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Pseudoscalar transition form factors

Introducing the Transition Form Factor

The Transition Form Factor
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Pseudoscalar transition form factors

Introducing the Transition Form Factor

The Transition Form Factor

γ∗
1(ǫ1µ, q1ρ)

γ∗
2(ǫ1ν), q2σ

P = {π0, η, η′}
FPγ∗γ∗

Relevant in many process
For us, particularly relevant the space-like

P

Q2
1 ≫ 0

Q2
2 ≫ 0

e−

e+

θ ≫ 0

θ ≫ 0

However, double-virtual not available

iM = ie2εµνρσε1µε2νq1ρq2σFPγ∗γ(−Q2, 0)
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Pseudoscalar transition form factors

Introducing the Transition Form Factor

The Transition Form Factor

γ∗
1(ǫ1µ, q1ρ)

γ∗
2(ǫ1ν), q2σ

P = {π0, η, η′}
FPγ∗γ∗

Use single-virtual measurements instead

P

θ ≫ 0

Q2 ≫ 0

Q2 ∼ 0

e−

e+

Focus on FPγ∗γ(Q2) ≡ FPγ∗γ(−q2, 0)

iM = ie2εµνρσε1µε2νq1ρq2σFPγ∗γ(−Q2, 0)
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Pseudoscalar transition form factors

What do we know theoretically?

The Transition Form Factor

HIGH ENERGIES (pQCD)

• Space-like (SL) FPγ∗γ(Q2, 0)

FPγ∗γ(Q2) =

∫
dx TH(x ,Q2, µ)ΦP(x , µF );

• TH(x ,Q2) perturbative in αs(Q2)

• φP(x , µF ) non-pert. → MODELLED!

P

γ∗

γ

TH(x, Q2) ΦP (x, µF )

Fπγ∗γ(∞)=2FπQ
−2

Fπγ∗γ∗ (∞,∞)=(2/3)FπQ−2

LOW ENERGIES (χPT )

• ABJ anomaly prediction FPγγ(0, 0)

• Extensions for Q2 ' 0 poor (vectors)

• MODEL the vectors (i.e.: RχPT )

P

P−

P+

γ∗

γ

WZW

Fπγγ(0,0)=(4π2Fπ)−1
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Pseudoscalar transition form factors

What do we know theoretically?

How to do physics involving FPγ∗γ∗(Q
2
1 ,Q

2
2 ) in between

χPT and pQCD realms?

• Different models (assumptions) → different values.

• Introduces uncontrolled model-dependency

• Big drawback when going for precision physics!

Look for an alternative approach which represents a good
(improvable) approximation of reality while avoiding any

assumptions → data-based
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Our proposal: Padé Approximants
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Padé Approximants: Introduction to the method

FPγ∗γ(Q2) = FPγ∗γ(0)(1 + bPQ
2 + cPQ

4 + ...)
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Introduction to the method

Padé Approximants: Introduction to the method

Q2FPγ∗γ(Q2) = Q2FPγ∗γ(0)(1+bPQ
2 +cPQ

4 +...)

Then, Taylor expand!

Model independent from convergence
Systematic from known error O(Q2n)

Singularities cuts −→ Poor radius of convergence

�����
������������ Padé Approximants have better convergence prop.

PN
M(Q2) =

TN(Q2)

RM(Q2)
= a0Q

2+a1Q
4+a2Q

6+...+O(Q2)N+M+1

P1
1 =

FPγ∗γ(0)Q2

1− bPQ2
= Q2FPγ∗γ(0)(1+bPQ

2+O(Q4)) X
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Padé Approximants: Introduction to the method

Q2FPγ∗γ(Q2) = Q2FPγ∗γ(0)(1+bPQ
2 +cPQ

4 +...)

Then, Taylor expand!

Model independent from convergence
Systematic from known error O(Q2n)

Singularities cuts −→ Poor radius of convergence

�����
������������ Padé Approximants have better convergence prop.

PN
M(Q2) =

TN(Q2)

RM(Q2)
= a0Q

2+a1Q
4+a2Q

6+...+O(Q2)N+M+1

Model independent from convergence theorems
Systematic from error estimation ability
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Our proposal: Padé Approximants

Convergence properties

Padé Approximants: Convergence properties

Convergence known for meromorphic (large-Nc) and Stieltjes (DR)
for the last limN→∞ PN

N+1(x) ≤ f (x) ≤ PN
N (x)

— FPγ∗γ(Q2) =
FPγγ (0)

Q2
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Our proposal: Padé Approximants

Convergence properties

Padé Approximants: Convergence Properties

Obtaining the coefficients? PAs as fitting functions

• Generate space-like pseudo-data from our toy model

• First pole-dominance → PN
1 sequence: “easy fit”

• Asymptotics and analytic structure → PN
N : “hard fit”

• Obtain Q2FPγ∗γ(Q2) = Q2FPγ∗γ(0)
(

1 + bP
Q2

m2
P

+ cP
Q4
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P
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Our proposal: Padé Approximants

Convergence properties

What about the most general FPγ∗γ∗(Q
2
1 ,Q

2
2 ) ?

Based on resonance ideas, factorization is assumed

FPγ∗γ∗(Q
2
1 ,Q

2
2 ) = FPγ∗γ(Q2

1 , 0)× FPγγ∗(0,Q2
2 )

P

γ∗

γ∗

{V, V ′′...}

{V, V ′...}

Can we generalize Padé approximants to the bivariate case?

YES! (Chisholm ’73)

— The most simple approximant —

P0
1 (Q2

1 ,Q
2
2 ) = a0

1− a1
a0

(Q2
1 +Q2

2 )+
2a2

1
−a0a1,1

a2
0

Q2
1Q

2
2

= a0 + a1(Q2
1 + Q2

2 ) + a1,1Q2
1Q
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Can we generalize Padé approximants to the bivariate case?

YES! (Chisholm ’73)

— The most simple approximant —

P0
1 (Q2

1 ,Q
2
2 ) = a0

1− a1
a0

(Q2
1 +Q2

2 )+
2a2

1
−a0a1,1

a2
0

Q2
1Q

2
2

= a0 + a1(Q2
1 + Q2

2 ) + a1,1Q2
1Q

2
2 + ...



Meson transition form factors and their applications

Our proposal: Padé Approximants
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Can we generalize Padé approximants to the bivariate case?

