H 26 September 1996

i

;g PHYSICS LETTERS B

ELSEVIER

Physics Letters B 385 (1996) 493-499

Measurement of the 7(1440) — K*K?7T production rates from
pp annihilation at rest at three different hydrogen target
densities

OBELIX Collaboration

A. Bertin®, M. Bruschi?®, M. Capponi?, S. De Castro?, A. Ferretti?, D. Galli?,

B. Giacobbe?, U. Marconi?, M. Piccinini?, N. Semprini-Cesari?®, R. Spighi?, S. Vecchi?,
A. Vezzani?, F. Vigotti?, M. Villa?, A. Vitale?®, A. Zoccoli?, M. Corradini®, A. Donzella®,
E. Lodi Rizzini®, L. Venturelli®, A. Zenoni®, A. Adamo9, C. Cical69, A. Lai9,

A. Masoni 4, L. Musa¢, G. Puddu?, S. Serci?, PP. Temnikov¢, G. Usai¢, O.Yu. Denisov ¢,
O.E. Gorchakov®, S.N. Prakhov®, A M. Rozhdestvensky ¢, M.G. Sapozhnikov®,

V.I. Tretyak ¢, P. Gianottif, C. Guaraldof, A. Lanarof, V. Lucherinif, F. Nichitiu®!,

C. Petrascu®', A. Rosca®', V.G. Ableevg, C. Cavion¥, U. Gastaldi?, M. Lombardi&,
M. Morando®, G. Bendiscioli', V. Filippini{, A. Fontana®, P. Montagna’, A. Rotondi’,
A. Saino!, P. Salvini', F. Balestra’, E. Bottal, T. Bressani/, M.P. BussaJ, L. Busso/,

D. Calvoi, P. Cerello’, S. Costal, D. D’Isep’, L. Faval, A. FelicielloJ, L. Ferrero/,

A. FilippiJ, R. Garfagnini!, A. Grasso’, A. Maggioral, S. Marcelloi, N. Mirfakhrai -2,
D. Panzieri’, D. Parenal, E. Rossetto!, F. ToselloJ, G. Zosi/, M. Agnello¥, F. Iazzi¥,

B. Minetti¥, G. Pauli?, S. Tessaro?, L. Santi™,

4 Dipartimento di Fisica, Universita di Bologna and INFN, Sezione di Bologna, Bologna, Italy
Y Dipartimento di Chimica e Fisica per i Materiali, Universita di Brescia and INFN, Sezione di Torino, Torino, Italy
¢ Dipartimento di Chimica e Fisica per i Materiali, Universita di Brescia and INFN, Sezione di Pavia, Pavia, Italy
4 Dipartimento di Scienze Fisiche, Universita di Cagliari and INFN, Sezione di Cagliari, Cagliari, Italy
¢ Joint Institute for Nuclear Research, Dubna, Russia
I Laboratori Nazionali di Frascati dell’INFN, Frascati, Italy
& Laboratori Nazionali di Legnaro dell’INFN, Legnaro, Italy
M Dipartimento di Fisica, Universita di Padova and INFN, Sezione di Padova, Padova, Italy
i Dipartimento di Fisica Nucleare e Teorica, Universita di Pavia, and INFN sez. di Pavia, Pavia, Italy
I Dipartimento di Fisica, Universita di Torino and INFN, Sezione di Torino, Torino, Italy
k Politecnico di Torino and INFN, Sezione di Torino, Torino, Italy
C Istituto di Fisica, Universita di Trieste and INFN, Sezione di Trieste, Trieste, Italy
™ Istituto di Fisica, Universita di Udine and INFN, Sezione di Trieste, Trieste, Italy

Received L1 July 1996
Editor: L. Montanet

0370-2693 /96 /$12.00 Copyright © 1996 Published by Elsevier Science B.V. All rights reserved.
PII $0370-2693(96)01011-8



494 OBELIX Collaboration / Physics Letters B 385 (1996) 493—499

Abstract

From the study of the annihilation at rest jp — K+ K2 ¥ 7+~ the production rates of the (1440) — KE*K{n¥ were
obtained for three different hydrogen target densities: liquid, gaseous at NTP and at low pressure (5 mbar). The rate values
are! fyoaa (LH) = (6.010.5) - 107, fo(aa0) (NTP) = (2.940.4) - 10™* and fy1440) (5 mbar) = (1.0 0.2) - 10™*. From
these results, the density dependence of the annihilation fraction from the 'S, protonium level can be extracted directly.

