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Jets as probes of the QGP
2

¨ High energy scatterings in 
collision can produce outgoing 
high energy quarks or gluons

¨ These will traverse and 
interact with the QGP

¨ Outgoing parton fragments into 
spray of particles we measure, 
called a jet



Studying QGP in the lab

Large Hadron Collider (LHC) at CERN Relativistic Heavy Ion Collider (RHIC) at BNL
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sPHENIX at RHIC
5

First new detector at RHIC in 20 years!



sPHENIX at RHIC
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First hadronic 

calorimeters at 

RHIC at 

midrapidity!

15 kHz triggered 

readout

calorimeter jet and 

photon triggers in pp

Streaming 

readout for 

tracking detectors

First new detector at RHIC in 20 years!



Why jet measurements at RHIC and LHC?
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arXiv:1501.06197

q Different QGP:
q Temperature/temperature 

evolution different between 
LHC and RHIC



Why jet measurements at RHIC and LHC?
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q Different QGP:
q Temperature/temperature 

evolution different between 
LHC and RHIC

q Different probes:
q Different quark vs. gluon jet 

mixture
q Lower kinematic range- 

radiation close to the QGP 
medium scale early in 
collision

arXiv:1501.06197



Underlying event at RHIC vs. LHC
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Underlying event at RHIC is significantly smaller than at the LHC-  RHIC can measure jets at low energy



Jet yields are suppressed…

Fig. 35 Comparison of RAA for charged hadrons from
ALICE [175] and CMS [190], and jets from ALICE [213]
and ATLAS [214] in central Pb+Pb collisions at

p
sNN =

5.02 TeV. Compilation from [7].

Figure 35 shows the jet RAA in central Pb+Pb
collisions in comparison with the RAA of charged
hadrons. The hadron and jet RAA are both found
to be strongly suppressed, with the jet RAA

exhibiting stronger suppression than that of the
inclusive hadrons at the same pT . At higher pT ,
jets are more suppressed than hadrons with the
same pT , since the inclusive hadrons at a given pT

originate from energetic partons that fragment at
late times and thus lose less energy in the medium
than the combined energy loss of the entire par-
ton shower that constitutes an average jet (see
Section 9.2.2 for a more detailed discussion of jet
fragmentation). The measurement of hadrons does
not extend as high in pT as that of jets, since the
jets encompass the entire shower from the parton
rather than just one (leading) hadron.

A summary plot of current jet RAA measure-
ments from RHIC and LHC is shown in Fig. 36 for
central (0-10%) Au+Au at RHIC and Pb+Pb at
the LHC. [217] The ATLAS and CMS results rep-
resent full (electromagnetic and hadronic) calori-
metric measurements of jets, ALICE comprises
electromagnetic energy and charged particles,
while STAR measurements are jets measured
solely with charged particles, all with the same jet
resolution parameter R = 0.4. The uncertainties
are larger for the STAR and ALICE jet measure-
ments and increase as the jet-pT decreases. Several
e↵ects contribute to the increased uncertainty at
low jet-pT : the dependence of the experiments on
charged-particle tracking rather than calorimetry,
the increased influence of the soft background at
lower jet-pT , and greater dependence on the low-
pT cuto↵. Also noticeable is the gap in pT between

the RHIC and LHC data, which is partly due to
the circumstance that only the energy by charged
particles is detected in the STAR measurements.
The entire region pT < 100 GeV/c is important to
theoretical comparisons in order to better under-
stand jet energy loss mechanisms and the response
of the medium. Therefore, it is a focus of new
experimental background and jet-isolation tech-
niques and continued higher statistics data-taking.

Fig. 36 A compilation [217] of jet RAA measurements at
RHIC and LHC [213–216]. Measurements are for full jets at
LHC and charged-particle jets at RHIC. See text for more
details.

