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Abstract Azimuthal correlations in Z+jet production at
large transverse momenta are computed by matching Parton-
Branching (PB) TMD parton distributions and showers with
NLO calculations via MCatNLO. The predictions are com-
pared with those for dijet production in the same kine-
matic range. The azimuthal correlations A¢ between the
Z boson and the leading jet are steeper compared to those
in dijet production at transverse momenta O(100) GeV,
while they become similar for very high transverse momenta
O(1000) GeV. The different patterns of Z+jet and dijet
azimuthal correlations can be used to search for potential
factorization-breaking effects in the back-to-back region,
which depend on the different color and spin structure of the
final states and their interferences with the initial states. In
order to investigate these effects experimentally, we propose
to measure the ratio of the distributions in A¢ for Z+jet- and
multijet production at low and at high transverse momenta,
and compare the results to predictions obtained assuming fac-
torization. We examine the role of theoretical uncertainties
by performing variations of the factorization scale, renormal-
ization scale and matching scale. In particular, we present
a comparative study of matching scale uncertainties in the
cases of PB-TMD and collinear parton showers.
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1 Introduction

The description of jet production in association with a Z
boson in hadron-hadron collisions is an important test of
predictions obtained in Quantum Chromodynamics (QCD),
and provides a relevant background to Higgs boson stud-
ies and to new physics searches. The associated Z boson
plus jet production has been measured by CDF and DO
in proton-antiproton collisions at a center-of-mass energy
/s = 1.96 TeV[1,2]. Atthe LHC, the ATLAS and CMS col-
laborations have published measurements in proton-proton
(pp) collisions at a center-of-mass energy /s = 7 TeV [3-5],
8 TeV[6] and 13 TeV [7,8]. Azimuthal correlations between
Z bosons and jets have been measured at 8 TeV[6] and
13 TeV [8].

The distribution in the azimuthal angle A¢ between the Z
boson and the jet is an especially sensitive observable, prob-
ing several aspects of QCD physics. At leading order in the
strong coupling o, one has A¢ = . The smearing of this
delta-like distribution is a measure of higher order QCD radi-
ation. In the region near A¢ = , this is primarily soft gluon
radiation, while in the region of small A¢ it is primarily hard
QCD radiation. The large- A¢ region of nearly back-to-back
Z boson and jet is influenced by both perturbative and non-
perturbative QCD contributions. The relative significance of
these contributions depends on the scale of the transverse
momentum imbalance between the boson and the jet. Impor-
tantly, the resummation of soft multi-gluon emissions in the
nearly back-to-back region probes the transverse momenta
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of the initial state partons, which can be described by trans-
verse momentum dependent (TMD) [9] parton distribution
functions (PDFs). Theoretical predictions for Z boson + jet
production including soft gluon resummation have recently
been given in Refs. [10-16].

All the experimental measurements of boson—jet azimuthal
correlations that have been performed so far are in the kine-
matical range of transverse momenta of the Z boson and the
jets of the order pt ~ O(100) GeV. In this kinematical
range, fixed-order perturbative corrections beyond next-to-
leading order (NLO) are sizeable, and at small A¢ NLO cal-
culations are usually not sufficient for reliable predictions.
For the large- A¢ region of nearly back-to-back Z boson and
jet, the boson—jet pt imbalance scale is of order a few GeV,
which is significantly influenced by both perturbative resum-
mation and non-perturbative effects. It is worth noting that
all the experimental measurements performed up to now do
not cover the large A¢, nearly back-to-back, region with
sufficiently fine binning to investigate detailed features of
QCD.

With the increase in luminosity at the LHC, it becomes
possible to measure Z+jet production in the high pr range,
with pt =~ O(1000) GeV. In this work, we observe that in
this kinematical range the resummation of soft gluons and
TMD dynamics in the nearly back-to-back region can be
explored in a new regime, characterized by boson—jet pr
imbalance scales on the order of a few ten GeV. The large-A¢
region, involving deviations of the order of the experimental
angular resolution of about 1 degree from A¢ = m, can
be investigated by analyzing jets with measurable transverse
momenta.

