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Electromagnetic probes

@ Electric and magnetic proton form factors

Proton and Neutron charge distributions
Nucleon spin structure

Nucleon-Delta transition (other resonances)
Quark-hadron duality in structure functions

Generalized parton distributions

¢ O O O O ¢

Pion and deuteron form factors



GPDs (generalized parton distributions)

GPDs H,(x,£,Q°) naturally embody the information of both
PDFs and FFs, and therefore display the unique properties
to present a "3D" description for a system.

GPDs allow for a unified description of a number of hadronic properties; for

example:

(1) In the forward limit they reduce to conventional PDFs

Hq("qj: 07 0) — Q('T) )

i

Hy(z,0,0) = Ag(x).

(2) When one integrates GPDs over x they reduce to the usual form factors, e.g.

the Dirac form factors®

Zeq/dmﬂq(m,g,t) = Fi(t),

Zeq/dmﬁq(m,g,t) — Fo(t).



GPDs (generalized parton distributions )

GPDs for pion,
Broniowski, PLB 574, PRD78; Choi et al., PRD64; Fanelli, EPIC76; ......

for nucleon (proton and neutron)
Diehl et al., EPIC 73; Kroll, EPJA53; Pire et al., PRD79; Selyugin, PRD91,......

Light Nuclei: He-3
Rinaldi et al., PRC87......

Deuteron
Cano et al., PRL87,Cosyni8......

p-meson: Narinder Kumar: Transverse Charge densities of p-meson...

Generalized Parton distributions for pion
Broniowski, PLB574,In the limit

of &=0
‘q
A
Covariant amplitude with a reduced photon vertex for . ¥ k T .
pion GPD (left diagram) and its nonvalence x << { part (right - P P

dlagram)* Fig. 1. The diagram for the evaluation of the penemlized parion

disiribuiion of the pion in chiral quark models.



GPDs (generalized parton distributions)

Deep virtual Compton Scattering

qe qe s 7€’
k -A k k=A
Y

A GPD factorization formula:

A6, A%,Q%) =

e

[Chueng-Ryong Ji ‘06, Diehl ’16 ]

DVCS, TCS, meson
production

Parton correlation function:

Zf dz Ci (w, &;log(Q/p) ) Hi(w, €, A% )

It may be measured by
Deeply virtual Compton scattering

Or
Deeply virtual meson electro-productions

_ flavor by
H(k,P,A) = (27r)_4/d4z et#k flavor
< (p(P+ EA)a(- 1T a(12)lp(P - 1A)

q(—32)Tals

Gauge A*=0

The Dirac matrix I' selects
the twist and the parton spin
degrees of freedom.

[H — ¥ 6

\
/



Scheme [ Dieh 16 |

A= parton correlation function
/ forward limit H{k, P, 4)
f(k, P ) parton correlation function Y [dk™
c=10 FT
/ H(z, k&, b) € H(z, k,{A) GTMD
fﬂfk‘-_' Wr .E k. b Wigner distribution

Y [k
| Pk
FT
[ &b H(x,£,b) <> H(z,£ A% GPD
FT

f (’E zZ) €» f;r k T, ) impact parameter \

1‘; ] d n—1
TMD 0 distribution [dz
=)
v I D heo Auk(A%) (26)"

f(z) F(b) <> F (&)
PDF form factor 7




2, Spin-1 particle and basic properties
Definition of GPDs (spin--1)

* Unpolarized [ PRL: Berger 01, for the deuteron]

P,n,,PP,nn}

1hY {guv’ il v’ v p'p ov!?

