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1. Summary and Recommendations

in some cases, we are only now poised to reap the 

benefits of these initiatives. In other cases, anticipated 

upgrades were achieved at a small fraction of the cost 

estimated in 2007, and we are harvesting the benefits 

earlier than expected. All of our current four national 

user facilities, the Continuous Electron Beam Accelerator 

Facility (CEBAF), the Relativistic Heavy Ion Collider 

(RHIC), the Argonne Tandem Linac Accelerator System 

(ATLAS), and the NSF-supported National Supercon-

ducting Cyclotron Laboratory (NSCL), were significantly 

upgraded in capability during this period. A fifth national 

user facility, the DOE-supported Holifield Radioactive Ion 

Beam Facility, was closed down. Care was always taken 

to leverage U.S. investments in an international context 

while maintaining a world-leadership position.

Here are the recommendations of the 2015 Long Range 

Plan.

RECOMMENDATION I

The progress achieved under the guidance of the 2007 
Long Range Plan has reinforced U.S. world leadership 
in nuclear science. The highest priority in this 2015 Plan 
is to capitalize on the investments made.

 ! With the imminent completion of the CEBAF 12-GeV 

Upgrade, its forefront program of using electrons to 

unfold the quark and gluon structure of hadrons and 

nuclei and to probe the Standard Model must be 

realized.
 ! Expeditiously completing the Facility for Rare 

Isotope Beams (FRIB) construction is essential. 

Initiating its scientific program will revolutionize our 

understanding of nuclei and their role in the cosmos.
 ! The targeted program of fundamental symmetries 

and neutrino research that opens new doors to 

physics beyond the Standard Model must be 

sustained.
 ! The upgraded RHIC facility provides unique 

capabilities that must be utilized to explore the 

properties and phases of quark and gluon matter in 

the high temperatures of the early universe and to 

explore the spin structure of the proton.

Realizing world-leading nuclear science also requires 

robust support of experimental and theoretical research 

at universities and national laboratories and operating 

our two low-energy national user facilities—ATLAS and 

NSCL—each with their unique capabilities and scientific 

instrumentation.

The ordering of these four bullets follows the priority 

ordering of the 2007 plan.

RECOMMENDATION II

The excess of matter over antimatter in the universe is 

one of the most compelling mysteries in all of science. 

The observation of neutrinoless double beta decay 

in nuclei would immediately demonstrate that neutrinos 

are their own antiparticles and would have profound 

implications for our understanding of the matter-

antimatter mystery.

We recommend the timely development and 
deployment of a U.S.-led ton-scale neutrinoless 
double beta decay experiment.

A ton-scale instrument designed to search for this as-yet 

unseen nuclear decay will provide the most powerful 

test of the particle-antiparticle nature of neutrinos ever 

performed. With recent experimental breakthroughs 

pioneered by U.S. physicists and the availability of deep 

underground laboratories, we are poised to make a 

major discovery.

This recommendation flows out of the targeted 

investments of the third bullet in Recommendation I. It 

must be part of a broader program that includes U.S. 

participation in complementary experimental efforts 

leveraging international investments together with 

enhanced theoretical efforts to enable full realization of 

this opportunity.

RECOMMENDATION III

Gluons, the carriers of the strong force, bind the quarks 

together inside nucleons and nuclei and generate nearly 

all of the visible mass in the universe. Despite their 

importance, fundamental questions remain about the 

role of gluons in nucleons and nuclei. These questions 

can only be answered with a powerful new electron ion 

collider (EIC), providing unprecedented precision and 

versatility. The realization of this instrument is enabled 

by recent advances in accelerator technology.

We recommend a high-energy high-luminosity polarized 
EIC as the highest priority for new facility construction 
following the completion of FRIB.

The EIC will, for the first time, precisely image gluons in 

nucleons and nuclei. It will definitively reveal the origin 

of the nucleon spin and will explore a new quantum 

chromodynamics (QCD) frontier of ultra-dense gluon 
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2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter

describe quark and gluon interactions, the emergent 

phenomenon that a macroscopic volume of quarks and 

gluons at extreme temperatures would form a nearly 

perfect liquid came as a complete surprise and has 

led to an intriguing puzzle. A perfect liquid would not 

be expected to have particle excitations, yet QCD is 

definitive in predicting that a microscope with sufficiently 

high resolution would reveal quarks and gluons 

interacting weakly at the shortest distance scales within 

QGP. Nevertheless, the h/s of QGP is so small that there 

is no sign in its macroscopic motion of any microscopic 

particlelike constituents; all we can see is a liquid. To this 

day, nobody understands this dichotomy: how do quarks 

and gluons conspire to form strongly coupled, nearly 

perfect liquid QGP?

There are two central goals of measurements planned 

at RHIC, as it completes its scientific mission, and at the 

LHC: (1) Probe the inner workings of QGP by resolving 

its properties at shorter and shorter length scales. The 

complementarity of the two facilities is essential to this 

goal, as is a state-of-the-art jet detector at RHIC, called 

sPHENIX. (2) Map the phase diagram of QCD with 

experiments planned at RHIC.

This section is organized in three parts: characteriza tion 

of liquid QGP, mapping the phase diagram of QCD by 

doping QGP with an excess of quarks over antiquarks, 

and high-resolution microscopy of QGP to see how 

quarks and gluons conspire to make a liquid.

EMERGENCE OF NEAR-PERFECT FLUIDITY
The emergent hydrodynamic properties of QGP are 

not apparent from the underlying QCD theory and 

were, therefore, largely unanticipated before RHIC. 

