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Study of the decayφ → π0π0γ with the KLOE detector
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Abstract

We have measured the branching ratio BR(φ → π0π0γ ) with the KLOE detector using a sample of∼ 5× 107 φ decays.φ
mesons are produced at DA�NE, the Frascatiφ-factory. We find BR(φ → π0π0γ )= (1.09± 0.03stat± 0.05syst)× 10−4. We
fit the two-pion mass spectrum to models to disentangle contributions from various sources. 2002 Elsevier Science B.V. All
rights reserved.

PACS: 13.65.+i; 14.40.-n
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The decayφ → π0π0γ was first observed in
1998 [1]. Only two experiments have measured its rate
[2,3]. The measured rate is too large ifφ → f0(980)γ ,
with f0 → π0π0, were the dominating contribution
andf0(980) is interpreted as aqq̄ scalar state [4,5].
Possible explanations for thef0 are: ordinaryqq̄
meson,qq̄qq̄ state,K 	K molecule [4,6–8]. Similar
considerations apply also to thea0(980) meson. The
decayφ → π0π0γ can clarify this situation since both
the branching ratio and the line shape depend on the
structure of thef0. We present in the following a
study of the decayφ → π0π0γ performed with the
KLOE detector [9] at DA�NE [10], ane+e− collider
which operates at a center of mass energyW =Mφ ∼
1020 MeV. Data were collected in the year 2000 for an
integrated luminosityLint ∼ 16 pb−1, corresponding
to around 5× 107 φ-meson decays.

The KLOE detector consists of a large cylindrical
drift chamber, DC, surrounded by a lead-scintillating
fiber electromagnetic calorimeter, EMC. A supercon-
ducting coil around the EMC provides a 0.52 T field.
The drift chamber [11], 4 m in diameter and 3.3 m
long, has 12 582 all-stereo tungsten sense wires and
37 746 aluminum field wires. The chamber shell is
made of carbon fiber-epoxy composite and the gas
used is a 90% helium, 10% isobutane mixture. These
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features maximize transparency to photons and reduce
KL → KS regeneration and multiple scattering. The
position resolutions areσxy ∼ 150 µm andσz ∼ 2 mm.
The momentum resolution isσ(p⊥)/p⊥ ≈ 0.4%. Ver-
tices are reconstructed with a spatial resolution of
∼ 3 mm. The calorimeter [12] is divided into a barrel
and two endcaps, for a total of 88 modules, and cov-
ers 98% of the solid angle. The modules are read out
at both ends by photomultipliers; the readout granu-
larity is ∼ 4.4× 4.4 cm2, for a total of 2440 cells. The
arrival times of particles and the positions in three di-
mensions of the energy deposits are obtained from the
signals collected at the two ends. Cells close in time
and space are grouped into a calorimeter cluster. The
cluster energyE is the sum of the cell energies. The
cluster timeT and position �R are energy weighted
averages. Energy and time resolutions areσE/E =
5.7%/

√
E (GeV) and σt = (57 ps)/

√
E (GeV) ⊕

(50 ps), respectively. The KLOE trigger [13] uses
calorimeter and chamber information. For this analy-
sis only the calorimeter signals are relevant. Two en-
ergy deposits withE > 50 MeV for the barrel and
E > 150 MeV for the endcaps are required.

Prompt photons are identified as neutral particles
with β = 1 originated at the interaction point requir-
ing |T −R/c| < min(5σT ,2 ns), whereT is the pho-
ton flight time andR the path length;σT includes also
the contribution of the bunch length jitter. The pho-
ton detection efficiency is∼ 90% forEγ = 20 MeV,
and reaches 100% above 70 MeV. The sample selected
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by the timing requirement contains a< 1.8% contam-
ination due to accidental clusters from machine back-
ground.

