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Evolution of the Universe
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How to make a Quark Gluon Plasma
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The phase transition in the laboratory
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Relativistic Heavy Ion Collider

BRAHMS

Christine Nattrass (UTK), University of Kentucky, 1 Oct. 2009



STAR
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Some key features of a heavy ion collision*

* Particles exhibit collective flow relative
to the reaction plane, behaving like a fluid

of quarks and gluons out-of-plane

* For this measurement, that is a
background

* The majority of particles produced are
low p_ light hadrons (mr,K,p)

*The production of these particles is
described reasonably well by statistical
(“thermal”) models

« These low p_ particles are often called
“the bulk”

— At local equilibrium?

Non-central Collisions

*  Ahard parton 1s a probe of “the
bulk™ *I am glossing over details and

disagreements within the field
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A simple picture of a heavy ion
collision
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Jets as a probe of the quark gluon
plasma
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One jet “absorbed” by the medium
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Studying jets through di-hadron correlations

Hard parton scattering = back-to-back jets

Good (calibrated?) probe of the medium
High multiplicity in A+A collisions
Individual jets difficult to reconstruct
Study jets via correlations of particles 1n

space

both azimuth and
pseudorapidity Associated
X oo -In(tan(6/2))
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Jets — azimuthal correlations
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Jets — azimuthal correlations

- — p+p min. bias -

* Au+Au Central
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But at lower p ...

Near-side shows modification

Excess yield in Aut+Au relative to p+p
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Looking in two dimensions
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In two dimensions in Au+Au
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Large backgrdund westfaction. ..
Signal/Background ~ 0.05 in central Au+Au

Depends on kinematic region

Signal/Background h1gher at higher p_
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The jet-like correlation
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Jet-like correlation composition .
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Au+Au similar to p+p for both strange and non-strange
particles
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p.eser dependence
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PYTHIA — Monte Carlo p+p event generator tuned to data
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p associated dependence
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N _ dependence
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The Ridge
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Extent of Ridge in An
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Jet-like correlation is like p+p, Ridge is
like bulk
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“Fragmentation functzons

Measure hadron triggered
fragmentation functions:

h1,h2

D""(z)

— 1y @SsOC trigger

2P, /Py
Jet-like correlation

+Ridge: Dhl’hz(zT) different
for dt+Au, AutAu

Jet-like correlation only:
D"'"**(z_) within errors for

d+Au, AutAu

Ridge+Jet

B
I | L I T | (L

L ]
L
~i-
§ ) @

2. 5 < p < 3 GeV/c—
3< p <4 GeVic
4 < p <6 GeVic ]
6 < p <10 GeV/c
nucl-ex/0604018

| I L1 1 I |

0IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

2. 5 < p < 3 GeV/c—
3< p <4 GeVic
4 < p <6 GeVic ]
6 < p <10 GeV/c
nucl-ex/0604018

0 0.1 0.2 0.3 0.4 0.5 0.6

Horner QMO06

Christine Nattrass (UTK), University of Kentucky, 1 Oct. 2009



Jet/Ridge w.r.t. reaction plane
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0.05 Jet yield independent of ¢4 consistent with vacuum

fragmentation after energy loss and lost energy deposited
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in-plane for surviving jets.
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ldentified trigger: Near-side Yield vs N,
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Key experimental results

Jet-like correlation 1s dominantly produced by

fragmentation — Ridge production must not affect formatlon of
jet-like correlation

Cu+Cu Aulu
A 0-10 * 0-607 ez, QM ahu
M 0-10 ® 0-10% i
® 0-5% " 20.4 B
= 20-4 v 406 O Rivge

Particle ratios in Ridge comparable

to bulk H,-ﬁ;- BRI e
The Ridge is smaller in collisions at el
S\ = 02 GeV than 200 GeV . /1
Ridge is larger in plane ==

than out of plane

If there is a mass ordering, Ridge increases with =
Increasing trigger mass ey

The Ridge 1s broad 1n An
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Comparisons to theories
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Radial flow + trigger bias

Radial flow means that most particles are moving out
from the surface of the medium

If hard partons are also surface biased, SNy
hadrons from fragmenting partons will also "
be surface biased

< | S

partons and medium partons — the Ridge -

< S

Several implementations of this mechanism

A boost in momentum mimicking radial flow added to PYTHIA
(Voloshin, Pruneau, Gavin)

Radial flow + trigger bias added to a Glasma 1nitial state (Gavin,
Moschelli, McLerrin)

Correlated Emission Model adds this mechanism to Recombination
(Hwa)

