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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 fran.9t1er..e "pin effect.. 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 playa 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

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 (PT :s 1 GeV Ic). We will also consider the central region and large PT 

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 ..mall ..cattering 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 [1]. 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 --+ ~++n and J(+n --+ [Cap, both 

exotic in the direct channel and having the same Regge exchanges in the t-channel. From 

the original sixteen amplitudes describing PP --+ ~++n, ten of them vanish and one is 

left with the same number of amplitudes characterizing [{+n --+ J(*op. So one gets, for 

example, interesting relations between the density matrix elements of K*o and of the ~++ 

which are in fair agreement with the 6 GeV Ic data as shown in Fig.1 1. 

1 For a more complete analysis in different helicity frames, see ref.f3J. 
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Fig.1 Quark model predictions of the relations between the density matrix elements of 

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

Let us now consider nuc;leon-nucleonscattering. We recall that nucleon· nucleon elastic 

scattering is described in terms of five independent helicity amplitudes 4>i(i == 1, 11.5) 

usually denoted as follows: 4>1 =< + + 1+ + >,4>2 =< + + 1- - >, 4>3 =< + -I + - >, 

4>4 =< + 1- + > and 4>1 =< + + I+ - >. We will be concerned with the following set 

of observables defined in ref. [11 whose expressions in terms of the 4>i's are 

2	 2
(10 = 8 d(1/dt = 1/2[14>112 + 14>212 + 14>312 + 14>412 + 414>&1 ] 

A = Im[( 4>1 + 4>2 + 4>3 - 4>4)4>~]/(10 

ANN =Re( 4>14>; 4>34>: + 214>&1 2 )/(10 

DNN = Re(4)I4>; - 4>24>: + 214>&1 2 )/(10 

KN N = Re( 4>34>; - 4>14>: + 214>&12)/(10 

2 
ALL = -[14>11

2 + 14>2.1 - 14>312 - 14>412]12(10 

Ass = Re( 4>14>; + 4>34>:)/(10 

ALS = Re[(4)1 + 4>2 - 4>3 + 4>4)4>~1/(10 

d(1 / dt is the unpolarized cross section, A is called the analyzing power (or single trans

verse spin asymmetry) and ANN the tramver"e "pin."pin 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 mechani"m 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-ffip. The 

unpolarized cross section d(1 / dt is well described by the impact picture approach (5) 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 ItI ~ 4 GeV2
, 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 web) =Wo exp (_b2 /b~) 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 Plab = 150 and 300 GeV Ie. Data from ref.[4] and model 
predictions from ref.[5]. 
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text. 

pp-pp 
24 GeVlc 

I 

5 

2.2. Th.e large .tcattering 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 tenus of A and ANN the ratio of 

spin-parallel to spin-antiparallel cross sections as follows 

0" ii 1+ 2A + ANN 
(2)

0" T! = 1- ANN 

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

all 
0 .. 

6 

4 

~a {GeV~)a 

Fig.4 Three dimensional plot for un IUT! against p} and Plab showing also the fixed f)c.m. 
behaviour from ref.[7]. 

6 



showing clearly that spin effects do not vanish at high energy and large p}. Let us recall 

some remarkable features of data, first at fixed energy. At PIa./) = 24 GeV Ic (see Fig.3), 

after the characteristic narrow diffraction peak, dO'ldt has a slower fall off in t up to 

8e.m . = 450
• At 6 GeV Ic the analyzing power for np elastic scattering is negative at large 

angles and of the order of -40% near 900 (see Fig.5). For pp elastic scattering at 28 

GeVIc, A is of the order of 5% or so in the small angle region but increases to a much 

higher positive value for 8e.m . ,..., 450 as shown in Fig.6. At fixed angle do-Idt near 900 

has a very fast drop off with energy up to 20 GeVIc or more (see Fig.7) and ANN has 

a dramatic rise above 8 GeVIc up to 60% at the highest energy ever measured as shown 

in Fig.8. At 8c.m . = 500 (see Fig.9) the behavior of A suggests the appearance of a new 

regime for PIa./) > 20 GeVIc which remains to be confirmed by the measurement of ANN 

at higher energy. Is there a simple interpretation of all these experimental facts? As we 

said before, the scattering amplitudes constructed in the framework of the impact picture 

model provide an accurate representation of the soft-part of the scattering process which 

allows a fair description of duldt at the PS energy, up to It I ~ 4 GeV' as shown by the 

solid curve in Fig.3. Beyond this t-value the diffractive contribution drops faster than the 

data, suggesting that it cannot be the "whole story" since the hard-part of the scattering 

becomes important at large angles and should be included to complete the physical picture. 
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Fig.5 The analyzing power A for np elastic scattering at 6 GeV Ic from ref.[8]. 
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Fig.6 The analyzing power A for PP elas
tic scattering versus pi taken from ref.[9]. 
The curve is hand-drawn to guide the eye. 
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Fig.8 The ANN parameter for pp elastic scattering at 8c.m . = 900 versus PIa./) from ref.[ll]. 
The curve is hand-drawn to guide the eye. 
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Fig.9 pp polarization parameters A and ANN versus Pia" for 8c.m . =50° (data from refs.[I2J 

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 4>3 = -4>4 and 4>5 =O. So instead of twenty five observables 

resulting from the initial five amplitudes, we have only nine observablesj eight of them 

vanish (e.g. A = 0) and there are eight linear relations e.g. 

