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Abstract

We present an observation at LEP of the production of x., mesons in the collisions of two quasi-
real photons using the OPAL detector. The x.2 mesons are reconstructed in the decay channel
X2 = J/ v — €T £~ ~ (with £ = e, u) using all data taken at eTe™ centre-of-mass energies
of 91 and 183 GeV, corresponding to integrated luminosities of 167 and 55 pb~! respectively.
The two-photon width of the x.o is determined to be

T(xe2 = 7y) = 1.76 + 0.47 £ 0.37 + 0.15 keV,

where the first error is statistical, the second is systematic and the third comes from branching
ratio uncertainties.

(To be submitted to Physics Letters)
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1 Introduction

We present a LEP measurement of the two-photon width I'(x.2 — 7y) for the production of
Xc2 mesons in photon-photon interactions. The x.o is observed through its decay to a J/v¢ and
a photon, with the J/v identified through its decay to ete™ or p*p~. All LEP1 and LEP2
data samples taken at centre-of-mass energies /s, of 91 and 183 GeV are used, corresponding
to integrated luminosities L = 167 and 55 pb~!, respectively.

The 2 meson is a cc bound state with spin-parity J*¢ = 2+* which can therefore be
produced in the collision of two photons. At LEP, virtual photons (denoted by ~*) are emitted
by the beam electrons’. The Y. mesons can therefore be produced in the process ete”™ —
eTe y*y* — eTe x. Since the photons carry only small negative squared four-momenta Q?,
they are assumed to be quasi-real (Q* ~ 0).

The two-photon width I',, measures the coupling of two real photons to a resonance and is
directly proportional to the production cross-section in v+ collisions. Due to the relatively large
mass m. of the ¢ quarks the x.o meson can be treated non-relativistically and perturbatively.
The ratio of the widths of the x.o decaying to two photons and to two gluons can be directly
related to the ratio of the electromagnetic and strong coupling constants:

I(xe2 —7y) 8 ( oEem ))2‘

(1)

I'(xc2 —gg) 9

In simple models I'(xe2 — gg) ~ I'(xc2 — hadrons). Using I'(x.2 — hadrons) measured in pp
scattering [1] and ag(m.) = 0.3, we expect I'(xc2 — ¥7y) to be of the order of 1 keV. Based
on a QCD model of Bodwin et al. [2] a value of I'(xc2 — 77y) = 0.82 = 0.30 keV is obtained.
A recent calculation by Schuler [3] predicts a smaller value for I'(xc.2 — 77) of 0.28 keV. The
experimental results on the two-photon width I'(x.o — 77) measured in ete™ [4,5] and pp
collisions [6,7] are summarised in Table 1. The measurements vary over an order of magnitude.
The result 0.321+0.095 keV, obtained by E760 [6] from the process pp — xc2 — 7y, dominates
the current world average of 0.37 £ 0.17 keV [8].

1Positrons are also referred to as electrons



2 The OPAL detector

A detailed description of the OPAL detector can be found in Ref. [9], and therefore only a brief
account of the main features relevant to the present analysis will be given here.

The central tracking system is located inside a solenoidal magnet which provides a uniform
axial magnetic field of 0.435 T along the beam axis®>. The detection efficiency for charged
particles is close to 100 % within the polar angle range | cos§| < 0.92. The magnet is surrounded
in the barrel region (| cos 0| < 0.82) by a lead glass electromagnetic calorimeter (ECAL) and a
hadronic sampling calorimeter (HCAL). Outside the HCAL, the detector is surrounded by muon
chambers. There are similar layers of detectors in the endcaps (0.81 < |cosf| < 0.98). The
small angle region from 47 to 140 mrad around the beam pipe on both sides of the interaction
point is covered by the forward calorimeters (FD) and the region from 25 to 59 mrad by the
silicon tungsten luminometers (SW). From 1996 onwards, which includes the data-taking period
at \/s,, = 183 GeV presented in this paper, the lower boundary of the acceptance has been
increased to 33 mrad following the installation of a low angle shield to protect the central
detector against possible synchrotron radiation.

Starting with the innermost components, the tracking system consists of a high precision
silicon microvertex detector, a vertex drift chamber, a large-volume jet chamber with 159 layers
of axial anode wires and a set of z chambers measuring the track coordinates along the beam
direction. The transverse momenta pr of tracks with respect to the z axis are measured with
a precision parametrised by o, /pr = \/0.022 + (0.0015 - pr)? (pr in GeV/c) in the central
region. The jet chamber also provides measurements of the energy loss, dF/dx, which are used
for particle identification [9].

