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SPIN DEPENDENT STRUCTURE FUNCTION g1(x;Q2)AT LOW x AND LOW Q2Barbara Badeªek yEuropean Organization for Nu
lear Resear
h, CERN, Geneva, Switzerlande-mail: badelek�
ern.
h(Re
eived May 5, 2003)Dedi
ated to Jan Kwie
i«ski in honour of his 65th birthdayThis is a review of experimental and phenomenologi
al investigations ofthe nu
leon spin dependent stru
ture fun
tion g1 at low values of x and Q2.PACS numbers: 13.60.Hb, 12.38.Cy, 13.88.+e1. Introdu
tionSpin has for the �rst time manifested itself experimentally as a new andnon-
lassi
al quantity in the Stern�Gerla
h experiment in 1921, essentiallybefore the birth of the modern quantum me
hani
s and before (what is beinga

epted as) the spin dis
overy. The history of spin, [1℄, and its predi
tablefuture, [2℄, are both very ex
iting. With spin resear
h programmes presentlyoperating at BNL, CERN, DESY, JLAB and SLAC and with prospe
tsof polarised e�p 
ollider, EIC, and polarised e+e� linear 
olliders we arewitnessing a wide attempt to understand the spin, test the spin se
tor ofQCD and possibly also use it in the sear
h for �new physi
s�.This paper is a review of results of the experimental and theoreti
al in-vestigations of the nu
leon spin stru
ture at low values of the Bjorken s
alingvariable x. This is a region of high parton densities, where new dynami
alme
hanisms may be revealed and where the knowledge of the spin depen-dent nu
leon stru
ture fun
tion g1(x;Q2) is required to evaluate the spin sumrules ne
essary to understand the origin of the nu
leon spin. The behaviourof g1 at x <� 0:001 and in the s
aling region, Q2 >� 1 GeV2, is unknown due tothe la
k of 
olliders with polarised beams. Information about spin-averagedstru
ture fun
tion F2(x;Q2) in that region 
omes almost entirely from theexperiments at HERA: the F2 rises with de
reasing x, in agreement withy On leave of absen
e from the Institute of Experimental Physi
s, Warsaw University,Ho»a 69, 00-681 Warsaw, Poland. (2943)



2944 B. BadeªekQCD and the rise is weaker with de
reasing Q2, [3℄. However even if su
han in
lusive quantity as F2 
an be des
ribed by the 
onventional DGLAPresummation, 
ertain non-in
lusive observables seem to be better des
ribedby the BFKL approa
h, [4℄. Thus non-in
lusive rea
tions are 
ru
ial to un-derstand the dynami
s of high parton densities. Unfortunately in the 
aseof spin, the longitudinal stru
ture fun
tion, g1(x;Q2), is presently the onlyobservable whi
h permits the study of low x spin dependent pro
esses. Sin
eit is being obtained ex
lusively from �xed-target experiments where low val-ues of x are 
orrelated with low values of Q2, one fa
es new 
ompli
ations:not only the measurements put very high demands on event triggering andre
onstru
tion but also theoreti
al interpretations of the results require asuitable extrapolation of parton ideas to the low Q2 region and in
lusion ofdynami
al me
hanisms, like the Ve
tor Meson Dominan
e (VMD). The lat-ter may indeed be important apart of the partoni
 
ontributions as it is the
ase for the low Q2 spin-averaged ele
troprodu
tion, see e.g. [5�7℄. In thespin-dependent 
ase and in the Q2=0 limit g1 should be a �nite fun
tion ofW 2, free from any kinemati
al singularities or zeros. For large Q2 the VMD
ontribution to g1 vanishes as 1=Q4 and 
an usually be negle
ted. The par-toni
 
ontribution to g1 whi
h 
ontrols the stru
ture fun
tions in the deepinelasti
 domain and whi
h s
ales there modulo logarithmi
 
