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Jets in hadronic 
collisions

jet
 re
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tru
ct
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≈
at leading 

order jet

• Most abundant, fundamental final-state QCD observable 
• Approximate relationship to hard parton-parton kinematics 
• Increased kinematic reach over single hadron measurements
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Jets in heavy ion collisions

• Standard tool in HEP, but challenging in heavy ion collisions due to 
large, fluctuating underlying event 
➡ in nuclear collisions at the LHC, technical challenges overcome 

(and rewards reaped) only after substantial effort 
➡ in this talk, progress in jets from PHENIX experiment at RHIC
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FIG. 10. Inclusive jet double-di↵erential cross section as a function of jet pT in di↵erent regions of |y| for jets identified
using the anti-kt algorithm with R = 0.6. For convenience, the cross sections are multiplied by the factors indicated in the
legend. The data are compared to NLO pQCD calculations using NLOJET++ to which non-perturbative corrections have
been applied. The theoretical and experimental uncertainties indicated are calculated as described in Fig. 9.

Phys. Rev. D86 
(2012) 014022jets in HEP

more and more sensitive to mesoscopic, fluid-scale excitations in the medium. At the same time,
the medium is populated with heavy quarkonia whose physical size and temperature sensitive
coupling to the medium provide precisely locatable probes of the medium in this space. At the
longest scales, one sees the well-established hydrodynamic behavior of the medium with minimal
specific shear viscosity, the so-called perfect liquid. The sPHENIX detector will be able to measure
jets, b-tagged jets, photons, charged hadrons and their correlations over a wide range of energies,
and it will also have mass resolution sufficient to separately distinguish the three states of the
Upsilon family. These capabilities will enable us to map out the dynamics of the QGP across this
space and address the fundamental questions posed above.

To pursue these physics questions we are proposing an upgrade consisting of a 1.5 T superconduct-
ing magnetic solenoid of inner radius 140 cm with silicon tracking, electromagnetic calorimetry,
and hadronic calorimetry providing uniform coverage for |h| < 1. The sPHENIX solenoid is an
existing magnet developed for the BaBar experiment at SLAC, and recently ownership of this key
component was officially transferred to BNL. An engineering drawing of the sPHENIX detector
and its incorporation into the PHENIX interaction region are shown in Figure 2.

Figure 2: An engineering drawing of sPHENIX, showing the superconducting solenoid containing
the electromagnetic calorimeter and surrounded by the hadronic calorimeter, with a model of the
associated support structure, as it would sit in the PHENIX IR.

The sPHENIX plan has been developed in conjunction with the official timeline from BNL manage-
ment. The expectation is for RHIC running through 2016, a shutdown in 2017, RHIC running for
the increased luminosity beam energy scan in 2018–2019, a shutdown in 2020, and RHIC running

iii

future of jets 
in HI at RHIC

see talk by  
R. Reed



Small (cold?) collision systems

• Basic way to characterize partonic structure of any hadronic 
collision system 
➡ modification of PDFs in nuclei 
➡ benchmark any initial state effects for jet quenching in A+A 
➡ search for hot “QGP”-like energy loss in central collisions
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PHENIX, PRL 111 (2013) 212301 
non-zero v2 for high-pT hadrons?
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FIG. 3: Charged hadron second-order anisotropy, v2, as
a function transverse momentum for (filled [blue] circles)
PHENIX and (open [black] squares) ATLAS [9]. Also shown
are hydrodynamic calculations from Bozek [14,31] (dotted
[blue] curve) and Bzdak et al. [32,39] for impact parameter
glasma initial conditions (solid curve) and the MC-Glauber
model initial conditions (dashed curve).

and with impact-parameter glasma [33] initial conditions
(note that these calculations are at a fixed Npart, not the
exact centrality range as in the data). These calculations
have very different assumptions about the initial geom-
etry and yet are all in qualitative agreement with the
data.

