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Abstract

Λ-hypernuclei are produced and studied, with the FINUDA spectrometer, for the first time at ane+e− collider: DA�NE,
the Frascatiφ-factory. The slow negative kaons fromφ(1020) decay are stopped in thin (0.2 g/cm2) nuclear targets, an
Λ-hypernuclei formation is detected by measuring the momentum of the outgoingπ−. A preliminary analysis on12

ΛC shows
an energy resolution of 1.29 MeV FWHM on the hypernuclear levels, the best obtained so far with magnetic spectrom
hadron facilities. Capture rates for the ground state and the excited ones are reported, and compared with previous ex
 2005 Elsevier B.V. All rights reserved.

PACS:21.80.+a
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1. Introduction

Even though the first hypernucleus was identifi
more than fifty years ago[1], hypernuclear physic
was systematically studied only in the last deca
in spite of its great interest and discovery poten
for nuclear structure, strong and weak interactio
and possible quark effects in nuclei. The most rec
experiments were performed at AGS (Brookhav
[2] and at the 12 GeV PS (KEK)[3], and hyper-
nuclei production was based on the strangeness
change(K−,π−) reaction on nuclear targets withK−
in flight and at rest, or on the associated product
(π+,K+) one.

This experimental scenario led to the idea[4] of
performing hypernuclear physics experiments wit
dedicated detector (FINUDA) using a source ofK−
different from traditional hadron facilities; that is, th
φ-factory DA�NE at the Frascati National Laborat
ries of INFN, Italy[5].

FINUDA (acronym for “FIsica NUcleare a
DA�NE”) can be considered an experiment of th
generation in hypernuclear physics. The original
sign of the FINUDA apparatus and, in particular, t
large angle covered for the detection of charged

E-mail address:bressani@to.infn.it(T. Bressani).
� Deceased.
neutral particles emitted after the formation and de
of hypernuclei, allows for the simultaneous measu
ment of observables like excitation energy spec
lifetimes and partial decay widths for mesonic a
non-mesonic decay, with high statistics and good
ergy resolution (better than 1 MeV). Furthermo
these observables can be measured for different
gets at the same time, thus reducing systematic
rors in comparing properties of different hypern
clei.

The first FINUDA data taking at DA�NE started
in December 2003 and was successfully conclude
March 2004. In the following the first results from th
experiment will be reported, which fully confirm th
expected capability of FINUDA to perform high qua
ity hypernuclear physics at the DA�NE collider.

2. The FINUDA Experiment at DA�NE

DA�NE (Double Annular�-factory for Nice Ex-
periments) consists of two rings, one for electrons
the other for positrons, that overlap in two straig
sections where the beams collide. The energy of e
beam is 510 MeV in order to produce theφ(1020) me-
son in the collisions.

At the luminosityL = 1032 cm−2 s−1, the φ me-
son is produced at a rate∼ 4.4 × 102 s−1. Theφ →
K+K− branching ratio is∼ 49% and therefore, sinc
theφ is produced almost at rest, DA�NE is a source o
∼ 2.2 × 102 (K+K−) pairs/s, collinear, backgroun

mailto:bressani@to.infn.it
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Fig. 1. Global view of the FINUDA detector.
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free and of very low energy (∼ 16 MeV). The low
energy of the kaons is the key-feature for perfor
ing hypernuclear physics experiments at the DA�NE
φ-factory.

The main idea of FINUDA[4,6,7] is to slow down
to rest the negative kaons from theφ → K+K− de-
cay in thin solid targets, so as to study the followi
formation and decay of hypernuclei produced by
strangeness exchange reaction:

(1)K−
stop+ AZ → A

ΛZ + π−,

whereAZ indicates a target nucleus andA
ΛZ the pro-

duced hypernucleus. The method of producing
pernuclei via reaction(1) was the standard one wit
emulsions or bubble chambers in the sixties. A first
tempt to use reaction(1) even in a counter experime
was done in 1973; a12C target was employed and th
overall energy resolution was∼ 6 MeV FWHM [8].
A substantial experimental effort with a dedicated
paratus and on several targets was then performe
KEK in the late eighties[9,10]; however, the instru
mental resolution did not exceed 2.4 MeV FWHM.

