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1. Motivation
e Understanding the internal structure of hadron is an important objective in
modern nuclear and particle physics.

- Experimental studies (e.g. JLab, COMPASS, EIC, J-PARC, etc. ) are aimed at probing

the 3D structure of hadrons, particularly focused on Generalized Parton
Distributions (GPDs) and Transverse Momentum Dependent Distributions (TMDs).

For precision 3D imaging of hadrons,
it is essential to measure positions
yodin®!

and momenta of the partons Loraion
) ) ) s
transverse to the hadron’s direction of motion.

W(x,k,,b,): Wigner distribution S
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3D hadron structure from 5D tomography

W(x,k,,b,): Wigner distribution
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PDFs: inclusive and semi-inclusive processes




3D hadron structure from 5D tomography
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PDFs: inclusive and semi-inclusive processes
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GPDs :exclusive processes




3D hadron structure from 5D tomography
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Form factors: elastic scattering
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3D hadron structure from 5D tomography

W(x,k,,b,): Wigner distribution

fdbl \jalkl |
bl<—>A =0 SN
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TMDs :semi-inclusive ~ Impact parameter GPDs :exclusive processes
processes distributions

jdx
jdkl db, H(x,0,0) v
F(t)
f(x)

Form factors: elastic scattering

PDFs: inclusive and semi-inclusive processes

> Study the interplay among the pion’s Form Factor, TMDs, and PDFs in the LFQM.




Schematic descriptions of form factors, TMDs, and PDFs of the Pion
in the LFQM

(P'lg (0)y* q(0)|P) = p* F,(q*) p-q=0

iwEPQ) = [[drdh, Ok, =+40)



Schematic descriptions of form factors, TMDs, and PDFs of the Pion
in the LFQM

(P'lg (0)y* q(0)|P) = p* F.(q®) $p-q=0
iwEPQ) = [[drdh, Ok, =+40)
J as 0% - 0

PO =1= [ dxd?ie, 900k ™Ds (= +,2)



Schematic descriptions of form factors, TMDs, and PDFs of the Pion
in the LFQM

(P'lg (0)y* q(0)|P) = p* F.(q®) $p-q=0
iwEPQ) = [[drdh, Ok, =+40)
J as 0% - 0

R0 =1= || dxd?iey fO0 k) THDs (8 =+,)

PDFs [P (x) = J d?k, [ (x, k)

(u=+,-) c.f.) u =1 case later...



2. Form Factors on the Light-Front

q

LF valence LF nonvalence
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= facilitates the partonic interpretation of the amplitude!




2. Form Factors on the Light-Front

+_)0
q q* 1
J# _ 4 forJ* &J*t
P k P+q

LF valence LF nonvalence

= facilitates the partonic interpretation of the amplitude!

qt -0

q gt
JH B N for ]
P k P+q

LF valence LF nonvalence

Nonvanishing : LF Zero-Mode !



We developed a "new method” to obtain the form factor

EP Q) = EP(Q?) = £V (Q2)

within the valence picture of the LFQM.

gt =0 (P'lg (0)y* q(0)|P) = p* F(g?)

I F(Q?) = j [dx][d?k, W o, k' L )i (o, ke 1)

, forany J* = (J*,J45]7)
Yi(x, k) l,bf(x,k 1)

= We resolved the LF zero mode problems from /™.



3. Light-Front Quark Model(LFQM)

M - M,
. % » D1 P~ = pr + p3 > Mg"‘Pi_m%*‘P%L_I_m%‘FP%L
= - —_ 1 2 =
P IRy T A
pr= - > D , mi+k: mi+kl
0 Mo= X 1—x

Meson state: Noninteracting "on-mass” shell Q & Q representation. [nvariant mass



3. Light-Front Quark Model(LFQM)

M - M,
. % » D1 P~ = pr + p3 > Mg"‘Pi_m%*‘P%L_I_m%‘FP%L
= - - 2 -
FLET ' p+ pi p3
P*= - > D2 , mi+ ki mi+kd
0 My= +
X 1—x

