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ABSTRACT: The selection of jets in heavy-ion collisions based on their pr after jet quenching
is known to bias towards jets that lost little energy in the quark-gluon plasma. In this work,
we study and quantify the impact of this selection bias on jet substructure observables so as
to isolate effects caused by the modification of the substructure of jets by quenching. We do
so at first in a simplified Monte Carlo study in which it is possible to identify the same jet
before and after quenching. We show explicitly that jets selected based on their quenched
(i.e. observable) pr have substantially smaller fractional energy loss than those selected
based on the pp that they would have had in the absence of any quenching. This selection
bias has a large impact on jet structure and substructure observables. As an example, we
consider the angular separation AR of the hardest splitting in each jet, and find that the
AR distribution of the (biased) sample of jets selected based upon their quenched pp is
almost unmodified by quenching. In contrast, quenching causes dramatic modifications to
the AR distribution of a sample of jets selected based upon their unquenched pp, with a
significant enhancement at larger AR coming from the soft particles originating from the
wake of the jet in the quark-gluon plasma. The jets which contribute to this enhancement
are those which have lost the most energy and which were, therefore, left out of the sample
selected after quenching. In a more realistic study, we then show that the same qualitative
effects can all be observed in Z+jet events. Selecting jets in such events based on either
the jet pr or the Z-boson pp provides an experimentally accessible way to quantify the
effects of selection biases in jet observables and separate them from the modification of jet
substructure caused by quenching. Selecting Z-+jet events based upon the jet pr yields
a AR distribution that appears almost unmodified whereas selecting Z-+jet events based
upon the Z-boson pr reveals a significant modification to the A R-distribution caused by
quenching, once again arising from the wakes of those jets that lose more energy.
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1 Introduction

High-energy collisions between large nuclei at the Large Hadron Collider and the Relativis-
tic Heavy Ion Collider produce droplets of the deconfined phase of QCD matter, known
as quark-gluon plasma. In these collisions, high momentum-transfer interactions between
partons in the nuclei can also produce collimated sprays of particles called jets. Because
the jets produced in a heavy ion collision plow through a droplet of quark-gluon plasma,
the number of jets above a given energy can be suppressed, and the characteristics of the
surviving jets can be modified, relative to what is seen in proton-proton collisions. The
discovery of parton energy loss [1, 2] and the observed suppression of jets in heavy ion colli-
sions compared to proton-proton collisions [3-5] provide crucial evidence for the formation
of quark-gluon plasma. The modification of jets in heavy ion collisions is an important
probe of the properties and structure of quark-gluon plasma. (See refs. [6-12] for reviews.)

The modification of the structure and substructure of jets in heavy ion collisions pro-
vides a more detailed view into the interplay between jets and an expanding cooling droplet
of quark-gluon plasma. Jets that develop while immersed in a hot background medium
have modified structure relative to those formed in vacuum, for example due to medium-
induced emission [13-16] or drag [17-22]. In addition, partons in the jet excite a “wake” in
the medium they pass through [23-29]. This wake carries momentum in the jet direction
“lost” by the jet partons and after hadronization therefore yields lower-py particles from
the medium that are correlated with the jet direction. As a consequence, even after sub-
tracting backgrounds that are uncorrelated with the jet axis, jets reconstructed in heavy
ion collisions include some particles originating from the wake. Substantial recent work
has focused on developing and employing novel jet observables [30, 31], including to distin-
guish the modification of the hard structure of jets [32-35] and the contribution of medium
response to observed features of jets [26, 36, 37]. A particularly interesting class of such
observables involve using jet grooming [38] to systematically remove soft and wide-angle
radiation from the jet. In proton-proton collisions, grooming improves the perturbative



calculability of jet observables [38, 39]. Measurements on groomed jets can access the
momentum sharing, z4, and opening angle, AR, of the first hard splitting in the shower,
respectively [40—43]. Speaking loosely, AR is the angular separation between the two most
separated substructures in a jet that pass the soft drop condition (see section 2 for details)
and z, is the momentum fraction carried by the softer of the two substructures. In heavy
ion collisions, due to backgrounds [44], the lack of angular ordering of the shower [45],
parton energy loss, and the response of the medium to the jet, these groomed observables
are not expected to provide direct access to the first hard splitting in the shower. However,
they remain precisely defined, and powerful, observables for characterizing the substructure
of quenched jets and can therefore be used to quantify how jet substructure is modified by
quenching [32, 33, 46-49]. For this reason they have been the subject of extensive recent
experimental study in heavy ion collisions [50-54].

