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sPHENIX detector @ RHIC

2012: Proposal released
2015: LRP recommendation

2012 - 2023: Ten-year preparation for detector construction

2023 - 2026: Three-year data taking  
                     (polarized p+p and Au+Au collision systems)

2026 - 203?: Full analysis phase

Long Range Plan 2015, page 22

The 2015  
LONG RANGE PLAN  

for NUCLEAR SCIENCE

 REACHING FOR THE HORIZON

The Site of the Wright Brothers’ First Airplane Flight

https://science.osti.gov/-/media/np/nsac/pdf/2015LRP/2015_LRPNS_091815.pdf
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• Location: Brookhaven National Lab, Long Island, NY, USA
• Circumference: 3.83 km
• Collision species: p+p, p+Au, Au+Au up to U+U
• Collision energy:  = 7 - 200 GeV (p+p 510 GeV)

• The world’s only machine colliding polarized-proton beams
• Operation: year 2000 to January 28, 2026
• Future: hadron beam reuse for the future Electron-Ion Collider 

at BNL

sNN

Two-beam-pipe configuration

RHIC: a highly versatile particle collider
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sPHENIX, Super Pioneering High Energy Nuclear Interaction eXperiment, at 1008, RHIC

*Zero Degree Calorimeters (ZDC) are not shown

oHCal

Portable shield wall
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sPHENIX, Super Pioneering High Energy Nuclear Interaction eXperiment, at 1008, RHIC

*Zero Degree Calorimeters (ZDC) are not shown

~ 
6 

m

~ 6 m

~ 6 m

oHCal

Portable shield wall

Particle bunch

Particle bunch

sPHENIX: 1000 tons
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Jet Physics Quarkonium 
Spectroscopy Heavy Flavor

Υ(1S)
b̄

b

0.28 fm

Υ(2S)
b̄

b

0.56 fm

Υ(3S)
b̄

b

0.78 fm

bottom

charm

Cold QCD

u, d, s

sPHENIX serves as the central and essential component to complete science mission of RHIC to reveal the 
nature of the QGP

Bulk physics

Sequential quarkonia 
melting

Jet correlations & 
Jet structure 

Proton spin & 
Nucleon structure

Global and collective 
properties of mediumParton energy loss

MUSIC arXiv:1209.6330

https://arxiv.org/abs/1209.6330
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Beam pipe

sPHENIX detector: 
11 subsystems

sPHENIX: Full azimuthal coverage, |η| < 1.1 for |z| ≤ 10 cm and high data-taking rate
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Calorimeter system
• Mid-rapidity EMCal & HCal
• Full azimuthal coverage
• First mid-rapidity HCal at RHIC!

Beam pipe

Outer Hadronic 
Calorimeter

(oHCal)

Inner Hadronic 
Calorimeter

(iHCal)

Electromagnetic 
Calorimeter

(EMCal)

oHCal

iHCal
EMCal

Magnet

Sampling calorimeter
~ 5 λi in total 

x

y
⊗z

HCal:
• Steel (oHCal) and Al (iHCal) plate 

& scintillating tile sandwiched
• Projective geometry
• ∆ɸx∆η: 0.1x0.1
EMCal:
• Tungsten-scintillating fiber
• Projective geometry 
• ∆ɸx∆η: 0.025x0.025
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Tracking system
• MVTX: Vertex reconstruction 
• INTT: Track-bunch crossing 

association
• TPC: Momentum measurement
• TPOT: TPC-distortion calibration 

Beam pipe

Flux return door

1.4 Tesla
Superconducting 

Magnet

TPC Outer 
Tracker 
(TPOT)

MAPS-based 
Vertex Detector 

(MVTX)

Intermediate 
Silicon Tracker 

(INTT)

Time Projection 
Chamber 

(TPC)

TPC Outer 
Tracker 
(TPOT)
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Beam pipe

Forward detector system
• MBD + sEPD + ZDC
• Minimum bias trigger by MBD in Au+Au 

and p+p collisions
• Global event characterization

- Minimum bias definition
- Event centrality 
- Reaction plane

* Zero Degree Calorimeters (ZDC) are not shown

Minimum Bias 
Detector 

(MBD)

sPHENIX Event 
Plane Detector 

(sEPD)
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Polarized proton-proton collisions in Run 2024

Year
Request Reality

Weeks Run plan Weeks Species Goal

2024 28 weeks p↑+p↑  
p↑+Au

24 p↑+p↑ Au+Au baseline and  
spin, cold-QCD measurments

3 Au+Au Commissioning of TPC and MVTX*

• Calorimeter only data: 107.4 pb-1 → 240% of Run Goal 

• Full detector data: 13.28 pb-1 → 30% of Run Goal

• Tracker streaming data: 2.90 pb-1 → 65% of Run Goal
Calo. only

Full detector

Tracker 
streaming

*Run24 sPHENIX Au+Au data also used for physics analyses
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Polarized proton-proton collisions in Run 2024

Year
Request Reality

Weeks Run plan Weeks Species Goal

2024 28 weeks p↑+p↑  
p↑+Au

24 p↑+p↑ Au+Au baseline and  
spin, cold-QCD measurments

3 Au+Au Commissioning of TPC and MVTX*

• Calorimeter only data: 107.4 pb-1 → 240% of Run Goal 

• Full detector data: 13.28 pb-1 → 30% of Run Goal

• Tracker streaming data: 2.90 pb-1 → 65% of Run Goal
Calo. only

Full detector

Tracker 
streaming

*Run24 sPHENIX Au+Au data also used for physics analyses

This talk: focus on results using Run24 data
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sPHENIX Integrated Luminosity

Rosi Reed - Collaboration Meeting 3

Year
Request Reality

Weeks Run plan Weeks Species Goal
2025 
2026 28 weeks Au+Au

25 Au+Au Golden Au+Au dataset
6 p↑+p↑ Additional full-detector p+p data

6.574 nb-1 achieved → 94% of Run Goal

Au+Au collision data taking p+p collision data taking on going!

