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Outline
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Establishing the baseline 

How much energy is lost? 

How does it reemerge? 

What about small systems? 

Remaining opportunities
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Hard scatterings at RHIC

pp collisions at 200 GeV and R = 0.4
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Florian and Vogelsang: PRD76. 074031 
PHENIX: arXiv:1501.06197

Quark jets dominate
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Jets in vacuum

Well described by NLO pQCD → Jets as high precision tool 

Inclusive Jet
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R = 0.6
R = 0.6

pp @ 200 GeV 2009
Anti-kT |η|<1

Z
Ldt = 19 pb�1 ± 8

ratio: color band for various sys. err.

STAR: PRD95 071103(R) (2017)
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Background Activity in A-A

Challenges: large fluctuating background  
                   -> modified JES + smeared JER + combinatorial jets

Experiment methods:  
                   -> constituent cuts, high pT particle match,.. mixed event

STAR, Au-Au@200 GeV
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0-10% <ρch> ~ 35 GeV/c

Most of the background is sub-2 GeV/c

Nick Elsey, DNP Meeting Oct 2017, Pittsburgh

Hard core jets at STAR
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in a heavy ion background

pTconst>2 GeV/c cut removes almost all background

pTCut=0.2 GeV/c
pTLead>20 GeV/c (pTCut=2 GeV/c)
pTSubLead>10 GeV/c (pTCut=2 GeV/c)

clear jet signal
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Underlying event activity in pp
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Transverse charged < pT > weakly depends on leading jet pT for pT >10 GeV/c 

Statistical uncertainty only

STAR Preliminary 

p+p@200GeV

pT>0.2 GeV/c
|η|<1
jet R = 0.6

jet triggered events

Underlying event: 

Increases with beam energy 
Weak dependence on jet energy 
Slightly over predicted by PYTHIA  

Li Yi, MPI 2016
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STAR Preliminary pT>0.2 GeV/c
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jet R = 0.6

CMS PAS FSQ-15-007
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Hints of less Initial/Final State Radiation at RHIC energies 

6

Little to no ISR/FSR 
contribution at RHIC

TransMin: BBR and MPI 
TransMax: ISR and FSR 
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Measurements in minimum bias d-Au
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FIG. 25. Figure from [122]. Compilation of hpT ipair =p
2kT measurements where kT is the acoplanarity momen-

tum vector. Dimuons and dijets measurements are from fixed
target experiments and the diphoton measurements are from
the Tevetron. This shows that fragmentation is not modified
in d+Au collisions. Similar results are seen for p+Pb.

that the low pT enhancement occurs at wide angles with
respect to the axis formed by the hard scattered partons.
Figure 24 shows the yield measured by PHENIX for dif-
ferent �� windows on the away-side. The enhancement
is most significant for the widest window, |���⇡| < ⇡/2.

3. Di-hadron correlations

Measurements of di-hadron correlations are sensitive
to modifications in fragmentation, although the interpre-
tation is complicated because the initial kinematics of
the hard scattering are poorly constrained. Di↵erences
observed in the correlations can either be due to medium
interactions or due to changes in the parton spectrum.
At high pT , there are no indications of modification of
the near- or away-side at midrapidity in d+Au colli-
sions [112, 194] so any e↵ects observed in A+A are hot
nuclear matter e↵ects and either d+Au or p+p can be
used as a reference for A+A collisions.

The near-side peak can be used to study the angu-
lar distribution of momentum and particles around the
triggered jet. The away-side is wider than the near-
side due to the resolution of the triggered jet peak axis
and the e↵ect of the acoplanarity momentum vector, kT .
Di-hadron correlations have been measured in p+p colli-
sions to determine the intrinsic kT . The available mea-
surements of hpT ipair =

p
2kT as a function of

p
s are

shown in Figure 25. The e↵ect of the nucleus on kT

has been studied in d+Au collisions at 200 GeV [196]
and in p+Pb collisions at 5.02 TeV [196] via di-hadron

correlations and reconstructed jets respectively. The di-
hadron measurements in d+Au are consistent with the
p+p measurements shown in Figure 25, while the p+Pb
dijet results agree with PYTHIA expectations. Since no
broadening has been observed in p+Pb or d+Au colli-
sions, any broadening of the away-side jet peak in A+A

collisions would be the result of modifications from the
QGP. Assuming this is purely from radiative energy loss,
the transport coe�cient q̂ can be extracted directly from
a measurement of kT [264].

Figure 26 shows the widths in �� and �⌘ on the near-
side as a function of p

t
T , p

a
T , and average the number

of participant nucleons, hNparti for d+Au, Cu+Cu, and
Au+Au collisions at

p
sNN = 62.4 and 200 GeV [136].

