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Study of pp annihilation at rest into wnz®
Crystal Barrel Collaboration
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The reaction pp—wnn® has not been stud-
ied previously due to a lack of experiments hav-
ing efficient detection for final states with sev-
eral photons. This process is of interest to search
for isoscalar and axial vector mesons decaying to
wn, in particular the partner of hy(1170) which is
not well established. A candidate decaying into
K*(895)K has been reported at 1380 MeV/c?
[1]. Until now only two states decaying into wp
have been reported. In the reaction vp —wnyp
from diffractive photoproduction by photons of
25-50 GeV, a signal of unknown spin and par-
ity has been reported at a mass of 1610 MeV/c?
with a width of 230 MeV/c? [2]. Another sig-
nal has been reported at a mass of 1650 MeVc?
with a width of less than 70 MeV/e? in the reac-
tion #7p —wnn,wn —5y at a 77 momentum of
38 GeVfe [3]. In order to further investigate this
open issue, we have studied 10,924 wnr® events
in the reaction pp — wnm® at rest, where w decays
into 70+,

The experiment was performed on beam line
C2 at the Low Energy Antiproton Ring (LEAR)
at CERN. Antiprotons with an extracted momen-
tum of 200 MeVje are stopped in a 4 cm long liquid
hydrogen target. A matrix of four silicon coun-
ters in front of the target defines and monitors
the incident p (typically 10*p/s). The target is
surrounded by two cylindrical proportional wire
chambers, a jet drift chamber to detect charged
particles and a barrel-shaped calorimeter consist-
ing of 1380 CsI(T1) crystals, 16 radiation lengths
deep, with photodiode readout. The Csl calorime-
ter covers the polar angles between 122 and 168°
with full coverage in azimuth. The useful accep-
tance for shower detection is 0.95 X 47 sr. The en-
ergy calibration of the calorimeter is obtained by
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Fig. 1. 7%y mass distribution with two entries/event be-
fore (blank) and after (hatched) requiring the energy of
the single-v to lie above 180 MeV. The inset shows the
hatched signal in the region between 700 and 900 MeV/c?
in 1 MeVe? bins and the applied fit.

adjusting the calibration factor of each crystal to
center the 7° peak and the 5 peak in the vy invari-
ant mass spectrum at their nominal masses. The
energy resolution is og/F = 2.5% for 1 GeV pho-
tons and the angular resolution is typically o = 20
mrad in both polar and azimuthal angles. The as-
sembly is located in a solenoidal magnet providing
a homogeneous field of 1.5 T parallel to the inci-
dent p beam. A more detailed description can be
found in Ref. [4].

The data presented here are based on 10.1 x 10°
annihilations into neutral events, which were col-
lected by vetoing charged particles online with the
proportional wire chambers and the inner layers
of the jet drift chamber (0-prong trigger). Events
with residual tracks are removed in the offline
analysis. Events with seven electromagnetic show-
ers with energy deposits exceeding 20 MeV are
then selected, leaving 1,073,596 events. A further
selection step requiring the total energy to be in
the range of 1700 to 2050 MeV and the total mo-
mentum below 100 MeVfe reduces the number to
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614,452 events. Events with a shower induced in
the last crystal rows around the beam entrance
and exit pipes are removed to suppress energy
leakage. A possible background contribution stems
from events with six photons from nr°x°, for
which one of the showers develops a small neigh-
bouring satellite which is interpreted as an ad-
ditional shower. These so called ’split-off” events
are suppressed by requiring the relative energy de-
posit of two neighbouring showers, the centroids of
which are separated by less than 14°, to be larger
than 0.18. The application of this cut reduces the
number of events to 344,596.

Events are then submitted to kinematic fit
to the hypotheses #°7°70y(7C), nrxy(7C),
wr?7(8C) and wnr®(8C), where the w decays
to %y and each 7% to 4v. For the channel
pp—nm7m%y we only accept events with a con-
fidence level > 10%, if the confidence levels of
the fits to the 7°7%7% and w7z are both be-
low 1%. This yields 23,278 events. For the chan-
nel pp — wnm’, one expects the energy of the
single-photon from the w decay to lie in the range
between 196 MeV and 735 MeV. The expected en-
ergy resolution for a photon with an energy of
196 MeV is o, ~ 7.3MeV. Figure 1 shows the
7%y mass distribution before and after requiring
a minimum single-y energy of 180 MeV which is
a 20, cut below the lower single-photon energy.
The cut removes residual background contribu-
tion from the nw’s% final state, which survived
the ’split-off” cut applied earlier.

