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The ability to identify jets originating from 𝑏- and 𝑐-hadrons (flavor tagging) is one of the
key experimental techniques that enables a wide range of searches and measurements by the
ATLAS experiment. Generally, the tagging efficiencies in simulated Monte Carlo samples
differ from the data and need to be corrected with dedicated calibration procedures. However,
the tagging efficiencies also vary between the Monte Carlo shower simulations such as Pythia,
Sherpa, and Herwig. These differences have a direct impact on the modeling uncertainties
associated with flavor tagging so it is important to reduce them if possible. In this note
we introduce a method of reweighting the heavy-flavor production fractions to a common
world average, which eliminates one of the largest causes of differences in tagging efficiencies
between the Monte Carlo shower simulations. The heavy-flavor production fractions are
the rates at which 𝑏- and 𝑐-quarks hadronize into different species and the flavor tagging
efficiencies in ATLAS have been found to depend on the hadron species inside a jet. The note
presents heavy-flavor production fractions in the ATLAS Monte Carlo samples, the reweighting
procedure and the impact of the reweighting on flavor tagging efficiencies. Moreover, the
experimental uncertainties in the heavy-flavor production fractions can also be estimated
with the same reweighting procedure which gives rise to a common way of estimating these
systematic uncertainties in ATLAS.
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1 Introduction

The ability to identify jets originating from 𝑏- and 𝑐-hadrons (𝑏- and 𝑐-tagging) is one of the key
experimental techniques that enables a wide range of searches and measurements in collider experiments.
Jets are classified as 𝑏- or 𝑐-jets based on the presence of weakly decaying 𝑏 or 𝑐-hadrons within the jet.
The tagging algorithms exploit several distinct properties of 𝑏- and 𝑐-hadrons that offer good discriminating
power against light jets (jets originating from 𝑢, 𝑑, or 𝑠 quarks or gluons). These properties are the long
lifetime, larger masses, hard fragmentation function and kinematic properties of their decay products. A
typical signature of 𝑏- and 𝑐-hadrons are secondary vertices (SVs) where the charged decay products of a
𝑏- or 𝑐-hadron can be traced back to a single point away from the primary vertex due to the long lifetime
of 𝑏- and 𝑐-hadrons. In case of 𝑏-hadron decays there can also be tertiary vertices due to the 𝑏-hadron
decays into 𝑐-hadrons. Furthermore, an important feature of the tagging algorithms is that they offer
discriminating power between 𝑏- and 𝑐-jets.

Tagging efficiencies in Monte Carlo (MC) simulation samples can differ from the data and need to be
corrected with dedicated calibration procedures [1–3]. However, tagging efficiencies also vary between the
MC shower simulations such as Pythia [4], Sherpa [5] and Herwig [6, 7]. These differences have a direct
impact on the modeling uncertainties associated with flavor tagging so it is important to reduce them if
possible. The main causes of differences in MC samples are: the longitudinal momentum distribution of
hadrons inside a reconstructed jet (fragmentation functions), the rates at which 𝑏- and 𝑐-quarks hadronize
into different species of weakly decaying heavy-flavor hadrons (production fractions), and the branching
fractions of heavy-flavor hadron decays. Conventionally these differences are accounted for with the
‘MC-MC’ scale factors [8], which are parameterized as a function of jet flavor (𝑐, 𝑏, or light) and jet
transverse momentum. However, in some cases the MC-MC scale factors are relatively large (e.g. up to
1.5) so fixing the underlying differences between the MC generators is preferential if possible.

The heavy-flavor production fractions play a particularly important role in MC modelling because the
properties of the different 𝑏- and 𝑐-hadrons such as lifetime and the number of charged particles in the
decay vary significantly between the species. The majority of the heavy-flavor production is dominated by
the mesons: 𝐵±, 𝐵0, 𝐵0