Meson state: Noninteracting "on-mass” shell Q & Q representation. [nvariant mass

WiaCe ki) = d(x, k))Ry7(x, k)
Spin-Orbit for PS meson

ok, i, (Pg)7sv4,(Pg)
B k) = ﬁg/z / ” exp(~ ﬁ2> Ry, = — qﬁjwz d

H.J. Melosh: PRD 9, 1095(1974).
1
j dx
0

Z/l’s RTR — 1

1
1673




3. Light-Front Quark Model(LFQM)

M - M,
% » P oo - - Mg +P7 _ mf+pi, m3 + p3,
P:(P+,P_,Pl) = D1 + b2 - p+ - pil- + p;—
P== > D m2% + k2 m2+k?

M§=

Qi

X 1—x

Invariant mass

Meson state: Noninteracting "on-mass” shell Q & Q representation.

The interaction between QQ is incorporated into the mass operator viaM := M, + Voo

4K ZSQ . SQ
_|_
3r 3QOQ

Hog = \/mé + k2 + \/mé + k2 + Voo Vog = a+ br(br?) —




3. Light-Front Quark Model(LFQM)

M - M,
% » P oo - - Mg +P7 _ mf+pi, m3 + p3,
P:(P+,P_,Pl) = D1 + b2 - p+ - pil- + p;—
P== > D - mZ+k3 mi+k?

2
0

Qi

X 1—x

Invariant mass

' Meson state: Noninteracting "on-mass” shell Q & Q representation.

The interaction between QQ is incorporated into the mass operator viaM := M, + Voo

Hyo5 = |m2 + k2 2 4 k2 + V5 V——a+br(br2)—4K+2§Q.§éV2V
Q@ = (Mo T ko + Mg+ ke + Vog QQ = 3r 1 3mgmg © ! coul

Bakamjian-Thomas(BT) constuction!



Optimized model parameters(in unit of GeV) and 1S state meson mass spectra

Model | mgy | mg | m¢ | Mp Bqq Bsq Bss Bqc Bsc Bee Bapb Bsp Bew Bpob
Linear | 0.22 | 045 | 1.8 |52 | 0366 | 0389 | 0413 | 0468 | 0502 | 0.651 | 0.527 | 0.571 | 0.807 | 1.145
HO 025|048 [ 1.8 [52 [0319 [0342 |0368 | 0422 | 0469 | 0.699 | 0496 | 0.574 | 1.035 | 1.803
(9657 9389) 9407, (GG9T) Y(9460) 9434
_ _ Mass spectroscopy analysis
Mgg = (¥|Hqq|¥)
- PRD59, 074015(99); PLB460, 461(99) by HMC and CR]
(6439 B (6277)6301.} (649 15 (@) 6330°;
B ey (2B 54155335 - PRC92, 055203(2015) by HMC, CR], Z. Li, and H. Ryu
(5235) B(5279) (5233) (3315)B’(5325) (5268)
- PRD 100, 014026(2019) by N. Dhiman, H. Dahiya, HMC, CR]
(3171) 1 (2980) 3055 55 (3225) 1(3097)3102 - PRD106, 014009(2022) by A.]. Arifi, HMC, CR], YO
(2011) D (1968)(1981) (&09)]3*5(212)(2031)
(1836) D(1870) (1875) (1998)D (2010) (1962)
(958) M'(958) (958) (850).(1020) ¢(1020)(1020)(835)
(548) M(548) (548) (782)—= —(782)
&%) Ko GT0) (770) />(775 (780)
(T30) m(140) (140) K '(892) (782)
CJ Model Exp. This work CJ Model Exp. This work

PRC92, 055203(2015) by HMC, CR]J, Z. Li, and H. Ryu
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Analysis

of (1S, 2S) state heavy meson spectroscopy
PRD106, 014009(2022) by A.]. Arifi, HMC, CR], YO

