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What is our goal?

QGP

partoni(f)

® this is what you'd get when parton energy was equal to the jet
energy and jets could be perfectly reconstructed

® instead we have:

® initial state effects: geometry, flow, shadowing, direct hadron
production

® final state effects: recombination, in-medium hadron formation,
Cronin effect

these are worth understanding both for their own sake and for enabling us to
disentangle parton-medium interactions
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high pt particle production

Au+Au collisions

Parton Distribution

Functions: Measured in
Deep Inelastic Scattering

Hard Scattering Cross

Section: Calculated with
pQCD

Parton-Medium
Interactions &

Hadronization
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high pt particle production

Au+Au collisions

Parton Distribution

Functions: Measured in /‘

Deep Inelastic Scattering t/

Hard Scattering Cross

Section: Calculated with
pQCD

7

. /
Parton-Medium ¥
Interactions & ( o o don’t assume these are

Hadronization independent of each other!

Workshop on RHIC Paradigms Anne M. Sickles April 16,2010 3



Jets @ RHIC
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Jets @ RHIC

<« 2
=L [ . . . . av
% ,gf PHENIX Preliminary = drectvR,, 0-10%
E AutAups, =200 GeV t T Ry, 0-10%
1.6— v 1 Ry, 0-10%
1.4
1.2
e gRER g gy
0.8 . i *
0.6 +
0.4 5*8 i .}
— By
0.2— Somgus®enass® & :
:III|III|III|III|III|III|III|III|III|III|I
% 2 4 6 8 10 12 14 16 18 20
P [GeV/c]

Workshop on RHIC Paradigms Anne M. Sickles April 16,2010



Jets @ RHIC

< 2
=L [ . . . . av
% ,gf PHENIX Preliminary = drectvR,, 0-10%
E AutAunfs,, =200 GeV bt T Ry, 0-10%
1.6— v 1 Ry, 0-10%
1.4
1.2
e gRER g gy
0.8 1 i *
0.6 +
0.4 4*5 i %
- By
0.2 Somgps®apeen® ¥ :
:I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
% 2 4 6 8 10 12 14 16 18 20

P [GeV/c]

® Yidirect: initial hard scattering

Workshop on RHIC Paradigms Anne M. Sickles April 16,2010



Jets @ RHIC

<« 2
=L [ . . . . av
% ,gf PHENIX Preliminary = drectvR,, 0-10%
E AutAups, =200 GeV t T Ry, 0-10%
1.6— v 1 Ry, 0-10%
1.4
1.2
1 LT B A S
0.8 ¥ i *
0.6 +
0.4 4*8 i .} }
= Say
0.2 Somgpa™aness?® @ :
:III|III|III|III|III|III|III|III|III|III|I
% 2 4 6 8 10 12 14 16 18 20

P [GeV/c]

® Yidirect: initial hard scattering

® pr1 < |0GeV/c unmodified, pt > 10 GeV/c needs final results

Workshop on RHIC Paradigms Anne M. Sickles April 16,2010



Jets @ RHIC

<« 2
=L [ . . . . av
% ,gf PHENIX Preliminary = drectvR,, 0-10%
E AutAups, =200 GeV t T Ry, 0-10%
1.6— v 1 Ry, 0-10%
1.4
1.2
1 LT B A S
0.8 ¥ i *
0.6 +
0.4 4*8 i .} }
= Say
0.2 Somgpa™aness?® @ :
:III|III|III|III|III|III|III|III|III|III|I
% 2 4 6 8 10 12 14 16 18 20

P [GeV/c]

® Yidirect: initial hard scattering
® pr1 < |0GeV/c unmodified, pt > 10 GeV/c needs final results

® colored partons lose (a lot of) energy

Workshop on RHIC Paradigms Anne M. Sickles April 16,2010



Jets @ RHIC

<« 2
=L [ . . . . av
% ,gf PHENIX Preliminary = drectvR,, 0-10%
E AutAups, =200 GeV t T Ry, 0-10%
1.6— v 1 Ry, 0-10%
1.4
1.2
1 LT B A S
0.8 ¥ i *
0.6 +
0.4 4*8 i .} }
= Say
0.2 Somgpa™aness?® @ :
:III|III|III|III|III|III|III|III|III|III|I
% 2 4 6 8 10 12 14 16 18 20

P [GeV/c]

® Vidirect: initial hard scattering
® pr1 < |0GeV/c unmodified, pt > 10 GeV/c needs final results
® colored partons lose (a lot of) energy

® how! where does it go!

