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Jet quenching in heavy ion collisions is expected to be accompanied by recoil effects, but unambiguous
signals for the induced medium response have been difficult to identify so far. Here, we argue that mod-
ern jet substructure measurements can improve this situation qualitatively since they are sensitive to the
momentum distribution inside the jet. We show that the groomed subjet shared momentum fraction zg,
and the girth of leading and subleading subjets signal recoil effects with dependencies that are absent
in a recoilless baseline. We find that recoil effects can explain most of the medium modifications to the
zg distribution observed in data. Furthermore, for jets passing the Soft Drop Condition, recoil effects in-
duce in the differential distribution of subjet separation AR12 a characteristic increase with AR13, and
they introduce a characteristic enhancement of the girth of the subleading subjet with decreasing zg.
We explain why these qualitatively novel features, that we establish in JEWEL+PYTHIA simulations, reflect
generic physical properties of recoil effects that should therefore be searched for as telltale signatures of
jet-induced medium response.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

High momentum transfer processes with hadronic final states
are generically and strongly modified when occurring within the
dense environment produced in nucleus-nucleus collisions. This
jet quenching phenomenon is being studied systematically at the
LHC for jet p, -spectra, dijet asymmetries, jet fragmentation func-
tions, jet shapes and, most recently, for a large class of increas-
ingly refined jet substructure observables. Jet quenching implies
jet-medium interactions. If the medium is close to a perfect liquid,
medium recoil propagates in the form of hydrodynamic excitations
[1], but it is expected to show signs of large angle scattering if jet-
medium interactions were to resolve partonic degrees of freedom
in the medium [2-4]. Beyond confirming the assumed dynam-
ics of jet-medium interactions, the observation of recoil distribu-
tions is thus of great interest for characterizing the nature of the
medium.

However, the characterization of jet recoil distributions has re-
mained elusive so far for several reasons. In particular, recoil ef-
fects are expected to contribute mainly to the soft large-angle
hadronic activity, but there are experimental and theoretical uncer-
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tainties in establishing soft recoil remnants on top of a large and
fluctuating background that need to be controlled. Also, many of
the measurements used to characterize jet quenching are remark-
ably insensitive to soft large-angle activity. For instance, quenched
hadron spectra are by construction insensitive to how the lost en-
ergy is distributed, and traditional jet quenching observables con-
structed from jet p, and jet axis (such as the jet nuclear modifica-
tion factor) are dominated by hard contributions. One may expect
that jet shape observables are more sensitive to the jet medium
response since they are sensitive to momentum distributions in-
side the jet. Our main result will be to establish a first example for
a combination of jet substructure observables — namely measure-
ments of the subjet shared momentum fraction zg and of girth —
that allow for the separation of recoil effects from alternative in-
terpretations with both characteristic quantitative and qualitative
features in the data.

In contrast to jet quenching models that parametrize (e.g., in
terms of the quenching parameters ¢ and é) the recoil carried
away from the jet, fully dynamical event generators of jet quench-
ing are better suited to study recoil effects as they can propagate
them into final state particle distributions. To exploit the result-
ing phenomenological opportunities, however, one needs a robust
prescription for separating medium recoils from the initial thermal

0370-2693/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by

SCOAP3.


https://doi.org/10.1016/j.physletb.2018.01.029
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/4.0/
mailto:gmilhano@lip.pt
https://doi.org/10.1016/j.physletb.2018.01.029
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2018.01.029&domain=pdf

410 G. Milhano et al. / Physics Letters B 779 (2018) 409-413

component of recoiling partons that is part of the soft background
activity. For the event generator JEWEL [5], such a tool was val-
idated recently in Ref. [6]. It enables us in the present study to
distinguish in fully dynamical jet quenching simulations between
effects that are due to the splitting of jet constituents, and effects
that arise from momentum transfers to recoiling medium scatter-
ing centers. We emphasize that while both effects are part of the
same physical process, there is no model parameter that would al-
low one to vary their relative strength and trade one for the other.!
Moreover, both effects manifest themselves differently in different
kinematical regions. It is in this sense that we can separate here
both effects operationally in a model-independent way.

