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Protonium annihilation into p0p0 at rest in a liquid hydrogen target
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The annihilation frequency of the reactionp̄p→p0p0 at rest in liquid hydrogen has been measured by the
Obelix experiment by using different apparatus configurations and trigger conditions. The value obtained is
f (p0p0, LH)5(2.860.1stat60.4syst)31024. With the same data samples, thep0h annihilation frequency has
been determined to bef (p0h, LH)5(0.960.2stat60.1syst)31024. The results are discussed within the frame
of the present experimental situation.

DOI: 10.1103/PhysRevD.65.012001 PACS number~s!: 13.75.Cs, 36.10.Gv
en
e

th
ou
o
m

ta

n
-

vid
a
in

pe

ea-

ig.

-
of

dro-

the
r-
ed
rs
et
nd

a-
l

rent
ain
ger,
ini-
n-
ol-
I. INTRODUCTION

The measurement of the protonium annihilation frequ
cies (f ) into two-body final states is relevant both to th
knowledge of the protoniumJPC initial state distribution and
to the studies on annihilation dynamics. For this reason,
last generation experiments operating at LEAR carried
an extensive program of measurements in this field. Imp
tant information can be obtained both from the direct co
parison of f for specific channels~as p1p2, p0p0 and
KSKL) @1# and by studying the whole set of experimen
results under some generally accepted hypotheses@2–6#. In
this context, the annihilation frequencies of the reactio
p̄p→p0p0 and p̄p→p0h at rest have a particular impor
tance, because they can proceed only from the3P0 and 3P2
protonium initial states and their measurements can pro
a direct evaluation of the protoniumP-wave percentage at
given density. We recall here that the experimental branch
ratios of the mesons produced in thep̄p annihilation at rest,
as determined by spin-parity analyses, in some cases de
on a priori assumptions on this percentage@7#.

*Present address: Shahid Behesty University, Teheran, Iran.
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The present experimental situation concerning the m
surements off (p0p0, r! in liquid hydrogen~LH; r is the
target density!, summarized in Table I and represented in F
1, is quite contradictory@1,8–14#; in particular, the results
from Crystal Barrel~CB! @8#, confirmed by a recent reanaly
sis @9#, are more than a factor of 2 larger than the average
the previous ones. At the moment, results in gaseous hy
gen have been obtained only by Obelix@1# in normal tem-
perature and pressure~NTP! conditions~GH or rNTP) and by
Crystal Barrel@9# at 12rNTP.

In this paper, we describe the new measurements of
p0p0 and p0h annihilation frequencies at rest in LH pe
formed by the Obelix experiment. The previously quot
f (p0p0, r! measurement by Obelix in NTP conditions offe
the opportunity of observing this reaction in different targ
conditions, therefore allowing important cross-checks a
helping in the control of the systematic errors.

The f (p0p0, LH! annihilation frequency has been me
sured by detecting the 4g final state and by applying severa
analysis methods, making use of data samples with diffe
trigger conditions and apparatus configurations. The m
p0p0 measurement, performed by means of a neutral trig
has been cross-checked twice: first, by analyzing the m
mum bias~MB! data collected in the same experimental co
ditions and, successively, by using another MB sample c
©2001 The American Physical Society01-1
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TABLE I. Present experimental situation of thep̄p→p0p0 annihilation frequency at rest. LH and GH
stand, respectively, for liquid hydrogen and gaseous hydrogen in NTP conditions.

f ( p̄p→p0p0, r! (31024) Year Target density Ref.

4.861.0 1971 LH Devonset al. @10#

1.460.3 1979 LH Bassompierreet al. @11#

6.064.0 1983 LH Backenstosset al. @12#

2.0660.14 1987 LH Adielset al. @13#

2.560.3 1988 LH Chibaet al. @14#

6.9360.47 1992 LH C.B.~AN! @8#

6.1460.40 2001 LH C.B.~MB! @9#

2.860.4 2001 LH This work
12.762.1 1994 GH Obelix~AN! @1#

15.460.9 2001 12rNTP C.B. ~MB! @9#
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lected with completely different beam line and target se
one year later.

The p0p0 annihilation frequency is determined by th
following relation:

f ~p0p0, LH!5
Np0p02NBG2Np0p0

F

ep0p0Np̄~12F !
, ~1!

where Np0p0 is the number ofp0p0 reconstructed events
ep0p0 the reconstruction efficiency,NBG the background
events,Np0p0

F the p0p0 events produced in-flight,Np̄ the

number ofp̄ annihilations inside the target, andF the frac-
tion of in-flight p̄ annihilations. Each term has been eva
ated in at least two independent ways. The strategy of
analysis, as well as the codes used for event selection, fi
ing, reconstruction and efficiency calculation, is the same
already exploited in the previousf (p0p0, NTP! analysis@1#.

In Secs. II, III, IV and V, the apparatus and thep0p0

analysis of the neutral data sample are described. Section
and VII contain, respectively, the study of thep0h annihila-
tion frequency and the analysis of the MB sample. In S
VIII, we discuss the present experimental situation by c
sidering the latest published results.

