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FINUDA: FIsica NUcleare a DA®NE

1524 40 ~ (0201)9

D A(I)NE Energy (GeV) 0.51
Luminosity (cm-2 s-1) 1032
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FINUDA: FIsica NUcleare a DA®NE

[The very first example of a (hyper)nuclear physics fixed-target ]

experiment carried on at a collider (DAPNE @ LNF)
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FINUDA: the Collaboration

Collaborating institutes

* University M
of Victoria {E&E

e by /.‘s‘ Seoul
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«3 National University

Data takings

Bari University & INFN Bari
Brescia University & INFN Pavia
Pavia University & INFN Pavia

‘

Torino Polytechnic & INFN Torino
Torino University & INFN Torino
Trieste University & INFN Trieste
L.N.F. / INFN Frascati

Ve

4» Teheran
Shahid Beheshty University

data taking oct 2003 - jan 04 nov 2006 - jun 07
int. luminosity 220 pb™! 960 pb!
daily luminosity 6 pb! 10 pb-!
Total events (M) 30 200

Targets

6Li (2),7Li (1),2C (3),27Al (1),°V (1)

Li (2), "Li (2), °Be (2), 13C (1), D20 (1)




Hypernuclear Physics @FINUDA

et +e” — ¢ (1020) — K* + K~ (127 MeV/c,~49%)| < =10% cm2 st

- 2 o1
“secondary” K- beam K o + AZ — A Z +[] 9: ~4.4x10 3
stop SPZCTI{'\OSCOPY (K v, K _) pGIPS:“Z.ZxIOZ s
AZ —AZ+) +x T MWD collinear, background free,

very low energy

A Z —=A-2(Z-1) @ IN induced T,
A\Z —A-3(Z-1) Hp+n+nl 2N induced T,

:|» NMWD

FINUDA key features

. - very thin targets (0.1 = 0.3 g/cm?)
transparency = “"high" resolution spectroscopy

- different targets in the same run
= high degree of flexibility

- coincidence measurement with large acceptance
complete event = decay mode study

- simul‘ranegrus ‘rrcicking of y* from the K* decay
K™ — "V, e energy and rate calibration




The FINUDA detector

Detector capabilities:

- 4* Outer scintillator # Selective trigger based on fast scintilla-
WY barrel - 72 slabs tion detectors (TOFINO, TOFONE)

(TOFONE) # precise K" vertex identification (<1 mm?3)
j (ISIM P.ID.+ x,y,z resolution + K* tfagging)

4p,K p,d,.. PID.(OSIM and LMDC dE/dx)
% High momentum resolution

. |(6%0 FWHM for m- @270 MeV/c for spectroscopy)
(1% FWHM for n- @270 MeV/c for decay study)
(6% FWHM for m- @110 MeV/c for decay study)
(2% FWHM for p @400 MeV/c for decay study)

(tracker resolution + He bag + thin targets)

#+ Neutron detection TOF (TOFONE-TOFINO)
(13% FWHM for n @10 MeV, 20% @100 MeV)

Magnet yoke
B=10T

Mechanical support (clepsydra)
For:
+ 2424 Straw Tubes (longitudinal + stereo)

) uper-

conducting
+ 16 Low-Mass Drift Chambers (LMDC) Coil .
+ 18 u-strip vertex detectors (ISIM/OSIM) Apparatus designed for a
+ Inner scintillator barrel - 12 slabs (TOFINO) typical collider

+ 8 Targets exp er'imenf-
% Cylindrical geometry

[Simul’raneous study of formation and decay of strange % large solid angle (~ 2 sr)

' . & . :
hadronic systems by full event reconstruction mﬂ”' tracks analysis




FINUDA: the interaction region

Sso s Z.
\’:\xse,l S|n2 e K_/+ 1 .
I : target region

X,y e’ o © | -12 scintillators (TOFINO)
crossing angle T U - 8 silicon microstrips layer (ISIM)
12.5 mrad ! boost 12.3 MeV/c - 8 targets

K+ - 10 silicon microstrip layer (OSIM)




FINUDA: the tracking/outer regions

tracker

» 10 silicon microstrip layer (OSIM)

« 2x8 Low Mass Drift Chamber layers

» 6x404 stereo straw tube layer system
*B=1T

» He bag

outer region

« 72 scintillator slab system
* frigger

* n detection




FINUDA Scientific Program - Results

Main topics ( .. not completel):

Hypernuclear spectroscopy: PLB 622 (2005) 35: 12,C
PLB 698 (2011) 219: 7,Li, °,Be, 13,C, 16,0

Weak Decay: NPA 804 (2008) 151: NMWD 5,He, 7,Li, 12,C
PLB 681 (2009) 139: MWD (5,He,) 7,Li, 9,Be, 1,B, 15,N

PLB 685 (2010) 2477 NMWD & 2N 5,He, 7,Li, 9,Be, 11,B, 12,C,
PLB 701 (2011) 556 } 13 ¢, 15N, 1,0

NPA 881 (2012) 322 : (n, n, p) events from 2N
PLB 738 (2014) 499: NMWD I, /T & I,/T, °,He, 7,Li, ? Be,
1R 1213 c 15N 160
AL AV A AV YN A
(PLB 748 (2015) 86: I', T, T\ °y\He, 1,B)

Rare Decays: NPA 835 (2010) 439; 4,He, °,He 2-body decays

Neutron-rich Hypernuclei: PLB 640 (2006) 145: upper limits ¢,H, 7, H and !2,Be
PRL 108 (2012) 042501: ¢,H observation
NPA 881 (2012) 269: ¢,H observation
PRC 86 (2012) 057301: 9,He upper limit



