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As particles traverse the quark-gluon plasma (QGP) formed during a heavy ion collision they undergo 
energy loss depending on the distance traveled. We study several temperature- and velocity-weighted 
path length distributions of non-interacting particles as they traverse the plasma using the Trajectum
heavy ion code, including those of back-to-back path lengths. We use event-shape engineering (ESE) in 
combination with in-plane versus out-of-plane selection to accurately control these path lengths. Lastly, 
we show how soft observables depend on the different ESE classes.
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1. Introduction

Ultrarelativistic heavy ion collisions can create a small droplet 
of deconfined quark matter in the form of strongly coupled quark-
gluon plasma (QGP) that allows for the study of quantum chromo-
dynamics (QCD) in its non-perturbative regime. At the same time, 
energetic quarks and gluons (hard partons) are created by pertur-
bative processes. The study of the QGP typically involves analyses 
of soft (low pT ) particles whose behavior can be described by 
hydrodynamical models, as well as those hard partons that can in-
teract with the QGP. The ability to bridge these two regimes offers 
promise for understanding the interactions between the hard and 
soft scales. Typical observables for such interactions are the reduc-
tion in yields of hard particles or sprays of particles (jets, [1–3]), 
or the anisotropy of these particles or jets with respect to the soft 
particles [1,4], both of which contain valuable information on, for 
instance, the in-medium parton energy loss [1,2,5].

In this Letter we explore the bridge between hard and soft 
observables by studying paths traversed by hard partons in con-
nection with the shape of the background QGP. A more elliptically 
shaped initial QGP will give rise to a more anisotropic distribution 
of soft particles [1,6–9] and at the same time will feature charac-
teristically different path lengths in the short versus long direction 
(see Fig. 1). This can be quantified by the technique of event-shape 
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engineering (ESE) [10], which classifies events within a centrality 
class by their anisotropies and can hence select on the shape of 
the initial QGP while keeping other properties similar. This is also 
illustrated in Fig. 1, which shows two events of roughly the same 
centrality, while the rightmost event has a much larger eccentric-
ity ε2. In this Letter we will apply ESE within the Trajectum heavy 
ion code [9,11,12] (code available at [13]), giving particular atten-
tion to connect processes at hard and soft scales. We calculate the 
path length distributions that a hard parton would traverse as a 
function of centrality and ESE selection and also consider how this 
path length varies with respect to the event-plane angle of the 
collision. For a realistic modeling of parton energy loss, we fur-
ther consider entropy- and fluid velocity-weighted paths, both for 
the event-plane angle selected paths as well as for back-to-back 
paths. Finally, we show soft observables as computed by Trajectum
for several ESE classes.

Experimentally there have been several studies of parton en-
ergy loss for both in-plane and out-of-plane directions as a func-
tion of centrality both at RHIC [14–16] and the LHC [17–19]. In 
general energy loss decreases towards higher centralities as the 
QGP becomes smaller. The difference between in- and out-of-plane 
probes increases, since towards higher centralities the anisotropy 
increases. The main strength of ESE done here becomes clear: it 
is possible to vary the anisotropy while keeping the QGP size ap-
proximately constant (see also [20]).

We should note that the present study is quite limited if one 
would like to compare with experiments. An important contribu-
tion here is that we only compute (effective) path lengths, which 
 BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Fig. 1. An illustration of two collisions of two Pb nuclei with impact parameter b =
7 fm (approximately 25% central). Paths of hard partons are distributed in a random 
direction at the locations of each binary nucleon-nucleon collision (only 10% shown 
as red to blue rays of 8 fm). The initial eccentricities ε2 are different in both cases, 
showing the different geometries that are possible at the same centrality. Paths are 
considered to be in-plane by having a difference in azimuthal angle with respect to 
the Q 2 vector (2) of less than 22◦ as illustrated, with an analogous definition for 
out-of-plane paths.

are not directly related to parton energy loss. In particular, for 
energy loss of jets it is often crucial that even for fixed paths 
there is a wide energy loss distribution. Together with the steeply 
falling spectrum of jets this leads to a measured sample that con-
tains mostly jets that lost relatively little energy [21–23]. It would 
hence be interesting to see how such fluctuations would influence 
our results. This is also particularly relevant for dijets, where it 
has been shown that energy loss distributions due to fluctuations 
are as important as path length distributions [21,24,25]. The latter 
conclusion is supported by either turning off path length varia-
tions entirely (by starting dijets in the center of a spherical plasma 
[21,25]) or by turning of fluctuations while varying the dijet path 
lengths [25]. Surprisingly, both counter-factual set-ups result in the 
same dijet asymmetry distribution, confirming that both fluctua-
tions and path length asymmetry are as important to understand 
the dijet asymmetry distribution. We note, however, that the set-
up with all dijets starting in the center overestimates the energy 
loss and hence does not describe the nuclear modification factor 
for inclusive jets [25].

