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Abstract

At the end of 1995, the Frascati ¢—factory will begin delivering of the order of 500
¢-mesons/sec. This provides a unique opportunity to study the fo(975) in ¢ radiative
decays, even for branching ratios which in some estimates could be as low as 1x1075.
This unique, lightest scalar meson state is poorly described by current models, and more
information is essential. By Monte Carlo studies we show that the smallest expected
branching ratio can easily be measured in the decay fo—7’w°. In decays to #* 7 ~, there
are backgrounds from continuum processes. Interference between one of these processes
and the fy amplitude leads to very interesting and complex patterns. A complete
study of the photon spectrum from ete” —nTn ™y at the ¢ peak, after suppression of
continuum contributions by suitable kinematics and angular cuts, can determine the
sign of the ¢ foy coupling even for the smallest branching ratio, thus providing a totally
new piece of information for the investigation of the nature of the fy. A similar study
of the decay ¢—n'y shows that its branching ratio can be measured with very good

accuracy, therefore measuring the gluon contents of light pseudoscalar mesons to high
accuracy.
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1. INTRODUCTION

DA@NE,D] beginning in 1995, will deliver a luminosity £~10%? cm™2 s™!, yield-
ing of the order of 5 billion ¢’s in four months of machine-on time: 5[ub]x10%%[cm ~2
s71]x107 [s]=5x10°. In the following we assume that 5x10° ¢ mesons are collect-
ed in the first year, while DA®NE is tuned to reach maximum £. This constitutes
an enormously large sample of ¢’s, previously unavailable, and gives the possibility
of detecting rare ¢ decays, especially rare radiative decays which typically are pre-
dicted to have branching ratio’s (BR) of the order of 107* to 10-7% Existing ex-
perimental measurements are few. The most common radiative mode is ¢—n%y with
BR(¢—1%)=0.0128 + 0.0006; the next most frequent mode ¢—= is measured to an
accuracy of only 30%: BR(Qi)—>7T07):(0.31ﬂ:0.13)X10_3.[3] Many modes which are not
forbidden by symmetry arguments, but are very interesting from a spectroscopic point
of view, such as ¢—n'y, — fory, —agy, »ntr 7y, »7970y, 7%, have not been ob-
served at all and upper limits of the order of 1072 are given. About the C violating
decays ¢—wv, —pv, =17’ we know nothing; upper limits are of the order of 10725 we
discuss in the following detector issues associated with measuring rare radiative decays
amidst prolific background events arising from ¢ — X + 7%(— 27) decays, with specific
examples: ¢— foy and ¢—n'y. We show that background processes, though they might

be much larger than the signal, can be well controlled by appropriate kinematical cuts.

For the case of fo—n* 7™, additional backgrounds come from continuum processes
such as coupling of the initial eTe™ state to the tail of the p, an initial state radiation
process, and ete” —u"p~ v if muons are mistaken for pions. Furthermore, the ¢ can
produce a pair of pions through off-shell p production with one of the pions radiating a
¥, a final state radiation process. We shall call A,- the amplitude for this process and

Ay, the amplitude for ¢— foy—nrtr 7.

~ While initial state radiation only contributes an incoherent background, as it is the
only ¢ — mmy process antisymmetric under pion exchange (C(r" 7~ )=-1), the ampli-
tudes A,- and Ay, do interfere, because the pions from p decay with final state radiation

[4,5]

are in a C—even state, as are those from fo decay. The sign of the interference term

is unknown, since it depends on the sign of the ¢ foy coupling and therefore on the un-

known nature of the fo.[z]

While the magnitude of final state radiation is approximately
one tenth of that for initial state radiation, the fy signal is comparable or smaller than
the former, by as much as a factor of ten to one hundred. The interference term can

drastically alter the fp signal in ¢ decays, both in shape and in magnitude. For the



case of destructive interference, the fo signal can become woefully small, indeed, was
expected to essentially disappear in Ref. 5. However, since the shape of the interference
term and its angular distributions are different from those from |4y, |2, the presence of
an fo signal can always be recognized, even when cancellation is maximal. We only lose
sensitivity to the presence of fy’s in ¢ decays when the branching ratio for ¢ — fovy
(BRgs,~) becomes smaller than about 3x10~7. In addition, the shape of the signal
allows in general to determine the sign of the interference term and therefore of the
¢— foy amplitude, another valuable piece of information about the poorly-understood
fo. The p* ™+ background, while much larger than the signal, can be easily removed in
a detector such as KLOE,[B] by appropriate kinematical cuts. The initial state radiation
contribution can be strongly suppressed by angular cuts. Thus we find the conclusions

of ref. 5 more pessimistic than necessary.

