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1. INTRODUCTION

The importance of spin in high energy hadron physics has not yet been fully appreci-
ated in spite of numerous striking experimental facts recently observed in many different
reactions. This reflects the widespread prejudice that spin is an inessential complication. It
is based on the fact that according to naive arguments, when the available energy increases
in hadronic collisions, the masses of the particles involved become negligible, so one should
expect all fermions to behave like massless neutrinos with trivial helicity properties. As a
result in particular no transverse spin effects should survive at high energy and we will see
that experimental data do not support at all this over simplified picture because, first some
of these spin effects are and remain non zero as the energy increases and second, there are
some which are even growing with energy. We will see that spin effects are puzzling and
must play a genuine role in our understanding of strong interactions dynamics. We believe
that they should motivate new theoretical efforts because they contain a unique informa-
tion which can help to clarify some key physics issues. Although, part of this information
is burried in unpolarized cross sections, one must remember that for consistency, these
basic observables in the first place, should be well described by any sensible theoretical
approach of spin effects. In what follows, we will strongly emphasize this point and we will
also stress the relevance of interference mechanisms for the description of some transverse

spin effects both in exclusive and inclusive hadronic reactions.

Polarized deep inelastic scattering allows to learn about, how the proton spin is shared
among its constituents, more precisely about their helicity distributions, and the existing
data has led to various theoretical interpretations from which have emerged different pic-
tures of the proton spin structure. We will also mention the relevance of Drell-Yan lepton
pair production with polarized beams for learning about quark and antiquarks transversity

distributions.

The outline of these lectures is as follows. In the next section we will consider spin
effects in exclusive reactions, successively at small and large scattering angles, this last

kinematical region allowing to probe hadronic properties at very short distances. In sec-
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tion 3 we turn to spin dependence in inclusive reactions and we will first mention the
problem of the single helicity asymmetry related to parity violation as a test of the elec-
troweak standard model. We then discuss several single transverse spin asymmetries in
particular in hyperon production in the fragmentation region corresponding to small trans-
verse momentum (pr < 1 GeV/c). We will also consider the central region and large pr
and some double helicity asymmetries. In section 4 we will discuss polarized structure
functions both in leptoproduction and in Drell- Yan lepton pair production and the impor-
tant issues related to the proton spin problem. Concluding remarks are given in the last

section.

2. SPIN IN EXCLUSIVE REACTIONS

2.1. The small scattering angle region

This is the region which is dominated by soft physics and many different dynamical ap-
proaches give a reasonable account of medium energy phenomenology in this kinematical re-
gion [, Let us first recall, some simple ideas based on the so-called naive (non-relativistic)
quark model. Each hadronic scattering amplitude is represented by the coherent sum of all
possible quark-quark scattering amplitudes assuming that only one quark in each particle
can interact at a time and possibly flip its spin. The remaining (or spectator) quarks do not
affect the scattering except that they afterwards recombine with the interacting quarks to
form the final hadrons. As a consequence it is possible to relate meson-baryon and baryon-
baryon reactions since they both proceed through the same quark-quark amplitudes. In
particular, one can relate the two inelastic reactions pp — A**n and K*n — K*%, both
exotic in the direct channel and having the same Regge exchanges in the t-channel. From
the original sixteen amplitudes describing pp — A**n, ten of them vanish and one is
left with the same number of amplitudes characterizing K*n — K*%p. So one gets, for
example, interesting relations between the density matrix elements of K*° and of the A*+

which are in fair agreement with the 6 GeV /c data as shown in Fig.1!,

! For a more complete analysis in different helicity frames, see ref.[3].
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QUARK MODEL RELATIONS FOR K*n = K*%p
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Fig.1 Quark model predictions of the relations between the density matrix elements of

K*n — K*% and pp - A**n at 6 GeV/c (data from ref.[2]).

Let us now consider nucleon-nucleon scattering. We recall that nucleon-nucleon elastic
scattering is described in terms of five independent helicity amplitudes ¢;(i = 1,...5)
usually denoted as follows: ¢y =< ++ |+ + >, =<+ +|—=>, 93 =<+ |+ - >,
$s =<+ —|—+ > and ¢ =< + + |+ — >. We will be concerned with the following set

of observables defined in ref.[1] whose expressions in terms of the ¢;’s are

00 = s*do/dt = 1/2[|$1* + |$af® + |8s]° + |6al” + 44s!"]
A =Im(¢1 + d2 + &3 — ¢4)03) /00
ANN = Re($1¢; — ¢3¢} +2|¢5]*)/ 00
D = Re($163 — 28] + 2és/") a0 W
KN~ = Re($34; — 618} +2(¢5[*)/00
Arr = =[|61]* + [62)® = 163 |* - |¢4*]/200
Ass = Re($14; + $36;)/ 00
ALs = Re[($1 + ¢2 — ¢3 + ¢4)95)/ 00

do/dt is the unpolarized cross section, 4 is called the analyzing power (or single trans-
verse spin asymmetry) and Ayn the transverse spin-spin correlation parameter. In the
small angle region the relevant framework is the classic Regge theory which provides a
simple description of the analyzing power A in a two-body elastic reaction in terms of an
interference mechanism between the non-flip amplitude, mainly imaginary, dominated by
the Pomeron exchange and a flip amplitude whose phase is related to that of the domi-
nant Regge exchange. As a consequence, at a fixed t-value, A decreases with increasing
energy following the general trend of the data. In pp elastic scattering at high energies A
is non-zero as shown in Fig.2 and one may wonder about the Pomeron helicity-flip. The
unpolarized cross section do/dt is well described by the impact picture approach 18 in a
very broad energy range. In Fig.3 we recall a confrontation of the model (solid curve) with
the best available data at 24 GeV/c showing that indeed diffractive scattering dominates
up to [t| = 4 GeV?, but then it clearly goes below the data. The spin dependence was
introduced in the model by assuming the existence of a hadronic matter current inside a
polarized proton. Hadronic motion along the direction of the incident beam hitting the
polarized proton is described by a velocity distribution w(b) which is a function of the
impact parameter b. In the absence of any precise determination of this function, one

chooses arbitrarily a Gaussian form w(b) = wy exp (—b2 / bg) which leads to the predictions
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shown in Fig.2. Although the errors in the data are large, there is an indication for a larger

polarization at higher t-values.
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Fig.2 pp elastic analyzing power at pj,s = 150 and 300 GeV /c. Data from ref.[4] and model
predictions from ref.[5].
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Fig.3 pp elastic scattering data from ref.[6]. Solid and dashed curves are explained in the
text.

