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Abstract. This work evaluates the validity of using the quantum mechanical formation time to select jets heavily
modified by the quark-gluon plasma, with the aid of the newly proposed τ clustering algorithm. Unclustering
jets with respect to formation time allows for an analysis of the jet’s internal structure. The jet formation time is
then compared to the opening angle and the groomed jet mass to study energy loss in the context of heavy-ion
collisions. Our study is based on Z+jet events simulated by the JEWEL Monte Carlo event generator which
includes jet quenching effects. This study concludes that the formation time has a greater discriminating power
when it comes to jet selection in energy loss studies compared to the opening angle and groomed jet mass,
which both induce a significant selection bias into the initial jet momentum. The formation time produces
a significantly smaller bias, which alludes towards the prospective use of formation time pertaining to QGP
probing in future studies.
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1 Introduction

Quantum chromodynamics (QCD) describes the strong
coupling sector of the Standard Model. For low virtual-
ity/energy scale Q2, colour confinement is observed, and
for high Q2, asymptotic freedom is observed: quarks and
gluons, collectively named partons, can freely exist in
hadrons under these short distance constraints. In proton-
proton collisions, a parton contained within each proton
may interact with each other, through the exchange of high
energy gluons: this is a hard QCD scattering process. The
partons involved in such a process will emit subsequent
partons until ΛQCD, a scale that limits applicability of per-
turbative methods [1]. At this scale partons will eventually
hadronise1, forming a collimated spray of hadrons, which
is known as a jet. Jets are defined in terms of a jet al-
gorithm and a recombination scheme. The former defines
how the jet is clustered by iterating through the emissions
from the parton shower, while the latter determines the
momentum addition rules for determining the kinematics
of the system of partons [2].

In the vacuum, the formation of jets can be very accu-
rately described with perturbative QCD. As illustrated in
the left side of Fig.1, such conditions can be assumed in
proton-proton collisions, followed by a hadron gas phase
and an eventual freeze-out. This evolution, however, is
drastically different in heavy-ion collisions (HIC’s), repre-
sented in the right side of Fig.1. After a HIC, the resulting
system goes through an extremely short pre-equilibrium
phase, followed by the formation of a Quark Gluon Plasma
(QGP): a fluid-like state made of deconfined quarks and
gluons [3, 4].
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Figure 1. Minkowski Diagram of a) proton-proton collisions and
b) HIC’s [5].

The QGP existed in nature approximately 10−6 sec-
onds after the Big Bang, and can be generated in laborato-
ries such as the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC). RHIC collides
gold nuclei at ultra-relativistic energies, producing signif-
icantly more final state particles than proton-proton colli-
sions. The same can be said for the Large Hadron Collider
(LHC), which collides samples of lead (Pb) nuclei at even
higher energy scales than RHIC. This study exclusively
details PbPb collisions. In these systems, the QGP exists
for a very short time; once this state of matter is produced,
it is followed by a rapid expansion. Then, once it reaches a
critical temperature, the QGP particles will hadronise into
final-state particles.

One ongoing field of research is using jet substructure
to examine different QGP characteristics [6][7], which will
in turn allow future studies to better describe the hydrody-
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namics involved in the QGP phase of HIC’s. Since QGP
consists entirely of particles with colour charge, a jet (an
object with colour charge) will interact with this state of
matter, which leads to a suppression of the jet’s cross sec-
tion and a modification of the jet’s internal structure. This
phenomenon is collectively known as jet quenching.

The rapid expansion of QGP leads to a complex evo-
lution of its state variables, such as temperature and pres-
sure. As such, the amount of quenching a jet experiences
will be convoluted with the time that the jet spends in
the medium. When selecting jets that have been in the
medium for a longer time (hence have more sensitivity to
in-medium modifications), we propose an analysis of the
jet’s internal substructure. To access this information, we
have to know how jets are constructed.

1.1 Jet Clustering

Figure 2. A visualisation of the clustering trees formulated by
differing jet algorithms.

