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Protonium annihilation into #°#° at rest in a liquid hydrogen target
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The annihilation frequency of the reactiap)—> m07° at rest in liquid hydrogen has been measured by the
Obelix experiment by using different apparatus configurations and trigger conditions. The value obtained is
(7070, LH) = (2.8 0.1, 0.4,¢) X 10~ *. With the same data samples, th annihilation frequency has
been determined to big 7%, LH)=(0.9+ 0.2+ O.lsys,)XlO"‘. The results are discussed within the frame
of the present experimental situation.

DOI: 10.1103/PhysRevD.65.012001 PACS nuniderl3.75.Cs, 36.10.Gv

[. INTRODUCTION The present experimental situation concerning the mea-
surements of (7%7°, p) in liquid hydrogen(LH; p is the
The measurement of the protonium annihilation frequentarget density, summarized in Table | and represented in Fig.
cies (f) into two-body final states is relevant both to the 1. is quite contradictory1,8—14; in particular, the results
knowledge of the protoniurd®€ initial state distribution and  from Crystal Barre(CB) [8], confirmed by a recent reanaly-
to the studies on annihilation dynamics. For this reason, théis[9], are more than a factor of 2 larger than the average of

last generation experiments operating at LEAR carried oufl’® Prévious ones. At the moment, results in gaseous hydro-
an extensive program of measurements in this field. Imporden have been obtained only by Obelid in normal tem-

tant information can be obtained both from the direct com-Perature and pressufTP) conditions(GH or pre) and by

parison off for specific channeldas =", mom° and Cnlﬁt?*isar;elg] 3\/telgpehgcpribe the new measurements of the
KgK.) [1] and by studying the whole set of experimental Paper,

0.0 0 ihilati i i

7 7 and 7 » annihilation frequencies at rest in LH per-

re_sults under some 9?”.9“?”3’ acceptedhypoth@e@]. In. formed by the Obelix experiment. The previously quoted
this context, the annihilation frequencies of the reaction

. o A 0 _ _ S (7°7°, p) measurement by Obelix in NTP conditions offers
pp—m @ and pp— at rest have a particular Impor- the opportunity of observing this reaction in different target
tance, because they can proceed only fromRg and °P,  conditions, therefore allowing important cross-checks and
protonium initial states and their measurements can providge|ping in the control of the systematic errors.
a direct evaluation of the protoniuRrwave percentage ata  The f(7%7°, LH) annihilation frequency has been mea-
given density. We recall here that the experimental branchingred by detecting thefinal state and by applying several
ratios of the mesons produced in thp annihilation at rest, analysis methods, making use of data samples with different
as determined by spin-parity analyses, in some cases depetiiger conditions and apparatus configurations. The main
on a priori assumptions on this percentdga. 707w measurement, performed by means of a neutral trigger,
has been cross-checked twice: first, by analyzing the mini-
mum bias(MB) data collected in the same experimental con-
*Present address: Shahid Behesty University, Teheran, Iran.  ditions and, successively, by using another MB sample col-
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TABLE I. Present experimental situation of ﬂp_ﬁ)ﬂﬂoﬂo annihilation frequency at rest. LH and GH
stand, respectively, for liquid hydrogen and gaseous hydrogen in NTP conditions.

f(Ep_> w070, p) (X1074) Year Target density Ref.
4.8+1.0 1971 LH Devonet al.[10]
1.4+0.3 1979 LH Bassompierret al.[11]
6.0+4.0 1983 LH Backenstosst al. [12]
2.06-0.14 1987 LH Adielset al.[13]
2.5+0.3 1988 LH Chibeet al.[14]
6.93+0.47 1992 LH C.B(AN) [8]
6.14+0.40 2001 LH C.B(MB) [9]
2.8+0.4 2001 LH This work
12.7+2.1 1994 GH ObelixAN) [1]
15.4+0.9 2001 12n7p C.B. (MB) [9]

lected with completely different beam line and target setup

one year later.
The #°#° annihilation frequency is determined by the
following relation:

N 0,0~ Ngs—N o o
€,0,0N(1—F)

f(7%7° LH)= (1)

whereN, 0,0 is the number ofr°#° reconstructed events,
€00 the reconstruction efficiencyNgg the background
events,N", o the 7%7° events produced in-flight\y the

number ofa annihilations inside the target, afdthe frac-

II. APPARATUS AND DATA TAKING

The #%#° and #°7 measurements were performed by
stopping the antiproton beam from the LEAR facility at
CERN in a cooled cylindrical liquid hydrogen targéis cm
diameter, 25 cm long The antiprotons crossed in sequence a
plastic scintillator, a collimator and a Si-detectdr cm di-
ameter, 30Qum thick) placed 40 cm from the target center.
The target and the beam line were the same, suitably

adapted, used in the data taking[15,16. The antiprotons
were selected by requiring the coincidence of the signals
from the scintillator and the Si-detector. The detector con-
figuration, composed by the time-of-flight systéOF), the
drift chamber(JDC) and the high angular resolution gamma

tion of in-flight p annihilations. Each term has been evalu-detector(HARGD) [17], was the same as that of the'n”
ated in at least two independent ways. The strategy of thEeasurement performed by Obelix in NTP conditi¢fig
analysis, as well as the codes used for event selection, filtel-n€ present work is based by = 6.354x 10° annihilation
ing, reconstruction and efficiency calculation, is the same agvents collected with an all-neutr@iN) trigger, requiring an

already exploited in the previod¢7°x°, NTP) analysig1].
In Secs. Il, lll, IV and V, the apparatus and the 7°

antiproton entering the target and no signals from the TOF
scintillators. A pre-scaled sample of MB eventiN,f’,{B

analysis of the neutral data sample are described. Sections ¥ 0.25x< 10°) was also recorded during the AN runs in order

and VII contain, respectively, the study of th€» annihila-

to monitor the apparatus stability and the vertex position.

tion frequency and the analysis of the MB sample. In SecAnother sample ofNyg=0.847<10° MB events was col-
VIII, we discuss the present experimental situation by conlected in various steps during the data taking period.

sidering the latest published results.
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Ill. THE ANTIPROTON BEAM AND VERTEX
DISTRIBUTION

The momentum of theg beam used for these measure-
ments was 305 Me\, with a mean free path in the liquid
hydrogen target of about 12 cm and negligible straggling.

