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Nucleon



Experimentally, we know about  

• Mass = 938.272 MeV 
• Spin: s = ½ћ  

– Magnetic moment µp = 2.79µN 
– Anomalous magnetic moment µa = 1.79µΝ 

What we know about the Proton

Nucleon, one of the most messy objects in the Universe!

Naive Quark model Quark potential model Picture from QCD
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How to study the Nucleon

Elastic Scattering

Radii,  
Form factors,  
densities

Inelastic Scattering

Parton distributions, 
Structure functions

Exclusive Scattering

Generalised  
Parton Distributions, 
Generalised  
Form factors
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Interpretation of the Form factors

Electromagnetic form factors

Non-Relativistic picture of the EM form factors

Schroedinger Eq. & Wave functions

Charge & Magnetisation Densities

3-D Fourier Transform
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Interpretation of the EMFFs

Traditional interpretation of the nucleon form factors

F1(Q
2) =

Z
d

3
xe

iQ·x
⇢(r) ⇢(r) =

X
 †(r) (r)

However, the initial and final momenta are different in a relativistic case. 
Thus, the initial and final wave functions are different.

Probability interpretation is wrong in a relativistic case!

We need a correct interpretation of the form factors

G.A. Miller, PRL 99, 112001 (2007)

Belitsky & Radyushkin, Phys.Rept. 418, 1 (2005)
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Interpretation of the EMFFs
R: Size of the system 
M: Mass of the systemNon-Relativistic description

1/kQk  R

M
atom

R
atom

= M
atom

/(me↵) ⇠ 105

kQk ⌧ M
atom

Form factors can be measured and well interpreted (almost no recoil effect).

⇢(r) =
X

 †(r) (r)

Particle number fixed.

Belitsky & Radyushkin, Phys.Rept. 418, 1 (2005)

kQk � MN

Initial and final momenta are different!

Relativistic description

Particle creation & annihilation

The structure of the Nucleon cannot be treated non-relativistically! 

MNRN ⇠ 4
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Interpretation of the EMFFs

⇢1(b)Transverse Charge densities

F1,2(�) =

Z
d2bei�?·b⇢1,2(r)

Dirac & Pauli form factors

Lorentz invariant: independent of any observer.

Infinite momentum framework

Modern understanding of the form factors

GPDs

⇢1(b) =
X

q

e

2
q

Z
dxfq�q̄(x, b)

Correct probabilistic interpretation!
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Nucleon Tomography
2 Generalised Parton Distributions

x bx

by

b⊥

x bx

by
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∼ 1
Q2

b⊥

x bx

by

xp

∼ 1
Q2

a | Form factor

0

ρ(b⊥)

b⊥

b | GPD, ξ = 0
x

b⊥

q(x, b⊥)
R

dx
!! ∆→0 ""

c | Parton density

0

q(x)

x

Figure 2.1 | A simplified sketch of the different phenomenological observables and their
interpretation in the infinite momentum frame: a | The form factor as a charge density in
the perpendicular plane (after a Fourier transform, Sec. 1.2). b | A probabilistic interpre-
tation for GPDs in the case of vanishing longitudinal momentum transfer, ξ = 0, with a
resolution ∼ 1/Q2. c | A parton distribution for the forward momentum case (Sec. 1.3).
For a detailed explanation see text. [Pictures inspired by [17]]

(conventionally the z-direction) they can be seen as Lorentz contracted ‘discs’ rather than
spherical objects.1 We will later argue that this infinite momentum frame is necessary for
the GPDs. For the moment, we thus think of a two-dimensional distribution with respect
to b⊥ in the transverse plane, sketched in Fig. 2.1.a. The z-direction is also suppressed in
favour of the fractional (longitudinal) momentum x of the partons.

The second process led to parton distribution functions (PDFs) q(x) with the momentum
fraction x carried by the parton. They give the probability of finding the parton q with
this momentum inside the hadron and they are sketched in Fig. 2.1.c. One can also give a
resolution ∼ 1/Q2 that can be resolved inside the hadron. So for different Q2 partons of
a ‘different size’ can be probed, consequently the parton content of the hadron changes.