Workshop on RHIC Paradigms Anne M. Sickles April 16,2010



Jets @ RHIC
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® Vidirect: initial hard scattering
® pr1 < |0GeV/c unmodified, pt > 10 GeV/c needs final results
® colored partons lose (a lot of) energy

® how! where does it go!

how are we addressing these questions with the data in hand?
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Spectra & Correlations

® one parton leads to many
hadrons in the final state

® single and dihadron spectra are in
some ways proxies for jets

® introduce geometrical, energy
loss and fragmentation biases

® their power lies in their
extreme simplicity
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constraining energy loss

arXiv:0912.1871, arXiv:1002.1077, Zhang et al
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constraining energy loss
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constraining energy loss
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constraining energy loss
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constraining energy loss
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Correlation Shapes



hard ridge

Au+Au central

3<pttrig<4 GeV/c

Au+Au central
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STAR PRC 064912 (2009)
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hard ridge

Au+Au central

Au+Au central ) trig

d*N/(dA¢ dAn)
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visible ridge persists out to
>4GeV/c triggers

STAR PRC 064912 (2009)
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hard ridge

Au+Au central
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visible ridge persists out to
>4GeV/c triggers

® jet grows faster than ridge
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hard ridge

Au+Au central

Au+Au central _ trig
3<p"9<4 GeVic " | T 4<p,"9<6 GeV/c
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® visible ridge persists out to
>4GeV/c triggers

® jet grows faster than ridge

® nearly flat in An within STAR

acceptance
STAR PRC 064912 (2009)
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hard

ridge

Au+Au central
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visible ridge persists out to
>4GeV/c triggers

® jet grows faster than ridge

® nearly flat in An within STAR
acceptance
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ridge is WIDE

PHOBOS, PRL 104 062301 (2010)
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ridge is VIDE

PHOBOS, PRL 104 062301 (2010)
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suggests mechanisms in the initial state

can it be directly related to the jet?
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initial state

related ridges
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y vs. I

Rapidity
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shoulder structure
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mock-Mach Cones!

Pb-Au 17.3 GeV 0-5%
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mock-Mach Cones!

0061 ppau17.3 Gev 0-5%

= =l 2
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=0.02 Fo5 ==
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................
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mock-Mach Cones!

| 3
0061 pp.au17.3 Gev 0-5% z
0.04] -

0.02 e = =
3E
.. 5 ELOS
0 = = =3
0o 3
A0 (rad)

CERES Preliminary

Takahashi et al, PRL 103 242301 (2009)

Fluctuatin_g IC
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N ’
—

Smooth IC
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Li et al, PRC 80 064913 (2009)
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mock-Mach Cones!

NEXSPHIRIO

| %|§ 1341 | Fluctuating IC
0061 pp-Au17.3 Gev 0-5% "l 3
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= 0.04f | = " 2
- 98— :_
Z :I | I
= r 12275 2 1
~(0.02 o= .
g, h Z|3 11.6
= Lo B =S, [_Smooth IC
() =2 “|2¢ 11.55—
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1.2 g 1 0T 2 3
A¢ (rad)
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mock-Mach Cones!
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Takahashi et al, PRL 103 242301 (2009)  Li et al, PRC 80064913 (2009)
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diminishing

4-5® 2-3 GeV/c o 0-20% Au+Au

4-5® 0.5-1 GeV/c

PHENIX arXiv:1002.1077
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diminishing

4-5® 2-3 GeV/c o 0-20% Au+Au

4-5® 0.5-1 GeV/c

PHENIX arXiv:1002.1077
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diminishing

4-5® 2-3 GeV/c o 0-20% Au+Au

4-5® 0.5-1 GeV/c

=

+ ¢ n° p, = 4-5 GeV/c
S

4 Au+Au 0-20%
@ Au+Au 20-60%
< p+p

7-9 GeV/c

-
e

9-12 GeV/c

PR I I I T NI I I B

oJ_ T I T I T I T I T I T I T I I__L T I T I T I T I T I T I T I I_

1 2 3 4 5 6

\‘TIIIIIIIIIIIIII'_Tlllllllllllllll_

0 1 2
partner p: (GeV/c)

