Strangeness production o5,
with FOPI @ SIS 18 (GSl/Darmstadt)

Introduction / Motivation / History of strangeness
in heavy-ion collisions @ SIS 18
(kaons in dense matter)

Detector
New results — correlations

(with respect to the bulk, with other reaction products)

Perspective
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Heavy-ion collisions @ SIS 18 (up to 2 AGeV)

Kaon energy o, [MeV]
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Modifications of kaons

BUU by G. Q. Li, C. M. Ko
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Center of mass energy (GeV)

Strangeness produced in the early
stage
High density of the medium (3p )

Messengers from the dense phase
Modifications of mass/KN potential

200.0 -
oo | 8E$¥I §Z§?° Mlev’ expected
0o N | Affects production and propagation
>0 " anstty prpe * Puzzling esp. in the case of K-
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Restoration of spontaneously broken ﬁ
chiral symmetry ?

Not necessarily

Resonances: 2(1385) N(1405) A(1520)
— =l s
| Vs [MeV]
Thresholds: Am Zn KN
MeV 1250 1327-1337 1432-1437
K.Wisniewski Meson 2012 Strangeness Production
Uniwersytet Warszawski, Universitat Heidelberg Krakow, 31.05-05.06.2012 with FOPI

FOPI Collaboration



Evidence for in-medium modifications a

E.g.flow  _ -
elliptic flow v, 0.2 K puy — Y=20MeV
OFF plone emission i e U=0 |
01T * $325(e)
side flow v, i j psazs(éf l
bounce off 0 [ IEI:"'f...“I:' s -
o i o A1 o U S
¢Efaunmphm 4 ,f"fx; -0.2 -' + +++._..__...-
bounce off - @ K data 3
-0.3 [ 5 Il 5 ] § | 3 i
U'FF I:llfll'lﬂ emission 0 0‘2 0.4 0.6 0.8
p, (GeVic)
New data are consistent with earlier data
in range -1.2 < }"m} < -0.65, MOdel dePendant
0 4eo=200mb (comparison to BUU transport)

P.Crochet et al_, PLB 486, 6 (2000)

Easiir CHnchisibE: ... and much, much, much more

Data favor the presence of repulsive potential

U(p=p,) = 20 MeV (FOPI, KaoS)
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Strangeness program of FOPI a

Data from elementary reactions
K°, A production and phase space distributions in
©m +C,Al,Cu,Sn,Pb @ 1.15 GeV/c, (S273, 2004)
K°, K*, K, ¢, A production in

m +LH,, C, Pb @ 1.7 GeV/c, (S339, 2011)
Kaonic bound state ppK' in
P +p @ 3 GeV, 80M (S349, 2009)

Systematics of strangeness data from heavy-ion reactions
K°, K+, K, ¢, K*, A, £%(1385) production and flow

System beam energy events (proposal, year)
Ni + Ni 1.93 AGeV, 100M (S261, 2003)

Al + Al 1.91 AGeV, 200M (S297, 2005)

Ni + Ni 1.91 AGeV, 80M (S325, 2008)

Ni + Pb 1.91 AGeV, 100M (S338, 2009)
Ru+ Ru 1.7 AGeV, 210M (S338, 2009)

Search for
Kaonic bound states
Hypernuclei

in heavy-ion reactions
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FOPI is a very good detector

Magnet

Plastic Barrel

IPNE Bucharest, Romania
ITEP Moscow, Russia
CRIP/KFKI Budapest, Hungary
LPC Clermont-Ferrand, France
Korea University, Seoul, Korea
GSI Darmstadt, Germany

IReS Strasbourg, France

FZ Rossendorf, Germany
Univ. of Heidelberg, Germany
Univ. of Warsaw, Poland

RBI Zagreb, Croatia
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Helitron

Zero Degree

Plastic Wall

General purpose

Helitron+Wall : 1.2° - 30Q°

CDC+Barrel
B=06T
Fixed target exeprimen

: 0,,,>35°

t

(variable target position)

Heavy-ions and elementary

Direct detection of char
fragments, pions (95

ged articles
% efficiency)
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Complete azimuthal symmetry, large acceptance




Resistive Plate Chambers - TOF Barrel @

Time resolution from
fast pion tracks (p,,,>0.9GeV/c)
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6 m2 active area - F‘-m_

First RPC-TOF system in the world
Prototyping the TOF system of CBM @ FAIR
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Log(dE/dx)

Identification of charged particles

i, ANDLAB {20 100.5nd sbald0yi0.5,

o ! 'an
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v (cmyns)
... up to 1 GeV/c — CDC-TOF essential

in the CDC/TOF acceptance
(mid-rapidity not fully covered)

Extended thanks to RPC
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Identification of particles by decay @