Run25 p+p collision data taking on going!
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EMCal
iHCal

oHCal

INTT
dET/dη - [PRC 112 (2025), 024908] dNch/dη - [JHEP 08 (2025), 075]

• Energy (dET/dη) and particle (dNch/dη) densities: dependence on colliding systems, 
energies, and geometry place constraints on theories

• sPHENIX is expected to match the previous experimental measurements at RHIC
• These first sPHENIX measurements serve as standard candles to validate performance
• First physics publications

w/ Run24 Au+Au collision data

https://journals.aps.org/prc/abstract/10.1103/h8d5-swg6#f1
https://doi.org/10.1007/JHEP08(2025)075
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• dET/dη: Transverse energy per unit pseudorapidity, estimating the initial energy density
• Calorimeter-based standard candle measurement
• Measured by the sPHENIX full barrel calorimeter system, EMCal + HCal (separated and combined)  
• dET/dη in particle level:  Correction factors applied to detector-level dET/dη, to account for detector 

acceptance, low-pT charged particles, losses in the magnet region, etc

Measurement of dET/dη in Au+Au collisions
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Excellent agreement between EMCal and HCal measurements
Sensitive to energy deposited from different particle species 

C
en

tra
lit

y

sPHENIX Final! - 
[PRC 112 (2025), 024908]

w/ Run24 Au+Au collision data

https://journals.aps.org/prc/abstract/10.1103/h8d5-swg6#f1
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Measurement of dET/dη in Au+Au collisions
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*STAR result is symmetrized for comparison

• sPHENIX measurements of dET/dη as a function of η and normalized dET/dη as a function of Npart, 
are consistent with previous RHIC measurements

• The sPHENIX measurement offers additional granularity in η and improved uncertainties in 
peripheral events, and is best described by the AMPT model

sPHENIX Final! - [PRC 112 (2025), 024908] w/ Run24 Au+Au collision data

https://journals.aps.org/prc/abstract/10.1103/h8d5-swg6#f1
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• dNch/dη: Charged hadron multiplicity per unit pseudorapidity tracing total entropy production
• Tracking-based standard candle measurement
• Charged hadron yields extracted by counting INTT cluster pairs

z (Beam)

x
y
ɸ

Charged hadron

Cluster pair
Outer barrel
Inner barrel

Δϕ = ϕinner − ϕouter
Δη = ηinner − ηouter

ΔR = (Δη)2 + (Δϕ)2
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 Beam Test 2021sPHENIX INTT

Data

99% efficiency line

 (syst.) %
-0.04
+0.01 (stat.) -0.03

+0.0399.53 
Integrated hit-detection efficiency:

(Integrated)

Hit-detection efficiency > 99% 
confirmed in beam test

INTT beam test - [arXiv:2509.00908]

Zero magnetic field

INTT

https://arxiv.org/abs/2509.00908
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Measurement of dNch/dη in Au+Au collisions
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• Two analysis methods developed 
- The combinatoric method: combinatorial background subtraction by rotating inner-layer clusters 

by 𝛑 in ɸ


- The closest-match method: counting the smallest angular-separation cluster pairs

• Corrections applied to account for detector acceptance, reconstruction efficiency, etc

C
en

tra
lit

y

Results from the two methods are consistent with each other, and are statistically combined

w/ Run24 Au+Au collision data

sPHENIX Final! - 
[JHEP 08 (2025), 075]

https://doi.org/10.1007/JHEP08(2025)075
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[Phys. Rev. C 83, 024913 (2011)]
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• sPHENIX measurements, dNch/dη as a function of η, and average dNch/dη normalized by the number 
of participant pairs as a function of Npart, are consistent with previous RHIC measurements

• The sPHENIX dNch/dη results offer improved uncertainties in mid-centrality events, and are best 
described by the HIJING model

sPHENIX Final! - [JHEP 08 (2025), 075] w/ Run24 Au+Au collision data

https://doi.org/10.1007/JHEP08(2025)075
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Jet measurement in p+p collisions with sPHENIX
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[sPHENIX Jet conf. note]

• Jets are multiscale probes of the QGP

• In p+p, jets test pQCD, useful for jet calibration, understanding 
jet resolution

• Anti-kT jets, clustered from calorimeter towers

• Unfolded cross section of jet cone size R=0.4

• Syst. unc. dominated by jet energy scale uncertainty on the 
hadronic response (from test beam) and is expected to have 
significant improvement with future in-situ hadronic shower 
studies

First jet measurement using EMCal and HCal at mid-rapidity at RHIC
Good agreement with PYTHIA8 prediction within the systematic uncertainty

w/ Run24 p+p collision data

https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-03
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III. RESULTS

A. Jet cross section

The jet cross section is calculated as

d2�

dpT d⌘
=

�BBC

chardBBCNMB

Njet(pT )

�pT�⌘
, (1)

where �BBC = 23.0±2.2 mb is the MB cross section sam-
pled by the BBC, chardBBC = 0.79±0.02 is the correction
factor to account for the BBC sampling a larger fraction
of the cross section when the collision includes a hard
scattering process. NMB is the e↵ective number of MB
events sampled by the trigger that pass event-level cuts
in o✏ine analysis (|zvertex| < 10 cm).

The jet di↵erential cross section in p+p collisions
at

p
s =200 GeV as a function of pT is shown in

Fig. 4. The bands in Fig. 4 show theoretical calcu-
lations obtained by matching the NLO [35, 36] and
NNLO predictions [37] to leading-logarithmic resumma-
tion of the jet radius [38]. The matching is done us-
ing the approach described in [39], adopting the partonic
scalar sum as the central scale choice and using the 7-
point rule for uncertainties (adding the large-angle and
small-angle uncertainties in quadrature). The pertur-
bative calculations are supplemented with nonperturba-
tive (NP ) corrections extracted from Monte-Carlo sim-
ulations, as discussed also in [39]. These corrections
are obtained as the average and envelope of 5 setups:
pythia8.306 with tune 4C [40], pythia8.306 with tune
Monash13 [33], pythia8.306 with tune ATLAS14 [41]
(with NNPDF2.3 [42]), Sherpa2.2.11 [43] (default tune),
and Herwig7.2.0 [44] (default tune). The nonperturba-
tive corrections include hadronization and multi-parton
interactions and their uncertainties are added in quadra-
ture to the perturbative scale uncertainties.

