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ABSTRACT: We study jet angularities for dijet production at the Relativistic Heavy Ion
Collider (RHIC) in proton-proton (pp) and nucleus-nucleus (AA) collisions at 200 GeV
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event generator. Furthermore, we use the Q-PYTHIA and JEWEL generators to estimate the
impact of the interaction between quarks and gluons produced by the parton shower with
the dense medium formed in heavy-ion collisions on the considered jet angularities.
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1 Introduction

Jets are collimated sprays of hadronic particles abundantly produced in collider experiments.
In a variety of different production processes jets can be instrumented for tests of fundamental
properties of the Standard Model (SM) of particle physics as well as for searches of new
particles predicted by various SM extensions. As a consequence, within the last decade jet
substructure physics has received a lot of attention from both theoretical and experimental
communities. Due to the efforts of numerous research groups the field quickly matured and
many crucial applications were identified. For example, jet substructure was used in fits of the
strong coupling constant [1-5], to constrain parton distribution functions (PDFs) [6-13], to
test high-precision perturbative QCD calculations [14, 15], or to search for heavy hadronically
decaying resonances predicted by various beyond SM theories [16-19]. Furthermore, jet
substructure observables are actively used as input variables for machine learning algorithms,
see e.g. refs. [20-22], and for particle tagging purposes [23-29]. Given that the substructure
of jets is sensitive to interactions between partons produced in a hard scattering process with
the dense medium formed in proton-nucleus (pA) or nucleus-nucleus (AA) collisions, see e.g.
refs. [30-43], it provides an important tool to study quark-gluon plasma (QGP) signatures.

Whereas many measurements of jet substructure observables were performed at the
Large Hadron Collider (LHC) [44-68], the number of such analyses at the Relativistic Heavy
Ion Collider (RHIC) is much smaller, see e.g. refs. [69-72]. However, due to the significantly
different collision energies, considerable differences in the jet substructure can be anticipated
for jets produced at RHIC with respect to those measured at LHC. In particular, with the
decrease of collision energy and, as a consequence, of the momentum transfer one would
expect a much larger impact of non-perturbative physics [73]. This, in turn, challenges the
non-perturbative models as implemented in general-purpose Monte Carlo event generators
such as PYTHIA [74, 75], HERWIG [76, 77] and SHERPA [78, 79] and may require a dedicated
re-tuning of model parameters, see [80, 81]. Therefore, jet substructure studies at RHIC



require not only precise first-principles theoretical predictions but also a careful consideration
of non-perturbative effects which, as it was demonstrated in ref. [81], may lead to significant
bin-migration processes seriously affecting the shape of jet substructure observables. Given
pp collisions are used as a baseline to compare against pA and AA results in QGP searches,
a solid understanding of jet substructure physics at RHIC not only in pA and AA but also in
pp collisions is needed to facilitate reliable interpretation of experimental measurements.

In this paper we consider a family of jet substructure observables called jet angular-
ities [82-84] which were measured for jets produced in pp collisions at the LHC by the
ALICE [15], ATLAS [60] and CMS [14, 57] experiments. Additionally, the ALICE collabo-
ration measured angularities for jets emerging from AA collisions [45]. Having adjustable
parameters controlling their sensitivity to collinear relative to soft wide-angle radiation, they
can provide complementary information about different phase space regions. Consequently,
their joint study both allows intricate insights into the evolution of jets and allows for
systematic theoretical studies of taggers. A closely related set of observables (jet mass and
jet shape) was also measured by CDF [85] for pp collisions and later by ATLAS, CMS and
ALICE in pp [47, 48, 53-58, 60, 61, 63, 64, 66—68] and AA collisions [44, 45, 47, 54, 55, 63, 66],
respectively. Additionally, the ALICE collaboration measured the jet mass for jets produced
in pA scattering [44].

Important progress has been achieved in recent years on the theoretical description of
jet substructure observables. For an overview see [86]. Specifically, high-precision results for
jet angularities were presented in refs. [81, 87-92]. In particular, the NLO 4+ NLL' accurate
jet angularity predictions from refs. [81, 87] were compiled using the resummation plugin
to the SHERPA generator framework [93, 94] and hence are largely automated. The main
scope of this paper is to provide NLO + NLL’ predictions for future measurements of jet
angularities in pp collisions at RHIC, which is currently operating the new sPHENIX detector
in data-taking mode [95], as well as to estimate the réle of non-perturbative physics and
medium-induced effects through dedicated Monte Carlo simulations.

This paper is organized as follows: in section 2 we provide definitions of the observables
under consideration and briefly discuss the details of our theoretical computations, in section 3
we present resummed predictions for jet angularities at NLO+NLL’ accuracy level, in section 4
we correct our resummed predictions for non-perturbative effects using parton-to-hadron level
transfer matrices as introduced in ref. [81] and compare the results against predictions from
the SHERPA and PYTHIA event generators. Finally, in section 5 we estimate the impact of
medium effects based on simulations with the Q-PYTHIA code [96], derived from the PYTHIA
6 generator [75], as well as JEWEL [97, 98]. Our conclusions and a discussion of possible
further steps are presented in section 6.

2 Event selections and observable definitions

We consider dijet final states produced in pp collisions at /sp, = 200 GeV center-of-mass
collision energy. We use the FASTJET [99] code to cluster final-state particles into jets
according to the anti-k; jet algorithm [100] with radius parameter Ry = 0.4 and standard
FE-scheme recombination, i.e. the momenta of particles that get combined are simply added
such that the resulting jet momentum is given by the sum of its constituents’ momenta.



We require at least two jets that satisfy
prj, > 30GeV, prj, >20GeV  and |yj j,| <0.7, (2.1)

which is in accordance with the RHIC detector acceptance characteristics and the sSPHENIX
beam use proposal [95]. Through the staggered transverse momentum cuts we avoid perturba-
tive instabilities appearing for exactly balanced back-to-back dijet kinematics, see ref. [101] for
a detailed discussion. In each selected event, we consider the two leading transverse momentum
jets, and for each jet individually evaluate the angularity observables [82-84] defined as
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where

A; = \/(yi — Yiet)? + (D5 — Pjet)? (2.3)

is the standard Euclidean azimuth-rapidity distance between particle ¢ and the jet axis. The
concept of infrared and collinear (IRC) safety requires kK = 1 and a > 0. Therefore, we limit
ourselves to three commonly studied cases: Al /2 (Les Houches angularity or LHA), Al (Jet
Width) and A} (Jet Thrust) [14, 84, 102]. Also, in order to keep our notation simple, in the
rest of the paper we omit the subscript k assuming x = 1. Ultimately, we consider the sum
of the distributions individually determined for the two leading jets as described above.

Angularities with @ < 1 are sensitive to recoil against soft emissions [103, 104], leading
to a rather complicated resummation structure. To avoid the complication caused by recoil
effects, for A; /5 and A; we evaluate the distance measure in eq. (2.3) with respect to the
jet axis obtained by reclustering the jet constituents with the anti-k; algorithm but using
the Winner-Take-All (WTA) recombination scheme [105].!

We also consider groomed jets where as a groomer we use the SoftDrop algorithm with
parameters zey, = 0.2 and 5 = 0 [107, 108] and the Cambridge-Aachen (C/A) algorithm [109,
110] for jet reclustering. To this end we use the fjcontrib implementation of SoftDrop in the
FASTJET package. The angularity is then computed on the resulting groomed jet, i.e. both
sums in eq. (2.2) are restricted to the particles that survived the grooming. Also for groomed
jets we adopt the WTA prescription for angularities with a < 1.

In practice, we use the RIVET framework [111, 112] to perform the Monte Carlo analysis
and use Matplotlib [113] for plotting.

3 All-order resummation at next-to-leading logarithmic accuracy

To perform NLL resummation for jet angularities we use the SHERPA implementation of
the CAESAR resummation formalism [103, 114], first presented in [93]. In what follows we
limit ourselves to a brief outline of those ingredients necessary for our purpose here. We
refer the interested reader to the reviews of the CAESAR formalism and the closely related
techniques for jet-substructure in [86, 103, 115] for a more pedagogical introduction. This

!The recoil effect and the factorization of jet angularity using the standard jet axis are discussed in details
in [106].



framework has been employed to obtain resummed predictions for SoftDrop thrust [116]
and multijet resolution scales [94] in electron-positron collisions, as well as NLO + NLL/
predictions for SoftDrop groomed hadronic event shapes [117], for jet angularities in dijet and
Z+jet production at the LHC [24, 81, 87] and, recently, for plain and groomed event shapes
in neutral-current deep inelastic scattering [118-120], as well as event-shape observables in
hadronic Higgs-boson decays [121].

