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Jet quenching - single particle Raa

PHENIX, Au+Au

SPS 17.3 GeV (PbPb) GLV: dN/dy = 400
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— YaJEM-D
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At low Vs: Cronin > Energy loss
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Jet quenching - single particle Raa

SPS 17.3 GeV (PbPb) GLV: dN//dy = 400 PHENIX, Au+Au

o WA98 (0-7%) GLV: dN//dy = 1400
GLV: dN /dy = 2000-4000

— YaJEM-D
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® h* CMS (0-5%) — ASW
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! L1 ! Lol ! ! . PHENIX Au+Au, \[s, =200 GeV, 0-10% most central
2 3456 10 20 30 100 200 § direct y (prelim.) ¥ o (PRC83, 024090)

P, (GeVic) § 7° (PRL101, 232301) & 0-20% cent. (arXiv:1105.3467)

“Jet quenChing” Observed from 1 ¥ n(PRC82,011902)  }ef, (arXiv:1005.1627)

g}Ks 0-20% cent (prelim) { K" (arXiv:1102.0753)

39 GeV - 2.7 TeV _ ,’._. Fp (arxiv:1102.0753)

At low Vs: Cronin > Energy loss

At intermediate pr: energy loss
species dependent

Colorless photons loose no energy
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The limitations of Raa

Insensitivity due to surface
emission:
Raa can’t go to zero even
for the highest densities

quN =200 GeV A. Dainese et al.,
Eur. Phys. J. C38(2005) 461
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Motivation for full jet reconstruction

ZpT particles = pT jet

Jets allow reconstruction of “original”
parton kinematics

Connection between theory and P hiard scattering
experiment via jet algorithms

h
ddA; &)

* OPAL. Vs5=192-209 GeV
14 = vacuum, E;=100 GeV
IN_---- in medium, E;;=100 GeV
o * TASSOCYs=rGev p and E must be preserved -

--- in vacuum, Ej,;=7 GeV  /

—-— in medium, Ej,,=7 GeV FF SOfter N presence Of QGP

Probe not only
- energy loss but
. E=In(E, /pr.aon)| €NErgy redistribution
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Jet studies in A-A collisions

pt per grid cell [GeV]

Au+Au 0-20% p:‘;:t ~21 GeV

STAR preliminary

Jets can be seen by eye in
A-A events
- if you can see them <
you can study them

PHENIX il
Preliminary 1

un-5 Cu + Cu at \/syn = 200 GeV
19-20% cent., 24.3, 10.3 GeV/c dijet
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p-p jet cross-section systematics

STAR Preliminary kT, Anti-k1, SISCone - similar behavior
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Energy resolution 10-25%

Jet finders & detectors understood
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p-p jet cross-section systematics

STAR Preliminary kT, Anti-k1, SISCone - similar behavior
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p-p jet cross-section systematics

STAR Preliminary kT, Anti-k1, SISCone - similar behavior
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Initial conditions - p-p

0.1

105.

104.

103.

102.

10 1

Inclusive Jet Cross Section
pp @ 200 GeV

Cone Radius = 0.7
08<n<08

igTAR Preliminary

J Ldt = 5.39 pb™"

Midpoint cone

d%o .
+ split merge

2ndprdn

® STAR Run-6

D Systematic Uncertainty
+7.7% lum. uncertainty
Theory

NLO pQCD + CTEQ6M

Had. and UE. Corrections
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UE correction
applied to theory
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igTAR Preliminary

Data-theory Comparison
of Inclusive Jet Cross Section
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Initial conditions - p-p
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Fragmentation functions for charged
Zmax ~ 081

T TIHm

PHENIi([PreIiminary
Run-5p +p 4/s = 200GeV i
WLH\ Gaussian filter o = 0.3 Electrons are rejected
H charged ratio < 0.9
, j; > 3 particle _
‘ 14 80_e¢ FF scaled by successive

factors of 10

L FTTAm T 1118

Similar good agreement
has been shown by STAR
using R=0.4 and 0.7

 PYTHIA pr" = 15 Gev/c Fragmentation into
* data  overall syst. uncertainty

1 =2 l
0 —D(2) = N2°(1 - 2P(1 +Y) fitto data | charged hadrons
1031 L L L reasonably well
0 02 04 06 08 described in PYTHIA

