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Hypernuclear physics is in a strange
position. It is neither fish nor fowl.
High-energy physicists do not look to
it for valuable advances in their under-
standing of the interactions of funda-
mental particles. Nuclear physicists also
see the field as something apart. Its

main relevance for the fundamentals
is the information it can provide on
N-A and A-A interactions.

J. D. JACKSON
Lawrence Radiation Laboratory,
Berkeley, California

Science, Vol. 159, p. 1346 [H&



5 decades of hyperons in neutron sta¥s\##s.

NEUTRON STAR MODELS

A. G. W. CAMERON
Atomic Energy of Canada Limited, Chalk River, Ontario, Canada
Received June 17, 1959

Another reason why the writer has not taken into account complications inherent in
using a relativistic equation of state is that no such things as pure neutron stars can be
expected to exist. The neutrons must always be contaminated with some protons and
sometimes with other kinds of nucleons (hyperons or heavy mesons).

» Alastair G.W. Cameron, Astrophysical Journal, vol. 130, p.884 (1959)



Baryon stars GUTENRERG..

Input: Baryons in chemical Equilibrium, conservation laws, interaction
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» beyond 2p, hyperons may play a significant role in neutron stars
» in the core hyperons may even be more abundant than neutrons
Wambach 2008:”...it becomes practically impossible to ignore strangeness
when considering neutron stars”
» needed: full BB interaction at high density= at small distances



Y-Y Interaction in neutron stars

GUTENRERG,.,

» Ml Ai-Jun and YOU Wie, Commun. Theor. Phys. (Beijing, China) 53 (2010) pp. 133-137

Table 1 The properties of neutron star calculated with

various hyperon-hyperon (Y-Y) interaction and the case

without hyperon-hyperon interaction (no Y-Y). See text

for detail.

Y-Y strength | Mmax/Ms  pe/fm™2 Radius/km

0.1 1.75 1.03 11.70

Quark 0.5 1.64 0.88 12.46

model 0.7 1.52 0.68 13.47

no Y-Y 1.62 0.84 12.65

0.1 2.06 1.01 11.41

Universal 1.0 2.01 1.06 11.21

coupling 1.4 1.95 1.19 10.58

no Y-Y 1.96 1.06 11.28
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» — see talk of James Vary: ab initio calculations...

{NN scattering data} EEEm

!

L Phenomenological J

NN forces
Argonne, Nijmegen...

{ finite nuclei
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» ..but there is still a long way to go

{NN scattering data} EEEm
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Nuclear Forces from Lattice QCD

GUTENRRRG::

» Forefront Questions in Nuclear Science and the Role of HighPerformance Computing,

January 26-28, 2009 -

Washington D.C.
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Hypernuclear physics: a multicultural actiVit§##s.

nuclear

reaction

VRN AN

» Hypernuclei offer a bridge between traditional nuclear
physics , hadron physics and astrophysics

» It helps to explore fundamental questions like
» How do nucleons and nuclei form out of quarks?
» Can nuclear structure be derived quantitatively from QCD?
» Properties of strange baryons in nuclei and structure of QCD
vacuum?
» Baryon-baryon weak interaction AN—>NN, AA—AN
» H-dibaryon {uuddss} in nuclei ?
» Can we constrain the interior of neutron stars?

astroph
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International Hypernuclear Network VTG

_?" PANDA @ FAIR
e anti-proton beam

e double A-hypernuclei
e y-ray spectroscopy

STAR @ RHIC

» HIl collider

e anti A-hypernuclei
= exotica?

Dubna
* heavy ion beam
= single A-hypernuclei
- weak decays

HypHI @ GSI

Ve heavy ion beams

= single A-hypernuclei
at extreme isospins

= magnetic moments

KAOS @ MAMI

e electro-production

e single A-hypernuclei
e A-wavefunction

JLab
» electro-production

» single A-hypernuclel
e A-wavefunction

FINUDA @ DAFNE
e e*e- collider

e stopped-K- reaction

» single A-hypernuclei
e y-ray spectroscopy

KEK ¢ J-PARC
e intense K- beam
e single and double A-hypernuclei
= y-ray spectroscopy for single A




Birth, life and death of a hypernucleust#s.

target nucleus

! electromagnetic
decays
’y g
A A= )
Z(a, b)Y / [ 3 [mesonic A—> pr J
decays 0
A > nrx
~ I Gonmesor%\
strangeness deposition weak decay /hadronic )
et+e 5> d > K+ K- Ap - np decay in
K Sopped +AZ SN Z An — nn emulsion,
FINUDA AA = YN heavy ion
- _/ Nl j recations
strangeness production -
4 ~ & K®), (-, K°)
BNL,KEK, (GSI A - A
strangeness (GSI) 7 O 1+ (Z + 1)
_exchange Y
(K, ) (K, 1) electroproduction
(e,e"K"), (v,K")
\BNL,KEK,JPARS Jlab, MAMI-C




