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ABSTRACT
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INTRODUCTION

with ete” colliders reaching a CM energy of 10 GeV or more, 2y physics
has become a readily observable and interesting field. At high invariant mass in
the 2y system, one can separate the QED background easily from the hadronic signals.
The importance of these hadronic events in studying QCD was first emphasized by
Brodsky et al.l). In the very low 2y mass region, however, the nadronic channel
is not dominated by the process yy qa but by resonance production and a
continuum. An added complicaticn in the understanding of hadronic physics at low
2y mass is the experimental problem of identifying which svents are slectromagnetic
in nature and which are hadronic, as slow muons, pions and electrons cannot always
be distinguished. Compared to the 7T continuum the QED background is more than an

kY

order of magnitude largerzi. Nevertheless with sufficient statistics, resonances

3) and TASSOQ). The quality of

can still be observed as reported recently by PLUTO
the data is expected to become much better, especially when particle identification

is improved.

In this paper we will discuss possible resonance formation in the ete”
+ete” 1'n” final state. Earlier works? already exist on this topic but
we aim to make improvements in two directions., First, we do not make any appro-
ximations in the QED part of the reaction, keeping photon polarizations and virtual
masses. Secondly, instead of relating the two-photon resonance production ampli-
tude tc other processes, which introduces many ambiguities, we use the non-relati-
vizbic quark model (NRQM) to describe the formation of qq resonances by twe phetons,
At this‘point we may remind the reader nct only of the successes of the NRQM in
describing meson-photon couplings but especially of an earlier successful appli-
cation of the NROGM fyvy ‘(or fgg) coupling in J/Y + ygg + yf > Yn+ﬁ" decays6).
The two photon annihilations should be a very clean process for looking for
C = + quark model resonances, The states expected to be produced by two photons
and to decay into two pions below 2 GaV/c? invariant mass are the f(1270) and
possibly a S*(QSO) or (1300). We will discuss the couplings of these states
to two photons in Section 2. We rederive the spin structure of the vyyf coupling
in Section 2 in terms of the non-relativistic quark model (NRQM) and compare the
result to earlier work., Although for reasons of simplicity we describe the qa
bound state in the zero binding limit, we take the finite width of the T (and
possible ¢€) meson into account. It 1is straightforward to apply the yyf matrix
element to virtual photons, and it can be shown that within the NRQM no additional
form factors enter. Section 4 tries to illuminate the helicity structure of the
fyy vertex thus obtained for timelike photons. In Section 5 we discuss scme of the

details of calculating the full matrix element for e'e” » e’e” ' via an
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f (or €} rescnance. The kinematics and Monte Carlo integration use standard
proceduresT). Results of this integration in the form of various distributions
are discussed in Section 6. The conclusions follow in the seventh and final

section.,

QUARK MODEL RESONANCES IN yy » 771"~

The Feynman diagram for the process in question is displayed in Fig. 1. The
two pion system is ina C = + state, thus requiring even total angular momentum,
It therefore also has even parity: jPC z O++, 2++, ..+ and the G parity
requires iscspin I = 0. There are only four quark model rescnances {assuming
arbitrary mixing for the moment), which can contribute below 2 GeV invariant
2T mass, namely the I = 0 members of the jP = 0" anga 2" quark model nonets.
These states have in common that quark spins are aligned (triplet) and that the
orbital angular momentum is one, combining to a total spin j = 0 or 2. In the
SU(3) 1limit the non-relativistic wave functions are therefore identical. The
coupling to_two photons has the well-known dependence on the expectation value of

the (charge)? operator which reads {colour included)

]
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e.g. 0(f) =35° and 8(r') = 35° + 90°. Equation (2.1) is bound between O

and 0,5 (for the it is 0.46). Apart from the fact that the s5 component
of & meson cannot couple to i {(this excludes the f' from contributing to
the process under study), the <Q*>? of two isospin zero mesons of a given nonet
lie 90° apart in Eq. (2.1), which allows us to give a lower limit on the <Q2>%=O

of at least one of the two states of

(Qz>;=0 = 0.23 . (2.2)
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By ¢ we will denote the jPC = 0" meson with the same quark content as the

f meson. ' then denotes the state corresponding to the f', Any physical

++ . -
0 resonance may be a mixture of € and €'; two candidates for these are the