DNN = KNN and 1 + ALL = ANN - Ass . (3) 

In addition there exist special positivity relations, generalizations of the obvious constraint 

IAI :5 1, like for example 

IDNNI ~ 1 + ANN (4)2 

Knowing ANN and ALL, eqs.(3) and (4) can be used to predict Ass and to put limits 

on IDN N I. These relations, which are a guide for experimentalists, should be satisfied by 

9 

any dynamical assumptions. Clearly they don't hold for np elastic scattering because of 

non-identical particles. 

One possible theoretical framework is perturbative QeD predicting for the cross sec

tion of any exclusive process a + b -+ c + d, the asymptotic scaling law 

dCf' =s-nF(8c. .}m (5)dt 

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(8 c•m .) pro

viding both the absolute normalization and the angular dependence of dCf' /dt involves in 

perturbative QCD an impressive number of lowest order diagrams (see ref.[I4]) and is not 

yet available. Note that according to the data of ref.[I5] on "Y"Y -+ 1T+ 1T- I 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.IO. 
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Fig.lO The pp and pp elastic differential cross-sections at 8 . . = 90° as a function of se m
(taken from ref.[I6J). 
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The pp data fit to 8-9 and this line extrapolates reasonably well to the data at Pld =10 

GeV/c obtained at BNL (17] i.e. (48 ± 5)nb/(GeV/c)2. However the pP data fall more 

rapidly than the lower curve which is ,-12 and this is consistent with some upper limits 

obtained at higher energies. 

There is another simple feature of perturbative QeD that one ought to test with the 

spin dependent observables that is the helicit1l conservation rule [18]. The sum of the initial 

helicities must be equal to the sum of the final ones 

Aa + A, =Ae +Ad 	 (6) 

as a consequence of the vectorial nature of the gluon and of the chlrallimit for light quarks. 

For both pp and np elastic scattering this rule implies that the amplitudes 4>2 and 4>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 

QeD 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 4>5 (see eq.(I», 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 

IDNN 1= 1!(1- ALd(1 +ALL ± J(1 + ALL)2 - 4A~N)
KNN V2 

so by measuring ANN and ALL it is possible to predict Ass, IDNNI (or IKNNI) 

which are consistency checks. At 11.75 Ge V / c, the data does not satisfy this, because in 

particular for (Je.m. > 65° one has [19) 

(1 + ALL 2ANN)/4 =(-0.072 ± 0.02) 	 (8) 

which, according to eq.(7), should be a positive quantity! 

iii) ANN has now a mum simpler form and reads 

-24>34>. (9) 
ANN = 4>~ + 4>~ + 4>l 

At this stage one may ask the following question: is it easy to understand the rapid 

variation seen in the data namely AN N ,..., 0 at 50° and AN N ,..." 60° at 90°? From eq.(9) 

one needs either 4>3/4>1 ,.., 0 or 4>./4>1 ,..., 0 at 50° and 4>3/4>1 = -4>./4>1 = y'fi2 at 

90°. In most models 4>3/4>1 ,..., 1 at allan.gles, so the ratio of the double flip amplitude 

4>. to the non flip amplitude 4>1 should vary quickly between 50° and 90°. Another 

consequence of 4>1 ,..., 4>3, provided 4>5 is not zero, is the fact that ALS defined in eq.( 1) 

is expected to be very small for all angles in agreement with experimental observation 

The constituent-interchange model [20] which satisfies the helicity conservation rule is 

even more restrictive because one has 

4>1 =4>3 - 4>4 

(10)4>3 = 56 f«(Je.m.) + 68 f(1r - (Je.m.) 

4>4 = -68 f«(Je.m.) - 56 f(1r - (Je.m.) 

with 

f«(Je.m.) 0.5/(1 - cos (Je.m.)4 . 

It leads to AN N (90°)=1/3 and almost the same value at 50°, in complete contradiction 

with the 12 GeV / c data [11]. 

We regard this situation as an evidence for serious need of non-perturbative effects in 

a kinematic region where pertubative QeD 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 [21]. 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 Q2 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 dt1 Idt 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 GeYIc 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 ItI > 5 Gey2 or so. For Pld = 28.7 GeY Ic at the highest available 

t-value, ItI = 10 Gey2, we find dt1ldt = 3.7 x 1O-8mbl Gey2 which can be compared with 

the data dt1ldt = (3.5 ± .7)1O-8mbl Gey2 reported in ref.[lO]. H we now calculate the 

analysing power A at 28 GeVIc we find a rapid increase near (Jc.m. = 45° up to 30° or 

so in agreement with the data as shown in Fig.l1. 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 Pt = 5 GeV2, the 

solid line turns to a broken line which is not a reliable prediction. In Fig.l1 we also show 

our prediction for A at 50' Ge V Ic which is reliable down to Pt = 2 Ge y2 or so because 

the cross section is also well described down to smaller Pt values as shown in Fig.12. The 

predictions for ANN 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 ANN 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 IP5. Higher-order twist effects have been invoked to 

avoid the difficulties of perturbative QCD and by heuristic arguments {2"1 one chooses 

