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Transverse momentum dependent (TMD) parton distributions obtained from the parton branching (PB)
method are combined with next-to-leading-order (NLO) calculations of Drell-Yan (DY) production. We apply
the MC@NLO method for the hard process calculation and matching with the PB TMDs. We compute
predictions for the transverse momentum, rapidity, and ¢* spectra of Z-bosons. We find that the theoretical
uncertainties of the predictions are dominated by the renormalization and factorization scale dependence, while
the impact of TMD uncertainties is moderate. The theoretical predictions agree well, within uncertainties, with
measurements at the Large Hadron Collider (LHC). In particular, we study the region of lowest transverse
momenta at the LHC, and comment on its sensitivity to nonperturbative TMD contributions.
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I. INTRODUCTION

The production of Z-bosons in a Drell-Yan (DY) process
[1] in pp collisions is one of the most precisely mea-
sured processes at high energies at the LHC [2-5]. At large
transverse momenta p of the Z-bosons [for pp > O(my)],
higher-order calculations in perturbative QCD including
several additional jets are necessary to describe the
measurements, while at small transverse momenta [pr <
O(my)] soft-gluon perturbative resummations and nonper-
turbative contributions are needed [6-10]. An accurate
description of the low-pt spectrum of the vector bosons is
important for precision measurements of the W-boson mass
myy, since it influences the simulation of the transverse mass
or the transverse momentum of the decay leptons from which
myy 1s extracted.

Soft-gluon resummation in the low-pr spectrum can be
achieved by analytic resummation methods [11-23]
or by parton shower in multipurpose Monte Carlo (MC)
event generators [24-27] matched with higher-order
matrix elements [28-33]. Nonperturbative effects can be
incorporated via transverse momentum dependent parton
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distribution functions (TMD PDFs, or TMDs) [34] at low
transverse momenta.

In Refs. [35,36] a parton branching (PB) approach has
been proposed which, similarly to parton shower event
generators, is based on the unitarity picture [37] of parton
evolution, but, unlike these event generators, uses this picture
to define and evaluate TMD distribution functions. The PB
method [35,36] incorporates soft-gluon angular ordering in
the parton evolution and running coupling. This enables it to
achieve leading-logarithmic (LL) and next-to-leading-
logarithmic (NLL) accuracy in the soft-gluon resummation,
consistently with the formulation [38,39] of coherent branch-
ing. In this respect, the results of the PB method can be
compared with results based on the resummation method
[10]. The main feature of the PB approach, compared to
parton shower event generators, is that TMDs can be
obtained and fitted to experimental data, so that the non-
perturbative parameters can be fixed, and predictions can
then be constructed with no further free parameters.

In this article we apply the PB approach to Z-boson DY
production at the LHC. We use the TMDs obtained within the
PB method and fitted [40] to inclusive deep-inelastic
scattering (DIS) precision data from HERA together with
anext-to-leading-order (NLO) calculation of the DY process.
All parameters are kept as obtained from the fits to HERA
DIS data, and no further adjustment is performed. The article
is organized as follows. In Sec. II we describe the TMDs
obtained from the PB method. In Sec. III we describe the
DY NLO calculation. In Sec. IV we present results for the
Z-boson spectra in transverse momentum, rapidity and ¢*
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variable. We compare our results with measurements from
the LHC Run-I at /s = 8 TeV, and present predictions for
/s = 13 TeV. We give conclusions in Sec. V.

II. PARTON DISTRIBUTIONS FROM
THE PB METHOD

The PB method allows evolution equations for collinear
[41-44] and TMD parton distributions to be solved

numerically in an iterative procedure, by making use of
the concept of resolvable and nonresolvable branchings and
by applying Sudakov form factors to describe the evolution
from one scale to another without resolvable branching.
The PB method is described in detail in Refs. [35,36,40].

As discussed in detail in [40], the TMD parton density
distributions are obtained from convoluting the perturbative
evolution kernel /C with the nonperturbative starting dis-

tribution A, (x', k7. 43):

VA (1) =5 [ [ A o R ) K B 3" = )

= [ Aot ki) /%( X2, K, ﬂ) (1)

In general, the starting distribution A, at scale uq,
where py~ O(1 GeV), can have flavor-dependent and
x-dependent k, distributions. However, for maximal
simplicity we use here a factorized form,

Ao (x, k?,o’ P‘(Z))

in which the intrinsic k, distribution is given by a Gauss
distribution with 6> = ¢3/2 for all parton flavors and all x,
with a constant value gy = 0.5 GeV.

