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Leading and higher twists in the proton polarized structure function gf at large Bjorken x
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A phenomenological parametrization of the proton polarized structure fungfionQ?) is developed for
x=0.02 using deep inelastic data up 1650 (GeVk)? as well as available experimental results on both
photo- and electroproduction of proton resonances. According to the new parametrization the generalized
Drell-Hearn-Gerasimov sum rule is predicted to have a zero-crossing poipt=a0.16+0.04 (GeVt)?.
Then, low-order polarized Nachtmann moments are estimated andthbihavior is investigated in terms of
leading and higher twists foD>=1 (GeV/c)2. The leading twist is treated at NLO in the strong coupling
constant and the effects of higher orders of the perturbative series are estimated using soft-gluon resummation
techniques. In the case of the first moment, higher-twist effects are found to be quite sm&P for
=1 (GeV/c)?, and the singlet axial charge has been determined a0 (GeVk)?]=0.16+0.09. In the
case of higher order moments, which are sensitive to the barggron, higher-twist effects are significantly
reduced by the introduction of soft gluon contributions, but they are still releva@f at few (GeV/c)? at
variance with the case of the unpolarized transverse structure function of the proton. Our finding suggests that
spin-dependent correlations among partons may have more impact than spin-independent ones. As a by-
product, it is also shown that the Bloom-Gilman local duality is strongly violated in the region of polarized
electroproduction of the& (1232) resonance.
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I. INTRODUCTION (NNLO) corrections have been investigated BH(x,Q?)
. . o . ~andR{}1(x,Q?) in Ref.[2], and on the parity-violating struc-
The.expenmental investigation of lepton deep—melgstlcture functionxpg(x,Qz) in Ref. [4]. Very recently[6] the
scattering DIS) off proton and deuteron targets has providedeffects of high-order radiative corrections on the extraction
a V‘l’ealthl ofd_mfotrmanqn on ]E_)artotr_l dlsftrtlﬁutllonz(hl;)the of leading and higher twists in the transverse structure func-
nucieon, eading to a nice confirmation ot the fea tion F)(x,Q?) have been considered adopting soft-gluon re-
a_md next-to-leading ordQNLQ) predictions of the perturba- summzation techniquekr]. It has been showh6] that the
tive quantum chromodynami¢QCD). In the past few years ﬁgtraction of higher twists at largeis remarkably sensitive

some selected issues in the kinematical regions correspon .
ing to large values of the Bjorken variabtehave attracted a o soft gluon effects as well as to the updated Particle Data

lot of theoretical and phenomenological interest; amond>roup (PDG) value of ay(M?) [8]. Existing analyses indi-
them one should mentiofi) the flavor decomposition of the cate that for x=0.7 dynamical power corrections in
parton distributions, with particular emphasis on the ratio ofF > (x,Q?),Rl/r(x,Q?) and xF}(x,Q?) are not very large.
dtouquark asx—1 (see Refs[1,2]), and(ii) the occurrence We want to point out that only in Ref§l] and[6] the Q?
of power corrections associated willgnamicalhigher-twist  range of the analyses has been extended dowrQ%o
operators measuring the correlations among parise® ~1 (GeVic)? thanks to the use of Nachtmann moments,
Refs.[1-5]). The extraction of the latter is of particular rel- including in this way the contributions of both the nucleon-
evance since the comparison with theoretical predictions eiresonance regions and the nucleon elastic peak. This is
ther based on first-principle calculatiofiéke lattice QCD  clearly worthwhile not only in order to enhance the sensitiv-
simulation$ or obtained from models of the nucleon struc- ity to power-suppressed terms, but also because of parton-
ture may represent an important test of the nonperturbativeadron duality argumen{$9].
QCD regime. The aim of this paper is to extend the twist analysis made
Various analyses of power-suppressed terms in the worlih Refs.[1] and[6] to the case of the polarized proton struc-
data on the unpolarized nucleon structure functiongure functiong?(x,Q?). As in Ref.[1], we make use of the
FS‘(X,QZ) and F[‘(x,QZ) have been carried out in the past formalism of the operator product expansi@PE [10] and
years. They are based either on the choice of a phenomenof the (polarized Nachtmann momentgl1l], as defined in
logical ansat43] or on renormalon-inspired modél$,2,5], Refs.[12,13, in order to disentangle the kinematical target-
adopting for the leading twist the LO or NLO approxima- mass corrections from the dynamical higher-twist effects we
tions. The effects of the next-to-next-to-leading orderare interested in. The evaluation of the Nachtmann moments
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requires, however, the knowledge of the polarized structur&inally, our main conclusions are summarized in Sec. VI.
functions in the wholex range for fixed values ap?. There-

fore, we have developed a new parametrizatiogigk, Q?), Il. THE NACHTMANN MOMENTS AND THE LEADING
which describes the DIS proton data up tQ? TWIST AT NLO

~50 (GeVk)? and includes a phenomenological Breit- 2 : .
Wigner ansatz able to reproduce the existing eIectroproducB The c;ompleth evolution of the structure functions can
. . ) ) " be obtained using the OFROQ] of the time-ordered product
tion data in the proton-resonance regions. Our interpolation

formula for gi’(x,Qz) has bgen succ.ess.fully extended down\(,)\fatrzect\gr?];tg:esrggtti?;fg;?Tg}ieiu\gg’us:fh()ton nucleon for
to the photon point, showing that it nicely reproduces the

very recent dat@l4] on the energy dependence of the asym-

metry of the transverse photoproduction cross section as well T[3(2)3(0)]=2, fa(—z%)zz+2 . 20

as the experimental value of the proton Drell-Hearn- e (1)
Gerasimov(DHG) sum rule[15]. According to our param-

etrization ofgf(x,Q?) the generalized DHG sum rule is pre- where O
dicted to have a zero-crossing point a®?=0.16 e
+0.04 (GeVk)2.

Then, low-order polarized Nachtmann moments hav
been evaluated and thed? behavior has been investigated
in terms of leading and higher twists f@?=1 (GeV/c)?.
The leading twist is treated at NLO in the strong coupling

constant and it is extracted simultaneously with phenomenog,4s to the well-known twist expansion for the Cornwall-

logical higher-twist terms from our pseudo-data. The eﬁeCtsNorton (CN) moments of the nucleon polarized structure
of higher orders of the perturbative series are estimated usml%nction gV(x,Q?) (see Refs[12,13), viz
1 1 ’ ’ .

the same soft-gluon resummation technique adopted in the
case of the analyses of the unpolarized data made in &ef. 1
The main results of our power correction analysis are as Mgl)(QZ)EJ' dxx""1g)(x,Q?)
follows. As far as the first moment is concerned, the effects 0

of higher twists are found to be quite small fap?

,...u, are symmetric traceless operators of di-

mensiond; and twistT,=d;—n, with « labeling different
operators of spim. In Eq. (1) f2(—2z?) are coefficient func-
&ions, which are calculable in perturbative QCD at short dis-
tance. Since the imaginary part of the forward Compton scat-
tering amplitude is simply the hadronic tensor containing the
structure functions measured in DIS experiments, €.

* 2\ (7—2)12
=1 (GeV/c)2. Moreover, the singlet axial charge is deter- _ E (0210 (f“_)
mined to beay[10 (GeVk)?]=0.16+0.09; our extracted T:;ven el 4 @5(Q7) 100 (1) Q?
value is significantly below the naive quark-model expecta- )

tion (i.e., compatible with the well-known “proton spin cri-
sis”), but it does not exclude completely a value of the sin-,neren=1.3 5 w is the renormalization scal@,, ()
1 1 . b} n,r

glet axial charge as large @s0.25, in nice agreement with  5r¢ the(reduced matrix elements of operators with definite
recent estimate¢see, e.g., Ref.16]). In the case of higher iy and twistr, containing the information about the non-

order moments, which are more sensitive to the large-  peryrhative structure of the target, afg,(x,Q2) are di-
gion, higher-twist effects are significantly reduced by the in-pangjonless coefficient functions, which can be expressed

troduction of soft gluon contributions, but they are still rel- perturbatively as a power series of the running coupling con-
evant atQ’~ few (GeV/c)?, at variance with the case of the ¢i3nt, (Q?)
S .