IP5 "'" 1I5IP1 with an arbitrary phase dift'erence '1 - 45°. In principle phase dift'erences arise 

also in perturbative QCD from the integration over the quark wave functions and they 

can be large (2"1. However we should mention that there are strong objections against the 

dominance of pertubative QCD over non-perturbative effects to exclusive processes [25]. 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 Q2 values only, one 

is developing a consistent scheme allowing explicit computations for exclusive reactions at 

large angles [26]. 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 A 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 [21] analogous to the QED Coulomb Phase. At fixed angle 

one gets a factor 

e- 1n'(-,) = e-ln"')ei1fln .. (11) 

introducing an energy dependent phase in the scattering amplitudes. There is some ev

idence for an oscillatory pattern [28] with energy of the pp elastic cross section at 900 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 900 and 10 GeV/c (29). 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 J(-p has a much smaller cross section. It corresponds 
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to the fact that K+ which is a us 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 rema.rk 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 GeVIc np elastic scattering is about one half of pp elastic scattering 

T I IfOm III5 

2 

5 

2 

~ 2 If~ § 

~ 1.0c: 
~ 
bf- 0.1 
"0 "0 

0.01 

Fig.I5 Values and upper limits for several tW<rbody cross sections at 900 taken from ref.[29]. 

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

qua.rk interchange, for example the three charge exchange reactions displayed in Fig.I6. 

2 The cross section for this last reaction is smaller but it might have been under esti

mated. In a rather poor statistics experiment 130] it was claimed that the cross sections 

for 1r-P ~ 1r-.6.+ and 1r-P ~ 1r-P have the same magnitude at 5 GeV Ic but this remains 

to be checked. 

16 



K-I:~:I.' .-I:~:I.' .1:~:lp 

plr~~~:~;~;2~~::~~:::IA pIr~H· pI;~H· 
np_pnx-p - XenK-P _xeA 

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 J(-p - 11"0 A and 1I"-P - 1I"°n known around 5 

GeVIe, by using eq.(5) one can extrapolate to get their magnitUdes at 10 GeVIc. 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 11) in the large angle region for two of the 

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

quark interchange. 
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Fig.11 The A transverse polarization in J(-p - 11"0A at 4.2 GeV Ic reaches values of the 
order of + 100% at large angles (Data from ref.[32J). 
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3. SPIN IN INCLUSIVE REACTIONS 

Let us now tum 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 PT 

for which a lot of data exist for hyperon production, whose theoretical interpretation is 

rather subtle. We will also, very briefly, consider the large PT region and Z F "" O. Then we 

will give some QeD predictions for double helicity asymmetries which will be accessible 

to future experimental programs. 

3.1. Single helicity 4"ymmetrie.9 

Parity is violated in deep inelastic lepton scattering because of the 1* - Z interference 

and in the reaction ep - eX with an unpolarized target and a longitudinally polarized 

electron beam, the single helicity asymmetry defined as 

(12) 

behaves like 

GFQ2 (13)AL""
a 

where GF is the Fermi constant and Q the fine structure constant. Note that AL is growing 

with Q2 and some years ago, an heroic SLAC experiment has found at small Q2 values [331 

ALIQ2 = (9.5 ± 1.6)1O-5(GeV)-2 (14) 

in excellent agreement with the standard model expectation. Now in a machine like HERA, 

one can reach much larger Q2 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 bosans. As an example which is taken from ref. [34} we show in Fig.lS 
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two predictions for AL for a fixed value of x = Q'l12mpll and as a function of 11 = IIIE 

with II = 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'l about the quark helicity asymmetries Aqi, we will consider in section 4. 

"';310 a.v 
X=0.25 

0.8 

0.6 

Al 
0.4 

... -.....--_ ...... -_ .... -

0.2 0.4 0.8 0.8 
y 

Fig.18 Predictions for AL versus 11 at HERA energy. Solid curve from the standard model 
and dashed curve from a left-right model 13&] . 

We will now move on to the subject of helicity dependence of proton-proton total 

cross section and consider the weak asymmetry defined as 

A L = 0"tot ( + ) - 0"tot ( - ) (15)
O"tot( +) + O"tot( -) 

where O"tot(±) 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 (361 

AL = -{1.5 ± 0.22)10-7 (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 GeVIc, they found (3T] a large po,itive asymmetry 

(17)AL = +(26.5:1: 6)10-1 
. 

A small po,itive value AL = +(2.4:1:1.1:1:0.1)10-1 has also been (38) reported from a 1.5 

GeV Ic 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 1r, P and w mesons. It leads to a value of AL at least one order of magnitude smaller 

than the data, even after including the strong interaction corrections (391. This cannot be 

explained either in the standard electroweak model by invoking only Z and W exchanges 

between the two interacting nucleons [.eO}. This mechanism gives also a contribution to AL 

one order of magnitude smaller that the 6 Ge V Ic 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 (41). This interesting idea has been successfully applied to 

derive a parity violating N - N potential for the calculation of AL at very low energies 

(.e'l}. Finally let us mention another calculation of the interference of the strong and weak 

amplitudes including perturbative QeD effects 143). These effects are too poorly know, 

to provide the normalization of AL which, however, is predicted to increase strongly with 

energy above 2 GeVIc, in contrast with the previously mention ned parity violating wave 

function effect. A measurement of AL in the energy range of the FNAL polarized beam 

where AL is expected to be of the order of a few 10-& would help clarifying this important 

question. 

