
J
H
E
P
0
6
(
2
0
2
5
)
1
9
2

Published for SISSA by Springer

Received: February 28, 2025

Accepted: May 19, 2025

Published: June 19, 2025

Collinear and TMD distributions with dynamical

soft-gluon resolution scale

F. Hautmann ,a,b L. Keersmaekers ,a A. Lelek ,a S. Sadeghi Barzani a,c

and S. Taheri Monfared d

aUniversiteit Antwerpen,

B 2020 Antwerpen, Belgium
bUniversity of Oxford,

Oxford OX1 3PU, U.K.
cShahid Beheshti University,

Tehran, Iran
dDeutsches Elektronen-Synchrotron DESY,

Germany

E-mail: francesco.hautmann@physics.ox.ac.uk,

lissa.keersmaekers@uantwerpen.be, aleksandra.lelek@uantwerpen.be,

safura.sadeghi67@gmail.com, taheri@mail.desy.de

Abstract: Soft-gluon resolution scales characterize parton branching Monte Carlo imple-

mentations of the evolution equations for parton distribution functions in Quantum Chro-

modynamics (QCD). We examine scenarios with dynamical, i.e., branching-scale dependent,

resolution scale, and discuss physical implications for both collinear and transverse-momentum

dependent (TMD) distributions. We perform the first determination of parton distributions

with dynamical resolution scale, at next-to-leading order (NLO) in perturbation theory, from

fits to precision deep-inelastic scattering measurements from HERA. We present an applica-

tion of TMD distributions with dynamical resolution scale to Drell-Yan lepton-pair transverse

momentum spectra at the LHC and lower-energy experiments, and comment on the extraction

of non-perturbative intrinsic-kT parameters from Drell-Yan data at small transverse momenta.
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1 Introduction

The ever increasing precision of experimental measurements at present and future particle

colliders [1–5] poses high demands on the performance of parton shower Monte Carlo event

generators [6], which are essential to provide realistic event simulations and guide collider-

physics analyses.

A long-standing issue in the use of QCD branching algorithms for parton showering

in hadronic collisions concerns the treatment of parton distribution functions (PDFs), and

more precisely the possible systematic bias induced by the potential mismatch between the

(backward) shower evolution of the initial state [7, 8] and the PDF evolution equations [9–11].

In fact, on one hand shower algorithms make use of PDFs obtained from global fits

to experimental data based on the evolution equations [9–11]; on the other hand, they

incorporate features which are not present in these evolution equations and can give rise

to potential differences. These may come from the choice of the ordering variable in the

branching algorithm; the scale in the strong coupling αs, and in particular the dependence

of the coupling on the kinematics at each emission vertex in the parton decay chain; the

showering scale q0, representing the minimum transverse momentum with which any parton

emitted in the partonic cascade can be resolved. As a result, even if at a given mass scale

the PDF from global fit and the PDF used in the shower coincide, a possible mismatch may

arise at a different mass scale due to evolution. See e.g. [12–31] for a sample of works which

have investigated PDF issues in shower event generators.

In particular, the showering scale q0 implies, by energy-momentum conservation, an

upper bound on the fraction z of longitudinal momentum transferred at each emission. This
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defines, for any shower algorithm, a resolution scale in z for the soft gluons emitted in the

branching. No such upper bound in z, in contrast, enters the PDFs which are extracted

from global fits based on “inclusive” evolution equations [9–11], and used in the shower.

See [22, 28, 30] for recent studies focusing on soft-gluon resolution effects.

An additional systematic effect arises from the transverse momentum recoils along the

parton decay chain. Kinematic reshuffling transformations are employed to deal with the

recoils in shower Monte Carlo generators [32–37]. This gives rise to shifts in the longitudinal

momentum fractions z [38, 39], which can bias the use of PDFs in the shower generators,

and ultimately even affect the soft-gluon region. An alternative method for incorporating

transverse momentum recoils in branching algorithms is to bring in transverse momentum

dependent (TMD) PDFs [40–42]. Through TMD PDFs, one can take into account consistently

both the transverse momenta produced in the shower evolution and the nonperturbative

“intrinsic” transverse momentum distributions characterizing hadronic states at low mass

scales. From this perspective, the longitudinal-shift effect observed in [38, 39] due to the

transverse recoils underlines the potential interplay of TMD dynamics with the soft-gluon

resolution scale in z, and in particular with the systematics possibly induced by the use

of collinear PDFs in parton showers.

The parton branching (PB) approach proposed in refs. [22, 43, 44], is designed to

consistently treat both collinear and TMD distributions. As noted earlier, any branching

algorithm will be characterized by the choices of the ordering variable, the scale in the strong

coupling αs, the soft-gluon resolution scale. As regards ordering variables, by examining

transverse momentum, virtuality and angle ref. [43] finds that, while all three can be made

to work for the case of collinear PDFs, the extension to TMDs can only be carried through

in a well-prescribed manner by using angular ordering. As regards the strong coupling, by

examining the branching scale and the emitted transverse momentum as scales in αs it is found

that, while both choices are able to describe inclusive deep inelastic scattering (DIS) structure

functions [44], it is only the coupling evaluated at the transverse-momentum scale which is able

to describe the Drell-Yan (DY) di-lepton transverse momentum distributions [45, 46] at small

transverse momenta, and the di-jet azimuthal correlations [47, 48] at large azimuthal angles.

