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The fast evolution of the QGP makes its interaction with jets an inherently time-dependent process.
However, this crucial dimension is missing from traditional jet quenching measurements, which
hence provide a mere average quantification of the medium properties. Jet substructure observables
provide an effective strategy to access the QGP time structure. By identifying the recursive steps
of a novel jet clustering algorithm (the 𝜏 algorithm) with the sequence of branchings of the parton
shower, it is possible to obtain an adequate proxy for a time axis within the medium. In this
work we apply this technique to label jets according to their formation time and opening angle,
defining populations with enhanced sensitivity to quenching effects. In doing so, we show how
the formation time-based sampling of jets minimizes the bias of their initial transverse momentum
spectrum.
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1. Introduction

The Quark Gluon Plasma (QGP) generated in Heavy Ion Collisions (HICs) experiences a very
fast expansion, during which its properties are continuously modified. An appropriate strategy to
study this evolution is to analyze its effect over hard probes such as jets, which, being generated
early in the collision, experience the entire process. However, the picture evoked by traditional jet
observables is one where quenching effects are implicitly integrated over the whole lifetime of the
medium. Such an analysis thus fails to capture the complex time dependence of the interaction
between the probe and its dynamical environment. In order to access this information, it is necessary
to 1) define an experimentally measurable proxy for a time axis within the jet and 2) relate it to
the underlying evolution of the medium. In this work we approach the first task in the context of
𝑝𝑇 -differential jet energy loss in PbPb collisions.

The concept of ‘time’ is, in a sense, trivially built in all event generators. At the Monte
Carlo level, the constituents of a jet originate from a sequence of partonic splittings implemented
according to an algorithm (i.e. a parton shower) based on a certain ordering variable. This variable
may be understood as providing an underlying time axis for the process, even if it is not an actual
time scale. In fact, depending on the specific event generator employed, it might correspond to
transverse momentum (used by e.g. PYTHIA 8), virtuality (PYTHIA 6), angle (HERWIG), etcetera.

When simulating a HIC, the ordering variable of the shower algorithm allows to implement
the evolution of the background medium through its interaction with the jet at each consecutive
value. Thus, the resulting jet modification implicitly depends on the development stage of the jet,
labeled by the ordering variable. Given this theoretical picture, it is possible to use jet substructure
observables to access the internal scales characterizing each splitting of the parton shower. This
can be done through the unclustering process, where we recluster our jets and identify each step of
the employed clustering algorithm with a partonic emission.

This method was presented by some of the authors of the present manuscript in [1], where it
was shown that, by reclustering with the 𝜏 algorithm and applying Soft-Drop (SD) grooming [2],
one obtains a good correlation between the extracted 𝜏form and the one within the primary branch of
the parton shower. In the present work we apply this technique to Z-tagged jets simulated (without
recoils) with the JEWEL Monte Carlo event generator [3]. We extract the formation time and
the opening angle corresponding to their first SD splitting along the primary branch, and use this
information to classify them according to their sensitivity to medium-induced energy loss. In doing
so, we show how the 𝜏form-based sampling allows to quantify energy loss in a way that minimizes
the bias on the initial 𝑝𝑇 of the jets.

2. Jet (un)clustering

Let us start with some basic definitions. From a theoretical point of view, jets are bunches
of collimated final state particles originated by the same hard parton. In practice, however, these
particles have to be grouped according to a clustering algorithm of choice. These ‘recipes’ specify
how to combine pairs of particles sequentially until they are all clustered into groups under a certain
maximum size (i.e. the jet radius).
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In this work we focus on the well known “generalized 𝑘𝑇 -family” of clustering algorithms. On
each iteration, we combine pairs of particles that minimize the following distance measure:

𝑑𝑖 𝑗 = min(𝑝2𝑝
𝑡,𝑖
, 𝑝

2𝑝
𝑡, 𝑗
)
Δ𝑅2

𝑖 𝑗

𝑅2 , (1)

where Δ𝑅2
𝑖 𝑗
= (𝑦𝑖 − 𝑦 𝑗)2+ (𝜙𝑖 −𝜙 𝑗)2 is the distance in the space defined by rapidity 𝑦 and azimuthal

angle 𝜙. This function also depends on a couple of parameters: the jet radius 𝑅, which defines
the maximum reach of the algorithm; and 𝑝, which controls the way in which 𝑑𝑖 𝑗 depends on
the transverse momenta of particles. Depending on the value given to 𝑝 we will have different
algorithms, like Cambridge/Aachen (𝑝 = 0), 𝑘𝑇 (𝑝 = 1), or anti-𝑘𝑇 (𝑝 = −1). In this work,
however, we employ a nonstandard clustering algorithm known as 𝜏 algorithm, which corresponds
to setting 𝑝 = 0.5. In this case, the clustering scale becomes:

𝑑𝑖 𝑗 ∼ 𝑝𝑇,𝑖𝜃
2, (2)

where the emission angle 𝜃 ≈ Δ𝑅2
𝑖 𝑗
/𝑅. In the soft and collinear radiation limit, this scale is

approximately equal to the inverse of the formation time of the emitted particle, 1/𝜏form (defined as
the time it takes for the emitted parton to behave as an independent radiation source). As shown
in [1], a special feature of this clustering algorithm is that it allows to establish an approximate
one-to-one relation between each step of the clustering history and each splitting along the primary
branch of the parton shower. This connection is established through the unclustering procedure.

Given a collision event, one first identifies the jets (typically by clustering with the anti-𝑘𝑇
algorithm), then selects the jets to be analyzed (e.g. the leading jets in dĳet events), and recluster
them with the 𝜏 algorithm. In this work we also use this step to remove soft contamination by
imposing the SD condition. Finally, going over the reclustering history, one extracts the kinematic
information of each splitting, substituting it in the following formula (valid in the high energy limit
only):

𝜏form ≈ 1
2𝐸𝑧(1 − 𝑧) (1 − cos𝜃12)

, (3)

thus obtaining a sequence of formation times. In the same way, one may also extract a sequence
of opening angles (denoted simply as Δ𝑅 from now on). This method was applied in [1] to Monte
Carlo-generated dĳet events at √𝑠𝑁𝑁 = 5.02 TeV, and it was shown that it indeed provides an
appropriate proxy for the formation time at each splitting (and that it does so independently of the
ordering scheme of the parton shower).

3. Results

We use the procedure outlined above to extract both the formation time 𝜏form and the opening
angle Δ𝑅 of the first SD splitting of jets. We focus our study on JEWEL-generated Z+jet events at
√
𝑠𝑁𝑁 = 5.02 TeV, where we require a minimum transverse momentum of 60 GeV for the Z-boson

and 30 GeV for the reconstructed jet.
Z+jet processes are known to provide a clean and well calibrated environment for energy loss

studies. The mean reason for this is that the boson is largely unaffected by the medium, and therefore,

3



P
o
S
(
H
a
r
d
P
r
o
b
e
s
2
0
2
3
)
1
8
2

Exploring the time axis within medium-modified jets Pablo Guerrero-Rodríguez

its momentum is a good proxy for the initial momentum of the jet. This is specially advantageous
when compared to other event topologies where we do not have a handle of the initial 𝑝𝑇 of the jet
(e.g. dĳet events). In the case of Z+jet events, however, this effect is minimized. Another attractive
feature of boson-tagged events is that we can quantify energy loss straightforwardly through the
momentum imbalance between jet and boson: 𝑥 𝑗 ,𝑍 = 𝑃 𝑗⊥/𝑃𝑍⊥.
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<latexit sha1_base64="HPmPx+9wVonRuW6xxQvqUWryVXc=">AAAB83icbZDNTgIxFIU7+If4N+rSzURi4orMGKMuiW50h4n8JDAhnXKBhk5n0t4SyYQn0ZVRd76JL+DbWHAWCp7V13tOk3tPlAqu0fe/nMLK6tr6RnGztLW9s7vn7h80dGIUgzpLRKJaEdUguIQ6chTQShXQOBLQjEY3M785BqV5Ih9wkkIY04Hkfc4o2lHXdTsIj5jdSSaM5mOYdt2yX/Hn8pYhyKFMctW67menlzATg0QmqNbtwE8xzKhCzgRMSx2jIaVsRAfQtihpDDrM5ptPvZN+ojwcgjd//85mNNZ6Ekc2E1Mc6kVvNvzPaxvsX4UZl6lBkMxGrNc3wsPEmxXg9bgChmJigTLF7ZYeG1JFGdqaSvb8YPHYZWicVYKLyvn9ebl6nRdRJEfkmJySgFySKrklNVInjIzJM3kj745xnpwX5/UnWnDyP4fkj5yPbyHYkbQ=</latexit>

Inclusive
<latexit sha1_base64="uqydP0aIZKwC77vI+VIHmi1ASf8=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfwNDBQsjSLQgNVHkmK/Uqp1E9hdEFeUB4GVgQsDGzgvwNrglAxRuOt+dpe8uSgXX6Lqf1tj4xOTUdGWmOjs3v7BoLy23dJIpBk2WiERdRVSD4DE0kaOAq1QBlZGAy6h3MvAvb0FpnsQX2E8hkPQm5h3OKBoptNd9pFmY+wh3mHcSJYviyK0f7vpbpSS3WRHaNbfuDuH8JV5JaqTEWWh/+NcJyyTEyATVuu25KQY5VciZgKLqZxpSynr0BtqGxlSCDvJhm8LZMGc42AVn+P6ZzanUui8jk5EUu3rUG4j/ee0MO4dBzuM0Q4iZiRivkwkHE2cwinPNFTAUfUMoU9xc6bAuVZShma5q6nujZf+S1k7d26/vne/WGsflEBWyStbIJvHIAWmQU3JGmoSRB/JEXsmbdW89Ws/Wy3d0zCr/rJBfsN6/AFPDmYg=</latexit>

⌧form < 0.84 fm/c
<latexit sha1_base64="P3SJJBwvcVgl5BDbCAu41biIPcs=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfxOqYGEEiRakJooc85VatZPI/oKoojwAvAxMCNjYeQHeBrdkgMJN57uz9N1FqeAaXffTGhufmJyarsxUZ+fmFxbtpeWWTjLFoMkSkairiGoQPIYmchRwlSqgMhJwGfVOBv7lLSjNk/gC+ykEkt7EvMMZRSOF9rqPNAtzH+EO806iZFEcufXDXX+rlOQ2K0K75tbdIZy/xCtJjZQ4C+0P/zphmYQYmaBatz03xSCnCjkTUFT9TENKWY/eQNvQmErQQT5sUzgb5gwHu+AM3z+zOZVa92VkMpJiV496A/E/r51h5zDIeZxmCDEzEeN1MuFg4gxGca65AoaibwhlipsrHdalijI001VNfW+07F/S2ql7+/W9891a47gcokJWyRrZJB45IA1ySs5IkzDyQJ7IK3mz7q1H69l6+Y6OWeWfFfIL1vsXVuGZig==</latexit>

