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(s)QGP properties (LHC, RHIC)

Search for phase boundaries (STAR, SPS)
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Conclusion
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© QCD Lagrangian

1 _

— _ T e papy q (il o VYA’
LQCD — 4F,u1/F + Zﬂ:% (i D,uzg quz,j)?vbj
Fj, = 0uA% — 0,A% + gsf™°Ab A

Dyij = 0;0u — igsTi; Al

where

® g.is the QCD coupling constant

® fabc gre the structure constants of SU(3): [T3,TP] =i fabc T¢(a,b,c = 1,...8)
® Ajarethe 8gluon fields

® T,*are 8 ‘colour matrices’, i.e. generators of the SU(3) transformation
acting on the fundamental (triplet) representation:

the QCD Lagrangian is invariant under local SU(3) transformations:

8
P — exp (z Z Taaa(ac‘)) 0

a=1
1 8
AL — A% — Z 90— > fab A
s b,e=1
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@ Features of QCD

High energy behavior (large momentum transfers, small distances):

perturbative treatment possible
quark q

L S

vertex,
factor (4mag)

gluen g,

1/2
momentum @ /

quark q

Low energy behavior (large distances)
non - perturbative treatment necessary

1) confinement

2) approximate chiral symmetry
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.¢‘ Phase diagram of water
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555+ Phases and phase transitions

Thermodynamic description: choice of proper variables:

Control parameters = external variables for reaction system
= independent variables in thermodynamic potential

Q@@@ Temperature T,
Volume V,
(& @%@

Particle number N

Helmholtz free energy F: F=F(T,V,N)

dF =-SdT — PdV + xdN
Entropy S, pressure P and chemical potential u are system properties.
Relation between state variables is called Equation — of — State (EOS), e.g.

P — P(,O,T) p— particle number density
P P(g,T) g —energy density

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD
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Phase boundary

Nature prefers phase with lowest free energy F.

Quarks &
Gluons

F,

Phase equilibrium between 2 phases j=1,2:

dF‘T,v:Z'udej¥O = (P, T)=uP,T)
]

Neckarzimmern, 20.02.2015
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-5 QCD phase diagram —

K. Fukushima, C. Sasaki, Prog.Part.Nucl.Phys. 72 (2013) 99
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QCD — matter phases

History:

QGP concept
J.C. Collins, M.J. Perry, Phys. Rev. Lett. 34 (1975) 1373
N. Cabibbo, G. Parisi, Phys. Lett. B59 (1975) 67

Liquid — gas phase transition in nuclei

Theory
P.A. Siemens, Nature 305 (1983)

Experiments
(since ~1995)

New State of Matter (CERN 2000)

Perfect liquid (RHIC 2008)

Helpful conditions: large long-lived systems!

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD



Nuclei show properties of liquid -> ‘liquid — drop model’,
Bethe — Weizsacker mass formula.

NN — potential very similar to Lennard — Jones — potential.

-5 Nuclear liquid — gas - phase transition

5] T | T T i..-l..? T | T

P/P
r/T

Isobars

s Isotherms

Recent review:
B. Borderie, M.F. Rivet,
“Nuclear multifragmentation and phase transition for hot nuclei”,

Progress in Particle and Nuclear Physics 61 (2008) 551-601
Neckarzimmern, 20.02.2015
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Caloric curve of nuclel

J. Pochodzalla et al. (ALADIN), PRL 75(1995) 1040
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Description of phase transition

€

Phases are characterized by the presence of an order parameter that vanishes
when going to a different phase.

Order parameter

TIT,

0 02 04 06 08 1.0 1.2

Examples of order parameters:
Liquid gas — density difference of liquid to gaseous phase

Ferromagnet — spontaneous magnetisation
Superconductor —energy gap in electron excitation spectrum

Thermodynamic Potential (e.g. Free energy) is non analytic function of order parameter.
Ehrenfest’s classification of phase transitions:

Phase transition of nt" order = one of the nt" — derivatives of the potential
IS discontinuous, while all derivatives of lower order are continuous.

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD
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Critical exponents

Close to a critical point the thermodynamic behaviour of physical systems is universal and
depends within a universality class only on

_ T _Tc
Tc

Thermodynamic quantities show a power law behaviour:

t

Heat capacity: C ~ M‘“
B
Order parameter: M ~ ‘t‘
. ~ M” . . : :
Susceptibility: X Griffiths universality hypothesis
R.B. Griffiths, PRL 24, 1479 (1970):
M H L Critical exponents are universal
Equation — of — state: - ‘ and depend only on:

1) Dimension of the system
_y 2) Range of the interaction
3) Spin dimensionality

Correlation length: &~ ‘t

Note: Only 2 of the critical exponents are independent.

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD
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Nuclear liquid - gas phase transition

M. D’Agostino et al., NPA 724, 455 (2003)
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0.5

1.5

2

ANe/T

Fragment distribution
(Fisher droplet model 1967)

n,=q A" exp(_co_l‘?A ]

Universal critical exponents in the
vicinity of the critical point:

Au Liquid-Gas
T 2.110.1 2.196 £0.024
O 0.6620.02 0.647 £0.006

N.Herrmann, PI, Uni-HD
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How to produce a phase of QCD matter ?

Energy Stopping Hydrodynamic
Hard Collisions Evolution

Initial state

Dynamical Evolution

Thermalization ?

