(x, Q2) of figure 5,
based on the twist-2 LO and HO (linear) evolutions, are shown in figure 11 together
with the non-linear 'fan' results of figure 10 for the flatter E H L Q input. As can be
seen the non-linear higher-twist term in (30) can reduce, by choosing an appropriately
large value for C, the LO increase by the same amount [48] as the linear H O (2-loop
c6ntributions). It should be noted that the latter H O predictions cannot be changed
substantially due to the absence of free parameters. This is in contrast to the results
of the non-linear evolution equation (30) where a steeper input for xg, possibly even
slightly steeper than the MT input used in figure 10, will yield results which practically
coincide with the ones obtained from the (linear) H O evolutions shown in figure 11.
Pramana - J . Phys., Vol. 40, No. 6, June 1993

433

E Reya

~'""I ''"""I '~'""'I....'"I '~'"~

20
×g

- '...

"'""......

15

10

0
10 -s
200

Q2=10 G e V 2 :

-'

10 -3

1 0 -L'

. . . . . . '1

'''"'"1

i
10 -z
' ''"'"l

x

,,1

10 -1

100

' ..... '~

' ''"'"l

Q2 = 10~ GeV2i
150

100 ~
50

.

~x~" x "...'....

--.......

0

, ,,,,,,,I

10 - s

10 -~

, , ,,,,,,I
10 -3

i ,~,,,,~'n----,--~-~. .... I
10 - 2

, , ,,,,,

10 -1

10 0

X

Figure 10. The x-dependencies of gluon distributions at Q2 = I0 and 104GeV z
as derived [49] from (30). The full curves refer to the linear LO evolution (C = 0),
the dashed ones to the non-linear case with C corresponding to using R ~ l GeV- 1
and the dotted ones to C/lO. In each case, the lower curves belong to the flat
EHLQ [27] input xg ~ constant as x ~ 0, whereas the upper curves belong to the
steeper MT [31] input xg ~ x-l/a at Q 2o - 4 GeV 2.

Apart from these ambiguities, deviations from the linear L O evolutions become visible
already at x -~ 10 -2 in both cases as can be seen in figure 11. Therefore it will be very
hard to distinguish experimentally between the two cases.
A somewhat m o r e realistic estimate for possible signatures of low-x shadowing
effects can be obtained [50] from noting that the shadowing-strength parameter C
in (30), or equivalently the hadronic radius p a r a m e t e r R, is not really a free p a r a m e t e r
but constrained by the d o m a i n of validity of (30): Since the corresponding non-linear
O(1/Q 4) expressions are not yet available, eq. (30) and the similar a p p r o x i m a t e
evolution equation [47, 50] for ~ can be expected to hold only in the (x,Q 2) region
where the second non-linear term in (30) is small [47, 50,51] c o m p a r e d to the first
linear (LO) one, i.e. one must demand that in general

W':~e, s<l
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Figure 11. Comparison of the predictions for the reduction (indicated by arrows)
of the LO increase of the gluon distribution by taking into account additional
HO 2-loop effects [14,37] or non-linear higher-twist ('fan') effects [49] in the
evolution equations. The results of the latter case are the same as in figure l0 for
the EHLQ input, whereas the (linear) LO and HO results coincide with those of
figure 5.
over the entire (x, Q2) region considered with
-- -

~d-

x

--[zg(z,O )] / ~ - [P99
~o~,g
z

~0,* Z ( q + q)]
+ Pg~
(32)

where Xo - 1 0 - 2 due to the small-x approximation used in deriving [47, 30] eq. (29),
and a similar expression [50] for W4. Otherwise, when the two terms in (30) are
comparable, I4': ___!, the inclusion of higher twist terms ( ~ 1/Q4, etc.), not yet
calculated, would become necessary. For given input p a r t o n distributions f(x, Q~),
derived from measurements of, say, F2 and FL =-F2- 2xF~, the constraint (31) will
then provide the corresponding restrictions on C, i.e. on the hadronic radius parameter
R: Henceforth R(W I <<.~) will denote the radius which saturates the inequality (31)
with a given value of e < 1 for the (x, Q2) range and the f(x, QZ) considered in the
calculation. The resulting allowed shadowing effects are shown in figures 12 and 13
for two representative examples [50] of a fiat and a steep F2(x, Q0~) for x ~< 10-2, for
measurements in the not too distant future (HERA) at an input scale, say, Q2 = 4 GeV 2.
It is clearly seen that a distinctive signature for low-x shadowing effects at Q2 > Qo2
can be expected only for the case of a flat F2(x, Q2o) input where the increasing
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due to the discontinuous digluon contribution 1-50] to the evolution of 4(x, Q2).
(b) The same as in (a) but for the directly measurable combination of structure
functions appearing in 1-50] N - t da/dxdy at ~
= 314 GeV.
steepness of F 2 (x, Q2) _ prevailing for the unshadowed, R = 0% Q2-evolution - is reduced
or even stopped for a tolerable ('realistic') shadowing radius R ( W s ~ 0"3-0-5)=
1-7-1-3 G e V - i . This is in contrast to the steep input scenario in figure 13 where the
increasing steepness of F2(x,Q 2) is very similar for the u n s h a d o w e d (R = o0) and
shadowed Q2-evolutions, which appear to be indistinguishable by future experiments.
F r o m figures 12 and 13 it can be seen that similar results [50] hold also for the
combination F2 _(y2/y+)FL, directly measurable at a fixed machine energy, where
y = Q2/xs and y+ = 1 + (1 - y)2. Similar remarks hold of course also for [50] xo(x, Q2)
which, however, is far m o r e difficult to extract from future ep experiments. It should
be mentioned that the scenario of steep p a t t o n distributions is similar to the typical
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Figure 13.

(a),(b) As in [50] figure 12 but for a steep input at Q: = Qo2 = 4 G e V 2.

predictions of our radiative (dynamical) approach [37]; the radiative H O two-loop
predictions for xg(x, Q2) are slightly flatter than the linear (R = oo) LO results, as can
be seen in figure 11, and thus are comparable to the shadowed non-linear (finite R)
result shown in reference [50].
Finally, it is interesting to note that very recent small-x measurements of the N M C
collaboration [52] are not compatible with flat structure functions at Q2 > 4 G e V 2
and favor already the steep scenario considered above, at least down to x--~ 10 -2,
which is so very typical for our radiatively (dynamically) generated parton distributions
[37]. These dynamical predictions (not fits!), also shown in figure 6, are compared with
the very recent N M C small-x data in figure 14. In view of having not readjusted any
parameter in our original predictions [37], they are in satisfactory agreement with
the recent low-x data, despite of lying somewhat too low around x ~ 0-05. (If these
results are confirmed by future (HERA) experiments, such immaterial discrepancies
could be diminished by a moderate enhancement [-54] of the valence-like input sea
distributions (mainly t~) at x -~ 0.05-0-15). This is in contrast to recent fits [30, 31] of
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Figure 14. Radiative (dynamical) HO(MS) predictions 1-37,53] for f = 4 massless
flavors compared with recent low-x NMC data 1-52]. The dotted curve corresponds
to calculating the charm contribution via 7*g ~ c6, using mc = 1.5 GeV, and adding
it to the u, d, s contributions. The very similar LO ( f = 4) radiative predictions
[37, 53] are shown by the dashed curves.

parton distributions which fail [52] to describe the x-dependence of structure functions
below x = 0-07. This is not surprising since conventionally fitted parton distributions
[10,25-31] have no predictive power in the small-x region, i.e. outside the fitted
(x,Q 2) range of previous data, where they strongly depend on the assumed x ~ O
ansatz for the parametrizations utilized in the fitting procedure, as discussed in detail
in the previous section. It is nevertheless interesting to note that the most recent
MRS fit [29], where the recent N M C data [52] have been taken into account, resulted
in a small-x behavior of gluon and sea distributions very similar to the steep radiative
(dynamical) expectations [37]. Furthermore, since the N M C data [52] appear to
favor steep structure functions in the small-x region, there seems to be not much
room for sizeable non-linear shadowing effects (cf. figure 13) provided, of course, the
steepness will be confirmed by future (HERA) experiments for x < 10-2 and, say,
Q2 > 1 GeV 2.
5. Polarized structure functions: Introductory remarks

