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Nucleon tensor charges in the S(2) chiral quark-soliton model
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We investigate the singlgfi” and isovectog$® tensor charges of the nucleon, which are deeply related to
the first moment of the leading twist transversity quark distributig(x), in the SU2) chiral quark-soliton
model. With rotationalD(1/N,) corrections taken into account, we obtgi =0.69 andg{®=1.45 at a low
normalization point of several hundreds MeV. Within the same approximation and parameters the model yields
0i9=0.36,g¥=1.21 for axial charges and a correct octet-decuplet mass splitting. We show how the chiral
quark-soliton model interpolates between the nonrelativistic quark model and the Skyrme pBO&&E6-
2821(96)00309-9

PACS numbgs): 13.88+e, 11.15.Pg, 12.39.x, 14.20.Dh

The complete information about the quark structure of the Our aim is to calculate the tensor charg@kin the chiral
nucleon in leading-order hard processes is contained in threguark-soliton model YQSM, often called the semibosonized
twist-two parton distributions. Two of themf;(x) and Nambu—Jona-Lasinio modedt a low normalization point of
g1(x)] have been studied extensively theoretically and measeveral hundreds MeV.
sured in deep-inelastic scattering experiménis The third The yQSM has been successful in reproducing the static
transversity quark distributioh;(x) is inaccessible for mea- properties of the baryons such as the octet-decuplet mass
surements in inclusive deep-inelastic experiments. Howevesplitting [11-14, axial charge$15-18§, and magnetic mo-
the h,(x) plays an essential role in polarized Drell-Yan pro- ments[19,2Q and their form factor$19,21 (for details, see
cesseq 2] and other exclusive hard reactioh3—5]. The the recent revie}22]). The baryon in this model is regarded
measurement of thie;(x) has been proposed recently by the as a bound state dfi, quarks bound by a nontrivial chiral
BNL Relativistic Heavy lon CollidefRHIC) Spin Collabo- field configuration. Such a semiclassical picture of baryons
ration[6] and HERMES Collaboration at the DES¥p col-  can be justified in th&l —oe limit in line with more general
lider HERA[7]. arguments by Wittefi23]. A remarkable virtue ofjyQSM is

The evolution equation foh;(x) has been derived in that the model interpolates between the nonrelativistic quark
Refs.[8,9]. Also it was shown by Jaffe and [B] that the first model (NRQM) and the Skyrme moddR4]. In particular,
moment ofh;(x) is related to the nucleon tensor charge, due to such an interplay, it enables us to examine the dy-

namical difference between the axial and tensor charges of
1 _ the nucleon.
f dxhy(x)— hl(x)]zng, (1) In the following, we employ the effective QCD partition
0 function from the instanton picture of QCD in the limit of
low momenta. It is given by a functional integral over pseu-
where f is a flavor index {=u,d,s, ...) and thetensor doscalar and quark field&5],
chargegfT is defined as the forward nucleon matrix element

[5,10: ’ @

Z= J iA‘If@\PT@wAexp(i f dxvTiDw
N| o, NY=giUeo, U, 2
(NIt upiIN)=grU o @ whereiD andU?s denote the Dirac differential operator and

where U(p) is a standard Dirac spinor and the pseudoscalar chiral field, respectively:

0,,= (112)[y,,v,]. It is convenient to introduce singlet

. . — . A
and isovector tensor charges: ID=p(~id+MUYs+MD), Urs=e™ s (5)

3w d Oty d 7 are Pauli matrices anM is the dynamical quark mass
=gi-gf, o=g¢+of. (3 which ari i
97 =910, 97 =070t which arises as a result of the spontaneous chiral symmetry
breaking and is momentum dependent. The momentum de-
The tensor charges depend on the renormalization scale, apgéndence oM introduces the natural ultraviolet cutafifh-
the corresponding anomalous dimension at one loop hagerse average instanton sizep4/600 MeV) [25] for the
been calculated in Reff2,9]: y=2a4/3m. theory given by Eq(4) and simultaneously brings a renor-
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malization scale to the model. T stands for the current
quark mass defined by= (m,+mgy)/2 with isospin symme-
try assumed. The operatoD is expressed in Euclidean
space in terms of the Euclidean time derivati#eand the
Dirac one-particle Hamiltoniahl (U):

iD=3,+H(U), (6)

with
a-v _
H(U)=i—+BMU+,8m1. (7)
One can relate the hadronic matrix element equai@mno a
correlation function:

(0|3(X, T) hor,, 72 35(¥,0)|0) ®

at large Euclidean tim&. The baryon currenfz can be
constructed from quark fields:

