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Abstract It has been observed in the literature that mea-
surements of low-mass Drell–Yan (DY) transverse momen-
tum spectra at low center-of-mass energies

√
s are not well

described by perturbative QCD calculations in collinear fac-
torization in the region where transverse momenta are com-
parable with the DY mass. We examine this issue from the
standpoint of the Parton Branching (PB) method, combining
next-to-leading-order (NLO) calculations of the hard pro-
cess with the evolution of transverse momentum dependent
(TMD) parton distributions. We compare our predictions
with experimental measurements at low DY mass, and find
very good agreement. In addition we use the low mass DY
measurements at low

√
s to determine the width qs of the

intrinsic Gauss distribution of the PB-TMDs at low evolu-
tion scales. We find values close to what has earlier been used
in applications of PB-TMDs to high-energy processes at the
Large Hadron Collider (LHC) and HERA. We find that at
low DY mass and low

√
s even in the region of pT/mDY ∼ 1

the contribution of multiple soft gluon emissions (included
in the PB-TMDs) is essential to describe the measurements,
while at larger masses (mDY ∼ mZ) and LHC energies the
contribution from soft gluons in the region of pT/mDY ∼ 1
is small.

a e-mail: Francesco.Hautmann@physics.ox.ac.uk (corresponding
author)

1 Introduction

Higher-order perturbative QCD calculations are required for
a precise description of Drell–Yan (DY) production [1] mea-
surements in pp collisions at the LHC [2–7]. The production
of Z-bosons at transverse momenta smaller than the boson
mass (pT < O(mZ)) cannot be described by fixed order cal-
culations, but soft gluon resummation to all orders [8–12]
is needed, as featured in various analytical TMD resumma-
tion methods [13–25] or in parton showers of multi-purpose
Monte Carlo (MC) event generators [26–29] matched with
higher-order matrix elements [30–35]. In Ref. [36] it was pro-
posed that the Z-boson pT spectrum can be accurately evalu-
ated by using the Parton Branching (PB) formulation [37,38]
of TMD evolution together with NLO calculations of the
hard scattering process in the MadGraph5_aMC@NLO
[34] framework. The predictions thus obtained were found to
be in very good agreement with measurements from ATLAS
at

√
s = 8 TeV [3] and CMS at

√
s = 13 TeV[7], with mod-

est sensitivity to the non-perturbative (intrinsic-kT) part of
the TMD distributions [39].

The transverse momentum spectrum of DY production
at lower mass mDY allows one to study in more detail the
non-perturbative contribution, as the phase space for pertur-
bative evolution is reduced. However, the measurement of the
transverse momentum at low mass of the DY pair is experi-
mentally very challenging, since one has to measure down to
low transverse momenta of the decay leptons, where exper-
imental background and misidentification of the DY lepton
pairs can be significant. At the LHC the lowest DY mass used
for the low transverse momentum spectra (pT � 1GeV) is
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∼ 46 GeV [3], while at lower center-of-mass energies DY
measurements covering the low pT region for lower masses
exist from PHENIX [40] at

√
s = 200 GeV, from R209 [41]

at
√
s = 62 GeV, and from NuSea [42,43] and E605 [44]

at
√
s = 38.8 GeV. In a study [45] based on the Monte

Carlo event generator Herwig, good agreement with mea-
surements at low

√
s was found after changing parameters

for the parton shower and intrinsic transverse momentum.
The description of these measurements is discussed in terms
of TMDs in Refs. [17,46–48]. In Ref. [17] these measure-
ments were compared with collinear NLO predictions and
significant discrepancies were observed.

In this paper we apply the TMD parton densities obtained
using the PB method (fitted [49] to inclusive deep-inelastic
scattering (DIS) precision data from HERA) together with
an NLO calculation of DY production [34] precisely in the
same manner as in Ref. [36], but now to treat low-mass DY
production. We first briefly review the main elements of the
PB approach and the matching of the PB-TMDs with the
NLO calculation (Sect. 2). Then we show that these low
energy measurements are very well described with the PB-
MCatNLO approach in the whole region of pT/mDY (in con-
trast to the observation in Ref. [17]) and examine the role
of both the perturbative evolution and the non-perturbative
(intrinsic-kT) distribution (Sect. 3). We provide a discussion
to put these results in a broader context (Sect. 4), and finally
give conclusions (Sect. 5).