® no (visible) shoulder for high pt dijets

PHENIX arXiv:1002.1077
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diminishing

4-5®0.5-1 GeV/c 4-5® 2-3 GeV/c o 0-20% Au+Au N ‘ ' ‘ T T " B AL B R
1.4 — -
1.2:— — I -
0;: ¢4 n® p_ = 4-5 GeV/c _: ¢ 5-7 GeV/c :
0.6 g —+ @\®\+ -
T on S S SR S N
:‘% OF—————————— =+= R T S ——
O‘% 1.4_— 4 Au+Au 0-20% + .
1.9 @ Au+Au 20-60% | |
s = p+p
1 + .
0.8 T ]
0.6/ + -
0.4 + -
02 T ]
%z 3 4 5 6 70 1.2 3 4 5 6 7
partner p: (GeV/c)
® no (visible) shoulder for high pt dijets
® if the shoulder is really related to the jet the shoulder
should grow with it
PHENIX arXiv:1002.1077
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diminishing

4-5®0.5-1 GeV/c 4-5®2-3 GeV/c o 0-20% Au+Au [ T ‘ ' ‘ T T " T
1.2 -+ -
L I " i
os- ¢ ¢ n’p,=4-5GeVic | ¢ ¢ 5-7 GeV/c ]
0.6 g -+ @\®\+ =
g ol ° S S
g Ottt
o 14r & Au+Au 0-20% T .
1 _2__ -;— ;\:;—Au 20-60% _| |
0_;2 7-9 GeV/c : :
o5t § 1 :
0_4__ P~g ). 1 -
02 R S ]
2 34 5 6 70 1.2 3 45 6 7
partner p: (GeV/c)
® no (visible) shoulder for high pt dijets
® if the shoulder is really related to the jet the shoulder
should grow with it
PHENIX arxiv:ioozio77 @ ---Unless we're just looking at jets that don’t interact
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Ridge & Shoulder are similar...to the bulk

t

(1/2x dN"™7dp ) [GeV/c]

assoc.

t

dYridge/ dp

—h

iy
Q

—
<
N

—h
S,
(2]

—

§_ ‘ *\t, |Aﬂ|<1 7 Au+Au central '6' 06
- N * inclusive ; -
L e trig
i L ° 4<p¥ <6 GeV/c 8 i
B AN A 6<p °<10 GeV/c — Y
§ \'x 8. F + +
- | -8 04 - .
- ) i
= % i
: = Ty .
- PH ENIX @ ridge

Rid 02 - Preliminary ® shoulder
=5 idge - A Pp, near
n | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
5 2 2.5 3 35 4 4.5 i AutAu, p+p &t

p*°% (p,) [GeV/c] i \/Syy = 200 GeV == inc. hadron

reference measurement (statistical error only). The slope of the 0 I | ! T T T N (S LA O O el
inclusive spectrum is 77 = 355 & 6 MeV/c. 0 100 200 300 400
P (GeV/e) Ty (MeV/e) T, (MeV/c) TN (MeV/c) Npan
4-6 416 £ 22 598 + 21 647 + 24
6-10 514 + 148 702 + 47 723 + 86

® ridge slightly harder than inclusive, but softer than jet part

STAR, PRC 80 064912 (2009), C.H. Chen QM09
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particle composition

—PHENTX PRL TOT 082307 (3008)

Centrality = 0-20% Centrality = 20-40%
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particle composition

“PHENIX PRLC TOT 082307 (20038)
0.6 o— 0-20 % Away Side
= - 20-40 %
9 - —a— 70-90 %
QE) i p/m gluon jets (DELPHI) R
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0 N 1 1 A 1
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C. Suarez, QM08
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“PHENTX PRLCTOT 082301 (2008)

particle composition
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C. Suarez, QM08
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particle composition

“PHENIX PRLC TOT 082301 (20038)
06 T —e— 0-20% Away Side
E [ —— 20-40 % 1l
. [ —&— 70-90 % 1
D I p/mt gluen jets (DELPHI) -
) E - /- /.
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o | A n 3 Tl C. Suarez, QM08
( , - e ! 25 —
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—PHENTX PRL TOT 082307 (3008)

particle composition

06 T —e— 0-20% Away Side
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nly in hadrons?

T 1 I LI ' LI LI l 1 | 1 | ] LB T
Near-side yield: :
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M. Connors QM09
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only in hadrons!?
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Near-side yield:
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only in hadrons!?

