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Fundamental Question in QED

* An early study in QED: charged
particles losing energy in matter
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Fundamental Question in QCD

« Study the passage of a color-charged parton
passing through a colored medium.

* Important difference: QCD is non-Albelian
— dE/dXx ~ x

Same diagram as QED + Additional diagram

Production k
M
qéz P
Zpt Fragmen-
- L > tation

In-medium Energy Loss
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Jets and Heavy lon Collisions

* Need a colored
medium

— Create a quark-
gluon plasma

leading particle
4

* Need a colored
probe

— Use partons that
fragment to jets

leading particle
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Measuring Energy Loss: Singles

* First measurement:
single high-p; particle R
spectra A4
— Leading fragments of

/N, dN*= X dp,
<Nbin >1/Nevthpp X /de

a jet C Au+Au 0-10%\[5,,,=200GeV
Quantify the difference “F PHENIX
between p+p and A+A e |
with Ry oo 98F Phys. Rev. Lett. 101, 232301 (2008)
— How the rate scales % 0.6
with the number of 0.4F o ; }
binary collision 4ok oy T i
Raa ~ 0.2 In most P T
central (head on) 0 2 4 6 8 10 12 14 16 18 20
Au+Au collisions. P, (GeVic)
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Two-Particle Correlations

« Statistically average
pair rates over
many events

Pairs of particles
near A¢~0 fragment

from a single jet

Pairs of particles
near Ap~m A¢ (rad)

fragmgntsl igeley Cartoon for azimuthal correlations
opposing jets from jets and di-jets

Jet pair yield
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Measuring Energy Loss: Pairs

@ a0 ULl © Open points: p+p
"J%f“ﬁf | « Closed points:
0 oooooo 8 %000
e . — = =1 Au+Au
0.04 __(c) . 3-4®2-3GeVic . __(d) o 34®3-4 GeVic . :
g | S © Shapes are jet-
z | ol like in p+p
s, O | 4-5®'4-5 GeVic ' ‘
g } Wl © In Aut+Au
||2 ‘ — Shape
" Jrgesiasentons. modification at
g 5-10 ® 5-10 GeV/c | low p-

X2 — Yield reduction

at high-p

Phys. Rev. C 78, 014901 (2008)
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Measuring Energy Loss: Pairs

ook at hadron

pairs with A¢~m, i.e. I - —
di-jet fragments Y UNTTANT " dp;

Pair-per-trigger
yield suppressed in
Au+Au relative to
p+p

Jets that travel
through the medium
lose energy.

3 1 / NAuAu%AX dNAuAu%ABX / d pT

L AL
5.0<p;<10.0 GeV/c
-0 Head + Shoulder -
—&— Head reglon only 1

Phys. Rev. C 77, 011901 (R) (2008)
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Open Questions

* There are still fundamental, quantitative open
questions

« Data on jets from singles and pairs are
integrated over path length, jet energy, etc.

« dE/dXx ~ x"
— n=1, weak jet-medium coupling (perturbative)
— n>1, strong jet-medium coupling (AdS/CFT)

* What is the angular distribution of gluon
radiation?
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Fixing the Jet Energy: Direct vy

hadron
correlations | I Au+Au, 0-20%

® 5<p <7 GaVic ]

° At LO Eet=EY T W 7<pl<9GeVic

J A Eﬁp::‘IEGEW:: ]

() LOOk at * 12<p1{15r:;gw::-§
hadrons at ) | 1 H‘b=50612-2

Ad~rt from vy t ']'

Evidence D(z) 5 il ] 1,
: - b=69+08 1
softer in
0.5 0 0.5
Phys. Rev. C80, 024908 (2009) ZT
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Fixing the Jet Energy: Jets

« Gaussian Filter algorithm (arXiv:0806.1499[nucl-ex])

— Generalized seedless cone algorithm where Gaussian
weighting applied to particles within the cone.

* Reconstruct jets with photons and charged tracks.

|
oo
oo

pr (GeV/c) © o=

Filter output
(contour)

—

\
63

. 1 __.,/’
o " Lego plot (charged/neutral)

|
| /T /__/"'
" Run-5p +p at/s =200 GeV
135,869 GeV/cdijet

Run-5 Cu + Cu at sy = 200 GeV
19-20% cent., 24.3, 10.3 GeV/c dijet
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Fixing the Jet Energy: Jets

-
* Fake jet rejection

removes very o 1;;_PHENW(Prs.-limin.-wy
broad (possibly b © G0 e0%
modified?) jets 14E « 60200
Raa~0.5 related to 125 |
the fraction of jets | ,ﬁ% """"""""" !.
that look p+p-like i S F g
0.6¢ . | ﬂ + g
In the future relax 04F : +J
the fake jet 02 Gt tieers s O
rejection cut to % 5 0 15 20 25 30 35
study jet Pl (GeV/c)

modification.
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Accessing Path Length: Ry, VS ©rp

* Less energy loss when :
particle is emitted along

the reaction plane

- Out of plane |

0 100 200 300 0 100 200 800 0 100 200 800 O 100 200 900




Accessing Gluon Spectrum

Next to leading order (NLO) - photon
radiation and photon fragmentation:

PHENIX Preliminary
TN
PH ENIX
h-direct vy
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Medium induced modifications:

~"

o

medium

Occurs at NLO - modifies the
fragmentation component of direct
photon spectrum only

Direct measure of the radiation
spectrum!

