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• Discovery	of	QGP	at	RHIC
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• J/Psi	suppression	in	QGP

• The	next	step	– sPHENIX
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• Heavy	Flavor	Physics	with	MVTX	upgrade
• Outlook	
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Early	Universe	and	QCD	Phase
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Recreate	a	State	of	the	Early	Universe?	



Create	QGP	in	Heavy	Ion	Collisions?!

QGP HadronsAu	+	Au	collision
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The Relativistic Heavy Ion Collider
at Brookhaven National Laboratory

RHIC’s First Decades: A discovery Machine 

HI 
New state of matter

QGP
De-confinement

…

polarized proton
Nucleon Spin Structure

Spin Fragmentation 
pQCD

…

RHIC is a QCD Lab:

PHENIX ->  sPHENIX -> EIC

PHENIX/
sPHENIX

STAR

BRAHMS
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RHIC	– a	very	flexible	machine



RHIC	Runs:	2001	– 2016+
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• PHENIX	completed	data	taking	in	2016,	in	transition	into	sPHENIX upgrade
• STAR	continues	to	~2020,	BES-II	etc.



PHENIX	Detectors	at	RHIC:	2001-2016	

A	large	international	collaboration,	~500	scientists	from	13	countries	



PHENIX	Detectors
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QGP	and	Jet	Quenching
High	density	QGP	medium	suppresses	high	energy	particle	productions



Large	Jet	Quenching	Observed	@RHIC	

QGP	density	>	10x	normal	nucleus	



QGP and Jet Quenching
• Various parton energy loss mechanisms 

• Radiative energy loss
• e.g. DGLV, BDMPS, AMY …

• Collisional energy loss 

RAA ~ ρQGP (x) ⋅[
dE
dx
(q̂)]⋅dx∫

< q̂ >=
kT
2

L
≈
µ 2

λ
= 2 ~ 20GeV 2 fm

Theoretical quenching  factor
- much model dependent!
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QGP	Color	Screening	and	J/Psi	Suppression

Plasma	Debye	Length:

The	shorter	the	rD,	
the	stronger	the	screening	
effects
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J/Psi	Suppression	at	RHIC	and	LHC	
a	surprise?

5/22/17 Ming	X.	Liu		@CCNU	

Large	recombination	
@LHC?

Large	suppression	
@RHIC	?



Compare	RHIC	vs	LHC	Results
LHC	~	RHIC!	@high	pT

• Parton	dE/dx &	QGP	
properties

– Radiation	&	collisional	dE/dX
• Light	vs heavy	quarks	

– CNM	effects

• QGP	color	screening	& heavy	
quarkonia “melting”

• Color	screening	&	recombination
• CNM	effects

Ming	X.	Liu		@CCNU	5/22/17

Jet	suppression J/Psi	suppression
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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
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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.

Why	sPHENIX @RHIC?

2016

2001

RHIC	Au+Au Luminosity

5/22/17 Ming	X.	Liu		@CCNU	



Probe	QGP	at	multiple	scales
Parton	Mass/Flavor

Upsilon	spectroscopy
Jet	evolution	
and	structure

Phys.	Lett.	B	740	172	(2015)

b-Jets 

6/8/2016 Sarah Campbell - RHIC/AGS User's Meeting 21 

104 c-, b-jets  
pT >20 GeV/c 

Sensitive to collisional 
vs radiative energy loss 

b-Jets 

6/8/2016 Sarah Campbell - RHIC/AGS User's Meeting 21 

104 c-, b-jets  
pT >20 GeV/c 

Sensitive to collisional 
vs radiative energy loss 
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sPHENIX Status

üCollaboration	formed	(Dec	2015)
üSuccessful	magnet	tests	
üSuccessful	Test	Beam	of	calorimeter	
system

üTracking	system	defined:	
üTPC	and	Silicon	tracking

üImproved	simulations
üCD-0!	Approve	Mission	Need

• DOE	project	phase:	Initiation
• CD-1	review	Nov.	2017
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Detector	Designed	for	Measurements

Solenoid	
Magnet

Outer	HCal

Inner	HCal

EMCal

TPC
INTT
MVTX
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Measurements	of	sPHENIX

• Jet	Structure • 3	state	ϒ suppression• b-tagged	jets

Scientific Objective and Performance Heavy Quark Jets

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

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

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

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

107 jets			>	20	GeV/c
106 jets >	30	GeV/c
104 γdir >	20	GeV/c
104 b-jets	>	20	GeV/c

22	weeks	of	Au+Au at	RHIC	
à 100B	MB	events	
à 20B	0-20%	events

Jet$spectra$and$jet$structure$
measurements$with$sPHENIX!