2. SPECTROSCOPY DETECTORS

2.1 PrecisioN EM CALORIMETERS

Spectroscopy requiring detection of neutral particles in the final state has been done
in the more recent past with dedicated electromagnetic calorimeters, often composed of
scintillating crystals (Nal, BGO, CsI), which give excellent photon energy resolution.
Typically a minimal level of tracking with no magnetic field is provided, thus there is
no momentum determination for charged particles. This allows to distinguish between
charged and neutral particles, and gives the direction of charged particles and the entry
point of tracks into the calorimeter. To reconstruct the neutral parti‘cles (7%, n etc.),
whose decay products include photons, it is necessary to determine the direction of the
final state photons. This is obtained by segmenting the calorimeter into many polar and
azimuthal elements to find the electromagnetic (EM) shower centroid to the required
accuracy. With highly segmented calorimeters, particle identification is accomplished
by recognizing the characteristic energy deposition patterns of particles in the crystal-
s. EM showers from an electron or photon have typical longitudinal and transverse
profiles which allow rejection of spurious signals to the 1072 — 1073 level. Minimum
ionizing particles have constant energy deposition along their paths. Strongly interact-
ing particles, hadrons, may undergo nuclear interactions in the crystals, exhibiting a
discontinuous energy deposition pattern at the point of interaction. If the calorimeter

is longitudinally segmented finely enough, particle identification can also be aided by



range measurements. The most crucial considerations in obtaining the ideal energy

resolution from these calorimeters is to have

1. constant monitoring of the crystal to crystal calibrations, and
2. a precise overall energy scale determination.

The implementation of a neutral particle spectrometer at one of DA®NE’s interac-

tion regions is highly desirable because

1. the luminosity required for spectroscopy studies is less than that required for CP

violation studies,

2. neutral particle calorimeters are compact and easier to install and become opera-
tional, especially if one transports to DA®NE a proven world-class spectrometer

which can be recycled at the time of DA®NE’s commissioning.

We chose the CUSB-II Spectrometerm for our Monte Carlo (MC) feasibility studies
of measuring rare radiative ¢ decays at DA®NE with a neutral particle spectrometer.
After the completion of upsilon spectroscopy studies at CESR for a decade, CUSB has
been disassembled, packed in crates, stored in toto at the Nevis Laboratories and is

available for being reassembled at DA®NE if needed.

2.2 GENERAL PURPOSE DETECTORS

These detectors consist of large tracking devices in magnetic field and EM calorime-
ters inside or outside the coil producing the field. They can measure energy or momenta
of charged and neutral particles as well, usually with lower precision for photons, but
compensate for this by more complete sensitivity to the full event topology and kine-
matics. We will also quote in a following section the results of an incomplete MC study
of the sensitivity to rare radiative ¢ decay of an operating magnetic spectrometer, the
CMD2.[8] This spectrometer has its EM calorimeter outside the magnetic coil, resulting

in poor energy resolution for low energy photons.

The majority of our results come from simulations in the KLOE detector.[ﬁ] The
detector, surrounding a thin, 10 ¢m radius beam pipe, consists of a drift chamber with a
helium-based gas mixture, of 2 m radius and 4 m length, providing a momentum resolu-
tion of ~0.45%, at the range of interest. The chamber is surrounded by a hermetic (solid
angle coverage greater than 98%) electromagnetic calorimeter with three-dimensional
readout. The EM calorimeter consists of sandwiches of very thin (0.5mm), grooved, lead

foils and 1 mm diameter scintillating fibers. Its energy resolution is 5%/+/(E/1GeV),



with full efficiency for 20 MeV photons, and has exceptional timing performance, 300
ps/+/(E/20MeV). The angular reslution for photons is excellent, ~+5 mrad.

3. o— foy

3.1 foonox?

We chose for our MC studies the reaction ¢— foy, where the fy decays into a #¥m~

pair or into two 7%’s. The branching ratio for this reaction is interesting because of:
1. the implications it has for the measurement of R(€'/¢) andS(€'/¢),

2. the value it has in its own right from a spectroscopic point of view. See the

(2]

discussion of Brown and Close.

This decay has not been observed yet. The experimental limit is of the order of
2x1073%, which is much higher than the most optimistic theoretical expectation of
2.5><10"4.[9] Partial wave analysis suggests that 78% of the fy’s decay to two pions
(1/3 neutral, 2/3 charged), 22% to a pair of K's.

The signature for the decay ¢— foy, fo—m°n is five photons, with one of the photons
having ~50 MeV and four of the photons reconstructing to a pair of nearly collinear

7%’s, whose invariant mass sums up to that of the fo. The possible background events

are from:

1. ¢—7°n%y, experimentally not yet detected, with an upper limit of BR<1x1073.
r
Measured values in this paper are taken from the Particle Data Booktz] unless

otherwise specified. Predicted values for this process via a virtual p vary from

1.2x10~3 0101 ¢4 3 625 10-5 112

2. ¢—7%° with p—m%y. The product branching ratio of these two observed processes

is BR=(3.4£0.88)x107°.
3. ¢—7%°% with p — 5y,  — 2v, with the product BR from the three observed
processes, BR=(6.4+1.2)x107%, all of which yield five photons.
4. p—~n with n—37°, with product BR from the observed two processes: BR
=(4.14£2.0)x 1073, and two of the photons are not detected in the calorimeter.
There is no background arising from ¢—KgKj where the Kg decays into 270%
and the K decays into 37%’s and five photons are missed. The (acceptancex Ky decay

probability)x BR, A, in CUSB is 5.8x107°%, in KLOE 3.1x107 1%, This is before applying

any energy-momentum constraint.