orre
tions, hasto be suitably extended to the low Q2 region.2. Results of measurementsExperimental knowledge on the longitudinal spin dependent stru
turefun
tion g1(x;Q2) 
omes entirely from the �xed-target setups: EMC, SMCand COMPASS at CERN, experiments at SLAC (E142, E143, E154, E155,E155X) and the HERMES experiment at HERA ep 
ollider. Informationon the kinemati
 variables 
omes from measurements of the in
ident ands
attered leptons. Hadrons resulting from the target breakup are often alsomeasured, and � in the 
ase of HERMES and COMPASS � identi�ed, iftheir momenta are larger than 1 GeV in the former- and larger than 2.5 GeVin the latter 
ase.In �xed-target experiments the low x region is 
orrelated with low valuesof Q2 and the range of Q2 
overed at low x is usually limited. In the pastthe lowest values of x were rea
hed by the SMC due to a high energy ofthe muon beam and to a demand of a �nal state hadron, imposed eitherin the o�-line analysis [8℄ or in the dedi
ated low x trigger with a hadronsignal in the 
alorimeter [9℄. These requirements permitted measurementsof muon s
attering angles as low as 1 mrad, Fig. 1 and e�
iently removedthe dominant ba
kground of muons s
attered elasti
ally from target atomi
ele
trons at x =0.000545, 
f. [9℄. Mu
h lower values of x are presently being
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Fig. 1. Contours of the kinemati
 a

eptan
e in the (x;Q2) plane for the standardtriggers (dotted line) and for the low x trigger (solid line) in the SMC. Figure takenfrom [9℄.obtained by COMPASS, Fig. 2, thanks to a spe
ially designed trigger system,[10℄. Charged lepton deep inelasti
 s
attering experiments bene�t from highrates and low (albeit 
ompli
ated) systemati
 biases. They have to dealwith a strong Q2 dependen
e of the 
ross se
tion (due to photon propagatore�e
ts) and with large 
ontribution of radiative pro
esses. Ele
tron and

Fig. 2. Contours of the kinemati
 a

eptan
e in the (x;Q2) plane for the COMPASStriggers. Only about 5% of data taken in 2002 are marked. Figure taken from [10℄.



2946 B. Badeªekmuon measurements are 
omplementary: the former o�er very high beamintensities but their kinemati
 a

eptan
e is limited to low values of Q2 andmoderate values of x, the latter extend to higher Q2 and to lower values ofx (an important aspe
t in the study of sum rules) but due to limited muonbeam intensities the data taking time has to be long to ensure a satisfa
torystatisti
s.Spin-dependent 
ross se
tions are only a small 
ontribution to the to-tal deep inelasti
 
ross se
tion. Therefore they 
an best be determined bymeasuring the 
ross se
tion asymmetries in whi
h spin-independent 
ontri-butions 
an
el. Dire
t result of all measurements is thus the longitudinal
ross se
tion asymmetry, Ak whi
h permits to extra
t the virtual photon�proton asymmetry, A1 and �nally, using F2 and R, to get g1. AsymmetryAk is small, thus a large statisti
s is ne
essary to make a statisti
ally signif-i
ant measurement. Problems 
onne
ted with evaluation of spin stru
turefun
tions from the data are des
ribed in detail in [11℄.As a result of a large experimental e�ort over the years, proton anddeuteron g1 was measured for 0.000 06 < x < 0.8, 
f. Fig. 3, [12℄. Dire
t
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ture Fun
tion g1(x;Q2) at Low x at Low Q2 2947measurements on the neutron are limited to x >� 0.02. No signi�
ant spine�e
ts were observed at lowest values of x, explored only by the SMC. S
alingviolation in g1(x;Q2) is weak: the average Q2 is about 10 GeV2 for theSMC and almost an order of magnitude less for the SLAC and HERMESexperiments. For the SMC data [9℄, hxi = 0:0001 
orresponds to hQ2i =0:02 GeV2; Q2 be
omes larger than 1 GeV2 at x >� 0:003 (at x >� 0:03 forHERMES). At lowest x results on g1 have very large errors but it seemsthat both gp1 and gd1 are positive there. Statisti
al errors dominate in thatkinemati
 interval. 3. Regge model predi
tionsThe low x behaviour of g1 for �xed Q2 re�e
ts the high energy be-haviour of the virtual Compton s
attering 
ross se
tion with 
entre-of-massenergy squared, s �W 2 = M2 +Q2(1=x � 1); here M is the nu
leon mass.This is the Regge limit of the (deep) inelasti
 s
attering where the Reggepole ex
hange model should be appli
able. This model gives the follow-ing parametrisation of the (singlet and nonsinglet) spin dependent stru
turefun
tion at x! 0 (i.e. Q2 �W 2):gi1(x;Q2) � �(Q2)x��i(0) ; (1)where the index i refers to singlet (s) and nonsinglet (ns) 
ombinations ofproton and neutron stru
ture fun
tions, gs1(x;Q2) = gp1(x;Q2) + gn1 (x;Q2)and gns1 (x;Q2) = gp1(x;Q2)� gn1 (x;Q2) respe
tively. Inter
epts of the Reggetraje
tories, �i(0), are universal quantities, independent of the external par-ti
les or 
urrents and dependent only on the quantum numbers of the ex-
hanged Regge poles. In the 
ase of g1 the inter
epts 
orrespond to theaxial ve
tor mesons with I=0 (gs1; f1 traje
tory) and I=1 (gns1 ; a1 traje
-tory). It is expe
ted that �s;ns(0) <� 0 and that �s(0) � �ns(0), [13℄. Thisbehaviour of g1 should go smoothly to the W 2� dependen
e for Q2 ! 0. Atlarge Q2 it is well known that the Regge behaviour of g1(x;Q2) is unsta-ble against the DGLAP evolution and against resummation of the ln2(1=x)terms whi
h generate more singular x dependen
e than that implied byEq. (1) for �s;ns(0) <� 0, 
f. Se
tion 4.Other 
onsiderations based on the Regge theory give further isosinglet
ontributions to the low x behaviour of g1: a term proportional to lnx (froma ve
tor 
omponent of the short range ex
hange potential), [14℄ and a termproportional to 2 ln(1/x)�1 (ex
hange of two nonperturbative gluons), [15℄;a perversely behaving term proportional to 1/(xln2x), re
alled in [14℄ is notvalid for g1, [16℄.Testing the Regge behaviour of g1 through its x dependen
e should inprin
iple be possible with the low x data of the SMC [9℄ whi
h in
lude the