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 15



Relativistic Reaction Dynamics

_ K p, ..
K. e

Mid Rapidity

Hydrodynamic

Evolution Pre-Equilibrium

Phase (< 1)

a) without QGP b) with QGP

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 16



Theory: Thermal model

ChemiCa| thermal mOdel' P. Braun-Munzinger et al., arXiv:nucl-th/0304013
assume a common ‘surface’ at which all particles decouple (inelastic collisions stop)

Grand canonical formulation (i.e. energy and particle exchange with heat bath)

Partition function: 7 GC (T Vit ): Tr e/’{HZﬂqu}

Q, = conserved quantum numbers (baryon number, strangeness, isospin, charm,...)
B= 1/T, T= Temperature
H = Hamiltonian of non-interacting hadron gas

Grand canonical potential J: J (T,V,,uQ): —TlInz°®° (T,V,,uQ)

FTVON)=3(TV i )+ 2 i N,

Decomposition into individual hadronic species:

InZGC(T,V,y):ZInZiGC(T,V,y)

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 17/9



Thermal model for particle production

P. Braun-Munzinger et al., arXiv:nucl-th/0304013

Chemical equilibrium concept.

N, Taolnz, g p°dp

Density of particle species i: n. (e, T) = S —
’ 2 Ei—u
Vv V. ou 2r e T 41
Hi = pgBi + 1S+ 1y L5
“+” for fermions, “-” for bosons

g;,— spin degeneracy factor

Chemical potentials y, are constrained by conservation of qguantum numbers:

baryon number: VzniBi:Z+N 5V . .
i equations,
strangeness: VY'nsS, =0 u :> 5 unfnows
. _ 2 free parameter
charge: V¥, :%_)M“ p

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 18/9
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Chemical equilibrium

Example: SPS data, E,.,,=158 AGeV, Pb+Pb

P. Braun-Munzinger, |. Heppe, J. Stachel, Phys.Lett.B465, 15(1999) , nucl-th/9903010

g B . KK
T
= g o
o 1 - e AKg oM
A SR & T
rT B i thf AA -
.9 1_ A nm' pip Ath w \s .
£ ol v T s s
© S L i Kih L Qf=
o - TIA
+
10 — *
- ad 20/tn”"+n)
4 _
- —  model,
10 = + & experiment

Neckarzimmern, 20.02.2015

Model parameter:

Note: volume is not needed for
description of particle ratios.

T =168+2.4 MeV
Lty = 266+5 MeV
s =71.1 MeV
u, =-5.MeV

N.Herrmann, PI, Uni-HD
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New State of Matter created at CERN

10 Feb 2000

'.. a QGP-like state ..

Neckarzimmern, 20.02.2015

Press release 2000

http://press.web.cern.ch/press-releases/2000/02/new-state-matter-created-

cern

Based on a wnpublished) 'cOMmMonN
assessment' of results from ~ half
dozen experiments

collected & published over the
course of the SPS Pb program
(1994 - 2000)

http://arxiv.org/abs/nucl-
th/0002042v1

“The collected data from the

experiments gives compelling
gvidence that anew state of matter
has been created. This state of

matter found in heavy ion
collisions at the SPS features many
of the characteristics of the

theoretically predicted guark-aluon

N.Herrmann, PI, Uni-HD
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Signature of the “QGP” — phase

Thermodynamic behavior at freeze — out
Strangeness enhancement

J/¥ — production

Low — mass dileptons

Partonic flow

Jet — propagation in hot QCD — matter

N.Herrmann, PI, Uni-HD
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- RHIC press release (2005)

http://www.bnl.gov/newsroom/news.php?a=1303

RHIC Scientists Serve Up "Perfect" Liquid

New state of matter more remarkable than predicted -- raising many
new questions

April 18, 2005

Based on a (published) comprehensive
(re)analysis of the first years of RHIC
(2000 - 2004)

Nucl.Phys.A757:1-284,2005

These images contrast the degree of interaction and collective metion, or "flow,” among quarks in the +EMNLARGE
predicted gaseous quark-gluon plasma state (Figure A, see mpeg animation) vs. the liguid state that has
been cbserved in gold-gold collisions at RHIC (Figure B, see mpeg animation). The green "force lines” and collective

.. created a new state of hot, dense
matter out of the quarks and gluons ..,
but it is a state guite different and even

more remarkable than had been _ _
- predicted. sSQGP: strongly interacting QGP

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 23
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- ALICE @ LHC

Pb+Pb collisions at LHC (2011)
Vs = 2.76 ATeV = 574 TeV

R = 5kHz

interaction

N < 20.000

. particles

M 4
"-’?.'Hi;.!.g

—

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBEG93

Neckarzimmern, 20.02.2015



Particle Yields at LHC (ALICE)
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2 Tension Thermal Model / Data

* Incomplete hadron spectrum in the model

 Affects feed-down and hence final abundances

* Inelastic interactions in the hadronic phase
* May deplete baryons

» Havor ordering at freeze-out
» Different T preferred by s and u-d

* Non—equilibrium thermal model

» reflects equilibrium in the preceding QGP phase

Neckarzimmern, 20.02.2015

PRL 113, 072001 (2014)
arXiv:1405.7298

PRC 90, 054907 (2014)

PRL 111, 202302 (2013)

PRC, 88, 021901 (2013)

