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Abstract

A study of resonance formation is presented in the 77~ 7" final state in two-photon collisions at LEP. The a,(1320)

radiative width is measured to be /.. = 0.98 £ 0.05 £ 0.09 keV. The helicity 2 production is dominant. Exclusive mraT

0

production has also been studied in the mass region above the a, in the p7 and f,7 channels. This region is dominated by

aJ'=2" helicity 2 wave. © 1997 Elsevier Science B.V.

1. Introduction

A study of w77~ 7Y production in two-photon
collisions 1s presented using data taken from 1991 to
1995 by the L3 experiment [1] at a center-of-mass
energy =91 GeV. The corresponding integrated
luminosity is 140.6 pb~'. The previous measure-
ments of this process {2—9] have focused on the
formation of the a@,(1320) meson with well estab-

' Also supported by CONICET and Universidad Nacional de
LLa Plata, CC 67, 1900 La Plata, Argentina.

? Also supported by Panjab University, Chandigarh-160014,
India.

: Supported by the German Bundesministerium fiir Bildung,
Wissenschaft, Forschung und Technologie.

lished quantum numbers J*“ =2** decaying domi-
nantly into p7r. In addition the Crystal Ball [10] and
CELLO [7] collaborations have reported the forma-
tion of the ,(1670) meson (Crystal Ball in the
7 mr® channel). The 7, meson is a 27" tensor
state in the gg model. A nonrelativistic quark-model
calculation [11] predicts a radiative width two to

three orders of magnitude smaller than those re-
ported (I’ =135+0.26 keV [12], average of

) Supported by the National Natural Science Foundation of
China.

: Supported by the Hungarian OTKA fund under contract num-
bers T14459 and T24011.

. Suppogted also by the Comisidn Interministerial de Ciencia y
Technologia.
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Crystal Ball and CELLO measurements). Calcula-
tions of relativistic quark-models for two-photon de-
cays of mesons [13,14] also predict a width an order
of magnitude lower. A recent partial wave analysis
of the w* 7~ 7" system from ARGUS [9] has found
no evidence of J* =27 pmw and f,7 states, with an
upper limit of I” (7,) <0.19 keV (90% C.L.).

In eTe™ storage ring experiments the cross sec-
tion for resonance formation in untagged two-photon
collisions can be formulated as the product of the
two-photon luminosity function [15] that describes
the flux of transverse photons and the resonance
cross section given by the Breit-Wigner formula. The
7"~ " final 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 a, meson decays into w* 7~ 7" through
the p*# ™ intermediate states with constructive
interference [16]; p %70 is forbidden by 1sospin in-
variance. For the decay of a candidate high-mass
resonance, the intermediate states p T ¥ and fzwo
are considered. The angular distribution depends on
the spin-parity and helicity of the resonant state X
[17,18]. It is given by

T(X—p 7 — 3m)

ms — ms, —im, I

57:2&\
A

L(X—=p 7" —>3m)

|
1
my —my, —im, 1

(T(X - f,m’ -3
-I—aexp(qu){ ( ]:QW 77')

mfz e A S

(1)

img, 1

2

where R, is the probability of the helicity A state,
m,_ 1s the invariant mass of the di-pion system
corresponding to p* and f,. a is defined as the
/BR( fym)/BR( pm), and ¢ is the relative phase
of the f,7 and pw decay amplitudes. For the a,,
a = (. The transition amplitude 7, 1s given by

— /2
W}’?\/Siw )

pZTrp'rr

T, = 3217 myly m, [

X ZCL A—m, !H:YA“m(g”w ’cfb27r)ym( )’

where [, 1s the X decay width at the resonance
invariant mass W__, my 1s the resonance pole mass.
The product of the spherical harmonics (Y') is multi-

plied by the Clebsch-Gordan coefficients (C). The
di-pion system has spin [ with third component m,
the mass dependent width is [,_. The momentum,
polar and azimuthal angles ( p,._,6,_,¢,.) are mea-
sured in the yy rest frame. The 7 from the di-pion
decay has the corresponding variables (p_,0_, ¢_)
measured in the di-pion rest frame. The angles 1n
both frames are determined with respect to the yy
direction which 1s approximately the beam direction.
The mass-dependent widths of the a,, f, and p are
given by Ref. [19]. Spin-parity J¥ = 1% and J"(A) =
27(2) are excluded by the Landau-Yang theorem
[20], and a J® =0% state cannot decay into 37 by
parity conservation.

