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Light-Front Formalism'

e Light-Front Coordinates

at=t+2 vt =2"+2° = Time

xT =t— 2z v~ =2 -2 = Position
e Four-Vector = a# = (2% 2!, 2% 23) =

e Metric Tensor

v

g =

e Scalar product

Ty = x“yu = x+y+ +x y_ + :L’lyl —+ x2y2
1 — — — =
= 5(%*3/ +z7y") - Tyl

p+ — p0_|_p3
p- = p’—p’
pr = (».p%
e Dirac Matrix
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Fig. 1: Ligh-Front
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e zh,xT, ) = p,p Pl
e p — Light-Front Energy
_ piAm?

o p'=p'pT —pl = p ="

e Bosons: = Sp(p) = o

T pZ—m2ae

Fermions: =  Sp(p) = —2n

T p2—mZ4ae

+
J
T 57

e Ref: Phys. Rept. 301, (1998) 299-486
S. J. Brodsky, H.C. Pauli and S.S. Pinsky




Integration Light-Front I

e Example

1 73
cov 4
I = /d k(/{Q = #+ 0

—m?241€)3  2um?

1
Irr /d% dk*dk™ _ =0l
! - (kth= — k2 —m? + 1€)3

ki +m2—qe

e Double Pole — k™ = ——

e Pole Dislocation Method — pT=pt+0

® Boson Eletromagnetic Current
e Breit Frame =— ¢~ =0, ¢" = 0., ¢] #0

o JT=J +TRC
o J xqt =0

J.P.B.C. de Melo, J.H. Sales et T. Frederico
Nucl. Phys. B631, (1998) 574c-579c.

e Ward-Takahashi Identity == Pair Contribuition
H.W. Naus, J.P.B.C. de Melo et T. Frederico,
Few-Body Syst. 24, 1998, 99-107




—q =/ —¢*sina
vV —¢*cosa, q, =0

¢ g — (QL)Q :

e Breit Frame (¢ =0) = ¢" —0,¢ =0; ¢#0
o J© = JY+ J? = No Pair Term Contribuition
o J- =JY— J3 = Pair Term Contribuition

e J.P.B.C. de Melo, T. Frederico and H.L. Naus,
Phy.Rev. C59 (1999) 2278




Effective Lagrangian to Vertex m — qq I

m _,
Lr= —zf—7r gy’ 7q

e LElectromagnetic Current

d4
Jt = —zQe—N/ T?“

xS(k — P MS/.C P)y 5A(l-c PYA(k, P)]

1
p—m+ e
e Symmetric Vertex Function

N N

S(p) =

Ak, P) =

(2 —m2 +1e) (P —F)® —md + 1)
o Ref. Nucl. Phys. A 707 (2002) 399-424

e Nonsymmetric Vertex Function
N
(P = k) = m?,+ 10
e J.P.B.C. de Melo, T'. Frederico and H.L. Naus,
Phy.Rev. C59 (1999) 2278

A(k, P) =




Electromagnetic Form Factor I

j' = e(P"+ P")Fa(q”)
e "J” Component of the Electromagnetic
Current
e Integration Intervals in k~
o<kt < P*
II) Pt <kt <P+
e Form Factor

Fo(¢®) = FI(¢* a) + FY (¢ )

F (g% ) =

—um?2N, /P+ 42k, dk*dk—211(k, P, P’)
0

(2m)4(Pt + P'+)f2 kt(Pt —kt)(P'+ — k1)

FUD(2 q) = —um?2N, /P’+ &k dk*dk—2T1(k, P, P')
" ’ CmA(PT + P ) f2 Jpr kH(PT — k) (P’ — kT)
Tr[OF|A(k, P)A(k, P")
(k= — kon + 1) (P~ — k= — (P — k)on + m555)
1
(P~ — k= — (P — k)on + 1€)

II(k,P,P,) =

X




Fig. 2: Light-front time-ordered diagrams for the current: (a) Fy)

and (b) JolSy




e Dirac Propagator in the Light-Front

F+m fon +m
k2—m?+ae  kt(k~ —k, + 1=

e Instantaneous Term Contribuition
e Wave Function in the Light-Front
e Bethe-Salpeter Amplitude

m  k+m

Yk, P)=
(F, P) fr k2 —m2 + 16

v’ A(k, P)

i)Instantaneous Terms

ii)Factors with Gamma Matrix in the Numerador

iii)Factors k* and (P — k™) in the Denominator

R " dk_
Okt k ; PT, P N/
( - -L> : a __kbn,%_ )

(P~ —/f‘—(P—/f)onJrL)

P+ —k+

1 1
k2—m2R—|—26+ (P—/f)2—m%+ze)
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e Integration k—

P N
mz — Mg [(1 — x)(m3 — M?(m?,mg))
A

r(mj — M?(mg, m?))

