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Pseudoscalar Transition Form Factors

• Pseudoscalar Transition Form Factors

• Parameterization using Rational Approximants

• Implications on
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‣ η-η’ mixing

‣ Rare decays

• Outlook and Conclusions



Pseudoscalar Transition Form Factors

•  Study of ee→eeγ*γ* 
with γ*γ*→π,η,η’

• Meson Structure
- Transition Form Factors (TFF) give access to Meson Distribution Amplitudes

• Precision Tests of the Standard Model
- Relation to mixing parameters and muon anomaly (g-2)μ
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P = ⇡0, ⌘, ⌘0 . . .
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How do we do that?
• Single Tag Method can access the Meson Transition Form Factor

Selection criteria
- 1 e- detected
- 1 e+ along beam axis
- Meson full reconstructed

Momentum transfer
- tagged:
⇒highly virtual photon

- untagged:
⇒quasi-real photon

q2 = �q22 ⇠ 0GeV2
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How do we do that?

�⇤

� P

F (Q2) =

Z
TH(x,Q2)�P (x, µF )dx

Cross section for P production depends only on F (q21 , q
2
2)

With the Single Tag Method: F (q21 , q
2
2) ! F (Q2)

convolution of perturbative and nor-perturbative regimes

TH(�⇤� ! qq̄) �P (qq̄ ! P )

• μF is scale between soft and hard
• x-dependence of ΦP(x,Q2)
not known but models
 
• Experimental data on F(Q2) is needed

5Pere Masjuan Light Meson Dynamics Mainz, 12th Feb.



Our proposal
use Padé Approximants
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Our proposal
use Padé Approximants
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Our proposal
use Padé Approximants
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Our proposal
use Padé Approximants
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η-TFF

10

‡‡ ‡ ‡
‡
‡

‡

‡
‡ ‡

‡

ÏÏ
ÏÏÏ
ÏÏ Ï

Ï
ÏÏÏ

Ï

Ï
ÏÏ
Ï

Ï
Ï

Ê
ÊÊ

Ê

CELLO
CLEO
BABAR

0 10 20 30 40
0.00

0.05

0.10

0.15

0.20

0.25

0.30

Q2 @GeV2D

Q
2 F
hg
g*
HQ2 L

@Ge
V
D

‡‡ ‡ ‡
‡
‡

‡

‡
‡ ‡

‡

ÏÏ
ÏÏÏ
ÏÏ Ï

Ï
ÏÏÏ

Ï

Ï
ÏÏ
Ï

Ï
Ï

Ê
ÊÊ

Ê

CELLO
CLEO
BABAR

0 10 20 30 40
0.00

0.05

0.10

0.15

0.20

0.25

0.30

Q2 @GeV2D

Q
2 F
hg
g*
HQ2 L

@Ge
V
D

Fit to Space-like data: CELLO’91, CLEO’98, BABAR’11

PN
1 (Q2)

PN
N (Q2)

up to N=2

�pred
⌘!�� = (0.41± 0.18)keV

up to N=1

lim
Q2!1

Q2F⌘�⇤�(Q
2, 0) = 0.17(6)GeV

Pere Masjuan

[R.Escribano, P.M., P. Sanchez-Puertas, ’13]

�PDG
⌘!�� = (0.518± 0.018)keV

Light Meson Dynamics Mainz, 12th Feb.