2948 B. Badeªekkinemati
 region where W 2 is high, W 2 >� 100 GeV2, and W 2 � Q2. Thusthe Regge model should be appli
able there. However for those data W 2
hanges very little: from about 100 GeV2 at x = 0:1 to about 220 GeV2 atx = 0:0001, 
ontrary to a strong 
hange of Q2: from about 20 GeV2 to about0.01 GeV2, respe
tively. Thus those data 
annot test the Regge behaviour ofg1. Moreover, employing the Regge model predi
tion, g1 � x0 to obtain thex! 0 extrapolation of g1, often used in the past to extra
t the g1 moments(
f. [17℄ and Fig. 4) is not 
orre
t. The values of g1 should be evolved to a
ommon value of Q2 before the extrapolation, 
f. Eq. (1). Therefore otherways of extrapolation of g1 to low values of x were adopted in the analyses,see Se
tions 4.1 and 4.3. Testing the Regge behaviour of g1 may be possiblein COMPASS, 
f. Fig. 2.
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ture Fun
tion g1(x;Q2) at Low x at Low Q2 29494. Low x impli
ations from the perturbative QCD4.1. DGLAP �ts to the g1 measurementsIn the standard QCD, the asymptoti
, small x behaviour of g1 is 
reatedby the �ladder� pro
esses, Fig. 5. In the LO approximation it is given by:g1(x;Q2) � exp hAp�(Q2)ln(1=x)i ; (2)where �(Q2) = Q2ZQ20 dq2q2 �s(q2)2� (3)and the 
onstant A is di�erent for singlet and non-singlet 
ase. The abovebehaviour of g1 is more singular than that implied by Eq. (1) for �s;ns(0) <� 0:Regge behaviour of g1(x;Q2) is unstable against the QCD evolution. Let usmention for 
omparison that in the spin-averaged 
ase, xF s1 has the small xbehaviour as that in Eq. (2) (in the Regge theory F s1 is 
ontrolled by the ex-
hange of the pomeron with inter
ept �1.08) while F ns1 remains stable underthe QCD evolution (F ns1 is 
ontrolled by the ex
hange of the A2 traje
toryof inter
ept � 0:5).
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Fig. 5. An example of a �ladder� diagram. Figure taken from [19℄.Several analyses of the Q2 dependen
e of g1 have been performed on theworld data [17, 20�24℄, in the framework of the NLO QCD. However thepresent data do not permit to determine the shapes of parton distributionswith su�
ient a

ura
y. This is true espe
ially for the small x behaviour



2950 B. Badeªekof parton densities where neither the measurements nor the 
al
ulations ofpossible new dynami
 e�e
ts exist. Thus extrapolations of the DGLAP �tresults to the unmeasured low x region give di�erent g1 behaviours in di�er-ent analyses, e.g. gp1 at x <� 0:001 is positive and in
reasing with de
reasingx in [24℄, Fig. 6 and negative and de
reasing in [17,21℄. It should be stressedthat the g1 results for x values below these of the data do not in�uen
e theresults of the �t. Thus there is no reason to expe
t that the partons atvery low x behave as those in the measured (larger x) region. Neverthelessextrapolations of the QCD �t are presently being used to get the x! 0 ex-trapolation of g1 [17℄, ne
essary to evaluate its �rst moments. They stronglydisagree with the Regge asymptoti
 form, 
f. Fig. 4.

