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Jet definitions < Jet algorithms

The construction of a jet is unavoidably ambiguous

e Which particles get put together into a common jet?
* How do you combine their momenta?
Jet Algorithm

{pi} — {x

individual 4-mtm jets
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Jet definitions < Jet algorithms

The construction of a jet is unavoidably ambiguous

e Which particles get put together into a common jet?
* How do you combine their momenta?

Jet Algorithm A
P} — {x

individual 4-mtm jets

e Jet algorithms:
radius parameter
infra-red safe

- jet unaffected by soft gluon emission
collinear safe

- jet unaffected by parton splitting
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Jet finders used at RHIC

7STAR

 kt and anti-kt recombination algorithms from FastJet
Cacciari, Salam and Soyez, JHEP0804 (2008) 005, arXiv:0802.1188

* resolution parameter R: 0.2 - 0.7
* background subtraction:
Prmeas (Y€1) ~ Prye (JEt) + P A £0 VA
A: active jet area, p: median of p/A distribution

v_

PH ENIX

» Gaussian filter with 0=0.3 (Y.S.Lai, B.A.Cole, arXiv: 0806.1499)
core of jet has higher weight: optimized to suppress background
ideal for limited-acceptance detector
seedles
‘cone like’ but not infrared or collinear safe

- Jet-by-jet fake rejection by Gaussian-filtered (0=0.1) p,? sum > cut
Y.S.Lai (PHENIX), arXiv: 0907.4725

shouldn't reject quenched jets (PYQUENCH simulation)
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Jets in p-p at RHIC

3 inclusive jet production _fastNLO_
10 in hadron-induced processes
°
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T. Kluge,
K.Rabbertz, M.Wobish

* Jet cross-section in p+p is well described by NLO pQCD
calculations over 7 orders of magnitude.
* Excellent description when included in world data
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Jets in p-p at RHIC

3 inclusive jet production _fastNLO
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* Jet cross-section in p+p is well described by NLO pQCD
calculations over 7 orders of magnitude.
* Excellent description when included in world data

e What you ask for is what you get
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Jets in p-p at RHIC

3 inclusive jet production _fastNLO
10 i in hadron-induced processes — 105§
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Y.S.Lai WW10 10 102 10 py* (GeVrc)
T K p; (GeV/c)
. Kluge,
K.Rabbertz, M.Wobish
* Jet cross-section in p+p is well described by NLO pQCD
calculations over 7 orders of magnitude.
* Excellent description when included in world data
e What you ask for is what you get
Seem to have a well calibrated probe
4
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Measuring the underlying event

leading : Most basic jet cut, one jet in our acceptance

pack-to-back : Sub-set of leading jet collection.
Require [A¢| > 150, praway/pTLead > 0.7
Suppresses hard initial and final state radiation.

TransMin : Sensitive to beam-beam remnants and soft multiple
parton interactions. - region 90° to jet with least =p-

TransMax : Enhanced probability of containing hard initial and/
or final state radiation component. - region 90° to jet with least Zp-
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Measuring the underlying event

leading : Most basic jet cut, one jet in our acceptance

pack-to-back : Sub-set of leading jet collection.
Require [A¢| > 150, praway/pTLead > 0.7
Suppresses hard initial and final state radiation.

TransMin : Sensitive to beam-beam remnants and soft multiple
parton interactions. - region 90° to jet with least =p-

TransMax : Enhanced probability of containing hard initial and/
or final state radiation component. - region 90° to jet with least Zp-

Compare TransMin and TransMax data from
leading and back-to-back jet samples —

Information about large angle initial/final state radiation.
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TransMin vs TransMax regions of UE

"TransMAX" Charged Particle Density: dN/d"d?| CDF \/S=1 96 TeV
remaned e o Jo4-4-- | @ leading TransMax > back-

a corrected to particle level

to-back TransMax
Significant initial/final state
radiation at large angles.

se" Charged Density
=}

1.96 TeV Charged Particles (||<1.0, PT>0.5 GeV/c)

0 50 100 150 200 250 300 350 400 450
PT(jet#1) (GeVic)
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TransMin vs TransMax regions of UE

‘“TransMAX" Charged Particle Density: ledﬂd¢|

-
»

CDF Run 2 Preliminary
| data corrected to particle level

-
N
I

verse"” Charged Density
=}

1.96 TeV Charged Particles (|M]|<1.0, PT>0.5 GeV/c)

0 50 100 150 200 250 300 350 400 450

PT(jet#1) (GeVic)
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Lead Jet p _ (GeV/c)

CDF vs=1.96 TeV

* leading TransMax > back-
to-back TransMax
Significant initial/final state
radiation at large angles.

STAR vs=200 GeV

* leading TransMax ~
back-to-back TransMax

Small initial/final state
radiation at large angles.
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‘“TransMAX“ Charged Particle Density: dNIdTld¢|

CDF Run 2 Preliminary

12 - ta corrected to particle level

verse"” Charged Density
=}

1.96 TeV Charged Particles (||<1.0, PT>0.5 GeV/c)
0.2 f f f f f f t t
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Lead Jet p . (GeV/c)

TransMin vs TransMax regions of UE

CDF vs=1.96 TeV

* leading TransMax > back-
to-back TransMax
Significant initial/final state
radiation at large angles.

STAR vs=200 GeV

* leading TransMax ~
back-to-back TransMax

Small initial/final state
radiation at large angles.

e TransMax > TransMin
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TransMin vs TransMax regions of UE

“TransMAX" Charged Partcle Density: dN/ddf] CDF vVs=1.96 TeV
12| puomasommes et o o Jo41- - | @ leading TransMax > back-
I | to-back TransMax
Significant initial/final state
radiation at large angles.

verse"” Charged Density
=}

1.96 TeV Charged Particles (]]<1.0, PT>0.5 GeV/c)

0 ;o 1(;0 1;0 pngf#ﬂ (cz;se(:”c) 3(;0 3;0 4(;0 450 STAR \/S=200 Gev
* leading TransMax ~

Data not corrected to particle level.