JEWEL is a microscopic model for jet evolution in a dense back-
ground based entirely on perturbative QCD. It implements the fol-
lowing set of assumptions: (i) hard partons in a jet interact with
the background by resolving the partonic structure of the medium,
(ii) an infra-red continued version of pQCD matrix elements can be
used to describe these jet-medium interactions, (iii) the interplay
between different sources of radiation is governed by formation
times, and (iv) the LPM effect as calculated in the eikonal limit
extends to general kinematics. JEWEL describes with 2 — 2 matrix
elements the scatterings of partons belonging to a jet with partons
resolved in the medium. The radiation associated to these 2 — 2
scatterings is generated by a parton shower. In this way, momen-
tum transfer and radiation are dynamically related, elastic and
inelastic scatterings are generated with the correct relative rates
and vacuum-like and medium-like radiation is treated in a com-
mon framework (in fact there is no distinction between the two
in JEWEL). According to the LPM algorithm derived in [7], multiple
momentum transfers act coherently when they occur within the
formation time of the emitted gluon. When the formation times
of two gluon emissions overlap, only the one with the shorter for-
mation time will be emitted. In this way, only scatterings that are
hard enough to resolve a virtual parton can induce radiation. This
shares similarities with the refined LPM calculations for color co-
herence in an antenna [8,9], but it neglects the radiation from the
total charge in the unresolved case. Implementing these conceptual
ideas, JEWEL allows for modifications of the vacuum-like scale evo-
lution of the jet by scattering in the medium, and the interplay
between vacuum-like and medium-like emissions becomes fully
dynamic. More details about the modified jet evolution in JEWEL
and other aspects of the event generator can be found in [10].

JEWEL has been tested against a large class of jet quenching
measurements, including traditional jet observables built from the
jet p1 and axis (such as jet Raa, dijet asymmetry Aj) [10,11], as
well as jet shape observables that are more sensitive to medium
effects [6]. The simulations shown in this work are based on di-
jet events generated in the standard setup [5] at /SNy = 5.02 TeV.
No attempt was made to improve comparison to data by retun-
ing model parameters. While the following discussion focuses on
the physics of two particular jet substructure observables, we em-
phasize that JEWEL with the model parameter settings used here is
documented to provide a correct qualitative and good quantitative
description of jet quenching in general.

The Soft Drop algorithm [12,13] reconstructs jets with the
anti-k algorithm [14] and reclusters them with a prescription en-
tirely based on angles (Cambridge/Aachen). The last step of this
reclustering is then undone to give the two prongs with the largest

1 More precisely, it is possible within JEWEL to trade a lower infra-red cut-off of
the parton shower for a lower o within the tight experimental constraints set by
LEP data. This provides some freedom for varying the amount of radiation versus
scattering and therefore recoil. However, this effect has not been explored system-
atically, it is expected to be small and we do not discuss it further in the present
paper as it will not affect our main conclusions.

angular separation. If the p -sharing between the two prongs sat-
_ min(py.1.pL2)

isfies

AR12>’3
Zg = Zcut , (1)
£ pri1+pi2 Cu( R

then the prongs are accepted and the algorithm terminates. Oth-
erwise, the softer of the prongs is rejected, the last reclustering
step on the hard prong is undone, and the algorithm continues
till condition (1) is satisfied. This is one of a variety of groom-
ing techniques that can be used to systematically reject (or study)
soft contributions associated to jets. In eq. (1), R denotes the
jet radius. In the following, we work for 8 =0, and we use the
default z.,c = 0.1. We also require that only configurations with
ARz > 0.1 are included in the zg-distribution. This condition was
added by the CMS collaboration to the original Soft Drop proposal,
and we adopt it to facilitate comparison to the preliminary data
[15].

Here, we investigate the physical mechanisms underlying the
softening of the groomed shared momentum fraction zg in JEWEL,
including the possibility that recoil effects contribute. In general,
the momentum of recoiling partons is composed of a thermal
component that they carry before the jet-medium interaction, as
well as the momentum transferred when interacting with jet con-
stituents. Only the latter contributes to the medium response, the
former is removed experimentally by background subtraction tech-
niques. However, these techniques cannot be applied to JEWEL
as it does not generate full heavy ion events. Instead, consistent
with experimental procedures, the (thermal) background contribu-
tion is subtracted from generated event samples with a so-called
4-momentum subtraction technique validated in [6].

