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* QCD phase diagram & experimental results
— fundamental questions of QCD

« Equation of state of strongly
interacting matter?

« Structure of strongly interacting
matter as function of T and pg?

* In medium properties of hadrons as
function of T and pg?

— address with heavy-ion collisions

CBM experiment at FAIR

« examples for

» feasibility studies
* detector R&D
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Phasediagram

« normal matter exists in different phases depending on p,T

» phasediagram for hot and dense nuclear matter?
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sediagram of strongly interacting matter
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diagram of strongly interacting matter
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ediagram of strongly interacting matter

Fundamental questions of QCD
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quark-gluon
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« Equation of state of strongly
interacting matter?

« Structure of strongly interacting
matter as function of T and pg?

* In medium properties of hadrons as
function of T and pg?

— address with heavy-ion collisions
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on collisions

simulation of a U+U collision at 23 GeV/A (UrQMD)

U+ 23 GaV/A

y nucleons excited baryons
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A

f a heavy ion collision

UrQMD 160 GeV Au+Au

before collision

compression and heating

thermalization of the "fireball"
(high T and p reached for ~10fm/c = 3.3 1023 s)

expansion

chemical freezeout (number and type of particles frozen)
kinetic freezeout (particle momenta frozen)
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Heavy ion collisions (ll)

simulation of Au+Au collisions at different beam energies

— maximum baryon densities p increase with beam energy

— energy densities also increase with beam energy
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Particle production

~ 90% of all produced

particles are pions 1o ,,///
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A+A collisions (ll)

« centrality of the collision can be measured by measuring the energy of the

"spectators” — Ny, — extract also number of participating nucleons N

SAH

. interaction cross section in dependence on the
/ 5o 1 energy of the spectators
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production and statistical model

« number and type of produced particles can be nicely described with a
statistical ansatz

2
| d
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do we know from experiment?

* since 1980s heavy ion collision experiments at AGS, SPS
« 2000 start of RHIC, 2009 LHC
« ongoing experiments at SIS exploring ,resonance matter”
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ediagram of strongly interacting matter

Fundamental questions of QCD « Equation of state of strongly
interacting_matter?

< « Structure of strongly interacting
matter as function of T and pg?

* In medium S of hadrons as
quark-gluon | function of T and pg?
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>

he nature of the strong force

* interaction described by the exchange of gluons

* gluons carry color charge! — selfinteraction
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Property QED QCD
Charge electric colour
Bosons photon gluons
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QCD: Confinement

« small distances (large g2): V(r) ~ 1/r « e.g. jets, spectroscopy of "charmonium" (cc)
— perturbative calculations applicable ("pQCD")

* larger distances (small g2): V(r) ~r «— e.g. J(M?), string model of hadrons
— perturbative ansatz does not converge!: phenomenological methods, LQCD
4o he s [
V(ir)=——"—+Kr [ [ f>r
3r ,“ % *
- with increasing distance of the I,
quark more and more energy is ,'
stored in the "string" until it s
becomes favorable to produce .§3
a new pair of quarks ,/
/
— ® — / ’ ’
f'. p v‘ g
0 o L : :

v ¢ "confinement": no free quarks Pooow T

-« "asymptotic freedom" for r—0 i
A ‘nNo




Lattice - QCD

* because of the "running coupling constant" o, which is small only at large
g?, i.e. small distances, perturbative treatment of QCD is only applicable at
small distances ("pQCD")

« numerical method to treat larger distances "lattice QCD":
- 4dim space-time lattice of size N3 x N_ with lattice spacing a
- finally extrapolate to the continuum case: a — 0 and N, — oo

— calculations need large computer memory and speed!

C. Hohne, Joint F -, Hirschegg, Feb. 2011
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Lattice-QCD (lI)

 calculations limited to certain observables and

regions of the QCD phase diagram

quark-gluon
170 _ plasma

ey deconfined,
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« in particular calculations for u # 0 are difficult and conceptual problems

could only be solved a few years ago!

", =0
— transition to deconfinement
above a certain T_!

T,~ 175 MeV
driven by energy density
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+ relevant degrees of freedom
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Lattice - QCD (lll)

* phase transition at 1, = 0 : crossover

= rapid change of properties but no clearly defined phase boundary

* 1, > 0 not yet completely settled ... but:

- first order phase transition at large

— e.g. latent heat
phase coexistence region

» critical point
T ~ 160 MeV . ~ 360 MeV

* low T, ~p,: liquid gas phase transition
nuclei — hadron gas

* low T, high p,: color superconductor
(quarks form Cooper pairs)

» chiral symmetry restoration at high T,
large u,

C. Hohne, Joint Helmholtz-Rosatom School for Young Scientists at FAIR , Hirschegg, Feb. 2011
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periments — Signatures ?

How to characterize the produced
hot & dense matter?

Signatures for phase transition?

* 90% of all measured particles are
pions

» multiplicities increase smoothly

— look for special probes, e.g:

* relative production of “new” quarks:

strangeness, charm
* penetrating probes: di-leptons

« collective behaviour, e.g. flow,
fluctuations

 energy loss of high momentum
particles
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iting temperature at Vs, ~ 10 GeV

- statistical model fit: T, ug, V: temperature saturates for Vs, > 10 GeV
although energy density (and initial T) still increases

— deconfinement phase boundary reached, additional energy goes
into heating the QGP

» occurs at the same energy at which mesons start to carry the larger part

of the entropy
— Y . .!
3" | i
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Structures in particle ratios
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Maximum In relative s-production

* maximum in relative strangeness production

« different energy dependence than in pp

» details of dependence not captured by statistical hadron gas model
 data best described assuming a phase transition: prediction of SMES
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ateau In slopes of pt-distributions

* mixed phase: pressure and T independent of € — weak increase of

slopes of p-spectra [L. van Hove, Phys.Lett.B 118, 138 (1982)]
[M. Gorenstein et al., Phys. Lett. B 567, 175 (2003)]

