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Abstract

The reactionn ™ p - wn ™ p,  — nt7 =70 has been studied at 18 GgV The wnr™ mass spectrum is found to be
dominated by thé4(1235. Partial Wave Analysis (PWA) shows thiaf production is dominated by natural parity exchange.
The S-wave andD-wave amplitudes fobq(1235 — wn have been determined, and it is found that the amplitude ratio,
|D/S| = 0.269+% (0.009stat+ (0.01)sysand the phase differencg(D — S) = 10.54° & (2.4°)stat* (3.9°)sys O 2002 Elsevier
Science B.V. All rights reserved.

1. Introduction mental measurements froba production inyp [12]
andrn p [13-16] reactions were based on very low sta-
tistics and none were sensitive enough to determine

According to QCD mesons are bound states of ¢(D — ).

quarks, anti-quarks, and gluons. The interaction be-  We have made a high statistics measurement of

tween quarks and gluons is most conveniently simu- p,(1235 — wx produced in the reactiom~p —

lated by a two part potential. The short range behavior w7~ p at 18 GeVe, with w — 77~ 7% and7® —

of the interaction is dominated by the one gluon ex- . The final state particles*, 27—, and 2/ were

change ‘Coulombic’ potential, while the long range detected; the recoil proton trajectory was also mea-

part is dominated by a ‘linear’ confinement poten- sured. Thes — 37 decay matrix element was used to

tial which is attributed to a collective multi-gluon ex-  estimate the signal from the background of other 3

change, often modeled as a flux-tube. Meson decays,production processes. THé< = 1+~ b1(1235 signal

for example, A— B + C, necessarily arise from the was identified by a Partial Wave Analysis (PWA) of

confinement interaction and the corresponding break- the data. Theéb; — (wm)s andb; — (wm)p ampli-

ing of the flux-tube with the creation of ¢g pair in tudes were determined, yielding new, accurate mea-

a certain® *1, state [1,2]. Several different calcu-  surements of bothD /S| andg (D — S).

lations exist in the literature [2—8], assuming®&

pair creation [2,5,6], &P pair creation [2—4,6,7], and

with and without final state interactions [5,6,8]. [twas 2. Data selection and main features of the data

pointed out by Kokoski and Isgur [2] that accurate

measurements of amplitude ratios in specific decays The present measurements were part of the Brook-

such as theéD-wave toS-wave amplitude ratioD/ S, haven National Lab experiment E852, performed at
in b1 —» wm, a1 — pw, andhy — pm, or the P-wave the Multi-Particle Spectrometer (MPS) facility which
to F-wave amplitude ratioP/F, in 7o — pm, could has been described in detail elsewhere [17]. ArB18

provide sensitive measures which distinguish between GeV/c =~ beam, delivered by the Alternating Gradi-
different model predictions. This is so because these ent Synchrotron, was incident on a 30 cm liquid hy-
decay amplitude ratios are more sensitive to the decaydrogen target. The MPS was equipped with a 4-layer
dynamics than to the hadronic structures [6]. cylindrical wire chamber (TCYL) [18] for triggering
The experimental measurements compiled by the and detection of charged recoil particles, a 198-block
Particle Data Group (PDG2000) [9], yield a wide cylindrical thallium doped cesium iodide detector [19]
range of| D/S| values forb1(1235 — wx and there around TCYL to veto soft photons, a 3045-element
are no previous measurements otD — S). The lead glass calorimeter (LGD) [20] for detection of
PDG2000 recommendgd/S| value of 029+ 0.04 photons, and a downstream 2-plane drift chamber, lo-
is taken as the weighted average of several measure-cated directly in front of LGD, for tagging charged
ments. The two most recent measurement®3 & particles incident on the LGD. Three proportional wire
0.03 and 045+ 0.04, reported by the Crystal Barrel chambers (PWCs) were interspersed between six 7-
Collaboration from the analyses of thez° [10] and plane drift chambers [21] inside the MPS magnet. The
wn %70 [11] final states inp p annihilation at rest, are  first two PWCs provided a forward multiplicity trigger.
not consistent with each other. The remaining experi- A multilayer lead/scintillator sandwich in the shape of
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a picture frame consisting of four box shaped sections
was placed after the second PWC. This detector in
conjunction with four scintillators allowed for rejec-
tion of downstream wide-angle photons that fell out-
side the acceptance of the LGD.