We emphasize that for hadronization, JEWEL converts all re-
coiling partons into gluons that are inserted into the strings that
connect the partons forming the jets. It is therefore not meaning-
ful to label hadrons in the event record as belonging to the jet
or to the medium response. However, one can hadronize events in
JEWEL with or without the recoiling partons. Fig. 1 shows the cor-
responding zg-distributions. Since recoiling partons do not rescat-
ter in JEWEL, and since rescattering induces thermalization pro-
cesses, generated events with recoiling partons may overestimate
the physically expected medium response. The truth is therefore
expected to lie in between the green (without recoil) and blue
(with recoil) curves in Fig. 1, and the difference between both
curves should be regarded as an upper bound for the expected
medium-response.

Even without including recoiling partons, the simulated zg-dis-
tribution in Fig. 1 shows a mild tilt towards smaller z; in compari-
son to the proton-proton baseline. Without additional information,
the interpretation of this tilt remains ambiguous. The reason is that
the zg-distribution is a self-normalizing curve. A tilt of the type
shown in Fig. 1 can therefore arise either (i) from an enhanced
contribution at small zg (that reduces the bin entries at large zg
due to normalization), or (ii) from a depletion of jets with large z¢
(that would enhance bin entries at small zg by normalization). The
first of these two possibilities has been argued [17,18] to be the
dominant one, based on the following two observations: first, to
lowest perturbative order in QCD (and without medium-effects),
the zg-distribution p(zg) for g =0 is given by the LO QCD split-
ting functions P(z) [16]

P (zg) + P (1—2z)
z]cf dz[P (zg) + P (1 —2g)] ’

and second, medium-induced gluon radiation is expected to soften
the perturbative splitting functions. Therefore, if one neglects re-

p(zg) = (2)
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Fig. 1. (Lh.s.) JEWEL+PyTHIA result for the groomed shared momentum fraction zg in central PbPb events analyzed with (blue curve) and without (green curve) keeping track
of medium response and compared to simulated pp events (red curve). (r.h.s.) The ratio of the zg-distributions in PbPb and pp events, compared to CMS data for jet p
between 140 GeV and 160 GeV. All results are for \/syy = 5.02 TeV and are shown background subtracted (4-momentum subtraction method) and on hadron level. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

coiling partons, the medium-induced enhancement of gluon split-
tees in the parton shower provides a candidate mechanism for
enhancing the fraction of subleading subjets with small groomed
momentum fraction zg. However, for this mechanism to be effi-
cient, medium-induced gluon radiation must be sufficiently hard
to pass the cut (1). Inspection of generated events reveals that
this condition is rarely satisfied in JEwWEL. Indeed, while medium-
induced parton splitting underlies the simulation of jet quenching
in JEWEL, partonic splittees induced by jet-medium interactions
carry rarely a sufficient energy O (Ejet zg) to make it above the cut
(1), and hadronization reduces this contribution further. Also, in
simulations without recoiling partons, the likelihood of medium-
induced splittees to cluster with other jet fragments to subjets that
pass the cut (1) is small. Rather the dominant contribution to the
small tilt of (1/N;)dN;/dz; in simulations without recoiling par-
tons comes from the fact that all partons in the shower undergo
parton energy loss and that this suppresses in particular the yield
of events with large zg. As jets with a large z; will show a softer
fragmentation, this is consistent with earlier observations that such
broader jets are more susceptible to energy loss and thus more
likely to fail analysis cuts [11,19,20]. We have checked this state-
ment for the present analysis (data not shown).