To further investigate the origin of this effect, we plot
in Fig. 4 the PHENIX results for both d+Au and Au+Au
scaled by the eccentricity (ε2), as calculated in a MC-
Glauber model, as a function of the charged-particle mul-
tiplicity at midrapidity. Due to the lack of available
multiplicity data for the d+Au centrality selection the
dNch/dη value is calculated from HIJING [27]. The 0%–
5% d+Au collisions at

√
s
NN

= 200 GeV have a dNch/dη
similar to those of midcentral p+Pb collisions at the
LHC, while the ε2 values for d+Au collisions are about
50% larger than those calculated for the midcentral p+Pb
collisions. The key observation is that the ratio v2/ε2 is
consistent between RHIC and the LHC, despite the factor
of 25 difference in collision center of mass energy. A con-
tinuation of this trend is seen by also comparing to v2/ε2
as measured in Au+Au [34–36] and Pb+Pb [37, 38] col-
lisions. The ε2 values calculated depend on the nucleon
representation used in the MC-Glauber model. In large
systems this uncertainty is small, but in small systems,
such as d+Au, this uncertainty becomes much more sig-
nificant. For illustration, ε2 has been calculated using
three different representations of the participating nucle-
ons, pointlike centers, Gaussians with σ = 0.4 fm, and
uniform disks with R = 1 fm for the PHENIX data. The
scaling feature is robust against these geometric varia-
tions, which leads to an approximately 30% difference in
the extracted ε2 in d+Au collisions (other models, e.g.
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FIG. 4: (color online) The eccentricity-scaled anisotropy,
v2/ε2, vs charged-particle multiplicity (dNch/dη) for d+A
and p+Pb collisions [8, 9]. Also shown are Au+Au
data at

√
s
NN

= 200 GeV [34–36] and Pb+Pb data at√
s
NN

= 2.76 TeV [37, 38]. The v2 are for similar pT se-
lections. The colored curves are for different nucleon repre-
sentations in the ε2 calculation in the MC-Glauber model.
The errors shown are statistical only and only shown on the
d+Au point with the point-like centers ε2 for clarity. Owing
to the lack of available multiplicity data in p+Pb and d+Au
collisions the dNch/dη values for those systems are calculated
from hijing [27]. All dNch/dη values are in the center of mass
system.

Ref. [32], could produce larger variations).
In summary, a two-particle anisotropy at midra-

pidity in the 5% most central d+Au collisions at√
s
NN

= 200 GeV is observed. The excess yield in cen-
tral compared to peripheral events is well described by
a quadrupole shape. The signal is qualitatively similar,
but with a significantly larger amplitude than that ob-
served in long-range correlations in p+Pb collisions at
much higher energies. While our acceptance does not al-
low us to exclude the possibility of centrality dependent
modifications to the jet correlations, the subtraction of
the peripheral jetlike correlations has been checked both
by varying the ∆η cuts and exploiting the charge sign
dependence of jet-induced correlations. The observed re-
sults are in agreement with a hydrodynamic calculation
for d+Au collisions at

√
s
NN

= 200 GeV.
We find that scaling the results from RHIC and the

LHC by the initial second-order participant eccentricity
from a MC-Glauber model [14] may bring the results to a
common trend as a function of dNch/dη. This may sug-
gest that the phenomena observed here are sensitive to
the initial state geometry and that the same underlying
mechanism may be responsible in both p+Pb collisions
at the LHC and d+Au collisions at RHIC. It may also
imply a relationship to the hydrodynamical understand-
ing of v2 in heavy ion collisions. The observation of v2 at
both RHIC and the LHC provides important new infor-
mation. Models intended to describe the data must be
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in quark-
gluon plasma

?

Large (hot?) collision systems
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• Parton shower develops in evolving QGP medium 
➡ internally-generated, multi-scale probe of QGP properties 
➡ jets are high-level physics objects: can examine how 

rates, structure, correlations, etc. are modified 
➡ key component of future “sPHENIX” program at RHIC
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detector

• Electromagnetic calorimeters with ≈18λ (PbSc) or ≈14λ (PbGl) 
• Drift & pad chambers for measuring charged-particle tracks 

➡ both subsystems cover |η| < 0.35, with two Δɸ = π/2 Arms 
• Beam-beam counters (2.1 < η < 3.8) provide MB event 

definition and centrality classification 
• Online hardware-based trigger on energy deposit in EMCal
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Analysis overview
• Jets in modest-aperture detector w/o hadronic calorimeter   

➡ non-trivial experimental challenges ( and opportunity! ) 
• Cluster EMCal energy deposits + charged-particle tracks 

