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Abstract

We propose to perform a precise measurement of the neutral pion lifetime using the
small angle coherent photoproduction of the #x° in the Coulomb field of a heavy nucleus,
i.e. the Primakoff effect. The x° — ¥y decay proceeds primarily via the chiral anomaly
and represents one of the most definitive tests of low energy QCD. Presently, higher order
corrections to the lifetime, including finite quark mass effects, remain largely untested by
experiment, This measurement will be a state-of-the-art experimental determination of
the lifetime with a precision of less than 2%, which is commensurate with the theoretical
uncertainty. The improved precision is enabled by (1) the use of quasimonochromatic photons
from the TINAF Hall B tagged photon facility and (2}, the development of a hybrid x°
detector consisting of a multichannel lead glass detector with a high resolution insertion.



1 Introduction

The two-photon decay mode of the 7° reveals one of the most profound symmetry issues
in QCD, namely, the explicit breaking of a classical symmetry by the quanturn fluctuations
of the quark fields when they couple to a gauge field. This phenomenon, called anomalous
breaking, is of a pure quantum mechanical origin. In QCD there are several observable phe-
nomena that originate from such anomalous breakings or anomalies. There is one anomaly
connected with the couplings of the quarks to the gluons. This is the so called axial anomaly
by which the conservation of the axial U(1) symmetry of the classical Lagrangian of QCD
is broken in the limit where two or more quarks are massless, and the divergence of the
corresponding axial-vector current becomes proportional to the product £7 - B of the chro-
moelectric and chromomagnetic fields. The most notorious effect of this anomaly is that
there is no SU(3) singlet quasi Goldstone pseudoscalar in the spectrum of mesons. In fact,
the lightest such meson is the n’ with a large mass of 958 MeV. The origin of this large mass is
primarily due to the axial anomaly. The axial anomaly of interest to us involves the coupling
to the photons(1](2]. The x® couples to the isotriplet axial-vector current § I3 ¥,7s g, Where
¢ = (u, d), and I; is the third isospin generator. Oun the other hand, if we limit ourselves
to two quark flavors, the eleciromagnetic current is given by § (1/6 + 1/213) 7, ¢. When
coupling to the photon, the isosinglet and isotriplet components of the electromagnetic cur-
rent lead to an anomaly that breaks explicitly the symmetry associated with the axial-vector
current § I3 4,75 ¢, and this in turn directly affects the coupling of the »° to two phbotons.
The decay amplitude is given by:

3
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where N, is the number of colors, k¥ and & are the photon momenta, and, ¢ and € are
the photon polarizations. As this amplitude depends on the number of colors in QCD, the
x* — v decay can be used to test that this number is indeed equal to three. The decay
rate is then given by:
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where F; =~ 93 MeV is the pion decay constant.
The result for the decay amplitude given above is exact in the chiral limit, i.e., when

the u- and d-quark masses vanish. In this case, the anomaly is saturated by the z° pole.
However, the current-quark masses in the real world are of the order of 5 MeV. There are two
sources of corrections due to this explicit breaking of chiral symmetry. The first, and most
important, does not change the form of the amplitude given above. Ii merely replaces the
value of F, in the chiral limit by the measured value determined from #+ decay[3]. This is a
manifestation of the so-called non-renormalization theorem of the anomaly due to Adler and
Bardeen. The second is a correction whose origin is in the contributions to the saturation of
the anomaly by excited meson poles (' for instance). These contributions are suppressed
with respect to the #° contribution by a factor of the order of My /Mmeson, where M, = 5 MeV
is the light quark mass. In Chiral Perturbation Theory such corrections manifest themselves
through terms of negative intrinsic parity of order ° in the effective Lagrangian. These
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terms in the Lagrangian have effective coupling constants that cannot be known a priori,
and therefore theory cannot predict these corrections. A measurement of [{x® — ¥y} with
an error of 2% or less, as proposed here, is expecied to be extremely useful in itluminating
the chiral symmetry breaking corrections due to quark masses[4]{5]). In fact, the error in the
amplitude (1) is expected to be a few parts in a thousand. Any observed deviation from i
will be due to the p° terms mentioned abave. The size of such terms have been caleulated
in a Nambu-Jona-Lasinio type of model[6]. The authors find a 4.0¥32% correction to the x°

width. An effect of this magnitude would be accessible to the experiment proposed here.

2 Previous experiments

The present experimental knowledge of the £ width is summarized in figure 1 {7][8]. Three
general experimental techniques have been used to access the neutral pion width: the direct
method, 4 collisions, and the real Primakoff effect. In addition, a future experiment planned
for Hall A of TINAF [9] will measure the siope of the pion form factor F).~vo(g?) at low ¢
using the small angle scattering capabilities of the Hall A Mgller polarimeter.
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Figure I. x° — 7y decay width in V. The horizontal line is the prediction of the chiral
anomaly with an estimated 2% error [7]. The experimental results with errors are for : 1)
the direct method [11]; 2) e*e~ [13]; 3) the Primakoff method [15]; 4) Particle Data Book

Average [8]; 5) the expected result for the proposed experiment.




