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FAIR research topics and inter-links

big bang,
mass generation

sun,
fusion

g . . |

strongly correlated
;f Ay many-body systems

neutron star, highly ionized matter,
supernova condensates
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FAIR - Cosmic Matter in the Laboratory

APPA
lons in extreme electro-
magnetic fields

CBM
nuclear matter
at extreme densities

PANDA
structure of hadrons
hyperon-hyperon interaction

artist’s NUSTAR
view neutron-rich nuclei
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Theory of strong interaction: uantum ~ hromo " ynamics

Quarks are confined! QCD Potential
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Asymptotic freedom
(Frank Wilczek - Physics Nobel prize 2004)
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The strong interaction and the origin of hadron masses

mass not determined by
the sum of current quark
masses !!!
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The strong interaction and the origin of hadron masses
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Chiral symmetry in a nutshell

Chiral symmetry = fundamental symmetry of QCD

Chirality: projection of the spin S on the momentum p

s — s
ﬂ\. P '/[\I’:
Vo | "

left-handed quarks right-handed quarks

In case of massless quarks:
the chirality corresponds to the (conserved) helicity,
left- and right-handed quarks decouple

Chiraly symmetric world:
chiral partners with same spin but opposite parity degenerate in mass.
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Broken Chiral Symmetry

The QCD Lagrangian is chiraly symmetric
but in "nature" chiral symmetry is broken !

Mass split is large, comparable to hadron masses.

s:0" 600 Al 1260

e e 0 (1535) Nas3s) ]
A ’A,” S <
A ~ 600 MeV ;' 0

S——157(938)  pon "O4135 p:t] 770

A-Sym. nature scalar vector

meson meson

explicit breaking by small but finite quark masses

spontaneous breaking due to the existence of a massless mode ("Goldstone-boson")
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Spontaneous breaking of symmetry

spontaneous breaking of
full rotational symmetry

G

- N
ferromagnetic

paramagnetic

ferro
magnetic

para
magnetic

magnetisation M

>

T curie temperature T
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Classical mechanics analogy

rotational symmetry

spontaneously broken
rotational symmetry

ground state: not symmetric
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Chiral symmetry restoration

According to theoretical predictions (i.e. by Lattice QCD)
chiral symmetry can be (partially) restored (gq),r — 0

‘ |<C_ICI>p,T|

scalar quark condensate

(C_ICI>p,T

SIS 300
(FAIR)

at high temperature

at large baryon density
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Restoration of symmetry

restoration of the
full rotational symmetry

- At A

ferromagnetic paramagnetic

ferro
magnetic

para
magnetic

magnetisation M

>

T curie temperature T
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A little bit of thermodynamics — coexistence of phases

System: one particle species, P and T constant

Gibbs free energy (= thermodynamical potential)

G(T,P) — Gl(T,P) + Gz(T,P) - Nl:ul(T'P) + Nzﬂz(T,P)

equilibrium: dG =0, N =N, +N, fixed - dN, = —dN,
dG = ‘Ll.lle + ‘Uszz =0
= uy (T,P) = up(T, P)

G(T, p)’\ P = const

Hq (To) — H2 (To)
condition for coexistence: ~

equal chemical potentials !
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Structures of the QCD phase diagram

Assumption:
2x massless quarks (u,d), chiral limit
the QCD Lagrangian 1s chiraly symmetric, SU(2); x SU(2)y

i . GeV QGP
T > T, chiral symmetry restored

restored chiral symmertry

closed boundary
transition order not determined

0.1-
QCD ground state:
hadron gas spontaneously broken chiral symmetry
broken chiral symmetry — SU(2), symmetry (isospin)
— 3x massless pseudoscalar bosons (Goldstone)
vacuum nt, T, m°
0 1 Wz, GeV

taken from CBM Physics Book
Lecture Notes in Physics, Vol. 814, 2011, Springer
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Structures of the QCD phase diagram

Assumption:
2x massless quarks (u,d) + 1x massive quark (s)

T, GeV tricritical point due to changeover
from 15 to 27 order transition

______ - tricritical point

transition either 1% or 2" order , f(m,, pg)

T L Lattice

Models nuclear liquid-gas transition with critical

end point at pg = 940 MeV , T = 15 MeV

quark
nuclear\ matter
.\_ matter pha ses
| |
0 | Ug. GeV

taken from CBM Physics Book
Lecture Notes in Physics, Vol. 814, 2011, Springer
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Structures of the QCD phase diagram

masses of light quarks (u,d) set to (observed) finite values
— explicit breaking of chiral symmetry

LaSoey QGP crossover beyond the critical point
(2™ order transition — crossover)

critical critical point instead of a tricritical point

CrosSover

point
0.1
hadron gas
quark
vacuum '\flﬂfﬁfl’ﬁgll E;fat ;E:a CFL
0 | Ug. GeV

taken from CBM Physics Book

Lecture Notes in Physics, Vol. 814, 2011, Springer
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The phase diagram of strongly interacting matter

Temperature 7

" ‘Quarkyonic

Hadronic Phase %'\  Matter

r
[

Gas-Liquid ‘l - == %
Nuclear e g
Superfluid P S —
‘Baryon Chemical Potential s g
©
8 100}
=
= Hadrons
’ e
. >
L J
0 1 ;
Nudlei Net Baryon Density
11
. =73 Mg —1g)
How to scan the phase diagram ?

— Nucleus-nucleus collisions at various beam energies !