Collinear and TMD parton distributions were obtained in
[40] from fits of the parameters of the starting distribution
fop(x,43) to the inclusive-DIS precision measurements
from HERA, after QCD evolution and convolution with the
coefficient functions at NLO. Two different sets of parton
distributions were obtained: Set 1, which corresponds at
collinear level to HERAPDF2.0NLO [45], and Set 2, which
differs by the choice of the scale used in the running coupling

= fou(x.15) - exp(=|kiol /o). (2)
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FIG. 1.
different scales u.

a,, namely, it uses the transverse momentum (instead of the
evolution scale), corresponding to the angular-ordering
approach. An additional parameter g., = 1 GeV is intro-
duced in o (max(g2,. |q7|)) and a model dependence was
estimated in Ref. [40] with a variation around the default
choice.

In Fig. 1 the collinear parton densities are shown for up-
quark, strange-quark and gluon distributions at evolution
scales of u = 10,100 GeV. At u = 10 GeV differences
especially for the gluon are observed between Set 1 and Set
2. At scales relevant for Z-production (¢ = 100 GeV) the
differences between the two sets are small. The collinear
parton densities are available in a format compatible with
the one employed in LHAPDF [46], and can be used in the
calculation of NLO processes.

In Fig. 2 we show the transverse momentum distribu-
tions for up-quark, strange-quark, and gluon partons at
x = 0.01 (typical for Z production at /s = 8 TeV) and

n=100 GeV
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Collinear parton distributions for up, strange and gluon (PB-NLO-2018-Setl and PB-NLO-2018-Set 2) as a function of x for
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FIG. 2. TMD parton distributions for up, strange, and gluon (PB-NLO-2018-Setl and PB-NLO-2018-Set 2) as a function of &, at
1 =100 GeV and x = 0.01. The lower panels show the experimental and model uncertainties with respect to the central values.
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FIG. 3. TMD parton distributions for up-quark and gluon (PB-NLO-2018-Setl and PB-NLO-2018-Set 2) as a function
of k; at 4 =100 GeV and x = 0.01. The band shows the uncertainty coming from a variation of the mean of the intrinsic k;

distribution.

1 =100 GeV. The lower panels show the uncertainty
bands obtained from experimental and model uncertainties.

In Fig. 3 we show the transverse momentum dis-
tributions for up-quarks and gluons at x = 0.01 and
1 =100 GeV. The band shows the uncertainty coming
from changing the width of the Gauss distribution g, in
Eq. (2) by a factor of 2 up and down in the fit as described
in Ref. [40]. This variation will be used later to estimate the
uncertainty of the Z-boson pr-spectrum coming from the
intrinsic k,-distribution.

We conclude this section with some comments on
Egs. (1), (2). The structure of the TMD distribution is

not the same for quarks and gluons in the PB method: both
the evolution kernels K and the intrinsic distributions .4 in
Eq. (1) are in general different for different parton species.
Taking a simple flavor-independent (and x-independent)
Gaussian in Eq. (2) is not a feature of the PB method, but
rather it is motivated by our finding in Ref. [40] that the
precision DIS data from HERA used for the fits are not
sensitive to the flavor structure of the intrinsic distribution.

A similar remark applies to nonperturbative contribu-
tions to evolution kernels. At present, the kernel K in
Eq. (1) does not include any nonperturbative components.
But in principle these could be introduced in the PB
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framework as nonperturbative contributions to the Sudakov
form factors, and parametrized in terms of nonperturbative
functions to be determined from fits to experimental data.
Similarly to the comment above, this is not done at the
moment mainly because HERA and LHC have little
sensitivity to these long-distance effects.

III. PB-TMDS AND NLO CALCULATION OF
DRELL-YAN PRODUCTION

In Ref. [40] leading order (LO) matrix elements for the
calculation of Z-production in pp collisions at the LHC are
used. A rather good description was obtained for the
small-pt region. Predictions applying PB-TMDs for the
calculation of Z-boson production in proton-lead collisions
have been recently reported in Ref. [47]. In the following
we will describe how to use the PB TMD-parton distribu-
tions together with higher order calculations. We make use
of MadGraph5_aMC@NLO (version 2.6.4, in the following
labeled MC@NLO [32] framework and apply the NLO PB
parton distributions with a,(M;) = 0.118 for the NLO
calculations of inclusive Drell-Yan production.