They have been quantified with increasing precision 

via experiments at both RHIC and the LHC over the last 

several years. New theoretical tools, including LQCD 

calculations of the equation-of-state, fully relativistic 

viscous hydrodynamics, initial quantum fluctuation 

models, and model calculations done at strong coupling 

in gauge theories with a dual gravitational description, 

have allowed us to characterize the degree of fluidity. 

In the temperature regime created at RHIC, QGP is the 

most liquidlike liquid known, and comparative analyses 

of the wealth of bulk observables being measured hint 

that the hotter QGP created at the LHC has a somewhat 

larger viscosity. This temperature dependence will be 

more tightly constrained by upcoming measurements 

at RHIC and the LHC that will characterize the varying 

shapes of the sprays of debris produced in different 

collisions. Analyses to extract this information are 

analogous to techniques used to learn about the 

evolution of the universe from tiny fluctuations in the 

temperature of the cosmic microwave background 

associated with ripples in the matter density created a 

short time after the Big Bang (see Sidebar 2.3).

There are still key questions, just as in our universe, 

about how the rippling liquid is formed initially in 

a heavy-ion collision. In the short term, this will be 

addressed using well-understood modeling to run 

the clock backwards from the debris of the collisions 

observed in the detectors. Measurements of the gluon 

distribution and correlations in nuclei at a future EIC 

together with calculations being developed that relate 

these quanti ties to the initial ripples in the QGP will 

provide a complementary perspective. The key open 

question here is understanding how a hydrodynamic 

liquid can form from the matter present at the earliest 

moments in a nuclear collision as quickly as it does, 

within a few trillionths of a trillionth of a second.

Geometry and Small Droplets

Connected to the latter question is the question of 

how large a droplet of matter has to be in order for it to 

behave like a macroscopic liquid. What is the smallest 

possible droplet of QGP? Until recently, it was thought 

that protons or small projectiles impacting large nuclei 

would not deposit enough energy over a large enough 

volume to create a droplet of QGP. New measurements, 

however, have brought surprises about the onset of QGP 

liquid production.

Measurements in LHC proton-proton collisions, selecting 

the 0.001% of events that produce the highest particle 

multiplicity, reveal patterns reminiscent of QGP fluid flow 

patterns. Data from p+Pb collisions at the LHC give much 

stronger indications that single small droplets may be 

formed. The flexibility of RHIC, recently augmented by 

the EBIS source (a combined NASA and nuclear physics 

project), is allowing data to be taken for p+Au, d+Au, 

and 3He+Au collisions, in which energy is deposited 

initially in one or two or three spots. As these individual 

droplets expand hydrodynamically, they connect and 

form interesting QGP geometries as shown in Figure 2.9. 

If, in fact, tiny liquid droplets are being formed and 

their geometry can be manipulated, they will provide 
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at least partons within jets, are occasionally deflected 

by larger angles than would be the case if the liquid 

had no particulate structure on any length scale. Seeing 

such an effect will require precise measurements 

of modifications of the jet structure in angular and 

momentum space. It can be seen by selecting particles 

within a narrow range of momenta within a jet of a 

given initial energy and measuring how their angular 

distribution differs from that in jets in vacuum with the 

same initial energy. This program requires large samples 

of jets in different energy regimes, with tagging of 

particular initial states, for example, in events with a jet 

back-to-back with a photon. As Sidebar 2.5 indicates, 

the full power of this new form of microscopy will only be 

realized when it is deployed at both RHIC and the LHC, 

as jets in the two regimes have complementary resolving 

power and probe QGP at different temperatures, with 

different values of the length scale at which bare quarks 

and gluons dissolve into a nearly perfect liquid.

New instrumentation at RHIC in the form of a state-of-

the-art jet detector (referred to as sPHENIX) is required 

to provide the highest statistics for imaging the QGP 

right in the region of strongest coupling (most perfect 

fluidity) while also extending the kinematic reach at 

RHIC (as illustrated in Figure 2.13) to overlap that for 

jets at LHC energies. Upgrades to the LHC luminosities 

and detector and measurement capabilities are keys to 

providing a complete picture, as are new experimental 

techniques being developed to compare how light 

quark jets, heavy quark jets, and gluon jets “see” QGP. 

In general, using common, well-calibrated, jet shape 

observables in suitably tagged fully reconstructed jets at 

RHIC and the LHC will be critical to using the leverage 

in resolution and temperature that the two facilities 

provide in concert (see Sidebar 2.5) to relate observed 

modifications of jets to the inner workings of QGP.

OUTLOOK
The discoveries of the past decade have posed or 

sharpened questions that are central to understanding 

the nature, structure, and origin of the hottest, most 

nearly perfect form of liquid matter ever seen in the 

universe. Much remains to be learned about how the 

remarkable properties of this liquid change across its 

phase diagram and how they emerge from interactions 

of individual quarks and gluons. A program to complete 

the search for the critical point in the QCD phase

Figure 2.13: Future reach of four precision measurements via jets for 
probing the most strongly coupled liquid with sPHENIX, in color, 
compared to current measurements from RHIC where available, in grey. 

diagram and to exploit the newly realized potential 

of exploring QGP structure and properties at multiple 

length scales at RHIC and the LHC, enabled by targeted 

new experimental capabilities and critical advances on a 

range of theoretical frontiers, places key answers within 

reach.

