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– What can bulk properties teach us? –– What can bulk properties teach us? –

vv Hydrodynamics describes data wellHydrodynamics describes data well
→ near-perfect fluid produced!near-perfect fluid produced!

How can we learn more?How can we learn more?

H. Song et al. PRC83, 054912(2011)H. Song et al. PRC83, 054912(2011)
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– Learning more with hard probes –– Learning more with hard probes –

vv Greater sensitivity to coupling strengthGreater sensitivity to coupling strength

vv Unique insight into structure of mediumUnique insight into structure of medium
→ Studied using jet-quenching observables
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– Studying energy loss (with hadrons) –– Studying energy loss (with hadrons) –

hh

hh

vv Single hadrons andSingle hadrons and
h-h correlations:h-h correlations:
– straightforwardstraightforward

experimentallyexperimentally

vv most surface biasmost surface bias
vv poor constraint onpoor constraint on

modified parton pTmodified parton pT
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– The basic picture of energy loss –– The basic picture of energy loss –

Key signatures of partonic energy lossKey signatures of partonic energy loss

vv Single particle (hadron) production suppressed at high-pTSingle particle (hadron) production suppressed at high-pT
vv Di-hadron correlations show suppression of away-sideDi-hadron correlations show suppression of away-side

leave details of energy loss mechanism poorly constrainedleave details of energy loss mechanism poorly constrained

Phys. Rev. C78, 014901(2008)
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– Lessons from single particles –– Lessons from single particles –
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vv High pT v2 provides additional constraintHigh pT v2 provides additional constraint
–– sensitive to path length dependence?sensitive to path length dependence?
–– independent of particle typeindependent of particle type

vv suppression sensitive to energy densitysuppression sensitive to energy density
–– see talk by T. Sakaguchi, Mon. @ 17:30see talk by T. Sakaguchi, Mon. @ 17:30
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– Where does the energy go? –– Where does the energy go? –

How does medium enhanced gluon radiation/splitting play out?How does medium enhanced gluon radiation/splitting play out?

extra gluons atextra gluons at
small angles,small angles,

i.e. within jet conei.e. within jet cone

correlated withcorrelated with
leading partonleading parton

but significantlybut significantly
modify jet shapemodify jet shape

radiated gluonsradiated gluons
thermalize inthermalize in

medium with nomedium with no
residual correlationresidual correlation

How does the answer depend on conditions ofHow does the answer depend on conditions of
the collision and measurement (energy density, surface bias)the collision and measurement (energy density, surface bias)
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– Studying energy loss (with photons) –– Studying energy loss (with photons) –

γγ

hh

vv Direct photonsDirect photons
and γ-h (γ-jet):and γ-h (γ-jet):
– low signal ratelow signal rate
– large backgroundlarge background

vv no surface biasno surface bias
vv closest measureclosest measure

of initial parton pTof initial parton pT
dominated by quark jetdominated by quark jet
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– What high pT direct photons can teach us –– What high pT direct photons can teach us –

Phys. Rev. C77, 024909(2008)

vv Calibrated probe: largely insensitive to medium post-productionCalibrated probe: largely insensitive to medium post-production
–– once produced photons will not interact strongly with the mediumonce produced photons will not interact strongly with the medium
–– at high-pT yield is dominated by hard processesat high-pT yield is dominated by hard processes

vv LO photons are produced back-to-back with partonLO photons are produced back-to-back with parton
=⇒=⇒ calibrated measure of initial parton energycalibrated measure of initial parton energy
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– What direct photons can teach us –– What direct photons can teach us –
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vv Calibrated probe: largely insensitive to medium post-productionCalibrated probe: largely insensitive to medium post-production
–– at low pT yield is not p+p-likeat low pT yield is not p+p-like
–– yield grows like N1.5

partyield grows like N1.5
part

vv Yield + large v2 presents challenge for theoristsYield + large v2 presents challenge for theorists
see talk by B. Bannier, Tues. @ 13:30see talk by B. Bannier, Tues. @ 13:30
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– The fragmentation function –– The fragmentation function –

pγT ≈ pjetT zT =
phT
pγT

=⇒ Dq(zT ) =
1

Nevt

dN(zT )

dzT
pγT ≈ pjetT zT =

phT
pγT

=⇒ Dq(zT ) =
1

Nevt

dN(zT )

dzT

vv measure away-sidemeasure away-side
yield to get effectiveyield to get effective
fragmentation functionfragmentation function

vv for low zT → ξ = ln(1/zT )for low zT → ξ = ln(1/zT )

PRL 111, 32301 (2013)PRL 111, 32301 (2013)
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– The modified fragmentation function –– The modified fragmentation function –

