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The φ radiative decays provide information about light scalar
mesons

We can find experimental data from KLOE [PLB537 21
(2002),PLB36 209 (2002)]

Charge asymmetry can be a good test for different final state
radiation (FSR) models [PLB459 279 (1999)]

KLOE Collaboration published experimental data about the
asymmetry [PLB634 148 (2006)]
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The process

We are interested in the process

e− (p1) e+ (p2) → π+ (p+) π− (p−) γ (k , ǫ) .
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The process

We are interested in the process

e− (p1) e+ (p2) → π+ (p+) π− (p−) γ (k , ǫ) .

The invariant amplitude M is constructed with two terms
depending if foton emission comes from FSR or ISR:
M = MISR + MFSR
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The process

We are interested in the process

e− (p1) e+ (p2) → π+ (p+) π− (p−) γ (k , ǫ) .

The invariant amplitude M is constructed with two terms
depending if foton emission comes from FSR or ISR:
M = MISR + MFSR

MISR = − e

q2
Lµνǫ∗ν lµFπ

(
q2
)
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The process

We are interested in the process

e− (p1) e+ (p2) → π+ (p+) π− (p−) γ (k , ǫ) .

The invariant amplitude M is constructed with two terms
depending if foton emission comes from FSR or ISR:
M = MISR + MFSR

MISR = − e

q2
Lµνǫ∗ν lµFπ

(
q2
)

MFSR =
e2

s
JµM

µν
F

ǫ∗ν
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where Fπ

(
q2
)

is the pion form factor, ǫν is the foton polarization
vector and the tensor M

µν
F

describes FSR. The lepton currents are
given by:
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where Fπ

(
q2
)

is the pion form factor, ǫν is the foton polarization
vector and the tensor M

µν
F

describes FSR. The lepton currents are
given by:

Lµν = e2us2 (−p2)×
[
γν (−�p2 + �k + me)

t2
γµ + γµ (�p1 −�k + me)

t1
γν

]
×us1 (
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(
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is the pion form factor, ǫν is the foton polarization
vector and the tensor M

µν
F

describes FSR. The lepton currents are
given by:

Lµν = e2us2 (−p2)×
[
γν (−�p2 + �k + me)

t2
γµ + γµ (�p1 −�k + me)

t1
γν

]
×us1 (

Jµ = eus2 (−p2) γµus1 (p1)
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where Fπ

(
q2
)

is the pion form factor, ǫν is the foton polarization
vector and the tensor M

µν
F

describes FSR. The lepton currents are
given by:

Lµν = e2us2 (−p2)×
[
γν (−�p2 + �k + me)

t2
γµ + γµ (�p1 −�k + me)

t1
γν

]
×us1 (

Jµ = eus2 (−p2) γµus1 (p1)

with the kinematics variables
Q = p1 + p2, q = p+ + p−,l = p+ − p− and the Lorentz scalars

Luis Armando Gallegos Infante Pion charge asymmetries in e+e− → π+ π−γ below 1 GeV



Contents
Introduction
Asymmetry
FSR models

Results
Conclusion

Introduction
The process

s ≡ Q2 = 2p1 · p2,

t1 ≡ (p1 − k)2 = −2p1 · k ,

t2 ≡ (p2 − k)2 = −2p2 · k ,

u1 ≡ l · p1, u2 ≡ l · p2,

where the electron mass was neglected.
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s ≡ Q2 = 2p1 · p2,

t1 ≡ (p1 − k)2 = −2p1 · k ,

t2 ≡ (p2 − k)2 = −2p2 · k ,

u1 ≡ l · p1, u2 ≡ l · p2,

where the electron mass was neglected. The most general tensor
M

µν
F

is [EPJC 40, 41 (2005)]
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s ≡ Q2 = 2p1 · p2,

t1 ≡ (p1 − k)2 = −2p1 · k ,

t2 ≡ (p2 − k)2 = −2p2 · k ,

u1 ≡ l · p1, u2 ≡ l · p2,

where the electron mass was neglected. The most general tensor
M

µν
F

is [EPJC 40, 41 (2005)]

