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Abstract

The ete™ — e+e_KgKi7t:F and ete™ — eTe nr T~ final states are studied with the L3 detector at LEP using

data collected at centre-of-mass energies from 183 GeV up to 202 GeV. The mass spectrum of the K. gKinjF final state
shows an enhancement around 1470 MeV, which is identified with the pseudoscalar meson 7(1440). This state is observed
in yy collisions for the first time and its two-photon width is measured to be I,y (17(1440)) x BR(1(1440) — KKr) =
212 £ 50 (stat.) 4= 23 (sys.) eV. Clear evidence is also obtained for the formation of the axial vector mesons f](1420) and
£1(1285). In the nr 7~ channel the ] (1285) is observed, and upper limits for the formation of 7(1440) and 1(1295) are

obtained. © 2001 Published by Elsevier Science B.V.

1. Introduction

Resonance formation in two-photon interactions
offers a clean environment to study the spectrum of
mesonic states. In this Letter we study the reactions
yy = K¥K*nFand yy — nntn—.

The mass region between 1200 MeV and 1500 MeV
is expected to contain several states [1]. For the
pseudoscalar sector (JP€ = 0~1), the 7(1440) me-
son, formerly known as E or ¢, is expected to be seen.
The n(1440) was observed in hadron collisions and
in radiative J decay, but not in two-photon collisions,
and only upper limits of its two-photon width, I, of
the order of 1 keV exist [2,3]. Therefore, the 1(1440)
may be interpreted as a prominent glueball candidate
due to its strong production in a gluon rich environ-
ment. There are, possibly, two pseudoscalars [4] in
the 1440 MeV mass region: one at lower mass, 1z,
which decays into agsr or directly into nzw, and an-
other at higher mass, ny, decaying to K*K. The av-
erage masses and widths for these states [1] are listed
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Table 1
Average masses and widths for the pseudoscalars in the 1440 MeV
region [1]

State Mass (MeV) Width (MeV)
N — NI 1405+ 5 56+7
nL — KKx 1418 +1 58+4
ng — KKr 147545 81+11

in Table 1. Taking into account also the 1(1295), there
are therefore three candidates for the first radial ex-
citations of the pseudoscalar SU(3) nonet. If one of
these states is a gluonium, its two-photon width is ex-
pected to be small with respect to a qq state. However,
the gluonium interpretation is disfavoured by lattice
gauge theories [5] which predict the lowest lying 0~
gluonium state to be above 2 GeV. More exotic inter-
pretations such as a bound state of gluinos [6] are also
proposed.

Axial vector mesons (JF'C = 17) are also present
in these final states in the 1440 MeV mass region. The
f1(1420) was observed in two-photon collisions, in the
KK decay channel, by the CELLO [3], TPC-2y [7],
JADE [8] and Mark II [9] Collaborations, the f] (1285)
was seen [7,9] in the n7 "7~ decay channel.

The data used here were collected by the L3 de-
tector [10] at LEP from 1997 to 1999 at centre-of-
mass energies between 183 GeV and 202 GeV, cor-
responding to a total integrated luminosity of 449
pb~!. These events were collected by the track trig-
gers [11]. The analysis makes use of the dependence
of the signal yield on the total transverse momentum
P% =0 77)2, where the sum runs over all the ob-
served particles. To a good approximation P? = Q2,
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Fig. 1. The form factors squared for n(1440) (solid line) and
f1(1420) (dashed line) in two-photon formation.

where Q? is the maximum virtuality of the two pho-
tons. According to the Landau—Yang theorem [12], for
real photons (Q? ~ 0), the production of a spin-0 state
is allowed while that of a spin-1 state is suppressed. In
contrast, for virtual photons (Q? > 0), the production
of a spin-1 state is allowed while that of a spin-0 state
diminishes. Such behaviour is described by the effec-
tive form factors for the pseudoscalar and axial vector
mesons. The form factors as a function of Q2 calcu-
lated [13] for the n(1440) and for the f(1420) are
shown in Fig. 1. The difference at Q2 ~ 0 is clearly
seen.