𝑠 for 𝑏-hadrons and 𝐷±, 𝐷0, 𝐷±
𝑠 for 𝑐-hadrons. The fraction of 𝑏- and 𝑐-quarks

hadronizing into baryons is about 10%, dominated by the Λ±
𝑐 and Λ0

𝑏
production [9]. Production fractions

are determined by non-perturbative QCD processes and can not be calculated from first principles due
to the needed prohibitive computational complexity and the general lack of understanding of the exact
physics processes governing them. Instead, each MC shower software is tuned to match the data from
different collider experiments. However, differences in heavy-flavor production fractions may arise between
the MC shower generators because they are either tuned to different data or the tuning procedure itself
differs. This note addresses the differences in heavy-flavor production fractions by introducing a new
analysis tool, named as the HFProductionFractionTool, that reweights the production fractions in MC
to the common world-average values from auxiliary measurements of these observables. Re-simulating the
entire MC sample with the purpose of changing the heavy-flavor production fractions would imply a large
computational cost [10] which can be avoided by rescaling the event weights with this tool.

The datasets from which the world-average HF production fractions are derived are described in Section 3.
These values have no kinematic dependence and assume that the production fractions are process
independent. Recent measurements from ALICE and LHCb experiments at the LHC indicate that both 𝑏-
and 𝑐-hadron production fractions in hadron collisions are energy dependent [11–13]. These effects appear
to be significant only at low transverse momenta (< 20 GeV). The reweighting procedure introduced in
this note harmonizes the production fractions in simulated samples, reducing the MC dependence of the
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predicted flavor tagging performance. However, the relevant quantities (e.g. flavor tagging efficiency) still
need to be calibrated to match the data.

The note is organized as follows. The production fractions in ATLAS MC samples are given in Section 2.
The comparison of the production fractions in ATLAS MC to the common world-average values is presented
in Section 3. Section 4 explains the reweighting procedure and highlights the design of the new analysis
tool. Finally, Section 5 shows the validation of the reweighting procedure by showing its impact on the 𝑏-
and 𝑐-jet tagging efficiencies in the simulated MC samples.

2 Simulated MC Samples

Several MC samples are used to evaluate the differences in the tagging efficiencies between the MC shower
software and to evaluate the impact of the production-fraction reweighting procedure. Three different MC
shower generator software are tested: Pythia [4], Sherpa [5], and Herwig [6, 7]. In all cases, 𝑡𝑡 events
with one or more𝑊 bosons decaying leptonically are used. A detailed description of the MC samples is
given below and summarized in Table 1.

The validation in Section 5 is performed with Powheg+Pythia 8, Powheg+Herwig 7.13, Sherpa 2.2.1,
and Sherpa 2.2.10 samples to highlight the most important differences and conclusions. Additional MC
samples for which the production fractions were also calculated are listed in this section. In the future,
the ATLAS experiment will use MC samples generated with Sherpa 2.2.11 and Sherpa 2.2.12. The
corresponding heavy-flavor modeling is expected to be very similar to that in Sherpa 2.2.10.

Table 1: The generators used for the simulation of the 𝑡𝑡 samples. The acronyms ME, PS and UE stand for matrix
element, parton shower and underlying event, respectively.

ME generator ME PDF PS generator PS PDF UE model tune heavy-flavor decay

Powheg Box v2 NNPDF3.0nlo Pythia 8.230 NNPDF2.3lo A14 EvtGen 1.6.0
MadGraph5_aMC@NLO 2.6.0 NNPDF3.0nlo Pythia 8.230 NNPDF2.3lo A14 EvtGen 1.6.0

Powheg Box v2 NNPDF3.0nlo Herwig 7.0.4 MMHT2014lo H7UE EvtGen 1.6.0
Powheg Box v2 NNPDF3.0nlo Herwig 7.1.3 MMHT2014lo Herwig 7.1 default EvtGen 1.6.0
Powheg Box v2 NNPDF3.0nlo Herwig 7.2.1 MMHT2014lo Herwig 7.1 default EvtGen 1.6.0

Sherpa 2.2.1 NNPDF3.0nnlo Sherpa 2.2.1 NNPDF3.0nnlo Sherpa 2.2.1 default Sherpa 2.2.1
Sherpa 2.2.10 NNPDF3.0nnlo Sherpa 2.2.10 NNPDF3.0nnlo Sherpa 2.2.10 default Sherpa 2.2.10

Powheg+Pythia 8: modelled using the Powheg Box v2 [14–17] generator at next-to-leading order (NLO)
with the NNPDF3.0nlo [18] PDF set and the ℎdamp parameter1 set to 1.5𝑚top [19]. The events were
interfaced to Pythia 8.230 [4] to model the parton shower, hadronisation, and underlying event, with
parameters set according to the A14 tune [20] and using the NNPDF2.3lo set of PDFs [21]. The decays of
bottom and charm hadrons were performed by EvtGen 1.6.0 [22].