* behavior can only be explained assuming a phase transition

* similar behavior in <m> seen for P
. . o 2 - P —
other particles: &, K, p, A, Z, ¢ - K Je| 8
-~ ® ~
* however: low energy data e | ]
missing R 3
S Tow & C
v ) fa e
= 200 Ag S 'g>>
. . - Lo =
* hydrodynamic calculation e A v ¥
including a phase transition i i/ >
[M. Gazdzicki et al, Braz. J. ] —~ :H’ | o
Phys. 34, 322 (2004 SD + ISS 3
* bag model EoS with a strong — Hydro + P1 Z,
1st order phase transition e ——TL
(UrQMD + hydro) ' . o
v - S (GeV)
o8 [H. Petersen et al., arXiv:0902.4866] Vonn S
Pl €
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Charmonium suppression

« charm newly produced: m_~ 1.3 GeV ! — new scale, production in
initial hard scattering

« distribution among charmed hadrons depending on medium
 appealing early idea: charmonia will be dissolved in QGP
— suppressed yield compared to hadron gas

Id
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S @ { [R. Arnaldi, NA60, QMO09]
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» Jy suppression measured

~
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e
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o
-

« difficult corrections, many Pb+Pb *

open questions o
* no good open-charm (D- NAGO, preliminary, 158 AGeV
SO 100 150 200 250 300 350 400 450

* no data at lower energies Noan

C. Hohne, Joint Helmholtz-Rosatom School for Young Scientists at FAIR , Hirschegg, Feb. 2011

25



»

e critical point: Event-by-event fluctuations

* mean-pt

» multiplicity

* net electric charge
* particle ratios

experimentally difficult,

many contributions can
contribute

Ogyn (K/7) (%)

no data for lower energies

not conclusive

[NA49: Phys.Rev.C79:044910,2009.]

study of event-by-event fluctuations of

-
o
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(o]

N

phase transition of 2nd order at critical point: fluctuations?
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i:‘“g [STAR: Phys.Rev.Lett.103:092301,2009.]
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elliptic flow v2

_ o _ elliptic flow v,
* particle emission patt_ern in plane OFF plane
transverse to the reaction plane

side flow v,

* initial overlap eccentricity is
bouam off

transformed in momentum anisotropy

» driven by pressure from overlap region

?me
bource off

Fourier expansion of the dN/d¢ distribution:
(IA"T

g [1 4+ 2vy - cos(¢) + 2v9 - cos(20)]
do

L

y
/]

Ot
PO €
D
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rk number scaling of v2 at RHIC

« all flow observations scale extremely well if taking the underlying number of
quarks into account!

— like (all') quarks flow and combine to hadrons at a later stage (hadronisation)

 data can only be explained assuming a large, early built up pressure in a
nearly ideal liquid (low viscosity!)

» breakdown of this feature at a certain energy??

- mesons n=2
A-(H{): minbin -

m— ‘ Y S —— :
PH E\lx | Phac R Lot 90, Probmsbaary: QMES, QA ) " Au+Au \‘;“_“.200 GeV 1
. .

@ = TUTHIUS minbias, 0-19%6.00-20%.20- 3% 30405 0-60% » f
- Ko - rein bins 0.4 [ b " .
B - KHK 0 minbias, 00006 10-20% 20 50% 30405 2060 [ ﬁv . . : 1’
“PEP L minbias, 0-H010-00% 20-30% 040%, D060 v ): ? .i ‘T
-d: i bias, 10-80%, 1
A= 2060% ]
.\'l\R s B Bamt S5 R € 72 020005, Povbmdaars DA, SO o:
o X" minbiss 1
-K3:  minbias S30%I09% é
L PrP:  minbin E
DeA4A:  minbias, SHAI0N% baryons n=3 ;+
¥-SHo: miabin |
o

2

KE, =m(y,—-1)=m, —m ~ KE/n_(GeV)




Jet quenching

* partons should loose energy in a dense and

hot medium
— jet suppression!

_ 3 p+p
— results imply huge gluon densities )
corresponding to an initial temperature of ‘
~2T . and € ~ 14-20 GeV/fm=3 in the fireball!
— breakdown of this phenomenon at a

certain energy?

R T e |

« deAu FTPC AL S'{AR |

= %2

S’ . w—Dep 0 Dias

3 | R * Aushy Cowal

L A B ,¢ -

’ . g g‘ 0‘}

{ ) , l "‘ 0"

P, 'y . 3 o"' -4
e L L

v
»iEFe - ey s pory o e v

A C.Hohne, Joi A ¢ (radians) | Feb. 2011 29



ediagram of strongly interacting matter

Fundamental questions of QCD < « Equation of state of strongly

i ?
|\nteractlng matter”

« Structure of strongly interacting
matter as function of T and pg?

T4 * In medium properties of hadrons as
quark-gluon | function of T and pg?
170 L _ plasma ) i -
Mev| ~---_ — address with heavy-ion collisions
temperature A
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> €
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The equation of state

« thermodynamic relation between state variables; most prominent: ideal gas law
— relation between energy density € and T, p etc.

pF_Fd_E
» thermodynamics for an ideal gas (liquid): A Ad vV
oE N T
P=—I+ V=— oV =———0dp
W T=const o p2
aV ;
€
P= Pz <N I r—const= PZ — (P) lIT=const
Ip Ip

» the function ¢(p,P,T), which satisfies this equation is called the Equation of
State (EOS)

« different depending on the degrees of freedom of the investigated matter
* nuclear matter
 neutron matter (— neutron stars)

\A * quark matter

50 ¢
D D
I\

g
-
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€ huclear equation of state (EOS)

* "equation of state" (EOS): energy/nucleon vs. density

e(p,T)=¢€;(p,T)+e(p,T=0)+¢, (e=E/4)

thermal compressional ground state energy

* nuclear equation-of-state at T = 0 : the "compressional” energy
1
B/AG.T=0) = - [Ulp)dp

* U(p) density dependent local potential
« compression modulus K

o (9/)2 O?E/A(p,T = 0))
P=pPo

P e k=380 MeV

— x=200 MeV ; stiff EoS

e

soft EoS

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

dp?