N.Herrmann. PIl. Uni-HD
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ﬁ J/¥ — production in HIC

production equilibration freeze-out

“low” energy |
SPS, RHIC

“high” energy
LHC

enhancement
Debye —screening:  »_ | :. '..
bo - ‘:i d
.
V(N=-—-=se® o 7,
3r s 61
F o LA

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 27



- J/¥ — production at LHC

Forward rapidity Central rapidity

ALICE Preliminary, Pb-Pb {5, = 276 TeV, L, = 70 b’ 1.4

, - ALICE, Pb-Ph 5, =276 TeV
m Inclusive Jy, 2 5=y=4, O=p <8 GeVic global sys=+ 14% r % ® [yl<09,p =0 GeVic, L _~15pb"
. — - ' * Cint
PHENIX (PRC 84 (2011) 054912), Au-Auys,, =02 TeV 12k PHENIX (PRL 98 (2007) 232301), Au-Au Em=02TeV

147

RAA
RAA

1.2F

FRELIMINARY

O Inclusive Jiy, 1.2<y<22 p =0 GeVic global sys=+92% ALICE O |yl<0.35,p >0 GeVic  global sys.= = 12%

'|- ']_— """""""""""""""""""""""""""""""""""""""
! LHC H
0.8f 081
g I ki H m
06F L[| ™ LHC 06f 1 H H
3 EEE = - ] H
s B & ! i
0.2F RHIC o & g O D.2:— RHIC
05500080 500 5E0- 300 35040 0"""50" 00 50 200 50" 300" 0 400

JI¥ — suppression much less pronounced at LHC (\/syy = 2.76 TeV)
as compared to RHIC ({/syy = 0.2 TeV).

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 28



Collective flow

Isotropic (radial) flow o  nep-phi040760
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"5 Scaling with Number of Quarks @ 200AGeV
[T rr rr [ rrrr [ 11 T T T T T T T T T T T T T T T T T T T T T T T[T rrrr T rrrr[rrrr[rrr
0.3 & *+1 (PHENIX) K3 (STAR) 1 A+R (STAR) N
i B K'+K (PHENIX) b p+p (PHENIX) [1=+Z (STAR) _loa

0.2 43’ baryon%ﬁ# CI,? ]
i : (#'-‘ 1 A mmmm ]
0.1 ﬁ 1 mesons -

| 1] |
0 1 2 3 40 1 2 3 4 0 0.5 1 1.5 2
p; (GeVic) m, - m (GeV) (my - r'n}.fnq (GeV)

In

Vs

—{0.05

mass ordering both axes scaled by number

of constituent quarks

quarks have v, before hadronization ny = 2 for mesons

S. Voloshin, QM02, 379¢ (2003) —_
STAR, PRL 95, 122301 (2005)  PHENIX, PRL 98, 162301 (2007) ng = 3 for baryons

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 30



J Hydrodynamical description of flow pattern

0.3 Hydro rrn;.:del ' =
0.2} — —
o

= | b
0.1— -

PHENIX Data STAR Data
O M * h'+h 1

2 Y K'+K A Kg
] I 1 S T—— O p+p ® A+A —_
1 1 | 1 1 i 1
0 2 4 6
p, (GeV/c)
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M.Luzum, P. Romatschke, arXiv:0804.4015

Perfect liquid
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Neckarzimmern, 20.02.2015

n/s=0.16

Hydrodynamics
local thermal equilibrium
mean free path << system size
succesfully describes flow data.

Magnitude of flow can be tuned by
viscosity / entropy density

Extracted n/s — value is much smaller
than for any other known substance:

0.8
2.1

He
H,O

at Te:

N.Herrmann, PI, Uni-HD 32



Viscosity and fluidity

Shear viscosity n T. Schéfer, Physics 2, 88 (2009)
F Friction force / unit area:
e ———
Y —  \/ (y)
x F Pa . s)
X e— A d LHe 2-101°

sQGP 5-10"H

mn mass density m - n
Re=| — |VvL length scale L
J)

n / n has units of h,
n is not conserved in relativistic fluid,
however: with entropy density s and s/ n ~ kB

Fluidity < large Reynold number

mn) |k
Ji S | Kg

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 33



- Nuclear modification factor R,,

. . K. Reygers, QM2008
Compare data from heavy —ion reaction to ygers, Q

scaled proton - proton data:

do
_ R — Py A+A
“Jet — quenching” AA T
do
PHENIX Au+Au (central collisions): Nco” )
-} [ | Direct y I pt
“ 101 A A P+p
- @ n
[ GLV parton energy loss (dN%dy = 1100)
i + No energy Y
_ Ve loss for y's
1 gl _____ _%t__f#_++# +__+ _+__+__ __..._.+_________ ___#_ __________
- + S . -~
I ??‘?‘ A2 + T A i Wg
10"} d
I RSN U SR S AR RN R /‘{"
0 2 4 6 8 10 12 14 16 energy loss

P (GeVic) forgand g
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Neckarzimmern, 20.02.2015

Jet quenching at the LHC

ALICE, arXiv:1208.2711

ALICE, Pb-Pb, |s, = 2.76 TeV
charged particles, | < 0.8

" = HT (Chen et al.) lower density
=== = HT (Chen et al_) higher density
o’ e HT (AM.) —
* wommn ASVY {TR}

