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The FINUDA experiment @ LNF
The Hall-A and Hall-C @ JLab

 The HypHI experiment @ GSI
 The STAR experiment @ BNL

The ALICE experiment @ CERN/LHC
The ULYSSES experiment @ J-PARC
 S = -1 Λ-hypernuclei:

 E10: search for neutron-rich Λ-hypernuclei (Dec 12 / Jan 13)
 E13: γ-ray spectroscopy of Λ-hypernuclei (May/Jun 2015)

 S = -2 Ξ-hypernuclei:
 E05: search for Ξ-hypernuclei (Oct-Nov 2015)

 The A1 experiment @ MaMi-C
 The PANDA experiment @ FAIR

 future perspectives:
 JLab hypernuclear program
 J-PARC Hadron Hall Extension

 Hydrogen hyperisotopes (3HΛ and 4HΛ) lifetime measurement
 hypernuclear weak decay further studies

(determination of some missing decay widths)

2

Outline

}past

present
& short
term future

the JJ roadmap
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A worldwide interest
3

running!
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Physics motivations
4
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Hypernuclear physics in a nutshell
5

A hypernucleus is the outcome
of a genetic engineering manipulation
applied to the nuclear physics domain

−
Λ

− π+→+ ZZK AA

+
Λ

+ +→+π KZZ AA

)Z(KeZe A'A 1−++→+ Λ
+−−

1) strangeness exchange (both in flight and at rest):

2) associated strangeness production:

3) “electro-production”:

mb/sr

nb/sr

µb/sr

dσ/dΩ

2000s

80s

70s

t



Al
es

sa
nd

ro
 F

el
ic

ie
llo

 / 
III

 In
co

nt
ro

N
az

io
na

le
di

 F
is

ic
a

N
uc

le
ar

e,
 IN

FN
/L

N
F,

 F
ra

sc
at

i(
R

M
), 

14
-1

6 
no

ve
m

br
e

20
16

. 
6

Hypernuclei’s chart

courtesy of H. Tamura
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The FINUDA way
8

L ≈ 1 × 1032 cm-2s-1σ = 3.26 μb ≈ 300 Hz

≈ 150 Hz

high resolution
spectroscopy

systematic study
of decay modes

B.R. ≈ 49%
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FINUDA @ DAΦNE 
9

energy 510 MeV

luminosity 5 1032 cm-2 s-
1

σx (rms) 2.11 mm

σy (rms) 0.021 mm

σz (rms) 35 mm

bunch length 30 mm

crossing angle 12.5 mrad

frequency 
(max) 368.25 MHz

bunch/ring up to 120

part./bunch 8.9 1010

current/ring 5.2 A (max)

−
Λ

−

+−+−

+→+

→→+

π

φ

ZZΚ
ΚΚee

AA
stop

→Λ ZA

nnZ
npZ

Z

A

A

A

++

++−

++

−

−

−

)2(

)2( )1(
)1( π
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Physics output (S = -1)
11

nuclear
models

4B weak
interaction

quark
substructures

neutron-rich
Λ-hypernuclei

medium
effect

(weak) decay

low-energy
N  -Y interaction

spectroscopy

deeply bound
K states

n

n
nn

np

p
p

p p
p

Λ

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

1. M. Agnello et al., PRL 94 (2005) 212303
2. M. Agnello et al., PLB 654 (2007) 80

1. M. Agnello et al., PLB 622 (2005) 35
2. M. Agnello et al., PLB 681 (2009) 139
3. M. Agnello et al., NPA 835 (2010) 414
4. M. Agnello et al., PLB 698 (2011) 219

1. M. Agnello et al., NPA 804 (2008) 151
2. M. Agnello et al., PLB 681 (2009) 139
3. M. Agnello et al., NPA 835 (2010) 439
4. M. Agnello et al., PLB 685 (2010) 247
5. M. Agnello et al., PLB 701 (2011) 556
6. M. Agnello et al., NPA 881 (2012) 322
7. M. Agnello et al., PLB 738 (2014) 499
8. E. Botta et al., PLB 748 (2015) 86> 300 citations!!!
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Search for neutron-rich hypernuclei
12

central issue in hypernuclear physics

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

 unique opportunity to study: - effect of 3-body forces (ΛNN )
- ΛN- ΣN coupling contribution to binding en.
- hyperon behaviour in n-rich environment

