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FAIR Research Highlights

B Accelerator Physics & Gym:
Eight Rings & two Linacs

s QCD-Phase Diagram: CBM
s HI beams 2 to 45 AGeV; 400 users

2CBM
¢« Rare-Isotope N

: Production Target 4

Antiproton

Production Target

/ Nuclear Astrophys. NUSTAR

RI beam- fragmentation; 600 users

=¥/

i Fundamental Symmetries
High EM Fields : SPARC
Hi-Z ions; 250 users
Antiprotons@FLAIR

Hadron Structure, QCD &./Medium
Cooled antiprotons < 15 GeV,,300 users

Warm Dense Plasmas’
Bunch-compression & Petawatt- Laser
250 users ‘

Materials Science,
Space- and Radiation Biology

(Ion- & antiproton- beams; 350 users




Hot Dense

Matter at high energy densities

Cofinement
" Fusion

Laser
Heating\v’*
@
& ¥

Jupiter
) ul

solid state

‘density

Physics of Fast
Ignition (another
way to clean
energy production)

Equation of state
of planetary and
stellar matter




- FAIR Physics of Highly Charged lons

| test of bound state QED in the
d critical field limit
% .0

¥ correlated: many- effec |$ o
the ato'mic_ struct ‘and dy am

’

getermlnatlon of nuclear 4\
properties k-

L precision determmaﬁohh
fundamental constants . ’







W, Pieper, W. Greiner, Z. Phys. 218:
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High precision measurements of continuum
e+ shape distortions (vs Z,,Z,,b,...)
needed to test detailed Zo >1 QED diving physics
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Boris’s famous and widely feared biweekly FAIR Management Meeting




QED a~1/137 , o*<<a
C

but total mass M, , M, ~1 GeV !




coupling @ interactions

127

%202 @) = (33— m(@?/a%)

Strong
Coupling,
Indeed !




Chiral decouple

vector interactions LIR=%(1-/+v) y

V¥ Y, Ahy = (L+R) 7,A* (L+R) =Ly, A* L+ Ry, A* R

m vy =m (L+R)(L+R) =m (LR + R L)

m << E : chiral symmetry ok, m, 4 <<M,, m

typical




QCD vacuum has a complex structure!

Strong coupling: condensates

<0|q q0> ;  <0[G,,G"|0> = 0

mass generation!




hyperons

Scalar

Vector
K*-

pseudoscalars




Mean-Field Lagrangean of Chiral SU(3)xSU(3) Model

Lrial — Lo+ L£av + Loae + Lo + LB

Baryon - Scalar-Meson Interaction = Dynamical Mass
Generation

LM = — Z:fi,-m';B,- m; = GicT + 9ic§
z

I=N,AZE AN ELQ

Baryon - Vector-Meson Interaction = Repulsion

Luv =— Y B [giwtio + gigPo] Bs
t

e Vector-Meson-Potential

1 ax° 1 5x° 4c, 4 4

Loee = 5y Sguw’ + §m¢—2¢2 + ga{w™ +2¢7)
X0 X

e Scalar-Meson-Potential = Spontaneous Chiral Symmetry

Breaking, Scale Breaking

£__1k0 2(2 2 % 2 22 Oj
o = —koX 2+ C)+ k(6 +C%) + ke 5

1 x:t 4 o2
¢ — A2 a4 In 4 T 44%In
+ kaxo ¢ — kaX 2X J{§+3:«: 7

Explicit Symmetry Breaking = Finite m Mass, PCAC

2 1



fit parameters to hadron masses

Hadron Masses [MeV]

ONN
mesons 1

A
f \O.E o ¢

| 0 exr ©®.
scalar vector o e

: psgca.lar §o§8 o o0
\

O @

A spin 3/2

O @
L 'S o oK* ~
o e baryons

PO

9

p,n

./TI
®
K

Model can reproduce
hadron spectra via
3 ey _ dynaml.cal mass

o i ~124MevV §,, =16 generation!

o 0
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500
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i asqtad:N=6 ¢
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N=f 4 15
p4:N=6 ]
p4:N=8 14
] 3
2

lattice data taken from Bazavov et al. PRD 80, 014504 (2009)

speed of sound shows a pronounced
dip around T !



fields change in a dense and hot medium

strong scalar attraction!

