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Abstract: A tau lepton identification algorithm, DeepTau, based on convolutional neural network
techniques, has been developed in the CMS experiment to discriminate reconstructed hadronic decays
of tau leptons (τh) from quark or gluon jets and electrons and muons that are misreconstructed as τh
candidates. The latest version of this algorithm, v2.5, includes domain adaptation by backpropagation,
a technique that reduces discrepancies between collision data and simulation in the region with
the highest purity of genuine τh candidates. Additionally, a refined training workflow improves
classification performance with respect to the previous version of the algorithm, with a reduction
of 30–50% in the probability for quark and gluon jets to be misidentified as τh candidates for given
reconstruction and identification efficiencies. This paper presents the novel improvements introduced
in the DeepTau algorithm and evaluates its performance in LHC proton-proton collision data at√
𝑠 = 13 and 13.6 TeV collected in 2018 and 2022 with integrated luminosities of 60 and 35 fb−1,

respectively. Techniques to calibrate the performance of the τh identification algorithm in simulation
with respect to its measured performance in real data are presented, together with a subset of results
among those measured for use in CMS physics analyses.
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1 Introduction

Tau leptons are the heaviest leptons in the standard model and therefore play an important role in Higgs
physics [1–5], where the scalar couplings to fermions are proportional to their masses. In addition, tau
leptons are also crucial for physics analyses searching for particles beyond the standard model (W′, Z′,
leptoquarks, Higgs-like bosons, tau lepton supersymmetric partners, etc.) and studying anomalous
couplings [6–17]. Since tau leptons decay to hadrons and neutrinos in about 65% of the cases, these
analyses require the efficient reconstruction and identification of hadronic tau lepton decays (τh).

In the CMS experiment [18, 19], hadronic decays of tau leptons are reconstructed with the hadrons-
plus-strips (HPS) algorithm [20], which identifies the decay products and assigns a decay mode based
on the number of charged hadrons and neutral pion candidates. The primary challenge is the distinction
between genuine τh decays and the major background from quark or gluon jets, which are copiously
produced by many processes in proton-proton (pp) collisions. In addition, light charged leptons can also
be misidentified as τh decays. Electrons can mimic the signature of charged hadrons and bremsstrahlung
radiation can be seen as the product of neutral pion decays. Muons have a chance to be reconstructed as
τh candidates as well, primarily in the decay mode with only one charged hadron, although with a much
lower probability. To address these challenges, machine-learning techniques are exploited to build the
DeepTau identification algorithm [21] that can efficiently identify genuine τh candidates and reduce
the background of jets, electrons, and muons misidentified as τh candidates by the HPS algorithm.
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In this paper, we describe the new version of the DeepTau algorithm, v2.5, which achieves
improved classification performance with respect to the previous version, v2.1 [21], and includes domain
adaptation by backpropagation [22] to reduce data-to-simulation performance discrepancies, originating
from potential inaccuracies in simulation. While the classification network architecture has remained
largely unchanged, the training dataset has been updated and the hyperparameters have been fine-tuned,
leading to a reduction of 30–50% in the probability for quark and gluon jets to be misidentified as τh
candidates. In order to implement domain adaptation, a new adversarial subnetwork has been added
and trained on a mixture of pp collision data and simulation with the purpose of discriminating between
the two datasets. The goal of the algorithm tuning is to maximize the classification performance while
minimizing the discrepancies in performance between data and simulation.

The new identification algorithm was trained on real pp collision data collected in 2018 and on
simulated events produced using the 2018 data-taking conditions. The algorithm was then validated and
calibrated using simulation and data collected by the CMS detector in 2018 at a 13 TeV centre-of-mass
energy and in 2022 at 13.6 TeV, corresponding to integrated luminosities of 60 and 35 fb−1, respectively.
These years had an average of 37 and 46 pp interactions per bunch crossing. The algorithm has been
introduced for use in CMS physics analyses using data recorded from 2022 onwards.

The paper is structured as follows. After an overview of the CMS detector, event samples, and event
reconstruction in sections 2–4, the new version of the DeepTau identification algorithm is described,
and its performance is presented in section 5. Section 6 gives an overview of the measurements of τh
reconstruction and identification performance. The paper concludes with a summary in section 7.

2 The CMS detector

The CMS apparatus [18, 19] is a multipurpose, nearly hermetic detector, designed to trigger on [23–25]
and identify [26–28] electrons, muons, photons, and (charged and neutral) hadrons. Its central feature
is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within
the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of a
barrel and two endcap sections. Forward calorimeters extend the pseudorapidity coverage provided by
the barrel and endcap detectors. Muons are reconstructed using gas-ionization detectors embedded
in the steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system. The first level (L1), composed of
custom hardware processors, uses information from the calorimeters and muon detectors to select
events at a rate of around 100 kHz within a fixed latency of about 4 𝜇s [23]. The second level,
known as the high-level trigger (HLT), consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to a few
kHz before data storage [24, 25].

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in refs. [18, 19].

3 Simulated event samples

There are two sets of Monte Carlo simulated event samples used in this analysis. One is used for
performance studies, whereas the other as input for the neural network training. Unless explicitly
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mentioned, the simulated event samples include decays to all lepton flavours, i.e. to electrons,
muons, and tau leptons. The samples listed in the following are produced separately for conditions
corresponding to the 2018 and 2022 data-taking periods.

The standard model processes considered for the measurements are Z (or γ
∗) and W boson

production in association with jets, denoted as “Z/γ
∗ + jets” and “W + jets”, diboson (WW, WZ,

ZZ) production, pair production of top quarks (tt), and single top quark production. Additionally,
the W∗ → τντ process, where a highly virtual W boson (W∗, 𝑚W∗ > 200 GeV) decays in a τ

lepton and neutrino, is used for high-𝑝T measurements. The Z/γ
∗ + jets and W + jets processes are

simulated using the MadGraph5_amc@nlo [29] generator v2.6.1 at leading order (LO) precision
with the MLM jet matching and merging scheme [30]. Additional Z/γ

∗ + jets samples generated with
powheg [31–33] at next-to-leading order (NLO) precision are used for a subset of our measurements.
The MadGraph5_amc@nlo generator is employed for diboson production simulated at NLO precision
in perturbative quantum chromodynamics (QCD) with the FxFx jet matching and merging scheme [34],
whereas powheg v2 is used for tt [35, 36] and single top quark [37, 38] production at NLO precision.
The LO pythia 8.230 [39] event generator is used for W∗ → τντ simulation. The Z/γ

∗ + jets, tt , and
single top quark processes are normalized using cross sections computed at next-to-next-to-leading
order (NNLO) in perturbative QCD [40–42].

Additional samples are generated only for the neural network training. Events composed of
jets produced through the strong interaction, referred to as QCD multijet events, are generated at
LO using MadGraph5_amc@nlo as well as pythia. The pythia event generator is also used to
produce event samples of heavy gauge bosons (Z′ → ee), with the mass of the boson ranging from 1
to 5 TeV. The production of a 125 GeV Higgs boson (H) via gluon-gluon fusion, vector-boson fusion
and associated production with a vector boson, and with the Higgs boson decaying to tau leptons
(H → ττ) is simulated with the powheg generator. Finally, a sample of events with a single tau lepton
is simulated with pythia, where the pseudorapidity 𝜂 and the transverse momentum 𝑝T of the tau
lepton are uniformly distributed in the −2.5 < 𝜂 < 2.5 and 15 < 𝑝T < 3000 GeV ranges. This “τ

gun” sample includes the tau lepton decay, but no pp interaction.
The event generators are interfaced with pythia to model the parton showering and fragmentation,

as well as the decay of the tau lepton. The pythia parameters affecting the description of the underlying
event are set to the CP5 tune [43]. For the Z′ → ee and W∗ → τντ samples, tauola [44] is used
instead to simulate tau lepton decays. Generated events are processed through a simulation of the
CMS detector based on Geant4 [45] and are reconstructed with the same algorithms as those used for
recorded data. The simulated samples include additional pp interactions from the same or nearby
bunch crossings, referred to as “pileup” [46]. The effect of pileup is taken into account by generating
concurrent inelastic collision events with pythia. The simulated events are weighted such that the
distribution of the number of pileup interactions matches that in recorded data.

4 Event reconstruction

The reconstruction of observed and simulated events relies on the particle-flow (PF) algorithm [47],
which optimally combines information from the various elements of the CMS detector to reconstruct
and identify the particles emerging from the pp collisions: charged and neutral hadrons, photons,
muons, and electrons. The energy of photons is obtained from the ECAL measurement. The energy
of electrons is determined from a combination of the electron momentum at the primary interaction
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vertex (PV) as determined by the tracker, the energy of the corresponding ECAL cluster, and the
energy sum of all bremsstrahlung photons spatially compatible with originating from the electron
track. The energy of muons is obtained from the curvature of the corresponding track. The energy of
charged hadrons is determined from a combination of their momentum measured in the tracker and the
matching ECAL and HCAL energy deposits, corrected for the response function of the calorimeters
to hadronic showers. Finally, the energy of neutral hadrons is obtained from the corresponding
corrected ECAL and HCAL energies.