Fig. 6. Spin dependent stru
ture fun
tions of proton, deuteron and neutron from aglobal NLO QCD analysis in a statisti
al pi
ture of the nu
leon at Q2 = 5 GeV2(
urves). The 
urves maintain their behaviour at least down to x � 10�5. Figuretaken from [24℄.
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 ln2(1=x) 
orre
tions to g1(x;Q2)The LO (and NLO) QCD evolution whi
h sums the powers of ln(Q2=Q20)is in
omplete at low x. Powers of another large logarithm, ln(1=x), have tobe summed up there. In the spin-independent 
ase this is a

omplished bythe BFKL evolution equation (see e.g. [25℄) whi
h gives the leading low xbehaviour of the stru
ture fun
tion, e.g. F s1 � x��BFKL where �BFKL > 1.It has re
ently been pointed out that the small x behaviour of both sin-glet and non-singlet spin dependent stru
ture fun
tion g1(x;Q2) is 
ontrolledby the double logarithmi
 terms, i.e. by those terms of the perturbative ex-pansion whi
h 
orrespond to powers of �sln2(1=x) at ea
h order of the ex-pansion, [26℄. The double logarithmi
 terms also appear in the non-singletspin averaged stru
ture fun
tion F ns1 [27℄ but the leading small x behaviourof the F ns1 whi
h they generate is overridden by the (non-perturbative) 
on-tribution of the A2 Regge pole, [28℄. In 
ase of the g1 its Regge behaviouris unstable against the resummation of the ln2(1=x) terms whi
h generatemore singular x dependen
e than that implied by Eq. (1) for �s;ns <� 0, i.e.they generate the leading small x behaviour of the g1.The double logarithmi
 terms in the non-singlet part of the g1(x;Q2)are generated by ladder diagrams [29, 30℄ as in Fig. 5. Contribution ofnon-ladder diagrams [26℄ in the non-singlet 
ase is non-leading in the largeN
 limit (N
 is a number of 
olours); it is numeri
ally small for N
=3. The
ontribution of non-ladder diagrams is however non-negligible for the singletspin dependent stru
ture fun
tion; they are obtained from the ladder onesby adding to them soft bremsstrahlung gluons or soft quarks, [31℄. At lowx, the singlet part, gs1 dominates gns1 .The double logarithmi
 ln2(1=x) e�e
ts go beyond the standard LO (andNLO) QCD evolution of spin dependent parton densities. They 
an be a
-
ommodated for in the QCD evolution formalism based upon the renormal-isation group equations, [33℄. An alternative approa
h is based on uninte-grated spin dependent parton distributions, fj(x0; k2) (j = uv; dv; �u; �d; �s; g)where k2 is the transverse momentum squared of the parton j and x0 thelongitudinal momentum fra
tion of the parent nu
leon 
arried by a par-ton [19, 31, 32℄. This formalism is very suitable for extrapolating g1 to theregion of low Q2 at �xed W 2, [19℄.The 
onventional (integrated) distributions �pj(x;Q2) (i.e. �qu =�puv +�p�u; ��qu = �p�u et
. for quarks, antiquarks and gluons) are relatedin the following way to the unintegrated distributions fj(x0; k2):�pj(x;Q2) = �p0j(x) + W 2Zk20 dk2k2 fj �x0 = x�1 + k2Q2� ; k2� : (4)