A —>7m p (64%) ,ct=7.9cm

FOPI 2003/07/29 10.30
con:3

X-y plane
Run 3087
Event 160653

tracks

35000

Entries 592473 |
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30000 Nnev=73368838 RMS o 4266;5—01
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Background reconstructed by event mixing

Topological cuts decisive for the amount of background (S/B ~ 10 no problem)

Mass resolution (in the case of weak decay) >4 MeV
(depending on momenta of daugthers, intrinsic width not extracted)
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Integrated flow of K+ and K- |n perlpheral coll. a

Ni+Ni at 1.91 AGeV S 0.2/ K" @K b
(8325 + S325¢ data) 5 e -
8] = 1.5 b 0.1 ' -- "y —
Dgeo= 7 M 0 -' b . iy 3
Models with FOP! 0.1) # — Hspw | :
acceptance filter 3 — mrmn*w ¥ :
'0.2 - - I."|" |Q|‘|1D W':' . T N i s ]
SN TKY | ' @K . @]
Potentials with linear 015 7 L
density dependence. : P '
0l ]
At p=p,: .
Upo(K®) 20 MeV | ]
Uowp(K?) 40 MeV 017 gcb<7tm | T ,
AT R A TS R el e e P e L e e A
Uysp(K) 50 MeV -15 1 -05 0-15 -1 -05 0
Uguo(K) 90 MeV Y(0) Yo

K* sideflow much smaller than expectation from model calculations.
K- sideflow compatible with zero, in variance with model expectiations.

K* - elliptic flow negativ — out of plane emission.
K- - elliptic flow consistent with zero.

The problem came back, theorist stepped back
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FOPI is avery good detector... a

ACCELERATOR FACILITIES
AND EXPERIMENTAL AREAS

FEMMIMNG, ECR ION 50URCE
CHORDIS &
M= {8 P asia
ION SOURCES - /1 ‘ 'PHYSICS
T P it
Beams C, ..., Au, p, T v
i LOW ENERGY T
Enel‘gles 100 AMeV —_ 3,5 AGeV EEEE\R'MENTA'— 1y ﬁ_HADES
Intensities up to E+11/s S
(space-charge limit for N) s an
= . . . . TARGET CAVE B
Radiation protection is an issue (E+7 possible) RREA =
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What is more rare at SIS than strangeness ? a
Nothing - wrong answer

4 W. Cassing, E.L. Bratkovskaya, A. Sibirtsev

r Au+Au (central)

Multiplicity

10' 10° 10
Energy [A GeV]

T 1

SIS18 Future GSI

Multi-strangeness, correlations — good answer
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Trivial correlations a
reconstruction of <|>(1020) -> K+K-

Ni+Ni @ 1.9 AGeV 2 [

E, . (NN->NN¢)~ 2.6 GeV 3 10
Background from mixed-events ZZ N
S/B~1 10 ‘

100 ¢ in 4.7108 events
Efficiency from MC gl-— L
First sub-thresh. measure of ¢(1020) | j 1 | """ 3":03”

-g 40 | | e il 10197t;eWc2
S F o, 4.8MeV/c? '
hecd ‘N
o

o 4 Nl HﬁTh'

gl AR
0.95 1 1.05 i | 115 12 1.25 13

M _ (GeVic?)

Taking into account ¢ — K™K~ branching ratio: (48.9+0.5)%...
(14 + 4Jj) %

.. K~ mesons comes from ¢ decays.
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A° 7t trivial correlations - a
not trivial reconstruction

['=39.4 MeV

Q

"
e

(1385) .

u
- d
¥-+(1385) -> A%+m~* ,with B.R. 87%

VO
w(A) pP(A) A (X™)
0<m1<0.5 0.6<m2<1.5 | 1.106<m<1.126 | 0.05<m3<0.35| More than 30 selection cuts
L i b i et s e Distance to vertex decisive
nh1>25 nh2>30 4<dv0v2<20 nh3>37 R p K
ejection of intersecting tracks
e oA i e i & rjotation of events to tgll'ne R.P
pt1>0.1 pt2>9.2 pt0.3 p>0-1 | _5 description of the background
621<20 622<20 |dvz12[<30 623<20
1201|<50 202|<50 CTR 1203|<25
K.Wisniewski Meson 2012 Strangeness Production
Uniwersytet Warszawski, Universitat Heidelberg Krakow, 31.05-05.06.2012 with FOPI

FOPI Collaboration



First sub-threshold measurement of ** a

20000 R o ;:gﬁ ” Al+Al @ 1.9 AGeV
15000} mi il Etrh~ 2.33 GeV
10000 S s : *

I 3000 X in 4*108 events
5000 m

M{Gz;:?c’-} S/B~0.03
~ | Width agrees with PDG

'''''''''''''''''

dN/dM (counts)
=)
S o
I

S = 3115 + 480
S/B = 0.03 + 0.01

750} SIGNIF=9.1+1.4
MEAN = 1387 + 5 MeV/c?

