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Abstract

A study of resonance formation is presented in the �+���0 �nal state in two-

photon collisions at LEP. The a2(1320) radiative width is measured to be �

 =

0:98 � 0:05 � 0:09 keV. The helicity 2 production is dominant. Exclusive �+���0

production has also been studied in the mass region above the a2 in the �� and f2�

channels. This region is dominated by a JP=2+ helicity 2 wave.
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1 Introduction

A study of �+���0 production in two-photon collisions is presented using data taken from

1991 to 1995 by the L3 experiment [1] at a center-of-mass energy ' 91 GeV. The correspond-

ing integrated luminosity is 140.6 pb�1. The previous measurements of this process [2{9]

have focused on the formation of the a2(1320) meson with well established quantum numbers

JPC=2++ decaying dominantly into ��. In addition the Crystal Ball [10] and CELLO [7] col-

laborations have reported the formation of the �2(1670) meson (Crystal Ball in the �0�0�0

channel). The �2 meson is a 2�+ tensor state in the q�q model. A nonrelativistic quark-model

calculation [11] predicts a radiative width two to three orders of magnitude smaller than those

reported (�

 = 1:35 � 0:26 keV [12], average of Crystal Ball and CELLO measurements).

Calculations of relativistic quark-models for two-photon decays of mesons [13, 14] also predict

a width an order of magnitude lower. A recent partial wave analysis of the �+���0 system

from ARGUS [9] has found no evidence of JP=2� �� and f2� states, with an upper limit of

�

(�2) < 0:19 keV (90% C.L.).

In e+e� storage ring experiments the cross section for resonance formation in untagged two-

photon collisions can be formulated as the product of the two-photon luminosity function [15]

that describes the 
ux of transverse photons and the resonance cross section given by the Breit-

Wigner formula. The �+���0 �nal state can be expressed as a set of two body intermediate

states with orbital angular momentum L between a di-pion state and the third pion. The a2
meson decays into �+���0 through the ���� intermediate states with constructive interference

[16]; �0�0 is forbidden by isospin invariance. For the decay of a candidate high-mass resonance,

the intermediate states ���� and f2�
0 are considered. The angular distribution depends on

the spin-parity and helicity of the resonant state X. It is given by

T =
X
�

R��

����
�
T�(X ! �+�� ! 3�)

m2
� � s+ � im���

+
T�(X ! ���+ ! 3�)

m2
� � s� � im���

�

+� exp(i�)

 
T�(X ! f2�

0 ! 3�)

m2
f2
� s0 � imf2�f2

!�����
2

; (1)

where R�� is the probability of the helicity � state, s�; s0 are the invariant mass squared of the

���0; �+�� systems corresponding to �� and f2. � is de�ned as the
p
BR(f2�)=BR(��), and

� is the relative phase of the f2� and �� decay amplitudes. For the a2, �=0. The transition

amplitude T� is given by

T� = 32�2
�
mX�X m2��2�

W



p
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�
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��m
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l (��; ��); (2)

where �X is the X decay width at the resonance invariant mass W

 , mX is the resonance pole

mass. The di-pion system has spin l with third component m, the invariant mass is m2� with

the mass dependent width �2�. The momentum, polar and azimuthal angles (p2�; �2�; �2�) are

measured in the 

 rest frame. The � from the di-pion decay has the corresponding variables

(p�; ��, ��) measured in the di-pion rest frame. The angles in both frames are determined with

respect to the 

 direction which is approximately the beam direction. The mass-dependent

widths of the a2, f2 and � are given by Ref. [17]. Spin-parity JP=1� and JP(�)=2�(2) are

excluded by the Landau-Yang theorem [18], and a JP=0+ state cannot decay into 3� by parity

conservation.
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2 Event selection and background estimations

The process e+e� ! e+e��+���0 has been selected in an untagged con�guration. The pT
threshold for charged track selection is 60 MeV. The energy of a photon candidate is required to

be greater than 80 MeV with an angular separation from charged tracks of (��2+��2)1=2 > 5:5�.

Photon candidates are selected in the angular regions 14� < � < 35�, 45� < � < 135�, or

145� < � < 166�. The �0 signal region is de�ned as 105 < m(

) < 165 MeV, where m(

) is

the invariant mass of the two photons.

The transverse momentum of the �+���0 system relative to the beam direction is denoted

by
P

~pT . The mass spectra with jP ~pT j2 below and above 0.0015 GeV2 are shown in Fig. 1.

