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Abstract

ηc(2980) production in γγ interactions has been detected via its decays into
K0

s K±π∓, K+K−K+K− and K+K−π+π− in the data taken with the DELPHI
detector at LEP1 and LEP2 energies. The two-photon radiative width averaged
over all observed decay channels is Γγγ = 13.9 ± 2.0 (stat.) ± 1.4(syst.) ± 2.7 (BR)
keV. No direct decay channel ηc → π+π−π+π− has been observed. An upper limit
Γγγ < 3.8 keV at 95% confidence level has been evaluated for that decay mode.
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1 Introduction

Among γγ induced final states, those with exclusive meson resonance production play an
important role, since the measurement of the production cross-section and the correspond-
ing radiative width provide information on the quark-gluon structure of the investigated
particle. The mesonic resonances built up of heavy quarks are additionally interesting
objects due to the possibility of describing such ηc bound states with nonrelativistic mod-
els. In particular, a precise measurement of the two-photon partial width for charmonium
states would provide valuable information on QCD corrections to cc̄ quarkonium.

The very first estimations of the ηc partial width, Γγγ(ηc), were obtained from its
ratios to the known widths for ψ → µ+µ− and ηc → gg giving values of 8 keV and 4
keV respectively [1]. Different models and corrections were applied to them later, giving
values from 3 to 14 keV, see [2] and references therein. An even bigger discrepancy is
observed between values obtained by numerous experimental groups. Among them there
are many experiments where two interacting photons radiated by electron and positron
beams couple to this resonant state, [3]-[12]. The results for Γγγ(ηc) range from 4 keV to
27 keV.

In this paper we report on the production and decays of the ηc resonance using
data collected by the DELPHI detector during the period 1994-1999 corresponding
to a range of centre-of-mass energies from 90 GeV up to 202 GeV and an integrated
luminosity of L = 531 pb−1. The aim of this analysis was to determine the radiative
width of the ηc resonance separately for each decay channel, using the production process:

e+e− → e+e−ηc(2980) (1)

on four-body final states where a distinct signal of the ηc resonance has been observed.
To increase the sensitivity for ηc production, we do not require information on the polar
angle of the scattered electrons (no tag mode). The superiority of LEP with respect to
previous experiments is the higher energy and resulting higher production cross-section
for this reaction.

We have analysed the following exclusive final states:

ηc → K0
sK

±π∓ (2)

ηc → K+K−K+K− (3)

ηc → K+K−π+π− (4)

ηc → π+π−π+π− (5)

2 Detector

A general description of the DELPHI detector can be found elsewhere [13]. The main
features relevant to this analysis are particle tracking and identification. Due to the
low momenta of the decay products, their identification is based on measurement of
ionization losses (dE/dx) in the Time Projection Chamber (TPC). The particle momenta
are determined from track reconstruction and make use of the Vertex Detector, the Inner
and Outer Detectors and the TPC. The tracks with lower polar angles are reconstructed
in Forward Chambers A/B.
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The single track trigger efficiency, expressed in terms of transverse track momentum,
has an influence on the overall efficiency of final states produced in γγ collisions where
the hadrons have rather low momenta. Having four particles in the final state, originating
from the decay of a relatively heavy ηc(2980) resonance, results in a large trigger efficiency
for an event according to the formula:

Eev = 1 − (1 − ǫ1) × (1 − ǫ2) × (1 − ǫ3) × (1 − ǫ4) (6)

where Eev is the total trigger efficiency for an event and the ǫi is the single track efficiency
which depends on the transverse momentum. A brief description of the trigger system is
presented in [14, 15].

3 General Data Selection

Data were taken only from running periods when the TPC was fully operational thus en-
suring good particle identification. There was no requirement on detecting either scattered
electron. Candidates for the ηc(2980) decay channels (2)-(5) were selected by requiring:

• exactly four charged particle tracks with zero total charge, coming from the primary
interaction region or two tracks originating from the primary vertex and two tracks
originating from a secondary vertex,

• the track impact parameters measured with respect to the z-axis (beam axis) to be
smaller than 10 cm and those measured in the plane perpendicular to the z-axis
smaller than 4 cm,

• the momentum of each particle to be larger than 0.3 GeV/c,

• the square of the total transverse momentum, (Σ~pt)
2, of charged particles to be less

than 1.0 (GeV/c)2,

• each track to pass through the TPC,

• the total detected energy of charged particles to be less than 10 GeV,

• no particles identified as electrons or muons by the standard lepton identification
algorithms,

• the track lengths to be longer than 30 cm,

• the total energy deposit in the electromagnetic calorimeter from neutral particles to
be less than 3 GeV,

• the charged particles to have polar angles between 20◦ and 160◦.