plus vector repulsion
from surrounding nucleons:




Hadron Masses in Dense Matter

e Baryon Octet Masses as Function of Dengity

g

ket mmses [Mey]

4 ﬁ

0
[]s] 05 10 15 20 25 20 35 40 45 50
Peito

Baryon Magses drop, but saturate at p = 4pg

e Vector Meson Masses as Function of Dengity

yecbr meson masses |[Mey'
3 3 7]

Vector Meson masses stay nearly constant




Particle Densities in Neutron Star 1
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Speculative Possibilities for the EOS

| E.(p,1-0) !/ soft'pe. g

normol run./




Nuclear Matter in the Chiral Model
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ShHock \Wave Mooer
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Abb. 8
E A Neutrales und geladenes Vakuum in starken
elektrischen Feldern, wie sie im StoB
zweier Urankerne auftreten sollten.

m C2 _ R bezeichnet den Abstand der Kerne.
e
_\ Rcr Rcr
> R
- 2
MeCl—e— —_
o e

m

Abb. 9

Pionenkondensation als Funktion der Ver-
dichtung p(t) im SchwerionenstoB. pc be-
deutet die kritische Dichte flr das Ein-

mncz sezten energieloser Erzeugung von
rt-r=-Paaren.

W T

{ Pcr

B,=-140MeV

-EEBERRBEESE

Abb. 10 Anregungsfunktion fiir die Pionen-Multiplizitit in einem hydrodynami-
schen Model) flir zentrale Sti8e gleichschwerer Kerne, unter Annahme
von drei verschiedenen Formen der Kernmaterie-Zustandsgleichung:

a) normale hard core-AbstoBung, b) sekundires Minimum bei p1 mit
W(py)=0, c) dasselbe fur W(e]1}n=-140 MeV. Fiir p) wurde hier etwa
3.0-fache Normaldichte oy von Kernmaterie angenommen.




Compression of nuclear matter
by shock-formation, E, . ~1-2 GeV/nucl

€ompression -

Zone
Toreloall

t, >

t, a2x 10 s

chedk - zoneQ:

% ca. Lf o rcvhi‘ COW{ )
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Searching for nuclear shocks

SPEED OF LIGHT ——>
TIME =0

TIME =5

TIME = 10

TIME = 20

TIME = 25
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1984: First Paper on Discovery of
Collective Flow at the Bevalac:

PRL 52, 1590 (84)

Au + Au

E/A = 150 MeV' 250 MeV 400 MeV 650 MeV 800 MeV

max
P

<@5% Np/N

Ne —— U

400 Mev/n
b=6 fm

07%-797%  257%-507

797-1007%

'4
v

1007

T> 10 MeV

O... & |
0 30 €0 2 30 60 O 30 60 O 30 60 O 30 60 20

Flow angle 0 (degrees)ldeal Hylb Flow Stocker Maruhn Greiner PRL1980 72




Vlasov-Uehling-Uhlenbeck one-component n.r.Transport Theory

The total derivative of the one-body distribution
function f with respect to the time is given by the
collision integral.

df

=47
The forces are derived from the potential U.

df df B = . i
The collision integral is described as a Boltzmann
collision term with additional Uehling-Uhlenbeck

factors.

d3 d3 /d3 /
Icon = - ![ p2(271r0)16 = ov12
Ff2(1 - f))A = f3) = fif2(1 = f)A = f2)]

8*(p+ p2 — p — ph)




Baryon RICH - Resonance matter at FAIR

At RHIC the meson-dominated matter is produced.

Mesons Baryons  Antibaryons
(Nar/Niot) ™ (Np/Nigt) (Ng/Negt)“"
RHIC 90% 7% 3%
SPS 85% 14.5% 0.5%
AGS 50% 50% 0%

At RHIC energies the admixture of antibarvons is
significant.

Fraction of resonances:

Mesons (5 fm/c —» 20 fm/¢) Baryons (5 fm/c — 20 fm/c)
(NN (NN
60% — 40% 70% — 70%
50% — 20% 70% — 35%
40% — 15% 60% — 25%

RHIC: fraction of resonances dominates up to
t ~ 20 fm/e, i.e. resonance-rich matter is survived almost
to the freeze-out.




