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O Introduction: overview about some nucleon properties

[0 Basis Light-Front Quantization (BLFQ) approach to nucleon
v" Form Factors
v Parton distribution Functions (PDFs)

v'Generalized parton distributions (GPDs)

O Conclusions



What could we learn about nucleon structure?
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Nucleon Form Factors

» Elastic electron scattering established the extended nature
of the proton,
[R. Hofstadter, Nobel Prize 19611]

© The electromagnetic form factor can be YE(q)
probed through elastic scattering q

(N(p")J"(0)|N(p)) =
P o gAé

o(p) [+ + e 20 u(p) !—

p

The Fourier transform of the form factors provide the (

).

Charge density y (1) = / de Q Jo(QbL) F1(Q%)

P

2 FFs do not provide dynamical information (angular momentum !!)



Parton distribution functions (PDFs)

» Deep Inelastic Scattering (SLAC 1968)
e(p) + h(P)=e'(p") + X(P") 4 Localized probe:
Q*=-(p-p)?>1fm™?
» —) % <1 fm

Discovery of spin % quarks and
"""" @ - « partonic structure

electron neg,.

electron

» Parton distribution functions (PDFs)
are extracted from processes.

PDFs encode the distribution of longitudinal momentum and polarization
carried by the constituents




Parton distribution functions (PDFs)

o (DIS) discovered the existence of
quasi-free point-like objects (quarks) inside the nucleon.
[Friedman, Kendall, Taylor Nobel Prize 1990]

v Parton distribution functions (PDFs) are extracted from processes.
+ €
= B dy ~e*P"y” e
47
Y*(q)
x (Pl p) _—
yt=y1=0 P <X
Y

PDFs encode the
carried by the constituents

D) > no knowledge of spatial

locations of parton !!



Generalized parton distribution functions (GPDs)

9+ GPDs appear in the exclusive processes like deeply virtual
Compton scattering (DVCS) or vector meson productions.

dz= . i -
[ e IO VP i : v
~ s+ (H965. 2.0 u(P) i) \eme ey Ve

. : ]l ]] ]) [)
(L, r>a<P'>"’+’;—A;Af)u(P)),

. g . Kt
*  Longitudinal momentum fraction x = —

. : Pt
GPDs provide Informatlon *  Longitudinal momentum transfer -->
about the 3D spatial structure At
of nucleon as well as spin and skewness § = o=
angular momentum of the *  Square of total mom transfer
constituents t=A2 = (P' - P)?

® Many activities are going on (COMPASS, HERMES, ZEUS, JLAB etc.)
to gain insight into GPDs



Form Factors Vs PDFs Vs GPDs
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Basis Light-Front Quantization (BLFQ)

BLFQ: approach for solving quantum field theory

\ e Nonperturbative:

for systems with strong interaction

H@ e First-principles:
effective Hamiltonian as input/ direct access
to wavefunction of bound states

- e Light-front dynamics: TETTE T e
- spectrum and light-front
Fock-state wavefunctions j \1

@ are obtained from _Proton 3D imaging |  Proton spin

_ |[Hir|v) = M?|y)

s

. P+ =po4p3 __FF__|_GPD _TMD...




General Procedure for BLFQ

v Construct the basis state: |«)

v' Derive/write the Light-Front Hamiltonian: P~

v’ Calculate Hamiltonian matrix elements: (/| P~ |«)
v Diagonalize the Hamiltonian: P~[8) = P |53)

v Evalute the observables O = (8|0|3)

Previous application (QCD)

m In heavy quarkonium: decay constant, elastic form factor, radii,
radiative transitions, distribution amplitude, GPDs

—Y Li, G Chen, X Zhao, P Maris, J Vary, L Adhikari, M Li, A El-Hady (2016 - 2018)
Previous application (QED)
m electron anomalous magnetic moments
m wave function, spectroscopy of positronium system
m GPDs of the electron and positronium

—X. Zhao, P. Wiecki, Y. Li, H. Honkanen, D. Chakrabarti, P. Maris, J. P. Vary, S. J. Brodsky (2013 - 2018)



