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RHIC Run-16 (starts in 10 days):  
Au+Au @ 200 GeV  
d+Au beam energy scan

and then …

PHENIX
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IP8 as it was June 1997 
(will be even emptier)

+ +
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sPHENIX \es-ˈfē-niks\: A high-rate capable detector at RHIC IP8, built around 
the former BaBar 1.5 T superconducting solenoid, with full electromagnetic 
and hadronic calorimetry and precision tracking and vertexing, with a core 
physics program focused on light and heavy-flavor jets, direct photons, 
Upsilons and their correlations in p+p, p+A, and A+A to study the underlying 
dynamics of the QGP – physics delivered by 22 weeks of Au+Au, 10 weeks 
each of p+p and p+A (@ 200 GeV). 
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sPHENIX in one plot

How does the QGP evolve along with the parton shower? The Physics Case for sPHENIX
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Figure 1.18: Scale probed in the medium in [1/fm] via high energy partons as a function of the local
temperature in the medium. The red (black) curves are for different initial parton energies in the
RHIC (LHC) medium.
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initial hard scattered parton virtuality in units of 1/fm as a function of the local temperature of the QGP medium 

RHIC

LHC

full time evolution of pre-equilibrium 
dynamics, viscous hydrodynamics, and 
hadron cascade from M. Habich, J. Nagle, 
and P. Romatschke, EPJC, 75:15 (2015)

Vacuum virtuality evolution initially, with medium influence becoming 
significant as virtuality of parton shower and medium become comparable



BaBar Magnet

January 17, 2015
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Au+Au luminosity projections from BNL Collider-Accelerator Department 
(2.5x RHIC Run-14 in |z| < 10 cm vertex cut)

In nominal one-year Au+Au run, able to record 100 billion Au+Au minimum 
bias events within |z| < 10cm


With Au+Au rare triggers for physics that can be measured just with the 
calorimeters (i.e. wider z-vertex range), and can sample 0.6 trillion events.


PHENIX DAQ has been tested to 15 kHz – good match to these rates.8



The benefits of rate
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Hadronic calorimetry and triggering in p+p, p+Au
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Jet trigger (EMCal + HCal) fully simulated in GEANT4.  
Calorimeter electronics would enable fully digital trigger decisions. 
Quark Jets and Gluon Jets sampled with very high efficiency for ET > 10 GeV 
without strong bias. 
Trigger threshold enables rejection of 100-1000, needed for p+p, p+A
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Inclusive jet observablesJet performance in Au+Au collisions Physics Performance

4.4.3 Inclusive Jet Yield in Au+Au Collisions
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Figure 4.19: Effect of smearing the inclusive jet spectrum in Au+Au collisions. The jets found by
FASTJET are smeared by the jet resolution contributions from the detector and the underlying event
fluctuations. The unfolded spectrum from the Iterative Bayes method is shown and the ratio of the
unfolded to the true pT spectrum (lower panel).

The inclusive jet spectrum is the most important first measurement to assess the overall level of
jet quenching in RHIC collisions. The results shown in Figure 4.19 were obtained by the very fast
simulation approach described above. PYTHIA was used to generate events and the final state
particles were sent to FASTJET in order to reconstruct jets. The resulting jet energy spectrum was
smeared by the jet resolution determined for p+p collisions from GEANT4, and an additional
smearing by the underlying event fluctuations (determined from the full 0–10% central HIJING fast
simulation). Finally, an unfolding procedure was used to recover the truth spectrum. The ratio
shown at the bottom of the plot shows that the unfolding is very effective.

As an estimate of the uncertainties on a jet RAA measurement from one year of RHIC running, the
uncertainties from Figures 4.6 and 4.19 are propagated and shown in Figure 4.20. For ET < 50 GeV
the point to point uncertainties are very small. Also shown is an estimated systematic uncertainty
including the effects from unfolding. All points are shown projected at RAA = 1, and we show for
comparison the predicted jet RAA including radiative and collisional energy loss and broadening
from Ref. [102].

4.4.4 Dijets in Au+Au collisions

Fake jets contaminate dijet observables much less than they do the inclusive jet measurement. In
the case of inclusive jets, one is working with a sample of 1010 central Au+Au events in a typical
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Physics Performance Jet performance in Au+Au collisions
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Figure 4.20: Single inclusive jet RAA with R = 0.2 for Au+Au central events from the unfolding
of the p+p and Au+Au spectra with an estimated systematic uncertainty as a multiplicative factor
of approximately ± 10%. Also shown are the predictions from a calculation including radiation
and collisional energy loss and broadening [102] and another with and without cold nuclear matter
effects [60, 61, 62] (as discussed in Section 1.6).