2.3 Understanding the Glue That 
Binds Us All: The Next QCD 
Frontier in Nuclear Physics
Nuclear matter in all its forms—from protons and 

neutrons, to atomic nuclei, to neutron stars, to quark-

gluon plasma—is a teeming many-body system of 

quarks, antiquarks, and gluons interacting with one 

another via nature’s strongest force. In atomic, molecular, 

and condensed matter systems, where the electrically 

charged constituents interact by exchanging photons, it 

is not necessary to consider the photons themselves as 

important constituents of the matter. In sharp contrast, 

the force carriers in QCD—the gluons—are constituents 

that play a pivotal role in determining how the properties 

of nuclear matter emerge from the underlying theory

The difference arises because the gluons, in addition 

to being exchanged between quarks, possess the 

intrinsic property—color charge—that is responsible for 

the QCD interaction, while photons are free of electric 

charge. The gluons thus interact among themselves 

and can spawn more gluons or quark-antiquark pairs 

(sea quarks), a fundamental feature of QCD. The 

emergent interactions of quarks and gluons are, for 

example, responsible for the fact that massive neutrons 

…	  	  



“Shorter	  and	  shorter	  length	  scales”	  

•  Jet	  probes	  at	  RHIC	  energy	  spend	  more	  2me	  in	  
the	  QGP	  and	  have	  finer	  resolu2on	  	  

3	  
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Sidebar 2.5: Jetting through the Quark-Gluon Plasma
Understanding how quark-gluon plasma (QGP) works 

requires new microscopy using energetic quark probes 

called “jets,” generated in the initial interaction of the 

colliding beams. These high-energy quarks are initially 

able to “see” the very short distance structure of the 

medium they traverse. As they propagate, they rapidly 

shed energy by splitting off lower energy partons and, 

as this happens, the length scale that they “see” grows 

rapidly. The combination of all these partons eventually 

forms the hadrons that together make up a jet. The 

curves in the top-left panel illustrate how the resolving 

power (inverse of length scale) of jets at the LHC and 

RHIC decreases (symbolically, from green to yellow to 

orange) as they propagate and as the QGP in which they 

are propagating cools. The highest energy jets at the 

LHC probe very short wavelengths, where they should 

resolve the individual weakly coupled “bare” quarks 

and gluons (green). A key area is the lowest energy 

jets, optimally measured at RHIC, that probe longer 

wavelengths toward the scale of the nearly perfect liquid 

itself (orange). The curves are heavier in the regime 

where the resolving power of the jets is determined 

largely by the medium itself. The bottom-left panel 

shows the momentum range, related to the resolving 

power, of many jet observables in current measurements 

(muted red and blue) and the enormously increased 

reach at both RHIC (bright red) and the LHC (bright blue) 

enabled by upgrades including the sPHENIX microscope 

at RHIC.

A century ago, Ernest Rutherford discovered atomic 

nuclei by aiming a beam of alpha particles at a gold foil 

and observing that they were sometimes scattered at 

large angles. The simplest way to “see” pointlike quarks 

and gluons within QGP is, as Rutherford would have 

understood, to look for evidence of jets, or partons 

within jets, scattering off individual quarks and gluons as 

they plow through QGP. As the top-right panel illustrates, 

partons that can resolve the microscopic structure of 

QGP are more likely to be deflected by larger angles 

than the partons with less resolving power that only see 

the nearly perfect liquid. First exploratory measurements 

of the jet deflection angle are now being carried out 

at the LHC (lower-right, where the sharp peak at the 

right-hand edge of the plot corresponds to undeflected 

jets) and at RHIC. Full exploitation of Rutherford-like 

scattering experiments requires the capabilities of 

sPHENIX at RHIC as well as upgrades to the LHC and its 

detectors. 

Understanding the evolution of the microscopic 

substructure of QGP as a function of scale will complete 

the connection between the fundamental laws of nature, 

QCD, and the emergent phenomena discovered at RHIC.



“Investments	  Made”	  

•  Capitalize	  on	  15+	  
years	  of	  accelerator	  
developments	  at	  
RHIC	  with	  a	  new	  
detector	  to	  fully	  
u2lize	  the	  
luminosity	  	  
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“State	  of	  the	  art	  jet	  detector”	  

•  Uniform	  acceptance	  -‐1<η<1	  and	  0<φ<2π	  
•  Superconduc2ng	  solenoid	  enabling	  high	  

resolu2on	  tracking	  
•  Hadronic	  &	  electromagne2c	  calorimeter	  
•  Solid	  state	  photodetectors	  

•  work	  in	  a	  magne2c	  field	  
•  have	  low	  cost	  
•  do	  not	  require	  high	  voltage	  

•  Common	  calorimeter	  readout	  electronics	  
•  15	  kHz	  recorded	  in	  AA	  allows	  for	  large	  

unbiased	  MB	  data	  sample	  
•  U2liza2on	  of	  infrastructure	  in	  an	  exis2ng	  

experimental	  hall	  

5	  

Outline 
!  Introduction to the QGP and RHIC 

!  Physics case for sPHENIX 

!  Detector Design and Performance 

!  Timeline 
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The Physics Case for sPHENIX What is the temperature dependence of the QGP?

What is the temperature 
dependence of the 

QGP?

What are the inner 
workings of the QGP?

How does the QGP evolve 
along with the parton 

shower? 
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Figure 1.3: Pushing Three illustrative axes along which the quark-gluon plasma may be pushed and
probed. The axes are the temperature of the quark-gluon plasma, the Q2

hard of the hard process that
sets of the scale for the virtuality evolution of the probe, and the wavelength with which the parton
probes the medium lprobe.

The critical variables to manipulate for this program are the temperature of the quark-gluon plasma,
the length scale probed in the medium, and the virtuality of the hard process as shown schematically
in Figure 1.3. In the following three sections we detail the physics of each axis.