Evidence of fragmentation
photons in p+p
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Energy Loss at the LHC

At the LHC, the increase in center-of-mass

energy over RHIC will produce a different
medium.

— |t will be hotter.

— It will be longer lived.

* Net time the parton spends in the colored medium is
longer.

« Comparison of RHIC and LHC will yield
valuable insights about fundamental
problems in QCD.
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Summary

* Energy loss of a color-charged parton
traversing a colored medium has been
measured.

There are still questions that we need to
understand and precision
measurements that we can begin to
make in the future.

The advent of the LHC heavy ion
program will offer the opportunity to
study energy loss in a different medium.
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Initial Theoretical Analysis

« BDMPS

— Modeled the medium as static sources of
color

—dE/dx ~ L
— Radiated gluons dl/dw
— kK broadening from multiple scattering

» g-hat related to the coupling to the
medium

* D(z) modification

encontres de Moriond
L b Jet Energy Loss at RHIC N 19

P 16-03-2010 PH- “ENIX

P




pQCD description of singles
¥ » Single particle
b ruenns production in p+p

— KKP FF

et well described by

<)
e
3

3
3

(Data-QCDYQCD

pr (GeV/c)
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Photon R,,

 All hadron

< 1.6 = dci’reg-t1y6;-10% - .
T a1 species are
: o eny] O Y 020%
1.2:— PH ~ENIX o o.0-20% Suppressed
1| AR B m——
¢ BT | + Photon Ry,<1
!
oo M, : above ~13
Z'.:%"?f{, !n}.-..b °#. ' ¥ i } } GeV
00:' 24 6 8 10 12 14 16 18 20 — POSSibly due to

p, (GeVrc) isospin effects.
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Quantitative Analysis

Phys. Rev. C 77, 064907 (2008)

"“LPHENIX =° (Au+Au 0-5% Central)

 Global Systematic Uncentainty=12%
e N ——

—

S

R,, [p.=20 (GeV/c)]

0.1}

1 |
20 40 60
p,(GeV/c) PQM Model { § ) (GeV/fm)

« Data is good enough to constrain a given model
parameter to within ~25%: [GIEIEMsEe Y/

« But there are large uncertainties between the models!

ontres de Moriond

P s Jet Energy Loss at RHIC ’\/’* 22
T 16-03-2010 » H>>X<<EN|X

P



Direct Photon Correlations

T T L L LI By B B N B B B T T T T T
= O O%h | B p+p ¢ Inclusive y-h |
T 03 57023Gevic & yavh 0.2 E O Decay y-h
= T A mrh 10 ~ Direct y-h g
= |H 0 Yoh T oo |
0.2 — - 0.1
3 %, S .4
s nE ]
=y |3 o Be-eoww e S —
ZE L % § 2 B ALI+ALI CIECI;" - RS
S o feebepebal 5 |
PRI TR N S T T AN S N MY PRI [N ST N SN SRR S N =
0 05 T 15 225 3 < 0.4
Ad (raq) ~
OH méﬁa@éégggﬁéii
Obtain decay- | 15 2 25 3

Ao (rad)

photon-triggered
correlatons by » Statistically measure
tagging photons from direct photon-triggered
n¥ (and n in p+p) correlations.
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Jet Spectrum in p+p

PHENIX Preliminary
Run=5p +p.s =200 GeV/c
Gaussian filter,c = 0.3

width not ap_uncertainty

* PHENIX,6=0.3
-=-=PYTHIA, K = 2.5,6=0.3
— NLO SCA, R =0.3 (Vogelsang)
® STARHT,R=04 (PRL 97,252001) T

10 20 30 40 50 60 /0
P, (GeV/c)
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_dy) (GeV/c))

Jet Spectrum in Cu+Cu

PHENIX Preliminary
Run—>5 Cu + Cuw\/s,, = 200 GeV/c
Gaussian filter,c = 0.3

uncorrected p + p compared to
background—unfolded Cu + Cu

Cu+Cu

*0-20% °0-20%
= 20—40% © 20-40%
~ 40-60% - 40-60%
*60—80% * 60—80%

5 10 15 20 25 30 35 40 45 50

p;e‘: PP (GeV/c)
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Accessing Path Length: Ry, VS ©rp

* Less energy loss when :
particle is emitted along
the reaction plane '

Au+Am{ nn = 200 Ge\f 0-10% Centrality

60<p <7.0 | - ?nfp <80 | Bl‘.'.l-:p '<9.0 --""'d.b'-:';sT'.':ib.'u' g
0.4 T T T i