For each event, hadronic jets are clustered from all the PF candidates using the infrared- and
collinear-safe anti-𝑘T algorithm [48–50] with a distance parameter of 0.4. Jet momentum is determined
as the vectorial sum of all particle momenta in the jet, and is found from simulation to be, on average,
within 5 to 10% of the true momentum over the entire 𝑝T spectrum and detector acceptance. Pileup can
contribute additional tracks and calorimetric energy depositions, increasing the apparent jet momentum.
To mitigate this effect, tracks identified to be originating from pileup vertices are discarded, and an
offset correction is applied to correct for remaining contributions [46].

Jet energy corrections are derived from simulation studies so that the average measured energy
of jets becomes identical to that of particle level jets. In situ measurements of the momentum
balance in dijet, photon + jet, Z/γ

∗ + jets, and multijet events are used to determine any residual
differences between the jet energy scale in data and in simulation, and appropriate corrections are
made [51]. Additional selection criteria are applied to each jet to remove jets potentially dominated
by instrumental effects or reconstruction failures.

The missing transverse momentum vector ®𝑝miss
T is computed as the negative vector sum of the

transverse momenta of all the PF candidates in an event, and its magnitude is denoted as 𝑝miss
T [52]. The

®𝑝miss
T is modified to account for corrections to the energy scale of the reconstructed jets in the event.

Muons are measured in the pseudorapidity range |𝜂 | < 2.4, with detection planes made using
three technologies: drift tubes, cathode strip chambers, and resistive-plate chambers. The single-muon
trigger efficiency exceeds 90% over the full 𝜂 range, and the efficiency to reconstruct and identify
muons is greater than 96%. Matching muons to tracks measured in the silicon tracker results in a
relative transverse momentum resolution, for muons with 𝑝T up to 100 GeV, of 1% in the barrel and 3%
in the endcaps. The 𝑝T resolution in the barrel is better than 7% for muons with 𝑝T up to 1 TeV [27].

The electron momentum is estimated by combining the energy measurement in the ECAL with
the momentum measurement in the tracker. The momentum resolution for electrons with 𝑝T ≈ 45 GeV
from Z → ee decays ranges from 1.6 to 5%. It is generally better in the barrel region than in the
endcaps, and also depends on the bremsstrahlung energy emitted by the electron as it traverses the
material in front of the ECAL [26, 53].

The τh candidates are reconstructed with the HPS algorithm [21, 54], which is seeded with anti-𝑘T
jets. The algorithm uses the PF candidates near the seeding jet direction of flight to reconstruct the
neutral pions that are present in most τh decays. The high probability for photons originating from
π

0 → γγ decays to convert to e+e− pairs is accounted for by collecting photons and electrons into
clusters (“strips”). The τh candidates are then formed by combining the strips with the charged-particles
(“prongs”) present in the seeding jet and its immediate surroundings. Based on the observed number
of strips and charged particles, each τh candidate is assigned to one of the following decay modes
(the main ones are illustrated in figure 1):

• a single charged particle without any strips, h±;
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• combination of one charged particle and one strip, h±π
0;

• combination of one charged particle with two strips, h±π
0
π

0;

• combination of two charged particles without any strips, h±h±/∓;

• combination of two charged particles and one strip, h±h±/∓π
0;

• combination of three charged particles, h±h∓h±;

• combination of three charged particles and a strip, h±h∓h±π
0.

The h±π
0 and h±π

0
π

0 decay modes are effectively merged, since neutral pion candidates
reconstructed close to each other are clustered together and count as one strip. The h±h±/∓ and
h±h±/∓π

0 decay modes recover the three-prong-decays where a charged particle has been lost,
but are usually not considered in the main reconstruction routine because of their large charge
misassignment probability.

tracker

ECAL

HCAL

τ±

τ± → h±ντ

ντ

h±

τ±

τ± → ρ±ντ → h±π0ντ

ντ

ρ±

h±

π0

γ γ

τ±

τ± → a±1 ντ → h±h∓h±ντ

ντ

a±1

ρ0

h± h∓ h±

τ±

τ± → h±h∓h±π0ντ

ντ

h± h∓ h±

π0

γ γ

Figure 1. Schematic illustration of the signatures of the h±, h±π
0, h±h∓h±, and h±h∓h±π

0 decay modes of the
tau lepton in the CMS detector. Charged hadrons are reconstructed by the PF algorithm by matching tracks with
energy deposits in the ECAL and HCAL, whereas the HPS algorithm aims to reconstruct each π

0 → γγ decay
as a single “strip” of energy clusters in ECAL.

5 The τh identification using a deep neural network with domain adaptation

The τh candidates that have been reconstructed by the HPS algorithm are required to pass an
identification step, using DeepTau, a deep convolutional neural network, first described as v2.1 in
ref. [21]. The DeepTau algorithm simultaneously discriminates τh candidates against quark and
gluon jets, electrons and muons. The algorithm uses a combination of high-level input variables and
information from particles in the vicinity of the candidate. The neural network outputs an estimation
of the probabilities that a candidate is a genuine τh, or a quark and gluon jet, electron, or muon.

The latest iteration of DeepTau, v2.5, incorporates domain adaptation by backpropagation into
the training workflow, to reduce performance discrepancies when the algorithm is applied to collision

– 5 –



2
0
2
5
 
J
I
N
S
T
 
2
0
 
P
1
2
0
3
2

data. The algorithm was trained on a balanced mix of simulated events, and on pp collision data
collected by the CMS detector in 2018 at

√
𝑠 = 13 TeV.

In addition to achieving better data-to-simulation agreement, DeepTau v2.5 also demonstrates
improved classification performance compared to its predecessor, v2.1, with a larger and more balanced
training dataset, optimized hyperparameters, and a revised selection of inputs.

5.1 Input variables

Particle-level inputs are stored in two overlapping grids in pseudorapidity-azimuth (𝜂-𝜙) space, centred
on the τh candidate axis, as shown in figure 2. The inner grid, encapsulating the signal cone, which
contains the h± and π

0 candidates, comprises 11 × 11 cells of size 0.02 × 0.02. The outer grid of
21 × 21 cells of size 0.05 × 0.05, contains the isolation cone.

0.1 0.2 0.3 0.40– 0.4 – 0.3 – 0.2 – 0.1

0.1

0.2

0.3

0.4

0

– 0.4

– 0.3

– 0.2

– 0.1

Figure 2. Inner and outer grid layout in 𝜂-𝜙 space [21]. The inner grid encapsulates the signal cone of maximal
radius 0.1, which contains the h± and π

0 candidates, and consists of 11× 11 cells with a size of 0.02× 0.02 each.
The outer grid contains the isolation cone of radius 0.5, and consists of 21×21 cells with a size of 0.05×0.05 each.

Properties of seven different types of reconstructed particles can be stored in each cell: those
reconstructed by the PF algorithm (electrons, muons, photons, charged hadrons, and neutral hadrons),
as well as electrons and muons reconstructed using dedicated standalone algorithms [27, 55].

The particle-level inputs are identical to those used in ref. [21]. They include basic kinematic
properties of each object: 𝑝T, distance from the τh candidate axis in 𝜂-𝜙 space (Δ𝜂 and Δ𝜙), and
reconstructed charge. Track quality information, and compatibility with the PV, or possibly a secondary
vertex (SV), is included, as well as characteristics of energy deposits in the detector (ECAL, HCAL,
muon station hits). The estimated probability that the particle comes from another pileup interaction,
is computed using the pileup-per-particle identification (PUPPI) algorithm [56].

There are 43 high-level input variables, which correspond to those used in ref. [21], except for
four that were removed in this work: the azimuthal angle 𝜙 of the τh candidate, to reduce dependence
on detector conditions, and the absolute coordinates of the point of closest approach of the leading
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charged track because of mismodelling. The high-level variables used are mostly those which were
found useful in previous multivariate analysis classifiers [54].

The high-level variables include τh candidate kinematic quantities (𝜂, 𝑝T, and energy) and charge,
the number of charged and neutral hadrons associated with the τh candidate by the HPS decay mode
reconstruction, and characteristics of energy deposits from various particle types in the isolation
cone. Information about the tracks is included: compatibility with the PV and properties of the
SV, if reconstructed in a multiprong decay mode. Additionally, observables related to the 𝜂 and 𝜙

distributions of the reconstructed energy in the π
0 strips, estimated pileup density, and calorimeter

variables that provide good discrimination against electrons are used as input variables.
Integer inputs and variables with finite domain are transformed linearly to limit their values to the

[−1, 1] range. Other inputs are standardized using their mean values (𝜇𝑥) and uncertainty (𝜎𝑥),

𝑥std =
𝑥orig − 𝜇𝑥

𝜎𝑥

, (5.1)

where 𝑥orig is the original input, and 𝑥std is the standardized input, which is then restricted to [−5, 5]
to remove outliers.