unpolarized transverse structure function of the prdisse

oY . For massless nucleons only operators with spaontrib-
Ref. [6]). Our finding suggests that spin-dependent correlaya o thenth CN moment(2). When the nucleon mass is

tions among partons may have more impact than spingyen into account, operators with different spins can con-

gllccj)irrfnedi?r:;r?(n;éi QSC; 5’325?‘1[‘1% ig é?rgfcl’ S\t]igg?eghiit tN&ibute and consequently the higher-twist terms in the expan-
y gy sion of the CN momenM{"(Q?) contain now also target-

the region of polarized electroproduction of tiAg1232 . ) . .
gl pofanz productt e ) mass terms, which are of pure kinematical origin and

resonance. ; )
therefore of no physical interest. It has been shown by

The paper is organized as follows. In Sec. Il the Nacht . :
mann definition of the moments and the NLO approximationNaChtma””[ll] in the unpolarized case and subsequently

for the leading twist are briefly reviewed. In Sec. Il a new generalized to the polarized structure functions in _Refs.
parametrization ofgf(x,Qz), which describes the DIS re- .[12’13 that even wherM 7&.0 the moments can be_ redefined
gime as well as the photo- and electroproduction protonln such a way that only spin-operators contribute in tieth
resonance regions is presented and adopted for the evald®° ment, namely,
tion of the Nachtmann moments. Moreover, the issue of a L
possible local BG duality among the DIS behavior of M D02 Ef dx ‘ Ny 02 [f_ s
gh(x,Q?) and suitable local averages in the resonance re- " Q% 0 9:(x.Q%) & (n+2)° Q° x
gions is addressed. Section IV is devoted to a twist analysis 5 o

of our pseudo-data at NLO, while the inclusion of the effects —gNx Qz)M x® 4n

2 1

of high-order radiative corrections is presented in Sec. V. Q? n+2

§n+1
XZ

©)
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wheren=1,3,5... and As it is well known, the evolutions of the singlet-quark
and gluon distributions are coupled in general; however, as it
2X @ happens in the unpolarized ca®é., e.g.,[1]), the moments
&= 1+ 1+ AM2Z Q2 of ordern>1 are sensitive to the largeregions, where the

evolution of gluons and quarks are approximately decoupled.
Therefore, in what follows we will assume the following

is the Nachtmann variable. Note that at variance with th . 1)
fm_o evolution for dup=4:

unpolarized case, where the transverse Nachtmann mome
involve only the transverse structure functiefl(x,Q?) (see, (Q?) N (Q?)
e.g., Ref.[1]), in the polarized cas&1(Y(Q?) has to be 5#5112)3(Q2):5An(ﬂz)(a5 ) 5[14_ %2—5@1%

constructed using the two polarized structure functions as(pn”) ™

N 2 N 2 i 5
0; (X,Q7) andg, (x,Q7). Using theexperimentatiata for the al02) = a u?
latter ones on the right hand sieHS) of Eq. (3), the target- X |1+ M( yENS_ B 7213)
mass corrections are exactly canceled out; therefore, the & Bo

twist expansions of the experimental Nachtmann moments (9)
Mﬁl)(Qz) contain onlydynamicalhigher twists, which are

2o 5, (1), 2 2
the only ones related to the correlations among partons, vi2Vhere dAn(x )=5:“$_1 WAL+ ag(p )5C§1q)/2_77]-
In case of the first momentn&1), adopting theAB

M 1(Q2) = 5uM(Q?) + dynamical higher twists (5) ~ Scheme as defined in R¢19] and introducing the simplified
notationA uM=su{Y, , one gets
wheresuM(Q?) stands for theth CN moment of the lead-

2 2
ing _twist contribution. The latter can be written in the fol- ApD(Q?)= @[AQNSJr aO(QZ)][l— as(Q) (10)
lowing form: 2 ™
1) A2)— s, NS 2 S/ A2 whereay(Q?) is the (scale dependensinglet axial charge,
Sui(Q) = 6y S(Q%) + ouR(Q?) ®  Civen by
where at NLO[18], ay(Q?)
S
v 2y(Q) =A% —N;—5——AG(Q). (11)
(€ n "

2
NS A2y \°/ o NS 2 as(Q%)
Oun 1Q7) 7 % (m )(as(,uz) In Egs. (10) and (11) both the non-singletgNS and the
) quark singletAY, are conserved quantities, while the polar-
1+ “s;Q ) 5ng)} ized gluon momenAG is scale dependefiat NLO one has
a

X
AG(Q? ~1/a4(Q?), so that the axial singlet chargg be-

2 2 comes only slightly scale dependgnBelow the charm
ol 14 &RV aswI [ ins Br ns threshold(i.e. N;=3) one has
47 T gy n

3 1
(7 AqNS=ZQA+ 738 (12)

and
whereg,=1.2670+0.0035[8] is the nucleon axial coupling

ad(Q?) constant andag=0.579+0.025 [20] is the octect axial
1+ 2—505{”} charge[obtained from nucleon and hyperon beta decays un-
& der the assumption o6U(3)-flavor symmetry. Thus, the

) expected value forAgNS below the charm threshold is
8G(Q3)sC . (8  AQNS=1.095+0.007.

2
oun(Q?)= ?( 534(Q%)

a's(Qz)
2

+2N;

(NS) polarized quark distribution in thémodified minimal MOMENTS

subtraction MS) or Adler-BardeenAB) scheme evaluated For the evaluation of the Nachtmann momekt§)(Q2)
at the renormalization scale?, vy ° and y;,™'° are the non-  [Eq. (3)] systematic measurements of the structure functions
singlet(unpolarized anomalous dimensions at one- and two-ngI(X’Qz) and g)(x,Q?) are in principle required in the
loop levels, respectivelysC{ is the nth moment of the \yholex range at fixed values @°. The kinematical cover-
quark  coefficient  function, Bo= 11E2Nf/3’ B1=102  age of existing data 0g?(x,Q?) is shown in Fig. 1. It can be
—38N;/3 and eventuallye®)=(1/Ny)S;" e, with Nf be-  seen that the available data cover the kinematical range 0.3
ing the number of active flavors. In E) 53,(Q%) and =<Q2? (GeV/c)?<60 with values of the produced invariant
8G,(Q?) are thenth moments of the singlet-quark and gluon massw?=M?2+Q?(1—x)/x up to~300 Ge\2. While data
polarized distributions, respectively, aﬁ@ﬁg) isthenth mo-  are scarce below~0.02, the coverage at intermediate and
ment of the gluon coefficient function. high values ofx, but still in the DIS regiond(i.e. for W
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terference terms between the resonant and nonresonant con-

® E143

O ae tributions are neglected, since they are well beyond the scope
W E130 of our phenomenological fit. The Nachtmann mome(®s
O Eso . .
o 10 B & = can then be written as the sum of three corresponding con-
&) E| A Hermes tributions, viz.
> A E155
3 Q e 102 (D(02)1EN) 4+ MD(O2)](res)
= My (Q9) =My (QH) I+ [M~(Q%) ]V
o)
v ES HIMED(Q?))momes), (16
O
A. Elastic term
0.1 The contribution of the elastic process to the polarized

10 structure functions can be expressed in terms of the electric

X and magnetic Sachs form factors as

Ge(Q?)+7Gu(Q?)
1+7

FIG. 1. Kinematical coverage of existing datagf(x,Q?). The | 1
dashed line corresponds to an invariant produced mass equél to g(le ')(X,Q2)= o(x—1) —GM(QZ)
- : 2
=2 GeV. Full dots, open dots, full squares, open squares, full dia-
monds, open and full triangles correspond to the experiments of
Refs.[21-27], respectively. Open diamonds are the existing data in
the proton-resonance regions from ReX1].

(17)

T Ge(Q%) —Gu(Q?
05 (x,Q%) = 3(x~ 1) 5 Gy Q1) )HTM(Q )

=2 GeV), appears to be sufficient for developing an inter- (18
polation formula. On the contrary, in the nucleon resonance

regions W<2 GeV) only data for Q>~0.5 and Wherer=Q?4M? Therefore, one gets

~1.2 (GeVk)? are presently available from tHe143 ex- N ) 5
periment [21]. The polarized proton structure functions MD(0?2 (e'-)—@G ». | GE(Q%) + 7GuM(Q%)
g1(x,Q?) andg,(x,Q?) (we omit the suffixp for simplicity) [M QO =2"Gu(QY) 1+7

are related to the measured helicity-dependent virtual

photon-nucleon cross sections by w|1— n? M_zgz
(n+2)2 QZ el
MK 1 T127 0312 2 2
01(x,Q) = 29212 Gu(Q9)—Gg(Q%) n
Amlagy, 1AM XTQ 2 + 15, n+2§e| (19
2Mx
+ Qo (130 where &,=¢&(x=1)=2/[1+1+1/7]. For the explicit
evaluation of Eq(19) we will make use of the parametriza-
tion of Ref.[28] for the proton elastic form factors, assuming
95(x,Q2)= MK 1 _ 0127 T3 a 5% uncertainty.
2 42ag, 1+ 4M22Q? 2

B. Nonresonant contribution

oM LT (14) The nonresonant ternggs"°™)(x,Q?) can be written in
the following form
where o, and o3, are the transverse absorption cross sec- AM22
tions for_ totfal helicity 1/2 and_ 3/2, respectively, angT is g{nomres)(x, Q%) =g27(x,Q?) + —g"T(x,Q?)
the longitudinal-transverg&T) interference cross section. In Q

Egs.(13) and(14) K is the incoming flux factor, which in the

Hand convention is explicitly given byK=wv—Q?2M giomres)(x,Q?) = —g*7(x,Q%) +g-"(x,Q?)