M
µν
F

= f1τ
µν
1 + f2τ

µν
2 + f3τ

µν
3
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s ≡ Q2 = 2p1 · p2,

t1 ≡ (p1 − k)2 = −2p1 · k ,

t2 ≡ (p2 − k)2 = −2p2 · k ,

u1 ≡ l · p1, u2 ≡ l · p2,

where the electron mass was neglected. The most general tensor
M

µν
F

is [EPJC 40, 41 (2005)]

M
µν
F

= f1τ
µν
1 + f2τ

µν
2 + f3τ

µν
3

τµν
1 = kµQν − gµνk · Q,

τµν
2 = k · l (lµQν − gµνk · l) + lν (kµk · l − lµk · Q) ,

τµν
3 = Q2 (gµνk · l − kµlν) + Qµ (lνk · Q − Qνk · l) .
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The scalar structure functions fi ≡ fi
(
Q2, k · Q, k · l

)
are even

(f1,2) or odd (f3) under sign change of the argument k · l . These
functions depend of FSR model.
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Asymmetry

The pions produced in this process differs under charge
conjugation, it depends if the foton comes from FSR (odd) or ISR
(even), then the interference term has odd charge conjugation and
therefore we have charge asymmetry. This asymmetry is defined as:
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Asymmetry

The pions produced in this process differs under charge
conjugation, it depends if the foton comes from FSR (odd) or ISR
(even), then the interference term has odd charge conjugation and
therefore we have charge asymmetry. This asymmetry is defined as:

A =
N(θπ+ > 90◦) − N(θπ+ < 90◦)

N(θπ+ > 90◦) + N(θπ+ < 90◦)
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Asymmetry

The pions produced in this process differs under charge
conjugation, it depends if the foton comes from FSR (odd) or ISR
(even), then the interference term has odd charge conjugation and
therefore we have charge asymmetry. This asymmetry is defined as:

A =
N(θπ+ > 90◦) − N(θπ+ < 90◦)

N(θπ+ > 90◦) + N(θπ+ < 90◦)

where θπ+ is the positive pion polar angle.
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Bremsstrahlung and double resonance
φ decayment

Bremsstrahlung

+

=

a

+

+

where

+ +

γ

π

π

= + +

ρ

Figure: Feynman diagrams for Bremsstrahlung
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Bremsstrahlung and double resonance
φ decayment

Bremsstrahlung

For the Bremsstrahlung the structure functions have been
calculated under models sQED ∗ VMD and RχPT [EPJC 40,41
(2005)]
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φ decayment

Bremsstrahlung

For the Bremsstrahlung the structure functions have been
calculated under models sQED ∗ VMD and RχPT [EPJC 40,41
(2005)]

fi = f sQED
i

+ ∆f RPT
i

f sQED
1 =

2k · qFπ

(
Q2
)

(k · Q)2 − (k · l)2

f sQED
2 =

−2Fπ

(
Q2
)

(k · Q)2 − (k · l)2

f sQED
3 = 0
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Bremsstrahlung and double resonance
φ decayment

∆f RPT
1 =

F 2
V − 2FV GV

f 2
π

(
1

m2
ρ

+
1

m2
ρ − s − imρΓρ (s)

)

− F 2
A

f 2
π m2

a

(
2 +

(k · l)2

D (l)D (−l)
+

(s + k · Q)
[
4m2

a −
(
s + l2 + 2k · Q

8D (l)D (−l)

∆f RPT
2 = − F 2

A

f 2
π m2

a

[
4m2

a −
(
s + l2 + 2k · Q

)]

8D (l)D (−l)

∆f RPT
3 =

F 2
A

f 2
π m2

a

k · l
D (l)D (−l)

D (l) = m2
a −

s + l2 + 2k · q + 4k · l
4
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Bremsstrahlung and double resonance
φ decayment

The pion form factor
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Bremsstrahlung and double resonance
φ decayment

The pion form factor

Fπ

(
q2
)

= 1 +
FV GV

f 2
π

Bρ

(
q2
)(

1 − Πρω

3q2
Bω

(
q2
))