It is important that for this study the model for the soft sector 
is fitted to experimental data, meaning that the free parameters 
in Trajectum reproduce state-of-the-art geometries for the QGP re-
sulting from a collision [9,11,12,26]. In particular, event-by-event 
fluctuations are incorporated into the initial state which goes into 
the hydrodynamics model. Fluctuations of the initial state are im-
portant for various observables. For example, triangular flow v3
is entirely generated through fluctuations, since by symmetry it 
should otherwise be equal to zero. For our study of path length 
distributions of hard probes, we similarly expect that fluctuations 
will play a large role, as they have a large effect on the shape 
of the plasma which is being traversed by the hard probe. The 
presence of fluctuations also gives experiments a wider range of 
observables, as ESE and centrality selections allow for the shape 
and size of the QGP to be independently varied.

2. Model and path length measures

In this work, we use Trajectum version 1.2 to generate 2.2M 
hydrodynamic events using the maximum likelihood (MAP) set-
tings from [12] at a center-of-mass energy of 

√
sNN = 5.02 TeV. In 

particular, this means that we generate boost invariant initial con-
ditions using a modified version of the TRENTo model, and then 
use second order hydrodynamics to evolve the produced QGP. We 
then find the freeze-out hypersurface defined as the isotempera-
ture surface where T = 150.1 MeV. At the freeze-out surface we 
apply the Cooper-Frye formula [27] to go from a fluid description 
2

to a particle prescription, with viscous corrections given by the 
Pratt-Torrieri-Bernhard (PTB) prescription [28,29]. Lastly, we feed 
the resulting particles into SMASH [30] to include final state inter-
actions.

The path length that is traversed in the quark-gluon plasma by 
a non-interacting probe depends on its origin and direction, as well 
as the size and expansion of the plasma. A probe created near the 
surface of the plasma that is directed outward will have a shorter 
path length compared to one that is created around the center. 
In the most extreme example, a probe can be created near the 
surface and directed towards the center, essentially traversing the 
entire size of the medium along one axis.

We model the distance a hard parton would traverse by gener-
ating lines through the plasmas produced in the events. These lines 
are produced in pairs at the location of each nucleon-nucleon col-
lision (see Fig. 1, only one of the back-to-back probes shown to 
avoid cluttering), and propagate outwards in opposite directions at 
midrapidity until they encounter a temperature smaller than the 
freeze-out temperature. Given that the plasma is boost-invariant, 
we can choose the lines to propagate at rapidity y = 0 without 
loss of generality.

In the simplest setting we compute the path length from the 
starting point of each line to the freeze-out surface. Next, we also 
compute the integrals of several quantities over these paths, which 
can potentially estimate the energy loss of a hard probe (see also 
[31]). Note here that, since fluid properties such as temperature are 
not well-defined before τhyd = 0.370 fm/c, the integrand is taken 
to be zero before τhyd.

A naive estimate of the energy loss of a parton would integrate 
a power α of the local temperature T α , where in this work we use 
α = 3 under the assumption that energy loss scales with the en-
tropy density [33–37]. Realistically, however, both the parton and 
the fluid move relativistically and T α should only be used in the 
fluid rest frame. To capture this effect we integrate

dE = T α

γ
uμdLμ, (1)

with γ the Lorentz factor, uμ the local fluid velocity and dLμ a 
length element [38]. Such a description is correct for probes prop-
agating parallel to the fluid. In this case uμdLμ/γ = (γ − vγ )/γ =
1 − v , with v the fluid velocity. This factor reduces energy loss 
when traveling with the flow and enhances it for countercurrent 
propagation. The factor 1 − v agrees with classical intuition that it 
is not necessarily the parton velocities themselves that matter (af-
ter all these energies are small compared to the probe energy), but 
it is the geometric effect that per unit time the number of partons 
encountered increases or decreases by a factor 1 − v . For probes 
propagating perpendicular to the fluid, (1) is correct up to O(|�v|2). 
We note that such perpendicular flows induce momentum in the 
fluid flow direction ∝ T α |�v|2 and can hence change the direction 
of the probe, but in this work we neglect this effect.