The vertex distribution along the beam axascpordinaté
obtained from the pre-scaled MB events is shown in Fig. 2.
The vertices were almost completely contained in the target,

therefore thep in-wall annihilations were negligible. The
standard deviation of the distributigabout 1 cm in thez
coordinate is almost entirely due to the resolution in the
vertex reconstruction.

The number of annihilations inside the targét;j has

FIG. 1. The present experimental situation of the protoniumbeen determined by three independent methods, by exploit-

annihilation frequency in liquid hydrogdrf (7°#°, LH)]. For de-
tails on symbols and references see text and Table I.

ing the information of the MB runs and the beam scalers:
(i) We have evaluatetll; in the MB sample by flagging
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FIG. 3. Theyy invariant mass distribution of the combinations
passing the 1C fit cuts. The peak is centered at 135.2
+0.3 MeV/c? and has a full width at half maximum of 24
+1 MeV/c?. The filled graph represents the background fit cor-
rected to account for the combinatorial effect.

103

2
10 ers on the AN data, we have obtainkig=160.56x 1P,

The values resulting from the three procedures are in rea-
sonable agreement; we took an average valublipf (160
+4)x10°, where the quoted error is a conservative estima-
tion of the systematic uncertainty.

The contribution of in-flight annihilation$F) has been
established in two independent ways. First of all, we have
calculated the in-flight annihilation probability in an analytic

way. The probability of the to interact with the target has

FIG. 2. z vertex distribution of all the observed annihilations. been evaluated using the most recent measurements of the
The agreement between Monte Carlo and experimental data is-flight annihilation cross sectiongl8] and the stopping
shown in graph(a). Graph(b) shows the various in-flight contribu- power at very low energ19]. In this way, a contribution at
tions. The target is placed approximatively-ai4 cm<z<11cm.  alevel of (10-1)% has been obtained. As a second step, we

have performed a detailed Monte Carlo simulation based on

the GEANT 3.15 packag¢20], which was developed to simu-
all the events which satisfy the neutral trigger condition. Inlate the Obelix beam line, the apparatus and the antiproton
this way,N,; can be calculated as the ratio between the totainteractions, taking into account all the active and passive
number of AN eventN,y and the neutral trigger frequency materials. The main antiproton interactions inside the target
defined asean=(Nan)ws/Nus, Where (Nan)ums represents  (such as annihilation, elastic scattering, charge exchange and
the number of flagged events. Wity = (4.08+ 0.02)% the  ionization) have been included by exploiting the recent ex-
resultNy=(155.7+0.8) ¥ 10° is obtained. perimental results cited above. Thevertex distribution ob-

(i) We have applied the same procedure to the MB datatained from this simulation can be compared with the real
with the neutral trigger frequency evaluated from the beantata after applying a smearing to take into account the vertex
counting scalers, obtaining,y=(3.978+0.002)% andN,  reconstruction resolution. As shown in Figag, the two dis-
=(159.74+ 0.08)x 1¢F. tributions are in excellent agreement; the various in-flight

(i) Finally, by countingN,, directly from the beam scal- annihilation contributions from th& =0 andL=1 proto-

10

l|||||||||||||||'
-20 -15 -10 -5 0 5 10
z (cm)

TABLE II. Results of the fit procedure applied to the AN sample. The adopted cuts are:
x*<1.64,Q,0=0.3 andQ,,>0.3 for the 1C fit;}*<3.22, Q,9=0.3 andQ,9=0.3 for the 2C fit.

Fit N 0,0~ Ngg €,0,0(%) N o o f(%7°, LH) (X107%)
1C 466190 11.2:0.1 230+ 25 2.8+0.1
2C(A) 2634+ 94 6.18+0.08 1406 15 2.8+0.1
2C(B) 2529+ 70 6.18+0.08 1406 15 2.7+0.1
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nium waves are shown in Fig(l®. The in-flight annihilation RusoE
probability results jan(lO.th.lstati 0.455)%, in com- %4005_ F'JH} 2
plete agreement with the analytical method. Q350 i
8300 i+
E250 -
IV. THE @7° ANALYSIS B0 = do
The evaluation of the number af°#° events, of the }ggé: Dol

background and of the reconstruction efficiency have been s0E- & "',,ﬂ
performed by selecting in the AN sample the events with 0 '0|05' Ji—h;f;' L '0|15' 'f'*wblzu '
four clusters in HARGD, no tracks in the JDC and no hits in ) ) ) iGeV/c2)
the TOF. The gamma directions have been obtained by con- T
necting the photon conversion points to the vertex evaluated 250 ll* b)
from the pre-scaled MB events. Then, two kinematic fits, s F m u
with one(1C) and two(2C) constraints, have been applied to ‘((’,200 = Py