=(W2—-M?)/2M. (20)
Let us write the polarized structure functions as the sum

of three contributions, namely, whereg®?(x,Q?) is the contribution arising from the trans-

verse asymmetny,(x,Q?) [proportional to ¢r1,— 03],
gi(x,Q%)=g{*"(x,Q?)+g{"**)(x,Q?) + g("°""*%)(x,Q?) while g-T(x,Q?) is the LT contribution coming from the
(15  asymmetryA,(x,Q?)(proportional too 1), Vviz.

where g{®"(x,Q?), g{"**)(x,Q?) and g{"°™"%)(x,Q?) are K 1 {nonres) _ _(nonres)
the elastic, resonant and nonresonant contributions t@*7(x,Q?)= L2 372
gi(x,Q?), respectively, and=1,2. In Eq.(15) possible in-

4mla,, 1H4M*X?1Q? 2
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1 Q TABLE I. Values of the parameters appearing in E@®)—(24),

g-T(x,Q%) = 5 EWTVERITOLETY g(LnTon'feS-)_ obtained from the leas? procedure described in the text.
Amlagn 1T X X

@) A ) o) o g0 g

Quite recently{29], a description of the transverse cross sec- 1.325  —-0.01239 -0.1927 0.2725 0.1250 3.938
tion difference ¢1,— o3 in DIS kinematics for both pro-

ton and neutron has been obtained in terms of a parametri- a%” ath ald adt gy g
zation inspired by the work of Ref30]. There, a simple

Regge-type approach, based on one Pomeron and one 2.252 2.099 08718 09133  2.910 3.829
Reggeon exchanges, has been shown to be phenomenologi- Q3 (GeVic)? Q5 (GeVic)?

cally successful in describing both the unpolarized photopro=

duction cross section and the unpolarized DIS data off the 4.498 1.062

proton. The main result of Ref30] is that it is possible to

parameterize smoothly the transition from the Regge behav- o . L
ior, expected to be dominant at low values @F, to the 271 On the asymmetr,(x,Q7) in the DIS kinematics, i.e.

partonic description valid at high values Q2. Thus, one Cutside the resonance region&/t2 GeV), through the re-

can try to use the same kind of parametrization to describftion
g27(x,Q?). That was the aim of Ref29], but unfortunately R 5
the explicit form of the parametrization adopted 9] fails 9°7(x,Q%)

just in the above-mentioned smooth transition, because it F1(x,Q2)

does not possess a well defined Bjorken limit. Therefore, we

have developed a new interpolation formula, properly in-whereF,(x,Q?) is the unpolarized proton structure function
spired by the work of Ref.30], viz. calculated adopting the interpolation formula developed in
Ref. [1]. Following Ref.[30] we have consideretl=2 in

4M2x?

QZ

(25

Al<x,Q2>D7S( 1+

W2— M2 N YYAREI0! .
Ao(y Q%)= E a(t) 1+ Eqg. (22) fixing the QCD parameterA at the value A
g 2wz & Y Q%+ Q3 =0.250 GeV. It turns out that our fitting procedure of DIS
Bi(1) data is not very sensitive to the precise value of the param-
]

WZ_wZ
X 2 2 Z 2
W2—W2 + Q2+ W2

eterWs, since it appears in E@22) only in the combination
Q2+W$. Thus, the value of the parametéf; is relevant
only at low Q? and, indeed, in Sec. 11 C it will be fixed by
whereW_=M +m._ is the pion production threshold anis requiring the reproduction of the experimental value of the

a parameter aimed at describing the logarithmic scaling vioProton DHG sum rulg15]; thus, we anticipate here its final
lations in the DIS regime, which we define following Ref. Value equal toNy=0.475 GeV. To sum up, we have used

(22

[30] as 14 parameters against a total number of experimental points
equal to 209, obtaining for thg? variable divided by the
In[(Q%+Q3)/A?] number of d.o.f. the minimum value of 0.66. The explicit
= [ IN(QZ/A2) ] (23)  values of our parameters are reported in Table I, where it can
0 be seen that the transition point from the Regge

behavior to the partonic regime occurs arou@&:QzR

In EQ. (22) the parameteQg describes the transition from —4-5 (GeVE)2.

the expected dominance of the Regge behavi@’at Qg to The quality of our fit is shown in Fig. 2. It can be seen

thze pagtomc regime a;QZ%Qﬁ. Indeed, on one hahd, for that the differences between our fit and the data are approxi-
Q°=Qr and at large\” (i.e., lowx) the right-hand side of  mately distributed as a Gaussian-like distribution and, more-
Eq. (22) becomes proportional t&;a;W?*, as expected oyer, they almost do not exceed the statistitabystematic
from the Regge approach. On the other hand, when thgyrors of the datdadded in quadratuyeThe uncertainty on
Bjorken limit (fixed x and highQ?) is considered, one gets our parametrization a§*” generated by the fitting procedure
g*7(x,Q)x=L a(t) x “(1-x)#M.  Finally, the has been estimated through the uncertainties obtained for the
quantitiesa; , «; and g; are parameters which are assumedvalues of the parameters reported in Table | from our least-

to depend linearly ot: namely, x? procedure. Using different bins in the variableve have
(0) 4 (1) found that the uncertainty on og*“ can be approximated
aj(t)=a;'+a;”’-t by the following simple formula: (+0.5 x/x,)-15%,
wherex,, = Q?/(Q?+W?2—M?) is the pion threshold i
aj(t)=a{"+afM-t (24) We point out that in Eq(22) g*“ is assumed to behave in
the Bjorken limit as a power of at low values ofx. Since
B;i() =B+ pM-1. there is no strong argument in favor of such an assumption

(cf., e.g., the discussion of the limit—0 in Refs.[16,31),
The parameters appearing in E¢&2) and(23) have been Eq. (22) has to be considered as a simple approximation
determined by fitting existing measurements from Rgfé—~  valid in a limited x range. In this respect we have already
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60

50

FIG. 2. (a) Distribution of the differences be-
tween our fit(25) and existing dat§21—27 on
the asymmetnA,(x,Q?) in DIS kinematics only
(W>2 GeV).(b) Ratio of the differences ia)
with the statistical- systematic errors of the data
(added in quadratuyeversus the final invariant
massW.

40

30

counts

20

- data) / (err. data)

(fit
n

10

(fit - data) W (GeV)

observed from Fig. 1 that existing data are scarce below can be conveniently expressed in terms of transverse helicity
~0.02; thus, we consider=0.02 as thex range of applica- amplitudesA?, and A%, as well as the longitudinal helicity
bility of our parametrization(22), which is clearly well — amplitudeS,, viz.
enough for our main purpose to study leading and higher

twist effects at largex.

The contribution ofg-T(x,Q?) to Eq.(20) is marginal in (res)(x Q2) = MK 1 oljs>) — a5
DIS kinematics and, moreover, the whole effectyefx, Q?) 91 T Ay, 1HAMAXIQ? 2
in the Nachtmann moment8) is power suppressed; there-
fore, we do not need a very refined interpolation formula for 2ZMX(1es)
92(x,Q%). In this respect the analyses of the Spin Muon + Q i (29)

Collaboration(SMC) [22], E143 [21] and E155 [32] DIS
data onA,(x,Q?) suggest thaty,(x,Q?) is consistent with
the Wandzura-Wilczek relatiop33]. Thus, we impose a

(res.)__ _(res.)
simple-minded generalization of the latter as a constraint on g(res.)(x Q%)= MK 1 Y 0312
our parametrization fog-T(x,Q?); we simply assume that 2 ' 4mla,, 1TH4M*X?1Q° 2
Aoy 2
x gY(x',Q% Q wres)
gLT(XaQZ):FthrJ dx Y (26) T oMx LT (30)
X
where Fthrz\/l—Wz,T/W2 is a threshold factor. Thus, our ith
interpolation model for the nonresonant contributions oMt
gi(x,Q?) reads as
2
0i"*""*¥)(x,Q%) =g (x,Q%) (es) _ 50 Gz MMl &

_ 2
TIGR) & 2 (WE— M2y M%F%IA1/2(3/2)| (31

AM 2X2 X Ao X,, 2
+ _2_Fthrj dx’u
Q X x' 0.8 ———rrrrr——rrr—rrr
(27 . o2f E
g(znon-res.)(X'Qz):_gAa(X’QZ) (3 0.1 :_ _:
X, Aoy Q2 Qiﬁ 0.0 f
+Fthrf dX'—g (x.Q ) (28) < F 1
x X’ 0.1 | 3
The  corresponding  predictions  for A,(x,Q?) ‘0'21 0-.3 — "1"(;.2 = '1"(;.1 o
=2Mx-[91(x,Q%) +92(x,Q9) 1/[Q-F1(x,Q?)]  compare X

positively against available DIS data, as shown in Fig. 3.
FIG. 3. Values of the asymmetr&ﬁ(x,(Qz)) for the proton
versus the Bjorken variable in the case of DIS kinematicsW(
. >2 GeV). The open dots, squares and diamonds correspond to the
In the nucleon-resonance regiond/£2 GeV) we fol-  gata of the SM(22], E143[21] and E155 [32] experiments, re-
low the approach of Refd.34,35 by adopting a simple spectively. The full dots are our predictions based on E2ig,(29).
Breit-Wigner shape to describe thi¢édependence of the con- The values of Q?) are those corresponding to the kinematics of the
tribution of an isolated resonan&e while its Q% dependence  various experiments for each valueof

