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Outlinej

» introduction

% the experimental setup
o the DAONE machine
o the FINUDA experiment

% hypernuclear physics results:

e search for neutron-rich hypernuclei
e 2 o/ induced hypernucleus weak decay
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The DA®NE machineJ

o
—
S
N
)
o)
5
@
&
=
3
g
8
-
'_

Alessandro Feliciello / J-PARC



ry

The DA®PNE d-facto

INFN

Istrifg Nazionale
di Fislca Nuecloare

"2T02 '9 Jequeeq ‘ueder ‘101 ‘OHVd-C / 0|PI01P 0IpUessay




The DA®DNE ete- collider

‘.‘g p o
AVaRE 4 $
Frascati ®-Factory complex + DAONE |
e & -
‘ - F o
N J H 32.5 1
8] : :
LINAC .
2 e /550 MeV e+ T
[SI b= M 800 MeV e- y
Al
N =t . TES energy 510 MeV
=
B luminosity <5x 1032 cm2st
:
o g, (rms) 2.11 mm
&
g . i < 0 et o, (rms) 0.021 mm
1 N ph ACCUMULATOR
S - 510 MeV o, (rms) 35 mm ) N
5:5 AV | “““"‘31‘“2 e e
< == bunch length 30 mm \ /
E crossing angle 125mrad | @ c--mememeee R -
D
2 frequency (max) 368.25 MHz 12.5 mrad 12.5 mrad
LL
= bunch/ring up to 120 Dq)
g part./bunch 8.9 1010
current/ring 5.2 A (max)
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What one can do with a ®-factory? J

source of (nearly) monochromatic, collinear,
background free, tagged neutral and charged kaons

KLOE
CP, CPT violation
chiral dynamics
and more..

KK,
(340/0/

FINUDA
hypernuclear physics

< (49%)

DEAR/SIDDHARTA
exotic atoms

Double
Annular
(I)-factory for
Nice

Experiments



The FINUDA way| @

e+ et— & o= 3.26 ub < = 1x1032 cm2s1 ~ 300 Hz
% K-+ KT Tr- ~ 16.1 MeV ~ 150 Hz
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The FINUDA apparatus

... hothing by chance
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@) The FINUDA apparatus
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e high resolution A | osim

e high acceptance .

e realistic (feasible)
e reasonable cost

magnetic spectrometer  gewindow

beam pipe

straw tubes

LMDC

beam pipe

TOFONE

superconducting coil

compensating magnets

1T m

—

interaction/target region
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@D FINUDA key features| @

@« very thin nuclear targets (0.1 = 0.3 g/cm?)

[ high resolution spectroscopy }

@ coincidence measurement with large acceptance

Q’ [decay mode study}

& event by event K* tagging

Q’ [continuous energy and rate calibration ]

@ irradiation of different targets in the same run

Q’ [systematic error reduction ]

15



A paradigmatic example of collaborationjé

FINUDA
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Search for

neutron-rich hypernuclei

4
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M. Agnello et al., PLB 640 (2006) 145
M. Agnello et al., PRL 108 (2012) 042501
M. Agnello et al., NPA 881 (2012) 269
M. Agnello et al., PRC 86 (2012) 057301

nuclear

models

EF | spectroscopy
(5]

M. Agnello et al., PLB 622 (2005) 35
M. Agnello et al., PLB 681 (2009) 139 .
M. Agnello et al., NPA 835 (2010) 414 medium
M. Agnello et al., PLB 698 (2011) 219 effect

low-energy
o#~Y interaction

[— neutron rich
qm S A-hypernuclei

(weak) decay

4B weak
interaction

18

quark

substructures

M. Agnello et al., PRL 94 (2005) 212303

(@

M. Agnello et al., NPA 804 (2008) 151
M. Agnello et al., PLB 681 (2009) 139
M. Agnello et al., NPA 835 (2010) 439
M. Agnello et al., PLB 685 (2010) 247
M. Agnello et al., NPA 835 (2010) 439
M. Agnello et al., PLB 701 (2011) 556

