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Light-Front: Motivations

Light-Front Motivations

e Ligh-Front is the Ideal Framework to Describe Hadronic Bound
States

e Constituent Picture and Unanbiguous Partons Content of the
Hadronic System

e Light-Front Wavefunctions: Representation of Composite Systems
in QFT

e Invariant Under Boosts

e Light-Front Vacuum is Trivial

e After Integrate in k~: Bethe-Salpeter Amplitude (Wave Function)
e LF Lorentz Invariant Hamiltonian: P? = PTP~ — P2
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Overview of the Light-Front

Light-Front Coordinates

Four-Vector = x* = (x% x1,x2,x3) = (x*,x7,x1)
xT =t+z xt=x04+x3 = Time
X" =t—z x~ =x0—x3 — Position

Metric Tensor and Scalar product

— xTy=+x"yt
X'y:X“yuzx+Y++X Y—+X1Y1+X2Y2:f_XJ_YJ_

pm=p0+p*, pm=p"—p*, pt=(p*p?)
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Electromagnetic Current: General

Dirac Matrix and Electromagnetic Current

4t =~%++® = Electr. Current J* =04 J3
v = ’YO _ 73 — Electr. Current J~ = J0— 3
'YJ' = (717’72) — Electr. Current J: = (Jl, _/2)

X+7X_7XJ_ = p+)p_)pJ_
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Electromagnetic Current: General

p~ — Light-Front Energy

_ (BL)+m?

pP=ptp— (B = p~ L

On-shell
Bosons —  Sg(p) = m

pem

Fermions =  Sg(p) = P

"
+ 207

Review Papers:

e Phys. Rept. 301, (1998) 299-486, Brodsky, Pauli and Pinsky

e A. Harindranath, Pramana, Journal of Indian Academy of
Sciences Physics Vol.55, Nos 1 & 2, (2000) 241.

e An Introduction to Light-Front Dynamics for Pedestrians
Avaroth Harindranath

Light-Front book organizers: James Vary and Frank Wolz,(1997)

J. Pacheco B. C. de Melo ( Spin-1 Particles within Light-Front Approac November 6, 2014 6 /44



Pole Dislocation Method

pro= pr=pt+o
Boson Eletromagnetic Current

Breit Frame = ¢~ =0, gt = 0,, G, #0

J* = J~ + restoration covariance term

JL X q+ =0

J. de Melo, Sales and T.Frederico Nucl. Phys. B631, (1998) 574.
Ward-Takahashi Identity = Pair Contribuition

Naus, de Melo and Frederico

Few-Body Syst. 24, 1998, 99-107

eChang e Yan, Phys. Rev. D7 (73) 1147, Phys. Rev. D7 (73) 1780.
e Sawicki, Phys. Rev. D44 (91) 433, Phys. Rev. D46 (92) 474.
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General Electromagnetic Current: Spin-1

2y 909
s = 1Fa(@")ees — Fa4")55 10" — Fola)(qog — avel)

e Polarization Vectors
eX—( V1, v1+1,0, 0), ey—(0010) ez—(O,O,O,l)7
= (vn:v1+n,0,0) , Gy—€y7ezu_627

where n = q*/4m>
e Breit Frame:
pl = (%, —qx/2,0,0) (Initial)  where  p° = m,IF7.
Pt = (p°, gx/2,0,0)  (Final)
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Particle: Rho Meson

e[ A% TG Ttk k— po)(K — g+ m)
ji Z/ (2m)* ((k — p;)2 — m? 4 1€) (k%2 — m? + 1¢)
o VK =B+ m)eiTalks k — pi)(K + m)A(k, pr)N(K, pi)

((k — pr)2 — m2 + 1€
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Plus Component of the Electromagnetic Current

e [t T Talk k= po)(K ~ B+ m)
i 2/ (2m)* ((k — pi)? — m? 4 1€)(k? — m? + 1¢)

o K= P+ m)efTalk, k — pi)(K + m)IA(k, pr)A(, pi)

