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Transversity distributions in the nucleon in the large-N. limit
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We compute the quark and antiquark transversity distributions in the nucleon at a low normalization point
(u~600 MeV) in the largeN, limit, where the nucleon can be described as a soliton of an effective chiral
theory (chiral quark-soliton model The flavor-nonsinglet distributionsu(x) — 8d(x) and 6U(x)—6a(x)
appear in leading order of the N/ expansion, while the flavor-singlet distributiorfi(x) + 6d(x) and
su(x) + 5d(x) are nonzero only in next-to-leading order. The transversity quark and antiquark distributions are
found to be significantly different from the longitudinally polarized distributians(x) + Ad(x) and Au(x)
+Ad(x), respectively, in contrast with the prediction of the naive nonrelativistic quark model. We show that
this affects the predictions for the spin asymmetries in Drell-Yan pair production in transversely pofgpized
andpp collisions.

DOI: 10.1103/PhysRevD.64.034013 PACS nuni§erl3.60.Hb, 11.15.Kc, 12.38.Lg, 12.39.Ki

[. INTRODUCTION They can therefore be measured in DIS at the leading-twist
level, where the chirality of the quarks is preserved by the
A central property of QCD is the possibility to factorize hard scattering process. These distributions are by now well
the cross sections for some hard scattering processes involknown, with most of the information coming from QCD fits
ing hadrons into the cross section for the partonic subprocess DIS data[3—6]. In contrast, the transversity distributions
involving quarks and gluons, calculable within perturbativedescribe the chirally odd part of the quark density matrix
QCD, and certain functions describing the transition from(Dirac structurec**ys). Consequently, they can be mea-
hadrons to quark and gluon degrees of freedom. Of the latt&sured only in hard processes where they enter together with
only the scale dependence can be predicted from perturbativgher chirally odd objects, chirally odd distribution, or frag-
QCD, the value of the functions themselves at a low Scal%entation functions. A Variety of such processes_both
can only be inferred from experiment or be calculated usinghgdron-hadron and lepton-hadron induced—are currently be-
nonperturbativg methods. In ir_1c|usive hard_ §cattering off thqng considered; see RefL] for a review. In hadron-hadron
nucleon[deep-inelastic scatterin@IS)], semi-inclusive par-  qjiisions the transversity distribution can be measured in
ticle production, and Drell-Yan pair production, the relevantyqi_yan pair production with transversely polarized pro-
characteristics of the nucleon are the so-called quark anﬂ)ns where one combines the transversity quark and anti-
antiqua_rk fjistr_ibutions in_ the nu.cleoln—functions describingquar’k distributions in the two protofg,7] or in polarized jet
the emission in the collinear direction an_d subsequent a production[8,9]. In lepton-hadron scattering transversity is
sorption by the nucleon of a quark or antiquark carrying Gin principle accessible through semi-inclusive particle pro-

Lralc_:tl_on x of the tr_luclelclm mcf;meﬂr;tuma%t thetttW|st—2 Ifevel'hduction, where the transversity distribution in the target is
elicity conservation allows for three ditterent types of SUCh ., hineq with a chiral-odd fragmentation function. In

functions[1]. The usual unpolarized and longitudinally po- giyq1e_narticle production one can measure the left-right
larized distributionsg(x), q(x) and Aq(x), Aq(x) corre-  asymmetries in the fragmentation of a transversely polarized
spond to probabilities for emitting and absorbing a quark olguark, which are produced Byodd fragmentation functions
antiquark of same helicity, and can be interpreted as the suftcollins effec [10—16. In such processes there is usually a
and difference of probabilities to find a quark or antiquarkcompeting contribution involving a higher-twist distribution
with |0ngitudinal pOlarization parallel or antiparallel_to that function in the target and a chiral-even fragmentation func-
of the nucleon. The third kind of functiongg(x), 5q(x), tion, which makes extraction of the transversity distribution
describe the emission and absorption of quarks and antdifficult. First estimates of the transversity distributions have
quarks with different helicitie$2]. They can be interpreted been reported13,17] based on the azimuthal asymmetries
as the probability to find a transversely polarized quark omeasured by the HERMER.8] and Spin Muon Collabora-
antiquark in a transversely polarized nucleon and are therdion (SMC) [19] experiments. Alternatively, one can consider
fore referred to as transversity distributions. semi-inclusive production of two pions, wherd-add struc-

The crucial difference between the transversity and theure in the fragmentation function appears due to the possi-
“usual” distributions lies in their chirality properties. The bility of interference betweef andP waves in the hadronic
unpolarized and longitudinally polarized distributions param-final state[20]. It has also been suggested to use so-called
etrize the chirally even parts of the quark density matrix in“handedness” correlations in multiparticle production to ac-
the nucleon(Dirac structuresyt and y* ys, respectively. cess the transversity distributiofis3].
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The transversity distributions have many interesting theoeutoff. An important problem when calculating parton distri-
retical aspects, related to general properties of QCD as webutions in this approach is to ensure that none of their essen-
as to the structure of the nucleon. In leading orde®), tial properties such as positivity, sum rules, etc., are violated
certain inequalities have been derived by Soft&t], giving by the ultraviolet regularization. For the unpolarized and po-
an upper bound on the transversity distribution in terms ofarized distributions this problem has been studied exten-
the longitudinally polarized and unpolarized quark distribu-sively in Refs.[24,25. Here we use the methods developed
tions; see also Ref22]. Their Q2 evolution and generaliza- there to investigate the role of the UV cutoff on the transver-
tion to next to leading ordefNLO) have been discussed in sity distributions. It turns out that these distributions are UV
Ref.[23]. Also, it has long been noted that in the nonrelativ-finite and can eventually be computed without any cutoff.
istic quark modelno spin-orbit interactionthe transversity ~ Still, in the actual calculation of the distributions one has to
distributions are identical to the longitudinally polarized introduce a cutoff during the intermediate stages, and one
ones. In this sense, any measurements of the transversityust make sure that the finite result in the end does not
distribution would have implications for our understandingdepend on this intermediate regularization procedure. We ex-
of the relativistic structure of the nucleon. plicitly address this problem here. In particular, we shall de-

Recently a method has been formulated to calculate thecribe an interesting anomaly-type phenomenon observed in
quark and antiquark distributions in the nucleon at a lowthe calculation of the transversity distributions, which can be
normalization point in the largbk, limit [24,25. In this limit ~ stated as the noncommutativity of the limits of infinite UV
the nucleon can be described as a soliton of an effectiveutoff and the chiral limitvanishing pion magsA thorough
low-energy theory based on the dynamical breaking of chiralinderstanding of this phenomenon is a prerequisite for a re-
symmetry in QCD(chiral quark-soliton modgl[26]. It has liable calculation of the transversity distributions in the ef-
been shown that this fully field-theoretic description of thefective chiral theory.
nucleon preserves all qualitative properties of the quark and The plan of this paper is as follows. In Sec. Il we sum-
antiquark distributions known from QCD, such as positivity marize the definition and important properties of the trans-
conditions, sum rules, etc. The unpolarized distributions haveersity distributions and the tensor charges within QCD. Sec-
been computed in Ref$§24,25,29; the results are in good tion Ill gives a detailed exposition of the method used to
agreement with the well-known parametrizations of the parcalculate the transversity quark and antiquark distributions at
ton distribution functions at a low input scdK)]. In particu- a low normalization point. After a brief description of the
lar, this approach describes well the observed violation of theffective low-energy theory and the chiral quark-soliton
Gottfried sum rule and the flavor asymmetry of the unpolar-nmodel of the nucleon in Sec. Il A we discuss in Sec. Il B
ized antiquark distributiorf27,29—32. The longitudinally  the 1N, expansion of the transversity distributions and the
polarized flavor-singlet distribution calculated in this ap-tensor charges. The calculation of the transversity
proach[27] is also in good agreement with the parametriza-distributions—both isovector and isoscalar—in the chiral
tions of the polarized DIS daf&]. Interestingly, the larg&.  quark-soliton model is described in Sec. Il C. In particular,
approach predicts a large flavor asymmetry of the polarizeth this section we derive expressions for these distributions
antiquark distribution[24,25,30,3], which could produce in the form of sums over contributions of quark single-
observable effects, e.g., in semi-inclusive spin asymmetrieparticle levels in the soliton field which are used in the nu-
[32] and in Drell-Yan double-spin asymmetries with polar- merical calculations. Section Il D deals with the important
ized protons[33]. Also, the flavor-nonsinglet transversity issue of ultraviolet regularization. The dependence of the
distribution has been computed in R¢B4] and the is- transversity distributions on the ultraviolet cutoff is studied
osinglet one in Refs[27,28. We also note that the chiral using analytic methodgradient expansionin Sec. Il E we
guark-soliton model has been successfully applied to calcudescribe the anomaly-type phenomenon in the tensor charge,
late skewed(nondiagonal parton distributions[35]. The  which is both of general theoretical interest as well as of
model also describes well a large number of hadronic obimportance in the numerical calculations. The nature of this
servables of the nucleon as well as the other octet and dghenomenon is clarified, and an explicit expression for the
cuplet baryons, such as magnetic moments, electromagnetimomalous difference of the sums over contributions of oc-
and weak form factors, etc.; see Rdf36,37 for a review. cupied and nonoccupied quark levels is derived. The corre-

In this paper we report about a comprehensive investigasponding difference for the fukk-dependent distribution is
tion of the quark and antiquark transversity distributions ingiven in the Appendix. In Sec. IV we describe the results for
the largeN, approach of Ref§24,25. We calculate both the the transversity distributions at the low scale. In Sec. IV A
flavor-nonsinglet distribution, which appears in leading orderwe compare the results for the transversity distributions to
of the 1N, expansion, and the flavor-singlet one, which isthose for the longitudinally polarized ong38,39 at a quali-
nonzero only in next-to-leading order. In R¢B4] an ap- tative level, considering various limiting cases of the chiral
proximation was used in dealing with the contribution of thequark-soliton model which correspond to the nonrelativistic
Dirac continuum of quark states in the soliton; in this paperquark model or the Skyrme model. Numerical results are
we perform a numerical calculation of the distribution func- presented in Sec. IV B, where also a brief description of the
tions without further approximations. This is particularly im- numerical method used to evaluate the sums over quark lev-
portant for the antiquark transversity distribution. els is given. In Sec. IV C we demonstrate that the calculated