J.S.Lai WwW2010
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Binary scaling of hard processes in d-Au

® d+Au anti-kt R=0.4, n| < 0.55
Y p+p MPC R=0.4 rescaled, 0.2 <1< 0.8

[ ] <N,,,> uncertainty
I total p+p syst.uncertainty

---- GvAUJES uncortainty Jet spectra slightly
SN U W — modified in central
d-Au collisions

T T
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cp
. . 0.6
- anti-shadowing? 0.5

0.4‘

T T T T T T T T T T T T | T T T T
PHENIX Preliminary R.p 0-20%/60-88%
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R=0.3 anti-k; jet
20 s 300

at the p+p uncorrected scale

1.3

I|IIII|IIII|IIII

Lo | [ -p--e |

(4, ] IIIIIIIIIlIIII[@IIw

‘J\I’_IIII|III||IIII|IIII|IIII|_|_LLLI_|_I_LI_L|_I_LI_I_

p’Tec (GeVic

e

J.Kapitan,S.Bathe,QM2011 Helen Caines - DPTF - August 2011 9



Cold nuclear matter effects
Jet

Hadrons

Jet

I > 1 1 rei
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STAR
Preliminary

| STlARPr?Iiminalry IJet | |

O6 8 10 12 14 16 10 15 20
Priig (GeV/C)  prje (GeVic)

_-{.{' ﬁ } % 1 jT- Constant with beam species and
t |

trigger pr
P— kT - Depends on collision energy
5 e | d-Au consistently higher than p-p

- 1.2 GeVie< pi‘““ <P,

L CNM: small effect on partonic pr

10 15 5 10 15

" [GeV/c] PGeVe] negligible effect on fragmentation

IDi-hacfron

M.Mondal,QM2011 Helen Caines - DPF - August 2011



Underlying event in p-p and d-Au

Charged Jet #1

JetS Direction g 1_4:_ 200GeV  p+p d+Au
p_p - d_Au é 122_ < TransMax ®TransMax
A'_ T < TransMin ®TransMin
o C
i v 1r
Underlying event: :
0.8
<pTd-AU> ~ <pr-p> ‘ é k5 '.,. ransverse” 0_6:— _—0.22315:939=|—9—
~ 0.6 GeV/c e e e
| 0'2:_ STAR Preliminary
0:""]""l'lllllll||||||||||||||||

0 5 10 15 20 25 30 35
pT(jet) (GeV/c)
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Underlying event in p-p and d-Au

Charged Jet #1

JetS Direction g 1_4:_ 200GeV  p+p d+Au
Q L
p_p = d_Au g 19 <~:>TransMax ¢TransMax
A'_ C < TransMin ®TransMin
. Q 4L
Underlying event: M
0.8

<pTd-Au> ~ <pr-p> P an === SO SN

Y 0.6

~ 0.6 GeV/c Avay 0.4
c |
2 45t s:‘;‘“ [ 02k STAR Preliminary
o 4;— * p+p N, scaled 0:....1....|....|....|....|....|....
= 350 0 5 10 15 20 25 30 35
X Underlying event: P,et) (GeVie)
c2s dNen/dndd
g = d-Au~2.5 ~5X p-p
7\_8 1;_ STAR Preliminary ~ Npart X p'p
< . S
LA T UE multiplicity scales much

b > 1015 ZI;)T(Ie%)s (Gg(\)”c)35 Slower than me
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Au-Au: underlying event fluctuations

Schematically Au-Au jet spectrum: doaa _ dopp ® F(A, pr)
dpr dpr

F(A,pT) - initial assumption: Gaussian distribution (a la FastJet)

If background independently distributed particles: wramenbaum pLs 498 2001
number fluct ~ Poisson

{p1” fluct (fixed M) ~ Gamma
F'(A,pr) = Poisson(M(A)) @ I'(M(A), (pr))

T

—
e

_Simulation F(A )
lg?i?:%”&)v e N PT p A = Mean energy x Jet Area

—
e
N

F(A,pT) closer to
measurement but not exactly

pA |
R same - clustering occurs in
4+ Random Cones N\ [\ .
N non-random fashion!

