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Recent developments

Elliptic flow in p+Pb

- EPQOS: Elliptic flow in o0l ¢
p+Pb at LHC 01 f EPOS3.074
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Werner, Bleicher, Pierog, Karpenko,
Phys.Rev.Lett. 112 (2014) 23, 232301
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Recent developments

- EPOS: Elliptic flow in
p+Pb at LHC

- pHSD: Resonances from
the QGP at RHIC

Resonances from the QGP

Au+Au, 200 GeV, b = 2 fm
400 : I : | : i
BB strings + . X
350 | —— mB strings K*", K*O, K*, antl-K*°
K+n -> K*
300 | —QGP
——— Total
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lliner, Cabrera, Bratkovskaya, EPJ Web Conf. 97 (2015) 00016
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Recent developments

Hypermatter production

S
T . 10 " UrQMD+CB  '*C+'’C, 2AGeV
- EPQOS: Elliptic flow in L v 022 ,.
p+Pb at LHC 10_2 ;’H‘n—’/;ia' .
10 b 3 K §
. pHSD: Resonances from - }#r:ﬁ":/} ==
S0} .. 2C+'*C, 10AGeV ]
the QGP at RHIC Bl A i

@ o %
- UrQMD: Hypermatter SO0 L
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Botvina, Bratkovskaya, Steinheimer, Bleicher, Pochodzalla,
Phys.Lett. B742 (2015) 7-14
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Recent developments
Multi-strange particles at RHIC
- EPOS: Elliptic flow in e

p+Pb at LHC

o 102

- pHSD: Resonances from ED’ 102
the QGP at RHIC g 107
- UrQMD: Hypermatter Z;:g:
- Hydro+JAM: Strangeness i%_ 107
production at RHIC Z 10°
107

- = Hybrid models

-

o
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Takeuchi, Murase, Hirano, Huovinen, Nara,
arXiv:1505.05961
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Multi-strange hadrons

Pro’s Con’s

- Infer matter properties/ - Experimentally not well
potentials/equilibration times explored

- Provides hints for novel - Difficult to measure (di-
processes (ropes?) leptons, multi-particle

- Explore subthreshold correlation)
multi-step processes - Theoretically not well

- Explore canonical effects understood

J.Randrup and C.M.Ko, Nucl. Phys. A 343, 519 (1980),

P.Koch, B.Muller and J.Rafelski, Phys. Rept. 142, 167 (1986),

W.Cassing, E.L.Bratkovskaya, U.Mosel, S.Teis and A.Sibirtsev, Nucl. Phys. A614 , 415 (1997),
S.Bass, M. Belkacem, M.Bleicher, et al, Phys. Rev. Lett. 81 (1998) 4092,

C.Hartnack, H.Oeschler, Y.Leifels, E.L.Bratkovskaya and J.Aichelin, Phys. Rept. 510, 119(2012)
.... and many more
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i ZPb+Pb, 160 AGeV | | - RQMD2.1

P(s)/P(u)

color multiplet charge (p,q)

r _ Fo T st
-3-2-10 1 2 3 -3-2-10 1 2 3
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Multi-strange particle production: ,Old” problem in transport simulations

0%F
g TP ]
1031 I wgrangian( | _yields from Ni + Ni (1.93 GeV) | Ru + Ru (1.69 GeV)
N N9 9 [ s @3 B 4+ B 351071 31.10 2
! i \ ol ST 7w+ B 2.9.10~4 39.10-4
5 | | p+B 8.9-1074 11.8-107*
IS A LT I r+p 1.6-10~4 1.5-1074
! i /N || [ 7 + N(1520) 0.5-1074 0.6-1074
: SN ; P By . — —
NA 'p N* ‘n m p L " YA 7 total yield 1.7-10 2.0-10
a) b) 0) ] 1 experiment [1] | (8.743.6)-1073 (6.44+25)-1073
Catalytic phi production, 10 "LLL 6‘4‘3;(‘.6":)?@”1”‘{2“‘{4
Kolomeitsev, Tomasik, H. Barz, M. Zetenyi, G. Wolf, B. Kampfer, Nudl.Phys. A705 (2002) 223

J.Phys. G36 (2009) 095104 kinetic energy (GeV) Data: FOP
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Motivation

- HADES reported
unusually high yield of

4 05 0 05 1

10€2€1 (6002) €01 naT1Aey sAud ‘SIAVH

=-baryons (z/a=5.6 10) 1t o
O e
- HADES reported o } | 5
unusually large oo Thiim |3
contribution from ¢ L
to K- yield (18%) SN