The trigger for the reaction ™ p — wn ™ p, w —
atn~ 70 7% — yy required three forward-going
charged particles, as well as one large angle charged
recoil (i.e., the final state proton) in TCYL. A total of
265 million such triggers were recorded during the
1995 running period of E852. Photons fram? —
yy were detected in the LGD. After requiring charge
and energy—momentum conservation in addition to
topological and fiducial cuts,.8 million events of
the typen*t7 -7~ yy and a missing mass around
the mass of the proton remained. A 2 constraint
kinematical fit, requiring a proton recoil at the main
vertex and az® from the 2’s, with a confidence level
(c.l) > 5%, resulted in 2 million 7t7x~ 7% p
events. An additional kinematical constraint requiring
the 7tz ~7° mass to be consistent with the mass
was imposed. Events with a c+ 5% were selected,
resulting in a final sample of 224 thousand ~p
exclusive events which were then subjected to more
detailed analysis.

Fig. 1 shows the* 7 ~7" invariant mass spectrum.
There are two entries per event, corresponding to
the two neutral three pion combinations. The hatched
region corresponds to a cut around #hpeak, defined
as 0760 < m(zt7 7% < 0.845 GeV/c?, which
dominates the spectrum. There is also a significant
number of events in the region of tlkg(1260 and
thea2(1320.

Ther*tn~ 7%~ effective mass spectrum is shown
in Fig. 2, before (un-hatched) and after (hatched}the
selection. The # spectrum shows two distinct peaks
after thew cut, one around thé1(1235 mass, and
one at thep3(1690 mass. As seen in Fig. 1, there
is a significant, approximately linearly increasing
background under the peak. Its magnitude is on the
order of 25%, and it arises mainly from tha/a>

Events/10 MeV

Events/10 MeV

45000

40000

35000

30000

25000

20000

15000

10000

5000

o

% wW: 0.760 < m(3m) < 0.845 GeV

a,/a,

T I T l T I T l T

I

XA AR XXX XX X XX XX x—===

VAN

T l T l T
X XXX

X

VAN

X5

0%

]
\WaVAVaV;
Y

%

T I T
4
‘A 9

X

1 1.5 2
m(*n °) GeVv

Fig. 1. Invariant mass spectrum for- 7~ 0.

10000

8000

6000

4000

2000

b,(1235)

p3(1690)

T T T l T T T l T T T I T T T I T T T I T T T

1 1.5 2 2.5 3
m(n*n nn") GeV

Fig. 2. Invariant mass spectrum fort 7 ~7% ~ (un-hatched) and

resonances, which also decay to.Jhis is confirmed ¢ 7~ (hatched) combinations.

from the PWA results discussed in Section 3.
The distribution of four-momentum transfer squar-
ed,—t, is shown in Fig. 3. For the PWA only data with

0.1 < —t < 1.5 (GeVY were used. In this region, the 9.9+ 0.01 andPs; = 7.7 4 0.10, and the slope values
—t distribution was fitted to a function of the form P, = 454 0.052 (GeV?)~! and P4 = 1.7 + 0.070
f(t) = Pref?' + P3e’s | with the coefficientsP; = (GeVA) 1,
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Fig. 3. The negative of the four-momentum transfer squared,
distribution for thews ~ p final state. The distribution is fitted to the
sum of two exponential functions. The fit results yield two slopes,
P2=4.5+0.052 (GeV?)~1 and P4= 1.7 + 0.070 (Ge\?) 1. The
arrows indicate the region chosen in the PWAL(& —t < 1.5

(GeVY).
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3. PWA of thewnz~ system

The details of the E852 PWA formalism are dis-
cussed in [22,23] and a general description on the im-
plementation of the formalism, using a PWA code,
is given in [24]. In the formalism, the interaction
process is divided into two parts, the production and
the decay. Calculation of the decay amplitudes in our
PWA formalism follows the framework of the iso-
bar model [25], where the decays at each vertex pro-
ceed through two-body modes. An exception to this
assumption is the treatment of thedecay, where a
direct three-body decay is used.

In the PWA, each possible resonance is character-
ized by a partial wave, labeled by the quantum num-
bers JP¢[isobalLm¢, where J”¢ are the total spin,
parity and C-parity of the partial wavé, is the orbital
angular momentum between the decay products
the absolute value of the spin projection of the reso-
nance along the quantization axis (chosen to be in the

Brookhaven E852 Collaboration / Physics Letters B 541 (2002) 35-44

beam direction), and is the reflectivity of the partial
wave. The reflection operator is defined as a rotation
about they-axis by radians followed by the parity
operation. In our analysis, theaxis is chosen in the
direction of the normal to the production plane.