The reconstructed τh candidates are assigned a type: genuine τh, misidentified electron (e), and
misidentified muon (µ), or misidentified quark or gluon jet (jet). Candidates matched to generated
electrons and muons with 𝑝T > 8 GeV, including those originating from leptonic tau decays, are
assigned the e or µ classes, respectively. Leptons below these low 𝑝T thresholds are not considered,
as they are expected to be misidentified jet components (given that the HPS tau candidate must have
𝑝T > 20 GeV). Those matched to a generated τh with visible 𝑝T > 15 GeV are assigned genuine τh.
In all of these cases the matching is performed with a cone Δ𝑅 =

√︁
Δ𝜂

2 + Δ𝜙
2
< 0.2. If a candidate is

not matched to a generated lepton or genuine τh, it is assigned to the jet class. Only generated leptons
and genuine τh originating from the PV are considered for τh candidate type assignment.

Approximately 100 million candidates, a balanced mix of the different types of τh candidates
from various simulated events, are used to train the DeepTau algorithm in its default configuration.
These events are simulated and reconstructed according to 2018 data-taking conditions. All types of
reconstructed τh candidates are sourced from Z/γ

∗ + jets, tt (semileptonic and fully hadronic final
states), and W + jets events. Additional genuine τh candidates are obtained from H → ττ and τ

gun samples, and additional misidentified jets are obtained from simulated QCD multijet samples.
Additional misidentified electrons are obtained from Z′ → ee decays.

A loose selection is applied, with the candidate reconstructed by the HPS algorithm required
to have a transverse momentum 20 < 𝑝T < 1000 GeV. Additionally, limits are imposed on the
pseudorapidity |𝜂 | < 2.5 and longitudinal impact parameter |𝑑𝑧 | < 0.2 cm (distance between the
leading charged track and PV). Weights are applied in the 𝑝T and 𝜂 bins to ensure a uniform distribution
between the classes across the various training samples in all kinematic regions.

5.2 Classification architecture and loss function

The architecture used for τh type classification in this work is similar to the one described in ref. [21].
The input variables (high-level features, and all the inner/outer grid cells) are initially processed
separately using fully connected layers for feature extraction. Convolutional layers are then used to
reduce the dimensionality of the grids to 1 × 1. The processed features are then concatenated and
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passed through a final set of fully connected layers for τh type classification. A softmax activation
function is then applied to yield probability estimates that the τh candidate is a genuine τh, jet, electron,
or muon. The predicted output takes the form: ypred

=

(
𝑦e , 𝑦µ , 𝑦τ , 𝑦jet

)
.

Batch normalization [57] and dropout regularization are applied after each fully connected and
convolutional layer. Nonlinearities are introduced using the PReLu activation function [58].

The classification loss function used during the training of the neural network is a sum of a
cross-entropy term [59] for the genuine τh target class, a focal loss component [60] for classification
against all backgrounds combined, and three individual components for classification as electrons,
muons, or jets. The latter three components are activated only when the genuine τh probability is high,
at which point the distinction between different background sources becomes important. The binary
cross-entropy term assigns greater importance to very high genuine τh identification efficiencies,
which typically have higher misidentification rates. The addition of the focal loss terms improves the
classification performance for genuine τh identification efficiencies in the 50–80% range, for which
most physics analyses involving τh candidates show the highest sensitivity. Furthermore, in regions
where the genuine τh identification efficiency is low, binary classification to separate signal from
the combined backgrounds is more important than distinguishing between background types. The
full definition of the loss function is given in appendix A.

The loss function is minimized with the adaptive momentum estimation (Adam) algorithm [61]
and the Nesterov-momentum accelerated variant (NAdam) [62]. The setup uses the TensorFlow
v2.5.0 [63] Python library with Keras v2.5.0 [64] as an interface. Training was performed using
NVIDIA Tesla V100 and T4, as well as GeForce GTV 1080 Ti GPUs.

The discriminators against electrons, muons, and quark or gluon jets are defined as

𝐷𝛼 (y) =
𝑦τ

𝑦τ + 𝑦𝛼
, (5.2)

where 𝑦𝛼 is the predicted probability that the τh candidate belongs to the target class 𝛼 ∈ {e, µ, jet}.
The discrimination of a genuine τh against a particular background improves as the corresponding
discriminator score approaches 1.

5.3 Domain adaptation by backpropagation

DeepTau v2.1 was trained exclusively on simulated events. While these samples generally provide
a good representation of the pp collision data, some of the features used as inputs are not perfectly
modelled. As a consequence, the previous setup shows increasing discrepancies between observed
data and expectations from simulations for high 𝐷jet scores. This is particularly problematic since the
affected region is the most important for analyses, as it has the highest genuine τh purity.

Previously, this mismodelling was only corrected using a set of dedicated calibration measurements,
where simulations were fitted to the observed data, to determine the identification efficiency scale factors.
However, such corrections lead to larger uncertainties, and do not correct the shape of the discriminator
output. The raw DeepTau v2.1 score could therefore not be reliably used as an input for analyses.

Simply removing any variables which are not perfectly described in simulation is not optimal,
as they remain important for achieving good classification performance. Furthermore, studies have
shown that the mismodelling is a highly multidimensional effect, making it very difficult to identify
the affected set of inputs and correct them with traditional methods. A better approach is domain
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adaptation, which can discourage the algorithm from using combinations of features that are not
well modelled in simulation by identifying differences between data and simulation in the hidden
layers of the neural network during training.

The performance discrepancies between data and simulated samples are reduced at the training
level by implementing domain adaptation by backpropagation in DeepTau v2.5. This involves
simultaneously training two subnetworks with competing goals. In this case, one is used for τh type
classification, and the other for domain discrimination between data and simulated events. The goal
is to maximize the classification performance while minimizing data-simulation discrimination. A
mathematical description of the gradient reversal technique used to achieve this is available in ref. [22].
This technique has previously been used for displaced jet tagging [65].

The advantages of this method are that the scale factors to correct residual differences can be
brought closer to unity. Additionally, the network optimization algorithm has the opportunity to
find trainable parameter values that ensure good τh type discrimination while being less sensitive
to mismodelling.

As the neural network training with domain adaptation requires collision data, the main challenge
of this method is to define a set of collision events with sufficient genuine τh purity and control
over background.

5.3.1 Event selection and mixing

Training the domain adaptation subnetwork requires a control region dataset containing a mixture of
data and simulated events, along with a high purity of genuine τh candidates. The control region is a
sample of Z → ττ events in which one tau lepton decays to a muon, and the other to hadrons (µτh).
This decay channel is chosen as there is good control over genuine τh purity and background.

The selection requirements on the muon and τh candidates are summarized in table 1. These
are applied to data collected during 2018 by the CMS detector using a single-muon trigger with a
nominal 𝑝T threshold of 24 GeV, as well as Z/γ

∗ + jets, tt , and W + jets simulated events.
The transverse mass 𝑚T of the muon 𝑝T plus the missing transverse momentum is defined as

𝑚T(𝑝
µ

T, 𝑝
miss
T ) =

√︃
2𝑝µ

T𝑝
miss
T (1 − cos(Δ𝜙)), (5.3)

where Δ𝜙 is the azimuthal separation between the muon 𝑝T and ®𝑝miss
T .

If there is more than one muon or τh candidate fulfilling the criteria in table 1, the most isolated
candidate is selected, unless they are equal, in which case the highest 𝑝T candidate is chosen. A veto
is imposed on events containing loosely identified additional electrons and muons.

In order to improve the modelling of events involving a nongenuine τh, a looser selection is applied
to increase the number of available events from simulated QCD multijet samples and misidentified
muons originating from Z/γ

∗ + jets processes. Only the τh candidate and pair selections in table 1 are
applied, and the 𝑝T spectra are then reweighted to the expectation for the nominal selection yields.

The resulting purity in the domain adaptation dataset, defined as the fraction of events where the
τh candidate originates from a tau lepton, is estimated from simulation to be 76%.

5.3.2 Domain adaptation subnetwork and backpropagation

A domain adaptation block was introduced to the network, which attempts to discriminate between
observed and simulated τh candidates. Similarly to the final classification layers described in
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Table 1. Selection requirements for the domain adaptation dataset. The impact parameters for the muon (or τh
candidate), 𝑑𝑧 and 𝑑𝑥𝑦 , are defined as the distances between the muon track (or leading charged-hadron track)
and the PV. The medium muon identification is defined in ref. [27]. The previous DeepTau discriminator scores
described in ref. [21] against quark and gluon jets, electrons, and muons, are denoted 𝐷

v2.1
jet , 𝐷v2.1

e , and 𝐷
v2.1
µ .

