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sPHENIX in a nutshell

The sPHENIX experiment at Brookhaven is a second-generation 
RHIC experiment designed to measure jets and the upsilon 
states in heavy ion collisions in order to characterize the 
transport coefficients of the quark-gluon plasma

• 2012 Initial proposal
• 2015 BaBar magnet acquired from SLAC
• 2016 CD-0 (mission need), begin PHENIX removal
• 2018 CD-1/3a (begin final design, place long lead time procurements)
• 2019 PD-2/3 (begin construction‒in process, review  complete), complete PHENIX 

removal
• 2021-2022 Planned installation
• 2023 Planned first RHIC run of sPHENIX
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sPHENIX detector concepts

• High rate data acquisition (record 15 kHz)
• 100 MeV/c2 mass resolution on the ϒ states

• 1.4T superconducting magnet
• High resolution tracking system (TPC+silicon vertex detectors)

• Uniform electromagnetic and hadronic calorimetry covering 0<𝜑<2π and |𝜂|<1
• Electron triggering for ϒ→e+e-

• Silicon vertex detectors for heavy flavor tagging
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Why continue at RHIC?

• Increased coupling to the medium near Tc ⇔ stronger dijet suppression at 
RHIC
• For example, Z-B Kang, J Reiten, I Vitev, B Yoon, “Light and heavy flavor dijet production 

and dijet mass modification in heavy ion collisions”, Phys. Rev. D99 034006 (2019), but 
there are many other examples
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diagonal p1T ¼ p2T . This is simply because the cross
sections at RHIC energies fall much faster as functions
of jet transverse momenta due to limited phase space, and
thus jet quenching effects get amplified [65–69].
If such two-dimensional nuclear modification ratios

could be measured in detail, they would provide the most
information and insight into jet quenching and heavy flavor
dynamics in the medium. However, the statistics necessary
to perform such measurements make this, at present, quite
difficult. In practice, one usually integrates out one of the
differential variables and, thus, achieves a one-dimensional
nuclear modification ratio. In this respect, the conventional
dijet momentum imbalance zJ and asymmetry AJ distri-
butions have been extensively studied in the literature. The
medium modification on these traditional distributions
emphasize the difference in the quenching of the dijet
production, which has been observed to be relatively small.
We will present such studies toward the end of this section.
Here instead, we present the nuclear modification for

another observable, the dijet invariant mass distribution,
defined as follows:

R AAðm12; jb⊥jÞ ¼
1

hNbini
dσAAðjb⊥jÞ=dm12

dσpp=dm12

: ð13Þ

Again, the impact parameter jb⊥j indicates the centrality
class for the A þ A collisions. The numerator and denom-
inator are the dijet mass distribution in A þ A and p þ p
collisions, respectively. They are computed through the
double differential cross sections dσ=d1Tdp2T as in
Eqs. (11) and (6), respectively. In Eqs. (6) and (11),
one can immediately see the advantage of such an
observable. First, being only differential in the dijet
invariant mass m12, it is a one-dimensional observable;
hence one should have enough statistics to perform these
measurements experimentally. Second, since the dijet

invariant mass is proportional to the product of the dijet
transverse momenta, as can be clearly seen in Eq. (5), the
dijet mass distribution incorporates the medium modifi-
cation of the dσ=d1Tdp2T in an amplified way, as
emphasized in Sec. III A. In other words, compared to
the traditional momentum asymmetry observables, the
dijet mass distribution combines rather than subtracts
the medium modifications of the two jets. Naturally, one
would expect the medium modification of dijet mass
distributions to be greatly enhanced and thus to be more
sensitive to the properties of the medium.
In Fig. 12, we plot the nuclear modification factor R AA

as a function of dijet invariant mass m12 for inclusive (left)
and b-tagged (right) dijet production in Pb þ Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV at the LHC. For inclusive dijet
production, the band corresponds to a range of coupling
strengths between the jet and the medium: gmed ¼ 1.8–2.0.
On the other hand, for b-tagged dijet production, we fix
gmed ¼ 1.8, and the band corresponds to a range of masses
of the propagating system between mb and 2mb, imple-
mented as detailed in [11]. We make transverse momentum
cuts requiring both leading and subleading jets to have
pL;S
T > 30 GeV. This is why we have a lower limit on the

