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Spin structures of the pion and nucleon
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Abstract. We present recent studies on the transverse spin densities of the pion and
nucleon within the framework of the chiral quark-(soliton) model, based on the calculation
of the electromagnetic and tensor form factors of the pion and the nucleon. The results for
the transverse spin densities of the quark inside a pion are in good agreement with the
recent lattice data, while those of the nucleon show similar features to the lattice results.
We also present the first results of the transverse spin densities of the strange quark inside
a nucleon.

1 Introduction

The transversity of hadrons unveils a novel structure of quarks inside hadrons. Recently, the transverse
spin asymmetry A7y of Drell-Yan processes in pp reactions provides valuable information on the
transversity of the nucleon [1,3,2,4]. The transversity distribution 6¢g(x) was extracted [5] from the
data of the azimuthal single spin asymmetry in SIDIS processes Ip! — InX, based on the Belle [6],
HERMES [8,7] and COMPASS [9] experiments. In addition, the QCDSF/UKQCD Collaborations has
carried out the first lattice calculation of the transverse spin structure of the nucleon [10].

Though the transversity of the pion is even less known than that of the nucleon, it has been studied
also by the QCDSF/UKQCD Collaborations [11], combining the electromagnetic form factor of the
pion with its tensor form factor. It was shown that when the quarks inside a pion are transversely
polarized, their spatial distribution is strongly distorted. Motivated by the lattice work, Broniowski et
al. [12] have studied the tensor form factor of the pion within the local and nonlocal Nambu-Jona-
Lasinio (NJL) model. In order to compare their results with the lattice ones, they used a larger value
of the pion mass, i.e. m,; = 600 MeV such that the results can be confronted with the lattice data. They
also considered the case of the chiral limit.

In the present talk, we want to review recent investigations [13, 14] on the transverse spin structures
of the pion and the nucleon, based on the chiral quark-(soliton) model. The model is derived from the
instanton vacuum that realizes the spontaneous chiral symmetry breaking (SySB) naturally via quark
zero modes. It may provide a good framework to study properties of the pion and the nucleon on
the same footing. Note that there are only two parameters, that is, the average (anti)instanton size
p ~ 1/3 fm and average inter-instanton distance R ~ 1 fm. The normalization point is determined
by the average size of instantons and is almost equal to p~! ~ 600 — 700 MeV. The values of the
p and R were estimated many years ago phenomenologically in Ref. [15] as well as theoretically in
Ref. [16-18]. The instanton framework has been proved to be reliable in reproducing experimental
data especially for the meson sector, such as the meson distribution amplitudes [19-21], semileptonic
decays [22], and etc. In the case of the nucleon, we will switch off the momentum dependence of the
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dynamical quark mass for convenience and take it as a free parameter. However, we will employ the
value of 420 MeV with which almost all properties of the nucleon and hyperons were successfully
described [23].

2 Generalized form factors of the pion and nucleon

The probability densities of transversely polarized quarks for the nth moment and the first moment of
the pion and the nucleon are respectively expressed as
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where b, denote the impact parameter that measures the distance from the center of momentum of the
pion to the quark in the transverse plane to its motion. The s, stands for the fixed transverse spin of the
quark. For simplicity, we choose the z direction for the quark longitudinal momentum. The x indicates
the momentum fraction possessed by the quark inside the pion. The tensor € is an antisymmetric
tensor with the property €'> = —€?! = 1. The operator V? is a Laplacian with respect to b. The Fourier
transform of the form factors are defined generically as
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F(b%) designates the generic form factors appearing in Eq.(1). The magnitudes of the transverse mo-
mentum and impact parameter are expressed as |q,| = Q and |b, | = b. Similarly, the Fourier transform
of the derivative of the GFF with respect to > can be evaluated as:
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The Jy and J; in Egs.(2,3) denote the Bessel functions of order 0 and 1, respectively.

For the first moment, the GFFs A}y and Bj( are identified with the electromagnetic and tensor
form factors of the pion, respectively. Previously, we have studied Alo(qz) in the momentum space
within the nonlocal chiral quark model (NLyQM) from the instanton vacuum [24], resulting in a good
agreement with the experimental data. The H and E correspond to the Dirac and Pauli form factors
of the nucleon [14]. The Hr and «r denotes tensor and tensor anomalous form factors, respectively.
Specific spin directions of the quark and the nucleon being selected, the last term with A7 in Eq.(1)
does not contribute to the transverse spin densities.

