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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

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~ — Pi
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Light-Front Coordinates

Four-Vector = x* = (x% x1,x2,x3) = (x*,x7,x1)
xT =t+z xt=x4+x3 = Time
X =t—z x~=x-x3¥ = Position
Metric Tensor and Scalar product
+y= 4 =yt
_ 1 2 XTy T +xy N
x-y=xty, =xTy, +xy_+x'p+xXyp =" -y

2

pt=p"+p>, pm=p"—p*, pt=(p',p?)
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Dirac Matrix and Electromagnetic Current

vt =~4%4+3 = Electr. Current Jt =0+ 3
v = ’yo — 73 — Electr. Current J— = J9- 3
vt = (71,7¥%) = Electr. Current J+ = (J, J?)

X+7X_7X1 = p+7p_75l
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p~ — Light-Front Energy

- 2 2
pPP=pp —(p) = p =BT
On-shell
Bosons —  Sg(p) = m

: — __ptm "
Fermions = Sp(p) = 252 + 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)
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General Electromagnetic Current: Spin-1

daq
Jns = [F(a")gas — Fa(a") 55 1P — Fa(a)(quh — qsel) -
P

e Polarization Vectors

Ex—( \/7\/?’0 0) (O 0?170) :(0?070’1)’
e = (i, VIT1,0,0) , ¢ —ey’ e;_ez,

where ) = q2/4m
e Breit Frame:
pl' = (p° —gx/2,0,0) (Initial) where  p% = m,/T+71.
pf = (p°, x/2,0,0)  (Final)
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o / d*k  Trle/Tolk k= pr)(k — Br + m)

i (2m)* ((k — pi)? — m? 4 1€)(k? — m? + ¢€)

VK — #i + m)efTalk, k= pi) (K + m)IA(K, pr)A (K, pi)
((k — pr)2 — m? + e

X

e Regulator Function
Nk, pi(r)) = N/((p — k)* — mpg +1¢)?

e p-Meson Vertex
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e Mass Squared (x:,l;—: = 0<x<1)

K2 +m?  (B—k)? +m?
M2(maamb): lX a+( 1)_LX b_pﬁ_

e Free Mass M3(m, m) and Function M2(m, mg)

The function M,% is given by

Mzzki+m2+(5—k)i+m,%,_p2
R X 1—x L

K+m  (B—k3+m
M2 = L Jr(P )i 2

X 1—x at
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e \Wave Function

B N2 k
®i(x, k) = 6.1 — 55—
(x, k1) (1 —x)2(m2 — Mg)(m? — /\/7,2;,)26 g % + m]

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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e Instant-Form Spin Base

L[ Sy V2 O - UL
=5 Ve 2k V2

2
AN —V2JF, Js A+ I
e Light-Front
Im’m: —ho o I
I+ /A 3
1-1 10 n

— RlITR,=Jt <= Melosh
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e Matrix Elements

Js+ M+ n) b, —ndh — 2k

It =

1 2(1+1n)

o Y2l VI — V2(n - DI

10 2(1+n)
— —Js A+ (X + )l 4+ ndh + 2 /md5
1-1 2(1+n)

T +
I(;i(—) _ anx + Jzz 2\/ﬁsz
(1+n)
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1
& = m[/ﬂ +2v/2nl — nlgy — I14]

V2 V2n n
Bo= DT (- DI+ 26

14+n 2
BTN
2
Jyy = hi L
o= ﬁ[—nlﬂ +2v/ 20l + o + 1k 4]
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A(G%) = (L+2n) iy + 17y — /8l — o:(l‘f‘n)(J;;_Jzt):o

e Angular Condition: Violation !!
Parity
= S =45 ¢ +
Rotations

A(g®) #0

o Ref:

e Sov. J. Nucl. Phys. 39 (1984) 198

I.Grach and L.A. Kondratyku

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

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

J. Pacheco B. C. de Melo? ( Spin-1 and Perturbative QCD September 22, 2017



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, = §/2
e BF: gr=¢"+¢*=0
. Jt { 4 Current Elements
p 3 Form Factors Gg , Gy and G

September 22, 2017

Spin-1 and Perturbative QCD

J. Pacheco B. C. de Melo? (



Inna Grach Prescription:

