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Jet quenching in heavy ion collisions and in particular the sub-structure of quenched jets are promising
tools for investigating the microscopic processes underlying jet quenching and the background medium’s
response to energy and momentum depositions. A quantitative understanding of the data can, however,
be complicated by the presence of initial state radiation in reconstructed jets. Using an extended version
of JEwEL the effect of initial state radiation on different jet observables is studied in proton-proton

and heavy ion collisions. It is shown that, depending on the observable and the jet radius, the initial
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state contributions can be sizable. Some general insights into when sizable effects can be expected also
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1. Introduction

In heavy ion collisions jets are suppressed and have a modi-
fied internal structure compared to jets in proton-proton collisions
due to energy loss of hard partons and induced radiation in the
dense background (see [1-9] for reviews). Jet shapes and jet sub-
structure observables are promising tools for gaining insights into
the microscopic mechanisms of the interactions of hard partons
and the background medium [10-19], as well as the medium’s
response to the energy and momentum deposited by hard par-
tons [7,20-26]. A quantitative understanding of such observables
requires a solid understanding of how the parton fragmentation
process, (elastic and inelastic) re-scattering in the medium and
medium response distribute the initial hard parton’s energy and
momentum in phase space. When jets are reconstructed using a
jet finding algorithm they contain not only hard particles origi-
nating from a hard scattering process, but also other contributions
that happen to be close to a fragmented hard parton. The latter
consists of uncorrelated background from other nucleon-nucleon
collisions and contributions originating from the same nucleon-
nucleon interaction as the hard scattering, in particular initial state
radiation and activity from multi-parton scattering. Initial state ra-
diation (ISR) are emissions off partons entering the hard scattering
and it is a consequence of the scale evolution of the parton dis-
tribution function (PDF). Its counterpart in the final state (FSR) are
emissions off the hard scattered partons. In Monte Carlo event gen-
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erators both parts, ISR and FSR, are described by parton showers.
It is important to note that initial state emissions can fragment
by emitting final state radiation. The term ISR will here be used
in the broader sense of including initial state emissions and their
final state radiation.

ISR can give rise to jets and it can get clustered into jets com-
posed predominantly of final state particles. The distinction be-
tween initial (IS) and final state (FS) jets, i.e. jets whose energy
is carried mainly by ISR or FSR, respectively, is ambiguous, since
any mixture of the two components is possible. For the qualita-
tive considerations here it is assumed that there are two distinct
jet populations: jets composed mainly of FSR with at most a mod-
est ISR contribution, and vice versa. On general grounds one can
expect that the contributions from ISR increase with jet rapid-
ity, since ISR tends to be collinear with the beam. When ISR gets
clustered into FS jets it forms a contribution that is only weakly
correlated with the rest of the jet and has a wide distribution
relative to the jet axis. It is therefore expected that the ISR contri-
bution increases with jet radius (assuming anti-k jets), because it
scales with the jet area. These two properties, i.e. weak correlation
with the jet and wide angular distribution, are also characteristic
for medium response! and one may wonder whether ISR can fake
signatures of medium response. Since ISR is semi-hard and jetty
there is also a danger that it can be mistaken for medium induced
radiation.

1 Both ISR and medium response are not completely uncorrelated with the jet,
because a higher jet energy will on average lead to both a somewhat higher level
of ISR (a higher scale in the hard scattering opens up more phase space for ISR) and
medium response.
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Fig. 1. Schematic view of the parton showers in JEWEL. Initial state partons with
Q2 <0 are shown in red and final state partons with Q2 >0 in blue (light blue
lines are continuations of dark blue lines that are drawn in a different color to
indicate that they do actually not cross other lines). The hard scattering process
depicted by the round gray blob happens at time t =0. A QGP (gray rectangle)
forms shortly after the hard scattering and all partons entering it can interact with
QGP constituents. The sketch is not to scale.

It is the aim of this study to quantify the contributions from
ISR in standard jet quenching measurements and get some qual-
itative insights to their importance. First results have been pre-
sented in [27]. This is in view of the fact that there is significant
interest in reconstructing jets with large radii in heavy ion colli-
sions [28,29] in an endeavor to decode signs of induced radiation
and medium response with increasing precision. If in a given ob-
servable the ISR contribution is not small, it should be included in
the theoretical modeling (otherwise it would be difficult to draw
conclusions from a comparison between theory and data). Parton
shower based jet quenching models [30-35] typically include ISR
automatically, while in many analytical approaches it has to be
added by hand.