An antiproton brought to rest in a hydrogen target
forms a pp atom (protonium) in a highly excited state.
The protonium undergoes an atomic cascade which
ends with annihilation from a low n level. In partic-
ular, pp annihilations at rest occur from the two S-
wave atomic states 'Sy (0~7) and 3S; (177) and the
four P-wave states ' Py (177),2 Py (077),? P (177),
3P, (2+%). Higher orbital angular momentum states
do not enter, due to the negligible overlap of the p
and p wave functions for / >1. The population of a
level from which annihilation may occur depends on
the atomic cascade and on the distribution of initial
states of protonium at its formation. Chemical, Auger
and Stark induced transitions are directly related to
the number of collisions of protonium atoms with the
surrounding medium, then to the target density. There-
fore, the populations of the levels depend on the den-
sity, and, consequently, the annihilation probabilities
among the six above initial states, i.e. the annihilation
fractions, are connected to the target density.

Experimental data from LEAR show indeed that
variations of the target density are accompanied by
variations of the frequencies of some exclusive anni-
hilation channels, as e.g. K*K~, wto~, KK [1],
as well as by variations of the ratio between these fre-
quencies, as e.g. the ratio (K*K™)/(#wt#™) [1-3].
The determination of the annihilation fractions is im-
portant to atomic physics, to the study of the dynam-
ics of nucleon-antinucleon annihilation and as input
to spin-parity analyses in meson spectroscopy [4]. In
general, from the conservation rules of J,P and C
quantum numbers, a given final state is produced only
from a specific subset of the six initial atomic states.
The effect of these selection rules is more transpar-
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ent for two body final states: for instance, the reaction
pp — KJK) can proceed only from the *S; initial
state and therefore the measurement of its frequency
is directly related to the *S; population (annihilation
fraction). Besides the standard conservation laws, ad-
ditional constraints on the allowed protonium initial
states might be related to the available center of mass
energy and the nature of the particles in the final state.
This is the case of the production of the %(1440) in
pp annihilation at rest:

pp — n(1440) 7o (1)

The resonance 7(1440) is the pseudoscalar compo-
nent of the old puzzling E/¢. The Review of Particle
Properties lists under the 7 (1440) all the results on
the 0~ system in the 1380-1490 MeV/c? region [5].
In the 1 (1440) production reaction, the dipion and
the resonance are produced with relative orbital angu-
lar momentum L =0 [6,7]. As far as the 777 system
is concerned, it is expected that the 7+ ¥ interaction
should occur mainly with relative orbital angular mo-
mentum [ = 0, since its invariant mass is less than 500
MeV/c? and the isoscalar pion-pion scattering at low
energy is dominated by [ = 0 [8]. The assumption L =
{ =0 implies that the 7 (1440) production is possible
only from the 1Sy initial state. As a consequence, the
measurement of the n(1440) production frequency is
directly related to the singlet S-wave population.
Following the notation of Ref. [9]:

Pf(pp — n(1440)) =* Fig, - B[n(1440) lig,, (2)

where ?f is the n(1440) production frequency, at
a given density p, #Fig, is the fraction of pp an-
nihilations at rest from the 'S, initial state and
B[7(1440) 15, is the branching ratio from this state
for 17 (1440) production. This shows that the annihila-
tion fraction #Fi 5, changes with density proportionally
to the production frequency:
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NTPF‘S() _ NTPf(’f](144O)) 3)
TFs, ~ DRf(7(1440)) (