IAA =
YAA
Ypp
∼ DAA(zT )

Dpp(zT )
IAA =

YAA
Ypp
∼ DAA(zT )

Dpp(zT )

vv See modification to effective fragmentation functionSee modification to effective fragmentation function
vv Inconsistent with IAA = 1 for ξ > 0.8Inconsistent with IAA = 1 for ξ > 0.8

vv suppression for ξ > 0.8 consistent with previous resultssuppression for ξ > 0.8 consistent with previous results
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– Is the away-side broadened? –– Is the away-side broadened? –
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– Studying energy loss (with jets) –– Studying energy loss (with jets) –

hh

hh

jetjet

vv reconstructed jetsreconstructed jets
and jet FF (jet-h):and jet FF (jet-h):
– HI backgroundHI background

presents challengepresents challenge

vv some surface biassome surface bias
vv closest measure ofclosest measure of

modified parton pTmodified parton pT
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– Jets in PHENIX –– Jets in PHENIX –

vv Full jet vs leading fragment shows similar suppressionFull jet vs leading fragment shows similar suppression
→ splitting within jet cone not the dominant effectsplitting within jet cone not the dominant effect
– need larger jet sizes to learn moreneed larger jet sizes to learn more

pjetT ≡ max
{s

dη
′
dφ
′
pT (η

′
, φ
′
)e−(∆η2+∆φ2)/2σ2

}
pjetT ≡ max

{s
dη
′
dφ
′
pT (η

′
, φ
′
)e−(∆η2+∆φ2)/2σ2

}
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– Jets in PHENIX –– Jets in PHENIX –

vv Full jet vs leading fragment shows similar suppressionFull jet vs leading fragment shows similar suppression
→ splitting within jet cone not the dominant effectsplitting within jet cone not the dominant effect
– need larger jet sizes to learn moreneed larger jet sizes to learn more

vv In d+Au have independent measure of CNM effectsIn d+Au have independent measure of CNM effects
– carefull analysis of biases ongoingcarefull analysis of biases ongoing
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– Studying energy loss with hard probes –– Studying energy loss with hard probes –

γγ

hh

vv Direct photonsDirect photons
and γ-h (γ-jet):and γ-h (γ-jet):
– low signal ratelow signal rate
– large backgroundlarge background

vv no surface biasno surface bias
vv closest measureclosest measure

of initial parton pTof initial parton pT

hh

hh

vv Single hadrons andSingle hadrons and
h-h correlations:h-h correlations:
– straight forwardstraight forward

experimentallyexperimentally

vv most surface biasmost surface bias
vv poor constraint onpoor constraint on

modified parton pTmodified parton pT

hh

hh

jetjet

vv reconstructed jetsreconstructed jets
and jet FF (jet-h):and jet FF (jet-h):
– HI backgroundHI background

presents challengepresents challenge

vv some surface biassome surface bias
vv closest measure ofclosest measure of

modified parton pTmodified parton pT

complementary measurements with different sensitivitiescomplementary measurements with different sensitivities

| 2013-11-6 | J. A. Hanks - Hard Probes 2013 | 16/24



– Variations on the theme of IAA –– Variations on the theme of IAA –

Transition from suppressionTransition from suppression
to enhancementto enhancement
∼ 2 GeV/c passoc

T for range of ptrigT∼ 2 GeV/c passoc
T for range of ptrigT

DAA ≡ YAA ∗ 〈paT 〉AADAA ≡ YAA ∗ 〈paT 〉AA
−Ypp ∗ 〈paT 〉pp−Ypp ∗ 〈paT 〉pp

| 2013-11-6 | J. A. Hanks - Hard Probes 2013 | 17/24



– Variations on the theme of IAA –– Variations on the theme of IAA –

Transition from suppressionTransition from suppression
to enhancementto enhancement
∼ 2 GeV/c passoc

T at RHIC∼ 2 GeV/c passoc
T at RHIC

∼ 3-5 GeV/c passoc
T at LHC∼ 3-5 GeV/c passoc
T at LHC

What determines the constituentWhat determines the constituent
pT at which enhancement appears?pT at which enhancement appears?

| 2013-11-6 | J. A. Hanks - Hard Probes 2013 | 17/24



– Variations on the theme of IAA –– Variations on the theme of IAA –

Transition from suppressionTransition from suppression
to enhancementto enhancement
∼ 2 GeV/c passoc