Two amplitudes contribute toφ → π0π0γ : φ →
Sγ , S → π0π0 (Sγ ) andφ → ρ0π0, ρ0 → π0γ (ρπ )
whereS is a scalar meson. The event selection criteria
of theφ → π0π0γ decays (ππγ ) have been designed
to give similar efficiencies for both processes. The first
step, requiring five prompt photons withEγ � 7 MeV
and θ � θmin = 23◦, reduces the sample to 124 575
events. The background due toφ →KSKL is removed
requiring thatEtot = ∑

5Eγ,i and �ptot = ∑
5 �pγ,i

satisfyEtot > 800 MeV and| �ptot| < 200 MeV/c. We
are left with 15 825 events. Other reactions which
give rise to background are:e+e− → ωπ0 → π0π0γ

(ωπ ), φ → ηπ0γ → 5γ (ηπγ ) andφ → ηγ → 3π0γ

(ηγ ) with 2 undetected photons.
A kinematic fit (Fit1) requiring overall energy

and momentum conservation improves the energy
resolution to 3%. Photons are assigned toπ0’s by
minimizing a testχ2-function for both theππγ and
ωπ cases. For theωπ case we also requireMπγ to be
consistent withMω. The correct combination is found
by this procedure 89%, 96% of the time for theππγ ,
ωπ case, respectively. Good agreement is found with
the Monte Carlo simulation, MC, for the distributions
of the χ2 and of the invariant masses. A second fit
(Fit2) requires the mass ofγ γ pairs to equalMπ .

The e+e− → ωπ0 → π0π0γ background is re-
duced rejecting the events satisfyingχ2/ndf � 3 and
&Mπγ = |Mπγ −Mω| � 3σω using Fit2 in theωπ hy-
pothesis. Data and MC are in good agreement (Fig. 1).
Theφ → π0π0γ events must then satisfyχ2/ndf� 3
for Fit2 in the ππγ hypothesis. We also require
&Mγγ = |Mγγ − Mπ | � 5σπ using the photon mo-
menta of Fit1. The efficiency for the identification of
the signal is evaluated applying the whole analysis
chain to a sample of simulatedφ → Sγ , S → π0π0

events with aπ0π0 mass (m) spectrum consistent with
the data. We use the symbolMππ to denote the recon-
structed value ofm. The selection efficiency as a func-
tion of Mππ is shown in Fig. 2. The average over the
whole mass spectrum isεππγ = 41.6%. A similar effi-
ciency function is obtained for the processφ → ρ0π0

with ρ0 → π0γ . Fig. 3 shows various distributions
for the 3102 events surviving the selection together
with MC predictions. The angular distributions prove
thatSγ is the dominant process. The rejection factors

Fig. 1. Data–MC comparison forωπ events: (a)χ2/ndf and
(b) &Mπγ /σω .

Fig. 2. Efficiency vs.π0π0 invariant mass forφ → π0π0γ events.

and the expected number of events for the background
processes are listed in Table 1 [14–16]. After subtract-
ing the background 2438± 61φ → π0π0γ events re-
main. TheirMππ spectrum is shown in Fig. 4.

Theφ → π0π0γ branching ratio, BR, is obtained
normalizing the number of events after background
subtraction,N − B, to theφ cross section,σ(φ), to
the selection efficiency and toLint:

(1)BR
(
φ → π0π0γ

) = N −B

εππγ

1

σ(φ)Lint
.

The luminosity is measured using large angle Bhabha
scattering events. The measurement ofσ(φ) is ob-
tained from theφ → ηγ → γ γ γ decay in the same
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Fig. 3. Data–MC comparison forφ → π0π0γ events afterωπ
rejection: (a)χ2/ndf; (b) (Mγγ − Mπ)/σπ with χ2/ndf � 3;
(c), (d) angular distributions with all analysis cuts applied.θ is
the polar angle of the radiative photon,ψ is the angle between the
radiative photon andπ0 in theπ0π0 rest frame.