FIG. 1. The present experimental situation of the protoni
annihilation frequency in liquid hydrogen@ f (p0p0, LH) #. For de-
tails on symbols and references see text and Table I.
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II. APPARATUS AND DATA TAKING

The p0p0 and p0h measurements were performed b
stopping the antiproton beam from the LEAR facility
CERN in a cooled cylindrical liquid hydrogen target~15 cm
diameter, 25 cm long!. The antiprotons crossed in sequence
plastic scintillator, a collimator and a Si-detector~4 cm di-
ameter, 300mm thick! placed 40 cm from the target cente
The target and the beam line were the same, suita
adapted, used in then̄ data taking@15,16#. The antiprotons
were selected by requiring the coincidence of the sign
from the scintillator and the Si-detector. The detector co
figuration, composed by the time-of-flight system~TOF!, the
drift chamber~JDC! and the high angular resolution gamm
detector~HARGD! @17#, was the same as that of thep0p0

measurement performed by Obelix in NTP conditions@1#.
The present work is based onNAN56.3543106 annihilation
events collected with an all-neutral~AN! trigger, requiring an
antiproton entering the target and no signals from the T
scintillators. A pre-scaled sample of MB events (NMB

P

50.253106) was also recorded during the AN runs in ord
to monitor the apparatus stability and the vertex positi
Another sample ofNMB50.8473106 MB events was col-
lected in various steps during the data taking period.

III. THE ANTIPROTON BEAM AND VERTEX
DISTRIBUTION

The momentum of thep̄ beam used for these measur
ments was 305 MeV/c, with a mean free path in the liquid
hydrogen target of about 12 cm and negligible straggling

The vertex distribution along the beam axis (z coordinate!
obtained from the pre-scaled MB events is shown in Fig
The vertices were almost completely contained in the tar
therefore thep̄ in-wall annihilations were negligible. The
standard deviation of the distribution~about 1 cm in thez
coordinate! is almost entirely due to the resolution in thez
vertex reconstruction.

The number of annihilations inside the target (Np̄) has
been determined by three independent methods, by exp
ing the information of the MB runs and the beam scalers

~i! We have evaluatedNp̄ in the MB sample by flagging
1-2
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PROTONIUM ANNIHILATION INTO p0p0 AT REST IN A . . . PHYSICAL REVIEW D 65 012001
all the events which satisfy the neutral trigger condition.
this way,Np̄ can be calculated as the ratio between the to
number of AN eventsNAN and the neutral trigger frequenc
defined aseAN5(NAN)MB /NMB , where (NAN)MB represents
the number of flagged events. WitheAN5(4.0860.02)% the
resultNp̄5(155.760.8)3106 is obtained.

~ii ! We have applied the same procedure to the MB d
with the neutral trigger frequency evaluated from the be
counting scalers, obtainingeAN5(3.97860.002)% andNp̄
5(159.7460.08)3106.

~iii ! Finally, by countingNp̄ directly from the beam scal

FIG. 2. z vertex distribution of all the observed annihilation
The agreement between Monte Carlo and experimental dat
shown in graph~a!. Graph~b! shows the various in-flight contribu
tions. The target is placed approximatively at214 cm<z<11 cm.
01200
l

a,

ers on the AN data, we have obtainedNp̄5160.563106.
The values resulting from the three procedures are in

sonable agreement; we took an average value ofNp̄5(160
64)3106, where the quoted error is a conservative estim
tion of the systematic uncertainty.

The contribution of in-flight annihilations~F! has been
established in two independent ways. First of all, we ha
calculated the in-flight annihilation probability in an analyt
way. The probability of thep̄ to interact with the target ha
been evaluated using the most recent measurements o
in-flight annihilation cross sections@18# and the stopping
power at very low energy@19#. In this way, a contribution at
a level of (1061)% has been obtained. As a second step,
have performed a detailed Monte Carlo simulation based
theGEANT 3.15 package@20#, which was developed to simu
late the Obelix beam line, the apparatus and the antipro
interactions, taking into account all the active and pass
materials. The main antiproton interactions inside the tar
~such as annihilation, elastic scattering, charge exchange
ionization! have been included by exploiting the recent e
perimental results cited above. Thep̄ vertex distribution ob-
tained from this simulation can be compared with the r
data after applying a smearing to take into account the ve
reconstruction resolution. As shown in Fig. 2~a!, the two dis-
tributions are in excellent agreement; the various in-flig
annihilation contributions from theL50 and L51 proto-

FIG. 3. Thegg invariant mass distribution of the combination
passing the 1C fit cuts. The peak is centered at 13
60.3 MeV/c2 and has a full width at half maximum of 24
61 MeV/c2. The filled graph represents the background fit c
rected to account for the combinatorial effect.

is
are:
TABLE II. Results of the fit procedure applied to the AN sample. The adopted cuts
x2<1.64, Qp0>0.3 andQgg>0.3 for the 1C fit;x2<3.22, Qp

1
0>0.3 andQp

2
0>0.3 for the 2C fit.

Fit Np0p02NBG ep0p0(%) Np0p0
F f (p0p0, LH! (31024)

1C 4661690 11.260.1 230625 2.860.1
2C~A! 2634694 6.1860.08 140615 2.860.1
2C~B! 2529670 6.1860.08 140615 2.760.1
1-3
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nium waves are shown in Fig. 2~b!. The in-flight annihilation
probability results inF5(10.160.1stat60.4syst)%, in com-
plete agreement with the analytical method.