2.2. The large scattering angle region

In the large angle region there is a fair amount of data in nucleon-nucleon elastic
scattering. First let us recall that one can express in terms of 4 and Ayy the ratio of

spin-parallel to spin-antiparallel cross sections as follows

o1l _ 1424+ Anw

——

O,Tl" I”ANN (2)

and one sees on an interesting plot (see Fig.4) how this ratio varies against p% and pias

Fig.4 Three dimensional plot for o1;/0y, against p3 and pj,; showing also the fixed 8 .
behaviour from ref.[7].
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some remarkable features of data, first at fixed energy. At pip = 24 GeV/c (see Fig.3), 5 o e ad
after the characteristic narrow diffraction peak, do/dt has a slower fall off in ¢ up to | o 0oy
8..m. = 45°. At 6 GeV/c the analyzing power for np elastic scattering is negative at large . ,"' wap &
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higher positive value for fm, ~ 45° as shown in Fig.6. At fixed angle do/dt near 90° /
has a very fast drop off with energy up to 20 GeV/c or more (see Fig.7) and Ayn has : e
a dramatic rise above 8 GeV/c up to 60% at the highest energy ever measured as shown ‘
in Fig.8. At f.m. = 50° (see Fig.9) the behavior of A suggests the appearance of a new ) -r o
regime for pip > 20 GeV/c which remains to be confirmed by the measurement of Ayx ' bl
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Fig.5 The analyzing power A for np elastic scattering at 6 GeV/c from ref.[8]. Fig.8 The Ay parameter for pp elastic scattering at fc.m. = 90° versus pras from ref.[11].

The curve is hand-drawn to guide the eye.
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Fig.9 pp polarization parameters A and Ay n versus py,; for 8., = 50° (data from refs.[12]

and [13]). The curves are hand drawn to guide the eye.

Before we discuss different possibilities, let us make some remarks about the special case
of pp elastic scattering at 90°. Like in the forward direction, life is simpler because only
three amplitudes survive since ¢3 = —¢, and ¢s = 0. So instead of twenty five observables
resulting from the initial five amplitudes, we have only nine observables; eight of them

vanish (e.g. A = 0) and there are eight linear relations e.g.
Dyn=Kyn and 14 Ay = Ayn — Ass . (3)

In addition there exist special positivity relations, generalizations of the obvious constraint
|A| £ 1, like for example

14+ Any
3 4

[Dnn| €

Knowing Ayny and ALy, €gs.(3) and (4) can be used to predict Ass and to put limits
on [Dyy|. These relations, which are a guide for experimentalists, should be satisfied by
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any dynamical assumptions. Clearly they don’t hold for np elastic scattering because of

non-identical particles.
One possible theoretical framework is perturbative QCD predicting for the cross sec-
tion of any exclusive process a + b — ¢ + d, the asymptotic scaling law

5 =" F(bem) (5)

do

t
with n = 10 for baryon-baryon scattering. This rapid energy dependence is in reasonable
agreement with the data shown in Fig.9. However the exact expression of F(6. . ) pro-
viding both the absolute normalization and the angular dependence of do/dt involves in
perturbative QCD an impressive number of lowest order diagrams (see ref.[14]) and is not
yet available. Note that according to the data of ref.[15] on vy — 7¥x~, K*K~ and pp,
the predicted normalization is wrong by a substantial factor. There is another problem

when one compares baryon-baryon and baryon-antibaryon scattering as shown in Fig.10.
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The pp data fit to s~° and this line extrapolates reasonably well to the data at pj.s = 10
GeV/c obtained at BNL ['"] i.e. (48 £ 5)nb/(GeV/c)?. However the pp data fall more
rapidly than the lower curve which is s~!? and this is consistent with some upper limits

obtained at higher energies.

There is another simple feature of perturbative QCD that one ought to test with the
spin dependent observables that is the helicity conservation rule (18] The sum of the initial

helicities must be equal to the sum of the final ones
Ag+Ap=Ac+ Mg (6)

as a consequence of the vectorial nature of the gluon and of the chiral limit for light quarks.
For both pp and np elastic scattering this rule implies that the amplitudes ¢, and ¢5 must
be zero at large angles. Let us examine several consequences of this restrictive situation at
large angles in addition to the fact that the helicity amplitudes resulting from perturbative
QCD are expected to be essentially real, although this last assumption can be relaxed as

we will see later.

i) the analyzing power A must vanish because it is linear in ¢5 (see eq.(1)), but this is

obviously not verified by the data presented earlier.

ii) there are new constraints between the double spin correlation parameters for example

Ass = —ANN
and (7

|DNN
Knn

I = J%(l —ALl) 1+ AL \/(1 +ALL)? _4A%IN)

so by measuring Ayy and Ap; itkis possible to predict Agss, |Dnn| (or |[Knn|)
which are consistency checks. At 11.75 GeV/c, the data does not satisfy this, because in

particular for 8. ,,. > 65° one has {19

(14 AL — 24NN)/4 = (—0.072 £ 0.02) (8)
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which, according to eq.(7), should be a positive quantity!

iii) Ayn has now a much simpler form and reads

___—243¢4 (9)
Tei+eitel

At this stage one may ask the following question: is it easy to understand the rapid
variation seen in the data namely Ay y ~ 0 at 50° and Ay y ~ 60° at 90°7 From eq.(9)
one needs either ¢3/¢; ~ 0 or ¢./¢; ~ 0 at 50° and ¢3/$1 = —¢4/$1 = \/3/-_:2 at
90°. In most models ¢3/¢; ~ 1 at all angles, so the ratio of the double flip amplitude
¢4 to the non flip amplitude ¢, should vary quickly between 50° and 90°. Another
consequence of ¢, ~ ¢, provided ¢s is not zero, is the fact that Aps defined in eq.(1)

ANN

is expected to be very small for all angles in agreement with experimental observation
(19],

The constituent-interchange model 129 which satisfies the helicity conservation rule is

even more restrictive because one has

61 =3 — ¢y
¢ =56 f(Bc.m.) +68 (7~ Bcm.) (10)
¢4 = —68 f(6c.m.) — 56 (7 — bcm.)
with
f(Bem.) =0.5/(1 — cosbc.m.)*

It leads to An n (90°)=1/3 and almost the same value at 50°, in complete contradiction
with the 12 GeV/c data [14,

We regard this situation as an evidence for serious need of non-perturbative effects in
a kinematic region where pertubative QCD is believed to be relevant ! The difficulties men-
tioned above do not appear in the framework of Quark Geometro Dynamics (QGD) whose
applications to large angle scattering has been discussed elsewhere (2!l This approach dis-

plays many features of the naive quark model. The two-body large-angle amplitudes are
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obtained by folding the hadron vertex functions with the elementary quark-quark scatter-
ing amplitudes. The vertex functions are constructed with the assumption that during the
scattering process the initial and final baryons have in common two spectator quarks which
conserve spin, momentum and the internal degrees of freedom. The energy dependence of
the vertex functions is consistent with the large Q? behavior of the hadron form factors.
At the level of the basic quark-quark amplitudes it is assumed that the short-distance
force (which is color neutral) is generated by the exchange of several infinite towers of
mesons, which are not only transverse vector states (analogous to gluons in perturbative
QCD), but also pseudoscalar and longitudinal vector states. As a consequence, the spin
structure of the amplitudes is not as restrictive as that of perturbative QCD and does
not obey the helicity conservation rule eq.(6). Therefore one obtains a set of five real
amplitudes given in Table 1 of ref. [21] which allows a good description of do/dt near 90°
as shown by the solid curves in Fig.7. The model does not provide the absolute normal-
ization which was fixed at 10 GeV/c and 90°. By simply adding these contributions to
the impact picture amplitude one gets the dashed line shown in Fig.3 in better agreement
with the data for |t| > 5 GeV? or so. For pies = 28.7 GeV/c at the highest available
t-value, |t| = 10 GeV?, we find do/dt = 3.7 x 10~®mb/ GeV? which can be compared with
the data do/dt = (3.5 + .7)10"%mb/ GeV? reported in ref.[10]. If we now calculate the
analysing power A at 28 GeV/c we find a rapid increase near 8.,,. = 45° up to 30° or
so in agreement with the data as shown in Fig.11. This large effect is due to a maximum
interference between the hard scattering amplitudes which are real and the dominantly
imaginary impact picture contribution. The arrow indicates that below p% = 5 GeV?, the
solid line turns to a broken line which is not a reliable prediction. In Fig.11 we also show
our prediction for A at 50 GeV/c which is reliable down to p% = 2 GeV? or so because
the cross section is also well described down to smaller p% values as shown in Fig.12. The
predictions for Axn exhibit a rise to about 100% near 90° as displayed in Fig.13. Many
other interesting predictions for pp and np elastic scattering can be found in ref.[22]. Let
us emphasize that if these predictions for A and Ay turn out to be verified, they would
confirm the correctness of the phase of the impact picture and of the magnitude of the