#
S {980) and the (1300) 8). For the guark model e 1t is well known that

%
T = (15/4) T . If 38 (980) and e(l300) are indeed the two physical I =0
Yy £YY

PO +r - . s %

J =0 mesons, then it is clear from (2.2) that either rSw{980)YY or*-I‘.E(BOO)YY
must be > (15/4) + {(0.23/0.46) rfYY’ and is therefore likely to be seen in two-
photon production (compare ch. 6). Our discussion so far has completely neglected

the possibility that there might be glueball states (bound gluons) with j © = 0%F

or 2°7., We will not go into details here, but only remark that the glue component

of a 0% or 277 meson is unlikely to be produced by two photons since the
gluons are neutral. Together with other experiments where glueball states are
likely to be secen, like J/Y + vX, this argument can be turned around to determine
the glue content or qé content respectively of a given resonance. The fact that
a resonance does not show up in two-photon production may then indicate that this

resonance is a glueball state.

THE AMPLITUDE FOR +yy > f-> 71 and vy + & > 77

We begin with +yy - f. In principle there are five independent helicity

amplitudes (the indices denote photon helicities): A = A , A = A , A =
+= -t +C -0 O+

Ao-’ A++ = A, Aoo' Since we will only discuss the process with at most one

photon of fmass shell, it suffices to consider A+?, L A++. For both photons

on mass-shell, Yang's theoremg)

lead to T(f » yy) = 3 kev)lO) show that

gives A+o = §. Finite energy sum rules (which

A, » A

{3.1)
+ -

*+

Describing the f meson as a non-relativistic bound state of (relatively heavy,

1)

mq = Mf/2) quarks one hasl

A, =0 (3.2)

which agrees with Eq. (3.1].

We will describe the vy » f coupling in terms of a non-relativistic bound
state model, i,e., we will calculate the imaginary part of the diagrams in Fig. 2y
using only the large components of the f meson spin wave function and the spatial
wave funciion in a non-relativistic approximation. The spatial part of the loop

is essentially an integral cover the non-relativistic wave function and results
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in just one number: R'(J), the derivative of the Schrédinger wave function at
zero separation. The similarity of Eqs (3.1) and (3.2) encourages us to trust

the analytic structure cof the lowest order calculation, but mainly because of

the relativistic corrections to the Schrddinger wave function, we cannct trust the
I'(f > vyl = 1 keV, calculated with Eg. (3.9) . Rather we will parametrize the
production of f's in two gamma collisions with PfYY' Since we do trust

the analytic structure of the coupling, however, we can extend the calculation to
virtual (space-or timelike) photons. An idea of how much the parameter TfYY

will change for off-shell photons {or: how much of an f meson form factor should
be included additicnally) is given by a little numerlical exercise: assuming that
the quarks in the f are on-ghell gives (k, - P/2}% = ~mé for the (virtual mass)?
of the t channel quark and therefore a typical range of the interaction is

V2 M}l = 0,2 fm. Changing kf makes the effective range of the interaction cnly
smaller, Since the derivative of the f wave function is constant over this

range, we expect no additional form factors. Of course, this expectation is only

valid if the quarks are heavy, corresponding to the basic assumption of the NRQM.

When we go off-mass shell with one of the photons, we observe the onset not
only of A++, so that (3.2) will no longer be true, but alsc that of the A+o
ampiitude. This amplitude is now no longer forbidden and it will enter with
two welght factors: one from the f coupling, which we want to illuminate in the
following and one from the probability of finding a scalar photon. Let us now

turn to the model. The yy - f matrix element (Fig. 2) can be written as

4
Vf?, = Ir (54?:)—“7* V/f(P,q) Nk;, e;,q,m) (3.3)

where ¢ 1s the relative bound state momentum and P = kl + kz. The Bethe-

Salpeter amplitude ¢ in its rest frame P = (2m,5) is in the zero binding limit

V} (2m,q) = ?d(qo)ﬂ_"ffl u.(-zE*q)%? (?-q) 2,3
(3.4)

