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sPHENIX
Hot QCD – where do we stand
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• First RHIC results demonstrated surprising properties of Quark-Gluon Plasma created in heavy-ion collisions: 
near perfect fluidity and extreme opacity 

• Precision studies at RHIC and LHC showed that many aspects of final state structure can be understood via 
relativistic viscous hydrodynamics applied to QGP evolution 

• Success of LHC multi-purpose experiments in HI physics demonstrates importance of large acceptance, high 
resolution tracking, high collision rates and full EM+Hadronic calorimetry 

• Coming decade: Improved instrumentation at RHIC and LHC to understand emergence of QGP properties 
from underlying (asymptotically) weakly coupled interactions

ψ
2

Initial state Experiment



sPHENIX
How does the QGP work?
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Δx ≪ 1fm  
 Δp >> 1GeV 

“Free quarks and gluons”

Δx ≈ 1fm 
  Δp ⪅ 200MeV 

“Perfect Liquid”

How does the nearly-perfect liquid emerge 
from the underlying, asymptotically weakly 

coupled gauge theory? 

What is the scale-dependent microscopic 
structure of QGP? 

What is it’s quasi-particle nature at 
intermediate scales?



sPHENIX
sPHENIX science mission

2015 US NP LRP WG5 for 2019 ECFA process

“The Town Meeting observes that the recently approved 
sPHENIX proposal targets these opportunities by 
bringing greatly extended capabilities to RHIC …”

“Probe the inner workings of QGP by resolving its 
properties at shorter and shorter length scales. The 

complementarity of [RHIC and the LHC] is essential to 
this goal, as is a state-of-the-art jet detector at RHIC, 

called sPHENIX.” 
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Reaffirmed in ECFA  heavy-ion 
(WG5) discussion



sPHENIX
Hard Probes: sPHENIX ⊕ LHC

5

g

u,d,s

charm

bottom

Jet structure
vary momentum/

angular scale of probe

Quarkonium spectroscopy
vary size of probe

Parton energy loss
vary mass/momentum of probe



sPHENIX
Key approach: Transport coefficients vs T

Bayesian inference key approach for both HF 
and jet sector (started in soft sector)

T-dependence of QGP structure, as reflected e.g. in 
transport coefficients has been sPHENIX focus 

since beginning

Data from two energy regimes, RHIC & LHC, essential to constrain T dependence  

Many points of contact between sPHENIX and theory/LHC communities  
(e.g., LBNL HF workshop, work with Duke group, JETSCAPE collaboration). 
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sPHENIX
Key approach: Parton shower modification in QGP

Decorrelation of jet axes in 
QGP for low pT jets 

“Moliere scattering”

Q: To which extent is parton 
level structure of jet evolution 

accessible in final state?

Increasing interest and significant progress regarding 
jet substructure modifications, e.g., JetTools 

workshops at CERN, Bergen, EMMI RRTF in Aug ’19

350GeV jets 60GeV jets
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Distinct strengths and drawbacks in 
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sPHENIX is a major upgrade 
to the PHENIX detector. It is a 
large-acceptance, high-rate 
detector for Heavy Ion physics 
that repurposes  >$20M in 
existing PHENIX equipment, 
infrastructure and support 
facilities.


The detector is optimized to 
measure jet and heavy quark 
physics by incorporating a 
Time Projection Chamber, 
Electromagnetic and Hadronic 
Calorimeter with a high rate 
DAQ/Trigger and a 1.4 T 
solenoidal magnetic field.

sPHENIX MIE supported by US DOE 
Office of Science - Office of NP



sPHENIX
sPHENIX collaboration
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U. Sao Paulo

• Steady growth after CD-0  
• 18 new institutions (77 total) 
• about 25% non-US institutions 

• CERN recognized experiment (April ’19) 
• Steady evolution of collaboration 

organization



sPHENIX
sPHENIX timeline

20162015 2017 2018 2019 2020 2021 2022 2023

sPHENIX 
science  

collaboration

DOE CD-0 
“Mission need” 
approval 

https://indico.bnl.gov/event/4788/attachments/19066/24594/sph-trg-000_06142018.pdf

BNL PD-2/3 
: Final project design 
approval, authorization to 
execute 

Installation & 
commissioningDOE CD-1/3A 

Cost, schedule, 
advance purchase 
approval 
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Start physics 
data taking



sPHENIX
sPHENIX installation
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sPHENIX
sPHENIX multi-year run plan

https://indico.bnl.gov/event/4788/attachments/19066/24594/sph-trg-000_06142018.pdf
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• Main Au+Au running mode: 15kHz min bias for |zvtx| < 10cm 
• Year-1 (commissioning)  + Year-2,3 (high statistics production): 145 billion Au+Au collisions 

