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Polarized structure function g, in the c.m. bag model
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The spin-dependent structure functiangx), g»(x), g‘z’VW(x), andg,(x) and their moments are studied in
the c.m. bag model. The results show the followiﬁgj(l)gz(x)dx=0, i.e., the Burkhardt-Cottingham sum rule
holds; henceg,(x) must have at least one nontrivial zero in additiorxteO andx= 1. (ii) féngz(x)dx is
negative for the proton, neutron, and deuter@n). féngz(x)dx is about one order of magnitude smaller than
féngl(x)dx; hence, the twist-3 matrix element is approximately equal to the twist-2 matrix element. The
results are compared with most recent data and predictions from the MIT bag model, lattice QCD, and QCD
sum rules[S0556-282(196)03113-X]

PACS numbd(s): 13.60.Hb; 12.39.Ba
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I. INTRODUCTION
)

M2

el o
In recent years, the investigation of the spin structure of

the nucleon by using deep inelastic lepton-hadron scattering

(DIS) experiments has been an exciting and controversial (1 5 5 1 @) 2 1 2 2 M2
field in hadron physics. The experiments performed by the fOX 92(x,QY)dx=— za7(Q7)+ zd(Q9) +O oz
European Muon CollaboratiofEMC), and Spin Muon Col- 2d)

laboration(SMC) at CERN[1,2], and E142, E143 at SLAC

[3-5] provide direct information on the matrix elements of (0.2)( 2 (0.2 A2 2)( 2
spin-dependent operators in the nucleon. The spin-depende\ﬁperea (Q%), d™™(Q7) and 1*7(Q7) depend on the

DIS cross section is determined by the antisymmetric part o Vl\jgfzno fgp;vt?)rri :gastr'éct?\lgnegfr g‘;;x'sltéz’ twist-3, and
the hadronic tensor: P » resp Y ple,

(0)_ 2
P S. a"= Z erAqy,
Wﬁy=i€#vopq7[3"gl(X,Q2)+ So— po PZ gz(X,QZ)] g=uds, . ..

() (P.Sl¢ry,vs¢:|P,S)=2AqsS, . €)

whereP andq are the four-vectors of the nucleon and virtual 29 (dr=u.d.s,..) areaxial charges defined by the above
photon momentag;(x,Q?) and g,(x,Q%) are two spin- axial-vectorial matrix elements. The singlet axial charge is

dependent structure functions for the Bjorken variableProportional to the total quark helicith% =Au+Ad+As
x=Q2%2P-q=Q%2M» with Q?=—q? is the transferred in the nucleon. Using the semileptonic weak decay data,

which are related to nonsinglet axial charges, the 1988 EMC
result seemed to indicate thA®, is surprisingly small and

led to the so-called “spin crisis.” Since then, an intensive
study of g, has been conducted. The efforts both from ex-
perimental and theoretical works led to a deeper understand-
ing of internal spin structure of the nucleon, although many
questions remain. The most recent reviews on this subject
can be found in[11-13. Neglecting the terms of order

four-momentum squared an8”=U(P,S)y”ysU(P,S) is
the covariant spin vector of the nucleon.

According to operator product expansi@@PE analysis,
to orderM?/Q?, the lowest two moments af;(x,Q?) and
g2(x,Q?) can be written(QCD radiative corrections are not
included [6—-10|

1 1 M2 M?/Q? in Egs. (2a—(2d), the longitudinal polarized struc-
J g1(x,Q?)dx= Ea(o)(Qz)nL F[a(z)(Q2)+4d<2)(Q2) ture functiong;(x,Q?) receives only twist-2 contributions.
0 Q On the other hand, the structure functigy(x,Q?) contains
+4f2(Q?)], (2a) not only twist-2 but also twist-3 contributions corresponding

to the matrix elementd®(Q?). The twist-3 contributions
coming from spin-dependent quark gluon correlations do not
1 vanish even in the larg®? limit [7,14—18.
J 9,(x,Q?)dx=0, (2b) To separate the twist-2 and twist-3 contributions of
0 g2(x,Q?), one can writg Wandzura-WilczeK17])

