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a short reminder



Nomenclature

» a hypernucleus is specified by e
» the number of neutrons N L
» the number of protons Z
» the number of hyperons Y

element
number of =
baryons B total charge
N+Z+Y X (not number of
(number of) Y AOAE)
hyperons
Y

» Since we have more than one hyperon (A, =, %) one usually writes
explicitely the symbols of one (or more) hyperon

» examples:
Be — 4 protons

PUBe 5 J{AA — 2 lambdas
10 — 10-4-2=4neutrons

1p+2n+1%°
JHe —2p+1n+12° indistinguishable
3p+0n+1%"



How it began

» Marian Danysz, Jerzy Pniewski, et al. Bull. Acad. Pol. Sci. III1, 42 (197@)
» Marian Danysz, Jerzy Pniewski, Phil. Mag. 44, 348 (1953)

» A cosmic ray particle (Ex30 ? '

enters the emulsionsfrom ¢
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an upper star. : '

» 21 tracks: 9a+
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.S 80um 56 901
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= typical for weak decay - F ; ,

» Many associated particles in primary reactlom




Nuclear Emulsion

» Cecil Frank Powell (1903-1969)

» Nobel Prize in Physics 1950

» 1. Speaker of 1. course at Varenna 1953
» Multiple layers of emulsion were

historically the first means of visualizing
charged particle tracks

» very high positional precision

» ionisation density (dE/dx)

» range

» 3-dimensional view of the interaction
» An emulsion is made, as for photographic film, of a silver salt,

(AgBr), embedded in gelatine and spread thinly on a substrate.

» grain size 0.2-0.5um

» during developement excited grains are reduced to elemental silver
» Data acquisition by automated means (e.g. by scanning the film

with a CCD camera) has been found possible in some
circumstances.




Birth, life and death of a hypernucleus—

SEp
target nucleus /

! electromagnetic
decays

_Lk mesonic A — pr }
decays A = nad

(. /nonmesor%\
strangeness deposition weak decay hadronic
e +e 5D >K +K Ap > np decay in
vopped ¥ Z N Z+ 1 An — nn emulsion

N FINUDA ) KAA — YN .

strangeness production
(n+, K*), (z, K)

4 ) BNL,KEK, (GSI
ster)?;]g::gess : A ) 2p—> An 2'n —> Ap (Q =78MeV)
(K, ) (K, n°) electroproduction] 2P —>AA  E°n—> AA  (Q=26MeV)
BNL,KEK,JPARC (ele ’ K+) ’ (YIK+) Qp—> AZE° Q'n—> A= (Q = 178M€V)

\ / Jlab, MAMI-C




Weak decay of hypernuclei

free A decay

N
pn=100MeV/c

A

A — pr +38MeV (64%)
A > nz’+41MeV (36%)
r, =263ps

Al=1/2 rule

mesonic decay
of hypernuclei

I
pex270MeV/c

/
Al
suppressed by
Pauli blocking

decay
of hypernuclei
N
N
Tc/
A N

Ap — np+176MeV

N

n —->nn+176MeV

dominant in all
but the lightest
hypernuclei

» q~400 MeV/c = probes short distances of baryon-baryon weak interaction



Why are double
hypernuclei interesting?



Double Hypernuclei as a Laboratory

» hyperon-hyperon interaction in SU(3)

» N-N,N-Y,Y-Y

» Non-mesonic weak decays

A+n — n+n+176MeV
A+p > n+p+176MeV
— weak baryon-baryon interaction

» exotic quark structures

\/
()

su - du
sd - dd




From Double Hypernuc

O

» Hyperonstars 107 ——— T
» expectation: lower mass a .,
smaller radii 5 ol L ]
ql:j 3
S. Balberg et al. % : o !
£ 10° | neutron star ]
= 2 :f ]

relative fractions

pt+te-— A+ne

nN+n > A+n

relative fractions
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Excited states in double hypernuclei

o ./} TN
» E. Hiyama et al., Phys. Rev. C 66, 024007 (2002) i
» 4-body cluster model for light nuclei |

» parameters adjusted to single hypernuclei and
one double hypernucleus event (NAGARA)

——
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» y-spectroscopy of these state¥ weultfbe interésting



Weak baryon-baryon interaction

» mesonic decay suppressed in heavier nuclei A
(Pauli principle)
» one pion exchange forbidden (isospin n (I=1
symmetry) g
» Investigation of the weak, strangeness A (I=0) N
changing baryon-baryon interaction
N+n->N+A 30 — .
] ] ] ] np ->Ap cross sections
is only possible in hypernuclei n (prliminary, Makoto Oka)
— -e— DQ
< —&— OPE
qgzo— —a— TOT
154
» Cross section of inverse reaction 3
p+n—p+A o~1012mb with huge £
strong background N
e T T T T T |
180 200 220 240 260 280 300

E cm (MeV)



Weak baryon-baryon interaction

N-N scattering ANSNN and AASY N
N v meon [ N
K, K*
AS=1
N A N (A)
» only parity violating » parity violating and parity-conserving
part of weak interaction part of weak, strangeness changing
» parity-conserving part interaction
masked by strong » meson vs. direct quark process

interaction

» Interesting theoretical developments:
» Effective Field Theories in S=-1 sector

A Parrenao C BRennhaold and B R _Haolatein niicl-th /00074 & N3INKNEKA
weak decay studies need the detection of the decay pion or nucleon

S.R. Beane et al., nucl-th/0311027



AA Nuclei as Laboratory for H

» H-Particle R.L.Jaffe (1977)
My [Ge‘i"]
3.5
stars ¢
—M
3.0 - 1
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G
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—&4
HAw [ ponenzesiieqeasaasary
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T ||| ||| 00 0 +1+1 .
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T. Sakai, K. Shimizu, K. Yazaki
Prog.Theor.Phys.Suppl. 137 (2000) 121-145



Bound or not bound?