500 I = 51 + 13 MeV/c?

250|- + | Similar analysis for K*(892)° -> K-

!

—al ]l Jrﬁ.%ﬁAﬁﬁHfﬁﬁ&ﬁﬂfw
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. 7 18 19 2
M (GeV/c?)
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Good enough to (positively?) verify models

d

1 = Ni+Ni — T E_
- 2
—$ 2
S
10" = i
5 o
- v =79/6 ¥
102 T = 68.5+11.8 MeV I {.
- W =758 =10 MeV
- | | IFOP:'/IKAOSI .
d * = K K 0,78 A 0
P P n w* K* B ;H‘ T K
All independent ratios from one experiment
Some of them deep sub-threshold
Statistical model does quite well, except the ¢
K.Wisniewski Meson 2012 Strangeness Production
Uniwersytet Warszawski, Universitat Heidelberg Krakow, 31.05-05.06.2012 with FOPI

FOPI Collaboration



Do kaons modify the matter ?

Strong K-N attraction

1.90 fm
rms distance

A.Dote, Y.Akaishi Phys.Lett. B 590 (04
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> 300.0
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= i
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100.0 — — - ChPT (D=0) |
— - — coupled channel
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Density p/p,
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(a) * e (b) *HeK~

Compact and dense
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Deeply bound kaonic clusters

—_—
eV 0

Correlations A+A

ppK- -> pA
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i i % K- +°He
e i ey il e e nppK- -> dA
50 50 b S5
E :—ETM,V - o hr =]
ZE| T omey  =ml Gr) - T
ER =—48 Mav T a4
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Binding Energy
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Excess found,

but about 100 MeV too much bound

No evidence of a ppK- cluster

Could be a final-state interaction

Or a strange di-baryon
R.J. Oakes, PR 131 (1963) 2239
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nhppK- -> dA outcome of FOPI &

E‘zso; » - : Signal=261.227
= +++§ : Signif=5.25405
O 200 B g ......... E-H-.- ..... "i:t ..... i .................. ............... S fB=0.118161 ......... b s
Lo o i : i

2150 (R : ....... :h ................ -‘_-hﬁl_j:-l- ........... ........................................................................
E'_1OO B ——— é.ii ................................... _._-i ...... ........................................................................
9 s | 2
z 50 e s +: ............................................. *:F+:Fd=q. .......................................................
-u < . ! -b".' B e e, >

15.26 / 14
40.79 + 15.61

....................................................................................

3.166 +  0.1197E-01
0.8514E-01 +  0.4717E-01

Excess visible

Not at the threshold 4 e P
(GeV)
Not due to the cusp effect
Binding energy & width compatible to predictions
Significance large
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... compared to other experiments a

OBELIX M. Agnelio et al, PLB 654, 80 (2007)
(. Bendizcioli et al, HYP2006 . . .
Eﬂ&_— - Entries 98 BLI: Ad invariant mass I
e [ I
% 30f ‘ P He =g HEOX — AdKzX — prdeta X FINUDA Mo = 3243 = & Me/c?
0 g 028 [, 37+ 10 MeVic?
e o piHe — Hata~K"X — Adrtn K8, X : m= 2
I cprdrtr KL X E i Y=(5.4 = 1.4) 103K,
2D:— z 015
15F o=
10 + | 0.0 ' _
; 0
5._ 3000 I 51ID.'I : .I\;‘IITI I 300 400 As00
- 3 T Inveriant Meess (Mevic’] Note:
n'...u...u...l...m..rh... Structure not
28 3 32 34 36 38 4 TR T KEK, FOPI on '“C target
GeV -
M (MeV) | T (MeV) | P/IA P/(IN) Sign (o)
FOPI HI: Al+Al = = = % *
HI: Ni+Ni 3149+ 15 | 100 £49 | 1.3-102 1.0-10° 49
3166 £ 12 85+ 47 h2
FINUDA K- stopped on ®Li 3251+6 | 37x14 44-10° |39
KEK E549 K- stopped in LHe 5 5 - % E
Obelix ;_) stopped in *He M L15 | <KD >0410* | 26

The result certainly needs more attention

Not every structure in inv. mass corresponds to a real signal
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dA is also a hypernucleus ! a
Mesonic 2body decay ® H -> *He+n in Ni+Ni @ 1.9 AgeV

—
g 450 .
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—  400F =
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0T e L ARG id
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100 I Bl s7AR free A
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3 -:a ‘;‘;,c ",;f'Eigfr;LquD\?a b e ®ErRr136, 6B(1964) D racamcume
gin.4.o0xU.% € RMS 0.5256E-01 C
G 1o Signal=304.817 X/nef 2507 / 5 °
& : . s
" Significance 6.2 e * 7 o
" il < J—.... 610 ’ events, 50% central
o A(X):5.461-06
+;+ HH+ bt
o =414 + + J[ HLT PR U S . -
Hll H i PHERTE ptatpntens Detection rate: 10-%/event
40

