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Motivations

e 7 — 44 Most Important Example of the Triangle Anomaly

e 70 Meson is the Lightest Meson cannot Decay to Another
Hadronic State

e 710 — 54 Is Conected to the Adler-Bell-Jackiw Anomaly
e Babar Experiment (2009)

e Belle Experiment (2012)
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e QCD: 2f, — Brodsky & Lepage (1980)
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Light-Front Coordinates

Four-Vector = x* = (x% x1,x%,x3) = (x*,x7,x1)
xT =t+z xt=x4+x3 = Time
X" =t—z x~ =x0—x3 — Position

Metric Tensor and Scalar product

X'y:X“yu:X+Y++X_Y—+X1Y1+X2Y2Zf—ﬁn
pt = p°+p
p- = p°=p°
pto= (b1 P%)
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Electromagnetic Current: General

Dirac Matrix and Electromagnetic Current

+ =144+~ — Electr. Current J* =0+ 3

v~ =9"-+® = Electr. Current J~ =J—- 23
vt = (v,7?) = Electr. Current J+ = (J,J)?)

2

x~+p~xt = =
pix, = P AP iRy

X+ X XJ_ = p )p_)ﬁl
p~ — Light-Front Energy

= 2
pPP=ptp—(p)? = p =ELE™ Onshell

p
1
Bosons — Sg(p) = P
. +m +
Fermions — SF(p) = m 27?

Phys. Rept. 301, (1998) 299-486, Brodsky, Pauli and Pinsky
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Triangle Diagram Elastic Process: Electromagnetic Form Factors

P ) k P’
Figure: P (7,K,D,B) — P’ (7, K, D, B)
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General Matrix Elements

e Three-point Function = The General Matrix Element

(2':/:)4 /d“k Tr [Awr (k. p") Se (k= p)

JES(k — p)Am (k. p) Sk (K)]

(P95 (@®)] p)

e PS — qg Vertex: +°

e Fermi Propagator —> 5S¢ (p) zm
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General Matrix Elements

Eletromagnetic Form Factor and Pseudoscalar Constant

(P |24 (a®) | p) = (p+ P)" FEZ(q%).

e Weak Decay Constant of the Pseudoscalar Mesons
(0 |Au(0)| p) = 2\/Efpspu
= A'=§y"°Fa(x)

m " dk* ,
pHf, = f—WNc/ Wn W v°S(k)7°S(k — p)| Am(k, p)

e Plus Component E.M. Current: vt =0 + 3
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Some QCD REMARKS

o R— a(e+e——>qfl)) _ NCZQ§ =N, [(%)2 + (—1

olete—pu—pt

2

For Ecm > 2 GeV > 2m,, 2my, 2ms, for (u,d,s)

o R= BT = Ne [P + (3P + (3P + ()]

olete—u—pt) =

For E.,, >3 GeV >2m., for (u,d,s,c)

o(ete”—qq — — —
o R= sttty = Ne [3) + (37 + (3P + (3P + (3]

o
For E.,, > 10 GeV > 2m;, for (u,d,s,c,b)
% If Ne =31
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Pion Decay: Transition Form Factor
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Ref.: J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001
(2012)
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Pion Decay: Transition Form Factor

2 2 3
80 Qemm
WO’Y"/ em'"'

-0 o~ _
eT —ryy =1[= 167372

e Exp.: 5P ~ 780« N, =3, gy = 0.5, fr ~ 92 MeV
o Effective Theory:

M= 2z |A, P

647r

Where: [A,, > = 3Ol7rl\;_c

Again: —= N, =3 and f; ~92 MeV

Ref.Dynamics of the Standard Model by
J. F. Donoghue, E. Golowich and B. R. Holtein
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Pion Decay: Transition Form Factor

Figure: Feynman Diagram for vv* — qg — n°

J. Pacheco B. C. de Melo ( Pion Electromagnetic and Transition Form May 24, 2013 13 / 42



Pion Decay: Transition Form Factor

(a)

Figure: Pion Decay Diagram (a).
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Pion Decay: Transition Form Factor

(b)

Figure: Pion Decay Diagram (b).
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Effective Interaction Lagrangian

L = R T
Where:

— M: Constituent Quark Mass

— fz: Weak Decay Constant

— m: Pion Field

— @g: Quark Field

e h=c=1
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TH Tensor : Amplitude (a) and (b)