C. Resonant contribution and the DHG sum rule
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2 ~ 600
of'f*)= E2Fi 4M2MRFR 2772 g -
LT R gy (W2—Mg)2+Mal'q 9 400}
Q . 200 1
X —=—(S{p)* ALl (32 < 3
\/chm . 0
2 20\ 1 S [
of Gw| R dr+ XR| R o” 200 [
1—‘R:FRq_ q2+X2 (33 — T PR SR S RPN SR
R WT R 0.1 0.3 0.5 0.7
where Mg and I'9=T'g(W=Mp) are the mass and the By (GeV)

width of the resonanc®, respectively, and eventualig, FIG. 4. Asymmetry of the proton transverse cross sections
=J(W?+M?=m2)/AW°—=M?  gr=qw(W=Mg) and [gg,—oy,] versus the photon enerd, . Full dots are the experi-
Qem= VQ?+ (W?—M?—Q?)?/4W?. The parametery and  mental data from Refi14]. The shaded area is our prediction, as
Xgr have the same meaning as in R&4]. explained in the text, while the dashed line is our nonresonant con-
We point out that tha\-shape encoded in Eq&31),(33)  tribution.
is inspired by the results of Rf34], and therefore it differs
from the one adopted in R4f35], mainly because the width ues (put in parenthes¢s we adopt: r(AO()lzgz)
parametell’s is assumed to be a constant independerif\on =0.10 (0.12) GeW(DO)(lszo):O'ZO (0.13) GeV and
in [35] at variance with Eq(33). The use of the latter, how- Co. (1520~ 0.200 (0.17136) GevY2 Finally, as anticipated
ever, allows us to achieve a proper reproduction of the asym- ~18 i
metric shape around the resonance bumps dud tepen- In Sec. II_I B,_ the value of the parameté/; that appears in
dence of the available phase space for resonance decafed- (22) is fixed at the valueW;=0.475 GeV in order to
Such a dependence produces an important shift of the lock€Produce the experimental value of the proton DHG sum
tion of the resonance peaks with respecte-M g, which  rule [15], viz.
is neglected in Ref.35].
To develop our interpolation formula in the resonance re- fw qg e vz _ 2m2 g
E, Y

2

gions we have included in Eq631) and (32) all the “four- E M2 =204.5 pbarn (36)

star” resonances of the PD@8] having a massMg 7
H 2 2
<2 GeV and a total transverse amplitudfA s, *+ Az whereE . is the pion threshold in terms of the photon energy

larger than 0.050 GeV*? at the photon point. Following g and « is the (proton anomalous magnetic moment. Our
Ref.[35] we have represented ti@* behavior of the trans- fing| results atQ?=0 are reported in Fig. 4 and positively

verse helicity amplitudes in the following form: compared with the Mainz dafd4]. It can clearly be seen
o, that our parametrization of the nonresonant té&#), ob-
AR 1= lliAl(Q )C o-Br Q2 (34) tained from fitting DIS data, can be safely extended down to
112,31 2 R the photon point to describe a smooth background under the

resonance bumps.
while for the LT cross section we have introduced the param- |n Table Il we have reported the contribution of various

eterAl; defined as integration regions over the photon eneigy to the proton
DHG sum rule(36) and to the forward spin polarizabilityy,
x Sh defined as
LT= AR (35
1/2
_ 1 (= 032~ 012
so thatofr=Al;- (Q/\2qcm) oF,. Note that in Eq(34) the Yo= ijﬁd Ey = (37

parameterCg represents just the total transverse amplitude

> 5 . )
V |A1/2| + |A3/2| at the photon point. Finally, as for the back- TABLE II. Contributions of various integration regions over the

ground under the resonances we adopt directiyEQ.with-  pho10n energf,, (in GeV) to the proton DHG sum rulé36) and to
out any adjustment of the parameters, thanks to the fact thate forward spin polarizabilityy, (37), calculated using our inter-

the latter smoothly behaves fav<2 GeV. polation formula.
Firstly we have taken the values of the widfi§’ , of the
amplitudesCg and of the asymmetrgx? at the photon point Integration region DHG gbarn) Yo (107° fm#
rom POCLE] e have e caleualed he el O €02 a5 e
i P 0.2<E,=<0.8 20720 —173+10

ton energyE,=(W*—M*<)/2M, and compared our results 0.8<E.<1.6 47+9 _5+1

. - . 7\ . —_— —
with the recent data from Mainfgl4]. It turns out that an E =16 _13+2 <01

i i (0) ) L - )
adjustment of the widthE (53, andFDl3(1520) as well as of Total 20423 _ 45+ 20

the amplitud@DlS(lg,ZO) is needed. Instead of their PDG val-
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TABLE llI. Values of the parameters appearing in E(&1)—(33) and obtained as described in the text. Resonance masses are in MeV,
Crin GeV Y2 ACgin %, Bgin GeV 2, T, Xz andQ in GeV.

Resonance Ck ACg AR Bg re AR Ig Xr
A(1232) 0.290 5 —0.56 0.7 0.10 -0.1 1 0.16
P1,(1440) 0.065 5 1.0 1.6 0.30 -0.2 1 0.35
D,4(1520) 0.200 10 1 06706 0.8 0.20 0.2 2 0.35
S;4(1535) 0.090 35 1.0 0.6 0.15 0.2 1 0.35
S¥,(1650) 0.055 30 1.0 1.0 0.15 -03 1 0.35
D5+ F,5(1680) 0.150 15 1 069709 0.6 0.13 -0.3 3 0.35
D35(1700) 0.135 30 0.2 1.0 0.30 -03 2 0.35
F35(1905) 0.055 60 —0.50 0.6 0.25 -0.3 3 0.35
F3/(1950) 0.125 20 -0.24 0.6 0.25 -03 3 0.35

It can be seen that an important contribution to both thef3dxg,(x,Q?)=0, within 2o standard deviations at all val-
DHG sum rule and the forward spin polarizability comesues ofQ?2.

from the experimentally unobserved region beld#, The quality of our interpolation formula in the resonance
=0.2 GeV in overall agreement with the prediction of the electroproduction regions is illustrated in Fig. 5, where our
unitarity isobar model of Ref.36], while the contribution of  predictions are positively compared with the two sets of ex-
our high-energy tail abov&,=1.6 GeV to the DHG sum isting data fromE143[21] at Q?~0.5 and~1.2 (GeVk)?.
rule is just half of the prediction of Ref29]. Note that our Before going on with the calculation of the Nachtmann
parametrization o§*” (22) implies that atQ?=0 the trans- moments(3), our prediction for the generalized DHG inte-
verse cross section asymmetfyrs,— o] behaves as gral, defined as

E‘y’i(o)f1 at high photon energies. The negative values ob-

tained for the_ parameter_a}o) (see Table) _Iargely ensure lono(Q?)= 2_I\/I22fxﬁdxgl(x,Q2), (38)
that the DHG integral36) is convergent at high energies and Q% Jo
does not require subtractions.

The Q? dependence 0AY and the values of the parameter is presented in Fig. 6 and positively compared with available
Bk and AR, have been estimated using available electropro€XPerimental data. Note that in E€88) the upper limit of
duction data from Ref[37]. The uncertainty on our param- integration excludes the elastic czontr|but|on and therefore the
etrization in the resonance regions has been estimated [ggneralized DHG integrallpy(Q) cannot be analyzed in
assigning to the slope paramefg an overall 25% uncer- terms _of twists, because the OPE is fu!ly inclusive.
tainty and to the paramet@g the uncertaintyA Cy arising As it is well known, at the photon point thgroton) gen-
from the reported PDG uncertainties on the transverse heli€alized DHG integral
ity amplitudes at the photon point. Table Il collects the val-

ues of all the relevant parameters necessary for evaluating | (Q?=0)= M? * dE Ou2” 032 K_2
Egs. (31)—(33). We have to mention thati) the values DHGL = ™ _8772aem e, 7 E, 4
adopted for the parameteﬁrfT fully satisfy the bounds im- (39

posed by the existing data on the unpolarized longitudinal to

transverse ratidsee Ref[38]), and(ii) our parametrization is negative & —0.80), while it becomes positive in the DIS
of the full structure functiory,(x,Q?) is consistent with the regime. Therefore, it should cross zero at some valu®%f
Burkhardt-Cottingham sum rule [39], stating that and according to the predictions of our parametrizatisee

0.6 L % (a) ': 0.6 :— (b) -:

0.4 | - 0.4 |
B %% 1l [ #u i% ] FIG. 5. Comparison of the proton transverse
02 | ] g oz L % $ ¥ ] asymmt_atryAE(W,QZ) obtained through our in-
& [ terpolation formula(full dots) with the existing
< data from Ref[21] (open dotsin the resonance

i T ] _# 1 regions. The average value 7 is ~0.5 and
[ ¥ ] [ ] ~1.2 (GeVk)? in (a) and(b), respectively.

