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Abstract Data analyses in particle physics rely on an accu-
rate simulation of particle collisions and a detailed simula-
tion of detector effects to extract physics knowledge from
the recorded data. Event generators together with a geant-
based simulation of the detectors are used to produce large
samples of simulated events for analysis by the LHC experi-
ments. These simulations come at a high computational cost,
where the detector simulation and reconstruction algorithms
have the largest CPU demands. This article describes how
machine-learning (ML) techniques are used to reweight sim-
ulated samples obtained with a given set of parameters to
samples with different parameters or samples obtained from
entirely different simulation programs. The ML reweighting
method avoids the need for simulating the detector response
multiple times by incorporating the relevant information in a
single sample through event weights. Results are presented
for reweighting to model variations and higher-order calcula-
tions in simulated top quark pair production at the LHC. This
ML-based reweighting is an important element of the future
computing model of the CMS experiment and will facilitate
precision measurements at the High-Luminosity LHC.

1 Introduction

In particle physics, Monte Carlo (MC) event generators,
paired with a detailed simulation of the experimental appara-
tus, are ubiquitous. The resulting MC simulations are crucial
for simulating the detector response, estimating the accep-
tance and reconstruction efficiency, and predicting signal and
background contributions from different processes expected
in data. These are indispensable for obtaining measurements
corrected for detector effects that can be directly compared
to theoretical predictions. In addition, MC simulations can
be used for direct comparisons with collision data to extract
parameters of the underlying theory [1].

� e-mail: cms-publication-committee-chair@cern.ch (corresponding
author)

Large MC samples with billions of events are needed to
achieve the physics programme goals of experiments at the
CERN LHC, such that the statistical precision of MC samples
has a small effect on the total uncertainty of data analyses.
The generation and simulation of these MC samples come
at a significant computational cost, where the simulation of
the detector response and the event reconstruction take more
than 75% of the total CPU resources [2,3]. In addition, the
computing resources needed for producing MC samples are
expected to increase by factors of ten or more [4] at the High-
Luminosity LHC (HL-LHC) [4,5]. The computing needs of
the particle physics programme at the HL-LHC exceed those
that can be met by scaling up computing facilities. Current
estimates assume that 160 billion fully simulated and recon-
structed MC events have to be produced per year after the
start of the HL-LHC. This number may become larger by up
to 30% because of events with negative weights in next-to-
leading order (NLO) and next-to-NLO (NNLO) simulations
in quantum chromodynamics (QCD), which reduce the sta-
tistical precision of the MC samples. Research and develop-
ment in several areas are ongoing to meet the strategic goal
of minimizing CPU and storage requirements to enable the
LHC experiments to make full use of the physics potential
offered by the large amount of data expected from the HL-
LHC.

An important part of these efforts is a reduction in the stor-
age size and number of MC samples needed for data analyses
without compromising the precision and accuracy of analy-
ses. For the evaluation of systematic uncertainties connected
to approximations made in the MC event generators, addi-
tional samples are typically created. These samples are gen-
erated with fewer events than the nominal samples because
of limited computing resources. However, the smaller size
of these samples can become a limiting factor in precision
analyses even with existing data sets. For example, in a recent
measurement of the top quark-antiquark (tt ) pair production
cross section in proton-proton (pp) collisions at a centre-of-
mass energy

√
s = 13 TeV, a simultaneous fit of the tt cross

section and the mass parameter of the top quark in the MC
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simulationmMC
t is performed [6]. The dominant contribution

to the uncertainty in mMC
t arises from the limited statistical

precision of the MC samples used for the systematic uncer-
tainty estimation. While a regularization procedure might
be considered to smooth out fluctuations, such an approach
harbours the risk of weakening genuine physical effects and
does not prevent the need to simulate the detector response
for additional samples.

In this article, a method is introduced that allows for
reweighting MC samples at generator level to represent many
relevant aspects from various simulation programs or gener-
ated with different parameter values. The reweighting of the
entire event is obtained using machine-learning (ML) algo-
rithms, where the output can be stored and applied on a cen-
trally produced MC sample generated with a set of nominal
parameter values. In this way, the detailed detector simulation
is needed only for one MC sample, which lowers the compu-
tational cost. In addition, this approach allows the determina-
tion of modelling uncertainties with higher precision because
of the increased statistical accuracy of the nominal sample
compared to the smaller samples obtained with modelling
variations. While the generation of other samples than the
nominal one is still needed for the training of the ML model,
the detector simulation and reconstruction algorithms do not
have to be run on these samples, since the reweighting is done
on kinematic variables available at generator level. This saves
a considerable amount of CPU resources. In addition, the
ML model takes negligible storage space compared to sam-
ples with millions of events, such that this approach helps
to reduce the data storage needs of particle physics experi-
ments. The user can seamlessly incorporate the trained ML
model into the analysis workflow at any stage.

Reweighting can be described in terms of multi-
dimensional densities pi . The conditional densities p1(x)
and p2(x) describe two densities in a set of given quantities of
interest x . The density ratio estimate p1(x)/p2(x) is applied
as a weight to the density p2(x) to obtain a conditional den-
sity matching p1(x). In standard reweighting approaches,
the density ratio estimate is calculated in intervals of x,
often realised by binning the two densities in one- or two-
dimensional histograms. The density p2(x) is then multiplied
by the approximate density ratio estimate in the same inter-
vals of x to arrive at a reweighted conditional density which
should resemble p1(x). The result is sensitive to the chosen
size of the intervals and the dimension of x is in practice
not larger than two because higher dimensionalities necessi-
tate very large sample sizes. Instead, reweighting techniques
based on ML do not have these limitations. The dimension of
x can be much larger than in standard reweighting methods
and the training can be performed by continuously sampling
from the initial and target distributions, such that inaccuracies
due to binning effects are avoided and correlations between

