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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

¢ Invariant Under Boosts

e Light-Front Vacuum is Trivial

e After Integrate in k~: Bethe-Salpeter Amplitude (Wave Function)
e LF Lorentz Invariant Hamiltonian: P2 = P*P~ — P2
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Light-Front Coordinates and Elect. Current

Four-Vector — x* = (x%,x},x2,x3) = (x*,x7,x1)
xT =t+z xt=x04+x3 = Time
X" =t—z x~ =x%—x3 —> Position
Metric Tensor and Scalar product
+y— 4 —yt
- Xy +Xxy .

oy =xty =ty byt xin e Xy = R
pt=p"+p>, pm=p"—p*, pt = (p*,p?)

+ —yt - = _ - N
plx, = BEXFPC 5%, xt,xT,xI = pt,p,BL

e Dirac Matrix and Electromagnetic Current

vt =494+ = Electr. Current J* = J° + 3
v~ =4%—~®> = Electr. Current J~ = J%— J3
vt = (y',7%) = Electr. Current J+ = (J!, J?)
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Overview of the Light-Front

p~ = Light-Front Energy

— (BL)’+m?

pP=ptp —(pL)’ = p ="

On-shell

1
Bosons — SF(p) = P—m? e

ptm

Fermions— SF(p) = m

Review Papers:

J

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)
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Spin-1 particles

General expression for the spin-1 electromagnetic current

Plus and minus components

F2(q°)

By = F PR ev0) - =

— F(¢A)((g-ex)ex — (qen)ey) -

(q-ex)(g-ex)]

e —> F1, F, and F3 : Covariant electromagnetic form factors

e m,, Vector bound state mass

e Ref. Gilman, Ronald A. and Gross, Franz;
J. Phys. G 28 (2002) R37-R116.
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Spin-1 particles

Frame

e Breit frame

e — pt=(pp,—q/2,0,0), Initial state

e — p'"=(py,q/2,0,0) Final state
Transfer momentum ===>> ¢* =(0,q,0,0)

e Polarization in the cartesian basis

ek = (—/n,v1+1,0,0),€y =(0,0,1,0),€; =(0,0,0,1)
for the vector meson in the initial state

e And in the final state

e = (\/1, W,OO) e/ =(0,0,1,0), ¥ =(0,0,0,1)
e With, n =
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Spin-1 particles

Matrix elements of the electromagnetic current are (explicity)

F2(Q?%)

2my,

J;; = (p+ + pl+) |:F1(Q2)€x’~€x - (q.ex/q.ex)}

—F(@%) (q.evef — g.ecel)

deex = (V.= vi—VI+ny/Tn) =—(1+2),

(0,4,0,0).6x = —qv/1+7,
(0,9,0,0).¢, = —q\/1+7,
((0,9.0,0).c) 5 = —agv/1+n(=vn) = avivi+n,
((0,4,0,0).e) et = —ay/T+n(vi) = —avny/T+n,
(g:€)(g.ex) = ¢*(1+n)
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Spin-1 particles

Relation between the electromagnetic current, JJT and the
covariant form factors

e Plus component of the electromagnetic current

F
J&o= 2p* <—2F1(1 +2n) — ﬁqz(l + 77)) — F32q/nv/1+n,

v

J;;, = —2ptFy,

Jn = —2p"Fy,

5= —FRa/1+n,

3L = Faqy1+n,

Jho= Jh=Jf=JL =0
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Spin-1 particles

e Electromagentic form factors in terms of matrix elements of the
current

+
oty Jz
! 2pt 2pt’
+ M ) — S
F == J + - + 9
2 p+q ( _1_77) [ ( 77) XX zx \/ﬁ]

avIi+n  gq/I+7n
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Spin-1 particles

Relation between the electromagnetic current, J;,
and the covariant form factors

e Minus component of the electromagnetic current

- - F
J = 2p <—F1(1+2n)—ﬁq2(1+n)>—F32q\/ﬁv1+ ,

v

Jy_y = —=2p F,
Jz_z = _2p_F1)
Jz_x = F3q\/ 1 + 5

I
[

XZ _F3q\/1+ )

