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Abstract. It has been observed in the literature that measurements of low-mass Drell-Yan (DY) trans-
verse momentum spectra at low center-of-mass energies /s are not well described by perturbative QCD
calculations in collinear factorization in the region where transverse momenta are comparable 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 process 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 g, of the intrinsic Gauss distribution of the PB-TMDs at low evolution 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
pr/mpy ~ 1 the contribution of multiple soft gluon emissions (included in the PB-TMDs) is essential to
describe the measurements, while at larger masses (mpy ~ myz) and LHC energies the contribution from

soft gluons in the region of pr/mpy ~ 1 is small.
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1 Introduction

Higher-order perturbative QCD calculations are required
for a precise description of Drell-Yan (DY) production [I]
measurements in pp collisions at the LHC [21[34l[5L617].
The production of Z-bosons at transverse momenta smaller
than the boson mass (pr < O(my)) cannot be described
by fixed order calculations, but soft gluon resummation to
all orders [ROTOIITLA2)] is needed, as featured in various
analytical TMD resummation methods [I3}[14L151T6L17,
18119120121, 221231[24125] or in parton showers of multi-
purpose Monte Carlo (MC) event generators [26,27,28]
29] matched with higher-order matrix elements [30,31132]
331[34135]. In Ref. [36] it was proposed that the Z-boson py
spectrum can be accurately evaluated by using the Par-
ton Branching (PB) formulation [37.38] of TMD evolu-
tion together with NLO calculations of the hard scatter-
ing process in the MADGRAPH5_AMC@NLO [34] frame-
work. The predictions thus obtained were found to be in
very good agreement with measurements from ATLAS at
Vs =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 produc-
tion at lower mass mpy allows one to study in more de-
tail the non-perturbative contribution, as the phase space
for perturbative evolution is reduced. However, the mea-
surement of the transverse momentum at low mass of the
DY pair is experimentally very challenging, since one has
to measure down to low transverse momenta of the decay
leptons, where experimental background and misidentifi-
cation of the DY lepton pairs can be significant. At the
LHC the lowest DY mass used for the low transverse mo-
mentum spectra (pr <1 GeV) is ~ 46 GeV [3], while at
lower center-of-mass energies DY measurements covering
the low pp 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 HER-
WIG, good agreement with measurements at low /s was
found after changing parameters for the parton shower and
intrinsic transverse momentum. The description of these
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measurements is discussed in terms of TMDs in Refs. [17]
46,471[48]. In Ref. [I7] these measurements were compared
with collinear NLO predictions and significant discrepan-
cies were observed.

In this paper we apply the TMD parton densities ob-
tained using the PB method (fitted [49] to inclusive deep-
inelastic scattering (DIS) precision data from HERA) to-
gether 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 (Sec. [2). Then
we show that these low energy measurements are very
well described with the PB-MCatNLO approach in the
whole region of pp/mpy (in contrast to the observation
in Ref. [17]) and examine the role of both the perturbative
evolution and the non-perturbative (intrinsic-k1) distribu-
tion (Sec. . We provide a discussion to put these results
in a broader context (Sec. , and finally give conclusions

(Sec. [B)).

2 PB-TMDs and DY production at NLO

In this section we recall the basic elements of the PB ap-
proach, 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 concept of resolvable and non-resolvable branchings
is applied by using Sudakov form factors. A soft-gluon
resolution scale z,; is introduced to separate resolvable
and non-resolvable branchings. The Sudakov form factors,
which describe the evolution without resolvable branching
from one scale pg to another scale pu, are given in terms of

the resolvable splitting probabilities Pb(f) (ay, 2) as follows,

2 2 W d,UIQ
Aa(ZMa,u aIuO) = €xXp <_Z/2 2 (1)
b Ho 1%
M
/ dz z Pb(f) (as,z)> ,
0

where a,b are flavor indices, « is the strong coupling,
z is the longitudinal momentum splitting variable, and
zps < 1 is the soft-gluon resolution parameter. A detailed
description of the PB method is given in Refs. [49138].
The TMD parton density distributions are ob-
tained from the non-perturbative starting distributions
A07b(m/,k%07ug) after convoluting with a perturbative
evolution kernel Ky,. As described in [49], we have
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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
at u = 10 and 100 GeV.
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We use a factorized form for the starting distribution A,
for simplicity, (in general, the kt o distribution can be also
flavor and z-dependent),