Near side 2+1 Correlations

Near side, Au+Au Central (12%), T1=5, T2=4, A1=1.5

T 1 I LI ' LI LI l 1 | 1 | ] LB T
Near-side yield: 1 | P s [
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& ® direct v-h p+p -
0.05- | 0.05} -1 ""\_‘
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M. Connors QM09

® provide constraints on the ridge mechanism
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only in hadrons!?
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® provide constraints on the ridge mechanism

® radial flow— no gamma-h ridge
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the ridge: a distraction!?

® is studying the ridge like studying the underlying event
in p+p!?

® important, but mostly so you know how to get rid of
it?

® useful for studying initial state!

® seems too wide to be energy lost by jet or coupling
between jet and flow

Workshop on RHIC Paradigms Anne M. Sickles April 16,2010



types of partons

QGP
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types of partons

QGP

partoni(E)

® all partons are not equal
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types of partons

QGP

partoni(E)

® all partons are not equal

® interaction dependence on parton type is a good control
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types of partons

QGP

partoni(E)

® all partons are not equal
® interaction dependence on parton type is a good control

® color charge — interaction strength
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types of partons

QGP

partoni(E)

® all partons are not equal
® interaction dependence on parton type is a good control
® color charge — interaction strength

® parton speed — do we see Mach cones!?
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types of partons

QGP

parton;(E)

® all partons are not equal

® interaction dependence on parton type is a good control
® color charge — interaction strength
® parton speed — do we see Mach cones!?

® parton mass —* collisional vs radiative energy loss!?
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light quarks vs gluons
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light quarks vs gluons

® protons a good way to probe gluon jets!?
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light quarks vs gluons

® protons a good way to probe gluon jets!?

® substantial uncertainties remain
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light quarks vs gluons

® protons a good way to probe gluon jets!?

® substantial uncertainties remain

0.3

de Florian et al (DSS) PRD 76 074033 (2007)
| I 1 1 1 1 1 1 1 1 i

- luon .
025 [ & E

02 E
0.15
0.1

005
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light quarks vs gluons

0.3

0.25

0.2

0.15

0.1

0.05

® protons a good way to probe gluon jets!?

® substantial uncertainties remain

de Florian et al (DSS) PRD 76 074033 (2007)

gluon

= THIS FIT / AKK (2005)

— — 0 —
~ o~ ./. ® g g
e ~ -« = -

O — = e —™ -
~ - -
— -

f

-1
10 7
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g—p (DSS)

 &— 5P (AKK)

Workshop on RHIC Paradigms

Anne M. Sickles April 16,2010

20



light quarks vs gluons

0.3

0.25

0.2

0.15
0.1

005

® protons a good way to probe gluon jets!?

® substantial uncertainties remain

gluon

de Florian et al (DSS) PRD 76 074033 (2007)

" factor of 3 cHange!

g—p (DSS)
g~ P (AKK)
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light quarks vs gluons

® protons a good way to probe gluon jets!?

® substantial uncertainties remain
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" factor of 3 cHange!
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what about the protons!?
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what about the protons!?
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0
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'y ] s T Kaon w/ jet conversion
[~ | = Kaon w/o jet conversion

°0 2 4 6 8 10 12
pr (GeV/c)
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what about the protons!?
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what about the protons!?

O p+p
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s Kaon w/ jet conversion
1.2 l|” | - Kaon w/o jet conversion
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® this needs to be understood
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what about the

protons/?

% 2 4 6 8 10 12

pr (GeV/c)

® this needs to be understood

® high pt flow?
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what about the protons!?
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correlations
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correlations

® much firmer ground!
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Y-h correlations
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correlations

® much firmer ground!

® no evidence T1%h vs y-h differences

® more data just taken
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correlations

® much firmer ground!
® no evidence T1%h vs y-h differences
® more data just taken

® also other factors play a role
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correlations

® much firmer ground!

® no evidence T1%h vs y-h differences

® more data just taken

® also other factors play a role

® surface bias, TT%(pT) < parton pt
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what about strange quarks!?

2 Naglis, QM09
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what about strange quarks!?
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what about strange quarks!?