« constraints €(p = p,,T =0)=-16MeV

(ae<p,T=0)} _o |
¥ dp p=py TR R TR
O 6
< baryon density p/p,
4  C. Hohne, Joint HelImholtz-Rosatom School for Young Scientists at FAIR , Hirschegg, Feb. 2011 32



Analogy: Electrons in a lattice

» free electrons (no interaction with other e-, no potential)

— dispersion relation = parabola . N2
E(R) = (hk)

2m

* electrons in a solid
— due to the lattice not all energies/ frequencies are possible

— introduction of the concept of an effective
mass m for electrons allows a
simpler description / handling of
the electrons in the lattice

PEY
=h’
et [8k2 )

— M, describes dispersion E(E) of e in an
external potential

Energie in oV

¢ % VWellenzahivektor k
>3 oo €
4 C. Hohne, Joint Helmholtz-Rosatom School for Young Scientists at FAIR , Hirschegg, Feb. 2011 33



aons in dense nuclear matter

» What happens if kaons are place inside nuclear matter (=external
potential, density given by p or p/p,)?

— dispersion relation for kaons!

— define m; in order to describe kaon energy in the nuclear medium

my =@k =0,p)=@(p)

700
600 repulsive K* N potential

500

400

kaon energy [MeV]

300

attractive K- N potential

200 PK=0

100

— different for K* and K- !
— kaons sensitive to medium!

co e b b v P o |
0.5 1 1.5 2 2.5 3

)
ST

baryon density p/p,

Q/ellow area: envelope of several microscopic calculations: all predict the same trend !)
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ons in dense nuclear matter (lll)

* in particular for K- the nuclear medium is "attractive"
K- in-medium spectral function

D ()

1=
Q*00GeV
p . \
— 4 ' ~“ .h_, . 3
o S5t a3 |
> % ot/ e -
u (D _ 9=02Gev _
K- S s : vl’ ‘l 5
B b\ | emose|
~ OO - o sc-puibp ) 3
* resonant state close to the K'N threshold: & gecwciai- il Tsanl N P';gﬁ 8
- A Samsep.

/\(1405) 3 q =04 GeV I' ‘ Py %
A (1405) <
0, \ S
K K_ E - ’—‘.l"” ' 8
—. OA—:..‘L&“-'<0"_ \r‘?.—.—..— §_
- q =06 GeV | )
NE ° |
4 %
? 4‘""» (:
s © for K+ (us) the nuclear medium is Ot e e 3
5 wrapulsive” 02 0.4 08 0.8 0 -
>old e —1EP @ [GeV] =

(&)
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e compressibility of nuclear matter

.... and indeed: effect seen in K production in Au+Au and C+C collisions

at at SIS
7 . L T - T P
[ ] = |
’ @ @0 EOS. pot ChPT % wer K=380 Me\
] B 8 had EOS, pot ChPT - e 02 200 Me
6t . soht EOS, IOMD, pot RMF = @
» — hasd EOS, 1OMD, pot BME =
} L e -
e soft EQS, ICMD, Gessen cs &
hasd ECS, 1OMD, Giessan ¢3 -
=

1
9
R
4

(“'l\ol’\ )AnoAn / ('\'lulA )Co('
oS

r 1
| 0 65 1 1S 2 25 3
2 ; : baryon density p/p,
l { A o A - A P A . A
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In medium kaons

-------- without KN-potential
— With KN potential
-
Clear effect of the © |
. ~ e KN-Po
nuclear medium on S K' ' - err-Hrangy
kaon production also 0.08 e S ® K0S |
. . . ,.-" “s.. BFOM
seen in rapidity o \.-\
distributions. g e
o 0
©
2 0.003
© K |
0.002 .. ® X205 ‘
0.001 § = S
* o - ~ =< \-.‘ - — |
X oos - KK
x ® X205 |
oo . * uFOM
> 9 y
» g 9 ' .— e - |
08 A e 5 |
// \\~
1.5 -1 0.8 0 05 1 1.5
3’3,*“%’?\ ch
»55s <
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K* "squeeze out”

 angular distributions of produced K+

— squeeze out due to repulsive KN potential!

off plane squeeze-out

bounce off

SR
b =3m

bounce off

off plane squeeze-out

— Without KN potential
- With KN potential
o 3 ———
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e
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on density matter in A+A collisions

* high baryon and energy densities created in central Au+Au collisions

« agreement between different models (not shown) —_
5

(&)

beam | max. max € time span 25 s
energy | plpy | [GeV/m3] | ~FWHM ' ’ ' : S
- -y iy

00 5 AGeV &

5AGeV | 6 1.5 ~ 8 fmic -+ HSTIER <0 0 Ao I8 E
o0 15 AGeV ©

> -~ | S

40 AGeV | 12 10 3.5 fm/c = | f\ 20 AGev| - @
g 1.5 - / Lo 25 AG.V — LIJB

— \ (7))

. nuclear matter EOS ; E /\ x} .S

90F " 55HF Bonn A K=230 y B i f | LE

|~ St ; § /7 \ S

; 60:— — Skyrme hard, K=380 v L i Q:
1/ A\ a
= . — o)
Lk \'i\ 8

lg'_— \;’\\ K g

10 0 1 | 1 l 1 1 'S_

20( T ; . ), 0 5 10 15 20 =

, -1 m

PP, time [fm ) O,
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yduction in elementary interactions

.... can this be understood qualitatively?

 elementary production process of kaons in NN collisions:

K™ mesons K- mesons

production threshold production threshold
v ” = 1. e al — Z. e
O 6
>30T ¢
°Aé C. Hohne, Joint Helmholtz-Rosatom School for Young Scientists at FAIR , Hirschegg, Feb. 2011 40



aons Iin dense nuclear matter (ll)

* in a nuclear medium/ the vicinity of many more hadrons more
processes become available, for example:

u (u 3 (3
" C)A 20 P

< u

+a S + - E -
11:“ uK TCOu uK

— "rescattering": * ... but also absorption

: : rocesses are time reversal
» multistep processes for production (p )

NN — NA
NA —- NKY
| 7N — K1Y
o (Y=A,2)
»oas €
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ediagram of strongly interacting matter

Fundamental questions of QCD

« Equation of state of strongly
interacting matter?