2952 B. BadeªekHere �p0j(x) denote the nonperturbative parts of the of the distributions,
orresponding to k2 < k20 and the parameter k20 is the infrared 
ut-o�(k20 �1 GeV2). In [19, 31, 32℄ they were treated semiphenomenologi
allyand were parametrised as follows:�p0j(x) = Cj(1� x)�j : (5)The unintegrated distributions fj(x0; k2) are the solutions of the integralequations [19, 31, 32℄ whi
h embody both the LO Altarelli�Parisi evolutionand the double ln2(1=x0) resummation at small x0. These equations 
om-bined with Eq. (4) and with a standard relation of g1 to the polarised quarkand antiquark distributions �qi and ��qi 
orresponding to the quark (anti-quark) �avour i:g1(x;Q2) = 12 Xi=u;d;s e2i ��qi(x;Q2) + ��qi(x;Q2)� (6)(assuming ��qu = ��qd and number of �avours equal 3) lead to approximatex�� behaviour of the g1 in the x ! 0 limit, with � � 0:4 and � � 0:8 forthe nonsinglet and singlet parts, respe
tively, whi
h is more singular at lowx than that generated by the (nonperturbative) Regge pole ex
hanges.Results of a 
omplete, uni�ed formalism in
orporating the LO Altarelli�Parisi evolution and the ln2(1=x) resummation at low x for gp1 are shown inFigs. 7 and 8, separately for the total [31℄ and nonsinglet [19℄ parts of thespin dependent stru
ture fun
tion. Resummation of ln2(1=x) terms gives g1steeper than that generated by the LO evolution alone and this e�e
t is ingns1 visible already for x <� 10�2.The double ln2(1=x) e�e
ts are not important in the W 2 range of the�xed target experiments. However sin
e x(1+k2=Q2)! k2=W 2 for Q2 ! 0in the integrand in Eq. (4) and sin
e k2 > k20 there, the g1(x;Q2) de�nedby Eqs. (6) and (4) 
an be smoothly extrapolated to the low Q2 region,in
luding Q2 = 0. In that limit, the g1 should be a �nite fun
tion of W 2,free from any kinemati
al singularities or zeros. The extrapolation, valid for�xed and large W 2, 
an thus be done provided that nonperturbative partsof the parton distributions �p0j(x) are free from kinemati
al singularities atx = 0, as in the parametrisations de�ned by Eq. (5). If however �p0j(x) 
on-tains kinemati
al singularities at x=0 then one may repla
e it with �p0j(�x)where �x = x(1 + k20=Q2) and leave the remaining parts of the 
al
ulationsun
hanged.The formalism in
luding the ln2(1=x) resummation and the LO Altarelli-Parisi evolution, [31℄, was used to 
al
ulate g1 at x and Q2 values of theSMC measurement and a reasonable des
ription of the data on gp;d1 (x;Q2)
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2954 B. Badeªekextending down to x �0.0001 at Q2 �0.02 GeV2 was obtained, 
f. Fig. 1in [34℄. Of 
ourse, the (extrapolated) partoni
 
ontribution may not be theonly one at low Q2; the VMD part may play a non-negligible role as well,
f. Se
tion 5. 4.3. Low x 
ontributions to g1 momentsFundamental tools in investigating the properties of the spin intera
tionsare the sum rules, expe
ted to be satis�ed by the spin stru
ture fun
tions.These sum rules involve �rst moments of g1, i.e. integrations of g1 overthe whole range of x values, from 0 to 1. This means that experimentallyunmeasured regions, [0,xmin) and (xmax,1℄ must also be in
luded in the in-tegrations. The latter is not 
riti
al, see e.g. [11℄, but 
ontribution from theformer may signi�
antly in�uen
e the moments. The value of xmin dependson the value of the maximal lepton energy loss, �max, a

