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A (partially personal) reflection on what we learned from heavy ions 
at the LHC, how we brought that knowledge back to RHIC, and 

what QGP physics we can do better


 This symposium talk is focused on sPHENIX

RHIC-PHENIX 
(decommissioned 2016)

LHC-ATLAS 

(heavy ions starting in 2010)

RHIC-sPHENIX 

(start commissioning 2023)

sPHENIX

David Morrison (BNL)

Gunther Roland (MIT) co-spokespersons

sPHENIX collaboration meeting, BNL, Tuesday

sPHENIX
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In sPHENIX, many exceptional and hard-working young scientists 
are dedicating the start of their careers to a totally new collider detector

3
sPHENIX “Heroes” Page

https://www.sphenix.bnl.gov/index.php/heros


Shock and awe from first LHC results

Dramatic demonstration of the promise of fully 
reconstructed jets in heavy ion collisions

Event-by-event jet quenching! Dissection of quenched energy flow!
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What’s needed for event-by-event jet quenching?

1. Full (EM+Hadronic) 
calorimeter system 

To confirm the dijets are 
indeed asymmetric

2. Large acceptance 
To confirm the balancing jet 
didn’t escape the detector

3. High rate 
To see rare jet events far 

above the UE background
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Go/no-go for calorimeter jets in AA at RHIC 6
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FIG. 5: ET spectra for true HIJING jets (red line) and reconstructed jets (black points). The reconstructed jets are further
divided into those which are matched to a true HIJING jet (blue line) and those which are not matched to a true HIJING jet
(“fake jets”, black line). To be considered matched the axis of the true HIJING jet and the reconstructed jet must be within
∆R <0.25 and the HIJING jet must have ET >5 GeV. Shown are results for 0-10% central HIJING events using anti-kT jets
with R=0.2 (a), R=0.3 (b) and R=0.4 (c).
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FIG. 6: True ET for reconstructed jets anti-kT R = 0.2 for the reconstructed jet ET 15-20 GeV (a), 20-25 GeV (b), 25-30 GeV
(c) and 35-40 GeV (d). The lines show the results of fits containing a background component which is exponentially falling
(dashed line) and a signal Gaussian component (dot-dashed line). The total fit is shown as a solid line. The plots show the S

S+B

where the signal (S) is determined from the area under the Gaussian within ±2σ of the mean and the total background (B)
includes both those jets reconstructed with a > 2σ energy mismatched and those which were not matched at all to a HIJING
jet. Fit parameters are shown in Table I.
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Hanks et al PRC 86 (2012) 024908

ATLAS/CMS-style “event by event” 
estimate & subtraction of underlying 

event in full calorimeter system

This algorithm is now the main one in 
sPHENIX (with small modifications)

Key proof of principle in 2012 that one 
can identify fake-free pT thresholds

Inclusive spectrum 
dominated by real 

QCD jets



PHENIX Decadal Plan (Oct 2010)
• Submitted on Sept 30, 2010
• Available at 

http://www.phenix.bnl.gov/pheni
x/WWW/docs/decadal/2010/phe
nix_decadal10_full_refs.pdf

• Two parts:
2010-2015 (mid term)

Physics with (F)VTX, µTrig
2015+ (longer term)

Larger Upgrade (sPHENIX)
eRHIC connection (ePHENIX)

Making a concrete proposalThe Physics Case for sPHENIX Rates and Physics Reach
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Figure 1.51: (Top) Statistical projections for the RAA of various hard probes vs pT in 0–20% Au+Au
events with the sPHENIX detector after two years of data-taking, compared with a selection of current
hard probes data from PHENIX. (Bottom) Kinematic reach of various jet quenching observables from
previous and future RHIC and LHC data-taking. Adapted from slides by G. Roland at the QCD Town
Meeting at Temple University.

51

Plans, 

     Proposals, 

          Reports, 

               Reviews,

                    … 

Early quantitative projections of physics 
reach, given AA luminosity assumptions + 

sPHENIX acceptance / rate

Figure from MIE proposal document, 2014

7

An Upgrade Proposal from the PHENIX Collaboration

November 19, 2014

sPHENIX Technical Design Report1

PD-2/3 Release
May 13, 2019

2

sPH-TRG-2024-01

sPHENIX proton-proton collision data showing a dijet event in the calorimeter system (top) and an
example event in the combined tracking system (bottom)

sPHENIX Beam Use Proposal
November 1, 2024

2010

2014

2019

2024



Recorded during 
Run-23 commissioning
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Larger fraction of evolution is 
dominated by QGP medium 

length scales at RHIC

Jet evolution at LHC energies 
is vacuum dominated for 

most of the evolution

jets produced

QGP at RHIC is closer to transition temperature, 
better access to strong coupling regime
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R-dependence of jet suppression ALICE Collaboration
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Figure 4: Nuclear modification factors of inclusive charged-particle jets as a function of pT for R = 0.2, R = 0.4,
and R = 0.6, shown for 0–10%, 30–50% and 60–80% central Pb–Pb collisions for the ML-based method compared
to results obtained with the area-based method where applicable.

