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Abstract

The calculations of Z + bb̄ tagged jet production performed in the four- and five-flavour
schemes allow for detailed comparison of the heavy flavour structure of collinear and
transverse momentum dependent (TMD) parton distributions as well as for detailed in-
vestigations of heavy quarks radiated during the initial state parton shower cascade.

We have determined the first set of collinear and TMD parton distributions in the
four-flavour scheme with NLO DGLAP splitting functions within the Parton-Branching
(PB) approach. The four- and five-flavour PB-TMD distributions were used to calculate
Z + bb̄ tagged jet production at LHC energies and very good agreement with measure-
ments obtained at

√
s = 8, 13 TeV by the CMS and ATLAS collaborations is observed.

The different configurations of the hard process in the four- and five-flavour schemes
allow for a detailed investigation of the performance of heavy flavor collinear and TMD
parton distributions and the corresponding initial TMD parton shower, giving confi-
dence in the evolution of the PB-TMD parton densities as well as in the PB-TMD parton
shower.

1 Introduction
Practical theoretical predictions for experimental measurements at high-energy hadron col-
liders require detailed simulations with the help of Monte Carlo event generators including
parton showers and hadronization [1–5]. While significant progress has been achieved in the
last decade on the simulation of processes by matching and merging methods [6–10] to com-
bine next-to-leading order (NLO) matrix element calculations with parton showers, the par-
ton shower is still treated separately from the parton densities. Only the Parton-Branching
(PB) approach [11–13] with transverse momentum dependent (TMD) parton distributions al-
lows a direct mapping of the parton shower to the TMD parton distribution. The CASCADE3
Monte Carlo event generator [5] uses PB-TMDs and simulates corresponding PB-TMD par-
ton shower for initial state partons.

The description of the Drell-Yan (DY) transverse momentum spectrum at different center-
of-mass energies

√
s and for different DY massesmDY applying PB-TMDs is very successful,

as shown in detail in Refs. [11, 14, 15]. In this article we describe a detailed investigation
of the corresponding PB-TMD parton shower by making use of Z production in association
with b-flavored jets.
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The production of b-flavor jets can be calculated in two different approaches: the four-
flavor-variable-number (4FLVN) or five-flavor-variable-number (5FLVN) scheme. In the four
flavor approach, the b-quark is only produced in the hard process, no b-quark is present in
the parton density. In contrary, in the five-flavor approach, the b-quark is treated similarly
as other light quarks, the mass is taken into account as a threshold, only for scales above mb

the b-quark is included. Correspondingly, the calculation of the hard process is different: in
the four-flavor scheme, the heavy quark is treated massive, while in the five-flavor scheme,
except the mass threshold, all quarks are treated similarly.

In Fig. 1 we show the lowest order process for Z+ b-jet production at LHC energies for
the 4FLVN and 5FLVN schemes.

q Z

q

b

g
b

(a) Z + bb̄ 4FLVN diagram

b Z

bg

(b) Z + b 5FLVN diagram

Figure 1: Example of the lowest order diagrams for Z+b production in 4FLVN (a) and 5FLVN
(b) schemes.

While the parton densities in the 4FLVN and 5FLVN schemes are different (and have to be
determined separately), also the contribution from the parton shower is different: for Z + bb̄
production at lowest order in the 4FLVN scheme the matrix element plays the dominant
role, in the 5FLVN scheme the additional b̄-quark is contained in the parton density and
is generated in the corresponding parton shower. Predictions obtained in the 4FLVN- and
5FLVN-schemes allow a comparison of the treatment b partons in collinear and TMD parton
densities as well as in the corresponding initial state TMD parton shower.

This article is organised as follows: in Section 2 we describe the determination of the
4FLVN and 5FLVN TMD distributions applying the PB-method to fit inclusive HERA DIS
measurements. In Section 3 we describe the calculation of Z+ b jet production at the LHC
and compare predictions obtained in the 4FLVN and 5FLVN with measurements from CMS
at
√
s = 8 TeV [16], discuss the role of the PB-TMD parton shower and show the consistency

of the 4FLVN and 5FLVN approaches. In Section 4 we summarize our results.

2 PB-TMD parton densities in 4FLVN- and 5FLVN-schemes
The PB approach was developed in Ref. [12, 13] to solve the DGLAP [17–20] evolution equa-
tion and to calculate the TMD densities for all flavors over a large range in longitudinal mo-
mentum fraction x and the evolution scale µ2. Collinear and TMD parton densities were ob-
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tained in Ref. [11] using NLO DGLAP splitting functions, where the parameters of the initial
starting distributions were obtained from a fit to inclusive DIS measurements at HERA [21].
Those parton distributions were obtained in the 5FLVN-scheme using a mass of the b-quark
of mb = 4.5 GeV and a value for the strong coupling at five flavors of αs(m

(5)
Z ) = 0.118.