essed in an experi-ment at a given Q20. For the CERN experiments, with muon beam energiesabout 200 GeV and at Q20=1 GeV2 it is about 180 GeV whi
h 
orresponds toxmin � 0.003. Contribution to the g1 moments from the unmeasured region,0 � x < 0:003, has thus to be done phenomenologi
ally.Uni�ed system of equations in
luding the double ln2(1=x) resummatione�e
ts and the 
omplete leading-order Altarelli�Parisi evolution, [31℄, wasused to extrapolate the spin dependent parton distributions and the po-larised nu
leon stru
ture fun
tions down to x � 10�5, [35℄. Cal
ulatedmoments of the proton stru
ture fun
tion for 2 < Q2 < 15 GeV2, i.e. wherethe low x measurements exist, agreed well with the latter and the estimated
ontribution of the integral over g1(x;Q2) in the interval 10�5 < x < 10�3was about 2% of the total gp1 moment in the above interval of Q2. In thesame limits of Q2, moments of gn1 were found to lie below the experimen-tal data and the 
al
ulated low x 
ontribution was 8% of the total neutronmoment. All these 
ontributions in
rease with in
reasing Q2. It was alsoestimated that the above low x region 
ontributes only in about 1% and 2%to the Bjorken and Ellis�Ja�e sum rules, respe
tively.Within the same formalism and at Q2 = 10 GeV2, a 
ontribution of0.0080 from the unmeasured region, 0 � x < 0:003, to the Bjorken integralwas obtained while the 
ontribution resulting from the pure LO Altarelli�Parisi evolution was 0.0057. These numbers have to be 
ompared with 0.004obtained when g1 = 
onst: behaviour, 
onsistent with Regge predi
tion wasassumed and �tted to the lowest x data points for proton and deuterontargets (see [19℄ and referen
es therein).Extrapolation to the unmeasured region (0 � x < 0:003) of the NLODGLAP �ts to the world data results in about 10% 
ontribution of that lowx region to the gp1 moment, [17℄. The NLO DGLAP �t to the SMC data
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ture Fun
tion g1(x;Q2) at Low x at Low Q2 2955gave a 
ontribution of 0.010 to the Bjorken integral at Q2 = 10 GeV2, i.e.about 6% of that integral, [17℄. These numbers rely on the validity of theassumption that the parton distributions behave as xÆ as x! 0.5. Nonperturbative e�e
ts in g1Data on polarized nu
leon stru
ture fun
tion g1(x;Q2) extend to theregion of low values of Q2, [8, 9, 12, 36℄. This region is of parti
ular interestsin
e nonperturbative me
hanisms dominate the parti
le dynami
s there anda transition from soft- to hard physi
s may be studied. In the �xed targetexperiments the low values of Q2 are rea
hed simultaneously with the lowvalues of the Bjorken variable, x, 
f. Figs. 1 and 2, and therefore predi
tionsfor spin stru
ture fun
tions in both the low x and low Q2 region are needed.Partoni
 
ontribution to g1 whi
h 
ontrols the stru
ture fun
tion in the deepinelasti
 domain has thus to be suitably extended to the low Q2 region and
omplemented by a non-perturbative 
omponent.The lowQ2 spin-averaged ele
troprodu
tion is very su

essfully des
ribedby the Generalised Ve
tor Meson Dominan
e (GVMD) model, see e.g.[5�7℄. Therefore methods based on GVMD should also be used to des
ribethe behaviour of the g1 in the low x, low Q2 region. Two attempts usingsu
h methods have re
ently been made. In the �rst one, [34℄ the followingrepresentation of g1 was assumed:g1(x;Q2) = gVMD1 (x;Q2) + gpart1 (x;Q2) : (7)The partoni
 
ontribution, gpart1 whi
h at low x is 
ontrolled by the loga-rithmi
 ln2(1=x) terms, was parametrised as dis
ussed in Se
tion 4.2.The VMD 
ontribution, gVMD1 (x;Q2), was represented as:gVMD1 (x;Q2) = M�4� XV=�;!;� M4V��V (W 2)
2V (Q2 +M2V )2 ; (8)where MV is the mass of the ve
tor meson V , 
2V are determined from theleptoni
 widths of the ve
tor mesons and � = Q2=2Mx. The unknown
ross se
tions ��V (W 2) are 
ombinations of the total 
ross se
tions for thes
attering of polarised ve
tor mesons and nu
leons. It was assumed that theyare proportional (with a proportionality 
oe�
ient C) to the appropriate
ombinations of the nonperturbative 
ontributions �p0j(x) to the polarisedquark and antiquark distributions:



2956 B. BadeªekM�4� XV=�;! M4V ��V
2V (Q2 +M2V )2 =C �49 ��u0val(x) + 2��u0(x)�+ 19 ��d0val(x) + 2��d0(x)�� M4�(Q2 +M2� )2 ; (9)M�4� M4����p
2�(Q2 +M2�)2 = C 29��s0(x) M4�(Q2 +M2�)2 ; (10)where �u0(x) = �p0u(x), et
. The �p0j(x), Eq. (5), behave as x0 for x!0.As a result the 
ross se
tions ��V behave as 1=W 2 at large W 2 whi
h
orresponds to zero inter
epts of the appropriate Regge traje
tories.Results of 
al
ulations for Q2 <1 GeV2 are shown in Fig. 9 for di�erentvalues of C. The statisti
al a