➡ jet core required to be away from detector edge 
➡ strict run-level, particle-level, jet-level QA                              

to ensure good measurement of jet energy 
• GEANT simulation of detector response &                    

embedding into minimum-bias heavy ion events 
• Capture ≈0.65-0.70 of jet momentum on average 

➡ 25%“resolution” from fluctuations in                                  
(mostly unmeasured) neutral hadronic component  

➡ correct spectra for detector effects with unfolding procedure
7

ɣ

h±

h0



Jet results from PHENIX
• Two new results shown at Quark Matter 2015 

• d+Au and p+p jet spectra (2008 data) 

➡ nucl-ex/1509.04657, submitted to PRL 

➡ R=0.3 anti-kt algorithm, establish pQCD baseline 

• Cu+Au and p+p jet spectra (2012 data) 

➡ Preliminary measurement, R=0.2 anti-kt      
algorithm due to demands of HI environment 

➡ first look at inclusive suppression of full jets

d Au

AuCu

8



p+p collisions



Jet spectra in p+p collisions

• p+p spectra: compare favorably with NLO pQCD calculation 
➡ validates jet reconstruction & correction procedure 10
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d+Au collisions



Centrality in d+Au 
collisions

• Total charge Q in Au-going beam-beam counter (-3.8 < η < -2.1) 
used to characterize centrality 

• Glauber Monte Carlo simulation of d+Au collisions + model dN/dQ 
distribution as scaling with Ncoll

 

➡ estimate nuclear overlap factor TdAu for classes of d+Au collisions 

➡ previously successful with hard and soft observables
12

CHAPTER 6. DIRECT JET RECONSTRUCTION IN D+AU COLLISIONS 167

Figure 6.15: Distribution of Ncoll values in the di↵erent centrality selections according to the

Glauber model, from [242].

BBC fires on this fraction of the inelastic d+Au cross-section). Thus, the data is partioned into

four centrality categories consisting of the highest-20/88ths of the data, called “0-20%”, and all the

way down to the lowest-28/88ths of the data, called “60-88%”. Then, the mean Ncoll and Npart are

taken from the corresponding selection in the Glauber distribution. The distribution of Ncoll values

in each centrality bin is shown in Figure 6.15.

The final systematic uncertainties on the mean Ncoll (and other geometric quantities) are derived

from a number of sources, including variations in the Glauber MC parameters as well as repeating

the fit procedure with the mean BBC Charge parameterized in terms of Npart instead of Ncoll.

The mean number of binary collisions in each centrality category are given by

Ncoll = 15.061 ± 1.013 for 0-20% collisions

Ncoll = 10.248 ± 0.704 for 20-40% collisions

Ncoll = 6.579 ± 0.444 for 40-60% collisions

Ncoll = 3.198 ± 0.193 for 60-88% collisions
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nucleus, we use the Woods-Saxon density distribution:

ρ(r) =
ρ0

1 + e
r−R

a

, (3)

with radius R = 6.38 fm and diffuseness parameter
a = 0.54 fm. We utilize a nucleon-nucleon inelastic cross
section of 42 mb. Variation of these values and the inclu-
sion of a hard-core repulsive potential are utilized in the
determination of systematic uncertainties described later.
On an event-by-event basis, the nucleon positions are de-
termined at random (weighted with the respective proba-
bility distributions), an impact parameter is selected, and
the nucleon-nucleon collisions are calculated. A nucleon-
nucleon collision occurs if the distance between two nu-
cleons is less than

√

σNN/π. A single d+Au event is
shown in Fig. 2, where both nucleons from the deuteron,
shown as red circles, have inelastic collisions and the nu-
cleons from the gold nucleus, shown as green circles, with
at least one inelastic collision are highlighted. Once the
participating nucleons are determined in a given event,
one has full information on the number of participating
nucleons, the number of binary collisions, and the spatial
position and overlap of all participating nucleons.
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FIG. 2: MC-Glauber event display for a single d+Au collision.
All nucleons are shown as open circles and nucleons with at
least one inelastic collision are highlighted as filled circles.

