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Motivation
The internal structure of hadrons

Generalized Parton Distributions(❨GPDs)❩

Generalized Form Factors(❨GFFs)❩ 
   A10, A20, B10, B20...

Energy-momentum tensor form factors

Transverse Charge Densities(❨TChDs)❩
: Spatial distribution at the transverse momentum plane

SU(❨3)❩ symmetry breaking in the mesonic sector: pi, K

Reliability of a model: Low-energy theorem



Generalized Form Factors

[R.L. Jaffe, arXiv:hep-ph/9602236]

The Hadronic Matrix elements of 
each operator define the 

generalized form factors.



Generalized Form Factors

n=1

n=2



n=2: Energy-momentum Tensor Form 
Factors

H.Pagels: Energy-Momentum Structure Form 
Factors of Particles (❨Phys.Rev.144,1250.,1966)❩
Momentum distribution of the partons inside of 
hadrons
Accessible from the vector GPDs by using the 
polynomiality

Lattice calculation:      POS(❨LAT2005)❩360 D. Brommel et al(❨2005)❩
                                                          PhD Thesis, D. Brommel(❨2007)❩
                                       PRL.101,122011 D. Brommel et al(❨2008)❩
                                                            (❨QCDSF-UKQCD Collaborations)❩



[H.Pagels ,Phys.Rev.144,1250.,1966]

Θµν

φ(pi) φ(pf )[J.F. Donoghue and H. Leutwyler,
 Z.Phys.C(❨1991)❩ 52, 343] 

n=2: Energy-momentum Tensor Form 
Factors



Transverse Charge Densities

Transverse charge density

Polarized quark spin structure

P-pole parametrization



Transverse Charge Densities

Transverse charge density

Polarized quark spin structure

P-pole parametrization

Logarithmically divergent
 at b=0 for p=1.

Singular when p<1.5



Transverse Charge Densities

Transverse charge density

Polarized quark spin structure

P-pole parametrization

Logarithmically divergent
 at b=0 for p=1.

Singular when p<1.5

p=1 for Ano, p=1.6 for Bno



Transverse Charge Densities

Transverse charge density

Polarized quark spin structure

P-pole parametrization

Spatial distribution of the 
quark polarized in the 

transverse plane inside the 
pion and the kaon.



Nonlocal Chiral Quark Model From the 
Instanton Vacuum

 The chiral effective action
derived from the instanton vacuum
No free parameter
-Average Instanton size & separation
Nonlocality 
-Momentum-dependent dynamical quark mass 
Nicely reproduces pion properties: Fpi, EMFF
SU(❨3)❩ symmetry breaking

               [D. Diakonov, Instantons at work, arXiv:hep-ph/0212026v4]



Nonlocal Chiral Quark Model & Gauge 
Invariance

The gauge invariance is broken by the nonlocal interaction 

of the model
The ordinary Noether currents are not conserved due to the 

broken gauge invariance
The gauge invariance is restored: The conserved vector 
current

[M.M. Musakhanov and H.-Ch. Kim, Phys. Lett. B572(❨2003)❩]



Energy-momentum Tensor Operator for the 
Nonlocal Chiral Quark Model



Calculation of the matrix element

kb kc kb kc

ka

pi pf pi pf

Fa Fb

Fc Fd

pi pf pi pf
ka

kc

ka

kb
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A10 (❨EM)❩ [S.-i.Nam & H.-Ch.Kim Phys.Rev.D77(❨2008)❩,094014]

A20 (❨present work)❩

same with the empirical values, we have F!þð0Þ ¼
FKþð0Þ ¼ 1 and FK0ð0Þ ¼ 0without adjusting any parame-
ter. It indicates that the current conservation is preserved in
the present work. Here, we want to discuss the charge
normalization condition for the form factor in detail. For
definiteness, we consider diagrams 1(e), 1(g), and 1(h)
which survive at Q2 ¼ 0 as shown in the upper-left panel
of Fig. 2. Taking the limitQ2 ! 0, we have ka ! k% P=2
and kb;c ! kþ P=2 in which P ¼ Pi ¼ Pf [57]. Using
them, the contributions from diagrams 1(e), 1(g), and 1(h)
in Eq. (47), the pion EM form factor at Q2 ¼ 0 can be
rewritten in the chiral limit as follows:

lim
q!0

F!ðQ2Þ & 4Nc
F2
!

Z 1

%1

d4k

ð2!Þ4
!

M2

ðk2 þM2Þ2 þ
2M

ffiffiffiffiffi
M

p
~M

k2 þM2

#

þOðk ' P;m4
!Þ; (50)

where M0 is defined as

~M ¼ % 1

jkj
@

ffiffiffiffiffi
M

p

@jkj ¼ 4
ffiffiffiffiffiffiffi
M0

p
!2

ð2!2 þ k2Þ2 : (51)

In deriving Eq. (50), we have assumed P( 1 for simplic-
ity. Since the pion decay constant F! is expressed in the
present model as follows:

F2
! & 4Nc

Z 1

%1

d4k

ð2!Þ4
!