In the following we show distributions obtained from integrat-
ing (1), but we stress that in this work we do not actually compute 
energy loss as (1) is only proportional to our ansatz for energy loss. 
Nevertheless, as a proxy for energy loss (up to a constant factor) 
the results can be used to identify interesting regimes for ESE.

It is important that path lengths are evaluated from the origin 
of the line to the point where it leaves the plasma, but that the 
integrals are evaluated only from the time τhyd onward, since the 
required quantities of T and uμ are unknown before this time. 
Each of the elements in (1) can be separately included in the 
computation, i.e. we can choose the power α while independently 
omitting or including the factor γ and the inner product with the 
velocity for the purpose of evaluating each element’s contribution 
to the energy loss.
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Fig. 2. Path length distributions of non-interacting probes traversing the plasma for 0–5% collision centrality (left) and the mean path length as a function of collision 
centrality (right). The four different approaches to calculate L̃ are described in the method section.

Fig. 3. Left: Distribution of qn values for different centralities, using the same track selections as in [32] (pT > 0.2 GeV and |η| < 0.4). Also shown for 20–30% centrality are 
the 10% lowest and the 10% highest q2 values (shaded). Middle: average values of the qn distributions. Right: Average path length 〈∫ 1/γ uμdLμ〉 of non-interacting probes 
traversing the plasma as a function of collision centrality for different selections on the ESE observable q2.

Fig. 4. In- and out-of-plane path length distributions of non-interacting probes traversing the plasma, for three different collision centralities. The three panels differ in their 
selection on the ESE-observable q2 with 0–100% (left), 0–10% (middle), and 90–100% (right).

Fig. 5. Ratio of the mean in- and out-of-plane path lengths as a function of collision centrality, for three different q2 classes as well as for �φ emission angle limits of 11◦
(solid), 22◦ (dashed), and 45◦ (dotted). The three panels correspond to path lengths, fluid-flow weighted path lengths and temperature plus fluid flow-weighted path lengths, 
respectively.
Fig. 2 shows the distributions of path length L̃ for 0–5% colli-
sion centrality (left) and the average 〈L̃〉 for all collision centralities 
(right) for L̃ equal to the path lengths as well as two integrals tak-
ing into account fluid flow (see legend). The path lengths have a 
sharp cut-off around L̃ = 12 fm since after this time there is no 
QGP left. For the more realistic cases with fluid velocities we see 
the path lengths are strongly reduced, which implies that most 
hard probes propagate in the direction of the fluid. An extra factor 
of 1/γ reduces this further by about an extra 10%.
3

Many of the results shown in the rest of this work use event 
shape engineering (ESE) to select particularly elliptical or partic-
ularly spherical events. This is achieved through the flow vector 
defined by

Q n =
M∑

i=1

einϕi , (2)

where M is the particle multiplicity and ϕi the azimuthal angle of 
particle i. The sum is performed over charged particles with trans-
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verse momentum pT > 0.4 GeV/c and pseudorapidity |η| < 2.4. 
The flow vector is related to the reduced flow vector qn and the 
two-particle anisotropic flow observable vn{2} through

qn = |Q n|√
M

, vn{2}2 =
〈

q2
n − 1

M − 1

〉
. (3)

Here the averages are performed over events within the class of 
events considered. The reduced flow vector is defined in such a 
way that if the ϕi are completely uncorrelated it would equal a 
constant value of 〈qn〉 = 0.886 for large multiplicity (note that in 
such a case 〈q2

n〉 = 1 as in the 2D random walk problem). For larger 
values there is a non-trivial two-particle correlation, as expected 
from hydrodynamic evolution. Fig. 3 (left) shows the distribution 
of q2 and q3 values for different centralities, using the same track 
selections as in [32]. For the q2 distribution in the 20–30% cen-
trality class, we also show as shaded regions the lowest (0–10%) 
and highest (90–100%) q2 values. These shaded regions correspond 
to the low and high ellipticity selections that we use in figures 
where we use ESE. Also shown in Fig. 3 (middle) is the average 
qn as a function of centrality, which indeed asymptotes to 0.886 
for very peripheral events. Quite remarkably q2 does not depend 
as strongly on centrality as v2{2} [32], since both v2{2} (see also 
Fig. 7 later) and 1/

√
M increase as a function of centrality up to 

centralities of around 50%. It is for this reason that q2 is a good 
quantity for ESE (as opposed to for instance v2{2}), which groups 
collision events according to centrality (multiplicity) as well as qn
within such a class.

