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Abstract

A-hypernuclei are produced and studied, with the FINUDA spectrometer, for the first timeedtancollider: DA®NE,
the Frascatip-factory. The slow negative kaons frog(1020 decay are stopped in thin (0.2@n?) nuclear targets, and
A-hypernuclei formation is detected by measuring the momentum of the outgoiné preliminary analysis orJrAZC shows
an energy resolution of 1.29 MeV FWHM on the hypernuclear levels, the best obtained so far with magnetic spectrometers at
hadron facilities. Capture rates for the ground state and the excited ones are reported, and compared with previous experiments
0 2005 Elsevier B.V. All rights reserved.

PACS:21.80.+a

Keywords:Hypernuclear spectroscopy:factory

1. Introduction neutral particles emitted after the formation and decay
of hypernuclei, allows for the simultaneous measure-
ment of observables like excitation energy spectra,

Even though the first hypernucleus was identified |ifetimes and partial decay widths for mesonic and
more than fifty years agfl], hypernuclear physics  non-mesonic decay, with high statistics and good en-
was systematically studied only in the last decade, ergy resolution (better than 1 MeV). Furthermore,
in spite of its great interest and discovery potential these observables can be measured for different tar-
for nuclear structure, strong and weak interactions gets at the same time, thus reducing systematic er-

and possible quark effects in nuclei. The most recent rors in Comparing properties of different hypernu_
experiments were performed at AGS (Brookhaven) clei.

[2] and at the 12 GeV PS (KEKI3], and hyper- The first FINUDA data taking at D&NE started

nuclei production was based on the strangeness ex-in December 2003 and was successfully concluded in

change(K ~, = ™) reaction on nuclear targets wif~ March 2004. In the following the first results from the

in flight and at rest, or on the associated production experiment will be reported, which fully confirm the

(z*,K™) one. expected capability of FINUDA to perform high qual-
This experimental scenario led to the Idm of |ty hypernudear physics at the DINE collider.

performing hypernuclear physics experiments with a
dedicated detector (FINUDA) using a source fof
different from traditional hadron facilities; that is, the
¢-factory DA®NE at the Frascati National Laborato- DA®NE (Double Annulard-factory for Nice Ex-
ries of INFN, Italy[5]. periments) consists of two rings, one for electrons and
FINUDA (acronym for “FIsica NUcleare a the other for positrons, that overlap in two straight

DA®NE”") can be considered an experiment of third sections where the beams collide. The energy of each
generation in hypernuclear physics. The original de- beam is 510 MeV in order to produce t#€1020) me-
sign of the FINUDA apparatus and, in particular, the son in the collisions.
large angle covered for the detection of charged and At the luminosity £ = 102 cm 2571, the ¢ me-

son is produced at a rate 4.4 x 10? s™1. The¢ —

KT K~ branching ratio is~ 49% and therefore, since
~ E-mail addressbressani@to.infn.ifT. Bressani). the¢ is produced almost at rest, BINE is a source of
* Deceased. ~ 22 x 10? (KT K~) pairg/s, collinear, background

2. The FINUDA Experiment at DA®NE
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Fig. 1. Global view of the FINUDA detector.

free and of very low energy~ 16 MeV). The low
energy of the kaons is the key-feature for perform-
ing hypernuclear physics experiments at thedEME
¢-factory.

The main idea of FINUDA4,6,7]is to slow down
to rest the negative kaons from tpe— K+ K~ de-
cay in thin solid targets, so as to study the following
formation and decay of hypernuclei produced by the
strangeness exchange reaction:

Ksop+*Z—4Z+7", 1)

where” Z indicates a target nucleus af\& the pro-
duced hypernucleus. The method of producing hy-
pernuclei via reactiorfl) was the standard one with
emulsions or bubble chambers in the sixties. A first at-
tempt to use reactiofl) even in a counter experiment
was done in 1973; ¥C target was employed and the
overall energy resolution was 6 MeV FWHM [8].

