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Outline
Status Report on KLOE at DAFNE precision measurements in 
hadron physics :
• Form factor of φ → η e+e- transition 
• Form factor of φ→ πoe+e- transition 
• Analysis of the φ → π+π-πo Dalitz plot 
Conclusions 
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Excellent-quality data set for precision measurements of : 
CKM unitarity
QM, and CPT invariance;
CP in kaons;
QCD models based on cPT;
Isospin-violating decays for the measurement of the light quark masses ratio; 
Hadronic cross section for the calculation of HVP

Integrated	luminosity	(pb-1)

• Frascati f-factory : e+e- collider 
@ Ös = Mf » 1020 MeV

• KLOE: 2.5 fb-1 @ √s=Mf  and
+ 250 pb-1 off-peak @	Ös=1 GeV

•Best performances in 2005: 
• Lpeak = 1.4 × 1032 cm-2s-1

• ò Ldt = 8.5 pb-1/day



Transition form factors
Meson to photon coupling and the transition form factors, TFF, are fundamental 
measurements in hadron physics, relevant to
      ChPT and its low-q2   extensions 

the analytic extrapolations of ChPT Lagragian to resonances region
the treatment of the transition regime from soft, non-perturbative QCD, to hard processes 
(pQCD)

They are measured from 
i)    meson decays, with P→V γ(*) transitions, as η→π0 e+ e- 
ii)   radiative meson production in  e+  e -   interactions, as φ → π0 e+ e-  or  φ → η e+ e-  

iii)  meson production in  γ-γ  interactions 
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Transition Form Factor (TFF)
Meson to photon coupling and the transition form factors, TFF, are fundamental 
measurements in hadron physics, relevant to :
• cPT and its low-q2 extensions
• the analytic extrapolations of cPT Lagragian to resonances region, the treatment of 

the transition regime from soft, non-perturbative QCD, to hard processes (pQCD) 
They are measured from :
• i) meson decays, with P→Vγ* transitions, as f→{πo,h}e+e-
• ii) radiative meson production in e+e- interactions, as e+e- → {πo,h}g
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Transition form factors
Meson to photon coupling and the transition form factors, TFF, are fundamental 
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      ChPT and its low-q2   extensions 
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VàPg* and NA60 VMD puzzle
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NA60 found discrepancy between data and VMD prediction.
Some models try to explain this puzzle (modifying VMD) 
These models needs experimental verification also from different reactions
KLOE data could contribute measuring the reactions : fàhe+e- and fàpoe+e-



KLOE fàhe+e- results
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Fig. 5. Top: fit to the Mee spectrum for the Dalitz decays φ → ηe+e− , with η →
π0π0π0, in logarithmic scale. Bottom left: normalized fit residuals vs Mee . Bottom 
right: distribution of normalized values with superimposed a Gaussian fit.

Table 2
Systematics on bφη . Relative variation of each contribution with respect to the 
Mee(recoil), TOF, photon conversion, fit mass range cuts are reported.

CUT bφη variation

Mee(recoil) ±1σ (+4.4/−3.0)%
TOF ±1σ (+3.2/−1.5)%
Photon conversion ±20% (−4.1/+1.9)%
Fit limits Mee fit range ±3.8%

Total (+6.9/−6.5)%

Fig. 6. Fit to the |Fφη|2 distribution as a function of the invariant mass of the elec-
tron positron pair, with a binning of 5 MeV. The blue curve is the fit result, and in 
dashed blue the functions obtained for Λφη = Λφη ± 1σ are reported. VMD expec-
tations are superimposed in pink dashed line while the curve obtained from Ref. [3]
is reported in red empty dots. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

Table 3
Transition form factor |Fφη|2 of the φ → ηe+e− decay.

Mee (MeV) |Fφη |2 δ|Fφη|2 Mee (MeV) |Fφη |2 δ|Fφη|2 Mee (MeV) |Fφη |2 δ|Fφη|2

2.50 1.00 0.01 157.50 1.17 0.09 312.50 1.57 0.17
7.50 1.05 0.02 162.50 1.13 0.09 317.50 1.28 0.16

12.50 1.03 0.02 167.50 0.98 0.08 322.50 1.19 0.16
17.50 0.99 0.03 172.50 1.03 0.09 327.50 1.38 0.18
22.50 0.97 0.04 177.50 1.28 0.10 332.50 1.21 0.18
27.50 1.00 0.04 182.50 1.03 0.09 337.50 1.35 0.19
32.50 0.93 0.04 187.50 1.21 0.10 342.50 1.39 0.20
37.50 1.03 0.05 192.50 0.90 0.09 347.50 2.08 0.26
42.50 0.95 0.05 197.50 1.25 0.10 352.50 1.50 0.25
47.50 0.95 0.05 202.50 1.12 0.10 357.50 1.30 0.24
52.50 1.01 0.05 207.50 1.05 0.10 362.50 1.13 0.28
57.50 1.01 0.05 212.50 1.13 0.10 367.50 1.20 0.27
62.50 1.03 0.05 217.50 1.04 0.10 372.50 1.87 0.29
67.50 1.08 0.06 222.50 1.14 0.10 377.50 1.76 0.29
72.50 1.04 0.06 227.50 1.27 0.11 382.50 1.02 0.29
77.50 0.96 0.06 232.50 1.18 0.11 387.50 1.49 0.31
82.50 1.09 0.06 237.50 1.06 0.10 392.50 1.58 0.36
87.50 1.06 0.06 242.50 0.83 0.10 397.50 1.79 0.38
92.50 1.01 0.06 247.50 1.20 0.11 402.50 1.54 0.37
97.50 1.08 0.07 252.50 1.11 0.11 407.50 2.08 0.43

102.50 0.98 0.07 257.50 1.52 0.13 412.50 1.40 0.48
107.50 1.06 0.07 262.50 1.33 0.12 417.50 2.24 0.59
112.50 0.97 0.07 267.50 1.39 0.13 422.50 1.40 0.59
117.50 1.12 0.08 272.50 1.24 0.13 427.50 −0.14 1.36
122.50 1.05 0.08 277.50 1.32 0.13 432.50 0.28 3.02
127.50 0.96 0.07 282.50 1.39 0.14 437.50 5.36 3.59
132.50 1.09 0.08 287.50 1.18 0.13 442.50 2.75 3.68
137.50 1.06 0.08 292.50 1.20 0.13 447.50 6.97 4.10
142.50 1.08 0.08 297.50 1.27 0.14 452.50 1.44 3.79
147.50 1.06 0.08 302.50 1.22 0.14 457.50 3.43 4.91
152.50 1.11 0.09 307.50 1.30 0.15
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Fig. 2. Data-MC comparison for Mee (left) and cosψ∗ (right) distributions after the Mee(recoil) cut (top) and at the end of the analysis chain (bottom). The signal production 
corresponds to an integrated luminosity one hundred times larger than collected data.

Fig. 3. Analysis efficiency as a function of e+e− invariant mass for different steps 
of the selection procedure. The ToF cut is ∼ 100% efficient on signal events, so that 
the symbols corresponding to conversion and ToF cuts are almost superimposed.

Table 1
Systematics on the branching ratio. Relative variation of each contribution with 
respect to the Mee(recoil), TOF, photon conversion, event classification cuts are re-
ported.

CUT BR variation

Mee(recoil) ±1σ (−0.1/+0.6)%
TOF ±1σ (+0.01/−0.1)%
Photon conversion ±20% (−0.1/+0.1)%
Event classification Mee > 100 MeV −0.1%

Total (−0.2/+0.6)%

The |Fφη(q2)|2 distribution has been fitted as a function of the 
invariant mass with two free parameters, one corresponding to the 
normalization and the other to Λφη , as shown in Fig. 6, together 
with the predictions form the VMD and from Ref. [3]. From this fit, 
the value of the slope bφη is:

Fig. 4. Smearing matrix: reconstructed vs generated Mee values for φ → ηe+e− MC 
events.

bφη = (1.25 ± 0.10) GeV−2, (9)

in agreement within the uncertainties with the value obtained 
from the fit to the invariant mass spectrum (Eq. (8)) and consis-
tent with the reproducibility of the measurement.

6. Conclusions

Analyzing the φ → ηe+e− decay channel, a precise measure-
ments of both, the BR(φ → ηe+e−), and the transition form fac-
tor slope bφη are obtained. We measured a value of BR(φ →
ηe+e−) = (1.075 ± 0.007 ± 0.038) × 10−4 and a value of the slope 
of bφη = (1.28 ± 0.10+0.09

−0.08) GeV−2.
The BR(φ → ηe+e−) is in agreement with VMD predictions [7]

and with the SND and CMD-2 results [5,6]. The transition form 
factor slope is in agreement with VMD predictions [7], with a 
precision that is a factor of five better than previous SND mea-
surement.

The transition form factor has been used [18] to derive the up-
per limit for the production of a light dark boson U in φ → ηU →
ηe+e− decay. Present measurement confirms the exclusion plot 

KLOE Events selection

~ 31000 events in 1.7 fb-1

15.5 % Global efficiency
3 % Residual Background
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Fig. 1. Recoil mass against the e+e− pair for the data sample after preselection cuts. 
The first peak on the left corresponds to the η mass. The second peak at ∼ 590 MeV
is due to K S → π+π− events with a wrong mass assignment.

(3) a 3σ cut on the recoil mass against the e+e− pair, Mee(recoil), 
shown in Fig. 1: 536.5 < Mee(recoil) < 554.5 MeV1;

(4) a cut on the invariant mass and the distance between the two 
tracks extrapolated to the beam pipe and at the drift chamber 
wall surfaces, to reject photon conversion;

(5) a cut based on the time of flight (TOF) of the tracks to the 
calorimeter to reject events with charged pions in the final 
state.

These cuts are described in details in Ref. [13], which reports the 
results for a search of a light vector boson using the same data 
sample. The Mee and cos ψ∗2 distributions, after the Mee(recoil)
cut and at the end of the analysis chain, are shown in Fig. 2, com-
pared to MC expectations. The residual background contamination 
is concentrated at high masses and is dominated by φ → K S K L →
π+π−3π0 events with an early K L decay.

The analysis efficiency for signal events as a function of the 
e+e− invariant mass is shown in Fig. 3 for 5 MeV mass bins. It is 
about 10% at low masses and increases to ∼ 35% at 460 MeV, due 
to the larger acceptance for higher momentum tracks.

At the end of the analysis chain, 30,577 events are selected, 
with ∼ 3% background contamination. After bin to bin background 
subtraction, 29,625 ± 178 φ → ηe+e− , η → 3π0, candidates are 
present in the dataset.