 Rosi Reed, for the sPHENIX Collaboration!

Abstract 
The sPHENIX proposal is for a second generation experiment at RHIC, which will take 
advantage of the increased luminosity due to accelerator upgrades, and allow measurements 
of jets and jet correlations with a kinematic reach that will overlap with measurements 
made at the Large Hadron Collider (LHC).  Particle jets, formed when a hard scatter parton 
fragments and then hadronizes into a spray of particles, were proposed as a probe of the 
Quark Gluon Plasma formed in heavy-ion collisions.  As they traverse the QGP, the hard 
scattered partons probe the medium at a variety of length scales, which is called jet 
quenching.  To answer the fundamental questions of how and why partons lose energy in 
the QGP, we need to characterize both the medium induced modification of the jet 
fragmentation pattern and the correlation of the lost energy with the jet axis.  Some 
observables that help elucidate these effects are gamma-jet correlations and jet 
fragmentation functions, which require the precise tracking and calorimetry that sPHENIX 
will have.  We will show the performance of these observables as well as that for jet and 
hadron spectra measurements, which are necessary for a baseline understanding, based on 
detector simulations. 
 
 
 

Jets at sPHENIX 
•  Sample ~50 billion  
    Au+Au events in 1 year 

•  107 jets > 20 GeV 
•  106 jets > 30 GeV 
•  80% are dijet events 
•  104 direct γ > 20 GeV 

•  Required Detector  
    Performance 

•  Single particle  
    resolution:  
    σE/E < 100%/√E  
•  Jet: σE/E < 120(150)%/√E in p+p(Au+Au) 
•  Photon Energy resolution σE/E<15%/√E  
•  dp/p ~ 0.2% p to > 40 GeV/ 

•  Jets interact minimally until their virtuality ~ medium virtuality 
•  Jets from the highest collision energies are mostly vacuum (pQCD) dominated 

Conclusions and Outlook 
 
•  Jets allow us to address the important fundamental questions of "how" and "why” 

partons lose energy in the QGP 
•  There has been significant progress in our understanding of quenching 

•  Jet quenching measurements at RHIC provide significant constraints on the partonic 
Eloss mechanisms  

•  sPhenix increased capabilities will allow a direct comparison to the LHC 
•  High luminosity will allow data collection without  
     imposing online trigger “biases 
•  LHC inspired observables will be measured at RHIC 

•  Progress is underway in evaluating the effect of 
    detector design choices on jet structure observable 
•  Investigation into the significance of the various 
     LHC inspired observables underway 
•  Fully embedded PYTHIA + HIJING events will be used to 
     evaluate background performance and photon isolation 
     cuts and clustering algorithims 
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•  Simulation of γ-jet events with  
    PYTHIA 

•  γ events are the “golden” probe 
•  Compare energy clustered into 
      jet versus photon 
•  Effect of detector resolution 
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Photon Clustering Algorithms 

•  Algorithm A 
•  Cluster = contiguous towers E > Ethreshold 

•  Algorithm B 
•  Noise reduction ! E > Ethreshold 

•  Neighboring towers which satisfy  

    noise threshold = “isolated cluster” 

•  Find “local max tower” and “peak area”  

    around it 

•  Etower with contribution from 2+ peak areas 

•  divided into peak areas  

•  Parameterized shower shape function 

•  Redefine “core cluster” within cluster area as 

    towers Esum > Ethreshold of peak area 
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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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Di-Jet Event Display 
•  EMCal + HCAL give hermetic jet  
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•  High resolution tracker will  
    allow jet structure  
    measurements 

•  Jet modification 
•  Energy flow 

•  No autocorrelations! 

•  Jet algorithms for clustering and  
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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

•  Performance with heavy ion 
background needs to be quantified 
•  What is the best R choice? 

