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Abstract 

The low mass wz” enhancement in yp + pwro has been of considerable interest in 

the past due to its suggested vector nature and possible role in the spectroscopy of the 
i ,c- . . _ 

rho meson radial recurrences. We have measured the properties of this photoproduced 
. 

wz” system using the SLAC Hybrid Facility. The experimental data consists of 306,785 

useable hadronic events for which excellent gamma ray detection is provided by the large 

lead glass array located behind the bubble chamber. The photon beam had a 52 percent 

polarization. We have examined in detail the angular distributions of the 274 events from 

the reaction 7p + pwr”. The angular distribution of the production plane relative to 

the polarization vector shows structure inconsistent with an s-channel helicity conserving 

process. We have extracted the moments of the decay angular distribution. Our data 

favors a B(1235) interpretation of the wz” state over a vector meson interpretation. - 



Production and Decay Properties 

of the wr” state at 1250 MeV/c2 

I 
i ,s- Produced by 20 GeV Polarized Photons on Hydrogen 

The radial recurrences of vector mesons are states important to the understanding of 

the structure of the quark anti-quark interaction. While much detailed data now exists 

on many of the recurrences of the J/Q and the T and their transitions’, knowledge on 

the p recurrences is much more limited. The well established ~‘(1600) is the only reliably 

- 

detected state. The question of whether there may be another at lower mass is crucial to 

the understanding of this system. There are some expectations for the first recurrence to 

appear at about 1200-1300 MeV/c 2.2 There have been suggestions that this state may be 

the W~TO enhancement observed in photoproduction, but the alternate possibility that the 

enhancement is the B”( 1235) 3 h as impeded a conclusive judgement. The first studies of 

- the channel yp + pw7r” 4 revealed a low mass enhancement at - 1250 MeV/c2 in the IJXO 

system but were unable to determine the spin parity of the system primarily due to the 

undetected neutral particles, leaving open the question as to assignment as ~‘(1250) or B” 

meson. They found it was consistent with a diffractively produced vector meson having - 
_Yz_ 

- L.. 
a peripheral production mechanism and an energy independent cross section. Later, two 

- ;.s- 

experiments 5 l6 with neutral particle detection concluded that the angular distributions 

for the w7r” system required JP = 1 -, although one of them 5 was fighting a substantial 
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yp + WA+ background due to its low beam energy. These experiments assumed s-channel 

helicity conservation (SCHC)7 in their analysis. 

i 
;‘ Recently--a spin parity analysis8 of the wz” in the above reaction for events produced by 

photons of 20 to 70 GeV found that the wz” enhancement is consistent with predominant l+ 

B(1235) production with a small (20%) Jp=l- background. They required detection of all 

four pions in the final state. This severe requirement led to an experimental acceptance of 

only 0.015 f 0.005.Q The proton was identified not by observation but by a measurement of 

the missing mass of the recoiling baryon system. Their results represent, to date, the most 
- 

significant investigation of this reaction. We report here new results which complement 

these earlier measurements. In the present analysis we use events which have a detected 

and well-measured proton in the bubble chamber and a reconstructed rr” in the lead glass 

photon detector. We can then reconstruct the other(undetected) z”. Since we do have 

excellent proton detection in the bubble chamber, there is a much higher experimental 

acceptance than that of reference 8. Furthermore, we have used the high degree of linear 

polarization of the photon beam in the analysis. 

_T. 

- - 

THE EXPERIMENT 

L- 
This experiment has been described in detail previously.1° Figure 1 shows the layout. A 

20 GeV “monoenergetic” photon beam (produced by Compton backscattering 4.7 eV laser 

photons from the 30 GeV primary electron beam of the SLAC linear accelerator) is directed 
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into the SLAC Hybrid Facility (SHF). The energy spectrum of these “monoenergetic” 

photons is shown in Figure 2. The photons have a Pr = 0.52 linear polarization as 

demonstrated by the elastic p” decay angular distribution shown in Figure 3 and described 

in an earlier publication. l1 Most of the events were produced with horizontal polarization 

(parallel to the magnetic field of the bubble chamber). Twenty-seven per cent of the final 

sample of 274 events presented below were produced with vertical polarization. 