$ T ‘ — back-to-back TransMax

}&7? —i— L\ slminar " Min UE T :

% osf = i Small initial/final state
05 B S radiation at large angles.
N % e TransMax > TransMin
03[ [
2,FSISCone,R=0.7, [njer| < 1-R, priack > 0.2 GeV/c Poisson distribution with
g I — average dN_/dnd¢ = 0.36

O_IHI|5|III1IOHH1|5HH2|0HH2|5IIIII IIIIII -

et mev®  © UE barely there in p-p
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Fragmentation functions for charged hadrons

,-\1O5= * Zmax ~ 0.81
E b~ =2 PHENIX Preliminary
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° ,[‘ Ve
()] 2 3
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= 1.1 S .
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Strange hadron FF

10 < Reco Jet p_ < 15 GeVic |

15 < Reco Jet p_ < 20 GeV/c
| : |

| 20 < Reco Jet p_ < 40 GeV/ic ]

> | STAR Preliminary =K. ; STAR Preliminary — K. g STAR Preliminary =K.
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» Data presented at detector level A. Timmins SQM2009

* Errors estimated from averaging results from kr, anti-kt and SISCone
* VO pt> 1 GeV/c - artificial cut in distribution
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Strange hadron FF

10 < Reco Jet p_ < 15 GeVic | [ 15 <Reco Jet p_ < 20 GeVic l | 20 < Reco Jet p_ < 40 GeV/c I
= | STAR Preliminary =K' z STAR Preliminary — =K > | STAR Preliminary K"
© an d O 4¢ g O aad -
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T oy Pythia 6.4 K 1‘ ; .
003 : eccFythia © 0.03- 003}
T :. :-'_ - ',: :
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[ {5 %G o " | rod -
- ! - L o *a « %
i» i w <] p . ‘ ey o
by g L i \ | £ ke
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- Data presented at detector level A. Timmins SQM2009
* Errors estimated from averaging results from kt, anti-kr and SISCone
* VO pt> 1 GeV/c - artificial cut in distribution

* PYTHIA = PYTHIA+GEANT

Description of K% seems better than for A
- also true for min-bias pr distributions
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Increase .9 to 2.3 TeV (%)

NSD
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Pythia D6T (109)

W

Pythia ATLAS CSC (306) / 18.3 %
Pythia Perugia-0 (320) 18.5 %
Phojet 14.5 %
QGSM \

w+/

Raw Events

10

1

* The measured multiplicity grows much

p-p production still not very well understood

J.Schukraft (John H. 60 symposium)

II| T T |II|||| T IIIHIW

Tail grows faster !

o [0

ALICE XS
In| < 0.5
2.36 TeV

I BT

Work in progress

N

—— Phojet

— ALICE raw

—— D6T (109)

—— Atlas CSC (306)
—— Perugia-0 (320)

co b e b PN
5 10 15 20

Measured multiplicity

faster than models predict

* “Tracklet” analysis

* PYTHIA - Perugia-0 matches RHIC data
ATLAS CSC - too little UE

DOT -
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0 10°E
= B —— ALICE raw
cC [ .
S Work in progress | ___ peo (109)
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% 10°E _— Phojet
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Measured multiplicity

Increase .9 to 2.3 TeV (%)

NSD

ALICE preliminary* /

(24.0+0.5+ M\

CMs \

28.4 + 1.4 :y&

Pythia D6T (109) /\/w?ﬁ
Pythia ATLAS CSC (306)/ | 18.3 %
Pythia Perugia-0 (320) 18.5 %
Phojet 14.5 %
QGSM \

w+/

p-p production still not very well understood

J.Schukraft (John H. 60 symposium)

2.36 TeV

on 10° N —— ALICE raw

- F .

c c Work in progress | — DéT (109)

G>J B - —— Atlas CSC (306)
L 1os§ Nt —— Perugia-0 (320)
2 ALICE e

= - )

© e | <0.5

10 =

Tail grows faster !
1

o [0

o b b e b PN N TN
5 10 15 20 25

Measured multiplicity

* The measured multiplicity grows much
faster than models predict

* “Tracklet” analysis

* PYTHIA - Perugia-0 matches RHIC data
ATLAS CSC - too little UE
D6T -

Increased jet or UE production?
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Need to be alert to inconsistencies

CDF Phys. Rev. D 9 (2009)

CDF data +—e—
Pythia (6.4) —— A

o 1072
2
S 40
o]
E 0%
=
©
3 108 Foe
g
& 1070
s 10712 | Charged particle spectrum
pp, 1.96 TeV, lyl<1
10714 .
10
p; [GeV]

100

* At ~80 GeV/c data 3 orders magnitude above PYTHIA

Helen Caines — RHIC Paradigms , Austin - 2010

10

Friday, April 16, 2010




Need to be alert to inconsistencies

CDF Phys. Rev. D 9 (2009), Cacciari et al. arXiv:1003.3433

-2
10 T T T T T T
CDF charged particles, lyl<1 —e—
107 CDF k; jets, R=0.5, 0.1<lyl<0.7
[ Pythia charged hadrons
=~ 100 | Pythia jets
S FastNLO jets —— —-
S 8 | H('I:.d
S 10 Fooe s
O —
d r. 8
S 1070t Tre—
o —
5
5 1072
1074

20 40 60 80 100 120 140 160
py [GeV]

* At ~80 GeV/c data 3 orders magnitude above PYTHIA

» Jet cross-section well described
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Need to be alert to inconsistencies

CDF Phys. Rev. D 9 (2009), Cacciari et al. arXiv:1003.3433

102 - - - T - - jet systematics
CDF charged particles, lyl<1 —e— CDF chg particles / jets
-4 CDF k; jets, R=0.5, 0.1<lyl<0.7
L 10 t %)
® Pythia charged hadrons o T
=~ 100 | Pythia jets E :
S FastNLO jets ———- | 8 T |——+—4
: -8 | H('I:.d g
> 10 f%@*ﬁq B = é?
o P — - 8,
S 1070 ¢ TF=—_ | 8
S — ©
5
T 1 T +
0.1 £ -
10'14 1 1 1

