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Structure of hadrons

Traditional way of studying structures of hadrons

H/(p/)

Possible probes:
photons, W, Z bosons, mesons, nucleons......
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Understanding the internal structures of hadrons H
H(p) in terms of form factors.
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Structure of hadrons

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

(h(p")[¥(0)1(0)|h(p)) ~ B (t)

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

(NP (0)7, 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)> ~ ga(t), g%(t), G5 (), gaNN "

PHENIX, Nov. 27, 2012



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(0)0u, 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!

PHENIX, Nov. 27, 2012



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 tensor form factors of the nucleon and their
transverse spin structures.

PHENIX, Nov. 27, 2012



The spin structure of the Nucleon

Axial & Tensor Form factors, Axial- Structure functions
vector charges,Tensor charges .
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Nucleon Tomography
(GPDs)
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Transversity: Tensor Charges

0q(x) = o - o

<N ‘@ZJW)\XQM N> ~ Tensor charges

* No explicit probe for the tensor charge! Difficult o 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).
PHENIX, Nov. 27, 2012



Transversity: Tensor Charges

Tensor Charges extracted from the Experimental data:

du = 0.60T53%, 6d=—0.267)1¢ at 0.36 GeV~

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

The uncertainty is still large and more data need to be compiled.
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Tensor form factors
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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.

el 20\ 42T

dq(p®) = (azézgz) [1—%(%@?)—0&5(#2))] oq(p3)
NLO/ 2\ 47 64 In1n(p”/Adcp)
R T TRy [181 (/A3 o) ]

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



Chiral quark-soliton model

Merits of the chiral quark-soliton model

* Fully relativistically field theoretic model.

e Related to QCD via the instanton vacuum.
* Renormalization scale is naturally given.
 All parameters were fixed already.

ZXQSM — /DU eXp( Seff U) — —i’)/4’yi87; —|—’)/4MU75

S = —N, TrlnDaﬁ{ 5’4@
)74

m = diag(m.,, mq, mg

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



Chiral quark-soliton model

Nucleon consisting of Nc quarks
Nc valence quarks Sea quarks

N - N - N
My = (0|Jn(0,T/2)J% (0, —T/2)|0)
L 1 , .
JN(.’L“, t) - N | Bl P Fg{:fiY’TT3Yw/31f1 (.CC, t) e wﬂchNc (LU, t)
,I!im TIn(T) ~e MNT
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Chiral quark-soliton model

Classical solitons

-~

0 .
E(NcEval T Esea) =0 » Mg= ‘NcEval(UC) 23 Esea(UC)

Hedgehog Ansatz:

Usuiz) = exp [iysn - T7P(r)]

hedgehog

PHENIX, Nov. 27, 2012 HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995)



Chiral quark-soliton model

Collective quantization

an-t P(r) :
| i | 0
“[ 0 J

U(z,t) = R(t)U(x — Z(t))R'(t)
/.DU[- »
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Chiral quark-soliton picture
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Chiral quark-soliton picture
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Chiral quark-soliton picture
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Chiral quark-soliton picture

valence - sea
level: o0 levels:
2
[
energy energy
decreases S~ /\ A increases
j LQ/Q_/ mass | gap
B r—— /
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system stabilzes

PHENIX, Nov. 27, 2012 HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995)
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Proton [|This work | SU(2) Lattice SIDIS NR
6d /5u) 0.30 0.36 0.25  0.427990%°  0.25
SIDIS [16] (0.80GeV?): du = 0.541755, 6d = —0.2311092,
SIDIS [16] (0.36 GeV?): du = 0.601735y 6d = —0.26131,,
Latcice [21] (4.00 GeV?): du = 0.86 % 0.13. od = —0.21 £+ 0.005,
Latcice [21] (0.36 GeV?): du = 1.05+0.16. od = —0.26 £ 0.01 .
VQSM (0.36 GeV?):  du = 1.08, od = —0.32.

[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



Dirac form factor

1.0
\\ s Flu ((2.3 )/'F]u (())
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ke = 1.35 (Exp: 1.67),

kq = —1.80, (Exp: -2.03)
ku/ka = 0.75 (Exp: 0.82)

(SU(2) symmetry assumed)

Pauli form factor
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Strange Dirac and Pauli form factors

s (2
\ Ay (Q )
0.1 -\‘\ \‘H;(Qz).
0
L — d
Y |
0.0 0.25 0.5 0.75 1.0



Up and down tensor form factors

compared with the axial-vector ones
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T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 034022 Q? [GeV?