Even with the moderate centrality dependence it means that 
selecting, for example, the 10% most elliptical events in a large 
centrality bin can unintentionally bias the sample towards a large 
(or small) centrality within that bin. When this occurs, the ESE 
selection on q2 becomes an effective selection on centrality, thus 
prohibiting any additional gain in information from the ESE selec-
tion. To avoid this problem, we always compute observables in 1% 
wide centrality bins (using ESE within these small bins when rele-
vant), and then average the results over wider centrality bins. The 
use of 1% wide centrality bins proves sufficiently narrow to avoid 
the problem described above, and also coincides with the prescrip-
tion that experiments follow [32,39].

Fig. 3 (right) shows the average path length 〈∫ 1/γ uμdLμ〉 of 
non-interacting probes traversing the plasma as a function of colli-
sion centrality for an inclusive sample, denoted by 0–100%, as well 
as for the percentiles of lowest (0–10%) and highest (90–100%) 
values of q2. It shows that within the model there is no mean-
ingful difference in traversed path lengths when selecting events 
based on q2 for any of the collision centralities. This is attributed 
to the fact that for events with higher eccentricity some paths will 
shorten (in-plane) and some will lengthen (out-of-plane), mostly 
averaging out when looking at all possible emission angles.

Fig. 4 shows the path length distributions separately for in- and 
out-of-plane emission angles for three different collision centrali-
ties as well as three selections on the ESE observable q2. Here, in-
plane (out-of-plane) is defined by including paths that are within 
an azimuthal angle difference of �φ = 22◦ with respect to the 
short (long) axis, as extracted from the event plane angle defined 
by the argument of Q 2 (see also Fig. 1). Note here, that this argu-
ment of Q 2 differs from the participant plane due to the finite 
number of particles in the final state [40–42]. In principle one 
should expect to see the strongest effects when selecting with 
respect to the participant plane. However, given that the experi-
ments do not have access to the participant plane, we make the 
choice to use the quantity that can be measured experimentally. 
The three panels show the results of all q2 values (left), the 0–10% 
percentile of q2 (middle), and the 90–100% percentile (right) of 
q2. As expected, path lengths are typically larger for central colli-
sions or for paths in the out-of-plane direction, since in those cases 
4

Fig. 6. Top: path length distributions of non-interacting back-to-back probes, sep-
arating the longest and shortest paths for the 0–5%, 20–30%, and 40–50% collision 
centralities. Bottom: ratio of the shortest over the longest path for each dijet, for in-
(solid) and out-of-plane (dashed, both using a �φ emission angle limit of 22◦), as a 
function of collision centrality for the different q2 classes. Note the short-hand S/L
notation which really divides over the entire integrals of the short and long paths.

there is more plasma to encounter. When selecting on q2 (middle 
and right) the difference between in- and out-of-plane becomes 
significantly smaller (middle, small q2) or larger (right, large q2), 
whereby this effect is much larger for semi-central or peripheral 
collisions. Indeed, central collisions produce a system with small 
eccentricities which then reduces the dependence on emission an-
gles. There is some structure in Fig. 4 around lengths from 0.5
to 2 fm, which is not due to statistical uncertainty, as this uncer-
tainty is negligibly small. This structure could possibly be due to 
the lumpiness in the initial state caused by the finite size of indi-
vidual nucleons.

