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Abstract

The formation of the 1’ in the reaction ete”"—>e*e 1 > e*e” w7y has been measured by the L3 detector at a
centre-of-mass energy of 91GeV. The radiative width of the 7’ has been found to be Fw=4.17i0.10(stat.)i
0.27(sys.)keV. The Q? dependence of the n’ formation cross section has been measured for Q% < 10GeV? and the 7'
electromagnetic transition form factor has been determined. The form factor can be parametrised by a pole form with
A =0.900 + 0.046(stat.) + 0.022(sys.) GeV. It is also consistent with recent non-perturbative QCD calculations. © 1998
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1. Introduction and formalism

High energy e"e™ storage rings allow the study
of two-photon interactions via the collision of virtual
photons: e*e”"—efe y *y*,y*y* > X. An im-
portant measurement is the two-photon coupling to a
C = +1 resonance R. Here we report on a study of
the formation of the 1'(958) in the two-photon reac-
tion ete” > efe Yy, y'y* -1, ¥ -
7+ 7 7y, using data collected with the L3 detector at
LEP at centre-of-mass energies Vs = 91GeV. This
measurement has been performed previously at lower
energy e€e” colliders [1,2] by using various 7’
decay channels.

The four-momentum transfers of the scattered
electrons, g2 and k?, are often so small that the
electrons go undetected along the beam direction.
The photon with highest virtuality defines the vari-
able 0* = —¢. If one of the electrons is detected,
the event is said to be tagged. The strength of the
coupling of a meson to two photons, I, and the 0?
dependence of the formation cross section give infor-
mation on the quark content and on the quark dy-
namics of the bound state. The cross section for the
formation of the 0’ is given by:

og(ete"—ete ™ ')
= [&Z, (@) - o (W,,.q.1?) (1)

where ds,%y is the differential luminosity function
giving the flux of virtual photons and «,(i = 1,...,5)
are the variables describing the scattered electron
and positron. The O? dependence of the cross sec-
tion is expressed by the meson electromagnetic form
factor F(q%,k?):

o (W0 )

Frmr
N Y VA R L .
(Ww_mn’) +mn’rn’

(2)

where X =[(q-k)*> — g*k*] takes into account the
matrix element for the coupling of the pseudoscalar

state to two virtual photons. The form factor F is
usually parametrised with a pole form 5:

Fz(qz’kz)

64m 1 ? 1 ?
BT v I reryral b
(3)
The parameter A is related to the size of the meson
[3] and must be described by any model of ¢g
binding. Combining Egs. (1)—(3) leads to a propor-
tionality relation between the measured cross section
and the two-photon width I”, (7).

The decay rate of ' — py in the two-photon
centre-of-mass frame is:

1 2 Py
ar, ., , = 2 | 2| m—%d_(l. (4

Since the n' is a spin 0 particle, the transition
0~ — 17+ 17 requires that in the p rest frame the
decay amplitude is:

M =BW(p)-V2m,p]p, sinb/ (5)

where m,, is the mass of the 7" 7~ system, p, is
the photon momentum, p; is the #* momentum
and 6 is the angle between the 7w+ and the photon
direction. Recently it has been claimed [4—6] that a
pure p Breit-Wigner term is not sufficient to de-
scribe the data. A non-resonant contribution in the
n — 7" 7~y decay, associated with a possible con-
tribution of the box anomaly, has been included by
adding a second term to the p Breit-Wigner ampli-
tude:

1

BW(p)= (s —m2) — i I,

3
+ Texp(i¢)

n
(6)
where ¢ is the relative amplitude with phase angle

¢. For the p mass dependent width [, the formula
of Ref. [7] is used:

p

e (7)

m,

P
Po

r=r,

P

8 We follow the form factor definition of Ref, [2,3]. A factor
1/(47a)* would be added to follow the definition of Ref.
[17-19]
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where p,=/m>—4m. /2 and I';=1512MeV is
the nominal width of the p [8].

The EGPC Monte Carlo generator [9] is used to
generate the events. The events ete"—>e"e R (R
=17',a,) are generated according to the luminosity
function of Budnev et al. [10]. The Breit-Wigner
shape, the form factor and the decay of the system R
are then implemented as described by Egs. (2)—(7).
The resonance parameters are taken from Ref. [8],
except for the value of Fw(n’) which is set nomi-
nally to 1keV. The Monte Carlo events were simu-
lated in the L3 detector using the GEANT [11] and
GEISHA [12] programs and passed through the same
reconstruction program as the data.