‡‡ ‡ ‡
‡
‡

‡

‡
‡ ‡

‡

ÏÏ
ÏÏÏ
ÏÏ Ï

Ï
ÏÏÏ

Ï

Ï
ÏÏ
Ï

Ï
Ï

Ê
ÊÊ

Ê

CELLO
CLEO
BABAR

0 10 20 30 40
0.00

0.05

0.10

0.15

0.20

0.25

0.30

Q2 @GeV2D

Q
2 F
hg
g*
HQ2 L

@Ge
V
D

‡‡ ‡ ‡
‡
‡

‡

‡
‡ ‡

‡

ÏÏ
ÏÏÏ
ÏÏ Ï

Ï
ÏÏÏ

Ï

Ï
ÏÏ
Ï

Ï
Ï

Ê
ÊÊ

Ê

CELLO
CLEO
BABAR

0 10 20 30 40
0.00

0.05

0.10

0.15

0.20

0.25

0.30

Q2 @GeV2D

Q
2 F
hg
g*
HQ2 L

@Ge
V
D

included�⌘!��not included�⌘!��

η-TFF

Pere Masjuan 10

‡‡ ‡ ‡
‡
‡

‡

‡
‡ ‡

‡

ÏÏ
ÏÏÏ
ÏÏ Ï

Ï
ÏÏÏ

Ï

Ï
ÏÏ
Ï

Ï
Ï

Ê
ÊÊ

Ê

CELLO
CLEO
BABAR

0 10 20 30 40
0.00

0.05

0.10

0.15

0.20

0.25

0.30

Q2 @GeV2D

Q
2 F
hg
g*
HQ2 L

@Ge
V
D

‡‡ ‡ ‡
‡
‡

‡

‡
‡ ‡

‡

ÏÏ
ÏÏÏ
ÏÏ Ï

Ï
ÏÏÏ

Ï

Ï
ÏÏ
Ï

Ï
Ï

Ê
ÊÊ

Ê

CELLO
CLEO
BABAR

0 10 20 30 40
0.00

0.05

0.10

0.15

0.20

0.25

0.30

Q2 @GeV2D

Q
2 F
hg
g*
HQ2 L

@Ge
V
D

Light Meson Dynamics Mainz, 12th Feb.



η-TFF
�⌘!��Fit to Space-like data: CELLO’91, CLEO’98, BABAR’11+
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Q2F⌘�⇤�(Q
2, 0) = 0.160(24)GeV
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FIG. 2. Slope predictions for the ⌘ (left panel) and ⌘0 (right panel) TFFs using the PL
1 (Q2) up to L = 5 for the ⌘ and L = 6 for

the ⌘0, respectively (blue circles). The internal bands correspond to the statistical error of the di↵erent fits and the external ones
are the combination of statistical and systematic errors determined as explained in the main text. The CELLO determination
is also shown for comparison (empty-red squares).

Ë
Ë Ë

Ë Ë

Ë
Ë Ë

Ë Ë

····

P11 P21 P31 P41 P51 CELLO
0.0

0.1

0.2

0.3

0.4

0.5

c h ····

P11 P21 P31 P41 P51 P61 CELLO

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

c h
'

FIG. 3. Curvature predictions for the ⌘ (left panel) and ⌘0 (right panel) TFFs using the PL
1 (Q2) up to L = 5 for the ⌘ and

L = 6 for the ⌘0, respectively (blue circles). The internal bands correspond to the statistical error of the di↵erent fits and the
external ones are the combination of statistical and systematic errors determined as explained in the main text. The CELLO
determination is also shown for comparison (empty-red squares).
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FIG. 4. Pole-position predictions for the ⌘ (left panel) and ⌘0 (right panel) TFFs using the PL
1 (Q2) up to L = 5 for the ⌘ and

L = 6 for the ⌘0, respectively. For comparison, we also display (orange and blue bands) the range me↵ ± �e↵/2 corresponding
to the e↵ective VMD meson resonance evaluated using the half-width rule (see main text for details).
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η’-TFF
Fit to Space-like data: CELLO’91, CLEO’98, L3’98, BABAR’11
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η’-TFF
Fit to Space-like data: CELLO’91, CLEO’98, L3’98, BABAR’11+�⌘0!��
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FIG. 2. Slope predictions for the ⌘ (left panel) and ⌘0 (right panel) TFFs using the PL
1 (Q2) up to L = 5 for the ⌘ and L = 6 for

the ⌘0, respectively (blue circles). The internal bands correspond to the statistical error of the di↵erent fits and the external ones
are the combination of statistical and systematic errors determined as explained in the main text. The CELLO determination
is also shown for comparison (empty-red squares).
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FIG. 3. Curvature predictions for the ⌘ (left panel) and ⌘0 (right panel) TFFs using the PL
1 (Q2) up to L = 5 for the ⌘ and

