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Aim and Context

» Spatial representation of hadrons as relativistic
systems

— GPDs, Transverse Densities
« Universality in large distance dynamics:

— Chiral symmetry breaking, effective field
theory

e Study of chiral periphery of transverse nucleon
structure

—  Charge and current densities, EM form
factors

— Matter density and angular momentum,
energy momentum tensor and GPDs
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Motivation

« Methodology
— Reveal spatial structure of yEFT:
M_-! vs. short distance contributions

— Explore different formulations of orbital angular momentum 1n
field theory applied to a =N system

 Practical

— Calculate model independent chiral components of the nucleon
structure

— Constrain form factors, peripheral GPDs
« Experiment
— Form factors measurements in the low Q? region
JLab E12-11-106 Q2 ~ 10 - 10 GeV?

— Connect chiral dynamics with Peripheral Processes in High Energy
ep and pp Reactions: EIC, LHC
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Invariant
Formulation

Spectral
Functions
Im F(t)

Methodology

TRANSVERSE
DENSITIES

p(b)

Infinite
Momentum
Frame

Light-Cone WF
Y(x,ky)

GPDs
p(X:b) <> H(X,O,t)
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Transverse Charge and Current Densities
— Deﬁnil‘ion  —

e Fourier Transform in Transverse Momentum

p(b) = j AT e COIECA) == | p(b)= Tg_i (-

* From Electromagnetic (EM) Form Factors (FF)
A, 2
),

* From Energy-Momentum Tensor (EMT) FF

(N,[3#|Ny ) =L_Jz[7/” F(4%)+ic*

(N o B(4?)

Nl> _ U{m P, Al4?)+P ic., zAl\Oﬁ

+[A,,AV —AZQWJC(AZ)+ Mgwff(dz)}Ul

M
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Transverse Charge and Current Densities
— Deﬁnil‘ion  —
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Transverse Charge and Current Densities

| — |
Dispersion Representation, Spectral Functions
* Form Factors
_ Analytic Continuation g Contributes to isovector
’ , ~ «— form factor:
Im¢ j;N FV=1/2(Fp-Fn)
F (t) | p

4M.2 \ > Ret

Branch cut

* Dispersion Relation : For Re#<0,

¢ dt' ImF(t+i0
Fty = | - (L+0)
a2 U T
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Transverse Charge and Current Densities
= Dispersion Representation, Spectral Functions and ™=
Analytic Structure Near Threshold

F0- | td_tt Im F7(:'+i0)

p(b) = f ﬁKo(ﬁb)Elm F(t+i0)

-2 27T T
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Transverse Charge and Current Densities
Dispersion Representation, Spectral Functions

Im(F1)

p(b) = T ;—;Ko(ﬁb)ilm F(t+i0) '\\ b=0.75/M,!

025

4M 2

* As b grows, F(t) is sampled closer to threshold (t;,=4M_?)
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Transverse Charge and Current Densities
= Dispersion Representation, Spectral Functions

* For large b, Transverse densities are dominated by near
threshold values of spectral functions

Im(F1) )
Tn(F 1) Ko(6 V7
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K, (Vth) ImF (t)

0.20p 0.015f

0.15F ~
0.010p

0.10F

0.005
0.05F - -

10 20 30 40 50

_!effergon Lab



Transverse Charge and Current Densities

Analytic Structure Near Threshold
X 7 ,
%
. a0
Im¢ s Vo
Ft) ¢+ P /!
t ! 2 J DU S :
;ﬂb 4M,; S . U IP_M2+4i0  A(t)—iB(t)cosd
0 Ret 7] ™
M.
|\/|2N 1
I A t]c (tllgots 2549 (cos6)
* Sub-threshold singularity 2 AD-1BY)
— End-point singularity At.)=iB(t. )=t —4M?— M’E
— Intermediate nucleon on-shell N

— Limits convergence of expansion near threshold

— Controls large b(~M,?M_*) behavior of transverse densities
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Transverse Charge and Current Densities

— Parametric Regions pp—
* Chiral Region -
— Ab~ L — 1 ~1.5fm
(At;c)1 Mﬂ o |

* Molecular Region

3.98 3.99 4.00 4.01 402 4.03
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Peripheral Densities from Invariant yPT

e Chiral EFT Lagrangian

— Relativistic formulation of pion-nucleon dynamics

o g — U l [ __a abc Db C
Lo = —ﬁw‘ VsT W0, 7" — 4F2W‘f pe 0, + ...