To be on the conservative side, we have considered background (1) both at the esti-
mated level found theoretically in Refs. 10 and 11, and at the much larger level allowed
by the current experimental bound. We have treated background (2) separately from
background (1) because it can be best dealt with experimentally using the constraint
of a physical p. Moreover, we suspect that the theoretical estimate of background (1)
in Refs. 10 and 11 might be low by a factor of two or three since the estimates in the
same model for the $—7°p” and p—n%y branching ratios are also low. ¢ — mp — 77y
can also be treated similarly as background (1). If we use the theoretical estimate via
a virtual p,[u] (3) is negligible; if we use the experimental value, it is a similar exercise

to that of considering background (1).

Using the CUSB Monte Carlo program, signal and background processes were gen-
erated and the particles followed through in the CUSB spectrometer. For the ¢p—n070y
process we have used the matrix elements with angular distributions from reference
10. For completeness of the DA®NE Physics Handbook, we include them in this pa-
per in the appendix. Photon spectra and acceptancexdetection efficiencies (¢) for each
process were obtained after applying the following selection criteria: five and only five
photons are present in the detector; four of the photons are paired into two 7°’s whose
reconstructed mass must be within 50 MeV of the 7° mass; the reconstructed fy mass
from the two pions must be within 50 MeV of the expected mass peak at 975 MeV; the
energy of the leftover photon is to be less than 95 MeV, and, finally, the invariant mass
of all the decay products must be within 50 MeV of the known ¢ mass. € for the signal
in CUSB is (9.740.1)x1072. This small CUSB value arises from the fact that CUSB
central calorimeter covers a solid angle of 0.7x4, which results in a geometrical accep-
tance for five photons of 0.17 (to be contrasted with KLOE which covers over 98% of
4, thus resulting in a geometrical acceptance for five photons of 0.92). The application
of kinematical cuts, reconstruction of pions, and fp, etc., account for the rest of the loss.
CUSB has superb photon energy resolution, which is given by o(E,)/E, = 2%/{/E,
where E.,, is measured in GeV. The compensation for applying all the selection criteria
in CUSB is that the €’s for backgrounds 1-3 are down by about a factor of 42, and,

background (4) is negligible. Table la summarizes the experimental numbers.



Table Ia. BR and ¢ for neutral final states in CUSB and KLOE

PROCESS BR €CUSB | €KLOE
¢ foty—mOn04~ |(0.26-65)x107%|9.7x107%| 8.4x 10!
S (1.2-100)x107° | 1.5x1074| 1.3x 1073
p—m04+p0 — 70 4 70y 3.4x1078 4.4%x107%|8.4x107*
p—10+p0 - 70 4y 6.4x1078 1.0x1073 | 8.4x10~*
p—y+n — 3r9 + 4 4.1x1073 1.5x1077| <1x 1077

All spectra of background photon surviving the cuts were fitted to polynomials, g(k)

where k is the photon energy. The signal can be fitted to a Breit-Wigner form, s(k).
3]

. .. . i1
Using the a prior: error estimate.

by:

the fractional accuracy of the signal BR is given

D ([ i (Pl )

where

f(k') = Z €bcknd,i X BRbcknd,i x gi(k) + €signal X BRsignal X S(k)
1

Thus, in a year’s run at DA®NE (~5x10° ¢’s), CUSB can measure BR(¢— foy) using
the two 7%7% decay mode, from 0.4% to 14% accuracy over the expected range of
theoretical predictions if the BR for direct $—n°n% is the one expected theoretically.
If the direct ¢—n"n%y BR is at the experimental limit the smallest BR,y,, that CUSB
can measure to 5 sigma accuracy is 1.0x 1075, which means that any good spectrometer

can access the smallest branching ratio. These results are tabulated in Table Ib.

Applying the same selection criteria in KLOE, the loss in signal is much less severe,
because for this particular decay involving five photons from a wide parent signal (fo)
peak, it is more important for kinematical fitting and reconstruction to have small

photon losses than extremely precise energy resolution.

The efficiencies in KLOE for the fy’s neutral decay mode is estimated to be 84%, 30
times better than CUSB"Y The accuracy attainable by KLOE in the same correspond-
ing period is shown in the last column of table Ib. One expects superb sensitivities to

the signal over the whole range of signal and background BR’s examined.



Table Ib. Fractional error in BR(¢— foy) for CUSB and KLOE

BR(¢— foy) | BR(¢—n"x") | 6(BR)/BR | §(BR)/BR
CUSB KLOE
1.0x1078 1.2%1075 0.140 0.025
2.5%x1074 1.2x107° 0.004 0.002
1.0x1078 1.0x1073 0.180 0.044
2.5x1074 1.0x1073 0.005 0.0015

Fig. 1 shows the photon spectrum in CUSB from one year’s fun with BR(¢— foy)
= 2.5x107* and BR(¢—7n"7%y)= 1x1073.

% 3600 =
S 3200 b
Z 2800 3
O -
O 2400 [
I o
L 2000 F
&) -
1600
@ -
1200
Lol -
= 800 [

400 f

O :lll | i 1 l I i | [ I i 1 I 1 l | i i Il

20 40 80 80 100
Ey(MeV)

Figure 1. Photon Spectrum (Signal + Background) in CUSB from ¢— fyy.

