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H ��"�� �
� �
Sketch of phase diagram of

hadronic matter. The hadron gas phase
(yellow region) and the quark gluon plasma
phase (purple region indicating quark de-
confinement and chiral restoration) are sep-
arated by the green hashed area illustrating
a possible phase transition between the first
two. The possibility of a critical point is in-
dicated ( �) in cyan color. The temperature
T and the baryonic potential µB are derived
from yield ratios of particles produced in
nucleus-nucleus collisions. Red full cir-
cles are experimental results [Ave97, Bra95,
Bra95, Hon98a, Sto98]. The blue solid curve
through the data points represents chemical
freeze-out of hadronic matter. The picture is
taken from [Sen99, Ave97] and modified for
illustrational reasons. The abbreviations for
various accelerators are explained in text.
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E(ρ, T ) = Ethermal(ρ, T ) + Ecompr(ρ, T = 0) + E0,
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F����
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?�� ������ �! #�#�� ������ �! #�� ���#� �G��� #��

T = 0
��� �"��� �� �#���� �� #�� #��� ��

H��"�� �
$ �
A schematic illustration of den-

sity dependence of various energy terms
used for the equation of state. The black
solid curve stands for compressional energy
at T = 0 corresponding to a soft EOS (high
compressibility), while the dashed curve
corresponds to a hard EOS (low compress-
ibility). The thermal energy is the excess
energy above the T = 0 isocurve. The
compressional energy Ecompr is a part of
internal energy characterizing the achieved
compression of baryonic matter. See text for
more details.
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The dependence of quark

condensate | < q̄q > | on density
and temperature of nuclear medium at
small densities and temperatures (the
theoretical approach is reliable for den-
sities ρ < ρ0 and temperatures T <
100MeV, but the plot is extrapolated to
higher values of ρ and T ). Figure from
[Zsc02].
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Effective K+ and K− masses

in symmetric nuclear matter ρn ≈ ρp as a
function of nuclear density ρ = ρn + ρp for
several approaches in evaluation of effec-
tive Lagrangian taking into account Pauli
blocking and nucleon-nucleon short range
correlations. Several theoretical assump-
tions are depicted with different lines, all
of them predict an observable K+–K− mass
splitting growing with nuclear density, see
[Waa96] for details.
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Quark structure of kaons.
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The octet of pseudoscalar

mesons. The picture is taken from [Muh74]
and modified for illustrational reasons.
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Properties of pseudoscalar (isospin(spinparity) = 1

2(0−)) kaon ground states, from
[Eid04].
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Elementary hadronic reactions relevant to kaon dynamics in heavy-ion collisions at

intermediate energies according to [Fuc06]. Here B stands for nucleon or nucleon resonance (N ,
∆, N∗), while Y for the hyperon Λ or Σ. Under abbreviation BK+ ↔ BK+/0 one understands,
e.g. pK+ ↔ pK+, pK+ ↔ nK0 reactions, while under BK− ↔ BK−(K0), correspondingly
pK− ↔ pK−, pK− ↔ nK0.



� �� � ��� � ����� ���� �� � ���� ��� ���������� ��

H�� ��# #�� ���� G�� �������� �� �"���"���"���"� �� �"�������"����� ���������� #���� ��
� ���� +�+"��#��� �! ����# &"��C� G��"��# �� G� #�� +��� ��#��� �"������ 
 B����&"��#��� #��
���G���+#��� �! #�� ��#�&"��C !�� #�� ��F �� ����#��

uū
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r = r0 · A1/3 ≈ 2.74 fm�
r0 ≈ 1.2 fm
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K−N
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 ��#����� �� ���#��� �
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#� #�� �� +�����G���#� �! �"�����  �##�� $-��R,G � SQP�,% 
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πN → K+Λ
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κ = 200 MeV
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71+

NN → K+ΛN
/()

Ebeam

threshold

= 2.5 GeV
71+

NN → K+K−NN
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p + A
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A + A
��#� � ��� ���� #�� �� +���#��� �! $S���D% !��

p + p
��#� � $/��2D % !��

p + C
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p + Au
��#� ��� $-���R � ����� � -���� � P�"�� � P�"22 � E��22 � /#"2 �G % !�� �����

��� ���������� 
 ?�� #�#��
K+ � ����� !�� C���#�� G �� �������� ���"�� $ S�A 	�"����� ���

�"  ������ �� #�G��� �
0 ��� �
, 
 (# F�� ��#���� $P�"22% #��# � �� ���#���# #� +���� � #��
���"�� !��

K+  "�#�+ ����#��� + �� �"����� �
M(K+)/ < Apart >

� ��� ���� �� ���� !�� B�B ���
B�-" ���������� �# � -S�A ��� �
R -S�A 


Ebeam [AGeV]
���#� 

N(K+)
?