SQM Dubna, July 2015 9

Recent HADES measurements
near and below threshold

¢ production HADES data on ¢ production
- Threshold for |
p+p9p+p+¢ =~ 2'895 Gev ?_C__ ’ I 'A]IHADE:.:‘AILAIU IF'tl'eili;'r;ilnarg,r l
. e i : E&E;El?uﬁmll( gtlantral
’ Measured In Ar+ KCI : ES ;216:3 l:\?.l:i?.l%?ewtrgll Prellmlnary
and AU +AU 2 - Redlich R=2.2 fm
1 — Redlich R.=3.2 fm |

--= Redlich R.=4.2 fm

PRELIMINARY

0 1 .‘-I"-"I-Illlll 1 1 1 ||||||
1 10 10

V'S (GeVric)

M. Lorenz [HADES Collaboration],
Nucl. Phys. A 931, 785 (2014).
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Recent HADES measurements
near and below threshold

= production HADES data on E production

- Threshold for | ausau
p+p—2p+p+p = 2.895 GeV 10 -

- Measured in Ar+KCI
and Au+Au

- Threshold for
p+p>N+E+K+K=3.24GeV | ©

- Measured in p+Nb 10 ¢ voas b oes
and Au+Au i (Vsyn = VSy)  [GEV]
: J!HHH\ L I
1 10 10°

Vs [GeV]

G.Agakishiev et al. [HADES Collaboration],
Phys. Rev. Lett. 103, 132301 (2009)
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Recent HADES measurements

near and below threshold

=, ¢ production HADES data on E production
- Threshold for [
p+p—2p+p+p = 2.895 GeV 10
- Measured in Ar+KClI f
and Au+Au noe
- Threshold for < Q X THERMUS
p+p2>N+E+K+K=3.24GeV o 10
. 10 - * UrQMD (old)
- Measured in p+Nb TS S S
and Au+Au f i V- VS [GeV]
- Both particles are not well 10 100 100
described by models Vs [GeV]

G.Agakishiev et al. [HADES Collaboration], arXiv:1501.03894
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Subthreshold production: Two paradigms

Multi-step processes In-medium modifications
- Increase the available - Decrease the needed
energy above threshold energy by in-medium
by creation of heavy modifications
resonances T T antike] o
. NN>NN¥, i il
N*N*>NN** et
a) N*N**> string>X = g
b) N**>N¢ I
c) N**2>EKK | §

q MeV]
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Strangeness production in UrQMD

Particle production goes via

- Resonance excitation:
N+N = X
N+M = X
M+M =2 X

Relevant channels at HADES

NN > NA,..,
NN > NN*

NN > NA*

NN = ALuA s
NN > N*A
NN > A*A,
NN > R'R’
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Strangeness production in UrQMD

Particle production goes via Relevant channels at HADES

- Resonance excitation:
N+N =2 X
N+M = X
M+M = X

- Annihilation: Not relevant at this energy

B+anti-B 2 X




SQM Dubna, July 2015 15

Strangeness production in UrQMD

Particle production goes via Relevant channels at HADES

- Resonance excitation:
N+N = X
N+M = X
M+M =2 X

- Annihilation:
B+anti-B 2 X

- String excitation
N+N > X (s2>3.5 GeV) Could be relevant
N+M = X (s72>2.2 GeV)
M+M > X (s12>2.2 GeV)
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Subthreshold particle production

How does it work?

- Fermi momenta can lift
the collision energy above
threshold

- Secondary interactions
accumulate energy

- Ar+KCl at E,=1.76 AGeV
Is there enough energy
for ¢ and E production?

Resonance mass distribution

Ca+Ca, E_,=1.76 A GeV N*> N+#§  N*—> E+K+K
T T T T T T

TNT

~5.107 per event
>

2r E L -

I E ~4 - 107 per event
d s
O 1 H 1

1.0 1.5 2.0 25 28
Invariant Mass M [GeV]

Yes! But for E, only in the tails.

N+N threshold ]

dN/dM per event [GeV™]

—> Introduce branching ratio
for decay into N¢
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Introduce a branching ratio to ¢
for heavy N* states

In UrQMD these are the states:
N* (1990), N*(2080), N*(2190), N*(2220), N*(2250)

Assumption: Branching ratio to ¢ is equal for all resonances
(typical branching ratio into w is 5-20%)

Fixing the branching ratio " ANKE data

* ¢ production yields from ANKE 5 " g producion treshol
can be consistently described with =, "™
I‘N*%Nq)/rtotal =0.2% g;t 8o
| S
o .
* Branching ratio is consistent with ® é

extracted OZI suppression (w/¢)