— Mixed (6=12") . np(2S) _ Y(2S)
Pure (6=0°) <®1S> B ( cos @ sm9) (gz’)]S) — ™
® Exp D, —sin@ cos6 ) \ s/’ nb('ls) Y(ES)
® Input
3/ B.(2S)  B((29)
Pis(x. k) = 4”3_3/24\/@6—1(2/2/32’ o
P2 ox B(2S)  B*(2S)  By(2s) _Bs(25) 5 -
brslxky) =2 (2k2—3ﬁ2)\/E e —_— —e g 8 B15) | B
B EL = g ax B(1S) B*(1S)  Bs(1S)  BJ(1S)
nL(2S) W'(2S)
DJ(2S) * .
D*(2S)  D.(2S s .
025 2l 2P edeem 5 M) Ak 2§Q '§Q
—D(T; D" (15) Ds(.ls) Dg (15) VQQ =a+ br — + VZVCOul
3r  3mgmg
(== o === moes el T pwwwm === —— === = === = T3 —
. % % % % . % % % % % % %
1 /2
-1 . s
5 cot (2v6) <0 < 4 constrained by empirical mass gap: AMp > AMy,




BT Construction on Hadronic Matrix Element Calculations
PRD 89, 033011(14); PRD91, 014018(15); PRD95, 056002(17) by HMC and C.-R.Ji ~ PRD 103, 073004(21); Adv. High Energy Phys., 4277321(21) by HMC
PRD 107, 053003(23); PRD108, 013006(23) by A. J. Arifi, HMC and C.-R. Ji

(P'|g T* q|P) = " F F: Physical observables  §* : Lorentz factors



BT Construction on Hadronic Matrix Element Calculations
PRD 89, 033011(14); PRD91, 014018(15); PRD95, 056002(17) by HMC and C.-R.Ji ~ PRD 103, 073004(21); Adv. High Energy Phys., 4277321(21) by HMC
PRD 107, 053003(23); PRD108, 013006(23) by A. J. Arifi, HMC and C.-R. Ji

(P'|g T* q|P) = " F F: Physical observables  §* : Lorentz factors

e Most Previous LFQM: Apply BT (M — M) only to LHS.

M—)MO

N

(P'lg T# q|P) = p" F

|

1
— — (P'lg TH
F W(PIqF q|P)




BT Construction on Hadronic Matrix Element Calculations
PRD 89, 033011(14); PRD91, 014018(15); PRD95, 056002(17) by HMC and C.-R.Ji ~ PRD 103, 073004(21); Adv. High Energy Phys., 4277321(21) by HMC
PRD 107, 053003(23); PRD108, 013006(23) by A. J. Arifi, HMC and C.-R. Ji

(P'|g T* q|P) = po* F F: Physical observables  §* : Lorentz factors

e Most Previous LFQM: Apply BT (M — M) only to the matrix element.

M—)MO

N

(P'lg T# q|P) = p" F

|

F = i (P'|g T* q|P) > Fails to show the independency of “u”
Soﬂ

due to the LF zero-modes from the “bad” current.




New development of a “self-consistent” LFQM based on the BT construction.

e In our LFQM: Apply BT (M — M,) equally to both sides

M_)MO

/N

(P'lg T# q|P) = p" F

|

U
P’| 14 |P> becomes independent of the current components!

80#

F =




Pion Form Factor

General structure for P(P) — P(P’") transition: PRD 103,073004(21); Adv. High Energy Phys, 4277321(21) by HMC

(MZ _ M’Z) (MZ _ M/Z)

(P'|lg y* q|P) = " F(q®) + q* 2 H(g%), "= (P+PH¥—q" 72



Pion Form Factor

General structure for P(P) — P(P") transition:

(MZ _ M’Z) (MZ _ M/Z)

(P'|lg y* q|P) = " F(q®) + q* 2 H(g%), "= (P+PH¥—q" 72

For elastic process,
y gauge invariant form factor F(g“) survives!

(P'|lg y* q|P) = go* Fp(g*) $:-q=0



Pion Form Factor

(MZ _ MIZ)
qZ

(P'|g y* q|P) = o Fp(q?), ot = (P+ POt — gt

In g* = 0 frame,

dsz- ’ 2 1
(P17 y* qIP) = f i [ o ¢ kDo k) Zﬂmm(f” Wv(ﬁl) R,

b rdk, /12(192) LU (pr)
FP(M)(QZ): L dp1/167(3 ¢(xk )o(x, kJ‘) Ol ZRLA{ \/x—2 \/x_l R/ll/i’

A's




Pion Form Factor

(M? — M'?)

