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i) Outlinej

% The current status of
experimental hypernuclear physics

% experimental results:
e search for neutron-rich hypernuclei

@« antimatter hypernuclei
e 2 o/ induced hypernucleus weak decay
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1 A look to the (next) future:
: + waiting for J-PARC




Spring 2013 scenarioj
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First hypernuclei @ J-PARC|
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9’)’ K1.8 line
SPARC

e %
Ses o\

Hadron Hall

"+ "C - YC+K"

@ 1.2 GeV/C

50

yield (g.s.): ~600 eventsJ -

H ¥ A-q.f. 2-q.f.
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H. Sugimura for the E10 Collaboration @ INPC 2013;
’ @ APPCI12.




Fall 2013 scenario
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i Search for neutron-rich hypernuclei]

[central issue in hypernuclear physics}

% historical paper: R.H. Dalitz and R. Levi Setti, Nuovo Cimento 30 (1963) 489

Krakéw, Poland, September 9 — 13, 2013

existence of hypernuclei with
core nucleus near (or even beyond)
the neutron drip line

1. Pauli effect not effective for A
2. N\ extra binding energy

< unique opportunity to study: - effect of 3-body forces (Acitet)
- Nel- 2o/ coupling contribution to binding en.
- hyperon behaviour in n-rich environment

22nd European Conference on Few-Body Problemsin Physics
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1000005 ll',' ' |1i5 4

e ¢| w/o hyperons direct influence on Sasl ]

4 750 ;| = stiff EoS neutron star EoS - R e
Ny I S “[ediea ™\ ST
= = 500 - L F LS5 7
d : - prediction of neutron star g .F -9 S
E § 20 _,-”_,r' main parameters gos_ —> B
< " -|I 4wy hyperons , " | I
| 9 ——————] — soft EoS J 1. Vidafia et al., EPL 94 (2011) 11002 08 10 12 14 16

Radius R [km]



The status of the art (as of 2011) J 9

T +'Z>NZ-2)+K"

A - 4 A n

o Koot > (Z-2)+7x

8 « K+ p-o>nf+A, 0+ p -t + n: 2-step (S-EX + C-EX)
¥ « K+p—>K +n, K+p—>A+nt: 2-step (C-EX + S-EX)
5 e K+p->nt+72, >+ p—>A+n: 1-step (S-EX)

g [ experimental results ] KEK INFN-LNF

- o JHe(’Be):ul.=23-10"/K,, o PH(°Li):ul=(2.5+1.4)-10°/K,,
£ o \Be("C):ul.=6.1-10" /K, ~. o /H(Li):ul.=(45+1.4)-107 /K,
E ¢ 'C(*0):ul.=62-10" /K, e ABe("C):ul.=(2.0£04)-107 /K,
§ K. Kubota et al., NPA 602 (1996) 327 ’ M. Agnello et al., PLB 640 (2006) 145

§ [ theoretical predictions ] 10°% =107’ /Ks‘mp T.Y. Tretyakova et al., NPA 691 (2001) 51c

3

g

e w4+ p-o>nd+n, 0+ p > K+ A: 2-step (C-EX + AP)
e w4+ p—o>KO+ A, KO+ p - K* + n: 2-step (AP + C-EX)
s s T 4+p-o>Kt+3, >+ p—o>A+n: 1-step (AP)
Lé [experimental results ] KEK [ theoretical predictions ]
E 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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EC)% energy 510 MeVv targets
3 Frascati &- Factor\ complex luminosity 51032 Em:z s '
S /'j : 3 o ISIM »
‘é ‘ o, (rms) 2.11 mm™., /‘LN
INFN tofino
g e | ]9y (rms) 0.021 mm . .
u

L" R "/ ‘ | "Z?J%‘}}‘:t}';f o, (rms) 35 mm r
| I | ;‘ . bunch length 30 mm A (Z + 1) + 72-_

[ TEST crossing angle 12.5 mrad
m FINUDA /’Jxk_, - || frequency 368.25 MHz A Z < (4-2) Z _1