D = Jy=Jy=J, =0
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Spin-1 particles

e Electromagnetic form factors in terms of matrix elements of the
current

oo Iy o
! 2p~ 2p~—’

2

m
Fy = ——~—[J-(142n) — Jg + J521]
2 P_CI2(1+77) [ yy( 77) \/ﬁ]
F3_ _ sz JXZ

Cav/Itn  aVTHn
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Spin-1 particles

e Basis

e In spherical basis
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Spin-1 particles

e Matrix elements electromagnetic current (plus)

L Ity vk g -k
Ji = 5 VUL 2JF V25
If = I V25 IR+

e Matrix elements electromagnetic current (minus)

ot dy V25 J—Jn

Ji=5| —V2a 24, V22U,
i 2 B X 3 Y -
Jyy - Jxx _\/EJZX Jxx + Jyy
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Spin-1 particles

e Light-front matriz electromagnetic current:

=t
Fm = LT
iy —lhp

¢ Relation (by Melosh matriz)

+
Il;l
IlO

Ill

Ru.JE.Ry = 1T (VIPI)

1+cosf sin 6

2, 2

Ry = =0 cosf

1—cosf sin 6

2

e With .
_ 1 aop_ M _ B
cos@-m,smﬁ—mandn—mZ,
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Spin-1 particles

e Relations between the matrix elements of the current in the Cartesian

spin basis, J™

J&+ X4+ —ndh —2m)f

I = ,
2(1+n)

b VI VL = V20 - 1)U
10— 2(1+mn) ’
o —Ji A+ (M), +ndh + 2]
-1 2(1+n) ’
v nde I =2 mdk
Ioo =

(1+mn)

J. Pacheco B. C. de Melo ( Covariant form factors for spin-1 particles December 3, 2024

16 /68



Spin-1 particles

o Relations between the matrix elements of the current in the Cartesian

spin basis, J~

Jo+ 1+ n)Jy—y —nd; — 2l

= 2(1+mn) ’

I~ _ V2ot Vo, — V2(n - 1)),

10 2(1+n) ’
- —J + (L + )y, + 0 + 205
=1 2(1+mn) '
= Tt da = 20

o0 (1+n)
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Model
e Full Model
[ (k, p) = A" — % (K + K™™) DY (k)

e m, is the vector spin- 1 particle mass, D, (k) = (p - k + m,m— 1¢), and
k' =k — p.

* r(k,p) =H
e, / d*k Tr [TTT; Alk, pr) Ak, pi)
i @r)A (k= pi)? — m2 +e) (k2 — m? +1€)((k — pr)2 — m? + 1€)

e Dirac trace:

Tr[Tl; = Tr [~ T(k, o) K = Br + m)y™ (K — i + m)ei - T (k, i) (K + m)]

e Regularization function: A(k, p) = N/[(k — p)?> — m% +1€]*> which is chosen to
turn the loop integration finite.
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Spin-1 particles

Wave function, Spin-1 Particles

X?i'li— k

My
5 +m

e where x = k*/p™, and, the free quark-antiquark mass squared is

2
X 1—x PL-

v Kt (BB

e The function M3 is,

K4+m  (B—K>2 +m?
M2 — KL 1 R _ .2
R ~ T x Py
e Polarization state is given by ¢;
e N = Normalization factor, Go(Q* =0) =1
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Angular condition

e Light-front we have the angular condition equation for I,Jg,m

e Plus component of the electromagnetic current

AD(QY) (1+2n)l + Iy — /8nlig — I

= 1+, —J%2) =0

e Minus component of the electromagnetic current

ACNQ?) = (T+2n)lg + I — /8nlg — o
= 1+, —Jz) =0
Ref. I.L. Grach, L.A. Kondratyuk, Sov.J.Nucl.Phys.38 (1984) 198

I.L. Grach, L.A. Kondratyuk, M. Strikman, Phys.Rev.Lett.62 (1989)
387

J. Pacheco B. C. de Melo ( Covariant form factors for spin-1 particles December 3, 2024 20/68



Spin-1 particles

e Angular Condition: Violation!!
Parity

G = J)), = I +
Rotations

e Equal time: A*(Q?) =0, is true!!

e Light-front: AT(Q?) =0, is not true!!
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Spin-1 particles

¢ With the covariant form factors

J:t _ _2p:tFi

szé = - piFli.