60 80 100 120 140

20 40 60 80 100 120 140 160
p; [GeV]

py [GeV]

* At ~80 GeV/c data 3 orders magnitude above PYTHIA

* Jet cross-section well described Cross-sections are equal!

e Partons appear to violate factorization of fragmentation
collinear splitting turns off, single particles produced!
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Need to be alert to inconsistencies

CDF Phys. Rev. D 9 (2009), Cacciari et al. arXiv:1003.3433

3.5
B ; ; [ M,,=216 GeV/c? Herwig (x 0.89):
10 - - - T - - jet systematics 1.0 - et — Cone 0,=0.47
CDF F:harged particles, lyl<1 —e— CDF chg particles / jets ! i ---- Cone 0,=0.36
10 CDF k; jets, R=0.5, 0.1<lyl<0.7 m ; NN Cone 6.=0.28
Pythia charged hadrons © T " 25F ‘ *x,‘ \  CDF Data:

-6 Pythia jets P ’ I e v 1\, 4 Cone 6:=0.47
= 100+t y J ki J > 5ol Y%\« & Cone 0.=0.36
S FastNLO jets ———- ;-:j 1r + .?D r 3 "=.__ *\* v Cone 6,=0.28
S 8 L '_Hﬁki 3 -§. L " vf " \
> 10 ﬁ?g?% Ibtﬁ\ _g- % 15F i "t
O ———— lo) ~ I \

— —— - r ‘e

10-10 o S —e— b g’ I

=% — 5 1.0F T\

o) [

) 12 | i i

s 10 T + 05F

1 O_1 4 L 1 1 1 ! 1 1 01 i : I I I E "‘w
60 80 100 120 140 A S U PR S - R
20 40 60 80 100 120 140 160 GeV 0o 1 2 3 4 5 6 7
p, [GeV] Pt [GeV] E=log(1/x)

* At ~80 GeV/c data 3 orders magnitude above PYTHIA

* Jet cross-section well described Cross-sections are equal!

e Partons appear to violate factorization of fragmentation
collinear splitting turns off, single particles produced!

e Seems in contradiction to di-jet FF measurement
Either Nobel Prize winning or wrong! to be checked by LHC
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CNM are small at RHIC

d-Au - Additional smearing due to parton interaction with CNM
kT,d-au > kT,p-p

PR P, :10 - 20 GeVic d+Au, p_: 10 - 20 GeVic . :
-283 0.05 GeVic . — 298 0.08 GeVic I(T o pTUEt) SII’](ACD)

| kY raw

= & 10-20 GeV/c kTraW (p+p) =2.8+0.1 GeV/c

) . Opr ay (d+AU) = 3.0 £ 0.1 GeV/c

°.-Ho” 4 4 2 ¢ 2 4 . *‘!..‘_;0 "* B R R S S ; ““3 -:—?_"?o kT,di'hadron(p_p) - 2-68 +/- 0.0?(Stat)

D+ anticke Pra SPAO) g Pyt sin(do) +/- 0.34(sys) GeVic
p*p, p. : 20 - 30 GeVic d+Au, p.: 20 - 30 GeVlc (PHENIX S.S. Adler et al. Phys. Rev. D 74, 072002 (2006) )

w- o T=‘22.3 +0.21 GeVic ) 5

o =2764024GeVie  gystematic uncertainties under study:
STAR Preliminary - neglected detector effects p,.-dependence

200 GeV i « BEMC calibration and TPC tracking at
20 - 30 Gey/c high luminosity

TR P SR T B T B R T O B S

b, * sin(A 0) : .;T,;i'sa‘n(i;;i" largely correlated between p-p and d-Au

J. Kapitan, EPS HEP 2009

There are some CNM effects - Cronin enhancement seen in d-Au spectra

Helen Caines — RHIC Paradigms , Austin - 2010 11
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http://link.aps.org/abstract/PRD/v74/e072002
http://link.aps.org/abstract/PRD/v74/e072002

A-A - now things get really complicated

rec Au+Au 0-20% p™° ~ 21 GeV
p+p JP trigger P ~21GeV ol 0Py jet
STAR preliminary - STAR preliminary

— . %' :

R @ 10

S 6 =g

= 3

8 5: :g

2 4 5

o 3 lq-,

o 2 2

o s

g '

* One can at least see some jets if you plot summed pr

Now have to deal with the background

Helen Caines — RHIC Paradigms , Austin - 2010
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Au-Au - the underlying event

pr (Jet Measured) ~ p; (Jet) + p A = 0(A)

&
Background E (from Fastjet algo.) S
0 A~ 45 GeV, Rc=0.4 g
Substantial region-to-region <
fluctuations o(A)
Gaussian approx:~ 6-7 GeV (Rc=0.4)

14; AuAu 0-20% STAR Preliminary

—_ -
@ o N
o o o

o
o

a0

20

Helen Caines — RHIC Paradigms , Austin - 2010

>
S f e pm>01Gev Multiplicity
2 ? A Pt > 1 GeV =

S 1w T:,;.A. > 2 GeV e » Average background energy can be
S . . corrected on an event-by-event basis
o f

=) ‘

= 8 d :

2 « * Fluctuations only corrected for

> ‘ . . . .

S | - statistically via unfolding

2 2 —_-‘__—a———*_

O il

g B0 02 03 04 05 68 07 O8  Ae 1 What about fake jetS?
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There are no short cuts

Anti-quenching biases are hiding everywhere!

e triggering on high pr particles = bias towards non-interacting jets

Backaround fluctuations [GeV]

%

AuAu 0-20%

= ol LA

01 02 03

STAR Preliminary

> 0.1 GeV

o™ > 1 GaV

.