the elements of x are accurately reproduced. In addition, ML
techniques allow for an interpolation of the reweighted den-
sities in the parameters, resulting in a continuous dependence
on the parameters in the simulation of collision events. Sev-
eral ML methods have been developed in the context of par-
ticle physics for reweighting simulations, including boosted
decision trees to derive event weights [7], neural networks
(NNs) to learn the likelihood ratio between different simu-
lations [8–10], or input convex neural networks [11] to cali-
brate simulated events [12]. Normalizing flows [13,14] can
be used to learn a mapping between the initial and target
distributions, e.g. to calibrate simulation to match data [15],
but also to learn the conditional probability distribution of
the initial data, from which events following a different con-
ditional distribution can be sampled [16–18]. Reweighting
techniques based on ML methods can also enhance the pre-
cision of generative adversarial networks [19].

The “deep NN using classification for tuning and reweight-
ing (DCTR)” [9] method can be applied to different scenar-
ios. In this article, the DCTR approach is used for reweighting
simulated events of tt production to two modelling variations,
important for the estimation of systematic uncertainties in
the CMS experiment [20]. In addition, the reweighting of an
NLO simulation to an NNLO simulation of tt production is
presented.

The paper is organized as follows. In Sect. 2, a brief
description of the ML reweighting method is given. In Sect. 3,
the discrete reweighting is presented of a parameter that
changes the amount of radiation from the parton shower (PS)
in events generated with powheg v2 [21–23]. The continu-
ous reweighting of a parameter affecting the fragmentation
of b quarks in pythia 8 [24] is described in Sect. 4. The
predictions obtained from the NLO powheg hvq [22] event
generator are reweighted to the predictions from the powheg

MiNNLO [25–28] event generator at NNLO, both interfaced
with pythia 8 for the simulation of the PS and hadronization,
in Sect. 5. Finally, the implementation of the method within
the CMS analysis and reconstruction software is described
in Sect. 6. The paper is summarized in Sect. 7.

2 Deep neural network using classification for tuning
and reweighting

The DCTR approach is based on a deep NN to reweight MC
samples obtained from one simulation to resemble the fea-
tures of a different simulation or a simulation with varied
model parameters. This is achieved by using the full kine-
matic and flavour information in the event [9]. The method
combines an ML architecture for including the particle infor-
mation [29] with a parameterized classifier [8,30] to reweight
one simulation such that it resembles all relevant features
of another. We have chosen this approach for two main
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reasons. First, it allows for full phase space reweighting,
using all the event information such as kinematic and par-
ticle type variables and enabling posterior projections onto
any desired variable. Second, this method allows for a con-
tinuous reweighting as a function of any parameter in the
simulation, which is exploited in the b quark fragmentation
study in Sect. 4. A full phase space reweighting is important
to achieve the best possible precision when estimating mod-
elling uncertainties from a change of parameters in the MC
simulation. Its significance becomes particularly pronounced
in the context of reweighting from a simulation at NLO to
the one at NNLO accuracy. In this scenario, where we have a
three-particle phase space (t, t , and one additional parton) and
a four-particle phase space (t, t , and two additional partons),
the method remains effective for all observables derived from
the tt system using information about the t and t quarks, and
the combined tt system in the training. This stands in contrast
to standard reweighting methods, typically involving ratios
in bins of two distributions, which might be suboptimal for
observables not included in the calculation of these ratios.

2.1 The likelihood ratio trick

The first ingredient of the full phase space reweighting tech-
nique is a prescription to derive event weights. Consider two
simulations describing the same phase space, denoted as Ω,

characterized by the probability densities p1(x) and p2(x),
where the set of quantities x ∈ Ω. Assuming both densities
have the same support, the function w(x) = p1(x)/p2(x)
serves as the ideal per-event weight for transforming the sec-
ond simulation to match the first. This weight function can
be effectively approximated by training an ML classifier to
discern between the two simulations. For example, an NN
function f (x) is trained using the binary cross-entropy loss

loss
(
f (x)

) = −
∑

i∈α

ln f (xi ) −
∑

i∈β

ln
(
1 − f (xi )

)
, (1)

where α and β represent sets of events from the two sim-
ulations, i.e. the two classes the binary cross-entropy loss
is set up to distinguish between. The likelihood ratio trick
states that f (x)/(1 − f (x)) ≈ p1(x)/p2(x) [9]. As a con-
sequence, the weight function w(x), which is the quantity
of interest, can be approximated from the network function
f (x) as w(x) ≈ f (x)/(1 − f (x)). The benefit of parame-
terizing f (x) as an NN is that ML algorithms can take into
account the large dimensionality of Ω when constructing
f (x). In the case of MC events with weights, for example
from simulations at NNLO accuracy, Eq. (1) is modified to
become

loss
(
f (x)

) = − 1

N

∑

i

w
MC
i

(
ti ln f (xi )

+ (1 − ti ) ln
(
1 − f (xi )

))
, (2)

where w
MC
i is the MC weight for event i, ti the true label

of an event that is either 1 or 0 depending on whether the
event belongs to class 1 or 2, respectively, and f (xi ) is the
network function predicting the class of event i. A discussion
on negative event weights is provided later in Sect. 5.

An important reweighting scenario is when the two simu-
lations have been obtained using the same simulation pro-
gram but with different parameter values θ. In this case,
θ becomes the reweighting parameter. For example, when
modelling uncertainties are evaluated, one may want to trans-
form pθ (x) into pθ+δθ (x). This is equivalent to reweighting
an MC sample obtained with the nominal value of a given
parameter to match a sample with a variation in this parame-
ter, θ + δθ. Additionally, the NN reweighting approximation
in Eq. (1) can be extended to the continuous case by adding
θ as a parameter to the network function which becomes
f (x, θ) [8,30]. In this case, the training data are generated
with a uniform distribution over a range of θ and Eq. (1)
becomes

loss
(
f (x, θ)

) = −
∑

i∈θ0

ln f (xi , θ) −
∑

i∈Θ

ln
(
1 − f (xi , θ)

)
.