dijet invariant mass m12 ≳ 100 GeV in these plots. As one
can clearly see from the figures, being an amplifying effect,
R AA can be as small as 0.1, i.e., suppressed by a factor of 10
in the lower end of the invariant massm12 ∼ 100 GeV. This
is a dramatic suppression, much stronger than the sup-
pression for single inclusive jet production, around a factor
of 2 [60]. As one increases the invariant mass m12, the
suppression gets smaller, but it is still around a factor of 2 or
more even at m12 ∼ 500 GeV. The suppression for b-
tagged dijet production is smaller than that of inclusive
dijets at smaller dijet mass m12 ∼ 100 GeV and becomes
similar to inclusive dijet production as m12 increases. This
is to be expected, as heavy quark mass effects on jet
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FIG. 12. Nuclear modification factor R AA is plotted as a function of dijet invariant mass m12 for inclusive (left) and b-tagged (right)
dijet production in Pb þ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV at the LHC. Left: The band corresponds to a range of coupling strength
between the jet and the medium: gmed ¼ 1.8–2.0, respectively. Right: We fix gmed ¼ 1.8, and the band corresponds to a range of masses
of the propagating system between mb and 2mb.

LIGHT AND HEAVY FLAVOR DIJET PRODUCTION AND … PHYS. REV. D 99, 034006 (2019)

034006-11

quenching are more important at lower transverse momenta
or naturally smaller dijet invariant mass.
In Fig. 13, we present the same plots but for Auþ Au

collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, relevant to the sPHENIX
experiment at RHIC. For inclusive dijet production, the
band corresponds to a range of coupling strengths between
the jet and the medium: gmed ¼ 2.0–2.2. On the other hand,
for b-tagged dijet production, we fix gmed ¼ 2.0, and the
band again corresponds to a range of masses of the
propagating system between mb and 2mb. We choose a
slightly larger coupling strength at RHIC compared to that
for the above LHC kinematics, which is also consistent
with our previous studies and that of the JET Collaboration
[70]. Since the center-of-mass energy is much lower, we
select jets with much lower pT ≳ 8 GeV and correspond-
ingly lower dijet invariant mass m12 ≳ 20 GeV for RHIC
kinematics. Having smaller jet transverse momenta and
cross sections that fall off strongly as functions of jet
transverse momenta, the suppression for inclusive dijet
cross sections is even larger compared with those of LHC
energies. We observe a factor of ∼10 or more suppression
even up to a relatively high invariant massm12 ∼ 100 GeV.
On the other hand, the suppression pattern for b-tagged

dijet production as a function of m12 at sPHENIX energyffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, as shown in right panel of Fig. 13,
appears quite different from inclusive dijet production in
the left panel and looks nothing like the b-tagged dijet
production at the LHC energy in Fig. 12. It is, thus,
important to understand why we observe such a behavior.
If one recalls the behavior of the suppression pattern for
single inclusive heavy meson or heavy quark production
as a function of its transverse momentum (see, e.g.,
Refs. [10,53]), one can understand the above behavior of
RAA as a function of m12. Due to the heavy quark mass
effect in the jet quenching formalism, RAA for heavy quark
mesons first decreases and then increases when plotted as a

function of pT . In other words, there is a dip in RAA as a
function of pT . Now one can translate such a behavior into
the behavior of RAA as a function of m12. For the mass
region in Fig. 13, b-tagged dijets mostly fall into the
relatively low values of jet transverse momenta, i.e., before
the dip of RAA (as a function of pT). This explains why RAA
decreases as a function of m12. If one has a larger phase
space to explore much higher values of transverse
momenta, as is the case at the LHC energy in Fig. 12,
once passing the dip of RAA, one should naturally expect
RAA to increase as a function of m12. This is precisely what
is observed in our calculations; see Fig. 12 (right). This
comparison informs us that sPHENIX is sitting in a very
interesting kinematic regime for testing heavy quark mass
effects within the jet quenching formalism.
To quantitatively compare the medium modification of

b-tagged and inclusive dijet production, we further plot the
ratio of nuclear modification factors for b-tagged (Rbb

AA) and
inclusive dijet (Rjj

AA) production, R
bb
AA=R

jj
AA, as a function of

dijet invariant mass m12 in Fig. 14. The left panel shows
the results for central Pbþ Pb collisions at LHC energyffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, while the right panel shows the
results for central Auþ Au collisions at sPHENIX energyffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. For LHC (sPHENIX) energies, we
choose gmed ¼ 1.8ð2.0Þ. For b-tagged dijets, the mass of
the propagating system is held fixed at mb. In both
kinematic regimes, we see a smaller suppression (thus
larger RAA) for b-tagged dijets compared to inclusive dijets,
though the figure also indicates a markedly different effect
at low energies than at higher ones. The most pronounced
differences occur in the low-mass range m12 ∼ 20 GeV
accessible by sPHENIX, where such a ratio reaches up to
almost a factor of 10, Rbb

