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What is our goal?

°~

partoni(E)

— determine the mechanism(s) of energy loss
pQCD radiative & collisional, AdS/CFT,
something else!?

—determine the strength of the interactions
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reality more complicated
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reality more complicated

geometry, intial state effects, time evolution,
fragementation, flow of various kinds

parton;(E)

°~

it’s all important!, so how do we learn anything...
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large energy loss

_yield AuAu
AA =
Neon yield pp
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large energy loss
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large energy loss
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® both TT% & N Raa still flat out to 20GeV/c!
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what'’s opposite these T1s?
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what'’s opposite these T1s?
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Y-jet correlations
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Y-jet correlations
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Y-jet correlations
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constraining energy loss

arXiv:0912.1871, arXiv:1002.1077, Zhang et al

Anne M. Sickles DNP Santa Fe November 3,2010 7



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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constraining energy loss
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reaction plane: a closer look
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same message from |aa

energy loss calculation from
Renk in 2 hydro codes (Nokana

& Bass and Eskola et al.) PHENIX 1010.1521
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same message from |aa
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details matter!

® a model that successfully describes the TT° results,
including, reaction plane dependence hasn’t been
found yet

® reaction plane data has proven a challenge to
models

® challenge to theorists
® but also to experimentalists

® what other observables can help point in the
right direction!?
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direct hadron production?
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direct hadron production?

- log (yield (xr, \/52)/yield(xr, \/Sb))
Neff(Tr) = : e -
’ 1() q ( \,"' S ,:" \"',"‘u )

10—

nexp

| ® Vs=200/62.4 GeV PHENIX 1
9 | ® Vs=900/500 GeV UA1 -
- ® Vs=1800/630 GeV CDF ]
- ® Vs=1800/630 GeV CDF 2
 ®m Vs=1800/630 GeV CDF y ]
8 "™ Vs=1800/630GevDOy -
- A Vs=1800/630 GeV CDF jets 1
A Vs=1800/630 GeV DO jets

7
hadrons @ 6 |
Tevatron | - 105 @ RHIC
5
\ ——jets & ys
107 | 10" W
T — —F—
Vs

Anné M..Sickles DNP Santa Fe November 3,2010 I



direct hadron production?
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well, what do you expect!?
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well, what do you expect!?
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prediction for 500GeV p+p data
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prediction for 500GeV p+p data
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parton kT

momentum imbalance between photon & jet large
nuclear effects: small
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parton kT
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parton kT

<k2> [GeV/c]

momentum imbalance between photon & jet large
nuclear effects: small

p+p collisions
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parton kT
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nuclear effects: small
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direct photon correlations
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modified fragmentation?
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modified fragmentation?
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heavy flavor
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heavy flavor
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heavy flavor
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® collectivity and
suppression

® not expected from
radiative energy loss
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charm vs. bottom

PHENIX PRL 103 082002 (2009)

STAR: 1007.1200 [nucl-ex]
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charm vs. bottom

e PHENIX lyl <0.35 N
— FONLL y=0
----FONLL error band y=0
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charm vs. bottom

-

e PHENIX lyl <0.35 N
— FONLL y=0
----FONLL error band y=0

o
©

® suppression large even as
electrons become dominated by
bottom at high pr
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charm vs. bottom
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charm vs. bottom

® suppression large even as ]
electrons become dominated by 13
bottom at high pr 1
® well described by FONLL
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HF: e*-h* Correlations

® the next step forward

-y
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HF: e*-h* Correlations

eHr~h Au+Au 0-60%
® the next step forward PHENIX Preliminar
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HF: e*-h* Correlations

® the next step forward
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HF: away side shape

’g 8-
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HF & light hadron triggered away side shapes both modified
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not unexpected

heavy quark production diagrams
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not unexpected

heavy quark production diagrams
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sizable contributions from NLO effects
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pp @ 630GeV

Q3 1.0. « background
-+ background cnly

,0“';’ | f ® UAI UM correlations
/- o fit with ISAJET
® 20-35% “higher order”

0 - .5{5 o ":"‘- 3;U !
A ). monsolated events 4'n —
——r— pre" Prs bb nonisol. ‘high.ord.’
~e- 3 range range m,, >4 GeV/c? fraction
. o b [GeV/c] [GeV/c] [events] [%]
& - — = —
A .
d All 26 829 + 58 26.2+4.0
£’ 3-5 =6 402+ 37 24.6+8.5
7 7 5.7 28 286 423 31.2454
F 7-10 =11 103412 35.24+5.1
' 10-20 =15 3246 21.3+124

o 1 | 1 i ] i J
0B 16 24 32 4
AR{p), nonisolated events, A < 2x/3 rad

Z Phys C 61 41 1994

e-e correlations at RHIC needed to quantify this!
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e-U correlations