(2)

Ao,z:(% kgr,o»ﬂ(z)) = fo,b(%,ug)
exp (=K o1/20%) /(270%) , (3)

with o2 = qf /2 independent of the parton flavor and x,
with a constant value g, = 0.5 GeV. Also, the evolution
kernels Ky, in Eq. do not include any non-perturbative
component. In principle, non-perturbative contributions
to Sudakov form factors could be introduced in the Ky,
kernels of the PB method, and parameterized in terms
of non-perturbative functions to be fitted to experimen-
tal data (similarly to what is done in other approaches,
e.g. [19202T.22]). For simplicity, however, at present we
take the kernels K, to be purely perturbative.

The PB method enables the explicit calculation of the
kinematics 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 z;;. In angu-
lar ordering, the angles of the emitted partons increase
from the hadron side towards the hard scattering [5G
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Fig. 2. TMD parton distributions for up quarks (PB-NLO-
2018-Setl and PB-NLO-2018-Set 2) as a function of kt at u =
10 and 100 GeV and z = 0.01. In the lower panels the full
uncertainty of the TMDs is shown, as obtained from the fits
[49].

52]. The transverse momentum of the i’s emitted par-
ton ¢;; can be calculated in terms of the angle ©; of the
emitted parton with respect to the beam directions from
q;; = (1 — z;)E; sin ©;. Associating the ”angle” E;sin 0,
with p; gives

%2,1' =(1- Zi)2/~%2 . (4)

Deep-inelastic scattering measurements from HERA
are used in Ref. [49] to determine the free parameters
of the starting distributions at scale pg ~ 1 GeV. The
fits were performed using the open-source fitting plat-
form xFitter [63] and a new development described in
Ref. [38/49] of the numerical techniques [54]. Collinear and
TMD distributions were extracted including the determi-
nation 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 «, similar to what is used in HERA-
PDF 2.0 NLO [55], and Set 2, which uses the transverse
momentum in the evolution of a.

For soft gluon resolution z;; — 1 and strong coupling
oy — ag(p?) it was verified [49)38] numerically, with a
numerical accuracy of better than 1 % over a range of
five orders of magnitude both in x and in u, that DGLAP
evolution equations [56L575869] 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
p = 10 and 100 GeV. In Fig. 2] we show the TMD dis-
tributions for up-quarks at x = 0.01 and p = 10 and 100
GeV. The plots in Figs. are made using the TMDplot-
ter 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 technical aspects of the computation and analyze nu-

merically the contributions of PB-TMDs and NLO in the
matching procedure.

Following [36], MADGRAPH5_AMC@NLO (version
2.6.4, hereafter labelled MC@NLO) [34] is used to calcu-
late the Drell-Yan process at NLO, i.e., including O(a)
corrections to the hard-scattering matrix element, to-
gether 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 [631[64] subtraction terms
in MC@QNLO. A similar method to describe DY produc-
tion at leading order is proposed in Ref. [65].

A matching scale p,, (parameter SCALUP) separates
the contribution of the real emission treated by the matrix
element calculation and the contribution from the PB-
TMD.

The hard process is calculated at a scale y and the lon-

gitudinal momentum fraction x, where u = % Zl \/mz2 + pf,i,
with the sum running over the decay products and the fi-
nal jet. The same scales are used in the PB-TMD. The
scale p,, =SCALUP is also used as an upper limit for the
transverse momentum (the calculation are performed with
the CASCADE3 package [66L[67] (version 3.0.X)). We em-
ploy Rivet [68] to analyze output files.