Figure 4 shows that theory substantially overestimates
the measured cross sections. This observation is consis-
tent within systematic uncertainties with a previously
published comparison between jets measured by the
STAR Collaboration at RHIC energies using a midpoint-
cone algorithm and NLO calculations without leading-
logarithm resummation [13], as well as results from the
ALICE Collaboration for the low-pT jet cross section at a
higher center-of-mass energy [45] when compared to MC
generators. However, the ALICE results show a jet pT
dependence while the PHENIX ratio is flat as a function
of jet pT . Studies of the jet cross section relative to NLO
predictions at LHC energies indicate that NLO predic-
tions overestimate the jet cross section at small anti-kt
R, while the agreement is better at larger values of R [46].
This could indicate that the angular distribution of par-
ticles in the jet is not accurately reproduced by NLO cal-
culations. As noted above, NLO calculations work at the
partonic level, and use a hadronization model to make
a comparison to the experimental data measured at the
hadron level. The hadronization correction e↵ectively

shifts partonic jet pT distributions to lower hadronic jet
pT . As shown in Ref. [39], the pT shift of the partonic jet
due to the hadronization correction is larger at jet mo-
menta lower than LHC energies and there is a substantial
variation between Monte-Carlo models. The hadroniza-
tion correction could also be substantially a↵ected if the
fragmentation of the jet is substantially di↵erent in data
than in the Monte-Carlo models, as indicated by the un-
folding of the PHENIX data. This could lead to an un-
derprediction of the pT shift by the hadronization and an
over-prediction of the theory cross section compared to
data.
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FIG. 4. The jet di↵erential cross section as a function of jet
pT . Statistical uncertainties are typically smaller than the
data points while systematic uncertainties are shown with
boxes. An overall normalization systematic of 7% is not in-
cluded in the point-by-point systematic uncertainties. The
bottom panel shows the ratio of the data and NNLO cal-
culations to the NLO calculations. The theory bands are
explained in the text and were obtained by matching the
NLO and NNLO predictions including matching to leading-
logarithmic resummation (LLR) in the jet radius and nonper-
turbative corrections (NP ).

B. Jet substructure distributions

The zg distribution is calculated using all jet con-
stituents, while the distributions in ⇠, jT and r are cal-
culated for charged particles only. To derive zg from a
previously determined R = 0.3 anti-kt jet, the jet con-
stituents are reclustered using the Cambridge-Aachen al-
gorithm [48]. This algorithm works by clustering from
small angles to larger angles, and the clustering tree can
be accessed to determine the last two sub-clusters that
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[sPHENIX Jet conf. note] [PHENIX result]

With only 15% of  the total Run24 p+p statistics, sPHENIX result offers better kinematic reach than any previous RHIC 
measurements 

https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-03
https://journals.aps.org/prd/abstract/10.1103/hpm9-qfp6
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A di-jet event in p+p collisions
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In this particular event,  xJ = 25.3 GeV/26.2GeV = 0.96

, where  is the leading jetxJ = pT,2/pT,1 pT,1
w/ Run24 p+p collision data
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Figure 7: Fully unfolded xJ distributions of dijet events are shown for the Au+Au centrality interval
0–10%, and for p+p collisions with the matching kinematic selections. Statistical uncertainties are
shown as vertical lines and systematic uncertainties as filled boxes. Also shown are Hybrid Model
calculations with and without elastic scattering and wake effects (colored bands).
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• Anti-kT jets, jet cone size R = s0.3

• |∆ɸ| ≧ 7𝜋/8, 30 ≤  ≤ 43.2 GeV

• 2D unfolding in 

• Au+Au data: ~0.1 nb-1 (1.5% of total sPHENIX Au+Au statistics) 

• Jets in Au+Au collisions: underlying event subtracted

• Di-Jet imbalance in Au+Au collision primarily coming from the 
two jets experiencing different in-medium modifications

pT,1

pT,1 and pT,2

w/ Run24 p+p and Au+Au collision data

Significant modification in Au+Au compared to pp
The first jet-quenching measured by sPHENIX!

Peak at 0.4

x

y
⊙ z

p+p In central Au+Au
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`Inclusive jet transverse single spin asymmetry (TSSA)

22

5 10 15 20 25 30 35 40 45
  [GeV] 

T
Jet p

0.02−

0.01−

0

0.01

0.02

0.03

0.04

NA  = 200 GeVsp+p 
 R=0.4tanti-k
< 0.0η-0.7 <
, <P>=52%-1Ldt = 42 pb

7% global scale uncertainty
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STAR: PRD 106 (2022) 072010

 PreliminarysPHENIX

Utilizing the unique capability of colliding polarized proton beams at RHIC!

w/ Run24 p+p collision data

sPHENIX inclusive jet TSSA consistent with zero and agrees with STAR measurement

AN ∝
dσ↑ − dσ↓

dσ↑ + dσ↓

• Inclusive jet TSSA is expected to be primarily sensitive to 
initial-state effects → test theories and better understand 
the role of parton-gluon correlations in the proton

• A fraction of full sPHENIX Run24 p+p data analyzed

• Major systematic uncertainty: Jet energy scale 
uncertainty 
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`Full tracking performance

23

• From ~1 hour of p+p streaming data and very early stage calibrations
• Several resonances observed: ,  and , etc 
• Progressing on heavy flavor analysis, but still more work to do understand the detector and improve the results
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(interplay between detector alignment, TPC calibration, silicon-TPC matching, timing matching, detection efficiency) 
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` in Run25 Au+Au collisions K0
s

24
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`NCU contributions to sPHENIX (post hardware preparation)
• Publications with direct contribution

- C.W. Shih et al. (sPHENIX INTT Group). “Beam test results of the Intermediate Silicon Tracker 
for sPHENIX”. arXiv:2509.00908. (submitting to NIM-A)

- M. I. Abdulhamid et al. (sPHENIX Collaboration). “Measurement of charged hadron multiplicity in 
Au+Au collisions at  = 200 GeV with the sPHENIX detector”. JHEP 08 (2025), 075.
• Analysis contact
• The first-ever physics publication from sPHENIX (9 days earlier than the dET/dη paper)

- Y.Akiba et al. (sPHENIX INTT Group). “The Ladder and Readout Cables of Intermediate Silicon 
Strip Detector for sPHENIX”. Nucl. Instrum. Meth. A, 1082:171020, 2026. 

