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A Relativistic Heavy Ion Collision Census
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The Census Bureau: PHENIX

Pioneering High Energy Nuclear Interaction eXperiment
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The Census Bureau: PHENIX
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Taking The Census

Over 300 tracks in a single head-on Gold-on-Gold Collision!




Population Sampling

PHENIX Detector - Second Year Physics Run
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The correlation 1n the
Beam-Beam Counter charge
sum and Zero Degree
Calorimeter Energy sum
effectively selects impact
parameter, or centrality.

ZDC Energy Sum

Urban “central” or
Rural “peripheral”?
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Population Distributions
Let's start by simply counting the number of charged particles produced

(multiplicity)
E 1 DE E_ | | I | | | _E
Ly = PHENIX Preliminary -
>~ 10 = 200 GeV Au+Au =
*-r*r @ -@:
10°E -
: Lo 5
E Loimi A
= Ll I Wz
0 100 200 300 400
Mumber of tracks
l | | | l | | | I | | | l | | | l
D 200 400 60D 800

dN_,/d1], o (GeV)
Sasha Milov



Increasing with collision energy...
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Transverse Energy Production

We can also measure the total amount of transverse energy produced
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Bjorken Energy Density (GeV/m3)
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Energy Density Growth
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central 200 GeV
Au+Au collisions, e ~
5.5 GeV/fm3, or more
than 30 times more
dense than normal
nuclear matter!



Transverse Energy - to - Multiplicity Growth?
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No significant growth seen - Extra energy is going into particle production.



Population Diversity
Identifying Particle Types

PHENIX High Resolution TOF
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Identified Particle p Distributions vs. Centrality
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Population Demographics: Identified Particle Spectra

Au+Au at sqrt(syy) = 200GeV ‘, ‘
Positive (0-5% central) Negative (0-5% central)
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Note: The proton yield is comparable to the pion yield @ 2 GeV.



<p> vs. Centrality (N
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A Simple Hydrodynamic Model for the Particle
Emission Source

Model by Wiedemann, Scotto, and Heinz , Phys. Rev. C 53, 918 (1996)
E. Schnedermann, J. Sollfrank, and U. Heinz, Phys. Rev. C 48, 2462 (1993)

*FFluid elements each in local thermal equilibrium move in space-time
with hydrodynamic expansion.

~NNo temperature gradients

*BBoost invariance along collision axis z. r

IInfinite extent along rapidity y. ‘

*CCylindrical symmetry with radius r.

*PParticle emission in a hyperbola of constamu—z

*SShort emission duration, t, < 1 fm/c

t T = /tz_Zz




Reproducing the Shape of the Single Particle Spectra

Radial position on freeze-out surface
E=r/R Shape of spectra is important

B,

Particle density distribution f(§)
is independent of & E <:>
Z
o
— gH T
f(€) 3 fo
mt
1 g Parameters:
normalization A T
freeze-out temperature T,
surface velocity [3; l
Linear flow profile B(§) = B,
 <Br>=2B/3 Fit range chosen to:
S. Esumi, S. Chapman, H. van Hecke, and N. Xu, . o e . .
Phys. Rev. C 55, R2163 (1997) a) Minimize contributions from hard processes
Bt(i) (m-m,) <1 GeV

b) Exclude Tt resonance region
pr < 0.5 GeV/e
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Fitting the Transverse Momentum Spectra
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Population Characteristics - The Fit Results:

The Parameters T;, and B vs. N

Expansion parameters
in each centrality

Overall systematic
uncertainty 1s shown.

A trend with
increasing N, 18
observed:

T Tfol andT BT

Saturates at mid-
centrality

part
PHENIX Preliminary
200 ’
180 = overall systematic error + 23 MeV
; 160 —
0 140 %0
2120— * °
5 ® * 9 °
80—
flat particle density, linear flow profiles
60— | \ | |
1
08—
o ® ) o o o
L/ o
- 0.6 . ®
@ e
0.4 * overall systematic error +0.2
0.2 flat particle density, linear flow profiles
| | | | | ‘ | | | | | | | | |
0 50 100 150 200 250 300 350 400
N

part

@

@0



Particle Emission Source Sizes:

Hanbury-Brown Twiss (HBT) Correlations

Some models predict that the source size will become larger and the
duration time will become longer in the presence of a QGP phase

Bertsch-Pratt source radii
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3-D correlation results for charged pions
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k. dependence of the Radii

k; : average momentum of pair

Centrality is 0-30%
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Source Size Evolution
The HBT Puzzle
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Centrality dependence of R /R ;.
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Using spectra information to constrain HBT fits...