The distribution is dominated by the a2. One sees that the mass resolution deteriorates and the

background increases at higher values of jP ~pT j2. Fig. 2a to 2d show the jP ~pT j2 distributions
for di�erent �+���0 mass intervals. In the mass intervals 1.0-1.55 GeV and 1.55-2.1 GeV there

is a clear excess of events at low jP ~pT j2 corresponding to exclusive �+���0 production. The

almost 
at background extending to large jP ~pT j2 values is interpreted as inclusive production.
The shaded histogram in Fig. 2c shows the prediction of a Monte Carlo phase space generation

of the channel �+���0(�0) where the last �0 is unobserved. This describes correctly the shape

of the distribution for large jP ~pT j2.
To estimate the statistical signi�cance of the exclusive signals several �ts were performed to

the jP ~pT j2 distributions below 0:02 GeV2. The results and con�dence levels of \background

only" �ts to a second order polynomial are given in the �rst two rows of Table 1. To estimate

the levels of the inclusive backgrounds under the exclusive production signals in Figs. 2b,c the

distributions were �tted to the sum of a Monte Carlo distribution including the e�ect of a �

dominated Vector-Meson-Dominance (VMD) form factor to describe the exclusive signal, and

a second order polynomial to describe the inclusive background. As listed in the third row of

Table 1, acceptable �ts are then obtained. The background levels for jP ~pT j2 < 0:0015 GeV2

of the �ts are listed in the last three rows of Table 1.

mass region [GeV] 0:60� 1:00 1:00� 1:55 1:55� 2:10 2:10� 2:50

�2 (Background) 105 585 221 92

C.L.[%] 95 < 10�6 1.1�10�4 99

�2 (MC+Background) � 157 155 �
C.L.[%] � 5.4 6.7 �
Total events 42 618 184 38

Background events � 120 46 �
Background fraction [%] � 19�0.5 25�3 �

Table 1: The jP ~pT j2 distributions below 0.02 GeV2 in the four mass ranges are �tted to

background only (�rst two rows) and Monte Carlo plus background (third and fourth rows).

The �2 for 130 D.F. are listed. The fraction of background events in jP ~pT j2 < 0:0015 GeV2

are also listed with the number of events observed.

In the spin-parity-helicity analyses presented below, events with jP ~pT j2 < 0:0015 GeV2

are divided into two samples. The a2 low-mass sample is selected with �+���0 invariant mass

of 1:0 < m(�+���0) < 1:55 GeV. The ���0 invariant mass is required to be compatible with

the � mass (m(���0) < m� + 250 MeV) since the a2 decays predominantly through the ��

intermediate state (see Fig. 3). The high-mass sample of 1:55 < m(�+���0) < 2:1 GeV is
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studied under the hypothesis of a resonance (or resonances) decaying through �� and f2�.

The detector acceptance and event selection e�ciency for di�erent spin-parity and helicity

states have been evaluated by Monte Carlo simulations using the PC [19] and TWOGEN [20]

generators with a � dominated VMD form factor applied for the colliding photons. The mass

and total width for the a2 are taken from the Particle Data Group (PDG) [12]. In the high-

mass range a Breit-Wigner resonance of mass 1740 MeV and total width 150 MeV have been

assumed. Monte Carlo events were passed through a full detector simulation. The detector

acceptances for jP ~pT j2 < 0:0015 GeV2 calculated for di�erent intermediate states and spin-

parity assignments are listed in Table 2. For the high-mass region the amplitude and phase

parameters � and � determined by the �ts described in Section 3 below are used.

a2(1320)! �� BW (1740)! �� + f2�

JP(�) 2+(0) 2+(2) LIPS 2�(0) 2+(0) 2+(2) LIPS

A [%] 0.41 0.50 0.42 0.72 0.63 0.91 0.58

Table 2: The detector acceptance A for events with jP ~pT j2 < 0:0015 GeV2 of di�erent spin-

parity-helicity states and Lorentz invariant phase space (LIPS).

3 Spin-parity and helicity analysis

We have analyzed the low-mass sample to obtain the helicity state of the a2. When produced in

quasi-real two-photon collisions, the a2 meson can have helicity states 0 or 2. The relative im-

portance is determined by the least square minimization to the polar angle (cos �) distributions

of the �nal state pions in the resonance rest frame where � = � � �2�. The cos � distributions

are sensitive to the helicity state. The Monte Carlo expectations for the cos � distributions of

�0 and �� (two entries per event) are given by

Ei = Pb � B�
i + P

 � fP2 �Mi(2) + (1� P2) �Mi(0)g (3)

where Mi(�) is the bin content of simulated events of helicity � normalized to the expected

number of events for a radiative width �

 = 1 keV. The background distribution B�
i is taken

from the �+���0 phase space Monte Carlo. The free parameters in the �t are the fraction