To achieve a deeper understanding of the distribution of the quarks inside the hadron, it
would be nice to combine the two cases, i.e. know the distribution in the transverse plane
for quarks with a given momentum fraction. This is exactly one interpretation of GPDs.
During the discussion of the form factor and the PDFs, we already mentioned the similarity
of the matrix elements appearing in Eqs. (1.5) and (1.10). The initial and final states of
the two processes differed only in their momenta (after applying the optical theorem).
There are indeed processes with different asymptotic states that can be related to the two
aforementioned, thus coining the term generalised distributions. We will later consider
the problems arising from the complete freedom of the two momenta. For the moment,
note that a density interpretation is possible if the longitudinal momentum transfer ξ
vanishes. A Fourier transform of the remaining transverse momentum transfer then yields

1Neglecting relativistic corrections, this would not be necessary for the form factor where we have elastic
scattering with momenta down to zero.

10

D. Brömmel, Dissertation (Regensburg U.)

Transverse densities  
of Form factors GPDs Structure functions

Momentum fraction
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Generalised Parton Distributions
Probes are unknown for Tensor form factors 
and the Energy-Momentum Tensor form factors!

Form factors as Mellin moments of the GPDs



Model



Chiral quark-soliton model

HChK et al. Prog. Part. Nucl. Phys. Vol.37, 91 (1996) 

Z�QSM =

Z
DU exp(�Se↵)

Se↵ = �NcTr lnD(U) D(U) = @4 +H(U) + m̂

H(U) = �i�4�i@i + �4MU�5

m̂ = diag(mu, md, ms)�4

Merits of the chiral quark-soliton model
• Fully relativistic field theoretic model.
• Related to QCD via the Instanton vacuum.
• Renormalisation scale is naturally given.  

• All relevant parameters were fixed already.



Classical solitons

HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995) 

Chiral quark-soliton model

Vacuum
Polarisation

Hedgehog Ansatz:



Collective (Zero-mode) quantisation

HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995) 

Chiral quark-soliton model

Zero-mode quantisation
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Valence part

Sea part

Observables



Transverse Charge 
Densities



hP 0, S0| ̄(0)�µQ̂ (0)|P, Si

= ū(p0, s0)

✓
�µF1(t) + i

�µ⌫�nu

2MN
F2(t)

◆
u(p, s)

Transverse charge densities

Why transverse charge densities?

Electromagnetic form factors:

Z
dx�

4⇡
hP 0, S0|q̄(�x�

2
,0?)�

+q(
x�

2
,0?)|P, Si

=
1

2p̄+
ū(p0, s0)

✓
�+Hq(x, ⇠, t) + i

�+⌫�⌫

2MN
Eq(x, ⇠, t)

◆
u(p, s)

GPDs

F1(t) =
X

q

eq

Z
dxHq(x, 0, t),

F2(t) =
X

q

eq

Z
dxEq(x, 0, t)

The EM form factors as  
the first moments of the vector GPDs



q(x, b) =

Z
d2q

(2⇡)2
eiq·bHq(x,�q2)

Transverse charge densities

Why transverse charge densities?

x

y

z

�(b�)

b�

x

y

Moving direction of the nucleon

2-D Fourier transform of the GPDs in impact-parameter space

⇢(b) :=
X

q

eq

Z
dxq(x, b)

=

Z
d

2
q

(2⇡)2
F1(Q

2)eiq·b

It can be interpreted as the 
probability distribution of a quark in 
the transverse plane.

M. Burkardt, PRD 62, 071503 (2000); Int. J. Mod. 
Phys. A 18, 173 (2003).



Transverse charge densities

⇢�ch(b) =

Z 1

0

dQ

2⇡
QJ0(Qb)F�

1 (Q
2)

G.A. Miller, PRL 99, 112001 (2007)

M. Burkardt, PRD 62, 071503 (2000); Int. J. Mod. 
Phys. A 18, 173 (2003).

Inside an unpolarized nucleon

⇢�T (b) = ⇢�ch(b)� sin(�b � �S)
1

2MN

Z 1

0

dQ

2⇡
Q2J1(Qb)F�

2 (Q
2)

Inside a polarized nucleon
Carlson and Vanderhaeghen, PRL 100, 032004



Dirac & Pauli Form factors

Silva, Urbano, HChK, hep-ph/1305.6373S. J. Brodsky and G. R. Farrar, PRD 11, 1309 (1975).

NeutronProton

F1(Q
2) ⇠ 1

Q4
, Q2 ! 1



Dirac & Pauli Form factors

Silva, Urbano, HChK, hep-ph/1305.6373

Up quark FFs

Down quark FFs

Strange quark FFs



Results
Transverse charge densities inside an unpolarized proton

Silva, Urbano, HChK, hep-ph/1305.6373
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Results
Transverse charge densities inside an unpolarized proton
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Centered positive charge distribution

Long positive tail: 
Possible positive 
pion cloud? 