A natural first thought is that if we wish to see how jets are modified via passage
through a droplet of quark-gluon plasma we should start by comparing the characteristics of
ensembles of jets selected with the same cuts in heavy ion collisions and proton-proton colli-
sions with the same collision energy per nucleon. This approach does not work in a straight-
forward fashion, however, because selection biases in heavy ion collisions play an important
role in the phenomenology of jet modification. The production of jets falls very steeply with
energy, so selecting jets in heavy ion collisions based on their pr after energy loss in the
plasma biases toward those jets that lost as little energy as possible [7, 26, 55, 56]. That is,
if we select an ensemble of jets with pr above some cut p$** in a sample of heavy ion collision
events, it is unlikely that our ensemble includes jets that lost a lot of energy since they would
have had pp > p§™*
duced. This selection bias that favors jets which hardly lose any energy has a large impact

had they not been quenched, and such jets are much more rarely pro-

on the apparent modification of jet structure and substructure observables [26, 33, 56-62],
biasing towards selecting those jets that are less modified. Selection biases can be reduced,
but not eliminated, in dijet events [63, 64] or using machine learning techniques [65, 66].

Despite their relative rarity, boson-tagged jet events are an important option for better
disentangling the effects of selection bias on observables from the effects of jet modification.
Since the quark-gluon plasma is transparent to uncolored bosons (photon or Z), loosely
speaking the pr of the boson gives information about the energy that the recoiling jet would
have had if it too were unmodified by the plasma. The importance of boson-tagged hadron
measurements was first appreciated in ref. [67]. Boson-tagged hadron and jet studies have
since garnered substantial theoretical attention [68-78]. In the special class of events where
a jet recoils against a boson, we can identify an ensemble of jets produced in association with
an uncolored boson (photon or Z) whose pp is above some cut. Though the picture that the
Z and recoiling jet pr are balanced in the absence of quenching is too simple [79], we will
show that it is also not crucial: selecting jets based upon the pr of the boson nonetheless
avoids the selection bias that we are trying to disentangle ourselves from. Boson-tagged
jet measurements [80-86] thus provide important complementary information to inclusive
jet measurements or measurements of dijet events.

In this paper we systematically study the effects of selection bias. As an illustrative
simplifying case for a Monte Carlo study, we first consider a sample of jets generated



in PyTHIA8 [87] without including any effects of nuclear parton distribution functions
(nPDFs); in the hybrid model of jet quenching this allows us to produce “unquenched” jets
(as in pp collisions) and subsequently compute their modification by the plasma, jet by jet,
as we will discuss extensively in the next section. We call this a “matched jet” sample,
since for each individual unquenched jet we can look at the corresponding quenched jet
and vice versa. In this Monte Carlo analysis, we can compare each quenched jet with
the unquenched jet that it would have been in the absence of medium effects. With this
collection of matched jets in hand, we can then select an ensemble of jets based on the pr
of either the quenched or the unquenched jet. The difference between the distribution of
some jet observable in these two ensembles quantifies the role of selection bias. It should
be apparent that this analysis can only be done in a Monte Carlo study, not in an analysis
of experimental data: experimentally, ensembles of jets in proton-proton and heavy ion
collisions are selected based only upon their pr and are compared to each other at the
distribution level. It is impossible, even in principle, to imagine accessing the properties
of the same jet with and without the effects of quenching. Nevertheless, the results of this
Monte Carlo study prove to be illustrative indeed.

Next, we turn to an analysis that may be experimentally realizable by considering
a sample of jets produced in association with (e.g. recoiling against) a Z boson.! We
investigate the role of selection bias by comparing ensembles of jets based either upon
requiring the Z boson pr to be above some cut or upon requiring the (quenched) jet pr to
be above some cut.

This paper is structured as follows. In section 2, we discuss the Monte Carlo samples
we use and describe the matching procedure we employ to match quenched and unquenched
versions of the same jet. In section 3, we show that selecting jets based on the quenched pr
substantially reduces the fractional energy loss of jets in the sample compared to selecting
on the unquenched pr or the pr of the Z boson. We discuss the implications of this
effect for jet structure and substructure observables, with the AR of groomed jets and the
C’fl) [88] (related to the angular width) of ungroomed jets as examples. When selection
biases favoring jets that lose little energy are eliminated, for example by choosing a sample
of events based upon the pr of a Z boson in them, we find that the distribution of these
jet observables is substantially modified by quenching. Substantial contributions come
from hadrons originating from the wake of the jets in the quark-gluon plasma that are
reconstructed (as in an experimental analysis) as part of the quenched jets. In contrast,
evidence for these substantial modifications to the structure of jets introduced by quenching
is largely absent in ensembles of jets selected with a bias favoring those jets that lose the
least energy, as for jets in heavy ion collisions selected based upon their pp. In section 4,
we study how different grooming settings can be used to enhance or reduce the effects of
medium response in Z+jet events.