TH = twj(kl, kz) + tw,(kz, kl)
e After Calculation of Trace in Spinor and Flavour Basis:

4 M?

tuy 3 f eoN euyaﬁkl k I(kl) ,

o d*k 1 1
(k) = / (2m)* ((ka — k)2 = M? +1¢) (k2 — M? +1¢)
1
((kx — k)2 = M2 +1¢)
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Pion Decay: Transition Form Factor

o ki = ki' + ki} <= Pion Momentum
o ki' = g" <= Momentum Transfer

d*k 1
(ki) = / (2m)* (ko — k)? = M? +26)
1

* R ME 1 0e) (ke — k)2 — M2 1 1¢)

e Ref. Frame: g" =g~ =0and g, #0
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k= Integration:

1
I(k3) = m/dkﬂﬂkwk—
T
1
(K (ki — k5) (ks — k) (k— — Sy
1
% (Ka—K)? +M2—1¢ (kn—K)2 +M2—2e ’
(k2_ — k= 2L—)(kﬂ_ — k- )

(ky —k*+) (ki —k™)

o ki =k and ki =k;.
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Pion Decay: Transition Form Factor

2
/(q2) _ 1 / dxd<k) 1 -
2(2m)3 J x(1—x)? ok M (k) M2
(2 2 X B 1—x )
1
o + KM (ke—k)2 M2
(k7T kﬂ' - X - 1—x )

Integral Contribuition

i) kT <0 = Not Contribute

i) kT >k} = Not Contribute

iii) 0< k™ <k, = Contribute ( On-Shell Quark )
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Pion Decay: Transition Form Factor

e Integral Results

@) = - 1 / dxd?ky 1
9 2207 | x(T=xP (ot _ AWM (o RP +M2
( 2 "2 X B 1—x )
o 1
_ K24M2 (ke—K)2 +M2y
(kﬂ' k7—ri_ -~ X - ( 111_( )
e— 0<kf<ki < 0<x<1
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Pion Decay: Transition Form Factor

e Relative momentum: K| = (1 —x)k; — x(ky — k)|

1 /c/xd%@ 1

2\ _
)= 30m7 | W) (R xap 5 w2 — M)

e Free Mass Operator

W2 — K2 + M?
07 x(1—x)
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Pion Eletromagnetic Transition Form Factor

: 2 v 1.3 2
Ju = € G/WQ‘BEZQQ kﬁ Fwo(q )

F o Ne M2 [ dxd?K, 1
) =65 | W=x) (Rxa)2 £ MO)(ME — 2
m (K +x§)1 + M?)(Mg — m3)

e ¢/ = Polarization // Real Photon
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Wave Function

e The Wave Function // Replaced

1 . 71'31‘7r
—m2 + M3 M~/ Mgy N,

e Wave Function ®(k?) Normalization

. (K?)

/d3K¢§(k2) =1,
Ref.

e T. Frederico and G. Miller, Phy. Rev. D45 (1992) 071901
ibid. Phy. Rev. D50 (1994) 210

e J.P.B.C. de Melo, T. Frederico and H.L. Naus

Phy.Rev. C59 (1999) 2278
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Pion Decay: Transition Form Factor

e Final Pion Transition Form Factor

VNM [ dxd?K) o, (K2)
6r2 J (1=x)VMo (K —xd)3 + M?)

F7r (_qZ)
e Soft Pion Limit *:

1

- A4n2f,

* J. S. Schwinger, Phy. Rev.82, (1951) 664.

S. L. Adler, Phys. Rev. Phy. Rev. 177, (1969) 2426.
J. S. Bell, R. Jackiw, Nuovo Cimento, 60 , (1969) 47.

F’yﬂo(o)

J. Pacheco B. C. de Melo ( Pion Electromagnetic and Transition Form May 24, 2013 25 / 42



Wave Function

i) Gaussian Wave Function

o () e (G ]

ii ) Hydrogen-Atom Wave Function

5/2
o _ 1 N 1
T 2w \ ryp (%rﬁ’% + k2)2
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Pion Decay: Transition Form Factor

e Two Independents Parameters

i) Quark Mass: M

ii) Non-Relativistic Charge Radius: ryg
5 d

., d
I —6d—q2 BPKO(|K + 5)0x(K)
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Pion Decay: Transition Form Factor

e Neutral Pion Radius

. (K?) .

