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nternational Cooperation : 2400 FAIR users at 100+ Labs

... from more than 40 countries, numbers rising - BRASIL now !
World‘s largest fundamental.science project of this decade ...
under construction P L wd
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German University groups N\ 'é,xP‘Ianck Inst
4 Helmholtzcenters Juelich, Kﬂr, HZDR, GSI
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Signing of the FAIR Convention by representatives of
Finland, France, India, Poland, Romania, Russia, Slovenia and Sweden
in Wiesbaden on 4/10/2010
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FAIR

Nuclear Structure & Astrophysics
(Rare-isotope beams)

Hadron Physics p-Linac SIS18 SIS100/300

(Stored and cooled

14 GeV/c anti-protons)
QCD-Phase Diagram

(HI beams 2 to 45 GeV/u)

Rare-Isotope

| . Production Target

4 -Proton

)/ Production Target

73

Fundamental Symmetries
& Ultra-High EM Fields
(Antiprotons & highly stripped ions)

Dense Bulk Plasmas

: cr o )i
(Ion-beam bunch compression il = ESR)
& petawatt-laser) |\ / Cryring
——‘
Materials Science & Radiation Biology ‘100 m) _
(Ion & antiproton beams) Accelerator PhysmsJ
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Parallel Operation

CBM k h Atomic rCR
\ Physics
RIB storage ring V,

Antiproton

RIB ext. target Physies ¥ [ )
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FAIR Accelerator Challenges

Compact & cost effective accelerators Fast acceleration
Fast cycling superconducting magnets High gradient, variable frequency

dB/dt ~ 4T/s Ferrite & MA loaded cavities

XHV @ high beam intensities Precision bee_ams :
Extremely high vacuum ~10-13 mbar Electron & stochastic cooling
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FAIR Experiments
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APPA

Atomic Physics (SPARC)

— Parity-violating atomic transitions

— High-field QED in bound system

— Particle-antiparticle pair production

Plasma Physics

— Warm Dense Matter (WDM)

— High Energy Density Matter (HEDgeHOB)

— Planetary plasma-astrophysics
Anti-matter Physics (FLAIR)

Nuclear Physics

— Measurement of nuclear moments

— Nuclear excitation by laser excitation (NEET)
Biophysics/medicine, Materials Science (BioMat)
Accelerator Science

— Laser-plasma acceleration
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Large EM Fields

Lasers Heavy ions
Strong Field QED — C
= 10'°
30 (]
10 Schwinger Limit =
2.1015?
N\
Ll
&, 25 ELI 14 [
E ¥ Relativistic Optics Vulean 10PW \\* _\é 10 .
% - B 10 Equivalent to
v 8 I > 1028 W/cm?
= ®» 10'?
o
8 i 2 10"
10 Q
A £ 40
CPA E 10 £
(5} i
10" 109.|.|.|.|.|.|.|.|.|.
1 10 20 30 40 50 60 70 80 90

1960 1970 1980 1980 2000 2010 Nuclear Charge, Z
(adapted from Mourou, Tajima, Bulanov, RMP 78, 2006)

Sub-fs pulses Large EM fields, zs pulses
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Temperature

10°

Plasmas
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Nuclear Medicine

Small cell lung carcinoma

w TIW+Gd
- FDG-PET

pra—

= Meclastase

Adenoid cystic ca.
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Brilliant Anti-proton beams

nge & Charm matter

)
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30:GeV Proton’s

pbar production :
proton Linac 50 MeV
accelerate p in SIS18/S1S100
produce pbar on target
collect pbar in CR,
cool in RESR

Inject pbar into HESR

I

G.Boca GSI, Germany & U. Pavia, Italy



BEAUTY ? HESR collider mode : sqgrt(s) = 30 GeV |
- from Ypsilonsto X _b, Y b, Z bwith M >12 GeV

HESR with p-p option (sketch)
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R&D and Construction c(f |_]:EII @da

700 ton:
Electronics
Micro Vertex Detector Simulation DIRC Dgtector
Central Tracker Physics EM Calorimeter
Luminosity Monitor Infrastructure Planar GEMs

FAIR

Physics Book, Technicalesign Repzolrts: EMC, Magnets, Targets, Trackin

orst Stoecker GSI
21



>



Beyond standard quark configurations

« QCD allows much more than what we have observed to
date:

Baryons ”

