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Study of g' formation in photon-photon collisions
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Two-photon formation of the g' in the reaction e+e ~e+e g'~e+e m+~ y has been studied

for nearly real and virtual photons at an e+e center-of-mass energy of 29 GeV. The yy width of
the q' is found to be 4.5+0.3(stat. )+0.7(syst. ) keV. The measured dependence of this yy width

upon the photon four-momentum squared in the range 0—5 GeV agrees with predictions both from

@CD and from p dominance. A spin analysis results in a strong preference for a spin-zero, relative

to a spin-two, assignment for the g. No evidence for C-parity violation is found in this
q'~m+~ y decay mode.

The study of resonance formation in photon-photon
collisions is of interest because it can provide a determina-
tion of the charged-parton content of the resonance from
its two-photon width. ' The determination of the quark
content of the g and g' is especially important, since the
breakdown of the Gell-Mann —Okubo mass formula for
pseudoscalar particles, as opposed to its success for vector
particles, has been interpreted as possible evidence for
gluon content in the g or g' (Ref. 2). In addition, the

dependence of the two-photon width for pseudoscalar
mesons upon the four-momentum squared (q ) of the vir-
tual photon has been predicted by a QCD model. Several
recent experiments have yielded a range of values for the
two-photon width of the q' at q =0, I rr(g'), from 3.8 to
6.2 keV (Refs. 4—8). Here we report our measurements of
this width and its q dependence.

The data were obtained at the SLAC e+e storage ring
PEP, operating at 29-GeV center-of-mass energy, by ob-
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serving the reaction e+e —+e+e g'~e+e py
~e+e n.+n. y in the TPC/Two-Gamma detector. The
apparatus is described elsewhere, but features relevant to
this analysis are mentioned here. The Time Projection
Chamber (TPC), in a 0.4-T solenoidal magnetic field, had
a momentum resolution of (0&/p) =0.06 +(0.035p/
GeV) . Charged particles in the central detector were
identified by measuring ionization loss (dE/dx). In the
forward direction, charged particles were tracked in two
spectrometers, each containing 15 drift-chamber planes
and a septum magnet ( fBdl=0.24 T m). Electrons, pos-
itrons, and photons were detected by NaI counters (with
the polar angle 8 between 24 and 90 mrad), lead-
scintillator shower counters (100 & 8 & 180 mrad),
lead —proportional-chamber pole-tip calorimeters (PTC's)
(250 & 8 & 660 mrad) and, at larger polar angles, by a lead
Geiger-mode hexagonal calorimeter (HEX) placed outside
the solenoid. There were cylindrical drift chambers at the
inner radius of the TPC (IDC) and outside the solenoid
(ODC).

Data used in this investigation were logged with two in-
dependent triggers. A tagged trigger required the coin-
cidence of an energy deposition in one of the forward
calorimeters (a tag) with either an indication of charge in
the central drift chambers or an energy deposit in the
HEX or PTC. An untagged trigger required at least two
TPC tracks, each with hits in the IDC and either the
ODC or the TPC end plane. For the untagged trigger, the
TPC tracks had to be in different 60' azimuthal sectors,
with polar angles greater than 30' from the beam, and had
to project back to the vertex to within 20 cm along the
beam line. The untagged and tagged event samples corre-
spond to integrated luminosities of 74 and 50 pb
respectively.

In the analysis, we selected events with two oppositely
charged particles and one photon (not counting a tag).
For the untagged sample, both charged particles were re-
quired to be identified as pions by dE/dx within the TPC
fiducial volume and to extrapolate to within 5 cm of the
interaction point along the beam line. The single-tagged
analysis required only one of the two charged particles to
be identified by the TPC, matching the looser trigger defi-
nition. Further cuts were needed to reduce backgrounds
from cosmic-ray muons and e+e annihilation, as well as
from other two-photon topologies such as exclusive two-
prong and nonexclusive events. For the untagged data,
these cuts were visible energy & 11.6 GeV, missing
pz & 0.6 GeV, mw transverse momentum

1
pi(n+)+pi(n. )

~

.&0.04 GeV, azimuthal angle
1$(~+) P(m )

~
& 3.05 —rad, and 1$(m+m ) —P(y) 1.