L = 6 for the ⌘0, respectively (blue circles). The internal bands correspond to the statistical error of the di↵erent fits and the
external ones are the combination of statistical and systematic errors determined as explained in the main text. The CELLO
determination is also shown for comparison (empty-red squares).
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FIG. 4. Pole-position predictions for the ⌘ (left panel) and ⌘0 (right panel) TFFs using the PL
1 (Q2) up to L = 5 for the ⌘ and

L = 6 for the ⌘0, respectively. For comparison, we also display (orange and blue bands) the range me↵ ± �e↵/2 corresponding
to the e↵ective VMD meson resonance evaluated using the half-width rule (see main text for details).
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 η-η’ mixing in the flavor basis
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 η-η’ mixing in the flavor basis
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5

TABLE I. Low-energy constants for the ⌘- and ⌘

0-Transition Form Factor obtained from the PA fits to experimental data. The
first column indicates the kind of sequence used for the fit and N is the highest order reached with that sequence. The final
raw gives the weighted averaged result for each LEC. We also give the quality of the fits represented by the �

2
/dof (degree of

freedom).

⌘TFF ⌘

0
TFF

N a⌘ b⌘ �

2
/dof N a⌘0

b⌘0
�

2
/dof

P [N, 1] 5 0.569(60) 0.328(77) 0.92 5 1.29(10) 1.66(30) 0.81

P [N, 2] 1 0.545(24) 0.298(27) 0.85 0 1.24(3) 1.53(6) 0.84

P [N,N + 1] 1 0.545(24) 0.298(27) 0.85 0 1.23(2) 1.52(6) 0.83

P

0[N,N + 1] 1 0.582(76) 0.346(108) 0.91 1 1.25(3) 1.56(9) 0.83

PT [N, 1] 6 0.545(30) 0.300(40) 0.95 6 1.29(5) 1.66(16) 0.83

Final 0.547(18) 0.304(25) 1.24(1) 1.54(4)

For the ⌘-TFF we found limQ2!1 Q

2
F⌘��⇤(Q2) =

0.18+0.15
�0.03 GeV, agreeing with the phenomenologi-

cal/theoretical range (0.13�0.19) GeV. This window can
be further constrain, however, by imposing that the qual-
ity of the fit should be �

2
/dof < 1.3 after imposing the

asymptotic limit in our P 0N
N+1(Q

2). Doing this, the win-
dow reduces to (0.154� 0.19) GeV.

These two asymptotic-limit constrains together with
the experimental values for the decay widths �⌘!�� =
520(20)(13) eV [18], and �⌘0!�� = 4.34(14) keV [41],
allow us to fix the four parameters of the mixing, shown
in Table II. In all our numerical computations we use
f⇡ = 0.0924 GeV.

limQ2!1 Q

2
F⌘��⇤(Q2) ✓8 ✓0 f8 f0

0.190 GeV �33.8� �4.3� 1.84 0.86

0.170 GeV �36.3� �3.6� 1.72 0.86

0.154 GeV �35.6� �7.2� 1.29 0.79

TABLE II. ⌘�⌘

0 mixing parameters in the singlet-octet basis.
f0,8 ⌘ f0,8 · f⇡.

The ⌘�⌘

0 mixing can also be studied in the flavor base
instead of the singlet-octet one. In this base,
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where fq,s are the light-quark (strange) decay constants
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Using Eq. (12) and the two equations for the decay
width in such base:
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we constrain the system and find the results shown in
Table III.

limQ2!1 Q

2
F⌘��⇤(Q2) �q �s fq fs

0.190 GeV 15.7� 36.9� 1.10 2.43

0.170 GeV 21.7� 37.9� 0.98 2.08

0.154 GeV 21.0� 34.7� 0.91 2.16

TABLE III. ⌘ � ⌘

0 mixing parameters in the flavor basis.
fq,s ⌘ fq,s · f⇡.