3.! Single tran"ver,e 'pin al1lmmetriel 

Let us consider the inclusive hadronic reaction 

(18)a+b-c+X 

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 c is polarized, 

A = dO'e(j) - dO'eU) (19)
dO'e(j) +dO'eU) 

also usually called the c polarization. 

By using the generalized optical theorem one can write 

AdO' = ImUi.!-) (20) 

where dO' = dO'e( i) + dO'e( ~) is the corresponding unpolarized inclusive cross section de

scribed by means of f+, the forward non-flip 3 - 3 helicity amplitude abc>. - abc>., while 

f- is the forward flip amplitude abc>. -+ abc_>.. 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.!.1. The fragmentation region ("mall PT) 

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 GeVlc 

protons on a beryllium target [46] ; 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 lambda production which make it the best known hyperon inclusive reaction [471. 

Note that all observable quantities are in general functions of three independent kinematic 

variables, Js the center of mass (c.m.) energy, x F the fraction of incident proton momen

tum carried by the lambda in the initial direction of the proton (in the c.m. system) and 

PT the transverse momentum of the lambda relative to the initial proton direction. The 

beam (target) fragmentation region corresponds to x F '" 0.5 (x F '" -0.5), and in this case 

when one assumes that together with the lambda a kaon is also produced carrying a large 

positive (negative) x F' say x F > 0.2. 
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Fig.19 'Iransverse asymmetry (or polarization) of different hyperons produced by 400 
GeVIc protons on beryllium versus PT from ref.[44] and references therein. 
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Fig.20 A polarization versus PT for various XF values at ISR energy. Data from ref.[45). 
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Let us now briefly recall the main features of the data in the beam fragmentation 

region 

i) the invariant cross section E~~ depends, to a good approximation, only on x F and 

PT and not on the c.m. energy. 

ii) the transverse polarization P is negative with respect to the direction 

n=Pinc xP,.· 

iii) P is almost energy independent for an incident energy ranging from 12 GeV/c to 

2000 GeV/c (see Fig.21). 

iv) for PT below 1 GeV/c, the magnitude of P is approximately linear with PT with a 

slope increasing with x F (see Fig.20). 

v) for PT above 1 Ge V / c, the magnitude of P is independent of PT up to Pr ...., 3.5 Ge V / c 

and approximately linear on x F • 

o· · 
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Fig.21 A polarization for various PT and x F versus JS 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 Pr -::f 0 corresponds to the replacement of a valence u 

quark in the projectile by a strange quark 8 comillg from the sea which must be accelerated 
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and must get a non zero Pr' 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·clasaical fragmentation model [481, the confined linear colour field is 

stretched and the strange quark needed to make the final lambda with PT :F 0 is produced 

by an 88 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 PT but 

whose magnitude is difficult to predict. 

The recombination model (49) is another approach based on classical arguments. IT 

F is the colour force which provides the acceleration to the strange quark, this S quark 

of velocity v feels the effect of a Thomas precession given by wT ...., i' x i1 which has the 

direction of the normal nto the hadronic scattering plane. In order to minimize the energy 

s,wr associated to this effect, the spin sof the 8 quark should be opposite to wT 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 r-elieve is at work for lambda inclusive pra. 

duct ion in the fragmentation region [501. This involves the reggeized on~pion exchange 

model proposed several years ago and which gives a successful description of various ex

clusive and inclusive reactions (51,52). 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 1rp -+ K A and the total 1rp 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 

1 [6 \ 2 2 dO' 'If' N - K A )]dO' ';\( 2 2 1 1rA(sl,m ,j.l) d (Shil'2 A s,m ,m ) tl 
3 3 

[2v''\(s 2 2) tot ( )] F2( ) d pK d p,. (21)2,m,j.l O'ff'N 82 tj S l,82,S (21r)32E (21r)32E,.
K 

where PhP2,PK and p,. are respectively the momenta of the initial protons and of the 
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produced kaon and lambda, m and IJ being the proton and the pion masses. Moreover 

the jive invariants of the reaction are de6.ned as follows : 8 = (PI + P2)2 is the collision 

energy squared, 81 = (PK +P"Y is the energy squared of the binary reaction, 82 = 

(PI + P2 - PK - P"Y is the invariant mass squared of X, tl is the invariant momentwn 

transfer squared from the proton beam to the lambda and the mass squared of the off

shell pion is t = (PI - PK - p"J2. In eq.(21), we also have the usual kinematical function 

A(X, y, z) = (x _y_z)2 -411z and we denote Mft';-KA (81, tl) the differential cross section 
tl 

for the binary reaction and D':.o~(82) the 1rN total cross section. The function F(t; 81, 82, s) 

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 xA and xK the x~ s of the lambda and of the kaon, 

PTA and PTK the corresponding transverse momenta relative to the initial proton direction 

(in the c.m. system) and t.p the angle between the two directions PTA and PTK' 

}., 

I 

l 
Itt 

: :j
PI~ ~ -- 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. x A '" 0.5 and 

x K '" 0.2, the effective energy of the binary 81 is alwaYIl much IImaller than 8 and, in general 

except for xK = 0, it is reduced to values in the range of 10 Gey2 or less. On the other 

hand 82 remains of the order of 8 and approximately 82 '" (1 - x A - X K )8. Therefore from 

eq.(21) it results that, provided rz remains small when s increases, the cross section obeys 