•  γ-jet events  dominated by quark jets 
•  Allows a flavor comparison between 

quarks and gluons 
•  Other observables under 
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Calorimetry	for	Jet	Physics

• Designed	to	Measure	Jet	energy
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The	Calorimeters

• EMCal Towers:	fibers	
embedded	in	Tungsten-
epoxy

• HCal:	Plastic	scintillator	tiles	
with	embedded	fiber	
between	tilted	steel	plates

• All	read-out	with	SiPMs
(a) Scintillator tile production for inner HCal

(b) Inner HCal tile design patterns

(c) Plastic coupler to attach the SiPM at the fiber exit

Fig. 6: HCal tile production. (a) Inner HCal scintillating tiles
in several stages of production. From left to right tiles tiles
are machined, then coated and embedded with WLS fiber. (b)
4 scintillating tiles arranged symmetrically around ⌘ = 0 to be
inserted between the steel absorber plates. (c) SiPM installation
at the fiber exit using a plastic coupler.

The properties of the HCal scintillating tiles are listed in182

Table II. Figure 6(a) shows the steps of tile production as183

described in the section. Figure 6(a,b) and Figure 7 shows the184

inner and outer HCal fiber routing patterns. The Kuraray [14]185

single clad fiber is chosen due to its flexibility and longevity,186

both of which are critical in the geometry with multiple fiber187

bends. The properties of the HCal wavelength shifting fibers188

are included in Table II. The fiber routing is designed so that189

any energy deposited in the scintillator is within 2.5 cm of a190

WLS fiber, and the bend radius of any turn in the fiber has191

been limited to 25 mm to prevent excess mechanical stress and192

light loss, based on the experience of the T2K collaboration as193

well as our own experience with test tiles.194

The scintillating light produced in the tiles by ionization from195

charged particles is kept inside the tile and reflected diffusely196

by a reflective coating and reflective tile wrapping. The light is197

absorbed by the fiber embedded in the scintillator. As shown198

in Figure 6(c), the two ends of the fiber are brought to the199

Property
Plastic Extruded polystyrene
Scintillation dopant 1.5% of PTP and 0.01%

POPOP
Reflective coating Proprietary coating by surface

exposure to aromatic solvents
Reflective layer thickness 50 µm
Wrapping 0.1 mm Al foil followed by one

layer of 30 µm cling-wrap and
a 100 µm layer of black vinyl
tape

Attenuation length in lateral
(with respect to extrusion) di-
rection

⇡ 30 mm

Wavelength shifting fiber Single clad Kuraray Y11
Formulation 200, K-27, S-Type
Cladding material Polymethylmethacrylate

(PMMA)
Fiber diameter 1 mm
Emission peak 476 nm
Fiber core attenuation length > 2 m
Optical cement Epotek 3015

TABLE II: Properties of HCal scintillating tiles.

OHCAL	Tile	1	 OHCAL	Tile	2	

Fig. 7: Schematic diagram of the outer HCal tile designs and
assembly. 20 steel absorber plates are stacked together, then 80
scientillating tiles are inserted between them. Tile fiber patterns
are seen on the tiles on the top.

outer radius of the tile where a small plastic mount supports a200

3 ⇥3 mm2 SiPM at the fiber exit. The fiber exit is orthogonal201

to the tile edge and glued at a depth in the tile that allows202

for installation of the SiPM centered around the fiber exits.203

Effort has been made to choose the air gap between the fiber204

exits and the face of the SiPM to maximize the light spread205

over the SiPM surface to reduce the probability of optical206

saturation resulting from two or more photons impinging on207

the same pixel. The air gap of 0.75 mm is chosen based on208

the requirements that no more than 5% variation in the SiPM209

response when fibers and SiPM are misaligned for 0.2 mm and210

4
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Test	Beam	2016	– EMCal Results

• Resolution	meets	sPHENIX requirements	
• Excellent	data-simulation	agreement
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Fig. 20: Cluster energy distribution of electron showers in EMCal (blue points), for which the beam incident angle is 10 degrees
and a 5 ⇥ 5 mm2 beam cross section is selected at the center of one EMCal tower. The central tower and most near-by tower
are produced at UIUC. For each panel, data for one choice of beam energy is selected as shown in the title and the energy
resolution prior to unfolding a beam momentum spread (�p/p ⇡ 2%) is extracted with a Gaussian fit at the electron peak (red
curve). Low energy tails stems from multi-particle background is excluded from the fit.
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Fig. 21: Linearity and resolution of electron showers in EMCal towers produced at UIUC and THP, for which a 10 ⇥ 5 mm2

beam cross section is selected at the center of one EMCal tower. The beam incident angles are 10 degrees (blue) and 45 degrees
(red). Data (points) are fit with linear (left solid curves) and �E/E =

p
a

2 + b

2
/E function with results labeled on plot (right

solid curves), which are compared with simulation (dashed curves). A beam momentum spread (�p/p ⇡ 2%) is unfolded and
included in the resolution.

