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Abstract

As part of the DESY summer student program 2021, transverse momentum depen-
dent (TMD) parton distributions obtained from the Parton Branching (PB) method were
combined with next-to-leading-order (NLO) using the POWHEG method. Computations
of the resulting Drell-Yan (DY) transverse momentum spectrum were performed. A good
agreement of the theoretical predictions with the measurement performed by the CMS
experiment at the center-of-mass energy of 13 TeV is found, at low and intermediate DY
pT. The new scale choice option for the matching has been included in the CASCADE3
event generator.

1 Introduction
The precise description of the Drell-Yan [1] (DY) pT spectrum in collisions requires higher-
order perturbative calculations at large transverse momentum pTand the resummation of
soft gluons at all orders at small pT [2–6] as it is done in analytical resummation [7–19],
and collinear parton shower approaches [20–23] matched to higher-order calculations [24–
29]. In [30, 31] the proposed combination of the Parton Branching formulation [32, 33] of
TMD evolution with next-to-leading order (NLO) calculations using the MC@NLO method
provided a good description of the DY pT spectrum as measured by the CMS [34], AT-
LAS [35], NuSea [36, 37], R209 [38], and PHENIX [39] experiments, corresponding to a wide
range of DY masses and center-of-mass energies. The sensitivity of the predictions to non-
perturbative contribution from the TMD was found small. In addition, in [40] a TMD multi-
jet merging approach at leading-order was developed which provides a very good descrip-
tion over the whole DY pT spectrum.

An alternative NLO matching method is POWHEG [26]. The POWHEG formulation pro-
duces positive weighted events, and as opposed to MC@NLO, the parton level events it pro-
vides do not depend on the specific parton shower used to simulate the parton radiation.
In this paper we apply the PB approach to calculate the DY pT spectrum at NLO using the
POWHEG method. We use TMDs obtained from a fit to inclusive deep-inelastic scattering
(DIS) precision data [41] from HERA. This work was done as part of the DESY summer stu-
dent program 2021 were young scientists connected regularly from remote, working in a
virtual environment to achieve the results hereby presented.

1.1 Matching PB-TMDs with POWHEG NLO calculations

In the following we will describe how to use the PB-TMDs together with higher order pertur-
bative calculations using the POWHEG method. We make use of the POWHEG-BOX [26, 42,
43] (version 2). POWHEG generates one emission similar to the first step of a parton shower,
with the difference that the evolution kernel is given by the ratio of the real emission and
Born matrix element, rather than the splitting functions. Events generated by POWHEG are
weighted with a Sudakov factor determined by the exponentiation of the POWHEG evolution
kernel.
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Figure 1: (Left) DY pT spectrum as obtained from a pure NLO calculation. (Right) DY pT spectrum
as obtained from a pure POWHEG (LHE level). The calculations are shown together with the mea-
surement of the DY pT spectrum by the CMS experiment at the center-of-mass energy of 13 TeV [34].

The NLO generator POWHEG-BOX produces events in the LHE format [44] which can
then be read by parton shower event generators. We use the events output by POWHEG-
BOX and apply the PB-TMDs to modify the kinematics of the initial-state partons (and cor-
respondingly the final state) according to the transverse momentum distributions given by
the PB-TMDs. The addition of the transverse momentum to the system leads to shifts in the
longitudinal momentum of the incoming partons while the invariant mass and rapidity of
the partonic system are required to remain unchanged.

The DY transverse momentum spectrum calculated at pure NLO within the POWHEG-
BOX is shown in Fig. 1 (left). In order to obtained the pure NLO prediction we suppressed
the action of the POWHEG Sudakov by chosing a very small value for the hdamp parameter
(hdamp = 0.001). In Fig. 1 (right) the pure POWHEG calculation (LHE level) without any
suppresion of the POWHEG Sudakov is shown. The predictions are overlaid with the DY
pT spectrum measurement performed by the CMS collaboration at 13 TeV of center-of-mass
energy [34].