The inset in Figure 1 shows the 7% mass dis-
tribution in an expanded scale. We applied a fit
with a Breit-Wigner function folded with a gaus-
sian (voigtian) to include the experimental resolu-
tion, and a second order polynomial for the back-
ground. In the fit we fixed the width of the w to
8.43MeV [5] and determined the mass of the w,
the experimental gaussian mass resolution oo,
and the number of w’s above the combinatorial
background. We found N = (10,662 £+ 127 &+ 141)
true wnm® events in the peak in the w mass region.
The w mass was determined to be

my, = (781.96 & 0.17 & 0.80) MeVe?, (1)

which is in good agreement with the world average
of (781.95+ 0.14) MeV [5]. For our experimental

PHYSICS LETTERS B

9 March 1994

resolution of the 7%y mass we found
oroy = (13.59 £ 0.18 £ 1.67) MeV/c?. (2)

The first uncertainty 1s statistical and the second
stems from the uncertainty in the precise shape of
the background for the various data taking peri-
ods. The final selection criterion requires the con-
fidence level of the fit to wnm®(8C) hypothesis to
be larger than 10% for the 7%y mass combina-
tion closest to the nominal w mass. This cut leaves
10,924 events accepted as wnm?.

To check the quality of the data and to have
comparison capabilities we also studied the final
state where n decays to 7%7%a%. This leads to
eleven detected photons which were selected from
a subsample of 4.8 x 10° annihilations with the
online 0-prong trigger. After applying similar se-
lection criteria, removing ’split-off’s and reject-
ing events with hits centered in the crystals ad-
jacent to the beam line, we found 34,826 events.
A 9C kinematic fit was performed to the hy-
pothesis m0707%7%70y. A cut on the confidence
level was applied at 10% and the single-y en-
ergy was required to be more than 180 MeV.
In Figure 2a we show the 7%y mass in the re-
gion between 700 and 900 MeV/c2. In Figure 2b
we show the 7°7%7Y mass in the region between
520 and 580 MeV/e?. The curves are Voigtian func-
tions with polynomial backgrounds which were
fitted to both mass distributions. We found
(3,463 & 84 & 142) w events in the 7%y mass dis-
tribution with

my, = (782.08 £ 0.36 & 0.82) MeVje?, (3)

which is again compatible with the value from Ref.
[5]. The experimental resolution is

oy = (14.09 £ 0.35 £ 1.71) Me V2. (4)

For the 7979 mass distribution we observed

(2,232 4+ 108 + 7) 1 events with
my = (548.01 % 0.07 + 1.05) MeVe?, (5)

which is in agreement with the value of (547.45 +
0.19) MeV/e? from Ref. [5]. This mass determina-
tion of the 7 is however not entirely indepen-
dent since the calibration of the electromagnetic
calorimeter centers the peak in the ¥y invariant
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Fig. 2. a) 7%y-invariant mass distribution (5 combina-
tions/event), b) 3x°-invariant mass distribution (10 com-
binations/event).

mass spectrum at the nominal mass of the 7. The
11-v final state was not used for further analysis
due to the lower statistics and higher background.

In order to evaluate the acceptance for wnzr® in
the seven-photon final state a Monte Carlo study
using GEANT3.14 [6] and a full detector simu-
lation was performed. The Monte Carlo events
were tracked, reconstructed and submitted to the
same cuts as real data. We used 10° phase space
distributed wnm® events. This led to a detection
and reconstruction efficiency ¢ = (18.41 £ 0.15 +
0.77)%. The first error is statistical while the sec-
ond error includes systematic uncertainties in the
simulation (threshold, noise, annihilation outside
the target and annihilation at in flight). The ac-
ceptance is flat over the wnr® Dalitz plot, except
for cells at the periphery. In the partial-wave anal-
ysis this effect was taken into account by ignoring
the edge cells. In addition we used data samples
of 5 x 10* phase-space distributed events of other
final states. It turned out the main background
contribution was npro7°7% with a missing v from
79 decay.

In order to correct the data we considered

PHYSICS LETTERS B

9 March 1994

background events from side bins below and
above the w. We selected events with a 7%
mass My, from 707 MeV/e? to 737 MeV/c? and
827 MeV/e? to 857 MeV/e?. The width of these
two regions were equal to the width of the ob-
served w signal, see Eq. 2. Let us denote the lower
mass of each of these selected regions by m,in.
We transformed all events in the side bins to have
a v mass of

mlo

y = 2(Mgoy — Mynin) + 752 MeVje?. (6)

For nn7% we then rescaled the momenta of all
four particles to match Eq. 6 while conserving to-
tal energy and total momentum. It was confirmed
in Monte Carlo studies that no phase-space dis-
tortion arises from this transformation and sub-
traction procedure.