⌧form > 0.84 fm/c
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PbPb logtau spectra
<latexit sha1_base64="XObH6dQNVgZi4QgAqyx/nPSBBdQ=">AAACAXicbVDLSgNBEJyNrxhfUY+CDAYhIoRdEfUYlUAUDysYoyQhzE46yeDsg5leMSw56c/oSdSbv+AP+DdOYg5qrFN1VzV0lRdJodG2P63UxOTU9Ex6NjM3v7C4lF1eudRhrDhUeChDdeUxDVIEUEGBEq4iBcz3JFS9m+OBXr0FpUUYXGAvgobPOoFoC87QrJrZdddzPVpHuMOE0rx7fVE+OaTb9LRULZ1t9ZvZnF2wh6DjxBmRHBnBbWY/6q2Qxz4EyCXTuubYETYSplBwCf1MPdYQMX7DOlAzNGA+6EYyzNGnm+1QUewCHc4/vQnzte75nvH4DLv6rzZY/qfVYmwfNBIRRDFCwI3FaO1YUgzpoA7aEgo4yp4hjCthvqS8yxTjaErLmPjO37Dj5HKn4OwVds93c8WjURFpskY2SJ44ZJ8USZm4pEI4eSBP5JW8WffWo/VsvXxbU9boZpX8gvX+BZoslFQ=</latexit>

PbPb (PYTHIA + JEWEL)
<latexit sha1_base64="iS0NShqdQ1MihP9y3qelp7pbKcE=">AAACB3icbVDJSgNBFOxxjXEb9eilMQqewoy4XQTRi6cQIRskIfR0XpImPYvdb8QwzAfoz+hJ1Jt3f8C/sbMcNLFO9V7Vg1flRVJodJxva25+YXFpObOSXV1b39i0t7YrOowVhzIPZahqHtMgRQBlFCihFilgvieh6vWvh3r1HpQWYVDCQQRNn3UD0RGcoVm17P2GvlOY6FbSQHjApFBI0/TiJO8cjWdagkrasnNO3hmBzhJ3QnJkgmLL/mq0Qx77ECCXTOu660TYTJhCwSWk2UasIWK8z7pQNzRgPuhmMkqT0oNOqCj2gI7m396E+VoPfM94fIY9Pa0Nl/9p9Rg7581EBFGMEHBjMVonlhRDOiyFtoUCjnJgCONKmC8p7zHFOJrqsia+Ox12llSO8u5p/vj2OHd5NSkiQ3bJHjkkLjkjl+SGFEmZcPJEXsg7+bAerWfr1XobW+esyc0O+QPr8wdyOZmY</latexit>p

sNN = 5.02 TeV
<latexit sha1_base64="Txy19eoGRV1yQvGZInlwZAy91+Y=">AAACGHicbZA5TwMxEIW94QrhClDSWEQgqmiXI1ChCAoog0QCIrtaec0kMXgP2bOIaJU/An8GKsRR0fFvcEKQwjHV83zP0rwXJFJotO0PKzc2PjE5lZ8uzMzOzS8UF5caOk4VhzqPZazOA6ZBigjqKFDCeaKAhYGEs+D6sM/PbkBpEUen2E3AC1k7Ei3BGZqVX9yp+dmVm4BKeuv7W7aLcIsZPYJGz3ULhl18s8oo84slu2wPhv4VzlCUyHBqfvHNvYx5GkKEXDKtm46doJcxhYJL6BXcVEPC+DVrQ9PIiIWgvWwQr0fXWrGi2AE6eI96MxZq3Q0D4wkZdvRv1l/+x5optva8TERJihBxYzGslUqKMe23RC+FAo6yawTjSpgrKe8wxTiaLgsmvvM77F/R2Cw7lfL2yXapejAsIk9WyCrZIA7ZJVVyTGqkTji5J4/khbxad9aD9WQ9f1lz1vDPMvkx1vsnfS6fXA==</latexit>

Pj? > 30 GeV

PZ? > 60 GeV

<latexit sha1_base64="HPmPx+9wVonRuW6xxQvqUWryVXc=">AAAB83icbZDNTgIxFIU7+If4N+rSzURi4orMGKMuiW50h4n8JDAhnXKBhk5n0t4SyYQn0ZVRd76JL+DbWHAWCp7V13tOk3tPlAqu0fe/nMLK6tr6RnGztLW9s7vn7h80dGIUgzpLRKJaEdUguIQ6chTQShXQOBLQjEY3M785BqV5Ih9wkkIY04Hkfc4o2lHXdTsIj5jdSSaM5mOYdt2yX/Hn8pYhyKFMctW67menlzATg0QmqNbtwE8xzKhCzgRMSx2jIaVsRAfQtihpDDrM5ptPvZN+ojwcgjd//85mNNZ6Ekc2E1Mc6kVvNvzPaxvsX4UZl6lBkMxGrNc3wsPEmxXg9bgChmJigTLF7ZYeG1JFGdqaSvb8YPHYZWicVYKLyvn9ebl6nRdRJEfkmJySgFySKrklNVInjIzJM3kj745xnpwX5/UnWnDyP4fkj5yPbyHYkbQ=</latexit>

Inclusive
<latexit sha1_base64="VDEYG7FU6637JzXrjKyF7iBbQpM=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfwNDBQsjSLQgNVHkmK/Uqp1E9hdEFeUB4GVgQsDGzgvwNrglAxRuOt+dpe8uSgXX6Lqf1tj4xOTUdGWmOjs3v7BoLy23dJIpBk2WiERdRVSD4DE0kaOAq1QBlZGAy6h3MvAvb0FpnsQX2E8hkPQm5h3OKBoptNd9pFmY+wh3mHcSJYviyKvvH/pbpSS3WRHaNbfuDuH8JV5JaqTEWWh/+NcJyyTEyATVuu25KQY5VciZgKLqZxpSynr0BtqGxlSCDvJhm8LZMGc42AVn+P6ZzanUui8jk5EUu3rUG4j/ee0MO4dBzuM0Q4iZiRivkwkHE2cwinPNFTAUfUMoU9xc6bAuVZShma5q6nujZf+S1k7d26/vne/WGsflEBWyStbIJvHIAWmQU3JGmoSRB/JEXsmbdW89Ws/Wy3d0zCr/rJBfsN6/AFhlmYs=</latexit>

⌧form < 1.68 fm/c
<latexit sha1_base64="+3YhQ6QrGflVfph1IQ+ZGasM13c=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfxOqYGEEiRakJooc85VatZPI/oKoojwAvAxMCNjYeQHeBrdkgMJN57uz9N1FqeAaXffTGhufmJyarsxUZ+fmFxbtpeWWTjLFoMkSkairiGoQPIYmchRwlSqgMhJwGfVOBv7lLSjNk/gC+ykEkt7EvMMZRSOF9rqPNAtzH+EO806iZFEcefX9Q3+rlOQ2K0K75tbdIZy/xCtJjZQ4C+0P/zphmYQYmaBatz03xSCnCjkTUFT9TENKWY/eQNvQmErQQT5sUzgb5gwHu+AM3z+zOZVa92VkMpJiV496A/E/r51h5zDIeZxmCDEzEeN1MuFg4gxGca65AoaibwhlipsrHdalijI001VNfW+07F/S2ql7+/W9891a47gcokJWyRrZJB45IA1ySs5IkzDyQJ7IK3mz7q1H69l6+Y6OWeWfFfIL1vsXW4OZjQ==</latexit>

⌧form > 1.68 fm/c

<latexit sha1_base64="wNY0s6zQqd2dNn/qPMhzRb6TMGk=">AAACBnicbVA7T8MwGHR4lvIqMLJEVEhlqRLEa6xgYWAoEn1ITRQ57tfWqvOQ/QVRRdnhz8CEgI0fwB/g3+C2GaDlpvPdWfadHwuu0LK+jYXFpeWV1cJacX1jc2u7tLPbVFEiGTRYJCLZ9qkCwUNoIEcB7VgCDXwBLX94NfZb9yAVj8I7HMXgBrQf8h5nFLXklcoOwgOmN1E/81LbyioO0sRLp2ovkkGWHemUVbUmMOeJnZMyyVH3Sl9ON2JJACEyQZXq2FaMbkolciYgKzqJgpiyIe1DR9OQBqDcdFImMw/1qyYOwJycf2dTGig1CnydCSgO1Kw3Fv/zOgn2LtyUh3GCEDId0V4vESZG5ngTs8slMBQjTSiTXP/SZAMqKUO9XFHXt2fLzpPmcdU+q57enpRrl/kQBbJPDkiF2OSc1Mg1qZMGYeSJvJB38mE8Gs/Gq/E2jS4Y+Z098gfG5w92mZm2</latexit>

Log10(⌧form)