*Electronic address: xs3e@virginia.edu 92(x,Q9) =95 (x,Q%) +92(x,Q?), (4)
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where the twist-2 piecésee, however, discussion in Sec) Il and separate the antisymmetric part to obtaffhy, which can
IS be expressed, in general,\ﬂévziew(m(q”/v)l"(x,QZ) in
the Bjorken limit, wherd ?(x,Q?) depends on the model of

idy the nucleon and the a imati din th lculati
WW, 2y _ 2 ay 2 pproximations used in the calculation.
g; (X,Q%)=—-01(x,Q )+L y 9:(y,Q%) (58 The basic assumptions and approximations of the c.m.
bag model are as followsi) The nucleon electromagnetic
and the twist-3 piece is currentd,, — yNN vertex, se€2.7) in [20] — can be ap-

proximately expressed by incoherent sum of single quark
idy ) electromagnetic currents. It implies that the virtual photon
Vgl(y’Q ) interacts with only one quark at a time and the other two
(5b) quarks are spectators; this is an impulse approximation. The
current includes not only the contribution of the struck quark
It is easy to check that, to ord€(M?/Q?), we have but also those of the spectator quarks. Since the current sat-
isfies translational invariance, four-momentum is conserved.
1w o 1 ww o, 1 @ (i) The nucleon consists of three-valence quarks in their
fo g> (x,Q9)dx=0, fox 9, (xQ )dX—_ga ' S-wave state; higher excited states and higher Fock states
(63) which include gluons and sea quark pairs in addition to
three-valence quarks are neglectedii) SU(3)favor
1 1 1 ®SU(2) spin Wave functions for the proton and neutron are
f 0,(x,Q%)dx=0, f x%g,(x,Q%)dx==d@; (6b) used. Symmetry-breaking effect is described in terms of a
0 0 3 parameteg=R/R8< 1, which simulates the smaller spatial

. . L 5 size for the scalau-d quark pair than that for the vector
hence, the twist-2 and twist-3 contributionsg(x,Q%) are ,_\; anqd-d quark pairs in the nucleof22]. (iv) The effect

separated. ZMeasurlngl(x,QZ_) \‘j‘vr\‘,\‘,j gZ(é'QiaS fl;nC'[IOHS of quark confinement due to nonperturbative quark-gluon
of x and Q, one can obtairg; "(x,Q%), g2(x,Q7), agd and gluon-gluon interactions is described in terms of bound-
their third and even higher moments. Up to ord&f/Q®  state quark spatial wave functions, for instance the quark bag
g2(x,Q?) uniquely measures the twist-3 contributions with- wave function in the cavity approximation in the MIT bag
out involving any model-dependent analysis. Hergepro-  model or Gaussian-type quark wave function used in some
vides more detailed information about nucleon structure thagiher models. All necessary formulas for the c.m. bag model
doesg;. Recently, a preliminary experimental result@f  calculation can be found if20]. A formal and general dis-
has been publishefd 8] and more precise data obtained by cyssion on the theoretical basis of the c.m. bag model has
E143 experimenf19] at SLAC have been published very peen given if23]. We note that in addition to the c.m. bag
recently. Sinceg, was discussed only briefly in a previous model calculation, the transverse spin structure functions
paper[20], it is appropriate to give a detailed analysis in theg, has also been computed in the original MIT bag model by
modified center-of-mas&.m. bag model, using newly ob-  jaffe and J[8], and other modified versions of the MIT bag
tained data orys,. In Sec. Il, the c.m. bag m0i8| is brleﬂy model by Schreiber, SignaL and Thom&T bag model
reviewed and the results fap(x), g3’ (), andgy(x), and  [24]), and by StratmanfMOD model[25]).
their momentsa(®?(Q?), d(®2(Q?) are presented. Discus-  Experimentallyg;(x,Q?) andg,(x,Q?) are measured by
sion and comparison with most recent data and other mod@lombining two different cases of deep inelastic scattering of
results are given in Sec. lll. A brief summary is given in Sec.polarized leptons on polarized nucleor(s: the beam and
V. target spin orientations are parallel, atid the beam and
target spin orientations are perpendicular. Theoretically,
Il. CENTER-OF-MASS BAG MODEL Wﬁ,,z i €,400p(0°1 V)] 7(x,Q?) can be calculated from various
models of the nucleon. In this case it is convenient to choose
suitable projection operators to extrggtandg, from model
results ofl (x,Q?). One of possible projections is to extract
%1EgL andg;+g,=gt by choosing the nucleon spin paral-
lel (L) or perpendicularT) to the virtual photon momentum
s we did in[20]. It should be noted that it is not necessary
to choose the same projection as that used in the experimen-
tal analysis.