2 PB-TMDs and DY production at NLO

In this section we recall the basic elements of the PB
approach, and illustrate the main features of applying it to DY
production at different center-of-mass energies, from fixed-
target experiments to the LHC.

2.1 Collinear and TMD densities from the PB method

The approach proposed in [37] allows evolution equations
for both collinear and TMD parton distributions to be solved
numerically with the PB method. In this approach, the con-
cept of resolvable and non-resolvable branchings is applied
by using Sudakov form factors. A soft-gluon resolution scale
zM is introduced to separate resolvable and non-resolvable
branchings. The Sudakov form factors, which describe the
evolution without resolvable branching from one scale μ0 to
another scale μ, are given in terms of the resolvable splitting
probabilities P(R)

ba (αs, z) as follows,

�a(zM , μ2, μ2
0) = exp

(
−

∑
b

∫ μ2

μ2
0

dμ′2

μ′2 (1)

×
∫ zM

0
dz z P(R)

ba (αs, z)

)
,

where a, b are flavor indices, αs is the strong coupling, z is
the longitudinal momentum splitting variable, and zM < 1
is the soft-gluon resolution parameter. A detailed description
of the PB method is given in Refs. [38,49].

The TMD parton density distributions are obtained from
the non-perturbative starting distributions A0,b(x ′, k2

T,0, μ
2
0)

after convoluting with a perturbative evolution kernel Kba .
As described in [49], we have

xAa(x, k
2
T, μ2) = x

∫
dx ′

∫
dx ′′A0,b(x

′, k2
T,0, μ

2
0)

×Kba

(
x ′′, k2

T,0, k
2
T, μ2

0, μ
2
)

δ(x ′x ′′ − x)

=
∫

dx ′A0,b(x
′, k2

T,0, μ
2
0)

x

x ′

×Kba

( x

x ′ , k
2
T,0, k

2
T, μ2

0, μ
2
)
. (2)

We use a factorized form for the starting distribution A0, for
simplicity, (in general, the kT,0 distribution can be also flavor
and x-dependent),

A0,b(x, k
2
T,0, μ

2
0) = f0,b(x, μ

2
0)

· exp
(
−|k2

T,0|/2σ 2
)

/(2πσ 2), (3)

with σ 2 = q2
s /2 independent of the parton flavor and x , with

a constant value qs = 0.5 GeV. Also, the evolution kernels
Kba in Eq. (2) do not include any non-perturbative compo-
nent. In principle, non-perturbative contributions to Sudakov
form factors could be introduced in the Kba kernels of the
PB method, and parameterized in terms of non-perturbative
functions to be fitted to experimental data (similarly to what
is done in other approaches, e.g. [19–22]). For simplicity,
however, at present we take the kernels Kba to be purely
perturbative.

The PB method enables the explicit calculation of the kine-
matics at every branching vertex, once the evolution scale is
specified in terms of kinematic variables. In Ref. [37] it was
pointed out that angular ordering gives transverse momentum
distributions which are stable with respect to variations of the
resolution parameter zM . In angular ordering, the angles of
the emitted partons increase from the hadron side towards the
hard scattering [51,52]. The transverse momentum of the i’s
emitted parton qt i can be calculated in terms of the angle Θi

of the emitted parton with respect to the beam directions from
qt,i = (1 − zi )Ei sin Θi . Associating the “angle” Ei sin Θi

with μi gives

q2
t,i = (1 − zi )

2μ2
i . (4)

