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3.3.1.3. Imaging the Plasma Using Jets
The QGP droplets formed in the collision of nuclei ex-
ist for such a short time that it is impossible to use an 
external source to probe the medium and understand 
its properties. Fortunately, QCD has given us a useful 
internal probe in the form of particle jets. These jets 
are formed in the collisions when high-momentum 
transfer scatterings of quarks or gluons occur, pro-
ducing the showers of particles known as jets. Jets 
are modified by interactions of the scattered quark 
or gluon with the medium, causing the jet to radiate 
additional gluons, decreasing the energy of the final 
jet. During the last two decades, major progress in 
understanding this so-called quenching of jets has 
been driven by increasingly precise and differential 
measurements from the LHC and RHIC thanks to 
their increased luminosity and upgraded detectors, 
as well as improvements in theory. 

Since the last Long Range Plan, significant advances 
have been made in quantifying jet quenching and jet 
substructure in the QGP, using data to constrain hy-
drodynamic models combined with state-of-the-art 
calculations of the interactions of quarks and gluon 
inside the plasma. These advances indicate how en-
ergy is transported inside the plasma. Open-source 
software modeling environments such as JETSCAPE 
can now provide a systematic analysis of the differ-

be determined. The emission of gluons from a heavy 
quark is different than from light quarks or gluons be-
cause heavy quark mass affects both the scattering 
and radiation processes.

3.3.1.4. Insights from Heavy Quark and Electro-
magnetic Probes
The study of heavy quarks in heavy ion collisions 

ent theoretical approaches and different observ-
ables.

Jets in heavy ion collisions have modified internal 
structure compared with proton–proton collisions, 
and we still do not know how far a jet can trav-
el through QGP while the particles inside it remain 
correlated. Measurements of jet substructure, de-
scribed in Sidebar 3.4, have advanced dramatically, 
giving some first answers about how jet quenching 
and the jet shower structure are related. Measuring 
the fate of jets with different initial properties will 
allow us to study the internal structure of the QGP. 
The QGP is itself modified by the passage of a jet: an 
increased yield of low momentum particles occurs 
within and around the jet. The plasma response to 
perturbations from jets is closely connected to how 
the QGP achieves equilibrium early in the collision. 
Determining whether a jet started from a gluon, a 
light quark, or a heavy quark is also important to fully 
characterize the QGP and its effects on the jet show-
er; gluon jets are expected to lose more energy than 
quark jets. Unambiguously determining the jet origin 
is complicated. Quark-initiated jets can be selected 
via jets balanced by a photon or a Z boson, which is 
essentially a very heavy photon, as shown in Figure 
3.7. Jets that include the much heavier charm or bot-
tom quarks have different medium-induced radiation 
and can allow, for example, diffusion properties to 

has provided new insights into the properties of the 
medium and how it affects heavy quarks and their 
bound states. Two types of heavy quarks—charm 
and bottom quarks—are valuable because their mass 
is significantly larger than the temperature of the sys-
tem, so they can be used to probe the QGP at short 
distances. Measurements at RHIC and the LHC in-
clude different decay channels for mesons that have 
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Sidebar 3.4 Quark Gluon Plasma and the Interior of Jets

Particle jets are an essential probe of the properties of the quark–gluon plasma (QGP). The evolution of a jet in-
cludes three stages, illustrated in Figure 1. In the first stage, a shower of gluons and quarks (partons) is emitted 
from an energetic quark or gluon produced in a collision. Next, the plasma medium induces extra gluon radiation 
from the jet constituents. These gluons interact with the QGP, causing a cascade that transfers energy from the 
initial quark or gluon into the plasma. In the last stage, gluons are radiated outside the plasma until the final-state 
hadrons emerge. These hadrons are collected in a jet. During the cascade, quantum interference (i.e., coherence) 
can suppress radiation of gluons with large wavelength (i.e., low energy). 

The substructure, or interior, of jets in elementary particle collisions is well described by QCD. However, the process-
es by which quarks and gluons lose energy in QGP can rearrange particles inside jets and modify their energies. 
Furthermore, jets can also affect particles within the plasma, just as a boat creates a wake as it moves through 
water (Figure 1).

A suite of measurements has provided information about the substructure of these jets. The measurements shed 
light on the radiated gluons, interactions in QGP, and how well the entire process can be described by QCD. The en-
ergy profile as a function of the distance from the jet axis and the momentum carried by individual particles within 
a jet were studied at both RHIC and the LHC. The results showed that some of the original jet’s energy is redistrib-
uted in the QGP and is carried away predominantly by low-energy particles. Although some of these results are 
reproduced by QCD calculations, the low-energy particles are not yet understood. Precise data are needed to inform 
models of the energy redistribution and whether quarks and gluons are affected differently.

Jet substructure observables defined using 
the momentum and angle of each jet particle 
can follow sequential gluon emission and can 
be both measured and predicted by theory. For 
example, characteristic scales of jet–medium 
interactions are encoded in jet angularity, jet 
mass (or total energy), and jet splitting func-
tions. Data show a narrowing of the jet core 
along with additional low-momentum particles 
at the jet’s outer edge. More precise data and 
improved theoretical tools are needed to deter-
mine the scale of coherence among jet parti-
cles. 

The new sPHENIX detector, STAR upgrades, 
and upgraded LHC experiments will elucidate 
the multiscale, spacetime evolution of jets and 
the QGP. Jets and their substructure will also 
probe QCD in nucleons and nuclei at the EIC.