The effective chiral theory used to describe the nucleon igransversity distributions satisfy the recently derived “large-
nonrenormalizable and defined with an explicit ultravioletN. versions” of positivity and Soffer inequaliti¢g0], which
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impose stronger constraints on the distributions than the 20+ 71
“usual QCD” positivity and Soffer inequalities. Finally, in = . Zt=(A2). (2.2
Sec. V we use our results for the transversity distributions to V2

make predictions for the double spin asymmetries in Drell-

Yan pair production in polarizepp and pp scattering. In
particular, we compare the asymmetries calculated from o
model distributions with those obtained by assumiditgx)
=Aq(x), an approximation frequently made in the literature.
We find that our model distributions result in significant de-
viations from what is obtained with that approximation, S¢=(0,0,00), 2.3
which makes us hope that BNL Relativistic Heavy lon Col-
lider (RHIC) measurements may be able to discriminate bewhere A=2S;==*1 andS; is the spin projection on the
tween the two predictions. three-axis. In this frame Eq2.1) reduces to
The transversity distributions at a low normalization point |
have been studied in a variety of other approaches. Model - 0 —
calculations of the distributions have been performed within ~ 291(X) = _(23~’>)f EG'XMNZ (N, S3]¢h(0)(y°+ ¥h)
the bag mode|7] and a constituent quark modgtl]. Fur-
thermore, these distributions have been studied in the chiral X y5v*[02] l!/f(Z)|N153>|zlz=;g°- (2.9
guark-soliton modef27,34] and a closely related description v
of the nucleon as a chiral soliton of the Nambu—Jona-Lasinio The operator in Eq(2.1) is C odd, so the corresponding
model[42]. The transversity distributions have also been esantiquark distribution is obtained from the expression on the
timated using QCD sum rule techniqueks]. For the tensor  right-hand sidgRHS) of Eq. (2.1) by
charges of the nucleon estimates from lattice simulations
[44,45 and QCD sum rule$46] are available. The tensor 5Ef(x):_5Qf(_x)- (2.5
charges have also been calculated within the chiral quark-
soliton mode[47] (the relation of these results to the presentFurthermore, the light-ray operator in E@.1) is scale de-
calculation is discussed in Sec. I\j.BThe evolution(scale  pendent, so that the distributions depend on the normaliza-
dependengeof the transversity distributions has been stud-tion point. This dependence can be described by evolution
ied by a number of groups; see Rdi$8-50. equations for the transversity distributions, which have been
studied in Refs[48-5(0.
The normalization integral for the distribution, E¢2.1)
Il. TRANSVERSITY DISTRIBUTIONS IN QCD and (2.5), is given by the so-called tensor charge of the

P ' . nucleon,
In QCD, parton distributions are defined as expectation

values of certain twist-2 light-ray operators in the nucleon 1 _
state. The helicity decomposition of the matrix element of a 5quf dx[ 8q¢(x) — 69¢(x)], (2.9
general quark bilinear in a polarized nucle@apin density 0
matrix”) contains three twist-2 structures, which can be
identified as the unpolarized, longitudinally polarized, and
transversity distributiof1]. The explicit expression for the

Furthermore[0,z] denotes the link operatdpath-ordered
exponential of the gauge figldequired by gauge invariance.
he nucleon state in Eq2.1) is transversely poIarizeoSf
=—-1,P,S'=0), and5, =vy,S. In the nucleon rest frame,

the components of the polarization vector are given by

which is defined as the matrix element of the local pseudo-
tensor operator:

transversity distribution is (N(P),SW(—i)a'“ysz/le(P),S>=(P“S"— P S#)8q; .
(2.7)
6q¢(x) = f %eixP+z_<N(P),Sl| In particular, in the nucleon rest frame it is given by

— (N,Ss|7° VP ysthIN, S3) = 2M(2S5) 8g; . (2.9)

X 1(0)y* v68.[02]41(2)IN(P), S, )5+ =7 —o, ° N f
(2.1) I1l. TRANSVERSITY DISTRIBUTIONS FROM THE

EFFECTIVE CHIRAL THEORY

where y; is the quark field of flavof, z a lightlike distance A. Nucleon as a chiral soliton

(z#2,=0), and the light-cone coordinates are definet as It is generally believed that in the lardé: limit QCD
becomes equivalent to a theory of mesons, with baryons
emerging as solitonic excitatiof§1]. While this connection

Uit is convenient here to define the light-cone vector component@lone has many interesting qualitative implications, it is not
using the one- rather than the three-direction. With this choice th&nown at present how to derive this effective theory from
direction of transverse polarization of the nucleon can be chosen &@CD in full generality. However, quantitative calculations
the three-direction, which will make the expressions in Sec. Ill cwithin the largeN, ideology can be done in certain limiting
look more conventional. cases where the dynamics of QCD simplifies. It is known
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that at energies far below the mass of mesonic resonancgsirticle wave functions, which are the solutions of the Dirac
(say, the rho mesorthe dynamics of strong interactions is equation in the background pion field, E§.3):

governed by the spontaneous breaking of chiral symmetry. In

fact, in the long-wavelength limit the dynamics is completely H(Ug)[n)=Eq[n), (3.9
described by the chiral Lagrangian containing only the Gold-
stone bosoripion) field to some given order in derivatives. Where
To describe the nucleon as a chiral soliton, however, one
needs an effective theory valid in a wider region of mo-
menta. Such a theory has been derived within the framework ) _ ) L _
of the instanton description of the QCD vacuum, which pro_IS the smgle-p_artmle Dirac Hamiltonian in t_he classical pack—
vides a “microscopic” picture of the dynamical breaking of 9round pion field. The spectrum ¢f(U) includes a dis-
chiral symmetry in QCI52]. In this approach the effective Creté bound-state level, whose energy is denoted,py as
action for the pion field is obtained in the form of an integral Well s the positive and negative Dirac continuum, polarized
over quark fields, which have obtained a dynamical mass iRy the presence of the pion field. The soliton profir) is

the spontaneous breaking of chiral symmetry and which indetermined by minimizing the static energy of the pion field,

teract with the pion field in a chirally invariant wdg2,53;  Which is given by the sum of the energy of the bound-state
level and the aggregate energy of the negative Dirac con-

H(Ug)=—iy°y*+ MU (3.5

] —— 4 tinuum, the energy of the free Dirac continuui€ 1) sub-
exp(lseﬁ[U(x)])=J D¢ Dyex |J d*x (i tracted[26],
~MU)y]. CRY Eiof Ual=N¢ 2 En— 2 E
occup occup
Here,%dx are the fermion fieldsM is the dynamical quark ©
mass, and the Goldstone boson field is parametrized as a =NE+N; > (E,—EP), (3.9
unitary matrixU(x), with negncont
1+ s 1-ys and in the leading order of theN{/ expansion the nucleon
Un(x) = —— U+ ——U(x). (32 mass is given simply by the value of the energy at the mini-
mum:

In the long-wavelength limit, when expanding in derivatives _
of the pion field, the effective action, E¢3.1), reproduces Mn=Etof Ual- (3.7

the chiral Lagrangian with correct coefficients, including the
Gasser-Leutwyle©(p*) terms and the Wess-Zumino term.
However, the validity of the theory defined by E®.1 is
not restricted to the long-wavelength limit.

In the effective theory derived from the instanton vacuum
the dynamical quark mass in Ed3.1) is momentum-
dependent and drops to zero for momenta of the order of th

The expression for the energy of the pion field, E8.6),
contains a logarithmic ultraviolet divergence due to the con-
tribution of the Dirac continuum and requires ultraviolet
regularization(see below.

In higher order of the N, expansion one must take into
gccount the fluctuations of the pion field about its saddle-
, ) — ) point value. A special role is played by the zero modes of the
inverse average instanton size, "=600 MeV. This pro- oy field. The minimum of the energy, E8.60), is degen-
vides for a natural ultraviolet cutoff of the effective theory. In grate with respect to translations of the soliton field in space,
the calcula.tlon of quark dlstrlbutlon functions here we takegq 1o rotations in ordinary and isospin spice the hedge-
the dynamical quark mass in E(.1) to be constant and 1, field, Eq.(3.3), the two types of rotations are equiva-
simulate the ultraviolet cutoff implied by the instanton lenf. Quantizing these zero modes gives rise to nucleon
vacuum by applying an external ultraviolet regularization t0giates with definite momentum and spin-isospin quantum

div_e_rgent quark I(_)ops_. We shall show_in detail t_hat this is umbers[26,54). This is done by subjecting the hedgehog
legitimate apprommgﬂon for the quantities con5|d§red hereﬁe|d, Eq.(3.3), to time-dependent translations and flavor ro-
The effective action allows to compute hadronic correla-4tions:

tion functions at low energies in the largg- limit. In par-

ticular, the nucleon in the effective theory at the laMe- Ug(X)—=R(HUg(x=X(1)R (1), (3.9

limit characterized by a classical pion field which binds the

quarks(chiral quark-soliton modgl[26]. In the nucleon rest  whereR(t) is an SU2) rotation matrix, and computing the
frame the classical pion field is of “hedgehog” form: functional integral over the collective coordinates within the
1/N. expansion. The functional integral over translations,
X(t), can be reduced to a Hamiltonian system describing the
free motion of the soliton center of mass, with m&kg, Eq.
(3.7, whose eigenfunctions are plane waves with given
where P(r) is called the profile function, witiP(0)=—7  three-momentum, exg®- X). [The O(1/N,) contribution of
andP(r)—0 forr—«. The quarks are described by single- the collective translations to the nucleon mass can be ne-

a_a

X2
Ud(x):exp{i

P(r)|, r=|x, (3.3

r
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glected in the applications considered hghe the functional The saddle-point solution, Eq3.3), and the collective
integral over collective rotation®(t), the rotational energy quantization procedure outlined above, not only give rise to
is given by nucleon states of definite momentum and spin-isospin quan-
tum numbers in the effective chiral theory defined by Eq.

E rotating solitori~ Estatic solitor= | T () Q (1) ]+ - -, (3.1); they also imply a prescription for the calculation of
matrix elements of arbitrary composite quark operators be-
tween nucleon states. For a review of the applications of this
model to baryon observables such as masses, form factors,
etc., we refer to Ref[36]. We shall apply this approach to
calculate the nucleon’s transversity distributions in Sec.
I C.

where

a

.
Q=040

=—iRT(HR(t) (3.10

is the angular velocity, antis the moment of inertia of the

soliton, which is given by a double sum over quark single-
particle levels in the background pion field:

N,
=52 2

n m
OCccup nonoccup

B. Transversity distributions in the large-N, limit

Before embarking on the calculation of the transversity
distributions in the chiral quark soliton model it is useful to
establish the largél, behavior of these distributions on gen-
eral groundg24,34]. StandardN. counting tells us that at

large N, the tensor charges of the nucleon scale as
Here the sum oven runs over all occupied states, i.e., the (3.17
discrete level and the negative Dirac continuum, the sum
over m over all nonoccupied states, i.e., the positive Diraci.e., the isovector matrix element is leading relative to the
continuum. (The ultraviolet regularization of this quantity isosinglet one. This behavior is analogous to that of the axial
will be discussed belowlt is important that the moment of charges, which scale as
inertia is of ordeM., so the typical angular velocities are

(n| 7% m){m[ 7|n)
Em_ En

(3.11)

Su—8d~Ng, Su+sd~1;

g¥=Au-Ad~N;, g¥=Au+Ad~1. (3.18

Combining Eq.(3.17) with the fact that in the largél, limit

the parton distributions are concentrated at valuesaifthe
and one can compute the functional integral by expanding ifrder of 1N. one obtains that the transversity distributions at
powers of the angular velocity. To leading order iN1the  largeNc scale as

collective motion is described by a Hamiltonian

1
Q(t)~ N (3.12

c

Su(x)— 8d(x), Su(x)— 8d(x)~N2f(Nx), (3.19
2T

rotzﬁzﬁy (3.13

Su(x)+8d(x), du(x)+8d(x)~NF(NX), (3.20
wheref(y) is a stable function in the largé; limit, which

whereS, andT, are the right and left angular momenta, and . T -
2 a g g depends on the particular distribution considered.

the Hamiltonian, Eq(3.13, has been obtained by the “quan-

tization rule”
C. Calculation of the transversity distributions

We now outline the calculation of the transversity quark
and antiquark distributions in the chiral quark soliton model.
) o ) ) ) o ~The methods for computing parton distributions at a low
This Hamiltonian describes a spherical top in spin-isospimormalization point in this approach have been developed in
space, subject to the constraiit=T?, which is a conse- Refs.[24,25,29, and we refer to these papers for all general
guence of the “hedgehog” symmetry of the static pion field, methodological questions.