1.2 What is the temperature dependence of the QGP?

The internal dynamics of more familiar substances—the subjects of study in conventional condensed
matter and material physics—are governed by quantum electrodynamics. It is well known that near
a phase boundary they demonstrate interesting behaviors, such as the rapid change in the shear
viscosity to entropy density ratio, h/s, near the critical temperature, Tc. This is shown in Figure 1.4
for water, nitrogen, and helium [24]. Despite the eventual transition to superfluidity at temperatures
below Tc, h/s for these materials remains an order of magnitude above the conjectured quantum
bound of Kovtun, Son, and Starinets (KSS) derived from string theory [15]. These observations
provide a deeper understanding of the nature of these materials: for example the coupling between
the fundamental constituents, the degree to which a description in terms of quasiparticles is
important, and the description in terms of normal and superfluid components.

The dynamics of the QGP are dominated by Quantum Chromodynamics and the experimental
characterization of the dependence of h/s on temperature will lead to a deeper understanding
of strongly coupled QCD near this fundamental phase transition. Theoretically, perturbative
calculations in the weakly coupled limit indicate that h/s decreases slowly as one approaches Tc
from above, but with a minimum still a factor of 20 above the KSS bound [25] (as shown in the
right panel of Figure 1.4). However, as indicated by the dashed lines in the figure, the perturbative

5



sPHENIX	  Detector	  Design	  
6	  

4

Outer HCal

Superconducting coil
Inner HCal
EMCal

Vertexer/Tracker

sPHENIX
•  Uniform	  acceptance	  

•  	  -‐1<η<1	  and	  0<φ<2π	  
•  Superconduc2ng	  solenoid	  	  
•  Hadronic	  calorimeter	  doubles	  as	  

flux	  return	  
•  Compact	  electromagne2c	  

calorimeter	  
•  	  fine	  segmenta2on	  at	  a	  small	  radius	  

•  Solid	  state	  photodetectors	  
•  work	  in	  a	  magne2c	  field	  
•  have	  low	  cost	  
•  do	  not	  require	  high	  voltage	  

•  Common	  calorimeter	  readout	  
electronics	  

•  15	  kHz	  recorded	  in	  AA	  allows	  for	  
large	  unbiased	  MB	  data	  sample	  

•  U2liza2on	  of	  infrastructure	  in	  an	  
exis2ng	  PHENIX	  experimental	  hall	  



“Extending	  the	  kinema;c	  reach”	  

•  RAA	  for	  photons,	  HF	  and	  jets	  extended	  to	  
higher	  pT	  

7	  

The benefits of rate
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“Overlap	  with	  LHC”	  

•  Significant	  overlap	  achievable	  with	  next	  genera2on	  of	  RHIC-‐
LHC	  jet	  measurements	  

8	  

sPHENIX will complement LHC measurements
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“High	  Sta;s;cs”	  

•  In	  nominal	  one-‐year	  Au+Au	  run	  will	  be	  able	  to	  record	  
100	  billion	  Au+Au	  minimum	  bias	  events	  (z<10cm)	  

•  Rare	  triggers	  with	  the	  calorimeters	  expect	  to	  sample	  
0.6	  trillion	  events	  

•  PHENIX	  DAQ	  tested	  to	  15	  kHz	  

9	  
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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



“High	  Sta;s;cs”	  

•  High	  Sta2s2cs	  Jet	  
measurements	  
–  107	  jets	  above	  20	  GeV	  
–  106	  jets	  above	  30	  GeV	  
–  104	  direct	  photons	  
above	  20	  GeV	  

•  Large	  sta2s2cs	  for	  	  
–  γ+jet	  
–  b-‐tagged	  jets	  	  
– And	  more	  

10	  



More	  Sta2s2cs	  =	  More	  Differen2al	  

•  Pathlength	  
studies	  

•  Important	  
constraints	  
for	  models	  
that	  
describe	  
inclusive	  RAA	  

11	  

Large rates enable differential measurements

12



sPHENIX	  in	  GEANT	  World	  

•  Plots	  created	  with	  full	  GEANT4	  simula2on	  
•  Calorimeter	  system	  shown	  here	  
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EMCal

Inner HCal

Solenoid 
Outer HCal

IP



Where’s	  it	  going	  to	  go?	  

•  Run	  16	  200	  GeV	  Au+Au	  and	  d+Au	  beam	  
energy	  scan	  =	  Last	  year	  of	  PHENIX	  data	  taking	  	  

13	  

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

and then …

PHENIX

2

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). 

5



Purng	  it	  all	  together	  
14	  



Magnet	  

•  BaBar	  magnet	  fulfills	  our	  needs	  
–  1.5	  T	  central	  field	  
–  2.8	  m	  diameter	  
–  3.8	  m	  long	  

•  ~	  1	  year	  ago	  arrived	  at	  BNL	  
•  Low	  power	  cold	  tes2ng	  underway	  

15	  
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•  EMCAL	  Tungsten-‐scin2lla2ng	  fiber	  
–  Δη	  x	  Δφ	  ≈	  0.025	  x	  0.025	  
–  96	  x	  256	  readout	  channels	  
–  EMCal	  	  σE/E	  <	  15%/√E	  (single	  par2cle)	  

•  HCAL	  steel	  and	  scin2lla2ng	  2les	  with	  wavelength	  
shizing	  fiber	  
–  2	  longitudinal	  segments.	  	  
–  An	  Inner	  HCal	  inside	  the	  solenoid.	  	  
–  An	  Outer	  HCal	  	  outside	  the	  solenoid.	  
–  Δη	  x	  Δφ	  ≈	  0.1	  x	  0.1	  
–  2	  x	  24	  x	  64	  readout	  channels	  
–  HCal	  σE/E	  <	  100%/√E	  (single	  par2cle)	  