Additional criteria which are specific to particular channels are discussed in the next
section.

It is worth emphasizing that all experimental requirements used in the analyses pre-
sented below were chosen to be the same for all data sets corresponding to various beam
energies.
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4 Analysis

In γγ events almost all the available energy and momentum is carried away by the electron
and positron which are scattered at very small angles. Therefore the (Σ~pt)

2 distribution
of the hadronic system is peaked, as shown in Fig.1. To suppress some background events
which do not originate from γγ collisions, the total transverse momentum squared of
hadrons in the exclusive process (1) should be smaller than 0.04 (GeV/c)2.

In order to calculate the acceptance and detection efficiency, a Monte Carlo generation
program has been used, with the full kinematics of a system produced in γγ interactions.
All kinematical variables necessary for the description of the two-photon processes were
generated using algorithms taken from the package described in [16]. The matrix ele-
ment, factorized into the flux of quasi-real transverse photons and a covariant amplitude
describing both the two-photon ηc production and its decay, has been implemented [17].
For a better understanding of the ηc four pion decay mode we have also determined the
efficiency for ηc → ρ0ρ0 → π+π−π+π− with a specific symmetrized matrix element [17].
The Monte Carlo generated events were passed through the standard DELPHI detector
simulation procedure [13] which for the K0

sKπ decay also simulated the decay of the K0
s

to π+π−.
An additional factor contributing to the overall efficiency comes from the trigger ac-

ceptance. The trigger simulation following the cuts used for ηc selection in the real data
have been applied to events after detector simulation.
An event was accepted according to a weight calculated on the basis of the single track
efficiency, parameterized as a function of the transverse momentum, pt, of each particle
and ranges from 20% for pt= 0.5 GeV/c to about 95% at pt= 2 GeV/c [14, 15]. Owing to
the relatively large mass of the ηc resonant state, the overall trigger efficiency per event
was about 90% for channels with pions and about 85% for the K+K−K+K− final state.

The total efficiency was calculated bin-by-bin in invariant mass by comparing the
generated invariant mass distribution with that obtained from the detector simulation
after the selection cuts and trigger acceptance. The efficiency for each decay mode as
a function of the invariant mass is shown in Fig.2. It should be noted that particle
identification was essential for all the channels analysed and was based on dE/dx energy
loss measurements [13] since this is the only method providing an identification probability.

4.1 ηc → K0
sK

±π∓

For the decay chain ηc → K0
sK

±π∓ → π+π−K±π∓ the K0
s → π+π− decay is identified

by taking advantage of the relatively large K0
s decay length (cτ = 2.68 cm). Therefore,

candidates for this decay mode had to have one secondary vertex reconstructed using
an algorithm which takes pairs of oppositely charged particle tracks, intersecting them
and determining a secondary vertex. Both momenta are recalculated with respect to the
new decay vertex and an invariant mass is computed. The resulting K0

s candidate mass
distribution is shown in Fig.3, where clear evidence of a K0

s signal is seen. Only events
with an invariant mass of the two pion candidates, originating from the secondary vertex,
in the range from 0.45 GeV/c2 to 0.55 GeV/c2 have been taken for further analysis. Of
the other two particles which originate from primary interaction region, one is identified
as a kaon in 80% of the events selected with one secondary vertex. Hence the crucial
criterion for this decay final state selection is the reconstruction of the K0

s decay vertex.
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4.2 ηc → K+K−K+K−

Additional requirements for this decay channel are that at least three particles must be
identified as charged kaons and there are no secondary vertices. Only kaons with the
probability of identification greater then 0.5 were considered. The dE/dx distribution
for data events that were identified for all particles in the four body final state events
after the general data selection is plotted in Fig.4 with an insert for the distribution of
those originating from ηc. For events from the ηc mass region (Mηc

± 150 MeV/c2, points
originating from the rising part of this distribution unquestionably correspond to kaons
whereas the horizontal part may also contain pions from background events and kaons
from signal.
A scatter plot (not shown) of the effective mass of K+K− combinations does not indicate
any intermediate φφ state. From a fit to the invariant mass distribution, the number of
signal events is estimated to be about 46.