Basis construction

O Example: the basis state of proton
m Fock’s space expansion
| N )baryon = al qqq) + bl qqqg) + [ qqqqq) + - - - .

m For each Fock particle

v’ For each quark: n,, mg, kq,
v Ng, Mg, kg,

(
(

)

Nl
= o=

Aq = (5,
Ag = ,—1)

m For the first Fock sector:
|qQQ> = |nqqu17kqu >‘Q1 > ® ‘ Mgy Mgy qu’)‘qz > ® |n<Z37mLJ3’ kqw)‘qza >

O Truncation of the basis
m Fock sector truncation

m For each Fock sector:

v “K,,qe” truncation in the longitudinal direction: > . ki = K00
v “Npqo” in the transverse direction: > . (2n; + [m;| + 1) < Npaa



Basis construction: quantum numbers

m Longitudinal direction: plane-wave basis
v discrete longitudinal momentum (labeled by k): p* = 2%k

m Transverse: v 2D harmonic oscillator basis (labeled by n, m)

2 |b=VMQ
E)MH,\L\H:\(&)
b op?

|
uz 5 77',!71(3’)(

. (pL) = 75%(’
* T f (n+ |m|)!

p=1\/pi+p3
m For the leading Fock sector:
1qqq) = |ng, s Mgy, kgs Agy ) @ | Mgy Magns Kgas Aga ) @ | Mgy s Mgy Kgys Mgy )

O Truncation of the basis
m Fock sector truncation

m For each Fock sector:

v “K.q," truncation in the longitudinal direction: >, k; = K,
v “Ny,q." in the transverse direction: >, (2n; + |m;| + 1) < N,,,(,,



Effective Hamiltonian

Hep= > 7ku o Z VN Z Ve

a a,b a,b

\‘ﬁ/_/ —— — —— ——
LF Kinetic energy  Confinement  One gluon exchange

m Light-Front kinetic energy
[ Co,r'n‘i/nement in transverse direction =
W) kpaqry(ra — 1. ) inspired by Light-Front holography

ab

—Brodsky, Teramond (2006)

m Longitudinal confinement = v — #Or (2qxp04,)

ab (ma+mp)?

v’ reduce to harmonic oscillator potential at non-relativistic limit
—Y Li, X Zhao, P Maris, J Vary (2016)
OGE Ao,
m VPO = s @uda (g, ()i (67 s, (k) g

v introduce short distance physics with spin structure
v’ provides the P-wave WFs, essential to generate the Pauli-FF



Effective Light-front Hamiltonian

Pbar on — HK.E. + Ht'rans + Hlongi + HOGE
b4
2 2
_\pi tmg _ _

Hgp = p—+ m, = 0.3GeV,m, = 0.301GeV

- i

L
Hirans ~ K%‘bzlcz - Brodsky, Teramond arXiv: 1203.4025
Hiongi = — Z Kkib*0,, (xixj ax}.) Y Li, X Zhao , P Maris , J Vary PLB 758(2016)

ij

Cradma,(Q?) o o
Hogs =~ ) g (kD (k)L (k] s, G

Lii<i)

Infrared cut off : my = 0.01 GeV,Cr = -2 ; g
3 i

|Pbaryon) =|lqqa) - lqqqg) + lqqq qg) + - : -

240000000004

= 4000004 =

Although we truncate to the leading Fock sector, we v
can solve the baryon system with multi-particle (at

least three particle).



Wave-function production

m Calculate the Hamiltonian matrix elements:
% = (o|Hla)
o/| & |a) are the basis state of BLFQ, such as |qqq) -
m Diagonalize H.;; and obtain its eigen spectrum
HepylB) = quff|3>

v’ |B) is the physical state and eigenstate of Hamiltonian.
In case of proton |5) = | Pyroton,)-

m Evaluate observables:

0= (8|0

p)