ura
y of the SMC data is too poor to 
on-straint the value of the 
oe�
ient C. The SLAC E143 data apparently prefera small negative value of C. Similar analysis of the neutron and deuteronspin stru
ture fun
tions was in
on
lusive.
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tion of x at the measured Q2values (marked above the x axis), obtained by the SMC (stars [8℄ and dots [9℄)and by SLAC E143 [36℄ (at 16.2 GeV in
ident energy only). Errors are statisti
al.Curves are predi
tions of the model for di�erent values of C. Figure 
omes from[34℄.In the other attempt to des
ribe the g1(x;Q2) in the low x, low Q2region, [37℄, the GVMD model was used together with the Drell�Hearn�Gerasimov�Hosoda�Yamamoto (DHGHY) sum rule, [38�40℄. In the GVMD,
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ture Fun
tion g1(x;Q2) at Low x at Low Q2 2957the g1(x;Q2) has the following representation, valid for �xed W 2 � Q2, i.e.small values of x, x = Q2=(Q2 +W 2 �M2):g1(x;Q2) = gL1 (x;Q2) + gH1 (x;Q2)= M�4� XV M4V��V (W 2)
2V (Q2 +M2V )2 + gAS1 (�x;Q2 +Q20) : (11)The �rst term sums up 
ontributions from light ve
tor mesons, MV < Q0where Q20 � 1 GeV2 [6℄. The unknown ��V are expressed through the
ombinations of nonperturbative parton distributions, �p0j(x), evaluated at�xed Q20, similar to the previous 
ase.The se
ond term in (11), gH1 (x;Q2), whi
h represents the 
ontributionof heavy (MV > Q0) ve
tor mesons to g1(x;Q2) 
an also be treated asan extrapolation of the QCD improved parton model stru
ture fun
tion,gAS1 (x;Q2), to arbitrary values of Q2: gH1 (x;Q2) = gAS1 (�x;Q2 +Q20), 
f. [7℄.Here the s
aling variable x is repla
ed by �x = (Q2+Q20)=(Q2+Q20+W 2�M2).It follows that gH1 (x;Q2)! gAS1 (x;Q2) as Q2 is large. We thus get:g1(x;Q2) =C �49(�u0val(x) + 2��u0(x)) + 19(�d0val(x) + 2��d0(x))� M4�(Q2 +M2� )2+C �19(2��s0(x))� M4�(Q2 +M2�)2+gAS1 (�x;Q2 +Q20) : (12)The only free parameter in (12) is the 
onstant C. Its value may be �xed inthe photoprodu
tion limit where the �rst moment of g1(x;Q2) is related tothe anomalous magneti
 moment of the nu
leon via the DHGHY sum rule,
f. [41, 42℄: I(0) = Ires(0) +M 1Z�t(0) d��2 g1 (x(�); 0) = ��2p(n)4 ; (13)where the DHGHY moment before taking the Q2=0 limit has been split intotwo parts, one 
orresponding to W < Wt � 2 GeV (baryoni
 resonan
es)and the other to W > Wt:I(Q2) = Ires(Q2) +M 1Z�t(Q2) d��2 g1 �x(�); Q2� : (14)



2958 B. BadeªekHere �t(Q2) = (W 2t + Q2 �M2)=2M . Substituting g1 (x(�); 0) in Eq. (13)by Eq. (12) at Q2 = 0 we may obtain the value of C from (13) if Ires(0),the 
ontribution from resonan
es, is known e.g. from measurements.
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Fig. 10. Values of xg1 for the proton as a fun
tion of x and Q2, Eq. (12). Theasymptoti
 
ontribution, gAS1 , is marked with broken lines, the VMD part, gL1 ,with dotted lines and the 
ontinuous 
urves mark their sum, a

ording to (12).Figure 
omes from [37℄.To obtain the value of C from Eq. (13), Ires(0) was evaluated using thepreliminary data taken at ELSA/MAMI by the GDH Collaboration [43℄ atthe photoprodu
tion, for Wt = 1:8 GeV. The gAS1 was parametrized usingGRSV �t [21℄ for the �standard s
enario� at the NLO a

