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We introduce a new “quantile” analysis strategy to study the modification of jets as they traverse through
a droplet of quark-gluon plasma. To date, most jet modification studies have been based on comparing the
jet properties measured in heavy-ion collisions to a proton-proton baseline at the same reconstructed jet
transverse momentum (p7). It is well known, however, that the quenching of jets from their interaction with
the medium leads to a migration of jets from higher to lower pr, making it challenging to directly infer
the degree and mechanism of jet energy loss. Our proposed quantile matching procedure is inspired by
(but not reliant on) the approximate monotonicity of energy loss in the jet p7. In this strategy, jets in heavy-
ion collisions ordered by p; are viewed as modified versions of the same number of highest-energy
jets in proton-proton collisions, and the fractional energy loss as a function of jet py is a natural observable
(Q44)- Furthermore, despite nonmonotonic fluctuations in the energy loss, we use an event generator to
validate the strong correlation between the p of the parton that initiates a heavy-ion jet and the p; of the
vacuum jet which corresponds to it via the quantile procedure ( p‘}uam). We demonstrate that this strategy
both provides a complementary way to study jet modification and mitigates the effect of p; migration in
heavy-ion collisions.

DOI: 10.1103/PhysRevLett.122.222301

The deconfined phase of QCD matter, the quark-gluon
plasma, was first discovered in collisions of heavy nuclei at
the Relativistic Heavy Ion Collider [1-5] and confirmed at
the Large Hadron Collider [6—8]. As in high-energy proton-
proton collisions, heavy-ion collisions produce collimated
sprays of particles, called jets, from highly energetic
scatterings of quarks and gluons. The observation of “jet
quenching”—a strong suppression and modification of
jets in heavy-ion collisions [7-9]—ushered in a new era
of studying the properties of the quark-gluon plasma by
measuring its effect on jets [10-23].

A central issue in interpreting jet quenching measure-
ments is that medium-induced modifications necessarily
affect how jets are identified experimentally. Current
methods compare proton-proton and heavy-ion jets of
the same final (reconstructed) transverse momentum pry
and, as such, inevitably suffer from significant biases from
the migration of jets from higher to lower p; due to
medium-induced energy loss (see Refs. [24,25]). While
these methods have been very successful in qualitatively
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demonstrating the phenomena of jet quenching, quantitive
studies often necessitate interpreting the data through theo-
retical models which include migration effects. Ideally, one
would like to isolate samples of jets in proton-proton and
heavy-ion collisions which were statistically equivalent
when they were produced, differing only by the effects of
the plasma.

In this Letter, we propose a novel data-driven strategy for
comparing heavy-ion (AA) jet measurements to proton-
proton (p p) baselines which mitigates, to a large extent, the
effect of p; migration. The famous jet ratio R4, compares
the effective cross section for jets in proton-proton and
heavy-ion collisions with the same reconstructed py:

i
Ras = off | (1)
pripy

as illustrated in blue in Fig. 1(a). Here, we introduce a
“quantile” procedure, which divides jet samples sorted by
pr into quantiles of equal probability. Our new proposed
observable for heavy-ion collisions is the p ratio between
heavy-ion and proton-proton jets in the same quantile:

O =21 (2)
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FIG. 1. Illustration comparing the ratio and quantile procedures. (a) The inclusive jet py spectra measured by CMS [30], for a jet
radius of R = 0.4. The standard jet ratio R4, (blue) compares heavy-ion and proton-proton jet cross sections vertically at the same
reconstructed jet py. (b) The jet p; cumulative cross sections extracted from JEWEL [31,32]. The quantile procedure Q44 (red) compares
heavy-ion and proton-proton jet p; thresholds horizontally at the same cumulative cross section. From this, one can map each p44 (base

of red arrows) into the py of proton-proton jets in the same quantile, p;
") defined on the cross section and pseudoratio R,, (purple) defined on the

pseudoquantile Q44 (orange, with corresponding pi™"

Ut (tip of red arrows). For completeness, we also show the

cumulative cross section. Though we will not explore the use of Q44 or R, in the present study, we note that in JEWEL, the values of

quant

pr and p

414 differ by only a few percents.

as illustrated in red in Fig. 1(b), where 1 — Q44 is a proxy
for the average fractional jet energy loss. (Q 4,4 is not related
to Q,4 used by ALICE [26]). Although R, can be
obtained from Q,, if the proton-proton jet spectrum is
known, we will see that the physics interpretation of R4,
and Q44 can be quite different. Figure 1(a) additionally
shows the pseudoquantile Q,4, which is related to the
observable S, introduced by PHENIX for single hadrons
[27-29].