(3)

Here, xi is a set of features sampled from a given simulation.
The first sum runs over all sets of features in the simulation
obtained with the nominal value of the reweighting parameter
θ0. The second sum runs over all sets of features from dif-
ferent simulations, where the set of these values θ is denoted
by Θ. The NN is trained to distinguish between the sample
generated with θ0 and a sample obtained with a set of values
Θ.

2.2 Neural network architecture

The final component of the DCTR method is an NN architec-
ture that can efficiently capture all the crucial aspects of the
phase space. We use the particle-flow network (PFN) [29],
based on the deep sets framework [31], for this task. The PFN
is constructed to include the full event information, such as
the particle four-momenta and auxiliary information, like the
particle type. The reweighting parameter θ can also be used to
parameterize the NN with the loss function given in Eq. (3).
In the work presented here, we only use a small number of
particle four-momenta and auxiliary information as input to
the PFN, as described below.

The PFN is composed of two interconnected neural net-
works, F and Φ,

f (p) = F

(
N∑

i=1

Φ(pi )

)

, (4)

where p represents the set of all particles and pi are the
properties of particle i (momentum and type), as well as the
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reweighting parameter θ. The two networks are integrated
into a single model, by sequentially passing data through both
networks, with the output layer of Φ connected to the input
layer of F. The network Φ processes each particle individu-
ally, providing a per-particle internal (latent) representation.
The network F takes the sum of these latent representations
from all particles to produce an overall event-level represen-
tation. The dimension of the latent space is determined by the
number of dimensions used to represent the input data in a
compressed form within the NN. Specifically, the input par-
ticles are embedded in an l-dimensional latent space using
Φ, while F is an NN that maps Rl → R. The intermediate
step involves creating an event-level representation by sum-
ming the latent representations of all particles. Finally, the
output of the network F is a softmax discriminant, which
distinguishes between the two classes. More details on the
PFN and the setup used in this article are given in Ref. [29].

We set up the NN Φ with two hidden layers, each with
100 nodes. The classifier F comprises three hidden layers and
two output nodes for binary classification, where each hidden
layer consists of 100 nodes. The latent space has dimension
128. The ReLU [32] activation function is used for all lay-
ers, except for the classification output that uses the softmax
function. All models are implemented in keras [33] with
the TensorFlow back end [34], passing the data sequen-
tially through both networks. The adam [35] optimization
algorithm is used to update the NN parameters during the
training for minimizing the cross-entropy loss function for
100 epochs, where each epoch represents a complete pass of
the entire training data set through the network. The train-
ing and validation loss functions measure the performance of
the NN on training and validation data, respectively, checking
how well the NN predictions match the true values. To pre-
vent overfitting during training, the “early stopping” method
is used to stop the training process if the validation loss does
not improve for a certain number of epochs. For example,
a patience value of 10 indicates that the training is stopped
after 10 epochs without improvement of the validation loss.
We use an early stopping with patience values of 10 for both
the parton shower matching and b quark fragmentation train-
ings, while we use patience values of 30 for the MiNNLO
training. The learning rate is set to 0.001 in all scenarios. A
hyperparameter optimization, specific for each case, is per-
formed for the size of the training inputs and the batch size,
where the latter refers to the number of events in the training
samples processed simultaneously before the model parame-
ters are updated. To select the best set of hyperparameters, the
training is repeated with different choices of hyperparameters
and the training giving the best reweighting result is chosen.
We find that more complex tasks require a larger batch size,
which also depends on the number of events provided as input
to the NN. Specific samples have been generated for each of
the scenarios discussed in this paper.

3 Parton shower matching uncertainties in simulated tt
production

The CMS experiment uses a setup of powheg+pythia 8 to
generate tt MC samples that are used in physics analyses.
This is done by simulating the hard process of tt produc-
tion with the hvq program [22] in the powheg v2 [21,23]
generator, which is interfaced with pythia 8.240 [24] for
parton showering and hadronization. In this configuration,
powheg simulates inclusive tt production with matrix ele-
ments at NLO accuracy in QCD. A resummation damping
factor called hdamp controls the matching of the matrix ele-
ments with the PS. It changes the scale of the first emission
from the hard process and regulates the radiation at high
transverse momentum pT. The hdamp parameter enters the
simulation in a damping function D, which reduces the real
contribution to the Sudakov form factor [36] and is given by

D = h2
damp

p2
T + h2

damp

. (5)

Here, pT refers to the transverse momentum of the top quark
or antiquark and hdamp = hmt , where h is a real number and
mt is the top quark mass of mt = 172.5 GeV. This value is
consistent with the most precise result on the top quark mass
mt = 172.52 ± 0.33 GeV, obtained by the combination [37]
of ATLAS and CMS measurements. The parameter hdamp
affects the kinematic properties of all particles in the event,
most notably the pT of the tt system pT(tt) and its pseudo-
rapidity η(tt), where the definition of the coordinate system
is given in Ref. [20].

Since the MC parameter hdamp cannot be derived from
first principles, it needs to be determined from measure-
ments. Such estimations result in a sizeable uncertainty in
hdamp [38], which can in turn translate into one of the leading
systematic uncertainties in precision studies of the top quark.
Because the hdamp parameter cannot be reweighted internally
by MC generators, additional MC samples obtained for dif-
ferent values of hdamp are necessary to estimate the associated
modelling uncertainty. Therefore, the hdamp parameter is an
ideal case for a reweighting with the DCTR method.

