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The spin renaissance started '87 almost exactly tea yean ar;o with the spin sum rule 

I 	 I2= it\E + t\g + (L: + L:) 	 (1.1) 

and the surprising EMC ohlet'wion [I] that AE <' I u inferred (rom JJ g\'(z.Q' ~ 
10 GeV2

) dz =0.126 ± 0.018. To most of us thi. came .. a .urpriJe since it impl_ that 
the fennionic degrees (quarks and antiquarb) contribute very little to the protoo'. spin 
(80metimea al80 coined 'spin crisis'), and tb. the totII beliaty of gluons (t\g) lAd the 
orbital componeols (L:") are mainly responsible for the spin of the nucleon. Further· 
more it also COfttradic:ls naive quark model expectations t\tSU,., = I or, allematiw::ly, 
t\£ ~ t\9I ~ 0.6 as sugested by Ellis lAd Jaft'e (2) by _umin,; a vanishins .tran. 
Ilea contribution t\" =Ai =O. For de6nitenesl, the total heliaty of a specific: parton 
1= q, q. 9 is defined by 

A/(Q2) == 10' 6/(z,Q')dz 	 (1.2) 

with the den.ity of lonsitlldinally polarized partons heinS liven by 61 =It - I-I &ad 
At == EJ(Aq+ Aq). 

Today, "7, more than ten years later we haw: a better koowledp of t\E( Q') due to 
several and far more accurate measurementl of gf',l(z,Q'). On tbe other hand. however, 
Ag(Q'), i.e. 6g(z, (2) is experimentally stiD entirely .nknown, but there i. a plethora of 
theoretical development.s and Rudiea.· Similarly. the orbital component. L%"(Q') in (1.1) 
are terra inc.opita and it is not eYeD known how to relate them to reali.tic measurable 
observa.bles (apart froID a very recent attempt to wlaich I tarn latn). This is a Vf1IJ 
curious and unu.ual situation indeed! 

2 	 The Spin Structure FUnction 91(Z, Q2) and Polarized 
Parton Densities 

The (IonsitudinaJJy) polarized structure function,. i., up to NLO, related to the quark 
and ,;Iuon densitiea (61) in tbe followins well bon way 

9,(z,Q2) =jE,e! {'t(Z.Q2) + 6f(z,Q2) + cr.!?2) (6C. 8(69+ 6,) +2IC, 8191} 
(2.1) 

with €!I denoting the usual CODvolutions. Needlas to I&y that the NLO quantities 6C. and 
the 2-1oop .plilting functions 'riP for the Q2-evolution have to be c:alcula&ed witbin the 
tame renonnalizatioo and factorization scheme 10 .. to maintain eq. (2.1) independent. of 
the convention choaen to the perturbative order in 0'. couidered ('acbeme independence'). 
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Tbe M·'i and 61~~I) separately drpelld of course on the factorization scheme chosen. In 
uther words, if Olle r.hoo.scs a different fact.orization scheme accordillg to 60 -+ 60 +6, 
in a gellcric but obvious nolati("I, this C'lJanse haa to be cool,Jensated by an appropriate 
change of 6p(l): 

61)(1) -+ 6"c1, +~ 6 [6, 6"co,} (2.2) 

in order to kC!Cp ,. invariut, i.e. convention (schenae) independent to O(o!) (3). Tbis 
c1f'.arly ret'luires the kuowledle of aJllpJP in one particular scheme. The completion 
of .1I2-loop 6P!P(z) in the D'S'scheme [4,5) was the hiPlilht in '95. Since theo it 
became ptJSSible for the first time to perform a funy consistent NLO(llS) analysis (6-8) ror 
g.(z,Q3i) as iD tbe case for unpolarized strudure funcLions (fi) durinl the put 17 yean. 
All the required continuations of the momentslpJ:?/l =1: z"-llpJP(z) fb, required for 
the more convenient analysis in terms or Mellin n--moments, have been worked Ollt in [6). 
Since the uDpolarized (spin averaFI) parton densities I = 1+ +/_ are usuaJly extracted 
io ,he D'S' scheme, this factorization scheme is particular convenient because the II'. haye 
to satiafy the lenera! poaitivity constraints 

16/(z,~)1 ~ I(Z,Q'). 	 (2.3) 

.t ahould be furthermore noted that the ,luonic coefficient function in (2.1) bu, in the 
lIS scheme, the property 

60, == /.1 60,(z). == 0 (US) 	 (2.4) 

i.e. the total cluon helicity Ag(Q:t} decouples from tbe first (n = 1) moment of , •. Ne
vertbeless, 6g(z,Q') plays an importaat role in analyses of g.(z,Q') since, for the time 
heiDI, actual meaaurement.. alwa18 refer to z ~ 0.81. 

This is in contrast to the Iluon 'off-shell' (-r > 0) or 'Adler-Rardeen' scheme (9J 
where 

6C.= -2
) 

('011' shell' or'AR' scheme). (2.5) 

The appealing feature of tbis scheme lies maioly in the fact that here 61: i. conaerved, 
i.e. Q3i independent, and tbu. caa remain 'constituent-like' (d. Sed. J) at any scale 110), 
with 6g(Q2) heinS tben responsible (or reduci.. the totailiavor-sin,let coatribution to 
the fint moment of 9I(z,Q'), as will he discussed later. For these re&IIODI some croups 
prefer to work with this tactoriaatioa scheme (11-13), althoqh tbe traosfonnation from 
the 1m to the AR scheme is not unique. Nevertheless it should be kept in mind tbat any 
consistent (theorist's) choice of scheme is in priociple equally acceptable since' the final 
result for any measurable quantity (91) baa to be the same way up to O(~) contributions 
u discussed above. 

QeD analyaea of ,.(z,Qt) data are n&her ambipous at present .ince tbe polarized 
input dellsities 6/(z, QI) are far lUI COIlItrained tban tbe unpolarized dellsities l(z,QI). 
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This i. not only due to the rather 'acaree' poIarizatioa data available, but in partieular 
because 

• 	no 6g(z, Ql) sensitive fi4t. are available 10 far, 

• 6/(z,Q') i. no' even positive definite; 

• 	no sum rule exist. like the strongly constrainins ~ z(1: +g) h =1 

eDeI1Y-momeotum conserntion sum rule for· the spin-averaced cue. 


Therefore some croups (11-14) p&rametrize present g.-data just in t.enns of a quark Il0l

sinclet and siollet density as well as or 6g(z,QI) which is certainly suitable iD view of 
,he limited number of indepeodeot experimental o_vables, ;: and 9'; (or gt). On the 
otber band, however, tbe luaowledse of tbe individual densities 6f(s,QJ) is required for 
caieulatiDS and estimating spin eft'ects in dilereut reactions ('V; -+ dX, 'V; -+ jX, ;;-+ 
lX, etc.) to be studied by future experiment... It is therefore more appropriate to employ 
theoretical prejudices and educated guellel (6-8] in order to CODstrain 6/(z,Ql) such 
88115) 

16fv(z,Q:U- fv(z,Q:) as z -+ 1 ('helicity retention') (2.6) 

6g(z,Q:)/g(z,Q:)..., z 88 z -+ 0 ('color coherence') (2.7) 

at some 'intrinsic' bound-atate-like input scale QI .:s. I GeV2. Furthermore, neutron 
and hyperoo fJ-decay rates constrain the total heUdt.ies, eq. (1.2), of the followinl 01.'901' 
non-sinsJet combinations liS): 

6" == .o.(u +i - d - d) =gA...• = F+D =1.2573 ±0.0028 (2.8) 

691 == .0. (u +i +d+d - 2(.. +i») = 3F - D =0.579 ± 8.025. (2.9) 

Note that tbe constraint (2.8) is very did, heins DOtbinl else tban tbe Rjorkeo sum 
rule, since it follows from the fuodamental itIospill SU(2)...,. symmetry. The 'standard' 
constraint (2.9), however, relies on tbe full SU(3)-.-. .ymmetry for the baryoo odet (anee 
data from 1:- -+ ft transitions are needed) and iSlllually emplo,ed for most qeD analyses. 
An alternative 'valence' constraint 6(u.. +4) = 3F - D is equally ar.c.eptable, which 
follow, from a broken SU(3),,-, symmetry by ....minl (17] that the flavor chanci.. 
hyperon decay data (E- -+ n) fix only the total betici'y of valence quarks 6fv(Q') == 6q
69. (Here, a necative lilht sea component 69 == Ai = 6d sutlices 1.0 explain pre8mt data 
on the first moment of g., whereas tbe 'standard' lCenario requires a neptive nonftDishi.. 
6 .. = Ai component as well [6].) Present polarized DIS data cannot distinpish between 
these two scenarios [6,8). Finally, tbe Oavor sincJet combination remains a1COftltrained, 

6E =.0... +36(.. +i) =3P - D +36(.. +i), (2.10) 

u,inl (2.9). since the total helicity of the alrance tea .6.t == 65 is not fixed by hyperon 

fJ-deca18· 
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There are 5Cveral ways t.o hnl)lemcnt these ingredients into LO and NLO analyses [8,13] 
of present data (for a colll.dion and rcferencet of all preset,tly available 91 data see, for 
example, [8]). To deLcrmiuc as far as possible, in particular, t.he individual polarized 
parton dtmsities 6/(z, (2) it. is bell)fld to consider some reasonable and simple ansatl for 
6/(z,Q:) witb not too many free parameters (6,8,18,19): 

6q.,(z.(/.) N.. z.... q.,(~, Q~). q.. = u.,d" 
6g(z,Q:) N,z·'(1 - zt, g(z,(f.) 