GK
Go

J. Pacheco B. C. de Melo? (

1

3l =2mh +2v/2nhy + 174 =
1

g[JJX +nJ5(2-n)J;)]

1 J

2(1+ — I :J+—Jzt—ﬂ
[11 m 10] vy \/ﬁ
2V/2

T[—"?/ﬂ +/ 20l — ] =
V2

7[JX+X + L (-1 —n)+nJi] .
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CCKP

CCKP
GO

J. Pacheco B. C. de Melo? (

13 1
L M+ lop) +5+/2nlf + (20 = )]

1
6[2J;; + J;, +3J%]

1 2(1 - 7) J
S S O e Gl s R
(1_'_7])[11 1-1 m 10 \/,’—7

V2
m[—ﬂlﬂ —nlgh + 2/ 2nly — (n+2)I 1] =
V2

?[J;Z -1
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Brodsky-Hiller - (BH) - I

R I LRRNCT R CTR
- WWX“ +20) + Sy (20 = 1) + JZ(3 + 2n)
et = m[%—’f_lJr(z:]/_l)lo]
- #[J—;(lﬂ) g+ %
- 2pt(l+2n)t\m N
6" = M[\/_Im —(n+ 1))
N W[ (L +2n) = Sy (1+m) — 0]
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3 1
G — M5 + 65) + 5v/20kh + (20 — 3)14]

1
= 6[2J;; + J;, +3J%]

1
GFFS —
0 3(1+n)
GfFS — G]_CCKP
G2FF5 — G2CCKP
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e No Zero Modes or Pair Terms Contribution for

=0, I57=0, 4 =0

= But i = (1+n)J%?
with lims+ g, J1Z #0 which gives a zero-mode contribution only in
this case

e Similar Results are found by Ji, Bakker and Choi
For I'(v*,7") Vertex, See:

e Phy.Rev.D65 (2002) 116001

e Phy.Rev.D70 (2004) 053015

REf.:
¢ 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

J. Pacheco B. C. de Melo? ( Spin-1 and Perturbative QCD September 22, 2017 20 / 53



pQCD // BaBar Experiment*

v —ete” — pTp~
e At /s =10.58 GeV
e BaBar Experimental Three Independent Amplitudes:

|F8I12: |F&I|? : |[FE|> = 0.51 £0.144+0.07 : 0.10 4 0.04 £ 0.01 : 0.04 + 0.03 + 0.01
Or:

|FEI? = 0.51+0.14 +0.07
|FEI? = 0.1440.07+0.01
IFE|> = 0.0440.03+0.01

e Constrained // Normalization

|Fool® + 4|Ffp|> + 2|F5 )P = 1.

* B. Aubert et al. [BaBar Collaboration], Phys. Rev. D 78 (2008)
071103
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Brodsky-Hiller - (BH) - I

e Universal Ratios Spin S=1 for Large Momentum

1
GBH = ———  [(3=2n)I} + 8\ 2nlt +2(2n — 1)1+
2 (2n—1)
GBH — I+ o I+ /+
1 72p+(1+277)[00 1—1+7/—277 10l
1
BH _ + + +
= —— _[/2nl5 — [ — 1)/
G, 2P+(1+277)[ nho = loo — (n+1)174]
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¢ Different Prescriptions, not only IOJB, but also
I, I and I
e More General Universal Ratios for S=1

Gec:Gy:Gg = (a—%n):,@:—l,

e S. J. Brodsky and J. R. Hiller, Phys. Rev. D 46, (1992) 2141
e De Melo, C.-R. Ji, T.Frederico, Phy. Letts. B763 (2016) 87.
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e Re-analyze the BaBar data to check the
the LF helicity amplitudes

— Frame independent (or invariant under LF kinematic
transformations)

—> Angular Condition

e Analysis based completely model independent constraints:

(i) LF angular condition implemented in the SL region, which must
be satisfied for any Q° > 0;

(i) pQCD power counting rules for the LF helicity amplitudes must
work for Q% > Agcp;

(iii) Analyticity that relates SL and TL regions

‘universal ratios”, using

= In order to implement (i), we considered the minimum possible
sub-leading contributions <= Satisfy the LF angular condition
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e Time-Like region, Electromagetic Current