RHIC year, so even if it is only a rare fluctuation in the background that will be reconstructed as a
real jet, there is a huge sample of events in which to look for such fluctuations.

The case of dijet correlations is very different. There are 106 clean trigger jets above ET = 30 GeV in
central Au+Au collisions in a RHIC year — detailed in Figure 1.49. This means there is a factor
of 104 fewer chances to find the rare background fluctuation that appears to be a true jet in the
opposite hemisphere. Also, the presence of a high energy jet, for which the fake rate is known to
be low, tags the presence of a hard process occurring in the event, and thus dramatically reduces
the probability of a jet in the opposite hemisphere being a fake. Because of these considerations,
one can go to much lower pT for the away side partner of a dijet pair. Studies presented here
include away side jets down to 5 GeV, and we have found that the fake jet rate remains small for
the associated jets, even at these low jet energies.

In order to address the sensitivity to modifications of the AJ distributions that might be expected
at RHIC here we compare PYTHIA simulations with those from PYQUEN [160] (a jet quenching
parton shower model with parameters tuned to RHIC data). All the PYQUEN events generated
are for central Au+Au events with b = 2 fm. Figure 4.21 shows the particle level (i.e truth) AJ
distributions and how they are reconstructed after being embedded in a central Au+Au event with
a parametrized detector smearing and segmentation applied. As described above, the full iterative
underlying event subtraction method is applied. The simulated measured distributions (middle
panel of Figure 4.21) show the effects of the smearing; and the distinction between the PYTHIA and
PYQUEN distributions remain large. An unfolding procedure can be applied to these embedded
distributions to regain the true distributions. However, as in the p+p case discussed in Section 4.3.2
this should involve a full two-dimensional unfolding. Applying the same “unfolding” applied to
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Stable unfolding to 
recover truth spectrum

Statistics based on 22 weeks 
Au+Au, 10 weeks p+p
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Large rates enable differential measurements
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Heavy quark jets
Heavy Quark Jets Physics Performance

larger than 1 mm are rejected. Such an approach will limit but not remove the high-S background
in light jets which still enters from, for example, decays of S± baryons which produce only a single
charged track associated with a neutral hadron and thus cannot be identified through an invariant
mass analysis.
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Figure 4.33: Performance of b-jet tagging algorithms for pT = 20 GeV jets based on requiring at least
one (black), two (red) or three (blue) tracks in the jet to have a 2-D DCA significance above some
minimum value. Purity vs. efficiency curves are generated by varying the minimum significance
DCA

For a given cut (specified by the Scut and the number of tracks required to have S > Scut), the
efficiency for light, charm and bottom jets is determined. Then, the purity P of b-jets is determined
following Equation 4.1, with the initial mixture of light, charm and bottom jets Nl , Nc and Nb at
pT = 20 GeV/c given by pQCD and FONLL calculations as is shown in Figures 1.49 and 1.40. The
performance is quantified by plotting the b-jet efficiency eb against the b-jet purity P, which vary
inversely with one another as the details of the cut are changed.

The performance of the Track Counting algorithm in p+p collisions is summarized in Figure 4.33,
showing the behavior of the algorithm requiring one, two or three tracks in the jet to all have
S > Scut as black, red and blue curves respectively. The figure shows, as a function of the efficiency
for b-jets passing the cut, the purity of b-jets within the set of all jets that pass the cut. The efficiency
vs. purity curves are generated by varying the value of Scut between 0 and 5. It is evident that less
stringent requirements (fewer tracks, smaller Scut requirement) result in a high efficiency but a low
purity. On the other hand, stricter requirements (more tracks, each of which has a large S > Scut )
result in a low efficiency but a high-purity.