13

hard scattering single flip amplitude ¢5. Higher-order twist effects have been invoked to
avoid the difficulties of perturbative QCD and by heuristic arguments (24 one chooses
#5 ~ 1/5¢1 with an arbitrary phase difference  ~ 45°. In principle phase differences arise
also in perturbative QCD from the integration over the quark wave functions and they
can be large [24. However we should mention that there are strong objections against the
dominance of pertubative QCD over non-perturbative effects to exclusive processes [281. To
evaluate non-perturbative effects one can consider diquarks, as a way to interpret higher
twist effects present in many reactions. By assuming that diquark exist inside baryons as
quasi elementary constituents taking part in the scattering at medium Q? values only, one
is developing a consistent scheme allowing explicit computations for exclusive reactions at
large angles [*%l. In particular as a consequence of diquark-gluon coupling, one can break
the rule of eq.(6) but the choice of the phase needed to explain the large value of 4 in
pp — pp remains arbitrary.

Finally we briefly mention another way to produce a phase difference in perturbative
QCD. It is based on the consideration of subtle Sudakhov effects which generate the so
called Chromo-Coulomb Phase (27} analogous to the QED Coulomb Phase. At fixed angle
one gets a factor

e—ln’(-—a) = e-—ln’(n)eixlnn (11)

introducing an energy dependent phase in the scattering amplitudes. There is some ev-
idence for an oscillatory pattern 18! with energy of the pp elastic cross section at 90°as
shown in Fig.14. It is also conceivable that some spin observables at fixed angle oxcillate
as possibly suggested by Figs.4 and 9, but clearly more data is needed in this fascinating
field of pp elastic scattering at large angles.

We now turn to a very interesting set of data on various elastic and inelastic meson-
baryon cross sections at 90°and 10 GeV/c 1%, The results are reported in Fig.15 and
clearly it is striking to observe that the smallest cross sections are those for the reactions
which do not allow a quark interchange. For example K*p elastic scattering has a cross

section of a few nanobarns whereas K ~p has a much smaller cross section. It corresponds
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to the fact that K+ which is a u3 state can interchange its u quark with one of the proton
whereas K~ which is a iis state cannot. Notice also the hudge difference between pp and
Pp, the first one allowing a maximum quark interchange and the second one none. One
can also remark from Fig.15 that d quark interchange in reactions 2 and 6 leads to smaller
cross sections than u quark interchange in reactions 1, 3, 5 and 72. In this respect, let us

recall that at 12 GeV/c np elastic scattering is about one half of pp elastic scattering (31,

Y e e
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- S
T

Fig.15 Values and upper limits for several two-body cross sections at 90°taken from ref.[29].

There are several other inelastic reactions where one could check the dominance of

quark interchange, for example the three charge exchange reactions displayed in Fig.16.

? The cross section for this last reaction is smaller but it might have been under esti-
mated. In a rather poor statistics experiment (*% it was claimed that the cross sections
for #”p — =A% and #~p — 7~p have the same magnitude at 5 GeV/c but this remains
to be checked.
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Kp ~x°A K-p —= A°n np~pn

Fig.16 Three inelastic two-body reactions dominated by quark interchange indicate ex-
plicitely by the dashed lines.

From the values of the cross sections for K™p — #%A and #~p — 7°n known around 5

GeV /c, by using eq.(5) one can extrapolate to get their magnitudes at 10 GeV/c. We
find that they turn out to be of the order of one nanobarn, that is large, but a direct

confirmation from experiment is needed. Moreover, one has already observed sizeable

transverse polarization effects (see Figs.5 and 17) in the large angle region for two of the

reactions shown in Fig.16 and our conjecture is that these effects are deeply related to

quark interchange.

of

-1.0

POLARISATION

t (Gev/e)

Fig.17 The A transverse polarization in K~—p — 7°A at 4.2 GeV/c reaches values of the
order of + 100% at large angles (Data from ref.[32]).
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3. SPIN IN INCLUSIVE REACTIONS

Let us now turn to the consideration of spin effects in inclusive reactions a rich field
in itself, we will only survey. We will study different asymmetries for various reactions and
we will see how they allow to test complementary dynamical features. We will start with
single helicity asymmetries in lepto production and in pp collisions, whose magnitude and
sign can be related, in principle, in the standard electroweak model to the coupling of the
axial vector current. Then we will discuss single transverse spin asymmetries at small pr
for which a lot of data exist for hyperon production, whose theoretical interpretation is
rather subtle. We will also, very briefly, consider the large pr region and zp ~ 0. Then we
will give some QCD predictions for double helicity asymmetries which will be accessible
to future experimental programs.

3.1. Single helicity asymmetries

Parity is violated in deep inelastic lepton scattering because of the 4* — Z interference
and in the reaction & — eX with an unpolarized target and a longitudinally polarized
electron beam, the single helicity asymmetry defined as

- do- —doy 12
AL= G T doy (12)

behaves like
4~ (13)

where G5 is the Fermi constant and a the fine structure constant. Note that Ay is growing

with Q? and some years ago, an heroic SLAC experiment has found at small Q7 values (33]
AL/Q? =(9.5+1.6)10"%(GeV)™? (14)

in excellent agreement with the standard model expectation. Now in a machine like HERA,
one can reach much larger Q? values so this asymmetry will be of the order of 20-30 % and
therefore very easily accessible. Its measurement would test the presence of one (or several)

intermediate neutral bosons. As an example which is taken from ref. [34] we show in Fig.18
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two predictions for Ay, for a fixed value of z = Q?/2m,v and as a function of y = v/E
with v = E — E' and E, E' the energy of the incoming outgoing lepton respectively. This
is one of the main motivations for a high energy ep storage ring, but unfortunately the fact
that the proton beam will be unpolarized for HERA, there will be no new information at

large Q? about the quark helicity asymmetries Ag;, we will consider in section 4.
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y
Fig.18 Predictions for Ay, versus y at HERA energy. Solid curve from the standard model

and dashed curve from a left-right model [*%.
We will now move on to the subject of helicity dependence of proton-proton total
cross section and consider the weak asymmetry defined as

. O1at(+) — Otor(—)