3.1 The hdamp parameter in CMS

In the CMS experiment, two variations of the hdamp parame-
ter with respect to its nominal value are considered to estimate
the uncertainty associated with this parameter. The nominal
value of hdamp is set to 1.379mt [38]. The up and down vari-
ations are 2.305mt and 0.8738mt , obtained from a tune to
data. Figure 1 shows the effect of these variations in hdamp
for distributions in pT(tt) and η(tt). Differences in the cross
sections up to 10% are observed in the resummation region
of pT(tt) ∼ 250 GeV. At higher pT(tt), the effect is negligi-
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Fig. 1 The normalized differential cross section of tt production in
pp collisions at 13 TeV as a function of the pT (left) and η (right) of
the tt system obtained with the powheg program. The standard setting
of hdamp = 1.379mt (black solid lines) is compared to down (orange

dashed lines) and up (violet dotted lines) variations in hdamp. The ratios
of the predictions with the hdamp variations to the nominal one are shown
in the right panels. The vertical bars, in the ratio panels, represent the
statistical uncertainties in the MC samples

ble and is expected to vanish for pT(tt) > 1 TeV [39], such
that applying an NN weight of 1 is sufficient. A difference
of about 5% is observed in η(tt).

In the CMS experiment, the samples generated with the
two variations of hdamp are produced with fewer events, less
than half the number of events in the nominal sample, where
the latter could be of the order of several billion events. The
ML reweighting method studied in this paper presents a valu-
able alternative, ensuring consistent MC statistical uncertain-
ties from both the nominal and variation samples. Since this
approach increases the statistical precision of the samples
with varied hdamp parameters, it promises to enhance the
precision of future analyses.

3.2 Training sample and NN parameters

We train two different NN models to reweight the nominal
hdamp MC simulation to the two variations. Each NN model
uses a binary classification output to distinguish between the
nominal and up/down variations. The NN is trained using the
parton-level information at the matrix element level, where
the t and t information is passed to the NN for training. The
particles are represented by their four-momenta and type,
where the latter is encoded as a particle ID (PID) number.
The set of input variables per particle is given by (pT, y, φ,

m, PID), where y denotes the rapidity, φ the azimuthal angle,
and m the mass. The inputs to the NN are scaled to values of
order O(1) before the training. The parameter m is divided
by 244 GeV, which is found to be the maximum value of m
in the training sample, and log(pT/1 GeV) is used instead of
pT. For each setting of the hdamp parameter, 40 million events
are generated. Of the resulting 80 million events for the up
and down variations in hdamp, 75% are used for training and
25% for validation. For both variations in hdamp, we find that
a batch size of 40,000 events gives the best results.

3.3 Results

The performance of the training is evaluated by examining
the values of the loss functions on the training and validation
data sets. The graphs of the loss and validation loss functions
are shown in Fig. 2, representing the NN models trained with
the down (left) and up (right) variations of hdamp. The NN
has been trained for about 40 epochs for the model trained
with the down variation of hdamp and 30 epochs for the model
trained with the up variation of hdamp.

We test the performance of the reweighting using statis-
tically independent test samples of 100 million events. The
weights are found to be close to unity with a standard devia-
tion of about 0.1. No weights smaller than 0.8 and larger than
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Fig. 2 The NN histories of the
training for the hdamp parameter
reweighting. Shown are the loss
functions for the training data
(blue solid line) and the
validation data (orange
dash-dotted line) for the down
(left) and up (right) variations of
hdamp

1.2 are observed. The weights from the trained model are then
applied to reweight an MC sample with hdamp = 1.379mt
to the up and down variations with hdamp = 2.305mt and
0.8739mt , respectively. The effect of the reweighting on the
distributions in pT(tt) and η(tt) is shown in Fig. 3. The accu-
racy of the reweighting is quantified by the ratio to the nom-
inal sample, shown below each distribution. The target sam-
ples, i.e. the samples generated with the variation of hdamp,
and the reweighted ones agree within 1% in η(tt). Deviations
of up to 2% are observed for pT(tt) � 400 GeV. Translat-
ing this deviation into an uncertainty, the precision of the
reweighting is comparable to the statistical precision of a
sample with about 250 million events taking into account
branching fractions of the tt system and typical analysis effi-
ciencies. The effect of the ML reweighting on the pT and y
distributions of the additional parton has also been checked,
reaching the same precision as that of the tt system.

The accuracy of the reweighting is further tested on tt
events after the PS and hadronization, where both effects have
been simulated with pythia8. This test is performed to verify
that the model trained on parton-level information works for
events at the level of stable particles (particle level). Results
of the reweighting for distributions obtained at the particle
level are shown in Fig. 4. Distributions in the jet multiplicity
Njet and the scalar pT sum of all jets in the event (HT) are
presented for jets with pT > 30 GeV and |η| < 2.4. The jets
are found using the anti-kT jet algorithm [40] with a distance
parameter of R = 0.4. The target distributions obtained from
samples generated with the up variation of hdamp agree with
the reweighted ones within 1% in both observables.

3.4 Statistical uncertainty of the method

The statistical precision of the reweighting method is evalu-
ated by repeating the training procedure 50 times [41]. Each
training uses 80 million events, randomly chosen from a sam-
ple of 200 million events. The results from the 50 different
trainings, expressed in ratios of reweighted to target distribu-
tions in pT(tt) and η(tt), are presented in Fig. 5. The average
from the 50 reweighted distributions is shown together with
the statistical uncertainty, obtained from the standard devia-
tion of these distributions. The statistical uncertainty ranges

from less than 0.5% at small values of pT(tt) up to about 2%
at pT(tt) of about 900 GeV. In η(tt), a statistical uncertainty
of less than 1% is found. The target sample, generated with
the up variation of hdamp, and the average value of the 50
reweighted samples are found to be compatible within the
statistical uncertainty of the method, except for |η(tt)| > 4
where we observe a difference between the two samples of
between one and two standard deviations. This difference
is smaller than 0.5%, which is much less than the preci-
sion of our simulations and can be neglected. The statistical
uncertainty of the method is of the same size as the devia-
tion between the target distribution and the nominal result in
Fig. 3.