=i ‘ /- \/ (max) ' A > + p + n
LN g (_’UM*ULM;R bunch/ring up to 120

510 MeV A_2
part./bunch 8.9 1010 L ( )Z + n ‘|‘ n

2 - current/ring 5.2 A (max)
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| The background lssueJ

g 6 6

; Koyt Zo>\(Z-2)+7" K,,,+'Li—>H

§ ;:‘ K i X “H“ e VH(°Li):ul.=(2.5+1.4)-107 /K, @N90% c.l.
A = 1 150; T F

% = 400, F'R h §++”’ ;100.:_ i ‘ A i

- | H " T, H = 3 '

4 £ ¢ f \ Mt by T L ' . {

4 3. A 1= t 3 |

" © 200" } " ; E !,{

| ) e Be Y P
a c f Ll C | 4 ;

% : » u-,t\, Vet s . . C | ] : +|

g o *“‘:’ - : et C {‘#} W}I A T T :ss+m

3 SRR 4 background subtraction -y L T

g 200;— ME—T P L By

{1 My T Eu ) "

g 100':_ Ij. ﬁ]“[ sn g R : MJ ‘

5 .: A T .~ H 1

é F § f 240 248 20 %0 20 H
3 : nﬁ ALI*"**‘»M ” ( W ks ;'J:L‘Iiiﬂ*m

3 50 200 250 300 @m0 : Q}

o b mt momentum (MGV’C) ?: ull | W“ W igh {d gy \

% | K- +p—>Zt+n- - 7™ momentum (n‘"ewsco)o -
< [ Lin4nt (~130 < pes < ~250 MeV/c) 7 7
§ r'lz K +pp— Xt +n Kst0p+ Ll—) H

u '-—» at ]~ & Put+ <~ >
(‘g) 2 il Kt S [ Zint ® 220 pb! ] M. Agnello et al., PLB 640 (20069145




p ~ 134 MeV/c

o [ Zint ® 1156 pb™! ] coincidence measurements
_(% -
:5 double C-EX e
§ — - c b ~ 252 MeV/c apparatus capabilities:
g Kstop + Ll_)AH 4 « selective trigger
(based on fast scintillator detectors)
6 « precise K- vertex identification < 1 mm?3
A n.m. decay J (PID + spatial resolution + K- tagging)

- xn, 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)
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Analysis techniquej

17

K-

stop

+°Li—> H + 7"

SH—°He+ 1~

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

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 ™)

VM2 (SH)+ p*(n*) = M (SH)

atomic
mass

\M?(°He)+ p*(”) — M(*He)

M(H)=MCH)+M(A)-B(A)

tables

\ \

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

cut on

=203.0x£1.3 MeV

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

T(z")+T(x"): 202+204 MeV
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Data selection

250 + 255 MeV/c (c,=1.1 MeV/c)
130 + 137 MeV/c (o,=1.2 MeV/c)
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Production ra teJ

background sources

21

* accidentals: =t (250 + 255 MeV/c) and n~ (130 + 137 MeV/c) 0.27 £ 0.27 ew. o

¢ K, ,+Li>3 + 7 +'He+n
Lntrt

- 67 4 +
* Kt Ll_)?L,H4+n+n+”
He + 7~

production rate

* total background on 6Li:

®* Poisson statistics:

‘ BR(7Z'_):H2049 \ ............................ >

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(z")=(3-BGDI-BGD2)/[e(7 )e(z )(n. K, on ‘Li)]

stop

R*BR(77)=(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




Kinematics and binding energy | &

?"[D[ PR’"— p_'.r[_
(MeV) (MeV /c) MeV/c)
2026 £ 1.3 25134+ 1.1 135.1 £1.2
2027 £ 1.3 2501+ 1.1 1369+£1.2
202.1 £ 1.3 25384 1.1 131.2£1.2

M(§H)
prod. (MeV)