Once recoiling partons are included in the analysis, the tilt in
the zg-distribution increases significantly and the shape is in quan-
titative agreement with experimental data (see r.h.s. of Fig. 1). In
contrast to the case without recoil, the dominant contribution to
the tilt comes now from an enhancement of jets with soft sublead-
ing subjets that pass the grooming cut (1). The reason is that soft
large-angle recoil contributions get clustered into (sub)jets and can
thus promote candidate prongs of low z to above the Soft Drop
condition (1). Our simulations thus suggest that the long-sought
medium response that provides a negligible or difficult to discrim-
inate contribution in many other jet quenching observables may
dominate the z; distribution. We next ask to what extent this
interpretation can be corroborated by complementary measure-
ments.

To this end, we study first for the jet sample that con-
tributes to the zg-distribution the relative separation ARy in the
An x A¢-plane between the leading and subleading prongs. As
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Fig. 2. Distribution in the relative separation ARy of the two subjets for jets that
pass the Soft Drop condition (1), supplemented by the ARj; > 0.1 requirement
(gray band). (For interpretation of the references to color in this figure, the reader
is referred to the web version of this article.)

described above, jets with broader fragmentation patterns are ex-
pected to fail analysis cuts such as (1) more easily. Consistent with
this picture, in the absence of recoil effects (see green curve on the
r.h.s. of Fig. 2) the fraction of jets with large ARq that pass the
analysis cut is strongly reduced. If medium response is included in
the analysis, the ARq,-distribution changes qualitatively in a very
characteristic way. The reason is that if a subleading candidate
prong is further separated from the leading prong, then there is a
larger area in the An x A¢-plane from which soft recoil contri-
butions can be clustered together with this soft prong. This makes
it more likely to promote soft prongs above the Soft Drop condi-
tion (1) if ARq2 is larger. As a consequence, the AR1-distribution
increases with increasing ARi; up to a separation scale that is
set by the jet radius. Therefore, the AR1y-distribution (blue curve)
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Fig. 3. JEWEL+PYTHIA results for the first radial moment (3) (girth g) of the leading (Lh.s.) and subleading (r.h.s.) subjet in jets reconstructed with the anti-k; algorithm for
R =0.4 and that pass the Soft Drop condition (1). Results are for jets simulated on hadron level in /SNy = 5.02 TeV PbPb collisions with (blue curve) and without (green
curve) recoil effects, as well as for proton-proton reference data (red curve). The 4-momentum subtraction method is used to provide background subtracted data consistent
with experimental procedures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

peaks at a value ARpz somewhat smaller than R. We conclude
that the increase of the ARp,-distribution with increasing ARq3
would be a characteristic telltale sign for the dominance of recoil
effects in medium-modifications of the groomed shared momen-
tum fraction zg.

By now, several independent model studies support the at least
partial cancellation of two qualitatively different effects in many
jet quenching observables [20,21,6]. On the one hand, parton en-
ergy loss effectively peels off soft components from the jet, thereby
narrowing the jet core. On the other hand, medium response can
counteract this tendency as recoil effects contribute to jet broaden-
ing. The interplay of both effects has been observed to be at work
also in some jet shape observables, including jet mass and girth
[20,6]. However, the kinematical distribution of recoil is generally
different from that of medium-induced radiation, and despite par-
tial cancellation of both effects, differential distributions in other
jet substructure observables may thus be expected to maintain
some characteristic sensitivity to medium response. Here, we dis-
cuss this possibility for girth g, which is defined by summing over
the momenta pf) of all constituents of the jet with a weight given
by the distance ARy from the jet axis,

1 k)
8= ) _PL ARy (3)

Py ke]

In general, this radial moment of the jet profile is expected to in-
crease with recoil effects that broaden the jet, and it is expected
to decrease if radiation narrows the jet core by peeling off prefer-
entially soft large angle components. Both mechanisms are clearly
seen at work for the girth of the leading subjet, where the girth in
PbPb events reconstructed without recoil effects is seen to be re-
duced compared to the pp baseline, while the girth is increased in
events including recoil effects (top panel, Fig. 3). Both effects can-
cel partially, consistent with earlier observations. For the leading
subjet, the net effect is a shift of the magnitude of girth that is
approximately independent of zg.

