FINUDA, the physics program

M. Agnello^{a,b}, P.A. Amaudruz^c, G. Beer^d, L. Benussi^e, M. Bertani^e, S. Bianco^e, E. Botta^b, T. Bressani^{b,f} , L. Busso^{b,g}, D. Calvo^b, P. Camerini^{h,i}, L. Celano^{l,m}, P. Cerello^b, G. D’Erasmo^{l,m}, F.L. Fabbri^e, A. Feliciello^b, A. Filippi^b, V. Filippini^n, E.M. Fiore^{l,m}, L. Fiore^m, P. Gianotti^e, M. Giardoni^e, D.R. Gill^c, N. Grion^i, C. Guaraldo^e, L. Jie^{e,s}, F. Iazzi^{a,b}, A. Lanaro^e, L. Lee^c, V. Lucherini^e, S. Marcello^b, G. Marciano^n, B. Minetti^{a,b}, N. Mirfakhrai^o, O. Morra^{b,p}, A.A. Nozdrin^c, A. Olin^c, E. Pace^e, A. Pantaleo^m, V. Paticchio^m, A. Raimondo^{b,f} , E. Rossetto^b, A. Rotondi^{n,q}, R. Rui^{h,i}, P. Salvini^n, S. Sarwar^e, V. Serdyuk^e, G. Smith^c, L. Trasatti^e, L. Venturelli^{n,r}, R. Wheadon^i, S. Yen^c, A. Zenoni^{n,r} and A. Zia^{e,t},

a Dipartimento di Fisica del Politecnico di Torino, C.so Duca degli Abruzzi 24, I-10129 Torino, Italy b INFN, Sezione di Torino, Via Giuria 1, I-10125 Torino, Italy c TRIUMF, 4004 Wesbrook Mall, Vancouver, BC, V6T 2A3, Canada d University of Victoria, Finnerty Rd., Victoria, Canada e INFN, Laboratori Nazionali di Frascati, Via Fermi 40, I-00044 Frascati, Italy f Dipartimento di Fisica Sperimentale, Università di Torino, Via Giuria 1, I-10125 Torino, Italy g Dipartimento di Fisica Generale, Università di Torino, Via Giuria 1, I-10125 Torino, Italy h Dipartimento di Fisica, Università di Trieste, Via Valerio 2, I-34127 Trieste, Italy i INFN, Sezione di Trieste, Via Valerio 2, I-34127 Trieste, Italy l Dipartimento di Fisica, Università di Bari, Via Amendola 173, I-70126 Bari, Italy mINFN, Sezione di Bari, Via Amendola 173, I-70126 Bari, Italy n INFN, Sezione di Pavia, Via Bassi 6, I-27100 Pavia, Italy o Department of Physics, Shahid Beheshty University, 19834 Teheran, Iran p CNR, Istituto di Cosmogeofisica, C.so Fiume 4, I-10131 Torino, Italy q Dipartimento di Fisica Nucleare e Teorica, Università di Pavia, Via Bassi 6, I-27100 Pavia, Italy r Dip. di Chimica e Fisica per l’Ingegneria e per i Materiali, Università di Brescia, Via Valotti 9, I-25133 Brescia, Italy s Dept. of Economy, Hebei University, Boading Hebei, 071002 P.R.China t Pakistan Atomic Energy Commission, P.O. Box 1114 Islamabad, Pakistan

The performances of the FINUDA detector foreseen by a full Monte Carlo simulation are summarized.

1. The main reaction

The FINUDA detector [1] is designed for a systematic study of the hypernuclei production and decay by stopping the K� meson in different targets.

The production reaction is:

K�_{stop}^AZ →^A_Λ Z + π� (1)

while the non-mesonic decay goes through: A Λ Z →^{(A}�^{2)}Z + n + n A Λ Z →^{(A}�^{2)}(Z − 1) + p + n

These reactions have been studied in the past with limited statistics. The new electronpositron collider DAΦNE [2] which is now under construction at Frascati, Italy, opens a completely new scenario. The DAΦNE collider is tuned to the energy √ s = 1.02 GeV/c^2, in order to enhance the ϕ meson production. The ϕ meson decays in 49% of cases into the K^+ K� final state. As the kinematic is fixed, the K momenta are 127 MeV/c.

DAΦNE will run in 1998 with an initial luminosity of 10^{32}cm�^2s�^1, corresponding to a production of 500 ϕ per second.

The conventional experiments with stopped K� carried out up to now used high momentum kaons degraded and then stopped in a thick target [3]. This introduces a large uncertainty on the outgoing particle momenta, due to the error on the reconstruction of the interaction point. In FINUDA the use thin targets reduces the energy straggling to a very low level.

Moreover a large solid angle acceptance is available for the detection of both the π� after hypernucleus formation and of its decay products: 40 % solid angle with 0.3 % momentum resolution on charged particles (protons and pions) and 12 % efficiency on neutrons.

A full Monte Carlo simulation program allows us to generate and reconstruct the hypernuclei events as far as background events. In this report we breifly summarize the results.