5802.33 £0.96
5803.45 £0.96

5799.97 £0.96

M(SH)
decay (MeV)
580141+ 084

5802.73 £ 0.84
5798.66 &+ 0.84

M({H) AM(SH)
mean (MeV) MeV)
5801.87£0.96  0.9241.28
5803.00£0.96  0.72+1.28
5799.32£0.96 131128

formation mass values (0.98 £ 0.74) MeV
systematically higher

than the ones from decay
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(N+Y)/Z(\H)=5>>N/Z("He)=3 T -

8 production
2
[
E [ theoretical predictions ] M = (5801.4 + 1.1) MeV
% % B, =4.2 MeV R.H. Dalitz and R. Levi Setti, NC 30 (1963) 489 ..
< . °H+A 5805.44 MeV
g ’ N e E. Hiyama et al., NP4 908 (2013) 29
< < B, =4.2MeV | L Majling, NP4 585 (1995) 211c |- N
. T "‘.“' ‘‘‘‘‘‘‘‘‘
§ e *H4+ MNHA ——— __§§03274 A. Gal, D.J. Millener, PLB 725 (2013) 445
15 B ¢ |- R i e o
Q P e e TN Ko =
é aHe [ {He| §He | iHe | 3He | 8He! " Lo wenest 1* 5801.9 MeV
g 239 | 3.12 4.8 | 523 | 7.16 | (8.9) Hanan 5801.70 '
E A | A 8047|292 |nl4Y|n3g W s = N8 0* 5800.9 MeV
- rxx | halo | xox | halo B
6
° Akaishi ———— 5799.64 H
3 . % & » A
T RH | A4 | }H °H 141 _ 5
s 0.43 | 204 | 3.1) | (4.2 | 5.2 B, = (4.0 £ 1.1) MeV (5H + A)
@ A | A |n-28] 20 -5 3004
L xx | xxx | ox B, =5 eV +A) @
: A e = I eV | FINUDA Coll. and A. Gal, PRL 108 (2012) 042501
) FINUDA Coll. and A. Gal, NP4 881 (2012) 269
f nrh prod. rate: ~10°2 hyp. prod. rate in (K g, 7°) oo . i
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’He, observed

Hall C

Jlab E01-011

Enge Spectrometer

Wire Chamber
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Configuration Q+Q+D e

px=1.2GeV/c+12.5%

27

B=2 to 13deg

ac W€
Ml
= IS
De T\OF

High resolution Kaon Spectrometer

magnet Momentum resolution 2X 104 (FWHM) pe= 0.3GeV/c

T e+ 47 e+ KT+ 4(Z-1)

Eg=1.8 GeV

\‘\\ Solid Angle (with splitter) 16 msr
Po=316MeV/c£30% T Target
8.=4.5deg Beam
0 1 2m
e 1.8 GeV
30uA
e targets:  ~100 mg/cm?2

e +'Li »>e +K"'+/He

large background

- g.f. hyperons
e accidentals

Counts par\0.d Ma¥

100

h
|

g ,.Ll g =

I.|.!I

ﬂ 1 1 L | 1 1 1 1 | | 1 1 1 1
-10 -5 o & 10

-B, (MeV)

S.N. Nakamura et al., PRL 110 (2013) 012502
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f:/ .geffggon Lab A=7,T =1 tripletj 11;.;1

M. Juri¢ et al., NPB 52 (1973) 1

&h
rm

T B\
.

5.68 £ 0.03 £ 0.25

} LA
5.26 £ 0.03

Jlab EO1-011

il
HMW |

(de/dil)ige (nbSar per 0.3MeV)
h
I

1 a
0’ M. Juri¢ et al., NPB 52 (1973) 1

. 7

- AN Be
0 6 10 A o
By (MeV) G 5.16 + 0.08
S.N. Nakamura et al., PRL 110 (2013) 012502 “’ M. Jurié et al., NPB 52 (1973) |
H. Tamura et al., PRL 84 (2000) 5963
Ic
do

(—) =26%15.1£9.9 nb/sr
dQ

—
10 &
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Charge symmetry breaking (? )J

r

I=0
- Iy A =An
\_ q = O if the charge symmetry
holds exactly
1+ D96+0.04 *Ho (k') 6=10° 4 4
P arene 1 BA(, H) # Ba(, He)