AFQ) = (1+2n)(dy — Jz)
= (L+2n)(—2p*FF +2pFE) =0.
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Spin-1 particles

Fig. 1. Feynman diagrams for the valence contribution (left panel) and the
non-valence contribuition (right panel) for the electromagnetic current.

J. Pacheco B. C. de Melo ( Covariant form factors for spin-1 particles December 3, 2024 23 /68



Pole Dislocation Method

pt = pt=ptis
Boson Eletromagnetic Current

Breit Frame = ¢~ =0, ¢t = 0., G, #0
JT = J~ + restoration covariance term

Jixqgt=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

e Chang 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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Spin-1 particles

Prescriptions

FFS (Frederico, Frankfurt, Strikman)

GK (Grach, Kondratyku)

CCKP (Coester, Chung, Keister, Polyzou) ~ vs COVARIANT
BH (Brodsky, Hiller)

KA (Karmanov)

e Breit Frame= Pt =P+, p~=P~, P/, =P, = G/2

o Jf = 4 Current Elements
P 3 Form Factors Gy, Gy and G

o Ref. J.P.B.C. de Melo, T. Frederico,
Phys. Rev.C55 (1997) 2043
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Electromagnetic form factors: Gy, G; and G,

e |.L. Grach, L.A. Kondratyuk prescrition

====>> Eliminate the Ioi0 component of the electromagnetic
current

1
G5 = -2+ 2y ¢ 1
1
= s+ @0y 0kl
11 m 10 yy zz \/ﬁ’
22 V2
G = SSEV20hG -k — ] = Sl — (L) ]

Ref. (GK) I.L. Grach, L.A. Kondratyuk, Sov. J. Nucl. Phys., 38
(1984) 198
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CCKP

GECKP 1 3

1
= 6[2ij + 4 43771

1
CCKP
GEKP V2

_ +
n

m[—ﬁlﬂ —nlgy 4+ 2v/2nly — (n+2)I 1] =

V2

T[JQLX —-JS

L (i + I55) + 520l + (2n — %)’f_ll

Ref. Chung, Polyzou, Coester, Keister, Phys. Rev. C37 (1988) 2000
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Brodsky-Hiller - (BH) - I}

mw—%ﬂl + 82015 +2(2n — 1) 4]
MWX“ +2n) + (20 — 1) + S5 (3 + 21)]

2 [I+— n (277 1)/ ]
(T 2n) o Vo o
L I3 + gt
(1+277)[\/_( +2n) = 4, + J2]
ﬁ

S +2n) -

Y JE(+n) —ndd
3(1+277)[ XX yy( +77) n zz]

Ref. Brodsky, Hiller, Phys. Rev. D46 (1992) 2141
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Spin-1 particles

FFS
GFFS _ #[(5—?7)(/++/+)+5‘/277I++(277_1)I+]
R (R C
1
= g2+ Jf +3UE)
G1FF5 _ GEeKP GZFFS _ GSCKP

Ref. Frankfurt, Frederico, Strikman,
Phy. Rev. C48 (1993) 2182

J. Pacheco B. C. de Melo ( Covariant form factors for spin-1 particles

December 3, 2024

29/68



Spin-1 particles

Karmanov

1
G = 3 [2(1 — )l + 4/ 20l + /(ﬂ

1
= U+ (1 —20) + 20+ 1))

GKA _ 2I+ 2/+ _ J—‘r JZ+X J+
1 - 11 5 10 — yy % = Jdzz
22
GA = 3 [(1 + )l — /20l — Ic%}