The jet cross section ratio is defined as the ratio of the per-event jet yields measured in the same collision
system for different resolution parameters:

!(R = R1)/!(R = R2) =
dNR1

dpT, ch jet

/ dNR2

dpT, ch jet
. (5)

In the ratio, the tracking and fragmentation uncertainties are highly correlated, while all other uncertain-
ties are considered as uncorrelated. Sec. 6 describes the calculation of the systematic uncertainties in the
ratio. The inclusive jet cross section ratios are a key observable for jet shapes and have been measured
both at RHIC and the LHC [19, 62–64, 66, 109]. The jet cross section ratios are shown in Fig. 7 for
pp collisions and for Pb–Pb collisions in the 0–10% and 30–50% centrality intervals. The left panel
presents the ratios for R = 0.2 and R = 0.4, and the right panel for R = 0.2 and R = 0.6. The ratio for
!(R = 0.2)/!(R = 0.6) in Pb–Pb collisions is slightly larger than for pp collisions, taking into account
the uncertainties. This suggests a narrowing of the intra-jet energy distribution in Pb–Pb collisions. No
significant centrality dependence is observed in the jet cross section ratios within measurement uncer-
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The strongest jet modification is all at low-pT!

Factor of 2 reduction in RAA in going 
from ~100 GeV to ~30 GeV jets!

Factor of 2 reduction in IAA in going from 
~60 GeV to ~15 GeV Z+hadron events!
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Kinematic correlations at RHIC vs LHC
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Exceptionally sharp correlation 
in RHIC p+p — large 

sensitivity to QGP effects!

ATLAS PRC 107 (2023) 054908
sPH-CONF-JET-2025-01
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jet physics!
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Good example of exploiting 
this feature in, e.g., STAR

STAR, nucl-ex/2505.05789
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FIG. 2. Corrected ỸpT distributions as a function of !ω for
εdir and ϑ0 triggers with 11 < Etrig

T < 15 GeV, in pp and cen-
tral Au–Au collisions at

→
sNN = 200 GeV for R = 0.2 (left)

and R = 0.5 (right). Upper: εdir trigger, 10 < pchT,jet < 15

GeV/c; middle: ϑ0 trigger, 10 < pchT,jet < 15 GeV/c; lower:

ϑ0 trigger, 15 < pchT,jet < 20 GeV/c. Data are plotted at the
spectrum-weighted bin coordinate except for low–statistics
points, which are shown as 95% CL upper limits. Theoretical
calculations for pp collisions are described in the text.

Etrig
T distribution smeared to account for the BEMC de-

tector response [33]. This calculation describes the mea-
surements well for both ωdir and ε0 triggers. The fig-
ure also shows an analytic QCD calculation at Next–
to–Leading–Log (NLL) accuracy with Sudakov resum-
mation [23, 46] for ε0 triggers in pp collisions, in the
range 2.5 < !ϑ < ε rad. This calculation, which is not
smeared by the Etrig

T resolution [33], reproduces the pp
data well for R = 0.5, but not for R = 0.2.

Figure 3 shows IAA(!ϑ), the ratio of ỸpT(!ϑ) distri-
butions measured in central Au–Au and pp collisions, for
ωdir and ε0 triggers and recoil jets with R = 0.2 and
0.5. For ωdir triggers the binning is di”erent for central
Au–Au and pp collisions, due to di”erent dataset sizes.
The denominator of IAA(!ϑ) is therefore determined by
fitting an exponential function to the pp spectrum and
interpolating. The smoothly–varying systematic uncer-
tainty is likewise interpolated. For the pp data points
in Fig. 2 which show a limit, Figure 3 utilizes the lower
limit of the systematic uncertainty for the Au–Au data
for the numerator in the ratio. The uncertainty boxes
are the quadrature sum of uncorrelated uncertainties in
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FIG. 3. Left panels: IAA(!ω) distributions for 11 < Etrig
T <

15 GeV with recoil jet R = 0.2 and 0.5. Top: εdir trigger,
10 < pchT,jet < 15 GeV/c; middle: ϑ0 trigger, 10 < pchT,jet < 15

GeV/c; bottom: ϑ0 trigger, 15 < pchT,jet < 20 GeV/c. Arrows
indicate 95% CL. Theoretical calculations are discussed in the
text. Right panels: integral of IAA(!ω) over 2.35 < !ω <
ϑ [33].

numerator and denominator; these residual uncertainties
in the ratio are nevertheless correlated between di”erent
!ϑ bins. Fig. 3, right panels, show IAA(!ϑ) integrated
over 3ε/4 < !ϑ < ε, reported as IAA in Ref. [34]; these
measurements are consistent.
For large acoplanarity, all panels show suppression of

IAA(!ϑ) for recoil jets with R = 0.2 and significant
enhancement for R = 0.5. The value of IAA(!ϑ) at
!ϑ → 2.65 di”ers for R = 0.2 and 0.5 by a factor 20± 2
(sys) for ε0 triggers and recoil jet 15 < pchT,jet < 20 GeV/c
(bottom panel), and a factor 3.8±1.7 for ωdir triggers and
recoil jet 10 < pchT,jet < 15 GeV/c (top panel); statistical
error is negligible. Significant di”erences are likewise ob-
served for !ϑ → 2.35. A similar, marked R–dependent
broadening of IAA(!ϑ) was observed in the same pchT,jet-
range for h+jet correlations in central Pb–Pb collisions
at

↑
sNN = 5.02 TeV [27].

