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FINUDA: FIsica NUcleare a DA®NE

1524 40 ~ (02Z01)0

DA(I)NE Energy (GeV) 0.51
Luminosity (cm-2 s-1) 1032
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N ice Experimen.‘_s Beam Vert. Dim. at IP (mm) 0.021
R.M.S. Bunch length (mm) 30
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The FINUDA detector

2424 Straw Tubes
(longitudinal + stereo

straw tubes

16 Low-Mass LMDC
Drift Chambers

beam pipe -

external TOF ——

72 slabs

superconducting coil

e

compensating magnets

T m

18 u-strip vertex detectors

Inner scintillator barrel - 12 slabs

8 Targets

interaction/target region

Detector capabilities:

+ Selective trigger based on fast scintilla-
tion detectors (TOFINO, TOFONE)

+ precise K vertex identification (<1 mm3)
(ISIM P.ID.+ x,y,z resolution + K* tagging)

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

(67%0 FWHM for n- @270 MeV/c for spectroscopy)

(1% FWHM for n- @270 MeV/c for decay study)

(6% FWHM for n- @110 MeV/c for decay study)
(2% FWHM for p @400 MeV/c for decay study)

(tracker resolution + He bag + thin targets)

4+ Neutron detection TOF (TOFONE-TOFINO)

S

magnetyoke | | [APParatus designed for a

B-10T typical collider experiment:

# Cylindrical geometry
# large solid angle (~ 2x sr)

[Simul’rcmeous study of formation and decay of s’rr'angeN % multi-tracks analysis

hadronic systems by full event reconstruction

experiment at a collider

[The very first example of a (hyper)nuclear physics fixed—‘rar'ge’r}




Hypernuclear Physics @FINUDA

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

K. +AZ A 7 . 7] o ~4.4x102 s
stop specfr%scopy (K ’, K _) pOif‘S:'“Z.ZXIOZ s
AZ AZ+) +iw T MWD collinear, background free,

very low energy

A Z —=A-3(Z-1) IN induced T,
AZ —=A-3(Z-1) +[p+=n*n 2N induced I,

:|» 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

- simultaneous tracking of p* from the K* decay
K' = v, . energy and rate calibration




FINUDA Scientific Program

Main topics (.. not completel):

Hypernuclear spectroscopy: PLB 622 (2005) 35: 12,C
PLB 698 (2011) 219: 7,Li, °,Be, 13,C, 6,0

Weak Decay: NPA 804 (2008) 151: NMWD 5,He, 7,Li, 12,C
PLB 681 (2009) 139: MWD (5,He,) 7,Li, ,Be, 11,B, 15,N
PLB 685 (2010) 247: NMWD & 2N 5, He, 7,Li, 9,Be, 11, B, 12,C,
13 Cc 15N 60
AN A" N A
PLB 701 (2011) 556: NMWD & 2N °,He, 7,Li, °,Be, 11,B, 12,C,
13 C 15N, 16 0
NPA 881 (2012) 322 : (n, n, p) events from 2N
Rare Decays: NPA 835 (2010) 439; 4,He, 3,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: °,He upper limit

data taking oct 2003 - jan 04 nov 2006 - jun 07
Data TGkinQS int. luminosity 220 pb! 960 pb-t
daily luminosity 6 pb! 10 pb!
Total events (M) 30 200
Targets 6Li (2), 7Li (1), *2C (3), ?7Al (1), 5V (1) SLi (2), "Li (2), °Be (2), 13C (1), D20 (1)




Hypernuclear Spectroscopy: p-shell
B, = M(AZ) + M(A) - M, M.Agnello et Ol., PLB 622 (2005) 35: IZAC
A YP

i Gp—— o M.Agnello et al., PLB 698 (2011) 219
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First world measurement of
formation probability for 7,Li, °,Be, 13,C, 16,0

100/ | | Hypernuclei Li B, Ex Formation probability
5 . (MeV) (MeV) per stopped K~ (1073)
1200¢ Fit 1 5.8 0.4 - 0.37£0.04 =0.05
- 2 41+0.4 1.7 0.46 = 0.05 +0.06
10001 3 2.6+0.4 32 0.21+0.03 +0.03
800

the ground state from emulsion data 1.04£0.12+0.14
Ba =-5.58 £ 0.03 MeV \

600F

4°°; Formation probability
connected o the number of events in the peaks, calculated

taking into account acceptances and efficiencies

% 40 30 20 10 0 (K*—uv - rate calibrated apparatus)

200}

B, (MeV)

Comparison with theory:

Absolute energy scale known at the level of 0.3 MeV ACieply et al., PLB 698 (2011) 226

(we know from the K*—uv - self calibrated apparatus)
momentum resolution: 0.5-0.9% FWHM

Constraints on the threshold K-

Comparison with: nuclear potential from FINUDA

B,g.s.: emulsion exp. M. Juric et al., NPB 52 (1973), 1 (,Li, %,Be, 3,C) AZ(K stop, ©)*4Z spectra: partial

Excitation energies: (+,K+) KEK experiments: O. Hashimoto, H. Tamura, PPNP formation rates slightly favors a
57 (2006) 564 (KEK E336 data) (,Li, °,Be, 16,0) deep K- nuclear potential,

y spectroscopy: 7,Li, 9 Be: KEK E419, H. Tamura et al. NPA 754 (2005) 58¢ Re Vi.(po) = 150-200 MeV

13,C: (K-,m- v) CERN, PRC 65, 034607
16, O: BNL E930('01) PRC 77 (2008) 054315. 7




Hypernuclear weak decay studies: p-shell

Coincidence measurement: decay from g.s./low lying states

charged Mesonic channel charged Non-Mesonic channel
K- stop + ZeAzg} K-sprZeAAZJr@
2N (D AZ=ARZ) (P
S EX :
260-280 MeV/c b 1’1"(\)"‘&2\/ e NMV\‘(D
' 7 L [ [7




MWD & NMWD in FINUDA: strategy

counts /(0.25 MeV)
3
o

Inclusive production = spectra
K~np background corrected
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Mesonic decay ratio: T,_ / T, J~ assignment:
AL —AZ+]) + 7 Li (1/2+),9,Be (1/29),

r,./T,

11 +\ 15 +
rn-/rA=rtot/rA. BRn— AB (5/2 ), AN (3/2 )
- first determination
0.5
B @ present data -
C B T. Motoba PTPS 117 (1994) 477 % 300
0.4: l L A previous data % -
- ! * A.Gal NPA 828 (2009) 72 i A
0.3 ‘T’ 8 pool- "Be; 3/27 & 1/27 (429keV)
. i - 3-body deF s
- 150
0.2— * -
E + T 1oo? \
0.1 o sof- 1t
_strong nuclear structure effects * | ty,
0 I T S S S S B S 7“‘2b““2%““3h““3‘ H‘4‘(]‘“‘4‘5‘“‘5‘0””5‘5””60
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A [::o.zsé
Extensive calculations: 02f
Motoba et al., Progr. Theor. Phys. Suppl. 117 (1994) 477 - -2
15— —
- Gal Nucl. Phys. A 828 (2009) 72.
YE AGal NPA 828
nt distortion, MWD enhancement proved ! 0.05- (2009) 72
o\\\‘\\\\ Lo Lo b by Ly
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NMWD: single p spectra

]
T

AZ —>A2Z-1)+p+n — 15 MeV threshold | ~*5,C ¢
A A-3(7_ oBE FINUDA NPA 804 (2008),151 g
A=A D) wprnsn oo 1 :
M. Agnello et al., NPA 804 (2008), 151 st (Ek Efo2/ES08 1 3
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. r \O
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0.05 I +_._ R
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Al b w
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NMWD: I',\, from systematics
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M.Agnello et al. PLB 685 (2010) 247 from (n—, p) events

Alow
R =

Alow + Ahigh

0.5 +TI,/T,
—+b A
1+T,/T,

2N induced in single spectra

IN induced | T not distinguishable
FSI

T,/Tyy = (Fz/Fp)/@i+ I,/T,)=0.24 + 0.10

Bhang et al., EPT A33 (2007) 259

M. Kim et al., PRL 103 (2009) 182502: 0.29 + 0.13 12,C

J.D.Parker et al., PRC 76 (2007), 035501: < 0.24 (95% CL) 4 ,He
M.Agnello et al., PLB 701 (2011) 556 from (-, p, n) events

_p
o

£

|
=

I“Z/l“p =0.39:+0. 165707 +O'O4-O_03sys

R(A) =

N, (cos 62- 0.8, E,<u-20 MeV)

= +b A
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NMWD: evidence for (n—, p, h, n) events

3 fourfold coincidence (r-,n,n,p) events:
1 exclusive °,Be—CLi+p+n+n event

2 exclusive Anp—nnp 7 ,Li—*He+p+n+n decay events

p,. =276.93 MeV/c
E,.; = 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°
0 (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 |

13




Search for light n-rich hypernuclei
physics motivations

Hypernuclei with a large neutron excess: R.H. Dalitz, R. Levi Setti., N. Cim. 30
(1963) 489, L. Majling, NP A 585 (1995) 211c, Y. Akaishi et al., Frascati Physics
Series XVI (1999) 59.