5th FAIR School, Castiglione della Pescaia, September 2017 Christian Sturm, CBM 17



Exploring the QCD phase diagram

Temperature T

‘Quarkyonic
Matter

Gas-Liquid "

J—— o, . s
e s etall > G0 2 1
Nuclear - 'Y< ._),[__l _,r.) -_"3_{‘_; el L_l _U 7 £il ,
Superfluid : Phases :

Baryon Chemical Potential us

3333

At very high temperature:

N of baryons ~ N of antibaryons — situation similar to early universe
Lattice QCD: crossover transition Hadronic Matter — Quark-Gluon Plasma

Experiments:
ALICE, ATLAS and CMS at LHC & STAR and PHENIX at RHIC
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Exploring the QCD phase diagram

Temperature T

i

- Color:
Superconductine
S U CHCO 118 UL EE

DL ~
Phases

Baryon Chemical Potential us
At high baryon density:

N of baryons >> N of antibaryons , densities like in neutron star cores
— Lattice QCD not (yet) applicable

— Models predict first order phase transition with mixed or exotic phases

Experiments:
BES at RHIC, NA61 at CERN SPS, NICAat JINR and CBM at FAIR
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The phase diagram of strongly interacting matter

data taken at:
RHIC/LHC SPS AGS SIS

S 200
PR % C guark-gluon matter
@ nucleons E C " .
@ resonances high density l: 175 f*‘ critical endpoint
phase f E rAwEEsE L_attn;g,(}ﬂ[}
- - - e
eeze-out = 150 — o _‘
E L \‘\| Iy
2 s e W
2 e0b mecitm baryonic
- | medium
u n,=0.12 fm™
750 b o
data: - "
. . 50 [
ug , T calculated by statistical models -
. . . - ¥ P.Braun-Munzinger et al. PLB 518 {2001}
to describe the measured partlcle ratios 25 @ F.Becattini et al. PRC 96 (2004)
(at the freeze—out) such as: E W R ]ﬁverbecsztal. nut:lfxsﬁﬁﬂﬁool'l |
0 | | L1 1 L 1 1 L 1 1 L1 1 1 1
p/d 0 02 04 06 08 1
/K . : :
baryonic chemical potential L, [GeV]
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Chapter I
Nuclear Matter at (or close to) ground state
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Nuclear matter at ground state:

density distribution
of nucleons —

the Nuclear Shell Model

Woods-Saxon Potential

R V= Vo

inside (heavy) nuclei

'VD

solving the Schrodinger equation

52
{a +|E - V(r)]}‘l’ =0
2m

splitting of shells due to the
spin-orbit coupling has to be
taken into account !

/

A A
r ~ —
: 2 8 20 28 50 82 126 (184) (196
observed magic numbers (184) (196)
Z 2 8 20 28 50 82 (114) (164)
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Nuclear matter at ground state

Charge distribution of nuclei obtained in electron-nucleus scattering

ple/fm’]
0.10-

(Povh/Rith)

0.05-

r[fm]

A . :
p€(0) o saturation density p,~ 0.17 nucleons / fm?
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Effective nucleon-nucleon interaction

The meson exchange is a model to describe the effective nucleon-nucleon-interaction

Hard-core repulsion

for r<0.4 fm D- . (O-Meson:
range R of the interaction V4 (p/w exchange, Pauli * vector particle JP = 1-
is determined by the principle, quark d.o.f.) e m,,~ 780 MeV
uncertainty principle:
Long-range
attraction
(m exchange)
r' Pion (m-meson):
 pseudo-scalar particle J* = 0
* m_= 140 MeV

(two m exchange)
Binding around ~0.8 fm

Link to QCD

In QCD one important contribution to the description of the nucleon-nucleon interaction is given by
color neutral quark-antiquark exchange (sea quarks) which can be understood as a meson exchange
between nucleons.
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The equation-of-state of nuclear matter

(c=E/A)

thermal compressional ~ ground state energy

e(p,T)=¢.(p,T)+e.(p, T=0)+¢,

thermodynamical
concept

nuclear equation-of-state at T = 0 : the "compressional” energy

1
E/A(p, T =0) = P / U(p)dp  U(p): density dependent local potential

E/A(p,T=0) [MeV]

80

60

40

20 [

20 -

0 %,
= NS

1

- ... k=380 MeV
" — k=200 MeV

/ stiff EoS

soft EoS

-IIII|IIIi|]|]|]|]|!|lill|IIII|II

0 05 1 15 2 25 3

r

baryon density p/p,

<
<«
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compression modulus

O*E/A(p, T =0
o — (gpz /g?2 ))
P P=Po

25



The nuclear equation-of-state (EoS)

effective NN-Potential

1
E/A(p. T =0) = p / Ul(p)dp (Skyrme)
;80_ C e ot e U()—aﬁ _|_6£’Y
> -~ k=380 MeV ; “stiff” EoS P) =
= | —x=200MeV Po Po
60 5
E i ; constraints for the parameters
EQ - : “soft” EoS of the potential :
= e(p=p,,T=0)=-16MeV
[aew,T = 0)) 0
ap P=Po
_IIIllllll|l||l||I|I]I|JI|I|.l||]
0O 05 1 1.5 2 25 3 a B y
baryon density p/p, (MeV] (MeV]
N K = 380 MeV -124 70.5 2
5 PE/A(p,T =0)
k= |9p ‘
dp? _
= K = 200 MeV -356 303 7/6

compression modulus
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Collective excitation of nuclei:

Giant Resonances

AL=0

AL =1

AL =2

(IS)GMR

N
&

IVGMR

D

IVGMR

IVGQR

=
AS=0

AT =0
AS =1

N
&

IVSGMR

Al =1
AS =1
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monopole vibration:
"breathing mode" of
the nucleus

dipole vibration:
"protons and neutrons
oscillate against each other'

quadruple vibrations



Excitation of the giant monopole resonance

inelastic scattering of a particles on nuclei

measure of the total energy
@ . of the outgoing a particle — E,

E;, = 240 MeV "resonance phenomenon"

The energy loss of the a particle of about

15 — 25 MeV excites slight density oscillations
with elongations of about 1/100 p, (around
saturation density p, ). It is a collective excitation

40 50

, 0 10 20 30
of the nucleus and calls the Giant Monopole Ex(MeV)
Resonance or the "breathing mode" of nuclei.