2.1 The direct method

Direct measurement of the x° lifetime has proven difficult due to the large energies and/or
high spatial resolution required. In order to be able to discern distinct production and decay
points of the x°, one must take advantage of relativistic time dilation to get the pion to
survive long enough in the laboratory frame. Additionally, good knowledge of the spectrum
of the produced pions is necessary in order to extract the lifetime via this method.

The first measurement utilizing such a technique was performed at the CERN P5 in 1963
{10]. The precision achieved was 17%. In 1985, an improved version of this technique was
employed at the CERN SPS whereby a pion lifetime of 7, = {0.897 +0.022 £ 0.017) x 108
seconds was obtained [11], corresponding to a width of T'ee = (T.34 £0.18 £ 0.11) eV. In
this experiment, a 450 GeV /e proton impinged upon two tungsten foils whose separation
was variable. The first foil served as the 7° production target and the second foil converted
the #° decay photons to electron-positron pairs. The positrons were subsequently detected.
For a small foil separation, some of the s decayed after the second foil, whereas for a
large distance between the foils, essentially all of the 7°%s decayed before the second foil.
Thus, by measuring the positron rates for three different foil spacings ranging from 5 to
2504m, the authors were able to determine the lifetime. The dominant systematic errors
arise from uncertainties in the 7° spectrum which was assumed to be the arithmetic mean
of the 7+ and 5~ spectra. In addition, cotrections had to be made for the Daliiz decay of
the #°’s, conversion of the photons in the #° production target, prompt positron and photon
production, and positrons from the decay of #'s.

It is interesting to note that this experiment, the most precise of those performed to
date, is not in agreement with the chiral anomaly prediction[i2]. As such, this experiment
provides impetus for a more precise measurement employing a different technique.

2.2 Measurements using vy collisions

The #° width has been measured using electron-positron coltisions at DESY via ete™ —
ete vy — ete~x® —+ ete~yy [13]. The incident leptons are scattered at very small
angles, and are not detected in the final state. In so doing, they radiate quasireal photons
which couple to the #° which is subsequently identified in an invariant 4y mass spectrum.
The photons were detected using the Crystal Ball detector which consista of a large array of
Nal{Tl) crystals providing 93% solid angle coverage.

The resulting width so obtained was I'eo = (7.7 0.5+ 0.5) eV (see figure 1). Contribu-
tions to the systematic error included luminosity normalization, detector efficiencies, COSINIC
ray rejection, and beam-gas collisions. The latter effect arises from the production of x%'g
via the interaction of the leptons with residual gas in the beam pipe.

2.3 Measurements using the Primakoff effect

The Primakoff effect, i.e. photopion production off the Coulomb field of a nucleus (see figure
2), has been used in a number of experiments to study the x° lifetime [14, 15, 16, 17, 18].
The production of x°’s in the Coulomb field of a nucleus by real photons is essentially the



inverse decay x° — -1, and the cross section for this process thus provides a measure of the
pion Lifetime.

Using bremsstrahlung beams of energy 4.4 GeV and 6.6 GeV at Cornell, Browman,
et of. [15] measured the Primakoff cross sections on several auclei and obtained a total decay
width of T = {8.02 + 0.42) eV. As pointed out in [7] and [13], however, the quoted errct
bar may in fact be an underestimate, as an analogous measurement of the p width using the
Primakoff effect employing a very similar experimental setup and analysie techniques is not
in agreement with other experiments.

In view of both the strong theoretical interest in the subject as well as the recent availabil-
ity of high intensity, high energy tagged photon beams in Hall B of TINAF, a bigh precision,
atate-of-the-art measurement of the x° lifetime is desirable. In particular, the Hall B tagged
photon facility will enable a measurement which will hold two distinct advantages over pre-
vious measurements involving bremssirahlung beams: (1) the quasimonochromatic nature
of the tagged beam will enable a clean kinematical separation of the Primakoff mechanism
from various background processes, and (2} the tagging technique will enable significantly
better control over systematic errors associated with the photon flux normalization.

Figure 2. Schematic representation of the Coulomb photoproduction of neutral pions
(Primakoff effect).

3 The proposed experiment

We propose to use the quasimonochromatic photons of energy 5.1-5.7 GeV from the Hall B
photon tagging facility to measure the absolute cross section of small angle «° photoproduc-
tion off the Coulomb field of complex nuclei. The invariant mass and angle of the pion will
be reconatructed by detecting the x* decay photons from the #° —+ v reaction.

For unpolarized photons, the Primakoff cross section is given by[16):

& SaZ? BB i
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where I, is the pion decay width, Z is the atomic number, m, B, 8, are the mass, velocity
and production angle of the pion, E is the energy of incoming photon, § is the momentum



transfer to the nuclevs, F, ., {@) is the nuclear electromagnetic form factor, corrected for
absorption of the outgoing pion.

