


It’s a strange world
where

QCD meets Gravity 
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Gravitational Waves

B.P.Abbott al., Phys. Rev. Lett. 116, 061102 (2016)
see also arXiv:1602.03841 [gr-qc]



Neutron Stars

P. B. Demorest et al., Nature 467 (2010)
John Antoniadis et al., Science 340 (2013)

M(PSR J1614-2230) =1.97 ± 0.04 M⊙

M(PSR J0348+0432)=2.01 ± 0.04 M⊙
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D. Psaltis, Living Rev. Relativity 11, 9 (2008)

„Unlike BHs, the structure of compact stars depends on the coupling
of gravity with matter in strong field region. Therefore NSs are a 
valuable alternative to BHs in tests of strong-field gravity, because
they can probe (and possibly rule out) those theories that are close to
GR in vacuum, but differ in the description of the coupling between
matter and gravity.“ 

arXiv:1501.07274v4  [gr-qc]  2 Dec 2015



But: 

the appearance of hyperons 

Relieve of  Fermi pressure

 softer equation of state 

 reduction of the mass

2M⊙ Neutron Stars: Hyperon Puzzle
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P. B. Demorest et al., Nature 467 (2010)
John Antoniadis et al., Science 340 (2013)

M(PSR J1614-2230) =1.97 ± 0.04 M⊙

M(PSR J0348+0432)=2.01 ± 0.04 M⊙



M(PSR J1614-2230) =1.97 ± 0.04 M⊙

M(PSR J0348+0432)=2.01 ± 0.04 M⊙

The Hyperon Puzzle…

• no hyperon mixing
• no 3 baryon repulsion

• no hyperon mixing
• 3 Baryon repulsion

• hyperon mixing
• 3 Baryon repulsion in NNN and NNY

• hyperon mixing
• 3 baryon repulsion in NNN 

Y. Yamamoto, T. Furumoto, N. Yasutake, Th. A Rijken,
Phys. Rev. C 90, 045805 (2014)

Yamamota (HYP2015):
“Including 3- and 4-body repulsions leads to massive neutron stars with 2M☉ in spite 
of significant softening of EOS by hyperon mixing”….                                                    
“Hyperon puzzle is a quantitative problem”

• model constrained by 
terrestrial experiments

• universal many-body 
repulsion

• no ad hoc parameter to 
stiffen EOS 



JLab

FRS/CBM @ FAIR

Dubna

J-PARC

KAOS @ MAMI

PANDA @ FAIR
STAR @ RHIC

ALICE @ LHC

Hypernuclear Activities

Tools
• Heavy Ion beams
• Electron beams
• Photon beams
• Meson beams
• Antiproton beams

Methods
• Invariant mass studies
• Missing mass studies
• g-spectroscopy
• -spectroscopy

Observables
• Masses
• Excitation spectrum
• Lifetimes



PART 1

PRECISSION STUDIES OF               
 HYPERNUCLEI



Success of novel Techniques

Demonstrates the need for
complementary experiments

Phys. Rev. Lett. 114, 
232501 (2015)

Phys. Rev. Lett. 115, 
222501 (2015)



Charge Symmetry Breaking

CSB for NN interactions is 70 keV in the mirror nuclei 3H and 3He

Coulomb corrections are < 50 keV for the 4ΛH - 4
ΛHe pair

strong, spin-dependent charge symmetry breaking (CSB)
in A = 4 mirror hypernuclei !

J-PARC



Continuation of Experiment in 2014

Many inmprovements

better pion rejection by improved aerogel 

suppression of background by improved shielding

suppression of background by trigger upgrade in SpekA & C

suppression of 
background by 
beam-line upgrade

dedicated collimator                                                                                                      
for decay region

better control of 
magnet field 
variations

full overlap of                                                                                  
SpekA and SpekC
momentum                                                                                      
acceptance

independent measurement in two spectr., two targets, two beam-
times

consistent result for BΛ(
4
ΛH) from MAMI 2012 and MAMI 2014



Reducing the systematic error

two options to measure MAMI energy O(10-4)

measuring the absolute MAMI enery in a precisely calibrated magnet

Interference of undulator radiation

Pascal Klag

Philipp Herrmann
together with Tohoku Univ.