As observed in Fig. 1, the POWHEG method provides a positive spectrum at the LHE level
compared to pure NLO, as well as compared to MC@NLO [30]. The potential of a combined
PB-TMD + POWHEG calculation can be seen in Fig. 1 (right), where a poor descrition by pure
POWHEG of low and intermediate DY pT is observed.

In order to match the PB-TMDs to the POWHEG calculation we set the p⊥,min parameter
in POWHEG by changing the input variable ptsqmin. Below p⊥,min POWHEG produces n–
parton kinematics while above p⊥,min it produces (n+1)–parton events. In Fig. 2 we show the
result at the LHE level of the POWHEG calculation using ptsqmin = 361 GeV2.
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Figure 2: DY pT spectrum as obtained from a pure POWHEG (LHE level) setting ptsqmin =

361 GeV2. The calculation is shown together with the measurement of the DY pT spectrum by the
CMS experiment at the center-of-mass energy of 13 TeV [34].

In order to avoid double counting between the real emission produced by POWHEG and
emissions from the PB-TMD parton shower the matching scale is set equal to the parameter
SCALUP (included in the LHE POWHEG output). The POWHEG-BOX generator by default
attributes a value SCALUP =

√
ptsqmin which is then used as the upper scale for the trans-

verse momentum generated by the TMD.
The inclusion of transverse momenta from the PB-TMD and the parton shower is per-

formed using the CASCADE3 event generator [45]. The factorization scale µ choice was cho-
sen according to the performance of the matched PB-TMD + POWHEG calculation on the
differential jet rate d01, which represents the square of the energy scale at which a 0–jet event
is resolved as an 1–jet event. A smoother d01 implies a better matching between the PB-
TMD shower contribution to the 0–parton calculation and the real emission contribution.

The choice µ =
∑

i

√
m2

i + p2t,i for 1–parton events and µ =
√
ŝ for 0–parton events (where

ŝ is the partonic center-of-mass energy) showed the smoothest d01 distribution. This option
has been added to the CASCADE3 event generator.

In Fig. 3 the described matching procedure is applied to DY production. In Fig. 3 (left)
the d01 distribution is shown together with the contributions from the 0– and 1–jet calcula-
tions matched to the PB-TMD parton shower. In Fig. 3 (right) the computation of the DY pT
spectrum is depicted.

As observed in Fig. 3, a good matching of the PB-TMD with POWHEG NLO calculation
of DY production is achieved, resulting in a good description of the DY pT spectrum at low
and intermediate pT . The results are in agreement with the previous results obtained using
MC@NLO matching [30, 31]. The difference observed between the data and the calculation at
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Figure 3: (Left) The d01 spectrum representing the energy-square scale at which an 0–jet event is
resolved as an 1–jet event. The dotted curves represent the contributions of the single-multiplicity
samples. (Right) DY pT spectrum as obtained from a matched PB-TMD + POWHEG computation
compared to the measurement of the DY pT spectrum by the CMS experiment at the center-of-mass
energy of 13 TeV [34].

high pT is due to missing higher orders.
We should point out that further refinements of the method are under investigation.

Among these is to avoid the posibility of having parton shower emissions that are are harder
than the POWHEG real emission even though the resulting transverse momentum from the
TMD is not. This effect is due to the angular ordering of the partonic emissions in the PB-
TMD parton shower.

2 Conclusion
The DESY summer student program ran exclusively online in its 2021 edition. In a dedi-
cated effort, the students worked on the matching of PB-TMDs determined from NLO fits to
DIS data, and the resulting PB-TMD parton shower, to NLO calculation using the POWHEG

method. The computation has been compared to the DY pT spectrum measured by the CMS
collaboration at the center-of-mass energy of 13 TeV. A very good agreement at small and
intermediate pT was observed, which is also compatible with results obtained using the
MC@NLO method [30, 31]. We should poin out that this performance is achived without
further adjustment of parton shower parameters as opposed to collinear parton shower ap-
proaches. The new scale choice option for the matching has been included in the CASCADE3
event generator.

Although a smooth d01 distribution distribution has been observed, further refinement of
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the calculation might be needed in order to avoid remaining double counting of emissions,
which has its origin in the angular ordering of the PB-TMD parton emissions.
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