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Talk Outline

Net Charge Fluctuations
Transverse Momentum Fluctuations
K/TC F|UC'[uatIOnS (Proof of principle)

Questions:

« Smoking gun for QGP, phase transition ?
* Threshold Effects with beam energy?

 What can we learn about collision dynamics ?
 Resonances
« Radial Flow Velocity + Profile
* Role of Jets ?

e |ssues
* E, p conservation
« HBT & Coulomb effects
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Why Study E-by-E Fluctuations ?

* Net Charge Fluctuations Model D

V+—,dyn
* Prediction by Jeon & Koch, PRL83 (99) 5435, + Poisson, Hadron Gas 4 0
others)
« Net charge fluctuations reduced in a QGP Resonance Gas (Koch et al) 28 -1.2/ng,
compared to a hadron or resonance gas. Quark Coalescence (Bialas) 3.33 -0.7/ng,
R & QGP (Koch et al) 0.75 -3.25/ng,
N Lattice 1 -3/ng,
 Momentum Fluctuations
* Predictions by M. Stephanov et al PRL81 (98)
4816; S. Mrowczynski, PLB314 (93) 118.
* Large Transverse Momentum Fluctuations
* Sensitive to 15t order phase transition (QGP
Droplets)
« Sensitive to 2" order phase transition Near cent. Pb+Pb at 20-158A GeV
critical point. ~ — 2 10
= | E o (K" + KM+ )
. +; " 2 8 Data
o Strangeness Fluctuations = Y 1 3 l Ul
* Large strangeness fluctuations ' :L -t ! é 6 PT 3
* QGP Droplets o - [ 4 | s 4 IVL 3
SR M 5,  NAd9 :
L # & .
| 2 A
I a 3 51015 20
s (GeV) sqrt(s)
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Event-by-event Fluctuations at STAR

STAR Preliminary

G. Westfall et al Suprya Das, et al.
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2-particle distribution

A N atO m y Of FI u Ct u at| ons ; 1-particle distribution
%  Two-Particle Correlation: C(bl, bz)sz(bl, bz)—Pl(bl)Pl(bz)
© 1 I
A | | - Probability to find a R(h. b y=—C{PuP:)
) . 11 ~M27
2 correlated pair: o.(p)pe(p,)
© | |
= « Distribution of associated rr C(p,,p,)
% particle per trigger B(P., ;)= pl(lp' 1)2
?‘D:

- r.r I I rr
1 2-Particle Integrals  fdpp,(p)=(n); ~ [dp,[dp,p,(Py, P)=(M(n 1)

Weighted Integrals: [y (Ddb=(w);, | [waw,o,(py, P,)dpdP, = (ww,)
Variance: Var(w) = (w?) — (w)?
Covariance: <AW1AW2 > = <W1W2 > — <W1 > <W2 >
Correlation Coefficient: l__%)z _ J-dyl_.. dy,C(¥;,Y,) _ (n (n — 1)) —(n)*
© Jdy [ dy,p(n)A(s) (n)?

%]
)
Q
@®
>
S
b}
%]
o]
@)
®©
S
(@)
)
+—
c

6/28/2005 Claude A Pruneau, Wayne State 5



Net Charge, and K/r Fluctuations

Instead of measuring the variance of a yield ratio,

Con L AR (An)) (An)) , (anan,
n, (1) (n, )? (n, )? (n, Xn,)

Study the “dynamical fluctuations™:

(nl nz\z_l_l_oo_0
Vlz,dyn_<k<n1>_<n2>J> < = 11""%2 2'%2

Side Note: D =(n, +n, ){(Ar,,)?) D .. (R, +R_—2R_)n, +n)

N
N

<p,> Fluctuations

1 e
<Apt,1Apt,2> _Z k(N _1)

where e 1 <<pt>>:{,\ti:t<pt>kJ/Neet
Z; 12 (i = (P Npes = () <pt>k={§jpt,ij/|\|k
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Useful Properties

e |[ndependent Particle Production (Poisson):
C(bl’ bz) = pz(by bz) _pl(bl)pl(bZ) =0
= R&0

Vlz,dyn = O
<Apt,1Apt,2> =0

e Superposition of M “N+N” collisions without re-scattering of
secondaries:

Pl (y) = Mo (y)
pch}(yll y,)=M pgl}(yl’ y,)+M(M _1):01{1} (yl)pfl}(yz)
RN} _ Mot (v, ¥,) + M(N, =)ot (v) o (y,) - M2 (v) o (y,) ~ RY

