Nuclear Matter physics at FAIR
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Facility for Antiproton & lon Research

FAIR is the largest upcoming
fundamental science project
worldwide this decade.

Forefront research in nuclear,
hadron, atomic, plasma and
applied physics.

e First beam in 2022

e 10 member states up to date
e 2500 - 3000 users

e Total cost ~1.6 Billion €
(German funds 70%o, rest
from international partners)

Germany
Russia
Finland
France
India
Poland
Romania
Slovenia
Sweden

UK (associated)

FAIR Signatory Countries




Facility for Antiproton & lon Research

Primary Beams | =

« 1012/s; 1.5 GeV/u; 23828+ A\
e 1019/s 238U%%* yp to 11 (35) GeV/u
« 3x10%3/s 30 (90) GeV protons S15100/300

Technical Challenges |
B | 3 -
« cooled beams

* rapid cycling superconducting magnets s N N Compressed
B ic Matt
» dynamical vacuum SYPRETEET N
TR P HAEOSK /4
ntl Proto
Secondary Beams f Prvsice W A
- radioactive beams up tO ¥V, Super Fragment-Separator:
1.5 - 2 GeV/u; up to factor 10000 @ Nuclear Structure and Astrophysics
higher in intensity than presently / ’
« antiprotons 3 - 30 GeV f" T~

Storage and Cooler Ringsj

- radioactive beams

» 10 antiprotons 1.5 - 15 GeV/c,
stored and cooled




Civil construction

The four most powerful drilling machines worldwide put down 1350 reinforced
concrete pillars of 60 m depth and 1.2 m diameter.
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Status of FAIR

2014
Announcement of a time delay and cost increase caused
by civil construction

2015:

Evaluation by an international committee:
» Recommendation to restructure the FAIR management,
» Confirmation of the FAIR science program.

Decision of the'FAIR shafeholders:
> Build Start \ersion within staged approach and a cost cap.
> No reduction of the scientific scope.

» Commitment for 2/3 ofmissing funding in June 2016
» Status review in 2019
» Commitment for 1/3 of missing funding 2019

Application for the construction permit for the SIS100/300
tunnel submitted end of 2015. Goal: first beams in 2022.
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FAIR Experiments

Rare Isotope beams
» Nuclear structure far off stability
» Nucleosynthesis In stars and supernovae




FAIR Experiments

')

Antiproton-proton collisions:

» Charmed hadrons (XYZ2)

» Gluonic matter and hybrids
» Hadron structure

» Double Lambda hypernuclel




FAIR Experiments

Atomic & Plasma Physics & Applications

» Highly charged atoms
» Plasma physics

» Radiobiology
» Material science




FAIR Experiments

" Nucleus nucleus collisions:

, /> Nuclear matter at neutron
[ __star core densities

7 » Phase transitions from
hadrons to quarks

——



Temperature T

Exploring the QCD phase diagram

‘Quarkyonic

. AY
Hadronic Phase %‘ ) Matter .
® R
Gas-Liquid \\ _----~= W, e o o
Nuclear .=-\"  cCrystalli Superconducung
Superfluid - Phases
ourtesy of K. Fukushima & T. Hatsuda Baryon Chemical Potential us

At very high temperature:
» N of baryons ~ N of antibaryons
Situation similar to early universe
» L-QCD finds crossover transition between
hadronic matter and Quark-Gluon Plasma
» Experiments: ALICE, ATLAS, CMS at LHC
STAR, PHENIX at RHIC




Exploring the QCD phase diagram
A

Temperature T
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At high baryon density:
» N of baryons >> N of antibaryons
Densities like in neutron star cores
» L-QCD not (yet) applicable
» Models predict first order phase transition
with mixed or exotic phases
» Experiments: BES at RHIC, NA61 at CERN SPS,
CBM at FAIR, NICA at JINR, J-PARC




Baryon densities in central Au+Au collisions

I.C. Arsene et al., Phys. Rev. C 75, 24902 (2007)
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Quark matter in massive neutron stars?