Jets are reconstructed from the 4-momenta of final
state particles. There have been several different ap-
proaches to jet clustering proposed over the years. These
approaches fall into two main categories: cone algorithms
and sequential recombination algorithms [2]. We will fo-
cus on the latter for the purpose of this study; specifically,
we will use the algorithm family known as the kT family.
This clustering algorithm family works via the following
steps, for a single event. Firstly, the distances between all
particles di j, which is given by are calculated, as well as
diB. The distance between particles i and j is given by

di j = min
(
p2p

T1, p
2p
T2

) (∆R
R

)2

, (1)

where p is the aforementioned parameter that dictates the
form of the algorithm, R is the chosen jet radius, and

∆R =
√

(y1 − y2)2 + (ϕ1 − ϕ2)2, (2)

where y is the rapidity and ϕ is the azimuthal angle. Mean-
while, the particle-beam distance is given by

diB = p2p
Ti . (3)

The minimum value from these distances is then selected.
For a minimum di j, particle i and j are merged into a new
particle k, with the above steps being repeated. If, how-
ever, the beam distance diB is the shortest distance, then
object i is classified as a jet, and removed from the sam-
ple. This procedure continues until no particles remain
from the event, and the clustering algorithm will repeat
this procedure for every event in the data structure.

The anti−kT algorithm (p = −1.0) provides the best
jet identification technique, due to the near perfect coni-
cal structures produced post-clustering. As a consequence
of this, anti−kT is almost exclusively used for the initial
identification of jets.

A simple differing choice of p gives jets with differ-
ent structure and form altogether, such as d̃i j in Fig.2, and
while one algorithm can outperform another there is no
comprehensive favourite form of this algorithm for all ap-
plications. In this case, we want to recluster jets in order to
extract physical information from their substructure when
in the presence of a QGP. The τ algorithm, obtained by
setting p = 0.5, has been shown to be the most suitable for
this purpose [8].

2 τ Reclustering and Formation Time

Starting from the uncertainty principle,

∆E∆t ≥
ℏ

2
, (4)

the concept of formation time can be derived via a Lorentz
boost to the rest frame of a relativistic particle:

t ≈
1
m
.
E
m
, (5)

where m is the invariant mass of the particle. The decay
time of the particle can be given as,

τdecay =
E
m2 . (6)

To reach our desired expression, the square of the invariant
mass can be expressed as follows:

m2 = (pT1 + pT2)2 ≈ 2E1E2 (1 − cosθ) , (7)

m2 ≈ 2E2z (1 − z) (1 − cosθ) ≈ E2zθ2 (8)

where the final expression is obtained in the soft-collinear
limit. Substituting into (6):

τform ≈
1

Ezθ2
, (9)

which allows us to relate both the opening angle and
the groomed jet mass to τform. This study compares dif-
ferences and similarities between the Cambridge-Aachen
(C/A, p = 0) and formation time (τ, p = 0.5) algo-
rithms when discussing jet reclustering. C/A is an angular-
ordered clustering algorithm which reproduces the QCD
radiation pattern in vacuum. Meanwhile, the τ algorithm
uses the following inverse relation to perform clustering:
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di j ≈ pT θ
2 =

1
τ f orm

, (10)

where θ is the angular separation between jets:

θ =
∆R
R
. (11)

The τ algorithm has been shown to provide a good corre-
lation between the formation time values extracted from
the unclustering sequence and from the primary branch of
the parton shower, outperforming the Cambridge-Aachen
algorithm [8].

3 Experimental procedure

The Z+jet channel is chosen as the best event topology to
examine jet quenching. This is primarily due to the Z bo-
son momentum serving as an estimate to the initial jet mo-
mentum. An illustration is shown in Fig.6, which entails
a Z+jet event, with the Z boson decaying into a muon-
antimuon pair, which is the chosen decay channel for this
analysis. As the Z boson and its chosen decay products are
colour neutral, the QGP serves as a transparent medium to
Z boson interactions, to a good approximation.

Figure 3. Schematic representing the chosen decay channel:
Z+jet, with the Z boson decaying into a muon-antimuon pair.
Image courtesy of Pablo Guerrero.

The Z+jet channel events were simulated in both vac-
uum and medium conditions, using the JEWEL Monte
Carlo event generator which includes jet quenching effects
[9]. These events were generated without recoils, as to dif-
ferentiate the energy loss mechanisms from any medium
response that a sample containing recoils would involve.
From the final event, the two highest pT muons are se-
lected to reconstruct the Z boson. The leading jet is then
selected as the most energetic on the opposing side to the
reconstructed Z boson.

3.1 Selection Cuts

The selection cuts provided in Tab.1 follow standard CMS
analysis procedures [10]. It is paramount that uninterest-
ing, unimportant events be discarded from the data, as ir-
relevant data reduces the statistical precision of analyses.

Table 1. Selection cuts applied to discard irrelevant events.