Under the assumption that the light-quark and ⇡

0 dis-
tribution amplitudes are similar to each other, the only
di↵erence between the corresponding TFF is a factor 3/5
that arises from the quark charges. A straightforward
application of the results shown in Table III is to con-
struct such light-quark form factor from ⌘- and ⌘

0-TFF.
In Fig. 3 this light-quark form factor for the set of val-
ues corresponding to the ⌘ asymptotic limit 0.170 GeV
(second row of Table III) and multiplied by 3Q2

/5 is com-
pared to the ⇡0-TFF one obtained in Ref. [6] (orange data
points as well as the corresponding fit with a P

02
3 (Q2) as

 η-η’ mixing

From the TFFs we can determine fq, fs,�

MENU2013 Roma, 30th Sep.
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TABLE I. Low-energy constants for the ⌘- and ⌘

0-Transition Form Factor obtained from the PA fits to experimental data. The
first column indicates the kind of sequence used for the fit and N is the highest order reached with that sequence. The final
raw gives the weighted averaged result for each LEC. We also give the quality of the fits represented by the �

2
/dof (degree of

freedom).

⌘TFF ⌘

0
TFF

N a⌘ b⌘ �

2
/dof N a⌘0

b⌘0
�

2
/dof

P [N, 1] 5 0.569(60) 0.328(77) 0.92 5 1.29(10) 1.66(30) 0.81

P [N, 2] 1 0.545(24) 0.298(27) 0.85 0 1.24(3) 1.53(6) 0.84

P [N,N + 1] 1 0.545(24) 0.298(27) 0.85 0 1.23(2) 1.52(6) 0.83

P

0[N,N + 1] 1 0.582(76) 0.346(108) 0.91 1 1.25(3) 1.56(9) 0.83

PT [N, 1] 6 0.545(30) 0.300(40) 0.95 6 1.29(5) 1.66(16) 0.83

Final 0.547(18) 0.304(25) 1.24(1) 1.54(4)

For the ⌘-TFF we found limQ2!1 Q

2
F⌘��⇤(Q2) =

0.18+0.15
�0.03 GeV, agreeing with the phenomenologi-

cal/theoretical range (0.13�0.19) GeV. This window can
be further constrain, however, by imposing that the qual-
ity of the fit should be �

2
/dof < 1.3 after imposing the

asymptotic limit in our P 0N
N+1(Q

2). Doing this, the win-
dow reduces to (0.154� 0.19) GeV.

These two asymptotic-limit constrains together with
the experimental values for the decay widths �⌘!�� =
520(20)(13) eV [18], and �⌘0!�� = 4.34(14) keV [41],
allow us to fix the four parameters of the mixing, shown
in Table II. In all our numerical computations we use
f⇡ = 0.0924 GeV.

limQ2!1 Q

2
F⌘��⇤(Q2) ✓8 ✓0 f8 f0

0.190 GeV �33.8� �4.3� 1.84 0.86

0.170 GeV �36.3� �3.6� 1.72 0.86

0.154 GeV �35.6� �7.2� 1.29 0.79

TABLE II. ⌘�⌘

0 mixing parameters in the singlet-octet basis.
f0,8 ⌘ f0,8 · f⇡.

The ⌘�⌘

0 mixing can also be studied in the flavor base
instead of the singlet-octet one. In this base,
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where fq,s are the light-quark (strange) decay constants
for the corresponding light- and strange-quark content of
the ⌘ and ⌘
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Using Eq. (12) and the two equations for the decay
width in such base:
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we constrain the system and find the results shown in
Table III.

limQ2!1 Q

2
F⌘��⇤(Q2) �q �s fq fs

0.190 GeV 15.7� 36.9� 1.10 2.43

0.170 GeV 21.7� 37.9� 0.98 2.08

0.154 GeV 21.0� 34.7� 0.91 2.16

TABLE III. ⌘ � ⌘

0 mixing parameters in the flavor basis.
fq,s ⌘ fq,s · f⇡.

