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2M⊙ Neutron Stars: Hyperon Puzzle

P. B. Demorestet 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⊙

Stone, Guichon and Thomas:

”Rather than being a surprise to find hyperons it would 
stretch our understanding of fundamental strong and weak 
interaction processes to breaking point if they were not to 
appear. It is certainly inconceivable that a nucleon-only EoS
could be realistic at such large densities.”



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”

Once solved, we may look at the interaction between baryonic matter and dark matter in 
compact stars

• model constrained by 
terrestrial experiments

• universal many-body 
repulsion

• no ad hoc parameter to 
stiffen EOS 



PART 1
Present and future activities at MAMI

PRESSIOEN STUDIES OF               
L HYPERNUCLEI



Decay-pion spectroscopy in emulsion

energy and momentum
transfer to target nucleus

[A.G. Ekspong et al., Phys. Rev. Lett. 3 (1959) 103]

Example for Λ
4H (2-dimensional projection)

Fragmentation

Pionic decay



Emulsion results on Λ
4H and Λ

4He

• donly three-body decay modes used for hyperhydrogen

• 155 events for hyperhydrogen, 279 events for hyperhelium

ΔBΛ = 0.350.06



A close look at Λ
4H
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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 !

H. Tamura



Success of novel Techniques

Demonstrate the need for
complementary
experiments

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

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



Two-body decay  mono-energetic pions

high resolution: L binding energy 
resolution limited by - momentum  
resolution 

Like in emulsion access to variety of light 
and exotic hypernuclei, but

electronic experiment

well defined initial target nucleus

Decay pion spectroscopy

Weak mesonic
two-body decay (~10-10s)

at rest

Fragmentation
(<10-16s)
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9Be

L



The prospects



Accessible hyperisotopes with 9Be

4
ΛH

highest pionic decay 
width

no 2-body decay

inaccessible by 
missing mass
spectroscopy



The experiment in a nutshell

Electroproduction of excited hypernuclei on 9Be 
Target

Event tagging by kaon detection

Fragmentation produces several light 
hypernuclei

Mesonic weak decay and groundstate mass 
reconstruction by spectroscopy of pions from 
two-body decay



K



Experimental realization at MAMI



…in Reality



Decay pion spectrum

Emulsion data on 
binding energy

scale

decays of quasi-free 
produced hyperons

accidental background 
reactions

mono-energetic 
pions



Result

Extensive calibrations

Main systematic error due to uncertainty of the absolute MAMI beam 
energy



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



Why no other Hypernuclei? (1)

Statistical decay calculations were performed

Scenario 1: direct production of 9
LLi*

Expected excitation energy

convert proton into L  proton hole state ~ 20 MeV

kinetic energy of captured L pFERMI
2/2ML ~ 20 MeV

Binding energy of L ~ 10 MeV

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

3 less likely produced



Why no other Hypernuclei? (2)

Scenario 2:L is slowed down by kicking out a neutron or proton
 formation of 8

LLi* 8
LHe*

Expected excitation energy

convert proton into L  proton hole state ~ 20 MeV

addition hole state ~ 20 MeV

kinetic energy of captured L pFERMI
2/2ML ~ 20 MeV

Binding energy of L ~ 10 MeV

at 70 MeV 4
LH most probably produced and other nuclei more than

factor 6 less likely



Why no other Hypernuclei? (3)

Taking into account

stopping probability S of                                                                              
secondary 
hyperfragments
in target

pionic two-body decay 
probability BR

4
LH most likely

All other nuclei are 
typically an order of 
magnitude less likely to 
be observed



PART 2 
Future activities at PANDA

PRESSIOEN STUDIES OF 
STRANGE SYSTEMS WITH 

ANTIPROTONS



PANDA: a personal view

Boris Sharkov, PANDA Meeting September 2015



PANDA in 2020… 

• Luminosity below design luminosity

• Not all components of the PANDA detector might be completed

• No long running periods of HESR

 evaluate physics program for commissioning phase of PANDA

• Process with large cross section

• Only charged particles  (calorimeter ?!)