2.I60 I 2.I64 I 2.I68 I 2.I72 I 2.I76 I 2.%30 I 2.234 I 2.88
Y. Maeda et al. [ANKE Collaboration], E,, [GeV]
Phys. Rev. C 77, 015204 (2008)

(9002) €92 ‘22 V T "SAud In3 JsussiB|\ 'O "N pue JenequapleH I ‘ASSHIqIS 'V
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¢ production in nuclear collisions

Conclusions for ¢ When applied to nuclear collisions
. Qual|tatlve behaviour “"_' TADES ety o e,
nicely reproduced : o bua T
B2 duction threshold i
- Peak predicted at || W eementay o
Elab=1 25 AGeV %0'8' |
- Underestimation at higher | §
energies, due to string Tomrd e Sl
fragmentation P PR s s D— S
W [GeV]

- Preliminary HADES data
is still higher...

J. Steinheimer, M. Bleicher, arXiv:1503.07305
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UrQMD vs ANKE data:

Model performance Differential cross section

100

any in-medium modification >
of the phi.

- The cross section for smaller M .
targets is better reproduced. g %0f 4 prAg % % + % g 3
.. O = pt+Au S

- Very good description of the 6 } o
shape of the momentum g -
dependent cross section g “l %

- Slightly too much absorption | & =} g
in nuclear matter, without 1 %

Beam energy is 2.83 GeV,
results are in ANKE acceptance
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¢ transparency
ratios

Model 1: The eikonal
approximation of the
Valencia group.

Model 2: Paryev
developed the spectral
function approach for ¢
production in both the
primary proton- nucleon
and secondary pion-
nucleon channels.

Model 3: BUU transport
calculation of the
Rossendorf group.
Accounts for baryon-
baryon and meson-
baryon ¢ production
processes.
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0) prouction iIn p+A at COSY:
Transparency ratios

UrQMD vs ANKE data:

Model performance Transparency ratios

o
o

- Slightly too much absorption
In nuclear matter, without
any in-medium modification
of the ¢.

e
()]
T

C

o)
©
n

/o

A
¢

- Not ‘absorption’ of the ¢, =
but of the mother resonance go_z- 0 AUC
- Reactions of the type “ ..l a agc

N*+N—=>N"*+N’* . o Cu/lC
N*+N->N"*+N s
where the mass of N is
smaller than of N* so that
no ¢ can be produced.

e
o

0.8 0 12 14
P, [GeV/c]

o
o

=
(2102) 9025£0 ‘G8 D A8y 'sAud “|e 1o uuewpeH |\

Beam energy is 2.83 GeV,
results are in ANKE acceptance
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Subthreshold = production

- Can we employ the same idea to describe the =
data at HADES?

- First fix the ‘standard’ channels for X production
-> Hyperon-hyperon reactions

- Then use p+Nb data to fix branching ratio for
N*2>EZ+K+K
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Hyperon-hyperon interactions

Cross sections

200 rp— ; ————
' —— I 5 EH+p

B - -~ A+A > E+p |

1sork 20+30 5 Z4p -

S =243 5 E4p |

0 N 1 s 1 s 1 1 s

0.00 0.05 0.10 0.15 0.20 0.25
Vs-\s, [GeV]

TAASE-p = OAA-E"n = GOMSEN = 32&1;—11(\/5 - /50)”%"%mb

TAs+ 20y = Oas- sz p = 24.3T81(V5 — v/50) " mb
6.475(+/s — /50) " H"mb

for (/5 — \/50) < 0.03336GeV

OAS05E-p = OAR0 550, = {14.5054(\/5 _ \/5)70A1795mb for (\/g _ \/S_O) > 0.03336GeV

B . [ 5.625(y/s — \/50) %38 mb
NOT05E-p = OAZOE0n = 4174(\/37 \/%)—044421mb

O5+30350p = Oxox- 45-5 = 405050 52

Oxntyn-—2-p = Ontn- 80, = 14194(\/5 - \/%)_0'4421111)

for (v/5 — /80) < 0.09047GeV
for (v/5 — /55) > 0.09047GeV

Strong contribution to X yield

~ 34 (¢ SeeoYY - - - RY+20
o Total
I
S 2 ' :
[
©
C
a2 14 /  _e--TTTTTTToToT 3
< | S~
(1]

0

0 30

Results from Li and Ko

C.H. Li, C.M. Ko, Nucl.Phys. A712 (2002) 110-130
F. Li, L.W. Chen, C.M. Ko, S.H. Lee,
Phys.Rev. C85 (2012) 064902



UrQMD results

107
102L

107

10 L

10°®
107

108

Effect of YY—2>=+N channel

| O Ar+KCl, 1.76 A GeV HADES |

10

&
) SN %
- K ki & @@ :
I (A+2%)/n

0% O X ]
m o 3
K/ . @ ]

E > Ar+KCl, Thermus .