Under the assumption that the light-quark and ⇡

0 dis-
tribution amplitudes are similar to each other, the only
di↵erence between the corresponding TFF is a factor 3/5
that arises from the quark charges. A straightforward
application of the results shown in Table III is to con-
struct such light-quark form factor from ⌘- and ⌘

0-TFF.
In Fig. 3 this light-quark form factor for the set of val-
ues corresponding to the ⌘ asymptotic limit 0.170 GeV
(second row of Table III) and multiplied by 3Q2

/5 is com-
pared to the ⇡0-TFF one obtained in Ref. [6] (orange data
points as well as the corresponding fit with a P

02
3 (Q2) as

 η-η’ mixing

From the TFFs we can determine fq, fs,�

Light Meson Dynamics Mainz, 12th Feb.
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TABLE I. Low-energy constants for the ⌘- and ⌘

0-Transition Form Factor obtained from the PA fits to experimental data. The
first column indicates the kind of sequence used for the fit and N is the highest order reached with that sequence. The final
raw gives the weighted averaged result for each LEC. We also give the quality of the fits represented by the �

2
/dof (degree of

freedom).

⌘TFF ⌘

0
TFF

N a⌘ b⌘ �

2
/dof N a⌘0

b⌘0
�

2
/dof

P [N, 1] 5 0.569(60) 0.328(77) 0.92 5 1.29(10) 1.66(30) 0.81

P [N, 2] 1 0.545(24) 0.298(27) 0.85 0 1.24(3) 1.53(6) 0.84

P [N,N + 1] 1 0.545(24) 0.298(27) 0.85 0 1.23(2) 1.52(6) 0.83

P

0[N,N + 1] 1 0.582(76) 0.346(108) 0.91 1 1.25(3) 1.56(9) 0.83

PT [N, 1] 6 0.545(30) 0.300(40) 0.95 6 1.29(5) 1.66(16) 0.83

Final 0.547(18) 0.304(25) 1.24(1) 1.54(4)

For the ⌘-TFF we found limQ2!1 Q

2
F⌘��⇤(Q2) =

0.18+0.15
�0.03 GeV, agreeing with the phenomenologi-

cal/theoretical range (0.13�0.19) GeV. This window can
be further constrain, however, by imposing that the qual-
ity of the fit should be �

2
/dof < 1.3 after imposing the

asymptotic limit in our P 0N
N+1(Q

2). Doing this, the win-
dow reduces to (0.154� 0.19) GeV.

These two asymptotic-limit constrains together with
the experimental values for the decay widths �⌘!�� =
520(20)(13) eV [18], and �⌘0!�� = 4.34(14) keV [41],
allow us to fix the four parameters of the mixing, shown
in Table II. In all our numerical computations we use
f⇡ = 0.0924 GeV.

limQ2!1 Q

2
F⌘��⇤(Q2) ✓8 ✓0 f8 f0

0.190 GeV �33.8� �4.3� 1.84 0.86

0.170 GeV �36.3� �3.6� 1.72 0.86

0.154 GeV �35.6� �7.2� 1.29 0.79

TABLE II. ⌘�⌘

0 mixing parameters in the singlet-octet basis.
f0,8 ⌘ f0,8 · f⇡.

The ⌘�⌘

0 mixing can also be studied in the flavor base
instead of the singlet-octet one. In this base,
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where fq,s are the light-quark (strange) decay constants
for the corresponding light- and strange-quark content of
the ⌘ and ⌘

0. The asymptotic limits take then the form:

lim
Q2!1

Q

2
F⌘��⇤(Q2) = f

q
⌘

10

3
+ f

s
⌘

2
p
2

3
,

lim
Q2!1

Q

2
F⌘0��⇤(Q2) = f

q
⌘0
10

3
+ f

s
⌘0
2
p
2

3
.

(12)

Using Eq. (12) and the two equations for the decay
width in such base:
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we constrain the system and find the results shown in
Table III.

limQ2!1 Q

2
F⌘��⇤(Q2) �q �s fq fs

0.190 GeV 15.7� 36.9� 1.10 2.43

0.170 GeV 21.7� 37.9� 0.98 2.08

0.154 GeV 21.0� 34.7� 0.91 2.16

TABLE III. ⌘ � ⌘

0 mixing parameters in the flavor basis.
fq,s ⌘ fq,s · f⇡.

