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Abstract

The inelastic charge exchange reactiéi( K°) on“Li has been experimentally investi-
gated close to threshold with the FINUDA spectrometer atthe collider DAPNE by
searching fork’? decays. It is the first time that this process has been stadigach low
momentum. An upper limit of 2.0 mb (at 9%Confidence Level) has been measured for
the total cross section.
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1 Introduction

in the fifties and early sixties using emulsions, bubble dmers and finally counter exper-
iments [1], [2], [3], [4], [5], while, in subsequent yearkid subject attracted only sporadic
interest [6], [7]. The reason was that, contrarysto, a low momentuni* has no access
to states containing hyperons with their interesting aold dynamics (see, for instance,
[8], [9]), and its interaction was hence thought to simplysibeoothly decreasing at low
momenta. Therefore, later, more refined experiments facasl/ on higher energies to
search for possibl&=+1 resonances [10], [11], [12]. When it was understood that
relativeweakness of the K strong interaction with nucleons could probe the interior o
nuclei [13], an intense phase of studies devoted to this gtamed at intermediate ener-
gies to compard{*-nucleus interactions with those on deuterons [14], [18][[17],
[18], [19], [20], [21], [22], and to look for possible evidea of strange quark content in
nucleons. Later on, however, the intereskin interactions on nucleons and nuclei again
subsided, until the very recent upsurge of activity relatethepentaquark search [23],
[24], [25] (and references therein).

Taking advantage of the FINUDA spectrometer installed @DAPNE collider at
LNF, we studied whether FINUDA could explore tii&" charge exchange reaction on
medium-light nuclei from= 100 MeV/c down to the threshold of the reaction, in order to
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provide experimental information on the scattering amph’aﬁ%( f1 — fo) of the process.
Here f, and f; are, respectively, the Isospin I=0 and Isospin I=1 ampésud

2 The FINUDA Experiment at DAPNE

The DA®PNE collider, described in detail in ref.[26], is a sourcelof K~ pairs via the
decay of®(1020) mesons created in the collision of 510 MeV, ¢~. The charged
kaons are created (almost) back-to-back and with a momeatur27 MeV/c, slightly
modulated in the radial plane by the tiny outwardst (=~ 13 MeV/c) of the decaying
due to the small crossing angke 5 mrad) of the:*, e~ beams.

FINUDA is a high acceptance, high resolution, non-focusimagnetic spectrome-
ter consisting of a superconducting solendi( T) located around the thin (5Q0n) Be
beam pipe of DANE, and instrumented with several tracking detectors andtintilla-
tor barrels for triggering, t.o.f. measurements and neutietection. The momentum res-
olution, optimized for detecting the prompt from A hypernuclear formation (260-270
MeV/c), is at presenk 0.6% (FWHM). The apparatus is also able to detect the hypernu-
clear decay products. A full description of FINUDA is givenref.[27]. In the FINUDA
detector, up to eight different thin{200mg/cm?) targets can be installed. The FINUDA
vertex-target region is shown in Fig.1. The two arrays odlibkensional Si-microstrips,
ISIM placed before and OSIM after the nuclear targets, aposcise tracking of the K,
K~ and of the charged particles originating from their intéats. Moreover they provide
adF /dx measurement.

Figure 1:The Finuda vertex-target region. The Be pipe, the inner saintillator barrel
(tofino), the ISIM and OSIM Si-microstrip detectors and tighetargets (numbered from
1 to 8) between them are shown. The bold arrow indicates tleetihn of® boost.

For the first round of data taking three natural C (slots 1)5tv#® SLi (enriched to
90%) (slots 2, 3), and one each dfi (slot 4), 2"Al (slot 6), and natural V (slot 7) were



used as targets.

In the following, we report the result obtained for thg+, K°) charge exchange
reactions on théLi target mounted in the first FINUDA run, never measured beifa
this low K™ momentum range.