• cf. more than 20x STAR 2016 data set of 6.5 billion events

• Collaboration sees strong science case for additional running, if opportunity arises 
• Improve uncertainties and respond to discoveries in first years



sPHENIX
Physics goals → Detector performance
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Physics Goal Analysis Requirement Performance Goal

Maximize statistics for 

rare probes
Accept/sample full delivered luminosity Data taking rate of 15kHz for Au+Au

Precision Upsilon 
spectroscopy

Resolve Y(1s), Y(2s), (Y3s) states Y(1s) mass resolution ≤ 125MeV in central Au+Au

High jet efficiency and 

resolution

Full hadron and EM calorimetry  

Jet resolution dominated by irreducible 
background fluctuations

σ/µ≤150%/√pTjet in central Au+Au for R=0.2 jets

Full characterization of 

jet final state

High efficiency tracking for  

0.2 < pT < 40GeV

Tracking efficiency ≥ 90% in central Au+Au 

Momentum resolution ≤ 10% for pT =  40 GeV

Control over initial parton 

pT

Photon tagging with energy resolution 

dominated by irreducible higher order 
processes

Single photon resolution ≤ 8% for  

pT = 15 GeV in central Au+Au

Control over initial parton 

pT

Topological identification of heavy flavor 

hadron decays

High resolution secondary vertex identification 

(DCA < 30μm @ 1GeV)

Success of LHC multi-purpose experiments in HI physics demonstrates importance of large 
acceptance, high resolution tracking, high collision rates and full EM+Hadronic calorimetry



sPHENIX
sPHENIX detector
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EMCAL
Inner HCAL
SC Magnet 

Outer HCAL

TPC
INTermediate Tracker

MAPS VerTeX Detector

Qualitative improvement on 20 years of studies at RHIC through  
higher statistics ( x10+), full calorimetry and higher precision tracking


Employ proven and cost-effective detector technology

All detectors:
•  -1.1<η<1.1 
• 2π in azimuth
• 15kHz readout rate



sPHENIX
sPHENIX magnet
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• Former BaBar magnet

• 1.4T superconducting solenoid

• tested at full field

• will be integrated in RHIC cryo infrastructure



sPHENIX
HCAL
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• Provides energy resolution for hadrons and jets 
• Scintillating tiles interleaved in steel magnetic flux return 
• Analog SiPM signals from 5 tiles combined into one tower 
• 48 towers ( Δη x Δφ = 0.1 x 0.1 ) per sector 
• 32 azimuthal sectors 6.3m x 0.7m, 13.5 tons each

• Outer HCAL ~3.5λI 
• Magnet ~1.4X0

• Frame ~0.25λI

• EMCAL ~18X0 ≈ 0.7λI



sPHENIX
HCAL in real life
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Testing support assembly Cosmic ray testing tiles Testing cable routing 

all 32 sectors at BNL



sPHENIX
EMCAL
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~5 cm

~14 cm

Blocks: 9.4° in η 
Sectors: 9.1° in φ

• Provides energy resolution for EM particles and jets 
• W/SciFi SPACAL design for compactness  
• Segmentation: Δη x Δφ ≈ 0.025 x 0.025 
• Channels: 96 x 256 = 24576 2-D projective towers 
• Energy resolution: < 16%/√E ⊕ 5%



sPHENIX
EMCAL in real life
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Full size “sector 0” prototype 

completed August 2019



sPHENIX
Calorimeter stack beam test

20

Calorimeter energy resolution
IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 65, NO. 12, DECEMBER 2018 2901

Design and Beam Test Results for the sPHENIX
Electromagnetic and Hadronic

Calorimeter Prototypes
C. A. Aidala, V. Bailey, S. Beckman, R. Belmont, C. Biggs, J. Blackburn, S. Boose, M. Chiu, M. Connors,

E. Desmond, A. Franz, J. S. Haggerty, X. He, M. M. Higdon, J. Huang , K. Kauder, E. Kistenev, J. LaBounty,
J. G. Lajoie, M. Lenz, W. Lenz, S. Li, V. R. Loggins, E. J. Mannel, T. Majoros, M. P. McCumber,

J. L. Nagle, M. Phipps, C. Pinkenburg, S. Polizzo, C. Pontieri, M. L. Purschke, J. Putschke,
M. Sarsour, T. Rinn, R. Ruggiero, A. Sen, A. M. Sickles, M. J. Skoby, J. Smiga, P. Sobel,