IIcaling in agreement with the observed inclusive lambda spectrum. Another important 

kinematic observation is that t is generally not very large in the region considered, where 
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PTA and PTK are small and x A + X K not far from unity. Thus the pion will not be far 

ofF-shell. The invariant croes section for lambda production is obtained from eq.(21) after 

integration over the invariant phase space element of the kaon d3pK / E •
K 

It now remains to discuss the fonn of F(t;8t, S2,S). Following refs.[51,52] we will 

(22) 

and will assume a linear parametrization Q..(t) = Q~(t _ ",2) 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 t to the ordinary 

pion-pole propagator l/(t - ",2). In order to avoid a too much slow decrease of F with 

increasing t, one imposes the following bound R2 + R~ + Q~ln(8m~K/8182) 2:: Ao. To 

summarize F(tj8I, 82,8) depends on five parameters R2,R~,Q~,To and Ao whose values 

were obtained 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 1rp -+ K A at low 

and moderate energies for which we use an interpolation of the low energy data 153,54J for 

1r-P -+ KO A, for PI46 < 4 GeY/c, in tenns of an expansion of Legendre polynomials and 

for Pld > 4 GeY/ c we use a Regge parametrization of the data 

We must emphasize that this approach allows us to predict the abllolute normalization 

of the invariant inclusive cross section and the comparison with experimental data of 

the measured A production by 400 GeY/c protons on hydrogen is given in ref.[50]. The 

theoretical predictions correspond to the set of parameters 

R2 -0.55 Ge y2 , R~ = 1.25 Gey2 , Q~ = 0.85 Gey-2 , 

To = -0.25 Gey2 and Ao = 0.35 Gey-2 (23) 

which are slightly different from those used in ref.[52] since, of course, our knowledge on the 

A inclusive spectrwn has greatly imprOVed since 1974. Note that we take D'!!,~(82) = 24mb, 
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an appropriate average value for the relevant range of 82 under consideration. As shown 

in Fig.23, we get the correct absolute normalization, the right trend of the data both in x A 

and PTA' the best agreement occuring for XA "" 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 croRS section in the fragmentation region. 
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Fig.23 Inclusive lambda invariant cross section at Pld = 400 GeV Ic versus XA for different 
PTA values. Solid curves are our theoretical predictions and open squares are the data 
representation from ref.[47] with typical errOl'S. 

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 PA of the binary 

reaction 7rp -+ K A at low and moderate energies. There, PA is known to be large and 

positive for Piall < 1.5 GeVlc [153.154). But at higher energies for momentum transfer ~ 

-0.3 GeV2 it turns large and negative [1561. Notice, now P is measured along n= Pine XPA 

whereas in the binary reaction the lambda polarization PA is observed along the normal 

iJ =Ptr X PK -PK X PA to the (KA) plane, in the proton (beam) rest frame. Therefore 
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~ ~ ~R 
one obtains ~P from eq.(21) by replacing dt. by cos ~ PA dh where cosii = I n II R 1 

i.e. the inclusive transverse polarization is obtained as a weighted average c:l the quantity 

COS~PA' We parametrize the experimental polarization of 1C'-P -+ KOAo as P = +0.5 for 

PI." < 1.5 GeVlc, for all scattering angles expect near forward and backward directions 

where it should vanish. For Pld > 1.5 GeVlc we use P = 0.4sin( -1C't' It~), with t~ = 
0.3 GeV2, for t' > -0.45 GeV2 while for t' < -0.45 GeV2 we take P = -0.4. Here t' is 

the usual momentum transfer between the pion and the bon which vanishes for forward 

scattering. In Fig.24 we show the results of this calculation at Plab =400 GeVIc for three 

xA values. Since the cross section is best described for x A 0.5, we think the polarization 

u 
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PTA co.v/c) 
Fig.24. Comparison of the measured lambda polarization with theoretical predictions from 
ref. (50] at x A = 0.4 (dashed curve), x A '= 0.5 (solid curve) and x II. = 0.6 (dotted curve) . 
The open circles are FNAL data at Pld = 400 GeVIc and average x A' XA = 0.44 from 
ref.[47] and the solid circles are ISRdata at ..;s =62 GeV and XA = 0.58 from ref.[57]. 

is also most reliable at the same x A' For comparison we show some existing data at two 

different energies for nearby x A values and again the agreement is remarkably good both 

in magnitude and sign [58}. We have also checked that the theoretical calculations for PA 

are energy independent as it should be following iii) mentioned above. Moreover at large 

PI' the value of PA flattens out consistently with a well established feature of the data 

(see v) above). The sign of PA is directly related to that of P for the binary reaction for 

> 0.3 GeV2 and its magnitude increases with x A because the cancellation from the 
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configurations cos ~ > 0 and cos ~ < 0 is more effective for small values of xA' 

In a. rough way, the shape of the inclusive polarization as a function of PTA 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 lI'+p -+ K~E+ and lI'-P -+ KOAo observed 

in ref.[56]. leads us to predict the inclusive E+ 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 11'+ and 11'- inclusive production shown in Fig.25, 
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Fig.25. AN versus x F for 11'+ ,11"- and 11'0 data from ref. [59]. 

