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sPHENIX Upgrade at RHIC 
the next generation Heavy Ion Physics experiment in the US

sPHENIX design:
- Large acceptance 
- High rate
- Hard probes
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US Nuclear Physics Long Range Plan (2015)
sPHENIX – to understand “Inner Workings of QGP”
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Outline
• sPHENIX detector and HI physics

• Jets and photons
• Upsilons
• Open heavy flavors 

• Cold-QCD physics opportunity 
• Spin, TMD, nPDF
• Forward upgrade

• Outlook
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The sPHENIX Detector
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Φ ~ 5m

Outer HCal

SC Magnet

EMCal

TPC

INTT

MVTX

(Inner Hcal)
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- |eta| < 1.1
- B: 1.4 T
- 15 kHz trigger
- >10 GB/s data

A high rate and large acceptance detector for heavy ion physics at RHIC

MBD (not shown)



Probing the Inner Workings of QGP in sPHENIX
- Key Capabilities
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sPHENIX Detector Sub-Systems
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MVTX (based on ALICE ITS/IB):
• 3-layer MAPS vertex tracker, R = 2.5 – 4.0cm
• Excellent DCA resolution, < 50 μm @ pT > 1 GeV/c
INTT:
• 2-layer Si strip, R = 7 – 10cm 
TPC:
• 48 layer, continuous readout, R = 20 - 78 cm
• Excellent momentum resolution pT = 0.2 - 40 GeV/c

•Outer HCAL ≈3.5λI

•Magnet ≈1.4X0

•Inner HCAL ≈1λI

•EMCAL ≈18X0 (≈1λI)

EMCal: Scintillating fibers embedded in W powder
• Dh×Df = 0.024×0.024
• sE/E  = 16%/√E ⊕ 5%

HCal: Plastic scintillating tiles + tilted Steel/Al plates
• Dh×Df = 0.1×0.1
• sE/E = 100%/√E

DCAr�
<latexit sha1_base64="tsk+fdCyANh14yxxGF3TqMOIXqo=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexWQY/VevBYwX7AdinZNNuGZpMlmRXK0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhYngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBOOGzO/88S04Uo+wiRhQUyGkkecErCSf9e46We6l4z4tF+uuFV3DrxKvJxUUI5mv/zVGyiaxkwCFcQY33MTCDKigVPBpqVealhC6JgMmW+pJDEzQTY/eYrPrDLAkdK2JOC5+nsiI7Exkzi0nTGBkVn2ZuJ/np9CdB1kXCYpMEkXi6JUYFB49j8ecM0oiIklhGpub8V0RDShYFMq2RC85ZdXSbtW9S6qtYfLSv02j6OITtApOkceukJ1dI+aqIUoUugZvaI3B5wX5935WLQWnHzmGP2B8/kDC9KRGg==</latexit>



Detector Performance: Tracking
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GEANT simulations verified with test beam data
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Test Beam Data: EMCal & HCal
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February 2014 
Proof of principle February 2016: η~0 prototype February 2017: η~0.9 prototype 

Electron 
Energy resolution
arXiv:1704.01461 

Pion
Energy resolution
arXiv:1704.01461 



Monolithic-Active-Pixel-Sensor (MAPS) based VerTeX detector
-- for Open Heavy Quark Measurements  
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Detector Status and Highlights
• All 32 oHCAL sectors received at BNL
• EMCAL sector 0 assembled at BNL
• TPC GEM pre-production started
• MVTX staves and Readout Units production in progress 
• Successful MVTX, INTT, TPC beam tests at FNAL
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HCal EMCal MVTX

INTT

TPC



Evolving sPHENIX Run Plan

12
MIng Liu, the sPHENIX Experiment at RHIC 

• Guidance from ALD to think in terms of a multi-year run plan  
• Consistent with language in DOE CD-0 “mission need” document
• Incorporates BNL C-AD guidance on luminosity evolution 
• Incorporates commissioning time in first year

Minimum bias Au+Au at 15 kHz for |z| < 10 cm:
47 billion (Year-1) + 96 billion (Year-3) + 96 billion (Year-5) = Total 239 billion events

9/10/19

1st campaign

2nd campaign



sPHENIX 3 Physics Pillars

1. Jets and photons

2. Upsilons

3. Open Heavy Quarks
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(I): Precision Calorimetry + Tracking for Jets and Photons

Calorimeter jets + precision tracking for jet reconstruction and jet structure - New era in RHIC HI jet physics!