2. Data analysis
2.1. Event selection

The L3 detector [13] has the capability to measure
charged particles and photons of low momentum. A
trigger, which requires at least two charged particles,
each with p, > 150MeV, back-to-back in the trans-
verse plane within 41°, has a high efficiency for
two-photon collision events. For tagged events the
trigger demands at least 30 GeV deposited in the
small angle electromagnetic calorimeter (0.9976 <
lcos @] < 0.9997), in coincidence with at least one
track in the central part of the detector.

The candidate e*e™ > e*e w7~y events are
selected by requiring:

« Two oppositely charged tracks. A track is ac-
cepted if it has at least 20 hits out of a maximum
of 62 in the central detector (Jcosf| < 0.9) and if
its transverse momentum p, is greater than
130 MeV. To eliminate the lepton channels e*e™
—ete [*]” where [ =e,pu, the total transverse
momentum squared of the two charged tracks
Ip(m* 7 )|* must be greater than 0.001 GeV?, as
illustrated in Fig. la.

+ One photon only. A cluster in the BGO electro-
magnetic calorimeter is identified as a photon if it
has an energy greater than 140 MeV and it is
separated by an angle greater than 10° from both
tracks. The angular coverage of the electromag-
netic calorimeter is |cos@| < 0.71 (barrel) and
0.82 <|cos 6| < 0.97 (endcap).

Events
)
o

0 0002 0.004 0006 0008 0.01
IP(n'n)? [GeV?]

600
400

Events

200

O+—— LI T T
0 0.2 0.4 0.6 0.8 1

Icos6]l

Fig. 1. a) |p,(s* 7 )|* spectrum and b) |cos6," | distribution for
the selection of 7" 7~y events. All cuts are applied except those
indicated in the plots. Events excluded by the cuts are represented
by the shaded area.

The angle of the " in the p helicity frame must
be such that |cos6,"| < 0.94, as illustrated in Fig.
1b. This cut reduces non-resonant 7+ 7~y back-
ground.

The events are classified into three Groups:

Group I:  The events produced by quasi-real pho-
tons (Q? < 0.01 GeV?).

Group II: The intermediate range (0.01 < Q” <
0.9 GeV?) where the electron goes unde-
tected and the Q7 is measured from the
transverse momentum squared of the n'.

Group III: The singly tagged events where one
electron is detected in the small angle
electromagnetic calorimeter (1.5 < Q?
< 10.0GeV?) with energy greater than
35 GeV. For this Group, the cut
Ipled,m 7 I’ < 0.05GeV? is ap-
plied, where e, is the detected electron.

2.2. Quasi-real photons and I, (n')

For Group-I events the analysis is limited to
photons observed in the barrel region and the cut
|p(7* 7~ y)I> < 0.01GeV? is applied. The recon-
structed 77" 7~y mass spectrum is shown in Fig. 2.
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400
3001

200-

Events/10 MeV

1001

05 1

15 2

m(r' ) [GeV]

Fig. 2. The reconstructed 7% 77~y mass spectrum for events with Q% < 0.01 GeV 2. The histogram is the result of the fit described in the
text. The shaded area is the a, contribution and the dashed-dotted line is the fitted third order polynomial background.

A total of 6767 events are selected, where 2786 are
in the 0’ region (0.85 <m(w* 7~ y) < 1.05GeV).
The 7' mass, obtained by a Gaussian fit, is 958 +
I MeV with o= 24 + 1MeV. The mass value is in
good agreement with the world average value [8] and
the width is consistent with the 7% 77~y mass resolu-
tion as estimated by the Monte Carlo. The enhance-
ment around 1250 MeV is due to the tensor meson,
a,(1320), whose dominant decay mode is: a, —
7 pto>aTn a5 7 T a tyy. If one of the two
photons is undetected, these events can pass the
selection cuts. The a, events were simulated accord-
ing to the parameter values and the helicity ampli-
tudes measured by us and reported in Ref. [14]. The
reconstruction efficiency for a photon is 97.7% inde-
pendent of its energy (0.14 < E, < 1GeV). The trig-
ger efficiency for Group-1 0’ events is 48 + 1%. In
Fig. 3 the angular distribution of the 7" in the p
helicity frame is presented for the events in the 7’
region. It shows the characteristic distribution of Eq.