The barrel and endcap sections of the ECAL are both constructed from lead glass blocks
with a depth of 24.6 radiation lengths in the barrel region and more than 22 radiation lengths
in the endcaps. The FD consist of cylindrical lead-scintillator calorimeters with a depth of 24
radiation lengths divided azimuthally into 16 segments. The electromagnetic energy resolution
is about 18%/+/E, where E is in GeV. The SW detectors [10] consist of 19 layers of silicon
and 18 layers of tungsten, corresponding to a total of 22 radiation lengths. Each silicon layer
consists of 16 wedge shaped silicon detectors. The electromagnetic energy resolution is about

25%/VE (E in GeV).

3 Process kinematics and Monte Carlo simulation

The eTe™ cross-section for the production of .2 mesons in two-photon events can be described
by the product of the vy luminosity function £,, and the cross-section o of the process y*v* —

X2+
olete” = efe xe) = Loy (eTe” = eTe vy ) o (v Y = Xe2). (2)
Since most photons have a small negative squared four-momentum-transfer Q?, the photons are

considered to be quasi-real with helicity 41, i.e. they are transverse. Thus only the luminosity

2In the OPAL coordinate system the z axis points in the direction of the e~ beam. The polar angle 6, the
azimuthal angle ¢ and the radius r denote the usual spherical coordinates.
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function describing two transverse photons contributes. The two-photon formation cross-section
for the x.2 resonance with this assumption [11] is

Ptot (3)
W2 — .7\4§62)2 + M%CQP%%’

o(VY" = Xe2) = 8T(2Jy0, + )T (X2 — w)(

where J, ., denotes the spin of the x.2, M,., its mass, I'i its total width and W the invariant
mass of the two-photon system. The total cross-section for the process ete™ — ete™x.o can be
written as [11]:

8a? T'(xe2 —
0'(6+e_ — e+e_X02) = (2JXC2 + 1) = 5\}32 77)9(M>%C2/See)’ (4)
Xc2

where the dependence on the squared e*e™ centre-of-mass energy s, is contained in the function

g(z) = ((1 + %z)Qmé - %(1 —2)(3+ z)) (m Z\‘?j - 1)2 - % (m %)3 (5)

This expression is obtained by integrating the luminosity function based on the equivalent
photon approximation (EPA). Further parameters are the electron mass M, and the mass
M,y of the J/1 meson that enters into the form factor. By measuring o(e*e™ — ete™ x.2) the
two-photon width I'(x.2 — 77) can be calculated.

The Monte Carlo Generator TWOGEN [12] is used to generate the process v*v* — xe2
according to Eq. 3. The decay of the resonance is handled by JETSET 7.408 [13] taking
into account final state radiation of the two decay leptons. The polar angles of the scattered
electrons in the process ete™ — eTe~7*y* are allowed to vary from 0 to w. The Q? dependence
of the X2 production cross-section is modelled with a J/v form factor. All Monte Carlo events
were generated with a full simulation of the OPAL detector [14].

Only helicity £2 is relevant for the x.o production amplitude [15] where the helicity is
defined with respect to the y.o direction of motion in the laboratory system which is collinear
with the axis of the incoming photons. In the decay of the y., the photon carries an angular
momentum of 1, 2 or 3 (in units of /). Since the x.2 and the J/1) have opposite parity, electric
dipole (E1), magnetic quadrupole (M2) and electric octupole (E3) transitions are possible. In
terms of helicities, decay amplitudes for helicity 0, +1 and 4+2 parametrise the dynamics of the
Xc2 decay process. These decay helicity amplitudes are defined with respect to the J/v 7 axis
and are related to the angular momentum carried by the photon.

Three angles are necessary to describe the y.o decay to a J/¢ and a v with the subsequent
decay of the J/¢ to a lepton pair. These angles are illustrated in Fig. 1. The polar angle
0* is measured in the x. rest frame and is the angle between the y.o direction of motion in
the laboratory system and the outgoing decay photon. The polar and azimuthal angles of the
positive decay lepton, 6 and ¢, are measured in the J/1 rest frame with the 2’ axis given by
the direction opposite to the photon’s direction from the ., decay, and the 2’ axis in the plane
containing the x.o direction and the incident photons.

