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Abstract

qŽ .The annihilation fractions and cross sections for the np annihilation reaction in flight ;50–400 MeVrc into hp and
h

X
pq final states have been measured. The first ones follow the trend expected for P wave annihilations. From the ratios of

the yields an evaluation of the pseudoscalar mixing angle in the standard form is possible. The value found shows that for
pseudoscalar meson production from P wave the Quark Line Rule is not grossly violated. q 1999 Elsevier Science B.V. All
rights reserved.

PACS: 13.75.-n; 14.40.Cs
Keywords: Antineutron-proton annihilation in flight; Measured h and h

X production; Absolute annihilation frequencies and cross sections;
Pseudoscalar physical states mixing angle; OBELIX spectrometer

In this Letter we report on a study of the annihila-
tion reactions

qnp™hp 1Ž .
and

X qnp™h p 2Ž .
with incident n momentum up to 405 MeVrc ; the
annihilation frequencies and cross sections will be
given. From these results an evaluation of the pseu-
doscalar mixing angle between physical states, in its
standard formulation, may be deduced.

Using a quark basis description the physical states
in the pseudoscalar nonet may be written as

Xh
< : < : < :h s uuqdd qY ss , 3Ž .h'2

X X
hX

X< : < : < :h s uuqdd qY ss , 4Ž .h'2

where X 2 qY 2 sX X
2 qY X

2 s1, in absence of addi-h h h h

tional gluonic components. X and Y are related to
the pseudoscalar mixing angle by the relationships

1 2
XX sY s cosQ y sinQ , 5Ž .(h h PS PS' 33

2 1
XX sY sy cosQ y sinQ , 6Ž .(h h PS PS'3 3

' 'X X2 X qY X y 2 Yh h h h
tanQ sy s . 7Ž .PS ' ' XX y 2 Y 2 Yh h h

Recently it was pointed out that the particle states
mixing properties are different from those of the

w xcoupling constants 1 , which are directly connected
to the quark distribution at zero spatial distances, and

w xare in principle momentum dependent 2 . As a
consequence, two mixing angles related to the two
different decay constants are needed. According to
this framework the mixing angle for the singlet
components of the coupling constant is u ,y48,0

while for the octet ones it is much larger, u ,y208;8

this value for u is consistent with several experi-8

mental evaluations of the mixing angle obtained
from the ratio of the production yields for the two
pseudoscalar mesons.

In this work the basic assumption for the determi-
nation of the mixing angle is that the NNNN initial
states may couple only to the uuqdd component of

X
h and h wave functions, and not to the ss one.
However, sizeable effects on the pseudoscalar mesons

w xproduction 3 could be given by the presence of a
strange quark content in the nucleon wave function,

w xas suggested by Ellis et al. 4 ; the ss component in
the nucleon could explain the abundant f meson
production recently measured at LEAR. These ef-
fects could be particularly important in hrh

X pro-
duction when the NNNN annihilation occurs from spin

X qw x Ž .singlet initial states 5 : yet in np™h h p reac-
tions the contributing initial states are only the spin
triplet ones 3P and 3P .0 2

Up to now, several experiments have shown that
the production rates of h and h

X may be accounted
Ž .for simply by means of the SU 3 Naıve Quark¨

Model, taking possibly into account symmetry break-
ing effects but without invoking any ss component
in the nucleon wave function; the measured pseu-
doscalar mixing angle is in general in good agree-
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ment with the value from the Gell-Mann–Okubo
w xlinear mass formula, Q sy238 6 . Among thePS

experimental observations supporting this fact, the
2g decays of both h and h

X, the Jrc radiative
decay and the decay of light mesons, and the ratios
of the cross sections for the scattering processes

q X w xp n™hp, h p 7 . All of them show that the yield
for the h production is about twice as large as the h

X

one, after proper phase space corrections. Moreover,
several branching ratios for pp annihilations at rest
into h and h

X and neutral mesons have been mea-
sured by the Crystal Barrel Collaboration, and among

X 0 0Ž . Ž . Žthem BR pp™hp rBR pp™hp s 0.548
."0.046"0.014 , from which the experimental value

Žfor the pseudoscalar mixing angle Q sy 17.3"PS
. w x1.8 8 was derived 8 . The evaluation of the mixing

angle however depends on dynamical corrections,
related to phase space factors and particle momenta,
which can be quite important especially in low en-
ergy annihilation processes.