As regards the soft-gluon resolution scale, the PB approach [22, 43] can be applied either

with a fixed (i.e., constant) resolution scale or with a running (i.e., branching-scale dependent,

or “dynamical” [49]) resolution scale. These two scenarios have relevant implications for

both theoretical and phenomenological aspects. On the theory side, the former scenario,

once it is combined with the strong coupling evaluated at the branching scale, gives, upon

integration over all transverse momenta, the DGLAP [9–11] evolution equations [43]. The

latter scenario, once it is combined with the strong coupling evaluated at the emitted transverse

momentum scale, gives, upon integration over all transverse momenta, the CMW [8, 50, 51]

coherent-branching equations [49].

On the phenomenology side, the PB TMD approach with a fixed soft-gluon resolution

scale and strong coupling at the transverse momentum scale has been successfully applied to

simultaneously describe DIS inclusive structure functions [44] and DY transverse momentum

distributions [45, 46, 52]. In particular, it has been used to make a determination of the

nonperturbative “intrinsic” transverse-momentum parameter [52] from fits to DY experimental
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measurements across a wide range in DY mass and center-of-mass energy. This determination

features a distinctive energy behavior of the intrinsic transverse-momentum at variance with

determinations from tuning [53–58] of parton shower Monte Carlo generators [32–35]. We

discuss these intrinsic-kT studies (and their possible interpretation in terms of Sudakov

effects [59–61]) later in section 2.2.

Phenomenological implications of PB TMD scenarios with dynamical soft-gluon resolution

scale, on the other hand, have not yet been explored. It is the purpose of the present paper

to start such investigations. To this end, we analyze the precision DIS structure function

data [62] and perform fits to these data using the implementation of the PB TMD approach

in the open-source fitting platform xFitter [63, 64]. We investigate whether good χ2 values

can be achieved, at next-to-leading order (NLO) in perturbation theory, using dynamical

resolution scales. We find that this is the case; thus, from the best fit we extract for the first

time collinear and TMD PDF sets with dynamical resolution scales. Similarly to the case

of fixed resolution in [44], we provide the dynamical-resolution set including experimental

and model uncertainties.

Next, we turn to DY transverse momentum spectra. Using the NLO PB sets ex-

tracted from DIS fits, we compute theoretical predictions for DY transverse momentum

by applying the method [45] to match NLO DY matrix elements, obtained from the

MADGRAPH5_AMC@NLO program [65] (denoted hereto as MCatNLO), with PB TMD

parton distributions and parton showers implemented in the Monte Carlo event generator

Cascade3 [66]. By comparing these predictions with the measurements [67] of DY transverse

momentum at the Large Hadron Collider (LHC), we illustrate that a good description of

DY pT can be obtained with dynamical resolution scale, and perform a fit of the intrinsic

transverse momentum parameter. This is the first extraction of intrinsic kT using the PB

TMD approach in the presence of dynamical resolution scales. We further perform fits to DY

transverse momentum measurements from lower-energy experiments at Tevatron, RHIC and

fixed target, obtaining a good description of the data and extracting the intrinsic transverse

momentum parameter at different energies.

The collinear and TMD distributions determined from the DIS and DY analyses presented

in this paper have wide applicability. First, the ability to properly describe inclusive DIS

structure functions in a scenario with dynamical resolution scale (that is, “shower-like”) is an

important new result. The collinear PDFs with dynamical resolution scale extracted from

DIS fits in this paper are suitable for use in shower Monte Carlo event generators.

Second, this paves the way for investigations, in the same framework, of non-inclusive

observables describing the detailed structure of DIS final states both at HERA [68, 69] and

at future lepton-hadron colliders [2, 4]. Monte Carlo event generators for DIS are currently

being developed [25, 70]. A distinctive feature characterizing the framework of the present

paper is the ability to simultaneously describe the inclusive DIS structure functions and

non-inclusive DIS final states. The Cascade parton-shower Monte Carlo [66, 71] may be

used for these applications (see e.g. [72, 73] for earlier results on DIS jets).

Third, the extraction of the intrinsic-kT distribution in TMD PDFs performed in this

paper from DY transverse momentum measurements can help elucidate the role of the

soft-gluon resolution scale and nonperturbative Sudakov form factor [59, 60] in determining

the energy dependence of the transverse-momentum Gaussian width [52, 53].
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The paper is organized as follows. In section 2 we briefly review the PB TMD formalism,

discussing the evolution equations, the nonperturbative contributions and current results

on the extraction of intrinsic-kT parameters from experimental measurements. In section 3

we perform our fits to precision DIS data using dynamical resolution scales. We present

results for integrated and TMD distributions, and discuss their dependence on the scale of

the minimum transverse momentum for resolved parton emission. In section 4 we describe

the application of the TMD distributions with dynamical resolution scale to DY transverse

momentum spectra. We give conclusions in section 5.

2 Branching evolution

The analysis performed in this paper is based on the formulation of the PB TMD method

given in refs. [43, 49]. We refer to these papers for the description and details of the method.