3 Data Taking and Data Analysis

The data were collected in the 2003/04 FINUDA run devotetdesstudy ofA-hypernuclei
[27] and kaon-nuclear bound systems [28], [29]. The expemnital details (trigger selec-
tion and data taking procedures) can be found in the merdipapers. In this analysis,
we selected events originating from™ interactions. Such events are collected in FIN-
UDA using the same trigger as in Hypernuclear data takingcéeio dedicated trigger
was needed to study this process. The majority ofAhteentering the FINUDA targets
are brought to rest and then decay. Tig and K, decays of the stoppeld*, produc-
ing 235 MeV/c i, and 205 MeVYc n*, allowed a continuous check of the performance
of both the detector and the reconstruction-analysis c@2dg [30]. The events of the
present analysis have been selected by looking for a pamsifiye and negative charged
particles coming out from th& ™ interaction in the selected targets. Proton tracks have
been excluded by checking the energy loss in the Si micpsstith a rejection power
of better than 9% in the momentum region of interest [31]. The events selebtethe
reconstruction program were subject to topology and iavenmass analysis to test the
hypothesis of pions produced in the decay:

Ky — atn™,B.R. = 0.69 (2)

Due to the very low momenta of the produd& (~10-90 MeV/c), a nearly back-to-back
topogy of ther* 7~ pairs (both of momentuny205 MeV/¢) is expected.

It is very important, before continuing the discussion, écall that the reaction
(K, K°) occurs inside a nucleus. Indeed, even the elementaryssoce

K" +n— Kg+p ()

cannot be studied experimentally on free neutrons and,dn &isting data were ob-
tained mainly on deuterium targets. This means that theahtiiteshold of the reaction
increases with respect to that of the elementary one (63¥/djedepending on the se-
lected nucleus. In the casefi, for instance, the threshold is 68.9 MeV/c. This is a very
important point for FINUDA. The K produced by DANE have a maximum momen-
tum of~ 133 MeV/c but, after crossing the beam pipe and the innectate they reach
the targets with momenta not higher thanl00 MeV/c. This reaction, therefore, turns



out to be below threshold on several nuclei. Moreover, dubédow momentum of the
involved K, the Coulomb barrier plays a role in its interaction on nij@hereasing with
the Z of the target nucleus. Figure 2 shows theridfomentum thresholds Q of th&'(",
K?°) reaction for a selection of different nuclei. In the firsNEIDA run, the experimental
conditions allowed exploration of thé(", K°) reaction only for théLi target.

Mass Number A
Figure 2: The threshold momentum Q of the react{dt™, K°) for several nuclei as a

function of their mass number A. The horizontal line indésathe maximumk™ momen-
tum reachable (in th@ boost direction) on the FINUDA targets.

In Fig. 3 (top), as an example, one of the candidate eveneciet in the first
FINUDA run is displayed. This candidate event appears, kewejuite surprising: in
fact, it originates from a target nucleu$, slot 5) whose threshold is well above the
maximum momentum of the incident(Fig. 2).

This indicates that background processes exist, simgl@iR? — 77~ decay
from a K" interacting in a FINUDA target. Among all the possible backed sources,
(7T, ) pairs originating from thé{* decays at rest in the targets are by far the largest.
The K+ decays produce, with the B.R. ef21%, =™ =" pairs whose topology and mo-
mentum are similar to that of the™z~ pairs from K decay at rest.

Then decays inre10716 s mainly intoyy. One of theys can be emitted in the same
direction as the decaying’, and can create arf e~ pair within the same target. If the'e
is also forward emitted, it keeps the topology and momentfitheparentr®, similar to
ther~ from the decay at resfi — 7"7~. At the momenta involved, FINUDA cannot
discriminate between a#m and arx—, hence this background is very insidious. In Fig.
3 (bottom), a background event of the type described abogkeg up by the FINUDA
Monte Carlo simulating the decay of stoppet K FINUDA, is shown.