+NLZWJ� ��� 8HMJRFYNH� TK� OJY� J[TQZYNTS� FSI� NSYJWFHYNTS� \NYM�
VZFWPўLQZTS�UQFXRF�@8��B�

Figure 3.7. Using jets to image the QGP QJKY��9MJ�WFYNT�TK�F�OJYѣX�RTRJSYZR�YT�YMFY�TK�NYX�MNLM�JSJWL^�UMTYTS�UFWYSJW�KWTR�
UWTYTSўUWTYTS�HTQQNXNTSX�GQZJ��FSI�QJFIўQJFI�HTQQNXNTSX�WJI���/JY�VZJSHMNSL�HFZXJX�YMJ�INXYWNGZYNTS�YT�XMNKY�YT�F�QT\JW�WFYNT�
FSI�HFS�GJ�VZFSYNܪJI�ZXNSL�YMJ�UMTYTSѣX�JSJWL^��\MNHM�XMTZQI�GJ�[JW^�HQTXJQ^�WJQFYJI�YT�YMJ�NSNYNFQ�JSJWL^�TK�YMJ�VZFWP�YMFY�
NSNYNFYJI�YMJ�OJY��WNLMY��&�INFLWFR�TK�F�UMTYTS�OJY�RJFXZWJRJSY�@�B��

understand the interaction of the evolving parton shower with the QGP 
length/timescale of that interaction is an essential component of this quest
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Figure 4: Upper panel: The RAA values as a function of jet pT for jets with |y | < 2.8 for four centrality intervals
(0–10%, 20–30%, 40–50%, 60–70%). Bottom panel: The RAA values as a function of jet pT for jets with |y | < 2.8
for four other centrality intervals (10–20%, 30–40%, 50–60%, 70–80%). The error bars represent statistical
uncertainties, the shaded boxes around the data points represent bin-wise correlated systematic uncertainties. The
coloured and grey shaded boxes at RAA = 1 represent fractional hTAAi and pp luminosity uncertainties, respectively,
which both a�ect the overall normalisation of the result. The horizontal size of error boxes represents the width of
the pT interval.
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• inclusive RAA tells us jet quenching is important 
but it integrates over everything except the jet 
momentum


• the focus of current measurements is to 
understand how quenching depends on the:


• structure of the jet


• amount of QGP the jet sees
3
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inclusive jet RAA

RAA = ≡
dNPbPb/dpT

TAAdσpp/dpT
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• inclusive RAA tells us jet quenching is important 
but it integrates over everything except the jet 
momentum


• the focus of current measurements is to 
understand how quenching depends on the:


• structure of the jet


• amount of QGP the jet sees
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FIG. 2: Distribution of (a) eccentricity, "2, and (b) triangularity, "3, as a function of number of participating nucleons, Npart,
in

p
sNN = 200 GeV Au+Au collisions.

with the orientation of the reaction plane defined by the
impact parameter direction and the beam axis and by
symmetry, no V3� component arises in the azimuthal
correlation function. To describe this component in
terms of hydrodynamic flow requires a revised under-
standing of the initial collision geometry, taking into
account fluctuations in the nucleon-nucleon collision
points from event to event. The possible influence of
initial geometry fluctuations was used to explain the
surprisingly large values of elliptic flow measured for
central Cu+Cu collision, where the average eccentricity
calculated with respect to the reaction plane angle is
small [8]. For a Glauber Monte Carlo event, the minor
axis of eccentricity of the region defined by nucleon-
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FIG. 3: Distribution of nucleons on the transverse plane for ap
sNN = 200 GeV Au+Au collision event with "3=0.53 from

Glauber Monte Carlo. The nucleons in the two nuclei are
shown in gray and black. Wounded nucleons (participants)
are indicated as solid circles, while spectators are dotted
circles.

nucleon interaction points does not necessarily point
along the reaction plane vector, but may be tilted. The
“participant eccentricity” [8, 45] calculated with respect
to this tilted axis is found to be finite even for most
central events and significantly larger than the reaction
plane eccentricity for the smaller Cu+Cu system. Fol-
lowing this idea, event-by-event elliptic flow fluctuations
have been measured and found to be consistent with the
expected fluctuations in the initial state geometry with
the new definition of eccentricity [46]. In this paper,
we use this method of quantifying the initial anisotropy
exclusively.
Mathematically, the participant eccentricity is given as

"2 =

q
(�2

y � �2
x)

2 + 4(�xy)2

�2
y + �2

x

, (3)

where �2
x, �2

y and �xy, are the event-by-event
(co)variances of the participant nucleon distributions
along the transverse directions x and y [8]. If the
coordinate system is shifted to the center of mass of the
participating nucleons such that hxi = hyi = 0, it can be
shown that the definition of eccentricity is equivalent to

"2 =

q
hr2 cos(2�part)i2 + hr2 sin(2�part)i2

hr2i (4)

in this shifted frame, where r and �part are the polar
coordinate positions of participating nucleons. The
minor axis of the ellipse defined by this region is given as

 2 =
atan2

�⌦
r2 sin(2�part)

↵
,
⌦
r2 cos(2�part)

↵�
+ ⇡

2
.

(5)
Since the pressure gradients are largest along  2, the
collective flow is expected to be the strongest in this
direction. The definition of v2 has conceptually changed
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FIG. 5: (a) v2 (unscaled) vs. Npart, (b) v2/〈εstd〉 vs. Npart,
and (c) v2/〈εpart〉 vs. Npart, for Cu-Cu and Au-Au collisions
at

√
s
NN

= 62.4 and 200 GeV. 1-σ statistical error bars are
shown. v2 is shown in |η| < 1 for the hit-based method.

eccentricity determined in this fashion the participant
eccentricity, εpart, and the plane specified by the beam
axis and the x-axis in the participant frame Ψparticipant.
In terms of the original x- and y-axes (in fact, any pair
of perpendicular transverse axes),

εpart =

√

(σ2
y − σ2

x)
2 + 4(σxy)2

σ2
y + σ2

x

. (2)