6q(z,(f.) ::: Nfzat(1 - ~)"q(z,Q:), 9="=.1 
1.,(z,Q:) N.6q(z,Q:), (~.II) 

with .... =O( I). and t.be unpolarized ICdynamical" parton densit.ies /(~.Q:) are taken 
from (20) at the input scale Q: ~ 0.3 acV2 which successfully predicted and explain all 
present (unpolarized) JlERA .mal1-~ data (21) in terms of pure QCD dynamics. Wit.h t.his 
ausatl the positivity requirement.s (2.3) can be trivially implemented. The contribut.ion 
from heavy quarks (charm, etc.) to,., calculated as usual via the massive .,-, -+ IX 

fusion process (22), is necligibly small in the experiment.ally covered z-recion (z ~ 10-") 
and remains .mall even down to z = 10-4 (see, e.,., (8)). The resulting longitudinal 
uymmetries A1(z,0') = gl/FI II well u the 91(~,Q2) for p, n and d 'arceta are in 
excellent .,-cement. with present. measurements (8.18). The main difference witb reaped 
to t.be original ts5-analysi. (6) is related to a sizeable increase (8) or -64 around z =0.1 
t.o 0.3 mainly due to tbe rather precise new EI54 data [23} for Ai. AJtboach t.he optimal 
fit resulted acain in a .izeable aud poeitive Ig(~.Q') [8,13,18), similar ageeable Bts (X2) 
can he obtained wiLh very diferent. (i.e. smaller. oscillating or even nept.ive) polarized 
sluon densities [6.8) ~ t.ypical examples of which are depicted in ftC. I. Even the 110&11 
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FiI. 1: Exam...·or experimea...o, allowed NLO polarized cillO. de.tieI at Q2 = 10 
GeV2 ['.8). Tl. t. C' ,hlO. or (7)" deaoted by 'GSC'. AJao shown .. tile u.poIarized 
GRV94 cllIOII diatriblltio. d. (20) (stara). 

and oscillatinc 69 in fig. I (sbort-dashed curve), which int.qra.tes to a small total helicity 
11, ~ -0.15 (so called 'static' solution, lee Sed. 3.4) c;annoL be ruled out by pretellt 
experiments [8}. Altbough all these differeat choicel yield pradically indi.tinpishable 
results for gf'''(z, (2) in the experimentally acceuible recioo (z ~ 10-1). tbey relult in 
very different .mall-z extrapolations (z < 10-2) of "." [8,13,14). This Ig-unbipity 
is very disturbing and unfortunate, .inee it Ift'ecb the estimates of the full ftnt (n =1) 
moment. of fl...., rl(Q2) == It: gl(z,Q!)dz; whieh ooatdshift praent. naive (R.ege orieated) 
estimates of r."" by as much as ±IO% [8,13)! 

Let me illustrate the importauce oIlg for the z -t 0 extrapolation of ,.(z,QI) by 
considerin, the LO Q2-evolution in t.he doubie-leadiDl-Ioprit.hmic (OLL) approximation. 
The reason for thia heiDi t.he stron, IE - Ig lliaglet mixiD, due to the fad that fill 
lI~r(z) .... const.. for z « 1 (i.e. ~.,.,.., I/n). in cootralt to the unpolarized ase. 
Anumins for the input denllities IE(z,Q:), Ig(z,® ,.", ClEM II ~ -t 0, whid! deriva 
rrom the Rege behavior ,.(z.Qi) ,.., z--.C8', -0.5 ~ 0.,(0) ~ 0, at lOI11e hadronic ac:aJe 
q: ~ 1 GeVl where simple Ileae asymptotia milht be relevant u obeerved by IIERA 
experiments [21}, a straight.forward caiculaLion yielda in the ~ -+ 0 OLL approximation (14) 
for / = 3 liShL .,dive flavors 

IE(z, (2) ) ..... (~cre - 3q.) u,,12 (~iA o,(<n) In.!.) II"] +... (2.12) 
( 6g(z.0") 'c.n: + 12q. flo o.(QI) z 

with Po =II - 2//3 =9. Thus a poIitive Ig (i.e. C'I, > 0), for exunple, drives IE(zt (2) 
n."tioe as z -t 0 and Q2 increases, due to ,he oeptive lup pref&etor -3 whidl cieri,. 
rrom the gluoo .plittin, into quarke (I~"'). Therefore fl.(z, OJ) for example is eventually 
driven nepJ.ive as well for ~ ~ 10-1 and Q" > 1 GeV2 according to an exact LO or 
NLO analyaj8 (8,12,13). (Although the DLL approximation i. very ..rul for qualitative 
pUrpoeel, it. does not suffice for quantitative caladat_.) It .hould Lh... be emphaaized 
that estimates of small-z contribution. to r.(Q") ulling Rege extralpolat._ aIoM will 
be .nreliable, underestimatin, their size, for a poeitive I" and lOfIletimes even Bivin, 
them t.he wroDg.ign [8,12-14,24)1 

These standard perturbative QCD renormalisation crouP (RG) Q2-evo1utioo reaqlu 
are likely to rem.in .....'" at z « I. Potentially lup amall-z aNlt.ributiona from 
'naive' LO BFKL-inspired ladder teSlimmatioo.ofloprithmico.(o.tn2!)" t.ermuugat 
(25) 

gl ,.., Z-O·4...-1 (Q"/I':....)u..... . (2.13) 

Such more lingular terms, however, get pradically caacelled (26,27). in a more conli.tent 
aud complete 1lS calculation (iucludin,.imilar llinplar terms in c:oeOkient. rqncticIDI lei 
as well as lea singular terms, which have not yet been completely calculated in t.he linctet 
aec:tor), u wu emphuized in the talb by J. Kodairaaud A. Vop. Furthermore the deep 
amall-z rise (2.13) is not indicat.ed by t.he receo' SMC dala (24). in contralt to their old 
~3 measurements. 
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3 Sum rules (g)-related) 

To NLO(JlS,) the first mOIDenL of gl(Z,Q2) in (2.1), r.(Q2) == JJ gl(Z,Q2)4z, is giveD by 

Il"(Q2) = (:I:)~A93 +~ACJI +iAE(Q2») (I _0.~Q2») (3.1) 

where I have BUppreaed the NHLO 0(0:) terms {28) lince all experimental estimates 01 
r. employ just the known NLO(2-1oop) Q2-evoIution or g.(z, Q2). The condrain" (2.8) 
uod (2.9) are ulually used CIlLandard' xeaario) to fix A93,1' whereas the linglet AE(Q2) 
remains uudetermined due to the unknown strange aea helicity in (2.10). 

3.1 EIlis-JaI'e '8um rule' 

The Ellis-Jaffe estimate (21 or ft- is baaed on the ....umptioo A.s = Ai =0 and hence 
eq. (2.10) fixa AE. Thul in NLO, eq. (3.1) predic::t.s 

rWi)SJ = 0.168 :I: 0.004, 11'(5)"J = -0.022 :I: 0.004 (3.2) 

.here Q2 is aI.aYI understood in uniu of GeV2. These estimates are in clear contradiction 
to present measurements, e.g. (24,29-32) 

rf(3)E1G =0.121 ±0.011, £,\,(10)sNc = 0.130 ± 0.017 

r.(2.5)HERUES = -0.037:1: 0.015, 11(5)£154 = -0.041 :I: 0.007 

r.'(IO)sMC = -0.046:1: 0.021 (3.3) 

which, in the US l'actorization ICbeme, imply via eq. (2.10) a nonvanilbing and negative 
A.a compoaeot in order to reduce the usumed naive AE .. J = 3F - 0 ~ 0.58 value for 
AE. Typic:al relU." or recent aoalyaes ('optimal' fiu) are (H,18) 

AE(Q2)::= 0.17 - 0.22, At<Q') ~ A.s(Q') =Ai(Q') ~ -0.066 

Ag(5) ~ 1.7:1: 1.1 (3.4) 

.here At, At; aod A. have no Itrong Q2-dependence, in contrast to .6g(Q') wbich turns 
out to be lirea6lc despite the fad that it decouples (AC. = 0, eq. (2.4)) from r 1 in the 
It! scheme. (Note that in the 'Yaleoce' sceoario, discuued aIler eq. (2.9), A" = 0 but 
069 ~ -0.08 is also poasible (6.81.) 