Creation of dense nuclear matter:

Excitation of resonance matter

Au+Au at SIS Au+Au at AGS

M. Hofmann, RQMD : produced particles

nucleons g8

.....

particle number/baryon number



Particle Densities in Neutron Star 1
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Equation of State of a microscopic
model

A UrQMD without Strings
¢ UrQMD
—— stat. mod. with
continuous mass spec.
- - - stat. mod.

f?"\
£
*
>
v
>
g

=3
(=]
o

0 " 1 L ! L L 1 ! L L
0 20 40 60 80 100 120 140 160 180 200
T (MeV)

e strings lead to a Hagedorn like EoS

e limiting temperature: 130 MeV

e without strings UrQMD shows continuous rise of
T with €




Calculation of Particle Ratios

From the Lagrange density the thermodynamical potential of
the grand canonical ensemble £} per volume V at a given
chemical potential g4 and temperature T' can be obtained:

—.Cvec - ;CO - CSB - mec

Tz(i.’ )3fd3k [1n 1+P LB (K)—p} ])]
= Z (2“)3 f:ﬂ: [1n e—%[E;(re)—#;-])]

the vacuum energy Vuae {the potential at p = 0) has been
subtracted in order to get a vanishing vacuum energy

i,j denote the fermionic/mesonic degrees of freedom

7,5 denote the fermionic/mesonic spin-isospin degeneracy
factors.

The single particle energies are B} {k) = m}? and
the effective chemical potentials read gy = g‘,,;w 9P
with = (n%}: - nfal)ﬂ'ﬁ + (n"! n’;l)ﬂ'ﬁ

The density of particle { is given by

m=’>’z[)w% [m]

e Feeding from higher resonances with mass up to 2 GeV is
included, weak decays have not been accounted for

o pseudoscalar mesons are treated as a free thermal gas




Ratios from Chiral Model for

g
z
o
5
r
2
%
E

SPS Pb+Pb

> AP Pb+FPhdata

taken from Braun-Munzinger et al, PLB 465(1998) 15

&y chiral T=144 McV, u, =96 McV

ideal gag (T=168 MeV, £, =38.67, j,;=17.56)
token [rom Braun-Munzinger el al, FLB 465(1999) 15

p- anti-p/b-

ir'/1r+
{
nfw

KD
A/K,
anti-p/p
anti-A/A
anti-E /E
anti-N/N

28/ (% +x1) | B
K™ /K
K{’J a
anti-§3+§2/anti

+5-har) /(A+A-bar)

—
-
—

(

+2
T/A
g2' /A

=
-~

Comparison of experimentally measured particle ratios for
Pb+Pb collisions at CERN SPS and chiral model predictions
for T' =144 MeV, i, =95 MeV show reasonable agreement.




Comparison of Ideal Gas Calculation with
Chiral Model

Predicted particle ratios from the ideal gas calculation {plus
excluded volume correction) in [4] are compared with the
predicted ratios in the chiral model for 7' = 168 MeV,

ftg = BB.67 MeV

® ideal gua (T=168 MaV, i, =8.67 MaV, 14, =17.56 MeV}
taken from Eraun-Munzinger et al, PLB 465(1999)15
4 chiral (T—16B McV, #,—88.67 MeV, u,—17.56 MeV}

g
:
i
fel
by
£
&
=

anti-02+{)/anti-Z+E

Particle ratios differ dramatically due to low effective baryon
masgses and small effective potentials in the chiral model.




CBM: Compressed Nuclear and Quark- Gluon Matter
Quarkyonic Matter @ FAIR

Goal: Create and investigate in the laboratory extreme states o
(strange?) strongly coupled baryon matter ...

ﬁi Fundamental questions addresse
L)
>
§ What are the properties o
§° &Qz QP dense deconfined matter?
F’V CP Where are the phase
T o . .
& boundaries located?
QJ QQ“
-V LK) o ()
HADRON (&\Q‘ Is there a critical point?
GAS ‘§
Where are the limits of
hadronic existence?
_ @ NEUTRON STARS

NUCLET Jub
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Quarks and Gluons

Critical point?