Strange tensor form factors

compared with
the axial-vector ones
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1.0

Comparison with the lattice results.

M. Goeckeler et al., PLB 627, 113 (2005)
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1.0
Comparison with the lattice results.

M. Goeckeler et al., PLB 627, 113 (2005)
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p(uud) n(ddu) A(uds) 1 (uus) XV (uds) L= (dds) =" (uss) == (dss)
A 1.08 —-0.32 -0.03 1.08 0.53 —-0.02 =032 -0.02
od| —0.32 1.08  —0.03 —0.02 0.53 1.08 =002 —-0.32
ds| —0.01 -0.01 0.79 —-0.29 -0.29 —0.29 1.06 1.06

- Isospin relations

ou, = 0d,, ou, = 0d,, duy = 0dy. Ouxp+ = ddys
OUR0 = (\)(Ign. ()HL'—' — (5([§;+—. (5(150 — (5([3—. (3(137— — ()([EU.
0Sp = 0Sp, O0Sgx = 0Syo, 0S=z0 = 0S8=-,

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

(5111,, — (5([,, = (511_\:~+ — (5([):-- — (55‘50 — (585-7-.
(511,, — (5(/,, — (51130 — (5(/5— = (55’1;:t — (5.8’1;1».

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



Flavor decomposition of the anomalous
tensor magnetic form factors. 3.6
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Up anomalous tensor magnetic form factors
compared with the lattice one.

M. Goeckeler et al. [QCDSF Coll. and UKQCD Coll.]

PRL 98, 222001 (2007)
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compared with the lattice one.

KH(Q%) /K5 (0)

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

Down anomalous tensor magnetic form factors m. coeckeler et al. [QCDSF Coll. and UKQCD Coll.]
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112 = 0.36 GeV?
Present work SU(3) Present work SU(2) Lattice
k%l 3.56 3.72 3.00{(3.70)
K 1.83 1.83 1.90((2.35)
K5 0.2 ~ —0.2
kY /K 1.95 2.02 1.58
\ | ",

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

L OEW?) iy L 0mr(b) ]

P(b, S, S) = My Ob2 My  0Ob?

[ H(b?) — S'ev

‘ DO | —

[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.
PHENIX, Nov. 27, 2012



Up quark transverse spin density inside a nucleon
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Up quark transverse spin density inside a nucleon
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Down quark transverse spin density inside a nucleon
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1 Lattice results
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0 PRL 98, 222001 (2007)
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Down quark transverse spin density inside a nucleon
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Strange quark transverse spin density inside a nucleon
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This is the first result of the strange quark transverse
spin density inside a nucleon
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Strange quark transverse spin density inside a nucleon
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*We have reviewed recent investigations on the spin
structures of the nucleon, based on the chiral quark-soliton
model.

* We have derived the tensor form factors of the nucleon,
based on which we have obtained their transverse spin
densities. The results are compared with the lattice and
“experimental” data.

*The first strange anomalous ftensor magnetic moment was
obtained, though it is compatible with zero.

*The strange quark transverse spin density was first
announced in this work.
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*The transverse spin structure when both the nucleon and
the quarks inside it are polarized: additional form factors are
required.

*The FF & GPDs in SU(3): Not much known. Strangeness in
the Nucleon at the level of the GPDs should be studied.

*The FF & GPDS for excited hadrons: Hadron tomography in
general.
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Though this be madness,
yet there is method in it.

Hamlet Act 2, Scene 2

Thank you very much!



Baryonic correlation functions

Baryonic observables

lim (O] v(z)(—1)s' m,s]' (¥)|0) = ILIEI K

K = % / DD+ DU
X J‘/\r(il;’) (—-—IST) ’YNS.]L(:{/)
X  exp [/ dizy! (tﬁ +iMUY + zﬁz) w]

JLAB, May 30, 2012 HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995)



Baryonic correlation functions

Baryonic observables

(0]n (x)TTARIL (y)|0)
o102 aN, F'BI'BQWBN"*
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- i —
) ) . 0
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JLAB, May 30, 2012 HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995)



Baryonic correlation functions

Baryonic observables

1
W[T]T:T]: Sll-] — Z/Dd)Dd)*DU

-y

z (
+ lis,T'AYy )]

1 5 s
= E/DUclct D+i.s'l,l“.f\]

X exp [— / d*zd'y
X 14()a <:v y> n3(y)
3

JLAB, May 30, 2012 HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995)
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