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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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• 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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geometry & fluctuations is key in the soft sector

3

3

partN
100 200 300

2ε

0

0.5

1 PHOBOS Glauber MC
Au+Au 200GeV

(a)

partN
100 200 300

3ε

0

0.5

1 PHOBOS Glauber MC
Au+Au 200GeV

(b)

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
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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



geometry is different in jets

• the jets traverse the entire QGP lifetime as it expands and cools


• both the geometry of the QGP and the sensitivity to it (via the overall 
strength of quenching) change as a function of time.


• we measure the jets only after quenching
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measurements sensitive to path length

• 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 ~balanced partons—we measure 
imbalanced jets in PbPb collisions


• pA: how small of a QGP can cause energy loss?
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high pT vn

2111.06606

measurements of the 
jet rates as a function 

of 2, 3 & 4th order 
event planes

sensitive to the path 
length dependence of 

jet energy loss
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jet vN: analysis procedure
• rapidity separation between jet & event 

plane > 2.8


• justified based on PYTHIA studies of η 
of away side jet & data driven checks


• only use outer half of the ATLAS FCal 
for event plane (in other 
measurements full detector is used)


• jet momentum is unfolded


• jet position resolution is greatly improved 
by using small R = 0.2 jets
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jet v2
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• v2 > 0 observed for all but the most 
central collisions


• v2 decreases with increasing pT but 
remains > 0 in mid-central collisions 
up to at least 250 GeV
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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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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 
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comparison to theory
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a picture of dijets

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

subleading jet: lots of interactions through the 
QGP, stronger quenching of the jet
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dijets at 2.76 TeV

JxdNd   
N1

0.5

1

1.5

2

2.5

3

3.5

4
 < 126 GeV

T1
p100 < 0 - 10 %

Pb+Pb
pp

 < 158 GeV
T1
p126 < ATLAS

 = 0.4 jetsR tkanti-

Jx
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

JxdNd   
N1

0.5

1

1.5

2

2.5

3

3.5

4
 < 200 GeV

T1
p158 < 

Jx
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 > 200 GeV
T1
p = 2.76 TeVNNs

-1 data, 4.0 pbpp2013 

-12011 Pb+Pb data, 0.14 nb

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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effect of UE fluctuations
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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
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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



most jets > 100 GeV are in dijet pairs
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since the bulk of the jets above 100 GeV are in dijet pairs, the overall rate of dijets must be 
suppressed at a level similar to that of inclusive jets
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new method for studying xJ
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new method for studying xJ

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Jx

0

0.5

1

1.5

2

2.5

3

3.5

4J
dxpa

ir
dN  

pa
ir

N1

    pp 0 - 10% 40 - 60%

ATLAS

 = 5.02 TeVNNs

-1Pb+Pb 2.2 nb
-1 260 pbpp

 R = 0.4tkanti-

 < 112 GeV
T,1
p100 < 

area normalization

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Jx

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16
3−10×

J
dxpa

ir
dN  

ev
t

 N〉
AA

 T〈
1

=0.9%〉
AA

T〈δ0-10%  =1%〉
AA

T〈δ10-20% 
=2%〉

AA
T〈δ20-40% =5%〉

AA
T〈δ40-60% 

=8%〉
AA

T〈δ60-80% Lumi=1.6%δ pp

ATLAS

 = 5.02 TeVNNs
-1Pb+Pb 2.2 nb

 R = 0.4tkanti-

/8π| > 7
2
φ - 

1
φ|y| < 2.1   |

 < 112 GeV
T,1
p100 < 

-1 260 pbpp

absolute normalization

absolutely normalized distributions show that balanced jets are preferentially suppressed
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suppression of balanced dijets
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viewed in this way the “peak” is an artifact of the suppression of balanced jets which 
persists over all leading jet pT 

suppression of both jets important!
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dijet suppression picture
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200 < pT1 < 224 GeV most of the quenched dijets must 
be moved to a lower pT1 bin 

since the overall jet rate falls quickly with pT, 
they make a small impact on the lower pT1 

selection
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be moved to a lower pT1 bin 

since the overall jet rate falls quickly with pT, 
they make a small impact on the lower pT1 

selection

which balanced dijets are 
suppressed? 

—is it due to the path length dependence? 
measure xJ as a function of ψ2 

—is it due to the jet structure? 
measure xJ as a function of substructure (very 

hard—4D unfolding) and/or jet radius
2205.00682



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



overall suppression of leading/subleading jets
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what is the small size limit of jet quenching?
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2206.01138

this lack of suppression highlights the importance of the OO data at STAR & upcoming LHC data in 
understanding the small path length limit of jet quenching



sPHENIX
• the kinematic reach of the LHC measurements has 

been key to extracting the physics


• with sPHENIX we will be able to fully exploit the RHIC 
luminosity and have large samples of jets in pp & AuAu 
collisions over most the available kinematic range

28

inner HCal insertion June 2022

https://www.bnl.gov/sphenix2022/
both sPHENIX & the LHC jet measurements are 

necessary to constrain the physics of jet quenching



summary
• precision measurements of jet v2 & non-zero jet v3 shows quenching is 

sensitive to path length differences of the size generated by ε3


• balanced dijet rated reduced in PbPb collisions


• new strong limits on the effects of quenching in pPb collisions


• challenge: all the measurements shown here integrate over all the jet 
structures; would be extremely powerful to disentangle these effects


• new opportunities with LHC Run 3, OO (STAR & LHC), & sPHENIX, along with 
increasingly sophisticated theory make the next several years an excellent 
time to study jets
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backups
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LIDO compared to data
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jet vn systematic uncertainties
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Figure 3: The systematic uncertainties in E2 (top), E3 (middle), and E4 (bottom) for 20–40% (left) and 5–10% (right)
centrality Pb+Pb collisions as a function of ?T. Each panel shows the total systematic uncertainty as well as the size
of the uncertainty from each of the sources, namely the JES, JER, unfolding, and event-plane bias.
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