P. W. Stankus, S. Stoll, A. Sukhanov, E. Thorsland, F. Toldo, R. S. Towell,
B. Ujvari, S. Vazquez-Carson, and C. L. Woody

Abstract— The super Pioneering High Energy Nuclear Inter-
action eXperiment (sPHENIX) at the Relativistic Heavy Ion
Collider will perform high-precision measurements of jets and
heavy flavor observables for a wide selection of nuclear collision
systems, elucidating the microscopic nature of strongly inter-
acting matter ranging from nucleons to the strongly coupled
quark–gluon plasma. A prototype of the sPHENIX calorime-
ter system was tested at the Fermilab Test Beam Facility as
experiment T-1044 in the spring of 2016. The electromagnetic
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calorimeter (EMCal) prototype is composed of scintillating fibers
embedded in a mixture of tungsten powder and epoxy. The
hadronic calorimeter (HCal) prototype is composed of tilted steel
plates alternating with the plastic scintillator. Results of the test
beam reveal the energy resolution for electrons in the EMCal
is 2.8% ⊕ 15.5%/

√
E and the energy resolution for hadrons in

the combined EMCal plus HCal system is 13.5% ⊕ 64.9%/
√

E.
These results demonstrate that the performance of the proposed
calorimeter system satisfies the sPHENIX specifications.

Index Terms— Calorimeters, electromagnetic calorimetry,
hadronic calorimetry, performance evaluation, prototypes, Rel-
ativistic Heavy Ion Collider (RHIC), silicon photomulti-
plier (SiPM), simulation, “Spaghetti” Calorimeter (SPACAL),
super Pioneering High Energy Nuclear Interaction eXperiment
(sPHENIX).

I. INTRODUCTION

THE super Pioneering High Energy Nuclear Interaction
eXperiment (sPHENIX) is a planned experiment [1] at

the Relativistic Heavy Ion Collider (RHIC). RHIC is a highly
versatile machine that collides a diverse array of nuclear
beams from protons to heavy ions and supports a very
broad physics program for the study of both hot and cold
quantum chromodynamics matter. sPHENIX is specifically
designed for the measurements of jets, quarkonia, and other
rare processes originating from hard scatterings to study
the microscopic nature of strongly interacting matter rang-
ing from nucleons [2] to the strongly coupled quark–gluon
plasma (QGP) created in collisions of gold ions at

√
sN N =

200 GeV [3]–[6]. sPHENIX is equipped with a tracking sys-
tem and a three-segment calorimeter system, both of which
have a full 2π acceptance in azimuth and a pseudorapidity
coverage of |η| < 1.1. sPHENIX has acquired the former
BaBar magnet, which has an inner radius of 1.4 m and
an outer radius of 1.75 m [7]. The sPHENIX calorimeter
system includes an electromagnetic calorimeter (EMCal) and
an inner hadronic calorimeter (HCal), which sit inside the
solenoid, and an outer HCal located outside of the magnet.
The EMCal will be used for identifying photons, electrons, and
positrons. Photons can be used to tag the energy of opposing
jets traversing the QGP, while electrons and positrons will

0018-9499 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Measured performance matches simulations  
and meets (exceeds) performance goals



sPHENIX
sPHENIX tracking subdetectors
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INTT  
Silicon strips, 2 layers
re-use of PHENIX FVTX electronics

MVTX  
Monolithic Active Pixel Sensors (MAPS), 
3 layers, based on ALICE ITS IB detector

TPC  
Continuous readout TPC
SAMPA based front-end card 
Quad-GEM readout chambers
Close relation to ALICE TPC



sPHENIX
TPC in real life
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Wagon Wheels Delivered

Full size Field Cage

Assembling Inner Field Cage

40cm Chamber at FNAL Test Beam

8 SAMPA  FEE Board

Full chain readout

test beam prototype chamber



sPHENIX
Microvertex detector (MVTX)
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• Provides spatial resolution for displaced vertices 
• 3 layers of hermetic Monolithic Active Pixel sensors 
• ALICE ITS design modified to fit sPHENIX envelope

95.5
87°

97.5

Displaced Vertex Resolution



sPHENIX
MVTX test beam
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• 2019 test of telescope with full readout and cables just 
completed (May 25)

• Readout tested up to 300kHz with p beam and  
p-on-Pb sprays (sPHENIX requirement 15kHz)

• Expected hit resolution verified
• Stave production underway in CERN ALICE ITS facility



sPHENIX
Contributions from non-US institutions

Sampa TPC FE chip 
sPHENIX specific v5 
U. Sao Paulo

Riken/RBRC

NCU/Taiwan

EMCal prototype blocks at 
Fudan University 

Block production to extend 
EMCAL acceptance to |η| < 1.1 

by Chinese consortium

INTT contributed by Riken 
assembly/testing at NCU/Taiwan

MVTX 
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PHENIX MBD 
Hiroshima U.