=i YaJEM-D (T.R.) ]
=== €elastic (T.R.)large P _

@ ALICE (0-5%) === elastic (TR.)small P__
vennn WHDG (W.H.) 72 upper limit
_59, e
| W CMS (0 5| b e WHDG (W.H.) x° lower limit
[ [ I I TN N N AN NN AN M NN N N B

10 20 30 40 50
P, (GeV/c)

N.Herrmann, PI, Uni-HD
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Energy loss

P, (medium, jet)

Hard parton
Hard parton
Elastic (collisional) Inelastic (radiative)

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 36



Control experiment: p + Pb

- e e : £ 2:| T |-|-| | |-| ] T T T ] T T 1 |:
S ® h, Pb-Pb (ALICE} ® ,p-Pb |5 = 502 TeV, NSD (ALICE) | AP & minimum-bias p-Pb |'s,, =5.02TeV
Q: 1.8 A h', Pb-Pb (CMS) — % 1, Pb-Pb \s,, ~27GTeV010%(CMS)-_ 18__ . L. -]
_:D \s, =2.76 TeV, 0-5% <5 WY, Pb-Pb \ S = 2.76 TeV, 0-10% (CMS): r - charQEd IEtS ALICE Pre“rr"nary i
o 1.6 0 1 1.6 . ]
o v Z°,Pb-Pb | s, = 2.76 TeV, 0-10% (CMS) | Or anti-k;y R=0.4, | _ |<0.5 ]
&: L lab _
] 14 === charged hadrons, NSD, |r;rcms|=:{].3 _‘

1

: _I%H _____________________ 1.2

I normalization I uncertainty reference +

] Glauber (charged jets)
1 0.4
0.,..J,..,l....I...,I.“.I,...J..“t.,..I...,I.,.L
0 10 20 30 40 50 60 70 80 90 100 ) 0.20—— Izlol L |4|D| L ualol I Ialol I1t|m
p, (GeV/c) or mass (GeV/c?) p_orp. (GeV/c)
T T jet
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PP

(b) CMS MinBias, 1.0GeV/c<p <3.0GeV/c
T

R(An,A¢)

Neckarzimmern, 20.02.2015

55 2 — particle correlation functions

AA

3<p. <4GeVic gti-g:}: 2.76 TeV

2<pi<25GeVic

1.1

1.05~

C(A¢, An)

Jet = Peak — Bulk

N.Herrmann, PI, Uni-HD
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LHC discovery

(b) CMS MinBias, 1.0GeV/c<p <3.0GeV/c
T

(d) CMS N> 110, 1.0GeV/c<p._<3.0GeV/c

R(AnA¢)

LTS

s

= ffline — offline
CMS pPb ﬁ 5.02 TeV, N° e <35 . (E([j\SS pPb s = 5.%‘I§V, N 2 ZI.[Z!.kO ()
1<p <3GeVic ™ . ; 1<p <3GeVic .
.
N
~
N
N e AN 5
g |§ 0.20 4 TS A AT s
2 | ] AT e AR AR N <
z|5 018 SO s
| ey N
©13 0.16 | BRI °
= K. 5 kS !
- |_E "r“."‘.' AT\ i
2 RN
4 SN AT p
. ' ""6!6"’ ~ 4
2 > )
N -2 b“
-4

JHEP 1009:091,2010
arXiv:1009.4122

PLB 718 (2013)
arxXiv:1210.5482

Nearside ridge structure in high multiplicity pp and pPb events !

Neckarzimmern, 20.02.2015
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4

- Double ridge structure in pPb

4

Subtraction of 2 — particle correlations
measured in high — multiplicity and low — multiplicity events

PLB 719 (2013)
arXiv:1212.2001

"

iqp.nﬂ =4 GeVle A PP |G = 502 TRV
Z=p =<4 GeVic pPb 5, =502 TV 2=p_ =4GeVic pFb 5, =502 TRV 1<p .. <2GeVie e T 0205 - (60-1008)
1P e P e 1P, <2 6oV e B0 Py .

 60-100%

0-20% |

",

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 40



- Multiparticle correlations in pPb

Higher order cumulants remove all non — flow effects.

| T T T T | T T 1 I | 1 1 1 1 1 1 | I | | | | | | | | | | | | I | I |
- PbPb \s,, =276 TeV +  pPbys,, =5.02 &WS PAS HIN -14-006]
010 {}Sr-:p <30 GeVic,ipl <24 vy 0O O+ DS{p ::SDGE-WE ml<24
- .""-, O () 'n. =
I 0 - 1
L C} L, W ﬁ 'i'i‘ ‘__
- ' o L + g & © 00008 H
o t - @ S ™
- B T ,D - i
0.05}% O VA2, IAn>2) | O § o @
. o 0 Vo, - ] —
! 0 Vi) L & 38 -
i + V,{6} 1 [le
o ¢ V(8) |
i e V,{LYZ} 1 CMS Preliminary
Lo o b v v o o o e oy e b e
0 100 200 300 0 100 200 300
N;)ﬁline offline
rk Tk

Collective behavior in pPb observed, also at RHIC (STAR & PHENIX).

Where does it come from? oh

yﬂ
®

v

Neckarzimmern, 20.02.2015 X N.Herrmann, PI, Uni-HD
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Neckarzimmern, 20.02.2015

Back to phase transitions ...