M2

ðk2 þM2Þ2 þ
2M

ffiffiffiffiffi
M

p
~M

k2 þM2

#

þOðk ' P;m4
MÞ; (52)

we show that the pion form factor calculated in the present
model satisfies correctly the following normalization con-
dition:

lim
q!0

F!ðQ2Þ ¼ 1: (53)

We again want to emphasize that the normalization condi-
tion of Eq. (3) is satisfied without any adjustment of
parameters. In other words, once we choose the 1= "" ’
600 MeV (equivalently !), then the M0 and F! are
uniquely determined within the model [by the saddle-point
equation of Eq. (42) for instance].

We have verified that the charge normalization condition
beyond the chiral limit [FKð0Þ] is also satisfied by Eqs. (50)
and (52), replacingM by mþM and with the model value
for the kaon decay constant FK. However, we note that the
value of the FK in the present work, compared to the
empirical value FK ¼ 113 MeV, turns out to be under-
estimated: FK & 108 MeV. This can be understood, since
we take the large Nc limit. The meson-loop corrections
(1=Nc corrections) are known to be essential in improving
the value of the FK. Thus, within the present framework,
the charge normalization conditions are satisfied consis-
tently for the kaon EM form factor as well as the pion one.

We draw the local and nonlocal contributions separately,
in addition to the total one in the lower-left panel of Fig. 2.
We see also from Fig. 2 that the F!þðQ2Þ is reproduced
quantitatively well in comparison to the experimental data.
It turns out that the nonlocal terms contribute to the form
factors by about 30%. Thus, it is of great importance to
consider the gauge invariance from the outset. Note that the
overall shape and behavior of the kaon EM form factorFKþ

are rather similar to F!þðQ2Þ apart from the fact that it falls
off slightly faster than that of the pion. In the lower right
panel of Fig. 2, we plot Q2F!þ;KþðQ2Þ.
We now examine the pion and kaon charge radii hr2i1=2M ,

defined as Eq. (4). In Table II we list the results of the pion
and kaon charge radii (!þ, Kþ, and K0) with each con-
tribution separately. For the neutral kaon (K0), we list the
mean square charge radius. Note that these values are well
compatible with those computed from the general QCD
parametrization method [62]. As seen in the case of the EM
form factors, we find that the nonlocal part contributes to
the radii by about 30% again. The nonlocal contributions
obtained in the present work are more significant, com-
pared with those of Refs. [25,31], in which they are esti-
mated to be only )10%. On the contrary, the local con-
tribution is rather similar to that of Ref. [31] (0.55 fm).
Interestingly, we obtain the Kþ charge radius about 30%
larger than the experimental data. As mentioned previ-
ously, the 1=Nc meson-loop corrections are known to be
essential in describing the kaon EM form factors, which we
have neglected in the present work. Actually, we have
drawn a similar conclusion in the case of the kaon semi-
leptonic form factors [57]. The mean square charge radius
of the neutral kaon hr2iK0 is also slightly underestimated in
the present work by about 10%, which is again due to the
absence of the 1=Nc meson-loop corrections.
In Ref. [26], nonperturbative Dyson-Schwinger (DS)

and Bether-Salpeter (BS) equations were employed with
the confining quark propagator and dressed quark-photon
vertex similar to our framework. However, being different
from ours, the nonlocal-interaction has been taken into
account explicitly in Ref. [26] in addition to the local
ones, and parameters for the algebraic quark propagator
were fitted with the LECs in the local impulse approxima-
tion. References [25,63] used the generalized NJLmodel in
which the separable interaction was considered for the pion
and kaon charge radii. Their values were well comparable

TABLE II. Each contribution to the pion and kaon EM charge
radii. We present also the mean square charge radius for the
neutral kaon (K0). The abbreviation Exp. denotes the experi-
mental data taken from Ref. [61].

Local Nonlocal Total Exp. [61]

hr2i1=2
!þ [fm] 0.594 0.319 0.675 0:672* 0:008

hr2i1=2Kþ [fm] 0.658 0.318 0.731 0:560* 0:031
hr2iK0 [fm2] %0:044 %0:016 %0:060 %0:077* 0:010

SEUNG-IL NAM AND HYUN-CHUL KIM PHYSICAL REVIEW D 77, 094014 (2008)

094014-8
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Kaon Form Factors



Transverse Charge Densities of the 
Pion



Singular at |b| = 0
[G.A. Miller, Phys.Rev.C 79, 055204(❨2009)❩]

Transverse Charge Densities of the 
Pion



Transverse Charge Densities of the 
Kaon



Quark Spin Structure

[S.-i.Nam & H.-Ch.Kim Phys.Lett.B707(❨2012)❩,546]
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n=1

n=2

s=(❨1,0)❩



Quark Spin Structure of the Pion

n=2n=1



Quark Spin Structure of the Kaon

n=2n=1



Quark Spin Structure of the Kaon

n=2n=1



Summary and outlook
Generalized FFs A20 of the pion and the 
kaon have been studied.
Transverse charge density 
: Singular behavior at the center
n=2 distribution is narrower than n=1. 
A22 is under way.
Generalized form factors with higher n
(❨n=3, n=4)❩ are under investigation.



Thank you very much!
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Calculation of the matrix element

The Quark-Pseudoscalar meson interactions



Quark Spin Structure of the Pion



Quark Spin Structure of the Kaon



Quark Spin Structure of the Kaon


