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Interpretation of the Form factors

Non-Relativistic picture of the EM form factors

Electromagnetic form factors
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Interpretation of the EMFFs

Traditional interpretation of the nucleon form factors

F1(Q2) _ /deeiQ. c

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

q Probability interpretation is wrong in a relativistic case!

&

We need a correct interpretation of the form factors

Belitsky & Radyushkin, Phys.Rept. 418, 1 (2005)
G.A. Miller, PRL 99, 112001 (2007)



Interpretation of the EMFFs

Modern understanding of the form factors

Transverse Charge densities p(b)

GPDs

Y
J\ Lorentz invariant: independent of any observer.
A b/w i} Infinite momentum framework
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Form factors

F(¢) = [ e p(b)



Hadron Tomography

Momentum fraction

p(b1)
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Transverse densities
of Form factors

Structure functions

D. Brommel, Dissertation (Regensburg U.)



Generalised Parton Distributions

Probes are unknown for Tensor form factors
and the Energy-Momentum Tensor form factors!

Hadron ?

Form factors as Mellin moments of the GPDs

Hadron ? 6



Structure of hadrons

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

Generalized form factors as Mellin moments of the GPDs

In the present talk, T would like to review various
form factors of the pion with its transverse charge
& spin structures.




The spin structure of the Pion

Vector & Tensor Form factors of the pion
X

Pion: Spin S=0
Longitudinal spin structure is trivial.
x P -
(m(0")ysy*lm(p)) = 0
> 2

What about the transversely polarized quarks
inside a pion?

—>» Internal spin structure of the pion



The spin distribution of the quark
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Spin probability densities in the transverse plae
A, o: Vector densities of the pion,  B,,: Tensor densities of the pion
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/ drz" ' H(z, & =0,b7) = Ayo(b7), / dza" 'E(z,& =0,b7) = Bpo(b1)
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Vector and Tensor form factors of the pion

(m(pp) |17, QU T (p:)) = (pi + pr)Aro(q®)
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Nonlocal chiral quark model

Gauged Effective Nonlocal Chiral Action

Seft|m, ™| = —Spln {zl? +im + i/ M(iD, m)U" (1)/ M (iD, m)}
D, =9, —1iv,V,

The nonlocal chiral quark model from the instanton vacuum

e Fully relativistically field theoretic model.

e “Derived” from QCD via the Instanton vacuum.
e Renormalization scale is naturally given.

*No free parameter

p~03fm, R~ 1fm u~ 600 MeV

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



EM Form factor of the pion

EM form factor (A )
(7 (pp) [T 7. Q|7 (p:)) = (pi + pr)A1o(q?)

10—
i - Amendolia
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S.i. Nam & HChK, Phys. Rev. D77 (2008) 094014 11



Tensor Form factor of the pion

© Generalized tensor form factors

B 2 — Wiy
ot (0 )ld! Ooma@ | * (o) = [(Pi -0y b — i - BY(py - @] o) Tab = Opn @7

B20(Q?)

T

(m* (pp)]a ©0w (DD -0)q©)|7* (p1) = (0 D[(i - D) (Ps - b) — (pi - )Py - )]}

© Transverse spin density

bsin 6
pl(bj_, Sy — :|:1) [Alo(b ) -+ J_Blo(bQ)/]
1 ) 00
F(b%) = an )Z/dzq e PLILF(g / QdQ Jo(bQ)F(Q?)
0
OF(b) =F'(b3) = [ 2d bQ)F(Q
a2 f QHbQF(Q’) S.i. Nam & H.-Ch.K, Phys. Lett. B 700, 305 (2011).

0
For the kaon, S.i. Nam & HChK, Phys. Lett. B707, 546 (2012)
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Tensor Form factor of the pion

0.2 —t\\, Numerical data
- \.~ o Parametrized numerical data

Parametrized lattice data RG equation for the tensor form factor
] v/2Bo

0.15 F Bio

Brommel et al. PRL101 B1o(Q?, 1) = B10(Q?, po) [ O‘(W))
T a( o

1 =8/3, 72 =38, Bo = 11N./3 — 2Ny /3

BlOiZO(QZ)

0.05F B

Q* [GeV?]

p-pole parametrization for the form factor

Q2 —bp
BlO(Q2) — BlO(O) [1 + W]
Pty S.i. Nam & H.-Ch.K, Phys. Lett. B 700, 305 (2011).

