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Understanding the internal structures of hadrons H
in terms of form factors




Structure of hadrons

1. Scalar form factors: Sigma pion-nucleon term
Quark contribution to the nucleon mass

(h(P") 1 (0)(0)[(p)) ~ Zrn (¢)

2. Vector form factors: Electromagnetic & weak properties
Charge, EM radii, EM quark distributions in the nucleon

(NP (0)7, A" Y (0)[N(p)) ~ Ge(t), Gu(t), GE(t), Gi(t)

3. Axial-vector form factors: Weak properties, spin content of the
nucleon, pion-N couplings (PCAC)

<N(p')\@5(0)%%>\%(0)\N(p)> ~ gal(t), g%(t), G5 (), ganN "




Structure of hadrons

4. Energy-momentum tensor (gravitational) form factors:
Mass of the nucleon, orbital angular momentum,
D1 term (pressure, shear force)

(N(P)Tuw [N (p)) ~ Ma(t), J(t), di(?)

5. Tensor form factors: Transverse spin structure of the nucleon

~

(N(P)|1(0)a A" (0)[N(p)) ~ Hr(t), Ex(t), Hr(t)

As equally important as vector & axial-vector form factors
but No probes into these EMT and tensor form factors!




Structure of hadrons

Modern approach: Generalized parton distributions make it
possible to get access to these EMT & tensor form factors.

Form factors as Mellin moments of the GPDs

In the present talk, I would like to concentrate on
the EM & tensor form factors of the nucleon and
their transverse charge & spin structures.




Chiral quark-soliton model

Merits of the chiral quark-soliton model

e Fully relativistic field theoretic model.
e Related to QCD via the Instanton vacuum.
* Renormalization scale is naturally given.

1/p ~ 600 MeV

* All relevant parameters were fixed already.

ZxQSM — /DU eXp(—Seﬂ-‘)

Set = =N TrIn D(U)

HChK et al. Prog. Part. Nucl. Phys. Vol.37, 91 (1996)
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Chiral quark-soliton model

Merits of the chiral quark-soliton model

e Fully relativistic field theoretic model.
e Related to QCD via the Instanton vacuum.
* Renormalization scale is naturally given.

1/p ~ 600 MeV

* All relevant parameters were fixed already.

Z YQSM = /DU exp( Seff HU) = —iy47v;0; + y4aMU™

St = —N. TrlnDaﬁ( WH(/U”@
)74

m = diag(m., mgq, Mg

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



Chiral quark-soliton model

Classical solltons Vacuum

Polarization
<JN($, T)J;r\,-(y, 0 ~ HN —[(NcEva1+FEsea)T]

N, Eval -+ Esea) =0 = Mcl = N, Eval(Uc) + Esea(Uc)

J

5U(

Hedgehog Ansatz:

Usu(zy = exp [iysn - 7P(r)]

hedgehog

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



Chiral quark-soliton model

Collective (Zero-mode) quantization

eiﬁ-FP(r) 0
Vo = [ 0 1

= R()Ue(x — Z(t))R'(t)

!/DU —>Q/DADZMJ

L= Myt 2 ZQM—})” ygh

HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995)
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Chiral quark-soliton picture
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Chiral quark-soliton picture

valence sea
level: levels:

energy energy

decreases S~ /\ A increases
k.:/:/mass

0 0 O

system stabilzes

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



Observables

Valence part

Vacuum Polarization

Sea part N, 1 quarks |




Dirac & Pauli Form factors

Neutron
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S. J. Brodsky and G. R. Farrar, PRD 11, 1309 (1975).

Silva, Urbano, HChK, hep-ph/1305.6373



Dirac & Pauli Form factors

Up quark FFs

Down quark FFs

Strange quark FFs

- SU(@3)

0:2 0:4 0:6 018 1.0
Q%[GeV?]
Silva, Urbano, HChK, hep-ph/1305.6373




Transverse charge densities

Why transverse charge densities?

For the pion, Son’s Talk on Tuesday.

(P', S'[1(0)7,Q¥(0)| P, S)

NoLaANRY)
= alp' ) (R0 + T ) a9
N
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Why transverse charge densities?

Electromagnetic form factors: For the pion, Son’s Talk on Tuesday.

(P', S'[1(0)7,Q¥(0)| P, S)

B +J“”Anu (p, 5)
) (D) %5 4) -
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Transverse charge densities

Why transverse charge densities?