Silva, Urbano, HChK, hep-ph/1305.6373



Results
Transverse charge densities inside an unpolarized neutron
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Silva, Urbano, HChK, hep-ph/1305.6373

= F1(Q
2)

⌧ = Q2/4M2
N



Results
Transverse charge densities inside an unpolarized neutron
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Silva, Urbano, HChK, hep-ph/1305.6373

Surprisingly, negative charge distribution in the center of the neutron!
G.A. Miller, PRL 99, 112001 (2007)

Totally different from 3-D charge densities!

Positive  
pion tail



Results
Old 3-D charge densities inside an unpolarized neutron

HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995) 

Long negative tail  

Centered positive charge distribution

GE(Q
2) ⇠

Z
drr2j0(Qr)⇢ch(r)



Results
Transverse charge densities inside an polarized nucleon

Silva, Urbano, HChK, hep-ph/1305.6373



b
x

by

Discussion

~B

Nucleon polarization along the x axis: 
Magnetic dipole field B

~E0 = ��(~v ⇥ ~B)

Induced  electric dipole field along the 
negative y axis: Relativistic effects

Carlson, Vanderhaeghen, PRL 100, 032004

Silva, Urbano, HChK, hep-ph/1305.6373

Note that the neutron anomalous magnetic moment is negative! 



Results
Flavor-decomposed Transverse charge densities inside a polarized nucleon

Silva, Urbano, HChK, hep-ph/1305.6373



Transverse Spin 
Densities



Tensor form factors

hNs0(p
0)| (0)i�µ⌫�� (0)|Ns(p)i = us0(p

0)


H�

T (Q
2)i�µ⌫ + E�

T (Q
2)
�µq⌫ � qµ�⌫

2M

+ H̃�
T (Q

2)
(nµq⌫ � qµn⌫)

2M2

�
us(p)

H��
T (Q2) =

2M

q2

�
d�

4⇤
�N 1

2
(p⇥)|⌅†�kqk⇥�⌅|N 1

2
(p)⇥

��
T = �H�

T (0)�H��
T (0)

Together  with  the  anomalous  magnetic  moment,  this  will  allow  us  to 
describe the transverse spin quark densities inside the nucleon.

Z 1

�1
dxH�

T (x, ⇠ = 0, t) = H�
T (q

2),

Z 1

�1
dxE�

T (x, ⇠ = 0, t) = E�
T (q

2),

Z 1

�1
dxH̃�

T (x, ⇠ = 0, t) = H̃�
T (q

2)



Tensor form factors
Tensor charges and anomalous tensor magnetic moments are 
scale-dependent.

�q(µ2) =

✓
↵S(µ2)

↵S(µ2
i )

◆4/27 
1� 337

486⇡

�
↵S(µ

2
i )� ↵S(µ

2)
��

�q(µ2
i ) ,

↵NLO
S (µ2) =

4⇡

9 ln(µ2/⇤2
QCD)

"
1� 64

81

ln ln(µ2/⇤2
QCD)

ln(µ2/⇤2
QCD)

#

⇤QCD = 0.248GeV M. Gluck, E. Reya, and A. Vogt, Z.Phys. C 67, 433(1995).



Proton This work SU(2) Lattice SIDIS NR
|�d/�u| 0.30 0.36 0.25 0.42+0.0003

�0.20 0.25

Results

T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 034022

[16] M. Anselmino et al.  Nucl. Phys. B, Proc. Suppl. 191, 98 (2009)

[21] M. Goeckeler et al., PLB 627, 113 (2005) 



Present work SU(3) Present work SU(2) Lattice
�u
T 3.56 3.72 3.00 (3.70)

�d
T 1.83 1.83 1.90 (2.35)

�s
T 0.2 ⇥ �0.2

�u
T /�

d
T 1.95 2.02 1.58

µ2 = 0.36GeV2

Results

T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 054014

The present results are comparable with the lattice data!
M. Goeckeler et al. [QCDSF Coll. and UKQCD Coll.]  
PRL 98, 222001 (2007)  



Transverse spin density

⌅(b, S, s) =
1

2

⇧
H(b2)� Si⇥ijbj

1

MN

⇧E(b2)

⇧b2
� si⇥ijbj

1

MN

⇧⇤T (b2)