Eq. (3.3. Its eigenfunctions, classified b§*=T?, S;, and When computing quark-antiquark distribution in the ef-
T3 are given by the Wigner finite-rotation matrice2s]: fective chiral theory it is assumed that the normalization
_ _ point of the distributions is of the order of the ultraviolet
¢ (R=V25+1(-1)T D3 s (R). (319  cytoff of the effective theory, i.e., oD(600 Me\). At this
scale the QCD twist-2 quark operators can be identified with
the corresponding operators in the effective theory. The
*1/2, while forS=T=3/2 one obtains the 16 states of the  gluon distributions are zero at this level of approximation
resonance. The rotational ener§§S+1)/(21) gives a IN.  [24]. A more explicit justification for this procedure is pro-
correction to the nucleon mass, which should be added to Egided by the instanton picture of the QCD vacuum, which
(3.7). In particular, the nucleod- mass splitting is given by allows one to derive the low-energy effective theory. It was

(3.19

The four nucleon states hav®=T=1/2, with S3,T;=

3

shown that in leading order of the packing fraction of the
instanton medium the quark and antiquark distributions satu-
rate the nucleon momentum and spin sum rule, while the
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gluon distributions are zer®4,55. The calculations of par- velocity, Q, Eq. (3.10, which is of order IN.. The expan-
ton distributions in Refs.[24,25,29,38,39,56 were per- sion of the determinant of the Dirac operator gives rise to the
formed at this level of approximation. In the case of the“kinetic term”
transversity distributions, since there is no transversity gluon
distribution, one may expect this “quark-antiquark-only” ap- i il 5
proximation to give even better results than in the unpolar- Defidi—H(Ug) — Q(t)J<ex Ef dtQa(t)+--- |,
ized and longitudinally polarized case. (3.29
Having expressed the QCD operators in E8$4),(2.5) in
terms of the quark fields of the effective theory, we can nowwherel is the moment of inertia of the soliton, E¢B.11).
compute their nucleon matrix elements within th&ldlex-  The functional integral with this action can now be computed
pansion, using standard techniques. It is convenient to workxactly; it corresponds to a rigid rotator described by the
in the nucleon rest frame, where the classical pion field deHamiltonian, Eq.(3.13. In addition, one has to expand the
scribing the nucleorfup to collective translations and rota- quark Green function in Eq(3.23 in powers of). The
tions) is given by Eq/(3.3); in this frame the matrix elements minimum power of() required to obtain a nonzero result
defining the transversity distributions take the form of Egs.determines the order of the matrix element in thid 1éx-
(2.4),(2.5). Matrix elements of quark bilinear operators suchpansion, which is in general different for the different isospin
as Eqgs.(2.4),(2.5 can be reduced to those of time-orderedcomponents of the matrix element of a given operator.
products of quark fields, which can be calculated with the |sovector transversity distributionwe now apply the
help of the Feynman Green function of the quarks in theabove prescription to the calculation of the transversity dis-
background pion field: tributions, Eqs(2.4),(2.5). It turns out that in the case of the
. _ isovector transversity distribution the RHS of H§.23 is
Gr(y%yx® ) =(yy[lia=HW)I %) 32D o e already in zeroth order of the expansion of the quark
propagator in}(t), in agreement with the fact that this iso-
Here the saddle-point pion field is the slowly rotating hedgespin component is leading in theNl/ expansion. The func-
hog field, Eq.(3.8). For this ansatz the Green function, Eq. tional integral over rotations in leading order oiNL/(i.e.,

(3.21), takes the form neglecting all time dependence of the collective rotatjost
produces a delta function which enford®s=R,. The result
[ig,—H(U)] *=R(t)[id,—H(Uy) — Q)] *RT(1), can be written in the form
(3.22

Su(x)— 8d(x)=—(2S3)2M fd?'xf dR¢* o (R)O'"?

where ()(t) is the angular velocity, Eq3.10. Performing Ss N 158,

the functional integral over collective coordinates of the Y (X.RX R 392

saddle-point field as described in Sec. Il A, projecting on (XRiX) Prys,(R), 3.29
nucleon states with definite momentum and spin-isospin =1 ; _ _
guantum numbers one obtains the following “master for-\’vr:lere_O IS g‘_n ope.rator in the space of functions of the
mula” for the expectation value of a color-singlet time- collective coordinates:

ordered quark bilinear operator in the nucleon:

O'"=}(X,R;x)
P=0,S=T,S;,T3| T{¢ (x)T P=0S=T,S;,T a2 . 14 yOy*
( S5 ol T{¥ 0T ()} S5.Ts) N f Ee,xMNonr[RTTSR LA
~omy [ x| aR, | dRASTSRIT TSR
oar b o]
R(T)=R, < i19—H(Ug) A0, —0
xf DRDefid;—H(Uy) —Q(t)] -
R(=T)=Ry (3.26
X (—i)N. Tr| RT(xO)T'R(y°) The integral over rotations is readily performed; one intro-
duces the rotation matrix in the adjoint representation,
x{y0y—X ! X9 x—X } 1
7 Plig—HUg - Q)| ' RTR=D34(R) 7%,  Dpa(R)=5Tr(mR7RY),
(3.23 (3.27

HereT denotes a matrix in Dirac spinor and isospin space@nd makes use of the identity
and Tr- - - implies the trace over Dirac and flavor indidgise .
sum over color indices has already been performed f * __*

The functional integral over rotationB(t), in Eq.(3.23 AR ¢s;1,(RID2a(R) b7, (R)= = 5(2T3)(255) bas-
can be computed by expanding the integrand in the angular (3.28
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For further evaluation one writes the quark Green function in 1 2 [n)(n| 2 In{n|
' ' ion field i i - = — + —_—.
the static cI.assmaI pion field in E€3.26) in frequency rep w—H(Ug) < w—E.—i0 S G_E.+i0
resentatlon. occup nonoccup
(3.33
0
,Z— X|7——+(0,— X . . .
<Z z ‘mt—H(Uc,) > Here, E,, and |n) are the single-particle eigenvalues and
eigenstates of E(.3.4). The poles are shifted to the upper
_ f d_“’eiwz0< 7—X 1 —X> and lower halves of th@ plane, corresponding to whether
2m o—H(Ug) the single-particle levels are occupied or not. Substituting

(3.29 Eqg. (3.33 into Eqg.(3.32 we obtain a representation of the
isovector distribution as a sum over quark single-particle lev-
(the choice of contour for the integral will be discussed €ls in the background pion field:
below), and brings the matrix element into diagonal form by

introducing the finite-translation operator Su(x)— d(x)
(z—X|- - |=X)=(—X]|expiP¥Z)- - - |- X), (3.30 N.My
=@Ty)—5—| 2 - 2
where PX denotes the momentum operator in the space of occup  nonoccup
quark single-particle wave functions, E@.4). In this way 0,1
one obtains X(n|7® ———=757°5(xMy— E; = P)|n).
SuU(x)— &d(x) (3.34
2M NNC ) d(!)
=(2Ty)——3— (=D | 5~ For many purposes it is desirable to have representations of
the distribution function involving sums over only occupied,
3 Sl ¥yt 3 or only nonoccupied, levels. Such representations can be ob-
X | d*X Tr) 7 o VsV tained from Eq.(3.34 if one notes that the sum ovell

levels of the matrix element on the RHS of E®.39 is

zero:
—XH.
(33D > <n P y5Y*8(xMy— E,— PY) n>=0.
|
The delta function here is the result of integrating the expo- (3.35
nential factors in Egs(3.26), (3.29, and (3.30 over 2°,
. . . . _ 0
keeping in mind the constraiat = —2°. In fact, the RHS of  hjs condition is actually equivalent to the locality condition
Eq. (3.31) has the form of a functional trace of an operator inf the anticommutator of quark fields in the effective low-
the space of quark single-particle states, and can be writteghergy theory, which ensures that one gets the same result
more concisely agSp denotes the functional trace for the distribution function in the chiral quark-soliton model
if one starts from the QCD definition as the matrix element

><< -X 6(XMN—w—P1)—w_H(U y

0,1
1Yy

Su(X)— 5d(x)=(2T3)2M§NC(—i) g—: of the quark b_ilin_earZ(O) -~ (2), EQ. (2._1), or from the
equivalent definition where as the matrix element of the
10 QCD operator wheray and ¢ have been anticommuted,
XSF{ Ty Y8y —(2)- - - ¥(0) [24,25. Itis crucial that the ultraviolet regu-

larization of the effective low-energy theory does not destroy
% S(xMy— w—Pb) 1 } the property, Eq(3.35), as has been discussed extensively in
N wo—H(Ug) | the context of the isoscalar unpolarized and isovector polar-
(3.32 ized distributions in Ref424,25. A detailed investigation of

the conditions under which E¢3.35 holds in the case of the
In the above expressions vacuum subtraction is implied: i eisovector transversity distribution is presented in Sec. Il E
one should subtract the corresponding expressions in whicAnd the Appendix; here we shall simply take this property for
the Hamiltonian in the hedgehog pion field, E®.3), is granted. In particular, Eq3.35 can be read as saying that
replaced by the free HamiltoniatdE1).