The use ofK−’s from a φ-factory to produce hy
pernuclei has several advantages when compare
the extractedK− beams or intenseπ+ beams[11].
First of all, the low energy and almost monochr
matic K− emitted fromφ decay can be efficientl
stopped in thin targets (0.2 g/cm2). At hadron ma-
chines, extractedK− beams require thick targe
t

(some g/cm2), in order to obtain sufficient even
rates. In addition, the uncertainty on the interact
point and the energy straggling of the emitted pa
cles impair the achievable resolution. The same pr
lem occurs in hypernuclear spectroscopy perform
via the more efficient (π+,K+) reaction [12]. In
FINUDA, furthermore, the use of thin targets alo
with the low-mass of the spectrometer tracking s
tem permits the detection of charged particles ot
than pions (mainlyp’s and d ’s) with a solid angle
similar to that of pions, and a threshold as low
∼ 100 MeV/c for protons and∼ 200 MeV/c for
deuterons. Finally, the cylindrical symmetry of t
interaction region allowed for the construction of
spectrometer of cylindrical shape with a large so
angle which, for the detection of theπ−’s coming
from reaction(1), is larger thanπ sr, therefore much
bigger than those available at fixed target machin
typically ∼ 100 msr. Such an acceptance, along w
the excellent performances of DA�NE, enables the
detection of hypernuclei with a rate of about
hypernuclei/hour atL = 1032 cm−2 s−1 (with a 10−3

capture rate).
Fig. 1 shows a global view of the apparatus. T

layers of the tracker are contained inside a superc
ducting solenoid, which provides a highly homog
neous (within 2% inside the tracking volume) ma
netic field of 1.0 T over a cylindrical volume of 146 c
radius and 211 cm length.
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Fig. 2. (a) Schematic view of the interaction/target region. (b) Scatter-plot of the reconstructedy vs.x coordinates of theK− stopping points.
See text for details.
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Three main regions can be distinguished inside
FINUDA apparatus.

• The interaction/target regionis shown schemati
cally in Fig. 2(a). Here, the highly ionizing(K+,K−)

pairs are detected by a barrel of 12 thin scintilla
slabs (dubbed TOFINO for short), surrounding t
beam pipe, with a time resolution ofσ ∼ 250 ps. The
TOFINO barrel is surrounded by an octagonal array
silicon microstrips (ISIM) featuring a spatial resol
tion σ ∼ 30 µm and an energy resolution on�E/�x

for the kaons fromφ decay of 20%[13]. Thin solid
target modules are positioned at a distance of a
millimeters on the external side of each element of
octagon. The task of the ISIM detector is the deter
nation of the interaction points of the(K+,K−) pairs
in the thin targets.

• The external tracking deviceconsists of four
different layers of position sensitive detectors. It
arranged in cylindrical symmetry and is immersed
a He atmosphere to reduce the effects of the mult
Coulomb scattering. The trajectories of charged pa
cles coming from the targets and crossing the track
system are measured by: (i) a first array of ten dou
sided silicon microstrip modules (OSIM) placed clo
to the target elements (seeFig. 2(a)); (ii) two arrays of
eight planar low-mass drift chambers (LMDC) fille
with a (70%He–30%C4H10) mixture, featuring a spa
tial resolutionσρφ ∼ 150 µm andσz ∼ 1.0 cm [14];
(iii) a straw tube detector, composed by six layers
longitudinal and stereo tubes, which provide a spa
resolutionσρφ ∼ 150 µm andσz ∼ 500 µm[15]. The
straw tubes are positioned at 1.1 m from the beams
teraction point. With the magnetic field set at 1.0 T,
design momentum resolution of the spectrometer,
270 MeV/c π−’s, is �p/p = 0.4% FWHM. It corre-
sponds to an energy resolution on hypernuclear spe
better than 1.0 MeV. On the other hand, the ene
resolution, for the 80 MeV protons emitted in the h
pernuclear non-mesonic decay, is 1.6 MeV FWHM

• The external time of flight barrel(TOFONE)
is composed by 72 scintillator slabs, 10 cm th
and 255 cm long, and provides signals for the fi
level trigger and for the measurement of the time-
flight of the charged particles, with a time resoluti
σ ∼ 350 ps. Moreover, it allows for the detection
neutrons following hypernucleus decays with an e
ciency of∼ 10%, an angular acceptance of 70% a
an energy resolution of 8 MeV FWHM for neutrons
80 MeV[16].