In MC@NLO subtraction terms, corresponding to the
parton shower used, are calculated and subtracted from the
NLO cross section. Since the PB -method follows angular
ordering, with the same choice of the argument in , and in
the kinematics as used in the parton shower generator
Herwig++ [26] and Herwig6 [48,49], the calculation of the hard
process with the subtraction terms of Herwig is used. NLO
splitting functions in the PB-method are used (consistent
with NLO collinear parton densities in the MC@NLO
calculation), while the subtraction terms include only LO
splitting functions. However, these differences appear at an
order, beyond the present next-to-leading order.

The NLO event generator MC@NLO generates events
(with weights) which are stored in a format which can be
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read by parton shower event generators (LHE format) [50].
Instead of a parton shower event generator, we apply the
PB-TMDs and modify the kinematics of the initial state
partons (and as a consequence the final state partons and
particles) according to the transverse momentum dis-
tributions given by the PB-TMDs. Since adding transverse
momenta requires changes also in the longitudinal
momenta, we require that the invariant mass of the partonic
system § as well as the rapidity of the system is not changed
(a method which was applied in Herwig6 and Herwig++ [26]).

The transverse momentum spectrum of Z-bosons
obtained from the calculation of MC@NLO at a purely
partonic level (LHE level) is shown in Fig. 4 (left). Shown
are the distributions obtained with Herwig6 and Herwig++
subtraction terms. In Fig. 4 (right) the distribution is shown
after transverse momenta are added according to the PB-
TMDs. The differences between using calculations with the
different subtractions terms are very small, as seen in the
ratios in the lower panels. The PB-TMD contribute to
the pr spectrum of the Z-boson up to the scale of the hard
process, not only in the non-perturbative region (since the
TMDs extend to large k;, as can be already seen from
Figs. 2, 3).

In order to avoid double counting between the contri-
bution of the real emission treated by the matrix element
calculation and the contribution from the PB-TMD (or
parton shower), a matching scale y,, needs to be defined.
This scale is determined by the NLO calculation and is
transferred to the user via the parameter SCALUP (included
in the LHE file).

The PB-TMDs depend, as indicated in Eq. (1), on the
longitudinal momentum fraction x, the factorization scale y
and the transverse momentum k,. The factorization scale y
and the longitudinal momentum fraction x are used in the
calculation of the hard process for collinear kinematics and

Madgraphs_aMCatNLO + PB TMD

T T T T T

T T T T

il

T

T T T T T

—+— herwig6 subtr.+PB TMD
—t+— herwig++ subtr.+PB TMD

LBRLLL UL ILRLLL IRLLL IR

===

TIT T 7T
el boe o ol d vvod vved ol

|
P

| 1
2
10

| 1

E

Ratio
o
IS =
JTWHWTH HWHW
)
—

,_.

10" .
Pt [Gev]

FIG. 4. Transverse momentum spectrum of Z obtained for different subtraction terms: (left) at parton level (LHE level), (right) after

inclusion of PB-TMDs.
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a scale corresponding to u = %Zl \/m? + p% ; is chosen by

default, with the sum running over all final state particles,
that is, in the case of Z production, over the decay products
and the final jet.

In order to allow the full phase space to be covered for
the transverse momentum in the PB-TMD, the factorization
scale p is set to the invariant mass of the hard process
u = /5 for the underlying Born configuration. For the real
emission configuration the scale is changed to

=213 \/m}+ p?, as in the MC@NLO calculation.

Another possible choice is to set p to the maximum
transverse momentum of the most forward and backward
parton to ensure a proper matching with the angular
ordering evolution of the PB-TMDs; the results are very

close to the results obtained with y =13, /m? + p?;.

Finally, the transverse momentum is constrained to be
smaller than the matching scale u,, = SCALUP. The
calculation are performed with the Cascade3 package
[51,52] (version 3.0 .X), which allows us to read LHE
files and to produce output files to be analyzed with
Rivet [53].

The resulting transverse momentum spectrum of Z-
bosons obtained from the calculation of MC@NLO after
inclusion of PB-TMDs for different subtraction terms is
shown in Fig. 4 (right). It is interesting to note that, for the
pt spectrum of Z-bosons calculated at inclusive level, no
sensitivity to the subtraction terms is observed after the
PB-TMDs are included, because the difference in Fig. 4
(right) translates into an effect of at most a percent in the
total rate in Fig. 4 (left). It has been checked explicitly that
a similar result is obtained when using Pythia8 [24] parton
showers.