Since the average particle momentum is particularly low in this channel, a strong
effect could be expected in the invariant mass spectrum resulting from the single track
efficiency of the trigger that might produce a fake signal due to the small efficiency at
threshold. This has been checked on ηc → K+K−K+K− events which were generated
according to the γγ flux (no resonance shape has been assumed) and then decayed
according to phase-space. These events were then passed through the trigger and detector
simulations. No signal resulting from the trigger activity on the low mass side nor from
the experimental cuts on the other was observed in a region of the invariant masses
around 3 GeV, corresponding to the ηc signal. The relatively low background at the
K+K−K+K− invariant mass threshold is explained mostly by the low acceptance and
less by the decreased trigger efficiency. The trigger efficiency, as described in previous
section turned out to be around 85% at a mass of 3 GeV/c2.

4.3 ηc → K+K−π+π−

Given the branching ratio for ηc decay into K+K−π+π−, BR=2.0±0.7% and the detector
efficiency determined using criteria presented below (Fig.2), quite a significant signal (of
about 4 events per 1 keV of ηc radiative width) would be expected in this channel. In order
to select these events it was required that one of the particles was identified as a kaon with
probability ≥0.5 and two of the three remaining particles should satisfy selection criteria
for pion identification with probability ≥0.5. The identification was based on dE/dx
energy losses. The remaining cuts were identical to those for other decay channels. All
events corresponding to the K0

sK
±π∓ signal, described in section 4.1 have been subtracted

from selected sample. Since the data sample obtained may still contain K0
sK

±π∓ events
with no reconstucted secondary vertex, the invariant mass Mik of the two opposite sign
particle combinations (excluding the identified kaon) was calculated and events removed
if one of the two Mik masses satisfied the condition |MK0

s

−Mik| < 50 MeV/c2. From the
data collected by the DELPHI detector during the period mentioned in the first section
the significant signal of about 42 events is obtained.

The intermediate states of ηc → K+K−π+π− decay via one or two K∗0(892) have not
been observed.
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4.4 ηc → π+π−π+π−

The observation of an ηc → π+π−π+π− decay mode reported by numerous experimental
groups remains controversial. This decay has been found by MARK III [4], TASSO [7].
(where the last one did not distinguish between the 4π and the ρ0ρ0 decay channels).
Other, more recent experiment did not confirm it [11] providing only an upper limit.
Good particle identification is very important since the π+π−π+π− final state can be
confused with the K+K−π+π− decay.

In addition to the general selection and the stringent cut on the total transverse
momentum, it was also required that all particles were pions with the single track iden-
tification probability of 0.5, that only one well reconstructed vertex was found and that
each track has to have at least one hit in the Vertex Detector associated to it. The final
selected sample consists of ∼3600 events and shows no enhancement around the nominal
mass of the ηc resonance, see Fig.5a. In this decay channel of ηc an upper limit of 18
events at the 95% confidence level has been calculated. The above, standard selection
criteria lead to an invariant π+π−π+π− mass distribution with a large background, that
may shadow the signal. Thus further tightening of the total transvers momentum squared
cut from 0.04 to 0.004 GeV2 and the identification probability from 0.5 to 0.8 reduces the
number of observed events to about 600 but still the invariant mass distribution shows
no evidence for ηc, see Fig.5b. To avoid a selection bias resulting from low efficiency for
identification of four pions another selection was performed in which only three parti-
cles were identified as the pions with probability 0.5, leaving remaining cuts like in the
standard selection, providing no enhancement at ηc invariant mass region, see Fig.5c. A
search for the intermediate decay mode, ρ0ρ0, through an analysis of the two-dimensional
plot of the invariant mass of one π+π− system versus that of the remaining π+π− pair
has been also performed. Events from the ρ0ρ0 mass window were selected and used for
the calculation of the π+π−π+π− invariant mass spectrum where ηc signal was also not
seen. These events were attributed to non-resonant vector meson production.

5 Results

In experiment one measures directly the invariant mass distribution of the γγ system,

∆N(e+e−→e+e−ηc→e+e−f)

∆Wγγ

. (7)

where f denotes one of the investigated decay modes. Given the detector efficiency Eff ,
the integrated luminosity L, and flux Lγγ of the two interacting photons parametrized by
well known equivalent photon approximation formula, the invariant mass distribution can
be converted into two-photon cross section multiplied by corresponding branching ratio:

σγγ→ηc
(Wγγ) BR(ηc → f) =

∆N(e+e−→e+e−ηc→e+e−f)

∆Wγγ · L · Eff (Wγγ) · Lγγ(Wγγ)
(8)

The efficiency was calculated dividing bin-by-bin the simulated invariant mass distribution
for events that passed all the cuts in mass interval 2.5-4.0 GeV/c2 by the invariant mass
distribution for the generated events. It should be noticed that both the γγ flux and the
invariant mass efficiency distribution modify the background-to-signal ratio measured in
the side-bands of the ∆N/∆Wγγ distribution.
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In order to determine the value of the ηc radiative width, the γγ invariant mass cross-
section has been fitted to the Breit Wigner distribution of the form