During the past five years the interest in spin physics originated mainly from the
theoretically not anticipated result obtained by the E M C experiment [55] for the
(longitudinally) polarized proton structure function g~(x, Q2). In the following I will
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give a general review of the status and the importance of the study of polarized
structure functions and parton distributions. For obvious reasons I shall concentrate
mainly on the developments during the past five years.
In §6 I will first discuss the interesting aspects of gl, remind you of the origin of the
surprising longitudinal spin 'problem' which initiated all the interest and excitement
during the past few years, and discuss comparatively two perturbative scenarios for
its solution in terms of either a large total sea-quark polarization or a large total
gluon polarization (or a suitable combination of both); then I shall use the operator
language to formulate these two scenarios for the spin structure of the proton which
leads, via the generalized U(1) Goldberger-Treiman relation, to non-perturbative
definitions (and estimates) of the total contributions of quark and gluon components
to the proton spin. This section will be concluded by a brief review of the most
important experiments to be performed during the next few years which will be of
crucial importance for testing and discriminating between the various theoretical
ideas concerning the partonic spin content of nucleons; it is finally pointed out that
a recent Fermilab experiment on asymmetries in pion production from (doubly)
longitudinally polarized (anti) proton-proton scattering is inconclusive concerning
the size of the total gluon-polarization in the proton.
In § 7 I will consider #2(x, 02), related to the transverse spin structure function of
the nucleon, which will serve as a probe of the quark-gluon bound-state dynamics
("higher twist"), but is so far unfortunately totally unmeasured. Finally, a new class
of transverse polarization (twists 2 and 3) chiral-odd nucleon structure functions, the
so-called "transversity" distributions h 1.2(x, Q2), which have received much attention
recently, will be briefly discussed in § 8 and the conclusions will be summarized in § 9.
6. The structure function gn and the spin of the nucleon

The excitement about spin physics was generated in 1987 by theoretically not
anticipated data of the EMC collaboration [56] at CERN on the longitudinally
polarized deep inelastic structure function O~(x, Q2) of the proton which appears in
the antisymmetric component of the hadronic tensor
Wu,(p, q) =

f d4xexp(iq"x)<p,slju(x)j~(O)[p, s )
1

M

= -- guvF1 + _--zpupvFz + i---2_euv,#q's#91 + ...
p'q
wq

(33)

with pU being the four-momentum of the (proton) target and s# its spin, with pZ = M 2
and s 2 = - 1 , and as usual x = Q2/2p'q where Q 2 = _ q2. Experimentally o l ( x , Q 2)
is obtained by measuring the longitudinal polarization asymmetry [55]
/~pi _ FttpT g~(x, Q2)
At. = laTp ~ + larp T - Fl(x, Q2)

(34)

where the arrows refer always to a longitudinally polarized beam and target.
Furthermore, within the 'naive' quark-parton model,
2F, (x, Q2) = y" e 2 [q + eli + O(ots) "" 1 F z ( x , Q2)

(35)

X
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Figure 15. EMC [56"1 and SLAC [57] measurements of #~(x, Q2). The dashed
curve represents an optimized fit by EMC which gives rise to eq. (37).
291 (x, Q2) = ~

e2[Aq + At]] + 0(~q)

(36)

q

where q(x, Q2) _ q+ + q_ and Aq(x, Q2) _ q+ _ q_ with q+ (x, Q2)[q_ (x, Q2)] denoting
the quark distributions of flavor q in the proton aligned [anti-aligned] with its spin.
When taken together with previous data from SLAC [57], the more recent E M C
results [55] lead to a reasonably accurate determination ofg~(x, Q2) for 0.01 ~<x ~<0.7,
with an average ( Q 2 ) _~ 10 GeV 2 -= Qo2 from E M C and ( Q 2 ) = 5 GeV 2 from SLAC,
as shown in figure 15. These results have been obtained from an optimal fit to
AL(x' Q2) in (34) using the data for Fl(x, Q2) ~_F2(x' Q2)/2x discussed in the previous
sections. The combined SLAC and E M C data [55, 57] lead to a rather small value
2 .
for the first moment of glp (x, Qo)"
g pl ( Q 20 ) -

;o

p
2
gl(x,
Qo)
dx=0"126+-0"010+0"015"

(37)

It should be emphasized that almost all of[~ g~dx stems from the region [55] x >~0"01,
i.e.

~o

O~(x'Q~)dx~-O'123"

(38)

-O1

This surprisingly small E M C result initiated all the interest in spin physics during
the past few years (for recent reviews see, for example, reference [58-66], since it is
almost half as large as "naively" expected theoretically by Gourdin and Ellis and
Jaffe (E J) [67]
gf(Q~)Ej = 0-19.
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This latter so-called Ellis-Jaffe "sum rule" has been obtained, as we shall see, by
assuming that the total polarization of strange sea quarks contributes insignificantly
to the spin of the proton, as one nevertheless expects intuitively due to the fact that
it is easier for a gluon to create a nonstrange pair than a heavier strange p a i r - - a
situation very similar to the unpolarized broken SU(3) sea as observed by neutrinonucleon scattering experiments [68]. (Note that the original 1983 SLAC measurement
[57], 0-17 ___0.05, was consistent with the expectation in eq. (39)).
The surprising implications of the 'small' EMC result in (37) become immediately
transparent by noting that S~g,dx measures the matrix element of the flavor-SU(3)
axial vector c u r r e n t s j ~ = @"75(}.J2)q which in turn can be expressed by the total
polarizations (first moments), carried by (anti) quarks and gluons,
Aq(Q2) Ag(Q 2 ) --

fo[Aq(x, Q2) + Agl(x,Q2)]dx,
fo
[g+ (x, Q2) _ o-(x, Q2)] dx,

(40)

in the following general way:

<P,s'j"5,Ip, s>=AglaS"=(Aqo+6aoACg~Ao)s ~

(41)

where Aq and A# denote from now on always the total polarizations defined in (40),
unless otherwise stated. The detailed form of the matrix element on the r.h.s, of (41)
is of course a matter of convention for choosing an appropriate factorization scheme,
i.e. particular values of the gluonic Wilson coefficient ACg which describes the coupling
of Ag(Q 2) to the photon induced by the ys-triangle anomaly. Most of the (partly)
controversial discussions during the past few years were and still are related to this
problem and I shall discuss them in detail in the subsequent subsections. According
to (36) the first m o m e n t of g~ can be expressed in terms of the flavor non-singlet
(a ~ 0) and singlet (a = 0) partonic contributions in (41) in the following way:
non-singlet

9~(x, QZ)dx =

~Aq3 + ~Aqs +

= [(0-123 __.0"001)+

singlet
A,T.tQ2) (I - as(Q2)/n)

~AZ(Q2)](I-cq(Q2)/n)

(42)

which is valid up to 0(0q) and where we have included the fermionic Wilson coefficient
[69] AC~ = S~AC~(x,0q)dx = 1 - 0q/n with the H O oq(Qg)/n = 0-061 for A~-~ = 0-2 GeV.
The flavor non-singlet contribution Aq3/12 + Aq8/36 = 0.123 + 0.001 is fixed by the
Gamov-Teller part of octet hyperon fl-decays via the Bjorken sum rule [70] (SU(2):
symmetry)
Aq3 = Au -- Ad = ga = F + D = 1"254 ___0"006

(43)

Aqa = Au + Ad - 2As - 3F - D = 0-68 _+ 0-04

(44)

and [71]

Pramana - J . Phys., Vol. 40, No. 6, June 1993

441

E Reya
where a S U ( 3 ) / s y m m e t r y has been assumed for relating matrix elements of charged
and neutral weak axial currents in order to extract Aqa! (Note that SU(3): breaking
effects could be sizeable, which will be addressed later.)
The surprising result now is that the non-singlet contribution in (42) alone already
suffices to explain the 'small' E M C measurement in (37), in contrast to the larger EJ
estimate (39), which implies an unexpectedly small or possibly even vanishing singlet
component in (42):
A~(Qoz) = 0.10 +_0-17

(45)

A~-(Q 2) = AE + ., .~, a- ,t ~~x,(Q
o ~ - -2)a g, t ~,,,2,)

(46)

where

according to (41) for f = 3 light quark flavors where
AE = Aqo = Au + Ad + As = Aqs + 3As

(47)

with Aq8 being given by (44). It is now obvious that the large E J-estimate in eq. (39)
follows from the large Aqs contribution to AE in (42) by assuming As _~0 in eq. (47)
and neglecting the ~q(Q2)Aa(Q2) term in (46). It should be furthermore noted that,
in the l-loop leading order (LO) of QCD, the total polarization of each quark flavor
is conserved, i.e. QZ-independent,
Aq(Q 2) = constant

(48)

as a consequence of helicity conservation at the quark-gluon vertex, i.e. [72] AP~°) S0~AP~q°'(x)dx = 0 and APt°' = 0. Furthermore 1"72,73] A/Ug°' = 2 and since AP~°' --- rolE,
where flo = 11 - 2f/3 in ~'s = ~LO~= 4n/(flo In Q2/A~o), the polarized AP evolution
equation [72] for Ag(Q 2) simply implies that, apart from minor corrections, cq(Q 2)
Ag(Q z) ~_constant does not renormalize in LO,
d
d In Q2 [°ts(Q2)Ag(Q2)] = 0 q- 0(a2),