1/NFtandom Cones/Akt*dFTB/dp

v FastJet Akt Emb.

© Fastdet Akt
— Poisson ® I' integral

. C 1
P
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Background fluctuations from data

Generalized probe embedding (GPE)'
opr(A) =p7"* —p- A—pF"* — Fquc(A 2

Background 1 _Backgr‘0und ...................................... STARPrellmlnary

Au+Au @\s = 200 GeV AuAu @\s,, = 200GeV Embeddmg

central (0-10%)  0-10% central collisions . Reference: Single

-1 L ~1M:events f -Probe: PYTHIA Jet-
peonstivent > 0.2GeV | ;pemb>3oocev

AntlkR 04 |n"“’|<06

A“>04$r 0<¢°’““<27t

TTTITI

Independent "‘-.‘ Probe
k Single Particle
- pi"“’ =30.0 GeV/c
’ N, =00

T TTTITIT

Particle Emission

¥ anti-kt R=0.4
«— embedding T
— fitted function (SpT <0)
b = 4.0 (GeV/c)" (fixed) .,_ i :
np = 740 % n match. eff 98.39 %
extrapolation (3pT > 0) vyt : :

T IIIIIII

Aop =0: 75 35 % of entnes§

Jet match eff. =98.38 %

| ‘ LA 1 ‘ 1 1 1 1 1 1 ‘ b\ 1 J.':.‘é 1 ‘ 1 1 H H
LI | | |

- - e c 1 1 1 1 1 1 1 1 1 1 1 1
P, =P;*-p ) 4 2 0 > 4

Adp_ = 3p;, - eSp‘T (GeV)

T AND jeti match eff. = 98. 38 %
| |

opr distribution approximately independent of fragmentation model
Fluctuations mapped over several orders of magnitude
— reduction of systematic uncertainties!

Can perform BG subtraction before FF details known
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Evidence of jet broadening

Au+Au and p+p at\/s,,=200 GeV/c

Au+Au: 10% most central

kT and Anti-kt known to have
different sensitivities to background

| JetRm< 1(R=0.4)

= —— kt R=0.4

—— anti-kt R=0.4

Algorithms fail to recover all jet

ﬂRAAofplons 0.2 b

y STAR Prellmlnary
10 11llllllllllllllllllllllllllllllllllll 11111111

10 15 20 25 30 35 40 45 50
p;e‘ (GeV/c)

Nijet(R=0.2)/Njet(R=0.4) VS pr,et

“Focussing” of jet with jet energy

- Au+Au and p+p at\/s,,=200 GeV/c

- Au+Au: 10% most central —— Au+Au kt
C —o— Au+Au anti-kt

t STAR Preliminary — p+p kt
r —=—  p+p anti-kt
- i

Yield Ratio: R=0.2/R=0.4

pf‘ (GeV/c)
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Evidence of jet broadening

10"

Nijet(R=0.2)/Njet(R=0.4) VS pr,et

Au+Au and p+p at\/s,,=200 GeV/c

Au+Au: 10% most central

=F
1), II
—— anti-kt R=0.4

ﬂRAAofplons 0.2 b

STAR Prellmlnary

11llllllllllllllllllllllllllllllllllll 11111111
10 15 20 25 30 35 40 45 50

p;e‘ (GeV/c)

kt R=0.4

“Focussing” of jet with jet energy
Au-Au:

kT and Anti-kt known to have
different sensitivities to background

Jet Raa< 1(R=0.4)

Algorithms fail to recover all jet

Yield Ratio: R=0.2/R=0.4

“Broadening” of jet compared to p-p

Jet fragmentation broader in Au-Au

_ STAR Preliminary —

- Au+Au and p+p at\/s,,=200 GeV/c

Au+Au: 10% most central

—e—

Au+Au kt
—e— Au+Au anti-kt
p+p kt
—=—  p+p anti-kt

pf‘ (GeV/c)
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Di-jet coincidence rate