Hypernuclear Spectroscopy: !¢,C
M.Agnello et al., PLB 622 (2005) 35
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Hypernuclear Spectroscopy: p-shell

M.Agnello et al., PLB 698 (2011) 219

B, = M(*Z) + M(A) - M,

g2400 -
12200[ —{— Data {
gzooof— I Knp—=p
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First world measurement of

formation probability

TLi B, Ex Formation probability
(MeV) (MeV) per stopped K~ (1073)
1 58+04 - 0.37=0.04 £0.05
4104 1.7 0.46 =0.05 +0.06
3 2604 3.2 0.21+£0.03 £0.03
the ground state from emulsion data 1.04£0.12+0.14
Ba = -5.58 + 0.03 MeV ~4000 events

M. Juric et al., NPB 52 (1973), 1
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absolute energy scale known at the level of 0.3 MeV

(we know from the K*—uv - self calibrated apparatus)
momentum resolution: 0.5-0.9% FWHM (o(B,) = 0.4 MeV)

Formation probability

it is connected to the number of events in the peaks,
calculated taking into account acceptances and efficiencies
(K*—uv - rate calibrated apparatus)
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Events/0.5 MeV
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IBe B, Ex Formation probability
(MeV) (MeV) per stopped K~ (1073)
1 6.2+04 - 0.16 +0.02 =0.02
2 3.7+04 2.5 0.21+0.02+0.03
the ground state from emulsion data 0.37 4 0.04 + 0.05

Ba=-6.71 £ 0.04 MeV

M. Juric et al., NPB 52 (1973), 1

~1800 events
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O. Hashimoto, H. Tamura
PPNP 57 (2006) 564

G B Ex Formation probability
(MeV) (MeV) per stopped K~ (1073)
1 11.0+0.4 - 0.10 +0.02 £ 0.01
2 6.4+ 0.4 46 0.19 4 0.02 + 0.03
3 0304 10.7 0.16 & 0.02 + 0.02
4 —37+04 14.7 0.47 £0.04+0.07 «—2,C +n

the ground state from emulsion data
Ba=-11.22 £ 0.08 MeV

M. Juric et al., NPB 52 (1973), 1

~1100 events 3p

16 B, Ex Formation probability
(MeV) (MeV) per stopped K~ (1073)
1 134+ 0.1]_16 o - 0.10+0.02+0.01
2 7.1£0. A 6.3 0.26 =0.04 £0.04
3 43+0. 9.1 0.13£0.03£0.02
4 24+£04 11.0 0.15+£0.03+0.02
5 —-33=04 16.7 0.55+0.07 = 0.08
6 —-4.7+£04 18.1 0.28 £0.06 £0.04

~750 events 2p
M.Agnello et al., PLB 698 (2011) 219
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PHYSICAL REVIEW C, VOLUME 65, 034607

! 1C hypernucleus studied with the C(K ™, y) reaction
xm + + 233 (¥ ; .
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M.Agnello et al., PLB 698 (2011) 219 A.Cieply et al., PLB 698 (2011) 226

T P a) Constraints on the ‘rhresixold K- nuc_leAar'
2 3; ~%—— (K, ) - FINUDA, PLB 622 (2005) 35 [9] POTe"T'C‘l fr'om FINUDA Z(K stop+ 4e ) AZ
2t spectra
[ + 20 r v Y - ! " ! . v v v . 9
a 2| |
s [ normalized formation rates
© -
£ |
s 1 + 15 +
; o & 3 \
s °F e
Sg 3_— + K* b) i 10 r I“\
T I —+— (x*, K*) - PPNP 57 (2006) 564 [2] @ ; - _ \§H (shallow)
s f = RN
g o b partial formation rates DD (deep)
g T | /(structure fractions) — !
)
- A .
1 N 1s, formation rates ]
B A [ 10 12 14 16 18
L mass number
-~ 0=
:i L i C) Fig. 2. Comparison between 154 formatien rates derived from the FINUDA K~ cap-
&S b formation probability (107) ture at rest data [8,14) and DWIA calculations nermalized to the 1s, formation
_91 5+ cross section 2°-14° (ub) rate of .{Lz listed in Table 1 for shallow (SH, solid) and deep (DD, dashed) K~ nu-
fé i clear potentials. The calculated 15, formation rates use K n— 7~ A in-medium
" BRs without self energies, see Section 3, and pion optical potential . from Ref. [6].
1 + The error bars consist of statistical uncertainties only.
- + two different potentials have been tested (shallow SH and deep DD)
0.5~ ¢ Re Vi (po) ~ —(40 — 60)MeV
I ¢
0 2 4 6 8 10 12 14 16 18
A
Fig. 7. Formation probabilities from FINUDA (a) and cross section from E336 [2] (b) The Compar'ison WlTh The FINU DA daTG

for bound states, see text for details. In (c) the ratio between the two is shown.

slightly favors a deep K- nuclear potential 15



Hypernuclear weak decay studies: p-shell

Coincidence measurement
charged Non-Mesonic channel

charged Mesonic channel
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MWD & NMWD in FINUDA: strategy
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Inclusive production " spectra
K~np background corrected

12C target

counts/(10 MeV)
> »
o o

=]
o

o
¢

+ 1
bttt o s b s
+ T '+ T T 'H" 4 fﬂf{

\ NMW%“W\

20

04!‘““““““““““““

20 60 80 100 120 140 160 180 200

kinetic energy (MeV)