To relate these MC-Glauber quantities to geometric
parameters, they must be mapped to an experimental
observable. The PHENIX experiment has used as the
experimental observable the charge measured in the BBC
in the Au-going direction covering pseudorapidity -3.9
< η < -3.0. The minimum-bias (MB) trigger requirement
is the coincidence of one or more hits in both the BBC
in the Au-going direction and in the BBC in the d-going
direction. The experimental distribution of the BBC Au-

going charge corresponding to this MB trigger sample is
shown as open circles in the upper panel of Fig. 3.
At this point we make the hypothesis that the BBC

Au-going charge is proportional to the number of binary
collisions in an individual d+Au collision, with fluctua-
tions in the contribution from each binary collision de-
scribed by the NBD, which is parametrized by the mean
µ and a positive exponent κ:

NBD(x;µ,κ) =
(

1 +
µ

κ

) (κ+ x− 1)!

x!(κ− 1)!

(

µ

µ+ κ

)x

. (4)

NBD distributions have been utilized for fitting par-
ticle multiplicities, see for example Refs. [15, 16], in
part due to the fact that randomly sampling from n
NBD(µ,κ) distributions results in an NBD distribution
with NBD(nµ, nκ). The fluctuations contained in the
NBD relate both to the variation in the number and
distribution of particles produced, and also to fluctua-
tions in the number of particles resulting in charge in the
BBC detector. One then folds the Glauber distribution
of the number of binary collisions (Gl(n)), normalized
per event, with the NBD response using

P (x) =

Nbinary(max)
∑

n=1

Gl(n)×NBD(x;nµ, nκ), (5)

where x is the BBC charge.
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FIG. 3: (upper) Real data d+Au BBC Au-going direc-
tion charge distribution are shown as open points and
Glauber+NBD calculation as a histogram. Shown as differ-
ent color regions are the centrality selections of 0%–5%, 5-
10%, 10%–20%, 20%–30%, 30%–40%, 40%–50%, 50%–60%,
60%–70%, and 70%–88%. (lower) The ratio of real data to
Glauber+NBD calculation. The line is a fit to the experimen-
tal trigger efficiency turn-on curve.

The two NBD parameters µ and κ are fit to the exper-
imental distribution for BBC charge greater than 20. At
low BBC charge there will be an expected deviation be-
tween the calculation and data due to the inefficiency of

PRC 90 (2014) 034902 



Jet yields in d+Au

• d+Au per-event yields: first publication of jet 
production in asymmetric systems at RHIC 
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• In centrality-integrated collisions, RdAu = 1 
compares favorably to global nuclear PDF analyses 
(EPS09) within uncertainties 
within an initial state E-loss calculations, favors only 
small parton ↔ nuclear material momentum transfer

Minimum bias jet rate
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d+Au yield

p+p cross- 
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• In centrality-integrated collisions, RdAu = 1 
➡ compares favorably to global nuclear PDF analyses 

(EPS09) within uncertainties 
within an initial state E-loss calculations, favors only 
small parton ↔ nuclear material momentum transfer
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• In centrality-integrated collisions, RdAu = 1 
➡ compares favorably to global nuclear PDF analyses 

(EPS09) within uncertainties 
➡ within an initial state E-loss calculations, favors only 

small parton ↔ nuclear material momentum transfer
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• Occam’s Razor: unlikely to be a coincidence between two 
unrelated suppression/enhancement effects 

• Idea: jet production unmodified, but multiplicity in Au-
going direction is modified in jet events 
➡ e.g. jet events merely re-rearranged in centrality, so 

minimum-bias RdAu = 1 by construction
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Reconciling these pictures?



Centrality w/ hard processes

• Could this be a bias or auto-correlation between the centrality 
signal and the presence of a hard scattering? 
➡ separate PHENIX publication to address exactly this point 

with p+p data and d+Au simulation 
• Conclusion: there is a small bias which, when corrected for, 

magnifies the results, even for very high-pT processes 23
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TABLE IV: Mean bias-factor corrections as a function of pT for each centrality as calculated with hijing, and comparison with
reference Glauber+NBD values.