M. Orsaria, H. Rodrigues, F. Weber, G.A. Contrera, arXiv:1308.1657
Phys. Rev. C 89, 015806, 2014
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Messengers from the dense fireball:
CBM at FAIR

UrQMD transport calculation Au+Au 10.7 A GeV
- m, K, A, ...

p—e'e, Ty



100xQ/m

Pb+Pb, Au+Au (central)
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Strangeness
Data situation

HADES: Ar + KCI 1.76 A GeV
Phys. Rev. Lett. 103 (2009) 132301
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Mult./event

Strangeness and anti-strangeness

Multistrange (anti-)hyperon production
In HSD and PHSD transport codes at FAIR energies

|. Vassiliev, E. Bratkovskaya, preliminary results
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Strangeness at CBM

Observables

Excitation function of yields, spectra, and collective flow of
(multi-) strange baryons in heavy-ion collisions

Physics case
* Nuclear matter equation-of-state at extremely high net-baryon
densities

« Search for quarkyonic matter or for phase coexistence

Transport codes:

Multi-strange hyperon production via multl- O oroduction in 4 A GeV Au+Au -
step strangeness exchange reactions: -
10—4 N

Hyperons (s quarks):
1. pp —> K*A%, pp — K*Kpp,
2. p\N°— K*Ep, TmA— K*E-TI,

Y R
3.NN—-Ep, AK ->Enr

4. N >Qn EK>Qm o] S

'E-E-ﬂﬁ-' I

Antihyperons (anti-s quarks):
1. N K+ > =0 M MB MY BB BY YY
2. 8T Kt > Qf . HYPQGSM calculations , K. Gudima et al




Dileptons

Observables

Excitation function of yields, emitting source temperature and
phase-space distributions of lepton pairs in heavy-ion coIhsmnsd \t2

_ xof eS
Physics case o ANEPT o
» In-medium modifications of hadrons a‘?P\
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Experiment: = i . '
R. Arnaldi et al. [NAGO Coll ], 107 - £
Phys. Rev. Lett. 96, (2006) 162302, : . :
Theory:
R. Rapp, J. Wambach and H. van Hees, in 0.2 04 0.6 0.8 ' 1.2 1.4

M (GeV
arXiv:0901.3289 hep-ph 1(GeV)



Collective flow, correlations, fluctuations

Observables

» Excitation function of flow of identified particles

» Enhanced production of composite particles, multi-particle
correlations (spinodal amplification of density fluctuations)

» Higher moments of net-baryon and net-charge multiplicity

distributions

Physics case

e Equation of state
 Phase coexistence
 Phase transition
 Critical endpoint

Au+Au Collisions
Net-proton ]
D.4-=pT<2 (GeVic),ly|<0.5
0-5% ’
0 5-10% ]
= 30-40% :
& 70-80%

% J‘ d,] d:' o :
RN i
e STAR Preliminary -
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VS (GeV)
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Charm at CBM (S1S100)

Observables

Cross sections and phase-space distributions of open and

hidden charm in proton-nucleus collisions (p+A up to 30 GeV)

and nucleus-nucleus collisions (Ni+Ni up to 15 A GeV).

Physics case

e Charm production at
threshold energies

e Charm production in
cold nuclear matter

e Charm propagation in
dense QCD matter
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Observables No datd
Hypernuclel, strange dibaryons and massive strange objects
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Experimental challenges

Particle yields in central Au+Au 4 A GeV
Multiplicity ~ Statistical model, A. Andronic, priv. com.
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Experiments exploring dense QCD matter

high
net-baryon
densities
g 1075 CBM
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identification of leptons and hadrons |
fast'and radiation hard detectors and FEE
'frée—_streaming readout electronics

high 'speed data acquisition and high performance
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4 D event reconstructlon _




Experimental requirements

HADES Dipol Silicon
p+p, p+A Magnet Tracking

A+A (low mult.) System

pectator
Detector




Hyperons in CBM at SIS100

Example: Au+Au at 8 A GeV, 10° central collisions (UrQMD)
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— > 0=5.2 MeV/&
S/B =6.92 ENG%