The annihilation fractions and cross sections have
been measured by the OBELIX detector, which oper-
ated from 1990 to 1996 at LEAR at CERN. The
apparatus, whose detailed description may be found

w xelsewhere 9 , was endowed with a unique facility
for the production of an antineutron beam, from the
LEAR p’s by means of the Charge Exchange reac-
tion pp™nn. The data used for the present analysis
have been collected in three large data takings with
p momentum of 412 MeVrc, producing antineutrons
with a continuous momentum distribution ranging
from ;50 to 405 MeVrc . The antineutron beam
had an intensity and momentum resolution quite
suitable to perform high precision annihilation dy-
namics and meson spectroscopy studies. Many de-
tails about its production and its features may be

w xfound in Ref. 10 . The advantages of using the
w xantineutron as a projectile are manyfold 11 . We

remind here only the fact that, being the isospin
quantum number fixed in the initial state, the number
of allowed partial waves is reduced. Moreover, pro-
vided the available statistics are enough, the produc-
tion yields may be sketched as a function of the
antineutron momentum, and a more transparent com-
parison of their trends with the theoretical expecta-
tions from specific partial waves may be performed.

For the measurement described in the following
information from the OBELIX Time-Of-Flight sys-

Ž . Ž .tem TOF and the Jet Drift Chamber JDC only
were employed; the latter device measured the mo-
menta of the particles and was used to determine the
event topology: events with three or five tracks only,
with well defined annihilation vertices, were selected
for the analysis. The TOF system was used to recon-
struct, by means of an iterative algorithm, the mo-
mentum of each interacting antineutron, and only the
events with a physically meaningful n momentum

Žvalue for n’s annihilating inside the 25 cm long
.reaction target were kept.

qIn the np™hp reaction the h meson was
observed in its charged decay mode: h™pqpyp 0

Ž Ž . .B.R. s 23.1"0.5 % . To reduce contaminations
q yŽ .from exclusive events np™2p p as well as

from events with more than one missing p 0 a
selection on the total energy E and on the totalTOT

measured center of mass momentum p was made,TOT

as shown by the lines in Fig. 1a. The np™

2pqpyp 0 data sample was then selected out of all
three prong events by applying a 1C kinematic fit to
test this reaction at 95% C.L., and a 4C one to reject
the exclusive hypothesis at 99% C.L. In this reaction

q Ž .the recoiling p is faster )700 MeVrc than the
pions from h decay, whose momentum doesn’t ex-
ceed 650 MeVrc, being its average value peaked at
about 300 MeVrc. If one positive pion only is
required to be fast, while all the other ones are
required to have a momentum lower than 700
MeVrc, only 1% of the h signal is lost, while the
background is reduced by about 80%.

Ž q y 0.After this selection, the p p p invariant mass
distribution of the system recoiling against the fast
pq has just one entry per event; it is shown, for
events without selection on n momentum, in Fig. 1b.
Different cuts on the measured pq momentum, on

2 Ž .the kinematic fit x and on E , p wereTOT TOT

applied in order to check the results’ stability and to
define systematic effects connected to the selection
criteria. They amount to about 5%.

The number of h mesons was evaluated fitting
the invariant mass distribution in the h region with a
Gaussian plus polynomial contributions; different or-
ders for polynomials were tested, and their choice
had no particular effect on the evaluation of the
yields, which were always consistent within statisti-
cal errors. The background under the h peak amounts
to ;55%. An average value of different evaluations
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Ž . 0Fig. 1. a Total center of mass momentum p vs total energy E scatter plot: the cuts applied to select events with one missing pTOT TOT
Ž . Ž q y 0 .only are outlined. The total energy was moreover required to be less than 1.8 GeV. b Invariant mass distribution for the p p p

system recoiling against the fast pq: the h signal has been fitted with a Gaussian plus a third degree polynomial function. The spectrum is
not corrected on apparatus acceptance.