For an applicable jet-substructure observable, the all-order cumulative cross section for
observable values up to v, with L = —In(v), can be written as a sum over partonic channels §:

Sres(v) = Y B0 (v), with
é

(3.1)
— N RP(L) | SBs(L)FB (L)H (Bs)

() = /ngcwdexp
dBs =

where % is the fully differential Born cross section for the subprocess § and H implements

constraints on the Born phase space B. The label F represents the multiple emission function
which, for additive observables such as the angularities considered in this paper, is simply
given by F(L) = e 2% /T'(1 + R'), with R'(L) = OR/OL and R(L) = Y,cs Ri(L). The
soft function & implements the non-trivial aspects of color evolution. In our notation this
includes the effect of non-global logarithms [122]. Since the relevant functions depend on the
jet radius only, we here can use the expressions extracted numerically in the leading-color
approximation from [81], based on the code from [87]. The collinear radiators R; for the
hard legs | are summarized in [103] for a general global observable V' scaling for the emission
of a soft-gluon of relative transverse momentum ky), rapidity n(l) and azimuthal angle ¢
with respect to leg [ as

M\
V(k) = (’f@) (g (o). (3.2)

while here we have to take into account the modifications from [87, 123] to account for the
phase-space restrictions implied by the finite jet radius. For the jet angularities defined
by eq. (2.2) it holds [87]

2cosh et \“7 g
a=1, h=b=a-1, d:( ! ) . 3.3
: g Ry prjetRo (3:3)

Here, we denote the transverse momentum and rapidity (noting that the resummation is
performed around configurations corresponding to massless jets) by njet, prjet- We choose
Kt = prjetfo, simplifying the last term in g;d; to unity.

Generalized expressions for the radiator functions, that we use here when considering
SoftDrop groomed final states with general parameters z.,; and 3, have been presented
in [117]. As discussed in [81, 87] our resummation is strictly valid in the limit of small zcyt,
ie. Ay < zZewt < 1. However, for 8 = 0 finite-z.,t corrections are already present at the
(leading) single-logarithmic accuracy [124], and have been found to have a negligible effect in
practice [107] at least for zey = 0.1. We will assume that similar statements can be made
for zeyt = 0.2 and do not include any related corrections.



The CAESAR resummation plugin to SHERPA hooks into the event generation framework,
facilitating the process management, and providing access to the COMIX matrix-element
generator [125], as well as phase-space integration and event-analysis functionalities. The
SHERPA framework is also used to compile all the required higher-order tree-level and one-
loop calculations. The plugin implements the building blocks of the CAESAR master formula
eq. (3.1), along with the necessary expansion in the strong coupling constant « used in the
matching with fixed-order calculations. All elements are evaluated fully differentially for each
Born-level configuration Bs of a given flavor and momentum configuration.

The treatment of the kinematic endpoint is implemented in the same way as in ref. [117]
by shifting the relevant logarithms and adding power-suppressed terms to achieve a cumulative
distribution that approaches one at the kinematic endpoint and has a smooth derivative
approaching zero. In particular, we introduce the additional parameters p,xr,vmax and
modify all logarithms according to

() ) e

Here we set vpax to the numerically determined endpoint of the observable distribution

evaluated at NLO, and by default use p = 1. We set x; = 1, while a variation of this
parameter can be used to assess uncertainties of the resummed calculation. Note that xz # 1
introduces additional NLL terms that need to be subtracted.

To adequately describe intermediate and large angularity observable values, the resummed
calculation needs to be matched to an appropriate fixed-order calculation. We use the COMIX
matrix-element generator shipped with SHERPA to perform an NLO calculation for the dijet
final state. In order to capture the next-order corrections for jet shapes like the angularities,
it is sufficient to perform an NLO calculation for the 3-parton final state, with a small cut-off
Anin the observable to regularize the divergences from double soft and triple collinear
splittings. In practice we choose A™™ to be smaller than the smallest bin edge considered,
and enforce the physical condition ¥(0) = 0 in our matching prescription. Note that this
means that our calculation technically becomes observable specific and we perform separate
calculations for angularities measured on the more central and more forward of the two
leading jets, while keeping the phase space for radiation in the other jet unrestricted. We use
the SHERPA implementation of the Catani-Seymour dipole subtraction scheme [126] and the
interfaces to the RECOLA [127, 128] and OPENLOOPS [129] one-loop amplitude generators.

To combine our NLL results with the fixed-order calculation, we perform a multiplicative
matching, separately for quark and gluon jets in order to ensure an effective extraction of the
O coefficients necessary to achieve NLO + NLL’ accuracy. While several more sophisticated
jet-flavor algorithms have appeared since then [130-135], we stick with the iterative application
of [136] introduced in [87] since it is sufficient for our purpose. We stress again that we
can perform all required fixed-order calculations efficiently with the generic tools available
in SHERPA to the numerical accuracy necessary for an effective matching. After matching,
we stack the two distributions for the central and forward jet, to obtain a prediction for
the summed distribution that would be obtained by filling a histogram with the values of
both the leading jets for each event.



As parton density distributions we use the NNLO PDF4LHC21_40_ pdfas set [137]
with as(Mz) = 0.118, accessed via the LHAPDF library [138]. The central values for the
perturbative factorization (up) and renormalization (ug) scales entering the calculation
are set to

To estimate the perturbative uncertainties of our predictions, we perform on-the-fly [139]
7-point variations using

{(%uR, Tur), (3ur, pr), (Urs 347), (IR, 1F), (UR. 200F), (20R, o), (21, 2MF)} . (3.6)

as well as an independent variation of the parameter =, introduced in eq. (3.4), corresponding
to xzr, = 1/2 and z = 2.

In figure 1 we present resummed predictions, without any non-perturbative correction
dubbed parton level (PL), for the jet-angularity observables in proton-proton collisions at
V/Spp = 200 GeV. In general, larger values of the angularities correspond to jets with increased
internal activity, either in the form of more or harder constituents. On the other hand, the
Ao — 0 limit corresponds to jets with no or only soft and/or collinear radiation. However, due
to the different scaling of the observables, equal values of the angularities across our choices
for a probe different overall levels of softness. For this reason, A/, showcases the typical
behavior of a jet shape, with a Sudakov peak produced by logarithmic terms at all orders
that dampen the rise present in the leading-order contributions when A — 0. The region to
the left of the peak is fully resolved and we can follow the suppression of events at very small
A1/2 until the height of the first bin is effectively 0. This picture is much less clear for Ag,
since the same values of A1 correspond to harder configurations, so the peak is at smaller
values and we can only observe the maximum of the distribution in the bin corresponding
to the second smallest A\; range. Finally, for Ay this becomes even stronger and we do not
observe any peak structure given this binning choice. Of course the resummed distribution
still approaches 0 at A = 0, however, the maximum would only be in the first bin, such that
we can not resolve the Sudakov peak structure. When comparing the ungroomed distributions
with the corresponding groomed ones, the latter, as expected, are shifted towards smaller
angularity values. SoftDrop grooming eliminates part of the jet constituents, thus sharpens
the jet profile. While these differences are of course to some extend an artifact of our chosen
binning, this binning is motivated by the resolution achieved by the LHC experiments, in
particular the measurement in [14], where a similar effect when changing « is observed. A
detailed study of the potentially achievable experimental resolution at RHIC is beyond the
scope of this work. While from a theoretical point of view it might be interesting to study
the deep IR limit, see for example [87], we here stick to predictions in a setting that should
roughly be achievable in an actual experiment at RHIC.