The flash lamps of the SHF 30-inch bubble chamber were triggered by either tracks in 

the downstream proportional wire chambers (PWC) or energy deposition in the lead glass 
- 

photon detector. 

The most important subsystem of the experiment for the present analysis is the lead 

~glass photon detector which has been described in detail elsewhere.12 The lead glass array 

;- . consists of 52 active converter blocks and 152 absorber blocks separated by two planes of 

one inch wide scintillator fingers. The energy resolution for electrons was measured in a 

u test beam and found to be: 

a/E = (0.84 + 4.8 / 0) % (E in GeV) 

Excellent z” reconstruction was achieved as is illustrated in Figure 4 where a two 

s-. photon mass spectrum is shown. -- - ;. 

DATA ANALYSIS 

The 2.4 million pictures taken during this experiment were scanned for hadronic events 
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and all events found within a fiducial region were fully measured. 306,785 useable events 

were collected within the 75 cm long fiducial region. The events were associated with 

tlie downstrearndetector measurements with charged tracks being matched to hits in the 

P WCs. The resulting momentum resolution was 

up/p = ((0.008)2 + (0.00085p)2)i (p in GeV/c). 

A crucial ingredient in the analysis of this reaction was the development of a detailed 

simulation of the SHF and its associated detectors .13 This Monte Carlo model (PEANUTS) 

simulates the interaction of all charged and neutral particles in each event with the down- - 

stream detectors, simulates the trigger process, for triggered events constructs a raw data 

record similar to the actual records produced in the experiment, and passes the lead glass 

pulse height data through the actual reconstruction program which is used to process the 

real data. In this way all pattern recognition and shower reconstruction from signals in 

the lead glass blocks are simulated in the Monte Carlo. (See Appendix I for more details.) 

This study of the channel yp ---) pwr"(w + rrs ~-?r’) uses events in which all three 

charged particles are detected in the bubble chamber and one of the two 7~~s is reconstructed 

from its daughter photons. This results in a clean selection of this channel. Of the 
_T. 

-- - ;. 
306,785 events measured in the experiment 130,050 were events with three charged tracks 

- - 

emerging from the primary vertex. Events with kinematic fits consistent with the reaction 

yp --+ pdr- were removed. Only events with a primary vertex within 2.5 millimeters of 
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the nominal beam center were included in the analysis. Of the remaining events 30,103 had 

a positive track with momentum under 1.4 GeV/c and ionization and range consistent with 

a proton. Figure 5 shows the distribution of the mass recoiling from the 3 charged tracks 

when the photon energy is assumed to be 19.5 GeV. In order to select events consistent 

with two pi zeros we choose the 21,411 events with this recoiling mass greater than 0.1 

(GeV/c2)2. Figure 6 shows the two photon mass spectrum for these events. The prominent 

z” peak is selected by cutting on the 77 mass interval of 120-150 MeV/c2. This selection 

misses detected x”s where the two 7s have merged in the lead glass. All of these details, 
- 

however, are simulated properly by the Monte Carlo program. This yields 6,412 events14 

consistent with the reaction 

7p -+ p7r+7r-7rOx . 

;- . 

Figure 7 shows the MS distribution for these events. Selecting M$ < 0.2 (GeV/c2)2, 

- consistent with 7p + p~+~-r~?r~ , yields 2,405 events. Having associated the X in the 
- 

above reaction with a z” we proceed with a zero constraint calculation of the four pion 

final state yielding a determination of the incident photon energy. Its distribution is 

shown in Figure 8. Superimposed on this is the known photon energy distribution from 
_zz. 

-- - ;.- 
7p -+ pr+z-. From this comparison it is clear that the selection of events has produced 

a - 

a photon energy spectrum which closely resembles the known spectrum, confirming the 

selection process. The difference between the two spectra is reproduced by the Monte 
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Carlo, being the result of the selection and reconstruction procedure. We further clean 

this sample by choosing only events with beam photons having reconstructed energies 

ketween 15 and*-22 GeV, leaving 1833 events. 

Figure 9 shows the distribution for the missing 7r” energy. In order to suppress con- 

tamination from single r” events (such as 7p + p?r’rr-~‘) we select only events with the 

missing 7r” energy in excess of 1 GeV leaving 1418 events. 