• Unique   experiment only possible with antiproton beam

• Interesting and timely physics



…a unique laboratory for strong interactions and baryon structure

Strangeness in Nuclei at PANDA

mass 

from hyperatoms (anti)hadrons multistrange

to hyperonstructure in nuclei hypernuclei



Role of multi-nucleon interaction

• 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)

M(PSR J1614-2230) =1.97 ± 0.04 M⊙

M(PSR J0348+0432)=2.01 ± 0.04 M⊙ B

Y
XB

Y X Y

B X



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
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HESR with PANDA and Electron Cooler

High resolution mode

e- cooling 1.5  p  8.9 GeV/c

1010 antiprotons stored

Luminosity up to 2·1031 cm-2s-1

Δp/p ≤ 4·10-5

Circumference 575 m

Momentum 1.5 – 15 GeV/c

Electron Cooling up to 9 GeV/c

Stochastic Cool. Full range

Thick Target 4·1015 cm-2

Beam life time >30 min

High luminosity mode

Stochastic cooling p  3.8 GeV/c

1011 antiprotons stored

Luminosity up to 2·1032 cm-2s-1

Δp/p ≤ 2·10-4



The PANDA detector

Official timeline 

2013-2017: (partial) pre-assembling at COSY, Jülich

2018: first beam expected at FAIR

Antiproton 
beam

Interaction 
point

Clusterjet or pellet 
target point

Micro vertex
detector

Straw Tube 
tracker

GEM 
detectors

Forard
tracking

Luminosity
monitor

PID detectors
TOF
DIRC
Muon
Forward RICH

PWO Caolorimter
Forward    
Shaslyk EMC



Exploring (anti-)hadron interactions

Antihadrons in atomic nuclei

Nuclear potential of antihadrons and
hadrons

Search for Antilambda bound states

Exploring the neutron skin of nuclei

K*/K* in nuclei

High resolution g-Spectroscopy

Excited particle stable state spectroscop of
light LL hypernuclei

Atomic transitions in heavy hyperonic
(S=2,3) atoms

Secondary scattering of momentum
tagged, polarized hyperons and
antihyperons
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EXAMPLE 1
Approaching the hyperonization puzzle

LL HYPERNUCLEI 
at PANDA



Many ways to double hypernuclei

Ground state masses

Hybrid-emulsion technique

J-PARC E07

Goal: factor of 10 („overall scanning“ 100)                                                    
compared to existing data

Excited particle stable state spectroscopy

g-spectroscopy

PANDA@FAIR

Excited unstable resonances, exotic
single hypernuclei, lifetime

Invariant mass; hypernuclei-L correlations

CBM and NuSTAR

STAR, ALICE



- properties determine setup

- mean life 0.164 nsec

minimizeminimize distance production 
& capture

initial momentum 100-500 MeV/c

thickness od secondary target few mm



The HYP setup at PANDA

p

Primary target 
and tracking für
pions from 
weak decay

Triple Ge-
cluster array



Status and expected count rate

Primary and Secondary active target (GEANT, GiBUU,…)

11
ΛΛBe→ 11

ΛBe + π-H 
11

ΛBe → 11C + π-L



From DEGAS@FRS … 

Middle Deck

(Preamplifiers and HV Modules)

Upper Deck

(Slow Control, Power)

Transition Section

Cooling Engine

Bottom Deck

(Backcatcher electronics or

Digitizers)

Detector Head

DEGAS

Head Lid

Backcatcher

ColdFinger (partly)

ColdFinger Tube

with Flange (welded)

Bottom Deck
Bottom 

Deck Lid



…to PANGEA@PANDA

Flange

Flexibl

e Cold 

Finger 

Tube

PANGEA Head

Head Adapter

PANGEA



Status and expected count rate

HPGe Cluster Array

triple detector under production

frontend electronics being testet

radiation hardness…

Rates at 5·106 interactions per second (Boron absorber)

produced - per second: 110

stopped - per day: 51800 

…

detected 11
LLBe transitions  2 pions in 4 months: 26



Small relative momentum correlation

Well established method for conventional nuclei

J.P et al, PLB 161B,  256 (1985) J.P et al, PRC 35,  1695 (1987)

d-



Search for particle unbound states ? 