3.2 foontn

3.2.1 Backgrounds from misidentified ¢ decays

The signature for ¢— foy, fo—ntn™ is a pair of nearly collinear charged pions,

whose invariant mass equals that of the fo, and one low energy photon. The possible
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backgrounds from misidentified ¢ decays are
1. ¢—ntr 7% BR=(1.941.1)x1072
2. ¢p—mp? 7T 7~ product BR= (4.3+£0.2)x1072,
3. ¢p—7mEpT a7, product BR=(8.6+0.5)x1072.

These reactions yield two oppositely charged pions and one neutral pion, so con-

tribute to the background if one photon is not detected.

There is no background arising from ¢— KgK; where the Ks—nr"wr and K;—
37%s and five photons are not detected. A for CUSB is of the order of 1.2x107%,
and for KLOE it is 1.7x1071!, Nor is there from ¢—>K5KL where Kg—n%7% and
Kp—nTn~ 7% or #*uFv, and five or three photons are undetected. A for CUSB is of
the order of 3.3x107% and 5.3x107° for the two processes; for KLOE the corresponding
A’s are 4.5x107!2 and 5.4x107%. Finally, there is also no background arising from
¢—KsKy where the Ks—n"n~"and K;—~v and one photon is not detected. A for
CUSB is of the order of 1.4x107¢, for KLOE 1x1075. All these numbers are obtained

before applying the energy-momentum conservation constraint.

Again, signal and background processes were simulated in the CUSB spectrometer.
We used the following selection criteria: two tracks and one photon are present in the
detector; the opening angle between the two tracks is within 2° of 175°; the energy of
the photon is within 10 MeV of 53 MeV. Table Ila summarizes the BR’s and €’s for
the background processes and the signal, for the three detectors. Table IIb gives the

fractional error in measuring the signal BR, calculated as in the previous section.

Table IIa. BR and ¢ for 7t n~v: ¢— fov signal and backgrounds with one lost v

PROCESS BR €(CUSB) | §KLOE)

p— foy—mtr Ty 0.52-130x107% | 7.4x1072 | 7.4x107!
¢—7p" — T y(7) 4.3x107?  |7.2x1073} <3x107®
p—mEpT — T y(y) 8.6x1072 1.7x1073 | <3x1078
troalsatrTy(y)| 1.9x107% [ 1.3x1073 | <3x107¢

p—-rTT T

In this decay again CUSB suffers from lack of hermeticity, as well as lack of mo-

mentum information. Thus, the dominant background comes from the mp final states,

which give 7t7~7? where one of the photons escape the detector. We cannot use

energy-momentum constraints and select by mass cuts the signal due to a real p being

(14]

produced. The complete KLOE simulation is still in progress. However, because of



KLOE’s hermeticity, and the fact that one measures the charged particles’ momenta,
applying kinematical constraints and cuts around the p mass make background process-
es (1), (2) and (3) practically negligible despite their larger BR’s. The KLOE column
in tables Ila and IIb are obtained by using KLOE’s geometry and assuming 0.45% mo-
mentum resolution. The fractional accuracy achievable has been increased by a factor
two, to roughly account for various uncertainties not yet fully evaluated. Similar results
were reported by the CMD2 Detector[s] which is also supposed to be hermetic. While
its momentum resolution and energy resolution are a factor of two worse than KLOE’s,
for this signal this is not important because of the width of the fy. So, in conclusion, if
these were the only backgrounds, using general purpose detectors, the photon contami-
nation from the background in the signal region disappears, and one could expect a very

good BR determination over the whole range of signal and background BR examined.

Table IIb. Fractional error in BR(¢— foy) using only backgrounds with one lost v

BR(¢#— foy) | 6(BR)/BR | §(BR)/BR | §(BR)/BR
CUSB KLOE CMD2
1.0x107® 3.95 0.033 0.037
1.0x107° 0.37 0.008 0.008
2.5x107* 0.016 0.001 0.002

However, we shall see in the next sections that other backgrounds (notably from
initial and final state radiation) are by far dominant. Since the misidentified ¢ decay
background already essentially disqualifies CUSB for this process, we will present the

rest of our simulations in the detector KLOE.[IS]

3.2.2 Backgrounds from ete™ —utpu~y

The cross section at 1020 MeV for ete™—putpu~y, where the photon energy is be-
tween 10 and 120 MeV, is 4.8 nb, equivalent to a BR of 1x1073, orders of magnitude
larger than the signal from fo—7nt7~y whose BR is at most 1.3x10~4.7% The large
background contribution from e*e™ —u* v can however be fully controlled in KLOE

because of its gopod momentum resolution.