Unpolarized (5)
Polarized (4)

Symmetry properties:

L t=A2 = (p—p)?, Hi(z,€,t) = Hi(z,—&,t) (I=1,2,3,5)
Hy(x, €, t) = —Hy(x, =&, t)
0, (lightlike four-vector) Hi(w,€,8) = Hy(z,—£,8) (I =1,2,4)
(n-A)/(n-P), skewness parameter , Hs(z,8,t) = —Hs(z, —£, 1)

e(p,\) , € = €(p',\') , polarizations , | © H§+(m,€,t) = —H (z,—¢,1) 8



Sum r'UICS , Spl n—1 par"l'icle [Frederico “97, Berger ‘01, Broniowski ’08 ]

 Form factor decomposition of Local current

_ FFs in flavor
15, = (', N'1@(0) v q(0) |p, A) } d

P3P,
= e [ ~ (G(t)gsa + G4(1) oo )P+ GY(t) (9P + g5 Pa) ]

e Sum rules  Conventional Form factors

1 2
[ demi@en =Gl (=123, Colt)=Calt) + znCalt)

—1

1 Gu(t) = Galt)

dzH? — = 4.5) .

[ temne =0 G=49) G it e + (14 mass.



Fo r‘war‘d I 'mr" [ Hoodbhoy ‘89, Berger ’01, Cosyn’17]

e GPDs in forward limit Quark densities:
1 -1 0
Hy(x,0,0) = L) * 4 3(x) ta) g (x) = qf (x) + qf'(x)
A —A
g'(x) + ¢ '(x) g = 4

Hs(x,0,0) = ¢"(x) —

2 H1 --H5 for x < 0, antiquark
forx> H(x,0,0) = g{ (x) — ¢ ' (x)
Callan-Gross
. lati
e DIS structure functions FEIaHon
_ 4 1 I
1 | 0
Fi(x) = %Z‘fg q'(x) + g 3(x) tq ) (g — a}. quT(i)(X) — E H,' (x,0,0)
q
_ 1 2| opy g'(x) + g7 '(x) - 1
bilx) = 2 ;eq[q (x) 5 ]"‘ {g — g} bqu(i)(X) == H!(x,0,0)
\_ 2 J

1 _
g1lx) = - > egla1 (@) = g1 '] + g — 3}
q
FlCIT(i) bfT(l) WH ~ F, F, 91,92
bl!b2!b3ib4

* Single-flavor

10



3, Light-front constituent quark model

|SOSpin combinations [ Berger ’01, Frederico 09, Bronioski’03]
e Effective Chiral Lagrangian:

Losgg = —1UM/fp)qS"1q - pp = —2(M/fp) [ES“HPEL +V2uS*dp} 4+ V2dS* up;, + QS“dpﬂ]l
e Quark field doublets-
) (%)

q(x)= d(z)

* 5 un-polarized GPDs: Isospin combinations

% f 92 (P2 (b (of AN (= L2)  sa(2) [0® (0, M)

2m z=An
* * * H1 _>F1
LEmE P @ e P) ey 2e P)EP) i o b
P,n Qapb m2 Bapb I’:I" _)g
1 1
e-n)(*-P)—(€*-n)e-P)  _;_ e-n)(€™*-n) 1, , _
P D) (€ P) g o (P>§n)2 )} L 'E)Iﬂg’;‘}}

1
. . . I= _ U d
Isospin combinations:  Hit(2,&,t) = E[Hi,pi (z,€,t) — H; j+(z,&,1)]

G parity: Hg+ (“T:E)t) — _Hg+($7 _fat) H



Phenomenological vertex p meson
[ Choi 04, Frederico 09 ]

>
Pi
Phenomenal vertex: SH = THA(ks, p)
Bethe-Salpeter Alks, p) = c
amplitude(BSA): ’ (k2 — mp +2€][(p — ks)? — m + 2¢]
(ky+kq)H
S-wave : [H=Ar_- 31 1
Meson vertex: I'* =+« Mo 2m

/ Dispersion relation

Kinematic invariant
K2 4+m* kT +m?

mass: M; =

1—a x’
12



p=P-3 k—P pP=P+%

d 1x(Pz —
e P2 (p' N|q(—32) 1 q(32) |p, \)

2W Z=wn

Z '*”V};)e”ﬂf(:c, &, t)