Alternatively one may choose to work with a differeat factorization deme, for exam
ple with tbe 'oft".....beU' or 'AB' tcheme where 

AE(Q2) =AEAB _ 3 0.(Q2) Ag(Q2) (3.5)
21r 
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with AEAB being Q2-independent. Here one obtains [11-13,33] 

IEAB ~ 0.45, Ag(5) ~ 2.5 :I: I (3.6) 

i.e. (obviously) LafJC changes in AEAB but ...111' chanpa i. At(Q2) .hen c:ompared with 
the D'S'relu." (3.4), despite the fld that Ag couples directly (AC, = -I, eq. (2.S» to 
r. via (3.5). Since 

A(" +;)(Q2) = At.. +1).4. - o.~) Ag(Q') , (3.7) 

one c::a.n allow bere for a vanishing strange sea belidty, A(.. + ;)AB = 0, and tbus the 
experimentally required reduction of the larp ('naive') AEAB ~ 3F - 0 in (3.6) i. 
accomplished entirely by the gluoa belicity Ag (9, 10]. This point of view depends or 
coune merely on tbe tbeorist'l choice of ICbeme, whereas the directly meuurable AE(Q2) 
in eqa. (3.1), (3.4) and (3.5) has to remain independent ofthi. choice. 

3.2 Bjorbo 8um rule 

Thia abaolutely ftmdament.allum rule (34], deriwd from iIoIpin invariance and tbu. _I 
a pure flaYOr' non....inr;let relation, acquires licnilca.nt subuymptotic correctionl ill per

turbative QeD 

r:(Q2) - r.(Q2) =ig.. [I - 0.~2) ~ 3.5833 (~r-20.2153 (~r _ ...]+ ~T 
(3.8) 

for 1= 3 liPt lIavon ad where tbe NLO 0(0.) correction to the asymptotic: cenuve' 
parton level) Bjorken lum rule (2.8) c:an he directly read off eq. (3.1) and the biper order 
correc:tioal have been calc:ulaled in 135}. The elli,.. refer to atimatea of eveo hiP« 
order and nmorrnalon (Pade resu.mmed) tern (36), and CRT denoleI aonperturbative 
hir;her-twist atimatea {37)- 1411. The latter estimates, heinl mainly derived from QeD 
...m rulet and the MIT bate model, lie in the nage CRT ~ -0.025 to +0.03 GeV2. At 
Q2 = 10 GeV2 the r.b.l. of (3.8) predic" in LO, NLO(o.). cle.:" 

£,\,-"(10) = 0.210, 0.193, .. ,' 0.187:1: 0.002 (3.9) 

LO NLO total 

and typic:ai recent experimental (NLO) estimate. or Ii' are (18, 19, 23.24} 

rr"(IO)suc = 0.195:1: 0.029, IT""(5) .... = 0.171 ± 0.013 
£114 

(3.10) 

wbereas combining (all) relevant. experiment.s result. in (33,42] 

rr-(5).. = 0.202:1: 0.022. £'\'(5). - (j(5)EII4 =0.192:1: 0.024. (3.11) 
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COlnl.arins LI.cse hSlllLs with (:J.9) we can safely conclude that the Djorlten sum rule is, 
within lIT, r:oraJirmr.d. 

All all.l·rnalive Vllcral way to t.estthe Hjorlten sum nile is to determine gA from an 

NI.O analysis of gr·-..I(z. (2) .nlhoraltbe constraint (2.8), although this misht somehow 
overstretch presently available scarce data. Fixins a.(Mj) = 0.118 ± 0.005 and, very 

conservatively, a,.. = 0.6 ±0.2. such an analysis yields (12,13) II. = 1.19 ± 0.09 which is 
again cOlisist.ellt with the (far more accurate) result (2.8) derived from neutron p·decay. 

3.3 DreD-Hearn-Gerasimov 8um rule 

Tile OIlG lIum rule [43) is a prediction for rI at Q' =O. 

I 11
IN(O) = -- "N (3.12)

4 

with the anomaloul mapetic moments '" = 1.79 and Ie. = -1.91, and where (44) 
IN(q2) == (2M~/Q2)rr(Q2). It can be considered as pvinS qualitative information 
on the magnitude of higlter twilt (resonance) ell'ects in the region be&ween Q2 = 0 and 
the present DIS hish eneru datL As Q2 -+ 0 (at fixed v), an enormous activity of 
IN(Q2) is expected due to excitations of resonances (A. Ne) and possibly of strange 
resonances (IN -+ KA·, KEe) ....II .. DOD-resonant contributions (UIOCiated, in 
part, with VMD), which has been nicely reviewed and discussed by Steven Baa [45). It 
should. however, be empb.uized that DIS perturbative-QCO (twilt-2) expectation. for 
I,,(QI) are fully operative down to 0.5 - 1 GeV2 ~ q'. which ap-ee with recent meas. 
rements [46] - a lituation very similar to the unpolarized HERA experiments [21). For 
example, 1,(Q2 l:. 0.5 GeV2) continuously increases as Q" decreases from, say. 10 to 0.5 
GeV2. where 1,(0.5) ~ 0.15 (46). Such a behavior i. not in llreement with the original 
expectations of a VMD in.pired Q2-extrapola&ion model [44,471 where the tum-over, i.e. 
a zero of 1,(q2) w.. predicted at Q" ~ 1 GeV'. Recent EI43 data (46J, however. teem 

to be coaai.tent with a aero at Q2 ~ 0.2 GeV2. which can be reconciled with a somewhat 
modified Burkert-Ioffe model (46) .. well .. with the extrapolation model of Soler &lid 
Teryaev [48). Cleady, due the DHG lum rule (3.12), r,(q2 < 0.5 GeV2) h.. eventually 
to turn necative in order to reach its Itl'Ollsly neeative limitins value - 0.80 .. advocated 
by DIIG. This i. a very violent 'II dependence within 0 S q2 < 0.5 GeV2 indeed! Tlaere 
will (hopefully) be a lot ol forthcomi. and interestins measurements in this at present 
unexplored very small Q" resion at SLAC, DESY-Hermes, CEBAF (Jeft'enoa. Newport 
News), ELSA (Ooon). MAMI (Mains), MIT-Bates. NIKHEF, etc:. (45) in the not too 
distant future. 
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3.4 Helicity Bum rule: The Spin of the Proton 

Since each component of t.he helidty .um rule (1.1) depends. in seneral, separately on the 
sale Q2, 

~ = ~A.E(Q2) + tAg(Q2) +L:+t(q2) (3.13) 

the question 'what partooic components of the nucleon are responlible for its total 'Pin 
iT' will depend sensitively on the scale Q2 where tbe structure of the nucleon iI pr0

bed. Note that thil lunl rule can be risOfOUlly fonnulated in terms of the qeD anplat 
momentum operator (49) and, althoup tbe aI_llie term. are nolaep&rately pup i.... 
riant [501, eq. (3.13) is to be ullderstood in the phylical lipt-like pup (A+ =0) where 
the expectation values of tbe local field operaton reduce to the standard parton densities 
in the infinite momentum frame (51). 

Let us study the separate contributionl on the r.h.s. of (3.13) .. obtained (rom recent 
LO and NLO(RS) analysil (6.8,18,19) beins bued on the input llI.atz (2.1I). Typical 
representative 'optimal' fit result. are as follows: 

QI/GeV2 I AE I Ag 

LO/NLO(D'S,): Q: = 0.23/ 0.3410.23/0.1810.36/0.051 
5 0.23/0.17 1.3 /1.5 
10 0.23/0.166 1.57 /1.74 

It is very interestins to observe that at low input scales 'I: := 0.3 GeV2 the Dudeoa"'pin 
i. dominantly carried jUlt by the total helicities of quaru and sluonl 

iA1:(q:) +A.g(Q:) ~ i · (3.14) 

aud thoa the beliaty lIum rule (3.13) imp6es 

L:+'(Q:) ~O (3.15) 

.. intuitively expected for low (bound....tale-like) 1CaIes. The spin ol the proton il tbe
refore carried solely by quarks and SIIlOOII, i.e. there is no 'spin .urprise' whatsoever. It 
should be emphasized that this is a senuine result of LO/NLO analyles, i.e. it h .. nol 
been implemented as an input at ql =q:. At smaller distanc:ea, i.e. for Q" :> QJ. this 
picture will break down mnce radiative sloon and q9 production 01 the i..itial partona 
will increase their I:r which in turn sives rile to a finite orbital component Lr'(Q2} 
in (3.13). Clearly a finite (nepf.ive) L:+'(Q2) is required to reamcile, for example. 
laE(Q2) +ag(Q2) ~ 1.8 at '12 = 10 CeV2 (accordi. to the above Table) with the 
sum rule (3.13). Since Ag(Q2),., tnQ2, Lf(Q2) .... -tnQ2 beoomes more aud more lH!Ia· 
tive .. Q' increases (81. The relevant RG QI -evo1utioo equations for L:"(Q') have been 
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wriUcm ,!eMil ill 1.0 a r:()tlIJt,~ of years ago [!i2) whirh predict asymptotically (Q" --+ co) 

- 1 '"' ,,, I 3/ 8
J, =2~u +L.(Q) -+ :2 16 +3/ =0.1 

_ 2 , J 1 16 
J, =~g(Q ) +L.(Q) -+ 2' 16 +3/ =0.32, (3.16) 

for / =3 adive lilht Ravol'S, which corresponds to a similar partition u the well known 
one of quark and Ihlon rIIOlDeilta in the unpolarized Ducleon. Since AE ~ 0.2 is indepen
dent of QJ in LO (alld does not chance very mllcll in NLO, see above Table) one might 
eotdude from (3.16) that L~ remain small, L:{Q') ;s, 0.1. in contrast to the large and 
ncplive L~{(2) ..... -Ag(Q') in order to compensate Ule strolll rise of Ag(Q') _/nQ2. 