(P'|g y* q|P) = o Fp(q?), ot = (P+PHH — gt

In g* = 0 frame,

- N Imz(Pz) i (1)
(P |q y'uq“)) — 0 dpl 1673 ¢ (x k] )¢(X kJ‘) ZR/lz/l{ \/— \/—

Aus LFQM method, which couldn’t resolve the zero-mode.
Apply M — M, onlyto

: d’k 2 |
FP(“)(QZ)= /O dpffl 7 ¢'(x K )p(x, kL) - ;73;22{ /l\/%z) M/l\/iﬁll) R, 1

This leads to EP(02) = E(02) = ECV(0?)




Pion Form Factor

(M%— M'?)
qZ

(P'|g y* q|P) = o Fp(q?), ot = (P+ POt — gt

In g* = 0 frame,

- b rd’k, Imz(Pz) i (1)
Plg yral) = [ ap [ o Kok ZRM Niade: LI

ApplyM — M, bothto Our New method, which now resolves the zero-mode.

1 d’k . !
RO = [t [ o ¢ eke Q— DR | | R
A's

Then we get F,T(+)(Q2) = F,T(l)(Qz) = Fn(_)(QZ)




FSUE() (2 d’ky o, k)¢ (0, K)o
(0% = / f 0

TABLE II: The operators O('u ) and their helicity contributions to the pion form factor in the standard LFQM.

LFQM
(1) (1) (1) ()
Fr OLrom Hisneusn Hisneasn
F ky -k, +m? ky K, +m? 0
F ky K, +m? ky K, +m? 0
F(_) 2(1_X)QiM§(kL'kl+m2+ql'kl) 2qi{(kl'kl+m2)(k%_+kJ_'qJ_+m2)+(1_x)(kJ_XqJ_)z} 2q2¢{(1—x)m2(ﬁ
Tt x[2MP Qi +qt +(MZ-M[?)?] x2[2MJPq] +qt +(M7-M[*)? ] x2[2MJPq] +qt +(MZ-M[*)?]

ki =k, +(1-x)q,
FEP(Q2) = EP(Q2) = £ (Q2)

"The first proof of the pion form factor's independence
from current components in the LFQM!"
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4. Unpolarized TMDs of pion c.Lorce, B. Pasquini, P. Schweitzer EPJC76,415(2016)

/ |dz]
2(2m)?
/ |dz]

2(2m)3

/ |dz]
2(2m)3

PP (0)y Y (2)| P)le+=0 = flq(x, pr),

e “(PIF 0y ()| P) z+=0 = —f3 (x, pr),

PO WP k=0 = (2=) . pr),

which are related with the forward matrix elements (P|q y* q|P) as

-

2P / dx f (x)

21 f dx 19(x)

(Ply(0)y "y (0)IP),

(Pl (0)y~y(0)IP),

P_/dxff(x)

(Ply0)y"¢(0)|P),




4. Unpolarized TMDs of pion c.Lorce, B. Pasquini, P. Schweitzer EPJC76,415(2016)

/ 25@)3 e’ (Pl (0)y Y (2)IPYlz+=0 = f(x, pr),

p ;
/ZEZZ]V PP |W(O)71]~W(Z)|P>|Z *=0 = +f3q(x»l9T),

d ) 2
f zfzfr])?, P PIFOY Y @IP oo = (5r) i pr)

which are related with the forward matrix elements (P|q y* q|P) as

2P / dxfi(x) = (PlFO0)y w(0)|P), PDF

j> 2pr f dx f9(x)
4P / dx ff(x)

(Pl (0)y~y(0)IP), /

(Ply0)y"¢(0)|P),

TMD

/

F(x) = / & pr f(x, pr).



