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sPHENIX

Dave Morrison (BNL),  sPHENIX co-spokesperson

for the collaboration

sPHENIX heavy flavor program and a path to the EIC



sPHENIX

nb: showing EIC, but sPHENIX 
runs as part of RHIC program
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Studying the QGP/QCD at multiple scales with sPHENIX
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Heavy flavor (open or hidden) is a major part of the sPHENIX program



sPHENIX
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inner HCAL

EMCAL

BaBar superconducting solenoid



BaBar high field test at BNL

nostalgia for Stephen Sekula :-) 5



sPHENIX
sPHENIX Tracking detectors
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Continuous readout TPC (R = 20-78cm) 
• shares many concepts with ALICE TPC upgrade 
• compact – 1/30 of ALICE TPC volume
Si strip intermediate tracker (R = 6-12cm)

3-layer precision vertex tracker (R = 2.3, 3.1, 3.9cm) 
• near-copy of ALICE ITS IB detector
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b-jet embedded in 200 GeV Au+Au event 
full GEANT4 detector description 

full reconstruction of tracks and calorimeters



sPHENIX
Upsilon spectroscopy
Sufficient mass resolution to enable clear separation of Y mass states for the first 
time at RHIC (σp/p = 0.2% x p ⟹ σM|Y(1S)  = 100 MeV/c2) 
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p+p line shape normalized to 
1S

granularity of the tracker, the muon pT measurement based
on information from the tracker alone has a resolution
between 1 and 2% for a typical muon in this analysis.

The CMS apparatus also has extensive forward
calorimetry, including two steel–quartz-fiber Čerenkov
hadron forward calorimeters (HF), which cover the range
2:9< j!j< 5:2. These detectors are used for event selec-
tion and centrality determination in PbPb collisions. The
event centrality observable corresponds to the fraction of
the total inelastic cross section, starting at 0% for the most
central collisions and evaluated as percentiles of the dis-
tribution of the energy deposited in the HF [7,8]. The
centrality classes used in this analysis are 50–100%, 40–
50%, 30–40%, 20–30%, 10–20%, 5–10%, and 0–5%,
ordered from the lowest to the highest HF energy deposit.
Using a Glauber-model calculation as described in Ref. [7],
the average number of nucleons participating in the colli-
sions (Npart) and the average nuclear overlap function (TAA)

have been estimated for each centrality class. The TAA factor
is equal to the number of elementary nucleon-nucleon (NN)
binary collisions divided by the elementary NN cross
section and can be interpreted as the NN-equivalent inte-
grated luminosity per heavy-ion collision, at a given event
centrality [9].

The ! states are identified through their dimuon decay.
The events are selected online with a hardware-based
trigger requiring two muon candidates in the muon detec-
tors. More stringent muon quality requirements are
imposed in the PbPb case relative to the pp online selec-
tion. No explicit momentum or rapidity thresholds are
applied at trigger level. For the PbPb data, events are
preselected offline if they contain a reconstructed primary
vertex comprising at least two tracks, and the presence of
energy deposits larger than 3 GeV in at least three towers in
each of the two HF calorimeters. These criteria reduce
contributions from single-beam interactions, ultraperiph-
eral electromagnetic interactions, and cosmic-ray muons.

Muons are reconstructed by matching tracks in the muon
detectors and silicon tracker. The same offline reconstruc-
tion algorithm and selection criteria are applied to the PbPb
and pp data samples. The muon candidates are required to
have a transverse (longitudinal) distance of closest
approach to the event vertex smaller than 3 (15) cm.
Muons are only kept if the part of their trajectory in the
tracker has 11 or more hits and the "2 per degree of
freedom of the combined and tracker-only fits is lower
than 20 and 4, respectively. Pairs of oppositely charged
muons are considered dimuon candidates if the "2 fit
probability of the tracks originating from a common vertex
exceeds 5%. This removes background arising primarily
from the displaced, semileptonic decays of charm and
bottom hadrons. Only muons with pT > 4 GeV=c are con-
sidered, as in Ref. [5]. The dimuon pT distribution of the
selected candidates extends down to zero and has a mean of
about 6 GeV=c, covering a dimuon rapidity range of jyj<

2:4. The resultant dimuon invariant mass spectra are shown
in Fig. 1 for the PbPb and pp data sets. The three !ðnSÞ
peaks are clearly observed in the pp case; the !ð3SÞ state
is not prominent above the dimuon continuum in PbPb
collisions.
Simulated Monte Carlo (MC) events are used to opti-

mize muon selection cuts and to evaluate efficiencies.
Signal !ðnSÞ events are generated using PYTHIA 6.424