A substantial experimental effort with a dedicated ap-

(some gcn?), in order to obtain sufficient event
rates. In addition, the uncertainty on the interaction
point and the energy straggling of the emitted parti-
cles impair the achievable resolution. The same prob-
lem occurs in hypernuclear spectroscopy performed
via the more efficient £, K*) reaction[12]. In
FINUDA, furthermore, the use of thin targets along
with the low-mass of the spectrometer tracking sys-
tem permits the detection of charged particles other
than pions (mainlyp’s and d’s) with a solid angle
similar to that of pions, and a threshold as low as
~ 100 MeV/c for protons and~ 200 MeV/c for
deuterons. Finally, the cylindrical symmetry of the
interaction region allowed for the construction of a
spectrometer of cylindrical shape with a large solid
angle which, for the detection of the™’s coming
from reaction(1), is larger thant sr, therefore much
bigger than those available at fixed target machines,
typically ~ 100 msr. Such an acceptance, along with

paratus and on several targets was then performed athe excellent performances of IANE, enables the

KEK in the late eightie§9,10]; however, the instru-
mental resolution did not exceed 2.4 MeV FWHM.
The use ofK ~’s from a ¢-factory to produce hy-

detection of hypernuclei with a rate of about 80
hypernucleihour at£ = 1032 cm—2s~1 (with a 10°3
capture rate).

pernuclei has several advantages when compared to Fig. 1 shows a global view of the apparatus. The

the extractedk — beams or intensa+ beams[11].
First of all, the low energy and almost monochro-
matic K~ emitted from¢ decay can be efficiently
stopped in thin targets (0.2/gm?). At hadron ma-
chines, extractedk~ beams require thick targets

layers of the tracker are contained inside a supercon-
ducting solenoid, which provides a highly homoge-
neous (within 2% inside the tracking volume) mag-
netic field of 1.0 T over a cylindrical volume of 146 cm
radius and 211 cm length.
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Fig. 2. (a) Schematic view of the interaction/target region. (b) Scatter-plot of the reconstyucded coordinates of th&k ~ stopping points.

See text for details.

Three main regions can be distinguished inside the resolutiono,g ~ 150 pm andr; ~ 500 pm[15]. The

FINUDA apparatus.

e The interaction/target regiois shown schemati-
cally in Fig. 2a). Here, the highly ionizingk +, K ™)
pairs are detected by a barrel of 12 thin scintillator
slabs (dubbed TOFINO for short), surrounding the
beam pipe, with a time resolution ef~ 250 ps. The
TOFINO barrel is surrounded by an octagonal array of
silicon microstrips (ISIM) featuring a spatial resolu-
tion o ~ 30 um and an energy resolution &nE /Ax
for the kaons fromp decay of 209413]. Thin solid

straw tubes are positioned at 1.1 m from the beams in-
teraction point. With the magnetic field setat 1.0 T, the
design momentum resolution of the spectrometer, for
270 MeV/c t7’s, is Ap/p = 0.4% FWHM. It corre-
sponds to an energy resolution on hypernuclear spectra
better than 1.0 MeV. On the other hand, the energy
resolution, for the 80 MeV protons emitted in the hy-
pernuclear non-mesonic decay, is 1.6 MeV FWHM.

e The external time of flight barre{fTOFONE)
is composed by 72 scintillator slabs, 10 cm thick
and 255 cm long, and provides signals for the first