Several parameters have been used in the c.m. bag model
calculation. They arda) “bag” radius R=5 GeV ™!, (b)
SU(3) symmetry-breaking parametér=0.85, and(c) maxi-
mum momentum of quarks inside the nuclely,.J=0.6
GeVlc. R and ¢ were determined from the fit of the rms
radius of the neutron and proton, and the raitig/ u, [22].

The model with these two parameters gives a fairly good
result for the electromagnetic form factors of the nucleon and
the magnetic moments of octet baryons. In particular, the

326,09 =01, Q%) + g5(x,Q%) J

X

As mentioned in a previous papg20], the bag model
does not contain gluon fields explicitly, but the boundary of
the bag-confined quarks simulates the binding effect comin
from quark-gluon and gluon-gluon interactiofihe gluon
contribution to the proton spin in the bag model has bee
discussed by Jaff21] recently. Hence, the structure func-
tion g, calculated in the bag model does include higher twis
effects. We have reported the c.m. bag model re$lkfor
the unpolarized and polarized structure functidhs F,,
andg,, and briefly forg,. In this paper, we will focus our
attention ong,. For reader’s convenience, we give a brief
review for c.m. bag model calculation of the structure func-
tions. One needs to calculate the hadron tensor

1 :
W, (P.0.5)= 5= | dYEM(P.S[3,9).9.01P.9
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neutron charge form factor is well reproduced. For the DIS [ll. RESULTS AND DISCUSSION
parton distributions, the third parametgr,,,/=0.6 GeVt

has been introduced. It constrains the unpolarized valenceb
quark distributions to satisfy the sum rules 0

(1) For the leading term of first moments gf(x), we
tain

a%o=0.252, a o —0.112,  aieror 0.064,

proton neutron deuteron

1 1
f u,(x)dx=2, f d,(x)dx=1. (7) (8
0 0

. . .. which can be compared with SMC d4# at(Q?)=5 (GeV/
As mentioned in[20], to compare the model results with 2(©) =0.2p52t0.036, aﬁ%)if: _<80>56té.024’

data, the QCD evolution technique has to be used to evolvg)(s)' proton 5
the parton distributions from the renormalization sd@fgto adeuterorio'o(%?to'oso and E143(O;1at$4,5] at (Q%)=3
higherQ? where the experiments are performed. We ChooséGoeV/C) © Aproton= 0-254+0.022, ane o= —0.074£0.027,
Q5=0.81(GeVk)? and QCD scale parametar=0.3 (GeV/ D teror= 0.084* 0.010. _

c). The c.m. bag model with these parameters gives a good (2) For the leading term of third moments gf(x), we
description for both unpolarized and polarized structuredet

functions at 0.3x<<1, where the valence quark contribu-

tions dominate. For smak-region, 0<x< 0.3, the sea quark al2)or=2.10< 1072 a2} o —1.86x 102,
contributions are necessary. Using some QCD-inspired phe-
nomenological sea distributionsee (4.19 in [20]], we a2, 00 =8.74% 1073, 9)

found that the first moment af(x,Q?) is consistent with

the experimental value and the first moment ofyhile preliminary data atfQ?)=5 (GeV/ic)? [19] show:
00(x,Q?%) —g1(x,Q?) satisfies the Bjorken sum rule. For the a?) 0= (2.42£020)x10°2  and a0 (8.0+1.6)
higher moments r{=2), the sea contributions coming x10~3. Comparisons with other models are listed in Tables
mainly from the smalk region are highly suppressed by the | 344 111. We note that n@} data is available yet.

factorx" and are thus less important. Hence, we neglect pos- (3 Since g?(x,Q?) is always positive in the range
sible sea contributions for the higher momentgef g‘z’VW, 0<x<1, henceféngﬁ’(x)dx must be positive. From Eq.