» No experimental evidence yet
in production experiments

Observation of weak decay
seems to contradict the
existence of an H-particle
below 2m,

» but...

» H-particle may be rather
compact: R~0.5fm

F.G. Scholtz et al. (1993)

and formation probability may
be therefore reduced

D.E. Kahana & S.H. Kahana (1999)
G.R. Farrar et al. (2003)

>

» need consistent predictions for
other exotics: tetra-, penta-,
hexa-...quarks
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H-dibaryon in nuclei

» AA-ZEN-(XX) coupling important (AE=22-28MeV)

» Consequences
» H-particle and ,AA" state will mix
» H-particle in a nucleus = free H

free H-dibaryon

B,,=12.2 MeV

H-dibaryon in vy Be

AA
B,,=24.0 MeV

-
....................

» level structure may be modified = y-spectroscopy mandatory
T. Yamada, Phys. Rev. C62, 034319-1 (2000)



Double Hypernuclei
How to make them??



Production of AA—Hypernuclei

» simultaneous implantation of two A is not feasible
» reaction with lowest Q-value: = p—>AA: 26MeV

» direct implantation of a = via a two-body reaction difficult because
of large momentum transfer

b iEmost
» progl nef = in =

» slowfhg down él&ﬂ)(&apture m%secondaQOEhrget n4€180s
» spectroscopieROJEET IbBIMPMENTIYMIidVIE\E)ecay products




=~ capture

» = -atoms: x-rays
» conversion
» Z°(dss) p(uud) - A(uds) A(uds)
» AQ = 28 MeV
» Conversion probability approximatly 5-10%

t=0 (fm/c) 1=60 X t=120 @
A Y. Hirata, J. Randrup et al.,
¢ ' e
& i

®

5
« wHe

©
._!
¥

1=20 1=80 =140
S

10’

r____
|

|

| :

|

r HC.(Att) =

1=40 2 1=100 @ 1 DU
AMD+Casc. -

10 fm
AMD-QL+Casc. |
A | | | | | |

Double Twin S=-2 Single Hyp. No Hyp.




=-(dss)p(uud) b A(uds)A(uds)

» =- capture on 12C
 T. Yamada and K. Ikeda, PRC 56, 3216 (1997)

_ TABLE VIIL. Calculated production rates per 5 (R/E) aver-
aged over the absorption rates in the case of Vyz=16 MeV.

Channel RIE (%)
12 B+n 1.48
zifoBHp | | 0.99
AaBe+d 1.81
X Be+t | 0.02
AaLi+ | 0.02
8 \He+Li 0.23
AH+Be 0.20
iBe+4H | 0.07
8 Li+3He 0.04

LRy A 1.08

P individual states may be populated with a probability of a fraction of 1%
» high production rate needed



What can we do

» we can only study the decay of double hypernuclei o e
» groundstate decay of the hypernucleus initiated by the decay of the
hyperon(s)
» goal: mass of decaying system
= need detection of nearly all decay products (p,n,d,t,a,y,...)
but: usually we can only detect charged decay products
= only light nuclei which decay exclusively in charged particles
still: low kinetic energies (few MeV per nucleon, few um range)
= need sub-um resolution
= emulsion

» vy-rays from particle stable, excited states
= need of high statistics
= electronic detectors



What do we know today?



The first event (1)

» 1.3-1.5 GeV/c K+Emulsion; 31000 K

VoLuME 11, NumBer 1 PHYSICAL REVIEW LETTERS 1 Jury 1963

OBSERVATION OF A DOUBLE HYPERFRAGMENT

M. Danysz, K. Garbowska, J. Pniewski, T. Pniewski, and J. Zakrzewski
Institute of Experimental Physics, University of Warsaw, Warsaw, Poland
and Institute for Nuclear Research, Warsaw, Poland

and

E. R. Fletcher
H. H. Wills Physics Laboratory, University of Bristol, Bristol, England

and

J. Lemonne, P. Renard,* and J. Sacton
Université Libre de Bruxelles, Bruxelles, Belgium

and

W. T. Toner?
CERN, Geneva, Switzerland

and

D. O'Sullivan, T. P. Shah, and A. Thompson
Institute for Advanced Studies, Dublin, Ireland

and

P. Allen, Sr.,¥M. Heeran, and A. Montwill
University College, Dublin, Ireland

and

J. E. Allen, M. J. Beniston, D. H. Davis, and D. A. Garbutt
University College, London, England

and

V. A. Bull, R. C. Kumar, and P. V. March

» carefully reanalyzed= s, Lo Enstad
b wln@&%tbn}ud%cH oFowlers V.M. Mayes.and.kwR iFletcher.

1.3- and 1.5-GeV/c K~ mesons' in emulsions processes are summarized in Table I. All rea-

b wr@-qlrlftlz e egfiiedProee RamSoc. Lond nAG2Eepsbt (1 OBO Jurer tan
an event has bedn found which is inter- that of a =~ hyperon c;a,pture at B leading to the

nn.n.i-.n..rl mm Pl e idesrmdimen Al sl s et s T R D T T T T TP T T SR T T



The first event (2)

F .
TR )

FIG. 1. A photomicro-
graph and a schematic
drawing of the production
of a =~ hyperon in a 1.5~
GeV/c K™ -meson interac-
tion at A followed by cap-
ture at rest of the = hy-
peron at B with the emis-
sion of a double hyperfrag-

ment decaying in cascade
at C and D.