M. Agnello et al., NPA 881 (2012) 322
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The background ISSUEJ
— A A + - o 6
Kaopt Z0(Z-2)+7 Koot 'Li— 1 H 4z
S K tUoarex d e ,fH(6Li):u.I.:(2.54_rl.4)-10‘5/K%/p 90% cll.
v :: | i ol - '
.E- 400" IK H*L méﬂ § a i / 8, (MeV)
.ﬁ' F f' I# 100. +", @ 100”— l l (" a ? 10
£ | LN = | [ ‘
5 - Fo o T = | i i /1
b ) M g
:: .'_r H'LF °E"§4'5"':§d”'2§§ .y § 50-; {’H' ﬂ H e || \_’
:: 'I" **'"u-f; " E | ; I J + +
“'E J—— ) e e o R R E ~ai g e 2% +'.'|s:u
ke li-mex |/ background subtraction o TR
200’:_’_ ' 100?T o B,‘l:le\f) 1
z J‘m‘[ﬁ [L ) +.‘+ ' o k ~i 2 r :
100?_ Ji ‘\‘L 50 HT f“ : ‘{‘ H *
. | i : H f
I . 3 T Y TR 20 H 4] ’ i
i J ‘*n,'w,,m : }” | H "” . 8 b,
b ” %togmomenztf‘om (Mev,s‘?)o 0 ?T m'*‘ | ! wiil.l»**‘l-k'l L iadas |
al . o 50 200 250 300 350
c| K-+p—=>Z7+nx ©* momentum (MeV/c)
i ‘; Lip+at (~130 < pes < ~250 MeV/c) K - 7L. 7H
L KT+ pp—> T 4a stop+ |—>
Y Lon+x% | (~100 < pp+ < ~320 MeV/c) ,
2 [ Zine ® 220 pbt J @™ | M. Agnello etal., PLB 64092006) 145
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The status of the artj

Ko+ Z>(Z-2)+7x"

stop
« K +p-o>nd+A, 0+ p -t + n: 2-step  (S-EX + C-EX)
« K+p—>K° +n, K+p—>A+rt: 2-step (C-EX + S-EX)
s K+p-o>nt+72, >+ p—>A+n: 1-step (S-EX)
[ experimental results ] KEK INFN-LNF

e JHe(’Be):ul.=2.3-107 /K

stop

o 2Be("’C):ul.=6.1-107 /K e "H(Li):ul.=(4.5£1.4)-10° /K,

e "H(°Li):ul.=(2.5+1.4)-107 /K|

stop

stop V.. stop
¢ 'C(*0):ul.=6.2:107 /K, Yo UBe("C):ul.=(2.0£0.4)-107 /K,
_ K. Kubota et al., NPA 602 (1996) 327 ’ M. Agnello et al., PLB 640 (2006) 145 )
. ,
% [ theoretical predictions ] 10°° <1077/ Kst‘op T.Y. Tretyakova et al., NPA 691 (2001) 51c
&
4 — A A
A7 +Z2—>,(Z-2)+K"
g - T +ponl+n, 70 4+ p > K* + A: 2-step  (C-EX + AP)
5 c T+ po>KO+ A, KO+ p > K* + n: 2-step (AP + C-EX)
3 s T+ p oK+ >+ p—>A+n: 1-step  (AP)
% [experimental results ] KEK { theoretical predictions ]
<

YLi("B):do/dQ=11.3+1.9 nb/sr

P.K. Saha et al., PRL 94 (2005) 052502 T.Y. Tretyakova et al., PAT 66 (2003) 1681
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[ A, ~ 960 pb- ]

coincidence measurements

double C-EX
p ~ 252 MeV/c

K., +°Li—>H

7

n.m. decay
p ~ 134 MeV/c
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apparatus capabilities:

» selective trigger
(based on fast scintillator detectors)