Electromagnetic form factors: For the pion, Son’s Talk on Tuesday.

(P', S'[1(0)7,Q¥(0)| P, S)

— N J“”Anu (0. 5)
= u(p’,s") @ i ST u(p, s

oTVA

q
= Zeq/deq(:c,O,t)
q




Transverse charge densities

Why transverse charge densities?

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

(z, b) = P4 iabpy (o o
C]CC, )_ (27’(’)26 q(CC, q

> 2

Moving direction of the nucleon




Transverse charge densities

Why transverse charge densities?

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

(z, b) = P4 iabpy (o o
C]CC, )_ (27’(’)26 q(CC, q

It can be interpreted as the
probability distribution of a quark in
the transverse plane. y 2 —

M. Burkardt, PRD 62, 071503 (2000); Int. J. Mod. Movina directi fth |
Phys. A18, 173 (2003) oving direction o € nucieon

o(b) := Zeq /dxq(:v, b)

[ dq
) (2m)?

F1(Q%)e™ P




Transverse charge densities

Inside an unpolarized nucleon

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

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

> d
A0 = [ SIeMQnR@)

Inside a polarized nucleon

Carlson and Vanderhaeghen, PRL 100, 032004

> d
%@z%ﬁ%wwwwwﬁméﬁyh@WWW)




Results

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



Results

Transverse charge densities inside an unpolarized proton
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Centered positive charge distribution

Silva, Urbano, HChK, hep-ph/1305.6373



Results

Transverse charge densities inside an unpolarized neutron
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Results

Transverse charge densities inside an unpolarized neutron

0 0./% 04 0.6 0.8
b [fm]

Surprisingly, negative charge distribution in the center of the neutron!
G.A. Miller, PRL 99, 112001 (2007) Silva, Urbano, HChK, hep-ph/1305.6373




Results

Transverse charge densities inside an polarized nucleon
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Discussion

Carlson, Vanderhaeghen, PRL 100, 032004

Silva, Urbano, HChK, hep-ph/1305.6373
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Nucleon polarization along the x axis:
Magnetic dipole field B

> B

>b$

Silva, Urbano, HChK, hep-ph/1305.6373



Discussion

Carlson, Vanderhaeghen, PRL 100, 032004

Nucleon polarization along the x axis:
Magnetic dipole field B

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

Silva, Urbano, HChK, hep-ph/1305.6373



Discussion

Carlson, Vanderhaeghen, PRL 100, 032004

Nucleon polarization along the x axis:
Magnetic dipole field B

> B

>bx

—

l E = —~(¥ x B)

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

Silva, Urbano, HChK, hep-ph/1305.6373



Discussion

Carlson, Vanderhaeghen, PRL 100, 032004

Nucleon polarization along the x axis:
Magnetic dipole field B

> B

>b$

E = —~(7 x B)

OO =N
ot Ot O
—2

E Induced electric dipole field along the

—_—

B 0s  negative y axis: Relativistic effects
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Silva, Urbano, HChK, hep-ph/1305.6373



Results

Flavor-decomposed Transverse charge densities inside a polarized nucleon
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Results

Transverse charge densities inside an unpolarized proton in nuclear matter

Free-space Skyrme Model Medium-Modified Skyrme Model

1.0
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The proton bulges out in nuclear matter!

Yakhshiev’s Talk on Tuesday for details.

U. Yakhshiev and HChK, PLB, (2013)



Results

Transverse charge densities inside an unpolarized neutron in nuclear matter

Free-space Skyrme Model Medium-Modified Skyrme Model
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The neutron also bulges out in nuclear matter!

Yakhshiev’s Talk on Tuesday for details.

U. Yakhshiev and HChK, PLB, (2013)



The spin structure of the Nucleon
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The spin structure of the Nucleon

Axial & Tensor Form factors, Axial- Structure functions

vector charges,Tensor charges

T X

Nucleon Tomography
(GPDs)

> 2

Y

\ Spin Structure

> L




Tensor form factors

<Ns’(p/)‘J(O)ZO'”V)\Xw(O)‘Ns(p» o (p/) [H%(Qz)iO"m/ X E%(Q2)7qu2;4qu7y
v _ anV)] ’U»s(p)

1
/ dv Hy (@, 1)
—1
1
/ dz Ex(z,,t)
—1

gT = ou+od +0s
g3 = 6u—éod
g

= %(&u +0d — 205)