The near-side is broader in both �� and �⌘ in central
collisions. This broadening does not have a strong de-
pendence on the angle of the trigger particle relative to
the reaction plane [138]. One interpretation of this is
that the jet-by-jet fluctuations in partonic energy loss
are more significant than path length dependence for this
observable [87]. Higher energy jets have higher particle
yields and are more collimated, so if changes were due to
an increase in the average parton energy the yield would
increase but the width would decrease. In contrast, inter-
actions with the medium would lead to broadening and
the softening of the fragmentation function which would
lead to more particles. The near-side yields are not ob-
served to be modified [136], although IAA at RHIC [138]
is also consistent with the slight enhancement seen at
the LHC [114]. This indicates that the increase in width
is most likely due to medium interactions rather than
changes in the parton spectra.

Recent studies of the away-side do not indicate a mea-
surable broadening [138], at least for the low momenta in
this study (4 < p

t
T < 6 GeV/c, 1.5 GeV/c > p

a
T ). This

is in contrast to earlier studies which neglected odd vn

in the background subtraction, indicating dramatic shape
changes. These earlier studies are discussed in greater de-
tail in Section IIID 3 because the modifications observed
were generally interpreted as an impact of the medium on
the jet. We note that broadening is observed on the away-
side for jet-hadron correlations, as discussed below. The
current apparent lack of broadening in di-hadron correla-
tions may indicate that this is not be the most sensitive
observable because of the decorrelation between the trig-
ger on the near-side and the angle of the away-side jet. It
may also be a kinematic e↵ect because modifications are
extremely sensitive to momentum. The away-side IAA

decreases with increasing p

a
T , indicating a softening of

the fragmentation function for surviving jets [138].

A large collection of experimental measurements show
that jets initiated by gluons exhibit di↵erences with re-
spect to jets from light-flavor quarks [162, 163, 265–267].
First, the charged particle multiplicity is higher in gluon
jets than in light-quark jets. Second, the fragmentation
functions of gluon jets are considerably softer than that
of quark jets. Finally, gluon jets appeared to be less
collimated than quark jets. These di↵erences have al-

di-hadron correlations

Nuclear effects small 

h
q

k2T i = 2.68± 0.07± 0.34GeV/c

d-Au:

Consistent with trend for pp
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FIG. 2. (Color online) RdAu for (a) 0%–100% and (b)
centrality-selected collisions, and (c) RCP, as a function of
pT . Systematic, statistical and normalization uncertainties
are shown as shaded bands, vertical bars, and the leftmost
bands centered at 1, respectively. When error bands overlap
vertically, their horizontal widths have been adjusted so that
both are visible. Dashed lines show the uncertainty range
of calculations incorporating nuclear parton densities [1] and
energy loss [4].

were determined by modifying the simulation sample, the
event or jet-selection criteria, or the unfolding procedure
itself, and repeating the analysis. The variations were
applied simultaneously in the analyses of the d+Au and
p+p spectra to allow for their full or partial cancellation

in the RdAu and RCP quantities, with the exception of
the variation of k, described below.
The impact of uncertainties on the detector energy

scales was determined by varying the momenta of the
reconstructed tracks and clusters in simulation. The
cluster energies were varied by 3%. The track momenta
were varied by a track pT -dependent amount, which was
2% for pT  10 GeV/c and increased linearly to 4%
for pT = 30 GeV/c. The sensitivity of the results to
the jet selection was evaluated by varying the maximum
and minimum requirement on the calorimetric content of
the jet, and by raising the required number of jet con-
stituents. The uncertainty in the jet acceptance was eval-
uated by doubling the fiducial distance between jets and
the edges of the detector, and by restricting the vertex
z position to a narrower range. The uncertainties asso-
ciated with the unfolding procedure were evaluated by
changing the power law index of the simulated pT spec-
trum by ±1, and by increasing and decreasing the value
of k. Because they are statistical in nature, the e↵ects
on the spectra from varying k were treated as uncorre-
lated between the event classes. The sensitivity to the
underlying physics model was evaluated by performing
the corrections with a sample of pythia events analo-
gous to the nominal one but generated with tune a [39]
and the cteq5l [40] set. A 2% uncertainty, uncorrelated
between event classes, was assigned to the spectra be-
low 25 GeV/c to cover possible defects in modeling the
trigger e�ciency.
For each observable, the magnitudes of the resulting

changes were added in quadrature to obtain a total sys-
tematic uncertainty. The total uncertainty on the spectra
increased from 12% at pT = 12 GeV/c to 30% or higher
at pT = 50 GeV/c and was dominated at all pT by the
energy scale. Because the reconstruction procedure in
d+Au and p+p collisions was identical, and the perfor-
mance, corrections and resulting spectra are very similar,
the e↵ects of the variations on RdAu and RCP canceled to
a large degree. The uncertainties on this quantity ranged
from 4% at pT = 12 GeV/c (with no single source dom-
inating) to 15% or higher (dominated by unfolding and
physics model) at pT = 50 GeV/c.
Additional normalization uncertainties on the p+p

cross section of 10% arose from the uncertainty on
�

pp
/✏

pp. Uncertainties in the determination of TdAu con-
tributed to the RdAu and RCP, such that the total un-
certainty on these ranged from 3% to 13%.
Figure 2 summarizes the measured RdAu and RCP