This section provides a short recap of its main elements, concentrating on the features which

will be central to the work presented in the following sections.

Subsection 2.1 is devoted to discussing the TMD branching evolution and its phase

space in terms of two branching variables: the branching scale µ (which is related to the

kinematic variables according to the ordering condition, e.g., angular ordering) and the

longitudinal momentum fraction z (which is related to the rapidity of the radiated partons);

or, alternatively, the longitudinal fraction z and the radiated transverse momentum q⊥.

In this subsection we introduce the running, or dynamical, resolution scale zdyn(µ).

This characterizes the rapidity evolution in the branching. We illustrate three relevant

transverse-momentum scales in the branching: the intrinsic transverse momentum parameter

qs, describing the Gaussian width of the TMD distribution at low evolution scales; the

minimum transverse momentum q0 with which parton emissions can be resolved, representing

the showering scale in the parton cascade associated with the evolution; the transverse-

momentum scale qc entering the strong coupling αs according to the angular ordering [51, 74,

75] and “pre-confinement” picture [75, 76]. The scale qc is of the same order as q0, but it is

conceptually distinct from it, and it does not necessarily have the same numerical value.

Subsection 2.2 summarizes recent determinations of the intrinsic transverse momentum

parameter qs from experimental DY measurements at small transverse momenta. Here we

compare results obtained using the PB TMD method [52] and results obtained from the

tuning of collinear shower Monte Carlo generators [53]. We comment on the role of the

showering scale and soft-gluon resolution in this comparison. This discussion provides a

further motivation for the investigations of the running, dynamical resolution scale which

will follow in the next sections.

2.1 PB TMD evolution equations and nonperturbative contributions

The PB approach [22, 43] gives TMD evolution equations of the schematic form

Aa(x, k, µ2) = ∆a(µ2, µ2
0)Aa(x, k, µ2

0) (2.1)

+
∑

b

∫

d2µ′

πµ′2

∫

dz Eab[∆; P (R); Θ]Ab(x/z, k + a(z)µ′, µ′2) ,
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Figure 1. Solution of the branching equation by iteration.

where Aa(x, k, µ2) is the TMD distribution of flavor a, carrying the longitudinal momentum

fraction x of the hadron’s momentum and transverse momentum k at the evolution scale

µ; ∆a(µ2, µ2
0) is the Sudakov form factor for the no-emission probability of flavor a from

scale µ0 to scale µ; Eab are the evolution kernels, which are given as functionals of the

Sudakov form factors ∆a and of the real-emission splitting functions P R
ab [43], and depend on

phase-space constraints collectively denoted by Θ in eq. (2.1). The functions that appear in

the evolution kernels can be computed as perturbation expansions in powers of the strong

coupling αs. The explicit expressions of these expansions for all flavor channels are given

to two-loop order in ref. [43].

The evolution in eq. (2.1) is expressed in terms of two branching variables, z and µ′: z is

the longitudinal momentum transfer at the branching, while µ′ =
√

µ′2 is the mass scale at

which the branching occurs. The parton decay chain arising from the evolution is pictured in

figure 1 in terms of multiple branchings, i = 1, 2, . . . . The longitudinal momentum transfers

zi control the rapidities yi of the partons emitted along the parton decay chain, yi ∼ ln 1/zi.

The mass scales of the branching µ′
i, on the other hand, are related to the branching’s

kinematic variables according to the ordering condition.1 This is specified by the function

a(z) in the last factor on the right hand side of eq. (2.1). Transverse momentum ordering,

virtuality ordering and angular ordering are examined in refs. [22, 43]. The angular-ordered

branching is motivated by the treatment of the endpoint region in the TMD case [43, 81]. For

angular ordering, one has a(z) = 1 − z, and the branching scale µ′
i is related to the transverse

momentum q⊥,i of the parton emitted at the i-th branching by

µ′

i = q⊥,i/(1 − zi). (2.2)

The initial evolution scale in eq. (2.1) is denoted by µ0, which is taken to be µ0 > ΛQCD.

It is usually of order µ0 ∼ O(1 GeV). The distribution Aa(x, k, µ2
0) at scale µ0 in the first

term on the right hand side of eq. (2.1) represents the intrinsic kT distribution. This is a

nonperturbative boundary condition to the evolution equation, which can be arrived at from

comparisons of theory predictions to experimental data. Following previous applications of the

PB TMD method [44, 52], for simplicity in the calculations that follow we will parameterize

1Rapidity and mass evolution for TMD distributions can also be formulated in a CSS [77, 78], rather than

PB, approach. See e.g. [79, 80].
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Aa(x, k, µ2
0) in the form

Aa(x, k, µ2
0) = fa(x, µ2

0) · exp
(

−|k2
T |/2σ2

)

/(2πσ2) , (2.3)

with |k2
T | = k

2 and the width of the Gaussian transverse-momentum distribution given by

σ = qs/
√

2, independent of parton flavor and x, where qs is the intrinsic-kT parameter.