IV. THE p0p0 ANALYSIS

The evaluation of the number ofp0p0 events, of the
background and of the reconstruction efficiency have b
performed by selecting in the AN sample the events w
four clusters in HARGD, no tracks in the JDC and no hits
the TOF. The gamma directions have been obtained by c
necting the photon conversion points to the vertex evalua
from the pre-scaled MB events. Then, two kinematic fi
with one~1C! and two~2C! constraints, have been applied
the selected events in order to test the hypothesesp̄p

→p0gg→4g ~6 possible combinations per event! and p̄p
→p0p0→4g ~3 possible combinations per event!, respec-
tively.

In Fig. 3, thegg invariant mass distribution from the 1C
fit is shown for combinations satisfying the cutsx2<1.64,
Qp0>0.3 andQgg>0.3, wherex2 is the chi-square of the
1C fit, Qp0 is the cumulative distribution of thep0 decay
opening angle andQgg is the cumulative distribution of the
opening angle of the freegg couple@1#. The spectrum has
been fitted to the function

F5A expS 2Umgg2m

A2s
UdD ~2!

to reproduce thep0 peak @1# plus a polynomial curve
~dashed part of the histogram! for the background, correcte
in order to take into account the combinatorial effect due
the possibility that a single event enters twice in the his
gram. With these cuts 4661p0p0 combinations~background
subtracted! have been counted, on a background contribut
at the 20% level evaluated directly from the plot. The res
obtained is listed in the second column of Table II.

The 2C kinematic fit allows to extract thep0p0 event
from the sample by constraining bothgg couples to thep0

mass. Different cuts onx2 and Qp0 have been applied to
have a good signal/noise ratio and to check the stability
the results. By requiringx2<3.22, Qp

1
0>0.3 andQp

2
0>0.3,

we have selected 3125p0p0 events. In Fig. 4 thegg invari-
ant mass~a! and momentum~b! distributions of the events
passing the above mentioned cuts are shown.

Although the 2C fit is more selective, the backgrou
contribution cannot be evaluated directly from the expe
mental spectra as for the 1C fit; in the present case, it
been determined with two completely independent meth
already used in previous analyses@1,21#:

~a! We have generated the main background annihila
reactions ~e.g. 3p0, 4p0, 5p0, p0h, p0v, 2p0h and
2p0v) using the Monte Carlo code of the apparatus~de-
scribed below!. Moreover thep̄p→3p0 reaction has been
simulated by taking into account the dynamics of the an
hilation as measured by other experiments@7#. Then we have
applied the above analysis to these reactions in order to
tain the rejection power for each channel@21#. The results
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obtained are summarized in Table III, where the last colu
reports the number of background eventsNBG for our
sample, evaluated through the following formula:

NBG5(
x

NBG
x 5Np̄(

x
f ~ p̄p→x!ex , ~3!

whereNp̄ is the antiproton number andNBG
x , f ( p̄p→x) and

ex are, respectively, the number of background events,
experimental annihilation frequency and the reconstruct
efficiency of thex reaction subjected to thep0p0 hypothesis.
This procedure results in a determination of 491675 back-
ground events, corresponding to a background contribu
of (1662)%, which is mainly given by the 3p0 reaction.

~b! We have fitted thex2 distribution of the experimenta
data as a combination of a signal contribution and a ba
ground one, the shapes of these components being d
mined by a study of the corresponding MC distributions. T
situation is presented in Fig. 5. With this method we fi
596625 events, corresponding to a background contribut
of (1961)%, in agreement with the previous result.

In order to determine the reconstruction efficiencyep0p0,
we have generated a sample of about 105 p0p0 Monte Carlo
events based on theGEANT 3 package~version 3.21! @20#.
Each of the detectors has been included in the simulation
intrinsic efficiency being evaluated both on samples ofp̄p
data and on cosmic muons collected in the same perio
the AN data sample. Thep0p0 reaction has then been simu
lated at rest as well as in flight. The events have been s
mitted to the same analysis chain of the real data. With
cuts mentioned above, we find that the reconstruction e

FIG. 4. Thegg invariant mass~a! and momentum distribution
~b! of the events passing the 2C fit cuts. The invariant mass
momentum peaks are centered at 135 MeV/c2 and 928.3 MeV/c,
respectively. The momentum peak is characterized by a full wi
half maximumDPFWHM53.2 MeV/c.
1-4
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TABLE III. Principal background sources for thep0p0 2C~A! fit. Each row lists, in sequence, the type
reaction, the total annihilation frequency, the annihilation frequency for the final states involving onlyg ’s, the
number of generated events, the probability (ex) of reconstructing the reaction asp0p0 and the number of
background events for the present AN sample.

Reaction f (31024) f sim. (31024) Events sim. ex (31024) Exp. BG events

3p0 60610 60610 500 k 5.360.3 368666
4p0 100650 100650 500 k 0.4460.09 68634
5p0 71610 71610 100 k 0.0260.02 262
p0h 2.160.1 0.860.1 100 k 0.3060.17 ,1
2p0h 7568 2963 500 k 0.3260.08 1565
p0v 53.764.7 4.660.4 100 k 4.360.7 3265
2p0v 200621 1762 200 k 0.260.1 563
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ciency for p̄p→p0p0 corresponding to the 1C and the 2
fits is, respectively,ep0p0

1C
5(11.260.1)% andep0p0

2C
5(6.18

60.08)%, where the error quoted is the statistical one~see
the third column of Table II!.