5 mbzu'FlS” _ 5 mbarf(n(1440)) (4)
R ars LH f(7(1440))

In this paper, we report on the measurement of the
7(1440) production rates, seen in pp annihilation at
rest, in the channel K=K, 7 ¥ "7, in three differ-
ent target conditions: liquid hydrogen (LH), gaseous
hydrogen at normal temperature and pressure (NTP)
and gaseous hydrogen at low pressure (5 mbar). This
was the first time the 7(1440) was produced at three
different hydrogen densities, covering more than five
orders of magnitude, with the same detector setting
in order to reduce drastically the effect of systematic
errors in the comparison of the production rates.

The obtained results compare favorably with both
old bubble chamber [10] and ASTERIX results [7].

The annihilation frequencies at rest in five pions fi-
nal state: pp — w7~ w7~ were also measured
in LH and in gaseous hydrogen at NTP, for normal-
ization purposes.

The measurement was performed at the Low En-
ergy Antiproton Ring (LEAR) at CERN, using the
OBELIX spectrometer (a detailed description of the
detector can be found in Ref. [12]). The whole ap-
paratus is immersed in a magnetic field, whose in-
tensity reaches its maximum of 0.5 T along its axis.
In order to optimize the number of stopped antipro-
tons, different geometries for the target were used at
the three densities. The target is surrounded by a first
layer of 30 thin (lcm) plastic scintillators, arranged
in a barrel and providing the start to the time-of-flight
system (TOF). An outer jet drift (JDC) is devoted to
the tracking of charged particles. It allows the mea-
surement of the particle momenta and of their dE/dx
and contributes to the determination of the annihila-
tion vertex and of the topology of the event.

For each density, a 4-prong and a minimum bias
trigger sample were collected. The 4-prong trigger al-
lowed to select a final state with at least one charged
kaon, by requiring 4 hits in the inner TOF barrel, 3-4
hits in the outer TOF barrel and at least one track with
the time of flight >8.5 ns between the internal and the
external barrel. The enrichment factor provided by this
trigger on the channel K+ K. 7777~ with respect

miss
to the minimum bias, was five.

About 18 million events were collected with the
liquid hydrogen target; 24 million events with the hy-
drogen target at NTP and 6 million events with the
hydrogen target at 5 mbar pressure. The three data
samples consisted of 4-prong events with zero total
charge, all pointing to the annihilation vertex. A data
selection procedure identical for the three data sets was
applied. The K was not detected but reconstructed
by 1C kinematic fit. The selection criteria were based
mainly on the identification of the charged particles by
dE/dx. This selection algorithm was tuned (efficiency
and background reduction) with the help of the TOF
information on the channel K™K~ 77 ~. An agree-
ment between TOF and dE/dx for kaon identification
greater than 90%, a pion rejection greater than 99%
and a flat momentum efficiency of about 80% were
achieved. As an example, Fig. 1 shows the dE/dx as
a function of momentum with superimposed the se-
lection functions for pions and kaons (Fig. la) and
the efficiency curve for kaons (Fig. 1b).The data are
from the NTP gaseous hydrogen data sample.

Particle identification was applied to all particles
detected in the final state, looking for one kaon and
two pions of opposite charge with respect to the
kaon. A careful calibration procedure was applied
in order to ensure that particle identification worked
in the same way for all the three data samples and
was well reproduced by Monte Carlo. Channels like
mraatann® (n = 0,1) and KEKY7Fan® (n =
0,1) were rejected by kinematic fit and did not con-
tribute to the K® missing mass region. A cut on the
77~ invariant mass was applied to all three sam-
ples, in order to reject the KiK(S)77¢n7r0 (n>1)
channels. All these cuts featured a high (> 90%)
and smooth efficiency for the selected channel and
allowed to obtain a consistent background reduction.