— = -
the selected events in order to test the hypothgses B150 *i "
—7myy—4y (6 poss.ible comb'inat'ions per everind pp %100 = } *
—m%7%— 4y (3 possible combinations per evgntespec- c ,{* )
tively. S0 o b

In Fig. 3, theyy invariant mass distribution from the 1C oL ia Lugeat® ) i | Mees |

0.915 0.92 0.925 0.93 0.935

fit is shown for combinations satisfying the cuté<1.64, P (GeVIo)

Q-0=0.3 andQ,,=0.3, wherey? is the chi-square of the
: ; ; trib 0
1C f'F' Qo is the cum.ulatlve d'Str'bF‘t'on _Of .the. decay FIG. 4. Theyy invariant masga) and momentum distribution
opening angle an@,, is the cumulative distribution of the () of the events passing the 2C fit cuts. The invariant mass and
opening angle of the fregy couple[1]. The spectrum has  momentum peaks are centered at 135 M@vand 928.3 MeVe,
been fitted to the function respectively. The momentum peak is characterized by a full width
half maximumAPgyyu=3.2 MeV/c.
_ Ty
F—Aexp( \/EU 2) obtained are summarized in Table Ill, where the last column
reports the number of background evermtggs for our
to reproduce the’7TO peak [1] p|us a po'ynomial curve Sample, evaluated through the fO"OW|ng formula:
(dashed part of the histograrfor the background, corrected
in order to take into account the combinatorial effect due to X _ -
o . el e _ Nee= 2> Nic=Np> f(Pp—X)ey, 3
the possibility that a single event enters twice in the histo- BG g BG p; (PP—X) & ©
gram. With these cuts 4662 7° combinationgbackground
subtractegihave been counted, on a background contributionyhereN-is the antiproton number and, f(pp—x) and
at the 20% level evaluated directly from the plot. The result,EX are ?espectively the number of background events, the
obtained is listed in the second column of TabOIeOII. experimental annihilation frequency and the reconstruction
The 2C kinematic fit allows to extract the"m ever;t efficiency of thex reaction subjected to the®#° hypothesis.
from the sample by constraining bothy couples to ther™  Thjs procedure results in a determination of 4955 back-
mass. Different cuts o and Qo have been applied 10 ground events, corresponding to a background contribution
have a good signal/noise ratio and to check the stability of (16+2)%, which is mainly given by the 8° reaction
.. 2 - 1 .
the results. By requiring“<3.22, Q0=0.3 andQ,9=0.3, (b) We have fitted the¢? distribution of the experimental

S5
m,,—p

we have selected 3128°7° events. In Fig. 4 the/y invari-  data as a combination of a signal contribution and a back-
ant masga and momentunib) distributions of the events ground one, the shapes of these components being deter-
passing the above mentioned cuts are shown. mined by a study of the corresponding MC distributions. The

Although the 2C fit is more selective, the backgroundsituation is presented in Fig. 5. With this method we find
contribution cannot be evaluated directly from the experi-596+ 25 events, corresponding to a background contribution
mental spectra as for the 1C fit; in the present case, it hasf (192 1)%, in agreement with the previous result.
been determined with two completely independent methods In order to determine the reconstruction efficiergy..o,
already used in previous analydds21]: we have generated a sample of abowt #87° Monte Carlo

(a) We have generated the main background annihilatiorevents based on theEANT 3 package(version 3.21 [20].
reactions (e.g. 37° 4#° 57° 7%, w0, 27% and  Each of the detectors has been included in the simulation, its

27%) using the Monte Carlo code of the apparatds- intrinsic efficiency being evaluated both on samplesppf
scribed below. Moreover thepp—37° reaction has been data and on cosmic muons collected in the same period of
simulated by taking into account the dynamics of the annithe AN data sample. The®#° reaction has then been simu-
hilation as measured by other experimdts Then we have lated at rest as well as in flight. The events have been sub-
applied the above analysis to these reactions in order to obwitted to the same analysis chain of the real data. With the
tain the rejection power for each chanf2ll]. The results cuts mentioned above, we find that the reconstruction effi-
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TABLE lll. Principal background sources for the? 7% 2C(A) fit. Each row lists, in sequence, the type of
reaction, the total annihilation frequency, the annihilation frequency for the final states involving'stlye
number of generated events, the probabiliy) (of reconstructing the reaction a&#° and the number of
background events for the present AN sample.

Reaction f(x107% f sim. (X104 Events sim. €, (X107 %) Exp. BG events
370 60*+10 60+10 500 k 5.30.3 368-66

470 100+ 50 100£50 500 k 0.44-0.09 6834

570 71+10 71+10 100 k 0.02-0.02 2+2

77077 2.1+0.1 0.8£0.1 100 k 0.3¢0.17 <1

271'07] 75+ 8 29+3 500 k 0.32:0.08 15-5

7w 53.7£4.7 4.6-0.4 100 k 4.30.7 325
270w 200+21 172 200 k 0.2£0.1 5+3

ciency for pp— 7%m° corresponding to the 1C and the 2C the latter case we have generafesl with momentum vary-
fits is, respectivelye-§ o=(11.2+0.1)% ande>§ o=(6.18  ing from 305 MeVE to few MeVic, forcing them to annihi-
+0.08)%, where the error quoted is the statistical see  late in flight in a7°#° final state, and we have analyzed
the third column of Table )l these events with the 1C fit method. In both ways, we obtain