In this formula, σxy = 〈xy〉 − 〈x〉〈y〉. The average values
of εstd and εpart are quite similar for all but the most
peripheral interactions for large species, as is shown in
Figure 4 for Au-Au. For smaller systems such as Cu-Cu,

however, fluctuations in the nucleon positions in Glauber
model calculations (described below) become quite im-
portant for all centralities and the average eccentricity
can vary significantly depending on how it is calculated.
This is also illustrated in Figure 4.
The effects of finite number fluctuations on elliptic

flow have been studied for large collision systems with
Monte-Carlo simulations [24, 25, 26] and were found to
be small. However, in Cu-Cu collisions these fluctua-
tions are larger and could have a significant impact on
the elliptic flow. The participant eccentricity allows these
fluctuating configurations to be considered seriously on
an event-by-event basis.
The Glauber model used for the calculation of these

eccentricities is a Monte Carlo toy model which builds nu-
clei by randomly placing nucleons according to a Woods-
Saxon distribution. Excluded volume effects were incor-
porated into the model, requiring a minimum center-
to-center nucleon separation of 0.4 fm, to agree with
HIJING [13]. A number of sources of systematic er-
ror were studied, including nuclear radius, nuclear skin
depth, nucleon-nucleon inelastic cross-section σNN, and
minimum nucleon separation. The systematic error con-
tributed by each source was determined by varying that
specific parameter in the analysis within reasonable lim-
its and quantifying the change in the final eccentricity
result as a function of centrality. The individual contri-
butions were added in quadrature to determine the 90%
confidence level errors shown in Figure 4.
The crucial importance of the definition of eccentric-

ity in comparing Cu-Cu and Au-Au results can be seen
in Figure 5, where comparisons are made between Cu-
Cu and Au-Au data using the eccentricity-scaled elliptic
flow. In Fig. 5b, v2/εstd increases rapidly in Cu-Cu as
the events become more central, and is generally larger
than that of Au-Au. One might then conclude from this
that either the smaller Cu-Cu system produces v2 much
more efficiently than the larger Au-Au system or that
εstd may not be the appropriate quantity for describ-
ing the initial geometry of the collision. Consider then
Fig. 5c, in which v2/εpart is shown to be very similar
for both Cu-Cu and Au-Au, even appearing to lie on the
same curve. Given the qualitative and quantitative sim-
ilarities between the results in the two systems already
shown, it is not unreasonable to expect both systems
to have a similar eccentricity-scaled elliptic flow, as in
Fig. 5c. Therefore, it seems likely that εpart as discussed
here and in Ref. [27] — or a rather similar quantity, such

as
√

〈ε2part〉 [28] — is the relevant eccentricity for the

azimuthal anisotropy.
In summary, the results presented here show a measur-

able and significant elliptic flow signal in Cu-Cu collisions
at 62.4 and 200 GeV. These data show that qualitative
features attributed to collective effects in Au-Au persist
down to the relatively small numbers of participants seen
in the Cu-Cu collision and are of comparable magnitude.

PHOBOS:nucl-ex/0610037

Alver & Roland:1003.0194

geometry & fluctuations in the soft sector are key to the 
extractions of η/s
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3.3.1.3. Imaging the Plasma Using Jets
The QGP droplets formed in the collision of nuclei ex-
ist for such a short time that it is impossible to use an 
external source to probe the medium and understand 
its properties. Fortunately, QCD has given us a useful 
internal probe in the form of particle jets. These jets 
are formed in the collisions when high-momentum 
transfer scatterings of quarks or gluons occur, pro-
ducing the showers of particles known as jets. Jets 
are modified by interactions of the scattered quark 
or gluon with the medium, causing the jet to radiate 
additional gluons, decreasing the energy of the final 
jet. During the last two decades, major progress in 
understanding this so-called quenching of jets has 
been driven by increasingly precise and differential 
measurements from the LHC and RHIC thanks to 
their increased luminosity and upgraded detectors, 
as well as improvements in theory. 

Since the last Long Range Plan, significant advances 
have been made in quantifying jet quenching and jet 
substructure in the QGP, using data to constrain hy-
drodynamic models combined with state-of-the-art 
calculations of the interactions of quarks and gluon 
inside the plasma. These advances indicate how en-
ergy is transported inside the plasma. Open-source 
software modeling environments such as JETSCAPE 
can now provide a systematic analysis of the differ-

be determined. The emission of gluons from a heavy 
quark is different than from light quarks or gluons be-
cause heavy quark mass affects both the scattering 
and radiation processes.

3.3.1.4. Insights from Heavy Quark and Electro-
magnetic Probes
The study of heavy quarks in heavy ion collisions 

ent theoretical approaches and different observ-
ables.

Jets in heavy ion collisions have modified internal 
structure compared with proton–proton collisions, 
and we still do not know how far a jet can trav-
el through QGP while the particles inside it remain 
correlated. Measurements of jet substructure, de-
scribed in Sidebar 3.4, have advanced dramatically, 
giving some first answers about how jet quenching 
and the jet shower structure are related. Measuring 
the fate of jets with different initial properties will 
allow us to study the internal structure of the QGP. 
The QGP is itself modified by the passage of a jet: an 
increased yield of low momentum particles occurs 
within and around the jet. The plasma response to 
perturbations from jets is closely connected to how 
the QGP achieves equilibrium early in the collision. 
Determining whether a jet started from a gluon, a 
light quark, or a heavy quark is also important to fully 
characterize the QGP and its effects on the jet show-
er; gluon jets are expected to lose more energy than 
quark jets. Unambiguously determining the jet origin 
is complicated. Quark-initiated jets can be selected 
via jets balanced by a photon or a Z boson, which is 
essentially a very heavy photon, as shown in Figure 
3.7. Jets that include the much heavier charm or bot-
tom quarks have different medium-induced radiation 
and can allow, for example, diffusion properties to 

has provided new insights into the properties of the 
medium and how it affects heavy quarks and their 
bound states. Two types of heavy quarks—charm 
and bottom quarks—are valuable because their mass 
is significantly larger than the temperature of the sys-
tem, so they can be used to probe the QGP at short 
distances. Measurements at RHIC and the LHC in-
clude different decay channels for mesons that have 
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Sidebar 3.4 Quark Gluon Plasma and the Interior of Jets

Particle jets are an essential probe of the properties of the quark–gluon plasma (QGP). The evolution of a jet in-
cludes three stages, illustrated in Figure 1. In the first stage, a shower of gluons and quarks (partons) is emitted 
from an energetic quark or gluon produced in a collision. Next, the plasma medium induces extra gluon radiation 
from the jet constituents. These gluons interact with the QGP, causing a cascade that transfers energy from the 
initial quark or gluon into the plasma. In the last stage, gluons are radiated outside the plasma until the final-state 
hadrons emerge. These hadrons are collected in a jet. During the cascade, quantum interference (i.e., coherence) 
can suppress radiation of gluons with large wavelength (i.e., low energy). 