Figure 3 shows the wnr® Dalitz plot. The back-
ground events have already been subtracted. Fig-
ures 4a-c show the invariant mass distributions for
wn, wr? and nr¥ after background subtraction.
The black histograms show the subtracted back-
ground events.

The most prominent peak is visible in the
nm® mass distribution. We identify the peak with
a0(980) decaying to nz®. A fit with a Breit-Wigner
function folded with a gaussian for the experimen-
tal mass resolution and a polynomial to describe
the event distribution under the peak was applied.
The mass resolution was fixed to the experimen-
tal resolution of T, 70 = 11 MeV/e?. We obtain the

following mass and width:

ma, = (984.45+ 1.23+0.34) MeVe?,
T,y = (54.1240.34 4+ 0.12) MeVe? (7)

which are compatible with the PDG values [5] of
982.74+ 2.0 and 57 & 11 MeV/c2.

The experimental Dalitz plot is analyzed in the
helicity formalism in terms of the isobar model in
which the pp system is assumed to decay to wnn®
through sequential two-body decays with ampli-
tudes A(JLS) where J is the spin of the decay-
ing resonance, L the angular momentum of the
daughters and S the total spin. A similar anal-
ysis with this formalism has been performed in
Ref. [7] for the final state wr’#" using the formal-
ism given in [8] and [9], which includes a standard
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Fig. 3. Dalitz plot of the wnn® final state. The population
increases from white to black in steps of 20 entries/cell,
each being 0.04 x 0.05 GeV2/c* wide. The arrows indicate
the subdivision of the Dalitz plot into nine different regions.

centrifugal barrier in both production and decay
of resonances. Due to parity and C-parity conser-
vation the initial state annihilates into wnz® from
the 3S; (JF¢ = 177) or the 'Py (JFC = 117)
pp atomic orbitals following p capture at rest. As
will be shown, a good description of the Dalitz
plot population was achieved by assuming S-wave
dominance in liquid hydrogen [10] and hence ne-
glecting annihilation from the 'P; level. The ex-
pected contributions were:

(1) pp(177) —ap(980)w where w is produced
with L = 0 and the n7° system is in a relative
S-wave (I = 0). The amplitude for S =1 is

Ay = A¥(111)APP(101). (8)

A“(111) describes the decay w — 7%.

(2) pp(177) —a2(1320)w where w is produced
with L = 0 and the n7° system is in a relative
D-wave ({ = 2). The amplitude is

Ay = [A¥(111) @ A% (220)]APP(101) (9)

where ® denotes a tensor product.
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Fig. 4. Invariant mass distributions of a) wn, b) wr® and
¢) nr°. The background (black distribution) has already
been subtracted. The solid line superimposed is the result

of fit F1.
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(3) pp(177)—09(1235)n , b) —wn?, where b7 is
produced with angular momentum L = 0 or 2 and
w with angular momentum { = 0 or 2. It turns out
that the introduction of amplitudes with L = 0
is sufficient. Therefore, only two amplitudes con-
tribute

Ag 4 = A¥(111) A% (111) APP(101). (10)

Contributions from higher angular momenta
(L > 2) were assumed to be negligible due to
phase-space limitation.

The mass and width of as were fixed at 1318
MeV/e? and 110 MeV/e?. The mass and width of
b9 were fixed at 1232 MeV/e? and 155 MeV/c?, see
Ref. [5]. For the nz® S-wave we chose a Breit-
Wigner description with mass and width accord-
ing to Eq. 7.

The transition probability w is given by the co-
herent sum of all amplitudes

6
W = Wpg XT7°|ZCE]'A]' |2 (11)
ji=1
where wpg 18 the phase-space weight and
a; = o exp (i¢;) are unknown constants. The
weight w can be rewritten in terms of the real con-
stants o; and ¢; to be determined by the fitting
procedure:

_ § : 2
W = e 5 Pz’z’
7

42 Z ajajRe(Pij)cos(¢; — ¢;)

i<y
+2 Z ;o Im( Pij)sin(¢; — ¢;) (12)
i<y
where

One phase ¢; being arbitrary, we chose ¢; = 0.
This led to 6 parameters o; and 5 phases ¢;.
The edge bins in the Dalitz plot were excluded
from the fit. The angular distribution of the v was
used as additional information. In the rest frame
of the w we define a system with the z-axis in
the w flight direction. The y-axis 1s defined by
the normal vector to the wnn®decay plane. We
calculate the polar angle ©, and the azimuthal
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angle ®., of the 7 in the w rest system for each
event. The Dalitz plot is divided into nine inde-
pendent regions, indicated by the arrows in the
plot shown in Figure 3. Out of these nine regions
we select the six regions (2,3,5,6,7,8, see Figure 3)
with at least 1000 entries. The decay angles ©,
and ®, were stored in six two dimensional his-
tograms with 100 cells. The background contri-
bution was subtracted by generating angular dis-
tributions from the w side-bins according to the
procedure described above. The Dalitz plot was
divided into cells of 0.04 x 0.05 GeV%c* width.
Cells with less than b entries were not used in the
fit. The Dalitz plot and the six angular distribu-
tion were fitted simultaneously.

This left for the Dalitz plot 207 cells and 522
cells (O, @, ) with Ny = 9,766 wnm® events hence
729 cells in which each event entered only once
with the four observables m,,;, myz0o, ©, and ®,.

The GEANT Monte Carlo used to determine
the acceptance of the wnm final state was not sta-
tistically sufficient to permit a meaningful Dalitz
plot analysis. Therefore, we generated 3 x 10°
wna¥ events with a phase-space generator, ignor-
ing detector acceptance and reconstruction effi-
ciency. The w width was given by the experimental
resolution, Eq. 2. The simulated Dalitz plot pop-
ulation was compared to the corresponding 10°
GEANT events by using a y? test. Both data sets
turned out to be consistent, and hence we used
the events from the simple phase-space genera-
tor for the following amplitude analysis. Monte
Carlo Dalitz plots weighted by F;; were generated
for each pair of amplitudes ¢,j (¢ < j). The P
(Eq. 13) and correspondingly the weight w (Eq.
11), were normalized to the total number of events
NT .

PZ] .
Pz'j — ——— with fz = ZP”/NT (14)
Vil
where the sum extends over all (3 x 10%) Monte
Carlo events. We then build the y?

9 (n —w)?
X n+ o (15)
where n 1s the number of entries in the cells of the

experimental plots. The sum extends over the con-
tents of the Dalitz plot and the cells of the angular
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Table 1
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distributions. The ow are the statistical errors on
the Monte Carlo weights, ow = w/\/n(MC).

We obtained a reduced y?/DoF = 1.16 for 718
degrees of freedom (DoF) (Fit F1 Table 1). The
invariant mass distributions of the data and the fit
are compared in Figure 4 where the fit is super-
imposed as a solid line. The projections of the an-
gular distributions (©, ®-) are shown in Figure .
The shoulder in the n7° invariant mass spectrum
above 1 GeV%/c* (Figure 4c) is due to the tail of
the ay. The lower population in the ag band in the
Dalitz plot (Figure 3) below 2.1 GeV?/c* in the wn
mass is due to a destructive interference between
the ap and the b} amplitude. The b® amplitude
is also responsible for the weak diagonal structure
below the ag band. The destructive interference
also explains why b{(1235) is not directly visible
in the mass projection (Figure 4b). The b{ am-
plitude describes the asymmetry in the @y region
rather well. The D/S ratio of [ = 2 to [ = 0 am-
plitudes for b(f decay can be obtained from the
ratio

1 a(l=2)
D/S JEall=0) (16)
By using the values of fit F1 (Table 1) we obtained
D/S = 0.23 £ 0.03. The world average from b,
production in 7p and vp interactions is 0.26 +0.04

Additional amplitudes, A;, were introduced in
fits F2 - F5. Fit F2 assumed an additional 11~
resonance hj decaying to wn with a width of 80

Fit F1 F2 F3 F4 F5
X2/D0F 1.25 1.20 1.23 1.28 1.19
Amplitude A; R7(1380) | w(1390) | w(1600) | 4(1680)
agw o (L = 0) .73+.01 .73+.01 .721+.01 .70+.01 .691.01
asw Qo (L = ) .611+.01 .611+.01 .60+.01 .621+.01 .60+.01
bo (L = 0) 1.98+.08 1.93+.08 2.03+£.09 2.08+.08 2.12+.09
b9 | aa(L=0)(I=0) | 31£.02 | .33£.02 | .29£.02 | .30+.02 | .30%.02
ag(L=0)(I=2) | .16+.02 | .11£.02 | .16+.02 | .16£.02 | .15+.02
¢3 (L =0)(I=0) | 4.87+.06 | 4.71+.06 | 4.76+.08 | 4.80+.07 | 4.67+.07
ba (L = 0) (l = 2) 3.294.18 3.464.25 3.214.23 3.354.20 3.08+.27
Ay oA, .07+.02 .08+.02 .06+.02 .13+.01
o, 104£.02
(bAl 6.25+.24 .08+.33 .86+.26 1.13+.17
ba, 3.614.23
Table 2

Branching ratios obtained with the results of fit 1, ignor-
ing interference effects. The first error is statistical and the
second is due to systematics. For the w, all decay modes
were taken into account in the calculation of the branching
ratios. This is not the case for the decays of the ag, as and

b9.