In order to check the reliability of the Monte Carlo, w
have performed detailed studies on the single photon de
tion efficiency exploiting both real and Monte Carlo data. O
a MB sample collected in the same period we have sele
the p1p2p0 final state by fitting the events to the hypot
esisp1p2pmiss

o ~one constraint fit!. Strong quality cuts have
been applied to make the background contribution ne
gible. Of the selected events we have considered those
cluding at least one detectedg and have checked whethe
HARGD detected the otherg or not. Theg detection effi-
ciency has been defined as the ratio between the numb
detectedg ’s and of the number of expectedg ’s at their en-
ergy, evaluated by means of simple kinematic considerati
As a result, we find a complete agreement between Mo
Carlo and experimental data~see Fig. 6!, confirming the re-
liability of the calorimeter simulation.

Finally, the number ofp0p0 events coming from in-flight
annihilations@Np0p0

F of Eq. ~1!# has been determined both b
an analytic calculation and by a Monte Carlo simulation.

FIG. 5. x2 distribution of the fit 2C for real data~points with
error bars! and Monte Carlo background~solid line!.
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the latter case we have generatedp̄’s with momentum vary-
ing from 305 MeV/c to few MeV/c, forcing them to annihi-
late in flight in a p0p0 final state, and we have analyze
these events with the 1C fit method. In both ways, we obt
a background contribution of about 5%. The results are su
marized in the fourth column of Table II.

V. p0p0 ANNIHILATION FREQUENCY AND SYSTEMATIC
ERROR

The results of the analysis on thep0p0 annihilation fre-
quency are reported in the last column of Table II. They
in excellent agreement, yielding the final result

f ~p0p0, LH!5~2.860.1stat60.4syst!31024. ~4!

We have performed detailed studies to evaluate the sys
atic errors and to check the stability and the reliability of o
result. Concerning the systematic uncertainties, we have
sidered mainly the following items:

~a! Quality cuts. We have checked the stability of th
result against variations of the selection cuts asx2, Qp0 and
Qgg ; the maximum fluctuation of the annihilation frequen

FIG. 6. g detection efficiency (e). With the cuts used in the
p0p0 analysis, the region of interest is delimited by dotted lines
1-5
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M. BARGIOTTI et al. PHYSICAL REVIEW D 65 012001
value has been found at a level of 9%, which has been
cluded in the systematic error.

~b! Monte Carlo simulation parameters. We have p
formed systematic studies on the detection efficiency
varying the input parameters in the Monte Carlo calculati
Intrinsic Limited Streamer Tube~the active material of
HARGD! efficiencies and multi-hit probability have bee
varied in a wide range. We have found that, although
average number of hits detected per single gamma is se
tive to these changes, the detection efficiency to thep0p0

reaction is stable. The Monte Carlo simulation has also b
checked by comparing the expectedg angular distribution
from p0p0 to the experimental one. From these studies
have found a relative systematic error of 2.5% inep0p0

MC .
~c! Antiproton number. Annihilations on the Si-detect

have also been considered, and found to be negligible
level of 0.1%. By comparing the different methods for d
termining the incoming beam, we have computed a rela
systematic error of 2.5% in the antiproton numberNp̄ .

~d! Electronic noise. Noise reduction techniques ha
been employed both at the hardware and analysis le
Pick-up noise in the JDC and HARGD detectors w
strongly reduced by means of an RF antenna used to in
data acquisition in the presence of environment noise. T
signals~used both in the trigger and in the analysis! were
defined by a timed coincidence of two photomultiplie
placed at both ends of each scintillator slab. In the analy
only runs showing stability on beam, trigger and detect
behavior have been considered. Finally, the residual n
contribution has been determined through the analysis of
p̄p→p1p2, K1K2 reactions, performed on MB data. B
studying the fraction of more than two hit slabs in the TO
an upper limit of the electronic noise to the systematic er
has been found at a level of 1.5%.

The total systematic error of 16% has been determined
taking into account all these effects.

A detailed analysis has also been performed on the sta
ity and reliability of the f (p0p0,LH) result, which can be
summarized in the following steps.

~a! Selection type. We have performed a systematic st
on the time stability by splitting the AN sample in man
sub-samples. As an example, we report here the results
tained after a subdivision into two samples of about 3 m
lion events each:

f ~p0p0, LH, set 1!5~2.8360.12stat!31024, ~5!

f ~p0p0, LH, set 2!5~2.7760.13stat!31024. ~6!

Here the label ‘‘set 1’’~‘‘set 2’’ ! refers to the events in th
first ~second! half of the AN data acquisition.

We have also checked the uniformity of the result w
respect to the HARGD acceptance, by evaluating the ann
lation frequency separately for two supermodule coup
@17#. By considering, for example, the couples of top/botto
~T/B! and left/right ~L/R! supermodules, we obtain the fo
lowing determinations off (p0p0):

f ~p0p0, LH, T/B!5~2.9560.1stat!31024, ~7!
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f ~p0p0, LH, L/R!5~2.7560.1stat!31024. ~8!