In TWOGEN the events are generated flat in cos 6*, cos @’ and ¢ . The Monte Carlo events
are re-weighted according to the appropriate angular distribution of the x.o — J/v 7 decay.
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The full expression for the angular distribution is given in the Appendix. All decay amplitudes
for helicities 0, +1 and £2 are taken into account.

We also used the Monte Carlo generator GALUGA [16] to generate y.2 events. The selection
efficiency for .o events is found to be consistent with the selection efficiency determined with
TWOGEN. In addition, GALUGA is used to generate the possible resonant background process
ete”™ = ete xar.

4 Event selection

The production of .o, mesons in two-photon events is studied using the data taken at centre-
of-mass energies /s, of 91 and 183 GeV. The same set of cuts for both centre-of-mass energies
is applied to the data to select . candidate events:

e The sum of all energy deposits has to be less than 30 GeV in the ECAL and less than 20
GeV in the HCAL. These cuts mainly reject two-fermion events.

e Tracks are required to have at least 20 hits in the central jet chamber used for the
determination of the specific energy loss dF/dx. Events are required to contain exactly
two oppositely charged tracks, where the two tracks must have a minimum transverse
momentum pr with respect to the z axis of the detector of 800 MeV /c. This reduces
the background from leptonic two-photon events with a small invariant mass W. The
distance of the point of closest approach to the origin of the tracks in the r¢ plane must
be less than 5 cm in the z direction and less than 1 cm in the r¢ plane. The invariant
mass of the two tracks must lie in the range between 2.7 and 3.5 GeV/c?, close to the
mass of the J/1¢. In order to ensure that the final state consists of only two tracks, no
additional track with py > 120 MeV /c and more than 20 dE/dz hits is allowed.

e After these cuts the main background contribution is expected to be leptonic two-photon
events, ete” — eteete” and efe” — ete utpu~. To reduce this background, the
transverse momentum with respect to the z axis, pJT/ w, of the J/v candidate formed by
the two tracks is required to be larger than 100 MeV/c.

e For the case where the J/1 decays to a muon (electron) pair, the two tracks are identified
as muons (electrons) if the dE/dz probability for the muon (electron) hypothesis exceeds

1%.

e The event is rejected if a cluster with an energy deposit larger than 1 GeV is observed in
the FD or SW.

e There must be exactly one photon candidate in an event. A cluster in the ECAL is treated
as a photon candidate if it fulfils the following requirements:

— The measured cluster energy, £, should be at least 300 MeV. In order to reduce
background from ECAL clusters in the regions close to the beam pipe and in the
overlap regions between the endcaps and the barrel, clusters with | cos6,| > 0.96 and
clusters with 0.84 < | cosf.| < 0.85 are not considered where 6, is the polar angle of
the cluster with respect to the z axis.
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— The angles between the cluster and each track momentum should exceed 300 mrad
to reject events with final-state radiation in leptonic two-photon events.

e The angle in the r¢ plane between the photon and the J/v candidate formed by the two
tracks must be greater than 150°.

After these preselection cuts, 203 events remain at /s, = 91 GeV and 53 events at \/s., =
183 GeV.

5 Xc2 reconstruction and results

For signal events, the photon is one of the decay particles in a two-body decay, and so its energy
is kinematically fixed to be 430 MeV in the x.» rest frame. Due to the Lorentz boost of the
v system, the energy of most photons is higher in the laboratory system but still often below
1 GeV. In Figure 2a, the difference between the generated and the measured photon energy
after the detector response, EE™* — E7*** is shown for Monte Carlo events after applying the
cuts described in Section 4. In this regime the energy resolution of the ECAL does not allow a
sufficiently precise measurement of the photon energy.

From momentum conservation, the transverse momentum of the photon is balanced by the
transverse momentum sum pJT/ ¥ of the two tracks. For the signal photon candidates, the energy
and momentum is therefore reconstructed using the relation

I/
rec Pr
B = 6
K sinf.,’ (6)

with 6, being the polar angle of the ECAL cluster assumed to originate from the photon.
This procedure improves the energy resolution significantly. The distribution of the difference

between the generated and the reconstructed photon energy, E£*"— EX*, is significantly narrower
(Figure 2b).