hijing hijing hijing hijing

Centrality Glauber+NBD 1 ≤ pT < 5 5 ≤ pT < 10 10 ≤ pT < 15 15 ≤ pT < 20

0%–20% 0.94± 0.01 0.951 ± 0.001 0.962 ± 0.001 1.000 ± 0.005 1.038 ± 0.020

20%–40% 1.00± 0.01 0.996 ± 0.001 1.008 ± 0.001 1.010 ± 0.006 0.996 ± 0.021

40%–60% 1.03± 0.02 1.010 ± 0.001 1.022 ± 0.001 1.019 ± 0.007 1.005 ± 0.025

60%–88% 1.03± 0.06 1.030 ± 0.001 1.026 ± 0.001 0.999 ± 0.008 0.991 ± 0.030
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FIG. 12: Bias-factor corrections as a function of pT for hijing
d+Au events at

√
s
NN

= 200 GeV.

nearly 100% efficiency. Thus, we divide the p+Pb events
into five centrality categories 0%–20%, 20%–40%, 40%–
60%, 60%–80%, and 80%–100%. The bias-factor cor-
rections thus are expected to only include the central-
ity migration effect and no effect from the trigger auto-
correlation bias. The resulting bias-factor corrections as
a function of pT are shown in Fig. 14. The hijing calcu-
lations indicate very large correction factors in the most
peripheral selection and with a substantial pT depen-
dence, particularly over the range 1 < pT < 10 GeV/c.
This means that the hijing “measured” yield at pT =
5 GeV/c would be more than a factor of two lower than
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FIG. 13: The ratio of the mean multiplicity at −4.9 < η <
−3.1 in triggered events with a particle with a given pT pro-
duced at midrapidity to all inelastic p+p collisions from hi-

jing at
√
s
NN

= 5.02 TeV. The dashed line corresponds to
the inclusive mean multiplicity ratio.

the truth value.

C. hijing Discussion

The bias factors extracted from hijing in p+Pb col-
lisions at

√
s
NN

= 5.02 TeV are an order of magnitude
larger than those in d+Au collisions at

√
s
NN

= 200 GeV.
When comparing the p+Pb and d+Au results, it should
be noted that in the most peripheral class, the d+Au case
only extends down to 88% due to the trigger efficiency
and part of the centrality migration bias is canceled by
the trigger bias. Figure 15 compares the hijing p+p
multiplicity distribution in the backward acceptance for
different selections on the pT of a midrapidity particle.
One observes only a modest dependence on the pT of
the midrapidity particle for RHIC energies, and a large
dependence for LHC energies. This auto-correlation di-
rectly translates into the large calculated bias-factor cor-
rections.
The hijing results follow the same trends previously
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FIG. 10: (a) Shown as a dashed blue line is the mean BBC charge on one side for inclusive p+p interactions, corresponding
to σinelastic = 42 mb. The systematic uncertainty is shown as a band. Shown as a dashed black line is the mean BBC charge
on one side when a midrapidity charged hadron with pT > 1.5 GeV/c is in coincidence. The red points are the mean BBC
charge when there is a π0 measured with a pT as indicated by the x-axis. (b) The same quantities as before, but for the
fraction of interactions that fire the BBC coincidence trigger. The bias-factor corrections were originally calculated in 2003
with inputs that the BBC trigger fires on 52±4% of inclusive inelastic p+p interactions corresponding to 42 mb and 75±3% of
inelastic p+p interactions with a charged hadron of pT > 1.5 GeV/c. For the 2008 analysis, the BBC thresholds were adjusted
and the most accurate determination indicates that the BBC trigger fires on 55 ± 5% of inclusive inelastic p+p interactions
corresponding to 42 mb and 79± 2% of inelastic p+p interactions with a charged hadron of pT > 1.5 GeV/c, as shown above.
The π0 points shown above are from data taken with these thresholds adjusted. These differences result in negligible changes
to the bias-factor correction values used.