Form Factor in BLFQ

m EM form factors in light-front (with ¢™ = 0),

J*(0)
VAP +q; A P;A) = Fi(¢?
(P+a oo |PiA) 1(q7)
J*(0) N
(PraAlopr|P-4) = —(¢ —iq)—
very preliminary results (Q% = —¢%)
0; j j ' ' ' — BLFQ | 0; ' ' ' ' ' —— BLFQ |
g07 EO]
EOS ;;.9‘/0.6 GeV
o5 £ 0.5
goa o4
L':OS 30.3

15 2
02 1CeV2]



Form Factor in BLFQ

In terms of overlap of light-front WFs,

Fi( Z/ [da; d*k ;] UL* (a4, L)‘I’A\ (@i, kiq)

By Z / s P J U (K )W (2, K )

o 2 2
very preliminary results (Q% = —q%)
1 1 T
= BLFQ = BLFQ
0.9 0.9
0.8 0.8
07| s, 3 0.7 !
> = 0.01 GeV = o e
EO.S* my =03 GeV, myip = 0.5 Gel go.e m, =03 GeV, mycp =05 GeV
’H\ 05 f 05
= I
= 0.4f —~0.4
‘ 5
S S
0.3 o3
=
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Up and down quark form factor in proton

m Flavor form factors:
Ff =ngF(QY)  Ff=rF(Q)

m Normalization constants:
ng=1, ny, =2 quark numbers

kg = —2.033, kK, = 1.673 anomalous magnetic moments



Up and down quark form factor in proton

m Flavor form factors:

Fl=ngF(Q%)  Ff =rF(Q7)
m Normalization constants:

ng=1, ny, =2 quark numbers
o5 N929 L1 e .
kg = —2.033, kK, = 1.673 anomalous magnetic moments
2
1.8/ 158
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Ratios of Flavor FFs

m Flavor form factors:

Fl=ngF(Q%)  Ff =rF(Q7)
m Normalization constants:

ng=1, ny, =2 quark numbers
kg = —2.033, kK, = 1.673 anomalous magnetic moments
0. 2
v Diehl 13 v Diehl 13
Cates 11 8r " CatesTl
Quattan 12
T Quattan 12 16 BLFZ
ot BLFQ
0.45F Ny
v 141 _
[y w i ‘
& XIS Ny
2 P b !
B = £2
03t ! ﬁﬁg 1 %
0.8r
0.6
o 0 1 ‘3 04 1 3

2 2
Q?[GeV?] Q?[GeV?



Dirac Form Factor for proton in BLFQ

Flavor decomposition: F;/n = eu/al + ed/,,,Fid —Cates et. al. PRL 106

i

Npaz =8, Kpmaez =10

kr =k = 0.45 GeV

0.8 \ ag = 0.5, my =0.01 GeV' ]
] mg = 0.3 GeV, mg g = 0.5 GeV

0.6l i o Arrington et. al. (2007)

& Cates et. al. (2011)

9 v Qattan & Arrington (2012)

Y

= Diehl & Kroll (2013)
0.4¢ Proton )
0.2r
0 Il




Ratio of proton form factors in BLFQ

Flavor decomposition: Ff/” = ey/aF ' + eq)y F{H —cates ct. al. PRL 106
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Sachs Form Factors in BLFQ

Electric Sach’s FF = G£(Q?) = F1(Q?)

Q2

Y F(Q%)

1 01
* Herberg 99
o Aringion 07 © Glazior 05
+ Mibrath 98 Plaster 06 n
+ Bermuth
og N — oo : samnos
= Jones00 + Warren 04
Gayou o1 “ v Poaschior s
08 . 0.6 g =
e ‘ Gayouo2 o < Plaster 06 He
<2 aira o 4 « Biastos
ow cw BLFQ
[©] [6]
3
02 0.02 L3
3
0 3 35 0 05 1 52 25 3 35
Q° [GeVT]
1
< Diehl 13 < Diehl 13
18] = Catesii 09 = Cates i
Quattan 12 Quattan 12
16 BLFQ 08 BLFQ
14 07
12 0]
83 £
S < os
Sw oy
k: RV
03] 0.4 =
> B
06 03 3
2 s
04 02 3
‘ h
02 o ~
o 05 i s 3 35 o 05 [ 25 3 35



Sach’s Form Factors in BLFQ

Magnetic Sach’s FF = G/(Q?) = F1(Q?) + F»(Q?)