Figure 3 shows the invariant mass spectrum of the two tracks after applying all cuts and
after requiring the invariant mass of the lepton-lepton-photon (¢¢7) system to lie in the range
340 < My, < 3.65 GeV/c* around M,_,. The invariant mass My, of the £fv system is
calculated using the photon energy EX*° reconstructed via Eq. 6. A significant peak is visible
around the mass of the J/1 at 3.1 GeV/c®. The Monte Carlo simulation, represented by the
histogram, shows a small tail towards lower invariant masses. This is due to bremsstrahlung
and final state radiation of the leptons.

For a x.2 event the invariant mass of the two tracks must be the mass of the J/¢. Therefore
a constrained fit is performed using a program by Blobel [17]. For each track, the curvature,
the azimuthal angle, the polar angle in the form cot # and the complete covariance matrix are
used in the fitting algorithm. From the fit we obtain a x? probability P(J/4) for the J/v
hypothesis.

The mass difference between the £¢ and the ¢ system, M., — My, is used to study the x.»
signal. This minimizes effects from the broadening of the £/v and the £/ mass spectrum due to
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final state radiation of the leptons. The distribution of the mass difference, M., — My, is shown
in Fig. 4 for P(J/¢) > 1%. A significant peak shows up around My, — My = 459 MeV/c?
with NZSEYL = 34 events counted in the signal region between 330 < M, — My < 580 MeV/ 2.
The two tracks are identified as electrons in 11 of the 34 selected events and in 23 events
as muons. This is consistent with the ratio of the Monte Carlo selection efficiencies for J/1
decays to electrons and muons, respectively. Furthermore, 7 of the 34 events are selected at
V/S.. = 183 GeV which is consistent with the ratio of x.o events expected for the two ete”
centre-of-mass energies. Fitting a Gaussian with a power tail plus a linear background function
to the data, where the exponent of the power tail was determined from the Monte Carlo, yields
a mean value of (M, — My) = 464 + 14 MeV/c? and a width of 39 £ 16 MeV /c? compared to
(Mg — My) = 459 =1 MeV/c? and a width of 37 £ 1 MeV/c? in the Monte Carlo.

The two-photon width I'(xco — 77y) is calculated from the number of events in the signal
region, NKSEVL, and the number of background events in the signal region, Nﬁfﬁ, with

1 M, 1 1 Nt — Nigy
2, +1) 802, BR(xe = /¥ 7) BRUJ/§ = 00) T g(2)ley, |

(7)

L(xe2 = 7y) = (

where the sum runs over the two e*e™ centre-of-mass energies 1/s_.. The function g(z) is defined
by Eq. 5. The total integrated luminosities for /s, = 91 and 183 GeV are L = 167 pb~! and
55 pb~!. The selection efficiency is determined by dividing the sum of the weights of the selected
Monte Carlo events by the sum of the weights of all generated events. The selection efficiencies
€xeo are 7.0% for /s, = 91 GeV and 5.7% for /s, = 183 GeV. Signal losses at the trigger
level are found to be negligible. The branching ratios are BR(x. — J/¢ ) = 0.135 £ 0.011
and BR(J/v — £t¢7) = 0.1203 £ 0.0027 [8].

The behaviour of the background is studied using the complementary My, —M,, distribution
with P(J/v) < 1%. Its shape is well described by a linear function. A linear function is therefore
fitted to the sidebands of the My, — My, spectrum with P(J/¢) > 1% in Fig. 4. The sidebands
are defined by My, — My < 280 MeV /c? and My, — My, > 630 MeV/c?. For the fit, a maximum
likelihood method for Poisson-distributed data was used [8]. The fit, which is superimposed,
yields NZBZE = 12.4 4+ 3.3 background events in the signal region. The x.» Monte Carlo signal is
added to the fitted background after normalising it to the number of signal minus background
events in the signal region, N2t — NS, of the data.

There could be a small contribution to the x. signal from ete™ — ete x and ete™ —
ete " xc1 events with ye and x.; also decaying to J/v 7. These possible contributions would
increase the measured two-photon width I'(x.2 — 77y) with respect to the actual width. The
mass peak of the x meson is expected to be at My, — My = 318.2£1.0 MeV/c? compared to
459.2 +0.2 MeV/c? expected for the x.o [8]. Fig. 4 shows no indication for such a peak within
the statistical errors.

In principle, the contribution from .o decays could be estimated from the data by measuring
the decay angular distribution. In Fig. 5 the distribution of the polar angle of the photon, cos 6*,
is shown. The Monte Carlo expectation for an isotropic decay (J = 0) and for a decay angle
distribution as described in Section 3 for J = 2 are superimposed. The agreement between
data and Monte Carlo is reasonable in both cases. Due to the small number of data events, no
further conclusion can be drawn concerning the decay angular distribution.