MadGraph5_aMC@NLO+Pythia 8: modelled with MadGraph5_aMC@NLO 2.6.0 [23] and inter-
faced with Pythia 8.230. The MadGraph5_aMC@NLO calculation used the NNPDF3.0nlo set of PDFs
and Pythia used the A14 set of tuned parameters [20] and the NNPDF2.3lo set of PDFs. The decays of
bottom and charm hadrons were simulated using the EvtGen 1.6.0 program.

1 The ℎdamp parameter is a resummation damping factor and one of the parameters that controls the matching of Powheg matrix
elements to the parton shower and thus effectively regulates the high-𝑝T radiation against which the 𝑡𝑡 system recoils.
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Powheg+Herwig: three Powheg+Herwig configurations with different Herwig versions are studies.
In all cases, hard scatter matrix elements modelled with Powheg Box v2 generator and interfaced either
with Herwig 7.0.4, Herwig 7.1.3 or Herwig 7.2.1. The Herwig 7.0.4 configuration uses the H7UE set of
tunable parameters [7] while Herwig 7.1.3 and Herwig 7.2.1 use the Herwig 7.1 default set of parameters.
The PDF used in the hard scatter modelling is NNPDF3.0nlo and MMHT2014lo [24] in the shower
simulation. Powheg Box provided matrix elements at NLO in the strong coupling constant 𝛼s and an
ℎdamp parameter value of 1.5𝑚top. The decays of bottom and charm hadrons were simulated using the
EvtGen 1.6.0 program.

Sherpa: two Sherpa configurations are studied: Sherpa 2.2.1 and Sherpa 2.2.10. Both configurations are
simulated with the Sherpa MC generator using NLO-accurate matrix elements for up to one additional
parton and LO-accurate matrix elements for up to four additional partons. The matrix elements are
calculated with the COMIX [25] and OpenLoops [26–28] libraries. They were matched with the Sherpa
parton shower [29] using the MEPS@NLO prescription [30–33] and the set of tuned parameters developed
by the Sherpa authors to match the NNPDF3.0nnlo set of PDFs. The 𝑏- and 𝑐-quarks are treated as
massless at matrix-element level and massive in the parton shower.

Heavy-flavor hadron production fractions in the Sherpa 2.2.1 setup are known to disagree with the
world-average values as shown both in this note and in Ref. [34]. This is reflected in the poor modelling of
𝑏-jet fragmentation properties [35, 36]. A dedicated tuning was performed by the ATLAS Collaboration
and implemented in the Sherpa event generator [10]. This update is already included in Sherpa 2.2.10,
which is reflected in the better modeling of the heavy-flavor production fractions as seen in Section 5.
Furthermore, the 𝑏-fragmentation function was altered to address an overabundance of jets with small
𝑏-momentum fraction and the heavy flavor decay tables were updated to the world-average values [9].

3 Heavy-flavor Production Fractions and Comparison to the World average

The heavy-flavor production fractions in the simulated samples are calculated by counting the number of
final state weakly decaying hadrons originating from 𝑏- and 𝑐-quarks. For example, the 𝐷± production
fraction gives the fraction of 𝑐-quarks that hadronize into a 𝐷± meson. By construction the production
fractions of 𝑏- and 𝑐-quarks add up to 100%. Charm hadrons originating from 𝑏-hadron decays are excluded
and all baryons are summed together into a baryon production fraction ( 𝑓 (𝑏-baryon) and 𝑓 (𝑐-baryon)). In
case of multiple copies of the same hadron appearing in the decay chain (e.g. due to QED radiation), only
the final copy is kept. The production fractions are given in Table 2. As expected there is no difference
between Powheg+Pythia and MadGraph5_aMC@NLO+Pythia because they use the same shower
generator software. There are, however, differences between the different Herwig and Sherpa versions.