9/10/19 MIng Liu, the sPHENIX Experiment at RHIC 15

Key Observable: Direct Photon Tagged Jets

Photons by EMCal

Jets by HCal +EMCal

γ+Jet momentum balance

Jet fragmentation in QGP

Jet shape modification

Xjet,� =
pjetT

p�T
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Mostly quark jets: ~80%

Parton energy loss in QGP



Modification of Photon-tagged Jets

sPHENIX projection 100B Au+Au

γ+Jet momentum balance γ+Jet fragmentation function

Modification of parton shower in QGPStudy parton energy loss in QGP
16



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

Temperature [MeV]
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Jet Virtuality Evolution
 = 20-80 GeVTRHIC E

RHIC QGP Medium Influence
 = 100-1000 GeVTLHC E

LHC QGP Medium Influence

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  
    measurement 

•  High resolution tracker will  
    allow jet structure  
    measurements 

•  Jet modification 
•  Energy flow 

•  No autocorrelations! 

•  Jet algorithms for clustering and  
   background removal are under  
   investigation 

•  CMS Particle Flow? 

•  γ-jet events 
•  Photon clustering algorithm 
•  Isolation cuts 

sPHENIX CAD Drawing!

Jet Response!

arxiv:1501.06197!

Tracking  Efficiency! Tracking  Resolution!

Photon 
Resolution!

pp!

AA!

XJγ =
pγT
p jet
T

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 

consideration 

Di-Jets Modification: LHC vs RHIC

17
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)

diagonal p1T ¼ p2T . This is simply because the cross
sections at RHIC energies fall much faster as functions
of jet transverse momenta due to limited phase space, and
thus jet quenching effects get amplified [65–69].
If such two-dimensional nuclear modification ratios

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

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

R AAðm12; jb⊥jÞ ¼
1

hNbini
dσAAðjb⊥jÞ=dm12

dσpp=dm12

: ð13Þ

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

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

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

ffiffiffiffiffiffiffiffi
sNN

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

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

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV at the LHC. Left: The band corresponds to a range of coupling strength
between the jet and the medium: gmed ¼ 1.8–2.0, respectively. Right: We fix gmed ¼ 1.8, and the band corresponds to a range of masses
of the propagating system between mb and 2mb.
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quenching are more important at lower transverse momenta
or naturally smaller dijet invariant mass.
In Fig. 13, we present the same plots but for Auþ Au

collisions at
ffiffiffiffiffiffiffiffi
sNN

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

dijet production as a function of m12 at sPHENIX energyffiffiffiffiffiffiffiffi
sNN

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

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

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

AA) and
inclusive dijet (Rjj

AA) production, R
bb
AA=R

jj
AA, as a function of

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

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

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

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

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

ffiffiffiffiffiffiffiffi
sNN

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

Increased coupling at low energy to the medium near Tc
stronger di-jet suppression expected at RHIC



(II) J/Psi Suppression Observed, 
w/ Surprises, @RHIC and LHC
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1. QGP Suppression 
• Color screening
• Breakup w/ “co-movers”

2. Regeneration
• Coalescence of many c-cbar

pairs produced in A+A
Upsilons! – focus of sPHENIX

• No regeneration
Zhuang et al.
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Upsilon Spectroscopy at RHIC

ϒ(2s) –
0.56fm

ϒ(3s)-
0.78fm

ϒ(1s) –
0.28fm

sPHENIX: Thermometer of QGP via clean separation of three Upsilon states

CMS data:
min. bias PbPb



(III): Heavy Quarks - Unique Probe of QGP

• Study mass dependence
• Jet quenching 
• “Flow” – interaction with medium

• Access QGP properties  

MeV

1 10 102 103 104

mu md LQCD

TQGP

mc mb

Tc

ms

9/10/19 MIng Liu, the sPHENIX Experiment at RHIC 20

Mass dependent 
radiation dE/dx



• Inclusive B-hadron/b-jet suppression and v2 at RHIC
• Strong constraints on energy loss model of high energy probe in QGP
• Bottom quark collectivity → clean access to DHQ at RHIC energy