2. Event selection and background estimations
The process ete = eTe " w n 7" has been
selected in an untagged configuration. The p..
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 (A6% + A¢?)'/* > 5.5°. Photon candidates
are selected in the angular regions 14° < 8 < 35°,

O a)  1Zp,< 0.0015GeV?

= 150 ]

8 "

— 100 - :

2 :

T 50-

m -

Lf[ 0- _‘_{LXS‘}_}_

: b) Zp-I%> 0.0015GeV?

300 |
200- |

[GeV

Fig. 1. The 7% 7 #" invariant mass spectra for [Ep,|* below a)
and above b) 0.0015 GeV?.

TETCTC
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Fig. 2. The [ p,|* distributions for 7" 7~ 7 ° events (points with

statistical error) in different intervals of invariant mass. The
T p,|° distributions are fitted 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 ¢) is the distribution for a 7" 7~ 7(7") phase space
Monte Carlo sample normalized to the polynomial background
estimate.

45° < § < 135°, or 145° < §< 166°. The 7° signal
region is defined as 105 < m(y7y) < 165 MeV, where
m(yvy) is the invariant mass of the two photons.
The transverse momentum of the 7" 7~ 7 ° sys-
tem relative to the beam direction is denoted by
2.py. The mass spectra with IZpTI2 below and
above 0.0015 GeV* are shown in Fig. 1. The distri-
bution 1S dominated by the a,. One sees that the
mass resolution deteriorates and the background in-
creases at higher values of D:pTIZ. Fig. 2a to 2d
show the [ p.|* distributions for different 7" 7~ 7
mass intervals. In the mass intervals 1.0-1.55 GeV

and 1.55-2.1 GeV there 1s a clear excess of events at

>300—|
D . ] + O
s - 1 i
ozooi " L
L{)
~ 1 ¢
[ f
— 100-
),
~
LLI ) &
0

o 08 1 15 3
m(rn) [GeV]

Fig. 3. w *ar® (two entries per event) and 7%~ mass distribu-
tions for selected w77~ 7" events. The arrow indicates the cut
applied to 7 7 to define the low-mass sample.

low \Ep-f\z corresponding to exclusive 7" 7~ 7"

production. The almost flat background extending to
large [Zp,|° values is interpreted as inclusive pro-
duction. The shaded histogram 1n Fig. 2¢ shows the
prediction of a Monte Carlo phase space generation
of the channel 7" 7~ w7 %) where the last 79 is
unobserved. This describes correctly the shape of the
distribution for large |Lp,|*.

To estimate the statistical significance of the ex-
clusive signals several fits were performed to the
\Zp?-\?‘ distributions below 0.02 GeV?*. The results
and confidence levels of “‘background only’’ fits to

a second order polynomial are given in the first two

Table 1

The I):}:!TI2 distributions below 0.02 GeV* in the four mass
ranges are fitted to background only (first two rows) and Monte
Carlo plus background (third and fourth rows). The y* for 130
D.F. are listed. The fraction of background events in I):pTI2 <
0.0015GeV? are also listed with the number of events observed

mass region [GeV] 0.60—1.00 1.00-1.55 1.55-2.10 2.10-2.50

X?(Backgmund) 105 585 221 92
C.L.[%] 95 <107 L1x107* 99
x> (MC+ - 157 155 —
Background)

C.L.[%] — 5.4 6.7 —
Total events 42 618 184 38
Background events = 120 46 =
Background f{raction - 19+0.5 25473 =
%]
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rows of Table 1. To estimate the levels of the
inclusive backgrounds under the exclusive produc-
tion signals 1n Figs. 2b,c the distributions were fitted
to the sum of a Monte Carlo distribution including
the effect of a p dominated Vector-Meson-Domi-
nance (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 I, acceptable fits are then obtained. The back-
ground levels for [Lp,|* <0.0015GeV? of the fits
are listed 1n the last three rows of Table 1.