ERRRLIVN plat S .
& CF||3 Cl//al|1 waNCINC 1 (9)

whereay - - -ay,are spin—isospin indices; "iNc are color

indices, and the matncd% “1"“Ne are chosen in such a way

that the quantum numbers of the corresponding current a|J

equal toll 3. The correlation functior{8) can be calculated
in the effective chiral quark model defined by E¢) using
1/N. expansion. The related technique can be found i
[11, 22 ,28. Here we give a result for the tensor charges to th
next to leading order of the NI/ expansion:

@ o
wherea, B, § andl~N, are given by
1
3
fd f < w+iH " w+|H757>
(119
N 0
p=— 5| ] Sl aeyx). @
o] 2 e
2
1
X Xw+iH w’+IH TiYsY X/ (119
I—NCJ o de 1 1
2] ) N\ orim TeriH T |Y)
(110

Having examined Eq$119—(11d) in largeN, limit, we find
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have a different behavior in the limit of large soliton size
(large constituent quark mass

Before studying the tensor charges, let us discuss how the
surprisingly small value of the singlet axial charge called
“spin crisis’) is related to its asymptotic behavior in the
limit of large soliton size in the present model. The suppres-
SIOI’] in the ratio of the axial charge$” /g~ 1/N, in large

¢ limit does not provide a solution to thespin crisis”
since NRQM shows the saniéd. behavior of the singlet-
isovector ratio but it simultaneously givg§°)= 1. Hence, in
order to understand thespin crisis” it is necessary to seek
an additional suppression in the singlet-isovector ratio of
axial charges. In the Skyrme model the ratio of the axial
chargegV/g~ 1/N2 is suppressed by the additional pow-
ers of the 1N in comparison with NRQM 28] which was
suggested as a solution to thepin crisis” However, this
additional 1N, suppression is lifted in extensions of the
Skyrme model by inclusion of vector mesofg&9]. In
xQSM [17,27] the ratio of axial charges is given by
g9/g®~1/N, in contrast to the Skyrme model. The differ-
ence is due to the nonlocality of the effective action for pions
[Eq. (4)] in xQSM. In other words, higher gradient terms
neglected in the Skyrme model give a nonvanishing contri-
bution to the singleg(AO) in large N, limit.

xQSM interpolates between NRQM and the Skyrme one,

, in the limit of small soliton size it reproduces the results
f NRQM whereas in the opposite limit of large soliton size
it mimics the Skyrme model. Besides theNl/suppression,

arge soliton sizglarge constituent quark masby the in-
verse powers of the soliton sizguark mass Indeed the
numerical calculations for the self-consistent soliton give
9{®)~0.36 [17], which is a relatively small number and is
compared well with the experimental value 0:30.07[30].

Reviewing Eqg119—(11d in the limit of large soliton
size (large constituent quark mas®ne can easily find that
a~(MRg)?, I~(MRy)3, and B8,6~MR,. Therefore, the
ratio of the tensor chargeg\”/g{®)~1/(MRy)? is sizably
reduced in the limit of large soliton size, while the analogous
analysis of the axial charg¢$7,24] gives even much stron-
ger suppression in the ratigl”/g{®~ 1/(MR)®. This ob-
servation of the different behaviors between the axial and
tensor charges leads to a conclusion that the tensor charges
might deviate from the axial ones remarkably.

In the limit of MRy— 0, yQSM corresponds to NRQM
and yieldsg{”¥=g®=1, g{¥=g{= (N +2)/3 (derivation
for the axial charges, see RéR4]). Note that it is of great
importance to take into account the rotational lkorrec-
tions [ 8 contribution in Eq.(10)] to derive this result in
O(N‘C)) order. The soliton iQSM has a radiuM Ry~ 1, so
that one could expect a deviation from NRQM predictions as
well as from the Skyrme model results. In Fig. 1 we show
the dependence of the tensor and axial charges on the soliton
size. The results were obtained by calculating the functional
traces in Egs.(1189—(11d) according to the Kahana and

jhe ratiog‘?/g{>) in our model is quenched in the limit of

thatg(o) N0 andg(3) N, which are the same as in case of Ripka method 31] with a simple variational Ansatz for the
NRQM. In NRQM the tensor charges are equal to the correprofile function. We take advantage of the inverse-tangent

sponding axial charges. Thougll dependence of the tensor

profile functionP(r) = 2arctanR3/r2) which has the correct

charges given above are equal to that of the correspondingsymptotic behavior of the profile function at small and large
axial ones, we shall show that the tensor and axial chargeadistances.
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Axial and Tensor Charges TABLE I. The tensor charges of the nucleg” andg{® as
30— varying the constituent quark mass.
3.00r NRQM Skyrme A
5 50' 1 M 370 MeV 420 MeV 450 MeV
2,00} gl® 0.756 0.688 0.686
3
150 g®® 1.446 1.449 1.466

