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Summary

v’ Previous FINUDA results:
',y from proton spectra (PLB 685 (2010) 247)
',y from nép coincidences (PLB 701 (2011) 556)

v’ Revisited analysis

v T, for p-shell A-hypernuclei




NMWD data: Indian Summer school 2010
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NMWD data: SPHERE meeting 2014
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NMWD p inclusive spectra

(7", p) coincidence
(Kstop (NP)—2 p: Z'—n ) background subtracted
and acceptance corrected

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

: ? el gm— 1B
%705— ) sHe :W_ (*) zLi Z“ h 9Be :: A
Lilntd
SMECRELEE

: -
Lol [ | [ [ Al bbb b b bin b i
wsoaotoomuommzoo 0 20 40 60 80 100 120 140 160 180 200 ozo4osoao1ooizouo1eo1aozoo zowsoeomomuommzoo
Kinetic Energy (MeV) Kinetic Energy (MeV) Kinetic Energy (MeV) Kinetic Energy (MeV)

++++ R Tiit o ..5 T e

LA TR AR [N ATy MY i

T T
——
8
T
8
I
. ..°...3...§.. g =
4+

2

IN |, 2N, FsIil .~ 15 MeV threshold!

% C (] %400_ = % u
H A A e = F
= f - (! zasor- (& S
Lk 12C Zoop- 13C N BN Zof ! 160
- S o 3 b
=T - 2 “r
100:— [ ! E-ﬁ- ! =
of |44 I H# E ok |
- + +++ i + 150F F | +
eo;— + 40 ++ ++ - 20:—: +
of | T ook ¥ ﬂ
2| 2r 1 sof- ! ++++++++ F +
0: i +' e o: ++1..__.._ cE : *_.J—T**‘-‘* o: : "*-‘-
:II||III|III|I|I|I I I I IIIIIIII II||IIIII IIIIIIIIIIIIIIIII_T_ITIIIIIIII :II|III|IIII|III|IIIIIIIIIIIIIIIIIIIIIII -II‘IIIIIIIIIII I I I |I|IIIII|III
] 20406060100120140160180200 0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 o 204060801001211140160130200
Kinetic Energy (MeV) Kinetic Energy (MeV)
, common features:
(*) M. Agnello et al., NPA 804 (2008) 151. * low energy rise
* structure at ~80 MeV .




@ I';y and FSI determination

, : Con /T independent
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FSI and 2N induced non-mesonic decay

(7, p) coincidence
p spectra background subtracted
and acceptance corrected
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I,y and FSI 1s' determination (7, p)

E.

Bauer and G. Garbarino, NPA 828 (2009) 29.
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T,y improved determination (7, p, n)

. gr is not possible to disentangle 1IN, 2N and FSI contributions on an event
asis

« enrich the 2N contribution by rejecting IN-like events, FSI from A=(5 + 16)

« 1IN NMWD: AN—=NN: ~2-body reaction, daughter nucleus
~ spectator — Ap—np: (n, p) b.t.b angular correlation,
T(p)+T(n)~160 MeV (+ nuclear medium effects) if no FSI

KEKPS E462 5,He: B.H. Kang et al., PRL 96 (2006) 062301
KEK PS E508 2,C: M.J. Kim et al., PLB 641 (2006) 28, M. Kim et al., PRL 103 (2009) 182502

p T~80 MeV
| g n T~ 80 MeV




I,y improved determination (7, p, n)

N,(cos?=-0.8, E <u-20 MeV)  N(Anp — nnp)+N"™

R( A) — —
. FSI*
. —
N, (E, > u p single spectra fit) 0.5-N(Ap = np)+ N
assu mp’ri oh E. Bauer and 6. Garbarino, PRC 81 (2010) 064315. ’
R(A) =la}+ b4 = [',/T, independent on A
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2N induced weak decay

% relevance first poim-ed out by: W.M. Alberico et al., PLB 256 (1991) 134 ’

000

key role in data interpretation c————> many theoretical predictions
CHED

E. Bauer
G. Garbarino
A. Parrefio

A. Ramos

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

* several experimental evidences, but indirect

Ref. Ih/T4 /Iy Notes
BNL-E788 [47] <0.24 4 He, nand p spectra
KEK-ES508 [48] 0.27+£0.13 029+ 0.13 }fC. nn and np spectra
FINUDA [8] 024+ 0.10 A =5-16, p spectra

_ +0.03 sys )
FINUDA [9] 0.21 £ 0.07gtat —0.02svs A =5-16, np spectra

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

{ “smoking gun” evidence missing! }

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

11



2N induced decay exp. evidence

Triple coincidence (n+n+p) events @ FINUDA IN\ e ———rrssi o |
. Agnello et al., NPA