Under the assumption that the light-quark and ⇡

0 dis-
tribution amplitudes are similar to each other, the only
di↵erence between the corresponding TFF is a factor 3/5
that arises from the quark charges. A straightforward
application of the results shown in Table III is to con-
struct such light-quark form factor from ⌘- and ⌘

0-TFF.
In Fig. 3 this light-quark form factor for the set of val-
ues corresponding to the ⌘ asymptotic limit 0.170 GeV
(second row of Table III) and multiplied by 3Q2

/5 is com-
pared to the ⇡0-TFF one obtained in Ref. [6] (orange data
points as well as the corresponding fit with a P

02
3 (Q2) as

 η-η’ mixing

From the TFFs we can determine fq, fs,�

fq = 1.065(13)f⇡, fs = 1.53(22)f⇡, � = 40.2(1.5)�

Update of Frere-Escribano ’05 with PDG12 using 9 inputs

fq = 1.07(1)f⇡, fs = 1.63(2)f⇡, � = 40.4(0.3)�

[R.Escribano, P.M., P. Sanchez-Puertas, ’13]

Light Meson Dynamics Mainz, 12th Feb.



Pseudoscalar Transition Form Factors

•  Study Dalitz decays 
η→γ*γ→e+e-γ

• Meson Structure
- Transition Form Factors give access to 

      Meson Distribution Amplitudes

• Precision Tests of the
  Standard Model

- Relation to mixing parameters 
      and muon anomaly (g-2)μ

20
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(see talk of M. Unverzagt)

CB2013: Data
CB2013: Fit p0=1
TL calculation
PA 
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η-TFF
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η-TFF
Fit to Space-like data [CELLO’91, CLEO’98, BABAR’11]

+ Time-like data [NA60’09, A2’11,  A2’13]

PN
1 (Q2)

PN
N (Q2)

up to N=7

up to N=2
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�PDG
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�pred
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η-TFF
�⌘!��Fit to Space-like data [CELLO’91, CLEO’98, BABAR’11]+

+ Time-like data [NA60’09, A2’11,  A2’13]

PN
1 (Q2)

PN
N (Q2)

up to N=7

up to N=2
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lim
Q2!1

Q2F⌘�⇤�(Q
2, 0) = 0.177(15)GeV
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�⌘!��Fit to Space-like data [CELLO’91, CLEO’98, BABAR’11]+

+ Time-like data [NA60’09, A2’11,  A2’13]
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A word on systematics
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•Consider a model for η TFF
•Generate a pseudodata set emulation the physical situation (SL+TL)
•Build up your PA sequence
•Fit and compare

VMD

Light Meson Dynamics Mainz, 12th Feb.



η-TFF
�⌘!��Fit to Space-like data [CELLO’91, CLEO’98, BABAR’11]+

+ Time-like data [NA60’09, A2’11,  A2’13]
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 η-η’ mixing in the flavor basis
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TABLE I. Low-energy constants for the ⌘- and ⌘

0-Transition Form Factor obtained from the PA fits to experimental data. The
first column indicates the kind of sequence used for the fit and N is the highest order reached with that sequence. The final
raw gives the weighted averaged result for each LEC. We also give the quality of the fits represented by the �

2
/dof (degree of

freedom).

⌘TFF ⌘

0
TFF

N a⌘ b⌘ �

2
/dof N a⌘0

b⌘0
�

2
/dof

P [N, 1] 5 0.569(60) 0.328(77) 0.92 5 1.29(10) 1.66(30) 0.81

P [N, 2] 1 0.545(24) 0.298(27) 0.85 0 1.24(3) 1.53(6) 0.84

P [N,N + 1] 1 0.545(24) 0.298(27) 0.85 0 1.23(2) 1.52(6) 0.83

P

0[N,N + 1] 1 0.582(76) 0.346(108) 0.91 1 1.25(3) 1.56(9) 0.83

PT [N, 1] 6 0.545(30) 0.300(40) 0.95 6 1.29(5) 1.66(16) 0.83

Final 0.547(18) 0.304(25) 1.24(1) 1.54(4)

For the ⌘-TFF we found limQ2!1 Q

2
F⌘��⇤(Q2) =

0.18+0.15
�0.03 GeV, agreeing with the phenomenologi-

cal/theoretical range (0.13�0.19) GeV. This window can
be further constrain, however, by imposing that the qual-
ity of the fit should be �

2
/dof < 1.3 after imposing the

asymptotic limit in our P 0N
N+1(Q

2). Doing this, the win-
dow reduces to (0.154� 0.19) GeV.