The substructure, or interior, of jets in elementary particle collisions is well described by QCD. However, the process-
es by which quarks and gluons lose energy in QGP can rearrange particles inside jets and modify their energies. 
Furthermore, jets can also affect particles within the plasma, just as a boat creates a wake as it moves through 
water (Figure 1).

A suite of measurements has provided information about the substructure of these jets. The measurements shed 
light on the radiated gluons, interactions in QGP, and how well the entire process can be described by QCD. The en-
ergy profile as a function of the distance from the jet axis and the momentum carried by individual particles within 
a jet were studied at both RHIC and the LHC. The results showed that some of the original jet’s energy is redistrib-
uted in the QGP and is carried away predominantly by low-energy particles. Although some of these results are 
reproduced by QCD calculations, the low-energy particles are not yet understood. Precise data are needed to inform 
models of the energy redistribution and whether quarks and gluons are affected differently.

Jet substructure observables defined using 
the momentum and angle of each jet particle 
can follow sequential gluon emission and can 
be both measured and predicted by theory. For 
example, characteristic scales of jet–medium 
interactions are encoded in jet angularity, jet 
mass (or total energy), and jet splitting func-
tions. Data show a narrowing of the jet core 
along with additional low-momentum particles 
at the jet’s outer edge. More precise data and 
improved theoretical tools are needed to deter-
mine the scale of coherence among jet parti-
cles. 

The new sPHENIX detector, STAR upgrades, 
and upgraded LHC experiments will elucidate 
the multiscale, spacetime evolution of jets and 
the QGP. Jets and their substructure will also 
probe QCD in nucleons and nuclei at the EIC.
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Figure 3.7. Using jets to image the QGP QJKY��9MJ�WFYNT�TK�F�OJYѣX�RTRJSYZR�YT�YMFY�TK�NYX�MNLM�JSJWL^�UMTYTS�UFWYSJW�KWTR�
UWTYTSўUWTYTS�HTQQNXNTSX�GQZJ��FSI�QJFIўQJFI�HTQQNXNTSX�WJI���/JY�VZJSHMNSL�HFZXJX�YMJ�INXYWNGZYNTS�YT�XMNKY�YT�F�QT\JW�WFYNT�
FSI�HFS�GJ�VZFSYNܪJI�ZXNSL�YMJ�UMTYTSѣX�JSJWL^��\MNHM�XMTZQI�GJ�[JW^�HQTXJQ^�WJQFYJI�YT�YMJ�NSNYNFQ�JSJWL^�TK�YMJ�VZFWP�YMFY�
NSNYNFYJI�YMJ�OJY��WNLMY��&�INFLWFR�TK�F�UMTYTS�OJY�RJFXZWJRJSY�@�B��

evolving parton shower traverses the time evolution of the QGP
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The QGP droplets formed in the collision of nuclei ex-
ist for such a short time that it is impossible to use an 
external source to probe the medium and understand 
its properties. Fortunately, QCD has given us a useful 
internal probe in the form of particle jets. These jets 
are formed in the collisions when high-momentum 
transfer scatterings of quarks or gluons occur, pro-
ducing the showers of particles known as jets. Jets 
are modified by interactions of the scattered quark 
or gluon with the medium, causing the jet to radiate 
additional gluons, decreasing the energy of the final 
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understanding this so-called quenching of jets has 
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measurements from the LHC and RHIC thanks to 
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substructure in the QGP, using data to constrain hy-
drodynamic models combined with state-of-the-art 
calculations of the interactions of quarks and gluon 
inside the plasma. These advances indicate how en-
ergy is transported inside the plasma. Open-source 
software modeling environments such as JETSCAPE 
can now provide a systematic analysis of the differ-

be determined. The emission of gluons from a heavy 
quark is different than from light quarks or gluons be-
cause heavy quark mass affects both the scattering 
and radiation processes.

3.3.1.4. Insights from Heavy Quark and Electro-
magnetic Probes
The study of heavy quarks in heavy ion collisions 

ent theoretical approaches and different observ-
ables.

Jets in heavy ion collisions have modified internal 
structure compared with proton–proton collisions, 
and we still do not know how far a jet can trav-
el through QGP while the particles inside it remain 
correlated. Measurements of jet substructure, de-
scribed in Sidebar 3.4, have advanced dramatically, 
giving some first answers about how jet quenching 
and the jet shower structure are related. Measuring 
the fate of jets with different initial properties will 
allow us to study the internal structure of the QGP. 
The QGP is itself modified by the passage of a jet: an 
increased yield of low momentum particles occurs 
within and around the jet. The plasma response to 
perturbations from jets is closely connected to how 
the QGP achieves equilibrium early in the collision. 
Determining whether a jet started from a gluon, a 
light quark, or a heavy quark is also important to fully 
characterize the QGP and its effects on the jet show-
er; gluon jets are expected to lose more energy than 
quark jets. Unambiguously determining the jet origin 
is complicated. Quark-initiated jets can be selected 
via jets balanced by a photon or a Z boson, which is 
essentially a very heavy photon, as shown in Figure 
3.7. Jets that include the much heavier charm or bot-
tom quarks have different medium-induced radiation 
and can allow, for example, diffusion properties to 

has provided new insights into the properties of the 
medium and how it affects heavy quarks and their 
bound states. Two types of heavy quarks—charm 
and bottom quarks—are valuable because their mass 
is significantly larger than the temperature of the sys-
tem, so they can be used to probe the QGP at short 
distances. Measurements at RHIC and the LHC in-
clude different decay channels for mesons that have 

3 | QUARKS AND GLUONS: UNDERSTANDING THE STRONG NUCLEAR FORCE

Sidebar 3.4 Quark Gluon Plasma and the Interior of Jets

Particle jets are an essential probe of the properties of the quark–gluon plasma (QGP). The evolution of a jet in-
cludes three stages, illustrated in Figure 1. In the first stage, a shower of gluons and quarks (partons) is emitted 
from an energetic quark or gluon produced in a collision. Next, the plasma medium induces extra gluon radiation 
from the jet constituents. These gluons interact with the QGP, causing a cascade that transfers energy from the 
initial quark or gluon into the plasma. In the last stage, gluons are radiated outside the plasma until the final-state 
hadrons emerge. These hadrons are collected in a jet. During the cascade, quantum interference (i.e., coherence) 
can suppress radiation of gluons with large wavelength (i.e., low energy). 