<latexit sha1_base64="izT8YvlztG2VltFLWuqTMt1OXWo=">AAACD3icbVBLS8NAGNz4rPUV9eglWIQKpSbi6yh68SCiYGuhCWGz/dou3TzY/SKWkB+hf0ZPot4E/4D/xm3tQVvnNDszy+5MkAiu0La/jKnpmdm5+cJCcXFpeWXVXFuvqziVDGosFrFsBFSB4BHUkKOARiKBhoGA26B3NvBv70AqHkc32E/AC2kn4m3OKGrJNyvO7qVbaV3utlyEe8wu4k7uZ46dl12kqZ/9qO1Yhnm+45slu2oPYU0SZ0RKZIQr3/x0WzFLQ4iQCapU07ET9DIqkTMBedFNFSSU9WgHmppGNATlZcNWubWtX7WwC9bw/Dub0VCpfhjoTEixq8a9gfif10yxfexlPEpShIjpiPbaqbAwtgbjWC0ugaHoa0KZ5PqXFutSSRnqCYu6vjNedpLU96rOYfXger90cjoaokA2yRYpE4cckRNyTq5IjTDySJ7JG3k3Hown48V4/YlOGaM7G+QPjI9v2eiciw==</latexit> 1/
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PbPb xj spectra v1
<latexit sha1_base64="lKAh33gpQgjl5ylmIl9EjSkEJx4=">AAAB73icbZDLTsJAFIZP8YZ4Q126aSQmLgy0xtuS6Ma4IJgImEAl0+kpTJhenJkaScNz6MqoO9/FF/BtHLALBf/VN+f/Jzn/cWPOpLKsLyM3N7+wuJRfLqysrq1vFDe3mjJKBMUGjXgkbl0ikbMQG4opjrexQBK4HFvu4GLstx5QSBaFN2oYoxOQXsh8RonSozu7UusceLWK99hNr0bdYskqWxOZs2BnUIJM9W7xs+NFNAkwVJQTKdu2FSsnJUIxynFU6CQSY0IHpIdtjSEJUDrpZOuRuedHwlR9NCfv39mUBFIOA1dnAqL6ctobD//z2onyz5yUhXGiMKQ6oj0/4aaKzHF502MCqeJDDYQKprc0aZ8IQpU+UUHXt6fLzkLzsGyflI+vj0rV8+wQediBXdgHG06hCpdQhwZQEPAMb/Bu3BtPxovx+hPNGdmfbfgj4+Mb+lePOQ==</latexit> 1
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d
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<latexit sha1_base64="XObH6dQNVgZi4QgAqyx/nPSBBdQ=">AAACAXicbVDLSgNBEJyNrxhfUY+CDAYhIoRdEfUYlUAUDysYoyQhzE46yeDsg5leMSw56c/oSdSbv+AP+DdOYg5qrFN1VzV0lRdJodG2P63UxOTU9Ex6NjM3v7C4lF1eudRhrDhUeChDdeUxDVIEUEGBEq4iBcz3JFS9m+OBXr0FpUUYXGAvgobPOoFoC87QrJrZdddzPVpHuMOE0rx7fVE+OaTb9LRULZ1t9ZvZnF2wh6DjxBmRHBnBbWY/6q2Qxz4EyCXTuubYETYSplBwCf1MPdYQMX7DOlAzNGA+6EYyzNGnm+1QUewCHc4/vQnzte75nvH4DLv6rzZY/qfVYmwfNBIRRDFCwI3FaO1YUgzpoA7aEgo4yp4hjCthvqS8yxTjaErLmPjO37Dj5HKn4OwVds93c8WjURFpskY2SJ44ZJ8USZm4pEI4eSBP5JW8WffWo/VsvXxbU9boZpX8gvX+BZoslFQ=</latexit>

PbPb (PYTHIA + JEWEL)
<latexit sha1_base64="iS0NShqdQ1MihP9y3qelp7pbKcE=">AAACB3icbVDJSgNBFOxxjXEb9eilMQqewoy4XQTRi6cQIRskIfR0XpImPYvdb8QwzAfoz+hJ1Jt3f8C/sbMcNLFO9V7Vg1flRVJodJxva25+YXFpObOSXV1b39i0t7YrOowVhzIPZahqHtMgRQBlFCihFilgvieh6vWvh3r1HpQWYVDCQQRNn3UD0RGcoVm17P2GvlOY6FbSQHjApFBI0/TiJO8cjWdagkrasnNO3hmBzhJ3QnJkgmLL/mq0Qx77ECCXTOu660TYTJhCwSWk2UasIWK8z7pQNzRgPuhmMkqT0oNOqCj2gI7m396E+VoPfM94fIY9Pa0Nl/9p9Rg7581EBFGMEHBjMVonlhRDOiyFtoUCjnJgCONKmC8p7zHFOJrqsia+Ox12llSO8u5p/vj2OHd5NSkiQ3bJHjkkLjkjl+SGFEmZcPJEXsg7+bAerWfr1XobW+esyc0O+QPr8wdyOZmY</latexit>p

sNN = 5.02 TeV
<latexit sha1_base64="Txy19eoGRV1yQvGZInlwZAy91+Y=">AAACGHicbZA5TwMxEIW94QrhClDSWEQgqmiXI1ChCAoog0QCIrtaec0kMXgP2bOIaJU/An8GKsRR0fFvcEKQwjHV83zP0rwXJFJotO0PKzc2PjE5lZ8uzMzOzS8UF5caOk4VhzqPZazOA6ZBigjqKFDCeaKAhYGEs+D6sM/PbkBpEUen2E3AC1k7Ei3BGZqVX9yp+dmVm4BKeuv7W7aLcIsZPYJGz3ULhl18s8oo84slu2wPhv4VzlCUyHBqfvHNvYx5GkKEXDKtm46doJcxhYJL6BXcVEPC+DVrQ9PIiIWgvWwQr0fXWrGi2AE6eI96MxZq3Q0D4wkZdvRv1l/+x5optva8TERJihBxYzGslUqKMe23RC+FAo6yawTjSpgrKe8wxTiaLgsmvvM77F/R2Cw7lfL2yXapejAsIk9WyCrZIA7ZJVVyTGqkTji5J4/khbxad9aD9WQ9f1lz1vDPMvkx1vsnfS6fXA==</latexit>

Pj? > 30 GeV

PZ? > 60 GeV

<latexit sha1_base64="qHtIVmg153J+Bm+Vpg9/pJ38Ek4=">AAAB6HicbZDLTgIxFIbP4A3xhrp000hMXBgyY/CyJLpxiYlcIkxIp5yBQueStmMkE95BV0bd+Ty+gG9jwVko+K++nv9vcv7jxYIrbdtfVm5peWV1Lb9e2Njc2t4p7u41VJRIhnUWiUi2PKpQ8BDrmmuBrVgiDTyBTW90PfWbDygVj8I7PY7RDWg/5D5nVJtR87GbDk/uJ91iyS7bM5FFcDIoQaZat/jZ6UUsCTDUTFCl2o4dazelUnMmcFLoJApjyka0j22DIQ1Quels3Qk58iNJ9ADJ7P07m9JAqXHgmUxA9UDNe9Phf1470f6lm/IwTjSGzESM5yeC6IhMW5Mel8i0GBugTHKzJWEDKinT5jYFU9+ZL7sIjdOyc14+u62UqlfZIfJwAIdwDA5cQBVuoAZ1YDCCZ3iDd2toPVkv1utPNGdlf/bhj6yPbyqPjR4=</latexit>xj,Z

<latexit sha1_base64="HPmPx+9wVonRuW6xxQvqUWryVXc=">AAAB83icbZDNTgIxFIU7+If4N+rSzURi4orMGKMuiW50h4n8JDAhnXKBhk5n0t4SyYQn0ZVRd76JL+DbWHAWCp7V13tOk3tPlAqu0fe/nMLK6tr6RnGztLW9s7vn7h80dGIUgzpLRKJaEdUguIQ6chTQShXQOBLQjEY3M785BqV5Ih9wkkIY04Hkfc4o2lHXdTsIj5jdSSaM5mOYdt2yX/Hn8pYhyKFMctW67menlzATg0QmqNbtwE8xzKhCzgRMSx2jIaVsRAfQtihpDDrM5ptPvZN+ojwcgjd//85mNNZ6Ekc2E1Mc6kVvNvzPaxvsX4UZl6lBkMxGrNc3wsPEmxXg9bgChmJigTLF7ZYeG1JFGdqaSvb8YPHYZWicVYKLyvn9ebl6nRdRJEfkmJySgFySKrklNVInjIzJM3kj745xnpwX5/UnWnDyP4fkj5yPbyHYkbQ=</latexit>

Inclusive
<latexit sha1_base64="VDEYG7FU6637JzXrjKyF7iBbQpM=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfwNDBQsjSLQgNVHkmK/Uqp1E9hdEFeUB4GVgQsDGzgvwNrglAxRuOt+dpe8uSgXX6Lqf1tj4xOTUdGWmOjs3v7BoLy23dJIpBk2WiERdRVSD4DE0kaOAq1QBlZGAy6h3MvAvb0FpnsQX2E8hkPQm5h3OKBoptNd9pFmY+wh3mHcSJYviyKvvH/pbpSS3WRHaNbfuDuH8JV5JaqTEWWh/+NcJyyTEyATVuu25KQY5VciZgKLqZxpSynr0BtqGxlSCDvJhm8LZMGc42AVn+P6ZzanUui8jk5EUu3rUG4j/ee0MO4dBzuM0Q4iZiRivkwkHE2cwinPNFTAUfUMoU9xc6bAuVZShma5q6nujZf+S1k7d26/vne/WGsflEBWyStbIJvHIAWmQU3JGmoSRB/JEXsmbdW89Ws/Wy3d0zCr/rJBfsN6/AFhlmYs=</latexit>

⌧form < 1.68 fm/c
<latexit sha1_base64="+3YhQ6QrGflVfph1IQ+ZGasM13c=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfxOqYGEEiRakJooc85VatZPI/oKoojwAvAxMCNjYeQHeBrdkgMJN57uz9N1FqeAaXffTGhufmJyarsxUZ+fmFxbtpeWWTjLFoMkSkairiGoQPIYmchRwlSqgMhJwGfVOBv7lLSjNk/gC+ykEkt7EvMMZRSOF9rqPNAtzH+EO806iZFEcefX9Q3+rlOQ2K0K75tbdIZy/xCtJjZQ4C+0P/zphmYQYmaBatz03xSCnCjkTUFT9TENKWY/eQNvQmErQQT5sUzgb5gwHu+AM3z+zOZVa92VkMpJiV496A/E/r51h5zDIeZxmCDEzEeN1MuFg4gxGca65AoaibwhlipsrHdalijI001VNfW+07F/S2ql7+/W9891a47gcokJWyRrZJB45IA1ySs5IkzDyQJ7IK3mz7q1H69l6+Y6OWeWfFfIL1vsXW4OZjQ==</latexit>

⌧form > 1.68 fm/c

Figure 1: LEFT PANELS: Log10 (𝜏form) spectra of ‘early’ (blue dashed lines), ‘late’ (red dashed lines) and
inclusive (full black lines) jets in pp (top) and PbPb (bottom) collisions. RIGHT PANELS: Comparison of
the corresponding 𝑥 𝑗 ,𝑍 distributions.

In the top panels of Fig. (1) we show the 𝑥 𝑗 ,𝑍 -distributions corresponding to pp collisions (right
panel, distinctively peaked at one), as well as the distribution of 𝜏form values extracted from the
first SD splitting (left panel). We use this information to classify jets according to their sensitivity
to medium modifications. For this, we find the median of the 𝜏form-distribution 𝜏𝑚, and define
an ‘early’ class of jets with those whose first SD splitting takes place before 𝜏𝑚; and a ‘late’
jet group with those that start fragmenting after 𝜏𝑚. We do this in order to have each jet sample
contain approximately half of the total population. We perform similar operations over PbPb events,
obtaining the bottom panels of Fig. (1).