;200 S -
g [ 21601
;;’150 IIAB %::Z 1 IIAB .
om ! T " + + I p decay =" and p spectra
( S } (Aqf decay)/Knp background
i ( + . t, subtracted & acceptance
C + b 4 corrected
07‘ L +i+tr+H*'r*+ oi\\\\\%+\+ﬁ\+
20 25 30 35 40 45 50 55 60 0 20 40 60 80 100 120 140 160 180 200

kinetic energy (MeV)

Kinetic energy (MeV)

17




Mesonic decay ratio: T,_ / T, J™assignment:
7. Li (172,72 ,Be (1/29),

r,./T,

[ /T,=T/T,* BR_ 1 B(5/2%),15,N (3/2%)
- first determination
0.5
N @ present data -
C B T. Motoba PTPS 117 (1994) 47] @ 300
0.4 - ‘ A previous data % -
- | % A.Gal NPA 828 (2009) 72 220 n
oa- * I "Be; 3/2,, & 1/2- (429keV)
S 200
- i - 3-body decays
0.2 1 ¥ = {
- | 100F \
0.1 — i s0f +T
“strong nuclear structure effects i +
- . e
0_ T T S S S S S S A S S 7“‘2‘0””2‘5””3‘0””3‘ H‘4‘0””4‘5””5‘0‘”‘5‘5””60
4 6 8 10 12 14 16 kinetic energy (MeV)
/\ 55&25"
Extensive calculations: a
*  Motoba et al., Progr. Theor. Phys. — 2
Suppl. 117 (1994) 477 015 — 3/
«  Gal Nucl. Phys. A 828 (2009) 72. oab
i A.Gal NPA 828
nt distortion, MWD enhancement proved ! 0.0 (2009) 72
o\\\‘\\\\ | | ol b by
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NMWD: p spectra

coincidence measurement: method

gﬁ__ T * Spectrum of negative pions for
imz— events in which a proton is detected
g'% in coincidence with a

1495— IZAC

oE * Asking for the proton coincidence a

0E- clear peak emerges at 272 MeV/c

:5— (ground state)

205 g, * Background: K- np — 2'@

fso 200 250 L P N S n @

M. Agnello et al., NPA 804 (2008), 151: 5,He, 7,Li and 12,C
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Comparisons with theory and KEK results

15 MeV threshold !
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NMWD: T, from (n—, p) events

M.Agnello et al., PLB 685 (2010) 247

. ) W.Alberico and G.Garbarino,

> C
5160:—
Fuo- NMWD p
§1zo:— —»—+
100 I I
: | gaussian fit
o | T free u 5
60— + + + 5_
40 + 3
20:— +
0:|.I111|||||..1|||||..I1|_?_|_?_|.11I|||
0 20 40 60 g0 100 120 140 160 180 200
proton energy (MeV)
A, Spectrum area below u
IN + 2N + FSI
. 0 20 40 120140760 180 200
Ahigh' SpeCTr‘um area above u | Kinetic Energy (MeV)
IN + FST < assumption
o(2N, 570 MeV) ~ 5% p(2N, ToT)
G.Garbarino, A.Parreno and A.Ramos, Phys.Rev.Lett. 91 (2003) 112501. 22

Phys.Rev. C 69 (2004) 054603.



Alow 05 N(Ap — np) + N(Anp ennp) + NPFSI-Iow

R = ry ry =
+ . :
low high N(Ap s np) + N(Anp %nnp) + NpFSI-low + NpFSI-hlgh
0.5 +T,/T
R(A) =a+b A = 2P +b A Assumption: I',/Ty and T',/T', not dependent
1+ rz/rp on A-> supported by exp and theory
r,7T,,7T,=0.83:0.12:0.04 Bauer et al., NPA 828 (2009) 29
= 1.2:
Z11- | systematics: all p-shell Bauer et al., NPA 828 (2009) 29
8 i Bhang et al., EPT A33 (2007) 259: ~ 0.4 12,¢
%093_ M. Kim et al., PRL 103 (2009) 182502:
§F 0.29+01312,C
< 0.8 J.D.Parker et al., PRC 76 (2007), 035501.:
- I <0.24 (95% CL) 4,He
0-7;_.——-"/
o6~ L
= " FSI linear on A u to A=16 !
"% LI nearon AUP IO ATL i Bhang et al., EPT A33 (2007) 259.
T e S R T R R TR T A
A
I [R(A)-bA]-05 I /T
. 2
= — p =0.24 +0.10

= =0.43 +0.25 =
T, ~ 1-[R(A)-bA] T C/T D1+ TR/T, )




NMWD: ', from (-, p, n) events
M.Agnello et al., PLB 701 (2011) 556

Nn (COS 02- 0.8, Ep< M-ZO MeV) N(Anpennp) + NFST
R(A) - =
N, ( E,>u p single spectra fit) 0.5 N(Ap-hp) + NFST
r I, T, T,,=083:0.12:0.04 Bauer et al., NPA 828 (2009) 29
2
R(A) =a+bA = N bA I,/T, not dependent on A
"~ P
o 1.2 FZ/FP
z [ ol 0.39:0.16,,; +0.04,,,-0.03,,
zI U ma‘\\CS (1“ P‘S
0.8:— SYSW' FZ/ I‘NM
' 0.21:+0.07 4,4+0.03,,,-0.02
0.6_—\.\0
- 2 ‘ \ i M. Kim et al., PRL 103 (2009) 182502:
] | | | | FINUDA Coll. et al., PLB 685 (2010) 247:
0.2~ 0.24+ 0.10
Oy el * low statistics