! Although the points that we make in this paper could be made for jets produced in association with a
photon originating from the same initial hard scattering that produces the jets, we focus on Z+jet events
since all Z bosons originate in that way whereas photons can originate from parton showers or from the
subsequent decay of high-pr hadrons.



2 Monte Carlo samples and matching quenched and unquenched jets

The results in this work are based on the hybrid model of jet quenching introduced in
refs. [26, 33, 61, 74, 89-91]. Jets in the hybrid model are produced in PYTHIA8 [87]
and the vacuum parton shower appropriate for a proton-proton collision obtained from
PyTHIA can then be embedded in an evolving, boost-invariant hydrodynamic medium
in which each parton in the shower loses energy. We shall use an inclusive jet sample
and a Z+jet sample, both produced in pp and PbPb collisions with /syny = 5.02 TeV.
We choose a hydrodynamic medium corresponding to the 0 — 5% most central heavy ion
collisions at that \/syy. Events in the inclusive jet sample come from an initial hard parton
scattering with pr > 50 GeV, while the Z+jet sample was generated for hard processes with
pr > 5GeV with a p;‘r’ weighting to over-sample high-pr processes. We reconstruct jets
using FASTJET [92] with the anti-kr algorithm [93] with a jet radius parameter of R = 0.4.
The inclusive jet sample is generated without nuclear PDFs (which enables the Monte
Carlo matching procedure discussed above and, in more detail, below) and we require jets
to have |n| < 1.8. For the Z+jet sample we include nuclear PDFs and require |nz| < 2.4.

In the hybrid model, the final-state energy loss of partons in the shower has a depen-
dence on path-length that is inspired by a calculation for energy loss at strong coupling
in holography [94, 95]. The hybrid model contains a single free parameter kg. control-
ling the energy loss rate dE/dz of a parton in the strongly-coupled plasma. The samples
discussed here were generated with kg, = 0.404, which is the best-fit value for describing
hadron and jet suppression at 7" = 145 MeV without resolution effects included [61, 90].
We include hadronization effects and the wake that the jet leaves behind in the medium
through which it propagates. However, we can distinguish between particles coming from
the PYTHIA shower and particles produced from medium response, and hence can either
include or neglect the effect of medium response in the jet reconstruction. The hybrid
model does not include a genuine fluctuating background, meaning that background sub-
traction in the model [26, 33| is not a complete representation of background subtraction
as done by experimentalists; note that the latter can also have an important effect on jet
structure and substructure [44, 96].

For our illustrative, but simplified, Monte Carlo study, we consider an inclusive jet
sample generated without nPDFs. In this case, we can produce “unquenched” jets (as in
pp) and subsequently compute their modification by the plasma in the hybrid model. We
start with a sample including every unquenched jet from the sample of jets from PYTHIAS
described above whose reconstructed transverse momentum has pr > 30 GeV. We then
match each unquenched jet in an event to the quenched jet in the same event that has
pr > 30 GeV that is closest in the (7, ¢) plane, requiring that /An? + A¢? < 0.4 between
the quenched and unquenched jet. For emphasis, we restate that this is a Monte Carlo study
which relies upon a matching procedure that cannot be realized, even in principle, with ex-
perimental data and also relies upon neglecting nuclear PDFs. It is additionally important
to note that the PYTHIA shower in the hybrid model does not engage dynamically with the
medium evolution, so the structure of the shower is (assumed to be) identical in the vacuum
and heavy-ion samples, despite energy loss of partons in the shower. This assumption is
common to many heavy ion energy loss models, but is to be contrasted with JEWEL [97].
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Figure 1. Illustration exemplifying the Monte Carlo matching procedure. Left panel: (7, ¢) distri-

bution of hadrons in an unquenched jet, as reconstructed. Middle panel: the same jet, reconstructed

after quenching but upon leaving out hadrons originating from the response of the medium, e.g. the

wake the jet excites. Right panel: the same jet, reconstructed after quenching, with hadrons from

the medium response included. Color indicates hadron pr as a fraction of the pp of this unquenched
jet, which has pp'% = 177 GeV.

In figure 1, we show a visual representation of jets before and after quenching that were
matched in this way. In the case of the quenched jet, we show it both with and without
hadrons originating from the response of the medium to the jet. Since jets lose momentum
to the medium, they leave behind a wake in the droplet of quark-gluon plasma that has a net
momentum in the jet direction. After hadronization, this wake turns into hadrons. Because
their net momentum is in the jet direction, what an experimentalist reconstructs as a jet
after perfect subtraction of uncorrelated backgrounds would still contain these hadrons.

We select samples of matched jets either by their quenched pr (keeping only matched

cut

jets where the quenched jet has p}: > p$™) or by their unquenched pr (keeping only matched

ung. cut

jets where the unquenched jet has pp'@ > pS™). In either case, we choose p§* = 80 GeV.