As can be seen in the pp 𝑥 𝑗 ,𝑍 spectra, we are selecting samples that are basically indistinguish-
able. This suggests that, in the vacuum, there is no discernible correlation between our jet selection
criteria and the momentum imbalance observed in the resulting classes. However, in the case of
PbPb collisions, our selection yields a much clearer separation between our samples. This can be
interpreted simply in terms of 𝜏form: the ‘early’ class, which contains jets that spent more time
inside the medium, have lost more energy on average, with the opposite being true for the ‘late’
group.

We reach similar conclusions by extracting Δ𝑅 instead of 𝜏form. In this case, analogously to

4



P
o
S
(
H
a
r
d
P
r
o
b
e
s
2
0
2
3
)
1
8
2

Exploring the time axis within medium-modified jets Pablo Guerrero-Rodríguez

0 0.1 0.2 0.3 0.4 0.5 0.6
deltaR

0

0.02

0.04

0.06

0.08

0.1

pp deltaR spectra

Inclusive

narrow (deltaR<0.158939)

wide (deltaR>0.158939)

pp deltaR spectra

<latexit sha1_base64="+JHP8tS3YwHNUI7nihs5fwRHBJ8=">AAAB9HicbZDLTsJAFIaneEO8FV26mUhMXBhojbclUReuCBq5JLQh0+kBJkwvmZliSMOb6MqoO5/EF/BtHLALBf/VN+f/Jznn92LOpLKsLyO3tLyyupZfL2xsbm3vmMXdpowSQaFBIx6JtkckcBZCQzHFoR0LIIHHoeUNr6d+awRCsih8UOMY3ID0Q9ZjlCg96ppFu1Jzjv1axXdugCuC77tmySpbM+FFsDMooUz1rvnp+BFNAggV5UTKjm3Fyk2JUIxymBScREJM6JD0oaMxJAFIN52tPsGHvUhgNQA8e//OpiSQchx4OhMQNZDz3nT4n9dJVO/STVkYJwpCqiPa6yUcqwhPG8A+E0AVH2sgVDC9JaYDIghVuqeCPt+eP3YRmidl+7x8dndaql5lReTRPjpAR8hGF6iKblEdNRBFj+gZvaF3Y2Q8GS/G6080Z2R/9tAfGR/f2xWQJw==</latexit> 1
/N

d
N

/d
�

R

<latexit sha1_base64="iS0NShqdQ1MihP9y3qelp7pbKcE=">AAACB3icbVDJSgNBFOxxjXEb9eilMQqewoy4XQTRi6cQIRskIfR0XpImPYvdb8QwzAfoz+hJ1Jt3f8C/sbMcNLFO9V7Vg1flRVJodJxva25+YXFpObOSXV1b39i0t7YrOowVhzIPZahqHtMgRQBlFCihFilgvieh6vWvh3r1HpQWYVDCQQRNn3UD0RGcoVm17P2GvlOY6FbSQHjApFBI0/TiJO8cjWdagkrasnNO3hmBzhJ3QnJkgmLL/mq0Qx77ECCXTOu660TYTJhCwSWk2UasIWK8z7pQNzRgPuhmMkqT0oNOqCj2gI7m396E+VoPfM94fIY9Pa0Nl/9p9Rg7581EBFGMEHBjMVonlhRDOiyFtoUCjnJgCONKmC8p7zHFOJrqsia+Ox12llSO8u5p/vj2OHd5NSkiQ3bJHjkkLjkjl+SGFEmZcPJEXsg7+bAerWfr1XobW+esyc0O+QPr8wdyOZmY</latexit>p
sNN = 5.02 TeV

<latexit sha1_base64="Txy19eoGRV1yQvGZInlwZAy91+Y=">AAACGHicbZA5TwMxEIW94QrhClDSWEQgqmiXI1ChCAoog0QCIrtaec0kMXgP2bOIaJU/An8GKsRR0fFvcEKQwjHV83zP0rwXJFJotO0PKzc2PjE5lZ8uzMzOzS8UF5caOk4VhzqPZazOA6ZBigjqKFDCeaKAhYGEs+D6sM/PbkBpEUen2E3AC1k7Ei3BGZqVX9yp+dmVm4BKeuv7W7aLcIsZPYJGz3ULhl18s8oo84slu2wPhv4VzlCUyHBqfvHNvYx5GkKEXDKtm46doJcxhYJL6BXcVEPC+DVrQ9PIiIWgvWwQr0fXWrGi2AE6eI96MxZq3Q0D4wkZdvRv1l/+x5optva8TERJihBxYzGslUqKMe23RC+FAo6yawTjSpgrKe8wxTiaLgsmvvM77F/R2Cw7lfL2yXapejAsIk9WyCrZIA7ZJVVyTGqkTji5J4/khbxad9aD9WQ9f1lz1vDPMvkx1vsnfS6fXA==</latexit>

Pj? > 30 GeV

PZ? > 60 GeV

<latexit sha1_base64="GFki7dDiYbHmJPQY5jIna+8+rTc=">AAAB/3icbVDLSgNBEJyN7/iKetTDYBAUIeyKqEcfBKJ4iGBMJFnC7NhJBmcfzPSKYclBf0ZPot78B3/Av3ES96CJdaruqoau8iIpNNr2l5UZG5+YnJqeyc7OzS8s5paWr3QYKw4VHspQ1TymQYoAKihQQi1SwHxPQtW7Penr1TtQWoTBJXYjcH3WDkRLcIZm1cytRRFtINxjQulm+fqydHpEt+lZsVo83+o1c3m7YA9AR4mTkjxJUW7mPhs3IY99CJBLpnXdsSN0E6ZQcAm9bCPWEDF+y9pQNzRgPmg3GaTo0Y1WqCh2gA7m396E+Vp3fc94fIYdPaz1l/9p9RhbB24igihGCLixGK0VS4oh7ZdBb4QCjrJrCONKmC8p7zDFOJrKsia+Mxx2lFztFJy9wu7Fbv7wOC1imqySdbJJHLJPDkmJlEmFcPJInskbebcerCfrxXr9sWas9GaF/IH18Q17wZO8</latexit>

pp (PYTHIA + JEWEL)

<latexit sha1_base64="HPmPx+9wVonRuW6xxQvqUWryVXc=">AAAB83icbZDNTgIxFIU7+If4N+rSzURi4orMGKMuiW50h4n8JDAhnXKBhk5n0t4SyYQn0ZVRd76JL+DbWHAWCp7V13tOk3tPlAqu0fe/nMLK6tr6RnGztLW9s7vn7h80dGIUgzpLRKJaEdUguIQ6chTQShXQOBLQjEY3M785BqV5Ih9wkkIY04Hkfc4o2lHXdTsIj5jdSSaM5mOYdt2yX/Hn8pYhyKFMctW67menlzATg0QmqNbtwE8xzKhCzgRMSx2jIaVsRAfQtihpDDrM5ptPvZN+ojwcgjd//85mNNZ6Ekc2E1Mc6kVvNvzPaxvsX4UZl6lBkMxGrNc3wsPEmxXg9bgChmJigTLF7ZYeG1JFGdqaSvb8YPHYZWicVYKLyvn9ebl6nRdRJEfkmJySgFySKrklNVInjIzJM3kj745xnpwX5/UnWnDyP4fkj5yPbyHYkbQ=</latexit>

Inclusive
<latexit sha1_base64="KKyOcdT1CXZ7eao61V9OSn3uFAo=">AAACBnicbVBLS8NAGNzUV42vqkcvi0XxVBLxdRAp6sFjFfuAJpTN9ku7dPNgdyOU0Lv+GT2JevMH+Af8N25jQG2d0+zMLHwzXsyZVJb1aRRmZufmF4qL5tLyyupaaX2jIaNEUKjTiEei5REJnIVQV0xxaMUCSOBxaHqDi7HfvAMhWRTeqmEMbkB6IfMZJUpLnVLZuQSuCL7Bu2fYqthHjmP+SKeZpFNWxcqAp4mdkzLKUeuUPpxuRJMAQkU5kbJtW7FyUyIUoxxGppNIiAkdkB60NQ1JANJNszIjvONHAqs+4Oz9O5uSQMph4OlMQFRfTnpj8T+vnSj/xE1ZGCcKQqoj2vMTjlWEx5vgLhNAFR9qQqhg+kpM+0QQqvRypq5vT5adJo19vVTl8PqgXD3PhyiiLbSN9pCNjlEVXaEaqiOKHtATekVvxr3xaDwbL9/RgpH/2UR/YLx/AaUYlKo=</latexit>

�R > 0.16

�R < 0.16

<latexit sha1_base64="pwkJFddPP/9nIpXlkrVgLwjeiEo=">AAAB6XicbZDLTgJBEEVr8IX4Ql266UhMXJEZ42tJ1IVLNPJIYEJ6mhro0PNId40JIXyEroy683f8Af/GBlkoeFen695O6laQKmnIdb+c3NLyyupafr2wsbm1vVPc3aubJNMCayJRiW4G3KCSMdZIksJmqpFHgcJGMLie+I1H1EYm8QMNU/Qj3otlKAUnO2q2b1ARZ/edYsktu1OxRfBmUIKZqp3iZ7ubiCzCmITixrQ8NyV/xDVJoXBcaGcGUy4GvIctizGP0Pij6b5jdhQmmlEf2fT9OzvikTHDKLCZiFPfzHuT4X9eK6Pw0h/JOM0IY2Ej1gszxShhk9qsKzUKUkMLXGhpt2SizzUXZI9TsPW9+bKLUD8pe+fls7vTUuVqdog8HMAhHIMHF1CBW6hCDQQoeIY3eHcGzpPz4rz+RHPO7M8+/JHz8Q1Gg40h</latexit>