We only find moderate effects from the matching of resummation and fixed-order calcu-
lations at LO and NLO. When going from the pure NLL results to the leading order accurate
LO + NLL/, all distributions are slightly shifted towards larger values of the respective
angularities. This is most visible in the groomed case, where for a = 1,2 the height of the
first bin is visibly reduced. For o = 1/2 the first bin is already suppressed, but we still
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Figure 1. Normalized parton-level resummed predictions for the A;/3, A1, A2 angularity distributions
(top to bottom) without and with SoftDrop grooming (left and right). We illustrate the effect of
matching to the fixed-order calculation by showing the pure NLL result (red) compared to the
leading-order matched one (orange) and our final NLO + NLL accurate matched result (black).

observe a small shift in the peak position. The changes in the ungroomed distributions are
less prominent but qualitatively consistent with the above observations. The effect in some
cases becomes stronger after including NLO corrections, which are small in all cases.

However, the impact of including fixed-order corrections, even at LO, on the central
value is dwarfed by the remaining uncertainty. These are estimated by the envelope of
7-point variations of the renormalization and factorization scales g, pr, and variations of
the resummation scale factor x, introduced in eq. (3.4). The widths of the uncertainty bands
are dominated by the xy, variations, corresponding to setting z, = 2 and x;, = 1/2. We hence



observe at best a small impact of the matching to higher orders on the total uncertainty,
though in some cases a reduction is visible. In general, the uncertainties are moderate in size.
Exceptionally, they are very large for the first bin including A = 0, and the first few bins,
towards smaller values from the peak position, for the Les Houches angularity A;,,. The
main effect of the x, variation is a shift of the distribution towards smaller/larger observable
values. Hence, the bins in the vicinity of the distributions peak are most affected by these
shifts. Given that the angularity distributions typically fall off very sharply to the left of the
maximum, this results in quite significant uncertainties in this region.

4 Particle-level predictions and non-perturbative corrections

To derive actual particle-level predictions, i.e. for final states of detectable hadrons, we
perform corresponding Monte Carlo simulations with SHERPA and PYTHIA [74], thereby
accounting for non-perturbative effects such as hadronization and the underlying event (UE)
contribution [140, 141].

As demonstrated in a variety of works [142-146], non-perturbative corrections to IRC-safe
jet-substructure observables have a power-suppressed form which allows one to consider them
as sub-leading corrections for large and moderate jet-pr values, see, for example, ref. [81].
Nevertheless, as the jet’s transverse momentum decreases, one would anticipate that non-
perturbative corrections leave a more pronounced impact on the jet substructure. Moreover,
given that collision energies at RHIC are much smaller compared to the LHC, possibly
re-tuning of the parameters of UE and hadronization models might be needed, to ensure that
different physics aspects relevant at LHC and RHIC are properly taken into account.

Given there is no unique procedure how to incorporate non-perturbative effects into
resummed calculations, special attention needs to be paid to the choice of the correction
scheme when comparing first-principles theoretical predictions against jet-substructure mea-
surements of low-pr jets. We here correct our resummed predictions for hadronization and
the underlying event using parton-to-hadron level transfer matrices derived from dedicated
SHERPA simulations as introduced in ref. [81].

Hadron-level simulations with SHERPA and PYTHIA. For SHERPA we use version
3.0.03, considering inclusive dijet production based on its implementation of the MCQNLO
formalism [147], dubbed SHERPA MC@NLO in what follows. The NLO QCD matrix elements
for two-jet production get matched with the SHERPA Catani-Seymour dipole shower [148].
The involved QCD one-loop amplitudes we obtain from the OPENLOOPS library which uses
the COLLIER package [149] for the evaluation of tensor and scalar integrals.

As for the resummed calculation we employ the NNLO PDF4LHC21_40_pdfas set and
as(Mz) = 0.118. The central values for the perturbative scales are set to

pr = pr = pq = Hr/2. (4.1)

Scale uncertainties get estimated through 7-point variations of up and ug, see eq. (3.6),
both in the matrix elements and the parton shower, while we keep the parton-shower starting
scale (uq) fixed [139]. The SHERPA UE simulation [79] is based on an implementation of the
Sjostrand-Zijl multiple-parton interaction (MPI) model [150]. To account for the parton-
to-hadron transition we use the SHERPA cluster fragmentation [151]. Here we include an

-8 —



UNGROOMED GROOMED

1oL s=== SHERPA MCGNLO PL — s=== SHERPA MCGNLO PL
o s== SHERPA MCGNLO HL s=== SHERPA MCGNLO HL
pany
S
o)
S 4L B
2
= 4r B
N~—
2 - -
\ \
191 === SHERPA MCGNLO PL — === SHERPA MCGNLO PL
B s=== SHERPA MCQNLO HL s=== SHERPA MC@NLO HL
< 10F ] —
) pr.i 1
= sk r=n(E @) L
E 6 | PP = Ji, )
(&) pp — jj, pr1 > 30GeV, pra > 20GeV,
~ pr1 > 30GeV, pro > 20GeV, Ry =04, /55, = 200 GeV,
— 4+ Ry =04, /5, = 200GeV, = [y12] < 0.7,
~— ly1o] < 0.7 SD:B8=0,zu =02
2 I I
— | |
ne &= SHERPA MCGNLO PL [ | &= SHERPA MCGNLO PL
== == SHERPA MCQ@NLO HL ] == SHERPA MCGNLO HL
S22 =
RS
< 10 -
s
= 8r -
D
—~ 0 ; B
N =
T i :l_'_!=§t_
\ | | | \ | | |
0.1 02 03 04 05 06 01 02 03 04 05 06
Ao Ao

Figure 2. Normalized parton- and hadron-level Monte Carlo predictions obtained with SHERPA for
the A2, A1, A2 angularity distributions (top to bottom) without and with SoftDrop grooming (left
and right).

estimate of the hadronization parameter uncertainty, based on replica tunes, first presented
in [118, 152]. To this end, besides the nominal default tune, we run SHERPA with the
hadronization parameters set according to 7 replica tunes, thereby using the central choice
for ur and pp. Each of the runs produces an alternative distribution that we treat on an
equal footing with the scale variations and use the envelope of all variations as an estimate
for the total uncertainty.

In figure 2 we present the predictions from SHERPA for simulations at parton level, i.e.
with hadronization and UE disabled, and at hadron level, where both effects are taken into
account. The general features of the distributions parallel the observations for the resummed



results in figure 1. We note that the parton-level distributions show a significant peak in
the first bin, caused by the finite parton-shower cutoff, that effectively prevents particle
production below a certain hardness scale of O(1 GeV). This leads to an overpopulation of
the first bin from jets with no resolvable emission above this cutoff. Within the factorized
MC approach, the hadronization model is responsible for re-distributing these jets towards
non-vanishing angularities. On the other hand, the resummed predictions shown earlier do
not feature such cutoff, as all integrals are formally taken across the Landau pole. Hence,
it is evident that a simple ratio of the bin entries at hadron and parton level, at least close
to the shower cutoff, does not suffice to correct resummed calculations and we therefore
have to resort to more sophisticated approaches. We here make use of a multi-differential
transfer-matrix technique introduced in [81], detailed below.

Even when ignoring shower-cutoff effects, the impact of hadronization and UE on the
angularity distributions is quite significant, resulting in a change of the peak position for
most cases. In particular the Les Houches angularity A;/5 is known to be very sensitive to
non-perturbative effects, see, e.g. refs. [81, 87]. A notable exception appears to be the groomed
a = 2 case, where parton- and hadron-level predictions from SHERPA seem to largely agree.
However, as explained above, for @ = 2 most of the jets with deeply soft radiation end up in
the first bin, such that we do not resolve them very well for Ae. In general, SoftDrop grooming
significantly ameliorates the impact of non-perturbative effects on the angularity distributions.

To obtain alternative hadron-level predictions we ran further simulations with PYTHIA
using version 8.310 [74]. To this end, we simulate inclusive dijet production at the leading
order using the PYTHIA 8 default parton shower [153, 154]. Given the drastic difference of
proton-proton collision energy between RHIC and LHC might necessitate adjustments of the
non-perturbative model parameters, we here employ a dedicated tune of PYTHIA optimized
for the description of RHIC data, referred to as Detroit tune [80]. For reference, we also
derived predictions based on the PYTHIA 8 default, the so-called Monash tune [155].