INTT 



sPHENIX
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Physics case studies
6 examples to illustrate role of sPHENIX in context 

of LHC and previous RHIC studies 



sPHENIX
Same probe at sPHENIX and LHC: photon-jet balance

Physics Projections - ɣ+jet balance
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Fig. 29: (Left Panel) Photon-jet momentum balance xj� distribution for isolated-photon+jets of p� >
100 GeV/c and |⌘� | < 1.44, pjet > 30 GeV/c and |⌘jet| < 1.6 in the HL-LHC data (Right Panel).
Comparison between the current performance with 0.4 nb�1 of Pb–Pb data collected in 2015 and with
HL-LHC data [8].
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Fig. 30: (Left Panel) XjZ distribution for Z boson-jet pairs with pZT > 60 GeV/c, pjet > 30 GeV/c and
|⌘jet| < 1.6 in the HL-LHC data (Right Panel) Comparison between the current performance with 0.4
nb�1 of Pb–Pb data collected in 2015 and with HL-LHC data [8].

hemisphere) may be modified by soft multiple scattering in the QGP, which can be used to extract the jet
transport parameter q̂ by comparison to models [379].

Measurements of the angular distribution of jets relative to a reference axis have been reported for
either dijet, photon-jet, Z0-jet and hadron-jet coincidences, at RHIC [343] and LHC [349,354,375,376,
380]. These current measurements exhibit no significant evidence of in-medium modification of angular
distributions, both at small and large angles to the reference axis. While they impose constraints on the
magnitude of in-medium scattering effects, their statistical precision is limited. Measurements during
HL-LHC will either discover in-medium modification to the recoil jet angular distributions, or improve

68

sPHENIX  
simulation

0-20%

Photon-tagged jets in sPHENIXCERN Yellow Report projections for Runs 3, 4 

Same hard scattering process at RHIC and LHC 

Direct comparison of QGP effects for  
different QGP temperature evolution 27



sPHENIX
Same probe, different sensitivity: Jet angular correlationsJet-Hadron azimuthal correlations
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ALICE projections (e.g.) suggest a much broader distribution around π, indicating 
a worse resolution

sPHENIX 
simulation

Fig. 31: JEWEL simulation of the angular distribution of charged jet yield in the ALICE acceptance for
40 < pchT,jet < 45 GeV/c and R = 0.4 recoiling from a high-pT reference hadron (20 < pT,trig < 50

GeV/c), for central Pb–Pb collisions at psNN = 5.02 TeV with 10 nb�1 int. luminosity, and pp collisions
at

p
s = 5.02 TeV with 6 pb�1 int. luminosity. The recoil jet azimuthal angle �' is defined with

respect to the reference axis. The observable shown is �(�') which incorporates statistical suppression
of uncorrelated background. Figure from Ref. [1].

and central Pb–Pb collisions, we integrate the �(�') from ⇡/2 to a threshold angle �'thresh [354],

⌃(�'thresh) =

Z ⇡��'thresh

⇡/2
�(�')d�'. (20)

Figure 32 shows ⌃(�'thresh) for the �(�') distributions in Fig. 31, together with their ratio. In this
calculation, the value of ⌃ at �'thresh = 0 is around 0.5, which is the yield suppression averaged over
the full recoil hemisphere. The ratio grows to ⌃ ⇠ 1 at �'thresh = 1.2, indicating a factor two enhance-
ment in large-angle yield relative to the hemisphere average. The statistics of the measurement are clearly
sufficient to measure the effect predicted by this calculation. However, the calculation in [384] predicts
a difference of only a few percent in these distributions for GLV-like and BDMPS-like in-medium scat-
tering, which is more difficult to discriminate. The statistical error in the ratio in Fig. 32 is around 5% at
�'thresh ⇠ 1, due predominantly to the statistical precision of the pp distribution.

70

CERN Yellow Report projections for Runs 3, 4 

At comparable jet energies, much smaller 
contribution from ISR/FSR at RHIC, as well 
as smaller smearing from UE fluctuations

28



sPHENIX

Z-B Kang, J Reiten, I Vitev, B Yoon, “Light and heavy flavor dijet production and dijet mass modification in heavy ion collisions”, Phys. Rev. D99 034006 
(2019)  Partly supported by LANL LDRD motivated by and connected to sPHENIX

LHC RHIC

New class of observables enabled at RHIC 
by b-tagging capability in sPHENIX

invariant mass m12. For large m12 ∼ 500 GeV, the differ-
ence diminishes and one should expect to see similar
suppressions, Rbb

AA=R
jj
AA ∼ 1.