We include the zero, one or two jets from each event that satisfy pr > p*. Note that

in the sample selected with p'Y > p§'*, the matched quenched jets can have transverse

momenta well below p$*t, as low as 30 GeV. In cases where the quenched jet has lost so
much energy that its pr has dropped below 30 GeV, the unquenched jet has no match and

is removed from the sample.

Next, we propose a comparison that s realizable using experimental data. We shall
see that although it is not quite as crisp as the one above, it yields similar conclusions.
We consider a Z+jet sample generated as described above, this time with nPDFs included.
We study selection bias by comparing results obtained from two samples. First, we select

events in which p% > pSit

where we choose pi*' = 80 GeV, and include the highest-pr jet in
each such event in our sample. If no jet with pr > 30 GeV is reconstructed in an event we
discard that event from the analysis. The jet py may be much lower than p$**, although
it will have pr > 30 GeV. For our second sample, we select jets in events with a Z boson
where the jet satisfies pit* > pSt, as before choosing p** = 80 GeV. Although they are rare
in this sample, by analogy with the procedure that we followed in our inclusive jet analysis

we exclude any events in which the Z boson transverse momentum is below 30 GeV.



The soft drop algorithm [38] that we employ to construct the groomed observables that
we analyze in all these samples has two parameters zq,t and § that determine the extent
of the grooming. After clustering jets with any algorithm (here, anti-k;), constituents are
iteratively reclustered with those closest in the (7, ¢) plane using the Cambridge-Aachen
algorithm. The soft drop algorithm then goes through the reclustered tree recursively,
discarding the softer branch until

min(pr.1, pr2) - Zcut( R12> . 2.1)

pr1+ P12 R

Here, pr1 and pro are the transverse momenta of subjets 1 and 2 and AR;9 is their
angular separation in the (n, ¢) plane. AR and z, refer to the angular separation and the
momentum sharing of the earliest splitting that satisfies the condition eq. (2.1). Except in
section 4, we will show results for jets groomed with z.iy = 0.1 and 8 = 0. In section 4
we will further explore the influence of different grooming settings on the contribution of
particles originating from medium response.

3 Role of selection bias in jet observables

In this section, we study the role of selection bias in jet substructure observables, using
the AR distribution of jets groomed with z., = 0.1, 8 = 0, and the Cfl)distribution of
ungroomed jets as illustrative examples. In different ways, both of these observables are
measures of the angular width of a jet. In vacuum, the AR of a jet has the interpretation
as the opening angle of the first, largest angle, hard splitting. More generally, it is the
angular separation between the two most separated substructures in a jet, as identified via
the soft drop procedure [38]. Cfl)is defined from the angular distribution of energy in an
ungroomed jet and is more directly related to the jet width [88].

In all subsequent figures, we shall show results for jets selected based on their quenched
pr (both for the matched jets from our inclusive jet sample, and for the jets in our Z+jet
sample) in blue. And, we shall show results for jets selected based on their unquenched pr
(for matched jets) or the pr of the recoiling Z boson (for Z-+jet) in orange. As we discussed
in the Introduction, the pr of the Z boson does not tell us the unquenched jet pr in any
straightforward way. We use the same color to depict results for matched jets selected based
upon their unquenched pr and Z+jet results for jets selected based upon the pr of the Z
only because both these selection methods are free from any bias favoring jets that lose less
energy. We shall see that eliminating this selection bias has similar consequences in the
two cases. As described in the previous section, we impose a selection cut of 80 GeV on the
appropriate pr, and additionally require all jets considered to have pr > 30 GeV. Dotted
lines in all subsequent figures show the distributions of observables for unquenched jets in
vacuum, dashed lines show the distributions for jets quenched by the medium produced
in a heavy ion collision but without including the hadrons coming from the wake in the
medium induced by the jet, and solid lines show the distributions for quenched jets in a
heavy ion collision including the hadrons coming from the response of the medium.
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Figure 2. (a) AR distributions for a sample of jets selected on the basis of having quenched
pr above 80 GeV (solid and dashed blue) and the matching unquenched jets (dotted blue). Each
quenched jet was matched to the unquenched jet that it would have been if it had formed in vacuum.
(b) AR distributions for a sample of jets selected on the basis of having unquenched pr above 80 GeV
(dotted orange) and the matching quenched jets (solid and dashed orange). Dashed curves are for
jets quenched as in a heavy ion collision with hadrons originating from medium response artificially
excluded; solid curves are for quenched jets including those hadrons from medium response that
are reconstructed as a part of the jets.