Furthermore, the production fractions in ATLAS MC samples are compared to the world-average values.
The 𝑏-hadron production fractions are taken from Particle Data Group (PDG) [9]. These are derived
from hadronic 𝑍 boson decays using the data from the LEP experiments, summarized in Ref. [37]. The
𝑐-hadron production fractions are taken from Ref. [38]. The average 𝑐-hadrons production fractions are
derived from a combined analysis of charm production measured in different regimes and environments: in
𝑒+𝑒− collisions at 𝐵-factories, in 𝑒±𝑝 collisions in photoproduction, deep inelastic scattering, and in 𝑝𝑝
collisions. No kinematic or process dependence is assumed in these values. Systematic uncertainties are
derived in forms of eigenvector variations from the uncertainties in the associated measurements and by
using the correlation matrices published in Refs. [9] and [38]. Each eigenvector variation provides a set
of alternative heavy-flavor hadron production fractions such that the sum of the individual 𝑏-hadron and
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Table 2: Heavy-flavor hadron production fractions in the selected simulated samples. The statistical uncertainties in
the production fractions are negligible (<0.1%).

MC sample 𝑓 (𝐵0) 𝑓 (𝐵±) 𝑓 (𝐵0
𝑠) 𝑓 (𝑏-baryon) 𝑓 (𝐷±) 𝑓 (𝐷0) 𝑓 (𝐷±

𝑠 ) 𝑓 (𝑐-baryon)
Powheg+Pythia 8 0.429 0.429 0.094 0.047 0.293 0.563 0.095 0.048
aMC@NLO +Pythia8 0.429 0.429 0.095 0.047 0.294 0.563 0.095 0.048

Powheg+Herwig 7.0.4 0.388 0.388 0.077 0.146 0.264 0.593 0.082 0.061
Powheg+Herwig 7.1.3 0.370 0.370 0.060 0.199 0.257 0.578 0.084 0.082
Powheg+Herwig 7.2.1 0.407 0.408 0.038 0.147 0.270 0.602 0.057 0.071

Sherpa 2.2.1 0.272 0.273 0.089 0.365 0.143 0.380 0.113 0.365
Sherpa 2.2.10 0.398 0.399 0.099 0.105 0.237 0.626 0.076 0.061

𝑐-hadron fractions always remains 100%. Due to this constraint, the number of eigenvector variations is
𝑁 − 1, where 𝑁 is the number of independent heavy-flavor hadron production fractions. Therefore, there
are three eigenvector variations for 𝑐-hadrons and two variations for 𝑏-hadrons. The 𝐵0 and 𝐵± production
fractions are assumed to be the same because the electromagnetic decays of 𝐵∗+ and 𝐵∗0 and strong decays
of 𝐵∗∗+ and 𝐵∗∗0 do not affect the relative amount of 𝐵± and 𝐵0, unlike the excited 𝐷 meson decays affect
the relative rates of 𝐷± and 𝐷0 in the charm sector. The world-average productions fractions along with
the eigenvector variations are given in Table 3. The deviations from the nominal values are about 2 to 3%
for mesons and up to 10% for baryons.

Table 3: The world-average heavy-flavor hadron production fractions. The data is taken from PDG [9] for 𝑏-hadrons
and from Ref. [38] for 𝑐-hadrons. Eigenvector variations are derived from the uncertainties and the correlation
matrices given in the literature as described in the text.

MC sample 𝑓 (𝐵0) 𝑓 (𝐵±) 𝑓 (𝐵0
𝑠) 𝑓 (𝑏-baryon) 𝑓 (𝐷±) 𝑓 (𝐷0) 𝑓 (𝐷±

𝑠 ) 𝑓 (𝑐-baryon)
Nominal 0.408 0.408 0.100 0.084 0.240 0.609 0.080 0.071
𝑏-hadron eig1 0.410 0.410 0.093 0.088 0.240 0.609 0.080 0.071
𝑏-hadron eig2 0.415 0.415 0.097 0.074 0.240 0.609 0.080 0.071
𝑐-hadron eig1 0.408 0.408 0.100 0.084 0.241 0.609 0.077 0.074
𝑐-hadron eig2 0.408 0.408 0.100 0.084 0.244 0.611 0.078 0.067
𝑐-hadron eig3 0.408 0.408 0.100 0.084 0.246 0.601 0.081 0.072