YES! (Chisholm ’73)

— The most simple approximant —

P0
1 (Q2

1 ,Q
2
2 ) = a0

1− a1
a0

(Q2
1 +Q2

2 )+
2a2

1
−a0a1,1

a2
0

Q2
1Q

2
2

= a0 + a1(Q2
1 + Q2

2 ) + a1,1Q2
1Q

2
2 + ...



Meson transition form factors and their applications

Our proposal: Padé Approximants
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Our proposal: Padé Approximants

Convergence properties

What have we learned so far ?

Systematic easy approximation through PAs in space-like region

Based on well-established mathematical theory

Everything amounts to obtain the derivatives (single and double-virtual)

Data driven: forget about (model) prejudices, let data to judge on them
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Parameters Extraction: data-driven
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Parameters Extraction: data-driven

The Transition Form Factor

Single-virtual FPγ∗γ(Q2)

P

θ ≫ 0

Q2 ≫ 0

Q2 ∼ 0

e−

e+

• Single-tag method: CELLO, CLEO,
Belle, BaBar, BES-III∗

• Detected e± → space-like γ∗

• e± along beam axis → quasireal γ

Double-virtual FPγ∗γ∗(Q
2
1 ,Q

2
2 )

P

Q2
1 ≫ 0

Q2
2 ≫ 0

e−

e+

θ ≫ 0

θ ≫ 0

• Experimentally challenging

• Not measured yet

• More comments later
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Parameters Extraction: data-driven

Results: π0

Results for the π0

Take all the available data
for Q2Fπγ∗γ(Q2)

CELLO(’91), CLEO(’98),
BaBaR(’09), Belle(’12)

Our Results

• PN
1 reaches N= 6

• PN
N + OPE reaches N= 3

• We predict
bπ = 0.0324(12)(19)(mπ)−2

cπ = 1.06(9)(25)× 10−3(mπ)−4
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Results for the π0

Take all the available data
for Q2Fπγ∗γ(Q2)

CELLO(’91), CLEO(’98),
BaBaR(’09), Belle(’12)

áááá

P11 P21 P31 P41 P51 P61 PDG HCELLOL
0.00

0.01

0.02

0.03

0.04

0.05

b Π

æ

ææ

æ

æ

òò

ò
ò
ò

ò
ò
ò
òò

ò
ò
ò

ò

ò
àà

àà
à à

à

à à
à

à

à

à

à

à

à

à

ø

ø

ø ø

ø
ø

ø
ø

ø

ø
ø

ø ø

ø

ø

P3
3HQ2L

P1
6HQ2L

0 10 20 30 40
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Q2 @GeV2D

Q
2 ÈF

Π
Γ

Γ
*
HQ

2 LÈ
@G

eV
D

P. Masjuan, Phys.Rev., D86, 2012



Meson transition form factors and their applications

Parameters Extraction: data-driven

Results: η

Results for the η

Take all the available data
for Q2Fηγ∗γ(Q2)

CELLO(’91), CLEO(’98),BaBaR(’11)

Our Results

• PN
1 reaches N= 5

• PN
N reaches N= 2

• We predict
bη = 0.60(6)(3)(mη)−2

cη = 0.37(10)(7)(mη)−4

Asymptotics = 0.160(24) GeV
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Parameters Extraction: data-driven

Results: η

Results for the η

Take all the available data
for Q2Fηγ∗γ(Q2)

CELLO(’91), CLEO(’98),BaBaR(’11)
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Parameters Extraction: data-driven

Results: η′

Results for the η′

Take all the available data
for Q2Fη′γ∗γ(Q2)

CELLO(’91), CLEO(’98), L3(’98)
BaBaR(’11)

Our Results

• PN
1 reaches N= 6

• PN
N reaches N= 1

• We predict
bη′ = 1.30(15)(7)(mη′)

−2

cη′ = 1.72(47)(34)(mη′)
−4

Asymptotics = 0.255(4) GeV
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Parameters Extraction: data-driven

Results: η′

Results for the η′

Take all the available data
for Q2Fη′γ∗γ(Q2)
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Parameters Extraction: data-driven

Results: η′

• TFF low energy parameters determined to a high precision (π0, η, η′)

• Inputs ready for TFF reconstruction

• We are ready to do calculations/predictions
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Predictiveness: η → γ``

Section 4

Predictiveness: η → γ``

η

γ

ℓ

ℓ

γ∗
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Predictiveness: η → γ``

Dalitz decays: η → γ``

NEW DETERMINATION OF THE η TRANSITION FORM . . . PHYSICAL REVIEW C 89, 044608 (2014)

TABLE I. Results of this experiment for the η TFF, |Fη|2, as a function of the invariant mass m(e+e−).

m(e+e−) (MeV/c2) 45 ± 5 55 ± 5 65 ± 5 75 ± 5 85 ± 5 95 ± 5
|Fη|2 0.999 ± 0.031 0.988 ± 0.029 1.005 ± 0.030 0.999 ± 0.031 1.051 ± 0.034 1.014 ± 0.036
m(e+e−) (MeV/c2) 110 ± 10 130 ± 10 150 ± 10 170 ± 10 190 ± 10 210 ± 10
|Fη|2 1.014 ± 0.028 1.019 ± 0.037 1.071 ± 0.041 1.153 ± 0.044 1.083 ± 0.046 1.161 ± 0.056
m(e+e−) (MeV/c2) 230 ± 10 250 ± 10 270 ± 10 290 ± 10 310 ± 10 330 ± 10
|Fη|2 1.312 ± 0.068 1.214 ± 0.076 1.342 ± 0.094 1.393 ± 0.113 1.487 ± 0.144 1.406 ± 0.170
m(e+e−) (MeV/c2) 350 ± 10 370 ± 10 390 ± 10 410 ± 10 430 ± 10 450 ± 10
|Fη|2 1.851 ± 0.235 2.086 ± 0.306 1.918 ± 0.433 2.05 ± 0.61 2.56 ± 0.87 2.83 ± 1.58

measurement is

"−2 = (1.95 ± 0.15stat ± 0.10syst) GeV−2, (3)

which is in very good agreement within the errors with all
recent results reported in Refs. [7–9]. As seen in Fig. 10, the
|Fη(mll)|2 results of this work are in similar good agreement
within the error bars with the data points from Refs. [7,8].

The uncertainty reached for the "−2 value in the present
work is smaller than those of all previous measurements based
on the η → e+e−γ decay, is of a similar magnitude as the
NA60 value from peripheral In–In data [8], and still yields to
the latest, preliminary result of the NA60 from p-A collisions
[9].