9/10/19 MIng Liu, the sPHENIX Experiment at RHIC 21

B-Hadron and b-jet Projections

Inclusive b-jet RAA non-prompt D-meson and predictions for sPHENIX



Di-b-Jet Modifications 

9/10/19 MIng Liu, the sPHENIX Experiment at RHIC 22

Jared’s talk: Monday

Di-b-jets Inclusive di-jets



sPHENIX Complements LHC Measurements

23

- Excellent coverage at low-
medium pT

- Precision measurements with 
high statistics

- Larger QGP effects at RHIC for 
many observables at low pT

- Same probes at RHIC and LHC

9/10/19 MIng Liu, the sPHENIX Experiment at RHIC 



A Broad Physics Program with sPHENIX

9/10/19 MIng Liu, the sPHENIX Experiment at RHIC 24

- Nuclear matter under extreme condition, “QGP”
- Nucleon and nuclear structures, novel QCD dynamics, “Cold QCD”

“Hot” QGP physics “Cold” QCD physics



Study Gluon Polarization

9/10/19 MIng Liu, the sPHENIX Experiment at RHIC 25

• Jets, hadrons, direct photons and more



Physics with Transversely Polarized p+p/A Collisions at RHIC

9/10/19 MIng Liu, the sPHENIX Experiment at RHIC 26

100GeV

Au

Transversely Polarized Proton

100GeV/nucleon



(ii) Collins mechanism:
Transversity× spin-dep fragmentation

(i) Sivers mechanism:
correlation proton spin & parton kT

SP

p

p

Sq kT,π

Probe the Underlying Physics via Hard Scatterings
TMD, Collinear Twist-3 Factorizations

SP

kT,qp

p

Sq
Phys Rev D41 (1990) 83; 43 (1991) 261 Nucl Phys B396 (1993) 161

27

Collinear Twist-3 (RHIC): quark-gluon/gluon-gluon correlations

AN ∝ f1T
⊥q (x,k⊥

2 ) ⋅Dq
h (z) AN ∝δq(x) ⋅H1

⊥(z2,k⊥

2 )
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SIDIS:

p+p/A:



Access Sivers and Collins with Jet and Hadron Azimuthal 
Distributions in Transversely Polarized p+p/A Collisions 

which has been presented and discussed at length in a
series of papers (see, e.g., Refs. [39,42,43]). We will then
present the expression of the polarized cross section for the
process of interest, discussing in detail the different par-
tonic contributions to the process; we will finally list the
azimuthal asymmetries that can be measured and their
physical content. In Sec. III we will present phenomeno-
logical results for the azimuthal asymmetries discussed in
the kinematical configuration of the RHIC experiments, at
different c.m. energies and for central- and forward-
rapidity jet production. In particular, we will first present
results for the totally maximized effects, by taking all
TMD functions saturated to natural positivity bounds and
adding in sign all possible partonic contributions. This will
assess the potential phenomenological relevance of each
effect. We will then consider more carefully those effects
involving the Sivers and Boer-Mulders distributions and
the Collins fragmentation function, for which phenomeno-
logical parametrizations obtained by fitting combined data
for azimuthal asymmetries in SIDIS, Drell-Yan, and eþe"

collisions are available. Section IV contains our final re-
marks and conclusions.

II. FORMALISM

In this section we present and summarize the expres-
sions of the polarized cross section and of the measurable
azimuthal asymmetries for the process A"B ! jetþ
!þ X, where A and B are typically a pp or p !p pair.
Since most of the formalism has been already presented
in Refs. [39,42,43], we will shortly recall the main ingre-
dients of the approach, discussing more extensively only
relevant details specific to the process considered.

Within a generalized TMD parton model approach in-
cluding spin and intrinsic parton motion effects, and as-
suming factorization, the invariant differential cross
section for the process AðSAÞB ! jetþ !þ X can be
written, at leading twist in the soft TMD functions, as
follows:

Ejd"
AðSAÞB!jetþ!þX

d3pjdzd
2k?!