o VNeM / dxd’K,  —K2 + M?
™ F(0)r3 S (1= X)VMo (—K2 + M2)3

o Limit: —¢> — 00 = ~ ¢°

/ 2
A= lim [—quﬂo(—qz) = NC3M/ o Ky Q)W(Kz)
—g2—00 672 (1 — X)\/ Mo
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Some Results

Table-l: /. : 92.4 MeV Fixed

model myd [GeV] o [fm] < r?> [fm’] < r% > [fm?]
Gaussian 0.220 0.345 0.637 0.683
0.330 0.472 0.655 0.552
Hydrogen 0.220 0.593 0.795 0.782
0.330 0.708 0.807 0.582
Exp.[PDG] 0.672+0.008
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Pion Decay: Transition Form Factor

Table-1I: Quark Mass fixed : m, 4 = 0.220 GeV

model fr [MeV] e [fm] <> [fm?] <% > [fm?]
Gaussian 92.4 0.345 0.637 0.683
97.0 0.303 0.589 0.657
110.0 0.172 0.406 0.664
Hydrogen 92.4 0.593 0.795 0.782
97.0 0.543 0.750 0.767
110.0 0.410 0.626 0.720
Exp.[PDG] 92.2 £+ 0.021 0.672 + 0.008
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Pion Decay: Transition Form Factor

1.00 I I
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S I J
E
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Pion Decay: Transition Form Factor

r * Baldini et Al.
[ ] Volmer et al. (Exp.)
1.00 [ Horn et al (Exp.)
A Tadevosyan (Exp.)
L —_ Gaussian: mq:0.220 GeV; M= 0.637 fm
- = Gaussian: mq:0.330 GeV; o 0655 fm
0.80— N Hydrogen: mq:O.220 GeV; r =0.795fm
— _— Hydrogen: mq:O.330 GeV; r_ =0.807fm
o L
\S)
E
LL
N
(04

Q2 = -qZ[GeV/c]2
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Pion Decay: Transition Form Factor

1.00 I

. CLEO (1998) b
° BaBar (2009) 1
A Belle (2012) |
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0108\, T 7 LA T L E
E R Hydrogen: mq-0.330 GeV; r =0.807 fm; f =92.4 MeV ]
o [ ]
=3 L ]
s
=4
L
0.01
‘ L L ‘ L L ‘ L L
0.00 :
0 10 20 30 40
2 2
Q[GeVic]

J. Pacheco B. C. de Melo ( Pion Electromagnetic and Transition Form May 24, 2013 34 /42



Pion Decay: Transition Form Factor

0.30— —

CLEO (1998) i
Belle (2012&
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Perturbative QCD
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Pion Decay: Transition Form Factor

CLEO (1998)
Belle (2012)
Babar (2009)
Berturbative GCD
Gaussian m =0.220 GeV

op>m
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C— Hydrogen: mq=0.330 GeV
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Fit Curves:

e Babar: Q2‘F(Q2)| _ A(lo C();ZVZ)ﬁ N {A:0.182 GeV

B = 0.250
) A1 = 0.167 GeV
o Belle: Q’F(Q?)| = A1 (5&y) = {511:0.204
B =0.209 GeV
e Belle: Q?|F(Q?)| = 32—32 e { C =22 GeV?
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Pion Decay: Transition Form Factor

CLEC (195€8)

Belle (2012%

Babar (2009)
Perturbative QCD
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0.40 —
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D
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0.30—
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Pion Decay: Transition Form Factor

Some Coments

e Theoretical Analyses: Explain Babar Data and Not Explain

Models try reproduce Babar:

e Alteration of the asymptotic pion wave function or distribuition
amplitude

e Dressing v — gg-vertex with Phenomelogical Interactions, ie., like
VMD
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Pion Decay: Transition Form Factor
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Some Remarks

Ligth-Front Approach:

e —> Computation of Form-Factors and Decay Constants

e —> Easy to Test Different Analytical Models

¢ —> Correct Asymptotic Form-Factors

e —> Agreement with Experiments (CLEO and Belle) and Others
Models (but, also with Babar for small Q2)

e —> The Large Babar data is Not Consistent with QCD
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