((k — pr)2 — m2 + e
e Regulator Function
ACk. picy) = N/((p — K)? — mg + 16)?
e p-Meson Vertex

m,  2kH —pt

Mk p) = ~* _ 2
(kip) =7 2 p.k+ m,m— e
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Plus Component of the Electromagnetic Current

e Mass Squared (x:,ﬁ—: — 0<x<1)

K24+ m> (B—k)? +m?
Wy my) = K B
e Free Mass M3(m, m) and Function M2(m, mg)
The function M,% is given by

Mzzki+m2+(ﬁ—k)i+m,2?_p2
R X 1—x L

K+m? (B k) +m?
M2 = 2L Jr(P 1)—l —p
X X
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Rho Meson Wave Function

e \Wave Function

- N2 L k
®i(x, ki) = 617 —
) o +m

]

(1 = x)*(m3 — M§)(m} — Mg

Refs.

e Phy.Rev. Cb5 (1997) 2043 J.P.B. C. de Melo and T. Frederico
e Phy.Lett. B708 (2012) 87 J.P.B. C. de Melo and T. Frederico
e Few.Body.Syst. 52(2012) 403 J.P.B. C. de Melo and T. Frederico
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Rho Meson Wave Function

e Instant-Form Spin Base

L[ Iy vk - U
Ji=5 —v2aL 244 V25
If = I V25 IR+

2

e Light-Front

[ R A
\ P
Im’m: _110 /00 /10
| AP [ A
1-1 10 11

— R}, ITRl,=Jt <= Melosh
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Rho Meson Wave Function

e Matrix Elements

&+ @+ )L, —ndy —2md%

I =

H 2(1+1n)

b VSt VL = V2(n - 1)U

10 2(1+n)
. —J5 A+ A+ )l 4+ ndh + 2 /mik
1-1 2(1+1n)

. —ndg + I —2/mJ5

00 (1+n)
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Rho Meson Wave Function

1
S5 = m[/ﬂ +2v/2nl — nlgy — 4]

V2 /21 n
J5o= mT’ﬂJF(U—l)/ffﬁ' 5/56

\/277l+

— 11l

Jyy = hi+hT

1
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Angular Condition

A(q?) = (1+ 2l — /8l

e Angular Condition: Violation !!
Parity

gx — J;;, =J +
Rotations

A(g®) #0

o Ref:

e Sov. J. Nucl. Phys. 39 (1984) 198
l.Grach and L.A. Kondratyku

e Phy. Rev. Lett. 62 (1989) 387

lp = (1+ 77)(-/;} - J%)

L.L. Frankfurt, I.Grach, L.A. Kondratyku and M. Strikman
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Prescriptions

FFS (Frederico, Frankfurt, Strikman)

GK (Grach, Kondratyku)
CCKP (Coester, Chung, Keister, Polyzou) vs COVARIANT
BH (Brodsky, Hiller)
e Breit Frame =— PT =P+, P~ =P, P, =P, = G/2
e BF: gr=¢"+4¢%=0
. Jt { 4 Current Elements
P 3 Form Factors Gg , Gy and G
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Inna Grach Prescription:

1
6K = S[3—2m)i +2v/2nh + ] =
1
Sl 02— 0) )]
1 Iz,
GK _ + ol =J —Jh — =
G o= 2(h - \/—2—77/10 =y - %
GK 2v2 + o — I
G = T[_U/n +V/20h = 4] =
V2

S ey (=L =m) + 0zl
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1
]

CCKP
1 3
CCKP + 4 +
= — (= — / / 2nl 2n —
Go 3(1_1_77)[(2 m (I + loo) +5v/ 20l + (21
1
= 6[2ij + 4} 4+ 347
1 2(1— 1) J5
GCCKP — 7I++/+—I+ 2\ gyt Tz
1 (1 i 77)[ 11 1-1 \/% 10 \/,,—7
V2
GCCKP — 7_[4-_ I+—|-2 2/+_ +2/-i~_ —
2 3(1+77)[ Nl — Moo V20l — (0 Yh~ 4]
V2
T[J;FX - J)
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Brodsky-Hiller - (BH) - I