18 .
A « direct measurement (n, p)
* reduced error 24



NMWD: evidence for (-, p, h, n) events

3 fourfold coincidence (x-,n,n,p) events:
1 exclusive °,Be—SLi+p+n+n event
2 exclusive Anp—nnp 7,Li—*He+p+n+n decay events

p, =276.93 MeV/c
E;t = 178.3 MeV
Q-value = 167 MeV

p miss = 216.6 MeV/c

E(nl) = 110.2 MeV
E(n2) = 16.9 MeV
E(p) = 51.0 MeV

0 (n1 n2) = 95°
6 (nl p) = 102°
6 (n2 p) = 154°
no n-n or p/n scattering

22¢€ (2102) 188 VdN '"|o 42 ojj2uby "W

First direct experimental evidence of 2N-induced NMWD |

25




Revisited analysis of the proton spectra

Attempt of improving the fits by shifting down the lower edge
for the fits to 50, 60 and 70 MeV:

counts/(10 MeV)

counts/(10 MeV)

better value of %?/n = 1.33 when choosing the starting point at 70 MeV

40

20
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M.Agnello et al., PLB 738 (2014) 499

Ay (A)

Rl (A) =

AIOW(A) + Ahigh (A)

o /T, = 0.50 £ 0.24 (Con /T = 025  0.12)

|

PLB 685 (2010) 247

N, [cosP(np)=-0.8, E, < (u-20) MeV]
N ,(E, > u p single spectra fit)

Rz (A) =

+0.05 ( I,y _020+008 00

stat—0.04sys stat—0.02sys
NMWD T

’ |

v v

FZ N

+0.03

= 021 = O°O7stat—0.02sys
PLB 701 (2011) 556

+0.04

% = 0.3910'16Sta‘[—0.03sys (

p 1—‘NM WD




First determination of I, /I, for 8 Hypernuclei J

I _ It I't 2(Np — Non) +a(Np — Non) ) ost
p _ BR(p) = p p 2o lost” protons FSI

on the basis of I's expemmen‘ral values from FINUDA and KEK

I'T| [[%- Io FzN
— + "0 INC cajep
FA FA Fp CUlatiop,

Iy /T,=0.36 +0.14
r/r,=045+0.10 (°*He,) T,/T,=0.51+0.15 (*2C,)

I‘p/I‘A = 022 + 003 (SHeA) .. Szymanski et al., PRC 43 (1991) 849: 0.21 + 0.07
@ D

Fp/FA =0.49 + 0.06 (**c,) 2H. Noumi et al., PRC 52 (1995) 2936: 031 £ 0.07 |

&H. Bhang et al., JKPS 59 (2011) 1461: 045+ 0.10

a

a(5) =1.15+0.26
a,(12) =2.48 £ 0.46 linear scaling with A:

0(12) = 1.04 +0.19 o, = 1.08 £0.16
a,(5) =2.77+0.63 ™= G- -258+0.37

weighted average

general expression:
a(A) = (0.215 + 0.031)A



First determination of T', /T, for 8 Hypernuclei

< 1
FINUDA

J.J. Szymanski ef al. K. Itonaga, T. Motoba, Progr. Theor. Phys. Suppl. 185 (2010) 252.

0.9

<
~ H. Noumi et al.
H. Bhang ef al.

——— K. Itonaga, T. Motoba

®0 0

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Y I A IS O AN A
034567891011121314151617

M. Agnello et al., PLB 738 (2014) 499. H. Noumi et al., PRC 534 (1995) 2936. mass number ( A)

J.J. Szymanski et al., PRC 43 (1991) 849. H. Bhang et al., JKPS 59 (2011) 1461.

lllllllll|llllll|ll|llllllllllllll]llll|lllIlllll|lllllllll|l|lllllll|Illlll”l|llllll|ll||l”lllll




Complementarity of I')/Tyand I',_/ T,

< 1
~ = | W [, /T, world average
~ 0.9 ;_ K. Itonaga, T. Motoba K. Itonaga, T. Motoba, Progr: Theor. Phys. Suppl. 185 (2010) 252.
= o
~ 0.8 = | * TI'/T, world average
= E
= :
< 0.7
E at
) 0.6 E B | |
—~ = =
0.5 L £
= — L]
0.4—
- %
003 é— = — | II\IB !\ZC 11\3(: :\N :\60
02 * 1
0.1 ; Y + .{.
E_ ;\He ABE,/
0 = I I | A I I I I I I I
3 4 5§ 6 7 879 10 11 12 13 14 15 16 17

Vi

7’

’

)

strong nuclear structure effects I

mass number (A)




Completion of decay pattern for °He, and !B,

/T

n p

@ 1., /T, =036=0.14

He
0.962+0.034
0.342+0.015
0.201+0.011
0.217+0.041
0.078+0.034

0.125+0.066

11
\ B

1.274+0.072

0.228+0.027

0.192+0.056

0.47+0.11

0.169+0.077

0.21+0.16

li C
1.241+0.041
0.120+0.014
0.165+0.008
0.493+0.088
0.178+0.076

0.284£0.12

0.508

0.502

& K. Itonaga, T. Motoba, PTP 185 (2010) 252

+0.05
stat—0.04 Sys

0.58+0.27

0.418

li C
1.241+0.041
0.123+0.015
0.165+0.008

0.4510.10

0.27+0.13

------ 0.23+£0.08

0.51+0.14

E. Botta et al., PLB 748 (2015) 86




¢ H and 7, H (}2,Be) search with FINUDA
Inclusive measurement oct 2003 - jan 2004: 190 pb-!