In Fig. [3| we show results, at different center-of-mass
energies /s, for the DY lepton-pair transverse momentum
distribution, obtained from the MCQ@QNLO calculation at
a purely partonic level (LHE level) using HERWIG6 sub-
traction terms (red solid curves in the plots), and from the
MC@NLO calculation after inclusion of PB-TMDs (blue
solid curves). It is interesting to observe that the con-
tribution coming from the real hard partonic emission is
small at low center-of-mass energies and at low pp, 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 sufficiently large DY mass, the predictions with
and without PB-TMDs become similar at large trans-
verse momenta, supporting the simple expectation that
for pp/mpy > 1 the transverse momentum spectrum is
essentially driven by hard real emission.

3 Low mass DY production

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

3.1 Mass and transverse momentum spectra

We start with the DY mass spectrum at low masses and
low /s. In Fig. |p| we present theoretical predictions ob-
tained from PB-TMDs and NLO matrix elements us-
ing MCQNLO matching, and compare them with experi-
mental measurements for different center-of-mass energies
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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 mpy >
4 GeV at /s = 38.8 GeV, at /s = 62 GeV and at /s =
200 GeV.

from NuSea [42/43], R209 [41] and PHENIX [40]. We also
show the theoretical uncertainties coming from the deter-
mination 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 distribu-
tion (gy), as this parameter was not constrained by the
fits to HERA data [49]. This will be further discussed in
Subsec. B2

Madgraph aMCatNLO: Drell-Yan production at /s = 13 TeV
1

f 10 E T T T T ‘ T T T T ‘ T T T T ‘ T T T T E|

\ g E

2 £ 3

e 1F =

e E —+— MCatNLO subt. E

e —f— MCatNLO subt.+PB.TMD _

_§ = 76 <M + - <116 GeV El

S [ 3

=102 —=

103 =

10 4 =
10 °

o 50 100 150 200
pr (GeV)

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

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 experi-
mental data by the PB-TMD + NLO calculation deteri-
orates. This is because we enter the large-z 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 read-
ily 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 [4243]. On the other hand, for the lowest mass
region mpy < 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 experi-
mental 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 parameter-
ized as a Gauss distribution with width ¢® = ¢2/2 (see
eq.). The quality of the description of the measure-
ments (including independent variations of the factoriza-
tion and renormalization scales by a factor of two up and
down) is good with x*/ndf = 1.08,1.27,1.04 for NuSea,
R209 and PHENIX, respectively. The X2 values are cal-
culated using the full pp 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 x°/ndf = 0.8
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Fig. 5. Drell-Yan mass distribution production measured by
NuSea [42[43], R209 [4I] and PHENIX [40] compared to pre-
dictions at NLO using PB-TMDs. For NuSea also the predic-
tion using NNPDF3.0 [50] is shown.

for pr < 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(a?) terms in the hard process calculation.
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Fig. 6. Transverse momentum spectrum of Drell-Yan produc-
tion measured by NuSea [42}/43], R209 [41], PHENIX [40] com-
pared to predictions at NLO using PB-TMDs.

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.
we report the calculated X2 /ndf as a function of ¢, ob-
tained from the transverse momentum distributions of
NuSea [42,43], R209 [41], PHENIX [40] (as shown in Fig.@.
For the calculation of X2 /ndf we use the full experimen-
tal uncertainties (except an overall normalization uncer-
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tainty) and the central values for the theory predictions
(without inclusion of pdf and scale uncertainties, leading
to a larger X2 /ndf as the one reported in the previous
subsection).
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Fig. 8. The x2/ndf as a function of the width of the in-
trinsic transverse momentum distribution, obtained from a
comparison of the measurements (NuSea [421[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.