A. Botvina, J. Pochodzalla et al.  



EXAMPLE 2
reaching for the unthinkable

DEFORMATION OF A HYPERON



X- capture: 

X- p LL + 28 MeV-

5.5 GeV/c

Kaons
_


L
3L

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

( ) 1

( ) 20





  

  



triple hypernuclei via                                                  ?
lower cross section

large momenta  lower stopping probability

large Q-value  low probability for triple L nuclei

g-spectroscopy most likely not practical at the beginning

Lc hypernuclei
production via primary + secondary target not possible because of short 
lifetime of tLc =0.2ps which exceeds stopping time

direkt production via pp  LcLcbar  or -pLcD
- difficult because of high 

momenta involved (very low sticking probability)

does a two-step process within one nucleus work?

determination of the Lc hypernucleus mass via missing mass

needs good knowledge of beam momentum (10-4)

excellent momentum resolution for + and D- (resp. decay products) 

expected rate ~0.01 day-1    (??? rescattering → 1day-1 ???)

What we (probably) also can‘t do

203pp pn MeV    LLL 

c

p p D D

D p 

 

  

  

  L 

captured in the 
nucleus A-2

detected



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

3 2 2( )(3 )iQ d r r z r 

s

s
s

1/ 22

1/ 2
(3 ( 1)) 0

z

J

s z J
Q J J J 


   

Deformation of a Baryon

( )Q Q gluon
 





- 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



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!

EQ ~ few tenth of keV for Pb

spin-orbit     Els ~ (aZ)4 l·m

quadrupole EQ ~ (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

W compared to X:

Production yield:  1/20
Stopping probability  1/10

Single X-rays ~10/month

 For the first time this textbook experiment is within reach



J-PARC E03:Detector Set up

Target

SSD

SSD

K-

K+

KURAMA magnet
Hyperball-J

target

K-

Proposal for Fe-Target:
• 3.7 M produced 

• 750000 stopped X
• 2500 x-rays for (6, 5) → (5, 4)

from Hitoshi Sugimura



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

For 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

2
0
m

m



EXAMPLE 3
A one day day-one experiment

ANTIHYPRONS IN NUCLEI 
at PANDA



The Short Distance Challenge  

Central heavy ion collisions 
are the conventional tool to 
probe high densities

But…

Central collisions  hot
hadronic finite matter with 
mesons and baryons

Neutron stars  Cold
baryonic infinite matter

A.B. Larionov, O. Buss, K. Gallmeister, and U. Mosel 
Phys. Rev. C 76, 044909 (2007)

 Let us try an 
complementary approach 
to dense baryonic matter

baryons

mesons



L Potential (in Neutron Matter)  

exclusive p+p(A) Y+Y close to threshold within a nucleus

L and L that leave  the nucleus will have different asymptotic 
momenta depending on the respective potential

 transverse momentum                                                                   
close to threshold of                                                                                
coincident YY pairs

J.P., PLB 669 (2008) 306

( ) ( )

( ) ( )

p p

p p
  



 

L  L


L  L
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p

LL
20Ne

Y Y
pp  

2 2Y Y Y Yp p U m  2 2
Y Y Y Y

p p U m 



Cold compression by antibaryons ?

16 O
16p O



GiBUU Simulations
GiBUU

G-parity used to estimate anti-baryon potentials except for N

Approximately 15k exclusive LL pairs in each set

corresponds to < 10 min PANDA incl. efficiency

Aim of the present work

Explore sensitivity of T to a scaling of the real Y potential

Proof the feasibility of a measurement at PANDA  

Trigger a fully self-consistent dynamical treatment of antihyperons in nuclei

20p+ Ne +X LL

Energy
(MeV)

Momentum
(MeV/c) 

Excess
energy
(MeV)

850 1522 30.6

1000 1696 92.0



GiBUU 1.5

https://gibuu.hepforge.org/trac/wiki

G-parity used to estimate anti-baryons potential 

except for N: Antiproton potential is scaled by 0.22 to obtain -150MeV

Aim of the present work

Explore sensitivity of T to a scaling of the real Y potential

Proof the feasibility of a measurement at PANDA  

Trigger a fully self-consistent dynamical treatment of antihyperons in 
nuclei

https://gibuu.hepforge.org/trac/wiki


Scan of L Potential with GiBUU

U(L)= -449MeV, -225MeV, -112MeV, 0MeV

All other potentials unchanged PLB 749, 421 (2015)

E(p)=850MeV
LL
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( ) ( )

L L
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L L
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Antihyperon-Hyperon Pairs in PANDA