Arrington 05

25 ®  Arnington 07

BLFQ

—
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12 = Ankinos
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-1.6 ° Anderson 07
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Electromagnetic radii

) dGN Q2
<'%>N = —6 5652 ) 5 5
Q2%2=0
<72 >N _ 6 dG%(QQ)
M GN.(0) dQ? lg=o
The Sachs form factors are defined as
GN 2 o FN 2 Q2 N 2
FQ) = HYQ@) - g @)
Gu(@QY) = FNQ)+FY(QY.
’ Quantity ‘ BLFQ ‘ Data from PDG ‘
rb (fm) 0.804 0.877 + 0.005
rh, (fm) 0.917 0.777 £ 0.016
(re)y™ (fm?) | —0.1214 —0.1161 £ 0.0022
7, (fm) 1.007 0.86270 00




Generalized parton distributions (GPDs)

m Off-forward matrix element = no probabilistic interpretation !! [
]
m In forward limit : GPDs = PDFs.

m First moments of GPDs are related to the Form Factors.

m GPDs[¢ = 0] in impact parameter space =- distribution of parton
in

X(z,b) = b /dgAefiAL'bL;\,’(.J:f).

(2m)?

» GPDs appear in DVCS processes.

*  GPDs are functions of three variables :
"

k
= Longitudinal momentum fraction X = s

b, Pt
. —

= Longitudinal momentum transfer --> Proton momentum

FT

A+
skewness § = == 0
p Aje—b,

= Square of total mom transfer
t=AZ= (P — P)2 where the bJ_ is transverse position of parton



Form Factors Vs. GPDs

forward off-forward -
operator . . position space
matrix elem. matrix elem.
vty Q F(t) p(7)
— izpta_ e . )
[ q( 3 ) v+q(7) q(x) H(z,0,t) q(r,by)

q(r,b,) = impact parameter dependent PDF




Nucleon GPDs:

v'For unpolarized nucleon:

/dieuﬁf (p+ A1 [g(0)y (a7 Ip, 1) = H(w,t = A?)

ar

b B . ~ Ay —iA, 2

Az~ opts =——= " JFB(xt=A
/ =T AT 15,07 (@)l ) oar LV )



Nucleon GPDs:

v'For unpolarized nucleon:
dx™ . p+.- — _
[ e o A 01 el 1) = Hlwt = A7)

Am

dxr~ izPta— - 4 _ _ A, — 1A
[ e o A 01 b b) = =5

v For transversely polarized nucleon: | X) = |p,1) + |p,}): =

unpolarized quark distribution for this state:

YE(xz,t = A?)

1 0 [d*AL
(]4\'(,)2 [}7) = H(T, bL) _ maT/ 1 e_zAL'bLE(.’l’, b — AQ)
Yy

(2r)?

—Burkardt, Int J mod Phys. A18, 173 (2003)



Nucleon GPDs:

v For transversely polarized nucleon: | X) = |p, 1) + |p,J): =
unpolarized quark distribution for this state:

; 1 0 d’A , .
gx(z,b1) =H(z,by) — WQT/ (27r)é e~V Bt = A?)
Y

2N
G ‘ \
=




Spin non-flip GPDs in BLFQ

v Dirac form factor in light-front [ with ¢™ =01,

J7(0)
2P+

Fi-) = (P+ A 1P ) = [ do (o —?)
v" In terms of overlap of light-front WFs:,

Hq(l‘,t = —q2) ~ Z/ [dl'igél koJ_i] \I/;}/*(J)Z, IJ_z)\II;}, (Jﬁi,kj_i)
i

{Nmax=8, Kmax=16, K7,,=0.45 GeV, a=0.5} {Nmax =8, Kmax=16, K7,,=0.45 GeV, a=0.5}

HY(x,0,t)




Spin flip GPDs in BLFQ

v Pauli form factor in light-front [ with g™ = 0],

B-a) = (P+a N2y Fi-d) = [ de B, ).