(49)

similarly to AE(Q 2) = AE =constant. Therefore the combination cqAg should be
treated at the same level as the contribution of the conserved quark polarizations to
gl in (42) which has been originally emphasized in references [74, 75].
The puzzling aspects and questions are now obvious:
(i) Why is the total polarization of the singlet combination A~(Qo2) in (45) vanishingly
small as compared with the "naive" expectation A~, _~ AZ ~ Aq s "-"0.68 due to (47)
for vanishing sea and gluonic contributions?
(ii) Why is there such a large difference in the flavor singlet sector between patton
quarks and SU(6) constituent quarks
A~,(Qo2) -~ 0"1 << m~,su(6 ) = 1,

(50)

although there is only about a 30% difference in the flavor non-singlet sector
Aq3 "~

1"25----s~6)
aq3
= 35,

Aqs -~0"68 ~< Aq s u ~ = 1

(51)

due to the SU(6) values Au = 4/3, Ad = - 1/3, As = 07 One expects that, for conserved
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quantities, constituent and parton results should coincide; the small differences in (5 l)
are attributed to helicity non-conservation induced at low energy scales by finite quark
mass effects which break chirality and thus the symmetry in the non-perturbative
region which creates a difference in the initial values for the perturbative Q C D
evolution [58]. Thus the huge difference in (50) appears to be too large to be explained
in this way and demands a different explanation.
The explanation of the smallness of the total singlet contribution in (46) has been
a matter of dispute during the past years: Whether a large negative As in (47) [ o r
possibly some SU(3) broken light sea component] or a large Ag in (46) or, perhaps
more realistically, a combination of both is responsible for the cancellation of the
Aqs term in (47) is of course entirely a matter of the convention used in defining the
polarized quark distributions due to the well-known factorization scheme dependence
of the higher order (HO) Wilson coefficient ACg(x,~q). In other words, is it A~, which
is to be interpreted as the total quark polarization or is it AY. in (47) with Ag as a
separate independent gluon contribution. Let me now turn to a more detailed discussion
of these two extreme alternative interpretations and whether physical and theoretical
intuition might favor one over the other.
6.1 The larffe total sea-quark polarization
Here all possible gluonic contributions (46) are absorbed into the definition of q u a r k
polarizations, i.e. Aq ~ A~ according to (41). To simplify the notation let met just set
ACg = 0, so that A~ = Aq and thus AY, ~ AE --- 0.1 according to (45) and (46) which
give, using Aq8 from (44) in (47) [76, 77]
As = -- 0.19 _ 0-06.

(52)

This surprising result, implied by the new EMC measurement [55], of a large and
negative polarization of the strange sea is in contrast to the intuitively reasonable
("canonical") expectation As _~ 0 leading to (39) as discussed thereafter. The finite As
in (52) implies significant changes of the total polarizations carried by u and d quarks:
canonical
Au = ½(Aqs + Aq3) + As ~
0.97 + As =

new (EMC)
0-78 + 0.06

Ad = ½(Aq 8 - Aq a) + As - - 0-29 + As = - 0-48 + 0.06.

(53)

For comparison the SU(6) static quark model predictions in (51) were Au = 4/3 and
Ad = -- 1/3. Apart from contributing differently to the nucleon's spin, such changes of
Au and Ad may be of astrophysical relevance [77] as well as of substantial consequences
for, e.g., l a b o r a t o r y searches of supersymmetric d a r k matter (photino) candidates,
and for the flux of neutrinos from dark matter (photino) annihilation in the sun which
will be reduced due to the reduced photino trapping rate in the sun.
As discussed repeatedly, such a large total polarization of strange quarks is hard
to swallow from a physics point of view and has therefore been repeatedly questioned
[58-66]. It should be remembered that this result, eq. (52), depends critically on the
assumed SU(3)I symmetry between hyperon decay matrix elements of the flavor
changing charged weak axial currents and the neutral axial currents in (41) in order
to estimate Aqs in (44). There are serious obvious arguments against [71] a SU(3)
flavor symmetry, in contrast to the fundamental SU(2)I isospin rotation between
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matrix elements of charged and neutral axial currents which results in the Bjorken
sum rule (43). An interesting alternative explanation of the EMC result has therefore
been suggested by Lipkin [78] which is not based on a SU(3) I symmetry by assuming
the sea to be only SU(2) I symmetric, with no sg pairs, i.e. As---0. In this case an
additional assumption is necessary to enable one to extract the total helicity carried
by valence quarks Aqt,- A q - Aq~ from hyperon fl-decay data: It is assumed 1,78]
that sea quarks do not participate in (flavor changing) fl-decays which then determine
Au,, ~ 0-97 and Ad,, _~ -- 0-29 via eqs (43) and (44) (or eq. (53)). The EMC measurement
(45) can then be explained entirely in terms of the total polarization of the light sea
quarks [78],
!

Ausca = A d

----0"29,

As-" O.

(54)

(Note that according to our definition (40), Ausca - 2 ~ A ~ ( x , QZ)dx.) This scenario
has the welcome property that the SU(3)I symmetry is strongly broken with a marginal
or possibly even vanishing As - a situation similar to the unpolarized broken SU(3)
sea [68] ~ = d > s.
There is an alternative proposal 1,79-81,1 that invokes the Skyrme model for an
explanation of the small EMC result. Here one argues 1,79] that the quark singlet
combination AZ is suppressed by 1/N~ while Aq = 0(1) for each separate flavor, and
a similar suppression should hold for Ag(Q2). Although it is somewhat unclear what
precise relation there is between the Skyrme model and QCD, this explanation is
even questionable [60, 81] within the Skyrme model itself.
The characteristic feature of all these explanations of the small EMC result (45) is
a small, or even vanishing, singlet quark contribution A Z = A Z = 0 - 1 0 + 0 . 1 7 .
Therefore, these scenarios give rise to a "spin-surprise" (which is certainly not a
"spin-crisis"!) by considering the helicity sum rule
1 1

- ~-AZ + Ag + L~ -~ Ag + L~

(55)

i.e. the quarks do not sizeably contribute to the proton spin. Thus the spin of a
nucleon is built up only from gluon-helicities and angular momentum Lz (which is
the average value of the angular momentum of all quarks and gluons along the
quantization z-axis due to the finite k r carried by partons 1,60, 71, 82, 83-I--a rather
unexpected and curious result. It should be emphasized that the very reason for this
surprise lies in the fact that for this kind of models AZ is not constituent like, i.e.
AY~<<AY~sv(6J = 1, as in (50). This is in contrast to the intuitively more reasonable
pre-EMC Gourdin-Ellis-Jaffe expectation 1,67] As ~ 0 which implies, due to (47) and
(44), AY- = Aq8 = 0-68, i.e. about 70~ of the proton's spin is carried by its fermionic
constituents and the rest comes from Ag(Q z) + Lz(Q 2) in (55). It should be mentioned
that, although the L= contribution in (55) can be formally theoretically formulated
in a consistent covariant way 1-60], there appears to be no direct experimental test
of the size as well as the sign of L~(Q2)--apart from azimuthal distributions 1,84]
which are only sensitive to some average (k~) of rotating constituents in a polarized
nucleon target.
We turn now to an alternative explanation of the EMC result where the total gluon
polarization plays a dominant role and which is not plagued by the aforementioned
physical drawbacks.
AAA
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6.2 The large total yluon polarization
Here the smallness of the singlet component is (45) in entirely described within the
QCD improved parton model and is attributed to a large gluon helicity component
Ag in (46) using [74] ACg = - 1:
A~,(Q 2) = AY'.- 3 %(Q2)Ag(Q 2) = 0.10 4- 0.17
2n

(56)

where AZ (not A,~!) is defined, via eq. (47), as the total helicity of quarks. As an
extreme assumption one takes, for definiteness, As --- 0 (although a more realistic finite
but small value of As cannot be ruled out experimentally) which implies a large
AZ = Aqs + 3As ~ Aqs ~ 0"68 and thus eq. (56) requires
Ag(Q2 ) = 6.3 + 1-9

(57)

in order to explain the small EMC result. The coupling of Ag(Q 2) to the photon,
induced by the 75-triangle anomaly [85], is described by the first moment of the
Wilson coefficient ACg = - 1 which has been defined relative to ~q/4n for each flavor
of quarks and antiquarks separately [74, 86]
ACg(~q) =

;o

ACo(x, ~q)dx = - ~q/4rt

(58)

i.e. ACg(~q)- (~q/4n)AC 9, which gives (56). Formally the gluon contribution in (56)
appears as a non-leading correction at order ~t, but, because of (49), ~qAo is constant
in Q2 in the leading approximation and therefore should be treated at the same level
as the Q2-independent quark contributions tO 01 in the 'naive' LO parton model. It
should be furthermore emphasized that the splitting of A,~(Q 2) into a quark and
gluon term depends on the definition of the quark which is formally the leading term:
This partition (factorization scheme, ACg = - l) in (56) corresponds to AE defined
in such a way as being conserved [58, 87] also at the two-loop accuracy of massless
Q C D (i.e. APt1)=
0),
qq

d

d In Q2 AE(Q2) = 0 + 0(~3).