202x first beam in PANDA expected  commissioning phase

We are right now exploring different scenarios

different detector availability

different solenoid fields (1T, 0.5T,…)

and other important aspects like 

luminosity

length of typical running period

Typical (preliminary) LL pair efficiency  3-5%  (better at higher 
momenta)

L+L case
natNe target, H for calibration systematic check

only charged particle detection easy

assume average interactions rate 106s-1  (~10% of default luminosity)

pair reconstruction efficiency ~3% 

 144k  detected L+L pairs per day  10  GiBUU

Moderate data taking period ~14 days Ne target + 7 days p-target

 130  present GiBUU simulations



Other |s|=1 channels @ 1000MeV

p+pL+L p+pS0+L     

p+nL+S- p+nS++L (1/100)

E(p)=1000MeV
S-L



Probing the Neutron Skin of Nuclei

p+pL+L p+pS0+L  p+nL+S- p+nS++L

going from 20Ne vs. 22Ne

additional absorption of antiprotons in neutron skin: 

L+S- will increase in 22Ne with respect to 20Ne by 1+pabs 1.16

L+L- will decrease in 22Ne with respect to 20Ne by 1-pabs 0.84

F. Grümmer et al.,                   
Phys. Lett. B 387 (1996) 673

0

3

1 1
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BUU predictions



Future Options

Further options:

Any other pair: S-S, -X, LcLc

Long lived resonances in nuclei

L(1520) (G= 15.6 MeV) 

(1530) (G=9.9 MeV)

Lc(2880) (G=5.8MeV)

Unique change to study charmed baryons in nuclear systems ?

123GeV/c p+ C   



EXAMPLE 4
A unique tool to study elementary (anti)hyperon-

nucleon interactions

p+pY –Y pair production



Exp. Approaches to Y-N interactions

low energy baryon-baryon scattering
N-N: ~104 data points available 

charged hyperon – proton: scattering in a scintillator target 

Sp: KEK-PS E289 (,K+)  30 events

Sp: KEK-PS 251 & KEK-PS E289 (+,K+)  31 events each

 p: (K-,K+)  1 candidate 

JPARC: ~1000 events/day

hyperon-hyperon final state interaction
feasible but difficult to interpret

Tagged hyperon-antihyperon pair production and secondary 
scattering



- scattering

Ahn et al.



- scattering

  

2.7

3.1GeV/c

2.9

2.8

3.0

p+p Y+Y provides momentum tagged (low) momentum, polarized  
hyperon or antihyperon beams

scattering experiment with low momentum (anti)hyperons possible

long term future:low energy p-p collider

MVD

Ahn et al.

Johann 
Haidenbauer



S scattering

Ahn et al.

p+p Y+Y provides momentum tagged (low) momentum, polarized  
hyperon or antihyperon beams

scattering experiment with low momentum (anti)hyperons possible

MVD

Beyond PANDA: YN, YN scattering

S+S-

1.9

2.3



Overview: Strangeness in Nuclei

Physics topic setup luminosity
requirement

primary
target

secondary
target

comple-
mentarity

Early 
phase

L in nuclei PANDA moderate Ne, Ar - none

L bound state PANDA moderate Ne, Ar - none

K*/K* nuclear
absorption

PANDA moderate -

-atoms PANDA-HYP moderate C Fe…Pb JPARC

Standard 
conditions

S, X in nuclei; 
neutron skin

PANDA standard Ne, Ar - none

LL-
hypernuclei
(g-transitions)

PANDA-HYP standard C (Ti?) B (Be, C) JPARC
(g.s.), CBM 

(p-u. s.)

Future
options

-atoms PANDA-HYP standard C (Ti?) Fe…Pb none

Lc and Lc in 
nuclei

PANDA standard Ne - none

Y and Y 
secondary
scattering

PANDA + 
sec. active
target

standard H (CH2)n JPARC  
(only Y)



An antiproton storage rings is an excellent 
and unique factory for strange and charmed  
YY pair production

Stored antiproton beams offer several 
unique opportunities to study the 
interactions of hyperons and antihyperons
in nuclear systems after the J-PARC era

Several unique experiments can be 
performed during the commissioning phase 
of such a ring



Thank you

A man doesn't plant a tree for himself. 
He plants it for posterity.

Alexander Smith  