The square missing mass to the K*aFata™ sys-
tem for the three data samples is shown in Fig. 2 a,
b, c. A clear K? signal is visible. The hatched area
in Fig. 2 a, b, ¢ shows the events selected by the 1C
kinematic fit (CL > 90%) in the square mass interval
0.21+0.31 GeV?/c*.

After applying all the selection criteria, 3648 events
from the LH sample, 5286 events from the NTP sam-
ple and 485 events from the 5 mbar sample were
left. The background contributions were, respectively:
20% for LH sample, 15% for the NTP sample and
35% for the 5 mbar sample. This residual contamina-
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Fig. I. NTP data: a) dE/dx as a function of momentum with superimposed the selection functions for kaons and pions; b) dE/dx efficiency

curve for kaons as a function of momentum.
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selected events for the three data samples (the shaded areas show the events

selected by the 1C kinematic fit to the KiK(n:issﬂ:Fﬂ'hn'_ hypothesis with C.L. > 90%). d), e), f) K+ K 7T invariant mass distributions
of the selected events for the three density samples (the shaded distributions correspond to the double charge combination K £ K&issvri).

tion comes mainly from the channels 7+t 7~ 7+ 7~ n7°
{(n > 1) with one pion misidentified as a kaon, or
K+ K~ ot~ 7% with one kaon misidentified as a pion
or decaying close to the vertex region. The channel
with all pions gives a smooth contribution decreas-
ing with mass in the region of interest. The shape of

the background from K*K~—a*7~ 7" events in the
K* 7 ¥~ missing mass spectrum was obtained by
Monte Carlo simulation, applying the same analysis
criteria as for real data. It is in good agreement with
the shape of the background obtained by a fit on real
data.
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Table 1

Annihilation frequency of the reaction pp — wtr—7tr— 7"
at rest at two target densities from a set of minimum bias data
samples in liquid hydrogen (LH) and gaseous hydrogen at NTP.
Ne,: number of annihilations, Ns; ,€s.,05,, fs: number of events,
acceptance,fraction of background and frequency of the five pion
final state annihilation reaction

Nev Nsz €55 - 102 b5y fsa - 1072
LH 330170 9763 143404 0.094+0.02 18.04+0.7
NTP 155042 5346 169405 0.0940.02 17.840.7

The K* K9, 7T invariant mass distributions for the
selected events from the three different target density
samples are shown in Fig. 2 d, e, f. A prominent signal
in the mass region around 1400 MeV/c? is evident.
The distributions have two entries per event, due to the
presence of two identical pions in the final state. The
hatched areas in the distributions of Fig. 2 d, e, { corre-
spond to the double charge combination K+ K&isswi.

In order to remove all systematic errors related
to trigger, beam variations and selection criteria, the
pp — wta~ wta~ 70 annihilation channel was used
as a normalization channel. The absolute rates were
evaluated both from a minimum bias and the 4 prong
trigger data sample. They could be evaluated only
for LH and NTP, not for the low pressure data sam-
ple, due to technical problems related to the beam
counting. The resulting frequencies are reported in
Table 1. The results are in agreement, within the er-
rors, with the results of previous experiments [11].
The statistical error is negligible and the systematic
error was evaluated by taking into account the max-
imum variation of the frequencies changing trigger
conditions and selection criteria. The wtor~ 7t~ 7
frequency shows no dependence on the target density,
going from liquid to gaseous hydrogen. A weighted
average among the present results and those from
previous experiments [11] is:

(fsm) = (17.84 4 0.35) - 1072, (5)