As the Primakoff effect is not the only mechanism for pion photoproduction at high
energies, some care must be taken to isolate it from competing processes. In particular, the
total cross section is given by:
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where the Primakoff cross section, %{l, is given by equation {3). The nuclear coherent cross
section is given by:

tfa'c

- = C - A'|F@)eind, (5)
and the incoherent cross section is:
dor doy
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where A is the nucleon number, C'sin?@, is the square of the igospin and spin independent
part of the neutral meson photoproduction amplitude on a single nucleon, |Fn(@)| is the
form factor for the nuclear matter distribution in the nucleus, corrected for absorption of the
outgoing pion, £ is the absorption factor of the incoherently produced pions, 1 — G(Q) is a
factor which reduces the cross section at small momentum tzansfer due to the Pauli exclusion
principle, and %’# is the x° photoproduction cross section on a single nucleon. The relative
phase between the Primakoff and nuclear coherent amplitudes without absorpiion is given
by ¢ and the phase shift of the outgoing pion due to absorption in the final state is given
by ..

Kinematical considerations enable one to separate Primakoff from other photopion pro-
duction mechanisms. The Primakoff cross section is zero for pions emitted along the incident
photon direction, has a sharp maximum at an angle &, ~ m2/2E7, and falls rapidly to zero
at larger angles. i is proportional to Z2, and its peak value is roughly proportional to E*.
The nnclear coherent cross section is also zero in the forward direction, has a broad maxi-
mum outside the angular region of the Primakoff effect, and falls at larger angles as shown
in figure 3, where the amplitudes are taken from reference [15] and distortion effects are
aot included. It is expected to vary little with energy [16]. Consequently, this experiment
requires a x° detector with good angular resolution to eliminate nuclear coherent production,
and good energy resolution in the decay photon detection witl enable an invariant mass cut
to suppress multiphoton backgrounds.

4 Experimental setup

The primary experimental equipment required in the proposed experiment includes: (1) the
Hall B photon tagger; (2) a sweeping magnet located after the tagging dipole; (3) 5% r.L
solid x° production targets (Pb and Cu); {4) a Lm x 1m highly segmented lead glass photon
detector for 7 decay photons, with a high resolution insertion in the central region near the
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beam and a plastic scintillator charged particle veto. To reduce charged electromagnetic
hackgrounds a second sweeping dipele will be located after the n” production target. (See

figure 4}

4.1 Photon tagging

The primary advantages of the experiment being proposed here over the previous Primakoff
experiments [15, 16, 17, 18] arise from the possibility of using the TINAF Hall B tagging
facility to carefully control systematic errors and reduce backgrounds. First, it is clear that
the tagging technique will enable a significantly more accurate knowledge of the photon
flux. We estimate that it can be controlled to better than 1% by taking the steps discussed
below. Second, due to the strong energy dependence of the Primakoff cross section (E7), it
is eritical to have a good knowledge of the absolute photon beam energy. In the untagged
case of reference [15] it was known to 0.5% and created a 3% uncertainty in the decay width.
We anticipate a factor of five improvement in the energy uncertainty at TINAF.

We propose to use a 6 GeV electzon beam incident on a thin (107%-~107* r.1.) bremsstrah-
lung converter foil. The post-bremsstrahlung electrofis will be momentum analyzed in the
Hall B photon tagger dipole magnet [19], and photons will be tagged in the energy range
5.1 to 5.7 GeV. (See figure 5). To minimize background hits in the tagger that can lead
to false photon triggers and overestimates of the photon flux, we plan to run with both
the *T" and “E” counters in the focal plane and require a triple coincidence of the left
and right photomultiplier tubes of the “I™ counter and the corresponding “E” counter.
Running with the “E” counters also has the advantage of better energy resolution (0.1%)
as compared to the “T" counters alone (1%). To determine the absolute photon flux, we
plan to periodically {approximately once per day) remove the target and insert a lead glass
detector at the target position and a 2 x 10~® radiation length radiator in the bremsstrahlung
converter position. Data will be taken triggered on the tagger Master OR (MOR) with the
beam current reduced to approximately 0.1 nA. The tagging efficiency will thus be given by
(Lead Glass- MOR)/MOR. Relative measurements of the photon flux will be made with the
pair spectrometer and pair counter located in the Hall B alcove. We also plan to look at
electron-positron pairs from photon conversion in the target as an absolute measure of the
Jurmninosity. The sweeping magnet downstream of the target will deflect the e*e™ pairs away
from the detector array and into scintiliator paddles located to the left and right of it. The
scalers for these devices will be read out during normal data taking, giving real time flux
and luminosity measurements.