P2 of helicity 2 contribution, and the two scaling factors P

 for the radiative width of the

resonance and Pb for the background contributions. The P2 parameter corresponds to R�� in

Eq. 1 (P2=(1� P2) = R22=R00). The forward regions (j cos �j > 0:94) with low acceptance are

excluded from the �t. The result of the �t is shown in Fig. 4. We have obtained P

 = 0:96�0:04
and P2 = 0:92 � 0:05 with �2=D:F: = 90=53 (C.L.=0.11%). The Pb obtained corresponds to

26 � 2% of background contamination, which may be compared with the estimated level of

inclusive background of 19:0 � 0:5% obtained from the �t to the jP ~pT j2 distribution. The

excess of 7% of events is used to estimate the rate of s-wave �+���0 production (possibly

�(1300) formation). It corresponds to 41 observed events which implies a radiative width of

�

BR(�
+���0) < 0:085 keV at 90% C.L. for any s-wave contribution.

The �tted parameters are sensitive to the background level. We performed the �t again with

the background fraction �xed to 20%. The parameters of the �t are in this case P

 = 1:05�0:03
and P2 = 0:87� 0:05 with �2=D:F: = 90=54 (C.L.=0.15%). The total systematic uncertainty

in P2 is estimated to be 6% and has dominant contributions from background uncertainty and

detector acceptance, each estimated to be 4%.
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In the high-mass sample we observe 184 events. The intermediate decay modes �� and f2�

are considered for the exclusive signal. The coherent interference of the two intermediate states

�� and f2� is expressed in Eq. 1. We �rst analyze the spin-parity state using the Dalitz �

parameter [21] de�ned in the �+���0 rest frame by

� =

����p�+ � p��

Q2
K

����
2

(4)

where the �� momenta (p��) are normalized to QK , the maximum possible kinetic energy for

a pion in the event. The � distribution is shown as the data points in Fig. 5.

The Dalitz � parameter is sensitive to the distribution of the relative angles between the

�nal state pions, and depends on the spin-parity of the state as well as the amplitude and phase

parameters � and �. We compare data with Monte Carlo event samples generated with di�erent

values of the � and � parameters for each spin-parity-helicity state. A background level of 25%

of inclusive events, as determined by the �t to the jP ~pT j2 distribution (Fig. 2), was used. The
background is simulated by Monte Carlo �+���0(�0) phase space events. Increasing either of

these parameters in the Monte Carlo shifts the � distribution to lower values. The parameters

� and � are determined for each spin-parity and helicity state by minimizing the �2 value.

The results of the �ts are listed in Table 3. For both 2+(0) and 2+(2) the �tted value of � is

consistent with one. In all cases the phase angle is large (> 90�) and for 2+(2) is consistent

with � = 180� (f2� and �� amplitudes relatively real). No acceptable �t was found for 2�(0).

The spin-parity JP = 2+ is strongly favored. This �t is not, however, sensitive to the helicity

state.

Comparisons are also made for di�erent � and � values with the e�ective mass spectra of

the intermediate ���0 and �+�� states. The mass peak positions also move as the phase angle

increases; the ���0 mass toward lower values and the �+�� mass in the opposite direction. The

� and � parameters determined are consistent with those obtained from the � distributions.

The di-pion mass spectra of the intermediate states are shown in Fig. 6 in comparison with the

Monte Carlo predictions for di�erent JP(�) assignments.

JP(�) 2�(0) 2+(0) 2+(2)

phase angle � [deg.] 100 130� 18 170� 17

amplitude � 1.0 0:99� 0:10 0:97� 0:17

�2/15 D.F. 3.94 0.83 0.61

C.L. [%] 3:6� 10�5 64 87

Table 3: Results of �ts to the � distribution.

The helicity state can be 0 or 2 as for the a2 with di�erent angular distributions in the

�+���0 rest frame. Fig. 7 shows the cos � distributions for �0 and �� (two entries per event).

The data is �tted to Monte Carlo expectations of pure 2�(0), 2+(0), 2+(2) states and inclusive

�+���0(�0) background :

Ei = Pb � B�
i + P

 �

�
(1� F2�)

�
P2M

+

i (2) + (1� P2)M
+

i (0)
�
+ F2�M

�

i (0)
	
: (5)

The inclusive background is parameterized by B�
i and scaled by Pb. P

 and P2 are de�ned

as in Eq. 3. The parameter F2� is the relative contribution of the 2�(0) state. The results

of the �ts are listed in table 4. Assuming a pure 2�(0) state gives a low C.L. of 1:7 � 10�8
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(column I). The �tted values of the background level and P2 are 23 � 4% and 77 � 12%

respectively (column II). The �tted background is consistent with that derived from the jP ~pT j2
distributions (25�3%, Table. 1). A �t is also performed with background level �xed at 23% and

the 2�(0) contribution left free (column III). The upper limit for a possible 2�(0) contribution

is �

BR(�
+���0) � 0:072 keV (90% C.L.).