1
/ dw Hif(w, €, 1)
—1




Tensor form factors

o Yq" — gty
Hi (@)™ + EX Q) ——7;

nqv _ qy,nz/)

e ] us(p)

dr HY(x,&,1)

dz EX(x,&,t
/_1 7(#:61) — u—dd

1

1
de HX(x,€,1) = = du + dd — 255
| dwtiyaen - |




Tensor form factors

v

0 (v) [H%@?)'a“'/ T 5 (o 3 A i

2M
nqz/ o qy,nl/)
)

dr HY(x,&,1)

e B0 h0) = = duk i 40

L (Gu+ 6d — 265)

da HX(x,€,1) 7

2M
- / Ny () [T ¢ Ny | N, ()
_HX

H7(0)

X
R

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




Tensor form factors

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

() [

41
9 ln(/ﬂ/A(QQCD)

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




Results
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Results

This work SU(2) Lattice SIDIS NR
0.30 0.36 025  0.427090° 0.25

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



Results

Proton ||This work | SU(2) Lattice SIDIS NR
6d/6ul 0.30 0.36 025  0.427090° 0.25

du = 0.5415Y) 5d = —0. 231+8 ",

SIDIS [16
du = 0.60153] . 5d = —0.261) 1.

SIDIS [16] (0.36 GeV?):
Su = 1.05+0.16 . 6d = —0.26 £ 0.01 ,
Su = 1.08, 6d = —0.32,

Lattice [21] :
YQSM (0.36 GeV?):

(0. )
16] ( )
Lattice [21] (4.00 GeVQ): Su = 0.86 =+ 0.13, 5d = —0.21 + 0.005 ,
(0. ):
( )

[16] M. Anselmino et al. Nucl. Phys. B, Proc. Suppl. 191, 98 (2009)
[21] M. Goeckeler et al., PLB 627, 113 (2005)

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



Results

12 =0.36 GeV?

Present work SU(3) Present work SU(2) Lattice
3.56 3.72 3.00](3.70)
1.83 1.83 1.90/(2.35)
0.2 ~ —0.2
1.95 2.02 1.58

Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 054014
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12 =0.36 GeV?

Present work SU(3) Present work SU(2) Lattice
3.56 3.72 3.00](3.70)
1.83 1.83 1.90/(2.35)
0.2 ~ —0.2
1.95 2.02 1.58

S

The present results are comparable with the lattice datal

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

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




Transverse spin density

1 o
p(b, S, s) =3 [ H(b?) — S'e

L OB() iy 1 Omr(H?)
My 002 My 012

+ 55" {HT(b2) e
N

1

1 117 1251] J_ -
+ s' (2b'Y — b6 )SM}’V

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




Transverse spin density

1
L OBV iy L Okr(b?) ]
My 0Ob2 My 02

[ H(b?) — S'ev

[S,S] — [(170)7 (070)]7 [S,S] — [(070)7 (170)]

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




Transverse spin density

L OBV iy L Okr(b?) ]
My 0Ob2 My 02

[ H(b?) — S'ev

[S,S] — [(170)7 (070)]7 [S,S] — [(070)7 (170)]

FX(b*) = /OOO ™ Q@) PN Q)

on

H(b?) = F1(b*), E(b*) = Fy(b*)

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




Results

Up quark transverse spin density inside a nucleon
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T. Ledwig & H-Ch.K, PRD 85, 034041 (2012)
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Results

Up quark transverse spin density inside a nucleon

06 04 02 00 02 04 06 Y""06 04 02 00 02 04 06
by [fm] by [fm2]




Results

Down quark transverse spin density inside a nucleon
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Results

Down quark transverse spin density inside a nucleon
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Results

Down quark transverse spin density inside a nucleon
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Results

Strange quark transverse spin density inside a nucleon

Strange [(1,0),(0,0)] Strange [(0,0),(1,0)]
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T. Ledwig & H-Ch.K, PRD 85, 034041 (2012)

This is the first result of the strange quark transverse
spin density inside a nucleon




Results

Strange quark transverse spin density inside a nucleon
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Results

Strange quark transverse spin density inside a nucleon
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e We have reviewed recent investigations on the charge and
spin structures of the nucleon, based on the chiral quark-
soliton model.

e We have derived the EM and tensor form factors of the
nucleon, from which we have obtained their transverse

charge & spin densities. The results are compared with the
lattice and “"experimental” data.

e The first strange anomalous tensor maghetic moment was
obtained, though it is compatible with zero.

e The strange quark transverse spin density was first
announced in this work.

e We also extended the investigation to nuclear matter case.
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Though this be madness,
yet there is method in it.