As noted earlier, the evolution kernels Eab and the Sudakov form factors ∆a in eq. (2.1)

depend on kinematic constraints providing the phase space of the branchings along the parton

cascade. These can be represented, using the “unitarity” picture of QCD evolution [51], by

separating resolvable and non-resolvable branchings in terms of a resolution scale to classify

soft-gluon emissions [22]. Employing the branching variables (z, µ′), applications of the PB

TMD method have either taken the soft-gluon resolution parameter to be a finite constant

close to the kinematic limit z = 1 or allowed for a running, µ′-dependent resolution. In the

first case, one has the fixed soft-gluon resolution parameter

zM = 1 − ε , (2.4)

where ε is chosen to be a constant ≪ 1. In the second case, let q0 be the minimum transverse

momentum with which any emitted parton can be resolved, so that q⊥,i ≥ q0 for any i. Using

the angular-ordering relation in eq. (2.2), the condition for resolving soft gluons is given by

zi ≤ zM (µ′
i), where the running soft-gluon resolution parameter is

zM (µ′) = 1 − q0/µ′ ≡ zdyn . (2.5)

Eq. (2.5) defines the dynamical resolution scale zdyn associated with the angular ordering [8, 49–

51]. The transverse momentum scale q0 represents the showering scale, down to which resolved

parton emissions take place. Like the scale µ0, the showering scale q0 lies in the region above

ΛQCD, and is usually of order q0 ∼ O(1 GeV).

Figure 2 depicts the resolvable and nonresolvable regions in the partonic branching phase

space [49], mapped on the branching variables (z, µ′) in the left hand side panel and on (q⊥, z)

in the right hand side panel. The pictures refer to the case in which the ratio of the showering

scale q0 and starting evolution scale µ0 is smaller than 1 − x, q0/µ0 < 1 − x. Analogous

pictures are given in ref. [49] for the complementary case q0/µ0 ≥ 1 − x.

The green-colored line in either panel (on the left or on the right of figure 2) represents

the starting evolution scale, µ′ = µ0, at which the nonperturbative intrinsic kT distribution in

eq. (2.3) is defined. The red-colored line in the left hand side panel represents the dynamical,

running resolution scale zdyn in eq. (2.5); equivalently, the red-colored line in the right hand

side panel corresponds to q⊥ = q0, where q0 is the showering scale. The yellow-colored

domains in either panel correspond to the resolvable radiation region, which is treated

perturbatively in eq. (2.1). The grey-colored domains in either panel, on the other hand,

involve infrared-sensitive radiative processes with z > zdyn and small transverse momenta

below the scale q0, requiring the modeling of nonperturbative contributions.

Both the green-colored line and grey-colored region, in either panel of figure 2, are

thus controlled by nonperturbative effects. The former corresponds to the intrinsic TMD

distribution, and the latter corresponds to the nonperturbative component of the Sudakov
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Figure 2. The regions of resolvable and non-resolvable branchings (from ref. [49]), for q0/µ0 < 1 − x,

mapped on the (µ′, z) plane (left) and the (z, q⊥) plane (right).

form factor. The former may be viewed as a boundary condition to the evolution, while

the latter as an integral part of the evolution.2

A possible approach to applying the PB TMD method is to use fixed resolution scale

zM as in eq. (2.4), and extend the evolution kernels Eab of eq. (2.1) into the grey-colored

regions in figure 2 with a suitable treatment of the strong coupling αs [44–46, 52]. Two

common scenarios for αs are the following: i) the coupling is evaluated at the branching

scale, αs = αs(µ′2); ii) the coupling is evaluated at the transverse momentum of the emission,

αs = αs(q2
⊥

) = αs(µ′2(1−z)2). Case i) corresponds to DGLAP evolution [9–11] , while case ii)

corresponds to angular ordering, e.g. CMW evolution [8, 50].3 While either one can be used

for totally inclusive cross sections [44], case ii) is required for the description of differential

transverse-momentum distributions and angular correlations [45–48].

We observe in figure 2 that the grey-colored regions do not require any further treatment

of the strong coupling in case i) (as µ′ ≥ µ0), while they do in case ii) (as q⊥ . q0). To this

end, the strong coupling is modeled according to a “pre-confinement” picture [75, 76] as

αs = αs(max(q2
c , q2

⊥)), (2.6)

where qc is a semi-hard scale on the order of the GeV.

This approach, characterized by the fixed zM in eq. (2.4) and the strong coupling in

eq. (2.6), has been shown to give rise to a successful description of inclusive DIS structure

2An analogous picture can be given in the CSS [77, 78] context: see e.g. [80, 82]. Nonperturbative Sudakov

effects, corresponding to the grey-colored regions of figure 2, are then embodied by the rapidity evolution

Collins-Soper [83, 84] kernel.
3Angular ordering is also used in the KMR approach [85, 86]. See [49, 87–92] for recent discussions of both

infrared and ultraviolet issues in this case.
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functions, DY transverse-momentum distributions and di-jet angular correlations [44–47].

In fact, it has been used to make a determination [52] of the intrinsic-kT parameter qs in

eq. (2.3) from fits to DY experimental measurements across a wide range in masses and

center-of-mass energies.