High tower trigger - single particle with high pr
bias maximizes distance through medium
recoll jet traverses

o+
Q
—
| -
Q
oo
.20
| -
-

* Significant suppression

Compare yield of di-jets in p-p to Au-Au

v AntiKt R=0.4, p:"'9>1o GeV
o AntiKt R=0.4, p:"'9>2o GeV
—— Background uncertainty ¢, = 1 GeV

-
L

-
N
lEIIIIIIIlI

STAR
Preliminary

Trigger jet energy uncertainity

AuAu(0-20%)/pp

—

of recoil jets - close to
single particle Raa

e Further evidence of
broadening

Inclusive Raa
|

Larger path length o 1520
results in larger
suppression/broadening Helen Caines - DPF - August 2011
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Large angle di-jet scattering

----&--- PYTHIA

Prrecjet > 20 GeV/c, prrec diet > 10 GeV
Di-jet: highest prwith |@jet-Qaiet| > 2.6

R=0.4 AntiKt p. *>*'=2 GeV/c e pp

PYTHIA + AuAu HT 0-20%

p, (trig)>20 GeV/c —®— AuAuHT 0-20% A(p Of |dent|f|ed d|'JetS
STAR preliminary O-AU-AU ~ 0_2

OPYTHIA,Embed ~ 0.14

Op-p~ OpYTHIA ~ 0.1

recoil—
pT,cut =0.2 Gech

I[I|IIII|IIII|IIII|IIII|IIII|IIII|II]I

3'5': PHENIX Preliminary * 60-80%

= Run-5 Cu+Cu\s,,, = 200 GeV/c . 40-60%

- Gaussian filter,c = 0.3 " 20-40%
2 5F symmetric jet-jet ,

- 75<pF<115GeV/c | i

2

Little to no deflection of
away-side jet observed in
Cu-Cu and Au-Au collisions

dN/dA® area normalized to 1

Loss of di-jets not predominantly

due to deflection to large angles R T R e ey
AO

K
K
o ot
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Jet-hadron correlations

1/Njet dN/dAG

1/N,gp dN/dAG

- - -k
o ©o©

-
- N b

o
o o™

o©
FS

10 <ijet<20 GeV/c
0.5 <p;...<1GeVic

STAR Preliminary

A¢ (rad)

Au+Au 0-20%
) ) High Tower Trigger
Trigger jet 1 tower
0.05x0.05 (nxo)
Ad with Ex> 5.4 GeV
Recoil jet

o
o

o
o

o
F'S

o
w

o
V)

I
‘.\*'H“

10 <ijet<20 GeV/c
4 <pT:aSSOC<6 GeV/c

STAR Preliminary

Jet trigger:
Anti-kr,

R=0.4,

pt rec(jet) using
pt,(particle)>2 GeV

Away-side: Broadening
Softening

Direct measurement of
modified fragmentation due
to presence of sQGP
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Broadening not deflection

A AuAu, 0-20%,20 <p *' <40 GeVic

[
PP
C— v2 & detector uncert.
trigger jet uncert.

— Width including di-jet smearing. Majonty Of broadening
STAR preliminary due to fragmentation
not deflection

O N oo o

0.
0.
0.
0.
0

<0.4 i—
0.3 i—
02F
0.1

a

(=
=]
=
c
S
0
(72}
=
1]
O]
[})
2
(7]
>
©
=

A
[ ]

1 1 l 1 1 1 l 1 1 1 l 1
12 14 16
p;>* (GeVrc)

°O

Low pr assoc

Au-Au away-side Gaussian width broader than p-p
High pT assoc
Au-Au away-side Gaussian width same as in p-p
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Nearside D,

AA

Awayside D

Jet-hadron: Energy balance

w
[,
T

- N
rprrrrprrrrprrreyrrrnyrrreyey

A AuAu, 0-20%, 10 < p" <20 GeVi/c
|:| v2 & detector uncertainties
- AE (spectrum) shift

[] 2B shift

STAR preliminary

: g

PR BT S B

8 10
P (GeVlc)

A AuAu, 0-20%, 10 < p!' <20 GeVic
|:| v2 & detector uncertainties
- AE (spectrum) shift