•  Readout	  with	  solid	  state	  photodetectors	  (silicon	  
photomul2pliers)	  

•  Beam	  Tests	  	  
–  Feb	  2014:	  earlier	  design	  
–  April	  2016	  

•  Outer HCAL ≈3.5λI
•  Magnet ≈1.4X0
•  Inner HCAL ≈1λI
•  EMCAL ≈18X0≈1λI

Calorimeters	  reference	  design	  



Outer	  HCal	  

•  Prototype	  for	  April	  

17	  

•  7	  mm	  
polystyrene	  with	  
embedded	  1	  mm	  
WLS	  fiber	  ala	  T2K	  

•  Five	  2les	  each	  
with	  an	  SiPM	  
ganged	  together	  
in	  Φ	  to	  create	  a	  
tower	  readout	  Hadronic Calorimeter Detector Design

Figure 6.5: Transverse cut of an Outer HCAL module, showing the tilted tapered absorber
plates. Light collection and cabling is on the outer radius at the top of the drawing.

6.2.5 Calibration

A preliminary plan for calibration of the detector has been developed which relies on the
LED pulser system for tracking short term gain changes caused by temperature compensa-
tion of the SiPM’s and increased leakage current caused by radiation damage. A switchable
high gain amplifier output with sufficient gain to see minimum ionizing particles has been
provided, and the concept will be tested in beam and bench tests.

6.2.6 Mechanical Design

The current design concept for the Outer and Inner Hadronic calorimeter subsystems
relies on load transfer scheme where the tilted stainless steel plates in the Inner HCal and
steel plates in the Outer HCal form the primary structural members for transferring loads.
The concept further requires the Inner HCal to support the EMCal and the Outer HCal
must support the Inner HCal and the superconducting solenoid magnet independently.
The Inner HCal is comprised of 32 independent sectors joined at its longitudinal ends by
stainless steel rings, to integrate the sectors into a single entity which is installed inside and
through the solenoid magnet and mounted to the Outer HCal by mounting rings on either
end. The Outer HCal sectors are joined at their longitudinal ends by steel splice plates
between adjacent sectors into a single unit, which is mounted on the Central Platform. The
reference design for the Inner and Outer HCAL support structure is shown in Figure 6.8.

Validation of this mounting scheme has been demonstrated using finite element modeling
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Inner	  HCal	  

•  Prototype	  fully	  assembled	  for	  April	  Test	  Beam	  
•  Tes2ng	  with	  Cosmics	  and	  LEDs	  	  

18	  

Fully assembled inner HCAL 

2 



EMCal	  
19	  

•  Fibers	  threaded	  through	  
screens	  

•  Filled	  with	  Tungsten	  
powder	  and	  epoxy	  

•  A~ach	  light	  guide	  	  
•  Moliere	  radius	  ~2.3	  cm	  
•  1D	  and	  2D	  Projec2ve	  
modules	  being	  explored	  

Electromagnetic Calorimeter Detector Design

Figure 5.4: Left: EMCal sector showing installation on the Inner HCal. Right: Mechanical
detail of an EMCal sector

stage of the project provides sufficient flexibility and possible options for the future.

The SPACAL blocks that were developed at UCLA are 2-tower blocks that are tapered in
one dimension (1D projective), as shown in the Figure 5.6. The procedure used at UCLA
to construct these blocks consists of the following steps:

1. Place 5 mesh screens together to form a flat stack

2. Drop fiber segments halfway through the screens to form a fiber/screen assembly

3. Separate the screens

4. Place the assembly into a mold, incrementally tilting the screens to produce the taper
in one direction

5. Pour W powder into the mold and vibrate to compact

6. Infuse epoxy into the W/fiber matrix using vacuum to insure uniformity
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Simulations Electromagnetic Calorimeter

Figure 5.15: Preliminary design for EMCal light guides.

Figure 5.16: Four-SiPM pcb and SPACAL acrylic lightguide (left), lightguides on SPACAL
block (right). In the current design, the sipms will be mounted on a larger pcb with preamps
and electronics. The sipms will be positioned to accomodate the mounting hole in the light
guide.

Čerenkov cut. Likewise a small amount of electrons and other beam background are
suggested by the data.

• The simulated hadronic shower response is consistent with data within a factor of 2
across all energy bins.

Even though good agreement has already been achieved with default tuning of the simula-
tion, further improvements can be made:
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Electromagnetic Calorimeter Detector Design

Figure 5.4: Left: EMCal sector showing installation on the Inner HCal. Right: Mechanical
detail of an EMCal sector

stage of the project provides sufficient flexibility and possible options for the future.

The SPACAL blocks that were developed at UCLA are 2-tower blocks that are tapered in
one dimension (1D projective), as shown in the Figure 5.6. The procedure used at UCLA
to construct these blocks consists of the following steps:

1. Place 5 mesh screens together to form a flat stack

2. Drop fiber segments halfway through the screens to form a fiber/screen assembly

3. Separate the screens

4. Place the assembly into a mold, incrementally tilting the screens to produce the taper
in one direction

5. Pour W powder into the mold and vibrate to compact

6. Infuse epoxy into the W/fiber matrix using vacuum to insure uniformity
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EMCal	  1D	  vs	  2D	  projec2ve	  Modules	  

•  2D	  Projec2ve	  	  
improves	  e/π	  
separa2on	  

•  1D	  
Produc2on	  
process	  more	  
established	  	  

20	  

Electromagnetic Calorimeter Detector Design

Figure 5.6: Technical drawing of the SPACAL block 2 tower, 1D projective block

printing, we developed fixtures to improve the process of loading fibers into the meshes.
We have so far developed these molds and fixtures to produce single tower 2D blocks and
we are continuing to refine the design of the molds and fixtures to improve the quality and
consistency of the blocks produced.