~b! Different trigger sample. The value off (p0p0, LH!
has also been evaluated from the pre-scaled MB data
applying the 2C-fit hypothesis with the same criteria d
scribed before. The number ofp̄’s, which coincides with the
number of recorded events, is, in this case,NMB58.47
3105, while for the in-flight p̄ annihilation fractionF we
have assumed the same value used in the AN sample.
reconstruction efficiency and the background contribut
have been re-evaluated in the same way as in the 2C fit o
previous analysis, obtaining the same values. At the e
with the same cuts as before, 1463.7 events, with a back
ground contribution at the 16% level, are selected, leadin

f ~p0p0, LH, MB_I, 2C!5~2.460.8stat!31024, ~9!

where the error is statistical only. The new result, though l
precise due to the poorer statistics, is in agreement with
previous determination obtained in completely independ
trigger conditions.

VI. p0h ANNIHILATION FREQUENCY

Using the AN sample we have also determined the an
hilation frequency of the reactionp̄p→p0h, by exploiting
the h→gg decay mode@BR(h→gg)5(39.3360.25)%
@22# #. The whole strategy of the analysis, as well as
determination of the background, of the in-flight annihil
tions and of the systematic uncertainties, is the same as
applied in the 1C-fitp0p0 analysis. We have selected even
requiring four clusters in the HARGD, no tracks in the JD
and no hits in the TOF. Then we have applied the 1C fit
test the hypothesisp̄p→p0gg→4g and have studied the
invariant mass of the two gammas in theh mass region.
Figure 7 shows the 1C-fitgg invariant mass distribution for

FIG. 7. Thegg invariant mass distribution of the combination
passing the 1C-fit cuts for the whole spectrum and for theh mass
region ~shown in the inset!. The h peak is centered at 545
63 MeV/c2 and it has a width of 15.562.5 MeV/c2.
1-6
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the whole spectrum and a zoom in theh region mass. Theh
signal can be clearly seen, with a mass peak centered ar
the expected value. With this methodNp0h5(182637)
events have been counted after the background subtra
whose contribution has been directly obtained from thegg
invariant mass spectrum. The reconstruction efficien
(ep0h) has been determined by generating 105 p0h events,
forcing the decayh→gg and applying the same analys
and cuts used for the experimental data. As a result, the v
ep0h

1C
5(3.660.2)% has been obtained. Within the sam

simulation, we have also calculated thep0h in-flight annihi-
lation, with a result at the 2% level. The number ofp̄’s and
the in-flight annihilation fraction are obviously the same
in thep0p0 analysis. Finally, the value obtained for thep0h
annihilation frequency is

f ~p0h, LH!5~0.960.2stat60.1syst!31024. ~10!

We have checked the stability of this result with respect
variations of the selection cuts, without finding any syste
atic fluctuations. The systematic error evaluation follo
from the same considerations as in thep0p0 analysis.

VII. ANALYSES ON MB DATA

A completely independent evaluation of thep0p0 annihi-
lation frequency has been performed on a MB sample
lected in a liquid hydrogen target with a different appara
setup. The measurement was performed by stopp
201 MeV/c momentum antiprotons in a smaller cylindric
hydrogen target (1.7 cm diameter, 4.4 cm long!, surrounded
by the vertex detector~SPC!, not present in the previou
measurement. The beam setup was composed by a p
scintillator, a collimator and a Si-detector placed just in fro
of the target. The rest of the detector was the same as p
ously described. With this configuration we collected 3
3106 MB events. Using this sample, we have also decid
to make a detailed study on the annihilation frequency of
p1p2 andp1p2p0 channels, for which several values ca
be found in the literature. This study has allowed an estim
tion of the possible systematic effects of each single term
Eq. ~1! ~for details of these analyses, see Ref.@23#!.

The evaluation ofNp̄ and the fraction of the in-flight an
nihilations are the same for all the reaction channels. Du
the small dimension of the target, a determination of
annihilations out of the target walls, which were negligib
for thep0p0 analysis performed on the AN sample, becom
necessary. The fractions of in-flight and out-of-target ann
lations have been evaluated by comparing the vertex di
bution along the beam line as obtained by a Monte Ca
simulation with the corresponding experimental distributio
This detailed Monte Carlo simulation has followed the lin
described in Sec. III taking into account all the low-ener
hadronic interaction cross-sections inside the new beam
and the target. The contribution of the in-flight annihilatio
is F5(2.6160.06)%, this value being smaller than the o
of the p0p0 analysis because of the shorter antiproton p
~about 1 cm!. The percentage of the out-of-target annihi
tions has been determined as (5.9860.05)%. Taking into
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account this effect the valueNp̄5(3.00360.002)3106 has
been obtained.