4. Unpolarized TMDs of pion c.Lorce, B. Pasquini, P. Schweitzer EPJC76,415(2016)

2P / dxfi(x) = (PlFOy w(O)|P),
2pr f dxfi(x) = (PIFO)y w(0)|P),

(Ply0)y~¢(0)|P),

4P~ / dx ff (x)
Sum rules : In free quark model:

f dx Fi) =1 xfGpr) = £1Gopr)

Zde fil(x) =1




4. Unpolarized TMDs of pion

2P / dx f(x)
27 f dx 19(x)
4P~ / dx ff(x)

Sum rules :

fdx flq(x) =1

Zde ff(x) =1

(Ply(0)y*y(0)|P),

(Pl (0)y ¢ (0)IP),

(Pl (0)y ¥ (0)IP),
In free quark model:

xf3q (x, pT) — flq (.X', pT)

C. Lorce, B. Pasquini, P. Schweitzer EPJC76,415(2016)

However...

400 T T T I T T T I T T T T T T I T T T

Physical pion mass used in P~

350 :—’,\‘ T 220 Mev —
o _ 2 J dx f,l(x) #1 _
250 E—:’ ‘\‘\ _E
2 20024; Fails to meet the sum rule -

‘' due to the absence of a Zerc

ol

150 1
[

100

50 H
[

) mode!

L 1 1 1 1 1 1 1 1 1 1 1 L
0 02 04 0.6 0.8 1



Derivation of Sum rules

C. Lorce, B. Pasquini, P. Schweitzer
EPJC76,415(2016)

(P'| J#|P) = p* Fz(q?)
H = (P + PHH

'K
L= R = ) - yy FLLIP




Derivation of Sum rules

C. Lorce, B. Pasquini, P. Schweitzer

EPJC76,415(2016)
(P'| J#|P) = p* Fr(q*)
Pt = (P+P)H
P'l 4 |pP
1_F(Q2_O)_é_>0< |85]‘u|>
N
p’ +
Q1—>0< |] |P) fd x £1(x)
(Pl J7IP) _ q
Jim o =2 f dx f,'(x)



Derivation of Sum rules

C. Lorce, B. Pasquini, P. Schweitzer
EPJC76,415(2016)

(P'| J#|P) = p* Fz(q?)
H = (P + PHH

I MP
1—F(Q2—O)—é_>0( léﬂl )

N
<P|]+|> fd  Fi0) =1

1m
Q-0

- (Pl ]~ |IP)
Q=0 o~

—2fdx flx) #1



Derivation of Sum rules

C. Lorce, B. Pasquini, P. Schweitzer This Work

EPJC76,415(2016)

_ P'| J# [P) = pF Ey(q?
(P'| J* |P) = B Fy(g?) PR = 98 )

Pt = (P+ PO Pt = (P + PH — gt (M* ;ZMIZ)
1—F(QZ—0)—}H,< ’lé,itlp) \ 1—F(Q2—0)—hm<P|8]O—L;|P>
N
QL0<P|]+| ) fd  FIG0 =1
(P'| ] |P)

i ————= zfdx fil(x) #1



C. Lorce, B. Pasquini, P. Schweitzer

EPJC76,415(2016)

(P'| J#|P) = p* Fr(q*)
ot = (P + PHH
1‘”02‘0)‘5%( ’ISZI;WP)
N
QL0<P|]+| ) fd  FIG0 =1
(Pl ]~ |IP)

i ————= zfdx flx) #1

Derivation of Sum rules

This Work

(P'| J# [P) = 0" Fa(q?)
(M? = M)

]Ii
1 = F(Q? = 0) =ggn0<P | |P>

M - M,

N

lim< | — |P> fdx 1(x)

Q-0

hm<P|]—|P —Zjdxf4(x)

Q-0



Derivation of Sum rules

C. Lorce, B. Pasquini, P. Schweitzer This Work
EP]C76,415(2016) : )
, _ P'| J*|P) = p" F;(q
(P'| JE |P) = B* Fy(g?) /7 m
, (M2 = M%)
Pl = (P+ P pr=F+PY—a" =0
(P'| J* |P) ‘ g
1—F(QZ—0)—}H) o 1=Fn(Q2=0)=g_1}6P|ﬁ|P
| M - M,
N N
(P /+ IP) |
(121_)0 fd x fl(x) =1 él_r)% | |P fdx ) =1
(P'l J~ |P) J-
Ql_)o o —2fdxf4q(x) * 1 ‘ 221_%<P|—|P —Zdef4 x)=1



LF Zero-Mode for twist-4 PDF and its Resolution

1.6_ T T T I T T T I T T T I T T T I T T T

m=220MeV  _ .