Variable Cut
pT,Z > 60 GeV
pT, j > 30 GeV
|η| < 1.6
∆ϕ > 7π

8

This is obviously undesirable, so these cuts are made to
maximise the certainty in the conclusions drawn for the
results discussed in Sec.4.

3.2 Jet Grooming

During certain clustering steps, there might be particularly
soft splittings, as a consequence of QCD bremsstrahlung.
Such an issue can be resolved via jet grooming [11]. One
such method is SoftDrop, which works via comparing
each splitting to a predetermined metric zg:

zg =
min(pT1, pT2)

pT1 + pT2
, (12)

where pT1 and pT2 are the momenta of the leading and
sub-leading jets. This method is applied recursively along
the primary branch until this condition is satisfied:

zg > zcut

(
∆R
R

)β
, (13)

where if the energy fraction of the clustering step is not
greater than the rightmost expression, this step is discarded
from the jet clustering. This removes soft QCD contami-
nation, as well as radiation from underlying events, from
the data. Note that we set zcut = 0.1 and β = 0 in our
analysis. A nice bonus of jet grooming is that it also
discriminates well against pile-up events (high-likelihood
events such as low pT jet production), so jet grooming is
paramount for sensible analysis, as substructure variables
are sensitive to pileup [12].

3.3 Data Gathering Procedure

Once SoftDrop has been applied, the groomed jet mass,
formation time and opening angles can be steadily calcu-
lated from the two-prong structures within the jets [12].
In Sec.4, we will discuss the obtained results, highlight-
ing correlations between variables as well as assessing said
variables’ suitability for use as selection tools for energy
loss purposes.

4 Results

Let us start by analysing the correlations between our vari-
ables of interest. For this, we focus on pp events, leaving
the PbPb case for the study of energy loss. The data pre-
sented in Fig.4 displays the logarithm of the τform vacuum
distribution, ranging from zero to one hundred Fermi. The
solid black line represents the results obtained by cluster-
ing with the τ clustering algorithm, while the dashed pink
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Figure 4. Comparison between clustering algorithms displaying
Log10(τform) for both the τ and the C/A clustering algorithms.

distribution shows the data clustered via the Cambridge-
Aachen algorithm. Fig.4 demonstrates that the τform dis-
tribution does not vary significantly with respect to the τ
or the C/A algorithm, although the C/A extracted distribu-
tion has a slightly larger mean value: this can be explained
via (9), as the z values from C/A clustering are typically
smaller than those extracted from the τ algorithm.

Fig.5 displays correlation plots between the substruc-
ture variables of interest: the first plot shows the average
correlation between the logarithm of formation time and
groomed jet mass, while the second plot shows the loga-
rithm of formation time vs opening angle. The pink corre-
lation data points in each plot represent the average corre-
lation between either variable. These correlations support
the relations derived in (9), with an inverse relation be-
tween τform and m j, and an inverse-square relation between
τform and ∆R. While the distributions reproduce these in-
verse correlations, there are several outliers which disobey
this relation: these outliers can be further studied by sam-
pling a quantity sensitive to these variables.

Fig.6 demonstrates the difference in the shapes of the
groomed jet mass distributions, τ and C/A compared to
their ungroomed counterpart. The solid red line represents
the ungroomed mass distribution, while the dashed black
line corresponds to jets reclustered via the τ clustering al-
gorithm, and the dashed pink distribution represents data
reclustered via the C/A algorithm. The groomed mass dis-
tributions will have significantly less events compared to
the ungroomed case, but the distributions in Fig.6 are nor-
malised to an inclusive sample to compare structural dif-
ferences, as opposed to a comparison of sample sizes.

As a result of the removal of soft splittings, the mass
peak is reduced for both clustering compared to the un-
groomed case. The groomed jet mass distribution have
deviations in structure for low masses in the τ and C/A
clustering algorithms. Note that this is due to the angu-
lar ordering in the C/A algorithm: the first splitting will
be a wide emission, which is likely to be softer than a
narrow jet, and thus likely removed from the clustering

Figure 5. Vacuum correlation plots between groomed jet mass
and formation time, as well as opening angle and formation time.
Note that white-space also corresponds to a weight of zero.

tree. This means that a significant portion of C/A clus-
tered jets will not have their first clustering step meet the
imposed zcut condition. Meanwhile, a much larger portion
of τ clustered jets will meet the zcut condition, leading to
a higher mass peak. The final results of this report do not
differ much when using the C/A or τ algorithms: in the
jet grooming context, we limit ourselves to show the vac-
uum τ case, as to highlight the differing mechanisms in a
familiar environment.