~ ’ L ]
> 2 GaVy .
£

eV

i

04 05 06 07 OB 09

Rec

dN, /dE,

1
g Au+Au 0-10%
10'F =
b % A MB-Trg
F > 4
o'k 5 =, W Ny, Scaled p+p
E .S -y
10¢fE “u-
E O Y
10°EF "'+
F o
10°F < f
F DN
wE KT R=0.4
10°F pT cut> 0.1 GeV
~D: PR (NN TN TN NN TR SN | ) AN NI I PO |
107 10 20 30 40

50
E; [GeV]

1
3 Au+Au 0-10%
10"5—> = N
E E 3 “Tri
10_2%2 ‘s MB-Trig
JE 4 « W Ny Scaled p+p
10 - = Z =
=0 "
10 A“* ——
F o
10° 5 ++++ e
E (Vp)]
10° -
: -
10"; KT
10°F pT cut>2 Gev
:|..I.||.I...|I....I|1..I
10°g 10 20 30 20 £l 3(;
e

S.Salur HP2008

e pt cut reduces background = bias towards non-interacting jets

e Assumptions about jet shape in finding = bias towards non-interacting jets

Lesson learned: There are NO short cuts
Essentially every cut applied introduces measurement bias

Have to fully understand background to make progress

Helen Caines — RHIC Paradigms , Austin - 2010
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Closer look at the fluctuations

doaa  dopy

Schematically Au-Au jet spectrum:

F(A,pT) - investigation in data via jets with dpr dpr
pT-pA < 0 - assume symmetric distribution
(i.e. Gaussian a la FastJet)

F(A,pr) = Poisson(M(A)) @ T'(M(A), (pr)

Helen Caines — RHIC Paradigms , Austin - 2010

QQ'[7(147]97j)
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Closer look at the fluctuations

Schematically Au-Au jet spectrum:

F(A,pt) - investigation in data via jets with de
pT-pA < 0 - assume symmetric distribution
(i.e. Gaussian a la FastJet)

If background is independently distributed
particles:
number fluct ~ Poisson distribution
{p1) fluct for fixed M~ Gamma function

F(A,pr) = Poisson(M(A)) @ T'(M(A), (pr)

Event

F(A, p)

. Simulation
N v T=290 MeV

do A a

_ dopp

— F(A
dp+ ® ( 7pT)

10 M.Tannenbaum PLB 498 2001

L3
-
5%

10° Y “

10

0.4 0.5
Mip,) (GeV/e)

0.3

No longer symmetric AND

clustering algorithm affects results -

not random

Non-trivial issue, further studies actively
being pursued, but we have all the tools!

§102F "\, dN/dn= 360
g F RN F(A’ pT) -
g C
10°F 4+ Random Cones
- " FastJet Akt
B — Poisson ® I integral
- === Gaus fit
- L Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il k Ll L -l
10% 5 10 15 20 25 30

Helen Caines — RHIC Paradigms , Austin - 2010
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Thermal simulation compared to scrambling event

L
=.4

S
§1o-‘ = =, AULLERCeg e Thermal spectrum is
5 F = MB inclu 0-20% an approximation

= ——— Thermal Bkg at 90deg - different fit ranges

T ITI”[

—_— Scrambled MB inclu 0-20% give different T

1727 1IN,
=

1 L A * Need a 2" approach
- - o to compare to
10% & A * Try scrambling real
- e B 4 events - break all
o 1o ABE physical correlations
= i gty fpe| I [y - 171 x 1 I 0 Lt M | l 1 L1
0 10 20 30 40

,5,? '[GeVICG]O
» Scrambled softer than thermal >

- naively expect harder as jet particles still there

- need to implement tracking efficiency in thermal toy

* Per trigger jet normalized 90° spectrum ~ Per event Min-bias spectrum
Significant rate for two (or more) hard scatterings in Au-Au event

Helen Caines — RHIC Paradigms , Austin - 2010 16
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Fake jet rate in a Au-Au event

Definition: “Fake” jet - signal in excess of background model
from random association of uncorrelated soft particles
(i.e. not due to hard scattering)

]
Estimating the “Fake” jet rate: S |
1025 ++.1 |
e Use the real data - Au+Au | 250
dataset | o
* Run jet finder 10|
- (Remove leading particle from | R
each found jet if pr>X GeV/c) M d/Eak
. . easure aKe
« Randomize azimuth of each 1]
charged particle and | Signal/Fake
calorimeter tower - STAR Preliminary
* Re-run jet finder 107590 15 20 25 30 35 40
p;" (GeVic)
Helen Caines — RHIC Paradigms , Austin - 2010 17
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Fake jet rate in a Au-Au event

Definition: “Fake” jet - signal in excess of background model

from random association of uncorrelated soft particles
(i.e. not due to hard scattering)

ratios

Estimating the “Fake” jet rate:

—

« Use the real data - Au+Au | ¢
dataset | <

* Run jet finder 10|

« (Remove leading particle from |
each found jet if pr>X GeV/c)

* Randomize azimuth of each 1
charged particle and |
calorimeter tower - STAR Preliminary

0* el

Measured/Fake

Signal/Fake

° - i . !
Re-run jet finder 107530 15 20 25

Note: PHENIX have direct rejection of fakes via algorithm

Helen Caines — RHIC Paradigms , Austin - 2010
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pf" (GeVlc)

17

Friday, April 16, 2010



A-A Jet spectrum

—h
Q
(=2

+

1/N, . dN/(dp_ chn) (GeV/c)

107

+

10° kt R=0.2

—=— anti-kt R=0.2

10-9I|IIII|IIII|IIII|IIII|IIII|IIII|III
0 10 20 30 40 50 60

pf‘ (GeV/c)

M. Ploskon QM09

First measurement of jet cross-section in heavy-ion experiments

Helen Caines — RHIC Paradigms , Austin - 2010
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A-A Jet spectrum