In Fig. 10, the results of this work for |Fη(mll)|2 are also
compared to three different theoretical predictions. Because
all models assume that |Fη(mll = 0)|2 = 1, for a better
comparison, the fit to the data points from Fig. 9(b) is rescaled
by setting its normalization parameter to p0 = 1 and leaving
its second parameter p1, reflecting the slope parameter "−2,
unchanged. The calculation by Terschlüsen and Leupold (TL)
combines the vector-meson Lagrangian proposed in Ref. [26]
and recently extended in Ref. [27], with the Wess-Zumino-
Witten contact interaction [23] (see also Ref. [28] for the
corresponding case of the π0 TFF). Their calculation agrees
very well with the standard VMD form factor. As seen, the TL
calculation [shown in Fig. 10(a) by a dash-dotted line] goes
slightly lower than the pole-approximation [Eq. (2)] fit to the

present data, whereas it fully describes the data points within
the error bars.

The second calculation is based on a model-independent
method using Padé approximants that was developed for
the π0 TFF in Ref. [29]. Using spacelike data (CELLO
[30], CLEO [31], BABAR [32]), this method provides a
parametrization that is also suited to describe data in the
mll range from zero to

√
0.4 GeV/c2, and thus provides a

model-independent prediction for the timelike TFF [24]. Over
the full mll range, this calculation [shown in Fig. 10(a) by a
red dashed line with an error band] practically overlaps with
the pole-approximation fit to the present data points.

In another recent calculation [25] by the Jülich group,
the connection between the radiative decay η → π+π−γ and
the isovector contributions of the η → γ γ ∗ TFF is exploited
in a model-independent way, using dispersion theory (DT).
This calculation [shown in Fig. 10(b) by a dotted line with
an error band] goes slightly above the fit to the present
data.

Currently, the VMD models that are used to calculate
the contribution of the hadronic light-by-light scattering
to (g − 2)µ include only ρ, ω, and φ resonances. These
contributions are calculated with " = (774 ± 29) MeV close
to the ρ-meson mass. This value of " was determined from a
fit to spacelike data measured by the CLEO collaboration [31]
down to the momentum transfer q2 = −1.5 GeV2, which is far
away from q2 = 0 GeV2. The " value from CLEO disagrees
with the VMD value, " = 745 MeV. It also disagrees with

]2)  [GeV/c-l+m(l
0 0.1 0.2 0.3 0.4 0.5

2 | η
|F

1

(a)
This Work: Data
This Work: Fit (p0=1)

A2, 2011

TL calculation

 approxim.ePad

]2)  [GeV/c-l+m(l
0 0.1 0.2 0.3 0.4 0.5

2 | η
|F

1

(b)
This Work: Data

This Work: Fit (p0=1)

NA60, In-In

DT calculation

FIG. 10. (Color online) Results of this work (solid squares) for the η TFF, |Fη(mll)|2, compared to other recent measurements and theoretical
predictions: former data of the A2 Collaboration [7] [open circles in (a)] and the NA60 in peripheral In-In data [8] [open squares in (b)],
calculations of Ref. [23] [dash-dotted line in (a)], Ref. [24] [red dashed line with an error band in (a)], and Ref. [25] [dotted line with an error
band in (b)]. The solid line is the fit from Fig. 9(b) rescaled so that p0 = 1.

044608-9

Compare to A2 Coll. results in Mainz [Phys.Rev. C89 (2014) 044608]
The results are excellent → reasonable to use them in our fit

R. Escribano, P. Masjuan, P. Sanchez, In preparation
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Method is very predictive

Convergence is excellent

Systematically improves with data

Space-like observables even better: high confidence

R. Escribano, P. Masjuan, P. Sanchez, In preparation
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Section 5

(g − 2)µ: Hadronic light-by-light

FPγ∗γ∗(Q2
1, Q

2
2)

FPγ∗γ(Q
2, 0) π0, η, η′

q⃗ → 0
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aSMµ = 11659181.3(5.8)× 10−10
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• Uncertainty coming fully from the hadronic contributions
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Take a1,1/FPγγ(0) ∈ {0÷ 2b2
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(g − 2)µ: Hadronic light-by-light

(g − 2)µ: hadronic light-by-light

Our Results from Bivariate Padé Approximants

Units of 10−10 π0 η η′ Total
a1,1 = 2b2

P 6.64(33) 1.69(6) 1.61(21) 9.94(40)stat(50)sys
a1,1 = b2

P 5.53(27) 1.30(5) 1.21(12) 8.04(30)stat(40)sys
a1,1 = 0 5.10(23) 1.16(7) 1.07(15) 7.33(28)stat(37)sys

aHLbL;P
µ = (9.94(40)(50)÷ 7.33(28)(37))× 10−10

Big uncertainty from double-virtual term often non-considererd
High-energies vs. Low-energies

To be compared with pseudoscalar-pole contributions in the literature
BPP: 8.5(1.3); HKS: 8.6(0.6); KN: 8.3(1.2)
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At LO in αEM , this process occurs via 2γ intermediate state.

π

e−

e+

q

k

p − k

Fπγγ(k
2, (q − k)2)

q − k

BR(π0 → e+e−)

BR(π0 → γγ)
= 2

(
αme

πmπ

)2

βe(m2
π)|A(m2

π)|2,

P. Masjuan, P. Sanchez, In preparation



Meson transition form factors and their applications

P → `` decays

P → `` decays: Introduction

At LO in αEM , this process occurs via 2γ intermediate state.

π

e−

e+

q

k

p − k

Fπγγ(k
2, (q − k)2)

q − k

BR(π0 → e+e−)

BR(π0 → γγ)
= 2

(
αme

πmπ

)2

βe(m2
π)|A(m2

π)|2,

P. Masjuan, P. Sanchez, In preparation



Meson transition form factors and their applications

P → `` decays

P → `` decays: Introduction

At LO in αEM , this process occurs via 2γ intermediate state.

π

e−

e+

q

k

p − k
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πmπ
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π)|2,

A(q2) =
2i

π2q2

∫
d4k

q2k2 − (k · q)2

k2(k − q)2((p − k)2 −m2
e)
Fπγ∗γ∗(k

2, (q − k)2).