® sensitive to correlated charm, but at forward/mid-rapidity

e-u*, e*-u” Azimuthal Correlations
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jets

Au+Au 0-20% ~ 21 GeV

STAR preliminary P

pt per grid cell

Ll i

\ p Run 5 Cu + Cu at \/syy = 200 GeV
\ 19-20% cent,, 24.3, 10.3 GeV/c dijet

great recent progress!
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p+p: well understood

STAR, PRL 97 (2006), 252001
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algorithm matters

2
= PHENIX Preliminary

181" « 0-20%
16 ¢ 7 0-10%,z)=0.7 (PRL 101, 162301)
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algorithm matters

Au-Au, R=0.4

P = 2F PHENIX Preliminary
& | 185 « 0-20%
Au+Au and p+p at\/s,, =200 GeV/c 165 ° 7 0-10%(z)=0.7 (PRL 101, 162301)
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- STAR Prellmmary pr " (GeVic)
101520253035404550
M. Ploskon QM09 p#“ (GeV/c)

Anne M. Sickles DNP Santa Fe November 3,2010 26



broadening

Yield Ratio: R=0.2/R=0.4

0.8F Au+Au and p+p at\[s,=200 GeV/c
- 1o Au+Au kt
0.70 Au+Au: 10% most central o Au+Au anti-kt
rSTAR Preliminary = p+p kt
0.6 p+p anti-kt
0.5 ————
- —a—
0.45 ==
- ——
0.3
0.2
0.1
:llllllllllllllllllllllllllllllllllll
15 20 25 30 35 40 45 50

pf‘ (GeV/c)

qualitatively what you'd

expect from both
broadening and
background
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broadening

Yield Ratio: R=0.2/R=0.4

0.8F Au+Au and p+p at\[s,=200 GeV/c
- 100 Au+Au kt
0.70 Au+Au: 10% most central o Au+Au anti-kt
rSTAR Preliminary = p+p kt
0.6 p+p anti-kt
0.5 ———
C ——
0.4f ==
= ——
0.3
0.2
0.1
:lllllllllllllllllllllllllllllllllllll

15 20 25 30 35 40 45 50
pf‘ (GeV/c)

qualitatively what you'd
expect from both
broadening and
background

0.5<P 1550c<1 GeV/C

-

g Au+Au all recoil jets

© ' — AutAup >10 GeVic
s 5 T.roccs
I. ........ “) Qp
o

§ 4 STAR preliminary

broadening on both near
and away sides...
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broadening

e 6
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® qualitatively what you'd
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the future

® jets offer huge rate advantages and a reduction of biases
from spectra & correlations

® however need a real jet detector for RHIC

® high rate, hadronic calorimetry, heavy flavor tagging, large
acceptance

® complementary to LHC

n=1

‘ e e— _7—Tracker

= PreShower
EMCal
Solenoid
HCal

HCal PreShower Acrogel GEM-Tracker

PHENIX Decadal Plan, Jacak HP10
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Conclusions

® theoretical understanding of TT? results still elusive
® strong path length dependence in the data

® reaction plane dependent and heavy quark results
suggestive of AdS/CFT type scenarios

® strong L dependence & strong HF energy loss
® softening and broadening of fragmentation observed
® challenges to both theory and experiment

® theory: detailed modeling of medium & geometry

® experiment: sensitive measurements => reaction plane
dependences, heavy flavor, jets
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il Fourier Components of STAR &5 data Hp2010

Burak Alver, private communication, 10/9/2010 |A|"|| > 0.7
O———1— T L B R B B B T T T T T ]
L 4 3<pT<4 ]
Data from STAR 0.1 .
arXiv:1010.0690 -0.002- § i .
a2 [ o ® 3 * IS ok ¢ ¢ : —
?004 I ‘: > [ —e-0.2<p<0.5 s :
-0. -k 9 J [ —e-0.5<p<1.0
I ¢ ’ -0.1 1.0<p<15 7
L _ 1.5<p:<2‘0 ]
00085552060 80 0 20 40 60 80
S
viZis approximately  0.008] 1 oo01f i
constant vs ®s ™ 0,906} 1.0, : :
[2p] r <t 0—_ . b 2 —_
F.004f 1 > 7 :
L ® [
0.002F * o ° o ¢ ootk 1
% 20 2060 80 0 20 40 60 80
S

By definition, Fourier coefficients vi, v, v3, v4
can be calculated for STAR data
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Ilil'  Fourier Components of STAR ¢ data HP2010

Data from STAR

otooeeo  Residuals after subtraction of first 4 Fourier components

Burak Alver, private communication 10/10/2010
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Fourier coefficients v, va, v3, v4 exhaust information content of C.F‘s vs ¢
All four vy components are result from hydro flow - magnitude?