The amplitudes, expressed as eigenstates of the
reflection operator, are constructed from the helicity
states, to account for parity conservation in the pro-
duction [26]. There are two advantages to using the
reflectivity basis. Firstly, the states of differentdo
not interfere with each other, and secondlyip re-
actions, there is a direct correlation betweesnd the
naturality of the exchanged particle.

The total intensity distribution is written as the sum
of 2k intensities where each intensity is the square
of the sum of N¢ interfering amplitudes, and the
factor of 2 is fore = +1 ande = —1. k corresponds
to the possible configurations of the spin at the
baryon vertex, i.e., spin flip and spin non-flip {s
therefore the rank of the spin-density matri®j. is
the number of partial waves included in the fit, in a
given reflectivity. The intensity distribution in terms of
production amplituded/, and decay amplituded,, is

given by:
{ 2}

I(7)= Z
ke

The subscrip& denotes a set of parameters specify-
ing the interfering amplitudes, for instance, total spin
of the state,J, its parity, p, the component of the to-
tal spin along;, m, and the orbital angular momentum
between its decay products, t is a set of indepen-
dent variables which specify the configuration of the
final state. It includes the angles of the decay prod-
ucts and their masses in predefined frames. The decay
amplitudes are calculated for each event and the “un-
known” production amplitudes are varied to obtain the
best match between the predicted and the observed in-
tensity distribution through a maximum likelihood fit.

The In(likelihood) function, in its final form, is

written as:
n

In(L) = Z In[ Z Vor Vi Aa(T) EA;;,(r,-)]
i keaa’

—n[ D Var Vi ftpga,}.

keaa’

> Vo Aa(1)

o

1)

@)



Brookhaven E852 Collaboration / Physics Letters B 541 (2002) 35-44

The first sum is over the number of events in a given
mass bin in which a fit is done. The argument of the In
is just the intensity for each event(z;). The exper-
imental acceptance, determined by Monte Carlo sim-
ulation, was incorporated into the PWA as a normal-
ization factor on a wave by wave basis. Two sets of

normalization integrals were calculated, the accepted,

¥4 with eventsM,, and the raw¥” with eventsM, .

The normalization integrals were defined as:
Mo
W = = 3" A (1) A (1), 3)

Mairy 5

With n = M,/ M,, the acceptance corrected inten-
sities are written as:

n
I == VarVy

keao’

Gwr X

et (4)

Numerous fits were performed on the final sample
of 168 thousandwr~ events with various sets of
allowed partial waves in the fit, differemiz — mass
bin widths, two different regions in-¢, different
starting values for the fit parameters, and different
ranks (rank= 1 and rank= 2). The general features
of the fits did not change significantly in any case
and since the rank 2 fit results did not significantly
improve the description of the data, a ragkl fit
proved to be sufficient.

The set of waves included in the final PWA fit
consisted of 21 waves with an in the final state, as
shown in Table 1, and 16 waves with (1260 and
a2(1320 isobars in the final state. The choice of the
wave set witha1/a2 isobars was based on obtaining
an adequate description of the angular distribution of
the w sideband events The partial wave intensities
for waves withJ > 4 were found to be insignificant
and were eliminated from the fits at an early stage of
the analysis. A non-interfering “isotropic” background
wave was included in the fit as a cumulative effect of
all the small waves omitted from the fit.

The acceptance-corrected intensities from various
contributions are shown in Fig. 4. The three sets of
points from top to bottom correspond to contributions

12 The o sideband regions were defined as63b <
m(n"'r[—no) < 0.725 GeV and @865 < m(n"'n_no) <
0.935 GeV.

39

Table 1
Set of 21 waves included in the final PWA fit, with anin the final
state

Jjre me€ L
1 0,1+, 1~ 1
1t ot,1t, 1~ 0
1+= ot,1t, 1~ 2
27~ ot,1t, 1~ 1
2~ ot, 1t 1~ 3
2t— 0,1t 1~ 2
3~ 0,1+, 1~ 3
——
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Fig. 4. Acceptance-corrected intensities from various contributions.
Filled circles: waves with am in the final state; squares: isotropic
wave; open circles: waves with either af or anay in the final
state.

from waves with anw in the final state, a non-
interfering isotropic background wave, and waves with
either aruy or anay in the final state. Each pointin the
plots is the result of an independent PWA fit for the
events in a 60 MeV wide mass bin. As shown in the
figure, the total intensity of thei/a, waves was less
than 2% of thew waves, and for brevity, they are not
listed individually.