172" 1.08::0.02| M1 M1 | 154008 1t

3H o o N e =
(? 4 | B 4 /".’\ i
le"‘ A wew nHe 90? )

[ Ap more attractive than An
CEL 4 - ,
. r't\k* ,ALH . A.R. Bodmer et al., PRC 31 (4) (1985) 1400
. . h e wd 1 1
tyfrﬁ _...I%fgi"-i‘ﬁf‘*. Coulomb effect is small: ¢ —AB, =0.050£0.020 MeV
w11 .' e —AB" =0.025+£0.015 MeV

1% T 4Ahe !
Iﬁs i A e
"ﬂ s . possible explanations. e N>9 mixing
| Fietila ) , e AN — =N coupling

' | M. Bedjidian et al., PLB 83 (1979) 252
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Charge symmetry breaking (?)

\Be ‘ﬁ?E

B,(/Be,1/2")=5.16+0.08 MeV
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B,(th.)=5.21 MeV

B, (th) =536 MeV B, (th.)=5.28 MeV
B, (th.+ CSB) =529 MeV

B, (th.+ CSB) =5.44 MeV E}l

— exp.
— th.
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(o]
3 - — =
5 , . th. + CSB
@ B, (He,1/2")=5.68+0.03 MeV
2 E. Hiyama et al., PRC 80 (2009) 054321
E @ D
, , M. Jurié et al., NPB 52 (1973) 1
Cz/ | SN Nakamuraeral,PRL 110 (2013) 012502 M. Jurié et al., NPB 52 (1973) 1 H. Tamura ef al., PRL 84 (2000) 5963
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Expanding the horizon...
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Hypernuclei in HI collisions &

ALICE
; ——
"H—’H -
‘H—>"He +7
e th & 3772 +
- ~AH— He +7x
Z
o
% Pb-Pb, 2011 run, {s,, =2.76 TeV negative particles
ié 'ﬁ : 1000:1| ~TE T T T T
o (L3 Magnet | ) Ny =
'§ ! e | — 900! PEEFII-)RIIEI:RECE
= 3 - ‘.‘ July 4", 2012
: T 700F
5 2 600F
o S 500F iy
3 = - 1.5 225 3 35 4
% Secondary vertex V0 ﬁ 400:_ ?:(Gevzmd)
0 7 c E
2 oy O 300F
N pordaughtncica - &5 1 O =
- 00 prnaegangle) : E
- - topological cuts o 200§ .
[ o 6L ¢ sewcrieaownel o COS(poOiNting angle) > 0.9 O e
£ \ ot « DCA = track to PV > 0.4 cm b T
5 Nep dooghenr o + DCA between tracks < 0.7 cm 0.1 0.2 0.3 1 2 3 45
i * pr(He,n) > 1 GeV/c P (Gevro)
< e ct>1cm
CE 7 R. Lea, NPA 914 (2013) 415.




H lei in HI collisi ®

ALICE

§~ — 9500 — — 500

:L % [ Pb-Pb\sy, =276 TeV —e— D-ata . (\{) " Pb-Pb \S_AW=2.76 TeV —e— D.ata |

a_) > Like-Sign Background “>-- i Like-Sign Background

E m 400 » ‘ Combined Fit (pol3+gauss) [4b) 400 L Combined Fit (pol3+gauss)

1=" f ="

E I gt

4 2 s00F 4L 2 3001

4 < | - =

4 S " S

- 8 200 ¥ 8 200

A ALICE oy

= 100 7’ PERFORMANCE 100+

E / A 2410712012 / $ PERFORMANCE

03 RESI0 & W ac s Ve IENER: ¥

: e T ‘H-?| | J“-%--?- O:+|IYT 1 | |

Lz 2.96 298 3 3.02 3.04 3.06 3.08 296 298 3 3.02 3.04 3.06 3.08

?é Invariant Mass(°He, ') (GeV/c?) Invariant Mass(°He, n*) (GeV/c?)

g . 4 =2.990 % 0.001 GeV/c? - § = 2.993 % 0.001 GeV/c2

5 « 0=(3.35+0.70) x 103 GeV/c? « 0=(2.00 £ 1.20) x 103 GeV/c?