¼
X

a;b;c;d;f#g

Z dxadxb
16!2xaxbs

d2k?a

& d2k?b$
a=A;SA
#a#

0
a
f̂a=A;SAðxa;k?aÞ$b=B

#b#
0
b
f̂b=Bðxb;k?bÞ

& M̂#c;#d;#a;#b
M̂'

#0
c;#d;#

0
a;#

0
b
%ðŝþ t̂þ û ÞD̂!

#c;#
0
c
ðz;k?!Þ: (1)

In an LO pQCD approach the scattered parton c in the
hard elementary process ab ! cd is identified with
the observed fragmentation jet. Let us summarize briefly
the physical meaning of the terms in Eq. (1). Full details
and technical aspects can be found in Refs. [39,42,43].

We sum over all allowed partonic processes contributing
to the physical process observed. f#g stays for a sum over
all partonic helicities, # ¼ ( 1=2ð( 1Þ for quark (gluon)
partons, respectively. xa;b and k?a;b are, respectively, the
initial parton light-cone momentum fractions and intrinsic

transverse momenta. Analogously, z and k?! are the light-
cone momentum fraction and the transverse momentum of
the observed pion inside the jet with respect to (w.r.t.) the
jet (parton c) direction of motion.

$a=A;SA
#a#

0
a
f̂a=A;SAðxa; k?aÞ contains all information on the

polarization state of the initial parton a, which depends in
turn on the (experimentally fixed) parent hadron A polar-
ization state and on the soft, nonperturbative dynamics
encoded in the eight leading-twist polarized and transverse
momentum–dependent parton distribution functions,

which will be discussed in the following. $a=A;SA
#a#

0
a

is the

helicity density matrix of parton a. Analogously, the po-
larization state of parton b inside the unpolarized hadron B

is encoded into $b=B
#b#

0
b
f̂b=Bðxb;k?bÞ.

The M̂#c;#d;#a;#b
’s are the pQCD leading-order helicity

scattering amplitudes for the hard partonic process ab ! cd.
The D̂!

#c;#
0
c
ðz;k?!Þ’s are the soft leading-twist TMD

fragmentation functions describing the fragmentation pro-
cess of the scattered (polarized) parton c into the final
leading pion inside the jet.
As already said, we will consider as initial particles A, B,

two spin-1=2 hadrons (typically, two protons) with hadron
B unpolarized and hadron A in a pure transverse spin state
denoted by SA, with polarization (pseudo)vector PA.
Ej and pj are, respectively, the energy and three-

momentum of the observed jet.
Unless otherwise stated, we will always work in the AB

hadronic c.m. frame, with hadron A moving along the
þẐcm direction; we will define ðXZÞcm as the production
plane containing the colliding beams and the observed jet,
with ðpjÞXcm

> 0. We therefore have, neglecting all masses
(see also Fig. 1):

FIG. 1 (color online). Kinematical configuration for the pro-
cess AðSAÞB ! jetþ !þ X in the hadronic c.m. reference
frame.
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and technical aspects can be found in Refs. [39,42,43].

We sum over all allowed partonic processes contributing
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jet (parton c) direction of motion.
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encoded in the eight leading-twist polarized and transverse
momentum–dependent parton distribution functions,
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scattering amplitudes for the hard partonic process ab ! cd.
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fragmentation functions describing the fragmentation pro-
cess of the scattered (polarized) parton c into the final
leading pion inside the jet.
As already said, we will consider as initial particles A, B,

two spin-1=2 hadrons (typically, two protons) with hadron
B unpolarized and hadron A in a pure transverse spin state
denoted by SA, with polarization (pseudo)vector PA.
Ej and pj are, respectively, the energy and three-

momentum of the observed jet.
Unless otherwise stated, we will always work in the AB

hadronic c.m. frame, with hadron A moving along the
þẐcm direction; we will define ðXZÞcm as the production
plane containing the colliding beams and the observed jet,
with ðpjÞXcm

