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It has been observed that measurements of low-mass Drell-Yan (DY) transverse 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.
This issue can be examined with the Parton Branching (PB) method combining next-to-leading-
order (NLO) calculations of the hard processwith the evolution of transversemomentumdependent
(TMD) parton distribution. The predictions are compared with measurements of low mass DY
production, and they are in very good agreement. Predictions have also been compared with the
measurement of DY production at high energies at the LHC. We find that at low-mass DY 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.
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The production of Z-bosons in a Drell-Yan (DY) [1] in pp collisions is one of the most precisely
measured processes at the LHC [2–4, 8, 9]. To describe the measurement of DY production,
higher-order calculations in perturbative QCD are necessary. At small transverse momenta (pT <

O(mZ )) the production of Z-bosons cannot be described by fixed order calculations, and soft gluon
resummation to all orders and nonperturbative contributions are needed.

Soft gluon resummation in low pT spectrum can be achieved by analytic TMD resumma-
tion methods or by parton shower in multi-purpose Monte Carlo (MC) event generators matched
with higher-order matrix elements. Nonperturbative effects can be incorporated via transverse
momentum dependent parton distribution functions (TMDs) at low transverse momenta.

Z-boson pT spectrum can also be accurately evaluated by using the Parton Branching (PB)
formulation of TMD evolution [5–7] together with NLO calculations of the hard scattering process
in the MadGraph5_aMC@NLO framework. The obtained predictions were found to be in very
good agreement with measurements from ATLAS at

√
s = 8 TeV [3], and CMS at

√
s = 13 TeV [9],

with modest sensitivity to the nonperturbative part of the TMD distributions.
At lower mass mDY the DY process is experimentally challenging, especially at LHC. At lower

center-of-mass energies DY measurements covering the low pT region exist from PHENIX [10] at
√

s = 200 GeV, from R209 [11] at
√

s = 62 GeV, and from NuSea [12, 13] at
√

s = 38.8 GeV. The
predictions for low mass and low

√
s are obtained using the PB method for the TMD parton desities

together with an NLO calculation of DY production. These low energy measurements are very well
described with the PB-MC@NLO approach in the whole region of pT/mDY .

1. DY production at the LHC

Wemake use ofMadGraph5_aMC@NLO(version 2.6.4, in the following labelledMC@NLO)
framework and apply the NLO PB parton distributions with αs(MZ ) = 0.118 for the NLO calcu-
lations of inclusive Drell-Yan production. The transverse momenta according to the PB TMDs are
used to modify the kinematics of the initial state parton (and as a consequence the final state partons
and particles).

1.1 Transverse momentum of Z production at 8 TeV

The prediction for the transverse momentum spectrum of Z-bosons at
√

s = 8 TeV are ob-
tained using MC@NLO together with the PB-TMD, and it is compared with the measurement
by ATLAS [3], as shown in figure 1. The PB-2018-Set2 parton distributions are used for both
the collinear and the TMD calculations. The uncertainties coming from experimental and model
uncertainties are shown, they are very small (∼ 2%). The uncertainties coming from the scale
variation (µF and µR are varied by a factor of 2 up and down independently) are also shown in
figure 1. The prediction agrees very well with the measurement. The deviation of the prediction at
higher transverse momenta comes from missing higher order contributions in the matrix element
calculations as only O(αs) corrections are included.

The contribution from DY+1 jets (with pjet
T > 10 GeV) at NLO is also shown in figure 1. The

higher order contribution plays an important role at larger pT and improves the description of the
measurements.
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Figure 1: On the left (right) transverse momentum pT spectrum of Z-boson as measured by ATLAS at 8 TeV
(CMS at 13 TeV) compared to the prediction from MC@NLO with PB-TMD NLO 2018 with uncertainties
from the TMDs and scale variation combined.

1.2 Transverse momentum at 13 TeV

We obtained also predictions for the transverse momentum spectrum of Z-bosons at
√

s = 13
TeV by CMS [9] using the same method as above. In figure 1 the prediction is compared with a
measurement of CMS. As discussed in Ref. [14], the drop at large transverse momenta region in
the prediction comes from missing NLO contribution to Z+jet production, i.e., O(αs) terms in the
hard process calculation.

2. Low mass DY production

We evaluate DY spectra at low DY masses [15] with PB-TMDs with MC@NLO.

2.1 DY mass spectrum at low
√

s

We start with the DY mass spectrum at low masses and low
√

s. Theoretical predictions of
the DY mass spectrum obtained from PB-TMDs and NLO matrix elements using MC@NLO are
compared in figure 2 with experimental measurements for different center-of-mass energies from
NuSea [12, 13], R209 [11], and PHENIX [10]. The uncertainties coming from the determination of
the PB-TMDs as well as from the variation of the scale in the perturbative calculation are shown as
band. As already observed 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.

In the figure 2, the DY mass spectra are generally well described by the PB-TMDs + NLO cal-
culation. For the region of highest masses at lowest

√
s from NuSea, the description of experimental

data by PB-TMDs + NLO calculation deteriorates. This is because the parton densities used in the
calculation, which are determined from fits to HERA data, are poorly constrained in the large-x
region. The description in this region can be readily improved by using parton density sets from
global fits, NNPDF3.0 [? ]. On the other hand, the mass spectrum is well described for the lowest
mass region mDY < 6 GeV of NuSea.
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Figure 2: Drell-Yan mass distribution production measured by NuSea, R209, and PHENIX compared to
predictions at NLO using PB-TMDs. For NuSea, the prediction using NNPDF3.0 is also shown.

2.2 DY transverse momentum spectra

We compare in figure 3 predictions obtained with PB-TMDs and NLOmatrix usingMC@NLO
for the transverse momentum spectra of DYwith experimental measurements for different center-of-
mass energies from NuSea, R209 and PHENIX. 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/ndf = 1.08, 1.27, 1.04 for NuSea, R209 and PHENIX, respectively.
The χ2 values are calculated using the full pT range.

It has been observed in [16] that fixed-order calculations at O(αs) and O(α2
s ) in collinear

factorization are not able to describe the DY transverse momentum spectra at low
√

s in the region
pT/mDY ∼ 1. This indicates that the inclusion of multiple parton emissions, taken into account by
the PB-TMD, is essential to describe the region pT/mDY ∼ 1 at low energies.
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Figure 3: Drell-Yan mass distribution production measured by NuSea, R209, and PHENIX compared to
predictions at NLO using PB-TMDs. For NuSea, the prediction using NNPDF3.0 is also shown.

3. Conclusion

We have presented predictions for the transverse momentum spectra of DY production at high
center-of-mass energies as well as at low center-of-mass energies obtained from the PB-TMD dis-
tributions and NLO calculations via MC@NLO. The predictions describes well the measurements
at the LHC. We also observe a very good description of the measurements of NuSea at

√
s = 38

GeV, R209 at
√

s = 62 GeV, and PHENIX at
√

s = 200 GeV, with values of χ2/ndf ∼ 1 for all the
measurements. We notice that, at low DY mass and low

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

contribution ofQCDmulti-parton radiation is essential to describe themeasurements, while at larger
masses (mDY ∼ mZ ) and LHC energies this contribution is small in the region of pT/mDY ∼ 1.
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