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Idea on jet quenching study
We need to produce/catch jet

RHIC and detectors sit on RHIC maximized their ability 
to produce/catch this attractive probe!

We need to know the original kinematics of jet
Reconstruct jets in p+p
Measure momentum of leading hadron
Measure direct photons flying into back

We need to know the kinematics of modified jet
Reconstruct jets in (dirty) heavy ion collisions
Measure momentum of leading hadron
Measure jet yield as a function of path length

We pick only fresh, latest and 
quantitative(-ish) results this time

How old are you?
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Reconstruction of jets in p+p
Gaussian Filter: Cone-like, but infrared and collinear safe

Shape of the filter:
Optimizes the signal-to-background by focusing on the core of the jet
Stabilizes the jet axis in the presence of background

Naturally handles isolated particles vs. collective background

Six month old

65GeV/c!
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Reconstucted jets in Cu+Cu
Background unfolded in Cu+Cu

Six month old

42GeV/c!
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RAA of jets in Cu+Cu
RAA calculated from jets reconstructed in p+p and 
Cu+Cu

Six month old
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Direct γ-hadron Correlation

Fit effective FF’s with

dN
dzT

= Ne−bzT

p+p: b = 6.89 ± 0.64
Au+Au: b = 9.49 ±1.37

Difference reflects 
influence of the medium

transverse 
plane

γ-h azimuthal 
correlations

Eight month old

Significant production of isolated photons via jet- 
medium interactions complicates naïve view of γ-jet 
as the golden channel (see e.g. arXiv:0906.3280)
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IAA vs zT for π0-h and γ-h in Au+Au

zT = pT
h/pT

γ…note that prompt γ trigger should 
always give z ≤ 1, while π0 trigger can give z > 1.

Eight month old
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New single particle: η
 

meson

Probability of 
detecting two γ’s 
from π0 in the 
PHENIX EMCal

Low pT π0

High pT π0

pT of π0

PbSc

PbGl

High pT η

Because of limited granularity, two γ’s from π0 are hard to be resolved at high pT
Opening angle of γ’s: θ ~ Mh/pT

Correction is large, which introduced a large systematic error

Instead, focusing on η?
pT reach will be extended by Mη/Mπ = 547MeV/135MeV = ~4 pT~50GeV/c!
Merging correction for π0 can be checked with η result
Above pT~22GeV, more η will be reconstructed than π0, in spite of lower 
branching ratio
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Invariant pT spectra of η
Used 3.9B MB events from RHIC 
Year-7 Au+Au Run 

80% of recorded events

Used ¾ of whole electro-magnetic 
calorimeters (PbSc)

0-20, 60-92% centrality and MB

Measured up to pT=22GeV/c

Error bars: Statistical + point-by-
point fluctuating systematic errors

~15%

Error box: Other systematic 
errors : ~10%

Two month old

22GeV/c!
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p+p baseline
Need p+p baseline to calculate a nuclear 
modification factor (RAA)

However, currently, data are not available above 
pT=14GeV/c (from RHIC Year-5 Run)

We fitted the spectra and extended to higher pT
Tested the reliability of the extension
Statistical and systematic error of p+p data is 
propagated into the systematic error of RAA

Systematic errors

λ

 

Peak extraction error: 
8% (3-11GeV/c), and 
15% (>11 GeV/c)

λ

 

Energy scale error: 13%

λ

 

Global scale uncertainty: 
10%
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RAA and model constraint

RAA extends to 21GeV/c
More to come as we 
accumulate statistics in 
Run-10

Values consistent with what 
we saw in π0 in the quoted 
uncertainty

Consistent with flat line over 
the pT region observed by Eye-
ball fitting

Suggesting constant 
fractional energy loss 
scenario (ΔE = αE)

Two month old

22GeV/c!
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Comparison..
η

 
0-20% from

Run7 preliminary
π0 0-10% from
PRL101, 232301 (2008)
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RAA (Δφ, pT )
Au+Au at √sNN=200GeV in Year-4