4.1 Energy Loss Studies

Following on from the vacuum case, we will now consider
PbPb collisions, to observe and discuss the effect of QGP
on our jet samples. The quantification of energy loss can
be performed via the momentum imbalance xJ , the ratio
of transverse momenta the jet, pT, j, and the Z boson, pT,Z ,
defined as

xJ =
pT, j

pT,Z
. (14)

The momentum imbalance gives a method of measuring
the modification of the transverse momentum of the jet
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Figure 6. Comparison between groomed mass distributions for
the τ and C/A clustering algorithms, as well as the algorithm-
independent ungroomed mass distribution. Note that the distri-
butions are normalised to an inclusive sample to compare struc-
ture.

between the initial emission of the hard parton and de-
tection. Fig.7 shows the xJ distributions for both vacuum
and in-medium models. The solid black line corresponds
to the vacuum model, while the dashed-pink line displays
in-medium events. The vacuum xJ distribution is, as ex-
pected, peaked at unity. This is due to the momentum of
the Z boson behaving as a leading-order (LO) estimate for
the initial jet momentum. Hence, the minor modifications
to the momentum of the jet between production and detec-
tion will simply be because of radiation falling out of the
jet cone. The comparison between models demonstrates
that the in-medium jets have lower momentum values, in
their final state, than their vacuum counterparts: this is di-
rect evidence of jet quenching.

Figure 7. Observation of jet quenching via the modification
of a jet’s momenta in medium when compared to in vacuum.

Figure 8. PbPb (in-medium) collision distributions for the for-
mation time, opening angle and groomed jet mass distributions,
sampled via a median formation time splitting.

Fig.8 shows the effect of sampling via τform on both
∆R and m j distributions. The first plot describes the in-
medium logarithmic formation time distribution, while the
second and third plots show the ∆R and m j distributions.
We define two populations of jets according to whether
their τform is above or below the median of the distribu-
tion. We call these samples late and early jets, respec-
tively. These plots illustrate this procedure in the case of
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PbPb collisions, and show the ∆R and m j distributions cor-
responding to the selected samples. The blue (red) sam-
ples correspond to late (early) jets for both the ∆R and
m j distributions. Sampling early jets corresponds to se-
lecting wider and heavier jets, while the late jets select
narrower and lighter jets. Even though the τform sampling
roughly corresponds to median splittings for the other dis-
tributions, the splitting is not perfect. The overlap in these
distributions consolidate the outliers observed in Fig.5. It
is worth noting that the τform sampling for the opening an-
gle has greater discriminating power than for the groomed
jet mass. The difference is due to the overlap of the sam-
pled jets: there is a greater overlap between the early and
late jets from the m j distribution than the ∆R distribution.
Hence, the early jets would serve as a better estimate for
wide jets than heavy jets, which also means late jets are a
better estimate for narrow jets than light jets.

Figure 9. Vacuum and in-medium momentum imbalance spectra
sampled via median formation time splitting.

Figs.9,10,11 display the entire xJ range for pp (vac-
uum; top plot) and PbPb (in-medium; bottom plot) events,
sampled via τform, ∆R and m j. The purpose of Fig.9 is
to investigate the effect of selecting populations of jets
that are above or below the median τform, before observ-
ing how this population sampling affects the xJ distribu-
tion. Figs.10 and 11 serve as a repetition of this popu-

Figure 10. Vacuum and in-medium momentum imbalance spec-
tra split via selection cut in median groomed jet mass.

lation sampling, but against selections in ∆R and m j as
opposed to τform. These samplings are performed to de-
termine whether using these variables select equivalent xJ

distributions, thus comparing the discriminating power of
said variables in the context of energy loss. The groomed
jet mass has weak discriminating power when sampling
the momentum imbalance spectrum, compared to the for-
mation time and the opening angle selection, which both
produce significant variations in the selected groups of
jets. In the case of formation time, the sampling can be
said to cause early jets to lose more energy due to these jets
splitting before the jets produced in the late sample. How-
ever, this is a naive assumption, and while it ultimately
holds, we need to discuss the fragmentation pattern of the
jets to describe the physical motivation behind the shift in
the opening angle sampling data. Jets with a harder frag-
mentation pattern are narrower, hence they lose less en-
ergy when interacting with the medium when compared to
wider jets, i.e jets with a soft fragmentation pattern [13].
When observing the relation in (9) and Fig.5, we can state
that, on average, jets with a harder fragmentation pattern
correspond to jets that have larger formation times. From
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Figure 11. Vacuum and in-medium momentum imbalance spec-
tra split via selection cut in median opening angle.