Further details concerning the design and per
mances of the FINUDA apparatus can be found
Refs.[17–20].

An important feature of the FINUDA apparatu
(seeFig. 2(a)) is the possibility to host eight differen
targets close to the interaction region; therefore,
possibility of obtaining data on different hypernuc
at the same time. For the starting run, the follow
targets were selected[21]: two 6Li (isotopically en-
riched to 90%), one7Li (natural isotopic abundance
three12C, one27Al and one51V. Physical motivations
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for the performed choice are described in Refs.[21,
22].

3. Data taking and apparatus performances

Many experimental tests were performed during
data taking in order to monitor the machine perf
mance as well as the calibrations of the spectrome
Hereafter the most relevant ones are listed:

(1) The luminosity of the DA�NE collider was con-
tinuously evaluated by means of the Bhab
scattering events, and was in agreement (wit
∼ 10%) with the values provided by the machin
The top luminosity reached during the run w
0.7×1032 cm−2 s−1, with a daily integrated lumi-
nosity of about 4 pb−1;

(2) The profile of the interaction region was also co
tinuously monitored by FINUDA, and used
control the collider;

(3) The energy of the colliding beams was measu
on-line via Bhabha scattering and through the
construction of theKS → π+π− invariant mass
where theKS ’s are due to theφ → KSKL decay.

The trigger selecting hypernucleus formati
events requires two fired back-to-back TOFINO sla
with signal amplitude above an energy threshold
counting for the high ionization of slow kaons, a
a fast coincidence on the TOFONE barrel[7]. This
allows (K+,K−) pairs, together with a fast part
cle crossing the spectrometer and hitting the exte
scintillator barrel, to be selected against the phys
background coming from the otherφ decays or agains
fake events generated by the accelerator electrom
netic background.

The reconstruction procedure of theφ formation
point and of the kaon directions and momenta at v
tex uses the kaon interaction points in the ISIM mo
ules, identified through their high stopping power. T
procedure is based on a two helix algorithm which
counts for the kinematics of theφ decay, the averag
value of theφ mass, the crossing angle (12.5 mrad)
the e+e− beams, measured by using Bhabha eve
and the geometry of the vertex region. The stopp
points of the kaons in the targets are computed
a tracking procedure based on the GEANE pack
[23], which performs a numerical integration of th
trajectory starting from theφ formation point and the
kaon direction and momenta and accounting for
geometrical structure and the material composition
the FINUDA interaction region.

The beam crossing angle determines a small
tal momentum of theφ (boost: 12.3 MeV/c) directed
towards the positivex side. This boost adds to th
127 MeV/c average momentum of the kaons fro
theφ decay introducing a left–right asymmetry clea
visible inFig. 2(b), which shows the scatter-plot of th
reconstructedy vs. x coordinates of theK− stopping
points. The distribution of points on the outer oc
gon represents the positions of the eight targets, w
most of theK− stop (∼ 75% of all K− interactions
in the apparatus). A partial accumulation of poi
also occurs on the left-side ISIM modules (10%). T
events corresponding to theK−’s stopping in the ISIM
modules provide an additional sample in a supplem
tary silicon target. The remaining density of poin
partially depicts TOFINO.

Hypernuclear events are selected by the simu
neous presence ofK+ and K− particles. TheK+’s
enable theK− tagging and moreover offer the pos
bility to perform an accurate and continuous in-be
calibration of FINUDA. The positive kaons, stoppin
in the target array, decay at rest with a mean life
12.4 ns. The two main two-body decaysK+ → µ+νµ

(BR = 63.51%) andK+ → π+π0 (21.16%) are a
source of monochromatic particles fully crossing
spectrometer, with momenta 235.5 MeV/c for theµ+
and 205.1 MeV/c for the π+, respectively. The ab
solute scale of the momenta was determined wit
precision better than 200 keV/c, even in the simpli-
fied hypothesis (applied in the analysis presented h
of a constant magnetic field of 1.0 T, directed alo
the z axis, in the whole tracking volume. This pr
cision can be assumed as the systematic error on
measurement of the particles’ momenta in the ra
between 200 and 300 MeV/c.