The presence of high-DCA tails in light jets, either from hadrons originating from strange decays or
from hadrons originating from the primary vertex but with a badly reconstructed DCA, are the
limiting factors in this approach. As can be seen in Figure 4.32, examining only the highest-S track
will reach a point of diminishing returns, as even large values of Scut will still leave a background
of light jets. Thus, the black curve in Figure 4.33 saturates at a given maximum purity. Requiring
more tracks results in a higher maximum purity, since it is much rarer for a light jet to have two
tracks with a large S, but adversely affects the tagging efficiency. Two- or three-track algorithms
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Many algorithms for tagging heavy flavor jets –
 here, counting tracks with high DCA significance 

(i.e., don’t point back to primary vertex)
Heavy Quark Jets Physics Performance
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Figure 4.35: Performance of b-jet tagging algorithms for pT = 20 GeV jets based on requiring at least
two tracks in the jet to have a 2-D DCA significance above some minimum value. Curves of different
colors show the performance in the presence of different heavy ion backgrounds, while different
line styles correspond to different choices of the minimum track pT. Purity vs. efficiency curves are
generated by varying the minimum significance DCA

b = 4 fm and b = 8 fm, and the additional charged particles from the underlying event particles
were assumed to originate from the primary vertex but otherwise have the same DCA resolution as
determined in GEANT4 simulations in Figure 3.25. At fixed b-jet tagging efficiency, the b-jet purity
was found to be systematically worse in central HIJING events than in peripheral HIJING events,
and worse there than in the PYTHIA only events. In particular, the two-track cut with pT > 0.5 GeV
track was no longer found to give sufficiently good performance, necessitating the need to only
examine tracks with pT > 1 GeV (since the additional number of UE tracks is smaller) or to require
three tracks.

Figure 4.35 summarizes the performance for the two-track cuts, showing how the same cuts perform
in the p+p only case and after embedding into b = 4 fm and b = 8 fm HIJING events. Although the
performance of the algorithm with pT > 0.5 GeV tracks is very sensitive to the UE background, we
observe that even a mild track pT requirement of 1 GeV makes the algorithm much more resilient
against the effects of the UE. At the moment, this study focuses on the effects of the UE on the
tagging performance, and does not consider the additional effects of the larger jet energy resolution
introduced by the presence of UE fluctuations.

The studies detailed here have demonstrated that b-jet tagging through the identification of as-
sociated tracks with a large distance of closest approach with respect to the primary vertex can
reach a high b-jet purity while still maintaining good b-jet efficiency, and is a plausible approach
for b-jet tagging in sPHENIX. However, they have also demonstrated the need for high-efficiency,
precision tracking within sPHENIX to achieve reasonable b-jet tagging performance. These studies
have been performed at the “truth” hadron level using PYTHIA and HIJING events. However, they
incorporate a description of the DCA resolution (the main driver of the b-jet identification and light
jet rejection capability) as determined with full GEANT4 simulations of the tracking performance.
Future studies will be needed to determine the role of other detector effects, such as the degree
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Choose working point with  
good efficiency and purity

Low momentum cut on tracks 
works well for Au+Au case
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Fragmentation Function and Photon-Jet Observables Physics Performance

level distribution is unfolded to correct for these detector effects, resulting in an unfolded D(z)
distribution that is able to successfully recover the original truth-level D(z). Furthermore, the
statistical uncertainties used in the plot are chosen to correspond to that available in a 22 week
Au+Au run. This figure demonstrates the plausibility of measuring the fragmentation function
within sPHENIX.
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Figure 4.25: Modified fragmentation function D(z) in the medium [169] expressed as the ratio of the
modified D(z) to that assuming vacuum fragmentation. The different black curves show the results
of different assumptions for how much of the parton energy is retained in the jet cone, x, with the
original prediction corresponding to x = 1.0 shown as the lower blue curve. The projected statistical
uncertainties achievable for 22 weeks and 10 weeks of Au+Au and p+p data-taking are shown on top
of the curve at x = 0.85.

When combined with a reference measurement of the unquenched fragmentation function in p+p
collisions, sPHENIX will be able to make detailed measurements of the medium modifications
to the longitudinal structure of the jet. Figure 4.25 shows a calculation for the ratio of D(z) in
200 GeV Au+Au to p+p collisions [169], under different assumptions of how much of the total
parton energy is recovered in the jet cone. The red points in the figure show the projected statistical
uncertainty for a particular value of the ratio, corresponding to the first two years of sPHENIX
data-taking.

In addition to the per-jet fragmentation function, the photon capability in sPHENIX will allow
for the measurement of photon-tagged jets. Although lower in statistics than measurements of
inclusive jets, photon-jet events offer several crucial advantages. First, photon performance is
much less sensitive to the effects of the underlying event in Au+Au collisions (i.e. there are no
“fake” photons). Second, the resolution for high-pT photons, measured using only the EMCal, is
better than that for full jets, which include the resolution introduced by the HCal, resulting in more
modest corrections for detector effects. Third, photons provide an independent, well-calibrated
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Fragmentation functions and their modification
Armesto, Cunqueiro, Salgado, and Xiang. JHEP, 0802:048, 2008. 