2. Monte Carlo

Two Monte Carlo generators are used to describe
two-photon resonance formation: EGPC [14] and
GaGaRes [15]. The EGPC Monte Carlo describes the
two-photon process as the product of the luminosity
function for transverse photons [16] and the resonance
production cross section. The latter is generated ac-
cording to a Breit—-Wigner function with I, = 1 keV.
The ratio of the measured cross section to that ob-
tained with the Monte Carlo integration then gives
Iy, . The decay of the resonance is generated accord-
ing to Lorentz invariant phase space.

Events are generated for all the resonances of
interest. For the K(S)Kin¢ channel this is done for
masses of 1410 MeV, 1440 MeV and 1480 MeV and
a full width of 50 MeV. For the nw ™7~ channel,
resonances are generated for the mass 1285 MeV with
a full width of 20 MeV as well as for masses of
1405 MeV and 1440 MeV with 50 MeV full width.

To take into account the Q? dependence of pseudo-
scalar and axial vector mesons, EGPC events are re-
weighted according to the prediction of GaGaRes.
This uses the exact matrix element for resonance
production, eTe~ — eTe™R, obtained from the hard
scattering approach [13].

The generated events are passed through the L3
detector simulation based on the GEANT [17] and
GEISHA [18] programs. Time dependent detector
inefficiencies, as monitored during the data taking
period, are also simulated.

3. Theete™ — e"'e_KgKiJr‘F channel
3.1. Event selection

Events are selected by requiring four charged parti-
cles in the central tracker, two tracks (K¥7 ), com-
ing from the interaction point, and a Kg decaying
into 777~ at a secondary vertex. For charged par-
ticle identification, consistency of the corresponding
dE /dx measurement, with a confidence level CL >
1%, 8 is required.

Events with photons are rejected where a photon is
defined as an energy deposition in the electromagnetic
calorimeter of more than 100 MeV in the polar angular
range 0.21 < 6 < 2.93 rad. No track should lie within
0.2 rad from the photon direction.

The KQ — 7+7~ is identified by:

e a secondary vertex at least 3 mm away, in the
transverse plane, from the interaction point;

e the angle «, in the transverse plane, between the
flight direction of the Kg candidate and the direction
of the total transverse momentum vector of the two
outgoing tracks being smaller than 0.2 rad,

8 A XﬁE Jdx is evaluated for each particle identity, X(%E Jdx =

(dE/dxmeasured — dE/dxcxpcctcd)Z/‘Tf%E/dx .
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Fig. 2. The K(S)Kirr¢ selection for P% < 0.2 GeV2. (a) The Kg

mass spectrum as the invariant mass of 777~ coming from the

secondary vertex. (b) dE/dx of charged kaons and pions at the
primary vertex.

e the momentum of the Kg candidate and the distance
between the primary and the secondary vertex being
consistent with the K(S’ lifetime with CL > 99%;

o the effective mass of the two pions being within the
mass region 0.46-0.53 GeV.

K(S)Kg background, arising from K/7 misidentifica-

tion, is excluded by rejecting events with a second Kg

in the mass range 0.48-0.51 GeV. Fig. 2(a) presents
the w7~ invariant mass spectrum for particles from
the secondary vertex in events selected with P% <

0.2 GeV?. A Gaussian fit of the peak gives M =

496.7 + 0.6 MeV and o = 9.0 £+ 0.7 MeV, consistent

with the Kg mass and the detector resolution.
The K*7 ¥ identification requires that:

e the two tracks lie within three standard deviations
from the interaction point both in the transverse
plane and along the beam axis;
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o their d E /dx measurement must be consistent with
a K*z T hypothesis, with the combined confidence
level CL(K*7F) > 1%. A pion is identified if
xﬁE/dx(ni) < XﬁE/dx(Ki) — 4 and a kaon if
X§E/dx (K*) < X§E/dx (m*) — 4. If the particles are
not 1dentified, both hypotheses are taken, each with
a weight of 0.5.

To further improve the KgKirﬁ selection, addi-
tional requirements are used as a function of P%. For
low P% the dE /dx identification has high discrimi-
nating power as shown in Fig. 2(b). For higher P% the
dE /dx performance degrades, but the ntn~mwtmw~
background is smaller. The data are hence divided into
two samples.

e For P% < 0.2 GeV?, the event is accepted if for
the two tracks coming from the primary vertex,
the two-pion hypothesis has a low confidence level,
CL(x*7¥F) < 1073, from the dE/dx measure-
ment.

e For P% > 0.2 GeV?, either the previous requirement
is satisfied or two long tracks are reconstructed
at the primary vertex and the two tracks at the
secondary vertex have a probability less than 30%
to come from the primary vertex.