andg,. : 1,,2P i (2)
. . 20), the leading term of gx“gj(x)dx, i.e.,a must also
For QCD evolution of the structure functiog; and E)e )positive as ghown inf E @?.llggwever th%?ﬁ’% as func-

: : ww 2 2 2 H
- > : . . .
twist 2. PIECE g7 f_rom Qo to Q">Qp, the o_rdmary tion of x is mostly negative except for largeregion, where
Altarelli-Parisi equation$26] can be used. For twist-3 part _,, .. " X .
g;(x) is positive but very small. Hence, its third moment, or

of g,, however, it has been shoW®7] that due to mixing of ~ ¥/ ! , . o
twist-3 quark operators and quark-gluon operators with sam@neuon IS N€gative. For the deuteron, since the positive con-

twist and quantum numbers, the number of independent ogfibution from the proton is Iargerltgag\ the negative contri-
erators contributing tg, increases witm, wheren refersto ~ bution from the neutron in theox“g;(x)dx, hence our
the nth moment. It implies that one cannot write down anmodel predicts a positivaje)eonas shown in Eq(9) and
Altarelli-Parisi-type evolution equation fag,. This feature Table III.

has been confirmed by several later calculationE2B+32 (4) As mentioned in Sec. |, in the OPE approach including
and most recently if33]. Hence, there is no simple evolu- twist-2 and twist-3 operators in the presence of QCD correc-
tion equation forg, in the general case. One has to look fortions,  the  Burkhardt-Cottingham [36] sum  rule
some approximate solutions. Two approximate evolution apf ¢92(X)dx=0 is known to hold. The c.m. bag model pre-
proaches under the limifd,— o or powern—« were sug- dicts

gested by Ali, Braun, and Hillef32]. We use the approach

in the largeN. limit rather than the approximation in the - .

largen limit, which only provides the asymptotic behavior of fo g3(x)dx=—0.00186, fo gz2(x)dx=—0.0047
g2(x,Q?) in the regionx— 1. We also note that as far as the (103
third momentsf gx?g,(x,Q?)dx are concerned, th®? evo-

lution is straightforward, i.e., a single power behavior Ofcomparing to the numerical values fb&ggpxn)dxin Eq. (8),

InQ? (for instance, se33]). they are numerically consistent with zero. Hence, in our
In Figs. 1-5, we present the results @f(x,Q%,  model, the Burkhardt-Cottingham sum rule is satisfied within

95(x,Q3), x?gh(x,Q?), g5 ™(x,Q?) [which is determined numerical errors. Most recent ddt9] give

by gf(x,Q?)], and x?gh(x,Q?), respectively. For the deu-

teron target,gd(x,Q?), x?g3(x,Q?), and x?g3(x,Q?) are 1

shown in Figs. 6—8. All theoretical curves are calculated in fo oagg(x): —0.013+0.028,

the c.m. bag model aDS:O.Sl (GeV/lc)? and evolved to '

Q?=5.0 (GeVic)? except for Figs. 4 and 6, whe@?=4.0

(GeVic)? andQ?=3.0 (GeV/k)?, respectively. Comparisons fl gl(x)dx= — 0.033+ 0.082 (10

of our results for the third moments gf andg, with recent 0.03 2 ' '

data and other model predictions are listed in Tables I-IIl.

The data foig, are taken froni1,2,4,34 and those fog, are  which are consistent with zero. It should be noted that in the

taken from[19]. MIT bag model with SW6) symmetry,g5(x) is identically
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TABLE I. Comparison of model results with proton data.

Jox°g8(x,Q%)dx

Jox°g8(x,Q%) dx

Proton =3 al = 1(d®-a0) d@
This paper 1.0510 2 —0.12x 102 1.74x 1072
MIT bag model[8,35] - - 1.0x 1072

QCD sum rulg[37]
QCD sum rule[38]
Lattice QCD[39]
Data[19]

(1.50+0.32)x 10 2
(1.21+0.10x 102

—(2.61+0.38)x 10 2
—(0.63+0.18)x 102

—(0.6+0.3)x 102
—(0.3+0.3)x10° 2
—(4.8+£0.5)x10°?
(0.54+0.50)x 102

zero by itself. However, the c.m. bag model with Blsym-
metry breaking effects §=0.85<1) predicts a nonzero
95(x).