An alt.emative but very different scenario for the proton spin is obtained from the small 
and oe:cillatilll',(z, Q2) in 6g. 1 which results in Ag(Q2) ~ -0.15 _ well as AE ~ 0.3, 
almost independently of QJ. This almost 'static' (6t) solution (8), heinl also consistent 
with all present data, can be easily understood by considering the evolution equation for 
Ag(QJ) for / = 3 active Oavors: 

dAg(QI) = a, (2 +!! 19) AI: + a, (~+ a. ~) A (3.17)
dlnQ2 21r 21r & 2 21r 4 ' 

with Po = 9 and fl. = 64. The 'static' condition 4ll!J"t.IIA.ic./d1nQ' = 0 then implies 

Ag,qlk ~ -0.5AE ~ -0.15 (3.18) 

whidl depends only weakly on Q3 sinee, fllrtbermore. d~I:/JtnQ, = 0«). Thus IAE+ 
Al\t&Mk ~ 0 'once and forever' and from (3.13) we have L:+'(Q2) ~ I, i.e. the proton spin 
is mainly of orbital origin at almost any scale. Thi. very unusual (,funny') explanation 
of the protoll spin is hard to swallow, but cannot. be ruled out by prea'!nt experimellts. 
A similarly small and negative gluon helidty has been considered previously within the 
bac model (51) and we learned at this Worbhop that instanton induced quark-sluon 
interactions live also r. to a necative total eluon polarization (53). 

Aithollih we have reached some formal theoretical understanding of tbe orbital con
tributions L:.(Q2) to the spin sum rule (3.13), there appears to be no immediate way to 
relate them to experimental obtervabla in order to meuure not only their aize but also 
the ,i", 0( Lt•. A possible measurement of azimuthal distributions of the current-jet has 
been proposed lOI1le time ... (M) but these are only sensitive to IfOIIIt! average (kf.) of 
rotating const.ituents in a polarized nucleoli &.arieL. More recently, Ji (50,55) hIS .ugested 
to use deeply virtual Compton scattering (DVCS) 'Y.(QJ)p -+ 'Y; in the limit of vanishinl 
momentum tralilrer t = (p' - 1')2 in order to eet direct information about J,.(Q') in 
(3.16) appeuinl ill the spin sum rule (3.13): i =J, + J,. Although this topic haa been 
thoroughly discussed by Anatoli Rady.....kin (56) and tech Mankiewicz (57), let me briefly 
.ketch the main idea. Expressing the matrix element of tbe QCD energ-momentum ten
101' TIW at some renormalizatioo K&Je Q2 in tenus of Dirac- and Pauli-like form factors 
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A and D, respectively, 

(I IT;:b') - A,,,(I, Q"}, B,.{t,t1), ... (3.19) 

one 6nds that in the forward limit 1--+ 0 (50,551 

J,,,«(i) = ~ IA,..{O,(2) +BN (O,Q2») . (3.20) 

The A aod B form factors are in turn related to DeW non-forward twist-2 helicity non
Sip and flip parton dellsities (amplitudes) H(s,(,e,Q2) uad E(z,(,I,Q2), etc. with (= 
Q'/(, +;) .•, which parametrize the DVes amplitude (50,55, 58, 59] and which are 
experimentally accessible. at least in principle, at I ':/: O. Thele non-forward parton 
distribution. have the cbaracters of both ordinary parton densities and nudeoa form 
factors: in the (uaual) forward limit e--+ 0, H(z,O,O,Q') = f{z,(2), etc., whereM their 
fint (n = I) momellts equal the well known DirK and Pauli nucleon form fadon PI,2('). 
The most inlerestinl sum rule relevant to the nucleon spin is obtained for the n = 2 
momellt (50,56,69) 

[I. z [H.(z,(.e,QJ) +E,(%.(,I,Q2)] 4z = A,(I,Q2) +B,(t,Q') (3.21) 

where (luckily) the edependence. as well as rootrihutiona from other form facton of TIW 
in (3.19). drops out. Thu., once the lh.•. of (3.21) hu been meuured (estimated) expe
rimelllally, one needs to extrapolate this sum rule to 1 = 0, to obtain the total quark (
hence the quark orbital L~) rootribution J, to the nucleon spin accordinl to eq. (3.20). 
Undoubtedly, the experimental determination of t_ momenta in (3.21) will be very dif
ficult aod delicate, but even more so will be the required (model dependent) extrapolation 
to t = 0 (55,56,60,61). A. , -+ 0 there are, amoDl other thinKl, contamination. from tbe 
Bethe-Heitler proc:as (which correspond. to the emillion 0( a real photon by the initial 
and final lepton lina), since the BII amplitude is proportional to III u compared to the 
DVCS amplitude _I/Q2. To overcome this problem one has to increase the 'Y.(Q2) flux 
of the DVes by increaainl the beam enerp in order to keep the 811 procea under control 
when extrapolating to t = 0 as was demonstrated by a recent model calculation (61). Thus 
in this respect the CERN·COMPASS experiment (Ell ~ 100 GeV) (62) will be in much 
better shape than DESY~IIERMES or CEBAF (JelferlOll) with their much lower beam 
energies. 

Altlloup the LO RG Q2---"evolntion equations for the parlOll-helicity independent and 
dependent non-forward parton densities 1I,,,(z,e,e,Q2) etc. are already well known (55, 
56, 58, 60, 63,64], there remain a lot of quest_ and unllOlved problem.: J. there a 
factorization theorem [60.65] for DVCS? What is the (-dependence and the s --+ 0 
behavior of H,.., E,.., etc.? now to extrapolate the form facton to I =O! How to 
measure the IluOllic orbital component via J,(Q'), i.e. tlte nOil-forward lluon densities? 
(perhaps via exclusive vector-meson eledroprodudion 15711), etc. 
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"~V(~lItllally sucle (1IIC!.ti()Us have to be allswered, hecause without analyzing and mea
suri,., L:"(QJ), our lUulcrstan(ling or tlte ml~IeoIl'5 spill is hound to remaill rudimentary! 
The Imowkdge of L1E and L1g is nol ellough! - nuL we dOIl't. even know experimentally 
L1g(QJ)! 

How to measure 6g(x,Q2) land the photonic 6g1] 

Let me brieOy rec:apitulat.e the most relevant proc:nses which are sensitive to 19{z,Q:I), 
as well as t.o ig"(z,Q:I) or t.he resolved photon, and thus should provide WI with firsl 
mt'uurements or the polarized &loon densities in the (hopefully) not too distant future. 

• i'·.; -+ eeX. At presently availabie emqies, photo-- or DIS-production of charm 
will he the best 80urce for Ig due to the LO photon-gloou fusion subprocess iC·'i -+ cC. 
(Unrortunately, a NLO- Q! calculation is still missing.) The DESY-HERMES (~ 1998) 
(661 and StAC-EI56 (67) experiment.s will measure 6, at. % ~ 0.3 wit.h a statistical accuracy 
of 1(lglg) ~ 0.3 and - 0.02. respectively, with the charm asymmetry Ait being typically 
about 5%. (When completing this written version of my talk. I was informed that the 
EI56 proposal was turned down by t.he seledion committ.ee - what unexpected sad news!) 
The CERN·COMPASS experiment (62) is expected to reach a statistk.al accuracy for 1,1, 
of about 0.1 at z ~ 0.15. The (open) maml events will be triaered via the flJIO' -+ 
K-.+IK+.- decays. It should be noted, however, t.hat most of the expected rates for tbe 
charm asymmetries are baaed 00 the sizeable ('optimal' fit) 6,-densities in fig. 1, whereas 
the small UllCillatinl" (giving rise to a 'datic' L1, ~ 0.15) would render AC unmeaaurably 
small. 