Fig. 5 shows the contributions from the different
JP¢ states with anw in the final state. The major
contributors to the total intensity are for¢ = 1t—
(dominated by1(1235), andJ?¢ =37~ (dominated
by p3(1690). We wish to also note that there appears
to be a significant enhancement in th&c = 2+~
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Fig. 5. Acceptance-corrected intensities from the results of a PWA fit. The listvedives included in this fit is shown in Table 1. Individual
contributions for different/ ¢ are shown. Eacli?P¢ is the sum of the allowed:€ L included in the fit.

intensity at~ 1650 MeV. A detailed study of this region (~1.1-1.5 GeV). The behavior of the =1~

potentially exotic state will be the subject of a future phase difference (not shown) is erratic due to the small

publication. intensities and the large error bars. Only the positive
The individual partial wave contributions fgr’ = reflectivity waves are used in the measurement of the

1= with differentm€L are shown in Fig. 6 and the D/S.

corresponding phase differences betweenrendsS

waves of the sama€ are shown in Fig. 7. It is clear

from the intensity plots thaks production is domi- 4. D/S magnitude and phase measurement
nated by the natural parity exchanges. As expected, the
phase difference for the¢ = 0" and 1" waves are ap- From the final set of PWA fits we determine the in-

proximately constant, even over the extendednass dividual J?¢ = 17~ m¢€ production amplitudes, where



Brookhaven E852 Collaboration / Physics Letters B 541 (2002) 35-44 41

35000 10000
t £ + € +
2 30000 f m'L=0S m L=0D
S 8000
25000 :
3 6000
g 20000
> 4 +
=’ 15000 1 t
-g 4000 }
5 10000 b , +
T 5000 2000 +
et N t
0 ol
11 12 13 14 15 11 12 13 14 15
35000 10000
t R e+
2 30000 , mL=1S] m L=1D
S 8000
25000
=) }
g 20000 1 6000
PSS +
= 15000 f ] 4000
= t ]
5 10000 | | * Do
= 2000 bty
S 5000 ‘
+
0 ole
11 12 13 14 15 11 12 13 14 15
10000 . . : 2500 . . .
~ mL=1§ mCL=1D
§ 8000 { 2000
=) ]
g oo + 1500
N’
=
2 4000 | ] 1000
© p—(
g i
£ i
2 2000 500
= + f f ’ \
— {
0 0 ) .
11 12 13 14 15 11 12 13 14 15

®T mass (GeV)

Fig. 6. Acceptance-corrected intensities for ¥ = 17~ m¢€ L partial waves. Only the positive reflectivity waves are used in the measurement
of D/S. Notice the different ordinate scale for the weaker negative reflectivity signals.

m€ = 0%, 1*. As mentioned earlier, the (+) reflec- plitudes were set to a complex numbRe/?, leaving
tivity corresponds to an unnatural(natural) parity ex- all other partial waves free to vary independently. A
change. Then¢ = 0™ and 1" b; production mech- grid search was then performedand¢ for which
anism is most likely througly exchange. Since the the—In(likelihood) function, as written in Eq. (2), was
PWA results show thai; production through the un-  minimized. Convergence in both and¢ was reached
natural parity exchanges is small and the error bars on after few iterations. The details of the procedure can
the corresponding negative reflectivity waves is large, be found in [27].

they were omitted from the measurement of IhgS. The projections of the-In(likelihood) function at
The D/S ratios of both then¢ = 0™, 1 b1 decay am- the minimum forD /S magnitude and phase are shown
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41776 —

417751 *

in Figs. 8 and 9, respectively, for the set of waves
chosen in the PWA fit as shown in Table 1. These
results are based on a set ®ff — events in a 160
MeV wide mass bin around thé; mass (1.155—
1.315 GeV) with the-r in the range (0.1-1.5 G&Y.
The points in each plot were fit to a second order
polynomial function where the minima are found
to be |D/S| = 0.269+ (0.009stat + (0.01)sys and
¢(D — 8§) = 0.184+ (0.042stat = (0.07)sys rad or
1054 £ (2.4)star % (3.9)sys deg. The statistical error
in each measurement corresponds to the change in