Based on the above observation, in this paper we pro-
pose experimental investigations of back-to-back azimuthal
correlations in the pt ~ O(1000) GeV region, with a sys-
tematic scan of the large- A¢ regime from this high pr region
down to pr &~ O(100) GeV - a regime which is com-
pletely unexplored experimentally up to now. We present
dedicated phenomenological studies of this A¢ region as
a function of pr, enabling one to explore boson—jet trans-
verse momentum imbalances from a jet scale of several ten
GeV down to the few GeV scale. To perform these stud-
ies, we use the Parton Branching (PB) approach [17,18] to
TMD evolution, matched to NLO calculations of Z+jet pro-
duction with MADGRAPH5_AMC@NLO [19]. This approach
has already been successfully applied, across a wide energy
and mass range, to the Z boson pt spectrum at the LHC
[20] and the Drell-Yan (DY) pr spectrum at lower fixed-
target energies [21], so that the investigation of the same
method in the Z+jet case is compelling. The A¢ cor-
relation in the kinematical range proposed in this paper
allows one to study the interplay of perturbative and non-
perturbative contributions to TMD dynamics (see e.g. [22]
for the DY case) as a function of both the boson—jet pt
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imbalance and the evolution scale of the TMD distribu-
tion itself, of the order of the hard scale of the process,
given by the transverse momenta of the Z boson or the
jet.

In a previous publication [23] we have investigated the
Ag1> correlation in high-p dijet events by applying TMD
PDFs and parton shower together with NLO calculations of
the hard scattering process. In multijet events the azimuthal
correlation between two jets has been measured at the LHC
by ATLAS and CMS [24-28]. The region of A¢1» — 7 is of
special interest, since so-called factorization-breaking [29—
31] effects could become important in the case of colored
final states. Multijet production is believed to be sensitive to
such effects, as well as vector boson + jet production [32].
In order to investigate factorization-breaking effects, we pro-
pose to compare the theoretical description of the azimuthal
correlation A¢j; in multijet production with the one in Z-+jet
production. A thorough investigation of azimuthal correla-
tions in the back-to-back region in Z+jet events has been also
performed in Ref. [11], addressing the issue of factorization-
breaking.

In this report we compare in detail high-pr dijet and
Z+jet production by applying the PB TMD method [17,
18] matched with NLO. In Ref. [23] the NLO PB TMD
predictions have been found to describe well the mea-
surements of dijet azimuthal correlations [27,28]. In the
present paper we apply the same method to the calcula-
tion of Z+jet production, and present the corresponding
predictions. We propose to use the same kinematic region
for the high-pr dijet and Z+jet production to allow a
direct comparison of the angular observables in the two
cases.

We will see that, in the region of leading transverse
momenta of the order pr ~ O(100 GeV), the boson—jet final
state is more strongly correlated azimuthally than the jet—jet
final state. As the transverse momenta increase above the
electroweak symmetry breaking scale, pt &~ O(1000 GeV),
this difference is reduced, and the boson—jet and jet—jet
become more similarly correlated. We connect this behav-
ior to features of the partonic initial state and final state
radiation in the boson—jet and jet—jet cases. Since poten-
tial factorization-breaking effects arise from color inter-
ferences of initial-state and final-state radiation, different
breaking patterns can be expected for strong and weak
azimuthal correlations, influencing differently the boson—
jet and jet—jet cases. We therefore propose to systemati-
cally compare measurements of dijet and Z-+jet distribu-
tions, scanning the phase space from low transverse momenta
pr ~ O(00 GeV) to high transverse momenta pr ~
O(1000 GeV).

In the following, we start by describing the basic elements
of the PB TMD method and the Z+jet calculation in Sect. 2.
In Sect. 3 we present results for the Z-+jet azimuthal correla-
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tions and compare them with the multijet case. We summarize
in Sect. 4. In an Appendix we discuss technical details on the
use of MCatNLO+CASCADE3.