Hamlet Act 2, Scene 2

Thank you very much!



Chiral quark-soliton model

Set = —N:Trin(t@d + MU + im)
Nucleon consisting of Nc quarks
My = (0|Jx(0,T/2)J5 (0, —T/2)|0)

1 = v
_ ﬁgﬂl BNCF{JZiy,TTBszﬁlfl (Z,t) - VBN, fr. (2, 1)
.

lim TIn(T) ~ e MNT
T — o0

v 1 ok
My(Z,t) = TYry ~ /dUH<O,T/QIﬁ‘O,—T/2>f o~ Seft
1=1 9

6_(N6Eval(U)‘|‘Esea(U))T
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Baryonic correlation functions

Baryonic observables

im0y @274 w)0) = lim K,
’ yoo% o0

1
K= > / DYDYt DUJNT, T,

X exp { / drzpT (i + MU + i)

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



Skyrme model as a limit of the XQSM

Effective Chiral Lagrangian and LECs
Seg = — N TrIn(i + i/ M (i0)U5+/ M (i0))

Derivative expansions: pion momentum as an expansion parameter

AN 7/
N /7
N
N /
- — - - -+
+ .
s
P \
s \
s \
\

Weinberg term Gasser-Leutwyler terms

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



Effective chiral Lagrangian

Weinberg Lagrangian

£® = F{ (D"U'DU) + ij (xU+xut)

Gasser-Leutwyler Lagrangian

> + L2 <L L > + L‘3 <L,LLL,LLLI/LI/>

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



Low-energy constants

Gasser-Leutwyler Lagrangian

Mp(MeV)  A(MeV)  Ly(x1073)  Lo(x1073)  Lg(x1079)
local xQM 350 1905.5 0.79 1.58 —3.17
DP 350 611.7 0.82 1.63 —3.09
Dipole 350 611.2 0.82 1.63 —2.97
Gaussian 350 627.4 0.81 1.62 —2.88

GL 0.9+£0.3 1.7 £ 0.7 —4.4 4+ 2.5

Bijnens 0.6 £0.2 1.24+£04 —3.6 1.3
Arriola 0.96 1.95 —5.21
VMD 1.1 2.2 —5.5
Holdom(1) 0.97 1.95 —4.20
Holdom(2) 0.90 1.80 —3.90
Bolokhov et al. 0.63 1.25 2.50
Alfaro et al. 0.45 0.9 —1.8

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



Low-energy constants

Gasser-Leutwyler Lagrangian

Mp(MeV)  A(MeV) § Ly(x1073)  Lo(x1073)  Lg(x1079)
local xQM 350 1905.5 0.79 1.58 —3.17
DP 350 611.7 0.82 1.63 —3.09
Dipole 350 611.2 0.82 1.63 —2.97
Gaussian 350 627.4 0.81 1.62 —2.88

GL 0.9+£0.3 1.7 £ 0.7 —4.4 4+ 2.5

Bijnens W 0.6+£0.2 1.24+£04 —3.6 £ 1.3 }

Arriola 0.96 1.95 —5.21
VMD 1.1 2.2 —5.5
Holdom(1) 0.97 1.95 —4.20
Holdom(2) 0.90 1.80 —3.90
Bolokhov et al. 0.63 1.25 2.50
Alfaro et al. 0.45 0.9 —1.8

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



Limit to the Skyrme model

Example: Axial and Tensor Charges

3N—————— 17—

300  NRQM Skyrme
250!

! ga(NRQM) =5/3 1| Large soliton size:
200 Valence quarks dive
1| into the Dirac sea-
1.50 No quark and
I - 11 topological winding
1'00_‘ || number=1.

0.50 N | |
0.00 4 g2 (Skyrme) ~ 0
—0.50

zero soliton size: NRQM HChK, M. Polyakov, K. Goeke, PRD 53 (1996) 4715R



Medium-modified Skyrme model

Medium-modified effective chiral Lagrangian

Lr = —”Tr (%g) (a(;f) - ]f—;ap( )T (VU) - (VUT)

f L Ute,U, U, U]’

T s (r)Tr(U + UT —2)

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



Medium-modified Skyrme model

Medium-modified effective chiral Lagrangian

Lr = (%—g) (5)(;?) m r(VU) - (VUT)

L muteu vla,u)

2

”Tr(U + U - 2)

N
Xp, s : pion dipole susceptibility in medium

The parameters are fixed by pion-nucleus
scattering data.