To reduce uncertainties in the photon flux due to beam positioning, steering, and colli-
mator alignment, we propose to run with the photon collimators removed from the beamline.
Since our target is close to the photon radiator and the divergence of the photon beam is
small due to the 6 GeV electzon beam energy, the collimators are expected to add little to
the measurement and may introduce systematic errors in the flux normalization. The pho-
ton beam will be steered into Hall B by centering it on a one centimeter scintillator located
spproximately 50 meters downstream of the radiator in the Hall B alcove. This scintillator
should be accurately surveyed and placed on the beamline center.



| imxim
6. GeV Tagged detent
Lo | Lead gieas

Bweeping

dipole

Targat E
E%RL /
Pb, Ap

pl0 deoay photons

Figure 4. Layout of the experimental setup (side view).

Figure 5. Side view of the Hall B photon tagging system. (Figure ia from {19]).
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4,2 The 7° detectors

We propose to use a segmented array of lead glass Cherenkov detectors (see figure 6), a
25x25 matrix 1lm x lm in size, situated 7.5 meters downstream of the x#° production target
to detect the x° decay photons. Each lead glass module will be 4cm x 4cm x 40cm, with a
total of 504 channels[23]. In addition, we propose to build an array of 2 em x 2 em X 20 cm
PbWOQ, crystal detectors[20] in the central region of the array covering 44 cm x 44 em for
enhanced coordinate and energy resolution in the region near the beam where photons from
the 7° — ¥y decay are of higher energy. The addition of the high resolution insertion will
significantly improve the invariant mass and angle reconstruction of the pions. In order to
control the coordinate and energy resolutions, a multichannel light monitoring aystem will
also be employed.

The central 6§ cm x 6 cm area will be left open to enable the photon beamn to pass
through. The modules contiguous with this region on the beam axis as well as the modules
on the outer boundaries of the lead glass wall will be excluded from the fiducial volume
of the detector to control coordinate resolution and detection efficiency. Figure 7{a) shows
the distribution of photons under the condition that. both of the 7° decay photons hit the
physical size of the detector. This corresponds to a geometrical acceptance of 82%. Figure
7(b) indicates the distribution when both photons hit the face of the detector when the
central region and the adjacent central blocks are excluded. This cuts the geometrical x°
acceplance to 74%. Figure T(c) is the hit pattern for the case when each of the photon pair
hits the fiducial volume of the detector (i.¢. with the central blocks and all of the blocks on
the outermost boundary excluded). The additional exclusion of the outerrnost blocks has
little effect on the acceptance, as it is reduced to only 73%. Figure 7(d) cotresponds to the kit
pattern on the entire fiducial volume (as in Figure 7{c)}, with the added constraint that the
sum of the energy deposition of the two photons exceeds 4 GeV and any given photon deposits
at least 0.2 GeV, The additional energy cut has little effect on the geometrical acceptance
as it remains at 73%. In order to increase count rates, and to minimize systematic errors
associated with correcting for finite acceptance effects, it is clearly desirable to have a large
#° acceplance. As figure 7 indicates, the main limitation on the acceptance arises from
the exclusion of the central modules. Simulations show that excluding an additional ring
of blocks (16 in number) around the central region gives an additional factor of about two
reduction in acceptance. This places a limitation on how far downstream the detector may
be placed from the bremsstrahlung converter. It should be noted in this regard, however,
that the smaller Moliére radius of the PbWQ, crystals in the central region enables one to
extend the fiducial volume of the detector closer to the beamline, thereby increasing the area
of coverage in the important central region of the detector.

Figure 8 illustrates the optimum separation between the x° production target and the
lead glass detector. For small separations, approximately 5 meters or less, the »° detection
efficiency falls as a significant number of photons cross the plane of the detector at distances
too close to the central axis, and thus do not intersect the fiducial volume. At large sep-
arations of the production target and photon detector, the geometrical acceptance falls as
photons intersect the plane of the detector cutside its onter boundary.
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Figure 6. Schematic representation of the proposed hybrid photon calorimeter. The central
blocks will be 2 em x 2 cm PYWQ, crystals and the outer blocks are 4 cm x 4 cm lead

glass blacks.

As indicated in figure 3, one would like {0 have a large, flat acceptance in 8, out to at
least two degrees to verify that the effect of the coherent nuciear photoproduction amplitude
is taken into account adequately. Figure 9 shows the n° geometrical acceptance as a function
of #, where this is sesn to be the case.

We propose to place a sweeping magnet (fB - &l ~ 15 kilogauss m} just downstream of
the target to sweep charged particles away from the =° detector. In addition, we plan to
install a helium bag between the target and the detector to minimize backgrounds. Figure
16 shows the expected power incident on the the detector modules which lie in the dispersive
(i.e. horizontal) plane of the sweeping magnet at the beam height.

4.3 Resolutions

Particle identification of the pions will be accomplished by calculating the invariant mass of
coincident photon pairs from the experimentally measured quantities E.,, E,, and ¥,
the opening angle between the two photons. The square of the invariant mass is given by

My = 2B, By (1 ~ costhy, ). (7)

Good invariant mass resolution ia needed to minimize uncertainties associated with back-
ground subtractions. Figure 11 shows the expected invariant masa resolution of our setup
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Y vs X Plot for 1 and 2 on the Pi0 Detector
Tagged Ey=5.7GeV, L=7.5m, 9,=0.02"
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for coherent pion production on lead for E., = 5.7 GeV10.3% and @« = 0.1°, where it can be
seen that we expect an experimental resolution of about 3.5 MeV. A number of techniques
for determining the pion energy with the proposed hybrid detector have been examined(21].
The first and erudest method involves simply summing the experimentally measured energies
of the two photons. The results of this method are shown in figure 12(a}. For the online
data analysis, this method will be implemented in the first energy cut on the raw data.