The Pauli principle does not apply to the A inside the nucleus + extra binding
energy (/\ "glue-like” role) = a larger number of neutrons can be bound with
respect to ordinary nuclei.

Neutron drip-line:

response of neutron halo on embedding of A hyperon, hypernuclear species with
unstable nuclear core, extending the neutron drip line beyond the standard limits
of n-rich nuclei

Hypernuclear physics:
AN interactions at low densities, the réle of 3-body forces
huclear core compression (7,Li vs ¢Li: H.Tamura et al., Phys.Rev. Lett. 84 (2000) 5963)

FINUDA physics program: PLB 640 (2006) 145: upper limits ¢,H, 7 ,\H and 2,Be
PRL 108 (2012) 042501, NPA 881 (2012) 269:

6 H observation
PRC 86 (2012) 057301: 9AHe upper limit 14



Search for light n-rich hypernuclei

y (K-s'rop: J'l:+)
K+p—=A+nd W +p—=>n+nt (2-step) S-EX+C-EX
K+p—=Ko+n Ko+p—A+nt (2-step) C-EX+ S-EX
K+p—=Z+mx S+pes nN+A  (l-step) S-EX

Inclusive nt+ spectrum

K.Kubota et al, NPA 602 (1996) 327.
?\He (°Be) U.L.=2.3 104/K g;,,:  12,Be(12C) U.L.=6.1 10-°/K g,
1,C(*0) UL=6.210°/K&,, bound core nuclei

3 L B, (MeV
M. Agnello et al. Phys. Lett. B 640 (2006) 145 S1o0- LI HHW 0w
6,\H (6Li) UL= (2.5 £ 1.4) 105/K,, ; S W| ] 8 +
7HOLi) UL= (45+ 1.4) 105/K; E ¢ | b |
2, Be('2C) U.L.= (2.0 £ 0.4) 105/K-,,, 8 o I M hﬁH Fod
UL.@90% CL. =) ||+ ooy LT AT
E +H* |i T
background: o Cwen
K_s‘rop +pp = 2Zt+n 402_ Li | ” l . ' ' ‘
st — a1t (~100-320 MeV/c) l' W‘“ m:ﬂH J{
20 '
M" l‘ HN Ll
: ||\ W "
background subtracted spectra %’0 Bt ol 1 1o Hi L

200 250 350
not acceptance corrected ™ momentum (MeWc) 5



Coincidence measurement

FINUDA n* momentum calibration and resolution:
physical "monochromatic” signals monitoring

2000

6,H —6He +/T") n: 4 H hyperfragment decay at rest
R T3000[—
D-CEX /7 MWD s [ u® 132.6+0.1 MeV/c (132.8 MeV/c)
N / ’,' N w2500~ 0= 1.2+0.1 MeV/c
252 MeV/c | ; 134 MeV/c 8 e /ndf - 79.1/74
— 2

NPA 881 (2012) 269 | /

1500

o0©

11

ar
T LT

1000

500 - - H. Tamura, P (1989) R479
- R(“\H, 7LiY’= 0.030£0.004/K-,,

Cooert™ o e R
% 90 100 110 120 130 140 150

7 momentum (MeV/c)
K, decay: PLB 698 (2011) 219

izzooo u =235.56 MeVic
9 0= 1.1:0.1 MeV/c}
§°% on tLi targets
Ewooo
16000
14000
absolute energy scale: 12000
u+(235.6 MeV/c) from K ,. A< 0.12 MeV/c 10000
m- (132 8 MeV/c) from 4 H A <0.2 MeV/c \
Tyys = 0.17 MeV .
« (+) = 0.96 MeV, oT,,, (1-) = 0.84 MeV @
GTexp = 1.3 MeV 2
oT =13 MeV ) .
220 225 230 235 240

MeVic



Coincidence measurement
Kostop *+ OLi = 6 \H + " l

°\H—®He + -
(x(6He)~801 ms)

if ¢,H is a stable system independent 2-body
reactions: decay at rest

VM H) + p*() - M(° \H)
\/M2(6He) +p*(w”) — M(°He) M H) = MCH) + M(A) - B(A)
T+ T(r) = N /
M(K™) + M(p) - M(n) - B(6Li) + B(°He) -T(¢He) - T(6,H) - M(z*) - M(x)
=203.0 + 1.3 MeV (203.5-203.3 MeV with B,= 06 MeV)
cut on T(x*) + T(): 202-204 MeV
cut on p(m*) and p(x7)