2 Naglis, QM09
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what about strange quarks?

2 | Naglis, QM09
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what about strange quarks?

Naglis, QM09

2

3 Au+Au, \'s,, = 200 GeV § direct y 0-10% | n 0-10%
@ 4.8PHENIX Preliminary # x° 0-10% (PRL. 101, 232301)
16 § (p+P)/2 0-5% (PRC, 74, 024904)
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® not the strict baryon/meson separation seen in v,
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heavy flavor
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heavy flavor
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heavy flavor
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charm vs. bottom

® suppression large even
as electrons become
dominated by bottom
at high pT

® possibility of novel
suppression
mechanisms

® c.g. Adil &Vitev in
medium formation/
dissocication
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correlations: some insight

PRC 78 014901 (2008)

2.0 < pr.cHr < 3.0GeV/c

heavy flavor e - h, Au+Au
PHENIX PRELIMINARY
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P 3 (Ge\?’/c)

T,hadron
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correlations: some insight

® near side: laa~|
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correlations: some insight

® near side: Iaa~1|

® consistent with electrons from Ds

® sanity check
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correlations: some insight

® near side: Iaa~1|

® consistent with electrons from Ds

® sanity check

® away side:

® very similar to light hadron laa

2.0 < pr.enr < 3.0GeV/c

heavy flavor e - h, Au+Au
PHENIX PRELIMINARY
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g2 |
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3 1 ]
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~ I I | N
E !
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correlations: some insight

® near side: laa~|

® consistent with electrons from Ds

® sanity check

® away side:

® very similar to light hadron laa

vvvvvv

2.0 < pr.cHr < 3.0GeV/c

heavy flavor e - h, Au+Au
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more questions than answers

® separation of charm & bottom

® possible with vertex detectors

® Ac needed to understand if recombination is present
® three particle decay!

® very difficult (impossible?) in central AuAu with current
detectors

® clectron is a poor estimate of D/B momentum

® reconstuction of mesons via hadronic decays will help

Workshop on RHIC Paradigms Anne M. Sickles April 16,2010
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two-source model

combinatoric background = bo(|+2v2avaiecos(2Ad))

® it’s never been shown to be wrong

® that doesn’t mean it’s right

C(A¢)

® in principle <vaavip> #F <va><vyp>

® B can be calculated in HI collisions (no fudge b0

factors) from the data (Sickles, McCumber,
Adare PRC 81 014908 (2010))

® depends on the widths of the centrality Background
bins

® generally very close to ZYAM, however
some significant advantages

® wide jets

® poor statistics
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bo determination

log(n)

—_—3 Same

Nevts -==3 Mixed
>
part or NcoII
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bo determination

in general bo~<ngrig™><Nassoc™>

log(n)

—_—3 Same
Nevts === [\lixed
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part
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bo determination

® in general bo~<ntrig><nNassoc>

® additional centrality dependent factor, §

log(n)

—_—3 Same

Nevts -==3 Mixed
>
part or NcoII
Workshop on RHIC Paradigms Anne M. Sickles April 16,2010 29



bo determination

® in general bo~<ntrig><nNassoc>

® additional centrality dependent factor, §

® more central events contain more pairs

log(n)

—_—3 Same

Nevts -==3 Mixed
>
part or NcoII
Workshop on RHIC Paradigms Anne M. Sickles April 16,2010 29



bo determination

® in general bo~<ntrig><nNassoc>

® additional centrality dependent factor, §

® more central events contain more pairs

® not new, used in

log(n)

—_—3 Same
Nevts === [\lixed

part

orN

>

coll

Workshop on RHIC Paradigms

Anne M. Sickles

April 16,2010

29



bo determination

® in general bo~<ntrig><nNassoc>

® additional centrality dependent factor, §

® more central events contain more pairs

® not new, used in

e PHENIX,PRC 71 051902

log(n)

—_—3 Same
Nevts === [\lixed

part

orN

>

coll

Workshop on RHIC Paradigms

Anne M. Sickles

April 16,2010

29



bo determination

log(n)
=
>
e
>

® in general bo~<ntrig><nNassoc>
® additional centrality dependent factor, ¢
® more central events contain more pairs