Figs.9, 10 and 11, we can state that τform and ∆R outper-
form m j as a jet selection tool in energy-loss studies. Note
that the modifications observed in the in-medium spectra
are not present in the vacuum case! All three vacuum vari-
able samplings do not discriminate between strongly or
weakly modified jets, therefore we can conclude that the
observed correlations in the in-medium momentum imbal-
ance distributions are a consequence of jet quenching.

Fig.12 displays the momentum distribution of the Z
boson produced in our Z+jet events. The solid black line
is the inclusive momentum distribution, and the solid red
(blue) distribution corresponds to late (early) jets. The
dashed red (blue) distribution corresponds to heavy (light)
jets, and the dashed brown (yellow) distributions show
the narrow (wide) jets. This plot allows us to investigate
whether our jet selection (be that according to τform, ∆R
or m j) induces a bias over the initial momentum of the
jet, as we assume it to be equal to pT,Z . For example, we
can observe that selecting narrower (wider) jets results in
a bias towards softer (harder) jets. Observing the Z-boson
pt spectrum above, we conclude that the formation time
is significantly less biasing than either the groomed jet

Figure 12. Momentum spectrum of the Z boson. One can assess
the selection cuts applied to the data from how they change the
overall pT spectrum.

mass or the opening angle, consolidating the statement that
the formation time is the primary variable that should be
discussed when considering future jet quenching studies.
While the biasing corresponding to a ∆R or m j splitting
are similar in quantity, this fact does not provide sufficient
information to assert any meaningful relation between the
variables.

5 Conclusions

The contents of this report delve into the general depen-
dence of energy loss mechanisms on several jet substruc-
ture variables, such as τform, ∆R and m j. In particular,
the investigation on the τ clustering algorithm (p=0.5) in
both jet selection and medium-induced effects. The analy-
sis was repeated using the C/A clustering algorithm (p=0),
but the results did not differ significantly from the τ clus-
tering case. The suitability of τform splittings as a proxy
for parton shower emissions was discussed extensively in
[8]. The JEWEL Monte Carlo event generator was used
for the vacuum and medium cases. Events from the Z+jet
channel were the sole focus of this work.

The stark difference between the xJ spectra for vac-
uum and in-medium emissions highlights jet quenching
due to interactions with QGP. The primary goal of our
energy loss study was to observe whether the population
samples selected, for different jet substructure variables,
would discriminate against xJ . The procedure consisted of
classifying jets according to the values of τform, ∆R, and
m j corresponding to their first SoftDrop emission. By do-
ing this, we split the total jet population into pairs of sam-
ples of equal size, separated by the respective medians of
each distribution. Then we examined the contribution of
each sample to the overall momentum imbalance distribu-
tion, in order to study the sensitivity of each jet class to
medium-induced energy loss. Jets with harder fragmenta-
tion patters, which correspond to jets with a larger forma-
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tion time, lost less energy, on average, when compared to
jets with a soft fragmentation pattern. The same conclu-
sion can be made when splitting the xJ distribution with
respect to opening angle, with wider jets losing more en-
ergy than narrower jets. Splitting xJ via the groomed jet
mass does not discriminate between light and heavy jets.
Additionally, the ∆R and m j based sampling induced a sig-
nificant bias over the entire pT,Z spectrum, which serves as
a proxy for the initial jet momentum.

Given the selection bias that both the opening angle
and groomed jet mass induce on the momentum of the
Z boson, we conclude that the formation time is a more
sensible variable to study jet quenching in the context of
energy loss studies. Formation time continues to surpass
competing variables with significantly less bias from a me-
dian splitting, hinting towards the success this variable
may hold in future studies.

While the data examined above provides an insight
into the behaviour of the physics of jet quenching, other
splitting parameters and variables were also considered.
The above analysis was repeated for differing zcut values,
and events containing jets with a wider radius, R = 1.0.
The above parameter choices all drew the same conclu-
sions as the data discussed in this work, which strengthens
the results discussed in this paper. With regards to future
studies, one aspect of the τ algorithm that will be dissected
is the relation between the jet clustering history and the
parton shower splittings.
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