In figure 2, we show the distributions of AR for samples of matched jets selected in
these two different ways, blue and orange. We emphasize that the selection biases are
identical for all the blue curves, and are identical for all the orange curves, since in either
the blue samples or the orange samples every selected quenched jet is matched with an
unquenched jet or vice versa. The selection biases are very different for blue relative
to orange since the blue samples were selected on the basis of the quenched jet having
pr > P = 80 GeV, which biases the blue sample strongly in favor of those jets that lose
the least energy. This kind of selection bias is sometimes called a “survivor bias”, since
the sample includes only those jets that “survive quenching”, where here “survive” means
keep their transverse momentum above p$'. Jets that lose more energy are not selected.
This bias is absent in the orange samples, where the sample of quenched jets includes jets

whose unquenched pr was above the cut but which have lost a lot of py due to quenching.

For both selections, blue and orange, the pp (dotted) and PbPb without medium re-
sponse (dashed) AR distributions agree remarkably well. Seeing this in the blue curves
alone would leave us unsure whether the message is that the selection bias inherent in the
blue samples could be responsible (meaning that this lack of modification in the AR distri-
bution is only characteristic of a sample biased towards jets that lose the least energy) or
whether the message could be that in the hybrid model jet quenching results in little modi-
fication of the AR of a jet, if particles originating from medium response are artificially ex-
cluded from the jet. Because we see that the orange dashed curve also agrees so well with the
orange dotted curve, we can now reach the latter conclusion with confidence since there is no
bias toward jets that lose less energy in the orange samples. One effect of the selection bias



in the blue samples can be seen from the fact that all distributions in figure 2a are narrower
than those in figure 2b: by selecting on the quenched pp as in figure 2b, one selects those
(typically narrower) jets that are less modified, compared to selecting on the unquenched
pr as in figure 2b. We learn that it is the narrower jets that lose less energy; the “survivor
bias” turns out to also be a bias in favor of selecting narrower jets with smaller AR.

The story becomes more dramatic for the solid curves in figure 2, when the hadrons
originating from the wake in the droplet of quark-gluon plasma excited by the passing jet
are included (as must be the case for jets as reconstructed from experimental data). There
is a substantial contribution of jets with large AR in the solid orange curve in figure 2b that
is not seen in the solid blue curve in figure 2a (which is quite similar to the blue dashed and
blue dotted curves). This contribution also makes the solid orange curve very different from
the dotted orange curve. When we include hadrons from medium response, as is the case in
jets reconstructed from experimental data, our conclusion becomes: (i) in the hybrid model,
jet quenching does result in a substantial modification of the AR of a jet, compare orange
solid to orange dotted; but (ii) this effect is essentially made invisible by the selection bias
inherent in selecting jets whose quenched pr is above some cut, as in the blue curves. Con-
clusion (i) provides a dramatic illustration of the fact that in heavy ion collisions AR does
not describe the first hard splitting during the formation of the jet in any straightforward
fashion. Conclusion (ii) indicates that the jets in the solid orange distribution whose AR has
been substantially increased by quenching, and the consequent medium response, are at the
same time jets that have lost a lot of energy and hence were not included in the blue sample.

We have argued that the contribution at large AR seen in the solid orange curve
in figure 2b comes from those jets that have lost a large fraction of their energy and are
therefore not represented in figure 2a due to the selection bias inherent in the blue samples.
This claim is substantiated in figure 3, as we explain below. We show in figure 3a the
distributions of the pr asymmetry between a quenched jet and its matched unquenched
jet (that is, the fractional energy loss experienced by the jet due to quenching) for jets
selected based on their quenched pr (blue) and unquenched pp (orange). The selection
bias introduced by selecting on the quenched pr can be seen by the fact that the blue
distributions in figure 3a are much closer to zero than the orange distributions. This
confirms that the bias in the blue samples is indeed a bias toward jets that lose less energy.
Figure 3b and figure 3c show the fractional energy loss distributions for jets in the blue
and orange samples with AR < 0.2 and AR > 0.2, respectively, inspired by isolating the
prominent enhancement at large AR in the solid orange curves in figure 2b. When including
medium response, the jets with large AR (contributing to the enhancement in figure 2b)
also have much larger average energy loss than those with small AR. This is seen by the
solid orange distributions being peaked at larger fractional energy loss in figure 3¢ than in
figure 3b. This substantiates our claim. It is important to keep in mind that, when medium
response is not included, jets with AR > 0.2 make up only a very small fraction of all jets,
unlike when medium response is included. Therefore the dashed orange curves in figure 3b
and figure 3¢ should be interpreted with caution; we provide them only for completeness.

We note that measurements of AR have been reported in ref. [52] and show good
agreement with previous calculations in the hybrid model provided for that publication.
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Figure 3. (a) Fractional energy loss for matched jets with quenched pr above 80 GeV (blue) and
unquenched pr above 80 GeV (orange) in heavy ion collisions without (dashed) and with (solid)
medium response. Blue and orange samples are as in figure 2, as is the meaning of dashed versus
solid. Panels (b) and (c) show the same distributions for those jets with AR < 0.2 and AR > 0.2,
respectively.