2 Basic elements of the calculation

In this section we first recall the salient features of the
PB TMD approach, summarizing the main concepts of the
approach and its applications; then we describe the calcula-
tion of Z-+jet production by the PB TMD method matched
with NLO matrix elements in MADGRAPHS_AMC@NLO.

2.1 PB-TMD method

The PB approach [18] provides a formulation for the evo-
lution of TMD parton distributions in terms of perturba-
tively calculable Sudakov form factors and real-emission
splitting kernels, with angular ordering phase space con-
straints and with non-perturbative distributions at the ini-
tial scale of the evolution to be determined from fits to
experiment. This formulation uses a soft-gluon resolution
scale zps [17] to separate resolvable and non-resolvable
branchings. An important feature of the PB TMD evolu-
tion equation [18] concerns its collinear limits: upon inte-
gration over all transverse momenta, the PB TMD evolu-
tion equation returns the DGLAP [33-36] equation for res-
olution scale z); — 1, while it coincides with the CMW
[37,38] coherent branching equation for angular-ordered
zm [39]. The PB TMD method is based on the ‘“unitar-
ity” picture [40] of parton evolution usually employed in
parton showering Monte Carlo (MC) algorithms [41,42].
The PB evolution equation for the TMD distributions is
matched by a corresponding TMD parton shower for the
spacelike parton cascade, generated by “backward evolu-
tion” [43]. A significant difference with respect to ordinary
parton showers is that in the PB TMD method TMD dis-
tributions are defined and determined from fits to experi-
mental data, which places constraints on fixed-scale inputs
to evolution, while in ordinary parton showers instead non-
perturbative physics parameters and showering parameters
are tuned. No MC tuning is performed in the PB TMD
case.

The NLO PB collinear and TMD parton distributions
were obtained in Ref. [44] from QCD fits to precision DIS
data from HERA [45] using the xFitter analysis frame-
work [46,47]. Two different sets, PB-NLO-2018-Set 1 and
PB-NLO-2018-Set 2, were obtained, with PB-NLO-2018-
Set 1 corresponding at collinear level to HERAPDF 2.0
NLO [45]. In PB-NLO-2018-Set 2 the transverse momen-
tum (instead of the evolution scale in Set 1) is used as
the scale in the running coupling o which corresponds
to the angular ordering of soft gluon emissions in the

initial-state parton evolution [38,39,48,49]. It has been
shown in [20,21] that Set 2 provides a better descrip-
tion of experimental measurements for the Z-boson spec-
trum at low-pr. Also, it has been shown in [23] that the
transverse momentum scale in the running coupling oy is
important for a good description of data on di-jet angu-
lar correlations. In this paper we will concentrate on Set 2
only.

In Fig. 1 we show the TMD PDF distributions for up
quarks and gluons at x = 0.01 and u = 100 and 1000 GeV
for PB-NLO-2018-Set 2. The transverse momentum distri-
bution of gluons is broader than that of quarks, due to gluon
self-coupling and the different color factors. In Fig. 1 also
the uncertainties of the distributions, as obtained from the fit
[44], are shown. The differences in the transverse momentum
spectra of quarks and gluons will show up in differences in
azimuthal correlation distributions.

The PB TMD evolution equation resums Sudakov log-
arithms. Current calculations in the PB TMD approach
are performed with leading-logarithm (LL) and next-to-
leading-logarithm (NLL) accuracy. The accuracy can be sys-
tematically improved, and the extension to next-to-next-to-
leading logarithmic (NNLL) accuracy is being studied. In
this respect, the approach can be compared [50] with ana-
lytic resummation methods [51,52]. The extraction of TMD
distributions from the PB TMD fits described above could
be compared with extractions, such as [53,54], based on
[51,52]. The TMDIib tool [55,56] is designed as an aid for
such studies. On the other hand, while analytic resumma-
tion approaches apply to the inclusive transverse momentum
spectrum, the PB TMD approach works at exclusive level and
can be applied to make predictions not only for the inclusive
spectrum but also for the structure of the final states.