PRC80,054907(2009)

Eight month old

10GeV/c!
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RAA vs path length
Overlaid RAA(Δφ) normalized by path length, from 
several centralities

Origin of path: center of gravity of collision area

Eight month old
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Summary
Reconstruction of jets in p+p and Cu+Cu has been successfully 
demonstrated

Real jet quenching study started

Direct γ-hadron correlation became a mature tool to quantify the 
energy loss of partons

Careful consideration is needed on implication of data

η became a successor of high pT single particle measurement
Up to 22GeV/c using RHIC Year-7 Au+Au data
More to come from higher statistics RHIC Run-10

RAA is flat in the pT region observed.
Result is consistent with what we saw in π0

Suggesting constant fractional energy loss scenario (ΔE = αE)
Become Giant!

•High-x physics has started under the presence of 
QGP, which may be ONLY possible at RHIC

•pT =30GeV/c at RHIC 800GeV/c at LHC!

•Any interesting phenomena to be seen at high-x??
•Needs help from theory!
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Backup
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RAA vs RP and pT

arXiv:0808.0908

AMY (q = 4.1)

HT (q = 2.3)

ASW (q = 10)

R.P. 
dependence 
improves qhat
discrimination 
over RAA.

Eight month old
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Summary, Question and Outlook

η is measured up to 21GeV/c using RHIC Year-7 
Au+Au data

Absence of merging effect in η lead us to smaller 
systematic uncertainty and higher pT reach

p+p baseline established based on existing data (Year-
5 Run)

RAA is flat in the pT region observed.
Result is consistent with what we saw in π0

Suggesting constant fractional energy loss scenario 
(ΔE = αE)

Question: we would like to know if the η measurement 
helps constraining energy loss model parameters

η includes strangeness component. Need help from 
theorists!

Be giant!
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γ-Triggered Away-Side 
Correlations: 
Basic Idea 

p+p:
(Effective) jet 
fragmentation functions 
can be extracted from γ-
hadron azimuthal
correlations (modulo 
initial kT effect)
A+A:
Modification of 
fragmentation function 
provides information on 
parton energy loss
Variables: 

zT =
pT

h

pT
γ

  
D(zT ) =

1
N trig

dN (zT )
dzT

with initial kT (solid) 
without initial kT (dashed)

transverse 
plane

γ-h azimuthal 
correlations

Wang, Huang, Phys.Rev.C55:3047-3061,1997
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High pT single hadrons at RHIC
They are typically leading fragments of a jet. A strong probe to explore the 
interaction of hard scattered partons and medium

We have particular interest on high pT π0

Quantitative comparison of RAA between data and models has been carried out
Some models survived comparison
Constrained model parameters (<qhat>, dNg/dy…)

Are we happy enough? Maybe not!
We want much more precise data and higher pT extension.
One of the problems on higher pT π0 is merging of γ s decaying from it

Model Constraint: Phys. Rev. C 77, 064907 (2008), arXiv:0910.1823 (nucl-ex)
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How can we offer better data?

Name: η

Mass: 0.5479 MeV/c2

Γ(η→γγ)/ Γ(η→X): 0.393

Wave function: 
(uubar+ddbar)/2+ssbar/√2

Name: π0

Mass: 0.1350MeV/c2

Γ(π →γγ)/ Γ(π →X): 0.988

Wave function:
(uubar-ddbar)/√2

• How about η? The next lightest meson in the world
– Pros: pT reach will be extended by Mη/Mπ=∼4, because of a larger 

opening angle.
– Cons: one has to assume that η

 
is produced from light quark or ssbar is 

suppressed the same amount as light quarks.

π0 η

η/π0 = ~0.5 (measured at high pT)
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What is the merging effect?