- =i /20] (om) (£ ogom) £ (Z oo m)



and

_ -PeM o, R: (33
ﬂ(f = =M 2 é(qo) ———‘y%q (3.5)
We further have
N(ki,e;,q,m) = (-<‘g;eq)P/2+;_51 — (iZ,e,) +
{3.6]}

+ ("4:/8/48 )'PZZ+H;-/K2, . (—i}fz,e)

which we expand to first order in q and insert into (3.3}. This now reads

(éf not yet specified and k = k, - k,)

d.?- @ (87 -2 -
92; 5 ]/-ZM _? __f_Z d
9 v3 f J(an)? Ve Mf kyk, +(m*-Pr)

X[ (aagt-:1 q-€y + E4E,Q:6,)

2 kg
.2,k “Ka,

+ keq (epe,Poe, - gpe,Pre,)

Vfw‘ -

+

(6 E,zEfk Zeaca k &, 2£;£2k ‘€, (3.7)

+egk(qe P, - qe Pre,)

This is the mest general expression to first order in the relative guark momen-

tum g, where we have only used €0 Pz=q+*P =0 (true for on-shell quarks).
Strictly speaking it is only valid for a zero width f meson, P? = 4m*, since

we worked in the zero binding limit, In order to be able to extend the fYY
coupling to a physical finite width f meson, we have kept the quark mass wherever

this is possible, i.e., in the quark propagator connecting the two photon lines
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(compare Fig, 2). 1In the Bethe~Salpeter amplitude we have to identify m? with
P2/4, We further assume that the wave function is independent of P2%, This means
that we make the smoothest possible continuation of the Bethe-Salpeter amplitude

from its on-shell form. We now insert éf and integrate over g obtaining

-3 14, q o PF @
\/;W-(szo:r b, M~ ) My €77 e,

-7 2

(3.8)
p.)c [ P, e up P A el
L hkiekid g KK 26k 0" 12k g
46 kpky (Kpky + m* - PY4) '
In terms of the (radial) Schridinger wave function R(g2)
r _ 160 2 [R'(0)* (3.9)
frr T g % T '
f
The second part of the amplitude is standard
) g
sz-"zr‘ = (1207 f;ﬁ,ﬁ- Mf ) € I 9 (3.10)

where g now denotes the difference of the pion momenta.

For ¢ production we find analogously with

A A 22
Ee = p;;M ,,:-'— (4 - P3¥) "P;:lH 25 6(q0) Beld) (3.11)

i &

Ve

-2 p o
("3'5“ M ) 6‘46 L x {(3.12)

5r Err 2 pr

g T 9 4 ¢
- g (K P bk, P - PK)+ 4 kﬁkfp2+ Uk, +k kY ko= koo k. - Keks k)
16 kiky ( k4'k.z* m* - 'Pa/q-)




instead of (3.8} and

— -3 W 2
Va’:r*rr' = (16 7 G"M )L q (3.13)

T &

instead of (3.10).

THE HBELICITY STRUCTURE OF THE yyf VERTEX

In this section we will discuss the helicity structure of the f - vy decay
for off-shell photons. We do this for time-like photons to simplify the discussion,
and thereby we can study the dipole limit, ﬁhere kf + M?, kg = 0, The results '
can be compared with those of space-like photons and we will discuss this in the
context of the full amplitude in Section 6. We only need to do this for the
I meson, since the helicity and spin structure of the +yy - ¢ coupling is

trivial.

In Section 3 we have mentioned that only the helicity two amplitude A+_
is non-vanishing for the yy - £ coupling. This can easily be seen by writing

the spin structure of (3.8) in the CM frame of the [ meson

. I ".)
Ax a7 6/“,(;3)[ k'I'k_z e, (2,) €, (1,) +

4L

v Vo v .
~ kK] £, (A)-EL(A,) + €Ak E1A,) K, ¢ b

v
— g’;_ (2,) k, &,(1)- kz]

and svaluating it with the familiar photon polarization vectors

4

€, (1) = 7 (0, 51,-<, 0)

and &7 (0) =ﬂ/%.(k;3,0,0,ki;)

T

with the polarization tensor of the f meson
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It is sufficient to look at A,y A, and 4,,. One readily finds for kf =0

A,
A-+o ~
A++ ~

~ ko) M

[k, | V2 (4.3)
- 2, -1

[k, oM,

s Wi

b

which gives the correct dipole limit as kg = M;. Equatien (4.3) is also valid

for ki > M% corresponding to the prcocess y* -+ Y. One clearly sees that A+O
already becomes especially important at moderate virtual masses of photon 2, be-
cause Yang's theorem no longer holds., The "helicity O" amplitude, however, is much

less important at low values of ki.

