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FINUDA

Hypernuclear Physics (and more) at DA®NE e*e- collider

- (49%)

KsKL
(34%)

ere-—®(1020)
~16 MeV

The ® decay at DA®NE is a source of:

charged (and neutral) kaons

* (almost) collinear and tagged

The K- can be stopped in thin targets (~ 0.2 + 0.3 g cm?) to produce Hypernuclei

I(-s'rop"'AZ @

Hypernuclear decay Hypernuclear spectroscopy
In general FINUDA is able to study many facets of K y,,-Nulceus interactions




interaction/target region

A Large acceptance Spectromer
immersed in a highly uniform 1T
magnetic field generated by LMDC
a superconducting solenoid ———

straw tubes
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K- vertex identification K- from @ dec ay at rest:

Sin?(®) respect to beam
pipe axis

n, K, p, d, + .. P.I.D.

High momentum resolution
The volumes between the

tracking detectors are filled
by He to minimize multiple
scattering effects.

Time-Of-Flight

Neutron detection
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A strong feature of FINUDA: excellent PID for Charged Particles
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B — FINUDA physics program

- A HYPERNUCLEAR SPECTROSCOPY
essential tool for testing :

* theoretical models of A-N potentials

* single particle nuclear model predictions

* bound states with strangeness

- HYPERNUCLEAR DECAYS A

+ study of baryon-baryon weak processes in nuclear &
matter: A 1N and AN—NN and more...

* Neutron-rich hypernuclei and rare decays

and, moreover:

- SEARCH FOR:

K- multi-nucleon absorption

« Deeply bound kaonic nuclei
>*- production




FINUDA physics program in more detail /
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Kooy +2 Z =4 Z+ 77 O

K —|— 1 — A —|— m strangeness exchange reaction

HYPERNUCLEI PRODUCTION

HYPERNUCLEI DECAY
M ic Weak D MWD
EZDI‘IIG ;a ecays [ _] A decay in medium Af'ree %p~|—ﬂ'_ (642%)
AL = (Z D)+ Aneapt Atres — 1+ 7° (35.8%)
iZ%AZ—l_?TO Apeg =+ 7°
NON-Mesonic Weak Decays (NMWD) A decay in medium
iZ A2 (Z—-1)+p+n Aped +p—n+p and on more nucleons
7 A2 Z4n4n Aped +1—n+n
Other NON-Mesonic rare decays [(for example ...]
‘He —d+d i
4 AH@ — d -+ {
o=yt o
A P
A (K_,Ap) X 2 nucleons absorption A AdK-TE?DRPTIDNDNFE‘M\%NUCLEDNS|
PR ’\
A (K ,Ad) X 3 nucleons absorption invar?ij;nt mjass study 6'Q\.b\\“ o
A (K_,At) X 4 nucleons absorption



Hypernuclear spectroscopy /

e

X hypernu t:leus

key features of the spectrometer A
stop —|_ 4 A 4 T

very thin targets [0.1 + 0.3 g/cm?]
transparency = high resolution spectroscopy

coincidence measurement with large acceptance
complete event = decay mode study

different targets in the same run
w Nhigh degree of flexibility

5|multaﬂenu5 trackmg of y* from the K* decay
Et — ,u 1, = energy and rate calibration

the "strangeness exchange" reaction it's not the only rmechanism
for @ production of a negative pion in the KM interaction

K 4+n—A+a
K- +p—X_4a’




P — How it works

r . \ i 12 :
by conserving energy and momentum . 800~ boost side
= N
E -
Mipyp = v (Mg— +Maz — Ep-)2 — p2 ~ 700}
72} B
— B = Mpyp — (Mag_q, + ma) s
\ binding energy o :

A

5001

400
the measured m momentum spectrum is i
transformed in a -B, spectrum, and the
obtained spetrum is “fitted® by a
simulated one, that includes the known [
processes plus peaks due to hypernuclei 100/
formation

300}

2001
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Procedure verification: /