1.5 GeV/c K

\
[1]




Analysis of the Danysz-Event

» Ionisation density = dE/dx = charge, momentum
» Range = mass, charge, momentum
» angles = momentum balance
» there remains some ambiguity!
Table I. Results of the measurements. 2
Star C Star D
Binding energy
Binding energy of the A°®
of a A? hyperon hyperon in the
in the double HF Decay mode of the ordinary HF  Momentum
Decay mode of the BA(AAZ) resulting ordinary BA{AZ) unbalance
double HF (MeV) HF (MeV) Ap(MeV/c)
ﬁABeiﬂuABe9+H1+n- 11.00.4 ABeg—*ZHe‘+H1+n" 7.2%0.6 20£12
11 _, 9 o i +
anBe TR e L 20 1080 4 p 4 2n k6 20+1z
Bell - Bell+ ). 6 17 £20
AA A Ls°Be 5 °Be+p+rn
AALiL-ALiHH‘ |_> . ). 6 40 +14
Be >a+a+p+n
9, 8, i A ‘
A’ L+ H X A=~ A Y 27+15
AALi‘”—-ALi3+H1+n+'n" < 7.5%0.5 ALiﬂ—-He‘+H3+H’+?r" 5.4%0.6 27 15

“Large errors in the determination of the range and direction of this track results from the observational dif-
ficulties and are to be treated as maximum errors.

A capture star is observed at the end of this track,



Can we determine the AA mteractlon?

» The binding energy B, of a A particle in a hypernucleus can be/
determined from energy balance

» for example
Be >a+a+p+n m(,\gBe) =m(a)+m(a)+m(P)+m(”_)+sz';n

B, (. Be) = m(°Be)+ m(A) - m( JBe)
= m(*Be) + m(A) - m(a) - m(a) - m(p) - m(z") - DT}
wBe— Be+p+x | m(\Be)=m(Be)+m(p)+m(z )+ T,,
B, (AlAOBe) -m (AgBe) +m(A)-m (AlAOBe)
= m(JBe)+m(A)—m( Be)-m(p)—m(z ")~ T,,
=m(A)-m(p)-m(z )= > Ty
B, (+.Be) = m(°Be)+2m(A) - m( ’Be)
= m(°®Be)+2m(A) - m(Be) - m(p) - m(z") - > T,
= m(°Be) + 2m(A) - 2m(a) - 2m(p) - 2m(x" ) - 3 T,,,



\\

First approach to the AA interaction .
RES
» We are mainly interested in the additinal binding energy betweé[
the two As
= + + @ @
A(A ) ( ) ( ) — ABAA(A:\Z)

» in the case of the Danysz-event one obtains

B,.(,2Z) =B,(,02)+B,(*)Z2)=(17.7+0.4)MeV
AA(AAZ):BA(A//:\Z)_BA(AXIZ):(4.3i0.4)MeV —
» positive = attractive interaction AB. i
an 1S

» this is the net AA binding provided that proportional
» the core is not distorted by adding one A after the other |to the kinetic
» the core spin is zero energy of the

» NO y-unstable excited states are produced E{g,?;ced




The Prowse Event (1)

VoLuME 17, NuMBer 14

PHYSICAL REVIEW LETTERS

3 QCTOBRER 1966

arHe® DOUBLE HY PERFRAGMENT*

D. J. Prowse
University of Wyoming, Laramie, Wyoming, and University of California, Los Angeles, California
(Received 14 July 1966)

An event has been found in an emulsion stack
exposed to about 10®° K~ mesons at 4 to 5 BeV
which appears to be consistent with the produc-
tion and decay of a p pHe® double hyperfragment.
It confirms that double hyperiragments exist
and confirms the value of the low-energy A-A
interaction, first measured by Danysz et gl,,‘
at sume 4.6+ 0.5 MeV. o

Description of the event.— (1) Production:
The event shown in Fig. 1 is initiated by a =~
hyperon which is apparently captured at rest
by a light emulsion nucleus producing only two
products, which are collinear. Their ranges
are 13.4 and 30.0 u; the shorter track appears
by inspection to be caused by a fragment of
a higher charge than the other track, Assum-
ing that the fragment initiating the two-star

782

chain is a double hyperfragment, there are
three interpretations involving double hyper-
fragments and a relatively stable recoil frag-
ment which balance momentum, and which are
consistent with the capture of a =~ hyperon
by a light emulsion nucleus.

These interpretations, shown in Table I,
are p p He® together with Li", AHe" with Be’,
or paLi" with Be'. The visible energies for
each of these possibilities are 14.5, 18.3, and
23.9 MeV, respectively. The @ values for the
nuclear capture of a =~ hyperon giving two
free A hyperons are negative except for the
AAHe® possibility. The total binding energies
of the A hyperons necessary to explain the mea-
sured visible energies are 10,9, 27.8, and 32.0
MeV, respectively.




The Prowse event (2)

QUT OF, STACK
i

» interpreted as ,’He
» very likely no excited state
» COre spin is zero

anHe® — w +p+ ,He® COPLANAR
JHe® = v~ +p+ a COPLANAR

j* L T 4C® = ,He® + LT COLINEAR

BAA(AAGHe)
AB,, (, He)

(10.9+0.5)MeV
(4.7 +0.6)MeV

77 MESONT  f
| -
0 10 20u J -w .
SCALE . T .

» Nno independent study of the
event

» reconsidered by Dalitz et al.,
Proc. R. Soc. Lond. A426, 1
(1989)

» event is now regarded as
questionable

FIG. 1. Drawing of the event.



Pros and Cons of Emulsion Technique -

S

e - U
T b,
v s BRI
A ! 3

R excellent track resolution

N time consuming analysis: it just takes a long time to find thehvery
few interesting events

» higher K-rates needed

» combine emulsion technique with electronic counters
» use (K,K*) to produce =-
» track K- and K* to determine interaction point in the emulsion/target
» e.g. suggested 1989 by Dalitz et al.