Christine Nattrass (UTK), University of Kentucky, 1 Oct. 2009 35




Radial flow + trigger bias

Jet-like correlation: not affected ©

Particle ratios: from bulk — comparable to bulk ©
Ridge in 62 vs 200 GeV: not clear ®

Reaction plane dependence: described by data ©

Mass ordering: If surface bias 1s from radial flow, ridge
should be larger for lighter trigger particles because lighter
particles have greater flow. The opposite trend 1s observed
— 1f this 1s the mechanism, surface bias must come from jet
quenching ®

Ridge is broad in An: described by model ©

— Consistent with most observations but need more
quantitative calculations
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Near-Side Jet Partor

Momentum kick model

.........
...........
..............

e

Hard partons moving through the (i
medium collide with partons from {7580 |
the medium

These partons acquire a momentum kick in "cn g
the direction of the hard parton, leading
them to be correlated with the hard parton

— the Ridge

Since the distribution of medium partons 1s - 25N e |
broad in An, the Ridge is broad in An

(GeV™?)
3 ~

dN/dyp, dp,

Causal limit to how far in An the ool 3 TRAMEC I s

correlation in An can extend — unusual 3, g

distribution in An, strongly p, dependent £ g
>-1 %‘E

S
~

Able to describe energy dependence

%
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Momentum kick model

Jet-like correlation: not affected ©
Particle ratios: from bulk — comparable to bulk ©

Ridge in 62 vs 200 GeV: agrees with data ©

Reaction plane dependence: naively greater for longer
path length ®

Mass ordering: unclear ®
Ridge is broad in An: described by model ©

— Consistent with most observations but needs to be
reconciled with reaction plane dependence

Christine Nattrass (UTK), University of Kentucky, 1 Oct. 2009 38



Gluon radiation

Hard partons moving through the medium
emlt gluon bremsstrahlung Vacuum Static medium: Flowing medium:

(reference) Broadening Anisotropic shape

Longitudinal flow:

LongitUdinal flow swe eps these % gg
gthIlS in pSGUdorapidity —sthe Rldge b%

Plasma instabilities

Plasma instabilities form due to the rapidly fluctuating strong fields
carly 1n the formation of the collision

These fluctuating strong fields make the plasma unstable and deflect
gluons radiated by hard partons

Christine Nattrass (UTK), University of Kentucky, 1 Oct. 2009 39



Gluon radiation

Jet-like correlation: not affected ©

Particle ratios: from gluon fragmentation, likely
comparable to ratios in p+p @

Ridge in 62 vs 200 GeV: not clear ®

Reaction plane dependence: naively greater for longer
path length ®

Mass ordering: For longitudinal flow mechanism, also
expect greater Ridge for lighter particles because flow 1s
greater. @

Ridge 1s broad in An: not consistent with current
calculations, may have causal problems ®

— Several aspects not likely consistent with data

Christine Nattrass (UTK), University of Kentucky, 1 Oct. 2009 40



Conclusions

Au+Au 0- 10% STAR prellmlna

@ 470 3<pt trIgger<4 GeV
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0 4507 2GeV
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Particle dependence consistent with vacuum
fragmentation

No system dependence

PYTHIA quantitatively describes data

Jet-like except at lowest pT“’iggef, P

correlation

— Jet-like correlation 1s dominantly
oo T i l produced by vacuum fragmentation

— Can understand the effects of kinematic
cuts on parton sample through jet-like
W correlation

—Deviations from vacuum fragmentation
either come from the Ridge or from a

slight modification fragmentation in
A+A

Christine Nattrass (UTK), University of Kentucky, 1 Oct. 2009 42



The Ridge

Au+Au 0- S prelim|
40 aep, <agev ]
E 48 . :
S 45 Prie>2 GeVT
44 ) :
430
. x
4205
41 )
N 1
-3 e 1
2 ,o 05
1 0.5
277 s

liminary - .. I

Several models on the market

Radial flow + trigger bias able to describe most
aspects of the data

Momentum kick model consistent with data

Gluon bremsstrahlung models have several
apparent inconsistencies with data — likely
excluded

. Radial flow + trigger bias mechanism

dependent on validity of hydrodynamics,
less speculative

But need more quantitative calculations!
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Outlook

* More studies of energy dependence possible

e RHIC beam energy scan
« LHC

* Better studies of Ridge, jet-like correlation at RHIC

« EMCal triggered data
* Full jet reconstruction

Christine Nattrass (UTK), University of Kentucky, 1 Oct. 2009
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PHOBOS

Coverage:

With tracking:
0<$<0.2, x2
0<n<l.5

Without tracking:
0<p<21r

3<n<3
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Determination of yields and errors

Background:
B(1+2 v, 1 v 550 cos(2AD))