The production cross-section of y. mesons in two-photon events can be calculated with
Eq. 4. The ratio of the number of selected x.» events, N,_, to the number of selected xco
events, N, ,, is given by:

NXC2 _ U(e+e_ — e+e_XC2) . BR’(XC2 — J/w f)/) . 6Xc2 (8)
Nxco U(e+ei — e+e*X00) BR(XCO — J/l/) 7) €xco

. 9
2y, +1 \M I'(xco = vY) BR(xco = I/ 7) €0 ©)

Xc2

2/ + 1 (MXC())S T(xe2 = 77) BRxe = J/¥7) exe

The spin factor equals 5, the mass term is of the order one and the branching ratio BR(x.2 —
J/1 7) is about 20 times larger than the branching ratio BR(x.o — J/% ) = 0.0066£0.0018 [8].
The same set of cuts as for ., was applied to Monte Carlo x. events yielding a selection
efficiency €,., = 2.8% for 330 < My, — My < 580 MeV/c? at /s, = 91 GeV. The two-photon
width for the x. has been measured to be I'(x.o — 7y) = 5.4 £ 3.7 keV [18]. With this value
and our measurement of I'(x.o — 77), the background due to x.o events is estimated to be
1.3%. This contribution is therefore neglected.

The case of the x.; meson is more complicated, although the production of spin-1 particles
in the collisions of real photons is not allowed due to the Landau-Yang theorem [19]. But since
the incoming photons have Q? > 0, the production of x.; mesons is possible. The x.; meson can
not be well distinguished experimentally from the X2, since their masses are almost degenerate.
For the y.; mesons, the nominal mass difference M, — My, is 413.6 £ 0.2 MeV/c? [8]. The
selection efficiency for y.; events is determined using GALUGA which takes into account the
Q? dependence for a spin-1 resonance. The selection efficiency is found to be much smaller,
€ ~ 0.1% at /s, = 91 GeV, than for y. production, because the average Q2 of the xa
events is much higher and the transverse momentum of the x. decay particles is therefore
not balanced in the detector. Most of the x.; events are rejected due to the requirements
that there should be no energy deposit in the FD or SW and that the angle in the r¢ plane
between the photon and the J/1 candidate must be greater than 150°. Using the ratio of
cross-sections given by the model of Schuler [3] and Eq. 8 for x.; instead of x.o mesons with
BR(xa — J/v ) = 0.273 £ 0.016 [8], the contribution from x.; events is estimated to be
much smaller than 1%. Background from 1’ production in eTe™ annihilation events has been
estimated to be negligible.

Equation 7 yields a measured two-photon width of
T(xe2 — 7Y) = 1.76 £ 0.47 £ 0.37 + 0.15 keV.

The first error is statistical, the second is systematic and the last error is due to the uncertainty
of the branching ratios in the decay xco — J/¢ v — €.

6 Systematic errors

The following systematic errors are taken into account:



The selection efficiency depends on the x.» decay angular distribution used in the Monte
Carlo generation. In addition to the decay angular distribution as described in Section 3
the Monte Carlo events are weighted according to a pure electromagnetic dipole angular
distribution (E1). This leads to a decrease of the measured two-photon width I'(xc2 — 77)
by 6%.

The dependence on the form factor is studied using a p form factor and a Q? independent
form factor instead of the default J/v¢ form factor. The selection efficiencies as well as
the cross-sections calculated with Eq. 4 change, together contributing a 5% uncertainty

to T'(xe2 — 17)-

The error due to the cut on the dE/dz probabilities for the muon and electron hypotheses
is estimated to be 4%.

The minimum cluster energy of 300 MeV required in the ECAL for a photon candidate
is an additional source of a systematic uncertainty. The energy resolution is given by
the width of the EI*¢ — EX°* distribution of the ECAL energy. If the energy resolution
of the Monte Carlo is better than the actual resolution in the experiment, the selection
efficiency from the Monte Carlo would be overestimated. To study this effect we exploit
the fact that the reconstructed photon energy E7° is approximately equal to the generated
photon energy EE£™ for a xo event. This is shown in Figure 2b. The difference of the
reconstructed and the measured photon energy, E2* — E7***, is shown in Figure 6 for data
and Monte Carlo after all selection cuts. A Gaussian is fitted to both spectra yielding
—169 4+ 42 MeV for the mean in the data and —173 + 5 MeV for the mean in the Monte
Carlo. The widths are 181 4+ 34 MeV for the data and 183 -4 MeV for the Monte Carlo.
Mean and width are consistent within the statistical errors of the fit.