For the kaon, S.i. Nam & HChK, Phys. Lett. B707, 546 (2012)
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Tensor Form factor of the pion

O Numerical data: Mx =0
_/V O Numerical data: Iln =140MeV
T A Lattice data
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S.i. Nam & H.-Ch.K, Phys. Lett. B 700, 305 (2011). 14



Spin density of the quark

Polarization




Spin density of the quark

Significant distortion appears for the polarized quark!

mx = 140 MeV Bi0(0) mp, [GeV] (by,) [fm] B20(0) Mmp, [GeV]

Present work 0.216 0.762 0.152 0.032 0.864

Lattice QCD [7]10.216 4+ 0.034 0.756 £ 0.095 0.151 |0.039 4+ 0.099 1.130 % 0.265

Results are in a good agreement with the lattice calculation!
S.i. Nam & H.-Ch.K, Phys. Lett. B 700, 305 (2011). 16



Spin density of the quark
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S.i. Nam & H.-Ch.K, Phys. Lett. B 700, 305 (2011). 17



EMT form factor of the pion

o Energy-momentum tensor (Gravitational) form factor: A,g A,,

M. V. Polyakov and C. Weiss, Phys. Rev. D 60, 114017 (1999)
|Isoscalar vector GPD

26" Hy =, €,t) = 5 / ;li AP (7 ()| (= An/2)p[ = An /2, An /2] (An/2) |7 (p))

Ilts second moments

/dﬂ? :EHi:O(Ia f,t) — A2,O(t) + 4§2A2,2(t)

Energy-momentum tensor form factor

(5 W) T O (0) = % (0 — 6u)O1 (1) + 4P, PLOs(1)]

H.D. Son & HChK, Phys. Rev. D90 (2014) 111901(R) 18



EMT form factor of the pion

~ Energy-momentum tensor operator
1 - A=
Tiw(@) = 59 (@)7101 O 0y ().

~ The pion mass
(7 (p)|Too (0) |7 (p))|,_, = 2m2O2(0)56°

© Spatial component —> Pressure of the pion

(DT @),y = 50|

The pressure of any particle must be equal to zero:
Stability condition (von Laue condition)

H.D. Son & HChK, Phys. Rev. D90 (2014) 111901(R) 19



EMT form factor of the pion

- Pressure Of the piOﬂ (In the chiral limit, the pressure vanishes trivially.)

P = (n%(p)|T3(0)|7*(p))

12N.mM —? 12N M2 212
— = / di / dx -
hE [l2+M 2 +z(1—x)p?+ M]3
. p*=-m?2
Quark condensate Pion decay constant
. _
i(yT) = 8N, /dl 72 :4NC/ dx/di — MM
12+ 37 0 2+ M + (1 - 2)p?
The pressure of any particle must be equal to zero:
Stability condition (von Laue condition)
3M _ 9 49
P = 720 (m <¢¢> + mwfw) = 0 | (By the Gell-Mann-Oakes-Renner relation)

H.D. Son & HChK, Phys. Rev. D90 (2014) 111901(R) 20



EMT form factor of the pion

o LECs in the curved space: Ly; Ly, L3

2

O.(t) =1+ 7 [t(4L11 + L1a) — 8mZ(L11 — L13)]
2t

@2(t) =1 - PL12.

N, _
L1 = 1.6 x 1073, L13 = —2L1; = —3.2 x 1073,

T 19272
N. M M2
Lian=——°"T7(0.— | =084 x10"°
3= 7 96m2 By (’A?) 8

In XPT, (Li1 =14, Li3=-27, Ly3=0.9in unit of 107?)

J. F. Donoghue and H. Leutwyler, Z. Phys. C 52, 343 (1991)

H.D. Son & HChK, Phys. Rev. D90 (2014) 111901(R) 21



EMT form factor of the pion
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H.D. Son & HChK, Phys. Rev. D90 (2014) 111901(R) 22



Transvere charge density of the pion

—-0.4-0.2 0.0 0.2 04
b, [fm]

H.D. Son & HChK, Phys. Rev. D90 (2014) 111901(R) 23



EM Form factor of the kaon

EM form factor (A )
(K(pp) [T Qulm(pi)) = (pi +pg)Alo(q2)

1 e
\ vy
C "\ pion (model I)
0.9 | \w\ ------- pion (model II)
i 1> N ---- kaon (model I)
0s k AN ——— kaon (model II)
- " o =  Amendolia (Pion)
R % AN 4+ Bebek (Pion)
0.7 F NG ¢ JLAB (Pion)
A . \\\ v DESY (Pion)
S - N ~. ' Dally (Kaon)
m 0.6 |~ L
0.5 F
0.4 F
Oc 3 __ I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
0 0.2 0.4 0.6 0.8 1

Q* [MeV?] .
S.i. Nam & HChK, Phys. Lett. B 707 (2012) 546 24



Kaon spin structure
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by [fmls; nam & HChK, Phys. Lett. B 707 (2012) 546



Kaon to pion tensor form factors

K/
L X4

Kaon semileptonic decay (K;3)

<~ Vector transitions

Fi (1, p0) = (77 () [59uul KO (i) = (P + o) ufio (8) + (P — P ) fi (2)

1.50 — T T T T 1.20
1-25_' ] I e CPLEAR experiment 4‘, &
100k | --- Linear fit (PDG) ,/ e
L R [ Quadratic fit (PDG) ,,. + +
0.75r - — Our result +
S 0.0 - +
3 : +
0.25F s ++ +
0.00} ++*
i ez
—-0.25F ad
— O 50 1 1 1 1 1 1 1 1 1 1 1 1 00 ""u 1 1 1 1 1 1 1 1 1 L
0.00 002 0.04 006 0.08 0.10 0.12 0.00 002 0.04 006 0.08 0.10 0.12
t [GeV?] t [GeV?]