The comparison of the heavy-flavor production fractions in ATLAS MC samples to the world-averages
is presented in Figure 1. Sherpa 2.2.1 has the worst agreement due to the value of the Heavy Baryon
Enhancement parameter as discussed in Ref. [34]. It caused the fraction of baryons to be disproportionally
high and the fractions of mesons to be too low. Sherpa 2.2.10 shows a better agreement with the world
averages, where most of the production fractions are within the experimental systematic uncertainties.
Herwig MC samples generally agree well with the world averages except for 𝐵0

𝑠 and 𝑏-baryons where they
can deviate from the averages up to a factor of two. The level of agreement in Pythia is similar to the newer
Sherpa samples. Production fraction weights are determined from the ratio of the world average fractions
over the predictions. In Sherpa 2.2.1 the weights have a significant impact on the effective statistical power
of the simulated sample, where the relative uncertainty in the sum of weights is expected to increase by
about a factor of 1.5 to 2.0 in 𝑡𝑡 events. The relative loss of statistics in other generators is up to 10% in
Herwig, 5% in Pythia, and less than 1% in Sherpa 2.2.10.
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Figure 1: Heavy-flavor hadron production fractions in the selected simulated samples: (a) 𝑏-hadrons and (b) 𝑐-hadrons.
The data is taken from PDG [9] for 𝑏-hadrons and from Ref. [38] for 𝑐-hadrons. The grey error bands are the
uncertainties from the experimental measurements.

4 The heavy-flavor Production-fraction Reweighting Tool Design

The heavy-flavor production-fraction reweighting tool is designed to reweight the heavy-flavor production
fractions in MC samples separately for each simulated event. The inputs to the tool are the heavy-flavor
production fractions in ATLAS MC samples (Table 2), 𝑓MC, and the world-average production fractions
with the corresponding uncertainties (Table 3), 𝑓 Data. In addition, the tool requires access to the MC ‘truth
record’ (i.e. the information about the particles simulated in the hard scatter interaction and later in the
parton shower) and identifies the weakly decaying final state 𝑏- and 𝑐-hadrons in each simulated event.
Fiducial cuts of |𝜂(HF) | < 2.5 and 𝑝T(HF) > 5 GeV are applied to avoid reweighting the event weights
based on heavy-flavor hadrons in the forward region outside the Inner Detector acceptance where jet flavor
tagging is not possible. Furthermore, the 5 GeV cut is applied to reduce the statistical fluctuations that
would otherwise be caused by low energy hadrons that are unlikely to be reconstructed in jets due to the
lower energy threshold of 20 GeV for jets. Moreover, due to the low 𝑝T, they are less likely to produce a
significant displacement in the secondary vertex and be successfully tagged by the flavor tagging algorithms.
𝑐-hadrons originating from 𝑏-hadron decays are discarded and are not considered in the reweighting
procedure. The reason for discarding them is the rate at which they are produced is determined purely from
the 𝑏-hadron branching ratios and not the production fractions. Once a selection of heavy-flavor hadrons is
performed, an event weight 𝑤 is derived according to Eq. 1:

𝑤 =
∏

HF∈𝑉fid.

𝑓 Data(HF)
𝑓MC(HF)

, (1)

where the event weight is multiplied with the 𝑓 Data/ 𝑓MC ratio for each truth heavy-flavor hadron in the
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fiducial selection, 𝑉fid., passing the fiducial cuts. In addition to the nominal event weight in Eq. 1 the
tool provides five event weight variations corresponding to the eigenvectors in Table 3. The variations
should be summed up in quadrature to derive the final uncertainty band for each observable sensitive to the
heavy-flavor production fractions in MC.