In the PB approach the TMD evolution equations are written as:

Aa(x, k2
T, µ

2) = ∆a(µ2) Aa(x, k2
T, µ

2
0) +

∑
b

∫
dq′2

q′2
dφ

2π

∆a(µ2)

∆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′2T , q

′2
)

, (1)

where Aa(x, k2
T, µ

2) is the probability distribution for flavour a carrying the longitudinal
momentum fraction x of the hadron’s momentum and transverse momentum k2

T at the evo-
lution scale µ2; z and q′2 are the branching variables, with z being the longitudinal momen-
tum transfer at the branching, and q′2 the momentum scale at which the branching occurs;
k′T = |k + (1 − z)q′| is the rescaled transverse momentum of the emitted parton; φ is the
azimuthal angle between q′ and k; µ0 is the initial evolution scale; ∆a is the Sudakov form
factor; P (R)

ab are the real emission DGLAP splitting kernels.
Since the momenta q = q′(1 − z) of the emitted partons are treated explicitly, color co-

herence effects can be imposed by using angular ordering conditions, motivating to use the
transverse momentum qT =

√
q2 =

√
q′ 2(1− z)2 as a scale choice for αs; this condition was

already applied in the PB-NLO-2018 Set 2 parton distributions described in Ref. [11], which
is the distribution in the 5FLVN-scheme.

2.1 4FLVN scheme parton distributions

In the 4FLVN scheme, the b-quark does not appear as an active flavor in the parton evolution
(practically we send mb → ∞)). However, care has to be taken for the value of αs(mZ), we
use αs(m

(4)
Z ) = 0.1128 as the four-flavor αs, by a prescription motivated in Ref. [22].

The functional form of the starting distribution is the same as for the 5FLVN parton dis-
tributions in Ref. [11], however the parameters of the starting distribution are re-fitted to
inclusive DIS measurements from HERA [21] (the same data set as used for 5FLVN parton
distributions), yielding a χ2/dof = 1.254, very close to the one obtained for the 5FLVN-fit
(using the xFitter package [23]). The uncertainties of the parton distributions coming from
the experimental uncertainties of the data used are obtained with the Hessian method, as de-
scribed in Ref. [11]. The model uncertainties are evaluated separately by varying the values
of µ0, qcut and mc around their default value as described in Ref. [11].

In Fig. 2 the 4FLVN and 5FLVN collinear parton densities are shown as a function of x at
the evolution scale of µ = 100 GeV.

Since there are less active flavors in the 4FLVN-scheme, the parton density distributions
are slightly higher, which is especially visible in the gluon distribution.
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Figure 2: The ū (a), charm and bottom (b) and gluon (c) 4FLVN and 5FLVN collinear parton
densities for µ = 100 GeV.

In Fig. 3 the parton distributions as a function of the transverse momentum kT obtained
in the 4FLVN and 5FLVN scheme for ū, c, b and g densities at x = 0.01 and µ = 100 GeV
(typical values for Z production at the LHC) are shown. The b-quark exists only in the
5FLVN scheme, as shown in Figs. 2 and Fig. 3. At small kT essentially the first term in Eq.(1)
contributes, and the distributions are slightly different because of different magnitudes of
the 4FLVN and 5FLVN distributions. At large kT several branchings may have occurred and
the differences between the distributions are washed out.
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Figure 3: The ū(a), charm (b), gluon and bottom (c) 4 flavour and 5 flavour TMDs as a func-
tion of kt for x = 0.01 at µ = 100 GeV.

In Fig. 2 and Fig. 3 the uncertainty band shown corresponds to the uncertainty obtained
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from the experimental uncertainties, as well as the model uncertainties.

3 Z+ b-jet production
The diagrams contributing to Z+ b-jet production depend on the scheme used: in the 4FLVN-
scheme, b-quarks are produced only in the hard matrix element, while in the 5FLVN- scheme,
b-quarks are present already in the parton distribution and thus are treated similar to other
lighter quarks. Examples of lowest order diagrams are shown in Fig. 1.

The hard processes are calculated at next-to-leading order (NLO) with the MAD-
GRAPH5 AMC@NLO package (labelled as MCatNLO), as Z+ one parton process in the
5FLVN-scheme and Z + bb̄ in the 4FLVN-scheme, using the corresponding 5FLVN or 4FLVN
collinear parton densities with their different values of αs. The renormalization and factor-
ization scales are set to µR = µF = 1/2

∑
iHT,i where i runs over all partons. The scale

uncertainty is obtained by varying both scales independently by a factor 2 up and down. In
the calculation of the hard process with the MC@NLO method [24–27], the HERWIG6 sub-
traction terms are applied, as they are relevant for the use with PB-TMDs and the PB-TMD
parton shower implemented in CASCADE3 [5]. The transverse momenta of the incoming
partons are obtained from the PB-TMDs, in the 5FLVN or 4FLVN-scheme, respectively.