quantities. The 0%–100% RdAu is consistent with unity
at all pT values and is pT -independent within uncertain-
ties. The data are consistent with a next-to-leading order
calculation [41–44] incorporating the EPS09 [1] nuclear-
parton-density set, suggesting that nuclear e↵ects are
small at high-Q2 in the nuclear Bjorken-x range ⇡ 0.1–
0.5. When compared to calculations over a range of en-
ergy loss rates in the cold nucleus [4], the data favor only
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FIG. 2. (Color online) RdAu for (a) 0%–100% and (b)
centrality-selected collisions, and (c) RCP, as a function of
pT . Systematic, statistical and normalization uncertainties
are shown as shaded bands, vertical bars, and the leftmost
bands centered at 1, respectively. When error bands overlap
vertically, their horizontal widths have been adjusted so that
both are visible. Dashed lines show the uncertainty range
of calculations incorporating nuclear parton densities [1] and
energy loss [4].

were determined by modifying the simulation sample, the
event or jet-selection criteria, or the unfolding procedure
itself, and repeating the analysis. The variations were
applied simultaneously in the analyses of the d+Au and
p+p spectra to allow for their full or partial cancellation

in the RdAu and RCP quantities, with the exception of
the variation of k, described below.
The impact of uncertainties on the detector energy

scales was determined by varying the momenta of the
reconstructed tracks and clusters in simulation. The
cluster energies were varied by 3%. The track momenta
were varied by a track pT -dependent amount, which was
2% for pT  10 GeV/c and increased linearly to 4%
for pT = 30 GeV/c. The sensitivity of the results to
the jet selection was evaluated by varying the maximum
and minimum requirement on the calorimetric content of
the jet, and by raising the required number of jet con-
stituents. The uncertainty in the jet acceptance was eval-
uated by doubling the fiducial distance between jets and
the edges of the detector, and by restricting the vertex
z position to a narrower range. The uncertainties asso-
ciated with the unfolding procedure were evaluated by
changing the power law index of the simulated pT spec-
trum by ±1, and by increasing and decreasing the value
of k. Because they are statistical in nature, the e↵ects
on the spectra from varying k were treated as uncorre-
lated between the event classes. The sensitivity to the
underlying physics model was evaluated by performing
the corrections with a sample of pythia events analo-
gous to the nominal one but generated with tune a [39]
and the cteq5l [40] set. A 2% uncertainty, uncorrelated
between event classes, was assigned to the spectra be-
low 25 GeV/c to cover possible defects in modeling the
trigger e�ciency.
For each observable, the magnitudes of the resulting

changes were added in quadrature to obtain a total sys-
tematic uncertainty. The total uncertainty on the spectra
increased from 12% at pT = 12 GeV/c to 30% or higher
at pT = 50 GeV/c and was dominated at all pT by the
energy scale. Because the reconstruction procedure in
d+Au and p+p collisions was identical, and the perfor-
mance, corrections and resulting spectra are very similar,
the e↵ects of the variations on RdAu and RCP canceled to
a large degree. The uncertainties on this quantity ranged
from 4% at pT = 12 GeV/c (with no single source dom-
inating) to 15% or higher (dominated by unfolding and
physics model) at pT = 50 GeV/c.
Additional normalization uncertainties on the p+p

cross section of 10% arose from the uncertainty on
�

pp
/✏

pp. Uncertainties in the determination of TdAu con-
tributed to the RdAu and RCP, such that the total un-
certainty on these ranged from 3% to 13%.
Figure 2 summarizes the measured RdAu and RCP

quantities. The 0%–100% RdAu is consistent with unity
at all pT values and is pT -independent within uncertain-
ties. The data are consistent with a next-to-leading order
calculation [41–44] incorporating the EPS09 [1] nuclear-
parton-density set, suggesting that nuclear e↵ects are
small at high-Q2 in the nuclear Bjorken-x range ⇡ 0.1–
0.5. When compared to calculations over a range of en-
ergy loss rates in the cold nucleus [4], the data favor only

Full jets
Consistent with NLO 

calculations using EPS09

PHENIX: PRD74. 072002 (2006) 
PHENIX: PRL 116, 122301 (2016)
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Single hadron high pT suppression
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All colored hadrons suppressed, including HF particles 
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FIG. 8. The nuclear modification factor of jets in p+Pb collisions measured by the CMS experiment in various rapidity bins.
This shows that cold nuclear matter e↵ects are small for jets.
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FIG. 9. RAA from PHENIX for direct photons [197], ⇡0 [198],
⌘ [199], � [200], protons [201], J/ [202], ! [203], e

± from
heavy flavor decays [204], and K

± [201]. This demonstrates
that colored probes (high-pT final state hadrons) are sup-
pressed while electromagnetic probes (direct photons) are not
at RHIC.