hadronic showers in EMCal within a factor of two. Meanwhile,757 the simulation tune using QGSP BERT HP physics list [21]758
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Test	Beam	2016	– HCal Results

• Resolution	within	sPHENIX
expectations

• Excellent	data-simulation	
agreement
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Fig. 27: HCal Standalone measurements without the EMCal in-front. (b) HCal linearity for electrons and hadrons. The lower
panel shows the ratio of reconstructed energy and the fits. (a) Corresponding HCal resolution for hadrons and electrons. A beam
momentum spread (�p/p ⇡ 2%) is unfolded and included in the resolution calculation.
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cm/MeV describes the data well.

calorimeters. These events are shown as red points in885

Figure 29.886

• FULL: This represents all hadron showers irrespective of887

their starting point. They are shown as black points in888

Figure 29. These include hadron showers that start either889

in the EMCal, inner HCal, outer HCal or MIP through all890

three calorimeter systems.891

These event categories help diagnose each section of the892

calorimeters independently as well as understanding of the893

leakage variations, shower containment and longitudinal fluc-894

tuations depending their starting position. EMCal energy was895

balanced with respect to the HCal in a similar way described in896
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Fig. 29: Hadron energy measurement with combined EM-
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the previous section. As expected, Figure 29 shows the fraction897

of HCAL or HCALOUT events increases as a function of beam898

energy. The peaks at the lower energy corresponds to the small899

fractions of muon events MIP through the calorimeters.900

The corresponding hadron resolution is shown in Fig-901

ure 30(a). Data are fit in a similar manner with �E/E =902
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Fig. 25: Tower to tower calibration for inner and outer HCal was done with cosmic muons. (a) Inner HCal cosmic muon energy
deposition in simulation in one column. Muons were simulated at 4 GeV moving from the top to bottom. Bottom towers energy
depositions are higher due to the tilted plate design where muons has to go through a longer path through the scintillating tiles.
(b) Measured raw ADC spectrum of cosmic MIP events in the inner HCal.
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Fig. 26: Hadron reconstruction in standalone HCal setup. Cali-
brated 4⇥4 tower energies were added together from inner and
outer HCal. The simulation is shown by the filled histogram and
the solid points are the data. Both are in good agreement. The
peak at the lower energies in the data corresponds to the small
fraction of muon events that MIP through the HCal, were not
simulated.