The systematic errors in P2 given by uncertainties in detector acceptance, background levels,

and the uncertainty in the ��=f2� branching ratio are estimated to contribute 4% each, for a

total of 7%.

I II III

Background [%] 0� 23�4 23�

P2 [%] � 77�12 74�13
2�(0) [%] 100� 0� 12�11
P

 [keV] 0.43�0.02 0.38�0.03 0.39�0.02
C.L. [%] 1:7� 10�6 57 61

Table 4: Parameters of �ts to cos � distributions of �0 and ��. (�) parameter �xed in the �t.

4 Resonance parameters

The m(�+���0) mass spectrum in the region 1.0-2.1 GeV with jP ~pT j2 < 0:0015 GeV2 is �tted

by minimizing a �2 function with expected value in bin i of :

Ei = �a2

 �Ma2
i +BWi + PbBm

i : (6)

The a2 contribution, represented by Ma2
i , is given by the Monte Carlo, assuming the PDG

average values of the mass and width [12], and helicity 2 fraction P2 = 0:92, as determined in

Section 3 above. The a2 contribution is scaled by the factor �a2

 , which is a free parameter in

the �t. The high-mass exclusive signal is described by the Breit-Wigner function:

BW = PBW � �tot

(m2 �W 2


)

2 +m2�2tot
; (7)

with �t parameters PBW , �tot and m. The detector acceptance is folded in PBW . The inclusive

background Bm
i is estimated from the �ts to the jP ~pT j2 distributions shown in Fig. 2. The

shape is parameterized by a third order polynomial with the normalization Pb left free in the

�t. The result of the �t is shown in Fig. 8, with �2 = 57 for 42 D.F. (C.L.=6.1%).

The radiative widths for a2 and the events in the high-mass region described by Eq. 7

are obtained from the �tted parameters �a2

 and PBW . The normalization factor Pb of the

background obtained from the �t is 0.94�0.10, which is consistent with the level estimated

from the jP ~pT j2 distributions. The �tted widths are �

 = 0:98 � 0:05 for the a2 and

�

BR(�
+���0) = 0:29 � 0:04 for the high-mass region assuming a single resonance. For

the a2, the radiative width is consistent with that obtained from the angular distribution (Sec-

tion 3). The systematic errors in the radiative widths are due to uncertainties in acceptance,

background, and branching ratios. For the a2 these contributions are 3%, 4% and 7%, respec-

tively; while for the high-mass region they are 4% for acceptance and 4% for background. These

values are summarized in Table 5.
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The �tted resonance parameters are corrected for the calibration estimated by the Monte

Carlo simulations. The mass-dependent width introduces a mass shift of �11 � 1 MeV at

m=1320 MeV and �20 � 2 MeV at m=1750 MeV. The photon energy and track momentum

measurements both have a slight o�set to lower values of the order of 1%, which are determined

by the e�ective mass distributions of inclusive �0 ! 

 and Ks ! �+��, respectively. The

combined o�sets for �+���0 are estimated by the Monte Carlo to be �2 � 3 and �12 � 3

MeV at 1320 and 1750 MeV, respectively. The systematic uncertainty is the combined error of

the two shifts. For the high-mass region the corrected mass is m = 1752 � 21 � 4 MeV. We

also made a separate Breit-Wigner �t for the mass and width of the a2. The mass is found to

be 1323 � 4 � 3 MeV. The mass resolution of the detector increases the � values obtained in

the Breit-Wigner �ts. This e�ect is calculated using Monte Carlo. The corrections to � are

�38 � 11 MeV and �60 � 34 MeV for the a2 and at 1750 MeV, respectively; the corrected

widths are � = 105� 10� 11 MeV and � = 150� 110� 34 MeV, respectively.

The resonance parameters and the relative importance of the helicity 2 state (P2) (Section 3)

in the two mass regions are summarized in Table 5. The large error on the �tted width for

the high-mass region and the apparent excesses of events relative to the �tted curve around

1.5 GeV and 1.85 GeV indicates that the single Breit-Wigner �t should be considered only as

a rough description of the data in the high-mass region.

a2(1320) high-mass region

�

 [keV] 0.98 � 0.05 � 0.09 �
�

BR(�� + f2�) [keV] � 0.29 � 0.04 � 0.02

m [MeV] 1323 � 4 � 3 1752 � 21 � 4

� [MeV] 105 � 10 � 11 150 � 110 � 34

P2 [%] 92� 5� 5 77� 12� 5

Table 5: The resonance parameters and the corresponding statistical and systematic errors.