Single Hypernuclei - Two-body Reactitrgs-
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Past and Presence of Hypernuclel
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High Resolution y-Spectroscopy at KEKVE s

A Hypernuclear Chart 1
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The present nuclear chart GUTENRERG..
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“»"Present limitations
1 » only single A-hypernuclei close to valley of stability
» only very few AA-hypernuclei events

» Information on = hypernuclei limited

» No information on antihyperons in normal nuclei
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International Hypernuclear Network VTG
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J-PARC beyond 2010 GUTENRERG.

Several intense K- beam lines, n-beams
y-ray spectroscopy for single A

Complete study of light (A<30) hypernuclei
Study of medium and heavy hypernuclei
n-richer/p-richer mirror hypernuclei

Double strangeness

yYyYyYY¥YVvYY

= Hyperball-J

L production

“target (T1) _4#* ..- v M
‘ P,

30GeV primary ] target KO.8 ‘9‘2

beam (phase 1) C-type ""‘F




Electroproduction of Hypernuclel

_?-" PANDA @ FAIR

e anti-proton beam
e double A-hypernug

RHIC
» HI collider

e anti A-hypernuclei
e exotica?

= y-ray spectroscopy

KAOS @ MAMI

e electro-production

e single A-hypernuclei
- A-wavefunction

JLab
» electro-production

= single A-hypernuclel
- A-wavefunction

Registrierte Ereignisse
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J-Lab Experiments

GUTENRERG,.
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A Binding Energy in Mirror Hypernuclefs.

If isospin is an exact symmetry and therefore also no AN charge

symmetry breaking = B, of mirror nuclei identical
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» nuclear CSB
» AN CSB

Nz
He

.
LHe

51

> Li

1 by

2.04+£0.04
4.18+0.10
4.42+0.13
3.69+0.90
6.80+0.03
8.53+0.15
9.11+£0.22
11.37+£0.06

13.76 £0.16

lectromagnetic effects

4
LHe

N

/Be
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B
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16
AO

2.39+0.03
3.92+0.37

5.16+0.08
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KAOS @ MAMI GUTEHERG:.
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S High resolution absolute mass of hypernuclei by pionic decay

(Liguang Tang, Osamu Hashimoto)
1(
» Light (A<12) X% hypernuclei

» Coulomb assisted bound X- states

» Deformation of hypernuclei



The present nuclear chart GUTENRERG.
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§ " » 'Present limitations

] ‘ » only single A-hypernuclei close to valley of stability
only very few AA-hypernuclei events

Information on = hypernuclei limited

no information on antihyperons in normal nuclei

¥y ¥ ¥



International Hypernuclear Network VTG

_?-" PANDA @ FAIR

e anti-proton beam

e double A-hypernuclei

e y-ray spectroscopy
-y

STAR @ RHIC

» HI collider

e anti A-hypernuclei
e exotica?

Dubna

* heavy ion beam
» single A-hypernuclei
» weak decays

200 AGev Au+ AU i/ |

e electro-j
= single A-
| = A-wavef

JLab
» electro-production

» single A-hypernuclel
= A-wavefunction

- -




3, H at STAR GUTEREHG.

AuAuZﬂﬂ_Cnmhined-i_H_candidate
E 350__LI T | LI | LI | LI | LI | LI | | | | | T T | LI
3

o
© 300 STAR Preliminary

250

200

l“-|—?_III|IIII|IIII|IIII|—

150

100 » signal candidates

50 rotated background

éoa 31 3.12 3.14

*He + 1 InvMass dis.

P94 2.96 2.

| 1 | |
98 3 3.
» background shape determined from rotated background analysis
» Signal observed from the data (bin-by-bin counting): 177 = 30

» Mass: 2.990 = 0.001 GeV; Width (fixed): 0.0025 GeV.



The first antihypernucleus: 3:H @ STARG#s.

AuAuEﬂﬂ_Cnmbined_Anti-iH_cand idate
140

STAR Preliminary

L
Other HI projects:

Count

120

|III|IIIL

100

||||||||||T

» FOPI@GSI has also observed as signal compatible with
hypertriton

» ALICE@LHC will also look for hypernucleus production

» Proton-rich’hypernuclei, multi-strange nuclei...?

» Signal observed from the data (bin-by-bin counting): 68+18
» Mass: 2.991+0.001 GeV; Width (fixed): 0.0025 GeV



International Hypernuclear Network VTG

_?" PANDA @ FAIR
e anti-proton beam

e double A-hypernuclei
e y-ray spectroscopy

RHIC
» HIl collider

e anti A-hypernuclei
= exotica?