/ data - “fit” (only in the background region)
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~——  Extraction of the capture Rates

na =n. of hypernuclei
Ne=n. of stoppped kaons
cR = capture rate

npa = Ng--cll-e_— - €p

A 1 1 (formation probability per stopped kaon)
chH — gr = all other efficiencies
N K- €x— €D (trigger, geometrical acceptance, veconstruction, cuts)
ep = overall detector efficiency
. J
?’L%O — NM_C : CRMO * €Eqp—
ndata,/Nda,ta,
_u
nitc €D = nMC [ NMC
Cn— — pr K+

N;W(J_C : CRMO

The p* (from K*,,, decays) are used to calculate the overall detector efficiency g,

stop



from 1.65 to 1 .95 MeY from target to target

: -5.64 MeV

1 =3.79 MeV
:=1.96 MeV

E,: 3.66 MeV

" 0.25 MeV

E,: 5.89 MeV

Ba energy measurements
- absolute scale of the energy known at the level of 0.2 Meal/

- possible systermnatic of the fit of 02-0.3 Mel
" - .

capture Rate per stopped K
#1:0.041 + 0.006 * 0.005 %4
#2: 0.056 + 0.008 * 0.006 %4
#3: 0.043 £ 0.006 * 0.000 %4

#4: 0.052 £ 0.007 + 0.006 %

(a) 7Li(r*K*y) KEK E419

H. Tamuma et al. Mucl. Phys. & 754 [2005] SBe

excitation enargies ara rafarrad to
tha ground stata By, =-3.58 + 0.03 MY
|hA. Juric et al. Mucl. Py, BE2 [15973] 1]

o




capture Rate per stopped K
#1:0.022 £ 0.006 * 0.002 *a
#2:0.036 + 0.008 * 0.004 %%
#3:0.02/7 £ 0.006 * 0.003 %

[ 1, -3.45 MeV

Moy -0.09 MeV  E,;:6.35 Mev

T ——
~
(b} 9Be (K’ BNL E930{98)
2 Se— H.Tamura et al. Mucl. Py, & 754 [2005] SBc
excitation energies ara rafarrad totha ground stata
Br =661 £ 0.04 Mey
0 TR
BBe iB‘-a [RA.duric et al. Mucl. Ps. B 52 [1973] 1)




capture Rate per stopped K
#1:0.006 £ 0.001 * 0.001 %4
#2:0.014 £ 0.002 * 0.002 %3
#3:0.018 + 0.002 * 0.002 %%
#4:0.024 + 0.003 * 0.003 %

#5:0.035 + 0.005 + 0.004 %

0.8 M./ -11.18 MeV
T p__:-6.24 MeV  E. 494 Mev

- Mg -2.85 MeV  E,: 833 Mev

06" p_;:0.12 MeV P

TG 3.93 MeV Ey: 15.11 MeV

FHTSISAL REYIER C, WILLUWE 51, 014607
520 hypernuclens studied with the '3CY & ~,w ) reaction
gion The excitation ez of the W27 and FH27 states

] O = Y ]
were obtmined ad 109820021 (#at) £0058(syvst)  ard
10830002 1 stat) 0050z st) BeV, respectively Tle

excitation energies ara rafarrad to tha ground state
Ba =-11.22 £ 0.08 MeY
[h. Juric et al. Mucl. Phe. EG2 [1572] 1]
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HYPERNUCLEAR SPECTROSCOPTY CONGCLUSIONS

CAPTURE RATE [PER STOPPED KAON] VS A
——— Presentdata —

Present data
£ F + Tamura, Hayano, Outa, Yamazaki = 0.3 % Tamura, Hayano, Outa, Yamazaki
o420 —+— Finuda PRL 622 (2005) 35 - —+— Finuda PRL 622 (2005) 35
1 . ' ' 0.25 o f f
0.1t ground state - . ] 5 5
i : ~ bound region i : i
_ - 0.2 : . _
008 | E N N B
- | 015 Ly |
a.08— ; - Ill ; : :
- '[ o A 5 5
004 Voo Mt o |
- : ]' P : - : h’ :[ :
0.02— ' : - : 0.05— f . f
- VoA h - 3 | h
u_l | | | i : | | lnnnlfnnnllon U_I L | | I | i | L | | L | L |
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A &