A clear minimum is found for NuSea and R209 mea-
surements, with values of ¢, ~ 0.3—0.4 GeV. On the other
hand, the PHENIX measurement shows little sensitivity
to the choice of ¢, which is understandable since only two
values for pp < 1 GeV are measured, while the other ex-
periments have a finer binning. It is interesting to note
that the values of intrinsic transverse momentum deter-
mined from low-mass DY are rather close to the value of
gs = 0.5 GeV that was assumed in PB-Set2 [49], deter-
mined from fits to inclusive DIS data from HERA which
are not sensitive to intrinsic-kp.
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3.3 Comments on the low-mass region

It has been observed in [I7] that perturbative fixed-order
calculations at O(e,) and O(a?) in collinear factorization
are not able to describe the measurements of DY trans-
verse momentum spectra at fixed-target experiments in
the region pp/mpy ~ 1. We remark that this is consis-
tent with the observation which we have made in Fig.
that, in this kinematic region, the contribution from the
real hard emission is small compared to the contribution
from multiple parton radiation, embodied in the PB-TMD
evolution. Indeed, Fig. [3| indicates that a purely collinear
NLO calculation would not give a realistic description of
the DY spectrum for pr/mpy ~ 1 at low energies. On
the other hand, Fig. []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 trans-
verse momentum spectrum for pp/mpy ~ 1, so that a
purely collinear NLO calculation gives a good approxima-
tion to the DY process for pp/mpy ~ 1 at the LHC.

The comparison of theoretical predictions with trans-
verse momentum measurements from NuSea [421[43] in the
top panel of Fig. [6] confirms that the inclusion of multiple
parton emissions, taken into account by the PB-TMD evo-
lution equation [38] (see also discussion in [69]), is essential
to describe the region pr/mpy ~ 1 at low energies. This
physical picture is supported by the comparison of theo-
retical predictions with measurements at the increasingly
high energies of R209 [41] and PHENIX [40] in the middle
and bottom panels of Fig. [6] Going up to LHC energies
in Fig. [} we see that the PB-TMD + NLO calculation
describes the spectrum well all the way up to transverse
momenta pr ~ mpy (while for even higher p 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(ay), O(a?),
etc.) are important to describe the region pp/mpy ~ 1,
unlike the case of LHC energies where fixed order calcula-
tions are sufficient to describe the region pp/my; ~ 1. We
have taken into account all-order contributions through
the PB-TMD evolution formalism, and found that this al-
lows one to describe well the transverse momentum spec-
tra.

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 dynam-
ics. In this paper the matching is performed, in the spirit
of [70], with PB-TMDs and MC@NLO (alternative meth-
ods 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
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describe high-pt dynamics by perturbative NLO calcula-
tions combined with collinear parton densities, and low-p
dynamics by non-perturbative TMDs based, in the sim-
plest model, on intrinsic-kt Gauss distributions. One may
wonder whether these two elements, NLO collinear cal-
culations for perturbative high-pr physics and intrinsic-
kt TMD distributions for nonperturbative low-pr physics,
are sufficient to provide a satisfactory description of the

transverse momentum spectrum over all kinematic regions.

The analysis of this paper illustrates that this simple ap-
proach cannot be guaranteed 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 be-
come essential in the region pp ~ 1 — 10 GeV ~ O(mpy)
of low-energy DY experiments. It also shows, more specif-
ically, that such effects are essential for the transverse mo-
mentum 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 i) it includes
multiple-parton radiation through the evolution of TMDs,
ii) it incorporates the intrinsic-kp distribution as a non-
perturbative boundary condition to a well-defined branch-
ing evolution equation in terms of perturbatively calcu-
lable kernels, and iii) it is matched through MC@QNLO
to NLO hard-scattering functions. It thus contains the
three main inputs which are essential to the physical pic-
ture described above. In particular, the kernels describing
multi-parton radiation through TMD evolution are given
in terms of Sudakov form factors, real-emission splitting
functions, and angular-ordering phase space constraints,
which are important to correctly take into account in-
frared gluon emission.