2. The background reactions

Following the idea of H. Tamura [4], we have simulated some background reactions. The most common interaction of stopped K� in matter is the free Λ production:

K�n → Λ π� Λ → p π� The momentum distributions for the negative π in the final state are shown in Fig 1, where the curve with label (d) is relative to the prompt π�, and with the curve with label (a) is relative to the decay π�.

Another possible source of background is the free Σ production, in two-body reactions like:

K�p → Σ^+π�

Σ^+ → n π^+ Σ^+ → p π^0

K�n → Σ^0π�

Σ^0 → Λγ Λ → p π� K�n → Σ�π^0 Σ� → n π�

Figure 1. π� momentum from: a) Λ decay, b) Σ^+ Σ^0 formation, c) Σ� decay, d) Λ formation, e) Σ� decay from a three-body reaction.

In Fig 1 the momentum distribution of π� coming from Σ^+ or Σ^0 formation is plotted with label (b), while that of the π� coming from Σ� decay is plotted with label (c).

The last possible source of background is the free Σ production in a three-body reaction:

K�(np) → Σ�p Σ� → n π�

The momentum distribution for π� coming from this Σ� decay is broader than the others (Fig. 1, plot (e)), due to the bigger Σ� momentum.

The weight of each reaction has been computed by fitting the π� spectrum measured in the KEK experiments. In Fig 1 all the contributions have been plotted with the relative weights coming from the fit.

The result shows that in the momentum range between 250 and 300 MeV/c (where the π� coming from hypernuclear formation are expected to lie), the three-body Σ� reaction is the major source of background.

The three-body Σ� production has a special feature that can help to reduce its contribution to the final π� spectrum: the Σ� and the proton are emitted back-to-back (apart from a small contribution due to the Fermi motion of the nucleons), and the Σ� momentum is almost completely transfered to the lightest particle it decays into. Thus, in the final state the proton and the π� are then ”almost” back-to-back.

3. Monte Carlo simulation

All the ingredients described in the previous section have been inserted in the FINUDA Monte Carlo simulation in order to reproduce the π� spectrum shape measured in the KEK experiments [4].

We have then superimposed four peaks, located at 261, 265, 270 and 273 MeV/c with values which correspond to capture rates of 3 · 10�^3, 2 · 10�^4, 10�^4 and 10�^3 per stopped K�.

Figure 2. π� momentum distribution injected in the Monte Carlo.

Figure 3. π� momentum distribution reconstructed by the Monte Carlo.

The final π� spectrum injected in the Monte Carlo is shown in Fig. 2. In Fig. 3 the reconstructed π� spectrum is shown. The FINUDA spectrometer threshold of about 200 MeV/c (due to the spiralizing of charged particle inside the magnet) is here clearly seen.

Selecting the events with a spectator proton in the momentum range between 250 and 450 MeV/c, the background is reduced (Fig. 4), because the two-body Σ production does not have a proton in the final state.

In Fig. 5 a further cut has been applied, selecting the events in which the angle between the π� and the proton has cos θ > −0.5 for reducing the contribution from the three-body Σ production.

These spectra are simulated with a luminosity of 10^{32}cm�^2s�^1 and with 7 hours of data taking, corresponding to an integrated luminosity of 2.52 (pb)�^1.

Two of the four peaks are clearly seen out of the background: the peak at 261 MeV/c (2 · 10�^3 of capture rate) has a σ_p/p at FWHM of 0.257 %, with a systematic error smaller then 0.1 %, while the peak at 273 MeV/c (10�^3 of capture rate) has a σ_p/p at FWHM of 0.263 %, with the same systematic error.

The peak at 265 MeV/c (capture rate of 2 · 10�^4 ) is also visible.

4. Hypernucleus life time

In FINUDA the hypernucleus lifetime can be directly measured from the difference between the hit time of the prompt π� on Tofone and the hit time of the proton on Tofone or Tofino, which is delayed by the hypernucleus lifetime. The hit times have to be

Figure 4. π� momentum distribution when a spectator proton is detected.

Figure 5. π� momentum distribution when the detected spectator proton has cos θ > −0.5.

corrected for the time of flight of the particles, which gives little contribution to the time uncertainty since momenta and trajectories are very accurately measured. This technique has been already adopted with success at BNL[5] and KEK[6].

Using the expected time resolution of ∼ 210 ps FWHM for the FINUDA Time of Flight system, a Monte Carlo simulation has shown that, thanks to the large acceptance of the FINUDA apparatus for the hypernucleus decay products, the lifetime of a hypernucleus can be reconstructed with 10% statistical error with ∼ 2000 events reconstructed in the hypernucleus ground state peak. Assuming a capture rate of 10�^3 for the ground state, this number of events can be obtained, with the FINUDA apparatus, in 1 day of data taking at L = 10^{32}cm�^2s�^1 luminosity.

Using the ΔT = t_p − t_π from the external barrel, we obtain ΔT distributions plotted in Fig 6, with a simulated life time of the hypernucleus of 0 ps, 150 ps and 300 ps.

Figure 6. ΔT with 0 ps, 150 ps and 300 ps hypernucleus life time.