⇧b2

+ siSi

⌃
HT (b

2)� 1

4M2
N

⇥2H̃T (b
2)

⌥

+ si
�
2bibj � b2�ij

⇥
Sj 1

M2
N

⇤
⇧

⇧b2

⌅2

H̃T (b
2)

�
,

F�(b2) =

� �

0

dQ

2�
QJ0(bQ)F�(Q2)

H(b2) = F1(b
2), E(b2) = F2(b

2)

]

[S, s] = [(1, 0), (0, 0)], [S, s] = [(0, 0), (1, 0)]

M. Diehl & Ph. Haegler, Euro.Phys. J., C 44 (2005) 87.



36

Results
6

FIG. 4. Transverse up and down quark spin densities of the nucleon from the �QSM with the lowest moment. 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.

[S, s] = [(1, 0), (0, 0)], it is shown from Fig. 4 that the down quark density is more distorted in the negative direction
of by, compared to the up quark density. The reason can be found in the fact that firstly the down anomalous magnetic
moment (�1.80µN ) is negative and its absolute value is larger than the up one (1.35µN ). Secondly, the down Pauli
form factor falls o� more slowly than that of the up quark. As for the [S, s] = [(1, 0), (0, 0)], the tensor anomalous
magnetic moments come into play. Since both �u

T and �d
T are positive, the both transverse spin densities are deformed

in the direction of the positive by. Moreover, the form factor �d
T falls o� rather more slowly than �u

T as shown in
Fig. 2, the density for the down quark is more strongly deformed. Note that the Q2 dependence of the form factors
play a more important role in governing the deformation of the densities. The results for the transverse up and down
quark spin densities of the nucleon with the lowest moment are very similar to those from the lattice calculation [17]
and as a result we can draw similar conclusions.

Since both the strange Pauli form factor and tensor anomalous magnetic form factor turn out to be rather small,
we can expect that the strength of the strange densities will be rather small. Nevertheless, it is of great interest to see
how much the transverse strange densities are distorted. Figure 5 plots 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.

It is interesting to see that the density of unpolarized strange quarks in a polarized nucleon is negatively shifted.
It is due to the fact that the strange Pauli form factor F s

2 turns negative from Q2 ⇥ 0.2GeV2. This negative values

Up quark transverse spin density inside a nucleon

the latter correlation is stronger than the one between
transverse quark and nucleon spin.

Figure 5 shows the n ! 2 moment of the densities.
Obviously, the pattern is very similar to that in Fig. 4,
which supports our simple interpretation. The main differ-
ence is that the densities for the higher n ! 2 moment are
more peaked around the origin b? ! 0 as already observed
in [27] for the vector and axial vector GFFs.

Conclusions.—We have presented first lattice results for
the lowest two moments of transverse spin densities of
quarks in the nucleon. Because of the large and positive

contributions from the tensor GFF !BTn0 for up and for
down quarks, we find strongly distorted spin densities for
transversely polarized quarks in an unpolarized nucleon.
According to Burkardt [7], this leads to the prediction of a
sizable negative Boer-Mulders function [4] for up and
down quarks, which may be confirmed in experiments at,
e.g., Jefferson Lab and GSI Facility for Antiproton and Ion
Research [28,29].

The numerical calculations have been performed on the
Hitachi No. SR8000 at LRZ (Munich), the apeNEXT at
NIC/DESY (Zeuthen), and the BlueGene/L at NIC/FZJ
(Jülich), EPCC (Edinburgh), and KEK (by the Kanazawa
group as part of the DIK research programme). This work
was supported by DFG (Forschergruppe Gitter-Hadronen-
Phänomenologie and Emmy-Noether programme), HGF
(Contract No. VH-NG-004), and EU I3HP (Contract
No. RII3-CT-2004-506078).
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FIG. 4: Transverse up and down quark spin densities with the lowest moment of the nucleon from the �QSM. 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.

the width of the profile gets narrower and more peaked. On the contrary, the transverse down quark spin density for
the unpolarized quarks in a polarized nucleon is changed to the negative by direction and shows an obvious distortion.
That for the polarized quarks in an unpolarized nucleon is shifted to the positive by direction and distorted again.

Figure 7 shows the profiles of the transverse strange quark spin densities with bx = 0. Interestingly, the density
for the unpolarized strange quarks in a polarized nucleon is only slightly modified. In contrast, the polarized strange
quarks are strongly redistributed in an unpolarized nucleon. As a result, the peak position is shifted to the positive by
direction and becomes sharper. Moreover, the density becomes even more negative for the negative value of by than
for the positive by.