5H + A 0.0 MeV Korsheninnikov et al., PRL 87, 092501 (2001)
>
3 ,

£ H+2n+A - - L7 MeV 2 3 Mev -

g3
862 . 4H.2 374 MeV N
20 A n = ' investigated
kS :E) 4.‘:: / i B, interval

S bound

°\H p(=) and p(x)
selections

T(r*) + T(x) cut
for 2-body reactions \ 7.1 MeV _




T ied P L B B B N BN
< |
> F .
L 20 _ Finuda Coll. and A. Gal,
'c 260 = NPA 881 (2012) 269.
> .
% 2401 -
g - 1]
2 220f .
+ B |
B 200[ =
180(— =
L P R T R T momentum
- momentum (MeV/c) cut: -
202 204 7.7 MeV | B,=2.
L M NEAE N R U
~ - N
T()+T(x) = 202:204 MeV P SN
S |
250:255 MeV/c (0,= 1.1 MeV/c) | § 2 ™ Nt {8,765 MeV
c 28 ! E momentum
< - 200 MeV ™, “ 3 .
130:137 MeV/c (0,7 1.2 MeV/c) | § =2 COINONOR™N 4 en
+ F S -1B,=1.9 Mev
£ 208 “ =
B,=7.1 MeV 2461, E
244} PRI BN . o
B/\:2'3 Mev 242_I12|0I - I12|5: = I1"0I = I13|5I . I;A;)I : I‘.I145I = I1_50,
) P - momentum (MeV/c) !
www.epj-conferences.org Mprod = Mdecay
Vol. 66 (2014) cut: Ttot
epjconf_inpc2013_09003 '




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

T(e)+ T(v) = 202204 MeV

[=2]
o

(MeV/c),
3
1 | LI

N

=S

(=)
TT T 7T

o

* momentum
W
o
I | I
v
&

200\ A

190,5"130 140 150 160 170 180 190 200 210
7~ momentum (MeV/c)

TGe)+T(r) = 200:206 MeV

200

m
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- momentum (MeV/c)
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2% 250+255 MeV/c (o,= 1.1 MeV/c)
> F
E250F
e [ .. 130137 MeV/c (0,= 1.2 MeV/c)
2240— e
o - 2
3 ",
= Finuda Coll. and A. Gal,
w220~ : NPA 881 (2012) 269.
210F "‘r.,'
200} ) blue bars: p ., selection regions
F o including ¢,H lowest particle stability
19056130 140 150 160 170 180 190 200 210 threshold 4,H+2n (p,,=251.9 MeV/c,
% MOmSniEn (kevac) p,=135.6 MeV/c)  B,=2.3:7.1 MeV
o & 3 candidate events
3 :j_ 27107 Kgyppevents | [
96:0 BT ‘éocl)l'“' T R R °s|:o T TR a0 e TR e 520

7t momentum (MeV/c)

7~ momentum (MeV/c)



*AH/K~ ¢, production rate

Background sources:

» fake coincidences: T(rt+)+T(n-)(202-204 MeV) & n+(249+255 MeV/c) &

n" (130138 MeV/c) 0.27+0.27 ev.
* Kogpop * SLi = = + v+ *He + n (end point ~190 MeV/c)

L— n+T (end point ~282 MeV/c) 0.16+0.07 ev.
* Kgrop * SLi =4 H+n+n+ (end point ~252MeV/c)

L— ‘4He + (p(m) = 133 MeV/c) negligible

°\H/K- ., production rate

Total background: BGD1 + BGD2 = 0.43 + 0.28 events on °Li

Poisson statistics: 3 events DO NOT belong to pure background: C.L.= 99%
R * BR(n-) = (3 - BGD1 - B6D2) / [e(n-) e(m+) (n. Kgyp 0N OLi)]

R * BR(n-) = (2.9 & 2.0) 10°6/K-,,

H. Tamura, et al.,
PRC 40 (1989) R479 R=(5.9 +4.0) 10‘6/K‘sfop UL=(2.5 + 0.404 ;) 10-5/K 4

BR(7-) 4,H =0.49 Agnello et al.,

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

21




first evidence of ¢,H based on 3 events that
cannot be attributed to pure instrumental and
physical background (S=3.9)

kinematics
Tiot p(*) p(r) M(6,H) M(é,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

22



B.(°,H) determination

— Dalitz et al., N. Cim. 30 (1963) 489 (B, ~ 4.2 MeV)
mass mean value = 5801 .4+1.1 A