L= O1ot{+) + o101(—) (18)

where 040¢() are total N — N cross sections with one of the nucleons in a definite helicity
state (+). This asymmetry is a direct measure of parity violation in a purely hadronic
reaction. At very low energy there are several measurements, but the most accurate one

was done on hydrogen at 45 MeV and yields a non-zero negative value 3¢

Ap=—(1.5+022)1077 (16)
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which provides tight constraints to theoretical estimates based on an effective parity-
violating Lagrangian arising from light boson exchanges. However at Argonne, on a water

target at 6 GeV/c, they found 7] a large positive asymmetry

Ap = +(26.5+6)1077 . an

A small positive value A, = +(2.4+1.140.1)10~7 has also been [**) reported from 2 1.5
GeV /c experiment at LAMPF. The experimental result of eq.(17) cannot be understood by
assuming that the parity non-conserving N — N interaction is dominated by the exchange
of 7, p and w mesons. It leads to a value of A, at least one order of magnitude smaller
than the data, even after including the strong interaction corrections (3%l This cannot be
explained either in the standard electroweak model by invoking only Z and W' exchanges
between the two interacting nucleons (4], This mechanism gives also a contribution to Ay
one order of magnitude smaller that the 6 GeV/c data. However it can be explained by
parity violating wave function effects arising from the interaction of Z and W among the
three quarks of a single nucleon 411, This interesting idea has been successfully applied to
derive a parity violating N — N potential for the calculation of Ay at very low energies
2], Finally let us mention another calculation of the interference of the strong and weak
amplitudes including perturbative QCD effects [%). These effects are too poorly know,
to provide the normalization of Az which, however, is predicted to increase strongly with
energy above 2 GeV/c, in contrast with the previously mentionned parity violating wave
function effect. A measurement of Ay in the energy range of the FNAL polarized beam
where A is expected to be of the order of a few 103 would help clarifying this important

question.

3.2 Single transverse spin asymmetries
Let us consider the inclusive hadronic reaction
a+b—c+ X (18)

where one observes the transverse polarization state of one of the hadrons (initial of final).

The simplest measurable quantity is the single transverse spin asymmetry (or up-down
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asymmetry) defined as, for example if ¢ is polarized,

- do(1) —do.(l)
= Jou(T) +dou(l) (19)

also usually called the ¢ polarization.

A

By using the generalized optical theorem one can write
Ado = Im(f1f-) (20)

where do = do.(1) + do,(|) is the correspondirig unpolarized inclusive cross section de-
scribed by means of fy, the forward non-flip 3 — 3 helicity amplitude abCx — abéy, while
f- is the forward flip amplitude abéy ~ abé_ . In order to get a non-zero A, one needs
both f, and f- and moreover these two amplitudes should have a phase difference. This
point is important and should be taken seriously if we want to have a real understanding

of the available experimental data.

3.2.1, The fragmentation region (small pr)

There is a large amount of significant polarization data for inclusive hyperon produc-
tion as shown in Figs.19, 20 and 21. Sizeable effects and some regular behavior have been
observed which may help to uncover the underlying mechanism for particle production.
This was first discovered in 1976 at FNAL by studying hyperons produced by 300 GeV/c
protons on a beryllium target 1] . more specifically the A’s produced in the fragmentation
region have a large polarization perpendicular to the production plane. Over the last fif-
teen years a fair number of different experiments have accumulated high statistics data on
inclusive lJambda production which make it the best known hyperon inclusive reaction [47.
Note that all observable quantities are in general functions of three independent kinematic
variables, /s the center of mass (c.m.) energy, z,. the fraction of incident proton momen-
tum carried by the lambda in the initial direction of the proton (in the c.m. system) and
pr the transverse momentum of the lambda relative to the initial proton direction. The
beam (target) fragmentation region corresponds to x,. ~ 0.5 (z, ~ —0.5), and in this case
when one assumes that together with the lambda a kaon is also produced carrying a large

positive (negative) z ., say z. > 0.2.
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Fig.19 Transverse umetw (or polarization) of different hyperons produced by 400
GeV /c protons on beryllium versus pp from ref. [44] and references therein.
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Fig.20 A polarization versus pr for various zF values at ISR energy. Data from ref.[45].



Let us now briefly recall the main features of the data in the beam fragmentation
region
. N . o A
i) the invariant cross section E_&F depends, to a good approximation, only on z, and
py and not on the c.m. energy.
ii) the transverse polarization P is negative with respect to the direction
i = Pine X Py
iii) P is almost energy independent for an incident energy ranging from 12 GeV/c to
2000 GeV/c (see Fig.21).
iv) for p, below 1 GeV/c, the magnitude of P is approximately linear with p, with a
slope increasing with z . (see Fig.20).
v) for p, above 1 GeV/c, the magnitude of P is independent of p, up to p, ~ 3.5 GeV/c

and approximately linear on z .
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Fig.21 A polarization for various pr and z p versus /3 in the ISR energy range. Data from
ref .[45].

On the theoretical side we recall that in terms of the constituent quarks, proton

fragmentation into a lambda with p, # 0 corresponds to the replacement of a valence u

quark in the projectile by a strange quark s coming from the sea which must be accelerated
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and must get a non zero p,. By assuming a SU(6) wave function, the (ud) system of the
lambda is in a singlet state, so the polarization of the lambda is that of the strange quark.

In the Lund semi-classical fragmentation model 48], the confined linear colour field is
stretched and the strange quark needed to make the final lambda with p, # 0 is produced
by an 3s pair whose orbital angular momentum must be balanced by the spin of the strange
quark. From this mechanism results a negative lambda polarization increasing with p, but

whose magnitude is difficult to predict.

The recombination model 4% is another approach based on classical arguments. If
F is the colour force which provides the acceleration to the strange quark, this s quark
of velocity ¢ feels the effect of a Thomas precession given by W, ~ F x & which has the
direction of the normal 7i to the hadronic scattering plane. In order to minimize the energy
3.0, associated to this effect, the spin 3 of the s quark should be opposite to W, so one
expects a negative polarization in pp — AX whose magnitude is not known. In neither of

these two approaches does one give a quantitative description of the invariant cross section.

We now turn to the mechanism which we helieve is at work for lambda inclusive pro-
duction in the fragmentation region [®. This involves the reggeized one-pion exchange
model proposed several years ago and which gives a successful description of various ex-
clusive and inclusive reactions [¥1:5%, As is well known if quantum numbers allow, pion
exchange generally dominates hadronic amplitudes especially at small momentum trans-
fers. Therefore following ref.[52], we will assume that in the fragmentation region the
diagram shown in Fig.22 dominates such that the multiperipheral chain reduces only to
the binary reaction 7p — KA and the total 7p cross section connected by the exchange
of an off-shell reggeized pion. Thus the contribution of this diagram to the cross section
pp — AKX can be expressed in the following form

do W TR R /\(s,lrrz?,m'-’) [lﬁxk(s,,mz,uz)—-——-da’z:.k“ (s1,t1)] -

a8 d&°p
2./ T3y tot 2(4. Px A 21
[ (83, m?, u )a’rN(SZ’)] F “'31152’3)(2#)32‘5,{ (27)*2E, (21)

where p;,p;,p, and p, are respectively the momenta of the initial protons and of the
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produced kaon and lambda, m and p being the proton and the pion masses. Moreover
the five invariants of the reaction are defined as follows : s = (p; + pz)? is the collision
energy squared, s; = (p, + p,)? is the energy squared of the binary reaction, s; =
(P1 + p2 — px — P,)? is the invariant mass squared of X, ¢, is the invariant momentum
transfer squared from the proton beam to the lambda and the mass squared of the off-

shell pion is ¢ = (p; — px — p.)? In eq.(21), we also have the usual kinematical function

doeN—KA
dt;

for the binary reaction and of%(s2) the #N total cross section. The function F(¢; sy, s2,5)

Mz,y,2) = (z —y—2)* —4yz and we denote (s1,%1) the differential cross section
which includes the reggeized pion propagator and describes the off mass shell behavior will
be given explicitly later. The five invariants of the reaction can be reexpressed in terms of
five more convenient variables, namely z, and z, the z' s of the lambda and of the kaon,
Pra 8nd p,., the corresponding transverse momenta relative to the initial proton direction

(in the c.m. system) and ¢ the angle between the two directions p,, and g,,..