Equations(3.31) and(3.32 serve as the basis for the ac- B

tual computation of the isovector distribution. An explicit ; (nf---m=- ; (nl---n). (336
expression, suitable for numerical calculations, can be de- occup nonoccup

rived by substituting in Eq(3.32) the spectral representation
of the quark Green function in the background pion field: This allows to write, instead of Ed3.34),
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2N:M 1+ %1
Ju(0)— 8d(0) = (2Ty)—— <n P Ly a0+ 5d(x)=—(283)2MNf d3xf dR ¢ s (R)
n
occup
X[OHI+ O EN(X,R S X) r s (R),
X 8(xMy—E,—P1) n> (3.37 (3.39
ONM L4 01 where
——@r)—" ¥ (2T
3 n 2 0'=%1)(X,R,S;x)
nonoccup N
) dz® 0 1+ 'yoyl
X y5y38(xMy—E,— PY) n>. (3.39 Z(—')ch 5 eriv Tf[ RIR——— 757’
; : . s X ZO 7z— X ; i—SaTa
All three representations of the isovector transversity distri- ’ id—H(Ug\ 2l
bution, Eqgs.(3.34), (3.37), and (3.38, are equivalent pro-
vided Eq.(3.395 holds. In all cases, the corresponding ex- 0-X (3.40
pressions for the antiquark distributions are obtained from id—HUgy| "’ A0, :o, '
those for the quark distributions by the substitution, Eq. o
(2.5). It is understood that one should subtract from Eqgs.
(3.34), (3.37), and(3.38) the corresponding sums over eigen- O' =X R,S;x)
states of the free Hamiltoniatd=1). 420 .
The expressiong3.37) and(3.38 can be used for numeri- =(—i)N f —Z XM ,0 Ty RTR<I_Sa7_a)
cal evaluation of the isovector distribution function; see Sec. °) 2w 2
IV B. In particular, we shall verify the equivalence of the two 0.1
. . . . 1+y7y
representations in the numerical calculations. _7573< 2°z—X
Isosinglet transversity distributiohe calculation of the 2
isosinglet transversity distribution is slightly more compli- 1
cated than that of the isovector one. In the isosinglet case a G o,_xH . (3.41)
nonzero result is obtained only after expanding the integrand 19 —H(Uq) A=-20, 7 =0

in Eq. (3.23 to first order in the angular velocitf2. As a
consequence this distribution is suppressed by a fachy 1/ N

relative to the isosinglet one, in agreement with the genergl .- ~ioc involve also the spin opera@rwhich arises

NC'COU”&'ZQ a_rgur_nenfts of_Sec. i B: b i el from replacing the angular velocity according to the “quan-
Quark distribution functions are given by matrix elementsy;, i rule,” Eq. (3.14).

of nonlocal operatorgquark bilinears at different space-time Note that in Eqs(3.40 and (3.41) the spin operators do
pointy. The ) expansion |°f matt)tlnx e'emﬁf‘tﬁ %f SUCZOperZTnot commute with the rotational matrices, so in principle one
tors pé)ses so_mel s:pegaﬂgpr.o ems, whic .ha\;]e elen 'Should be careful about their ordering. However, it turns out
cussed extensively in €i29] In connection with the calCu- 4t iy the case of interest here there is no ordering ambigu-
lation of the isovector unpolarized distribution. Terms of f'rStity By explicit calculation, using the methods described in

order in Q(t) arise from the first-order expansion of the pe¢ 9] “‘one can show that the commutator terms corre-
Green function in Eq(3.23, as well as from expansion of ¢,nding to the differences between different operator order-
the structure ings give zero contribution in the final resalt.
The integrals over rotational matrices in E§3.40 and
RT(x)T'R(y?), (3.41 are nothing but the average of the spin operator in the
rotational state:

ow the operators acting on the wave functions in collective

which is nonlocal in timé&. There are thus two types of con-
tributions to the distribution functions. For the isosinglet

transversity distribution the result obtained after expanding '€ absence of ordering ambiguities can be shown to be a gen
to first order inQ can be written agcf. Eq. (3.25] eral feature when computing N/-suppressed quantities, such as
R the isosinglet transversity distribution considered herdeauing

nonvanishing orderthat is, at level)!. Ordering ambiguities may
arise, however, when consideringNL/ corrections to quantities
2If one computed not the distribution function directly but its mo- which are nonzero already in leading order of thidéxpansion,
ments, the second type of contribution would arise from the prese.g., inQ contributions to the isovector transversity distribution or
ence of derivatives acting on the quark fields in the local twist-2to the isovector longitudinally polarized distribution. These difficul-
operators, which in the chiral quark-soliton model become timeties cause a violation of the partially conserved axial vector current
derivatives acting on the rotational matrices in E823. (PCAQ) relation and are the subject of ongoing investigations.
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x 3 1+9%
dR % 1 (RIS s 1 (R)=S3855. (3.2 = 3 (lRm) m =5y
Em=En
The further evaluation of the expressions proceeds largely in
analogy to the isovector case. Passing to the frequency rep- X 8" (Ep+P3—xMy) n> ] (3.46
resentation of the quark Green functidieé Eq. (3.29] and
making use of Eq(3.30, the contributions, Eqg3.40 and ) ) o
(3.41), become As in the case of the isovector distribution, one can show
that the sum oveall levelsn of the terms in braces in Eq.
[Su(x)+ sd(x)]@ (3.46) is zero(see Sec. Il E and the Appendjx
NeMy [ do _ [1+9%9" L B
- fz F{T%V S(xMy—w—P") 2 {}=0, (347
all
1 3 1
X o—H(U 3T e—AUy | (343  so that we can write E¢3.46) equivalently as
C C
N.M
[Su(x)+ 8d(x)]?) [Su(x)+ 6d(x)]M= °2| NSy (3.48
n
_Nc 0 [(do 31+ oyt 3 occup
_ﬂ(_l 5J'Z —  YsY
NcMy
1 - 2 {1} G4
X 6(XMy—w— Pl)w—H—(Ud)} (3.44 nonoccup

o Expressiong3.48 and(3.49, as well as Eq(3.45 together
0
The derivative inx in Eq. (3.44) results from the factor of with Egs. (3.37) and (3.38, will be used in the numerical

present in Eq(3.41. One notes that this contribution is, Up ¢5|cyation of the isosinglet transversity distribution in Sec.
to a factor, equal to the derivative inof the leading-order |, g

O(Q° result for the isovector transversity distribution, Eq.

(3.32: . o
D. Ultraviolet regularization
@ 3 4 leading The effective chiral theory used to describe the nucleon is
[8u(x)+8d(x)]*)=~ 5o Ny L OU(X) = 8d(x) = nonrenormalizable and understood to be defined with an ex-

(3.45 plicit ultraviolet cutoff. When calculating parton distributions
in this approach one must ensure that none of their essential

Substituting here Eq€3.37) or (3.39 one obtains a repre- Properties, such as positivity, sum rules, etc., are violated by
sentation of this contribution as a simple sum ofeacupied the ultraviolet regularization. For the isoscalar-unpolarized
or nonoccupie}jquark Sing|e_partic|e levels. For the contri- and isovector—polarized distributions this problem has been
bution (1), Eq(343' a representation as a double sum overStUdiEd in detail in Ref5[24,23 These distributions were
quark levels can be derived, following the steps outlined infound to contain ultraviolet divergences which require regu-
Appendix A of Ref.[29]. Again one substitutes the spectral larization, and it was shown that a possible regularization,
representations, E3.33, for the two quark propagators. A Preserving all important properties of the parton distribu-
subtle point is the occurrence of a double pole in the tions, is by way of a Pauli-Villars subtraction.

integra| for those terms where the energies in the two de- We now discuss the issue of ultraviolet regularization in
nominators coincide; see R4R9] for details. Assuming a the case of the transversity distributions. Our investigation
quasidiscrete spectrum of levels, as appropriate for numeric&Pnsists of two parts. First, we show that the expressions for
calculations using a finite box, and separating explicitly thethe transversity distributions in the effective low-energy
contributions of levels withE,,#E, and E,,=E, in the theory arein fapt ultraviolet flmte, and thus can in prmmple
double sum over levels andm one obtains a representation b& computed without an ultraviolet cutoff. Second, we inves-

of the isosinglet transversity distribution in the form tigate the role of ultraviolet regularization in the “locality”
conditions, Egs(3.35 and (3.47), which ensure the equiva-
[ Su(x)+ sd(x)]D lence of the representations of the transversity distributions
as sums over occupied and nonoccupied quark levels. In Sec.
~ NcMy E E 2 1 3 Il E we describe an interesting anomaly-type phenomenon
Y TR« 2 2 Em—En<n|T |m) found in these sums over quark levels, which takes the form
occup  nonoccup Em#E, of noncommutativity of the chiral limit and the limit of infi-
1401 nite ultraviolet cutoff.
5 < m #75735(En+ PL_xMy) n> _In order to investigate the dependence of the transversity
2 distributions calculated in the effective low-energy theory on
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the ultraviolet cutoff, we consider the formal limit of large at the heart of the anomaly-type phenomenon described in
soliton size, in which one can derive explicit expressions forSec. Il E and the Appendix, and we shall return to this point
the distributions as functionals of the classical pion field,there.

Uq(x) (gradient expansiorn 24,25. The gradient expansion The gradient expansion, Ed3.51), tells us that the
can immediately be derived from the representations of thésovector transversity distribution is ultraviolet finite: the
distribution functions as functional traces with the quarkintegral in Eq.(3.32 is convergent. Thus this distribution
Green function, Eq(3.32 in the isovector case and Egs. does not require the ultraviolet cutoff of the effective theory
(3.43 and(3.44) in the isoscalar case, if one substitutes anand can be computed in the limit of infinite cutoff. We fur-
approximate form of the quark Green function, appropriateher note that the gradient expansion result for the isovector
for small gradients of the classical pion fieM,Uy(x)<M distribution is real. By explicit calculation one can show that

(k=1,2,3): of f171(¢), Eq. (3.5 the real part is even, the imaginary
part odd in¢.
1 w+H(Uy) Isosinglet transversity distributiorin a similar way one

can derive the gradient expansion for the isosinglet transver-
sity distribution.(We do not quote the expressions hgfigne

1 gradient expansion shows that this distribution is finite in the
limit of large UV cutoff and does not require regularization.

o—H(Ua)  w2-H3(Uy)

0’ +VZ-=M?=iM(YUP

X (w—i ?’07kvk+ M 70UZ|5 E. Anomaly-type phenomenon in the tensor charge

The tensor charges and, more generally, the transversity
distributions show an interesting anomaly-type phenomenon,
which we shall discuss now. In addition to of being of gen-
eral interest, this anomaly has direct implications for our
x(w—iyoykvk+ M youzls . (3.50 procedure of calculating the transversity distributions in the
chiral quark-soliton model, as it is related to the equivalence

f the representations of the distributions as sums over occu-

Eied or nonoccupied quark levels, Eq8.37) and (3.38.
This is equivalent to the condition that the sum of the single-
particle matrix elements over all leve(ge., occupied and
nonoccupietlbe zero, Eq(3.35. A thorough understanding

1 “ol
22 iM(YUP

_w2+V2—M n=0 @2+ V2—M?