Thep1p2 annihilation frequency was determined by s
lecting events with two opposite charged tracks in the J
and by submitting them to a four-constraint kinematic
~4C! testing the hypothesisp̄p→p1p2. By applying the
quality cut P(x2).0.3 on thex2 probability of the fit, we
selected 3039655 events. The Monte Carlo reconstructio
efficiency was determined by applying the same analy
procedure and selection cuts to the simulated events, with
result ep1p2

4C
5(33.4060.14)%. The background contribu

tion coming fromK1K2 and p1p2p0 annihilations was
found to be negligible (NBG'5 events!. Finally, thep1p2

annihilation frequency turned out to be

f ~p1p2, LH, MB_II !5~31.160.6stat!31024, ~11!

in good agreement with the previous measurements@24–27#.
The annihilation frequency of the reactionp̄p

→p1p2p0 has been determined by selecting the events
two different ways: first of all, under the hypothes
p1p2pmiss

o ~1C fit!, just by considering the charged particle
in the final state while neglecting all the information on t
p0 in the final state. Successively, we have checked the
pothesisp1p2gg ~2C fit! by using also HARGD to detec
the g ’s. For the 1C fit hypothesis, we have selected eve
with two opposite charged tracks having a reconstructed
tex, and have applied to these events the quality cutP(x2)
.0.2 on thex2 probability of the fit. We obtained:

f ~p1p2p0, LH, MB_II, 1C!5~57.360.4stat!31023.
~12!

In the 2C-fit analysis we have adopted the same criterion
in the 1C fit for the selection of the charged particles, w
the additional requirement of two neutral clusters detected
HARGD. The result is

f ~p1p2p0, LH, MB_II, 2C!5~57.061.0stat!31023.
~13!

The two values are in agreement with each other and w
the existing experimental results@see for example the aver
age value (54.962.3)31023 quoted in Ref.@6# #.

After all these checks, we have performed on the sa
sample the measurement of thep0p0 annihilation frequency.
The events, selected as previously described, have been
mitted both to a 1C fit for the hypothesisp̄p→p0gg→4g

and to a 2C fit for the hypothesisp̄p→p0p0→4g. For both
analyses, the value ofNp̄ and the fraction of the in-flight and
out-of-target annihilations are the same as before.

For the 1C-fit analysis we have applied the quality c
x2,1.64, Qgg>0.3 andQp0>0.3.

In Fig. 8 the 1C-fit gg invariant mass distribution is
shown for events satisfying the previous cuts. The spect
has been fitted to a Gaussian-plus-polynomial curve~dashed
part of the histogram! corrected in order to take into accou
the combinatorial effect. The number of events selected a
the background subtraction is 76614. The Monte Carlo re-
1-7
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M. BARGIOTTI et al. PHYSICAL REVIEW D 65 012001
construction efficiency isep0p0
1C

5(9.060.1)% and the back-
ground contribution;28%. The result of the 1C fit analysi
is:

f ~p0p0, LH, MB_II, 1C!5~2.960.6stat!31024. ~14!

For the 2C fit analysis, we have selected 5467 events by
applying the quality cutsx2,3.22, Qp

1
0>0.3 andQp

2
0>0.3.

The background has been determined, using the same
nique described in Sec. IV~method a!, as consisting of
12.461.8 events. The Monte Carlo reconstruction efficien
is ep0p0

2C (4.6260.07)%. The resulting annihilation frequenc
is

f ~p0p0, LH, MB_II, 2C!5~3.160.6stat!31024, ~15!

which is compatible with the value obtained from the 1C

VIII. CONCLUSIONS

A. The f „p0p0, r… situation

In this paper, we have presented five different determi
tions of thep0p0 annihilation frequency in LH~see Table
IV ! obtained by the Obelix experiment. As denoted by th
consistency, the results are independent of differences in
ger condition, period of acquisition and apparatus se

FIG. 8. Thegg invariant mass distribution of the combination
passing the 1C fit cuts applied to the minimum bias sam
~MB_II !.

TABLE IV. Results for thep0p0 annihilation frequency, ob-
tained by Obelix from different analyses and data samples, as
scribed in this paper.

Trigger Fit f ( p̄p→p0p0, LH! 3(1024)

All-Neutral 1C 2.860.1stat

All-Neutral 2C 2.860.1stat

MB_I 1C 2.460.8stat

MB_II 1C 2.960.6stat

MB_II 2C 3.160.6stat
01200
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They are, moreover, in good agreement with the results
most of the earlier experiments. On the other hand, they
confirm a disagreement of a factor greater than 2 with p
viously published results of the Crystal Barrel experime
which, in turn, are supported by a recent reanalysis of
early LH data samples@9#.

Possible experimental origins of this disagreement, wh
might be attributed to the Obelix experiment, have been c
sidered carefully in the present analysis. Our inspection
included the possibility of an overestimation of the phot
detection efficiency, of a problem in the beam counting o
misevaluation of the background sources.

Concerning the detection efficiency, we note that Obe
and Crystal Barrel are the only two experiments in the po
tion of detecting all four photons and of reconstructing e
clusively thep0p0 final state. Thep0p0 detection efficiency
for the Obelix experiment is much smaller than for the Cry
tal Barrel one, due to the geometry of the apparatus an
the cuts applied in the data analysis. However, Obelix
measured this detection efficiency directly on a MB sam
collected in the same experimental conditions of the d
used for the study of the annihilation frequency. The resu
reported in Sec. VII, show a very good agreement betw
the data and the Monte Carlo predictions. Furthermore, us
the same data sample, thepp̄→p1p2p0 annihilation fre-
quency has been measured both with and without the
quirement of thep0 detection. The good agreement betwe
the two results shows the reliability of the Monte Carlo e
timation of the photon detection efficiency. Moreover, t
f (p1p2, LH! result confirms the understanding of charg
particle and detector simulation as well as the correctnes
the beam evaluation.