A framework to compute theoretical predictions combin-
ing the PB TMD resummation with fixed-order NLO matrix
elements in MADGRAPHS_AMC @NLO has been developed
in [20,21]. The predictions [20] have been successfully com-
pared with LHC measurements of Z boson pr and ¢* dis-
tributions [57-59]. Predictions by this method have also
been successful in describing [21] DY pr spectra at lower
masses and energies [60—63]. The significance of this result
is enhanced by the recent observation [64] that fixed-order
NNLO corrections are not extremely large in the kinematic
region of the data. This framework has also been applied to
di-jet production [23], and predictions for di-jet correlations
have been found in good agreement with LHC measurements
[27,28]. We will employ this framework for Z-+jet produc-
tion in the next subsection.

As a method which is applicable at the level of exclu-
sive final states, the PB TMD approach can be used in the
context of multi-jet merging algorithms. A TMD multi-jet
merging method has been developed in [65]. Its application to
Z boson + multi-jets production [65—67] illustrates that trans-
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Fig. 1 TMD parton density distributions for up quarks and gluons of PB-NLO-2018-Set 2 as a function of k1 at © = 100 and 1000 GeV and
x = 0.01. In the lower panels show the full uncertainty of the TMD PDFs, as obtained from the fits [44]

verse momentum recoils in the initial-state showers [68—70]
influence significantly the theoretical systematics associated
with the merging parameters. In the present paper, we will
concentrate on the Z-+jet back-to-back region, rather than the
multi-jet production region, and we will therefore not use the
TMD merging procedure.

Recently, the PB TMD evolution equation has been gen-
eralized to include TMD splitting functions [71,72], defined
through high-energy factorization [73]. This generalization is
important particularly for processes sensitive to TMD distri-
butions at small values of longitudinal momentum fractions
x. In this paper we focus on processes at mid to large x, and
thus we do not consider this in the following.

2.2 Calculation of Z+jet distributions

The process Z+jet at NLO is calculated with MAD-

GRAPH5_AMC@NLO using the collinear PB-NLO-2018-
Set 2, as obtained in Ref. [44] applying as(Mz) = 0.118. The
matching of NLO matrix elements with PB TMD parton dis-
tributions is described in Refs. [20,21,43]. The extension to
multijet production is illustrated in Ref. [23]. Predictions are
obtained by processing the MADGRAPH5_AMC @NLO event
files in LHE format [74] through CASCADE3 [43] for an inclu-
sion of TMD effects in the initial state and for simulation of
the corresponding parton shower (labeled MCatNLO+CAS3
in the following).

Fixed order NLO Z+jet production is calculated with
MADGRAPH5_AMC@NLO in a procedure similar to the
one applied for dijet production described in [23] (labeled
MCatNLO(fNLO)). For the MCatNLO mode, the HERWIG6
[75,76] subtraction terms are calculated, as they are best
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suited for the use with PB-parton densities, because both
apply the same angular ordering condition. The use of HER-
WIG6 subtraction terms together with CASCADES3 is justified
in the Appendix for final state parton shower as well as ini-
tial and final state showers by a comparison of the predictions
obtained with CASCADE3 and with HERWIG6. The matching
scale p,, = SCALUP limits the contribution from PB-TMDs
and TMD showers.

In the calculations, the factorization and renormalization
scales are set to . = % > i pt.i» where the index i runs over
all particles in the matrix element final state. This scale is
also used in the PB-TMD parton distribution A(x, kT, ().
The scale uncertainties of the predictions are obtained from
variations of the scales around the central value in the 7-point
scheme avoiding extreme cases of variation.