To give an intuitive understanding of Eq. (2), consider a
simplified scenario where medium-induced energy loss is
monotonic in the py of the initial unquenched jet. In that
case, the nth highest energy jet in a heavy-ion sample is a
modified version of the nth highest energy jet in the
corresponding proton-proton sample. Thus, in this simpli-
fied picture of energy loss, we can obtain a sample of
heavy-ion jets that is statistically equivalent to its proton-
proton counterpart by selecting jets with the same (upper)
cumulative effective cross section:

) 0 ddeff
) = [ dpr ] )

2 Pr
Note that for comparison to proton-proton cross sections,
heavy-ion cross sections must be rescaled by the average

o . eff _

number of nucleon-nucleon collisions (Ncy): 65, = 6,
o = 644/ (Neon). OF course, energy loss is not strictly
monotonic in pr, since other properties of a jet and of the
jet-medium interaction influence its energy loss and cause

jets with the same initial p; to lose different fractions of

their energy. Below, we will quantify the usefulness of this
quantile picture in the context of a realistic event generator
where significant nonmonotonicities are indeed present.

Due to the steeply falling jet production spectrum
(6 ~ p7%), jets within a given range in reconstructed
heavy-ion p; are dominated by those which were least
modified (see, e.g., Ref. [33]). Addressing this issue
requires comparing jets that had the same p; when they
were initially produced. In rarer events where an energetic y
or Z boson is produced back to back with a jet, the
unmodified boson energy approximates the initial energy of
the recoiling jet [15,34]. In general jet events, however, the
jet energy before medium effects cannot be measured.

A key result of this Letter is that the quantile picture also
provides a natural proxy for the unmodified jet pr that is
observable in general jet events. Given a heavy-ion jet with
reconstructed momentum p4*, we can define p**™ implic-
itly as the momentum of a proton-proton jet with the same
(upper) cumulative cross section:

=50 (P ) = ik (p).- (4)

In this quantile picture, p*™ is viewed as the initial jet py
prior to medium effects. The mapping from p44 to p3™™ is
illustrated by the red arrows in Fig. 1(b), with
Pt = P QaA(pF™). Intriguingly, we will show that
pMa approximates the p; of a heavy-ion jet before
quenching with comparable fidelity to the unmodified

boson energy p# available only in rarer Z + jet events.
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In particular, comparing properties of proton-proton and

heavy-ion jet samples with the same p$™*" may substan-
tially enhance the sensitivity of modification observables
by targeting jets that were more strongly modified.

For the remainder of this Letter, we consider samples of
Z + jet and di-jet events in the heavy-ion Monte Carlo
event generator JEWEL 2.1.0 [31,32], based on vacuum jet
production in PYTHIA 6 [35]. For each process, we generate
2 million each of proton-proton and head-on (0-10%
centrality) heavy-ion events at 2.76 TeV and reconstruct
anti-k;, jets using FAsTJET 3.3.0 [36,37] with radius
parameter R = 0.4 and pseudorapidity |7| < 2. We include
initial state radiation but do not include medium recoils,
since medium response is not expected to have a significant
effect on Eq. (3) at the values of p‘}‘i“ considered here. For
Z + jet events we identify the Z from its decay to muons
and consider the leading recoiling jet, and for di-jet events
we consider the two highest-pr jets. We consider Z + jet
instead of y + jet events to avoid introducing additional cuts
to isolate prompt photons which could bias the validation.
The default heavy-ion background in JEWEL is a Bjorken
expanding medium with initial peak temperature 7; =
485 MeV and formation time z; = 0.6 fm, consistent with
the parameters used to fit data at 2.76 TeV in more realistic
hydrodynamic simulations [32,38].