• i;-+ ee, j, jjX. Photoprodudion would be one of the fRO.t interesting procelllel to 
be studied at a ruture (fully) polarized HERA(i;) collidei' (68,69) as bas been discussed 
in great delail by Werner Vogelsang (701. In particular single-jet and dijet production will 
give realistic experimental access to the ruoluell photon structure as well, i.e. to measure 
the &loon and quark mntent of photons, Ig" and If'. with Ig"(z,Q2) dominatinl the 
I-j and 2-j event rates, which are new. experimentally entirely rinown quantities. The 
usual 'direct' photon (pointlike 1 - 9 coupling) contributes via tbe subproc:eaes i ~ -+ 'I 
and iI, -+ q9 etc. to I-j and 2-j rates, whereas the 'resolved' photon contributes in 
addition via purely hadronic subprocesses .,"'9 -+ 9. ''''''g -+ qq etc. In other words, 
the experimental sipatures for ., are 'contaminated' by the (experimentally) unknown 
69". A careful analysia in specific kinematic region. where the 'direct' contribution. are 
suppressed (68,7OJ will then ~Ilow for an experimental extractioo of 'g"('q"). 10 order 
to c:akulate tbe expected size of the 'reaolved' contributions, we need lOme theoretical 
estimates for 1f'(z,Q:I) = n - {!.. Since these parton densities of a longitudiaally 
(more precisely, circularly) polarized photon are not as well established witbin the apin
physics community as are the parton densities of an uopolarized spin-averaged photon 
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(see, e.l. 171) for a recent review), let me briefly comment on them. Being formally very 
similar to the spin--averaged counterparts f' == n. +{!., the 'r(z.Q') are theoretically 
'under control': the LO Q2-evolution equations haYe been known for quite IIIOfDe time 1721 
and have been extended to NI..O recently (73]. The essential difl'erenee to the purely 
hadronic parton densities &/(z,Q2) is tbat the 'f'(Z,Q2) satisfy inhomogeaeoua RG 
evolution equations. For example in LO 

cI ( 6E" ) (I ('PJe.) (1.,-'0. (.EY )
cllnQ2 I,' = 2. 0 +h P 8 6,'" (4.1) 

where t.he inbomogeneous term derives from the 'pointlike' photon splitting 1 -+ q which 
can be calculated from first principles. The poerallOlution demmpcMeS into 6 r(z.Q') = 
Ifl., +Ir...,. with the 'pointlike' compoBeDt heiDI driven by the inhomogeneoua photoa 
splitting IpC~) which uniquely determines IFrL(Z,Q') =(ala.(Q2)11~(z) ... once an 
appropriate hadronic input sale Q: bas been specified. Thil in in contrast to the badronic 
components Ir.,. which are derived from the unal hom~s part of the evolution 
equa&ion (4.1) and thus require, as usual. al80 tbe specilication of the (VMD oriented) 
input densities 61"(%, Q:). 8ei0lluided by the successful dynamical predictions for 
unpolarized parton densities with an input at Ql ~ 0.3 GeV' (20,71,741. IOIDeWhat 
realistic estimates for 'I"(Z,Q2) have been sugestecl in LO and NLO 173,761 whidt 
are baaed on a 'minimal' input 1r...,.(z.Qi) = 0 and OIl a 'maximal' (d. (2.3» input 
6R.,.(%, QJ) =R...(z, <1:). Typical quantita.tive preciidioUl for 19' and 6," can be found 
in (731, for example. These results have been used to calculate the expected rates for 
eX, I-j and 2-j production 168,70). For example, the dominant I, ('direct' photon) and 
.,., ('resolved' photon) contributions to i; -+ jX can be experimenlany lep&l'&ted and 
measured at pseudorapidities ",. < 0 and ... > 0, respect.ively. Similarly, a me:uuremeat 
of the pseudorapidit.y distributions of dijet production io i i -+ jjX would be a lellsitive 
probe of I, ud could even discriminate betweea tbe various '9 sc:eaariol sIaow. i1l fic. 1 
in the 'direct' pboton l'eIime (where, by definition, <- > 0.75). whereas the'reeoIved' 
rqime (z;'- < 0.75) will allow for a measurement of I,". Even a meuu.rement of just 
a noo-vanishing asymmetry in tlac latter case would prove already the exilt.enc:e. the 
polarized 'resolved' contribution, i.e. the existence of I," For both cues, an intecrated 
luminosity of about 100 pb- I would be sullicient at a future pelarbed IIERA coIlider. 

Ilshould be emphasized that a polarized HERA(i;') coIlider will be a .nipe facili.. 
ty worldwide for measurinl Ir(%,Q')1 U should he kept in mind tbat, in contrast to 
previoWl intentions, there will be no polarized LEP(E+i-) coIlider and t.herefore DO mea.. 
surements of the polarized photon structure function ,7(z,Q') in 'he foreseeable future. 

• p; -+ cC, 6&X. Hadronic heavy quark production proceeds via the (10 far available) 
LO subprocesses &gI, -+ QQ and IqIq -+ QQ. It appean to be a very llensitive and 
presumably the most realistic test of 6g(z, Q' !:It "m~) since I, enter. 'quadratically', 
with the 'q6tcontribution beiDg small (761. (ASail, the NLO-o! contribution. qe atirely 
unknown.) Realistic measurements of I, will bepouible preferably at medium RHle [77} 
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('lIc'1it~t .,fi .:s 100 (MN, ur at futllre III-:RA-N(pbase II) energies (78), .,fi ~ 40 GeV, 
where the .::haraIJ 1.1111 IJOlt.,." asymmeLries A;' and A:" are abo"l a few percent. Since 
A~ dc.'Cr.!MC for inc-rca...ing cnergies, Uaey will bet:ome unmeasurably small (less than J%) 
fur .,fi .t 200 GeV. The situation is similar for JI" produdion (78,791. 

• p; -+ .." ..,j, ... X. I'rolnpt photon product.ioll will serve as a .::Iean and disc:rimina
tive probe of ig(Z,Q2 ~ ':;'2) since it il dominated already in LO by the &luonie Compton 
sn"',rocess 6g1q -+ "Jq, with the annihilation subprocess 6q6q -+ ..,g being small. Here 
tbe NI.O 0: ront.ributions have hem fully calculated u well (80) (and references therein). 
The situat.ioll is very silllilar to unpolarized prompt pho&.on produdion, TIP -+ ..,X domi
nated by gq -+ 7Q, wbida serves as tbe cleanest direct. probe of g(Z,,::.2) in the medium 
to small-;c K'lion (see, e.g. 181)). Indeed the IonptudiBal double-spin asymmetry AU 
at IIERA-N(II), .,fi ~ 40 GeV I will be a very sensitive probe of 6, and is capable of 
discriminating hetween allDOIt all present 6g scenari08 (cr. fig. I) for'::;' < 10 GeV and 
-I ~ '1.:s +1 (BO). Similarly at RH1C,.,fi ~ 500 GeV, a mcuurement of At£(" = 0) will 
provide us witb a very seDBitive and discriminative probe of ig(Z, p}t) as long as ,:;. ~ 60 
GeV (82). lIere the expeded statistical accuracy is i(igl,(O.OS ~ z ~ 0.3») ~ 0.01 - 0.3 
for 800 pb- I . The strong sensitivity to 69 can be easily underst.ood from the approximate 
relation A1t.(" =0) ~ t (ig(zT,Q2)/g(zT.Q2») A~(ZT,Q2) where ZT 2PfI.,fi, Q2 ~':;'2 
and with the illS asymmetry A~ =1.111 (82). Analogous favorable results have been 
obtained fuC' 1 + ; and J1-; +j production (78). 

Semi-inclusive asymmetries 

The important aim of semi-in.::luaive mea.surementa iI, apart from measuring ff1lllllen
tation functio"s (83), flavor lepardion, i.e. 1.0 disentangle the individual distributions 
i .., ill., Iii, i4 and i, = ii. Let me start with tbe DIS semi-inclusive reacUon 

• ij/ -+ ehX with It = ..:t, .. 0, K:t, Ii--, kO, etc. wllich is presently being measured 
and analyzed by SMC (84) and IIERMES 185). Partkularly interesting aad uaelill are 
asymmetries for the dilfereace of.+ and .. - production where, in LOt tbe fJallDClltation 
functions D!.• cancel (lee, e.g. (86)): 

A;*-.-(z, Q2) = 41u. -lei. A;*-.- (z, Q2) = lu. +iJ., (5.1)
.fu.. -J., , "II'+eI. • 

Likewise, for bon production 

A:* -K- (;c, Q2) =iu./u.. , AIr'-R'(Z,Q2 = 611"leI. (6.2),. ) 

which will allow to measure fiirull, the polarized valence densities and to test their 
IUle-z behavior. We alto learned from HERMES (86) that they have measured the 
•• = 1(.+ +..-) asymmetry A:'(z,Qi} and we are eaprly awaiting its aaalysis since it 
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c-.an be directly used to extract &...(z,Q2) due to [861 A:' .... &" ...(Ai, D;'), i.e. provided 
one uses ,,(z. Q2), Ai and the .. 0 fragmentation fundion u input. from other experimenlL 
The NLO corrections to these asymmetries bave been analyzed too IS7}. 