Medium–induced yield enhancement at large acopla-
narity may arise from secondary partonic scattering with
QGP quasiparticles [19–24]. However, such scattering ef-
fects should be evident for all R–values, which are used
to probe the population of hard-scattering processes with
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Sharp “back-to-back” azimuthal 
correlations as well — enables sensitive 
studies of medium response, searches 

for quasiparticle scattering, etc.
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level. The hadronization correction e!ectively shifts par-
tonic jet pT distributions to lower hadronic jet pT . As
shown in Ref. [37], the pT shift of the jet due to the
hadronization correction is larger at jet momenta lower
than LHC energies and there is a substantial variation
between Monte Carlo models. The hadronization correc-
tion could also be substantially a!ected if the fragmenta-
tion of the jet is substantially di!erent in data than in the
Monte Carlo models, as indicated by the unfolding of the
PHENIX data. This could lead to an underprediction 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. Jet di!erential cross section as a function of pT .
(data/theory insert) Ratio of data to NLO and NNLO cal-
culations. Theory bands are explained in the text and were
obtained by matching the NLO and NNLO predictions in-
cluding matching to leading-logarithmic resummation (LLR)
in the jet radius and nonperturbative corrections (NP ).

B. Jet substructure distributions

The zg distribution is calculated using all jet con-
stituents, while the distributions in ω, 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 re-clustered using the Cambridge-Aachen
algorithm [47]. 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
were combined to determine the final jet. The quan-
tity zg = min(pT1,pT2)

pT1+pT2
, where pT1 and pT1 are sub-cluster

transverse momenta, is evaluated, and if zg → 0.1 the low-
est pT cluster is dropped and the jet re-clustered and eval-
uated again. This continues until the condition zg > 0.1

is met or the jet runs out of constituents. The SoftDrop
zg was first measured by the CMS collaboration in p+p
and Pb+Pb collisions at

↑
s = 5.02 TeV at the LHC for

jets with pT > 140 GeV/c [48], and later by the STAR
collaboration at RHIC energies [46, 49]. Figure 5 shows
the SoftDrop [25, 26] groomed momentum fraction zg,
with SoftDrop condition zcut = 0.1 and SoftDrop ε = 0
for di!erent pT bins and the STAR results [46] for di!er-
ent values of anti-kt R. The STAR results are in good
qualitative agreement with the PHENIX data. With in-
creasing jet pT the distributions get steeper, demonstrat-
ing that jets with highly asymmetric splittings are en-
hanced.
Figure 6 shows the distribution of charged particles as

a function of ω = ↓ln(z), where z is the fraction of the jet
momentum carried by the charged particle, for di!erent
pT bins. This distribution is typically referred to as the
fragmentation function. As the jet pT increases, the ob-
served ω distributions shift right, or to smaller constituent
momentum fraction z. This is highlighted in Fig. 6(g),
which compares the lowest and highest jet momenta. The
PHENIX measurements are limited to ω > 0.6 by the
jet-charged-momentum-fraction cut. A deficit of charged
particles in the jet relative to the tuned sc pythia6 model
grows as a function of jet pT between 1 < ω < 2.5.
Figure 7 shows the distribution of the charged par-

ticle transverse momentum with respect to the jet axis
jT /p

jet
T , where pjetT is the jet transverse momentum, for

di!erent jet pT bins. Figure 7(g), which compares the
lowest and highest jet-momenta bins, indicates that jT
scales up with increasing jet pT slower than the jet pT
itself. This is consistent with the changes observed in the
r distribution.
The radial distribution of charged particles within the

jet with respect to the jet axis (r) is shown in Fig. 8
as a function of jet pT . The distribution of particles in
the jet as a function of distance from the jet axis shows
a significant increase at small r with increasing jet pT ,
as can be seen in Fig. 8(g), where both the lowest and
highest jet pT bins are superimposed. This indicates the
development of a higher particle density in the core of
the jet with increasing jet pT , which is consistent with
the expected upturn in contribution of quark jets over
gluon jets with increasing pT at RHIC [50].

IV. CONCLUSIONS AND SUMMARY

In conclusion, we have presented jet cross section and
jet substructure distributions in p+p collisions at

↑
s

=200 GeV. Jets were reconstructed using the anti-kt al-
gorithm with a jet radius R = 0.3 for jets with transverse
momentum within 8.0 < pT < 40.0 GeV/c and pseudo-
rapidity |ϑ| < 0.15. The results were unfolded for exper-
imental and detector e!ects. The unfolding indicates a
lower average charged particle multiplicity is observed in
the PHENIX data than in the pythia event generators,
as much as one particle at the highest measured jet pT .
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Open heavy flavor at RHIC

Strong opening of the heavy flavor sector by existing RHIC experiments

Lessons from the LHC for the next leap forward: large datasets (including p+p) 