While the calorimeter resolution at low energies is relatively poor, events with two
charged particles and a photon are four times overconstrained. For ¢ production at rest,
momentum conservation gives E,=|p* + p~|. From energy conservation, assuming that
the positive and negative particles are pions, we get B} = My—E*—E~. For p—ntr "y

we expect E, = E!, while for ete”—puTu~v, the two energies differ by about 17.5

10



MeV, having used the pion mass for the muons. We have generated by Monte Carlo
(MC) simulations the difference AE, = E, — E!, using the expected KLOE momentum
resolution!®! For ¢p—nTw "y decays we find that the rms spread of AE, is 2 MeV and
for eTe”—putpuy, AE,=17.5 MeV, also with a spread of 2 MeV. Therefore, a cut at
in AE, at 8 MeV gives us a rejection factor of ~2400 against the muon background,
which in fact makes it negligible with respect to any other processes with pions in the
final states. Note that we have not used the well measured photon direction (£5 mrad)

for additional help.
3.2.3 Backgrounds from ete” —n 7y

As we have seen in the previous sections, the background from misidentified events
can be completely controlled in KLOE if we select fy candidates by requiring that
only a pair of nearly collinear, oppositely charged tracks and one low energy photon,
20< E, <100 MeV, are present in the detector; that the visible energy equals W, the
total energy, and that AE, <8 MeV, in order to eliminate the pt ™y background.

In the remainder of this chapter, we discuss the various contributions to the final
physical state 77~y from eTe™ annihilation at the ¢ peak. Four amplitudes, 4,
Aj, A, and Ay, contribute. The corresponding intensities, |A411?, |A2/? and |A,.|? are
background contributions and the f; signal is contained in [Af\)!z and 2§R(Ap‘A}O), as

discussed below.

o A;=A(¢p—m p*—mwmay). This is the amplitude for g—nTn~y via mp* with the
p* coupling to ym. p* here stands for an internal line, virtual p in the corresponding
Feynman amplitude. The Feynman diagram for this process is shown in Fig. 2a. We have
already discussed the analogous process for neutral pions in Sec. 3.1. Its contribution
to the background is small compared to the other sources, see Fig. 3a. In this figure

(10,11] but we have checked[”]

we have taken A at its theoretically estimated level,
that even if we take it at the experimental upper limit, the changes in our results are
negligible. The angular dependence of A; is shown in Fig. 12. The interference of this
background with other processes is also negligible.

o Ay = A(ete”—vyy—p*y—ontny). The Feynman diagram for this process is
shown in Fig. 2b. This amplitude from initial state radiation is the largest incoherent
source of background. However, since, as expected for a radiative process, and seen in

Fig. 13, |A2|% is peaked very sharply at small angles between the photon and the beam,

0, beam, we reduce its contribution by a factor of ~7 by a cut |cos 0y, beam| < 0.9, see

11
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Figure 2. The Feynamn diagrams of the processes discussed in the text.
Fig. 3b.

e A,e = A(p—p*—>mtn7y), the v being radiated from one of the pions. The Feyn-
man diagram for this process is shown in Fig. 2c. This process contributes approximately
one tenth of the Ay background. However, as expected for a radiative process and seen
in Fig. 14, |A,+|? is peaked at small values of the angle between the pions and the pho-
ton in the dipion rest frame, 8,,. We therefore restrict | cos 4| to be less than 0.9, see
Fig. 3c. The sum of these three sources of background is shown in Fig. 3d, the sohd
line being without angular cuts, the dashed line with the two angular cuts of | cos 8| less
than 0.9. With these cuts combined, we retain 80% of the signal and improve the signal
to background ratio, S/ B, by a factor of 5 — 6, see Figs. 8 and 9.

o |Af)? and 2R(Ap+ A%)). The Feynman diagram for the signal process ¢ — fov is
shown in Fig. 2d. The angular dependence of |Af,|? is (1 + cos? 8, peam), 25 seen in
Fig. 15. The amplitude given in Ref. 5 ignores the bound quark pair wave function
of the corresponding mesons, without which the amplitude blows up because of the
k3 factor characteristic of the emission of a photon of momentum k. We damp the

amplitude following De Rujula, Georgi and Glashow,[ls] with an exponential Ae"x/r,
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Figure 3. a. |A,|? contribution; |A2|? contribution; c. {A,-|*contribution; d. Total incoherent
background. Solid lines are without angular cuts, dotted lines are for |cos 8, peam| < 0.9 and
jcos @, < 0.9.

where z = s — M2 = 2myE., I'=300 MeV, and A=2.65 normalizes the damping factor
to 1 at the fy peak (42.7 MeV). The signal size depends on BRgjs,,. We illustrate

it for the two extremes of the range of interest, in Figs. 4a and 5a. We use 52% for

BR(fo—ntm™).
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c. |4, P-2R(A,- 4}); d. {4, P+H2R(4,- A7), BRgyyy =1x107%. Solid lines are without
angular cuts, dotted lines are for | cos 6, peam| < 0.9 and | cos 8y, | < 0.9.