target modules are positioned at a distance of a few level trigger and for the measurement of the time-of-
millimeters on the external side of each element of the flight of the charged particles, with a time resolution
octagon. The task of the ISIM detector is the determi- o ~ 350 ps. Moreover, it allows for the detection of
nation of the interaction points of th& *, K ) pairs neutrons following hypernucleus decays with an effi-
in the thin targets. ciency of~ 10%, an angular acceptance of 70% and
e The external tracking deviceonsists of four an energy resolution of 8 MeV FWHM for neutrons of
different layers of position sensitive detectors. It is 80 MeV[16].
arranged in cylindrical symmetry and is immersed in
a He atmosphere to reduce the effects of the multiple  Further details concerning the design and perfor-
Coulomb scattering. The trajectories of charged parti- mances of the FINUDA apparatus can be found in
cles coming from the targets and crossing the tracking Refs.[17-20]
system are measured by: (i) a first array of ten double-  An important feature of the FINUDA apparatus
sided silicon microstrip modules (OSIM) placed close (seeFig. 2(a)) is the possibility to host eight different
to the target elements (s€&. 2(a)); (ii) two arrays of targets close to the interaction region; therefore, the
eight planar low-mass drift chambers (LMDC) filled possibility of obtaining data on different hypernuclei
with a (70%He—-30%gH10) mixture, featuring a spa-  at the same time. For the starting run, the following
tial resolutiono,g ~ 150 pm ando; ~ 1.0 cm [14]; targets were selectg@1]: two SLi (isotopically en-
(iii) a straw tube detector, composed by six layers of riched to 90%), onéLi (natural isotopic abundance),
longitudinal and stereo tubes, which provide a spatial three?C, one?’Al and one®'V. Physical motivations
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for the performed choice are described in R¢24., [23], which performs a numerical integration of the

22]. trajectory starting from the formation point and the
kaon direction and momenta and accounting for the
geometrical structure and the material composition of

3. Datataking and appar atus performances the FINUDA interaction region.

The beam crossing angle determines a small to-
Many experimental tests were performed during the tal momentum of the (boost: 123 MeV/¢) directed
data taking in order to monitor the machine perfor- towards the positivec side. This boost adds to the
mance as well as the calibrations of the spectrometer. 127 MeV/c average momentum of the kaons from

Hereafter the most relevant ones are listed: the¢ decay introducing a left-right asymmetry clearly

visible inFig. 2(b), which shows the scatter-plot of the

(1) The luminosity of the DAPNE collider was con- reconstructed vs. x coordinates of th&K — stopping
tinuously evaluated by means of the Bhabha points. The distribution of points on the outer octa-
scattering events, and was in agreement (within gon represents the positions of the eight targets, where
~ 10%) with the values provided by the machine. most of theK~ stop (~ 75% of all K~ interactions
The top luminosity reached during the run was in the apparatus). A partial accumulation of points
0.7 x 1032 cm2s~1, with a daily integrated lumi-  also occurs on the left-side ISIM modules (10%). The
nosity of about 4 pb?; events corresponding to tl&~'s stopping in the ISIM

(2) The profile of the interaction region was also con- modules provide an additional sample in a supplemen-
tinuously monitored by FINUDA, and used to tary silicon target. The remaining density of points
control the collider; partially depicts TOFINO.

(38) The energy of the colliding beams was measured  Hypernuclear events are selected by the simulta-
on-line via Bhabha scattering and through the re- neous presence af + and K~ particles. ThekK ™’s
construction of theKs — n 7~ invariant mass,  enable thek ~ tagging and moreover offer the possi-
where theKg's are due to theg — KsK; decay. bility to perform an accurate and continuous in-beam

calibration of FINUDA. The positive kaons, stopping
The trigger selecting hypernucleus formation in the target array, decay at rest with a mean life of
events requires two fired back-to-back TOFINO slabs, 12.4 ns. The two main two-body decays” — ntv,

with signal amplitude above an energy threshold ac- (BR = 6351%) andK+ — 7tz0 (21.16%) are a

counting for the high ionization of slow kaons, and source of monochromatic particles fully crossing the

a fast coincidence on the TOFONE barf@]. This spectrometer, with momenta 239MeV/c for the u™

allows (KT, K™) pairs, together with a fast parti- and 2051 MeV/c for the =™, respectively. The ab-

cle crossing the spectrometer and hitting the external solute scale of the momenta was determined with a

scintillator barrel, to be selected against the physical precision better than 200 keV, even in the simpli-

background coming from the oth¢rdecays or against  fied hypothesis (applied in the analysis presented here)
fake events generated by the accelerator electromag-of a constant magnetic field of 1.0 T, directed along
netic background. the z axis, in the whole tracking volume. This pre-