Why no other Hypernuclei?

Statistical decay calculations were performed

Scenario 1: direct production of 9
Li*

Expected excitation energy

convert proton into   proton hole state ~ 20 MeV

kinetic energy of captured  pFERMI
2/2M ~ 20 MeV

Binding energy of  ~ 10 MeV

at Ex~50 MeV 4
H most probable and other nuclei more than factor

3 less likely produced

similar for nucleon knock-out scenario



The 3ΛH problem

Small B (from about 200 analyzed events from emulsion)

…and Lifetime surprisingly small  

Achenbach, Pochodzalla, Schulz (PANIC 2014)

KEK



PART 2

NEUTRON RICH HYPERNUCLEI



Neutron rich nuclei

Light nuclei

meson induced reactions  spectroscopy

projectile fragmentation like 

HYPHI, SuperFRS with exotic beams  lifetime

Heavy neutron rich nuclei using exotic targets

electron beams and 40Ca, 48Ca  spectroscopy

fragmentation- fission  lifetime

Botvina, Gudima, Pochodzalla PRC 88 (2013)



Photoinduced Hyperfission

First experiment done at J-Lab (L. 
Tang); analysis not finalized

Observed: two fragment with Z  6

decay time relative to beam nano
time structure

Targets Fe, Cu, Ag, Bi, (Au, U) 
simultaneously 

 some systematic errors cancel



WD induced fragmentation

expected excitation energy as before ~1MeV/nucleon

produced hyperresidues reflect N/Z of target

Nihal Byukcizmeci et al.

Dn=9



Possible setup at A1

photon beam 
dump

e--beam



PART 3 

S=-2 SYSTEMS



S=-2 systems

missing mass (K-,K+) reactions   bound state J-PARC

 capture   atoms J-PARC, FAIR

 capture and -p   hypernuclei J-PARC, FAIR,HI



Strange Systems at PANDA

-

L

L g

g

- -

hyperatoms

hypernuclei

X
- production

pN X
- X   

rescattering in 

primary target nucleus

deceleration in 

secondary target

capture of X

atomic cascade of -

-p  conversion

fragmentation

 excited -nucleus

g-decay of  hypernuclei

weak pionic decay

p



Primary and secondary targets

11
ΛΛBe→ 11

ΛBe + π-H 
11

ΛBe → 11C + π-L



The HYP setup at PANDA

p

Primary target 
and tracking für
pions from 
weak decay

Triple Ge-
cluster array



PART 4

S=-3 SYSTEMS



PANDA – a Factory for strange and charmed YY-Pairs

Note: in nuclei secondary processes possible

…seen in emulsions ~10 years prior to
the „discovery“ at Brookhaven

0 0

0

p n X K X

p p X K X



 

 



        

       



 





…in-medium - production at J-PARC ?

H. Lenske et al., proceedings HYP 2015



The  - the known unknown
D. Aston et al., Phys. Lett. B 194, 579 (1987)

*0(1530)



Hyperon beam experiment WA89

WA89, Eur. Phys. J. C 5, 621 (1998)

*0(1530)

- beam at 345 GeV/c
WA89 

preliminary



Resonance Production & Diquarks

WA89



X- capture: 

X- p LL + 28 MeV-

5.5 GeV/c

Kaons
_


L
3

trigger

p
_

2. 
Slow down 
and capture 

of - in
secondary 

target 
nucleus

1.
Hyperon-

antihyperon
production

at threshold

+203MeV

g
3. 

g-spectroskopy 
with Ge-detectors

Production of -Atoms



Proton vs. Omega



J=1/2 baryons have no spectroscopic quadrupole moment

The - Baryon is the only „elementary“ particle whose quadrupole
moment can be measured

J=3/2

long mean lifetime 0.82·10-10 s

Contributions to intrinsic quadrupole moment of baryons

General: One-gluon exchange and meson exchange

: only one-gluon contributions to quadrupole moment
A.J. Buchmann Z. Naturforsch. 52 (1997) 877-940

sensitive to SU(3) symmetry e.g. within SU(3) limit mu/ms=1
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Deformation of a Baryon

( )Q Q gluon
 D





hyperfine splitting in -atom 

 electric quadrupole moment of 

prediction Q = (0 - 3.1) 10-2 fm2

E(n=11, l=10  n=10, l=9) ~ 520 keV

calibration with 511keV line!