- 3 - Vc:éspvi?a',‘;']-Je}{(l»e'\f;'f -1 . .
S/B ~ 10-1, Significance ~ 6
Lifetime agrees with world-data
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Comparison to thermal model

Particle ~He/°He > He/A t/>He
Region A 1.5x 1072 0.42 1.44
Error 5.7% 6.74% 0.16%
Region B Z20X 102 | <13%16°% | 007
Error 23.7% 23.5% 0.14%
Thermal model | 2.0x 1073 2.8x 1072 1%

Hatio

—
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0 "}' g 2
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A. Andronic et al, PLB 697 (2011) 203

Thermal model fails (an order of magnitude)
(Limited experimental acceptance)
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Phase-space distribution

OB

Excess over combinatorial
background only in region A

m
p/m
= 700
P
= e - Signal
~ 500 | == Mixed background
400
300
200
100 |
w0 ‘——r=._.1._1_|____=__
= 140
=120 Mean:2.992+0.0008 GeV
) a0 Width:4.6£0.9 MeV
a0k Significance:6.5
60 Signal:312.8
40
20
v f}‘th ’ ] ll H’r T1" + f +"+*“**+""’+"++1' ot
P L ’ 7
S 3.05 3.1 3.15 3.2
-3 -
Mass, (7. He)(GeV)
K.Wisniewski

Uniwersytet Warszawski, Universitéat Heidelberg

FOPI Collaboration

Meson 2012
Krakow, 31.05-05.06.2012

*I:’_Tah Signal
" . 7 ===sseee- Mixed background
Ty
E L
LN 1 T R
F Mean:2.90240.0000 GeV
E Width:5.0+0.0 MeV
Significance:-0.4
3 Signal:-13.3
+ -I'\J|| IJ_H[IJF.I |l| I_ *JrJﬂ 1) R,
WJ[" HTH T T
295 3 305 EX I '3;15' =32
Mass, (1,"He)(GeV)

Strangeness Production
with FOPI



Production mechanism

20 1L 190@2 AGeY

Al | $He | YHe
total yield (ub) 2.2 4 1.4
pionic contribution (ub) | 0.3 | 0.2 | 0.03

RSl oxR gy Physics Letters B 675 (2009) 297

Only an idea of theorists

No experimental verification

K.Wisniewski
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Coalescence ﬁ

Y d-‘*(}'(;ﬂ F)_(m\+mF)‘S ( y djﬂ'[“)( ¥ d}ﬂ_“,})
& dki‘ N My e (r. dki o, dki

H.Bando et al. NPA 501,1900 (1989)

Coalescence process (A X =2,Y)

-
Rapidity
Particle P(iH e) P(A) P(d) Ly Error
Region A | 34x10™% |80x107* | 1.7x 10~ 2.5 6.8%
RegionB | <3.0x 107 [21x 107 | 1.6 x 107 | < 8.8 x 107 [23.6%

Coalescence does not work very well

K.Wisniewski Meson 2012 Strangeness Production
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More hyper-nuclei
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Meson 2012

Could be a prelude to
something heavier ?

Strangeness Production

Krakow, 31.05-05.06.2012 with FOPI



Advantages of hyper-nuclei production in ﬁ
heavy-ion collisions

Large momentum transfer and recoil
(more) precise lifetime measurement
small detectors In fixed-target experiments

Rare fragments
population of n/p-rich isotopes

Multi-strange objects
production of XXA-Hypernuclei

K.Wisniewski Meson 2012 Strangeness Production
Uniwersytet Warszawski, Universitat Heidelberg Krakow, 31.05-05.06.2012 with FOPI
FOPI Collaboration



FOPI ? tomorrow ?! a

Sample number

SolenoidMagnet E 1:%_ o 1+ GEmeTPe
£/ FOPICDC A
Installation and operation of the N g
PANDA prototype GEM-TPC o (&)
with a supreme spatial resolution N\ z \
and forward geometrical acceptance 7 /" "
S0 =
L R I T
K.Wisniewski Meson 2012 x(cm) duction
Uniwersytet Warszawski, Universitat Heidelberg Krakow, 31.05-05.06.2012 with FOPI

FOPI Collaboration



Ready to go for a
double strangeness production
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i Production of ="
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Production of ®, He
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AA Hypernuclei a

Unfortunately FOPI will never see them

The program has been turned down
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FOPI Collaboration



Last Slide a

K.Wisniewski Meson 2012 Strangeness Production
Uniwersytet Warszawski, Universitat Heidelberg Krakow, 31.05-05.06.2012 with FOPI
FOPI Collaboration