K

Py - 8

Fig. 22. Single pion exchange diagram for the process pp — AKX.

It is important for our argument that in the fragmentation region, i.e. z, ~ 0.5 and
zy ~ 0.2, the effective energy of the binary s, is always much smaller than s and, in general
except for r,, = 0, it is reduced to values in the range of 10 GeV? or less. On the other
hand s; remains of the order of s and approximately s; ~ (1 —z, —z,)s. Therefore from
eq.(21) it results that, provided F? remains small when s increases, the cross section obeys
scaling in agreement with the observed inclusive lambda spectrum. Another important

kinematic observation is that ¢ is generally not very large in the region considered, where
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Prs 80d pp, are small and z, + z,. not far from unity. Thus the pion will not be far
off-shell. The invariant cross section for lambda production is obtained from eq.(21) after
integration over the invariant phase space element of the kaon Epx/Ey.

It now remains to discuss the form of F(t;31,9,5). Following refs.[51,52] we will
replace the pion propagator by the function

2
F(t; 81, 32,3) =ezp [(R’ +alin m”) (t- pz)] X
1

8
3132

{ o ety for It < [Tl .
%5"-‘;{,’:—?‘5% for [t > |To| e
and will assume a linear parametrization ar(t) = af(t — p?) for the pion trajectory.
This expression leads to the usual single and double Regge behavior in the corresponding
kinematic regions and, due to the signature factor, it reduces for small ¢ to the ordinary
pion-pole propagator 1/(t — 4?). In order to avoid a too much slow decrease of F with
increasing t, one imposes the following bound R? + R? + alln(sm?, [3185) 2 . To
summarize F(t;s1,32,3) depends on five parameters R*,R},a!,, Ty and Ao whose values
were obtgined in ref.[51,52] from the analysis of exclusive reactions. The calculation of the
invariant cross section requires the knowledge of the binary cross section 7p — KA at low
and moderate energies for which we use an interpolation of the low energy data (5354 for
77p — KA, for pisy < 4 GeV/e, in terms of an expansion of Legendre polynomials and
for pray > 4 GeV/e we use a Regge parametrization of the data (53],

We must emphasize that this approach allows us to predict the absolute normalization
of the invariant inclusive cross section and the comparison with experimental data of
the measured A production by 400 GeV/c protons on hydrogen is given in ref.[50]. The
theoretical predictions correspond to the set of parameters

R = —055 GeV?, R} =125 GeV?, o), = 0.85 GeV? |
Tp=-025 GeV? and Ay = 0.35 GeV~? (23)
which are slightly different from those used in ref.[52] since, of course, our knowledge on the

A inclusive spectrum has greatly improved since 1974. Note that we take % (s2) = 24mb,
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an appropriate average value for the relevant range of s; under consideration. As shown
in Fig.23, we get the correct absolute normalization, the right trend of the data both in z,
and p,,, the best agreement occuring for z, ~ 0.5. Therefore, although no doubt the fit
and the model can be refined, we are confident in the validity of the fact that this model

gives the dominant contribution to the cross section in the fragmentation region.

1 b ¥ LA Y T E

“ & s 7 e e
X,

Fig.23 Inclusive lambda invariant cross section at piap = 400 GeV /c versus z for different
pra values. Solid curves are our theoretical predictions and open squares are the data
representation from ref.[47] with typical errors.

A crucial test of this model is however: can it also predict the lambda transverse
polarization P? Clearly it must be related to the lambda polarization Pj of the binary
reaction 7p — KA at low and moderate energies. There, P) is known to be large and

positive for pras < 1.5 GeV/c (5354,

But at higher energies for momentum transfer <
—0.3 GeV? it turns large and negative 3¢, Notice, now P is measured along i = finc X 5,
whereas in the binary reaction the lambda polarization P, is observed along the normal

N = Fp X Py = =P X P, to the (KA) plane, in the proton (beam) rest frame. Therefore
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i.N
one obtains do P from eq.(21) by replacing ddTa by cos @ PA:TU where cos® = I—ﬁ?ﬁ—m
1 1

i.e. the inclusive transverse polarization is obtained as a weighted average of the quantity
cos®Py. We parametrize the experimental polarization of 7~p — K°A® as P = +0.5 for
Plab < 1.5 GeV/e, for all scattering angles expect near forward and backward directions
where it should vanish. For pjs > 1.5 GeV/c we use P = 0.4sin(—=t'/ty), with t =
0.3 GeV?, for ¢! > —0.45 GeV? while for ¢ < —0.45 GeV? we take P = —0.4. Here t' is
the usual momentum transfer between the pion and the kaon which vanishes for forward
scattering. In Fig.24 we show the results of this calculation at pj,s = 400 GeV/c for three
z, values. Since the cross section is best described for z, = 0.5, we think the polarization

0.0 T T
pot
g'u' -+ ;.:&'s"‘b
. + x‘-tu{,..
-0.3 N 1 f potetesepaaanseni®’
[ X ] [ X ] 04 08 08 18 1.2 14

Py, ( GeV/c)

Fig.24. Comparison of the measured lambda polarization with theoretical predictions from
ref.[50] at z, = 0.4 (dashed curve), z, = 0.5 (solid curve) and z, = 0.6 (dotted curve).
The open circles are FNAL data at pj.s = 400 GeV/c and average z,,%, = 0.44 from
ref.[47] and the solid circles are ISR data at \/3 = 62 GeV and z, = 0.58 from ref.[57].

is also most reliable at the same z,. For comparison we show some existing data at two
different energies for nearby z, values and again the agreement is remarkably good both
in magnitude and sign [, We have also checked that the theoretical calculations for Pa
are energy independent as it should be following iii) mentioned above. Moreover at large
pr the value of P, flattens out consistently with a well established feature of the data
(see v) above). The sign of Py is directly related to that of P for the binary reaction for

[t'| > 0.3 GeV? and its magnitude increases with z, because the cancellation from the
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configurations cos ® > 0 and cos $ < 0 is more effective for small values of z,.

In a rough way, the shape of the inclusive polarization as a function of p,, is the
same as that of the binary as a function of t'. From this argument one can see that the
mirror symmetry between the polarizations in 7+p — K*Z+ and #7p — K°A° observed
in ref.[56]. leads us to predict the inclusive T+ polarization to be mirror symmetric to that
of the A in accordance with observation (see Fig.19).