• Pi -+ W:t X. This W:I: production process, with ooly tbe targe\ being longitudinally 
polarized, will live rise to non-vaoisbing parity-violaling aiRflt spin asymmetries Art 
due to the combination of the 1'1 from the polarized particle and the 1'1 from the uial
vector coupling (88). Clearly RIIIC (.,fi ~ 500 OeV) will playa decisive role lOr W* 
and ZO ·production where Al':i (,) can be direcl meuurcs of Iq(z, M.), z ~ Mwl.,fi, in 
specific kinemati.:: regions like 

Ar* -lulu. Ar- -'dId for ,~+1

Ar ..., -liilii. Ar- ..., -&i/i for ,,~-I (6.3) 

whkh amount to about 6 - 50% [82,88}. Alternatively, of coune, tlte doubly polarized 
Drell-Van process (beinl in the unpolarized cue tbe classical probe for lea deuitics), 
j/; -+ ,.+1'-X, will also provide us with direct IAXCSI to Iii al RHIC as well u IfERA
N(II) (89J. 

• i;-+ vDX. Semi-indusive DIS D-meson production via charged current reactions 
at a future polarized UERA(ii) collider will be a direct probe of the strange sea denlitia: 
due to the main subprocesses W+" -+ D and W- i -+ h, the single uymnletries (a 
polarized proton beam would suffice) are 

A{:....... 6"/5, A~_ .... -iiI; (6.4) 

wbich turn ont to be sizeable, about :i:: (10 to 40)" [901. 

• iP(or e;) -+ eAX. This reaction will eerve u a sensitive ted of the 10 called 
'polarization-(spin-)transfert to tbe final aLate A. There are two possible s~ for 
the spin-transfer to the A - (utLt). In the naive approach (91), which relies on the naive 
quark model where the spin of the A i, carried by lhe strange quark's spin, it it expected 
tbat Lhe nepUve strange sea polarizal.ion ia tbe polarized proton will be transferred to 
the longitudinal A polarization in the current frap1elltation.region. The longitudinal 
polarization of tbe A il thua given by 

'PA(Z, %, QI) = is(%, Q2)In:(z, Q2)/,(z, i1)D: (%, Q2) t (5.5) 

i.e. one assumes 'naively' 601#. = O. Beyond tbe IIOIlrelati"istic quark model, the A spin 
is shared, in Fneral, among the u,tl,' quarka in the A.hich will c:ontribute to 'PA• This 
is the second sc:enario (92) where 'PA .... E,e! 6qIO: .....l h .. been ahown in (93) 1.0 LO 
and NLO that recent LEP data (i.e., a negative large poIarization-tranlfer at large %) 
are instll6cient to disc:riminate between the two sceaara, wbereas a clear distinction 
would be poaible in semi-inclusive DIS wilh theongoilll and planned HERMES (94) and 
COMPASS (621 experimental 

15 

http:ig(zT,Q2)/g(zT.Q2
http:i(igl,(O.OS


• ep --+ t;;IX. lligh r.ncrgy DIS at larse Q2 allows to prube spin effects in weak charged 
(as wrll as lIeutral) cune"t interactions, giving rise to polarized weak structure functions 
sucla as gr'+=ltl + I. + Iii, ~+= -(641 +I. - 6u), etc., which will provide us witb 
dean tests of the (Oavor lion -singlet) valenc:e densities 6q" (90,95). (Note that there is, 

unfortunately, no llnirorm notation for these structure functions in the literature: 91 has 
been originally defined as 93, and sometimes is also denoted by -!/I, etc.). Furthermore, 
there is a wealth or new (inteKral) relations and sum rules between them (96) (for twist
2 and twillt-3 contributions). The poluized IIERA(i';') collider will be again a uniq_e 
facility worldwide for such measurements and involved tests, although it may take lOme 
time before they can be realized. 

6 Cosmological spin-offs 

Let me jusL brieRy remind you that polarization experiments may also be relevant to 
astrophysics and cosmology [36,97). For example, one of the favored (supersymmetric) 
candidates for Cold Dark Matter is the liShtest neutralino X, which has spin--dependenl 
couplinp with nucleons that would be responsible for its capture by the sun (which oould 
be detected by hi,h-enersY solar neutrinos produced in xx -+ Ii with 1= T,c,6), and 
would contribute to elastic X scatteri.. oft' nuclei in laboratory searches ofaupersymmetric 
CDM candidates. Since the spin-dependent matrix elements contributing to D'(XP -+ xp) 
is related to axial-current matrix elements, the neutralino capture rate and laboratory 
COM searches will strongly depend on the total (anti)quark helicities, D'(Xp -+ xp) ..... 
(~q+ ~,)2. Thus, changea of 

~(u +u) = 1(4q. +A93) +2~~ ~ 0.79 


~(d+J) = l(~.. - ~93) +2~~ ~ -0.47 (6.1) 


froiD Lheir canonical values (2.8) and (2.9), A(u +u) =I (~9a +~93) = 2F ~ 0.92 and 
~(d +el) = 1(~'lI - ~93) = F - D ~ -0.34, due to the finite (DeKative) ~. in (3.4) 
can reduce the neutrino lax from the sun aod can greatly enhance elastic X scatteriDl off 
neutron-ricb nuclei, D'(Xn --+ Xn), in laboratory CDM searches (97). 

7 Non-perturbative approaches 

Lattice calculations provide UI with total belicitiea ~q (or more generally with ~he n- ~h 

moments of parton densities) in the continuum limit am, -+ O. The IDOBt recent im... 
provement in this field is the implementation of an improwd action by the DESY/HLRZ 
collaboration (98), i.e: a systematic procedure for the removal of all terms linear in the lat
tice spacing a from the lattice obeervables [99,100) which reduces tbe cut-olf errors order 
by order in a, yieldin, a better extrapolation towards the continuum limit (98). This O(a) 
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improved lattice theory yields, for example, for the valence helicities ~u. =0.841(52) and 
~d. = -0.245(15), in reasonable agreement with DIS experiment. (cf. Sect. 3 and (18». 
Previous lattice calculations (JOI) also attempted to calculate lea quark contributions 
(which might be questionable in a quenched approximation) with the total result 

~(u +u) ~ 0.64, ~(d+J) ~ -0.35, ~("+i) ~ -0.11 : ~E ~ 0.2 (7.1) 

which compares favorably with the experimental results (3.4) (18). While furthermore the 
lattice determination of the FI D ~ 0.63 ratio is COOIistent with data from hyperon fJ
decays ineqa. (2.8) and (2.9), i.e. FID ~ 0.58, a discrepaocy ofabout Ierl persiats [98,1011 
between the lattice results for 9A ~ 1.1 and the neutron fJ-decay value in (2.8), 9A ~ 1.26. 

Very promising appears to be the chiral soliton approach towards the structure of 
the nucleon within the effective chiral theory which allows for a calculation 01 tbe ""' 
z-dependence of structure functions and parton densities from first principles [102]. P. 
larized, as well as unpolarized, valence and lea quark input densities have bee. calculated, 
taking into ac:c:ollnt the inftuence of the iDltanton vacuum, at a typicalaca1e set by the 
inverse average instanton size p, i.e. Q~ ~ (,>-2 ~ (0.6 GeV)2. What makes this approach 
80 very promiains is the fact that it predicts [102), besides tbe valence densities, a _mee
like input (unpolarized) sea density in the small-z rqion at Q: =0.3 - 0.4 GeVi, which 
forms the buic ingredient for understanding and predidin, all small-z unpolarised DIS 
HERA data [211 from pure (parameter-free) qeD dynamics (20). So far, the polarized lea 

and the (un)polarized sluon input densities have not beeD calculated. It is in particular 
the valence-like gI"on densities [6,8,18,20) which, beill81/Nc 'suppreaed', have to come 
out .izeG"e u Q: = 0.3 - 0.4 GeV'! Otherwise the chiralsolitoD approach does not 
refer to a perturbative (twist-2) input ec:aIe reachable by pertlll'bative RG Q2-evoluLioas, 
but instead would refer to lOme nooperturbatiye bouod-tt&te-like constitaent-1luark ~ 
Ie. Nevertbeleaa, for the time being, this approKh seems to be a the most important 
forefront of nonpertlll'bative QCD and might eventually link, from fint principles, the 
confinins wurld to the perturbative sedor. 