In this formal expansion increasing numbers of gradients o
Uy(x) come with increasing inverse powers @fand mo-
mentum, so that the leading ultraviolet divergenGésny)
of the distributions can be read off from the leading-order

gradient expansion. of this phenomenon is thus necessary for a reliable calcula-

isolvsggti(r:tt?;ntsgrsg/i(ta;st‘jlgtr?tlﬁtti)bnuifglfri]rsihr?oncv?rﬁsr?ifng;hceon tion of the distributions. In this section we illustrate the es-
A ; X “sential point nsidering the simplest f the isovec-
tribution in Eq.(3.32 comes from the term with=2 in the sential points by considering the simplest case of the isovec

. . . ) tor tensor charge; the corresponding calculation for the
expansion, Eq(3.50. Computing the resulting functional x-dependent distribution function presents only technical dif-

trace using a basjs of plane.—waye states one obtains tr}%ulties and is presented in the Appendix.

leading-order gradient expansion in the form Anomaly in the tensor chargét its most general, the
anomaly we are dealing with is a statement about the func-
tional trace of a chirally odd operator in the space of quark
single-particle wave functions in a chiral background field.
Let us consider the following functional trace:

[out) - 5192 [~ dgeltinari=ig)

N.MM (1 a S 2 yei o , (3.52
Flm1(g) = N3 J’ daJ d,Bf 42 H 7ol ook 5]
A48m= Jo 0 which appears in the expression for the tensor charge. Na-
Xtry{Uq(z— aées) ively this trace would be zero because the corresponding
: ) matrix traces in flavor and spin spaces are zero. However,
X[diUg(z— Bé3) [ 9;Uc(2)] 7} actually we deal here with an uncertainty of the typec0To

resolve this uncertainty one has to introduce a regularization.

i2) skl 1ij sk2
X[(e67+&™6™) We choose here for illustrative purposes to regularize the

Fi(eligkt— gi2i k)], trace(3.52 in the following way:
. . . Y
(3.5 SF[TaYOWOk?’s]reg: lim SH 7 ygi ooxyse” 1.
e—0
We note that in deriving this result we have assumed that the (3.53

classical pion field drops faster thanr4/for r—o. This

behavior is required in order to be able to drop certain surHere

face terms involving the pion field at=, which arise from

terms in Eq.(3.50 with n=0 and 1. Such contributions are H2(U)=—V2+M2+iM (YU ) (3.59

034013-10



TRANSVERSITY DISTRIBUTIONS IN THE NUCLEON . .. PHYSICAL REVIEW D54 034013

is the Hamiltonian squared of the chiral quark-soliton model. M, D>1. (3.59

In the limit of small e the expression on the RHS of Eq.

(3.53 can be computed analytically with the help of a semi-The limit M_— 0 is then taken at the very end of the calcu-

classical expansion. The leading contribution has the followiation by extrapolation of the numerical data. A measure of

ing form: the successful elimination of the “anomaly” in the numerical
calculations is the equivalence of the results obtained sum-

. ) ) iM ming over occupied and nonoccupied states. In the actual

lim SH 7% yoi ook yse™ ! ]22 J_f d*x gy tr[ 72U ()] calculations we have used values Mif, of the order of

0 TNTE (355 (0.3-0.6M and a box radius of 20 . For these param-

eters we observed equivalence of summing over occupied
We see that the trad@.53 is linearly divergent provided the 2nd nonoccupied states at the level+2%.

chiral field U(x) falls off not too rapidly at spatial infinity.

For the soliton solution in the chiral limit the chiral field IV. RESULTS

behaves at the spatial infinity &Kx) — 1~x27%/|x|*, which
leads to a nonzero coefficient in front of the linear diver- _ _ _ S
gence 1/e. The corresponding coefficient can be computed I_-|avm_g derived th.e expressions for the transversity distri-
in terms of axial charge of the nucleg keeping in mind butions in the effective low-energy theory, we now proceed

the asymptotics of the soliton solution in the chiral limit: {0 compute the distributions and discuss their properties. Be-
fore turning to the numerical evaluation of the expressions it

is instructive to compare the expressions for the transversity

A. Transversity vs longitudinally polarized distributions

a_a
Ux)~1-— 3ga X7 . (3.56 quark and antiquark distributions with those of the corre-
877':37 |x[2 sponding longitudinally polarized distributions at a qualita-
tive level. In Sec. IV B we shall then compare the numerical
The result has the form results.
Since the nucleon’s axial and tensor charges are the same
H2 gaM in the nonrelativistic quark model, it is generally thought that

Iim0 SH P yoiookyse € ]:mésﬁ- (357 gifferences between the two distributions are a measure of
e m “relativistic effects” in the nucleon. The chiral-quark soliton

Note, however, that in the case of nonzero quark massé odel, which is a fully relativistic description of the nucleon,

(however small they ayehe linear divergence and hence the Offers the unique possibility to study “relativistic effects” in
anomaly are zero. For calculations in a finite volume th
condition for the absence of the anomalyNk_ X box size
>1. When computing the tensor char@e the transversity
distribution by summing over quark levels in a finite vol-
ume, in the strict chiral limit one would find that the sum-
mation over occupied levels, E¢3.37), and nonoccupied
levels, Eq.(3.38, does not give equivalent results; rather, the
difference diverges linearly with the ultraviolet cutoff. This

the quark and antiquark distributions in a controlled way.
®rhe relevant parameter here is the “soliton size,” i.e., the
radius of the classical pion field of the nucleon. Although in
reality the soliton size is determined by the minimization of
the classical energy, E3.6), it is instructive to regard it as
a parameter and to study the dependence of quantities such
as the quark and antiquark distribution functions ofb#].
For small soliton sizes the bound-state level of quarks be-
S . . . comes weakly bound, and the lower Dirac components in its
is indeed what we observe in the numerical calculations. : AT
wave function become small. It was shown that in this limit

Elimination of the anomaly in the numerical calculations. ; .
. . . : nucleon matrix elements of a variety of local operators tend
In the numerical calculations, which are based on diagonal-

ization of the Dirac Hamiltonian in a finite box, it is impor- to their_corresponding values in the nonrelativistic quark

tant to eliminate the “anomaly,” Eq(3.57. A way to do this model [58]. On the other hand, in the limit of large sphton
) . . . . . sizes the bound-state level approaches the negative con-
is to modify the soliton profile at large distances in a way

. : tinuum, and one may perform an expansion of nucleon ma-
that it vanishes faster thanr#/ For example, one may use a y P b

o . I : . trix elements in inverse soliton size, which technically is
modified version of the variational profile suggested in Ref. . L . ; S
obtained by expanding in gradients of the classical pion field

[26], (gradient expansignin this limit this picture of the nucleon
2 shows many similarities with the Skyrme model. In this
Py (N=-2 arcta{r_o(lJr M _r)exp(— M r) sense one may say that the chiral quark-soliton model inter-
i r? " 0 polates between the nonrelativistic quark model and a

(3.59  Skyrme soliton picture of the nucleon.

The quark model limit (small soliton sizd).is thus inter-
wherer,~1.0M ! is the usual soliton size parameter. For esting to study the transversity and longitudinally polarized
M ,# 0 this profile decays exponentially at largewhile for  distributions in dependence on the soliton size. Consider first
smallr it differs only very little from the massless profile. the isovector distributions, which are leading in th&Nl1/
The “anomaly,” Eq. (3.57), can then be made arbitrarily expansion and both given by simple sums over quark single-
small by choosing the radius of the box used in the numericaparticle levels; see E¢3.37) and Ref[24]. For small soliton
calculation,D, sulfficiently large so that size the contributions due to the polarized Dirac continuum
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become negligible, and both sums are dominated by the comlisappears in the negative-energy Dirac continuum. In this

tribution from of the bound-state level: limit functions of the soliton field can be computed by ex-
panding in gradients of the pion field, more precisely in the
[8u(x) = 6d(X) Jiey parameterdU/M. The techniques for deriving the gradient
[Au(X)—Ad(X)]jey expansion of quark and antiquark distributions have been
developed in Ref§24,25. For the isovector transversity dis-
2NMy [ d3k + tribution the result of the leading-order gradient expansion
=(2Ty) 3 J (2m)3 iev(K) has been given in Eq3.51). The corresponding expression
m for the isovector longitudinally polarized distribution has
R ) been derived in Ref24],*
T YsY O(XMy—Ep—k?)
X 14993 Prek). AUCO—Ad()|  F2My (= dE cosMyéx [
(=)= ¥55(XMy—E~K°) N—J ——f d’y
2 Au(x)—Ad(x) 3 J-=2m &
4.9 Xt 7~ ) Ua(y+Ee) U],
Evaluating this contribution using the explicit form of the (4.9

bound-state level wave functid26] one finds[24,34]

whereF . is the pion decay constant:
[Su(x) = 6d(X) Jiey

NeMy (= dk XMy—Ejey| 2 4 2 2
-~ —[h(k)—j(k)—“k '] @2 Frman, [

- 4N
3 XMN_EleV‘Zk ™ (277)4 (M2+ k2)2 M%V c
[Au(x) = Ad(X) Jiev XJ d*k M3y
4 2 2\2
_NcMNJ"“ dk h2(k) + 2(XMN—E|ev)2 L (2m)* (Mpyt+Kk9)
3 |XMN_EIev|2k k2 NCMZ M%V
= 5 Iog—2 . (4.5
2 (XMN_EIev) . v M
XJ2(K) = 2= h(Kj (K) (4.3

(In the last line we have given the result in the case when the

whereh(k) andj(k) are the Fourier transforms of the radial logarithmic divergence of the integral is regularized by a
wave functions corresponding to the upper and lower comPauli-Villars _subtra(_:tlc_)r). Comparlng the two expressions
ponents of the Dirac spinor wave functiésee Appendix B We see that in the limit of ,—o (ro is the parameter char-

of Ref. [24] for detaily. From the Dirac equation in the acterizing the sqhton sizaghe isovector transversity phst(lbu—
hedgehog pion field it follows that in the limit of small soli- tion, Eq.(3.51), is suppressed relative to the longitudinally
ton size the lower Dirac component of the level wave func-Polarized one, Eq4.4), by a factor of 1/Mr,). Thus we see
tion becomes smali,(k)— 0, so that the bound state effec- that in t_hls limit the .tw.o distributions behav_e differently a; a
tively becomes nonrelativistic. One sees that in this case thgualitative level. This is not unexpected, since, as explained
expressions for the isovector transversity and longitudinally20ove, the limit of large soliton size can be regarded as the
polarized distributions coincide. opposite of the_ nonrelatmst!c limit. _ _

In a similar way one may investigate the limit of small N the previous calculation of the isovector polarized
soliton size in the isoscalar polarized distributions. This isduark distributions in the chiral quark-soliton mode#,25
slightly more complicated, as these distributions are given byt Was observed that the gradient expansion expression, when
double sums over quark levels. Consider the representatigiv@luated at the the physical soliton size, gives a fairly real-
of the isoscalar distribution in the form of a spectral integral,iStic description of the isovector polarizestiquark distri-
Egs. (3.43 and (3.44. One can show that in the limit of but_lon. (The quark gllstnbunon,_ in contrast_, is poorly de-
small soliton size the dominant contribution is the sum ofScribed by the gradient expansion expressithe same can
two contributions which one obtains by replacing one of theP€ expected to apply to the isovector transversity distribu-
propagators in Eq(3.43 by the pole associated with the tion. If this is so, it |_mpI|es that'we 'should expect the isovec-
bound-state levellev)(lev|/(w— Ejs), the other one by the tor transver_sny antl_qua_rk dlstrlbut_lon to be s_maller than th_e
free propagator 14—M). In this way one can show that corresponding longitudinally polarized one, since the latter is
also in the isoscalar case the transversity and longitudinally
polarized contributions tend to the same function in the