Let us now turn to the conventional observable, the
momentum imbalance distributions dσ=dzJ. In the absence
of in-medium interactions, one expects from perturbative
QCD that the transverse momenta of the two jets are
balanced, p1T ≈ p2T . Consequently, dσ=dzJ in elementary
pþ p collisions will be peaked around zJ ≈ 1. On the other
hand, in heavy ion collisions, jet quenching plays an
important role and one jet will lose more energy than
the other. As a result, one expects to see a downshift of
the peak in zJ distribution because of strong in-medium
interactions.
In Fig. 15, we display the normalized dijet imbalance zJ

distributions for inclusive (left) and b-tagged (right) dijet

production at the LHC energy
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. The
black histogram is the result for pþ p collisions, while
the colored curves are the results for central (0%–10%)
Pbþ Pb collisions. In the left panel, the band corresponds
to a range of coupling strengths between the jet and the
medium: gmed ¼ 1.8–2.0, respectively. In the right panel,
we fix gmed ¼ 1.8, and the band corresponds to a range of
masses of the propagating system between mb and 2mb.
The experimental data points are from the CMS
Collaboration [25]. We clearly see a downshift in the peak
of zJ distribution for both inclusive and b-tagged dijet
production. There is an excellent agreement between our
calculations for inclusive dijets and the CMS data. On the
other hand, our calculations do not describe very well the
CMS data for b-tagged dijets. We attribute this to the use of
purely LO matrix elements via PYTHIA 8 and the specific
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FIG. 15. The dijet imbalance zJ distributions for inclusive (left) and b-tagged (right) dijet production at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV for CMS at
the LHC. The black histogram is the result for pþ p collisions, while the colored curves are the results for central (0%–10%) Pbþ Pb
collisions. Left: The band corresponds to a range of coupling strengths between the jet and the medium: gmed ¼ 1.8–2.0, respectively.
Right: We fix gmed ¼ 1.8, and the band corresponds to a range of masses of the propagating system between mb and 2mb. The
experimental data are from the CMS Collaboration [25].
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FIG. 14. Ratios of nuclear modification factors for b-tagged (Rbb
AA) vs inclusive (R

jj
AA) dijet production for CMS (left) and sPHENIX

(right) are plotted as a function of dijet invariant mass m12. For LHC (sPHENIX) energies, we choose gmed ¼ 1.8ð2.0Þ. For b-tagged
dijets, the mass of the propagating system is held fixed at mb.

LIGHT AND HEAVY FLAVOR DIJET PRODUCTION AND … PHYS. REV. D 99, 034006 (2019)
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Same observables, different kinematics: Dijet mass ratios
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sPHENIX
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=200GeVNNsAu+Au, sPHENIX proj: ideal TOF, 0-10%

sPHENIX proj: noPID, 0-10%
STAR prel., 0-20%

Tsinghua: seq. coal, 10-80%
Tsinghua: simul. coal, 10-80%
Catania: coal only, 0-20%
Catania: coal+frag, 0-20%

TAMU: di-quark 0-5%
TAMU: 3-quark 0-5%
PYTHIA8 (CR)
PYTHIA8 (Monash)

sPHENIX vs current RHIC results: Λc - Hadronization
complex decay topologies enable high 

S/B in baseline sPHENIX 
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sPHENIX
New capabilities at RHIC: b-tagged jets, B mesons

31

b-tagged 
jet RAA

b-tagged 
jet v2

B-meson RCP

B-meson v2



sPHENIX
sPHENIX vs current RHIC results: Y(nS) family
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STAR Talks at Quark Matter 17&18

!32

Upsilon in 200 GeV AuAu Collision
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Use same set of parameters

STAR measures 2S+3S

See X. Yao, B. Mueller, arXiv:1811.09644

Detailed balance affected by 
dissociation, strong energy loss of bare 

HQ, recombination

Xiaojun Yao (Duke) at 
2019 RHIC AUM – model 
compared with STAR data 

sPHENIX Υ(1S), Υ(2S) projections 
overlaid on Duke model

Following discussions with sPHENIX collaborators 
X.Yao generated projections in sPHENIX acceptance

current RHIC  
uncertainty



sPHENIX
Summary
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• Key goal of 2015 LRP: Understand microscopic structure of QGP and the 
emergence of its unique long-wavelength properties 