MZp (v,) ot (y,) M

{1} {1}
Vi o my (AP AP,
V-{:/,ld}yn = Tdy <Apt,1Apt,2> = < t M t >

e Robustness
m Independent of detection efficiency
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Data Sets - STAR

e AU+ Au
m s, 12 =20, 62, 130, 200 GeV

m Collision Centrality Determination based on all charged particle
multiplicity |n|<0.5.
e Centrality slices 0-5%, 5-10%, 10-20 %, ...

e Use Glauber model/MC to estimate the corresponding number of
participants.

Counts

10° &

10°E

10 |

1 J
0 100 200 300 400 500 600 TO{L
ch

Events analyzed for |z |<MAX.

DCA < DCA 5 CM.

Track quality N,,>15; Ng/N,.>0.5.

Fluctuations studied in finite rapidity, p,, and azimuthal ranges.

vertex
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Dynamical Fluctuations in Au + Au Collisions is{LAm“mma,,

In|<0.5; 0.2 < p, < 5.0 GeV/c In| < 1.0; 0.15< p,< 2.0 GeVic In|<0.5:
0
€ . I . p ] I ]
f‘ [ ! ! ¢t * ® 20GeV AutAu ’ SiDas, G. Westfall, et al., Work in —
e _ A 130GeV Aushu o e
L -~ B
002~ 0 *
i : 0 Authu 200 GeV “>'~ i h.:
003: i 0 Aushu 30 GeV 0 | F
! A o ARG 2 + 4 -
- -
[ 7 Authu20 GeV A 10 g
- L ¥
; ¢ + ¥
ats- ; 3
: :
06" v +
Ly +
i
IS Net Charge <Ap;1AP; 2>
i C. P. et al., Work in progress. 10 | G. Westfall et al., Submitted to PRC. : ; : ' 3 3 |
el b b b b b b b L bl P N N
0,08

C0 50 100 150 200 250 30 B0 40 0 50 100 150 200 250 300 350 0 5 100 150 200 250 300 350
N

. . . it
« Finite Fluctuations @ all méasured energies. ; part
* Increased dilution with increasing N,

» Energy dependence ?
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QGP Signature? 1/N Scaling?

dN/dnv,_ ..,

No Correlations

) s
i 0 Authu 200 GeV
JI- B Aurhu 130 GeV
o Aurhug2Gel
0'4__ ¥ AurAu 20 GeV
'0'5-:_'— Coalescence
: B T LT L LT TP PP TP PP PP PP PP PP PP
A8
rii v
= v
R i rEoatescenee
L b ] \
42— « p ; Y
C ! ' A |
4= o
B Resonance Gas
'1-6__ e rra s ra s
48=
L C. P. et al., Work in progress.
_2_\\H‘HH‘HH‘\IH‘HH‘HH‘HH“\H
0 50 100 150 200 250 300 350 400
Koch/Jeon QGP ~ -3. )
pa

* Finite Centrality Dependence
» Magnitude of net charge “compatible” with resonance and coalescence models.
» Disagreement with HIJING “predictions”.
* Note dN/dn/(N,,/2) changes with N,.
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G. Westfall et al., Submitted to PRC.
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dN_, /dn /(KN >/2)
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iSTKR Preliminary
PHOBOS - PRC65, 061901R
Au + Au sgrt(s,,)=130 and 200 GeV.
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O pp interpolation 130 GeV
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1/N, ... Scaling?

part

C. P. et al., Work in progress. G. Westfall et al., Submitted to PRC.
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C

omparison to PHENIX, F

PHENIX 130 GeV Au+Au; STAR 200 GeV Au+Au

10

G. Westfall (STAR) QM 04

W7 = —
‘ L

9
o~
S
2
L
- PHENIX r\lucl-eleMDDDSI :
STAR with PHENIX Cuts
STAR .
1 [ STAHWithHENIXCu(SHIJING""m'"gm'”w""w
By STAR HUNG e
ll‘llllllllllllIlIJIhIIlllIIIlIIIIllI\I
0 5 100 150 N200 250 300 350
part
STAR Cut : || <1.0; 4¢=360% 0.1<p,<2GeV
STAR with
PHENIX Cuts: || < 0.35; A¢=2x90¢ 0.2 <p, <2 GeV
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Net Charge Fluctuations - Beam Energy Dependence
Need to correct for charge conservation effects!