L. Majling, NPA 585 (1995) 211c

- 5
BA 4.0:1.1 MeV ( He + A) —dJ Y. Akaishi et al., AIP Conf. Proc. 1011 (2008) 277

"coherent” A-X coupling in O+ states

B,= 5.8 MeV (°He + A) — ANN three body force:
ANN force: 1.4 MeV Bann = 1.4 MeV, AE(O*, - 1') = 2.4 MeV
model originally developed for 4,H and #,He
*H+A 5805.44 MeV

H+2n+A______ 5803.74 580394 = B, interval

4 1*  5801.9 MeV

H+n+n 5801.70 580143 °

Dalitz, Majling ———— 5801.24 MeV 0" 5800.9 MeV
6
Akaishi —— 5799.64 AH 5799.44 —

formation - decay = 0.98:0.74 MeV
— excitation spectrum of ¢,H 23



formation - decay AM

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

spin flip is forbidden in production at rest:

E. Hiyama et al,,
Kstop* LI (L=0, S=1) = 6\H(L¢, S=1) + NPA 908 (2013) 29.
L.f =0 = oAH(L%.,) followed by : A.Gal, D.J.Millener
(i) °AH(1*exc.) = v+ °\H(0"g.s.) (- 107°s) M1 | pLB 725 (2013) 445.
(ii) 6AH(O* g.s.) — m- + °He(0*g.s.) (- 1010s) upper bound: 3.83 MeV

— 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 (PLB 729 (2014) 39) no signal of ¢,H formation in (-, K+)



? ,He search with FINUDA

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

» (N+Y)/Z=35
> stable nuclear core
> n-halo

Selections:

T(x*) + T(w): 194.5+197.5 MeV (195.8+195.7 MeV with B,= 010 MeV)
» 253.5:259 MeV/c (o,= 1.1 MeV/c)
» 1145:122MeV/c (o,= 1.2 MeV/c) B, = 5-10 MeV

Majling, NPA 585 (1995) 211c: B, = 8.5 MeV

v 0 observed events
v g(m-), e(m+) &n. Kgyop 0n 7Be (2.5 107 Ky, events)

R * BR(n-) < (2.381.9)+106 / (n. K-y, 0 9Be) (90% C.L.)

r(9AHegs — 9|_igs +77)=0.261T, from A. Gal, Nucl. Phys. A 828, 72 (2009)

R < 1.6 103 / (n. K-y, 0n 9Be) (90% C.L.)

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




5805.44 MeV

M+2n+¢A__ 5803.74 - .
B, interval
Han+n 5801.70 T 1*  5801.9 MeV
- 5801.4
Dalitz, —————— 9801.24 MeV —_— 0% 5800.9 MeV
Majling
Akaishi — 5799.64 f\H i
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NMWD: I, from (n—, p) events

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

NMWD p Lon/Tamwn, T2/T1 & T /T, independent on A
S
2 A, sSpectrum area below u
=" 2, ¢ “IN'+ 2N + FST
guo - - Anigh: Spectrum area above w
3120 gaussian fit IN '+ FSI
100 free u Z2N(>70 MeV) ~ 5% 2N,

O TTTTTTT T TTT T T T TT T[T TT ] TTT T T T TTT
R RN RN LN R LR R

80 ~ 1.20
60 Ahigh ?l 1 15_ FoTT T CTTTTTTT T e !
40 f F | FSIlinear on A up to A=16 |
| S '
20 ¢ L
o . 50.9;—
20 40 60 00120 740 760 980 200 < 08
Kinetic Energy (MeV) C
Alow 0.7
i Alow + Ahigh i 0.6;—
51—
0.5 N(Ap —np) +N(Anp —nnp) + NFST 2
0 2 4 6 8 10 12 14 16 18
A
N(Ap — np) + N(Anp —nhnp) + N_FST'
" /Ty = (To/T)/(T,/Ty 1+T,/T,) = 0.24 + 0.10
05 +1./T \Bhang et al., EPJ A33 (2007) 259
R(A)- .
(A)=a+bA = +b A - : 12
1+1./T M. Kim et al., PRL 103 (2009) 182502: 0.29 + 0.13 2,¢
2"~ p J.D.Parker et al., PRC 76 (2007), 035501: < 0.24 (95% CL) & ,He



NMWD: I',\, from (n—, p, h) events
M.Agnello et al., PLB 701 (2011) 556

N, (cos 63- 0.8, E < u-20 MeV) N(Anp—hnp) + NFsI
R(A) = i
N, ( Ep>u p single spectra fit) 0.5 N(Ap-hp) + NFS?
I
R(A) =a+b A =
(A) 05 rp+ bA I,/T, not dependent on A
r,/T,