With normalized Fπγγ(0, 0) = 1. It diverges if Fπγγ(k2
1 , k

2
2 ) = const.
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There has ben a lot of activity since the latest experimental result

BRKTeV (π0 → e+e−) = 7.48(38)× 10−8

BRTh.(π → e+e−) = 6.23(09)× 10−8

Which represents a 3σ deviation
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Taking into account last radiative corrections results [hep-ph/1405.6927]

BRKTeV (π0 → e+e−) = 6.87(36)× 10−8

BRTh.(π0 → e+e−) = 6.23(09)× 10−8

Which represents a 1.7σ deviation

P. Masjuan, P. Sanchez, In preparation
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P → `` decays: Introduction

At LO in αEM , this process occurs via 2γ intermediate state.
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Very interesting since still no model can reproduce such value and
Fπγ∗γ∗(Q

2
1 ,Q

2
2 ) is an input to HLbL → source of uncertainty

Could we help?

P. Masjuan, P. Sanchez, In preparation
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A(m2
π) ≈ −17.52i + 30.7 +

∫ ∞
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dQ
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P → `` decays: Results

From our (conservative) estimate a1,1 ∈ {2b2
P , 0}, we obtain

BR(π0 → e+e−) = (6.20÷ 6.41)(5)× 10−8

To be compared to current value: (Dorokhov et.al. PRD75 ’07)
BR(π0 → e+e−) = 6.23(9)× 10−8

Further improvement if double-virtual data

We obtain for a1,1 = b2
P with 50% error

BR(π0 → e+e−) = 6.36(5)bπ (4)a11 (6)sys × 10−8 → 6.36(8)× 10−8

Measurement in (0− 1)GeV range with interval 0.2GeV and 30% error

BES-III measurements

P. Masjuan, P. Sanchez, In preparation
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P → `` decays: Results

What if we enforce π0 → e+e− to Experiment?

Huge impact in HLBL (new measurement?)

Published Model Modified Model
Model π0 → e+e− HLbL π0 → e+e− HLbL

(×10−8) (×10−10) (×10−8) (×10−10)

JN ’09 LMD+V 6.33 6.29 6.47 5.22
Dorokhov ’09 VMD 6.34 5.64 6.87 2.44
Our proposal PA (6.20÷ 6.41) (5.10÷ 6.64) 6.87 2.85

We aimed for theory error around 1.6× 10−10, this is 4× 10−10 ... !

P. Masjuan, P. Sanchez, In preparation
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η − η′ mixing: Introduction

In an ideal U(3) (large-Nc) chiral world ...

In an ideal U(3) (large-Nc) chiral world ..

η = η8 ≡
1√
6

(
uu + dd − 2ss

)
, η′ = η0 ≡

1√
3

(
uu + dd + ss

)

Physical world: ms 6= mu,d , η8, η0 → mix into the physical η, η′

(only holds (to a good approximation) in flavor basis)

R.Escirbano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014, In preparation
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(
uu + dd − 2ss

)
, η′ = η0 ≡

1√
3

(
uu + dd + ss

)

Physical world: ms 6= mu,d , η8, η0 → mix into the physical η, η′

—Using the flavor basis— ηq =
1√
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(
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)
, ηs = ss

(
η
η′
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=
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cos(φ) − sin(φ)
sin(φ) cos(φ)

)(
ηq
ηs

)
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In an ideal U(3) (large-Nc) chiral world ..

η = η8 ≡
1√
6

(
uu + dd − 2ss

)
, η′ = η0 ≡

1√
3

(
uu + dd + ss

)

Physical world: ms 6= mu,d , η8, η0 → mix into the physical η, η′

—Using the flavor basis— ηq =
1√
2

(
uu + dd

)
, ηs = ss

(
F q
η F s

η

F q
η′ F s

η′

)
=

(
Fq cos(φ) −Fs sin(φ)
Fq sin(φ) Fs cos(φ)

)

(only holds (to a good approximation) in flavor basis)

R.Escirbano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014, In preparation
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η − η′ mixing: Results

From the mixing, the pQCD(Q2 →∞) and χPT (Q2 = 0) limits read

Fηγγ(0) =
1

4π2

(
ĉq

Fq
cosφ− ĉs

Fs
sinφ

)
Fη′γγ(0) =

1

4π2

(
ĉq

Fq
sinφ+

ĉs

Fs
cosφ

) lim
Q2→∞

Q2Fηγ∗γ(Q2) = 2(ĉqFq cosφ− ĉsFs sinφ)

lim
Q2→∞

Q2Fη′γ∗γ(Q2) = 2(ĉqFq sinφ+ ĉsFs cosφ)

We know them all! But only 3 are independent, we take
{Fηγγ(0) = 516(18)keV ,Fη′γγ(0) = 4.34(14)keV , lim

Q2→∞
Q2Fηγ∗γ(Q2) = 0.177(15)GeV }

Fq = 1.07(2)Fπ, Fs = 1.29(16)Fπ φ = 38.3(1.7)◦

R.Escirbano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014, In preparation
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We know them all! But only 3 are independent, we take
{Fηγγ(0) = 516(18)keV ,Fη′γγ(0) = 4.34(14)keV , lim

Q2→∞
Q2Fηγ∗γ(Q2) = 0.177(15)GeV }

Fq = 1.07(2)Fπ, Fs = 1.29(16)Fπ φ = 38.3(1.7)◦

Then, lim
Q2→∞

Q2Fη′γ∗γ(Q2) = 0.261(10)GeV, we obtained 0.255(4)GeV

R.Escirbano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014, In preparation
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η − η′ mixing: Results

From the mixing, the pQCD(Q2 →∞) and χPT (Q2 = 0) limits read

Fηγγ(0) =
1

4π2

(
ĉq

Fq
cosφ− ĉs

Fs
sinφ

)
Fη′γγ(0) =

1

4π2

(
ĉq

Fq
sinφ+

ĉs

Fs
cosφ

) lim
Q2→∞

Q2Fηγ∗γ(Q2) = 2(ĉqFq cosφ− ĉsFs sinφ)

lim
Q2→∞

Q2Fη′γ∗γ(Q2) = 2(ĉqFq sinφ+ ĉsFs cosφ)

We know them all! But only 3 are independent, we take
{Fηγγ(0) = 516(18)keV ,Fη′γγ(0) = 4.34(14)keV , lim

Q2→∞
Q2Fηγ∗γ(Q2) = 0.177(15)GeV }

Fq = 1.07(2)Fπ, Fs = 1.29(16)Fπ φ = 38.3(1.7)◦

EF(’05) Update: Fq = 1.07(1)Fπ, Fs = 1.63(3)Fπ φ = 39.6(0.4)◦

FK(’99): Fq = 1.07(2)Fπ, Fs = 1.34(6)Fπ φ = 39.3(1.0)◦

R.Escirbano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014, In preparation
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η − η′ mixing: light-quarks TFF

From the mixing we can obtain Fηqγ∗γ(Q2),Fηsγ∗γ(Q2)TFFs

Fηqγ∗γ(Q2) = Fηγ∗γ(Q2) cosφ+ Fη′γ∗γ(Q2) sinφ

Fηsγ∗γ(Q2) = −Fηγ∗γ(Q2) sinφ+ Fη′γ∗γ(Q2) cosφ

We expect, up to a charge factor ĉq = 5/3,Fηqγ∗γ(Q2) = Fπγ∗γ(Q2)
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Excellent agreement until 6 GeV
Asymptotic for light-quarks reached slower than s-quarks (VMD)
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Shopping-list: experiment-oriented summary

π0 double virtual transition form-factor Fπ0γ∗γ∗(Q
2
1 ,Q

2
2 )

Interpolation Formula OPE
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Why is Important?