(5) Sinceg,(x) is not identically zero in the model, the
Burkhardt-Cottingham sum rule implies thab(x) must
change its sign at some= Xy, where 0<xy<<1, i.e.,g,(X)

other approacheg37—-39. In magnitude, our result agrees
with that given by the quenched lattice QCD, but much less
than those given by the QCD sum rules.

(7) Our results shovd®=a(®), i.e., the twist-3 contribu-
tion is almost of the same magnitude as twist-2 contribution.
From Egs.(6a and (6b), it implies that thegy "(x) and

must have at least one nontrivial zero. The question isg,(x) have opposite signs but approximately same magni-

whether thex behavior ofg, satisfies

casel: g»(x)<0 for x<xXg, @y(X)>0 for x>xq
or just opposite
case2: g,(x)>0 for x<xp, @o(x)<0 for x>Xg.

For case 1, one haﬁéngz(x)dx>0, while for case 2,

féngz(x)dx<0. The c.m. bag model predictions for

Jex2gP ™9 (x,Q%)dx are all negative(see Tables I-IIl or

Figs. 3 and 7. This implies thex behavior ofg,(x) fits case

2. The preliminary dat419] seem to favor our predictions
(see, for instance, Fig. 2 for the projon

tude. They almost cancel each other and lead to a very small
g,(x) (see also Figs. 13) and 12b) in [20]). For the same
reason, the original Wandzura-Wilczek relation

1

X

d
05(x,Q) = —g1(x,Q) + f 7ygl<y,Q2>

is not a good approximation and the higher twist contribu-
tions may not be neglected. As pointed out by Cortes, Pire,
and Ralstorj40] that the original Wandzura-Wilczek relation

was derived by using the Dirac equation for free and mass-
less quarks. Including quark mass effect and gluon-
dependent term, an extended Wandzura-Wilczek relation

(6) For both the proton and deuteron, we now haveygas given (similar formula without quark mass term has
>0 andd®-a®<0. In th b del, th - ] .
a an a . In the c.m. ag model, the mo been given by Jaffé?])

ment [ 3x?g,(x)dx (=[d®—a®]/3) is about one order of
magnitude smaller thai’x?g;(x)dx (=a®/2). It implies
|[d@—a®|<<a® (recall |g,|<<g;), or d@=a,
Hence, the twist-3 matrix elemed{?) approximately equals
the twist-2 matrix elemena® and the sign ofd® should

also be positive for the proton and deuteron targets. This
agrees with dat19] but disagrees with the negative sign

predicted by the QCD sum rul¢37,38 and quenched lattice
QCD [39].

For the neutron, sincﬁéngg(x)dx is negative and much
larger thanfgx?gh(x)dx in magnitude,d(),,..is negative.

idy mgy (1dy dhy
2y _ 2 +f s 2 __qJ A
gZ(XiQ ) gl(xiQ ) « y gl(yiQ ) M « y 0—,y
fldy &
x Yy ay’

where the mass-dependent term is another twist-2 piece
which is related to “transversity’ht. The last term is the
“true” twist-3 piece arising from quark-gluon correlation.

This negative sign is consistent with the results given byAs emphasized if40] that when the quark mass term is

TABLE Il. Comparison of model results for the neutron.

Jo¥?gi(x,Q%)dx

I5gh(x,Q2)dx

Neutron =3al® =1 (d®-a®) d®@
This paper —0.93x10°3 —0.23x10°3 —2.53x10°8
MIT bag model[8,35| - - 0

QCD sum ruleg[37]
QCD sum rule[38]
Lattice QCD[39]
Data

—(1.2£2.0)x10°3

—(0.4x2.2)x10°3

—(30=10)x 1073
—(25+10)x 103
—(3.9+2.7)x10°3
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TABLE lll. Comparison of model results with deuteron data.

g3 (x,Q?) dx ox*g5(x,Q%)dx
Deuteron =3af =3 (dP-al?) d®
This paper 4.3%10°° —0.65x10° 3 6.79< 103
MIT bag model[8,35] - - 5.0x10°3