The resulting 47r mass distribution is shown in Figure 10. A peak at about 1250 MeV/c2 

is clear, as well as the enhancement in the p’ (1600) region. Figure 11 shows the zr+a-7ro 

amass distribution for the 1418 events. The prominent w” seen is associated with the 1250 

MeV/c2 region as is seen in the lower histogram of Figure 10 where are shown the 415 

events with a nIT+~-7ro in the w” region (740-826 MeV/c2). That the peak in the w region 

- of the &zr-7ro distribution comes both from events where the ?y” is detected and events 

where it is reconstructed from the missing momentum and energy is shown by the shaded 

subset of Figure 11. These are the rr+7rr-ro combinations where the r” is missing. The w 

is seen although it is somewhat broader and weaker than in the ‘total distribution. This 
_T. 

-- - ;. 
characteristic is an understood property of detection and is seen also in the Monte Carlo 

- A 

simulation. Figure 12 presents the t distribution for the 284 events with M(wr’) <1450 

MeV/c2. These events represent a cross section of 0.8 f 0.2 pbarns. 

8 



THE ANGULAR DISTRIBUTIONS 

We have performed a decay angular distribution analysis for the 274 events with 
i ,K- 

. M(w?r’) <1450 MeV/c2 and Itr+,,+I < 0.5 (GeV/c2)2. Following the standard 

convention15 we describe the decay of the (wz”) system into w and no by the polar (0) and 

azimuthal (4) gl an es of the w in the helicity rest frame (frame A) of the (w,rr’) system. 

The orientation of this frame is such that its z axis points in the direction of the (wz”) 

system in the overall cm. system and its y axis points in the direction of the normal to 

the production plane. The production plane is defined by the momentum vectors of the 

(w?r”) system and the beam in the overall cm. system. The decay of the w is described 

- 

by the spherical angles (p, CY) of the normal to the decay plane defined by the z+zT-zo in 

the rest frame of the w. Two alternative frames were employed. The first, the so called 

.-.- . “canonical” frame, is reached from frame A by the Lorentz boost in the direction of the w, 

keeping the axes parallel with those of frame A. The (/3, ) o an gl es in this frame are denoted 
- 

PC and a~. The second frame, the so called “helicity” frame, has its z axis pointing in 

the direction of the w in the frame A and its y-axis given by the vector products of the w 

direction and the z axis of frame A. The (p, a an ) gl es in this frame are denoted PH and 

_T. 
- aa;16 L-- 

a - 

We have also examined the angular distributions of II, = C$ - @ and $J’ = CYC - a’, 

where @ is the angle between the polarization vector of the photon and the production 
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plane, as these are important parameters in the analysis of meson production by polarized 

photonsl’. 

i 
,%-- Figures 13 show the distributions of these angles- for our data. The acceptance of 

our detector has been modeled as previously described and discussed in Appendix I. The 

acceptance of the photon detector has a strong effect on the observed distribution with 

approximately 20 per cent of the produced events selected by the procedure outlined above 

(see Table I). Note that this represents an order of magnitude increase over the acceptance 

of reference 8. Our acceptances are rather uniform in the angular distribution (see Ap- 

pendix I). Many comparisons have been made between the data and the acceptance Monte 

Carlo. Figure 14 shows, for example, the separation between gammas at the lead glass 

detector for the 274 events with an expected curve from the Monte Carlo superimposed. 

The agreement is excellent. Figure 15 shows the calculated distribution of acceptance for 

the 274 observed events compared with the expected acceptance curve for accepted events. 

Again the Monte Carlo represents the data reasonably well. 

The most general form for the Q distribution is 

I(@) = $(1+ a cos(2@) + b sin(2fD)) _ 

_z_ 

-- - ;. 

It follows from parity conservation l7 that b = 0. Imposing this constraint and fitting the 
- D 

distribution of Figure 16 for a we obtain a = -0.36 f 0.08 with a x2 of 24 (C.L.=O.20). 

- 

This fit is shown superimposed on Figure 16. This can be compared to the x2 for a 
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flat distribution of 45 (C.L.=O.OOl) and represents a very significant deviation from the 

necessary condition of s-channel helicity conservation, that I(@) = constant. l7 This 

sfgnificant indication of non-conservation of s-channel helicity supports the conclusions of 

reference 8. 