The same value was also taken for the S mbar data
sample, under the assumption that the 7+ 7~ 7+ 7~ 70
frequency is independent from the target density.
Table 2 reports for the three different target den-
sities: the number of collected events (N,,), the
number of KK events (Ngg,) identified in the

channel K*K%. 7F 77—, the residual background

miss

fraction (bgg,), the acceptance correction (€xz,.)
and the pseudoscalar resonant fraction in the channel
(Ny1440)/ Ngg,). This component was obtained as
a result of the spin-parity analyses of the liquid and
gaseous hydrogen at NTP data samples. For the liquid
hydrogen data, the recent OBELIX results [6] were
taken. For the NTP sample, a more advanced analysis
with respect to the preliminary one of ref [13] was
performed, with the main aim to identify the S-wave
resonant contribution to the K* K% F 7+ 7~ channel.
For the 5 mbar data sample, the statistics was not
enough to perform a spin-parity analysis and there-
fore the 17(1440) pseudoscalar fraction was inferred
from the shape of the experimental distribution. The
procedure consisted in evaluating the resonant frac-
tion from a fit of the double entry KK7 invariant
mass spectrum. The crucial assumption which was
done was to assume that the resonant signal present
in the 5 mbar data was dominantly pseudoscalar
in nature and, therefore, associated uniquely to the
singlet protonium S-wave. Such assumption was jus-
tified from both the observed low absolute yield of
K*K%7F 77~ events in the 5 mbar data sample
and from the small contribution of an axial vector
resonance contribution (1) coming from the proto-
nium P-waves in the NTP data analysis. The relative
pseudoscalar resonant fraction turned out to be about
65% of the overall low pressure K K7 mass spectrum
with a conservative 15% error to take into account all
the approximations. As a check of this procedure the
relative resonant fractions for the liquid and gaseous
data samples were evaluated. A good agreement (bet-
ter than 5%) with the results derived from the spin
parity analysis was found.

From the present analysis the non-resonant pseu-
doscalar contribution was below 5% for all the data
sets.

The KK7 and 75(1440) yelds normalized to the
five pion channel were evaluated. After background
subtraction and acceptance correction, they are:

Nez 1_b K ki
R = ka1~ Piks)  Som (6)
N5y (1 — bs,) Exin
N
Ry(1440) = Ry ot (7

NKI_(’IT

The corresponding results are reported in Table 2. Us-
ing the average frequency of the five pions channel
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Table 2

Annihilation frequency for the pp — KEK) #Fmta— and pp — 7(1440)mtm— (7(1440) — KKV

+ .
miss 7 ) reactions, at rest for

three target densities. Neo: number of annihilations; Ny, : number of (KKmw) events; Ny 1440y /Ny, fraction of resonant pseudoscalar
in (KKr) events; by g fraction of residual background contamination to the KiKr(r)lissTr;W+7T" selected final state; Nsy,bsy.€xp, /€5t
number of events, fraction of background in the five pion final state, relative acceptance of the (KK#) channel with respect to the five pion
final state; fy e : frequency of the reaction pp — KTKC. wF 7= at rest; fy(ia0): frequency of the reaction pp — 7(1440) 7+

(n(1440) — KEKD. 7F) at rest

New Nggw  Nnoaao) /Negn  bygy Nsz bsz €xkn/€sr  Trin 1071 fyamo 107
LH 17-106 3648 0.90+0.05 0.20+0.04 891400 0.09+£0.02  0.761+0.01 8.5+0.5 7.6£0.6
NTP 24.106 5286 0.75+0.10 0.15+£0.03 1571000 0.09£0.02 1.16+£0.02 4.8+0.2 3.6+0.5
5mbar 6-106 485 0.65+0.10 0.35+£0.07 302000 0.094+0.02 1.03+0.02 2.0402 1.3+£03

{(fsz) = (17.84 £ 0.35) - 1072, the annihilation fre-
quency of the channel pp — KK #mFatm is
given by

Fkkn=Riin - (F5m)- (8)
The rate for n production is:

Ny (1440

(9

Fncaa0) = fxgn - Nex.
The results are reported in Table 2. From Table 2,
after normalization to the liquid hydrogen sample, one
finally gets the variation with density of the population
of the 'Sy protonium level:

NMPRg NP f(n(1440))

= =0.49 + 0.07,
Wpy, = TRp(p(14a0)) 049+ 007. (10)

5 mbarFIS0 _ 5 mbarf(n(1440))
tHFs, LH f(1(1440))

=0.17£0.03. (11)

In the above ratios, systematic effects in measurements
are further reduced. This was carefully checked by
Monte Carlo simulation, where it was seen that even
changing significantly the detector efficiencies the re-
sults remained stable.

