 Where it all began: BEVALAC

* 2nd generation: KaoS

* 3rd generation: NA49
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Rapid Communications

The Rapid Communications fection i intended for the accelerated publication of important new results, Manuscripis submitted to this
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Charged-particle exclusive analysis of central Ar + KCl and Ar +Pb reactions
at 1.8 and 0.8 GeV/nucleon

H. Stridbele, R. Brockmann, J. W. Harris, F. Riess,” A. Sandoval,
R. Stock, and K. L. Wolf'
Gesellschaft flir Schwerionenforschung, Darmsiady, West Germany

H. G. Pugh and L. S. Schroeder
Lawrence Berkeley Laboratory, Universipy of Callfornia, Berkeley, California 94720

R. E. Renfordt and K. Tittel
Institut fir Hochenergiephysik, Universitdr Heidelberg, West Germany

M. Maier
Fachbereich Physik, Universicde Marburg, West Germany
(Received 26 October 1982)

An event by event analysis is carried out for all charged particles observed in central collizsions
of PAr +KCl and *Ar +Pb at 1,808 and 0.772 GeV/nucleon, respectively. Total transverse en-
ergy is used for impact parameter selection within the central trigger condition. The central
Ar+KC! reaction exhibits a forward-backward oriented momentum flux. The flux distribution
of the most central Ar +Pb events is approximately isotropic in the fireball center of mass.



Eﬂ T T | T
L [ 0.8GeV/N Ar+Pb i
16 F 1.8 GeV/N Ar+ KCL
12|
- F (a)
= 8r
E -
[ | L -
G
g 0 -[ﬂ'r\" —
-
E 12} g
= L 0.8GeV/N Ar +Ph i
8 (high E4 only)
_ (b)
£|, b
ooy |
0 02

0L 06 08 10
cos O
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same for cascade generated Ar+ KCl events: (@) all

charged particles; (+) only particles which interacted at least
once; (A) only particles which interacied at least three times.
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Collective Flow Observed in Relativistic Nuclear Collisions

H. A. Gustafsson, H. H. Gutbrod, B. Kolb, H. Léhner,®’ B. Ludewigt, A. M. Poskanzer,
T. Renner, H. Riedesel,'""’ H. G. Ritter, A. Warwick,'"! F. Weik,'" and H. Wieman
Gesellschaft fur Schwerionenforschung, Darmstady, West Germany, and Nuclear Science Division,

Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720
(Received 21 February 1984)

The reactions Ca + Ca and Nb + Nb at 400 MeV/nucleon have been studied at the Be-
valac using the “Plastic Ball” spectrometer. A global analysis of the events shows two non-
trivial collective flow effects: the bounceoff of the projectile fragments, and the side-splash
of the intermediate-rapidity fragments for the higher-multiplicity Nb + Nb events. Neither
effect is seen in a knockon cascade calculation. A simulation with an event-geneérating statis-
lical model has been done in order 1o extract the magnitudes of the effects.



 The ,sphericity tensor”:

Fu“ Erﬁf(v]ﬂij]W(v]
Its main axis has polar arca | oMo | o + N
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and azimuthal angles.
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for its polar angle:
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FI1G. 1. Frequency distributions of the flow angle # for
two sets of data and a cascade calculation for different
multiplicity bins. For the case of Ca the multiplicities are
half the indicated values.



 The ,sphericity tensor”:
Fy= Erﬁf(F]Fj(”]wlil"]
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Stopping Power and Collective Flow of Nuclear Matter
in the Reaction Ar+Pb at 0.8 GeV/u

R. E. Renfordt and D. Schall
Institute fiir Hochenergiephysik der Universitat, D-6900 Heidelberg, Federal Republic of Germany

and

R. Bock, R. Brockmann, J. W, Harris, A. Sandoval, R. Stock, and H. Sirébele
Gesellschaft fiir Schwerionenforschung, D-6 100 Darmstads, Federal Republic of Germany

and

D. Bangert and W. Rauch
Fachbereich Physik der Universitdr, D-3500 Marburg, Federal Republic of Germany

and

G. Odyniec, H. G. Pugh, and L. S. Schroeder
Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720
(Received 29 May 1984)

Charged-particle exclusive data for Ar+Pb collisions at 0.772 GeV/u are analyzed in terms
of collective variables for the event shapes in momentum space. Semicentral collisions lead
to sidewards flow whereas nearly head-on collisions have spherical shapes in the c.m. frame,
resulting from complete stopping of projectile motion. The hydrodynamical model predic-
tions agree qualitatively with the data whereas the standard cascade model disagrees, lacking
in stopping power and collective Mow.
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FIG. 2. (a) Distributions of the angle of maximum
momentum flow in the c.m. frame for Ar+Pb evenis
with participant proton multiplicities smaller and larger
than {M}. (b) Same for the corresponding samples of
cascade model generated events.

