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Heavy-ion collisions and QCD phase diagram
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Heavy-ion collisions and QCD phase diagram

Probe baryonic interactions at low energies
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Resonance contribution to dilepton yield
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Resonance contribution to dilepton yield
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Resonance contribution to dilepton yield

— 1 T 1 Idate{ ] Excess in the p-region
p+p @ 3.5 GeV o jiotal — | p production via baryonic resonances:
10" ] enhanced population below p pole mass
g § due to decay kinematic constrains
L e
% 100 5;' E YL e
% : ] R 4/}? o p. o ..
1 -l.
S 11t | N
£V |
9 i
O IJr Lessons:
-2
10° & E
i Resonance contributions changes
| spectral shape (and yield)
3
10 £

0 02 04 06 08 1
dilepton mass m,, [GeV]
Eur.Phys.). A48 (2012) 64

GiBUU simulation: J. Weil et al, EPJA48 (2012) 111



Resonance contribution to dilepton yield
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Strangeness production at SIS 18

Elementary collisions Heavy-ion collisions

- Accumulation of energy in multi—step processes

NN — NK"A (E,, =1.58GeV) - Strangeness exchange reactions + potentials

NN — NNK*K~ (E, =249GeV)
NN — NNg¢ (E, =2.59GeV)

thr

endothermal in vacuum!

- In-medium potentials
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Main players at SIS18
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Strangeness production (common wisdom)
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Different inverse slope parameters

Conclusions:

- Production of K*/K" coupled
“Strangeness exchange dominant for K
“Later freeze-out of K" compared to K,
due to coupling to baryons”
“Strangeness production in HIC is very

different from that in elementary
interaction”



Enhanced ® production at low beam energy

K- production a closer look: ®/K-

First indication from FOPI
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See also new data from FOPI in:
Phys.Rev. C91 (2015) 5, 054904



K- production a closer look: UrQMD tuned
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K- production a closer look: UrQMD tuned
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Statistical model

Particle production from a homogeneous
Eur. Phys. J., A47(21)
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- Fits at low beam energies based on limited
number of particle species

How will it work for more particle species in Ar+KCI?



Statistical model: Ar+KCI@1.76A GeV

Eur. Phys. J., A47(21)
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Statistical model: Ar+KCI@1.76A GeV
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Statistical model: Ar+KCI@1.76A GeV

Eur. Phys. J., A47(21)
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Statistical model:
AutAu@1.23A GeV
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Statistical model:
AutAu@1.23A GeV
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N\: spectra and y-distribution

(Yl)—101‘Ellll]lllrllllllllllliTlllvlllg
P, E —@— 07<y<038 (x10% E
NO 10" —@— 06<y<07 x10) H
- . —0— 05<y<06 (x10%) ]
> 4o :
) =3 —8— 04<y<05 (x10)
E : —@— 03<y<04 (x10% .
9
~ 10 E- —0— 02<y<03 (x10
[ — =
ol —@— 01<y<0.2 (x10%)
’ ~ 10 e -
— ::: - 3
> F “e- 3
©_ 107 - o
- E’E_ - ° 35
E F - ]
T 100 - & =
~— 8 =9 . =
~— = =@ - -
< 10 e e 3
(9| E —o— e =
© SN —8= e 3
~ - - - -
~ 10'F e -0 =
X F . e
- - o
103 | S ®- - -
C\tE*a E ~®=_ o3
- o< - 1
~ 10° ~a_ .~
- o
S— - _
S
10 .-
- -
. -
1 ‘e
-

10-1 |111111111111111111111111_1.-1-11

0

100 200 300 400 500 600

m-m, [MeV/c?]

60

40

20

-1.5 -1

[ —@— A (measured)

©— A (reflected)

' %359
L * s
B o° %
’ .
§ ’ \\‘
— l’,' \‘
T =90.4+52MeV.
L

L Ta) =
- o cosh(y)

i

I £

-~

Lo by by by
-0.5 0

II‘IIII‘II‘

0.5 1

rapidity y__

PhD T. Scheib

0.01

0.005

QO

- —¢— A (measured)

- —b— A (reflected)

L *

- F O

N ¢ O

[ o “‘)

E . &

n 4 o

E é ,

[ : - +2.8 . 3

- N =29.3 55 (x 107)
1.&411’[]\\‘lllll‘\\lllll\\“I‘I~l-l.l
1.5 -1 -05 0 05 | 1.5

rapidity ycrﬁ



Centrality dependence
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Statistical model: Au+tAu@1.23A GeV
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Statistical model: p+Nb @ 3.5 GeV