In Fig. 2 we show the distributions of the transverse
momentum of the Z+jet system, pr,z;, and the azimuthal
correlation in the Z+jet system, Agyz;, for a fixed NLO cal-
culation, for the full simulation including PB-TMD PDFs and
parton showers as well as for the MCatNLO calculation at
the level where subtraction terms are included without addi-
tion from parton shower (LHE-level). We require a transverse
momentum pt > 200 GeV for the Z boson and define jets
with the anti-kT jet-algorithm [77], as implemented in the
FASTIJET package [78], with a distance parameter of R=0.4.
The effect of including PB-TMD PDFs and parton showers
can be clearly seen from the difference to the fixed NLO and
LHE-level calculations.

In the low pr, z; region one can clearly see the expected
steeply rising behavior of the fixed NLO prediction. In the
Ag¢yz; distribution one can observe the limited region for
fixed NLO at A¢z; < 2/3m, since at most two jets in
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Fig. 2 Transverse momentum spectrum of the Z+jet-system pr,z; (left) and A¢z; distribution (right). Shown are predictions from fixed NLO
(fNLO), the (unphysical) distribution at LHE-level and the full simulation (after inclusion of PB-TMDs and TMD showers, MCatNLO+CAS3)

addition to the Z boson appear in the calculation. At large
Adz;, the fixed NLO prediction rises faster than the full cal-
culation including resummation via PB-TMDs and parton
showers. In the following we concentrate on the large A¢z;
region.

3 Back-to-back azimuthal correlations in Z+jet and
multijet production

We now present predictions, obtained in the framework
described above, for Z+jet and multijet production.! The
selection of events follows the one of azimuthal correlations
A¢1> in the back-to-back region (A¢j; — ) in multijet
production at /s = 13 TeV as obtained by CMS [28]: jets
are reconstructed with the anti-kt algorithm [77] with a dis-
tance parameter of 0.4 in the rapidity range of |y| < 2.4. We
require either two jets with plf' ading . 200 GeV or aZ boson
and a jet as leading or subleading objects with a transverse
momentum p%e ding 200 GeV.

We consider distributions of the azimuthal correlation

between the Z boson and the leading jet, A¢yz;, for plTeading -

200 GeV as well as for the very high pt region of p}re ading

1000 GeV.

The calculations are performed with MCatNLO+CAS3
using PB-NLO-2018-Set 2 as the collinear and TMD parton
densities with running coupling satisfying os(mz) = 0.118
and PB-TMD parton shower.

In Fig. 3, the prediction for the azimuthal correlations
Ag¢z; for Z+jet production in the back-to-back region is
shown.” We also show, for comparison, the prediction of
azimuthal correlations A¢q, for multijet production in the
same kinematic region, compared to the measurement of dijet

I A framework based on CCEM evolution [79] was described in [80,81]
for multi-jet and vector boson + jet correlations.

2 Predictions for the region of small A¢ require including the contri-
bution of higher parton multiplicities, e.g. via multi-jet merging [65].

production obtained by CMS [28]. We observe that the dis-

tribution of azimuthal angle A¢z; in Z+jet-production for

plj?adi”g > 200 GeV is more strongly correlated towards

than the distribution of angle A¢j2 in multijet production.
This difference is reduced for plTe ading 1000 GeV.

Differences in A¢ between Z+jet and multijet production
can result from the different flavor composition of the initial
state and therefore different initial state transverse momenta
and initial state parton shower, as well as from differences
in final state showering since both processes have a different
number of colored final state partons. Effects coming from
factorization-breaking, interference between initial and final
state partons, will depend on the final state structure and the
number of colored final state partons.

We first investigate the role of initial state radiation and
the dependence on the transverse momentum distributions
coming from the TMD PDFs, which gives a large contribu-
tion to the decorrelation in A¢. The kr-distribution obtained
from a gluon TMD PDF is different from the one of a
quark TMD PDF as shown in Fig. 1 for x = 0.01 and
scales of u = 200(1000) GeV. In Fig. 4 we show the
probability of gg, gg and gq initial states (¢ stands for
quark and antiquark) as a function of pl]?admg for Z+jet
and multijet production obtained with MCatNLO+CAS3. At
high p?admg > 1000 GeV the gg channel becomes impor-
tant for both Z+jet and multijet final states, while at lower
plTeadmg > 200 GeV the gg channel is dominant in multi-
jet production, leading to larger decorrelation effects, since
gluons radiate more compared to quarks.