5. We investigated the transverse quark spin densities of the nucleon with the lowest moment, using the results of
the vector and tensor form factors derived from the SU(3) chiral quark-soliton model. we first recapitulated the flavor-
decomposed anomalous vector and tensor magnetic form factors as functions of the momentum transfer. For numerical
convenience, we made parametrizations of the form factors. Having combined these form factors and performed the
Fourier transformations, we evaluated the transverse quark spin densities of the nucleon with the lowest moment. We
considered two di�erent cases, the density of unpolarized quarks in a polarized nucleon and that of polarized quarks
in an unpolarized nucleon. The results turned out to be rather similar to the lattice QCD ones. Transversly polarized
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the latter correlation is stronger than the one between
transverse quark and nucleon spin.

Figure 5 shows the n ! 2 moment of the densities.
Obviously, the pattern is very similar to that in Fig. 4,
which supports our simple interpretation. The main differ-
ence is that the densities for the higher n ! 2 moment are
more peaked around the origin b? ! 0 as already observed
in [27] for the vector and axial vector GFFs.

Conclusions.—We have presented first lattice results for
the lowest two moments of transverse spin densities of
quarks in the nucleon. Because of the large and positive

contributions from the tensor GFF !BTn0 for up and for
down quarks, we find strongly distorted spin densities for
transversely polarized quarks in an unpolarized nucleon.
According to Burkardt [7], this leads to the prediction of a
sizable negative Boer-Mulders function [4] for up and
down quarks, which may be confirmed in experiments at,
e.g., Jefferson Lab and GSI Facility for Antiproton and Ion
Research [28,29].

The numerical calculations have been performed on the
Hitachi No. SR8000 at LRZ (Munich), the apeNEXT at
NIC/DESY (Zeuthen), and the BlueGene/L at NIC/FZJ
(Jülich), EPCC (Edinburgh), and KEK (by the Kanazawa
group as part of the DIK research programme). This work
was supported by DFG (Forschergruppe Gitter-Hadronen-
Phänomenologie and Emmy-Noether programme), HGF
(Contract No. VH-NG-004), and EU I3HP (Contract
No. RII3-CT-2004-506078).
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[15] M. Göckeler et al., Phys. Lett. B 627, 113 (2005).
[16] G. Martinelli et al., Nucl. Phys. B445, 81 (1995);
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FIG. 5: Transverse strange quark spin densities of the nucleon from the �QSM with the lowest moment. In the left panel,
the density of unpolarized strange quarks in a transversely polarized nucleon ([S, s] = [(1, 0), (0, 0)]) is drawn and in the right
panel, that of transversely polarized strange quarks in an unpolarized nucleon ([S, s] = [(0, 0), (1, 0)]).

quarks in an unpolarized proton are both shifted to the positive direction of bx. The shift is more prominent than
the one occuring for unpolarized quarks in a polarized proton, where the density for the u-quark is shifted to positive
and that of the d-quark to the negative by direction.

We presented in this work the first result of the transverse strange quark spin densities. Since the magnitudes of
strange Pauli and anomalous tensor magnetic form factors are rather small, the strange densities turn out to be much
smaller than those for the up and down quarks. However, the density for polarized strange quarks in an unpolarized
nucleon is noticeably distorted in the direction of the positive by and becomes more negative for the negative values
of by.

In the present work, we considered only the transverse spin densities with the lowest moment. The generalized form
factors with higher moments can be calculated in principle within the framework of the chiral quark-soliton model.
However, we need to consider them carefully because of the presence of the derivative operators. The corresponding
work is under progress. So far, we did not consider other cases of the transverse polarizations such as [(1, 0), (1, 0)]
for which one requires information on the form factor H̃T and its derivative. However, we found that this form factor
showed a numerically sensitivity. A related work addressing that is under way.

Acknowledgments

H.Ch.K is grateful to E. Epelbaum and M.V. Polyakov for hospitalities during his visit to Theoretische Physik
Institute II in Ruhr-Universität Bochum, where part of the work was carried out. The authors are grateful to A. Metz
for valuable comments and suggestions. The present work was supported by Basic Science Research Program through
the National Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and Technology
(grant number: 2010-0016265).