• New state-of-the-art detector for hard probes: sPHENIX @ RHIC 

• Exploit complementarity with LHC  

• Requires combination of high precision tracking, full calorimetry, large acceptance and 
high rate brings qualitatively new capabilities 

• sPHENIX relies on proven, cost-effective technology to bring qualitatively new 
capabilities to RHIC 

• Project entered construction phase in 2019 

• Preparing for first physics data in 2023



Backup
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sPHENIX
sPHENIX organization

Collaboration Project

Executive Council

Project	and	collaboration	
representatives

Institutional Board

Institution	representatives

Jet structure

D. Perepelitsa, R. Reed

Y spectroscopy

T. Frawley, M. Rosati

Heavy flavor

J. Huang, X. Dong

Cold QCD

C. Aidala, A. Bazilevsky

Topical Groups

Diversity Office 
V. Greene

Speaker’s Bureau 
M. Rosati re-elected in Jan ‘19

established 
in 2019
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Fig. 34: (Left Panel:) The ratio of measured photon-tagged jet shape in Pb–Pb and pp collisions with the
2015 Pb–Pb data [391]. (Right Panel:) The expected performance of the jet shape ratio in the HL-LHC
data, using a third-order polynomial for smoothing the data. [REF to be added when note is public]
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Fig. 35: Projection of the statistical precision that can be reached for the ratio of jet fragmentation
functions in Pb–Pb and pp collisions, RD(z), of jets recoiling from a photon. The left panel shows the
projection for the most central collisions while the right panel for the more peripheral events [5].

BDMPS [400] and SCETg [401] calculations when the medium density (q̂ for BDMPS and g for SCETg)
is varied. In addition, the expected precision will also provide the ability to distinguish different physical
mechanisms and scales relevant for jet quenching as is shown for the role of coherence in Fig. 36 in the
HT theoretical calculations [402]. A measurement of the groomed jet mass with the 2015 LHC Pb–Pb
data already showed that jet quenching might cause an increase of high mass jets [361]. Figure 37 shows
the expected performance for the groomed jet mass at HL-LHC which will allow measuring the high
mass region with higher precision.
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projection are compared to the hybrid model [389, 390] which implements energy loss according to the
strong coupling description of the radiation of low energy gluons associated with the hot QCD matter
which predicts a rapidity-dependent suppression of particle yield at high z.
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Fig. 33: Projection of the precision that can be reached for the modification of jet fragmentation function,
RD(z), measured in jet pT interval 200 � 251 GeV/c. In the left panel the statistical uncertainty on the
measurement with the shaded boxes corresponding to 0.49 nb�1 while the vertical bars are for 10 nb�1.
The right panel shows a comparison of RD(z) with a theory model (see text for more details) [5].

When interpreting the modification of inclusive jets one has to realize that by requiring a certain
jet momentum range a different sample of partons initiating the jet is selected in pp and Pb–Pb colli-
sions. Incorporation of this effect in model calculations introduces an additional uncertainty limiting the
constraints that can be put on a model. This can be overcome by using the rare process of jets recoiling
from photons. The expected performance of the radial pT profile in jets recoiling from a high momentum
photon at HL-LHC is shown in Fig.34. The central values of the extrapolated spectra are obtained by
smoothing the results from [391] by a third order polynomial. The systematic uncertainties shown are
obtained by reducing by a factor of two those from the 2015 Pb–Pb data results, considering the expected
improvements on the jet energy scale and jet energy resolution uncertainties. The results show that the
photon-tagged jet shape could be measured with high precision providing insights about the modification
of the jet transverse structure of quark initiated jets in the strongly interacting medium. Figure 35 shows
the expected statistical precision of the fragmentation function on photon-tagged events. The larger data
sample will enable the measurement for finer centrality selections with respect to the current preliminary
results [392] allowing an exploration of the temperature and path length dependence of jet quenching.

6.4.2 Substructure with subjets
Early hard splittings in a parton shower may result in two partons with high transverse momentum that
are well separated in angle. Information about these leading partonic components can be obtained by
removing the softer wide-angle radiation contributions. This is done through the use of a jet grooming
algorithm called “soft drop”, an extension of the modified mass drop tagger (mMDT), that attempt to
split a single jet into two subjets, a process referred to as “declustering” [393–397]. For a parton shower
in vacuum, these subjets provide access to the properties of the first splitting in the parton evolution [398,
399]. Figure 36 shows the expected performance for the momentum sharing fraction, zg [399], in the HL-
LHC phase. The central values of zg and jet mass are from previous CMS publications [360, 361]. The
systematic uncertainties are reduced by a factor of two with respect to the results with 2015 Pb–Pb data
due to the expected improvements on the jet energy scale and jet energy resolution uncertainties. While
the current data is not precise enough to constrain the medium properties further, the expected luminosity
at the HL-LHC will allow more detailed constraints as can be observed from the different results of the
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• different min. hadron & jet pT at LHC (>1 GeV, 
~100’s of GeV) vs. RHIC (>0.4 GeV, ~30-40 GeV), 
but coincidentally similar low-z reach 