matches the expected resolution from simulations very well.847

The HCal was calibrated for hadronic showers and then used848

to measure electron showers. The electron resolution for the849

standalone HCal is 8.1 � 31.3%/

p
E. This demonstrates the850

HCal’s ability to assist the EMCal by measuring the electron851

energy leaking from the EMCal into HCal.852

As seen in Figure 27(b), the hadron energy response is853

well described by a linear fit where reconstructed energy is854

same as the input energy. The bottom panel shows the ratio855

between the reconstructed energy and the fit. The 4 GeV hadron856

measurement is poor due to the fact that the hadron peak is hard857

to distinguish because it is too close to muon MIP peak as seen858

in Figure 26. The electrons are described well with a second859

order polynomial due to non-linear e/h response.860

Figure 28 shows the HCal hEei/hE⇡i response. Data is861

compared with several different GEANT4 simulation setups by862

changing physics lists and Birk’s constants. Simulation with a863

Birk’s constant of 0.02 cm/MeV describes the data well.864

E. Hadron Measurement with sPHENIX configuration865

The full hadron measurement is done with the sPHENIX866

configuration, which includes all three segments of calorimeters867

including the EMCal in front of the HCal. In this configuration868

the total energy will be reconstructed by summing up the869

digitized data from both the EMCal and HCal. The development870

of hadronic showers is a complicated process with significant871

fluctuations of the reconstructed energy compared to electro-872

magnetic showers. Distinguishing the shower starting position873

helps to understand the longitudinal shower development fluc-874

tuations. Therefore, in this analysis, the events are sorted into875

three categories depending on their longitudinal shower profile:876

• HCALOUT: Events where hadron showers MIP through877

the EMCal and inner HCal. These showers are developed878

primarily in the outer HCal alone or MIP through the full879

calorimeter system. These events are shown as the blue880

curve in Figure 29.881

• HCAL: Events where hadron showers MIP through the882

EMCal. In these events, hadron showers start either in883

the inner HCal or outer HCal or MIP through all three884
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Test	Beam	2016	– Hadrons
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Fig. 30: Hadron (a) linearity and (b) resolution measured with combined EMCal+HCal (sPHENIX configuration) detector setup.
Three sets of data points corresponds to the event categories shown in Figure 29. The bottom panel of (a) shows the ratio of the
measured energy and corresponding fits.

p
(�p/p)2 + a

2 + b

2
/E, i.e. with a fixed beam momentum903

spread term of �p/p ⇡ 2% subtracted from the constant904

term in quadrature. HCALOUT showers that MIPs through905

EMCAL and HCALIN has a resolution of 17.1 � 75.5%/

p
E.906

HCAL showers that MIPs through EMCAL has a resolu-907

tion of 14.5 � 74.9%/

p
E. A combined resolution of all908

the showers irrespective of their starting position (FULL) is909

13.5 � 64.9%/

p
E. Hadron resolution improves without the910

MIP cuts because it reduces the overall shower fluctuations.911

The linearity is shown in Figure 30(b). The bottom panel912

shows the ratio of the measured energy and the corresponding913

fits. We normalize FULL reconstructed showers to the input914

energy. This results in the HCAL and HCALOUT reconstructed915

showers linearity slightly below the input energies, due to916

higher leakage in those event categories.917

VIII. CONCLUSIONS918

A prototype of the sPHENIX calorimeter system was suc-919

cessfully constructed and tested at the Fermilab Test Beam920

Facility with beam energies in the range of 2-32 GeV. The921

energy resolution and linearity of the EMCal and HCal were922

measured as a combined calorimeter system as well as in-923

dependently. The energy resolution of the HCal is found to924

be � E/E = 11.8% � 81.1%/

p
E for hadrons. The925

energy resolution of EMCal for electrons is 1.6%�12.7%/

p
E926

for EM showers that hit at the center of the tower and927

2.8% � 15.5%/

p
E without the position restriction. Part of928

the EMCal position dependence of the shower response stems929

from the non-uniformity of the light collection in the light930

guide, which will be a major focus of the next stage of R&D.931

The combined hadron resolution of the full EMCal and HCal932

system for hadrons is 13.5% � 64.9%/

p
E and is consistent933

with the standalone HCal results. All of these results satisfy934

the requirements of the sPHENIX physics program. Excellent935

agreement between the test beam results and GEANT4-based936

sPHENIX simulation is observed giving confidence to the937

use of additional simulation studies in the final research and938

development of these detectors.939
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• Combined	system	takes	into	account	where	the	particles	
shower	develops

• Satisfies	the	single	particle	energy	resolution	needed	for	
sPHENIX program
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Importance	of	Tracking for	QGP	Physics
Physics	Goal Detector	Requirement

Fragmentation	Functions Excellent	Momentum	Resolution:	
dp/p	~	0.2%p to	>	40	GeV/c

Jet	Substructure Excellent	track	pattern	recognition

Distinguish	Upsilon	States Mass	resolution: σM <	100	MeV/c2

HF	jet	tagging Precise	DCA	resolution	σDCA <	100	μm

High	Statistics	Au+Au 200	GeV Handle	multiplicity	and	full	RHIC	luminosity

TPC

MVTX

INTT

5/22/17 Ming	X.	Liu		@CCNU	



• 3	layers	Si	pixel
• Based	on	ALICE	

ITS	upgrade
• DCAxy <	70	μm
• |zvtx|<	10	cm

Tracking	for	Jets	and	Upsilons	
MVTX

INTT TPC

• 4	layers	Si	strips
• Use	PHENIX		

FVTX	electronics
• Pattern	recognition,	DCA,	

connect	tracking	systems,	
reject	pile-up

• Radius	20–78	cm
• ~250	μm	effective	hit	resolution
• Continuous	(non-gated)	readout
• Pattern	recognition,	momentum	

resolution,	pT 0.2-40	GeV/c

5/22/17 Ming	X.	Liu		@CCNU	



Designed	to	Measure	Upsilons

• Modeled	as	uniform	cylindrical	
tracking	layers

• Single	track	efficiency	90%	by	
5	GeV/c	in	p+p

• Momentum	resolution	~0.06	
at	30	GeV/c
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Surprises	in	Jet	Quenching	
Important	to	study	heavy	flavor		at	low	pT ~	M
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Open	Heavy	Flavor	Physics:	the	3rd	Pillar