The ratio of the mean out-of-plane to in-plane path lengths, 
〈Lout-of-plane〉/〈Lin-plane〉, is calculated as a function of collision cen-
trality for three different q2 classes, with the results shown in 
Fig. 5. Here, we include the length measure L̃ = ∫

T 3/γ uμdLμ , 
in addition to choices shown previously, as energy loss is expected 
to go with T 3 [33,37]. The calculations are performed for the �φ

emission angle limits of 11◦ , 22◦ , and 45◦ , where �φ is the az-
imuthal angle difference between the probe and the in- and out-
of-plane axes. Without a selection on q2 it is possible to achieve 
an unweighted in- and out-of-plane path length ratio of only 1–1.2 
for the �φ = 45◦ limit, increasing from central to semi-central col-
lision centrality. This effect can be enhanced by decreasing the �φ

limit to 22◦ or 11◦ . Here it is interesting to note that the impact of 
going from �φ = 45◦ to �φ = 22◦ is much larger than further re-
stricting it to �φ = 11◦ . As such, it might be best for experimental 
measurements to use �φ = 22◦ , which nearly doubles the differ-
ences in path lengths, while �φ = 11◦ would mainly reduce the 
available statistics. Furthermore, the largest modification of path 
lengths can be accessed by making an additional selection on the 
ESE observable q2. Compared to the 0–100% q2 class, the collisions 
with low q2 show nearly no change for in- and out-of-plane path 
lengths, while the collisions with high q2 are further enhanced by 
almost a factor two (purple versus red). It is interesting that all 
these effects are much larger for flow-weighted paths (middle and 
right) as opposed to just integrating the length of the paths. Since 
this difference is possibly due to the fact that the flow-weighted 
paths are integrated from τ = τhyd onward instead of from τ = 0
as is done for Ldyn, for Ldyn we subtract τhyd for both the in-plane 
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Fig. 7. We show mean transverse momentum 〈pT 〉 (left), elliptic flow ṽ2{k} (middle) and triangular flow ṽ3{k} (right), as a function of centrality and using ESE selection on 
q2 (top) and q3 (bottom). Shown as insets in the left panels are the ratios of the 0–10% and 90–100% qn classes with the 0–100% qn class.
and out-of-plane averages. This does not have an effect on our 
conclusions. We therefore conclude that when determining energy 
loss, consideration of the flow of the fluid is as important as con-
sideration of path lengths.

Another way to study energy loss is via back-to-back dijets, 
where typically one of the jets will traverse more medium than 
the other. In the model we generate back-to-back probes and keep 
track of the traversed length as the usual L̃ = ∫

T 3/γ uμdLμ , and 
separate the longest from the shortest trajectories through the 
plasma. The resulting distributions of these effective path lengths 
are, for the 0–5%, 20–30%, and 40–50% collision centralities, shown 
in Fig. 6 (top). It shows that the longest path length is roughly 
twice as large as the shortest for central collisions, with shorter 
path lengths for more peripheral collisions. Furthermore, we cal-
culate the ratio of the shortest over the longest path for each 
dijet that is created in- and out-of-plane, as a function of colli-
sion centrality for the different q2 classes. This ratio is shown in 
Fig. 6 (bottom). For the q2 integrated case (0–100%), the S/L ra-
tio for in-plane back-to-back path lengths is about 15% below the 
out-of-plane back-to-back path lengths for semi-central collision 
centralities. This difference gets enhanced again when only select-
ing events with low or high values of q2 as we also saw in previous 
results. This implies that in-plane back-to-back path lengths tra-
verse significantly more unbalanced effective path lengths, with an 
increasing effect going towards more peripheral collisions and se-
lecting on high q2 events.

3. Bulk observables

In addition to the path length observables, one can also ap-
ply ESE to some of the bulk observables. Fig. 7 shows the mean 
transverse momentum 〈pT 〉, as well as ṽ2{k} and ṽ3{k}, using 
ESE selection on both q2 and q3. Note here that by definition 
ṽn{k} = sgn(vn{k}k)|vn{k}| so that ṽn{k} is never complex, but in-
stead takes on negative values for complex vn{k} [9]. The vn{k}
themselves are defined through cumulants as follows. For vn{2}
we have

vn{2} = √〈〈2n〉〉, 〈2n〉 = 〈ein(ϕi−ϕ j)〉i 	= j,

where the inner 〈·〉 is an average over particle pairs within each 
event, and the outer 〈·〉 averages over all events in a centrality and 
ESE class, where each event is weighted by the number of terms 
in 〈2n〉. For vn{4} and vn{6}, we have
5

vn{4} =
(
−〈〈4n〉〉 + 2〈〈2n〉〉2

)1/4
,

vn{6} =
(

1

4
(〈〈6n〉〉 − 9〈〈2n〉〉〈〈4n〉〉 + 12〈〈2n〉〉3)