Br

(
q2
)

=
q2

m2
r − q2 − imrΓr (q2)

Γr

(
q2
)

= Γρ

√
m2

r

q2

(
q2 − 4m2

π

m2
ρ − 4m2

π

)3/2

Θ
(
q2 − 4m2

π

)
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Bremsstrahlung and double resonance
φ decayment

Double resonance

+
φ ω ρ ω γ φ ω ρ ω γ

π+ π−
π− π+

Figure: Feynman diagrams for double resonance
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Bremsstrahlung and double resonance
φ decayment

Double resonance

The double resonance contribution corresponds to the decay of φ
to ρ and π and this ρ in pion and foton, this contribution has been
calculated in [JHEP 0605:049 (2006)]
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Bremsstrahlung and double resonance
φ decayment

Double resonance

The double resonance contribution corresponds to the decay of φ
to ρ and π and this ρ in pion and foton, this contribution has been
calculated in [JHEP 0605:049 (2006)]

f JHEP
1 = − 1

4πα
(

[
−1 +

3

2
x + σ

]
[g (x1) + g (x2)]

+
1

4
(x1 − x2) [g (x1) + g (x2)])

f JHEP
2 = − 1

4παs2
(g (x1) + g (x2))

f JHEP
3 = − 1

8παs2
(g (x1) − g (x2))
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φ decayment

where

g (x) =
eg

φ
ρπg

ρ
πγ

4Fφ

m2
φe iβρe iβωφ

s − m2
φ + imφΓφ

s2ΠVMD
ρ

(1 − x) s − m2
ρ + imρΓρ ((1 − x) s)

x1,2 =
2p+,− · (p1 + p2)

s
, x = 2 − x1 − x2.
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Bremsstrahlung and double resonance
φ decayment

We find another double resonance formulation in [NPA 729 743
(2003)]

f NPA
1 = α

[
Dρ (Pρ)

(
l2 + Q · k − 2k · l

)
+ Dρ

(
P ′

ρ

) (
l2 + Q · k + 2k · l

)]

f NPA
2 = −α

[
Dρ (Pρ) + Dρ

(
P ′

ρ

)]

f NPA
3 = −α

[
Dρ (Pρ) − Dρ

(
P ′

ρ

)]

α = −C ǫ̃
M2

V

9

f 2G 2

M2
ω

Dφ

(
Q2
)
, Pρ =

(Q − l + k)

2
, P ′

ρ =
(Q + l + k)

2
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Bremsstrahlung and double resonance
φ decayment

KL model

In this case the φ decayment is by mean of the kaon loop, after
that the foton and an f0 emerge and it decays in pions, the
structure functions are:
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Bremsstrahlung and double resonance
φ decayment

KL model

In this case the φ decayment is by mean of the kaon loop, after
that the foton and an f0 emerge and it decays in pions, the
structure functions are:

f1 =
gsgφ

fφ

gf

2π2m2
K+

Ĩ ab
P Fφ (s)Pf

(
q2
)
e iδB ,

f2 = 0,

f3 = 0.
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Bremsstrahlung and double resonance
φ decayment

KL model

In this case the φ decayment is by mean of the kaon loop, after
that the foton and an f0 emerge and it decays in pions, the
structure functions are:

f1 =
gsgφ

fφ

gf

2π2m2
K+

Ĩ ab
P Fφ (s)Pf

(
q2
)
e iδB ,

f2 = 0,

f3 = 0.

where

Fφ (s) =
m2

φ

s − m2
φ + i

√
sΓφ

, Pf

(
q2
)

=
1

q2 − m2
f

+ imf Γf

,
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Bremsstrahlung and double resonance
φ decayment

KL model

The angle δB is the elastic background phase and it must be
included with the kaon loop [PRD56 4084 (1997)]. This phase is
very relevant in the interference term. In this case
δB = b

√
q2 − 4m2

π with b = 75◦/GeV.
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Bremsstrahlung and double resonance
φ decayment