1 (K=P+m) _ f{k+§+ m)
f{k-?}/+ m) ; ;
X k=37 —ni IE}f‘]h{k- P,p')Alk =P, p),

where m 1s the constituent quark mass and

oM e (D)
w22 Jo g

rr

13



Residuals

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)

Efremov-Radyushkin-Brodsky-Lepage (ERBL)

A Im
[ Choi ’04, Frederico '09, Miller’'09 ]
* Six pole (Valence) e e
— _ _ €
kl(?) = P +(k_P)on(R) k+ P+ ’ ! | i > L+
_ A~ A € & O al o o [
Faa) - T (k- g)on(m By~ K560 Kaa) - Ksio)
2
i A- A ¢ Nonvalance Valance
ks _T+(k+ 5 )on(ry — k++‘“2—+ : (|x|<|&|,ERBL) (|1x|>|€|,DGLAP)
" « . A
* Nonvalance kinematic invariant mass /
Valance
(x— nN-K K™\
A2 KL +AmM? KL +m? n.P Pt 2 q 4
Oi(v) 1 — 2’ T’ 1—x p=P-% k- P p=P+4
k2 +m? k2 +m? _1_|§| |
pov] o = Mo |
\ll<x<lel ) :
Non-valance » p_%: k_p  p=P+d

Xx—0,1 intrinsic momentum go
infinite!

pair production

The struck u quark in the nonvalence regime, yielded by
the off-diagonal terms in the Fock space. The black blob
represenis the non-wave-function vertex. The red line has the

negative sign in this regime.



4, GPDs of p-meson (unpolarized and polarized)

Gemp®

Results for the Form factors Gc.m.q

- Form factors  low-energy observables
9 Gc(O) =1,
Go(t) = Gi(t) + 31Ga(?) , Gu(0) =2Mpy ,
Gu(t) = Ga(t) , Go(0) = M?Q, ,
Go(t) = Gi1(t) — Ga(t) + (1 +m)Ga(2) , 2o g 8[Gc(®) — 1]
~ 150 '
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TABLE 1. The comparison of the results for the magnetic
moment g, (in natural magnetons e/2M ,) in different approaches.

Model Hp
This work, mIF RHD 2.16 4+ 0.03
Cardarelly, LF RHD [1] 2.26
Melo, LF RHD [2] 2.14
Bakker, LF RHD [3] 2.1
Jaus, LF RHD [4] 1.83
Choi. LF RHD [5] 1.92
He. LF, IF RHD [6] 1.5
He, PF RHD [6] 0.9
Biernat, PF RHD [7] 2.20
Sun, LF COM [¥] 2.06
Hawes, Dvson-Schwinger equation (DSE) [9] 2.69
Ivanov, DSE [10] 2.44
Bhagwat, DSE [11] 2.01
Roberts, DSE [12] 2.11
Pitschmann, DSE [13] 2.11
Carrillo-Serrano, Nambu—Jona-Lasinio 2.59
model (INJL) [14]
Luan, NJL [15] 2.1
Samsonov, QCD sum rules [16] 2.0 +£0.3
Aliev, QCI sum rules [17] 24 4+04
Melikhov, LF triangle [18] 2.35
Simonis, bag model [19] 2.06
Bagdasaryan, relativistic CQM [20] 2.3
Badalian, relativistic Hamiltonian [21] 1.96
Djukanovic, effective field theory [22] 2.24
Andersen, lattice [23] 2.25 +0.34
Heddiich, lattice [24] 2.02
Lee, lattice [25] 2.30 + 0.01
Owen, lattice [26] 2.21 +£0.08
Lushevskaya, lattice [27] 2.11 = 0.10
Gudind, experiment [25] 2.1 0.5

LZ00EE0 "£6Q¥d AYstiodL

PUD "A2DYZ3[0g AOLNLY]
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GV (ED/Gy (b)

Gy (£,9/G3 (1)