Deep-inelastic scattering measurements from HERA are
used in Ref. [49] to determine the free parameters of the
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Fig. 1 Collinear parton distributions for up and down quarks (PB-
NLO-2018-Set1, PB-NLO-2018-Set 2) as a function of x at μ = 10
and 100 GeV
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Fig. 2 TMD parton distributions for up quarks (PB-NLO-2018-Set1
and PB-NLO-2018-Set 2) as a function of kT at μ = 10 and 100 GeV
and x = 0.01. In the lower panels the full uncertainty of the TMDs is
shown, as obtained from the fits [49]

starting distributions at scale μ0 ∼ 1 GeV. The fits were per-
formed using the open-source fitting platformxFitter [53]
and a new development described in Ref. [38,49] of the
numerical techniques [54]. Collinear and TMD distributions
were extracted including the determination of experimental
and theoretical uncertainties. In Ref. [49] two sets of parton
distributions are described: Set 1, which uses the evolution
scale as argument in the running coupling αs, similar to what
is used in HERAPDF 2.0 NLO [55], and Set 2, which uses
the transverse momentum in the evolution of αs.

For soft gluon resolution zM → 1 and strong coupling
αs → αs(μ

′2) it was verified [38,49] numerically, with a
numerical accuracy of better than 1 % over a range of five
orders of magnitude both in x and in μ, that DGLAP evolu-
tion equations [56–59] are recovered from PB evolution.

In Fig. 1 the Set 1 and Set 2 collinear densities are shown
for up-quark and down-quark at evolution scales of μ = 10
and 100 GeV. In Fig. 2 we show the TMD distributions for

up-quarks at x = 0.01 and μ = 10 and 100 GeV. The plots
in Figs. 1 and 2 are made using the TMDplotter tool [60,61].
Collinear densities are given in a format compatible with
LHAPDF [62].

2.2 Matching PB-TMDs with NLO calculations

We employ the approach proposed in Ref. [36] to perform
the matching of PB-TMDs with the NLO calculation of DY
production. In this subsection we briefly describe a few tech-
nical aspects of the computation and analyze numerically the
contributions of PB-TMDs and NLO in the matching proce-
dure.

Following [36],MadGraph5_aMC@NLO (version 2.6.4,
hereafter labelled MC@NLO) [34] is used to calculate the
Drell–Yan process at NLO, i.e., including O(αs) corrections
to the hard-scattering matrix element, together with the NLO
PB parton distributions (Set 2) of Ref. [49]. As in [36],
motivated by the angular ordering in PB evolution, we use
Herwig6 [63,64] subtraction terms in MC@NLO. A sim-
ilar method to describe DY production at leading order is
proposed in Ref. [65].

A matching scale μm (parameter SCALUP) separates the
contribution of the real emission treated by the matrix ele-
ment calculation and the contribution from the PB-TMD.

The hard process is calculated at a scale μ and the longitu-

dinal momentum fraction x , where μ = 1
2

∑
i

√
m2

i + p2
t,i ,

with the sum running over the decay products and the final
jet. The same scales are used in the PB-TMD. The scale
μm =SCALUP is also used as an upper limit for the trans-
verse momentum (the calculation are performed with the
Cascade3 package [66,67] (version 3.0.X)). We employ
Rivet [68] to analyze output files.

In Fig. 3 we show results, at different center-of-mass ener-
gies

√
s, for the DY lepton-pair transverse momentum distri-

bution, obtained from the MC@NLO calculation at a purely
partonic level (LHE level) using Herwig6 subtraction terms
(red solid curves in the plots), and from the MC@NLO cal-
culation after inclusion of PB-TMDs (blue solid curves). It is
interesting to observe that the contribution coming from the
real hard partonic emission is small at low center-of-mass
energies and at low pT, but increases with increasing

√
s,

thus allowing one to study the contribution of multiple soft
emissions in detail.

In Fig. 4 the distribution in transverse momentum, with
subtraction terms and after inclusion of PB-TMDs, is shown
for LHC energies of

√
s = 13 TeV and for DY masses

around the Z-mass. At high
√
s = 13 TeV and at suffi-

ciently large DY mass, the predictions with and without PB-
TMDs become similar at large transverse momenta, support-
ing the simple expectation that for pT/mDY � 1 the trans-
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Fig. 3 Transverse momentum spectrum of DY production at parton
level (LHE level) for subtraction terms and after inclusion of PB-TMDs.
Distributions are shown for mDY > 4 GeV at

√
s = 38.8 GeV, at√

s = 62 GeV and at
√
s = 200 GeV

verse momentum spectrum is essentially driven by hard real
emission.