In figure 3 we present a comparison of hadron-level predictions obtained with PYTHIA
based on the Detroit and Monash tunes, as well as those from SHERPA using its default tune.
In general, the particle-level results from the two generators agree quite well regarding the
shapes of the plain and the soft-drop groomed angularity distributions. However, the PYTHIA
results for both tunes are slightly shifted towards larger angularity values, corresponding to a
broader jet-constituent distribution. This effect is somewhat more pronounced for the Monash
tune, PYTHIA’s default. The dedicated Detroit tune appears to produce results in-between
the SHERPA MCQ@QNLO and the PYTHIA Monash-tune predictions. The dominant difference
between the two PYTHIA tunes consists in the parameter settings affecting the UE activity, see
ref. [80] for details. Given the significantly lower proton-beam energy at RHIC in comparison
to the LHC, the average number of secondary scatterings per proton-proton collision at
RHIC is much smaller. This is illustrated in figure 4, where we show the distribution of MPI
scatters associated with a dijet-production hard process, using the event selection criteria
listed in section 2, for /spp = 200 GeV and ,/spp, = 13 TeV, respectively. For the LHC setup
we show predictions based on the Monash tune, the PYTHIA 8 default in particular for LHC
simulations. The distribution is rather broad and peaks around nypr =~ 10. In contrast,
at RHIC energies the distribution based on the Monash-tune parameters has its maximum
at nypr = 2 and is rather narrow. Considering the Detroit tune, the distribution peaks at
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Figure 3. Comparison of hadron-level predictions for the ungroomed and groomed angularity
observables A; /2, A1 and Ay from SHERPA MC@NLO (default tune) and PYTHIA 8 results obtained for
the “Detroit” tune [80] and the default Monash 2013 tune [155].

nypr = 0 and is quickly falling. Accordingly, the majority of events has either no or only
1-2 associated secondary scatterings. These differences in MPI activity for the two tunes
explain the shifts in the angularity distributions observed in figure 3. In conclusion, for the
here considered event-selection criteria most of the hadronic collision energy at RHIC is
deposited in the hard scattering, while the impact of the UE is significantly reduced compared
to the LHC. As a consequence, non-perturbative corrections that affect jet-substructure
observables at RHIC are largely dominated by hadronization effects. Accordingly, studies
of jet angularities sensitive to non-perturbative corrections, as in particular A; /5, provide
stringent tests for hadronization models as implemented in general-purpose MC generators.

— 11 —



—— PYTHIAS Monash , /5,, = 13 TeV
—— PYTHIAS Detroit , /5,, = 200 GeV

0.20
""" PYTHIAS Monash V3 = 200 GeV

E 0154 -

g ’ pp = Jjj,

= - pr1 > 30GeV, pro > 20GeV,
E i R(J = 0~4, |y172| < 0.7

]
= 0.10

0.05

0.00

|
15 20 25 30
NPT

Ut
—_
o

0

Figure 4. Number of secondary scatterings per proton-proton collision at RHIC (blue lines) and
LHC (red line) as predicted by the PYTHIA 8 event generator. For the LHC case we show predictions
based on the default Monash tune. For the RHIC scenario we present results both for the Detroit
(solid) and the Monash (dashed) tune.

The transfer-matrix approach to non-perturbative corrections. To account for the
alteration of the derived resummed jet angularity distributions due to non-perturbative
corrections we employ parton-to-hadron level transfer matrices as introduced in ref. [81]. This
quite general approach is applicable to an arbitrary set of observables, measured in a multi-
differential way. In general, it aims to keep track both of the migration in event kinematics,
used to define the fiducial phase space, that get partially integrated over, as well as changes
in the actual observable of interest, i.e. in the here considered case the angularity variable.

We consider a generic scattering process which results in a partonic configuration P.
Through NP effects the set of parton momenta gets mapped onto a hadron-level configuration
H(P). The map H thereby accounts for hadronization and UE corrections. It could be
derived from field-theoretical considerations (see for example refs. [156, 157] for recent work
on SoftDrop observables) or it can be extracted from parton-shower simulations interfaced
to a model of NP phenomena. For a given configuration P or H(P), we then measure a set
of m observables, 17(73) or 17(9‘-[(77))2 We define the transfer operator as the conditional
probability to measure a set of observables ¥}, at hadron level on H(P), given that the

2For simplicity we here have chosen the same set of observables V on the parton- and hadron-level
configurations which, however, is not strictly necessary.
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parton-level observables were v),:

J dP dg.50m) (17 - 17(73))50"0 (ﬁh - V(H(P)))
J dP 2550 (5, — V(P))

T (Un|0p) = (4.2)

This way, the multi-differential distribution for the set of hadron-level observables v}, can
be written as

dmO'HL d"o PL

= [dma, Tl o (4.3)

dvp1 ... dvpm, dvp1...dvpm

When working with binned distributions, one obtains binned cross sections by integrating
the multi-differential distribution over hypercubes in the observables’ space. At parton level
the cross section in any given hyper-bin p can be written as

Aol = / dp j;@p(m , (4.4)
where
6,(P) = [LO(VA(P) — vmim)a(uma — Vi(P)). (45)
=1

When considering a binned distribution at hadron level, the transfer operator from parton-level
bin p to a given hadron-level bin h becomes a matrix of the form

[ dP 4%0,(P)Ox(H(P))

T =" AP 0,P) (4.6)
with
= TT0(Vi(H(P)) — vt )0 (vhs = Vi(H(P))) . (4.7)
=1

Consequently, the final hadron-level distribution in the hyper-bin h is obtained by the
weighted sum of all parton-level contributions

= 277’1? AO‘EL . (4.8)
P

The elements of the transfer matrices appearing in eq. (4.8) can easily be extracted from
a multi-purpose generator in a single run, provided that individual events are accessible
at different stages of their evolution in the simulation process. Note however that, while
parton shower and hadronization are treated in a factorized form in all multi-purpose event
generators [140], this is not necessarily the case for the UE. In particular, PYTHIA 8 [158] makes
use of an interleaved evolution of the initial-state shower and the secondary interactions [153,
154]. Accordingly, in a full event simulation within such model there is no notion of an
intermediate parton-level final state that is directly comparable to a resummed calculation.
However, in SHERPA the parton showers off the hard process and the simulation of multiple-
parton interactions are fully separated, i.e. the UE is simulated only after the shower

,13,



UNGROOMED GROOMED

5 5
o 41 4
SlES 31 olS 34
el
33 S
o ] e
0.6 1 0.6 0.6 L 0.6
0.5 .. 0.5 0.5 0.5
0.4 1 0.4 0.4 4 0.4
I Y
S IS
< | =
0.3 1 L0.3 0.3 1 ro-3
0.2 1 Ho.2 0.2 1 . 02
0.1 0.1 0.1 ol
4321 01 02 03 04 05 06 4321 01 02 03 04 05 06
2 APL 2 PL
g% 12 g% Ap
o o
0.00 0.02 0.04 0.06 0.07 0.09 0.11 0.13 0.15 0.17 0.00 0.02 0.04 0.06 0.07 0.09 0.11 0.13 0.15 0.17
Transfer matrix Ay, Transfer matrix A1,

Figure 5. Transfer matrices defined according to eq. (4.8) for the ungroomed (left) and groomed
(right) angularity A /o, extracted from SHERPA MC@NLO hadron-level simulations for the default
hadronization tune.

evolution of the hard interaction is completed. The secondary scatterings then get showered
and ultimately the partonic final state consisting of the showered hard process and multiple-
parton interactions gets hadronized.

Accordingly, we here derive parton-to-hadron level transfer matrices for the jet angularities
using the SHERPA generator. We obtain them from the same runs as the histograms shown as
MCQ@NLO hadron-level SHERPA predictions in what follows. Besides the default hadronization
tune we further determine a separate transfer matrix for each of the 7 replica tunes [118, 152]
for the SHERPA cluster hadronization model [151]. We fold the resummed result, including each
of the scale and z-parameter variations performed, with each of these matrices. The resulting
envelope is then used as estimate for the total uncertainty of the prediction at hadron level.