Modules 0,1:
Hadrons %, SIS100

+——  3SI9AIUN Aj1e]

P
25
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) / Color Super-
Neutron stars  conductor?
h 4 /7
0 1 7/
Nuclei A
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CBM/HADES : focus on rare probes with high luminosity and
next generation detectors




Heavy-ion collisions in Transport Theory

200

150

T [MeV]

100

50

endpoint
[Fodor, Katz]

_g (m} [Karsch et al.]
i EI VV

\5
@)

UrQMD ( IFra'nkfurt_)

¢EH 4>

UrQMD:
Au+Au, 11 A GeV
Pb+Pb, 40 A GeV
Pb+Pb, 160 A GeV
Au+Au, 21300 A GeV

e chemical freezout
0 2 3=y (RHIC) [Cleymans et al.]
| \ 1 1 | | 1 | 1
0 200 400 600 800 1000

1200

density p [fm'3]

2,5

N
(@)

0,5H!

FAIR
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o0 5 AGeV
o0 10 AGeV
= 15 AGeV
20 AGeV | 7
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30 60 30 120 150 180 210 240 270 300 330

== LInes of const. 3/A
—eo— UrQMD |.c. with hydro svolution|
- 0— Hydro evolution of central cell

30 60 90 120 150 180 210 240 270 300 330

b, MeV]

lines of constant entropy per baryon, i.e. perfect fluid expansion
E/A =35, 10,40, 100, 160 GeV  E/A =160 GeV goes through endpoint

J. Steinheimer et al. PRC77, 034901 (2008)




U+U 23 AGeV b=0 fm

temperature calculated with r=1.0 im

os} t=0fmic

t=1 fm/c

e formed
e unformed

Goethe-Universitat Frankfurt am Main

Many constituent
Quarks  populate

high rho/ low T
regions!

How many arrive in

detectors?

Which momenta,
angles?

That‘s where to look
for !




Divecteol Flow

sque:ze -out (GXQ ?bne)

Jlressurc P can be meaguced
ba the momen'hm Px=

A~ JPle.gdAdt




8 AGeV, b=3fm, 1—=Fluid Model

(no phase transition)

pxdir=92MeV/c

T
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3
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8 AGeV, b=3fm, 1—Fluid Model

(with phase transition)
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Comparison of hydrodynamic modelsAu+Au, b=3fm
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Snear: VISCoSIty.

and

S(1) = entropy. density,
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Iguassu Falls Analog of Ocean of Quarks
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The FAIR council meetings







The Compressed Baryonic Matter Expﬁﬁ ment
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Extension to include Strangeness

e Hfﬂ“rar sljmm e\"rz —> nore consjcrainjcs

o Self-consistent calwulation ot finite
paryon iﬁmﬂ'hj )ie_mparaiure ond
S‘:rcmge,no.ss &m.].ud«'h% spc'n»O/s(pe'n-/l,SP.’n -12

. pOSSibiU{'ﬁ 'lo sl'udkj fn-meola'um pasces
: 2
] .
‘n%Panudu ) Ex('ens\'on o(l—,\v\e per{od(c

cyet ‘ " )
Bs o m%o 'Uwe novd SL,L('37F c{tm enSior

Temperature
Quark-

. Gluon
Plasma

Density

normal
nuclei




Temperature T [MeV|]

N
-
o

' 9SJ3AIUN

o
N
.
o

E ]

100

.-.y...

Proto
» Neutron

Compact Stars

‘ Mattelhlgél Eali\l/'ly(c))% density n/ ng

n,=0.16 fm™=3




The Formation of Strange Matter and
Strange Nuclel

Hadronic scenario
T Il Links - Die
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Phase 1 (2009-2012)GSI: te
Proton rich hypernuclei '

Phase 2 (2012-) at R3B/FAIR:
Neutron rich hypernuclei

ase 3 (201X-) at FAIR:
Hypernuclear separator

104 /week
103 /week

Phase 0 (2009) at GSI: With hypernuclear separator
Light hypernuclei




Decay patterns of strange dibaryons

0.7
0.6 f
05 f
0.4 |
0.3 [
02 F ¥,

0.1 |/y
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0.5 B
0.4 PN\ E
03 |
02} s
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0.0

Branching ratio

0

can be detected by backtracking,

invariant mass spectra, correlations ...
e exotic decays like 3TXT 5 Xt 4 p

e negatively charged (with positive baryon
number)

e unique opportunity !!! (not likely to be
produced in pp or in meson beams)