(59)

Since the present explanation of the low EMC measurement resorts to a large total
quark polarization, AE -~ Aqs ~ 0.7, we have
AZ -~ 0-7 < A]Esu(6 ) = 1

(60)

i.e. AE is constituent-like, in contrast to (50), as one expects for conserved quantities.
This is now in agreement with the flavor-nonsinglet sector in eq. (51) and again, say,
the 3 0 ~ difference between partons and constituents in (60) represents the breaking
from mass terms. Furthermore, in contrast to the previous explanation (scheme) based
on a large sea polarization, we do not face a 'spin-surprise' here, since there is an
(almost) "canonical" explanation of the nucleon spin
x - ½AE + a g ( O 2) +

L..(Q2)

(61)

where about 70% of the nucleon's spin is carried by its fermionic constituents and
2
the rest comes from A# + L: with Ag(Qo)
being, however, sizeable according to (57).
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Figure 16. The matrix element squared of the polarized subprocess 7*g-,q(l,
being related to the ;~5-triangle anomaly at the light-cone [QZ __,~), giving rise to
the Wilson coefficient ACg, i.e. to the coupling of A0 to gl.
Since the value of ACg in (58) has been a matter of dispute during the past years
[58-62, 74, 86-95], let me briefly comment on some details of its derivation. This is
due to the fact, as has been already repeatedly emphasized, that the gluonic contribution
in (56) is of course a matter of the convention used in defining the polarized quark
distributions, due to the usual factorization scheme dependence of the HO Wilson
coefficient ACo(x, ~s)--a situation very similar to unpolarized deep inelastic scattering
beyond the leading order (for a detailed discussion of various schemes as well as of
the related transformations of the 2-loop anomalous dimensions, the interested reader
is referred to references [87, 96]). Since a deep inelastic scattering process is supposed
to probe the hard pointlike patton structure of nucleons, one can, however, arrive
at the definite and finite result in (58) by resorting to the following two physically
intuitive assumptions: (i) the gluonic term in (56) receives only hard, perturbatively
calculable contributions and (ii) AZ remains a conserved quantity. The gluonic
contribution to 91 is now calculated via the polarized subprocess 7* 9+ ~ qq depicted
in figure 16. The collinear divergences can be regularized in various different ways
by giving, for example, a small mass to gluons (p2 < 0)[86] or to quarks (k2 = k 'z = m 2)
[74, 89, 91 ] or by using dimensional regularization (n = 4 + 2e, e > 0) [88, 91,92] or
by assuming a lower bound kr,mi" for the k r of the outgoing quarks relative to the
incoming gluon [90]. A straightforward calculation of the diagram in figure 16 then
gives
2AP~°'(x) (In ~ 2

+ In ~52 - 2 )
+0

p2<0,m 2=0

(62a)

2AUO)(x){ln Q2/rn2
1 -- x
)
~o \ - - l / g
+ I n x --1
p2 = O , m 2 ~ 0

+ 2(1 -- x)

l~rg(4 + 2e)

(62b)

2 2
where A~00) (x) = (2x - 1)/2 and - 1/~ - - 1/e + 7E - In 4rt + In Q/p
. When convoluted
2
with Ao(x, Q ) in the usual way, this gives then the gluonic contribution to 01p (x, Q 2 )
provided the collinear divergence terms proportional to In Q2/_ p2, In Q2/m2 or - 1/~
are factorized, as usual, into Aq(x, Q2) and resummed by the evolution equations.
The gluonic coefficient function ACg(x, ~q) is now determined by the remaining "finite"
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terms depending on the factorization scheme chosen, i.e. on how much of these "finite"
terms is absorbed, together with the cotlinear singularities, into the definition of Aq.
From (62a) one might conclude

AC~"'(x,~q)=~(2x-1)(ln~-1

2

)

(63a)

which, when integrated gives our advocated result in (58). On the other hand, from
(62b) one may (naively) conclude [91,92]

AC:'(x'a~)=~I(2x-l)(lnl-X-l)+2(l-X)]x

(63b)

which has a vanishing first moment

foAC(b)(x,O~s)dx=

as[ - 1 + 1] =0.
4n

(64)

This vanishing result is obviously caused by the last positive term + 2(1 - x) in (63b).
A closer inspection [93,90,62] reveals, however, that this positive contribution
+ 2 ( 1 - x) in (62b) derives from the soft non-perturbative collinear region where
k~ --, mq2<< A 2 and thus should be absorbed into the definition of the light quark
density AYe(x,Qo2) 1-74,86-90, 93]. This leaves us with the hard gluonic contribution
to ACg and (63b) changes to

AC~')(x'a'):~(2x-1)( lnl-zxx

1)

(63b')

heavy

which yields again the non-vanishing first moment in eq. (58). (For
quarks
(Q = c, b .... ), however, there are no contributions from the soft region and the positive
contribution + 2(1 - x) in (63b) comes from the hard perturbative region [87, 90, 93]
around k 2 --, me2>>A 2. Thus (63b) is the appropriate expression for heavy quarks
[97, 98] with its
first moment in (64), i.e. heavy quarks do not contribute
to the total spi n of the nucleon). It should be mentioned that different regularization
procedures, for example introducing a 'brute force' lower bound for kr with [90]
k~,min ~ 0 ( A 2 ) , result in the same hard gluon contribution to.
as in (63b').
Furthermore it is a peculiarity of the present case that the first moment ACg in (58)
can be calculated even without introducing any regulator at all [86, 89-1 due to the
vanishing of the first moment of AP~(x).
Having established that the finiteness of the gluonic Wilson coefficient is caused by
the hard perturbatively calculable contributions of the triangle anomaly, the large
total gluon polarization in (57), needed in addition for explaining the small EMC result,
can of course not be calculated perturbatively and one has to resort to non-perturbative
methods and/or to different hard processes where Ag can be measured independently.
Before turning to a discussion of these topics let me mention that one expects, on
rather general grounds [99] based on the (intrinsic) bound-state dynamics of the
nucleon and counting rules, the total gluon helicity to be sizeable, Ag(# 2) -1-2.
Although the scale g2 for this prediction is unknown, one expects an
quantity
to be relevant at a
bound-state scale, probably #2 < 1 GeV 2. Given the intrinsic
polarization, one can obtain the "extrinsic" one by applying the evolution equations

vanishing

ACg(x,a~)

low
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(radiative effects) starting at the bound-state scale /./2 which increase [62, 100] this
intrinsic result to a value compatible with the experimental requirement at
Q2 = 10GeV 2 in (57).
Along similar lines, the perturbatively defined Ag(Qo2) can be dynamically estimated
[100, 96, 101] using the renormalization group evolution equations supplemented by
some non-perturbative valence or valence-like boundary conditions at a low boundstate resolution scale Q2 ___//2. This radiative approach is very similar to the one for
unpolarized nucleons [102] where the gluon and sea distributions, in particular in
the unknown small-x regions, can be successfully generated from an experimental
valence and finite valence-like gluon and light-sea input at//2. For the present case
the relevant unpolarized input quantities are found to be [ 102] g(~u2) - ~ g(x,//2 )dx _ I
and s(//2) - ~ s ( x , / / 2 ) d x "" 0 at //2 _ 0"3 GeV 2. The general positivity constraints

[Af(x, Q2)[ ~<f(x, Q2)

(65)

with f = q, q, g, then constrain the first moments of the relevant polarized distributions
by
[Ag(/aE)l~g(//2)~l,

]As(//2)[~s(//2)~0

(66)

where [Ag(I/2)[ is surprisingly similar to the estimate of reference [99] discussed
above. The value of Ag(Qo2) can now be easily calculated [100_] from this input by
using the relevant H O evolution equation for the combination AE in (56) [74, 87, 89]:

dlnQ

\ 2~ ] (-2fJA~(Q2)

(67)

where fACgAP~°) = --2f, and A E is conserved to this order according to (59). With
A~- = Aqs + 3As ~ Aqs - 0.68 this yields [I00]

- 2-5 < Ag(Qo2) < 4

(68)

in agreement with experiment, eq. (57). It should be remarked that present EMC data
[55], taken at face value, allow even for a negative [103] Ag(Q 2) compatible with
(68). This is so because experimentally x >/0.01, eq. (38), and thus it is more appropriate
1
2
to analyze the "truncated" moment So.o~
glp (x, Qo)dx
with its gluon contribution being
given by
2