is quoted in Table 1 as final result: here the total
measured numbers for the full statistics and for three
subsamples, selected according to n momentum val-

. .ues in the ranges 1 ;50Fp F200 MeVrc, 2n
.200-p F300 MeVrc, 3 300-p F405 MeVrc,n n

are reported.
The central mass value and the experimental reso-

Ž .lution obtained for the h signal are m s 546"1h
2 Ž . 2MeVrc and s s 12"1 MeVrc . The latter ish

compatible with that obtained by Monte Carlo simu-
lations after event reconstruction through apparatus
acceptance.

The detection efficiencies in the different n mo-
mentum ranges have been determined by means of
Monte Carlo simulations based on the GEANT 3.21
package, including hadronic interactions reproduced
by the FLUKA code. The Monte Carlo data have
been treated as the real ones, submitting them to the

same analysis chain. The detection efficiency as well
as the geometric acceptance depend on the angular
distribution of the emitted particles, which varies
according to the quantum numbers of the initial state,
due to angular momenta and spins composition and
to the effect of centrifugal barriers; moreover, since
annihilations occur in flight, some helicity compo-
nents are missing, namely those with ms"2. Since

qnp™hp annihilations at low energies may only
come from 3P and 3P initial states, the efficiencies0 2

have been evaluated in the two hypotheses: they vary
of a factor up to 6%, being their difference larger for
lower n momenta, as shown in Table 1, fourth and
fifth column. The final e value reported in Table 1,h

third column, corresponds to their weighted average.
Table 2 gives the total number of np annihilations

and of antineutrons for the whole statistics and the
three ranges selected according to n momentum. The

Table 1
Number n of h mesons evaluated from invariant mass spectra, global detection efficiencies and detection efficiencies for events generatedh

3 3 Ž .in the two initial states P and P , for antineutron momenta selected in three intervals total: ;50Fp F405 MeVrc, 1 :0 2 n
. . .;50Fp F200 MeVrc, 2 : 200-p F300 MeVrc, 3 : 300-p F405 MeVrc .n n n

3 3Ž . Ž .p interval n e e P e Pn h h h 0 h 2

total 391"36 "19 0.189"0.002 0.188"0.002 0.19"0.02stat sys stat
.1 45"13 "2 0.195"0.005 0.186"0.005 0.198"0.005stat sys stat
.2 133"22 "7 0.188"0.003 0.186"0.003 0.188"0.003stat sys stat
.3 209"25 "17 0.181"0.002 0.180"0.002 0.181"0.002stat sys stat
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Table 2
ŽNumber of annihilations and incoming antineutrons for which the

.statistical error is negligible , selected in ranges according to the
antineutron momentum value.

3 6p interval N ,10 n ,10n ANN n

total 8516"40 "433 43"2stat sys sys
.1 1277"6 "65 6.4"0.3stat sys sys
.2 2981"14 "152 14.5"0.7stat sys sys
.3 4258"20 "217 21"1stat sys sys

number of annihilations was determined from the
total number of recorded events, selecting those with
a fully reconstructed annihilation vertex in the fidu-
cial volume and a correctly evaluated antineutron
momentum. A correction by a global annihilation
efficiency was then applied to take into account the
annihilations into one prong only, which were lost
with the strong requirement on vertex topology. The
technique used to evaluate the annihilation efficiency

w xis described in Ref. 12 . The measured annihilation
frequencies for the hpq channel, evaluated by means
of the relationship

n p 1Ž .h n
f p s 8Ž . Ž .h n BR Pe p N pŽ . Ž .h h n ANN n

Žwhere BR is the branching ratio for the decay ofh

.the meson in the observed final state are reported in
the second column of Table 3. Previous measure-

qments of np™hp annihilation frequencies as a
function of n momentum were performed detecting
the h™gg decay channel by the OBELIX electro-