ura
y. Q20 =1:2 GeV2 was assumed as in the analysis of F2, [6℄. As a result the 
onstantC was found to be �0:24 or �0:30, for the �p0j(x) in Eq. (12) parametrisedat Q2 = Q20 as Eq. (5) or as [21℄, respe
tively.The nonperturbative, Ve
tor Meson Dominan
e 
ontribution was ob-tained negative in both attempts, [34,37℄ as well as from earlier phenomeno-logi
al analyses of the sum rules [42, 44℄.The g1 obtained from the above formalism is shown in Fig. 10. It repro-du
es well a general trend in the data, 
f. Fig. 11(a); however experimentalerrors are too large for a more detailed analysis. To 
ompute the DHGHYmoment, Eq. (14), for the proton, preliminary results of the JLAB E91-023
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tion of x at the measured valuesof Q2 in the non-resonant region, x < xt = Q2=2M�t(Q2). Both the VMD inputand gAS1 have been evaluated using the GRSV �t for standard s
enario at the NLOa

ura
y [21℄. Contributions of the VMD and of the xgAS1 are shown separately.Points are the SMC measurements at Q2 < 1 GeV2, [9℄; errors are total. The 
urveshave been 
al
ulated at the measured x and Q2 values. (b) The DHGHY momentI(Q2) for the proton. Details as in Fig. 11(a). Points mark the 
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es as measured by the JLAB E91-023, [45℄ at W <Wt(Q2). Figures 
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orre
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2960 B. Badeªekexperiment [45℄ for 0.15 <� Q2 <� 1:2 GeV2 and W < Wt = Wt(Q2) [46℄ wereused. Results, Fig. 11(b), show that partons 
ontribute signi�
antly evenat Q2 ! 0 where the main part of the I(Q2) 
omes from resonan
es. TheDHGHY moment is shown in Fig. 12 together with the results of 
al
ulationsof Refs [44, 47℄ as well as with the E91-023 measurements in the resonan
eregion used as an input to the I(Q2) 
al
ulations. The E91-023 data 
or-re
ted by their authors for the deep inelasti
 
ontribution are also presented.Results of 
al
ulations are slightly larger than the DIS-
orre
ted data andthe results of [44℄ but 
learly lower than the results of [47℄ whi
h overshootthe data. 6. OutlookThe longitudinal spin dependent stru
ture fun
tion, g1(x;Q2), is presentlythe only observable whi
h permits an insight into the spin dependent lowx physi
s. Contrary to spin-independent stru
ture fun
tions, it is sensitiveto double logarithmi
, ln2(1=x) 
orre
tions, generating its leading small xbehaviour. However its knowledge is limited by the statisti
al a

ura
y andby the kinemati
s of the �xed-target experiments. In the latter, the lowvalues of x are rea
hed simultaneously with the low values of the four mo-mentum transfer, Q2. While the low Q2 domain may be of great interestdue to a transition from soft to hard physi
s, it also 
hallenges theoreti
alpredi
tions based on partoni
 ideas whi
h have to be suitably extended tothe nonperturbative region.Until now, experimental data on the g1(x;Q2) at low x 
ame mainlyfrom the SMC at CERN. They do not permit to 
onstrain the low x partondistributions, nor to test the Regge model but they seem to leave room for
ontributions other than (low Q2 extrapolated) partoni
 me
hanisms. Theyalso permitted �rst quantitative studies of nonperturbative me
hanisms; re-sults 
onsistently point towards large and negative 
ontribution of the latter.New low x data on g1(x;Q2) will soon be available from COMPASS.Their statisti
s will be by far larger so that statisti
al errors should no longerbe dominating. Also the experimental a

eptan
e at low x will be mu
hwider in the nonperturbative domain and thus tests of the Regge behaviourof g1 will be possible. A 
ru
ial extension of the kinemati
 domain of the(deep) inelasti
 spin ele
troprodu
tion will take pla
e with the advent ofthe polarised Ele
tron-Ion Collider, EIC, at BNL [48, 49℄. With its 
entre-of-mass energy only about 2 times lower than that at HERA, this ma
hinewill open a �eld of perturbative low x spin physi
s where also other, semi-in
lusive and ex
lusive observables, will be a

essible for testing the highparton density me
hanisms.
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ts in low x physi
s were for the �rst time addressed anddeveloped by Jan Kwie
i«ski. One of these is the non-perturbative aspe
tof the low x ele
troprodu
tion. His involvement in the phenomenology ofthis ex
iting and still not understood bran
h of high energy physi
s wasstimulated by the EMC measurements, followed by results of NMC, E665,SMC and HERA. I am greatly indebted to Jan for many years of mostenjoyable s
ienti�
 
ollaboration.This resear
h has been supported in part by the Polish State Committeefor S
ienti�
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