The situation is somewhat different for the girth of the sublead-
ing subjet. First, in the absence of recoil effects, jet quenching leads

to a much smaller reduction of girth. The reason is that the jet can
only get narrower by losing energy, but subleading subjets cannot
lose much energy without failing the Soft Drop condition (1). If the
subleading subjet fraction zg is larger, then this bias is less signifi-
cant, and this explains the slight increase in the reduction of girth
with increasing zg. On the other hand, for the case in which recoil
effects are included in the analysis, the girth of subleading sub-
jets is approximately a factor 2 more strongly enhanced for small
zg ~ 0.1 than for zg ~ 0.5. This is an independent test of the ar-
gument that the tilt of the zg-distribution is mainly due to recoil
effects that promote soft candidate prongs above the Soft Drop cut
condition (1): if subleading subjets at low z; have a pronounced
recoil contribution, then they are expected to be particularly broad,
and this is what is reflected in a more strongly enhanced girth
at small zg. The combined analysis of the girth of leading and
subleading subjets provides thus independent sensitivity to recoil
effects and can therefore help to disentangle effects from medium
response in jet quenching models.

To what extent can this conclusion be expected to be indepen-
dent of the model within which we have illustrated it here? JEWEL
is based on the working hypothesis that jet medium interactions
can be described with pQCD alone, an assumption justified for
hard momentum transfers but questionable for the soft momen-
tum transfers characteristic of recoil distributions. However, JEWEL
provides phenomenologically successful descriptions for a broad
range of jet quenching phenomena that involve momentum trans-
fers comparable to those in the jet substructure observables dis-
cussed here. Therefore, we have no reason to expect that a funda-
mental breakdown of perturbative modeling would show up exclu-
sively in jet substructure observables. The focus of JEWEL on pQCD
implies also technical limitations. For instance, in the present ver-
sion of JEWEL, recoil partons are not rescattered, and thus there
is no mechanism that could potentially lead to isotropization or
thermalization. Any such mechanism could move energy of recoil
partons outside the jet cone and, if sufficiently efficient, could af-
fect the relative weight of recoil and quenching effects inside the
jet cone. The present study has not quantified such potential con-
founding effects. Instead, we have identified a qualitatively novel
structure in the ARqy-distribution of subjets in Fig. 2 whose mag-
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nitude and shape is characteristic for perturbative recoil. Its obser-
vation would, to the best of our current understanding, provide a
model-independent signal for the relative importance of recoil ef-
fects.

We finally dare to share our experience that physics conclu-
sions about the presence of recoil effects can only be drawn from
models of a certain technical maturity. For instance, hadroniza-
tion effects are also known to contribute to the broadening of
jets. In our simulations, the girth one extracts from generated
data at (unobservable) parton level shows qualitatively similar but
much stronger recoil effects than the data on hadron level dis-
cussed here. The use of an independently validated hadronization
prescription is therefore important for arriving at realistic physics
conclusions. An analogous remark applies to the use of background
subtraction techniques.

The zg-distribution and the girth of subjets are not the only
jet measurements that are sensitive to recoil effects. Recent stud-
ies indicate that also the ratio of jet fragmentation functions, the
jet mass and the radial jet profile show characteristic dependen-
cies that are naturally accounted for by recoil effects [6,21]. Recoil
effects have also been argued to affect y-hadron azimuthal corre-
lations [22] and single inclusive jet measurements [23]. We expect
that a more complete analysis of medium response in jet quench-
ing will profit from the totality of modern jet and in particular jet
substructure measurements. In the present work, we have shown
for the cases of zg-distribution and girth that recoil effects found
in a detailed simulation can be understood in terms of generic
physical properties of recoil effects. Jet substructure measurements
are sufficiently differential to test a recoil interpretation in multiple
complementary ways. In particular, beyond demonstrating that the
preliminary data for the tilt in the zg-distributions are consistent
with a recoil interpretation, we have argued that the same inter-
pretation implies characteristic features in the AR;p,-distribution
(increase with increasing ARq13) and in the girth (increased en-
hancement of the girth of the subleading subjet at small zg). These
developments make us confident that 15 years after the first ex-
perimental indications for jet quenching, we are in a position to
constrain the so far elusive but logically unavoidable counterpart
of jet quenching: the jet-induced medium response.
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