The v4 arrows indicate the “stabilization” of the results due to the fine
tuning of the analysis procedure, now in its final phase.



charged Mesonic channel charged Non-Mesonic channel




counts /{0-25 MeV)

Spin-assignment with' FINUDA MWDja{/

2C target
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MESONIC WEAK DECAY

RATES AND CONCLUSIONS
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Mesonic decay results

MWD 1 spectra for “xLi, 9,Be, 114B and 54N

spin-parity assignment confirmed for 74 Li, 4 Be, 1"4B g.s.

FINUDA Coll., PLB 681 (2009) 139

new spinparity assignment for 54N, based on decay rate [and spectrum shape)

MWD decay rates calculated and compared with theoretical calculations and previous measurements

nuclear structure effects



NMWD: proton kinetic energy in the (5-16) A range

The line is a gaussian fit using only the-shadowed zone of the Spectra
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Rare hypernuclei decays in FINUD
/ |

large angular coverage (~4) odt
Excellent particle identification for ¥
charged hadrons

Good momentum resolution
Capability to fully reconstruct the oo}

I 18—
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dE/dX OSIM

—{800 a
100

=600 soF

event topologies EaNie i
» Set of several targets allowing the 200} s
roduction of different 100f 2ol
ypernuclei and hypernuclear AL e Ea s il _—
fragments ¢

dE/dx p.id. TOF p.id.

° 4,\He hyperfragments production, from all targets
d momentum:

p momentum:
« 5,He hypernucleus formation

— From ®Li targets: K-°Li — °\He + p + ™ (T momentum: 275.15 MeV/c)
— From ’Li targets: K- 'Li » °\He + d +
— NM two-body decay:

« d momentum:



NON-MESONIC RARE DEGAY‘

4sHe hyperfragments [from all targets)

4yHe = dd - d momentum: 570 MeV,/c

Total probsbility [yield] per stopped K
Meanwvalue: [282 £ 0E2) 105/ Katop
For 8L targets: (5.22 £ 1.90) 105/ Kgap

™ based on the capture rate per
K- at rest reasured for 4aHe in #He [Tarmura et al ]

N [PLI}=[0.3 £ 0104 A

“sHe = pt - p momenturn: 508 MeY,/c

Total probability [yield] per stopped kK
Mean value: [5H42 £3435] 109 Kewp
Faor 8L targets: (1853 £ 14 80) 109/'Kawp

= | nder the above assurmption

[ [6Li) = [1.1 £ 0.9)% Ta

4sHe — dd 18 complete events +

A3 semiinclusive events with 3 missing

“4xHe = pt 21 events selected
with [unfortunately] high 5N ratio

dd/pt ratio: the pt decay channel is the favoured one

4sHE



s o
~ S\He hyperfragments (from &Li and 7L targets]

IsHe — dt - d momentum: 537 Me¥//c

Total probability [yield) per stopped K
Mean value: [1.23 £ 0.60) 109/ Kstop

= [ &=[0.29 +0.15]% I

Agreerment with theoretical expectations

IaHe = dd 3 events
1x8Li, 2x 7l

”
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/ |
.
N
N
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FINUDA can access to two production mechanisms
(inside nuclei):

K+p—>A+al
—>a’+p—on+nx*

K'+p—>2'+ -
— Pp—A+nN
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2003-04 data taking:
n* inclusive spectra

neutron rich hypernuclel

2006-07 data taking:

n* spectra in coincidence with w~ (decay)

= 4

" momentum MeV/c

PLB 640 (2006)145
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*LI(K 7)X + 7 (80 < p_< 160 MeV/c)

0240"'245' '250 255 260 265
/ momentum (MeV/c)