The branching ratio has been calculated using bin-by-bin effi-
ciency correction:

BR
(
φ → ηe+e−)

=
∑

i Ni/ϵi

σφ × L × BR(η → 3π0)
. (4)

The luminosity measurement is obtained using very large angle 
Bhabha scattering events [14], giving an integrated luminosity of 
L = (1.68 ± 0.01) fb−1. The effective φ production cross section 
takes into account the center of mass energy variations (at 1% 
level) [15]: σ = (3310 ± 120) nb. The value of the BR(η → 3π0) =
(32.57 ± 0.23)% is taken from [16]. Our result is:

BR
(
φ → ηe+e−)

= (1.075 ± 0.007 ± 0.038) × 10−4, (5)

where the error includes the uncertainties on luminosity and φ
production cross section. The systematic error has been evalu-
ated moving by ±1σ the analysis cuts on the recoil mass and 

1 We observed a shift of about 2 MeV with respect to the η mass 
(∼ 547.85 MeV). The shift is due to the treatment of the energy loss for the elec-
trons in the tracking reconstruction, that assumes the energy loss for pions.

2 The cosψ∗ variable is defined as the angle between the η and the e+ in the 
e+e− rest frame.

TOF, and by ±20% those related to conversion cuts (Table 1). In 
order to evaluate the systematic due to the variation of the anal-
ysis efficiency for low Mee values, the BR has been measured for 
Mee > 100 MeV, where the efficiency has a smoother behaviour. 
These systematics are negligible with respect to the normalization 
error.

4. Measurement of the electromagnetic transition form factor

The fit procedure, based on the MINUIT package [17], is applied 
to the Mee distribution, after a bin-by-bin background subtraction. 
Analysis efficiency and smearing effects have been folded into the 
theoretical function of Eq. (1), using as free parameters Λφη with 
an overall normalization factor. The Mee distribution is then fitted, 
in the whole range, using a bin width of 5 MeV, by minimizing a 
χ2 function, defined as:

χ2 =
N∑

i=1

(Ni
DATA − Ni

expected)
2

σ 2
i

, (6)

where NDATA is the number of event in the reconstructed i-th 
Mee bin after background subtraction and Nexpected is the expected 
number of events in the same bin, evaluated by performing a con-
volution of the theoretical function with reconstruction effects as 
follows:

Ni
expected =

N∑

j=1

ftheory(m j) · p
(
M j

ee, Mi
ee

)
· ϵ j, (7)

where ftheory(m j) is the integrated VMD spectrum in the j-th bin, 
p(M j

ee, Mi
ee) is the probability for an event generated with mass 

m j to be reconstructed in the i-th bin and ϵ j is the reconstruction 
efficiency in the j-th bin. The probability p(M j

ee, Mi
ee) is shown in 

Fig. 4. Smearing effects are of the order of few %. The resolution on 
the Mee variable has been evaluated for each mass bin applying a 
Gaussian fit to the Mee(rec.) − Mee(true) distribution. It is ∼ 2 MeV
for Mee < 350 MeV and then improves to 1 MeV for higher values.

As a result of the fit procedure, we determine a value of the 
form factor slope bφη = (1.28 ± 0.10) GeV−2, with χ2/ndf = 1.15
and a χ2 probability of about 13%. In Fig. 5 (top) the fit result 
is shown and compared with data. Fit normalized residuals, de-
fined as (Ni

DATA − Ni
expected)/σi , are shown in Fig. 5 bottom left: 

the distribution of their values has the correct Gaussian behaviour, 
centered at 0 with σ = 1 (Fig. 5 bottom right).

Systematics for the Mee(recoil), TOF and photon conversion cuts 
have been evaluated as for the BR measurement and summarized
in Table 2. Systematics related to the fit procedure have been eval-
uated as the RMS of the deviation from the central value obtained 
by varying the mass range used for the fit. The total systematic er-
ror is the quadrature of all contributions. The result for the slope 
of the transition form factor is:

b
φη=(

1.28±0.10+0.09
−0.08

)
GeV−2 . (8)

5. Transition form factor as a function of Mee

The modulus squared of the transition form factor, |Fφη(q2)|2, 
as a function of the e+e− invariant mass, is obtained by dividing 
bin by bin the Mee spectrum of Fig. 5 (top) by the one of recon-
structed signal events, generated with F MC

φη = 1, after all analysis 
cuts. MC sample is normalized in order to reproduce the number 
of events in the first bin of data. In Table 3, the values of |Fφη(q2)|2
as a function of the dilepton invariant mass, with the correspond-
ing statistical errors are reported.
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Fig. 1. Recoil mass against the e+e− pair for the data sample after preselection cuts. 
The first peak on the left corresponds to the η mass. The second peak at ∼ 590 MeV
is due to K S → π+π− events with a wrong mass assignment.
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shown in Fig. 1: 536.5 < Mee(recoil) < 554.5 MeV1;
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tracks extrapolated to the beam pipe and at the drift chamber 
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calorimeter to reject events with charged pions in the final 
state.
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cut and at the end of the analysis chain, are shown in Fig. 2, com-
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about 10% at low masses and increases to ∼ 35% at 460 MeV, due 
to the larger acceptance for higher momentum tracks.
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subtraction, 29,625 ± 178 φ → ηe+e− , η → 3π0, candidates are 
present in the dataset.

The branching ratio has been calculated using bin-by-bin effi-
ciency correction:
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σφ × L × BR(η → 3π0)
. (4)
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Bhabha scattering events [14], giving an integrated luminosity of 
L = (1.68 ± 0.01) fb−1. The effective φ production cross section 
takes into account the center of mass energy variations (at 1% 
level) [15]: σ = (3310 ± 120) nb. The value of the BR(η → 3π0) =
(32.57 ± 0.23)% is taken from [16]. Our result is:
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production cross section. The systematic error has been evalu-
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order to evaluate the systematic due to the variation of the anal-
ysis efficiency for low Mee values, the BR has been measured for 
Mee > 100 MeV, where the efficiency has a smoother behaviour. 
These systematics are negligible with respect to the normalization 
error.

4. Measurement of the electromagnetic transition form factor

The fit procedure, based on the MINUIT package [17], is applied 
to the Mee distribution, after a bin-by-bin background subtraction. 
Analysis efficiency and smearing effects have been folded into the 
theoretical function of Eq. (1), using as free parameters Λφη with 
an overall normalization factor. The Mee distribution is then fitted, 
in the whole range, using a bin width of 5 MeV, by minimizing a 
χ2 function, defined as:
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N∑

i=1

(Ni
DATA − Ni

expected)
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, (6)

where NDATA is the number of event in the reconstructed i-th 
Mee bin after background subtraction and Nexpected is the expected 
number of events in the same bin, evaluated by performing a con-
volution of the theoretical function with reconstruction effects as 
follows:
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expected =

N∑
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(
M j
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)
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where ftheory(m j) is the integrated VMD spectrum in the j-th bin, 
p(M j

ee, Mi
ee) is the probability for an event generated with mass 

m j to be reconstructed in the i-th bin and ϵ j is the reconstruction 
efficiency in the j-th bin. The probability p(M j

ee, Mi
ee) is shown in 

Fig. 4. Smearing effects are of the order of few %. The resolution on 
the Mee variable has been evaluated for each mass bin applying a 
Gaussian fit to the Mee(rec.) − Mee(true) distribution. It is ∼ 2 MeV
for Mee < 350 MeV and then improves to 1 MeV for higher values.

As a result of the fit procedure, we determine a value of the 
form factor slope bφη = (1.28 ± 0.10) GeV−2, with χ2/ndf = 1.15
and a χ2 probability of about 13%. In Fig. 5 (top) the fit result 
is shown and compared with data. Fit normalized residuals, de-
fined as (Ni

DATA − Ni
expected)/σi , are shown in Fig. 5 bottom left: 

the distribution of their values has the correct Gaussian behaviour, 
centered at 0 with σ = 1 (Fig. 5 bottom right).

Systematics for the Mee(recoil), TOF and photon conversion cuts 
have been evaluated as for the BR measurement and summarized
in Table 2. Systematics related to the fit procedure have been eval-
uated as the RMS of the deviation from the central value obtained 
by varying the mass range used for the fit. The total systematic er-
ror is the quadrature of all contributions. The result for the slope 
of the transition form factor is:

b
φη=(

1.28±0.10+0.09
−0.08

)
GeV−2 . (8)

5. Transition form factor as a function of Mee

The modulus squared of the transition form factor, |Fφη(q2)|2, 
as a function of the e+e− invariant mass, is obtained by dividing 
bin by bin the Mee spectrum of Fig. 5 (top) by the one of recon-
structed signal events, generated with F MC

φη = 1, after all analysis 
cuts. MC sample is normalized in order to reproduce the number 
of events in the first bin of data. In Table 3, the values of |Fφη(q2)|2
as a function of the dilepton invariant mass, with the correspond-
ing statistical errors are reported.
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to the e+e− invariant mass spectrum, obtaining bφη = (1.28 ±0.10+0.09
−0.08) GeV−2, that improves by a factor 

of five the precision of the previous measurement and is in good agreement with VMD expectations.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

We report the study of the vector to pseudoscalar conver-
sion decay φ → ηe+e− with η → π0π0π0. In conversion de-
cays, A → Bγ ∗ → B e+e− , the radiated photon is virtual and the 
squared dilepton invariant mass, M2

ee , corresponds to the photon 
4-momentum transferred, q2. The probability of having a lepton 
pair of given invariant mass is determined by the electromagnetic 
dynamical structure of the transition A → Bγ ∗ . The differential de-
cay rate, normalized to the radiative width, is [1]:

1
Γ (φ → ηγ )

dΓ (φ → η e+e−)

dq2

= α

3π

|Fφη(q2)|2
q2

√

1 − 4M2

q2

(
1 + 2M2

q2

)

×
[(

1 + q2

M2
φ − M2

η

)2

−
4M2

φq2

(M2
φ − M2

η)2

]3/2

, (1)

where M is the mass of the electron and Mφ , Mη are the masses 
of the φ and η mesons, respectively. Fφη(q2) is the transition form 
factor, TFF, that describes the coupling of the mesons to virtual 
photons and provides information on its nature and underlying 
structure. The slope of the transition form factor, bφη , is defined 
as:

bφη ≡ dF
dq2

∣∣∣∣
q2=0

. (2)

In the Vector Meson Dominance model, VMD, the transition form 
factor is parametrized as:

Fφη
(
q2) = 1

1 − q2/Λ2
φη

→ bφη ≈ Λ−2
φη . (3)

The VMD successfully describes some transitions, such as η →
γµ+µ− , while is failing for others, as in the case of ω →
π0µ+µ− [2]. Recently, new models have been developed to over-
come such a kind of discrepancies [3,4] and they should be 
validated with the experimental data from other channels. The 
only existing data on φ → ηe+e− come from the SND [5] and 
CMD-2 [6] experiments. Their measurements of the branching ra-
tio, BR(φ → ηe+e−), are (1.19 ± 0.19 ± 0.07) × 10−4 and (1.14 ±
0.10 ± 0.06) × 10−4, respectively. The VMD expectation is BR(φ →
ηe+e−) = 1.1 × 10−4 [7]. The SND experiment has also mea-
sured the slope of the transition form factor from the Mee invari-
ant mass distribution, on the basis of 213 events: bφη = (3.8 ±
1.8) GeV−2 [5]. The VMD expectation is bφη = 1 GeV−2 [7].