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

P.. = 2769+12 MeV/c
Prniss = 217 + 44 MeV/c
Eior = 178 + 23 MeV
MM = 3710 + 23 MeV/c?
E(nl) = 110 + 23 MeV
E(n2) = 16.9 + 1.7 MeV
E(p) = 5111+ 0.85 MeV
IHnln2) = 94.8° + 3.8°
I(nlp) = 1022°+34
In2p) = 154° + 19°

no n-n or p/n scattering

L MM (MeV/c?)
4He 37274
He+n 3748.0

first, direct experimental evidence H+p 3747.2
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2N induced decay exp. evidence

Triple coincidence (n+n+p) events @ FINUDA
exclusive Anp—nnp 7 ,Li—=*He+p+n+n decay event
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p.. = 2765+12 MeV/c
Pniss = 447 + 18 MeV/c
E = 1471+ 4.2 MeV
MM = 3720.3+4.7 MeV/c?
E(nl) = 21+ 2.0 MeV
E(n2) = 35.3+ 3.6 MeV
E(p) =  90.83+050 MeV
9(nln2) = 1265°+54°

9(nl p) = 53.5°+43°
In2p) = 1246°+3.9°

no n-n or p/n scattering
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2N induced decay exp. evidence

Triple coincidence (n+n+p) events @ FINUDA
exclusive Anp—nnp °,Be—3He+3H+p+n+n decay event

P.. = 286.7+12 MeV/c
Priss = 253 + 18 MeV/c
E.ot = 1235+ 4.9 MeV
MM = b5617.3 £+ 5.0 MeV/c?
E(nl) = 20.2 + 2.5 MeV
E(n2) = 315+ 4.2 MeV
E(p) = 7177 +0.80 MeV
9nln2) = 133.6°+75°
9(nlp) = 1285°%55°
In2p) = 95.4°+ 3.6°

no n-n or p/n scattering

% Be MM (MeV/c?)
OLi 5601.5
SLi4n 5607.2
4He +d 5603.0

3He+ H 5617.3
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Dynamics of NMWD: exclusive NMWD?

b-t-b hypothesis

p spectra A=(5-16)

M. Agnello et al., PLB 685 (2010) 247.
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m "simple" kinematical calculation: btb kinematics
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Revised 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:

better value of ?/n =1.33 when choosing the starting point at 70 MeV
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Revised analysis of the proton spectra

« fits o Gaussians of experimental proton spectra
starting from 80 MeV, with free centers (u), widths and areas

« disagreement of values of u from whose expected from exact Q-values
(b-to-b kinematics and no-recoil of the residual nucleus)
for 13C, and, especially,’®N, and 6O,

100

1‘
sog— % * ﬁ# J&i

proton kinetic energy [MeV/c]

p maximum kinetic energy 60— ,
. M. Agnello et al., PLB 685 (2010) 247.
40—
i ¥ old p values
o mev B 3 +  new p values
20-| ®  p maximum Kkinetic energy
ob—L v

4 5 6 7 8 9 10 11 12 13 14 15 16 17

mass number [A]
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Refined determination of T,y /Tymwo
inclusive proton spectra, (m-, p) coincidence

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

Ton /Tamwo. T2/Ty and T,/T, independent on A in the range A = 5 = 16

Ion/Tp=0.43 £0.25 (Ton/Taumwn = 0.24 £ 0.10)

With the new u values we find:

[ Ton/T,=050£024  (Cony /Trmwp = 0.25 £ 0.12) ]

& compatible with the previous one, within the errors.

18



Refined determination of ',y /Tymwo

(m-, p, n) coincidence

Following PLB 701 (2011) 556

a I

0.8

0.6—

0.4/

*new 1)
® old

I

FINUDA Collaboration and 6. Garbarino., PLB 701 (2011) 556.

;

I I I I I I I

I

I I I | I

4

S 6 7 8 9 10 11 12 13 14 15 16 17

mass number [A]
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Refined determination of I,y /T'ymwo
(m-, p, n) coincidence

Loy _0392016
r

stat —0.03 Sys
V4

With the new p values, we got:

* U
~‘ae
- /S

stat —(0.02 Sys

(er =021+0.07. "%
I_‘NMWD

|

FINUDA Collaboration and G. Garbarino., PLB 701 (2011) 556.

r 0.055ys
2 03640 M 00y

pP

T aa
( 2N =0.20i0.088mi8.8§3§s
I_‘NMWD

|

& fully compatible with the previous one, within the errors.