S2=)

part

<N_, > (/<N

5% Central Au+Au ﬁsiiﬂ Preliminary
W. Busza, et al., Phobos, nucl-ex 0410035 O
40 ‘9/
® AAData ~
_ o | M| agn = VagnH4 /(N )4z
O pplpp) Data
0+
| o e'eData .
i -0.00%
al :
I n
T b -0.002
f n STAR |n|<0.5
Dﬂlllllljllllz::lll ||3|t}|| ||4:J| |||51 ° CERESZO<T]<29
|n2 \E 1 ! ! ! !
N¢p 5(200,5%) ~ 5092 -0.00
N 0r(130,5%) ~ 3900 0 50 100 150 200

Neh 1o/ Npart="CONStant” at a given energy

17/:
SN

Possible “Threshold” Effect at lowest SPS/CERES energy.
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p; Fluctuations - Beam Energy Dependence

G. Westfall et al., Submitted to PRC.

1.6
) p— :_
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= O~ + d—l -
Qo
$ : 20 Gev Aushu T Y ﬁ {]_ B
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O 20GeV HUING :ﬁ :@ B A727, 97 (2003)
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o i |
or no beam energy dependence. I 1
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K/m Fluctuations Beam Energy Dependence

cent. Pb+Pb at 20-158A GeV

Dynamical Fluctuations [%)]

10
- (K" + KA+ 1)
8 = Data
} e UrQMD v1.3
6 ' . STAR
T 4
o HI- 3 200 GeV
- $
o
s e 15 20 i\l—z
2 STAR Preliminary
sqrt(s)

Experiment | Ratio type Cyata O mixed Sdyn
STAR Kir 17.78% 17.23% 4.6%+0.025
STAR K*/n* 24.29% 24.10% 3.06%+0.066
STAR K/m 24.81% 24.55% 3.61%+0.055
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Supriya Das et al, work in progress
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What Can We Learn About
Reaction Dynamics ?

e Thermalization

e Role of resonance production
e Collective Flow

e Jets

e efc



1.2

. . proton
Thermalization ke ——f [ |
S. Gavin, Nucl. Dyn 2004. <p,> il . [ i

Gev 06 i &0 o b 4—
. L . 0.4 3 S 2 I
“Partial thermalization describes trends.” m pion
"1 (p)=(p),S+(p).@-3)
n
. i N . 200 GeV
« Solves Boltzmann equation 3 30000{ STAR Preliminary s s T
» Parameterize particle correlations %« 25000 5 ol + + 4 1
* Spatlal g_‘! Sl 130 GeV
« Rapidity o 150007 + L | S
« Momentum Vo f T 20 Gev
=]
(p) R 2 5“”: (0u0ez) = (o), S7 +(Pudby,), (1-52)
t t T T T 1
(0Pudb), =~ AR (EIR) ; —————
AA N 0.2- STAR Preliminary v VOSZ tu, (1_ SZ)
pVayn 1
-0.6 - + 200 GeV
081 4= . + i
-1 4 130 GeV
1.2 =+ |
147 T T 20 cjev
e 0 0.2 0.4 06 08 1

centrality ~ N, participants
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Resonance Contributions - An Example

N! n n n
P(nl’nz’ns): o If11f22f33
n,'n,!n,!

G(t,,t ;N)=(fe" + fe- + fe"-*")"

2f
— 3 . ime™ and a
N/_i__wn(i,ﬂ ,ﬁ): TIFF (Ur?cuol(r:TL(Jrltregied) c_igcpmpressor
] (f _|_f Xf +f) are needed to see this picture.
_g, Or 1 3N 2 3
>;[-O.2
Z -0.4~
-0.6-
-O 87 STAR, PRL92 (2004) 092301
_1 -
-1.2-
-l 4 uunnnnnnsn
-1.6- = p/TC ~0.17
18 " koy/m ~0.12
o . ~ 0.08 effective
2.2 . with DCA < 3cm.

0 0.2 0.4 0.6 0.8 1 Resonances /nt > 0.3
Probability - f,
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Particle Correlations in “Elementary” NN-collision.