Due to the large data sample, we have performed three differ-
ent measurements:

(1) the determination of the branching fraction of the φ → ηe+e−

decay;
(2) the direct measurement of the transition form factor slope bφη

with a fit to the dilepton invariant mass spectrum;
(3) the extraction of the |Fφη|2 as a function of the dilepton in-

variant mass.

2. The KLOE detector

DAΦNE, the Frascati φ-factory, is an e+e− collider running 
at center of mass energy of ∼ 1020 MeV. Positron and electron 
beams collide at an angle of π -25 mrad, producing φ mesons 
nearly at rest. The KLOE experiment operated at this collider from 
2000 to 2006, collecting 2.5 fb−1. The KLOE apparatus consists of 
a large cylindrical Drift Chamber surrounded by a lead-scintillating 
fiber electromagnetic calorimeter both inserted inside a supercon-
ducting coil, providing a 0.52 T axial field. The beam pipe at the 
interaction region is a sphere with 10 cm radius, made of a 0.5 mm 
thick Beryllium–Aluminum alloy. The drift chamber [8], 4 m in di-
ameter and 3.3 m long, has 12,582 all-stereo tungsten sense wires 
and 37,746 aluminum field wires, with a shell made of carbon 
fiber-epoxy composite with an internal wall of ∼ 1 mm thickness. 
The gas used is a 90% helium, 10% isobutane mixture. The mo-
mentum resolution is σ (p⊥)/p⊥ ≈ 0.4%. Vertices are reconstructed 
with a spatial resolution of ∼ 3 mm. The calorimeter [9], with 
a readout granularity of ∼ (4.4 × 4.4) cm2, for a total of 2440 
cells arranged in five layers, covers 98% of the solid angle. Each 
cell is read out at both ends by photomultipliers, both in ampli-
tude and time. The energy deposits are obtained from the signal 
amplitude while the arrival times and the particles positions are 
obtained from the time differences. Cells close in time and space 
are grouped into energy clusters. Energy and time resolutions are 
σE/E = 5.7%/

√
E (GeV) and σt = 57 ps/

√
E (GeV) ⊕ 100 ps, re-

spectively. The trigger [10] uses both calorimeter and chamber in-
formation. In this analysis the events are selected by the calorime-
ter trigger, requiring two energy deposits with E > 50 MeV for the 
barrel and E > 150 MeV for the endcaps.

Machine parameters are measured online by means of large an-
gle Bhabha scattering events. The average value of the center of 
mass energy is evaluated with a precision of about 30 keV each 
200 nb−1 of integrated luminosity. Collected data are processed by 
an event classification algorithm [11], which streams various cate-
gories of events in different output files.

3. Branching ratio

The analysis of the decay chain φ → ηe+e− , η → 3π0, has been 
performed on a data sample of about 1.7 fb−1. The Monte Carlo 
(MC) simulation for the signal has been produced with dΓ (φ →
ηe+e−)/dMee according to VMD model. The signal production cor-
responds to an integrated luminosity one hundred times larger 
than collected data. Final state radiation has been included us-
ing PHOTOS Monte Carlo generator [12]. For the background, all 
φ decays and the not resonant e+e− → ωπ0 process have been 
simulated with a statistics two times larger than data.

All MC productions take into account changes in DAΦNE oper-
ation and background conditions on a run-by-run basis. Data-MC 
corrections for cluster energies and tracking efficiencies are evalu-
ated with radiative Bhabha and φ → ρπ samples, respectively. The 
main steps of the analysis are:

(1) a preselection requiring two tracks of opposite sign extrapo-
lated to a cylinder around the interaction point and 6 prompt 
photon candidates;

(2) a loose cut on the six photon invariant mass: 400 < M6γ <
700 MeV;
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Fig. 4. e+e− pair mass spectra for the processes φ → ηe+e− (a) and η → e+e−γ (b); (c) — transition form factor for the process φ → ηe+e−;
(d) — transition form factor for the process η → e+e−γ ; points with error bars — experimental data, solid line — one-pole approximation fit.

Table 1
Comparison of our results for the decay probabilities and form factor slopes with VDM predictions and the most accurate previous experiments

This work Predictions [2,5] Other experiments

B(φ → ηe+e−) (in units 10−4) 1.19± 0.19± 0.12 1.1 1.14± 0.10± 0.06 [8]
B(η → γ e+e−) (in units 10−3) 5.15± 0.62± 0.74 6.5 7.10± 0.64± 0.46 [8]
bφη, GeV−2 3.8± 1.8 1.0 –

bη, GeV−2 1.6± 2.0 1.8 −0.7± 1.5 [9]

is higher than expected from VDM, but because
large statistical error of the result there is no actual
contradiction.
Our result for the transition form factor slope in the

η → e+e−γ decay is bη = 1.6± 2.0 GeV−2, which is
very close to the expected one. There is no statistically
significant difference with the previous experiment [9]
as well.
Radiative corrections to Dalitz decays were not

taken into account in our analysis. Estimated changes

in the total decay rates are of the order of several per
cent ([15]) and can be neglected at present level of
accuracy. On the other hand the lepton pair invariant
mass spectrum can be influenced significantly due to
emission of photons by final electrons ([16]). This ef-
fect strongly depends on the detector properties. It is
especially strong in experimentswhere lepton pair mo-
menta are measured by magnetic spectrometers and
bremsstrahlung photons are not detected. For example,
in such experiment [17] radiative corrections changed
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90% CL. It is slightly above the theoretical estimate
of 6.5× 10−5 based on the result of [26].
The applied cut on the angle between the tracks

!Ψ < 0.5 selects events with a rather small q2 so
that it is practically impossible to study the momentum
transfer dependence of the cross section and therefore
transition form factors. Such a study will require
a much larger data sample.

8. Conclusions

Using the total data sample of 15.1 pb−1 collected
by CMD-2 in the c.m. energy range 985–1060 MeV,
the following results were obtained for various con-
version decays of the φ and η mesons:

B(φ → ηe+e−) = (1.14± 0.10± 0.06) × 10−4,

B(η→ e+e−γ ) = (7.10± 0.64± 0.46) × 10−3,

B(η→ π+π−e+e−) = (
3.7+2.5

−1.8 ± 0.3) × 10−4,

B(φ → ηµ+µ−) < 9.4× 10−6 at 90% CL,

B(η→ e+e−e+e−) < 6.9× 10−5 at 90% CL.
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η → e+e−γ decay is bη = 1.6± 2.0 GeV−2, which is
very close to the expected one. There is no statistically
significant difference with the previous experiment [9]
as well.
Radiative corrections to Dalitz decays were not

taken into account in our analysis. Estimated changes

in the total decay rates are of the order of several per
cent ([15]) and can be neglected at present level of
accuracy. On the other hand the lepton pair invariant
mass spectrum can be influenced significantly due to
emission of photons by final electrons ([16]). This ef-
fect strongly depends on the detector properties. It is
especially strong in experimentswhere lepton pair mo-
menta are measured by magnetic spectrometers and
bremsstrahlung photons are not detected. For example,
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SND : 213 events

CMD : 1860 events

• The KLOE results are in agreement with VMD predictions and 
with previous measurements from SND and CMD-2 

• The TFF slope is a factor of twenty more precise than 
previous measurement 
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Fig. 1. Data-MC comparison after all the analysis cuts for the invariant-mass spectrum of e+e− (left) and of the two photons (right). Black dots are data, solid red line is the 
sum of MC histogram components: signal (cyan), φ → π0γ background (orange) and radiative Bhabha scattering (green). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

of the signal has been produced according to Eq. (1), assuming a 
point-like TFF (i.e. |Fφ π0(q2)|2 = 1). The radiative emission from 
the leptons in the final state of the channel under study is also in-
cluded in the simulation by means of the PHOTOS MC generator 
[17]. The signal production corresponds to an integrated luminos-
ity 1000 times larger than for the collected data. The dominant 
contributions to background events originate from double radia-
tive Bhabha scattering (e+e− → e+e−γ γ ) and from the φ → π0γ
decay, where the γ converts to a e+e− pair in the interaction with 
the beam pipe or drift chamber walls. (The φ → π0γ with the π0

Dalitz decay to γ e+e− also contributes to the background but it is 
almost completely suppressed by the analysis cuts.) All other back-
ground events, i.e. the other φ meson decays, the non-resonant 
e+e− → ωπ0 process and the π0 production via γ γ interaction, 
e+e− → π0e+e− , were also simulated, resulting fully negligible at 
the end of the analysis path.

As a first step of the analysis, events are selected requiring two 
opposite-charge tracks extrapolated to a cylinder around the inter-
action point (IP) with radius 4 cm and 20 cm long and two prompt 
photon candidates from IP (i.e. with energy clusters Eclu > 7 MeV
not associated to any track, in the angular region | cos θγ | < 0.92
and in the time window |Tγ − Rγ /c| < min (3σt , 2 ns)). In order 
to enhance the signal-to-background ratio, further constraints are 
applied on this preselected data sample:

• a cut on the energies of the final state particles requiring: 
(30 < Ee± < 460) MeV, Eγ > 70 MeV, (300 < Eγ1 + Eγ2 <
670) MeV and (470 < Ee+ + Ee− < 750) MeV;

• angular cuts: 45◦ < θe± , θγ < 135◦ , θe+e− < 145◦ and 27◦ <
θγ γ < 57◦;

• two cuts on the invariant mass of the two photons and on 
the recoil mass against e+e− to select events with a π0 in 
the final state, i.e. (90 < m inv

γ γ < 190) MeV and (80 < m miss
e+e− <

180) MeV;
• a cut on the invariant mass and the distance between the two 

tracks calculated at the surfaces of the beam pipe (BP) or of 
the DC wall surfaces;

• a cut based on the time of flight (ToF) of the tracks to the 
calorimeter.