KL model

The angle δB is the elastic background phase and it must be
included with the kaon loop [PRD56 4084 (1997)]. This phase is
very relevant in the interference term. In this case
δB = b

√
q2 − 4m2

π with b = 75◦/GeV.
The kaon loop function is given by

Ĩ ab
P =

1

2 (a − b)
− 2

(a − b)2

[
f

(
1

b

)
− f

(
1

a

)]

+
a

(a − b)2

[
g

(
1

b

)
− g

(
1

a

)]
,

f (z) =





−
[
arcsin

(
1

2
√

z

)]2
z > 1

4

1
4

[
ln
(

n+

n−

)
− iπ

]2
z < 1

4
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Bremsstrahlung and double resonance
φ decayment

KL model

g (z) =





√
4z − 1 arcsin

(
1

2
√

z

)
z > 1

4

1
2

√
1 − 4z

(
ln
∣∣∣ n+

n−

∣∣∣− iπ
)

z < 1
4
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Bremsstrahlung and double resonance
φ decayment

KL model

g (z) =





√
4z − 1 arcsin

(
1

2
√

z

)
z > 1

4

1
2

√
1 − 4z

(
ln
∣∣∣ n+

n−

∣∣∣− iπ
)

z < 1
4

a =
Q2

m2
K

, b =
q2

m2
K

, n± =
1

2

[
1 ±

√
1 − 4z

]
.
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Bremsstrahlung and double resonance
φ decayment

Linear sigma model

This model is very similar to the previous one, just replacing the
strong amplitude for the LSM[EPJC 26, 253 (2002)], i.e.
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Bremsstrahlung and double resonance
φ decayment

Linear sigma model

This model is very similar to the previous one, just replacing the
strong amplitude for the LSM[EPJC 26, 253 (2002)], i.e.

gsgf Pf

(
q2
)
→ A

(
K+K− → π+π−)

LσM
=

√
2A
(
K+K− → π0π0

)
LσM
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Bremsstrahlung and double resonance
φ decayment

Linear sigma model

This model is very similar to the previous one, just replacing the
strong amplitude for the LSM[EPJC 26, 253 (2002)], i.e.

gsgf Pf

(
q2
)
→ A

(
K+K− → π+π−)

LσM
=

√
2A
(
K+K− → π0π0

)
LσM

A
(
K+K− → π0π0

)
LσM

=
m2

π − q2/2

2fπfK

+
q2 − m2

π

2fπfK

[
m2

K − m2
σ

Dσ (q2)
cφS

(
cφS −

√
2sφS

)

+
m2

K − m2
f0

Df0 (q2)
sφS

(
sφS +

√
2cφS

)]
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Bremsstrahlung and double resonance
φ decayment

UχPT

The φ decayment under UχPT model is calculated with the
Feynman diagrams[PRD76 074012 (2007)]

g)

b) c)a)

eGV

eGV

e)

eFV

d)
f)

eFV

h)
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Bremsstrahlung and double resonance
φ decayment

UχPT

The resulting amplitude is
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Bremsstrahlung and double resonance
φ decayment

UχPT

The resulting amplitude is

−iM =
2√
3

e

2
√

2π2m2
K

f 2

t0
Kπ√
3

[
GV

(
Ĩ ab
P (Q · k gµν − Qµkν)

)
Qα

−
(

GV − FV

2

)
m2

K

4
gK (q2)gµνkα

]
ηανǫµ
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Bremsstrahlung and double resonance
φ decayment

UχPT

The resulting amplitude is

−iM =
2√
3

e

2
√

2π2m2
K

f 2

t0
Kπ√
3

[
GV

(
Ĩ ab
P (Q · k gµν − Qµkν)

)
Qα

−
(

GV − FV

2

)
m2

K

4
gK (q2)gµνkα

]
ηανǫµ

and the structure functions are
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Bremsstrahlung and double resonance
φ decayment

UχPT

The resulting amplitude is

−iM =
2√
3

e

2
√

2π2m2
K

f 2

t0
Kπ√
3

[
GV

(
Ĩ ab
P (Q · k gµν − Qµkν)