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

& E. Bauer and G. Garbarino, PRC 81 (2010) 064315.
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First determination of I',/T', for 8 Hypernuclei

Some information can be extracted by the proton spectra, but
how it is possible to extract the “true” number of protons from NMWD?
Spectra are severely distorted by several FSI effects

_180 11—

°
=160

e
%1 40

Iy

12
12C

:ET T ++

At least 3 effects:

Bl b b b b e b
0 20 40 60 80 100 120 140 160 180 200
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G. Garbarino, A. Parreiio and A. Ramos, PRC 69 (2004) 054603.

counts / (10 MeV)
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a) humber of primary protons from NMWD decreased by FSI

b) in a given region of the spectrum increase due to the FSI not only of higher
energy protons, but of neutrons as well

c) quantum mechanical interference effect among p of different sources

In the upper part, Ahigh, of the experimental spectrum b) and c) ~ negligible

How to calculate a) or (a)+b)+c)) without resorting to any INC models,
but only from experimental data?



First determination of I,/T, for 8 Hypernuclei

rp _ I‘T p(Np - N2N) +@(N:—_ NZN)
r, T, N

from exp. spectra (Ayg)
<— BR(1p NMWD) = Npyuwo /NHyp

Hyp

where o accounts for FSI: (

) FSI affected protons

2+
measured for °He, and 2C,

Ty @ @+_+ L L [Pon| T
L' I'a |1 LQJFA

on the basis of I'sexperimental values from FINUDA and KEK
[,y /T,=0.36+0.14,
r,/T,= '0.45:0.10 (5HeA) r,/T,=0.51+0.15 (*2C,), we got:

r,/T,=0.22 +0.03 (°He,) r,/T,=0.49 £ 0.06 (2C,)
it is then possible to determine

as(5) =115+ 0.26 a1,(12) = 2.48 + 0.46
under the hypothesis of a linear scaling with A

a5(12) =1.04 £ 0.19 “o5=1.08 +0.16
a,(B) =2.77 £ 0.63 o, = 2.58 £0.37

no Ing
general expression: o (A)=(0.215+0.031) A COICU/QT/'On 22



First determination of I',/T, for

)

P FT 2(Np _N2N)+a(Np _NzN)

Ly 1,

N

Hyp

5

He, |
/T, =096+0.03(wa¥} .
r/r, =045:011 %

)]

J.J. Szymansky et al., PRC 43 (1991) 849
S. Kameoka et al.,, NPA 754 (2005) 173c

8 Hypernuclei

()

S. Kameoka et al.,, NPA 754 (2005) 173¢c |,

A. Park et al., PRC 61 (2000) 054004

B.H. Kang et al., PRL 96 (2006) 062301 I

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

...... 12
...... . CA
— AT/, =122+0.04(w.a)
............. 'S rn/rp =4 051 i 013

[/, =036£014 <
I, /T, =0.34%0.02(w.a.)e
I,/[, =020+001(w.ay

FINUDA, this work Il

Q D

J.J. Szymansky et al., PRC 43 (1991) 849
S. Kameoka et al.,, NPA 754 (2005) 173c
M. Agnello et al., PLB 681 (2009) 139

» I, /T, =0.36+0.14
=0.12 £0.01 (w.a.)
=0.17 £ 0.01 (w.a.)

Q

J.J. Szymansky et al., PRC 43 (1991) 849
H. Noumi et al., PRC 52 (1995) 2936
Y. Sato et al., PRC 71 (2005) 025203
H. Bhang et al., JKPS 59 (2011) 1461

Fp/rA(5HeA) = 022 + 003

as(w) =115+0.26
ag(«) =1.04+0.19
Ol =108 +0.16
oy, =258 +0.37

D)
| S.Okada et al.,, NPA 754 (2005) 178c¢
J.J. Szymansky et al., PRC 43 (1991) 849

()

} .FP/FA(ch) =0.49 £ 0.06

S. Okada et al,, NPA 754 (2005) 178¢ |

A. Sakaguchi et al., PRC 43 (1991) 73

a scaling linearly with A

=248 + 046
=277 +0.63

alz(lch)

alz(SHeA)

| a(A)= (0.215+ 0.031) A |
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First determination of T',/T, for 8 Hypernuclei

/T, oL I,/T, r,/T, /T,
Thls wor'k pr'evuous wor'ks f26]
5
\He 0.96421108.034 ame%k((;)g:cp 16 0.22+0.05 JQ:f.Zslzf/S&?sZy [:ll/ 0237
[ / ] NPA 754 (2005) 173c¢ PRCA3 (1991) 849
7ALi 1.12+0.12 1.51+0.22 0.28+0.07 0.297
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Conclusions

& First systematic determination of T, /T, for p-shell Hypernuclei

& experimental data agree with the latest calculations by Itonaga & Motobag,
(even though the errors are quite large...)