For the present analysis only high quality trac
were selected. Such tracks are emitted in the forw
hemisphere, with respect to the direction of theK+,
and cross a minimum amount of materials inside
spectrometer.Fig. 3shows the momentum distributio
of the positive tracks coming from the stoppedK+.
The two peaks at 236 MeV/c and 205 MeV/c corre-
spond to the previously mentioned decays. The t
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Fig. 3. Momentum distribution of the positive tracks coming fro
the stoppedK+. The peak at 236 MeV/c corresponds to the
two-body decayK+ → µ+νµ, the peak at 205 MeV/c corresponds
to the two body decayK+ → π+π0.

on the left of the two peaks are due to different co
tributions, the biggest part played by instrumental
fects due to the momentum loss of particle cross
the edges of the chambers and their supports. M
over, in this region two additionalK+ decay channel
open: theK+

e3 mode (BR = 4.8%), giving a continuum
spectrum of positrons (which cannot be distinguish
from µ+’s) ending at 228 MeV/c, and theK+

µ3 one
(3.2%), which gives again a continuum spectrum w
end point at 215 MeV/c. By analyzing these differ
ent contributions to the peaks shape one can conc
that the asymmetry affects, overall, the Gaussian
shape at the level of about 4%. This peak asymm
was however not considered in the fit of the spec
described in Section4, since other error sources we
overwhelming.

From the width of theµ+ peak the present mo
mentum resolution of the apparatus can be estim
to be �p/p = 0.6% FWHM, which corresponds t
1.29 MeV FWHM for the hypernuclear levels
agreement with the results of the hypernuclear sp
tra reported in the next section. We expect that
momentum resolution of the spectrometer should
prove to the design value of 0.4% FWHM once t
final detector calibration and alignment will be pe
formed, and the mapped magnetic field will be inser
in the reconstruction and fitting procedure.
4. Results on 12
ΛC spectroscopy. Discussion and

conclusions

In order to evaluate the capabilities of FINUDA
yield relevant spectroscopic parameters, the ana
started from12C targets. We recall that for12

ΛC an ex-
citation spectrum with a 1.45 MeV FWHM resolutio
was recently obtained at KEK using the(π+,K+) re-
action at 1.05 GeV/c by the E369 Collaboration[12].

The spectra out of only two of the three availab
12C targets were added since the third one sho
a slight systematic energy displacement, of ab
0.5 MeV. The reason of this is under study, and the
fore for the current analysis these data are not
cluded. The requirement of high quality tracks (lo
tracks crossing the whole spectrometer, with a hit
each tracking detector, i.e., OSIM, LMDC’s and str
tubes) reduced the analysed data to about the 40
the whole available sample of events with vertex co
ing from a12C target.

The raw momentum spectrum of theπ− coming
from the analysed12C targets is shown inFig. 4. Dif-
ferent processes produceπ− afterK− absorption and
reproduce well the experimental spectra[10]:

(a) quasi-freeΣ+,Σ0 and Λ production:K−p →
Σ+π−, K−n → Σ0π−, K−n → Λπ−;

(b) quasi-freeΛ decay:Λ → pπ−;
(c) quasi-freeΣ− production:K−p → Σ−π+, fol-

lowed byΣ− → nπ−;
(d) two nucleonK− absorption:K−(NN) → Σ−N ,

followed byΣ− → nπ−.

All the mentioned reactions were simulated in d
tail in the FINUDA Monte Carlo program. The simu
lated events were reconstructed by the same prog
used for the real events, with the same selection
teria, in order to accurately take into account the g
metrical acceptance and the reconstruction efficie
of the apparatus. In particular, the size of the spectr
eter and the value of the magnetic field determine
acceptance momentum cut of about 180 MeV/c for
four-hits tracks, which excludes most of the reactio
producing low energyπ−’s. However, in the momen
tum region where the bound states of12C are expected
(beyond∼ 260 MeV/c), only process (d) is contribut
ing. We remark that both processes (c) and (d) are
to Σ− decay in flight, but theπ− distribution from
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the process (c) is peaked at 190 MeV/c, and goes to
zero beyond 260 MeV/c. The dashed line inFig. 4
represents the contribution due to process (d), norm
ized to the number of entries in the(275–320) MeV/c

momentum region, beyond the physical region for
production ofΛ-hypernuclei via reaction(1).