-0.2 | E 0.2 | m

0.0 0.0 k=

1.0 1.2 1.4 16 1.8 2.0 2.2 1.2 1.4 16 1.8 20 22 24
W (GeV) W (GeV)
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1.0 ey The Nachtmann momenmf,l)(Qz) [see Eq(3)] can now
F T~ -~ ] be evaluated through our interpolation formulas for the po-
. 05 F TN~ E larized structure functiong;(x,Q?) and g,(x,Q?), which
‘© F ireeg ] we stress have the following range of applicabilityg0.02
: O |||||"' = and Q?<50 (GeVk)?. The separate contributions of the
T 05 3 |”||||| ] elast?c peal(_l?),_(18)_, the resonance®9)—(32) and the in-
) ” ||H|| ] elastic contributiori.e. the sum of thg respnant and non-
4o B v resonant parts(27),(28)] are shown in Fig. 7 for 0.1
10 102 10" 10° 10" <Q? (GeV/c)?<50. It can be seen that the elastic term is

5 dominant forQ?<n/2 (GeV/c)?, while the inelastic contri-
(GeVic) bution exhausts the Nachtmann moment faR?

FIG. 6. Generalized DHG integré88) for the proton versug?. Zn(G.eV/C)Z. Note tha.t’ at VananceEl;NItg the generalized
Full dots and squares, open dots and triangles are the experimenBHG mtegrql (38), the first momeQMl (Q) does not bef
results of Refs[21,22,25,27 The shaded area is the prediction COMe negative at low values @< because of the elastic
based on our parametrization gf(x,Q2), while the dashed line ~cONtribution(19), as first pointed out in Ref43]. Moreover,
corresponds to the non-resonant contribution only. The arrows indithe inelastic parts of the Nachtmann moments shown in Figs.
cates the location of the value of the DHG sum rute<0.80) at  7b—7d change their sign a@@?~0.45+0.10, 0.75-0.15,
the photon point. 1.1+0.2 (GeVk)? for n=3, 5, 7, respectively.

) ) o Finally, we want to mention that quite recen{i4] pre-
Fig. 6 the zero-crossing point is expected to occurQdt  [iminary photoabsorption data abo#g~0.8 GeV have be-
=Q%=0.16+0.04 (GeVk)?. Such a value is significantly come available from a GDH experiment at the Bonn Accel-
below the predictiorQ3~0.8 (GeVk)? found in Ref.[40],  erator ELSA. Such data cover a large kinematical region
where the dominance of thd—A(1232) transition in Eq. where theF;5(1680) nucleon resonance contributes pre-
(38) at low Q* was assumed and a vector meson dominancgominantly. It appears that our fit, based on the PDG values
picture was adopted for the nonresonant background. Thgy the helicity amplitudes at the photon point, overestimates
difference is due to the significant contribution of nonreso-tne preliminary data. The agreement can be recovered simply
nant processes present at I in our parametrizatioisee by imposing a=25% reduction of the strength parameter

dashepl curve in Fig.)6at variar]ce Wi.th _the assumptipns Cr. (1680 @nd an=10% reduction of the paramet&vy in
made in Ref[40]. Our zero-crossing point is below the find- " 1%

ing Q4~0.3 (GeVk)? obtained in Ref[41] within the con-
stituent quark model and characterized by the so-calleéﬂ
dominance of low-lying resonances at I&@¢. Our result is

Q2

order to keep the GDH sum rule fulfilled. We do not include
ese modifications in our present parametrization, leaving
is issue to be fixed when final data from ELSA will be
. P 5 available. Nevertheless, we have checked that the above-
quite close to the predictio@y~0.2 (GeVk)” of Ref.[42],  antioned changes do not modify within the quoted uncer-

where the orgin of the zero-crossing point is traced back tqainties hoth the zero-crossing point of the generalized GDH
the strongQ“ dependence of the first moment of the 'nelaSt'Cintegral and the twist analysis of the next two sections.

part of the structure functiorg,(x,Q?) implied by the
Burkhardt-Cottingham sum ru[@9]. Therefore, our finding,
if confirmed by a direct measurement of @€ behavior of
the generalized DHG integral, should provide an important An important feature of the results shown in Fig. 7 is that
constraint on hadronic models and on the physics of nucleothe  resonant  contribution is negative forQ?

D. Bloom-Gilman local duality

resonances. ~few (GeVlc)?. This is mainly due to the well established
0.3 oy T T ™ T
o2 [ .
ot el
SIER: z, FIG. 7. Proton Nachtmann moments
2 = M{M(Q?) [see Eq.3)] versusQ? for n=1 (a),
A 2 n=3 (b), n=5 (c) andn=7 (d). Open diamonds
-0411;')_1 1(')0 1(')1 a;]nd t:ian_gles C%Eesptzg% t(cii;[)r]le C(()jntgbutions of
2 2 the elastic peaKEqgs. , and the reso-
0.012 G (Govia 0.004 s QZI (Gewc)l . nanceg Eqs. (29—(32)], respectively. Open dots
L (©) - (d) - are the inelastic contribution, i.e. the sum of the
o 0.008 [ o~ oy E resonant and non-resonant pdiEs;s. (27),(28)].
g L 2 4.002 3 é' E Open squares represent the full Nachtmann mo-
=, 0.004 [ = . - o - ment given by the sum of the elastic and inelastic
= F = o.001 [ J
o 3 ﬁ‘ ] parts.
0.000 0.000
10" 10° 10’ 10" 10° 10’
& (Gevic) Q® (GevieY
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Y —— 0.3
. (@ Q% = 0.5 (GeV/c)® ]

— ————
(by @° = 1 (GeV/ic)® 1

0.2 F

9.7 Q%
9,75, @)

0.0

FIG. 8. Polarized proton structure function
gP(¢,Q?) versus the Nachtmann variabge for
various values 0f?2. In (a)—(d) the shaded areas
are pseudodata generated through our interpola-
tion formula atQ?=0.5, 1, 2 and 5 (Ge\W)?,
respectively. The solid line is the result of our
parametrization evaluated @=20 (GeVk)?2.

fact[37] that the proton transverse asymmetty in the re-  from duality on the behavior of the scaling curve at the high-
gions of theA(1232)-resonance electroproduction is nega-est values of.

tive up to Q?~3-4 (GeVk)2. Thus, for Q?

~few (GeV/c)? the resonant contribution to the polarized V. NLO ANALYSIS OF THE POLARIZED NACHTMANN

proton structure function is opposite in sign with respect to MOMENTS

the unpolarized cagsee Ref[1]). In this respect we want to
note that the concept of parton-hadron local duality makes a,ﬂ1

important(and not yet fully understogdconnection between | € po!arized Nachtmann r_nom_eroﬁs, adopt_ing for the lead-
the physics in the nucleon-resonance and DIS regions. IHN9 tWwist the NLO approximation. Following Ref1,6] a

deed, the parton-hadron local duality, observed empirical|)phenor_nenological ansatz is introduced for describing power
[17] by Bloom and Gilman in the unpolarized transverseC°'Tections, viz.

structure function of the proton, states that the smooth scal-
ing curve measured in the DIS region at high represents

an average over the resonance bumps seen in the same
region at low Q2. More precisely, it occurs a precocious
scaling of the average of tHeb(&,Q?) data in the resonance as(Q?) oy w?\?
regions to the DIS structure functi¢i( &), at corresponding as(ﬂZ)} (@)
values of the improved scaling variabdg 45].

It is therefore legitimate to ask ourselves whether the BGhere the leading twist ternduP(Q?) is given by Egs
. . . ) h .
local duality holds as well in the polarized case. To this end(g)_(ll)’ while the logarithmic perturbative QCIPQCD)

we have generat(_ed pse.udodata_in the resonance regions aFf%lution of the twist-4(twist-6) contribution is accounted
in the DIS regime via our interpolation formula for ‘ b h 2)/ 2 16/Y 2/
g%(x,Q?). Our results are reported in Fig. 8, where it canf’ Py the term [ay(Q9)/ay(u9)]™ " ([as(Q7)

6
clearly be seen thati) at values of Q> as low as as(Mz)]‘sy(l )) with an effective anomalous dimensiay{"
~0.5 (GeVk)? there is no evidence at all of an occurrence(8y4%) and the parameteta(® (sa{®) represents the over-
of the BG local duality, as in the case of the unpolarizedall strength of the twist-4twist-6) term at the renormaliza-
transverse structure function of the prot@ee Ref[9]), and  tion scaleu?. For the latter we consider hereafter the value
(i) in the kinematical regions where tidg1232) resonance u=1 GeV/c and, for fixing the running of the coupling
is prominently produced, the BG local duality breaks downconstante(Q?), the updated PDG valuey(M3)=0.118[8]
at least forQ? up to few (GeVt)?, while in the higher is adopted throughout this work.
resonance regions f@?=1 (GeV/c)? itis not excluded by In Eq. (40) only twist-4 and twist-6 terms are included. In
our parametrization. Note that in the unpolarized case théhis respect we want to point out that the number of higher-
onset of the BG local duality occurs atQ?  twist terms to be considered is mainly governed by @te
=1-2 (GeVk)? [17,9], including also theA(1232) reso- range of the analysis. Indeed, as the latter is extended down
nance region$46]. It should be mentioned that the useful- to lower and lower values @?, more and more higher-twist
ness of the concept of local duality relies mainly on the posterms are expected to contribute equally well. We anticipate
sibility to address the DIS curve at largé through here that forQ?=1 (GeV/c)?: (i) the inclusion of a twist-4
measurements at lo®? in the resonance regions. It is there- and a twist-6 term appears to work pretty well, as already
fore clear that the breakdown of the local duality in the re-found in the case of the unpolarized momerit$], and(ii)
gion of theA(1232) resonance forbid us to get information our leasty? fitting procedure turns out to be not sufficiently

In this section we present our power correction analysis of

ay(Q)) ] 2
M{P(Q?) = ouP(Q?) + sal }

a’s(/-LZ) ?