Also for the spectacular mirror symmetry effect observed recently at FNAL in pp

collisions with polarized proton beam for 7* and 7~ inclusive production shown in Fig.25,
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Fig.25. An versus zp for 7%, 7~ and #° data from ref.[59)].
the model can easily account for that due to the mirror symmetry of the polarizations for
n¥p — pr¥ in the backward direction at low energies. Moreover we anticipate the correct
sign since the binary polarization at u ~ ~0.5 GeV? is opposite to that of the inclusive
at p, ~ 1 GeV/c. This opposite sign occurs because for the binary the polarization is

measured along #in X Tou¢ Which corresponds for the inclusive to —pine X yye. Finally in
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Pp collisions with polarized § one observes at FNAL that the polarizations for =+ or 7~
inclusive production are opposite in sign to those of 7% or 7~ in pp colligions (6%, This

fact follows naturally in the model from charge conjugation at the level of the binary.

3.2.2. The central region zr ~ 0 (large pr)

The single transverse spin asymmetry at the quark level P, is expected to be small
because it should vanish in the chiral limit (P, ~ m,/pr) and it should have a non-zero
imaginary part of the quark scattering amplitude (P, ~ a,). However it was shown that
these simple-minded arguments do not apply if one considers non-leading twist contri-
butions (%1, In particular Ay for p'p — v(or 7)X at large pr(pr 2 4GeV/c) provides
information on the twist-3 partonic distribution involving the correlation between quark
fields and the gluon field strength. The absolute normalization of this new structure func-
tion is unknown and can be only determined from experimental data. For fixed pr one
expect these Ay to increase with zp of 4 or 7, because higher twist contributions get

enhanced at the edge of the phase space (3. We show in Fig.26 a large effect obtained in
recent data from FNAL.
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Fig.26 A versus pr at zp ~ 0 in p'p — 7°X from ref.[60].
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3.8 Double helicity asymmetries

Let us consider a single particle inclusive reaction (see eq.18) when both initial hadrons
are longitudinally polarized. One can measure the double helicity asymmetry ApL defined

as

Ay = Joane) = d9achp-) (24)
doa(+)b(+) + d0a(43(-)

which, in the hard scattering region, is given by
1 . NP
Apgdo=Y —— / dzdzy [Af (a0, )AL (20, @7) + (i | atdey  (29)
7 146
where the quantities Af’s, which are the parton helicity asymmetries, will be discussed
in section 4 and 'd'ZL denotes the subprocess double helicity asymmetries. The explicit

expressions of these quantities for various subprocesses are given in ref.[63]. To get a

rough estimate of A;; one can use the following approximation
Af.') <Afj>,\i‘
Arp ~ z <_ —=1\g¥ 26
LL 5 fi fj LL ( )

in terms of the average of the parton polarizations defined as %fi. It shows that, even if at
the parton level &fL is as large as £ 100%, it is expected to be diluted twice at the hadron
level since the parton polarizations are less than one in the relevant kinematic region. We
will now give some examples of single inclusive reactions which will be easier to measure
at high pr because they have larger cross sections, typically at pr=3 GeV/c direct photon
production has a cross section of the order of 1 nb, while for jet production its value is 50

nb.

Direct photon production at high pr is dominated by Compton scattering in pp colli-
sions and by annihilation scattering in fp collisions. The double helicity asymmetries Ay

read in these approximations for pp collisions
T [1Agi(2a)AG(zy)as L 455 /dE + (20 > 2b)]
Y. Jlai(za)G(21)d05 [dE + (20 & 73)]

AL = (27)
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where @y = —530 - and d5¢/dt = —e?
24+t

raa, 32+
332 st

) and for pp collisions

T [ A4i(z)Adi(zy)af dod /dE
App == (28)
):'_: [ ai(za)di(zs)do A [ dE

 Taa, 8 (12482

where afz, = —1and do f‘ / dt = e; =9 = ) In these expressions the integration

has to be done over the appropriate parton phase space. Let us first discuss pp collisions.

The gluon helicity asymmetry AG which occurs in eq.(27) is not directly known from
experiment, so we will assume it is positive and such that gluons carry about 20% of the
proton spin. This can be questioned on the light of the EMC data as we will discuss below,
but the measurement of Ay is another way of getting some information on AG(z). The

results are shown in Fig.27 for two different values of the c.m. production angle 8c.m, = 45°
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Fig.27 The double helicity asymmetry versus pr for direct proton production at /3 = 25
GeV and the different values of the c.m. production angle . ,. = 45° and 90°.



and 90° and ALz would vanish if AG = 0 and if annihilation could be fully neglected. For
pp collisions from eq.(28) we see that AL is expected to be larger because Aq is a valence
quark asymmetry and it is negative following the sign of @f, whose magnitude will also
enhance the effect. We show the results in Fig.27 which are all increasing with pr.

Finally, let us consider the double helicity asymmetries in pion and jet production.
Cross sections for these reactions are large and many subprocesses contribute to them, i.e.,
uy — uy, ud — ud, gg — gg, etc... . For most of them @Y/, is positive (%% so we expect
Ay to be positive provided Ag; and AG are positive. This is in agreement with the
results shown in Fig.28, except for the 7~ production where the down quark asymmetry
Ad, which is negative according to several models (see section 4), dominates. In all cases

the magnitude of Ay is growing with z7.
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Fig.28 The double helicity asymmetry at zp = 0 versus z7 = 2pr/+/3 for pion and jet
production.
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In conclusion we would like to stress that a large single transverse spin asymmetry
has been observed at high pr near 90° in #° production; it should be checked and also
measured in other reactions like direct photon or jet production. We also badly need data
on the Ay, parameter at high pr to test the general framework behind the theoretical
predictions presented here for various well defined processes. All these interesting spin
tests will be hopefully well done at higher energies with the upcoming project of polarized
proton beams at RHIC (03,64,

4. POLARIZED STRUCTURE FUNCTIONS

4.1. Parton helicity asymmetries and the proton spin

Four years ago the European Muon Collaboration (EMC) at CERN has reported the
results of an accurate experiment[®® in polarized leptoproduction which has created a great
deal of interest in the dynamical origin of the proton spin. The measured quantity is the

double helicity asymmetry
d0++ - dd+_

A=
doyy +dog

(29)

in polarized muon-proton deep-inelastic scattering. Here do+ and do.+— denote the cross
sections where the muon beam polarization is along the beam axis and the target polariza-
tion is either parallel (+) or antiparallel (-) to it. This measurement allows, in the scaling
limit, the determination of the quantity

Ay(z) = Zi 8?[123(1.‘(-’5) + ‘_3‘7:(‘”)] (30)

2iellai(z) + aix)]

where, as usual in the parton model, for a given parton, we define the unpolarized dis-
tribution f = fy + f_ and the parton helicity asymmetry Af = f4 — f—, f4 being the
distributions of this parton in a polarized nucleon with helicity either parallel {(+) or an-
tiparallel (—) to that of the parent nucleon. Clearly gluons do not contribute to the sum
in eq.(30) because they don’t couple to photons. We show in Fig.29 the result for A,
on polarized protons from an earlier SLAC-Yale experiment!® and from the recent EMC

experiment over the kinematic range 0.015 < = < 0.7 and 1.5 < @* < 70GeV?. The two
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sets of data are fairly consistent for > 0.1, but the very small z range has been uniquely
explored by the EMC. Note that the expression of A; reads
_ 2zg1(2)
A](I)- sz(z) (31)

where the polarized structure function g; reads
0(z) =13 ellAgi(z) + Agi(z)] (32)
i

and one has a similar expression for F; in terms of the ¢;’s.
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Fig.29 Data on the asymmetry A; versus z from ref.[65] compared with two theoretical
calculations (see text).