(Ks‘ro :TE)

M. Agnello et al. Phys. Lett. B 640 (2006) 145
6 H(Li)U.L=(2.5+14)10°5/K,
"\H(’Li) UL.= (4.5+ 1.4) 10°/K g,

12, Be(*2C) U.L.= (2.0 £ 0.4) 10°°/K 4

S [ .
% :K + "Li—xt+(X H ” . B._(Mgv) 10
E - N ‘ 150
s - f _ 1wofp T H
£ { w't
5 3 bt
: | M ‘
200 f "
3 ’.‘ h.r 034520 255 260
; o'. ". wr‘\'.’ »
ﬂp sttt M"“"'"“'v'-\'-y-' e TS
FK + LI 2t 4+{X P ST
200
g ‘ {\ l 100
: '2 L"f A
i : H ) scf gt
100/ ) U‘H ty H
- l’p{ﬂ h?} i TR T T R T
l; ’“\‘J“‘
L ! “r,m
| M- Ay \ e e
?50 200 250 350

7 momentum (MeV/c)

acceptance cut
for “long" tracks

raw inclusive spectra
not acceptance corrected

background:
I<_51‘op + P — 2"+ K_S'I'Op + Pp —2'+n
2tr—=namt 2tr—=namt

(~130-250 MeV/c) (~100-320 MeV/c)

cut on K-/n* distance: 2 mm



M.Agnello et al., PLB 640 (2006) 145

counts/(1 MeV/c)

K-gyop * 6Li = 6,H t@~252 MeV/c, 4.1 MeV)
Karop + 7Li — 7H +(x* [~246 MeV/c, 5.2 MeV)

T W e
so- ""WH Nl“ Hl wﬁj t

w “!h ’| L | Mﬁ
E ++{++f|+| - *I,**{*t'ﬂlm* 24? 250 |t
40~ 7Lj o,
N””WW bty
20%— M‘| | |‘||NHM”H ;ﬁﬁ@
?éo' - “#Mlo‘ H‘%'J{Hm”u |

©t momentum (MeWc)

background subtracted spectra
hot acceptance corrected

" statistics reduced (0.2)
shape only slightly modified

!

statistical significance
C.L.<90%: U.L.

R+ (/?H) (2 5+0. 4stat+8 Allsyst) 10~ /KS'EOP
R

2+ ({H) < (4.5 £ 094" 8‘1‘Syst) 107° /K,

stop?

Rr+('yBe) < (204 0.4gu 7)< 1077 /K

stop*




Coincidence measurement
nov 2006 - jun 2007: 960 pb-!

Detector capabilities:

K- stop + LI — ¢, H .,.@ # Selective trigger based on fast scint. detectors
SToP 6 H A 6He + + precise K vertex identification (~ 1 mm3)
L e',' @ (P.ID.+ x,y,z resolution + K* tagging)
f # .. P.ID.
D-CEX {0 F| MwD 3 |;I 'K/,Tp, d, :TID (OSfAﬁia:d LMDC dE/dx)
~252 MeV/c | [ [ | ~134 MeV/c e

6%0 FWHM m- @270 MeV/c, 6% FWHM - @110 MeV/c

(tracker resolution + He bag + thin targets)




FINUDA =«* momentum calibration and resolution:
physical "monochromatic” signals

production of 4,H hyperfragment on SLi
and decay at rest

2
% 22000, 1t = 235.56 MeVi/c
inclusive n- spectrum ©Li target 4 o= 1.1:0.1 MeV/c 4
53000 P g § 29990 on 6Li targets f \
> |
Q - > 18000
Ezsoo:— =
N - 16000
%2000:— Z'bOdy MWD - 14000
§1soof— 12000
C 10000
1000|—
C 8000 J
500 6000 ’
%;l I I9|0I = I1(|)0I = I11|0I = I12|0I = I1iI3;)I = I1ZItOI = I150 1000 \
7 momentum (MeV/c) 2000
u = 132.6+0.1 MeV/c (132.8 MeV/c) o = me  ms 20
o= 1.2+0.1 MeV/c Hee
ve/ndf =79.1/74 FINUDA s+ momentum resolution

(235 MeV/c): K, decay
by-products: continuous monitoring (PLB 698 (2011) 219)
stability



Coincidence measurement

6,H— 6He +

(1(®He)~801 ms) J decay at rest

SLi

if ¢,H is a stable (bound) system
independent 2-body reactions:

M(K) + 3 M(n) + 3M(p) - B(eLi) =[MEH)+ T(6,H) + M(*) +

M(6,H) = 4 M(n) + 2M(p) - B(°He)

l

*He

+ T(eHe) + M) +

M*(*He) + p*(7”) - M(°He)

T+ T() = N

VM C H) + p* () - M(° \H)
MCAH) = MCH) + M(A) - B(A)

M(K") + M(p) - M(n) - B(6Li) + B(®He) -T(®He) - T(6,H) - M(t*) - M(=)

=203.0 + 1.3 MeV (203.5-203.3 MeV with B,= 0-6 MeV)

cut on

T(x*) + T(x): 202204 MeV




W
o
o

counts/1 MeV

a3 selection:
: T()+T() = 202:204 MeV
200[—
150/
- background contribution
100—
0

kw Finuda Coll. and A. Gal,

P20 ““"fa0 Te0 180 200 220 240 NPA 881 (2012) 269.