The transverse mass of the muon 𝑝T and the missing transverse momentum system is denoted as 𝑚T (𝑝
µ

T, 𝑝
miss
T ).

Working points Tight and VVLoose are defined in table 2.

Object Selection requirement

Muon 𝑝
µ

T > 25 GeV

|𝜂µ | < 2.1

|𝑑𝑧 | < 0.2 cm, |𝑑𝑥𝑦 | < 0.045 cm

Relative isolation 𝐼
µ

rel < 0.15

Pass medium muon identification

𝑚T(𝑝
µ

T, 𝑝
miss
T ) < 30 GeV

τh 𝑝
τ

T > 20 GeV

|𝜂τ | < 2.3

|𝑑𝑧 | < 0.2 cm

HPS decay mode with 1 or 3 prongs

𝐷
v2.1
jet > 0.9

𝐷
v2.1
e > 0.168 (VVLoose)

𝐷
v2.1
µ > 0.875 (Tight)

Pair Δ𝑅(µ, τh) > 0.5

Opposite electric charge

section 5.2, this takes the processed high-level and particle-level variables as inputs, before passing
them through fully connected layers. A sigmoid activation layer is then used to cast the output to
a value between 0 and 1, denoted as 𝑦adv. The architecture of DeepTau in the domain adaptation
configuration is shown in figure 3.

The domain adaptation loss function (“adversarial loss”) used to compare this prediction to
the labels is defined as

𝐿adv = 𝐻bin(𝑦
true
adv , 𝑦

pred
adv ), (5.4)

where 𝐻bin is a binary cross-entropy loss function [59]. A binary accuracy metric was introduced
to evaluate the fraction of candidates for which the network successfully predicts the domain (data
or simulation). The layers that process the high-level variables, as well as the inner and outer grids,
are referred to as common layers, since inputs for both the final domain adaptation and classification
layers pass through these.

The model is first trained with only the classification architecture described in section 5.2, in order
to obtain a good τh candidate classification performance baseline before applying domain adaptation
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i i

Figure 3. The DeepTau architecture with the domain adaptation configuration [66]. A set of final domain
adaptation layers was introduced for data-simulation discrimination, consisting of several dense layers followed
by a softmax layer that yields an output 𝑦adv between zero and one. The backpropagation is modified to include
the “adversarial loss”, as described in the text.

methods. The training is then continued with the domain adaptation control dataset and subnetwork
introduced. For this step, the network backpropagation procedure is modified such that the gradients
are passed to the optimization algorithm for the common layers.

The classification loss is denoted as 𝐿class, and is computed on the output score of the τh
classification, with only the τh candidates from the standard training dataset. The adversarial loss is
computed on the domain adaptation output with only the τh candidates from the control region dataset.
The gradients of 𝐿class and 𝐿adv are referred to as classification and adversarial gradients.

In order to prevent data-simulation discrimination in the feature extraction layers, the signs of
the adversarial gradients are reversed and combined linearly with the classification gradients. The
combined gradient is expressed in the form

𝐺 = 𝑘1
𝜕𝐿class
𝜕𝑤𝑖

− 𝑘2
𝜕𝐿adv
𝜕𝑤𝑖

, (5.5)

where 𝑤𝑖 are the weights of the feature extraction layers and 𝑘1 and 𝑘2 are the domain adaptation
hyperparameters that determine the relative importance of the τh candidate classification and prevent
data-simulation discrimination. The sign reversal of the adversarial component of the gradients in the
common layers means that the optimizer partially attempts to adjust the layer weights in the direction
opposite to the one that improves data-simulation discrimination.
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The gradients that are passed to the optimizer therefore encourage minimization with reduced
sensitivity to mismodelling. Two Adam optimizers are used, each with a different learning rate. The
principal optimizer targets the common layers and final classification layers, whereas the adversarial
optimizer targets the final domain adaptation layers.

There is no gradient sign reversal in the final domain adaptation layers, as this provides a good
measure of how much the network can actively discriminate data and simulated events with the
information available at the output level of the common layers. An optimization of the domain
adaptation hyperparameters was performed by comparing the distributions of 𝑦adv for data and
simulated events using a 𝜒

2 test, while monitoring the overall performance of the τh type classification.
The optimal choice was 𝑘1 = 1 and 𝑘2 = 10.

The distributions of the DeepTau discriminator against quark and gluon jets for the model before
and after the domain adaptation are shown in figure 4. The impact of the domain adaptation training
on the DeepTau discriminator distribution against quark and gluon jets for the final model is visible on
the right plot. The model was evaluated on events passing the control region selection in simulation
and in data. There is a significant improvement in data-simulation discrepancies in the highest
discriminator score bins after domain adaptation training. The relative differences in the final bin
are reduced from 17.4 to 0.9%. The genuine τh purity in this region is estimated from the fractions
of different simulated samples in the final model distribution to be above 96%. Agreement in the
control region overall is very good, with the data and simulated yields compatible within statistical
uncertainties in the large majority of bins. The domain adaptation training therefore successfully
reduced the effects of simulation mismodelling in the 𝐷jet distribution for the data-taking conditions
described in the domain adaptation dataset.
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Figure 4. Distribution of the DeepTau discriminator against quark and gluon jets before (left) and after (right)
domain adaptation, for the 2018 dataset used for domain adaptation training. There is significant improvement
in data-simulation agreement in the control region, with the discrepancies in the final bin reduced to 0.9%. The
vertical bars on the data points indicate the statistical uncertainty; on most points the bars are smaller than the
marker size.

The 2022 datasets with
√
𝑠 = 13.6 TeV are expected to show weaker data-to-simulation agreement,

as the data-taking conditions are not described in the domain adaptation dataset. Differences in the
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centre-of-mass energy, pileup, detector performance, and missing transverse momentum reconstruction
with respect to 2018 are contributing factors. The distribution of the DeepTau discriminator against
quark and gluon jets in the early 2022 dataset is shown for 𝐷jet > 0.95 in figure 5 before and after the
domain adaptation training. While data-to-simulation differences remain, the inclusion of domain
adaptation results in an appreciable improvement in the final bins, despite the training dataset not
corresponding to equivalent detector conditions or collision energies. It is expected that if the domain
adaptation algorithm were to be retrained with the inclusion of these new datasets, agreement would
improve to a similar level as seen in the 2018 dataset.
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Figure 5. Distribution of the DeepTau discriminator against quark and gluon jets before (left) and after
(right) domain adaptation, for the early 2022 dataset. While data-to-simulation differences remain, there is an
appreciable improvement in the final bins with the inclusion of domain adaptation, despite DeepTau being
trained on 2018 data and simulation. The vertical bars on the data points indicate the statistical uncertainty; on
most points the bars are smaller than the marker size.

5.4 Expected performance

Working points are used to guide the usage of the DeepTau discriminators in physics analyses, with
suitable corrections applied. The target genuine τh identification efficiencies, reported in table 2,
are defined as the efficiency for genuine τh in the H → ττ event sample that are reconstructed as τh
candidates with 30 < 𝑝T < 70 GeV to pass the given discriminator.

Table 2. Target genuine τh identification efficiencies for the different working points defined for the three
discriminators. The target efficiencies are evaluated with the H → ττ event sample for τh candidates with
𝑝T ∈ [30, 70] GeV.

VVTight VTight Tight Medium Loose VLoose VVLoose VVVLoose
𝐷e 60% 70% 80% 90% 95% 98% 99% 99.5%
𝐷µ 99.5% 99.8% 99.9% 99.95%
𝐷jet 40% 50% 60% 70% 80% 90% 95% 98%
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Figure 6. Jet misidentification probability versus genuine τh identification efficiency for low-𝑝T (left) and
high-𝑝T (right) τh candidates, evaluated on 2018 simulated datasets. The genuine τh identification efficiency is
estimated from H → ττ simulations using reconstructed τh candidates that match generator-level τh objects.
The jet misidentification probability is estimated from tt simulations using reconstructed τh candidates that do
not match prompt electrons, muons, or products of τh decays at the generator level. The defined working points
of the discriminator are indicated as filled circles.

The resulting tagger demonstrates improved performance with respect to its predecessor, as is
visible in figures 6–8, which show the misidentification probability as a function of the genuine
τh identification efficiency. These are inclusive plots that combine all commonly reconstructed
decay modes. They are shown for the central pseudorapidity region (|𝜂 | < 2.3), and are separated
into low-𝑝T (20–100 GeV) and high-𝑝T (100–1000 GeV) regions. The filled circles identify the
discriminator working points, which do not match exactly the targeted efficiencies in table 2 because of
the different samples considered. It can be observed that the jet misidentification probability is reduced
by ∼50% across all defined working points. The improvement in electron rejection with respect to the
previous version of the algorithm is particularly pronounced for the tightest working points, where the
misidentification probability is reduced by almost a factor of two. The muon rejection performance is
compatible between the two versions of the identification algorithm. The slightly worse performance
of v2.5 in the high-𝑝T, low efficiency region for the 𝐷e and 𝐷µ discriminators is likely caused by
domain adaptation, which can prevent the use of certain feature combinations that are useful for lepton
discrimination but exhibit significant differences between data and simulation.