8 The transverse spin structure function 92(x, Q2) 

For DIS off a transversely polarized nucleon t&rld, ;pt --+ eX, the laultin, transverse 
uymmetry A2 is proportional to the combiDuioa fir == lit +92 which is really the 'tranlYel'
Ie spin structure function' a1thouSh, for obvious reuonB, one usually jUit rel'en to!h (103). 
Since !h ia rela&ed to a transverse polarization, DO simple parton interpretation CUI be 
made for it [103,104). (R.ec:all that the quark-.pin operator projected aIon, the traonaae 
nucleon spin, ET =7allh with h ..... .,1, does not commute with the free Hamiltonian 
HD =cr.p. and thus there is no enerv eigenstate IP.) such that Et-IP.) =.lTlp.)·) Ne
vertheless, a tranaverse-tpin GVCf'llgc for quarks can stiR be defined in the nucleon and it is 
just !IT which is sensitive to tbe quark-sluOD interactions. Furthermore,!h vanishes (104) 
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for a free (massless or ma.uive) '1tJark, i.e. '--r a poinllike nucleon, and thul!/J cannot be 
expressed as all illoolterent slim over free on-shell partons. The partons must be interac
Lilli (quark--ghlon correlations) and/or virtual it. order to contribut.e Lo!/J. Therefore fb 
will serve as a unique test ground for 'Aig/aer twists' (> 2), in particular for twist-3 (not 
suppressed by ilJverse powers of Q2). 

TbM'efore one makes tile general decomposition 

!/J = t§W +fh (8.1) 

with the unknown twist-3 contribution j,. The known twist-2 'Wandzura-Wilczek' piece 
9'fw receives contributions from the same class of twist-2 lisht-cone operators which 
determine 91, givillg rise to the so- called Wand.ura-Wilczek relation [105) 

g'fw(z.Q2) = -91(Z,Q2) +1' ~91(II,Q2). (8.2) 
&' !I 

Thill relatioll immediately follows from the light-rone OPE which gives for the n-th 
moments 

I
/.1 Z.-I!II dz (8.3)2a... n ~ I 

In-I/.1 :i,,-If/2a 2 -n-(d.- a.), n>1 (8.4) 

where a" and ,I" denote the nucleon matrix elements of the twist-2 and twist-3 operators, 
respectively. If the latter are nesJigible, i.e. d. = 0, t.hen (8.3) and (8.4) lives the WW 
relation (8.2) (1031. 1\ has become cUltomary to extract the pure twilt-3 mat.rix element 
froln (8.3) and (8.4), 

1 
J..(Q') =2/. Z·-I [91 (:r:,Q2) + n ~ 1!/J(z,Q')] a =2 n ~ I £Z·-I j,(z,Q2)a 

(8.5) 
which is a direct probe of non-partook (twist-3) etreets or, in other words, a direct mea
lure of de.iationl from the (twist-2) WW relation (8.2). Having 91 rneuured, it can be 
experimentally determined by me8lllrins 91. Tbeoretie&lly one expects ... to be small for 
ultra-relativistic on-shell quarks (". .... pI") and because of Imall non-relativistic ffl.IMN 
corrections, but considerable twist-3 contributions might be due to the off-shellneas 
(kl rJ 0) of the intending quarks (103,104,106) and bag model estimates even yield 
J.. .... a", i.e. lh .... -r at some low bound state scale Q2 _ A'. 

Several recent experimental attempllll07, 1(8) to determine J. in (8.5) by meMuriag 
~'''''(z, Q2), in addition to glt did no' rault in any statiaticaUy relevant twiat-3 contribu
tion (g,) to 91, i.e. present data are in apeement with the twi"-2 WW predidioo (8.2), 
!/J(z,Q') ~ g'fW(z,Q'), at presently attainable values of Q2. For example, at (f' ~ 6 
GeV', ~(6) =(6.4::1:: 5.0) x 10-3 and.r; = (-10:1: 16) x ltr-a which can_ even discri
minate between the vastly differeat expectations derived from the hac model and QCD 
sum rules 11(8). 

A further importallt issue to be tested experimenta.lly il the validity of the Burkhardt
CoUinsham sum rule (109) £!/J(z,Q2)h =0 (8.6) 

which can be derived as a luperconversenc:e relat.ioD baed on Rege uymptotia (tee (103) 
for a review). It appears to be very robust and is l1IOIt probably true, but it would be 
surprising ifit were violated due to Ions-range eft'edl (104,110,111). Note that the I.t 
cone OPE is non-commiLtai about the BC .um rule since for the fint. (n = I) momeat 
of!/J there is 00 twist-3 operator within the OPE (and Un. n > I in (8.4)), which might 
be a hint though DO proof of the BC nm rule .inee we do not koow the behavior of tI.,. u 
n -+ l. Furthermore, g'fw in (8.2) obeyl automatically the BC sum rule (8.6). Praent 
measurements at an averaae Q' of 3 to 5 GeV' imply (lOS) 

fl fi(z,Q') clz = -0.013 :1:0.028, fl g;(z,QI)h =0.06:1: 0.15 (8.7)
Jom JUl. 

which are conlistent with (8.6) but certainly not coaclusive. 

Another interesting, but Jess problematic (n > 1), sum rule concerns the valeoc:e 
content of gl and fb, originally deri.ed by Erremov, Teryaev and Leader {961, 

(8.8)/.1 z [91(Z.Q') + 2gz(z,QiI))....... '" = 0 


which amounts to the vanishing of all twist-3 contributions to the second (n =2) moment 
of!/J. There ia also a wealth of aimilar sum rules &ad relations between structure functions 
in the elcctroweak .ector (96) which are unfortunately beyond experimental reada for 
the time beinS and wiD require dedicated experiments at a future polarized HERA(2;) 
coIlider. 

9 Single spin asymmetries 

Let me conlider for definiteness aemi-jncluli~ Iin&Ie trUllYel'le spia uym_ries AN 
as hein, measured in purely hadronic aingly polarized reactions, ""t -+ 1f"X t where 
AN = I.(ppt) - da(W)) /I ... +... }. (Other proceaes, such as the ainlly polarized 
Drell-Yan procesa ppt -+ 1+1-X have been thorouchly disclllllCd in (1I2).) Witlain per
turbative QCD at the leading twist-2 level, AN = O. On the other band, Fermilab 
experimentl(113) exhibit aurprisinpy larae lingle spin uynunetries at 200 GeV: A;:"(ZF 
~ 0.3) riaes considerably from about :1:0.2 to :1:0.4, w.ile AJ,(ZF ~ 0.1) ~ 0 within larce 
errors. Thil latter process, ",t -+ .,X, i. particularly intercetins bec:auIe direct-photon 
production proceeds (dominantly) without fncmentation, i.e. tbe photon carries directly 
all the information from the hard scatteriDl procell. At Prelent there are basically three 
IOUrces for a nonvanishing AN: 
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(i) dynamical wiltrihutiolls, i.e. 'hard' parLonic scatterillg twist--3 effects. which result 
from a short distance part calculable ill perturbative QeD combined with a long distance 
Imrt related to qnark -gluUD correlaLiorls. The laUer correlations can rorrespood to fer
miollic ((Iduk) pole (1 1.oI) and/or gluoalic pole [112,115) dominance in the calculation or 
tbe twist -3 partouic scattering cross sections; 

(ii) intrinsic kr eO'cds in parton distribution fuoctions which, heine aon-perturbative 
lllliversalulIck'UJi properties, eive rile to twist-3 c:ootributions when ronvoluted with hard 
partollic scaUcrine cross sec:tious. Such cOhtributions are usually referred to as 'Siven 
effect' (1I6,117) where AN ..... (kr)/Pr or tile poaible DOflvuishine 'quark distribution ana
lyzing power' proportional to I",.(z,£,.) -I",,(z,£,.) can give rise to AN:/: 0 1118,1 19)i 

(iii) intrinsic CT effects in partou f....me'ltation functions which is known as 'Collins' 
or 'sheared jet' eff'cct (119,120). Uere one expects the 'quark f ....mentation analyzins 
power' proportional to D:;'(%.kr) - D~"(Z.'T) to be different from zero which gives rise 
to a nonvanishing AJ,. for example 1121). 

Finally it should be remembered that la'le spin effects in proton-protoQ elastic scat
tering, ppt -t PP. have been discovered many yean • (122) with proton beam. or 24 
and 28 GeV. The single spin asymmetry was found significant.ly dift'erent from zero for 
PI' 1:. 2 GeV of the outgoing protons. Although we do not have any detailed quantitative 
theoretical undentanding of elastic single spin asymmetries for the time being, it has been 
emphasized by Dennis Siven (117) that, apart from possible helicity nonc:onaerving eft'ects 
occurrhlg in the hadronic: wave funelion. one expects in ceneral (i.e. at leut qualitatively) 
a nonvanilhing el.tic .insle .pin asymmetry due to degenerate mwfiple Rege exchanges 
whicls give rise to differeDt phues in different helicity amplitudes. 

