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1. Introduction

We discus new aspects of the Parton Branching evolution method developed in [1, 2]. PDF
sets obtained for different number of active quark flavours. We determine collinear and transverse
momentum dependent (TMD) PDFs for 4 active flavours and show an application of these TMD
densities to the calculation of Z + b production [3] at th Large Hadron Collider (LHC).

2. Method description

In the PB approach we can calculate the complete evolution of the parton density which at the
same time gives full information of the kinematic of the evolution process. Within this method,
the parton shower is strictly tied to the parton density which includes soft-gluon resummation to all
orders in αs. Soft gluon emission and transverse momentum recoils are expressed by introducing
the soft gluon resolution scale zM . The evolution without resolvable branching from µ2

0 to µ2 is
treated via Sudakov form factors

∆a(µ
2, µ2

0) = exp

[
−

∑
b

∫ µ2

µ2
0

dµ′2

µ′2

∫ zM

0
dz z P(R)

ba
(z, αs)

]
, (1)

Here, zM separates resolvable and non-resolvable branchings, z is the longitudinal momentum
fraction, αs is the strong coupling and P(R)

ba
represent real emission splitting functions from flavour

a to b. In this approach the TMD evolution equations are written as

Aa(x, k, µ2) = ∆a(µ
2) Aa(x, k, µ2

0) +
∑
b

∫
d2q′

πq′2
∆a(µ

2)

∆a(q′2)
Θ(µ2 − q′2) Θ(q′2 − µ2

0)

×

∫ zM

x

dz
z

P(R)
ab
(αs, z) Ab

(
x
z
, k + (1 − z)q′, q′2

)
, (2)

whereAa(x, k, µ2) is the TMDdistribution of flavour a, carring the longitudinalmomentum fraction
x of the hadron’s momentum and transverse momentum k at the evolution scale µ2. The first set
of variable flavour number scheme (VFLNS) TMDs evolved with NLO DGLAP splitting functions
determined from a fit to HERA I+II precision measurements [4] are described in Ref. [5]. The PB
method has been implemented in the xFitter package [6] to allow fits to be made to cross section
measurements.

3. 4 flavour scheme parton distributions

We determined collinear and TMD PDFs in 4 flavour (4FLNS) scheme from a fit to HERA
combined data in the ranges 3.5 < Q2 < 50000 GeV2 and 4.10−5 < x < 0.65. The heavy quark is
treated massless in the evolution but the number of flavours changes according to the mass threshold
[7]. In the 4FLNS the bottom quark mass is set to infinity. We produced the 4 flavour partons by
performing a fit within this scheme. The fit is performed using the open-source fitting platform
xFitter package with the same functional forms for initial densities as 5FLNS. Our procedure is
different from the other PDF sets (e.g MMHT [8], CT14 [9]) who just obtained 4 flavour set by
using the input PDFs obtained in the 5 flavour together with the evolution of the bottom quark off.
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In 4FLNS, it is essential to choose a consistent value of strong coupling constant αS . In our
default NLO fit [5] we put α(5)

S
(m2

Z ) = 0.118. When obtaining the 4FLNS collinear PDFs and
TMDs, the contribution of the bottom quark decouples and the coupling itself does not include the
b quark as an active flavour. On this basis we define the TMD-PDFs using this 4 flavour definition
of the coupling only in the evolution. Restricting ourself to a maximum of four active flavours
gives α(4)

S
(m2

Z ) = 0.1128. The mass of the charm quark is set mc = 1.47 GeV. We obtain 4FLNS
collinear and TMD PDF sets at NLO performing a fit on HERA data [4]. In Fig. 1 the 4 flavour and
5 flavour collinear parton densitiesas in the PB-TMD set2 are shown. The argument in the strong
coupling is taken to be the transverse momentum qt . This choice yields good χ2 value for the fit
to DIS measurements. We reach χ2/do f = 1.254 which is slightly bigger than 5 flavour results
(χ2/do f = 1.21).
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Figure 1: The gluon and ū-type 4 flavour and 5 flavour densties for different valuses of µ2.