2 2
Glg )( qUé“-q—%
p

+ Ga(q*) (Ui, U - q — U3, U5 - q)

Ju=(P1—p2)u | —Gi(¢*) U5 - U5 + Ur - U3)| +

here G;(q) (i=1,2,3) are General complex functions in TL region
and U; and U, Polarization Vectors for Final State

e A. Dbeyssi, E. Tomasi-Gustafsson, G. |. Gakh, C. Adamus¢in,
Phys. Rev. C 85 (2012) 048201.
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e p-Meson Electromagetic Form Factors
2 2

-1(Gy— G 1—--1)G
3T( 2 3)+< 3T> 1

Gy = —G
Go = G+ Gy +2G;3

Ge =

where T = ¢°/4m?
e Inverse relations

1 2
G1 = Go+ Gy~ ——[6c— Gum—(1-37)Gol
G = -Gy

G = — L [Ge— Gy—(1- 21)Gg]

T r—pteT M 3 /el
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e Jacob-Wick Helicity Amplitudes (Standard) F),,,
to v* — pTp~ Decay Amplitudes:

Faxe = M35, = M(e — ) Uy — UY\I), U — Ué)‘z)),

e Rh-meson: Ay = A+, A2 = A,-, Virtual Photon Helicity A\ = \,-
e Conservation: A =A; — A2

e Symmetry Properties: F_1 1 = Fi1, Fip= —Fo1 = F_10 = —Fo_1

e —> Left Only Three Independent Helicity Amplitudes

e Def. Breit helicity amplitudes F/\'i)q To Simplify the Cross Section
Analysis.

¢ Relations

FO% = Foo — 2TF11, Fl% = FlO; FlBl = F11.

e A. Dbeyssi, E. Tomasi-Gustafsson, G. I. Gakh, C. Adamus¢in,
Phys. Rev. C 85 (2012) 048201.
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e Electromagetic Form Factor p—meson (FFs)

Vt—1 [

mp
Fﬁ = 2myWT1—1 (G +271G3),

FE = —2m,\/1(t—1)G.

Fd% = — qz(Gl+G2+G3)—2m§ Gl]

e Charge, Dipole and Quadrupole Elect. Form Factors

4
Fd% = 2mp\/T—1|:Gc——TGQ:|,

3
2
FlBl = 2mp\/T—1|:Gc+§TGQ:|,

FE = 2m,\/t(t—1)Gpy,

J. Pacheco B. C. de Melo? ( Spin-1 and Perturbative QCD September 22, 2017 28 / 53



Sub-leading contributions to the helicity matrix elements

e Inna Grach Prescription

1 [3-29 4n I 1
Gr = — + 4 21 10 4 -
< 2pt | 3 M WV TR
[ 1
— + +
Gy = pyes _’11 \/—2—7]/10]
1 1 It
Go = —— |-l 42—t — 2=
Q 2p+ 1t V21 10

e Functions = G;(I{}, /{5, /" ;) = not Iy
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e Angular Condition
(1+277)11+I —24y/2 I
e In terms of IJB

1 1
I~ 2 I~ 2~
11 7700 1-1 7700 10 \/ﬁoo

Writing the following expansion, with some coeficients, a;, a; and as,
for electromagnetic matrix element of the electromagnetic current

I+ — <ﬂ+ 32 + 33) I+’

11 "z 00
b1 b b3

-, = <_ +—= i "’ I5o»

1 (@) C3
= —<c1+——|-—>l+.
10 \/ﬁ \/ﬁ n 00
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e Angular Condition Again

ai 232 233 b1 b2
—+—+—+2 +—+—+—+—+——2\/§q
V1 NI 4Tl
/22 2\f——1 =0
\/_

We have the following equations

J. Pacheco B. C. de Melo? (

Spin-1 and Perturbative QCD

2a1 —2v/2¢ —1=0
232—2\/§C2:0
31—1—233—|—b1—2\/§C3:0
a+b=0

a3+ b3=0

September 22, 2017
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e The equations above, have the solution:

a = \/§C1 + %
d = \/562
by = —a; —2a3+ 2\/§C3
= —% —V2c — 2a3 + 2\/§C3
b2 = —dp = — 262
b3 = —as