g + N, =119 + 35 « N, =77 =22

3 + S/V(S+B) = 4.6 * S/V(S+B) = 3.6

- /4 /4

E ~23 x 106 eventsJ

Ed

(‘E) R. Lea, NPA 914 (2013) 415.
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i sroowunven | Hypernuclei in HI collisions

2 Avwrpr——r——— S —

| - g ‘; AR
z o 250 w 1001 -

% 5200 § B0 E

s S wof | | O 60F

5 F gignal candidates 3 2 zignal candidate s

z 100 : rotated background ol C rotated background ]

E 50 F signal+hackgraund fit Ll 9|gnal+|:ackgrclundf|t E

':"....I....I.... 0'....|... PR T

8 295 3 J205L 31 295 3 :] IIIE 341

£ *He + m Invariant mass (GeY/c”) *He + «* Invariant mass (GeV/c®)

% e M =2.989 £ 0.001 £ 0.002 GeV/c? e M =2.991 £ 0.001 £ 0.002 GeV/c?

& « 0 = 0.0025 GeV/c? « 0 = 0.0025 GeV/c?

&  significance = 5.2 o - significance = 4.1 o

2

§ ﬁlouuFl T | LI | LI | L | T | T | T | T

o 5 L Run7+Run10+Runll mb+central Signal . B.I. Abelev et al., Science 328 (2010) 58.

g 3 s ¥ /ndf  81.5/68 -

é B Yield 602.10 = 63.15

% 800 Mean 2.991+ 0.000 —

E I ~610 x 106 events

600 7

a0 X Signal observed from the data

2 . . (bin-by-bin counting [2.986,2.996] GeV): 602+ 63, significance: 9.6c
£ - « Signal 1

i 2000 __ rotated background ] * Background estimation: rotated background

< i — signal+background fit i Y. Chon @ EIYE 2012 g

: | PARETN AT T [N AT T [T T A T AN N Y S o il :

Cx 994" 296 298 3 302 3.04 306 308 3.1 Y. Zhu, NP4 904-905 (2013) 551c.
CE) M, (He3+m)(GeV)
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2cr'induced weak decay

* relevance first pointed out by: WM. Alberico et al, 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

[ "smoking gun” evidence missing! %%*‘

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



& 2ec7’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
E(p) = 51.11 + 0.85 MeV
9(n1 n2) = 94.8°+3.8°
9(nlp) = 102.2°+3.4°
9(n2p) = 154° + 19°
no n-n or p/n scattering
L MM (MeV/c?)
4He 37274
‘He +n 3748.0
first, direct experimental evidence H4p 37472
.4 E) @@ | M. Agnello er al., NP4 881 (2012) 322 ,




triple coincidence: (n + n + p) events

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

counts/(10 MeV)

Pr-
miss

Etot

MM

'U
I

E(nl)
E(n2)
E(p)

3(nl n2)

3(nl1 p)
3(n2 p)
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SRR PN ERPII APRFIFIN EPUPRTIN RIS B AR AP
20 40 60 80 100 120 140 160 180 200

Kinetic Energy (MeV)

276.5+1.2 MeV/c
447 + 18 MeV/c
147.1 + 4.2 MeV

3720.3 + 4.7 MeV/c?

21 + 2.0 MeV
35.3 + 3.6 MeV
90.83 + 0.50 MeV

126.5° + 5.4°
53.5°+4.3°
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

iBe MM [MeWc"‘a]
bLi 5601.5
Li4n 5607.2
‘He 4+ d 5603.0
‘He 4+ *H 5617.3
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Summaryj

~ . . R
a good wealth of interesting and sometime

unexpected hypernuclear physics results
has been recently produced

%= no longer running or
not dedicated experiments
dedicated
facilities

» E... @ J-PARC

v FINUDA @ DA®NE *
v HKS @ CEBAF

& ALICE @ LHC *
% STAR @ RHIC

L 2 dedicated
experiments

we are now looking forward for @
new and exciting world class results

J-PARC