Finally, we observe that Obelix has also measured
p0p0 annihilation frequency with a gaseous hydrogen tar
in NTP conditions~see Table I!; a misevaluation of thep0p0

reconstruction efficiency by a factor greater than 2 would
reflected also in this measurement, giving a res
f (p0p0, GH)>2312.731024525.431024. This value is
incompatible with the measurement of thep1p2 annihila-
tion frequency performed by the Asterix experiment in co
cidence with protonium x-ray emission. In fact, due
charge symmetry, the following relation applies to thep1p2

andp0p0 annihilation frequencies@3,6#:

f ~p0p0,r!5
1

2
aP~r! f X~p1p2!, ~16!

where aP(r) is the percentage of protoniumP-wave and
f X(p1p2) is thep1p2 annihilation frequency measured i
coincidence with the x ray emission. Taking into account t
f X(p1p2)5(48.164.9)31024 @28#, we get aP(NTP)
'106%, which is a factor of 2 above the current evaluatio
@3,6# and outside any physical range.

Concerning the counting of the incoming beam, we
mark that the beam line configuration and the target use
the AN sample avoided any contamination due to in w
annihilations and any problem due to the lateral shift of
LEAR antiproton beam. Moreover we outline that the tw
results presented in this paper, obtained respectively from

e

e-
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AN and from the MB samples, with two different beam lin
configurations, are in good agreement with each other
particular, since the dimensions of the target and of the
con detector, the beam energy as well as the beam evalu
technique were different, possible problems in the meas
ment of the antiproton beam would have most likely be
reflected in the results.

Finally, our result shows a very good stability under ma
respects. Different kinematic fits and, consequently, differ
background evaluations have been applied. Careful t
have been performed by splitting the data sample in differ
sets, by considering only one part of the calorimeter~top/
bottom or left/right supermodules! and by changing the cut
applied in the analysis. These studies add a further confir
tion of the high level of self-consistency of our measu
ment.

As a final remark, we point out that there is disagreem
also between our measurement of thep0h annihilation fre-
quency and the value, about a factor of 2 larger, published
Crystal Barrel. On the contrary, our evaluation of the ra
f (p0h, LH)/ f (p0p0, LH)50.3260.07 is in good agree
ment both with the corresponding Crystal Barrel result@8,9#
in LH and with the value obtained by the Obelix experime
in gaseous hydrogen NTP conditions@4,29#, as is expected
according to the predictions of some models@30#.

B. Status of the two-body annihilation frequencies

The present experimental situation is summarized in Ta
I. The p0p0 annihilation frequency has been measured
seven experiments with liquid hydrogen targets and by
experiments with gaseous targets at different densities
already mentioned, the situation is contradictory. The liq
hydrogen result by Crystal Barrel is in disagreement by m
than a factor of 2 with most of the existing measuremen
including the result by Obelix presented in this paper. Adi
et al. @13# and Chibaet al. @14# obtained quite precise resul
with inclusive measurements of the photon spectra us
dedicated detectors, while the measurements by Crystal
rel and Obelix were performed by detecting all the four ph
tons. The only two measurements in gaseous hydrogen,
formed by Crystal Barrel and Obelix, also gave conflicti
results.

A similar situation also occurs in the studies of in-flig
antiproton annihilations. Thep0p0 final state has been stud
ied in flight with the main goal of searching exotic states.
this context, two different detectors have measured thep0p0

differential cross section in a wide antiproton momentu
range. Two results are available at present: one by Dul
et al. @33#, the other obtained recently with the Crystal Bar
detector@34#. Both the experiments were designed to me
sure neutral final states and detected all the four photons
a rather high acceptance. The results are compared in Fi
where a clear disagreement appears: the result by Du
et al. is about a factor of 2 smaller than the one by Crys
Barrel over the whole antiproton momentum range.

In order to check the compatibility of the results report
in this paper with the overall experimental situation, we ha
performed a new analysis of the two-body annihilation f
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quencies in terms ofP-wave annihilation fraction, following
the strategy described in Ref.@6#. Referring to the quoted
article for the details of the method, we list here the ma
points of the analysis.

We have considered a number of the annihilation frequ
cies used in Ref.@6#, as well as the results reported in th
recent Crystal Barrel publication@9#.

In particular, our analysis has included the final sta
p0p0, p1p2, K1K2, KSKL , KSKS , h(1440)p1p2 and
p0h, measured in hydrogen targets at different densities~liq-
uid, 12rNTP, NTP, 0.005rNTP and 0.002rNTP).

We have considered 27 annihilation frequencies in all a
28 experimental results. For thep0p0 in LH, we have con-
sidered the present result and the Crystal Barrel one@9# al-
ternatively.