)
Qα

−
(

GV − FV

2

)
m2

K

4
gK (q2)gµνkα

]
ηανǫµ

and the structure functions are

f1 =
−1√

3

FV

3f 2

1

Q2 − M2
φ + iΓφMφ

t0
Kπ

π2
√

3
×

(
Q2

m2
K

GV Ĩ ab
P − 1

4

(
GV − FV

2

)
gK (q2)

)
,

f2 = 0, f3 = 0.
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Numeric calculation

We developed a fortran program based on montecarlo including the
experimental restrictions reported by KLOE to obtain the
asymmetry: 45◦ < θπ < 135◦ , 45◦ < θγ < 135◦ and an energy cut
for the foton of 10 MeV.
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Bremsstrahlung and double resonance
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Figure: Asymmetry without φ decayment
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KL

For the KL model we use
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KL

For the KL model we use

Parameter Value

mf (MeV) 980

Γf (MeV) 70

g2
s (GeV2) 3.61

g2
φ 19.56

g2
f (GeV2) 7.78

f 2
φ 179.14

g2
ρ 35.95

f 2
ρ 24.66
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Figure: Asymmetry using KL model
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LSM

For the linear sigma model we use for the f0 mf = 980 MeV,
Γf = 70 MeV and for the sigma [PRD69, 074033 (2004)]
mσ = 528 MeV y Γσ = 414 MeV, the best results are obtained
with a scalar angle φS = −5◦.
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Figure: Asymmetry with LσM
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UχPT

For the UχPT case we use the results for VMD limit i.e.
GV − FV

2
= 0
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Figure: Asymmetry with UχPT

Luis Armando Gallegos Infante Pion charge asymmetries in e+e− → π+ π−γ below 1 GeV



Contents
Introduction
Asymmetry
FSR models

Results
Conclusion

Numeric calculation
KL
LSM
UχPT

400 500 600 700 800 900 1000

-0.2

0.0

0.2

0.4

 KLOE
 U PT with VMD JHEP
 L M with VMD JHEP
 KL with VMD JHEP

 

 

A
sy

m
m

e
tr

y

Invariant mass (MeV)

Figure: Asymmetry with the three models using JHEP formulation for
double resonance

Luis Armando Gallegos Infante Pion charge asymmetries in e+e− → π+ π−γ below 1 GeV



Contents
Introduction
Asymmetry
FSR models

Results
Conclusion

Numeric calculation
KL
LSM
UχPT

400 500 600 700 800 900 1000

-0.2

0.0

0.2

0.4

 KLOE
 U PT with VMD NPA
 L M with VMD NPA
 KL with VMD NPA

 

 

A
sy

m
m

e
tr

y

Invariant mass (MeV)

Figure: Asymmetry with the three models using NPA formulation for
double resonance
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Conclusion

The asymmetry is a consecuence of the interference between
ISR y FSR.
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The asymmetry is a consecuence of the interference between
ISR y FSR.

Different FSR models can be included by mean of structure
functions.
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Different FSR models can be included by mean of structure
functions.

The Bremmstrahlung is the dominant contribution.
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Conclusion

The asymmetry is a consecuence of the interference between
ISR y FSR.

Different FSR models can be included by mean of structure
functions.

The Bremmstrahlung is the dominant contribution.

We use trhee different models to describe the φ decayment
(KL,LSM y UχPT).
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Conclusion

The asymmetry is a consecuence of the interference between
ISR y FSR.

Different FSR models can be included by mean of structure
functions.

The Bremmstrahlung is the dominant contribution.

We use trhee different models to describe the φ decayment
(KL,LSM y UχPT).

In general UχPT describes better the low energy region of the
asymmetry.
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Conclusion

The asymmetry is a consecuence of the interference between
ISR y FSR.

Different FSR models can be included by mean of structure
functions.

The Bremmstrahlung is the dominant contribution.

We use trhee different models to describe the φ decayment
(KL,LSM y UχPT).

In general UχPT describes better the low energy region of the
asymmetry.

Relative phases are relevant to describe the asymetry
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