• Theory predictions but no exp.
results

• Relevant for π0 → e+e−,
aLbL;π0

µ (30%)

• What about η, η′(ηq, ηs) ?
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π0 single virtual transition form-factor Fπ0γ∗γ(Q2)

æ

ææ

æ

æ

òò

ò
ò
ò

ò

ò
ò

òò

ò
ò
ò

ò

ò

àà

àà
à à

à

à à
à

à

à

à

à

à

à

à

ø

ø

ø ø

ø
ø

ø
ø

ø

ø
ø

ø ø

ø

ø

æ

ææ

æ

æ

òò

ò
ò
ò

ò

ò
ò

òò

ò
ò
ò

ò

ò

àà

àà
à à

à

à à
à

à

à

à

à

à

à

à

ø

ø

ø ø

ø
ø

ø
ø

ø

ø
ø

ø ø

ø

ø

DR
Hg-2L

Ηqvs.Π Asymp

Π

Ηq

0 10 20 30 40
0.00

0.05

0.10

0.15

0.20

0.25

0.30

Q2 @GeV2D

Q
2 ÈF

Π
Γ

Γ
*
HQ

2 LÈ
@G

eV
D

73Pere MasjuanPere Masjuan

PA vs DR

Radio MCLow WG, Frascati, 18 Nov

10

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.00

0.05

0.10

0.15

0.20

CLEO
CELLO

Q2 [GeV2]

Q
2
F

π
0
γ

∗ γ
(
−

Q
2
,0

)/
e2

[G
eV

]

Fig. 5 Singly-virtual pion transition form factor in the space-
like region, compared to CELLO [31] and CLEO [32] data.

Finally, we use (37) to perform the analytic con-

tinuation into the space-like region, see Fig. 5. We fol-

low the convention of the experimental publications to

plot Q2Fπ0γ∗γ(−Q2, 0)/e2. In the case of the CELLO
data [31], provided in the original paper for the form

factor without the additional factor of Q2, we use the

averages ⟨Q2⟩ given for each bin in the conversion. We

also follow the convention to depict the error of the

form factor only, and not to propagate an additional
uncertainty from the bin size.

As expected, our prediction for the space-like form

factor is very accurate at low energies (better than 5%

for Q2 ≤ (1.1 GeV)2), while the uncertainties become
more sizable above 1 GeV, reflecting the limited energy

range used as input for the time-like calculation. The

corresponding error band shown in Fig. 5 comprises

the same uncertainty estimates already discussed in

the context of the slope parameter (the energy region
Q2 ≥ (1.1 GeV)2, which is not reliably described any

more in the time-like region, is indicated by the dashed

lines in Fig. 5). At low energies the error band is dom-

inated by the variation in the ππ phase shift and Λ3π,
whereas above 1 GeV the treatment of the high-energy

region in the dispersive integral becomes increasingly

important. The resulting curve is consistent with the

existing data base, and will soon be tested by the forth-

coming high-statistics low-energy data from BESIII.

6 Dalitz decay region π0 → e+e−γ

So far we have not discussed the third kinematically

accessible region of the singly-virtual transition form

factor besides q2 > M2
π0 and q2 < 0, i.e. the region of

the Dalitz decay π0 → e+e−γ with 4m2
e < q2 < M2

π0 ,

where me denotes the electron mass. It is common prac-

tice to normalize the corresponding partial decay width

to the two-photon decay. The normalized differential

decay width is given by [89]

dΓπ0→e+e−γ

dq2 Γπ0→2γ
=

e2

6π2

1

q2

√
1 − 4m2

e

q2

(
1 +

2m2
e

q2

)

×
(

1 − q2

M2
π0

)3 ∣∣∣∣
Fπ0γ∗γ(q2, 0)

Fπγγ

∣∣∣∣
2

. (43)

Absent high-quality data for this differential decay

width we just present our result for the integrated one.

In this region of very low momenta it is sufficient to
use a polynomial approximation for the transition form

factor,

Fπ0γ∗γ(q2, 0)

Fπγγ
≈ 1 + aπ

q2

M2
π0

+ bπ
q4

M4
π0

. (44)

Using (41) and (42) the result is

Γπ0→e+e−γ

Γπ0→2γ
= (1.18754 ± 0.00005) · 10−2, (45)

in excellent agreement with the experimental value [30]

Γπ0→e+e−γ

Γπ0→2γ

∣∣∣∣
exp

= (1.188 ± 0.035) · 10−2. (46)

Value and uncertainty in (45) only reflect our form fac-

tor calculation and disregard the issue of radiative cor-

rections [90]. The impact of the quadratic bπ term is
+2 in the last digit in (45). Note that a pure QED cal-

culation without any form factor yields

Γπ0→e+e−γ

Γπ0→2γ

∣∣∣∣
no FF

= 1.18514 · 10−2, (47)

so that the impact of the transition form factor on the
integrated decay width is on the level of 0.2%. High-

precision data for the differential decay width (43) will

soon become available in the context of dark-photon

searches in π0 → A′γ at NA48/2 [34], but due to the
limited sensitivity to the form factor will not improve

the PDG value for the slope.

7 Summary and outlook

We presented the dispersive formalism to analyze the

general doubly-virtual pion transition form factor. This

includes all effects from elastic ππ rescattering exactly
through the respective phase shifts. To determine the

isoscalar part that is dominated by 3π intermediate

states, we used data on e+e− → 3π. Furthermore, chi-

ral low-energy theorems on the anomalies F3π and Fπγγ

were implemented. As a first step, we carried out the

phenomenological analysis of the singly-virtual case.

We performed a detailed error analysis and verified our
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Fig. 5 Singly-virtual pion transition form factor in the space-
like region, compared to CELLO [31] and CLEO [32] data.