The EMC experiment was performed on a proton target and allows to extract the
proton polarized structure function g{(z). The EMC data are independent of Q? to a very
high degree and yield a precise value for the integral of g{(z,Q?), which is in principle a

function of z and Q? if there are scaling violations, that is(®7]
1
/ dz ¢?(z,Q%) = 0.116 £ 0.009 (stat.) +0.019 (syst.) . (33)
0
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Integrals of this type are related by perturbative QCD (PQCD) through the OPE to
the matrix elements of the axial vector currents of the electroweak theory. To first order
in a,(Q?) one can write (we take the number of flavors Ny = 4)

l -t
_/ dz gB(2,Q%) =< B|[3Ao+ (1 - as/m) 5 As + (1 — as/m) 5 4e] [ B> (34)
[}
with the singlet, triplet and octet components

Ao = Umaysu + dysysd + 73755
Az = livaysu ~ dysysd (35)
Ag = imaysu + dysysd — 2373758

where |B > is any longitudinally polarized baryon of the 1/2% octet. By making use of

SU(3) (which is good to the level of at least 10%) and the experimental knowledge of
baryon semi-leptonic decays, we can apply (34) to the proton and we get

1
/; dz ¢8(z,Q%) = % [(QF -D)- ﬁ'ifﬁ(ap +D)| + 1 < plavaysslp >
= (0.186 £ 0.005) + } < playsysslp > (36)

where we have taken!®®! F = 0.477+0.011, D = 0.755+0.011 and a,(Q?) = 0.27. The Ellis-
Jaffe sum rulel®® can be obtained from eq.(36) by assuming, following the quark model

" (QM) prediction, < p|5y37ss|f >= 0. One immediately realizes that the experimental

determination (33) is inconsistent with this prediction by 3.5 standard deviations. By

comparing eq.(33) with eq.(36) one deduces that
< Playsyss|f >= —0.220 + 0.065 (37

namely, strange quarks inside a proton carry a large fraction of the proton spin. As a
consequence,Aone also finds that the matrix element of A which measures the total amount
of the proton spin carried by quarks and antiquarks reduces to —0.02 % 0.24 compared to
unity, a value expected in the naive QM. Therefore it is very surprizing to conclude that

the proton spin is not carried by the quarks. Before going to the arguments based on
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experimental facts one can oppose to eq.(37), let us recall its interpretation in terms of the
anomaly of the axial vector current. According to this observation first made in ref.[70] and
reexamined later in refs.[71] and [72], the Ag; 's, defined as first moments of the Agi(z)'s,

occuring in the naive parton model, are replaced by
Ag = Bgi — 22AG (38)
! 'o2r

where AG is also defined as the integral over z of AG(z). This correction results from
the box graph in virtual photon-virtual gluon elastic scattering. This suggestion has been
criticized on various aspects and for a general discussion about the quark and the gluon
content of the proton spin and also recent references on this subject, see ref.[73]. Anyway,
if one assumes that eq.(38) holds one can hope to restore the agreement between eq.(33)
and eq.(36) where As is replaced by As' provided As = 0 and AG ~ (0.22)2x/a, which
is a large number. As a consequence, one should expect a new phenomenology of spin
effects at short distances driven by this sizable positive gluon polarization i.e. AG ~ 67,
and if genuine, this effect should be seen directly in future hadronic collisions spin ex-
periments. For hadronic reactions, in particular for pp collisions, the existing polarized
proton (antiproton) beam at FNAL has already yielded very interesting results/®® for var-
ious inclusive reactions and hopefully it is expected to operate for some more years(’4.
There is also a new very exciting project for polarized protons at RHICI®3%4] which would
allow, given the high anticipated luminosity (£ = 2.10%cm™?sec™!) and the large beam
polarization (P = 70%) to test various physics issues. For example, it will be possi-
ble to determine directly the magnitude and the sign of the gluon polarization from the
measurement of the double helicity asymmetry A.p (see eq.(27) with both proton beams
longitudinally polarized in jet or direct photon production at large pr. For illustration
we show in Fig.30 different predictions for Azp in pp — vX together with the expected

experimental accuracy.

Now let us return to the crucial question : is eq.(37) really believable? There is a
strong argument(””] againt a large measured As (i.e. As' in eq.(38)) from the experimental

data on charm production in neutrino DIS ["®:""] which provides a direct knowledge on the
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F.ig~30 Predicted A7y with a large AG for /3 = 300GeV as a function of pr, for two
different values of the c.m. production angle:6, ,,, = 90° (dashed curve),d, . = 45° (solid
cunte). The small-dashed curve corresponds to a standard AG and 8..m. = 90°. The error
bar indicates RHIC Sensitivity at pr = 2OGeV/c and for Ay = 1,A¢ = 2r, Ap']' = 1GCV/C
bin (taken from ref.[64]).

strange quark content of the proton. There are serious indications, both experimental and

theoretical in favor of the following Regge behavior of the sea distributions
(2,9 = (1-2) Y c{(@Ye~® (39)
&

where a(0) is the intercept of the & Regge pole. The leading term is the Pomeron for
which ap(0) = 1 and the Regge residues are positive and such that C.(,.P) =CP) ie. the
Pomeron coupling is spin independent. In €q.(39) p is a large number related to the high
z behavior. The data of refs.[76,77] can be very well parametrized as

zq(z) = (A + Bz)(1 -z (40)
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and one finds
A=0135+0006, B=053+022, p=8251+0.76. (41)

Therefore as a consequence of positivity one easily derives the following restrictive bound

B
|As| < i 0.05719:037 (42)
which implies using eq.(36)
1
P CU R (43)

in strong disagreement with eq.(33). One can check that this conclusion remains even
using parametrizations more complicated than eq.(40) and all counter-examples proposed

so farl™ are totally unrealistic’® as we will see in the following illustration.

It has been claimed recently!® that one can have at the same time a strangeness
content of the proton such that the momentum fraction carried by the strange quarks, i.e.
J zs(z)dz, small say ~ 3% in accordance with experiment, while their spin fraction As
could be as much as 20%. To avoid the positivity bound mentioned above, the authors of

ref.(80] propose to use the following parametrization
zs(z) = A(1 - z)P + C(1 — bz)(1 — z)¥' (44)

where the second term, which has a non-perturbative origin, is such that b= p' + 2, so it
does not contribute to the momentum sum rule, and p << p'. They actually take p = 5
and p’ = 12 and we see on Fig.31, that this choice leads to a very poor fit (it 1) of the most
recent CCFR datal® whereas a better fit (it 2) is obtained for C = 0 and p = 11.1 £ 0.7
which obviously leads to B = 0 in eq.(40) and consequently [As| = 0!

There is another very important sum rule called the Bjorken sum rule®® which can

be directly obtained from eq.(34) and reads

1
/; (g5 (z) — g7 (=)] dz = (0.205) [1 — o, /7 +aa,/T) + b(a./w)’] (45)
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where the next-next to leading order corrections (three loops corrections) were calculated
in ref.[84] and turn out to be rather small, since for N; = 3 one has a = —3.58 and
b = ~20.21. This sum rule is independent of As but it was never tested since g{'(z),
the neutron polarized structure function, has not been measured yet. i the EMC result
is correct, the validity of this sum rule leads one to predict for ¢'(z) large and negative

values in the low-z region.