When extracting the transfer matrices from SHERPA, we do allow for the possibility that
non-perturbative corrections can reduce the transverse momentum of a given jet, and hence
our cross section that is defined by requiring two jets of a certain hardness may become
smaller. The sum of the probabilities for one parton-level bin to end up in any of the
hadron-level bins is hence not guaranteed to be 1, and we indeed observe a significant loss of
cross section when going from parton to hadron level. We however neglect the reverse effect,
i.e. that a rather soft jet at parton level could pass the selection cut at hadron level, for
example by picking up contributions from the underlying event. This is an important effect
for example at the LHC, but appears not to be significant for our RHIC setup, consistent
with the much reduced underlying event activity observed earlier.

To give an illustrative example we present in figure 5 the binned transfer matrices defined
via eq. (4.8) for the plain and SoftDrop -groomed LHA ), /,. In particular we here show the
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results corresponding to the nominal SHERPA hadronization tune and the event selections
detailed in section 2. In the 2D presentations the abscissa corresponds to the observable
value at parton level, i.e. )\113/L2, while the ordinate represents the observable at hadron level,
i.e. /\11{/15. Hence, a vertical line represents the binned probability for an event with given
)\113/142 = vPL to end up at some )\II{/LQ along the line. Similarly, a horizontal line at )\II{/LQ = HL
indicates the likeliness for this hadron-level observation to originate from a given parton-level
value )\113/]42. Along with the transfer matrices, we here show the corresponding NLO + NLL'
distribution at parton level (top of the panels) and hadron level (left-hand side of the panels),
respectively. The latter are thereby obtained by convolving the former with the given transfer
matrix, resulting in our final NLO + NLL’ +NP prediction.

For the ungroomed case we observe a significant shift of the parton-level observable
towards higher values. In fact the transfer matrix has almost no entries in the lower triangle.
Furthermore, the ridge of the 2D distribution appears rather broad and parallel shifted
with respect to the diagonal. In particular for events with )\113/1“2 < 0.1 the shift is even
larger. Only for the tails of the distributions, i.e. A;/o > 0.5 is the transfer matrix largely
diagonal and the hadron-level distribution receives non-negligible contributions also from
higher parton-level values. For the groomed case, shown in the right panel, the hadronic
corrections are on average somewhat reduced. There now appear a few entries also below
the diagonal, corresponding to a reduction of the observable value from parton to hadron
level. However, most of the time events still get shifted towards larger )\?/LQ, though the ridge
of the 2D distribution now lies closer to the diagonal. As for the ungroomed case, beyond
A2 = 0.5 the transfer matrix is largely symmetric.

To capture the observed highly non-trivial migration in the angularity observables
from parton to hadron level indeed requires the use of a somewhat sophisticated correction
method, such as the transfer matrices employed here. In principle, observable-specific
analytical corrections can be derived, modelling an additional non-perturbative emission,
that is supposed to be soft [159]. The effect of such emission can be accounted for by an
observable shift according to

AL = APE s NP(Q) (4.9)

where 6ANY will depend on the observable value AY™ and one or several non-perturbative
parameters €2, that need to be estimated. An application to SoftDrop thrust in electron-
positron annihilation has been presented in ref. [116].

Another alternative, based on Monte Carlo simulations at hadron and parton level, is
a simple binwise multiplicative correction, according to

HL PL AHLMOC
(07

To illustrate the latter method we present in figure 6 corresponding predictions for the
above considered plain and groomed )\11{/142 observables. Besides the hadron-level predictions
from SHERPA and the NLO + NLL’' +NP predictions obtained through the transfer-matrix
approach, we show results for the multiplicative correction scheme. It is apparent that the
binwise correction of the resummed distribution according to eq. (4.10) yields significantly
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Figure 6. Hadron-level distributions for the A/, angularities without (left) and with SoftDrop
grooming (right). Shown are hadron-level predictions from SHERPA along with two variants for
correcting the NLO + NLL' parton-level result for non-perturbative corrections, through the transfer-
matrix approach (grey) and the binwise multiplicative correction (purple).

different results than the transfer-matrix method. The transfer-matrix corrections yield results
very compatible with the SHERPA particle-level simulation. However, for the multiplicative
correction, when considering the ungroomed case, the hadron-level result is significantly shifted
towards lower angularity values. For the groomed case, in particular in the region below and
around the parton-shower cutoff, cf. figure 2, the correction weights drastically overestimate
the impact of non-perturbative effects. In consequence, for the normalized distribution the tail
appears harshly suppressed. Accordingly, in what follows we will employ the transfer-matrix
method to incorporate non-perturbative effects into our resummed predictions.

In appendix A we provide an additional brief discussion regarding the relation of our
transfer matrices and the shape-function approach of [160]. Therein, we also show illustrations
of the transfer matrices for the groomed and ungroomed jet-width and jet-thrust angularities.

Hadron-level predictions for jet angularities in pp collisions. Having derived parton-
to-hadron level transfer matrices specific for the six variants of jet angularities, i.e. Aj/2, A1
and Ao with and without SoftDrop grooming, in dijet production in pp collisions at RHIC, with
the fiducial phase space defined in section 2, we can employ those to correct our NLO + NLL/
predictions for non-perturbative effects.

In figure 7 we present our final hadron-level predictions referred to as NLO + NLL’ +NP,
based on the transfer matrices derived from SHERPA simulations. Alongside we show the
corresponding particle-level predictions from SHERPA, based on parton-shower simulations at
MCQ@NLO accuracy, supplemented with an UE simulation and hadronization. Such, these two
predictions could in principle directly be compared to data from the sPHENIX experiment at
RHIC when those are corrected for detector effects. While it has been shown that traditional
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dipole showers are indeed not NLL accurate due to their treatment of soft recoil [161], NLL
accurate parton showers have since been formulated that perform very similar to the shower
used here when compared to data [162]. Further significant differences will however arise
from effects beyond NLL accuracy [163].

For both cases, we construct variants of the predictions from 7-point scale variations of
the renormalization and factorization scale through on-the-fly reweighting [139], as well as
from variations of hadronization-model parameters through 7 replica tunes [118, 152]. Note,
for the SHERPA MCQ@NLO simulation, variations of the scales also affect the scales used in
the initial- and final-state shower evolution. Within the resummed calculation however, we
can vary the zj parameter to obtain a more solid estimate of the logarithmic uncertainty. In
both cases, the final uncertainty again is taken as the envelope of all variants, respectively.

One should note that the variations we perform are by no means exhausting all possible
ambiguities of the parton shower. The detailed evaluation of parton-shower uncertainties
remains an open question beyond the scope of this work, see for example the discussion
in [135]. Variations of the shower starting and cutoff scale, the recoil scheme, the exact
definition of the evolution variables and many more could be considered and would potentially
lead to a larger uncertainty band. See also [164] for a recent exploration of some of these
ambiguities in NLL showers.

For the normalized angularity distributions shown in figure 7 we observe excellent
agreement between the two predictions. In fact, both results are fully compatible within their
estimated uncertainties. In terms of the central values, the NLO + NLL’ +NP calculation
appears to predict a slightly softer, i.e. with a peak shifted to smaller angularity values,
distribution for the Les Houches angularity A;/,. The distribution is also slightly wider, such
that the tail towards the kinematic endpoint at large A;/; is somewhat higher than in the
SHERPA prediction. The general trend is reversed in the A; case, where the Monte Carlo curve
appears marginally shifted to smaller values. For As, the two distributions are very close
and we can not make out any general trend. Again, any of these effects are covered by the
uncertainties of the NLO +NLL’ +NP calculation, and we conclude that at our accuracy there
is no consistent systematic difference between the results. For the general physics features of
the distributions we refer the reader back to our discussion in section 3 and above in this part.

The estimated uncertainty of the SHERPA MCQ@NLO predictions is generally smaller than
that of the matched resummed ones, consistent with the observations made in [81]. While
the uncertainty estimate for the NLO + NLL' +NP prediction is somewhat larger, its size
appears significantly reduced with respect to one for the partonic NLO + NLL' predictions
shown in figure 1. At first sight this might seem counter intuitive, however, it can be traced
back to the convolution with the parton-to-hadron level transfer matrices that largely smear
out the sharp peaks at parton level.