Finally, we use (37) to perform the analytic con-

tinuation into the space-like region, see Fig. 5. We fol-

low the convention of the experimental publications to

plot Q2Fπ0γ∗γ(−Q2, 0)/e2. In the case of the CELLO
data [31], provided in the original paper for the form

factor without the additional factor of Q2, we use the

averages ⟨Q2⟩ given for each bin in the conversion. We

also follow the convention to depict the error of the

form factor only, and not to propagate an additional
uncertainty from the bin size.

As expected, our prediction for the space-like form

factor is very accurate at low energies (better than 5%

for Q2 ≤ (1.1 GeV)2), while the uncertainties become
more sizable above 1 GeV, reflecting the limited energy

range used as input for the time-like calculation. The

corresponding error band shown in Fig. 5 comprises

the same uncertainty estimates already discussed in

the context of the slope parameter (the energy region
Q2 ≥ (1.1 GeV)2, which is not reliably described any

more in the time-like region, is indicated by the dashed

lines in Fig. 5). At low energies the error band is dom-

inated by the variation in the ππ phase shift and Λ3π,
whereas above 1 GeV the treatment of the high-energy

region in the dispersive integral becomes increasingly

important. The resulting curve is consistent with the

existing data base, and will soon be tested by the forth-

coming high-statistics low-energy data from BESIII.

6 Dalitz decay region π0 → e+e−γ

So far we have not discussed the third kinematically

accessible region of the singly-virtual transition form

factor besides q2 > M2
π0 and q2 < 0, i.e. the region of

the Dalitz decay π0 → e+e−γ with 4m2
e < q2 < M2

π0 ,

where me denotes the electron mass. It is common prac-

tice to normalize the corresponding partial decay width

to the two-photon decay. The normalized differential

decay width is given by [89]

dΓπ0→e+e−γ

dq2 Γπ0→2γ
=

e2

6π2

1

q2

√
1 − 4m2

e

q2

(
1 +

2m2
e

q2

)

×
(

1 − q2

M2
π0

)3 ∣∣∣∣
Fπ0γ∗γ(q2, 0)

Fπγγ

∣∣∣∣
2

. (43)

Absent high-quality data for this differential decay

width we just present our result for the integrated one.

In this region of very low momenta it is sufficient to
use a polynomial approximation for the transition form

factor,

Fπ0γ∗γ(q2, 0)

Fπγγ
≈ 1 + aπ

q2

M2
π0

+ bπ
q4

M4
π0

. (44)

Using (41) and (42) the result is

Γπ0→e+e−γ

Γπ0→2γ
= (1.18754 ± 0.00005) · 10−2, (45)

in excellent agreement with the experimental value [30]

Γπ0→e+e−γ

Γπ0→2γ

∣∣∣∣
exp

= (1.188 ± 0.035) · 10−2. (46)

Value and uncertainty in (45) only reflect our form fac-

tor calculation and disregard the issue of radiative cor-

rections [90]. The impact of the quadratic bπ term is
+2 in the last digit in (45). Note that a pure QED cal-

culation without any form factor yields

Γπ0→e+e−γ

Γπ0→2γ

∣∣∣∣
no FF

= 1.18514 · 10−2, (47)

so that the impact of the transition form factor on the
integrated decay width is on the level of 0.2%. High-

precision data for the differential decay width (43) will

soon become available in the context of dark-photon

searches in π0 → A′γ at NA48/2 [34], but due to the
limited sensitivity to the form factor will not improve

the PDG value for the slope.

7 Summary and outlook

We presented the dispersive formalism to analyze the

general doubly-virtual pion transition form factor. This

includes all effects from elastic ππ rescattering exactly
through the respective phase shifts. To determine the

isoscalar part that is dominated by 3π intermediate

states, we used data on e+e− → 3π. Furthermore, chi-

ral low-energy theorems on the anomalies F3π and Fπγγ

were implemented. As a first step, we carried out the

phenomenological analysis of the singly-virtual case.

We performed a detailed error analysis and verified our
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Fig. 5 Singly-virtual pion transition form factor in the space-
like region, compared to CELLO [31] and CLEO [32] data.

Finally, we use (37) to perform the analytic con-

tinuation into the space-like region, see Fig. 5. We fol-

low the convention of the experimental publications to

plot Q2Fπ0γ∗γ(−Q2, 0)/e2. In the case of the CELLO
data [31], provided in the original paper for the form

factor without the additional factor of Q2, we use the

averages ⟨Q2⟩ given for each bin in the conversion. We

also follow the convention to depict the error of the

form factor only, and not to propagate an additional
uncertainty from the bin size.

As expected, our prediction for the space-like form

factor is very accurate at low energies (better than 5%

for Q2 ≤ (1.1 GeV)2), while the uncertainties become
more sizable above 1 GeV, reflecting the limited energy

range used as input for the time-like calculation. The

corresponding error band shown in Fig. 5 comprises

the same uncertainty estimates already discussed in

the context of the slope parameter (the energy region
Q2 ≥ (1.1 GeV)2, which is not reliably described any

more in the time-like region, is indicated by the dashed

lines in Fig. 5). At low energies the error band is dom-

inated by the variation in the ππ phase shift and Λ3π,
whereas above 1 GeV the treatment of the high-energy

region in the dispersive integral becomes increasingly

important. The resulting curve is consistent with the

existing data base, and will soon be tested by the forth-

coming high-statistics low-energy data from BESIII.

6 Dalitz decay region π0 → e+e−γ

So far we have not discussed the third kinematically

accessible region of the singly-virtual transition form

factor besides q2 > M2
π0 and q2 < 0, i.e. the region of

the Dalitz decay π0 → e+e−γ with 4m2
e < q2 < M2

π0 ,

where me denotes the electron mass. It is common prac-

tice to normalize the corresponding partial decay width

to the two-photon decay. The normalized differential

decay width is given by [89]

dΓπ0→e+e−γ

dq2 Γπ0→2γ
=

e2

6π2

1

q2

√
1 − 4m2

e

q2

(
1 +

2m2
e

q2

)

×
(

1 − q2

M2
π0

)3 ∣∣∣∣
Fπ0γ∗γ(q2, 0)

Fπγγ

∣∣∣∣
2

. (43)

Absent high-quality data for this differential decay

width we just present our result for the integrated one.