Back to the hydrodynamic model

PHENIX Preliminary
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e Most 10% central positive pion HBT radii (similar result for negative pion data).
e Systematic uncertainty in the data is 8.2% for Ry, 16.1% for R,, 8.3% for Ry.
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Population Mass Movement: Elliptic Flow

final momentum anisotropy

b:impact parameter — g\yg6.6) = N (1 +  2v, cos(n(¢-3)))
¢ : azimuthal angle for measured particles
® : reaction plane angle
v, :raw anisotropy parameter

v, =V_/F : corrected anisotropy parameter

F : reaction plane resolution



Elliptic Flow vs transverse momentum

Vs

@0

Au+Au at

sqri(syy)=200GeV

min. bias
(r.p. Inl=3~4)

(*) P.Huovinen, P.F.Kolb,
U.W.Heinz,
P.V.Ruuskanen

and S.A.Voloshin,
Phys. Lett. B503, 58
(2001)

(**) M.Gyulassy, I.Vitev
and X.N.Wang,

Phys. Rev. Lett. 86, 2537,
(2001)
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Elliptic Flow of identified hadrons

Au+Au at sqrt(syy)=200GeV  min. bias  r.p. Inl=3~4
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N
ENIX

Net charge fluctuations

Proposed ~ 3 years ago: Fluctuations in net charge and net baryon

number significantly reduced if a QGP 1s formed 1n the collisions
Asakawa, Heinz, Miiller PRL 85(2000)2072; Jeon&Koch PRL 85(2000)2076

Fractional electric charges (q = £ 1/3, 2/3) of the quarks ==>
Charges more evenly spread in a plasma ==> Reduced net charge
fluctuations 1n a small region of phase-space

O
o © ® o
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® O
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hadron-gas”

’quark-gluon plasma”



Net Charge Fluctuation Measures and Results

Charged particle multiplicity
N,,=N_+N_
Net charge
Q=n + - N_
Define:

v(Q) = Var(Q)/<n >

For stochastic emission, v(Q) = 1
Globally, one expects v(Q) = 0 — charge conservation

If we observe a fraction p of all produced particles =

v(Q) « (1 —p ) from global charge conservation Joakim Nystrand

For the 10% most central collisions, |n|<0.35, p; > 200 MeV/c, Ap=n/2:
v(Q) = 0.965  0.007(stat.) — 0.019 (syst.) Vs, =130 GeV
v(Q) = 0.969 + 0.006(stat.) £ 0.020 (syst.) Vs, =200 GeV (PRELIMINARY)

Systematical error estimated from GEANT simulations (reconstruction
efficiency and contribution from background tracks), and by comparing the
results for the 2 arms (200 GeV).



Fluctuations in Event-by-Event Average Transverse Momentum

= \/V&r(pT) F — wdata o a)mndom

<P T > P a)mndom

F, represents the fraction of non-random fluctuations with
respect to a mixed event baseline.
* AuAu 200 GeV,

K .
o~ s TR preliminary
= F Preliminary
T
i N o AuAu 130 GeV,
S + 7 published
i -
2 F 5 7 1o 10 Maximum for semi-
-1 central collisions.
1_
N o For related to ¢y
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Number of Participants < N >

¢ = FpT @ random

Jeffery Mitchell



P H N2 E NIX The fluctuation magnitude tends to increase as the
N pr range used to calculate <p> 1s extended to

higher values.

—~ 45
< “E
— F
o rC
LL. 35 e
3 =
251 >
oF =K |
- S
15 | o PHENIX
15 — Preliminary
05
o £l | . | . | . | . |
0 1 2 3 4 5

PtMax (GeV/c)
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A Hint of Something
New

NOTE: The non-random fluctuations are being

introduced primarily by high p particles.

A simulation of elliptic flow shows that there 1s a

negligible contribution due to that effect.



Explaining the Source of the Excess Fluctuations
Observed signal is not consistent with temperature fluctuations

HIJING 1.3 filtered due to a phase transition. A Simple Model:
through PHENIX e Throw inclusive
acceptance
—- 5 spectra and <N>
= : : uark FF. no R .. scaling| distributions to match
T Quark FF, with R, , scaling _ Q | , e g .
4 E— * Define hard collision
= probability (P, ,) Vs.
3.5—
- prfrom data excess
30 over m, exponential
- fit.
2.5
= - S R * For hard collisions,
2 £ generate jets by
15 1 HIJING, unsuppressed jets A th.e
= : ; pp J : fragmentation
1 HIJING, suppressed jets . function (FF).
= PP ] HIJING, no jets
05— / | * Calculate F.
0 - | [ -y ! i P | ! | ! | ! | ! e The Only adjusted
0 50 100 150 200 250 300 _ 350 400 parameter vs.

Number of Participants S
centrality is P, _ ,

Observed signal is consistent with jets suppressed by the scaled by measured
preliminary PHENIX R, , values. Rya



PHENIX Census Conclusions

Population, (transverse) energy production, and density

- Monotonically increasing with collision energy. High energy
density achieved.

Demographics and Diversity

- Consistent with hydrodynamical model expectations. Many
protons at high p .

Sizes

- Source sizes are large, but duration time is short

Collective Movement

— Only consistent with hydrodynamics below p, ~2 GeV/c.
Protons flow more at high p .

Fluctuations

- No excess charge fluctuations seen. Excess <p> fluctuations
seen are consistent with a predominant jet source.