In order to check the reliability of the Monte Carlo, we @ background contribution of about 5%. The results are sum-
have performed detailed studies on the single photon detegdarized in the fourth column of Table II.
tion efficiency exploiting both real and Monte Carlo data. On
a MB sample collected in the same period we have selectegl ;0.0 ANNIHILATION FREQUENCY AND SYSTEMATIC
the 7+ 7~ #° final state by fitting the events to the hypoth- ERROR
esism ' 7~ mhss (ONe constraint fit Strong quality cuts have ) o
been applied to make the background contribution negli- The results of the analysis on the=° annihilation fre-
gible. Of the selected events we have considered those ifiluéncy are reported in the last column of Table Il. They are
cluding at least one detected and have checked whether In €xcellent agreement, yielding the final result
HARGD detected the othey or not. They detection effi-
ciency has been defined as the ratio between the number of f(mom® LH)=(2.8+ 0.1y, 0.4y ) X 1074 (4)
detectedy’s and of the number of expecteds at their en-
ergy, evaluated by means of simple kinematic considerationsie have performed detailed studies to evaluate the system-
As a result, we find a complete agreement between Montatic errors and to check the stability and the reliability of our
Carlo and experimental dataee Fig. 6, confirming the re- result. Concerning the systematic uncertainties, we have con-
liability of the calorimeter simulation. sidered mainly the following items:

Finally, the number ofr°#° events coming from in-flight (a) Quality cuts. We have checked the stability of the
annihilations[NfTowo of Eq. (1)] has been determined both by result against variations of the selection cutgasQ 0 and
an analytic calculation and by a Monte Carlo simulation. InQ,,; the maximum fluctuation of the annihilation frequency

1

'é C “2’\ g @ exp. data
5700 i_ :;E 0.9 E_ O Monte Carlo
- T o8 :
600 - £ F %
g} ERR ] SR o :
o 8 = : —— ;
wE R S
400 ¢ 0sE- _gb
- oab. i
300 ¢ 2
-t 0.3 Fo—
200 E
02—
100 o1 |
0 1 0:IIII|It:lI|IIII|IIII|IIII|IIII|IIII|IIIIE|IIII|IIII
0 5 10 15 20 25 0 01 02 03 04 05 06 07 08 09 1
%2 distribution E, (GeV)
FIG. 5. x? distribution of the fit 2C for real datépoints with FIG. 6. v detection efficiency €). With the cuts used in the
error barg and Monte Carlo backgroun@olid line). x07° analysis, the region of interest is delimited by dotted lines.
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value has been found at a level of 9%, which has been in-

R ek “ 200F

cluded in the systematic error. hated =3 P:

(b) Monte Carlo simulation parameters. We have per- 51600_— f 31605
formed systematic studies on the detection efficiency by % 5 'E :
varying the input parameters in the Monte Carlo calculation. ! 1400 - ’ 140;
Intrinsic Limited Streamer Tubdthe active material of ® ol H 120
HARGD) efficiencies and multi-hit probability have been c 1oop
varied in a wide range. We have found that, although the 1000 — 05505505 063
average number of hits detected per single gamma is sensi- so0F- @eVie
tive to these changes, the detection efficiency to #fier° -
reaction is stable. The Monte Carlo simulation has also been goo~ **
checked by comparing the expectedangular distribution C
from 7%7° to the experimental one. From these studies we 400 - Lt n\L
have found a relative systematic error of 2.5°/oeff§wo. 200 'ﬂ#m . L,

(c) Antiproton number. Annihilations on the Si-detector :L-."."TI|...|.+| :Tﬁ..l..|.I....+I....I.*...I'
have also been considered, and found to be negligible at a % 01 02 03 04 05 06 07 08
level of 0.1%. By comparing the different methods for de- m,,  (GeV/c))
termining the incoming beam, we have computed a relative
systematic error of 2.5% in the antiproton numbe&y. FIG. 7. Theyy invariant mass distribution of the combinations

(d) Electronic noise. Noise reduction techniques havePassing the 1Cit cuts for the whole spectrum and for jheass
been employed both at the hardware and analysis levef€9'O" (Sh‘;""” in the insgt The 7 peak is Cezmered at 545
Pick-up noise in the JDC and HARGD detectors was— > MeV/C” and it has a width of 15:52.5 Mevic™,
strongly reduced by means of an RF antenna used to inhibit 0 0o 4
data acquisition in the presence of environment noise. TOF f(m 7, LH, L/IR)=(2.7520.155) X10™". 8

signals(used both in the trigger and in the analysigere

defined by a timed coincidence of two photomultipliers as also been evaluated from the pre-scaled MB data by

placed at both ends of each scintillator slab. In the analysi : . o o
only runs showing stability on beam, trigger and detectors‘éppIylng the 2C-fit hypothesis with the same criteria de-

behavior have been considered. Finally, the residual noisgcribed before. The number pfs, which coincides with the
contribution has been determined through the analysis of thBumber of recorded events, is, in this cadéys=8.47
pp— a7, KK~ reactions, performed on MB data. By X 10°, while for the in-flight p annihilation fractionF we
studying the fraction of more than two hit slabs in the TOF,have assumed the same value used in the AN sample. The
an upper limit of the electronic noise to the systematic errofeconstruction efficiency and the background contribution

(b) Different trigger sample. The value 6{7°#°, LH)

has been found at a level of 1.5%. have been re-evaluated in the same way as in the 2C fit of the
The total systematic error of 16% has been determined bprevious analysis, obtaining the same values. At the end,
taking into account all these effects. with the same cuts as before, 43.7 events, with a back-

A detailed ana|ysis has also been performed on the stabiground contribution at the 16% |eve|, are SE|eCtEd, |eading to
ity and reliability of thef(7°#° LH) result, which can be
summarized in the following steps.