; Bl Mesons
Exotica:

™, g Y
s hybrid: .
|'=. | | ' with gluon excitation
_ may have J"C not
A2 A allowed for qq
||'I I"' S "' I'|I Q|Ueba”: —
N pure gluon state
"/ g "V,
||" % 'al 4 quark state:
O e compact 4—quark state
.-’F.\‘-..x—q-..-"r\"-.
|"' % "ul hadronic molecule:
\ T\ bound state of two mesons

T v Courtesy C. Hanhart




Gluonic excitations

field

S, Quantum number rules for
L\ S=5+8, quark-antiquark pair:-
> L, @ J-L+s
AN / LI = C JPC = Q-+ Q++ 1-- 1+- 24+
. P=(1) Allowed combinations
U ., .L+S
C=(¢-1 JPC = 0-- O+~ 1-+ 2+ - B e ere
Not-allowed -
24ls
Combine with S=1 for quarks i e
Flux tube model: to get: = P
1st excited state sor

of flux tube has JFE=0" 0+ 1% A 2 2%

Exotic mesons are not generated when 5=0

|:{> PANDA @ FAIR
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Search for Heavy Glueballs

12 « Charmed glueballs
— flavour blind decays
10 | « charmed final states
37 — only a few charmed
8 | mesons around 3 - 4
| MeV/c?
o ) .
Ew 6 |, .Iess mixing
= « Exotic glueballs
4 bo (oddballs), no mixing!
| — m(2+) = 4140(50)(200)
5 | 1’ MeV
| | — m(0+) = 4740(70)(230)
0 0 MeV
++ -+ += - — decay modes ¢¢, on, J/yn,
| PC BYAVL!
Morningstar & Peardon, PRD60(1999)34509
Morningstar & Peardon, PRD56(1997)4043 — Narrow widths predicted
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Anti-Proton Annihilation @ DA

Two body
thresholds
Molecules
Excitations Hybrids

Hybrids+Recoil

Glueballs

Glueballs+Recoil

qq Mesons

Horst Stoecker GSI & FIAS

p Momentum [GeV/c]

0 2 4 6 8 10 12 15
| /Z\é\l | |DB I_ |,Z\:,z\:| |
== QQ D.D; ==. QQ.
qaqq ccqq
nng,ssg ccg
nng,ssg ccg
ggg,dgg
ggg
,I:J?rc:at,f?,?(, K’ J/y ,C %c, Xo Glueball (gg)

_  C—/———>PANDA
1 2 3 4 5 6

Mass [GeV/c?]
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Multi-Hypernuclear Production and Detection

: —

: ®kaons
w15 @ ]- trigger

P O—=
3GeVic \0\’\&:_
@ RS
\

slowing down
and capture of ﬂ
=~ in secondary AYAVAVAY

target nucleus

: OOA
« =~ atoms: x-rays = A
 conversion:
Ep—o>AA
AQ = 28 MeV

conversion probability ~5-10%

[originally drawn by J. Pochodzalla et al.]

@
hyperon-

antihyperon
production
at threshold

v-spectroscopy of \
excited states é

decay pion
spectroscopy




Hypernuclel and metastable multistrange matter

Takeshi's 70th Birthday
April 6, 2013

Multiplicity
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J. Steinheimer, P. Senger, H. Stocker et. al.
Progress in Particles and Nuclear Physics
62 (2009)313-317
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From Panda to CBM

ighest Baryon densities in the universec
- probing the center of neutron stars

B

HARES high multiplicity upgrade
) +Au@SIS18 => Ag+Ag@SIS10
Y

Do,
sssss

=% _/‘ /
g . : K /
.
Horst Stoecker GSI \._-—/



CBM: The Compressed Baryonic Matter Experiment

» Science case
» Status experiment preparation

Courtesy of Peter Senger (GSI)



Fundamental Questions of (QCD-) Physics

» What is the structure of compact stars?

Quark Star Neutron Star

Surface:
Hydrogen/Helium plasma
Iron nuclei

Outer Crust:
lons
Electron gas

Outer Crus ; Inner Crust:

' Heavy ions
Relativistic electron gas
Superfluid neutrons

Outer Core:
Neutrons, protons
Electrons, muons

Inner Core:

Neutrons

Superconducting protons
Electrons, muons

Hyperons (Z, A, E)

Deltas (A)

Boson (i, K) condensates
Deconfined (u,d,s) quarks / color-
superconducting quark matter



Fundamental Questions of (QCD-) Physics

u
HHHHHHHHHHHHHH

Tons
Electron gas.