3 Low mass DY production

We next apply the framework described in the previous sec-
tion, based on the matching of PB-TMDs with NLO, to the
evaluation of DY spectra at low DY masses.

Fig. 4 Transverse momentum spectrum of Z production at parton level
(LHE level) for subtraction terms and after inclusion of PB-TMDs at√
s = 13 TeV

3.1 Mass and transverse momentum spectra

We start with the DY mass spectrum at low masses and low√
s. In Fig. 5 we present theoretical predictions obtained

from PB-TMDs and NLO matrix elements using MC@NLO
matching, and compare them with experimental measure-
ments for different center-of-mass energies from NuSea [42,
43], R209 [41] and PHENIX [40]. We also show the theo-
retical uncertainties coming from the determination of the
PB-TMDs as well as from the variation of the scale in the
perturbative calculation. As already observed in Ref. [36]
for the case of Z-production at the LHC, the contribution
to uncertainties from the parton density turns out to be small
compared to the one from the scale uncertainty. Not included
are the uncertainties coming from the variation of the intrinsic
Gauss distribution (qs), as this parameter was not constrained
by the fits to HERA data [49]. This will be further discussed
in Sect. 3.2.

The mass spectra in Fig. 5 are generally well described by
the PB-TMD + NLO calculation. For the region of highest
masses at lowest

√
s (NuSea experiment), we see in the top

panel of Fig. 5 that the description of experimental data by
the PB-TMD + NLO calculation deteriorates. This is because
we enter the large-x region where the parton densities [49]
used in the calculation, which are determined from fits to
HERA data [55], are poorly constrained. The description in
this region can be readily improved by using parton density
sets from global fits. We show this in Fig. 5 by plotting the
result from the set NNPDF3.0 [50], obtained from global
fits that include NuSea data [42,43]. On the other hand, for
the lowest mass region mDY < 6 GeV of NuSea the mass
spectrum is well described. We use this region to investigate
the transverse momentum spectrum.

In Fig. 6 we present theoretical predictions from PB-
TMDs and NLO matrix elements for transverse momen-
tum spectra, and again we compare them with experimen-
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Fig. 5 Drell–Yan mass distribution production measured by
NuSea [42,43], R209 [41] and PHENIX [40] compared to pre-
dictions at NLO using PB-TMDs. For NuSea also the prediction using
NNPDF3.0 [50] is shown

Fig. 6 Transverse momentum spectrum of Drell–Yan production mea-
sured by NuSea [42,43], R209 [41], PHENIX [40] compared to predic-
tions at NLO using PB-TMDs

123
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Fig. 7 Transverse momentum spectrum of Z production measured by
CMS [7] compared to predictions at NLO using PB-TMDs

tal measurements for different center-of-mass energies from
NuSea [42,43], R209 [41] and PHENIX [40]. The PB-TMDs
used in the calculation include an intrinsic (non-perturbative)
transverse momentum spectrum parameterized as a Gauss
distribution with width σ 2 = q2

s /2 (see Eq. (3)).
The quality of the description of the measurements

(including independent variations of the factorization and
renormalization scales by a factor of two up and down) is
good with χ2/nd f = 1.08, 1.27, 1.04 for NuSea, R209 and
PHENIX, respectively. The χ2 values are calculated using
the full pT range. In the above discussion we have shown
results for NuSea, R209 and PHENIX as representative of
a broad range of different center-of-mass energies. We have
obtained similar results for other data sets in this energy range
such as E605 [44].

In Fig. 7 we show the transverse momentum spectrum of
Z-bosons at LHC energies of

√
s = 13 TeV as measured

by CMS [7] and compare it with predictions using the same
method of the above low-energy predictions and of Ref. [36],
with the PB-TMD Set 2. We observe a very good description
of the measurement (with χ2/nd f = 0.8 for pT < 80 GeV).
As discussed in Ref. [36], the drop in the prediction at large
transverse momenta comes from missing NLO contributions
to Z+ jet production, i.e., O(α2

s ) terms in the hard process
calculation.