B. Partonic energy loss in the medium

Electromagnetic probes such as direct photons, which
do not interact via the strong force, are expected to es-

FIG. 10. RAA from ALICE for identified ⇡±, K±, and p [205]
and D mesons [206] and CMS for charged hadrons (h±) [58],
direct photons [207], W bosons [208], and Z bosons [209]. The
W and Z bosons are shown at their rest mass. This demon-
strates that colored probes (high-pT final state hadrons) are
suppressed while electromagnetic probes (direct photons) are
not at the LHC.

cape the QGP unscathed while probes which interact
strongly lose energy in the medium and are suppressed at
high momenta. Figure 9 shows a compilation of results
from PHENIX demonstrating that colored probes (high-

JET: PRC90 1, 014909 (2014) 
CMS: EPJC 72:1945 (2012) 
Connors, Nattrass, Reed, Salur arXiv:1706.01974

JET collaboration:   

                                  for 10 GeV light quark at t=0.6 fm/c

q-hat(RHIC) ~1.2±0.3 GeV2/fm 
q-hat(LHC) ~ 1.9±0.7 GeV2/fm
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Fractional partonic energy loss - Sloss
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SCALING PROPERTIES OF FRACTIONAL MOMENTUM . . . PHYSICAL REVIEW C 93, 024911 (2016)
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FIG. 14. dNch/dη dependence of the fractional momentum loss. δsys(TAA ⊕ pp norm) is not shown in these plots.

We have investigated Sloss against the four scaling variables
at six p

pp
T points including the two already shown in Figs. 10

and 11. The scaling plots at all p
pp
T are shown in Figs. 12–15.

For pT of 5 and 6 GeV/c, we used the 2004 data, because the
2007 data has a software threshold in pT , as mentioned earlier.
At the same two lowest pT , we also show the Sloss scaling for
62.4-GeV Cu + Cu and Au + Au collisions. For higher pT the
62.4-GeV points are not available owing to the lack of a p + p
baseline. Deviations seen in the 62.4-GeV data may indicate
that in the measured pT range hard scattering is not completely
dominant yet, in accordance with the observations of Ref. [7].

Lastly, to quantify the scaling trends, we fit Sloss for all four
scaling variables and each collision system, except for

√
s

NN

= 62.4 GeV system, with a power-law function:

δpT /pT = β(SV/SV 0)α (7)

where SV is one of the four scaling variables we used above,
and the SV 0 is the normalization factor introduced to cancel
the dimension of the SV . We took the scaling variables for
the most central LHC points as SV 0. Use of the power-law
function is motivated by an energy-loss model that predicts that
%E/E ∝ Npart

2/3 [31]. In the fitting process the statistical and

systematic uncertainties were taken into account according to
the prescription of Ref. [32]. The errors on the scaling variable
(horizontal errors in the plots) are not taken into account in
the fitting, but they are small compared to the uncertainties of
Sloss values.

The fit parameters α and β obtained by fitting δpT /pT vs
Npart and Nqp, plus dNch/dη and εBjτ0 to Eq. (7) for Au + Au
at

√
s

NN
= 200 GeV and Pb + Pb at

√
s

NN
= 2.76 TeV are

shown in Fig. 16. All fit parameters, including for Cu + Cu,
are tabulated in Table VII.

The fit parameters α and β are anticorrelated. At and
above 10 GeV/c, the χ2/ndf values become smaller and the
powers α converge for all scaling variables, although they
do not become fully consistent within uncertainties. Among
the scaling variables, dNch/dη is found to give relatively
consistent α and β between two systems. The εBjτ0, which
is more related to the energy density of the system, also
gives reasonably consistent numbers within uncertainties.
More interestingly, εBjτ0 gives the α closest to 1.0 (linear
scaling). The similarities are striking as is the fact that Sloss
obeys such a simple scaling with global observables over
the entire pT range where hard scattering is dominant. This
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We have investigated Sloss against the four scaling variables
at six p

pp
T points including the two already shown in Figs. 10

and 11. The scaling plots at all p
pp
T are shown in Figs. 12–15.

For pT of 5 and 6 GeV/c, we used the 2004 data, because the
2007 data has a software threshold in pT , as mentioned earlier.
At the same two lowest pT , we also show the Sloss scaling for
62.4-GeV Cu + Cu and Au + Au collisions. For higher pT the
62.4-GeV points are not available owing to the lack of a p + p
baseline. Deviations seen in the 62.4-GeV data may indicate
that in the measured pT range hard scattering is not completely
dominant yet, in accordance with the observations of Ref. [7].

Lastly, to quantify the scaling trends, we fit Sloss for all four
scaling variables and each collision system, except for

√
s

NN

= 62.4 GeV system, with a power-law function:

δpT /pT = β(SV/SV 0)α (7)

where SV is one of the four scaling variables we used above,
and the SV 0 is the normalization factor introduced to cancel
the dimension of the SV . We took the scaling variables for
the most central LHC points as SV 0. Use of the power-law
function is motivated by an energy-loss model that predicts that
%E/E ∝ Npart

2/3 [31]. In the fitting process the statistical and

systematic uncertainties were taken into account according to
the prescription of Ref. [32]. The errors on the scaling variable
(horizontal errors in the plots) are not taken into account in
the fitting, but they are small compared to the uncertainties of
Sloss values.

The fit parameters α and β obtained by fitting δpT /pT vs
Npart and Nqp, plus dNch/dη and εBjτ0 to Eq. (7) for Au + Au
at

√
s

NN
= 200 GeV and Pb + Pb at

√
s

NN
= 2.76 TeV are

shown in Fig. 16. All fit parameters, including for Cu + Cu,
are tabulated in Table VII.