From the measured excitation energy distribution E, :
— frequency
— restoring force (potential) of the oscillation
— "spring constant" k = compression modulus
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The compression modulus k at saturation density p,

"Excitation of the Giant Monopole Resonance
by inelastic scattering of a particles on nucle1”

Youngblood et al. , Phys. Rev. Lett. 82 (1999)691

e Mz g, Kom=231£5 MeV
:ﬂ 1 { ) I [x=231=5Mev
3 1
3 A o A 1 200
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Summary: effective nucleon-nucleon interaction

The bonds between nucleons inside the nucleus are relatively '"weak''.
The average distance is much larger than the hard core radius of the nucleon

L ot WL
-
o
P %
® .z(( B f‘.-“. 4
- %
— By 1, 5 »
4 'n“;-. ®
! ® Gl bk |
z}.n ‘_._ :"' g 7~
L e
® < a . 8y S ®
. .
SR v R ~ T
8 v
Il._, .l.-.
/

Nucleons are not localized inside the nucleus - they can move almost free

inside the nucleus — p;=250 MeV/c .

Link to QCD ?

Quarks and gluons are not the relevant degree of freedom (in this regime).
The largest fraction of the interaction strength is shielded because quarks

and gluons are bound to color-neutral hadrons.
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Summary: effective nucleon-nucleon interaction

Hard-core repulsion

/for rs0.4 fm . .
U o/t exchangs, Pauii The effective NN-potential has an
/. principle, quark d.of.) attractive and a repulsive component.
/ Long-range
) g-rang
attraction

/ (mexchange)

*

N ple/fm’] |
0.10+

J

Bindi d~0.8 0.05
e AEIE T It saturates at p,=0.17 fm-3 !
2 M0 . k=380 MeV
= [ —x=200MeV

ﬂl — .r'
s
] - .
B4 /
S
< The equation-of-state of nuclear matter:

K =231 =5 MeV at saturation density p,
byl b b bianalay

0 05 1 15 2 25 3
baryon density p/p,
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The liquid-gas phase transition

Temperature T

‘Quarkyonic
Matter

Gas-Liquid "

: - o 5 =
-- Srystall Superconductn
Nuclear " 1. SUupeciconaucun
Superfluid Phases

Baryon Chemical Potential us

obtained in peripheral nucleus-nucleus collisions
at bombarding energies from 8 — 1000 AMeV
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The liquid-gas phase transition

peripheral nucleus-nucleus collisions caloric curve of HLO
 temperature: MB distr. of the decay products 2

. . 40 ——————————
e excitation energy: total energy of all particles o i 't | o
: 2 (p_ a m) 905/ :
| A1=422 meV/molecule |
@ au+""Au BOO—1000 AMeV . I liquid
O c®c +™ag,""Au, 30-84AMev | e~ b
10 F A Ne+'Ta, 8 AMeV P . solid ]
= gh  “Ca-"Sc, 40 AMeV
[ df  “Nb+"Nb, 15 AMeV 1 >
S _dh SKe4=Nb, 50 AMeV ’ - <
z 8 < :
5 . =4— _ . -
- _$_ > (HLuw
D) N = i :
5 ° C e oy -
< B - ] - 7
= . < T B B B
“E;i atgt i 200 400 600
) | s ] Ee (MeV/molecule)
g
2 . .
: Results of the ALADIN collaboration show
f evidence for a transition from a liquid to a
1 L ] 'l l 1 1 ] L I ] L L 1 I L 1 L L
05 5 16 15 50 | vapor phase of nuclear matter.

excitation energy [MeV / nucleon]
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Chapter II
Compressed nuclear matter in the universe

Late stages of heavy stars
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Crab-Nebula
(Supernova 1054)

slow motion

Bearm of
radliation

radiation

_ Crab pulsar
Pseudo-color image (NASA) . Rotation period T = 33.4 ms
Slowing down rate AT/At=3-10%s/a
Mass ~ 1.5 Mg
Radius ~ 15 km

Density 3 -10 p,
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Pulsars

“The Sounds of Pulsars” http://www.jb.man.ac.uk/~pulsar/Education/Sounds/sounds.html

PSR B0531+21 (Crab Pulsar)
rotation: 30 times a second

PSR B1937+21
rotation: 642 times a second

Fastest-rotating pulsar: PSR J1748-2446ad
rotation: 716 times a second

The surface of the fastest-rotating pulsars are moving at about 14% of the speed of light !

Enormous gravitational forces which prevent it flying apart
due to the immense centrifugal forces !
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Observed neutron star masses

FIVER e[ =y i I T
| ela )?221 cfca |

upagreg 10 ook 200 attimerand Prakash,

Py

1
| e S
1 e S
a2y o 1 arXiv:1012.3208 [astro-ph.SR]
;HE = l—l—|1' n
B R PSR J1614-2230
E g |} —e— { ){_._rcy Dptfcc[ .
?_lﬁj. %%1235 3’4 = o binariés Green Bank Radio Observatory (2010)
= : 1 | .- |
E‘{égi ;9% ) T Mass: (1.976 +0.04) Mg,
—e
fﬂgﬁi%gg {En;rnp . .—'—:—l_ . Distance: ~1 kPc (~3200 Ly)
jigééiéﬁg EE{F:E ” —— Pulsar spin period: 3.1508076534271(6) ms
J13a+480 omp. EC) 0 ' . Companion mass: 0.5 Mg
é%?éiiﬁ E;np. 4 couble, o Orbital period: 8.6866194196(2) d
Eé?%;f}?gc r'r}'|p . dlﬁuls&—Tuylor pulsar Rinaries
x ]
127+11C ¢omp #1in M15
jg%ﬁ%:m}ga | . ’ : double pulsar
{17 Rer 4
ARSI e
J1D1\25+53CIL? ) [ —
7 +0?4E i | Fed
1802—07 (e Y :
B1855+08 (g | e
-JCIE%1+1DD yi [ H—e—1
JO/21+180/7 (y —e—-r :
JO437—4715 I A
J1141-—-6545 ﬁ L :
fr 210 L
= | %1205 ms pu white dwarf—
jé%%ﬁ—_g%é%l—f(f} |—:u.iid.'l?ﬁ L neutron star
e L R il
i I =
J1748—-20218"(H I : in NGC 6440 . T
:Hggg;ggg : qé ) ety in NGC 644 Shapiro delay — a general relativistic effect !
ji%ﬁ:gggg“ ) R Time signal is getting delayed when passing near
T € e . . .
1589415408 lﬁ s massive object - size of the effect depends on mass
|ﬂ?3§?15§%? iy | ’ | e md ?oﬁegk‘ﬁr”%?@rieﬂ and inclination angle.
L1 1 1 | 1 L1 (] | | e A | ) 1 | 1 | |
0.0 0.5 1.0 1.5 2.0 2.5 3.0