The ratio of the solid and dotted blue curves in figure 2a are fully comparable to the hybrid
model curves depicted in green in figure 3 of [52], with the exception that the kinematic cuts
and grooming parameters are somewhat different. We therefore hope that the conclusions
in the present work may aid in interpreting this measurement by highlighting the degree
to which effects of selection bias contribute to what is seen.

Returning to the comparison between the solid orange and solid blue curves in figure 3a,
we remark that the solid orange curve is in a sense of greater interest since it provides a
fair representation of the distribution of the fractional energy loss experienced by jets
due to their passage through the quark-gluon plasma produced in heavy ion collisions.
The solid blue curve shows how dramatically the fractional energy loss, which is to say the
consequence of the interaction between the partons in the jets and the quark-gluon plasma,
is lessened by selecting a sample of quenched jets with pr above some cut. Unfortunately,
any inclusive sample of jets in real heavy ion collision data selected via cuts on the jet pr
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Figure 4. Cfl)distributions for jets with quenched pr above 80 GeV (a) and unquenched pr above
80 GeV (b), in vacuum (dotted), in heavy ion collisions without medium response (dashed), and in
heavy ion collisions with medium response (solid).

must include a selection bias that makes the distribution of the fractional energy loss in
the sample analogous to that in our blue curve.

Though we have so far illustrated the consequences of selection bias, quenching, and
medium response via their effects on the AR distribution, we wish to emphasize that our
conclusions are not specific to this observable or to the grooming necessary to obtain it.

In figure 4 we repeat the analysis of figure 2 using the C’g)observable, a measure of the

angular width of ungroomed jets. We show the Cfl)distributions for jets selected based on
the quenched pp (blue; figure 4a) and based on the unquenched pp (orange; figure 4b). Asin
figure 2, there is a significant enhancement in the contribution of jets with large C{l)to the
solid orange distribution, where we have eliminated bias favoring jets that lose less energy
and included the hadrons originating from medium response as part of the reconstructed
jets. This effect is almost eliminated by the selection biases present in the blue sample,

meaning that the jets whose C%l)has increased in the solid orange distribution are jets that

have lost a significant amount of energy. As for AR, the Cfl)of jets is significantly modified
by quenching, as long as we make sure to include hadrons originating from medium response

and as long as we avoid biases favoring the selection of jets that have lost little energy.

Although the samples of matched jets selected and used in figure 2 is very useful
for investigating the impact of selection biases, selecting samples in this fashion is not
physically realizable in any analysis of experimental data. We therefore present in figure 5
a similar analysis using jets from Z+jet events selected in two different ways, both of which
could be employed by experimentalists. Figure 5 shows the AR distributions for samples
of jets that are either selected based on the pr of the jet (figure 5a) or based on the pr of
the Z boson (figure 5b). As in figure 2b, there is an enhancement at large AR in figure 5b
originating from the response of the medium to the jets that is absent in figure 5a. Selecting
jets with pr above some cut, as in the blue curves of figure 5a, biases our sample toward
jets that lose little energy. They hence excite almost no wake in the droplet of QGP and
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Figure 5. AR distributions, (a, blue curves) for jets with pr above 80 GeV in Z+jet events and
(b, orange curves) for jets in events containing a Z boson with pr above 80 GeV. We show these
distributions for Z+jet events in vacuum (dotted), in heavy ion collisions with hadrons coming from
the wake that the jet deposits in the droplet of quark-gluon plasma artificially excluded (dashed),
and in heavy ion collisions including hadrons coming from the response of the medium that are
reconstructed as a part of the jets (solid).

consequently yield similar AR distributions for Z+jet events in vacuum or in heavy ion
collisions, whether or not the hadrons coming from the wake are included. In contrast,
when we select Z bosons with pr above some cut as in the orange curves of figure 5b, we
see that the AR distributions of the recoiling jets are modified by quenching, in particular
when the hadrons coming from the wake are included in the analysis. The observation that
the contribution of the wake is enhanced for jets that lost more energy was made previously
in ref. [98]. It is also noteworthy that the AR distributions that were remarkably similar
between pp and PbPb without medium response in the matched jet sample of figure 2 have
substantial differences in this case. This is presumably due to the fact that jets with the
same pr are not all the same: whereas the matched jet sample identifies identical jets with
or without quenching, here we compare jets above a cut in Z+jet events (blue curves) to
jets in Z+jet events where the Z is above that same cut (orange curves).