[MeV] σtot [mb]
��!������

2 
�R -"�-" �$22
67 ± 4 8.5 ± 1.2

$/#"2 �G %
2 
�D -"�-" '$22

82 ± 4 31 ± 4.0�
�2 -"�-" ��22
90 ± 6 64 ± 10�
0D -"�-" $�22
100 ± 5 267 ± 30�
22 B�-" ��2
68 ± 5 1.2 ± 0.2

$P�"22%
�
R2 B�-" �'222

80 ± 6 30 ± 5�
22 I��I� �$R2
75 ± 6 2.7 ± 0.5

$�����%
�
R2 I��I� �'D2

88 ± 7 57 ± 15�
2D I��I� �$2
3.5 ± 0.9

$� ����%
�
0, I��I� ,22

20 ± 5
��	

�
�' I��I� '222
87 ± 22�
22 B�B �$22

58 ± 6 0.1 ± 0.02
$P�"��%

�
$2 B�B $022
64 ± 4 0.3 ± 0.05�
,2 B�B �222
74 ± 5 1.3 ± 0.2�
R2 B�B ��222
75 ± 5 3.0 ± 0.3$ 
22 B�B ��222
78 ± 5 5.0 ± 0.5$ 
�2 I��I�H
122 23 ± 8

$/��R�%
$ 
�2 I���G

150 ± 90
$/��R$%

$ 
�2 ��I�H
2.4 ± 0.8$ 
�2 ���G
14 ± 5$ 
�2 +�I�H
1.8 ± 0.6$ 
�2 +��G
11 ± 4�
D2 +�B

45.6 0.070 ± 0.006
$/��2D%

$ 
,2 +�B
69.9 0.89 ± 0.08' 
,2 +�B
88.2 2.04 ± 0.25�
D2 +�-"
49.0 0.83 ± 0.05

$/��2D%
$ 
,2 +�-"

73.0 8.53 ± 0.95' 
,2 +�-"
90.8 20.74 ± 1.69$ 
�2 +�� �

3.7 ± 1.5
$�"��D%

?�G�� �
0 �
Yields of K+ mesons in A + A and p + A reactions with beam kinetic energies around

2AGeV for various systems extrapolated to 4π. For some reactions, also the number of detected
kaons and the temperature parameter T can be presented. Results marked with star (*) report the
production probability but are scaled here to σtot.



� �� ����� �� � ������ �� ������ ���� ��

Pbeam [GeV/c] Ebeam [GeV]
���#�  "�#�+ ����#�

σtot [µb]
��!������

' 
$ $ 
02 +�+
(2.6 ± 0.7) · 10−3 (71 ± 18)

$@��DR%
' 
'0� $ 
,0 +�+

(2.2 ± 0.4) · 10−3 (61 ± 10)
$���DR%

' 
D� $ 
R, +�+
(4.6 ± 0.7) · 10−3 (129 ± 25)

$P�"D�%
' 
�2 � $ 
RR +�+

(4.4 ± 0.8) · 10−3 (123 ± 21)
$���DR%

' 
RD ' 
2' +�+
(5.7 ± 1.0) · 10−3 (160 ± 29)

$���DR%
0 
�, 0 
�2 +�+

(6.9 ± 1.0) · 10−3 (180 ± 30)
$� ��D �%

?�G�� �
, �
K+ production yields in p + p reactions around 2AGeV beam kinetic energy. The

values for multiplicity are from [Gaz96]. The total cross section estimates are from the quoted
original publications.
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Schematic view of the HADES spectrometer. The left panel gives a three dimensional

view, while the right one shows a vertical cross section of the spectrometer, where two opposite
sectors out of six are displayed. The spectrometer consists of following detectors: Start-Veto
counters placed around Target, RICH, four MDCs, a magnet, TOF and TOFINO/Preshower.
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A schematic view of START

and VETO detectors, which are placed 75 cm
upstream and 75 cm downstream the beam
line around the target. Both detectors are
made identical and consist of eight strips each.

� �� � �� � 	�� ����� ��� ����
� ��
��

 �

?�� A�������B�����C�� �)��# F�� ���������� �� ��'0 $B��'0 % 
 B�����C�� ��#��#��� ���
"��� !�� +��#���� ����#�[��#��� G����� �� #�� !��# #��# ������� +��#����� � �# B�����C��
+��#��� F��� #�� �+ ��� �! #�� +��#���� �� ������ #��� #�� �+ ��� �! ����# �� #��  ���" 

H�� #�� +��# �2 ����� B�����C�� ��#��#��� ������� !�� ��)����#��� B�����C�� ��"�#��� #�
B�����C�� ��#��#��� F �#� !"�� �G���+#��� $� ��RD% 
 ?��� ��� F ����� "��� �� +��#���� +������



$0 � �� � ����� �� �� ���� ����

H��"�� $ 
' �
Schematic view of RICH detector [Böh99].
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Radiation length x0 and multiple scattering Θms angle for RICH components calcu-

lated in [Kas00] for 500 MeV electrons. "CFL" stands for Carbon Fibre Laminate material used in
components of the detector. The radiation length of X0 = 28 cm of the carbon fiber mirror has to
be taken into account in addition to the table values.
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The superconducting magnet of HADES

during its installation phase. The coils of the magnet
are mounted on two support circles leaving space
for RICH detector and free path for the beam axis
in its center of symmetry as well as for tracks of par-
ticles produced in case of interaction. No detectors
were installed at the time when the photograph was
taken.
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A schematic illustration of orienta-

tion of six layers of sense wires fixed in Stesalit c©

frames inside MDC. This construction allows to ex-
ploit the tracking detector in case of high multiplic-
ity of tracks per event.
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Left panel: front view and the definition of dimensions for MDC module. Right

panel: illustration on drift cells formed by different wire layers; three neighboring cells are shown,
while different wires are depicted with color lines; also the definition of the cell size is given.
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MDC modules design summary [Str98, Mar05]. The quantities a, d, A, B and C are

defined in Fig. 2.6.
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The coordinate resolution of different MDC modules depending on possible error

of TDCs calibration, studied with simulations in [Mar05]. The difference in x and y coordinate
resolution is caused by the design orientation of layers in the MDCs.
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A photo of the TOF detectors. The view

is from the target area. All six sectors are mounted.
In the right bottom corner a part of the magnet is
visible. Two sectors of Preshower detector are in-
stalled in the center. The right bottom Preshower
sector is partially covered be the TOFINO detector
(only 3 blocks out of 4 were installed at the time
when the photo was made).
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A schematic view of one TOFINO sec-

tor, which consists of four scintillator paddles cov-
ered by non-transparent shield and is connected via
a light guide to a photomultiplier (not shown). The
position of TOFINO in the HADES setup is shown
in Fig. 2.7.
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A schematic view of the Preshower

detector which consists of three wire chambers
separated by two layers of converter material
[Bal04]. The cathode plates (at the read-out
panes) are indicated by yellow color.
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A schematic chart

of HADES Trigger functionality.
The diagram follows the order of
the Trigger functionality.
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An example of MDC Low Level QA plot used for the preselection of stable intervals

for calibration of MDC3 detectors (example from November 2001 beam time). The distribution of
mean values of t1 is shown as a function of file number. Different colors correspond to different
sectors. In this experiment, only 4 out of 6 MDC detectors were installed in plane 3 of the HADES
setup. The file name is indicated as vertical text field (hardly readable in this figure size) for each
of the file numbers. This allows the user to have all information available at once.
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Examples of DST QA plots

produced for each file of DST production.
On the upper left panel a picture represent-
ing t1 distributions for MDC3 detector is
shown for one of the files from November
2002 beam time. The picture is extracted
from MDC page of the DST QA report. On
the right panel a whole page from the DST
QA report is shown representing tracking
QA: mass distributions for tracks in TOF
and TOFINO parts of the detector recon-
structed by three different tracking meth-
ods are shown. Different colors correspond
to different sectors of the spectrometer.
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Example of the off-line DST QA diagnostics. The mean value of the reconstructed

mass distribution of charged particles is calculated from the orange interval, shown in left panel.
In the right panel the mean value of proton mass is monitored from file to file. A reason for fluctu-
ations is an instability of calibration of TOF-Start detectors. The points marked in red correspond
to a set of files collected without target. The proton mass peak disappears from the distribution on
the left panel. Consequentially, the mean value of the distribution strongly deviates from the pro-
ton mass position. This picture is made with the help of DST QA post-analysis tool, see Appendix
C.
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Cluster finder technique based on the projection of each “fired” MDC wire to some

virtual plane represented as three dimensional plot (left panel). The region around the cluster,
where all corresponding wires meet in one place, is shown here, and the inclinations of the
wires are depicted. In the right panel, an illustration of the selection of the projection planes
and the matching method for two segments of a track candidate is given. Figures are from
[Aga00, Aga01].
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Schematic illustration of the "Kick Plane" method. The two first MDC detectors,

MDC1-MDC2, and the META detector are used in this case for a coordinate measurement. The
real track is shown as red curve. Having defined a Kick Surface and two hits in front of the mag-
netic field one can propagate a segment "Seg1" until intersection with the "Kick Plane" surface.
Another segment "Seg2" is then defined by a point on the Kick Plane and the point measured by
META detector. The momentum kick is done at the Kick Plane surface, and a momentum value
is obtained from a lookup table provided along with Kick Plane parameterization.
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|~pin − ~pout| ≡ |∆~p| = 2p · sin(θ/2).
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d2~r

dl2
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d~r

dl
× ~B(~r(l))
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=
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.
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r = rk = ~r(lk),

r′ =
d~r

dl
= r′k = ~r′(lk),
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dr′k
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Illustration of Runge-Kutta propagation in a magnetic field with 4 measured points

using start parameters (left panel) and track fitting (right panel).
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∑
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√
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An example of R vs. Z distribution for MDC1-MDC2 segment for all track candidates

registered in the upper most sector "S0". Left panel is for tracks connected to TOFINO region and
right panel is for tracks within TOF region.
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Same plots as in Fig. 5.1 but after applying the cut around target area.
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Illustration of the cut applied to the result of χ2 fit performed with MDC segments

before (left panel) and after (right panel) the magnetic field. The various curves depict distribu-
tions corresponding to the TOF and TOFINO parts of META detector from two sectors S0 and S3.
The arrows indicate cut limits for the χ2/ndf of the least-squares fit in the corresponding MDC
segment.
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Illustration of the cut applied on the