What is the more natural basis to begin physics discussion?
20
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charm & bottom: theory

Single electrons from heavy flavor

10~ 7

102 . | . | .

101 F ]

100 ]
10~1 _ bands show
10~2 F D—oe - theoretical
1073 — uncertainty
o - (FONLL) in
e e components

do/d?p,dy (ub/GeV?)

oI |I |I |I |I |I |I |I

108 R. Vogt, QM2005
10—° >
10—10 QRS
10—11 . I . I . .
5 10 15
P, (GeV)

knowledge of relative c¢/b contributions crucial for
understanding HF modifications in Au+Au collisions
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separating the correlations

NeH F YeHF —h + Nephot Yveph,ot; —h

Yein cl—h —

phot
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separating the correlations

EHF
i —

Yer—h + Ne

phot

Ephot —h

incl_h

10

Ne

phot

R _ HF i ,}.u; N f
HF
ep hot ; o conver.ter mﬁthod
) L] cocktail method
B Ke3
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separating the correlations

e eHFYeHF_h + Nephot Yveph,ot_h
incl =
Neyr + Ne

10

Ye

phot
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R . HF : l},.; Vo f
HE™N e
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ephot-h correlations

Yeur—h = RHP \s
- s = 200 GeV (Run-5
= 10°f +p @\s =200 GeV (Run-o)
£ 10 _ _ .
® photonic electrons: Dalitz 3 + cocktail: (e'+e)/2

decays and Y conversions

n— yee

® dominantly from 1%

b — ee and ¢ — nee &

® measure Yinc-h correlations

direct y contributions

all electrons

® also dominantly from 110

® use MC to map between

-10 L.
ephot(PT) & Yinc(PT) 10.11 B
10°'F s
PSP SYUTH FUUEY PN RPN USUE PR TR P Y
o 1 2 3 4 5 6 7 8 _9 10

P, [GeV/c]
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ephot-h correlations (ll)

®  Yinc(PT) ™ €phot(pT) !

0.6

3 o5

® conversions:yinc(pT) + PHENIX

GEANT + reco. eff.

e Dalitz decays: TT(pt) — Ye*e get Y*

from e*e-

® both methods: ephot(PT) ~ Yinc(pT) = TT(PT) o

® T10 spectrum falls very steeply

0.3

0.2

0.4f

3.0<pT1,<3.5GeV/c

Yeonoe—n(p1,i) = Y wi(pr,;) Yy-n(pT,5)
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charm production subprocesses

) [ —
y=0
1
2 0.1 ‘ _g_’ g
c  F =TT cq(q) ~<q(q)
001 .-~ gg—cC
TR qa_}CE
A T B
0,001 -ttt ol

P, [GeV] _
most of the time a D is not balanced by a mid-rapidity D
(caveat: LO calculation)

Vitev et al PRD 74 054010 (2006)
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Next to Leading Order

® POWHEG NLO Monte Carlo: 2—2 & 2— 3 processes
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Next to Leading Order

® POWHEG NLO Monte Carlo: 2—2 & 2— 3 processes

charm quark: 2.0 < p < 5.0GeV/c, lyl<i

Zlam [
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Next to Leading Order

® POWHEG NLO Monte Carlo: 2—2 & 2— 3 processes

charm quark: 2.0 < p < 5.0GeV/c, lyl<i

charm quark: 2.0 < p_<5.0GeV/c, lyl<1
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f o ‘...300
", %o 0.6
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- ", Oo - o
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- .IO- OO 0 4 __ ©
Ceee 0000 L o
107 | **, % i o
— ‘Q- OO O
= * o
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Next to Leading Order

® POWHEG NLO Monte Carlo: 2—2 & 2— 3 processes

charm quark: 2.0 < p < 5.0GeV/c, lyl<i charm quark: 2.0 < p_<5.0GeV/c, lyl<1

ul-cE — ® L P @ Ul% -
£ *_ o E L
| 01 e 008008 e T, lyl<i A T
c = SO cnal
- "22000 o light quark, gluon, lyl<1 0.8 . C, p, >1GeV/c, lyl<i
' - L
° o ‘_._Ooo -
L 0.‘ OOO B
2 *,_ o 0.6— ,
10 E '-o-.' Oooo L o light quark, gluon, p, > 1GeV/c, lyl<i o0
B Cee Oooo i o
- ®e o o 0.4— o
Ceee C0g L o
10° == L ©0o L o
- * Oo o
- * o0 0.2 B o
- o, L -0-0-@.
B ":"? B .0"..00.."..
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light parton jets are a significant contribution to the
away side correlations
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Light Quark Fragmentation

