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1. Introduction

The development of transverse momentum dependent (TMD) factorization theorems ([1] and
references therein) has lead to an increase of precision in predictions of observables such as the
Drell-Yan (DY) transverse momentum spectrum.
The Parton Branching (PB) method [2–4] presents an angular ordered evolution for TMD parton
distribution functions (TMD PDFs or TMDs), expressed in terms of real-emission splitting functions
and Sudakov form factors. The PB TMDs were fitted [4] to the full HERAI+II inclusive DIS
data using the xFitter [5] framework and are available in TMDlib [6], a library for TMDs and
unintegrated PDFs. These TMDs were applied to Drell Yan production [7–9].
With new software developments, such as the release of TMDlib2 [10], which includes new
functionalities (e.g. the treatment of TMD uncertainties), and the newest version of the Monte
Carlo event generator CASCADE [11] (CASCADE3 [12]), which includes an intial state parton
shower that is fully consistent with the PB TMDs, the applications of PB TMDs will increase.
This article will give an overview of recent developments within the Parton Branching method, both
in terms of new applications as new developments in the evolution.

2. Parton Branching Evolution equations

The Parton Branching evolution equations are given by:

Ã𝑎 (𝑥, 𝒌, `2) =Δ𝑎 (`2)Ã𝑎 (𝑥, 𝒌, `2
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∫
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with Ã𝑎 (𝑥, 𝒌, `2) = 𝑥A𝑎 (𝑥, 𝒌, `2) the momentum weighted TMD of flavor 𝑎, with longitudinal
momentum fraction of the proton 𝑥 and 𝒌 the transverse momentum, evaluated at scale `, 𝑃𝑎𝑏 (𝑧)
the real-emission part of the DGLAP splitting functions for a splitting of parton 𝑏 to 𝑎, with 𝑧

the longitudinal momentum fraction and the Sudakov form factor for a parton of flavor 𝑎 is given
by Δ𝑎 (`2) = exp[−∑
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(𝑧, `′2)]. Angular ordering can enter the evolution
through three aspects: i) the relation between the evolution scale `′ and the transverse momentum
of the emitted parton 𝒒: (1 − 𝑧)`′ = |𝒒 |, which is embodied in all PB TMDs, ii) the scale of the
strong coupling 𝛼𝑠 (𝒒2) which is present in the fitted PB-NLO-HERAI+II-2018-set2, but not in PB-
NLO-HERAI+II-2018-set1, which uses 𝛼𝑠 (`′2), iii) the dynamical (i.e. dependent on the evolution
scale) soft-gluon resolution scale 𝑧𝑀 = 1 − 𝑞0/`′, with 𝑞0 the minimal transverse momentum of
the emitted parton. The resolution scale seperates resolvable from non-resolvable branchings. The
effects of the dynamical resolution scale have been studied in [8].

3. Multijet-merging

Studies of TMD effects have been so far mostly used on low 𝑝⊥-spectra of inclusive observables.
However, the authors of [13] realized that the large transverse momentum tails of TMDs, that arise
naturally due to the renormalization-group evolution are used to describe multi-jet final states. A
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Figure 1: Predictions obtained with TMD merging for the production of a Z-boson in association with jets.
Left: Z-boson 𝑝⊥-spectrum; Right: Jet multiplicity. Figures from [13].

new "TMD merging" algorithm has been developed in [13], which extends the "MLM merging"
procedure to include TMD initial state evolution. Compared to standard MLM, this method
reduces systematical uncertainties and improves the description of higher-order emissions beyond
the maximum parton multiplicity of the matrix element calculations.
In figure 1, their prediction of the Z-boson 𝑝⊥-spectrum and jet-multiplicity is shown. For
these results the PB-NLO-HERAI+II-2018-set2 TMDs where used. The TMD merging algorithm
describes the whole Z-boson 𝑝⊥-range very well. The description of Jet-Multiplicity is remarkable,
especially for multiplicities that are higher than the jet multiplicity of the matrix element, which
is three. One can expect that the effects studied in their work will become even more important at
future collider experiments, since TMD broadening grows with the evolution scale.

4. Photon TMD

To obtain the same accuracy as current experimental programs, electroweak corrections should
be applied to the before purely QCD evolution of the PB method. The most notable change in
the QED corrected evolution of parton distributions is the presence of the photon density. We
determined both collinear and TMD photon densities with PB method [14].

At high mass Drell-Yan (DY) production, contributions from photon-photon scattering into
lepton pairs play a role. The collinear NLO QED PDFs describe well the measured dilepton mass
spectrum at LHC center-of-mass energies [15]. As shown in Fig.2.a, the small contribution from
Photon-initiated (PI) lepton production is also determined. The photon TMD has been used to
predict the transverse momentum spectrum of DY lepton-pair production at very high masses (Fig
2.b).
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Figure 2: Standard DY and photon induced mass distribution (a) and transverse momentum spectra (b) based
on collinear and TMD QED PDFs
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Figure 3: Differential cross section for 𝑍+ ≥ 2𝑏 jets production as a function transverse momentum of the
𝑍 boson 𝑝𝑡 (a) and the azimuthal angular separation Δ𝜙𝑏𝑏 between the directions of the two 𝑏 jets in the
transverse plane (b). Shown are the predictions obtained in the 4FLVN- and 5FLVN- schemes.

5. Four- and Five-flavor schemes

The first set of NLO collinear and TMD parton densities in four-flavor-variable-number (4FLN)
scheme within the PB approach is determined [16]. The 4FLVN and five-flavor-variable-number
(5FLVN) PB-TMD distributions [4] were applied to predict 𝑍 + 𝑏�̄� tagged jet production at LHC
energies. In Fig. 3, we show the predictions obtained within both schemes, which are in very good
agreement with the measurements.

The completely different configurations of heavy flavor collinear and TMD PDFs and the
corresponding initial TMD parton shower in the 4FLVN and 5FLVN schemes allow for a precise
investigation of the evolution of the PB-TMD PDFs as well as the PB-TMD parton shower.
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6. Conclusion

The Parton Branching method has already had several successes last years, especially in the
description of the low-𝑝⊥ spectrum of the Drell Yan process at both high and low energies[7–9].
With the new developments, the range of applications increase, due to e.g. the new TMD merging
method, which allows a description of the whole 𝑝⊥-spectrum of the Drell Yan process and an
accurate description of jets, even at high mltiplicity.
The first PB TMD PDF set within the four-flavor schemes along with the already existing sets in
the five-flavor scheme opens the further investigation of PB evolution and PB TMD showers.
Other developments of the PB TMDs will lead to an increase in precision or an extension of the
kinematical range. The first inclusion QED effects in the Parton Branching method, including the
first photon TMD within the method is obtained. The inclusion of TMD splitting functions [17–22]
is underway [23], and it is a first step towards a Monte Carlo that incorporates small-𝑥 dynamics.
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