





Gravitational Waves Grm..
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Neutron Stars

M(PSR J1614-2230) =1.97 + 0.0/ M,
M(PSR J0348+0432)=2.01 + Mg

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




Surface Gravitational Potential




Regime of Strong-field Gravity
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~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 r’
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

arXiv:1501.07274v4 [gr-qc] 2 Dec 2015
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The Hyperon Puzzle... Erm

Y. Yamamoto, T. Furumoto, N. Yasutake, Th. A Rijken,

Phys. Rev. C 90, 045805 (2014) M(PSR J1614-2230) =1.97 Mg
* no hyperon mixing - .
- 3 Baryon repulsion M(PSR J9348+0432)—2.01 - » Mo
* hyperon mixing
30- 3 Baryon repulsion in NNN and NNY
25- * hyperon mixing
— « 3 baryon repulsion in NNN

4 "
oo

®
=
= .
1.0- « model constrained by
- terrestrial experiments
05 » universal many-body
g et S— repulsion
* no hyperon mixing . -
+ no3baryonrepulsion |k <+ noadhoc parameter to
11 12 13 14 15 1&| stiffen EOS
R [km]

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”



Hypernuclear Activities o
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Success of novel Techniques Grm

&  Bedjidian et al. PLB 83 (1979) Phys. Rev. Lett. 114,
[ J-PARC E13 (2015) 232501 (2015)
5O } \He (17— 0")
3. !
100

222501 (2015)
1.406=0.002

. %ﬁi*‘%%%#;%ﬁ e Jt% Phys. Rev. Lett. 115,
0

Counts [ 8 keV
R
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+0.002 MeV 3 .
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o N e F X ‘g 0 ri'.'}v.)-.r(«r‘PBsz;m?Jl :
0.5 1.0 15 20 25 @20 f-‘:::‘::::;ffw il
E, (MeV)  ob— : o EMG
4 2 oex‘\m(wv;
- pOak maxmum o 37 events
35;" background at poak « 7.3 events
'_‘Q‘ ok
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» Demonstrates the need for ~
complementary experiments §
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Charge Symmetry Breaking

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

» Coulomb corrections are < 50 keV for the 4,H - 4,He pair

... PO On P@ @r ,
H He
Al 1@ OaA n® Oa A
3 3
H+ A 0 He + A
*He(K )
(p,=1.5 GeV/c)
1T 0.95+0.04 | 0.98+0.03 1"*/
i E,=1.406
- V. +0.002 -
= 0.002 J PARC
O+ ¥ [present]
==
2.04%0.04 ) ot
4
AH 2.39%0.03
4
4 He
A
B, [MeV]

» strong, spin-dependent charge symmetry breaking (CSB)

in A = 4 mirror hypernuclei !



Bl Continuation of Experiment in 2014 2.

» 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 decay mode jl—l MAMI 2014 (SpekA, 250 um Be)
background by e { MAMI 2014 (SpekA, 125 um Be)
_li T —HH MAMI 2014 (SpekC, 250 um Be)
beam-line upgrade - MAMI 2014 (SpekC, 125 um Be)
» dedicated collimator HHHH MAMI 2012 (SpekC, 125 um Be)
for decay region ©+*He B, | o | H.Tamura et al. PR C40 (1989)
2 ' :
» better control of ELEIE —e lE\‘é‘l{:dJ‘un-i etal. NP B52 (1973)
H 2
magnet field hREHE ,:' } H G. Bohm et al. NP B4 (1968)
variations n fﬂf 2 FoA ibid.
Ay TH+H } —e—i W. Gajewski et al. NP B1 (1967)
» full overlap of m+He o ibid.
SpekA and SpekC EI“HEH }|—m|—| I lM.Raymund et al. NC 32 (1964)
momentum 18 2 22 24 286
acceptance BA (MeV)