2. Event sample and analysis strategy

In previous versions of JEWEL [36,37] ISR did not interact in
the medium, i.e. it underwent vacuum evolution. Therefore, an ex-
tended version (JEWEL-2.4.0%), in which ISR has the same medium
modified evolution as FSR, is used here.> The parton showers and
their time dependence are shown in a schematic way in Fig. 1. The
hard scattering has the highest scale in the event and takes place
at time t = 0. It is also the first process to be generated during
event generation. After that the procedure in JEWEL is to first run
only the initial state parton shower. It starts at the hard scattering
and evolves the incoming partons (red lines in Fig. 1) backward
in time and downward in scale |Q2| towards the incoming pro-
tons. In doing so the initial state parton shower emits partons off
the incoming lines into the final state (blue lines in Fig. 1). For
emissions from the initial state parton shower the formation time
is counted backwards from the hard scattering, i.e. they are emit-
ted prior to the hard scattering. The final state partons radiated
off initial state partons by the initial state parton shower have
Q2 >0 and can emit further radiation. For final state radiation
off initial state emissions the formation time is again counted for-
ward. Since they start out at times earlier than the hard scattering,
one or several final state emissions can take place in vacuum be-
fore the formation of the QGP medium. Once the partons enter
the medium they interact in exactly the same way as final state
emissions do. In the initial state parton shower the scale increases
towards the hard scattering, which means that high p; partons
are on average emitted closer to the hard scattering and therefore

2 code available from http://jewel.hepforge.org.

3 The initial state parton shower, hard matrix elements and hadronisation are
provided by PyTHIA6.4 [38] while JEwWEL simulates the final state parton shower
and the interactions of the hard partons in the medium.
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Fig. 2. Fraction of the jet transverse momentum pﬂet) carried by ISR partons for dif-

ferent jet radii in p+p (solid histograms with markers) and central Pb+Pb collisions
(dashed histograms).

later than partons with low p, . The harder partons thus have less
time before the QGP forms and the amount of medium modifica-
tions one can expect is similar to those of hard parton emitted in
the final state. Softer emissions from the initial state, on the other
hand, form on average long before the QGP forms and experience
much less modifications due to interactions in the medium.

Two di-jet samples at ./syy = 5.02 TeV were generated: one in
0-10% central Pb+Pb collisions with the EPPS16NLO nuclear PDF
set [39] and the corresponding p+p sample with CT14NLO [40]
PDFs. Both PDF sets are provided by LHAPDF [41]. The Pb+Pb sam-
ple includes recoils, i.e. the effects of medium response. The sub-
traction of the corresponding thermal momenta is performed using
the new constituent subtraction method [42] and recoils from in-
teractions of the ISR component are also labeled as ISR. The back-
ground is modeled with JEweL's standard simplified background
model (T; =590 MeV and 7; = 0.4 fm [43].)

The events are analysed at parton level, since after hadronisa-
tion it is no longer possible to assign a particular hadron to either
the initial or final state component of the event. The events are
analysed using Rivet [44]. Jets are reconstructed using the anti-k
algorithm [45] provided by the FASTJET package [46] with differ-
ent radii. Unless stated otherwise, jets with pﬂj_ﬂ) > 100 GeV and
[7UeY| < 3 are considered.

3. Global impact of initial state radiation on jets

Fig. 2 shows the distribution of the fraction of the jet trans-
verse momentum p(jet) carried by ISR partons for different jet
radii. There are two maxima at zero and one, corresponding to
FS and IS jets with only a small admixture of other partons, re-
spectively. Between them is a broad continuum of jets that are
not predominantly composed of only one type of partons. The
importance of this continuum naturally increases with jet radius.

Jets with pﬂi_sr)/p?_eo > 0.5 are classified as IS jets and those with

p9/pI < 0.5 as FS jets. Choosing a different value for the sep-
aration leads to quantitative changes in some distributions, but
qualitatively the picture does not change.