BR(Bp — aow, ao—n7°) =  (3.54 £.11 £.26) x1073
BR(Bp — agw, az—n7°)= (2.46 £.10 £.19) x1073
BR(pp — b7, bd—wr®) = (7.82 £.85 +.57) x10~*

MeV/e? [1]. In fits F3 - F5, we included the 17~
resonances w(1390), w(1600) and ¢(1680), with
masses and widths taken from Ref. [5]. The data
(Figure 4a) seem to require more intensity in the
w7 mass region above 1600 MeV/c2. The intensi-
ties a? are however not significant with the pos-
sible exception of ¢(1680) (Fit F5) the introduc-
tion of which improves the 2. The fit rejects any
other spin-parity assignment in this region and
prefers 17—, However, since the excess occurs at
the very end of the available phase-space, we pre-
fer to quote upper limits.

Other parametrizations of the ag, suggested
in Ref. [11], were also tested but asymmetric
parametrizations of ag are not favoured by the
data.

The data presented here are taken from a sam-
ple of O-prong annihilations. The absolute number
of stopped antiprotons and the efficiencies are cal-
culated by reconstructing annihilation events from
the channel pp — 7%7% in the same data set, and

7
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Table 3
Upper limits (95% confidence level) for the production of
Spin 1 mesons decaying to wr.

BR(pp — h}(1380)7°, A} (1380) —wn)<  1.48 x10~*
BR(pp — w(1390)7°, w(1390) —wn) <  0.87 x10~*
BR(pp — w(1600)7°, w(1600) —wn) < 0.63 x10~—*
BR(pp — ¢(1680)7°, ¢(1680) —wn) < 1.69 x10~*

by using the absolute branching ratio for 7%z0,

(6.9340.43) x 10~%, which was determined earlier
by this collaboration [12]. With a reconstruction
efficiency of (0.4740.02) for 7°#° events one finds
a total of Npp = (259.16 & 2.38) x 10° annihila-
tions in liquid hydrogen. The branching ratio for
wna? is given by

N

— 17
¢By By Npp’ (17

BR(pp—wir’) =

where N is the number of wnz? events (10,662 &
1274+ 11), e = (18.41 £0.15 £ 0.77)% is the recon-
struction efficiency, B, the branching ratio for w
decay into 7%y (8.5+0.5)%, and B, is the branch-
ing ratio for i decay into vy (38.9 4 0.5)%. This
leads to the branching ratio

BR(pp—wnr®) = (0.68 4 0.01 £ 0.05)% (18)

which is determined for the first time. The branch-
ing ratios for annihilation into apw, asw and b?w
are not uniquely defined due to interferences be-
tween the three channels. We define the branching
ratio, relative to wnm®, as the sum of contributing
intensities o7 normalized to the total incoherent
intensity Z?Il a?, thereby ignoring interference
effects. We find, using the amplitudes from fit F1,
the branching ratios listed in Table 2. The branch-
ing ratio for asw, corrected for all decay modes of
the a, assuming a branching ratio for a,—na? of
0.145 +0.012 [5], is (1.88 £ 0.08 + 0.21)%. Upper
limits for the production and decay rates of Spin
1 mesons can be given using the amplitudes from
Table 1 and the branching ratio for wnz? Eq. (18)
(Table 3).

Summarizing, we have performed a Dalitz-plot
analysis of the annihilation channel pp —wna®.
This channel is dominated by the production of
ao(980). This na® S-wave can be described sat-
isfactorily using a Breit-Wigner amplitude. The
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Fig. 5. Angular distributions of <y in the w rest frame. The
curves show from top to bottom for the regions 2, 3, 5, 6
and 7, 8 of the Dalitz plot (Figure 3

).
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annihilation channel pp —>b(1)77 has been observed
for the first time. Additional states decaying into
wr? have are not been observed. Upper limits have
been obtained for production of axial vector and
vector mesons decaying into wr.
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