(a) Selection type. We have performed a systematic stud
on the time stability by splitting the AN sample in many
sub-samples. As an example, we report here the results o
tained after a subdivision into two samples of about 3 mil-
lion events each:

f(7%70, LH, MB_I, 2C)=(2.4+0.8,,) X10 %, (9

Where the error is statistical only. The new result, though less

recise due to the poorer statistics, is in agreement with the
E'revious determination obtained in completely independent
trigger conditions.

f(woﬂ-o, LH, setl)=(2.83i0.12stat)><10’4, (5) VI. 7%% ANNIHILATION FREQUENCY

Using the AN sample we have also determined the anni-
hilation frequency of the reactiopp— 77, by exploiting
Here the label “set 11“set 2”) refers to the events in the 1€ 7—7yy decay mode[BR(»— vyy)=(39.33:0.25)%
first (secondl half of the AN data acquisition. [22]]. The whole strategy of the analysis, as well as the
We have also checked the uniformity of the result with determination of the background, of the in-flight annihila-
respect to the HARGD acceptance, by evaluating the annihiions and of the systematic uncertainties, is the same as that
1 . . . 0 0 .
lation frequency separately for two supermodule couple@PPlied in the 1C-fitr"a" analysis. We have selected events
[17]. By considering, for example, the couples of top/bottom'€auiring four clusters in the HARGD, no tracks in the JDC
(T/B) and left/right(L/R) supermodules, we obtain the fol- and no hits in the IOF. Then we have applied the 1C fit to
lowing determinations of (7w°#°): test the hypothesipp— 7°yy—4y and have studied the
invariant mass of the two gammas in themass region.
f(7%7°, LH, T/B)=(2.95+0.1y,) X 104, (7)  Figure 7 shows the 1C-figy invariant mass distribution for

f(m°7°, LH, set2=(2.77+0.13,,) X 10 *. (6)
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the whole spectrum and a zoom in theregion mass. Thegy  account this effect the valul;=(3.003+0.002)x 10° has
signal can be clearly seen, with a mass peak centered aroubéen obtained.

the expected value. With this methadd o, = (182+37) The ="~ annihilation frequency was determined by se-
events have been counted after the background subtractidecting events with two opposite charged tracks in the JDC
whose contribution has been directly obtained from 4he and by submitting them to a four-constraint kinematic fit

invariant mass spectrum. The reconstruction efficiency4c) testing the hypothesigp_wﬁﬂ—_ By applying the
(€0,) has been determined by generating ¥, events, quality cutP(y2)>0.3 on they? probability of the fit, we
forcing the decayn— yy and applying the same analysis selected 303955 events. The Monte Carlo reconstruction
a?g cuts used for the eXperlmental data. As a result, the Va.ll.@ﬁciency was determined by app|y|ng the same ana|ysis
€,0,=(3.6+0.2)% has been obtained. Within the sameprocedure and selection cuts to the simulated events, with the
simulation, we have also calculated th€s in-flight annihi-  result efﬁﬂ_:(33.40t 0.14)%. The background contribu-
lation, with a result at the 2% level. The numberp¥$ and  tion coming fromK*K~ and 7+ 7~ #° annihilations was
the in-flight annihilation fraction are obviously the same asfound to be negligible Ngg~5 events. Finally, them ™ 7~
in the 7°7° analysis. Finally, the value obtained for th€7;  annihilation frequency turned out to be
annihilation frequency is
f(m" 7, LH, MB_I)=(31.1+0.6,,) X104, (11
f(797, LH)=(0.92 0.2 0.1, X 104 (10)

in good agreement with the previous measuremjgts-27].

We have checked the stability of this result with respect to The annihilation frequency of the reactiorﬁp

variations of the selection cuts, without finding any system-— 7% 7~ 7% has been determined by selecting the events in
atic fluctuations. The systematic error evaluation followstwo different ways: first of all, under the hypothesis

from the same considerations as in thr® analysis. mt w0 (1C fit), just by considering the charged particles
in the final state while neglecting all the information on the
VIl. ANALYSES ON MB DATA 0 in the final state. Successively, we have checked the hy-

. . @0 . pothesism* 7~ yy (2C fit) by using also HARGD to detect
A completely independent evaluation of thex~ annihi- 6 . For the 1C fit hypothesis, we have selected events

lation frequency has been performed on a MB sample colyith o opposite charged tracks having a reconstructed ver-
lected in a liquid hydrogen target with a different apparatus[exl and have applied to these events the qualityR{ut?)

setup. The measurement was performed by Stopping g 5 o they? probability of the fit. We obtained:
201 MeV/c momentum antiprotons in a smaller cylindrical
hydrogen target (1.7 cm diameter, 4.4 cm lgreprrounded f(w* 7 7% LH, MB_II, 1C)=(57.3=0.4.,) X 1075
by the vertex detectofSPQ, not present in the previous (12
measurement. The beam setup was composed by a plastic
scintillator, a collimator and a Si-detector placed just in frontIn the 2C-fit analysis we have adopted the same criterion as
of the target. The rest of the detector was the same as previa the 1C fit for the selection of the charged particles, with
ously described. With this configuration we collected 3.2the additional requirement of two neutral clusters detected on
X 10° MB events. Using this sample, we have also decideddARGD. The result is
to make a detailed study on the annihilation frequency of the
" and# w70 channels, for which several values can (7 @ 7% LH, MB_II, 2C)=(57.0+ 1.045) X 10 °.
be found in the literature. This study has allowed an estima- (13
tion of the possible systematic effects of each single term of
Eqg. (1) (for details of these analyses, see Réaf]).