Produced particles are correlated due to:
* Local charge(s) conservation,

* Resonances,
e Fluctuations in number of produced

y A
(aQ\G\N
X
CC(O) - O 66 r R(m,%,)} 0 ISR
o1
AT %
* &?P 02 o %
. ® 0* o #OO ° .
-5‘_#.. ojac'r'l, J1 i nﬁoéo v s
K OH 02 H{ o o4
2N BN

6/28/2005

“strings”, e.g. number of gg-collisions.
_ COnwYe)
R ¥2) = P (Y1) o (Y,)
Q% W)=20%)-20a)
CynY.)
B(Y,,Y,) = —222
0:2) o (Y;)

[dya(y)=m)
Idylde2p2 (Y1, ¥2) =<(n(n-1))
The probability to find a particle at mid-

rapidity is about 60% larger if a particle
has been already detected.

6 (n)’
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Particle Correlations in A+A @ Radial flow

6/28/2005

Hypothesis:
All particles produced in the same NN-collision
or “gg-string” subject to
» Same transverse/radial “push”.
» Same radial direction + magnitude
Consequences:
* Induced correlations in phi
* Induced position-momentum correlation in AA
* not present in N+N
* Induced p, correlations.
Specifics
 Long range rapidity correlations
* Narrow in ¢ and wide in n, charge
independent
« Stronger 2-particle p, correlation in narrow
¢ bins
» Narrowing of the charge balance function
* Increase in mt & decrease in rapidity
separation i
Ap, = m, sinh(Ay)
» Similar to S. Pratt et al, “late hadronization
scenario”
* Increase in Charge correlations in ¢.
» Azimuthal Balance function
 Correlation observables all evolving with
centrality (radial flow)

Claude A Pruneau, Wayne State 20




G. Westfall et al., QM04

I_ 5
Longitudinal Correlations _" b4

*
|
?.
|
"

- —h— A k- .
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i 13} - -@-
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S. Voloshin, nucl-th/0312065

Model of Transverse radial expansion

STAR, PRL 92, 112301 (2004)

a T T T T T T ] >0_5-|---|---| |'|'- é‘).-lll T T T
%1_ (a) P+__ 2 i@ L 4 * 0vﬁ_(b) R
3" cob bt ST ey
= 1 a0 ¢ ] e \(dN/dy)% (a4 T !
A 0.8- ¢¢ - 0.3 x' s A |T|
N AV S S S . | oal & :
C0.6 " .hh A : ¥ A
v ok T 0.2} .4 n=1
0.4-|:ﬂl m N N L u o e o—r] 1
- - r%Ne ” 0.2 ]
0.2+ - 04242 4 & 4 4
0|-| . ] ] . L ) ] Tkin .
0 200 400 600 0 200 400 600 U0 200 400 600
dN_ /dn dN_/dn dN.,/dn
Blast wave parameterization of the source at Hypotheses:

freeze-out: d3n/d3p ~ e E/T
Schnedermann, Sollfrank, Heinz, PRC 48, 2462 (1993)

R -
Ed3n do, m, cosh(y—y, ) expl— m, cosh(y—ys)cosh(pﬂ_— ptSInh(pt)COS((p—gos)]
d3n ;
W j rdr m K, (81 (er); A_ tcosh(p); @, = $ sinh(p,)

[dpydey, P?m_lfdl)f.lfdl%2{51)c.1ffpf.z]?f!f.ifﬁ(iff.l]!i’““ oslds—t1)m, oIy (B; 2)et2 cos(Po—92)

‘:':5])3‘151_):‘2:':- = ;
[ dpedey, pf’”_lfdpt‘l [ dpeamy 1Ky (fB;1)ee co

(B =21y o1 (B, o) eot.2 cos(dn—da)
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Uniform source density
for r<R.
Unique Temperature, T,

Velocity profile: V; LIr "
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n=1, T=110 Me

S. Voloshin, nucl-th/0312065

Correlations Induced by Radial Flow

No dilution factor and No momentum conservation effects included
First and second harmonics

TR

Excluded based
on estimates non
flow contributions
to v,

1 Good velocity

profile

] discrimination

AR RAREN RLLRS RARRY LLRLY RLLLE LAREN LELRS LLLR) RLRES
Protons n=2 E
Kaons :
Pions J
n=0.5
No velocity profile discrimination E
0 0 O u
0 0.05 0.1 0.5 0.2 0.25 0.3 0.35 0.4 0.45 0.F 0 0.05 01 015 0.2 0.25 0.3 0.35 0.4 045 05
2 2
<p;> (Pt }
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Transverse Momentum Correlations