Physics Performance Fragmentation Function and Photon-Jet Observables

4.6 Fragmentation Function and Photon-Jet Observables

Measurements that probe the redistribution of energy within the parton shower directly are an
important class of observables for understanding the underlying dynamics of jet quenching. This
redistribution may take place both along the parton direction, such as may be measured through the
modification of longitudinal fragmentation functions in Au+Au collisions, and transverse to the
parton direction. The capability of the sPHENIX detector and the high statistics provided by RHIC
will allow for measurements of the two-dimensional distribution of energy to be measured and
compared between p+p, p(d)+Au, and Au+Au collisions. Such measurements take advantage
of the fully calorimetric jet and photon observables in tandem with the measurement of charged
hadrons by the precision tracking capabilities.

Figure 4.24: Demonstration of the sPHENIX capabilities for measuring the inclusive jet fragmentation
function, D(z), for pT > 40 GeV/c jets. The original “truth” distribution is shown in red, while the
reconstructed level distribution is shown in the blue dashed line. The reconstructed level distribution
is corrected for detector effects to give the unfolded quantity shown in blue stars.

Figure 4.24 shows the results of a fast simulation of the sPHENIX measurement capabilities for
the inclusive jet fragmentation function for high-pT jets. This figure compares the truth-level
D(z) quantity with the measured, detector-level D(z) which incorporates the effects of a fast
parameterized detector response on the jet and hadron pT. Due to the finite momentum resolution
in both cases (and, in the case of the jet, the upfeeding from the underlying event fluctuations), the
reconstructed-level D(z) is generally shifted towards lower values at fixed z. The reconstructed

125

Reconstructed-level D(z) is generally shifted 
towards lower values at fixed z – successfully 
unfolded to recover truth input

sPHENIX enables precision measurement


Cannot be done otherwise at RHIC


Coupled with precision measure at LHC 
across different jet energies and different 

QGP couplings 14



Dijets in sPHENIX
Acceptance Physics-Driven Detector Requirements
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Figure 2.2: (Left) Pseudorapidity distribution of PYTHIA jets reconstructed with the FASTJET anti-kT
and R=0.2 for different transverse energy selections. (Right) The fraction of PYTHIA events where the
leading jet is accepted into a given pseudorapidity range where the opposite side jet is also within the
acceptance. Note that the current PHENIX acceptance of |h| < 0.35 corresponds to a fraction below
30%.
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Figure 2.3: Acceptance increase for various processes (as modeled using the PYTHIA event gener-
ator) for the proposed sPHENIX barrel detector compared with the current PHENIX central arm
spectrometers.

a pseudorapidity range has an away side jet with ET > 5 GeV accepted within the same coverage.
In order to efficiently capture the away side jet, the detector should cover |h| < 1, and in order to

56

RHIC kinematics: for trigger jet of >20 GeV, 80% 
probability partner jet is in |η| < 1 

 

high rate capability of sPHENIX will enable the recording of over 10 million dijet 
events with ET > 20 GeV, along with a correspondingly large γ+jet sample. 
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Di-jet sensitivity at RHIC energies

Theoretical calculations of jets at RHIC The Physics Case for sPHENIX
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Figure 1.33: JEWEL 2.0 parton shower Monte Carlo results for jet and hadron observables at RHIC
and the LHC using the publicly available code [68, 108]. See text for the detailed description of the
panels.
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Theoretical calculations of jets at RHIC The Physics Case for sPHENIX
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Figure 1.33: JEWEL 2.0 parton shower Monte Carlo results for jet and hadron observables at RHIC
and the LHC using the publicly available code [68, 108]. See text for the detailed description of the
panels.
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Simulations with JEWEL 2.0 
at RHIC and LHC

larger surface bias from 
the trigger jet and a bias 
for the away-side parton 
to be a gluon 
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RHIC LHC



Dai, Vitev, Zhang, PRL 110 (2013) 14, 142001 

“The steeper falling cross sections at 
RHIC energies lead not only to a 
narrower zJγ distribution in p+p 

collisions but also to larger 
broadening and shift in the <zJγ>. “

Direct photons and photon triggered jets
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Differential measurements of photon triggered jets

statistical uncertainties based on sPHENIX run plan
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sPHENIX physics requires an excellent tracker