The tool can either be used directly by specialized analyses that are sensitive to heavy-flavor production
fractions (e.g. measurement of the associated 𝑊 + 𝑐 production) or as part of the central heavy-flavor
tagging calibration where the performance in MC is compared to that measured in data. Furthermore, the
systematic uncertainties associated with the heavy-flavor production fractions provided by the tool can be
used in the calibration and propagated to the scale factors used to correct the tagging efficiencies in MC.
The MC-MC scale factors need to be derived with the production-fraction weights applied on both sets
of simulated events. The same production fraction weights also need to be consistently applied in each
analysis using the flavor tagging calibration derived in this way. The production fraction weights can be
re-calculated at any stage in the analysis as long as the full truth record containing all heavy-flavor hadrons
within the fiducial region and their decay productions are available.

5 Validation

The heavy-flavor production fraction reweighting tool is validated by comparing the tagging efficiencies
in three 𝑡𝑡 samples generated with different MC shower software and by evaluating the impact of the
heavy-flavor production-fraction weight on the agreement between the MC samples. Powheg+Pythia 8,
Powheg+Herwig 7.13, Sherpa 2.2.1, and Sherpa 2.2.10 simulated samples are compared.

5.1 Object and Event Selection

Jets are reconstructed using the ATLAS particle-flow [39] jet reconstruction algorithm. The algorithm
extrapolates the charged tracks reconstructed in the Inner Detector to the calorimeter regions and removes
the corresponding energy from calorimeter energy in order to remove the overlaps. The energy after
subtraction is used as the input to the anti-𝑘𝑡 [40] jet-reconstruction algorithm with a distance parameter
𝑅 = 0.4. The jets are required to have 𝑝T > 20 GeV and |𝜂 | < 2.5. Jets from pile-up interactions are
suppressed using the Jet Vertex Tagger (JVT) [41]. The jet energy scale (JES) calibration restores the jet
energy to that of jets reconstructed at the particle level, as describe in Ref. [42].

Reconstructed jets are matched to truth hadrons based on geometric proximity (with Δ𝑅(jet,HF) < 0.32)
and each reconstructed jet is categorized either as a 𝑏-jet, 𝑐-jet, or light-jet based on the truth hadron
content within the jet. If the jet contains a 𝑏-hadron, it is categorized as a 𝑏-jet, as a 𝑐-jet if it contains a
𝑐-hadron and no 𝑏-hadrons, and as a light jet if no 𝑏- or 𝑐-hadrons are present. Only hadrons passing the
fiducial requirement of 𝑝T(HF) > 5 GeV and |𝜂(HF) | < 2.5 are considered (same as the fiducial cuts in
Section 4). The tagging efficiency is then calculated as the fraction of jets of a certain type (e.g. 𝑏-jet) that
are also tagged as a 𝑏-jet by the DL1r tagging algorithm. In order to remove the effect of multiple hadrons

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the 𝑧-axis along the beam pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 𝑦-axis points
upwards. Cylindrical coordinates (𝑟, 𝜙) are used in the transverse plane, 𝜙 being the azimuthal angle around the 𝑧-axis.
The pseudorapidity is defined in terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃/2). Angular distance is measured in units of
Δ𝑅 ≡

√︁
(Δ𝜂)2 + (Δ𝜙)2.
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within a jet (e.g. the poorly understood 𝑔 → 𝑐𝑐/𝑏𝑏 process), only jets containing exactly one truth weakly
decaying heavy-flavor hadron are considered in the validation.

Jets with |𝜂 | < 2.5 and 𝑝T > 20 GeV containing 𝑏-hadrons are identified by a deep neural network tagger,
DL1r [2, 43], that uses displaced tracks, secondary vertices and decay topologies. The 70% efficiency
working point (WP) is used as benchmark. It has an efficiency of identifying 𝑏-jets in a 𝑡𝑡 sample of 70%
and the measured rejection factor of 𝑐-jets (light-jets) is about 12 (580).