)1/6

,

where 〈4n〉 and 〈6n〉 are defined in analogy to 〈2n〉 by

〈4n〉 = 〈ein(ϕi+ϕ j−ϕk−ϕl)〉i 	= j 	=k 	=l,

〈6n〉 = 〈ein(ϕi+ϕ j+ϕk−ϕl−ϕm−ϕn)〉i 	= j 	=k 	=l 	=m 	=n,

where all the indices are unequal. All the 〈kn〉 can be evaluated in 
terms of Q n . The expressions for 〈4n〉 and 〈6n〉 are fairly lengthy 
[43,44], but the expression for 〈2n〉 is shown in (3). The first basic 
thing one can check is what happens to ṽ2{2} and ṽ3{2} when se-
lecting for q2 and q3, respectively. As expected, selecting the events 
with the largest (smallest) q2 increases (decreases) ṽ2{2}, indicat-
ing that indeed ESE is giving us a handle to select events with large 
or small ellipticity. Similarly, demanding large (small) q3 increases 
(decreases) ṽ3{2}. Interestingly, by selecting small q2, for periph-
eral events we can even achieve a negative ṽ2{2}. When selecting 
q3 to be small we even see a negative ṽ3{2} for all centralities.

One can also look at the difference between vn{2} and vn{4}, to 
see whether that changes when using ESE. For the vn{k} measure-
ments there are two main sources of fluctuations. This is because 
firstly the QGP itself fluctuates on an event-by-event basis and 
secondly each event produces only a finite number of thermally 
sampled particles, which also causes fluctuations. For high mul-
tiplicity the latter contribution is small and it follows from (3)
(recall vn{2} ∝

√
〈q2

n〉) that

vn{2} = (〈vn〉2 + σ 2
vn

)1/2 
 〈vn〉 + 1

2

σvn

〈vn〉 , (4)

vn{4} = (〈vn〉4 − 2〈vn〉2σ 2
vn

− σ 4
vn

)1/4 (5)


 〈vn〉 − 1

2

σvn

〈vn〉 ,
where 〈vn〉 is the mean of the distribution from which the under-
lying event vn values are taken, and σvn is its standard deviation 
[45,46]. This means that the difference between vn{2} and vn{4}
is a measure of the width of the distribution of the vn underly-
ing the events. In Fig. 7, one can see that if one selects for either 
very large q2 or very small q2, the resulting v2{2} and v2{4} are 
very close together, indicating that the v2 underlying the events 
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Fig. 8. We show average number of binary collisions 〈Ncoll〉 as a function of cen-
trality and using q2 ESE selection. For central and very peripheral events it can be 
seen that anisotropic geometries lead to a reduction of 〈Ncoll〉 by about 2% and 3% 
respectively as compared events without ESE.

are also very close together, and that we are really taking a small 
slice of underlying event shapes by selecting on q2. One can sim-
ilarly see that when selecting either very large or very small q3, 
the differences between v3{2} and v3{4} become small.

Interestingly, from ESE we can also obtain information that goes 
beyond just mean pT , ṽ2 and ṽ3, as we can also obtain correla-
tions between these quantities. One can for example observe that 
for central collisions 〈pT 〉 is larger for the 90–100% q2 class than 
for the 0–10% q2 class. This indicates that for central collisions 
〈pT 〉 is positively correlated with q2, and hence with v2. We can 
also similarly see that this ordering reverses at around 50% central-
ity, indicating a negative correlation for more peripheral collisions. 
This is in good qualitative agreement with Trajectum predictions of 
the ρ(v2{2}2, 〈pT 〉) observable, which measures this correlation di-
rectly [47,48]. Note however that ρ(v2{2}2, 〈pT 〉) does not change 
sign in experiments [49].

Another correlation that is visible in Fig. 7 is that between 
v2 and v3. One can see that v3{2} is smaller when selecting the 
largest values of q2, indicating that v3{2} is negatively correlated 
with q2, and hence with v2. One can see a similar effect on v2{2}
when selecting on q3. As in the previous case, this observation can 
be corroborated using a previously measured observable, in this 
case the symmetric cumulant SC(3, 2), which measures the cor-
relation between v2 and v3, and is negative both for our MAP 
parameters and in experiment [50].

Finally, in Fig. 8 we show average number of binary collisions 
〈Ncoll〉 for ESE events. An increased number of binary collisions is 
directly related to an increased number of hard scatterings. In [32]
it was shown that this can vary considerably depending on ESE 
cuts. For our set-up the effects are modest (around 2%), but we 
note that for this it is essential for a centrality class to average 
over smaller subclasses no larger than 1% in size.