• Current focus
- sPHENIX MBD triggered cross section measurement
- Preparation of the INTT barrel NIM paper
- sPHENIX silicon-seeding study for the heavy flavor objects
- Muon identification in sPHENIX using ML (see Shan-Yu’s poster)
- Energy regression using ML for improving electron energy resolution, and more

sNN

25

https://arxiv.org/abs/2509.00908
https://doi.org/10.1007/JHEP08(2025)075
https://doi.org/10.1016/j.nima.2025.171020
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Figure 7: Fully unfolded xJ distributions of dijet events are shown for the Au+Au centrality interval
0–10%, and for p+p collisions with the matching kinematic selections. Statistical uncertainties are
shown as vertical lines and systematic uncertainties as filled boxes. Also shown are Hybrid Model
calculations with and without elastic scattering and wake effects (colored bands).
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Summary
• sPHENIX completed construction in 2023, and its data-taking will end on Jan 20, 2026

- Abundant Au+Au collision and polarized p+p collision data collected

• First physics publications: dET/dη and dNch/dη: 
- Offering improved uncertainties and validating the detector performance

• First preliminary jet measurements: 
- Inclusive jet cross section, jet energy loss, inclusive jet TSSA

• Preliminary particle resonances observed by the sPHENIX tracking system
- ,  and , etc

• NCU joined the sPHENIX collaboration in 2019, and has since been an active memeber in the 
collaboration and actively involved in the INTT business 
- 3 papers published (one under review)
- First physics paper ever from sPHENIX

K0
s D0 Λ+

c
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Thank you for your attention!
sPHENIX Run25 start party
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`sPHENIX data taking timeline

29

Year
Request Reality

Weeks Run plan Weeks Species Goal

2023 28 weeks Au + Au 10.5* Au + Au Commissioning and RHIC standard 
candles

2024 28 weeks p↑+p↑  
p↑+Au

24 p↑+p↑ Au+Au baseline and spin, cold-QCD 
measurments

3 Au+Au Commissioning of TPC and MVTX

2025 
2026 28 weeks Au+Au

25 Au+Au Golden Au+Au dataset

6 p↑+p↑ Additional full-detector p+p data

*Due to the accelerator failure
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`Au+Au collision, Global event characterization

30

0 500 1000 1500 2000
1

10

210

310

410

ev
en

ts
N

sPHENIX
 = 200 GeVNNsAu+Au 

0-
5%

5-
10
%

10
-2
0%

20
-3
0%

30
-4
0%

40
-5
0%

50
-6
0%

60
-7
0%

Data
 NBD⊕MC Glauber 

0 50 100 150 200 250 300
MBD charge sum

0

0.5

1

1.5

D
at

a 
/ M

C

50
-6
0%

60
-7
0%

70
-8
0%

80
-9
0%

Event characterized using MBD and ZDC

A characteristic decrease in the total ZDC energy 
observed at both high and low MBD charge sum Full minimum bias selection efficiecny down to over 70%

*MBD charge is calibrated such that one MIP is set at unity

M. I. ABDULHAMID et al. PHYSICAL REVIEW C 112, 024908 (2025)

the direction pointing to the center of the detector in order to
reduce the number of traversing particles that do not interact
with the active volumes of these calorimeters. The scintillation
light from these tiles is converted and captured by embed-
ded wavelength-shifting fibers and then detected by SiPMs.
The full calorimeter system (EMCal + HCal) resolution for
hadronic showers determined from the energy resolution for
hadrons in beam tests using the combined EMCal plus HCal
system is 13.5% ⊕ 64.9%/

√
E [26].

Signals produced by the EMCal and HCal SiPMs and
MBD and ZDC PMTs are digitized and read out using a
common set of calorimeter electronics. These analog signals
are digitized with 14-bit precision at a frequency 56.4 MHz,
which is six times the RHIC bunch crossing rate. In the case
of the EMCal and HCal subsystems, digitized waveforms
peaking above a hardware-level zero suppression threshold,
defined by 2σ of the calorimeter pedestal noise at the start
of Run 2024, are read out recording the full 12-sample wave-
form; otherwise, only two summary pre- and postrise samples
are saved. For the MBD and ZDC readout, no hardware-level
zero suppression is employed and all time samples of the
digitized waveform are recorded.

III. TRANSVERSE ENERGY MEASUREMENT

A. Event reconstruction

This analysis uses a small set of runs recorded during low-
luminosity Au+Au running in RHIC Run 2024, originally
intended to commission the sPHENIX tracking detectors.
Pileup effects, even in the most central events, are negligi-
ble for the runs used in this analysis. The MBD, ZDC, and
calorimeters were in normal physics-taking mode and the
magnetic field was at its nominal operating point of 1.4 T.
Collision events were accepted using a hardware trigger which
required at least two PMTs fired on each side of the MBD. In
the offline analysis, a set of MB selection criteria has been
applied using signals from both the MBD and ZDC detectors
to remove events consistent with beam-related backgrounds
and nonhadronic interactions. Figure 1 shows the correlation
of energy in the ZDCs to the MBD charge sum for events
passing the MB selection criteria. The MBD charge sum is the
sum of charge from all PMTs on both sides of the MBD and
is calibrated such that one MIP is set at unity. A characteristic
decrease in the total ZDC energy is observed at both high
and low MBD charge, corresponding to very central collisions
(where only a small number of spectator neutrons deposit
energy in the ZDC) and to peripheral collisions (where most
spectator neutrons are bound in larger nuclear fragments and
are thus deflected away from the ZDC by the RHIC magnets),
respectively.

The MBD charge sum is used in each event to assign a
centrality value that characterizes the level of geometric over-
lap between the two colliding nuclei. Centrality percentiles
are derived by fitting the MBD charge sum distribution for
all MB events to a model of the particle production and
event sampling based on the convolution of a MC Glauber
simulation [27] with a negative binomial distribution (MC
Glauber ⊕ NBD) [4,28]. Figure 2 shows the MBD charge
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FIG. 1. The correlation between the total energy in ZDCs and
the MBD charge sum is shown. The MBD charge sum is in units of
calibrated MIPs. The red points indicate the average ZDC energy as
a function of MBD charge sum.

sum distribution, along with the best fit of the MC Glauber
⊕ NBD model and resulting centrality intervals. The bottom
panel of Fig. 2 shows the peripheral event region to highlight
MB trigger efficiency turn-on region. The total MB selection
efficiency for inelastic Au+Au events is then determined by
comparing the integral of the data distribution to the integral
of the MC Glauber ⊕ NBD, normalized for MBD charge sum
>150. The resulting efficiency is 93.6%+3.4%

−3.1%, similar to previ-
ous Au+Au data taking in PHENIX where the MBD was in a
different location [4]. The Glauber parameters characterizing
the centrality intervals and the extracted Npart values for these
centrality intervals are shown in Table I.