1. Pauli effect not effective for Λ
2. Λ extra binding energy

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

w/o hyperons
→ stiff EoS

w/ hyperons
→ soft EoS I. Vidaña et al., EPL 94 (2011) 11002

direct influence on
neutron star EoS

prediction of neutron star
main parameters 
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The status of art (as of 2011)
13

+
Λ

− +−→+ π)2(ZZK AA
stop

+
Λ

− +−→+ KZZ AA )2(π

• K- + p → π0 + Λ, π0 + p → π+ + n: 2-step (S-EX + C-EX)
• K- + p → K0 + n, K0 + p → Λ + π+: 2-step (C-EX + S-EX)
• K- + p → π+ + Σ-, Σ- + p → Λ + n: 1-step (S-EX)

• π- + p → π0 + n, π0 + p → K+ + Λ: 2-step (C-EX + AP)
• π- + p → K0 + Λ, K0 + p → K+ + n: 2-step (AP + C-EX)
• π- + p → K+ + Σ-, Σ- + p → Λ + n: 1-step (AP)

srnbddBLi /9.13.11/:)(1010 ±=ΩΛ σ

KEK

−−
Λ ⋅=• stopKluBeHe /103.2..:)( 499

−−
Λ ⋅=• stopKluCBe /101.6..:)( 51212

−−
Λ ⋅=• stopKluOC /102.6..:)( 51616

−−
Λ ⋅±=• stopKluLiH /10)4.15.2(..:)( 566

−−
Λ ⋅±=• stopKluLiH /10)4.15.4(..:)( 577

−−
Λ ⋅±=• stopKluCBe /10)4.00.2(..:)( 51212

experimental results

P.K. Saha et al., PRL 94 (2005) 052502 T.Y. Tretyakova et al., PAT 66 (2003) 1681

theoretical predictions

KEKexperimental results

theoretical predictions

K. Kubota et al., NPA 602 (1996) 327 M. Agnello et al., PLB 640 (2006) 145

−−− ÷ stopK/1010 76 T.Y. Tretyakova et al., NPA 691 (2001) 51c

INFN-LNF
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The new NRH search strategy

double C-EX
p ~ 252 MeV/c

Lint ≈ 1156 pb-1

n.m. decay
p ~ 134 MeV/c

apparatus capabilities:

• selective trigger
(based on fast scintillator detectors)

• precise K- vertex identification < 1 mm3

(PID + spatial resolution + K- tagging)
• π, K, p, d, … separation (OSIM & LMDC dE/dx)
• high momentum resolution

6‰ FWHM π− @ 270 MeV/c
6%  FWHM π− @ 110 MeV/c
(tracker performance + He bag + thin target)

−
Λ +→ πHeH 66

14

+
Λ

− +→+ πHLi 66
stopK
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Experimental evidence for 6HΛ (2012)

π-

π+
π-

π+

µ+

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

−
Λ +→ πHeH 66

+
Λ

− +→+ πHLi 66
stopK



Al
es

sa
nd

ro
 F

el
ic

ie
llo

 / 
III

 In
co

nt
ro

N
az

io
na

le
di

 F
is

ic
a

N
uc

le
ar

e,
 IN

FN
/L

N
F,

 F
ra

sc
at

i(
R

M
), 

14
-1

6 
no

ve
m

br
e

20
16

. 