The substructure, or interior, of jets in elementary particle collisions is well described by QCD. However, the process-
es by which quarks and gluons lose energy in QGP can rearrange particles inside jets and modify their energies. 
Furthermore, jets can also affect particles within the plasma, just as a boat creates a wake as it moves through 
water (Figure 1).

A suite of measurements has provided information about the substructure of these jets. The measurements shed 
light on the radiated gluons, interactions in QGP, and how well the entire process can be described by QCD. The en-
ergy profile as a function of the distance from the jet axis and the momentum carried by individual particles within 
a jet were studied at both RHIC and the LHC. The results showed that some of the original jet’s energy is redistrib-
uted in the QGP and is carried away predominantly by low-energy particles. Although some of these results are 
reproduced by QCD calculations, the low-energy particles are not yet understood. Precise data are needed to inform 
models of the energy redistribution and whether quarks and gluons are affected differently.

Jet substructure observables defined using 
the momentum and angle of each jet particle 
can follow sequential gluon emission and can 
be both measured and predicted by theory. For 
example, characteristic scales of jet–medium 
interactions are encoded in jet angularity, jet 
mass (or total energy), and jet splitting func-
tions. Data show a narrowing of the jet core 
along with additional low-momentum particles 
at the jet’s outer edge. More precise data and 
improved theoretical tools are needed to deter-
mine the scale of coherence among jet parti-
cles. 

The new sPHENIX detector, STAR upgrades, 
and upgraded LHC experiments will elucidate 
the multiscale, spacetime evolution of jets and 
the QGP. Jets and their substructure will also 
probe QCD in nucleons and nuclei at the EIC.
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evolving parton shower traverses the time evolution of the QGP



measurements sensitive to path length

• (di)jet vn, etc: correlation of jets with the event planes


• sensitive to overall event geometry & path length 
differences on the scale of geometry of the initial state.


• dijets: hard scattering produces approximately balanced 
partons—we measure imbalanced jets in PbPb collisions


• smaller collisions: how small of a QGP can cause energy 
loss?
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central collisions
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dĳet v2

• dijet v2 similar to that of charged particles and single jet v2 from ATLAS


• given the different pt and centrality selections it is difficult to quantify any radial dependence 
9
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different, so the two results should not be directly compared.

8 Summary
The Fourier coefficients v2, v3, and v4 are determined for jets from events containing back-
to-back jets (“dijet vn”) in lead-lead collisions at

p
s

NN
= 5.02 TeV. The jet-hadron correla-

tion technique used for this measurement has been developed to unambiguously separate jet
fragmentation-related contributions from the long-range correlations due to the in-medium
path length and medium density dependencies of parton energy loss.

The dijet v2 values are found to be positive, meaning that more jets are observed coplanar with
the event plane than perpendicular to this plane. The dijet v2 values increase with increasing
eccentricity of the initial collision region, from about 2.0% in the 0–10% centrality bin to about
4.4% in the 30–50% centrality bin. These results are qualitatively consistent with expectations
from a path-length dependence of in-medium energy loss. For all measured centrality bins, the
dijet v3 and v4 values are consistent with zero within experimental uncertainties. However, the
current results do not have the precision needed to probe the effects of the initial-state geometry
and medium density fluctuations on the dijet azimuthal distributions. The measured dijet vn

values provide valuable input to a more precise and quantitative description of the partonic
energy loss in the quark-gluon plasma.
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8 Summary
The Fourier coefficients v2, v3, and v4 are determined for jets from events containing back-
to-back jets (“dijet vn”) in lead-lead collisions at

p
s

NN
= 5.02 TeV. The jet-hadron correla-

tion technique used for this measurement has been developed to unambiguously separate jet
fragmentation-related contributions from the long-range correlations due to the in-medium
path length and medium density dependencies of parton energy loss.

The dijet v2 values are found to be positive, meaning that more jets are observed coplanar with
the event plane than perpendicular to this plane. The dijet v2 values increase with increasing
eccentricity of the initial collision region, from about 2.0% in the 0–10% centrality bin to about
4.4% in the 30–50% centrality bin. These results are qualitatively consistent with expectations
from a path-length dependence of in-medium energy loss. For all measured centrality bins, the
dijet v3 and v4 values are consistent with zero within experimental uncertainties. However, the
current results do not have the precision needed to probe the effects of the initial-state geometry
and medium density fluctuations on the dijet azimuthal distributions. The measured dijet vn

values provide valuable input to a more precise and quantitative description of the partonic
energy loss in the quark-gluon plasma.
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smaller systems & RHIC
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centrality dependence of jet vn
• v2 largest in mid-central collisions; consistent 

with 0 in the most central collisions


• v3 ~1% for mid-central/central collisions


• for both v2 & v3 the centrality dependence 
is similar to that of hydrodynamic vn 
which is driven by the initial collision 
geometry


• suggests the same geometry plays a 
significant role in jet quenching


• v4 consistent with 0


• larger uncertainties from poor 4th-order 
event plane resolution
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a picture of dĳets

subleading jet: lots of interactions through the 
QGP, stronger quenching of the jet

12

leading jet: very short path length thourgh the QGP, nearly no energy loss



dĳets at 2.76 TeV
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xJ = momentum of jet 2 / momentum of jet 1

• shift from balanced jets to 
imbalanced jets makes sense in a 
surface bias picture


• however, these distributions are 
sensitive only to the shape (area 
normalization)


• which jets are actually being 
suppressed?