Looking back at figure 5 it is apparent that the bulk of the hadron-level distribution,
around /\{I/Ié ~ 0.3, is largely made up of commensurate contributions from several bins of lower
angularity at parton level, around )\f/LQ ~ 0.1 —0.25. While in particular the x, variations
widely shift the peak of the parton-level distribution between these low angularity bins, this
does not significantly alter their combined contribution to the bulk of the hadron-level result.
Furthermore, the bins at very low A, featuring the largest uncertainties, are systematically

,17,



UNGROOMED HL GROOMED HL

=== SHERPA, MCANLO; Ay, &= SHERPA, MCGNLO; ),
~ 4l == NLO+NLL/+NP; ), L == NLO+NLL'+NP: \,
=
<
~ 3 [ [ R
S ‘
= |
—~ 2= —
B
~~
—
— 1+

\ \ \ \ \ \ \
== SHERPA, MCQNLO; ) == SHERPA, MCQNLO; )\

ot
\

NLO+NLL'+NP; A\ == NLO+NLL'+NP; )

PP = Jjj,

pr1 > 30GeV, pro > 20GeV,
Ry =04, /s =200GeV,
|7]1_2‘ < 0.7,

PP = Ji
pr1 > 30 GeV, pr2 > 20 GeV,
Ry=0.4, \/s =200GeV,

(1/0)do/d)\

ol < 0.7 SD: B =0,z = 0.2
2 - |
1 - |
| | | | | ¥
14— == SHERPA, MCGNLO: \, - === SHERPA, MC@NLO: \
&= NLO+NLL'+NP; ), | === NLO-+NLL'4+NP; A,
S
< 10~ -
8]
= S -
L6 -
Z 4 -
2 B _%%_
| | | | | |
0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
Aa

Figure 7. Hadron-level distributions for the Ay /2, A1, A2 angularities without (left) and with SoftDrop
grooming (right). The shown NLO + NLL' predictions are corrected for non-perturbative effects using
the transfer-matrix approach, dubbed NLO +NLL’ +NP, and compared to corresponding particle-level
simulations with SHERPA of MC@NLO accuracy.

pushed and broadly smeared out towards larger values of AHL.

Supported also by the good agreement of the SHERPA and PYTHIA results, presented
in figure 3, we are confident that the here presented NLO + NLL’ +NP predictions provide
reliable theoretical expectations for experimental measurements with sPHENIX at RHIC.
Through a detailed comparison of jet-angularity observables in proton-proton collisions at
RHIC energies the modelling of all-order perturbative corrections as well as non-perturbative
aspects, in particular hadronization, can be thoroughly tested. For the here employed Monte
Carlo simulations such data would furthermore provide useful means to tune and optimize
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model parameters associated with hadronization and the underlying event. Having established
a good understanding of jet-substructure observables in pp collisions, these measurements can
serve as a baseline for corresponding analyses in nucleus-nucleus scattering, thereby trying
to infer about possible QCD-medium modifications.

5 Estimating medium-interaction effects on jet angularities

A high-density medium of deconfined quarks and gluons, referred to as Quark-Gluon Plasma
(QGP) [165], can be formed in high-energy heavy-ion collisions. The characteristic scale of
a QGP is expected to be an order of magnitude larger than the QCD confinement scale,
Aqcep = 0.2GeV. Hard QCD processes initiating the production of particles with sufficiently
high transverse momenta, such that the hierarchy prei > Aqap > Aqcp holds, can be
considered as factorized from later interactions with the QGP medium [166]. However, the
multiple soft and collinear subsequent emissions leading to jet formation are expected to
be affected by medium-induced interactions giving rise to a broad range of jet-quenching
phenomena [167-173]. Qualitatively, jet quenching embraces three distinct effects: energy
loss, i.e. the reduction of the energy of particles inside a jet or the jet energy as a whole [167],
leading to the suppression of cross sections; an increase in the number of soft particles inside
the jet, i.e. the softening of jet fragmentation [168, 170]; and jet broadening, i.e. an increase
in the number of soft particles displaced away from the jet axis [174-179].

In fact, all these jet-quenching effects are expected to affect the jet angularities as
defined in eq. (2.2). Various dedicated MC programs were developed that aim to simulate
jet-quenching effects, including HIJING [169], JEWEL [97, 98], PQM [180], HYBRID [181],
LBT [182], MARTINTI [183], JetMED [40, 184], PYQUEN [185] and Q-PYTHIA [96]. Apart
from these codes there exists the general JETSCAPE framework [186] capable of simulating
jet propagation through a QGP medium based on the usage of various hydrodynamical
models [187-191]. In this paper we would like to provide a qualitative estimate of quench-
ing effects for jet angularities in AA collisions at RHIC energies, i.e. /snn = 200 GeV.
Given hydrodynamical simulations can easily be very time-consuming, we reserve using the
JETSCAPE framework for future work and consider only two rather light-weighted MC
choices, namely Q-PYTHIA and JEWEL, both based upon modified versions of the PYTHIA 6
virtuality-ordered parton shower [75, 97].

Medium-effect simulations based on Q-PYTHIA and JEWEL. The Q-PYTHIA model
is based upon the addition of an extra term to the standard Altarelli-Parisi shower splitting
kernels Pac(z) [192], according to

Ptot(z) :PvaC(Z)—FAP(Z,t,(i,L,E), (51)

where AP(z,t,q, L, E) accounts for medium modifications in dependence on the virtuality ¢
of the radiating parton, its energy F, the medium length L, and the transport coefficient
G. Whereas vacuum splitting functions Pyac(z) are well known and can be derived from
first-principles perturbative QCD calculations, the additional term in eq. (5.1) is in a priori
unknown and in general cannot be evaluated by means of perturbation theory only. However,

,19,



the medium-induced splitting functions can be obtained within the Baier-Dokshitzer-Mueller-
Peigné—Schiff-Zakharov (BDMPS-Z) formalism [193-199], where interactions between QCD
parton-shower particles and the QGP medium get approximated by an infinite number of
soft scatterings.®> The residual dependence on non-perturbative physics is encoded in the
time-dependent density of scattering centers n(£) and the single dipole elastic scattering cross
section o(r) which are related to the time-dependent transport coefficient § via

n(€)o(r) = g(E)r, (5.2)

2
where §(€) is interpreted as the medium induced transverse momentum squared (g3 )mea per
unit path length A [173, 194, 204]. The medium model in Q-PYTHIA allows for variations of
medium properties and thus the transport coefficient with position and time. The varying
G then gets converted into an effective (constant) ¢ which, as a consequence, becomes the
only free non-perturbative parameter within the Q-PYTHIA model. In what follows we will
assume its value to be given by

G =2GeV?/fm. (5.3)

More information on the way Q-PYTHIA evaluates the splitting kernels in eq. (5.1) can be
found in refs. [176, 193, 200, 206].

Another MC generator to account for QGP medium effects is JEWEL (Jet Evolution
With Energy Loss) [98, 207, 208]. Similar to Q-PYTHIA, the approach of JEWEL is based
upon modification of the PYTHIA 6 parton-shower model by including 2 — 2 rescatterings
between shower partons and additional “external” partons representing QGP scattering
centers. These rescatterings change the virtuality of the shower partons which afterwards
may continue to participate in the parton-shower evolution [97, 98, 207, 209]. Apart from
that, JEWEL also contains a Monte Carlo model for the suppression of gluon spectra at
energy scales smaller than w. = §L?/2 caused by destructive interference in elastic scattering
between emitted gluons and the QGP medium also known as non-abelian analog of the
Landau-Pomeranchuk-Migdal (LPM) [171, 210-212] effect. The JEWEL approach to model
medium effects is fully microscopic and the only required assumption on QGP properties is
the density of scattering centers which can be evaluated using different models. The default
medium model of JEWEL [207, 213] is based upon the Bjorken model of an ideal quark-gluon
gas [214] and some Glauber calculations [215]. For definiteness, in what follows we assume
for the medium temperature a value of T = 0.55 GeV. Furthermore, the overlap between
colliding nuclei in the Glauber calculations is limited to the centrality class [0, 10]%.

Finally, we would like to note that the overall particle multiplicity in AA collisions is
typically about hundred times larger than in pp collisions. Such drastic increase is due to
the production of additional soft particles via multiple nucleon-nucleon interactions and,
presumably, the hadronization of the QGP medium. Therefore, the presence of such additional
soft background in AA collisions may require the application of event-wide background removal
techniques other than SoftDrop grooming we were using in the previous sections. This issue
will be addressed below.