A. Centrality Bias-Factor Corrections for d+Au at√
s
NN

= 200 GeV

Prior to carrying out the bias-factor study, we need to
define a set of selection cuts to make a close compari-
son with the experimental results. First, we model the
PHENIX BBC response and trigger selection by examin-
ing the number of particles within the same pseudorapid-
ity acceptance 3.0 < |η| < 3.9. A full geant simulation
of the BBC response on hijing events is computationally
prohibitive, because we examine tens of billions of hijing
events to study the pT dependence of the bias-factor cor-
rections.
The PHENIX MB trigger is modeled requiring at least

one particle in each of the BBC regions. We find that
for p+p collisions at

√
s
NN

= 200 GeV, the percentage of
hijing events satisfying the PHENIXMB trigger require-
ment is 48% compared with the experimentally measured
value of 52 ± 4%. For hijing simulated d+Au collisions,
the trigger requirement is met by 83% of events compared

with the previously quoted value of 88 ± 4%. For d+Au
collisions, we divide the simulated hijing BBC multi-
plicity distribution into centrality selections following the
same procedure used on experimental data. In the hijing
case, we can examine the centrality selected events for the
true number of binary collisions. The mean and root-
mean-square (RMS) ⟨Ncoll⟩ values from hijing are given
in Table III. These values are in reasonable agreement
with those given earlier as determined from experimen-
tal data and the Glauber+NBD fit. The slight difference
in the 60%–88% category is potentially due to the differ-
ences in trigger efficiencies previously noted. The RMS
values are somewhat smaller from hijing, which may be
due to the lack of a complete simulation of the BBC de-
tector response.

In hijing the requirement of a midrapidity (i.e. |η| <
0.35) particle with pT > 1 GeV/c in p+p collisions in-
creases the BBC multiplicity by a factor of 1.62 (com-
pared with 1.55 as measured with experimental data) and
increases the probability to satisfy the BBC-MB trigger

PRC 90 (2014) 034902 



• Physics bias affects the centrality signals for high-pT 
jet events 
➡ not a trivial bias which arises “just” from a feature 

of p+p collisions 
➡ somehow the presence of the nucleus is 

important…
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Reconciling these pictures?



Connection to hadron physics?
• One idea: this is a consequence of proton color 

fluctuations at collider energies 

➡ nucleon configurations with a high-x parton (≳0.1) 
are different than “typical” configurations 

➡ interact more weakly than average, fewer other 
partons, smaller transverse size, etc. 

➡ see M. Strikman, DVP, et al. hep-ex/1409.7381, 
accepted by PRC RC 

• Related to: hadronic cross-section fluctuations, point-
like configurations, color transparency, etc.

25



“Shrinking proton” picture

• Geometric interpretation: as these compact configurations 
traverse the large nucleus, they strike fewer nucleons 
➡ so peripheral RdAu > 1, central RdAu < 1 

• Large nucleus acts as a filter on the transverse nucleon size 
➡ larger deuteron-x (nuclear-x irrelevant) ➡ more compact 

configurations ➡ larger deviations from RdAu = 1 

See also Bzdak et al. hep-ph/1408.3156, Armesto et al. PLB 747 (2015) 441 26

“typical” 
nucleon

“compact” 
nucleon



Analogous LHC results

• Same modification pattern, in the same Bjorken-x range 
• Modifications to the RpPb / RCP shown to scale only with 

proton-x and not depend on nuclear-x
27

-1+Pb data, 27.8 nbp2013 

0-10% / 60-90%

 = 5.02 TeVNNs=0.4, R, tkanti-
ATLAS

+3.6 < y* < +4.4
+2.8 < y* < +3.6
+2.1 < y* < +2.8
+1.2 < y* < +2.1
+0.8 < y* < +1.2

+0.3 < y* < +0.8
-0.3 < y* < +0.3
-0.8 < y* < -0.3
-1.2 < y* < -0.8
-2.1 < y* < -1.2

1.4

1.0

0.4

C
P

R
40 100 1000 40 100 1000

 cosh(<y*>) [GeV]× 
T
p

-1+Pb data, 27.8 nbp2013 

0-10% / 60-90%

 = 5.02 TeVNNs=0.4, R, tkanti-
ATLAS

+3.6 < y* < +4.4
+2.8 < y* < +3.6
+2.1 < y* < +2.8
+1.2 < y* < +2.1
+0.8 < y* < +1.2

+0.3 < y* < +0.8
-0.3 < y* < +0.3
-0.8 < y* < -0.3
-1.2 < y* < -0.8
-2.1 < y* < -1.2