V2
= Yl -ernsg]

Ref.: V. Karmanov, Nucl. Physics A608 (1996) 316
Covariant form factors for spin-1 particles December 3, 2024 30/68



Vertex by Parts

e Vertex '(y*,~")

Trlgglii = Trlf?(K—p' + m)y" (K — g+ m)ei'(k + m)]
e +Z (Pair Terms)

T2 = T Ty (g my B miy ]
Tl = k(kt—ph)?=0

T2 = S T8 my R B mig ]
T2 = T T my B m ]
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Spin-1 particles

e Cont.

k
Tr [gg]j,'—z T Ree

Reg = Trlf7 (K —p'+ m)y" (K — p+ m)fiy"]

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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Spin-1 particles

e Simplification: [y#,~”] Dirac Trace:

Trlgglsl = —n Trlggli?
Trlggltd = —vn Trlgelif
Tr [gg]jzz = Rgg

e Also:
Trlggl),/ = 4k (pT — k*)> =0l

e Ref. de Melo, Naus and Frederico; Phys.Rev.C 59 (1999) 2278
de Melo, Frederico, Naus and Sauer; Nucl.Phys.A 660 (1999) 219
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Spin-1 particles

e Pair Terms
JiZ
JH
JiZ
7

R
e Basis /], :

e Pair Term Contribution: only:

A4
11
+Z

Il—l

[ T
Jm, | K e 7
Jm, [ K e
S R s O
Jm, | K e
Jm, | K e =
= 0, I}*=0

0, Ity = (1 +n)J5 #0

+Z
2

e Inna Grach:Elimination |y,
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Spin-1 particles

1
GER = g[JX*; + 245 —ndt +nJ
G = U — UL - Jax
yy \/7—)
V2
G = ?[ij + L (=1 =n)+nJS
e Pair Terms Comb{nation
G A = 3 (Jii 9lgg] + nJL? [gg]) =
1
3 (1) lge] + 0 ge]) =0
GGK +2) _ (_J+z ] — JZJZZ[gg]) _
1 zz \/77
J (8]
—J A (e8] + V= =0
[gg] + v NG
V2 V2
G = 2 (U lesl + )P lee)) = 5 (~nk + k) =0

J. Pacheco B. C. de Melo ( Covariant form factors for spin-1 particles December 3, 2024 35/68



Spin-1 particles

Cross term with 7* and derivatives

o [(7",2k —p')

Trldgli = €; - (2k — p') Tr[(K — #' + m)y (K — p + m)gi (K + m))]
e Terms with m > n:
Tr[dg]ﬁ = 6}+6,—'i_Rdg —4m k_k+€j-+ €iL-qGL

*Rdg = 4m k™~ (k_(k+ —pt)+ (ki —B])- (ki —B1) +qu ki + m2)

e The Z-modes to yy is zero — ¢/ =0 and € =0
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Spin-1 particles

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

Tr[dg]ﬁ 1 1 m,
{1H{2}{3} {4}2 {5} 2(p' - k + m m, — ic)
e Zero of {3} is dislocated by using p't = pt + 47

e Cauchy integration in k=~ with k™ in the interval 0 < k* — pt < 47
e Two poles: one from the dislocated denominator {3} =0, and

Ji71dg] = fim[10*

1 S, 7 -
k—:p_Jr(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[(6)°].
After integration in k—, one has that:

J}Z1dg] ~ O15°]
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Spin-1 particles

Direct term with derivative couplings

p
Tr[dd];i = |:Add -t de} € -2k —p')ei-(2k —p) .