N.Herrmann, PI, Uni-HD

42



Y
G502

0y
A

Chiral symmetry of QCD

Decomposition of states (spinors) W=y, ty, = %(1+ 7/5)// +%(1— 7/5)//

Decomposition of currents: j=yyty = (VR +, )y”(gyR +WL)
= [Ty e + T v T VT )
:(VRV#I//R ‘HVL?/#I//L)

u,d,s — quarks are massless on QCD — scale (1GeV).

Consequences for QCD with massless quarks:

Dirac equation: ( i)/"@ﬂ—m )W=O—)i7/”5ﬂl//=0
Interaction with vector field conserves chirality (— QED): 1y*D,y, =0
Iy,uD,uWR = O

L and R handed states do not interact.

New Symmetry group: SU (3)L x SU (3)R

Current quark mass breaks this symmetry explicitly.

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD
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55 Spontaneous chiral symmetry breaking

M [GeV/c’] N(1535) Exact chiral symmetry:
" a. (1260) . . .
E— all hadrons should exist in 2 degenerate parity states!
1o N(940)
(400— s Parit tor P =y°: R _l(l"' 5)
1200 arity operator P =y": L =5 \L+y
0.5 | 5
_ P =i1-y
T o) Plg; >=q, > ) 2( )
i P1g.>=qg >

1
Construct: |, >:—(|qR >J_r|qL >)
W2
Ply, >=+ly. >
Ply_>=-|y_>

These 2 states should have the same energy / mass.
This feature is not observed in nature,
Mass difference between chiral partners much larger than current quark mass difference

—=chiral symmetry is spontaneously broken.
() =(qLadr +0qra.) #0

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD



Analogy: magnetism < QCD

Heisenberg magnet (rotationally invariant):
Hiyt :gzgfé}
i#
Excitation modes: spin waves = magnons
Excitation spectrum is gapless.

(infinetely long wavelength corresponds to rotation of whole matter block,

rotation without external field does not cost energy)
Ground state characterized by " .
macroscopic magnetisation M M = <3r'>

M is modified by external magnetic field B:
Hi11t:gZ§f'§}+é'Z§f
i#] i
B breaks rotational invariance explicitely.

Due to presence of B is excitation spectrum
no longer gapless.

M=M(T), M vanishes above critical temperature.

Rotational symmetry is restored.

M is the order parameter of phase transition.

Neckarzimmern, 20.02.2015

QCD in chiral limit (m,=0)

Hadrons in QCD vacuum
Massless Goldstone bosons

Quark condensate <qq>
(Gq) ~ —(240MeV)® x Ny

Current masses break chiral
symmetry of QCD - Lagrangian
explicitely

Goldstone bosons acquire mass
(—>Pseudoscalar mesons,
Gell-Mann Oaks Renner relation)

A phase transition to
chirally symmetric state exists.

<qq> is order parameter.

N.Herrmann, PI, Uni-HD 45



1) All hadrons have well defined parity,
chiral JP doublets not observed.

13, (1270 MeV)

1 p (770 MeV)

2) Chiral symmetry spontaneously broken,
vacuum is filled with qg — condensate.

3) Goldstone theorem:

Any spontaneously broken continous

symmetry generates a massless boson
(— Goldstone bosons).

4) Characteristic mass scale of hadrons

1 GeV mass gap to quark condensate
pseudoscalar mesons are

Pseudo - Goldstone bosons:
n, N, and K

Neckarzimmern, 20.02.2015

1.0

mass (GeV)

=
(2]
l

Consequences of Spontaneous Chiral Symmetry Breaking

B:O B:'I
S=0 S=1 S=0 S=1
A
0 N AX
_T]’
pe@
i
1 K
pseudoscaler
T mesons (J™= 07)

‘ quark condensate <qq> ‘

N.Herrmann, PI, Uni-HD

" Gap u
A~1GeV
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« Chiral symmetry restoration of QCD

\4
(

L
R0

Chiral Condensate Chiral symmetry should be restored at

<qq> Reduction of vacuum value should be visible
1 already at moderate densities
- (— partial chiral symmetry restoration)
0.6 -
X Symmetry breaking pattern of
- o Chiral Symmetry of QCD
0.2 - 0% ¥y
- %
' "Q’Q. OSRREIRERRERS > 0
0 ._,_ ! (] ""0 0.0000:0‘000:0:0:0:¢::::¢ >
1 5 = "‘"‘""""""" 100 Gell-Mann-Oaks-Renner Relation:
/Py i 200 T[MeV]

m2f 2 :—%(mu +m, )<Gu +ad>+0(m§)

W.Weise, Prog. Theor. Phys. Suppl. 149 (2003) 1

mZ f 2 ——l(m +m )<Gu +§s>+0(m2)
initially: S.Klimt et al.., PLB 249, 386 (1990) kT = =5 My, s

T

sSpontaneous
symmetry breaking

explicit symmetry breaking

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD

sufficiently high temperatures and baryon densities.
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2 Order parameters in QCD

1.4
1.2 | —

1
0.8 |
0.6 |
0.4
0.2 |

0

at uz=0

120 140 160 180 200 220 240
T [MeV]

Order parameters:
chiral symmetry: Quark condensate (qq)
deconfinement: Polyakov loop ® ~ ePFq
with B=1/T, F, =free energy of free quark

Chiral and Polyakov loop order parameters show transition at the same temperature.