the model can easily account for that due to the mirror symmetry of the polarizations for 

lI':t:p -+ PlI':t: in the backward direction at low energies. Moreover we anticipate the correct 

sign since the binary polarization at u '" -0.5 GeV2 is opposite to that of the inclusive 

at PT '" 1 GeVIc. This opposite sign occurs because for the binary the polarization is 

measured along ;rin x ;rout which corresponds for the inclusive to -Pine X ;rout. Finally in 
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pP collisions with polarized p one observes at FNAL that the polarizations for 11'+ or 11'

inclusive production are opposite in sign to those of 11'+ or 11'- in pp collisions (60). This 

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

9.1.1. The central region x F '" 0 (large PT) 

The single transverse spin asymmetry at the quark level P, is expected to be small 

because it should vanish in the chirall:imit (P, '" m,lpT) and it should have a non-zero 

imaginary part of the quark scattering amplitude (Pq '" ct,). However it was shown that 

these simple-minded arguments do not apply if one considers non-leading twist contri

butions (61). In particular AN for ptp -+ 'Y(or lI')X at large PT(PT ;?: 4GeVlc) 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 PT one 

expect these AN to increase with XF of l' or 11', because higher twist contributions get 

enhanced at the edge of the phase space [62]. We show in Fig.26 a large effect obtained in 

recent data from FNAL. 
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Fig.26 A versus PT at x F '" 0 in ptP -+ 11'0 X from ref.[60]. 
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9.9 Double helicity a"ymmetrie" 

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 ALL defined 

as 
dO'a(+)b(+) - dO'a(+)b(-)

A (24)LL = dUa(+)II(+) +dO'a(+)b(-) 

which, in the hard scattering region, is given by 

ALLdO' = L --T- jdxadXb [~f:·)(Xa,Q2)~f?)(Xb' Q2) + (i +-+ j)] a1Lauij (25) 
ij 1 + IJ 

where the quantities ~f's, which are the parton helicity asymmetries, will be discussed 

in section 4 and a1L 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 ALL one can use the following approximation 

A '" '" (26)( ~Ii ) (~/j ).....ijLL ~ f. f. aLL 
ij I J 

in tenns of the average of the parton polarization" defined as ¥. It shows that, even if at 

the parton level a1L 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 PT because they have larger cross sections, typically at PT=3 Ge V / 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 PT is dominated by Compton scattering in PP colli

sions and by annihilation scattering in pP collisions. The double helicity asymmetries ALL 

read in these approximations for PP collisions 

EJ[~qi(Xa)~G(XII)aLLaufjdt+ (xa +-+ Xb)] 
ALL = i x dt (27)

Ef[qi(Xa)G(Xb)dUfj t+(xa +-+ Xb)] 
i 
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82-? (82 +?)'JI'OOwhere aLL = ~ and auf /dt = -e~ ~' --.....- and for pp collisions 
8 + t 0)8- it 

E J ~qi(X.)~qi(xb)atLauf /dt 
ALL=~i------------------------- (28)

E J qi(Xa)qi(Xb)auf /dt 
i 

where atL = -1 and aut / dt = e~ 'JI'~, ~ (~). In these expressions the integration 
8· 9 til 

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

The gluon helicity asymmetry ~G 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 ALL is another way of getting some information on ~G(x). The 

results are shown in Fig.27 for two different values of the c.m. production angle 8c.m . = 45° 

0.3 pp -+ yX ./5-25 GeV 

02 

0.1 

-0.1 

-0.2 ~~ 

........""
. """--.----0.3 PP -+yX -45

024 

PT(GeV/c) 

Fig.27 The double helicity asymmetry versus PT for direct proton production at Js = 25 
GeV and the different values of the c.m. production angle 8c.m . = 45° and 90°. 
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and 900 and ALL would vanish if AG = 0 and if annihilation could be fully neglected. For 

PI' collisions from eq.(28) we see that ALL is expected to be larger because Aij is a valence 

quark asymmetry and it is negative following the sign of atL whose magnitude will also 

enhance the effect. We show the results in Fig.27 which are all increasing with PT· 

Finally, let us consider the double helidty asymmetries in pion and jet production. 

Cross sections for these reactions are large and many subprocesses contribute to them, i.e., 

uu -+ uu, ud -+ ud, qg -+ qg, etc... . For most of them atL is positive (63] so we expect 

ALL to be positive provided Aqi and I::i.G are positive. This is in agreement with the 

results shown in Fig.28, except for the 7r- production where the down quark asymmetry 

Ad, which is negative according to several models (see section 4), dominates. In all cases 

the magnitude of ALL is growing with XT· 

ALL 

0.051 ,o -
XT 

Fig.28 The double helidty asymmetry at XF = 0 versus XT = 2PT/..ji 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 PT near 900 in 7r0 production; it should be checked and also 

measured in other reactions like direct photon or jet production. We also badly need data 

on the ALL parameter at high PT 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 (83.04]. 