• Mass resolution to distinguish Upsilon states (σM < 100 MeV/c2) 

• Excellent (dp/p ~ 0.2%p) momentum resolution to > 40 GeV/c for 
fragmentation functions 

• Precision DCA resolution (σDCA < 100 µm) for HF jet tagging 

• Must handle full Au+Au @ 200 GeV multiplicity and full RHIC luminosity 

• Best for all options to fully simulate their physics performance, and to 
engage experts to solidify an understanding of the technical, engineering 
and resources needed to realize them

19



Matrix of tracker technologies

Existing PHENIX pixel detector currently 
achieves 60 μm @ pT > 2 GeV/c DCA 
resolution (50 μm evt vertex; 30 μm pixel) –
 MAPS technology would improve this due 
to smaller pixels and less material.

20

Inner tracker Outer tracker
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Updated and more detailed simulation show good safety margin on electron-ID 
performance on top of the baseline design (as required to reach Upsilon program physics 
goal)

Baseline performance, 
design goals
• Sum all scintillator energy
• 1D SPACAL material with hits 

grouped into 2D SPACAL 
towers 

2D projective SPACAL
• Updated studies (Preliminary)
• Sum all hadron taking account 

of hadron ratio
• Full digitization (w/ Birk

corrections)
• Full tracking with silicon opt.
• Fully implemented 2D SPACAL 

(tower/support structure)

1D projective SPACAL

• Updated studies (Preliminary)

• Sum all hadron taking account of 
hadron ratio

• Full digitization (w/ Birk corrections)

• Full tracking with silicon opt.

• Ideally towering (no-tower boarder, 
no enclosure structure)

Reconstructed η and p Reconstructed η and p
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Upsilon mass resolution in p+p

Silicon strip outer tracker (reference design from proposal) and a 
modern compact TPC provide excellent separation of Upsilon states 
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Resolving the Upsilon states in Au+Au
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combinatorial background from 
misidentified charged pions (removed 
by like sign or mixed event 
subtraction) 

correlated charm and bottom di-
electron invariant mass distributions 
predicted by PYTHIA normalized to 
the PHENIX measured charm and 
bottom cross-sections in Au+Au 
collisions.



Upsilon measurement in Au+Au
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Upsilon measurement in Au+Au
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Figure 4.47: Estimate of the yields expected for the three U states as a function of pT from a 10 week
p+p run.
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Figure 4.48: Estimate of the statistical precision of a measurement of RAA versus pT for the U states
using sPHENIX, for the most central 0–10% of events. The left panel shows the result if there is no
suppression, the right panel shows the result assuming that the measured RAA is equal to the theory
results in [188]. The yields assume 100 billion recorded Au+Au events.
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Invariant mass [GeV]
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each track DCA > 100 µm, pair displaced vertex: 200 – 800 µm, pair direction angle < 1 (angle between D0 
momentum and the direction to displaced vertex)

pair pT = 3–4 GeV/c pair pT = 7–8 GeV/c

High pT D mesons

similar to CMS approach described by Yen-Jie Lee
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sPHENIX will complement LHC measurements
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add low pT reach 
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Jin  Huang <jihuang@bnl.gov>

! Calorimeter simulation also extends to forward under the same 
framework 

! fsPHENIX/EIC series of meetings:  
https://indico.bnl.gov/categoryDisplay.py?categId=93 

Collaboration Meeting 27

Forward calorimeters and towards EIC

30 GeV/c pion shower in forward EMCal + HCal

sPHENIX magnet end door

2015 revision of ePHENIX detector

https://indico.bnl.gov/categoryDisplay.py?categId=93
https://indico.bnl.gov/categoryDisplay.py?categId=93


Where do things stand?

• Successful DOE review of sPHENIX science case April 2015 – 
hopeful that DOE will make a positive “CD-0” decision soon 

• In any case, “pre-conceptual” activities underway   

• EMCal and HCal design, engineering and prototyping progressing 

• Inspection of BaBar magnet, planning for magnetic field tests 

• Engineering concept for installation and infrastructure well along 

• BNL-convened review of cost and schedule took place November 
9–10, 2015
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You need more than a detector …

Inaugural sPHENIX Collaboration meeting December 10–12, 2015 at Rutgers 
University — 90 participants (in person plus participating remotely), 60 institutions.
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You also need workshop like this one … many thanks to Ivan Vitev, Cesar da Silva, Zhongbo Kang, 
Chris Lee, Mike McCumber.
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