A second method involves the use of the energy sharing between the two photons and
the opening angle provided by the experimentally measured coordinate information:

2’“3:
B = \1 (T~ X1 = costim)’ ®

where
X = (By — Ep)/(Ex + Exq). {9)

The results of this method for our detector with the high resolution insertion are shown in
figure 12(b), where it can be seen that only marginal improvement is obtained. In general,
this method is best suited for photon detectors of poor energy resolution and good angujar
resolution.
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The energy can also be reconstructed using the the measured energy of one of the photons

and the opening angle: ,

e,
Bre = B 3BT costms) (10}
The results of this third method are shown in figure 12(c). As is seen from the figure, the
resolution is considerably improved. This is a result of the fact that in most cases the higher
energy photon is registered in the high resolution insertion of the detector where coordinate
and energy resolution are each a factor of iwo better than in lead glass. By comparison, if
one were to measure the pion energy by the same method but without the high resolution
insertion, one obtains a significantly degraded resolution as evidenced in figure 12(d).
Resolution in &, is of particular importance in the identification of the forward peaked
7°'s photoproduced by the Primakoff mechanism (8,0 ~ 0.04°) from pions produced at
larger angles via the nuclear field {see figure 3). The pion angle can be determined from the
measured photon energies and angles by:

E.Tlco.aﬂn,l + E.gcost.g
‘J oyl + E + EE,,l Eﬂm&g&rﬂ.ﬂ

Figure 13{a) shows the expected angular resolution for coherently produced pions for
E, =57+0.3% and 8,. = 0.1° for a detector consisting of lead glass blocks only. Figure
13(b} shows the impraved resolution by implementing the high resolution detector insertion.

The angular resolution under the Primakoff peak can be further improved by means of a
kinematica! fit, the results of which are shown in figure 13{c}. H the incident photon energy
je krnown, and the residual nucleus is left in its ground state as is the case with coherently
photoproduced pions, a correlation between the opening angle and the two photon energies
results. This correlation is shown in figure 14{a), and the projection onto the 4., axis, figure
14{h), gives the opening angle distribution. This additional kinematical constraint results in
the improved angular resolution in figure 13{c}.

A further consideration in &, resolution involves the accuracy of which the interaction
vertex is known. Figure 15(a) shows the calculated angular resolution for a pointlike photon
beam spot size on the target. Figures 15(b) and 15{c) show, respectively, the progressive
degradation in resolution for four and ten millimeter spot sizes. Such considerations argue
for a placement of the target as close to the bremssirahlung converter as is practical, while
stil! providing space for sweeping magnets. We propose placing the =® production target 7
meters downstream of the converter. In order to get good acceptance for pions, this requires
that the x detector be placed upstream of the CLAS, 14 meters from the bremsstrahiung
converter.

(11)

coillye =

5 Count rate estimates and beamtime

A Monte Cario generation of the events has been done for several nuclear targets. In these
simulations ail amplitudes contributing to this process were used normalized to the available
experimental data for E,=6.6 GeV [L5]. The expected experimental yields in six day runs
for 5% r.l. copper and lead targets are shown in figures 16 and 17, respectively. The errors
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shown are for Af, = 0.01° bins and are statistical only. A tagged 8 x 10% ~/sec intensity
photon beam was assumed for the accepted energy interval E, = (0.85 — 0.95)E,.

For the first level trigger the last 11 “I” counters of the tagging system will cover this
energy range. Therefore, if only “T” counters are used, the expected rate for each channel
would be about 1 MHz, which is two times less than the maximum design count rate [24].
The total #° rate in the experiment integrated for the #, = 0° — 2° angular interval, and for
the parameters listed above is expected to be:

Rate = N, X Npucti X Ao xEypp 2= (12)

2 8.10° x 9.2 10°% x 2.16 - 107% - 10°*" x 0.7 = 9600events/day. (13)

The generated angular distributions were fitted with the following procedure: for each Ad,
bin the number of expected events n;(f,) was calculated for each component of the cross
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section by folding in the bremsstrahlung spectrum and the detector angulaz resolution and
acceptance. The solid lines on the figures show the result of the fit with the extracted values
for all four free parameters. From these data a 0.9% statistical error for the #° — ¥y decay
width is achieved. In this energy range the magnitude of the nuclear amplitude 15 smali
(< 2 %, see figure 3). However, a simultaneous fit of the angular distributions for the two
different targets will be used to minimize possible effects depending on the nuclear species.