3.2. Q% dependence

The selection results in the KgKin:F effective mass
spectra shown in Fig. 3. A clear peak is seen in
the 1440 MeV mass region. The data are subdivided
into four P% intervals of similar statistics in the peak
region, in order to study the 1(1440) and f;(1420)
contributions.

A fit to a Gaussian plus second order polynomial
background is performed for each P% interval. The
results are listed in Table 2. For the peak in the
lowest P% interval, Fig. 3(a), the mass and width,
M = 1481 &+ 12 MeV and o = 48 + 9 MeV, are
compatible® with those of the ny. In the highest P%
interval, 1 GeV? < P% <7 GeVz, an f7(1285) signal
is present, so this spectrum is fitted to two Gaussians
plus a polynomial.

9 A Gaussian fit to a Breit-Wigner of I" = 80 MeV, convoluted
with the resolution function o =20 MeV, gives 0 =47 MeV.
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Table 2

Results of the Gaussian plus polynomial background fits performed on the mass spectra of Fig. 3. The number of the events in the Gaussian,
the mass M and the width o are listed with the error given by the fit. All fits reproduce the data well, as proven by the confidence level (CL)
value. The partial efficiency € and the partial cross-section Ao (errors include systematic uncertainties) are also given for each P% interval

AP% (GeV?) Events M (MeV) o (MeV) CL (%) € (%) Ao (pb)
0-0.02 37+9 1481 £ 12 48+9 89 1.03 £0.04 8.0+2.0
0.02-0.2 28+7 1473 £11 378 77 0.85£0.09 74+£23
0.2-1 29+9 1435 £ 10 32+10 99 1.74 £0.14 37+£1.2
1-7 21+6 1452 £ 11 35+10 55 3.49+£0.24 1.4+04
1-7 10+4 1290 £ 12 29410 55 - -

{a) P2<0.02 GeV? 1b) 0.02<P2<0.2 GeV?

| e Data
20 ~Fit

] --Bkgd
101
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Fig. 3. K(S)Kinq: spectra for different P% bins. The fits of
a Gaussian plus polynomial background are superimposed on the
data. In the highest P% bin, also the peak of the f] (1285) is present
and the fit includes two Gaussians.

The total efficiencies from the acceptance of the
detector, the selection and trigger efficiencies, are
presented in Table 2 for each P% interval. The detector
acceptance and the selection efficiency, as well as the
efficiency of the central track trigger, which varies
from 0.97 at low P% to 0.74 at the highest P2, are
determined by Monte Carlo. Inefficiencies due to the

10 3‘5 L3

1 ‘ ® Data KK
—10 2. - -n(1440) MC
‘% : ‘ ~+,(1420) MC
) — Sum MC
@10 E
-
S
o 13
S
-17
10 5 -
1-2' T _1' T
10 10 1
P? (GeV?)

Fig. 4. Differential cross section for the 1440 MeV mass region, as
estimated from the Gaussian fit, as a function of P% in the K(S) KErF
channel. The solid line is the sum of the 7(1440) and f;(1420)
simulations fitted to the data. The partial contributions of 7(1440)
(dashed line) and f (1420) (dotted line) are also shown.

higher level triggers, evaluated directly from the data,
range from 2% to 8%.

The cross section Ao for each P% interval, evalu-
ated from the fitted number of events in the Gaussian
peak, is listed in Table 2. The differential cross sec-
tion do/dP% is shown in Fig. 4. It is fitted, using
the predictions for the Q% dependence of 7(1440)
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and f7(1420) production given by the GaGaRes Monte
Carlo, to the following three hypotheses.

e Pure pseudoscalar 1(1440). This is excluded with
a CL ~ 1073, due to the high number of events
observed at high Q2.

e Pure axial vector meson f1(1420). This is excluded
with a CL ~ 107>, due to the strong peak at
0% ~0.

e Simultaneous presence of the 17(1440) and f](1420)
resonances. This hypothesis leads to a CL =~ 9%,
with 74 £+ 10 events for the spin-0 particle and
42 + 10 events for the spin-1.