3 Results and discussion

Figure 1 shows respectively the numerical results for the electromagnetic form factor of the pion Ajg
in the left panel and its tensor form factor B in the right panel as functions of Q7 in the range of
0 < Q% < 1 GeV>. The results for the electromagnetic form factor of the pion were already shown to
be in good agreement with the experimental data [24]. As for the generalized tensor form factors of
the pion, there is no experimental data available to date. Thus, we compare the present results with the
ones from the recent lattice calculation and find that they are in excellent agreement with each other.
In Fig. 2, we draw the results of the flavor-decomposed tensor and tensor anomalous form factors
in the left and right panels, respectively, in comparison with the lattice data. While the values of the
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Fig. 1. The numerical results for the electromagnetic form factor A,((Q?) are presented in the left panel and those
for the tensor form factors Bo(Q?) and Byy(Q?) in the right panel. The solid curves depict the numerical results,
whereas their parametrizations are denoted by the squares [13]. We also show the parametrized lattice data [11]
for the tensor form factors, designated by the triangles in the right panel.
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Fig. 2. The numerical results for the electromagnetic form factor A,((Q?) are presented in the left panel and those
for the tensor form factors Bo(Q?) and By (Q?) in the right panel. The solid curves depict the numerical results,
whereas their parametrizations denoted by the squares [14]. We also show the parametrized lattice data [11] for
the tensor form factors, designated by the triangles in the right panel.

tensor charges and anomalous tensor magnetic moment are comparable with the lattice results, the Q>
dependences seem different.

Putting the results of the densities obtained from the Fourier transform of the form factors shown
in Fig. 2, we derive the transverse quark densities of the pion as shown in Fig. 3. As expected from
Eq.(1), the unpolarized quarks are distributed symmetrically on the b,-b, plane. On the other hand, the
spatial distribution of a transversely polarized quark inside the pion are distorted as shown in the right
panel of Fig. 3. This is soley due to the finite values of the pion tensor form factor.

In the case of the nucleon, we can see a richer transverse spin structure. This is natural, because
the nucleon has spin 1/2 and consists of three valence quarks and even of strange quarks arising from
the Dirac-sea polarization. Figure 4 depict the transverse up and down quark spin densities inside a
nucleon. In the left panel,the density of unpolarized up and down quarks are drawn in a transversely
polarized nucleon for [S, s] = [(1, 0), (0,0)]. We note from Eq.(1) that the distortion of these densities
are mainly governed by the Pauli form factors. We see that the down quark density is more distorted in
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Fig. 3. Unpolarized (left) and polarized (right) probability densities, p; in Eq. (1) as a function of b, and b, for
s. = (+1,0).

the negative direction of b, than the up quark density in the positive direction. This can be understood
from the fact that the down Pauli form factor falls off more slowly than that of the up quark. Moreover,
the down anomalous magnetic moment (k! = —1.80) is known to be negative. The sign of the form
factors at intermediate Q° determines the direction of the shift. If we choose the polarizations as
[S, s] = [(0,0), (1,0)], only the anomalous tensor magnetic form factors enter, as shown in the right
panel of Fig. 4. Both «}. and K‘} are positive, so that both transverse spin densities are deformed in the
direction of positive b, and again. Since the form factor K;{ falls off more slowly, the density for the
down quark is more strongly deformed.

Both the strange Pauli form factor and anomalous tensor magnetic form factor turn out to be
rather small, so is the strength of the strange densities. In Fig. 5 we draw the transverse strange quark
spin densities with the lowest moment. Note that the magnitudes of the densities are smaller than
those of the up and down quarks by an order of magnitude. As shown in the right panel, the density
of transversely polarized quarks in a unpolarized nucleon is strongly distorted. It is due to the Q?
dependence of K;(Qz) as shown in Fig. 2. Moreover, the density becomes negative for the negative
values of b,. Moreover, the density of unpolarized strange quarks in a polarized nucleon is negatively
shifted. The reason can be found in the fact that the strange Pauli form factor F} turns negative from
Q% ~ 0.2GeV? and the lower Q? values are suppressed in the Fourier transform. Thus, the negative
values of the form factor at intermediate Q> make the density shifted to the negative b, direction,
despite the positive strange anomalous magnetic moment.

4 Summary and conclusion

In the present talk, we reported recent investigations on the transverse quark spin structures of the
pion and the nucleon, based on the chiral quark-(soliton) model. The results for the pion are in good
agreement with the lattice data, while those for the nucleon are qualitatively in agreement with the
lattice ones. We also showed the first results of the transverse strange quark densities inside a nucleon.
For details, we refer to Refs. [13,14].
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Fig. 4. Transverse up and down quark spin densities with the lowest moment of the nucleon from the yQSM. In the
upper left panel, the density of unpolarized quarks in a transversely polarized nucleon ([.S, s] = [(1,0), (0,0)])
is drawn and in the upper right panel, that of transversely polarized quarks in a unpolarized nucleon ([S, s] =
[(0,0), (1,0)]). In the lower panel, we plot the down quark densities.
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