3 are projected perpendicular to the reaction plane,
no sidewards deflection appears and the results are

pl:" Mpparon IN PLANE

FIG. 3. Projection onto the reaction plane of the in-
variant proton cross section, shown by contour lines, for
intermediate impact parameter Ar+Pb events which
have been rotated into a common reaction plane orienta-
tion. The cutout at target rapidity reflects the target ab-
sorption losses.
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TRANSVERSE MOMENTUM ANALYSIS OF COLLECTIVE MOTION
IN RELATIVISTIC NUCLEAR COLLISIONS *

P. DANIELEWICZ ' and G. ODYNIEC
Nuclear Science Division, Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720, USA

Received 15 March 1985

A novel transverse-momentum technique is used to analyse charged-particle exclusive data for collective motion in the
Ar+ KCl reaction at 1.8 GeV /nucleon, Previous analysis of this reaction, employing the standard sphericity tensor, revealed
no significant effect. In the present analysis, collective effects are observed, and they are substantially stronger than in the
Cugnon cascade model, but weaker than in the hydrodynamical model.
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Fig. 3. (a), (b) Average momentum per nucleon in the esti-
mated reaction plane pX ja(¥), upon removal of finite-multi-
plicity distortions, for data and Monte Carlo events, respec-
tively. (c), {d) Differential, per unit rapidity, transverse mo-
mentum deposition in the estimated reaction plane in terms
of nuclear charges dP* Jdy, for data and Monte Carlo events,
respectively. Left-hand scales in (a) and (c) vield respective
estimated average momenta per nucleon pX/a(y), and depo-
sition dPX[dy, in the true reaction plane.
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Abbildung 3.1: Die Aufsicht auf das Kaonenspektrometer mit dem Detektorsystem: Start—

(D) und Stoppdetektor (F) zur Messung der Flugzeit, drei Vieldrahtkammern (MWPC—L,M.N)

zur Spurrekonstruktion, Cherenkov—Detektor (C) und zwei Hodoskope (T und H) zur Charak-
terisierung der StoBBgeometrie
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FIz. 2. Aximuthal distributions of the vector QQ for peri-
pheral, semicentral, and central collisions {(from top to bottom).
The ordinate is lincar starting at #zero. Shown on the left are
x* in the range 160 < pr =< 260 MeV /e, on the right, =% in the
range 260 < pr <600 MeVSc. The solid lines are fits with
cosle) and cos(2¢) terms. =0 represents an in-plane emis-
sion of pions parallel to the Q@ vector, &= % 180° an in-planec
crmission antiparallel to the O vector, = & 90" corresponds to
an emission of pions perpendicular to the reaction plane.



= T T | L T
E .I.I' ‘-* o -
= 4 bl . oA
IUE i .l! '.' Ll L
3 Py T* !
i SEHEL] A T"Ir- 1
06 EeLLE *:- "r':'-
A T'#"‘lil
0.4 }- &MUl "'.,!-. Fr¥rryy
i ASm 1
¥ MULS Ny ]
ol g Wy
02 | ,uys data gy ¥ 1 4
0k 2 e -
2 | [ :
= - .I.i’*i***i*i*' -
= L !;‘ kw4 ;
—— [ ] "- k] 'F'*ll.-i.-l.-
& 08 | fn,'ve, .
L L ' 4
= am_ Wy, 2
0.6 4
5 LA L 1 :
04 |- alm Trieves
T *“:.--
i N

0.2 ~ Maonte Carlo

ﬂ- e g g By L el
0 20 40 &0 B8O 100 1

20 140 160 180
|Ade, ] [deq]

Z. Phys. A 355 (1996) 61

Fig. 3. Probability distribution P(A® 2} for the angular difference A,
between Qy and Q7 as measured at a beam energy of Ep /A = 1000 MeV
{upper) and simulated (lower). The distributions are shown for different

muliplicity ranges



Table 4. Uncertainties of the azimuthal difference between the reaction
plane calculated from the subevents and between the estimated and the true
reaction plane, respectively. as exiracted from the simulation (see text). The
statistical errors are negligible