4 The b quark fragmentation

A significant source of uncertainty in precision top quark
studies is the fragmentation of b quarks into hadrons [6,37,
42]. The b quark from the decay t → Wb fragments into a b
hadron and several lighter hadrons. This process is described
in pythia by the Lund string model [24], where the proba-
bility for the b hadron to carry the momentum fraction z of
the b quark momentum is given by the Lund–Bowler frag-
mentation function [43,44],

fB(z) = 1

z1+brbm
2
b

(1 − z)a exp

(

−bm2
T

z

)

. (6)

The transverse mass of the b hadron is given by m2
T =

m2
B +

(
p

B
T

)2
, where mB and p

B
T are the b hadron mass

and transverse momentum, respectively. The free parame-
ters a and b are treated as universal for all quarks. Their
values a = 0.68 and b = 0.98 GeV−2 were obtained from
a fit to data sensitive to light-quark fragmentation in the
Monash tune [45], such as charged-particle multiplicities and
momentum fractions. The Lund–Bowler parameter rb and
the b quark mass mb are specific to the fragmentation of b
quarks, where the latter is set to 4.78 GeV [45]. In the Monash
tune, which is the default for fragmentation in pythia 8,
rb = 0.855 is obtained.
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Fig. 3 The normalized differential cross section as a function of the
pT (upper) and η (lower) of the tt system. The black solid line shows
the predictions from the down (left) and up (right) variations in hdamp,
and the blue dashed line presents the prediction from the nominal sam-
ple. The red dotted line indicates the nominal sample reweighted to the

down (left) and up (right) hdamp variations using the DCTR method. The
ratios to the samples with the target values of hdamp are displayed in the
lower panels, together with their almost negligible statistical uncertain-
ties (vertical error bars)

Changing the rb parameter in the event simulation affects
certain observables sensitive to the b quark fragmentation.
An important example is xb , which is defined as the normal-
ized b hadron energy fraction. At the level of stable particles,
it is given by [46,47]

xb = 2pB · pt

m2
t

1

1 − m2
W/m2

t

, (7)

where pB and pt are the four-momenta of the b hadron and
the top quark, respectively, and mW is the W boson mass.
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Fig. 4 The normalized differential cross section as a function of Njet
(left) and HT (right). The black solid line shows the predictions from
the up variation in hdamp and the blue dashed line presents the predic-
tion from the nominal sample. The red dotted line indicates the nominal

sample reweighted to the hdamp variation using the DCTR method. The
ratios to the target distributions are displayed in the pads below, where
the vertical bars represent statistical uncertainties

Fig. 5 Ratios between the hdamp target distributions in pT(tt ) (left)
and η(tt ) (right), and 50 different reweightings (grey solid lines). The
ratio to the target before the reweighting is shown as a blue dashed line

and the mean of the different reweightings as a red dotted line. The red
band represents the statistical uncertainty of the method obtained from
the standard deviation of the 50 reweighted samples

Changes in the value of rb affect the distribution in xb , which
can lead to efficiency differences in the identification of b jets
and can result in sizeable systematic uncertainties in data
analyses.

In CMS, the default underlying event tune for 13 TeV anal-
yses is the CP5 tune [38]. Besides other differences from
the Monash tune, it uses a smaller value of the strong cou-
pling constant at the mass of the Z boson in the final-state
shower, αS(MZ) = 0.118, than the Monash tune, which uses
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αS(MZ) = 0.1365. The rb value is not changed in the CP5
tune. Nevertheless, a re-derivation of the rb parameter on

top of the CP5 tune with e+e− data from LEP results in
rb = 1.056 +0.196

−0.200. In this paper, two NN models are con-
structed to reweight the sample generated with the CP5 tune
with rb = 0.855 to the nominal and up variation of the rb
parameter values of 1.056 and 1.252. For the down variation,
the generated value of rb = 0.855 is used, which almost coin-
cides with rb = 0.856 obtained from the reanalysis of LEP
data. In addition, a continuous reweighting is implemented
using ten distinct values of the rb parameter during training.
A single NN model is trained to reweight the generated sam-
ple to any arbitrary value of rb within the interval [0.6, 1.4],
allowing for an interpolation among the ten rb values.

4.1 Training sample and NN parameters

Approximately one million events for each rb value are used
in the discrete reweighting for the training and validation. In
the case of the continuous reweighting, the NN is trained on 5
million events, where 2.5 million events were generated with
rb = 0.855 and another 2.5 million events for ten different
rb values within the interval [0.6, 1.4], i.e. 250 000 events
were generated for each value of rb . In both scenarios, 90%
of the events are allocated for training and 10% for valida-
tion. The NN architecture is identical to the one described
in Sect. 2.2. A batch size of 1000 is found to give optimal
results. The NN is trained using the particle-level informa-
tion of the events produced with pythia 8. In this case, the
input variables to the NN are xb of t and t , as given in Eq. (7),
and the value of rb serving as reweighting parameter. While
this specific scenario might be manageable with a standard
one-dimensional reweighting approach, extending it to a con-
tinuous reweighting requires an ML reweighting approach.
The observable xb comprises the relevant information from
the event, as it includes the four-momenta of the top quarks
and the b hadrons in the event. The four-momenta of t and
t are taken from the last copy in the pythia 8 event record
before the decay, and the first copy of the b hadrons are used.
The input variable rb is close to unity and the variable xb is
defined in the interval [0, 1]. However, while the energy of a
b hadron cannot exceed that of the parent bare b quark, this
is no longer true in a real collision event, where energy in the
hadronization can come from other parts of the final state,
such as the underlying event, which is particularly relevant
at the LHC. As a result, although most events fall within the
range xb ∈ [0, 1], a few values of xb may exceed unity.