The measured energy in the Monte Carlo is smeared with a Gaussian distribution in such
a way that the decreased resolution in the Monte Carlo is approximately equal to the
data resolution plus its error. This increases the measured I'(xc2 — 77) by 11%.

The error on the number of background events determined from the fit of a linear function
to the sidebands of the signal in the mass difference spectrum corresponds to an additional
uncertainty on I'(x.2 — vy) of 15%.

The statistical error of the Monte Carlo selection efficiency is 2%.

The error of the luminosity measurement is negligible. The systematic errors due to the mod-
elling of the energy resolution and due to the background description are determined using the
data and therefore inevitably contain a considerable statistical component. A summary of the
errors is given in Table 2. The errors are added quadratically yielding a total systematic error
of 21%.

Conclusions

We have measured the two-photon width I'(xeco — 77) in the process e"e™ — eTe” xc2, with
the X mesons reconstructed in the decay channel y.o — J/¢ v — €T £~ ~ (with £ = e, p).
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The whole OPAL data samples taken at /s, of 91 and 183 GeV are used, corresponding
to L = 167 pb~! and 55 pb~!. In total we have selected 34 events in the y., signal region
330 < Mypy — My < 580 MeV/ c? including a background of 12.4 + 3.3 events. The contribution
from y. and x. events is estimated not to exceed a few percent. The two-photon width
['(xc2 — 77) is determined to be

T(xe2 — ) = 1.76 &£ 0.47 £ 0.37 £ 0.15 keV.

The first error is statistical, the second is systematic and the last error is due to the uncer-
tainty of the branching ratios in the decay x.o — J/¢ v — £¢~. In Table 1, a comparison of
different measurements of the two-photon width I'(x.2 — 77) is given. Our result agrees with
the results from CLEO, TPC/2y and R704 if one takes into account the large statistical and
systematic errors. Our result is about two standard deviations larger than the E760 result and
the current world average [8] which is dominated by the E760 measurement. It is also more
than two standard deviations larger than the prediction of Schuler [3].

Acknowledgements

We thank Michael Sivertz for providing the calculation of the decay angular distribution used
by CLEO and Gerhard Schuler for useful discussions. We particularly wish to thank the SL
Division for the efficient operation of the LEP accelerator at all energies and for their con-
tinuing close cooperation with our experimental group. We thank our colleagues from CEA,
DAPNIA /SPP, CE-Saclay for their efforts over the years on the time-of-flight and trigger sys-
tems which we continue to use. In addition to the support staff at our own institutions we are
pleased to acknowledge the

Department of Energy, USA,

National Science Foundation, USA,

Particle Physics and Astronomy Research Council, UK,

Natural Sciences and Engineering Research Council, Canada,

Israel Science Foundation, administered by the Israel Academy of Science and Humanities,
Minerva Gesellschaft,

Benoziyo Center for High Energy Physics,

Japanese Ministry of Education, Science and Culture (the Monbusho) and a grant under the
Monbusho International Science Research Program,

German Israeli Bi-national Science Foundation (GIF),

Bundesministerium fiir Bildung, Wissenschaft, Forschung und Technologie, Germany,
National Research Council of Canada,

Research Corporation, USA,

Hungarian Foundation for Scientific Research, OTKA T-016660, T023793 and OTKA F-023259.

11



Appendix

The angular distribution of the decay x.o — J/1 v — 7€~ can be expressed in terms of the
decay helicity amplitudes A,/ [20]

WO,0,¢) x 3 Z Z STOA Ay A6 dS207) o7 (6,6, (10)

A=£2v=—2,/__opu==%1

where A\ describes the two possible helicities of the x.o with respect to the v axis assuming
that the x.o is produced in a helicity +2 state. The angles 6*,0" and ¢’ are defined in Fig. 1.
The indices v and " denote the helicity of the . with respect to the .J/v v axis and the index
w the two possible helicity states of the outgoing photon. The definition of the functions d’/5>
can be found in Ref. [8]. The angular distribution of the J/1 decay is described by the density

matrix p? |, where 0 = v — p and o = /' — p are the J/1 helicities with respect to the J/v v
axis. EXphCltly, the angular distribution of the decay x.o — J/¢ v — €74~ is given by
1 /
W(6*,60',¢") gAg(l + cos?0')(1 + 6 cos® 6* + cos® 6%)
+ A%(1 — cos?0') (1 — cos* 6%)
3 /
+ —A2(1 +cos?6') (1 — 2cos® 0" + cos* 0%)