L -3 A —
9 10%¢ u+Au at\[s,,=200 GeV/c oe
o - ° A = PHENIX Preliminary
S W 10% most central events § 1075 E RUN—5 CU + CW 5, = 200 GeV/c
'_g 107 X o & ] - Gaussian filter,o = 0.3
o - STAR Prellmlnary = 100 E_ uncorrected p + p compared to
T 10° > 107 L %%Q% Qo background—unfolded Cu + Cu
Y = o = Reco
Z o Q_l\ 8 - *ﬁ' ﬁﬁaoo
N T 10°F iioaco
3107= < 1078 Hitrye
- . = g T4y 3:;
T 10-7:_ . ;0;10_10?CU+CU p+pXTAiT* 2 %
= —©— anti-kt R=0.4 5’ 1L ©0-20% °©0-20%
- T 107 F = 20-40% © 20-40%
gl kt R=0.2 E 10-12E  40-60% * 40-60%
107¢ q = - 60-80% * 60—80%
- —=— anti-kt R=0.2 10713 b b b L
olL | | | | | | | O 5 10 15 20 25 30 35 40 45 50
10- Il | | | | | | L1 1

0 10 20 30 40 50 60 | Py (GeVic)
J.S.Lai WW2010
pf‘ (GeV/c)

M. Ploskon QM09

First measurement of jet cross-section in heavy-ion experiments

PHENIX also able to make very impressive measurements

Helen Caines — RHIC Paradigms , Austin - 2010 18
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A-A Jet spectrum

1N, dN/(dp_ dn) (GeV/c)!

-3 [ A —
10°¢ u+Au at\[s,,=200 GeV/c oe
= o = - PHENIX Preliminary
i 10% most central events § 105E RUN=5 Cu + Cw[5, = 200 GeV/c
10 - s 8 E— Gaussian filter,oc = 0.3
- H H _6 |
C STAR Prellmlnary = 10 = _ uncorrected p + p compared to
10°® g_ :C;’L 1 0_7;5 ?%?Q% EEEOO background—unfolded Cu + Cu
- % 10—8 = ﬁﬁ** iﬁ%;ooo
10° Q- - KR
. < 10°F Hiterge
- —e— = g *%f * 22 E
7L 210" cu+ cu p+p><TAi b
107E —— anti-kt R=0.4 8 F
= < anti-kt R=0. L8 [ *0-20% ©0-20% : i
- T 107 F = 20-40% © 20-40% |
sl kt R=0.2 51012 40-60% * 40-60% !
107 d =+ 60-80% * 60—80%
- —=— anti-kt R=0.2 Lol b Lo b bbb L ol

—13 0 O O I Y
10°°0" 5 10 15 20 25 30 35 40 45 50
10-9I|IIII|IIII|IIII|IIII|IIII|IIII|III

0 10 20 30 40 50 60 | Py (GeVic)
J.S.Lai WW2010
pf‘ (GeV/c)

M. Ploskon QM09

First measurement of jet cross-section in heavy-ion experiments

PHENIX also able to make very impressive measurements

Compare to p-p and/or look at fragmentation to learn something

Helen Caines — RHIC Paradigms , Austin - 2010 18
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Raa expectations

If we have succeeded in fully capturing all
jet energy

Jet Raa =1
Fragmentation function modified

Helen Caines — RHIC Paradigms , Austin - 2010
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Raa expectations

If we have succeeded in fully capturing all
jet energy

Jet Raa =1
Fragmentation function modified

However, we run with fixed (and small) R and
may miss some particles/energy flow

Jet Raa < 1
Fragmentation function potentially
unmodified

Helen Caines — RHIC Paradigms , Austin - 2010
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Raa expectations

If we have succeeded in fully capturing all
jet energy

Jet Raa =1
Fragmentation function modified

However, we run with fixed (and small) R and
may miss some particles/energy flow

Jet Raa < 1
Fragmentation function potentially
unmodified

Essential to run and compare with different radii

Helen Caines — RHIC Paradigms , Austin - 2010
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Jet Raa

, Cu-Cu, Gaussian Filter

o - PHENIX Preliminary

18-+ 0-20%
16 ° ™0-10%z)=0.7 (PRL 101, 162301)

04~ 510 B
0.9 RUN-5 Cu + sy, = 200 GeV
Gaussian filter,c = 0.3
% 5 10 15 20 25 30 35
-J.S.Lai QM09 P (GeVic)

« Jet Raa = single hadron Raa - (Gauss filt)

Helen Caines — RHIC Paradigms , Austin - 2010
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Jet Raa

, Cu-Cu, Gaussian Filter Au-Au, R=0.4
o - PHENIX Preliminary 2]
1.8 .,
* 0-20% Au+Au and p+p at\/s,,=200 GeV/c
16 ° ©0-10%z)=0.7 (PRL101,162301) o
' 1l Au+Au: 10% most central
1.4 -
1.2 I i i -
oo ‘ ———
O 8: i —— kt R=0.4
. ¢ ; —o— anti-kt R=0.4
06 ; : S | . =
0.4 S - . | ﬁRAA of pions ™ OZP
Run-5 Cu + Cus,, = 200 GeV
0.2 Gaussian filter, 203 10 | |ST'|°‘R lPrelllmllnary
% 5 10 15 20 25 30 35 1015 20 25 30 35 40 45 50
«J.S.Lai QM09 p’:“PP (GeV/c) M. Ploskon QM09 pie* (GeV/c)

« Jet Raa = single hadron Raa - (Gauss filt)

» Jet Raa< 1(R=0.4)

« Jet Raa> single hadron Raa (R=0.4)
Algorithms fail to recover full jet cross-section

Helen Caines — RHIC Paradigms , Austin - 2010 20
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Jet Raa