�R
0 0.2 0.4 0.6 0.8 1 1.2 1.4xj

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

pp xj spectra v2

Inclusive

narrow (deltaR<0.158939)

wide (deltaR>0.158939)

pp xj spectra v2

<latexit sha1_base64="lKAh33gpQgjl5ylmIl9EjSkEJx4=">AAAB73icbZDLTsJAFIZP8YZ4Q126aSQmLgy0xtuS6Ma4IJgImEAl0+kpTJhenJkaScNz6MqoO9/FF/BtHLALBf/VN+f/Jzn/cWPOpLKsLyM3N7+wuJRfLqysrq1vFDe3mjJKBMUGjXgkbl0ikbMQG4opjrexQBK4HFvu4GLstx5QSBaFN2oYoxOQXsh8RonSozu7UusceLWK99hNr0bdYskqWxOZs2BnUIJM9W7xs+NFNAkwVJQTKdu2FSsnJUIxynFU6CQSY0IHpIdtjSEJUDrpZOuRuedHwlR9NCfv39mUBFIOA1dnAqL6ctobD//z2onyz5yUhXGiMKQ6oj0/4aaKzHF502MCqeJDDYQKprc0aZ8IQpU+UUHXt6fLzkLzsGyflI+vj0rV8+wQediBXdgHG06hCpdQhwZQEPAMb/Bu3BtPxovx+hPNGdmfbfgj4+Mb+lePOQ==</latexit> 1
/N

d
N

/d
x

J

<latexit sha1_base64="iS0NShqdQ1MihP9y3qelp7pbKcE=">AAACB3icbVDJSgNBFOxxjXEb9eilMQqewoy4XQTRi6cQIRskIfR0XpImPYvdb8QwzAfoz+hJ1Jt3f8C/sbMcNLFO9V7Vg1flRVJodJxva25+YXFpObOSXV1b39i0t7YrOowVhzIPZahqHtMgRQBlFCihFilgvieh6vWvh3r1HpQWYVDCQQRNn3UD0RGcoVm17P2GvlOY6FbSQHjApFBI0/TiJO8cjWdagkrasnNO3hmBzhJ3QnJkgmLL/mq0Qx77ECCXTOu660TYTJhCwSWk2UasIWK8z7pQNzRgPuhmMkqT0oNOqCj2gI7m396E+VoPfM94fIY9Pa0Nl/9p9Rg7581EBFGMEHBjMVonlhRDOiyFtoUCjnJgCONKmC8p7zHFOJrqsia+Ox12llSO8u5p/vj2OHd5NSkiQ3bJHjkkLjkjl+SGFEmZcPJEXsg7+bAerWfr1XobW+esyc0O+QPr8wdyOZmY</latexit>p
sNN = 5.02 TeV

<latexit sha1_base64="Txy19eoGRV1yQvGZInlwZAy91+Y=">AAACGHicbZA5TwMxEIW94QrhClDSWEQgqmiXI1ChCAoog0QCIrtaec0kMXgP2bOIaJU/An8GKsRR0fFvcEKQwjHV83zP0rwXJFJotO0PKzc2PjE5lZ8uzMzOzS8UF5caOk4VhzqPZazOA6ZBigjqKFDCeaKAhYGEs+D6sM/PbkBpEUen2E3AC1k7Ei3BGZqVX9yp+dmVm4BKeuv7W7aLcIsZPYJGz3ULhl18s8oo84slu2wPhv4VzlCUyHBqfvHNvYx5GkKEXDKtm46doJcxhYJL6BXcVEPC+DVrQ9PIiIWgvWwQr0fXWrGi2AE6eI96MxZq3Q0D4wkZdvRv1l/+x5optva8TERJihBxYzGslUqKMe23RC+FAo6yawTjSpgrKe8wxTiaLgsmvvM77F/R2Cw7lfL2yXapejAsIk9WyCrZIA7ZJVVyTGqkTji5J4/khbxad9aD9WQ9f1lz1vDPMvkx1vsnfS6fXA==</latexit>

Pj? > 30 GeV

PZ? > 60 GeV

<latexit sha1_base64="GFki7dDiYbHmJPQY5jIna+8+rTc=">AAAB/3icbVDLSgNBEJyN7/iKetTDYBAUIeyKqEcfBKJ4iGBMJFnC7NhJBmcfzPSKYclBf0ZPot78B3/Av3ES96CJdaruqoau8iIpNNr2l5UZG5+YnJqeyc7OzS8s5paWr3QYKw4VHspQ1TymQYoAKihQQi1SwHxPQtW7Penr1TtQWoTBJXYjcH3WDkRLcIZm1cytRRFtINxjQulm+fqydHpEt+lZsVo83+o1c3m7YA9AR4mTkjxJUW7mPhs3IY99CJBLpnXdsSN0E6ZQcAm9bCPWEDF+y9pQNzRgPmg3GaTo0Y1WqCh2gA7m396E+Vp3fc94fIYdPaz1l/9p9RhbB24igihGCLixGK0VS4oh7ZdBb4QCjrJrCONKmC8p7zDFOJrKsia+Mxx2lFztFJy9wu7Fbv7wOC1imqySdbJJHLJPDkmJlEmFcPJInskbebcerCfrxXr9sWas9GaF/IH18Q17wZO8</latexit>

pp (PYTHIA + JEWEL)

<latexit sha1_base64="HPmPx+9wVonRuW6xxQvqUWryVXc=">AAAB83icbZDNTgIxFIU7+If4N+rSzURi4orMGKMuiW50h4n8JDAhnXKBhk5n0t4SyYQn0ZVRd76JL+DbWHAWCp7V13tOk3tPlAqu0fe/nMLK6tr6RnGztLW9s7vn7h80dGIUgzpLRKJaEdUguIQ6chTQShXQOBLQjEY3M785BqV5Ih9wkkIY04Hkfc4o2lHXdTsIj5jdSSaM5mOYdt2yX/Hn8pYhyKFMctW67menlzATg0QmqNbtwE8xzKhCzgRMSx2jIaVsRAfQtihpDDrM5ptPvZN+ojwcgjd//85mNNZ6Ekc2E1Mc6kVvNvzPaxvsX4UZl6lBkMxGrNc3wsPEmxXg9bgChmJigTLF7ZYeG1JFGdqaSvb8YPHYZWicVYKLyvn9ebl6nRdRJEfkmJySgFySKrklNVInjIzJM3kj745xnpwX5/UnWnDyP4fkj5yPbyHYkbQ=</latexit>

Inclusive
<latexit sha1_base64="KKyOcdT1CXZ7eao61V9OSn3uFAo=">AAACBnicbVBLS8NAGNzUV42vqkcvi0XxVBLxdRAp6sFjFfuAJpTN9ku7dPNgdyOU0Lv+GT2JevMH+Af8N25jQG2d0+zMLHwzXsyZVJb1aRRmZufmF4qL5tLyyupaaX2jIaNEUKjTiEei5REJnIVQV0xxaMUCSOBxaHqDi7HfvAMhWRTeqmEMbkB6IfMZJUpLnVLZuQSuCL7Bu2fYqthHjmP+SKeZpFNWxcqAp4mdkzLKUeuUPpxuRJMAQkU5kbJtW7FyUyIUoxxGppNIiAkdkB60NQ1JANJNszIjvONHAqs+4Oz9O5uSQMph4OlMQFRfTnpj8T+vnSj/xE1ZGCcKQqoj2vMTjlWEx5vgLhNAFR9qQqhg+kpM+0QQqvRypq5vT5adJo19vVTl8PqgXD3PhyiiLbSN9pCNjlEVXaEaqiOKHtATekVvxr3xaDwbL9/RgpH/2UR/YLx/AaUYlKo=</latexit>

�R > 0.16

�R < 0.16

<latexit sha1_base64="qHtIVmg153J+Bm+Vpg9/pJ38Ek4=">AAAB6HicbZDLTgIxFIbP4A3xhrp000hMXBgyY/CyJLpxiYlcIkxIp5yBQueStmMkE95BV0bd+Ty+gG9jwVko+K++nv9vcv7jxYIrbdtfVm5peWV1Lb9e2Njc2t4p7u41VJRIhnUWiUi2PKpQ8BDrmmuBrVgiDTyBTW90PfWbDygVj8I7PY7RDWg/5D5nVJtR87GbDk/uJ91iyS7bM5FFcDIoQaZat/jZ6UUsCTDUTFCl2o4dazelUnMmcFLoJApjyka0j22DIQ1Quels3Qk58iNJ9ADJ7P07m9JAqXHgmUxA9UDNe9Phf1470f6lm/IwTjSGzESM5yeC6IhMW5Mel8i0GBugTHKzJWEDKinT5jYFU9+ZL7sIjdOyc14+u62UqlfZIfJwAIdwDA5cQBVuoAZ1YDCCZ3iDd2toPVkv1utPNGdlf/bhj6yPbyqPjR4=</latexit>xj,Z

0 0.1 0.2 0.3 0.4 0.5 0.6
deltaR

0

0.02

0.04

0.06

0.08

0.1

PbPb deltaR spectra

Inclusive

narrow (deltaR<0.126918)

wide (deltaR>0.126918)

PbPb deltaR spectra

<latexit sha1_base64="+JHP8tS3YwHNUI7nihs5fwRHBJ8=">AAAB9HicbZDLTsJAFIaneEO8FV26mUhMXBhojbclUReuCBq5JLQh0+kBJkwvmZliSMOb6MqoO5/EF/BtHLALBf/VN+f/Jznn92LOpLKsLyO3tLyyupZfL2xsbm3vmMXdpowSQaFBIx6JtkckcBZCQzHFoR0LIIHHoeUNr6d+awRCsih8UOMY3ID0Q9ZjlCg96ppFu1Jzjv1axXdugCuC77tmySpbM+FFsDMooUz1rvnp+BFNAggV5UTKjm3Fyk2JUIxymBScREJM6JD0oaMxJAFIN52tPsGHvUhgNQA8e//OpiSQchx4OhMQNZDz3nT4n9dJVO/STVkYJwpCqiPa6yUcqwhPG8A+E0AVH2sgVDC9JaYDIghVuqeCPt+eP3YRmidl+7x8dndaql5lReTRPjpAR8hGF6iKblEdNRBFj+gZvaF3Y2Q8GS/G6080Z2R/9tAfGR/f2xWQJw==</latexit> 1
/N

d
N

/d
�

R

<latexit sha1_base64="pwkJFddPP/9nIpXlkrVgLwjeiEo=">AAAB6XicbZDLTgJBEEVr8IX4Ql266UhMXJEZ42tJ1IVLNPJIYEJ6mhro0PNId40JIXyEroy683f8Af/GBlkoeFen695O6laQKmnIdb+c3NLyyupafr2wsbm1vVPc3aubJNMCayJRiW4G3KCSMdZIksJmqpFHgcJGMLie+I1H1EYm8QMNU/Qj3otlKAUnO2q2b1ARZ/edYsktu1OxRfBmUIKZqp3iZ7ubiCzCmITixrQ8NyV/xDVJoXBcaGcGUy4GvIctizGP0Pij6b5jdhQmmlEf2fT9OzvikTHDKLCZiFPfzHuT4X9eK6Pw0h/JOM0IY2Ej1gszxShhk9qsKzUKUkMLXGhpt2SizzUXZI9TsPW9+bKLUD8pe+fls7vTUuVqdog8HMAhHIMHF1CBW6hCDQQoeIY3eHcGzpPz4rz+RHPO7M8+/JHz8Q1Gg40h</latexit>

