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Article history: We have studied the vector to pseudoscalar conversion decay ¢ — nete~, with n — %7979, with
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conversion decay signal of ~ 31,000 events from which we measured a value of BR(¢ — nete™) =
(1.075 £0.007 & 0.038) x 10~%. The same sample is used to determine the transition form factor by a fit
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to the ete™ invariant mass spectrum, obtaining bg;, = (1.28£0.10%52) 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 ¢ — nete~ with n — 7%7%7% In conversion de-
cays, A— By* — BeTe™, the radiated photon is virtual and the
squared dilepton invariant mass, Mge, 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 — By *. The differential de-
cay rate, normalized to the radiative width, is [1]:

1 dI'(¢p — nete™)
r'(¢—ny) dq?

Fon(@®)? am?2 2M?
_ o [Fen@I” | 14
377 q2 qZ q2

e 2 4M5)q2 3/2
X I+ M2 — M2 - M2 — M2)2 ’ (1)
o n (Mg — M)

where M is the mass of the electron and My, M, are the masses
of the ¢ and n mesons, respectively. F¢,7(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, by, is defined
as:

_dF

b = .
on dqz qZ:O

(2)

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

1
—_ a2/ A2

The VMD successfully describes some transitions, such as n —
yutu~, while is failing for others, as in the case of w —
7%t~ [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 ¢ — nete~ come from the SND [5] and
CMD-2 [6] experiments. Their measurements of the branching ra-
tio, BR(¢ — ne*e™), are (1.19+0.19 4 0.07) x 1074 and (1.14 =+
0.104 0.06) x 104, respectively. The VMD expectation is BR(¢ —
nete™) = 1.1 x 10~* [7]. The SND experiment has also mea-
sured the slope of the transition form factor from the M., invari-
ant mass distribution, on the basis of 213 events: by, = (3.8 &
1.8) GeV~2 [5]. The VMD expectation is bypn=1 Gev~2 [7].

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

Fon(a®) = = by~ Agy. (3)

(1) the determination of the branching fraction of the ¢ — nete™
decay;

(2) the direct measurement of the transition form factor slope by
with a fit to the dilepton invariant mass spectrum,;

(3) the extraction of the |F¢,,|2 as a function of the dilepton in-
variant mass.

2. The KLOE detector

DA®NE, the Frascati ¢-factory, is an ete~ collider running
at center of mass energy of ~ 1020 MeV. Positron and electron
beams collide at an angle of m-25 mrad, producing ¢ mesons
nearly at rest. The KLOE experiment operated at this collider from
2000 to 2006, collecting 2.5 fb~!. 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 o (p1)/p.1 =~ 0.4%. Vertices are reconstructed
with a spatial resolution of ~ 3 mm. The calorimeter [9], with
a readout granularity of ~ (4.4 x 4.4) cm?, 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
og/E =5.7%/E (GeV) and o; = 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~! 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 ¢ — nete™, n — 379, has been
performed on a data sample of about 1.7 fb~'. The Monte Carlo
(MC) simulation for the signal has been produced with dI"(¢ —
nete™)/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
¢ decays and the not resonant ete~ — wn® process have been
simulated with a statistics two times larger than data.

All MC productions take into account changes in DA®NE 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 ¢ — pmr 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 < Mgy, <
700 MeV;
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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 1 mass. The second peak at ~ 590 MeV
is due to Ks — w7~ events with a wrong mass assignment.

(3) a 30 cut on the recoil mass against the eTe™ pair, Mg, (recoil),
shown in Fig. 1: 536.5 < Mg (recoil) < 554.5 MeV';

(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 M. and cosy*? distributions, after the Me.(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 ¢ — KsK; —
wtm =370 events with an early K; decay.

The analysis efficiency for signal events as a function of the
ete™ 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 ¢ — nete™, n — 37°, candidates are
present in the dataset.

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

by Z,’Ni/ei
BR(¢ — nete )—G¢X£X3R(n—>3n0)’ @

The luminosity measurement is obtained using very large angle
Bhabha scattering events [14], giving an integrated luminosity of
£ =(1.68 +0.01) fb~'. The effective ¢ production cross section
takes into account the center of mass energy variations (at 1%
level) [15]: o = (3310 + 120) nb. The value of the BR(n — 37%) =
(32.57 £ 0.23)% is taken from [16]. Our result is:

BR(¢ — neTe™) = (1.075 £ 0.007 £ 0.038) x 107%, (5)

where the error includes the uncertainties on luminosity and ¢
production cross section. The systematic error has been evalu-
ated moving by 410 the analysis cuts on the recoil mass and

1 We observed a shift of about 2 MeV with respect to the 1 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 cosy* variable is defined as the angle between the 7 and the et in the
ete™ rest frame.