1

1

where ACg and Ag do not factorize anymore, in contrast to considering the (full) first
I p
2
moment Sog~(x,
Qo)dx
which has been done thus far (cf. eq. (46)). In this case the
(ambiguous) x-dependencies of ACg and Ag become relevant and the presently
available EMC and SLAC data [55, 57] can be explained in terms of a gluonic
contribution alone (As = 0) even with a ACg(x, ~q), for example in (63b), corresponding
to a vanishing (!) first moment [103].
6.3 Non-perturbative operator/current algebra approaches and estimates
In the previous mechanism the effect of the ~:5-triangle anomaly is completely described
within the context of the perturbative Q C D improved parton model: Ag can be
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measured in hard processes and once the total singlet contribution A~. is split into
an anomalous gluon term and a quark term according to (56), AZ approaches its
naive value. In this sense the mechanism is "perturbative', although AE and A9 can
certainly not be computed ab initio in perturbation theory, and the quark-like and
gluon-like terms are, by construction, individually gauge invariant and free of any
other theoretical ambiguities. This is in contrast to current algebra (CA) definitions
[61,63, 94, 104, 105] which in general include non-perturbative (Q2~ 0) contributions
[59, 106]. One can imagine that further non-perturbative contributions also due to
the anomaly (e.g. instanton terms [107]) could be present in the conserved quark
term making it different from the constituent limit even after subtraction of the
anomalous gluon component. More explicitly, the gauge non-invariant topological
gluonic current k s is usually employed for defining the total gluon helicity

(p, slku [p, s> -- -- ~ AgCAt27~75 u

(69)

with k~ appearing in the anomalous divergence relation (neglecting the small light
quark masses mq)
d'J~ = f 2 ~ tr(F~aff~a)

= fduI~ne'"P'trA,,(Fp.-~g, A p A . ) l - fduk u

(70)

which is due to the Adler-Bell-Jackiw 75-triangle anomaly [108]. Therefore the
singlet axial vector current j~ is not conserved even in the chiral limit for massless
quarks. However, according to (70), a conserved (but gauge variant) quark singlet
component AE cA can be obtained by rewriting JJ's = ( J ~ - f ku) + f k~ and identifying
<p, s[(j~ --fkU)tp, s> =-sUAXcA. Furthermore, an explicit computation by Forte [107]
of (p, slk~lp, s> in (69) has revealed that (~q/2r0AoCA= (~ff2rt)A9 + ~ where A9
corresponds to the gauge invariant hard piece of the anomaly which may be identified
with our perturbative partonic definition used thus far; the remaining gauge variant
Chern-Simons (instantonic) piece fl is the soft non-perturbative contribution to the
triangle-anomaly which does not correspond to a hard (large-kr) subprocess (i.e.
should be considered as part of the one-jet events [59, 106] 7*q_+ ~q_+ ) and thus
should be absorded into the definition of the conserved total quark polarization:
A,~ = [AE ca - f n ]

O~s

O~s

- f ~ x A o =-AX -f-2~Ag

(71)

leaving us with our original expression (56) with both terms on the r.h.s, of (71) being
separately gauge invariant. The term - f f l may be interpreted as an additional sea
polarization induced by instantonic effects.
It was claimed that, by evaluating the matrix element <p, slkulp, s> on the lattice,
one obtains the bound [109]
3 ~Ag+f2

<0-05.

(72)

This result is surprisingly small and, moreover, can obviously not be used to extract
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some information about Ag. It remains to be seen whether this result can be trusted
in view of the approximations involved (quenched quarks, small 63 x 10 lattices and
how to accommodate instantons .... ) and in view of the delicate problem of how to
define the topological charge on a lattice.
The splitting of A~,(Q 2) into a quark-like and a gluon-like term, both of them
gauge invariant and in particular with the correct behavior under the renormalization
group (RG), has been formulated and discussed in very general terms by Shore and
Veneziano [94, 105]. For this reason I will briefly outline their main results, although
there is no general consensus on their interpretation [61, 63, 104-1.
Generalizing the classic results of current algebra and PCAC, the GoldbergerTreiman (GT) relation for the flavor non-singlet isotriplet channel (F~gxNN =
2MG~3)(0) = Mg a with F~ " 9 3 MeV), to the flavor singlet channel one obtains
[94, 104, 105-] the so called "U(I) Goldberger-Treiman" relation
F~o(0)g~oNN(0) = 2MG A(0).

(73)

The singlet axial-vector form factor GA(0) is defined from (p,s[j~(O)lp, s) which is
related, via the O P E [94, 105], to the large Q2 limit of the matrix element
(p, sJj~(q)j,(-q)lp, s) in (33) measured indirectly by the polarized EMC/SLAC
experiments [55-57]: GA(0)IQ2=10GcV2-- A~'(Q 2) = 0"10 _+0"17 according to (45). It
is important to note that r/0 appearing on the l.h.s, of the singlet GT-relation does
not correspond to the physical SU(3)-singlet r/' but instead to the unphysical would-be
Nambu-Goldstone boson in the OZI limit of Q C D [94] where the triangle anomaly
is absent. This so because GA(0) on the r.h.s, of (73) is not R G invariant, due to the
non-conservation of the singlet axial-vector current in eq. (70); therefore the 1.h.s. of
the singlet GT-relation must be scale dependent as well in order to be consistent
with the RG, and so cannot simply correspond to the substitution of the r/' for the
n in the classical flavor non-singlet GT-relation where the anomaly is absent. This
RG non-invariance resides in F~o(0) = 2 f x / ~ , ' where X'(0) - d(iSd4xeiqx(OI T~"
k(x)t%k(O) 10))/dq 2 la2= 0 with the topological charge density d" k defined in (70), being
related to the topological susceptibility of massless QCD. [It is interesting to note
in passing that ~'(0) has been estimated from Q C D sum rules [110] and lattice
calculations [111] to be X'(0)~--(7_+3MeV) 2. This, together with the OZI
approximation [105] gr/oNN ~ N/~g~sNN where g,~aNN"~4, yields F og~oNN/2M"-'0"13
which can be even considered as a prediction of the small E M C result GA(O) ~_0.1
according to the singlet GT-relation (73)!] In order to gain more insight into the
mechanism responsible for the smallness of the 1.h.s. of the U(1) GT-relation (73),
it is useful to rewrite it in terms of the physical t/' [105]:
1

Fg,,NN(0) + ~ F

2

2

m ,gGNN(0) = 2MGA(0).

(74)

Here F is now a RG invariant process independent decay constant, related to the
zero-momentum limit of the propagator for the composite operator t~),sq, which is
not the r/' decay constant F , defined analogously to Fx. Furthermore, gGNN is the
scale dependent coupling of the nucleon to the gluonic operator d.k in (70). From
the requirement that the total quark polarization AY. should be R G invariant, one
may identify [94, 105] in the U(1) GT-relation (74)
2
2MAY-- Fg~,NN, 2M(-f)~sAg,~ -- ~1F2 m,CgGN
N
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as non-perturbative (gaUge- and isospin-invariant) definitions of the "quark" and
"gluon" components.
To go beyond these formal definitions one needs some guiding principle which
allows to estimate the actual size of each individual term in the singlet GT-relation
(74): One expects [105, 112] the OZI approximation to apply to those quantities
which are RG invariant (e.g. Fg~,~N), i.e. conserved, and thus have the same RG
behavior in Q C D itself and in the OZI limit; for those quantities which are not RG
invariant in Q C D (e.g. gCNN, GA), but which are RG invariant in the OZI limit, one
expects the OZI approximation to be strongly violated and therefore not applicable.
Thus [105]
1

ozl

1

AZ ~ 2MFg,,NN ~ 2M (x/~F~)(xf 2g"sNN) ~ 0"7,

(76a)

Ag ~ Ag°zl

(76b)

_ozl = 0,
YGNN

GA ~c:'°z~
A- -~0"68,
"~a ='-'q8

(76c)

which implies that the quark component AE of the proton spin is not small, and,
moreover, the observed small EMC value of G a -~0-1 would then be due to an
approximate cancellation in (74) between AZ and a large gluon component Ag, defined
in (75), which must therefore display large OZI violations according to (76b).
This interpretation is suggested (but certainly not required) by the success of the
OZI approximation for the decay r/' -o ~ where the analogous relation to (74) is given
by [112]
Fg,

1 2 2
4Ncct
( 0 ) + ~ F m,gor~(0)= 3n "

(77)

Here each term is separately RG invariant and thus the OZI approximation should
apply reliably which gives simply