T at RHIC∼ 2 GeV/c passoc
T at RHIC

∼ 3-5 GeV/c passoc
T at LHC∼ 3-5 GeV/c passoc
T at LHC

What determines the constituentWhat determines the constituent
pT at which enhancement appears?pT at which enhancement appears?
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– What does away-side broadening imply? –– What does away-side broadening imply? –
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vv γ-h ∆φ variation results from eitherγ-h ∆φ variation results from either
– variation in γ-quark pT balancevariation in γ-quark pT balance
– broadening of away-side jetbroadening of away-side jet

vv broadening of jet seen at LHCbroadening of jet seen at LHC
– inclusive jet measurementsinclusive jet measurements
– different jet pT and energiesdifferent jet pT and energies
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– Going further with jets –– Going further with jets –
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NOW USING BABAR MAGNET!NOW USING BABAR MAGNET!

vv Large rates and fast readoutLarge rates and fast readout
→ 106 jets above 30 GeV106 jets above 30 GeV
→ 103 photons above 30 GeV103 photons above 30 GeV

Range of geometries/species/energies accessibleRange of geometries/species/energies accessible
http://www.phenix.bnl.gov/phenix/WWW/publish/dave/PHENIX/sPHENIX_MIE_09272013.pdfhttp://www.phenix.bnl.gov/phenix/WWW/publish/dave/PHENIX/sPHENIX_MIE_09272013.pdf
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– Going further with jets –– Going further with jets –
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– Going further with jets –– Going further with jets –
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– Beyond inclusive jets –– Beyond inclusive jets –
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vv Di-jet and γ-jet measurements sensitive to medium effectsDi-jet and γ-jet measurements sensitive to medium effects
– good precision with one year of runninggood precision with one year of running
– high ET jet/photon trigger reduces effect of background fluctuationshigh ET jet/photon trigger reduces effect of background fluctuations
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– The power of fake jet rejection –– The power of fake jet rejection –

          TE
5 10 15 20 25 30 35 40 45

   
  p

u
ri

ty

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6 Au+Au @ 200 GeV

 > 3
T
cluster > 3, E

T
track > 7, ET

track-jet
E

0% - 10% 0% - 10%

10% - 20% 10% - 20%

20% - 40% 20% - 40%

40% - 60% 40% - 60%

 R = 0.4Tanti-k

rejection         no rejection

IDEAL DETECTOR

vv Optimize choice of cuts on track-jets/clustersOptimize choice of cuts on track-jets/clusters
– trade off between rejection and efficiencytrade off between rejection and efficiency

vv Extends measurements to lower ET and larger RExtends measurements to lower ET and larger R
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– The power of fake jet rejection –– The power of fake jet rejection –
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– Engineering Surface Bias –– Engineering Surface Bias –

Jet Surface Emission Engineering
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vv Track/cluster requirement hardens the jetTrack/cluster requirement hardens the jet
– can be used as experimental handle on surface biascan be used as experimental handle on surface bias
– powerful tool for understanding medium propertiespowerful tool for understanding medium properties
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– Summary–– Summary–

vv A LOT TO LEARN FROM γ-h RESULTSA LOT TO LEARN FROM γ-h RESULTS
– CLEAR MODIFICATION TO FRAGMENTATION FUNCTIONCLEAR MODIFICATION TO FRAGMENTATION FUNCTION
– COMPARISION WITH JET MEASUREMENTS INFORMATIVECOMPARISION WITH JET MEASUREMENTS INFORMATIVE

vv RANGE OF JET MEASUREMENTS WILL HELPRANGE OF JET MEASUREMENTS WILL HELP

TO CLARIFY PICTURE OF ENERGY LOSSTO CLARIFY PICTURE OF ENERGY LOSS

vv SPHENIX UPGRADE WELL SUITED TOSPHENIX UPGRADE WELL SUITED TO

TAKE FULL ADVANTAGE OF JETS AT RHIC ANDTAKE FULL ADVANTAGE OF JETS AT RHIC AND

PAVE THE WAY FOR FUTURE UPGRADESPAVE THE WAY FOR FUTURE UPGRADES



– The far future with ePHENIX –– The far future with ePHENIX –

vv sPHENIX → fsPHENIX → ePHENIXsPHENIX → fsPHENIX → ePHENIX
–– Uses sPHENIX barrel calorimeteryUses sPHENIX barrel calorimetery
–– Add hadron/electron endcapsAdd hadron/electron endcaps
–– Add GEM tracking, TPC, DIRCAdd GEM tracking, TPC, DIRC

http://www.phenix.bnl.gov/phenix/WWW/publish/dave/PHENIX/ePHENIX_LOI_09272013.pdfhttp://www.phenix.bnl.gov/phenix/WWW/publish/dave/PHENIX/ePHENIX_LOI_09272013.pdf
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– The far future with ePHENIX –– The far future with ePHENIX –