Akaishi

The 6HΛ puzzle

formation mass values
systematically higher

than the ones from decay

theoretical predictions

 BΛ = 4.2 MeV R.H. Dalitz and R. Levi Setti, NC 30 (1963) 489

 BΛ = 4.2 MeV L. Majling, NPA 585 (1995) 211c

nrh prod. rate: ~10-2 hyp. prod. rate in (K-
stop, π-) 

M = (5801.4 ± 1.1) MeV

(0.98 ± 0.74) MeV

BΛ = (4.0 ± 1.1) MeV   (5H + Λ)

BΛ = 5.8 MeV   (5H + Λ)
ΛNN force ≡ 1.4 MeV

excited state
production

3)(/5)(/)( 86 =>>=+ Λ HeZNHZYN

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

0+ 5800.9 MeV

1+ 5801.9 MeV

16

5802.87

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

A. Gal, D.J. Millener, PLB 725 (2013) 445
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The STAR experiment
at RHIC

17

Λ

p
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STAR 3HΛ signal

+
Λ

−
Λ

+→

+→

π

π

HeH

HeH
33

33

GeV200@AuAu +

B.I. Abelev et al.,  Science 328 (2010) 58.
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Hypernuclei in HI collisions

B.I. Abelev et al.,  Science 328 (2010) 58.

Signal observed from the data
(bin-by-bin counting [2.986,2.996] GeV): 602±63, significance: 9.6σ

Background estimation: rotated background

J.H. Chen @ HYP 2012.
Y. Zhu, NPA 904-905 (2013) 551c.

STAR preliminary

~610 × 106 events

• μ = 2.989 ± 0.001 ± 0.002 GeV/c2

• σ ≡ 0.0025 GeV/c2

• significance = 5.2 σ

• μ = 2.991 ± 0.001 ± 0.002 GeV/c2

• σ ≡ 0.0025 GeV/c2

• significance = 4.1 σ
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Expanding the horizon…
H. Tamura

B.I. Abelev et al.,  Science 328 (2010) 58.

He4

updated from
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The ALICE experiment at LHC
22

Λ

p

n

Pb
Pb
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Hypernuclei in HI collisions

+
Λ

−
Λ

+→

+→

π

π

HeH

HeH
33

33

TeV76.2@PbPb =+ NNS

topological cuts
• cos(pointing angle) > 0.9
• DCA π track to PV > 0.4 cm
• DCA between tracks < 0.7 cm
• pT(3He,π) > 1 GeV/c
• cτ > 1 cm

R. Lea, NPA 914 (2013) 415.
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Hypernuclei in HI collisions

R. Lea, NPA 914 (2013) 415.

• μ = 2.990 ± 0.001 GeV/c2

• σ = (3.35 ± 0.70) × 10-3 GeV/c2

• Nraw = 119 ± 35
• S/√(S+B) = 4.6

• μ = 2.993 ± 0.001 GeV/c2

• σ = (2.00 ± 1.20) × 10-3 GeV/c2

• Nraw = 77 ± 22
• S/√(S+B) = 3.6

~23 × 106 events
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The light hypernuclei lifetime puzzle
25

He bubble
chambers

photographic
emulsions

large error bars ↔ small data samples

 ps 185 w.a. 28
23

+
−=

 ps 193 w.a. 15
13

+
−=

 ps 203 w.a. 40
31

+
−=

~20 years

(heavy) ions
collisions

M. Agnello et al., NPA 954 (2016) 176.



Al
es

sa
nd

ro
 F

el
ic

ie
llo

 / 
III

 In
co

nt
ro

N
az

io
na

le
di

 F
is

ic
a

N
uc

le
ar

e,
 IN

FN
/L

N
F,

 F
ra

sc
at

i(
R

M
), 

14
-1

6 
no

ve
m

br
e

20
16

. 

The J-PARC E13 experiment
39

n
p n

ΛH4
Λ

p
n
ΛpHe4

Λ
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E13: physics motivations

 to explore the s-shell Λ–hypernuclei (4HeΛ)
 doorway to investigate the CSB effect in A = 4 systems

 to explore the sd-shell Λ–hypernuclei (19FΛ)
 study of radial dependence of ΛN interaction

 to measure B(M1) in order
to evaluate gΛ in nuclear matter

42
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E13: experimental setup
43
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BΛ = (2.12 ± 0.01 ± 0.09) MeV

CSB in A = 4 systems
46

A. Esser et al., PRL 114 (2015) 12501

M. Bedjidian et al., PLB 83 (1979) 252

BΛ (MeV)

M. Jurić et al., NPB 52 (1973) 1

H4
Λ

He4
Λ

M. Bedjidian et al., PLB 62 (1976) 467

origin:
 ???
possible explanations:
 ΛΣ mixing
 ΛN-ΣN coupling

−
Λ +→ πHeH 44



Al
es

sa
nd

ro
 F

el
ic

ie
llo

 / 
III

 In
co

nt
ro

N
az

io
na

le
di

 F
is

ic
a

N
uc

le
ar

e,
 IN

FN
/L

N
F,

 F
ra

sc
at

i(
R

M
), 

14
-1

6 
no

ve
m

br
e

20
16

. 