• sPHENIX is	the	next	flagship	heavy	
ion	physics	experiment	in	US

• Jets
• Upsilons
• B-jets	&	B-hadrons

• MVTX	will	complete	b-jet	physics		

Cannot	be	done	at	the	LHC for	
lack	of	low	pT reach	and	huge	
backgrounds

5/22/17 Ming	X.	Liu		@CCNU	

sPHENIX Three	Physics	Pillars	
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MAPS-based	Vertex	Detector	(MVTX)	Upgrade

Ming	X.	Liu		@CCNU	

ALICE	ITS	Upgrade	(2021+);
Inner	Tracker	System

sPHENIX Inner	Tracking

“Adopt”	ALICE/ITS	
Mini.	risk,

Max.	physics

Key	issues:
- Readout
- Mechanics

5/22/17

2022+
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sPHENIX MVTX	Project

MVTX

MVTX	in	sPHENIX



Project	Tasks	and	Timeline

Ming	X.	Liu		@CCNU	

Det.	Install.	
@BNL

Readout	R&D
Mech.	design	
@LANL/ALICE

Mech.	Integr.
&	Prototype
@MIT/LBNL	

Production

Key	R&D

FY2017 FY2018 FY2019 FY2020 FY2021FY2016

CD-1 CD-2/3
8/1

CD-0
9/2016

Ready	for	
Beam
6/1

“MoU”	w/	ALICE/ITS:	11/2016	
- Produce	MAPS	chips	and	Stave	Space	frames	for	sPHENIX as	part	of	ALICE	production!
- Full	staves and	RU	&	CRU	production	cost	&	schedule		àMVTX	MIE

Detector	Assembly	
&	Test	@LBNL

MAPS	Prod.	&	QA	
@ALICE

Stave	prod.&test
@CERN;

RU	prod	@CERN
CRU	Prod.	@US

+2% +50%

5/22/17

ALICE	ITS/IB	
Prod.	ends

sPHENIX
baseline



MVTX	Designed	to	Measure	b-jets
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• Outstanding	DCA	resolution
• 25 𝜇m for pT 1-2 GeV/c
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• Simulation	Improvements:	
• Realistic	ladder	geometry	
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TAMU	Model
heavy	quark	diffusion	and	hadronization/recombination		

5/22/17 Ming	X.	Liu		@CCNU	
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B Production @RHIC
STAR:	QM17
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MVTX	Project	Status	and	Plan
• Pre-proposal	submitted	to	DOE,	2/2017

• Follow-up	discussions	with	DOE	and	BNL	
managers

• Plan	to	update	proposal	to	DOE,	late	2017	
• Expanded	science	“CD0”	+		Cost	&	Schedule	

“CD1”
• Funding	in	FY18,	stave	production	@CERN	in	

Aug.	2018+,	~6	months;	
• Other	options	being	explored	for	stave	

production	@CERN/CCNU	for	delayed	
ALICE/ITS	or	funding	

• BNL	Director’s	Review		July	10-11,	2017
• Expanded	science	“CD0”	+		Cost	&	Schedule	

“CD1”

• System	integration	R&D
• Readout
• Mechanical	support

A Monolithic Active Pixel Sensor 
Detector for the sPHENIX 
Experiment

5/22/17 Ming	X.	Liu		@CCNU	



Outlook

RHIC User Meeting  June 9, 2016 
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RHIC / LHC Timeline 

 
 
 
 
 

2015 >2025 

Electron-Ion Collider  
(Notional BNL Plan) 