These two asymptotic-limit constrains together with
the experimental values for the decay widths �⌘!�� =
520(20)(13) eV [18], and �⌘0!�� = 4.34(14) keV [41],
allow us to fix the four parameters of the mixing, shown
in Table II. In all our numerical computations we use
f⇡ = 0.0924 GeV.

limQ2!1 Q

2
F⌘��⇤(Q2) ✓8 ✓0 f8 f0

0.190 GeV �33.8� �4.3� 1.84 0.86

0.170 GeV �36.3� �3.6� 1.72 0.86

0.154 GeV �35.6� �7.2� 1.29 0.79

TABLE II. ⌘�⌘

0 mixing parameters in the singlet-octet basis.
f0,8 ⌘ f0,8 · f⇡.

The ⌘�⌘

0 mixing can also be studied in the flavor base
instead of the singlet-octet one. In this base,
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we constrain the system and find the results shown in
Table III.

limQ2!1 Q

2
F⌘��⇤(Q2) �q �s fq fs

0.190 GeV 15.7� 36.9� 1.10 2.43

0.170 GeV 21.7� 37.9� 0.98 2.08

0.154 GeV 21.0� 34.7� 0.91 2.16

TABLE III. ⌘ � ⌘

0 mixing parameters in the flavor basis.
fq,s ⌘ fq,s · f⇡.

Under the assumption that the light-quark and ⇡

0 dis-
tribution amplitudes are similar to each other, the only
di↵erence between the corresponding TFF is a factor 3/5
that arises from the quark charges. A straightforward
application of the results shown in Table III is to con-
struct such light-quark form factor from ⌘- and ⌘

0-TFF.
In Fig. 3 this light-quark form factor for the set of val-
ues corresponding to the ⌘ asymptotic limit 0.170 GeV
(second row of Table III) and multiplied by 3Q2

/5 is com-
pared to the ⇡0-TFF one obtained in Ref. [6] (orange data
points as well as the corresponding fit with a P

02
3 (Q2) as

 η-η’ mixing

From the TFFs we can determine fq, fs,�
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we constrain the system and find the results shown in
Table III.
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0.190 GeV 15.7� 36.9� 1.10 2.43
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0 mixing parameters in the flavor basis.
fq,s ⌘ fq,s · f⇡.

Under the assumption that the light-quark and ⇡

0 dis-
tribution amplitudes are similar to each other, the only
di↵erence between the corresponding TFF is a factor 3/5
that arises from the quark charges. A straightforward
application of the results shown in Table III is to con-
struct such light-quark form factor from ⌘- and ⌘

0-TFF.
In Fig. 3 this light-quark form factor for the set of val-
ues corresponding to the ⌘ asymptotic limit 0.170 GeV
(second row of Table III) and multiplied by 3Q2

/5 is com-
pared to the ⇡0-TFF one obtained in Ref. [6] (orange data
points as well as the corresponding fit with a P

02
3 (Q2) as

 η-η’ mixing

From the TFFs we can determine fq, fs,�

Light Meson Dynamics Mainz, 12th Feb.

Update of Frere-Escribano ’05 with PDG12 using 9 inputs

fq = 1.07(1)f⇡, fs = 1.63(2)f⇡, � = 40.4(0.3)�

[R.Escribano, P.M., P. Sanchez-Puertas, ’14]

fq = 1.07(1)f⇡, fs = 1.39(14)f⇡, � = 39.3(1.3)�
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 η-η’ mixing in the flavor basis

 η-η’ mixing
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 η-η’ mixing

From the TFFs we can determine 

+BaBar

0.14 0.16 0.18 0.20 0.22 0.24 0.26
30

32

34

36

38

40

42
1.065 1.0711.061 1.0781.057 1.0861.055

1.39

1.26

1.53

1.14

1.68

1.04

1.84

limQ2Æ•Q
2 Fhgg*HQ2L HGeVL

f
H°L

FqêFp

F s
êF p

Fq, Fs,�

Light Meson Dynamics Mainz, 12th Feb.