> 0. We therefore have, neglecting all masses
(see also Fig. 1):

FIG. 1 (color online). Kinematical configuration for the pro-
cess AðSAÞB ! jetþ !þ X in the hadronic c.m. reference
frame.
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checked that even in themaximized scenario this last
contribution is always negligible in all the kinemati-
cal configurations considered; therefore, we will not
discuss it anymore in the sequel;

(2) The cos!H
" asymmetry is generated by the quark

Boer-Mulders!Collins convolution term, involving
a transversely polarized quark and an unpolarized
hadronboth in the initial state and in the fragmentation
process. In the central rapidity region (#j ¼ 0) the
maximized value of this asymmetry is of the order
1–3%, depending on the fragmentation function set
adopted and on the c.m. energy considered, being
almost negligible at

ffiffiffi
s

p ¼ 500 GeV. In the forward
rapidity region, #j ¼ 3:3, the maximized cos!H

"

asymmetry can be much larger both at
ffiffiffi
s

p ¼ 200
and 500 GeV. As an example, in Fig. 2 we show the
maximized cos!H

" asymmetry (solid red lines) for"þ

production at c.m. energy
ffiffiffi
s

p ¼ 200 GeV in the cen-
tral (left panel) and forward (right panel) rapidity
regions as a function of pjT , from pjT ¼ 2 GeV up

to the maximum allowed value, adopting the Kretzer
FF set. Slightly lower values are obtained using the
DSS set.

(3) The cos2!H
" asymmetry is related to the term in-

volving linearly polarized gluons and unpolarized
hadrons both in the initial state and in the fragmen-
tation process, that is, the convolution of a Boer-
Mulders-like gluon distribution with a Collins-like
gluon FF. Even the maximized contribution is prac-
tically negligible in the kinematical configurations
considered. As an example, again in Fig. 2, we show
the maximized cos2!H

" asymmetry (dashed green
lines) for "þ production at

ffiffiffi
s

p ¼ 200 GeV c.m.
energy in the central (left panel) and forward (right

panel) rapidity regions as a function of pjT , adopting
the Kretzer FF set. Similar results are obtained using
the DSS set.

Concerning results with available parametrizations, for
the quark-originated cos!H

" asymmetry we have verified
that the asymmetries obtained with the parametrizations
adopted here, our set SIDIS 2 and the BMP set for the
Boer-Mulders function, are negligible in all kinematical
configurations considered. No parametrizations are pres-
ently available for the analogous gluon contributions lead-
ing to the cos2!H

" asymmetry.

B. Azimuthal asymmetries for ANðp"p ! jet þ ! þ XÞ
Let us now discuss our numerical results for the Sivers

(A
sin!SA
N ) asymmetry and the quark [A

sin ð!SA
& !H

" Þ
N ] and gluon

[A
sin ð!SA

& 2!H
" Þ

N ] Collins(-like) asymmetries; see Eq. (32).
Our estimates are qualitatively similar at the three different
c.m. energies considered, with some differences in the size
of the asymmetries and in the relative weight of the
quark and gluon contributions where both play a role.
Therefore, we will concentrate on the results obtained atffiffiffi
s

p ¼ 200 GeV.

1. The Sivers asymmetry

In this case, both quark and gluon contributions can be
present, and they cannot be disentangled. However, some
kinematical configurations can be dominated by quark or
gluon terms, and a sizable asymmetry in these regions
might be an unambiguous indication for a Sivers asymme-
try generated by the dominant partonic contribution.
In Fig. 3 we show the total observable Sivers asymmetry

(solid red line) and the corresponding quark and
gluon contributions (dashed green and dotted blue lines,
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FIG. 2 (color online). Maximized quark-originated ( cos!H
" ) and gluon-originated ( cos2!H

" ) asymmetries (solid red and dashed
green lines, respectively) for the unpolarized pp ! jet þ "þ þ X process, at

ffiffiffi
s

p ¼ 200 GeV c.m. energy in the central (left panel)
and forward (right panel) rapidity regions as a function of pjT , from pjT ¼ 2 GeV up to the maximum allowed value, adopting the