3For phenomenological applications of the BDMPS-Z approach see refs. [172, 200-205].

— 20 —



Hadron-level predictions for jet angularities in AA collisions at RHIC. We present
our results for the three angularities A\, where a € {1/2,1,2} without and including the
subtraction of soft-background particles in figures 8 and 9, respectively. Figure 8 con-
tains vacuum-level predictions from Q-PYTHIA (blue solid line) and JEWEL (red solid line),
corresponding to the expectations for pp collisions. For comparison, we also include our
NLO + NLL' predictions corrected for non-perturbative effects as presented in section 4.
These results get contrasted with Q-PYTHIA (blue dashed line) and JEWEL (red dashed line)
simulations taking into account medium effects. The medium Q-PYTHIA result does not
contain particles from the bulk, soft background, whereas the medium JEWEL result by
default contains such soft particles. These soft background particles can easily wash out the
parton-shower emission pattern. In figure 8 we do not consider any soft-background removal
measures which can be physically implemented in experiments. Instead, in order to evaluate
the intrinsic modification of jets without the background contamination, we provide the
medium JEWEL result without the “recoil particles” (red dashed line) by using an internal
particle tag for medium particles in the JEWEL simulation. In reality, such recoil particles are
included in jet reconstruction and can not be physically separated from the jet. Therefore this
“NO REC” JEWEL result should only represent an “ideally” background subtracted result and
is meant to show qualitative features of JEWEL medium effects. For the SoftDrop groomer
we employed the same parameters as in sections 3 and 4.

We observe that the vacuum-level predictions obtained with JEWEL and Q-PYTHIA wrap
the NLO+NLL' +NP results, with JEWEL predicting somewhat broader, Q-PYTHIA somewhat
narrower spectra. While the agreement among these two LO simulations is certainly not
perfect, differences are mild when considering that no efforts were made to enforce a tuned
comparison, but rather the default settings of both generators have been employed here.
Although both codes are based upon of PYTHIA 6 their setups for pp vacuum simulations
are not identical. In particular JEWEL, unlike Q-PYTHIA, is using its own implementation
of a virtuality ordered parton shower closely related to the mass ordered shower algorithm
in PYTHIA 6.4 [97]. Moreover, both programs are tuned slightly differently: for example,
Q-PYTHIA employs the ATLAS MC09 tune [216], the CTEQ 5L LO PDFs [217], and is based
on PYTHIA 6.4.18. JEWEL, in contrast, uses the CT14 NLO PDFs [218] and is derived from
PYTHIA 6.4.25. While a more detailed analysis of the origin of the deviations between the two
generator predictions is interesting, this is considered beyond the scope of the present paper.
We envisage a dedicated measurement of the considered jet angularities in pp collisions at
sPHENIX that could then eventually be used to align parameter choices in the simulations
to obtain a satisfactory description of the pp-baseline results.

The AA simulation results shown in figure 8 demonstrate significant differences compared
to the vacuum-level predictions just discussed. We find that both Q-PYTHIA and JEWEL with
QGP medium effects being turned on predict jet-angularity distributions significantly different
from the “reference” vacuum-level results, especially for the Q-PYTHIA result. It is apparent
that JEWEL and Q-PYTHIA, while providing similar results for the vacuum case, produce quite
different medium-level distributions which significantly deviate from each other, corresponding
to their different methods to account for medium effects in AA collisions. The Q-PYTHIA
ansatz of modifying the QCD splitting functions preserves parton-shower unitarity and, as a
consequence, the total energy of all final-state particles produced in a given event always equals
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Figure 8. Q-PYTHIA and JEWEL predictions for jet-angularity distributions in pp (solid lines) and
AA (dashed lines) collisions at RHIC, without physical soft-background subtraction. Furthermore,
the hadron-level corrected resummed predictions of NLO + NLL' accuracy are shown in black.

the initial nucleon-nucleon center-of-mass energy. Accordingly, any increase in soft-particle
production is compensated for by a decrease of the momentum of the leading partons inside a
jet caused by the energy-momentum conservation constraint. As a consequence, the hard core
of the jets becomes heavily modified leading to inconsistent description of a large body of the
jet quenching models, see e.g. [219]. For JEWEL, the medium effect comes from jet particles
scattering with medium particles with momentum transfer. These medium particles can be
traced as recoil particles after collisions. Qualitatively, in the Q-PYTHIA model the medium
greatly increases the values of jet angularities even for SoftDrop groomed jets. This may
imply that the modified splitting functions can significantly affect hard branching kinematics.
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Figure 9. Q-PYTHIA and JEWEL predictions for jet-angularity distributions in pp (solid lines) and
AA (dashed lines) collisions at RHIC, with soft-background subtraction, i.e. after removal of soft
particles with ppr < 1 GeV from the final state.

In contrast, the JEWEL result shows that the medium decreases the values of jet angularities,
which may be caused by loss of energy and particles inside the jet.?

There are various sophisticated background-removal techniques described in the literature
on heavy-ion physics [39, 220, 221]. However, in this rather qualitative study we decided to
consider just a simple subtraction of final-state particles with pr < 1 GeV. While one might
expect that SoftDrop grooming helps to clean up jets from the thermal background, this
technique was specifically constructed to subtract soft wide-angle radiation with respects to

1A bias toward selecting harder jets in AA collisions compared to those in pp collisions, given the same jet
pe selection cuts, may cause the jet angularity distributions to move to smaller values.
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the jet axis. Soft particles included in the hard branching that satisfy the SoftDrop condition
therefore remain in the jet. In figure 9 we present our corresponding Q-PYTHIA and JEWEL
default (therefore including the soft recoil particles in the simulation output) results for the
jet angularities, with soft particles removed from the final state prior to jet clustering and
the application of the event-selection criteria. Note, such procedure effectively defines new
observables which do not obey the concept of infrared and collinear (IRC) safety which forms
a corner stone of the here employed CAESAR resummation technique. Accordingly, we here
do not include our NLO + NLL' + NP predictions, given it is not completely clear how to
consistently correct them for such soft-background subtraction.’

By comparing the results shown in figures 8 and 9 we observe that the removal of
soft particles with pr < 1GeV mildly affects the Q-PYTHIA results, both for the vacuum
simulations as well as for the AA runs. However, it effectively removes soft recoil particles in
the JEWEL medium-level simulations, producing a distribution (dashed red line in figure 9)
which is close to the medium-level distribution without recoil particles (dashed red line in
figure 8) and also the vacuum-level distribution (solid red line in figure 9). The stability
of the Q-PYTHIA results with respect to the removal of soft particles below 1 GeV can be
explained by the fact that the Q-PYTHIA model is based on the modification of the QCD
emission pattern according to eq. (5.1), thereby, essentially, imposing a redistribution of
energy between soft and hard particles produced inside a given jet due to the interaction with
the external QGP medium. Accordingly, soft final-state particles produced in AA simulations
with Q-PYTHIA cannot directly be interpreted as a thermal QCD background from overlaid
nucleon-nucleon interactions that produce uniformly distributed soft particles with very low
energies. In figure 10 we further show the Q-PYTHIA results with a more stringent cut to
remove soft particles below 2 GeV, and the medium modification pattern remains significant.

Finally, we would like to note that the JEWEL A A simulations after removal of soft particles
with pr < 1GeV, which may include both jet and medium particles, differ marginally with the
corresponding pp results. The differences between the vacuum-level Q-PYTHIA and JEWEL
results is sometimes even larger than the difference between vacuum-level and medium-level
distributions from JEWEL. That is, the uncertainty of vacuum-level Monte Carlo predictions
is larger than the size of the medium effect JEWEL predicts. We therefore conclude that a
detailed comparison of vacuum-level simulations against experimental data collected at RHIC
in pp collisions will be of utmost importance to validate and challenge the available theoretical
predictions based on the intriguing combination of perturbative and non-perturbative QCD
phenomena. Besides Monte Carlo simulation tools this also includes analytic predictions
based on all-order resummation, corrected for hadronization and underlying event effects.
Such detailed comparison will allow us to establish a baseline for the understanding of
jet substructure in pp collisions at RHIC which is necessary for getting control over jet-
substructure studies in AA scattering events.