().

The two-photon radiative width I, (n') is deter-
mined by fitting the mass spectrum of Fig. 2 with the
two Monte Carlo distributions for the ' and the a,,
and a third order polynomial for the background. The
fit minimises a y? function with expected value in
each bin 7 of:

E,=[L,,(n)-BR]-N(n') +Ni(a,) + B, (8)

where N, are the Monte Carlo expectations for the 1’
and the a,, and BR is the ' branching ratio into
m"m y. The free parameters are I, (n')-BR (in
keV units) and the coefficients of the polynomial
background, B,. The product of the i’ two-photon
width times branching ratio thus obtained is:

I (n') - BR =126 + 0.03(stat.) + 0.06(sys.) keV,

x*/dof =131/121 (C.L.=25%).
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The fit results are superimposed on the data in Fig.
2. The n' peak contains 2123 4+ 53 events. The
systematic uncertainty for the I;Y(n’) - BR measure-
ment is 5%. The main uncertainties come from the
selection: 4% from the cut in the photon energy, 1%
from the cut in |p (7™ 77_7)|2, 2% for the trigger
efficiency and 1% for the background subtraction.
This result has smaller statistical and systematic
errors than any previous experiment [1,2]. It is com-
parable in precision to the PDG fit value (1.29 +
0.06keV) [8]. Using BR=0.302+0.013 [8], we
obtain:

L, (n')=4.17+0.10(stat.) + 0.27(sys.) keV

where the systematic error includes the error on the
branching ratio. It is worth noting that recent rela-
tivistic quark models [15], which successfully predict
the two-photon coupling of tensor mesons, fail to

¢ Data
200{ —MG
® | MBkg
=
o
gy
@
£ 100
>
LL

L3

Al

“‘;’;""’“"""";"."‘"‘;”"‘Wvvvvv
RO
T

KX
o "

.
T X g
....... e A AT e 88 8 o

0.5

0.6

m(t'm)

0.7

Fig. 4. The uncorrected " 7~ effective mass distribution. The histogram is the prediction of the Monte Carlo which best fits the data
(mp =766MeV, I, =150MeV and &= 0). The shaded area is the estimated background from a, and other inclusive processes simulated

by assuming a three-body phase space distribution.
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reproduce the value of the two-photon widths of
pseudoscalar states. In the best case, the prediction is
typically a factor of two below the measurement.

The good resolution of the detector and the high
statistics allow an accurate study of the p meson line
shape in the ' — py decay. In Fig. 4 the uncor-
rected 7" 7~ mass spectrum is shown. The p line
shape, given by Egs. (6) and (7) with £=0, has
been studied by generating several Monte Carlo sam-
ples with different masses and widths. By comparing
the data to the Monte Carlo samples, the minimum
of x* (x?= 34 for 32 dof, C.L.=37%) is found
for the values

m,=766+2MeV, I =150+ 5MeV.

These results agree with the world average, m, =
768.5+0.6 MeV and I,=150.7+12 MeV [8].
With the same method, the possibility of a non-reso-
nant 7" 7~ contribution parametrised as in Eq. (6)
has been tested by varying the & and ¢ parameters.
The best agreement with the data is for £= 0. The
values obtained by previous analyses, £ =2.78 and
¢=—1.07 [4] and €=0.4 and ¢ =3.14 [5,6], are
disfavoured with a 2 of 68 (C.L.~ 10™*) and 49
(C.L. = 3%) respectively, for 32 dof.

2.3. 0 transition form factor

In this paper, we use a new technique to deter-
mine the Q? value of the untagged events. The

0 - T '. T T
0 0.2 0.4 0.6 0.8 1
Q% [GeV?]

Fig. 5. The transverse momentum squared of the reconstructed
final state 77+ 7~y versus the generated Q? (simulated events).
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Fig. 6. The reconstructed 7+ 7~y mass spectrum for events with
high Q2% separated in four Q? intervals: a) 0.01 <Q”<
0.15GeV2,b) 0.15 < 0% < 0.30GeV?2, ¢) 0.30 < 0% < 0.90GeV?,
d) Tagged events, 1.5 < 0% <10.0GeV>.