Using these Z + jet and di-jet samples from JEWEL,
Fig. 2(a) shows the standard R,, (also called 1,4 for
Z + jet) and Fig. 2(b) shows the p; ratio Q 44. Although the
R4 for Z 4 jet and di-jet events have significantly different
pr dependence, it is interesting that the average fractional
energy loss of jets is very similar, as quantified by 1 — Q4.
This might be surprising since Z + jet and di-jet events
have different fractions of quark and gluon jets, though
Ref. [39] suggests that quark and gluon jets may experience
similar energy loss in JEWEL; whether this is borne out in
data is an open question. Regardless, it is clear that R, 4 and
Q44 offer complementary probes of the jet quenching
phenomenon and are therefore both interesting observables
in their own right. The quantile procedure also shows that
the highest-p7 jets lose a small fraction of their energy on
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average [(1 — Qa4) ~ 5%], even though Ry, is far below
one. This result can be compared to other methods for
extracting the average energy loss from data, for exam-
ple Ref. [40].

We now turn to validating the interpretation of p“" as a
proxy for the initial p; of a heavy-ion jet before quenching
by the medium. In Z + jet events, p% can be used as a
baseline for the (approximate) initial p; of the leading
recoiling jet, since the Z boson does not interact with the
quark-gluon plasma. For a given value of pZ, there is a
distribution of recoil jet momenta whose mean is shown in
the upper panel of Fig. 3(a). Even in proton-proton
collisions, the recoiling jet p7 is systematically lower on
average than p% due to out-of-cone radiation and events
with multiple jets. In heavy-ion collisions, it is even lower
due to energy loss. Intriguingly, the mean value of p3™™
(red) is much more comparable to that of p4” (dashed
black) than p4* (blue) is, indicating that p3*™ is a good
proxy for the initial jet py. On the other hand, the standard
deviation of p3“™, shown in the lower panel of Fig. 3(a), is
higher than that of pf” due to energy loss fluctuations.
These cannot be undone by the quantile procedure, which
can only give a perfect reconstruction of the distribution of
ph? in the case of strictly monotonic energy loss.

We emphasize that the distribution in Fig. 3(a) is
physically observable and could be used to validate the
quantile procedure in experimental data. Crucially, quantile
matching can also provide a baseline for the initial jet p in
general jet events. To validate this in di-jet events at the
generator level, we use the py of the partons from the initial
hard matrix element in JEWEL, pl}dc, as an (unphysical and
unobservable) baseline for the initial jet py (see Ref. [41]).
We consider the two highest-p; jets and match each jet
with the p}€ that minimizes AR = +/An* + A¢? between
the jet and the parton. Each of the two jets then enters
independently in Fig. 3(b), which demonstrates the corre-
lation of the jet p; to p}€ for proton-proton and heavy-ion
jets, with the results of the quantile procedure in red.
Figure 3(b) is the only figure in this Letter that involves an
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FIG. 2. Distributions of (a) R4, as a function of p'' and (b) Q44 as a function of p3™™™, for the Z + jet (dashed) and di-jet (solid)

samples in JEWEL. Although R,, and Q,, are derived from the same underlying jet p; spectra, they provide different and
complementary information. For example, the p; dependence of R, is very different for Z + jet and di-jet events in JEWEL, while the
average fractional p; loss 1 — Q4,4 is similar. Note that R4, requires binning of the data, while Q4,, which is based on the cumulative
cross section, can be plotted unbinned.
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FIG. 3.

Mean of the jet p; distribution compared to a baseline initial py (top), along with the corresponding standard deviation

(bottom). Shown are (a) Z + jet events where the baseline is the physically observable p; of the recoiling Z boson and (b) di-jet events
where the baseline is the unphysical and unobservable p}i€ of the initial hard scattering obtained from JEWEL. The reconstructed jet py

for proton-proton and heavy-ion jets are shown in dashed black and blue, respectively. The p;

t . .
2" of the heavy-ion sample, shown in red,

more closely matches the initial jet p; than the reconstructed heavy-ion p; does.

unobservable quantity, and it shows remarkably similar
features to Fig. 3(a) which can be measured experimentally.
It might be surprising that the curves in Fig. 3 are fairly
flat as a function of the baseline initial p;. This can be
understood, however, from a minimal model in which the
final energy of a jet is obtained from its initial energy via
Gaussian smearing. Consider the probability distribution

p(p|pin) = / PPN (M|l 3, pl7)
x N (p’ i pi, &, p). (5)

Here, NV (x|u, o) is a normal distribution in the variable x
with mean p and standard deviation o, and fi; ; and 6, , are
dimensionless constants. Equation (5) describes the prob-
abilistic relation between the seed-parton momentum pif
(interpreted as p% or pY€) and the quenched momentum
P44 via two stages of Gaussian smearing: first from pi to
the unquenched jet momentum p%”, and then from p%” to
the quenched momentum p44. Integrating over intermedi-
ate values of pi? gives p(p4*|ph), the probability of p44
for fixed p7. This is an example of a model in which the
average energy loss is monotonic in pr, since u, = i, pi¥
is a monotonic function of p%”, but energy loss is not
monotonic in pz jet by jet since 6, # 0.