+ 5a<nﬁ>{ (40)
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TABLE IV. Values of the parameters appearing in E41) obtained by a least? procedure in theQ?
range from 0.5 to 50 (Ge\)2. The non-singlet moment is fixed at the valigNS=1.095(see text The
last row reports the minimal value obtained for fffevariable divided by the number of degrees of freedom.
The errors on the parameters represent the uncertainty of the fitting procedure corresponding to one-unit
increment of they?/Ng , . variable.

a,(10 Ge\?) sal® 5y sa® sy® X*INg.o.

0.14+0.09 0.0380.012 2.2:04 —0.017£0.006 1.9-0.6 0.053

sensitive for a precise determination of power corrections opution in Eq.(41) and obtainingay(10 GeV?)=0.18+0.09.
order higher than the twist-6. Thus, just because of phenomrhus, possible higher-twist effects on the extractioagpére
enological findings we limit ourselves to consider only small and well within the uncertainties of the fitting proce-
twist-4 and twist-6 terms in our analyses foR®  dure. We quoteay(10 Ge\?)=0.16+0.09 as our final de-

=1 (GeVk)?. termination of the singlet axial charge in t#eB scheme.
Let us start with the twist analysis of the first Nachtmannour value ofao is therefore significant]y below the naive
momentM {"(Q?); from Egs.(40) and(10) one has quark-model expectatior(i.e. compatible with the well
) ) known “proton spin crisis’), but it does not exclude com-
MD(Q?) = @[Aq'\‘5+a (QZ)]{l— as(Q%) pletely a singlet axial charge as large-a$.25.
1 2 0 T As explained in Sec. I[see EQq.(9)], for higher-order
@) moments (=3) we make use of the following twist expan-
ag(QH) 1" u? sion:
+ a2 =
1 2 2
ag( 1) Q .
216471 2\ 2 (1) _(02)= 2, [ @s(Q%)|n Q%) < (@
N 5a<16>[as<Q2> (M_z 4n  Mi2a(Q%)= Ak >(m 1+ ———oCf
ag( 1) Q ) )
The non-singlet momena NS is taken fixed at the value x| 1+ M( yiNS— &yr’}'s)
AqNS=1.095, deduced from the experimental values of the am Bo
triplet and octet axial vector coupling constarfitee Eqg. (0 5 2
(12)], with the latter obtained under the assumption of TS 514) s 2} 'u_z
SU(3)-flavor symmetry. The unknown parameters in Eq. as(u”) Q
(41) are the singlet axial chargam(u?) at the renormaliza- 21678, 212
tion scale(or at any given value o®?) and the four higher- +5a® s(Q )} ! (ﬂz) ) (42)
twist quantitiessa(?, 8y{*, sal® and 51 Their values, " as(u?) Q

reported in Table IV, have been determined by fitting the
pseudodata of Fig. (@), adopting the least? procedure in  The five parameter§A,(u?), sa”, 5y, sa® and sy
the Q? range between 0.5 and 50 (GeY?. The twist de- are simultaneously determined by the legStprocedure ap-
composition of the Q2 behavior of the first moment plied to the pseudodata of Fig. 7 in ti@ range from 1 to
M{P(Q?) is illustrated in Fig. 9.

From Table IV and Fig. 9 it turns out that the total con- 0.2
tribution of the higher twists is tiny foQ?=1 (GeVc)?,
but it is comparable with the leading twist already @f —~
=0.5 (GeVk)?. Since the first moment basically corre- Ng
sponds to the area under the structure funcgibrias is the = 04
case of the second moment of the unpolarized structure func- ="
tion F), the dominance of the leading twist M(ll)(Qz),
occurring forQ?=1 (GeV/c)?, reflects only the concept of
global duality anchot that of local duality(cf. Ref.[9]). (ii) 0.0
In our analysis, where the leading and the higher twists are
simultaneously extracted, the singlet axial chaligehe AB
schemgis det.ermlr_led to bay(10 _Ge\/2)=0.14i0.09(§ee FIG. 9. Twist analysis of the first proton Nachtmann moment
Table IV), which _nlcely agrees with many recent estimates,, ((Q?). The solid line is the result of Eq41) fitted by the least-
that a+p0pl(3ared in the literature, such ag(10 Ge\/z) x? procedure to our pseudodata of Figa)7(open squarésin the
=0.10"57; from Ref. [16] and ay(10 GeV’)=0.24 Q? range between 0.5 and 50 (Gey?. The dotted and dashed
*=0.07stay=0.19sysh from Ref.[22(b)]. As a consistency lines correspond to the contributions of the leading and total higher

check, we have limited our analysis to the hi@f range  twists, given by the sum of the twist-4 and twist-6 terms in @d),
from 10 to 50 (GeV¢)?, including only the twist-2 contri-  respectively.
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TABLE V. Values of the parameters appearing in E4Q) at u=1 (GeVic), obtained by a least?

procedure in th&? range from 1 to 50 (Ge\)2. The errors on the parameters represent the uncertainty of

the fitting procedure corresponding to one-unit increment ofyth&l, , ¢ variable.

Parameter n=3 n=>5 n=7 n=9
5A, 0.133-0.019 0.029%0.0044 0.0098& 0.0013 0.00343 0.00037
sal 0.015+0.005 0.018:0.005 0.026:0.003 0.032:0.004
sy 1.7+0.6 2.4:0.9 3.7:0.5 46505
sa®) —0.006+0.002 —0.014+0.005 —0.024+0.004 —0.031+0.005
5y 1.7+0.6 1.7-0.5 2.6+0.5 3.3:05
x?*INg.o.s. 0.14 0.39 0.60 0.82

50 (GeVk)?; the obtained values are reported in Table V,ing twist-2 anomalous dimensionsy}°=0.6—1.2 for n
while the twist decomposition df1{2,(Q?) is illustrated in  =3-9[49]).
Fig. 10. (iv) The uncertainties on the different twist contributions
Our main results can be summarized as follows. due to our leask?® procedure are withinr=40% for the
(i) The twist-2 term, extracted from our proton pseudodatawist-4 and twist-6 terms, while they are about 10—-15% for
simultaneously with the twist-4 and twist-6 contributions, the leading twistsee Table V.
differs only slightly from the predictions obtained using the (v) The twist expansiorf42) appears to work quite well
polarized parton distribution functiofPDF) set of Ref[47]  for values ofQ? down to=1 (GeV/c)?.
evolved at NLO(compare crosses and dotted lines in Fig.
10). A similar situation holds as well in the case of the PDF
set of Ref[48]. Moreover, we have checked that, by limiting
our analysis to th&? range from 10 to 50 (Ge\)? and So far the power corrections appearing in E@kl),(42)
without including any higher-twist term, our extracted have been extracted from our pseudodata assuming the NLO
twist-2 changes only within the fitting uncertainties reportedapproximation for the leading twist, and therefore they rep-
in Table V. resent the higher twists at NLO. Since our main aim is to get
(i) The twist-4 and twist-6 contributions turn out to have information on the dynamical power corrections generated
opposite signs, making the total higher-twist contributionby multiparton correlations, it is necessary to estimate the
smaller than its individual terms, as we have already found irpossible effects of higher orders of the perturbative series,
the case of the unpolarized proton and deuteron structurghich  defines the twist-2 coefficient functions
functions(see Ref[1]). As n increasedi.e. asx increases  E, [ u,as(Q?)] appearing in Eq(2). Such a job has been
the total higher-twist contribution increases and becomesalready been carried out in case of the unpolarized proton
comparable or even larger than the leading twist term foktructure functionF5(x,Q?%) in Refs.[1] and [6]. In the
Q*~few (GeVic)® (compare dashed and dotted lines informer the high-order perturbative terms have been estimated
Fig. 10. through the ambiguities introduced by infrared renormalons,
(i) For n=3-9 the values of the effective anomalouswhile in the latter the effects of soft gluon emission have
dimensionssy{" (and to a less extent also the values ofbeen taken into account at largevia well-established soft-
58 result to be larger than the values of the correspondgluon resummatioiSGR techniqueg7]. In both cases the

V. SOFT GLUON RESUMMATION AND HIGHER TWISTS
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™\ b)yn=51
ig 0:009 R Sse ] FIG. 10. Twist analysis of the proton Nacht-
e [ R g mann momentdM(M(Q?) with n=3 (a), n=5
= 0.000 e . (b), n=7 (c) andn=9 (d). The solid line is the
/7 result of Eq.(42) fitted by the leasy? procedure
-0.005 MR L N

to our pseudodatdopen squargs The dotted,
dot-dashed and triple-dot-dashed lines are the
separate contribution in Eq42) of the twist-2,
twist-4 and twist-6 terms, respectively. The
dashed line is the total higher-twist contribution,
given by sum of the twist-4 and twist-6 terms.
The crosses are the moments calculated using the
NLO polarized PDF set of Ref47], labeled va-
lence scenario.
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2.0 P

similar to the unpolarized NS case already carried out in Ref.
[6]. For completeness here below we report the explicit ex-
pressions of SGR effects in the polarized NS case.