In this region of very low momenta it is sufficient to
use a polynomial approximation for the transition form

factor,

Fπ0γ∗γ(q2, 0)

Fπγγ
≈ 1 + aπ

q2

M2
π0

+ bπ
q4

M4
π0

. (44)

Using (41) and (42) the result is

Γπ0→e+e−γ

Γπ0→2γ
= (1.18754 ± 0.00005) · 10−2, (45)

in excellent agreement with the experimental value [30]

Γπ0→e+e−γ

Γπ0→2γ

∣∣∣∣
exp

= (1.188 ± 0.035) · 10−2. (46)

Value and uncertainty in (45) only reflect our form fac-

tor calculation and disregard the issue of radiative cor-

rections [90]. The impact of the quadratic bπ term is
+2 in the last digit in (45). Note that a pure QED cal-

culation without any form factor yields

Γπ0→e+e−γ

Γπ0→2γ

∣∣∣∣
no FF

= 1.18514 · 10−2, (47)

so that the impact of the transition form factor on the
integrated decay width is on the level of 0.2%. High-

precision data for the differential decay width (43) will

soon become available in the context of dark-photon

searches in π0 → A′γ at NA48/2 [34], but due to the
limited sensitivity to the form factor will not improve

the PDG value for the slope.

7 Summary and outlook

We presented the dispersive formalism to analyze the

general doubly-virtual pion transition form factor. This

includes all effects from elastic ππ rescattering exactly
through the respective phase shifts. To determine the

isoscalar part that is dominated by 3π intermediate

states, we used data on e+e− → 3π. Furthermore, chi-

ral low-energy theorems on the anomalies F3π and Fπγγ

were implemented. As a first step, we carried out the

phenomenological analysis of the singly-virtual case.

We performed a detailed error analysis and verified our
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η(η′) single virtual transition form-factors Fη(η′)γ∗γ(Q2)
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Why are Important?

• η precise data @ low energies

• Mid-energies: π0 vs. ηq (1%)

• (g − 2)LbL;π0

(2%) Low-Mid

• High-Q2: Asymptotics (4%)

• Mixing; Fqγ∗γ ,Fsγ∗γ

• Test of QCD running
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η′ Dalitz decay
• Check our prediction at low TL energies
• Sensible to the resonance region (ρ, ω); relevant for its η′ → `` decays

π0 → e+e−

• Persistent discrepancy; great impact in (g − 2)LbL;π0

µ (10%)

η → µ+µ−(e+e−)

• Minor discrepancy BR ∼ (4.51÷ 4.70)× 10−6 vs. 5.8(8)× 10−6 Exp.
• (e+e−) Never been measured BR ∼ (5.32÷5.45)×10−9 vs. < 5.6×10−6

η′ → µ+µ−

• Never measured, no bounds; estimated BR ∼ O(10−7)

Double Dalitz Decays
• Double virtuality (investigation with S. Gonzalez-Solis and R. Escribano)
i.e. π0 → 4e at (1%)
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Conclusions & Outlook

• TFFs lack a genuine QCD description

• Padé Approximants as a model-independent approximation

• Is data driven: better data, better description; easy to apply

• Many physics involved in this work (shopping-list)

• But not restricted mesons, would be applied to nucleon FFs

• Not time: continuum @ charmonium energies productions

• Improve PAs η′ description (go TL) for `` decays

• Deeper study of mixing: large-Nc χPT and OZI-violating pars
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Thanks for your attention
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Backup

• π0 → e+e− RC and NP

• Syst error for (g − 2) or π0 → e+e−

• Obtaining V γP FFs as Chisholm Residues

• Mixing: degeneracy Eqn. & pQCD & OZI-violation

• cc continuum production ?

• gVPγ couplings

• QCD matching?

• DPuble Dalitz? Sergi?
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Padé Approximants: Convergence properties

I. Meromorphic functions

• Given a meromorphic function f (x) with M poles, PN
M(x) converges

on the complex-plane C as N →∞ (Montessus th.)

• In general PN
L (x) converges up to the (L + 1)-th pole

Large-Nc Regge model

FPγ∗γ(Q2) =
FPγγ(0)

Q2
a

ψ(1)
(

M2

a

) (ψ(0)(M2+Q2

a )− ψ(0)(M2

a )
)

-2 0 2 4 6

-5

0

5

10

Regge@Q2D

OHQ8L
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OHQ4L

OHQ2L
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5
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Regge@Q2D

P1
3@Q2D

P1
2@Q2D

P1
1@Q2D

P1
0@Q2D

Excellent far from singularities!
(SL region)
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Backup

Padé Approximants: Convergence properties

II. Stieljes functions

• Stieljes: f (x) =
∫∞

0
dt ρ(t)

1+xt ; ρ(t) ≥ 0 ∼ f (x) = 1
π

∫∞
s0

dt Im(f (t))
t+x

• Given a Stieljes function f (x), limN→∞ PN
N+1(x) ≤ f (x) ≤ PN

N (x)
on the complex-plane C (except for the cut) as N →∞

Log-function f (x) = 1
x Log(1 + x) = 1

π

∫ −∞
−1

dt Im(f (t))
(x−t) = ... =

∫ 1

0
dt

1+xt

-1 0 1 2 3 4
0

1

2

3

4

1

x
Log@1+xD

OH4L

OH3L

OH2L

OH1L

-1 0 1 2 3 4
0

1

2

3

4

1

x
Log@1+xD

P2
2@xD

P2
1@xD

P1
1@xD

P1
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Excellent far from singularities!
, (SL region)
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Padé Approximants: Convergence properties

II. Stieljes functions

• Stieljes: f (x) =
∫∞

0
dt ρ(t)

1+xt ; ρ(t) ≥ 0 ∼ f (x) = 1
π

∫∞
s0

dt Im(f (t))
t+x

• Given a Stieljes function f (x), limN→∞ PN
N+1(x) ≤ f (x) ≤ PN

N (x)
on the complex-plane C (except for the cut) as N →∞

Log-function f (x) = 1
x Log(1 + x) = 1

π

∫ −∞
−1

dt Im(f (t))
(x−t) = ... =

∫ 1

0
dt

1+xt

Re( 1
x Log(1 + x)) Re(P20

21 (x))
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Padé Approximants: Convergence properties

II. Stieljes functions

• Stieljes: f (x) =
∫∞

0
dt ρ(t)

1+xt ; ρ(t) ≥ 0 ∼ f (x) = 1
π

∫∞
s0

dt Im(f (t))
t+x

• Given a Stieljes function f (x), limN→∞ PN
N+1(x) ≤ f (x) ≤ PN

N (x)
on the complex-plane C (except for the cut) as N →∞

Log-function f (x) = 1
x Log(1 + x) = 1

π

∫ −∞
−1

dt Im(f (t))
(x−t) = ... =

∫ 1

0
dt

1+xt

−Im( 1
x Log(1 + x)) −Im(P20

21 (x))
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Padé Approximants: Convergence properties

II. Stieljes functions

• Stieljes: f (x) =
∫∞

0
dt ρ(t)

1+xt ; ρ(t) ≥ 0 ∼ f (x) = 1
π

∫∞
s0

dt Im(f (t))
t+x

• Given a Stieljes function f (x), limN→∞ PN
N+1(x) ≤ f (x) ≤ PN

N (x)
on the complex-plane C (except for the cut) as N →∞

Cannot open further Riemann Sheets: No resonance hunting!