— Axial Vector coupling and contact terms

 EM current. Leading m contributions to isovector spectral
functions: M o 1A e

(Nz|9m[Ny) — 1'/ sk EPz='|]=

—%

(NL[3#|N, ) =U{yﬂ F(a%)+ iO_WZA—I\;I |:2(A2)}u1
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Peripheral Densities from Invariant yPT

| [ ——
2 2\ SMIO: » Find Spectral Functions (ImF(z))
F=—(1-g2) H .
. . — 1nstead,
kE 1 2
F, =M|<3) 2 — Cutkosky Rules
F P.+ P, .
’ P e Pion on mass-shell
¢ d*k X
@ _ @) =
| =l (27[)2 Dﬂ(kl)Dﬂ(kZ)N \\D\// 9, : l2 L 2a6(E —md)
d4k Qz';,’ \\\\ ('5/ k1,2 —m” +1&
129 _j D, (k,)D, (k,)D, (I)N@» — —>
e 0., (), T
o d'k
|(t) =] --—;D, (k)D, (K, )0 (K)
N(l) 1{ } (272.)
NG = 1{ kPY } —[—kz 3 (KP) (kﬁ)ﬂMﬁ L imi = (cos @ 0,k
e A p Vs 0= 167° IJ )CD ~0k|=k m)
N = 1[ K 4 3(kP2) (kAz) }My
2 P P T
km: Z_M”
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Peripheral Densities from Invariant yPT

| [ ——
* Spectral Functions
o it [
LENVE | RV & N g\ g
Uz, 292, —[ 2 g {—%xzarctan(x)Jr[l\/l,i +é}(x :|+ (1—96Ai(t—4|2\/|:>2 X= T aV4
T (47?)2(P2>5\/f (47F,) - M 2
ImF (;_ME]Z : ﬂ
g2, —E[(XZ +3)arctan(x) — 3x|

Strikman, Weiss, PRC82 (2010) 042201

Im(F)
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0.0020
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I o | %)
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e Sub-threshold singularity at | \
X(ty,) =i —
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Peripheral Densities from Invariant yPT

m— Heavy Baryon Expansion ——
N o 8y = OAM {ch[ i H
£ = 20
|\/lN
& <<1], t2 ~0(0)

HB _ 1 4gAI\/I2 10
CA Ok v ey {Z f,(2M b)}

1 0.001
fo(ﬂ):—(K (B + (K B T (K B

()~ [ ﬂzﬁ r[z ﬂj+2ﬂ r(g ﬁ) ﬂlr[_l ﬂﬂ 105:

f,(8)= (K (B)) + (K (B) + (K B + (K (B
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Peripheral Densities from Invariant yPT
Contributions from A and Large N, Limit

* Consistency with QCD 1n the Large N, Limit

— At Large N, R
* M~N2, My,~N,! &
* 2N Zaia~N? ___)N LN
* p~ N

e Contributions from A-
intermediate states remedy this
discrepancy ,

* Butin the Large N, Limit,
considering only nucleonic
intermediate state yPT contributions

to F(t) lead to O Piamn = _AN Nc 4 BAN(?
P(Nm)N & AyN, +ByN,
PN = PN T Pax)N
~ (BN + BA)N(?
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Peripheral Densities in Light-Front yPT

* Develop a partonic formulation of chiral dynamics
— Charge and current of pions 1n the chiral periphery

— Orbital angular momentum decomposition of chiral n-N
LCWF

« Demonstrate equivalence with invariant formalism
e Connect to GPD formalism

— Compute model-independent yGPDs
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Peripheral Densities in Light-Front yPT

e Form factors from the infinite
momentum frame

F=2[——2%
F = <P2,+£ pl,+> I(227r) ya-y)7
o F =2 S WS (k2 )
A, 50 @7 y-9) %
Tom 2T\ eR T
yP—
— LCWEF from NzN pseudo p | ?
scalar coupling - F
) ‘.,' A
Wy, ke, 4,47 =— 19 y(]:zy) Uz'j/sul
2F, | kK2 + Mz (y)
. W b . dZkT —i(ka)\P k
— In impact parameter space ~(Y,b)= IWG (Y k)
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- Peripheral Densities in Light-Front yPT