BH
GO

M[e — o)l + 820l + 2(2n — 1)i;t ]
M[Jg(lun)w;y(zn_1)“;(3”77)]
2l — i+ 2

1 J5 . .
(1+2 )[\f(1+277) g+ I

1+2 )[\/7/ —(n+ 1)t ]

V2

— = _[Jt(1+2n)—-Jf(1 —nJE
3(1+2n)[ XX( + 77) yy( +77) 77 zz]
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FFS
GEPS = Sl — MUK+ Ge) + 5yl + (21— K]
0 3(1_1_77) 2 11 00 10 2 1-1
1
= 6[2J;;+Jy+y+3Jj;]
G{:FS — G]_CCKP
G2FFS — GZCCKP
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P k I P’

Light-front time-ordered diagrams for the current: Triangle Diagram and
Pair Terms
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o Vertex [(v*,7")

Trlggli = Trife(K— ¢+ m)y"(k — g+ m)di'(k + m)]
e +Z (Pair Terms)

k
Trigg ;Z - Ree

Reg = Trlgi (K — ' + m)y" (K — g+ m)fiy 7]

e Fact: — k—(m+1) (pt — k+)n

No Pair Terms Contribution if m < n
Ref. Nucl. Phys. A660 (1999) 219, De Melo, Frederico, Naus and
Sauer
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e Simplification: [y*,~"] Dirac Trace:

Trlgglté = —n Trlgglif
Trlgglsf —Vn Trlggl’
Tr [gg ];LZZ = Rgg

e Also:

Trlggl),/ =4k~ (p" — k*)?
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e Pair Terms

r[JEZ
7= i | deW 7
57 = i | d3KW 7
5Z = ﬁ%/"ww -
57 = i [ K =0
e Basis I, :
e = 0, ¥ =0

I = 0, I =(1+n)JL #0

e Pair Term Contribution: only: I(;BZ 1
e Inna Grach: Elimination [y,
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1
GEK = g[JjX + 245 —nd +nJf]

J+
G = UL UL =

zz \/ﬁ
2
G = %[J;+Jyfy(—1—n)+w;1
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Pair Terms Combination

1
G = 3 (Jﬁi “gg] + TIJ+Z[gg]>

1

3 (—an;Z[gg] +nJ3? [gg]) =

J3Z [gg]
GSK (+2) <_J+Z gg] — L) =
zz \/ﬁ

— I lgg] + = \/[_gg] 0

V2 V2
G2GK (+2) _ b (J;;Z[gg] + ngJ;Z[ggD =5 (-an; + UJZZ) =0
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Pair Terms Combination

Cross term with v* and derivatives

Trldgli = €; - (2k — p') Tr[(K — #' + m)y (K — p + m)gi (K + m))]
e Terms with m > n:
Trldgl5 = €€ Rag — 4m k™ kTe" &1 - q1

*Rag = 4m k™ (k_(k+ —p)+ (ke —B]) - (kL — Bu) +ar -k + m2)

eThe Z-modes to yy is zero — ¢/ =0 and ¢} =0
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Pair Terms Combination

e Term with k= and k—2(k* —p™)
e Interval 0 < k™ — p™ < §* with v# and derivative couplings:

s . Tr[dg]ﬁ 1 1 my
JJ‘i [dg] llm /[d k]z{l}{z}{?)} {4}2 {5}2 2(p’ -k+mm, — iG)

e Zero of {3} is dislocated by using p't = pt + 47
e Cauchy integration in k= with k* in the interval 0 < k™ — p™ < 6"
e Two poles: one from the dislocated denominator {3} = 0, and

1 S, 7 -
k_:pj(zpi'kL_ker —2mmv+ze) :

eThe residue from the zero of {3} is O[(67)?]
e The residue from the pole gives a contribution O[(67)°].