(jet)

The average ISR p fraction as a function of p ' (Fig. 3) shows
roughly the 1/ p(ft) falloff expected if the ISR contribution is inde-
pendent of the jet’s p, . As expected, the ISR contribution increases
with jet radius. There are only small differences between vacuum
and medium-modified jets. The dependence on rapidity (Fig. 4) is
therefore shown only for p+p collisions. It shows the expected in-
crease with rapidity. This increase does, however, not imply that
the size of the ISR contribution depends strongly on the rapid-
ity range considered, since the jet cross section drops quickly as
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Fig. 3. Average fraction of the jet transverse momentum pﬂe‘) carried by ISR partons
versus jet p; for different jet radii in p+p (solid histograms with markers) and
central Pb+Pb collisions (dashed histograms).
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Fig. 4. Average fraction of the jet transverse momentum pfet)

versus jet rapidity for different jet radii in p+p collisions.

carried by ISR partons

a function of rapidity. Reducing the coverage to |nUeY| < 2, for
instance, reduces the jet cross section by 10% and consequently
changes the results presented below by at most a few percent.

Overall, the ISR contribution to the jet p; is at the level of a
few percent and reaching 10% at |yUeY| ~ 2.5. The fraction of IS
jets (defined as jets that receive more than half of their transverse
momentum from ISR) in the sample is also at the level of a few
percent. Globally, the impact of ISR on single-inclusive jets is neg-
ligible. However, already for di-jets this is not necessarily the case,
as can be seen in Fig. 5, which shows the fraction fl(scl'('ﬂet) of di-
jets where at least one of the jets is an IS jet as a function of the
azimuthal angle A¢ between the jets. It should be noted that for
the di-jet selection the p, requirement for the sub-leading jet is
relaxed to pget) > 60 GeV. At A¢ ~ m the sample is dominated
by FS jets, albeit with a sizable contribution of IS jets. Around
A¢ ~ /2 mixed configurations with one IS and one FS jet make
up 80% of all di-jets (the contribution from double IS configura-
tions is negligible). At small angles the picture depends on the jet
radius: for small radius jets it is more likely that the fragments
of the same hard parton end up in two separate jets giving a FS-
FS configuration. For large radius jets this option does not exist
and the sample is dominated by configurations containing IS jets.
Again, the results for Pb+Pb collisions are not shown because they
are similar to p+p. Deflected jets have been argued to be signs for
Moliére scattering in the medium [47]. The results of Fig. 5 indi-
cate that when looking for deflected jets ISR has to be taken into
account.
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Fig. 5. Fraction fl(SdRi’jEt) of di-jets with at least one IS jet versus azimuthal angle A¢

between the jets.
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Fig. 6. Jet profile for inclusive jets (red) and ISR contribution to the jet profile in
inclusive jets (blue), FS jets (green) and IS jets (orange) in p+p collisions, R =0.6.

4. Impact of initial state radiation on jet shapes and jet
sub-structure

The jet profile p(r) is the fraction of the jet’s p, contained in
an annulus of size ér located at a distance r from the jet axis. It is
defined here in a slightly different way as a jet-hadron correlation

1 X

p=—5 2 P (1)

pj k with
ARk] elr,r+4r]

where the sum is over all particles in the event (and not only over

the jet constituents), and ARy = /Aq&,%] +Ay,§1 is the angular

separation between particle k and the jet axis. For r < R the dif-
ference between the two definitions is minimal.

The red histogram in Fig. 6 shows the jet profile in p+p colli-
sions for inclusive R = 0.6 jets, while the blue histograms repre-
sents the ISR contribution to the jet profile. The latter is actually a
mixture of two very different distributions, as the sample includes
both FS and IS jets. The green and orange histograms show the ISR
contribution to the jet profile in FS and IS jets separately. In FS jets
the ISR contribution carries only a small fraction of the total jet p
and rises strongly with r because the area of the annuli increases
with r. In IS jets, on the other hand, the ISR part carries essentially
all of the jet momentum and has the same shape as the inclusive
distribution dictated by the perturbative jet evolution.