-—- xf,00

1.2 —

q _ i
0.8:— ZJde4(x)_1 _; 11m<P|]—|P—2]de4(X)_1

Q-0

0.6

Zero mode is well taken!

0.2 T
”~




Unpolarized TMDs for Pion

xfyl (x, k%) = £ (x, k%)
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4. QCD Evolution of Pion PDFs

Evolved from pué = 1 GeV? to u? = 4 and 27 GeV?

1

L B A
X f3 () - esor |

— W’=27GeV’ ]

02 T T T

0.8

0.15

x f} (%)
x f3(x)

0.05

We use the Higher Order Perturbative Parton Evolution toolkit (HOPPET)
to solve the NNLO DGLAP equation.



Mellin moments: (x™) = fol dx x™ f(x)

TABLE III. Mellin moments of the pion valence PDF, f{(x),
evaluated at the scale > = 4 GeV?>.

<x>?2 <x2>§‘2 <x3>§‘2 <x4>lf2
This work 0.236 0.101 0.055 0.033 (83] B. Joo et al., PRD 100, 114512(2019)
[83] 0.2541(26) 0.094(12) 0.057(4) 0.015(12)
[84] 02075(106) O 163(33) . . [84] M. Oehm et al., PRD 99, 014508(2019)
[56] 0.24(2) 0.098(10)  0.049(7) [56] M. Ding etal. PRD 101, 054014(2020)
[57] 0.24(2) 0.094(13) 0.047(8) e [57] Z.-F. Cui et al. EPJC 80, 1064(2020)

TABLE IV. Mellin moments of the pion valence PDF, f7(x),
evaluated at the scale u?> = 27 GeV?2.

(X (x2>§‘2 <x3>;‘2 (x4>§‘2
This work 0.182 0.069 0.034 0.019
[85] R. S. Sufian et al., PRD 99, 074507(2019)  [85] 0.18(3) 0.064(10) 0.030(5) .
[86] S.-I. Nam, PRD 86, 074005(2012) [57] 0.20(2) 0.074(10) 0.035(6) P
[21] K. Wijesooriya, P. Reimer, R. ]. Holt, [86] 0.134 0.068 0.033 0.018

PRC 72, 065203 (2005). [21] 0.217(11) 0.087(5) 0.045(3)




Lowest four moments of pion valence PDF

0.3
’ e Global fit [JAM 2018] : e

* Pheno. Models: m v A

1**43 * Lattice: o % ¢ A O
0.2 E‘% %+ BLFQ-NJL 42 (GeV?)

[] — 4

i p— 576

? — 27

0.1 = 1 i‘ il? 49

% ¢
N B
¥ # - - ¥

o—
<X> <XZ> <x3> <x4>

Adopted from J. Lan et al. (BLFQ Collab.), PRL 122, 172001 (2019)



Mellin moments: (x™) = fol dx x™ f(x)

TABLE V. Mellin moments of the twist-3 pion PDF, f7(x),
evaluated at the scales u> = 4 GeV? and u> = 27 GeV?, respec-

tively.

<x>?3 (x2>§‘3 (x3>§‘3 <x4>§‘3
,u2 — 4 GeV? 0.471 0.164 0.079 0.045
,uz = 27 GeV? 0.365 0.111 0.049 0.026

TABLE VI. Mellin moments of the twist-4 pion PDF, f1(x),
evaluated at the scales y*> = 4 GeV? and u?> = 27 GeV?, respec-
tively.