+ precision vertexing is sufficient for HF physics, even without explicit PID
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clude the uncertainties in raw yield extraction and vari-
ous efficiency correction factors. The former is evaluated
by varying the background estimation method (varying
the fit range, choice of background function and leaving
the background shape unconstrained), and is between 6–
14% in the measured pT region. The contribution to
the yield under the mass peak from incorrectly assigned
PID for daughter tracks is less than 1%. The TPC ef-
ficiency uncertainty is evaluated to be ∼15%, and PID
efficiency uncertainties to be ∼6%, for three daughter
tracks combined. The uncertainty in the HFT tracking
and topological cut efficiency is estimated by changing
the BDT response cuts so that the reconstruction effi-
ciency varies by 50% above and below relative to the
nominal one. The resulting non-statistical variations to
final results are included in the systematic uncertainties
and range from 10–15%. For the correction factor due to
secondary protons, the uncertainties from the measured
proton and Λ spectra [5, 30], as well as those on other
hadrons that decay to protons, are propagated. This un-
certainty is estimated to be about 4%. We also include a
10% uncertainty from a closure test for the data-driven
simulation method, evaluated by comparing the efficien-
cies calculated using data-driven simulation with input
distributions from reconstructed HIJING+ZB events, to
the efficiencies evaluated directly from the reconstructed
HIJING+ZB events. The feed-down contribution from
bottom hadrons to the measurements is found to be small
and less than 4% in the measured pT range. Finally, the
uncertainty in the decay B.R. from the latest PDG [33]
value is added as a global normalization uncertainty in
the Λ±

c yield.

pT (GeV/c) 1/(2πpTNevt)d
2N/dpTdy (GeV/c)−2

2.5 - 3.5 8.2×10−4± 1.4×10−4 (stat.) ± 2.4×10−4 (sys.)

3.5 - 5.0 6.0×10−5± 7.7×10−6 (stat.) ± 1.5×10−5 (sys.)

5.0 - 8.0 2.1×10−6± 3.8×10−7 (stat.) ± 5.5×10−7 (sys.)

TABLE I. The Λ±
c invariant yields measured in the 10-80%

centrality class for the different pT bins, in Au+Au collisions
at

√
s
NN

= 200 GeV.

The Λ±
c invariant yields in the 10-80% centrality class

for the different pT bins are shown in Table I, along with
the statistical and systematic uncertainties. The 10-80%
centrality class is chosen for pT-dependent measurement
as it had the best Λc signal significance in the measured
regions. The ratio of the invariant yield of Λ±

c to that of
D0 is shown as a function of pT in Fig. 2 for the 10–80%
centrality class. The correlated systematic uncertainties
from efficiency correction that go into both Λ±

c and
D0 measurements, cancel. Figure 2 (a) compares the
Λc/D0 ratio to the baryon-to-meson ratios from light and
strange-flavor hadrons [5, 30]. The Λc/D0 ratio is com-
parable in magnitude to the Λ/K0

s and p/π ratios and
shows a similar pT dependence in the measured region.
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FIG. 2. The measured Λc/D
0 ratio at midrapidity (|y| < 1)

as a function of pT for Au+Au collisions at
√
s
NN

= 200GeV
in 10-80% centrality, compared to the baryon-to-meson ratios
for light and strange hadrons (top) and various model calcu-
lations (bottom). The vertical lines and shaded boxes on the
Λc/D

0 data points indicate statistical and systematic uncer-
tainties respectively. The pT integrated Λc/D

0 ratio from the
THERMUS [10] model calculation with a freeze-out temper-
ature of Tch = 160MeV is shown as a horizontal bar on the
left axis of the plot.

The measured values are compared to different model
calculations in panel (b) of Fig. 2. The values show a sig-
nificant enhancement compared to the calculations from
the latest PYTHIA 8.24 release (Monash tune [34]) with-
out CR [4]. The implementation with CR (mode2 in [4])
enhances the baryon production with respect to mesons
and gives a Λc/D0 yield ratio consistent with those mea-
sured in p+p and p+Pb collisions at the LHC [14, 35].
However, both calculations fail to fully describe the
Au+Au data and its pT dependence. The mode with-
out CR is ruled out at a p-value of 1 ×10−4 (χ2/NDF
= 20.7/3), while the CR mode gives a p-value of 0.04
(χ2/NDF = 8.2/3) using a reduced χ2 test.

Figure 2 (b) shows the comparison to calculations from
various models that include coalescence hadronization of
charm quarks (labelled Ko et.al: with three quarks and
diquarks [16], Ko et.al: with flow [36], Catania [37], Ts-
inghua [38], Rapp et.al [39] and Cao et.al [40]). The
models differ among themselves in the choice of hadron
wave functions, light and charm quark spectra in the

STAR, PRL 124 (2020) 172301
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ous efficiency correction factors. The former is evaluated
by varying the background estimation method (varying
the fit range, choice of background function and leaving
the background shape unconstrained), and is between 6–
14% in the measured pT region. The contribution to
the yield under the mass peak from incorrectly assigned
PID for daughter tracks is less than 1%. The TPC ef-
ficiency uncertainty is evaluated to be ∼15%, and PID
efficiency uncertainties to be ∼6%, for three daughter
tracks combined. The uncertainty in the HFT tracking
and topological cut efficiency is estimated by changing
the BDT response cuts so that the reconstruction effi-
ciency varies by 50% above and below relative to the
nominal one. The resulting non-statistical variations to
final results are included in the systematic uncertainties
and range from 10–15%. For the correction factor due to
secondary protons, the uncertainties from the measured
proton and Λ spectra [5, 30], as well as those on other
hadrons that decay to protons, are propagated. This un-
certainty is estimated to be about 4%. We also include a
10% uncertainty from a closure test for the data-driven
simulation method, evaluated by comparing the efficien-
cies calculated using data-driven simulation with input
distributions from reconstructed HIJING+ZB events, to
the efficiencies evaluated directly from the reconstructed
HIJING+ZB events. The feed-down contribution from
bottom hadrons to the measurements is found to be small
and less than 4% in the measured pT range. Finally, the
uncertainty in the decay B.R. from the latest PDG [33]
value is added as a global normalization uncertainty in
the Λ±