The picture is similar in Pb+Pb collisions (Fig. 7), but here the
jet profile flattens out at large r compared to p+p. In JEWEL this is
entirely due to medium response [26]. When plotting the ratio of



K. Zapp
JEWEL 2.4.0+PYTHIA (parton level) Pb+Pb
= . T 177 ‘ T T ‘ T T ‘ T 1T ‘ T T T ‘ T 177
= 10t = |
< E —+— incl. jets E
C —+— ISR part in incl. jets 7
= L —+— ISR part in FS jets b
1 ISR part in [Sjets  —
= — R=06 E
E —— ]
A I E
= —
107° ’,f E
E L1 11 ‘ I ‘ I ‘ | | ‘ | ‘ L1 11 B
o 0.1 0.2 0.3 0.4 0.5

~ 2
o

Fig. 7. Jet profile for inclusive jets (red) and ISR contribution to the jet profile in
inclusive jets (blue), FS jets (green) and IS jets (orange) in central Pb+Pb collisions,
R=0.6.
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the ISR contribution to the full jet profile for inclusive jets (Figs. 8
and 9) one sees how the IS component gets more and more impor-
tant as R and with it the available area increases. In p+p collisions
the ISR contribution exceeds 10% for R =1 jets at large r. In Pb+Pb
collisions it is generally larger, particularly at large r, and goes up
to 25%. This difference between Pb+Pb and p+p comes mainly from
medium response to interaction of ISR partons. To illustrate this
point, in Fig. 10 the jet profile of inclusive R = 0.6 jets in Pb+Pb
collisions is broken down into the contributions from partons from
the parton showers of initial and final state emissions and the re-
spective medium response components. The same pattern is seen
in IS and FS contributions: the parton shower partons dominate
at small r, but at large distance from the jet axis the medium re-
sponse components start to dominate.

The jet profile characterises the momentum distribution around
the jet axis in a fairly generic way. A more detailed look into the
sub-structure of jets is offered by SoftDrop tagging [48,49]. This
procedure, that can also be used to groom away soft contribu-
tions, identifies a hard two-prong structure inside the jet. First,
the anti-k, jet is re-clustered with the Cambridge/Aachen algo-
rithm [50]. Then, in an iterative procedure, the clustering is undone
splitting the jet into two sub-jets. In each step the softer of the two
sub-jets is dropped until a configuration is reached that satisfies

_ min(pi,1,p12)

AR12\P
Zcut ( ) ) (2)
Pi1+DL2 R

where AR7py is the angular separation between the two sub-jets
and p, ; are their transverse momenta. The case 8 = 0 has re-

Zg
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Fig. 11. Fraction of SoftDrop (8 =0, zcy = 0.1) tagged jets where at least one sub-
jet is classified as an IS sub-jet for different jet radii in p+p (solid histograms with
markers) and central Pb+Pb collisions (dashed histograms).

ceived special attention because then the zg-distribution is sensi-
tive to the QCD splitting functions [51]. For this analysis 8 =0 and
Zeut = 0.1 is chosen.

Analogously to full jets a sub-jet identified by the SoftDrop
algorithm is classified as IS sub-jet if more than half of its p
is carried by ISR partons. Fig. 11 shows the fraction of SoftDrop
tagged jets that have at least one IS sub-jet (“ISR tagged jets”) as
a function of the jet p, for different jet radii. Again, the fraction

decreases with pget) and increases with R and is in the range of
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up to 10%. For small R the majority of ISR tagged jets has two IS
sub-jets, i.e. is most likely an IS jet, while at large R mixed configu-
rations with one IS and one FS sub-jet dominate. In contrast to the
jet profile, the ISR contribution is smaller in Pb+Pb than in p+p col-
lisions. The reason for this is that SoftDrop isolates a hard structure
inside the jet, while the jet profile includes contributions from soft
large-angle fragments. The response the quenching is thus very dif-
ferent.

The zg distribution in ISR tagged jets is very similar to the in-
clusive distribution (Fig. 12) both in p+p and Pb+Pb collisions. This
is remarkable, since even in mixed configurations, where one does
not expect the two sub-jets to originate from the same splitting,
the distribution is very similar.