v" In terms of overlap of light-front WFs:,

Eq(l‘,t = —q2) ~ Z/ [dl‘i#l koJ_i] \IJ)A\/*(JZ“ /J_i)\l/;A(l‘i,kJ_i)
i

Nimax = =1 =0. , a=0.
{Nmax=8, Kimax =16, K1/,=0.45 GeV, a=0.5} {Nimax=8, Kmax=16, K1/, =0.45 GeV, @=0.5}

EY(x,0,t)




Parton distribution functions (PDFs)

PDFs is equal to the GPDs(

x f(x)

t =0):
f(x) = H(z,t = 0) fe(z)=E
OBN —8K —10K 1, a= 05# =0324 Gev
: — u=1GeV
06 —— MSTW p=1GeV

- U=4GeV

N =8 K, =10, k=1, a=0.5 y0_0324GeV

— u=1GeVvV
- U=4GeV

0.8 1

We use the DGLAP equation to evolve the PDF. Qualitative behavior of

PDF is almost same with the global fit MSTW(2008) PDF .

Note: In DGLAP, we use leading order running coupling constant:

47
9 ln(

QCD

QS(Q2> =

), with AQCD = 226 MeV



Conclusions & outlook

m We have discussed the very preliminary results of nucleon form
factors, PDFs & GPDs in BLFQ approach.

m In the effective Hamiltonian, we have the kinetic energy & the
confining potential in both the transverse and longitudinal
direction and one gluon exchange with fixed coupling. Here, we
consider only the leading Fock sector.

m BLFQ formalism provides promising results in order to understand
the nucleon structure.

Outlook:

® Increase basis size

m Include the higher Fock
component |gqqg).

m Investigate other nucleon
properties..

m Investigate the structure of other
baryons.

Thank You



QCD evolution of PDF

The Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equation bridges PDFs between a final scale and a initial
scale, The leading-order (LO) DGLAP equation with flavor number Ny reads:

a Tale i) | (e /1 dy [ Poa(5) Pugly) Faly,1®) (14)
FY Y =" — ’ , y
9ln p Jola. 1?) 2m YV wa(’,) Pw(;) Taly 1)
where the LO splitting functions are given by
41+2* ' 1
Pl = 3555 +25(lfz)775<17z)/[;r/'z'liz,.
1. .
Pyy(z) = 5 [zz +(1- 2)2} .
41+ (1—2)?
Pyy(z) = 3 - (15)
f1-2 z 11 N,
Pw(z):()[ S +z(lfz)+1iz}+(?7%)5(lfz)
! 1
. '
66(1 z)‘L dzl—z"
and the LO running coupling constant is
P 127

ouli) = (33— 2N, 1”,(;.'2/.\?\1)' (16)



Mass spectrum

N
Y
% 61— n=2 n=1 n=0
O Nya=10,K,, =1, k=0.49
N -
o N(2220
S L (2220)
N(1710) 4 uud-mj 1/2
N(1440) uud-mj3/2
i M2=4x0492(n+ L+2+3 1) ;
N(940) 2 4 + uud-m15/2
(0] sl \ \ |

0 1 ‘2 3 4
|m1+m2+m3|



GPDs: BLFQ vs LF quark-diquark

v In terms of overlap of light-front WFs:, H4(x, —q?):

dkL

H(z, ) = /

wherek’, =k ;1 — (1 —2)q.;

t:fqi

[w (o K )0t (k) + 0 (2, K (o, kL)

35 1.
- - LF-diquark model 16 = = LF-diquark model
3 BLFQ BLFQ
1.4
25 Noaw =8, Kz =40 12 Nonaz = 8, K naz = 40
= =016, 0.36, 1 GeV? = £=10.16, 0.36, 1 GeV?
2 1
. . '
8 5 '
Suss el ::E..o.a H
H 0.6H
1 '
------ 0.4p
- Y A A
0.5 .-
o %’. 0.2ps
. o
0 L L >, 0 L L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8




Effect of longitudinal confinement

{Nmax=4v Kmax=40, kr=1, mq=0-3 GEV}

1.0

KL=10
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