E13: experimental results on 4HeΛ
48

M. Bedjidian et al., PLB 83 (1979) 252

T.O. Yamamoto et al., PRL 115 (2015) 222501

M. Bedjidian et al., PLB 83 (1979) 252

ΔBΛ(1+) = (0.03 ± 0.05) MeV

ΔBΛ(0+) = (0.35 ± 0.05) MeV 

by combining E13 results with emulsion data

He),(He 44
Λ

−− πK
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The J-PARC E05 experiment
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ΛΛ- and Ξ-hypernucleus production
55

Ξ- atomic capture reaction at rest
is one of the most effective way to look for double Λ-hypernuclei

+− +−→+ KZZK A
Ξ

A )1( K- beams:

@ BNL 1.88 GeV/c
@ KEK 1.66 GeV/c
@ J-PARC 1.80 GeV/cK- + p → Ξ- + K+ q.f.

compound double Λ state: 

Ξ- + p → Λ + Λ + 28 MeV

ΛΛZZΞ AA ⊕⊕−→+ −− )1()1(

quasi deuteron model: 

Ξ- + “d” → “ΛΛ” + n high
energy

nZZΞ A
ΛΛ

A +−→+− )1( high
energy

S = -2 systems study is not just a simple extension
of what has been done for S = -1 system
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The status of art for Ξ-hypernuclei
59

P. Khaustov et al., PRC 61 (2000) 054603

previous experiment: BNL-E885

 evidence for Ξ-hypernuclear bound state
(not definitive because of 
limited mass resolution)

X),(C12 +− KK

 signal shape analysys and
counts in bound region,
compared with DWIA calculations,
suggest a weakly actractive ΞN potential
~-14 MeV deep (BΞ ~ 4.5 MeV)

 production cross section:
• dσ/dΩ = 89 ± 14 nb/sr (< 8 deg.)
• dσ/dΩ = 42 ± 5 nb/sr (< 14 deg.)
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The status of art for Ξ-hypernuclei
60

The "KISO" event
K. Nakazawa et al., PTEP (2015) 033D02

observation of a bound state of the Ξ--14N system the by E-373 experiment

• Ξ- + 14N → 10BeΛ + 5HeΛ

• ΒΞ = (4.38 ± 0.25) ÷ (1.11 ± 0.25) MeV

 Ξ-hypernuclei do exist!

measurement of:

? Re(VΞ)

? ΓΞN−ΛΛ
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E05: physics motivations

 First spectroscopic study of S = -2 systems
via the (K-,K+) reaction
Ξ-hypernuclei (⇒ double ΛΛ-hypernuclei)
Ξp-ΛΛ mixing
 first step for multistrangeness baryon systems

 ΞN interactions: essentially no information
actractive or repulsive? ⇒ potential depth
Ξp-ΛΛ conversion? ⇒ conversion width
 isospin dependence? ⇒ Lane term (τΞ ⋅ τC/AC)

61
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Observation of Ξ bound states
68

missing mass

focus on this region

Ξ bound region

-20 < -B.E. < 0 MeV

}T = S + B = 55 counts
B = 10.8 counts ⇒ S/∆S = 5.5

P. Khaustov et al., PRC 61 (2000) 054603

consistent with BNL E885 data
but with better energy resolution

two signals resolved with ∆E = 5.4 MeV (FWHM)
for the first time!!!   (-B.E.: -9.1 and -2.1 MeV)

K1.8 beam line
spectrometer

kaon
spectrometer

Search for
Ξ–hypernuclei (12BeΞ)

E05 fall 2015
measurement
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The JLab experiments
69