In Fig. 2, TMD PDFs are shown as a function of kt with 4 and 5 active flavours for the ū
(Fig. 2.a), charm (Fig. 2.b), bottom and gluon (Fig. 2.c). The b quark only exists in 5FLNS.
At small kt essentially the first term in Eq.2 contributes without any resolvable branching. Here,
transverse momentum distributions based on 4 FLNS and 5 FLNS are different because they have
different starting distributions. At large kt several branching may have occurred and the differences
are washed out due to having more splittings.

4. Calculation of the Z + b jets production in 4 flavour and 5 flavour

For the calculation of the Z + b(b) cross section, two approaches of the 4FLNS and the 5FLNS
are applied. In the 4FLNS only the four lightest quarks (u, d, c and s) are present in the initial state
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Figure 2: The ū (a), charm (b), bottom and gluon (c) 4 flavour and 5 flavour TMDs as a function of kt for
x = 0.01 GeV at µ = 100.

and a final state b quarks are generated from the gluon splitting, as described by the QCD matrix
element (ME). On the other hand, in 5FLNS, the b quark has a non-zero parton density above the
mb threshold.

We use these 4 flavour and 5 flavour PB-TMDs to predict the Z + bb̄ production in pp
collisions, applying NLO collinear calculations of the hard scattering process obtained with the
MadGraph5_aMC@NLO (labelled MC@NLO) [10] framework. As in [11], the PB-TMDs are
applied to generate transverse momenta of the incoming partons. We consider Herwig6 [12]
subtraction terms in MC@NLO, motivated by angular ordering in PB evolution. The LHE files
generated by MC@NLO generates are read by parton shower event generators cascade package
[13, 14] (version 3.0.X) . We presented an example of Feynman diagram for the Z + b process in
the 5 FLNS and Z + bb in the 4 FLNS in Fig3.a and Fig3.b.

b Z

bg

(a) Z + b 5 FLNS diagram

q Z

q

b

g
b

(b) Z + bb 4 FLNS diagram

Figure 3: The LO Feynman diagrams for Z + b and Z + bb production in 5 FLNS (a) and 4 FLNS (b).
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5. Application to Z boson production at the LHC

Accurate Z + b jet measurements at the
√

s = 8 TeV [1] can provide a useful ground for
testing the differences between the 4 FLNS and the 5 FLNS implementation of perturbative QCD
predictions. We employ the PB formulation of TMD evolution set out in [5] and calculate 4 flavour
TMD and collinear PDFs to describe the production of Z+ ≥ 2b jets at NLO within 4 FLNS and
5 FLNS. The PB method has the advantage that parton showers can be included following exactly
the evolution of the TMD parton density. The transverse momentum of the initial state partons is
calculated according to the TMDs as implemented in the cascade package (version 3.0.X) where
events are produced in HEPMC [15] format for further processing with Rivet [16].
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Figure 4: Differential cross section for Z+ ≥ 2b jets production as a function transverse momentum of the
Z boson pt (a) and the azimuthal angular separation ∆φbb between the directions of the two b jets in the
transverse plane (b).

We calculated Z + b production with 4 and 5 flavour PB-TMDs and compare our calculation to
measurements of CMS [3] at 8 TeV. In Fig. 4.a we show the prediction of the transverse momentum
of the Z-boson and at least two b jets and in Fig. 4.b the azimuthal angular separation ∆φbb between
the two b jets. The 4 flavour and 5 flavour calculations do agree and can describe the measurements
well. We conclude, that the TMD parton shower together with TMD parton densities obtained in
the 5 flavour scheme give consistent results with the predictions obtained in the 4 flavour scheme.
This gives confidence that both the heavy flavour PB TMDs as well as the heavy flavour TMD
parton shower as implemented in CASCADE3 provides a reliable description.
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