c yield.
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TABLE I. The Λ±
c invariant yields measured in the 10-80%

centrality class for the different pT bins, in Au+Au collisions
at

√
s
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= 200 GeV.

The Λ±
c invariant yields in the 10-80% centrality class

for the different pT bins are shown in Table I, along with
the statistical and systematic uncertainties. The 10-80%
centrality class is chosen for pT-dependent measurement
as it had the best Λc signal significance in the measured
regions. The ratio of the invariant yield of Λ±

c to that of
D0 is shown as a function of pT in Fig. 2 for the 10–80%
centrality class. The correlated systematic uncertainties
from efficiency correction that go into both Λ±

c and
D0 measurements, cancel. Figure 2 (a) compares the
Λc/D0 ratio to the baryon-to-meson ratios from light and
strange-flavor hadrons [5, 30]. The Λc/D0 ratio is com-
parable in magnitude to the Λ/K0

s and p/π ratios and
shows a similar pT dependence in the measured region.
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FIG. 2. The measured Λc/D
0 ratio at midrapidity (|y| < 1)

as a function of pT for Au+Au collisions at
√
s
NN

= 200GeV
in 10-80% centrality, compared to the baryon-to-meson ratios
for light and strange hadrons (top) and various model calcu-
lations (bottom). The vertical lines and shaded boxes on the
Λc/D

0 data points indicate statistical and systematic uncer-
tainties respectively. The pT integrated Λc/D

0 ratio from the
THERMUS [10] model calculation with a freeze-out temper-
ature of Tch = 160MeV is shown as a horizontal bar on the
left axis of the plot.

The measured values are compared to different model
calculations in panel (b) of Fig. 2. The values show a sig-
nificant enhancement compared to the calculations from
the latest PYTHIA 8.24 release (Monash tune [34]) with-
out CR [4]. The implementation with CR (mode2 in [4])
enhances the baryon production with respect to mesons
and gives a Λc/D0 yield ratio consistent with those mea-
sured in p+p and p+Pb collisions at the LHC [14, 35].
However, both calculations fail to fully describe the
Au+Au data and its pT dependence. The mode with-
out CR is ruled out at a p-value of 1 ×10−4 (χ2/NDF
= 20.7/3), while the CR mode gives a p-value of 0.04
(χ2/NDF = 8.2/3) using a reduced χ2 test.

Figure 2 (b) shows the comparison to calculations from
various models that include coalescence hadronization of
charm quarks (labelled Ko et.al: with three quarks and
diquarks [16], Ko et.al: with flow [36], Catania [37], Ts-
inghua [38], Rapp et.al [39] and Cao et.al [40]). The
models differ among themselves in the choice of hadron
wave functions, light and charm quark spectra in the
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FIG. 14. The nuclear-modification factors of c→e and b→e as
a function of pT in MB Au+Au collisions from this work com-
pared with the corresponding measurement from the STAR
collaboration [9].

low pT to conserve the total number of produced parti-
cles. For bottom hadrons, this enhancement can be seen
at higher pT than the charm hadrons due to the harder
pT slope.

The nuclear modification for charm and bottom elec-
trons in 0%–80% Au+Au collisions was reported from the
STAR collaboration [9]. As Fig. 14 shows, our unfolding
results for charm and bottom electrons are in good agree-
ment with the STAR measurements within uncertainties.

Figure 15 shows the significance of the di!erence be-
tween R c→e

AA and R b→e
AA , where the ratio of R b→e

AA /R c→e
AA

is calculated, leading to cancellation of the correlated un-
certainty between c→e and b→e yields. The data show
that R b→e

AA is at least one standard deviation higher than
R c→e

AA in almost the entire pT range for the most central
events 0%–40%, with the largest di!erence at 3 GeV/c.

To account for possible autocorrelations in the
electron-decay kinematics, the RAA of parent charm and
bottom hadrons are calculated with the unfolded yield
of charm and bottom hadrons as shown in Fig. 16. A
significant di!erence of the yield suppression between
charm and bottom hadrons is observed in the region
2 < pT < 6 GeV/c in 0%–40% central collisions, simi-
lar to what is seen in the decay-electron space.

C. Nuclear modification factor RAA vs. Npart

The collision centrality is characterized by the num-
ber of nucleon participants in the collision (Npart) es-
timated using Monte-Carlo Glauber calculations. The

Npart-dependent nuclear modifications R c→e
AA and R b→e

AA
are obtained in three pT intervals as shown in Fig. 17.
In the low-pT region (1.0–1.4 GeV/c), there is no Npart

dependence and no suppression for both c→e and b→e,
within uncertainties. The mid-pT region (2.6–3.0 GeV/c)
shows a clear suppression of charm hadrons when the
number of participants increases. The high-pT region
(5.0–7.0 GeV/c) shows an increasing suppression of both
charm and bottom hadrons with increasing collision cen-
trality.