We have used two different methods to fit the data: o
referred to as the ‘‘classical’’ approach@31,32#, where the
elementary branching ratios of the decays proceeding f
the six different protonium hyper-fine levels from which a
nihilations occur are weighted statistically, the other, ba
on the model by Batty@3#, where the deviation of the popu
lation of these levels from the statistical distribution is tak
into account through coefficients calledenhancement factors.
In the first case, we have used 13 free parameters in the fi~8

TABLE V. x2’s per degree of freedom obtained from fits of th
existing measurements of the annihilation frequencies. The ann
lation frequencyf (KSKL ,12rNTP) has not been included in the fits
The first fit ~Obelix! does not include thep0p0 annihilation fre-
quencies measured by Crystal Barrel in LH and 12rNTP conditions.
The second fit~Crystal Barrel! does not include thep0p0 annihila-
tion frequencies measured by Obelix in LH and NTP conditions

x2/d.o.f.
fit method ‘‘classical’’ Batty’s model

p0p0 from Obelix 20.5/12 10.3/10
p0p0 from Crystal Barrel 30.1/12 11.8/10
without p0p0 results 20.1/10 8.6/8

FIG. 9. The cross sections(p0p0) from in-flight p̄p annihila-
tions, integrated over the range cosu 5 0 to 0.85. Black squares ar
from the measurement performed with the Crystal Barrel dete
@34#, open circles are from Duludeet al. @33#.
1-9
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values of the elementary branching ratios and 5 values of
fraction of the protoniumP-wave annihilations!; in the sec-
ond case, we have fitted the data with 15 free parameters~10
values of the elementary branching ratios and 5 values of
fraction of the protoniumP-wave annihilation!.

Least-square fits to these data have been performe
three different configurations:~i! with the p0p0 measure-
ments taken from Obelix only,~ii ! with the p0p0 measure-
ments taken from Crystal Barrel only,~iii ! without any mea-
surement of thep0p0 annihilation frequency.

The main results of the analysis can be summarized
follows:

The frequencyf (KSKL , 12rNTP) measured by Crysta
Barrel @9# using the MB sample is poorly fitted, with a shi
of about three standard deviations. Therefore, we have
cided to repeat the fits omitting this value.

The value of f (p0p0, NTP! measured by Obelix@1#
stands below the fit predictions by about 1.5s.

The obtainedx2’s per degree of freedom are given
Table V.

With both approaches, the result by Obelix gives sma
x2’s than Crystal Barrel.

From the results of the fit performed in configuration~iii !
~all the p0p0 results omitted! we can calculate the foresee
values for f (p0p0, r! at different densities. In Fig. 10 th
results of the fit performed with the ‘‘enhancement facto
approach~model by Batty! are represented by the solid lin
while the points refer to the experimental measurements.
most identical results have been obtained with the ‘‘clas
cal’’ approach. As one can see, the fit of the existing tw
body annihilation frequencies favorsp0p0 values in
agreement with the Obelix measurements, even if the un
tainties in the results are quite large.

For both approaches, it is possible to obtain theP-wave
annihilation fractionaP(r) at each density as in Ref.@6#.
Results from fits in configuration~i! are shown in Table VI.
Similar values foraP(r) are obtained from fit~iii !. In the

FIG. 10. Thep0p0 annihilation frequency as a function of th
target densityr. Black squares are from Crystal Barrel, open circ
from Obelix and open squares from Asterix. The curve has b
calculated from a fit of the existing annihilation frequencies us
the model by Batty@3#.
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case of configuration~ii !, higher values ofaP(r) are ob-
tained especially in LH:aP(LH) 50.3060.02 from the
‘‘classical’’ fit and aP(LH) 50.1260.01 from the fit per-
formed with Batty’s approach, in close agreement with wh
has been obtained by Crystal Barrel@9#.

C. Summary

Values of the annihilation frequencies for the reactio
pp̄→p0p0, p0h, p1p2 andp1p2p0 have been measure
in liquid hydrogen.

Dedicated checks have been performed on several
sets and with different analysis techniques, in order to eva
ate all possible systematic effects as well as the stability
the results.

The photon detection efficiency has been obtained fr
real data measurements and is well reproduced by Mo
Carlo simulations. Thep0p0 annihilation frequency has als
been obtained from a MB sample in good agreement with
result obtained from the AN sample.

Our measurements are in agreement with those previo
obtained by Adielset al. @13# and Chibaet al. @14# ~see Table
I!, but are incompatible with the result by Crystal Barrel f
a factor of about 2.5. The checks performed on our anal
have not enabled us to find any effect which could acco
for such a discrepancy.

Our result is also supported by the comparison with p
vious measurements of the same reaction performed by O
lix in NTP conditions: any change of a factor of 2 in th
present result would reflect also in the NTP result giving r
to inconsistencies with the existingf (p1p2, r! measure-
ments@28# and with protonium atomic models.

Finally, we have performed a combined analysis by fitti
a set of two-body annihilation frequencies using a lea
square method, as described in Refs.@3,4,6,9#. The results
obtained show the compatibility of the Obelix measurem
with the overall experimental situation.
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TABLE VI. P-wave protonium annihilation fractions for differ
ent target densities as obtained from the fits in configuration~i! for
both approaches.

target density aP(r)
r ‘‘classical’’ Batty’s model

Liquid 0.1260.02 0.05460.013
12rNTP 0.3460.07 0.3460.07
rNTP 0.6060.03 0.5560.04
0.005rNTP 0.8660.02 0.8660.02
0.002rNTP 0.8660.10 0.8560.10
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