&1.7 rad. The only relevant background in the tagged
data, from nonexclusive events, was suppressed by requir-
ing missing pi &0.6 GeV and 1cos8„*'1 &0.75, where8" is the decay angle of a m in the p-helicity frame.
Single-tagged events were required to have a tag, defined
as a charged track in the forward drift chambers which
points to an energy deposition greater than 5 GeV in the
NaI or greater than 10 GeV in the lead-scintillator detec-
tor. For the untagged sample, the final-state photon was
required to be in the pole tip or the hexagonal calorime-
ters and have a measured energy greater than 100 or 70
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FIG. 1. ~~y mass spectra for untagged (a) and single-tagged
(b) events. Histograms are shown for kinematically fitted quan-
tities, with and without a window on the mm. mass around the p.

MeV, respectively. For the tagged sample, the photon
could also have been in the NaI or lead-scintillator detec-
tor, with energy greater than 300 or 500 MeV, respective-
ly.

The events which passed these cuts were then kinemati-
cally fitted to an ceo.ny final state. The average photon
energies of the g' decays in this experiment, =250 (500)
MeV for the untagged (tagged) data, are difficult to mea-
sure accurately in our apparatus. Thus, much larger un-
certainties were assigned to the photon energy than to the
other kinematic quantities in the fit. Events were kept
which had a confidence level for the fit of at least S%%uo and
a fitted photon energy greater than 100 MeV. After these
cuts, 1658 (213) events were left in the untagged (tagged)
sample. For the untagged events, 30% pass the confi-
dence level and photon energy cuts compared to 77% for
g' generated by a Monte Carlo simulation to be described
below. The difference is largely accounted for by back-
ground events. An alternative method of analysis' relied
upon tighter pz-balance cuts to reject much of the nonex-
clusive background before presenting it to the fit. With
these cuts, 84% of the data and 97% of the Monte Carlo
events passed the confidence-level and photon-energy cuts.
Nevertheless, the acceptance-corrected g' yield agreed
with that from the first method to within l%%uo. An analo-
gous test" on the single-tag events led to a similar con-
clusion.
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Figure 1 shows the ~~@ mass spectra, untagged and
tagged, with and without a window on the ~~ mass
around the p (500—850 MeV). A clear g'(958) signal is
seen, with a background under the peak of about 20%.
One also sees the Az [az(1320)] through its decay mode
Ai~n+vr vr, with one of the two photons from the ir
decay undetected. In Fig. 2 we give the ~sr mass spectra,
again untagged and tagged, with a window on the ~my
mass around the rl' (880—1040 MeV). Clearly most of the
events are in the p mass region.

To determine the acceptance, events were generated in a
Monte Carlo program based on the yy luminosity func-
tion of Ref. 12 and on the matrix element
iv XF& (qi, qq ) defined in Ref. 13 for the production of
a pseudoscalar g' by two virtual photon s. Here
X=(q, qz) —qi qi, with q; the photon four-momenta
and Fz the form factor; at qi ——qi ——0 one has (from the
definition of I ) F (0,0)=64~1 zz/m„. The cross sec-
tion for y*y*~g' is

o. „, , =—&XF (q&, q& )5(8' ~, —m„), (1)r*r* 'l

with W' =(qi+qz) the y'y c.m. energy squared. For the

q dependence of F, the Monte Carlo simulation used
form factors from p dominance,
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FIG. 2. ~m. effective-mass spectra, after kinematic fitting, for
untagged (a) and single-tagged (b) events. Shown are data and
Monte Carlo simulations.

I ~k* mpI p(m )dm„
sin 0„* dA**dQr . (3)

Here k* and Ar* are the energy and solid angle of the
photon in the g' center of mass, with 0* and 0„* the po-
1ar and solid angles of the m+ in the p-helicity frame.
Also, m „is the ~~ effective mass and mz is the nominal
mass of the p [770+3 MeV (Ref. 14)]. The radiative tran-
sition rl ~py is a pure magnetic dipole transition (bJ= 1,
no parity change). Higher-order transitions are forbidden
by parity and angular momentum conservation. The
sin 0 angular distribution is characteristic for decay of
an aligned vector meson of helicity +1. The expression in
large parentheses is an energy-dependent Breit-Wigner
distribution which should account for the relatively large
width of the p. We used' I ~(m „)= I ~(q**/
qo*) (m&/m ), with I

&
the nominal width of the p

[153+2 MeV (Ref. 14)], q'* the momentum of a ir in the
p helicity frame, and q o

——q
* for m „=m&. The small

shift between the data and Monte Carlo ~~ mass spectra
seen in Fig. 2 is probably due to the difficulty in modeling
decays involving a broad resonance such as the p.