1.4

1.0

0.4

C
P

R

40 100 1000 40 100 1000
 cosh(<y*>) [GeV]× 

T
p

 [GeV]
T

p

pP
b

 R +2.1 < y* < +2.8

 [GeV]
T

p

pP
b

 R +0.8 < y* < +1.2

 [GeV]
T

p

pP
b

 R -0.3 < y* < +0.3

ATLAS

 [GeV]
T

p

pP
b

 R -1.2 < y* < -0.8

-1+Pb data, 27.8 nbp2013 
-1 data, 4.0 pbpp2013 

 [GeV]
T

p

pP
b

 R +1.2 < y* < +2.1

 [GeV]
T

p

pP
b

 R +0.3 < y* < +0.8

 [GeV]
T

p

pP
b

 R -0.8 < y* < -0.3

0-10%
20-30%
60-90%

 [GeV]
T

p

pP
b

 R -2.1 < y* < -1.2

 = 5.02 TeVNNs
=0.4R, tkanti-

1.6

1.0

0.4

1.6

1.0

0.4

1.6

1.0

0.4

1.6

1.0

0.4

Pb
p

R

40 100 1000 40 100 1000
 [GeV]

T
p

 [GeV]
T

p

pP
b

 R +2.1 < y* < +2.8

 [GeV]
T

p

pP
b

 R +0.8 < y* < +1.2

 [GeV]
T

p

pP
b

 R -0.3 < y* < +0.3

ATLAS

 [GeV]
T

p

pP
b

 R -1.2 < y* < -0.8

-1+Pb data, 27.8 nbp2013 
-1 data, 4.0 pbpp2013 

 [GeV]
T

p

pP
b

 R +1.2 < y* < +2.1

 [GeV]
T

p

pP
b

 R +0.3 < y* < +0.8

 [GeV]
T

p

pP
b

 R -0.8 < y* < -0.3

0-10%
20-30%
60-90%

 [GeV]
T

p

pP
b

 R -2.1 < y* < -1.2

 = 5.02 TeVNNs
=0.4R, tkanti-

1.6

1.0

0.4

1.6

1.0

0.4

1.6

1.0

0.4

1.6

1.0

0.4

Pb
p

R

40 100 1000 40 100 1000
 [GeV]

T
p

 [GeV]
T

p

pP
b

 R +2.1 < y* < +2.8

 [GeV]
T

p

pP
b

 R +0.8 < y* < +1.2

 [GeV]
T

p

pP
b

 R -0.3 < y* < +0.3

ATLAS

 [GeV]
T

p

pP
b

 R -1.2 < y* < -0.8

-1+Pb data, 27.8 nbp2013 
-1 data, 4.0 pbpp2013 

 [GeV]
T

p

pP
b

 R +1.2 < y* < +2.1

 [GeV]
T

p

pP
b

 R +0.3 < y* < +0.8

 [GeV]
T

p

pP
b

 R -0.8 < y* < -0.3

0-10%
20-30%
60-90%

 [GeV]
T

p

pP
b

 R -2.1 < y* < -1.2

 = 5.02 TeVNNs
=0.4R, tkanti-

1.6

1.0

0.4

1.6

1.0

0.4

1.6

1.0

0.4

1.6

1.0

0.4

Pb
p

R

40 100 1000 40 100 1000
 [GeV]

T
p

 [GeV]
T

p
pP

b
 R +2.1 < y* < +2.8

 [GeV]
T

p

pP
b

 R +0.8 < y* < +1.2

 [GeV]
T

p

pP
b

 R -0.3 < y* < +0.3

ATLAS

 [GeV]
T

p

pP
b

 R -1.2 < y* < -0.8

-1+Pb data, 27.8 nbp2013 
-1 data, 4.0 pbpp2013 

 [GeV]
T

p

pP
b

 R +1.2 < y* < +2.1

 [GeV]
T

p

pP
b

 R +0.3 < y* < +0.8

 [GeV]
T

p

pP
b

 R -0.8 < y* < -0.3

0-10%
20-30%
60-90%

 [GeV]
T

p

pP
b

 R -2.1 < y* < -1.2

 = 5.02 TeVNNs
=0.4R, tkanti-

1.6

1.0

0.4

1.6

1.0

0.4

1.6

1.0

0.4

1.6

1.0

0.4

Pb
p

R

40 100 1000 40 100 1000
 [GeV]

T
p

PLB 748 (2015) 392



beamE / jet
T

p = x

C
P

R

0

0.2

0.4

0.6

0.8

1

1.2

0.02 0.05 0.1 0.2 0.3 0.5

| < 0.3η+Au 0-20%/60-88%, |d
PHENIX nucl-ex/1509.04657

+Pb 0-10%/60-90%, |y*| < 0.3p
ATLAS PLB 748 (2015) 392

➡ Same (universal) hadron physics at RHIC and the LHC?