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

J

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



Medium-modified Skyrme model

Medium-modified effective chiral Lagrangian

Lr = (%—g) (g) m r(VU) - (VUT)

Uto,U, Ute,U]"

N
Xp, s : pion dipole susceptibility in medium

The parameters are fixed by pion-nucleus
scattering data.

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

m(r) — exp (_ Ynum P(T) ) N

1 + ’Ydenp<r)

J

Fitted to the volume term of the semi-
@mpirical mass formula.

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




Medium-modified Skyrme model

Binding Energy per nucleon

=
O
=

AFEp_




Medium-modified Skyrme model

Binding Energy per nucleon

=
O
=

AFEp_

No modification of the Skyrme term




Medium-modified Skyrme model

Binding Energy per nucleon

—100

» With the Skyrme term
_opp Modified

=
O
=

It is required to protect the

Skyrmion from the collapse!
—300

AFEp_

—400

No modification of the Skyrme term




Results

Electromagnetic form factors of the nucleon in nuclear matter

Q? [GeV?)

U. Yakhshiev and HChK, PLB, (2013)



Transversity: Tensor Charges

0q(x) = 0 —~ 0

<N WJW)\X?M 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 Caoll.

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




Transversity: Tensor Charges

du=0.60T53%, 6d=—0.26101¢ at 0.36 GeV~

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
1.0

0.8

0.6

E
0.00
T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 034022




Results

Strange tensor form factors ()
compared with
the axial-vector ones

—0.01

—0.02

—0.03
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T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 034022




Results

1.0

Comparison with the lattice results.

M. Goeckeler et al., PLB 627, 113 (2005)
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T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 939(922




Results

1.0
Comparison with the lattice results.

M. Goeckeler et al., PLB 627, 113 (2005)
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Results

p(uud) n(ddu) A(uds) B (uus) X°(uds) X~ (dds) =% (uss) 2 (dss)

1.08 —0.32 —0.03 1.08 0.53 —-0.02 -0.32 —0.02
—0.32 1.08 —-0.03 —0.02 0.53 1.08 —0.02 —0.32
—-0.01 -0.01 0.79 -0.29 -0.29 —0.29 1.06 1.06

Isospin relations

ou, = 0d,, O, = 0d,, dupn = ody, Ous+ = ddx-,
(SUEO — (SdEO, 5U2— — (Sd2+, 5’&50 = 5d5—, 5’&65— — (Sdgo,
05, 0S,, 0Sy+ = 0Sy0, 0S=0 0S=—,

SU(3) relations

n — 5u2+ — 5d§;— — 5850 — 585—,
(SdP — (SUEO — 5d5— — (582i — (5820.

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




Results

p(uud) n(ddu) A(uds) B (uus) X°(uds) X~ (dds) =% (uss) 2 (dss)

1.08 —0.32 —0.03 1.08 0.53 —-0.02 -0.32 —0.02
—0.32 1.08 —-0.03 —0.02 0.53 1.08 —0.02 —0.32
—-0.01 -0.01 0.79 -0.29 -0.29 —0.29 1.06 1.06

Isospin relations

ou, = 0d,, O, = 0d,, dupn = ody, Ous+ = ddx-,
(SUEO — (SdEO, 5U2— — (Sd2+, 5’&50 = 5d5—, 5’&65— — (Sdgo,
05, 0S,, 0Sy+ = 0Sy0, 0S=0 0S=—,

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

n — 5u2+ — 5d§;— — 5850 — 585—,
(SdP — (SUEO — 5d5— — (582i — (5820.

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




Results

Flavor decomposition of the anomalous
tensor magnetic form factors. 5.0

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




Results

Up anomalous tensor mnge‘l'iC form factors M. Goeckeler et al. [QCDSF Coll. and UKQCD Coll.]
compared with the lattice one. PRL 98, 222001 (2007)
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Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 054014




Results

Down anomalous tensor magne’ric for'm fGCTOf‘S M. Goeckeler et al. [QCDSF Coll. and UKQCD Coll.]
compared with the lattice one. PRL 98, 222001 (2007)
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