Events are selected in the phase space of the CMS measurement [16] of a Z-boson in the
presence of two b-tagged jets at

√
s = 8 TeV with 71 < ml̄l < 111 GeV, and the b-tagged

jets obtained with the anti-kT algorithm [28], with a distance parameter of R = 0.5 and with
pT > 30 GeV and |η| < 2.4. In Fig.4 we show the transverse momentum of the Z-boson in
the presence of two b-tagged jets at

√
s = 8 TeV obtained from calculations using the 4FLVN

and 5FLVN-schemes with MCatNLO and PBTMDs and PBTMD parton shower.
In Fig. 4 also the predictions from parton level (LHE-level) are shown to illustrate the

effect of the PB-TMD distribution on the transverse momentum spectrum of the Z-boson.
In Fig. 5 the cross section as a function of the azimuthal angular separation between the

two b-tagged jets in Z + bb̄ events is shown. In Fig. 5(a) the prediction coming from the
4FLVN calculation and in Fig. 5(b) the prediction using 5FLVN scheme is compared with
the measurement. Also shown are the predictions coming from the pure partonic LHE level,
indicating the role of PB-TMDs and PB-TMD shower. In the 4FLVN-calculation, the effect
of inclusion of TMDs and TMD shower is small, since both b partons are already produced
with NLO accuracy at the matrix element level, while in the 5FLVN-scheme, the effect of
TMDs and parton shower is large, since a significant contribution comes from b-quarks in-
side the parton density and therefore must be simulated in the parton shower. The 4FLVN
and 5FLVN calculations give very similar results and describe the measurements at a similar
level, showing the consistency of both approaches.

3.1 The role of PB-TMD parton shower

In order to quantify the role of PB-TMD distributions and the corresponding parton shower
on the differential cross section for Z + bb̄ tagged jets as a function of azimuthal angular sep-
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Figure 4: Differential cross section for Z + bb̄ tagged jets as a function of the transverse
momentum of the Z-boson as measured by CMS [16] at

√
s = 8 TeV. The 4FLVN-prediction

is shown in (a), the 5FLVN-prediction is shown in (b). In addition to the full prediction the
result of using only the LHE files are shown.

aration ∆φbb̄, in Fig. 6 we show the breakdown of the different contributions, for the 4FLVN-
and the 5FLVN calculations separately. One can clearly see, that the 4FLVN- calculation only
weakly depends on PB-TMD and parton shower, while a very significant effect is observed
for the 5FLVN- calculation.

In Fig. 7 we show a comparison of the full prediction obtained in the 4FLVN and 5FLVN-
schemes and compared to a measurement by CMS [16] at

√
s = 8 TeV as well as to a measure-

ment by ATLAS [29] at
√
s = 13 TeV, showing the very good consistency of both approaches,

once the proper parton densities and the corresponding parton shower is included. Since the
parton distributions are obtained from a fit to HERA data alone, no constraint comes from
pp or pp̄ measurements. However in studies on inclusive jets it is observed that the PB-set2
yields predictions which are in general 10–20 % below the measurements. Taking a possible
shift of 10–20 % into account, the Z+b measurements are very well described.

4 Conclusion
The calculations of Z + bb̄ tagged jet production performed in the 4FLVN - and 5FLVN -
schemes allow for detailed comparison of the heavy flavour structure of collinear and trans-
verse momentum dependent (TMD) parton distributions as well as for detailed investiga-
tions of heavy quarks radiated during the initial state parton shower cascade.
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Figure 5: Differential cross section for Z + bb̄ tagged jets as a function of azimuthal angular
separation ∆φbb̄ measured by CMS [16] at

√
s = 8 TeV together with predictions at parton

level (LHE level) for subtraction terms and after inclusion of PB-TMDs and parton shower
in 4FLVN (a) and 5FLVN (b) schemes.

We have determined the first set of collinear and TMD parton distributions in the 4FLVN-
scheme with NLO DGLAP splitting functions within the PB approach. The functional form
of the initial parton distributions follows the ones of the 5FLVN-scheme while the parameters
are re-fitted to inclusive deep inelastic scattering measurements from HERA. The 4FLVN -
and 5FLVN PB-TMD distributions were used to calculate Z + bb̄ tagged jet production at
LHC energies. The predictions obtained are in very good agreement with measurements
obtained at

√
s = 8, 13 TeV by the CMS and ATLAS collaborations.

The different configurations of the hard process in the 4FLVN - and 5FLVN schemes allow
for a detailed investigation of the performance of heavy flavor collinear and TMD parton
distributions and the corresponding initial TMD parton shower. With consistently obtained
4FLVN - and 5FLVN PB-TMD distributions and TMD parton shower, very good agreement
of the final cross sections between the two approaches is obtained, which gives confidence
in the evolution of the PB-TMD parton densities as well as in the PB-TMD parton shower.
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