4Nc~

v~F~g~'~ ~- 3~

(77')

since gor~ ~-0 in the OZI limit. This latter relation is quite accurately satisfied
experimentally [112] which supports the reliability of the above arguments.
It is certainly interesting to have rather general non-perturbative arguments in
favor of a large, conserved and thus constituent-like quark component AE which, on
account of the small EMC measurement [55], implies a large gluon polarization Ag.
Nevertheless it is clear that only future (dedicated) experiments can ultimately decide
about the physical reality of the various theoretical ideas and scenarios discussed so
far. In particular, the polarized gluon distribution Ag(x, Q2), about which no detailed
experimental information whatsoever exists for the time being, is here of crucial
importance. It is thus clear that we need much more information from polarized
experiments in the (hopefully near) future.
6.4 Phenomenological signatures of Ag and A(I
There have been many suggestions for measuring polarized parton distributions with
hard processes [58,59,61,62] but it appears to be particularly difficult to extract
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information about Ag(x, Q2). Since it is beyond the scope of this paper to discuss all
polarized processes suggested so far, I will concentrate on those which I believe are
the most important ones for delineating Ag. (All realistic measurements are of course
sensitive to Af(x,Q 2) and not just to their first moments. The interested reader is
referred to the reviews in references [59, 61,62, 89, 106, 113] and the references therein,
for a discussion of the detailed x- and Q2-dependence of polarized parton distributions.)
As in the unpolarized case, only processes where A9 occurs directly already in the
LO (with no Aq and At] contributions present) appear to be the most promising
source for measuring AO(x, Q2). This is the case for
(i) deep inelastic (or photon) production of heavy quarks Q = c, b via the fusion
process 7*(7)Ao~Q(~ responsible for open charm [76,89,98] or JAb production
[114, 115]. Although this production mechanism for open charm production is
theoretically clean with a sizeable polarization asymmetry [98] Ac = Ao~/ac = 20-30~o,
it will be hard for the presently ongoing polarized fixed target DIS experiments
[ 116, 117] to observe a sufficient amount of events since trc ~ 400 nb for Er > 100 GeV.
Here, I believe, because of the high-intensity ~'-beam, the SLAC experiment [117] is
in a much better shape than the SMC #p experiment [116] at CERN. The situation
is similar for J/~p production [114, 115] but here, however, one faces the additional
model dependence (duality '[118] or color singlet [119] model) for bound-state
production. Anyway, the hope is [115] that SMC could measure Ag(x,m~/~,) in the
region 0.03 < x < 0-25;
(ii) hadronic heavy quark production [120, 121] via the LO subprocesses

AgAo---,QO_, AqAt]~QQ.

(78)

which depends "'quadratically" on A9 and where the AqAt] contribution is small
[121], appears to be a very sensitive and presumably the best (most realistic!?) test
of A9. Here the polarized pp RHIC coltider (x/~ = 50-500 GeV) with high luminosity
(L > 1032 cm -2 s - i ) will play a decisive role provided, of course, our experimental
colleagues succeed in polarizing longitudinally both proton beams;
(iii) more recently it has been emphasized that singly polarized hadron-hadron
collisions [122-125], i.e. where only one incoming (possibly fixed target) hadron is
polarized, provide access to Ag(x, Q2) as well which appears to be experimentally
easier than working with both initial hadrons polarized. However, the prize one has
to pay here is that for Drell-Yan dilepton production [122, 123] either the polarization
of one of the final leptons has to be measured [122],

or the angular distribution of the produced lepton pair [123] as a polarimeter for
the virtual photon. Alternatively_.onecould also consider the production of a polarized
direct-photon [124, 125] via pp ---, 7X. It should be emphasized that one could use
here the energetic unpolarized proton beams of the Tevatron pp or HERA ep colliders
(Ep_ 1 TeV) to be scattered off a polarized fixed p-target [124], still giving rise to a
sizeable x//s ~ 43 GeV.
There have been many further suggestions and studies to measure Ag(x, Qz) and/or
At](x, Q2) in other suitable hard processes initiated by doubly polarized hadron-hadron
collisions such as the production of large-pr photons [125-129], Drell-Yan dimuons
[88, 125, 128, 129] large-pr jet asymmetries of final jj, jjj, jjy events [126, 130-134],
452
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etc. Again, the future high luminosity RHIC and U N K colliders will be essential for
performing such experiments. Recently, polarization asymmetries for semi-inclusive
pion production have been measured from doubly longitudinally polarized (anti)
proton-proton collisions at the Fermilab SPF [135] resulting in ALL(P
"° '-"p) "" 0 for
1 ~<Pr~°~<4 GeV at Eb~m
'p' = 200 GeV, i.e. x//~ = 20 GeV. It should be pointed out that
this result does not necessarily imply a vanishing [135, 132] gluon polarization Ag,
but is equally consistent with a large Ag ~ 3-6 [136]. A clean distinction between a
large and a small Aq scenario could be achieved, if it were possible to perform such
a semi-inclusive experiment at, say, x/s "-- 100GeV with p~r° > 5 GeV [136].
Furthermore, measurements of g~(x,Q:) at various fixed values of Q2 would be
very desirable in order to extract from measured scaling-violations Ag(x,Q 2) and
A~(x, Q2) using, as usual, the polarized evolution equations [72]. Strictly speaking,
this would be possible only in the LO at present [89, 106, 128, 134, 137, 138]. Since
Ag enters eq. (46) formally in HO, a theoretically consistent analysis in Bjorken-x
space requires, however, the polarized 2-loop splitting functions AP~/)~(x), which are
not yet available, in order to allow for a renormalization/factorization scheme
invariant analysis of gP(x, Q2) in (42):
g~(x, Q2) _ ~ACq.Aqa at_3~6ACq.Aq8 + ½[ACq.As q- 2AC0.Ag ]

(79)

where A C . Af = ~(dz/z)AC(:, ~)Af(x/z, Q2) and the fermionic Wilson coefficient is
given by [88]

-~- -4F
1
x2) (ln_(l_ Z x)~
A C q ( x ' ~ s ) = 6 ( 1 - x ) + 2 n 3 1 (1+
\ 1 - x /+
1-x

lnx + 2 + x -

+

3
1
2(l-x)+

6(1-x)

(80)

and with the gluonic Wilson coeffÉcient ACg(x, ~ ) given by [88] eq. (63b'), although
this latter choice is a matter of convention.
Finally, I remind you that the small EMC result (37) implies further dramatic
consequences for the polarized neutron structure function g](x,Q 2) by making use
of the "sacred" (isopin invariance) Bjorken sum rule [70] in (43),

;o

[o~(x, 9. 5) - o](x, Q~)]dx = ~g,(1 - ~(0~)/r0

(81)

,

where I have included the small e~/~ correction [69]. This gives, using (37),

fo

~g] (x, Q2)dx = - 0.07 + 0.02

(82)

which is about ten (t) times larger than the pre-EMC Ellis-Jaffe expectation
g] (Q2)~j ~ _ 0.006 based on (39).These predictions for g] can be straightforwardly
translated into Bjorken-x space,
Onl(X, O 2 ) = olp (x, Qo)
2 - ~, [auv(x, Qo)
2_Adt,(x,Q~)],

(83)

where the insignificant H O contribution due to ACq in eq. (81) has been suppressed,
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Figure 17. Predictions for g~(x,Q2o)according to eq. (83), where gl(X,
Qo)
has
been taken from the central EMC-fit [55]. The solid (GRV [138]) and dashed (CGS
model I [ 139]) curves refer to two different polarized valence quark densities. For
illustration the short-dashed curve shows the expectaction for g~ based on the
original estimate of Gourdin, Ellis and Jaffe [67] (i.e. A~ = Ag = 0) using the above
valence distributions of GRV [138].

which are shown in figure 17 for two different sets of polarized valence densities
[138, 139] with gl(
v x, Qo)
2 taken from EMC/SLAC measurements [55, 57]. Due to the
large negative area of g] in (82), the predictions in the small-x region (x < 0.2) differ
of course significantly from the original pre-EMC G o u r d i n - E l l i s - J a f f e [67] estimate
based on assuming A~ = A9-- 0. Since this latter estimate disagrees with the more
recent E M C measurement [55] in (37), a confirmation of the large and negative
predictions for g~(x, Q2) in figure 17 could serve also as a sensitive cross-check of
the E M C data on g~(x, Q2) in the small-x region. Such neutron measurements will
be available soon [116, 117] which, furthermore, will serve as a fundamental test of
the crucial Bjorken sum rule and of the QCD-improved parton model! Any significant
deviation from these predictions would indicate the importance of non-perturbative
higher-twist contributions invalidating (83). Alternatively, there are n o n - Q C D models
that contemplate a violation [140] of the Bjorken sum rule, where the r.h.s, of (81)
is expected to be about half as large ( = 0.1) due to physically motivated final states
("fire-strings") as opposed to quarks and gluons; this violation, being of non-partonic
origin, is thus not related to a breakdown of isospin symmetry.
7. T h e transverse spin structure function g2

The second spin-dependent deep inelastic structure function g2,, which is kinematically
suppressed, appears in the antisymmetric component of the hadronic tensor in (33)
454
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in the following way (for recent reviews, see references [141,142, 58]):

M [ s pg l
W . . . . + ieu,.~,t~q~'p,

+

p'qsP-s'qp#
. . . . . .
p'q

g2

1 + "".