In addition to the six days of beam time for each target, we estimate three days of beam
time for the empty target runs and for the calibration of the multichannel lead glass/PhWQ,
detector. Therefore, we estimate a total of 15 days of beam time for the determination of
the #° = 77 decay width with a statistical error less than 1%.

6 #° background rates

For high photon energjes, the dominant photoabsorption mechanism involves the production
of the vector mesons p, w, and ¢. In this experiment, only the p and w decays are expected to
produce measurable n° rates on the detector. The proposed experiment will greatly reduce
the uncertainty due to contamination of the Primakoff signal from the other channels for two
reasons. First, the proposed hybrid #° detector consisting of a wall of lead glass detectors
and a high resolution insertion will significantly increase pion angular and energy resoluiions,
thereby enabling tighter cuts on the Primakoff events. Second, the tagging technique provides
a powerful kinematical constraint which was not present in previous experiments employing
bremsstrahiung beams. The production cross sections for the w and g have been calculated,
and their subsequent decays via w — 7%y, w — 7°7 xt, g = 1%y, and p — 777 7° have
been simulated in GEANT.

The cross section for w production on complex nuclei is given by:

dr _ doacoh | A0 Aincon
dt ~  dt di
The coherent part is given by[25]:

(14)

AT 4 coh _ dOpom
di at

(¢ =0}- ™ A - I (15)

where t is the Mandelstam variable, 2%om (¢ = 0} is the Pomeron exchange cross section[26), B
is taken to be 7 GeV ~2[26)(27)[28], F(t) is the nuclear form factor, and AX} = op(vA) or(YN)
is taken from [29].

The incoherent cross section is given by[25][30):

AT gincor _ (ATPom | BOOPE,  Lincoh
dt == dt I A7 - 6l) (16)

where AT is the effective number of nucleons contributing to incoherent vector meson
production[29], and G(t) takes into account suppression at small t due to nuclear correlations.

The two body decay w — x°y (B.R. 8.5 x 1072} was sampled in GEANT, with an
angnlar distribution proportional to (1 + cos®8, .} [31]. The three body w — x°x~ 7% decay
(B.R. 8.9 x 10~") was sampled according to three body phase space. Figure 18(a} shows
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the missing energy spectrum { E, — E, ) obtained from the simulation of w photoproduction
and subsequent decay for six days of beam time with a lead target. Since the coherent pion
photoproduction will appear as a peak near En,, = 0 GeV, fignre 18(a) illustrates how
knowledge of the incident photon energy provided by the tagging technique enables one to
greatly minimize contamination of the x° spectrum. A further reduction is given by the
stringent cut on #,. enabled by the high resolution detector insertion. Figure 18(b) shows
the angular distribution of 7°'s both with and without the four sigma missing energy cut
indicated in figure 18(a). As the experimental &~ distribution arising from photoproduction
via the Primakoff mechaniem will be confined to #,- < 0.2°, a further substantial reduction
in w background i3 obtained. :

The p photoproduction cross section was taken to be ten times the w cross section[30][32]
and the resniting pion detection acceptance from the decays p — x%y (B.R. 7.9 x 107%) and
g — xtx~ {B.R. < 1.2x 10~7) were simulated. Figures 1%(a) and 19(b) show the resulting
missing energy and B spectra for six days of running on lead, where in figure 19(b}, the
rates with and without the four sigma missing energy cut are alzo indicated.

Figure 20 shows the expected total #° anguiar distribution for p and w photoproduction,
along with the expected yield from the Primakoff mechanisin, where missing energy cuts have
been imposed. '

6.1 Accidentals
L.

Figure 21(a-c) chows the spectrum of single v events from (a)w — =%y, (bjw — 7°x*r7,
and {c) the total singles rate from the omega. The singles rates for the p were calculated to
be 1.4% that of the omega. A summary of the expected singles rates is shown below:

w — oy 0.12 Hz
w— worty” 0.66 Hz
p— w0y 0.01 Hz
total singles . 0.79 Hz
total accidental rate 6.3 x 1072 Hz
x° signal rate 0.11 Hz

raw truesfaccidentals 1.7

The quoted accidental rate represents raw trigger accidental coincidences between the
7* detector and the photon tagger. When invariant mass, missing energy, and opening angle
cuts are applied, the accidentals are expected to be negligible.

26



Counts/10. MeV

Counts/0.01°

60

50

40

a0

20

10

25

20

E, = 6.0GeV, 6daysrunon 3Fb
w—>n+y and w >R+ 4w

1||.||III:IIIII1|.IIIIIIIIIIITT_|||11

-—

] T T T I T L] ] L] I | | ¥ | i ¥ | ¥ 1 l | T

IIIIIII11|IIIJ|IIIIIIIIl[IJI

o

1.5

2
EX—E,° ( Gev)

lIIIIl'lIIIIllIIIlTlEIII

|'||n|r11||rlllll

i S

= I TSN 1 T

AR A
AR A R

0.8 1 1.2 1.4
7t polar angle,

...........