® not new, used in

e PHENIX,PRC 71 051902
e PHENIX PRL 98 232302

—_—3 Same
Nevts === [\lixed

or N

part coll

Workshop on RHIC Paradigms Anne M. Sickles April 16,2010 29



bo determination

log(n)
=
>
e
=

® in general bo~<ntrig><nNassoc>
® additional centrality dependent factor, ¢
® more central events contain more pairs

® not new, used in

e PHENIX,PRC 71 051902

—_—3 Same

Nevts ===3 [\lixed
e PHENIX PRL 98 232302 _
e PLB 649 359 (2007) N o OF N,

Workshop on RHIC Paradigms Anne M. Sickles April 16,2010 29



bo determination

log(n)
=
>
e
=

® in general bo~<ntrig><nNassoc>
® additional centrality dependent factor, ¢
® more central events contain more pairs

® not new, used in

e PHENIX,PRC 71 051902
e PHENIX PRL 98 232302 _
e PLB 649 359 (2007) Near OF N,
e PHENIX PRC 80 024908

—_—3 Same
Nevts === [\lixed

Workshop on RHIC Paradigms Anne M. Sickles April 16,2010 29



bo determination

® in general bo~<ntrig><nNassoc>

® additional centrality dependent factor, §

® not new, used in

log(n)
=
>
e
=

more central events contain more pairs

PHENIX, PRC 71 051902
PHENIX PRL 98 232302 R
PLB 649 359 (2007) Near OF N,
PHENIX PRC 80 024908
PHENIX arXiv:1002.1077

—_—3 Same
Nevts === [\lixed
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jets

QGP

parton;(E)

N

® if jet energy is the parton energy then jet reconstruction followed by
fragmentation function measurements provide exactly what’s needed

® caveats:
® energy transfer between parton and matter: e.g. collisional energy loss
® missing energy--no hadronic calorimeters at RHIC
® soft background will limit jet reconstruction in a very interesting pT range

® we still have to understand the initial conditions!
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positive progress!?

wealth of data on identified particles at moderately high pt
physical picture isn’t simple

® that’s good, it shouldn’t be

ridges and shoulders

® beware: exist even in non-jet models, SPS energies
® more quantitative calculations

changing the parton

open questions: what is the role of formation time, geometry, other effects in
interpreting results!?
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jet conversions

idea: jet parton scatters on
medium parton and changes
flavor

q+q<g+g
q+g<g+q

Ko et al. PRC 75 051901 (2007)
Liu & Fries PRC77 054902 (2008)
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jet conversions

idea: jet parton scatters on
medium parton and changes

flavor . g

T

o I

g+ <> g+g o
q+8<>8+*(q

2 ! | ! | ! | ! | ! |

— With conv
— = W/0 conv
Au+Au

Ko et al. PRC 75 051901 (2007)
Liu & Fries PRC77 054902 (2008)
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jet conversions

2 ' I ' T ' T T T T T
idea: jet parton scatters on — with conv
medium parton and changes — = Wwioconv
P 7l & Au+Au
avor < o
T oL S,y =200 GeV
~ -\
<
o <
g+q <> g+¢ [
q+8<>8+9
O . . L l 1 , 1

4 6 8 10 12 14
p, (GeV/c)
® could increase Raa(protons)/Raa(TT), but not beyond |
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jet conversions

2 ' I ' T ' T T T T T
idea: jet parton scatters on — with conv
medium parton and changes — = Wwioconv
P 7l & Au+Au
avor < o
T oL S,y =200 GeV
~ -\
<
o <
g+q <> g+¢ [
q+8<>8+9
O . . L l 1 , 1

4 6 8 10 12 14
p, (GeV/c)
® could increase Raa(protons)/Raa(TT), but not beyond |

® recombination at high pt!

® potentially extremely interesting: sensitive to mean free path

® however need to understand FF
Ko et al. PRC 75 051901 (2007)
Liu & Fries PRC77 054902 (2008)
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direct proton production!
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direct proton production!

P

uu—pd

u

d quark
4

/

/4

® color singlet proton directly produced within hard scattering

® size of proton decreases with increasing pr: color transparent
® proton exits collision region without interacting, like a direct y
® Raa(proton) > Raa(TT)

Brodsky & AMS PLB 668 111 (2008)
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CGC + radial flow ridge

Au+Au 0-30% (PHOBOS) —e—
p+p (PYTHIA) -~

R )

1/Nyiq ANy /dAD

Dumitru, et al
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