The interference term 2§R(A,,:A}o) is slightly peaked along the beam direction and
slightly suppressed along the pions, seen in Fig. 16 in the appendix. Its integrated
magnitude is shown for the two extreme cases of the BRyy,, in Figs. 4b and 5b. For
small BRyj,, the interference term dominates in absolute value over the fo term, while

the reverse is true for the largest BRyf,,. This interesting cross over is because |4y, |? is
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angular cuts, dotted lmes are for | cos 8, peam| < 0.9 and |cosb,,| < 0.9.

proportional to BRyy,, whereas the interference term varies as \/Wtﬁfo”r Thus, even
for destructive interference, the contribution of IAfOIZ—l—ZW(A,,'A}O) to the total cross
section is not always negative. Figs. 4c,d and 5c,d show ]Afolz:l:2§R(A,,'A}o) for the two
extremes of the range of interest. For BRgf,y ~1.75x1074, the integrated contribution

to the wtx ™y cross section vanishes; however, a dip appears at low v energies and an
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enhancement at high vy energies, allowing detection of the fj signal.

The angular dependence of |4, |2+2R( 4, A% ) also depends on the relative strength
of each term, of course reflecting that of the dominant one. To illustrate the complexity
of the situation, we chose BRyy, =1.5x107%, where the two terms have about equal
strength, and show d?¢/dE,d cos 0+ beam VS By, c08 8y peqm, and d%0/dE,d cos By vs EL,;
cos 0, for constructive interference in Figs. 6a and b respectively. The same quantities
in the case of destructive interference are shown in Figs. 7a and b respectively, where

dips and enhancements are clearly visible. We also note that the relative strength

of

Af0|2 and 2§R(ApaA}0) are modulated by the y-7 angle, upon which A4,. depends
strongly.

For BRyf,y =1x1078, the signal over the background cannot be shown directly. In
order to demonstrate the effectiveness of the cuts we show the signal to background
(S/B) ratio for the two cases of constructive and destructive interference, Figs. 8a,b.
Note that in both cases we enhanced this ratio by about a factor of five, for a net
effect of a few %, for either destructive or constructive interference. With the expected
DA®NE luminosity the signal is quite measurable. In Figs. 8c,d we show the S/B for

BRyf,y =2.5x107%. The signal is certainly much larger and should be much easier to

measure.

Fig. 9 shows the MC simulated photon spectrum which would be observed in K-
LOE (after cuts) for ¢— foy—nTm~ v for the two cases, constructive and destructive
interference, for BRyy, =2.5x10"* and assuming 5x107° ¢’s are produced in the first
year of DA®NE’s operations. The incoherent background contribution is also shown.
In Fig. 10 we show the resultant estimate of the fractional accuracy that KLOE can
achieve in one year’s ruﬂning at DA®NE, which gives pleasant reassurance that even at
the smallest BRyy,, considered and with destructive interference, the fractional accura-
cy in the measurement of BR is ten percent. In addition we note that the differential
rate d°T'/d E,d cos 6 beamd cos O, clearly contains more information than the integrat-
ed cross section, thus it is possible to improve on the results presented. The study of
¢— foy—n"n% provides an independent measure of the strength of the ¢ foy coupling

and therefore a check on the determination of its sign in the 7" 7~ case, thus completing

the picture of the fy.

16



=
s -
> x 10 ) N
§ 0283 e
= E ,'?/ /’ 5
O 0.24 4 Ll ”////f --------
8 —; ''''''''' // / ////
§ 027 ././9,//////,‘/,,;,,;
2 0.16 3 /////////'/,;.//4/,////,, %\\\%\ _
I oon AN
S oos AN N
© 1. /////////////’/////f////////// \‘\\\\
0.8
0.4
—0.4 0.04
0.02
—0.8 Ey(GeV)
(a)
>
K -
> x 10
£ 0.2 =
o) .
»  0.175 = ////////
9 45 3 .
= 001 22 = %””ﬂ///”’/f//// 7%// A
: 3 J ///” i /'- -
5 0.1 = ;W%%////////////l/////l //,// I/l////////////// //////////,’9\\\ §
L 007537 ?;/ff,//////////////m,,,,m//}‘/”}///% ////// “\\
0.05 3 ///;é,,/o{,,,/////////////// //,,, /// ’////////////m “ ‘
0.025 3 ”'/////////// b '/ﬂ
/,//////,/ ‘
0.8
~-0.4 0.04
0.02
—0.8 Ey(GeV)
(b)

Figure 6. a. d%0/dE,dcos 0y bcam vs E, cosby poam; b. dza/dE.,dcosB7r7 vs E,, cosOry
for constructive interference, BR=1.5x10"1

17



b
o -5
&i x10°
e 008 .
S 0.04 3 _ ,
o 03~ il
—-0. =h il ,,7}////”/1////’; Ty
>~ 3 il e
L —042 3 iyl
= 'l"'{/,/ "'./ /// I///, //”"Iu/
T o6 3 ”””/’Z//L"////ff”’/"///////////”//////////
: ] ”%%%WWMM
"/””///////////////”"’7
0.8 \
- .04
04 4 002 0°
‘ Ey(GeV)
(a)
=
~5
3 x 10
~
E 0.7 g _______
S 0.6 —E
o 0.4 3
Lg 0.3 El
O 0.1 3
©
0
-0.1

Ey(GeV)

Figure 7. a. d?0/dE,dcos b, peam vs Ey, €050y peam; b. d’6/dE,dcosbyy vs E,, cosby,
for destructive interference, BR=1.5x10"1