ﬁnu (Deg')

Figure 18. (a) Missing energy spectrum and (b) polar angle spectrum of #°'s from omega
decay. Open histograms represent total rates. Cross hatched histogram in (b) represents

rates which pass a 4 ¢ missing energy cut in (a).

27




E, = 6.0 GeV, 6 days runon 2 Pb
p—>n+y

> : I | ’ T 1 | 1 I 1 ] 1 1 I 1 1 L] ] -I' h | L] Lj | I T I :
O C _
E ‘ID [ :
S ol :
T L. 4
2 C N
= 6 — i
-] = ]
8 4 .
2 [
oL >
{ GeV)
?-_ : T I 1 T 1 1 I T 17 | T 1 1 | L | L LI I T 1T 1 | T 1 1 | L L | T 1 l_|
S S5 -
O z
nw Y _
S B -
C - i
= B ! -
&) 3 F ; i |
) - ‘!
2 | i
& i |
N I \ \ H JI 1N AE
0 - l 5‘1- : f |i‘ TRIRNE
O (.6 . l 1.4 1.6 DLB 2
n° polar ungle, 4,7 (Deg.)

Figure 19. (a) Missing energy spectrum and {b} pelar angle spectrum of x*’s from rho
decay. Open histograms represent total rates. Cross hatched histogram in (b) represents
rates which pass a 4 & missing energy cut in {a).

28




Exper. Yield dN/d9,/0.01°

E, = 6.0 GeV
28D Target, 5% R.L.

6 days RUN

—
a
[ £

II.IIlI].

Fd,plrl ||||

o
[X]

T 1 11T N - o |

background

10 Ww—ITAY,
- : W—>T AN AT

p>THY .

(] -k
....................

o "0z 04 08 08 12, 14
Polar Angle of 77, 3%, (deg.)

Figure 20, Cross hatched histogram: total #° background eventa vs. f,., Triangles:
Photoproduced x*'s.

29



E, = 6.0 GeV, 4 doysrunon aPb

ud

o

o
LSRN RERRE RER

Counts/30. MeV
.
Cr
=

o
=

||]|1|1JIIJI|II|II

0 0 1 2 3 4 5 ]

E, (Gev)

-] = T r 1 1 I 1 1 LI T i r 1T 1 1 |_ T 1 T 1 | I I LI | I T LI | T a
Sio00 £ ;
75000 £ m—>y+y =
2000 [ E
o : ]
Sooe | =
: e J- 1 LY L L l 1 1 'l b :

0 0 1 2 3 4 5 6

£ {GeV)

% i ]G ¥ 1 1 I 1 T T T | L) L) | 1 l L) 1 1 1 I 1 1 1 LJ i 1 1 L) I -
24000 Total single ¥ events = 270,000/4days _|
= - ]
S I ]
Q000 - —
] - )
o -
. 1 AT

¢ 0 1 2 3 4 5 6

£ (Gev)

Figure 21. Singles photons expected from four days of running on lead. (a)w — x%y,
(b}w — x°x*tx~, (c) Total singles from the omega meson.

30




6.2 Correlated vy backgronnds

The decays w — 7%y and p — x°y result in three photon states which are correlated in
time. Figures 22(a-d) and 23(a-d) show the correlated two photon rates as a function of (a}
invariant mass, {b) missing energy, (¢) 142, and (d) #-. No cuts are applied in the figures.
In figure 22(a), the position and resolution of the x® invariant mass peak is shown, where the
indicated peak height is reduced by a factor of 25 compared to that expected from Primakoff
x° photoproduction. When #° invariant mass, missing energy, minimum 7 ¥, opening angle,
and 8,- cuts are imposed, the correlated background rates are found to be negligible.

7 Experimental uncertainties

We intend to control the experimental errors to make a measurement of the 7° lifetime with
a less than 2% precision. The various contributions to this error are shown below:

statistical 0.7%

luminosity _ 1.4%
7° detector acceptance and misalignment  0.8%
background subtraction 0.2%
beam energy 0.4%
charge form factor 0.12%
distortion of e.m. form factor 0.5%
total 1.8%

The total error was estimated by adding the individual errors in quadrature. Monte
Carlo calculations show that the fitting error on the Primakoff croes section for each target
nucleus is expected to be 0.9%. The absolute luminosity will be monitored in two ways:
by measuring the tagging efficiency about once per day, and by measuring electron-positron
pairs praduced in the target during the run. The 7° detector acceptance uncertainty arises
primarily from edge effects relating to the position resolution in the blocks near the edges
of the detector. In estimating errors in background subtractions, a 30% uncertainty in
calculated background 7°’s was assumed. The effect of the beam energy uncertainty on the
extracted lifetime arises from the E* dependence of the Primakoff cross section.