“quark model” _Iimit.. . _ . “The isovector longitudinally polarized quark and antiquark dis-
The “Skyrmion” limit (large soliton size)ln the formal  tributions coincide only in the hypothetical limit of large soliton
limit of large soliton size the bound-state level of quarkssize. For finite soliton sizes they are, of course, different.
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parametrically suppressed in the soliton size. This expecta- In the calculation of quark and antiquark distributions in
tion is indeed borne out by the numerical results, as will bethe chiral quark-soliton model an additional complication
shown in Sec. IV B. arises due to the fact that the relevant single-particle opera-
The behavior of the isosinglet polarized distribution in thetors are discontinuous functions of the single-particle mo-
limit of large soliton size can also be studied using gradieninentum and energy operators, which leads to problems when
expansion. The gradient expansion is readily derived fronperforming the sums over of quark levels in a discrete basis.
the spectral representation of the distribution functions, EqSt was shown in Ref[25] that this problem can easily be
(3.43 and(3.44), by formally expanding the quark propaga- circumvented by applying Gaussian smearing in the variable
tors in powers of derivatives of the pion field, as discussed i to expressions for the distribution functions. We shall apply

Sec. I D; cf. Eq.(3.50. We shall not quote the lengthy this method here, using a smearing widthef 0.1; see Ref.
expressions here. Rather, we shall discuss the properties pfs) for details.

these distributions at the hands of the exact numerical results |n the numerical calculations we have used the soliton

in Sec. IVB. profile determined in a self-consistent minimization of the
soliton energy calculated with a Pauli-Villars cutd®6]. In
the case of the isosinglet unpolarized distribution this choice
of profile, combined with a corresponding Pauli-Villars regu-
We now turn to the numerical evaluation of the transver-larization of the distribution functions, allowed us to pre-
sity distributions in the chiral quark-soliton model. The nu- serve the momentum sum rule for the flavor-singlet quark
merical calculations are based on the expressions of thelus antiquark distributions. In the case of the transversity
transversity quark and antiquark distributions as sums ovedistributions, as shown in Sec. lll D, the expressions for the
quark levels in the classical pion field of the soliton, Eq.distribution functions are ultraviolet finite, and there are no
(3.39 for the isovector and Eq3.46) for the isosinglet dis- sum rules linking them to any quantity requiring regulariza-
tribution. In fact, in the actual calculations we prefer to usetion. For reasons of consistency in the choice of model pa-
the representations of the distributions as sums over eithgameters we compute also these distributions with the soliton
occupied or nonoccupied levels, E¢8.37) and (3.38), viz. profile, nucleon mass, and moment of inertia, calculated with
Egs. (3.48 and (3.49; a check of the equivalence of the the Pauli-Villars regularization of Ref56].
summation over occupied or nonoccupied states offers a very Although the transversity distributions are ultraviolet fi-
powerful check of the numerical procedure. nite, numerical calculations require that we first evaluate the
Numerical methodThe numerical method for evaluating sums over levels, Eq93.34 and (3.46), applying some
the sums over single-particle quark levels has been describestinooth cutoff for levels with large energies, which at the end
in Ref.[25]; see also Ref.29]. The spectrum of quark levels of the calculation is removed by extrapolation to infinity.
is made quasidiscrete by placing the soliton in a sphericalVhen performing the numerical calculations in a finite-size
three-dimensional box, imposing so-called Kahana-Ripkdox, it is important to take into account the “anomaly-type”
boundary conditiong59]. The eigenvalues and eigenfunc- phenomenon, described in detail in the Appendix. The nature
tions of the Dirac Hamiltonian in the background pion field of this phenomenon is noncommutativity between the limit
are then found by numerical diagonalization, using the eigenef infinite energy cutoff and the chiral limit. In the strict
states of the free Hamiltonia(zero pion field as a basis. chiral limit, where the soliton profile falls off likeP(r)
One can then compute the sum over quark levels, using the 1/r2 for r—c, the sums over occupied and nonoccupied
fact that the matrix elements of the single-particle operatorgjuark levels would no longer be equivalent. For this reason it
appearing in Eqs(3.34) and(3.46 between the basis states is essential to perform the numerical calculations in the box
are either known or can easily be computed numeridalye  with a soliton profile of finite range—for example, with a
Ref. [25] for details. profile falling off as expt-M,r)/r for r—o, whereM . is a
Since the Hamiltonian is invariant under combined spin-parameter (not necessarily equal to the physical pion
isospin rotations and the basis states are eigenstates of thesg—and extrapolate td1,,—0 at the end. The condition
sum of the total angular momentum and isospin, it is advanwhich must be satisfied for a proper calculation in a finite
tageous to convert the expressions for the distribution funcbox isM D> 1, whereD is the box radiugsee the Appen-
tions, Eqs(3.34) and(3.46), to a spherically symmetric form dix). If this condition is satisfied, one observes the equiva-
before performing the sums over levels. In this way oneence of the results of the summation over occupied and non-
greatly reduces the number of nonzero matrix elements abccupied states in the numerical calculations. In the actual
the relevant single-particle operators between basis statesalculations we have used a box sizedf (20—30M !
This symmetrization is achieved by replacing in E(&34) and values oM . in the range (0.3-0.6).
and (3.46) the one- and three-vector components of the mo- Numerical resultsThe numerical results for the isovector
mentum operator, gamma matrices, and isospin matrices, hyansversity distributions are shown in the upper plot of Fig.
components along two orthogonal three-dimensional unifl. It is interesting to first compare the relative contributions
vectorsn andm, and averaging over their orientations, with of the bound-state levébdashed lingand of the Dirac con-
the constrainh- m=0. The matrix elements of the resulting tinuum (dotted ling of quarks to the quark and antiquark
“spherically symmetric” single-particle operators between distributions. Figure 1 shows that the bound-state level gives
basis states of angular momentum plus isospin can then eathe numerically dominant contribution to both the quark and
ily be computed. antiquark transversity distributions. This is in agreement with

B. Numerical results
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FIG. 1. The isovectoftop) and isoscalafbotton) transversity 0 \

quark and antiquark distributions obtained from the chiral quark-
soliton model. The functions shown here repregeit+ 5d](x) at
x>0 and—[du= &d](—x) atx<0. Dashed lines: contributions of x [Su + 8d] ()
the bound-state level. Dotted lines: contributions of the Dirac con- — —
tinuum. Solid lines: total resultésums of bound-state level and 0.6 5 ' © 1
Dirac continuun. |

0 05 x 1

the observation that the isovector distribution is suppressed 04T 1
in gradient expansion, since the gradient expansion expres-
sion may be regarded as an estimate of the Dirac continuum 02 ]
contribution. Our results justify the approximation made by [ ]
some of us in Ref[34], where only the level contribution to 0 ———
the isovector transversity distributions was retained. Figure 2 I TN
(right column shows the isovector quark and antiquark dis- 0 0.5 x 1
tributions multiplied byx. The antiquark distributions are

shown separately in Fig. 3. Note that our approach predicts a x [Au + Ad] (x)

definite sign for the isovector antiquark distributiofy(x) 06 F !

—0d(x)<0. In the numerical calculation at the physical
soliton radius this happens because of the dominance of the
level contribution, which has a positive sign; see Fig. 1. The
gradient expansion, E@3.51), which becomes exact in the
limit of large soliton size, also predicts a negative sign of

Su(x)—ad(x). As it is insensitive to the soliton size, the
sign of the isovector antiquark distribution can be taken as a
robust prediction of this model.

The different contributions to the isoscalar transversity 0 0.5 x 1
distribution are shown in the lower plot of Fig. 1. One sees

that in the isoscalar case the dominance of the level contri-, | '<: 2+ The total isovecto),(b) and isoscalatc),(d) transver-
sity and longitudinally polarized quark and antiquark distributions,

butlpn IS eyen mqre pronounqed than.m t.he |.sovect0r case. | ultiplied by x. Shown are the total resultsum of level and con-
particular, in the isoscalar antiquark distribution the level and;, contributiony corresponding to the solid lines in Fig. 1.

contlnuum Com“b%ﬂ'o_”s ‘fi” but cancel, leaving the total isoS-g g jines: quark distributions. Dashed lines: antiquark distribu-

calar antiquark distribution to be much smaller than the;gns

quark distribution(by a factor of the order of 1-210 2,

the precise value depending @i the transversity distributions with those of the longitudinally
Comparing with the longitudinally polarized distribu- polarized distribution$38,39, which are shown in the right

tions. It is interesting to compare the numerical results forcolumn of Fig. 2. One notices that, generally speaking, the

(d ]
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isovector Comparing the transversity and longitudinally polarized

0.1 ————1———r antiquark distributions we see that they are very different.

[ Fa\ @) | This is in accordance with the fact that the two isovector
[ \ 1 distributions appear in different orders of the gradient expan-
00s M \ i sion; see Sec. Il D. It would thus not be useful to param-
:" \\ ] etrize their ratio, the more since the standard parametriza-
] o : tions for the longitudinally polarized distributions exhibit
[ ——] large differences in the polarized antiquark distributidns.
W ] When computing observables one should rather use the re-
- 1 sults for these distributions directly.
005 Lo L] Results for tensor charge$he tensor charges can be ob-

0 0.5 1 tained by integrating the numerical results for the transver-
sity distributions or directly by computing the matrix ele-

isoscalar ments of the local chiral-odd operators, E@.7); both

0.02 ————1———— calculations give identical results. Our numerical results for
) the isovector and isoscalar tensor charges are

su—8d=1.06, (4.8

0 = Su+ 8d=0.63. (4.9

Ly / . These numbers refer to the low normalization point of
e ] O(600 MeV); however, the scale dependence of these quan-
002 b tities is known to be weak. Our results are consistent with
0 05 1 those of previous calculations in the chiral quark-soliton
model [47], which were based on a different type of ultra-
FIG. 3. The transversity and longitudinally polarized antiquark Violet regularization(proper time regularization Further-
distributions; see Fig. 2. Top: isovector distributiongsu ~ More, we observe a good agreement with the QCD sum rule
_sd1(x) and x[AU—Ad](x). Bottom: isoscalar distributions calculations of Refd.43,46 and with the lattice estimates of

X[ su+8d](x) and x[ Au+Ad](x). Solid lines: transversity anti- Ref.[44]. . . o
SRR e - . . Discussion of previous calculations of transversity distri-
quark distributions. Dashed lines: longitudinally polarized antiquark, - ; - . .
distributions. b_uthns in the chiral quark-soliton moderhe transversity
distributions have been computed by Gambetal. in a
quark distributions are of similar shape, although of differentdescrlptlon of the nucleon as a chiral soliton of the Nambu-

: ; ) -Lasini 42], which is | I ival h
magnitude. The ratios of the numerical results for the trans‘—]Ona asinio mode}42], which is largely equivalent to the

. o . o chiral quark-soliton model, and by Wakamatsu and Kubota
versity to the longitudinally polarized quark distributions are[27] in the same aporoach as the one used here. In the cal-
well described by the forms bp '

culation of Ref.[42] only the contribution of the discrete
su(x)— 8d(x) bound—sta@e Ie_vel was t.aken in.to account. It is known that in
m~1.2s, (4.6 general this simplification, which is not warranted by any
parametric limit of the model, leads to a number of inconsis-

tencies(e.qg., the positivity of the isoscalar unpolarized anti-
ou(x) + od(x) quark distribution is violated as has been discussed in detail
mwz'o_ L. R Refs.[24,25. In the transversity quark distributions it so
happens that the contributions from the Dirac continuum of
quarks are numerically small, as shown by the results of our
(9alculation in Fig. 1. In the antiquark distributions, however,
the continuum contributions are seen to be numerically im-
portant.