(84)

For the longitudinal polarization considered so far, i.e. s # (anti)parallel to the beam
direction, one gets

WII = ± [gl -- (2xM/Q)2g2] ~- +--ga

(85)

which gives access dominantly to Aq(x,Q 2) and Ag(x,Q 2) via, e.g., eq. (79). F o r a
transversely polarized nucleon, i.e. s p transverse to the beam direction, one has

W ± = +_(2xM/Q)[g, + gz]

(86)

so that Oa and 92 enter with equal coefficients, which allows for a measurement of

g2(x,Q 2) although the rates will be down by a factor xM/Q with respect to ~85).
Strictly speaking, it is therefore the combination 91 + g2 which is the 'transverse spin
structure function' although, for obvious reasons, one usually refers just to 92 [141].
Since g2 is related to a transverse polarization, it may not be e a s y to find a partonic
interpretation because a massless parton can only have a longitudinal polarization.
Furthermore, g2 vanishes for a free (massless or massive) quark, i.e. for a pointlike
nucleon, and thus 0z cannot be expressed as an incoherent sum over free on-shell
partons. The p a r t o n s must be interacting (quark-gluon interactions) a n d / o r virtual
in order to contribute to g2. Therefore g2 will serve as a unique probe of 'higher
twist' (twist - dim. - spin = 3) as well.
Regardless of the difficulties with a partonic interpretation, one usually writes
_

02 --

9ww
2

-/t-

02

(87)

where the twist-2 'Wandzura-Wilczek' piece [143] 0 ww receives contributions from
the same class of twist-2 light-cone operators which determine 91, giving rise to the
so-called W a n d z u r a - W i l c z e k relation

gWW(x ' Q2) = _ gx(x, Q2) + I
Jx

dzgt(z, Q2),

(88)

Z

and where O2(x, Qz) refers to the twi-st-3 contribution which can be non-vanishing
due to quark-gluon correlations [144, 141] in the target nucleon and due to quark
masses. In other words, 02 is determined by the partons' transverse momenta and
their off-shellness ( ~ A 2) which are unknown in the p a r t o n model. The origin of the
WW-relation (88) can be easily understood in terms of a light-cone operator expansion
of (84) where two classes of operators occur [69, 141]. One class is represented by
totally symmetric operators of twist-2 (spin = n + 1)

0"2: 7775yI#D~'D" .... D"""q, etc.

(89)

where n/> 0 and the appropriate subtraction of trace-terms is always implied. T o the
second class belong twist-3 operators (spin = n) with mixed symmetry that need at
least two (antisymmetrized) indices (n > 0)

03: (lY57t"DlU'lD u.... DU,lq
(175m[7",71U']D"2...D""lq,

etc.
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Figure 18. Expectations for the twist-2 contribution gWW(x,Qo2) to g2 as computed
from the WW relation (88) using a parametrization (solid curve) of the EMC data
[55] for g~ at Qo2 - 10GeVz.
The (Mellin) moments of g~ and g2 are then given by

f~

xngl(X, Q2)dx = an,

fo

t Xngz(X, Q2)dx = ~ n (dn - a,)
n+l

(91)

where an and dn denote the nucleon matrix elements of 0~ and 03, respectively. If the
twist-3 operators are negligible, i.e. all dn--0, then (91) immediately gives the WW
relation [143, 141,145] (88) which completely determines the twist-2 contribution
gWW
to £/2 in (87) in terms of the measured gl (x, QZ): The expected shape ofg 2ww(x, Qo)2
2
is shown in figure 18 derived from the existing EMC data Ir55] for gl (x, Qo2 _~ 10 GeV 2).
Note that an experimental confirmation of the prediction for g2ww(x, Q0)
2 in figure 18
(dashed curve) would imply the absence of any twist-3 g2 contribution to g2 in (87).
The expectation that g2 should be small is based on the fact that it vanishes for
ultra-relativistic on-shell quarks where s#--. p# (i.e. in this case there are not enough
four-vectors to form an antisymmetric combination in (84)) and that non-relativistic
corrections, being of the order mq/M or m,JA, are small for light quarks. In general,
however, this twist-3 piece g2, being the contribution from the d~ sequence in (91),
is not expected to vanish due to the off-shellness of interacting quarks [58, 141,144-146]
with virtuality k 2 where k2/A 2 is not small. Indeed, the first of the twist-3 operators
can be shown 1-144] to be an operator of order g~ involving the gluon field strength
tensor, gs~]/~'u'Tu2...q. (Note that even for a free quark, where g2 vanishes, gww has
to be exactly cancelled by g2 in (87); in this case the contribution to g2 is entirely
given by the mass operator in (90).) In the chiral bag model, for example, the quarks
inside the bag are much off-shell [146, 147] and consequently the departures from
the WW prediction of g2 eq. (88), are sizeable, as can be seen from figure 19 where
the predictions 1-148] for gl.2 of an improved and extended (one-gluon exchange)
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Figure 19. Predictions [148] for g2 of an improved and extended (one-gluon
exchange) version 1-147] of the MIT bag model using a bag radius R = 0-7 fm and
for the spin-singlet (triplet) intermediate diquark masses 0.56 (0.8) GeV. The EMC
prediction for #ww at Q2 .,. 10GeV 2 is the same as in figure 18.
version [ 147] of the M IT bag model [146] are shown. It should, however, be emphasized
that the results of such bound-state models are expected to hold at some nonperturbative bound-state scale, typically Q2=O(A2). Strictly speaking it would
therefore not even be possible to use these predictions as an input for an evolution
to a larger, experimentally relevant scale Q2 > 1 GeV 2, unless one arbitrarily chooses
the bag bound-state scale Q2 >>A 2 from where a perturbative R G evolution could be
started. In order to demonstrate the importance of different scale effects, the E M C
prediction for gww
at QZ ~ 10 GeV 2 is shown in figure 19 as well (this dashed curve
2
is the same as the one in figure 18). The difference between the bag and E M C prediction
is indeed very large, indicating that expectations from bound-state models are not
very relevant for actual deep inelastic measurements. This is not very surprising since
the bag predictions [146, 147] for gl (as well as for unpolarized structure functions)
disagree with actual measurements. Therefore the large bag-model prediction for #2
in figure 19appears to be also not too relevant for future experiments. This is particularly
disturbing here because the Q2-evolution of ~2(x, Q2) is theoretically unknown and
in general an unsolved intricate problem, because the number of independent twist-3
operators 03 in (90) increases with n [149]. Thus there exist no Altarelli-Parisi type
evolution equations and any extrapolation to the interesting small-x region is entirely
unknown. There have been attempts [150] to construct practical approximations to
the Q2-evolution in the limit x --* 1 (large n) but the very large-x region is experimentally
(and theoretically) less relevant.
It is therefore very important to check experimentally first the W W relation (88)
[i.e. is #2 ~ gww?] and then to extract g2 = g2 -- gww
2 • No measurements of 02 exist
so far. A measurement of~2(x, Q2) which appears to be easily accessible to experiment
will provide, for the first time, important information about the nucleon matrix
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elements of specific interaction-dependent quark-gluon operators of higher-twist and
thus further insight into the bound-state dynamics involved.
A further important issue to be tested experimentally is the validity of the Burkh~irdtCottingham (BC) sum rule [151,141]

fo g2(x, Q2 )dx = 0

(92)

i WW
(Note that gww in (88) obeys, on rather general grounds, this sum rule, S0gz
(x, Q2 )
dx = 0). This sum rule is a sufficiently general result of a super-convergence relation
based on Regge asymptotics [ct(0)< 0]. It turns out to be very robust and is most
probably true [141,146, 152] (unless there are Regge cuts with branch points at
~(0) >/0 or specific non-polynomial J = 0 fixed poles in Compton amplitudes that
could invalidate the BC sum rule only by-terms of order at most [153] 1/Q2). It
should be pointed out that the light-cone approach does not predict the first moment
in (92), since the n-moment ofgz in (91) is only valid for n > 0. Although the presence
of the factor n in (91) indicates the validity of the BC sum rule, we would need the
n ~ 0 continuation of the twist-3 matrix element dn: If d, < 1/n as n ~ 0 , the BC sum
rule (92) would hold; it would not hold if d, ~ 1/n for n ~ 0 (but we know that the
twist-2 matrix element ao is not singular because the first moment of g~ is finite). It
is important to check the validity of the BC sum rule by experiment, as far as possible.
It would be very interesting if it were not true, because this would imply a nonconventional behavior of twist-3 operators (dn ", 1/n) or the importance of long-range
effects [146, 154].