(PID + spatial resolution + K- tagging)

n, K, p, d, ... separation (OSIM & LMDC dE/dx)
* high momentum resolution

6%o0 FWHM - @ 270 MeV/c

6% FWHM - @ 110 MeV/c

(tracker performance + He bag + thin target)

J - precise K- vertex identification < 1 mm?3

2006/2007
data
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Analysis techniquej

Ko +'Li—>H+7x"

stop if 6H, is a stable system = 2 independent two-body reactions:

A6H —)6He—|— T decay at rest

(r(°He) ~ 801 ms)

M(K=)+3M(p) +3M(n) - B(°Li) + T(§H) + M(r+) + ()
: 2M(p)+4M(n) — B(°He) + T (°He) + M (n ™)+ T (n ™)

JM2(SH) + p*(z") =M (H)

atomic

M2 CHe + p(r) ~M(He| MGH)=MCH)+M®A)-B(A)

\

(T(x4) + T(x™)|= M(K™) + M(p) = M(n) —2M(7) — B(°Li) + B(°He) — T (*He) —

mass
tables

=203.0£1.3 MeV (203.5+203.3 MeV with B, =0+6 MeV)
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cut on|T(z")+T(x7): 202+204 MeV




2 E
2300 |
S 250 |
200: g .............. T(7Z'+)+T(7Z'7): 202 +204 MeV
150:— % ......................... ;
100} T
50 |- .
P20 1a0 160 180 200 220 20
g‘ T.+T_-(MeV)
% absolute energy scale: g 30 "
S
8 2 280 '
=8 © ut (235.6 MeV/c) from K, =
g A, < 0.12 MeV/c systematic errors E_|
g S 260
< c u
gl © 7 (132.8 MeV/c) from “4H, oTgs = 0.17 MeV € 240l
% A, < 0.2 MeV/c o “F
& p £ i
3 +. 220(
D -
=8 ¢ ol(n*) = 0.96 MeV, oT(n) = 0.84 MeV 200l
Z oTopy = 1.3 MeV oo
é * ol 1.3 MeV 180:_
Z -
cxl @ | FINUDA Coll And A Gal, NPASST 2012260 | 158080 100 120 140 160 180 200 220
o)) © momentum (MeV/c)
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Data selection | &

-
(=2

19567730 140 150 160 170 180 190 200 210
« momentum (MeV/c)

250 + 255 MeV/c (Gp=1.1 MeV/c)
130 + 137 MeV/c (c,=1.2 MeV/c)

H+ A

3SH+ 2n + A

4H, + 2n

0.0 MeV

-1.7 MeV

-3.74 MeV

counts/1 MeV/c
2 o

-]

S

N

i

=2
8 IlIITIIIIIIIIITIII]IIIIIIII[I[|II

PRSI [DPOOT .
180 200

-

240

(out of 2.7 107 stop":ped K- event)

n | o NI LS
-7 260 280 300
_x* momentum (MeV/c)

selection range fixed by including

®H, lowest particle stability threshold g
p.+ = 251.9 MeV/c
p,. = 135.6 MeV/c
B, =15+ 6 MeV
4

il ll
At L

00— 700 120 140

M I
160 180 200 220

7~ momentum (MeV/c)
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T(~*) + T(7r) cut: systematics

n* momentum (MeV/c)

210

200

19
20 130 140 150 160 170 180 130 200 210

]

[=1]

[=]
T

T(z)+T(z7): 202+204 MeV

]
wn
=1

T T

240}
230}

220

-

¥,
\
B |

- N

©- momentum (MeV/c)

" momentum (MeV/c)
ra ] ]
[ - wn
=2 (=] =

[
]
(=]

210

]

[=i]

=
T

T(z")+T(x"): 200+206 MeV

200}

£

=, LT
s em

.._&\

19
20 130 140 150 160 170 180 190 200 210

n~ momentum (MeV/c)
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6H  production ratej

background sources

27

* accidentals: =+ (250 + 255 MeV/c) and = (130 + 137 MeV/c) 0.27 £ 0.27 ev. ¢

¢ Kgpt'LioZ" + 77+ He+n
Ln+rt

o K=

6p 4 +
spt LI H+N+Nn+7

L ‘He+ -

production rate

* total background on 6Li:

®* Poisson statistics:

‘ BR(E_):H :@ ............................ >

H. Tamura et al., PRC 40 (1989) R479

@™ | FINUDA Coll. and A. Gal, PRL 108 (2012) 042501

end point ~190 MeV/c
end point ~282 MeV/c

end point ~252 MeV/c
p(n’) = 133 MeV/c

BGD1 + BGD2 = 0.43 £ 0.28 ev.