In Ref. [27] a calculation of the transversity distribution

These fits apply for values of>0.1. (Note that our model,

at the present level of approximation, cannot be applied t

study the smalk behavior of the parton distributions at the

low scale. Anyway, it is the intermediate- and largesgions

of the distributions at the low scale of the model which de- . : . X

termine the behavior of the distributions in the smalle- Va3 .pre.sen.ted including alsoN/ corrections to the ISovec-
or distribution, su(x) — éd(x). As was noted also in Ref.

gion at experimentally relevant scales due to perturbativ% . . . S
evolution) Note that this parametrization is a purely numeri- 42], these corrections are afflicted by ordering ambiguities

cal fit. We find it useful to represent the results in this way,Of the collective operators, and it is not clear if the ordering

since we believe the ratios of distributions to be less model

dependent than the distributions themselves. In our estimates

of spin asymmetries in Sec. V we shall use these ratios, °The flavor asymmetry of the polarized antiquark distributions,
together with a parametrization of the longitudinally polar- Au—Ad, was assumed to be zero in most parametrizations, e.g.,
ized distributions obtained from fits to inclusive DIS data. [3].
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adopted in Refl27] is correct. Short of a satisfactory answer quarks
to these questions we have chosen to limit ourselves to the —_— —_—
contributions appearing in the lowest nonvanishing order of I @ |
1/N.. A detailed investigation of the M. corrections will be
reported elsewhere.

An important difference of our results to those of Ref.
[27] concerns the ultraviolet regularization. In RE27] the
Dirac continuum contributions to all distributions was sub-
jected to a Pauli-Villars subtraction, although our analysis
shows that these quantities are ultraviolet finite and do not
require regularization. In contrast, we have left these distri-
butions unregularized. A more detailed comparison with the
results of Ref[27] is, unfortunately, not possible, since it is
not clear how the anomaly-type phenomenon discovered in antiquarks
our calculation(see Sec. lll E affects the results of Ref. ——

. - . 02 | E
[27], where the equivalence of the summation over occupied I (b) |
and nonoccupied levels in the final results was not convinc-
ingly established.

C. Inequalities in the largeN. limit

The formal limit of largeN. allows one to derive certain
positivity bounds for the transversity distributions, as well as
generalizations of the Soffer inequalities, which are stronger
than those which hold in QCD &t.=3 [40]. It is interesting

to check if these inequalities are satisfied by the results of the X
numerical calculations. FIG. 4. The largeN, improved positivity bounds for quark dis-
In Ref.[34] the following positivity constraints were de- tribution functions, Eqs(4.10 and (4.11), for the quark(left) and
rived in the largeN. limit of QCD: antiquark distributiongright). Solid lines:x[u+d](x)/3. Dashed
lines: |x[ su— 8d](x)|. Dotted linesx[ Au—Ad](x).
u(x)+d(x)> A Ad 41
3 >|Au(x) ), (4.10 Similar is the situation with the “larg&. version” of the
Soffer inequalities. In Ref[40] the following largeN, in-
equalities were proved:
u(x)+d(x)
T2|5U(X)—5d(X)|, (411) 1 U(X)+d(X)

+ (Au(x)— Ad(x)) [=] du(x) — 8d(x)|.

4.1
and similarly for the corresponding antiquark distributions. 12
In the chiral quark-soliton model the second inequality isin Fig. 5 we plot the LHS and RHS of this inequality, as
trivially satisfied in the limit of large ultraviolet cutoff, since obtained in the model calculation in the laryg-limit. The
the isoscalar unpolarized distribution is logarithmically di- same caveats concerning the ultraviolet regularization apply
vergent, while the transversity distributions are finite. Foras in the case of the positivity conditions discussed above. As
finite cutoff, however, the inequalities could in principle be we can see, the model results satisfy the inequality within the
violated by the ultraviolet regularization. In Fig. 4 we have expected accuracy.
plotted the results for both the LHS and RHS in the chiral
guark-soliton model(The isoscalar unpolarized distribut.ion V. TRANSVERSE SPIN ASYMMETRIES IN POLARIZED
has been taken from RE[EG.]..) One sees that the numerical . DRELL-YAN PAIR PRODUCTION
results respect the inequalities, for both the quark and anti-
quark distributions, to a very good extent. The small numeri- With the numerical results for the transversity quark and
cal violation should be attributed to the ultraviolet regular-antiquark distributions we can proceed to make predictions
ization. It is interesting that for the quarks we observefor observables which would allow us to extract these distri-
saturation of the inequality for the transversity distribution,butions from experiment. As explained in the Introduction,
while the longitudinally polarized distribution is smaller than the transversity distributions cannot be measured in inclusive
its bound, while for antiquarks the situation is opposite: TheDIS at leading-twist level. In semi-inclusive DIS they enter
longitudinally polarized distribution saturates the inequality,together with chirally odd fragmentation functions, which,
and the transversity distribution falls short of its bound. Thistoo, are essentially unknown quantit{dg. The cleanest way
qualitative behavior could be a useful guideline for param-+o measure the transversity distribution at leading-twist level
etrizing the distributions in analysis of experimental data. seems to be Drell-YafDY) pair production in scattering of

2 3
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where the sum runs over all species of light quarks and an-

tiquarks in the two nucleond,={u,u,d,d, ...}. The rel-
evant scale here for the parton distribution functions is the
virtuality of the photon,M?2. Note that this asymmetry is
sensitive to the antiquark distributions. We neglect strange
quark contributions here; since they always enter in the form
of a product of a strange quark with a strange antiquark
distribution, they can be expected to be very small.

In the case of DY pair production ipﬁ rather thanpp
collisions, using charge conjugatidit;,(X) = 6qs;,(X) and
dt/p(X)=dg/p(X), the above expression changes to

_ > efouy(x, M?) 80 (xz, M?)
ARR(y;s,M?)= . (5.2
2. €7a;0x,M?)as(x2,M?)

The transverse spin asymmetry, E¢s.1) and (5.2), re-
quires the quark and antiquark distributions of the individual

quark flavorséu(x), 6d(x), du(x), and 8d(x). In our ap-
I ] proach, based on the lard&- limit, we have computed the
AN T isovector  distribution [ Su(x)— &d(x),du(x)— &d(x)],
0 ' "";5' — ) which appears in leading order of theNl/expansion, and
’ X the isoscalaf su(x) + 6d(x), du(x) + 6d(x) ], which appears
in next-to-leading order, both in the lowest nonvanishing or-

FIG. 5. The largeN. improved Soffer bound for the quaftleft) der of 1IN.. From these results one should not, strictly
and antiquark(right) distributions. Dashed line$x[ su— 8d](x)|. speaking, recover the distribution of the individual flavors by
Solid lines: the largeN. Soffer bound {x[u+d](x)/3+x[Au  adding and subtracting the isovector and isosinglet combina-
—Ad](x)}/2. The small violation is due to the ultraviolet regular- tion, since there can be N{/ corrections to the isovector
ization; see the discussion in the main text. distribution, of the same order inN/ as the isosinglet dis-

. tribution, which are not included. SuchN{ corrections
transversely polarizegdp or pp. We shall therefore concen- were studied in Ref.27]; however, we did not compute them
trate on this process here. here but rather take a pragmatic stand. We directly recon-

The cross section for DY pair production is a function of struct the individual flavor distributions from the results of
the center-of-mass energy of the incoming prot®s(p;  the model calculations. For the quark transversity distribu-
+p,)?, and of the invariant mass of the produced lepton pairfions we take the model result for the ratios of transversity to
M?2=(k;+k,)?, which is equal to the virtuality of the ex- longitudinally polarized distributions, Eq$4.6) and (4.7),
changed photon and whekg,, are the momenta of the de- together with the Glck-Reya-Stratmann-Vogelsang 1995
tected leptons. At the partonic level this process is describeti3RSV 95 LO distribution for the longitudinally polarized
by the annihilation of a quark and an antiquark originatingdistributions. For the antiquark transversity distributions we
from the two protons, carrying, respectively, longitudinal neglect the contribution of the isoscalar distribution as it is
momentax;p; and x,p,.° The momentum fractions are much smaller than the isovector ofeee Figs. 1 and)2
given by x;,=(Q%s)Ye*Y with rapidity y=2In[p;(k In order to get an impression of the dependence of the
+ko)/po(k;+ky)]. We consider the case that the two protonsprediction for the transverse spin asymmetries on the choice
are transversely polarized relative to the beam direction. 19f transversity distributions we compare the above results
leading-order QCD the transverse spin asymmetry of the DWith the asymmetries calculated under the assumption that
cross section is given by 59(x)=Aq(x),5q(x)=Aq(x), using again the GRSV 95
parametrization foAq(x) andAq(x). (This choice, which is
consistent with the Soffer inequalities, has frequently been
made in the literaturgs,62].)

The transverse spin asymmetries obtained with the two
“scenarios” for the transversity distributions are shown in
Fig. 6 and 7. One sees that the differences ingpeasym-
metries are quite sizable, in particular in the region of small
rapidities. Note, however, that these observables depend very

SFor questions concerning the reconstruction of the partonic initiasensitively on the small antiquark distributions, which may
state from the event data, see, e.g., RE§6,61. be affected by M. corrections. Even greater differences are

Z 250X ,M?) 507(x2,M?)
ARPR(y:5,M?) = , (5.0)
Z €2q1(x1, M) qi(x2,M?)
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) ) . FIG. 7. The transverse spin asymmetd#, Eq. (5.2), in colli-

. FIG. 6. The transverse_spln asymme_@ryT, Eq_. (5.2), |n.co|||- __sions of transversely polarized protons and antiprotons. The solid
sions of transversely polarized protons, in two different klnemaucaland dashed lines correspond to the cases described in Fig. 6.
regions:s= (40 GeVY, M?=(5 GeVY (left) ands= (500 GeVY,

M2=(25 GeVY (right). Solid lines: asymmetries calculated with o _ _

the quark and antiquark distributions computed in the chiral quarkbased on the larghk, limit. Let us briefly summarize the

soliton model; cf. Fig. 2. For the quark distributions we used themain qualitative conclusions.

calculated ratios of transversity to longitudinally polarized distribu- Comparing the transversity and longitudinally polarized

tions, Eqgs(4.6) and(4.7), together with the GRSV 95 parametriza- distributions, we found that, generally speaking, the quark

tions[3] for [Au—Ad](x) and[Au+ Ad](x). Dashed lines: asym- distributions(both isovector and isoscajaare comparable in

metries obtained assuming thég(x)=Agq(x) and 8q(x)=Agq(x) magnitude. The corresponding antiquark distributions, on the

(q=u,d), using the GRSV 95 parametrizatiof] for Aq(x) and  contrary, are very different. Appealing to the gradient expan-