Cu-Cu, Gaussian Filter Au-Au, R=0.4
o 12 PHENIX Preliminary 2]
o0 0-20% Au+Au and p+p at\/s,,,=200 GeV/c
16 ° ©0-10%z)=0.7 (PRL101,162301) PP 55\ S
' 1l Au+Au: 10% most central
1.4 i
1.2; : ! ]
08E ........................... i kt R=0.4
06 ! ; —e— anti-kt R=0.4
0:4 b ¥ i . | ﬁRAA of pions ~ 0. 2?
Run-5 Cu + Cu's,, = 200 GeV
0.2 Gaussian flteru(\s 203 107 | |ST|AR lPrelllmllnary
% 5 10 15 20 25 30 35 401520 25 30 35 40 45 50
«J.S.Lai QM09 p’:“PP (GeV/c) M. Ploskon QM09 pie* (GeV/c)
« Jet Raa = single hadron Raa - (Gauss filt)
» Jet Rasa< 1(R=0.4) Broadening of distribution
 Jet Raa> single hadron Raa (R=0.4) of jet fragments compared
Algorithms fail to recover full jet cross-section to p-p
Helen Caines — RHIC Paradigms , Austin - 2010 20

Friday, April 16, 2010



R=0.2 compared to R=0.4 - p-p

s
T | T

o
i

o
o

©
F

Fraction of Energy within Jet Cone Radius
o
¥

—— 20 <Jetp, <30 GeV/c
—— 30 <Jet p, <40 GeV/c
——— 40 < Jet p; <50 GeV/c

o
OFT_ T 1
(=]
—

- Jets become focussed as pr increases - R=0.2/R=0.4 increases with jet pt

02 03 04 05 06 07 08 09

Radius of Jet Cone

Yield Ratio: R=0.2/R=0.4

|

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

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

E_ Au+Au: 10% most central —— p+p kt
- STAR Preliminary — p+pantikt
i .

[ ———— - —— S e —— L

Solid lines:
Pythia — particle level

15 20 25 30 35 40 45 50
Jet
M. Ploskon QM09 p;* (GeV/c

* PYTHIA (including fragmentation+hadronization) describes the data

)

Helen Caines — RHIC Paradigms , Austin - 2010
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R=0.2 compared to R=0.4 - p-p

L2 "] < -
U(R:OZ)/U(R:O-qr) E 0.83— Au+Au and p+p at\/sNN=200 GeV/c
- ) -
1O w Vogelsang — priv. comm. 2009 ? 0.7 Au+Au: 10% most central -~ P+p kt
Z [ o - .. .
ogf 5 06O TAR Preliminary — p+pantit
B — g %0 1
[ % 05— _____.___‘___: ______ —
0.6 - . s r e
: > 0.4/ —_—
0.4 . 0.3F
: —  Mpr=l 0.2 Solid lines:
0.2F —= == Hpp=R - : Pythia — particle level
[ | ppr=1/2 0'15_
:_AA“]_A‘.l ‘‘‘‘‘‘‘‘ -“._j Ol b b b b v b by 1
BOS 28 S0 40 ,,)10 50 15 20 25 30 35 40 45 50
Pr M. Ploskon QM09 pl*t (GeV/c)

- Jets become focussed as pr increases - R=0.2/R=0.4 increases with jet pt

* PYTHIA (including fragmentation+hadronization) describes the data

NLO fails - Suggests fragmentation and/or hadronization broaden jet

Helen Caines — RHIC Paradigms , Austin - 2010 21
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R=0.2 compared to R=0.4 - Au-Au

—— p+p kt
—o—  p+p anti-kt
—.— Au+Au kt
—=— Au+Au anti-kt

i

< ~
T gl Au+Auand p+p at\[s,=200 GeV/c
N - L
? 0.7:_ Au+Au: 10% most central
o - ..
s 0.6 TAR Preliminary
- 0.5 R
2 - ——
> 0.4 —

0.3

0.2

0.1 M. Ploskon QM09

15 20 25 30 35

40 45 50
py* (GeVic)

* Au-Au ratio significantly lower than in p-p

Helen Caines — RHIC Paradigms , Austin - 2010
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R=0.2 compared to R=0.4 - Au-Au

< B
T 0.g Aut+Auand p+p at\/s,,=200 GeV/c
g s . p+p kt lllustration: Gaussian 1D profile
. C Au+Au: 10% | ;
? 0.7__ u+Au: 10% most centra o p+p anti-kt
oc C Au+Au kt
5 0_6:_\'~3TAR Prellmlnary o AusAu antickt E Reo,
T o5 ' } 0
B L — !
q, : L O |
L o4 == ——
0.3F
0.2
01:_MPI ~08 06 04 02 0 02 04 06 08—
't M. Ploskon QM09
:I | | | | L1 11 | L1 11 | L1 11 | L1111 | | I .| | L1 11 | | . -
15 20 25 30 35 40 45 50 Efd' FjAp \
ue: Au-Au

py* (GeVic)
* Au-Au ratio significantly lower than in p-p

» Broadening of jet reduces energy contained in fixed R compared to p-p

Helen Caines — RHIC Paradigms , Austin - 2010 22
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R=0.2 compared to R=0.4 - Au-Au

Yield Ratio: R=0.2/R=0.4

0gr. AutAu and p+p at\[s,,=200 GeV/c
F . p+p kt lllustration: Gaussian 1D profile
0.7:_ Au+Au: 10% most central e p+p anti-kt
C Au+Au kt
06 STAR Prellmlnary o AusAu antickt E g
- 0.2
05:_ ¢ % R:Oq
o _O_'-—O—-
0.4 e —_—
C —.—
0.3F
0.2
0_1:_ M. Ploskon QMOS ~08 06 04 02 0 02 04 06 08—
:I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I Red:p_p

15 20 25 30 35 40 45 50
p#e‘(GeV/c)
* Au-Au ratio significantly lower than in p-p

Blue: Au-Au

» Broadening of jet reduces energy contained in fixed R compared to p-p

Significant broadening of Au-Au jets even within R=0.2— 0.4
- related to away-side broadening in di-hadrons?