Kretzer FF set. Slightly lower (similar) values are obtained for quark (gluon) asymmetries when using the DSS set.
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present, and they cannot be disentangled. However, some
kinematical configurations can be dominated by quark or
gluon terms, and a sizable asymmetry in these regions
might be an unambiguous indication for a Sivers asymme-
try generated by the dominant partonic contribution.
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gluon contributions (dashed green and dotted blue lines,

  = cosφπ

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 2  4  6  8  10  12  14
p (GeV)jT

<W>

ηj = 0

W H

W H  = cos2φπ

  = cosφπ

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 2  2.5  3  3.5  4  4.5  5  5.5  6  6.5
p (GeV)j T

W H

W H

<W>

ηj = 3.3

  = cos2φπ

FIG. 2 (color online). Maximized quark-originated ( cos!H
" ) and gluon-originated ( cos2!H

" ) asymmetries (solid red and dashed
green lines, respectively) for the unpolarized pp ! jet þ "þ þ X process, at

ffiffiffi
s

p ¼ 200 GeV c.m. energy in the central (left panel)
and forward (right panel) rapidity regions as a function of pjT , from pjT ¼ 2 GeV up to the maximum allowed value, adopting the

Kretzer FF set. Slightly lower (similar) values are obtained for quark (gluon) asymmetries when using the DSS set.

D’ALESIO, MURGIA, AND PISANO PHYSICAL REVIEW D 83, 034021 (2011)

034021-12

à “Sivers-like”  (Jet)

à “Collins-like” (hadron)



Forward Upgrade Proposal
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sPHENIX Barrel Detectors:
- MVTX, INTT, TPC
- EMCal, HCal

Forward upgrade will bring in new physics capability – TMD, small-x physics, QGP over broader kinematics etc.

VTX

sPHENIX Forward Upgrade
- EMCal, Hcal, Tracking



sPHENIX at Electron Ion Collider (EIC)
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A Day-1 EIC Detector based on sPHENIX



sPHENIX Timeline
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PD-2/3 Reviewed;
Expect approval soon

9/10/19



Summary and Outlook
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2000-2016 2017→2022; Physics: 2023+ >2025+ Time

PHENIX experiment An EIC detector

• 16y+ operation

• Broad spectrum of physics 

(QGP, Hadron Physics, Dark Matter)

• 170+ physics papers with 24k 
citations

• Last run in this form 2016

} Comprehensive central upgrade 
base on BaBar magnet

} Jet, heavy flavor and beauty 
quarkonia physics program 
→ nature of QGP

} Possible forward tracking and 
calorimeter upgrade → Spin,TMD

} Path of PHENIX upgrade leads 
to a capable EIC detector

} Large coverage of tracking, 
calorimetry and PID

} Open for new 
collaboration/new ideas

RHIC: A+A, spin-polarized p+p, spin-polarized p+A EIC: e+p, e+A

arXiv:1501.06197 [nucl-ex] arXiv:1402.1209 [nucl-ex]
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The Growing sPHENIX Collaboration 
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77 institutions – 17 since formation of collaboration in December 2015
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Backup slides 
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CD-0/Science Case Sept 2016
Construction Phase    Jul 2018 -22
Ready for Beam  Jan  2023

Space preserve for
future Particle ID 

MVTX

sPHENIX: a State of the Art Detector for Heavy Ion Physics at RHIC
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Super conducting magnet
• 1.4 Tesla magnet, Ф = 2.8 m, L = 3.8 m Previously used in BaBar @ SLAC

• Moved to BNL in Feb 2015

• Successful cold low field test in 2016
• Full field test in 2018 

Preparing full field test @ BNL



Jet Evolution @ RHIC

MIng Liu, the sPHENIX Experiment at RHIC 37

QGP@RHIC à
Closer to transition 
temperature
• Better access to 

strong coupling 
regime

• Larger fraction of 
jet evolution 
dominated by 
QGP medium 
@RHIC
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Core sPHENIX Science Program
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A. Kurkela, U.A. Wiedemann / Physics Letters B 740 (2015) 172–178 173