End of  
Long Shutdown 1 LHC 

RHIC 

1 Month Ion Running 
 11/2015, 11/2016, 6/2018  

1 Month Ion Running 
11/2020, 11/2021, 12/2022 

Long Shutdown 2 
7/18-12/19 

2020 

LS2 

Installation 
Shutdown 2021 

sPHENIX 

2014-2017 
Heavy Flavor 
Probes of QGP 
Origin of Proton 
Spin 

Stochastic e-Cooling 

2019-2020 
Beam Energy 
Scan II 

2022-2025 
Precision jets 
and quarkonia 

Chiral Magnetic 
Effect Confirmation 
Install LEReC 

Projected	sPHENIX
ScheduleCD-0 9/2016

Construction	Phase					Jul	2018
Installation	complete Apr		2021
Ready	for	Beam		 Jan		2022
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Forward	s/ePHENIX
• Partonic structure	of	the	proton
• Low-x	and	Saturation	
• Spin-momentum	correlations
• Diffraction
• Hadronization in	e+A

• Transverse	spin	phenomena
• Collective	behavior	in	small	systems
• Pre-equilibrium	QGP
• CNM	physics	in	p+A

sPHENIX era	Cold	QCD

Cold	QCD	at	EIC	

RH
IC

eR
HI

C

sPHENIX forward-sPHENIX

EIC Detector

C. Aidala, 12/15/2016 6

RH
IC

eR
HI

C

sPHENIX forward-sPHENIX

EIC Detector

C. Aidala, 12/15/2016 6

RH
IC

eR
HI

C

sPHENIX forward-sPHENIX

EIC Detector

C. Aidala, 12/15/2016 6
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Summary
• sPHENIX obtained	CD-0	and	working	toward	next	stage

• Topical	groups	studying	the	physics	goals
• Jet	structure
• HF	jets
• Heavy	quarkonia
• Cold	QCD,	spin,	saturation	

• Tracking	defined:	
• MVTX,	INTT,	TPC

• Beam	tests	of	calorimeter	system
• Calorimeter	performance	within	sPHENIX requirements
• Simulation	reproduces	the	data	very	well	

• Active	collaboration	with	lots	to	do:	
• https://www.facebook.com/sPHENIX.Experiment/
• Looking	forward	to	data	in	2022

5/22/17 Ming	X.	Liu		@CCNU	



Collaboration

• 62	institutions,	235	collaborators	&	growing
• 3rd Collaboration	Meeting	@	GSU	Dec	2016

Please	join	us	for	the	exciting	journey!

5/22/17 Ming	X.	Liu		@CCNU	



Backup	slides
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Big	Bang	and	Early	Universe	
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B Physics	@sPHENIX

• RHIC	physics	reach	
• PHENIX	
• STAR

• D	physics	well	covered	by	
RHIC	and	LHC/ALICE

• What	we	learned		
• Desires	B	measurements	
at	low	pT

• sPHENIX opportunity
• Precision	B		and	b-jet	
measurements

• Upsilons

5/22/17 Ming	X.	Liu		@CCNU	



sPHENIX Coverage
• Low	pT B	mesons?

• 0<pT<20GeV
• Currently	limited	at	both	
RHIC/LHC	to

• B->J/Psi	+	X
• B->leptons	+	X	

• Inclusive	B	measurements
• RAA
• V2
• Correlations

• B-Jet	in	A+A
• <Z>	~	0.8	in	p+p
• pT_Jet >~20GeV	

5/22/17 Ming	X.	Liu		@CCNU	



Theory	Predictions
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Heavy ion program for the near-term future    Cesar L.da Silva

What we observed so far:sQGP

3

partonic degrees of freedom
Hydro calculations which 
reproduce v2 of hadrons 
indicate:
‣rapid thermalization (<1fm/c)
‣formation of a strongly 
interacting medium

strong energy loss of 
light and heavy quarks

suppression of heavy 
quarkonia (J/ψ)

5/22/17 Ming	X.	Liu		@CCNU	
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Liang He, Tue 
17:10

• D0 v2 for 10-40% follows mass ordering and
NCQ scaling of other hadrons
à Evidence for thermalization of charmed mesons

Mass ordering NCQ scaling

Submitted
arXiv:1701.06060

Elliptic Flow of D0 in 10-40%

* Whole 2014 HFT data from second pass of production

STAR
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Upsilon Production
QM17, Zaochen Ye

• Indication for more suppression towards more central collisions
• In central collisions Υ(2S+3S) is more suppressed than Υ(1S)
à sequential melting

• Indication for less suppression than at LHC for Υ(2S+3S) 
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D:		pT >	8GeV
B->J/Psi:		pT >	6.5GeV