Table 1
Background channels forφ → π0π0γ

Process Rejection factor Expected events

e+e− → ωπ0 → π0π0γ 8.7 339± 24

φ → ηπ0γ → γ γπ0γ 4.0 166± 16

φ → ηγ → π0π0π0γ 5.9×103 159± 12

sample [15]. We obtain

BR
(
φ → π0π0γ

)

(2)

= (1.08± 0.03stat± 0.03syst± 0.04norm)× 10−4.

The contributions to the uncertainties are listed in
Table 2. Details can be found in Ref. [16].

In order to disentangle the contributions of the
various processes and to determine the normalized
differential decay rate, d BR/dm= (1/Γ )dΓ/dm, we
fit the data to a mass spectrumf (m). This spectrum
is taken as the sum ofSγ , ρπ and interference term,
f (m)= fSγ (m)+ fρπ (m)+ fint(m). The scalar term

Fig. 4. Observed spectrum ofπ0π0 invariant mass before (a) and
after (b) background subtraction.

Table 2
Uncertainties on BR(φ → π0π0γ )

Source Relative error

Statistics 2.5%
Background 1.3%
Event counting 2.3%
Normalization 3.7%

Total 5.2%

is [17]:

(3)fSγ (m)= 2m2

π

ΓφSγ ΓSπ0π0

|DS |2
1

Γφ
.

The φ → Sγ process is estimated by means of a
K+K− loop for thef0:

(4)

Γφf0γ (m)=
g2
f0K

+K−g2
φK+K−

12π

|g(m)|2
M2

φ

(
M2

φ −m2

2Mφ

)
,

wheregφK+K− and gf0K
+K− are the couplings and

g(m) is the loop integral function.
A recent measurement [18] reports the existence of

a scalarσ with Mσ = (478+24
−23 ± 17) MeV andΓσ =

(324+42
−40 ± 21) MeV. If we include the contribution of
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this meson, its decay rate is given by [19]:

(5)Γφσγ (m)= e2g2
φσγ

12π

1

M2
φ

(
M2

φ −m2

2Mφ

)3

,

wheregφσγ is a point-likeφσγ coupling.
Finally,ΓSπ0π0 is related toΓSπ+π− by:

(6)

ΓSπ0π0(m)= 1

2
ΓSπ+π−(m)= g2

Sπ+π−
32πm

√
1− 4M2

π

m2 .

For the inverse propagator,DS , we use the formula
with finite width corrections [17] for thef0 and
a Breit–Wigner for theσ . The parametrization of
Ref. [20] has been used for theρπ and the interference
term.

The observed mass spectrumSobs(Mππ ) is fit fold-
ing into the theoretical shape experimental efficiency
and resolution after proper normalization forσ(φ) and
Lint. Two different fits have been performed varying
fSγ (m): in Fit (A) only thef0 contribution is consid-
ered while in Fit (B) we also include the contribution
of the σ meson. The mass and width of theσ were
fixed to their central values. If the normalization of the
ρπ term is left free during fitting, its contribution and
the associated interference terms turn out to be negli-
gibly small. When BR(φ → ρ0π0 → π0π0γ ) is fixed
at 1.8× 10−5 as in Ref. [20], theχ2/ndf increases by
more than a factor of 2. The fits without theρπ contri-
bution are shown superimposed over the raw spectrum
in Fig. 4(b).

The result of the fits are listed in Table 3. In Fit (A)
we use as free parametersMf0, g2

f0K
+K− and the

ratio g2
f0K

+K−/g2
f0π

+π− . The fit gives a largeχ2/ndf;
integrating the theoretical spectrum a value BR(φ →
f0γ → π0π0γ ) = (1.11 ± 0.06stat+syst) × 10−4 is
obtained.