[10], with nonrelativistic quantum chromodynamics matrix
elements tuned by comparison with CDF data [11].
Underlying heavy-ion events are produced with the
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FIG. 1 (color online). Dimuon invariant-mass distributions in
PbPb (top) and pp (bottom) data at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV. The
same reconstruction algorithm and analysis selection are applied
to both data sets, including a transverse momentum requirement
on single muons of pT > 4 GeV=c. The solid (signalþ
background) and dashed (background-only) curves show the
results of the simultaneous fit to the two data sets.
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sPHENIX
High rate DAQ + RHIC luminosity ⟹ multiply differential observables
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pT-dependence for most-central collisionssuppression vs centrality



sPHENIX
Open heavy flavor via single hadrons and via jets
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b-jets

sPHENIX will enable precision bottom measurements at RHIC over broad kinematic range  
First b-jet tagging at RHIC

subtle point: low pT HF isn’t triggerable, challenge to get statistics in pp – 
sPHENIX uses streaming readout of tracking detectors to do this



Streaming readout means even better HF physics
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620 evts 150k evts

p+p collision 
statistics

(co-host Jin Huang is the expert on this!)



sPHENIX
Di-b-jet increases sensitivity to physics
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Physics Projections 2023–2025 Open Heavy Flavor Physics

quite different, transitioning in the right panel to the b-jet at much higher-pT, where the effect due
to the light and heavy quark mass difference is less significant. The current experimental results do
not yet confirm the detailed physics behind this transition.

Figure 7.6 (left) shows the elliptic flow v2 measurements of the charm and bottom meson made with
unprecedented precision that offer unique insight into the coupling of the HF quark to the medium.
Theoretical modeling using the “Brownian” motion methodology requires that momentum transfer
for each interaction is much smaller than the heavy particle mass [20]. It is much better controlled
for bottom quarks compared to charm quarks [21]. Therefore, precision bottom measurements over
a wide momentum range, particularly in the low-pT region, can offer significant constraints on
the heavy quark diffusion transport parameter of the QGP medium along with its temperature
dependence. Figure 7.6 (right) shows the v2 measurement is further extended to the tens of GeV
range, where the path-length differential energy loss of the b-quark is probed.
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Figure 7.7: Projected statistical uncertainties of nuclear modification for back-to-back b-jet pairs (left)
and b-jet-light-jet super-ratio (right) along with pQCD calculations from Ref. [22]

With the large acceptance and multi-observable capability, the sPHENIX experiment is well po-
sitioned to explore new heavy-flavor correlations. Recently, the invariant mass of back-to-back
heavy-flavor jet pairs has been shown to be a promising experimental observable for studying the
propagation of quarks in the QGP [22]. The 3-year projection for the nuclear modification of the
invariant mass for back-to-back b-jet pairs and the b-jet-light-jet super-ratio is shown in Figure 7.7.
Comparing to predictions based on 10% variation of the coupling parameter, g

med, the sPHENIX
data will place stringent constraints on the b-quark coupling to the QGP under this model. The
large sample for the heavy-flavor hadron and jet also enables a correlation study for heavy-flavor
meson pairs, heavy-flavor meson-jet correlation, and other jet-jet observables that are being studied
by the collaboration [23, 24];

Recent RHIC and LHC data indicate significant enhancement of the Lc baryon to D
0 meson

production ratio in p+p, p+A and A+A collisions [25]. However, the data at RHIC is still sparse
and the reference Lc/D ratio in p+p collision is missing at RHIC energies, while the current
model predictions differ significantly. As shown in Figure 7.8, sPHENIX will enable the first
measurement of the Lc/D in p+p collisions at RHIC and provide the high precision heavy ion data
to quantitatively understand the enhancement of the charmed baryon/meson production ratio and
therefore charm hadronization in the quark-gluon plasma.

41

Another observable enabled by sPHENIX high rate DAQ + RHIC luminosity

Zhong-Bo Kang, Jared Reiten, Ivan Vitev, and Boram Yoon. Phys. Rev. D, 99(3):034006, 2019



sPHENIX
Heavy flavor as a probe of collectivity, coupling in the medium
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Probing the 
diffusion of 

the b-quark in 
the QGP

Probing the 
path-length 
differential 

energy loss of 
the b-quark



sPHENIX
Charm hadronization in the deconfined medium

Jaroslav, Adam et al. First Measurement of Λc Baryon Production in Au+Au Collisions at √sNN=200 GeV. Phys. Rev. Lett., 124(17):172301, 2020. 

Min He, Ralf Rapp, “Hadronization and Charm-Hadron Ratios in Heavy-Ion Collisions”, Phys.Rev.Lett. 124 (2020) 4, 042301

Uses sophisticated multi-
variate analysis methodology to 
use available information 
optimally
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https://inspirehep.net/literature?q=a%20M.He.1
https://inspirehep.net/authors/992269


sPHENIX
HF in cold QCD with sPHENIX
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Gluon Sivers TMD 
TSSA in direct-γ and heavy-flavor production

Zhong-Bo Kang, Jian-Wei Qiu, Werner Vogelsang, and 
Feng Yuan. “Accessing tri-gluon correlations in the nucleon 
via the single spin asymmetry in open charm production.” 
Phys. Rev. D, 78:114013, 2008 



sPHENIX run plan 2023 – 2025

16141 billion Au+Au events with |z| < 10 cm recorded

Key transverse polarized  
p↑p↑, p↑Au data sets



sPHENIX
sPHENIX as a path to EIC?  A number of possible answers.
• Physics connections – e.g., measurements in spin polarized pp and pA, can seed 

interactions with theory community prior to EIC; validation of saturation picture of initial 
state in AA in EIC can inform RHIC analyses 