−Im( 1
x Log(1 + x)) −Im(P20

21 (x))
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Padé Approximants: Convergence Properties

III. Multipoint Padé Approximants

Previous reuslts generalize to N-point expansions, of particular interest:

2-point Padé Approximants

• Well suited if low (i.e. chiral) and asymptotic (i.e. pQCD)
expansions are known → matching

N-point Padé Approximants

• This implies Pade Approximants as fitting functions converge!

• Particularly their derivatives at some point converge too!

• This is our method to extract information, lets check convergence
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Our proposal: Bivariate Padé Approximants

Use bivariate Padé Approximants (Chisholm ’73)

PN
M(x , y) =

∑N
i,j ai,jx

iy j

∑M
k,l bk,jx

ky l

y→0−−−→
∑N

i aix
i

∑M
k bkxk

(PN
M(x)) a(b)i,j = a(b)j,i

Again, coefficients from matching the Taylor series

PN
M(x , y) =

TN(x , y)

RM(x , y)
= a0 +a1(x +y)+a1,1xy + ...+O(xγyn+m−γ+1(+1))

P0
1 (x , y) =

a0

1− a1

a0
(c + y) +

2a2
1−a0a1,1

a2
0

xy
= a0 + a1(x + y) + a1,1xy + ...

Convergence to meromorphic (Stieltjes?) functions (large-Nc limit) is
guaranteed



Meson transition form factors and their applications

Backup

Our proposal: Bivariate Padé Approximants

Lets revisit the Regge Model

FPγ∗γ∗(Q
2
1 ,Q

2
2 ) =

FPγγ(0,0)

Q2
1−Q2

2

a

ψ(1)
(

M2

a

) (ψ(0)(
M2+Q2

1

a )− ψ(0)(
M2+Q2

2

a )
)
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Our proposal: Bivariate Padé Approximants

A bigger challenge: cuts FPγ∗γ∗(Q
2
1 ,Q

2
2 ) = FPγγ(0, 0) M2
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η − η′-mixing: Results

We used F 0
P QCD anomaly-driven running; Without it

Fq = 1.07(1)Fπ, Fs = 1.39(14)Fπ φ = 39.3(1.3)◦

Then lim
Q2→∞

Q2Fη′γ∗γ(Q2) = 0.321(12)GeV (compare to 0.255(4)GeV )

— The RGE read —

µ
d

dµ
F0 = −NF

(αs

π

)2

→ F0(µ) = F0(µ0)

(
1 +

2NF

πβ0
(αs(µ)− αs(µ0))

)

Implying the modified equations (F0(∞) = F0(1GeV )(1 + ∆))

lim
Q2→∞

Q2Fηγ∗γ(Q2) = 2 (ĉq (1 + (4/5)∆)Fq cosφ− ĉs (1 + 2∆)Fs sinφ)

lim
Q2→∞

Q2Fη′γ∗γ(Q2) = 2 (ĉq (1 + (4/5)∆)Fq sinφ+ ĉs (1 + 2∆)Fs cosφ)
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Backup

η − η′-mixing: Results

The degeneracy equation read

Fηγγη∞ + Fη′γγη
′
∞ =

1

6π2
(9 + 8∆)

Where FPγγ = FPγγ(0, 0) and P∞ = limQ2→∞Q2FPγ∗γ(Q2)
Data: 0.9(3) 9

6π2 vs. Running: 0.85 9
6π2 →��OZI?

— The RGE read —

µ
d

dµ
F0 = −NF

(αs

π

)2

→ F0(µ) = F0(µ0)

(
1 +

2NF

πβ0
(αs(µ)− αs(µ0))

)

Implying the modified equations (F0(∞) = F0(1GeV )(1 + ∆))

lim
Q2→∞

Q2Fηγ∗γ(Q2) = 2 (ĉq (1 + (4/5)∆)Fq cosφ− ĉs (1 + 2∆)Fs sinφ)

lim
Q2→∞

Q2Fη′γ∗γ(Q2) = 2 (ĉq (1 + (4/5)∆)Fq sinφ+ ĉs (1 + 2∆)Fs cosφ)
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Backup

η − η′-mixing: Results

BaBar Coll. obtained deep time-like q2 = 112 GeV2 data.

At least, as Q2 →∞, q2|FPγ∗γ(q2)| = Q2|FPγ∗γ(Q2)|
Neglecting q2 corrections and assuming asymptotic behavior + duality,

lim
q2→112 GeV2

q2|Fη(η′)γ∗γ(q2)| = lim
Q2→∞

Q2|Fη(η′)γ∗γ(Q2)|

This way, BaBar obtains

lim
Q2→∞

Q2|Fη[η′]γ∗γ(Q2)| = 0.229(30)(8) [0.251(19)(8)] GeV

To be compared with our extractions

lim
Q2→∞

Q2|Fη[η′]γ∗γ(Q2)| = 0.177(15) [0.255(4)] GeV



Meson transition form factors and their applications

Backup

η − η′-mixing: Results

BaBar Coll. obtained deep time-like q2 = 112 GeV2 data.

At least, as Q2 →∞, q2|FPγ∗γ(q2)| = Q2|FPγ∗γ(Q2)|
Neglecting q2 corrections and assuming asymptotic behavior + duality,

lim
q2→112 GeV2

q2|Fη(η′)γ∗γ(q2)| = lim
Q2→∞

Q2|Fη(η′)γ∗γ(Q2)|

+
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Backup

cc continuum production

e−

e+

γ∗

P

γ

• The TL TFF enters this process

• As q2 →∞ FPγ∗γ(q2) ≡ FPγ∗γ(−Q2)

• If holds at large but finite but large q2,
use our parametrization

• Test duality ideas

σ(e+e− → Pγ) =
2π2α3

3
(FPγ∗γ(s, 0))2

(
1− m2

P

s

)

Dominates respect to J/Ψ→ Pγ
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