After integration in k—, one has that:

it [dg] ~ O[6"] .
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Pair Terms Combination

Direct term with derivative couplings

Tr[dd]ﬂ = |:Add % + de:| -(2k — ) €i-(2k —p) .

Agg = THl(k—¢ +mpyt( —p+ mpyt] = 8(pt — k)2
B = T |(K= ¢+ my K m) (ke Tk )|
+Z _ |m 4,12 Tr[dd];i
yd) = i [ 1) BIUIRICECE

V

><4(p-k—f—mm‘,—ie)(p’-k—|—mm‘,—ie)

= JT4[dd] ~ O[6*]
i
4 =0, I =0, ;"4 =0and Iy = (1 +n)Jt% with lims: o, J5Z #0

zz
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Final Result:

No Zero Modes or Pair Terms Contribution with Inna Grach
prescp.!!

REf.:
e J.P.B.C. de Melo and T. Frederico,Phys. Lett. B708, (2012) 87
e J.P.B.C. de Melo and T. Frederico,Few Body Syst. 52 (2012) 403

e Similar Results are found by Ji, Bakker and Choi:
e Phy.Rev.D65 (2002) 116001
e Phy.Rev.D70 (2004) 053015

J. Pacheco B. C. de Melo ( Spin-1 Particles within Light-Front Approac November 6, 2014 31/ 44



Pair Terms Combination

Elimination of Zero Modes

e VIP:
JE = —ndiF
E = =i
S o= 0.

e Also:

+Z _ +V +V
Jzz _Jyy _Jzz

e J.P.B.C. de Melo and T. Frederico, Phys. Lett. B708, (2012) 87
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Pair Terms Combination

Electromagetic Form Factors Free of Zero Modes

1
GEEKP = 6[2J+ + b 4+ 30E] = _[J+XV +(2 - n)J;g/V +nJtV] =
= GO
GCCKP _*\I/ZE_[ JHV J\;/;l/ JEV] = GSK
n n

V2 V2
GCCKP [J+ _ J+] — [J—l)-(V o (1 +’I7)J;;/V _‘_,r}JZ—‘;V] — G2GK

GEFs = [ﬁ +2Jf] = [ﬁV (—2=n)J5Y +nJLY] = G~
GlFFS _ G1CCKP _ Gl
GIFS = GSCKP — GSK
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Pair Terms Combination

1
1
= §[JX+XV + (=) + 3] = 67"
GBH . 1 J;; 1492 J+ J+
1 - M[%( + 7])7 yy+ ZZ]
J+V
_ +Vv  Jzx 7J;;V] _ GlGK
yy \/ﬁ
V2
G2BH — M[ij(l +2n) — J;y(l +n) —nJi]
V2
= S - @) et = 6

Important: All Prescriptions Given the Same Electr. Form Factors
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Angular Condition: Free of Zero Modes

A(qz) = (1+ 27])/1+1 + lltl — 87}/1+0 — /(% =
1T+ —Jh) =0
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3 — Covariant R
—+ GK |
0.8 — BH+ Z-Terms
’ — - BH Whitout Z-Terms
—————— — FFS+ Z-Terms

P —— FFSWhitout Z-Terms b
s — CCKP+Z-Terms R
0.6H 7 — - CCKP Whitout Z-Terms.  _ —|

(XCP)

| | | |
oO 10 20 30 40 50

Q2 = -q2 [GeV/c]2
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— Covariant
- - GK
25| — BH+Z-Tems
n — - BH Whitout Z-Terms

| — FFS+Z-Terms

L — - FFSWhitout Z-Terms

\ — CCKP+Z-Terms

\ — - CCKP Whitout Z-Terms

Q2 = -q2 [GeV/c]2
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0F T =
— Covariant
— BH+2Z-Terms
— - BH Whitout Z-Terms
02 — FFS+Z-Terms