Agg = Trl(k—p +myy (K —p+my']=8(p" — k")

Tr[dd]j,-
{1H{2}{3}{5}*{6}?
><4(p-k—l—mm‘,—ie)&/p’-k—i—mm‘,—ie)

z _ : 4,17
Ji7dd) = tim [ 10

= J[?[dd] ~ O[57]
=0, 17 =0, 4 =0and Iy" = (1 +n)Ji? with lims: 0, JEZ #0
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e Zero-mode contributions to the matrix elements of the current
Jp7 =005 = —nJt? and J37 = — Lt
e Only from valence contribuitions as
JHE=JLY - JhY,
===>> Is a consequence of the angular condition

e Final relations for the matrix elements of the plus component of
the current, computed solely in terms of valence matrix elements

Seo= Y (g - )

o= a5 = (9 - )
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Spin-1 particles

e With the relations above, we have

G = 2D +nax?) = 5 [ +wstF] =0,

3
J+Z J+Z
GGK(+Z): _JZ‘EZ g _ ZzX :_JZ‘EZ_|_ UL:()?
! lee] Vi Vi Vi
2 2

e Prove GK Prescription is free of the zero modes contribuitions!!
Ref.

J.P.B.C. de Melo, T. Frederico, Phys. Lett. B 708 (2012) 87
J.P.B.C. de Melo, Phys. Lett. B788 (2019) 152
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Spin-1 particles

The elimination of zero-modes for the matrix elements of the
current /nf,m, leads to the following

=0 If# =0 I4=0,
and
67 = (L m)JEE = (L) (4 - Y

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

Ref.

J.P.B.C. de Melo, T. Frederico, Phys. Rev.C55 (1997) 2043
J.P.B.C. de Melo, T. Frederico, Phys. Lett. B 708 (2012) 87
J.P.B.C. de Melo, Phys. Lett. B788 (2019) 152

J.P.B.C. de Melo, 2309.07890 (2023) [hep-ph]

e Similar Results are found by Ji, Bakker and Choi
e Phy.Rev.D65 (2002) 116001
e Phy.Rev.D70 (2004) 053015
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Spin-1 particles

CCKP prescription elimination of the zero modes
contribuition

GOCCKP
-1 §—n (I + Igh) + 520l + 27;—l I
3(1 _’_n) 2 11 00 10 2 1-1
1 1
= At g +35] =3 LY+ @@=y +nJtY] = GF
1 2(1—1n) J4
GCCKP _ {/+ A - /+} = I
1 (1 =+ 77) 1 00 1-1 \/2—77 10 \/ﬁ
+V +V JZJ;V GK
= [Jyy _Jzz - W:| = Gl )
V2
SR T [k = nigh + 2/20k% — (n + 27, | =
V2 V2
=3 =Rl =5 U - +n’] = 6
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Spin-1 particles

BH prescription elimination of the zero modes contribuition

BH _ 1 B + + Y
Gy = T2 [(3 2n) oo + 8+/2nl + 2(2n 1)/171]
1 + + +
= 1+2 2n —1 2
31+ 21) [Jxx( +2n) + Jp, (21 )+ L3+ 77)]
1
=5 [+ @ maY 4] = 6,
BH 2 + + (2n—1) +
= ——— ||y — | /
Gy T+21) {00 -1+ N
S {—J;X(lJrzn)—J+ +J*} - {J*V—E—J*V] =G
(1 +2n) NG o voooym
G = 31+ 29) +2 [\/ nho — nlo — (1 + 1)/1+—1}
V2 " + 1 V27 v +V +V
STz A2 = Syt —nli] = 3 [JXX (L4 m)dy” 4 1z }
— G
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Spin-1 particles

FFS prescription elimination of the zero modes
contribuition

(;st
1
=—— (2 I+ 2420l — nlgs + (2n + 1)1
3(1+77) |:(n+3)11+ 7710 7700+(7]+ )1,1:|
:%[J;HJ;]
1
:g[thV+(2fn)Jy+yV+nJ;V]:GOGK,

FFS CCKP GK
G =6 =G",

FFS CCKP GK
G =6 =6,
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Spin-1 particles

Karmanov prescription elimination of the zero modes
contribuition

1
G = 3 [2 nhi + 4v/2nhs + /00}
1
=3 Mot d (L= 20) + (20 + 1) 2]
_1 Vo VgV = gk
=3 [+ @-ngY 0] = 6
KA + + v Ik +
Gl = 2/ — 5110 == -/yy - \/ﬁ - Jzz

|

—
=
jan

o B V| _ GOk
Jyy - \/’f_] _Jzz — V1

2¢/2
6% = 22 (1)t — 3k — 1)