« Structure of strongly interacting
matt ' ?

o : :
T ( In medium properties of hadrons as
quark-gluon unction of T and pg?
170 _ plasma - - o
MeV S — address with heavy-ion collisions
temperature .
hadron gas
color
\ superconductor
-
Po few times nuclear P
matter density
v
€8¢ pressure
9
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Chiral symmetry restoration

several effects occur at the phase transition:
 confinement/ deconfinement of quarks

» chiral symmetry restoration

N

relation to generation of hadron masses!

9

pedestrian explanation:

hagrons "dressed" with
‘ <QQ> pairs

v m = 938 MeV/c? m ~ 3-10 MeV/c?
;i% <

g
- C. Hohne, Joint Helmholtz-Rosatom School for Young Scientists at FAIR , Hirschegg, Feb. 2011 43
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« Chiral symmetry = fundamental symmetry of QCD

right hande left handed
7/\ helicity = projection of
‘ 7— spin onto the direction of
momentum

* in case of mass less quarks, the chirality corresponds to the (conserved) helicity

 the QCD Lagrangian is chirally symmetric but in "nature” Chiral symmetry

is broken !
LT . .
+ g /2 (1535) N(1335)  explicit breaking by small
A n
2 */2.,- s but finite quark masses
NS el bl * spontaneously broken due to
S Y2, (938) the existence of a mass less
/2 p,n mode ("Goldstone-boson"):
\

(4
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hiral symmetry restoration (ll)

« the groundstate of QCD is characterized by a non-vanishing field of quark
— anti-quark pairs, the so-called chiral condensate.

» this is a non-perturbative effect of QCD

« already in ordinary nuclei the condensate is reduced
as compared to vacuum

K]

- prediction: chiral symmetry can be restored at high
temperature or large baryon density

* restoration together with (T -
deconfinement? | |<aa=1|

SIS ¢~ 2-3p, .T- S0MeV)

SPS (p - 3=4p T-130MeV)
| H

C. Hoéhne, Jointk Pt T 45



Analogy: classical mechanics

(v,m)

rotational symmetry

(X,0)

ground state: symmetric

spontaneously broken
rotational symmetry

(X.0)

potential still symmetric, but any (spontanously)
chosen ground state breaks the symmetry

ground state: not symmetric

C. Hohne, Joint Helmholtz-Rosatom School for Young Scientists at FAIR , Hirschegg, Feb. 2011
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Analogy: Ferromagnet

spontaneous breaking
of full rotational symmetry

——

ferromagnetic paramagnetic
b+
Ferromagnet: =|
-

Below a certain temperature (Tqc) -
all elementary magnets tend to E

. . . =
align into on arbitrary, spontanously # | ferro para
chosen direction. £ | magnetic | magnetic

v T >

66 Cue  temperature T
>EoS ¢
5%
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Chiral symmetry restoration (lll)

 chiral broken world:

— chiral partners show different spectral functions!

for example: nonstrange I1=J=1 multiplet: p- and a, - meson

« chiral symmetry restoration requires that vector and axialvector spectral
functions become degenerate

— dramatic reshaping of spectral functions expected!

o
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p-meson in A+A collisions

e lifetime in vaccum 1.3 fm/c

— formation and decay inside the "fireball"

— e*e" pair carries undistorted information of the fireball conditions to the outside:
"penetrating probe”
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meson In dense nuclear matter

* p-meson in vacuum

* in (dense) nuclear matter the p-meson might undergo a lot of rescattering

— broadens spectral function!
-10

+ — SOUUM
n AN T=122MeV., p,=0.3p.
o8 (=== Teld4E6MeV 0.'1’\:
p P e T=180MeV, p, =dp,

6! q=0.3GeV

ImD, [GeV ™)

iﬁ%ﬁ 0 mai
[Rapp, Wambach, Adv. Nucl. Phys. 25 (2000) 1,
hep-ph/9909229]




huclear matter with penetrating probes

« SPS: dilepton spectra measured by NAGO (u+u-) and CERES (e+e-)

* excess spectrum shows strong modification of p-meson in medium

dN/dM per 10 MeV

opposte-sign pars

ke malches « « « .

RN DA

0 02 04 06 08 1

“r
PVa® €
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In-In NABD

“excess spectrum”: di-lepton radiation
No contralty selection

from the high-density phase

S=440000

central In-In

FO+poam p

COMBINMONAN Dackgrownd |

12 14 16 18 2
M (GeV)

NAGO: Phys.Rev.Lett. 96 (2006) 162302

calculations: H. v. Hees, R. Rapp,
Nucl.Phys.A806:339,2008



huclear matter with penetrating probes

» measurement of di-electron channel: access to lowest masses

— strength of dilepton yield at low masses is due to coupling to baryons!

 importance of baryon density: data at 40 show higher excess than at 158 AGeV!

g N*(1520)
7 N
Py, P ©=P
A(1232)!
AN
O
N-1
1
I . (‘I’RI"Z.\ 00

(7% central)

Y ' (\ Pb(158 AGeV)+Au

== -med p+o+d §

I'IAI)I: .‘

4.J |
-~ N , >=335 == 4% mx ]
= ' P |
- QGl ]
= - DY ]
— total i
: :
= - = total (no bar p)
P L 1 1
v | 1
- = | p,>0.2Ge\ }
- AP 210<285 1
2 - 4 4 W1 (l(\>35mrad 1
/J g : L + N ‘ {
—: | )¢ N : . :
! o
ot t_\\\‘_-- . ]
____________________ s T T e -
04 06 08 ] 1.2
M [GeV]