Figure 5.7: Magnified photo of Technon 100 mesh powder (left), etched brass fiber position-
ing mesh (center), and fiber/mesh assembly in open mold (right).
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Electromagnetic Calorimeter Detector Design

Figure 5.8: 1D projective blocks produced by THP.

5.2.4 Light Guides

Light guides will be used to optically couple the optical sensors to the readout surface of
the calorimeter blocks. Each light guide will define a readout tower. The surface area of
a single tower is 19.8 mm x 19.8 mm = 392 mm2, while the combined active area of the 4
SiPMs is 4x (3 mm x 3 mm) = 36 mm2. The initial design for the light guide is a modified
version of the SPACAL light guide, shown in Figure 5.15, which is a simple trapezoidal
shape, with a height of 25 mm, to couple the 2 areas. These light guides are machined
acrylic which has good optical transmission above 400 nm. The lightguides will be epoxied
to the absorber blocks as shown in Fig 5.16. Silicone cookies will be used to optically
couple the SiPMs to the lightguides. Initial measurements of these light guides, coupling
a prototype W/fiber calorimeter block to photomultiplier tube, show an efficiency of 71
percent.

5.2.5 Sensors

The photosensor selected for the EMCal is the Hamamatsu S12572-015P SiPM, or Multi
Pixel Photon Counter (MPPC), described in detail in the Electronics - 7.1 Optical Sensors
section of this document. This device will be used for both the HCal and EMCal. The
EMCal will use a 2x2 arrangement of 4 SiPMs per tower, passively summed into one
preamp/electronics readout channel. The 4 SiPMs will be gain-matched (selected) and
will share a common bias voltage.
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Simulations Electromagnetic Calorimeter

Figure 5.11: Drawing of overlaid screens (left), and photo of fibers threaded through spaced
screens for 2D tapered module production (right).

Figure 5.12: Wireframe and fiber assembly in open mold (left), ”bowtie” arrangement for 2
block production (right).

with Birks constant kB = 0.0794 mm/MeV [138] is implemented.

• The mean number of photoelectrons per GeV of total energy deposit is 500. The
observed number of photoelectrons follows a Poisson distribution.

• The pedestal width is taken to be 8 photoelectrons with a zero-suppression of 16
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Electromagnetic Calorimeter Simulations

Figure 5.13: 2D tapered block production at BNL: 3D printed mold (left), filled mold,
connected and ready to infuse epoxy (center), 2D tapered modules produced at BNL (right).

Figure 5.14: The diamond cut end of a tungsten powder/fiber/epoxy block, cut with the
UIUC-developed technique.

photoelectrons per EMCal tower, based on the experience of the EIC eRD1 beam test
with the SPACAL [133].

• The sPHENIX offline analysis framework is used to handle the conversion of the
ADC value to measured energy, group towers into EMCal clusters, and match with
tracks.

Event displays for a single tower and full EMCal are shown in Figure 5.17 and 5.18,
respectively.

5.3.2 Verification of Simulation

The simulation was verified with data from the EIC eRD1 beam test of the 1D projec-
tive SPACAL prototype [133]. As shown in Figure 5.19, the simulation and data agree
reasonably well for three choices of beam energies:

• The measured energy resolution for electron showers is reproduced in simulation
within 10%.

• A 10% contribution of muons is expected in the test beam with a “non-electron”
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Figure 5.22: For very forward pseudorapidity, the lateral distribution of 8 GeV electron
showers as observed in the 2-D projective (left) and 1-D projective (right) SPACAL towers.
The polar (X-axis) and azimuthal (Y-axis) distances are defined as the distance between the
tower and the electron track projection, in the unit of tower width.

Figure 5.23: Left: the energy resolution for single photon clusters as reconstructed with the
fully simulated sPHENIX detector, right: the energy resolution for single electron clusters
as reconstructed with the sPHENIX calorimeters only (no silicon detector before EMCal).
Two formulas were used to fit the resolution points: a quadratic sum of linear and statistical
terms (solid line) and a linear sum of the two (dash line). Both 1D (blue curves and open
points) and 2D (red curves and closed points) SPACAL options are presented.
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Figure 5.22: For very forward pseudorapidity, the lateral distribution of 8 GeV electron
showers as observed in the 2-D projective (left) and 1-D projective (right) SPACAL towers.
The polar (X-axis) and azimuthal (Y-axis) distances are defined as the distance between the
tower and the electron track projection, in the unit of tower width.

Figure 5.23: Left: the energy resolution for single photon clusters as reconstructed with the
fully simulated sPHENIX detector, right: the energy resolution for single electron clusters
as reconstructed with the sPHENIX calorimeters only (no silicon detector before EMCal).
Two formulas were used to fit the resolution points: a quadratic sum of linear and statistical
terms (solid line) and a linear sum of the two (dash line). Both 1D (blue curves and open
points) and 2D (red curves and closed points) SPACAL options are presented.
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Excellent	  Tracker	  Required	  	  
21	  

Physics	  Goal	   Detector	  Requirement	  

Fragmenta2on	  Func2ons	   Excellent	  Momentum	  Resolu2on:	  	  
dp/p	  ~	  0.2%p	  to	  >	  40	  GeV/c	  