Aq(x). sion, which, as we saw, gives a realistic numerical descrip-
tion of the antiquark distributions, we were able to explain

. . — . the smallness of the isovector transversity antiquark distribu-
seen in the asymmetries fpip reactions. Here the asymme- yjon relative to its longitudinally polarized counterpart on

tries are dominated by the products of quark distributions i'brounds of the constraints imposed on the low-energy effec-
the_proton, while_ t.he contribgtions from the antiquark distri- je dynamics by chiral symmetry. A measurement of the

butions are negligible. The differences between the asymmeransyersity antiquark distributions would thus be a sensitive
tries calculated with our model distributions and those withiast of the role of chiral symmetry in determining the parton

oq(x)=Aq(x) essentially reflect the numerical enhancementyistriputions of the nucleon at a low scéle.

of the transversity quark distributions over the longitudinally  The strong differences between the longitudinally and

polarized ones found in the model calculations; cf. E4%)  yransversity antiquark distributions should be taken into ac-
and(4.7). To summarize, we find that our model distributions

result in significant deviations from what is obtained with
that approximatior{63—63. Unfortunately, recent studies, _ , ) ) )
taking into account the limited detector acceptance, suggest AlS0, it would be interesting to see if the the differences between
that measurements at RHIC are unlikely to be able to dislhe longitudinally and transversity antiquark distributions can quali-
criminate between the two scenari@s]. tatively be understood in the popular “pion cloud” picture, which is
widely used to explain the flavor asymmetry of the unpolarized
antiquark distributionsu—d. We stress that that model is not re-
VI. CONCLUSIONS lated to the largeN, approach employed in this work; see Refs.
[32,67] for a critical discussion. The issue of polarization of the
In this paper we have studied the transversity quark an@ntiquark distributions in the “pion cloud” model has recently been
antiquark distributions in a dynamical model of the nucleondiscussed in Ref.32].
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count when making predictions for observables sensitive tavritten as an integral over a continuous energy variabla
the antiquark distributions. Our estimates show that thesthe fornf
differences have a noticeable effect, e.g., on the spin asym- £ o
metries in polarized Drell-Yan pair production. It remains to [Su(x)— 5d(x)]0ccup:f lev do p(o), (AD)
be seen if these asymmetries can be measured to an accuracy
that would allow one to discriminate between the different
predictions[66].

Also, we have verified that the quark-antiquark distribu-
tions obtained in the chiral quark-soliton model satisfy the

where the integrang(w) is defined by the functional trace
of the quark “density of states,5(w—H), with the relevant
single-particle operator

Soffer inequalities, as well as the lartg-inequalities de- 2NMy

rived in Ref.[40]. Since these relations could in principle be plw)= 3 S;{ S(w—H)8(w+P3—xMy)
violated by the ultraviolet cutoff required in the model cal-

culation, their fulfillment should be seen as another piece of 1+ %3 511

evidence in favor of the Pauli-Villars regularization scheme XTY YT } (A2)

adopted herg24,25,58.

We have noted a curious anomaly-type phenomenon ifdere,P' denotes the single-particle three-momentum opera-
the tensor charge and the transversity distribution functiongor andH the Dirac Hamiltonian, Eq(3.5). Similarly, the
Here we have described this phenomenon using the languagepresentation of the distribution as a sum over nonoccupied
of sums over quark single-particle levels in the backgroundjuark levels, Eq(3.38, can be written in the form
pion field specific to our largél, picture of the nucleon. It is .

ossible, however, that the anomaly described here has _ —_
%eaning also outside of the context ofythis model. To clarify [8u(x) = 5d00) Jnonocous f o dop(w). (A3)
this one should see if the observations made here could be _ ) )
stated in a more general, field-theoretic language. The anal-he difference between the two representations is thus given
ogy with the Fujikawa formulation of the () anomaly{57], ~ @s an integral oveall energies:
\;V?Jc;se(?ufllzlgiégﬁﬁztlcal description is well known, should be [ 8U(X)— (%) Toceus—[ BUX) — SA(X) Tnanoccus

1

- f " do p(w). (A%)

- wg
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APPENDIX: ANOMALY-TYPE PHENOMENON IN THE T3 ' onﬂs |-|_a,_io’5(“’+P —xMy)
TRANSVERSITY DISTRIBUTION FUNCTION
. . o 1+9%°

In the calculation of the isovector transversity distribution X ysytrt
function in the effective chiral theory we encounter an

anomaly-type phenomenon: The distributions obtained bc)iw

|

: (A5)

. o . . Ae now proceed as in the case of the tensor charge in Sec.
summing the contributions of occupied and nonoccupieq; £ and expand the integrand for large This can be done
quark levels in the soliton are different if the soliton field b '

) writing the quark propagator in the form
does not fall off faster than d7 at large distances. In Sec. y g g propag

[l E we computed the anomalous difference in the first mo- 1 H+ o
ment of the isovector distribution, i.e., the isovector tensor e S , (AB)
charge. Using a somewhat different approach one can easily H=w=10 H2-»?-i0 sgnw

compute the anomalous difference in thdependent distri-
bution function. Since the anomaly phenomenon in the tran
versity distribution is of principal theoretical interest, as wel
as of practical importance for the numerical calculatitsee
Sec. IV B), we derive here the expression for the anomalous
difference of the isovector distribution function. 8Throughout this section it will be understood th&u(x), etc.,
The representation of the isovector transversity distribudenotes the quark distribution for>0 and minus the antiquark
tion as a sum over occupied quark levels, 2137, can be distribution atx<0; cf. Eq.(2.5).

&nd substituting the formal series expansion of this expres-
|Sion in powers of derivatives of the pion field, EG.50),
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collecting all terms contributing in a certain order ofvl/n our case the leading contribution inul€omes from term with
n=1 in Eq.(3.50; the term withn=0 cannot produce &' Dirac matrix needed to compensate tflematrix in the operator
in Eq. (A5). Taking into account alsgsg parity one finds that the leading contribution at latges given by

AN My wo dw (0—iy%%%3,) 3
[5U(X)_ 5d(x)]occup_[5u(x)_5d(x)]nonoccup_ 3 |mfwozs [—82+ M2— w2—i0 Sgnw]2 (w+P
+9°° .
—xMy) Vs T IM (Y AU (A7)

We can evaluate the functional trace in the basis of momentum eigenstaftes; 1Spfd®p(27)3(p|- - -|p), inserting com-
plete sets of intermediate position eigenstates in which the pion field is diagonal. In addition, we have to take the trace over
Dirac and flavor indices. In this way we obtain

[ 5U(X) - 5d(x)]occup_ [ 5U(X) - 5d(x)]nonoccup

_4N MN f‘”o d“’J (0+7°YP)8(w+p’—xMy) 1+9%%°
(2m )3 I'birac [|p|2+ M2—w2—i0 sgnw]2 2 e

fd XTrfIavor[ |M'yk5kU (X) 1]] (A8)

% (0+p?)S(w+pP-xMy)
(2m)3 [|p|>+M?— ?—i0 sgnw]?’

16NM M

J d? XTrfIavor{lT d1[Ua(x) = Ucl(x)]}ImJ’ 27Tf
(A9)

It remains to compute the integral over the eneiggnd the  The integral ovew requires some care. We have
momentunp in the last expression. Instead of computing the

integral first and then taking its imaginary part it is conve- oy dw
nient to take the imaginary part “under the integral,” substi- ﬁ >
tuting @0

—(—sgnw)8'[ —xMy(20—xMy) +|p*|?+M?]

fwo fo 0 ot XM(20— XM
0+_on[XN(wa)

1
(Ip|?+M2— w2—i0 sgnw)?

m| (w+p3) 8w+ p3—xMy)

+|pt 2+ M?] (A12)
—(w+p3) 8w+ p3—xMy) 7(—sgnw)
< 5 24 M2— 2 1 1
=XMy8(w+ p3—xMy) 7(— Sgnw)
+|p |2+M2]+(w0*>_a)0). (A13)

X 8'[ —xMp(w—p3) +|p*|2+ M2]. (A10)

In the last step here we have made use of the conditiod "€ remaining integral over the transverse componeri of
imposed by the first delta function in order to simplify the ¢@n easily be performed after replacing
integrand. The integral over® can be taken using up the first

delta function: f d’p* f d|p*|?
— .
oo dw (2m)* am
J' j (277)3 It gives rise to a sum of two step functions, which in the limit
q of large cutoff, wg—0o0, are nonzero for values of in the
@ Qw
——XMy(—sgnw range
J f (2m)? n(—Sgnw)

_20)0/MN<X<2(1)0/MN. (A14)

X 8'[ —xMp(20—xMy) + |pt |2+ M?2].
(A11) Collecting everything we obtain, from E¢A9),
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[ou(x)— é\d(x)]occup_[5I~I(X)_ 5d(x)]nonoccup 4k 20a (A17)
— X —
6 My My
The anomalous difference is thus given by
X f dx Trijavol | 7'10"1(U<:I_ UII)]- (A15)
[5U(X) - 5d(x)]occup_ [ 5U(X) - é\d(x)]nonoccup
Equation(A15) represents the result for the “anomalous dif- 1 5 5
ference” between the sums over occupied and nonoccupied - AN MM 9( _ ﬂ<x<ﬂ>_
levels. 1272 F2 My My

As in the case of the tensor charge, E2157), the anoma-
lous difference of the distribution functions, Eq&15), is
given by a total derivative of the pion field, which is nonzero
only if the field drops like I/? at large distances,—. In  The support of this function increases with the energy cutoff
this case the unitary matrix at larggakes the form wg- A similar phenomenon was observed in the anomalous

difference in the isoscalar unpolarized distribution in Ref.
Ko [25]. The moments of this functiotwith respect to the vari-
Ug=1+ —i(n"7), (A16)  aplex) thus exhibit power divergences fer,—. In par-
' ticular, the first moment is linearly divergéht

(A18)

where the constant is related to the nucleon isovector axial
coupling constant in the chiral limit by E¢3.56). The inte- o
gral of the total derivative of the pion field then becothes fﬁ dx{[ du(x) — 8d(X) Joceup— [ SU(X) — 6d(X) Inonoccus

|| Tl 05U U1 _ NeMgao,

Al19
3772F727 ( )

1 3
3f d XTrfIavor[ 2 iT ak cl)}

This is in qualitative agreement with the behavior of the
A2 3 tensor charge in the limit of large energy cutoff derived in

=i m I y 2 kku,—ut Sec. Il E. Note that the coefficient of the linear divergence

Im IMavor | ( cl cl) . .

depends on the details of the ultraviolet cutoff used, so one

should not expect to find the same coefficients in £449)

and(3.57).

®Instead of converting the integral of the total derivative of the
pion field into a surface integral at=o, one also may directly
differentiate the asymptotic form of the pion field, H&16), and 19n the largeN, limit the support of the parton distributions is not
compute the volume integral. In this case one would find that thdimited to the—1<x<1, so we must integrate over the entire real
derivative of the 1/? term in Eq.(A16) gives rise to a delta func- axis in order to recover the tensor charge as defined by the matrix
tion atr =0, whose volume integral reproduces EA417). element of the local operator, E®.7).
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