Fig. 4. Spectrum of the momentum of theπ− emitted from the
interaction vertex of aK− onto a carbon target. The dashed li
represents the contribution fromK− absorption by two nucleon
(process (d) in the text).
In order to obtain theΛ binding energy distribution
the (d) process is subtracted from theπ− momen-
tum distribution, and the momenta are converted i
binding energies (−BΛ). The two prominent peaks
as can be seen inFigs. 5(a) and (b), atBΛ around
11 MeV (ground state) and 0 MeV, were already o
served in previous experiments[8,9] and interpreted
as (νp−1

1/2,Λs) and (νp−1
3/2,Λp) (ν = nucleon). The

experimental energy resolution was determined by
ting the BΛ � 11 MeV peak with a Gaussian curv
(χ2/d.o.f.= 1.71), and amounts to 1.29 MeV FWHM
The ground state of12

ΛC is assumed to be a single sta
Indeed, it is known that it consists of a(1−,2+) dou-
blet, but theoretical calculations predict splittings
70 keV [24], 80 keV[25] and 140 keV[26] between
them, one order of magnitude smaller than the pre
instrumental resolution. The peak at about 0. MeV
a more complicated structure, and we tried to dise
gle different contributions in the analysis described
the following.

The experimental spectrum closely resembles
one from E369 Experiment[12]. This is expected
as the production of hypernuclear states is, in fi
approximation, determined by the momentum tra
ferred toΛ’s, which is grossly comparable for both e
periments (∼ 250 MeV/c for FINUDA, ∼ 350 MeV/c

for E369). The∼ 100 MeV/c difference may accoun
for the different yield of the two main peaks.
ussian
text. The
t of
Fig. 5.Λ binding energy spectrum of12
ΛC measured by the FINUDA Experiment. (a) The solid line represents the result of a fit with 6 Ga

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
dot-dashed line starting atBΛ = −1 MeV represents the contribution from the quasi-freeΛ production. The dotted lines represent the resul
a Gaussian fit on every single peak.
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The absolute values of the capture rates for the
ferent peaks could be obtained in a simple way by
method of theK− tagging. Indeed, in the events whe
the K+ is seen to decay in theKµ2 andKπ2 decay
modes with the producedµ+ or π+ crossing the spec
trometer and hitting the TOFONE barrel, we are s
the trigger condition on the prompt TOFONE coin
dence has been satisfied by the charged products o
K+ decay.

Hence, in these events triggered by the decay p
ucts of theK+, the interactions of the correspon
ing K− in the targets are observed without any tr
ger bias. Using this subsample of events, the num
of K− stopping in the targets can be counted direc
and the number ofπ− produced by theK− interac-
tions can be accurately determined by only corre
ing for the apparatus acceptance forπ− of selected
momentum and for detector efficiency. The acc
tance is calculated using the FINUDA Monte Ca
and the detector efficiency is determined by calib
tion data.

The value obtained for the12
ΛC ground state for

mation is(1.01± 0.11stat± 0.10sys) × 10−3/(stopped
K−). It agrees very well with the value(0.98±0.12)×
10−3/(stoppedK−) measured at KEK[10]; we recall
that the first generation CERN experiment reported
value(2± 1) × 10−4/(stoppedK−) [8].
In between the two main peaks, there are also in
cations of other states produced with weaker stren
In order to reproduce, at least qualitatively, this sp
trum six Gaussian functions were used, centered a
BΛ values reported in Ref.[12]; the widths were fixed
for all of them, toσ = 0.55 MeV, corresponding to th
experimental resolution. The abscissa scale is affe
only by a scale error of±80 keV. The result of this fi
is shown inFig. 5(a).