Helen Caines — RHIC Paradigms , Austin - 2010 22
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Comparison to theory

—~ 0.7
T [ resenaws  JET BROADENING
[ k c o
5 06: A AutAu STAR Au+Au \SNN=200 GeV
© =
T 0.5
a. : ’’’’’ o — b&__q.
AR e
o4 e e T R P
.8 0.3:— e e r——==tfa
02:
"E gPYTHIA  —Vacuum 10% Central
- [@)=Geviim _3-1 Anti-k,
0.1 ) L
. —Qq=61 RHIC
011[1111111111111111111111111
20 25 30 35 40 45

p#“ (GeVic)

* NLO - less broadening than seen in data
N.B. in p-p ratio = 0.6-0.8

Helen Caines — RHIC Paradigms , Austin - 2010
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Comparison to theory

-~ 0.7 T T 1
< _ Ploskon QM09
S 2 6:— « p+p STAR JET BRO_ADENING 09F -— Pp+p NLO Calculation _
5 . : A Aut+Au STAR Au+Au \:SNN as 200 Gev g_.\ — CU+CU
O B -
B @ T oql AMAU e )
a? - e S T T e .— % ’ —r " -
S 04— ' S -
& g :—4—:— E - ————————
~ - I i T % (\!07— _—--"—— o
L 0 ———————— ——==m| o -
— —
0 2:— i Q'l' o
" EqPYTHIA  —Vacuum 10% Central | £ 06 L
" [@)=Gevifm 3= ; Antl-k-r - B.-W. Zhang and I. Vitev
0.1 :g= 17 priv. comm. 2009
» | —a=61 . lRHlCl 056 arXiv:091_§J-109Q .
0%=20 25 30 35 a0 45 0 B . (l(}cV) . >
py* (GeVic) T

* dPYTHIA - less broadening than seen in data

* NLO - less broadening than seen in data
N.B. in p-p ratio = 0.6-0.8

|s broadening mostly hadronization effect?
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Di-jet suppression

\'
¥

rigger jet

T

High tower trigger - single particle with high pr
maximize medium traversed by recoil jet

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

Helen Caines — RHIC Paradigms , Austin - 2010
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Di-jet suppression

High tower trigger - single particle with high pr
maximize medium traversed by recoil jet

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

\Tfigge rjet

o
24 v AntiKt R=0.4, p"*>10 GeV
& F AntiKt R=0.4, p"*>20 GeV
. . . o t ‘
Significant suppression of 2121 Background uncertainty ,,, + 1 GeV
o < F Trigger jet energy uncertainity
recoil jets - close to Y S,
Slngle partl(:le RAA ¢ . E. Bruna QM09
08— X
L - 0.6
Again indicates broadening -
0.4 S
0.2 b, s -
~ STAR Preliminary
C ' ] A A I A l A i A l A A 4 A I A A l I ' '
% 15 20 25 30 35 ,10
pl.m(recoﬂ
Helen Caines — RHIC Paradigms , Austin - 2010 24
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Di-jet suppression

\Tﬂgger jet

High tower trigger - single particle with high pr
maximize medium traversed by recoil jet

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

§1.41 v AntiKt R=0.4, p:"°>10 GeV
§ N AntiKt R=0.4, p*>20 GeV
Significant suppression of ¢ 12- Background uncertainty o, * 1 GeV
reCOiI .ets _ CIOSG tO 2 - Trigger jet energy uncertainity
: J _ N —————————
single particle Ra 3 —
08—
Again indicates broadening  *°F
0.4 S
Large path length results 0.2 R — = e »
in larger suppression/ [ STAR Preliminary
0 l ' ' l ' ' ' i A L A l L ' '
broadening % 20 25 30 35 o
pl’m(recml
Helen Caines — RHIC Paradigms , Austin - 2010
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Looking at the broadening - FF

Au-Au:
FF(Jet)=FF(Jet+Bkg)-FF(bkg)

Bkg estimated from charged
particle spectra out of jets,
rescaling to the area with
R=0.7

To make jet definition cleaner
try finding jet with R=0.4

For FF consider charged particles
within R=0.7

Helen Caines — RHIC Paradigms , Austin - 2010
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Looking at the broadening - FF

large uncertainties due to background

Au-Au: (further systematic evaluation needed)
FF(Jet)=FF(Jet+Bkg)-FF(bkg) | >
% - AuAu (Jet+Bkg) .., STARPreliminary
Bkg estimated from charged x . AuAu (Bkg) -
particle spectra out of jets, : == )
rescaling to the area with B .
. \(\’L 1
R=0.7 no W
11— —— \O
To make jet definition cleaner E .
try finding jet with R=0.4 B
107 -y g3
0 H1 “2“ Zl‘a 41 “5“6” 7
$érec=|n( pT,Jet rec/ pT,hadr)
pT Jet rec(trigger)>20 GeV & pTcut,particIe=2 GeV
For FF consider charged particles Background dominates at low pr-
within R=0.7 where action is expected
Helen Caines — RHIC Paradigms , Austin - 2010 25

Friday, April 16, 2010




Jet-hadron correlations

3?‘0-2<pt,assoc<1 .0 GeV

25— STAR Preliminary
Z ©  0-20% AutAu

dN/dAe

+ Open symbols p+p

| I |

'::3 ‘ 1 .0<pt,assoc<2.5 GeV

- -

hriln 0-20% Au+Au
A

STAR Preliminary

= Open symbols p+p
.| : P

"

q R 2  EETY |
1029 -

Jet  aoc

J.Putschke RHIC/AGS 2009

L2 -
- 85_
; < pt,assoc>2.5 GeV
- )
s
gL STAR Preliminary
r 0-20% Au+Au
5
; Open symbols p+p
4
3
2;_ ::'.'.‘
L3 .‘:' .:'.
o—J L...............-# Rttt

High Tower Trigger (HT):
tower 0.05x0.05 (nxd)
with Ex> 5.4 GeV

A¢=¢Jet - (I)Assoc.
duet = jet-axis found
by Anti-kt, R=0.4,
ptcut>2 GeV and

Pt rec(jet)>20 GeV
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Jet-hadron correlations