A
0.16 £ 0.07 ev. &

negligible

3 events DO NOT belong to pure background @ C.L. = 99%

R*BR(7") = (3— BGDI - BGD2)/[£(z )e(x")(n. Kg,, on "Li)]

stop

R#*BR(z ) =(2.9+2.0) 10°/K;

stop

R=(5.9+4.0) 10° /K, <{m=)

(2.5+0.591)-107 /K

stop

M. Agnello et al., PLB 640 (2006) 145
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Kinematics and binding energy &

Tiot Dt Py- M(§H) M(SH) M({H) AM(SH)
(MeV) (MeV /c) MeV/c) prod. (MeV) decay (MeV) mean (MeV) MeV)
2026 £ 1.3 2513x£1.1 135.1 £ 1.2 3802.33 £0.96 5801.41 £ 0.84 5801.87 £0.96 0.924 1.28

2027 £1.3 2501 £1.1 136.9 £ 1.2 580345 £0.96 5802.73 £ 0.84 5803.09 £0.96 0.72+£1.28
202.1 £ 1.3 2538+ 1.1 131.2 £ 1.2 5799.97 £0.96 5798.66 &+ 0.84 5799.32 £0.906 1.31 £ 1.28

formation mass values (0.98 £ 0.74) MeV
(N+Y)/Z({H)=5>>N/Z(*He)=3 systematically higher _
than the ones from decay excited states
production
[ theoretical predictions ] M = (5801.4 + 1.1) MeV
o B, =4.2 MeV R.H. Dalitz and R. Levi Setti, NC 30 (1963) 489 ..
g . "H+A __ 5805.44 MeV
g % B, = 4.2 MeV | L.Majling, NPA585 (1995)211l¢c [-... ‘
;S . T Hadhan_— 580374
g ‘H ‘H ‘]ol .-g . a‘ ''''' o ) '.‘..‘
L) A e A e A e i -] hHe “He T ) .‘...‘. .
3 239 | 3.12 4.8 | 523 | 7.16 | (8.9) Sana S801.70 1* 5801.9 MeV
° A | A [a0i7|2292|nldy|n 3y . TR ceples B 580143 .
o ex¢ | bale | s | halo - MeV  ——— 0 5800.9 MeV
<
o
T 6
% > . N Akaishi ———— 579964 A
= 3 4 ] [ 7
s 0.43 | 208 | 3.1) | 4.2) | (5.2 By, = (4.0 £ 1.1) MeV (°H + A)
é A | A |n-28] 2n-5 3004
2 xx | xxx | oo B = eV F A) | FINUDA Coll and A. Gal, PRL 108 (2012) 042501
?\ - == oy J FINUDA Coll. and A. Gal., NPASS1 (2012) 269

)
INFN

_) nrh prod. rate: ~10°2 hyp. prod. rate in (K g, 7°)
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- - double C-EX
Analysis techmquej p'~ 257 /J
n.m. decay J
p~ 117 MeV/c
Kgop+ Be— He+ 7" —— . .
if °He, is a stable system = 2 independent two-body reactions:

AgHe—)gLI + 17 decay at rest

(r(°Li) =178 ms)

M(K~)+ 4M(p) + SM(n) — B(°Be) = T (4 He) + M(x+) + T(x*)
= 3M(p) + 6M(n) — BCLi) + TCLi) + M(x™) + T(x™)