D. Comparison to theoretical models

Figure 18 shows a comparison of data to three theo-
retical models: the T-Matrix approach, the SUBATECH
model, and the DGLV model. The T-Matrix approach is
a calculation assuming formation of a hadronic resonance
by a heavy quark in the QGP based on lattice quantum
chromodynamics [38]. The SUBATECH model employs
a hard thermal loop calculation for the collisional energy
loss [39]. The DGLV model calculates both the collisional
and radiative energy loss assuming an e!ectively static
medium [40]. Because the DGLV model includes only
energy loss and does not include the back reaction in the
medium, the curves are only shown for pT > 5 GeV/c.
All models expect a quark mass ordering for the energy
loss in the QGP medium, as observed in the data. The
SUBATECH and DGLV calculations for charm suppres-
sion agree with the data. The T-Matrix approach is
slightly higher than the data for pT > 3 GeV/c. The
measured bottom nuclear modification is larger than the
calculations at pT < 4 GeV/c, although the uncertainty
in the measurement is large for pT < 2 GeV/c.

VI. SUMMARY AND CONCLUSIONS

This article reported the results of measurements of
the separated invariant yields and nuclear-modification
factors of charm and bottom hadron-decay electrons in
Au+Au collisions at

↑
sNN = 200 GeV at midrapid-

ity. The measurements were performed by the use of a
Bayesian unfolding method to extract the invariant yield
of parent charm and bottom hadrons from pT and trans-
verse distance of the closest approach DCAT distribu-
tions of decay electrons.
The nuclear-modification factors RAA have been cal-

culated from the invariant yield in Au+Au and the TAA

scaled yield in p+p. The comparison between R c→e
AA and

R b→e
AA indicates that charm hadrons are more suppressed

than bottom hadrons by at least one standard devia-
tion for 0%–40% central collisions. Quark-mass order-
ing of suppression is also seen in the RAA of the par-
ent charm and bottom hadrons, where there is a pattern
of RAA consistent with unity for pT < 1.4 GeV/c for
both charm and bottom, charm suppression for 2.6 <
pT < 3.0 GeV/c, and suppression of both charm and

PHENIX, PRC 109 (2024) 044907
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Example event  



Streaming readout is a cutting edge 
capability — sPHENIX is on the 

forefront of technology that will be 
used for all future NP detectors, with 

major connection to ALICE/LHCb


In Run-24, collected unbiased p+p 
events at ~200 kHz: a 103 increase 

over best  cross-section at RHIC (*) 

Ξ− → Λ0( → p+π−)π−

≈
D0
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(*) STAR, PRD 86 (2012) 072013 



Swift progress on open charm

Calibration of a complicated four-component tracking system while producing 
preliminary physics measurements while also preparing for this year’s Run


Walking while chewing gum while juggling while humming while etc.… 
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b-jet physics is best at RHIC

5

PbPb data simultaneously. This results in partial cancellation, giving a systematic uncertainty
of 16–21%, which is dominated by the b-tagging uncertainty. A significant suppression of the
yield with respect to the pp expectation is observed in b jets, which is indicative of the par-
ton energy loss in the hot medium. No strong trend is observed as a function of pT, although
the data hint a modest rise at higher pT. The data are compared to pQCD-based calculations
from [47]. The data are found to be consistent with a jet-medium coupling (gmed) in the range
of 1.8–2, similar to the value found for inclusive jets.
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Figure 3: The centrality integrated (0–100%) b-jet RAA as a function of pT. Vertical and hor-
izontal bars represent statistical uncertainties and bin widths, respectively, while filled boxes
represent systematics uncertainties. The normalization uncertainty from the integrated lumi-
nosity in pp collisions and from TAA is represented by the green band around unity. The data
are compared to pQCD-based calculations from [47].

Figure 4 shows RAA as a function of the number of participating nucleons (Npart), which is
derived from the centrality (as measured by the energy in the forward calorimeters) through a
Glauber calculation. Data for 80 < pT < 90 GeV/c and 90 < pT < 110 GeV/c are shown. For
both jet selections RAA shows a smooth decrease with increasing centrality from about 0.70–
0.75 to about 0.35–0.40.

The data presented in this study demonstrate the jet quenching phenomenon in the b-jet sector
using fully reconstructed b jets for the first time in heavy-ion collisions. Integrating over all
collision centralities, b jets are found to be suppressed over the 80–250 GeV/c pT range explored
in this study. For the 80–110 GeV/c pT range, RAA is found to decrease with collision centrality.
At larger pT, the trend is less evident due to the reduced statistical precision. The b-jet suppres-
sion is found to be qualitatively consistent with that of inclusive jets [31]. Although a sizeable
fraction of b-tagged jets come from gluon splitting, a large mass and/or flavor dependence for
parton energy loss can be excluded. For example, a model based on strong coupling (via the
AdS/CFT correspondence) [26], in which mass effects could persist to large pT would be in-
compatible with the current data, in contrast to a perturbative model in which mass effects are
expected to be small at large pT [47]. A milder mass dependence, but one which still persists to
large pT, as predicted for light and heavy flavor hadrons in Ref. [52], cannot be ruled out with
the present uncertainties.