In the present paper, we explore a different approach. Namely, we take the running

resolution scale zM as in eq. (2.5), and investigate its implications for the description of

DIS and DY processes. On one hand, this is of interest in its own right, as it allows one to

investigate the role of the boundary between resolvable and unresolvable branchings, and

deepen the study of nonperturbative effects. For instance, the extraction of the intrinsic-kT

distribution is expected to be sensitive to the modeling of soft-gluon resolution [52]. On the

other hand, from the standpoint of general-purpose shower Monte Carlo generators [32, 34]

the set-up with the running resolution scale (2.5) may be helpful in investigating open issues

about the use of PDFs in collinear showers [28, 30] and the showering scale.

We will proceed in a similar fashion to what is done in the literature for the fixed-zM

case. That is, we first apply the dynamical-scale scenario in eq. (2.5) to DIS: in section 3 we

perform fits to precision data for DIS structure functions, determining new collinear and TMD

PDF sets. These results are timely, given the currently planned DIS experiments [2, 4] (with

accompanying efforts to develop new Monte Carlo event generators for DIS [25, 70]). Next,

we apply the newly determined TMD distributions to DY transverse momentum spectra: in

section 4 we compare theoretical predictions obtained using dynamical resolution scale with

experimental measurements [67] of DY transverse momentum, and examine the intrinsic-kT

parameter qs. This can be regarded as a first step toward a full fit covering DY data from

experiments at all available energies and DY masses.

Before we move on to this in sections 3 and 4, we conclude the present section with

an overview of the current status of extractions of intrinsic transverse momentum from DY

data, based on PB TMD calculations [52, 93] on one hand, and on tuning of general-purpose

Monte Carlo generators [53, 54] on the other hand. The comparison of the results from these

analyses underlines the potential impact of the showering scale and soft-gluon resolution

on intrinsic kT distributions. It thus reinforces the motivation for the studies of dynamical

resolution scale in the sections that follow.

2.2 Extractions of intrinsic transverse momentum from data

Recently, two analyses of intrinsic transverse momentum distributions from DY measurements

at small transverse momenta have been carried out which highlight features of the approach

described in the previous subsection and of collinear showering approaches. The two analyses

are that of ref. [52], based on the implementation of the PB TMD method in the Monte

Carlo event generator Cascade3, and that of the CMS Collaboration [53, 54], based on

underlying-event tunes of Monte Carlo event generators Pythia8 and Herwig7. In this

subsection we summarize and compare the results.

Ref. [52] uses the PB TMD approach [22, 43] described above in this section, with the

fixed zM in eq. (2.4), angular-ordered αs in eq. (2.6), and TMD PDF set PB-NLO-2018-

Set2 [44]. It computes predictions for DY transverse momentum distributions by using

the technique [45] for matching DY matrix elements at NLO obtained from the MCatNLO
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calculations. While the right panel shows a strong rise with energy,5 no strong rise is found

in the left panel.

It is suggested in [52] that this difference in the energy behavior of the intrinsic kT

can be attributed to nonperturbative Sudakov effects [59, 60] arising from the region near

the soft-gluon resolution boundary. With reference to figure 2, this means that different

behaviors of intrinsic-kT distributions along the green-colored line in figure 2 can reflect

different treatments of soft radiative processes populating the grey-colored regions [49].6

In particular, the picture proposed in [52] suggests that the transition from the nearly-

constant behavior of qs with energy in the left panel of figure 3 to the power-like rise in

the right panel of figure 3 can be related to the change in resolution scales from eq. (2.4)

to eq. (2.5), and that this can be studied as a function of the showering scale q0, entering

the dynamical soft-gluon scale zdyn in eq. (2.5).7

The potential interplay of qs and q0 provides an important motivation for the systematic

studies of dynamical zdyn which are at the center of this work.

3 Fits to DIS precision data with dynamical resolution scale

In this section we present the PB TMD fits to precision DIS structure function data [62]

from HERA, using dynamical resolution scales. First results from these fits have appeared

in [111]. The collinear and TMD PDFs obtained from the fits will be made available in

the TMDlib library [112, 113].

3.1 Fit procedure and general settings

The software to fit PB distributions to data from cross sections’ measurements within the

xFitter package [63, 64] was developed in refs. [114–117] and further applied in ref. [44]. The

fit procedure is based on the construction of kernels obtained from the Monte Carlo solution

of the PB equation discussed in the previous section, and the use of TMD distributions as

well as integrated TMD distributions (iTMD), resulting from the integration over transverse

momenta of the TMDs. We refer the reader to the above-mentioned references [44, 114–117]

for details on the fit procedure.

In what follows, we will apply this procedure with the only difference, compared to the

above references, that the kernels will depend on the running soft-gluon resolution scale given

by the dynamical zM in eq. (2.5). We will perform fits for different values of the showering

scale q0 in eq. (2.5). We will use NLO splitting functions and two-loop running coupling αs in

the kernels, unless stated otherwise. We will set the scale qc in the running coupling in eq. (2.6)

equal to q0, unless stated otherwise. The result of the fits will be the NLO determination of

the initial distributions in eq. (2.3), parameterized at the starting scale µ0 of the evolution.