THE ACTUAL CALCULATION

The amplitude of the complete process e'e =+ e'e £+ e'e n'n can now

be written down rather sasily. Defining

f rrf spin 2 frr
7;“; = Vﬂupcr Pprp’ur’ for’ (5.1)

with the V''T vertex taken from (3.8) and the Vi™ vertex from (3.10) the

amplitude is given by:

g o

To evaluate the matrix element from this would be straightforward if it were not
for the gauge cancellations, which cause the resulting formulae to be numerically
unstable. Using the gauge invariance of Tiv we can, however, rewrite the elec-

tron part:

Ry R I e E N T R O A T LR TR R R TR A TR P I T TR YRR TR

HIFIEIE 0L 1B PR R PRI BRI g I R E YR R Bk i s [see o e e g e e g R AR v



Spins

Z 11(?:':) T}*‘L(Pﬂ)a(l}‘l)ﬁ* u(PS) = 8P4/I- Rir' +'2'(P4 -Pg,)z 3/“’*{ {5.3)

and a similar expression for the positron part.

This reduces the matrix element to

t
A 2
'_EIIAl égqu(f%y ol ft;p) + = fzf? fzﬂ .Z: ‘Z;M'flvn'

+ (5.4)

-’L
Lo Top

* g Pl R
2

The strongest gauge cancellations are present in the first term and can be iso-
lated by introducing the variable A' = 2 p,*p, P? - 4 p,*P p,*P which 1s

related to the variable A in Ref. 7). By including this A among the pﬁase
space integration variables we have removed almost all numerical problems that

are related to the gauge cancellations. We would also like to remark here that it
is only the structure of the final term of (5.4) that contributes in the case

of a Weizsdcker-Williams approximation with unpclarized (massless} photons.

As we wish to study the final ete™n'n state in various kinematical con-
figurations it is most practical to perforn the phase space integfals numerically.
A program for the kinematics of the 2y reaction e'e” » e'e” + 2 particles

& and was used here. The only difference between the ete” + e e—p+u—

exists
reaction for which this program was designed and the reaction we are studying

here is in the matrix element over which we have to integrate.

To do the same calculation for an € resonance the only change we have to

. r € £ . . .
k t 1
make is to replace Tuv by Tuv where Tuv is defined in analogy to Eq. (5.1).

RESULTS

To get an impression of what the f signal looks like we calculated varicus
distributions and cross-sections at a beam energy of 15 GeV. As 2y reactions
are usually not very sensitive to the beam energy the results are representative
for the energy region in which PETRA and PEP operate. At 15 GeV the total cross-
section for the reaction ete™ » e'e’f =+ eTe"nTrT is 357 pb/keV in which the
keV refers to the vy width of the f. Results from PLUTO3) and TASSOA) put this

width in the range of 2-4 GeV, leading tc total production cross-sections of about
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1 nb. We will, however, quote all cross-sections for a 1 keV width, as this
width is an cover-all constant and our Monte Carlo calculations are far more accu-

rate than any width measurement that can currently be done for the fr.

The full cross-section is of course not readily observable so we studied
also the effect of some of the severest cutson the final state. The severest
cut one makes in 2y physics is when one wishes to see the electron and/or the
positron in the final state. The cbserved cross-section can be very sharply
reduced depending on the minimal tagging angle. To illustrate this we calculated

the single tag cross~section in which we required the e* to be visible and the

e not to be visible, or ee+ > B?;; and ee_ < eﬂgg for a fixed value of
Gmln. The results are given in Table 1. Such a cross-section drops of course

tag R
to zerco in the limit that 82;2 goes to zero, so for very small tagging angles

it ig better to know also the inclusive single tag cross~-section, i.e., Be+ >

> eg;; but no requirements on the e?. Some of these cross—éections are also
given in Table 1. We see that if e?;; = 1° the difference between the two
tagging modes is about 10% while at 0.1° it is about 50%. For larger angles the
difference becomes much smaller as it becomes much harder to observe both the

et and the e ,

The next set of cuts that can affect the signal is determined by the cbser-
vability of the pions. To get a reasonable impression of the effects of angle
cuts on the 21 signal we tcok for each Monte Carlo event the smallest of the