18



-0.02

-0.03

—0.04

O - o
m 0.04 - ” \\‘ m
~ - ; . N
) -~ / Y %)
0.02 |- ,"
H K \\\
O o 1§ 1 I | S | I I | ! I |
20 40 60 80 100
Ey(MeV)
(a)
o 1.6 o
< - <
o B I’ ' @
m - / \ m
o 12 ,, S o
wn - ! N wn
08
0‘4 :_ /I \\\
0 m
20 40 60 80 100
Ey(MeV)

(c)

—0.01

0 "\
Z’LllllllllllllllLlll
20 40 60 80 100
Ey(MeV)
(b)
0.15 |-
0.1 :_ ,:’ \‘\\
005 !
0k —
Evaory Ly o b by
20 40 60 80 100
Ey(MeV)

(d)

Figure 8. S/B ratio for a. constructive b. destructive interference, BR=1x10"9; c. construc-
tive d. destructive interference, BR=2.5x10""1. Solid lines are without angular cuts, dotted
lines are for |cosf,, peam| < 0.9 and |cosfr,| < 0.9.



68R/BR

30000

20000

10000 -

DETECTED PHOTONS/MeV

Figure 9. v spectrum in KLOE from ¢—n¥r~ 7y for BR=2.5x10"" | 5x10%°¢’s (after cuts).
Solid and dashed lines are signal -+ background, constructive and destructive respectively;
dotted line is incoherent background alone.

0.1
0.08
0.06 |
0.04 |-
0.02 P
0 :I L1 |-|——|—-a_—1_ S T Tl il ot i s ot Bl et it sl
50 100 150 200 250
BR(¢® ~> fo+7)x10°

Figure 10. Fractional error on BRgs,y vs BRgy,y. Solid line is for destructive interference,
dashed line for constructive interference.

20



4. p—n'y

We have also studied the accuracy achievable by KLOE in the measurement of
BR(¢—n'y), for an equal running period. This ¢ decay mode has never been seen; the
experimental upper limit is 4.1x107%. Measurement of the BR. of this mode will shed
light on the gluonium content, Z,, of the 17’.[19] The rate for radiative decays of the ¢
to pseudoscalar mesons containing 3s pairs is proportional to the amplitude, Y, of the
§s component of their wave function, giving the scaling law:

L = n') (Y"'>2 (k”'>3~4.6x10—3 <Y—”>2 (4.1)
I'(¢ — n7) Yy ky Y,
To give an idea of the expected order of magnitude of the branching ratio, for Z, = 0

20] BR(¢—n'y) ~1.2x1074.

and the 7 — 7' mixing angle §, = —20°,[
The signature for ¢—7'y, n'>nrTn~ and n—v7 is: a pair of charged pions, two
photons whose invariant mass equals that of the n, and one low energy photon. The
invariant mass of all particles must equal the ¢ mass. By applying these criteria, the
efficiency x acceptance for the signal in KLOE is 74.5%. The possible background events
are from:
1. $—nvy, BR=(1.2840.06)x1072, n—7rF7~7°, product BR 3.0x107%. Use of kine-

matical constraints pushes the background down so that the efficiency xacceptance

for this background in KLOE is 2.6x1073.

2. ¢—wvy, BR<5%, w—3r, product BR=4.4x1072. After kinematical constraints,
one finds an efficiency xacceptance for this background in KLOE of 5.9x1073.

3. ¢’ —7nOn T, product BR=(4.840.6)x1073. Overall kinematical constra-
ints again result in an efficiencyxacceptance for this background in KLOE of
5.6x1073,

We can calculate in this way the fractional accuracy achievable in KLOE for the
measurement of this BR. The results are tabulated in table III. In Fig. 11 we show the
resultant v spectrum in KLOE. We note that in the first year’s run, KLOE can measure

BR’s of ~1% of the value in eq. 4.1, for zero gluon content.

Table IIIL. Fractional error in BR{¢—n'y) for KLOE.

BR(¢—n'y) | §(BR)/BR
1.0x107° 0.0634
4.1x10¢ 0.0025
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5. CONCLUSION

We have studied the experimental problems associated with measuring ¢ radiative
decays by choosing two typical and interesting ones: ¢— foy, where the‘ fo decays to
two neutral pions or two charged pions, and ¢—7'y. We simulated the signal and the
expected background in a neutral particle spectrometer: CUSB-II found the decay to
neutral pions easily measurable in one year’s running time (~ 5x10° f’s). We also made
estimates for the case of two general purpose detectors: KLOE and CMD2, and found
the hermeticity of these detectors render the measurements almost trivial. However,
the charged pion mode is subject to further background that can only be controlled in
a hermetic detector. We found that despite possible destructive interference between
the signal é.nd final state radiation, and a large incoherent background from initial state
radiation, by using the charged pions, KLOE will be able to determine the sign of
the interference, and the magnitude of BRys 4 to accuracies ranging from a fraction
of a percent to at most 10 percent in the worst case. The study of ¢— foy—n"70y
provides an independent measure of the strength of the ¢ foy coupling and therefore a

check on the determination of its sign in the w+w~case, thus completing the picture
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of the fo. We found the 7' search using KLOE relatively easy. Implementation of

both types of detectors at DA®NE is highly desirable and promises to produce good
physics.