In the spin-parity-helicity analyses presented be-
low, events with I):ple < 0.0015GeV? are divided
into two samples. The a, low-mass sample is se-
lected with 7w"7 7" invariant mass of 1.0 <
m(mr*™ 7 7%)<1.55 GeV. The 7 *#" invariant
mass is required to be compatible with the p mass
(m(r 7l < m, =+ 250 MeV) since the a, decays
predominantly through the pw intermediate state
(see Fig. 3). The high-mass sample of 1.55 <
m(mt 7~ 7w%) <21 GeV is studied under the hy-
pothesis of a resonance (or resonances) decaying
through p7 and f,7.

The detector acceptance and event selection effi-
ciency for different spin-parity and helicity states
have been evaluated by Monte Carlo simulations
using the PC [21] and TWOGEN [22] generators
with a p dominated VMD form factor applied for
the colliding photons. The mass and total width for
the a, are taken from the Particle Data Group (PDG)
[12]. In the high-mass range a Breit-Wigner reso-
nance of mass 1740 MeV and total width 150 MeV
have been assumed. Monte Carlo events were passed
through a full detector simulation. The detector ac-
ceptances for |Zp}.-‘|2 < 0.0015GeV* calculated for
different intermediate states and spin-parity assign-
ments are listed in Table 2. For the high-mass region
the amplitude and phase parameters « and ¢ deter-
mined by the fits described in Section 3 below are
used.

Table 2
The detector acceptance & for events with |2 pTI2 < 0.0015GeV?

of different spin-parity-helicity states and Lorentz invariant phase
space (LIPS)

1,(1320) — pmr BW(1740) = pr + fo

10 2+(0) 2+(2) LIPS 2-(0) 2+(0) 2*(2) LIPS
¥ [%) 041 050 042 072 063 091 058

el b

3. Spin-parity and helicity analysis

We have analyzed the low-mass sample to obtain
the helicity state of the a,. When produced in quasi-
real two-photon collisions, the a, meson can have
helicity states 0 or 2. The relative importance is
determined by the least square minimization to the
polar angle (cos@) distributions of the final state
pions in the resonance rest frame where 8 = 7 — 6, _.
The cosf distributions are sensitive to the helicity
state. The Monte Carlo expectations for the cosf
distributions of 7° and 7 * (two entries per event)
are given by

EI=Pb 'Eg-g

{

+ By Py M(2) + (1= Py) - M,(0))  (3)

where M.(A) is the bin content of simulated events
of helicity A normalized to the expected number of
events for a radiative width . =1 keV. The back-
ground distribution B/ is taken from the 7+ 7~ r°
phase space Monte Carlo. The free parameters in the
fit are the fraction P, of helicity 2 contribution, and
the two scaling factors P, for the radiative width of
the resonance and P, for the background contribu-
tions. The P, parameter corresponds to R, in Eq.
(1) (P,/(1 =—P,)=R,/R,). The forward regions
(lcos@| > 0.94) with low acceptance are excluded
trom the fit. The result of the fit is shown in Fig. 4.
We have obtained P, = 0.961+ 0.04 and P, = (.92
+ 0.05 with y*/D.F.=90/53 (C.L.=0.11%). The
P, 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 fit to the [Zp.,|* distribution.
The excess of 7% of events 1s used to estimate the
rate of s-wave wrw” w' production (possibly
7 (1300) formation). It corresponds to 41 observed
events which 1implies a radiative width of
I, BR(m" ™ ") <0.085 keV at 90% C.L. for any
s-wave contribution.