%T 1.2 0.39+0.16 +O.O4Sys-0.035ys
| _shell
z 1 atics: al P

syster® T2/Tym

0.21:0.07,,,+0.03,,,-0.02

M. Kim et al., PRL 103 (2009) 182502:

0.29 + 0.13 12,C

W\ FINUDA Coll. et al., PLB 685 (2010) 247:
| 0.24+ 0.10

T * low statistics
° 2 4 6 8 10 12 14 16 118  direct measurement
 reduced error

o
»
/
- {
@o——
{
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?\He/K~,, production rate

upper limit evaluation

v" 0 observed events
v’ g(n-), e(o+)

v n. Kgop0n ?Be (2.5 107 Ky, events)

R * BR(ni-) < (2.3£1.9)+10°6 / (n. K-y, 0N 9Be) (90% C.L.)

r(°Hey, — %Lijg+ )= 0.261T,

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

R < 1.6 10/ (n. K g,,on °Be) (90% C.L.)

PRC 86 (2012) 057301

K.Kubota et al, NPA 602 (1996) 327.
?\He (°Be) U.L.=2.3 104/K g,




Renewed theoretical interest

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

tnnA four-body cluster model of ¢,H: particle unstable, A-= mixing not explicitly included,
complex pole position of °H

A

A_.Gal, D.J.Millener, PLB 725 (2013) 445.

Shell model calculations for p-shell hypernuclei, D.J. Millener, NPA 881 (2012) 298.

AN effective interactions from y-ray p-shell data & ’rheore’ricallx motivated A-X terms:
n-rich hypernuclei in p-shell and beyond (°\He, ¥°,Li, 12,Be, 14,B, *°,Ca, 2°°,Pb)

beyond mean-field AB95, SM contributions o normal parity g.s. of n-rich hypernuclei
modest effect from A-X coupling

beyond mean-field AB95:, generated by AN spin dependence terms

H: spin-flip production forbidden:; is (1°,,.) particle stable? is (0, ) particle stable?

upper bound: B, (°,H) ~ BA(*\H)+0.8[BA("\He)-BA(°\He)] = 3.83 MeV (4,H + 2n: -3.74 MeV);
very v_veale bound ¢,H (0 *g.s.) and particle-unstable ¢,H (1* excg that decays by
emitting a low-energy neutron pair: ¢ \H(1* exc.) — 4,H(0* g.s.) + 2n.

strong decay suppressed kinematically and dynamically:

- I]gin%r.r:jagically: since s-wave emission requires a 3S; dineutron configuration which is Pauli-
orbidden,

— the Pauli allowed p-wave emission, kinematically suppressed at low energy, requires that both
¢ \H constituents, 4\H and 2n, flip their Pauli spin which is disfavored dynamically.

This leaves open the possibility that M1y emission to ¢,H (0* g.s.) provides a
competitive decay mode of the 1*exc. level.



Kgtop * 6Li — 6,H +@@)

reactions at rest stable ¢ ,\H
°\H — ¢He +@@)

T(r) + Ter) =
M(K") + M(p) - M(n) - B(°Li) + B(®He) -T(®He) - T(®,H) - M(t*) - M(=r)
=203.0 + 1.3 MeV (203.5-203.3 MeV with B,= 0-6 MeV)

Kgtop + OLi — & H(1") +@@) S(eLi) = 1

S\H(1*) =% H, s+ n+n reactions at rest

*\Hys. = *He s +@ o resonant ¢,H

above 4 H, s+n+n
threshold

T(n*)+ T(w) = [T(x*) + T(x )] (6,\H) - 203 MeV
[M(6,\H(1%)) - N\(4AH9.S.) - 2M(n)] - 6 H(1*) available decay energy: (1+1) MeV
[B(°He) - B(*He)] + (29.3 - 28.3) MeV
[T(¢He) - T(*He)] <« 1 MeV, neglected

= 201 MeV (stronger =+ background)



FINUDA's strong points in favor of a particle stable ¢\H 0* g.s. and
of a M1y emission ¢,H(1* exc.) = ¢\H(0* g.s.):

* observation of a weak-decay n~ with momentum distinctly different
from 132.8 MeV/c (*\H— “He ; + ')

« kinematic cut on Ttot (Mprod=Mdecay)

stable ¢, H
(or "metastable”)  momentum

resonant ¢,H—4%,H + 2n

\ cut: ;-
2 MeV T(r) + T() selecﬂon 2024 204 77 MeV [B,=2.7 Mev
D N U L R
260
O 2| |
E 256F- \{‘ro‘r = 206 MeV 3B,=6.5 MeV
= | N .
— 254 3
£ - 200 MeV g momentum
3 282 - cut: m+
c A.-..: * 1
£ F 1 B.-1.9 MeV
o) 248— 3
f 246 , —
PV 0 é
E.|....|T..T L1 |\:
2427755 125 130 135 130 | 145 150 |
- momentum (MeV/c) !