The nuclear form factor will be fit to the data at the larger 0,-’s and therefore its
uncertainty will contribute to the statistical erroz. Errors in the electromagnetic form factor
originate from both uncertainties in the nuclear charge distributions and distortion effects. As
can be seen from equation 3, the Primakofl photoproduction cross section is proportional to
the square of the nuclear electromagnetic form factar, | F. . (Q?)], where Q is the momentum
transferred to the nucleus. The nuclear form factor for **®*Pb has been measured over a range
of Q7 to extract the charge density([33][34][35][36][37] (38]. To investigate the uncertainty in
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Correlated ¥y background from p—> n°+y

ﬂ 1 T I. L) | T 1 1 ] T 1°F T 1 1 I T 1 1 | T 1T I 11 l ¥ 1 ¥ | T 1 I_:
C . 3
30.75 E
05 _5
0.25 | k | E
n 3 1 3 ' | j_ 1 L1 193
0 002 004 006 008 0.1 0.12 014 016 0418 .2
Y¥ inv. Mass ( Gev/c")
ﬂ 1 :_. I | | 1 I T ¥ ) | l T T T L) l | T
c 3
gﬂ 75 e .
O 05 F
0.25 E | 1 l
U - 1 L1 1 L [ (| 1 [ 1 1
i 1.5 2
E™-E, ( Gev)
L L] TTT1 rrri T 1T 11 T T T1 T 1T 1T I | ILL L r111 LI Limh DL l__
_,E 2 A i | | | | | l | 3
g 1.5 ' 3
S 3
0.5 =
0 1ol IllllﬂllmlllllwlllilIIH[IIIIE
0 1 - 2 3 4 5 6 7 B 9 10
. ¥y opening angle ¥, {deq.)
-E 1 | Idl ] I L LI I L I 1 t! | I T 1 %t 1 I Frri I T T I L LI I.i T T 1 l‘._%
gﬂ.?ﬁ : E
L 0.5 _‘:J
0.25 3
D L1 I L I L1 L1 5 1 I. L Ll I [ E
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

n® reconst. polar angle, 3, (deq.)

Figure 23. Correlated two photon rates from the rho as a function of {a) invariant mass,
(b) missing energy, (c} Y143, and (d) 8ra. No cuts are applied in the figures.

33



the undistorted electromagnetic form factor in the Q* range of the Primakofl peak {0 io
0.1 fm™'), we examined the errors in the parameters of the two parameter Fermi charge
distribution of [33]. This resulted in an uncertainty in |F(¢*){* of at most 0.12% on the
Primakoff cross section. To investigate the sensitivity to the charge parameterization, the
formmn §actor was calculated for a uniform sphere while preserving the experimentally measured
mean square charge radins. This was found to have a negligible impact on the calculated
form factor below momentum transfers of 0.1 fm™1.

The electromagnetic form factor which modifies the Primakoff eross section (see equation
3) and the nuclear form factor which medifies the coherent pion production cross section (see
equation 5) must each be corrected for absorption of the outgoing pion{39][40]. Since the
pions from the Primakoff effect are produced peripherally, the effect of pian absorption on the
electromagnetic form factor is small. On the other hand, pions produced within the nuclear
interior can interact with the nuclens. For the case of lead, absorption results in a nuclear
form factor reduction by a factor of about 2.5[16]. As noted in [39], this makes it easier to
extract the pion lifetime, as the absorption affects the Primakoff photoproduction very litile,
but considerably suppresses the coherent nuclear production. Following [39], Omelaenko[41]
has calculated both the distorted electromagnetic and nuclear form factors. Figure 24(a)
shows the eleciromagnetic form factor both with and without absorption, plotted in the
angular region of the Primakoff peak. As is evident from the calculation, the effect is small,
particularly at the low #,."s where the Primakoff cross section is largest. Similarly, figure
24(b) shows the effect of absorption on the nuclear form factor, plotted over the larger range
of #,. of relevance to nuclear coherent photoproduction. Since the nuclear form factor will be
fit to the data, the extrapolation of the nuclear coherent contribution under the Primakoft
peak will be largely model independent.
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Figure 24.{a) The absolute value of the electromagnetic form factor with and without
distortion in the region of the Primakoff peak. (b) The absolute value of the nuclear form
factor with and without absorption.
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8 Summary

Using the high intensity, high energy photon tagging facility in Hall B of TINAF, and an
array of lead glass detectors with a high resolution PbWQ, crystal insertion, we propose
to perform a precise measurement of the neuiral pion two photon decay width via the
coherent photoproduction of the x° in the Coulomb field of a nucleus. The tight control
of the systematic errors, mainly connected with the superior 7 detection and knowledge of
the abaolute value of photon energies and fluxes provided by both the high quality TINAF
electron beam and the photon tapging facility in Hall B, is expected to produce an improved
measurement which will be of comparable precision to state-of-the-art QCD based theoretical
predictions.

We are requesting 15 days of beam time at 6 GeV, six days of data taking each for the
Cun and Pb targets, and 3 days of empty target and detector calibration runs. Major new
equipment for this experiment includes a multichannet hybrid lead glass/PbWO, x° detector
and a 15 kilogauss:-m dipole magnet for use as a sweeping magnet and pair production
luminosity monitor.
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