Scale <Ap,Ap, ,>, divide by <<p>>? and number of participants.
Compare to Blastwave calculation by S. Voloshin

200'025 ; ; :/ ; ; ; ; ;
a ! =1 Caveats:
~ - | | | * Neglecting Diffusion,
~ 0021 §n=0.5; e Finite Thermalization
g-_- i : t Time
vV . e Used “simple” Spatial
1_0-015 B Source Profile

L « Simple N, Scaling

Ro5=0.66

® 20 GeV Au+Au <5pt'15pt'2>AA =Dy, <5pt:15pt*2>NN

N IR L LI I

0.005 B 130 GeV Au+Au
i A 200 GeV AutAu - <”(”2_1)>NN
I " (Neo =1){n)y, +(n(1=D),,
_i L 111 i L 11 1 i L 111 i L 111 i L 111 i L 11 1 i L 111 i L 111
0 0 50 100 150 200 250 300 350 VvV |:| r
Npan nt
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Effect of radial flow on Net Charge Azimuthal Correlations
Monte Carlo Toy Model NI

N_ .n n,
f“,ﬁf,,fprs
n Inln 11 2 '3
”+.nﬂ,.np.nK§.

Multinomial production of =+, 7, p°, KO, P(nﬂ“n;z"np’an;N):n

Isotropic source; Maxwell Boltzman Dist.; T = 0.18 GeV;

Fixoed radial flow velocity, v, No K°, Low mass p or o, v, = 0.
g - ¢ 0
N 0.6 k -
2004 - 2005
W= 08c B
0008 001
0.01- -
C 09C v={ tho on r
'0012 — : v=g.8hrho ;ﬁ\y -0.01 5 —
C B w02 L
0.014= Y i
r v=0.5 ~
C v=0.6 -
0.016— Lo -0.02
r v=09 [
00185 Lo i
_0.02:\\\I|I\\\‘\\II|\\\\‘III\‘\\\\|II\\‘ _III\‘\III‘II\\‘II\\‘III\‘\II\|II\\‘
0 5 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Mon Mar 28 15:13:42 2005 O FriMar 11 11:42:20 2005 0
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Net Charge - Azimuthal Dependence

AU+AU @ Sy 2= 62 GeV Resonance Gas - Toy Model
NN — .t - 0
0 T=0.18 GeV,; ", w, p, K%, v,as shown
€ s Vramm——1
§ 0 0-5% dooz oL o ——s
+ C
? : -0.004:—W
001 10-20% 10.006—
- -0.008 —
- -0.01—
-0'02 [ C L ] =0 rho only
— '0.01 2 — * w=0.8 rho only
L 30-40% - e
= -0014_— ] ::gi“s
0.03— 00180 08¢ P
: -0.018:— A& v=095
— - :\ I | I | | | I | | | ‘ I I | | | | | I |
i 0.02 50 100 150 200 250 300 350
-0|04_ . . ¢
- g Pythia 25 pp + Radial Flow
: Joonl e
-0.05 B 70-80% 0.06— 4 03
i 0.04— v 06
C 0.8
- 0.02—
_olos_\\\\‘\\\I‘\I\\|\\\\‘\\\\‘\\\\‘\\\\| Of—%
0 50 100 150 200 250 300 350 0.2 ' = 1
L p  ooa
Indications of resonance + flow effects 006"
Interpretation requires detailed model 008
comparisons P T P I S I R
0 50 100 150 200 250 300 350
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Summary

e Net Charge fluctuations W ©

m No smoking gun for reduced
fluctuations as predicted by Koch etal. .|

= No beam energy dependence B

m Bulk of observed correlations likely due
to resonance decays. -0.002

m Sensitivity to radial flow. _ STAR Preliminary
e P, fluctuations s | | | .
m No smoking gun for large fluctuations. 0 50 100 150 200

m No beam energy dependence. _ S
m Sensitivity to radial velocity profile S

-
D

e K/r Yield fluctuations i MR -
. . g: } «- s ?w; sopns  wess  wils  mees *ﬁ% 5
m Super-poissonian ¥ oal M f!
¥ osf !

m No beam energy dependence ?
® Suggestion:

J<Apt,iApt,j
=)
B

- — ® Au+Au 0 - 5% Most Central
Bulk correlation properties invariant v CERES PbsPb
with beam energy 15 < s'2, < 200 b
GeV ? 10 \s.(Gev) 10
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