Table 3
Fit results usingf0 only, Fit (A), and including theσ , Fit (B)

Fit (A) Fit (B)

χ2/ndf 109.53/34 43.15/33
Mf0 (MeV) 962± 4 973± 1

g2
f0K

+K−/(4π) (GeV2) 1.29± 0.14 2.79± 0.12

g2
f0K

+K−/g2
f0π

+π− 3.22± 0.29 4.00± 0.14

gφσγ – 0.060± 0.008

A much better agreement with data is given by
Fit (B), where we add as a free parameter also the
couplinggφσγ . The negative interference between the
f0 andσ amplitudes results in the observed decrease
of theπ0π0γ yield below 700 MeV. Integrating over
the theoreticalσ andf0 curves we obtain BR(φ →
σγ → π0π0γ ) = (0.28 ± 0.04stat+syst) × 10−4 and
BR(φ → f0γ → π0π0γ ) = (1.49 ± 0.07stat+syst) ×
10−4. Multiplying the latter BR by a factor of 3 to
account forf0 → π+π− decay, the BR(φ → f0γ ) is
determined to be

(7)BR(φ → f0γ )= (4.47± 0.21stat+syst)× 10−4.

The values of the coupling constants from Fit (B)
are in agreement with those reported by the SND
and CMD-2 experiments [2,3]. The coupling con-
stants differ from the WA102 result onf0 produc-
tion in centralpp collisions (g2

f0K
+K−/g2

f0π
+π− =

gK/1.33gπ = 1.63± 0.46) [21] and from those ob-
tained when thef0 is produced inD+

s → π+π−π+
decays [22], wheregK is consistent with zero.

In order to allow a detailed comparison with other
experiments and theoretical models, we have unfolded
Sobs(Mππ ). For each reconstructed mass bin, the ratio
between the theoretical and the smeared function,
SF(Mππ ), is calculated. The d BR/dm is then given
by

(8)
d BR

dm
= Sobs(Mππ )

SF(Mππ)

1

Lintσ(φ)&Mππ
.

The value of d BR/dm as a function ofm is given in
Table 4 and shown in Fig. 5. Integrating over the whole
mass range we obtain:

BR
(
φ → π0π0γ

)

(9)

= (1.09± 0.03stat± 0.03syst± 0.04norm)× 10−4

which well compares with the result obtained correct-
ing for the average selection efficiency (Eq. (2)). If we
limit the integration to thef0 dominated region, above
700 MeV, we get:

BR
(
φ → π0π0γ ;m> 700 MeV

)
= (0.96± 0.02stat± 0.02syst± 0.04norm)× 10−4

which is in agreement with our previous measurement
in the same mass range [23].
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Table 4
Differential BR for φ → π0π0γ . m is expressed in MeV while
dBR/dm is in units of 108 MeV−1. The errors listed are the total
uncertainties

m dBR/dm m dBR/dm

290 2.0± 2.9 670 11.2± 1.9

310 2.2± 1.4 690 11.0± 1.9

330 3.0± 1.5 710 12.5± 1.9

350 0.9± 1.3 730 14.0± 2.0

370 2.9± 1.4 750 17.3± 2.3

390 2.2± 1.3 770 17.0± 2.4

410 1.4± 1.1 790 19.4± 2.5

430 1.8± 1.0 810 27.4± 3.1

450 1.9± 0.8 830 29.2± 3.2

470 1.1± 0.5 850 30.6± 3.2

490 0.5± 0.2 870 41.7± 3.8

510 0.2± 0.1 890 39.6± 3.6

530 0.3± 0.2 910 44.6± 3.8

550 1.3± 0.5 930 53.6± 4.4

570 3.3± 1.5 950 47.2± 4.3

590 2.1± 3.6 970 64.7± 5.3

610 3.7± 4.7 990 22.0± 2.5

630 4.2± 3.7 1010 0.2± 0.1

650 7.0± 1.7

Fig. 5. dBR/dm as a function ofm. Fit (B) is shown as a solid line;
individual contributions are also shown.

In a separate paper [14], we present a measurement
of BR(φ → a0γ ), together with a discussion of the
implications off0 anda0 results.
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