\

e Electromagnetic Matrix elements, /nf/m:

1 1\/§C2 a3
o= 2 |V2ea+2 + 210,
11 n[ 2 \/ﬁ n 00
1 1 \/562 as
o= L 2(\/§c_a)_<\/§c+_)_ _B
1-1 ?7[ 3 3 1 5 \/ﬁ n 00
1 (@) C3
1= = —[c1+—+—]/+. 1
10 0 \/ﬁ n 00 ()
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e Supose, we take a3 = 0, to remove niz term in Gg, (and call

3 = C2)

1 1
I = =|V2a+=| I
11 n[fcl+2] 00°
+ 1 1 +
I, = Ezfzcz—ﬁcl—§ I
1 c
e = lard]

e The Angular Condition is exactly using the matrix elements
abovel!l
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e Space-Like Form Factor in terms of ¢, &

- f-+
Ge = 1+2\/§Cl+4\/562—7]] %,
[ 2 | £
Gy = ].—|-\/§C1—£C2]ﬂ
n 2
GQ _ 14 1 —|—2\/§(C1 — C2)] fL—g
n 47

* Here foo = Ioh/(p*n)
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e Asymptotic Ratios (General)

Gec:Gy:Gg = <a——7]> B =1
where
2
a:§<1+2\/§q+4\/§cz), ,3:2(1+\/§C1),

e And ¢; and ¢ in terms of o and [

= —2 and c—1+%a_ﬁ
1 ) N

2v2
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e Electromagnetic Form Factors in terms of («, 3)

o2 1t o 1 fa

Go =— l—i—i(l—i-a—,B) fo_J(S
Q= 2n 4
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Time-like BaBar data with sub-leading contributions

e Analitic Continuation
= n = —1T, n= Q2/2mp, T= q2/4mp, and Q2= —q
e Form Factors:

2

_ 2 1 foh
Gec = [a + §'c] 4
1 fo
— — (8 —3aq —2)| 20
GM |:5+ 2’((/8 3c ):| 4
_ 3 foz

e where fOJg — ¢°>0
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e Breit Helicity Amplitudes

FB = % V1—T 12430+ B4t —2)] £
F& = myvT—1[8+71—1]fy
Fi = ZEVAi—T1[2+3a—24] f)
e Our analysis of the BaBar data for ete™ — pTp~ at
/5 = 10.58 GeV
¢ — a =1 and =2 (”Universal Ratios of FFs”)
1

FE1? : |FBI? : |[FE|2=(4+47)7:
|Fool” = |F1ol” ¢ [F1l (4+41) NG

+4ﬁ>2 1
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e BaBar Data (Remember)

|FB12 - |FEI? : |FE|?> = 0.514:0.1440.07 : 0.104-0.0440.01 : 0.0440.0340.01

e At /s =10.58 GeV and Normalization:
|Fool* + 4| Fi3|* + 2|Ff7 ) = 1

e BaBar Amplitude Ratios (Exp.)

F8I°

01 = 1275+10.27
FB

11

F5|°

B = 25+213
Fll

F8I°

B = 51+25
FlO
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= 0.51 for |F&|?> (with Same BaBar Normalization)
e Asymptotic theoretical ratio with « =1 and 5 =2

\F8I1? - |FR1? - [FE?=051:11x1072: 1.4 x 1075, (2)

—> Asymptotic region has not yet been reached at
v/s = 10.58 GeV in the BaBar Experiment
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e With BaBar Data and Breit Helicity Amplitudes
e —> Extracted = (o, f9)
e 4 Solutions !!

Table: Extracted values of o and 5 from the BaBar ratios BaBar data at
/s = 10.58 GeV for v* — p' + p~ using the expressions for the helicity
amplitudes with the subleading contributions. The last line gives the zero
of G¢ in the SL region. Two sets of {«, 3} values with o < 0, i.e. (Ill) and
(1V), have no zero of G¢ in the SL region.