[CERES: Phys.Lett.B 666, 425 (2008)]

[calculations: H. v. Hees, R. Rapp,
Nucl.Phys.A806:339,2008 ]

& 103k Ar+KCI 1.76 AGeV.
S [ % Xpp+np) 1.25AGeV:
[0) > 2 ]
Q % K .
'—'8104:.—_ . explains
s e BRI C+Cl!
-E _ gy t_¢ ;; )
ra Moo - - Tpe. 2
T10°F 20 eEsg -Trerd . A
ot:10 E ae‘e‘ " 90 ...... -....— Tf : t t } E
< - 0.1<p, <11 GeV/e- ------- 'L';-;-‘;,, s t
i B comp subtractpttehmmary |
-6 L 4 i St cheleliey = =-=t=7
0% 0.2 0.4
M, [GeV/c?
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What do we know from experiment?

* freeze out curve
* ug=0 MeV: T=164 MeV

« partonic degrees of freedom at
RHIC and top SPS

» evidence for onset of
deconfinement at lower SPS
energies (30 AGeV)

« modifications of hadronic
properties in the medium
« Kaons (SIS)
* p-meson

S 200
% - quark-gluon matter
E 175 critical;dpoint
o A Lattice QCD
S o N o~l" 'e 24
S 3 150F . s
= E \\ N
S 8 125f dilute AN W
S = - hadronic L q
QN o - medium ense
~ * 100 AN baryonic
© n _ medium
O - n,=0.12 fm™
x 751 : ;
I n &
o 50 :—
-E‘, - ¥ P.Braun-Munzinger et al. PLB 518 (2001)
2 25— @ F.Becattini et al. PRC 96 (2004)
3 — M R. Averbeck et al. nucl-ex/9803001
i O_IIllllllllllllllllllll
% 0 0.2 0.4 0.6 0.8 1
si» baryonic chemical potential i [GeV]
4 D &
1) 2 & D N

o Vm “freeze-out” points: final
hadron yields described by
statistical model: T, ug, V
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uture experimental programs

1) exploring properties of the QGP at highest T and ug=0: LHC

A
> 2000 quark-gluon matter 2) searching for structures
= 1750 Ry in the QCD phase diagram

S ' i EEERY i at high net-baryon
h | f . . [ n

g 2 oy densities; characterization
© ~ .

S 8 4.5 dilte | of this matter

S = - hadronic .

a o - medium

N~ * 100~ baryQnic

© - mediym

< -

o [ | field driven by

© - @ experimental data!

= 50—

é - ¥ P. Braun-Munzinger et al. PLB 518 (2001) need to enter an era

25— © F.Becattini et al. PRC 96 (2004) . . .

5 ~ W R. Averbeck et al. nucl-ex/9803001 with quan_t'taf've

% 0 C L1 | L1 | | L1 1 I 11 | | I | | 1 CharaCterlzatlonS!

o 0 62 04 06 08 1 (first steps done at RHIC)

%:% baryonic chemical potential i [GeV]

s o
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Future explorations

complete scan of the QCD phase |
diagram with modern, 2nd generation | LHC  5PSmmm—5—"

experiments on the horizon! - _—R
= ~':”T'-'-‘.’7 '3
; |
- evolution of medium properties g , | quark gluon plasma
- “turn-off” of established signatures — 200 '
- search for CP and PT » )

- search for CP and PT in energy-

| S —

+ NA61 at SPS :ﬁ{? s
. iz

system size scan 100; '
* both essentially limited to high yield [ l \
observables | l
hadrons | '"."'
| I % 'J

and NICA —ra— A TUT S, Y
O A 0 500 1000

2CCCCrawl pryjecs (MeV)
- high intensities! — rare probes! 30A GeV Hg
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Physics topics and Observables

The equation-of-state at high pg
« collective flow of hadrons
« particle production at threshold energies (open charm)

Deconfinement phase transition at high pg

« excitation function and flow of strangeness (K, A, X, =, Q)
- excitation function and flow of charm (J/y, ', D%, D%, A.)
» charmonium suppression, sequential for J/y and y' ?

QCD critical endpoint
« excitation function of event-by-event fluctuations (K/1r,...)

Onset of chiral symmetry restoration at high pg
* in-medium modifications of hadrons (p,w, —e*e(u*u-), D)

Systematics & precision!!

\ 4 — characterization of the created medium!

Q

g

L

2 (DO

\>°°°p°b <r
=) [}
o
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Particle multiplicities

Particle multiplicity - branching ratio for min. bias Au+Au collisions at 25
GeV (from HSD and thermal model)
M-BR

1.E+03 ‘ ’ ‘

1.E+02

1.E+H01

1.E+00 ”. ]
1E-01 ¢ SPS Pb+Pb 30 A GeV .

1E-02
1E-03
. 4

1.E-04

1E-05

1E-06 ’—.—’ ’

1E-07

1.E-08

1E-09 ,

1E-10 = —
atn-p KFK-A p A B Q E+Q+tp o ¢ D+D- DVDO Jhy y*
(dileptons) (hadronic decay) (dileptons)
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ghest net-baryon densities at FAIR

* high (net-)baryon and energy densities created in central Au+Au collisions

— r— Y T ' T T '—r——' T | Py —
q 200} 2]
o o \db -
S’ — g \@' @n 3(\"30 Q;QQ X ‘\‘) \Q ~
S > . 5 O %.% - ﬁ
,0\7 Q b 5 -
3 | = 150F > 40 o
Sl = [ — S=0&QB=04 0 *
2|l o | 2
: 2 _ ®  RHIC +
S| &= 100 e FAR
E; B : ” beam | max. max € time span
. g' - energy | plpy | [GeV/im3] | ~FWHM
g 2 sof 5AGeV | 6 15 | ~8fmic
E 40AGeV| 12 | >10 |~35fmlc
2‘| ' l ' s A l A ' A l A A ' 1
0.00 0.04 0.08 0.12 0.16
. -3
' Net baryon density pg (fm °)
i «f:f::f <
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huclear matter with penetrating probes