Er afA = 4K MeV
= AP, VT < AP =112 < cos(2AP) >

MLULI 08 20 7430 0,13
A2 5,47 51.9° .35
AILILS 42,17 47 47 0.41
MLUILA 23.5° 67.4" .18
MLUILS §00.5° 6.5 0,03

Efan!A = TO0 MeV
= AdL =L < A =172 < cos(2AD) =

AMLILT Q1.7 59 5% 0.27
MUL2Z 76. 70 4.2° 0,49
MRILILS 7500 30,79 0.51
ML Q1.7 61.0° 0.25
MLUILS 0.2 45.87 i

ErasfA = 1000 MeV
< AP =T AP W o eps(2AP) =

TMULI 6].2% 3499 0.30
MTIL2 7759 40.0F 0.50
MLIL3 T3.1° 365.4° 0.55
MUL4 L 35.9° 0.31

MLUILS P 1" 205" .08
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Fig. 4. Typical diN/de-distributions for H-isotopes measured at
Eran/a = 400 MeV for semi-central collisions (MUL2MUL3). The or-
dinate is linear starting at zero. The particles analysed stern from a momen-
tum range of 400<pr A <S00 MeV/ic. The solid lines are fits with cos(z)
and cos{2y) terms
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Fig. 2. Azimuthal distribution of 7" measvred at Ep = 700 AMeY for

semi-ceniral collisions (MUL2 MUL3). The curves correspond to different
bins in transverse momentum: (a) 240-300 MeWV/ic, (#) 300-360 MeVic,

() 360420 MeVic, (d) 420 -480 MeV/c. The ordinate is linear starting at

ELE L
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FIG. 1. K' azimuthal angular distribution for peripheral (b =
100 fm), semicentral (b = 5—10 fm), and central (b = 5 fm)
Aun + Au collisions at 1A GeV (from top to bottom). The data
cover normalized rapidities in the interval 0.2 = y/v,.,; < 0.8
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The lines represent fits to the data (see text).
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Emission Pattern of High-Energy Pions: A New Probe for the Early Phase
of Heavy-lon Collisions

A. Wagner,* C. Miintz.," H. Oeschler. and C. Sturm
Technische Universitdr Darvmsiads, D-64289 Darmstadi, Germany

K. Barth, M. Ciedlak, M. D¢bowski,* E. Grosse,* P. Koczon, F Laue.® M. Mang, . Miskowiec,
E. Schwab, and P. Senger
Gesellschaft filr Schwerionenforschung, D-64291 Darmstads, Germany

P. Beckerle, D. Brill, ¥. Shin, and H. Stribele
Johann Wolfgang Goethe Universitde, D-60054 Frankfurt, Germany

W. Walug
Uniwersyter Jagielloviski, PL-30-059 Krakdw, Poland

B. Kohlmeyer, F. Pithlhofer, J. Speer. and 1. K. Yoo

Phillips-Universitds Marburg, D-35037 Marburg { Lahn, Germany
{Received 5 November 1999)

The emission pattern of charged pions has been measured in Au + Au collisions at | GeV /nucleon
incident energy. In peripheral collisions and at target rapidities. high-energy pions are emitted prefer-
entially towards the target spectator matter. In contrast. low-energy pions are emitted predominantly in
the opposite direction. The corresponding azimuthal anisotropy is explained by the interaction of pions
with projectile and target spectator matter. This interaction with the spectator matter causes an effective
shadowing which varies with time during the reaction. Our observations show that high-energy pions
stem from the early stage of the collision whereas low-energy pions freeze out later.



Lt

FIG. 1. Sketch of an Au + Au collision at 1 GeV/nucleon
with an impact parameter of 7 fm as calculated by a transport
code [13]. The snapshots are taken at 6.5 fm/ ¢ (left), 12.5 fm/¢
(middle), and 185 fm/c (right) after time zero (see text for
definition of time zero). The arrows indicate the direction of the

spectrometer at target rapidity.
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» Selection of appropriate regions of phase space
for the determination of the event planes of v,

and v,

(4] Uy
i {ﬂ.ﬂ;-i.fiﬂ] [1.5;3.5]
pr(GeV/e) | [0.05:1.0] | [0.05:1.0]

Tabelle 5.4: Schnitte in y und pr im Phasenraum auf den Bereich der Spuren
zur Bestimmung der Ereignisebene

O<Ylab<6



Py (GeV)

6 7
Rapiditat

6 7

Rapiditat
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Counts

1 2 3 4 5 6

Event Plane Angle (rad)

Inclusive

after (recentering)
correction



* Reaction plane

.