We have adopted the parametrization of reference 8 to represent our angular distribu- 

tions. They parametrized the distributions following reference 15: 

dN 
df-l d&y da 

= $(wo(n, 0~) - PWl(n, nH)cOS(%@) - Pw2(n2, nH)Sin(2@)) 

CY = 1mLM 

where the 25 orthogonal functions l5 &&&-hnH) (6 lven in Table 1 of reference 818) are 

-related to the Wigner D functions (see Appendix II). 

Note that reference 8 determined the moments H “,’ (a) but did not succeed in obtaining 

measurements of PH ‘,f (a) and PH 2,f (a). With our higher degree of beam polarization 

- we have been able to find all three sets of moments, although our smaller data sample 

yields somewhat larger experimental errors on Ho: (a). As described in Appendix II, 

we have obtained the acceptance corrected values shown in Table II. Having obtained 

these we show as solid curves on Figure 13 the expected distributions after acceptance. - _Y. 
- L.. 

The x2 for the 8 histograms is 156 for 159 degrees of freedom. We have also used the - -.a-- 

Omega Photon Collaboration measured values for Ho: (CX) and calculated the expected 

distributions corrected for our acceptance. These curves are shown superimposed on our 
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data in Figure 13 as the dashed curves. Again the agreement is very good, having a x2 

of 132 for the 119 degrees of freedom. Note that no comparison has been made here for 

i the II, and $J’ distributions since the Omega Photon Collaboration does not provide the 

polarization moments. 

We did not attempt to perform an analysis using all these moments because of the large 

number of parameters involved, in particular those describing details of the production of 

various states (i.e. the p matrix) and their interferences. However, the angular distribution 

of COSPH is of particular interest because it depends only on the decay properties of a given 
- 

spin-parity state and not on the details of its production. In terms of moments it is given 

dN 
= z(l + 5H”+ (2000)d~o) 

d co&$ 2 S 

d2 = ‘(3C0S2pH - 1) 
00 2 

which reduces to 

where Fx is the conventional decay amplitude l5 for an w of helicity X. Table III shows 

the value for IFr12 extracted from our measurement of the moment Ho7 (2000). The - 
_Y. 

- L.. 

table makes a comparison with the expectations for the production of pure O-, l-, and 
a A* 

B( 1235). From this comparison one sees that the best agreement comes from the B( 1235). 

A mixture of l- with a O- background, however, can also be made to agree with the data. 

12 



The experimental value for H “,’ (2000) would require a mixture of 77 f 6 percent l- and 

23 f 6 percent O-. Figure 10 for the w7r” mass suggests that such a large non-resonant 

background is unlikely. On the otherhand, only 13 percent O- background is required to 

make the l- case as close to agreement with the data as that of the B(1235). This cannot 

be ruled out. Therefore the situation is ambiguous with a slight preference for the B(1235). 

CONCLUSIONS 

We have examined in detail the decay angular distributions for the ~37~’ system in 

,the reaction 7p + pwrO. The angular distribution of the production plane relative to - 

the photon polarization vector shows structure inconsistent with an s-channel helicity 

conserving process. We have compared our data to the parameterization obtained by the 

Omega Photon Collaboration of the same process. Our measurement is complementary in 

a number of aspects. First our acceptance is about an order of magnitude greater. Second 

we detect recoiling protons in the bubble chamber. Third we make use of our high degree 

of linear polarization to measure the polarization-dependent moments. Our decay angular 

distributions agree with the measurement of the Omega Photon Collaborations. From the 

COSPH distribution we conclude that our data marginally favors a B(1235) interpretation G 
_Y_ 

- of& w7r” state over a vector meson. L- 

- <.r- 
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TABLE I 
Selection efficiencies 

selection efficiency 

triggered 0.99 

visible proton 0.95 

MS > 0.1 0.94 

at least 27 0.85 

27=~O 0.46 

MS < 0.2and15 < E7 < 22 0.74 

M,,o < 1450MeV/c2 0.75 

Total efficiency 0.19 
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TABLE II 

f lmLM(a) H”,f (0) PH ‘: (a) PH’df (a) 

i .-- 
+ 0000 1.000 f 0.000 0.231 f 0.126 -0.085 f 0.125 . 
+ 0020 0.034 f 0.037 0.027 f 0.063 0.027 f 0.063 