[ + (L + 1)y — (24 1) J22]

SR

=3 [thv —(1+ 77)Jy+yv + 77Jz+zv} = GQGK
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Other way to see: Symmetry Broken

68" — 6] =

o6 - 6] =

267" - 6] =

~(3—2n)

S 3(1+2n)

2
(14 2n)

(1+2p)
3(1 + 21)

3(1+2n)

3(1+2p)
(3 - 277) A(Qz),
[(1 + o)1
SN

24/2
V21 [(14‘277 1T

222
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Spin-1 particles

cc G (3—2n)
GENP — 68" = gy (L 2m 4 — VBl — 1)
(3—2n) 2
= - A ,
6(1+mn) (@)
S[GEKP — GEK] = ————— |1+ 29I, + 15, — /Bl — I
(G 1] @+ [( mhy+ L, Mo oo}
1
= ——— A(Q?Y,
(1+n) (@)
5[G2CCKP - G2GK] = ﬂ [(1 + 277)/1JE + 11+ 1~V 877% - I(;(—)]
3(1+mn) -
2
_ V2 A(Q?) .
3(1+mn)
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Spin-1 particles

1
167 = 65T = 3 [ — K —2v/2l — i1+ 20)
_A@
3 Y

ol614 - 6] = o,
_2\/5

0[G4 — 6571 = =5 [Ioh — oy + VBl — (20 + 1)k
2y/2
e
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Spin-1 particles

SIGE™ — G = gy [+ 200 + oy — VBl — k)

6™ — 6 =~y [(L+ 200K + K7 — Vel — )
- _(141rn)A(02)’

SI6E™ — 68 = 32 [ 20 + s — VBt~ )
- A
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Spin-1 particles

Elimination of Zero Modes

e VIP:
Il = 0l
pE = =y
tz
Bz o= 0.
e Also:

J+Z — J+V _J+V

zz vy zz
e J.P.B.C. de Melo and T. Frederico, Phys. Lett. B708, (2012) 87
¢ J.P.B.C. de Melo,Phys. Lett. B 768, (2019) 152
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Decay Constant

PH _ Kk
K

< 0]J(0)[p, A >= 1v/2fiy Me}

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

Tr[0T] = [~4k™ 4 4k? +4kTpt +4m?] —
my [4m(2kT — pT)(k~— — k7)]

+k— — k+
2 %_’_mvm_ze

e Because the denominator: Zero mode is cancel out!!
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Observables: Charge, Magnetic, Quadrupole, Radius

Go(0) = 1, (charge normalization),
Hp = G1(0)
: G2(Q?)
@p = Qlérl:o 3V2 Q2
. —6[Go(Q%) —1] dGo(Q?)
2 _ _
<r,> = Qlérl:o Q2 = -6 402 oo
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T T T T T T T m—— —— —— — ]
Mg 1 — Covariant q
, o o Inna Grach ]
08 G g o [ -~ Frankfurt ]
o o ] — - Karmanov
FFS GK L - 4
— 6™ 6 ] Chung
— o5 NS —- Brodsky 4
2 KA K : — Brodsky + Z-Terms
S _06 — G, -G, | L rodsky s
o ] —~ — Chung  + Z-Terms
&) N r — Frankfurt +Z-Terms |
' 1 ~ t — Karmanov +Z-Terms
€ 1 O
S04 a1 0
oL J r
02 — 05 ~~_ 3
0 . . | . | . 1 . T n S S U R RS
0 5 10 15 20 25 30 0 2 4 6 8 10
2 2 2 2 2 2
Q =-q" [GeV] Q =-q [GeV/c]

e my; = 0.430 GeV, m, =0.775 GeV, mg = 3.0 GeV
o Fixed by the exp. f, = 153 =8 MeV (PDG)
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F