LK )X + 70 (B0 < p_ < 160 MeV/c)

260 280 300
" momentum (MeV/c)




0.175 02 0.225 0.25
" momentum (GeV/c)

0175 0.2 0.225 0.25
7" momentum (GeV/c)

0.100<m-<0.110 GeVi/c
OLi

0.175 0.2 0.225 0.25
" momentum (GeV/c)

0.096<n7<0.106 GeV/c

OLi

0175 0.2 0225 0.25
7" momentum (GeV/c)

0.098<m<0.108 GeV/c

6Li

0.094<1<0.104 GeV/c

OLi



K- absorption by few nhucleons /

__For K-Nucleus interactions A identification is a crucial item

FINUDA FRONTAL VIEW
VERTEX REGION

Straw tubes Wire chambers

Vertex detector Beam pipe

Plastic
Scintillators

FINUDA is able to reconstruct the A vertex
also outside the active tracking volumes
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The requirement of a pi* in coincidence
eliminates possible distortions due to the

A Momentum: FINUDA inclusive spectra

All targets, all tracks (short+long) 2006-07 data

I

applied trigger

500 —
450
400
350
300
250
200
150

50

O
0 100 200 300 400 500 600 700 800 900 1000
A momentum [MeV/ic)]

The two component structure

remains

\ A momentum for QF and K2N reactions |

“He  12C

a.u./(10 MeV/c)
s © o o o o
o o o o o o
=y N (=] B (] (2]
i I [TTTT T T T 77T
/i ~

=)
TTTTTTTT

C. B nallonnnllonnn
0 100 200 300 400 500 600 700 800 900 1000

A Momentum (MeV/c)



A Momentum inclusive spectra vs A

mom °Li mom ' Li
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A “high momentum” component related to the most interesting findings

/ e _;fgpp [Mg\é(]) . q 1000 -
i ‘ ‘ ‘ & go0r | &
7 A( K- AP)X - % 800F T
4 14000[ S E
S E 700F "
& 12000} < -
B = 115+6_ (stat)*3_, (sys) MeV |z o
I'= 67*14 ,(stat)*2 ;(sys) MeV 5% + 400"
Yield = 0.1%/stopped K > oo} %TL 300}
g 200F
FINUDA Coll., PRL 94(2005)212303 2000% " 1005
S.2l| ‘ ‘2.251 = I2.3I = ‘2.55-“1| ;.4 OE.‘HI.H\\.\H\.\H\Hu\.u\qu\uu\..u\uu
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. W al) ° ° /
~_Neutrons identification in FINUDA

The Tofone thick slabs provide a 8% neutron detection efficiency
TOF allows n/y signal discrimination with the requirement of

no hits in the tracking detectors facing the fired tofone slab

| 1/p neut particle | Entries 5523553

yprnmpt
Y ‘1/ﬁ>1.47\

1/PB

2
=200

by
£180

3
5160
140
120
100
80
60
40

20

1/[

But background prevails, unless physical correlations or selection are imposed



Example of neutrons identification in FINUDA:

B Anp NMWD ?