Statistical model: p+Nb @ 3.5 GeV
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Statistical model: p+Nb @ 3.5 GeV
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Statistical model: p+Nb @ 3.5 GeV
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=" production in Ar+KCl @ 1.76 GeV
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=" production in Ar+KCl @ 1.76 GeV

RVUU transport model
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Che Ming Ko et al. Phys.Rev. C85 (2012) 064902



=" production in p+Nb @ 3.5 GeV

Phys.Rev.Lett. 114 (2015) 21, 212301

S p (3.5 GeV) + Nb
Q 100 = signal (+5.0 MeV) = 90 + 18 10 -1
= signal/bg = 0.39 -
IQ 80 significance = 5.0 E
N + + Gauss: integral =91 + 21 .
< 60 \h mean = (1317.4 £ 0.6) MeV | g™ -
- . 21 2
— o = (2.4 +0.5) MeV
' 40_ + 10 E_ af
b * = - § 10 ¢ ¥ THERMUS
= 204 " i E ¢ GiBuU
© ' ; [x] i ‘0 -4
~ " '-'-. Lot -3 -
Z 01. | | | | 10 B i *
o] 1300 1350 1400 1450 g X & i UrQMDv3.4
M. - [MeV] i R =25 o o5 i
AT \E; -\s,,, [GeV]
Subthreshold =" production in p+Nb collisions at : ‘ -
1 10 10 10
E,...= 3.5 GeV SVs-Vs, =-70MeV Vsyy  [GeV]

Parameterization: f(x)=C(1-(D/x)°)"
Excess already present in cold nuclear matter!
Reference



=" with tuned UrQMD / constraining the resonances

J. Steinheimer and M. Bleicher, arXiv:1503.07305

Ca+Ca/Ar+KCI E = 1 76 A GeV b<5 fm; full acceptanoe

100‘K/ar ‘ Kin 1 KK '*/A Y . | J10°
! D Eln | 3
E | | - ®4]

10" | ; { - 4107
i nes i i WK

102[D @A |  $anen i 1107

10°L l | n | 1 10°
OeAh ; ~

10°E | | : | ‘l’ 410
- 4 HADES data | 'O | 3

10t O UrQMD with Y+Y exchange ! ! 410%
F A UrQMD with new decays ! | | 3

10-/ 1 i 1 ] 1 ] 1 ] 1 | 1 i 1 10-1

Increased hyperon-hyperon cross sections
not sufficient to explain =-/A ratio

Increased N* branching ratios can explain it.
Resonances!
Not included in Thermus!



=" with tuned UrQMD / constraining the resonances

J. Steinheimer and M. Bleicher, arXiv:1503.07305

10"
107
10°
107
10°

10°*

107 L

Increased hyperon-hyperon cross sections

Ca+Ca/Ar+KCI E = 1 76 A GeV b<5 fm; full aoceptanoe

‘K/n K 1 KIK

' |
w/A . Eln | 3
- | | 1 - ®4]
! | | | | | | -
E ! | 5 ! L WK 3
neal O%4 ¥
E \ \ ‘ f \ \ 3
. A DeA 1
s | | | | ]
‘ | o | |
3 ‘u ’A‘ ‘ ‘ 3
‘ ‘ 1 Al ]
| | I S
| | | |
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- 0 UrQMD with Y+Y exchange 1 ! 4
£ A UrQMD with new decays | | 3

not sufficient to explain =-/A ratio

10°
10"
107
10°
10

10°

1107

Increased N* branching ratios can explain it.

Resonances!
Not included in Thermus!

Inclusive measurements in p+p

Resonance contributions to final state
can be constraint by e.g. angular
distributions

p+p -> KO+Atp+rtt

C\/I’O: /\-Cutl |H\—«Il—/experimenltal data
S sum of contributions
g 208 H J( ------ prp — A+b D |
= J[ J[ —— p+p —> £(1385)"+p+K°
N +J[+ JH( K? sideband
2 1ok -~ -
Z Py
© ft o Tt

10000 1 1.00 | 1200~ -1 300 140-””"1-500

M(p,m*) (MeV/c?)