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

» consistent result for B,(#,H) from MAMI 2012 and MAMI 2014



Reducing the systematic error Grm

» two options to measure MAMI energy O(104)
» measuring the absolute MAMI enery in a precisely calibrated magnet

» Interference of undulator radiation

Mono- Detector
chromator
heo AL A2
T2 T |
,. ajw - £
— A

variabler Abstand }\d
Osz

Pascal Klag A= 5 y;




Why no other Hypernuclei?
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» Statistical decay calculations were performed
» Scenario 1: direct production of ?,Li*

10? g 2 -
= 1% , H
103 £ ALI(*‘iH,
’ = / T
=, G L AL ® He
2 : , —=— " He
i/ Ml —— S Li ]
10° [ [l A" |1 % T Li
E ! { KU ‘ (il v‘ ' o —— 8|-|
107 i 1 s i b ‘ll AL |l”||||||m| et s L]
0 20 40 60 80 100 120 140 160
Excitation energy (MeV)
» Expected excitation energy
» convert proton into A = proton hole state ~ 20 MeV
» kinetic energy of captured A pgermi?/2M, ~ 20 MeV
» Binding energy of A ~ 10 MeV

» at E,~50 MeV 4,H most probable and other nuclei more than factor

3 less likely produced
» similar for nucleon knock-out scenario



The 3,H problem Em,..

» Small B, (from about 200 analyzed events from emulsion)

o 80 ¢ - .
5 -0 = [\ M. Juri¢ et al. NP B52 (1973) %H from nuclear emulsion
> -
[¥i] E —~
5 60 wn . R. E. Phillips and J. SChneps eeeees Free Lambda PDG
S E > 2 FRADE (1) 107 -+~ Glockle,PRC 57, 1595(1998)
z 50 = 400 = — = Congleton,J. Phys. G18, 339(1992)
40 E y ) S Dalitz, NPB 67, 269(1973)
E E - G. Keyes et al.
30 FWHM = -— 350 . PRD 1 (1970) 66
= () B
20 - 2.1 MeV byt S G. Keyes et al.
0 = - [F NPB 67(1973)269
E N < 300 - STAR Collaboration
0 = § R IV IR RN R RN B \x\\ NN ‘1\\1 ANV N \\ N 8 - ‘ Science 328 (2010)58
3 25 -2 15 -1 05 1.5 25 = [seseclesccas e Beecscadicsacschacnasnnsssscasnanssassncacs
= (MeV) < 2501 1T Ty T " HypHI Collaboration” * "~
o i O BRT Ot TN | NPA913(2013)170
). [TV RIS WRIRRITTNIUREEIN [ORTur] IERIUREY| ISTECIINETNTIIINE] | . WIS fenpeny
> .
°H decay mode 0T 200 . G. Bohm et al.
T +H+2H R P— M. Juri¢ et al. NP B52 (1973) = NPB 16 (1970) 46
w+*He I i " 1 50 .
- ALICE
THHH?H —e— G. Bohm et al. NP B4 (1968) 100 B
-3 = STAR
T+ He [ ¢ Collaboration
+H+H N . 1 W. Gajewski et al. NP B1 (1967 E NPA 904-905(2013)551¢
+'He \.\ i " 50 LA, J. Prem and P. H. Steinberg ALICE
- PR 136 (1964) B1803 PRELIMINARY
‘ 1 1 Il | Il Il 1 1 ‘ 1 1 Il ‘

-0.2 0 02 04 06
B, (MeV)

Achenbach, Pochodzalla, Schulz (PANIC 2014)

..and Lifetime surprisingly small
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Neutron rich nuclei

ﬁ HIM
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» Light nuclei

Yield (per event)

» meson induced reactions
» projectile fragmentation like

— spectroscopy

HYPHI, SuperFRS with exotic beams — lifetime

T
projectile hypernuclei
—4 NA i,
10 | e
i *H
L ----------‘3‘ """"""""""""""""
-5 H
10 7} "‘
\BE
o B 6
g A H ________________________
-7
10 | ;:;.' 120 +1ZC
i K DCM + Fermi-break-up
il L L L1l L | L
1 10 10° 10°