+ - . .
et 6ﬁ+e_, 9ﬂ_e+ and Gﬂ_e_ whire the f and e directions
indicate here the directions of the incoming e and e beams. When experimen-

four angles §

tal acceptance is determined by a finite angle acceptance, it is this variable in
which one makes the cut, so it is possible to say from a differential cross-
section in this angle eﬁin what fraction of pion pairs will be inside the angu-
lar acceptance. Figure 3 shows this fraction as a functicn of G:in bocth for
untagged events and single tagged events with a minimum tagging angle of 50.
The fact that the curve for the tagged events is lower by a factor of roughly
1.6 over most of the ecut range is mainly due to the P of the f when an
electron (or positron) is tagged. A smaller part of the effect is due to a modi-
fied helicity content of the f when 07 becomes large. 1In our calculation it
happens to be rather easy to determine this helicity content as a function of
gnin
tag

#
One can make a differential cross-section in terms of the cos 6TT in the
*® . .
mr {or <yy) CM frame, where eﬂ denotes the angle between the cutgeing pion and

the incoming vy directions. In this distribution the helicity 2 part is propor-
* *® . *
tional to sin* 6.) the helicity 1 part to sin? e cos? 6. and the helicity O

# L )
part to (1 - 3 cos? Gﬂ)z. As the [ 1is purely spin 2, the decomposition into

these three components is unique. The results are shown in Fig. 4. We would like

e e et B B I BT T e o S SR, BRI
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to draw the reader's attention to the fact that working with a minimum angle cut
means that the results in this graph are basically an average over events in which
the electron or positron has a range of 8 values, so the point at eiig =0
represents not only events at Q% = O but also events with a larger Q°. This
explains why the helicity 1 and helicity O components do not vanish for small

622; as suggested by Eg. (4.3). In general many features which cne might expect
at a fixed tagging angle are shifted to the left in this graph, due to this defini-
tion of the tagging angle. In both the limits Q%2 > 0 and 0% » = the helicity
1 component has to vanishl3). This Q% + » limit means that the helicity 1 curve
should have a maximum which is indeed found in the graph. The A = 0 component
decreases for increasingly large values of @? because our runs are at finite
values of s for the e and e beams. This forces the second photon alse
off-shell cnce one of the photons develops a really large Q%. As a consequence

*
one should be very careful to apply arguments that hold for y v scattering.

As explained before, part of an f pole could actually be due to the presence
of a scalar ¢ at roughly the same mass. To study such an € we made
Monte Carlo runs similar to those for the f. The mass of this ¢ was takens)
to be 1.3 GeV/c?, its full width 300 MeV/c? and the partial width into T
was estimated to be 160 MeV/c?, Even if the € exists, the uncertainty in these
numbers ig rather large, and for instance the width could conceivably be smaller.
This would not, however, affect the total cross-section tog much, only the fraction

of the cross-section close to the centre of the peak,.

With these parameters as input we obtain a total cross-section for ete” >
s+ ete e » eTe ™ at 15 GeV beam energy of 251 pb/keV of which 1.40 pb/keV

has a single exclusive e+tag at at least 50.

To either verify or rule out the presence of such an ¢ particle one needs
to study distributions. From the theoretical point of view the distinction betwegen
an f and a mixad f and ¢ signal is rather simple: one only needs the cos ©
distribution in the 7 7 CM frame. The distributions for both the f and the
€ are known -- in the untagged mode the f is almost purely A = 2 s¢ this
gives a distribution close to sin® BCM and the ¢ has a flat distribution --
so the relative ratios can be obtained in a one parameter fit. Unfortunately the
experimental situation is not as simple due to a limited pion acceptance. Those
pions that are cbserved are at large eCM which means that the data are in that
region of phase space where it is hard to distinguish sin* GCM from a constant.