BH (S n — Covariant
—G -G 1 Inna Grach
— - Frankfurt
— - Karmanov
— - Chung
—- Brodsky
— Brodsky + Z- Terms ]
— Chung  + Z -Terms q
— Karmanov + Z - Terms
Frankfurt + Z - Terms
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2 - - - .
r 1 [ — Covariant
Inna Grach
0 -~ Frankfurt
-~ Karmanov
t -~ Chung
F -~ Brodsky
021 "Ny — Frankfur + Z - Terms
8 ~o — Karmanov + Z - Terms
I SN NGO — Chung  +Z - Terms
z r NG T — Brodsky + Z - Terms
04— N
o Ol
0.6 "=~ _
08
o . | : T n Lo
0 10 20 30 0 2 4 6 B 10
2 2 2 2 2 2
Q =-q" [GeV] Q =-q [GeV/c]
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20 —
L 3 —
— q2,~.‘,: 5 mzp [ @ This work (LF) ]
L e Melo(PRCSS-1997) [ . = Samsonov et al. (QCDSR) ]
{sk- ™ H Robertsetal. (PRCS3-2011) | L > C‘fm"drelh.et al. (LF) ]
) Salme et al. (PLB349 - 1995) sl 4 Hawesetal. (SD) ]
o v Bhagwat etal. (PRC77 - 2008) < Pitschamann etal. (SD) ]
L » H.Choi etal. (PRD70 - 2004) a * Hcgdftch et 1: (Lfm?) ]
% L+ B.Bakkeretal. (PRDGS - 2002) '_bE . x 21: d“:hlc:fﬂ(umm ]
Tomassi et al.(PRCTS - 2007 > v Choiatal.
S ot ' 7 q i o Simonis (Bag Model) 1
e I 3 e 4 Bagdasaryan etal. and Aliev at. al (QCDSR) |
g — +  Krutov et al. (RQM) 1
o L =3 o Gudino et al. (Exp.) 1
o Sunetal. (LFCQM) 1
T 7 > Owenetal. (Latiice) 1
r v 15 -
0 / P Y E R R L ]
0 05 1 15 2 25 L O S RS

0.2 04

o

mzp [GeV]2 mn[GeO\'}S ]
(Left) Charge electromagnetic form factor zero, Gy(g2,,) = 0 in
function of the rho meson mass, in the present model and compared
with another’s models in the literature.
(Right) Magnetic moment for the rho meson compared with
another models in the literature, (QCDSR) QCD sum
rules, (LF) Light-Front approach, (SD) Schwinger-Dyson, Lattice
calculations, Bag model, including with some experimental _analysis.
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Covariant Electromagnetic Form Factors

2 T T

With J* (Cov.)

With J (Cov.)

With I* (LF - Val.)

With J* (LF - Val.)

With J* (LF Val.+Non-Val.)
— — - With J" (LF Val.+Non-Val.)

0.5 ]
% p i 7} ) 6 L =10
Q =-q [GeV]

e mg = 0.430 GeV, m, =0.775 GeV, mr = 3.0 GeV
e Fixed by the exp. f, =153 +8 MeV (PDG)
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1.5} —

E\

with J* (COV).
with J (COV)
with I (LF-Val.)
with J* (LE-Val.)

with T* (LF-Val.+Non-Val.)
— — with J (LF-Val.+Non-Val.)
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; —— WithJ" (Cov.) ]
4F —— With I (Cov.) ]
I ——— WithJ" (LF - Val)) ]
I —— WithJ (LF- Val)
—, 3 With J* (LF Val. + Non-Val.) |
[ — — - WithJ" (LF Val. + Non-Val.)
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Angular Condition (with the plus component of e.m)

LS

Covariant with J*
LF with J* (Valence)

— — - LFwithJ" (Valence + Non-valence)

AT T T [ T T S SO S S HA SN S SR
0 2 4 6 8 10

Q =-q [GeV]’
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Angular Condition (with the minus component of e.m)

S

Covariant with J°
LF with J (Valence)

— — - LF with J” (Valence + Non-valence)

Q =-q [GeV]’

J. Pacheco B. C. de Melo ( Covariant form factors for spin-1 particles

L
10

December 3, 2024

61/68



Charge Electromagnetic form factor: Go(q?)