Ž Ž . . w xmagnetic calorimeter BR s 38.8"0.5 % 12 ;
the value found for p up to 400 MeVrc, f sn Žh ™gg .
Ž . y46.4"1.2 "0.7 =10 , is in a 2.65s discrep-stat sys

ancy with the present result. A reanalysis of the

neutral decay data, with an updated version of the
strong interaction simulation and a refined treatment
of the trigger efficiency and of all systematic effects
reduces this discrepancy to 1.07s : an updated value,

Ž . y4 w xf s 8.5"1.6 =10 , may be quoted 13 .Žh ™gg .
The total number of antineutrons was obtained

from the amount of antiprotons entering the produc-
tion target as counted by the OBELIX online count-
ing system, and from the evaluation of the n beam
flux, for which a dedicated Monte Carlo had been
built. A detailed description of the techniques used to

w xthis purpose may be found in Ref. 14 . The annihila-
tion cross sections, evaluated in each p range byn

means of

1 n p 1Ž .h n
s p s 9Ž . Ž .h n

rN Dz BR e p N pŽ . Ž .AV h h n n n

Ž .are reported in Table 3, fifth column. In Eq. 9 r is
the liquid hydrogen density, N the Avogadro num-AV

Ž .ber and Dz is the fiducial volume length 24 cm .
The errors in the cross sections are dominated by the

Ž .systematic uncertainty about 5% in the counting
procedure and related to the fluctuations of the p’s
spot position.

The annihilation frequencies, as well as the cross
sections, exhibit a raising trend with p momentumn

increase. Taking into account the P wave content
predicted, as a function of the projectile momentum,

w x Žby Dover–Richard’s model 15,16 and reported in
Table 3, fourth column, after convolution with n

.momentum spectrum one can derive the values for
the elementary branching fractions BR for P waveP

production; they are given in the third column of
Table 3. As expected for production from pure P
wave, they are constant, within errors. A second

Table 3
Ž .Annihilation fractions, elementary branching ratios for P wave annihilations systematic and statistic error are added in quadrature and

q Ž .annihilation cross sections for the channel np™hp , for different ranges of antineutron momenta see in the text . The fourth column
reports the P wave content in each p interval obtained by the convolution of the curve from Dover–Richard model and the antineutronn

momentum spectrum.
y4 y3 qŽ . Ž .p interval f ,10 BR ,10 P wave % s np™hp , mbn h P

total 10.50"0.97 "0.74 1.68"0.15 62.3"0.2 0.203"0.019 "0.014stat sys stat sys
.1 7.83"2.27 "0.53 2.24"0.88 35.0"0.9 0.153"0.044 "0.010stat sys stat sys
.2 10.30"1.70 "0.76 1.74"0.31 59.3"0.4 0.207"0.034 "0.015stat sys stat sys
.3 11.77"1.42 "1.13 1.66"0.26 70.9"0.3 0.233"0.028 "0.022stat sys stat sys
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Ž .Fig. 2. Distributions of the h decay angle formed between the h direction and the normal to its decay plane , for events selected in the three
Ž . Ž . Ž .intervals chosen for antineutron momentum: a 50-p F200, b 200-p F300, c 300-p F405 MeVrc. The plots have alreadyn n n

been corrected on apparatus acceptance.

proof of a dominant spin triplet P-wave annihilation
is given by the shape of the h decay angular distribu-
tions, which are flat, as shown in Fig. 2, as expected
for a pseudoscalar particle decay.

The h
X meson is observed in its charged decay

X q y Ž Ž . .mode h ™p p h BR s 43.8"1.5 % , fol-
w xlowed by h decay into three pions 17 , or h decay in

Ž Ž . .neutral particles only BR s 71.4"0.16 % . In
the first case a five prong data sample is used. The
available statistics does not allow for this channel a
selection as a function of the n momentum.