8. Transverse chiral-odd structure functions

For completeness let me finally briefly mention the chiral-odd "transversity" distributions [155, 156, 142,69, 149] which received some interest recently. Analogously to
91, the leading twist-2 "transversity" distribution ha(x, Q2) is defined as measuring
the probability in a transversely polarized nucleon to find a quark aligned with the
nucleon polarization minus the probability to find it oppositely polarized. Thus this
distribution can be directly measured, for example, in a doubly transversely polarized
hadron-hadron scattering process where it appears in a transverse spin asymmetry
ArT defined as a straightforward generalization [156] of the longitudinal one in (34).
A transversity distribution is chiral-odd in the sense that it measures the correlation
between left- and right-handed quarks (L~--~R). This is in contrast to the deep inelastic
structure functions 01,2 discussed thus far which, for obvious reasons, are always
chiral-even ( L ~ L, R ~ R) apart from small quark mass corrections. The chirality of
a quark can be flipped (without suppression) via the hard subprocess part, for example,
in a Drell-Yan process with two initial hadrons, in contrast to a fully inclusive deep
inelastic ep scattering process where the chirality is always conserved. Therefore, h 1
and h 2 (which is the chiral-odd analogon to g2 and receives twist-3 contributions as
well) cannot be measured in fully inclusive deep inelastic lepton-hadron scattering
and the transverse distributions extracted from the transverse structure function
91 --I-92 in (86) are of course not the same as the ones measured by the pure twist-2
quantity h 1(x, Q2). Furthermore this latter twist-2 distribution hi, where only fermions
contribute, obeys a simple Altarelli-Parisi type of evolution equation [157].
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There have been various suggestions [156-160] to measure the quark transverse
polarization in doubly transversely polarized hadron-hadron initiated reactions using
the azimuthal dependence of the produced particles, like Drell-Yan dileptons, direct
photons, heavy quarks and quark/gluon jets. For example, for the case of dilepton
production the spin asymmetry Axx for transverse-transverse collisions measures
directly I11, whereas for longitudinal-transverse collisions ALr gives access to h 2
provided 91 and 91 + 92 are known; longitudinal-longitudinal collisions obviously
give gl via ALL.The experimental feasibility of these suggestions seems to be limited
both by the low rates and by the difficulty to produce intense high energy polarized
colliding hadron (in particular antiproton) beams. For this reason it has been suggested
more recently to use sinole transverse polarization experiments where only one initial
hadron is polarized, with the other one being unpolarized, and the polarization of
the final state particle is observed instead [161-163]. Alternatively, transversity
distributions can also be measured by a semi-inclusive deep inelastic ep scattering
experiment, with an unpolarized electron and a transversely polarized proton target,
producing a polarized quark jet, for example [162, 164, 165]. It will not be easy to
measure the transverse handedness of the quark in the final state and old ideas [166]
have been recently revived [162, 165, 167] for determining the polarization of an
outgoing quark (or gluon) via the hadron distribution in the jet. Since transverse and
"transversity" distributions are experimentally entirely unexplored, we hopefully can
look forward to many new results in the years to come.
9. S u m m a r y and conclusions

Theoretical aspects concerning leading and higher (two-loop) order of perturbative
QCD as well as various approaches of extracting leading twist-2 parton distributions
from structure function measurements have been critically discussed and summarized.
Although conventionally fitted parton distributions have no predictive power outside
the kinematic (x,Q 2) range used to fit the data, their implications for the small-x
region (x ~< 10 -2) are analyzed and compared with the predictions of radiatively
generated gluon and sea-quark distributions with their low-x behavior being given
entirely by the Q C D dynamics. These latter radiatively generated parton distributions,
where a low input scale Q2 _ 0.3 GeV 2 was chosen in order to allow for valence-like
inputs for gluon and sea densities as well, have the characteristic (parameter-free)
feature of being steep as x ~ 0.
All these universal (i.e. process independent leading-twist) results for parton distributions are also compared with an alternative approach in the small-x region where
non-linear higher-twist shadowing contributions ("fans") are added to the twist-2 LO
terms in the evolution equations. It should be emphasized, however, that these higher
twist terms (-,~ 1/Q 2) are process dependent, i.e. non-universal, and thus the resulting
parton distributions for deep inelastic lepton-nucleon scattering cannot be used for
predicting other reactions such as hadron-hadron scattering. These extended non-linear
evolution equations have a rather restricted domain of validity, since the corresponding
non-linear O(1/Q 4) contributions have not yet been calculated. It therefore turns out
that possible non-linear shadowing effects may be clearly observable experimentally
only provided F2(x, Q 2) is flat in x ( < 10 -2) at some fixed low input scale Q2 =QO=2
1-5 GeV 2, say. If, however, structure functions and the resulting parton distributions
are steep in the small-x region, as indicated by very recent small-x measurements of
the N M C collaboration and expected from radiative (dynamical) calculations of gluon
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and sea distributions, then there seems to be not much room for sizeable non-linear
shadowing effects.
The explanation of the spin content of the nucleon in terms of a large quark-sea
or gluon component (or a combination of both) is, strictly speaking, a matter of the
(theoretical factorization) convention used in defining polarized quark distributions.
If the gluon component is entirely absorbed into the definition of total quark polariza
tions, a large negative strange sea polarization is required for explaining the "small"
1 p
EMC measurement Of Sogldx
at Q2 -~ 10GeV 2, or a SU(3)y broken sea polarization
with A6 = Ad>> As ~-0 can do as well. However, a sizeable gluon contribution Ag
appears to be intuitively more plausible since its coupling to the photon, induced by
the triangle anomaly, is non-vanishing if only hard perturbative contributions,
appropriate for a deep inelastic process, are taken into account; the soft non-perturbative
pieces are absorbed into the definition of quark polarizations which corresponds to
a large and conserved total polarization of the flavor singlet quark component
AE --- Au + Ad + As. Thus AZ is constituent-like, as are the conserved flavor non-singlet
quark polarizations fixed by hyperon ]~-decays. The large total gluon polarization
Ag, needed in addition for explaining the "small" EMC measurement, cannot be
calculated perturbatively and one has to resort to non-perturbative methods and/or
to different hard processes where Ag can be measured independently.
Various theoretical arguments have been given in favor of a sizeable Ag and in
particular recent non-perturbative (current algebra) arguments result in an estimate
of a large value for Ag. It is clear that only future dedicated polarization experiments
can ultimately decide about the size of Ag: There have been many suggestions, but
I believe that polarized photoproduction of heavy quarks and, in particular, purely
(longitudinally polarized) hadronic heavy quark production, which depends
"quadratically" on Ag, will be the most sensitive and important experiments for
delineating Ag(x, Q2). Perhaps a singly longitudinally polarized proton-proton
scattering experiment, using the 1 TeV unpolarized proton beams of Tevatron or
HERA to be scattered off a polarized fixed target, could do the job as well provided
the experimentalists manage to measure the polarization of one of the final leptons
of a produced Drell-Yan lepton pair, say. In addition, of course, the EMC result has
to be checked by remeasuring g~ and a measurement of the polarized neutron structure
function g~(x, Q2), hopefully available soon, will serve as a fundamental test of the
crucial (isospin symmetry) Bjorken sum rule and of the QCD-improved parton model.
A measurement of the transverse spin structure function g2 (x, Q2), or more precisely
gl + g2, will provide important information about specific quark-gluon operators of
higher twist and thus further insight into the bound-state dynamics of nucleons. This
will be achieved by looking for deviations of g2 from its twist-2 Wandzura-Wilczek
contribution, uniquely determined by gl. A further important issue to be tested
experimentally is the validity of the Burkhardt-Cottingham sum rule for g2(x, Q2)
which is expected to hold on rather general grounds.
Finally, the so far entirely unknown "transversity" distributions, although not
related to the spin structure of nucleons, should be experimentally explored either
in doubly transversely polarized hadron-hadron scattering experiments or in semiinclusive deep inelastic reactions with just the proton target being transversely
polarized and by measuring the polarization of the produced outgoing quark.
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N o t e added in proof

While this review was being printed, the HI collaboration at HERA (DESY)
announced their first measurements of F~zP(x,Q 2) in the very small-x region [168]
which confirm the radiative (dynamical) G R V predictions [37, 54-1 down to x < I 0 - 3
as shown in figure 6 and discussed is §3.1 and at the end of§4. Furthermore, for the
case of longitudinally polarized #p scattering, the SMC collaboration at C E R N just
published [169] their recent measurements of 91ix,
a Q2 ) which confirm the Bjorken
sum rule (81) and thus the (large) expectation for 9](x,Q 2) in (82), using the E M C
result for 9~-

466

Pramana - J. Phys., Vol. 40, No. 6, June 1993