The major sources of uncertainty in the event simula-

tion are the trigger efficiency in the untagged data and the
detection efficiency for photons in the calorimeters. The
trigger efficiency was determined from a Monte Carlo
simulation of the trigger hardware, with input from in-
dependently triggered data on the probabilities for parti-
cles to reach the outer drift chamber as a function of pz
and 0. Differences in efficiency between sr+ and m were
found to be negligible. Photon detection efficiencies were
derived, separately for each calorimeter, from the mea-
sured detection efficiencies for electrons and positrons.
The intrinsic efficiency of each calorimeter was assumed
to be the same for photon and e —induced showers. The
EGS code' was then used to correct for the difference in
the propagation of e —+ and photons through the material
in front of the calorimeters. HEX and PTC photon effi-
ciencies were found to be similar, rising from nearly 0 for
produced photon energies less than 100 MeV to at least
90% for energies greater than 400 MeV (Ref. 11).

The untagged data sample within the p window in Fig.
l(a) was fitted to the sum of an i)' Gaussian peak, a
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Breit-Wigner form for the A2, and a third-degree polyno-
mial for the background. This leads to a yy width
I r~(g') =4.5+0.3 keV, where the error is statistical and
we have used the nominal value for the branching ratio
8(g'~py) (Ref. 14) of 0.30. A 0.7-keV (15%) systematic
uncertainty is assigned to this width due to uncertainties
in the background shape (5%), trigger efficiency (5%),
photon detection efficiency (10%), fit efficiency (5%),
luminosity (5%), and branching ratio 8(i)'~py) (5%).
The values of I rr(g') for events with photons in the HEX
or PTC are 4.2+0.4 keV and 4.9+0.6 keV, respectively
(errors are statistical only). These two values are con-
sistent with each other, especially when their systematic
errors are taken into account. Table I shows results of
this and other recent experiments for the yy width of the
q' at q =0. The inclusion of our measurement with the
present world-average value' gives I rr(rj') =4.48+0.3S,
where the statistical and systematic errors have been add-
ed in quadrature.

The single-tagged data sample within the p window in
Fig. 1(b) was fitted in a way similar to that of the un-
tagged sample, but in five separate bins of Q = —q of
the tagged photon. A 14% systematic error in the single-
tagged data comes from uncertainties in the background
shape (10%), trigger efficiency (3%), photon detection ef-
ficiency (4%), fit efficiency (5%), luminosity (4%), and
branching ratio (5%). Figure 3 shows m„F /64~ as a
function of Q, together with the untagged Q =0 point.
The dotted curve is a QCD prediction for the Q depen-
dence of the i)' form-factor squared. 3 Also shown are
curves for p and P dominance. The data are seen to agree
with both @CD and p dominance but not with P domi-
nance. The Q dependence agrees with an earlier deter-
mination made in the smaller range 0 & Q & 1 GeV .

The quark and gluon content of the ri' can be deter-
mined using Rosner's analysis, ' which relies upon the as-
sumptions of SU(3) and nonet symmetry, among others.
One defines

(~»&+ ~dd&)+y [»&+~ ~G&,
2

with G a neutral-parton (gluon) content. Using the aver-
age value for I &z(g')=4. 48+0.35 described above, and
the known' branching ratios of q' to yy and py, we can
calculate I (g'~py). From this and the current world
average for I (ro~m y) (Ref. 14), Eq. (17) of Ref. 1 gives

~

x
~

=0.57+0.04. Using this value of x and the present
world average for I r~(m. ) (Ref. 14), Eq. (22) of Ref. 1

yields
~ y ~

=0.75+0. 13. Thus x +y =0.89+0.17, leav-

QCD Expectat ion

p Fofm Factor

P Form Factor

r

0.5

FICr 3. m. „'F /64rr as a function of Q . The Q =0 point is
I z~{g'). The vertical error bars indicate the 65%-confidence
limits based upon statistical errors only. The curves shown are
the expectations from QCD (Ref. 3), p dominance, and P domi-
nance.