A. PB-method and parton showers

The basic principles of the PB-method and parton
showers are very similar: both methods rely on the
definition of resolvable branchings and treat every branch-
ing separately, where the kinematics can be reconstructed.

The PB-method is a method to determine the parton
density, and has been applied to precision DIS measure-
ments from HERA to determine the free parameters of the
starting distributions [40]. The parton densities (collinear as
well as transverse momentum dependent ones) have been
obtained with NLO DGLAP splitting functions and two-
loop a, with a, = 0.118. The evolution scale and the
definition of resolvable branching is fixed. The intrinsic
k,-distribution is not really constrained from inclusive DIS
measurements, and a variation of the mean of the intrinsic
Gauss distribution leads to the same fits of collinear parton
densities. An uncertainty is assigned coming from a
variation of the mean of the Gauss distribution by a factor
of two, as well as uncertainties coming from the exper-
imental uncertainties of the data points and model

uncertainties as discussed in Ref. [40]. Apart from the
scale uncertainties of the hard process calculation and
uncertainties of the matching scale, all parameters are fixed.

In a traditional parton shower approach (e.g., [24-27])
the evolution is not constrained by the parton density, and
pt- ordered or angular ordered evolution are used with any
collinear parton density, together with specific choices on
the definition of resolvable branchings. The free parameters
are usually constrained by fits to measurements, the
Monte Carlo (MC) event generator tunes, provided by
the MC authors directly or by experiments (e.g., [54-57]).
The value of «, is usually different from the one used in the
parton density, as discussed e.g., in Ref. [33], and special
tunes are needed for LO or NLO calculations.

While the principles of PB-method and parton shower
are similar, the major advantage of the PB-TMDs lies in a
consistent use of parton evolution, the concept of resolvable
branching and the determination of the transverse momen-
tum during the evolution in a way which is constrained by
fits to inclusive data, as the usual collinear parton densities.
The central values of the predictions might be very similar
in both approaches, however the uncertainties obtained in
the PB-TMD come directly from the fit to inclusive DIS
data, while the ones coming from a traditional parton
shower are obtained separately and are not constrained by
fits to parton densities. Numerically the uncertainties for
the pr-spectrum of the Z-boson in the PB -method are of
the order of a percent or smaller (see discussion around
Fig. 5), while in a parton shower approach the uncertainties
range from 50% at LO to ca. 5% for NLO splitting
functions [58].

IV. Z-BOSON PRODUCTION AT THE LHC

A. Transverse momentum and ¢* spectra at 8§ TeV

In Fig. 5 we show the prediction for the transverse
momentum spectrum of Z-bosons at /s = 8 TeV obtained
with a calculation using MC@NLO together with the
PB-TMD [40], and comy ATLAS [3]. The calculation is
performed with Cascade [51,52] (version 3. 0.X) and Rivet
[53]. Figure 5 (left) shows the prediction using PB-2018-
Setl and Set2 parton distributions for both the collinear and
the TMD calculations. The prediction based on PB-2018-
Setl overshoots the measurement at small transverse
momentum of the Z-boson, while the prediction based
on PB-2018-Set2 agrees very well with the measurement.
This difference in the pr-spectrum is a direct consequence
of the differences in the k,-spectrum of the TMDs, shown in
Fig. 3: in Set 2 the value of a, at small &, is larger, leading to
a higher probability for radiation and therefore a depletion
of the distribution at small k,. In the following we will use
PB-2018-Set2 only. In Fig. 5 (left) the uncertainties of the
TMD PDF are shown which come from experimental and
model uncertainties (as in a fit to collinear parton densities),
they are very small (~2%). In addition we show the effect
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the intrinsic Gauss distribution by a factor of two. Right: with uncertainties from the TMDs and scale variation combined.

of varying the mean of intrinsic k, -distribution by a factor
of two in Fig. 5 (left). Only in the lowest pr bin an effect of
ca. 5% can be observed. The uncertainties coming from the
TMD densities and the uncertainties coming from the scale
variation (u and p, are varied by a factor of 2 up and down
independently) in MC@NLO are shown in Fig. 5 (right).
The uncertainties from the TMD determination are small
compared to the uncertainties coming from scale variation.