Hyperons in CBM at S1S100

Entries

Au+Au at 10 A GeV o
5-10° central collisions - "

(UrQMD) ok 12 14
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Hypernuclei in CBM at SI1S100

Invariant mass: °H, — *He + |

Au—+Au at 10 A GeV

| Invariant mass: ‘He, — *He + p + 1 |

M. . GeVic?

- ~, 160

- Integral 1157 % - |Integral L +

= p0 100.7 < 140 Ef 2;22

C i 2.992 & 120 | p2 0.001313

— pg 0.00;;23 - C o |p3 102.1

- P : —

- pd 6220 £ 100t p; 'f;'i

- p5 1005 W ogo 2

:_ Eff. = 5.2% 60— ——

- + 1 S/B(20)=4.2 40 S/B(20)=0.7

g Y. S

C * ++ |J:.l...l...'.l...l...|...|...|...|...|...|.

T A R A - Tl A o i s 386 388 3.9 392 394 396 398 4 402 404
_ . GeV/c?

9 292 294 296 298 3 3.02 3.04 3.06 3.08 3.1

M, . GeVic?
| Invariant mass: 3Hﬁ —d+p+mn I

- integral 2148 Hyper M BR | ¢ | Yield/week

— po 223.3 .

- P 2.992 nuclei | central % central

| p2 0.001596

E = = A3H 2.102 | 0.6 | 7| 4.6-107

C 5 -2240

2 | s 5H | 6-10° | 0.36 | 1| 1300

- Eff. = 9.5%

— S/B(20)=7.5 o

- central collision rate 100 kHz

E | | Cotd | | BR = 36% for double Iambq;i\

9 292 294 "3 3.02 3.04 3.06 3.08 3.1

hypernuclei is a guess



Reconstruction of a multistrange di-baryon

Signal: strange dibaryon Background:

(E9A), = AA (cr=3cm) central Au+Au collision
M= 10°%, BR = 5%

32 A per central event
11 A reconstructable

10" central

7~ C
—S| i 6 =3 Mev/c?
< 10°: ﬂ {E'A}, S/B ~ 200
— i £=0.37%
=?)
T 10°F
= E
é B

10%

10 :

22 24 26 28
m._ (GeV/c?)

mv




Open charm in CBM at SIS100

e Charm production cross sections at threshold energies
e Charm propagation in cold nuclear matter

30GeVp+C
DO KT D SKTTTT
> 1125 D' W 300 617D |
2 > |
= A0 - : |
g ' < 200 .
oy oD 5
ks . + 290 D
: ;P |
& T 100" M
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Open charm in CBM at SIS100

e Charm production and propagation in hot nuclear matter
e D multiplicities from thermal model (V. Vovchenko)
e 2 weeks Ni+ Niat15A GeV: 260 DO, 45 DO

10" Ni+Ni 15AGeV
IR = 0.1 MHz

[—y

&

&
|

€=1.74%
S/Bg = 0.8(0.4)

Entries(dMeV/c?)
&

22 24
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Experimental requirements

Ring i ‘

. Silicon Imaging '
Dipol Tracking Cherenkovi '.T.\‘\
Magnet\system A W) Transition
M Radiation

pectator
Detector Detector



Electrons in CBM at SI1S100

91 0-2 E_, ________ T T T
';?—.J - central Au+Au at 8 A :
1 0-3 . Ge _________________ (]_OOkevents) __________________________________________ E 8 A Gev

12x10% ® in 2 weeks

Simulation:
Signal yields from HSD
Background from UrQMD




Muons in CBM at SIS100

Simulation: Signal yields from HSD, Background from UrQMD

central Au+Au at 4 A GeV central Au+Au at 8 A GeV
Si0sL  2x10° @ in 2 weeks S105. 2x10° o in 2 weeks
o F (approx. NA6O o = 4&.‘”\.
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Hidden charm in CBM at SI1S100

central Au+Au at 10 A GeV
30 GeV p + Au
—~20X10%
“g %13-
g1 J/IY - p+p- 216 J/Y — p+p-
§ 814
8 10
10° ol
6
107° d
25 3 35 4 ol
m,,, (GeVI/c?)
. ey | i
93 2.9 3 3.1 3.2 3.3 3.4

m,,, (GeV/c?)