3.3. Two-photon width

The two-photon width of the 1(1440) is determined
using only the events with P% < 0.02 GeV?2, shown in
Fig. 3(a). This cut selects events produced by quasi-
real photons, dominated by the spin-0 state. The cross
section measurement yields:

Iy, (n(1440))
x BR(1(1440) — K3 (— 7t )K*7F)
=49 1+ 12 (stat.) eV.

The most important systematic uncertainties result
from varying the d E /dx cut (5%), the P% cut (4.7%),
and from the background subtraction and the shape
of the resonance (8%). Using the result of the fit to
the P% dependence, the contribution of the fi(1420)
is estimated to be 1.5%. This contribution is not
corrected for, but included in the systematic uncer-
tainty.

Taking into account the branching ratio values [1],
BR(KS — 77 7) and BR(K® — KY), and the isospin
factor KK7/K'K*7F the two-photon width for the
KK decay channel is:

Fyy(n(l440))
X BR(n(1440) — KK]T)
=212 450 (stat.) £ 23 (sys.) eV.

This value is consistent with the upper limit of 1.2 keV
reported by the CELLO Collaboration [3].
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Fig. 5. Search for the K*(892)K and ay(980)m states in the
K(S)Kin¥ sample for P% <02 GeV? in the 1(1440) region
(1370-1560 MeV). The shadowed area displays the K*(892) bands
(792 MeV < M(Kr) < 992 MeV). (a) The scatter plot of K
combinations. (b) and (c) are the Kz projections fitted with
a Gaussian over a linear background. (d) The K(S) K+ mass spectrum;
the Breit-Wigner function with the ap(980) parameters is drawn
with arbitrary normalisation.

3.4. Intermediate states

To improve the statistics for the study of the
intermediate decay states K*K and ag7 the transverse
momentum cut is released to P% < 0.2 GeV?. This
doubles the statistics in the peak to 65 £ 11 events,
as compared to the sample with P% < 0.02 GeV?,
while the contribution of {1 (1420) is still only ~ 10%.
To search for signals due to K*(892) and ap(980),
the Kz and KgKdE mass spectra in the 7(1440)
region, 1370 MeV< M(K¥K*7F) < 1560 MeV, are
investigated. The results are shown in Fig. 5. A clear
K*(892) signal is seen in the KgnjE and K=rF
spectra. Gaussian fits over linear backgrounds give
a mass and width consistent with the K*(892). Since
the a9(980) region of the K(S’KjE mass lies entirely
within the K* mass bands, no exclusive selection of
this decay channel is possible. The KgKi spectrum
(Fig. 5(d)) shows no clear evidence for the presence
of the ag(980). With the present limited statistics
no firm conclusion can be drawn concerning the
possible presence of the ny — apm state in the
data.
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4. The ete” — ete yntn~ channel
4.1. Event selection

The n is detected via its decay n — yy. The events
are selected by requiring two pions of opposite charge
and two photons, identified with the criteria defined
in Section 3.1. In addition the most energetic photon
must have energy greater than 300 MeV and the
effective mass of the two photons must be inside the n
mass range, 0.47-0.62 GeV. Also a kinematical fit,
constrained to the n mass, is applied.

After these cuts, 6444 events are selected with
ntm ™ masses below 1750 MeV. The nm T~ mass
spectrum, shown in Fig. 6(a), is dominated by the
1n’'(958) resonance. A Gaussian fit gives M = 957.7 &+
0.3 MeV and o = 7.9+ 0.3 MeV, corresponding to the
expected mass resolution in this region. For masses of
1280 MeV and 1400 MeV, the expected resolutions are
o =20 MeV and 24 MeV, respectively.
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Fig. 6. The nw 7~ mass spectra: (a) total spectrum, the fit of
a Gaussian plus polynomial background for the f](1285) region is
superimposed on the data; (b) for P% < 0.02 GeV?, arrows show
the location of 7(1295) and 1(1440).

4.2. Two-photon width

The nz ™7~ mass spectrum for P% < 0.02 GeV?
is shown in Fig. 6(b). No peak is seen in the region
12001480 MeV. The detection efficiency is 2% and
includes the trigger efficiency, which varies from 60%
to 75%. Corrections for the inefficiencies due to higher
level triggers range from 10% to 35%.