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 48
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Calculations for pg=0:

jump in energy density:

Neckarzimmern, 20.02.2015

Lattice QCD equation — of — state

16
14
12
10

O MR O @

100 150 200 250 300 350

Owe Philipsen, arXiv:1207.5999 [hep-lat]

T [MeV],

T. ~ 170 MeV,

400 450 500 530

SC - 07 GeV/fm3

N.Herrmann, PI, Uni-HD
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p&bﬁgﬁ
LI
»

Polyakov loop
response function

chiral susceptibility

Neckarzimmern, 20.02.2015

The QCD phase transition

different quark mass m,

A

m |- 0.02 |
m, |- 0.0375 |
m |- 0.075

0.02
0.0375
0.075

temperature

6/g°

L
5.40

deconfinement

chiral symmetry restoration

Susceptibilities not divergent
-> rapid cross over

N.Herrmann, PI, Uni-HD

51



- 5 Phase diagram

¢ |
T
O O w QG P
7)) — et
e T <
Lo
23S
- C
> 9 %—
£ 0o
o
5
Hadrons |
nuclear \ chirally restored
vacuum .A matter quark matter
/ i
‘ Liquid — gas phase transition
Lattice QCD applicable, No firm predictions available
deconfinement & x PT coincide From L-QCD for p>0,

—QCD — inspired models

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 52



- Location of the critical point

M.A. Stephanov, hep-lat/0701002
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Neckarzimmern, 20.02.2015
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N.Herrmann, PI, Uni-HD
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Excitation function of particle production

Central Au+Au collisions, 4r yields

C. Blume CBM symposium HZDR (2011)
L)

Low energies (SIS18): light systems only

e.g. Al + Al at 1.91 AGeV

P = L | || P rrrrl -
2 | AGSNA49  BRAHMS
10° =
0% E
m;— —~
L A (x 0.02) i
- = (< 0.1)
10-1,;_ F QO+ (% 0.2) 4
- /7 R (x0.02) E
102k f = (x0.02) |
10-3 ] | | L 1L I10l | 1 | | | 1 | |
1 10 10°
\[5, (GeV)

Neckarzimmern, 20.02.2015

10 F
: —$ T =72+3MeV
L ug =788:=10 MeV

L @preﬁminary
10 — ¥

: -3 BE
3 .
10 3| | | | | |

N.Herrmann, PI, Uni-HD
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Neckarzimmern, 20.02.2015

| b
‘% H
5 0 O

Andronic et al. & dN/dy
¢ 4rn

A Becattini et al. (4n)

O Letessier,Rafelski (4m)
I I 1 IIIIIII| 1 L1

Dumitru et al. (4m)
X Cleymans et al.

| [
L R 2

—

10 10°
Vs (GeV)

2 Excitation function of particle production

Limiting temperature

T=161+4 MeV

Note:
Limiting temperature first predicted

by
Hagedorn’s bootstrap model (1965)

N.Herrmann, PI, Uni-HD
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100

50

Chemical Freeze-out data

T. Galatyuk (HADES, CBM)

| [
Universe

I I
-

‘.l.l

Early

Quark-Gluon Plasma

.. D
)
o

Hadron gas * ¥

Neutron

Nucier Stars
II|\\\‘III|I\\‘ I|II‘

0

200 400 600 800 1000 1200
1 [MeV]

Neckarzimmern, 20.02.2015

Errors include systematic errors
(when given).

Data sources:

SHM . J. Cleymans: PRC 73 (2006) 034905,
A. Andronic PLB 673 (2009) 142

ALICE . J. Stachel, arXiv:1311.4662

STAR . PRC 79 (2009) 034909

HADES : NPA 931 (2014)

FOPI . PRC 76 (2007) 052203

Lattice : T.(mg) = 154(9) [1-0.0006(7) g% MeV

At lower energies
canonical ensemble has to be used.

Equilibrium yields as signature for
phase transition?

N.Herrmann, PI, Uni-HD 56



Equilibration times in hadronic matter

Naive estimate:

Neckarzimmern, 20.02.2015

3 collisions needed for equilibration (result from kinetic theory)

hadronic cross section: 0o=40 mb =4 fm?2

strangeness production cross section: =400 pb = 4 102 fm?2

1 1
i: pu— _3 2
noc 0.17fm™”.-4fm
r=Alc=15fm/c

mean free path

=1.5fm

time between collisions

pion __
minimal equilibration time T =49 fm/c

strangeness __
Teg =450fm/c

N.Herrmann, PI, Uni-HD S7



Chemical Freeze-out

A. Andronic et al., arXiv:0911.4806

,}—-..2[}[]_| I T T T [ T T T [ T T 1

0] 180 :_ ® Cleymans et al.

3 [ A Becattini etal. TI
- B Andronic et al.

Hadronic
—— E/N=1.08 GeV '

----- s/T’=7 ‘
20 — .
o percolation -
ot v v v v v e Ly 1w LIQUId Gas
0 200 400 600 800 1000
My My—

ug (MeV)
Speculation about the existence of a 1.order phase transition because of
apparent thermal equilibrium.