(I)(k+7EJ_;P+7ﬁJ_) —

_|_

e Where v = k7 /P7, with 0 < 2 < 1

ki—km?ur(P—k)ier%

M2(m2, m2) =

_pi

e [ree Mass ME = M?*(m? m?)

e Valence Electromagnetic Form Factor

FVP(¢%, a)

1 /P* APk dkT (kY ko P, L)
0

2m3 (Pt + PT) H(PT — kT (P F — k1)

_ 1- 1

—

(kT kL P, —%)

o ky, = (k1 +m?)/k*
e Normalization Constant (C') = F,(0) =1
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o F#WF) for ¢> = 0 = Probability Density 7.

No Dependence in « for the Components of the

Valence qq
e [f » <1 ,in this case the Pair Terms is VIP

e 'Transverse Probability

1 o M dkTME - -
f(kj_) /0 dgb/o o 0 cI)2(k+7lﬁ;m7r,O)

~ 4mm, (m, — kT)

o Integration of f(k,) under i,

n = /0 ek f (k)

e 7 =0.77 Symmetric Vertex
e =10 NonSymmetric Vertex
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Pion Decay Constant'

PM < O|A¢|7Tj >=1 mifﬂéij

d*k

e i TIPS (7S (k — PIAK. P)

e k~ Integration = f,; by the use of the

Valence Component

m VN, [ PkodkT

+ 7. . o
f7T - 47'['3 k’+(m7r —k'+)q)(k 7kL7mW7O)
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Model Parameters and Numerical Results'

NonSymmetric Vertex
Quark Mass m,: m = 0.220 GeV
Regulator Mass mp : m = 0.946 GeV
Fit for f, = 101.0 MeV
Pion Mass: 0.140 GeV

e Charge Radius
__p 0 _
(r?) = 657 F= = 0.67fm

Symmetric Vertex

Quark Mass m,: m = 0.220 GeV
Regulator Mass mp : m = 0.6 GeV
Fit for f¢* = 92.4 MeV
Pion Mass: 0.140 GeV
Charge Radius

(r?) = 632 Fx = 0.74fm

10% Bigger than Experimental Value
(Fewp = 0.67 £ 0.02 fm)
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e Amend. (Exp.)
Jefferson Lab. 2001 (Exp.)
¢ Frascati 2002 (Exp.)
—— Symetric Vertex
Nonsymmetric Vertex without Pair Terms
Nonsymmetric vertex with pair terms

qZ[GeV/C]Z

Fig. 3: Pion Form Factor

e J_ Without Pair Terms
e J_ With Pair Terms
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m Jefferson Lab. (Exp.)
® Frascati (Exp.)
—— Symmetric Vertex
Nonsymmetric vertex whitout pair tem
—— Nonsymmetric vertex with pair terms
—— QCD Sum Rules
Vector Meson Dominance

6
2=—q2[G|eV/c;]2

Fig. 4: Pion Form Factor

Ref. J. P. B. C. de Melo , AIP Conf.Proc.739:553-556,2005
and hep-ph /0507265
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m Jefferson Lab. (Exp.)
® Frascati (Exp.)
— Symmetric Vertex
Nonsymmetric vertex whitout pair terms
—— Nonsymmetric vertex with pair terms
QCD Sum Rules
—-— Vector Meson Dominance

05

—q [éeV/c]

Fig. 5: Pion Form Factor at low energy
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Fig. 6: Nonsymmetric Vertex.