The absence of signals of 1(1440) and 7(1295)
allows to calculate upper limits, at 95% CL on the
nr decay. Taking into account the branching ratio
BR(n — yy) [1] and the isospin factor nmm /nm T,
they are:

Iy, (n(1440)) x BR(n(1440) — nr) <95V,
Iy (n(1295)) x BR(n(1295) — nr) < 66 eV.

They improve the limits of the Crystal Ball Collabora-
tion [2].

The peak around 1285 MeV, seen in Fig. 6(a) and
absent in Fig. 6(b) at Q2 ~ 0, is identified with the
spin-1 state f;(1285). A Gaussian fit plus polynomial
background gives M = 1280 £ 4 MeV and o =
21+4 MeV.

5. Discussion

The two-photon width of the 1(1440), calculated
under the assumption that it is a member of the
first radial excitation of the pseudoscalar nonet [19],
is of the order of 0.1 keV. The ss content gives
a negligible contribution. This is in agreement with
our measurement, if we assume that BR(7(1440) —
KKrr) ~ 100%.

If the n(1440) we observe is a gluon rich state, its
stickiness parameter [20] is expected to be large. The
stickiness of a resonance R with mass mr and two-
photon width I'r . is defined as:

(Rigg)l® o _ ( mg )2’“ IR
|(Rlyy)I2 Kioyr g ——

where Kj_, R is the energy of the photon in the J rest
frame, / is the orbital angular momentum of the two
initial photons or gluons (! =1 for 07), I'J_.r is the
Jradiative decay width for R, and &V, is a normalisation
factor chosen to give S, = 1. Using the present mea-
surement of I, (1(1440)) x BR(n(1440) — KKx)
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and I'(J — yn(1440) — yKKx) =79 £ 16 eV [1],
a value of the stickiness Sy (1440) = 79 =26 is obtained.

Another parameter, the gluiness (G), was intro-
duced [21,22] to quantify the ratio of the two-gluon
and two-photon coupling of a particle, it is defined as:

o= (1)2 IR ge
Ag FR*))/)/ '

where e, is the relevant quark charge, calculated
assuming equal amplitudes for uti and dd and zero
amplitude for s5. 'k g is the two-gluon width of the
resonance R, calculated from Eq. (3.4) of Ref. [21].
Whereas stickiness is a relative measure, the gluiness
is a normalised quantity and is expected to be near
unity for a qq meson. Using the present measurement
of Iy, (n(1440)) x BR(17(1440) — KKx) and the
average value of oy (1440 MeV) = 0.369 + 0.022 [1],
a value G (1440) = 41 £ 14 is obtained.

From the upper limit in the n7r 7~ channel and the
value I'(J — yn(1440) — ynrTn~) =26+5eV[1]
the limits Sy(1440) > 87 and G (1440) > 45 at 95%
confidence level are obtained, compatible with the
values obtained for the KgKinqE decay channel. '
Both the stickiness and gluiness of the 1(1440) point
to a large gluonium content in this resonance. For
comparison, the 1’ pseudoscalar meson has S, =
3.6+ 03 and G,y =5.2 £ 0.8 for o (958 MeV) =
0.56 £0.07 [1].

6. Conclusions

The pseudoscalar meson 7(1440) is observed for
the first time in yy collisions. The two-photon width
times branching ratio is measured to be I, (17(1440))
xBR(1(1440) — KKmr) = 212 + 50 (stat)=+
23 (sys.) eV. Its mass and width as well as the ob-
servation of a dominant K*(892)K decay are compat-
ible with the characteristics of the ng. The measured
two-photon width is consistent with the value expected
for a first radial excitation of the pseudoscalar nonet.
At the same time tests designed to establish the gluon
content of a resonance point to a strong gluonium ad-
mixture.

10 Although the coincidence can be fortuitous if these two final
states correspond to two different pseudoscalars ny, and ng.

No positive signal is observed for the 5 state,
either in the K(S)Kiyr:IE channel, where there is no clear
evidence for an ap(980)7 decay, or in the nmtm™
channel. Upper limits for the two-photon width of the
1n(1440) and the 1(1295) in the decay channel 7 "7~
are determined.

The high Q2 events show clear evidence for the
formation of the axial vector mesons f](1420) in the
decay channel K(S’KjtnjF and for the formation of
f1(1285) in both KgKin:F and n7r T~ channels.
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