The first applied cut requires events with one fast
q Ž .qp p )600 MeVrc ; the momenta of the pionsp

from the h
X decay do not exceed 550 MeVrc, and

their average value is about 190 MeVrc. With the
Ž .five prong data sample h charged decay a 1C

kinematic fit was applied to test the hypothesis np

™pqpqpypqpyp 0 at 95% C.L.. The survivingf

events were then tested against two different kine-
.matic hypotheses: a a 2C kinematic fit to test the

q q y q y 0reaction np™p p p h with h™p p p atf
.95% C.L., or b a 3C kinematic fit to test, requiring

Xqhowever convergence only, the reaction np™p h ,f

with energy-momentum conservation imposed at both
h and h

X decay vertices. Fig. 3a, b, and d, e show
Ž q y .respectively the p p h invariant mass and the

squared missing mass distribution of the system re-
coiling against the fast pq for the five prong data
selected with the described criteria. The systematic
uncertainty related to this selection was evaluated to
be 4%, by varying the applied cuts.

In the missing h selection mode, a 1C kinematic
fit was applied to three prong events to test at 95%

q q yC.L. the np™p p p h hypothesis, and tof miss

Ž q y . Ž . Ž . Ž .Fig. 3. p p h invariant mass spectra for data selected by means of a 2C fit and b 3C fit on the five prong data sample, and c 1C fit
Ž . Ž . Ž . qon the three prong one; d , e , f are the corresponding missing mass distributions for the system recoiling against the fastest p for the

corresponding data samples. The dotted line marks the nominal h
X mass. The plots are not corrected on apparatus acceptance.
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q q y 0reject the np™p p p p one at 90% C.L.; thef

exclusive events were eliminated requiring the total
energy to be less than 1.8 GeV. In Fig. 3c and f the
Ž q y .p p h invariant mass and missing mass distri-miss

butions for events selected in this way are shown.
The systematic uncertainty of this selection criterion
is 7%.

The number of h
X was determined by fitting the

distributions in Fig. 3a, b, c with a Gaussian plus a
linear polynomial function to reproduce the back-
ground shape. The mass and experimental resolution
of the signal obtained from the five prong sample are

Ž . 2 Ž .X Xm s 955 " 3 MeVrc and s s 14 " 2h h

MeVrc2, while for the h selection mode themiss
Ž . 2 Ž .X Xvalues m s 956"4 MeVrc and s s 8"3h h

MeVrc2 were found. Both these s values are in
agreement with the resolutions deduced from Monte
Carlo simulations. The evaluated numbers of h

X

. .mesons are given in Table 4: a and b criteria
deliver two consistent h

X yields, whose difference
may be understood as a systematic uncertainty of the
measurement.

The same signature may be given by concurrent
decay channels which may be filtered by the selec-

X Xqtion criteria, such as np™p h followed by h

decay into neutrals h
X
™p 0p 0h, whose branching

Ž .ratio is 20.7"1.3 %, and the subsequent charged
Ž q y 0 q ydecay of h meson h™p p p and h™p p g ,

which however occurs just with a branching ratio
Ž . .4.8"0.1 % . The contamination from this channel,
evaluated by means of Monte Carlo simulations, is
Ž . X q0.091"0.021 . The number of h p events got
from the three prong data sample after the correction

Ž .due to contamination is 28"13 "2 .stat sys

The detection efficiencies of the two selection
criteria, including the branching fraction for the h

decay, are reported in Table 4. The final annihilation
frequencies and cross section values have then been
determined averaging the absolute yields: for the

Table 4
X Ž q y .Number of h mesons evaluated from hp p invariant mass

spectra and corresponding detection efficiencies. They take into
Ž .account the branching ratio for the h decay into charged 1st row

Ž .or neutral 2nd row particles.
X XSelection criterion n eh h

2C or 3C 19"9 "1 0.0072"0.0004stat sys stat

1C 31"14 "2 0.0119"0.0003stat sys stat

global annihilation frequency and cross section the
Ž . y4

Xtwo values f s 6.63"2.21 "0.03 10 andh stat sys
Ž .Xs s 0.128"0.043 "0.011 mb are derived.h stat sys