0G rig<6.0 G 1. Ge\/<p_assoc trig °
oy o P difterent fit methods for
ST 1 reflected etermination of B
3.45 N y :
@ .0 i ero Yield At Minimum (ZYAM)
2w Fl+ | point, 3 points
= 3.35% —+ ] T2, + oz
S 4 T4 pas Free parameter (used as best guess)
sk “.:.* + ﬂ:’ kY +
= Ry ',' --.'\‘ K r
3.15;1"":%:;}‘; ----------- K};’- ------ 2 CITOT
e , ,
om0t 30 4, measurements in Cu+Cu 1n progress
------------- fit with ZYAM with 3 points, best v,
............. At with ZYAM with 3 polnts, high v Jpper bound for v, measured
------------- fit with ZYAM with 3 points, low v, ] ]
------------- fit with ZYAM with 1 point ) = 10-15% depending on P centrality
------------- fit with background as free parameter L
stimate for lower bound, near 0

A, A, K% E* .. v,: large statistical errors

Assume quark scahng of h v, in Cu+Cu 48
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Method: Yield extraction

Ridge previously observed to be independent in An in Au+Au

To determine relative contributions, find yields for near-side, take
. . . Au+Au 0-10% STAR preliminary nucl-ex/0701074
A® projections in

h+h
-0.75<An<0.75 Jet + Ridge
0.75<|An|<1.75 Ridge

Jet = (Jet+Ridge) —
Ridge™*.75/1.0

Ridge = yield from
-1.75<An<1.75 — Jet yield

Flow contributions to Jet
cancel

v, independent of 1 for Inl<l

Phys. Rev. C72, 051901(R) (2005), Phys. Rev. Lett. 94, 122303 (2005)

oEhty Hp kbl
SO A S T M A
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Background — hydrodynamical flow

Particles exhibit collective flow
relative to the reaction plane

N 1 N
L"r = ; —I—Z"*"r cos(n(d —ge)))

d*pr 2w prdprdy

out-of-plane

[f neither the trigger particle nor the
associated particle comes from a jet, . f
they will be correlated with the e
reaction plane

This 1s a background in di-hadron

correlation analyses:
B(1+2 v ¢ v ¢ cos(2AD))

Non-central Collisions
v, independent of 1 for Ini<1

Phys. Rev. C72, 051901(R) (2005), Phys. Rev. Lett. 94, 122303 (2005)
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Ildentified trigger: Near-side Yield vs Npar

3.0 GeV/c < p,"9r 6.0 GeV/c; 1.5 GeV/c < pT@‘SSOC'ateol < p trigger
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No trlgger type s | )i +4 4
< 0.1 ! ;
dependence” g 7 et
O > '
= 0.06 -
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n.uzi—
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d+Au, Au+Au Vs, =200 GeV from nucl-ex/0701047
Cu+Cu Vs, —200 GeV from SQM2007

Data points at same N__ . offset for visibility
Jet yields: 10% error added to V° and h triggers to account for track merging, 15% to &
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Identified associated particles = _*

g : Cu+Cu 200 Gei/
D Oh-h
s 15 O(A +A)/2-h
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<] Ah-K
Z 107
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nucl-ex/0701047, SQM2007
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Fits assuming 1/p, dN/dp, = A p, exp(-p,/T)




Track merging

An projection A¢ projection

Bombara

256~

E LRI
m; + WW wﬁﬁﬂﬁﬂm
2520~ U il ﬂHﬁ 1 }[

25}-

2521

2491

Intrinsic limits 1n two-track resolution loss of tracks at small A¢p, An
Crossing of tracks,true merging of tracks

Particle type dependent: affects reconstructed vertices (KOS,A,E) more

trigger assoc

Dependent on p_: attects lower p_"**", p_ ™ more

With RidgelJet separation method affects Jet only
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Track merging correction

Calculate number of merged Bombara
. . . h_tr=-1 SQMO7
hits 1n a track pair from track -+ =1
h_as =-1

If the fraction of merged hits
1s greater than 10%, throw
out the pair

Do this for real and mixed
event pairs

h tr=1
. o e . g i ing, t visible for low pt tri $
Bin by helicity of trigger and ¥ ene e veRe et
associated and reflect the h tr - helicity of trigger
points from unaffected h_as - helicity of associated

helicity bins to recover dip

Christine Nattrass (UTK), University of Kentucky, 1 Oct. 2009

54



Extent of Ridge in An

= assoc
% 0D.14— J t pT > 2 GGV - a{pmg‘:dGEU
E B . e o 4<p <BGeV
012~ © -
B = P E{pl_"gvz‘IEGE"u"
o1~ Putschke
A WWNDO8
0.08— .
0.06/ 2
: ‘:-"-.-'-..'_-_.__; ? "-.___Ii'_;'a--.-_-._-----_____l‘ .
. | S S
0.02 g 1[ ..
11 L_L | L 1 I. L_L L1 I Ll | I. 111 L1 I Ll | 1l
nD 0.2 04 06 0.8 1 12 14 16 18 2