Solution 0) M D) av)
« 23.1 + 83| 10.7 + 6.4 | -15.6 + 8.3 | -19.2 + 6.4
15} 6.4 +20 | -54+1.2 7.2 + 2.0 -5.0 £ 1.2
Qu[GeV] | 91+ 1.6 | 6.2+ 1.9 - -
e Charge Electromagnetic Form Factor Zero: QF = 6m3a

J. Pacheco B. C. de Melo? (
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4,

5 e "Universa ratio" 1
O, —
A4 (V) { (||){ 1
-8 | | !

320 10 0 020 0
Figure: Parameter sets {«, 8} with the corresponding errors from the fits
(1) to (IV) given in Table 1. The central point is the parameter set for the
“universal ratios”, i.e. {1,2}. The sets (1) and (Il) indicate a zero in G¢ in
the SL region.
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Figure: p-meson helicity amplitudes ratios
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Cross-section: ete™ — p p*

e The Cross-section in terms of the time-like FFs:

O 8
Oete——ptp— = 3—q2 <3|GC‘2 + 4T‘GM|2 + §T2‘6Q|2> )

e Fine structure constant @ = 1/137 and 3 = v/1 — T ! is the vector
meson velocity in the center of mass system of the eTe™ collision in
units of the speed of light

e Babar Collaboration

Oete——ptp- = 19.5 + 1.6 (stat) + 3.21 (syst) fb.
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e With the Breit helicity amplitudes
Gere-prom = 00 (IFEI +4IFEI2 + 2FE).

where _
na? B3 1
3¢ 4m3(t—1)

(3)

gg —

e Differential Cross-section

do 3 B2 2 1 2 B2 B2
79— 2.0 [Fiol® (1+2%) + 5(1—Z)<|Foo| JF2|F11\> ;

where z = cos 6.
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Figure: Cross-section of ete™ — pTp~ as a function of s normalized to the
experimental value at /s = 10.58 GeV [BaBar Data] is shown in the left
panel. The differential angular cross-section 27[do/d2]/o(s) as a function
of cosf normalized to the cross-section for s = 112 GeV? is shown in the
right panel. The calculations are performed for the parametrizations
(1)-(1V) from Table

e The predicted cross-section after s > 80 GeV/? are quite similar
— Fitting BaBar helicity amplitudes FEA
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Figure: Differential angular cross-section 27[do/dQ]/o(s) of ete™ — ptp~
as a function of cosf normalized to the cross-section for s = 36 GeV? (left
panel) and for s = 60 GeV? (right panel). The calculations are performed
for the parametrizations (1)-(IV) from Table
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e Limits:

e Sub-leading term is not relavant for /1+O
la| >> |el/T
Ifg_cl_i_ o Iﬂ_\/icl—i-% /1t1_2\/§cz—(\/§cl+%)
VA NV n 7 "
and,
) 14+ 30—
c = b and c t3a-p
2V/2 42
e We have at the end:
28 GeV / (1)
14+3a-8] _ 1.9 GeV / (II)
VS>> Vopeed =2Mo\[ s =\ 26 gev /()
2.0 GeV / (IV)

e —> Indicative for /5S,.cq [GeV] ~ 10 Aqcp
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e From the Universal Ratios

Gec:Gy:Gg = (a—§n>:ﬁ:—1,

e We have = /s >> m,/6|¢|

e With the parameters (o, 5) we have — 4.0 <s < 11 GeV
e That results, support \/s >> 40Agcp GeV

= Dominance leading pQCD behavior for that process
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e Annihilation/production process e + e~ — p™ + p~ from the
BaBar experiment at /s = 10.58 GeV analyzed —> universal pQCD
predictions.

e Sub-leading contributions to the helicity matrix elements of the
electromagnetic current beyond the universal leading pQCD
amplitudes are important

e Matrix elements of the p-meson electromagnetic current satisfy
the constraint dictated by the light-front angular condition.

e Estimative cross-section 60 < g°> < 160 GeVV?> — subleading order
are important.

e At low s, however, the differential cross-section show sensitivity to
solutions found here

e Important to check "universal ratios” for Spin S=1 from pQCD
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Thanks to the Organizers Light-Cone 2017

Mumbai - India

Support by LFTC and Brazilian Agencies

e FAPESP , CNPg and CAPES

Thanks (Obrigado)!!
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