5th FAIR School, Castiglione della Pescaia, September 2017

Neutron star mass (Mg)

Christian Sturm, CBM 37



Composition of a neutron star

F. Weber,
J.Phys. 627 (2001) 465

traditional neutron star

. . uark-hybrid
Each arrow indicates gtar /

a different model for
the neutron star.

hyperon

star neutron star with

pion condensate

Fe
absolutely stable 6 3
strange quark 10" gem
matter 1 3
. 10~ g/lem
Each model is based on ) ) .
. s
assumptions on ui:_ 10 g/lem
m
S

nuclear matter properties!

strange star
nucleon star

M~ 1.4 Mg,
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Quark matter in massive neutron stars?

Equation-of-state: Non-local SU(3) NJL with vector coupling
M. Orsaria, H. Rodrigues, F. Weber, G.A. Contrera, arXiv:1308.1657

1 e = | J | ' | ' | y |
Quark/hadron
N mixed phase L
= ==
@)
5
051 L =
R :
S Pure quark A
L matter
n
5
o
QO 001 . -
= E T :
< | I ' ——
© l |- Py ]
a4 l J ' i
| | ' \ o\ 4
I | . " Ps
1e-3 L, ! M | ) !
2 a4 6 8 10 12
plp,
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Chapter III
Exploring dense nuclear matter in the laboratory

Nucleus-nucleus collisions at SIS18

Large Angle
Hodoscope e

Cherenkov

1Solenoid Quter Plastic Wall Inner Plastic Wall

Shower
Tofino

L' Scintillator Barrel




Relativistic nucleus-nucleus collisions at SIS18

QMD, S. Bass , Uni. Frankfurt
Au+Au , \ v,
high density phase -y

A short time scales

@ nucleons

() resonances

@ mesons

at SIS18 (max. 2 AGeV in A+A):

pg~1-3p,
T=70-100 MeV

Temperature T [MeV]
:

note:
system not necessarily equilibrated

7
Net Baryon Density
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The creation of strange mesons in elementary reactions

associate production !

K* mesons K- mesons
m = 493.7 MeV/c?2 m = 493.7 MeV/c?

production threshold production threshold

E, =158 GeV E, =25GeV
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Additional channels in A+A collisions

c.9.
£ ... and final state interaction !
NN — NA
NA — NK*Y O
TN — K+Y < fk % p lotal
(Y=A%) S 10% g, ¥ :
- K'p total |
multi step processes ! : ! M,""- :
] R o
g ‘* ..tﬁ.
| #* ﬁ%ﬁ‘ﬂw Sl
u u . .. Y *
n | d / d | A | HHT b Hwhd .
d s W K'p total
| | t’
d S +
T . K 0 025 05 075 1 125
P; Ap (GeV/e)
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The compression modulus of nuclear matter (p > p0)

Experiment: Phys. Rev. Lett. 86 (2001) 39

Theory: QMD C. Fuchs et al., Phys. Rev. Lett. 86 (2001) 1974
IQMD Ch. Hartnack, J. Aichelin, J. Phys. G 28 (2002) 1649

7 [F 4 I " 1 N I 4 I J
B @@ soft EOS, pot ChPT
- B M hard EOS, pot ChPT > 80
L i > 0 ... k=380 MeV
6 B ._1‘—'.._Soft EOS, IQMD, pot RMF s P — k=200 MeV
B _—Thard EOS, IQMD, pot RMF — i
i ®—9KaoS — C
5F - /\ soft EOS, IQMD, Giessen cs AL o
! \/hard EOS, IQMD, Giessen cs < 2
] -
Figure by C. Fuchs =2

III|II'I'I|II |
0 05 1 15 2 25 3

(MK+,A)Au+Au / (MK+/ A)C+C
=

baryon density p/p,

08 10 12 14 16
E, , [GeV]

“soft” nuclear equation-of-state: «~ 200 MeV
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Azimuthal particle emission

mid rapidity d.t.a
out off plane emission g Wprrr e o o4 P&
S [ EeadAGEV) |, o3
= 0 .
. 3 25 ® 04
semi central 1 v 015
collisions _y ounce off] 5 °
Wz v o o I
bounce off
\
out off plane emission i AusAU, M3, Z=142 .
L 1 | 1 | | | | 1 1 ] | | | | ‘I 1 1 | | ]
% 90 180 270 360
¢ (deg.)
Fourier expansion of the dN/d¢ distribution: the coefficients quantify :
dN e v, thein-plane and

i 1+ 20 - cos(@) + 2v9 - cos(2¢)] |« v, the elliptic emission pattern

named as well as: v, directed flow , v, elliptic flow
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Elliptic flow and the nuclear equation-of-state

W. Reisdorf et al. (FOPI), Nucl. Phys. A 876 (2012) 1

FOPI [ ' . ' [ U-UB_IH]HIlllllr”rllll]ll_
[ protons -] L protons <77 { Au+Au 1.5 AGeV
YAY 0.5 i U>0.4 5 g 0.04 |- Upg>04 4 =

0.00

7 .0.04

-0.08 |-

-0.12

Yo=Y - Yo
IQMD transport calculation

SM: soft equation-of-state (by effective NN force), momentum dependent force
— IQMD-SM describes v,(y,) for E,;, = 0.15 AGeV to 1.5 AGeV !