TOF, and by 4+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 M, values, the BR has been measured for
M. > 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 M, 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 Ag; with
an overall normalization factor. The M, distribution is then fitted,
in the whole range, using a bin width of 5 MeV, by minimizing a
x? function, defined as:

N (Nl _ Ni )2
X2 _ DATA 2expected . (6)

i=1 0

where Npara is the number of event in the reconstructed i-th
Me. 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:

N

Nfexpected = Z ftheory(mj) : p(Mée’ M(ife) €j, (7)
=

where fineory(m;) is the integrated VMD spectrum in the j-th bin,

p(MJ,, Mée) is the probability for an event generated with mass
m; to be reconstructed in the i-th bin and ¢; is the reconstruction
efficiency in the j-th bin. The probability p(MZ., ML,) is shown in
Fig. 4. Smearing effects are of the order of few %. The resolution on
the M, variable has been evaluated for each mass bin applying a
Gaussian fit to the Mee(rec.) — M (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 by, = (1.28 £0.10) GeV~2, with x?/ndf =1.15
and a x? probability of about 13%. In Fig. 5 (top) the fit result
is shown and compared with data. Fit normalized residuals, de-
fined as (NBATA — Néxpected)/ai, are shown in Fig. 5 bottom left:
the distribution of their values has the correct Gaussian behaviour,
centered at 0 with o =1 (Fig. 5 bottom right).

Systematics for the M, (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¢n=(1.2810.10fg;g§) GeV* ®)
5. Transition form factor as a function of M,

The modulus squared of the transition form factor, |Fg,(g%)|?,
as a function of the eTe~ invariant mass, is obtained by dividing
bin by bin the M, spectrum of Fig. 5 (top) by the one of recon-
structed signal events, generated with Fg’nc =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 |Fyy,(q%)|?
as a function of the dilepton invariant mass, with the correspond-
ing statistical errors are reported.
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Fig. 2. Data-MC comparison for M, (left) and cosv* (right) distributions after the M. (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.
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Fig. 3. Analysis efficiency as a function of ete~ 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 M, (recoil), TOF, photon conversion, event classification cuts are re-
ported.

CUT BR variation
Me, (recoil) +lo (—=0.1/40.6)%
TOF +lo (+0.01/-0.1)%
Photon conversion +20% (=0.1/40.1)%
Event classification Mee > 100 MeV —-0.1%

Total (—0.2/40.6)%

The |F4y,(g?)|? distribution has been fitted as a function of the
invariant mass with two free parameters, one corresponding to the
normalization and the other to Agy,, as shown in Fig. 6, together
with the predictions form the VMD and from Ref. [3]. From this fit,
the value of the slope by, is:

500
450
400 F
350
300
250
200
150
100

50

107!

M,(rec.) [MeV]

1072

T T 10_3

0 50 100 150 200 250 300 350 400 450 500
M,.(gen.) [MeV]

Fig. 4. Smearing matrix: reconstructed vs generated M, values for ¢ — nete™ MC
events.

by = (1.25 4+ 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 ¢ — neTe™ decay channel, a precise measure-
ments of both, the BR(¢ — ne*e™), and the transition form fac-
tor slope by, are obtained. We measured a value of BR(¢ —
nete™) = (1.075 =+ 0.007 £ 0.038) x 10~* and a value of the slope

of by = (1.28 £0.1079%) Gev—2.

The BR(¢ — nete™) 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 ¢ — nU —
nete~ decay. Present measurement confirms the exclusion plot
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Fig. 5. Top: fit to the M., spectrum for the Dalitz decays ¢ — ne*e~, with n —
797970, 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 bgy. Relative variation of each contribution with respect to the
Mee (recoil), TOF, photon conversion, fit mass range cuts are reported.

CuT bgy variation
Mee (recoil) +1o (+4.4/-3.0)%
TOF +1o (+3.2/-1.5)%
Photon conversion +20% (—=4.1/4+1.9)%
Fit limits Me, fit range +3.8%

Total (+6.9/—6.5)%

Q o
5 25 [ [@/ndf 99.39/90
= Prob 0.2338
Norm 1.009+ 0.007
2 0.8964+ 0.0353 *

\\\\‘\\\\‘\\\\‘\\
>

® Data
= Fit to the Data

o Terschluesen/Leupold model
=== VMD model

0.5

0
0 005 0.1 0.15 0.2 025 03 035 0.4 045 0.5
M, [GeV]

Fig. 6. Fit to the \FM\Z 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 Ay, = A, & 10 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 \F¢,7|2 of the ¢ — nete~ decay.

Mee (MeV) ‘F(Dr]‘z B‘Faﬁn‘z Mee (MeV) ‘Fam‘z 8|F¢n‘2 Mee (MeV) ‘Fm]‘z 8|F¢n|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 0.14 457.50 343 4.91

152.50 1.11 0.09 307.50 1.30 0.15
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obtained by KLOE in the mass range (5 < My < 470) MeV, where
bgy =1 GeV~2 was assumed [13].
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