In both figure 2 and figure 5 the selection in orange does not bias the sample towards
jets that lose little energy whereas the selection in blue does. In the matched jet analysis of
figure 2 there is no other difference between the blue and orange samples, but that cannot be
the case in figure 5. Although the analysis in figure 2 is the cleanest possible way to look at
the effects of selection bias, the analysis in figure 5 has the great virtue of being realizable.
We urge experimentalists analyzing Z+jet events in heavy ion collisions to perform both
the blue selection and the orange selection, in pp data and in PbPb data, to see how they
differ. An enhancement in the AR distribution at large AR in the orange analysis could
be an indication of the importance of medium response to the modification of jets, and a
demonstration that such modifications are obscured by selection bias in the blue analysis.

As before, we confirm in figure 6 that the enhancement at large AR in figure 5b is from
jets that lose a large fraction of their energy. An important difference with respect to the
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Figure 6. (a) Fractional pr asymmetry between a Z boson and its recoiling jet, for jets with jet
pr above 80 GeV (blue) and Z pr above 80 GeV (orange) in vacuum (dotted), and in heavy ion
collisions with hadrons originating from medium response artificially excluded from (dashed) or
included in (solid) the reconstructed jets. Panels (b) and (c) show the same distributions for those
jets with AR < 0.2 and AR > 0.2, respectively.

matched jet sample, however, is that a Z boson and its recoiling jet do not have the same
pr even in pp. Therefore we show additionally in figure 6 the distribution of fractional
energy difference of the Z and jet in pp. As before, selecting on the Z boson pr (orange)
rather than the jet pr (blue) substantially enhances the contribution of jets that lost a
large fraction of their energy due to quenching. Also as before, jets with larger AR tend to
experience a larger fractional energy loss than those with smaller AR, particularly when
selecting jets based on the Z boson pr. The big advantage here is that samples selected
as in either the solid blue curve or the solid orange curve in figure 6a can be realized in
an actual analysis of Z+jet data from experiment, whereas an inclusive jet comparison
between orange and blue samples as in our figure 3a is impossible with real data. We
note again that the Z boson pp and jet pr are substantially different in pp collisions; the
former does not tell us the latter. Regardless, we see that selecting events based upon the
Z boson pr in heavy ion collisions gives qualitatively similar results to selecting on the
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Figure 7. C’{l)distributions, (a) for jets with pr above 80 GeV and (b) for jets recoiling against a Z
boson with ppr above 80 GeV, in vacuum (dotted), in heavy ion collisions without medium response
(dashed), and in heavy ion collisions with medium response (solid).

unquenched jet pr in a matched sample, because in both cases we eliminate the selection
bias toward jets that lose less energy. We also note that the interpretation of Z+jet event
data is also more straightforward in an additional way: since the Z produces no wake,
complications arising from the wake of one jet affecting how a different jet in the same
event is reconstructed [99] are much reduced.

In figure 7 we show the Cfl)distributions for jets from Z+jet events selected based
on the jet pr (figure 7a) and based on the Z boson pr (figure 7b). The C%l)distributions
are narrower and closer to zero in the first selection than the second, confirming that here
as in figure 4 the biases inherent in the way the blue sample is selected yield a sample of
jets biased toward smaller CF). That is, jets with smaller C’P)are more likely to survive
quenching with little energy loss, indicating that narrower jets lose less energy than wider

jets with the same pr.

4 Impact of grooming on medium response

In this section, we explore how different grooming settings can either increase or decrease
the enhancement at large AR. As we saw in section 3, removing selection biases toward
jets that lose little energy reveals a contribution to the modification of jets by quenching
that comes from the response of the medium to the jet. Grooming settings that serve to
groom away more of these hadrons coming from the wake should decrease the enhancement
at large AR. For fixed zeys, increasing (decreasing) ( includes more (grooms away more)
soft and wide-angle particles, while for fixed 8 decreasing (increasing) zcu; includes more
(grooms away more) softer particles.

In figure 8 we show the effect of medium response on the AR distributions for Z boson-
tagged jet samples (selected by requiring the Z boson pr to be above 80 GeV, as in the
orange curves in section 3) with all combinations of zcyt = 0.1 or 0.3 and =0 or 1. By
comparing the red lines in figure 8a with the green lines in figure 8b, or by comparing the
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Figure 8. AR distributions with and without medium response for z.,t = 0.1,0.3, 3 = 0 (a)
and zeyt = 0.1,0.3, 8 =1 (b), for jets recoiling against a Z boson with pr above 80 GeV (namely,
jets selected as in the orange curves of figure 5b). All curves are for quenched jets as in PbPb
collisions. Dashed curves indicate in-medium jets where hadrons originating from the wake in the
medium have been artificially excluded, whereas solid curves indicate those where particles from
the response of the medium are included.

blue lines in figure 8a with the orange lines in figure 8b, we see that for a fixed zcyt, the
effect of increasing [ corresponds to softer grooming. That is, more soft medium response
particles are included if 3 is larger. Now, fix § and let z.y vary: by comparing the red
and blue lines of figure 8a; or by comparing the green and orange lines of figure 8b, we see
that increasing z., corresponds to grooming away more of the medium response particles,
as the effect of medium response is larger in red than in blue, and larger in green than in
orange. This figure shows that one can change the AR distribution and the magnitude
of the enhancement of large AR by tuning the values of z.,4 and §. Soft Drop grooming
settings of zeyt = 0.3 and 8 = 0 decrease the effect of medium response by grooming away
the particles that result from it, while z.y¢t = 0.1 and 8 = 1 keep more of these particles
and hence yield larger effects of medium response in the observed AR distribution.