[] 2B shift

Away-side

STAR preliminary

A.Ohlson,Q0M2011

Daa = Au-Au - p-p Energy difference

DAA (p%SSOC) — YAA (p%SSOC) . p%fioj _ Ypp(p%SSOC) . pC’IL:?;IO)C

AB — / deCZL_’SSOC AA (p%SSOC)

Near-side:

AB =0.6 +11?)+c§)f (sys) GeV/c
Away-side:

_ +1.7+0.5
AB=1.5 ., ,. (sys)GeVic

Energy lost at high pr
approximately
recovered at low pt and
high R
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v-h: Fragmentation functions

: LI} LI § I LA I LI L I L L L I LI I LA ] LI I L LA I LI :
g : ° PHENIX Au+Au 0-20% 5<pnng<15 GeVic x 0.5<p”‘<7 GeVic :
% ° PHENIX p+p 5<p_ m'<15 GeViex 1<p_ h<10 GeV/c PhysRevD.82,072001
1 ' ‘ =
z.g = MLLA in medium E,_ =7 GeV x 10" =
— . TASSO data\s=14 GeV x 10" R
ln = ; ]
107 =
102 & PH ENIX =
= Preliminary =
B Direct y-h 7]
-3 ) —
107 E + 8.8% Au+Au Global Scale Uncertainty E
- + 8% p+p Global Scale Uncertainty 3
B ] correlated systematic error -
10-‘ 11 1 ! l 11 1 l 1 1 1 l 11 1 l L1 1 1 l 11 1 | l 1 1 1 I 1 1 I B 2t 1 1
-1 05 0 0.5 1 1.5 2 2.5 3 3.5
In(pry/pTh) = §
Tasso:
Braunschweig et al. , Z. Phys. 320 C47, 187
MLA:

Borghini, Wiedemann, hep-ph/0506218

p-p: Consistent with e*e
Au-Au: Consistent with energy loss

Trigger photon

A )
,q{ recoil jet

Photon gives jet energy

Measure fragmentation of
away-side jet

No surface bias for triggel

Fragmentation of away-
side jet highly modified
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Summary of RHIC jet data at Ns=200 GeV

Full jet reconstruction:

* p-p jet and di-jet cross-sections are well described by NLO

* d-Au jets slightly suppressed compared to binary scaled p-p data
e d-Au UE mult. shows approximate Npart scaling with similar {pr)

* kT measures suggest CNM effects are small for jets

e Understanding of Au-Au background much clearer

e First clear indications of broadening of jet fragmentation in A-A

Di-jet correlations in A-A show no significant extra deflection

Di-hadron correlations:
e Low-x correlations indicate significant di-jet suppression in d-Au
collisions - possible indication of gluon saturation

Jet-hadron correlations:
* Au-Au data indicate “lost” high pt fragments, re-emerge as

numerous low pt particles at large cone angles
Helen Caines - DPF - August 2011




Confronting qPYTHIA with RHIC data

JETR,,
Au+Au \[sy, = 200 GeV
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* PHENIX Au-Au Data
(arXiv-0801.4020)
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e 2 — Y - i
[q1 = GeV/fm _2:37 0-10% Central
—i&  RHIC
6870 92 14 16 18 20
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*Au+Au STAR
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o 3 X2 pyeu o= 200 Gov ingle particle spectra

* Jet Raa too low
* R(0.2)/R(0.4) OK for p-p
* R(0.2)/R(0.4) too high Au-Au

=0.4)

0.2)/do(R

do(R=

'2;_ — Vacuum 0 .
T 10% Centra Jet quenching too extreme

—H RHIC broadening too little from 0.2 — 0.4
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PID triggered correlations
rig — 4- 6 G V/ ssoc>1.5 G V/
s, (p*+KE), h? P |Ac§|<((): 75 ST
via statistical dB/dx oy g oy e FA Ay "",* e oo
Baselines: 200 GeV ** . |[200GeV .
d-Au MB: S — a
m=p+K
Au-Au 0-10%:
m<p+K

Near-side Peaks: :
d-Au MB: p+K — enhanced ridge

lower for p+K
Au-Au 0-10%: 1 triggers — higher jet yields
lower for p+K

No strong dilution of near-side jet
yields due to “false” triggers from
recombination observed