The fit parameters α and β are anticorrelated. At and
above 10 GeV/c, the χ2/ndf values become smaller and the
powers α converge for all scaling variables, although they
do not become fully consistent within uncertainties. Among
the scaling variables, dNch/dη is found to give relatively
consistent α and β between two systems. The εBjτ0, which
is more related to the energy density of the system, also
gives reasonably consistent numbers within uncertainties.
More interestingly, εBjτ0 gives the α closest to 1.0 (linear
scaling). The similarities are striking as is the fact that Sloss
obeys such a simple scaling with global observables over
the entire pT range where hard scattering is dominant. This

024911-13
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FIG. 15. εBjτ0 dependence of the fractional momentum loss. δsys(TAA ⊕ pp norm) is not shown in these plots.

implies that the empirical fractional momentum loss and the
assumed underlying energy loss of partons scale with energy
density of the medium, independent of the collision energies
or systems, once

√
s

NN
is sufficiently high. We cross-checked

our current result with one published earlier for a slightly
different quantity [12], and found consistent results for

√
s

NN

= 200 GeV Au + Au collisions.

IV. SUMMARY

We have studied fractional momentum loss (Sloss ≡
δpT /pT ) over various systems and collision energies as a
function of pT and four scaling variables: Npart, Nqp, dNch/dη,
and εBjτ0. We found that the same universal function of
dNch/dη or εBjτ0 describes Sloss at RHIC (

√
s

NN
= 200 GeV)

and LHC (
√

s
NN

= 2.76 TeV), while Npart and Nqp do not.
This finding shows that the Sloss does not scale simply with
system size across the

√
s

NN
, but does scale with quantities

related to the energy density of the system, implying that
the opacity of the system is energy density dependent. We
quantitatively evaluated the slope of the universal curves for√

s
NN

= 200 and 2.76 TeV and again found that dNch/dη

and εBjτ0 give relatively consistent α and β between two
systems, and especially, that the the α for εBjτ0 is close to
1.0 (linear scaling). It is striking that Sloss obeys such a simple
scaling with global observables over the entire pT range where
hard scattering is dominant. This implies that the empirical
fractional momentum loss and the assumed underlying energy
loss of partons scale with energy density of the medium,
independent of the collision energies or systems, once

√
s

NN

is sufficiently high.
We propose that measurements of Sloss as well as the

conventional RAA, in the future, would provide important
additional information to investigate the global feature of the
energy loss of partons.

ACKNOWLEDGMENTS

We thank the staff of the Collider-Accelerator and Physics
Departments at Brookhaven National Laboratory and the staff
of the other PHENIX participating institutions for their vital
contributions. We acknowledge support from the Office of
Nuclear Physics in the Office of Science of the Depart-
ment of Energy, the National Science Foundation, Abilene

024911-14

PHENIX: PRC93. 024911 (2016)
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T

At higher collision energies 
Apparent universal scaling of Sloss with dNch/dη 

Independent of colliding species or energy  
dNch/dη  ~ energy density ~ system opacity
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Di-hadrons with respect to reaction plane

10

RAPID COMMUNICATIONS

NATTRASS, SHARMA, MAZER, STUART, AND BEJNOOD PHYSICAL REVIEW C 94, 011901(R) (2016)

FIG. 2. (a) and (b) Yield, (c) and (d) truncated rms, and (e) and (f) IAA for the (a), (c), and (e) near side and (b), (d), and (f) away side.
Systematic uncertainties are 100% correlated point to point. Statistical uncertainties are nontrivially correlated point to point for a fixed pa

T

but are uncorrelated for different pa
T ’s. Lines show the average for all φs’s, and bands show the value for d + Au collisions with the width

representing the error bar.

in Fig. 2(e), and the away-side rms is given in Fig. 2(f). The
near-side rms is larger than the d + Au rms for the same pa

T for
all ranges of pa

T studied. Such broadening is consistent with
expectations from energy loss through either bremsstrahlung
or collisional energy loss since the energy would remain spa-
tially correlated with the parent parton but be distributed over
a somewhat wider area [48]. This indicates that the near-side
is modified even though the yields are consistent with those in
d + Au collisions, consistent with observations in Ref. [12].
There is little indication of φs-dependent modifications on the
near side. The away-side rms in Au + Au collisions is mostly
consistent with that in d + Au collisions. Since broadening
is apparent on the near side, this may indicate that the
away-side rms is less sensitive to observation of broadening
because the away side is already broader than the near side,
even in d + Au collisions due to the difference between
the trigger particle’s angle and the angle of the away-side
jet.

These high-precision results are consistent with the modi-
fication of fragmentation functions in Pb + Pb collisions ob-
served at the LHC, which indicated broadening and softening
of the fragmentation function [20,21]. This demonstrates the
efficacy of the RPF method for precision studies of dihadron
and jet-hadron correlations, particularly at low momenta.