All the cuts have been optimized in order to maximize the 
available range of the e+e− invariant mass spectrum for the TFF 
extraction. The constraints on angular and energy variables have 
been obtained looking at the differences between the signal and 

Bhabha reconstructed angular and energy distributions of final lep-
tons and photons. The cuts on the energies and on the opening 
angles θe+e− and θγ γ of tracks and clusters allow to strongly sup-
press the dominant background (S/B ∼ 5 × 10−4) from the QED 
process e+e− → e+e−γ γ . The θ e+e− ≤ 145◦ requirement is also 
very effective in rejecting of the irreducible background from the 
γ γ process e+e− → e+e−π0, in which the final state leptons are 
emitted in the forward direction (i.e. at small polar angles with 
respect to the beam line) for this kind of events. The φ → π0γ
contamination, with the γ converting on the BP or DC walls, is 
suppressed by tracing back the tracks of the e+/e− candidates, 
by reconstructing the invariant mass (m BP,DC

e+e− ) and the distance 
(d BP,DC

e+e− ) of the track pair both at the BP and DC wall surfaces. 
Both variables are expected to be small for photon conversion 
events, so that this background is suppressed by rejecting events 
with: m BP

e+e− < 10 MeV and d BP
e+e− < 2 cm, or m DC

e+e− < 80 MeV and 
d DC

e+e− < 3 cm. The cut on the time of flight to the calorimeter is 
used to remove residual background events with muons or charged 
pions in the final state. When an energy cluster is associated to 
a track, the ToF to the calorimeter is evaluated using both the 
calorimeter timing (tclu) and the time along the track trajectory, 
namely ttrk = Ltrk/βc, where Ltrk is the length of the track path. 
The difference (t = ttrk − tclu is then evaluated in the electron 
hypothesis; all events with (t < 0.8 ns are retained for further 
analysis. This algorithm, together with the cut on the energies of 
the final particles, turns out to be crucial for reducing the contam-
ination from the decay φ → π+π−π0 to a negligible level.

After all the above described cuts the overall efficiency, as esti-
mated by the MC, is 15.4%. The efficiency is 19.5% at lower e+e−

invariant masses, decreasing to a few percent at the highest val-
ues of momentum transfer. For this reason the analysis is limited 
up to 

√
q2 = 700 MeV. At the end of the analysis chain, 14670 

events are selected, with a residual background contamination of 
∼ 35%, equally divided between the Bhabha and φ → π0γ compo-
nent, corresponding to about 9500 signal events.

The agreement between data and Monte Carlo simulation, af-
ter all selection cuts, is shown in Fig. 1 for the 

√
q2 and mγ γ

distributions. As shown in the left panel of this Figure, in the re-
gion 

√
q2 > 400 MeV the φ → π0γ background is negligible and 

only the Bhabha background is present. Furthermore, as a check of 
Eq. (3), in Fig. 2 we show the distribution of | cos θ∗| as compared 
to the MC prediction.

364 KLOE-2 Collaboration / Physics Letters B 757 (2016) 362–367

Fig. 1. Data-MC comparison after all the analysis cuts for the invariant-mass spectrum of e+e− (left) and of the two photons (right). Black dots are data, solid red line is the 
sum of MC histogram components: signal (cyan), φ → π0γ background (orange) and radiative Bhabha scattering (green). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

of the signal has been produced according to Eq. (1), assuming a 
point-like TFF (i.e. |Fφ π0(q2)|2 = 1). The radiative emission from 
the leptons in the final state of the channel under study is also in-
cluded in the simulation by means of the PHOTOS MC generator 
[17]. The signal production corresponds to an integrated luminos-
ity 1000 times larger than for the collected data. The dominant 
contributions to background events originate from double radia-
tive Bhabha scattering (e+e− → e+e−γ γ ) and from the φ → π0γ
decay, where the γ converts to a e+e− pair in the interaction with 
the beam pipe or drift chamber walls. (The φ → π0γ with the π0

Dalitz decay to γ e+e− also contributes to the background but it is 
almost completely suppressed by the analysis cuts.) All other back-
ground events, i.e. the other φ meson decays, the non-resonant 
e+e− → ωπ0 process and the π0 production via γ γ interaction, 
e+e− → π0e+e− , were also simulated, resulting fully negligible at 
the end of the analysis path.

As a first step of the analysis, events are selected requiring two 
opposite-charge tracks extrapolated to a cylinder around the inter-
action point (IP) with radius 4 cm and 20 cm long and two prompt 
photon candidates from IP (i.e. with energy clusters Eclu > 7 MeV
not associated to any track, in the angular region | cos θγ | < 0.92
and in the time window |Tγ − Rγ /c| < min (3σt , 2 ns)). In order 
to enhance the signal-to-background ratio, further constraints are 
applied on this preselected data sample:

• a cut on the energies of the final state particles requiring: 
(30 < Ee± < 460) MeV, Eγ > 70 MeV, (300 < Eγ1 + Eγ2 <
670) MeV and (470 < Ee+ + Ee− < 750) MeV;

• angular cuts: 45◦ < θe± , θγ < 135◦ , θe+e− < 145◦ and 27◦ <
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• two cuts on the invariant mass of the two photons and on 
the recoil mass against e+e− to select events with a π0 in 
the final state, i.e. (90 < m inv
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e+e− <
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• a cut on the invariant mass and the distance between the two 

tracks calculated at the surfaces of the beam pipe (BP) or of 
the DC wall surfaces;

• a cut based on the time of flight (ToF) of the tracks to the 
calorimeter.
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available range of the e+e− invariant mass spectrum for the TFF 
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γ γ process e+e− → e+e−π0, in which the final state leptons are 
emitted in the forward direction (i.e. at small polar angles with 
respect to the beam line) for this kind of events. The φ → π0γ
contamination, with the γ converting on the BP or DC walls, is 
suppressed by tracing back the tracks of the e+/e− candidates, 
by reconstructing the invariant mass (m BP,DC
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Both variables are expected to be small for photon conversion 
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invariant masses, decreasing to a few percent at the highest val-
ues of momentum transfer. For this reason the analysis is limited 
up to 
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q2 = 700 MeV. At the end of the analysis chain, 14670 

events are selected, with a residual background contamination of 
∼ 35%, equally divided between the Bhabha and φ → π0γ compo-
nent, corresponding to about 9500 signal events.

The agreement between data and Monte Carlo simulation, af-
ter all selection cuts, is shown in Fig. 1 for the 
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q2 and mγ γ

distributions. As shown in the left panel of this Figure, in the re-
gion 
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q2 > 400 MeV the φ → π0γ background is negligible and 

only the Bhabha background is present. Furthermore, as a check of 
Eq. (3), in Fig. 2 we show the distribution of | cos θ∗| as compared 
to the MC prediction.

~ 9500 events in 1.7 fb-1
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Fig. 4. Comparison between the measurement of |Fφ π0 (q2)|2 (black points) and the 
theoretical predictions for this quantity based on: the dispersive analysis of Ref. [5]
(orange and cyan bands) and Ref. [7] (blue dashed line), the chiral theory approach 
of Ref. [6] (green band), and the one-pole VMD model (solid red line) (see Eqs. (49) 
and (50) of Ref. [7]). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

The systematic uncertainty due to the analysis cuts is evaluated 
moving by ±1σ all the variables on which a selection is applied. 
Cuts are moved once at a time, logging the deviation of counts in 
each bin of 

√
q2 from the original one. The relative deviations of 

counts coming from the different cuts are then summed bin by bin 
in quadrature to get the total relative uncertainty. When a variable 
is selected within a window, its edges are always moved oppositely 
in order to make the window wider or narrower according to the 
resolution. The resulting fractional uncertainty is of a few percent 
in most of the bins of lower 

√
q2, increasing up to 20% in some of 

the bins of higher 4-momentum transfer. There is no evidence of 
a single dominant cut with respect to the others; the contribution 
of the various analysis cuts is different for each bin of 

√
q2.

The systematic error associated to the fitting procedure is eval-
uated computing the deviation of the yield of the background 
function, with respect to the nominal one, when each of the four 
parameters is moved by ±1σ while fixing the other ones according 
to the correlation matrix. The four contributions thus obtained are 
summed in quadrature to get the total uncertainty on the back-
ground yield in each bin of 

√
q2. This error contribution is then 

propagated to Fφπ0(q2) through the number of signal candidates 
in each bin, which enters in the computation. The contribution in 
each bin of 

√
q2 is of a few percent.

In Fig. 4, our results on |Fφ π0(q2)|2 are compared with three 
different theoretical predictions. The best agreement is obtained 
with the Unconstrained Resonant Chiral Theory (UChT), with pa-
rameters extracted from a fit of the NA60 data [6]. We note that, 
as a consequence of the steepness and nonlinearity of the e+e−

invariant-mass spectrum, the TFF measured in a 
√

q2 bin cannot 
be associated to the corresponding bin center. For this reason, 
each experimental point of Fig. 4 is associated with a 

√
q2 value 

weighted according to the theoretical shape predicted by UChT 
(see column labeled “

√
q2 UChT” in Table 1). As shown in Table 1, 

with the given bin widths, the bin center is a good approximation 
of the weighted 

√
q2 in each bin, with the exception of the very 

first bin, where the me+e− function is steeper.
The transition form factors are often represented by a simple, 

VMD-inspired, one-pole parametrization:

F (q2) = 1
1 − q2/$2 , (4)

Table 2
Previous determination of BR (φ → π0e+e−) by SND [8] and CMD-2 [9]. The PDG 
average is (1.12 ± 0.28) × 10−5 [20]. The theoretical predictions are also reported. 
For Ref. [5] “once” (“twice”) refers to the dispersive analysis with one (two) sub-
tractions.

BR(φ → π0e+e−) × 105

Experiment SND 1.01 ± 0.28 ± 0.29
CMD-2 1.22 ± 0.34 ± 0.21

Theory Schneider et al. [5] (“once”) (1.39 . . . 1.51)
Schneider et al. [5] (“twice”) (1.40 . . . 1.53)
Danilkin et al. [7] 1.45

from which the form factor slope parameter is obtained:

b = dF (q2)

dq2

∣∣∣∣
q2=0

= $−2.

By fitting our data according to (4), we get bφπ0 = (2.02 ±
0.11) GeV−2, to be compared with the one-pole approximation 
expectation, bφπ0 = M−2

φ , and the prediction of the dispersive anal-

ysis, bφπ0 = (2.52 · · · 2.68) GeV−2, of Ref. [5].

3.2. Measurement of BR(φ → π0e+e−)

The branching ratio of the φ → π0e+e− decay was obtained 
from the background-subtracted e+e− mass spectrum by applying 
an efficiency correction evaluated bin by bin:

BR (φ → π0e+e−) =
∑

i Ni/ϵi

σφ × Lint × BR (π0 → γ γ )
, (5)

where σφ is the effective φ production cross-section, σφ = (3310 ±
120) nb [18], Lint = (1.69 ± 0.01) fb−1 [19] is the integrated lumi-
nosity of data, and BR (π0 → γ γ ) the branching ratio of π0 into 
two photons [20]. Ni is the number of signal candidates in the ith 
bin of 

√
q2 and ϵi is the corresponding selection efficiency, evalu-

ated as the number of MC signal events in the ith bin after all the 
analysis steps, divided by the number of the corresponding gen-
erated events. The result covers the range 

√
q2 < 700 MeV (the 

upper edge of the higher bin of 
√

q2) and is equal to:

BR(φ → π0e+e−;
√

q2 < 700 MeV) = (1.19±0.05+0.05
−0.10 )×10−5.