4. Conclusions and outlook

In this work, we studied several different measures of the path 
length that a hard probe experiences while traversing the QGP. 
These measures should have an important contribution to the 
amount of energy lost by such a probe. We subsequently studied 
how differences in these path lengths can be brought out by a ju-
dicious choice of cuts on the events and the probes themselves. In 
particular, we examined the effect of event shape engineering, as 
well as a selection of hard probes which are in-plane as opposed 
to out-of-plane.

By itself, ESE does not modify the average path lengths of 
non-interacting probes traversing the medium. However, selecting 
probes which are in-plane yields a significantly shorter path length 
than selecting probes which are out-of-plane, especially when tak-
ing into account that in-plane probes often experience significant 
fluid flow in the direction of their path. Furthermore, these differ-
ences can be made larger (by about a factor 2) by making tighter 
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�φ cuts on which probes are considered in-plane and out-of-
plane. By selecting the most elliptical events ESE further increases 
this difference by another factor of 2, which can yield effective 
path length ratios 〈Lout-of-plane〉/〈Lin-plane〉 of up to 2.5 for periph-
eral collisions or about 1.1 for ultracentral events. Curiously, we did 
not observe any path length effects within our statistical precision 
(less than 0.1%) when using q3 classes as opposed to q2 classes.

It is these large factors that can make ESE valuable to study 
jet energy loss experimentally. Specifically, it should be possible to 
study nuclear modification factors according to the q2 and emis-
sion angular classes as shown in Fig. 5, whereby in particular 
depending on centrality the effect of energy loss on the nuclear 
modification factor should be almost 2.5 times larger in the out-
of-plane direction.1 Here we assume that the flow-temperature-
weighted path length is a good proxy for the average energy loss. 
This could give a rather clean interpretation of the similar mea-
surement of measuring v2 of high pT hadrons or jets [17,19], 
though we note that in those references no ESE was attempted. 
Incidentally, our Fig. 5 shows that fluid flow in energy loss studies 
contributes a large effect, that can be important for the consistent 
underprediction of the high v2 at large pT found in many models 
[51,52].

We also studied back-to-back path lengths and examine the ra-
tio of the shortest over the longest path length. The average of 
ratios thus obtained is between 0.4 and 0.5 for events of up to 
about 50% centrality, meaning that dijets can be used to study 
probes of different path lengths. Interestingly, the average ratio 
can be pushed lower by selecting only back-to-back paths which 
are produced in-plane, and only selecting events in the 90–100% 
q2 percentile.

We hence conclude that not only dijets can be used experimen-
tally to study parton energy loss, but also single jets as long as a 
distinction is made between in-plane and out-of-plane jets. Fur-
thermore, the distinction between in-plane and out-of-plane dijets 
is also a useful tool to enlarge path length differences, and for both 
single jets and dijets ESE can subsequently be used to further in-
crease these differences.

ESE is not just useful to study hard probes, but also opens up 
a large number of possibilities for observables in the soft sector. It 
is for example possible to study correlations between observables 
such as 〈pT 〉 and vn{k}. These correlations are consistent with 
observables such as ρ(vn{2}2, 〈pT 〉) and SC(m, n), but may offer 
statistically easier methods to include such correlations, potentially 
allowing their inclusion in Bayesian analyses. Such estimates would 
not include the careful bias subtractions that are included in the 
ρ(vn{2}2, 〈pT 〉) observable, but would nevertheless contain simi-
lar information about the initial state which could be useful in a 
comparison between theory and experiment.

In the future, one of the most immediate avenues of research 
pointed to by this work is to use in-plane vs. out-of-plane selection 
in combination with ESE in experimental studies of hard probes, 
so that differences in path length can be studied to their fullest 
extent. In addition, in terms of theoretical developments it would 
be useful to follow this work up with a simulation of a full parton 
shower in Trajectum, which should offer a more realistic model for 
energy loss than the relatively simple proxies used in this work.

1 A subtle but important point is that even without energy loss partons are signif-
icantly modified by nuclear parton distribution functions (see e.g. [36]). For central 
to moderately peripheral PbPb collisions the medium energy loss should however 
be dominant and we can ignore this issue.
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