5/22/17 Ming	X.	Liu		@CCNU	



MAPS-based	Vertex	Detector	(MVTX)

Ming	X.	Liu		@CCNU	5/22/17

- “Adopt”	ALICE	ITS	Upgrade	Inner	Barrel	3-layer	MAPS	detector
- Mini.	risk,	Max.	Physics

- Precision	vertexing for	b-jet/B-hadron	tagging	with	high	efficiency	and	high	purity
- B-jet	modification	in	QGP	at	low-medium	pT to	determine	QGP	properties,	study	mass-

dependence	on	collisional	vs radiative energy	loss,	flow	etc.	
- A	separate	DOE	MIE	to	build	the	full	detector,	WBS	1.12,	~$5M	for	construction;
- Early	R&D	by	LANL/LDRD,	$5M,	FY17-19,	readout	and	mechanical	integration;	
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Scope	of	the	MVTX	Project
• MAPS	staves	&	Electronics

• MAPS	Detectors
• “MoU”	to	build	68	ITS	MAPS	staves
• No	modification	

• Readout	Electronics	
• Use	ALICE/ITS,	RU	+	CRU	
• Modify/reprogram	CRU	for	sPHENIX

• Plan-B:	build	a	custom	board	to	convert	ALICE/ITS	
into	sPHENIX DAQ	format;	BNL	FILEX	etc.

• R&D	by	LANL	LDRD

• Production	
• Extend	ALICE/ITS	MAPS	stave	production	
• sPHENIX personnel	help	assembly	and	testing	staves	at	

CERN
• Reproduce	additional	ALICE	RU+CRU	for	sPHENIX
• Final	assembly	and	test	in	US/LBNL

• Ancillary	systems,	copy	ALICE
• LV,	cables,	crates,	racks	etc.
• Slow	control,	safety	and	monitoring	

• Mechanics	&	Cooling
• No/(some) changes	to	ALICE/ITS	inner	tracker	

mechanical	structures
• End	Wheels
• Cylindrical	structure	shells
• Detector	half	barrels
• Service	half	barrels
• Detector	and	Service	half	barrels
• Half	support	structures

• Mechanical	Integration
• Conceptual	design	by	LANL	LDRD
• Prototype by	sPHENIX R&D	
• Design	integration	frames
• Carbon	frames	etc.
• Installation	tooling	etc.

• Copy	ALICE	cooling	plant	design
• Minor	modification	to	fit	sPHENIX
• Smaller	heat	load	than	ALICE	ITS

• Metrology	and	Survey	

Ming	X.	Liu		@CCNU	5/22/17

WBS	1.12:	a	new	MIE	fund	the	full	MAPS	Vertex	Detector,	~$5M
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Potential	new	groups:

- Czech	groups
- Peking	Univ.	
- CCNU	– lab
- USTC

5/22/17 Ming	X.	Liu		@CCNU	



The	Goals	of	Little	Bang:	QGP	Physics
- Understand	the	Properties	of	QGP
- Explore	the	QCD	phase	diagram

• Before	collision • Initial	state
CNM	effects

• QGP • Hadron	gas

1																																								10					

• Hadrons	
detected

Heavy	Ion	Collision	– Time	Evolution

Ming	X.	Liu		@CCNU	5/22/17

Time	(fm/c)

Color Screening

cc

- Gluon	saturation
- Parton	shadowing	
- CNM	Parton	energy	loss



QGP	Medium	Behavior

€ 

ε =
〈y 2 − x 2〉
〈y 2 + x 2〉

v2 = cos2ϕ , ϕ = tan−1(
py
px
)
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Anisotropic	flow



QGP	Discovery	@RHIC:	2004

• Unambiguous	evidence	for	phase	transition	from	ordinary	nuclear	matter	to	QGP	(T~175	MeV,	
~1012	degrees)

• Exhibits	strong	collective	behavior,	has	huge	stopping	power	for	color-charged	particles	(quarks,	
gluons	– the	fundamental	constituents)	

Fundamental	discovery:	
QGP	is	not	a	weakly	interacting	gas	of	quarks	and	gluons,	but	rather	a	strongly	
coupled	near-perfect	liquid!	

QGP	discovery	announced	in	2004	
by	RHIC	experiments,	confirmed	
later	at	LHC	