« dileptons are penetrating probes — direct radiation from the created hot
and dense matter

p + — n n
T SPS

- —
I T T e I
— g "':W T=170MeV | p(770)’
€, H 3 vacuum ]
—_— %E] _pﬂ=l‘4pl' i
p- meson o~ oH \ —Pg=3.9p, ]
« vacuum lifetime 1, = 1.3 fm/c E g
« couples to the medium — change of = ) —T — 3
hadronic properties: - | Sl \—,
p "melts” close to T, and at high g S | [ 7 R |V e | TR R K

4 * connection to chiral symmetry restor. M [GeV]

A [R. Rapp, priv. com. (CBM physics book)]
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harm production at threshold

« CBM will measure charm production at threshold

— after primordial production, the survival, momentum and distribution
amongst different hadrons of charm depends on the interactions with the
dense and hot medium!

— direct probe of the medium!

10" [W. Cassing et al., Nucl. Phys. A 691 (2001) 753]
. . E / > « ’——-———"’-—-.
« charmonium in hot and - Au+Au (centra ——" a
dense matter? ol oz 5,:\\;;,37’5"\”—
- relation to deconfinement? Z*  F e /
- - 0L
L 10§ =
- relation to open charm? & g T
E 2 g , /0'.
s n _ 2= 10 r ?/ D(c¢c)
;- 7 | e
\’ Yoo Qioog 0 g D(c)
A MRS aeedaeh r ~ HSD simulations
A At 10-(’: s o gy B AETTH B PP B rTor |
L >0 . >
} 72 210® 10" 10° 10" 10° 10° 10°
> HO0 o -%/0 Energy [A GeV]
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Charm propagation

Propagation of produced charm quarks in the dense phase —
quark like or (pre-)hadron like?

« charmonium to open charm ratio as indicator — measure both!
« indications of collectivity?

> 9 | ' ' ' |
% 6 | — S ——— R
‘ | & HsD
10— —
[ i L | sHM

 first charm measurements in 102
A+A below 158 AGeV!

* aim at detailed information
including phase space
distributions, flow!

»
. ’
» +
* ‘
-

-
L A & B A J

>
»-
-— -
-—
-_—
-

- . s - . 4= - -

!

104 Bt

7 8 9 10
\8,,, (GeV)

&, [SHM: A. Andronic et al., Phys. Lett. B 659 (2008) 149]

4 [HSD: O. Linnyk et al., Int.J.Mod.Phys E17, 1367 (2008)]
:‘l«f <

>

e
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A+A collisions (IV)

* the geometry of the colliding nuclei determines another important measure, the
reaction plane

* relative to the reaction plane particle emission patterns (flow) can be measured,
rich structure!

Fourier expansion of the dN/d¢ distribution:

off plane squeeze-out

—— ~ [1 4+ 2v] - cos(¢) + 2v9 - cos(20)]

do
lbounce off
SEBUNET L
\/\/ V2 b =3fm
>0
bounce off
in plane emission
— ) |off plane squeeze-out
the coefficients quantify :
Vv the |n—.pla.ne o and out off plane emission
«.1* Vv, the elliptic emission pattern
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Sideflow versus elliptic flow

|off plane squeeze-out|

bounce off ]
spacial
overlap

eccentricity

V0777777 =4
b =3fm

time

bounce off

v
momentum
anisotropy

do vi<O v, >0 v,<0 v, >0
qv [i+2vqcos®) + 2v, cos@)| sideflow elliptic flow
» . f;ozf < Px = V1 Pt Ry=(1+ v,)/(1-v,)

e
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HADES and CBM startversion at SIS 100

Module 1:
CBM Cave,
APPA hall

Module 3: SFRS + R3B

Anti-proton facility Module 4
odule 4:

Low-E NUSTAR,
-NESR, FLAIR, APPA-cave

Module 5: s |
RESR R

' NESR

v RSy ™
@D
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CBM @ FAIR

- NUSTAR

~n

CBM and HADES at SIS 100 and SIS 300

 systematic exploration of high baryon density matter in A+A collisions
from 2 — 45 AGeV beam energy with 2nd generation experiments

v * explore the QCD phase diagram, chiral symmetry restauration
»50L e
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The CBM experiment

« tracking, momentum determination, vertex reconstruction: radiation hard silicon
pixel/strip detectors (STS) in a magnetic dipole field

» hadron ID: TOF (& RICH) » PSD for event characterization
* photons, ©% n: ECAL * high speed DAQ and trigger — rare probes!
* electron ID: RICH & TRD * muon ID: absorber + detector layer sandwich
— Tt suppression > 104 — move out absorbers for hadron runs
TOF ECAL

absorber
+

detectors



TS tracking — heart of CBM

Challenge: high track density: = 600 charged particles in + 25°

@ 10MHz

Task

» track reconstruction: 0.1 GeV/c <p <10-12 GeV/c Ap/p ~ 1% (p=1 GeV/c)

 primary and secondary vertex reconstruction (resolution < 50 um)

* V, track pattern recognition
. 1 radiation hard and tast/ Z

K ' ,S|I|con ,plxeland atﬁp

D"/

ct =312 um

self triggered FEE
high speed DAQ and trigger

online track reconstruction!

fast & rad. hard detectors!




Open charm reconstruction

* open charm reconstruction via the reconstruction of their 2ndary decay vertex

» most important features for background rejection
* good position resolution of 2ndary decay vertex
» good position resolution for back extrapolation of decay particles to
primary vertex plane

« thin high resolution detectors needed which are close to the primary vertex!

Tc+

few 100 um
> > K-

...... d

,,,,, -

..... -7
..... P

..... -

..... - -

..... - -

.... - .