The fitted parameters are sensitive to the back-
ground level. We performed the fit again with the
background fraction fixed to 20%. The parameters of
the fit are in this case P, =1.05+0.03 and P, =
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Fig. 4. cos@ distributions of a) w° and b) w* (two entries per
event) for a, (points with statistical error) which are compared to
the results of the fit (solid line). The dotted and dashed lines
indicate the contributions for the two helicity states and the
shaded area represents the background.

0.87 + 0.05 with y*/D.F.=90/54 (C.L. = 0.15%).
The total systematic uncertainty in P, is estimated to
be 6% and has dominant contributions from back-
ground uncertainty and detector acceptance, each
estimated to be 4%.

In the high-mass sample we observe 184 events.
The intermediate decay modes pm and f,7 are
considered for the exclusive signal. The coherent
interference of the two intermediate states pm and
fom is expressed in Eq. (1). We first analyze the
spin-parity state using the Dalitz A parameter [23]
defined in the w* 7~ ? rest frame by

2
.P'n"" X .pﬂ"_ '

A= 2 (4)
Ok
where the 7#* momenta (p_:) are normalized to
Q,, the maximum possible kinetic energy for a pion

in the event. The A distribution is shown as the data
points in Fig. 5.

The Dalitz A parameter is sensitive to the distri-
bution of the relative angles between the final 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 sam-
ples generated with different values of the « and ¢
parameters for each spin-parity-helicity state. A
background level of 25% ot 1inclusive events, as
determined by the fit to the (2 p;rl2 distribution (Fig.
2), was used. The background is simulated by Monte
Carlo 7+ 7~ w%(7") phase space events. Increasing
either of these parameters in the Monte Carlo shifts
the A distribution to lower values. The parameters «
and ¢ are determined for each spin-parity and helic-
ity state by minimizing the x* value. The results of
the fits are listed in Table 3. For both 27(0) and
27(2) the fitted value of « is consistent with one. In
all cases the phase angle is large (> 90°) and for
27(2) is consistent with ¢ = 180° (f,7 and p7
amplitudes relatively real). No acceptable fit was
found for 27(0). The spin-parity J* = 2% is strongly
favored. This fit is not, however, sensitive to the
helicity state.

Comparisons are also made for different « and ¢
values with the etfective mass spectra of the interme-

diate m*7" and 7*#7~ states. The mass peak

30
— 212
Ll 27(0)
il - 270)
I | L1 Bkgd

Fig. 5. A distribution of data (points with statistical error) and
Monte Carlo of J°(A) = 2*(0) (dotted), 27 (2) (solid), and 2~ (0)
(dashed), respectively. A 25% inclusive background (shaded) is
included using a phase space 7+ 7~ 7°(#") distribution.
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Fig. 6. a) m*m? (two entries per event) and b) 77~ mass
spectra in comparison with Monte Carlo predictions that contain
25% inclusive w7~ 7 Y) background events (dashed line).
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positions also move as the phase angle increases; the
77" mass toward lower values and the 7+ 7~
mass in the opposite direction. The « and ¢ param-
eters determined are consistent with those obtained
from the A distributions. The di-pion mass spectra
of the intermediate states are shown in Fig. 6 in
comparison with the Monte Carlo predictions for
different J°(A) assignments.