® fragmentation functions from
e*e” collisions

® most particles carry small
fraction of jet energy

/o, do/dx x c(Vs)

0'10 0.1 02 03 0.4 05 0.6 0.7 0.8 09 1

X
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what about heavy quark jets!?

c— D fragmentation

—
o)

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

=
SN
R
4SE
e

0

% ]2* CLEO ﬁ é% @)
A A BELLE % %

: 2

(GeV‘ nb)
S o
T

A
5 ¢ 5
B 6 A X 7
S &
24t . Vierm 5
§§ A.‘A‘A A‘Ah x
2r iﬁi% 5‘“‘ °
r .AA‘A %
0 laa A@éfA‘i‘;A Ll
0 0.1 02 0. 3 0 4 0 5 0 6 0 7 0 8 0 9 1
X,=P/Proax

b— B fragmentation

35

- (b)
3L O ALEPH91 GeV
® OPAL 91 GeV #

,s| A SLDSIGeV % i
g N }
g 2 ; & _
o15F " #

i A A
L —Aﬁ: 3
05 r A% é?
i , ifé
0 M 1111111111111111111111111111 %

® ¢—D fragmentation hard

® b—B fragmentation harder

Particle Data Book
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...and the rest of jet energy!

25

s | THIS FIT / KRE

05

1.5

et — e — s h— .,
—_—
..

L 1E - 1
0.5_—va E ]

c,b — hadrons softer than q, g jets

de Florian et al PRD 76 074033 (2007)
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matt’s results

[GeV/c]'

out

1/N,;,, dN/dp

trig

5<pT <7 GeV/c x10

trig

7<p_ <9 GeV/c

9<p,° <12 GeV/c x 10"

12< ptTIrigl <15 GeV/c x 107

| IIIIIII| | IIIIIII| | IIIIIII|_

I’IIIIIII| | IIIIIII|

PHENIX: 1006.1347
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conditional yields

. 10  PHENIX PRELIMINARY Run 5 & 6 p+p\5=200GeV - 10° rPHeEN',’,( PRELIMINARY Run 5 & 6 p+p\s=200GeV
T e..~h © HF™
> 10f " PYTHIA  pep data 2 10 PYTHIA pepdsta
S 0 < A0 < 1.25rad & 0 159, 206k S 1.67 < Ap <t rad i el
§ 1 ® 20p <30GeViex10 § -~ [" e 20 2 3.0GeVic x 10
g O:- r 4 1 zﬁ [~ N ° 3.0<p - 4.0GeVe x 10
% 210 1 L o o 4 4 5Ge 1 Re 910.1 E . ® 40<xp - 4.5GeVic x 10
@ . A o ® L o
107 - 4 S 10 A -
- ®
107 . @ p * 107 | “ ¢ - .
e o e i P . : 0
107 T . : 107} ? ¥ *
10° k ‘ . 5
i 10 -
e
10° |- PH ENIX . oy PH _ENIX
0.5 1 18 2 2B o8 AN S A — L
pT,hadvon (Govc? 0.5 1 15 2 2.5 & 3.%-[‘“.02 (GeV'ac.?

® near side: heavy quarks, dominated by decays

® away side: heavy & light partons, fragmentation and decays
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Double Peak Structure

00a_(b) ® 34x23GeVic

0o —® Au+ Au0-20%
s 9§ °p*p

0.02- -

AAAAAAAAA

PHENIX, PRC 78 014901 (2008), Noronha et al. arXiv:0807.1038, Neufeld arXiv:0807.2996
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Double Peak Structure
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AdS/CFT: Correlations from Neck region

PHENIX, PRC 78 014901 (2008), Noronha et al. arXiv:0807.1038, Neufeld arXiv:0807.2996
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Double Peak Structure
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PHENIX, PRC 78 014901 (2008), Noronha et al. arXiv:0807.1038, Neufeld arXiv:0807.2996
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Double Peak Structure

004_(b) ® 34x2-3GeVlc ~
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Heavy quark correlations should help discriminate!

PHENIX, PRC 78 014901 (2008), Noronha et al. arXiv:0807.1038, Neufeld arXiv:0807.2996
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RAA of hadrons
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