1stevent: pnn in coincidence with a prompt # from hypernucleus level formation

FINUDA Experiment

s o
Run n.: 9559 0 (nyp)=102.16
Date: 26/03/0

"9 (n,p)=164.32 °

O FRONT view [
Raw data

Rec. hits E(n,)= 16.94 MeV

Pattern Recogn.
Track Fitting
Zoom

Pick Info E(n,)= 109.70 MeV
<ERASE> RN

E(p)=51.04 MeV




2"d event: pnn in coincidence with a prompt z from hypernucleus level formation

FINUDA Experiment @ (nyp)= 128.46 °
Run n.: 12453
Event n.: 13601

Baa v avsaas e B NEP)= 95392

OJ FRONT vi O
‘ROW data e — E(n]_): 20.17 MeV
Rec. hits

Pqttem. R.ecoqm.
S E(n,)=31.52 MeV
Pick Info

<ERASE>

E(p)=71.77 MeV

Etot= 123.46 MeV

Missing mom.=252.47 MeV/c




3"devent: pnn in coincidence with a prompt z from hypernucleus level formation

FINUDA Experiment

o o
Run n.: 016 0(np)=128.46
Event n.. 17747
Date! gor o

0 (n,p)= 95.39°

] FRONT view [l
Raw data

Rec. hits E(n))=20.17 MeV

Pattern Recogn.
Track Fitting

S E(n,)=31.52 MeV
s e

E(p)=71.77 MeV

Etot= 123.46 MeV

Missing mom.=252.47 MeV/c




Topology of a nt*n event

FINUDA spectrometer

Central region
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2- and Z* identification in K" °Li = (n1r*11)X events

/
™~y 1000— . " -
O i 400 - 600
> 3505 1200 : q -
Q B g - 500 Z
E = 300F - :
N — 2 - 400f
..a 800 " 250E 1000 1 :
§Z L 200} i 300
g : 150¢ - 200F
100} B :
8 600 s 800~ 1007
I v Vs 1200 1250 I 05~ 200 1250
- ' 600|
400 I
i 400
200 I
- 200
0_ | | | | | | | _I | | | | o W] J ) Y | 0_ | | L | | | | 2 | | | | I J_-]. a | L
1000 1100 1200 1300 1400 1500 1000 1100 1200 1300 1400 1500
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The insets are after applying selection cuts (angular and momentum
correlations, track quality, missing mass ...)



(2 7*) vs (27m") QF production strength
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FINUDA the time evolution

1993 FINUDA experiment proposal (preprint LNF-93/021, 11 May 1993)
2003-04 FINUDA 1t data taking (200 pb™ integrated luminosity)
2006-07 FINUDA 2" data taking (968 pb™ integrated luminosity)
2008  FINUDA 3" data taking proposed in 2009 (for 1 fb* integr. lum. )

The proposed 3" data taking could not find room in the LNF planning:

“... The FINUDA collaboration was placed in stand-by, until the uncertainties on the
roll-in of KLOE (entailing the switch of the IR) could be removed. It now appears clear
that the roll-in of KLOE in late 2009 will take place, which suppresses the time window
that FINUDA could have used. ...” 37th MEETING OF THE LNF SCIENTIFIC COMMITTEE (December 1 - 2, 2008)

As a consequence, at beginning of 2009, decision was taken to
de-commission the experiment



/%NCLUSIONS\/

The FINUDA original proposal was put forward in1993 —Prepr. LNF-93/(021), 11 May 1993-, but
it could have its first data taking starting only in fall 2003. The second, and last one, started in fall
2006. FINUDA had a total integrated luminosity of just 1.2 fb-, the lowest allocated to any of the
different lines of reasearch on DA®NE.

In spite of this unfavourable conditions, it can now be said that:

The FINUDA main task (the simultaneus study of spectroscopy and decay of hypernuclei in a
broad range of A) can be considered achieved, with the ability of the apparatus to measure
also MWD and rare decays into d-d and p-t of light hypernuclei, not foreseen in the proposal.
Some other items, as the search of neutron rich hypenuclei, and the decay of hypernuclei into
channels with two neutrons, have instead been strongly hampered by the low statistics that
FINUDA could collect.

FINUDA turned out able, however, also to reconstruct secondary verteces and short tracks of
light ions . This opened the possibility to study the interactions of stopped K- on multi-nucleons
aggregates inside nuclei, that, in its turn, allowed to discover the emission of correlated (in
momentum and angle) high momentum Ap, Ad and At pairs. Such findings have generated
worldwide interest since a possible explanation could be the formations of the controversial so
called “deeply bound kaonic nuclear states”. Moreover, also *- production could be studied.

Regrettably, FINUDA had not another chance to deepen its original, fashinating
findinds. Anyway, it can be said that, in many respects, it “showed the path”, as a
shining comet crossing the deep blue sky of kaon-nucleus interactions.