The mean and standard deviation of the distribution in
Eq. (5) can be calculated analytically (see Ref. [42]):

(PP PP = Bnfia,

o(pi /) = \ 63 + 16} +516% (6)

though the resulting distribution is not generally Gaussian.
These can be compared to the upper and lower panels,
respectively, of Fig. 3. The fact that Eq. (6) has no pit
dependence is consistent with the fact that the curves in Fig. 3

are approximately flat. To the extent that this model is
semirealistic, Eq. (6) and a measurement of Fig. 3(a) would
provide an estimate of the average energy loss and the size of
energy loss fluctuations. Taking approximate values from
Fig. 3(a) at p% =300 GeV of (p}’/p%)=p, ~0.87,
o(ph’/p™) =6, ~ 0.2, = 0.17, (p}*/p%) ~0.74, and
o(py*/p%) ~0.24(p3"/pf) = 0.18, Eq. (6) yields ji, »
0.85 and 6, = 0.12. It is satisfying that this extracted i,
value is comparable to Q4, in Fig. 2(b), which is a more
direct proxy for fractional energy loss.

As a final application in this Letter, we demonstrate how
the quantile procedure can be used to characterize the
effects of p; migration via an example jet substructure
observable, the dimensionless ratio of the jet mass to its
reconstructed py, m/py. Figure 4 shows distributions of

Di-jet Events
6p JEWEL 2.1.0
_J 1 _\/5=276TeV, R=04
oty i ' .
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FIG. 4. Distribution of m/p; for proton-proton (dashed black)
and heavy-ion (blue) jets in di-jet events with reconstructed py €
[100,200] GeV. Heavy-ion jets with p"*" € [100,200] GeV, cor-
responding to p44 € [80, 173] GeV, are in red. The heavy-ion
result is normalized to match the proton-proton baseline but the
quantile result has the correct normalization by construction.
Partially compensating for p; migration via the quantile procedure
shifts m/ py towards being less modified.
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m/ py for proton-proton and heavy-ion jets in a range of
reconstructed pr in dashed black and blue, respectively.
Heavy-ion jets with that range of p>" are those in the
same quantile as the proton-proton baseline, and m/ p for
that sample is shown in red. For the purpose of this
example, we define m/p; from the reconstructed jet mass
and pr, such that the effect of the quantile procedure is only
to change the p; range of jets in the selection. Using the
quantile procedure to (partially) account for the migration
of jets to lower pr, the red distribution shifts toward m/ py
being less modified. We note that the jet mass is known to
have significant corrections from medium response [43,44]
so this should be taken only as an illustrative example.

In conclusion, we introduced a new strategy for compar-
ing heavy-ion jets to a baseline of proton-proton jets in the
same quantile when sorted by p;. As shown in Fig. 2, our
new Q44 observable is based on the same jet pr spectra as
R4, but exposes different and complementary information.
As shown in Fig. 3, our new p$*™ observable is closely
correlated with the initial p; a heavy-ion jet had before
energy loss to the plasma. Thus, the quantile procedure
provides a data-driven way to study the modification of
quenched jets and minimize the effects of sample migra-
tion. Experimental tests in Z + jet or y + jet can validate
the effectiveness of p>“™ as a proxy for the initial p; of a
heavy-ion jet. If these tests are successful, the quantile
procedure can then be used to reanalyze measurements of
jet modification observables in general jet events with an
aim toward characterizing and minimizing py migration
effects and thus compare jet samples that were born alike.
The measurement of Q44 will provide information on the
functional form of the average energy loss which would
further constrain theoretical models. It can also be used to
measure differences in average energy loss between quark-
and gluon-dominated jet samples. Measurements of Qy4
with jet grooming [45—49] may also elucidate, for example,
how energy is lost by the hard core of a jet compared to the
diffuse periphery. It would also be interesting to study the
application of this procedure to understanding energy loss
fluctuations. Finally, Fig. 1 shows two additional observables
—the pseudoratio R, and the pseudoquantile Q , ,—which
may be relevant for experimental applications.
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