The behaviour with density of the population of the
1Sy protonium level was then compared with the be-
haviour with density of the population of the *S; proto-
nium level. This was possible by considering the mea-
sured frequency of the channel pp — K3K? which
can proceed only from 3S; state, at the three different
target densities [ 14,15]. It was found:

NTPF3S] _ NTPf(KgKg)
s, TTCRIKD)

= (.44 +0.06, (12)

5 mbﬂrF’S. _ 5 mbarf(K{S)Kg)

= =0.13 £ 0.04. 13
LHF}S1 LHf(KgKE) (13)

These results indicate that the trend with density of the
populations of the two S-wave levels of protonium is,
within the experimental errors, the same and therefore
it can be considered as the variation with density of
the total S-wave level population of protonium.

In order to obtain the rate for (1440) decaying to
K* K7 it was necessary to correct the frequencies
given in Table 2 by the factor

Fiss = _"f(KE)
h f(Kgﬂss)
_ f(KD)
FKY) + f(KY — 7%70) + f(K} — wrm)’

(14)

where f(K?) is the probability that K = K¥ is miss-
ing; f(KY — 7%7%) (f(K§ — «"7 ™)) is the cor-
responding probability when K° = K9, multiplied by
the branching ratio for the 7°%7° (77 ™) K(S) decay
mode. From a Monte Carlo simulation, the correction
factor turned out to be

Sk
miss f(Ker“)

In the ideal case (all the K? decay outside the detec-
tor, the neutral decay mode of K9 is not detected, the
probability that the channel K — 7+7~ is misiden-
tified as Kgﬁss due to the undetection of both decaying
pions is below 1%), the Fp value is 0.762. Thus,
the real situation was not far from the ideal one.

In Table 3, the production rates at three densities of

the 1(1440) decaying to K*KJzT are reported and

=0.791 £ 0.005. (15)
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Table 3
Frequency of the annihilation reaction at rest pp —
7(1440) 7= (n(1440) — KT K7 F)

This experiment Bubble chamber ASTERIX
[10] 171
LH (6.0£0.5)-10~% (7.1 +£0.7) . 10~*
NTP  (2.9404)-10~4 (3.04£0.9)-10~4

5 mbar (1.0£0.2)-10—%

compared with bubble chamber [10] and ASTERIX
[ 7] results. The results for NTP are in fair agreement,
within the errors. The results for LH are also in good
agreement, if one considers that the resonant fraction
in bubble chamber data was assumed to be 100% of
the K*K%7F 77~ channel, against the 90% found
in the recent spin-parity analysis [6].

In conclusion, from the analysis of 3648 pp an-
nihilations in liquid hydrogen, 5286 annihilations in
gaseous hydrogen at NTP and 485 in gaseous hydro-
gen at 5 mbar pressure into the K* K'7F 7+ 7~ final
state, the variation with density of the population of
the ! Sy protonium level was obtained from the produc-
tion rates of the pseudoscalar resonance 7 (1440) de-
caying to K*KO. arF. This was the first time that the
same apparatus was used to detect the reaction pp —
7(1440) 77 with 7(1440) — K*KO. 77, at three
different target densities. From a comparison with the
density dependence of the population of the *5; level,
obtained by the measurement of the frequencies of the

annihilation channel pp — KK}, an evaluation of
the dependence with density of the total S-wave level
population was deduced.

The production rates of 7(1440) decaying to
K*K97T were obtained at the three considered den-
sities and the results were found in agreement with
bubble chamber and ASTERIX data.

The annihilation frequencies at rest in five pions

pp — mra~ a7~ 7% were also measured for nor-

malization purposes in liquid hydrogen and in hydro-
gen gas at NTP. No density dependence was found, in
agreement with existing results in literature.
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