New angle on previous data?

• Strong centrality dependence in forward hadron and di-
hadron production in d+Au 
➡ even though <b> does not change so much  
➡ attributed by many to low nuclear-x effects (CGC?), but 

kinematic region also associated with large deuteron-x 
• My two cents: there’s an overall suppression, but most of 

the centrality “dependence” is from large xd, not small xAu
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Figure 2.24: PHENIX experiment measurement of the central-to-peripheral nuclear modification

factor of charged hadrons in d+Au collisions, from [120].

suppression[152]. The PHENIX experiment confirmed this suppression[120], shown in Figure 2.24,

but also showed an surprising small enhancement at backward rapidity, qualitatively consistent

with antishadowing in the large nuclear-x region. However, more detailed treatments revealted

that the RdAu could potentially be sensitive to other e↵ects not necessarily related to the change

in partonic structure. In fact, the data could also be sensibly explained as the result of energy

loss[153], nuclear enhanced power corrections to the structure functions (shadowing)[154] and even

as the breakdown of QCD factorization for high-x partons (in this case, the high x in the deuteron,

since the nuclear x is very small for very forward production)[155].

In addition to the suppression of single particles in the very forward direction, di-hadron corre-

lations are thought to be a potentially more sensitive probe of saturation e↵ects, since measuring

the pT and y of both partons (or, in this case, high-pT fragments from the original parton) bet-

ter reconstructs the original nuclear x (see Equation 2.57). PHENIX has measured the back to

back correlation of hadrons at mid-mid, mid-forward and forward-forward rapitidies[156]. As seen

29



Cu+Au collisions



Jet spectra in p+p and Cu+Au

• For preliminary results, arbitrary normalization, but p+p-to-Cu
+Au normalization is fixed!

• Expanded systematics for low-pT jets in most central events 31

 (GeV/c)Tp
10 15 20 25 30 35 40

Pe
r-e

ve
nt

 y
ie

ld
 (a

rb
ita

ry
 n

or
m

al
iz

at
io

n)

-1010

-910

-810

-710

-610

-510

-410

-310

-210

-110

1
0-20%
20-40%
40-60%
60-90%
p+p

, R = 0.2 jettk = 200 GeV, anti-NNsCu+Au, 

13&
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Jet'yields'



• Differential, centrality-dependent suppression of Ncoll-
scaled yield 
➡ peripheral events just consistent with RAA = 1 
➡ factor of 2 suppression in central events"

• Interestingly, flat with pT 32

17&

Jet'suppression:'RAA'vs.'pT'

•  For&central&collisions,&jets&are&suppressed&by&approximately&a&factor&
of&two&
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Jet suppression in Cu+Au
RAA = dN/dpT             
/ TAA ⨉ dσ/dpT 
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Jet suppression in Cu+Au vs. Npart

• Another look at the Npart-dependence of suppression 
• No pT dependence within sensitivity over this kinematic 

range 33
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• Cu+Au system is relatively novel, more calculations 
welcome 
➡ quantitatively in line with state-of-the-art jet 

quenching calculations 34
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Calculations done by Ivan Vitev
Small CNM, g=2.0
Small CNM, g=2.2
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First comparisons to theory

Using SCETG 
calculation in 
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Summary
• Progress on jet measurements in small and large systems 

with PHENIX detector 
➡ good guidance for future heavy ion jet program at RHIC 

• Jet rate in p+p and minimum bias d+Au collisions 
establish pQCD / nPDF baseline 
➡ limits on initial state energy loss in new regime 

• Surprising, unexpected centrality dependence 
➡ one possibility: are we sensitive to the fact that high-x 

nucleons are “smaller” than average? 
• Preliminary measurement of a centrality-dependent 

suppression of narrow-cone jets in Cu+Au collisions
35