distance between two points on the surface plane
of META detector: the first point from Runge-
Kutta track propagation from last MDC till the
surface of META detector, while the second point
is a hit measured with the META detector. This al-
lows for an additional cut to reject badly matched
objects using information from track model af-
ter the Runge-Kutta tracking/fitting. The arrow
points to the selected cut limit.
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β2 · dE/dx as a function of the particle velocity β which is useful to distinguish

between good and wrong matching between track candidate taken from hits in MDC detectors
and hits in TOF and TOFINO (META) detectors. Sector 0 is taken for illustration. The difference
between TOFINO and TOF detector is due to different calibrations applied; it has no effect on the
selection possibility.
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The same distribution as in Fig. 5.5, but here a cut is applied to reject wrong matching

between track candidates taken from hits in MDC detectors and hits in TOF or TOFINO detector.
The different calibrations of TOFINO and TOF detectors do not affect the possibility to establish
a reliable cut on energy loss of track candidates.

H��"�� , 
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Data analysis of 71·106 events obtained from simulations of C(2AGeV)+C collisions

(UrQMD with subsequent GEANT propagation) in TOF region (sectors 0 and 3) with target cut
and quality cuts applied. Distribution of tracks as a function of q · m for particles with charge
q = ±1 (in units of absolute electron charge |e|). Different particles are indicated by different
colors (π− in green, π+ in blue, protons in yellow, K+ red and K− in pink, while black histogram
represents the total yield). The identification is taken from KINE information of GEANT before
the magnetic field. The vertical axis on the left part is in a logarithmic scale while the right part
is in linear scale for a region selected around K+ mass. The total number of K+ tracks after these
cuts is 2603.
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H��"�� , 
R �
The same as in Fig. 5.7, but with additional χ2

RK/ndf < 8.55 cut applied. A strong
background suppression is visible, while the loss of signal (K+ tracks) in this case is only 10.5 %.

H��"�� , 
� �
Illustration of the χ2

RK cut effect
applied to experimental data in sector 0 of
TOF region. Blue histogram represents all
track candidates passing target and track
quality cuts, while the overlaid red histogram
represents the effect of applying the additional
cut χ2

RK/ndf < 8.4. Horizontal axis is mass
multiplied by the charge of particle. Vertical
axis is for counts per bin.

H��"�� , 
�2 �
Illustration of the cut applied on

χ2
RK/ndf < 10.0...20.0 using the Runge-Kutta

tracking/fitting information. The cut is ad-
justed to keep about 60% track candidates left
after all other quality/matching cuts applied
before. Colors indicate different sectors and
parts of META detector. The figure shows the
effect of different cuts plotted as a function of
Runge-Kutta quality parameter, starting from
no cut applied, presenting the effect of track
target and quality cuts and ending with the
χ2

RK cut.
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200 < p < 300 MeV/c
�
300 < p < 400 MeV/c
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400 < p < 500 MeV/c
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500 < p < 600 MeV/c
�
600 < p < 700 MeV/c
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Distribution of p · q vs. m2 for all good tracks in sector 3 of the HADES setup.

Particle identification of K+ is based on individual mass distributions for each momentum range
indicated by horizontal lines.
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The mass distribution for all good tracks in sector 0 and sector 3 of the HADES

setup in both regions TOFINO and TOF. Particle identification of K+ is done individually for
each momentum range distribution, indicated by histograms with different colors, the K+ peaks
are encircled.
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200 < pq < 300 < 10% < 10% < 10% < 10%

)'�� �)�� ���� �(�'
300 < pq < 400 25% 20% 8% 13%

����� )���' ) '����) )�)���
400 < pq < 500 26% 36% 9% 12%

�����( ' )'�)�� ����� ) '����'
500 < pq < 600 �� �� 20% 28% �� ��

'�'��� �()���
600 < pq < 700 �� �� 42% 45% �� ��

)����� )���)��

����� ( �) 

Background contribution (bg/(sig + bg)) and signal-to-background (N(K+)/N(bg))

estimate for several momentum ranges in TOFINO and TOF separately. Only the fully equipped
sectors, S0 and S3, were analysed.
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An illustration of the signal-to-background estimate. The fit function is Gaussian

for the signal, and "exponential plus constant" for the background is used for the common fit
(indicated by blue curve). The estimate of the signal is shown by the red curve, while that for
the background is indicated by the green dashed curve. Estimated numbers are presented in
corresponding colors, too.
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The detec-

tion efficiency procedure
for K+ tracks. The cor-
rection is based on realistic
simulations. Particle track
distributions d2N/dpdθ af-
ter full analysis are related
to that before track prop-
agation through hGeant.
The same scheme is valid
for pions.
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c(p, θ) =















fEventGen(p, θ)

fAnalysisCuts(p, θ)
if fAnalysisCuts(p, θ) 6= 0,

0 if fAnalysisCuts(p, θ) = 0,
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The treatment of the overlap region of

TOF and TOFINO. The black dashed line stands for the
distribution of tracks generated with the event genera-
tor. The tracks measured within TOFINO and TOF re-
gions are represented by green and blue curves, respec-
tively, and the red curve is the sum of them. The figure
shows that in case of two detectors with partial overlap
one computes correction coefficients using both regions
c