Lab beam energy (GeV/nucleon)

Yield (per event)

o

projectile hypernuclei

_ Ac +2C 20AGeV
-8 _;; DCM + Fermi-break-up

| Lt L |

8 10 12 14 16
mass number A

» Heavy neutron rich nuclei using exotic targets

» electron beams and 4°Ca, 48Ca

» fragmentation- fission

— spectroscopy
— lifetime

Botvina, Gudima, Pochodzalla PRC 88 (2013)



Photoinduced Hyperfission Grm

Pressure Transducer to

[ 2 First eXperiment done at J-Lab (L- Gas fllllng Readouy Heter Gas ex'tractlon

Tang); analySis nOt finalized Collinated Fission Valve Valve Vacuum chenber
» Observed: two fragment with Z>6 E E
U2 =

MYFC Unit

» decay time relative to beam nano -
Y ~_ /\ a8

A ¥indow
time structure 0 = e

Iy — / ——
- D /—-\ Cas at low
Fragments from = Y ‘

\'_' \pressure
.

Amp11f1er

Photon Beam

~~~~ Thin target
Photo-Production

1

I
- [
....... Double layer PC board teo extract signals and
. supply voltages for MWPC and amplifiers

FIG. 1. Schematic sketch of the fission fragment detector
(FFD) [20].

Electron Beam

g iU
10* ;—
FIG. 2. The experimental setup of E05-115 and E02-017 in ‘E wgf_
Hall C at JLab. 3 F
10? ;—

» Targets Fe, Cu, Ag, Bi, (Au, U)

L
=60 =40 =20 0 20 40 &0 80

simulta ne0US|y Position projected on X direction
— some systematic errors cancel




WD induced fragmentation

ﬁ HIM
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Z charge number

Z charge number

55
50
45
40
35

95

50

45
40
35

» expected excitation energy as before ~1MeV/nucleon
» produced hyperresidues reflect N/Z of target

L L L L L L I L L L L L L L L L L L L
-E =0.5 MeV/n -+ E =1 MeV/n _+E=2 MeV/n o
(112 i 112 112 S
12,80 oagpg oy 112 S0 sy cpmpipien o
oBS88°° - o558888 @ HE L288888s, 011 5
B O oot O T gggi@y T 3§§§ § H O 7
- O[T T é slln T L2888¢ é s .
g |—||1: - - 1 og e ::55535 @ . < i
0 E EDH = 0 malls SE' [ﬁ ® 0l<p<l
Em 0 O:  stable nuclei __Emﬁ E O probality:p tED E O o 10° <p<10? ]
L e e B e e B o A L B s o s e
-E =0.5 MeVin .+E.=1 MeVin S+ E=2 MeV/n .
—_— s O ot O O O O
-12%.8n 5 egmenel SN sspesmeT | 2% SN sasses.c il
| A O O eeses _|{- A D.O [ .|:| = A '.OOOO. 1] O ]
B O HDH 15 1 O tﬂu L §%%§]@3a O |
0 ooH o O o e oo e°8
- O oo O T DH o O T O é@ O .
- = + HH oo + T o o .
- o o T o 2t ° 10°<p<10® 1. _ 2 ° 107 <p<10* -
O malls 0 malls = O - s
ED@ E O _Ema E m e 107 <p<10? _EDE ﬁ O ° p=Il 7]
I T T A RN SN N SO N S O v 0ty by e 1m0y oy oy by oy ] ]
45 50 55 60 65 70 45 50 55 60 65 70 45 50 55 60 65 70

N neutron number

N neutron number

N neutron number

Nihal Byukcizmeci et al.
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S=-2 systems Erm

» missing mass (K,K*) reactions = = bound state J-PARC
» = capture = = atoms J-PARC, FAIR
» = capture and Zp—>AA = AA hypernuclei J-PARC, FAIR,HI

A
AAZ

[1]

strong decay - fragmentation
heavy ion reactions

particle inv. mass reconstruction in 47
unstable STAR, ALICE, HYPHI, CBM,...
states

7

Y-unstable y ,Z\Z”
states l y-decay A
hadronic interactions
y-detection in Ge-arrays
PANDA