K. Ttonaga, T. Motoba, Progr. Theor. Phys. Suppl. 185 (2010) 252.

& First experimental verification of the complementary
between MWD and NMWD, at least for charged channels

i ou

#. J-PARC scientific program restart...
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i i interaction/target region
~raw tubes
LMDC /
‘m»‘“l-/ 7 ~
3
beam pipe q A
i ; l.
: e |
TOFONE \ S
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superconducting coil

compensating magnets

end cap

y

FINUDA in a nutshell

- 4 4
K, + Z—= 2

aus®
ann®
ann®

Be window

beam pipe

‘ targets

ISIM v

tofino J\ .

WZ+D)+a

17 =P (Z-D+p+n

UNZ-D+p+n+n

Tm
energy 510-MeV
Frascati CD—Factbryzcom‘p_)lex luminosity 51032 crr;:3~§:1
, H at o, (rms) 2.11 mm }
’NFﬁn. Narioaale , /i ;i_”'»w“‘ ] iT‘fﬁ LINAC Gy (rms) 0'021 mm
‘ o~ @i Fisika Nudeare : ‘ : i | . j 1] i ‘Z?)%h\]ll;\\vg+ O,Z (rms) 35 mm
" || bunch length 30 mm
| s || crossing angle 12.5 mrad
I)AebNHrI//-"/' 7//‘\‘—’ fl‘equency
s g ? S || (max) 368.25 MHz
0 s || PUNCh/ring up to 120
™ 510 MeV
o part./bunch 8.9 1010
28 current/ring 5.2 A (max)




d® FINUDA key features

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

b [high resolution spec‘rroscopy}

* coincidence measurements with large acceptance (2w sr)

b decay mode study

* event by event K* tagging

b [con‘rinuous energy and rate calibra’rion}

* irradiation of different targets in the same run

' . Syst )
b [sys’rema‘nc error r‘educ’rlon}
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FINUDA sub-detectors performances

s.c.solenoid: B=10T: @ P Congant -2 < o7
field homogeneify wi’rhin 2°/o y VDET z r'esolu‘rionj

%300'5 Sigma = 31.74 + 0.3406
interaction/target region: K*/ K identification, | =

hypernucleus production and detection T
ISIM/OSIM: g, = 30 um; AE = 20% FWHM sl N
TOF,,: o, # 300 ps -—

tracking devices: measurement of trajectories
and momenta of charged particles (Ap/p 3.5%o)

PID in OSIM J

w
=3
=3
TT

DE/DX (Arbitray Unity)
»
o
o

LMDC:  o(p, ¢) = 150 pm; g, < 1% wire length wo‘é X
STB: a(p, ©) = 150 pm; o, 500 pym i

ol | R PR i i | |
T 100 200 300 400 500 600 700 800 900 1000
momentum (Mev/c)

external scintillator barrel: trigger s EC
and neutron detection S 00 80552 034
TOF,,: o, < 500 ps FWHM s 2 | .
efficiency > 10%; AE = 8 MeV 3 100}~
. . . . %1000; é
He chamber: minimization of & b e
F -4 2 0 2 4 6 ns
particle multiple scattering e [
Ap/p: He atmosphere = 3.5%. 05 I .. ... .| TOFtime resolution J
air = 2% 4 2 -




Background evaluation

8

counts /_(‘1 MeV/c)
8
I LU I TTT I

T+ (np) =X+ p

X —= T +n

8

—

1
—

_— [ T ™TT 50__
a F 40 B
£ 0l F .
8 osf E e F
N - 20—
0.4 1 —30 B
: E bVt
0.2 - - = 0 pion momi?l(:um (MeVl:;)o
N - E
o2f E arget W p) . (MeV)
oalb - Euk 7L 334°+37°  5111+085
06 7Li 1217°+3.2°  90.83 +0.50
aad 9Be 1593°+59° 7177 + 0.80
0

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 cos9(wp) and E, was studied for the simulated background:
major confribution 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 3o cut on cost(wp) and E, on ’Li and *Be:
~10-3 events were found for both targets

the 2 Anp - nnp real events DO NOT belong to background

to a confidence level > 99%. »




Q/2

|
P [0 {1 o
( MeV) (MeV) (MeV) (MeV)

"He | 76.65 | 68.5+4.1 | 66.9411.8 | 22.3£9.9
TLi | 8299 | 76.7£5.2 | 74.943.8 | 18.0£2.1
Be | 76.48 | 78.246.2 | 77.7£9.1 | 20.8£10.8
UB | 79.72 | 75.1£5.0 | 71.7410.8 | 23.84£5.5
12C | 78.36 | 80.242.1 | 77.3£2.9 | 22.042.1
3C | 74.44 | 83.9412.8 | 81.6£5.8 | 22.6£3.5
N | 7755 | 88.146.2 | 84.244.5 | 18.6+2.8
50 | 7825 | 93.14£6.2 | 85.046.8 | 21.943.5