The dependence of jet quenching on the color
charge of the primary parton can also be derived
from a comparison of jets initiated by a hard-
scattered quark (quark jets) with those initiated
by a gluon (gluon jets). Experimentally, this can
be achieved statistically by comparing ensembles
of photon-tagged jets (jets opposite in azimuth
from an isolated photon) with inclusive jets. Event
generators predict that the fraction of quark jets
in a photon-tagged sample of jets in a typical kine-
matic range at the LHC is 0.7 � 0.8 as compared
to a quark fraction of 0.3 � 0.5 for inclusive jets
in the same range [218]. If the jet energy loss is
proportional to the square of the color charge of
the primary parton (Cq/Cg = 4/9) as predicted
by theory, a smaller quark energy loss should be
reflected in less suppression, i. e. a larger RAA for
photon-tagged jets than for inclusive jets.

The jets opposite isolated photons will con-
sist predominantly of quark jets, enabling poten-
tial discrimination between the energy loss of
a primary quark with the medium and that of

27

Measurements at RHIC and the LHC
arXiv:2308.05743
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Measurements cover 
kinematic range 

10s of GeV to TeV!
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than the combined energy loss of the entire par-
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fragmentation). The measurement of hadrons does
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jets encompass the entire shower from the parton
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The dependence of jet quenching on the color
charge of the primary parton can also be derived
from a comparison of jets initiated by a hard-
scattered quark (quark jets) with those initiated
by a gluon (gluon jets). Experimentally, this can
be achieved statistically by comparing ensembles
of photon-tagged jets (jets opposite in azimuth
from an isolated photon) with inclusive jets. Event
generators predict that the fraction of quark jets
in a photon-tagged sample of jets in a typical kine-
matic range at the LHC is 0.7 � 0.8 as compared
to a quark fraction of 0.3 � 0.5 for inclusive jets
in the same range [218]. If the jet energy loss is
proportional to the square of the color charge of
the primary parton (Cq/Cg = 4/9) as predicted
by theory, a smaller quark energy loss should be
reflected in less suppression, i. e. a larger RAA for
photon-tagged jets than for inclusive jets.

The jets opposite isolated photons will con-
sist predominantly of quark jets, enabling poten-
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a primary quark with the medium and that of

27

Measurements at RHIC and the LHC Future RHIC measurements
arXiv:2308.05743

sPHENIX 
projected range
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sPHENIX beam use proposal

https://indico.bnl.gov/event/15845/attachments/40963/68517/sPHENIX_Beam_Use_Proposal_2022.pdf


…as a function of path-length
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Phys. Rev. C 105 (2022) 064903

Measurements at the LHC
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Phys. Rev. C 105 (2022) 064903



…as a function of path-length

Measurements at RHIC Future RHIC measurements
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PoS(HardProbes2023)176 sPHENIX beam use proposal

RHIC provides high precision at low pT 

https://indico.bnl.gov/event/15845/attachments/40963/68517/sPHENIX_Beam_Use_Proposal_2022.pdf


…as a function of flavor

γ

More likely 

to be a 

quark jet
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Measurements at the LHC

Phys. Lett. B 846 (2023) 138154



…as a function of flavor
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Measurements at the LHC

arXiv:1501.06197

Measurements at RHIC

Jet measurements at RHIC inherently quark dominated

Ø quark vs. gluon differences must be considered 

when comparing RHIC vs. LHC



…as a function of (sub)structure
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Future RHIC measurements

sPHENIX beam use proposal

Measurements at the LHC

Phys. Lett. B 849 (2024) 138412

https://indico.bnl.gov/event/15845/attachments/40963/68517/sPHENIX_Beam_Use_Proposal_2022.pdf


…as a function of (sub)structure
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Phys. Rev. C 107 (2023) 054909
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Measurements at the LHC
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Measurements at the LHC
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Future RHIC measurements

sPHENIX beam use proposal

https://indico.bnl.gov/event/15845/attachments/40963/68517/sPHENIX_Beam_Use_Proposal_2022.pdf


…as a function of mass
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09/05/2023 Yuan Su @ QM 2023, September 3-9, 2023 13

!"-jet transverse momentum spectra

Diptanil Roy, Sep 5 , 2023
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◉ Hint of suppression of D
0

meson tagged jet yield in central collisions

◉ LIDO, which considers heavy quark evolution in medium with collisional 

and radiative energy losses, is consistent with the data in peripheral, 

but underestimates in central

Measurements at RHIC

d0 tagged jets



…as a function of mass
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Measurements at the LHC