The evaluation ofN; and the fraction of the in-flight an-

73 .
nihilations are the same for all the reaction channels. Due tggeA;t/aluell(?ﬁ.ﬁz.S%X 1k0 qu?]ted n R?f[e] ld th
the small dimension of the target, a determination of the er all Inese checks, we have periormed on Ihe same

0 o
annihilations out of the target walls, which were negligible sample the measurement of théx" annihilation frequency.

for the 7079 analysis performed on the AN sample, becomesThe events, selected as previously described, have been sub-

necessary. The fractions of in-flight and out-of-target annihi-itted both to a 1C fit for the hypothesigp— 7%y y—4y
lations have been evaluated by comparing the vertex distriand to a 2C fit for the hypothesjgp— 7°7°— 4. For both
bution along the beam line as obtained by a Monte Carl@nalyses, the value &f; and the fraction of the in-flight and
simulation with the corresponding experimental distribution.out-of-target annihilations are the same as before.

This detailed Monte Carlo simulation has followed the lines For the 1C-fit analysis we have applied the quality cuts
described in Sec. Il taking into account all the low-energyx?<1.64, Q,,=0.3 andQ0=0.3.

hadronic interaction cross-sections inside the new beam line In Fig. 8 the 1C-fityy invariant mass distribution is
and the target. The contribution of the in-flight annihilationsshown for events satisfying the previous cuts. The spectrum
is F=(2.61+0.06)%, this value being smaller than the onehas been fitted to a Gaussian-plus-polynomial cudashed

of the w7 analysis because of the shorter antiproton pathpart of the histograincorrected in order to take into account
(about 1 cmi. The percentage of the out-of-target annihila-the combinatorial effect. The number of events selected after
tions has been determined as (5:9805)%. Taking into the background subtraction is #84. The Monte Carlo re-

The two values are in agreement with each other and with
the existing experimental resulfsee for example the aver-
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o They are, moreover, in good agreement with the results of

Em most of the earlier experiments. On the other hand, they also

« confirm a disagreement of a factor greater than 2 with pre-

35 viously published results of the Crystal Barrel experiment,

'% . which, in turn, are supported by a recent reanalysis of the
2

early LH data sampleg9].

Possible experimental origins of this disagreement, which
might be attributed to the Obelix experiment, have been con-
sidered carefully in the present analysis. Our inspection has
included the possibility of an overestimation of the photon
detection efficiency, of a problem in the beam counting or a
misevaluation of the background sources.

Concerning the detection efficiency, we note that Obelix

3 and Crystal Barrel are the only two experiments in the posi-
0 005 01 015 0z 025 03 tion of detecting all four photons and of reconstructing ex-
my (GeVie) clusively them®#° final state. Ther°#° detection efficiency
FIG. 8. Theyy invariant mass distribution of the combinations for the Obelix experiment is much smaller than for the Crys-
passing the 1C fit cuts applied to the minimum bias sampletal Barrel ong, dqe to the geometry. of the apparatus gnd to
(MB_II). the cuts app_lled in the da’[E_l _analysys. However, Obelix has
- measured this detection efficiency directly on a MB sample
collected in the same experimental conditions of the data
used for the study of the annihilation frequency. The results,
reported in Sec. VII, show a very good agreement between
the data and the Monte Carlo predictions. Furthermore, using
f(7°7°, LH, MB_II, 1C)=(2.9+0.6,,) X104 (14) the same data sample, tipg— 7 7~ 770 annihilation fre-
quency has been measured both with and without the re-

For the 2C fit analysis, we have selected-events by —quirement of therr® detection. The good agreement between

applying the quality cutg?<3.22, ng;0,3 andQ,Tt2>> 0.3. the two results shows the reliability of the Monte Carlo es-

The background has been determined, using the same tecﬁpa}ion of the photon detection efficiency. Moreover, the

nique described in Sec. I¥method & as consisting of (7 7 LH) result confirms the understanding of charged
12.4+1.8 events. The Monte Carlo reconstruction efficiencypart'de and detector simulation as well as the correctness of

T ac 0 . S the beam evaluation.
:2 €70,0(4.62-0.07)%. The resulting annihilation frequency Finally, we observe that Obelix has also measured the

w970 annihilation frequency with a gaseous hydrogen target
. g . . O O
0.0 — a1+ < 10-4 in NTP conditiongsee Table); a misevaluation of ther"

f(ma”, LH, MB_II, 2C)=(3.1=0.840 X107, (19 reconstruction efficiency by a factor greater than 2 would be
which is compatible with the value obtained from the 1C fit. refl%ct(gd also in this [rleasuremen_t,A giving a result
f(7 7, GH)=2X12.7X 10 *=25.4X10 “. This value is
incompatible with the measurement of thé 7~ annihila-
tion frequency performed by the Asterix experiment in coin-
A. The f(7°w°, p) situation cidence with protonium x-ray emission. In fact, due to

In this paper, we have presented five different determina(—:harge symmetry, the following relation applies to them™

0.0 ihilati i .
tions of the 7%= annihilation frequency in LHsee Table and@ m annihilation frequenciefs, 6]:

IV) obtained by the Obelix experiment. As denoted by their

consistency, the results are independent of differences in trig- f(70m0,p)= Eap(p)fx(q-r+ T ), (16
ger condition, period of acquisition and apparatus setup.