Simicrostrips emulsion stack
DC DC \

3

liquid hydrogen target

aerogel

Cherenkov

spectrometer

FIGURE 3. Schematic diagram of proposed hybrid emulsion experiment to study double
hypernuclei. (pc is drift chamber and N is scintillator.)

» applied by KEK-E176 and KEK-E373 collaboration



The KEK-E373 Experiment

» KEK proton synchrotron
» 1.66 GeV/c K beam

Tracking Detector Emulsion

1.67GeVik @Pﬁﬁbﬁ d target (high

K- beam._ density
- PPO3g

st il [} i

» tra e”tegéw ©r
incepifRg. &

Specti

K
Heavy Metal & il

Collimater BPD\DG

» KEB1 756"
sfcal’ BRCK of —
» 766 analyzed 9DE'| can%é%ates
» KEK-E373 (1998- DC23  FTOF LsT
» 1.4-10Digmoph Teaggjet, 1.3 -107 trigger

» 9-104 (K‘?ﬂéilgéa% Iﬁ)ins, 5096 =" tracks in SciFi

VH,BVAC ,FAC I




The Aoki-Event (KEK-E176)

» S. Aoki et al., Prog. Theor. Phys. 85, 1287 (1991)

[1]

at point A: 2 + *C —» *H + 'Be

at point B: [’Be - ’B+ 7z~

at point C: '’B — °He + *He + p + 2n

— AB,, = -4.9+0.7MeV

» repulsive AA interaction!?

» re-interpretation:
C.B. Dover, D.]J. Millener, A.
Gal and D.H. Davis, Phys.
Rev. C 44, 1905 (1991)

at point A: 2 + "N >n+ XC >n+p+ B

(a)

at point B: ’)B— C+7
at point C: '’)C - °He + *He + *He + 2n

or —» °Li+*He + p +2n

— AB,, = +4.8 +0.7MeV




IE WELT 4. September 2001

5 die modernen Alchimisten Materie ineinander um oder erzeugen gar Materieformen, die es auf der Erde iiberhaupt nicht gibt. Das Foto zeigt eine Kernfusionsanlage in Neu-Mexiko

P‘ Doppelt seltsame Atomkerne synthetisiert

Nach 40 Jahren gelingt Physikern in den USA die Herstellung von exotischer Neutronenstern-Materie

VON BRIGITTE ROTHLEIN
Brookhaven — Drei Jahre nach Ab-
schluss einer Serie von Experimen-
ten konnten Forscher im Brookha-
ven National Lab auf Long Island
bei der Auswertung der Ergebnisse
eine bisher nicht bekannte Art von
Materie nachweisen. Sie entstand
1998 bei Zusammensioen von
Wolframatomen mit superschnellen
Protonen.

Die Physiker sprechen von ,dop-
pelt seltsamen Kernen* und bringen
damit zum Ausdruck, dass sich bei
den Kollisionen im Beschleuniger
ein Komplex aus mehreren Teilchen
gebildet hat, der normalen Atom-
kernen nicht undhnlich ist. Das Be-
sondere daran ist jedoch, dass diese

Gebilde je zwei ,seltsame” Teilchen
enthalten.

Die Experimente von Teilchen-
forschern laufen in Sekunden-
bruchteilen ab. Man lisst dabei be-
schleunigte Elementarteilchen auf
Ziele prallen und untersucht mit
Hilfe grofier Detektoren, welche
Bruchstiicke dabei entstehen. Die
Vielzahl der in den letzten Jahr-
zehnten auf diese Weise entdeckten
Teilchen hat gezeigt, dass sich unse-
re ,normale“ Materie auf zwei so
genannte Quarks (mit den Namen
»up“ und ,down*) und Elektronen
zuriickfiihren lasst.

Daneben gib es aber auch noch
exotische Arten von Materie, die aus
schwereren Teilchen bestehen und
auf der Erde iblicherweise nicht

vorkommen. Zur Unterscheidung
erhielten die Quarks dieser Materie
die willkiirlich gewiihlten Namen
ystrange” (seltsam) und ,charme".

Aus den Millionen von Daten, die
wihrend einer Messkampagne ent-
stehen, miissen die Physiker am
Ende die wirklich relevanten ,Er-
eignisse” herausfinden, die sprich-
wirtliche Nadel im Heuhaufen. In
Brookhaven hat sich die Miihe of-
fenbar gelohnt; aus 100 Millionen
infrage kommenden Ereignissen
filterten Computer = zunichst
100 000 heraus, unter denen man
dann 30 bis 40 mit den gesuchten
Eigenschaften fand. ,Hier wurde
zum ersten Mal eine groBere Anzahl
von seltsamen Atomkernen er-
zeugt”, erklart Adam Rusek, der

stellvertretende Sprecher der 50 be-
teiligten Physiker aus sechs Lin-
dern.

40 Jahre lang hatte man in den
USA, Europa und Japan nach den
Gebilden gesucht, aber nur je eines
davon gefunden, zum Teil mit zwei-
felhafter Sicherheit. Nun gelang es
nachzuweisen, dass iiber einen
mehrstufigen Zerfallsprozess
Strukturen entstanden waren, die
aus einem Neutron, einem Proton
und zwei Lambda-Teilchen bestan-
den. Diese enthalten je ein up- und
ein down-Quark und ein seltsames
(strange) Quark. Die Lambda-Paa-
re sind nun die bejubelten , doppelt
seltsamen Kerne“. Es ist allerdings
sehr schwierig, sie niher zu unter-
suchen, da sie bereits nach weniger

als einer Milliardstel Sekunde wie-
der zerfallen

Die Forscher erhoffen sich vom
Studium der seltsamen Kerne Er-
kenntnisse iiber jene Krifte, die
zwischen den Teilchen wirken. Da-
raus wollen sie Riickschliisse auf die
Prozesse in so genannten Neutro-
nensternen ziehen. Diese Himmels-
korper entstehen, wenn heille Ster-
ne am Ende ihres Lebens ausge-
brannt sind und in sich
zusammenstiirzen. Man vermutet,
dass sie groe Mengen seltsamer
Teilchen enthalten und dass sie der
einzige Ort im All sind, wo seltsame
Materie stabil existiert.