The helicity state can be O or 2 as for the a, with
different angular distributions in the ¥ 7~ 79 rest
frame. Fig 7 shows the cos@ distributions for 7°
and 7 * (two entries per event). The data is fitted to
Monte Carlo expectations of pure 27(0), 27(0),
2*(2) states and inclusive 77~ 7w°(7w") back-
ground:

E =P, @
Pw' {(1 o FZ‘)[PzM:_(2)
+(1—P,)MT(0)] + F,-M; (0)}. (5)

Table 3

Results of fits to the A distribution

I°(A) 27(0) 27(0) 27 (2)
phase angle ¢ [deg.] 100 130+ 18 170 + 17
amplitude o 1.0 099+0.10 09740.17
y* /15 D.F. 3.04 0.83 0.61
C.L. [%]

3.6X107° 64 87

M~

The inclusive background is parameterized by %’
and scaled by P,. P and P, are defined as in Eq.
(3). The parameter F,- is the relative contribution of
the 27(0) state. The results of the fits are listed in
Table 4. Assuming a pure 27(0) state gives a low
C.L. of 1.7 X 107® (column I). The fitted values of
the background level and P, are 23 + 4% and 77 +
12% respectively (column II) The ﬂtted background
is consistent with that derived from the [} pTI distri-
butions (25 4+ 3%, Table 1). A fit is also performed

with background level fixed at 23% and the 27(0)

Events/0.08

COSB

Fig. 7. cos@ distributions of a) 7% and b) #* (two entries per
event) for the high-mass selection (points with statistical error)
which are compared to the results of the fit (solid line, column 1I
of Table 4),
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Table 4
Parameters of fits to cos® distributions of 7% and 7%, ()
parameter fixed in the fit

I I [1I
BﬂCkgI‘OUHd [%] 0° 23+4 23°
P, %] — 77+ 12 74+ 13
27(0) %] 1007 0" 12+11
P, [keV] 043+0.02 038+003  0.39+0.02
C.L. [%] 1.7X10°° 57 61

contribution left free (column III). The upper limit
for a possible 27(0) contribution is [,
X BR(7* 7~ ") <0.072keV (90% C.L.).

The systematic errors in P, given by uncertain-
ties in detector acceptance, background levels, and
the uncertainty in the pw/f,7 branching ratio are
estimated to contribute 4% each, for a total of 7%.

4. Resonance parameters

The m(7w™ 7~ ") mass spectrum in the region
1.0-2.1 GeV with [Zp,|° <0.0015GeV? is fitted by
minimizing a y* function with expected value in bin
[ of:

E,=L% M®"+BW, + P, B". (6)

{

The a, contribution, represented by M2, is given by
the Monte Carlo, assuming the PDG average values
of the mass and width [12], and helicity 2 fraction
P, =10.92, as determined in Section 3 above. The «,
contribution is scaled by the factor I %2, which is a
free parameter in the fit. The high-mass exclusive

signal 1s described by the Breit-Wigner function:

I

lot

(mz -— W2 )2 + rﬂ?Fg |

vy tot

BW =P, - (7)

with fit parameters Pgy,, [, and m. The detector
acceptance is folded in Pgy. The inclusive back-
ground " is estimated from the fits to the [Lp|°
distributions shown in Fig. 2. The shape is parame-
terized by a third order polynomial with the normal-
1zation P, left free in the fit. The result of the fit is
shown in Fig. 8, with y*=157 for 42 D.F. (CL.=
6.1%).

The radiative widths for a, and the events in the
high-mass region described by Eq. (7) are obtained

from the fitted parameters I°45* and Pyy. The nor-

malization factor P, of the background obtained
from the fit is 0.94 + 0.10, which 1s consistent with
the level estimated from the [Zp,|° distributions.
The fitted widths are [ = 0.98 +0.05 for the aq,
and I, BR(m™ 7~ %) =0.29 + 0.04 for the high-
mass region assuming a single resonance. For the a,,
the radiative width is consistent with that obtained
from the angular distribution (Section 3). The sys-
tematic errors in the radiative widths are due to
uncertainties in acceptance, background, and branch-
ing ratios. For the a, these contributions are 3%, 4%
and 7%, respectively; while for the high-mass region
they are 4% for acceptance and 4% tfor background.
These values are summarized in Table 3.