[1] J. P. Ralston and D. E. Soper, Nucl. Phys. B 172 (1980) 445.
[2] R. L. Ja�e and X. D. Ji, Nucl. Phys. B 375 (1992) 527.
[3] J. L. Cortes, B. Pire and J. P. Ralston, Z. Phys. C 55 (1992) 409.
[4] V. Barone, A. Drago, and P. G. Ratcli�e, Phys. Rept. 359 (2002) 1.
[5] S. Bo⇥ and B. Pasquini, Riv. Nuovo Cim. 30 (2007) 387.
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Polarized to the negative direction in the b plane.



EMT form factors:  
 

Stability of the nucleon  



EMT form factors

Energy-momentum tensor form factors
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The EMT form factors as the second moments of the isoscalar vector GPDs



EMT form factors

In the Breit frame, 

TQ
µ⌫(r, s) =
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Momentum fractions carried by quarks and gluons

Unpolarized parton distributions



EMT form factors

Constraints

Nucleon Mass

Nucleon Spin

D-term



Stability of the nucleon

Z 1

0
dr r2p(r) = 0 : Stability condition  

of the nucleon

Any model for the nucleon should satisfy this condition!



Stability of the nucleon: XQSM

Goeke et al,  PRD 75, 094021



Stability of the nucleon: pi-rho-omega model

⇢ and !

⇡

J. Jung, U. Yakhshiev, HChK et al,  JPG 41, 055107 (2014)



Stability of the nucleon: Skyrme

HChK et al,  PLB 718, 625 (2012)

It is quite nontrivial to satisfy the stability of the nucleon!



EMT form factors: Results

J. Jung, U. Yakhshiev, HChK et al,  JPG 41, 055107 (2014)

Mass form factors



EMT form factors: Results

J. Jung, U. Yakhshiev, HChK et al,  JPG 41, 055107 (2014)

Spin form factors



EMT form factors: Results

J. Jung, U. Yakhshiev, HChK et al,  JPG 41, 055107 (2014)

d1 form factors

d1 < 0

To secure  
the stability of a particle



pion



Experimentally, we know about the pion & kaon 

• Pion Mass = 139.57 MeV, Kaon mass = 495 MeV 
• Pion & Kaon Spins: s = 0

What we know about the Pion & kaon

Theoretically 

• pseudo-Goldstone bosons 
• The lowest-lying mesons  

(1 q + 1anti-q + sea quarks + gluons + …)

Their structures are simpler than that of the nucleon but messy enough!



xP
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The spin structure of the Pion 

x

y

zb�

Vector & Tensor Form factors of the pion 

u

d̄

Pion: Spin S=0

Internal spin structure of the pion

h⇡(p0)| ̄�3�5 |⇡(p)i = 0

Longitudinal spin structure is trivial.

What about the transversely polarized quarks 
inside a pion?
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The spin distribution of the quark 

Spin probability densities in the transverse plane 
An0: Vector densities of  the pion,      Bn0: Tensor densities of the pion 

Vector and Tensor form factors of the pion

h⇡(pf )| †�µQ̂ |⇡(pi)i = (pi + pf )A10(q
2)



µ � 600MeV� � 0.3 fm, R � 1 fm

Dµ = @µ � i�µVµ

Nonlocal chiral quark model

The nonlocal chiral quark model from the instanton vacuum

• Fully relativistically field theoretic model.
• “Derived” from QCD via the Instanton vacuum.
• Renormalization scale is naturally given.
•No free parameter

Gauged Effective Nonlocal Chiral Action

Musakhanov & H.-Ch. K, Phys. Lett. B 572, 181-188 (2003) 
H.-Ch.K, M. Musakhanov, M. Siddikov Phys. Lett. B 608, 95 (2005).
D. Diakonov & V. Petrov Nucl.Phys. B272 (1986) 457

Se↵ = �NcTr ln
h
i /D + im+ i

p
M(iD,m)U�5

p
M(iD,m)

i

Dilute instanton liquid ensemble



�
�r2⇥ = 0.675 fm

�
�r2⇥ = 0.672± 0.008 fm (Exp)

h⇡(pf )| †�µQ̂ |⇡(pi)i = (pi + pf )A10(q
2)
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EM Form factor of the pion

EM form factor (A10 )

S.i. Nam & HChK, Phys. Rev. D77 (2008) 094014

M(Phen.): 0.714 GeV 

M(Lattice): 0.727 GeV 

M(XQM): 0.738 GeV
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Tensor Form factor of the pion

Brommel et al. PRL101

S.i. Nam & H.-Ch.K, Phys. Lett. B 700, 305 (2011).