• Equipment and infrastructure – e.g., BaBar solenoid, flux return, carriage, cryogenic 
connection to RHIC, gas mixing and handling facilities, electronics (e.g., ATLAS FELIX), 
select detectors 

• Data acquisition – streaming readout infrastructure capable of handling EIC needs 

• Software – battle-tested framework, simulations with full GEANT and highly performant 
track reconstruction (based on ATLAS ACTS code), increasing number of EIC specific 
detectors, KFParticle for state-of-the-art topological decay reconstruction, sophisticated 
jet structure analysis, b/c-jet tagging 

• Collaboration – many sPHENIX institutions identify EIC as key reason for joining 
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sPHENIX
An EIC detector project will be more complex than sPHENIX
• EIC detector: many more sub-detectors than sPHENIX (x3?), more hermetic, more tightly 

integrated with accelerator 

• In comparison, sPHENIX has had it easy!  Still … 

• PHENIX “removal and repurposing”: summer 2016 to summer 2019 (with 
interruptions): three years  

• BaBar solenoid acceptance: early 2015 to early 2018: three years  

• cryogenic hookup to RHIC: three years of design, procurement, installation 

• beam tests in support of directed R&D: three years  

• optimization of silicon pixel and silicon strip detector configuration: summer 2018 to 
summer 2019: one year 

18



sPHENIX
sPHENIX: a short history & plan
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2010
sPHENIX proposed as upgrade / replacement of PHENIX

2012
Initial proposal

2016

Collaboration 
formed

2016

Final 
PHENIX run

BaBar magnet 
arrives from SLAC

2015
2014

Full 
proposal 2016

CD-0 (mission 
need)

2016

Test beam 
HCal, EMCal

2018
CD-1/3a (begin 

final design, 
place long lead-

time 
procurements)

Sept 
2019

PD2/3 (review 
complete)

March 2019

Approved CERN 
experiment

2018

Test beam 
EMCal

Aug 
2020

Oct 
2020

RHIC 20 
years

Transition from 

MIE detector 

pre-production 

to production 

Dec 
2022

PD-4 date

Towards a 
potential 

relationship 
with the EIC

Beam-use 
proposal

Construction of detectors, infrastructure, software
Dec 
2021

End of 
construction

Installation

Dec 
2023

Dec 
2024Dec 

2025

Dec 2027

Data Campaign 1
Data 

Campaign 
2?

Run 2023 
Commis. & 

AuAu candles

Run 2024 
 pp ref. & cold QCD

Run 2025 

AuAu high stat

Begin construction…

C. Riedl (UIUC)



sPHENIX
Have there been studies?
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Concept for an Electron Ion Collider (EIC)
detector built around the BaBar solenoid

The PHENIX Collaboration
February 3, 2014
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sPHENIX detector
barrel EMCal

tracking  
and 

precision vertexing
flux return/HCal

solenoid

21

EICUG Detector Discussion 
Meeting, Temple Univ.,  

November 2017



forward HCal

forward EMCal

eID

PID 
DIRC, psTOF barrel EMCal

tracking 
TPC, µMEGAs flux return/HCal

solenoid

forward tracking 
GEMs, µMEGAs, MAPS

precision vertexer

forward PID 
RICH, mRICH, psTOF
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Evolved to a possible EIC detector



in extremis

flux return/HCal

solenoid

23cf. later presentation by Xin Dong on silicon tracker
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https://indico.bnl.gov/event/8552/contributions/43193/

AANL/Armenia, Academia Sinica/Taiwan, BGU/Israel, BNL, CU Boulder, CUA, 
Charles U./Prague, Columbia, FIU, GWU, GSU, IJCLab-Orsay/France, ISU, JLab, 

Kentucky, LANL, LLNL, Lehigh, MIT, National Cheng Kung University/Taiwan, 
National Central University/Taiwan, National Taiwan University/Taiwan, National Tsing 

Hua University/Taiwan,  ODU, Ohio University, ORNL, Rice, Rutgers, SBU, TAU/
Israel, UConn, UIUC, UNH, UVA, Vanderbilt, Wayne State, and WI/Israel. 

Focus: selectively repurpose equipment and infrastructure at 
EIC IP8 to realize a fully capable EIC detector ready to deliver 
science when the accelerator delivers collisions 
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sPHENIX
Summary
• Heavy flavor is a major component of the sPHENIX science program – not just 

in “hot” QCD but also in pp and pA 

• Excellent magnet – still in its youth! – and detectors, many based on LHC 
developments provide capabilities for array of HF observables 

• High luminosity from RHIC is matched by the high rate sPHENIX DAQ 

• Heavy flavor simulations, analyses, and software can be used by the 
community 

• sPHENIX and its extensive infrastructure potentially provide an advanced 
starting point for realizing an EIC detector
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