» What is the structure of compact stars?

» What is the origin of the mass of the
hadrons which determine the visible
mass of the universe?

10°

10° ® observed mass

-
o
S

mass (MeV/c?)
- =
o o
o o

—_
o

[

u d S C b t
quark flavour



Fundamental Questions of (QCD-) Physics

n Star Surface:

ron nucie

» What is the structure of compact stars? 4

» What is the origin of the mass of the
hadrons which determine the visible
mass of the universe?

mass (MeV/c?)
- o —_

s c
quark flavour

» Why do we not observe individual quarks,
the elementary building blocks of matter?

»
\ g

L
€ ! ®



Fundamental Questions of (QCD-) Physics

Surface:

/ Hydrogen/Helium plasma
<

/ rust:

rust:

ions.

» What is the structure of compact stars?

nnnnn

» What is the origin of the mass of the
hadrons which determine the visible
mass of the universe?

» Why do we not observe individual quarks,
the elementary building blocks of matter?

» What are the properties and the degrees-of-freedom
of nuclear matter under extreme ;

conditions (high temperature e o)
and/or high density)? »: g@@¢ g%%@
DD oab

4 3333






Exploring the QCD phase diagram

Temperature
3

Nuclei Net Baryon Density




Exploring the QCD phase diagram ‘

> 200
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Directed flow - early pressure probe
“Bounce off as a Barometer for RHIC”
H. St., B. Mueller, W.Greiner 1979

/ 0.6 —1 | | | | | 1 l 1 ] 1 ] 1 I lx
) - O Hydrodynamic Model - Q
S Collapse and reappearance of flow N
o 04r @,' V1 double sign-change due to P.T. Q@e

S;l_ | . 1$§§¢b

o - ~§bq%’
1 02k O Brachmann; Dumitru et al |
2 ! |
> ® REGRIETEY o SIEIETPTP YoV
= ) S S > O____

> ¥ .
et . O
5 I © |

| | | | l I 1 I 1 l 1 I 1 l 1
2 4 6 8 10 12 14

N Center of Mass Energy Vs, (GeV),
First-order anisotropy imprints itself on momentum space in first instants

« Promising soft-spot probe, due to rapid dynamics
« Long-standing probe for 15t-order transition neglected in v2 @RH

Sept 2013



CBM : Big Bang and Neutron Star matter
- in the laboratory

= deconfinement
phase transition
| Quarks=> Proton

= Equation-of-
state at neutron
| star densities,
Multi-Strange
Quarks

Temperature T [MeV]

= in-medium
properties of
hadrons, hadron
mass generation

N,=0.16 fm=3

Highest Proton Densities in the Universe !
Horst Stoecker GSI 39



Quark/hadron mixed phase in neutron stars

M. Orsaria, H. Rodrigues, F. Weber (August 2012)

1 - - | ' | ' I ' | ' |
Quark/hadron
N mixed phase L.

S N

c

Q

5

e 0,1 3 -

S Pure quark -

2 matter

o

=

al

D)

Z 0,01 3 -

=

(9} —

o E

~ -
..... p.

1E-3 :
2 4 6 8 10 12



Hadrons in Nuclear Matter

e Partial restoration of chiral
symmetry in nuclear matter
— Light quarks sensitive to quark
condensate
e (c c) states sensitive to gluon
condensate

- Small (5-10 MeV/c?) in medium
modifications for low-lying (c ¢) (J/vy, 1)

— Significant mass shifts expected for
excited states: 40, 100, 140 MeV/c? for

Xar W W(3770) resp.
e D mesons - QCD analogue of H-
atom
— Chiral symmetry to be studied on a
single light quark
— Theoretical calculations disagree in size

and sign of mass shift (50 MeV/c2
attractive - 160 MeV/c? repulsive)

Horst Stoecker GSI & FIAS Takeshi's 70th Birthday April 6, 2013

Nuclear
medium

Hayaski, PLB 487 (2000) 96
Morath, Lee, Weise, priv. Comm.
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CBM = Look into neutron stars ! v A

High density matter - EoS: collective explosive flow of protons
Quark-Hadron phase boundary @ high baryon density pg:

- multi-strange + charm production

QCD critical point

Chiral symmetry at high pg: open charm, J/Psi, dilepton production
D, &, K, T, A, M

charm

t
prompt Yy thermal y decay Y resonance

decays



Experimental challenges

Particle multiplicity x branching ratio
MxBR for min. bias Au+Au col

10°
10°
104
1

10+ .
105 Driving CBM t, B
10°6 experimental o ® o \ 4
107 requirements ‘ 4
108 In precision
10-° and rates

o I IR .
10 mtap KtK A p AE Q 5+Qrp o ¢ DD/

(from HSD and thermal mod

el)

isions at 25 A GeV

00‘

STAR Au+Au Vs =7.7 GeV

10! L 4
(02 JPN SPS Pb+Pb 30 A GeV
10° 4’#

P

{dileptons) (hadronic decay) (dileptons)




Hypernuclel and metastable multistrange objects

62 (2009)313-317

Multiplicity
s
[= =]
P |

1E-10 + ) 1E-10 F

20,2428} ¢ MF

B4+ I

- 1E-12

; i 1E-13 0

> A 1E-14 £

“" 1E-45 +———"—"—"——"T"————— 18 3
Subhasis Chattopadhyay, 0 1 2 3 4 5 6 7 8 10

CBM Collaboration

J. Steinheimer, P. Senger, H. Stocker et. al.
Progress in Particles and Nuclear Physics

Em=30A GeV 1 O-a
% -
0o g
(XA
1E4 i
1E5 C
. 1E4
1E7 1

10

: . €8
1691 foojre 0

thermal model (AuAu)

10 ‘102



Experiments on superdense nuclear matter

Experiment Energy range Reaction rates

(Au/Pb beams) Hz
STAR@RHIC sy = 7 — 200 GeV 1 —800
BNL (limitation by luminosity)
NAG1@SPS E..=20—-160 A GeV 80
CERN \/SNN: 64 —17.4 GeV (limitation by detector)
MPD@NICA sy = 4.0 — 11.0 GeV ~1000

(design luminosity of

DUbna 10%7 cm'i'1 for hea\yy ions)
HADES@SIS100 1.5 A GeV Au+Au 5104

8 A GeV Ni+Ni
CBM@FAIR E..=2.0-35AGeV 10° - 107
Darmstadt Vspn= 2.7 — 8.3 GeV (imiation by detecton




CBM technologlcal chaIIenges

Central Au+Au colllsmn‘ét 25 AGeY (UrQMl % GEANTA)
& 160‘@ 00 =~ 400 n+/44K+ 13K/Z
& /A ’ / Wi A 7 o
X i F }.._ ¢ &; Q“{,‘ // / o z, ,j/f /:jﬁ*’
A :_"’:"‘*:.«.*"-}m& 4 /-'"’”‘— 3}': ;-'”:; /% e ‘;C%,;/ } ,J/ / T /‘_“';_. :f-:;x/ o Z
A SR AN m//\ e e

> 105 107 Au+Au reactlons/sec

> determination of (displaced) vertices (0 ~ 50 um)
> identification of leptons and hadrons

,,,,,,

~ > fast and radiation hard detectors

> free-streaming readout electronics

> high speed data acquisition and high performance
computer farm for online event selection
» 4-D event reconstructlon

\ \ :{- g -»._: \\.

5 «
o .
- - g [/
\ P - - o \
Y - H = e 1 LT
Y T - : ¢ 2 k“-—».;ﬁ__ N
.\ >l LR AT o . ; i T N, ¥
. s !~_'_'\" g“:' .?‘——'—- _____________



CBM technical developments

SC Magnet: JINR Dubna

Micro-Vertex Detector: Silicon Tracking System: Darmstadt, Dubna, Krakow,
Kiev, Kharkov Moscow St. Petersburg, Tublngen

R .