• also, what’s that peak?
1706.09363
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comparison of 5.02 TeV & 2.76 TeV
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comparison of 5.02 TeV & 2.76 TeV
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is there an enhancement of 
imbalanced dijets or a 

suppression of balanced 
dijets?

to answer that, look at the 
absolute rate of dijets, not 

the relative rate



new method for studying xJ
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suppression of balanced dĳets
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7 Results

7.1 Absolutely Normalized xJ distributions

The absolutely normalized GJ distributions, as defined in Eq (4), are shown in Fig. 4 for ?? collisions for
leading jets with 200 < ?T,1 < 224 GeV and 398 < ?T,1 < 562 GeV for all jet radii considered here. The
shape of the distributions are very similar for the two ?T,1 selections shown. In both cases, the distributions
are peaked toward balanced dĳets as expected. The distributions are more sharply peaked at GJ ⇡ 1 for larger
radius jets. This is expected if the larger radius jets cluster together radiation that would be reconstructed
as separate jets for the smaller radii.
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Figure 4: The absolutely normalized GJ distributions in ?? collisions (bottom row) for leading jets with 200 <

?T,1 < 224 GeV (left) and 398 < ?T,1 < 562 GeV (right). Results for ' = 0.4 jets are from Ref. [19].

Fig. 5 shows the radius dependence of the absolutely normalized GJ distributions in 0–10% and 20–40%
central Pb+Pb collisions as defined in Eq. (5) for the same ?T,1 selections as shown for ?? collisions. The GJ
distributions in Pb+Pb collisions are broadened compared to those in ?? collisions. The magnitude of the
modification is larger for lower ?T,1 values and for the more central collisions. For the 200 < ?T,1 < 224 GeV,
in mid-central collisions the peak at balanced dĳets remains, but becomes weaker as the jet radius decreases;
for this ?T,1 selection in 0–10% central collisions, the distributions are nearly flat for ' = 0.2, ' = 0.3, and
' = 0.4 [19] jets for GJ > 0.5. For larger radius jets some peak remains. For the 398 < ?T,1 < 562 GeV
selection, the GJ distributions in both central and mid-central Pb+Pb collisions remain peaked at GJ ⇡ 1 for
the jet radii considered here.

In order to look more closely at the centrality dependent modification from the distributions in ?? collisions,
Fig. 6 shows the overlaid GJ distributions for 0–10%, 20–40%, and 40–60% central Pb+Pb collisions with
those from ?? collisions for two ?T,1 selections, 200–224 GeV and 398–562 GeV for ' = 0.2, ' = 0.3,
' = 0.5, and ' = 0.6 jets (the ' = 0.4 results are available in Ref. [19]). As expected, GJ distributions in
the most central collisions are the most modified with respect to those in ?? collisions for all ' values.
Additionally, as observed for ' = 0.4 jets [19], the rate of balanced dĳets is strongly suppressed going
from ?? collisions to central Pb+Pb collisions. For GJ < 0.6 values, the rates of dĳets become smaller for
all ' values.
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Figure 5: The absolutely normalized GJ distributions in 0-10% central Pb+Pb collisions (top row), 20–40% central
Pb+Pb collisions (bottom row) for leading jets with 200 < ?T,1 < 224 GeV (left) and 398 < ?T,1 < 562 GeV (right).
Results for ' = 0.4 jets are from Ref. [19].

7.2 PAA distributions

The �AA, as defined in Eq. (6), allows a direct comparison between the dĳet rates in Pb+Pb and ??

collisions for specific ?T,1 and GJ selections. First, the �AA distributions for various centralities and
200 < ?T,1 < 224 GeV are shown in Fig. 7 for the different jet radii. In 0–10% central collisions, there is
a suppression of the number of balanced (high GJ) dĳets and an enhancement of jets with GJ < 0.4. The
magnitudes of these effects are approximately constant in '. In 20–40% and 60–80% central collisions the
same quantitative trends are observed but the magnitude of the deviations from unity is smaller.

In order to look directly at the jet radius dependence of the dĳet momentum balance, the �AA distributions
as a function of GJ are overlaid for the same ?T,1 selection (200–224 GeV) for three centrality selections,
0–10%, 20–40%, and 60–80% central Pb+Pb collisions in Fig. 8. The �AA values for ' = 0.4 jets are
calculated from the absolutely normalized GJ distributions published in Ref. [19]. At high-GJ, the �AA
values show no ' dependence, despite the significant changes in the GJ distributions themselves. At low-GJ,
there is a spread of the central values of �AA as a function of ' and the uncertainties are larger. In order
to more directly evaluate the radial dependence of these distributions, the �AA is plotted as a function
of the jet radius, for several ?T,1 selections at selected GJ values in the most central collisions in Fig. 9.
For nearly balanced dĳets (0.89 < GJ < 1.0), no significant ' dependence to �AA is observed for any ?T,1
selections. However, as the dĳets become more imbalanced, �AA increases with increasing jet radius. This
is especially true for lower ?T,1 selections. One possible explanation is that the subleading jets which have
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p+p
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Figure 8: �AA distributions in 0-10% central Pb+Pb collisions (top), 20–40% central Pb+Pb collisions (middle) and
60–80% Pb+Pb collisions (bottom) for leading jets with 200 < ?T,1 < 224 GeV. The normalization uncertainties
(not shown) are 1.3%, 2.2% and 8.0% for 0–10%, 20–40%, and 60–80% central collisions, respectively. Results for
' = 0.4 jets are calculated from Ref. [19].
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in ?? collisions and
1

h)AAi#AA
evt

d#AA
pair

dGJ
(5)

in Pb+Pb collisions. Here h)AAi and #
AA
evt are defined the same way as in Eq. (1) and !?? is the integrated

luminosity of the ?? collisions [24].