—
w

10

construction efficiency isqlT%W():(Q.Oi 0.1)% and the back-

ground contribution~28%. The result of the 1C fit analysis
is:

VIIl. CONCLUSIONS

where ap(p) is the percentage of protonium-wave and
gdx(m"m7) is them ™7~ annihilation frequency measured in

coincidence with the x ray emission. Taking into account that

fy(m™ 7 )=(48.124.9)x10" % [28], we get ap(NTP)

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

Trigger Fit 50— 700 -4 ~106%, which is a factor of 2 above the current evaluations
% fppzm ', LH) x(107) [3,6] and outside any physical range.

All-Neutral 1c 2.850. 14 Concerning the counting of the incoming beam, we re-

All-Neutral 2C 2.8+ 0. L4 mark that the beam line configuration and the target used in

MB_| 1C 2.4+ 0.8 the AN sample avoided any contamination due to in wall

MB_II 1C 2.9 0.6 annihilations and any problem due to the lateral shift of the

MB_II 2C 3.1+ 0.6 LEAR antiproton beam. Moreover we outline that the two

results presented in this paper, obtained respectively from the
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AN and from the MB samples, with two different beam line = 80¢

configurations, are in good agreement with each other. In 570:_ + Y

particular, since the dimensions of the target and of the sili- fQ =

con detector, the beam energy as well as the beam evaluation % 60 =

technique were different, possible problems in the measure- soF- % 3 4
ment of the antiproton beam would have most likely been c

reflected in the results. 40 ) *

Finally, our result shows a very good stability under many 30 ¢ .
respects. Different kinematic fits and, consequently, different = ¢ o .
background evaluations have been applied. Careful tests 201 ¢ o
have been performed by splitting the data sample in different 10 o 0y
sets, by considering only one part of the calorimdtep/ NN I
bottom or left/right supermodulgsnd by changing the cuts 0™600 800 1000 1200 1200 1600 1800
applied in the analysis. These studies add a further confirma- Antiproton momentum (MeV/c)
tion of the high level of self-consistency of our measure- _
ment. FIG. 9. The cross sectioa(7°7°) from in-flight pp annihila-

As a final remark, we point out that there is disagreemenfionsv integrated over the range abs- 0 to 0.85. Black squares are
also between our measurement of 'dﬂ%)y annihilation fre- from the measurement performed with the Crystal Barrel detector
quency and the value, about a factor of 2 larger, published b4 0pen circles are from Duludet al. [33].

Crystal Barrel. On the contrary, our evaluation of the ratio o o . .
f(7°%, LH)/f(#°7° LH)=0.32-0.07 is in good agree- duencies in terms dP-wave annihilation fraction, following
ment both with the corresponding Crystal Barrel re§gjg] ~ the strategy described in Ref]. Referring to the quoted
in LH and with the value obtained by the Obelix experimentartlde for the details of the method, we list here the main

in gaseous hydrogen NTP conditiop$29], as is expected Points of the analysis.
according to the predictions of some mod8]. We have considered a number of the annihilation frequen-
cies used in Ref[6], as well as the results reported in the
recent Crystal Barrel publicatio®].
B. Status of the two-body annihilation frequencies In particular, our analysis has included the final states
0w, wtm™, KTK™, KgK, KsKs, 7(1440)r" 7~ and

The present experimental situation is summarized in Tablé‘TO

0_0 o 7, measured in hydrogen targets at different densftigs
I. The "7~ annihilation frequency has been measured by id, 125,79, NTP, 0.00%yrp and 0.002xre).

seven experiments with liquid hydrogen targets and by twd' k o L
experiments with gaseous targets at different densities. A we haye considered 27 ann|h|la£|(_)n frequencies in all and
8 experimental results. For the?#% in LH, we have con-

already mentioned, the situation is contradictory. The liquid~;
y y g idered the present result and the Crystal Barrel [@hal-

hyd It by Crystal Barrel is in di tb gldere
ydrogen result by Crystal Barrel is in disagreemen ymorternatwely.

than a factor of 2 with most of the existing measurements, We h d diff hod fit the data:
including the result by Obelix presented in this paper. Adiels Ve have used two diiterent methods to fit the data: one

et al.[13] and Chibaet al.[14] obtained quite precise results '€/€'Ted to as the “classical” approadB1,32, where the
with inclusive measurements of the photon spectra usin%emgnta}ry branching ratios of thg decays proceed!ng from
dedicated detectors, while the measurements by Crystal Bal 1€ SIX different protonium hyper-fln_e .IeveIs from which an-
rel and Obelix were performed by detecting all the four pho_n|h|Iat|ons occur are weighted statlstlcallly., the other, based
tons. The only two measurements in gaseous hydrogen, pﬁ‘?—n_ the model by Batty3], where the deviation of the popu-
formed by Crystal Barrel and Obelix, also gave conﬂicting_at'on of these levels from the statistical distribution is taken

results into account through coefficients calledhancement factars
A similar situation also occurs in the studies of in-flight N the first case, we have used 13 free parameters in t fit

antiproton annihilations. The®° final state has been stud- , . .

ied in flight with the main goal of searching exotic states. In  TABLE V. x*'s per degree of freedom obtained from fits of the
this context. two different detectors have measuredtfie® existing measurements of the annihilation frequencies. The annihi-
differential cross section in a wide antiproton momentum'ation frequencyf (KsK, ,12pyre) has not been included in the fits.
range. Two results are available at present: one by Dulughe first fit (Obelix) does not include ther®#% annihilation fre-

et al.[33], the other obtained recently with the Crystal Barrel ?ﬁgn;e'izrﬂefi?rtsia?égrrgtgi: rrfﬁ't }ﬂcﬁfdiqﬁiﬁ %Ogr?rlltilr?i?as .
. . b -
detector[34]. Both the experiments were designed to mea_ion frequencies measured by Obelix in LH and NTP conditions.