MRPC ToF Wall: Beijing, Bucharest, RICH Detector:
Darmstadt, Frankfurt, Hefei, Heidelberg, Darmstadt, Giessen, Pusan,
I\/Ioscow Rossendorf, Wuhan, Zagreb St. Petersburg, Wuppertal

lﬁﬁu o=

Muon detector:
Kolkata + 13 Indian Inst., Gatchina, Dubna

Transition Radiation Detector: Forward calorimeter: DAQ and online event selection:
Bucharest, Dubna, Frankfurt, Moscow, Prague, Rez Darmstadt, Frankfurt, Heidelberg,
Heidelberg, Miinster Kharagpur, Warsaw




CBM: The Compressed Baryonic Matter Experiment

TrapriHgn
Baedatin
RiMjJﬁﬂ_aging Detectors

Deyeiem

Silicon
Tracking
Stations™

Vertex
Detector

t

Dipol
magnet

FAIR

Horst Stoecker GSI
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magnetic
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CBM: Dileptons central Au+Au 25 AGeV simulations

Micro-Vertex detector (MAPS)=g N with RICH CBM with I\/Iuon
+ Silicon-Microstrip System  , Trn . .

Entries / 8 (MeV/c?)

AC T=060 Hm/ C g
central triggér ! z
A - pK' eff. =0.5% 31
12 10°% 02 04 06 08 1 12 1.4 16 18 2
| 107K Ai/10%central ev. o e e I,
- 250:
100 Ilm T
i WM Jy — ete- ¢
i g 2
S0 I k.
lnv (GeV/c ) 26 2.8 3 3.2 3.4 3.?“"" (3(.;8.\”‘:’)4 3.:1 N 2;‘




From CBM to NuSTAR - of Hypernuclel and Neutron Stars

hypernuclei <A-B Interaction -INeutron Stars

quark-hybrid traditional neutron star
star - =

. hyperon

star neutron star witk

pion condensate

< | Fe
10° g/om?3
10" grem3
10" giem®

absolutely stable
strange quark
matter

juid s|

strange star .
o nucleon star
"~ R~10km

M~1.4M,

Several possible configurations of Neutron Stars
- Kaon condensate, hyperons, strange quark matter | _
Single and double hypernuclei in the laboratory: 3 S s 1 s, Py, . 54 (130
yperon-rich matter in neutron stars

- study the strange sector of the baryon-baryon interaction

- provide info on EOS of neutron stars
Horst Stoecker GSI 51



NUSTAR

Superheavy elements
E (MeV)

Nuclear Structure
at the extremes

0.0

Neutron skins

A. Krasznakorkay et ai./ Nuclear Physics A731 (2004} 224-234

-10.0

~ 04

E (182) RHB/NL3

Vb (3) RHB/NLSH

n;c 03 CHe.t) W,
025 antiprotons ;

A (pp) - =
02 Shell quenching by
0.5 s diffuse surface
g MR ACE = I MRS

1 (5) HFB/SKP
0.05

8; = 9 —
‘ dsn ¥ des
New shell gaps through 50) -

residual interaction

Soft collective modes

i
N | ﬂ.l g 15[ 30c. F 32 5 E411.6 MoV ‘:‘
_i'l_- : ;g 145k 8Os o A A .,—~“-
2= 1gf —Jpfsnen | pf shell "I z \/
a8 i 1, - 57 ==
.4 e | : r=
iy g8 2841
# .m o — 28, | e
= . ° Halos Nete 3 Of =——1dg, | — 1dg,,
L
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NuSTAR @ FAIR /3

Primary HI Beams
o 40Ari8+2x1012/s @ 1 - 2 GeV/u
o 23828+ 5x101l/s @ 1 - 2 GeV/u

o 40Ari8+2x101%s @ 1 - 45 GeV/u
o 238J92+: 1x101%s @ 1 - 35 GeV/u

100 x 1000 times current intensity

Secondary Beams \
e Broad range of radioactive ion beams
up to 1 - 2 GeV/u

NuSTAR

/
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e RI- Intensities up to 10 000 over present



First warm radiation-hard SuperFRS Magnet Budger Inst

Tl R






1e?

El guude, W

I

>

~
Horst er GSI &%E‘

o
N~
w
=
wn
Q
A%
©
T




=

N oA







eorist Coo

Horst Stoec




Sometimes his model
may be “licked”....

YOU WANT YOURS
LICKED OR NOT LICKED?

Horst Stoec



Horst Stoec

Sometimes his model
may be “licked”....

YOU WANT YOURS

LICKED OR NOT LICKED?
Just kidding.., They are ALL licked...
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How to define velocity for

Stochastlc VarlablesTw0 W

oy TR+ -T(R t),

dt—0+ dt R

/
v = lim

Forward SDE

f(l?i, t) :ﬂﬁ,t - dt) Backward SDE 63
dt—0+
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Or .. Take Three ?
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