TOF
(p, θ) and c

TOF INO
(p, θ). See text for details.
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p vs. θ distribution of se-

lected K+ tracks after detection correc-
tion. Acceptance regions corresponding
to TOFINO and TOF regions are indi-
cated by rectangular areas with different
textures. The distribution from sector S0
is presented.
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Two dimensional distribu-

tion of particle momentum times charge
as a function of squared mass (experi-
ment). An example of selection of π+

and π− tracks in TOF region of sector S0.
The corresponding graphical cuts are in-
dicated as black contours.
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An illustration of the detection-efficiency correction for π+ and π− tracks in TOF

detector of sector S0. In the left panel, the detected d2N/dpdθ distributions are presented, while
on the right panel the distributions after the correction are shown. The differences in distributions
of π+ and π− mesons are caused by different acceptances for positive and negative particles due
to the influence of the magnetic field. Corrections for sector S3 are done in the same way.
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d2σ(K+)

dpdθ
= ConstK+ · 1
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pimax
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dp
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dθ
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(κ)

σpart
(κ)
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· Constπ± ·
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j∈{θ}
N(π+)ij ,
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Schematic illustration of extrapo-

lating the measured partial cross section to the
total cross section. The distribution of tracks
is illustrated with color which intensity goes
from blue (low density of tracks) to red (high
density). The measured region and the total
region are surrounded by black border lines.
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σtot
(π+) = (0.69 ± 0.1)b · (1.106 ± 0.132)
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d3σ

dp3
∝ fe−E/T1 + (1 − f)e−E/T2,
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f = C1/(C1 + C2)

�
C1 = 334 b/(GeV3 sr)

�
C2 = 43.3 b/(GeV3 sr)

�
T1 = 47.7 MeV
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T1 = 86.9 MeV
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i∈{p}
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Constπ+ = 7.799 · 10−8 b
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ConstK+ ≈ Constπ± = 1
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σtot
(K+) =

NMCtot
K+

NMCpart
K+

· ConstK± ·
∑

i∈{p}

∑

j∈{θ}
N(K+)ij.
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σtot
(K+) = 14.156 mb
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dMK/dΩc.m. ∝ Apart
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α � 
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α = (1.70 ± 0.25)

�� )��
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 �������� ���

α = (1.65± 0.15)
�� )�� ��
 �������� � ��� ����� ��

α = (1.64± 0.20)
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απ = 1, αK+ = 1.64 ± 0.20.
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bmax = 2 · RC ≈ 2 ·

1.25A1/3 fm = 5.7 fm
� ���	�

RC
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A = 12
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 ���� �� 〈b〉 = 2

3
bmax = 3.8 fm
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The impact-parameter distribution

for minimum bias events (black histogram) and
events produced in case of multiplicity trig-
ger conditions of at least two and at least four
charged particles in the geometrical acceptance of
HADES (red and green histograms) according to
UrQMD simulation.
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The influence of the multiplicity trigger to events containing π± and K+ tracks in

the acceptance of HADES spectrometer. The notations are: b – impact parameter, Apart – number
of participants. Indices trig2, trig4 and trigg stand for events with trigger multiplicities 2, 4
and for the resulting overall trigger, correspondingly. The mean values of impact parameters are
estimated from Fig. 6.7.
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Investigation of the influence of the LVL2 trigger on the detected π+ and K+ tracks.

The acceptance region for π+ tracks was 300 < p < 1000MeV/c, 46◦ < θ < 82◦. The K+ tracks
are taken from the selection areas described below (including both TOF and TOFINO regions).
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The selection of momentum in-

tervals of pions used for the determination of
systematical errors related to the absolute nor-
malization of K+ cross section. The areas A
and B are selected to satisfy NA ≈ NB.
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The double-differential yield

d2N/dptdy0 of K+ mesons vs. normalized
rapidity and transverse momentum cor-
rected for the detection efficiency. The ac-
ceptance grid in laboratory momentum p
and polar angle θ is indicated by curves.
An absolute normalization is not per-
formed in this stage.
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spectra for different rapidity regions. The units for vertical axis are

b (MeV/c2)−3, i.e. already normalized on the total cross section. The data (symbols) are fitted by
Eq. (7.11). The selection of the mt regions (indicated with filled symbols) used for the fits (solid
lines) corresponds to pt limits (see the rectangular selection boxes) in Fig. 7.1. The empty symbols
are excluded in the fits (see text for details).
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The inverse slope parameters

TB as a function of normalized rapidity y0.
The points estimated from measurements (full
black symbols) are reflected with respect to
mid-rapidity (empty symbols). The value es-
timated from the KaoS experiment [Lau99] is
presented as red full circle at midrapidity. The
orange band indicates an extrapolation of the
KaoS measurement (including the variations
within the error bar) outside the midrapidity
region based on the assumption of thermally
equilibrated K+ source, Eq. (7.13). The solid
curve is the fit by Eq. (7.13) of full black sym-
bols.
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The same as in Fig. 7.3 but the fit

is done according to Eq. (7.14) common for the
HADES and the KaoS data. The points marked
with black full symbols were used for the fit.
The KaoS point is at y0 = 0 is highlighted in
red. The resulting parameters are Tk∗ = (76 ±
4)MeV and k∗ = 1.19±0.21, the errors are from
the fit.
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The rapidity-density distribution

of K+ mesons in C(2 AGeV)+ C. The points
obtained from measurements via Eq. (7.16) are
shown as filled symbols, while empty symbols
represent the reflection with respect to midra-
pidity. The distribution was fitted according
to the isotropic thermal model (black curve)
Eq. (7.17), resulting in the temperature param-
eter T

||
= (110 ± 30)MeV, with the error de-

rived from the fit.