The bump in the pr distribution at ~30 GeV is an effect
of the scale choice in MC@NLO, and it has been explicitly
verified that a similar structure is observed when using
Herwig6 Or Pythia instead of the PB-TMD. The deviation of
the prediction at higher transverse momenta comes from
missing higher order contributions in the matrix element
calculations, as only O(«,) corrections are included, and
the restriction of transverse momentum of the TMD by u,,.

In Fig. 5 (right) the contribution from DY + 1 jets (with
pri® > 10 GeV) at NLO obtained with PB-2018 Set 2
parton distribution is shown in addition, with the band
showing the uncertainty coming from the scale variation.
At larger pr the higher order contribution plays an
important role and improves the description of the mea-
surements. At this stage, we do not attempt to merge DY
and DY + 1 jet calculations. This will require additional
studies in the use of the TMDs.

In Table I we show a quantitative comparison of our
predictions with the measured pr distribution. We calculate
x*/n between the n measurement points and the prediction
taking into account the experimental uncertainties (statis-
tical, systematic, and luminosity uncertainty, added in
quadrature) and the theoretical uncertainties (uncertainties
from the TMD determination and scale uncertainties, as
shown in Fig. 5, added in quadrature). The agreement
between the measurement and the prediction using Set 2 is

very good for p' < 50 GeV, although no parameters are
fitted. The better y> obtained with Set 2 compared to Set 1
supports the use of transverse momentum (instead of the
evolution scale), corresponding to the angular-ordering
approach, as the argument of «;.

In Fig. 6 we show a comparison of the calculation with
the ¢* distribution as measured in [3].

B. Predictions for Z-boson production at 13 TeV

In Fig. 7 we show predictions for the transverse
momentum and rapidity spectra of Z-bosons at /s =
13 TeV obtained, as in the previous subsection, with a
calculation using MC@NLO together with the PB-TMD
Set 2. The Z-bosons are selected from decay leptons with
pr > 25GeV and g <24 and |m; —my| < 15 GeV,
following closely the selection in [59]. The uncertainties
coming from the TMD parton density are shown as the
blue band, while the uncertainties from a variation of the
factorization and renormalization scales are shown as
the red band. In addition are shown predictions coming
from a variation of the mean of the intrinsic k,-distribution
by a factor of two up and down.

TABLE L  Values of ¥2/n as a function of the upper limit to the
Z transverse momentum p§".

P [GeV] n Setl Set2
20 10 10.5 1.7
30 14 7.7 1.5
40 17 6.3 1.3
50 21 52 1.2
60 24 4.8 1.8
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FIG. 6. ¢* spectrum of Z-bosons as measured by [3] at /s = 8 TeV compared to the prediction from MC @NLO with PB-TMD NLO
2018 [40]. Left: uncertainties from the PB-TMD and uncertainties coming from changing the width of the intrinsic Gauss distribution by
a factor of two. Right: with uncertainties from the TMDs and scale variation combined.
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FIG.7. Transverse momentum pr (left) and rapidity y spectra of Z-bosons at /s = 13 TeV from the prediction after including TMDs.
The pdf (not visible) and the scale uncertainties are shown. In addition shown are predictions when the mean of the intrinsic Gauss

distribution is varied by a factor of 2 up and down.

In Fig. 8 the prediction for ¢* is shown, including TMD
and scale uncertainties.

C. The region of small transverse momenta

The transverse momentum spectrum of the Z-bosons at
small pr is a direct measure of the intrinsic motion of the
partons inside the protons as well as an important probe of
the perturbative soft-gluon resummation, either in terms of
TMDs or in terms of parton showers. In Fig. 9 we show

predictions for the pr spectrum with a fine binning
obtained with the PB-method and standard parton showers
with recent tunes: Pythia8 [24] with tune CUETP8M1 [55],
Herwig++ [26] and Herwig6 [48] with default parameter
settings (version 6.5.21 in MC@NLO (version 2.6.4)).
All predictions make use of MC@NLO calculations of
the hard process with the same collinear parton density
(PB-NLO-2018-Set2) but with the appropriate subtraction
terms included in the MC@NLO calculation. As expected,
all calculations agree at larger pt, while differences of up to

074027-7



A. BERMUDEZ MARTINEZ et al.

PHYS. REV. D 100, 074027 (2019)