1AnI

Ridge yield approximately independent of An

Jet increases with p_"¢*"
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Jet-like peak width in central Au+Au

_: —
B 05 STAR Preliminary Z.f P Putschke
S u p_assoc s D GeV Fouk ¥ sy WWNDO08
c [ M 2" .
S 04 oF T
) - sE ol
S F o o
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B 3 ' | Ap(an)
- ¥
0.2— "
: ¢ 4
0.1~ o o(An(J)) Au+Au c(An(J)) d+Au
C 2~ o(A¢(J)) AutAu 6(A0(J)) d+Au
_l 11 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 3 4 5 6 7 8 9 10
. t,trig
Jet peak symmetric in An and Ag for p_"% >4 GeV and comparable
T

to d+Au

Jet peak asymmetric in An for p_

broader than d+Au

trigger

<4 GeV and significantly
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Jet-like peak width in central Au+Au

E hats . . H®hh Run4 Au+Au  \ s, =200 GeV Cent 0-20% inc. y-h
= —~ = pi €[2.0,3.0] GeV/c
8 An projection, PH ENIX — . Sei1.0.20] GeVr
3 vo 12 <=Preliminary..-—""
g 1 A-h R [
= ® KU_h - 0.1 17 e
2 -  [Foos 3 T
£ 080 Bombara ZlZo0s 3 LR
= B ©0045
2 06— SQMO7 SENSERA
°© L i 04T
> 0.4— + -0.02 Y=
TT AuAU200GeV (0-10)% W 06
02— 1-5GeVic<p<ps l : 2
_ |ani<1.0 STAR preliminary 0406 " 3 2 dgx
0‘|I_ L1 2| L1 :‘|} L1 4|. RN R N S N 5| L1 7| MCCUmber A@‘_{a
pl" (GeVic) QMO8

aSSoC

Peak gets broader at higher p ", lower p_

Width in PHENIX kinematic range close to
PHENIX acceptance
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Ridge yield vs. pt,trig in Au+Au

o
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i =9

0.12
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R
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® Minbias 40-60%

®  Minbias 30-40%
4 Central 0-10%
A _
i
N {
[

_—'—'_'_'_'__-

N

Ridge yield persists to highest trigger pt =

p

correlated with jet production
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Ridge energy

STAR Phys. Rev. Letr. 55 20020 230 Applying this “2-component picture” to lower p, .

E 14
3 [ 015<pge<4GeV Z,i(AU+AU) ~ Z, . (d+Au)
€ e ' } —subtrac néj*E’#’?Jet energy from Au+Au
g 10— I upper estimate of the energy deposit in the
2 T i i :
=L I : “Direct” m¢aenseypf energy loss ?
o 6 0, -
5 4
= B 4 < pt,trigger < 6 Gev
2 6 < Piyigger < 10 GeV
Q060100500500 400500 600 700" 800
dN_ /dn
Putschke
WWNDO0S8
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3-particle correlations

AuAu 0-12% |

" 2 10 0
Ay C 2 o
S F e 300
An, < 15k , enhancement
Anl 1_ i0
: asymmetry
i ™

An, =A1-T ‘ |
An, =A2-T N 454050 05 1 1.5 0.2
237745 1 05 0 05 1 15 2 0 Mo ;lu’|I
Any,
3<p_|_trigger<10 1<p_|_assoc<3 |A¢|<O7
Ridge appears uniform event-by- A,y toobf9oet
event within STAR detector N Ay, An,,
associated n 13
RisingflHow:-pichare bias

S. Valoslgstonetlh/PRL06B KODPhys. A749, 287
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AutAu vs =200 GeV Summary
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Ridge uniform event-by-event

Ridge contains a few GeV 4,4, Tre (deg)

of energy Jet almost independent of
reaction plane; Ridge
dominantly in plane
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Identified trigger: Near-side Yield vs N j
part i

30 GeV/C < thrigger 60 GeV/C, 15 GeV/C < pT sssss iated « p 3 214;1 23* ;r;j;;;;\&ﬂ
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—V, error
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Ridge yield -
No trlﬁger type
dependénce

)
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Au+Au Vs, =200 GeV from nucl-ex/0701047

Cu+Cu Vs, ;=200 GeV from SQM2007
Data points at same N__, offset for visibility
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