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Motivation
• Precision test of standard model seems promising.

-Unitarity of CKM mixing matrix (CP-violation)
-B Physics (Babar,Belle,BTeV,LHCB,…)
-UCN Collaborations (…,NC State,…)
-Demand on finding hadron wavefunction (QCD)

• LFD has progressed for last several years.
-Distinguished Features (Vacuum,Symmetry)
-Treacherous Points (Zero-Mode,Arc-Contribution)
-Applications to Phenomenology (JLab,RHIC,…)

Time to review progress and scrutinize 
phenomenological model building based on QCD…



Outline
• Why LFD?

- Distinguished Features in LFD
- Application to Hadron Phenomenology

• Treacherous Points in Semileptonic Processes
- Non-Valence Contribution
- Zero-Modes

• Power Counting Method
- Correct Assessment of Zero-Modes
- Scrutinization of LFQM

• Conclusions



Distinguished Features in LFD

LFD is like sweeping dirt to a corner: 
Simple Vacuum except Zero-Modes, Maximum Number of Kinematic Generators
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Energy-Momentum Dispersion Relations



g-2 calculation
t→



g-2 calculation

• Vacuum fluctuations are suppressed in LFD and clean hadron 
phenomenology is possible.

τ→ q+=0



Applications to Hadron Phenomenology
Form Factors l p →l’ p’
<p’ λ’|J+(0)|p λ>

Virtual Compton γ* p→γ’ p’
<p’λ’|Jµ(z)Jν(0)|pλ>

Vector Meson Leptoproduction γ*p→V*p’ Weak Decay
<D|J+(0)|B>



LFD in Exclusive Processes
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LFD in Exclusive Processes
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The Quark Counting Rule
and

PQCD Predictions of Exclusive 
Processes

R. Thomson, A. Pang and C.Ji, PRD73,054023(2006)
JLab Hall A Collaboration, PRL98, 152001(2007)

6x7x8=336
Pang & Ji, J.Comp.Phys.115,267(94)



QuickTime™ and a
YUV420 codec decompressor

are needed to see this picture.



Hadronization Mechanisms
R.J. Fries, nucl-th/0403036, PRC 68, 044902 (2003)



Light-Front Wavefunctions
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Single Spectra of Mesons

B.Hong, C.Ji, D.-P.Min, PRC73, 054901 (2006)



Unitarity Triangle
Triangle in Wolfenstein parametrization



Unitarity Triangle
Triangle in Wolfenstein parametrization

C.Ji and H.-M.Choi, NPB (Proc. Suppl.) 90 (2000) 93-99 
B-physics phenomenology with emphasis on the light-cone



Mixing Matrix Elements Vij
|Vud |=0.9740±0.0005

Superallowed 0+→0+ nuclear β
 

decay
nucleon β

 
decay, pion β

 
decay, ...

|Vus |=0.2196±0.0023
    K → π l ν l ( Kl3 ), Λ → p eν e , Σ− → neν e ,...

|Vcd |=0.224±0.016
    D

0 → π − e+ ν e , D+ → π 0 e+ ν e ,D+ → μ+ν μ ,...
|Vcs |=1.04±0.16

    D
0 → K− e+ ν e , D+ → K0 e+ ν e ,...

|Vcb |=0.0395±0.0017
    B

+ → D0 l + ν l , B+ → D0 l + ν l ,...(HQET )
|Vub |=(0.08±0.02)|Vcb |=(3.3±0.4±0.7)x10-3

    B → π l ν l , ρ l ν l ,ω l ν l , B+ → μ+ ν μ ,τ ντ ,...



Penguin Process
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Belle Collaboration,Phys.Rev.Lett.88,021801(2002)

H.-M.Choi,C.Ji and L.S.Kisslinger,Phys.Rev.D65,074032(2002)

|Vtb |≈1, |Vts |≈
 

0.04, |Vtd |≈
 

0.005~0.013 

t→(b,s,d) l+ ν
 

(CDF/D0)
Mt = 173.8±5.2 GeV

τt << strong interaction time scale



Semileptonic Decay Processes 
in Light-Front Quark Model 
W.Jaus, PRD63, 053009(2001)

QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.

    

< ′ ′ P ;00| JV−A
μ | ′ P ;00>

= f+(q2) ( ′ P + ′ ′ P )μ + f−(q2) qμ

where

  q = ′ P − ′ ′ P 



Semileptonic Decay Processes 
in Light-Front Quark Model 
W.Jaus, PRD63, 053009(2001)
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are needed to see this picture.



β
 

Decay up to O(α)

    Total Decay Rate : 1/ τ =1/ τ0(1+ δ)
where

    

δ =
α
2π

g(E0 ) + 3ln M Z

M p

+ Ag

⎡ 

⎣ 
⎢ 
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⎦ 
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+
α
2π

3(Qu + Qd ) ln M Z

M A

+ 2C
⎡ 

⎣ 
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⎦ 
⎥ 

A.Sirlin, RMP50, 573 (1978); PR164, 1767(1967)
W.J.Marciano and A.Sirlin, PRL56, 22 (1986)



Semileptonic Decay Processes 
are timelike : q2=q+q--q⊥

2 >0 or q+≠0.