5 Discussion and conclusions

The �+���0 �nal state in two-photon collisions is found to be dominated by formation of the

a2 meson. The resonance mass and total width and radiative width (Table 5) obtained are in

good agreement with the current world average values [12]. The �=2 helicity state is dominant.

A upper limit for s-wave contribution is estimated to be �

BR(�
+���0) < 0:085 keV (90%

C.L.).

The �+���0 events in the high-mass region (1.55-2.1) GeV have been analyzed for spin-

parity and resonance parameters for spin up to J=2 and in intermediate states �� and f2�. From

the analysis of the � parameter distribution and the pion cos � distributions, the spin-parity

of the selected exclusive events are found to be dominated by JP(�) =2+(2). Equal branching

ratios for decays into the f2� and �� �nal states are observed and the phase angle � between the

�� and f2� amplitudes is consistent with 180�. The results may be compared with theoretical

predictions, in particular the calculations of the relativistic quark model of Ref. [14]. If these

events are identi�ed with the �rst radial excitation of the a2, the �tted mass m = 1752�21�4

MeV is consistent only with the One Gluon Exchange Semi-Relativistic Quark Mass (OGE-

SRM) model which predicts a mass of 1740 MeV. All the models of Ref. [14] give values

of �

(a
0

2) in the range 0.33-0.38 keV, compatible with our measurement �

BR(�
+���0) =
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0:29 � 0:04 � 0:02 MeV, on the assumption that 3� decay mode is the dominant one. The

presence of several overlapping states in the high-mass region cannot be excluded. The OGE-

SRM model predicts a second radial recurrence of the a2 at 1820 MeV where a small data excess

is seen. Higher statistics are needed to better understand this mass region.

The formation of a JP = 2� state, �2, claimed by previous collaborations [7, 10] was based

solely on the 3� mass distribution and observation of f2� decay mode. No evidence is seen

for this state. The upper limit �

(�2)BR(�
+���0) < 0:072 keV (90% C.L.) is found. This

result is in agreement with the ARGUS observation [9]. We conclude that the spin-parity of

�+���0 �nal states in this mass region is actually dominated by JP = 2+ with helicity � = 2.

The measured two-photon width is consistent with the theoretical predictions [11, 13, 14] for a

radially excited a2 state.
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Figure 1: The �+���0 invariant mass spectra for jP ~pT j2 below (a) and above (b) 0.0015 GeV2.
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Figure 2: The jP ~pT j2 distributions for �+���0 events (points with statistical error) in di�erent
intervals of invariant mass. The jP ~pT j2 distributions are �tted to background of second order

polynomial (dashed line) and Monte Carlo predictions (dotted line) in b) and c) for exclusive

resonance formation. The shaded histogram in c) is the distribution for a �+���0(�0) phase

space Monte Carlo sample normalized to the polynomial background estimate.
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Figure 3: ���0 (two entries per event) and �+�� mass distributions for selected �+���0 events.

The arrow indicates the cut applied to ���0 to de�ne the low-mass sample.
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Figure 4: cos � distributions of a) �0 and b) �� (two entries per event) for a2 (points with

statistical error) which are compared to the results of the �t (solid line). The dotted and dashed

lines indicate the contributions for the two helicity states and the shaded area represents the

background.
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Figure 5: � distribution of data (points with statistical error) and Monte Carlo of JP(�) =

2+(0) (dotted), 2+(2) (solid), and 2�(0) (dashed), respectively. A 25% inclusive background

(shaded) is included using a phase space �+���0(�0) distribution.
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Figure 6: a) ���0 (two entries per event) and b) �+�� mass spectra in comparison with Monte

Carlo predictions that contain 25% inclusive �+���0(�0) background events (dashed line).
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Figure 7: cos � distributions of a) �0 and b) �� (two entries per event) for the high-mass

selection (points with statistical error) which are compared to the results of the �t (solid line,

column II of Table 4).
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Figure 8: a) �+���0 invariant mass spectrum; the solid line is the �t to the Monte Carlo

sample for the a2 (dotted line), a Breit-Wigner distribution in the high-mass region (dotted-

dashed line) and a background parameterized by a third order polynomial (dashed line). b)

the distribution with a2 and background subtracted.
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