�R

<latexit sha1_base64="iS0NShqdQ1MihP9y3qelp7pbKcE=">AAACB3icbVDJSgNBFOxxjXEb9eilMQqewoy4XQTRi6cQIRskIfR0XpImPYvdb8QwzAfoz+hJ1Jt3f8C/sbMcNLFO9V7Vg1flRVJodJxva25+YXFpObOSXV1b39i0t7YrOowVhzIPZahqHtMgRQBlFCihFilgvieh6vWvh3r1HpQWYVDCQQRNn3UD0RGcoVm17P2GvlOY6FbSQHjApFBI0/TiJO8cjWdagkrasnNO3hmBzhJ3QnJkgmLL/mq0Qx77ECCXTOu660TYTJhCwSWk2UasIWK8z7pQNzRgPuhmMkqT0oNOqCj2gI7m396E+VoPfM94fIY9Pa0Nl/9p9Rg7581EBFGMEHBjMVonlhRDOiyFtoUCjnJgCONKmC8p7zHFOJrqsia+Ox12llSO8u5p/vj2OHd5NSkiQ3bJHjkkLjkjl+SGFEmZcPJEXsg7+bAerWfr1XobW+esyc0O+QPr8wdyOZmY</latexit>p
sNN = 5.02 TeV

<latexit sha1_base64="Txy19eoGRV1yQvGZInlwZAy91+Y=">AAACGHicbZA5TwMxEIW94QrhClDSWEQgqmiXI1ChCAoog0QCIrtaec0kMXgP2bOIaJU/An8GKsRR0fFvcEKQwjHV83zP0rwXJFJotO0PKzc2PjE5lZ8uzMzOzS8UF5caOk4VhzqPZazOA6ZBigjqKFDCeaKAhYGEs+D6sM/PbkBpEUen2E3AC1k7Ei3BGZqVX9yp+dmVm4BKeuv7W7aLcIsZPYJGz3ULhl18s8oo84slu2wPhv4VzlCUyHBqfvHNvYx5GkKEXDKtm46doJcxhYJL6BXcVEPC+DVrQ9PIiIWgvWwQr0fXWrGi2AE6eI96MxZq3Q0D4wkZdvRv1l/+x5optva8TERJihBxYzGslUqKMe23RC+FAo6yawTjSpgrKe8wxTiaLgsmvvM77F/R2Cw7lfL2yXapejAsIk9WyCrZIA7ZJVVyTGqkTji5J4/khbxad9aD9WQ9f1lz1vDPMvkx1vsnfS6fXA==</latexit>

Pj? > 30 GeV

PZ? > 60 GeV
<latexit sha1_base64="HPmPx+9wVonRuW6xxQvqUWryVXc=">AAAB83icbZDNTgIxFIU7+If4N+rSzURi4orMGKMuiW50h4n8JDAhnXKBhk5n0t4SyYQn0ZVRd76JL+DbWHAWCp7V13tOk3tPlAqu0fe/nMLK6tr6RnGztLW9s7vn7h80dGIUgzpLRKJaEdUguIQ6chTQShXQOBLQjEY3M785BqV5Ih9wkkIY04Hkfc4o2lHXdTsIj5jdSSaM5mOYdt2yX/Hn8pYhyKFMctW67menlzATg0QmqNbtwE8xzKhCzgRMSx2jIaVsRAfQtihpDDrM5ptPvZN+ojwcgjd//85mNNZ6Ekc2E1Mc6kVvNvzPaxvsX4UZl6lBkMxGrNc3wsPEmxXg9bgChmJigTLF7ZYeG1JFGdqaSvb8YPHYZWicVYKLyvn9ebl6nRdRJEfkmJySgFySKrklNVInjIzJM3kj745xnpwX5/UnWnDyP4fkj5yPbyHYkbQ=</latexit>

Inclusive

<latexit sha1_base64="XObH6dQNVgZi4QgAqyx/nPSBBdQ=">AAACAXicbVDLSgNBEJyNrxhfUY+CDAYhIoRdEfUYlUAUDysYoyQhzE46yeDsg5leMSw56c/oSdSbv+AP+DdOYg5qrFN1VzV0lRdJodG2P63UxOTU9Ex6NjM3v7C4lF1eudRhrDhUeChDdeUxDVIEUEGBEq4iBcz3JFS9m+OBXr0FpUUYXGAvgobPOoFoC87QrJrZdddzPVpHuMOE0rx7fVE+OaTb9LRULZ1t9ZvZnF2wh6DjxBmRHBnBbWY/6q2Qxz4EyCXTuubYETYSplBwCf1MPdYQMX7DOlAzNGA+6EYyzNGnm+1QUewCHc4/vQnzte75nvH4DLv6rzZY/qfVYmwfNBIRRDFCwI3FaO1YUgzpoA7aEgo4yp4hjCthvqS8yxTjaErLmPjO37Dj5HKn4OwVds93c8WjURFpskY2SJ44ZJ8USZm4pEI4eSBP5JW8WffWo/VsvXxbU9boZpX8gvX+BZoslFQ=</latexit>

PbPb (PYTHIA + JEWEL)

<latexit sha1_base64="TtVqj+aWJbE5Q2G51Z7gFvi1nls=">AAACBnicbVDJTsMwFHRYS9gKHLlYVCBOUcJ+QKgCDhwLoovURJXjvrZWnUW2g1RFvcPPwAkBNz6AH+BvcEMkoGVO45mx9Gb8mDOpbPvTmJqemZ2bLyyYi0vLK6vFtfWajBJBoUojHomGTyRwFkJVMcWhEQsggc+h7vcvRn79DoRkUXirBjF4AemGrMMoUVpqFUvuJXBF8A3eOcO25ey7rvkjnWaSTtmWnQFPEicnJZSj0ip+uO2IJgGEinIiZdOxY+WlRChGOQxNN5EQE9onXWhqGpIApJdmZYZ4uxMJrHqAs/fvbEoCKQeBrzMBUT057o3E/7xmojonXsrCOFEQUh3RXifhWEV4tAluMwFU8YEmhAqmr8S0RwShSi9n6vrOeNlJUtuznCPr8PqgVD7PhyigTbSFdpGDjlEZXaEKqiKKHtATekVvxr3xaDwbL9/RKSP/s4H+wHj/ApvrlKQ=</latexit>

�R > 0.13

�R < 0.13
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<latexit sha1_base64="lKAh33gpQgjl5ylmIl9EjSkEJx4=">AAAB73icbZDLTsJAFIZP8YZ4Q126aSQmLgy0xtuS6Ma4IJgImEAl0+kpTJhenJkaScNz6MqoO9/FF/BtHLALBf/VN+f/Jzn/cWPOpLKsLyM3N7+wuJRfLqysrq1vFDe3mjJKBMUGjXgkbl0ikbMQG4opjrexQBK4HFvu4GLstx5QSBaFN2oYoxOQXsh8RonSozu7UusceLWK99hNr0bdYskqWxOZs2BnUIJM9W7xs+NFNAkwVJQTKdu2FSsnJUIxynFU6CQSY0IHpIdtjSEJUDrpZOuRuedHwlR9NCfv39mUBFIOA1dnAqL6ctobD//z2onyz5yUhXGiMKQ6oj0/4aaKzHF502MCqeJDDYQKprc0aZ8IQpU+UUHXt6fLzkLzsGyflI+vj0rV8+wQediBXdgHG06hCpdQhwZQEPAMb/Bu3BtPxovx+hPNGdmfbfgj4+Mb+lePOQ==</latexit> 1
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<latexit sha1_base64="XObH6dQNVgZi4QgAqyx/nPSBBdQ=">AAACAXicbVDLSgNBEJyNrxhfUY+CDAYhIoRdEfUYlUAUDysYoyQhzE46yeDsg5leMSw56c/oSdSbv+AP+DdOYg5qrFN1VzV0lRdJodG2P63UxOTU9Ex6NjM3v7C4lF1eudRhrDhUeChDdeUxDVIEUEGBEq4iBcz3JFS9m+OBXr0FpUUYXGAvgobPOoFoC87QrJrZdddzPVpHuMOE0rx7fVE+OaTb9LRULZ1t9ZvZnF2wh6DjxBmRHBnBbWY/6q2Qxz4EyCXTuubYETYSplBwCf1MPdYQMX7DOlAzNGA+6EYyzNGnm+1QUewCHc4/vQnzte75nvH4DLv6rzZY/qfVYmwfNBIRRDFCwI3FaO1YUgzpoA7aEgo4yp4hjCthvqS8yxTjaErLmPjO37Dj5HKn4OwVds93c8WjURFpskY2SJ44ZJ8USZm4pEI4eSBP5JW8WffWo/VsvXxbU9boZpX8gvX+BZoslFQ=</latexit>