The analysis performed in this paper leads to different
conclusions from those which have appeared in the litera-
ture pointing to difficulties [I7] in describing the low-mass
and low-energy DY measurements and to the “g; crisis”
scenario [TTL[72]. The analysis in this paper indicates that,
provided infrared multi-parton radiation is included (e.g.,
through PB-TMD evolution), theoretical predictions de-
scribe low-mass and low-energy DY measurements well. It
further shows that such measurements provide enhanced
sensitivity to intrinsic kp compared to the case of high-
energy experiments. They can thus be usefully exploited
for determinations of nonperturbative TMDs. The analy-
sis in this paper also stresses the difference between the
behavior discussed above for the region pr ~ mpy of low-
energy DY experiments and the behavior in the region
measured at the LHC with pp ~ mpy ~ 100 GeV. In the
latter, no large correction is expected to purely-collinear
finite-order perturbative calculations. This confirms that
arguments purely based on scaling in the ratio mpy /pr
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 in-
stance, 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 par-
ton shower Monte Carlo also model intrinsic-k effects. In
this respect, it is noteworthy that the HERwWIG study [45]
found good agreement with DY measurements at low en-
ergy, provided parameters for the parton shower and in-
trinsic kp 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] un-
derlines the relevance of infrared multiple emissions (taken
into account, in this calculation, by showering) for the DY
region of the low-energy experiments.

However, significant differences exist between the par-
ton shower approach and the PB-TMD approach. One
significant difference is that in the PB-TMD method non-
perturbative TMD densities are defined and determined
from fits to experimental data, which places constraints
on fixed-scale inputs to evolution, while in parton show-
ers the parton densities are not used to constrain evolu-
tion, and instead nonperturbative physics parameters are
tuned. This may have an impact on the size of intrinsic-
kr effects in the two approaches. On one hand, in the
case of the PB method we have seen in this work that
intrinsic kp ~ ¢,/v/2 with ¢, € (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
generators to LHC and low-energy data would result in
similarly mild s-dependence of the intrinsic k, 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 evo-
lution scale is not changed, and the same starting scale
o =~ 1 GeV is applied for the LHC and for the lower-
energy NuSea, R209 and PHENIX experiments. We think
that the investigation of these differences and their inter-
pretation will be important questions to be examined, par-
ticularly 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
however 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 intrinsic transverse momentum effects (in
b or kt space) differs between CSS and PB. We expect the
region pp ~ 1 — 10 GeV of low-energy DY experiments to
be particularly sensitive to such differences in the match-
ing and intrinsic kt effects. We therefore think that much
is to be learnt from a detailed comparison in this region.
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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 distribu-
tions to NLO calculations via MC@QNLO. 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
collaboration at /s = 38 GeV, R209 at /s = 62 GeV and

PHENIX at /5 = 200 GeV, with values of x> /ndf ~ 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 ¢, ~ 0.3—0.4 GeV,
slightly smaller than g, = 0.5 GeV used in the PB-TMD
Set 2 distributions [49].

The very good description of low-mass DY measure-
ments is achieved by a combination of a collinear NLO
calculation (including the appropriate subtraction terms
to avoid double counting) with the PB-TMDs. We find
that, at low DY mass and low /s, even in the region of
pr/mpy ~ 1 the contribution of QCD multi-parton radi-
ation (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 mea-
surements, while at larger masses (mpy ~ my) and LHC
energies this contribution is small in the region of pr /mpy ~
1.

The results which we have presented in Figs. 3] and [6]
in particular, provide a new perspective on the “g, crisis”
recently discussed in the literature (see e.g. contributions
in Refs. [I7[7Tl[72]) with regard to measurements of trans-
verse momentum spectra at low mass. Fig. [3] illustrates
that, in the kinematic region pp/mpy ~ 1 of experiments
at low center-of-mass energies /s, hard real emission does
not dominate the transverse momentum spectrum, in con-
trast 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 re-
gion of low-energy DY measurements and multi-parton
radiation contributions 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 formal-
ism, low-mass DY measurements can be well described
over a broad range of center-of-mass energies /s including
the NuSea, R209 and PHENIX experiments. The match-
ing 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 information on non-
perturbative TMD dynamics.
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