Another way to see an effect could be based con the differences in the pilon
acceptances due to the different BCM distributions. This has the advantage of

not having to convert an experimental acceptance function to a CM frame.
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For this we calculated the equivalent of Fig. &4 for the ¢. These curves are
presented in Fig. 5. Close study of the differences reveals that angle cuts on
the pions are more severe for the e +than for the f. At 450 the difference
is about a factor 1.6, One could now compare for instance the number of events
within a 450 acceptance with the number of events within a 67%0 acceptance. For
the f this ratio is 3.46 while for the ¢ it is 4.15. The error on these
numbers is less than 0.05. For an equal f - ¢ mixture {after cuts) this would
mean a 10% effect, As there is, however, alsc an electromagnetic background that
has to be subtracted one needs rather good statistics for obtaining meaningful

resulits.

It is of course conceivable that with respect to 2 gamma reactions the S¥(980)
is the dominant NRQM scalar resonance instead of the £(1300). To detect this
would be rather easy as it would give rise to a separate peak. Using MS* =
980 MeV/c?, Iyop = 300 MeV/c?  and Paxyptr= 2 160 MeV/c? we obtain a total
cross-section of 640 pb/keV with differential distributions which are very similar
to those of the £(1300). The experimental results do not show this thus far. Their
cuts are, however, such that this peak would be sitting on a very fast rising back-

ground and could easily be missed.

CONCLUSIONS

Calculations of the reaction e'e” + e’e™f » e'e™n™n” using the NRQM give
results for the production cross-section and differential distributions which are
not inconsistent with the early data3)’4). If the observed rescnance is purely
f one cbtains a 2y width for the f of 2 - 4 keV. The theoretical analysis
shows a dominance of helicity 2 and a non-negligible fraction of helicity 1 for
finite Q2 of one of the photons, but unfortunately the limited angular acceptance

of present experiments makes this component very hard to deteét.

Whether an € rescnance is present under the f peak is not easy to tell.
Distributions of variables in the labbratory frame may need more statistics than
will be available, while the distribution in BCM suffers from the fact that the
experimental acceptance is very small in the region where the difference between
the [ and the ¢ becomes obvious. An important step forward would be a posi-
tive pion identification to have at least a signal free of backgrounds., Whether

this can be done in the near future we do not know.

¥
If the main contribution of the NRQM scalar resonance is in the S region
it should be easily found experimentally once the axperiments are sensitive in

this mass region.

T e T T PP L AR R S I b s R U A B E T e 1 e e
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Table

+ - + = R .
e e »eef+ee TTH cross-sections
for various tagging angles and modes.
Exclusive means et is observed 7 is not.
Inclusive refers to the observation of et
without asking questions about the e™.
The errors are due to Monte Carlo sta-

tistics.

G o/T
_ mode jAS
in degrees in pb/keV
0.1 excl, 8l.9 £ GC.2
0.2 excl. 70.8 £ 0.2
.5 excl. 50.72 * Q.14
1.0 excl. 32.27 =+ 0.10
2.0 excl. 14,77 £ 0.06
5.0 excl. 2.150 + 0.011
0.1 incl. 122.1 + 0.3
1.0 incl. 36.24 * Q.11
10.0 incl. 0.333 = 0.002
0 incl, 356.9 x C.6
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FIGURE CAPTIONS

Fig. 1 : TW resonance production in the quark model {via quark-photon cou-

pling) in the twe photeon process.
Fig. 2 : The quark model vertex of vy » [.

Fig. 3 : Contributions to the f c¢ross-section by the varicus helicities
as a function of the minimum tagging angle. The single tag exclusive

mode was taken.

Fig. 4 : Pion angle cut effects on the [ signal, showing the fraction of the
signal that is left if an angle cut of Biut is applied tc both

final state pions. The tagged events were in the exclusive mode

(et cnly)l.

Fig. 5 : Same as Fig. & but now for the ¢. The solid line is for the un-
tagged events. The dotted line represents the tagged events
(9?;2 = 50). For reference we also give the distribution for the

untagged  events (dashed line} from Fig. 4.
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