ground state 3

W weak decay - fragmentation

, I meson induced reactions

Y\ inv. mass reconstruction in emulsion

A’ yé J-PARC-E07

A




=" production
PN—o = =

ﬁ HIM
. /.
rescattering in NO\’\Q _

Strange Systems at PANDA

primary target nucleus

deceleration in

\
\
secondary target \ \/\/\/\/“‘ Y
capture of = o™ hyperatoms
atomic cascade of - : hypernuclei
=Zp->AA conversion Y
fragmentation
— excited AA-nucleus

v-decay of AA hypernuclei

weak pionic decay
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S The HYP setup at PANDA Com

—
Simulation of full-energy-peak-efficiency |

|

-

e Primary target
and tracking fur
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_Wean decay

' .
e ———— P S—
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5 R
._ [N | PP | T T | Y | S S
) & % 2000 4000 6000 _ 8000 10000

- p— - y energy [keV]
. _ bpi
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o
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L
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I

Full-energy-peak-efficiency [%]

Trlple Ge-
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PANDA - a Factory for strange and charmed YY- Palrs/HIM

PHYSICAL REVIEW D VOLUME 8, NUMBER 3 1 AUGUST 1973

Certification of Three Old Cosmic-Ray Emulsion Events as ()~ Decays and Interactions

Luis W. Alvarez

Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720
(Received 10 April 1972; revised manuscript received 3 May 1973)

In the “pre-accelerator years,” when large stacks of emulsion were exposed to cosmic rays at high

altitude, three events were found in which K = mesons were emitted from slowly moving particles. The
1™ is the only presently known particle that can give rise to a K ~ when moving at nonrelativistic
speed, but none of the three events has until now been clearly identified as an Q~. One of the
cosmic-ray events (Eisenberg, 1954) has been incorrectly interpreted as an )~ decaying in flight; it is
now shown to be an interaction in flight of an 1~ with a silver nucleus. The second event is a
clear-cut example of an 2~ decaying in orbit, bound to an emulsion nucleus. The third event is quite
complicated, but can be unambiguously attributed to the decay of an )~ atomically bound to an N'¢
nucleus, followed by a collision of the daughter A with the N'¢, in which the compound system then
fragments into ,C" + p + n. The mass of the 2~ as determined by each of the last two events (Fry
et al., 1955) agrees closely with the mean of all bubble-chamber events.

» Note: in nuclei secondary processes possible

D
K™ raliaen e
p -2 +2° 204 X 5> Q + K+ X o 4
p+n =+ = =+ + + . .
K
= —_—— —— —— — 0
p+p—o>E +E E4+Xo>Q +K + X
Fi16. 1. A projection drawing of the K-mesonic decay of a slow
. . . parélcle dlsbs'nown %b?vef?'a(ik_} is ]:Lsshort recgll Ergck 2 was
a parti was produce an
oo .Seen In el , NJISIO”S (Y 1 0 years prlor to g?e ljl'gemes);n Ff: fcgvet?'acks of pl:'rchcles froll?n thec pnn{ary Z%;r