Form factors G, , 3 : Nonvalence contributions

140 The non-valence contributions to e 2
12, FFs 61,2,3 at E.,': "0.2, -0.4, -0.6. p 1-4M?/t
1.0f \’\~\.\ | ,,/"'/
08} \\\\ ?; o ‘ _
S 5 """"" //
osf T :Vw 02 =T - -
~ - e %5\] —————————— _ -
0.4f B
T~ 01
02 T T e e o e
0.0 _6 -------- _5 -------- _ 4_3 ------- _2 -------- e %07 -6 -5 4 -3 -2 -1 0
10r t (GeV?)
1
f deHI(z,&,t) =Gi(t) (i=1,2,3),
0.8} . —1
"""" 1
________________ | daHi@en =0 (i=45).
06f.cememmmm="—""""" —1
ol -7 All Three FFs, the sum of the
—————————— numerical result of the valence
0.2} . .
__________________________ and nonvalence  contribution

00— only has a small variation over



Results: unpolarized GPDs H, ; 3(x, &g, t)

1

- S wvan
st = HE" (x,6=0.9/G2 ()

H5 (x£=0.0/Gs ()

t(GeV?) t(GeV?)

X — O ) 1 4.1/G, (1) Hg:j,,gftff_o'4't)/63 (t)
2 pa
// o

iy
/, |

5
t(GeV?)

Y/ -5
t(GeV?)

t(GeV2)

1.0

£0=-0.4
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Forward limit: Single-flavor E?, b

() =2 H (%,0,0)

bt (x) = % H (x,0,0)

Fi(x)

1al 0.15f
1.2} 0.10}
1.0} 0.05}
0.8} _
X
06} T -005
04t ~0.10}
0.2 -0.15}
~0.20}
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Polarized GPDs of p-meson

|a(=32) s a(32) Ip, A)

z=Wwn

Z & AP e HY (z,€,¢)

1 - . 1 1
f dx Hf(:i‘:,ﬁ, t) = Gf(f) (i=1,2), Ag = 91 (z) + gf{z}] dz = f Au(z) dz
-1 0 0
l P
with matrix elements of f g2(x)dr =0 . -
0 Ag = 0.86

0) 75 q(0 ~2i ety g, €T PY G
('] G(0) "5 q(0) [p) = —2i ey, € (*) Wandzura-Wileze relation

'*P) 4 €*7(eP) -~
+ 47 et a3 AQPH € (E )ﬂ}_; (f ) Gg(f) |
WH y o
For other two GPDs, time reversal invariance gives g (=) 9(z) [: Yy 91(y)
1 1 .
f dx Hi(z,6,t) =0, ﬂ g2(x)dr =0.
~1

Transverse spin density
and the Lorenz invariance constraints

1 . a:;r(:r:)=gl{:r}+ﬂz(ﬂf}'w[ djm(u
f de Hi(z,£,t) =0 . Je Y

1



-

Hy (x.g=0. NG (1)

_—

(a) =0

H 19_‘f= 0. VG (Y)

-
_—

Fig. 3. p* GPD H, with £ =0 and —0.4.

pt GPD H, with £ =0 and —0.4.

H fxg=(-04) WIGT )

-

(b) € =—0.4
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ngr[x )

23(x)

04

0.2

The u quark structure function gi'(z)

X

The u quark structure function g5 (z)

2Hx)

'-:1":; (L)

oo L 1 L | 1 1 1 | 1 L 1 1 1 1 L |
0
—t/GeV

The u quark axial form factor G¥(t).



5, Impact Parameter Space

[ Burkardt 03, Hoodbhoy 89 ]

° in1
Spln & 2 2 qué”“ F1,F3,91,92
w.b) = Wit [ SB[ O /
dz— _ zZ~ —zpt s
<t p A | [ at- b el be |y
d2p dzp 2 i . o
il / 32 f 13 o€ = 0,= (p1 = pl)")e™ PP
AL 2)e—tb-AL mm) Fourier transformation
= WH (a:,O,—AJ_)e ]
Spin 1 Density interpretation
* Spin
d*A W
Q(mab) — /(zw)éﬂﬂxo A )e_zbl AL I/V1 Fi,F5,91,9-

by, by, b3, by

A dA
_ f %Jo(bAL)Hl(x,o,—Ai)
0 w
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Impact Parameter Distributions & Gaussian Package (Cut off)

d*p . dp* 1 d*p p:o?
f (gﬂjzpqu p+5(p+ —PF;L)G(PL:;”PJ«) ~ f (2?T)L2exp (— i2 |p+?ph}\>