Figure 9 shows the distribution of the visible invariant mass 𝑚vis of the reconstructed µτh system
when applying DeepTau v2.5, compared to the application of the previous version. The working points
chosen are Tight for 𝐷µ , Medium for 𝐷jet, and VVLoose for 𝐷e . A reduction of the background from
misidentified jets is estimated to be ∼30%, especially visible in the decrease of the W + jets process.

6 Performance with
√
𝒔 = 13 and 13.6 TeV data

The calibration of the τh identification algorithm consists of measuring identification (or misidentifica-
tion) rate scale factors and energy scale corrections. The scale factors are multiplicative correction
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Figure 7. Electron misidentification probability versus genuine τh identification efficiency for low-𝑝T (left) and
high-𝑝T (right) τh candidates, evaluated on 2018 simulated datasets. The genuine τh identification efficiency is
estimated from H → ττ simulations using reconstructed τh candidates that match generator-level τh objects.
The electron misidentification probability is estimated from Z/γ

∗ + jets simulation using reconstructed τh
candidates that match electrons at the generator level. The defined working points of the discriminator are
indicated as filled circles.
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Figure 8. Muon misidentification probability versus τh identification efficiency for low-𝑝T (left) and high-𝑝T
(right) τh candidates, evaluated on simulated 2018 datasets. The τh identification efficiency is estimated from
H → ττ simulations using reconstructed τh candidates that match generator-level τh objects. The muon
misidentification probability is estimated from Z/γ

∗ + jets simulation using reconstructed τh candidates that
match muons at the generator level. The defined working points of the discriminator are indicated as filled circles.

factors applied to simulated events to account for differences in the performance of the detector and
of the reconstruction and identification algorithms between data and simulation. They are typically
defined as the ratio of an efficiency (or misidentification rate) measured in real data to that measured
in simulation, and are used to improve the agreement between predicted and observed data.
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Figure 9. Distribution of the invariant mass of the reconstructed µτh system when using DeepTau v2.1 (left)
and v2.5 (right) for discrimination in the 2018 dataset. The DeepTau working points used are: Medium for 𝐷jet,
VVLoose for 𝐷e and, Tight for 𝐷µ (see table 2). The correction factors are applied in both cases. The vertical
bars correspond to the statistical uncertainties in the observed event yields.

The τh identification efficiency scale factors and energy scale corrections are measured separately
for the two data-taking years using a tag-and-probe method [67] on Z → ττ events in the µτh final
state. For high-𝑝T τh candidates a separate measurement is performed using W∗ → τν events. In
addition, we measured the scale factors for the misidentification rate of electrons and muons. All of
these measurements are essential ingredients for physics analyses involving τh objects.

The scale factors are generally measured for all of the most used combinations of the DeepTau
𝐷jet, 𝐷µ and 𝐷e discriminator working points. We discuss a subset of measurements here only
for representative working points. Consistent results have been obtained for the other working
points. We have not performed such efficiency measurements for the decay modes with missing
charged hadrons (described in section 4); future analyses including these decay modes will need
to derive appropriate corrections.

The following results have been determined using the CMS statistical analysis tool Combine [68].

6.1 The τh energy scale correction and identification scale factors

The events with a µτh final state are selected by requiring at least one well-identified and isolated muon,
referred to as the “tag”, alongside one τh candidate that meets loose preselection criteria, termed the
“probe”. The muon candidate must have 𝑝T > 25 GeV, |𝜂 | < 2.4, and a relative isolation of 𝐼µ < 0.15.
The τh candidate is required to have 𝑝T > 20 GeV, |𝜂 | < 2.3, and must pass a specified threshold on
the 𝐷jet discriminator. Additionally, the τh candidate must satisfy the VVLoose working point of
the 𝐷e discriminator and the Tight working point of the 𝐷µ discriminator to mitigate background
from muons or electrons misidentified as τh candidates. Only decay modes h±, h±π

0, h±h∓h±, and
h±h∓h±π

0 are considered. In cases where multiple lepton or τh candidates are identified, the one
with the highest 𝑝T is selected. The selected muon and τh candidates must be separated by Δ𝑅 > 0.5
and opposite-sign (OS) charges. The difference in 𝜂 between the reconstructed muon and the τh
candidate is required to be |Δ𝜂 | < 1.5.
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In addition to the µτh event sample, a µµ event sample is defined to normalize the Z → ττ event
yields. This event sample adheres to the same trigger and muon selection criteria as the µτh event
sample, ensuring that related uncertainties partially cancel in the normalization scale factor.

The τh energy scale correction is defined as the factor that is applied to the reconstructed τh energy
in simulation to bring it into agreement with the τh energy observed in real data. A τh identification
efficiency scale factor is defined as the ratio of the number of τh candidates passing the selection
criteria in real data to that in simulation. The scale factors are derived from a maximum likelihood fit
to the 𝑚vis distribution, alongside the expected and observed event yields in the µµ control region. All
known sources of systematic uncertainties are incorporated into the fit as nuisance parameters. Some
of these uncertainties affect the yields of the involved processes, including integrated luminosity, muon
identification, isolation, and trigger efficiencies, as well as uncertainties in the normalization of tt ,
QCD multijet, and Z/γ

∗ + jets backgrounds, and of quark and gluon jets misidentified as τh candidates.
The remaining systematic uncertainties affect the shape of the 𝑚vis distribution, including the energy
scale for jets and leptons misidentified as τh candidates, the reweighting of the 𝑝T distribution of
the Z boson, and the uncertainties associated with the limited size of the simulated event samples.
Two distinct methods have been employed to derive the scale factors for 2022, yielding compatible
outcomes: a separate fit for the identification efficiency scale factor and a combined fit for both the
scale factor and the τh energy scale. These methods are described in the following sections.

6.1.1 Individual fit

The individual fit uses the baseline selection outlined above in section 6.1 with an additional
𝑚T < 65 GeV requirement to improve the signal-to-background ratio. The first step is to measure the
number of Z → τ

µ
τh events in real data. This is done by estimating the number of Z → τ

µ
τh events

from simulation and estimating the contribution of background due to misidentified jets from observed
events, along with other small backgrounds containing genuine hadronic taus from simulation, and
then fitting the visible mass, 𝑚vis, distribution with the Z → τ

µ
τh normalization floating. The number

of Z → τ
µ

τh events in real data depends on the Z boson cross section, muon identification efficiency,
trigger efficiency, integrated luminosity, and the τh identification efficiency. If the same procedure is
followed for Z → µµ events and a ratio is taken between Z → τ

µ
τh and Z → µµ events, then the

τh identification efficiency can be determined. The τh identification efficiency scale factors can be
derived using a binned maximum likelihood fit as described in ref. [21].

The dominant backgrounds in the measurement of the τh identification efficiency scale factors are
QCD multijet and W + jets events. The QCD multijet background is estimated using a data-driven
approach with same-sign (SS) events. Lepton pairs with the same charge sign are chosen from the
selected events, and the QCD multijet yield is defined as the difference between the SS observed data
events and the sum of all known non-QCD backgrounds estimated from simulation in the SS region.
The W + jets background is estimated from a high-𝑚T control region, while smaller backgrounds,
such as the diboson, Z/γ

∗ + jets, and top quark processes, are estimated from simulation.
Considering a new uncertainty in the QCD multijet background helps to estimate the precision of

the OS/SS ratio used to extrapolate the QCD yield. This was validated using a simulated sample of
QCD multijet events to derive central values and uncertainties for the ratio in the regions where both
leptons are isolated. Because of the small sample size, the Loose 𝐷jet working point was used for all
scale factor derivations. A control region for the W+ jets background, including events at high 𝑚T, was
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introduced to improve background modelling and to prevent the fit from compensating for mismodelling
by artificially increasing the W + jets yields, which could otherwise lead to an underestimation of the
Z → τ

µ
τh yield and thus the scale factor. Additionally, for the 2018 measurement, a control region

enriched in QCD, defined by events with an anti-isolated lepton, was introduced to better constrain the
QCD yield. This was not included for the 2022 measurement due to mismodelling in the control region.

In the scale factor measurement for DeepTau v2.5, we explore how the τh identification efficiency
scale factors are impacted by the choice of the nominal τh energy scale value and associated
uncertainties. Studies such as the investigation detailed in section 6.1.2 have demonstrated that
variations in τh energy scale values can significantly affect the efficiency scale factors. Moreover,
the τh energy scale has been observed to depend on factors such as τh identification requirements,
𝑝T, and decay modes, suggesting that the current uncertainty estimates may not fully capture all
relevant variations. To address this, we developed an alternative method for handling τh energy scale
uncertainties by externalizing them from the τh identification efficiency scale factor determination. In
this approach, the τh energy scale is fixed to the nominal value and a fit is performed to determine
the τh identification efficiency scale factors without allowing the fit to overconstrain the τh energy
scale uncertainties. The τh energy scale is then set as its postfit value and is shifted by ±1 standard
deviations in a second fit used to measure the corresponding variations in terms of efficiency scale
factors and, hence, estimate the τh energy scale related uncertainty.