The mean values of the Gaussian fitting of these distributions are respectively 5±17 ps, 143 ± 14 ps and 307 ± 20 ps

5. Non-mesonic decay and ΔI = 1/2 rule

The free Λ decays in:

Λ → p + π� Λ → n + π^0

The decay may occur, in principle, with isospin change ΔI =^1_2 or^3_2 . However, the experimental decay branching ratios of the Λ and other hyperons, imply a dominance of a factor 20 of the^1_2 component over the^3_2 one [7].

The situation described above for the weak decay of the free Λ-hyperon changes dramatically when the Λ is embedded in the nuclear medium. The binding energy of the Λ-hyperon in the ground state increases linearly with A, reaching the saturation value of 25 MeV for heavy hypernuclei. Hence the phase space for the mesonic decay is greatly reduced (p_{nucleon} ∼ 100 MeV/c). Consequently, in all but the lightest nuclei, the mesonic decay mode is strongly inhibited by the Pauli principle and the non-mesonic decay modes are dominant,

Λ + p → n + p (2)

Λ + n → n + n (3)

It has been recently suggested[8], after the analysis of some decay channels of s-shell hypernuclei, that the ΔI =^1_2 rule may be strongly violated in non-mesonic decay. So, precise measurement of the relative branching ratios for the non-mesonic channels (2) and (3), could provide information about the structure of the weak Hamiltonian, in particular the relative importance of the ΔI =^1_2 and ΔI =^3_2 amplitudes.

The FINUDA detector can measure the ratio of these two reactions, using the external time-of-flight barrel as a neutron detector, with a mean efficiency in the neutron spectrum range of about 12%.

Studying an hypernucleus level with a capture rate of 10�^3, with a collider luminosity of 10^{32}cm�^2s�^1, about 80 hypernucleus events per hour with a forward pion, and about 160 ev/h with both forward and backward pions are expected.

Now assuming the ratio of the two non-mesonic decays equal to 1, one gets: 80 ev/h (pn) 80 ev/h (nn) and reconstructs: 35 ev/h (pn) 0.7 ev/h (nn) in coincidence.

6. Conclusions

The FINUDA detector is now ready for insertion in one of the two DAΦNE intersection regions. The most recent schedule for operation in DAΦNE foresees the installation of FINUDA from June to September ’98. By the end of ’98 the first colliding beams will be available, and by that date FINUDA is expected to take the first physics runs.

Before that date a calibration run with cosmic rays will be performed in order to assess the relative alignment of subdetectors.

The main physics priorities of the experimental program can be briefly summarized as follows.

• Re-measurement of the excitation spectrum (with resolution < 1 MeV ), decay modes and lifetime of the^{12}_Λ C nucleus, which is one of the hypernuclei most extensively studied.

• High statistic study of the production, decay and lifetime of the p-shell hypernuclei 7 ΛLi,^9_ΛBe,^{10}_Λ B.

The^6_ΛHe will be studied using a^6Li target.

• High statistics survey of the production of higher mass hypernuclei, with targets of 27Al,^{51}V ,^{133}Cs,^{165}Ho and^{209}Bi.

REFERENCES

1. The FINUDA Collaboration, FINUDA a detector for Nuclear Physics at DAΦNE, LNF Preprint LNF-93/021(IR), (1993).

The FINUDA Collaboration, FINUDA technical report, LNF Preprint LNF- 95/024(IR), (1995).

T. Bressani in Workshop on Physics and Detectors for DAΦNE, Frascati, April 9-12, 1991; ed. G. Pancheri (INFN-LNF, 1991) p.475.

T. Bressani in Common Problems and Ideas of Modern Physics; eds. T. Bressani, B. Minetti and A. Zenoni (World Scientific, Singapore, 1992) p.211. A. Zenoni, in Second Workshop on Physics and Detectors for DAΦNE, Frascati, April 4-7, 1995; ed. R. Baldini, F. Bossi, G. Capon, G. Pencheri (INFN-LNF, 1995) p.293. A. Lucherini, this proceedings.

2. G. Vignola, Proc. II Workshop on Physics and Detectors for DAΦNE, Frascati, ed.

R. Baldini et al. (1995).

G. Vignola, DAFCE Workshop, Nucl. Phys. (Conf. Proc.) A623 (1997). 3. T. Yamazaki et al., Nuovo Cim. 102A 695(1989).

H.A Thiessen and J.C. Peng, AGS PROPOSAL Investigation of Light Hypernuclei Using the (K�_{stop}, π^0) Reaction, October 3, (1994).

4. H. Tamura et al., Phys. Lett. B160 32(1985). 5. J.J Szymanski et al., Phys. Rev. C43 849(1991). 6. H. Outa et al., Nucl. Phys. A547 109c(1992). 7. P.D. Barnes, Nucl. Phys. A479 89c(1988). 8. R.A. Schumacher, Nucl. Phys. A547 143c(1992).

J. Cohen, Prog. Par. Nucl. Phys. 25 139(1990).

T. Bressani, Non mesonic decay of hypernuclei and the ΔI =^1_2 rule, The Second Dafne Physics Handbook, eds. L.Maiani, G.Pancheri, N.Paver, published by S.I.S. Laboratori Nazionali di Frascati (1995).