1.00%
0.50
0.00

agonalizing the Dirac Hamiltonian in a bdwe choose the
radial box sizeD=10 fm to achieve good accurgcgnd
solving the self-consistent equations by iteration. The tech-

—0.50%
ool nical details can be found in Ref33,34.
700 05 1.0 15 20 25 30 We have calculated the tensor charges for different values

MRy of the constituent quark mass, which is the only free param-
eter of the model. The corresponding results are reported in
FIG. 1. The dependence of the axial and tensor charges on theaple |. As our preferred value of the constituent quark mass,
soliton size. The solid curve represents gﬁ@ while the dashed \ye chooseM =420 MeV at which the model reproduces
curve draws thegl). The dot-dashed curve depicts t”,  \ith good accuracy many nucleon observables: octet-
whereas the dotted curve illustrates th§’ . The small arrows decuplet mass splittingL4], isospin splittings in baryon octet
stand for the values of{¥=g{?=5/3 and g”=g{’=1 in  and decuplef35], singlet axial chargfl7,27, magnetic mo-

NRQM, respectively. The large arrows denote NRQM and Skyrmeyents, isovector axial charg@6], and electromagnetic form
limit of the present model. The constituent quark mass for th'sfactors[19].

figure isM =370 MeV to be consistent with Refi24]. Finally, we obtain,
From Fig. 1 we observe that the axial and tensor charges (3 0) o
starting from the same values oN{+2)/3~1.67 for the g7’ =145 gr'~0.69, (12
isovector case and 1 for the singlet one at small soliton sizg,
have qualitatively different behavior for largktR,: the de-
pendence of the tensor charges on soliton size is weaker than gW~1.07, g¥~-0.38. (13
the corresponding dependence of the axial charges. This
qualitative difference is in accordance with the asymptoticsye find that our results are close to those in the bag model
of the charges in large soliton size: [5] and consistent with QCD sum rule calculations of Refs.
(3) 2 43 10,36
ga ~(MRg)%,  g7'~MRy, It is worth noting that the dependence of the tensor
charges on the normalization point is rather weak:

4/29
e 0))) 01" (o), (14

(0) _ o . _—
gA (MRO)4' gT MRO'

(f) _
g7 '(n)=
We see that indeed the asymptotic dependence of the tensor

charges is weaker than the corresponding dependence of tgg,u—m the tensor charges slowly vanish. One can use this

, 0)_ cérquation to recalculate the tensor charges at higher normal-
chsarges are closer to their values @r’=1 and jzation points using the values of tensor chare® at low
g{¥=5/3~1.67 in NRQM than the corresponding axial normalization points. The value of normalization pojig
charges. Similar conclusions were obtained in the bag modgJertinent to our model is not uniquely determined from first
[5]. principles; one has to choosg, of the order of

In the above lines, we considered the dependence gf-1~00 MeV, but there may be a factor of order unity. To
g¥ andg (g andg{®, respectivelyon MR,. This can  do this quantitatively we follow the approach of RE87]
be translated into a dependence on the Dirac raiuand  and defineugo=a/R (R is the average distance between in-
allows then a direct comparison with recent results of Brod-stantons~1/200 MeV 1) with a dimensionless parameter
sky and Schlumpf32]. For this we extracted®; from our  a to be varied in the variational estimate of bulk properties of
self-consistent calculatior{21] with several constituent the instanton medium. According [87] the parametea can
quark masses and plotted in the vicinity of the physical poinbe varied without significant change of parameters of the
(R;=0.74fm) g'©) and g vs MyR; with My being the effective low-energy theor{Eq. (4)] from a=3 to a=7. In
proton mass. We find that the slopes of these curves agrehis region ofa the one-loop QCD coupling constant varies
well with those of[32], though in Ref.[32] the value of in region(see Table | of Ref[37)):
9'9)=0.6 appears to be larger than our 0.36 and experimental
value 0.310.07 [30]. It is interesting to note that those as( o)
models having quite different origins show comparable fea- 21
tures. A detailed investigation will be presented elsewhere.

In order to evaluate the tensor charges numerically, wéJsing these numbers and evolution Etg) one can estimate
employ the self-consistent profile function obtained by di-an uncertainty of the tensor charge at high normalization

—0.098* 0.035. (15)
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points due to the uncertainty in the determination of the lowdence of the tensor charges on the normalization point our

normalization poinfw, pertinent to our model: results Eq(13) for the tensor charges at low-energy normal-
ization points acquire an additional error of about 5% being
Agr(Q%) 4 Aag(uy) evolved to high normalization points.
= =0.05. 16
9r(Q%) 29 ag(uo) 18 This work has partly been supported by the BMBF, the

DFG, and the COSY-Proje¢fuich). The work of M.P. was
From this analysis we see that owing to the weak depensupported in part by Grant No. INTAS-93-0283.
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