',’é 3:;0.2<pt,assoc<1 .0 GeV § 3 1.0<pt,ass0c<2.5 GeV ngh Tower Trigger (HT):
% sk STAR Prefimi %t ST o caminary tower 0.05x0.05 (nx)
.2_?' ; 0-20%:-7-\::2?3“, . with Ex> 5.4 GeV

* 2} i

A(I)z(I)Jet - (I)Assoc.
duet = jet-axis found
S by Anti-kT, R=0_4,
.. L ) ',‘ Ptcut>2 GeV and
$Open symbols p*p - pt rec(jet)>20 GeV

ol ] ] 1 S TR YRS B 1assl alaass
1 0 1 2 3 \\\:\\ “":'"j,_ -1 0 1 2 3 \(\__40'.'@"3(
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s Broadening of recoil-side

g 8-_ pt,assoc>2.5 GeV

© 7E . . .

z | STAR proliminary Softening of recoil-side
i Open symbols p+p Caveat: “Jet v2” effects
i still under investigation
2* ::."'- 5 . . g
First direct measurement of Modified
o L__......./\...._ Fragmentation due to presence of sQGP
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Modification of recoill jet

g2 + 10<p <15 8 | « 10<p" <15
s I = e 3 -
3 Ll . 15<p,.::<20 ; ~{ 'y 15<p:”21<20
i o 2 ' )
°~—:i T - 20<D,'::<50 ; | . 20<p:"“:!<"0
081"+ : '
‘ —{ . Out-of-cone energy R>0.4: & . t
Hlte 10<py e "9 <15 GeV/c = 2.47 GeV 3 L
0.6 ‘ = 3 I
15<py o 119 <20 GeV/c = 2.98 GeV g b,
ad 20<p e 9 <50 GeV/c = 2.99 GeV g ] , : : *
: 2 r i ' 1 f |
| 5 4 : +
02— e 4 2
- 3
| U T N T S S S N W 1 1 PR T U S T T W BN Y P s | | | | | | |
% 2 4 6 8 10 12 14 16 (10 S ) SRR . - L o s b L1 1 L1
ms0c 0 2 a 6 8 10 12 14 16 18 20
P [GeVic] e [Gevie]

low p;2ssec 1 azimuthal width: Au-Au > p-p

i - : Broadening of soft fragments
high p;ssec : azimuthal width: Au-Au ~ p-p
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Modification of recoil jet

E 121~ N 10<p:'”::<15 :f; . . 10<p:r'°|<15
s I, n 1 3 ,J'f’
§ 1 v 15<p_‘:<20 ; "{ ! 5 v 15<p’ :'.:20
v o 2 L " '
5?. 11 * 209,50 " ; + 20<p," <50
1 . o g ’ y o
0_8.. Py 4
¢ ;{ r . Out-of-cone energy R>0.4: ¢ .
Hlte 10<py e "9 <15 GeV/c = 2.47 GeV Z
06 ’ . o
- 15<p, o "9 <20 GeV/c = 2.98 GeV e b,
ad 20<p e 9 <50 GeV/c = 2.99 GeV g ] T : *
‘ 2 T i ' : f 1
& 4 : ‘I
02— S s i -
: FH
% [ é 1 1 ‘ TR | 8 1 8! 1 110 111 112 1 114 1 16 2 . L . | 1, | | | |
a=s0c We 2 &4 6 8 10 12 14 1618 20
P, (Gevic] p:‘““ [GeV/c]

low p;ssec : azimuthal width: Au-Au > p-p
high p;#sse¢ : azimuthal width: Au-Au ~ p-p

Broadening of soft fragments

low p;%5°¢ : assoc. yield Au-Au > assoc. yield p-p Quenching from hard to

high p;#ssec : assoc. yield Au-Au < assoc. yield p-p  soft fragments
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Modification of recoil jet

E 1.2 . 1o<p:|‘g<15 i ) . 10<p'.r10<15
—_ L n ‘ e 1 10t
3 v 15<p <20 el Y » 15¢<p <20
é s -',","' ] { e 1501
‘-‘i S0 « 20<p, " <50 > ; « 20<p"’ <50
A e 8 ’ y 10
0.8~ 1 4 4
‘ 1 ; . Out-of-cone energy R>0.4: g
H it 10<py e "9 <15 GeV/c = 2.47 GeV 3 |
06T ’ , o
- t  15<p,., 19 <20 GeV/c = 2.98 GeV & '
. pt,Jet . -3 M
o\ 20<p. 9 <50 GeVic = 2.99 GeV £ | T |
- - g - : ' f {v
02— ; ¢ i $
g
1 1 | 1 A 1 ' L | l L | 1 1 1 | 1 l 1 :
‘x--lx-;l.‘-xl-li-xx;;;l_lxx-lA-Ll--xl-x..
% 2 4 8 8 10 12 pl‘“‘l‘[Gch'ls L S R T T T T

low p;ssec : azimuthal width: Au-Au > p-p
high p;#sse¢ : azimuthal width: Au-Au ~ p-p

16 18 20
p:‘“"‘ [GeV/c]

Broadening of soft fragments

low p;%5°¢ : assoc. yield Au-Au > assoc. yield p-p Quenching from hard to

high p;#ssec : assoc. yield Au-Au < assoc. yield p-p  soft fragments

Energy outside R=0.4 ~accounts for di-jet suppression
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Summary

* p-p jet reference measurements are well understood - we have a
calibrated probe

e Cold nuclear matter effects on jets are small (d-Au compared to p-p)
e Once parton escapes medium fragments as in vacuum

e Jets reconstructed in A-A assuming vacuum frag. show same
suppression as for single hadrons (Gaussian filter studies)

e Strong evidence of broadening and softening of the jet energy profile
(R=0.2/R=0.4, jet-hadron)

e Background subtraction the most serious issue - current focus

Results can be explained as due to significant partonic energy loss
in the sQGP before fragmentation - numerous details left to be
understood
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