S.i.Nam & HChK, PRD 75,094011 (2007) 26



Kaon to pion tensor form factors

Kaon semileptonic decay (K;3)

~ Tensor transitions

(P> PK) = (7™ (pr)|50 0 u|K° (pK)

_ PKuPrv — PKvPrp BKﬂ-(t)
— T

— pu=20.6 [GeV]

H.D. Son, S.i. Nam, HChK, PLB 747 (2015) 460 27



Kaon to pion GPDs

Weak GPDs

PS80 = [ G )l | [ KOw)

Pplt¢d]
M

EE (X6 = [ Lo P (p)ls(-2yiot | -2, 2| u(E) KO ()
2T 2 2 2 2

""‘b We can define the generalized transition form factors
" & transverse charge densities.

1 1
f dz 2"V H (2,6 = 0,63) = Ayo(b), f da 2" B, & = 0,52) = Byo(H?)
-1 —1

H.D. Son, S.i. Nam, HChK, PLB 747 (2015) 460 28



Kaon to pion tensor form factors

» Generalized form factors for kaon transitions: n =1

(" (p£)15(0)7,u(0)|K°) = 2P, A{y" () + ¢uC1o" ()

_ _ PiuPfv — PivD -
(7™ (p)I5(0)0mu(0)| K°) = =2 BT (1)

* Quarks with definite transverse polarization s

. ) - ) . v 1 vaf
'Qb [’7+ — SJZO'+‘7’Y5] ¢ : ot V5 = —56“ ﬂ’LGaﬂ

N |

Transverse fransition density

1

i iyl §REm (b2
p¥7(by,s1) Z/dXP(X, bi,s1) =3 AKT(b?) - 2L L OB (1)

mg 3bi

H.D. Son, S.i. Nam, HChK, PLB 747 (2015) 460 29
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Kaon to pion transverse spin densities
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H.D. Son, S.i. Nam, HChK, PLB 747 (2015) 460 31
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H.D. Son, S.i. Nam, HChK, PLB 747 (2015) 460 32



Radiative form factor of the pion

~Radiative pion (kaon) decays provide yet more information on their
internal structures.

Tt — 6+V€’y Tt — eJWVeeJre_

€

BV O () = ——— €L Fy (%) p ks
(v(k)| AL, (0) |7 (p)) = deei, V2 [ =6 + ¢ (¢ + p%) qI;}_(k;)Q

tict,— [Fa(g®) (kg™ — ¢"q - k) + Ra(q®) (kK™ — g"°k?)],

™

T1 — l"L'2
2

T1— (X)

12—1# # 1# A12—¢V“V5 1#

S. Shim, HChK, PLB 772 (2017) 687 33



Radiative form factor of the pion

0.020 . . . ] 0.05
— DP

- Dipole
0.04+
0.015}

g 0.010 9)_;
&) = 0.02
0.005}+ o
0.01}
0.005
00— 0z 06 o8 10 "o 02 01 06 03 o "o 02 04 06 08 1.0
Q% (GeV?) Q% (GeV?) Q*(GeV?)
NJL [47] NL NJL(A) [23] x PT [20] Experimental data Present work
D.P. Dipole
Fy (0) 0.0242 0.0270 0.0262(5) 0.0258(17) [15] 0.0271 0.0269
ay 0.0191 0.0332(42) 0.10(6) [15] 0.0287 0.0280
F4(0) 0.0239 0.0132 0.0106(36) 0.0117(17) [15] 0.0132 0.0116
ax 0.012 0.0191(61) - 0.0192 0.0193
R4 (0) 0.05975 008 [12] 0.0462  0.0459

S. Shim, HChK, PLB 772 (2017) 687 34



Summary & Outlook

- We reviewed in this talk a series of recent works on the EM
and spin structure of the pion, based on the nonlocal chiral quark
model derived from the instanton vacuum.

Future programs, a personal view

- The transition tensor form factors of hadrons:
Physics beyond the standard model
-Probing dark matter and dark photon, using the pion and kaon
-Physics of excited baryons: Transition form factors, transverse
charge and spin densities.
-Internal view of heavy hadrons

~— Internal shape of hadrons, literally hadron tomography.
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Though this be madness,
yet there is method in it.

Hamlet Act 2, Scene 2

Thank you very much!