Quarkyonic matter — confined objects with color - interaction

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 58



40 r

2.0

0.0

Higher Moments of Yield Distributions
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Neckarzimmern, 20.02.2015

1) Higher moments of conserved quantum numbers:
Q, S, B, in high-energy nuclear collisions

2) Sensitive to critical point (¢ correlation length):

(ONY)= &, ((N))= &%, ((@N)')=¢&

3) Direct comparison with calculations at any order:

3 4

2
Sox48, ko'~ 2R
B XB

References:

- STAR: PRL105, 22303(10); ibid, 032302(14)

- M. Stephanov: PRL102, 032301(09) // R.V. Gavai and S. Gupta,
PLB696, 459(11) // F. Karsch et al, PLB695, 136(11) // S.Ejiri et al,
PLB633, 275(06)

- A. Bazavov et al., PRL109, 192302(12) // S. Borsanyi et al., PRL111,
062005(13) // V. Skokov et al., PRC88, 034901(13)

N.Herrmann, PI, Uni-HD
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Beam energy scan (STAR)

Net — baryon number
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Xiaofeng Luo et al. (STAR), Nucl.Phys.A904 — 905 (2013) 911

Higher order moments of N -

Skewness S <
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Kurtosis k K=
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v 1

Excitation function of fluctuation

: Au+Au Collisions _
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-5 HADES: Sub-threshold =

Ar+KCl reactions at 1.76A GeV

« =" yield by appr. factor 25 higher than thermal yield

» strangeness exchange reactions like

KY > 7 E (Y=AX) ?
2 [ T T T T T —
10 - o— ® Data, Vs, ,=2.61 GeV .
1 0 - T=75.8+2.1MeV, 1 =799.4+21.6MeV,
L _ b ]
7% R=22:0.2fm, R =4.1:05fm |
y o -1 ]
= 107" - . ]
> - '
107 e -
107 - | | ]
| \_/ +-

ApmnAKKKq):z

Neckarzimmern, 20.02.2015

production

G. Agakishiev et al. (HADES), PRL103, 132301, (2009)

10
S - '
W a2
+10
=
l[I] :
-3
10 ¢ PR R
(VSun = VS  [GeV]
s l| ...|2
1 10 10
s,y [GeV]
%
39 Bt N8
:> . <:: trapping of
ARXT * strange quarks
-l AAP in bubbles ?
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55 The structure of neutron stars

Quark Star Neutron Star

Surface:
Hydrogen/Helium plasma
Iron nuclei

Outer Crust:
lons
Electron gas

Outer Crus \ Inner Crust:

Heavy ions

Relativistic electron gas
Superfluid neutrons

Outer Core:
Neutrons, protons
Electrons, muons

Inner Core:

Neutrons

Superconducting protons
Electrons, muons

Hyperons (Z, A, E)

Deltas (A)

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

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD
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ceac‘ .
Equation — of — State of neutron stars
“““““ y Equation-of-state: Non-local SU(3) NJL with vector coupling
aaaa M. Orsaria, H. Rodrigues, F. Weber, Phys.Rev. D87 (2013) 023001
21 T T T T T T T T 1 C ] I L] L I L] -
,.l"--.._ L ]
e . A Quark/hadron ]
X - N mixed phase -
2.0F YRy PSR P = ]
QP MPY 16142230 | & |
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' QP e Pure quark
o - matter -
s 8 2 '
= = |
_ ol
——G,=0
1.7+ v
---- G,=0.05G, _g 0,01 E
------- G,=0.1G, = - ]
1.6+ Qﬂé u
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MP = MIXED PHASE
I MAXIMUMMASS ¢V o T v a4 o Nl e=ea p 7
S
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Neckal

Baryon density in HI - collisions
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- FAIR project (since 2001)

Hadron Physics
with anti-protons
of 0 - 15 GeV

—

Compressed Baryonic Matter with
35-45 GeV/u HIl beams, x1000

\

S
\ ey, 4’:,* '.__'\"\ - ; \ r/ &
h..\'.,{ﬁ :

Baan’’ 4 y /4 A4 | Nuclear Structure & Astrophysics
7/ 74 with rare isotope beams, x10 000
Plasma Physics: _ 4 / L and excellent cooling
x600 higher target ' _ AP

energy density 600kJ/g " 7"
— '_..- i

Special Features:
« 50ns Bunched beams
« Electron cooling of secondary beams
« SC magnets fast ramping
 Parallel operation | |

High EM Field (HI) .
Fundamental Studies (HI & p)
Applications (HI)

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 66
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52 Experiments exploring dense QCD matter

N.Herrmann, PI, Uni-HD
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CBI\/I Experlmental Challenges |

> 105 107 AU+AU reactlons/sec — = =
= determmatlon o] § (dlsplaced) vertices (0 50 um) =
> |dent|f|cat|on of leptons and hadrons s &
> fast and radiation hard detectors . =
| > free -streaming readout electronlcs '

> hlgh speed data acquisition and high performance
~ computer-farm for online event selection 1
> 4 D event reconstructlon

Jh f _“""-Q ) |5 ‘\\
iz i 1
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CBM — Detector Concept

Different detector setups for
muon & electron measurements:

1) Muon — setup

0) Core elements
dipole magnet
STS —silicon tracking system
PSD — projectile spectator detector
TOF — MRPC time-of-flight detector
DAQ — data acquisition
FLES —first level event selection

1) Muon setup
MUCH — Muon detection system
(active absorber)
TRD — tracking station

2) Electron/Hadron setup
MVD — Micro vertex detector
TRD — Transistion radidation detector
ECAL — Electromagnetic calorimeter

All core components designed with
self triggered FEE and free running DAQ
for 10 MHz interaction rate.