The fitted resonance parameters are corrected for
the calibration estimated by the Monte Carlo simula-
tions. 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
offset to lower values of the order of 1%, which are
determined by the effective mass distributions of
inclusive % — yy and K, — w77, respectively.

125-
=1 L3 | a)
= 100- \
o :
< 754
. 1
4@ ]
- 50__] | ;
S I ¥
it U Ty ;
0t S
20-
0- JEMWJL*_}WHHV TR
20

05 1 15 2 25
m(rt'tr’) [GeV]

Fig. 8. a) w77~ 7" invariant mass spectrum; the solid line is the
fit to the Monte Carlo sample for the a, (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 a, and background sub-
tracted.

0
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Table 5

The resonance parameters and the corresponding statistical and
systematic errors

a-{(1320) High-ma;s region
I, [keV] 0.9 + 0.05 + 0.09 —
FW BR = 0.29 + 0.04 + 0.02
(pm+ frm)
[keV]
m [MeV] 1323 + 4 + 3 1752 £ 21 + 4
I [MBV] 105 -+ 10 4+ 11 150 + 110 + 34
P, [%] 0245435 7741245

The combined offsets for 7" 7~ 7 ? are estimated by
the Monte Carlotobe —2 + 3 and — 12 4+ 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 1s m =
1752 £ 21 +4 MeV. We also made a separate
Breit-Wigner fit for the mass and width of the a,.
The mass 1s found to be 1323 +4 + 3 MeV. The
mass resolution of the detector increases the I" val-
ues obtained in the Breit-Wigner fits. This effect is
calculated using Monte Carlo. The corrections to [’
are —38+ 11 MeV and —60 + 34 MeV for the «,
and at 1750 MeV, respectively; the corrected widths
are ['=1054+10+11 MeV and I'=150+ 110 +
34 MeV, respectively.

The resonance parameters and the relative impor-
tance of the helicity 2 state (P,) (Section 3) in the
two mass regions are summarized in Table 3. The
large error on the fitted width for the high-mass
region and the apparent excesses of events relative to
the fitted curve around 1.5 GeV and 1.85 GeV
indicates that the single Breit-Wigner fit should be
considered only as a rough description of the data in
the high-mass region.

5. Discussion and conclusions

The 7wt 7~ 7 final state in two-photon collisions
is found to be dominated by formation of the a,
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 A =2 helicity state is dominant. A upper

limit for s-wave contribution is estimated to be
I’ BR(w" 7~ ") < 0.085 keV (90% C.L.).

The 7" 7~ 7" 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 p7 and f,7r. From the analysis
of the A parameter distribution and the pion cosé@
distributions, the spin-parity of the selected exclusive
events are found to be dominated by J*(A) = 2*(2).
Equal branching ratios for decays into the f,7 and
p7 tinal states are observed and the phase angle ¢
between the p7 and f,7 amplitudes is consistent
with 180°. The results may be compared with theo-
retical predictions, in particular the calculations of
the relativistic quark model of Ref. [14]. If these
events are identified with the first radial excitation of
the a,, the fitted mass m = 1752 + 21 + 4 MeV 1s
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 I . (d,) in the range
0.33-0.38 keV, compatible with our measurement
I, BR(m" 7~ ") =0.29 + 0.04 + 0.02 MeV, on the
assumption that 37 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 a,
at 1820 MeV where a small data excess is seen.
Higher statistics are needed to better understand this
mass region.

The formation of a J* =27 state, 7,, claimed by
previous collaborations [10,7] was based solely on
the 377 mass distribution and observation of f,7r
decay mode. No evidence is seen for this state. The
upper limit I (m,)BR(w"w~ 7w") < 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 7w*7 7" final states in this mass
region is actually dominated by J* =2* with helic-
ity A = 2. The measured two-photon width is consis-
tent with the theoretical predictions [11,13,14] for a
radially excited a, state.
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