6. APPENDIX

For completeness, in this Appendix we give the full angular distributions of the ¢
decay to wmy through a virtual p, in other words, the matrix element resulting from
calculating the Feynman diagrams starting with e"e™ rather than with a resonance in
an averaged polarization state. This yields the same integrated rates as found previously
(Bramon, Grau, and Pancheri!) } but, in addition, the correct angular distributions,

which are necessary for Monte Carlo simulations of these processes.

In general, the full angular dependence of a ¢ decay process, where the ¢ originates
+

e~ collision, can be derived by replacing the ¢ polarization vector ¢}, in an

in an e
amplitude given for ¢ decay, by €y,e, or, if
Al¢ - XY Z)=¢€"R, (6.1)

we have

|A(e+e— - ¢ - XYZ) §+e‘ spin avg. (pﬂplu + p'upl/ - gl“’p ' P’) RuRU (6'2)

where p and p' are the electron and pbsitron 4-momenta. Thus, the decay width of a ¢

+

originating in eTe” collisions is:

I'(¢ — everything) K|AJ?

- = XYZ)=do(ete XYZ = , 6.3
WGerer 2 XVB = doleTem 2 = VD iere o) oz )
where K is the usual kinematic factor for decays,
1 1 d¢y d cosf; dos
= ————dEjdE 6.4
64rS M2 Com 2 2m (6:4)

with an extra factor of 1/2 if there are two identical particles in the final state. The
point of this notation is to isolate the changes needed to go from previous calculations
to ones taking into account the ¢ polarization when produced in e*e™ collision. These
are simply: changing from eq. (6.1) to (6.2); the factor of —1‘%3 in eq. (6.3), and the
missing polarization averaging factor of % in eq. (6.4).
We then have, for ¢ — pr — ntn ™y

eG%e \ €uapr{da + PI)QE€166p46(QG +pd)en + _
(39\/§> M2 —(g+pT)? —iM,T, R
where G = (3v/2¢%)/(4n%f,), fr is the pion decay constant, 132 MeV, g=4.2, and
€ = —0.059 (see Ref. 11 for further details).

o=

(6.5)
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The most compact way to display our result, then, is to borrow the notation of

(4]

Creutz and Einhorn, ~ correcting a factor of 1/2 and some signs that we find ourselves
in disagreement with (we have subsequently confirmed with the authors that these

differences were previously unnoticed typographical errors in their published paper):

|AIZ = «Gle 232 1[1T11|252tsin20 sinZf +1|H2[2,84tsin20 .
39v2 2 i K T2 " "~

¢ t . .
X (cos"’@7r7 + ~ sin%B, — (cosfycosfry — Vs sm9751n0,r.,cos¢)2>
s s

4 [Hy (1 + cos?6,)/(2s)
; (6.6)

+ Re(H1H;)B2t sinb,,sin%6,. <\/g sinf, cosfcos¢d + sin07c050m>

t
+ Re(H1H3 )G \/j sinf, cosf.,sinfr,cos¢ + Re( Hy H3 )52 \/z sinf

s s

( . t . . 2 2
X { sinfycosfcosfrycosd + 4/ - sinbry(1 — sin“f, cos ¢)> .
s

where ¢ is the four-momentum squared of the dipion system, s of the dilepton system,
and G, the velocity of the pions in the dipion rest frame, B = /1 — £/(1 — z). ¢ is the
angle between the et e~ v plane and the 777~ plane in the lab frame or the dipion rest
frame; 6, is the photon-beam angle in the lab frame, and 8. is the angle between the

pions and the photon in the dipion rest frame related to the pion energy FE, in the lab

T / £
y:1~§(1+c059,r.y 1—1—:c>' (6.7)

where 2 = 2E,/\/s, y = 2Ex/+/s, and € = 4m2/s. E, and E, are the energies of the

photon and one of the pions in the lab frame. The H; are general form factors which in

frame by

our case are given by

h;

. : +H(nT e T 6.8
M3+2]\/I¢E,,~]\/[£_m72r__zbjprp (7t & 77) (6.8)
with
2

The h; and hi(r* < 77) come from the direct and crossed diagrams, and the separate
contributions from these diagrams and their interference may be easily written in terms
of the h;. Combining all these equations then gives the full angular dependence for

Pete- — Ty via a virtual p; pere- — w00y is identical except for the factor of 1/2

24



in K. The angle ¢ can be trivially integrated over by replacing cos? ¢ by %, and cos ¢
by zero (after first expanding the squared expression in the second line of the above
equation).
In Fig. 12a,b we show two views of the angular distribution:

d%s/dE,d cos 0y beam Vs E, 0S8y peam, and d*s/dE,d cos 0,,.‘, vs Ey, cos Oy for ¢ete- —
pm — 7%, The angle 0., used here is the angle between the pions and the photon in
the dipion rest frame. For the completeness of the DA®NE handbook we also include the

same views for the other processes considered in this paper: in Fig. 13, initial state radi-
. ation; in Fig. 14, final state radiation; in Fig. 15, the signal process, ¢ — gy — 717 7;

and in Fig. 16, the interference between signal and final state radiation.
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