The role of final state radiation in the correlation in A¢q;
distributions is more difficult to estimate, since the sub-
traction terms for the NLO matrix element calculation also
depend on the structure of the final state parton shower. In
order to estimate the effect of final state shower we compare
a calculation of the azimuthal correlations in the back-to-
back region obtained with MCatNLO+CAS3 with the one
obtained with MCatNLO+PYTHIAS (Fig. 5). For the calcula-
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The predictions are calculated with MCatNLO+CAS3

tion MCatNLO+PYTHIA8 we apply the PYTHIAS subtraction
terms in the MADGRAPHS_AMC@NLO calculation, use the
NNPDF3.0 [82] parton density and tune CUETPSM1 [83].
As shown in Fig. 5, the distributions are different because
of the different parton shower in CASCADE3 and PYTHIAS,
but the ratio of the distributions for Z+jet and multijet pro-

duction are similar: Z+jet-production gives a steeper (more
leading

strongly correlated) distribution at low py , while at high
pl;admg the distributions become similar in shape. We con-

clude, that the main effect of the A¢ decorrelation comes
from initial state radiation, and the shape of the A¢ decor-
relation in the back-to-back region becomes similar between
Z+jetand dijet processes at high p]Tc ading
partonic states are important.

The matching scale p,, limits the hardness of parton-
shower emissions, and is thus typically a non-negligible
source of variation in matched calculations (see e.g. [84]
for a detailed discussion). It is thus interesting to assess
the robustness of the previous findings under variations of
the matching scale. Assessing matching scale variations in
both an angular-ordered shower — such as CASCADE3 — and
a transverse-momentum-ordered shower — such as PYTHIA8
— additionally tests the interpretation (role) of the matching

where similar initial
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scale. In transverse-momentum ordered showers, the match-
ing scale sets the maximal transverse momentum of the first
shower branchings, while branchings beyond the first emis-
sion are not explicitly affected by the matching scale. In
an angular-ordered shower, however, the matching scale is
applied as “veto scale” to avoid larger transverse momenta
for any branching, i.e. the matching scale directly affects all
branchings. The result of changing the matching scale to half
or twice the central value is shown in Fig. 6. As expected, the
value of the matching scale has an impact on the prediction
(~ 5%). This is particularly apparent when ,, is used to
set the maximal transverse momentum of the first emission
in PYTHIAS. Overall, we find that interpreting the matching
scale as veto scale in CASCADE3 leads to apparently more
robust predictions. Interestingly, the matching scale uncer-
tainty becomes smaller for higher- p? ading jet configurations
in CASCADE3. The size of the matching scale variation is
comparable to scale variations, and should thus be carefully
studied when designing uncertainty estimates.

In dijet production the measurements are rather well
described with predictions obtained with MCatNLO+CAS3,
as shown in Fig. 3 and discussed in detail in Ref. [23]. Only

leading

in the very high p region, a deviation from the mea-
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MCatNLO+CAS3 (left column) and MCatNLO+PYTHIAS (right col-

surement is observed, which could be perhaps interpreted as
coming from a violation of factorization. It is therefore very
important to measure A¢ distributions in other processes,
where factorization is expected to hold.

In order to experimentally probe effects which could orig-
inate from factorization-breaking in the back-to-back region
we propose to measure the ratio of distributions in Agyz;
for Z+jet and A¢y, for multijet production at low and very
high p}re admg, and compare the measurement with predictions
assuming that factorization holds. The number of colored par-
tons involved in Z+jet and multijet events is different, and
deviations from factorization will depend on the structure of
the colored initial and final state. In order to minimize the
effect of diffgrent initial state configurations, a measurement
at high pll?admg, hint more clearly at possible factorization-
breaking effects.
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T

> 200 GeV (upper row)

and p, > 1000 GeV (lowerrow). The bands show the uncertainties
obtained from scale variation (as described in the text)