31Pere MasjuanPere Masjuan

 η-η’ mixing
From the TFFs we can determine Fq, Fs,�

and the VPγ and J/Ψ decays used in FKS and EF as inputs

( using F⇡0 = 131.5± 1.4 MeV instead of F⇡� = 92.21± 0.14 MeV )
Table 1:

Our predictions Experimental determinations

g⇢⌘� 1.46(3) 1.58(5)
g⇢⌘0� 1.20(4) 1.32(3)
g!⌘� 0.56(2) 0.45(2)
g!⌘0� 0.55(2) 0.43(2)
g�⌘� �0.78(8) �0.69(1)
g�⌘0� 0.88(10) 0.72(1)

J/ !⌘0�
J/ !⌘� 5.09(47) 4.67(20)

1

Light Meson Dynamics Mainz, 12th Feb.



Pere Masjuan

The Transition Form Factor
Results for the ⌘ & ⌘0 TFF with Space-like data

Update with MAMI Time-like data (PRELIMINARY)
Applications

Pseudoscalar contribution to (g � 2)HLbyLµ
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At this point: input your favorite model and integrate.
This gives no insight!

Pablo Sánchez Puertas Mesons transition FFs using Padé approximants

Light Meson Dynamics Mainz, 12th Feb.

Dissection of η→l+l-
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The Transition Form Factor
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P ! `` (PRELIMINARY)

Dissectioning the ⇡ ! e
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• The ⇡ ! e

+
e

� decay provides the best scenario for such discussion.
• Try the most model-independent approach we can.

Cutcosky rules provides the imaginary part of this integral

P
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Use dispersion relation to get the real part

Substraction term gets all the e↵ects from the TFF behavior.
⇤From now on I will quote results in the chiral limit m⇡ ! 0

Pablo Sánchez Puertas Mesons transition FFs using Padé approximants

As model independent as possible:

Cutcosky rules provides the imaginary part
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Dissection of η→l+l-
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As model independent as possible:

Cutcosky rules provides the imaginary part

q2 = m2
P
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Dissection of η→l+l-
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Pablo Sánchez Puertas Mesons transition FFs using Padé approximants 35Light Meson Dynamics Mainz, 12th Feb.



Pere Masjuan

PDG value dominated by the KTeV measurement

Light Meson Dynamics Mainz, 12th Feb.

Dissection of η→l+l-The Transition Form Factor
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= 5.8(8) · 10�6 (μ+μ-)

 5.6 · 10�6 (e+e-)

= 4.37 · 10�6Unitary Bound for the μμ case

SM calculations with m2
⌘/⇤

2 ⇠ 0 = 4.99 · 10�6

Our result from SL+TL (full result) = 4.51(2) · 10�6
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Time-like TFF: prediction

Pere Masjuan

e�

e�

�⇤

�

• Asymptotic limits in time-like and space-like FFs are expected to be 

close,  is important to measure this time-like FF because:

- the charmonium region is between the perturbative and non-

perturbative regimes of the π-, η-, and η’-TFF

- background for charmonium decays

P = ⇡0, ⌘, ⌘0, ⌘c . . .

37Light Meson Dynamics Mainz, 12th Feb.



Time-like TFF: prediction

Pere Masjuan
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Differential cross section:

Integrating with respect to cosθ

The vertex of interest is:
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Conclusions
- Transition Form Factors are a good laboratory to study 

meson properties

- Need for a model independent approach: we use Padé App.

- Padé Approximants’ method is easy, systematic and can be 

improved upon by including new data

- Considering Space-like and time-like data

- provides very accurate LECs and asymptotic limits

- provides insight in mixing scheme and meson structure

- predicts VPγ, J/Ψ, rare decays, continuum...

- beautiful synergy experiment - theory
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Thank you!



π0-TFF
Fit to Space-like data: CELLO’91, CLEO’98, BABAR’09 and Belle’12
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