5 Conclusion and discussion

In this paper we have illustrated the impact of selection biases on jet structure and sub-
structure observables. In a simplified Monte Carlo setup, we identified quenched and
unquenched versions of the same jet. Jets selected based on their quenched pr lose much
less energy than those selected based on their unquenched pr: the former selection method
introduces a bias that favors those jets that lose the least energy whereas the latter se-
lection method does not introduce this bias. This has dramatic consequences for the AR
and C’fl) distributions. The selection bias that results from selecting jets whose quenched
pr is above some cut pushes the distributions of both AR and C’{l)toward smaller values
(meaning that among jets with a given pr, it is the narrower jets that lose the least energy).
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It also substantially reduces the effect of medium response on the distributions (since jets
that lose the least energy create the smallest wake in the QGP).

Next, we found qualitatively similar results in a more realistic, experimentally realiz-
able, study of Z-tagged jet events. By selecting jets based on requiring that the pr of the
recoiling Z boson is above some cut we eliminate the bias favoring those jets with a given
pr that lose the least energy. Selecting jets by cutting only on the Z boson pp gives a more
unbiased view of how jet quenching modifies AR and Cfl). When selection biases (those
arising from selecting jets whose own pp is above a cut) are eliminated, the hadrons origi-
nating from the response of the medium contribute quite significantly to the modification
of jets due to quenching, and serve to enhance the distributions at large values of AR and
C'fl) . Last, we showed that different grooming settings can be used to vary the importance
of medium response contributions in Z+jet studies.

These results have important consequences for the interpretation of jet modification
observables in heavy ion collisions. Selection biases that favor selecting those jets with a
given pr that have lost the least energy substantially reduce the contribution from medium
response to jet observables. This makes sense, since jets that lose less energy also create
less of a wake. The same selection biases also shift the observed distributions of both
AR and C’{l)to lower average values, meaning that the jets that lose the least energy are
those with smaller AR and Cfl), which is to say those that are narrower. Furthermore,
to the extent that jets do lose energy and excite a wake in the plasma, the contribution
to AR from hadrons originating from this wake obscures the connection between the AR
measured in heavy ion collisions and the physics of the first hard splitting.

In this paper, we have shown results from two kinds of model studies that provide
evidence for these conclusions: comparisons between matched quenched and unquenched
jets from inclusive events, and comparisons between two samples of jets from Z+jet events,
each selected in different ways. The former approach is only possible in a Monte Carlo
analysis; it is impossible to know what a quenched jet in a heavy ion collision would
have looked like if it had been produced in vacuum. The latter approach, though, can
be employed by experimentalists. The analyses whose results we have shown in the solid
blue and orange curves in figures 5, 6 and 7 as well as all four solid curves in figure 8
can, and we urge should, all be done with real Z+jet data. The “orange” analysis can be
done with a Z+jet sample selected in a conventional way. The “blue” analysis requires
selecting a large sample of events containing a jet with pp > p$**, for example pr > 80 GeV,
and then keeping only the (small) fraction of those events that also contain a Z boson.
Although unconventional, this can certainly be done. The motivation for doing these Z-+jet
analyses is the opportunity to compare the “orange” and “blue” distributions for AR and
C’{l)obtained from experimental data with each other. Doing so will demonstrate the effects
of the particular selection bias present in the blue analysis and absent in the orange analysis
in real data, rather than in the model analyses that we have presented as motivation. If
the qualitative differences point in the same direction that our results in figures 5, 6a
and 7 do, this would constitute an experimental demonstration that narrower jets lose less
energy than wider jets with the same pp. Furthermore, if the shape of the orange results
obtained from experimental data for the comparison between the fractional pr asymmetry
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at small and large AR are in qualitative agreement with what we have found in figures 6b
and 6¢, and if the dependence of the AR distribution on choices of grooming parameters
is in qualitative agreement with what we have found in figure 8, this would provide strong
evidence from experiment that hadrons coming from medium response are central to the
modification of AR in those jets that lose significant energy and create a significant wake.
Our model study thus provides strong motivation for the discovery potential of performing
the analyses we have described with experimental Z+jet measurements.
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