PbPb (PYTHIA + JEWEL)
<latexit sha1_base64="iS0NShqdQ1MihP9y3qelp7pbKcE=">AAACB3icbVDJSgNBFOxxjXEb9eilMQqewoy4XQTRi6cQIRskIfR0XpImPYvdb8QwzAfoz+hJ1Jt3f8C/sbMcNLFO9V7Vg1flRVJodJxva25+YXFpObOSXV1b39i0t7YrOowVhzIPZahqHtMgRQBlFCihFilgvieh6vWvh3r1HpQWYVDCQQRNn3UD0RGcoVm17P2GvlOY6FbSQHjApFBI0/TiJO8cjWdagkrasnNO3hmBzhJ3QnJkgmLL/mq0Qx77ECCXTOu660TYTJhCwSWk2UasIWK8z7pQNzRgPuhmMkqT0oNOqCj2gI7m396E+VoPfM94fIY9Pa0Nl/9p9Rg7581EBFGMEHBjMVonlhRDOiyFtoUCjnJgCONKmC8p7zHFOJrqsia+Ox12llSO8u5p/vj2OHd5NSkiQ3bJHjkkLjkjl+SGFEmZcPJEXsg7+bAerWfr1XobW+esyc0O+QPr8wdyOZmY</latexit>p

sNN = 5.02 TeV
<latexit sha1_base64="Txy19eoGRV1yQvGZInlwZAy91+Y=">AAACGHicbZA5TwMxEIW94QrhClDSWEQgqmiXI1ChCAoog0QCIrtaec0kMXgP2bOIaJU/An8GKsRR0fFvcEKQwjHV83zP0rwXJFJotO0PKzc2PjE5lZ8uzMzOzS8UF5caOk4VhzqPZazOA6ZBigjqKFDCeaKAhYGEs+D6sM/PbkBpEUen2E3AC1k7Ei3BGZqVX9yp+dmVm4BKeuv7W7aLcIsZPYJGz3ULhl18s8oo84slu2wPhv4VzlCUyHBqfvHNvYx5GkKEXDKtm46doJcxhYJL6BXcVEPC+DVrQ9PIiIWgvWwQr0fXWrGi2AE6eI96MxZq3Q0D4wkZdvRv1l/+x5optva8TERJihBxYzGslUqKMe23RC+FAo6yawTjSpgrKe8wxTiaLgsmvvM77F/R2Cw7lfL2yXapejAsIk9WyCrZIA7ZJVVyTGqkTji5J4/khbxad9aD9WQ9f1lz1vDPMvkx1vsnfS6fXA==</latexit>

Pj? > 30 GeV

PZ? > 60 GeV
<latexit sha1_base64="HPmPx+9wVonRuW6xxQvqUWryVXc=">AAAB83icbZDNTgIxFIU7+If4N+rSzURi4orMGKMuiW50h4n8JDAhnXKBhk5n0t4SyYQn0ZVRd76JL+DbWHAWCp7V13tOk3tPlAqu0fe/nMLK6tr6RnGztLW9s7vn7h80dGIUgzpLRKJaEdUguIQ6chTQShXQOBLQjEY3M785BqV5Ih9wkkIY04Hkfc4o2lHXdTsIj5jdSSaM5mOYdt2yX/Hn8pYhyKFMctW67menlzATg0QmqNbtwE8xzKhCzgRMSx2jIaVsRAfQtihpDDrM5ptPvZN+ojwcgjd//85mNNZ6Ekc2E1Mc6kVvNvzPaxvsX4UZl6lBkMxGrNc3wsPEmxXg9bgChmJigTLF7ZYeG1JFGdqaSvb8YPHYZWicVYKLyvn9ebl6nRdRJEfkmJySgFySKrklNVInjIzJM3kj745xnpwX5/UnWnDyP4fkj5yPbyHYkbQ=</latexit>

Inclusive
<latexit sha1_base64="TtVqj+aWJbE5Q2G51Z7gFvi1nls=">AAACBnicbVDJTsMwFHRYS9gKHLlYVCBOUcJ+QKgCDhwLoovURJXjvrZWnUW2g1RFvcPPwAkBNz6AH+BvcEMkoGVO45mx9Gb8mDOpbPvTmJqemZ2bLyyYi0vLK6vFtfWajBJBoUojHomGTyRwFkJVMcWhEQsggc+h7vcvRn79DoRkUXirBjF4AemGrMMoUVpqFUvuJXBF8A3eOcO25ey7rvkjnWaSTtmWnQFPEicnJZSj0ip+uO2IJgGEinIiZdOxY+WlRChGOQxNN5EQE9onXWhqGpIApJdmZYZ4uxMJrHqAs/fvbEoCKQeBrzMBUT057o3E/7xmojonXsrCOFEQUh3RXifhWEV4tAluMwFU8YEmhAqmr8S0RwShSi9n6vrOeNlJUtuznCPr8PqgVD7PhyigTbSFdpGDjlEZXaEKqiKKHtATekVvxr3xaDwbL9/RKSP/s4H+wHj/ApvrlKQ=</latexit>

�R > 0.13

�R < 0.13

<latexit sha1_base64="qHtIVmg153J+Bm+Vpg9/pJ38Ek4=">AAAB6HicbZDLTgIxFIbP4A3xhrp000hMXBgyY/CyJLpxiYlcIkxIp5yBQueStmMkE95BV0bd+Ty+gG9jwVko+K++nv9vcv7jxYIrbdtfVm5peWV1Lb9e2Njc2t4p7u41VJRIhnUWiUi2PKpQ8BDrmmuBrVgiDTyBTW90PfWbDygVj8I7PY7RDWg/5D5nVJtR87GbDk/uJ91iyS7bM5FFcDIoQaZat/jZ6UUsCTDUTFCl2o4dazelUnMmcFLoJApjyka0j22DIQ1Quels3Qk58iNJ9ADJ7P07m9JAqXHgmUxA9UDNe9Phf1470f6lm/IwTjSGzESM5yeC6IhMW5Mel8i0GBugTHKzJWEDKinT5jYFU9+ZL7sIjdOyc14+u62UqlfZIfJwAIdwDA5cQBVuoAZ1YDCCZ3iDd2toPVkv1utPNGdlf/bhj6yPbyqPjR4=</latexit>xj,Z

Figure 2: LEFT PANELS: Δ𝑅 spectra of wide (blue dashed lines), narrow (red dashed lines) and inclusive
(full black lines) jets in pp (top) and PbPb (bottom) collisions. RIGHT PANELS: Comparison of the
corresponding 𝑥 𝑗 ,𝑍 distributions.
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<latexit sha1_base64="zhBi4V6IBbH1apj1KXE1837jzPQ=">AAAB6HicbZDJTsMwFEVfylTKVGDJxqJCYoGqBDEtK9iwLFIn0UaV4760ps4g20GqovwDrBCw43v4Af4Gt2QBLXd1/O619O7zYsGVtu0vq7C0vLK6VlwvbWxube+Ud/daKkokwyaLRCQ7HlUoeIhNzbXATiyRBp7Atje+mfrtR5SKR2FDT2J0AzoMuc8Z1WbUjvtp4+Q+65crdtWeiSyCk0MFctX75c/eIGJJgKFmgirVdexYuymVmjOBWamXKIwpG9Mhdg2GNEDlprN1M3LkR5LoEZLZ+3c2pYFSk8AzmYDqkZr3psP/vG6i/Ss35WGcaAyZiRjPTwTREZm2JgMukWkxMUCZ5GZLwkZUUqbNbUqmvjNfdhFap1Xnonp+d1apXeeHKMIBHMIxOHAJNbiFOjSBwRie4Q3erQfryXqxXn+iBSv/sw9/ZH18A/1KjQA=</latexit>pT,Z

<latexit sha1_base64="tKdH+xIgZzzUjOu2QhJCy5+9d6I=">AAAB9HicbZDLTsJAFIZPvSLeii7dTCQmLgi0xtuS6MYVwYRbhKaZTgeYML1kZoohDW+iK6PufBJfwLdxwC4U/FffnP+f5JzfizmTyrK+jJXVtfWNzdxWfntnd2/fLBy0ZJQIQpsk4pHoeFhSzkLaVExx2okFxYHHadsb3c789pgKyaKwoSYxdQI8CFmfEaz0yDULdqXWKyG/VvFjN22UHqauWbTK1lxoGewMipCp7pqfPT8iSUBDRTiWsmtbsXJSLBQjnE7zvUTSGJMRHtCuxhAHVDrpfPUpOulHAqkhRfP372yKAykngaczAVZDuejNhv953UT1r52UhXGiaEh0RHv9hCMVoVkDyGeCEsUnGjARTG+JyBALTJTuKa/PtxePXYbWWdm+LF/cnxerN1kROTiCYzgFG66gCndQhyYQeIRneIN3Y2w8GS/G6090xcj+HMIfGR/f5rCQMA==</latexit> 1/
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<latexit sha1_base64="AZ5WNuKaU6fvy3jr9qclFKAzg9Y=">AAAB8nicbZDJTsMwFEWdMpUyNMCSjUWFxCpKmFeoAhYsC6KD1EaV4762Vp1B9gtSFfVHYIWAHZ/CD/A3uCULKNzV8bvX0rsvSKTQ6LqfVmFhcWl5pbhaWlvf2CzbW9sNHaeKQ53HMlatgGmQIoI6CpTQShSwMJDQDEZXU7/5AEqLOLrHcQJ+yAaR6AvO0Iy6drlzDRIZvaMX1HW8o65dcR13JvoXvBwqJFeta390ejFPQ4iQS6Z123MT9DOmUHAJk1In1ZAwPmIDaBuMWAjaz2aLT+h+P1YUh0Bn75/ZjIVaj8PAZEKGQz3vTYf/ee0U++d+JqIkRYi4iRivn0qKMZ32pz2hgKMcG2BcCbMl5UOmGEdzpZKp782X/QuNQ8c7dU5ujyvVy/wQRbJL9sgB8cgZqZIbUiN1wklKnsgrebPQerSerZfvaMHK/+yQX7LevwC0ZI7Y</latexit>

�R > 0.13
<latexit sha1_base64="rglutwo1JYrAP1y4XxJt+WLu2jk=">AAAB8nicbZC7TsMwFIadcivl0gAji0WFxBQl3AeGChgYC6IXqY0qxz1trToX2SdIVdQXgQkBG4/CC/A2uCUDFP7p8/l/S+c/QSKFRtf9tAoLi0vLK8XV0tr6xmbZ3tpu6DhVHOo8lrFqBUyDFBHUUaCEVqKAhYGEZjC6mvrNB1BaxNE9jhPwQzaIRF9whmbUtcuda5DI6B29oK7jHXXtiuu4M9G/4OVQIblqXfuj04t5GkKEXDKt256boJ8xhYJLmJQ6qYaE8REbQNtgxELQfjZbfEL3+7GiOAQ6e//MZizUehwGJhMyHOp5bzr8z2un2D/3MxElKULETcR4/VRSjOm0P+0JBRzl2ADjSpgtKR8yxTiaK5VMfW++7F9oHDreqXNye1ypXuaHKJJdskcOiEfOSJXckBqpE05S8kReyZuF1qP1bL18RwtW/meH/JL1/gWxXo7W</latexit>