Since the calorimeter towers are projective in η from the
nominal center of the detector at z = 0, events used in the
offline analysis were required to have a z-vertex position,
reconstructed by the MBD detector, within 10 cm of this
point. Events were further selected to be in the centrality range
of 0–70% to ensure complete minimum-bias event selection
efficiency, while also including a broad range of geometric
sizes of the produced QGP. After the above selection require-
ments, the analyzed dataset comprised 518 000 events within
the 0–70% centrality range.

B. Calorimeter calibration

For the reconstruction of calorimeter energy deposits, time
samples from the calorimeter electronics are fit to a waveform
template derived from Run 2024 beam data to extract the
analog-to-digital converter (ADC) signal amplitude in each
tower in each event. In addition to the hardware-level zero-
suppression threshold set at 2σ of the calorimeter pedestal
noise from the start of Run 2024, residual low-energy noise
close to but above this noise limit are zero-suppressed of-
fline using a peak-minus-pedestal algorithm, with different
ADC thresholds for each of the three calorimeter subsystems

024908-4

w/ Run24 Au+Au data
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`Energy calibrations for sPHENIX calorimeters

31

• Energy calibration
- EMCal: matching 𝛑0→ɣɣ mass peak between data and simulation
- HCal: matching the observed MIP peak from cosmic ray muons between data and 

simulation & an additional factor applied for correcting the measured scintillator MIP 
energy to an estimated energy deposition in both scintillator and absorber

M. I. ABDULHAMID et al. PHYSICAL REVIEW C 112, 024908 (2025)
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FIG. 3. Panel (a) provides an example of a reconstructed EMCal dicluster invariant mass distribution, similar to those used for in situ EMCal
tower calibrations. The distributions are made from EMCal cluster pairs using Run 2024 Au+Au data (points) and a GEANT-4 simulation of
HIJING events (histogram). The prominent peak arises from π0 → γ γ decays. Panel (b) illustrates an example of the measured energy
distribution in a single OHCal tower, comparing the MIP distribution from cosmic-ray data from the detector (points) and from a GEANT-4
simulation of cosmic-ray muons from EcoMug (histogram).

ample OHCal tower from cosmic ray data and the simulation
described above. An additional factor is then applied in both
data and simulation to correct the measured scintillator MIP
energy distribution to an estimate of the energy deposited in
both the scintillator and absorber material. This factor is de-
termined using the average response in the full HCal detector
(scintillating tiles and absorber material) for high-ET single
hadrons determined in simulation as validated by test beam
studies [26].

After calibration, the detector-level dET /dη in each
calorimeter system was reconstructed for each centrality class
via: ET (η) =

∑Ntowers
i=1 Etower (η)sin(θtower (η)) where the polar

angle, θ , and η of each tower is determined with respect to
the vertex position.

C. Detector response correction factors

Simulations of Au+Au events are produced using three
MC event generators, HIJING [19], AMPT [17], and EPOS4
[18]. These simulations are used in the analysis to derive cor-
rection factors for the reconstructed dET /dη values measured
in the sPHENIX calorimeter measurements. These correc-
tions include accounting for charged particles with transverse
momentum pT ! 180 MeV that curl up in the sPHENIX mag-
netic field before reaching the calorimeters.

HIJING is a high-energy, heavy-ion, and proton-proton
collision event generator that uses an MC Glauber model
of the nucleus-nucleus collision geometry and perturbative
QCD to model hard scatterings as parton minijets. The model
includes multiparton interactions, and initial and final state
radiation effects. HIJING uses the Dual Parton Model for
soft interactions and the Lund string model for hadroniza-
tion. The AMPT generator uses HIJING to generate the initial
parton distributions in each event, which are then evolved
through a parton cascade of 2 → 2 elastic collisions, followed

by hadronization using either the Lund string model or a
quark coalescence model. The resulting hadron distribution
is then developed through a hadron transport model includ-
ing elastic and inelastic scatterings and resonance decays.
The EPOS4 generator models collisions using an S-matrix
approach to Gribov-Regge theory [32], which simultaneously
describes soft and hard scatterings. After primary interactions
are developed based on this S-matrix approach for parallel
scatterings, the system undergoes a core-corona separation
procedure, followed by hydrodynamic evolution, hadroniza-
tion, and hadronic transport.

The simulations described above are used to correct the
reconstructed energy for the response of the calorimeters.
The generator-level particle spectra are reweighted to match
previous measurements of identified particles in Au+Au col-
lisions at

√
sNN = 200 GeV at RHIC. The weights for π±, K±,

protons, and neutrons are derived from PHENIX data [33],
with the π0 and K0 weights set to the average of their charged
counterparts. The weights for %0 and &± baryons are derived
from STAR data [34], and the weights of all other baryons
were set to those of protons and neutrons. These weights are
determined as a function of pT , separately for each centrality
interval. Outside the pT range of the previous measurements,
a constant weight equal to the last value within that range
is used. An additional crosscheck using identified particle
spectra differential in both pT and rapidity using BRAHMS
data [35,36] is also performed and the variation in the MC
correction factors from using rapidity-dependent reweighting
factors is included as a systematic uncertainty on the MC
correction factors. This reweighing procedure is applied to
the correction factors from EPOS4 to determine the nominal
values, with the comparisons to the other models used to
evaluate the uncertainty in the predictions from the physics
modeling.

024908-6
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FIG. 3. Panel (a) provides an example of a reconstructed EMCal dicluster invariant mass distribution, similar to those used for in situ EMCal
tower calibrations. The distributions are made from EMCal cluster pairs using Run 2024 Au+Au data (points) and a GEANT-4 simulation of
HIJING events (histogram). The prominent peak arises from π0 → γ γ decays. Panel (b) illustrates an example of the measured energy
distribution in a single OHCal tower, comparing the MIP distribution from cosmic-ray data from the detector (points) and from a GEANT-4
simulation of cosmic-ray muons from EcoMug (histogram).

ample OHCal tower from cosmic ray data and the simulation
described above. An additional factor is then applied in both
data and simulation to correct the measured scintillator MIP
energy distribution to an estimate of the energy deposited in
both the scintillator and absorber material. This factor is de-
termined using the average response in the full HCal detector
(scintillating tiles and absorber material) for high-ET single
hadrons determined in simulation as validated by test beam
studies [26].