Mprod = Mdecay
cut: Ttot



N
[22]
o
N

7* momentum (MeV/c)

220(—

counts/(1 MeV/c)
3
\

10

5

P..= 250.4 MeV/c
M., = 5803.2 MeV/c?
p.= 131.9 MeV/c
Mgecoy = 5799.1 MeV/c?
AM = 4.1 MeV/c?

111 ‘ .| ‘ | | ‘ 111 ‘ L 111
170 180 190 200 210
7 momentum (MeV/c)

.

Peo—

180

200

L PR B 5 R BT
220 240 260 280 300
7" momentum (MeV/c)

selection:

T(@)+T() = 199:201 MeV

250+255 MeV/c (o,= 1.1 MeV/c)

130:137 MeV/c (0,= 1.2 MeV/c)

red bars: p ., Selection regions
including ¢ ,H lowest particle stability
threshold #,H+2n (p,,=251.9 MeV/c,
p,.=135.6 MeV/c)

B,=2.3:7.1 MeV

counts/(1 MeV/c)
© S o =
\l\

(=]

F-Y
T T

N
T

|
HHHH L HH

B L L L ‘ L L
%0 100

L ‘ L
120

Il Il Il Il ‘ Il Il Il
140 160 180 200 220
- momentum (MeV/c)




kinematics compatibility: events scan




R (/K-stopped) * 10-°

N w b
I

)

o o
I I

—
|

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

2.3 104

16 ¢
12
\Be A

FINUDA: inclusive spectra

FINUDA: coincidence
?\He: R < 1.6 10 / (n. K;4,, on “Be)
(90% C.L.), PRC 86 (2012) 057301

KEK K.Kubota et al, NPA 602 (1996) 327
full bars: U.L.,, 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

12

16
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°AH/K~ ¢, production rate

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

- fake coincidences 0.27+0.27 ev.

Main physical sources

* Kgiop + SLi ==+ v+ *He + n (end point ~190 MeV/c)
L— n+ 7 (end point ~282 MeV/c)
0.16+0.07 ev.
*Kogrop + 6Li =4 H+ n+n+ (end point ~252MeV/c)
—4He + 1 (p(JT,_) =133 MeV/c)

negligible



Background sources:

* Kogrop + SLi =4 H+n+n+ (end point ~252MeV/c)
= 4He + v (p() = 133 MeV/c) negligible
(p(=") cut: phase space strong reduction) P~ (2.8:0.5)*108

* Kgpop + SLi =2t +3H +d + v (p(m) < 165 MeV/c)

— n+xt (p(m*) < 250 MeV/c)

* Kogpop * SLi =3, H+ 3n+ (p(x*) < 242 MeV/c)
—3He + (p(m) ~ 115 MeV/c)

* Kogrop + 6Li = A +3H + 2n + o (p(n*) < 247 MeV/c)
- p+ T (p(m7) < 195 MeV/c)

* Kstop + OLi =6, He + O (p(n°) ~ 280 MeV/c)
- OLi + (p(m) ~ 108 MeV/c)

n'+ 6Li — ®He + x* (p(=*) ~ 280 MeV/c forw. dir.)



Background sources: =+ production and decay
Kosrop + 6Li = 2 + 70 + *He + n
e N+7"

* 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

MeV

= 350

S

300

count

250
200

150

100

50

'lIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

=0
N
ol
—r
S
o

IR, o

N oo |

Il Il Il 1 I 1 1 1
160 180 200 220 240

T(7*) + 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)

counts/1 MeV/c

counts/1 MeV/c

[y [y Y [y
P~ N [=2] (o] o N £ =]
of TTT | TTT | TTT | TTT | TTT | TTT | TTT | TTT | T

H

-0

180

L !
240

. J 1 =l 1 I 1 1 1
260 280 300
7t momentum (MeV/c)

14

12

10

1 |100| I

|120|.