�
�
�
�� 
���

�
������ ��� �  � �)�! �  � �)'!

�
��  � �(! ���

dσ/dy0

�
��	
���
�� �
�
� � � �����

� 
��

dσ

dy0
= C · T 3 ·

[

(m0

T

)2

+
2m0

T cosh(y0ycm)
+

2

(cosh(y0ycm))2

]

· e−m0 cosh(y0ycm)/T .
 � �)�!

$	�
 �� 
� �� ��� �
�
� ���



�
�� ��� ��

�
� � �� ��� �
��	
���
�� �

�
�� ��� 
����	

�
� �	�� 
���

�
�


���� ������ ���


�
�� �� ��� ���

�
� �	��� ����
�� � �� ���

�

�

σK+ = 7.7 mb
� �� 
� �	���

����
�� 
� 
� ����
�
�	��
 ��� � 
�� ��� ���  ��� �� �  � �)�!! ����	
 
��� 
� ��

�
���	 �

�
�� 
�

	��	������
�
�����	

�
��	�

�
�� ��

� 4π
��	


�
�
�

�
�
�� �

�
��� �� 
 �

�
��	�� �
��	���


�
� � 
� ���



��� �����������
 ��� �� ����� ��� ��� ��� �� ����� �� ��� ��������� ��

���	
�
���

�
�
�� ����	

�
���
��
�� ��

�
� 
���	��
�

K+ �

��
�� � ��� ��� �  � ��! �  � �))!
�
��

 � �)(! � � 
��� �	
�
����	�

�
� ��

�
	
�
���	
��
��

�
	� 
����	

�
��� 
� �� 
�

�
��	�

�
�� � ��� ���

�

��� �

�
���

�� ��
� �	
�
��	� �

�
	
�

 ���	 �

�
� ��� 
 �

�
�
�� �� ����
���
�

�
� ��
� �	

�
��	� �

T
||

� �� ���
K+ 
 ����

���	�� � ��� �
�
��� �� ��� �� �� �� �  � �)�! 	������ 
�

T
||

= (110 ± 30) MeV
� ��
�

�
	
�� �� 
�

	����� � 
�� ��� ��� ���
�

��� �	�
 ���

TB

�� ��� ��������� ��
�
� ��� 
 �

�
��	�� �����
 
�

��� 
���	��
� � �
�

 ��� ���	� 
�

�
� 
��
�

�
�
�� ��	

�
� ����
���
�

�
� � ����

�
�
�� � �� 
� 
 
��� � �

	� �
�
��� �� ��
 � �	

�
���

�
	���� �� �


�
�� �����
� 
� ��� ����
�
�� �
	���
�� �

%� �
�
�� ���� ���

�
�
���	��
�

K+ ���	�� 
� ����
��	��
�
� �	������ �� ��� �

�
�� ��� �	"



 ��� � 
��
a2 = 0.54

 ��� �������
�� � �' ��! � ��� �� �	�����	� �� ��� ��� �	

 ���
�
� �

�
�
�

��
��� �� �  � �)�! � 
��

�
� 
���	��
�

�
���
��
�� 
� ��� �	�� 
�
�� ��� ��

�
�� ���



�
�� �� ��� ��
"

� �	
�
��	� �

�
	
�

 ���	 � � �
	��� �

�
� ����� � � �� �	��
�� ���

�
�
���	��� ��	


�
� ���

�
��
�
��

�
�


���
� �
�	
(1+ a2 cos2 θc.m.)


��� �� � � �� � 
 �� � ��� 
����	
�
�
�� �� �� � � �)( ����� � � 
�	� ��
"

��
�
�
��� � � ������	

�
��	�

�
�� 
� �� ���� �� �  � �)�! ��� 	

�
���	

�
���� ��� ���
�

�
��� ��		���
��

2a
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 [
M

eV
]

||
T

75

80

85

90

95

100

2a
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 [
M

eV
]

||
T

75

80

85

90

95

100

$
��	� � �� 

The estimates of T

||
for the set of

a2 parameters (indicated with black symbols).
The curve represents an interpolation. The
same fit procedure as in Fig. 7.5 was applied
to K+ distributions generated with Pluto as-
suming different values of anisotropy parame-
ter a2. Other parameters (Ekin = 2AGeV, T =
78MeV, βr = 0) were kept constant. The dis-
tribution with anisotropy parameter a2 = 0.54
fitted by Eq. (7.17) overestimates temperature
parameter by 11MeV which has to be taken
into account.
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The same as Fig. 7.1 but low-