-
-

.............................. e o= 1244 um
........................ 50 -

-

) y o

Measure &, K in

-

: 9 first detector at 5 and 10 cm
oG € =

)
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CBM — detector concept

- fixed target experiment, "medium" energies
— large solid angle to be covered

* high rate, multipurpose detector including open charm reconstruction

— fast, excellent tracking based on silicon pixel and strip detectors drives

directly behind the target and inside a magnetic field layout

— add particle identification afterwards (leptons, hadrons)

beam
P STS
055 €
3
4 C.Hohn



)h of open charm reconstruction

« STS — 8 double-sided Si micro-strip sensor stations (each 400 um Si equ.)
* MVD — 2 MAPS pixel sensors (300 um, 500 um) atz=5cm, 10 cm
* no K, mid.; p rejection via TOF; 2ndary vertex resolution ~ 50 um

« semi-realistic detector response

DO — K1, c1= 123 um D*— K, ct= 317 uym
‘g I ~ 1010 centr. ev. “© = 10° centr. ev.
=z  600F b7 eff=4.4% > 10 off = 2.6%
s & S/B = 6.4 (D%) < S/B =24 (D)
% 400_{‘*{# 2.1 (DO) % 1.1 (D%)
.§ B H‘##: D’ -§ »
s 2000 M, &
S0 e, 5
i ”
| L L g‘ﬁ'\-ﬁ.@- A 2o = Mm
1.5 2 m, . (GeVic)) u * m, (GeV/c)
102 minbias events =
~ 7k Dy + 20k D, ~ 12k D* + 26k D-

P4 25A GeV Au+Au

AP
[ ¢
PRas ¢
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Lo U% PO

llelization in CBM Reconstruction !

» fast event reconstruction is a must for CBM!

C. Hohne, Joint Helmholtz-Rosatom School for Young Scientists at FAIR , Hirschegg, Feb. 2011

DHELL Server with:

e Core i7/Nehalem 2x(Xeon X5550 4x2.66 GHz, 8 MB L3 cache)

Vector SIMD | MultiThreading | NVIDIA CUDA OpenCL
STS + + + +
MuCh + +
RICH + +
TRD + +
Vertexing +
Open Charm Analysis +

e DDR3-1333 36 GB main memory
e NVIDIA GTX 295 2x240 FPUs, 1792 MB
e optional LRB




Self-triggered readout electronics

« self-triggered readout electronics
» data-push architecture

» trigger evaluation with online tracking on large PC farm

The CBM Generic Read-out Chain
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ansors for the MVD

Monolithic Active Pixel Sensors
(MAPS, also CMOS-Sensors)

 Invented by industry (digital camera)

» Modified for charged particle
detection since 1999 by IPHC
Strasbourg

 Also foreseen for ILC, STAR...

> <€

‘ Best values reached Current
— —"— — CcOmMpromise
CBM MAPS* MAPS* MIMOSA-26
wish list (2003) (2009) Binary, @
Single point res. ~5um 1.5 um 1 um 4 um
Material budget <0.3% X, ~01% X, | ~0.05%X, | ~0.05% X,
Rad. hard. non-io. >10"3 n,, 10'2n,,/em? | >3x10"3n,, _
Rad. hard. io > 3 Mrad 200 krad > 1 Mrad > 300 krad
Time resolution <30 s _ ~ 25 s 80 us 3




iIcro Vertex Detecor (MVD) Development

Sensors

Cooling tubes (FEE) ‘

« first station 5cm downstream of
target
* high position resolution!

Read-out cables | 1
<

n n
— , |
- l

s - , 3
| |

351 mm

(Sensors)

———%= Cooling supporn |

Cooling tubes J

340 mm

first
demonstrator

v
.6
»@gg%

Monolithic Acitive Pixel Sensors
/4 in commercial CMOS process

24| CBM: 5 um single point resolution

4 C.Hobhne, Joint Helmholtz-Rosatom School for Young Scientists at FAIR , Hirschegg, Feb. 2011 74



dment of the Silicon Tracking System (STS)

BT ALY AEAY YAV

Wi
TN

STS in thermal
enclosure

Detector planes:

ultra-light weight ladder structure
POHE €
Qe

v

AN

L

". B

'f “l

'f "

X

“1

N\

AN 20 VA P

AN LAV

Sensor development:

double-sided micro-strips,
stereo angle 15°, pitch 60 um
300 uym thick, bonded to
ultra-thin micro-cables,
radiation hardness

Prototypes: full CBM
sensor, ultrathin cables
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RICH detector

aim: clean electron identification for momenta below 8 GeV/c,
robust and stable detector running at high rates!

concept: RICH with gas radiator (CO,), glass mirrors coated with Al+MgF,,
H8500 MAPMTs

Cherenkov threshold for pions in
CO, p=4.65 GeV/c

=Y
o o
T[T

- electrons

Radius [cm]
~N O
LT

6

5

4

3=

2=

1=

® 2 4 6 8 10 12 14

v p [Gev/c]

y 4
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RICH detector (ll)

event display of part of photodetector plane
green — track projections

~ 20 photons/ ring!