Monte Carlo simulation demonstrates that Q=
lp(mt o y)I* within the experimental resolution
(Fig. 5). For the events of Group-II, the data are
subdivided into three Q? intervals (Figs. 6a-c). In
this Group, the background is higher because there is
no efficient cut to remove events with additional
undetected particles. However, the narrow 1’ signal
is still clearly seen above the background. The num-
bers of 1’ events are obtained by fitting each distri-
bution to a gaussian for the n’ signal, superimposed
on a polynomial background. The results are sum-
marised in Table 1.

For the tagged events, Group-Ill, the 7" 7 vy
mass spectrum is shown in Fig. 6d. A clear ' signal
is observed over a low background. These tagged
events are subdivided into two Q? intervals (Table
1.

The cross section is measured in each Q? interval
using:

AN

Aog= ———
- e-BR

)

where AN is the measured number of 7’ events, &
is the total integrated e*e~ luminosity and & is the
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Table 1
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Number of 1’ events and cross sections Ao (ete™ — eTe™ 7') as a function of Q2. The total acceptance and efficiency & are given. In the
last column the electromagnetic transition form factor, corrected for the virtuality of the second photon, is calculated for each <Q2>. The
first error is statistical and the second is point-to-point systematic. In addition, there is an overall scale error on Ao and on the form factor
of 6.5% (4.3% from the branching ratio of 7' = 7" 7~ y and 4.9% from the selection cuts)

Group 0? interval (0% 7' events & Ac(ete > ete 1) (m3,/647)F*(Q%)
(GeV 2) (GeV 2) (%) (pb) (keV)

1 0.0-0.01 0.0 2123 £ 53 2.8 1924 +48 + 19 4.17 +0.10 + 0.04

11 0.01-0.15 0.06 726 + 47 3.7 510+33+15 3.51+0.23+0.11
0.15-0.30 0.23 123 + 18 2.9 109+ 16+ 4 2.78 +£0.41 +0.11
0.30-0.90 0.53 58+ 11 1.7 88+ 17+5 1.50 + 0.29 + 0.09

1 1.50-2.50 1.90 17+5 53 104 +334+09 0.38 +0.12 +0.03
2.50-10.0 4.14 19+ 6 10.3 6.1 +1.84+0.5 0.11 +0.03 + 0.01

product of the detector acceptance and efficiency.
The total integrated luminosity is 129pb for un-
tagged events and 100pb for tagged events. The
measured cross sections and the average O are also
listed in Table 1. The average Q? values quoted take
into account the Q7 dependence of the spectrum
within each interval. The systematic uncertainty on
the selection efficiency is the same in all groups. The
additional uncertainty from the background subtrac-
tion varies from 3% to 9% for the different Q2
intervals.

The decrease of the cross section as a function of
0? is due to the two-photon luminosity function, the
matrix element VX and the resonance form factor.
The effects of the luminosity function and of the
matrix element are removed by generating events
with a flat form factor (F(Q?)/F(0)=1). The n'
transition form factor is then given by the ratio
between the data and this Monte Carlo. The transi-
tion form factor is also corrected for the four mo-
mentum squared k* of the second photon. This
effect is studied by generating events with different
input A values (0.77-1.01GeV) in Eq. (3). The
corrected results are given in Table 1 and in Fig. 7.
The effect of collinear initial state radiation on the
form factor is found to be negligible; it is less than
1% for Group-II untagged events and 3% for Group-
III tagged events. The five high Q* points are fitted
with the form factor parametrisation given in Eq. (3).
In addition, the value at Q?>=0 is fixed to our

measured value of I, - BR. The value of the param-
eter A obtained by the fit is:

A=0.900 £ 0.046(stat.) + 0.022(sys.) GeV,
x?/dof = 0.7/4(C.L.=95%).

The fit result is shown in Fig. 7a. The systematic
error is due to the point-to-point systematic error of
each cross section point (1.6%) and to the uncer-
tainty of the two-photon width (1.9%). The value of
A would be 11% lower if the virtuality of the second
photon were to be neglected. The effect of collinear
initial state radiation on the fitted value of A is
smaller than 1%. The parameter A is related to the
interaction size of the n': {(r*) =6/A% From our
data we obtain (r?) = 0.286 + 0.032 fm?. Our mea-
surement compares well with previous published re-
sults [2].