(6)

Here, the first error results from the combination of the statistical 
one (2.2% in fraction) with the above quoted uncertainties on σφ

and Lint. The second is a systematic one due to the analysis cuts 
and background subtraction (see sec. 3.1). The error on ϵi due to 
the parametrization of the TFF in the MC is negligible.

The result can be extended to the full 
√

q2 range evaluating 
the fraction of the integral in the e+e− invariant-mass spectrum 
which is not covered by the analysis. The extrapolation has been 
computed according to the theoretical model that best fits the data 
[6]. The estimate of the total branching ratio is:

BR (φ → π0e+e−) = (1.35 ± 0.05+0.05
−0.10 ) × 10−5. (7)

This result improves the previous measurements by SND and 
CMD-2 experiments and is in agreement with the theoretical pre-
dictions shown in Table 2.

4. Conclusions

Analyzing the conversion decay φ → π0e+e− , we measured for 
the first time the modulus square of the Fφπ0 transition form fac-

tor for 
√

q2 below 700 MeV. The data are in agreement with the 
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However, among events satisfying the above sam-
pling conditions, there are events not only of process
(1) but also of the background processes

 

e

 

+

 

e

 

–

 

  

 

π

 

+

 

π

 

–

 

π

 

0

 

, (2)

(3)

(the latter with photon conversion on a substance).

e+e– π0γ , π0 2γ

To suppress the background coming from process
(2), a two-dimensional distribution of simulated events
was plotted against the squared photon-pair recoil mass
and the e+e–-pair energy release (Fig. 1). As a result, we
introduced an additional sampling condition shown in
Fig. 1. After the use of this condition, the number of
background events of process (2) was calculated by
simulation to obtain N3π = 1 ± 1. To estimate the error
of simulating nuclear interaction of pions, the experi-
mental spectra of energy release by charged pions were
compared with the corresponding simulated spectra. It
was concluded that the experimental background from
process (2) differed from the simulated background by
no more than a factor of 3. For this reason, the value
N3π = 3 ± 3 was used as an estimate for the background.

For the events satisfying all sampling conditions, the
distribution of photon-pair invariant mass was con-
structed (Fig. 2). The spectrum has a peak near the π0

mass. The number of events in the peak was determined
through approximating the spectrum by the sum of a
Gaussian and a linear function and was found to be
equal to Nexp = 89 ± 12.

The events of process (3) can satisfy the sampling
conditions because of the conversion of photons on a
substance ahead of the drift chamber. The conversion of
photons in the detector substance was studied in [5],
where it was demonstrated that the simulation of con-
version closely reproduced the experimental data. For
this reason, the number of background events of pro-
cess (3) was determined by simulation and found to be
Ncon = 34 ± 6.

The analysis of the energy dependence of the cross
section for the e+e–  π0γ process similar to the pro-
cess under consideration, indicates that the amplitudes
of the e+e–  π0γ transition through ρ and ω mesons
contribute to the cross section in the φ-meson region.
However, it is impossible to obtain the energy depen-
dence for the e+e–  π0e+e– process because of low
statistics. For this reason, the probability of the φ 
π0e+e– process was calculated by using the coefficient K
which took into account the transition amplitudes
through the ρ and ω mesons. This coefficient was cal-
culated on the basis of the measured cross section for
the e+e–  π0γ process [6]:

(4)

where σ(Ei) is the Born cross section for the e+e– 
π0γ process at each energy point Ei, δ(Ei) is the radiative
correction, L(Ei) is the integrated luminosity, and Nφ is
the number of φ mesons detected on this interval. The
resulting correction coefficient is K = 1.42 ± 0.12. The
error is primarily determined by the accuracy of the
cross section measured for the e+e–  π0γ process.

K
σ Ei( )δ Ei( )L Ei( )

i
∑

NφBr φ π0γ( )
-----------------------------------------------,=

Fig. 1. Distribution of the simulated events in the squared
photon-pair recoil mass, Mre , and the e+e–-pair energy
release, /Ebeam, normalized to the beam energy: the

process in question (gray points) and the background from
the e+e–  π+π–π0 process (squares) with the use of all
sampling conditions (circles) with weaker sampling condi-
tions (χ2 < 50). The line shows the chosen sampling condi-
tion.

cγγ
2

E
e+e–

Fig. 2. Photon-pair invariant mass distribution: (points)
experimental data, (histogram) calculated background from
the φ  ηγ, η  e+e–γ decay and QED processes, and
(line) the approximation of the experimental points by the
sum of Gaussian and linear functions. In this case, the num-
ber of events in the peak was one of the approximation
parameters.
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The detection efficiency was determined by simula-
tion and found to be ! = (17.8 ± 0.2)% (statistical error).
The branching ratio of decay (1) was calculated by the
formula

(5)

yielding Br(φ  π0e+e–) = (1.01 ± 0.28 ± 0.29) × 10–5.
The error is statistical and includes the errors of Nexp
and N3pi.

The systematic error was calculated by taking into
account the following sources: error in the number of φ
mesons (3%); limited statistics of simulating process
(1) (1%); errors in the determination of detection effi-
ciency (5%); error in the determination of the correc-
tion coefficient K (10%); statistical error in the number
of photons converted on the substance ahead of the drift
chamber (17%); error in the amount of the substance
ahead of the drift chamber (5%); and errors in the φ 
π0γ decay probabilities (8%). The resulting error was
equal to 27%.

4. Within two standard deviations, the measured
branching ratio B(φ  π0e+e–) = (1.01 ± 0.28 ± 0.29) ×
10–5 agrees with the calculation (1.3 × 10–5 [1]) and
with the previous experiment on the SMD-2 detector,
B(φ  π0e+e–) = (1.22 ± 0.34 ± 0.21) × 10–5 [2].
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Fig. 5. The visible cross section of φ → π0e+e− , π0 → γ γ versus
the total energy.

π0e+e− decay. To determine the number of events
coming from the φ meson decay, a fit of the visible
cross section was performed which included a Breit–
Wigner signal of the φ meson and a possible non-
resonant background. The fit with the φ meson mass
and width fixed at their world average values gave the
following ratio of the non-resonant background cross
section to that at the peak
σω

σφ
= 0.75+15.4

−7.5 %

compatible with the VMD estimate. From this value
as well as from the integrated luminosity one can
determine the corrected number of events for the
process under study:

N
exp
φ→π0e+e− = 47.6± 11.1.
Similar analysis was performed for the data of

PHI93 and PHI96 runs.
Table 1 presents the final results of the data process-

ing: the number of selected events, the expected num-
ber of events of φ → π0e+e−, φ → π0γ and φ →
π+π−π0 determined by the described procedure, the
detection efficiencies and branching ratios of the φ→
π0e+e− decay in various runs. Also presented in the
table are the data for the normalization process. The
differences of the efficiencies from run to run are
caused by varying conditions of data taking. The to-
tal detected number of the φ → π0e+e− candidates is

67.9±12.3with an expected background of 22.3±1.4
events. The error in the estimated number of back-
ground events is determined by the procedure de-
scribed above.
As already noted, since the number of events of

the process under study is normalized to that of the
process φ → ηγ , η → π+π−γ with a similar final
state, some of the systematic uncertainties cancel
(trigger, detection efficiencies etc.).
Themain sources of the remaining systematic errors

are listed below, their magnitude given for the most
statistically significant run PHI98:

• A limited sample of simulated events used to
determine detection efficiencies — 2.7%;

• Statistical errors of the parameters in the small angle
correction — 3.9%;

• Parameters of the e/π separation procedure —
2.5%;

• The shape of the invariant mass distributions used
in the fits — 11.9%;

• Inaccurate knowledge of the thickness of material
in front of the DC (the beryllium beam pipe and the
DC inner wall made of aluminized mylar) — 2.2%;

• The shape of the distributions used in the fits
to determine the parameters of the small angle
correction — 6.8%;

• Errors of the world average values for the branching
ratios of intermediate decays from [9] — 4.9%;

• Dependence on the transition form factor model.
The form factor in the generalized VMD (ρ + ρ′

mesons) was compared to that in the simple VMD
(single ρ meson only). The contribution to the
branching ratio is 9.5%.

Three first sources of the error are of statistical na-
ture, their values were obtained for each run sepa-
rately, so that they are uncorrelated. Their total con-
tribution to the error is 5.4% and can be quadratically
added to the statistical error. All others are obviously
correlated from run to run and their total magnitude is
17.5%.
From the last line of Table 1 it is clear that the

values of the branching ratio obtained in different
runs are consistent within the errors. To improve the
accuracy, we can average them. The resulting value
of the branching ratio for the φ → π0e+e− decay
is (1.22± 0.34± 0.21) × 10−5, where the first error
is statistical (including the uncorrelated systematic

R.R. Akhmetshin et al. / Physics Letters B 503 (2001) 237–244 243

Table 1
Branching ratio of φ → π0e+e− decay

Run PHI93 PHI96 PHI98 Total

N
exp
φ→π0e+e− 6.3± 2.8± 0.1 14.1± 4.4± 0.5 47.6± 11.1± 3.6 67.9± 12.3± 5.2

εMC
π0e+e− , % 19.11±0.31±2.18 26.74±0.37±2.51 23.10±0.34±1.82
εMC
π0γ

, 10−4 4.98±0.22±0.40 7.30±0.27±0.59 5.44±0.23±0.44

ε%& , % 99.5± 20.1± 7.1 91.0± 10.4± 5.6 96.4± 2.8± 4.7
ε
e/π

e+e− , % 92.4± 8.3 93.3± 5.4 89.9± 1.3
ε
e/π

π+π− , % 9.1± 2.9 7.8± 1.0 7.0± 0.4
Expected Nφ→π0γ 0.9± 0.3± 0.1 2.2± 0.3± 0.3 8.5± 0.6± 1.1 11.7± 0.7± 1.5
Expected Nπ+π−π0 1.4± 0.6± 0.1 1.7± 0.5± 0.1 7.4± 1.0± 0.1 10.6± 1.3± 0.1
Total expected background 2.3± 0.7 4.0± 0.6 16.0± 1.1 22.3± 1.4
Expected Nφ→π0e+e− 3.9± 2.9 10.1± 4.4 31.6± 11.2 45.6± 12.4
εη→π+π−γ , % 12.34± 0.25 20.47± 0.32 20.75± 0.32
Nη→π+π−γ 126± 17± 6 362± 25± 9 1858± 58± 38 2346± 65± 53
B(φ→ π0e+e−), 10−5 1.36±1.13±0.22 1.57±0.75±0.23 1.10±0.40±0.19 1.22±0.34±0.21

errors discussed above) and the second one is a
systematic correlated error common for all runs.