:ﬂ.’l Lo

120 160

1 I 1 L il
180 200 220

- momentum (MeV/c)



204

momentum
cut: m-

202
—

'6262 [ T T 1 1 1 | T T 1 | T 1 T 1 | T 1 1 1

S 77 MeV  |B,=2.7 MeV

§ 260 °

5258 Ttot = 206 MeV .

Saselr . - ‘ B,=6.5 MeV

2 254 .2.00. MeV

" I S momentum
ool cut: o+

* pure 4-body interaction
~ 2.7 107 K g4, MC events

5ev.—0.20 ev.

B,=1.9 MeV

202 204

3 ev.

* pure quasi free approach
~ 2.2 107 K 44, MC events

— 0.15 ev.

momentum
cut: -

data: ~ 2.7 107 K, events
BR(Kg4op+ p =" + 71-) on nuclei
=*+n — A+ p conv. probability

BR(Z* — n + m+)

A262 N T T I ! T T ! T T T T T T T T T T T T I T T T T _
S el - , 77 MV |Bz27Mev' - '3
() — . . ]
E : 3 X o L :
£ 258} . —B,=6.5 MeV
2 k e Ttot 3 206 MeV | 3
5256 . . \ ) . -
< o o i .o . © N -
E254 .. ."* 200 MeV-. — momentum
P S I o cutim+
[ T - . o . 4 ]
2501+ denm s i
C o, A 3
248 [0 "0, 00 '.... 7 B :19 N\eV
= 9 - o o 0.. b . ]
e o® % ¢ o e & e ]
L S A =
A L P O . .
244 __.L. ...ﬁ ~°e .” . .:‘.: S o c ]
EA ."l“ 'N..o ° .o.'.....o.' N Je%% 0 .o o —
PP L L P IR I S R 5
. !.' f:é i‘: ..:| :.I; ..h ‘:‘.I:.I; L '|.n :l..:l ...I...f o P .I...I. |'..0| 4 eN\ye 1 N T
120 125 130 135 140 145 150

7 momentum (MeV/c)



Interaction region Tracking/outer regions

target region tracker
« 12 scintillators (TOFINO) » 10 silicon microstrip layer (OSIM)
8 silicon microstrips layer (ISIM) » 2x8 Low Mass Drift Chamber layers
« 8 targets » 6x404 stereo straw tube layer system
10 silicon microstrip layer (OSIM) «B=1T

"  He bag

outer region
» 72 scintillator slab s

* frigger
» n detection




.. coincidence method limits

target | hypernucleus | 2-b MWD lifetime | MWD | MWD 'model’ BR(r-)
daughter 'model’ | R*BR(n—)
hucleus
6Li 6 H SHe 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
9Be °,He oLi 178 ms 9 He |0.261
A. Gal, Nucl. Phys. A 828, 72 (2009)
12¢C 12 Be 12 20 ms °.Be 0.154
FINUDA PLB 681 (2009) 139
13¢C 13 Be 138 173 ms |°,Be 0.154
FINUDA PLB 681 (2009) 139
160 16 C 16N 7.13s 12.C 0.099
Y.Sato et al., PRC 71 (2005) 025203

T

production and decay
from the same energy level

2-body processes

production&decay

T

decreasing MWD BR




¢ H binding energy

o | L. Majling, NPA 585 (1995) 211c

- prod. rate ~ 102 * hyp. prod. rate in (K g, )

'H(°He,He)H

i
A

(N+Y)/Z=5
Dalitz et al., N. Cim. 30 (1963) 489 (binding energy 4.2 MeV)
B Q ¢
AHe | iHe| SHe | THe | §He | 3He | - binding energy
239 [ 3.12 | 4.18 | 523 | 7.16 | (8.5)
A | A [n017|n292(n149|n3.9
xxx | halo xxx | halo
o | o & | 42 MeV
SH | 4H | %H | SH | IH
0.13 | 204 | (3.1) | (42) | (5.2)
A A |n-1.8]| 2n-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 %,He

)
/4
Superheavy hydrogen ?// %
1 7/ IS
- 7 (// /////

"Hyperheavy hydrogen" 44



FINUDA: the Collaboration

Collaborating institutes

* University (Wb
of Victoria kE

.\ Seoul

“ National University

) Bari University & INFN Bari

INEFN Brescia University & INFN Pavia ‘
- ©E520 pavia University & INFN Pavia
Torino Polytechnic & INFN Torino
Torino University & INFN Torino L, :
: : . : Teheran %
Trieste University & INFN Trieste (V)10 e Beheshty University
L.N.F. / INFN Frascati

Data takings

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),12C (3),%7Al (1),%V (1)  SLi (2), "Li (2), °Be (2), 13C (1), D20 (1)




°,Li (°\He+p)
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