sure neutral final states and detected all the four photons wit
a rather high acceptance. The results are compared in Fig. 9, \d.of
where a clear disagreement appears: the result by Duluqﬁ method .

et al. is about a factor of 2 smaller than the one by Crystal classical Batty's model
Barrel over the whole antiproton momentum range. w070 from Obelix 20.5/12 10.3/10

In order to check the compatibility of the results reported z°7° from Crystal Barrel 30.1/12 11.8/10
in this paper with the overall experimental situation, we haveyithout #°#° results 20.1/10 8.6/8

performed a new analysis of the two-body annihilation fre
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w
(=4

~ TABLE VI. P-wave protonium annihilation fractions for differ-
=] ent target densities as obtained from the fits in configuraiiofor
g 24+ both approaches.
°E 18 target density ap(p)
p “classical” Batty’s model
12 Liquid 0.12+0.02 0.054-0.013
PNTP 0.60+0.03 0.55-0.04
o Lt |||u_|,|] ] |||||,|,|] 1 ||||u,|] 1 |||u_u] 1 |||u,|,|]_ O'OOSPNTP 0.86+0.02 0.86-0.02
107 107 1000 1 10 10° 10 0.002p7p 0.86+0.10 0.85-0.10

Density (p/Pyrp)

FIG. 10. Then®#° annihilation frequency as a function of the case of configuratioriii), higher values ofap(p) are ob-
target density. Black squares are from Crystal Barrel, open circlestained especially in LH:ap(LH) =0.30£0.02 from the
from Obelix and open squares from Asterix. The curve has beenclassical” fit and ap(LH) =0.12+0.01 from the fit per-
calculated from a fit of the existing annihilation frequencies usingformed with Batty’s approach, in close agreement with what
the model by Batty3]. has been obtained by Crystal Barfél.

values of the elementary branching ratios and 5 values of the C. Summary

fraction of thehprotofmunP;‘wave anr_nrr:llatl?n)s in the sec-  values of the annihilation frequencies for the reactions
ond case, we have fitted the data witl ;5 ree parametérs o 7070, 709, w7 andmt 7~ w° have been measured
values of the elementary branching ratios and 5 values of thI liquid hydrogen

fraction of the protoniunP-wave annihilation i

Least fits to th data h b f di Dedicated checks have been performed on several data
cast-square Tts 1o these data have Oeeon PEMorMed Whs and with different analysis techniques, in order to evalu-

three different conflgurgtlons(n_)_ W't_h the 770770 measure- - ate all possible systematic effects as well as the stability of
ments taken from Obelix onlyji) with the 7”7~ measure- the results

ments taken from Crystal Barrel onkii) without any mea- The photon detection efficiency has been obtained from

sur_l?r:nent qf ther I7tT ap?r']h”at'orll fr_equenck))/. ed real data measurements and is well reproduced by Monte
€ main results ot the analysis can bé summarized ag 4o simulations. Ther®#° annihilation frequency has also

follows: . . .
been obtained from a MB sample in good agreement with the

The frequencyf(KsK, , 12pyrp) measured by Crystal - oq it ohtained from the AN sample.

Barrel[9] using the MB sample_|s poorly fitted, with a shift - easyrements are in agreement with those previously

O.f dagout three sLan(fj_ard dgwatm;g Tr|1erefore, we have dgjained by Adiel®t al.[13] and Chibeet al.[14] (see Table

c eh 0 relpeatftfe :)tsoomntmg this value. i 1), but are incompatible with the result by Crystal Barrel for
The value off(m"a", NTP) measured by Obel1l]  j tactor of about 2.5. The checks performed on our analysis

stands below the fit predictions by about&.5 . have not enabled us to find any effect which could account
The obtainedy“'s per degree of freedom are given in ¢, < ch a discrepancy.

Table_ V. . Our result is also supported by the comparison with pre-
With both approaches, the result by Obelix gives smalleg;jo ;s measurements of the same reaction performed by Obe-

25 than Crystal Barrel. I IV -
X lix in NTP conditions: any change of a factor of 2 in the

From toheoresults of the fit performed in configuratién)  resent result would reflect also in the NTP result giving rise
(all the 7" 7" results omitteflwe can calculate the foreseen to inconsistencies with the existing(=* 7, p) measure-

values forf(7°#°, p) at different densities. In Fig. 10 the ments[28] and with protonium atomic models.

results of the fit performed with the “enhancement .fac_tor” Finally, we have performed a combined analysis by fitting
approachimodel by Batty are represented by the solid line, 5 get of two-body annihilation frequencies using a least-
while the points refer to the experimental measurements. A'équare method, as described in Ré&4,6,9. The results

most identical results have been obtained with the “classiypained show the compatibility of the Obelix measurement
cal” approach. As one can see, the fit of the existing two-ity the overall experimental situation.

body annihilation frequencies favorsr®#° values in
agreement with the Obelix measurements, even if the uncer-
tainties in the results are quite large.

For both approaches, it is possible to obtain Bheave We would like to thank C. Batty, B. Pick, U. Wiedner and
annihilation fractionap(p) at each density as in Ref6]. other members of the Crystal Barrel Collaboration for very
Results from fits in configuratiofi) are shown in Table VI. useful discussions concerning their annihilation fraction
Similar values forap(p) are obtained from fi(iii). In the  measurements.
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