AA=R
jj
AA ∼ 10. On the other hand, at

LHC energy, one should observe roughly a factor of 2 less
suppression for b-tagged dijet at relatively low dijet
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FIG. 13. Nuclear modification factor RAA plotted as a function of dijet invariant massm12 for inclusive (left) and b-tagged (right) dijet
production in Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV for sPHENIX at RHIC. Left: The band corresponds to a range of coupling
strength between the jet and the medium: gmed ¼ 2.0–2.2, respectively. Right: We fix gmed ¼ 2.0, and the band corresponds to a range of
masses of the propagating system between mb and 2mb.
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Physics challenge #1: Jets

• Central Au+Au event illuminates 
full HCAL
• dET/d𝜂 ~ 500 GeV, with 

significant azimuthal modulation
• Underlying event (UE): 40±3.5 

GeV in the area of a R = 0.2 jet
• Inclusive PYTHIA8 jets smeared 

by p+p jet resolution 
determined from full GEANT4
and by the underlying central 
Au+Au event fluctuations –
unfolded back to truth 
distribution
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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

120
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Physics challenge #2: ϒ(1S,2S,3S)

• Although the ϒ states will be 
reconstructed with tracks in the 
TPC, the e+e- will be identified 
with the EMCAL
• In p+p collisions, it is necessary 

to trigger on events with e+e-

candidates

2019.07.30 DPF 2019
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Solenoid

2019.07.30 DPF 2019

Solenoid leaving 
SLAC January 2015

Full current test February 2018
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EMCAL properties
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Property Value Units

Segmentation 0.025x0.025
256x96 = 24576

Δ𝜑xΔ𝜂
towers or channels

SiPM’s/tower 4

Radiation length 0.7 cm

Moliere radius 2.3 cm

Sampling fraction 2.3%

Tower length 14.4 cm

Density > 9 g/cm3

Fiber 0.47
St. Gobain BCF12 SC 

mm

Fiber spacing 1 mm 

Shaping time 30 ns

Energy resolution < 16%/√E ⊕ 5% ΔE/E

9



EMCAL block fabrication (UIUC)
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April 30, 2019                                                                       sPHENIX EMCal PDR & FDRSR

Fiber filling and storage (1)
1.L3 manager regularly restocks a white board with clothes pin that determines the order of fiber 

filling. 1 clothes pin represents 1 block. 

2.Student worker takes topmost clothes pin from white board and proceeds to assemble the mesh setup 
of the design number X written on the clothes pin.  
- takes 2 cups, 3D printed screen holder and spacers, 6 screens (1-6) of design X from the drawer 
cabinet.  
- assembles screens on the screen holder, which rests on a cup, starting with lowest number, adds set 
of 2 spacers between each layer 

3.Student worker takes sleeves with fibers cut to length corresponding to design X from box, which 
has two labels: design and fiber batch. 13-14 sleeves with each 200 fibers are sufficient for 1 set. 
Then the worker covers the box again and uses the other cup to store the fibers to be filled in it.  

25

April 30, 2019                                                                       sPHENIX EMCal PDR & FDRSR

Epoxy filling (potting)

• Carried out in a fume hood in temperature- and 
humidity-controlled environment. 

• The resin and hardener bottles are warmed up to 50oC 
prior to mixing the components. The epoxy is mixed 
at the proper ratio using the digital scale near the fume 
hood where the epoxy is used. The epoxy mixing 
occurs in plastic cups and is mixed in batches of 175g 
using 140g of resin and 35g of hardener. 175g is used 
to pot 1 block. 

• To enhance the flowing properties, small amount of 
ethanol is added to the final epoxy mixture.  

• The epoxy is added to the open top mold from the top. 
To ensure that the epoxy reaches the bottom of the 
mold a vacuum pump is connected to the ports at the 
bottom of the mold. 

• The epoxy must appear at the bottom ports for us to 
know that the block has been fully infused with epoxy. 
The epoxy takes ~24h to cure.