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-

CMS, PRL 113 (2014) 132301

Full b-jet tagging at LHC, but 
at these pT ranges, they 

behave like light quark jets … 
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b-jet physics is best at RHIC
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PbPb data simultaneously. This results in partial cancellation, giving a systematic uncertainty
of 16–21%, which is dominated by the b-tagging uncertainty. A significant suppression of the
yield with respect to the pp expectation is observed in b jets, which is indicative of the par-
ton energy loss in the hot medium. No strong trend is observed as a function of pT, although
the data hint a modest rise at higher pT. The data are compared to pQCD-based calculations
from [47]. The data are found to be consistent with a jet-medium coupling (gmed) in the range
of 1.8–2, similar to the value found for inclusive jets.
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Figure 3: The centrality integrated (0–100%) b-jet RAA as a function of pT. Vertical and hor-
izontal bars represent statistical uncertainties and bin widths, respectively, while filled boxes
represent systematics uncertainties. The normalization uncertainty from the integrated lumi-
nosity in pp collisions and from TAA is represented by the green band around unity. The data
are compared to pQCD-based calculations from [47].

Figure 4 shows RAA as a function of the number of participating nucleons (Npart), which is
derived from the centrality (as measured by the energy in the forward calorimeters) through a
Glauber calculation. Data for 80 < pT < 90 GeV/c and 90 < pT < 110 GeV/c are shown. For
both jet selections RAA shows a smooth decrease with increasing centrality from about 0.70–
0.75 to about 0.35–0.40.

The data presented in this study demonstrate the jet quenching phenomenon in the b-jet sector
using fully reconstructed b jets for the first time in heavy-ion collisions. Integrating over all
collision centralities, b jets are found to be suppressed over the 80–250 GeV/c pT range explored
in this study. For the 80–110 GeV/c pT range, RAA is found to decrease with collision centrality.
At larger pT, the trend is less evident due to the reduced statistical precision. The b-jet suppres-
sion is found to be qualitatively consistent with that of inclusive jets [31]. Although a sizeable
fraction of b-tagged jets come from gluon splitting, a large mass and/or flavor dependence for
parton energy loss can be excluded. For example, a model based on strong coupling (via the
AdS/CFT correspondence) [26], in which mass effects could persist to large pT would be in-
compatible with the current data, in contrast to a perturbative model in which mass effects are
expected to be small at large pT [47]. A milder mass dependence, but one which still persists to
large pT, as predicted for light and heavy flavor hadrons in Ref. [52], cannot be ruled out with
the present uncertainties.

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-
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A broadly-capable detector can follow the science

Many developments in jet physics since original sPHENIX design


Large acceptance, high rate, hermetic calorimetry, high-precision tracking   
perfect configuration for complementarity with LHC Run-3
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FIG. 1: Energy flow operators, shown in red, probe
correlations between flows of energy arising from the
collision of two protons at the LHC. In the small angle
limit they factorize from the rest of the event and

probe the collinear substructure of jets.

an experimental impact, as well as make more trans-
parent the connections between jet substructure and the
more formal study of light ray operators. In this paper we
will highlight a number of these advantages, leaving more
phenomenological studies at higher perturbative orders,
and with more detailed derivations, to future work.

In this paper we introduce the projected energy cor-
relators, an infinite family of experimentally convenient
observables, each of which can be expressed in terms of a
finite number of energy flow operators. These projected
correlators behave similarly to common jet substructure
observables such as the groomed jet mass, namely they
are single logarithmic collinear (soft insensitive) observ-
ables designed to probe the collinear structure of jets.
Furthermore, we show that this infinite family of ob-
servables in fact forms an analytic family, allowing us
to derive results and perform resummation for arbitrary
N -point projected correlators.

One of the key benefits of the projected energy cor-
relators that we will highlight in this paper is that they
enable a simple incorporation of non-perturbative infor-
mation relating to tracks or charges into perturbative cal-
culations. The track function formalisms of [6, 7, 9, 10]
have unfortunately not so far been widely applied for
standard jet substructure observables, since such calcu-
lations are perturbatively complicated, and involve the
full functional form of the non-perturbative track func-
tions. In this paper, we show that the projected N -point
correlators only require integer moments  N that en-
ter trivially as weights. Furthermore, the resummation
of track correlators in the collinear limit only requires
the renormalization of these integer moments, which sat-
isfy linear renormalization group equations (as compared
with the non-linear equation for the full track function),
which enable them to be computed to higher perturba-
tive orders. This will allow for high order perturbative
calculations involving track information.

A further particularly interesting feature of our analy-
sis is that our formulas for the N -point projected correla-
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for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a
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and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at
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There has also been progress in understanding the singularities of the EEC, which occur as
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by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.