2
po) = [ Se OR(- L)
(27)
*Transverse densities from form
factors
;| p®
* Charge and current densities from |
pion-nucleon light-cone wave N
functions with .
,H Eglu%loueut
' b - 1/
\P,j@(y,b):ﬁ-f*@l\ﬂmo(ﬁﬁb)
\P;N(y,b)zi—:@mﬁml(mb)ew p.(b) = ZZI dy{|‘ij+/1(](-y ))| +(- g,ﬁ)é(y)C.T.]
¥, b')¥ b’
%pz(b):m ;ISZ (Y, (1) - 2(y.b)
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- Peripheral Densities in Light-Front yPT

yP—
P (Y0 A "
(y,b)=2 P_
p(y.b) ;L =" o ] e
N —
p1[GeV’]
L pd)=[dyp(y.b)

0.001{}; |
0.0005
* Slower pions at larger impact

t 2
parametet pu(0) = [ 2. quyzKé(M,,b%w”j Kf(mﬂb')}

27 (27)" (1-y)
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Energy-Momentum Tensor: Matter density and Orbital
Angular Momentum

I — |
* Energy-Momentum tensor form factors
(calculable in ¥PT)
(V05 . A ol 25 g, )
2M M
* Angular momentum of a pion-nucleon 1
system, Ine = 5 (A(O) + B(O))
[X.Ji(PRD97)]

* Transverse densities p,, pg from form

factors A and B, and A+B. 1 = 1

Pas(d) == | dtKo(\/E )— Im[A(t +i0)+ B(t +i0)]
27 ;5 /4

* Calculated leading chiral contribution to

spectral functions (Cutkosky Rules). No

contact term diagrams!
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Energy-Momentum Tensor: Matter density and Orbital
Angular Momentum

* Asymptotic behavior of p controled by
ImF at threshold and near threshold

3
ImA 3 (;_M’fj 4, M2 M2
i:_gz— —(1— N]x3+2x—[(2—3 PNJXZBJarctan(x)}

% 8 (47z)2\/§5\/f_3 P? 2

t 3
ImB 3 (2_M’§j 4
tarle) - & gP—= < | =X +5x—(3x2 +5)arctan(x)}

z 8 (47[)2\/§5\/E

L A{GeV?)
05 '
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Energy-Momentum Tensor: Matter density and Orbital

I Angular Momentum —
@33
. A=(P,+—IP,
e EMT form factors in IMF < 2 Mop2| +>
* Corresponding Transverse densities as A 0%
. L —
overlap of LC- wave functions oM o <P2’+ op? Pl">
e Matter distributions in impact parameter
2
space: o= 35y, | [¥a(y.b)
* Moments of parton distributions Pa) 2 ;J‘ 2 ! y(L-y)’
0 3o Ay | (v, )Y (y.b)
P —— () ="M} —y{ + :
p(i‘c.llj) | y:Mn/ MN 6\\0 obg ’ 2 A '[ 2z y(d- Y)3

PA(y,b) = 3yp,(y,b)/4
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Energy-Momentum Tensor: Matter density and Orbital

I Angular Momentum —
P4 Fe
P4
o 30p
0.00020f | [
SN 28}
ooootsf 1\ _
i \ 26f
0.00010} 3_4:_
0.000055— 22f
[ i 1
................ e S [LJ ""é""é""%'"'é""é""fob[&]
5 6 7 8 9 10 | Gev
31y 8 YME | ol o) Me ) ke 3pdy g° yMg Vil
PO =3 [ T iy {y K2(m nb){MN] K2(M nb)} po®) = [ 2 o o) [yKz(M b
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Summary

* Explored Nucleonic Structure in a setting that guarantees a model
independent analysis of the dynamics governed by y EFT.

 Derived EM and EMT transverse peripheral densities from
corresponding FF

* From spectral functions (invariant formalism)
— Distinguish parametrical regions (chiral and molecular scales)
— Accuracy of the Heavy Baryon expansion

— Consistency with the QCD Large Nc limit ( add A-
contribution)

* Light—front yPT (IMF)
— Equivalent to invariant formalism

— Calculated transverse densities from LC-Wave Functions
(Connection to GPD formalism)
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Outlook

e Understand origin of contact term (higher mass states,
nucleon compositeness)

* Use the chiral pion —nucleon system as a toy model for
exploring the nature of orbital angular momentum OAM
and other operators 1n field theory (moments of GPDs,
Axial form factors)

e Testuse tN-LCWF in experimental studies at Low and
High energies.
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