The absolutely normalized GJ distributions allow a direct comparison between the dĳet rates measured in
Pb+Pb and ?? collisions. This comparison is quantified by the ratio �AA:

�AA ⌘ 1
h)AAi#AA

evt

d#AA
pair

dGJ

,  
1

!??

d# ??
pair

dGJ

!
. (6)

Finally, the absolutely normalized GJ distributions can be integrated over the measurement range of
0.32 < GJ < 1.0 (and the corresponding ranges in ?T,1 and ?T,2) to construct the pair nuclear modification
factors for dĳets as a function of the leading and subleading jet ?T. These quantities were first shown in
Ref. [19] and are defined analogously to the nuclear modification factor for inclusive jets, Eq. (1), as:

'
pair
AA (?T,1) =

1
h)AA i#AA

evt

Ø
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d2#AA
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1
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(7)

and

'
pair
AA (?T,2) =

1
h)AA i#AA

evt

Ø
?T,2/0.32
?T,2

d2#AA
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d?T,1d?T,2
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1
!??

Ø
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. (8)

By integrating over ?T,2 (?T,1), one can access information from '
pair
AA (?T,1) ('pair

AA (?T,2)) about the
differential rate of dĳet production in leading (subleading) jet ?T bins. Comparison of these two quantities
at a fixed jet ?T provides information about the suppression of leading and subleading jets.

2 ATLAS detector

The ATLAS detector [22] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near-4c coverage in solid angle. It consists of an inner tracking
detector surrounded by a thin superconducting solenoid, electromagnetic and hadron calorimeters, and
a muon spectrometer. The inner-detector system is immersed in a 2 T axial magnetic field and provides
charged-particle tracking within |[ | < 2.5. The high-granularity silicon pixel detector covers the vertex
region and typically provides four measurements per track, with the first hit typically being in the insertable
B-layer installed before Run 2 [25, 26]. It is followed by the silicon microstrip tracker (SCT) which
usually provides eight measurements per track. These silicon detectors are complemented by the transition
radiation tracker, a drift-tube-based detector, which surrounds the SCT and has coverage up to |[ | = 2.0.

The calorimeter system covers the pseudorapidity range |[ | < 4.9. Within the region |[ | < 3.2,
electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)
calorimeters, with an additional thin LAr presampler covering |[ | < 1.8 to correct for energy loss in material

4

• JAA provides a way to compare the 
modification of the absolutely 
normalized xJ distributions in PbPb 
collisions


• think of it like an RAA for dijets
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Figure 9: The �AA values as a function of ' for jets with (from the top row) 100 < ?T,1 < 112 GeV, 126 <

?T,1 < 141 GeV, 200 < ?T,1 < 224 GeV, 251 < ?T,1 < 282 GeV, 316 < ?T,1 < 398 GeV, and 398 < ?T,1 < 224 GeV
in 0–10% central Pb+Pb collisions, for 0.50 < GJ < 0.56 (left column) 0.63 < GJ < 0.71 (middle column) and
0.90 < GJ < 1.0 (right column). There is a 1.3% overall normalization uncertainty common to all points which is not
shown. Results for ' = 0.4 jets are calculated from Ref. [19].
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surface biased jets 
leading jet loses little 

energy; increase in JAA with 
R as energy is recovered in 

the cone

more balanced dijets 
both jets have lost 
significant energy

different geometry probed as a function of xJ?
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Figure 9: The �AA values as a function of ' for jets with (from the top row) 100 < ?T,1 < 112 GeV, 126 <

?T,1 < 141 GeV, 200 < ?T,1 < 224 GeV, 251 < ?T,1 < 282 GeV, 316 < ?T,1 < 398 GeV, and 398 < ?T,1 < 224 GeV
in 0–10% central Pb+Pb collisions, for 0.50 < GJ < 0.56 (left column) 0.63 < GJ < 0.71 (middle column) and
0.90 < GJ < 1.0 (right column). There is a 1.3% overall normalization uncertainty common to all points which is not
shown. Results for ' = 0.4 jets are calculated from Ref. [19].
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fluctuations in energy loss
• given the importance of fluctuations in soft physics, what role do they play in 

hard physics?

22

6 6 Results

The v2 values are also obtained from 4-, 6-, and 8-particle cumulant analyses, as shown in
Fig. 2, where the SP v2 results are also included for comparison. For pT < 3 GeV/c, the results
follow the expectation from Bessel-Gaussian or elliptic power v2 distributions, which predict
v2{SP} > v2{4} ⇡ v2{6} ⇡ v2{8} [51–53]. The observation that the multiparticle cumulant
values remain similar up to pT = 100 GeV/c (v2{4} ⇡ v2{6} ⇡ v2{8}), further suggests that the
azimuthal anisotropy is strongly affected by the initial-state geometry and its event-by-event
fluctuations [25, 26]. At higher pT, the difference between SP and multiparticle cumulant results
shows a tendency to decrease. Nevertheless, the uncertainities are too large to draw a firm
conclusion. This tendency might be due to pT dependence of flow vector fluctuations, which
depends on the shear viscosity over entropy density ratio of the medium [26, 54]. Therefore, the
results presented in Fig. 2 provide important information to constrain the QGP shear viscosity
in PbPb collisions.
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Figure 2: Comparison between the v2 results from the SP and the 4-, 6-, and 8-particle cumulant
methods, as a function of pT, in six centrality ranges from 0–5% to 50–60%. The vertical bars
(shaded boxes) represent the statistical (systematic) uncertainties.

Figure 3 shows the correlation between high-pT and low-pT v2 values, for investigating the
connection between the azimuthal anisotropies induced by hydrodynamic flow and the path-
length dependence of parton energy loss [25, 26]. The most peripheral v2{SP} and v2{4} data
points are the ones with the largest error bars. Linear fits to the centrality dependent v2 cor-
relation between the low- and high-pT regions are shown in the figure. Here a zero intercept
is assumed. The corresponding c2 over the number of degree of freedom values are found to
be near 1–1.5, except for the 26 < pT < 35 GeV/c range, where a positive intercept is indicated
for the v2{SP} results. The non-zero intercept might reflect a centrality dependent event-plane
decorrelation that increases going to higher pT. The slope values for v2{SP} and v2{4} are
found to be compatible within statistical uncertainties and to decrease when selecting higher
pT particles. This suggests that the initial-state geometry and its fluctuations are likely to be the

Flow angle and flow magnitude fluctuations in Pb–Pb collisions at the LHC ALICE Collaboration
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Figure 2: The flow magnitude fluctuation M
f
2 in Pb–Pb collisions at psNN = 5.02 TeV as a function of the asso-

ciate particle transverse momentum, p
a
T, in centrality classes 0–5% (left), 10–20% (middle), and 30–40% (right).