Indeed, in a conformal field theory (CFT), its behavior in the collinear limit is fixed to be a
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FIG. 2: Weighted cross sections can be formulated as
matrix elements of a finite number of energy flow op-
erators, leading to their simple theoretical properties.

tors are analytic functions of N (for both the anomalous
dimensions and the normalization constants), allowing
us to consider their analytic continuation to non-integer
values of N . These analytically continued observables
have a scale evolution determined by the anomalous di-
mensions of non-integer twist-2 spin-N operators. We
present a definition of these observables that is valid for
measurements at the LHC. These observables correlate
infinite combinations of particles within a jet (up to the
fact that there are only a finite number of particles in real
world applications). This illustrates a qualitatively new
way of defining jet substructure observables through an-
alytic continuation. Analytic continuation also provides
a means of defining families, in a mathematically precise
sense, of observables that probe specific aspects of jets.
In this language, one of the primary results of this paper
is to place observables that probe the twist-2 dynamics
of jets into a single analytic family.

An outline of this paper is as follows. In Sec. II we
discuss the di↵erence between standard jet substructure
observables and weighted cross sections, and emphasize
that standard jet substructure observables necessarily in-
volve matrix elements of an infinite number of energy
flow operators. We then discuss the implications of this
observation for incorporating track and charge informa-
tion. In Sec. III we introduce projections of the energy
correlators that are a function of a single scaling variable
and are ideal for experimental studies. We also discuss
ratios of these observables that are promising for preci-
sion measurements. In Sec. IV we analytically continue
these observables to non-integer values of N , and define a
new class of jet substructure observables which we term
⌫-correlators. In Sec. V we discuss the resummation of
the ⌫-correlators, and present numerical results for in-
teger and non-integer values of ⌫. In Sec. VI we then
generalize this to the case of correlators using tracking
information. We conclude and discuss a number of fu-
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Oxygen

Huge amount of excitement in 
the heavy-ion physics community 

about O+O running later this 
summer at the LHC

sPHENIX’s RHIC-unique capabilities 
mean we can co-lead on this physics


Years-long investment in sPHENIX 
+ RHIC’s unique flexibility = major 

return on investment!
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FIG. 3. An example of time evolution of a O+O event from SONIC; the color scale indicates the local temperature.

spread over a larger area. The p+O and p+Pb geometries are
more compact and thus have a steeper pressure gradient that
translates into a slightly larger momentum anisotropy.

For exploring the initial condition dependence, we have run
the identical SONIC hydrodynamic evolution code on IP-Jazma
generated initial conditions for O+O collisions. Figure 6
shows the initial geometry eccentricities comparing the Monte
Carlo Glauber and IP-Jazma results. In the small impact
parameter collisions, the IP-Jazma initial conditions result in
significantly larger eccentricities which is expected because
the “hot spots” will be smaller because the energy deposit
is a multiplicative result from the projectile and target color
charge distributions. An interesting feature is that at large
impact parameter, the IP-Jazma eccentricities all tend towards

zero. In the case of a single nucleon-nucleon collision, the
multiplication of two Gaussian color charge distributions,
i.e., one from each nucleon, yields exactly a Gaussian which
is circularly symmetric and has εn = 0. We note that these
eccentricities in IP-Jazma are sensitive to the IP-Sat Gaussian
width and a value larger than 0.32 fm as used here will reduce
the eccentricities. A value of 0.50 fm reduces the ε2 to the
same level as the Monte Carlo Glauber for b < 5 fm.

Figure 7 shows a comparison between the previously
discussed Monte Carlo Glauber initial conditions and the
new IP-Jazma initial conditions both run through the SONIC
evolution. The left panel compares the multiplicity distribu-
tions in both cases. Note that at the lowest multiplicity, the
Monte Carlo Glauber case cuts off because one requires at
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Measurement of isolated prompt photons in p+p collisions at
→

s = 200 GeV
with the sPHENIX detector

sPHENIX Collaboration

Abstract

This sPHENIX Conference Note reports the measurement of the isolated prompt photon
cross-section as a function of transverse energy (Eγ

T) in proton–proton collisions at
→

s =
200 GeV, using data collected in 2024 with the sPHENIX detector at the Relativistic Heavy
Ion Collider with integrated luminosity of 16.6 pb↑1. Photons are measured within |ηγ| <
0.7 and 10 < E

γ
T < 26 GeV. They are reconstructed using the Electromagnetic Calorimeter

and identified using electromagnetic shower shapes. An isolation selection using both the
Electromagnetic and Hadronic Calorimeters is applied to suppress both fragmentation photons
and background photons mostly originating from neutral-meson decays. The E

γ
T yield is

corrected for purity and efficiency, and then unfolded for detector response. The E
γ
T-differential

cross-sections are compared with theoretical predictions from Monte Carlo generator PYTHIA-8
as well as next-to-leading-order perturbative Quantum Chromodynamics calculations including
JETPHOX.
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sPHENIX Public Results page

https://www.sphenix.bnl.gov/PublicResults


Beam time, beam time, beam time
• Flagship sPHENIX QGP measurements ( +jets, b-jets, Upsilons)

• Expansive kinematic reach

• Critical p+p baselines

• Small collision systems with RHIC- and world-unique capabilities 


➡They all rely on large integrated luminosities 


The sPHENIX science program will not be limited by any lack of 
courage, ingenuity, or dedication from its people … only by beam time 

γ
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Bringing the scientific and technical advancements of the LHC 
back to the USA and finishing the physics mission of RHIC!
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