A o AL B
E Covariant with JT ]
L Covariant with J ]
:\\ Light-Front with J* ]
0.5 \ — — - Light-Front with J ]
[ Light-Front + non-valence with J ]
—~ N \ ]
o b ]
= [ \ ]
CHE N ]
oF -~ -
L \ ]
. \ 4
[ N ]
L N 1
[ ~ ]
C ~
[ - 5|
-0.5 - =~~~ T

H
i
T
i
i
i
L

4 3
Q*=-q [GeV/c]
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Magnetic Electromagnetic form factor: G;(g?)

W T T T

r Covariant with Jj ]

i Covariant with J 1

. . + —

B Light-Front with J ]

[ \\ ———- Light-Front with T ]

— Light-Front + non-valence with J ]
S \ —
= I \ ~
[ \ ]

[ \ ]

[ N ]

[ N ]

= AN 4

[ -~ ]

[ S~< ]
P—— T ]

ol ==4

S S E T RS SR I R

0 2 4 6 8 10

Q2 = —q2 [GeV/c]2
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Quadrupole Electromagnetic form factor: Gy(g?)

T
02 . ]
[ Covariant with T ]
ol Covariant with J ]
. . +
_\\ Light-Front with J ]
o 02 ———- Light-Front with J 1
S I Light-Front + non-valence with I ]
o L 4
O o4 m
AN i
EoN ]
0.6 N
[ N
r ~
F ~ 4
0.8 S~ 4
] ) B E R R R R R
0 2 4 6 B 10

Q’=-q [GeV/c]
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fy [MeV] w [e/2mp] Qq [e/m?] < rF > [fm%]
This work 153.66 2.10 -0.898 0.267
Pichowsky (1999) 153.95 2.69 -0.055 0.61
Jaus (2003) - 1.83 -0.330 -
Aliev (2009) - 24404 0.85+0.15 -
Biernat (214) - 2.20 -0.47 -
Choi (2004) - 1.92 -0.430 -
Melikhov (2002) - 235 -0.364 -
Samsonov (2003) - 2.00 + 0.3 - -
Pitschmann (2013) - 211 -0.850 0.26
Krutov (2016,2018) 15248 2.16+0.03 - 0.56+0.04
Sun (2017) - 2.06 -0.323 0.52
Hawes (1999) - 2.69 -0.055 0.61
Cardarelli (1995) - 2.26 -0.367 0.35
Bhagwat (2008) - 2.01 -0.41 0.54
Roberts (2011) - 211 -0.85 0.31
Serrano (2015) 2.57 -1.05 0.67
Gudifio (2015) - 21405 - -
Simonis (2016) - 2.06 - -
Simonis (2018) - 217
Owen (2015) 2.145 -0.733 0.670
Shultz (2015) - 217 -0.540 0.30
PDG 153 + 8 -

e de Melo, Phys. Lett. B788 (2019) 152
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Conclusions

Remarks

Light-front approach correctly describes hadronic bound states
Take New Informations about Bound States
Breaking of the rotational invariance has to be evaluated

The inclusion of zero modes or pair terms is crucial

e © 6 ¢ ¢

The break of the rotational symmetry for JJ? case is very
pronounced

@ We can see that with the inclusion of pair terms, we have the
covariance restored

Next: Full Spin-1 vertex for J~ and others meson with S=1
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Conclusions

Summary

Bound States

Light-F .
o Light-Front = { Covariance

e Rotational Invariance Broken—> k— Problematic

— Good / Covariant

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

— Present Work : JT Component
° — Future Works: J= and J|
— Kaon K*,S=1

e Take New Informations about Bound States

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

Obrigado!! Xié Xie!! Thanks!!
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