5.2 Results

As a first step of the validation of the production-fraction reweighting tool the heavy-flavor production
fractions are calculated in event samples with at least one reconstructed jet. These do not necessarily match
the production fractions given in Table 1 because of the requirement of a reconstructed jet which could have
different efficiencies depending on the heavy-flavor species in which the 𝑏- or 𝑐-quarks hadronized. The
event weights derived with the heavy-flavor production-fraction reweighting tool, described in Section 4,
are applied and Figure 2 shows the production fractions before and after the reweighting. The production
fractions before the reweighting show large differences between the MC shower generators. The largest
outlier is the Sherpa 2.2.1 sample with the too large baryon fraction. After the weight from the tool is
applied, the large disagreement among the samples is eliminated, showing that the reweighting procedure
works as intended. For 𝐷±

𝑠 , 𝑐-baryons, and 𝑏-baryons in the Herwig sample, small differences up to 15%
with respect to the other generators exist after the reweighting. This remaining discrepancy originates from
different production fractions between the inclusive hadrons and hadrons with the jet selection. Given
the small fractions of these hadrons, the impact of this discrepancy is much smaller than the effect of the
reweighting.
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Figure 2: The heavy-flavor production fractions of heavy-flavor hadrons inside the reconstructed jets in the 𝑡𝑡 MC
samples. The dashed lines represent the production fractions in the out-of-the-box MC and the solid lines show the
production fractions after the heavy-flavor production-fraction reweighting is applied.
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Figure 3: The 𝑏-tagging efficiency of 𝑏- and 𝑐-jets depending on the species of the truth hadron within the jet. The
70% 𝑏-tagging working point of the DL1r tagger is used.

The 𝑏-tagging efficiency of 𝑏-jets and the mistag rate of 𝑐-jets is shown in Figure 3 separately for each
hadron species. By construction the tagging efficiencies per hadron species are independent of the
production fractions. The tagging efficiency of 𝑏-jets is centered around 70%, corresponding to the 70%
𝑏-tagging working point. The efficiency is the highest for jets containing a 𝐵± meson and the lowest for jets
with a 𝑏-baryon. The 𝑐-jet mistag rate is about 10%, also corresponding to the expected rejection factor of
the 𝑏-tagging working point. The difference in the efficiencies depending on the hadron species is larger
for 𝑐-jets likely due to larger differences in lifetimes and decay topologies of 𝑐-hadrons in comparison to
𝑏-hadrons. For example, the relative difference between the 𝐷± and 𝐷0 efficiency is more than 30%, while
it is almost the same for 𝐵0 and 𝐵±. Due to these different efficiencies it is important to correctly model
the jet flavor composition in order to accurately describe the tagging efficiency of inclusive jets in MC.
Moreover, the individual tagging efficiencies vary up to 5% between the MC shower generators, caused by
two leading effects: different branching ratios and different fragmentation functions.

Lastly, the effect of the production fraction reweighting on the tagging efficiencies of 𝑏- and 𝑐-jets is
studied. Figure 4 shows the 𝑏-tagging efficiency as a function of jet 𝑝T for 𝑏- and 𝑐-jets, irrespective of
the hadron species. The 𝑏-jet tagging efficiencies were already within 2% between the generators before
the reweighting and the level of agreement stays mostly the same after the weights are applied. Tagging
efficiency in Herwig is about 2% lower than in Pythia and in Sherpa it is about 2% higher. There were
larger differences in 𝑐-jet mistag rates, especially between Sherpa 2.2.1 and the rest of the MC shower
generators. After the weights are applied Sherpa 2.2.1 matches with other samples within about 2%. This
shows that the heavy-flavor production fractions played the largest role in the initial discrepancy between
the samples for 𝑐-jets. However, there is little impact on the tagging efficiency of other samples because the
production fractions were already quite close to the world average values and the differences in the tagging
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efficiencies between the individual hadrons are not large enough cause mismodelling in the inclusive jet
tagging efficiencies. Sherpa 2.2.10 still shows a discrepancy of up to 10% at high 𝑝T. These remaining
differences were found to be caused by the different 𝑐-hadron branching ratios in Sherpa 2.2.10 and Pythia
samples; on average, the multiplicity of charged final state decay products in 𝑐-hadron decays was found to
be larger in Sherpa 2.2.10, causing the 𝑐-jets mistage rates to be higher. Furthermore, small differences in
flavor tagging efficiencies occur also due to the different fragmentation functions.
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Figure 4: The 𝑏-tagging efficiencies of 𝑏- and 𝑐-jets as a function of jet 𝑝T. The dashed lines represent the production
fractions in the out-of-the-box MC and the solid lines show the production fractions after the heavy-flavor production
fraction reweighting is applied.