I I I I 

I + 0021 1 0.048f0.022 1 0.007 f 0.034 1 -0.005 f 0.032 

+ 0022 0.003 f 0.018 -0.026 f 0.025 0.006 f 0.026 

2000 -0.060 f 0.035 + -0.074 f 0.050 -0.040 f 0.052 

+ 2020 0.023 f 0.018 0.015 f 0.024 -0.008 f 0.026 

+ 2021 -0.005 f 0.010 -0.013 f 0.015 -0.005 f 0.014 

+ 2022 0.000 f 0.007 -0.006 f 0.010 0.006 f 0.011 

I + 2120 -0.005 f 0.008 0.008 f 0.012 0.013 f 0.012 

+ 2121 -0.006 f 0.007 -0.007 * 0.010 -0.005 f 0.010 

+ 2122 -0.006 f 0.005 0.013 f 0.008 0.001 f 0.007 

+ 2220 0.009 f 0.008 0.022 f 0.012 -0.005 f 0.012 

I + 2221 1 -0.009 f 0.006 1 -0.010 f 0.009 1 -0.002 f 0.009 

+ 2222 -0.015 f 0.008 0.027 f 0.012 -0.002 f 0.012 

+ 2111 0.010 f 0.010 0.010 f 0.014 -0.007 f 0.013 

- 0010 0.209 f 0.046 0.137 zt 0.067 -0.068 f 0.065 

- 0011 0.067 f 0.025 0.099 f 0.035 0.014 f 0.034 

- 2110 -0.026 f 0.009 0.006 f 0.013 -0.002 f 0.013 

- 2111 0.002 f 0.009 0.006 f 0.014 -0.008 f 0.013 

- 2121 0.009 f 0.007 -0.000 f 0.010 -0.006 f 0.010 

- 2122 0.004 f 0.005 0.004 f 0.007 -0.010 k 0.007 

- 2221 -0.007 f 0.006 -0.002 f 0.009 0.001 f 0.009 

- 2222 -0.008 f 0.008 0.020 f 0.012 -0.001 f 0.011 

- 2010 -0.034 f 0.021 0.014 f 0.029 -0.035 f 0.030 
I I I 1 

I - 2011 1 -0.007f 0.010 I -0.014 f 0.014 I -0.004 f 0.015 

- 

-- - 
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TABLE III 

H",f(2000) IF1 I2 

data -0.060 f 0.035 0.383 iz 0.029 

0- 0.400 0.000 

1- -0.200 0.500 

B(1235) -0.124 f 0.014 0.437 f 0.012 

(9 = 0.26 f 0.035) 

- 

;- . 
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1. The SLAC Hybrid Facility with bubble chamber, proportional wire chambers, 

Cherenkov counters, lead-glass columns, and beam-stop counter. 

.;-- 2. The photon-energy spectrum measured by the- pair spectrometer in front of the 
. 

bubble chamber. 

3: dN/d$ for 7p + ~(770)~. 

4. Inclusive 7 - 7 mass spectrum for the lead glass columns after selecting pairs with 

total energy greater than 4 GeV. 

5. Distribution of mass recoiling from the three charged tracks in 7p + prr+r- 

6. The 7 - 7 mass spectrum for events with a mass in Figure 5 greater than 0.1 

(GeV/c2)2. 

7. The Mi distribution for yp + p~~m-r~X. 

8. Beam energy distribution for the reaction 7p + ~~+T-T~(~~). The solid curve is 

the beam spectrum from 7p + p?r+?r-. 

9. Missing m” energy distribution. 

10. Four r mass distribution. The shaded histogram is after w selection. 

11. 7r+rT-7ro mass distribution from the reaction 7p + prr+rrr-ro(ao). The shaded 
;- . 

histogram is the distribution for the combinations with missing ?y”s. 

12. tr-,dr distribution. 

u 13. The angular distributions. The solid curves are the results of the moments analysis 

from the present experiment and the dashed curves are the results from reference 8. Both 

curves show the expected distribution for this experiment after acceptance. 