Jet	  Substructure	   Excellent	  track	  pa~ern	  recogni2on	  

Dis2nguish	  Upsilon	  States	   Mass	  resolu2on:	  σM	  <	  100	  MeV/c2	  

HF	  jet	  tagging	   Precise	  DCA	  resolu2on	  σDCA	  <	  100	  μm	  

High	  Sta2s2cs	  Au+Au	  200	  GeV	   Handle	  mul2plicity	  and	  full	  RHIC	  
luminosity	  

•  Detector	  op2ons	  for	  the	  inner	  and	  outer	  
technologies	  are	  being	  explored	  
– Full	  simula2ons	  underway	  to	  evaluate	  physics	  
performance	  of	  each	  

– Evalua2on	  of	  the	  needed	  and	  available	  resources	  	  



Tracking	  op2ons	  
22	  

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

•  Reference	  design	  is	  7	  
layers	  of	  silicon	  	  

•  Final	  decision	  azer	  all	  
op2ons	  are	  fully	  evaluated	  

•  Inner	  Tracker	  
–  Reuse	  PHENIX	  VTX	  Components	  
– MAPS	  (ALICE	  ITS	  Upgrade)	  

•  Outer	  tracker	  
– New	  (PHENIX	  like)	  Silicon	  Components	  
–  Compact	  TPC	  w/GEM	  readout	  (ALICE	  Upgrade)	  

TPC option Tracker

test possibilities for cherenkov light detection, but it is additionally used to evaluate the
performance of various options for the readout plane segmentation.

Figure 4.53: Photograph of the TPC/HBD prototype along with a measurement of the 55Fe
energy deposit spectrum.

The TPC prototype is presently equipped with a readout pattern similar to that described
in Figure 4.34. This shape of pads significantly improves the position resolution of the
device at the cost of a small, but correctable differential non-linearity. The result shown
in the upper left corner of Figure 4.54 shows the comparison between the reconstructed
position of a precise ionization source and that reconstructed by charge sharing. The
regular structure of this correlation, with a period equal to the pad pitch is an indication
of the level of differential non-linearity induced by the chevron design. By quantifying
the difference between the true position and that from the reconstruction as a function of
the reconstructed position, we determine the correction that must be applied to data. The
result of applying this correction improves the measurement to a precision of s = 99 µm,
exactly as needed for the final TPC device.

The item of central and critical importance in designing the TPC will be handling the
Ion Back Flow (IBF). MPGD-based gain stages (along with streaming electronics), are the
principle advance that make a TPC into a high collision rate device. These techniques are
new and require extensive R&D. Although ALICE considers the R&D phase of their TPC
upgrade (up to the stage of technology choice) to be complete, our R&D plan allows us
time to improve further upon these plans and benefit from their experience. Figure 4.55
shows a schematic of the Yale apparatus used to perform the ion back flow measurements.
This particular figure shows the configuration used to measure the so-called ”hybrid gain
stage” solution that features a microMEGA plane preceded by a two stage GEMstack.

Figure 4.56 shows the results for IBF as measured for the hybrid gain stage. The vertical
axis denotes energy resolution, the sigma for the main 55Fe peak over its mean. This
measurement is lower-limited to the natural width of just below 10%, driven by the
statistics of the primary ionization. The horizontal axis shows the level of ion back flow
measured at a gain of 2000. Nearly all gases behave in the same manner, tracing out a
banana shaped curve. The reason for this shape is simple. In any multi-stage avalanche
process, statistical fluctuations in the first stage of amplification generate the limiting
resolution. Therefore making the initial GEM gain as high as possible yields the best
energy resolution. That said, ions resulting from the first stage of avalanche are perfectly
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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

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.
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Inner tracker Outer tracker



Upsilon	  performance	  in	  Au+Au	  

23	  

•  PYTHIA	  normalized	  to	  PHENIX	  measured	  b	  and	  c	  cross-‐sec2ons	  
•  Combinatorial	  background	  removed	  with	  like	  sign	  or	  mixed	  events	  

Performance - Upsilon mass spectrum in Au+Au

Geant 4 simulation of the mass distribution 
Fast simulation of the background based on measured pion yields
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Quarkonia in the QGP 
•  Heavy Quarkonia states will 

be sequentially suppressed 
in the QGP 
•  Different Binding energies 

= Different sizes 
•  Due to color screening  

!  PHENIX, STAR, and CMS data 
consistent with melting of  ϒ(2S,3S) 
states 

10 

T. Matsui, H. Satz, 
Phys. Lett. B 178 , 
416 (1986).+ others  
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partN
0 50 100 150 200 250 300 350

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2
(1S)Υ
(2S)Υ
(3S)Υ

NP A879 (2011) 25
Strickland & Bazow

/S=1ηπ4

/S=2ηπ4

/S=3ηπ4

Figure 4.46: Estimate of the statistical precision of a measurement of the U states in Au+Au colli-
sions using sPHENIX, assuming that the measured RAA is equal to the results of a recent theory
calculation [188]. The yields assume 100 billion recorded Au+Au events.

From Figure 4.45 (left) we estimate that without U suppression the S/B ratios are U(1S): 1.6,
U(2S): 0.9, and U(3S): 0.8 for central Au+Au collisions. Using our estimates of the signal and
S/B ratio at each centrality as the unsuppressed baseline, we show in Figure 4.46 the expected
statistical precision of the measured RAA for 100 billion recorded Au+Au events assuming that
the suppression for each state is equal to that from a theory calculation [188]. For each state, at
each value of Npart, both the U yield and the S/B ratio were reduced together by the predicted
suppression level.