IM2(He)+ pi(z*) - M (He)

atomic
mass

IM2CLiY+ pP(7) - M(Li) M (/He) = M (*He)+ M (A) - B(A)

tables

(T(x*) + T ()= M(K™) + M(p) -

=195.8+1.3 MeV

N

Mn)—2M(x) — B(°Be) + B("Li) = T("Ly— T

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

cut on|T(7z")+T(x ): 194.5+197.5 MeV
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§ 4
= E
8% 253.5 + 259 MeV/c (o,=1.1 MeV/c) [
= § 114.5 + 122 MeV/c (o,=1.2 MeV/c) 3 s
260} p 2 s
E - L 8 -
~ - 25
E250[" °
g c 2k
G240 . sE
o - E
£230[ . 1
o . -
220/ & “k
= I e e e iy [
:_ ' A 'P?D 180 190 200 210 220 230 240 250 260 270
210: " 7 momentum (MeV/c)
200~
i B, ~ 1 MeV
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He , production rate

®* 0 observed events

* &(m), e(n)

SN

* n. stopped K- on °Be = 2.5 x 107 ev.

upper limit evaluation

stop

R#*BR(7 )< (2.3+1.9)x10°/(n. K, on Be) (90% C.L.)

BR(z7)=0.323+ 0.@

JHe+4 spectator neutrons

M. Agnello et al., PLB 681 (2009) 139

R=1.3-10"/K;

stop

(90% C.L.)

‘ F(AgHegAs,_)gLigls,+7[7):0.261 FA \

A. Gal, NPA 828 (2009) 72

R=1.6-10"/K;

stop

(90% C.L.)

-

M. Agnello et al., PRC 86 (2012) 057301

KEK

23107 /K,

stop

K. Kubota et al., NPA 602 (1996) 327

32



2-nucleon induced
weak decay
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INFN

Q

M. Agnello et al., PLB 640 (2006) 145
M. Agnello et al., PRL 108 (2012) 042501
M. Agnello et al., NPA 881 (2012) 269
M. Agnello et al., PRC 86 (2012) 057301

nuclear

models

EF | spectroscopy
(5]

M. Agnello et al., PLB 622 (2005) 35
M. Agnello et al., PLB 681 (2009) 139 .
M. Agnello et al., NPA 835 (2010) 414 medium
M. Agnello et al., PLB 698 (2011) 219 effect

low-energy
o#~Y interaction

[— neutron rich
qm S A-hypernuclei

(weak) decay

4B weak
interaction

34

quark

substructures

M. Agnello et al., PRL 94 (2005) 212303

(@

M. Agnello et al., NPA 804 (2008) 151
M. Agnello et al., PLB 681 (2009) 139
M. Agnello et al., NPA 835 (2010) 439
M. Agnello et al., PLB 685 (2010) 247
M. Agnello et al., NPA 835 (2010) 439
M. Agnello et al., PLB 701 (2011) 556

M. Agnello et al., NPA 881 (2012) 322
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2c7°induced weak decay

* relevance first pointed out by: WM. Alberico etal., PLB 256 (1991) 134 |

% key role in data interpretation ————> many theoretical predictions

E. Bauer
G. Garbarino
A. Parreno

A. Ramos

% importance of the effect: ~20-25% of the total NMWD width

% several experimental evidences, but indirect

Ref. I5/T 4 iy Notes

BNL-E785 [47] = 0.24 'j*,tHe, fand p spectra
KEK-ES08 [48] 0.27+0.13 029+ 0.13 2¢, nn and np spectra
FINUDA [&] 0.24 £ 0.10 A =5-16, p spectra
FINUDA [9] 0214 0.075 Ty A =5-16, np spectra

E. Botta, T. Bressani, G. Garbarino, EPJA 48 (2012) 21

[(f “smoking gun” evidence missing!}

% experimental hardness: 3 nucleons emitted from A-hypernucleus g.s.
4-fold coincidence measurement (=, p, n, n)



2o+ induced decay exp. evidencej

triple coincidence: (n + n + p) events

exclusive Anp — nnp decay event: |/Li—>*He+p+n+n

P, = 276.9+ 1.2 MeV/c
Pmiss = 217 + 44 MeV/c
Eiot = 178 + 23 MeV
MM = 3710 + 23 MeV/c?
E(nl) = 110 + 23 MeV
E(n2) = 16.9+ 1.7 MeV

N E(p) = 51.11 + 0.85 MeV

: 9(n1n2) = 94.8°+3.8°

8 9(nlp) = 102.2°+3.4°

i 9(n2p) =  154°%19°

';" no n-n or p/n scattering

% L MM (MeV/c?)