Probability of 
detecting two 
γ’s from π0

π0Low pT π0High pT

pT of π0

PbSc

PbGl
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γγ
 

invariant mass distributions

Mass (GeV/c2) Mass (GeV/c2)

MB 12<pT <14GeV/c MB 18<pT <20GeV/c
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Systematic errors
Conservative estimate this time

Type A: point-by-point fluctuating errors (similar to statistical error)
Will be summed with statistical error

Type B: pT-correlated errors
Type C: overall normalization errors

No error from merging effect (~ 30% for pT>16GeV for π0 case)

Errors will become smaller in the final publication
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Plotting with previous results

Good agreement between 
published Run2 results, Run4 
preliminary and this work.

Nice power-law shape from 
~5GeV/c

Error bars:
Statistical + point-by-point 
fluctuating systematic errors 
for Run7 preliminary
Combined statistical and 
systematic errors for Run2 
published and Run4 
preliminary

Error box: other systematic 
errors for Run7 preliminary

Minimum bias
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Plotting with previous results

Good agreement between 
published Run2 results, Run4 
preliminary and this work.

Nice power-law shape from 
~5GeV/c

Error bars:
Statistical + point-by-point 
fluctuating systematic errors 
for Run7 preliminary
Combined statistical and 
systematic errors for Run2 
published and Run4 
preliminary

Error box: other systematic 
errors for Run7 preliminary

0-20% Cent.
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Plotting with previous results

Good agreement between 
published Run2 results, Run4 
preliminary and this work.

Nice power-law shape from 
~5GeV/c

Error bars:
Statistical + point-by-point 
fluctuating systematic errors 
for Run7 preliminary
Combined statistical and 
systematic errors for Run2 
published and Run4 
preliminary

Error box: other systematic 
errors for Run7 preliminary

60-92% Cent.
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Review ~single hadrons~
Phys. Rev. Lett. 101, 232301 (2008) 
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Comparison..

pT (GeV/c)

η
 

from Run7 preliminary

pT (GeV/c)

pT (GeV/c)

π0 from PRL101, 232301 (2008)
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Idea on jet quenching study

		We need to produce/catch jet

		RHIC and detectors sit on RHIC maximized their ability to produce/catch this attractive probe!



		We need to know the original kinematics of jet

		Reconstruct jets in p+p

		Measure momentum of leading hadron

		Measure direct photons flying into back



		We need to know the kinematics of modified jet

		Reconstruct jets in (dirty) heavy ion collisions

		Measure momentum of leading hadron

		Measure jet yield as a function of path length



We pick only fresh, latest and quantitative(-ish) results this time

How old are you?
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Reconstruction of jets in p+p

		Gaussian Filter: Cone-like, but infrared and collinear safe





		Shape of the filter:

		Optimizes the signal-to-background by focusing on the core of the jet

		Stabilizes the jet axis in the presence of background





		Naturally handles isolated particles vs. collective background



65GeV/c!

Six month old
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*

Reconstucted jets in Cu+Cu

		Background unfolded in Cu+Cu



42GeV/c!

Six month old
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*

RAA of jets in Cu+Cu

		RAA calculated from jets reconstructed in p+p and Cu+Cu



Six month old
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*

Direct -hadron Correlation

		Fit effective FF’s with



		p+p: b = 6.89 ± 0.64 

		Au+Au: b = 9.49 ±1.37



		Difference reflects influence of the medium



Significant production of isolated photons via jet-medium interactions complicates naïve view of g-jet as the golden channel (see e.g. arXiv:0906.3280)

transverse 

plane

-h azimuthal

correlations

Eight month old
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*

IAA vs zT for p0-h and g-h in Au+Au

		zT = pTh/pTg…note that prompt g trigger should always give z  1, while p0 trigger can give z  1.

