Fig. 1. Parametrically accurate picture of how a medium-modified parton cascade 
fills phase space. At time t , quanta can be formed up to momentum scale kform and 
they are formed with O (1) probability per log p at lower scale ksplit . Quanta be-
low ksplit split further and their energy cascades to the thermal scale T in less than 
an epoch t . Transverse Brownian motion moves quanta up to the angle θBR(p) de-
noted by the thick purple line. The Molière region at larger θ is dominated by rare 
large angle scattering. At even larger angle, there are O (αs) quanta per double log-
arithmic phase space from DGLAP ‘vacuum’ radiation, and for momenta below ksplit
these cascade within time t to T . After the jet escapes the medium, the jet and the 
emitted fragments will undergo vacuum radiation. This late time vacuum radiation 
emitted by the original parton dominates at sufficiently small log θ (regions marked 
“late DGLAP” and bounded by θvac and θα ), whereas the late time radiation of the 
fragments dominates in the region denoted by “Vacuum cascade of the medium in-
duced quanta”. Details are given in the text. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)

Q that is much larger than any other scale in the problem. Subse-
quently, the jet evolves via perturbative parton branching. Fig. 1
depicts how its fragments (‘splittees’) fill the logarithmic phase 
space in momentum p and angle θ as a function of time. We aim 
at a discussion that is based on minimal assumptions about the 
nature of the QCD matter. For simplicity, the medium is assumed 
to be time-independent, and – for most of our arguments – it is 
assumed to be characterized solely by the transport coefficient q̂
that denotes the medium-induced squared transverse momentum 
broadening of energetic partons per unit path-length. Whenever 
our estimates rely on more detailed information about the micro-
scopic structure of the QCD medium, we shall state this explicitly.

2.1. DGLAP region

Quantum mechanical formation time prevents emission faster 
than a time it takes to separate the wave packets of the split-
ter and the splittee. In general, splittees at a scale p < Q can 
form at a time t ≥ p/k2

⊥ set by their inverse transverse en-
ergy. For jet evolution in the vacuum, the angular distribution 
is determined by the primary decay kinematics of the split-
tee, t ≥ p/k2

⊥ ∼ 1/(p θ2). Therefore, the logarithmically ordered 
DGLAP (Dokshitzer–Gribov–Lipatov–Altarelli–Parisi) ‘vacuum’ par-
ton shower fills the log p–log θ -plane from the outside in. In the 
entire region determined by θ > θvac with

θvac ∼ 1/(pt)1/2, (1)

one finds with a probability O (αs) per logarithmic phase space 
quanta due to vacuum radiation,

dPfind

d log p d log θ
∼ αs. (2)

The region where this primary splitting gives the dominant contri-
bution in the log p–log θ -plane is marked as the DGLAP-region in 
Fig. 1.

2.2. LPM region

In contrast, medium-induced parton branching fills the log p–
log θ -plane from the bottom up (in p) and from the inside out 
(in θ ) [19]. This is so since transverse momentum is acquired by 
Brownian motion in the medium, k2

⊥ ∼ q̂ t; the formation time 
constraint t ≥ p/k2

⊥ ∼ p/(q̂ t) implies then that medium-induced 
quanta can be formed in the region p ! kform where

kform(t) ≡ q̂ t2, (3)

or, alternatively, that quanta at a scale p can be formed at times 
t > tform(p) where

tform(p) ≡
√

p
q̂

. (4)

These quanta are created at small angles θ ! √
αs , and to our pur-

poses we can treat the emitted quanta as being collinear with 
respect to the emitter.1 Their angular distribution will be deter-
mined by reinteractions with the medium, discussed in Section 2.6.