BACKUPSBACKUPS
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– Extracting the γdir-h signal –– Extracting the γdir-h signal –

Yπ0 → YdecayYπ0 → Ydecay

Rγ = Ninc
Ndecay

Rγ = Ninc
Ndecay

Ydirect =
RγYinc − Ydecay

Rγ − 1
Ydirect =

RγYinc − Ydecay
Rγ − 1

p+pp+p Au+AuAu+Au

isolation cut improves systematic uncertainties (p+p only)isolation cut improves systematic uncertainties (p+p only)
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– NLO effects –– NLO effects –

pγT ≈ pjetT ?pγT ≈ pjetT ?

vv Why is pT balance onlyWhy is pT balance only
approximate?approximate?
– Holds only at LOHolds only at LO

(Compton QCD)(Compton QCD)

vv Higher order effects thatHigher order effects that
can lead to imbalancecan lead to imbalance
– NLO perturbative processesNLO perturbative processes
– non-perturbative fragmentationnon-perturbative fragmentation
– initial kT effectsinitial kT effects

vv How significant are suchHow significant are such
beyond-leading-order effects?beyond-leading-order effects?

ptrig
T pout
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T

jTy
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2kTy
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2kT

jet p̂trig
T

jet p̂assoc
T
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– The near side –– The near side –

pγT ≈ pjetT ?pγT ≈ pjetT ?

vv Measuring fragmentation photonsMeasuring fragmentation photons
– use hadron-photon correlationsuse hadron-photon correlations
– integration of near-side showsintegration of near-side shows

significant yield of NLO photonssignificant yield of NLO photons

vv Comparable to unconditional yield using isolation cutsComparable to unconditional yield using isolation cuts

2 < phT < 5× 2.5 < pγ
T

< 3.5

200 GeV p+p

∆φ
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– The near side –– The near side –

pγT ≈ pjetT ?pγT ≈ pjetT ?

vv Can use isolation cutsCan use isolation cuts
to reduce yield ofto reduce yield of
non-prompt photonsnon-prompt photons
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– The near side in Au+Au –– The near side in Au+Au –

pγT ≈ pjetT ?pγT ≈ pjetT ?

vv Isolation cut difficult in Au+AuIsolation cut difficult in Au+Au
– near-side yield consistent with zeronear-side yield consistent with zero
– no significant variation from p+p to Au+Auno significant variation from p+p to Au+Au
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– System dependence of kT –– System dependence of kT –

vv Measured kT from γ-h consistent with other jet measurmentsMeasured kT from γ-h consistent with other jet measurments

vv No significant variation in kT observed between p+p and d+AuNo significant variation in kT observed between p+p and d+Au
Adler et al, Phys.Rev.C73, 054903 (2006)Adler et al, Phys.Rev.C73, 054903 (2006)

=⇒ no effective modification in fragmentation function=⇒ no effective modification in fragmentation function
from p+p to Au+Aufrom p+p to Au+Au

|pout| = |passoc
T |sin∆φ|pout| = |passoc
T |sin∆φ

|pout|2 = x2E [2〈kTy〉2 + 〈jTy〉] + 〈jTy〉|pout|2 = x2E [2〈kTy〉2 + 〈jTy〉] + 〈jTy〉
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– System dependence of kT –– System dependence of kT –

vv Measured kT from γ-h consistent with other jet measurmentsMeasured kT from γ-h consistent with other jet measurments

vv No significant variation in kT observed between p+p and d+AuNo significant variation in kT observed between p+p and d+Au
Adler et al, Phys.Rev.C73, 054903 (2006)Adler et al, Phys.Rev.C73, 054903 (2006)

=⇒ no effective modification in fragmentation function=⇒ no effective modification in fragmentation function
from p+p to Au+Aufrom p+p to Au+Au
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– Establishing the p+ p baseline –– Establishing the p+ p baseline –
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vv approximate universal scalingapproximate universal scaling

vv b = 8.2± 0.3 −→ consistent with quark fragmentationb = 8.2± 0.3 −→ consistent with quark fragmentation

vv good agreement with TASO measurements (e+e−)good agreement with TASO measurements (e+e−)
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– Could this be flow? –– Could this be flow? –

vv No high pT γ v3,4No high pT γ v3,4

measurementmeasurement
vv Conservative estimateConservative estimate

from π0from π0

– assume γdir vn = 0.5vπ
0

nassume γdir vn = 0.5vπ
0

n

vv Uncertainties in ∆φUncertainties in ∆φ
shown separatelyshown separately

vv Additional source ofAdditional source of
uncertainty in IAAuncertainty in IAA
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