5The rise of intrinsic kT with energy observed in the right panel of figure 3 confirms earlier results obtained

with Herwig [103] and Pythia [104].
6A related observation has been made in the context of CSS studies in ref. [80], by examining correlations

between the TMD distribution (corresponding to the green-colored line in figure 2) and the Collins-Soper

kernel (receiving nonperturbative contributions from the grey-colored regions in figure 2).
7The idea proposed in [52] is further explored in [105–110].
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Figure 5. Predictions for the inclusive DIS reduced cross section obtained using dynamical zM with

q0 = 0.5 GeV and q0 = 1.0 GeV, compared to HERA data [62].

are obtained by varying the charm (mc = 1.41, 1.47, 1.53 GeV) and the bottom mass (mb =

4.25, 4.5, 4.75 GeV), and the starting evolution scale (µ2
0 = 1.6, 1.9, 2.2 GeV2) where the

numbers in brackets are the lower, central and upper values respectively.

Further refinements of these fits can be envisioned but are not included in the present

study. For instance, one could imagine fitting the intrinsic-kT scale qs as well as the scale

q0. Also, one could study uncertainties due to the parameterization choice, and the impact

of H1 and Zeus combined heavy-quark data [119, 120]. We leave these developments to

future investigations.

3.2 Description of the data and fitted distributions

We now present the results of the PB fits with dynamical resolution scale, described in the

previous subsection, at NLO. We present fits for three different values of the showering scale

q0: 1.2 GeV, 1 GeV and 0.5 GeV. We will refer to these fits as PB-NLO-2025-DynZm, with

suffixes q0-1_2, q0-1_0, q0-0_5 and they will be available in TMDlib.

The values of χ2/n.d.f. (number of degrees of freedom) for these three fits are as follows:

1.45 (for q0 = 1.2 GeV); 1.37 (for q0 = 1 GeV); 1.26 (for q0 = 0.5 GeV).

To examine the behavior of the fits in different kinematic regions of Q2, we also perform

fits on data subsets characterized by different values of the lowest Q2, Q2
min. The results for

the χ2/n.d.f. values are reported in figure 4 as a function of Q2
min, for the fits corresponding

to the three different values of q0.

Figure 4 shows that good χ2 values are obtained from the NLO fits for all three values

of q0, throughout the kinematic range in Q2. The χ2 improves as q0 decreases in the range

of the chosen values. We will analyze this behavior further in the next two subsections,

both by examining the impact of the perturbative order on the fit (through a comparison

with leading-order (LO) fits in subsection 3.3) and by examining the role of the coupling

αs in eq. (2.6) in the low transverse momentum region (through a comparison with a fit

keeping qc 6= q0 in subsection 3.4).

The description of the data for the inclusive-DIS reduced cross section is illustrated in

figure 5 for the cases q0 = 0.5 GeV and q0 = 1.0 GeV. As expected from the results above, the

differences between the sets do not influence very much the description of the inclusive-DIS
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q0 = 0.5 GeV

A B C D E A’ B’ C’

xg 0.49 -0.10 0.86 -0.08 -0.22 25.0

xuv 3.29 0.70 4.37 17.95

xdv 3.29 0.87 3.45

xU 0.16 -0.14 6.49 0.0

xD 0.27 -0.14 9.04

q0 = 1.0 GeV

A B C D E A’ B’ C’

xg 1.99 -0.19 7.37 0.72 -0.24 25.0

xuv 4.54 0.74 5.43 17.12

xdv 2.35 0.72 3.69

xU 0.21 -0.09 7.83 4.56

xD 0.34 -0.09 6.17

q0 = 1.2 GeV

A B C D E A’ B’ C’

xg 4.89 -0.12 12.25 3.29 -0.09 25.000

xuv 4.30 0.71 5.52 16.90

xdv 2.43 0.72 3.92

xU 0.24 -0.07 78.37 5.36

xD 0.40 -0.07 7.59

Table 1. Parameter values of the fitted initial distributions for fits with q0 = 0.5, 1.0 and 1.2 GeV.

data, and the quality of the different fits is similar. The results for the fitted parameters

of the initial distributions are shown in table 1.8

In figure 6 the iTMD distributions corresponding to the three fits with the different

values of q0 are shown for several evolution scales and parton flavors. The result for the fit

PB-NLO-2018-Set2 of ref. [44], which is based on fixed resolution scale zM and qc = 1 GeV, is

shown as well and is used as a reference in the ratio plots. The distributions obtained with

different q0 values are different. Since the effect of zM accumulates in each branching, the

distributions differ also at high scales. For gluon, the differences are larger than for quarks.

The gluon distribution in the fit with q0 = 0.5 GeV is however similar to PB-NLO-2018-Set2.

In figure 7, experimental and model uncertainties of the fitted distributions are shown

for the dynamical-zM set with q0 = 1.0 GeV, and compared to PB-NLO-2018-Set2. The

differences between these two sets are generally larger than the uncertainty band from the

fits. Also, the differences between the curves with different q0 values from figure 6 are larger

than the uncertainty band for q0 = 1.0 GeV.