For largen (corresponding to the large+egion the co-
efficient 5C'% is logarithmically divergent. Indeed, since
S;(n)=ye+log(nN)+0O(1/n) and S,(n)=m?/6+0(1/n)
(with yg being the Euler-Mascheroni constantne gets

0.5 L —
1 10 8C{V = sCKs+ 5C(H, 4+ O(1/n) (44)
Q (GeV/c)
FIG. 11. Values of the ratio,(Q?) [see Eq(51)] of the quark  where

coefficient function within the SGR technique and at NLO. The
dotted, dot-dashed, triple-dot-dashed, dashed and solid lines corre- 5
spond ton=1, 3, 5, 7 and 9, respectively. Note thia{Q?)=1 and , 3 9 =«
rs(Q9)<1. SCK)s=Ce| vE+ SYET 5T 5 (49
comparison of the results obtained adopting the NLO ap-
proximation and those including high-order corrections has 3
clearly shown that the extraction of higher twists at laxde 6C§ﬁ|)og=CFln(n) In(n)+2yeg+ ak (46)

remarkably sensitive to soft gluon effects. Therefore, in this
section we address the issue of high-order effects by extend-
ing the calculations of Ref6] to the Nachtmann moments of
the polarized proton structure functig§(x,Q?).

Let us start from Eq(42) [see also Eq(9)] where 5(:53)
is the NLO part of the quark coefficient function. In thMS
(or AB) scheme it reads explicitly as

The physical origin of the logarithm and double logarithm
terms in EQ.(46) is the mismatch among the singularities
generated in the quark coefficient function by the virtual
gluon loops and the real gluon emissions, the latter being
suppressed as the elastic peak corresponding to the threshold
x=1 is approached. In other words at largehe relevant

_ 3 1 scale is no longeQ? but Q%(1—x) [50], and the usual
5C$‘q)_CF[Sl(n) Sl(n)jLE_n(m— 1) ~S(m* o0 Altarelli-Parisi evolution equation should be accordingly
modified [51]. The presence of the above-mentioned diver-
n L+ i_ 2 (43) gent terms at larga would spoil the perturbative nature of
n+l1 n®> 2 the NLO approximatiorfas well as of any fixed-order calcu-

lation) and therefore the effects of soft gluon emissions
should be considered at all orders in the strong coupling
constantag. To this end one can take advantage of resum-
cient function of the unpolarized casef., e.g., Eq.(4) of  mation techniques, which show that in moment space soft
Ref. [6]] only in the terms proportional to ©/and 1/f gluon effects exponentiafe,52,53. Thus, the moments of
+1) in the rhs of Eq.(43). Thus, the SGR effects can be the leading twist including SGR effects acquire the following
included in the polarized NS moments in a way completelyform:

where Cg=(Nz—1)/(2N;)—4/3 and S(n)==]_,1/j*.
Note thatsC® differs from the corresponding quark coeffi-

0.03 - " 0.010 T T
= ] X b =5 ]
002 \_ @n=3 1 o 0.005 ‘\\ ©n ]
o .. 1 @ %090 ]
:g 0.01 c\\ """ 1< NN
=" N =" o000 [ = FIG. 12. Twist analysis of the proton Nacht-
000 == /,/ mann momentM (M(Q?) with n=3 (a), n=5
oot e i -0.005 L . (b), n=7 (c) andn=9 (d). The solid line is the
1 10 1 10 result of Eq.(52) fitted by the leask? procedure
@ (GevicY & (GeVic)? to our pseudodatdopen squar@s The dotted,
0.004 gy————""mT ] 0-002 ey dot-dashed and triple-dot-dashed lines are the
C ©n=7 \ @n=9 separate contribution in Eq52) of the twist-2,
o 0.002 " G .00t 4 twist-4 and twist-6 terms, respectively. The
= ,-.':5-_;.._ = - dashed line is the total higher-twist contribution,
=" 0.000 [ = =" 0000 LS DA given by sum of the twist-4 and twist-6 terms.
i e [ 4 P
[— / | 'l /.
-0.002 L—L. 11 -0.001 ;: M al
1 10 1 10
Q& (GeVic) Q&  (GeVic)?
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SuiSeR(Q?) = 6A,(1?)

ag(QY)]7°
a’s(ﬂz)}

aS(QZ)

X eGn(Q?)

as(Qz)
+—5 LGP = Clls— Clfog]
ay(Q%) —ag(p?)
_|._ S —
4

1INS_ ﬁ NS)}
n B07n

X3l

X1y

where the functionG,(Q?) is the key quantity of the soft
gluon resummation and reads @$. [52,53))

Zn

1
6y(@2)= [ %

-1
-z

QA(1-2dg?
o s A[as<q2>]]
@ q

1(1
[EB{aS[Q%l—z)]}

2
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where\ = Boas(Q?)In(n)/4m and

G1(M)=Cr A+ (1 M)In(1— )],

Bo
Aye+3 8K
48,
+IN(1—=AN)]+Cr—5 | N +In(1—N\)
Bo
1
+§In2(1—)\)}. (50)

It is straightforward to check that in the limit,<1 one has
Gn(Q?) — as(Q?)C{W,y/2m, so that at NLO Eq.(47) re-
duces to Eq(9). Note that the functiors,(\) is divergent
for A\—1; this means that at large (i.e. largex) the soft
gluon resummation cannot be extended to arbitrarily low val-

) ues of Q2. Therefore, for a safe use of present SGR tech-
where  Alag]=Cras/m+ CFK(“SZ/W) 12, — Blas]=  niques we will work far from the above-mentioned divergen-
—3Cras/2m with K=C,(67/18-7°/6)—10TgN{/9, Ca  (jes by limiting our analyses of low-order moments<(9)
=N.—3 andTg=1/2. Explicitly one has to Q%=1 (GeVic)2L
The results obtained for the ratio of the quark coefficient
function calculated within the SGR technique and at NLO,
(49 namely,

Gn(Q?)=In(N)G1(N\y)+Ga(Ay) +O[akin“ ()]

2
[1+ as(Q) C¥y/271e% Q) + a(Q?)(CP — C@s— C, )/ 27

51
1+ a(Q?)C9/27 5D

rn(Qz) =

|
are reported in Fig. 11 at(M2)=0.118. It can be seen that where the leading twist termu{1S¢P(Q?) is given by Eq.
soft gluon effects are quite small for the first and the third(47). The five parametersA,(u?), 55%4), ;&4), 55(16) and

moments, while fom=5 they increase significantly as 5,19 are simultaneously determined by the leg&tproce-
increases, particularly fa@°~few (GeVic)*. Note that for  qure; the obtained values are reported in Table VI, while the

n=1 one has;(Q%=1 at any values 0Q” and as(M2);  twist decomposition oM ,(Q?) is illustrated in Fig. 12. It

s . n=3
therefore, (rB) e;fect from soft gluons can occur in the first.on pe seen that the twist-2 parametéfs, (see Table V)
momentM}~(Q7).

) almost coincide with the corresponding NLO quantiti&s,
Thus, forn=3 our pseudodata of Fig. 7 have been anasee Table Ywithin the uncertainties generated by our least-
lyzed in the Q? range from 1 to 50 (Gew)? including 2 procedure. As in the case of the NLO analysis, the twist-4
soft-gluon effects, viz., and twist-6 contributions are again well defined and with
opposite signs, making the total higher-twist contribution

smaller than its individual terms. The strengtba* and

ag Q)] 2
MED(Q%) =6 fH5P(Q?) + saf)! —2} o2
as(u”) Q We want to stress that, as in Ref4,6], our main aim is not to
(Q?) 5O 212 perform a full calculation of perturbative corrections, but to check
4 5a® %s } ('“_) (520  Wwhether the NLO approximation can provide a safe extraction of
" as(u®) Q? higher twists.
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TABLE VI. Values of the parameters appearing in E§2) at x=1 (GeV/c), obtained by a least?
procedure in the)? range from 1 to 50 (Ge\&)2. The errors are as in Table V.