[ Diehl’02 ]
> AL dA - ‘
qo(7,b) = / gﬂ L To(bA e 217 A (2,0, —A2) 4
0

00 () = / dz g, (z,b) [ qo(b)

2.0

15 %

go(b) (fm~2)

d’A | b
q(z,b) = /(2%)2 Hl(:c,O,—A?L)e bi-Ay

A dA
/ %Jﬂ(bAL)Hl(xaoa_Ai)
0 T

~

Only limit value of “t” can be measured

/Aﬂ AdA |
0 27

q(b.Aq) (fm~2)

Q(vaa AO) - JO(bAJ_)H(:C?Oa _A?L)

Gaussian Package V.S. Cut off

1
Q(bv AO) — / dx Q(mabaAO)
0
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6, Summary and outlook

» 6PDs for p meson (spin-1)
* Phenomenological approach for p meson

* p meson FFs / GPDs

* Impact parameter Distributions



o GDAs & pp production
L3 Collaboration
Exp:
PLUTO/ TASSO/ CELLO/ ARGUS
@ DESY, '82-'91

L3 @ LEP, ’03-'06 ARGUS Collaboration etc.

STAR @ RHIC, '07-'09 p [ Albrecht’90,’91 ]
Babar @ PEP-II, ‘08
V4 ,l | ! . 3 4
LHCb, ‘12 (TeV, double charm) Z& BA'AR
ole"e” — ptp~) =83 = 0.7(stat) * 0.8(syst) fb
Y*vy— pp ) / @

* Full reaction: [ Anikin '04, ‘05 ]

2e > 2e +p°p°(p*p7)

* @LO (twsit-2),I =0
* charged/neutral cross sec. NOT independent (CG coefs)
* but charged has bremsstrahlung

» Also related to: [ Garcia '15, Kiusek-Gawenda '17, Kumano ’17, ‘18]

2e 5 2e+p° +2n - AA+ntnntnT

- 41 - AA+ntn 2n° *



GDA (Generalized Distribution Amplitude)

[ PRL: Diehl ’98, 03, Kumano ‘17 ]
pt = nb*

t &S
pp < p,—p (I = 0 @LO)
7 (1 — )P+
- z pT=1-—n)P*
= d. —4zPte— N —f  — 1 VPP(Z’C,WQ) e
W GW) = [ e T el e (’Ys ) 4010 = (Ag’ﬁ(z,c,wz))
7(z,(,W?) «— H) (g; = i — Zzg = _12C,,g — W?) [Kawamura ‘13, Kumano ’17, ‘18 ]

o Other observable
o Double parton distributions (DPDs)
o Deuteron




QCD evolution of the structure functions

The moments of the structure functions
at different scale

L)\ /(280) For the polarized structure function
m . ( ol e ) ) ¥n  /L<50)
1 i'..:':'lf-[[l - {-'H:F'[';_Z-:l

10
where the single quark spin fractions [
08
Ll
V= 2Mp 1 [} ()] ~ Tny i
and the running coupling constant is o8
o 4 oal
) = > . Ar
Bolog(p* /s r:}-: p) [ N
I:I.E_— I
where 85 = 11N./3 — 2N;/3 with N. = Ny = 3 and I i \
. — . i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 1 | 1 1
_-"1{'1_}['_'1‘_] =0.226 G If.:'l" D':lj i 2 3 4
<r> <> <I3> <T4>

rn for u quark. The red stars are our results and the

Possible Lattice calculation with gray ones with errors are the Lattice QCD results [14].
quench approximation at p=2.4
GeV, Best97. PRD56, 2743
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