Phys. Rev. C 90, 015202 (2014)



Hypertrition search with HADES

Protons

Lambdas

Ni+Ni 2A GeV b<3.3 fm




Hypertrition search with HADES (Ar+KCl)

o )
< 10°F = v
> L g
> N N oo
~— :k : E
S ﬂ -
@ wE 3 E
c | O
5 ~ } 10°
@) -
O * : 00000200 a0 {800 1800 2000 200 '2:025
10k M/q [MeV/c
2—9156 = 1130106 = l30150 3110(l) = 113115(1) = 2132106 = 52150 3300
M. . [MeV/c?]
Upper limit: Future plans:
My — 1.04 x 10-3 Investigate Au+Au @ 1.23 AGeV data
UL = A (lower energy but heavier system)
3 He/A < (2.5 + 0.3) x 10—2 and 3 body decay channel

Eur.Phys.). A49 (2013) 146



Summary
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K ° HADES preliminary -..e---UrQMD, Au+Au,
central, |y|<0.5
© Data

-

“Strangeness exchange dominant for K
“Later freeze-out of K compared to K*,
due to coupling to baryons”
“Strangeness production in HIC is very
different from that in elementary
interaction”

’ 10 ——
Not necessarily, new data on @ production VS [GeV]
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“Strangeness exchange dominant for K
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K ° HADES preliminary

“Strangeness exchange dominant for K
“Later freeze-out of K compared to K*,
due to coupling to baryons”
“Strangeness production in HIC is very
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Statistical model (T,u;,R,,R):

test with central Au+Au data in the future




K- & ADES profminary
“Strangeness exchange dominant for K
“Later freeze-out of K compared to K*,

due to coupling to baryons”
“Strangeness production in HIC is very
different from that in elementary MR s e

interaction” | QI o .
Not necessarily, new data on @ production Vsyy [GeV]

-
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Statistical model (T,pg,R,,R): | ‘ 0

Exp/THERMUS

4 HADES data

test with central Au+Au data in the future | sl @ UrGHD i ¥+ erchemgo

A UrQMD with new decays

Transport:




K- [ aDES prtiminary
“Strangeness exchange dominant for K™”
“Later freeze-out of K compared to K*,

due to coupling to baryons”
“Strangeness production in HIC is very

different from that in elementary | e
interaction” RERE R .

\% [GeV]

Not necessarily, new data on @ production

= I Kl KK EIA | A
néa
_ _ $200a
Statistical model (T,u;,R,,R): '
% 4@ HADES data

test with central Au+Au data in the future ' & U i+ exchange

A UrQMD with new decays

Transport:

Search for hyper-matter:
yes, we can Sl i Wiy




K- : ‘ HADES prelimina;'y
“Strangeness exchange dominant for K™”

“Later freeze-out of K compared to K*,
d . 7

Hadronic Phase ' Quarkyonic ™~~~ . _

\

. Regime =
| 28C
Liquid-Gas ‘, Crystalline States
Color Supercor

Nuclear Superfluid Chemical Potential g |

1OE .
...................................

yes, we can Ve [MoVicH




The HADES collaboration

Thank you for your attention



Back up



Au+Au @ 1.23 A GeV:

Lower energy and heavier system

Complete strangeness production below NN-threshold
(production and propagation)

NN — NK*A (E, =158GeV)
=249GeV)

=2.59GeV)

thr

NN — NNK'K~ (E

thr

NN — NNg¢ (E

thr




In medium modifications by resonances

Chiral condensates can only be related to the integral over hadronic spectral
functions by QCD sum rules: — spectral function constrained but not determined

Hadronic models needed to predict hadron properties inside the medium

Additional contributions to particle self energy by coupling to resonances

inside the medium:

Example: p meson

N-I

Probe: dilepton decay

Observable: Lineshape modifications

Example: K- meson

Y*
()
_/
N-1

Probe: direct reconstruction of hadron

Observable: Production yields
(steep excitation functions)
and phasespace distributions



Thermalization? Au+tAu@1.23A GeV

Momentum Evolution (N_,, 2 3)

AuAu at 1.23 AGeV (Central Cell)

S, TECHNISCHE
| ﬁ“l UNIVERSITAT
-

.7 DARMSTADT

7 =2 fm/c 7 =3 fmic T =5fmi/c |
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-.03 Aié z’ . : 31800 'f N >3 _.(2 Q&'Z% N -3
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pz (GeV/c] pz [GeV/c] pz [GeV/c]

» Number of collisions a particle experiences is accumulated during the

whole fireball evolution

Master Thesis F.Seck



Performance: Secondary vertices

First observation at such low energy
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Neutral kaons: spectra and y-distribution
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Charged kaons: comparison to other experiments