consistent picture at
SIS18 energies (1.5 <p/p,<3.0)
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Azimuthal particle emission

out-of-plane RAOL
Bi+B1 0.7AGeV, semi central

semi central

T T T T T T T T I 1

collisions bounce off g
LY G é : ¢¢“ Y4 T[+
b =3im — L
S
L)
= ¢
bounce off % s
O
total P R N N R R SRR S
= \ P 180 135 90 45 0 45 90 135 180
R *J'» ; dldeg]
[ K'p total ] D. Brill et al.
! . e, N ZPA355 (1996) 61
; Ff:'g_.’.w"’ e ZPA357 (1997) 207
] r‘*;. u‘.ﬂ!#
# Ly AT
+ : “‘.-no . .
“W R Tam Pions are enhanced emitted
10 | " . - -
f + i K'p total f perpendicular to the reaction plane.
] What would you expect how
the K* emission pattern looks like ?
0 025 05 075 1 135

Py g (GeVie)
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=
tn

1/N,, dN/de

K+ emission pattern in Au+Au collisions at 1 AGeV

Data: Y. Shin et al., Phys. Rev. Lett. 81 (1998) 1576

Semicentral, 0.45y /y.= 0.6

Lo
o L
- ha

&

dN/de(normalized)
&

e ]
M-
[ —+- ]
N +
T
v (deg)

RBUU Stony Brook:
G.Q.Lietal.,
Phys. Lett. B 381 (1996)

Transport models:
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\off plane squeeze-out\
0.14 - .
> bounce off
BRI IR
______ b =3fm
bounce off
.06 - .
I \orr plane squeeze-out
.04 L L | L L | L L | L L
-180 -90 0 20 180
pd eq
QMD Tiibingen:

Z.S. Wang et al.,
Eur. Phys. J. A5 (1999) 275

with K*N potential
no K*N potential
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e*e” pairs — penetrating probes

/ /A++ K

-~
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Di-lepton sources

n°n Dalitz-decays

dN_, /dydm

-----

Drell-Yan

Low- Intermediate- High-Mass Region

=10 fm =1 fm < 0.1fm
o T
'm, , [GeV]
mass [MeV/c’] ¢ [fm]' dominating decay e'e branching ratio Eyr (NN)
o 768 13 nn | 4.4x10° 1.7 GeV
® 782 23.4 nnn 7.2x10° 1.8 GeV
® 1019 444 K'K 3.1 x 10* 2.6 GeV
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C+C vs. N+N results

Comparison of C+C data to average of PLB 690 (2010) 118
pp and np collisions: PL.B 663 (2008) 43
cl:'i_"l: 2 il ] I | | ] ] ] | 1 ] I | 1 ] | | 1 ] I B
o107 /.
.Y o
(1079 2 * 2C+'2C 1 AGeV E
= F o e 1/2 (pp+np) 1.25 GeV -
10 e < | = C+C data reproduced (within 20%) by
qu - °e : superposition of pp and np data
' -
0% Cons 3
28 <, 5 = Pair “excess” observed in C+C data can
sl . b be traced back to enhanced pair
6 y
-GCJD ! tf production in n+p collisions
< o7 - . (DLS puzzle solved)
—107F =
.E 1 1 1 | 1 1 1 | 1 1 1 It L 1 1 I 1 1 1 :
0 0.2 04 06 0.8 1
M., [GeV/c?

normalized to N,
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ete  Production in Ar + KCI

PRC 84 (2011) 014902

4 0 Ar+KCl 1.76 GeV/u
L 6,,.>9°% 0.1<p_<1.1 GeV/c

IHADISS

T ] 'ﬁ
Ar + KCI 1.76 GeV/u

-
o
w
LLL|
it

N

M, = 0.770 + 0.011 GeV/c®
6, = 0.022 + 0.012 GeVic?

NN, = (1.8 1.0)x 10°

~ 40 counts 8

=1

1/N_, dN/dM,, [(GeV/c?) "]
1/N,, dN/dM,, [(GeV/c?)]
(4]

o
wn
1 | 1 LI

06 07 08 09 1
M, [GeV/c?]

My ;(w) = (6.5£2.8)-10% 20 % sys. error

0 02 04 06 038 1

Long-lived sources: M, [GeV/c?]
%, n, and w

M mass region: strong overshoot above the cocktail of long-lived sources!

p/® mass region: strength of p meson ?
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Dileptons - Excess yield at SIS18

:102;"""|"'|"'|"'; Ar+KCl:
HADES@SIS18 N o T G. Agakishiev et al.PRC 84 (2011) 014902
s o
%J 10; . —~-T,=22 GeV e Au+Au:
Q b B = T,=1.25 GeV 1 preliminary, QM2014
—_ 1:— “' P -
= womeA, 3
= ; $o
10 L YA E
8 F . PPV
sy ¥
e}
©10° *T T T T ft
10er:_...|...|.T..|...|..._§
0 02 04 06 08 1
2
Mee [GeV/G ] QM 2014
— SERUE RIS ES RN AN — T ]
N 1028 EE [ = s
S f\ L Y Ar+KCI 1.76 AGeV_ 10-37"5{ HADES Preliminary
: | 8 e AutAu 123 GeViu -
G10°s ¥ * 2ci%ciaGey 1 b % 2(pp+f'lp) 1.25 AGeV: % 112 [ppnp]
= [0 o 12(pptnp)125GeV | [ % 1. . "’E-:: ) )
o S E PP 0 A =
= £ = 1 107 ¥ 3 = 8 g
S.f s - Hhbas g : e, Tty
] ] - L ) =
T10°F +'1.+ 4 10°E . ' ¢$¢ -
ZCE ¢ ] B ae*’e":"g 10'6—— p, > 0.1 GeV/c =
S107k N B 0.1 <p_<1.1GeVic ' Olgr > 9° ‘:
...|...|...|tl...|...: _G_ncompsubtracted o e [ s o] s | :
10 — — — 0 0.1 02 0.3 04 05 06
0 02 04 06 08 1 0 0.2 0.4
Mee [GEVfCZ] Mee [GGV/GZ] Mee [GBVIC ]
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Part IV
Exploring the highest baryon densities in the laboratory