• matched x-axis range & binning, jet cone size, etc

Comparison of projected FF uncertainties
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Jet Mass / Momentum
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Fig. 37: Jet mass distribution with grooming setting (zcut,�) = (0.1, 0.0) (Upper panels) and (zcut,�) =
(0.5, 1.5) (Lower panels). [8]

slope in the Lund diagram for a constant value of zg.
The effect of jet quenching on the Lund diagram is quantified by taking the difference between the

diagram with and without medium effects as shown in Fig. 39 for the two transverse momentum ranges
considered in this study. The average density integrated over ln calculated for Pb–Pb (MEDIUM) case
shows little deviation from the pp (VACUUM) reference. The most pronounced differences between
VACUUM and MEDIUM calculations are visible for the region of �3 < ln < �3 and large ln 1�
which correspond to the hard-collinear splittings (Region-A), and a band along ln 1/� for small ln
(Region-B): �5 < ln < �6 for the lower pT selection and �5.5 < ln < �7 for higher pT jets; that
corresponds to an enhancement of soft (moderate ln 1/�) and hard collinear splittings (large ln 1/�).
These observations are consistent with soft and hard collinear splittings being modified by the medium.

To illustrate the different modifications of the Lund diagram density for the two regions identified
in Fig. 39, projections along ln 1/� are shown in Fig. 40. For Region-A we observe 30%-40% depletion
of splittings for the MEDIUM case whereas in Region-B a moderate increase of splittings induced by the
medium is visible. The depletion in Region-A is consistent a sample of more collimated jets consistent
with previous measurements in heavy-ion collisions [359, 388]. The increase seen in Region-B is con-
sistent with a small in-medium enhancement of splittings with moderate dependency on the angle of the
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CMS groomed mass / pT (left) — c.f. sPHENIX version w/ ungroomed mass (right) 
➡ new observable enabled by constituent mass subtraction 

➡ general conclusion: can pick kinematic regions where UE effects are small 

sPHENIX 
simulation

CERN Yellow Report projections for Runs 3, 4 



D0 v1 - Direct Access to Initial B Field
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init. B ->  v1(D) = -v1(Dbar)

tilt QGP ->  v1(D) = v1(Dbar) >> v1(h)

Need: Good ZDC-SMD detector to improve 
1st EP resolution

sPHENIX



Upsilons at sPHENIX and LHC

CMS data

min. bias PbPb

Differential suppression of Y(nS), temperature dependence of QGP Debye screening 
length 

Y(1S) width key f.o.m. in work of Inner Detector Optimization Task Force – deciding 
INTT configuration (pattern recognition vs. radiative tails and conversions)

Y(1S) → e++e-

39

Y(ns) → μ++μ-

sPHENIX Y(1S) simulation

top 10% central AuAu 


+ 50 kHz pileup



5-yr vs. 3-yr
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5	year	 3	year	



5-yr vs. 3-yr
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5	year	 3	year	



INTT
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± 13 us ± 5 us



INTT
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•  Sensors from HPK 
– 78 µ pitch 
– single-sided 
– AC coupled 
– 320 µ thick 

•  Two sizes of sensors 
– 128x20 mm 
– 100x20 mm 

•  FPHX ASIC (developed for PHENIX) 
– 128 channels 
– 3 bit ADC 
– 64 mW/chip 
– 200 MHz data port 

•  Near detector Readout Cards (ROC’s) from 
PHENIX FVTX 

•  Data acquisition by FVTX FEM + DCM II/JSEB II 
– Alternative under consideration 



sPHENIX
MVTX
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50
 u

m

28 um

ALICE Pixel Detector 
•  Very fine pitch (27µm x 29µm), for superb 

spatial resolution 
•  High efficiency (>99%) and low noise 

(<10-6), for excellent tracking 
•  Time resolution, as low as ∼5 µs, for less 

pileup  
•  Ultra-thin/low mass, 50µm (~0.3% X0), 

for less multiple scattering 
•  0.5M channels with on-pixel digitization, 

for zero-suppression and fast readout 
•  Low power dissipation, 40mW/cm2, for 

minimal service materials 



sPHENIX
Jet performance 
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Songkyo Lee December 6th 2018