Integrated Near-side yield
d-Au = Au-Au for T and p+K

K.Kauder,QM2011 Helen Caines - DPF - August 2011



Result depends on “question” asked

“Jet” is not a rigorous term
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kt R=0.4 PHENIX Preliminary
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Results depend: Need to be clear when

discussing results

Strongly on resolution parameter, R exactly what was run

Weakly on algorithm choice
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Strange hadron FF

10 < Reco Jet p_ < 15 GeV/c |

]

S [ STARPreliminary =K
© 004
2‘:1 ot LA
g +#+ —
003k +
Y s
0.02f-
+ *j—-#— » |Prout
0.01- -
L E
- .
L Ao
Ot_‘l_llll L v o =®= |y
0 1

3 4
§ = leg(jp ffp,)

15 < Reco Jet p_ < 20 GeV/c |

.

1N d*N/dg

20 < Reco Jet p_ < 40 GeV/c |

| STAR Preliminary ~ =Kg
ok A
+ + =
A
0.03 + _+_
| +
0.02_— -*-
+
i i 4__+_¢ p; cut
L T A S
0.01F . _*__i_’f _#_
-4—Y- =+=_*_
_v_
0'_1*:?:[[]"][[]'?;:]["
0 1 2 3

§ =log(je ffp,

- Data presented at detector level

* Errors estimated from averaging results from kr, anti-kr and
SISCone

VO pt> 1 GeV/c - artificial cut in distribution

4
)

S

N d*NidE
ets

R

0.01

0.03

0.02

| STAR Preliminary ~ =Kg
+, °
4+ E
e
pr cut
_+__+_
——y—
I — =
L ——_y_ —-—
[ et ! , ¥
0 1 2 3 4
§ = log(jp /fp,)

A. Timmins SQM2009
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Strange hadron FF

10 < Reco Jet p_ < 15 GeVi/c |
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- Data presented at detector level
* Errors estimated from averaging results from kr, anti-kr and

PIYPANR = PYTHIA+GEANT

V0 pr> Description of K% seems better than

for A
- also true for min-bias pr

PN Y N R Ry
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§ = log(jp /fp,)

A. Timmins SQM2009
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Probing the initial conditions

d4+Au = 7°r°+X, Vs = 200 GeV, 0< Qe <500 d+Au —> mn%+X, Vs = 200 GeV, 2000< X Qpe: <400C
0.016F Pu>2GeV/c, 1 GeV/c<prs<py 0.03F pn>2GeV/c, 1GeV/c<prs<prn
z 3 ey < >=3.2, <ne>=3.2 r 4 | <n>=3.1, <ns>=3.2

0.014;— 47++ | m 0.025} s CGC+offset
oorzt /| frame i

] +\+ %ﬂﬁ it + 0.02f
p-p and peripheral d-Au [ h
look similar and reveal - d-AUu e o0 pe

. Ay © r
clear away-side peaks Ve omns | emype 00w

Look at forward-forward
correlations

)

Uncorrected Coincidence
o
2

Probability (radian

0.015}

_ m 0.99£0.06
O:llplrlellllmllll‘}loerI T S T T T T Y A :..P.r,elll,m,lr.‘](:.ry. Pl PR |

“Mono-jets” in e I B &0 R T 3
central d-Au
forward-forward
(low-x)
data - CGC hint

Peripheral 1Central

Suppression increases
as X decreases

Important for
iInterpreting A-A results
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Probing the initial conditions

d4+Au = 7°r°+X, Vs = 200 GeV, 0< Qe <500 d+Au —> mn%+X, Vs = 200 GeV, 2000< X Qpe: <400C
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Important for
iInterpreting A-A results

M.Chiu,QM2011,C.Perkins,DIS2011

d+Au 60-88 p,fl‘ﬁ"
O 0.5-0.75 GeV/c
0 0.75-1.0 GeV/c

IIIIIII
——

A 1.0-1.5 GeV/c

d+Au 0-20 p_ d
® (.5-0.75 GeV/c

B (.75-1.0 GeV/c
A 1.0-1.5 GeV/c
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