This method provides a more reliable treatment of τh energy scale uncertainties, ensuring that
they are not overly reduced by the fit, and allowing for more consistent application across different
analyses. This approach is particularly relevant for the τhτh channel, where mismodelling effects are
more pronounced and proper τh energy scale uncertainty treatment is critical for accurate results.

The scale factors are extracted in different τh 𝑝T bins in order to take into account any 𝑝T
dependence. The lower bin edges 20, 25, 30, 35, 40, 50, 60, 80, and 100 GeV are used, where the
last bin contains the scale factors for τh objects with 𝑝T > 100 GeV. The scale factors are derived
for each 𝑝T bin of each decay mode of each data-taking period. A Laurent polynomial function is
used to describe the trend in the scale factors, as it offers a better fit than a linear function. The
Laurent polynomial is more flexible and reduces the 𝜒

2 per degree of freedom compared to a linear
fit. Unlike standard polynomials, Laurent polynomials can include terms with negative powers,
making them more suitable in our case.

Figure 10 shows the τh identification efficiency scale factors for the 2018 and 2022 data-taking
periods. There is a better understanding of the data collected during 2018, thanks to extensive studies
that allowed for optimized reprocessing with improved algorithm calibrations. The 2022 dataset is
therefore likely to yield weaker agreement with simulation. The scale factors are derived for each
𝑝T bin of each decay mode, but the summary plot in figure 10 combines the different decay modes
according to their branching fractions and reconstruction efficiencies. The Medium 𝐷jet, VVLoose
𝐷e , and Tight 𝐷µ working points are used.

The scale factors are generally a bit smaller than 1, typically within 20% of unity. Compared
to the previous version of DeepTau, the scale factors measured for v2.5 are systematically closer
to one for both 2018 and 2022 dataset, demonstrating that the domain adaptation approach leads to
better agreement between data and simulation. The scale factors below 1 can be attributed to various
factors, such as inaccuracies in the modelling of hadronization and imperfections in the simulation
of the detector alignment and track hit reconstruction efficiencies.
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Figure 10. The data-to-simulation scale factors of the τh identification efficiency as functions of 𝑝T in the 2018
(left) and 2022 (right) data-taking periods, including all τh decay modes, and requiring the 𝐷jet Medium working
point (see table 2) and 𝑚T (𝑝

µ

T, 𝑝
miss
T ) < 65 GeV. The vertical bars correspond to the combined statistical and

systematic uncertainties in the individual scale factors. For a fair scale factor comparison in 2022, the tau energy
scale have been fixed to the one measured for DeepTau v2.5 which showcases higher genuine τh purity.
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Figure 11. The 𝑚vis distribution in the Z → τ
µ

τh channel for the 2022 dataset before (left) and after (right) the
full calibration. The DeepTau working points used are: Medium for 𝐷jet, VVLoose for 𝐷e and, Tight for 𝐷µ

(see table 2). The application of correction factors improves the agreement between data and simulation.

To verify the performance of the derived scale factors a set of control plots are produced.
Figures 11 and 12 show the 2022 𝑚vis distribution in the Z → τ

µ
τh and Z → τeτh channels,

respectively, before (left) and after (right) the application of the τh identification efficiency scale
factors and the misidentification rate scale factors that will be later described in section 6.2. The
data-to-simulation agreement is highly improved by the application of these scale factors.
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Figure 12. The 𝑚vis distribution in the Z → τeτh channel for the 2022 dataset before (left) and after (right)
the full calibration. The DeepTau working points used are: Medium for 𝐷jet, Tight for 𝐷e and, Tight for 𝐷µ

(see table 2). Specific 2022 detector conditions that affected electron reconstruction are not perfectly modelled
in the simulation. As a result, the amount of electrons misidentified as τh is enhanced in data with respect to
simulated events. The application of correction factors improves the agreement between data and simulation.

6.1.2 Combined fit

The newly proposed technique combines the τh identification efficiency and energy scales estimation
into a single fit, simplifying the measurement by applying a unified adjustment to the same distribution,
using consistent systematics, and accounting for correlations between the two factors. This method
was developed with 2018 data, where the limited size of the dataset prevented the measurement
of identification scale factors and energy correction in both decay mode and multiple transverse
momentum bins. When applied to the 2022 dataset, which had an even smaller event sample size,
the fit was therefore performed only as a function of decay mode, with the τh energy correction
profiled and the identification scale factor treated as a free parameter. Despite these limitations, the
method remains reliable and is presented here, as it is expected to fully demonstrate its potential
with the large dataset to be collected between 2024 and 2025. This section details the combined fit
method which was developed and validated with 2018 data, and applied to determine the τh energy
scale corrections for the 2022 dataset.

In the fit, the ratio of the observed to expected efficiency for a genuine τh candidate to pass
the selection is treated as a free parameter, allowing for the extraction of an identification efficiency
scale factor relative to the simulated efficiency. Similarly, the τh energy scale is included as a
free parameter in the fit.

Binned 𝑚vis distributions are generated in simulation for τh energy scale variations ranging
from −3 to 3% for the 2018 dataset and from −10 to 10% for the 2022 datasets, in steps of 0.1%.
Interpolation between the discrete histograms is performed using the method described in ref. [69],
enabling a smooth variation of the energy scale. This approach improves upon standard interpolation
methods that rely solely on fixed “up” and “down” variations, providing finer resolution and enhancing
both the accuracy and robustness of the model.
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Figure 13. Summary of τh identification efficiency (left) and τh energy scale corrections (right) across the τh
decay modes and 𝑝T regions for 2018 with 𝑚T (𝑝

µ

T, 𝑝
miss
T ) < 65 GeV and the 𝐷jet Medium working point (see

table 2). The horizontal bars represent the total uncertainty on the measurements, combining both statistical and
systematic contributions.

For each energy scale shift, a maximum likelihood fit is performed, incorporating the combined
expectations from Z → ττ events in the µτh final state with the relevant background processes and
systematic uncertainties outlined in previous sections. The profile likelihood scans exhibit significant
fluctuations due to limited event sample size. To robustly determine the minimum of the negative
log-likelihood (NLL) and to extract the corresponding uncertainties, the NLL profiles are fitted
using asymmetric parabolic functions.

For the 2018 dataset, a selection criterion of 𝑚T(𝑝
µ

T, 𝑝
miss
T ) < 65 GeV was applied, and scale

factors are provided for the 𝐷jet Medium working point. The fit was performed across the τh decay
modes and two transverse momentum intervals of the τh candidate: [20, 40] and [40, 200] GeV.
Although a finer granularity, similar to the division used in the separate fit, was technically feasible
and underwent preliminary testing for τh energy scales, the small size of the event sample resulted
in significant instabilities in the fit. Consequently, these measurements are based on a two-region
division for 𝑝T to ensure a more stable fit.

A summary of the results as a function of 𝑝T is presented in figure 13. A general trend of higher
identification scale factors in the high-𝑝T region is observed, attributed to improved modelling in these
regions. A low dependence between the scale factors in the lower 𝑝T range is observed, while there
is higher dependence in the higher-𝑝T range. This dependence is attributed to bin migration in the
visible mass distribution of each 𝑝T region when varying the τh energy scale. This migration leads to
normalization changes, which, in turn, induce a dependence between the τh identification efficiency
and the τh energy scales. These findings highlight the necessity of a simultaneous fit for both scale
factors to accurately capture their dependence. However, this approach is currently constrained by
the number of 𝑝T regions that can be effectively used, and further division will require a larger event
sample, which could also help mitigate bin migration effects.

The results of the combined fit for the τh identification efficiency and energy scale for the 2022
dataset are presented in figure 14 for the 𝐷jet Medium working point. The fit is only performed across
the τh decay modes because of the smaller dataset size.
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Figure 14. Summary of τh identification efficiency (left) and τh energy scale corrections (right) across the τh
decay modes for 2022 with𝑚T (𝑝

µ

T, 𝑝
miss
T ) < 40 GeV and 𝐷jet Medium working point (see table 2). The horizontal

bars represent the total uncertainty on the measurements, combining both statistical and systematic contributions.

The τh energy scale results are all consistent with unity within 3%. The τh identification efficiency
scale factors are slightly closer to unity compared to those obtained in the 2018 measurement, likely
due to the use of the powheg generator in this specific case, as opposed to MadGraph5_amc@nlo
used in the others.