QCD sum rulg[37]
QCD sum rule[38]
Lattice QCD[39]
Data[19]

(6.9+2.6)x10 3
(4.0£0.8)x10°3

- —(17+5)x 1073
—(13+5)x10°3
—(22+6)x10°3
(3.9+9.2)x 1073

—(13.3+3.0)x10°3
—(1.4+3.0)x10°3

included the twist-3 term cannot be isolated in a model-noment it turns out that only the valence parts of the struc-

independent way with a measurementgafand g,. How-

ture functions appeaf4l]. One has the Efremov-Leader-

ever, neglecting the strange quark contribution, the quareryaev(ELT) sum rule

mass term {m,/M) should be negligible for both up and

down quarks. Hence, the separation of twist-2 and twist-3

pieces in Eq(4) seems to be a reasonable approximation.
(8) According to the OPE analysis, neglecting the

M?/Q? corrections, the general formulas for the moments of

the structure functions are

1 1
fo x"g1(x,Q*)=5a™(Q%) (n=024...), (119

1 n
fo X"go(X,Q%) = — m[a( (Q%)—d™M(Q%)]

(N=2,4,6...) (11b)

for n=2, they reduced to Eq82c) and(2d). From Eqs(1139
and (11b), one obtains

1 1
f X" dx==d"M(Q?)
0 2

n+1
01(x,Q%) + ng(Xan)

(n=2,4,6...); (12
hence, one has, far=2,
1 3
d?=2 f X’ 1(x.Q%)+ 50,(x.Q%) [dx.  (13)
0
The c¢.m. bag model prediction for the function

x[g1(x, Q%) + 2 g,(x,Q?)] for the proton is shown in Fig. 9
and that for the deuteron is shown in Fig. 10. One can se
that in both cases, the model predictionsd&’ are nonzero
and positive. This seems to be consistent with recent da
[19].

(9) If one assumes that E¢12) holds also fom=1, one
obtains

1 1
fo x[91(X,Q?) +29,(x,Q?) Jdx= Ed“)(Qz)- (149

To lowest order ing, it was showr12] by using the field
theoretical parton model thaf')(Q?) vanishes in the chiral

t

f:x[gY<x.Q2)+29¥<x,Q2>]dx=o, (14b)

where the superscript denotes the valence part of the struc-
ture function. Since our model results @f andg, contain

only the valence contributions, we plog{"?(x,Q?)
+29%9(x,Q?) as functions ofx in Figs. 11 and 12 and
compare them with recent proton and deuteron da,
respectively. One can see that our model predictions are con-
sistent with the SLAC E143 data but do not give the sum
rule (14b). However, the ELT sum rule cannot be tested by
the existing data ofj; andg, because they contain both the
valence and sea parts.

IV. SUMMARY

The study of transverse spin structure functigiix,Q?)
has both theoretical and experimental interest. In the most
naive parton model, the quark is asymptotic free and has no
transverse momentum, amg(x) is identically zero. How-
ever, quarks inside the nucleon are not free, the binding ef-
fect, which arising from quark-gluon interactions, causes a
nonzero transverse momentum for quarks and leads,to
#0. Measurements of, or gy=g;+g, allow us to get
more information about binding effects, which are mainly
formulated as “higher twist effects.” On the other hand,
ginceQ2 is large in the deep inelastic scattering, quark bind-
hg effects should not be significant aggd should be small,
especially compared tg,. This seems to agree with most
focent exprimental resyli9]. Our model calculation is con-
sistent with this conclusion. It should be noted, however, that
the theoretical predictions given by different models or ap-
proaches seem not to fully agree with one another because of
different approximations. In addition, as mentioned in Sec.
Il that another twist-2 piece which is related to the quark
mass and “transversity’h; has been neglected in our dis-
cussion. On the experimental side, the errors of data are still
quite large. We hope that several new experiméags-44
to be performed in the next few years will provide more

limit and one can obtain a sum rule for the second momentprecise data and tell us more about the quark §piciuding
of g, andg,. However, because one is dealing with an everlongitudinal and transvergelistributions in the nucleon.
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