(x>§‘4 <X2>?4 <x3>74 <X4>74
,u2 — 4 GeV? 0.069 0.021 0.009 0.005
,u2 — 27 GeV? 0.053 0.014 0.006 0.003




5. Conclusions
» We developed a new method for ensuring self-consistency in the LFQM.

Our LFQM: Noninteracting Q & Q representation consistent with the Bakamjian-Thomas(BT) constuction!
P~ = p; + p; ,i.e. M*> M§

(0]g I'*q|P) = & " &: physical observables (§ = fp, F :-*)
J g Lorentz factors (o = P* )

= (o] G = ff x v -{(50)

Constrained by BT construction!

> This allows one to obtain the physical observables independent of the current components !



Partial Extractions of TMD, PDF, GPD from Pion Form Factor

Form factor:  F(W(¢) = j dx dk, f®(x,k,,t) Note) Q? - —t

f(ﬂ)(xf kJ_lt - O) Jdkl
™D  f(x kL) GPD H(x,0,t)
flGoky) & 3 (x kg, 0) H(x,0,t) = jko_ FO 0k, f) GPDat{ =

2f4q (X, kJ_) Ad f(_) (X, kJ_' 0)

f d"l\ /I(x, 0,0)

PDFs  f7(x) :twist-2 PDF

£1(x) : twist-4 PDF



Backup Slides



2. Why Light-Front?

Instant form (x° = ct = 0)

ct ct
A i x”T=x0—x3 —l— —xt=x"+x3

Front form (x* = x% + x3 = 0)

Hamiltonian PO p~=p0—p3
Momentum P, = (P, P? P,
p3 pt=p0+ p3
. S 2 2
Er.lergy .Momentl.lm po — /MZ 4 p2 o= M* + P4
Dispersion Relation p+

Irrational VS. Rational



e Advantage of LFD in the calculation of Form Factors :
Equal-t vs Equal Light-front T formulations

Equal t (Instant form)




e Advantage of LFD in the calculation of Form Factors :
Equal-t vs Equal Light-front T formulations

Equal t (Instant form)

Allowed !




e Advantage of LFD in the calculation of Form Factors :
Equal-t vs Equal Light-front T formulations

Equal t (Front form)




e Advantage of LFD in the calculation of Form Factors :
Equal-t vs Equal Light-front T formulations

Equal t (Front form)




e Advantage of LFD in the calculation of Form Factors :
Equal-t vs Equal Light-front T formulations

Equal t (Front form)

LF nonvalence
P P-k P-q (higher Fock state)

LF valence



Decay Constant and DAs

(01g(0)yHysq(0)|P) = ifP¥

BTl

fo = <O|

qy*ysq
pu

:




Decay Constant and DAs

(01g(0)yHysq(0)|P) = ifPH

BTJ

fo = <O|

pU with M - MO

=
qy*ysq |P>

d’k, $(x, k)
= /2N, f f 6m (2m)

Jm? + k%

(:bTE (X, .UO) = (Zm)

J2N, fﬂﬁ d?k, ¢(x k)
fr

1673 [mz + k2

independent of “u”!



Decay Constant and DAs

1.6 . ! . . .
017y #y5q(0)IP) = ifP¥ o )
BT J L _
1_ —
qy"ysq
fr = <0| p—ulp> with M - M, Ol 1
0.8 -
'Sl:-‘ — This work (u3 = 1 GeV?) |
- v\
, 06 ! - = = This work (u* = 10 GeV?) O\
d-k x, k I a\
= /2N, f f ; ALY (2m) I —-— DSE ol
16m m?2 + ki 04 .' —--— Asymptotic
N 02 | Lattice QCD
V2N, (*d?k, ¢(x, k) i J. Hua et al, PRL 129, 132001 (2022)
(:brt(xr .UO) — 3 > (Zm) :
16m \/mz + k2 0 S T B B
0 0.2 04 0.6 0.8 1
. X
independent of “u”! See PRD 107, 053003(23); PRD108, 013006(23) by A. Arifi, HMC and CR]

for the analysis of higher-twist DAs.