Conclusions. The effects observed in dihadron correlations
relative to the reaction plane using the RPF method indicate
that medium-induced modifications to jetlike correlations are
more subtle than earlier results using the ZYAM method and
neglecting odd vn. This indicates that jets do not equilibrate
fully with the medium but lost energy remains spatially
correlated with the parent parton and that the complete
suppression observed in Ref. [10] was likely also an artifact
of the background subtraction. These results agree better with
results from fully reconstructed jets, which do not indicate
dramatic shape modifications or complete equilibration but
slight broadening and more subtle modifications of the frag-
mentation function [20,21] than with earlier results indicating
a dip [11,15–18] or Mach cone on the away side.
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on the Rapid Communication and to F. Geurts, F. Wang,
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DST-SERB Ramanujan Fellowship (D.O. No. SB/S2/RJN-
084/2015).
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Near-side 
width broader 

in Au-Au 
collisions than 

d-Au

Eloss fluctuations rather than path length differences

No strong dependence on reaction plane

Nattrass et al.: PRC94. 011901 (2016)

Away-side 
suppressed
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How the energy reemerges

pTassoc~2 GeV/c 

11

Eloss resurfaces as low pT 
enhancement starting around 2 GeV/c

STAR: PRL 112 122301  (2014)

Trigger jet biased to 
surface

Jet-hadron correlations:
Hard Core Jets: 

High Tower trigger 
ET>5.4 GeV  

 + pTCut = 2 GeV/c 
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Dijets: restore balance with low pT

Momentum balance restored to pp baseline for R = 0.4,  
after adding particles with < 2GeV/c

12

Hard core matched dijets 

AJ =
pLeadT � pSubLeadT

pLeadT + pSubLeadT

credit: K. Jung

STAR: PRL119 062301 (2017)

Balance not restored for R=0.2



Helen Caines - JETSCAPE

Semi-inclusive jet measurements

13STAR: PRC96 024905 (2017)

Access to low pT jets

Mixed event for 
uncorrelated 
background 

Signal + bkgd

No significant evidence for  
large-angle scattering in central Au-Au

je
t r

at
e

background subtracted

9 < preco,chT,jet < 13 GeV/c

charged jet 
R = 0.3
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Energy shift out of cone

14

Recoil jet quenched in central 200 GeV Au-Au collisions 

R = 0.2 R = 0.5

STAR: PRC96 024905 (2017)

Smaller Icp with R = 0.2



Helen Caines - JETSCAPE

Energy shift out of cone

15
ALICE: JHEP 09 170 (2015)

Smaller ΔpT for R = 0.5 than 0.2 

�pT

STAR: PRC96 024905 (2017)

Look at  

Energy shift out of R = 0.2 -> 0.5
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Energy shift out of cone

16
ALICE: JHEP 09 170 (2015)

�pT

STAR: PRC96 024905 (2017)

Look at  

Eloss more focussed at RHIC 
than LHC

R=0.5:  
 Shift at RHIC < LHC
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Photon triggered correlations
Recoiling parton highly biased towards being a quark 
Avoids surface bias

17

ɣ

QGP

recoil jet

30

ξ
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Pb
Pb
/p
p
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1.8

2 CMS Publication

0-10%, Inclusive Jets, 2011
0-30%, Leading Jets, 2010

Jet pT >100 GeV

FIG. 22. Comparison of CMS measurements of fragmentation
functions in Pb+Pb over pp from reconstructed jets for jets
in Pb+Pb collisions at

p
s

NN

= 2.76 TeV from 2010 and 2011
data [262, 263]. The 2010 data in isolation indicate that frag-
menation is not modified while the 2011 data, which extend to
lower momenta and use a less biased jet sample, clearly show
modification at low momenta. This highlights the di�culty in
drawing conclusions from a single measurement, particularly
when neglecting possible biases.

FIG. 23. Figure from [230]. ⇠ = ln(1/xE) distributions

where xE = �| p
a
T

ptT
| cos(��) ⇡ z for isolated direct photon

data for all pT ranges combined from p+p collisions at
p
s =

200 GeV compared to TASSO measurements in e

+

e

� colli-
sions at

p
s =14 and 44 GeV. This demonstrates that direct

photon measurements can be used reliably to extract frag-
mentation functions in p+p collisions and that fragmentation
functions are the same in e

+

e

� and p+p collisions.

2. Boson tagged fragmentation functions

As described previously, bosons can be used to tag
the initial kinematics of the hard scattering. For frag-
mentation functions, this gives access to the initial par-
ton momentum in the calculation of the fragmentation
variable z. At the top RHIC energy of

p
sNN = 200

FIG. 24. Figure from [236]. The top panel shows IAA for

the away-side as a function of ⇠ = log( 1
z
) = log( pjet

phad ). The
points are shifted for clarity. The bottom panel shows the
ratio of the IAA for |��⇡| < ⇡/2 to |��⇡| < ⇡/6. This
demonstrates the enhancement at low momentum combined
with a suppression at high momentum, a shift consistent with
expectations from energy loss models. The change is largest
for wide angles from the direct photon.