4. POLARIZED STRUCTURE FUNCTIONS 

4.1. Parton helitity a"ymmetries and the proton spin 

Four years ago the European Muon Collaboration (EMC) at CERN has reported the 

results of an accurate experiment[65] 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 helidty asymmetry 
A = d<T++ - d<T+_ (29) 

d<T++ +d<T+_ 

in polarized muon-proton deep-inelastic scattering. Here d<T++ and d<T+_ denote the cross 

sections where the muon beam polarization is along the beam axis and the target polariza

tion is either parallel ( + ) or anti parallel ( - ) to it. This measurement allows, in the scaling 

limit, the determination of the quantity 

AI(X) = }:i enAqi(x) +Aiji(x)1 (30) 
}:ienqi(X) + iji(X)} 

where, as usual in the parton model, for a given parton, we define the unpolarized dis

tribution I = 1+ +1- and the parton helicity asymmetry AI = f+ - 1-, I± being the 

distributions of this parton in a polarized nucleon with helidty 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 Al 

on polarized protons from an earlier SLAC-Yale experiment(66) and from the recent EMC 

experiment over the kinematic range 0.015 ~ x ~ 0.7 and 1.5 ~ Q2 ~ 70GeV2 . The two 
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sets of data are fairly consistent for x > 0.1, but the very small x range has been uniquely 

explored by the EMC. Note that the expression of Al reads 

2x91 (X) 
(31)A1(x) = F2(X) 

where the polarized structure function gl reads 

91(X) = ! L eH.6qi(x) + .6qi(X)] (32) 
i 

and one has a similar expression for F2 in terms of the qi'S. 
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Fig.29 Data on the asymmetry Al versus x 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 gf(x). The EMC data are independent of Q2 to a very 

high degree and yield a precise value for the integral of gf(X,Q2), which is in principle a 

function of x and Q2 if there are scaling violations, that is(67) 

11 dx gf(x,Q2) =0.116 ± 0.009 (stat.) ± 0.019 (syst.) (33) 
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Integrals of this type are related by perturbative QCD (PQCD) through the OPE to 

the matrix elements cJ. the axial vector currents of the electroweak theory. To first order 

in a.(Q2) one can write (we take the number of flavors N/ =4) 

(34)11 dx gr(x, Q2) =< EI[lAo + (1 - all/1f')'hA3 + (1 - QII/1f')3\Aa] IE> 

with the singlet, triplet and octet components 

Ao = U"Y3"YS U + ii')'3"YS d + S"Y3"YSS , 

(35)A3 = U"Y3"YS U - d')'3"Ysd , 

As = U"Y3"YS U + d"Y3"YSd - 2S"Y3"YSS , 

where IE > is any longitudinally polarized baryon of the 1/2+ octet. By making use of 

5U(3) (which is good to the level cJ. at least 10%) and the experimental knowledge of 

baryon semi-leptonic decays, we can apply (34) to the proton and we get 

11 dx gf(x, Q2) =is [(9F - D) - QII~Q2) (3F + D)] + i < Pls"Y3"Yss\i > 

=(0.186 ± 0.005) +i < Pls"Y3"Yss\i> (36) 

where we have takenl68] F = 0.477±0.01l, D = 0.755±0.01l and QII(Q2) = 0.27. The Ellis

Ja:ffe sum rulel69] can be obtained from eq.(36) by assuming, following the quark model 

(QM) prediction, < Pls"Y3"Yssli >= O. 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 

(37)< PlS"Y3"YSS!P >= -0.220 ± 0.065 

namely, strange quarks inside a proton. carry a large fraction of the proton spin. As a 

consequence, one also finds that the matrix element of Ao 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 'pin i, not carried by the quark,. 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.[701 and 

reexamined later in refs.[71] and [721, the Aqi 's, defined as first moments of the Aqi(X)'S, 

occuring in the naive parton model, are replaced by 

, Q. GAq. = Aqi --A (38)
I 211' 

where AG is also defined as the integral over x of AG(x). 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.[731. 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)211'ja. 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 '" 6 -7, 

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[6°1 for var

ious inclusive reactions and hopefully it is expected to operate for some more years[741. 

There is also a new very exciting project for polarized protons at RHIC[63,G4] which would 

allow, given the high anticipated luminosity (C = 2.I032cm-2sec-1) and the large beam 

polarization (P = 70%) to test various physics issues. For example, it will be possi

ble to detennine directly the magnitude and the sign of the gluon polarization from the 

measurement of the double helicity asymmetry ALL (see eq.(27) with both proton beams 

longitudinally polarized in jet or direct photon production at large PT. For illustration 

we show in Fig.30 different predictions for ALL in PP -+ -yX together with the expected 

experimental accuracy. 

Now let us return to the crucial question: is eq.(37) really believable? There is a 

strong argument(77) againt a large measured As (Le. 1).;/ in eq.(38» from the experimental 

data on charm production in neutrino DIS [76.77) which provides a direct knowledge on the 
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Fig.30 Predicted ALL with a large AG for v'S = 300GeV as a function of PT, for two 
different values of the c.m. production angle:8c.m . =90° (dashed curve),8c. . = 45° (solidm
curve). The small-dashed curve corresponds to a standard AG and 8 . . =90°. The error c m 
bar indicates RHIC sensitivity at PT =20GeVjc and for Ay = 1,1).4> = 211', APT = IGeVjc
bin (taken from ref.[64J). 

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 

9:1:(X,Q2) = (1 - x)P L C~k)(Q2)x-O.(O) (39) 
k 

where ak(O) is the intercept of the Ie Regge pole. The leading term is the Pomeron for 

which ap(O) = 1 and the Regge residues are positive and such that CC:) = C~), i.e. the 

Pomeron coupling is spin independent. In eq.(39) P is a large number related to the high 

x behavior. The data of refs.[76,771 can be very well parametrized as 

xq(x) = (A +Bx)(1 - x)P (40) 
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and one finds 

A = 0.135 ± 0.006, B =0.53 ± 0.22, p =8.25 ± 0.76. (41) 

Therefore as a consequence of p03itivit,l one easily derives the following restrictive bound 

B 023lasl < = 0 057+0. (42)- p+ . -0.0117 

which implies using eq.(36) 

10 
1 

dx gf(x,Q2
) 2! 0.172!~:g~: (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 far[78] are totally unrealistic[79] as we will see in the following illustration. 