pt acceptance area is reduced for subsequent
fits.
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The same as Fig. 7.1, but the

high-pt acceptance area is reduced for sub-
sequent fits.
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The inverse slope parameters TB

as a function of normalized rapidity y0 for
three cases of pt acceptance selection. The
normal one is shown as black symbols (see
Fig. 7.3), while green points are for reduced ac-
ceptance area at low pt (see Fig. 7.7) and blue
points are for reduced acceptance area at high
pt (see Fig. 7.8). Points extrapolated from mea-
surements are shown as filled symbols, while
empty symbols represent the reflection with
respect to midrapidity. The result of the KaoS
measurement [Lau99] is shown as red point.
See text for details.
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The rapidity-density distribu-

tions of K+ mesons in C(2 AGeV) + C for three
cases of pt acceptance selection area. Black
points are as in Fig. 7.5, while green and blue
points correspond to lower and higher pt selec-
tion ares, which are used for the study of sys-
tematical errors. The points extrapolated from
measurements are shown with filled symbols,
while the empty symbols represent the reflec-
tion with respect to midrapidity. The curves
with corresponding temperature parameters
are fits by Eq. (7.5).
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Examples of MDC1234 Runge-Kutta tracking. The distribution of pRK−pGeant

pGeant
as a

function of pGeant within different momentum regions for π+ and π−. The Gaussian width of the
red curve was used for an estimate of the momentum resolution. The selection of particles is done
using GEANT KINE information corresponding to the tracklet formed by MDC1-MDC2 hits. For
details see text.
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Left panel: Estimate of the momentum resolution with Runge-Kutta (MDC1234)

tracking for momentum range p = 100 · · · 2000MeV/c. Right panel: Estimate of momentum shift
compared to actual momentum value at the target point as a function of momentum. In both
figures, data for pions and protons are shown by blue and black symbols, respectively.

2χ
0 100 200 300 400 500 600 700 800 900 1000

210

310

410

510

 fit2χ Runge-Kutta tracking, 

$ ����� � �' 

The distribution of χ2

RK with
Runge-Kutta (MDC1234) tracking for pions
(blue histogram) and for protons (black his-
togram).
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Momentum resolution for pions with Runge-Kutta (MDC1234) tracking depending

on θ (left panel) and φ (right panel).
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Distributions of pKickP lane − pGeant (green histogram) and pSplineTrack − pGeant (blue

histogram). The GEANT momentum is taken at the target point. Only the tracklets which were
registered in four MDCs and the META detector were taken into account. Left figure is in linear
vertical scale, while the right figure shows the same distribution in logarithmic scale for a much
wider interval.
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Distributions of pmethod − pGeant are shown. The "Kick Track" method corresponds

to the blue histogram, the result of Runge-Kutta method corresponds to the red histogram, while
the Runge-Kutta with additional cut on χ2

RK/ndf < 10 is represented by magenta histogram. Left
and right figures exhibit same distributions presented in linear and logarithmic scales.
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The same procedure as in Fig. A.6 for "Spline Track", which is depicted by the green

histogram.

$ ����� � �� 

pRungeKutta − pGeant distribu-

tions. Blue histogram: initial momentum
guess is taken from "Kick Plane". Green his-
togram: initial momentum guess is taken
from "Spline Track". Only the tracks for which
both "Kick Plane" and "Spline Track" algo-
rithms provided the momentum are shown.
The agreement between distributions proves
that the Runge-Kutta tracking is stable with
respect to the method used for the initial mo-
mentum guess.
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The χ2/ndf rejection power for the case of MDC1234 Runge-Kutta tracking.
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The χ2
RK/ndf rejection power for MDC123 Runge-Kutta tracking for different cut

values.
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Examples of MDC123 Runge-Kutta tracking: pRK−pGeant

pGeant
for π+ and π− within dif-

ferent momentum regions. The Gaussian width of the red curve was used for an estimate of
momentum resolution. Selection of pions is done using GEANT KINE corresponding to tracklet
formed by MDC1-MDC2. A moderate cut of χ2

RK/ndf < 10 was applied to reject badly resolved
tracks.
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Left panel: An estimate of momentum resolution for Runge-Kutta (MDC123) track-

ing in the momentum range p ∈ [100 − 2000]MeV/c. A moderate χ2
RK/ndf < 10 cut was applied

to reject badly resolved tracks. Right panel: A systematics of shifts of reconstructed momentum,
compared to original momentum from GEANT KINE at the vertex point. As an error, the 1σ devi-
ation of the absolute difference between the momentum reconstructed with Runge-Kutta tracking
and the original GEANT momentum is assigned. Both figures are for π± mesons.
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Momentum resolution for Runge-Kutta (MDC123) tracking depending on angles θ

(left) and φ (right). A moderate cut on χ2
RK/ndf < 10 was applied to reject badly resolved tracks.
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An estimate of momentum resolution and shift for Runge-Kutta (MDC234) hit

combinations. See also Fig. A.10.
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Same as Fig. A.12, but for (MDC134) combinations.
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Same as Fig. A.12, but for (MDC124) combinations.
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A sketch of two nuclei before and after collision. The impact parameter quantifies

the number of participants Apart affected in the geometrical overlap region of the reaction. The
model allows prediction of the functional dependence of the number of participants on the impact
parameter.