An experimental signature of the presence of such a backgroan be seen by
looking at the invariant mass distribution of two positiveacged tracks, assumed to be



Figure 3: Top: Display of a candidaté{y — =7~ event from aK* interaction on
the FINUDA target#5. The curved tracks cross all the tracking detectors; théexeSi-
microstrips, the two octagonal layers of Drift Chambers $lix circular straw tube layers,
and hit the external scintillator barrel. The inset shows trertex-target region with the
highly ionizingK* and K~ hitting target#5 and the one opposite, respectively. Bottom:
Display of one Monte Carlo event in which the dec&y" — 7+7° of a K stopped on
the FINUDA target/#5, is followed by the reactions? — yv; v+ A — A'ete”. The &
can be misidentified as7a, simulating an event topologically very similar to that shmo

at the top.

both7*, emitted following a K interaction in any of the FINUDA targets. Such events
can only occur from pair creation in which the,a@nstead of the g, is forward emitted.
Fig. 4 shows the invariant mass distribution of the meas(ie#) tracks (assumed
to ber™ and with relative angles larger than P3®ccurring in K" interactions in any
FINUDA target. A wide peak, close to thelknass, can be seen. This is also found in
the equivalent distribution obtained using (+,-) track$ieTpeak due to (+,+) tracks is
depressed simply due to the lower acceptance of FINUDA for)(tracks with respect
to (+,-) tracks of momenta=200 MeV/c. A simple inspection of the figure shows that
the peak around the)Xmass is too wide to be due tdiKlecays, since FINUDA has a
resolution in this energy interval of better than 2 Med/[82], i.e. well within the bin
width (10 MeV/@ ) in the histrograms of Fig. 4. The conclusion is that eveotsiaring



in the decayKy — 77~ cannot be selected simply looking at distributions of theety
shown in Fig. 4.
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Figure 4:Invariant Mass distributions of the measured (+,-) and (¥ {epen and filled
histogram, respectively) tracks (assumed tarbgwith relative angles greater than 145
following K interactions in all FINUDA targets. Protons have been réget using
dFE/dx information provided by the Si microstrips.

We studied the contamination of the above reaction by usieg"INUDA Monte
Carlo. We generated a number&ft — 777" decays comparable with those expected
from the experimentally measured number of stoppéed &nd then we examined the
distributions in relative angle and invariant mass of theuling 7"e~ events with the
hypothesis that these are 7~ pairs. With further simulation, events due to the decay
K — w7~ were also generated and their relative angle and invariasismecon-
structed. The high resolution of FINUDA on th€2 mass (better thas-2 MeV/c?)
and on the relative angle of the (+,-) or (+,+) trackd() should allow one to distinguish
the difference (if any) between the topologies of the twocpeses. ¢ From this study it
was indeed possible to define, at &96onfidence level, a background free, signal re-
gion of 494-502 MeV/¢and 176-18C, in the (", =~) invariant mass and relative angle,
respectively.

4 Results and Discussion

In the first FINUDA run only the'Li target was effectively accessible to the reaction
(K+, K% with a reasonable flux of K above threshold. The momentum distribution of
K* entering in the'Li target had the shape expected from the Landau distributiahe



momentum losses, with a peak at 95 MeV/c and FWHM 15.0 MeV/hwe Dpological
analysis of the experimental data showed that for'thi¢arget we could observe 5 can-
didate (", =) pairs, all of which, when displayed on an invariant massuwerelative

angle scatter plot, lay outside the signal region expeate¢f", 7—) pairs fromK?2 decay
almost at rest, as can be seen in Fig. 5.

In conclusion, no good event has been detected.
Using the FINUDA Monte Carlo, that takes into account thesold of the reac-

tion and the K flux and momentum distribution, we obtained the experimeéntagrated
luminosity for the’Li target: 16.15x 10?7 cm™2.
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Figure 5: Scatter plot of the Invariant Mass versus relative angletfar (+,-) measured
tracks, which were assumed tobe, following K* interactions in th€Li target. Protons

have been rejected usinlfZ/dx information provided by the Si microstrips. The signal
region expected (at 95 C.L.) for events fronk’2> — 7 +7~ is indicated by the grey area.