The spectrum is not well reproduced, the res
ing reducedχ2/d.o.f. is 3.8 (for 64 d.o.f.), and in
particular the region−10 MeV < −BΛ < −5 MeV
is poorly fitted. The capture rates for these diff
ent contributions normalized to the ground state c
ture rate are reported in the second column of
upper part ofTable 1. A better χ2/d.o.f. = 2.3 is
obtained by adding a further contribution, and le
ing the positions of the seven levels free (57 d.o
Their values are reported in the second column
the lower part ofTable 1. The capture rates for thes
different contributions are again normalized to t
capture rate for the12

ΛC ground state formation. Th
result of the fit is shown inFig. 5(b). A contribu-
tion from the quasi-freeΛ-production, starting from
BΛ = 0 and properly smeared by taking into a
count the instrumental resolution, was included in b
fits.
periment
ture rates
e
ackground
Table 1
Results from−BΛ spectrum fits: the upper part of the table corresponds to a fit performed with the same peaks layout of E369 Ex
[12], with 6 Gaussian functions. The lower part corresponds to a fit with 7 hypernuclear levels. The last column reports the cap
corresponding to each peak. The errors reported for peak(#2–#6) in the upper part and(#2–#7) in the lower part of the table do not include th
error on the12

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

Peak number −BΛ (MeV)

(Fixed at E369 values)
Capture rate/(stoppedK−)[×10−3]

1 −10.76 1.01± 0.11stat± 0.10syst
2 −8.25 0.23± 0.05
3 −4.46 0.62± 0.08
4 −2.70 0.45± 0.07
5 −0.10 2.01± 0.14
6 1.61 0.57± 0.11

Peak number −BΛ (MeV) Capture rate/(stoppedK−)[×10−3]
1 −10.94± 0.06 1.01± 0.11stat± 0.10syst
2 −8.4± 0.2 0.21± 0.05
3 −5.9± 0.1 0.44± 0.07
4 −3.8± 0.1 0.56± 0.08
5 −1.6± 0.2 0.50± 0.08
6 0.27± 0.06 2.01± 0.17
7 2.1± 0.2 0.58± 0.18
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The peaks #2 and #3 can be attributed to the11C
core excited states at 2.00 and 4.80 MeV. The exc
tion of these states was expected in several theore
calculations[27,28]; their energies may be sensitiv
to theΛ–N interaction matrix elements. However, t
peak #4 and a newly observed peak #5 are not
plained with such a simple way. Excluding from t
fit the peak #5 the value forχ2/d.o.f. worsened to 3.3
There exist several positive-parity excited states of
11C core in this energy region which could contribu
the these structures[28]. It can be noticed that the in
tegrated strength for the excitation of all these wea
excited states compared to that of the two main pe
is more than twice larger than the one reported
E369.

The sum of the capture rates for theBΛ = 0.27 MeV
and BΛ = 2.1 MeV states is(2.59 ± 0.19stat) ×
10−3/(stoppedK−), and agrees with the KEK re
sult (2.3 ± 0.3) × 10−3/(stoppedK−) [10], in which
the contributions for the two states were not
solved. The CERN Experiment[8] reports(3 ± 1) ×
10−4/(stoppedK−). In the present analysis the
states are indeed resolved, though, inevitably, stron
correlated in our fit. It is however remarkable th
the relative intensities for the contributions atBΛ =
0.27 MeV andBΛ = 2.1 MeV are close to the value
found by Dalitz et al.[29] in an emulsion experimen

Theoretical calculations for the ground state f
mation quote the values 0.33× 10−3/(stoppedK−)

[30], 0.23 × 10−3/(stoppedK−) [31] and 0.12 ×
10−3/(stopped K−) [32]. Analogous calculation
for the capture rate leading to states in which
Λ is in a p state quote[33], respectively, 0.96 ×
10−3/(stoppedK−) according to the theoretical pre
diction of Ref.[30], and 0.59× 10−3/(stoppedK−)

following Ref. [32]. As general remark it may b
noticed that our measured values are larger by
tors (3–6) as compared with theoretical predictio
Finally, the pattern of the relative strength for t
excited-core states is also significantly larger than
theoretical calculation reported in Ref.[34].

In conclusion, the method of producing hypern
clei stopping in thin nuclear targets the low ener
K− from φ decay at aφ-factory was proved to work
and may be used to perform accurate measurem
on many hypernuclei observables. A first analysis
lowed to achieve this purpose and to obtain also so
interesting new physical information.
l
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