In Ref. [11] a detailed study on Z+jet azimuthal cor-
relations is reported, applying TMD-factorization and the
“winner-takes-all” jet recombination scheme, with the aim
to reduce potential factorization breaking contributions. We
have checked that our main results remain largely unchanged
when the “winner-takes-all” jet recombination scheme [85,
86] is applied and only in the last bin of the Agz; distribu-
tions the cross section is reduced. We find that multijet events
are more affected by the “winner-takes-all” jet recombina-
tion scheme in the back-to-back region at high pt than Z+jet
events.
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(left column) and MCatNLO+PYTHIAS (right column) for p]reading -

4 Summary and conclusions

We have investigated azimuthal correlations in Z4-jet pro-
duction and compared predictions with those for multijet
production in the same kinematic range. The predictions are
based on PB-TMD distributions with NLO calculations via
MCatNLO supplemented by PB-TMD parton showers via
CASCADE3. The azimuthal correlations Agz;, obtained in
Z+-jet production are steeper compared to those in multi-
jet production (A¢y2) at transverse momenta O(100) GeV,
while they become similar for very high transverse momenta,
O(1000) GeV, which is a result of similar initial parton con-
figuration of both processes.

In Z+jet production the color and spin structure of the
partonic final state is different compared to the one in mul-

@ Springer
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200 GeV (upper row) and pr > 1000 GeV (lower row). The pre-
dictions with different matching scales w,, varied by a factor of two up
and down are shown

tijet production, and differences in the azimuthal correla-
tion patterns can be used to search for potential factorization
- breaking effects, involving initial and final state interfer-
ences. In order to experimentally investigate those effects,
we propose to measure the ratio of the distributions in A¢y;
for Z+jet- and A¢y, for multijet production at low and at very
high p;? admg, and compare the measurements to predictions
obtained assuming that factorization holds.

We have studied the matching scale dependence in the
PB-TMD predictions and compared it with the case of NLO-
matched calculations based on the PYTHIAS collinear shower.
We find that variations of the matching scale lead to more sta-
ble predictions in the PB-TMD case, with the relative reduc-
tion of the matching scale theoretical uncertainty becoming

. . leading
more pronounced for mcreasing pr transverse momenta.
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Appendix: Comparison of CASCADE3 and HERWIG6

The calculations presented here apply the MCatNLO method
using HERWIG6 (H6) subtraction terms, as implemented in
MADGRAPH5_AMC@NLO. The NLO accuracy of the cal-
culations is preserved by construction, since the use of PB-
TMD distributions and TMD shower, as well as the ordinary
parton shower, does not change the inclusive cross section.
Since HERWIG6 (H6) subtraction terms are used in the
MCatNLO+CAS3 calculations, we investigate here in detail
the contribution of the parton shower used in CASCADE3. We
compare predictions obtained with MCatNLO+CAS3 with

Jet spectrum: Leading jet
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the corresponding ones obtained with MCatNLO+H6, using
LHE files produced with MADGRAPH5_AMC@NLO for Z
production. The Z boson is reconstructed from two oppo-
sitely charged leptons with pr > 20 GeV in || < 2.4. We
also study jet distributions obtained with the anti-kt algo-
rithm with distance parameter 0.4 with pt > 30 GeV and
Inl < 5.

In H6 the allowed region of z for a branching ¢ — gg
in the final state shower is Q,/0 < z < 1 — Qg/0
(e.g. A2.2 in Ref. [87]), with O, = m, + VQCUT and
Qg = mg +VGCUT, and m, m, being the quark and gluon
effective masses, and VQCUT, VGCUT the minimum virtu-
ality parameters. Similar cuts are applied for initial state
shower.