�R < 0.13

<latexit sha1_base64="XObH6dQNVgZi4QgAqyx/nPSBBdQ=">AAACAXicbVDLSgNBEJyNrxhfUY+CDAYhIoRdEfUYlUAUDysYoyQhzE46yeDsg5leMSw56c/oSdSbv+AP+DdOYg5qrFN1VzV0lRdJodG2P63UxOTU9Ex6NjM3v7C4lF1eudRhrDhUeChDdeUxDVIEUEGBEq4iBcz3JFS9m+OBXr0FpUUYXGAvgobPOoFoC87QrJrZdddzPVpHuMOE0rx7fVE+OaTb9LRULZ1t9ZvZnF2wh6DjxBmRHBnBbWY/6q2Qxz4EyCXTuubYETYSplBwCf1MPdYQMX7DOlAzNGA+6EYyzNGnm+1QUewCHc4/vQnzte75nvH4DLv6rzZY/qfVYmwfNBIRRDFCwI3FaO1YUgzpoA7aEgo4yp4hjCthvqS8yxTjaErLmPjO37Dj5HKn4OwVds93c8WjURFpskY2SJ44ZJ8USZm4pEI4eSBP5JW8WffWo/VsvXxbU9boZpX8gvX+BZoslFQ=</latexit>

PbPb (PYTHIA + JEWEL)
<latexit sha1_base64="iS0NShqdQ1MihP9y3qelp7pbKcE=">AAACB3icbVDJSgNBFOxxjXEb9eilMQqewoy4XQTRi6cQIRskIfR0XpImPYvdb8QwzAfoz+hJ1Jt3f8C/sbMcNLFO9V7Vg1flRVJodJxva25+YXFpObOSXV1b39i0t7YrOowVhzIPZahqHtMgRQBlFCihFilgvieh6vWvh3r1HpQWYVDCQQRNn3UD0RGcoVm17P2GvlOY6FbSQHjApFBI0/TiJO8cjWdagkrasnNO3hmBzhJ3QnJkgmLL/mq0Qx77ECCXTOu660TYTJhCwSWk2UasIWK8z7pQNzRgPuhmMkqT0oNOqCj2gI7m396E+VoPfM94fIY9Pa0Nl/9p9Rg7581EBFGMEHBjMVonlhRDOiyFtoUCjnJgCONKmC8p7zHFOJrqsia+Ox12llSO8u5p/vj2OHd5NSkiQ3bJHjkkLjkjl+SGFEmZcPJEXsg7+bAerWfr1XobW+esyc0O+QPr8wdyOZmY</latexit>p

sNN = 5.02 TeV
<latexit sha1_base64="Txy19eoGRV1yQvGZInlwZAy91+Y=">AAACGHicbZA5TwMxEIW94QrhClDSWEQgqmiXI1ChCAoog0QCIrtaec0kMXgP2bOIaJU/An8GKsRR0fFvcEKQwjHV83zP0rwXJFJotO0PKzc2PjE5lZ8uzMzOzS8UF5caOk4VhzqPZazOA6ZBigjqKFDCeaKAhYGEs+D6sM/PbkBpEUen2E3AC1k7Ei3BGZqVX9yp+dmVm4BKeuv7W7aLcIsZPYJGz3ULhl18s8oo84slu2wPhv4VzlCUyHBqfvHNvYx5GkKEXDKtm46doJcxhYJL6BXcVEPC+DVrQ9PIiIWgvWwQr0fXWrGi2AE6eI96MxZq3Q0D4wkZdvRv1l/+x5optva8TERJihBxYzGslUqKMe23RC+FAo6yawTjSpgrKe8wxTiaLgsmvvM77F/R2Cw7lfL2yXapejAsIk9WyCrZIA7ZJVVyTGqkTji5J4/khbxad9aD9WQ9f1lz1vDPMvkx1vsnfS6fXA==</latexit>

Pj? > 30 GeV

PZ? > 60 GeV

<latexit sha1_base64="HPmPx+9wVonRuW6xxQvqUWryVXc=">AAAB83icbZDNTgIxFIU7+If4N+rSzURi4orMGKMuiW50h4n8JDAhnXKBhk5n0t4SyYQn0ZVRd76JL+DbWHAWCp7V13tOk3tPlAqu0fe/nMLK6tr6RnGztLW9s7vn7h80dGIUgzpLRKJaEdUguIQ6chTQShXQOBLQjEY3M785BqV5Ih9wkkIY04Hkfc4o2lHXdTsIj5jdSSaM5mOYdt2yX/Hn8pYhyKFMctW67menlzATg0QmqNbtwE8xzKhCzgRMSx2jIaVsRAfQtihpDDrM5ptPvZN+ojwcgjd//85mNNZ6Ekc2E1Mc6kVvNvzPaxvsX4UZl6lBkMxGrNc3wsPEmxXg9bgChmJigTLF7ZYeG1JFGdqaSvb8YPHYZWicVYKLyvn9ebl6nRdRJEfkmJySgFySKrklNVInjIzJM3kj745xnpwX5/UnWnDyP4fkj5yPbyHYkbQ=</latexit>

Inclusive
<latexit sha1_base64="VDEYG7FU6637JzXrjKyF7iBbQpM=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfwNDBQsjSLQgNVHkmK/Uqp1E9hdEFeUB4GVgQsDGzgvwNrglAxRuOt+dpe8uSgXX6Lqf1tj4xOTUdGWmOjs3v7BoLy23dJIpBk2WiERdRVSD4DE0kaOAq1QBlZGAy6h3MvAvb0FpnsQX2E8hkPQm5h3OKBoptNd9pFmY+wh3mHcSJYviyKvvH/pbpSS3WRHaNbfuDuH8JV5JaqTEWWh/+NcJyyTEyATVuu25KQY5VciZgKLqZxpSynr0BtqGxlSCDvJhm8LZMGc42AVn+P6ZzanUui8jk5EUu3rUG4j/ee0MO4dBzuM0Q4iZiRivkwkHE2cwinPNFTAUfUMoU9xc6bAuVZShma5q6nujZf+S1k7d26/vne/WGsflEBWyStbIJvHIAWmQU3JGmoSRB/JEXsmbdW89Ws/Wy3d0zCr/rJBfsN6/AFhlmYs=</latexit>

⌧form < 1.68 fm/c
<latexit sha1_base64="+3YhQ6QrGflVfph1IQ+ZGasM13c=">AAACB3icbVC9TsMwGHT4LeUvwMgSUZAYUEkQfxOqYGEEiRakJooc85VatZPI/oKoojwAvAxMCNjYeQHeBrdkgMJN57uz9N1FqeAaXffTGhufmJyarsxUZ+fmFxbtpeWWTjLFoMkSkairiGoQPIYmchRwlSqgMhJwGfVOBv7lLSjNk/gC+ykEkt7EvMMZRSOF9rqPNAtzH+EO806iZFEcefX9Q3+rlOQ2K0K75tbdIZy/xCtJjZQ4C+0P/zphmYQYmaBatz03xSCnCjkTUFT9TENKWY/eQNvQmErQQT5sUzgb5gwHu+AM3z+zOZVa92VkMpJiV496A/E/r51h5zDIeZxmCDEzEeN1MuFg4gxGca65AoaibwhlipsrHdalijI001VNfW+07F/S2ql7+/W9891a47gcokJWyRrZJB45IA1ySs5IkzDyQJ7IK3mz7q1H69l6+Y6OWeWfFfIL1vsXW4OZjQ==</latexit>

⌧form > 1.68 fm/c

Figure 3: 𝑝𝑇 spectra of Z bosons (which we identify with the initial 𝑝𝑇 spectra of the recoiling jet). The
full colored lines correspond to ‘early’ (blue) and ‘late’ (red) jets, sampled according to their 𝜏form, whereas
the dashed curves represent the ‘wide’ (blue) and ‘narrow’ (red) jets, sampled according to their Δ𝑅. The
inclusive spectra is shown in solid black.

our 𝜏form-based selection, we define classes of ‘wide’ and ‘narrow’ jets according to the kinematics
of their first SD splitting. As can be seen in the bottom right panel of Fig. (2), there is indeed a
correlation between the initial opening angle of jets and their medium-induced energy loss. The
origin of this correlation can be explicitly stated when expressing 𝜏form as:

𝜏form ≈ 1
2𝐸𝑧(1 − 𝑧) (1 − cos𝜃12)

≈ 1
𝑧𝐸Δ𝑅2 . (4)

From this, it is clear that we can expect a correlation between smaller values of 𝜏form and larger
opening angles (and viceversa). Exploiting this correlation, in Fig. (2) we have defined jet classes
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that seem to be almost identical to those binned in 𝜏form and show the same signs of sensitivity to
energy loss. At this point, it is worth questioning whether we are actually selecting the exact same
jets in Fig. (1) and Fig. (2). In order to see this, one may examine the initial 𝑝𝑇 -spectra of the jet
samples defined through their 𝜏form and Δ𝑅 values. This is shown in Fig. (3). As can be seen in
this plot, when we use Δ𝑅 to bin our jets, we obtain a significant shift with respect to the inclusive
spectra (shown as a solid black line). This poses a fundamental problem: the energy loss that we
quantify with Δ𝑅-based binning is implicitly biased, as it is correlated to the initial 𝑝𝑇 . On the
other hand, when we perform a binning in terms of 𝜏form, the observed correlation is minimized,
thus providing a measurement of energy loss that is less sensitive to the initial 𝑝𝑇 of the jet.

4. Conclusions

We used the 𝜏 algorithm presented in [1] to extract the formation time 𝜏form and the opening
angle Δ𝑅 corresponding to the first SD splitting inside jets. We showed that one can use this
information to discriminate between jets according to their sensitivity to medium-induced energy
loss, and applied this technique in an analysis of JEWEL-generated Z+jet events at √𝑠𝑁𝑁 = 5.02
TeV. We observed that, by selecting jets according to 𝜏form, we minimize the bias of their initial
transverse momentum spectrum (which is a dominant effect when binning in Δ𝑅). This allows to
interpret the energy loss of jets unambiguously in terms of their formation time and independently
of their initial 𝑝𝑇 .

The results presented in this manuscript are part of an ongoing effort to explore the features,
limitations, and potential applications of the 𝜏 algorithm. Many future studies are foreseen as part
of this endeavor. For example, it would be desirable to confront the present results with a more
realistic simulation of the interaction with the medium. This can be achieved by including medium
response in JEWEL (more specifically, by employing the newly released background subtraction
algorithm [4]). We also plan to expand this study to include other jet substructure observables, such
as the jet mass. Crucially, we also intend to examine the connection between the extracted 𝜏form and
the actual lifetime of the medium. This will be a definite step towards a tomographic study of the
QGP.
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