GeV, there have been no direct measurements of frag-
mentation functions from reconstructed jets so far, how-
ever, �-hadron correlations have been measured both in
p+p and Au+Au collisions. The fragmentation function
was measured in p+p collisions at RHIC as a function of
xE = �|p

a
T

pt
T
| cos(��) ⇡ z [230] and is shown in Figure 23.

The p+p results agree well with the TASSO measure-
ments of the quark fragmentation function in electron-
positron collisions, which is consistent with the produc-
tion of a quark jet opposite the direct photon as expected
in the Compton scattering diagram. Using the p+p re-
sults as a reference, direct photon-hadron correlations
were measured in Au+Au collisions at RHIC [236]. The
IAA are shown in Figure 24. A suppression is observed
for ⇠ < 1 (z > 0.4) while an enhancement is observed for
⇠ > 1 (z < 0.4). This suggests that energy loss at high
z is redistributed to low z. Comparing these results to
the results from STAR [232, 233] suggests that this is not
a zT dependent e↵ect but rather a pT dependent e↵ect.
STAR measured direct photon-hadron correlations for a
similar zT range but does not observe the clear enhance-
ment exhibited in the PHENIX measurement. However,
the STAR results are able to achieve low values of zT

by increasing the trigger photon pT , while PHENIX goes
to low zT by decreasing the associated hadron pT . Pre-
liminary PHENIX results as a function of photon pT are
consistent with this conclusion. Furthermore, STAR does
observe an enhancement for jet-hadron correlations with
hadrons of pT < 2 GeV/c which is consistent with the
PHENIX direct photon-hadron observation.

The direct photon-hadron correlations also suggest

Good agreement 
between RHIC and 
TASSO measurements of 
q fragmentation

Fragmentation same in 
pp and e+e-

direct photons can be used 
to calibrate initial parton E

xE = � | p
a
T

p

�
T

| cos(��) ⇡ z

PHENIX
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How energy reemerges

18

Suppression at high pT again turns into enhancement at low pT  

STAR

I AA

z
T

= passoc
T

/p�
T

7 < p�T < 9GeV/c

5 < p�T < 7GeV/c

9 < p�T < 2GeV/c

PHENIX: QM17 
STAR: PLB760 689 (2016)

Absolute pT not pT fraction (zT) relevant

pTassoc~2 GeV/c 
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Jet constituent Yields

18

trigger jet: unmodified  
"surface bias” 

yields consistent between 
Δφ & Δη
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η∆Trigger Jet Yield STAR Preliminary

recoil jet: hint of modification 
for pTassoc<2.0 GeV/c

yield contained within R=0.4
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Jet constituent Yields
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trigger jet: unmodified  
"surface bias” 
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recoil jet: hint of modification 
for pTassoc<2.0 GeV/c

yield contained within R=0.4
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Dijet-hadron correlations

19

Hard core matched dijets but look at hadron correlation

But jet energy changed : AJ different  
→ Extend pT coverage, study AJ 

dependence 

| Δφ| < 0.71
| Δφ| < 0.71

Background subtracted with Gaussian+constant fit

STAR: QM17

Trigger jet

Recoil jet

Trigger jet

Recoil jet

No significant difference for 
jet constituent multiplicity 
hint for recoil pT<2 GeV/c



zg in hard core matched diets 

Helen Caines - JETSCAPE

Dijet substructure zg

No significant splitting modification on near- or away-side

Trigger Jet Recoil Jet

20STAR: QM17

Recoil
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Single hadron high pT suppression @ BES

21

Most central high pT yield suppressed 
compared to mid-central at         > 14.5 GeV p

sNN

STAR: arXiv:1707.01988

Meson and Baryon: different Rcp trends 
At high pT: pion suppressed for            > 27 GeV 
                 proton enhanced at all BES energies

p
sNN
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Quenching in p/d-Au

22PHENIX: PRL 116, 122301 (2016)

coincidental(?) cancelation 
of central suppression and 
peripheral enhancement 

Unlikely to be from “centrality” 
definition bias as determined from 

pp

Strong deviation from unity for 
centrality selected events when 

compared to expectations 
assuming geometric scalings

PHENIX: PRC 90, 034902

Hijing

Model estimates smaller bias in d+Au@200 GeV  
than p+Pb@5.02 TeV
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More results to come

23

High statistics Au-Au and 
asymmetric systems data already 
on tape 

High statistics data from Run18  

sPHENIX - CD1 expected in 
2018 

Forward upgrades could be in place by Run21
Access to: photon-jet 
                 HF tagged jet 
                 AJ selected jets 
                 event-engineered studies  
                 unbiased high pT jets 
                 large rapidity range….

Scientific Objective and Performance Heavy Quark Jets

Heavy quarks are particularly sensitive to the contribution of collisional energy loss, due
to suppressed radiative energy loss from the “dead cone” effect [88]. Measurements of
beauty-tagged jets and reconstructed D mesons over the broadest kinematic reach will
enable the disentangling of q̂ and ê.