. n which are in the same direction as the connecting track, but at
the dlsco Very a t BrOOkha Ven a different depth, were omitted from the drawing for the sake of
V4

clarity.




...in-medium Q" production at J-PARC ?

0.1

0.08
2 0.06

E
o 0.04

0.02

KA->Q K’
KA—>Q +X 7]
K3 >0 K
K3 >0 +X 4

s . .|.|.|.|..
4 6 8 101214161820
P . [GeVic]

H. Lenske et al., proceedings HYP 2015




I The Q - the known unknown Erm

D. Aston et al., Phys. Lett. B 194, 579 (1987)

=0 1/2+ *Rxk 2(2250)~ 1(4P) = 0(2") Status: * ok
- iy | KON
Z(1530)  3/2T kkxx (2250~ MASS I l [ | [ T T
= (1620) * 2624 9 OURAVERAGE S s [O_MMENT ‘ M= 2253 %13 Mev/c?
=(1690) Gl et T GG e SPEC ShSo beam 20 + o= 77435 Mevrc?
=(1820) 3/27 bk (a)
—:(1950) 5 *okok 9(2380)7 Status: K %
=(2030) > % Hork OMITTED FROM SUMMARY TABLE
=(2120) * 2(2380) MASS
_:(2250) *k g;{;;M(;\SR ESTIMATEEﬂ DOCUMENT iD TECN  COMMENT ’N—U"
5(2370) £33 2384+0+8 45 BIAGI 868 SPEC SPS =7 beam %
= &)
y )
<
r ' | l ] °
40 r | B
= oy = Mo=2253 + 13 Mev/c?
b~ = 0(1530) < 1-«0_ 85 + 2
3 W o o= 85 40 MeV/c
E 30 — ~ o
wn
o
Q
O 20 -
<
&
—
=
<
w |0+ - 4
0 | | I i
1.45 1.55 1.65
Mg-,+ (Gev/c?)




Hyperon beam experiment WA89  Zm..

WAB9

Hyperon beam

¥ beam at 345 GeV/c estayedt 500 - 2) WAS89 il

counts / 5 MeV
(@]

” -ﬂluﬂhl tuml #Hlll ﬁjhlh%HﬂlthﬂJ[ |

x10° WAS89, Eur. Phys. J. C 5, 621 (1998 x 10° . |
o . ‘ur ys. o2 ( .) | e 0 -Hll ik J[H ]lTHT"' |+|TH B HIHH# T”[ |H|+
- =7°(1530) 50 F + f .
35 — 14 ] | ! A ] 1
a) ] T T T T
30 | I |13
P 1 11
= 1 |
220 | 1 —— 11
"c‘? B 1T 1 600
£ s |- i I
10 f— ” || 200
5| 1l 0
- 1 200 oL MR | . . . 1 M M R
o ’ 2.1 2.2 2.3 2.4 2.5
. . . . . —0
M(ET") (GeV/c?) = K mass, GeV




Resonance Production & Diquarks  Z:m..

J. Pochodzalla

Spin Effect L

mamz

decuplet

i L~ G 5

345 GeV/c £+Cu
', 7(1660)

| e 7(1189)
Leading effect... i

e depends on
diquark (spin)
structure of
projectile




Production of Q-Atoms

ZO.Kaons _ 1
‘/__' @ O ISR/ Hyperon-
pPO— Z antihyperon
55 GeV/C\O\‘/}) production
' at threshold
N O
S ~
2. Sa .
Slow down -
and capture ﬁ/\/‘y y-Spectroskopy
of O in with Ge-detectors
secondary O
target 0 _3A
nucleus O

+203MeV



Proton vs. Omega

by [fm]

PHYSICAL REVIEW D 83, 054011 (2011)
Extracting the ()~ electric quadrupole moment from lattice QCD data
G. Ramalho' and M. T. Pefia'~
Another important issue is that in sea quark effects for
the )~ only at most one single light quark participates, and
therefore the pion has no role in this case. As in chiral
perturbation theory loops involving mesons heavier than
the pion are suppressed, the {1~ becomes then a special
case where meson cloud corrections to the valence quark

by [ fm]
core are expected to be small. A consequence of the small-
ness of the meson cloud effects is that lattice QCD simu- he x axis. Left: i, (b). Right: p7, ,(b). A
- valuation of the densities we used the dipole

lations, quenched or unquenched, should be a good Ls
approximation to {1~ form factors at the physical point.