Neckarzimmern, 20.02.2015 N.Herrmann, PI, Uni-HD 69




prompt y

Hard probes
(initial state)

Neckarzimmern, 20.02.2015

Observables in HI — collisions

charm

.
8

thermal v ;-_;_&e"ﬁg.m,.r decay v

"]

resonance
decays
Penetrating probes Freeze-out

(integrate over collision history)

Relicts

(produced in dense phase,

sub — NN —threshold processes
are sensitive to medium properties)

Direct multi-strange hyperon production:

Pp > TK*K*p  (Ey = 3.7 GeV)
pp — QKKK (Eyy = 7.0 GeV)

(final state particles)

Thermalized (?) hadrons

N.Herrmann, PI, Uni-HD 70



% In —medium properties of light vector mesons

G. Agakishiev et al., Phys. Rev. C 84 (2011) 014902 D. Adamova et al., Phys. Rev. Lett. 91 (2003) 042301
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Phase transition observables (?)

R. Arnaldi et al. (NA60), PRL 100 (2008) 022302

~ 4000r :
© - In-In SemiCentral
= B Rapp/Wambach
% 3500 all P, Brown/Rho
. r dN Vacuum p
N 3000 < dnCh>=140 cockt. p (dashed)
@ - DD (dashed)
% C
= 2500
B C
= -
< 2000
1500(—
1000
500(—
0* o2 47 T g f T
0 0.2 0.4 0.6 0.8 1 1.2 1.4
M (GeV/c?)
; 350_ '
(1)) i NA60 In'ln . d"muons
S ] dN/dp30 l ¥ LMR, In-medium |
% 300 IMR, w/¢ DY
5 300] /
250 ,-"%i'ﬁ". ® hadrons [, p,®,d) |
200 ."‘." %+¢ T
150 +
100
0 0.5 1 1.5 2 2.5
M (GeV)

Neckarzimmern, 20.02.2015

NAG6O

In + In collisions at 158 AGeV (SPS)

Clean measurement of p — meson spectral function.

Slope parameter of transverse momentum spectra
in agreement with hadrons up to M ~ 1 GeV

Spectra above 1 GeV are conjectured
to originate from partonic source
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Experiment:
R. Arnaldi et al. [NAG0O Coll.],
Phys. Rev. Lett. 96, (2006) 162302,

Theory:

R. Rapp, J. Wambach and H. van Hees, in
arXiv:0901.3289 hep-ph

Signatures:

In — medium modification of hadrons

0.2 0.6 (0.8 1

M (GeV)
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in 1 -2 GeV range:
temperature of source
p —a, mixing

(chiral symmetry restoration)
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At SIS100 beam energies:

|nv

2 Exploring restoration of chiral symmetry

between 1 and 2 GeV/c? dominated by in-medium 4x

— p-a, chiral mixing

in-medium 4rx : R. Rapp priv. com.
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Correlated charm, Drell-Yan and
QGP contributions decrease with
decreasing beam energy

SIS100 energy range is well suited

to search for signals for chiral
symmetry restoration
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Strangeness

.
A
I. Vassiliev, E. Bratkovskaya (preliminary)
5M Au+Au central events/point _ 5M Au+Au central events/point
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HSD: Hadronic transport code
PHSD:Hadronic transport code with partonic phase (¢ > 1 GeV/fm3)
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Excitation function of particle production
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at 8 AGeV, 10° central events
Hyperon yields in CBM
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-5 Hyperons rates in CBM

« EXpected reconstructed yields for 4 weeks/energy min. bias
Au+Au with 107 beam ions/s (100 kHz events/s):

H
8.1-1010 3.0-105 | 6.6:107 | 6.0-10% | 3.6-105 | 1.2:103

1.6-1011 5.0-106 | 3.4-108 | 1.8-105 | 2.4-106 | 1.2-10%
2.1-1011 15107 | 6.6:108 | 3.0-105 | 7.6:10° | 6.0-10%
2.4-10ll 3.8107 | 9.6-108 | 2.0-10° | 1.3-107 | 1.5-10°
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2

(PPK?):

Strange baryon bound states

Kaonic molecules

T.Yamazaki and Y. Akaishi, Phys. Rev. C76 (2007) 045201
Y. Akaishi, T.Yamazaki, Phys.Rev.C65, 044005 (2002)
T.Yamazaki and Y. Akaishi, Phys.Lett.B535, 70 (2002)
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Decay by strong interaction

(ppK‘)—>A+ P

FINUDA M=2255+9 MeV, I'=64+14 MeV
DISTO M=2265+2 MeV, I'=118+8 MeV

Heavier clusters, e.g.: (pan‘)—>A+d
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Hypernuclei

Decay by weak interaction

Production in HI — collisions?
Recently: STAR, ALICE

Double strange hypernuclei?

N.Herrmann, PI, Uni-HD
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strange short-lived objects.

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

Yield (dN/dy) for 10° events

Multiplicity

| \III\I| | L1
10°

Ve (GeV)

Neckarzimmern, 20.02.2015

4 Strange baryonic bound states

Single and double strange hypernuclei in heavy ion collisions
Search for strange matter in the form of strange dibaryons and heavy multi-

H. Stocker et al., Nucl. Phys. A 827 (2009) 624c
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Neckarzimmern, 20.02.2015

Conclusion

Future: exploring the QCD phase structure with rare probes
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