Tn* + Tn' (MeV)

absolute energy scale: < 300
u+(235.6 MeV/c) from K, >
A< 0.12 MeV/c systematic = 280 ‘

- errors £ B

3 260

n-(132.8 MeV/c) from 4H | 0T, =017 Mev § [

A 0.2 MeV/c £ 240~

- E —

+, 220

oT (m+) = 0.96 MeV, oT (n-) = 0.84 MeV 200/~

0T, = 1.3 MeV :

oT =13 MeV (~05 %) 1801~
uncertainty on T(w+) +T(n-) = 0.2 MeV 160580700120 740 160 T80 200 220

sensitivity of 30 keV per MeV of B,(°\H) n momentum (MeV/c)



lowest
particle stability

Search for bound ¢,H

SH+ A 0.0 MeV
S3H+2n+ A 1.7 MeV
------------------- 2.3 MeV —
e
2
8 —_—> 4AH + 2N — -3.74 MeV
1 . °
= investigated
+ B, interval
bound / —
°\H p(7*) and p(x)
selections

T(m*) + T(x) cut

for 2-body reactions
v ______ 7.1 MeV _




| 250+255 MeV/c (0,7 1.1 MeV/c)
s, [ F
S250/ -4
E [ .. 130137 MeV/c (o,= 1.2 MeV/c)
2240— \z;_“
o 5 1=!?
&1 Finuda Coll. and A. 6al,
w20 . NPA 881 (2012) 269.
2105— "‘.0,.
200[- | ) blue bars: p ,,,._selection regions
S TR PRTSTROTT RO SO including ®,H lowest particle stability
1945

counts/1 MeV/c

20 150 160 170 180 190 200 210 threshold #,H+2n (p,,=251.9 MeV/c,
- momentum (MeV/c)

p.=135.6 MeV/c) B,=2.3:7.1 MeV

3 candidate events

6 0 N A=ma~nT e,
- 2.7 107 K-,, events |
181~ STop L
C - 12 o
12— 2 C L
C § 10— )
10 S i
- 8— i
8— L . :
o : ],
6 C e 4
af- a4 : y
2:_ 2:_ W Il
9_| bl [ Lo .-:I-I| Il |l L1 i Lo 4 [ Ll 0|: | N N v | I | | II- :ll'r_ Loym e
60 180 200 220 240 260 280 300 80 100 120 140 160 180 200 220

¥ momentum (MeV/c) 7 momentum (MeV/c)



7+ momentum (MeV/c)

300

280

260

240

220

200

180

16%

o
=]
o

B,=7.1 MeV

B,=2.3 MeV

120

140 160 180 200

220

7- momentum (MeV/c)

262
260
258
256

momentum

cut: -

202 204

7.7 MeV

LA I LB N L B AL
N,

B,=6.5 MeV

254

252

Ama

200 MeV ™|

momentum
cut: o+

7+ momentum (MeV/c)

250
248
246
244
242

III1III|III|III IIL|III|I I|III|III|II

.
T SR

B,=1.9 MeV

N,
L)

120 125 LK

7T- momentum (

0 135
eV/c)

a-lrjrlllllllllll III|III|I IlLI_L

140 1 145 0 ]

I

Mprod = Mdecay
cut: Ttot




T(n*)+T() cut : systematics

T()+T(m) = 202204 MeV T()+T(n) = 200206 MeV
5260 260
S | =
Sos0f- 2250
E I £
3240 ., 2240
3 N o
2300 o £230
S S

]
)
210F F, 210
«
B ‘3 i
200\ A 200 ]
19 :IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII 19 _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII.|IIII
20 130 140 150 160 170 180 190 200 210 20 130 140 150 160 170 180 190 200 210

- momentum (MeV/c) - momentum (MeV/c)



°AH/K~ g, production rate

‘Background sources
T(+)+T(-)(202+204 MeV) & p(n+)(250+255 MeV/c) & p(n)(130+137 MeV/c):

- fake coincidences 0.27+0.27 ev.

Main physical sources (K s,,N , K'10,NN)

* Kogop + LI = X+ v+ *He + n (end point ~190 MeV/c)
L— n + 7" (end point ~282 MeV/c)
0.16+0.07 ev.
*Kogrop * SLi =4 H+ N+ n+ ¢ (end point ~252MeV/c)
b—4He + (p(m”) = 133 MeV/c)

negligible



Background sources: =+ production and decay
Kosop * 6Li = 2+ 7w+ *He + n
e— Nn+m"

* quasi free approach: 0.743 + 0.019
* 4-body interaction: 0.257 + 0.017 x?/ndf = 40.0/39
*4He + n and "®He" final state

= 400

X 350

300

counts/

250

200

150

100

50

',JIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

—o
N

=
—

Y

o

‘.?"'.'.. “I'-'--I‘.I-I L L L | 1 1 1 | ::II u
160 180 200 220 240
T(x*) + T(") (MeV)

Finuda Coll. and A. Gal, NPA 881 (2012) 269.




130-220 MeV
x2/ndf increases of ~ 3.8
fractions change <0.025 (1.3-1.50)

-
[=2]

counts/1 MeV/c
8III|IIITIIIlIIIlllllllllTlllTlllll

ey
o

o)

[=2)

N

1 1. I N l J 1 =l L I 1 | 1
180 260 280 300

o
@C\( m* momentum (MeV/c)

R
| ©

—o

14

B

12

10

counts/1 MeV/c

IR TR T R : | I | IR T L
80 100 120 140 160 180 200 220

7~ momentum (MeV/c)




momentum
cut: m-
52621 N L L L IS R B ]
S 7.7 MeV B,=2.7 MeV .
2 260 : =
E 258 Ttot = 206 MeV - =
=] % . ]
‘g‘,zss _ 3 B,=6.5 MeV
£ 254 = * pure quasi free approach
- 4 momentum 7 y-
252 ~3 cut: o+ ~ 22 10 K stop MC evenTs
250 1 3 ev. — 0.15+0.09 ev.
248 = B,=1.9 MeV
246 +
244 "E_
242 et
7 momentum (MeV/c) momentum
202 204 cut: mt-
5262 T T
S ool 77 MeV |B=27Mev' - '3
. . (] — R . —
* pure 4-body interaction = ‘ : E
£ 258 B,=6.5 MeV
~2.7 107 K-,,, MC events 3Tk Ttot 1 206 MeV ]
stop S 256 \ . . ~
5ev. = 0.20+£0.11 ev. £k -
g 254 .. — momentum
k2520 . :  cuti i+
paghst e 38,19 Mev
data: ~ 2.7 107 K ,, events SRR E
. sTop .| 246FT%0, L LIV S -
BR(K'stop+ p =2 + =) on nuclei | Berahgom Fnl *o s E
Xt+n — A+ pconv. probability | | i i o :
T3 PR ATII T TR RV e TR PR T AT AN
BR(Z* — n + m+) B T I T R T B VT S VT T
. momentum (MeV/c)