The reconstruction procedure of tigeformation cision can be assumed as the systematic error on the
point and of the kaon directions and momenta at ver- measurement of the particles’ momenta in the range
tex uses the kaon interaction points in the ISIM mod- between 200 and 300 MeV.

ules, identified through their high stopping power. The For the present analysis only high quality tracks

procedure is based on a two helix algorithm which ac- were selected. Such tracks are emitted in the forward

counts for the kinematics of thg decay, the average  hemisphere, with respect to the direction of tkie,
value of thep mass, the crossing angle (12.5 mrad) of and cross a minimum amount of materials inside the
the ete™ beams, measured by using Bhabha events, spectrometeFig. 3shows the momentum distribution

and the geometry of the vertex region. The stopping of the positive tracks coming from the stopp&d- .

points of the kaons in the targets are computed by The two peaks at 236 MeM and 205 MeVc¢ corre-

a tracking procedure based on the GEANE package spond to the previously mentioned decays. The tails
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Kt—s why, 4. Resu_lts on 1}C spectroscopy. Discussion and
5000[- conclusions
40001 In order to evaluate the capabilities of FINUDA to

yield relevant spectroscopic parameters, the analysis
started from'2C targets. We recall that fdZC an ex-
citation spectrum with a 1.45 MeV FWHM resolution
was recently obtained at KEK using the™, K ) re-
action at 105 GeV/c by the E369 Collaboratiofi2].

The spectra out of only two of the three available
1000[ AJ\ 12C targets were added since the third one showed
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a slight systematic energy displacement, of about
0 \ \ 0.5 MeV. The reason of this is under study, and there-
180 200 220 240 260 fore for the current analysis these data are not in-
momentum spectrum (MeV/c) cluded. The requirement of high quality tracks (long
. o . . tracks crossing the whole spectrometer, with a hit on
Fig. 3. Momentum distribution of the positive tracks coming from . . ,
the stoppedk ™. The peak at 236 Me): corresponds to the each tracking detector, i.e., OSIM, LMDC'’s and straw
two-body decayk + — 1+, the peak at 205 Ml corresponds tubes) reduced the analysed data to about the 40% of
to the two body decax + — 7+ 70. the whole available sample of events with vertex com-
ing from a?C target.
The raw momentum spectrum of the~ coming
on the left of the two peaks are due to different con- from the analysed?C targets is shown iffig. 4. Dif-
tributions, the biggest part played by instrumental ef- ferent processes produge after K~ absorption and
fects due to the momentum loss of particle crossing reproduce well the experimental spedtt@]:
the edges of the chambers and their supports. More-
over, in this region two additional * decay channels  (a) quasi-freext, £° and A production: K~ p —
open: theKng mode B R = 4.8%), giving a continuum >t~ K n— X%, K n— An~;
spectrum of positrons (which cannot be distinguished (b) quasi-freeA decay:A — pn~;
from p*’s) ending at 228 MeVYe, and theKlf3 one (c) quasi-freeX ~ production:K ~p — X~z T, fol-
(3.2%), which gives again a continuum spectrum with lowed by X~ — nm—;
end point at 215 MeVYc. By analyzing these differ-  (d) two nucleonk — absorptionn K ~(NN) - X~N,
ent contributions to the peaks shape one can conclude  followed by X~ — nx~.
that the asymmetry affects, overall, the Gaussian line
shape at the level of about 4%. This peak asymmetry  All the mentioned reactions were simulated in de-
was however not considered in the fit of the spectra tail in the FINUDA Monte Carlo program. The simu-
described in Sectiod, since other error sources were lated events were reconstructed by the same program
overwhelming. used for the real events, with the same selection cri-
From the width of theu™ peak the present mo- teria, in order to accurately take into account the geo-
mentum resolution of the apparatus can be estimatedmetrical acceptance and the reconstruction efficiency
to be Ap/p = 0.6% FWHM, which corresponds to  of the apparatus. In particular, the size of the spectrom-
1.29 MeV FWHM for the hypernuclear levels in eter and the value of the magnetic field determine an
agreement with the results of the hypernuclear spec- acceptance momentum cut of about 180 MeVor
tra reported in the next section. We expect that the four-hits tracks, which excludes most of the reactions
momentum resolution of the spectrometer should im- producing low energyr —’s. However, in the momen-
prove to the design value of 0.4% FWHM once the tum region where the bound stateséE are expected
final detector calibration and alignment will be per- (beyond~ 260 MeV/c), only process (d) is contribut-
formed, and the mapped magnetic field will be inserted ing. We remark that both processes (c) and (d) are due
in the reconstruction and fitting procedure. to X~ decay in flight, but ther — distribution from
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the process (c) is peaked at 190 MeYand goes to In order to obtain thet binding energy distribution
zero beyond 260 MeXe. The dashed line ifFig. 4 the (d) process is subtracted from the momen-
represents the contribution due to process (d), normal- tum distribution, and the momenta are converted into
ized to the number of entries in tki275-320 MeV/c binding energies{B,4). The two prominent peaks,
momentum region, beyond the physical region for the as can be seen iRigs. §a) and (b), atB, around
production ofA-hypernuclei via reactiofi). 11 MeV (ground state) and 0 MeV, were already ob-
served in previous experimeni®,9] and interpreted
as (vpy 3, As) and (vpg 5, Ap) (v = nucleon). The
experimental energy resolution was determined by fit-
ting the B4, ~ 11 MeV peak with a Gaussian curve
(x?/d.0.f.= 1.71), and amounts to 1.29 MeV FWHM.
The ground state &/rfc is assumed to be a single state.
Indeed, it is known that it consists of(a—, 2*) dou-
blet, but theoretical calculations predict splittings of
70 keV[24], 80 keV[25] and 140 keV[26] between
them, one order of magnitude smaller than the present
instrumental resolution. The peak at about 0. MeV has
a more complicated structure, and we tried to disenta-
gle different contributions in the analysis described in
the following.
The experimental spectrum closely resembles the