FUrQMD no YY exchange 1

L B Au+Au, 1.23 A GeV i

E O Ar+KCl, 1.76 A GeV E

fUrQMD with YY exchange ]

L @ Au+Au, 1.23 A GeV L) -

E O Ar+KCl, 1.76 A GeV = 3

-+ V Phys.Rev. C85 (2012) 064902

Nearly a factor 100 improvement
for E/A and Z/x,
but not good enough!

107

107k

10°

10°
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Tests

| O Ar+KCl, 1.76 A GeV HADES |

107 5

i '50
F Kt

[1]
~
a

F ¥V Phys.Rev. C85 (2012) 064902
[ UrQMD with YY exchange

L O Ar+KCl, 1.76 A GeV

E @ Modified Resonance Lifetime
F UrQMD with Testparticles: ]
[ 3 10 o ]

Results differ from Li and Ko,
due to test-particles and delayed A

606190 (¥102) 06D Ay sAud Jsyols|g ‘I7 Jawioyuiels ‘Jelo

production due to resonance life times
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Fixing the N*-> =+K+K branching ratio

Use HADES p+Nb data at 3.5 GeV

Branching ratio needed in
the tails of the heavy
resonances!

= production in p+Nb can
be consistently described
with an integrated
branching ratio
I‘N*%EKK/I‘tOtal < 1%

(i.e 10% where kinematically
allowed)

Comparison to the HADES vyields

| HADES data |

&)

= /A

(20+£0.34+0.4) x 107%

(1.2+0.34+0.4) x 1072

| UrQMD |

&)

= /A

(1.44 +0.05) x 1074

(0.71 £0.03) x 1072

Ca+Ca, E,,=1.76 A GeV
T T T

N > N+¢  N*> Z+K+K
T T T

TNT

N [$]
—
N+N threshold |

dN/dM per event [GeV]

I i —
- ] ~4 . 107 per event
1F i
i
I i
0 N 1 : | n 1

~5.107 per event]
> ]

1.5 .0
Invariant Mass M [GeV]

2 25 2.8
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= production below threshold

Conclusions

- & yield nicely reproduced
in Ar+KClI

- Results consistent with
p+Nb data

- Non-thermal mass tails
allow for a non-thermal
= production

- All other strange particles
are also in line with data

10° L

107 E

1071

Data vs. model

Ca+Ca Elib= 1.76 A GeV, b<5 fm; full acceptance
T T T T T T

10°F
10

10°F

K K KIKY EIA . A =
: n Eln o]
:D A (m] ’A ¢/K7
24 ¢4 0en
(m]
D¢ A
1

@ HADES data (m]

O UrQMD with Y+Y exchange

A UrQMD with new decays

Steinheimer, Bleicher, arXiv:1503.07305

26
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Predictions for Au+Au

Au+Au at 1.23 AGeV Ar+KCl at 1.76 AGeV

Au+AuE_=1.23 AGeV, Ca+Ca E@f 1.76 A GeV, b<5 fm; full acceptance
T a T T T T T T T

I et "‘I' I .I | oL o+ + .. . I I i 0
10K Kiw KK BN pp Ein VéA_? 10° 10 K Kl KK EIA A gy oA 10
10" oK™ 410" 107 . 10"

= A i Jloen oeA ¢/K" i
10' A V? v AV A '10 10 ¢ ?ADQA f10
10° 310° 107 0 3107

: A ] i O A ]
10*¢ v {10* 107 ¢ I 110"

F A E : A ]

10} 1.23AGeV AutAu: v 110° 10° ¢ ¢ 410°
@ HADES - PRELIMINARY, mid-y E © @ HADES data o ]

10°] G B 129 A Gov Aush, 0.1, b<s5 {10° | 10°F D UrQMDuith Y+v exchange 110°
A E_=1.76 AGeV Ca+Ca, all-y, b<5 fm ] i 3rQ W'ti newdecays ]

10_7 ) ) ) ) ) ) ) ) ) | | 10_7 10-7 1 A 1 A 1 A 1 1 1 1 10-7

Not much change in the E/A ratio
Data suggests even higher (I)/K ratio! Steinheimer, Bleicher, arXiv:1503.07305
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Summary

We introduced a new
mechanism for ¢ and =
production (resonance decay)

This allows to describe the ¢
and E production in elementary
and nuclear collisions

The used branching ratios are
small and consistent with OZI