4.2 Results

The training performance is evaluated by examining the train-
ing and validation loss values, where the NN training is

stopped after about 20 epochs in both cases. The weights
obtained from the reweighting are found to be in the intervals
[0.6, 1.4] for the reweighting to rb = 1.056 and [0.2, 2.5]
for the reweighting to rb = 1.252. The performance of the
reweighting is studied with statistically independent sam-
ples with ∼2,000,000 events. In particular, the effect of the
reweighting on the xb and p

B
T distributions is shown in Fig. 6.

We find that the reweighted distributions and the distributions
simulated with the target rb values agree within the statistical
uncertainties.

The same procedure is applied to the continuous reweight-
ing in rb , using statistically independent samples with
250,000 events. To evaluate the goodness of the reweight-
ing for the ten different rb values involved in the training, a

χ
2 test is performed and the results are shown in Fig. 7. This

test evaluates the difference between the target distribution
generated with a given value of rb and the nominal distri-

bution obtained for rb = 0.855. Before the reweighting, χ
2

values per number of degrees of freedom (NDF = 50) of
about 80 for p

B
T and 650 for xb are found for the distribu-

tions with the largest differences in rb to the nominal value.
After the reweighting, we find excellent agreement with the
target distributions in xb and p

B
T for all points considered in

the interval [0.6, 1.4], with χ
2
/NDF values of about unity.

4.3 Statistical uncertainty of the method

The statistical precision of the discrete reweighting method is
evaluated by repeating the training procedure 50 times [41].
Each training uses two million events, randomly chosen from
a sample of 26 million events. The results from the 50 dif-
ferent trainings, expressed in ratios of reweighted to target
distributions in xb and p

B
T , are presented in Fig. 8. The aver-

age from the 50 reweighted distributions is shown together
with the statistical uncertainty, obtained from the standard
deviation of these distributions. The statistical uncertainty is
a few percent in both distributions. We observe a larger sta-
tistical uncertainty of up to about 5% for xb > 1. The target
sample, generated with rb = 1.056, and the average value of
the 50 reweighted samples are found to be compatible within
the statistical uncertainty of the method, which is of the same
order as the deviation between the target distribution and the
nominal result in Fig. 6.

5 Reweighting to higher-order calculations

Recent theoretical advancements have led to very accurate
predictions for tt production in pp collisions through fixed-
order computations up to NNLO [48–56] accuracy in QCD.
These calculations rely on a power expansion in the strong
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Fig. 6 Distributions in xb (upper) and p
B
T (lower) from tt simulations

with pythia 8 with value rb = 0.855 (dashed blue line) and a sec-
ond value of rb (solid black line). The nominal sample reweighted to

rb = 1.056 (left) and rb = 1.252 (right) is shown as red dotted lines.
Below each distribution, the ratios to the target distribution are dis-
played, where the vertical bars represent the statistical uncertainties

coupling constant and can describe measurements of tt pro-
duction remarkably well [57–71]. However, in specific kine-
matic regimes, an all-order resummation of radiative cor-
rections is needed for reliable perturbative predictions [72–

79]. The PS simulation allows for the inclusion of soft and
collinear QCD emissions to all orders in perturbation theory,
and resums the large logarithmic corrections. The develop-
ment of PS algorithms for NLO calculations has resulted
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Fig. 7 Values of χ
2
/NDF obtained for distributions in xb (circles)

and p
B
T (squares), where target distributions for events with different

rb values are compared to a distribution with the nominal value of
rb = 0.855 before the reweighting (blue dashed line) and after the
reweighting to the target value of rb (red solid line). The lines connecting
the markers are shown for illustration purposes only

in a leap in theoretical accuracy for describing data from
the LHC, compared to the previously available leading-order
calculations matched to PS simulations. Significant progress
has been made recently to combine NNLO calculations with
PS MC generators [80–82]. However, tt production poses a
significant challenge in this respect because of the presence
of coloured particles in the initial and final state already at

leading order. The MiNNLOPS method [25–28] has been
developed specifically for the simulation of tt production at
NNLO+PS accuracy. This method poses a significant compu-
tational complexity and cost for simulating events. The free
parameters of the corresponding MC event generator need
to be determined, and the results have to be experimentally
validated before large-scale simulations can be considered
for use in experimental analyses.

In the meantime, corrections for NLO+PS simulations
have been derived from a comparison to NNLO calculations.
These corrections have been obtained as a function of a single
observable, such as the pT of the t or t quarks. While these
corrections can help to improve the NLO+PS calculations
in describing a single distribution [83–85], these corrections
fail in capturing the intricate higher-order corrections in the
full phase space of tt production. We present a reweighting
of NLO+PS simulations to NNLO+PS predictions with the
DCTR method, which captures the full kinematics of the tt
system.