First we investigate final state parton showers. We com-
pare distributions of the first and second jet in Z-+jet events:
the first (highest pr) jet is part of the lowest order process,
while the second (highest pr) jet is the real correction and
therefore subject to subtraction terms (keeping in mind that
the highest p jet in the NLO calculation can also come from
the (xSZ real emission diagram). In CASCADE3, the PYTHIAG
final state shower is used (since the PB-method has not yet
been applied for final state radiation), with the angular order-
ing veto condition. Since final state radiation is independent
of parton densities, a direct comparison of MCatNLO+CAS3
and MCatNLO+H6, using the same LHE files, while only
simulating final state radiation, is possible. In Fig. 7 we show
a comparison of predictions for the transverse momentum of
the first two highest pr jets in Z+jet events (using identical
LHE files).

The uncertainty coming from different parameter settings
in the H6 final state parton shower is estimated by changing
the light quark masses from the defaultto 0.32 GeV (Rmas =

Jet spectrum: Subleading jet
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Fig. 7 Comparison of predictions obtained with MCatNLO+CAS3 and MCatNLO-+H6 for Z+jet obtained with MCatNLO. Shown are predictions
using only final state parton shower. The band of MCatNLO+CAS3 shows the uncertainties obtained from scale variation (as described in the text)
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Fig. 9 Comparison of predictions obtained with MCatNLO+CAS3 and MCatNLO+H6 for Z production obtained with MCatNLO. Shown are
predictions using initial state parton shower. The band of MCatNLO+CAS3 shows the uncertainties obtained from scale variation (as described in

the text)

0.32, labelled as m;) and VQCUT, VGCUT from the default
to0.1(1.5),labelled as V¢;(Vep), respectively (the low-
est values chosen are those for which H6 is still working).

In Fig. 8 a comparison is shown for the pseudorapidity n
of the first two highest pr jets. Within the variation of the
parameters, the prediction of MCatNLO+CAS3 agrees well
with the one of MCatNLO+HG6, justifying the application of
the PYTHIAG final state parton shower algorithm.

Next we investigate the contribution of PB-TMD PDFs
and the PB-TMD parton shower in the initial state and com-
pare the predictions with the ones from H6. We study Z pro-
duction generated by MADGRAPHS_AMC@NLO which is
essentially driven by initial state radiation. In Fig. 9 we show
the transverse momentum of the Z boson, its rapidity distribu-
tion and the transverse momentum of the first reconstructed
jetwith pt > 30GeV and |n| < 5. Here the rapidity y of the
7. boson is used, since it is related to the momentum fractions
of the initial partons (instead of the pseudorapidity n which

@ Springer

is used for jets as it is related to the scattering angle 6). We
show a comparison of MCatNLO+CAS3 and MCatNLO+H6
predictions (including the same parameter variations for H6
as for the final state shower). In the region of low transverse
momentum of the Z boson one can clearly see the sensitivity
to the parameter choice in H6.

While at low pt the parton shower matters, and the CAS3
prediction lies in between the ones from H6 with parameter
variation, we observe good matching of the parton shower
to the real emission at higher transverse momentum. The
rapidity distribution obtained from CAS3 also lies within
the one predicted by H6 with parameter variation. The pr
distribution of the first jet also agrees well within the band
given by the uncertainties.

Finally we investigate Z4-jet events, when both initial and
final state radiation is important. In Fig. 10 we show a com-
parison of MCatNLO+CAS3 and MCatNLO+H6 predictions
(including the same parameter variations for H6 as for the
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final state shower) for the transverse momentum of the first
two highest pr jets. In Fig. 11 the corresponding compari-
son is shown for the pseudorapidity distributions. The trans-
verse momentum distributions agree well within the uncer-
tainties coming from parameter variations, while for the -
distributions some differences in the very forward/backward
regions are seen. However, one can see, that a variation of
VQCUT, VGCUT has a significant effect especially in the for-
ward/backward region.

In conclusion, we observe agreement between predictions
obtained by MCatNLO+CAS3 and MCatNLO+H6 within
the band of parton shower parameter variation in H6, con-
firming the use of H6 subtraction terms in MCatNLO together

with PB - TMD PDFs, and PB - TMD initial state parton
shower, as applied in MCatNLO+CAS3.
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