The pT dependence of the U modification in nuclear collisions places strong constraints on models,
so we present here some estimates of the statistical precision we expect from measurements with
sPHENIX. Figure 4.47 shows the expected yields as a function of pT for 10 weeks of p+p running —
the baseline for the RAA measurement. The expected statistical precision of the measured Au+Au
RAA versus pT is illustrated in Figure 4.48. These estimates are made assuming that the signal to
background ratio is independent of pT. Estimates are shown assuming no suppression of the U
states (left panel) and assuming the suppression predicted in [188] (right panel).

The expected statistical precision for U measurements with sPHENIX in a 10 week p+Au run is
illustrated in Figure 4.49. The suppression values used in the plot are set to match the double ratios
of U(2S)/U(1S) and U(3S)/U(1S) measured by CMS at 5.02 TeV collision energy in p+Pband p+p
collisions. The U(1S) is taken to be unsuppressed except for the modified feed down from the
excited states, and the suppression of the U(2S) and U(3S) states is arbitrarily taken to be linear
with centrality. The signal to background ratios in p+Au collisions are taken to be the same as
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Nuclear	  modifica2on	  projec2ons	  
for	  Upsilons	  

•  With	  
– 10	  weeks	  p+p	  
– 22	  weeks	  Au+Au	  

•  Yield	  and	  S/B	  scaled	  
to	  match	  model	  
suppression	  
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Quarkonia in the QGP 
•  Heavy Quarkonia states will 

be sequentially suppressed 
in the QGP 
•  Different Binding energies 

= Different sizes 
•  Due to color screening  

!  PHENIX, STAR, and CMS data 
consistent with melting of  ϒ(2S,3S) 
states 

10 

T. Matsui, H. Satz, 
Phys. Lett. B 178 , 
416 (1986).+ others  
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Figure 4.46: Estimate of the statistical precision of a measurement of the U states in Au+Au colli-
sions using sPHENIX, assuming that the measured RAA is equal to the results of a recent theory
calculation [188]. The yields assume 100 billion recorded Au+Au events.

From Figure 4.45 (left) we estimate that without U suppression the S/B ratios are U(1S): 1.6,
U(2S): 0.9, and U(3S): 0.8 for central Au+Au collisions. Using our estimates of the signal and
S/B ratio at each centrality as the unsuppressed baseline, we show in Figure 4.46 the expected
statistical precision of the measured RAA for 100 billion recorded Au+Au events assuming that
the suppression for each state is equal to that from a theory calculation [188]. For each state, at
each value of Npart, both the U yield and the S/B ratio were reduced together by the predicted
suppression level.

The pT dependence of the U modification in nuclear collisions places strong constraints on models,
so we present here some estimates of the statistical precision we expect from measurements with
sPHENIX. Figure 4.47 shows the expected yields as a function of pT for 10 weeks of p+p running —
the baseline for the RAA measurement. The expected statistical precision of the measured Au+Au
RAA versus pT is illustrated in Figure 4.48. These estimates are made assuming that the signal to
background ratio is independent of pT. Estimates are shown assuming no suppression of the U
states (left panel) and assuming the suppression predicted in [188] (right panel).

The expected statistical precision for U measurements with sPHENIX in a 10 week p+Au run is
illustrated in Figure 4.49. The suppression values used in the plot are set to match the double ratios
of U(2S)/U(1S) and U(3S)/U(1S) measured by CMS at 5.02 TeV collision energy in p+Pband p+p
collisions. The U(1S) is taken to be unsuppressed except for the modified feed down from the
excited states, and the suppression of the U(2S) and U(3S) states is arbitrarily taken to be linear
with centrality. The signal to background ratios in p+Au collisions are taken to be the same as
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Looking	  Forward	  

•  Toward	  future	  EIC	  	  
•  Forward	  calorimeter	  simula2ons	  in	  same	  
sPHENIX	  framework	  

•  Regular	  fsPHENIX/EIC	  mee2ngs	  ongoing	  

25	  

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



Collabora2on	  

•  Dec	  2015:	  Inaugural	  Collabora2on	  Mee2ng	  at	  Rutgers	  	  
–  Bylaws	  approved	  

•  Spokespersons	  elected	  (D.	  Morrison	  and	  G.	  Roland)	  
•  Next	  Collabora2on	  Mee2ng	  at	  BNL	  May	  18-‐20,	  2016	  	  
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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.

29

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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Approve 

Mission Need 

2023 

 
Installation 
complete 

CD-‐0	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  Apr	  	  2016	  
CD-‐1/CD-‐3a	  	  	  	  	  	  	  	  	   	  Nov	  2017	  
CD-‐2/3	   	  	  	  	  	  	  	  	  	  	  	  	   	  Jul	  	  	  2018	  
InstallaEon	  complete	  Jun	  	  2021	  
Ready	  for	  Beam	  	   	  Jan	  	  2022	  
CD-‐4	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  Jan	  	  2023	  

sPHENIX	  Timeline	  

•  pCDR	  in	  November	  went	  very	  well	  
•  No	  recommenda2ons	  from	  May	  

scien2fic	  review	  	  



Summary	  

•  sPHENIX	  will	  allow	  high	  sta2s2cs	  measurements	  for	  jets	  and	  
quarkonia	  at	  200	  GeV	  

•  Scien2fic	  case	  for	  sPHENIX	  has	  been	  demonstrated	  	  
•  Collabora2on	  formed	  	  
•  Design,	  Simula2on,	  and	  R&D	  progressing	  rapidly	  
•  Looking	  forward	  to	  start	  collec2ng	  data	  in	  January	  2022	  	  
•  More	  informa2on:	  

–  h~p://www.phenix.bnl.gov/phenix/WWW/publish/documents/
sPHENIX_proposal_19112014.pdf	  
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