28
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EMCAL half sector

• Δ𝜂xΔ𝜑∼0.025 towers
• 4 3x3 mm SiPM’s per tower
• Shaped analog signal 

transmitted off-detector
• Cooling as low as 0°C
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HCAL properties
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Property Value Unit

Segmentation 0.1x0.1
64x24 = 1536

Δ𝜑xΔ𝜂
towers or channels

SiPM’s or tiles per tower 5

Sampling fraction 2.8-3.7% (varies in depth)

Scintillator 7 mm Extruded 
polystyrene with 1.5% PTP 
and 0.01% POPOP 

Fiber 1 mm Kuraray Y-11 (200)

Tilt angle 12 °

Total depth > 5 λI

Energy resolution < 150%/√E ΔE/E
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HCAL

2019.07.30 DPF 2019

• Tilted and tapered steel 
plates with scintillator 
tiles between them
• Extruded polystyrene 

scintillator with 
wavelength shifting fiber 
in grooves
• Each tile read out by a 

3x3 mm SiPM
• Five tiles analog 

summed to a 
Δ𝜂xΔ𝜑∼0.1 tower
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HCAL scintillator tiles
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Calorimeter beam tests at Fermilab TBF

2019.07.30

February 2014
Proof of principle February 2016

η~0 
sPHENIX geometry

February 2017
η~0.9

https://arxiv.org/abs/1704.01461
(published IEEE TNS)

DPF 2019

February 2018
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Calorimeter full size prototypes 

2019.07.30 DPF 2019

First HCAL sector with scintillator tiles Final HCAL sector delivered EMCAL sector 0 instrumented 
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Calorimeter Electronics

• We chose common sensors (Hamamatsu 
12572-015P) and electronics for EMCAL 
and HCAL
• We chose to drive the analog signals to 

digitizers outside the magnet to avoid 
designing new ASIC’s

2019.07.30 DPF 2019

EMCAL preamp  and 60 MHz waveform digitizer
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Simulation

• GEANT4 from the initial design
• Most of the physics plots we show are 

from full G4 simulation
• Calorimeter simulations have been 

carefully compared with beam tests

2019.07.30 DPF 2019

Simulation Setup: EMCal

3

10GeV, e+

2 cm 

SPACAL Tower
w/ fibers displayed

EMCal Half Sector with possible η-extension
(fibers simulated but hidden from display)

full EMCal

May 28-30, 2019 sPHENIX PD-2/3 Review
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Basic jet performance

• Jet Energy Scale (JES) and Jet 
Energy Resolution (JER) in simulation

• Tests Underlying Event (UE) 
subtraction and calorimeter response

2019.07.30 DPF 2019

JES in Au+Au and p+p

• Overall test of UE subtraction and basic calorimeter response  

• Average pT response (at “EM”-scale, no calibration prescription) 

➡ cone size & pT scan, in p+p (left) and embedded 0-20% Au+Au (right)

JES Results — pp
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Generally a ~2% decrease in JES without IHCal

Without IHCal readoutWith IHCal readout
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JES Results — AA

!8

JES after subtraction not substantially different from pp. Still get ~few % difference with and 
without reading out inner HCal.

Without IHCal readoutWith IHCal readout

!4

p+p Au+Au

• pT resolution in p+p (above left) and 
Au+Au (above right)  

• Deconvolution of p+p-like 
component from Au+Au resolution 
(right) 

➡ test of additive UE + jet 
factorization in our reconstruction 
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JER Results — AA

!9

Note the larger variation along the y-axis c.f. pp: larger UE = larger JER

∴ no large difference in JER in AA from not reading out inner HCal

Without IHCal readoutWith IHCal readout
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JER Results — pp

!7

JER also slightly increases without inner HCal readout

Without IHCal readoutWith IHCal readoutJER in Au+Au and p+p
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Summary

• A new detector is being designed for a second generation of experiments at 
RHIC
• Full electromagnetic and hadronic calorimetry combined with a 

superconducting magnet and TPC tracker will provide a new window into the 
physics of the QGP
• Testing and simulation show that the calorimeters achieve required energy 

resolution and e/h rejection
• Likely on the eve of construction start to be ready for first collisions in early 

2023
• Preliminary three year run plan has been developed, discussion of operating 

conditions (luminosity, crossing angle) commenced
• More details in TDR
• Studies show that the calorimeters would be suitable for an EIC experiment
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https://indico.bnl.gov/event/6145/attachments/22906/32787/sphenix_tdr_20190513.pdf