Synopsis: “Thermal”-like properties at low p. Maybe something
new observed at high p,.




The PHENIX census 1s still underway.
Stay tuned for many more results soon!



Auxiliary Shides Follow...



Simultaneous Fit Conclusions

Expansion measured from

spectra depends on N For the most peripheral spectra:

partt B =0.510.2 syst. (<P>=0.3+£0.2syst.)
— Saturates to constant for Ty, =135 £23 MeV

most central.
... to the 5% spectra
Br=0.7£0.2 syst. (<P>=0.5+0.2syst.)
T;, =110 £ 23 MeV

Used simple profiles for
the expansion and particle
density distribution

— Linear velocity profile

— Flat particle density

Within this hydro model, R, prefers n,> 1.0 and T;, < 50 MeV
Nno common source
parameters could be found
for spectra and all HBT
radi1 simultaneously.

R, prefers ny> 1.4 and T, > 100 MeV



Nch: Comparison to theory

130 GeV 200 GeV
zE PHENIX preliminary
WY
S 4t - EKRT .
]
E" 3 I ]
HIJING
2 HIJING B _
Mini-jet
1D I‘I(!'IDIE(;DISI;DI ) I1(!IDI2I'.:|IUI3L1ID |
MP P
v’ Mini-jet and KLN: describe data well
v HIJING: not too bad
N

H ENIX

HIJING
X.N.Wang and M.Gyulassy,
PRL 86, 3498 (2001)

Mini-jet
S.Li and X.W.Wang
Phys.Lett.B527:85-91 (2002)

EKRT

K.J.Eskola et al,

Nucl Phys. B570, 379 and
Phys.Lett. B 497, 39 (2001)

KLN

D.Kharzeev and M. Nardi,
Phys.Lett. B503, 121 (2001)
D.Kharzeev and E.Levin,
Phys.Lett. B523, 79 (2001)



Coalescence model for anti-deuteron

§ | Phenix Preliminary I ¢ E878 (AGS)
u ®  NA44 (SPS)
[ * STAR(RHIC)
- A  PHENIX (RHIC
10°
L of
O
(] -
o' +
4 4
10 = ‘} 1/B2 QV
u Comparison for most central collisions
B uncorrected for weak decays X
I d’°N, b2
10° ] o . Edd3=Bz(Epd3)
1 10 \s GeV 10° I Pa Py

Au+Au at sqrt(sy,) =200GeV

« Weak beam energy dependence from SPS to RHIC.
« Similar behavior has been observed in pion HBT correlations.



PHENIX Run-2 Preliminiary

PHENIX PRELIMINARY

A 7 PHENIX 200 GeV
¥ 7" PHENIX 200 GeV
7w PHENIX 130 GeV
/" PHENIX 130 GeV
J=* STAR 130 GeV
¥ 7" STAR 130 GeV

1
kTt [GeV/c]

PHENIX PRELIMINARY

A 7" PHENIX 200 GeV
¥ - PHENIX 200 GeV

0.2<k;<2.0 GeVic
<k;>=0.46 GeV/c

200 300

Nparl



Centrality dependence of source radui

Fit with
pO+p1*N ,"1/3

PHENIX PRELIMINARY
MCIR
- 6 6
E s| PHENIX 200GeV .| s| 5
& 4t . 4 4
3t 3 3
2t 2! 2"
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N|:|art I"'I|:lartu3 Nl.'lart
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N, . than R .
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Using spectra information to constrain HBT fits...

From the spectra (systematic errors):
Br=0.7+0.2syst. T, =110=%23syst. MeV

PHENIX Preliminary
R, (fm) R, (fm) R; (fm)
12_ 12_ 12_
10:- TC-TC- 10:- 10:-
8 8 8
E 5:- L] E 5:_ g E:‘
Y| \Q‘}l\ z :\ )
af af *+¢ af
: ‘ % '
[ + [ L ; [
2 2r 2r
R=97£021m .+ . | T, = 132 fm/c
0 05 1 15 0 05 1 15 0 05 1 15
m, (GeV) m, (GeV) m, (GeV)

10% central negative pion HBT radii.

Systematic uncertainty in the data is 8.2% for R, 16.1% for Ro,
8.3% for Ry.



1.5

Estimate of Baryon Potential

Statistical thermal model ¢, phi0002267 F.Becattini et al.

1, (MeV)
44 31 19

9

Lty
<
_

0.5 2l

——
CEy

central (0-10%)

KK /

T
R
o

A
L=

h /charged

" PHENIX Iprélinlﬁnzllryl (2(*?0 GeV),

1 em/m =1.02+0.02 (stat) = 0.1 (sys)
« K-/ K+ =0.92 + 0.03 (stat) + 0.1(sys)

~| + pbar / p = 0.70 + 0.04 (stat) + 0.1(sys)

T =160 MeV

T=165MeV -

T =170 MeV

Baryon chemical potential
u’B~ 30MeV

0.9