ing a possible gluon content, z =0.11+0.17 in the g'.
Reducing the uncertainty in these values will require more
precise measurements for I (co~m y) and I ~~(vr ), as well
as for I ~r(g'). Note that the relatively large fraction of
strange quarks in the g' does not seem to shift the mea-
sured Q dependence (Fig. 3) towards a P form factor.
The Mark III Collaboration' has obtained values for the
quark content of the g' of

~

x
~

=0.36+0.05 and

~ y ~

=0.72+0.12 by using measurements of the decays
J//~cog' and J//~pi)'. The disagreement in

~
x

~

values between the two-photon measurements and those
from the J/P decays may reflect a breakdown in one or
more of the theoretical assumptions used in this type of
analysis. '

The reaction yy~g'~py provides a sensitive measure
of the g spin because the y helicity results in a spin align-
ment for the iI' (for J&0) as well as for the p. Previous
spin determinations of the q' from Dalitz-plot analyses of
g'~n~g or q'~~~@ in hadronic production' favored
spin zero, but did not completely rule out spin two. In
Fig. 4(a) and 4(b) we show two decay distributions: cos8&
(with 9~ the polar angle of the photon in the g' center of
mass) and cosg**, respectively, with the windows on the
may and mm masses as defined earlier. The solid curves

Experiment I »(g') (keV) Reference

TABLE I. I ~~(q') as determined by recent experiments. The
statistical and systematic errors are shown separately.

TABLE II. g 's obtained in fits of 0~ and 0** distributions
for various spin and helicity hypotheses for the g'. There are 19
degrees of freedom in each fit. The last line in the table is for
equal probabilities for helicities 0, + 2, —2.

TPC/Two-Gamma
TASSO
PLUTO
CELLO
Mark II (SPEAR)
JADE

4.5+0.3+0.7
5.1+0.4+0.7
3.8+0.3+0.4
6.2+1.1+0.8
5 ~ 8+ 1.1+1.2
5.0+0.5+0.9

This expt.
4
5
6
7
8

Spin Helicity

0
0

+2
0, +2

16.2
53.6
26.6
22.8

J'(0 *)

20.7
30.6
68.4
52.8
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are the Monte Carlo predictions for spin zero, using Eq.
(3); the dashed curves are the predictions for spin two us-
ing a modified Eq. (3) and assuming equal probabilities
for helicities 0, + 2, and —2 (Ref. 10). The spin-zero
curves are seen to fit the data better than those for spin

FIG. 4. Distributions for (a) cosO~ and (b) cosO** for
J =0 (solid curves) and 2 (dashed curves) Monte Carlo fits
to the data. The dashed curves are for equal helicities
0, +2,—2.

two. More quantitatively, we give in Table II the 7 's for
the fits of the expected 0** and Oz dependences of the de-
cay rate. It is evident that the spin-zero hypothesis gives
a good fit to the data, while spin two is rejected by the 7
of either the Oz or the 0** fits. We find that, for any
combination of helicities 0 and +2, the confidence level
for the spin-two hypothesis, relative to that of the spin-
zero hypothesis, is 2&& 10 or less.

If a C-parity-violating interaction of strength compar-
able to that of the electromagnetic interaction should
occur in nature, the electromagnetic decays of the q'
would show observable interference effects. In particular,
the g'~~~y decays studied in this experiment would
have a forward/backward asymmetry in the 8„**distribu-
tion. From Fig. 4(b), we have measured this asymmetry
to be ( —1.9+5.6)%. Furthermore, the shape of the 8**
distribution is inconsistent with what would be expected if
a C-parity-violating interaction were dominant. At the
95% confidence level, we find no more than a 9% admix-
ture of a C-parity-violating amplitude with the C-parity-
conserving one. These results strongly favor the hy-
pothesis of C-parity conservation and agree with those of
other experiments. '

In summary, our measurement of the yy width of the
zl' at Q =0 agrees well with values from other experi-
ments. These measurements can be used to obtain infor-
mation on the parton content of the g'. We have also
studied the Q dependence of the width, finding it con-
sistent with both QCD and p-dominance predictions. A
spin-parity Dalitz analysis confirms the pseudoscalar na-
ture of the g', with no evidence for charge-conjugation-
parity violation.
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