3.2 Determination of the non-perturbative (intrinsic)
transverse momentum distribution

The low-mass DY measurements can be used to constrain
the intrinsic transverse momentum distribution. In Fig. 8 we
report the calculated χ2/nd f as a function of qs obtained

Fig. 8 The χ2/nd f as a function of the width of the intrinsic transverse
momentum distribution, obtained from a comparison of the measure-
ments (NuSea [42,43], R209 [41], PHENIX [40]) with a prediction at
NLO using PB-TMDs. For the theory prediction only the central value
is taken, but no uncertainty from scale variation is included

from the transverse momentum distributions of NuSea [42,
43], R209 [41], PHENIX [40] (as shown in Fig. 6). For the
calculation of χ2/nd f we use the full experimental uncer-
tainties (except an overall normalization uncertainty) and the
central values for the theory predictions (without inclusion
of pdf and scale uncertainties, leading to a larger χ2/nd f as
the one reported in the previous subsection).

A clear minimum is found for NuSea and R209 mea-
surements, with values of qs ∼ 0.3–0.4 GeV. On the other
hand, the PHENIX measurement shows little sensitivity to
the choice of qs , which is understandable since only two
values for pT < 1 GeV are measured, while the other exper-
iments have a finer binning. It is interesting to note that the
values of intrinsic transverse momentum determined from
low-mass DY are rather close to the value of qs = 0.5 GeV
that was assumed in PB-Set2 [49], determined from fits to
inclusive DIS data from HERA which are not sensitive to
intrinsic-kT.

3.3 Comments on the low-mass region

It has been observed in [17] that perturbative fixed-order
calculations at O(αs) and O(α2

s ) in collinear factorization
are not able to describe the measurements of DY trans-
verse momentum spectra at fixed-target experiments in the
region pT/mDY ∼ 1. We remark that this is consistent
with the observation which we have made in Fig. 3 that,
in this kinematic region, the contribution from the real hard
emission is small compared to the contribution from mul-
tiple parton radiation, embodied in the PB-TMD evolution.
Indeed, Fig. 3 indicates that a purely collinear NLO calcu-
lation would not give a realistic description of the DY spec-
trum for pT/mDY ∼ 1 at low energies. On the other hand,
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Fig. 4 illustrates that the situation is very different at the
LHC: in the region around the Z mass shown in Fig. 4, hard
real emission dominates the transverse momentum spectrum
for pT/mDY ∼ 1, so that a purely collinear NLO calcu-
lation gives a good approximation to the DY process for
pT/mDY ∼ 1 at the LHC.

The comparison of theoretical predictions with transverse
momentum measurements from NuSea [42,43] in the top
panel of Fig. 6 confirms that the inclusion of multiple par-
ton emissions, taken into account by the PB-TMD evolution
equation [38] (see also discussion in [69]), is essential to
describe the region pT/mDY ∼ 1 at low energies. This phys-
ical picture is supported by the comparison of theoretical
predictions with measurements at the increasingly high ener-
gies of R209 [41] and PHENIX [40] in the middle and bottom
panels of Fig. 6. Going up to LHC energies in Fig. 7, we see
that the PB-TMD + NLO calculation describes the spectrum
well all the way up to transverse momenta pT ∼ mDY (while
for even higher pT a deficit is observed due to the missing
DY + jet NLO correction – see discussion in [36]).

Our calculation thus indicates that at low energies QCD
contributions beyond fixed order (O(αs), O(α2

s ), etc.) are
important to describe the region pT/mDY ∼ 1, unlike the
case of LHC energies where fixed order calculations are suf-
ficient to describe the region pT/mZ ∼ 1. We have taken into
account all-order contributions through the PB-TMD evolu-
tion formalism, and found that this allows one to describe
well the transverse momentum spectra.

To sum up, the DY transverse momentum in the low-
mass region is sensitive to both finite-order QCD contribu-
tions and all-order QCD multi-parton radiation. Theoreti-
cal predictions depend on the matching procedure between
these contributions. Once this is accomplished, low-mass DY
measurements are well described and can provide a wealth
of information on non-perturbative QCD dynamics. In this
paper the matching is performed, in the spirit of [70], with
PB-TMDs and MC@NLO (alternative methods of matching
are e.g. those inspired by [12]).