DEQ ~ few tenth of keV for Pb

spin-orbit     DEls ~ (aZ)4 l·m

quadrupole DEQ ~ (aZ)4Qm3


A very strange Atom

R.M. Sternheimer, M. Goldhaber, Phys. Rev. A 8, 2207 (1973)

M.M. Giannini, M.I. Krivoruchenko, Phys. Lett. B 291, 329 (1992)

Q=0.02fm2



- Quadrupole Moment
Model Q [fm2] Reference

NRQM 0.018 S.S. Gershtein,Yu.M., ZinovievSov. J. Nucl. Phys. 33, 772 (1981)

NRQM 0.004 J.-M. Richard,  Z. Phys. C 12, 369 (1982)

NRQM 0.031 N. Isgur, G. Karl, R. Koniuk, Phys. Rev. D 25, 2395 (1982)

SU(3) Bag model 0.052 M.I. Krivoruchenko, Sov. J. Nucl. Phys. 45, 109 (1987)

QCD-SR 0.1 K. Azizi, Eur. Phys. J C 61, 311 (2009); T.M. Aliev, etal., arxiv: 0904.2485

NRQM with mesons 0.0057 W.J. Leonard, W.J. Gerace, Phys. Rev. D 41, 924 (1990)

NQM 0.028 M.I. Krivoruchenko, M.M. Giannini, Phys. Rev. D 43, 3763 (1991)

Lattice QCD 0.005 D.B. Leinweber, T. Draper, R.M. Woloshyn, Phys. Rev. D 46, 3067 (1992)

HBPT 0.009 M.N. Butler, M.J. Savage, R.P. Springer, Phys. Rev. D 49, 3459 (1994)

Skyrme 0.024 J. Kroll, B. Schwesinger, Phys. Lett. B 334, 287 (1994)

Skyrme 0.0 Yoongseok Oh,  ep-ph/9506308

QM 0.022 A.J. Buchmann, Z. Naturforschung 52a, 877 (1997)

QM 0.026 G. Wagner, A.J. Buchmann, A. Faessler, J. Phys. G 26, 267 (2000)  

GP QCD 0.024 A.J. Buchmann, E.M. Henley, Phys. Rev. D 65,073017  (2002)

PT+qlQCD 0.0086 L.S. Geng, J. Martin Camalich, M.J. Vicente Vacas, Phys. Rev. D80, 034027 (2009)

Lattice QCD 0.00960.0002 G. Ramalho, M.T. Pena, Phys.Rev.D83:054011 (2011), arxiv:1012.2168



PANDA Setup for --Hyperatoms

Primary and secondary target
separated

very thin primary target

relative thin secondary target
 moderate x-ray absorption

tracking secondary particles
possible  reduced background

2
0
m

m

Estimate of W compared to X (full luminosity)

Production yield:  1/100 (A.B. Kaidalov, Volkovitsky, Z. Phys. C63, 517 (1994)

Stopping probability  1/100
- atoms ~5/day
Single X-rays ~4/month

 For the first time this textbook experiment is within reach

but: stil many open questions: trigger, background,…

For  atoms, low luminosity and Fe absorber:
Single X-ray lines (6,5)(5,4): ~3400/month
Cascade events (7,6)(6,5)(6,5)(5,4) ~100/month
for Ta target ~ 25% less

 ideal for comissioning phase of hypernucleus setup



Many more things…

…kaonic atoms…

…antihyperons in nuclei…

…hyperon scattering …



Thank you



What about neutron-rich targets?

expected excitation energy of initial excited hyperfragment
~50-100MeV i.e. ~1MeV/nucleon

use different isotopes as target

Tang: „prompt“

Tang: „delayed“
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