{eiy| Weitere Informationen im Web:
2
- www.bnl.gov



The E906 experiment

~2x10°, 1.8 GeV/c K/AGS spill
With ~ 0.5:1 K/m

Coll plus booster

BD1.2

Fleld Clamps AERRE IR

N

Yoke Coil

—
—

Drift Chamber

o

Drift Chambers

Aerogel Counter
BC

TOF Wall

#

BP

-

target

—

b

/
\
Pl

« Large solid angle (65% of 4 17)
* Good dp/p resolution (~ 4% rms at 100 MeV/c)
* High rate (~ 3x10% K-/spill)

Hodoscope Cylindrical Drift | 775
¥ C i
Chamber 137 KG = L.5m Field Clamp
w/pole tips
Cyvlindrical Detector System (CDS) — 1m - -

K Beam
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The E906 strategy

fully electronic detector 9 A
use p(K-,K+)Z- to produce = on a nuclear target |
="p—AA conversion after capture by another target
Identification of AA hypernucleus through sequential weak decay via
T~ emission

» in light nuclei the pionic weak decay dominates

» the pion kinetic energy is proportional to AB, ,

» coincidences between two pions help to trace
the decay of the AA-nucleus

¥y ¥y vy

» example ] _
2 wli— ’Be -+

Be - °B+r

p_ ~116MeV/c /?Be
momoenergetic
depends on AB,,

Be > °B+n"
p. =97MeV/c
monoenergetic



...but life is not so easy

» there may be excited states involved

» the assignment maygnot be unique

» Of course mass and charge conservation
may provide additio constraints

E“ Li— °Be" + 71 AgBe*

» two coincfieént piohd/fhay bé """ e
emi®ed also from twin nuclei
I.e. two single hypernucleg, , o5 -

produced in the initial reaction . ., N\, "B =
with the =- b, =8/Mev/c
monoenergetic
bt N\ N

_1 IIIIiIIIIilIII“iIIIIiIIIIiIIIIIIIIiIIIIiIIIIiIIII

90 95 100 105 110 115 120 125 130 135 140
P_ (MeVic)



E906

» 9:10!1 K- on Be target consistent with single A hypepﬁgﬁcléi"
» 1.1-10° trigger twin 114 MeV/c 133 MeV/c
hypernuclei |
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momentum of the pion
with lower momentum




Interpretation

7

AB, , (MeV)
o]

_1 IIIIiIIIIilIII\‘iIIIIiIIIIiIIIII\IIiIIIIiIIIIiIIII

90 95 100 105 110 115 120 125 130 135 140
PT (MeVic)

104 MeV/c 114 MeV/c 133 MeV/c
» ...is not straight forward



Suggested decay mode

» PRL 87, 132504-1
(2001)

» AB,, depends then
on excitation energy

E, (MeV) [AB,, (MeV)
7.75 1.8

8.75 0.8

9.84 20.26

» Hungerford (HYPO3)

» requires isomeric
state at 3.8MeV

» Gal (HYPO3)
2n— ’H+ 7z (104MeV/c)
for AB,,=4MeV
H — *He + 7~ (114.3MeV/c)

4 4 * _ Bk
wH— He +x

iHe" — H+p

H > He+rn

3
pAH

P, = 4 *
104MeV/c \ AHe

3
AH+P 5 75Mev

P, =
114.3MeV/c

3
:He He
AL JHe —» Li" + 7
71 * 7 _
p, =~ 104MeV/c o AL/ — '‘Be+rx
(for AB,, = 0.5MeV) AL
3.8 MeV
p. =114 MeV/c
°Be
4
He



KEK-E373: the NAGARA event

» H. Takahashi et al., PRL 87, 212502-1 (2001)
» hybrid emulsion technique
» cCleanest event so far (also theoretically)

E +'"C > *He+t+  ’He 3

6 5 =
wHe - He+p+r

. AB,, = +1.01+0.2°0%MeV \

\.
» inconsistent with Prowse \( : X

event

» one additional event
» Demachiyanagi-event:

10
Be

. pr—
=
10um ' \ :



what we know ...

» mass production of double hypernuclei is in principle possible!
provided we have a = factory

» y-spectroscopy is in principle possible since very likely particle
stable, excited states exist



Summary

N R R ((— p
- three-body frag.
6 3B ¢
— 10 Be arHe -
> 4 S S R N lu.i i AL L-.
z Prowse R
Ry S IS I S— \\ei ____________________________
S "t aBe i (11Be¥)
<] ' »
L (?\Be*) IP}\B ‘.-\f\He $
() = SN KN ——————S—— S ! i\;‘i-:‘- ------ L W O B O S E
Danysz et al. ('AC*) 0 Be i
AA Nagara event
A B - Demachiyanagi event
. J/
T S N — S — E373
ABe 1
I Aokietal] T
[ Takahashi et al.

» Interpreting AB,, as AA bond energy one has to consider e.g.
» dynamical change of the core nucleus
» AN spin-spin interaction for non-zero spin of core
» AA-EN-XX coupling
» excited states possible, but have not been clearly identified so far



Consistent Description - not yet!