Additional studies have been conducted, including variations in 𝑚vis binning and range, opti-
mization of the 𝑚T(𝑝

µ

T, 𝑝
miss
T ) requirement, and testing with control regions. To account for these

differences, an additional uncertainty of 1% is applied to the τh energy scales across all decay modes
regions. Additionally, combined fits were performed across regions while constraining nuisance
parameters, yielding results consistent within 5%.

For the 2022 datasets, the combined fit shows a low dependency between the scale factors, with
the results from the separate and combined fits being compatible. However, statistical limitations
restrict the ability to divide the fit into 𝑝T regions.

The choice between the combined fit and separate fit methods for deriving scale factors involves
balancing the benefits and challenges of each approach. The combined fit method allows for
simultaneous determination of the τh energy scale and identification efficiency scale factors, accounting
for potential correlations and offering a comprehensive treatment of uncertainties. However, because
it requires fitting not only the normalization of the 𝑚vis distribution but also its shape, it demands a
large dataset to achieve a stable fit. Additionally, statistical limitations prevent dividing the dataset into
finer 𝑝T regions, that poses a challenge for analyses sensitive to the 𝑝T dependence of τh. In contrast,
the separate fit method provides enhanced flexibility by allowing independent determination of each
scale factor, making it well-suited for analyzing different kinematic regions. The separate fit does,
however, assume low correlation between the factors, which must be verified for validity, and may
offer a slightly less comprehensive uncertainty treatment if correlations are overlooked. To address
these challenges, an alternative method for handling τh energy scale uncertainties was proposed by
externalizing them from the τh identification scale factor determination, as described in the previous
section. Ultimately, the selection of the method relies on statistical constraints of the analysis and on
the specific requirements, particularly in regard to kinematic sensitivity.
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6.2 The lepton misidentification rate scale factors

The performance of the DeepTau v2.5 algorithm in rejecting light leptons (ℓ) mimicking τh candidates
is studied by measuring the muon and electron misidentification scale factors in Z → ℓℓ events. We
exploit a modified tag-and-probe method where a well-identified and isolated light lepton serves as a
“tag” and a loosely selected τh candidate acts as a “probe”. Events where the τh candidate satisfies a
specific working point of the 𝐷ℓ discriminator form the PASS region, whereas the residual events
define the FAIL region. The misidentification rate scale factors derived from the measurement account
for event migration between the PASS and FAIL regions. In addition, a normalization correction
that affects both the PASS and FAIL regions equally is applied.

The following two sections explain in detail the muon and electron misidentification rate scale
factor measurements.

6.2.1 The muon misidentification rate scale factors

The measurement of scale factors of the muon misidentification rate requires OS and well-separated
µτh pairs, whose selection follows the one outlined in section 6.1. The measurement is performed for
multiple bins of the |𝜂 | of the τh and for all 𝐷µ working points, while 𝐷e and 𝐷jet working points are
fixed at VVLoose and Medium, respectively. The |𝜂 | bin edges of 0, 0.4, 0.8, 1.2, 1.7, and 2.5 are used
to cover the barrel and endcap regions of the CMS detector, including their overlap region.

Muon misidentification rate scale factors are derived from a simultaneous fit of simulation to
data. The fit model includes two parameters of interest, applied to the Z → ℓℓ process in the PASS
region: a normalization scale factor and a migration scale factor. An additional dependent parameter
is introduced in the FAIL region to propagate any event migration. The final result of the measurement
is the product of the two scale factors from the PASS region.

Systematic variations for the measurement are consistent between the 2018 and 2022 datasets
and include a ±3% τh energy scale variation, a ±10% muon energy scale variation, and a ±10%
muon energy resolution. The latter is a conservative estimate introduced to account for the observed
disagreement in the shape of visible mass distribution between data and simulation in the early
2022 dataset.

Measurement results are summarized in figure 15, which shows the muon misidentification
rate scale factors for the Medium working point of the 𝐷µ discriminator. These results include
measurements done for both the 2018 and the 2022 datasets. The overall behaviour of the scale factor
values is similar between different 𝐷µ working points, except for tighter working points, which tend to
have slightly higher scale factors values. This stems from divergence between data and simulation
in the 𝐷µ output score, which is not uniform across the score range and is most pronounced in
the region most pure in genuine τh. Choosing a tighter working point can therefore increase the
data-simulation disagreement. The application of the misidentification rate scale factor reduces the
difference between data and simulation, as visible in the enhancement of the simulated Z → µµ

peak around 90 GeV in the right panel of figure 11.
A significant deviation of the scale factors from unity is observed in the high-|𝜂 | region. Muons

traversing this detector section may be more poorly reconstructed and consequently misidentified as a
τh candidate. This effect is not properly captured by simulations.
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Figure 15. Muon misidentification rate scale factors binned by the τh |𝜂 | for the Medium 𝐷µ working point
(see table 2). Measurement for the 2018 dataset is shown on the left and for the 2022 dataset on the right. The
dashed lines indicate the boundaries of the τh |𝜂 | bins. The vertical bars represent the total uncertainty on the
measurements, combining both statistical and systematic contributions.

6.2.2 The electron misidentification rate scale factors

The eτh events for the measurement of scale factors of the electron misidentification rate are selected
requiring a well-isolated electron triggering the event with 𝑝T greater than 33 GeV and a τh candidate
with a minimum 𝑝T of 20 GeV passing the working points Medium for 𝐷jet, Tight for 𝐷µ and VVLoose
or Tight for 𝐷e . The scale factors are derived separately in the ECAL barrel region (|𝜂 | < 1.46) and
in the ECAL endcap region (|𝜂 | > 1.56) and in different τh decay modes.

The method is similar to the one outlined for muons, except for how the energy scale of leptons
misidentified as τh candidates is treated. In this fit, the energy scale of electrons misidentified as
genuine τh candidates is included as a parameter of interest alongside the misidentification rate
scale factor, allowing both corrections to be extracted simultaneously. This was not attempted in
the measurement of the misidentified muon energy scale because of the smaller contribution of the
misidentified-muon background in the µτh channel.

Binned 𝑚vis distributions are generated in simulation for the energy scale variations of the electron
misidentified as a genuine τh candidate ranging from −10 to 10% for 2018 dataset, and from −25 to
25% for 2022. Summary plots of the misidentification rate scale factors are presented in figure 16
for the VVLoose working point of the 𝐷e discriminator, for 2018 (left) and 2022 (right). For the
2018 dataset, the corrections are all compatible with unity, except for the h±π

0 decay mode in the
barrel. We can see a similar trend in the 2022 dataset, but with scale factors on average farther from
unity. The extracted energy scales are always within ≃5% of unity for 2018 and ≃10% for 2022. For
tighter working points, the same considerations hold with slightly higher values for the barrel scale
factor for the h±π

0 decay mode (up to ≃30% increase for 2022).
The effect of applying the scale factors is visible in the enhancement of the simulated Z boson peak

at 90 GeV in figure 12 (right). The derived scale factors correct the simulation for the observed increase
of misidentified electrons in collision data, improving the general data-to-simulation agreement.
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Figure 16. Summary plots of results for electron misidentification rate scale factors divided in decay modes and
𝜂 regions for the VVLoose 𝐷e working point (see table 2). The corrections are shown for the 2018 (left) and
2022 (right) datasets. The horizontal bars represent the total uncertainty on the measurements, combining both
statistical and systematic contributions.

6.3 The τh identification scale factors at high 𝒑T

Many analyses at the LHC deal with final states involving tau leptons with high transverse momentum.
One example is searches for heavy neutral and charged Higgs bosons, predicted by models with an
extended Higgs sector. The identification efficiency of genuine τh candidates with high transverse
momentum (𝑝T > 100 GeV) can be measured using a sample of events in which a highly virtual W
boson (𝑚W∗ > 200 GeV) is produced at small transverse momentum (and thus has little hadronic
activity) and decays into a tau lepton and a tau neutrino, W∗ → τντ .

The measurement of the τh identification efficiency scale factors relies on two samples. The data-
simulation corrections for the τh identification efficiency are extracted from a measurement region that
is enriched in W∗ → τντ events. Additionally, a control region dominated by W∗ → µνµ events is used
to constrain the normalization of the W∗ process in the 𝑚W∗ > 200 GeV phase space. The measurement
is performed in two bins of τh transverse momentum: 100 < 𝑝T < 200 GeV and 𝑝T > 200 GeV.

The W∗ → τντ sample is selected with the trigger requiring reconstructed 𝑝
miss
T to be greater

than 120 GeV, whereas the control sample of W∗ → µνµ decays is selected with a single-muon
trigger with 𝑝T threshold of 27 GeV. Selection of the W∗ → τντ sample requires a τh candidate with
𝑝T > 100 GeV and |𝜂 | < 2.3. Events selected in the W∗ → µνµ sample must contain an isolated
prompt muon with 𝑝T > 120 GeV and |𝜂 | < 2.1. In both the measurement and control regions, the
reconstructed 𝑝

miss
T must exceed 130 GeV and 𝑚T(𝑝

ℓ

T, 𝑝
miss
T ) must be greater than 120 GeV, where ℓ

denotes a µ or τ, respectively. The azimuthal angle difference between ®𝑝miss
T and the ®𝑝T of the muon

or τh candidate must be greater than 2.8 to select events in which the lepton and neutrino are expected
to be back-to-back. Finally, events with additional light leptons and jets are vetoed.