After calibration, the detector-level dET /dη in each
calorimeter system was reconstructed for each centrality class
via: ET (η) =

∑Ntowers
i=1 Etower (η)sin(θtower (η)) where the polar

angle, θ , and η of each tower is determined with respect to
the vertex position.

C. Detector response correction factors

Simulations of Au+Au events are produced using three
MC event generators, HIJING [19], AMPT [17], and EPOS4
[18]. These simulations are used in the analysis to derive cor-
rection factors for the reconstructed dET /dη values measured
in the sPHENIX calorimeter measurements. These correc-
tions include accounting for charged particles with transverse
momentum pT ! 180 MeV that curl up in the sPHENIX mag-
netic field before reaching the calorimeters.

HIJING is a high-energy, heavy-ion, and proton-proton
collision event generator that uses an MC Glauber model
of the nucleus-nucleus collision geometry and perturbative
QCD to model hard scatterings as parton minijets. The model
includes multiparton interactions, and initial and final state
radiation effects. HIJING uses the Dual Parton Model for
soft interactions and the Lund string model for hadroniza-
tion. The AMPT generator uses HIJING to generate the initial
parton distributions in each event, which are then evolved
through a parton cascade of 2 → 2 elastic collisions, followed

by hadronization using either the Lund string model or a
quark coalescence model. The resulting hadron distribution
is then developed through a hadron transport model includ-
ing elastic and inelastic scatterings and resonance decays.
The EPOS4 generator models collisions using an S-matrix
approach to Gribov-Regge theory [32], which simultaneously
describes soft and hard scatterings. After primary interactions
are developed based on this S-matrix approach for parallel
scatterings, the system undergoes a core-corona separation
procedure, followed by hydrodynamic evolution, hadroniza-
tion, and hadronic transport.

The simulations described above are used to correct the
reconstructed energy for the response of the calorimeters.
The generator-level particle spectra are reweighted to match
previous measurements of identified particles in Au+Au col-
lisions at

√
sNN = 200 GeV at RHIC. The weights for π±, K±,

protons, and neutrons are derived from PHENIX data [33],
with the π0 and K0 weights set to the average of their charged
counterparts. The weights for %0 and &± baryons are derived
from STAR data [34], and the weights of all other baryons
were set to those of protons and neutrons. These weights are
determined as a function of pT , separately for each centrality
interval. Outside the pT range of the previous measurements,
a constant weight equal to the last value within that range
is used. An additional crosscheck using identified particle
spectra differential in both pT and rapidity using BRAHMS
data [35,36] is also performed and the variation in the MC
correction factors from using rapidity-dependent reweighting
factors is included as a systematic uncertainty on the MC
correction factors. This reweighing procedure is applied to
the correction factors from EPOS4 to determine the nominal
values, with the comparisons to the other models used to
evaluate the uncertainty in the predictions from the physics
modeling.

024908-6

EMCal oHCalsPHENIX Final! - 
[PRC 112 (2025), 024908]

w/ Run24 Au+Au collision data

https://journals.aps.org/prc/abstract/10.1103/h8d5-swg6#f1
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`Counting the tracklets using INTT
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• Two analysis methods developed 
- The combinatoric method (follows PHENIX [1] and PHOBOS [2] publications): 

combinatorial background subtraction by rotating inner-layer clusters by 𝛑 in ɸ

- The closest-match method (guided by CMS measurements [3]): counting the 

smallest angular-separation cluster pairs
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`sPHENIX calorimeter system - HCal
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• Metal-plate scintillating-tile sampling calorimeter
• Tilted plates arrangement of HCal: jets traverse at least four scintillator tiles

oHCal

iHCal

EMCal

Magnet

sPHENIX calorimeter system
• ~ 5 λi in total 
• Common readout: SiPM

*HCal+EMCal combined for hadrons 

Total channel ~ 3k

Outer Absorber Steel
Tilted -120

Inner Absorber Aluminum
Tilted +320

Δη x Δɸ ~ 0.1 x 0.1
Energy resolution* 13.5% + (64.9% / √E)

Projective back to the origin

114 cm

140 cm

173 cm

265 cm

WLS fiber embedded in scintillator plate
90 cm

https://ieeexplore.ieee.org/document/8519782


Cheng-Wei Shih (NCU, Taiwan)CHiP & TIDC Annual Meeting - sPHENIX

`sPHENIX calorimeter system - EMCal
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• SCIntillating FIber spaghetti calorimeter (SCIFI)
• ∆η x ∆ɸ = 0.025 x 0.025
• Radiation length: 18X0 (14 cm in length per tower)

oHCal

iHCal

EMCal

Magnet

Sector, 96 modules = 384 towers 

Modules are approximately projective 
back to IP in ɸ and η

radius-z plane

x-y plane

32 sectors in each side

EMCal: SCIFI calorimeter Module, 4 towers

114 cm

140 cm

173 cm

265 cm

90 cm

sPHENIX calorimeter system
• ~ 5 λi in total 
• Common readout: SiPM
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`sPHENIX tracking system
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• MVTX, MAPS-based Vertex Detector (2.3 < r < 3.9 cm)
- 3 layers with cell size 27 μm x 29 μm
- Superb vertex - O(10 micron) in rɸ, and z

MVTX

• TPC, Time Projection Chamber (20 < r < 80 cm)
- Compact GEM-based TPC 
- Precise momentum measurement TPC

• TPOT, TPC Outer Tracker (one spatial point)

- 8 Micromegas-based detectors

- Calibration for beam-induced distortions 

of the electron drift inside the TPC
TPOT

• INTT, Intermediate Silicon Tracker (7 < r < 11 cm)

-2 layers of silicon strip sensors (78 μm pitch)

-Surprior timing resolution for track-bunch 

crossing association

INTT

IP M
VTX

INTT

TPC

TPOT
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`The streaming system of sPEHNIX trackers
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38μs

Collisions

Trigger

TPC

INTT

MVTX

0 100-13

Drift time Readout extension

10 μs

40

13 μs 40 μs

0.1065 μs

μs μs μs

pp → jet,γ,.. zero-bias pp

Time  →
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`Triggered vs. Streaming readout
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Why streaming readout mode?
Triggered mode: Keeps events only if the triggers are 
fired (e.g., EMCal photon trigger) 
Streaming mode: Keeps events as long as the particle 
hits are detected by sPHENIX tracking system → 
Crucial for heavy-flavor physics! (e.g., D0 production) 

Ca
lo

. 
Ed

ep Threshold
Bunch 
crossing

Collisions

Triggered
Streaming

Busy

13 additional events recoded by INTT in this single 
time frame!