5We remark that a possible approach to partially account for soft-background subtraction could proceed
through the extraction of corresponding transfer-matrices, where at hadron-level the particle-pr threshold
criterion is invoked, see for example ref. [117] for a related discussion of charged-track based hadronic event-
shape distributions. However, such procedure would effectively assume that all soft particles with momentum
below the particle-pr threshold are described by non-perturbative QCD and hence can be considered separately
from the resummed calculations. An assumption that remains to be verified.
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Figure 10. Q-PYTHIA predictions for jet-angularity distributions in pp (solid lines) and AA (dashed
lines) collisions at RHIC, with (red lines) and without (black lines) soft-background subtraction, i.e.
after removal of soft particles with ppr < 2 GeV from the final state.

6 Conclusions

Jet-substructure measurements provide unique insights into the dynamics of QCD and
constitute a superb testbed for theoretical approaches. In this study we considered the well-
known class of jet-angularity observables for the case of pp and AA collisions at RHIC. Thereby
the pp setup serves as a rather well understood and well controlled reference towards studying
the impact of medium-effects as anticipated from the creation of a QGP in heavy-ion collisions.

To this end, we derived NLO + NLL' accurate predictions for three distinct angularities
of QCD jets, with and without SoftDrop grooming, produced in pp collisions corresponding
to the setup of the SPHENIX experiment currently operating at RHIC. To account for
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non-perturbative effects from underlying event and hadronization, we correct our predictions
with the help of transfer matrices which have been shown to provide a better description of
collider data than a simple multiplicative reweighting approach [81]. Our detailed study of
non-perturbative contributions demonstrated a dominant role of hadronization corrections
and a suppression of contributions from multi-parton interactions compared to an earlier LHC
study [81]. Accordingly, we claim that dedicated jet-substructure studies in pp collisions at
RHIC can, to a large extend, help to disentangle and constrain hadronization effects from the
underlying event which is clearly not possible at the LHC due to the much higher beam energy.

The NLO + NLL’ resummed predictions corrected for non-perturbative results were
compared against SHERPA simulations of MCQNLO accuracy and indeed very good agreement
between the two results, taking into account theoretical uncertainties, was found. We envisage
that a future measurement of sSPHENIX and the detailed comparison against our and other
theoretical predictions will help to further probe and constrain MC models for non-perturbative
effects in pp collisions at energies much lower than at LHC.

While we consider the NLO + NLL' + NP and MC@QNLQO SHERPA predictions a main
deliverable of this paper, we also provided a qualitative estimate for the impact of QGP
medium-effects on jet-substructure observables. To this end, we simulated AA collisions
with two MC generators, namely Q-PYTHIA and JEWEL. We found that the jet-angularity
predictions from Q-PYTHIA and JEWEL show a significantly different behavior. Whereas the
default JEWEL setting simulates high-multiplicity soft-particle production originating from
the external QGP media, Q-PYTHIA modifies the parton-shower splitting kernels according
to the BDMPS-Z formalism, resulting in an increased emission of soft particles from the
hard-process final state. Accordingly, their multiplicity is limited by energy-momentum
conservation, i.e. the constraint that the energies of all final-state particles have to sum up to
the nucleon-nucleon center-of-mass energy. This, as was also argued in the original Q-PYTHIA
publication [96], can be seen as a limitation of the current model since in AA collisions
multiple soft particles can furthermore be produced due to the thermalization of the QGP and
additional nucleon-nucleon interactions, such that the total energy of all final-state particles
can easily exceed /sNN. Q-PYTHIA predicts a significant enhancement of jet angularity
values. On the other hand, by comparing the JEWEL jet angularity predictions for pp and
AA (without recoil particles) collisions, a significant decrease of jet angularity values was
observed in JEWEL. After soft-background subtraction, the jet angularity predictions for AA
collisions simulated with JEWEL showed very moderate medium modifications compared to
the vacuum-level results, whereas the Q-PYTHIA AA results still exhibit striking differences.
Given that jet-substructure modifications observed in previous experiments do not tend to
support such strong effects compared to pp results [72], we would assume that after detailed
comparison against upcoming new results from sPHENIX the Q-PYTHIA model may need
to be revised. We also argue that the observed marginal difference between JEWEL pp and
AA results after background removal, as compared to the difference between JEWEL and
Q-PYTHIA pp predictions, highlights the importance of precision understanding of the pp
results in order to meaningfully extract medium modifications. Whereas in this paper we used
a simple removal of final-state particles with pr < 1 GeV, a more sophisticated background-
subtraction technique such as described in refs. [39, 220, 221] should be used when comparing
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Monte Carlo predictions against data. Each of these techniques, in turn, leads to somewhat
differently defined jet-substructure observables and hence requires a dedicated investigation
and analytic understanding which we leave to future studies.
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A Connection between transfer matrices and shape functions

The non-perturbative power corrections of general infrared and collinear (IRC) safe jet-
substructure observables may be included by convolving the resummed, perturbative calcu-
lations with the corresponding shape functions originally introduced by Korchemsky and
Sterman [160]. For jet angularities, the convolution may take the following form [89, 222] if

the non—perturbative correction is naively modeled by a single-scale contribution,®
do 8
PL HL PL cut Y
dAHL /de f(e) /d)\a AT (ML = ATk = gz | (A1)

where the function f(e) is the shape function of the jet angularity \,. Its functional argument
€ is the low energy contribution to A, from the non-perturbative soft momenta. Here we
suppress the dependence of the observable on the soft-drop parameters 5 and z¢yt for simplicity.
Because of the additivity of jet angularities from individual jet-constituent momenta, the
value of the observable at hadron level (A") is offset from the value at parton level (AFY)
by an amount ngzmag The coefficient CfB Zeut and the power ’yﬁ in general depend on
the angularity and soft-drop parameters. Here we can use a power-counting argument to
derive the dependence on these parameters. The measurement of A, constrains the values
of z and A of a particle emission,

A\
Ao ~ z( RO) . (A.2)
On the other hand, the SoftDrop procedure induces another constraint through the SoftDrop
condition,
ANB
z~ Zeutl —=— ) - A3
cut (RO ) ( )

5The non-perturbative corrections to SoftDrop jet mass was studied in details in [156, 223]. There the
shape function is involved in a non-trivial convolution caused by the SoftDrop procedure.
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These two constrains then determine the values of z and A,

e (22)TT A Ry (D) (A1

Zcut Zcut

which induces the following characteristic energy scale e,

Ao \ 555
€~ przA ~ pTzcutR()( = )a . (A.5)

Zcut

Non-perturbative soft physics at this scale may contribute to the angularity value by an

amount &)\,, where

ot
+

=

|
™|

0o~ 2ot (——) (A.6)

PT2cut o
ats
In this case Cg’ZC‘“ ~ Zeut (1/pTzcutR0) 7 and yfj ~ %
After integrating out the soft momentum variable ¢, the hadronic cross section can be
expressed in the following integral form,

1 1
do do |1 (A ARLNSTTT /NI - ARLY O
HL :/d)‘gL PL | ~Brzcu B B,z Rl B (A.7)
d>‘a d)\a Ca’ Cut,.ya Ca’ cut Coc’ cut
do
PL HL|yPL
/ Do G5PT TR (A.8)

where the term in the square brackets can be identified as the transfer matrix 7T (AHL|APL)

interpreted as the conditional probability of Al given the value of AP™ before the non-

perturbative process. The naive convolution of the shape function implies that the transfer

ML APL  The extracted transfer matrices in our work roughly

)\HL o )\PL
(6% (6%

matrix depends only on
show a consistent trend with equal probability along the diagonal lines of constant
in a restricted region of angularity, see figure 5 in section 4 and figures 11 and 12 provided
in this appendix. By projecting the transfer matrix onto a constant Al + A\PL line we may
extract the shape function consistent with the Monte Carlo non-perturbative correction. In
fact, the extracted transfer matrix does not follow the scaling of A\lY — APT especially in the
large or small angularity regions. Therefore the transfer matrix can be a general approach

to quantify non-perturbative corrections.
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