Eur. Phys. J. C (2023) 83:438
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Future RHIC measurements

sPHENIX beam use proposal

https://indico.bnl.gov/event/15845/attachments/40963/68517/sPHENIX_Beam_Use_Proposal_2022.pdf


Next generation measurements
23

High statistics data = more differential measurements of jet quenching
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Figure 7: Ratio of the normalized yields of PbPb to pp for jet girth g (left) and groomed jet
radius Rg (right) of photon-tagged jets in PbPb and pp collisions for xg j ⌘ p

jet
T /p

g
T > 0.8 (se-

lecting less quenched jets). The data are compared with the hybrid predictions for Lres = 0 (up-
per) and nonzero values of Lres without elastic scatterings (lower). The bands around the data
points represent the total experimental uncertainties, whereas the vertical bars represent the
statistical uncertainties. The uncertainties in the PbPb-to-pp ratio have been obtained assum-
ing the PbPb and pp measurements are uncorrelated. The bands around the theory predictions
represent the statistical uncertainties of the prediction.

Photon tagged substructure

Open Heavy Flavor Physics Physics Projections 2023–2025
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Figure 4.6: Projected statistical uncertainties of nuclear modification factor RAA measurements of
non-prompt/prompt D0 mesons (left) and b-jets (right) as a function of pT in 0–10% central Au+Au
collisions at

p
sNN = 200 GeV from the three-year sPHENIX operation. Left: the solid green curve

are averaged RAA for pions and the solid blue line is from a model calculation of RAA for B mesons
over several models [12, 13, 14, 15], which maps to the dashed blue line for D-meson from B decay.
Right: the curves represents a pQCD calculations with two coupling parameters to the QGP medium,
gmed [16], and the blue band is from a recent calculation based on the LIDO transport model [17].
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[18, 12, 13, 14]

models describing the coupling between heavy quarks and the medium. In the first three years of
operation, sPHENIX will enable B-meson and b-jet measurements covering the wide transverse
momentum range 2 < pT < 40 GeV, as shown in Figures 4.6 and 4.7.

The left panel of Figure 4.6 shows the B-meson (D0 from B) nuclear modification measurements
covering the kinematic range pT . 15 GeV, where nuclear modifications for bottom quarks and light
quarks are expected to be quite different, transitioning in the right panel to the b-jet at pT > 15 GeV,
where the effect due to the light and heavy quark mass difference is less significant. The current
experimental results do not yet confirm the detailed physics behind this transition.

26

b-jet v2

arXiv:2405.02737
Future RHIC measurementsMeasurements at the LHC

+ much more



How to extract information about QGP?
24

¨ Need models to relate 
measurements to 
QGP



How to extract information about QGP?
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¨ Need models to relate 
measurements to 
QGP

¨ Bayesian analysis 
allows for extraction 
of QGP parameters 
from many 
measurements

¨ Can include data from 
RHIC and LHC

arXiv:2010.13680

LIDO

LIDO



How to extract information about QGP?
26

¨ Need models to relate 
measurements to 
QGP

¨ Bayesian analysis 
allows for extraction 
of QGP parameters 
from many 
measurements

¨ Can include data from 
RHIC and LHC

arXiv:2010.13680

LIDO

LIDO
Different models 

get different 

temperature 

dependence



Conclusion
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¨ Jet measurements at RHIC and the LHC provide 
complimentary measurements
¤ Vary temperature of QGP
¤ Vary jet population
¤ Vary kinematic coverage

¨ Combining measurements from RHIC and the LHC 
in Bayesian analysis can help extract properties of 
the QGP

¨ High statistics data allows for more precise and 
more differential measurements of jet quenching
¤ LHC run 3
¤ sPHENIX + continued STAR running at RHIC 

sPHENIXsPHENIXsPHENIX

Figure 2: Displays of di-jet events in p+p in a 3-D grid format, viewed along the z-axis, and rendering
the same events as shown in Fig. 1. See text for additional selection details.
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