4 Discussion

To put the results of this work in a broader context, one may
start from a simple scenario in which one hopes to describe
high-pT dynamics by perturbative NLO calculations com-
bined with collinear parton densities, and low-pT dynamics
by non-perturbative TMDs based, in the simplest model, on
intrinsic-kT Gauss distributions. One may wonder whether
these two elements, NLO collinear calculations for pertur-
bative high-pT physics and intrinsic-kT TMD distributions
for nonperturbative low-pT physics, are sufficient to pro-
vide a satisfactory description of the transverse momentum
spectrum over all kinematic regions. The analysis of this

paper illustrates that this simple approach cannot be guaran-
teed to give the correct physical picture in all phase space
configurations. The key element which is missing in this
simple approach is QCD multiple-parton radiation, and the
analysis of this paper shows that (predominantly infrared)
components of this radiation become essential in the region
pT ∼ 1 − 10 GeV ∼ O(mDY) of low-energy DY experi-
ments. It also shows, more specifically, that such effects are
essential for the transverse momentum spectrum, while they
do not influence very much the mass spectrum integrated
over transverse momenta.

If such contributions are to be included, one could imagine
doing this in different manners. In this work we have done this
by the PB method. This may be regarded as being well-suited
to this problem, because (1) it includes multiple-parton radi-
ation through the evolution of TMDs, (2) it incorporates the
intrinsic-kT distribution as a nonperturbative boundary con-
dition to a well-defined branching evolution equation in terms
of perturbatively calculable kernels, and (3) it is matched
through MC@NLO to NLO hard-scattering functions. It thus
contains the three main inputs which are essential to the
physical picture described above. In particular, the kernels
describing multi-parton radiation through TMD evolution are
given in terms of Sudakov form factors, real-emission split-
ting functions, and angular-ordering phase space constraints,
which are important to correctly take into account infrared
gluon emission.

The analysis performed in this paper leads to different
conclusions from those which have appeared in the liter-
ature pointing to difficulties [17] in describing the low-
mass and low-energy DY measurements and to the “qt cri-
sis” scenario [71,72]. The analysis in this paper indicates
that, provided infrared multi-parton radiation is included
(e.g., through PB-TMD evolution), theoretical predictions
describe low-mass and low-energy DY measurements well.
It further shows that such measurements provide enhanced
sensitivity to intrinsic kT compared to the case of high-energy
experiments. They can thus be usefully exploited for determi-
nations of nonperturbative TMDs. The analysis in this paper
also stresses the difference between the behavior discussed
above for the region pT ∼ mDY of low-energy DY experi-
ments and the behavior in the region measured at the LHC
with pT ∼ mDY ∼ 100 GeV. In the latter, no large correc-
tion is expected to purely-collinear finite-order perturbative
calculations. This confirms that arguments purely based on
scaling in the ratio mDY/pT are not sufficient, due to both
the running of the strong coupling, and the role of infrared
emission.

Other approaches would be possible as well. For instance,
parton showers take into account multiple parton radiation
in a manner alternative to the PB-TMD method. They can be
matched to NLO matrix elements. Most parton shower Monte
Carlo also model intrinsic-kT effects. In this respect, it is note-
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worthy that the Herwig study [45] found good agreement
with DY measurements at low energy, provided parameters
for the parton shower and intrinsic kT were suitably tuned,
and it should be interesting to also reanalyze this in Pythia
and other Monte Carlo generators. The agreement with DY
data found in [45] underlines the relevance of infrared mul-
tiple emissions (taken into account, in this calculation, by
showering) for the DY region of the low-energy experiments.

However, significant differences exist between the parton
shower approach and the PB-TMD approach. One significant
difference is that in the PB-TMD method nonperturbative
TMD densities are defined and determined from fits to exper-
imental data, which places constraints on fixed-scale inputs
to evolution, while in parton showers the parton densities are
not used to constrain evolution, and instead nonperturbative
physics parameters are tuned. This may have an impact on
the size of intrinsic-kT effects in the two approaches. On one
hand, in the case of the PB method we have seen in this
work that intrinsic kT � qs/

√
2 with qs ∈ (300, 500) MeV

provides predictions which describe well DY measurements
across the energy range from NuSea

√
s = 38.8 GeV to the

LHC
√
s = 13 TeV. On the other hand, to our knowledge it is

not yet clear at present whether tuning of parton shower gen-
erators to LHC and low-energy data would result in similarly
mild s-dependence of the intrinsic kT, or whether it would
require a much stronger s-dependence.