14. Separation between gammas at the lead glass detector for the 274 events of the 

type 7p + pvr+?r-~“(~o)~ used in this analysis. The curve is the expected distribution from 

qz. the PEANUTS Monte Carlo. -- - ;. 

- - 15. Calculated acceptance distribution for the 274 events used in the analysis. The 

curve is the expected distribution from the PEANUTS Monte Carlo. 

16. Q distribution with fit as described in text. 
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I 

APPENDIX I 

THEDETECTORACCEPTANCE 

,--- . . . . 
The acceptance for the experiment was determined by generating events according to . 

the various models investigated and processing them through the simulation of response 

of the various detector subsystems. The simulation package (PEANUTS(13)) contains a 

detailed treatment of all the subsystems. In the case of the lead glass the measurements 

are treated in great detail, with all incident charged and neutral particles resulting in sim- 

ulated photomultiplier pulse heights. These pulse heights are passed through the standard - 

software used in the reconstruction of real data, so that all systematic effects that would 

thereby be produced are modeled. A record of reconstructed data is then available along 

with the original generated event to study the effects of the detector response. Again, 

.- - r -the same software is used to find the yp + pw”no events in both the simulated data and 

the real data. Figures I-l through I-9 show the angular distributions resulting from an 

isotro&ic decay. These curves resulted from running 100,000 events and show an average 

acceptance_ of 0.20. 
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APPENDIX II 

i .-- THE MOMENTS CORRECTION PROCEDURE 

This appendix describes the procedure used to determine the moments: Ho: (cx), 

PH ‘3 (cx), and PH “,f (a). As described in the text, the angular distribution with respect 

to the angles 0 = (cos 8,4), $IH = (cos ,BH, CUH), and Q! is parametrized as: 

w= dN 
di-2 dRH d@ = &(w,(n, n,) - PW4-4 n&42@) - Pw,(st, n,)Si72(2@)) 

- 

Q = 1mLM 

where the 25 orthogonal functions l5 H&&WH) (6 lven in Table 1 of reference 8(l*)) 

-.- -are related to the Wigner D functions by 

Hz (f& nH) = ~Re{D~m(~,e,O)~~o((YH,PH,O) f (-l)L+MD-k,DiO> 

an; C, = (4~)~/(21 + 1)(2L + 1)(2 - &0)(2 - 6~0). 

We choose to work with the averages of the functions: 

- and fi = -Hz (n, a&+2(2@). 
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We can show that for perfect acceptance the averages of these functions: 

< fi >= .fWf,:d~d~d~ 
s Wd!-ldRHd@ - a! _ 

.= 

. 

are related to the moments as follows: 

H’;(a) =< f: >=< Hi(R,RH) > 

PH13c4=2<f1 
ci 

>= 2 < -H~(n,fl&@@) > 

PH’;(ct) = 2 < fl >= 2 < -H*(,,n&n(2@) > . 
a 

- 

Since we do not have perfect acceptance we observe from our data 

< fi > ~- J-aWf;dRdilHd@ 
a ’ - JaWdRdSZHdQ 

where a(ti, a~, a) is the acceptance. Now we define the average value for any function F 

u to be- 

< F >mc= 
s aFdCldRHd@ 

J- dRdRHd@ 

which we can determine .from the acceptance Monte Carlo. Notice that this average is c 
_z. 

GorZlized to the full phase space so that for F = 1 this is just the average acceptance 
- ic 

- (4. 
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We define as a condition of normalization Ht(0000) = 1. Now it can be shown: 

i " 

. 

(< f; >ob< -4244 >mc - < -cos(2tTt)f; >mc) PH;(OOOO) 

. 
+(< f; >ob< 4?2(2@) >mc - < -sia(N)f; >,,)PHf(OOOo) 

+ c c(< f; >ob< f; >mc - 
P#O k 

< f f f; h&W; (@)/C/J 

=< f; >mc - <f; >obA 

- (where PO = 1, PI = P2 = P). F rom this set of equations we can easily obtain corrected 

values for the moments. We have checked our correction procedure by generating Monte 

Carlo events according to our obtained moments and applying L h is procedure to accepted 

Monte Carlo events. 

L-. 
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