417741

417711

4177+

—In(likelih

41769

41768

417671

* £
* *
gy x ¥

L

—In(likelihood) by Q5 units. The main sources of the
systematic error considered were the choice of the
wave set in the PWA fits and the size of ther~
mass bins used in the scans. Regarding the choice of

4.1766 L

L
0.05

L L
0.1 0.15 0.2 0.25 03

O D-9S)

0.35

(rad)

the wave sets, two sets of waves with reasonable fit Fig. 9. The projection of the-In(likelihood) as a function of
results were used. Both sets contained an isotropic ¢(D — S). The distribution was fitted to a second order polynomial

wave and the same number waves with eithezan
or ap isobars in the final state. One set consisted of the
w waves listed in Table 1 while the other consisted

function, with the minimum a$ (D — §) = 0.184+ 0.042 rad, or
10.54+ 2.4°.

of a subset of 13 largest waves from that list. For No significant systematic change in eithéy/S| or
the wr = mass widths, six sets of independent scans ¢ (D — §) was observed within the statistical errors,
were performed in 60, 80, 100, 120, 140 and 160 and the systematic errors quoted are a conservative

MeV wide wz mass bins around the nomirtal mass.

estimate.
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Various studies were performed in order to deter-
mine the leakage from other waves into all the posi-
tive reflectivity J7¢ = 17~ waves. In addition, leakage
from the J7¢ = 17—, S-wave to D-wave for a given

m€ was also investigated. In all cases, the leakage due

to experimental resolutions was determined to be neg-
ligible.

5. Conclusions

We have made a study of the reactiannp —
on~, w— 7tr 70 at 18 GeVe. A partial wave
analysis of 168 thousand events, consistent with the
wm~ p hypothesis, shows that ther~ data below
1.6 GeV are dominated by the’¢ = 1+~ resonance
b1(1239H. The S-wave andD-wave amplitudes of the
b1 — wn~ decay have been determined. It is found
that the ratio of the amplitudesp/S| = 0.269 +
(0.009stat £ (0.01)sys This represents nearly a factor
three improvement in error over the current PDG2000
average value of.29+ 0.04. We have also determined
the phase difference,(D — S) = 0.184+ (0.042start
(0.07)sys radians, or 14+ (2.4)stat £ (3.9)sys deg,
for which no prior results exist. Fig. 9 shows that the
minimum value of¢ (D — S) allowed by the above
errors differs from zero by more thand5The level
of significance varies in other acceptable fits, but it is
greater than & in all cases.

We can compare our results with the theoretical
predictions which exist in the literature. Our mea-
surement of D/S] is in excellent agreement with the
calculated value of @73 by Godfrey and Isgur, us-
ing a relativized quark model [28]. Ackleh, Barnes
and Swanson [7] have made numerical predictions for
|D/S| ratios in theirPy hadronic decay model as a
function of the oscillator parametegt. For the then
current values ofD/S| for by - wm anda; — pm,
they found the best fit value f = 0.448 GeV and
the correspondingD/S| = 0.219. They note, how-
ever, that these results are in disagreement with “the
decay rates of light. (¢¢g) = 0 andL(¢g) = 1 mesons
(which) supportg = 0.40 GeV”. We note that our
result, |[D/S| = 0.2694+ 0.013 corresponds t@ =
0.409+ 0.008, in excellent agreement with that for
L =0andL =1 light meson decays.

43

Ackleh et al. also make the parameter-independent
prediction that the ratio of ratios,

_ (D/S)a1—>pyr
(D/S)bl—m)rr

Using the current PDG2000 avera@@/S)a,—pr 1 =
—0.107+ 0.016 with our result foD/S) for b1 —

w7, we obtainR = —0.40+ 0.06, with the error de-
termined almost entirely by that in the decay ratio.
This points at the need to improve the measurement of
(D/S) for a1 — pm, which is plagued by uncertainty

in the Deck contribution to this decay. Our result is
also consistent with earlier calculations, relating the
angular distributions ia; — p7 andb; — wn [29].

The phase difference between theand S wave
decays ofb1 — wm can arise from the final state
interaction between the and w. In a quark inter-
change model calculation, Barnes, Black, and Swan-
son [8] predicip (D — S) = 14 deg. Our measurement,
¢ (D — 8) =10.54+ (2.4)statE (3.9)sys deg, is consis-
tent with their prediction.

R =—-05.
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