Background sources:

*Kigtop + SLi =% H+n+n+ ! (end point ~252MeV/c)
- 4He + v (p() = 133 MeV/c) negligible
(p(") cut: phase space strong reduction) P~ (2.840.5)°10-8
* Kogrop * SLi =2 +3H +d + v (p() < 165 MeV/c)
b— N+t (p(m*) < 250 MeV/c)
* Kgpop + LI = 3,H + 3n + 7" (p(*) < 242 MeV/c)
—3He + (p(m) ~ 115 MeV/c)
* Kogop * SLi = A +3H + 2n + o (p(*) < 247 MeV/c)
- p+ T (p(m) < 195 MeV/c)
* Kogpop + OLi = ¢ \He + ° (p(=0®) ~ 280 MeV/c)
- OLi+ (p() ~ 108 MeV/c)

n0+ 6Li — ¢He + x* (p(z*) ~ 280 MeV/c forw. dir.)



\H/K- o, production rate
Total background: BGD1 + BGD2 = 0.43 + 0.28 events on SLi

Poisson statistics: 3 events DO NOT belong to pure background: C.L.=
99% (5239)

R * BR(-) = (3 - B6D1 - BGD2) (s(n-))" (e(+)) T / (n. Kgpop 0N 6Li)

Corrections: 6Li targets purity, +0.77 o T(n+)+T(x-) cut, decay in flight
90% 0.5588 10%

R * BR(-) = (2.9 + 2.0) 10-6/K- PRC 40 (1550) RATS

stop '
4Hon’Li=0.2

H. Tamura, et al., R = (5,9 + 4.0) 10-6/K-s1-op

PRC 40 (1989) R479
BR(x-) 4,H = 0.49

FINUDA Coll. and A. Gal, PRL 108 (2012) 042501, NPA 881 (2012) 269




first evidence of ¢,H based on 3 events that
cannot be attributed to pure instrumental and
physical background

kinematics
Tiot p(r*) p(r) M(®,H) M(®,H) AM (°4H)
(MeV) (MeV/c) | (MeV/c) | formation decay (MeV)
(MeV/c?) (MeV/c?)
202.5+1.3 | 251.3+1.1 [ 135.1+1.2 | 5802.33+0.96 | 5801.41+0.84 |0.92+1.28
202.7+1.3 | 250.0+1.1 | 136.9+1.2 | 5803.45+0.96 | 5802.73+0.84 | 0.71+1.28
202.1+1.3 | 253.8+1.1 [ 131.2+1.2 | 5799.97+0.96 | 5798.66+0.84 | 1.31+1.28
FINUDA Coll. and A. Gal, PRL 108 (2012) 042501,

NPA 881 (2012) 269

v B, determination
v' formation - decay mass difference




¢ H binding energy

(N+Y)/Z=5
Dalitz et al., N. Cim. 30 (1963) 489 (binding energy 4.2 MeV)
B o o N L. Majling, NPA 585 (1995) 211c
AHe| 3He| §He | IHe | %3He | 3He| - binding energy
239 312 | 418 | 53 | 716 |(85)| _ prod. rate ~ 10-2* hyp. prod. rate in (K sqp, )

A A |n0l17|n292[nl149|n3.9
XXX halo xxx | halo

o @ | & |42 MeV
3H | 4H | %H | sH | IH M
0.3 | 204 | (31) | 42) | (52)
A | A |n-18]2-5]|3n04
XXX XXX XXX

Y. Akaishi et al., AIP Conf. Proc. 1011 (2008) 277
K.S. Myint, et al., Few Body Sys. Suppl. 12 (2000) 383
Y. Akaishi et al., Frascati Phys. Series XVI (1999) 16

“coherent” A-X coupling in O+ states

— ANN three body force:

Bann = 1.4 MeV, AE(07, - 17) = 2.4 MeV
model originally developed for 4,H and 4,He

'H(°He,2He)°H

77 ///;/ // %/ 7

Superheavy hydrogen %
V.70

0.0

NN force

"Hyperheavy hydrogen"




B,(6,H) determination

mass mean value = 5801 .4+1.1
A= 4.0:£1.1 MeV (°He + A) B=0.3t1.1 MeV (*,H + 2n)

B,= 5.8 MeV (°He + A)
ANN force: 1.4 MeV

*H+A 5805.44 MeV
H+2n+A 5803.74 580394 = B interval
4 1* 5801.9 MeV
H+n+n 580170 N
Dalitz, Majling 5801.24 MeV 0* 5800.9 MeV
6
Akaishi 5799.64 AH 5799.44 =

formation - decay = 0.98:0.74 MeV



formation - decay AM

Spin flip is forbidden in production at rest:
Kostop* SLi (Li=0, S=1) = 6,\H(L¢, S=1) + 7

L, =0 — ¢,H(1*,,.) followed by :

(i) ¢\H(1*exc.) >y +°,H(0*g.s.) (- 10135s) M1
(ii) ©A\H(0* g.s.) — m- + ®He(0* g.s.) (- 10105s)

(°AH(1* exc.) — #\H(O* g.s.) + n + n: p-wavedspin-flip)

— BA(CAH) = (4.5 £ 1.2) MeV vs °He+A from decay mass only
little neutron-excess effect compared to B,(°\He) = (4.18 + 0.10) MeV

Excitation energy of the 1* spin-flip state from a systematic
difference AM = 0.98 + 0.74 MeV between values of ¢\H mass derived
separately from production and from decay.