Decomposition of JER
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• UE fluctuation enters into noise term
• Factorize UE component by [σpT/pT]AA⊖[σpT/pT]pp 

From DVP

• Calibration procedure is expected to only improve the pp-like part of the resolution, 
and not improve the part of the resolution coming from the UE 
→ UE part remains the same after calibration? (next slide)

• Fit with n/pT gives reasonable description 
in different R before calibration

• One advantage of purely calorimetric measurement: 
reconstruction proceeds identically in pp and Au+Au 
➡ can understand Au+Au response as pp response ⊗ UE 
➡ identical, i.e. sensitivity of response to fragmentation, in 

both systems 



sPHENIX
Jet performance summary
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Good news: kinematic regions where p+p ~ Au+Au  
➡ but want to make measurements in difficult regions too 

(detector corrections via unfolding, etc.…)
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Jet energy calibration
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Songkyo Lee December 6th 2018

Calibration procedure 5/5

�7

• EMCAL clusters with hadronic energy (EEMCalhad)  needs to be separated from  
those with EM energy (EEMCalEM) and calibrated individually

• Flow chart for EMCAL cluster selection

Cluster has 
an associated track 
( |dη|<3σ, |dφ|<3σ )

E/p > 3σ from unity
or

Track p < 1 GeV/c

Y

N

Y

N
EEMCALhad

EEMCALEM

• A, B, and C are simultaneously determined using MINUIT by minimizing the quantity

IHCAL OHCALEMCAL

hadron
e-,γ B CA

⌃N
i=1(E

Reco
Jet,i � ETruth

Jet,i )2/(ETruth
Jet,i )2

ERECO = Dꙓ(EEMCALEM + AꙓEEMCALhad+ BꙓEIHCAL + CꙓEOHCAL )

slide from Songkyo

Exploring calibration schemes based on multiplicative scale 
factors for each calorimeter layer 

• separation of EMCal energy into e/ɣ (no track or E/p ~ 1 
track) and hadronic (track with E EM/p < 1) 

• discussion of in situ validation with ɣ+jet events in p+p



sPHENIX
Jet calibration in p+p
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Response after calibration
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• Jet response vs. EM fraction flattened after calibration

Songkyo Lee December 6th 2018

JER in pp vs. HI
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Au+Au (4-8 fm) after calibration

R=0.2

R=0.4

• Improvement in JER after calibration both in pp and HI
• Larger JER for larger R jet at lower pT in HI
• Shaded boxes represent uncertainties in the scaling constants

AuAu

pp

Au+Au

p+p

R=0.4

Response nearly independent 
of truth-EM fraction (i.e. 
fragmentation) in p+p



sPHENIX
ɸ-dependent jet performance
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 0.002± = 0.743 µ
 0.003± = 0.192 σ
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φ/6 < |π

 0.002± = 0.737 µ
 0.003± = 0.186 σ

/2π| < truthΨ - truth
jet
φ/3 < |π

 0.002± = 0.726 µ
 0.003± = 0.187 σ
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 0.003± = 0.812 µ
 0.003± = 0.176 σ
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 0.003± = 0.741 µ
 0.003± = 0.169 σ

/2π| < truthΨ - truth
jet
φ/3 < |π

 0.003± = 0.689 µ
 0.003± = 0.171 σ

Jet response vs. EP - central

!12

No flow modulation

• Split jets into 3 bins in delta phi from the EP 
• HI Jet Reco does a good job correcting flow modulation 

from UE subtraction 
• However, each class ends up wider than w/o flow

With flow modulation

0-20% 0-20%

HI jet reco w/o flow determination… HI jet reco WITH flow determination



sPHENIX
RHIC vs. LHC

Complementarity: RHIC vs. LHC 
• Sensitive to different temperature regions 

Uniqueness at RHIC (vs. LHC) 
• Gluon splitting contribution is much less 
(~10%)

50

RHIC LHC->

A. Adare et al., 1501.06197 



sPHENIX
Time projection chamber

• Provides momentum reconstruction 
• Operates in continuous readout mode 
• Gas-Electron Multiplier (GEM) avalanche for low Ion Back Flow (IBF) 
• FEE, Data Aggregation from ALICE and ATLAS
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sPHENIX
 Threshold & Objective KPP’s
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• The individual L2 components of 
sPHENIX are the MIE deliverables. 

• KPP’s are determined using bench 
tests, LED/Pulser/laser tests, and 
cosmics. Beam collisions are not 
needed to satisfy the KPP’s.  