A further significant difference between the shower and
PB-TMD approaches is that in the shower calculation [45]
the showering scale is lowered, with respect to the case of
the LHC, to describe the low-energy region. In contrast, in
the PB-TMD calculation of this paper the initial evolution
scale is not changed, and the same starting scale μ0 � 1
GeV is applied for the LHC and for the lower-energy NuSea,
R209 and PHENIX experiments. We think that the investi-
gation of these differences and their interpretation will be
important questions to be examined, particularly to elucidate
contributions from low-momentum regions.

Another possible approach is based on analytic CSS [12]
resummation. In this formalism too the contributions from
multiple soft-gluon emission, intrinsic kT and NLO hard-
scattering functions can be included. The formulation is how-
ever very different from that in the PB method. In particular,
the matching procedure [12] (involving the so-called W and
Y terms) differs from the matching used in this paper, which
is of the type studied in [70]. Also the way to include intrin-
sic transverse momentum effects (in b or kT space) differs
between CSS and PB. We expect the region pT ∼ 1–10 GeV
of low-energy DY experiments to be particularly sensitive
to such differences in the matching and intrinsic kT effects.
We therefore think that much is to be learnt from a detailed
comparison in this region.

5 Conclusion

We have investigated the transverse momentum spectra of
DY lepton-pair production at small DY masses and low
center-of-mass energies by matching PB-TMD distributions
to NLO calculations via MC@NLO. We use the same PB-
TMDs and MC@NLO calculations as we have used for Z-
production at LHC energies in Ref. [36]. We observe a very
good description of the measurements by the NuSea col-
laboration at

√
s = 38 GeV, R209 at

√
s = 62 GeV and

PHENIX at
√
s = 200 GeV, with values of χ2/nd f ∼ 1 for

all measurements. We use the low-mass DY measurements to
determine the best value for the width of the intrinsic Gauss
distribution, and find a value of qs ∼ 0.3−0.4 GeV, slightly
smaller than qs = 0.5 GeV used in the PB-TMD Set 2 dis-
tributions [49].

The very good description of low-mass DY measurements
is achieved by a combination of a collinear NLO calculation
(including the appropriate subtraction terms to avoid dou-
ble counting) with the PB-TMDs. We find that, at low DY
mass and low

√
s, even in the region of pT/mDY ∼ 1 the

contribution of QCD multi-parton radiation (included in the
evolution of PB-TMDs in terms of Sudakov form factors,
resolvable splitting functions and phase space constraints)
is essential to describe the measurements, while at larger
masses (mDY ∼ mZ) and LHC energies this contribution is
small in the region of pT/mDY ∼ 1.

The results which we have presented in Figs. 3 and 6,
in particular, provide a new perspective on the “qt crisis”
recently discussed in the literature (see e.g. contributions
in Refs. [17,71,72]) with regard to measurements of trans-
verse momentum spectra at low mass. Figure 3 illustrates
that, in the kinematic region pT/mDY ∼ 1 of experiments
at low center-of-mass energies

√
s, hard real emission does

not dominate the transverse momentum spectrum, in contrast
to the case of the analogous kinematic region around the Z
boson mass at the LHC. Correspondingly, NLO collinear
calculations are not sufficient to describe the region of low-
energy DY measurements and multi-parton radiation con-
tributions need to be taken into account. On the other hand,
Fig. 6 shows that once the matching of NLO and multi-parton
contributions is accomplished, as is done in the present study
using the PB-TMD formalism, low-mass DY measurements
can be well described over a broad range of center-of-mass
energies

√
s including the NuSea, R209 and PHENIX exper-

iments. The matching in the present paper is carried out via
PB-TMDs and MC@NLO with an approach similar to [70].
Low-mass DY data can thus be exploited to extract informa-
tion on non-perturbative TMD dynamics.
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