(_J:) e
= ’

L 8

S - B
ooy

blue — hits

red — found rings
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i - . P’y . — 6
Y e ¢ -.‘ o e J» or bwg® < < ' L
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g ey e Yy = 5‘-- generated photons
- vl
. . e eflected photons
PMTs with single photon AR
- i ~ 100 rings per central |  Mmeesuredphotons
counting capability! F 4 transmitted photons
[HE500C03, 1000V Au+Au collision at 25 |
700
okl || NrPhotons: 4236 GeVinucleon
photon ratio: 4.2 %
500 —
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RICH detector (lll)

testbeam measurements, labtests
of MAPMT H8500

.
LS ] 3

m X: Odeg(Z)
m X:90deg
u Y:90deg
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response in
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Relative gain [%]),
=
(=]

Iglll

|8ll

llgl

N
(=]

v o

i 5. A0 - | ALY - A%
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* glass mirrors: < 6 mm thickness, R = 3 m, Al+MgF, coating

» search for provider from industry with sufficient quality on surface
homogenity and reflectivity

* FLABEG GmbH, Germany: » Compas, Czech Republic

d=6 mm,ry,=3.2m d=3and 6 mm,r,=3m

size A =40 x 40 cm? size R=30cm

Coating: Al: d =70 nm (55) Coating: Al: d =80 nm
MgF,: d =90 nm (120) MgF,: d =30 nm
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Reflectivity measurements

 FLABEG: very good reflectivity between 400 nm and 270 nm
first drop around 250 nm: influence of aluminum oxide
second drop at about 180 nm: interference at MgF, layer

100 . : ——— ———— :
90} -
9 i
; 80} -
= -
§ 70} . -
“q_) X
60} ® mirror 2 -
A absorption AD, (1) |
50} - - - -interference MgF (2) -
i —— superposition (1) x (2)
40 1 \ 1 \ 1
200 300 400
Wavelengthi. [nm]

gv Measurements done in cooperation with CERN, A. Braem and C. Joram
»3os €
4
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Reflectivity measurements

 FLABEG: very good reflectivity between 400 nm and 270 nm
first drop around 250 nm: influence of aluminum oxide
second drop at about 180 nm: interference at MgF, layer
« Compas: good reflectivity in the UV, full range to be measured

100 . - . - .
90} i -
) O~ of o-g-o@_g;@_é .
S, s @ﬁé@
> 80P e :
> - f@ Compas mirrors :
§ 70 g —e— Compas, ]
© i preliminary data
60} 4 —o— state of the art -
%
i --o-- Flabeg -
50}° —0— -
L A 4
40 1 , 1 , 1
200 300 400
Wavelengti. [nm]
:%2 Measurements done in cooperation with CERN, A. Braem and C. Joram
> S <

2
©
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« FLABEG: very broad feature,

« Compas: D,=2.3 mm

4 mm

of curvature and surface homogenity

mirror

Point
most of the intensity in the oint source

background;
pronounced irregularities on CCD
the cm-scale

radius of curvature

—_———Ya

o/ )
(95 /o mtenSIty) at CERN — Carmelo D'Ambrosio

6 mm
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RICH — TRD - TOF development

« RICH and TRD detectors for electron identification
* large size time-of-flight detector (RPCs) for hadron identification
MAPMT H8500

fast readout electronics
double-sided TRD prototypes

testbeam

X,
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Entries / 8 MeV/c)

Entries / 8 (MeV/c?)

CBM feasibility studies

56K D° + 174K D"/10%central events

1000~ 100 events D'—>Km*
eff =4.4%
500 S/B=6.4 (2.1)
““"4
2
m, , (GeV/c?)

central rigger (1v )

60 51K A1/10' central events

A.— pKn*

muw M +N#W#;M

S/B=10.6
eff =0.21%

lllV

(GeV/cz)

» feasibility studies performed for all major
channels including event reconstruction and

semirealistic detector setup

di-electrons
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nge of di-electron measurement

« clean electron identification (m suppression = 10%)
* no e-ID in front of B-field and material budget of STS
 large background from physical sources (low-mass vector mesons!)

y-conversions in target and STS, n° Dalitz decays
— use reduced B-field (70%), use 1%o interaction target

— use excellent tracking and two hit resolution (< 100 um) in first pixel
detectors in order to reject this background

invariant mass background | — physical sources only

0.4 ——— =*, 7 MisID 1/100
0.35 —— %, MisID 1/1000
03

%, 1 MisID 1/5000
0.25
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Electron identification

- electron identification studies, N,,/ring ~22 (H8500, UV extended window)
» background: central UrQMD events, 25 GeV Au+Au collisions

« 104 it suppression with RICH + TRD for ~60% electron effciency

Efficiencies for primary electrons normilized to acc. rings Pion supression
——=— RICH (1.6e+02)

R F 10°F

-~ o C i ———fr——RICH+TRD (7.0e+03)
> - T -
o - w -
£0.9 o | | RICH+TRD+TOF (9.7e+03)

- B
- — n —
o
— = 2
= »n L
%0.8 S
‘a0t

TTTT

(=] o
=] ~
FTTT
tk L

10°

e

&
TTTT

b e

TTTT
-
’M

TTTT

————— ring finding (91.70%) 103

TTTT

~——+f——— RICH el id (86.18%)
———lie——— RICH+TRD el id (59.13%)

04 %
0.3
+h
"
/]

0.2

TTTT

[S. Lebedev, E. Belolaptikova]
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Low mass vector mesons

[T. Galatyuk]

invariant mass spectra in central Au+Au collisions at

« 25 AGeV (SIS 300): pt > 0.2 GeV/c

background dominated by physical sources (80%),
1%o int. target, 70% B-field

dN/dM,, / [GeV/c?]

25 AGeV: 200k events

All e*e
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25 AGeV

central AuAu

« electrons: p <13 GeV/c, pt > 1.2 GeV, 1% interaction target (25 um Au,
need segmented target for sufficient event rate)

« S/B ratio ~2.4 for 250 um Au target
« trigger: TRD standalone trigger feasible? full STS + TRD tracking

needed?
electrons: 4 1070 events
10°F
F 22 24 26 28 3 32 34 36 38 4
s, [A. Maevskaya] M, GeV/c?

»a :‘l«f <
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Experimental knowledge of the QCD phase diagram at high pg:

» evidence for onset of deconfinement

» medium properties? — medium influences seen: more data, statistics

missing — characterization of medium needed!

 evidence for critical point? — not conclusive

CBM@FAIR - high pg, moderate T:

 exploration of QCD phase diagram
at high baryon densities at SIS 100
and SIS 300 (2-45 AGeV beam
energy)

» together with HADES unique
possibility of characterizing
properties of baryon dense matter
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