Nucleus-nucleus collisions

e at the Nucletron-M with BM (1 —4 AGeV)
e at NICA with MPD

e at SPS with NA61/Shine and NA60’

e at RHIC/BES




The acility for ntiproton and on

Using beams from
two synchrotrons for

parallel operation : S1S100/300

SIS100: — . |
2-29 GeV (protons) 7 \ A
2-14 A GeV (Ca) " FAIR phase 1
2-11 A GeV (Au) - /

#

SIS300: Y ///

2-89 GeV (protons)
2-44 A GeV (Ca) S /
2-35 A GeV (Au)

* Hadron spectroscopy
with anti-protons (PANDA)
 Rare Isotope beams
* Atomic & Plasma Physics
* Compressed Nuclear Matter Physics |
CBM & HADES
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The CBM experimental site
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Exploring the QCD phase diagram at FAIR energies

A Courtesy of K. Fukushima & T. Hatsuda

Temperature T

\ ‘Quarkyonic

% ‘\ Matter ?
®
) o ~ Color-
Gas-Liguid "\ _.---= - 28 Colox ;
Nuclear @ ---| Crystalli Superconducting
am— Phases

Baryon Chemical Potential us

Baryon density in
central Au+Au collisions
(HSD transport code)

HSD [oo5AGev

- o0 10 AGeV | —
>0 15 AGeV

-~ 20 AGeV| 7
v 25 AGeV

20

Open questions at high net baryon densities:

e Chiral phase transition ? Chiral restoration ?
* In-medium modification of hadrons ?
* Nuclear Equation-of-State at neutron star core densities ?

— substantial discovery potential at SIS100 / 300

Field driven by experimental data !

 Phase transition from hadronic matter to quarkyonic or partonic matter ?
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Messengers from the dense fireball
UrQMD transport calculation U+ U 23 AGeV

charm

rompt
P PLY resonance

thermal 'y
decays



CBM physics observables

Production excitation function of multi-strange bar

(N)

10°

10°

10

10

-2
10

TT

T lllllll[ T II]III[1 T IIIIiII] T [IIIHI[ T [I]IIII[

T [IIFII[

I]l[IIT] T

T TTTTT

a: q}

I nt
&

K-l-

./I/.

o

L a3 A(x0.02)

= (x 0.1)

7 Q4 (x 0.2)
/ % A (x 0.02)

/

—

2
10 snv (GeV) 10
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direct production
in nucleon-nucleon collisions:

pp — E K'K'p
pp — Q" K*K*K'p

E,=3.7 GeV
E4,=7.0 GeV

Knowledge about multi-strange baryons at
energies below 10 AGeV very limited

— multi-step production ?

— production via strangeness exchange
channels ?

— enhanced production in dense medium ?

Christian Sturm, CBM
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Strangeness — particle yields

+ et
5 & __"—1EDE
+ - * Ld L L
i TR = Maximum in K/pi at 30 AGeV
120 . . .
- explained by statistical model (?)
120
0.15
01 —— thermal model L < -,
B STAR O PHENIX ' L
® NA49 [ NAda | % 30 K )
0.05 Y EB02EB66 1
A EBG66,EBSS —| B0 5
= 0 : BOO "?.: ot % g N
::- 0.2\ H‘I A EBS5 ¥ EBSE |, = :,; B r,,.
oAz %y | ® NS I = =
[ NA57,NA44 600 = .5
15 W STAR - . o ol ¥
0.125 —— thermal model el -2 -
& AN
4{":' |} L]
0.1 100 u :'-..-'-,-.-'-':'
- t P ® RHIC
0.075 PR e | PR
i 200 | Lo [ia
0.025 100 W By (CEV)
. ke, SRS " Plateau in apparent temperature
" " r above 30 AGeV

Vs, (GeV T s
hayHEEN) indicative of 1st order phase transition

(latent heat) ?
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Charmonium (J/y)

- e
|ﬂl'.|ﬂ'-="
s F
= L
100 =
& E‘3+
10 i
0 (b) |
2 F i
Y r il
0k =
= i E
1 ] ] ] 1 L | | |
e (e}
s e I;"i. 3
(] o 3
=] I~ t I I =1
B ! : 13
| 1 ] 1 | i ] ] ]

i I
A050 3060 3100 3110 3,120 3,130
Energy Ey, GeV

SLAC: €'e — J/¥— Hadronen
—e'e
S uu
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1974: J/y discovery at SLAC and BNL

¢ 80+ F
2 60F 7
/
L ,
g 7
el BNL: p+Be—=J/WY+X
0}
I—» e'e

bound state of heavy quarks: cc
quantum numbers as the photon: JP = 1-
Jhy mass: 3.1 GeV

¢ mass: ~1.3 GeV

bindung energy ~600 MeV

width: 93 keV (life time: 10-20)
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J/p production in nucleus-nucleus collisions

signature of deconfinement ?

J/\y suppression
a Development of
Start of collision quark-gluon plasma Hadronization
Low el o : i
(RHIC) NAX Sl Il S —> R e ®°0
energy | - CCG"';"' | Y @ cn}. . _D

% Tl :
; 8 o e:' .?\-0"\{ m @D'
High 02 a0, oo | N A

(LHO) | o2 o8 S Ve % o "
energy 3 , AR \ % ® O, D D ®D
K R : & % @0

@

J/\y regeneration
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CBM physics observables: Charmonium (J/p)