Semileptonic Decay Processes 
are timelike : q2=q+q--q⊥

2 >0 or q+≠0.

C.Ji & H.M.Choi,Phys.Lett.B460,461(1999)



Zero-Mode Issue in LFD

• Even if q+→0, the off-diagonal elements do not go 
away in some cases.
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Zero-Mode Issue in LFD

• Even if q+→0, the off-diagonal elements do not go 
away in some cases.
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Vector Anomaly in SM (Anomalous Magnetic Moment of W±

 
)

B.Bakker and C.Ji, PRD71,053005(2005)



CP-Even Electromagnetic Form 
Factors of W±

 Gauge Bosons
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LFD Results
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LFD Results
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Effective Constituent Quark 
Model for Low Q2
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Radial Spin-Orbit
(Dependent on the model potential ) (Interaction independent Melosh transformation )

H = T + V
V includes Coulomb, Confinement,

Spin-Spin,Spin-Orbit interactions.
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Mass Spectra of 0-+ and 1– 

Mesons
H.M.Choi and C.Ji, Phys.Rev.D59,074015(99)



Decay Constants and Charge 
Radii



Radiative Decay Processes



Semi-leptonic Decay: 0-→0-

    f0(q2 ) = f+(q2 ) + q2 f−(q2 ) /( M1
2 − M2

2 )

Slope at q2=0

    

λ+ = 0.026 [0.083] Expt(Ke3
0 ) : 0.0288 ± 0.0015

λ0 = 0.025 [−0.017] Expt( Kμ3
0 ) : 0.025± 0.006



Branching Ratios and Isgur-Wise 
Function





Pinning Down Which Form Factors
• Jaus’s ω-dependent formulation yields

zero-mode contributions both in G00 and G01 .
W.Jaus, PRD60,054026(1999);PRD67,094010(2003)

• However, we find only G00 gets zm-contribution.
B.Bakker,H.Choi and C.Ji,PRD67,113007(2003) 
H.Choi and C.Ji,PRD70, 053015(2004)

• Also,discrepancy exists in weak transition form 
factor A1 (q2)=f(q2)/(MP +MV ).
Power Counting Method

H.Choi and C.Ji, PRD72, 013004(2005)



Electroweak Transition Form Factors

< P2;1h | JV−A
μ | P1;00>=ig(q2)εμναβεν

*Pαqβ

− f (q2)ε*μ −a+(q2)(ε* ⋅ P)Pμ −a−(q2)(ε* ⋅ P)qμ

where

P = P1 + P2, q = P1 − P2



< JV −A
μ >h = i d4k

(2π )4

SΛ1
(P1 − k)Sh

μSΛ 2
(P2 − k)

Dm1
DmDm2

∫

where

Dm = k 2 − m2 + iε,
SΛ i

(Pi) = Λ i
2 /(Pi

2 − Λ i
2 + iε),

Sh
μ = Tr ( / p 2 + m2)γ μ (1− γ 5)( / p 1 + m1)γ 5(−/ k + m)ε* ⋅ Γ[ ],

Γμ = γ μ −
(P2 − 2k)μ

D
,

and

(1) Dcov (MV ) = MV + m2 + m,
(2) Dcov (k ⋅ P2) = 2k ⋅ P2 + MV (m2 + m) − iε[ ]/ MV ,
(3) DLF (M0) = M0 + m2 + m.



Power Counting Method

< JA
+ >z.m.

h ∝ lim
α →1

dx
α

1

∫ (1− x)2

(1−α)2 Sh
+(km1

− ) ⋅ ⋅ ⋅[ ]

= lim
α →1

(1−α) dz
0

1

∫ (1− z)2 Sh
+(km1

− ) ⋅ ⋅ ⋅[ ],
where

x = α + (1−α)z and ⋅ ⋅ ⋅[ ] is regular as α →1.
Sh= 0

+ Power Counting :

(1) (1− x)−1 = (1−α)(1− z)[ ]−1 for Dcov (MV ),

(2) (1− x)0 for Dcov (k ⋅ P2),

(3) (1− x)−1/ 2 = (1−α)(1− z)[ ]−1/ 2 for DLF (M0).











Conclusions
• LFD provides a unified framework to analyze various 

hadron phenomenologies in Jlab, RHIC, B-factories, 
etc.

• LFQM progressed in calculations of meson spectra 
and wavefunctions making some basis
for the extension to the study of baryons.

• New precision data can scrutinize the model
parameters.

• For the good phenomenology, it is significant to 
correctly pin down the zero-mode contribution
and the power counting method offers a good way to 
do this.
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