For the opening angle 0; between the two sub-jets (Figs. 13
and 14) the situation is very different: already in p+p collisions
the 6g-distribution develops a bump at large 6. This comes from
mixed configurations with exactly one IS sub-jet, where it is more
likely that the two sub-jets have a large angular separation. This
bump looks very similar to the one seen in Pb+Pb collisions in the
inclusive distribution, where it is caused by medium response [52].
This is probably due to the fact that in both cases geometry dic-
tates the probability of finding two un-correlated structures inside
a jet. The Og-distribution of ISR tagged jets in Pb+Pb does not dif-
fer much from the inclusive distribution, only the bump is slightly
more pronounced. As in p+p, the distribution of mixed configura-
tions is peaked at large 6g, while that of double-IS resembles the
inclusive distribution. The latter are most likely cases where the
two sub-jets actually come from the splitting of a common an-
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Fig. 14. Distribution of opening angle 6, between sub-jets in SoftDrop tagged R =
0.6 jets in central Pb+Pb collisions for all jets (red), jets with at least one IS sub-
jet (blue), jets with exactly one IS sub-jet (green), and jets with two IS sub-jets
(orange).
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ISR tagged jets in p+p and central Pb+Pb collisions.

cestor. In this case the distribution is dictated by QCD dynamics
irrespective of whether the parton at the origin of the branching
sequence was radiated from the initial or the final state.

The last analysis discussed here does not follow the standard
procedure outlined in section 2, but is motivated by a measure-
ment of large-radius jets found by clustering small-radius jets [29].
Following the experimental procedure R = 0.2 anti-k | jets with

pY® > 35 GeV and [0 | < 3 are found. These are clustered into

R =1 anti-k, jets with pﬂet) > 158 GeV and |nUeY| < 2. The large-
radius jets are re-clustered using the k; -algorithm [53]. The jet
cross section is considered as a function of the distance measure
of the last clustering step

. ARq3
Vdiz =min(py 1,pL2) R

with the aim of finding jets with a hard wide angle splitting. Large-
radius jets composed of only a single small-radius jet are defined
to have 4/di, = 0. As before, jets with at least one IS sub-jet after
the un-clustering step are labeled as “ISR tagged jets”.

The +/di>-distribution is steeply falling with 4/di> =0 (i.e. jets
with only one sub-jet) being the most likely value (Fig. 15). The
fraction of ISR tagged jets first increases with +/di and then lev-
els off between 0.4 and 0.5 with very similar values in p+p and
central Pb+Pb collisions. The ISR tagged population is completely
dominated by mixed configurations with exactly one IS and one FS
sub-jet. The higher values of /dq; of these are due to the larger
angular separations of the sub-jets than in FS-FS jets. This indi-
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Fig. 16. Fraction of ISR tagged jets as a function of the scale /dy, of the last k
clustering step.

cates that in roughly half of the jets with large-k, structures these
are due to random combinations.

5. Conclusions

Initial state radiation produces jets and it contaminates jets
consisting predominantly of final state particles. IS jets are mostly
unproblematic in single-inclusive jet samples, because they are or-
dinary QCD jets. However, they can play a role in observables
correlating two or more jets (for example the di-jet acoplanarity
shown in Fig. 5).

Sizable ISR contributions to FS jets can be a confounding fac-
tor since they share characteristics with medium response: they
are weakly correlated with the jet and broadly distributed in an-
gle relative to the jet. This is seen for instance in the jet profile
(Figs. 8 and 9) and the 6g-distribution (Figs. 13 and 14).

The exact size of ISR contributions is observable dependent, but
the general conclusion from the findings presented in sections 3
and 4 is that they increase with jet radius, as is expected. They are
generally small, typically at the level of at most a few percent, in
the bulk of the jet population. In the tails of distributions, however,
they can become sizable. The jet profile and 6,-distribution are ex-
amples where the ISR contributions can be between 10% and 20%,
i.e. at a level where they are relevant when one is aiming for pre-
cision modeling. Finally, there are cases like the /d1;-distribution
(Fig. 16) or the di-jet acoplanarity where the ISR contributions can
exceed 40%. This is not a problem per se, as ISR is ordinary QCD
radiation and behaves in much the same way as FSR, but it may
require extra effort to include it in the theoretical calculations and
models.

Looking at the results presented here from a somewhat differ-
ent angle, it is worth noting that LO matrix element plus parton
shower calculations like JEWEL are only leading-log accurate in re-
gions of phase space dominated by ISR contributions. For a better
theoretical description of these one would have to include ma-
trix element corrections. This technique allows to correct parton
shower emissions such that they reproduce exactly (and not only
in the collinear limit) the LO multi-leg matrix elements. While this
is a standard procedure in p+p physics, it has not been attempted
in A+A collisions where the situation is complicated by medium-
induced gluon emissions.
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