The ratio between the absolute production yields
X ŽXfor h and h, R s N rN s 0.63 " 0.16 "h h stat
.0.04 , can be compared to results obtained insyst

w xsimilar reactions 18 . In pp annihilations at rest
with a recoiling p 0 Backenstoss et al. found Rs
Ž . Ž .0.37"0.96 , Chiba et al. 1.09"0.51 , and Crystal
Barrel the already mentioned value Rs0.548"

w x0.048 8 . A comparison may even be possible with
y Ž X.the results from the reactions p p™h h n at dif-

ferent incident momenta, among which those by
Ž .Apel et al., Rs 0.59"0.06 at p s15 GeVrc,lab

Ž . Ž .0.51"0.08 at 20.2 GeVrc, 0.52"0.06 at 25
Ž .and 40 GeVrc and 0.53"0.03 at 30 GeVrc, by

ŽApokin et al. at p s39.1 GeVrc, Rs 0.59"lab
.0.07 , and by Daum et al. at p s63 GeVrc,lab
Ž .Rs 0.60"0.18 .

The pseudoscalar mixing angle is related to R by
the relationship:

X2 q
XX s np™h p FŽ .h h2cot Q yQ s s sR .Ž .id PS q2

Xs np™hp FX Ž . hh

10Ž .
where Q s35.268, and the factors F take intoid

account the available phase space for the mesons
production and other possible dynamical effects. Dif-
ferent expressions for F may be chosen.

w xVandermeulen description 19 is based for in-
stance on the hypothesis that the annihilation process
prefers small energy transfers to the outgoing mesons.
The dynamical factor is in this case F si

1r22qexp A sy m qm for the production ofŽ .½ 5p i

'Žthe i-type meson with m mass s is the totali

available energy and q the break-up momentum in
the two body i-pq system, while A is a constant,

y1 .fixed to be y1.2 GeV . Using this prescription,
for which F rF X , 0.91, one derives Q sh h PS
Ž .y17.598"3.398 "0.828 .stat sys

Ž XIf the dynamical correction is neglected F rFh h

. w xs1 , as suggested in Ref. 20 , the value Q sPS
Ž .y15.828"3.448 "0.868 is obtained. Otherstat sys

prescriptions, such as the standard factor q2 lq1

Žwhich however was shown not to be strictly correct
w x.for the studied processes 16 , or Maruyama model

w x21,16 , are based in addition on angular momentum
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values or on several other theory dependent parame-
ters.

The values that we find for Q are in goodPS

agreement with the theoretical expectations. Z being
the ratio of the matrix element for the production of
the ss meson versus the production of a non-ss one,
an upper value for it may be evaluated through the
relationship:

2
< <Xs Z qcotdh PS

s 11Ž .ž /< <s 1y Z cotdh PS

Ž . < <where d sQ yQ . One expects Z s0 ifPS id theor

the Quark Line Rule holds, i.e. in the case the ss
component of the h and h

X wave functions are
produced by disconnected quarks diagrams and the
NNNN system in the initial state doesn’t contain a
sizeable ss component. Having fixed d s58.268PS
Ž theorusing Q sy238 to get the more conservativePS

< <.evaluation for Z , and using the value obtained
including Vandermeulen phase space factors, Q sPS
Ž . < <y17.598"3.488 , we find Z F0.083. This shows
that the agreement with the quark model expecta-
tions is rather good, and a sizeable contribution for
ss component is not required. Even a mixing of h

and h
X with a low mass pseudoscalar glueball is not

necessary. This experimental observation doesn’t
conflict with the intrinsic strangeness hypothesis but
it strengthens the statement by Dover and Fishbane

yqw x22 that the 0 quantum numbers for a possible ss
content in the nucleon may be discarded.

In summary, this work presents the first observa-
tion of the h

X meson performed by the OBELIX
Experiment, and the first measurement of the anni-
hilation frequency and cross section for the reaction

X qnp™h p occurring in flight with n momentum up
to 405 MeVrc. The comparison between this and

qthe cross section for np™hp annihilation, whose
trend as a function of energy follows P wave produc-
tion, may be used to perform a conventional evalua-
tion of the pseudoscalar mixing angle. The measured
values depend rather heavily on the description of
the phase space factor, but seem to indicate the

absence of a sizeable discrepancy from the expecta-
tions of the Quark Line Rule for pseudoscalar meson
production from spin triplet initial states.
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