— - FFSWhitout Z-Terms
1\ — CCKP+ Z-terms
A\ — - CCKP Whitout Z-Terms ——

0 10 20 30 40 50

Q° =-q’ [GeVid)
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Decay Constant

PH _ kB
K

< 0J*(0)|p, A >= 2V/2fy Mé

e ¢ = Polarization — ¢f = 1
Dirac Trace:

Tr[0T] = [~4k™ +4k3 +4kTpT +4m?] -
my [Am(2kt — pT) (k= — k)]

o T prk+p kt

2

+ m,m — 1€

e Because the denominator: the zero mode is cancel out!!
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Pair Terms Combination

Observables

mg / mg [GeV] f, [GeV] <rP>[m]| pn | Q4le/m?]
0.430 / 3.0 0.154 0.267 2.10 -0.898
] 0.134 / 0.151 0.296 210 | -0.910
2] 0.130 0.312 2.11 -0.850
3] 0.207 0.540 201 | -0.410
PDG 0.153 £ 0.008

[1] Phy.Rev.D65 (2002) 116001, B. Bakker, H. M. Choi and
C. R. Ji; / Phys.Rev. D89 (2014) 033011
[2] Phy.Rev.C83 (2011) 065206, H. L. Roberts, A. Bashir,
L.X.G. Guerrero, C. Roberts,
[3] Phy.Rev.C77 (2008) 025203, M. S. Bhagwat and P. Maris

See the poster by Clayton Santos Mello — Dependence with the
parameters <= (< r?>, pand @)
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I T I T I I
35— ® Thiswork (LF) —
A Bagdasaryan et al. and Aliev at. a (QCDSR)
r = Samsonov et al. (QCDSR) h
o Cadardlietal. (LF)
3 <« Hawesetal. (SD) n
<« Pitschamann et a. (SD)
— | < v Choiatal. (LF) )
S % Hedditchetal. (Lattice) i
N~ x  Hedditch et al. (Lattice)
~ A
() r . b
= Ll s |
v
15— —
| | | | |
]0.1 0.15 0.2 0.25 0.3 0.35 0.4

m [ GeV]
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Pair Terms Combination

Rho Meson Form Factors

Q%= 1 GeV? // Q% = 2 GeV?
G, Gy Go G, Gy Go
This Work | 0.408 | 1.438 | -0.233 | 0.156 | 1.152 | -0.375

Ref.1 0.220 | 0.570 | -0.110 | 0.080 | 0.27 -0.050
Ref.2 0.170 | 0.850 | -0.511 | -0.040 | 0.45 -0.320
Ref.3 0.380 | 0.930 | -0.230 | 0.180 | 0.59 -0.150
Ref.4 0.250 | 0.580 | -0.490 | 0.130 | 0.280 | -0.240

Ref.

[1] M.S. Bhagwat and P. Maris, Phy. Rev. C77 (2008) 025203 .
[2] F. T. Hawes and M. A. Pichowsky, Phys. Rev. C59 (1999) 1743.
[3] Choi and Ji, Phy. Rev. D70 (2004) 053015

[4] T.M. Aliev and M. Savci, Phy. Rev. D70 (2004) 094007.
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Conclusions

Bound States

Light-Front )
) ont = { Covariance

e Rotational Invariance Broken = k— Problematic

— Good | Covariant

e Terms
{ — Z Terms | Non — Valence Components
e Electromagnetic Current:

. — Present Work : J™ Component
— Future Works: J= and J;

e Take New Informations about Bound States

— Correlations |qq >
° — Rho Meson Decay
— Deuteron
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Conclusions

Support by LFTC and Brazilian Agencies
e FAPESP , CNPgq and CAPES

Thanks (Obrigado)!!
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