5. Conclusion

For the first time the branching ratio of the conver-
sion decay φ → π0e+e− has been determined by the
CMD-2 detector at VEPP-2M:

(9)B(φ → π0e+e−) = (1.22± 0.34± 0.21) × 10−5.

This measurement is based on 68 selected candidates
for the events of the process φ → π0e+e− with an
expected background of 22 events. The obtained value
agrees with the theoretical predictions (1.3–1.6) ×
10−5 [4,20,21] and with the experimental upper limit
1.2× 10−4 at 90% CL placed by the neutral detector
ND at VEPP-2M using a data sample of 2.8 pb−1 [11].
Our result supersedes the previous value of (0.85 ±
0.61 ± 0.12) × 10−5 obtained by CMD-2 and based
on a data sample corresponding to 1.5 pb−1 only [22].
The applied procedure of event selection and partic-

ularly the cut on the angle between the tracks %Ψ <

0.3 selects events with a rather small q2 so that it is
practically impossible to study the momentum trans-

fer dependence of the cross section. Therefore, one can
conclude that the study of transition form factors will
become feasible when much larger data samples are
collected.

Acknowledgements

The authors are grateful to the staff of VEPP-
2M for the excellent performance of the collider, to
all engineers and technicians who participated in the
design, commissioning and operation of CMD-2. We
acknowledge useful comments of V.P. Druzhinin and
stimulating discussions with R.A. Eichler.

References

[1] L. Landsberg, Phys. Rep. 128 (1985) 301.
[2] A. Bramon, M. Greco, in: L. Maiani, G. Pancheri, N. Paver

(Eds.), The Second DA)NE Physics Handbook, Vol. 2, INFN-
Laboratori Nazionali di Frascati, 1995, p. 451.

[3] M. Crisafulli, V. Lubicz, in: L. Maiani, G. Pancheri, N. Paver
(Eds.), The Second DA)NE Physics Handbook, Vol. 2, INFN-
Laboratori Nazionali di Frascati, 1995, p. 515.

[4] A. Faessler, C. Fuchs, M.I. Krivoruchenko, Phys. Rev. C 61
(2000) 035206.

CMD

KLOE event selection

• It is the first analysis of the TFF
• Background from radiative Bhabha

and φ → πoγ is relevant 
• Background subtraction has been 

obtained separately in different q2

windows 
• Global efficiency from 15% at low 

Mee to 2% at 0.6 GeV 
• BR is factor of five more precise 

wrt previous experiments

S. Ivashyn, Prob. Atomic Sci. Technol. 2012N1, 
179-182 (2012) 
S. P. Schneider, B. Kubis, F. Niecknig, Phys. Rev. D 
86 (2012) 054013 
I. Danilkin, et al., Phys. Rev. D 91 (2015) 094029
One-pole approximation - VMD 

KLOE-2 Collaboration / Physics Letters B 757 (2016) 362–367 363

Keywords:
e+e− collisions
Conversion decay
Transition form factor

ratio of the decay: BR (φ → π0e+e−) = (1.35 ± 0.05+0.05
−0.10 ) × 10−5. The result improves significantly on 

previous measurements and is in agreement with theoretical predictions.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The conversion decays of a light vector resonance (V) into a 
pseudoscalar meson (P) and a lepton pair, V → P γ ∗ → P ℓ+ℓ− , 
represent a stringent test for theoretical models of the nature 
of mesons. In these processes, the squared dilepton invariant 
mass, m2

ℓℓ , corresponds to the virtual photon 4-momentum trans-
fer squared, q2. The q2 distribution depends on the underlying 
electromagnetic dynamical structure of the transition V → P γ ∗ .

The description of the coupling of the mesons to virtual pho-
tons is typically parametrized by the so-called Transition Form 
Factor (TFF), F V P (q2). TFFs are fundamental quantities playing an 
important role in many fields of particle physics, such as the calcu-
lation of the hadronic Light-by-Light contribution to the Standard 
Model prediction of the muon anomalous magnetic moment [1].

Recently, the increasing interest in conversion decays was 
mostly driven by the discrepancy between the experimental data 
from NA60 [2] and Lepton G [3], and the Vector Meson Domi-
nance (VMD) prediction for the ω → π0µ+µ− TFF Fω π0 (q2). Over 
the years, several theoretical models have been developed to ex-
plain this discrepancy [4–7]. In order to check the consistency of 
the models, a measurement of the Fφπ0 (q2) TFF, which has never 
been measured so far, was strongly recommended. In particular, 
because of its kinematics, the φ → π0e+e− process is a very good 
benchmark to investigate the observed steep rise in NA60 data at 
q2 close to the ρ resonance mass.

At present, the existing data on φ → π0e+e− come from SND 
[8] and CMD-2 [9] experiments which were able to extract only 
the value of the Branching Ratio (BR). The Fφ π0(q2) TFF hence, was 
never measured so far. Its modulus square enters in the calculation 
of the φ → π0e+e− double-differential decay width:

d2'(φ → π0e+e−)

dq2 d cos θ∗ = 3
8

(
q2

q2 + 2m2
e

)
(2 − β2 sin2 θ∗)

× d'(φ → π0e+e−)

dq2 (1)

with β =
(
1 − 4m2

e /q2)1/2 and [10]:

d'(φ → π0e+e−)

dq2

= '(φ → π0γ )
α

3π
β

|Fφπ0(q2)|2
q2

(
1 + 2m2

e

q2

)

×

⎡

⎣
(

1 + q2

m2
φ − m2

π

)2

−
4m2

φq2

(m2
φ − m2

π )2

⎤

⎦
3/2

, (2)

where me is the mass of the electron, and mφ , mπ are the masses 
of the φ and π0 mesons, respectively. θ∗ is the angle between the 
φ and the e+ direction in the e+e− rest frame. Its cosine is an 
invariant quantity which can be written as [11]:

cos θ∗ =
(q2 + m2

φ − m2
π ) − 4 pφ · pe+

β

√(
q2 − m2

φ − m2
π

)2
− 4 m2

π m2
φ

, (3)

where pφ is the 4-momentum of φ and pe+ of the positron.

Thanks to the large amount of collected φ decays (∼ 5.6 × 109), 
the KLOE experiment has been able both to perform the first mea-
surement of the Fφ π0(q2) TFF and to significantly improve the 
determination of the branching ratio of φ → π0e+e− .

2. The KLOE detector

DA+NE, the Frascati φ-factory, is an e+e− collider running at 
a center-of-mass energy of ∼ 1020 MeV. Positron and electron 
beams collide at an angle of π -25 mrad, producing φ mesons 
nearly at rest.

The KLOE apparatus consists of a large cylindrical Drift Cham-
ber (DC) surrounded by a lead-scintillating fiber electromagnetic 
calorimeter both inserted inside a superconducting coil, providing 
a 0.52 T axial field. The beam pipe at the interaction region is a 
sphere with 10 cm radius, made of a 0.5 mm thick Beryllium–
Aluminum alloy. The drift chamber [12], 4 m in diameter and 
3.3 m long, has 12,582 all-stereo tungsten sense wires and 37,746 
aluminum field wires, with a shell made of carbon fiber-epoxy 
composite with an internal wall of ∼ 1 mm thickness. The gas used 
is a 90% helium, 10% isobutane mixture. The momentum resolu-
tion is σ (p⊥)/p⊥ ≈ 0.4%. Vertices are reconstructed with a spatial 
resolution of ∼ 3 mm. The calorimeter [13], with a readout granu-
larity of ∼ (4.4 × 4.4) cm2, for a total of 2440 cells arranged in five 
layers, covers 98% of the solid angle. Each cell is read out at both 
ends by photomultipliers, both in amplitude and time. The energy 
deposits are obtained from the signal amplitude while the arrival 
times and the particle positions are obtained from the time of the 
signals collected at the two ends. Cells close in time and space 
are grouped into energy clusters. Energy and time resolutions are 
σE/E = 5.7%/

√
E (GeV) and σt = 57 ps/

√
E (GeV) ⊕ 100 ps, re-

spectively. The trigger [14] uses both calorimeter and chamber in-
formation. In this analysis the events are selected by the calorime-
ter trigger, requiring two energy deposits with E > 50 MeV for the 
barrel and E > 150 MeV for the endcaps.

Large angle Bhabha scattering events are used to obtain lu-
minosity, center-of-mass energy and crossing angle of the beams. 
A precision measurement of 

√
s, with negligible statistical uncer-

tainty and a systematic error of ∼ 30 keV, is routinely performed 
on the basis of 200 nb−1 of integrated luminosity. The systematic 
error is in fact on the absolute momentum scale, derived from the 
analysis of the φ lineshape [15]. The center-of-mass energy distri-
bution width is about 330 keV from the contributions of i) DA+NE 
beam energy spread (0.06%) and ii) radiative corrections/effects. 
Collected data are processed by an event classification algorithm 
[16], which streams various categories of events in different out-
put files.

3. Data analysis

The analysis of the decay φ → π0e+e− (π0 → γ γ ), has been 
performed on a data sample of 1.69 fb−1 from the 2004/2005 data 
taking campaign.

The simulation of both signal and background events is based 
on the KLOE Monte Carlo (MC), GEANFI [16], that includes ra-
diative contributions to the process under study and takes into 
account variations of beam energy, crossing angle and machine 
background conditions on a run-by-run basis. The MC simulation 
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• The interest to improve on the 
precision of the measurement of the 
density of the Dalitz plot is related 
to the development of dispersive 
techniques to derive more powerful 
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The isospin violating h → π+π−πo decay can proceed via electromagnetic interactions or via strong 
interactions due to the difference between the masses of u and d quarks. The electromagnetic part 
of the decay amplitude is long known to be strongly suppressed. The recent calculations performed 
at next-to-leading order (NLO) of the chiral perturbation theory (cPT) reaffirm that the decay 
amplitude is dominated by the isospin violating part of the strong interaction. 
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is given by a ratio of meson masses, up to corrections of NNLO:

Q2 NLO
=

M2
K −M2

π

M2
K0 −M2

K+

·
M2

K

M2
π

. (9)

Using the Dashen theorem to account for the e.m. corrections, this gives Q = 24.3.
The quantity Q compares the isospin symmetry breaking parameter md −mu

with the quantity ms −mud, which measures the strength of SU(3)L+R symmetry
breaking. Since the ratio ms

mud
is accurately known, the value of Q determines the

value of mu

md
and vice versa. Most of the results underlying the estimate (5) are ob-

tained from lattice simulations of QCD and hence disregard electromagnetic effects.
In the case of ms

mud
, this is a good approximation, because the uncertainties in the

corrections to the Dashen theorem barely affect this ratio. For mu

md
, however, the

e.m. interaction does play a significant role. Lattice simulations of QCD + QED
cannot be done with the same level of confidence as for QCD alone: for the time
being, the e.m. self energies are evaluated in the quenched approximation and the
role of the finite size effects in the presence of long range forces yet needs to be
studied. The value of Q quoted in the FLAG review,6 Q = 22.8 ± 1.2, relies on
estimates of the e.m. corrections derived from η decay.8–11

In Bern, we have pursued the determination of Q from η decay over many
years.12–16 In the following, I outline recent work done in collaboration with
G. Colangelo, S. Lanz and E. Passemar. A detailed report on this project is forth-
coming.17

5. η Decay

The decay η → 3π provides a better handle on Q than the mass splitting between
K+ and K0, because the e.m. interaction is suppressed (Sutherland’s theorem18,19).
In the limit e = 0, mu = md, isospin and hence G-parity are conserved. In view of
Gη = 1, Gπ = −1, the transition is then forbidden: the η becomes a stable particle.
Accordingly, η → 3π is sensitive to isospin breaking and, since the e.m. contributions
are tiny,20 the transition amplitude is to a very good approximation proportional
to md −mu. In the following, I disregard the e.m. interaction, but will return to it
in Sec. 7.