Dubna
* heavy ion beam
= single A-hypernuclei
- weak decays

HypHI @ GSI

Ve heavy ion beams

= single A-hypernuclei
at extreme isospins

e magnetic moments

KAOS @ MAMI

e electro-production

e single A-hypernuclel
e A-wavefunction

JLab
» electro-production

» single A-hypernuclel
e A-wavefunction
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Phase O experiment at GSI, in 2009/2010 V%

invmass
Entries 2145
80 o Mean 1139
F RMS 0.05693
70—
= V V Underflow i}
60 } e ry e ry Overflow 2
C Integral 2041

preliminary

50—

TOF+ wall

ALADIN magnet

October 2009: 2AGeV SLi+12C

5 —
He—>p+a+rx

TOF start
ALADIN TOF wall

March 2010: 2AGeV 20Ne+12C \‘?

Scintillating fiber detectors (TRO/1/2)




The present nuclear chart
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bresent limitations

l‘ » only single A-hypernuclei close to valley of stability
» only very few AA-hypernuclei events

» Information on = hypernuclei limited

» No information on antihyperons in normal nuclei




19/1
at HYP-X

( Summaa/ and perspective (1)

By checking consistency of ABaa (NAGARA) within 3 STD. errors,

=" Bis- Bz~ ABuas- Bz-lAssumed Bas AB A4

AZ captured,  [MeV] Mev] \ level  [MeV]  [MeV]
e
6 Bas =6.79 + 0.91B =~ (+/-0.16) 6.91 0.67 |
NAGARA jjHe 12¢ ABAA= 0.55 + 0.91B=- (+/-0.17) =0 ¥-016  +-0A47
Bz-<1.86
" 9.03 3.69 | 10.06 3.82
MIKAGE \fHe 2C | " 47 w172 B2 4172 H-1.12
DEMACHI- 10 Ba*!2 1177 -1.65 11.90 -1.52
e C ! 4043 +-0.15 (B8 1-0.13 _ +/-0.15
YANAGI AA i of. Ex = 3.0 0 o Ex=o
HIDA 11 16 | 20.26 2.04 20.49 2.27
anBe PO TUlias Thiizs BB SN 15 Sii123
[ 1 14 . 22.06 | 2223 ==
AaBe N 5 +-1.15 3D #/-1.15
233 0.6
E1r6  [RAB-4RCT ., =35 — V.07 ¥-08
R not
S XTI SRa* e e 14.7 1.3
_ ARBE‘ >ABQ Ex = 3.0 checked, +/-04 +/-04

| et.
M. Danysz et aE PRL.11(1963)29; o

R.H.Dalitz et al., Proc. R.5.Lond A436(1989)1

B =- (atomic 3D) = 0.13 MeV ['2C- £-], 0.17 MeV [“N- -], 0.23 MeV [160- =-].



Production of AA Hypernucleli GUTENRERG
» simultaneous implantation of two A’s impossible
» Z-conversion in 2A: Z+p —oA+A + 28MeV
—large probability that two A’s stick to same nucleus
‘ primary
o = production of
No\/}) of X-
capture — 7
of X-in |
secondary
target;
atomic
transistion
4 =Epc AA
conversion
y-decay and
weak decay
4

» two-step process




Decay Products of AA Hypernuclel  SUTgs.

» nuclear fragments = emulsion hadron+nucleus
» detection of charged products only
» limited to light nuclei
» weak decay products — BNL-AGS E906 Be(K-,KH)X
» resolution limited
» Nno information on excited states
» interpretion not unique because 1 momenta are similar

» Y- spectroscopy = PANDA p+A
» NO excited states observed yet, but theoretically predicted
» How to identify the nucleus hyperon-
antihyperon
i production | [
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Production of AA Hypernuclel at | __LJ
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PANDA Setup SUTENRRAG

» 0,,< 45°: =—, K- trigger (PANDA)
» 0,,=— 45°-90°: E-capture, hypernucleus formation
» 0,,,>90°: y-detection Euroball (?) at backward angles

Milestones:

» Full Monte Carlo chain including event generator,
new statistical model to simulate the population
of excited states

o » hardware projects: Ge-detectors, secondary
target, primary target...




Simulation within PANDA ROOT GUTERRERG,,

» Example: secondary 12C target (—2 weeks™) )
» Bin width 100keV
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In these simulations we assume a = capture and conversion probability of 5%
(arXiv:0903.3905)



» Hypernuclear physics is a multicultural activity — it links QCD and nuclei

» Hypernuclei are a key to neutron stars
| » Hypernuclear physics needs a variety of experimental probes

| »y-spectroscopy of double hypernuclei seems possible at PANDA
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