		



Eight month old
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New single particle:  meson

Probability of detecting two g’s from p0 in the PHENIX EMCal

Low pT p0

High pT p0

pT of p0

PbSc

PbGl

High pT h

		Because of limited granularity, two g’s from p0 are hard to be resolved at high pT

		Opening angle of g’s: q ~ Mh/pT





		Correction is large, which introduced a large systematic error





		Instead, focusing on h?

		pT reach will be extended by Mh/Mp = 547MeV/135MeV = ~4  pT~50GeV/c!

		Merging correction for p0 can be checked with  result

		Above pT~22GeV, more h will be reconstructed than p0, in spite of lower branching ratio
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Invariant pT spectra of h

		Used 3.9B MB events from RHIC Year-7 Au+Au Run 

		80% of recorded events





		Used ¾ of whole electro-magnetic calorimeters (PbSc)





		0-20, 60-92% centrality and MB





		Measured up to pT=22GeV/c





		Error bars: Statistical + point-by-point fluctuating systematic errors

		~15%





		Error box: Other systematic errors : ~10%



22GeV/c!

Two month old
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p+p baseline

		Need p+p baseline to calculate a nuclear modification factor (RAA)





		However, currently, data are not available above pT=14GeV/c (from RHIC Year-5 Run)





		We fitted the spectra and extended to higher pT

		Tested the reliability of the extension

		Statistical and systematic error of p+p data is propagated into the systematic error of RAA



Systematic errors



		Peak extraction error: 8% (3-11GeV/c), and 15% (>11 GeV/c)



		Energy scale error: 13%



		Global scale uncertainty: 10%
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RAA and model constraint

		RAA extends to 21GeV/c

		More to come as we accumulate statistics in Run-10



		Values consistent with what we saw in p0 in the quoted uncertainty



		Consistent with flat line over the pT region observed by Eye-ball fitting

		Suggesting constant fractional energy loss scenario (DE = aE)



22GeV/c!

Two month old
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Comparison..

h 0-20% from

Run7 preliminary

p0 0-10% from

PRL101, 232301 (2008)
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RAA(Df, pT)

		Au+Au at sNN=200GeV in Year-4

		 PRC80,054907(2009)



10GeV/c!

Eight month old
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RAA vs path length

		Overlaid RAA(Df) normalized by path length, from several centralities





		Origin of path: center of gravity of collision area



Eight month old
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Summary

		Reconstruction of jets in p+p and Cu+Cu has been successfully demonstrated

		Real jet quenching study started





		Direct g-hadron correlation became a mature tool to quantify the energy loss of partons

		Careful consideration is needed on implication of data





		h became a successor of high pT single particle measurement

		Up to 22GeV/c using RHIC Year-7 Au+Au data

		More to come from higher statistics RHIC Run-10





		RAA is flat in the pT region observed.

		Result is consistent with what we saw in p0

		Suggesting constant fractional energy loss scenario (DE = aE)



		High-x physics has started under the presence of QGP, which may be ONLY possible at RHIC

		pT=30GeV/c at RHIC  800GeV/c at LHC!



		Any interesting phenomena to be seen at high-x??

		Needs help from theory!



Become Giant!
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Backup
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RAA vs RP and pT

arXiv:0808.0908

		AMY (q = 4.1)



		HT (q = 2.3)



		ASW (q = 10)



		 R.P. dependence improves qhat discrimination over RAA.



Eight month old
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Summary, Question and Outlook

		h is measured up to 21GeV/c using RHIC Year-7 Au+Au data

		Absence of merging effect in h lead us to smaller systematic uncertainty and higher pT reach



		p+p baseline established based on existing data (Year-5 Run)



		RAA is flat in the pT region observed.

		Result is consistent with what we saw in p0

		Suggesting constant fractional energy loss scenario (DE = aE)



		Question: we would like to know if the h measurement helps constraining energy loss model parameters

		h includes strangeness component. Need help from theorists!