For the pseudoscalar mesons 7%, 1 and 7', there
exist several models which describe the transition
form factor. The Vector Dominance Model (VDM)
relates A to the masses of the vector mesons p,w
and ¢. Its prediction, A=0.83GeV [3], for a
weighted average of the vector meson contributions,
is shown in Fig. 7b as the dashed line. It is consistent
with our data.

Recently QCD models have been developed to
describe the 7° form factor [16—19]. To provide
predictions for the 0" form factor, the mixing of the
singlet and octet components of the flavour SU(3)
pseudoscalar nonet must be taken into account. In
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a) e Data |3
—Fit

(m¥64m)F*(Q7) [keV]

Q*F(Q?)/F(0) [GeV?]

2 3 4 5
Q° [GeV?]

Fig. 7. a) The quantity (mfl//6477)F2(Q2) measured at Vs =
91 GeV. The errors shown are statistical and systematic added in
quadrature. The solid line is the result of the pole fit to the data
points described in the text. The predictions of Ref. [20] are
indicated as a shaded area, ranging from no gluonium content
(upper line) to 15% of gluonium content (lower line). b) The same
data are given as Q*F(Q?), normalised to F(Q? = 0). The data
are compared to QCD calculations [18] (continuous line), to VMD
predictions [3] (dashed line) and to Ref. [17] (dotted) line.

the chiral limit of vanishing quark masses the pho-
ton-pion transition form factor at ¢*=£k*>=0 is
fixed by the pion decay constant ( f,, = 130.7MeV °).
For k* =0 and large Q?, the QCD model of Brod-
sky and Lepage [17], expresses the form factor in
terms of the asymptotic wave function of the quark
inside the pion, ®(x) =/3/2f, x(1 —x):
2 1 q)( x)

F_(0*)=(4 : d ,

7T’Y(Q ) ( ’7TO£) \/3_Q2];) xx(l—x)
V21,

o
Here x is the momentum fraction of the quark inside
the pion. Brodsky and Lepage interpolate between

FWV(Q2—>OO)=(47701) . (10)

° One may note that with the definition of £ of Ref. [2,17],
this value would be lower by a factor of 1/ \/5 .

the 0% = 0 and Q? — o limits with the pole form of
Eq. (3) giving a parameter: Ay =08X2mf =
0.66 GeV [3,17]. This prediction is also shown in
Fig. 7b. In their hard scattering approach, R. Jacob,
P. Kroll and M. Raulfs [18] consider also the trans-
verse degree of freedom for the gg wave function
and include resummed gluonic corrections in a Su-
dakov factor. Their calculation reproduces our high
Q? data better than the original Brodsky-Lepage
model (Fig. 7b).

In order to cover the low and moderately high O?
region of the photon-meson transition form factor,
V.V. Anisovich, D.I. Melikhov and V.A. Nikonov
[19] introduce a gg distribution function at the yqq
vertex similar to the pion distribution function de-
scribing the 7qqg vertex; i.e. the photon is treated
much like a vector meson. At large Q* the photon
wave function contains the point-like gg coupling
and the O(«,) one gluon exchange diagrams. They
also explore the possibility that the n and the 7'
contain an extra glueball component [20]. Their pre-
dictions are given in Fig. 7a for a variable admixture
of gluonium content. Our measurement favours a
low gluonium content. More precise calculations and
more luminosity are needed to draw firmer conclu-
sions.

3. Conclusions

A high statistics sample of ete "> e*e ™ n’, ' >
7t~y events has been collected with the L3 detec-
tor at LEP energies around 91 GeV. The channel is
dominated by the decay ' — py. We find no posi-
tive evidence for a box anomaly contribution in this
decay mode. From the quasi-real two-photon interac-
tion the %' radiative width: I (n)=4.17 £
0.10(stat.) + 0.27(sys.) keV is measured. This value
is the most precise obtained in a single experiment. It
is consistent with the world average value and is
comparable in precision.

The 7' transition form factor has been measured
in the interval 0.01 < Q% <10.0GeV?. A fit to the
data with a pole parametrisation gives a value A =
0.900 + 0.046(stat.) + 0.022(sys.) GeV, which corre-
sponds to an interaction size (r?) = 0.286 +
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0.032 fm>. The pole form is a good representation of
the data. The Vector Dominance Model and recent
non-perturbative QCD calculations are also consis-
tent with the data.
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