§ 4He 37274

2 YHe +n 3748.0

[ : first, direct experimental evidence 7 H4p 37472

.4 E) @™ | M. Agnello etal., NPA 881 (2012) 322 ,




triple coincidence: (n + n + p) events |
exclusive Anp — nnp decay event: |/Li—>*He+p+n+n
ed

counts/(10 MeV)

P, = 276.5+1.2 MeV/c
s Prics = 447 + 18 MeV/c
% Eiot = 147.1 +4.2 MeV
; MM = 3720.3 + 4.7 MeV/c?
g
g E(nl) = 21+ 2.0 MeV
E_ E(n2) = 35.3+3.6 MeV
% E(p) = 90.83 + 0.50 MeV
9(n1 n2) = 126.5°+5.4°
e 9(nlp) = 53.5°+4.3°
i 9(n2p) = 124.6°+3.9°
(‘;_) no n-n or p/n scattering



triple coincidence: (n + n + p) events

exclusive Anp — nnp decay event: |’/Be—>’He+’H + p+n+n

P = 286.7 + 1.2 MeV/c
P = 253+ 18 MeV/c
Eeor = 123.51 4.9 MeV
MM = 5617.3 + 5.0 MeV/c?
E(nl) = 20.2 + 2.5 MeV
E(n2) = 31.5+ 4.2 MeV
E(p) = 71.77 + 0.80 MeV
9(n1 n2) = 133.6°% 7.5°
9(nlp) = 128.5°5.5°
9(n2p) = 95.4°% 3.6°

no n-n or p/n scattering
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iBe MM [MeWc"‘a]
bLi 5601.5
Li4n 5607.2
‘He 4+ d 5603.0
‘He 4+ *H 5617.3
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Background evaluation

_ _ Y120
K +(hp)—>2 +p ;@ ;
B _ E‘IOO:—
Z % /A + n § 30:— :
a 1 — S — - Eﬂ:— 300 plonmlum[MeWt
£ o8 n j wob-
S osf 1 3° C
B TEE E -
0.4 |- - —30 C
e _:__ - —; 25 T 200 =0 3'::“:'Flit.".n momae?::um (Mewz;m
0 - -
= . 20
P E Target 3(np) E (MeV)
i : 1 15 .
0.4 ] 7Li 33.4°+3.7° 51.11 + 0.85
06F __mm e 7L 121.7°+3.2° 90.83 + 0.50
- - 5
i s , Be 159.3°+5.9° 71.77 + 0.80
- L 1 Tl Py 1 | -
10 20 40 60 80 100 120 140 160 180 200
Proton energy (MeV)

% significant back-to-back correlation - this feature rules out completely the first event on “Li

< the correlation between cos3(n'p) and E, was studied for the simulated background:
major contribution from this source when = and p are emitted nearly back-to-back and E, = 100 MeV

< evaluation of the number of simulated events surviving to a 30 cut on cos8(rn'p) and E, on ’Li and °Be:
~10-3 events were found for both targets
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the 2 Anp — nnp real events DO NOT belong to background
to a confidence level = 99%.
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Summaryj

® |[ast but not least results from FINUDA:

& first experimental evidence for
the heavy hyperhydrogen °H,

& first direct observation of
2 o/ induced hypernucleus weak decay

# FINUDA could be considered e
an ideal bridge between
the KEK and the eras: J-PARC
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we are now looking forward for
new and exciting world class results




Thank you!
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