As discussed above, following the procedure in refs. [44, 114, 116] the TMD distributions

are obtained from a convolution of the TMD kernel with the starting distribution. In figure 8

the TMD distributions as functions of the transverse momentum kT are shown for gluon and

8One may note that for q0 = 0.5 GeV the parameter D for xŪ is fixed to 0.0. The reason for this is that

the fit with the default parameterization of eq. (3.1) resulted in a negative value of this parameter, leading to

a negative quark distribution. To avoid it, the fit was repeated with D = 0 for xŪ .
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Figure 6. The iTMD distributions for different parton species as functions of x at µ = 2, 10, 100 GeV

obtained from the NLO dynamical-zM fits with q0 = 0.5, 1.0 and 1.2 GeV. The fixed-zM set PB-NLO-

2018-Set2 is included for comparison.

anti-down quark, at values of longitudinal momentum fractions x = 0.1 and 0.001 and at

evolution scales µ = 10 GeV and µ = 100 GeV, for different q0 values. PB-NLO-2018-Set2

is shown as well and is used as a reference on the ratio plots. The distributions obtained

with different q0 values differ especially in the low-kT region. At larger kT the shape of the

distributions is similar. It is worth noting that for very low |k⊥| ≈ 1 GeV a dip may arise in

the region of the minimal emitted transverse momentum due to the matching between the

intrinsic transverse momentum and the transverse momentum generated by the evolution.

The dip is less pronounced for lower q0 values, when more branchings are generated. Similarly

to the iTMD case, the result with q0 = 0.5 GeV is quite similar to PB-NLO-2018-Set2.
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Figure 12. The x dependence of iTMD distributions for different parton species at µ = 10 GeV

obtained from the NLO q0 = 0.5 GeV fits with qc = 1 GeV (blue curves) and qc = 0.5 GeV (red curves).

The right panel of figure 11 examines the contributions to the NLO splitting functions

from small x and from finite x. Here the red curve is obtained by adding to the LO splitting

functions only the x → 0 singular parts of NLO corrections. The behavior of the red curve for

small Q2
min is qualitatively similar to the NLO curve, rather than to the LO curve, suggesting

that it is the effect included in the small-x parts of the NLO splitting functions that drives the

difference between LO and NLO fits, particularly in the region of low Q2. This result, besides

helping to interpret the behavior observed in figures 4, 10, may be useful for studies of small-x

dynamics in inclusive-DIS data, e.g. including saturation [131, 132] and resummation [133–

139]. As discussed earlier, fits with dynamical zM at varying q0 scale, as performed in this

paper, probe the impact of the soft Sudakov radiation region; they can provide a useful tool

for investigations of Sudakov and small-x effects particularly in low-Q2 DIS measurements.

3.4 A fit with q0 6= qc

As mentioned earlier, while in the fits presented in subsections 3.2 and 3.3 the showering

scale q0 in eq. (2.5) and the scale qc in the running coupling in eq. (2.6) are set to be equal,

the two scales are conceptually distinct, and may be set to different values. In this subsection

we present a fit in which q0 = 0.5 GeV, qc = 1 GeV. This parameter choice may be useful to

disentangle the effects from the soft-gluon resolution scale defined by the parameter q0 and

the αs freezing scale qc in the pre-confinement picture. In keeping with the notation at the

beginning of subsection 3.2, we will name this fit PB-NLO-2025-DynZm-q0-0_5B.

With q0 = 0.5 GeV and qc =1 GeV, we find that the xFitter fit converges χ2/n.d.f.=1.26.

Figure 12 and figure 13 show, respectively, a comparison of the iTMD and TMD

distributions for the sets PB-NLO-2025-DynZm-q0-0_5 and PB-NLO-2025-DynZm-q0-0_5B.

The results are similar for most of the kinematic regions and parton channels; however,

non-negligible differences arise especially in the gluon distributions and for small transverse

momenta.
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Figure 13. The kT dependence of TMD distributions for gluon and anti-down quark, at x = 0.001

and µ = 10 and 100 GeV, obtained from the NLO q0 = 0.5 GeV fits with qc = 1 GeV (blue curves)

and qc = 0.5 GeV (red curves).

4 Application to DY transverse momentum

As an application of the DIS fits with dynamical resolution scale zM described in section 3, in

this section we compute theoretical predictions for the DY transverse momentum distribution,

following the method developed in refs. [45, 46], and compare them with experimental data

from the LHC and lower-energy experiments. In subsection 4.1 we present the main results,

and in subsection 4.2 we give comments and point to further applications.

4.1 PB results with dynamical zM

For the purpose of this study, we concentrate on the set with q0 = 1 GeV given in section 3.

Following the procedure in refs. [45, 46], we first use the integrated TMDs determined in

section 3 to generate the DY hard-scattering matrix element at NLO from MCatNLO in

the LHE format [140]; we then supplement it with the transverse momentum generated

according to the TMD distributions of section 3 by employing the Monte Carlo event

generator Cascade3 [66]. The matching of NLO matrix element and PB TMD distributions

is performed by using the Herwig6 [141, 142] subtraction term in MCatNLO (a detailed

study of the procedure using this subtraction term is performed in the appendix of ref. [143]).

Theoretical uncertainties from perturbation theory are estimated within MCatNLO by

variation of the renormalization and factorization scale. Besides, uncertainties from the PB

TMD distributions as determined in section 3 are included. The events thus generated are

analyzed by using the Rivet package [144].