In addition to reweighting the heavy-flavor production fractions to a common average, the tool also provides
a set of eigenvector variations corresponding to the systematic uncertainties associated with the auxiliary
production-fraction measurements. The effect on the tagging efficiencies is evaluated by calculating the
efficiency for each eigenvector variation in Table 3. The total uncertainty band around the nominal value is
then obtained by summing the differences with respect to the nominal value in quadrature and symmetrizing
the sum. This is shown in Figure 5 for 𝑏- and 𝑐-jets. The resulting uncertainty on the tagging efficiency
is less than than 1%, and it is smaller for 𝑏-jets than 𝑐-jets. This is a direct consequence of individual
𝑐-hadrons having a larger spread in the tagging efficiency compared to 𝑏-hadrons, as shown in Figure 3.
The systematic uncertainty from heavy-flavor production fractions on the tagging efficiency is therefore
smaller than the remaining differences between the generators after the reweighting. This uncertainty is
much smaller than the initial differences in production fractions between the generators, which shows
that reweighting them is a good first step towards reducing the currently over-estimated hadronization
uncertainties. However, differences between the generators of up to 2% in 𝑏-jet tagging efficiencies and up
to 10% in 𝑐-jet mistag rates remain after the reweighting. They could be further reduced by harmonizing the
heavy-flavor hadron decay tables and by reducing the differences in heavy-flavor fragmentation functions
between the MC samples.
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Figure 5: The effect of the production-fraction eigenvector variations on the 𝑏- and 𝑐-jet flavor tagging efficiency. The
gray band shows the total uncertainty which is the symmetrized quadratic sum of the individual variations. Evaluated
using the Powheg+Pythia 8 MC sample.

6 Conclusions

The heavy-flavor production-fraction reweighting tool is presented. It is designed to reweight the heavy-
flavor production fractions in MC samples to common world-average values. The differences in productions
fractions stem from differences in the tuning of each MC shower generator software and may have a large
effect on quantities such as the heavy-flavor tagging efficiencies. The reweighting procedure eliminates
the differences in the tagging efficiencies caused by production fractions and therefore improves the MC
modelling related to heavy-flavor tagging. Before the reweighting, the relative differences in 𝑐-jet mistag
rates were up to 40% between Sherpa 2.2.1 and other generators. After the reweighting, Sherpa 2.2.1
tagging efficiencies and 𝑐-jet mistag rates agrees within 2% with Pythia and Herwig. Production fraction
weights, however, do not have a large impact on tagging efficiencies in Pythia, Herwig, and Sherpa 2.2.10
where the HF production fractions were already relatively close to the world averages before reweighting.
Remaining differences of up to 2% are seen in 𝑏-jet tagging efficiencies and up to 10% in 𝑐-jet mistag rates.
These are likely caused by different branching ratios and fragmentation functions between the generators.
In addition, the tool estimates the impact of experimental systematic uncertainties from the auxiliary
measurements of the heavy-flavor production fractions by providing five eigenvector variations. The
systematic uncertainty is below 1% both for 𝑏- and 𝑐-jet tagging efficiencies. The tool can either be used
directly by specialized analyses that are sensitive to heavy-flavor production fractions (e.g. measurement of
the associated𝑊 + 𝑐 production) or as part of the central heavy-flavor tagging calibration where the MC
modelling is evaluated with respect to the data.
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Figure 6: The distribution of multiplicity of charged particles in the 𝑏-meson weak decays for multiple MC shower
generators: (a) 𝐵0 mesons, (b) 𝐵± mesons, and (c) 𝐵0

𝑠 mesons. Evaluated using the Powheg+Pythia 8 MC sample.
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Figure 7: The distribution of multiplicity of charged particles in the 𝑐-meson weak decays for multiple MC shower
generators: (a) 𝐷± mesons, (b) 𝐷0 mesons, and (c) 𝐷±

𝑠 mesons. Evaluated using the Powheg+Pythia 8 MC sample.
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