For the kaon, S.i. Nam & HChK, Phys. Lett. B707, 546 (2012) 

B10(Q
2, µ) = B10(Q

2, µ0)


↵(µ)

↵(µ0)

��/2�0

�1 = 8/3, �2 = 8, �0 = 11Nc/3� 2Nf/3

RG equation for the tensor form factor

B10(Q
2) = B10(0)


1 +

Q2

pm2
p

��p

p-pole parametrization for the form factor



60Polarization

Unpolarized Polarized

spin

Spin density of the quark
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Spin density of the quark

Results are in a good agreement with the lattice calculation!

Significant distortion appears for the polarized quark! 
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Stability of the pion
Isoscalar vector GPDs of the pion

2�abHI=0
⇡

(x, ⇠, t) =
1

2

Z
d�

2⇡
eix�(P ·n)h⇡a(p0)| ̄(��n/2)/n[��n/2,�n/2] (�n/2)|⇡b(p)i

Z
dx xHI=0

⇡ (x, ⇠, t) = A20(t) + 4⇠2A22(t)

The second moment of the GPD

: Generalized form factors of the pion

h⇡a(p0)|Tµ⌫(0)|⇡b(p)i = �ab

2
[(tgµ⌫ � qµqnu)⇥1(t) + 2PµP⌫⇥2(t)]

Energy-momentum Tensor Form factors (Pagels, 1966)

Tµ⌫(x) =
1

2
 ̄(x)�{i

 !
@ ⌫} (x) : QCD EMT operator

EMTFFs (Gravitational FFs)
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Stability of the pion

H.D. Son & H.-Ch.K, PRD90, 111901(R) (2014)

Time component of the EMT matrix element gives the pion mass.

The sum of the spatial component of the EMT matrix element 
gives the pressure of the pion, which should vanish!

(Based on the local model)

Zero in the chiral limit



64

Stability of the pion

Pressure of the pion beyond the chiral limit

Quark condensate Pion decay constant

by the Gell-Mann-Oakes-Renner relation to linear m order

H.D. Son & H.-Ch.K, PRD90, 111901(R) (2014)
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Energy-momentum Tensor FFs

in the chiral limit

The difference arises from the explicit chiral symmetry breaking.

H.D. Son & H.-Ch.K, PRD90, 111901(R) (2014)
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Transverse charge density of the pion

H.D. Son & H.-Ch.K, PRD90, 111901(R) (2014)
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Transverse charge density of the pion

The transverse charge density is divergent at b=0.

H.D. Son & H.-Ch.K, PRD90, 111901(R) (2014)

⇢20(b)



68

Transverse charge density of the pion
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Transverse charge density of the pion

G. Miller, A. Strikman, C. Weiss, PRD83, 013001 (2011)

⇢10(b)

The transverse charge density is divergent at b=0.



Summary & Conclusion
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Summary
•We have reviewed recent investigations on the charge and spin 
structures of the nucleon and the pion, based on the chiral 
quark(-soliton) model.  

• We have derived the EM and tensor form factors of the 
nucleon, from which we have obtained its transverse charge & 
spin densities. The results are compared with the lattice and 
“experimental” data.     

• We also showed the EMT form factors of the nucleon and the 
pion. The stabilities of the nucleon and the pion, which are quite 
nontrivial, were also discussed.
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Outlook

• The excited states for the nucleon and the hyperon can be 
investigated (Extension of the XQSM is under way). 

•Internal structure of Heavy-light quark systems 
(Derivation of the Partition function is close to the final result.) 

• New perspective on hadron tomography
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Thank you very much!

Though this be madness, 
yet there is method in it.

Hamlet Act 2, Scene 2



Back-up slides



Se↵ = �NcTr ln(i/@ + iMU�5 + im̂)
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Nucleon consisting of Nc quarks

JN (~x, t) =
1

Nc!
"

�1···�Nc�{f}
JJ3Y 0TT3Y

 �1f1(~x, t) · · · �NcfNc
(~x, t)

Chiral quark-soliton model
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Baryonic correlation functions

lim
x0!�1

h0|J
N

(x)�
µ

(z)J†
N

(y)|0i = lim
x0!�1

K
µ

Kµ =

1

Z
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D D 

†
DUJN�µJ

†
N

⇥ exp

Z
d

4
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†
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�5
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�

Baryonic observables

y0 ! 1

HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995) 



Skyrme model as a limit of the XQSM

HChK et al. Prog. Part. Nucl. Phys. Vol.37, 91 (1996) 

Effective Chiral Lagrangian and LECs

Derivative expansions: pion momentum as an expansion parameter

Weinberg term Gasser-Leutwyler terms



Weinberg Lagrangian

Effective chiral Lagrangian

H.A. Choi and HChK, PRD 69, 054004 (2004)

Gasser-Leutwyler Lagrangian



Gasser-Leutwyler Lagrangian

Low-energy constants

H.A. Choi and HChK, PRD 69, 054004 (2004)



Limit to the Skyrme model 

HChK, M. Polyakov, K. Goeke, PRD 53 (1996) 4715R

g0A(NRQM) = 1

gA(NRQM) = 5/3

g0A(Skyrme) ⇡ 0

zero soliton size: NRQM

Example:

Large soliton size:  
Valence quarks dive  
into the Dirac sea- 
No quark and  
topological winding 
number=1.  



Medium-modified Skyrme model 
Medium-modified effective chiral Lagrangian

L⇤ =
F 2
⇡

4
Tr

✓
@U

@t

◆✓
@U†

@t

◆
� F 2

⇡

16
↵p(r)Tr (rU) ·

�
rU †�
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1

32e2�(r)
Tr
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U†@µU, U

†@⌫U
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+
F 2
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2
⇡

16
↵s(r)Tr(U + U† � 2)

U. Yakhshiev and HChK, PRC  83, 038203 (2011)

↵p(r) = 1� �p(r)

↵s(r) = 1 + �s(r)/m
2
⇡

�p, s : pion dipole susceptibility in medium 

The parameters are fixed by pion-nucleus 
scattering data.

(See Ericson and Weise, “Pions in Nuclei”.)

�(r) = exp

✓
� �num⇢(r)

1 + �den⇢(r)

◆

Fitted to the volume term of the semi-
empirical mass formula.



Medium-modified Skyrme model 

No modification of the Skyrme term

Binding Energy per nucleon

With the Skyrme term 
modified

It is required to protect the 
Skyrmion from the collapse!

�num = 0.47m�3
⇡

�den = 0.17m�3
⇡



Results

U. Yakhshiev and HChK, PLB, (2013)

Electromagnetic form factors of the nucleon in nuclear matter



Transversity: Tensor Charges

⌦
N

�� ¯ �µ⌫�� 
��N

↵
⇠ Tensor charges

• No explicit probe for the tensor charge! Difficult to be measured. 

• Chiral-odd Parton Distribution Function can get accessed via the SSA of 
SIDIS (HERMES and COMPASS).  

A. Airapetian et al. (HERMES Coll.), PRL 94, 012002 (2005).
E.S. Ageev et al. (COMPASS Coll.), NPB 765, 31 (2007).
CLAS & CLAS12 Coll. 

ppbar Drell-Yan process (PAX Coll.): Technically too difficult for the moment (polarized antiproton: hep-ex/0505054).



Transversity: Tensor Charges

�u = 0.60+0.10
�0.24 , �d = �0.26+0.1

�0.18 at 0.36GeV2

Based on SIDIS (HERMES) data:  
M. Anselmino et al.  Nucl. Phys. B, Proc. Suppl. 191, 98 (2009)



Results
Up and down tensor form factors 
compared with the axial-vector ones 

T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 034022



Results
Strange tensor form factors  
compared with  
the axial-vector ones 

T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 034022



Results

Comparison with the lattice results.
M. Goeckeler et al., PLB 627, 113 (2005) 

T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 034022



Results

Comparison with the lattice results.
M. Goeckeler et al., PLB 627, 113 (2005) 

T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 034022



Results

Isospin relations

SU(3) relations Effects of SU(3) symmetry breaking are  
almost negligible!

T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 034022



Results
Flavor decomposition of the anomalous 
tensor magnetic form factors.  

T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 054014



Results
Up anomalous tensor magnetic form factors 
compared with the lattice one. 

T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 054014

M. Goeckeler et al. [QCDSF Coll. and UKQCD Coll.]  
PRL 98, 222001 (2007)  



Results
Down anomalous tensor magnetic form factors 
compared with the lattice one. 

T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 054014

M. Goeckeler et al. [QCDSF Coll. and UKQCD Coll.]  
PRL 98, 222001 (2007)  