In figure 14 the theoretical predictions thus obtained are compared with 13 TeV CMS

data [67]. Similarly to the finding in ref. [45] for the case of fixed zM , the predictions obtained

from PB TMD evolution with NLO matching are capable of describing the data well for

low and moderate pT , while for higher pT contributions from multiple hard-parton emissions

beyond NLO become important and need to be taken into account, as illustrated, e.g., through

the TMD multi-jet merging technique in refs. [145–147]. In the present study we focus on

the low-pT region, in which the NLO-matched predictions are sufficient.

Next, we investigate further the predictions obtained with dynamical resolution scale zM .

In particular, we wish to examine the sensitivity of DY measurements to the intrinsic-kT

parameter qs of the TMD distribution in the dynamical-zM scenario, by performing a fit of

the theoretical predictions to the 13 TeV CMS data [67] for DY transverse momentum. We
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We observe from figure 16 an increase in the value of the intrinsic-kT parameter qs with

increasing center-of-mass energy. This observation supports the physical picture suggested

in ref. [52] and discussed at the end of section 2 in this paper, in which the behavior of the

intrinsic kT is correlated with non-perturbative Sudakov effects near the soft-gluon resolution

boundary. In particular, the qs increase with energy can be associated with dynamical zM .

The results of figure 16 are obtained with showering scale q0 = 1 GeV, and suggest that it

will be relevant to systematically investigate correlations of q0 and qs.

4.2 Comments and future applications

The results of the previous subsection enable further investigations to be carried out in various

directions. Since a detailed uncertainty breakdown is available for the measurements [67]

and correlations between bins of the measurement are included for each uncertainty source

separately, the results of this paper can be extended by carrying out a complete analysis

including the full covariance matrix. This can then be compared with the analogous analysis

performed, for the fixed-zM case, in ref. [52] with DY masses from 50 GeV to 1 TeV.

Also, the extraction of qs from dynamical-zM fits to DY measurements at different

center-of-mass energies, presented in figure 16 for q0 = 1 GeV, can be explored further by

exploiting the possibility to vary the emissions’ minimum transverse momentum q0 in the soft-

gluon resolution zM . This can help shed light on the transition between the distinct energy

behaviors of qs illustrated by the left hand side panel and right hand side panel in figure 3.

As discussed in section 2, the use of the dynamical resolution scale allows nonperturbative

Sudakov contributions to be explored. Ref. [59] presents the PB TMD evaluation of the

Collins-Soper kernel as a function of transverse distance b. This is to be compared with recent

evaluations of the kernel from lattice calculations [151–164] and from fits to experimental data

for transverse momentum spectra [165–168]. In ref. [59], dynamical zM is found to give rise to

a flatter shape in the kernel at large distances b compared to fixed zM . This behavior is close

to the spirit of parton saturation in the s-channel picture [169, 170] for partonic distribution

functions, and is phenomenologically relevant since recent fits find that a flat large-b behavior

is preferred by data for DY transverse momentum [80] and e+e− thrust distribution [171].

An improved understanding of these nonperturbative effects will be important for precision

analyses of DY observables involving the lowest measured transverse momenta [172–182].

As a general comment, we note that the analysis of dynamical resolution scales presented

in this paper is applicable both to collinear-sensitive observables and to TMD-sensitive

observables (in contrast with other approaches which are specifically designed for one or the

other class of observables): see e.g. the cases of inclusive DIS structure functions in section 3

and DY transverse momentum distributions in this section. We regard the distributions

with dynamical zM determined in this paper as well-suited to address open issues on the

use of parton distributions, both collinear [21, 24, 28, 30] and TMD [29, 108], in parton

shower generators.

5 Conclusions

In this work we investigate the role of dynamical soft-gluon resolution scales zM in PB

algorithms, examining parton distributions at both collinear and TMD level.
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At collinear level, the motivation for this study comes from the potential systematic

mismatch arising in parton shower Monte Carlo event generators due to the fact that the

resolution scale is used in the shower evolution but not in the PDF evolution. At TMD level,

the motivation comes from the interplay of the resolution scale with the transverse momentum

recoils in the shower, and possibly with the non-perturbative intrinsic transverse momentum.

The main result of this work is that we obtain a set of collinear and TMD parton

distributions from fits to precision DIS data performed by using PDF and TMD evolution

with dynamical zM , as in parton showers. This is done working at NLO in perturbation

theory. The dynamical-zM set includes experimental and model uncertainties. We show

that this set not only gives a good fit to precision DIS data but also is capable of describing

DY transverse momentum data.

To illustrate this quantitatively, we perform a fit to DY transverse momentum measure-

ments at the LHC and carry out the extraction of the non-perturbative TMD parameter

qs, representing the intrinsic transverse momentum, for the first time in the presence of

dynamical resolution scales. We further perform fits to DY transverse momentum mea-

surements from lower-energy experiments at Tevatron, RHIC and fixed target, extract qs

and present its energy dependence.

We expect the results of this paper to be useful for several applications. The collinear

distributions with dynamical zM can be applied to explore open issues on the use of PDFs

in parton shower generators. The TMD distributions with dynamical zM can be applied

to investigate non-perturbative Sudakov contributions, and address open questions on the

energy dependence as well as mass dependence of intrinsic transverse momentum.
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