Z = uH, V5 =13GeV, |my —my| <15GeV, |y,| < 24

1.0'104 T T TTTTIT T T TTTTIT T T TTTTIT T T TTTTIT T
C T MCatNLlo PB-NLO-er18-Set2 (exp+lnod) ]
L —— MCatNLO PB-NLO-2018-Set2 (scale) .
8.0-10° — intr. kt (up) ]
L intr. kt (down) ,
2 60-10° ; -
N C ]
= L i
E 4.0 10° —
= L i
20-10°— —

Set2 (exp+mod)/MC

0.4 L1 1 IIIIIII|
2 —1 1 1

10 10 10

¢

|
w

FIG. 8. ¢* spectrum of Z-bosons at /s = 13 TeV obtained
from MC@NLO with PB-TMD NLO 2018 Set2 [40]. The pdf
(not visible) and the scale uncertainties are shown. In addition
shown are predictions when the mean of the intrinsic Gauss
distribution is varied by a factor of 2 up and down.

20% are observed at small pr <5 GeV. The prediction
using Herwig6 uses parameter settings which were not tuned
to recent measurements, and serves as an illustration of the
sensitivity of MC tunes. With dedicated measurements in
the region of Z-boson pr < 5-10 GeV with fine enough
binning, differences in the resummations and parton
showers can be distinguished.
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V. CONCLUSION

The PB-TMDs, which have been determined from NLO
fits to inclusive DIS data, have been used to predict the
Z-boson transverse momentum spectrum in pp collisions at
the LHC for /s = 8 and 13 TeV, using NLO collinear
matrix element calculations for inclusive Z-production.
The MC@NLO framework as implemented in MadGraph5_
aMC@NLO with the Herwig6 subtraction terms is used. The
PB-TMDs are used to generate transverse momenta of
the incoming partons. The matching of PB-TMDs with the
NLO calculation is performed by defining the factorization
scale p for the TMD, different for the Born and real
emission contributions.

The principle on which the PB method is based is similar
to that of parton showers, but the difference is that in the PB
method TMD densities are defined and determined from
fits to experimental data, which places constraints on fixed-
scale inputs to evolution.

The prediction for Z-boson production obtained with
PB-TMD together with MC@NLO has been compared to
measurements of ATLAS at /s = 8 TeV, and very good
agreement with the measurement at small pt is found using
the PB-NLO-2018 Set2. The uncertainties coming from the
determination of the PB-TMDs are quite small, and only in
the lowest pp-region a sensitivity to the intrinsic transverse
momentum spectrum is found, of the order of 2-3%. The
scale dependence of the matrix element calculation domi-
nates the overall uncertainty.

The PB-TMD combined with MC@NLO has been used
to predict the transverse momentum spectrum of Z-bosons
at 13 TeV. Measurements of the transverse momentum
spectrum with a very fine binning at small pr would allow
one to separate details of the resummation procedure and
the intrinsic transverse momentum distributions.

V5 =13TeV, Z — ee, 66 GeV < gy < 116GeV, |y| < 2.4

SO:T L ‘ T T T T ‘ L ‘ L ‘ T T T T ‘ L T:

45 E

40 ; —— MCatNLO PB—NLO-ZOIS-Setz_f

= f —— MCatNLO-H++ (def.) E
> PF —— MCatNLO-P8 (CUETM1) 3
g 30E MCatNLO-H6 (def.) =
B asf 3
N E
2 20 —
z El
5 15 —
o [ 3
10 Hf

; E
T
1.4 =

Y o12p- 3
§ 15 i W_u}ryl;";;_jpnj
0.6 =
0,4:1 11| l 11 1 1 l 111 1 l 11 1 1 11 1 1 l 11| 1:

5 10 15 20 25 30

Py [Gev]

FIG. 9. Transverse momentum p¥ spectrum of Z-bosons at /s =38 TeV(left) and 13 TeV(right) obtained with the
PB—method (PB -TMD NLO 2018 Set2 [40]), the parton shower of Pythia8 [24] with tune CUETP8MI1 [55], Herwig++ [26], and

Herwig6 [48].
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The PB-TMD have been combined for the first time with
NLO collinear matrix element calculations and very good
agreement with measurements for the transverse momen-
tum and rapidity cross sections of Z-boson production is
observed, without further adjusting any parameters, in
contrast to what is needed in traditional parton shower
approaches.
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