» I.N. Filikhin, A. Gal, Phys. Rev. C 65, 041001 (R) (2002)
» Faddeev-Yakubovsky calculation

12 | | | | | | | | |
11k 4-body model
> °Be"
2 10} & "
2 of i
3
=~ 8F -
<
m
7 k -
6 1 Z 1

13 14 15 16 17 18 19 20

» NO consistent description possible so far



Future ideas



What about Heavy Nuclei?

» interesting: AA-interaction in nuclear medium

» AA-hypernuclei and intermediate A-nuclei are produced in exuted
states
» Q-value difficult to determine
» nuclear fragments difficult to identify (neutrons!)

with usual emulsion technique
» Non-mesonic weak decay dominates

A+n > n+n+176MeV

A+p — n+p+176MeV R Y

20 ~ o —

» NON-mMesonic: mesonic = 5 i ]

15 - o .

! °
. 10 —
» Nnew concept required! +
5 I ® =3 | % %' ]
high resolution : ﬁ o 1 1
o s 1 ] 1 2 I 1 I 1 1 1 i 1

y-spectroscopy ! 5 0 s 20




Production of =-

> = conversion in 2 A: ETEP AT AT285MEV

1000

» =- production
» p(K,KH)="
> needs K- beam (c:t=3.7cm)
> recoil momentum >460 MeV/c
» KEK-E176: 102 stopped =
» —E373: 103 stopped = per week(s)
» AGS-E885: 10% stopped =

800

600

400

200

HYPERON MOMENTUM (MeV/c)

» PANDA@HESR

» few times 10° stopped = per day
= vy-spectroscopy feasible

- Q — EK"

0 L ‘ L | L L L ‘

0 1000 2000 3000

PROJECTILE MOMENTUM (MeV/c)




The Discovery of the anti-Xi

» discovered simulataniously at CERN and SLAC

@lg 12

FIG._I. A p_riniff the j
event p+p— = +E as /
photographed in the BNL _— |
20-in. liquid hydrogen
bubble chamber is shown. (5) /
The sketch of the event /
as shown is labelled ac- /
cording to the most like- |
ly mass interpretation |
for each observed track. VA
The numbers on each A | Y
track are those used in 7
Table I. LN R

Marce 15, 1962
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General Idea

» Use pp Interaction to produce a hyperon “beam” (t~10-10 s)
which is tagged by the antihyperon or its decay products

» Data: B. Mugrave et al., Il Nuovo Cimento, Vol. XXXV, 735 (1965)

S ub) - quark-gluon string model

->
3| Pe (Kaidalov & Volkovitsky)




=" properties

» =" mean lifetime 0.164 ns

10 S ] | E 0-5 | 1 1 1 | ‘
- 1 > s i
i 1 E
g B - EI 04 |- ﬁ 5mm + C ]
et 1= | F % iomm+C |
= . » .
W : 1 & o 5 5mm+Si
= L n E 03 [ - l.l —]
= ':' 10mm+Si
510 | E I - |
= - Carbon 1 Z o2 " . ]
o = . o " n
% -2 B ) O - m . ]
510 = — ClT) oo
S . 01" o —
-, i “ g
- o -}
| .I | n
10 -3 | T R I I | 0 .3\ | - | |
0 250 500 750 1000 0 250 500 750 1000
MOMENTUM (MeV/c) MOMENTUM (MeV/c)

» minimal distance production < capture

B initial momentum 100-500 MeV/c — range ~ few g/cm?



Production of Double Hypernuclei

O.Kaons 1
_ Q/—-v —+@ = } rigger Hyperon-
PO— e antihyperon
3 GeV/c \o\% production
— at threshold
~ &
~
2. Na
Capture
of ¢ In y'\/vvf
secondary
target nucleus o -
RV VYV
+23MeV
3.
SalRiteatl v-spectroskopy

y-events per day ! with Ge-detectors



Strategy

» Fully electronic detector for high luminosity ' //
» tag primary reaction by =+ or 2K* in forward direction — triggel
» use primary target nucleus as a degrader
» measure incoming track of = by active secondary target — background
» mMmeasure secondary decay star(s) by displaced vertices = background
» measure emitted y-rays with high resolution = resolution
» antiproton momentum close to threshold (3GeV/c)
» only few open channel with double strangeness production:

_ B+ 5 that's what we want
p+p— .
K'K'K K™ + pions phase space! T
|
B
5 )
. . . e
» low secondary masses (Li,Be,B,C) in four separated sections C

» identification can rely on existing information on single hypernuclei
» low y-ray absorption
» Nno x-ray background



The PANDA Detector

hermetic (4nr)

high rate

PID (y, e, u, , K, p)
trigger (e, u, K, D, A)
compact (€)

modular

¥y ¥ ¥y v v ¥

readout
& cooling

| —

\“

micro
r
=, beam

wire target

» Solid state-micro-tracker
» thickness ~ 3 cm

» High rate germanium detector

A




Expected Count Rate

» Ingredients (golden events: =+ trigger)

3

¥ ¥ ¥ ¥ 7

¥

luminosity 2:1032 cm-—2s!

=*t=" cross section 2mb for pp
p(100-500 MeV/c)

=* reconstruction probability
stopping and capture probability
total captured =-

=~ to AA-nucleus conversion probability
total AA hyper nucleus production

gamma emission/event,
vy-ray peak efficiency

» ~7//day ,golden™ y-ray events
» ~ several 100/day with KK trigger

p 700 Hz
psooz 0.0005
0.5
Pcap~ 0.20
p 3000 / day
Pan = 0.05
b 4500 / month
p,~ 0.5
Pee~ 0.1

high resolution y-spectroscopy of double hypernuclei will be feasible




Hyperatoms




Production of Q-Atoms

2.
Slow down
and capture

of Qin
secondary

target

nucleus

o(E +E) 1

a(Q+Q) 20

.Kaons
— r trigger -
@ Q) 99 Hyperon-

1

antihyperon
production
at threshold

A
3.
Y y-spectroskopy

with Ge-detectors

+203MeV



Deformation of a Baryon

» J=1/2 baryons have no spectroscopic quadrupole moment
Q =[d°rp(r)(32° - r?)