2\[A2A1(sm 26’ cos 2¢ )(sin 6* cos 8% (3 — cos? 6*))

+ %AQAO(Sin2 0 cos2¢ ) (1 — cos* %)

- ? A1 Ao(sin 26 cos 2¢ ) (sin 0* cos 0* — sin 6* cos® 6*). (11)

The decay amplitudes have been determined to be Ay = 0.85 + 0.03, A; = 0.49 + 0.03 and
Ap = 0.21 +0.05, based on measurements by E760 [21].
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Experiment I'(xc2 = 77) [keV] measured in
CLEO [4] 1.08 £0.30 £0.26 efe” —»efe X
TPC/27y [5] 34 +£1.7 +£09 efe” > efe X
E760 [6] 0.321 £ 0.078 £ 0.054 | PP — Yez — 77
R704 [7] 20 +£92 +0.3 PP — Xe2 = 7Y
average [8] 0.37 £0.17
this measurement | 1.76 +0.47 £ 0.37 £0.15 | eTe™ — ete ™ xe

Table 1: Results on the two-photon width I'(x.o — 7). The first error is statistical, the second
error systematic. The CLEO and TPC/2y results are based on 25.4 + 6.9 and 6.2 + 3.0 signal
events, respectively. The R704 measurement is updated by using the current world averages
for the total width T'y,; and for BR(xc2 — pp) from Ref. [8]. It should be noted that R704 has
used an isotropic angular distribution for the decay y.o — 77y to calculate their efficiencies.

source relative error
Xc2 decay angular distribution 6%
form factor 5%
energy loss of tracks 4%
minimum cluster energy 11%
background determination 15%
Monte Carlo statistics 2%
quadratic sum 21%

Table 2: Summary of the systematic errors. The errors are added quadratically.
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=\
Figure 1: Illustration of the y.o decay angles: The polar angle #* is measured in the x. rest
frame and is the angle between the Y. direction of motion in the laboratory system and the
direction of the outgoing decay photon (You). The xco direction of motion is collinear with
the axis of the incoming photons (v;,). The polar and azimuthal angles of the positive decay
lepton £+, denoted by 6 and ¢, are measured in the J/1 rest frame with the 2’ axis given by

the direction opposite to the photon’s direction from the x.» decay, and the z’ axis in the plane
containing the x.o direction and the incident photons.
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Figure 2: (a) Difference between the generated and the measured photon energy, B8t — ETRes,
for Monte Carlo (MC) events after applying the cuts described in Section 4. (b) Difference
between the generated and the reconstructed photon energy, ES™* — EX¢¢, for the same Monte
Carlo events.
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Figure 3: Invariant mass My, of the lepton-lepton system after applying the set of cuts as
explained in the text and after requiring the invariant mass of the ¢/ system to be in the
range 3.40 < My, < 3.65 GeV/c? around M, ,. A peak is visible at the mass of the J/1. The
dots represent the data, while the histogram shows the normalised Monte Carlo on top of the
background determined from data. The Monte Carlo shows a small tail towards lower invariant
masses My, due to bremsstrahlung and final state radiation of the leptons.
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signal is superimposed as dashed line. The open histogram shows the normalised Monte Carlo
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Figure 4: Mass difference between the ¢/~ and the ¢/ invariant mass, My, — My, after applying
330 < Mu«, — My, < 580 MeV/cQ.

17



Figure 5: Cosine of the polar angle 6* of the decay photon in the x.o rest frame. The dots
represent the data with their statistical error, the hatched histogram represents the background
taken from the sidebands and then normalised to the number of background events in the signal
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Carlo with the decay angular distribution as described in Section 3 after normalisation to the

number of signal minus background events, — NBS. The dashed line is calculated in the
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same way, but for an isotropic decay angular distribution (spin 0).
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Figure 6: Difference between the reconstructed and the measured photon energy, EXC — EJOS,

for (a) the Monte Carlo (MC), and (b) the data, after all selection cuts. A Gaussian is fitted
to both distributions yielding approximately the same mean and width, but with large errors

in case of the data.
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