(given by impact paramete, p, X b )

* Event plane (measured for individual events)

e Directed flow: v

- Event plane ~ reaction plane
» Elliptic flow: v,

- In-plane

- out-of-plane (squeeze)
« Radial flow (isotropic)



iy sverse Plane

Spectat0|§\

participants
H. Wieman (2005

azimuthal angle around the beam axis

QuickTime[] and a

density gradient -> pressure
creneca SR e A seneesiomn for anisotropic expansion



Peripheral Collision
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Centrality measured by the multiplicity of charged particles

Masashi Kaneta



spatial

anisotropy
momentum v,
anisotropy

Hiroshi Masui (2008)



Sum of vectors of all the particles
For each harmonic n;:
Transverse Plane

N
Q = E '!-ﬂ'l.' I}J'."l.'

v

Is a 2D vector
or odd harmonics w.(-y) = -w.(y)

azimuthal anisotropy:

E 105:\\ fﬂ%
I it
s s N\
. Y sin(0f :
Yplane =tan-1 Y. cos(0j) 0-955 \""x__—-r"'/
X sin (20i) |
2 Yellipse = tan 1m 0.95
0.85|-

0 05 1 15 2 25 3
Particle-Plane Correlation (rad)

S. Voloshin and Y. Zhang, Z. Phys. C 70, 665 (1996)



1 + 2vy cos(¢ — Wnp) + 21{2 CDS[Z(;;: — WRP)] + -
f f

directed flow elliptic flow reaction plane

Vv, = (cos[n(¢ — Wgp)])

 angle of Q-vector, |, is experimental event plane angle
Y., IS real reaction plane angle

* event plane resolution tells how well the event plane angle
approximates the reaction plane angle:

res = {cos(n(¥, — Wgp)))

S. Voloshin and Y. Zhang, hep-ph/940782; Z. Phys. C 70, 665 (1996)
See also, J.-Y. Ollitrault, arXiv nucl-ex/9711003 (1997)
and J.-Y. Ollitrault, Nucl. Phys. A590, 561c (1995)



Define 2 independent groups of particles

Flatten event plane azimuthal distributions in lab
" to remove acceptance correlations

Correlate subevent planes:

Subevent plane resolution is the square root of this correlation
Event plane resolution (res) is V2 times subevent plane resolution

Correlate particles with the event plane to get v, °s

: _ __ .,obs
Correct for the event plane resolution valn, pt) = v, /res

Average differential v (n,p,) over n, p,, or both (with yield weighting)

A.M. Poskanzer and S.A. Voloshin, PRC 58, 1671 (1998)



Non-flow effects are correlations not associated with the reaction plane.
(They include resonance decays, 2-particle small angle correlations, and jets of particles.)

Momentum conservation!
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STAR, B.I. Abelev et al., arXiv:0801.3466; PRC, submitted (2008)



elliptic and directed flow
Phys.Rev.Lett. 80,4136(1998)
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y = relativistic velocity along beam direction
p,= transverse momentum

pions proton

l----l-r-rr-rln---ln---ln-r-r-r.----.----.---r-r.

158A GeV:

0 02 04 06 08 1 1.2 14 16 18 2 O 0.2 04 06 08 1 1.2 14 16 18 2
P, p, (GeV/c) P, p, (GeVic)

NA49, C. Alt et al., PRC 68, 034903 (2003)



pionv,

0.01 = g '
L 1] P S e e e A

_n-u’ CIEREEIEL IARNPE N R ----l---- TETHE FTETE FETE

0.04

0.03
0.02
0.01

-2-15-1-D.5Dﬂ5112 -2 <15 -1 05 0 05 1 15 2
rapidity rapidity

NA49, C. Alt et al., PRC 68, 034903 (2003) cumu |antS

=0.01




|||||||||||||||||||I'

i e

|

T I TR PR A R AR AR RAMI R NI NN AR (AR u i FENINET

MR liaivliria kv o bara b vl s valvii bxiviba san b rpa o

L L 'l ] 'l 'l 'l .1 L '] Il L 'l '] L 'l
-2 -15 -1 05 0 05 1 15 2 -2 1.5 -1 05 0 05 1 1.5
rapidity rapidity

NA49, C. Alt et al., PRC 68, 034903 (2003) cumu |antS



0.2 Trr[rrr[rrrrsrprrerrrrprrrrrryrrr|rrrjp

> 0.8
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

Ilillll|III;{IE'IIIII{{IIIIIII{‘IIIIIII

I
——
SR TR ET T FT T AT T s i FERR BT

v by o oy s by s o By s by o by s by o 4yl
02 04 06 08 1 12 14 t6 18 2

p, (GeV/c)

oo

STAR, K.H. Ackermann et al., PRL 86, 402 (2001)

First paper from STAR
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25% most central

mid-rapidity Elliptic Flow
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