Q. o< (3J2—J(J+1)) —L2 5 0

J, =112

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

» J=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

> 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)*I-mg
quadrupole AEg ~ (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?

» E(n=11, 1=10 - n=10, 1=9) ~ 520 keV

> calibration with 511keV line!
» AEg ~ few tenth of keV for Pb

e

21/2
19/2

17/2
15/2

518.9 keV

519.8 keV

-

520.8 keV
521.5 keV

|-

Q,=0.02fm?2

n=11,1=10

n=10, I=9



Experimental details

» 4000 stopped Q per day

» Yield(Z-Pb)~Yield(Z-Pb)
C.]).Batty, E. Friedman, A. Gal, PRC 59, 295 (1999)

» capture probability ~10% = PbXrays

» X-ray detection efficiency ~5% 1 0w
09 — 11=10
~10 X-rays/day Ll 1(3)2 191

07

06

- 05

g 04

» antiprotonic atoms at FLAIR
will be an ideal testground! 03

-0.1 -0.08 -0.06 -0.04-0.02 0 0.02 0.04 0.06 0.08 0.1
a

pinitial(l) = (2/ + 1) ' eal



What else can we do?



— &
-~

s

:

Can we measure the potential for an A 2.

A
» p+p — A+A close to threshold in complex nuclei | // e
» Question: is the momentum of the |
A and anti-A on the average equal? A X
» possible answer: Q O

» at the point of creation inside
the nucleus one has momentum
conservation

» but: A and anti-A have different

is this mass (= different potential)
correct? » as soon as A and anti-A leave -
the nucleus they will have different . p

asymptotic momenta
» the momentum difference is sensitive
to the potential difference
» experimental details
» need to average over Fermi motion
» use light nucleus to reduce rescattering (Li?)

» use A and anti-A polarization to enhance anti-AA pairs which did not
encounter a rescattering on their way out



A. Hypernuclei

» already early work predicted bound states of A, ' //
» A.A. Tyaokin, Sov. J. Nucl. Phys. 22, 89 (1976) |
» C.B. Dover and S.H. Kahana, Phys. Rev. Lett. 39, 1506 (1977)

» Recent theoretical studies by .

K. Tsushima and F.C. Khanna 0.015 |

» Phys.Lett. B552 (2003) 138-144 °
» nucl-th/0207077
» nucl-th/0212100

0.01 F
0.005 F

0

0.015 |
0.01 |

0.005 F

0.015 F
001 F

0.005 F




A. Hypernuclei

» bound states of A. hypernuclei are pedicted

» level spacing smaller than in A hypernuclei but larger than in A, /‘

hypernuclei = would need dm~1MeV resolution

0 YO iE,O YO | PCa {Ca iliCa 5Ca | ¥Ca f:rCa 4 Ca
(Exp.) (Exp.)

lsyy2 | -12.5 -14.1 | -12.8 -19.6 | -20.0 -19.5 | -12.8] -23.0 (-21.0 |-14.3 -24.4
1pass -2.5 -5.1 | -73 | -16.5| -12.0 -12.3 -9.2| -20.9 |-13.9 -10.6| -22.2
1pys2 (1p3!2) -5.0 | -7.3 | -16.5 (].pg,‘)‘g) -12.3  -91 -209 |-13.8 | -10.6 -22.2
lds sy 47 | -48| -184 | -6.5 | -6.5 | -19.5
28172 -3.5 | -34 -174 | -54 | -53 | -188
Lldsys -46 | -48 -184 | -6.4 | -6.4 @ -19.5
1f7/2 — | -20 | -168
ing 31 Zr ?}, Zr ﬂ Zr iUSPb iﬂng i‘?Pb i‘;ng

(Exp.) (Exp.)
18142 -225 -239 ) -10.8) -25.7 | -27.0 -27.0 |-5.2 | -274
1pass -16.0 -184  -87 -242 | -220 -23.4 | -4.1 | -26.6
lplfg (1})3!2) -184 -87 -24.2 (1})3!2) -234 -40 -266
Lds /2 -9.0 -12.3 | -58 | -224 | -170 -19.1 | -24 @ -254
28172 —  -108)| -39 216 | —  -176 | — | -24.7
1d3/2 (ldwz) -12.3 0 -5.8 | -224 (ldwz) -19.1 | -2.4 | -254
lfﬁz -2.0 -5.9 | =24 -204 | -120 -14.4 — -24.1
2pass — -4.2 — | -19.5 — -12.4 — -23.2
].f5/2 (].f'r/z) -58 -24 -204 [i].f’r!g) -]_43 — -24]_
2p1/a -4.1 — | -19.5 — -12.4 — -23.2
1go2 — | — | -181]| -70 -93 — | -22.6
Lgzsm (lger2) -9.2 — | -226




Production of A, Hypernuclei

» production via primary and secondary target not possible becal/se of
short lifetime of t,. =0.2ps

» direkt production via pp — A, or ' p—AD- difficult because of high
momenta involved (low sticking probability)

» does a two-step process within one nucleus work?

p+p—>D +D detected
D"+p—>A_+7°

captured in the
nucleus A-2

» determination of the A. hypernucleus mass via missing mass
» needs good knowledge of beam momentum (104)
» excellent momentum resolution for =t and D- (resp. decay products)