A quantum can be formed at the scale kform, but in a weakly 
coupled theory, it is formed only with a probability αs . Therefore, 
at the scale kform, there are O (αs) quanta per logarithmic phase 
space due to medium-induced parton branching. At scales below 
kform (denoted as the LPM-region in Fig. 1) the formation time is 
faster tform < t , and as a result of this the medium-induced split-
tings become more and more abundant as one moves from the 
scale kform to an increasingly softer scale p < kform. There is an 
O (αs) probability of emitting a splittee at the scale p at every 
tform(p) and thus the probability of finding a splittee with a mo-
mentum p with p < kform is parametrically2

dPfind(t)
d log p

∼ αs t/tform(p) ∼ αs q̂1/2 p−1/2 t. (6)

While tform(p) determines the minimal duration for a quantum 
to be created with probability O (αs), the parametrically longer 
time

tsplit(p) ∼ tform(p)/αs (7)

is needed to create this quantum with probability ∼ 1. At fixed 
time t , the quanta that are created thus with O (1) probability live 
at the scale p ∼ ksplit

ksplit(t) ∼ α2
s kform(t) ∼ α2

s q̂ t2, (8)

which marks the end of the LPM-region in Fig. 1.

1 The angle at which a quantum is created is θ2 ∼ q̂tform/p2, which for a pertur-
bative medium q̂ ∼ α2

s T 3 reads θ2 ∼ αs(T /p)3/2.
2 At leading order, for p ≪ Q , the prefactor can be extracted, e.g., from the split-

ting function of [1,38], and in numerical form the spectrum reads

dPfind(t)
d log p

≈ 1
π

C Aαs p−1/2q̂1/2(p)t. (5)
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Multi-scale probes

jets and jet 
structure

Upsilon 
spectroscopy

parton flavor/
mass 

Kurkela, Weidemann, 
PLB 740 (2015) 172

4
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g – Jet Correlations

MIng Liu, the sPHENIX Experiment at RHIC 39

For 20 GeV g
• S/B is 20x larger at 

RHIC than LHC
• UE 2.5x smaller

sPHENIX

Direct photons and photon triggered jets
Dai, Vitev, Zhang, PRL 110 (2013) 14, 142001 

“The steeper falling cross sections at 
RHIC energies lead not only to a 
narrower zJγ distribution in p+p 

collisions but also to larger 
broadening and shift in the <zJγ>. “
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Allows for g/p0 discrimination up to ~20 GeV/c

p0 eff vs pT

Clustering
+ shower profile
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A Broad Physics Program with Jets @sPHENIX
Parton Mass and Flavor Dependence of Jet Suppression and more 
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B-jet tagging

• Multi-tracks w/ large DCA
• 2nd vertex mass reco’d

9/10/19 MIng Liu, the sPHENIX Experiment at RHIC 41

CMS work-point, Phys. Rev. Lett. 113, 132301 (2014) 



B-hadron Tagging 
• Impact parameter (DCA) method to tag 

non-prompt D0 from B-meson decays
• Inclusive and exclusive channels possible
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Charm Chemistry - Introduction

Charm baryon vs meson
• Heavy quarks transport in
QGP and hadronic phase of the medium
• Charm quark hadronization via coalescence



Reconstruction of Λ$

44

Daughters pT > 0.6GeV
Daughters DCA < 50 µm
p DCA > 75 µm, 
K DCA > 96 µm, 
π DCA > 65 µm
Decay length Lc >  200 µm
DCA Lc < 100 µm

Centrality
Running events 

Scaled events
signal Background

0-10% 5B 2B 24B

10-20% 3B 1B 24B

20-40% 3B 1B 48B

40-60% 3B 1B 48B

60-80% 5B 8B 48B

Λ%àK-pπ+

Hybrid PID
0-10%
2<pT<3 GeV/c
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Forward EMCal Simulations and Calibration
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30 GeV photon
shower in G4

Full simulation setup exists in G4:

NIM A 406 (1998) 227-258:
• 136 +/- 5 p.e. /GeV 

(BCF-10, cosmics)
• 217 +/- 68 p.e. /GeV 

(BCF-12, laser)

deposited energy (GeV)

MPV is 26.6 MeV

~3 pixels/0.0266 GeV = 
113 SiPM pixels/GeV

Cosmics energy response determined with vertical muons 
down into fEMC stack in standard G4 setup (3% sampling): 



Forward Hadronic Calorimeter R&D

• Essential for forward jet 
reconstruction, hadron energy 
measurement, and triggering

• Collaboration with UCLA group 
for STAR upgrade and EIC 
detector R&D

9/10/19 MIng Liu, the sPHENIX Experiment at RHIC 46



HCal Prototype Test Beam Results 
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