There are important measurements currently being made of single electrons from semilep-
tonic D and B decays and direct D meson reconstruction with the current PHENIX VTX and
STAR Heavy Flavor Tracker (HFT). The sPHENIX program can significantly expand the
experimental acceptance and physics reach of this program with its ability to reconstruct
full jets with a heavy flavor tag. The rates for heavy flavor production from perturbative
QCD calculations [89] are shown in Figure 1.13.
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Figure 1.13: FONLL calculations [89] for heavy flavor (charm and beauty) jets, fragmentation
hadrons (D, B mesons primarily), and decay electrons as a function of transverse momentum.
The rates indicate expected counts for pT above a minimum transverse momentum threshold,
pT(cut), as a function of pT(cut) for Au+Au 0–20% central collisions.

Calculations including both radiative and collisional energy loss for light quark and gluon
jets, charm jets, and beauty jets have been carried out within the CUJET 2.0 framework [90].
The resulting RAA values in central Au+Au at RHIC and Pb+Pb at the LHC for p, D, B
mesons are shown as a function of pT in Figure 1.14. The mass orderings are a convolution
of different initial spectra steepness, different energy loss mechanisms, and the final
fragmentation. Measurements of D mesons to high pT and reconstructed beauty-tagged
jets at RHIC will provide particularly sensitive constraints in a range where, due to their
large masses, the charm and beauty quark velocities are not near the speed of light.

The tagging of charm and beauty jets has an extensive history in particle physics experi-
ments. There are multiple ways to tag heavy flavor jets. First is the method of tagging via

19
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Significantly enhanced 
understanding of jet 

modifications at RHIC

• pp in very good agreement with theory 

• Unbiased recoil jets highly suppressed due to 
medium induced broadening 

• Total Eloss less than at LHC  

• Lost energy re-emerges at low pT not zT  

• Di-jet energy imbalance largely recovered 
within R=0.4 when low pT hadrons included  

• zg unmodified for hard core jets 

• High pT hadron suppression at BES 

• Unexpected centrality dependence of jet RdAu 

Summary
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BACK UP



O. Busch, INT 2017
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Background Activity in pp 

Toward
Away

Transverse

Transverse

leading jet angle

60°

Beam View

27

Li Yi, MPI 2016

Transverse Charged Particle Density 
Collision Energy Dependence  

Statistical uncertainty only
STAR Preliminary 

pT>0.2 GeV/c
|η|<1

• Transverse charged particle density slightly decreases with leading jet pT  
for jet pT >10 GeV/c in both 200 and 500GeV collisions 

• PYTHIA tunes over-predict data
10

200GeV
perugia 2012 

CTEQ6L1 PDF 
PARP(90)=0.213

500GeV perugia 0

PYTHIA tunes into GEANT:

p+p@500GeV: Year 2009 data
jet R = 0.6 Underlying event only weakly 

dependent on jet energy 

UE:  
Increasing with beam energy 
Slightly over predicted by PYTHIA
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Radial energy distribution in pp jets 

28
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STAR hardcore jet definition

“Hard Core” Selection 
High Tower trigger ET>5.4 GeV pTCut = 2 GeV/c 

Reduce background  
Reduce combinatorial jets 

Jet pTLead>20 GeV/c Jet pTSubLead>10 GeV/c 
Recover soft component: 

match to pTCut = 0.2 GeV/c Compared at detector level

29
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‘Hard Core’ Dijets

30

Geom. matching

Geom. matching

locate hard core dijets reconstruct matched dijets

pT,cut=0.2 GeV/c pT,cut=2 GeV/c 
pTLead>20 GeV/c  
pTSubLead>10 GeV/c 
|Δφ-π|<0.4

Au+Au w/o soft particles Au+Au w/soft particles
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Intra jet observables 

Dynamics of particles inside the jet 
Two scales: angular + momentum space

31
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Jet Substructure: soft drop zg

Large-angle soft radiation + background are removed 

Credit: Marta Verweij

Goal: to search for modification of hardest jet splitting

32

✓

Dasgupta, et al, JHEP09(2013)029

Larkoski, et al, JHEP05(2014)146
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What is zg Soft Drop

Large-angle soft radiation + background are removed 

Marta Verweij, QM17

Soft Drop condition:

Goal: to identify hard jet splitting

33
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Trigger Particle Normalization 

Ncoll no longer needed for comparison to pp

34

Ncoll: number of binary nucleon-nucleon collisions

In the case of no nuclear effect  

1

Nh,AA
trig

dNAA
jet

dpAA
T,jet

=
1

�AA!h+X

d�AA!h+jet+X

dpAA
T,jet

=
1

Nh,pp
trig

dNpp
jet

dpppT,jet

→ (
1

�pp!h+X

· d�
pp!h+jet+X

dppp
T,jet

)⇥N
coll

/N
coll

In p(d)A, various centrality biases depending on phase space selection 
Bias could also be in peripheral AA

Loizides, Morsch, PLB 773 (2017) 408
ALICE, PRC 91, 064905

ALICE, arXiv:1706.07612
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γ - jet

Background techniques: Mixed event; Off-axis cone

35

Uncorrelated vs correlated background 

Coming soon
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Reemergence of lost energy

36
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