Cluster

Mass [GeV]

(QQuark content

He' 3.750 12
H" 2,020 dq+2s
(g 6.060 12 + 6s
Z72" | 2634 2 + ds
[4A) 1464 8¢ + ds
{227,22"} | 5.268 dq + 8s
‘He 1,866 14q + 1s
" He 5.982 16 + 2s
oy He | 72T | 16g+2s
{20,227} | 6.742 12 + 6s
{20,22° =7} 7500 | 8q+10s
{d 272" | 4508 8¢ + s
20,227} | 4866 g + 6s
{20,287} | 4610 8¢ + ds

Multiplicity

—
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ctastable objects (MEMOs) explored in Pb+Pb
oupled transport-hydrodynamics
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Stability of Strange Clusters

o 01 B"=145 MeV (m =280 MeV)
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B

all strangelet candidates decay by single

weak interaction (only one candidate
which decays by AS = 2 found) even for
absolutely stable SQM

= produced strangelets are short-lived!



FORSCHUNG & TECHNIK

TEILCHENPHYSIK

Angst vor dem
grofRen Knall

Physiker wollen bei New York den

Anfang des Universums erforschen
und 16sen Endzeitstimmung aus

n der , Unendlichen Geschichte"” von

Michael Ende breitet sich das Nichts
unaufhaltsam aus. Es reifit Tiere und
Pflanzen fort, verschlingt Berge und
Seen - und lasst von ganz Phantdsien
nicht mehr als ein Sandkormn tibrig.

Solch ein Schicksal steht vielleicht
der Erde bevor, fiirchten jetzt viele
Amerikaner, wenn ein neuer Teilchen-
beschleuniger bei New York ab Herbst

Beschleu-
nigerring

Strahllinien _
v

Vorbeschleuniger

schwere Atome aufeinander hetzt. Der
Relativistische Schwerionen-Collider
(RHIC) in Brookhaven lasst die Teilchen
so heftig zusammenkrachen, dass sie
10000-mal heiBer als die Sonne
werden. Damit wollen die Physiker
Bedingungen schaffen, wie sie direkt
nach dem Urknall herrschten.

,Eine Kettenreaktion konnte den
Planeten verschlingen”, warnte im Juli

i §

VOR DEM ERSTEN STOSS Seit Juli flitzen Goldatome durch den
unterirdischen Ringtunnel. Ab Herbst gehen sie auf Kollisionskurs

Walter Wagner, ein weithin unbekann-
ter Physiker auf Hawaii. Die angesehe-
ne ,Sunday Times" meldete daraufhi

, Urknall-Maschine kénnte Erde zersto-
ren.” Seitdem versuchen die RHIC-For-
scher verzweifelt, besorgte Biirger zu
beruhigen. Forschungsleiter John Mar-
burger hat sogar ein Physikerkomitee
einberufen, das diesen Monat zu den
Katastrophenszenarien Stellung nimmt.

CRASH-TESTS MIT ATOMEN SIMULIEREN URKNALL

Goldatome umrunden den Beschleunigerring fast 80 000-mal pro Sekunde. Wenn
sie zusammenstoBen, schmelzen ihre Kerne zu einem Quark-Gluon-Plasma. Dieser
eigenartige Materiebrei existierte nur einen Sekundenbruchteil nach dem Urknall.

Die Kerne zweier

o

Goldatome krachen

fast mit Licht-
geschwindigheit
aufeinander

"= lonenquelle

Brookhaven Schwerionei-
4 Collider (RHIC)

Elektrisch geladene

Atome (fonen) jagen in

beiden Richtungen durch -

den Beschleunigerring. 5 [

" Der Zusammenstod
produziert eine Fiille
neuer Teilchen

An sechs Kreuzungs-
punkten (blau) konnen
sie zusammenprallen




Cooperation
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Non-relativistic charmonium wave
functions
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=> Finite probability for charmonium with the size

of normal hadrons !




The contribution to the XN-cross
section
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— 'The main contributions to the
charmonium-nucleon cross section comes from

b-regions above the average transverse distance




Modelling charmonium interactions
with comovers in AB collisions in

the UrQMD-model
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Absorption by secondaries

Mode\ T
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The ratio J/y over open charm vs.
the number of nucleon participants
at RHIC energies
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