0 — O i e one from E369 Experimentl2]. This is expected,
180200 220 240 260 280 300 320 as the production of hypernuclear states is, in first
momentum (MeV/c) approximation, determined by the momentum trans-
_ o ferred toA’s, which is grossly comparable for both ex-
Fig. 4. Spectrum of the momentum of the~ emitted from the .
intgeractioﬁ vertex of &~ onto a carbon target. The dashed line ~PEMMeNts{- 250 MeVjc for FINUDA, ~ 350 MeV/c
represents the contribution froki— absorption by two nucleons  for E369). The~ 100 MeV/c difference may account
(process (d) in the text). for the different yield of the two main peaks.
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Fig. 5. A binding energy spectrum &fC measured by the FINUDA Experiment. (a) The solid line represents the result of a fit with 6 Gaussian
functions(#1-#6, as explained in the text; (b) the solid line represents the result of a fit with 7 Gaussian functions as explained in the text. The
dot-dashed line starting &, = —1 MeV represents the contribution from the quasi-freproduction. The dotted lines represent the result of

a Gaussian fit on every single peak.
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The absolute values of the capture rates for the dif-
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In between the two main peaks, there are also indi-

ferent peaks could be obtained in a simple way by the cations of other states produced with weaker strength.

method of thek ~ tagging. Indeed, in the events where
the K™ is seen to decay in th&,» and K2 decay
modes with the produced™ or 7T crossing the spec-
trometer and hitting the TOFONE barrel, we are sure
the trigger condition on the prompt TOFONE coinci-

In order to reproduce, at least qualitatively, this spec-
trum six Gaussian functions were used, centered at the
B4 values reported in Reff12]; the widths were fixed,

for all of them, too = 0.55 MeV, corresponding to the
experimental resolution. The abscissa scale is affected

dence has been satisfied by the charged products of theonly by a scale error a80 keV. The result of this fit

K™ decay.

Hence, in these events triggered by the decay prod-

ucts of thek ™, the interactions of the correspond-
ing K~ in the targets are observed without any trig-

is shown inFig. 5a).