10+ 1.0t

057 05 |

E_ 0.0 E oo}

—0,5¢ —05} =

-1.0} —-1.0¢

-15 : : : : : -15 : : : : :

-15 -1.0 -0.5 0.0 0.5 1.0 15 -15 -1.0 -0.5 0.0 0.5 1.0 1.5

b, [fm]

b, [fm]



Deformation of a Baryon Eom

» J=1/2 baryons have no spectroscopic quadrupole moment
Q = [d® p(r)@32* -r?)

Q. «(3)2-JJ+1)) =250

J,=1/2

» The Q Baryon is the only ,elementary" particle whose quadrupole
moment can be measured

» 1J=3/2
» long mean lifetime 0.82:10-10s

» Contributions to intrinsic quadrupole moment of baryons
» General: One-gluon exchange and meson exchange

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

> sensitive to SU(3) symmetry e.g. within SU(3) limit m /m,=1
Q, = Q.(gluon)



A very strange Atom

» hyperfine splitting in Q-atom
= electric quadrupole moment of Q

spin-orbit AE, ~ (aZ)*1-mg,
quadrupole AE, ~ (aZ)*Qm3,

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

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

» prediction Q, = (0 - 3.1) 102 fm?

"

1

» E(n=11, 1=10 — n=10, 1=9) ~ 520 keV

> calibration with 511keV linel
» AEy ~ few tenth of keV for Pb

21/2
19/2
1772
15/2

518.9 keV

519.8 keV

-

520.8 keV
521.5 keV

\l

[

Q,=0.02fm?

n=11,1=10

n=10, =9



Q- Quadrupole Moment Brm

Model
NRQM

NRQM

NRQM
SU(3) Bag model

QCD-SR
NRQM with mesons
NQM
Lattice QCD
HByPT
Skyrme
Skyrme
QM

xQM

GP QCD
+PT+qlQCD

Lattice QCD

Q [fm?]

0.018
0.004

0.031
0.052

0.1
0.0057
0.028
0.005
0.009
0.024
0.0
0.022
0.026
0.024

0.0086
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PANDA Setup for Q-Hyperatoms Frm

Stopped ()’ in lead absorber, yz view

T 2 ; ;
=) i
l >, SE Entries 30909 i 70
e i
A ; TE )

For =- atoms, low luminosity and Fe absorber:

Single X-ray lines (6,5)—(5,4): ~3400/month
Cascade events (7,6)—(6,5)A(6,5)—(5,4) ~100/month
for Ta target ~ 25% less

— ideal for comissioning phase of hypernucleus setup

r‘ % [em] r

Estimate of QQ compared to Z= (full luminosity)

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

Q- 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,...










What about neutron-rich targets?  Z:m..

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

n.m. weak decay — F,+/.p. Tang: ”de/ayed“
AFo +F,+1.p. hyperfission @ = 1 prompt + 1 delayed fragmen
A" > F,.+ F,+ A+l.p. A evaporation v = two promt fragments
AF +1.p. evaporation A-residues = = two delayed fragments
n.m. weakdecay —F,—F +F,+.p. Tang: prompt“
excitation energy (MeV/nucleon) excitation energy (MeV/nucleon)
=L L D R ET T T T [ T T T T [ T T T T3
100 eSS a-a-s-2-na E 100 é— - - m-mg -%
= . v - = =
10" & et YT 4 ek LrT TS
= v 3 = v 3
2102 v M2sn 4 5 102f R 124gn 2
S 100 ¥ ITNUM=10" 2 B 4osf " ITNUM=10" 2
Q = . =
2 104 E : 3 S qoel T 5
Q = = 5 0%k -
10% g = 105 C —e— hyper-fission
106 =V = ] = v evaporation A
E g 10° —-#- evap. residues A
107 L L L 1 Y Y 107 Dyt L by 1 N
0 1 2 3 0 1 2 3
excitation energy (MeV/nucleon) excitation energy (MeV/nucleon)

» use different isotopes as target