%107

-+ Ar+KCI HADES

40_ —W- C+C KaoS

S— Ni+Ni KaoS

+ —A— Au+Au KaoS

—A— Au+Au HADES # %] + J( Y

20+ %

1.2 1.4 1.6 1.8 2
[AGeV]

K/K

Beam

#First observation at such low energy # ratio at mid-rapidity
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T, [MeV]

150

phi fopi

100

50

I

T I T T T ] T T T I T T T I T EI T l
- O 1 source '

2 sources: K from ¢ decays
2 sources: direct K~

e KaoS, K*
= KaoS, K

02 04 06 08 1

ylab

Phys.Rev. C91 (2015) 5, 054904




K*: Phase space coverage
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K™ : Phase space coverage
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counts per bin

Nch

Centrality selection
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Ar+KCl: vector mesons

w-meson:
subthreshold + electromagnetic
decgy«hannel: 50 million events for

"T_bné wl! I LI I I 1 LI | I I I I LI ] LI LI | ]
S|
o
> s Ar+KCl 1.76A GeV
= Hr M, = 0.770+ 0.011 GeV/c
3 M|\ 6, =0.0220.010 GeVi/c?
% i ‘ | No/N = (1.9£0.8) x 10°
Z | \f
-O 1 B Ly "\b ’ |
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Z - + T i }
O —I P I TR T T T |7 -l I ‘1}7'1““1 o 8 —
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M., [GeV/c?]

¢ — K*K™, multiplicity: (2.6 £ 0.7)
104
w — e*e”, multiplicity: (6.7 £ 2.8)
103

®/w ratio:
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reactions due to OZI rule
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>> R/, In NN and 1N reactions !

Impact of other channels besides NN
and TN ? (e.g. pN, p4, ...) Effect of the
medium?

G. Agakishiev et al. [HADES Collaboration]. Dielectron production in Ar+KCI collisions
at 1.76A GeV. Phys. Rev., C84(014902), [arXiv:1103.0876 [nucl-ex]]. 2011



Statistical model

Eur. Phys. J., A47(21)

I I I

200 — @ RHIC/SPS/AGS (a) —
ﬁ /\ RHIC/SPS/AGSI/SIS (b)
150" @ﬁ& -
= 400/ -
- 33
..
.

50 £ s

| | | | |

% 200 400 600 800 1000 1200
u, [MeV]

Particle production from a homogeneous source:

.y —FE: Lq;
Pi,q / ])2(1]) exrp ( i T M 11,)
| 0 kT

Grand canonical ensemble

Quantum numbers conserved on average using chemical
potentials

Parameters: T, p= pg K Ky Vv
(usually ., and M are constrained from initial conditions)

- Measurements at different Vs line up in a
hadron freeze-out curve (E/N=1 GeV)

Data sample a) Andronic et. al. (Grand canonical T, )
Data sample b) Cleymans, Becattini (Strangeness canonical+y)



Statistical model at SIS energies

Strangeness canonical
(exactly conserved)

Yields reduced (canonical suppression)
» Not enough to explain data:

 Strangeness has to be conserved exactly
in a volume smaller than the volume
of the system (radius: R. <R)

e Empirical under-saturation parameter (ys)

* d» meson (hidden strangeness, not
canonically suppressed) P—

In the strangeness canonical ensemble
Mg constrained by:
n/p, K*/K- (due to strangeness content in the A)

T constrained by:
K/m, /K (p/A) usually R_ or y; is also involved

Additional input:
Resonance states and their BR to final states

Yields vs. ratios:
Cancellation of systematic errors
R and R, determined



Acceptance:
full azimuthal angle
polar angle from 18-85°

Time resolution:
150 ps TOF region
90 ps RPC region

Momentum resolution:

1.59 )0 MeV

HADES

RPC / Shower

MDC IV
MDC I




Performance: data taking and analysis

AuAu 1.23 GeV/u

557 hours beam Au on Au target in
April 2012

S

(1.2 - 1.5) x 10% ions per second
8 kHz trigger rate
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200 Mbyte/s data rate
7.3 x 10° events

140 x 102 Bytes of data
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Performance: mass spectrum

B Au+Au 1.23 A GeV
— Ar+KCI 1.76 A GeV (scaled)
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#First observation at such low energy



Performance: mass spectrum

B Au+Au 1.23 A GeV

— Ar+KCI 1.76 A GeV (scaled)
10° b 3 W
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