CERN/ SPS eXperlmentS A.Frawley,T.Ulrich,R.Vogt Phys.Rept.462:125-175,2008
I — 5 =
% 1'3- In-In 158 GeV (NAGO) =) 10 E o UA2pp:PLB 236, 488 A STARd+Au; PRL 94, 062301
o ] - = F % MUON cosmicrays; NPB 122,353 @ STAR Au*Au (preliminary)
== ] Pb-Pb 158 GeV ( NASO) ; C ¥ PAMIR?OZH;;[;:'SS; NPB 122,353 @ PHENI)(upd'pc :Rf_ ???ggzmz
5 1.2 =8 | @ NA32p+A; PR 433, 127 A PHENIX Au+Au; PRL 84, 082301
5 ] o W E769 p+A: PR 433, 127 B PHENIX Au+Au; PRL 88, 192303
AL A NA16 p+A: PR 433, 127 e
3 10 F A NA27 p+A; PR 433, 127 T
2 1.1 E O E743 p+A: PR 433, 127 ™
e [ ¥ EBS53 p+A; PR433, 127 * -
@ T | ¢ HERA-Bp+A; PR433, 127 T
E‘ a - O NAS0 p+A; PR 433, 127 r
w ! 103 = % NASO In+in (preliminary)
- T 1{ § f -
2 0.97 i =
a ] }
m 1 10%E
@ 0.8 =
= ) E g
0.7 10k =
1 = ¥ :
J - 4 NLO with CTI_EQGM
'ﬂ.ﬁ—- B. Alessandro et al., EPJC39 (2005) 335 E T g T PR ot F%ound
1 R Arnaldi et al., Nucl. Phys. A (2009) 345 o | (from R. Vogt, ""X'V"l’?"g'm”
4 | | 1 L1 1111 1 1 I I I | | |
ﬂlE LI ) I LI ) I L I LI ) I LI ) I L I LI ) I LI ) I L 1 10 102 103
0 50 100 150 200 250 300 350 400 450 [
N Vs (GeV)
part

No data available below top SPS energies !

Excitation function of J/y production at SIS100/300 energies
— production mechanism ?
— J/\y suppression ?
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CBM physics observables

Charmonium (J/w) and open charm (D D) production

T

|

HSD “hadronic”
O. Linnyk et al.,
Int.J.Mod.Phys. E17, 1367 (2008)

T
—

! ' SHM “partonic”
| i Phys. Lett. B 659 (2008) 149

L S A R T T
\s,, (GeV)

Jhy suppression ?
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Nuclear equation-of-state — data situation at FAIR energies

Experiment: CS et al., Phys. Rev. Lett. 86 (2001) 39

Theory: RQMD C. Fuchs et al., Phys. Rev. Lett. 86 (2001) 1974
IQMD Ch. Hartnack, J. Aichelin, J. Phys. G 28 (2002) 1649

Au+Au 1.5 AGeV

7 i T L T ' T . T -I
i @—@soft EOS, pot ChPT
! - @ hard EOS, pot ChPT
g 6 _—soft EOS, IQMD, pot RMF
o - [— Thard EOS, IQMD, pot RMF
ﬂ g & —¥Kaos
N 5F /. soft EOS, |QMD, Giessen cs
E | “/hard EOS, IQMD, Giessen cs
N’ : 1
H: 4 _' -
3 [
= - 4
A—-\q 3 - ‘\,-.- 4
< 3 |
M [ ]
S af ]
1 E 1 1 1 1 1
0.8 1.0 1.2 1.4 1.6
E,, [GeV]

consistent picture at

SIS18 energies (1.5 <p/p,<3.0)

inconclusive at AGS energies
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W. Reisdorf et al. (FOPI), Nucl. Phys. A 876 (2012) 1
| T T | TrT '| T T T | T 11 | Trrr [ TTIrrr '| T T
0.08 .
- protons  protons o=
0.5 __ ut0>0'4 #f i 0.04 um>0.4 ‘ =
0.00
s 0,04
-0.08
i —HM
012} __SM .
| | 8 J RN T R T TN T T AR
0.0 0.5 1.0 -10 05 00 05 1.0
Yo Yo
Pmax/PO: ~2 ~3 ~5 ~7
0.0 & T T ' T e =
v S S i
2 0_m ______________ —_—1
c% i ' r - DATA it
% Ee s r; Plastic Ball |
= o EOS —
- 210 ® E895 g
-0.10 — 300 * E877 —
- K=380 MeV o
-] | 1 1 1 I -] I 1 L 1 I Ll 1l i L 1
0.1 0.5 1.0 50 10.0
P. Danielewicz et al., Science 298 (2002) 1592 Ejab [GeV/A]
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Nuclear equation-of-State — data situation at FAIR energies

nuclear matter EOS

100
90 [ DBHF Bonn A, K=230
80| | -- DBHF Bonn B, K=150 :
70 | — Skyrme soft, K=200 equation-of-state
;. 60 |~ Skyrme hard, K=380 at
@ 50 neutron star core densities ?
= wf
é 30 —> (sub-threshold) production
i: - of 7 (555) at FAIR energies
ok - refined to the high-density phase
-10 - small final-state interaction
6 1 3 4

2
p/p,

DBHF: E. N. E. van Dalen, C. Fuchs, A. Faessler
EPJ. A 31,29 (2007)
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CBM physics observables

Hypernuclei, strange dibaryons and massive strange objects

Physics Questions
— existence and yield
of (exotic) strange objects?
— AN, A potential ?
— remnants of dense,
chirally restored or strange matter?

Single and double hypernuclei in

nucleus-nucleus collisions

Search for strange matter in the form of m ) Metastable exofic

strange dibaryons and heavy multi- ey multi-hypernuclear
. . e objects

strange short-lived objects e

— Production of hypernuclei via g

coalescence of hyperons and light ﬂ’

nuclei
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CBM physics observables

Hypernuclei, strange dibaryons and massive strange objects

A. Andronic, P. Braun-Munzinger, J. Stachel, H. Stécker, Phys. Lett. B697 (2011) 203

€ - =
C qf 3 M -
o —=— "He =
3 ) ~= 3 H -
o 104 ;_ B =He —;
S T E Aaz =
=L i
E 10 — E
= - —1
S0 =
- E -
D 10 ~=
> = =
15— =
167 - =
107 o
- — —a—= statistical model
10 —
107 Lol L1
10 10° 10°
\/' Sy (GeV)
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CBM physics observables