Be giant!
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*

-Triggered Away-Side Correlations:

Basic Idea 

		p+p:

(Effective) jet fragmentation functions can be extracted from -hadron azimuthal correlations (modulo initial kT effect)

		A+A:

Modification of fragmentation function provides information on parton energy loss

		Variables: 



with initial kT (solid)

without initial kT (dashed)



transverse 

plane

-h azimuthal

correlations

Wang, Huang, Phys.Rev.C55:3047-3061,1997
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*

High pT single hadrons at RHIC

		They are typically leading fragments of a jet. A strong probe to explore the interaction of hard scattered partons and medium

		We have particular interest on high pT p0



		Quantitative comparison of RAA between data and models has been carried out

		Some models survived comparison

		Constrained model parameters (<qhat>, dNg/dy…)



		Are we happy enough? Maybe not!

		We want much more precise data and higher pT extension.

		One of the problems on higher pT p0 is merging of g’s decaying from it



Model Constraint: Phys. Rev. C 77, 064907 (2008), arXiv:0910.1823 (nucl-ex)
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How can we offer better data?

		Name: 





		Mass: 0.5479 MeV/c2





		()/ (X): 0.393





		Wave function: 

		(uubar+ddbar)/2+ssbar/2



		Name: 0





		Mass: 0.1350MeV/c2





		( )/ ( X): 0.988





		Wave function:

		(uubar-ddbar)/2



		How about h? The next lightest meson in the world

		Pros: pT reach will be extended by Mh/Mp=~4, because of a larger opening angle.

		Cons: one has to assume that h is produced from light quark or ssbar is suppressed the same amount as light quarks.



p0

h/p0 = ~0.5 (measured at high pT)









h
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What is the merging effect?

Probability of detecting two g’s from p0

p0

Low pT

p0

High pT

pT of p0

PbSc

PbGl
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gg invariant mass distributions

Mass (GeV/c2)

Mass (GeV/c2)

MB 12<pT<14GeV/c

MB 18<pT<20GeV/c
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Systematic errors

		Conservative estimate this time

		Type A: point-by-point fluctuating errors (similar to statistical error)

		Will be summed with statistical error

		Type B: pT-correlated errors

		Type C: overall normalization errors



		No error from merging effect (~ 30% for pT>16GeV for p0 case)



		Errors will become smaller in the final publication
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Plotting with previous results

		Good agreement between published Run2 results, Run4 preliminary and this work.



		Nice power-law shape from ~5GeV/c



		Error bars:

		Statistical + point-by-point fluctuating systematic errors for Run7 preliminary

		Combined statistical and systematic errors for Run2 published and Run4 preliminary



		Error box: other systematic errors for Run7 preliminary



Minimum bias
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*

Plotting with previous results

		Good agreement between published Run2 results, Run4 preliminary and this work.



		Nice power-law shape from ~5GeV/c



		Error bars:

		Statistical + point-by-point fluctuating systematic errors for Run7 preliminary

		Combined statistical and systematic errors for Run2 published and Run4 preliminary



		Error box: other systematic errors for Run7 preliminary



0-20% Cent.
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*

Plotting with previous results

		Good agreement between published Run2 results, Run4 preliminary and this work.



		Nice power-law shape from ~5GeV/c



		Error bars:

		Statistical + point-by-point fluctuating systematic errors for Run7 preliminary

		Combined statistical and systematic errors for Run2 published and Run4 preliminary



		Error box: other systematic errors for Run7 preliminary



60-92% Cent.
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*

Review ~single hadrons~

		Phys. Rev. Lett. 101, 232301 (2008) 
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Comparison..

pT (GeV/c)

h from Run7 preliminary

pT (GeV/c)

pT (GeV/c)

p0 from PRL101, 232301 (2008)



T. Sakaguchi, Joint CATHIE/TECHQM



 


 


d


N


d


z


T


=


N


e


-


b


z


T


 


z


T


=


p


T


h


p


T


g


 


 


D


(


z


T


)


=


1


N


t


r


i


g


d


N


(


z


T


)


d


z


T