Λ

n

nαHe7
Λ

Hall A: E94-107

Hall C: E01-011
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A=7, T=1 triplet

S.N. Nakamura et al., PRL 110 (2013) 012502

M. Jurić et al., NPB 52 (1973) 1

Λ

n

nα

p

Λ

n

α

p

Λ

p

α

5.68 ± 0.03 ± 0.25

5.26 ± 0.03

5.16 ± 0.08

M. Jurić et al., NPB 52 (1973) 1

M. Jurić et al., NPB 52 (1973) 1
H. Tamura et al., PRL 84 (2000) 5963

BΛ [MeV]
He7

Λ

*7 LiΛ

Be7
Λ

nb/sr9.91.526
d
d

±±=







Ω
σ
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CSB in A = 7 systems (?)

Λ

n
nα

He7
Λ

p
Λ

n
α

*7 LiΛ

p
Λ

p
α

Be7
Λ

S.N. Nakamura et al., PRL 110 (2013) 012502 M. Jurić et al., NPB 52 (1973) 1
M. Jurić et al., NPB 52 (1973) 1
H. Tamura et al., PRL 84 (2000) 5963

E. Hiyama et al., PRC 80 (2009) 054321

exp.
th.
th. + CSB 

MeV03.068.5)He,1/2( 7 ±=+
ΛΛB

MeV36.5)th.( =ΛB

MeV16.5)CSB  th.( =+ΛB

MeV28.5)th.( =ΛB

MeV29.5)CSB  th.( =+ΛB

MeV03.026.5),1/2Li( *7 ±=+
ΛΛB

MeV08.016.5)Be,1/2( 7 ±=+
ΛΛB

MeV44.5)CSB  th.( =+ΛB

MeV21.5)th.( =ΛB
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CSB in A = 7 systems (?)
77

T. Gogami et al., PRC 94 (2016) 021302

updated value from:

E. Botta, T. Bressani, A.F., arXiv:1608.07448 [nucl-ex]

offset between emulsions and
counters experiments values

Coulombian differential shrink of
7HeΛ and 7BeΛ cores (~150 keV)

E. Hiyama et al., PRC 80 (2009) 054321

Hall C: E05-115
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Goal of the experiment:
understanding neutron stars

by solving the
hyperon puzzle

JLAB Theoreticians’ comment

The neutron star puzzle born of the observation of two-solar
mass specimens is indicative of a stiffer EOS than expected if
hyperon components become active at the resulting densities.
Models where the YN interactions are only two-body have shown
to lead to a soft EOS for which a neutron star cannot be heavier
than about 1.5 solar masses.
Three or more body interactions seem to be necessary, but
unfortunately at this stage close to nothing can be said about
them.
In addition, the neutron star’s large isospin density requires that
the isospin dependencies of the Y N interactions be known.
The proposed experiment has the best potential to give
information about both the three body Y N interactions as well as
the dependency on isospin.
The latter has been recently illuminated in light hypernuclei by
Mainz and J-PARC experiments, but much more information is
needed especially for heavier hypernuclei.
It seems that the proposed experiment should be a first one in a
program that hopefully continues with the goal of establishing
hypernuclear physics which is crucial for understanding
important problems, such as the neutron star puzzle.

Precise hypernuclear 
spectroscopy on medium to 

heavy hypernuclei with electron 
beams is only possible with the 

CEBAF electron beam,
due to equipment, beam quality 
constraints, and above all the 
possibility to calibrate absolute 

energy scale by the p(e,e’K+)Λ and 
p(e,e’K+)Σ

0 reactions, impossible 
with hadron beams due to lack of 

pure neutron targets.  

except the
FINUDA 

experiment!

Future perspectives at the

credit to G.M. Urciuoli
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Conclusions
82

The starting point!

interesting results have already been achieved

� several open questions on fundamental issues

stimulating discovery potential

perspectives look promising

active and well motivated physicists’ community

experimental activity definitively started at J-PARC

extension of the J-PARC Hadron Experimental Facility

call for new ideas and proposals
(light hypernuclei lifetime, further decay mode)

JLab hypernuclear physics program
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