Rall = e

Cov

v _ JL_F
Ra™™ = &~
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Ref.a=90
m,=0.220 GeV M,=0.6 GeV

® Amend. (Exp.)
Jefferson Lab. 2001 (Exp.)
— F.()
—=—= F_(q) Whitout Z-Diagram
Z-Diagram
==== Two-Body Current Instantaneus Term
»— === Z-=Diagram Instantaneus Term
A Frascati Lab. 2001 (Exp.)

Fig. 7: Pion Form Factor

e Ref. de Melo, Frederico, Salmé and Pace
Nucl. Phys. A707 (2002) 399-424
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~q°=1.0 [GeV]

m,=0.220 GeV M,=0.6 GeV

E— Fn(qz)
——= F_(q) Without Z-Diagram
Z-Diagram
—-— Two-Body Current Instantaneus Term
= === 7Z-Diagram Instantaneus Term

Alpha [Degrees]

Fig. 8: Pion Form Factor vs alpha

e Ref. de Melo, Frederico, Salmé and Pace

Nucl. Phys. A707 (2002) 399-424
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Ref.a=45
m,=0.220 GeV M,=0.6 GeV

e Amend. (Exp.)
¢ Jefferson Lab. 2001 (Exp.)
— F ()
——= F_(q') Without Z-Diagrams
Z-Diagram
—-— Two-Body Current Instantaneus Term

- === Z-Diagram Instantaneous Term
A Frascati Lab. 2001 (Exp.)

Fig. 9: Pion Form Factor with alpha = 45

e Ref. de Melo, Frederico, Salmé and Pace
Nucl. Phys. A707 (2002) 399-424
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Pole Approximation

e Pole On-Shell Contribuition

— A +m?
o b = =45

e Pole Z-Diagramm Contribuition

o by = (p~ — =)

[)0 <kt < Pt
II) P <kt <P~

e Form Factor

Fr(¢®) = FY(¢% a) + FP(¢ a)

F£1)<q27 &) -

—1m?2N, /P+ A2k | dk+dk—211, (k, P, P')
0

(2m)4(PT + P'+)f2 k+t(P+ — k) (P — kT)

—1m?2N, /P’+ A2k | dk+dk—211,(k, P, P')
2m)H (Pt + P*)f2 Jpr  KT(PT —kT)(PT —kT)

FO(¢? a) =

_ Tr[O*]A(k, P)A(k, P")
(P~ =k~ — (P —k)on + pr57)
1
(P~ — k= — (P — k)on + 1)

Hl(k7P7P/7)

X

Tr[O+]A(k, P)A(k, P")

Iy (k,P,P,) =
2( ) (k= — kon +16) (P~ — k= — (P — E)on + 575)
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0c=0

m =0.220 G M.=0.547 GeV

® Frascati Lab. 2001 (Exp.)
& Jefferson Lab. 2001 (Exp.)
Full Pion Form Factor
Pole Appox. (k, + k)
On-Shell Approx. (k)

6
=—q" (GeV)’

: Pion Pole Approximation
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Ref.a=45"
m,=0.220 GeV M;=0.547 GeV

® Baldini (Exp.)
¢ Jefferson Lab. 2001 (Exp.)
Full Pion Form Factor
———— Pole Appox. (k ,+k ;)
On-Shell (k)

Y
§—~"_‘w—'
—wr

| | 6
Q’=—q" (GeV)’

Fig. 11: Pion Pole Approximation
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Ref.a=90"
m=0.220 GeV M_=0.547 GeV

® Frascati Lab. 2001 (Exp.)
& Jefferson Lab. 2001 (Exp.)
Full Pion Form Factor
———- Pole Approx. (k, + k)
On-Shell Approx. (k)

6

Q’=-q° [GeV/c]

Fig. 12: Pion Pole Approximation
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8 6 -4 2 0 2 4 6
q" (GeVic)

Fig. 13: Pion: Space and Time Like

e Ref. de Melo, Frederico, Salmé and Pace
Phy. Rev. D707 (2006) 074013
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Conclusions I

Bound States

e Light-Front —
Covariance

e Rotational Invariance Broken =—> k£~ Problematic

{ — Good
e Terms

— Bad

e Electromagnetic Current: “4+7 |, “” and “ L7

)
— Bosons

e Particles ¢ — Pseudoscalar

| Vector
e Pairs Terms Contribuition == Full Covariance Restorate

e New Informations about Bound States gq
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