Hypernuclei, strange dibaryons and massive strange objects

J.Steinheimer et. al. , Phys.Lett. B676 (2009) 126-131

[
0.1 H* He' *
0.01
1E-3
1E-4{ {=,2"} e
1E-5
> 1E-6 470 model
O 1E-7
E_ 1E-8 transport
= 1E9 {2n,2A,28) , 11ES N
= 1E-10 ™ e _ , Heq1E-10 hydrodynamics
= 1E-11 {25,258} » 1E-11
1E-12 1E-12
1E-13 1E-13
1E-14 {2A,2.‘Eo,28_} 1E-14
1E'15 I ¥ T ¥ T ¥ T ¥ T ¥ T ¥ * d T ¥ 1 1E'15
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A
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Summary: CBM physics case and observables

The equation-of-state at neutron star core densities
» collective flow of hadrons

» particle production at threshold energies
(multi-strange hyperons)

Onset of chiral symmetry restoration at high pg
» in-medium modifications of hadrons (p,®,p —>e*e (L))

New phases of strongly-interacting matter
» excitation function and flow of lepton pairs
» excitation function and flow of strangeness (K, A, X, E, )

Deconfinement phase transition at high pg

» excitation function and flow of charm (J/y, y', DY, D*, A)
» anomalouus charmonium suppression

Strange matter

» (double-) lambda hypernuclei

» strange meta-stable objects
(e.g. strange dibaryons)

5th FAIR School, Castiglione della Pescaia, September 2017 Christian Sturm, CBM
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Experimental challenges

Statistical model

Multiplicity A. Andronic, priv. com. Particle multiplicity x branching ratio
100 | MxBE HSD or Statistical model
*oo KX
10 - ‘ ! | | . 102 ‘
1 AGS *® 4
. | 1
10 ¢ SPS Pb+Pb 30 A GeV
0.1 L 2 » 102 Y : ST|AR Au+Au Vsyy=7.7 GeV
0.01 10° ° 3
¢ 10+ L
0.001 105 +
+N- 6 ‘_t‘
104 1 Au+Au Ce *e . 13_7 || Au+Au ¢
4 A GeV IaT 10s || 25AGeV
105 (Central) ‘ @ — 10° - min. bias ?
NN
10¢ L 1079 e p KtK- AP A E O E+Q+tp o ¢ DHD- DODO Jhy e

P at a- d A K+K- E- ? Q- P A Et O+ (dileptons) thadronic decay) (dileptons)

rare probes — extremely high interaction rates required !
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Experiments exploring dense QCD matter

Rate capabilities

high
net-baryon
densities
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5th FAIR School, Castiglione della Pescaia, September 2017 Christian Sturm, CBM 72



CBM experimental challenges

Perform measurements at unprecedented reaction rates
10% - 107 Au+Au reactions/sec
— fast and radiation hard detectors
— free-streaming read-out electronics
— high speed data acquisition and
high performance computer farm for online event selection
— 4-D event reconstruction

|dentification
of leptons and hadrons

Determination of
(displaced) vertices (o0 ~ 50 um)

Central Au+Au at 25 A GeV / UrQMD+GEANT4 : 160 p, 400 n*, 400 n*, 44 K*, 13 K-
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77
o CBM

HADES

hadrons

Silicon

p+p, p+A . Vs
A+A (low mult.) Dioo| Tracking \ L™
large acceptance S.C. LIPOT System A | ‘ . =

.‘-..

low material budget Magnet

®

Spectator
Detector

. September 2017



CBM & HADES: complementary experiments %ﬁ@&\\
HADES

Side View

CBM

3° - 25°
Dipole field
high rate

preShower

|\

HADES

18° - 85°

Toroidal field

low mass; high res
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Particle identification
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Anti-hyperon reconstruction

Input:
UrQMD 3.2

Au+Au 25 AGeV
central collision

off = 1.8%
$/Bg = 12.0

hits in STS stations
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CBM
Ring dileptons

Imaging
Cherenkov

Silicon - ! .!%
Tracking A | “ b

System

S~
AW Transition
o Radiation
Detector
4/10

%

s.c. Dipol

Detector
(SIS100 version)

opectaltor
Detector




Di-electron reconstruction

Au+Au 8AGeV
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Di-muon reconstruction

Input:
UrQMD 3.2

Au+Au 8 AGeV
central collision

Au+Au 8AGeV
10 central collisions
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Simulation: signal yields from HSD
background from UrQMD 10

ST




mMCBM@SI1S18

A CBM full system test-setup for high-rate nucleus-nucleus collisions at GSI/FAIR

mRICH

mTOF

mTRD

mMUCH

mSTS

5th FAIR School, Castiglione della Pescaia, September 2017

the mCBM test-setup (‘“mini-CBM”’) will focus on the
test of final detector prototypes

free streaming data transport to a computer farm

online reconstruction and event selection

offline data analysis

1072017
11/2017
02/2018
03/2018
05/2018
09/2018

vacuum chamber for switching magnet ordered
cave and beam line preparation started

mFLES cluster in Green I'T Cube operational
ready for installation of detector subsystems

start commissioning w/o beam

start commissioning with beam
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mCBM read-out and data transport - final version

mCBM detector cave mMCBM electronic racks GreenlT Cube
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CBM physics observables

Lecture Notes in Physics
Vol. 814 1st Edition., 2011, 960 p.,
Hardcover ISBN: 978-3-642-13292-6

LECTURE NOTES IN PHYSICS 874

Production excitation function The (BM Physms
in nucleus-nucleus collisions at SIS100/300 of Book
multi-strange baryons _
. . Compressed Baryonic Matter in
anti-protons and anti-hyperons Laboratory Experiments

single and double hypernuclei

Search for strange matter in the form of strange dibaryons and
heavy multi-strange short-lived objects

High precision collective flow excitation function at SIS100/300
Excitation function of J/y production at SIS100/300 energies

Excitation function of lepton pair production and
in-medium mass distributions of light vector mesons (2 — 35 A GeV)

(not complete)
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