Detailed studies and calculations have been performed (78.123,124) to examine to 
what KCuracy these single spin asymmetries could be measured at RHIC and HERA
N(I) - I refer here to the 'phue I' program of HERA-N. i.e. to a polarized fixed tarcet 
experiment with an unpolarized~. They have shown that measurements with a 
sufficient statistical accuracy (6AN ~ 0.05) can be performed up to JI1' ~ 8 GeV. Indeed, 
the HERA-N(I) facility would be particularly suited for I1Ich studies. 

10 	 1ransverse chiral-odd ('transversity') structure 
functions 

In complete analogy to tbe uDpolarized F. and polarized (spin) 91 structure functiolUl, 
the 'transversity' structure function (125-128) is. in LO, given by (d. eq. (2.1)) 

h,{z,Q2) =iE.e: [brq(z,Q2
) +brij(Z',if)] (10.1) 

where 6T' == fIt - q' describe. the quark 'transversity' distribution with 9t {r) being 
the probability of findi.. a quark in & 'nl,.,wr.eI, polarized proton with spin parallel 
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(antiparaJleI) to the proton spin. The Ir(q) are relaLed to the tensor current qia""1'IQ 
which is chiral (and charge conjugation) 044, i.e. measure cOrrelations between left-and 
right-handed quarb. fir. ++ 911 with 911." = 1(1 ± 1'1)9. induced for example by Il00

perturbative rondensa1es (q£ 911) in the nucleon. Th.., unlike in the cue of the q aad 

6" there is no gluonic Lransver.ity den.ity at leadiag twist. The brei) (z,Q2) are leading 
twist-2 densities and a.mplde the twist-2 leCtor ol nucleonic parton distributions, ad 
are therefore as interestine in principle as the familiar /(z,Q2) and 6/(z,Q'!)! (Note that 
the 9 and iq densities are related to the matrix elements of the vector and axial-vector 
currents, n,.9 and 91,,1'59 = q.., ..'Ys9£ +9R"J..'YIQIl, respectively. which preserve chirality, 
i.e. are chiral-even (,.. -t 9.., qR -t 9,.). ThUl 9r =9. +fJ of Sed. 8, which pl'elel'Vea 
quark chirality, mu.t not be c:oofused with h, which ftips chirality.) 

Transversity structure funelion. are experimentally entirely anknown 10 far. It i. 
obviously not possible to measure them in Ulual e, indusive DIS where, apart from 
pouible quark mass corrections, chirality is COhIeI'Yed ""-Q£ -t 9L, etc.). One would 
need, for example, to measure a single transvene asymmetry At! in single trasveraeiy 
polarized Hmi-inc1usive DIS or proton-prolon scattering, e,n -t elatX or ,," -t latx 
with It =jet, A, ..., which requires a (difficult) measurement of the transvene polarization 
of the final at.ate ht (127). Bob JaII'e has put forward a novel idea for extracting"" from 
DIS two-meson production, e.g. epu -t e1r+""-X via a Collins-angle-like; distribution 
(120) by meuurinl the observable 1+ )( i- . iT, te. the correlation of tbe normal to 
the plane formed by the three-momenta i Z with the nucleon'. transvene apiD 1127). 
This requires the CI'OIS IeCtion to be held ful1y dift'erent.ial to avoid averaaing the mesoa
meson final eiate interadion phue to zero. It is ronceivable t.hat IIERMES and (in tbe 
future) COMPASS can perfonn IIlch measuremeata. Moreover IIERA-N{I) and RHle 
could equally probe transversity deo.itiel via .insty transversely polarized proton-proton 
acaUerinl .ince the lingle transverse asymmetries appear to be sizeable. for example 
A~ ,... 10". 

Originally there have been many .uaestioaa (127,128) to measure the quark t ....... 
vene polarization in "'••" transversely polarized hadron-hadron initiated reactions, like,t,u -t p+p-",jj,cC, ... X. The expected double transvene asymmetries An tum 
out, however, to be prohibitively small (127,128), An <: ALL, i.e. much .maller than the 
doubly longitudinally polarized uymmetries (indudilll the DIS AI and A2) considered 
thus far. Nevuthelesa it will be a cballen. for RBIC and IIERA-N(II) to study An .. 
well. 

All these expectations for transverse asymmetries are based on theoretical model eat.. 
mates (128). 1ft the non-relativiltic quark model,Irq(Z',Q2) = 6q(:z:,Q2) due to rotational 
inyariance, whereas in the bag model 1126) &rI{z,Q:I) ~ 6q(Z',Q2) - both expectations 
hold presumably at some non-perturbative bound-ata&e-like scale Q' == O(A2

). S0me
what smaller results 1128), lrq(z.Q~ ~ 6q(z,Q1), are obtained by the chiral .,Jiton 
approach (1291 at Q:I ~ 0.3 GeV2 and with qeD 111m ru_II30) at Q' ~ 1 GeyJ. It 
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~'C'1U8 Lha' Lrausvr.l'lIity d"osities are sizeable and nuL loo difrcnmL from the (longitudinal) 
bt..idty.lislrihllliofls. Anyway, &-r9 ;. Iq (II. '" g,) diredly probt'S relativistic eff'ects in 
the waY(' rUln,tiuli. 

FurtlK'f'lIlule, the IT(q'(Z, (2) obey simple Alt.arelli-Parisi type of 'l'-evolution equati
ons with the 1.0 splilLing fUfldiol! ~~)(z) havillg beeu calculated some time -Co (131). 
Recently 'be caiculaLiCHI of tile NIJ> 2-loop splitting fundioos ~~l(z) hu been com
pleted in the IlS' fadorizatiun scheme (132.13.1) for the simple non··singlet type evolution 
equations (since "0 gluons are involved) for the flavor combinations ~ :: Irq ± ~q. 
One or the interesting applications or these (.0 and NLO Q2--evolutioos (133.I341 is tbe 
validity of lhe Sofer illequality [13.';1 at any Q2 > Q: wlliell reads 

IcSrq(Z,Q2)IS i [9tz,Q2)+lq(z,Q2)] ""q+(z,Q'), (IO.2) 

valid for each qllark flavor, and likewise for anti quarks. It turns out that this inequality 
is prucnu:d at any Q' > Q~ provided it is valid at the input scale 'l2 = Q:, although 
q(z,'l2

), lq(z,Q2) and cSrq(z,'l2} have entirely different evolution kemelsl 

There have also been aLtempls (126,1281 to estimate Lhe nucleon's 'ten8Ol' marse', i.e. 
the total lrauveraity Arq(Q') carried by quarks, 

11 [&-r q(z, 'l2) - ~ij(Z, Q2)] 4z:: ATq('l2) (10.3) 

which is a flavor non-singlet valence quantity (quarks mina antiquarks, since the tensor 
current is C-odd). Thi. i. in contrut to the nucleon's 'axial charge', i.e. tbe total helicity 
of' cacl. quark lIavOl' A(q +ti} :: ~ (Iq(~, 'l2) +69(z, Q2)J dz, dillCussed a\ tbe beginning, 
siuc:e tile C-even .pill operator 97,.159 meuures qllarks pIu antiquarks. One of' the 
aubtallding puzzles is how to obtain an independent meullre of Arq(Q') and thereby 
formulat.e a 'transversi'y sum rule' anaJosous to those that have been 80 helpful in the 
s,.. dy of Atq +q} in COIID«tioo with the spin of ahe proton. 

We face apin the curious situatm of having reached a remarkably advanced tbeore
ticallOphisLicat.ion, without having any experimental measurelnellt whaboever! 

11 'Shopping List' 

It would be somewhat redumlant to end a 'Summary and Outlook' talk with a summary, 
10 let me just present you • shopping Ii.t. wiah items of top priorities, c:oosiating mainly 
of required uperimmU for the yean to come: 

• Ig(z, 'l2) = ? 

to be mc&S1m4l, and event.ually extract Ag(Q2); 
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• 	 L:"('l') = ? 
to relate the erhilal contribution to the proton spin to a measurable observable is 
stiD a theoretical challenge and will eventually become an experimental ODej 

• ITq
(-)

(z,'l2) = ? 
a measurement of Lhe 'transversity' densities wi1l complete the leading twist-2 leCtor 

of the nudeon's parton densities (f, 1/, &-r(f"); 

• 	6q"(z,'l'), Ig"(z,'l2) = ? 
the poIarized.IIERA(e;,) collider wouJd be a ullique facility worldwide for meuuriq 
tbe polarized photonic partoo densities in the foreseeable future. 

• Theorists shoold event.ually sucaed to calculate all polarized input parton densi
ties, in particular 6g(z,Q:) and lij(z,Q:), from first principles; the chirailOlitoD 
approach teemS to be on the mOlt promisiDl trade to link the con6rmi. world to 
the perturbat.ive sector. 

Needless to say, we need "" the uperimental belp we caD. ged 
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