5.1 Network training

We perform the reweighting of NLO+PS to NNLO+PS cal-
culations by training a deep NN classifier to distinguish
between these two classes of simulations. The event weight
for the reweighting is then obtained with the likelihood
ratio trick. For this task, 10 million simulated tt events at
NLO accuracy and 10 million at NNLO accuracy are used,
obtained with the hvq [22] and MiNNLO [27,28] package
of the powheg [21,23] event generator, both interfaced with

Fig. 8 Ratios between the rb target distributions in xb (left) and p
B
T

(right), and 50 different reweightings (grey solid lines). The ratio to the
target before the reweighting is shown as a blue dashed line and the
mean of the different reweightings as a red dotted line. The red band

represents the statistical uncertainty of the method obtained from the
standard deviation of the 50 reweighted samples. The vertical bars show
the statistical precision of the samples. In particular, the red bars display
the average statistical uncertainty of the 50 reweighted samples
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pythia 8 [24] for the PS. The training data are randomly
split into a training set with 75% of the events and a valida-
tion set with 25%. Events after the PS are used for the NN
training. The input variables to the network are pT, y, φ,

m and the particle type of the top quark and antiquark just
before the decay, obtained from the last copy in the pythia 8
event record, and the combined tt system for each event. All
input variables are standardized to take values of the same
magnitude. This is achieved by using the expectation values
and standard deviations of the corresponding distributions
obtained from the NLO simulation. In the case of pT, the
logarithm of pT is used to reduce the skewness of the input
distribution. To this end, we only reweight events based on
the kinematics of the tt system, inclusive over the additional
matrix element and PS radiation.

The divergences from infrared singularities are handled
in the powheg method by cancelling soft and collinear real
emissions by corresponding virtual corrections. This can-
cellation leads to a fraction of events with negative weight,
which give a negative contribution to physical observables.
The fraction of such events with negative weight amounts to
about 1% for NLO accuracy and about 10% for NNLO accu-
racy. However, the binary cross-entropy given by Eq. (2), can
become negatively unbounded for negative event weights,
making the classification task potentially impossible [86].
In such cases, the loss function can increase without bound,
especially when the predicted probabilities are highly confi-
dent but incorrect. For example, if the true classification of an
event is ti = 0, but the predicted class is given by f (xi ) =
1, then Eq. (2) becomes proportional to −w

MC
i log(0) =

+|wMC
i | log(0) → −∞. This unbounded growth can lead to

extreme values in the loss function, causing numerical insta-
bility during the model training process. Consequently, the
model may fail to converge to a meaningful solution, ren-
dering the classification task unsolvable. This effect can be
mitigated by using a large batch size, which reduces the risk
of a single event dominating the loss function. This approach
works for NLO simulations, which have a small fraction of
negative events. For NNLO calculations with a significant
fraction of negative events, the training becomes unstable
with the binary cross entropy. A possible solution is the use
of the mean square error (MSE) as loss function,

loss
(
f (x)

) = − 1

N

N∑

i

w
MC
i

(
f (xi ) − ti

)2
. (8)

In the case of the MSE, negative event weights still result in a
reduction of the loss for wrongly classified events. However,
the contribution from these events is proportional to −w

MC
i

without a large factor, such that the sum over sufficiently
many events will result in a total loss function which is pos-
itive and not unbounded anymore, stabilizing the training
even when including negative events.

A batch size of 217 = 131,072 events is found to give the
best results for MSE. We reduce the learning rate of 0.001
by 60% when no improvement is achieved after 40% of the
training epochs have been processed.

5.2 Results

The results from the NLO-to-NNLO reweighting are pre-
sented for about 10 million NLO events and 10 million
NNLO events, different from the ones used for the training.
Distributions in the kinematic properties of the tt system are
compared, treating the t and t as stable particles. In Fig. 9, the
distributions in pT and η of the t are shown. The differences
between the NLO and NNLO calculations amount to less
than 10% at low pT, increasing to 15% at high pT. The dif-
ferences between the distributions in η are smaller between
the NLO and NNLO calculations and range from 2% in the
central region to about 6% at |η| = 5. When comparing the
reweighted NLO samples with the NNLO samples, we find
agreement within the statistical uncertainties. We observe a
very similar picture in the distributions of the t , which are
not shown here.

Comparisons between the NLO, NNLO, and NLO-to-
NNLO reweighted predictions for the tt system are shown
in Fig. 10. In all distributions, there are significant differ-
ences between the NLO and NNLO predictions. The NLO-
to-NNLO reweighting brings the NLO predictions into agree-
ment with the NNLO predictions within the statistical uncer-
tainties over the full kinematic range of the tt system. We note
that the reweighting works even for observables that were
not part of the training, such as η(tt) (upper right of Fig. 10)
or Δφ, which is the difference in azimuthal angle between
the t and t (lower left of Fig. 10). The mass of the tt system
(lower right of Fig. 10) is also in good agreement between the
NNLO and NLO-to-NNLO reweighted predictions, which is
important in searches for beyond-the-SM effects. The DCTR
reweighting achieves this simultaneously with all other kine-
matic distributions of the tt system, which is not possible
with traditional reweighting methods. A limitation of the
method is that additional radiation beyond the pT-leading
jet is not accurately reweighted to the NNLO predictions,
because the recoil from the tt system is distributed evenly
over the remaining jets in the event. As a result, observables
related to additional radiation such as the jet multiplicity are
not accurately reweighted to the NNLO prediction.

We provide a comparison of the DCTR reweighting with
a two-dimensional (2D) reweighting in Fig. 11. The 2D
reweighting has been obtained for pT(tt) and η(tt), where the
ratio of NNLO to NLO predictions has been calculated for
sufficiently large bins in these two observables to reduce sta-
tistical fluctuations. For the distribution in pT(tt), as shown
in Fig. 11 (left), the 2D reweighting works reasonably well
over the full range in pT(tt), where the NLO prediction is
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Fig. 9 Distributions in top quark pT (left) and η (right) obtained from
simulations at NNLO accuracy (black solid lines), NLO accuracy (blue
dashed lines), and NLO reweighted to NNLO with the DCTR method

(red dotted lines). The ratio to the NNLO predictions is shown in the
right panels, where the vertical bars correspond to the statistical uncer-
tainties

brought to agreement with the NNLO prediction within about
2%. However, in the pT of the t, not used in the 2D reweight-
ing and shown in Fig. 11 (right), the 2D reweighting method
is not entirely successful. Although the 2D-reweighted simu-
lation brings the NLO prediction closer to the NNLO predic-
tion, there are differences of up to 6%. In contrast, the DCTR
reweighting of the NLO sample accurately reproduces the
NNLO prediction. The DCTR NLO-to-NNLO reweighting
can be used to correct the kinematics of the tt system for
higher-order effects in the full phase space of tt production.
The reweighting will have a considerable impact on ongoing
and future analyses, until full NNLO+PS simulations such as
MiNNLOPS can be produced in very large samples including
hadronization effects, particle decays, and detector simula-
tion.