0 20 40 60 80 100 120
INTT Local Clock [BCO]

0

100

200

300

400

500

600

C
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s

9/13/2024
 PreliminarysPHENIX

 200 GeV, Run 50889p+pRun-24 
INTT Streaming readout 
BCO 396912729035

#INTT hits (100k strobes average)
#INTT hits (Single strobe)
#INTT hits (Matching trigger timing)

Triggered event

sPHENIX calorimeters: triggered only, sPHENIX tracking system triggered/streaming capable
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`Intermediate Silicon Tracker (INTT)

39

z (Beam)

x
y
ɸ

• Strip pitch 78 μm → Excellent spatial resolution in ɸ angle
• Between the MVTX and TPC → Bridge their tracks 
• Superior timing resolution in sPHENIX tracking system
→ Associate tracks with individual RHIC bunch crossings

• Streaming readout capability
→Record all collision events

INTT halves

J
H
E
P
0
8
(
2
0
2
5
)
0
7
5

Element Value

Number of ladders 56

Barrel radial distance to the beam line 7.2 and 7.8 cm (Inner layer)
9.7 and 10.3 cm (Outer layer)

Radiation length (per ladder) 1.14% [X/X0]
Active area (per ladder) 45.6 × 2 cm2

Number of channels (per ladder) 6,656
Channel strip pitch 78µm

Channel strip length 16mm (strips within ±13.0 cm along the beam axis)
20mm (otherwise)

Table 1. Specification of the sPHENIX Intermediate Silicon Tracker (INTT).

photomultiplier tubes (PMTs). The PMTs are arranged in three concentric rings around the
beam pipe, ensuring full 2π azimuthal coverage. The MBD serves as the primary detector
for triggering minimum-bias (MB) events in heavy-ion collisions and provides essential
global event information, including the event centrality and the measurement of the collision
z-vertex position.

The ZDC of sPHENIX is located at a distance of approximately 18m from both sides of
the interaction point [44]. It is a longitudinally segmented sampling hadronic calorimeter
constructed from a tungsten alloy and optical fibers. These fibers transmit Cherenkov light
produced by secondary charged particles within hadronic showers to PMTs. The ZDC is
calibrated so that the single-neutron peak is positioned at the nominal value of 100GeV.
The ZDC is used in the determination of the MB criteria to distinguish MBD-triggered
events from beam-induced background.

3 Data selection
Collision events were accepted using a hardware trigger which required at least two PMTs
fired on each side of the MBD. In the offline analysis, a set of MB selection criteria has
been applied using signals from both the MBD and ZDC to remove events consistent with
beam-related backgrounds and non-hadronic interactions. Figure 1 shows the correlation of
energy in the ZDCs to the MBD charge sum for events passing the MB selection criteria.
The MBD charge sum is the sum of calibrated charge from all PMTs on both sides of the
MBD, and is calibrated such that one MIP is set at unity. A characteristic decrease in the
total ZDC energy is observed at both high and low MBD charge, corresponding to very
central collisions (where only a small number of spectator neutrons deposit energy in the
ZDC) and to peripheral collisions (where most spectator neutrons are bound in larger nuclear
fragments and are thus deflected away from the ZDC by the RHIC magnets), respectively.
This analysis utilizes 4.38×106MB events.

The MBD charge sum is used in each event to assign a centrality value that characterizes
the level of geometric overlap between the two colliding nuclei. Centrality percentiles are
derived by fitting the MBD charge sum distribution for all MB events to a model of the particle
production and event sampling based on the convolution of a Monte Carlo (MC) Glauber

– 3 –

INTT specifications

INTT ladder
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`sPHENIX forward detectors
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•MBD: Minimum Bias Detector (3.51 < |η| < 4.61)

-Refurbished PHENIX Beam-Beam Counter

-3 concentric rings of PMTs on each side

-Min. Bias. trigger and global event characterization

MBD 31
 c
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sEPD

•sEPD: sPHENIX Event Plane Detector (2.0 < |η| < 4.9)

-Bigger version of STAR EPD (4.6 < r < 90 cm)

-2 wheels of scintillator w/ embedded WLS fibers 

-Improve the event plane determination significantly

ZDC/SMD'

beam

ZDC$(Zero$Degree$Calorimeter)$

ZDC•ZDC: Zero Degree Calorimeter*

-Reuse of the PHENIX ZDC complex

-Located at ±18.5 m from IP

-Global event characterization

-Local polarimeter in polarized proton-proton collisions

Bunches

*The ZDC complex comprises ZDC, Shower Max Detector (SMD) and veto counters
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`Measurement of dET/dη in Au+Au collisions
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• Overview of major systematic uncertainties contributing to the dET/dη measurements
• The uncertainty ranges: η-averaged variation for different centrality classes 

MEASUREMENT OF THE TRANSVERSE ENERGY DENSITY … PHYSICAL REVIEW C 112, 024908 (2025)

Events from each of these MC generators are simulated
within a GEANT-4 description of the detector geometry fol-
lowed by the same reconstruction, calibration, and analysis
chain as the data. The simulations are then used to deter-
mine multiplicative correction factors to correct the measured
detector-level dET /dη to a particle level, or “true,” dET /dη.
First, the particle-level "ET is calculated by summing the
ET,particle for all final-state particles within the detector’s nom-
inal acceptance as a function of η. In the sum, baryons
contribute only their kinetic energy, antibaryons contribute
their kinetic energy plus 2mN (i.e., their total energy plus
mN ), where mN is the nucleon mass, and all other particles
contribute their total energy. The reconstructed-level "ET in
simulation is determined from calorimeter tower energies and
positions with the same analysis chain as used on real data.
Correction factors are determined for each calorimeter subsys-
tem and each centrality bin by using the mean reconstructed
"ET in the specific calorimeter divided by the particle-level
value for all particles: C(η) =

∑
ET,tower (η)/

∑
ET,particle(η).