1* particle stable? O* particle stable?

J-PARC E10



Recent searches: J-PARC - E10

(n-, K*)
H.Sugimura et al., PLB 729 (2014) 39

J-PARC K1.8 beamline p,_= 1.2 GeV/c
no peak structure in the MM spectrum

6 H (°Li) do/dQ: U.L. 1.2 nb/sr 90% C.L.
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9 He search with FINUDA

v (N+Y)/Z =35
v’ stable nuclear core >He + 4n
v n_hGIO ....... 1......:.:.:.:.:.:.:.:.:.:. ................................. 8H€"‘A

Finuda Coll. and A. Gal,
PRC 86 (2012) 057301.

4.9 __________. "He + 2n
39 ... rHe +n
3.1 3/2%,5/2"
investigated
0.0 1/2* - BA interval
9
(MeV)  ,He Majling, NPA 585 (1995) 211c
binding energy = 8.5 MeV

10 MeV —



9 He search with FINUDA

K'stop + 7Be — 7 \He + x*

9 He — 9Li + o = independent 2-body reactions:

(t(°Li)~178 ms)

decay at rest

M(K") + 5 M(n) + 4 M(p) - B(°Be) = M(°,He)

+ T(\He) + M(z*) + T(x*)

M(®,He) = 6 M(n) + 3M(p) - B(°Li) + T(°Li) + M(rv") + T(=t")

l

M?CLi)+ p*(77) - MCLi)

() + T(r) = N\
M(K) + M(p) - M(n) - BCBe) + B(Li) ~TCLi) - T(\He) - M(r*) - M(rr)

AM?C \He)+ p*(w*) - M( He)
MCrHe) = M(*He) + M(A) — B(A)

=195.8 + 1.3 MeV (195.8-195.7 MeV with B,= 0-10 MeV)

cut on

T(r) + T(w): 194.5:197.5 MeV
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Finuda Coll. and A. Gal,
PRC 86 (2012) 057301.

selection:
T(@)+T() = 194.5+197.5 MeV
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7t momentum (MeV/c)

253.5+259 MeV/c (o,= 1.1 MeV/c)
114.5+122MeV/c (0,= 1.2 MeV/c)

B, = 5:10 MeV

Finuda Coll. and A. Gal,
PRC 86 (2012) 057301.
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°\He/K",, production rate

upper limit evaluation

v" 0 observed events
v g(m-), e(o+)

v n. Kgopon ?Be (2.5 107 K-y, events)

R * BR(-) < (2.3£1.9)+10°¢ / (n. K-y, 0 9Be) (90% C.L.)

r\He,s — °Li, +n7) = 0.261T,

from A. Gal, Nucl. Phys. A 828, 72 (2009)

R < 1.6 1072/ (n. Kg,,o0n °Be) (90% C.L.)

PRC 86 (2012) 057301

K.Kubota et al, NPA 602 (1996) 327.
?\He (°Be) U.L.=2.3 10%/K g,




.. coincidence method limits

target | hypernucleus | 2-b MWD lifetime | MWD | MWD 'model’ BR(x-)
daughter 'model' | R*BR(x~)
nucleus
6Li 6 H ®He 801 ms 4 H 0.49
H. Tamura, et al., PRC 40 (1989) R479
‘Li 7\H "He unstable |4H 0.49
H. Tamura, et al., PRC 40 (1989) R479
°Be ,He 9Li 178 ms 9 He |0.261
A. Gal, Nucl. Phys. A 828, 72 (2009)
l2¢ 12 Be 12g 20 ms °,Be 0.154
FINUDA PLB 681 (2009) 139
13C 13 Be 138 173ms |°,Be 0.154
FINUDA PLB 681 (2009) 139
160 16.C 16N 713 s 12.C 0.099

Y.Sato et al., PRC 71 (2005) 025203

production and decay
from the same energy level

T

2-body processes
productionddecay

T

decreasing MWD BR




R (/K-stopped) * 10-°

Overview of n-rich
(K stop, ) production rate vs A

FINUDA: inclusive spectra

FINUDA: coincidence
?\He: R<1.6 10/ (n. K'g,, 0n °Be)
(90% C.L.), PRC 86 (2012) 057301

KEK K.Kubota et al, NPA 602 (1996) 327
full bars: UL., 90% C.L.

theoretical interest for ¢, H

E. Hiyama et al., NPA 908 (2013) 29

D.J. Millener, NPA 881 (2012) 298
A.Gal, D.J.Millener, PLB 725 (2013) 445
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.. inheritance

- very thin targets (0.1 = 0.3 g/cm?): transparency = “high" resolution spectroscopy

- different targets in the same run = high degree of flexibility

- coincidence measurement with large acceptance = decay mode study
- simultaneous tracking of p* from the K* decay = energy and rate calibration

- systematic study of p-shell nuclei

Spectroscopy
Decay: MWD & NMWD

n-rich hypernuclei

* |ow statistics
* |lifetime measurement

« (K*, w*n) method

indications for new, high statistics measurements with "complete” apparatuses