6 Implementation in CMSSW

An important aspect of the studies presented in this article
is the availability of the trained DCTR models within the
central CMS software framework (CMSSW) [87]. The goal
of the implementation is to offer all CMSSW users the ability
to integrate the trained NN models into physics analyses for
the fast evaluation of systematic uncertainties or the impact
of higher-order corrections. This encompasses the efficient

computation of event weights, specific to each analysis. The
computation of these weights can be integrated either at the
level of centrally produced data formats or at any chosen
stage within the data analysis.

To enhance user flexibility, NN models are stored in
the universal open NN exchange (ONNX) format [88].
The ONNX program is an open-source framework, specif-
ically designed to facilitate interoperability and portabil-
ity between different deep-learning frameworks and tools.
Major frameworks like TensorFlow [34], PyTorch [89],
and XGBoost [90] support conversion to and from the
ONNX format, enabling seamless integration. The runtime of
ONNX for inference with trained models is compatible with
CMSSW for GPU-based inference. The CMSSW software
includes already the required ONNX libraries, eliminating
the need for an installation by the user.

In general, the user has to implement the following steps to
apply the DCTR reweighting within the CMSSW software.

– Read the nominal sample, i.e. the sample that should be
reweighted.

– Load the trained ONNX model.
– Read or calculate the inputs, according to the reweighting

scenario.
– Standardize the inputs, identical to what has been done

for the training, and pass them to the ONNX model.
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Fig. 10 Distributions in pT (upper left), η (upper right), Δφ (lower
left), and mass (lower right) of the tt system obtained from simula-
tions at NNLO accuracy (black solid lines), NLO accuracy (blue dashed
lines), and NLO reweighted to NNLO with the DCTR method (red dot-

ted lines). The ratio to the NNLO predictions is shown in the lower
panels, where the vertical bars correspond to the statistical uncertain-
ties

– Read out and apply the weights to the nominal sample to
obtain the requested variation.

One significant advantage of this workflow lies in the flexi-
bility of weight computation and application throughout var-
ious stages of the analysis pipeline. This flexibility enables
a reweighting of events at the parton level, as well as the

reweighting of events including the detector simulation.
Notably, in the latter scenario, the detector simulation has
been done only once for the nominal sample which yields
a substantial reduction of computational resources, as varia-
tions of hdamp and b quark fragmentation parameters merely
require reweighting.
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Fig. 11 Distributions in pT of the tt system (left) and pT of the t (right)
obtained from simulations at NNLO accuracy (black solid lines), NLO
accuracy (blue dashed lines), NLO reweighted to NNLO with the DCTR
method (red dotted lines), and NLO reweighted using a two-dimensional

reweighting in pT of the tt system and of the t (violet dash-dotted line).
The ratio to the NNLO predictions is shown in the right panels, where
the vertical bars correspond to the statistical uncertainties

7 Summary and conclusions

Particle physics relies on the simulation of events using
Monte Carlo (MC) event generators for data-to-theory com-
parisons. Data analyses require the production of several
samples simulating the same physical process to estimate
systematic uncertainties or the impact of higher-order calcu-
lations. To provide statistically significant predictions, these
samples have to be very large with billions of events gen-
erated and simulated at a high computational cost. Never-
theless, the statistical precision from the finite size of these
samples can become a limiting factor in precision analyses.
The production of sufficiently large MC samples, such that
the statistical precision of these samples is better than the sta-
tistical precision of the data, will become increasingly pro-
hibitive at the High-Luminosity LHC (HL-LHC) with the
expected computing resources.

In this article, the method “deep neural network using
classification for tuning and reweighting (DCTR)” has been
introduced to reweight MC samples used in CMS analyses.
The weights calculated with the DCTR model enable the
modification of one nominal sample to resemble other sam-
ples obtained with different parameters or different simula-
tion programs. This methodology avoids the need for simu-
lating the detector response for multiple samples by incor-
porating the relevant variations in a single sample. While

dedicated samples have to be generated for the training and
validation of the model, these do not need the full detector
simulation and reconstruction, saving up to 75% of the typi-
cal CPU resources needed for the production of MC samples
in CMS. In addition, after the training of the DCTR model,
the training samples can be deleted saving storage space for
several billions of events.

The DCTR method has been shown to work reliably for
two important sources of modelling uncertainties in the simu-
lation of top quark pair (tt ) production. Currently, the system-
atic uncertainty connected to the matching of radiation from
matrix elements and the parton shower has to be estimated
with dedicated samples. The reweighting of variations in the
b quark fragmentation shows that a continuous reweighting
in a model parameter is possible, paving the way for the deter-
mination of model parameters directly from collision data.
Additionally, the method has been extended to reweight an
NLO simulation to an NNLO one for tt production, which
will allow for a fast evaluation of the impact of higher-order
corrections on data analyses. The DCTR reweighting can be
seamlessly integrated into CMS analyses and is already in
use by the CMS experiment. A robust performance across
a range of scenarios was demonstrated, making the method
promising for future applications in other areas as well. For
example, it can be extended to other systematic variations or
applied to different physics fields beyond top quark studies.
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It provides an elegant solution to address the computational
challenges posed by the production of large MC samples,
particularly for the HL-LHC.
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