With the same Monte Carlo, the FINUDA global efficiency (gestrical acceptance
x trigger efficiencyx detectors efficiency) to deteet ™, 7 ) pairs from K decay almost
at rest has been also calculated. We verified that in thedaniange of the involved
K% momenta (10-90 MeV/c) the efficency remains constant andleq.099+ 0.005.
With the experimental integrated luminosity and the FINUBIAbal efficiency to detect
(=, 7~) pairs from K decay almost at rest, we achieved a sensitivityz6f62 mb per
event with the collected statistics. Having found no goodngvand no background,
within the overall integrated luminosity, the result inalies, following standard statistical
analysis methods, that the near threshold cross sectidhifét *,K°)"Be is less than 2.0
mb at 954 C.L.

There are no previous measurements of(tkie, K°) cross section on nuclei close
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Figure 6: Existing data and calculations on the total cross sectiorthef elementary
charge exchange reactidd* +n — K°+p below 800 MeV/d* laboratory momentum
Pr« (the calculations from [7] and [25] are adapted). The threddhmomentum j, and
the region explored by FINUDA are also indicated, as wellles@®.5 mb level (horizontal
dotted line). The 0.5 mb level is equal to the value obtaineidiithg the FINUDA result
(<2.0 mb) by the number of neutrons’in.

to threshold, deuteron included. Moreover, theoreticlidations are also lacking in this
energy region. The charge exchange reaction &ffaon a nucleus is, of course, related
to the elementary process (2). A compilation of the exisergerimental data and the-
oretical calculations for the elementary cross sectiomf@0 MeV/c up to 800 MeV/c
K™ laboratory momenta is shown in Fig. 6. The experimental deti® extracted from
measurements on deuterium or from heavier nuclei. As onseanin the low momen-
tum region, the data or calculations available are very oldl go down to a minimum
momentum twice as high as that accessible by FINUDA. The alaaeasonably consis-
tent (within the experimental errors) and show a rather gmdecreasing trend in the low
momentum tail. In the region accessible by FINUDA, indickitethe same figure, a pre-
diction of less than 0.5 mb for the elementary charge exahangss section seems quite
a reasonable upper bound. The 0.5 mb upper limit corresporitis FINUDA result for
“Li divided by the number of neutrons in the nucleus.

The relationship of thé K, K°) cross section on nuclei to that for the elementary
process is not trivial at low momenta. The most relevantefiethe Pauli exclusion prin-
ciple, as the created proton is below the Fermi momentumtlamdross section would
be heavily damped. At higher laboratory momenta (from 30/ Meip to and above the
threshold for pion emission) Pauli blocking becomes prsgjkely less effective. In such



a momentum region, it is known that the interaction cross@eof K+ with nuclei tends
to become proportional tavlume, i.e. rather accurately (within 10%) proportional to the
number of nucleons in the nucleus [33].

It is difficult without an explicit calculation to predict ¢hactual near threshold
value, but we can try to put two limiting expectations for ffassible value of the cross
section of (*, K°) on Li close to threshold; 1) an upper bound equal to that of the
corresponding cross section for the elementary processtihe number of neutrons in
the target (i.e. no Pauli damping); 2) a lower bound equalrttess than, the cross section
of the corresponding elementary process (i.e. completk ®auping). Taking=0.5 mb
as the estimate for the near threshold elementary crosss€Etg.6) and assuming the
volume approximation, we get for théeLi(K*, K°)" Be cross section an upper bound
value ofx~2 mb.

In conclusion, the estimated cross section windg®.6 mb - 2.0 mb) is compatible
with the FINUDA measured upper limit, confirming, for the fitsne experimentally, a
smooth and decreasing cross sectiorf loinn this momentum region. In the FINUDA
data run of 2006/07, the following targets will be availablei, "Li, °Be, '3*C and?H,O
[34]. It will therefore be possible to repeat the measurenoenthe K+, K°) reaction
on “Li, with a scheduled tenfold increase in integrated Lumityosespect the present
measurement. It will also be possbile to study simultangabe (K, K°) reaction on
13C and D in the K momentum region from their respective thresholdsi®0 MeV/c.
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