It has been claimed recently[80] 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. 

I xs(x)dx, 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.[SO] propose to use the following parametrization 

xs(x) = A(I- x)' +C(I- 6x)(I- x)" (44) 

where the second term, which has a non-perturbative origin, is such that 6 =pi + 2, so it 

does not contribute to the m~mentum sum rule, and p < < p'. They actually take p = 5 

and pi = 12 and we see on Fig.31, that this choice leads to a very poor fit (fit 1) of the most 

recent CCFR data[82) whereas a better fit (fit 2) is obtained for C = 0 and p = 11.1 ± 0.7 

which obviously leads to B = 0 in eq.(40) and consequently lasl =O! 

There is another very important sum rule called the Bjorken sum rule(83) which can 

be directly obtained from eq.(34) and reads 

1
10 [gf(x) - gj(x)] dx = (0.205) [1- a./1r + a(a./1r)2 + b(a./1r)3] (45) 
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where the next-next to leading order corrections (three loops corrections) were calculated 

in ref.[84] and tum 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 gj(x), 

the neutron polarized structure function, has not been measured yet. If the EMC result 

is correct, the validity of this sum rule leads one to predict for 91(X) large and negative 

values in the low-x region. 
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Fig.31 The curves for xs(x) 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(811) which satisfies the Bjorken sum rule and thus perturbative 

QeD, while the dashed curve is the prediction of the MQM/QGD approach(86) and gives 
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a fair description of the data both at small and large x. In this approach the neutron 

asynunetry 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 » 'iI, it was proposed[87j 

that this simple fact can also imply a flavor asymmetry for the light-quark sea helicity 

distributions i.e. ~'iI"f: ~d. In this approach, the quantitative effect given by d(x) - 'iI( x) = 

(1 - x f 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 CERN(88), HERA!89] and SLAC[90] to measure both gf and 

9r· 
Finally we will consider the tran..ver"e spin dependent structure function, the so-called 

92, 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 91(X) +92(X). The 

literature contains several groundless conjectures like, 92(X) == 0 or 91(X) + 92(X) 0, 

etc... but recently our theoretical knowledge on 92(X) has been reviewed and clarified45). 

Whereas 91 (x) is leading twist (i.e. twist-2) only, 92( x) is more complicated. First, it has 

a twist-2 contribution 92'W( x) which is simply related to 91 (x) by the Wandzura-Wilezek 

sum rule[92j 

11 dy
91(X) +9!fW(X) = -Ul(Y) (46) 

Ie y 

and satisfies automatically the Burkhardt-Cottingham sum rule!95j 

11 9!fW(x)dx =0 . 

Second, it has a twist-3 contribution 92(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 92'W(x) (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 92(X) in the bag model. The dotted 
line is the twist-2 contribution 9rw 

, the dashed line is twist-3 92 and the solid line is the 
sum of the two (taken from ref.[91]). 

4.2. The tramver"ity didribution and the Drell- Yan proce"" 

Recent progress has been made in understanding transverse spin effects as already 

mentioned briefly in the previous section when we discussed the structure function 92. 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 answer[96,97] is obtained 

by looking at the chlral 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 scat tering this 

has the further consequence that the quark line" enterin9 and leavin9 the nucleon are of a 

"ingle chirality. Only two independent quark-nucleon amplitudes enter the description of 
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(a) (b) 

Fig.33 Chiral structure of deep inelastic scattering. 

+ ... 

(a) (b) (c) 
Fig.34 Chiral structure of Orell-Van production of lepton pairs. 

e 
Fig.35 Left- and right-handed chiral even quark distributions whose sum and difference 
give 11(X,Q2) and 91(X,Q2) respectively. 

e 

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, h(x, Q2), 

simply related to F2. The difference gives the chirality (or helicity) weighted quark momen

tum distribution 91 (x, Q2), 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-Van. As always, the quark chirality is conserved in the hard 

part of the diagram. However, it is clear from Fig.34 that the chirality 01 the quark line" 

entering and leaving a given nucleon need not be the "arne. 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 a 

new structure function, h1(x, Q2), 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 (x, Q2) 

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 Orell-Yan processes at the 

dominant-scaling-order. hi is chiral odd because it measures the correlation between left 

and right-handed quarks. It is leading twist like 11 and 91 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 91 as shown in Fig.37. 

Finally let us comment on how to determine hl(x). As pointed out in refs. [94,95] , hi (x) 

can be best measured in Orell-Yan production of lepton pairs with both proton beams 

transversely polarized. As an illustration we show in Fig.38 Arr/aTT, the ratio of the 

double transverse asymmetry ATT to the parton asymmetry aTT, which depends critically 

on hi, for quarks and antiquarks. This exciting measurement will be also accessible with 

the polarized pp collider at RHIC[63,641. 

Fig.36 Chiral odd quark distribution which gives hi (x, Q2). 
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Fig.37 hI (x) versus x in the bag model (solid curve). The dashed curve represents 91 (x) 
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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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