BW (Γγγ,Mηc
,Γtot) = 8π(2J + 1)

ΓγγΓtot

(W 2
γγ −M2

ηc

)2 +M2
ηc

Γ2
tot

(9)

describing the ηc production cross-section convoluted with a Gaussian mass resolution
G(Wγγ , σ) together with a background parametrization expressed in terms of polynomial
function of the third order P3(Wγγ):

σγγ→ηc
(Wγγ) = [BW (Γγγ ,Mηc

,Γtot,Wγγ) + P3(Wγγ)] ⊗G(Wγγ, σ) (10)

According to eq.(8) and eq.(9) the fit determines the product of the radiative width
and the branching ratio, the mass of the resonance and the experimental mass resolution
σ. All these fitted parameters have been determined separately for each data sample
because some of them explicitly depend on the energy (two-photon flux) and others on
the period of the data collection (efficiency).

The width of the mass resolution distribution obtained from the above fit coincided
within ±10% with that obtained from the simulated sample. All fitted ηc mass values
are shifted towards higher values by about 0.023 GeV/c2 in the K0

sK
±π∓ channel, 0.050

GeV/c2 in the K+K−π+π− and 0.042 GeV/c2 in the K+K−K+K− channel. Simulated
data suggest this shift may be due to worse track reconstruction at the lowest momenta,
which increases the ηc mass resolution width. The shift is larger for the four kaon decay
mode because the average momentum for kaons is smaller than that for pions.

The final σγγ plots are average distributions from different samples. The resulting
cross-sections multiplied by the corresponding branching ratios for ηc → K0

sK
±π∓, ηc →

K+K−K+K− and ηc → K+K−π+π− are presented in Fig.6.
The systematic error has been calculated taking into account the cuts variations, the

different binning choice, fit ranges and background parametrizations. Since both the
branching ratio and Γγγ (see formula above) can not be determined simultaneously, we
have used branching ratios obtained by other experiments, summarized in [18], but those
are given with large uncertainties coming from another source of the systematic error.

In summary, the final values of the ηc radiative width for the three decay channels
investigated are presented in Table 1:

final state BR (ηc → final [18]) [%] Nev(ηc) Γγγ [keV]
K0

sK
±π∓ 1.5±0.4 41 13.3 ± 2.6(stat.) ± 2.0(syst.) ± 3.5(BR)

K+K−π+π− 2.0±0.7 42 14.2 ± 4.9(stat.) ± 2.9(syst.) ± 4.9(BR)
K+K−K+K− 2.1±1.2 46 16.5 ± 4.3(stat.) ± 2.7(syst.) ± 9.4(BR)
π+π−π+π− 1.2±0.4 < 18 <3.8 at 95% confidence

Table 1: The branching ratios taken from PDG, the numbers of events and radiative
widths for the particular decay modes.

For the analysed channels, the results quoted above are the averages of the LEP1
and LEP2 results. The analysis of the four charged kaon decay channel is in agreement,
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within the large errors, with the result of the ARGUS Collaboration [10], which gives
0.231 ± 0.090 (stat.) ± 0.023 (syst.) keV.
A weighted mean of the radiative width of three above results is calculated and provides
the result:

Γγγ = 13.9 ± 2.0(stat.) ± 1.4(syst.) ± 2.7(BR)keV (11)

The ηc decay into π+π−π+π− has not been detected. This striking result is supported
also by other experiments [11, 12].
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Figure 1: The square of the total transverse momentum of the hadronic system. Points
represent the data after the general data selection; the histogram shows the simulated
sample.

Figure 2: The average luminosity-weighted efficiences for different ηc decay final states as
a function of the corresponding invariant mass. In the decay to K0, its branching fraction
to π+π− has been taken into account.
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Figure 3: Invariant mass of two particles originating from a secondary vertex (summed
over all energy samples).

Figure 4: The dE/dx distribution for particles identified as a pion or a kaon in the data
events after the general cuts. Most of the remaining tracks consist of protons. The same
distribution for events from ηc → K+K−K+K− is shown in the insert.
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(a)

(b)

(c)

Figure 5: Final invariant mass distributions for the π+π−π+π− decay final state. The
presented distributions are based on: Fig.5a - the standard selection, Fig.5b - the stringent
selection, Fig.5c - the looser selection, all of them described in the text. In the insets the
ρ0ρ0 events corresponding to presented below invariant mass distributions are also shown.
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Figure 6: σ(γγ → ηc)BR(ηc → final). The curve shows the result of the fit described in
the text.
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