The spectrum is not well reproduced, the result-
ing reducedy?/d.o.f. is 3.8 (for 64 d.o.f.), and in
particular the region-10 MeV < —B,4 < —5 MeV

ger bias. Using this subsample of events, the numberis poorly fitted. The capture rates for these differ-

of K~ stopping in the targets can be counted directly
and the number ofr ~— produced by thek ~ interac-
tions can be accurately determined by only correct-
ing for the apparatus acceptance for of selected
momentum and for detector efficiency. The accep-
tance is calculated using the FINUDA Monte Carlo
and the detector efficiency is determined by calibra-
tion data.

The value obtained for thé?C ground state for-
mation is(1.014 0.11star=E 0.10sy9) x 10-3/(stopped
K 7). Itagrees very well with the valu®.98+0.12) x
10-3/(stoppedk ~) measured at KEK10]; we recall

ent contributions normalized to the ground state cap-
ture rate are reported in the second column of the
upper part ofTable 1 A better x2/d.o.f. = 2.3 is
obtained by adding a further contribution, and leav-
ing the positions of the seven levels free (57 d.o.f.).
Their values are reported in the second column of
the lower part ofTable 1 The capture rates for these
different contributions are again normalized to the
capture rate for thé2C ground state formation. The
result of the fit is shown irFig. 5b). A contribu-
tion from the quasi-freer-production, starting from
B, = 0 and properly smeared by taking into ac-

that the first generation CERN experiment reported the count the instrumental resolution, was included in both

value(2+ 1) x 10~/ (stoppedk ~) [8].

Table 1

fits.

Results from—B 4 spectrum fits: the upper part of the table corresponds to a fit performed with the same peaks layout of E369 Experiment
[12], with 6 Gaussian functions. The lower part corresponds to a fit with 7 hypernuclear levels. The last column reports the capture rates
corresponding to each peak. The errors reported for pgaki6 in the upper part an@dt2—#7 in the lower part of the table do not include the

error on thelAZC ground state capture rate. The errors on the rates of peaks #6 and #7 take into account the error on the subtracted background

Peak number —B4 (MeV) Capture ratg(stoppedk ~)[x10~3]
(Fixed at E369 values)

1 —10.76 101+ 0.11stat+ 0.10syst

2 —-8.25 023+0.05

3 —4.46 062+ 0.08

4 —2.70 045+ 0.07

5 —0.10 201+0.14

6 161 057+0.11

Peak number —B4 (MeV) Capture ratg(stoppedk ~)[ x 1073
1 —10.94+0.06 101+ 0.11stat+ 0.10syst

2 —84+0.2 0.21+0.05

3 —-59+0.1 0.44+0.07

4 -38+0.1 0.56+ 0.08

5 —-16+0.2 0.50+0.08

6 0.27+0.06 201+0.17

7 21+02 0.58+0.18
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The peaks #2 and #3 can be attributed to th@

core excited states at 2.00 and 4.80 MeV. The excita-
tion of these states was expected in several theoretical
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is more than twice larger than the one reported by

E369.

The sum of the capture rates for thg = 0.27 MeV
and By = 2.1 MeV states is(2.59 £ 0.19%ia) x
103/ (stoppedK ~), and agrees with the KEK re-
sult (2.3+ 0.3) x 10-3/(stoppedk ~) [10], in which
the contributions for the two states were not re-
solved. The CERN Experimef] reports(3+ 1) x
10~4/(stopped K 7). In the present analysis these

states are indeed resolved, though, inevitably, strongly

correlated in our fit. It is however remarkable that
the relative intensities for the contributions By =
0.27 MeV andB, = 2.1 MeV are close to the values
found by Dalitz et al[29] in an emulsion experiment.
Theoretical calculations for the ground state for-
mation quote the values.3B x 10-3/(stoppedK )
[30], 0.23 x 103/(stoppedK ~) [31] and 012 x
10-3/(stopped K~) [32]. Analogous calculations
for the capture rate leading to states in which the
A is in a p state quotg33], respectively, 06 x
103/ (stoppedk ~) according to the theoretical pre-
diction of Ref.[30], and 059 x 103/ (stoppedk )
following Ref. [32]. As general remark it may be
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