Parameters n=3 n=>5 n=7 n=9
SA, 0.135+0.025 0.029%0.0050 0.0092-0.0016 0.00358 0.00064
55#) 0.015+0.005 0.0086:0.0025 0.006% 0.0008 0.008¢: 0.0009
57%4) 1.9+0.7 1.9-0.6 2.4-0.9 4.0-1.5
5§§]6) —0.0062-0.0022 —0.0053-0.0019 —0.0073:0.0007 —0.0011+0.0002
5;5}6) 1.9+0.8 3.0£11 3.5:1.2 3713
X*Ng.ort. 0.13 0.29 0.46 0.67

55%6) (see Table V) differ remarkably from the correspond- 7) obtained in this work and the corresponding decomposi-
ing NLO quantities&ag“) and 5a§16) (see Table V, while the tio(n) of the unpolarized(transversg Nachtmann moments
y DY i — i i i
eective anomalos dimnsiony(?) and (0 ao ot My ()% 8.0 ovaned ReT) saepino e
change significantly. We point out that at langé.e. at large ; . que. y .
. . o higher-twist contribution appears to be a larger fraction of
x), the total higher-twist contribution is reduced by soft . o . e
o . . the leading twist in case of the polarized moments. This find-
gluon effects, but it is still a significant fraction of the lead- . . X )
. . 5 5 ing suggests that spin-dependent multiparton correlations
ing twist term forQ“~few (GeV/c)* (compare dashed and ; g
. oo may have more impact than spin-independent ones.
dotted lines in Fig. 1R
The comparison of our twist analyses at NLO and within
the SGR technique is reported in Fig. 13, where it can be
seen that,' except for2the third momévylhph is the only one VI. CONCLUSIONS
characterized by3(Q?)<1], the contribution of the twist-2
is enhanced by soft gluon effects, while the total higher-twist In conclusion, we have extended the twist analysis made
term decreases significantly after the resummation of sofin Refs.[1] and[6] to the case of the polarized proton struc-
gluons. Thus, as already observed in the unpolarized case tare functiongf(x,Q?). Within the framework of the opera-
Ref. [6], also in the polarized one it is mandatory to gotor product expansion we have used the Nachtmann mo-
beyond the NLO approximation and to include soft gluonments in order to disentangle the kinematical target-mass
effects in order to achieve a safer extraction of higher twistgorrections from the dynamical higher-twist effects related to
at largex, particularly forQ?~few (GeV/c)2. correlations among partons. Since the evaluation of the
In Fig. 14 we have compared the twist decomposition ofNachtmann moments requires the knowledge of the polar-
the polarized Nachtmann momerMi”(Qz) (with n=3, 5, ized structure functions in the whokerange for fixed values

0.03 ——rr —r 0.03 —
. u (@NLO:n=3 1 __ - (b} SGR:n=3 1
Ng 0.02 r . Ng 0.02 - .
= :(;'»-.\ E :-",") n
~ EENENG T 1 AL LY
= OO R e ey = O **\ o0y
N A A A A NN NN A AN NN NN
0.00 %\\‘\'\‘h\e‘ AN VNS 0.00 k MR ORRRNNNXRNNNNN
i 10 1 10
2 2 . .
Q@ (Gevi) & (Gevic) FIG. 13. Comparison of the twist analyses of
0.010 ———rr — 0.010 T — the proton polarized Nachtmann moments
- : ©@NO:n=5 ] _ @ SGR:n=5 | M(Y.(Q?) at NLO[see Eq(42)] and within the
o L 1 o X J .
g 6,005 G . ] SGR techniqugsee Eq.(52)] for n=3 (a,b, n
o} . - = 0.005 [rs. . .
© - 1T, " ] =5 (c,d and n=7 (e,f). Dotted lines are the
= NN\ ] = TS ] twist-2 term, while dashed lines correspond to the
0.000 b NN S 0.000 A AN NN NN total higher-twist contribution, given by the sum
1 o 1 0 of the twist-4 and twist-6 terms. The shaded areas
& (GevL) " (Gevie) help to identify the separate contributions of the
0.004 — T —— 0.004 — —— leading and higher twists.
- [ (e)NLO:n=7 _. —_ o (fy SGR:n=7 -
o o \/' r
S oozl 1. 2 o002 R .
S NN 1< g ’-""i"": N
= SN’\‘ 1= 000 SNt
o .
o.ooo;\ NN i N
1 10 1 10
Q®  (Gevie) Q@ (GeVic)
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008, L . .
(a) pol.:n =3 ] . 0.04 (b) unpol.: n =4 |
‘o %02t 1'¢ 5. 1
< I S
T AN R = 0.02 Elener 2 i uy ]
s7 001 R Ze e DT 4 = e
0.00 &\:ﬁ:«‘s' NRNNNNNNNN: 0.00 e N A A A
10 1 10
o (GeVie) & (GeVig)?
0.010 — — 0.02 [r T FIG. 14. Comparison of the twist analyses of
—~ ©@pol:in=5 ] _ ; (@ unpolin =6 ] the proton polarized{Y(Q?) (a,c,é and unpo-
o ” .

S ok G oot B ] larized M{P(Q? (b,d,f) Nachtmann moments
S A S NN ] adopting the SGR technique resulting from this
= AR T MR NNANNNNNNNNNNNS work and from Ref[6], respectively. The mean-

0.000 N AN i , ing of the lines and shaded areas is the same as in
1 10 . 1 , 10 Fig. 13. Note that the scale of the vertical axis is
& (Gevio) & (GeVic) different for polarized and unpolarized moments.
0.004 ———rry —— 0.008 s .
—_ s (e)pol.:n=7 4 - (f) unpol.: n =8
b ', 1« P sl
2 0.002 53, 41 S 0.004 Lnrir -
\ DODES 1E DODOOD
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of Q?, we have developed a new parametrization oflarized transverse structure function of the proton examined
g%(x,Q?), which describes the DIS proton data up @3 in Ref.[6]. Our finding suggests that spin-dependent corre-
~50 (GeVk)? and includes a phenomenological Breit- lations among partons may have more impact than spin-
Wigner ansatz able to reproduce the existing electroprodudndependent ones. As a byproduct, it has also been shown
tion data in the proton-resonance regions. Our interpolatiothat the Bloom-Gilman local duality is strongly violated in
formula for g§(x,Q?) has been successfully extended downthe region of polarized electroproduction of tie1232)
to the photon point, showing that it can nicely reproduce thaesonance.
very recent dat@l4] on the energy dependence of the asym-  The analysis of deuteron data, aimed at the determination
metry of the transverse photoproduction cross section as weff the flavor dependence of leading and higher twists, is in
as the experimental value of the proton Drell-Hearn-progress and the results will be presented elsewhere.
Gerasimov sum rule. According to our parametrization of The results presented in this work and those already re-
97(x,Q?) the generalized Drell-Hearn-Gerasimov sum ruleported in Refs|1] and[6] demonstrate that power correction
is predicted to have a zero-crossing point @=0.16  terms can be safely extracted from a proper analysis of in-
+0.04 (GeVe)?. clusive data. In particular, our extracted values of the effec-
Low-order polar_lzgd Nachtmann moments have beeRe strengths of the twist-4 and twist-6 terms may be di-
evaluated and theiQ® behavior has been investigated in ey compared with theoretical results obtained from first-

; ; ; 2 2
terms Ofl Ieadlnﬁ a?d Q!gher twists Q=1 éGe,‘V/CI) -In principle calculationgsuch as lattice QCD simulationsr

our analyses the leading twist Is extracted simultaneously.,, n,qels of the nucleon structure. In this way the non-
with a phenomenological higher-twist term from our pseudo-

X erturbative regime of QCD may be tested.
ggf;:;ti\r/\\getr?:\éearrr]ngﬁgIaiiurltessn?r?wtrigt?gn ?gct:?m?;u'\él_;pelligg Let us finally stress that our present analysis is mainly
to the analyses of the unpolarized data made in F&fin |'m|ted by éhz L![SE ofhphhenomenologmzl f'fts Of ?X|st|r|1gt.data
order to take into account the effects of higher orders of thé"e' pseudodata which are required for interpolating

perturbative series. As far as the first moment is concerne(f,moothIy t.he nucleon st;ucture functions ',n thg Wh‘?'e
the effects of higher twists are found to be quite small forrange for fixed values o@°. Therefore, polarized inclusive

Q%=1 (GeVIlc)2. Moreover, the singlet axial charge is de- data with better quality ak=0.5 andQ®<10 (GeVk)?,
termined to be,[10 (GeVk)2]=0.16+0.09; our extracted which may be collected at planned facilities like, e.g., JLAB
value is significantly below the naive quark-model expecta@ 12 GeV, could greatly help to improve our understanding
tion (i.e., compatible with the well-known “proton spin cri- Of the non-perturbative structure of the nucleon. Finally, we
sis”), but it does not exclude completely a value of the sin-want to point out that, since in inclusive polarized and unpo-
glet axial charge as large as0.25. In case of higher order larized processes multiparton correlations appear to generate
moments, which are more sensitive to the laxgeegion,  power-like terms with opposite signs, semi-inclusive or ex-
higher-twist effects are significantly reduced by the introduc-clusive experiments might offer the possibility to achieve a
tion of soft gluon contributions, but they are still relevant for better sensitivity to individual non-perturbative power cor-
Q?~few (GeV/c)? at variance with the case of the unpo- rections.
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