Modelling of the physics processes contributing to the control and measurement regions with
genuine leptons (muon or τh) is based on simulation. Backgrounds with jets misidentified as genuine
τh are estimated with the fake factor (𝐹𝐹) method. The 𝐹𝐹 is defined as the ratio of the probability for
a jet to pass nominal τh identification criteria over the probability for it to pass some relaxed criteria
but fail the nominal selection. We measure 𝐹𝐹 as a function of the τh candidate 𝑝T, as well as the
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𝑝T ratio between the τh candidate and the jet seeding the τh reconstruction. The measurement is
performed with control samples of W(→ µνµ) + jet and dijet events. Each 𝐹𝐹 is used to extrapolate
the misidentified jets background from a dedicated control region defined using the same selection
as in the measurement region with the exception that the τh candidate is required to pass a relaxed
identification criterion, but fail the nominal one. Estimate of the background from jets misidentified
as τh is obtained by applying 𝐹𝐹’s as weights to events in this control region.

The τh identification scale factors are extracted from the binned maximum likelihood fit applied
to distributions of 𝑚T(𝑝

ℓ

T, 𝑝
miss
T ) simultaneously in the control and two measurement regions, split

by τh candidate 𝑝T. The fit is performed with three unconstrained rate parameters. One of them
simultaneously scales the yields of simulated W∗ → µνµ and W∗ → τντ events in the control and
measurement regions respectively. This rate parameter accounts for the fiducial cross section of W∗

production in the phase space probed by the measurement. The other two rate parameters scale the
yield of simulated events with genuine τh separately in two measurement regions, 100 < 𝑝T < 200 GeV
and 𝑝T > 200 GeV. These two parameters are interpreted as the τh identification efficiency scale
factors for two 𝑝T bins.

Theoretical and instrumental uncertainties affecting the measurement are incorporated in the fit
via penalty terms for additional nuisance parameters in the likelihood function. The largest theoretical
uncertainty is related to the modelling of the differential mass lineshape in the W∗ production. It
is estimated following the prescription in ref. [70]. The variation in the simulated shape of the
𝑚W∗ distribution ranges from 2% at 𝑚W∗ = 200 GeV to 6% for 𝑚W∗ > 1 TeV. Uncertainties in 𝐹𝐹

modify yields of the misidentified jets background sample by between 10 and 20% across different
bins of the 𝑚T(𝑝

τh
T , 𝑝

miss
T ) distribution in the low-𝑝T measurement bin, and by between 20 and 30%

in the high-𝑝T measurement bin.
A conservative uncertainty of 5% is assigned to the τh momentum scale and decorrelated

across different τh decay modes. Uncertainties in the jet and unclustered energy scales affect the
efficiency of the jet veto and reconstruction of 𝑝

miss
T . These uncertainties lead to variations in the

simulated 𝑚T(𝑝
τh
T , 𝑝

miss
T ) distributions by between 5 and 10%. Other uncertainties have a smaller

impact on the measurement.
Measured scale factors are found to be consistent with unity within the measurement uncertainties,

as shown in figure 17. For the 𝑝T bin of 100 < 𝑝T < 200 GeV (𝑝T > 200 GeV) the uncertainty is
8–12% (10–16%) depending on the chosen working point of DeepTau discriminator and data-taking
period. It should be noted that the domain adaptation of the updated version of the DeepTau tagger
does not specifically target high-𝑝T tau leptons. As a consequence, equally good consistency of scale
factors with unity is observed for both DeepTau v2.1 and DeepTau v2.5.

Figure 18 illustrates the measurement performed in the 2022 dataset. It presents distributions
of 𝑚T(𝑝

τh
T , 𝑝

miss
T ) obtained before and after applying the maximum likelihood fit. Results are shown

for a representative choice of the DeepTau working points: Medium 𝐷jet, Tight 𝐷µ , and Tight 𝐷e .
Good agreement between data and simulation is observed for high-𝑝T tau leptons before corrections,
with dedicated scale factors providing further refinement.

7 Summary

In this paper, the newly deployed version of the DeepTau algorithm, v2.5, used to discriminate
τh candidates from quark or gluon jets and electrons and muons, has been introduced. This deep
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Figure 17. The high-𝑝T τh identification efficiency scale factors as a function of τh 𝑝T for 𝐷jet Medium, 𝐷µ

Tight and 𝐷e VVLoose (left) and Tight (right) discriminators (see table 2). The scale factors are measured for
the 2018 (top) and 2022 (bottom) datasets.

convolutional neural network exhibits improved performance with respect to its predecessor, reducing
the jet misidentification rate by 30–50% for a given τh reconstruction and identification efficiency.
The implementation of domain adaptation by backpropagation has reduced performance discrepancies
between collision data and simulation, decreasing the necessary residual corrections by 5%. The
domain adaptation was introduced by including an adversarial subnetwork in the gradient calculation
of the neural network. This adversarial subnetwork was designed to discriminate between collision
data and simulations, running in parallel with the τh classification task. The DeepTau algorithm,
trained using both collision data and simulated samples, is able to maximize the τh classification
performance, while minimizing the data-simulation discrepancies.

The DeepTau v2.5 algorithm was trained on simulated proton-proton collision data corresponding
to the 2018 data-taking conditions, as well as on real collision data collected during the same year contain-
ing Z → ττ decays, which was used for domain adaptation. The algorithm has been validated using 2018
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Figure 18. Prefit (left plots) and postfit (right plots) distribution of 𝑚T (𝑝
τh
T , 𝑝

miss
T ) for 𝑝T bins of 100 < 𝑝T <

200 GeV (upper plots) and 𝑝T > 200 GeV (lower plots) in the 2022 dataset. Distributions are obtained for a
combination of 𝐷jet Medium, 𝐷µ Tight and 𝐷e Tight discriminators (see table 2).

and 2022 collision data. The observed τh efficiencies were found to agree with the expected efficiencies
from simulated events within 10% for 2018 and 15% for 2022. This agreement is improved with respect
to the previous iteration of the algorithm and confirms the effectiveness of domain adaptation. The algo-
rithm has been introduced to be used in CMS physics analyses using data recorded from 2022 onwards.
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A Loss function

The loss function is defined as:

𝐿 (ytrue
, ypred) = 𝜅τ𝐻τ (y

true
, ypred;𝜔)︸                   ︷︷                   ︸

Separation for all 𝛼

+ (𝜅e + 𝜅µ + 𝜅 𝑗)𝐹cmb(1 − 𝑦
true
τ , 1 − 𝑦

pred
τ ; 𝛾cmb)︸                                                      ︷︷                                                      ︸

Focused separation of e,µ, jet from τh

+ 𝜅𝐹

∑︁
𝑖∈{e,µ, 𝑗 }

𝜅𝑖𝜃 (𝑦τ − 0.1)𝐹𝑖 (𝑦
true
𝑖 , 𝑦

pred
𝑖

; 𝛾𝑖)︸                                                   ︷︷                                                   ︸
Focused separation of τh from e,µ, jet for 𝑦τ>0.1

,

(A.1)

where ypred and ytrue are the predictions and generator-level truth, respectively; 𝐻τ is the categorical
cross-entropy loss with 𝜔 a varying parameter for sample normalization; 𝐹𝑥 is the normalized focal
loss; 𝜃 is a smoothened step function that approaches 1 for 𝑦τ > 0.1 and 0 for 𝑦τ < 0.1. This step
function disregards the discrimination between e, µ, and jets when the probability of a genuine τh
is low. The default values of the 𝜅 and 𝛾 terms are given in table 3.

The 𝜅 values affect the relative importance of predicting each class correctly. During the domain
adaptation training, these constants were set to 𝜅e = 2, 𝜅µ = 5, 𝜅τ = 6, and 𝜅 𝑗 = 1 in order to reduce
the degraded performance of τh classification.

Table 3. Default values of the parameters used in the classification loss function for DeepTau training.

Parameter Value Emphasis on
𝜅e 0.4 e separation
𝜅µ 1.0 µ separation
𝜅τ 2.0 τh separation
𝜅 𝑗 0.6 Jet separation

𝜅𝐹 5.0 High τh identification efficiency

𝛾e 2.0 e separation
𝛾µ 2.0 µ separation
𝛾 𝑗 2.0 Jet separation
𝛾cmb 0.5 e, µ, jet separation combined

Data Availability Statement. Release and preservation of data used by the CMS Collaboration as the
basis for publications is guided by the CMS data preservation, re-use, and open access policy.

Code Availability Statement. The CMS core software is publicly available on GitHub.
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