The structure of the leading term of the chiral perturbation series,21,22

A(η → π+π−π0)
LO
= −

√
3

4
·
md −mu

ms −mud
·
s− 4

3M
2
π

F 2
π

(10)

resembles the leading term in the chiral expansion of the ππ scattering amplitude:

A(ππ → ππ)
LO
=

s−M2
π

F 2
π

. (11)

In both cases, the amplitude is linear in s and contains an Adler zero. In the case

of ππ scattering, the zero occurs at sA
LO
= M2

π , while in η decay, sA
LO
= 4

3M
2
π . The

analytic structure of the two amplitudes is also very similar. In either case, the
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higher order contributions of the chiral perturbation series are dominated by the
final state interaction among the pions.

The correction of next-to-leading order was worked out long ago,8 by evaluating
the chiral perturbation series to one loop. The most remarkable property of the
result is that expressed in terms of the quark mass ratio Q,

A(η → π+π−π0)
NLO
= −

1

Q2
·
M2

K(M2
K −M2

π)

3
√
3M2

πF 2
π

·M(s, t, u) , (12)

all of the low energy constants except one drop out: the factor M(s, t, u) exclu-
sively involves Fπ , FK , Mπ, MK , Mη and L3. Moreover, L3 does not concern the
dependence of the amplitude on the quark masses, on which there is only indirect
experimental information, but the momentum dependence — the value of L3 can
be determined quite well from ππ scattering. At one loop, the result for the rate is
therefore of the form Γη→π+π−π0 = C/Q4, where C is a known constant. Hence Q
can be determined from the observed rate.

The main problem in this determination of Q is not the uncertainty in L3, but
concerns the contributions from higher orders. In 1985, we estimated the uncertainty
in the result at Q−2 = (1.9 ± 0.3) · 10−3, which amounts to Q = 22.9+2.1

−1.6. This is
consistent with the value Q = 24.3 obtained from the kaon mass difference with the
Dashen theorem, but the uncertainties are large.

6. Dispersive Analysis of η Decay

The properties of the decay amplitude are governed by the final state interaction
among the three pions. Up to and including NNLO of the chiral perturbation series,
the amplitude can be represented in terms of three functions of a single variable23:

M(s, t, u) = M0(s) + (s− u)M1(t) + (s− t)M1(u)

+M2(t) +M2(u)−
2

3
M2(s) (13)

(discontinuities from partial waves with ℓ ≥ 2 start contributing only at N3LO).
Unitarity implies that M0(s), M1(s), M2(s) have a branch cut extending from 4M2

π

to ∞. In the elastic region, the discontinuity across the cut is determined by the
S- and P-wave phase shifts of ππ scattering. Neglecting the discontinuities due to
inelastic processes, the dispersion relations obeyed by the three functions can be
brought to the form10

MI(s) = ΩI(s)

{

PI(s) +
snI

π

∫

∞

4M2
π

ds′
sin δI(s′)M̂I(s′)

|ΩI(s′)|s′nI (s′ − s)

}

, I = 0, 1, 2 , (14)

where δ0(s), δ1(s), δ2(s) are the S- and P-wave phase shifts of ππ scattering,

ΩI(s) ≡ exp

{

s

π

∫

∞

4M2
π

ds′
δI(s′)

s′(s′ − s)

}

, I = 0, 1, 2 (15)
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NNLO result depends on the values of a large number of the coupling constants of the

chiral lagrangian which are not known precisely. On the other hand it is known that the

ππ rescattering plays an important role in the decay, giving about half of the correction

from the LO to the NLO result [8]. The rescattering can be accounted for to all orders using

dispersive integrals and precisely known ππ phase shifts. In the dispersive calculations two

approaches are possible. The first is to improve ChPT predictions starting from the NLO

ChPT calculations. In the second approach one can determine the proportionality factor

for the Q−2 in the η → π+π−π0 decay amplitude from fits to the experimental Dalitz

plot data and by matching the results to the LO amplitude in the region where it could be

considered accurate. Both approaches are pursued by three theory groups: refs. [13–15]. In

the first approach the reliability of the calculations could be verified by a comparison with

the experimental Dalitz plot data. Conversely, in the second approach precise experimental

Dalitz plot distributions could be used to determine the quark ratio Q without relying on

the higher order ChPT calculations.

Two other recent theoretical descriptions of the η → 3π decay amplitude include

unitarized ChPT (UChPT) [11] and non-relativistic effective field theory (NRFT) [12].

UChPT is a model dependent approach which uses relativistic coupled channels and allows

for simultaneous treatment of all hadronic η and η′ decays. The NRFT framework is used

to study higher order isospin breaking effects in the final state interactions.

For the η → π+π−π0 Dalitz plot distribution, the normalized variables X and Y are

commonly used:

X =
√
3
Tπ+ − Tπ−

Qη
(1.2)

Y =
3Tπ0

Qη
− 1 (1.3)

with

Qη = Tπ+ + Tπ− + Tπ0 = mη − 2mπ+ −mπ0 . (1.4)

Ti are kinetic energies of the pions in the η rest frame. The squared amplitude of the decay

is parametrized by a polynomial expansion around (X,Y ) = (0, 0):

|A(X,Y )|2 ≃ N(1+aY +bY 2+cX+dX2+eXY +fY 3+gX2Y +hXY 2+lX3+. . .). (1.5)

The Dalitz plot distribution can then be fit using this formula to extract the parameters

a, b, . . ., usually called the Dalitz plot parameters. Note that coefficients multiplying odd

powers of X (c, e, h and l) must be zero assuming charge conjugation invariance.

The experimental values of the Dalitz plot parameters are shown in table 1 together

with the parametrization of theoretical calculations. The last three most precise measure-

ments include the 2008 analysis from KLOE which was based on 1.34 · 106 events [19].

There is some disagreement among the experiments, specially for the b but also for the

a parameter. Both b and the f parameters from theory deviate from the experimental

values. The new high statistics measurement presented in this paper can help to clarify

the tension among the experimental results, and can be used as a more precise input for

the dispersive calculations.
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Figure 4. (Color online) Missing mass squared, P 2
π0 , with the MC contributions scaled. The cut

||Pπ0 |−mπ0 | < 15MeV is represented by the two vertical lines.
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Figure 5. (Color online) The distributions of θ∗γγ (left) and P 2
π0 (right) after all the analysis cuts.
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Figure 6. Distribution of the reconstructed momentum of π0 (left) and η (right) for the data and
MC.
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Figure 9. (Color online) The experimental background subtracted Dalitz plot distribution repre-
sented by the two dimensional histogram with 371 bins. Only bins used for the Dalitz parameter
fits are shown. The physical border is indicated by the red line.

4 Dalitz plot

For the Dalitz plot, a two dimensional histogram representation is used. The bin width is

determined both by the resolution in the X and Y variables and the number of events in

each bin, which should be large enough to justify χ2 fitting. The resolution of the X and Y

variables is evaluated with MC signal simulation (figure 8). The distribution of the differ-

ence between the true and reconstructed values is fit with a sum of two Gaussian functions.

The standard deviations of the narrower Gaussians are δX = 0.021 and δY = 0.032. The

range (−1, 1) for theX and Y variables was divided into 31 and 20 bins, respectively. There-

fore the bin widths correspond to approximately three standard deviations. The minimum

bin content is 3.3 ·103 events. Figure 7 shows the distributions of the θ∗γγ and the P 2
π0 vari-

ables for two bins in the Dalitz plot, one with the largest content and one with the smallest.

As can be seen, the signal and the background are well reproduced by the simulation.

Figure 9 shows the experimental Dalitz plot distribution after background subtraction,

which is fit to the amplitude expansion from eq. (1.5) to extract the Dalitz plot parameters.

Only n = 371 bins which are fully inside the kinematic boundaries are used and there are

∼ 4.7 · 106 entries in the background subtracted Dalitz plot.

The fit is performed by minimizing the χ2 like function

χ2 =
n∑

i=1

(
Ni −

∑nT
j=1 SijNT,j

σi

)2

(4.1)

where:

• NT,j =
∫
|A(X,Y )|2dPh(X,Y )j , with |A(X,Y )|2 given by eq. (1.5). The integral is

over X and Y in the allowed phase space for bin j. The sum over j bins includes all

Dalitz plot bins at least partly inside the physical border, nT .

• Ni = Ndata,i − β1Bi1 − β2Bi2 is the background subtracted content of Dalitz plot bin

i, where β1,2 are the scaling factors, Bi1 is the ωπ0 background in the bin i and Bi2

is the same for the remaining background.
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• The decay amplitude has been parametrized by a 
polynomial expansion around the Dalitz plot center 

• The results improve the precision on the parameters 
by a factor of 2 

• Systematics also improved using control data sample 
for the efficiency measurement 
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Experiment −a b d f −g

Gormley(70) [16] 1.17± 0.02 0.21± 0.03 0.06± 0.04 − −
Layter(73) [17] 1.080± 0.014 0.03± 0.03 0.05± 0.03 − −
CBarrel(98) [18] 1.22± 0.07 0.22± 0.11 0.06(fixed) − −
KLOE(08) [19] 1.090± 0.005+0.019

−0.008 0.124± 0.006± 0.010 0.057± 0.006+0.007
−0.016 0.14± 0.01± 0.02 −

WASA(14) [20] 1.144± 0.018 0.219± 0.019± 0.047 0.086± 0.018± 0.015 0.115± 0.037 −
BESIII(15) [21] 1.128± 0.015± 0.008 0.153± 0.017± 0.004 0.085± 0.016± 0.009 0.173± 0.028± 0.021 −
Calculations

ChPT LO [10] 1.039 0.27 0 0 −
ChPT NLO [10] 1.371 0.452 0.053 0.027 −
ChPT NNLO [10] 1.271± 0.075 0.394± 0.102 0.055± 0.057 0.025± 0.160 −
dispersive [22] 1.16 0.26 0.10 − −
simplified disp [5] 1.21 0.33 0.04 − −
NREFT [12] 1.213± 0.014 0.308± 0.023 0.050± 0.003 0.083± 0.019 0.039± 0.002

UChPT [11] 1.054± 0.025 0.185± 0.015 0.079± 0.026 0.064± 0.012 −

Table 1. Summary of Dalitz plot parameters from experiments and theoretical predictions.
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NNLO result depends on the values of a large number of the coupling constants of the

chiral lagrangian which are not known precisely. On the other hand it is known that the

ππ rescattering plays an important role in the decay, giving about half of the correction

from the LO to the NLO result [8]. The rescattering can be accounted for to all orders using

dispersive integrals and precisely known ππ phase shifts. In the dispersive calculations two

approaches are possible. The first is to improve ChPT predictions starting from the NLO

ChPT calculations. In the second approach one can determine the proportionality factor

for the Q−2 in the η → π+π−π0 decay amplitude from fits to the experimental Dalitz

plot data and by matching the results to the LO amplitude in the region where it could be

considered accurate. Both approaches are pursued by three theory groups: refs. [13–15]. In

the first approach the reliability of the calculations could be verified by a comparison with

the experimental Dalitz plot data. Conversely, in the second approach precise experimental

Dalitz plot distributions could be used to determine the quark ratio Q without relying on

the higher order ChPT calculations.