In this analysis, the EMCal and HCal (combined IHCal
+ OHCal) are each used to make separate measurements
of dET /dη, and the EMCal and HCal are used together for
a full calorimeter measurement. The correction factors are
approximately 0.7 for the EMCal, 0.2 for the HCal, and 0.9 for
the full calorimeter. The relative magnitude of these correction
factors reflect the fraction of the produced energy seen by the
EMCal versus HCal, where the EMCal in front of the HCal
receives the EM and a large fraction of the hadronic energy of
the collision. These correction factors account for the effect
of the magnetic field, small areas of the calorimeters that
are inactive during datataking, particle in-flow and out-flow
from the detector acceptance, and losses in the magnet region
between the IHCal and OHCal, and do not depend strongly on
centrality.

IV. SYSTEMATIC UNCERTAINTIES

Major sources of systematic uncertainty in the mea-
surement include the calorimeter energy calibration, the
calorimeter response to hadrons, the modeling of particle
spectra in simulation, choice of zero suppression thresholds
in the calorimeter signal extraction, detector acceptance, and
z-vertex resolution effects. These sources are summarized be-
low. Table II shows the η-averaged variation of the magnitude
contributed from each of the uncertainty sources to the mea-
surement as well as the total uncertainty for different event
centralities. The systematic uncertainties for all measurements
are strongly correlated in η and the statistical uncertainties are
negligible compared to the systematic uncertainties.

The calibration uncertainties arise from the matching of the
π0 → γ γ mass distribution (cosmic muon MIP distribution)
measured in the EMCal (HCals) between simulation and data,
including residual data-simulation differences, potential vari-
ations in the calibration in different regions of the detector,
and statistical uncertainties on the tower-by-tower calibra-
tions in data. The hadronic response uncertainty is evaluated
by comparing the agreement of the single hadron response
between data and simulation in beam tests of prototypes of
the sPHENIX calorimeter system [26]. This is the dominant

TABLE II. Overview of major systematic uncertainties con-
tributing to the measurement. The range of magnitudes of un-
certainties, in percent, are shown for each source (rows) for the
measurements using different calorimeter systems (columns), with
the total uncertainty shown in the final row. The ranges correspond
to the η-averaged variation of the magnitude for different event
centralities. Uncertainties on Npart depend only on centrality, range
from 0.6 to 13.8% and are listed in Table I.

Uncertainty source [%] EMCal-Only HCal-Only Full calorimeter

Calibration 2.6 2.7 2.1
Hadronic response 4.1 6.6 4.7
Modeling 1.4–2.1 2.5–3.8 1.6–2.2
Zero suppression thres. 1.0–5.8 0.2–0.3 0.8–4.4
z-vertex resolution 0.3–0.4 0.1–0.2 0.2–0.3
Acceptance 0.2–0.5 0.2–0.6 0.1–0.3
Total 5.3–8.1 7.7–8.3 5.6–7.4

uncertainty, reaching nearly 7% for the HCal-only measure-
ment. To determine the hadronic response uncertainty for the
EMCal-only and full calorimeter measurements, which are
comprised of a combination of EM and hadronic energy, the
hadronic response uncertainty was only applied to the fraction
of hadronic energy included in each of the measurements de-
termined from the simulations used to determine the analysis
correction factors.

The sensitivity to the physics modeling is evaluated by de-
riving the correction factors using the reweighted HIJING or
AMPT simulations rather than EPOS4 and by considering alter-
native η-dependent particle spectra as suggested by BRAHMS
data [35,36]. This is the second-largest uncertainty source
for the HCal-only measurement. The uncertainty from the
reconstruction of calorimeter towers consistent with noise is
evaluated by varying the zero-suppression threshold applied
offline and instead performing the full waveform-template fit
for these low-energy towers. This uncertainty is most signif-
icant for the EMCal in peripheral events, where the fraction
of calorimeter towers with real energy deposits is much lower
than that in central events. The impact from the finite z-vertex
position resolution is conservatively estimated by artificially
shifting the reconstructed z-vertex position by ±3 cm. Fi-
nally, an uncertainty related to the stability of the detector
acceptance and local conditions over time is evaluated by
repeating the analysis for different recorded Au+Au runs.
These last two effects (z-vertex resolution and acceptance) are
subdominant compared to the other sources.

Uncertainties on the extracted Npart values are evaluated
using a standard set of variations in the MC Glauber mod-
eling and centrality determination. These include varying the
nucleon–nucleon cross section and other geometric parame-
ters in the Glauber model and varying centile cuts according
to the uncertainty in the total efficiency listed in Table I. The
dominant source of uncertainty for the Npart values is the MB
trigger inefficiency. For the centrality intervals used in this
measurement, the uncertainties range from 0.6% in 0–5%
events to 13.8% in 60–70% events. The Npart uncertainties
only contribute to the measurement of dET /dη/(0.5Npart).

024908-7

sPHENIX Final! - [PRC 112 (2025), 024908]

https://journals.aps.org/prc/abstract/10.1103/h8d5-swg6#f1
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`Measurement of dNch/dη in Au+Au collisions
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• Systematic uncertainties from various sources, with the range indicating the minimum and maximum 
uncertainty magnitudes across all η bins and centrality classes

• The combination strategy separates the correlated and uncorrelated uncertainties. The weighted 
average of dNch/dη is based on the uncorrelated uncertainties

sPHENIX Final! - [JHEP 08 (2025), 075]

https://doi.org/10.1007/JHEP08(2025)075
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`Underlying event subtraction in Au+Au collisions
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Underlying event (UE) in Au+Au
In heavy ions, jets sit  on top of a fluctuating 
azimuthally-modulated underlying event

25

Underlying 
event

Jet

➢Local fluctuations in the UE drive the jet 
energy resolution
➢Proper understanding of UE is needed 

for understanding jet performance
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`The photon business at sPHENIX
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`Theoritical models
• HIJING, a Heavy Ion Jet Interaction Generator, uses an MC Glauber model of the 

nucleus-nucleus collision geometry and perturbative QCD to model hard scatterings as 
parton minijets. The model includes multiparton interactions, and initial and final state 
radiation effects. HIJING uses the Dual Parton Model for soft interactions and the Lund 
string model for hadronization

• AMPT, A Multi-Phase Transport model, includes explicit interactions between initial minijet 
partons and final-state hadronic interactions. It extends HIJING by evolving initial partons 
with Zhang’s parton cascade (ZPC) procedure and the ART model for the last stage of 
parton hadronization

• EPOS4, based on Gribov-Regge theory, includes nuclear effects such as Cronin 
transverse momentum broadening, parton saturation, screening, as well as high-density 
effects that lead to collective hadronization in hadron-hadron scattering
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