Comparison with iEBE-VISHNU with TRENTo initial conditions and h/s(T ) [76], MUSIC with Glauber initial
conditions and h/s = 0.08 [88], MUSIC with TRENTo initial conditions and h/s = 0.08,0.12,0.16 [88], and
AMPT [78] are shown as coloured bands.

substantial deviation of M
f
2 from unity is observed in the 0–5% most central collisions. This deviation

by more than 5s significance in the highest bin of p
a
T reveals the first observation of pT-dependent flow

magnitude fluctuations in Pb–Pb collisions at psNN = 5.02 TeV. In centrality 0–5%, where the initial
state fluctuations are most significant, the flow magnitude deviates from unity for p

a
T above 2 GeV/c and

the deviation increases with increasing p
a
T. The deviation from unity is more pronounced in the central

collisions 0–5% compared to 10–20% and 30–40%. By construction, M
f
2 is not restricted to be below

unity as seen in Fig. 2 at 30–40% centrality. This is in contrast to the flow vector fluctuations measured
with two-particle correlations and the flow angle fluctuations measured with A

f
2, which can only be larger

than unity due to non-flow effects [56]. Model studies with HIJING and the studies of the correlators with
same-sign charge and larger pseudorapidity gaps show that non-flow correlations are negligible for M

f
2,

so the deviation from unity must be due to the fluctuations of the flow magnitude. The iEBE-VISHNU
calculations underestimate the effect in 0–5% centrality showing almost no pT dependence. In the 10–
20% and 30–40% centrality intervals, the model captures the increasing trend with p

a
T and, consequently,

describes the data. The MUSIC models show strong sensitivity to the specific shear viscosity in 0–5%
most central collisions, and also a sensitivity to the different initial conditions. In the 10–20% and
30–40% centrality intervals, M

f
2 shows no sensitivity to the specific shear viscosity, but is still affected

by the different initial conditions. The MUSIC models overestimate the deviation of M
f
2 from unity.

The comparison of the measurements with these models reveals that the flow magnitude fluctuations
are driven by initial state fluctuations, and that in most central collisions they are also affected by the
transport properties of the QGP. The AMPT transport model calculation succeeds in describing the flow
magnitude fluctuations in the most central collisions, where it also describes the flow angle fluctuations
(Fig. 1 left). At higher centralities, the AMPT model significantly overestimates the data even at low p

a
T,

but it qualitatively captures the increasing trend of M
f
2 in the data in the 30–40% centrality interval.

In order to connect the four-particle correlation observables to the previously measured flow vector fluc-
tuations, the limits from Eqs. (4) and (6) are compared to the flow vector fluctuations probed by Eq. (5).
Thus the lower moments of the flow angle fluctuations and flow magnitude fluctuations, which cannot be
directly accessed in experiments, can be explored. The lower limit on the first-order flow angle fluctua-
tions, the upper limit on the first-order flow magnitude fluctuations, and the total flow vector fluctuations
are shown as a function of centrality in the 3 < p

a
T < 4 GeV/c range in Fig. 3. In central collisions, the

upper limit on the flow magnitude fluctuations is higher than the lower limit of the flow angle fluctuations
up to 10% centrality. For the 10–30% centrality interval, the limits are similar, and above 30% centrality,

6

Mf2 is a 2-hard/2-soft 4 part. correlator 
where a deviation from unity means a pT-

dep v2 fluctuation

2206.04574
1702.00630

Noronha-Hostler et al: 1609.05171



fluctuations in energy loss
• a systematic look can come from new observables which compare the 

fluctuations in hard vn to those at low pT: Holtermann, Noronha-Hostler, 
AS & Wang: 2307.16796 & 2402.03512

23

these measurements are possible at the LHC & RHIC with the huge data samples we have
fluctuations in hard vn / soft vn
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sPHENIX
• completion of full planned sPHENIX program 

in both pp & AuAu collisions is key to 
understanding this physics

24
https://www.bnl.gov/sphenix2022/

both sPHENIX & the LHC jet measurements are 
necessary to constrain the physics of jet quenching

2023 LRP



sPHENIX status
• lots of ongoing work analyzing the 2023 dataset & 

preparing for 2024 run


• see some details in the talks from Ben, Ejiro & 
Tristan


• Run Plan


• 2024: essential pp baseline measurements and 
some AuAu running


• 2025: high luminosity AuAu running


• for more details see BUP: https://indico.bnl.gov/
event/20331/



the path ahead
• understanding how jet quenching depends on path length is key for 

understanding jet quenching 

• new techniques will allow us to get more from the data we have 

• the large data samples from sPHENIX & the LHC Run 3 allow us to do 
the differential measurements necessary to constrain this physics 

• this talk was just a subset of the exciting results; great advancement 
from both experiment and theory
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backups
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comparison to previous measurements

• full Run 2 data & jets provide 
large increase in precision and 
kinematic range over 2.76 TeV 
results & charged hadron 
measurements


• what causes the pT 
dependence to vn?  related to 
quark/gluon mixture or jet 
structure? 50 100 150 200 250 300 350 400
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T
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2111.06606



Run 2 dĳet measurement
• use the same jet cuts as the 2.76 TeV 

measurement & compatible binning to facilitate 
direct comparisons


• the leading pT jets in the event have |Φ1-Φ2| > 
7π/8, |yjet| < 2.1, other events are rejected from 
the measurement


• fully unfold in pT1 & pT2, xJ = pT2/pT1 constructed 
from unfolded pT1 & pT2 distribution

29
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comparison to theory
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overall suppression of leading/subleading jets
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0-10% central events

2205.00682
leading jets are significantly suppressed in central collisions



comparison of leading/subleading jets to inclusive 
jets
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overall suppression of leading/subleading jets
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0-10% central events
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significant suppression of subleading jets in all centrality bins
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