Two other recent theoretical descriptions of the η → 3π decay amplitude include

unitarized ChPT (UChPT) [11] and non-relativistic effective field theory (NRFT) [12].

UChPT is a model dependent approach which uses relativistic coupled channels and allows

for simultaneous treatment of all hadronic η and η′ decays. The NRFT framework is used

to study higher order isospin breaking effects in the final state interactions.

For the η → π+π−π0 Dalitz plot distribution, the normalized variables X and Y are

commonly used:

X =
√
3
Tπ+ − Tπ−

Qη
(1.2)

Y =
3Tπ0

Qη
− 1 (1.3)

with

Qη = Tπ+ + Tπ− + Tπ0 = mη − 2mπ+ −mπ0 . (1.4)

Ti are kinetic energies of the pions in the η rest frame. The squared amplitude of the decay

is parametrized by a polynomial expansion around (X,Y ) = (0, 0):

|A(X,Y )|2 ≃ N(1+aY +bY 2+cX+dX2+eXY +fY 3+gX2Y +hXY 2+lX3+. . .). (1.5)

The Dalitz plot distribution can then be fit using this formula to extract the parameters

a, b, . . ., usually called the Dalitz plot parameters. Note that coefficients multiplying odd

powers of X (c, e, h and l) must be zero assuming charge conjugation invariance.

The experimental values of the Dalitz plot parameters are shown in table 1 together

with the parametrization of theoretical calculations. The last three most precise measure-

ments include the 2008 analysis from KLOE which was based on 1.34 · 106 events [19].

There is some disagreement among the experiments, specially for the b but also for the

a parameter. Both b and the f parameters from theory deviate from the experimental

values. The new high statistics measurement presented in this paper can help to clarify

the tension among the experimental results, and can be used as a more precise input for

the dispersive calculations.
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Fit/set# a b · 10 d · 102 f · 10 g · 102 c, e, h, l χ2/dof p-value

(1) −1.095± 0.003 1.454± 0.030 8.11± 0.32 1.41± 0.07 −4.4± 0.9 free 354/361 0.60

(2) −1.104± 0.002 1.533± 0.028 6.75± 0.27 0 0 0 1007/367 0

(3) −1.104± 0.003 1.420± 0.029 7.26± 0.27 1.54± 0.06 0 0 385/366 0.24

(4) −1.035± 0.002 1.598± 0.029 9.14± 0.33 0 −11.7± 0.9 free 792/362 0

(5) −1.095± 0.003 1.454± 0.030 8.11± 0.33 1.41± 0.07 −4.4± 0.9 0 360/365 0.56

(6) −1.092± 0.003 1.45± 0.03 8.1± 0.3 1.37± 0.06 −4.4± 0.9 0 369/365 0.43

(7) −1.101± 0.003 1.41± 0.03 7.2± 0.3 1.50± 0.06 0 0 397/366 0.13

Table 2. Results for the Dalitz plot parameter fits. The main result corresponds to fit #5 which
includes both cubic parameters g and f , while fit #3, with g = 0, can be directly compared to
previous results. The fits #6 and #7 use the acceptance corrected data (see appendix A).

• Sij is the acceptance and smearing matrix from bin j to bin i in the Dalitz plot. It

is determined from signal MC by Sij = Nrec,i;gen,j/Ngen,j , where Nrec,i;gen,j denotes

the number of events reconstructed in bin i which were generated in bin j and Ngen,j

denotes the total number of events generated in bin j.

• σ2
i = σ2

Ni
+ σ2

Sij
is the error in bin i, with σ2

Sij
=
∑nT

j=1N
2
T,j · Sij · (1− Sij)/Ngen,j .

The input-output test of the fit procedure was performed using signal MC generated

with the same statistics as the experimental data. The extracted values for the parameters

were within one standard deviation with respect to the input.

The fit has been performed using different choices of the free parameters in eq. (1.5),

with the normalization N and the parameters a, b and d always let free. The main fit results

are summarized in table 2. The first row (set #1) includes all parameters of the cubic

expansion, eq. (1.5). The fit values of the charge conjugation violating parameters c, e, h

and l are consistent with zero (c = (4.3±3.4)·10−3, e = (2.5±3.2)·10−3, h = (1.1±0.9)·10−2,

l = (1.1 ± 6.5) · 10−3) and are omitted from the table. Therefore our main results are

obtained with the charge conjugation violating parameters c, e, h and l set to zero. Fit

#2 with f = g = 0 demonstrates that it is not possible to describe the experimental

distribution with only quadratic terms. Fit #3 including the f parameter and with g = 0

gives a reasonable χ2/ndf value of 385/366. On the contrary the complementary selection

of the cubic parameters f = 0 and g free (fit #4) does not provide adequate description

of the data. Finally fit #5 which includes both f and g parameters, gives the g parameter

negative and different from zero at the 4.9σ level. To compare goodness of the fit between

cases #3 and #5 one should remember that the parameters in the two fits are the same

except for one extra parameter in fit #5. Therefore if the g parameter is not significant

we expect that the χ2
set#3 − χ2

set#5 variable will have chi squared distribution with one

degree of freedom. The determined value of 25 allows us to prefer fit #5 over #3. In

case of uncorrelated parameters one expects the chi square difference has a non-central

chi squared distribution with one degree of freedom and the mean value of (g/σg)2 fully

consistent with the data. However, in the further discussions we include also set #3 with
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powers of X (c, e, h and l) must be zero assuming charge conjugation invariance.

The experimental values of the Dalitz plot parameters are shown in table 1 together
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syst. error (×104) ∆a ∆b ∆d ∆f ∆g

EGmin ±6 ±12 ±10 ±5 ±16

BkgSub ±8 ±7 ±11 ±6 ±38

BIN ±17 ±13 ±9 ±36 ±44

θ+γ , θ−γ cut +0
−1

+0
−2

+2
−2

+3
−0

+3
−2

∆te cut + 6
−11

+12
− 1

+18
− 1

+3
−8

+26
−54

∆te −∆tπ cut ±0 +0
−1

+3
−1 ±0 +2

−1

θ∗γγ cut +14
− 5

+2
−1

+21
−12

+ 5
−25

+26
−38

MM + 8
−10

+46
−43

+49
−45

+57
−62

+100
− 92

ECL ±0 ±8 ±6 ±9 ±12

TOTAL +26
−25

+52
−48

+59
−50

+69
−77

+123
−129

Table 4. Summary of the systematic errors for a, b, d, f, g parameters (fit #5 ).

syst. error (×104) ∆a ∆b ∆d ∆f

EGmin ±9 ±10 ±6 ±0

BkgSub ±1 ±5 ±6 ±8

BIN ±9 ±14 ±9 ±26

θ+γ , θ−γ cut +0
−1

+0
−2

+1
−1

+4
−0

∆te cut +0
−6

+14
− 6

+7
−0

+19
−15

∆te −∆tπ cut ±0 +0
−1

+3
−0 ±0

θ∗γγ cut +6
−0

+1
−1

+14
− 8

+ 0
−13

MM +10
−10

+39
−36

+31
−26

+28
−35

ECL ±2 ±9 ±9 ±13

TOTAL +18
−18

+46
−41

+38
−31

+45
−51

Table 5. Summary of the systematic errors for a, b, d, f parameters (fit #3).

7 Discussion

The final results for the Dalitz plot parameters, including systematic effects, are therefore:

a = −1.095± 0.003+0.003
−0.002

b = +0.145± 0.003± 0.005

d = +0.081± 0.003+0.006
−0.005

f = +0.141± 0.007+0.007
−0.008

g = −0.044± 0.009+0.012
−0.013
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The statistical uncertainty 
of all parameters is improved 
by a factor two with respect 
to earlier measurements. 



What Next ?
• The accelerator complex was consolidate in 

2013-14 to substantially improve the uptime : 
it is able to routinely deliver 12 pb-1 per day 
• Average luminosity exceeds 1.5x1032 cm-2 s-1

• From Nov 2014 KLOE-2 recorded 2.4 out of 
3 fb-1 delivered by Daφne closely following 
data taking plans 
• The goal is to achieve 5 fb-1 by the end of 

2017
• KLOE install new detectors : IT, QCAL, 

CCALT and gg taggers : HET and LET  
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I would like to invite everybody interested …
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https://agenda.infn.it/conferenceDisplay.py?confId=11722



Conclusion
• The large data sample of light mesons recorded at the φ factory and the sensitivity of the 

KLOE detector provide a unique opportunity for precision measurements in hadron physics 
• Precision measurements of V→ Pγ* transitions from f → ηe+e- and f → πoe+e- have been 

obtained 
• The Dalitz plot density of the isospin-violating η → π+π-πo decays, sensitive to the light quark 

mass ratio, has been studied at KLOE and both statistical and systematic accuracy have been 
improved 

• Daφne is currently operating with a novel beam crossing scheme and good operational stability 
providing stable beams in continuous injection mode. More than 12 pb-1 per day are routinely 
delivered. 

• The upgraded detector, KLOE-2, has already collected 2.4 fb-1 demonstrating the feasibility 
of the goal to record 5 fb-1 by the end of 2017. 

• The KLOE-2 physics program is mainly focused on the study of low energy hadrons and on 
neutral kaon interferometry 

• The analysis of meson production from γγ exploiting the KLOE-2 tagging system has been 
started. The goal is to improve to the percent level the precision of the po radiative width 
and obtain the first measurement of the TFF at low momentum transfer
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