Kinematics

>

sticking of A. requires low
momentum ~ Fermi momentum

low momentum of A. if D~ and =t
emitted forward

example: consider events with
Mpyp-M,-M, <100 MeV
» D momentum rises proporional to
antiproton momentum
» mass resolution of ~1MeV would
require momentum resolution of

better then 10-4for
p(p) >10GeV/c

» rather narrow distribution:
typical width ~0.6GeV/c

harmonic
oscillator

STICKING PROBABILITY Syiq)

107t
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.’K.o .
A-hypernuclei
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\ ‘e
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HO b=194fm
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N . o

o 0 o o
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N
o
T

AAAA
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o

5

10

15 20
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Rate estimate &

» probability that a A_ is captured and that D-and =* are emitt.eggl’//}
without further interaction (i.e. no rescattering; see later) |
» Ingredients
» luminosity: 2:1032, max. 107 antiprotons/s
» o(D*D"): empirical fit to Sibirtsev et al., Eur. phys. J. A6, 351 (1999)

> interpolated between A=12 and A=197 with A%/3

probability for no scattering of D: o(D"N—D-"N)=20mb
» charme exchange cross section (Sibirtsev et al.)

o)

2 2\2 2 2
_ const. \/(5 -m, - m;) —4m; m;

+ S -
owonr 1675 \ (s—m - m3)? —4m;m?

total n*N cross section ~25 mb (neglected momentum dependence)
branching ratio T'(D"—>K*nn™)/T,.:=9%

reconstruction and detection probability of D and =n*: 50%

Fermi momentum of nucleons

Sticking probability

¥ ¥ ¥ ¥ 7

dominant
-g, /(0.1GeV /c)
pcapture =e " factor!



\\ ol

Rate n B¢
» with increasing antiproton momentum decreasing minimum D*/ "{5;"‘
momentum ‘

» smaller phase space at larger antiproton momenta

0.01 L L T T 1 |
[ Atarget=20 ]
—~ 0.008 N
X [ ]
©
g ]
o 0.006 | ]
"é' 1
§ ooos | (I ) -
S :
Es increasing D+ low phase
S 0.002 - momentum space
0 I T T TR N TR TR M N T T M M Y
5 10 15 20

antiproton momentum (GeV/c)

» production rate ~0.01 dayl....hopeless!?



Target dependence

» limited by production rate

» absorption larger for larger nuclei

|
>
O
9
S|
L 10| 4 p=10 GeV/c
O e
- ¢
(-
O
*g) ]

¢
O
o, 3 s
E_WO — +

\ ‘ \ \
O 100 200

mass number of target




Is there still a happy end possible?

» relevant for A. production are D* momenta < 1-2 GeV/c //
10000 T T T —_ |
p(p) = 8.6GeV/c
all D+
1000 |
100} E.<0.1GeV
3 p+Pb, T(p)=7.7 GeV
10} . o ¥(4160)
o) B e
[l EADA 1
e % D.D outside
: ” l-“__.--"‘ l““““‘D'*I'momentum(lGeV/c) | | °
0 1 > 3 4 5 6 7 g ©
D+ momentum (GeV/c) D;,D; outside
-3
10 F
» significant broadening by rescattering
» Ye.S. Golubeva et al.,
Eur. Phys. J. A14, 255 (2002)
» increase of yield by order(s) of o

magnitude may be possible

P(D),P(D) [GeVI/c]



Conclusion B

adl B, ,/ S \ o

i \\ x

2 )
-
S

_/}
» the measurement of A. hypernuclei requires excellent mome-ri’flj/hﬁ
resolution (dp/p< 10-3) in forward direction |

» optimal antiproton momentum around 8-10 GeV/c
» without rescattering production rate rather low (<0.01/day)

» need to consider in more detail

» rescattering in more detailed calculations
» sticking probability

®




	Pentaquarks�Facts and Mysteries��
	Duet of Strange  Baryons �  Double Hypernuclei 
	��a short reminder�
	Nomenclature
	How it began
	Nuclear Emulsion
	Birth, life and death of a hypernucleus
	Weak decay of hypernuclei
	� �Why are double                     hypernuclei interesting?�
	Double Hypernuclei as a Laboratory
	From Double Hypernuclei to Baryonstars
	Excited states in double hypernuclei
	Weak baryon-baryon interaction 
	Weak baryon-baryon interaction 
	LL Nuclei as Laboratory for H
	Bound or not bound?
	H-dibaryon in nuclei
	�Double Hypernuclei�How to make them?�
	Production of LL-Hypernuclei
	X- capture
	X-(dss)p(uud)  L(uds)L(uds)
	What can we do
	�What do we know today?�
	The first event (1)
	The first event (2)
	Analysis of the Danysz-Event
	Can we determine the LL interaction?
	First approach to the LL interaction
	The Prowse Event (1)
	The Prowse event (2)
	Pros and Cons of Emulsion Technique
	The KEK-E373 Experiment
	The Aoki-Event (KEK-E176)
	DIE WELT  4. September 2001
	The E906 experiment
	The E906 strategy
	…but life is not so easy
	E906
	Interpretation
	Suggested decay mode
	KEK-E373: the NAGARA event
	what we know …
	Summary
	Consistent Description - not yet!
	�Future ideas�
	What about Heavy Nuclei?
	Production of X-
	The Discovery of the anti-Xi
	General Idea
	X- properties
	Production of Double Hypernuclei
	Strategy
	The PANDA Detector
	Expected Count Rate
	 Hyperatoms
	Production of W-Atoms
	Deformation of a Baryon
	A very strange Atom
	Experimental details
	What else can we do?�
	Can we measure the potential for an    ? 
	Lc Hypernuclei
	Lc Hypernuclei
	Production of Lc Hypernuclei
	Kinematics
	Rate estimate
	Rate  n
	Target dependence
	Is there still a happy end possible?
	Conclusion