�� ��������� ������
� 
 ������ ��
 �
���� ��� ����� � ��� 
���� 
��� �� �
��� 
� �
� � 
����

�
�

����
� 	 �� ��� ���� ��� ��� �� ��� �� �
� ��� ���
�
�� �

�
�
�� ����

b < bUpLim = RP +RT

	 ����
RP

�
��

RT �
�� �

�
��� 
� ��
� ������ �

�� �
�
���� ������ ���� ���
 �� 
� ���
����� �

�
������� ��
����� �� �����

�
� �
�����
�� ��� ���� 
� ��� �����

�
��

��� 
� ��� ����� � ��� �
�� �����
�
� ��� �
�����
� �� 	 ��� � ����� ��� ������ ������ 
� ��
�����

�
�
������� �� � �� �� ������
� �� ����
���� �� ������������ ������� �
����� � ��� ������ ������ �������

�� 
���� ���� �� � ������� ������
�� �
 �
� � ���� ���
 �� 
� ���
����� �
�
������� ��������

�� ����
� �� �

�����
�
��� � ��� �� ������ � ������
�� 
� ��� ������ ������ ������� �
�����
��� ��

�
���

�
�� �
 ����

� �� �

�
��� 
� � �

� ���� ���
�
�� �

�
�
�� ����

< bmax >
������� ������ �����

�
������
��� �
� ��� ��� ����� ���
����� �

�
������ ��
�����
� � �� �� �� ����� 	 bmax < bUpLim

������
�
� ��� �

��� ���� �
 ������ ����������������� ������� �� �
������ 	 �� �� ��� bmax = bUpLim

�
� ���� 	 ��� ������ �
������� � ��� �

����
� �� ������������ ������� �

�
�� ����� �� �

�
�� �

�
�
�� �

����� �
�
��
� �� ������
���� � ��� �� 0 < b < bmax

	 �� ��� � �
�
�� ��

�
� ��� ������ ������ �� �

�
�
���

�
�� �

�
��� �� �� �� ����� 
� ���

�
�� �

�
�
�� ����� � ���

�
���

�
�� ���
 �� 
� ������������ Apart�
����� 
����� �


< bmax >
������ 
� ��� ������� �������� ��� 
 � �

�
��� �

�
��� � ��� �� �� 
� ���



��� ��� ����� � � � �� ��� �� � �� ��	�� �� �
 ��� �� � ��� �	� � ���� ����

��
� ������ � � 
�� � 
� ������ ���������� ������� � ��� � �� � � �� �� �
�����
��� �
 ��� �
�
��� �

�
��
���
�� �
� �

�
�

�����
 
� ������ �

�
�
����� �� �� �� ������ � ��� ��� �� bmax → 0

�
�����
��� �

��� ���� �����

�
� �
�����
�� ������� 	 �� ��� bmax = 2RC

�
����� 
��� �
 � ������ 
��� ������ 	
� �� � ������ � ���
�� �

�� ������� �
�����
�� �
������ �

C/Rmaxb
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

>
p

ar
t

<A

0

5

10

15

20

25

C/Rmaxb
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

>
p

ar
t

<A

0

5

10

15

20

25
� ����� � �� �

The average num-
ber of participants Apart as a
function of the maximum al-
lowed impact parameter bmax for
carbon-carbon collisions accord-
ing to the model of interpene-
trating spheres. The plot is pre-
sented in relative units bmax/RC ,
where RC is the radius of car-
bon nucleous. The upper value
of bmax allowing interactions re-
quiring that two nuclei at least
touch each other, which implies
bmax ≤ 2RC in our case.
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The ������ ��� ������� tool for offline QA diagnostics. Initialization page (left), and

histogram/file selection page (right).
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The ������ ��� ������� tool for off-line

QA diagnostics. Shown is the histogram/history
player page, allowing fast scanning among hun-
dreds of diagnostic files with the standard set of
histograms. The scanning is performed for one
histogram at a certain time in experiment. The
user can manually qualify a histogram for the cur-
rently "played" file. In this example the distribu-
tion of hits on the MDC2 plane is shown for the
data file �	
��
����

� ����.
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The ������ ��� ������� tool for offline QA diagnostics. This example illustrates the

automatic scanning procedure applied to monitor the shape of a distribution inside an interval
for a one dimensional histogram. The left panel is used to select the interval for the scanning
procedure and also to specify the range of the deviations from the mean value to be attributed
to "Good", "Warning" and "Bad" preselections. In the right panel the result of such preselections
is presented with help of color bands. In this example a proton mass position is monitored as
a course of file number. A reason for fluctuations is an instability of calibration of TOF-Start
detectors. Red points on the right panel are caused by a set of files collected without target.
Obviously, the mass peak of protons is not present in these files and the mean value scanner just
indicated this change in the distribution. This picture illustrates the power of this simple method
for quality assessment applications.
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