;6 s T T 1T T 11171
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w r — Fit 1 -
*
L U Fit 2 -
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0 i { 1t t1 !ll
01 1 1

Fig.31 The curves for £s(z) resulting from the fits discussed in the text compared to the
CCFR data (taken from ref.[81)).

Although tests of sum rules are important, even more restrictive is the comparison of
the distribution itself with experimental observation. In Fig.29 the solid curve is a quark-
parton model calculation®® which satisfies the Bjorken sum rule and thus perturbative

QCD, while the dashed curve is the prediction of the MQM/QGD approach!®¢! and gives

40



a fair description of the data both at small and large z. In this approach the neutron
asymmetry A} is predicted to be very small and positive so the Bjorken sum rule is
anticipated to be badly violated. From the NMC discovery d >> 1, it was proposed!®]
that this simple fact can also imply a flavor asymmetry for the light-quark sea helicity
distributions i.e. AT # Ad. In this approach, the quantitative effect given by d(z)—u(z) =
(1 - z)" accounts for the Ellis-Jaffe sum rule defect discussed above and predicts a large
violation of the Bjorken sum rule. This burning question is a strong enough motivation to
justify several new projects at CERNI®®, HERA(*) and SLACI® to measure both ¢f and
9

Finally we will consider the transverse spin dependent structure function, the so-called
g2, which can be measured in leptoproduction with a longitudinally polarized lepton beam
on a transversely polarized nucleon target. There are no data for such an experimental
situation but if there were, it would allow one to extract the quantity gi(z) + g2(z). The
literature contains several groundless conjectures like, ¢2(z) = 0 or g1(z) + go(z) = 0,
etc... but recently our theoretical knowledge on ¢;(z) has been reviewed and clarified?®).
Whereas ¢;(z) is leading twist (i.e. twist-2) only, g;(2) is more complicated. First, it has
a twist-2 contribution ¢g3"*(x) which is simply related to g;(x) by the Wandzura-Wilezek

sum rule(%? .
d
a(e) + %(z) = / ) (46)

z

and satisfies automatically the Burkhardt-Cottingham sum rulel®sl

1
[ oz =o. (47)

Second, it has a twist-3 contribution g,(x) which is related to spin-dependent quark-gluon
interacting and need not to be negligible. Actually in the bag model it turns out to be large
and of opposite sign to g;"*(z) (see Fig.32). Clearly experimental data on this quantity
are badly needed and we hope it will be also obtained in the forthcoming polarized deep

inelastic scattering experiments(88-89.90}
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Fig.32 Predicted proton transverse structure function g2(z) in the bag model. The dotted

line is the twist-2 contribution g%, the dashed line is twist-3 7, and the solid line is the
sum of the two (taken from ref.[91]).

4.2. The transversity distribution and the Drell. Yan process

Recent progress has been made in understanding transverse spin effects as already
mentioned briefly in the previous section when we discussed the structure function g. One
can make one more step in trying to answer the specific question: what is the transversity
distribution of quarks inside a transversely polarized proton? The answerl?:%7 is obtained
by looking at the chiral structure of the parton model for the description of deep inelastic
scattering and Drell-Yan production of lepton pairs. The corresponding diagrams are
shown in Fig.33 and Fig.34 where it is clear that the chirality of the quark participating
in the hard scattering process is conserved. In the case of deep inelastic scattering this
has the further consequence that the quark lines entering and leaving the nucleon are of a

single chirality. Only two independent quark-nucleon amplitudes enter the description of
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Fig.33 Chiral structure of deep inelastic scattering.
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Fig.34 Chiral structure of Drell-Yan production of lepton pairs.

L % % L R % % R
Fig.35 Left- and right-handed chiral even quark distributions whose sum and difference
give f1(z,Q?) and g,(z, Q?) respectively.

(c

Fig.36 Chiral odd quark distribution which gives h,(z, @?).
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deep inelastic scattering, for each flavor of quark and antiquark, one involving left-handed
quarks, the other right-handed, as shown in Fig.35. They are the two chiral even quark con-
tributions. The average over chirality gives the quark momentum distribution, fi(z, Q%),
simply related to F;. The difference gives the chirality (or helicity) weighted quark momen-
tum distribution g,(z, Q?), discussed in section 4.1. and which is the dominant contribution

to the spin asymmetry from a longitudinally polarized target.

Now let us turn to Drell-Yan. As always, the quark chirality is conserved in the hard
part of the diagram. However, it is clear from Fig.34 that the chirality of the quark lines
entering and leaving @ given nucleon need not be the same. This allows us to define a
new quark distribution, shown in Fig.36. Since the quark chirality flips and since chirality
= helicity, up to mass terms or further hard interactions, this new distribution will be
important when the nucleon helicity flips, i.e. in a transverse asymmetry. Thus there is
new structure function, h,(z, Q?), for each flavor of quark and antiquark, which measures
the quark momentum distribution in a transversely polarized nucleon weighted by *1 de-
pending on whether the quark is polarized parallel or antiparallel to the nucleon. hi(z, Q)
cannot be measured in deep inelastic scattering (except as the coefficient of a small quark
mass correction) but it appears in the transverse asymmetry for Drell-Yan processes at the
dominant-scaling-order. h; is chiral odd because it measures the correlation between left
and right-handed quarks. It is leading twist like f; and g; and is, as well as, a fundamental
structure function. It gives the transversity distribution of quarks and there is no reason
to expect it to be small. On the contrary, in the bag model the calculation indicates that
it is larger than g; as shown in Fig.37.

Finally let us comment on how to determine hi(z). As pointed out in refs.[94,95], by (z)
can be best measured in Drell-Yan production of lepton pairs with both proton beams
transversely polarized. As an illustration we show in Fig.38 Arr/arr, the ratio of the
double transverse asymmetry Apr to the parton asymmetry arr, which depends critically
on hy, for quarks and antiquarks. This exciting measurement will be also accessible with

the polarized pp collider at RHICI®3:64],
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Fig.37 hy(z) versus z in the bag model (solid curve). The dashed curve represents g;(r)
(taken from ref.[95]).
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Fig.38 Arr/arr for plp! — p*p~X at /s = 100GeV versus zp for two values of the
lepton pair mass M = 7GeV (solid curve), M = 5GeV (dashed curve) (taken from ref.[96]).
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5. CONCLUDING REMARKS

The observation of large polarization effects in different areas of medium and high
energy particle physics shows that spin degrees of freedom play a significant role in hadron
dynamics. Recent data on polarized deep inelastic scattering have generated new insights
in the fundamental problem of the spin structure of the proton which remain to be clarified
by future data. Polarization is also a useful tool to study electroweak interactions by means
of parity violation effects which could uncover new physics beyond the standard model. In
pure hadronic collisions as we have seen sizeable spin effects occur for inclusive reactions
both in fragmentation and central regions and for exclusive reactions mainly at large
scattering angles. For short distance physics the spin properties of hadron constituents
are crucial and spin effects should discriminate between challenging models. Finally we

believe that polarization phenomena is now hitting very exciting frontier research areas in

high energy physics.
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