1000 J/yp in 10*? events (1 day)

(multiplicity from HSD) 1000 J/y in 1023 events (10 days)
(multiplicity from HSD)



CBM Technical Developments

SC Magnet: JINR Dubna Micro-Vertex Detector: Silicon Tracking System: Darmstadt, Dubna, Krakow,
Frankfurt, Strasbourg Kiev, Kharkov, Moscow, St. Petersburg, Tubingen

B

MRPC ToF Wall: Beijing, Bucharest, RICH Detector: Muon detector:

Darmstadt, Frankfurt, Hefei, Heidelberg, Darmstadt, Giessen, Pusan, Kolkata + 13 Indian Inst.,

Moscow, Rossendorf, Wuhan St. Petersburg, Wuppertal Gatchina, Dubna

Transition Radiation Detector: . . DAQ and online event selection:
Forward calorimeter: )
Bucharest, Dubna, Frankfurt, Darmstadt, Frankfurt, Heidelberg,
) - Moscow, Prague, Rez
Heidelberg, Minster Kharagpur, Warsaw
= :- .I'_“_,_ = - - < -

¥ | TTErT
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Facility for Antiproton & lon Research

e 10°/s Auupto 11 GeV/u
e 10°/sC, Ca, ...up to 14 GeV/u

e 10'/s p up to 29 GeV FAIR phase 1

FAIR phase 2




The CBM Collaboration: 60 institutions, 530 members

Split Univ.
China:
CCNU Wuhan
Tsinghua Univ.
USTC Hefel
CTGU Yichang

Czech Republic:

CAS, Rez

Techn. Univ.Prague
France:

IPHC Strasbourg

Hungary:
KFKI Budapest

Budapest Univ.

Germany:
Darmstadt TU

FAIR

Frankfurt Univ. IKF
Frankfurt Univ. FIAS
Frankfurt Univ. ICS
GSI Darmstadt
Giessen Univ.
Heidelberg Univ. P.1.

Heidelberg Univ. ZITI
HZ Dresden-Rossendorf

KIT Karlsruhe
Munster Univ.
Tubingen Univ.
Wuppertal Univ.
ZIB Berlin

India:

Aligarh Muslim Univ.
Bose Inst. Kolkata
Panjab Univ.
Rajasthan Univ.
Univ. of Jammu
Univ. of Kashmir
Univ. of Calcutta
B.H. Univ. Varanasi
VECC Kolkata

IOP Bhubaneswar
1T Kharagpur

T Indore

Gauhati Univ.

BAE ?

Korea: Russia:
Pusan Nat. Univ. IHEP Protvino
INR Troitzk
Poland: ITEP Moscow
AGH Krakow Kurchatov Inst., Moscow

Jag. Univ. Krakow
Silesia Univ. Katowice
Warsaw Univ.

LHEP, JINR Dubna
LIT, JINR Dubna
MEPHI Moscow

Warsaw TU Obninsk Univ.
] PNPI Gatchina
Romania: SINP MSU, Moscow

NIPNE Bucharest
Univ. Bucharest

St. Petersburg P. Univ.
loffe Phys.-Tech. Inst. St. Pb.

Ukraine:
T. Shevchenko Univ. Kiev
Kiev Inst. Nucl. Research

26" CBM Collaboration meeting in Prague, CZ

14 -18 Sept. 2015

|

Scientist fraction, CBM

France, 01%

Other, 13%

Germany, 31%

Russia, 27%

Romania, 06%



Summary

 The experiments at FAIR address fundamental questions In
hadron, nuclear, atomic and plasma physics, and explore new
fro‘s in material and @ysms

IR.accelerators are high-intensity

© multist range hyiggroﬁs hy | nd
beam energles and collision sygf,_;
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