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1 Introduction

The tau lepton (τ) is widely used in measurements and searches carried out using proton-proton
(pp) collision data recorded at the CERN LHC. The tau lepton’s importance is most apparent in the
observation and the measurements of the standard model (SM) Higgs boson decaying to a pair of tau
leptons [1–7], the precision measurements of the tau lepton anomalous magnetic moment [8, 9], and
the measurements of the tau lepton polarization [10–12]. Moreover, final states including tau leptons
are at the forefront of searches for beyond-the-SM (BSM) particles, processes, and couplings [13, 14].

Tau leptons are massive enough to decay hadronically, and are the heaviest leptons in the SM,
possessing a mass of 1.777 GeV and mean lifetime of 290 fs [15]. Because of the short lifetime, tau
leptons produced by pp collisions in CMS are not detected directly and can only be reconstructed from
their decay products. Tau leptons decay hadronically with a branching fraction of 64.8%, resulting
in one tau neutrino (ντ) and two quarks. The quarks undergo hadronization, and the final object is
reconstructed as a hadronic tau (τh) candidate. The remaining branching fraction comprises leptonic
decays, either to an electron or a muon, and accompanying neutrinos.
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In this paper, we describe for the first time the developments of machine-learning (ML) algorithms
deployed into the high-level trigger (HLT) in the CMS experiment [16, 17] for identifying τh candidates.
The performance is evaluated using pp collision data collected in 2022–2023 at a center-of-mass energy
of 13.6 TeV, which we refer to as “early Run 3” or simply “Run 3” throughout the paper. Similarly, we
use “Run 2” to refer to the data-taking period from 2016–2018. Run 3 is the first time that the HLT is
equipped with ML algorithms for τh candidates. Because of these advancements and the instrumental
upgrades [17], the HLT τh candidates are captured with higher efficiency than in Run 2 [18], despite
an aging detector and an increased number of additional pp interactions per bunch crossing.

This paper is structured as follows: section 2 introduces the CMS detector with emphasis on its
two-tiered trigger system, followed by a description of the offline event reconstruction in section 3.
Sections 4 and 5 describe the samples used for HLT development and performance evaluation, and
τh candidate reconstruction at the HLT, respectively. Sections 6 and 7 focus on the development of
ML algorithms for τh candidate identification at the HLT. Section 8 discusses the performance of
τh candidate reconstruction in early Run 3 data, and a summary is given in section 9.

2 The CMS detector

The CMS apparatus [16, 17] is a multipurpose, nearly hermetic detector, designed to trigger on [19–21]
and identify electrons, muons, photons, and (charged and neutral) hadrons [22–24]. Its central feature
is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. A silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL) with silicon strip
preshower detectors placed at the front faces of the two endcap calorimeters, and a brass and scintillator
hadron calorimeter (HCAL), each composed of a barrel and two endcap sections, are installed inside
the solenoid. Forward calorimeters extend the pseudorapidity (𝜂) coverage provided by the barrel and
endcap detectors. Muons are detected in gas-ionization chambers embedded in the steel flux-return
yoke outside the solenoid. A more detailed description of the CMS detector, together with a definition
of the coordinate system and the relevant kinematic variables, is presented in refs. [16, 17].

Before the start of the 2022 data-taking period, numerous upgrades and improvements to the
subdetectors, readout electronics, trigger, data acquisition, software, and offline computing systems
were implemented. These include new silicon photomultipliers and readout electronics for the HCAL
that allow for a finer granularity and longitudinal segmentation [25], the replacement of the innermost
layer of the silicon pixel detector [26], the new hybrid CPU/GPU farm for the HLT [27], and the
rebuilt dedicated online luminosity monitors [28–30].

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 4 𝜇s [19]. The second level, known as
the 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 [20, 21]. An
HLT “path” is a sequence of algorithms and selections that performs a simplified event reconstruction
during data taking and targets a physics process. In Run 3, the full HLT menu consists of about 800
different HLT paths [20]. The term “online” is used to refer to quantities calculated and physics
objects produced at the time of data taking, to determine if an event will be stored for later analysis.
If an event is accepted by the HLT based on its online information, a more sophisticated “offline”
reconstruction is performed and used for further analysis.
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3 Reconstruction of offline objects

This section describes the general reconstruction methods of physics objects used in the training
and performance evaluation for offline studies.

Final-state particles, such as electrons, muons, and charged and neutral hadrons, are reconstructed
by the particle-flow (PF) algorithm [31], which uses an optimized combination of information from
subdetectors of the CMS experiment. 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 vertex from 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 momentum 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. These particles are then used to reconstruct higher-level physics
objects, including jets, missing transverse momentum, and τh candidates. The primary vertex is
taken to be the vertex corresponding to the hardest scattering in the event, evaluated using tracking
information alone, as described in ref. [32].

For each event, hadronic jets are clustered from these reconstructed particles using the infrared
and collinear safe anti-𝑘T algorithm [33, 34] with a distance parameter of 0.4. The 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 generator-level momentum over the whole transverse
momentum (𝑝T) spectrum and detector acceptance. Additional pp interactions within the same or
nearby bunch crossings (pileup) can contribute additional tracks and calorimetric energy depositions
to the jet momentum. To mitigate this effect, charged particles identified to be originating from pileup
vertices are discarded and an area-based offset correction is applied during Run 2 [35], whereas the
pileup-per-particle identification algorithm is used during Run 3 [36]. Jet energy corrections are
derived from simulation to bring the measured response of jets to that of particle level jets on average.
In situ measurements of the momentum balance in dijet, photon+jet, Z+jet, and multijet events are
used to account for any residual differences in the jet energy scale between data and simulation [37].
The jet energy resolution amounts typically to 15–20% at 30 GeV, 10% at 100 GeV, and 5% at
1 TeV [37]. Additional selection criteria are applied to each jet to remove jets potentially dominated by
anomalous contributions from various subdetector components or reconstruction failures [35].

Electrons are measured in the range |𝜂 | < 2.5. The reconstruction efficiency in data ranges from
88 to 98% in the barrel region (|𝜂 | < 1.479) and from 90 to 96% in the endcaps (1.479 < |𝜂 | < 2.5)
for electrons in the 𝑝T range between 10 and 100 GeV. The momentum resolution for electrons with
𝑝T ≈ 45 GeV from Z → ee decays ranges from 1.7 to 4.5%. 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 tracker material before reaching the ECAL [38].

Muons are measured in the 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 𝑝T resolution
of 1% in the barrel and 3% in the endcaps for muons with 𝑝T < 100 GeV. Measurements made
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with cosmic ray muons show that, in the central region of the detector, the 𝑝T resolution is better
than 7% for muons with 𝑝T up to 1 TeV [23].

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

the PF candidate 𝑝T in an event, and its magnitude is denoted as 𝑝
miss
T [39]. The ®𝑝miss

T is modified to
include corrections to the energy scale of the reconstructed jets in the event.

Jets are used as seeds in the reconstruction of τh candidates, which is carried out with the
hadron-plus-strips (HPS) algorithm [18, 40, 41], analogously to the logic in the HLT described in
section 5. To distinguish genuine τh decays from jets originating from the hadronization of quarks
or gluons, and from electrons or muons, the DeepTau algorithm is used [42, 43], and its online
implementation is discussed in detail in section 7.

4 Data and simulated samples

The early Run 3 data collected by the CMS detector correspond to 34.7 (27.2) fb−1 of pp collisions
from 2022 (2023) [44–47]. Further event selection criteria are applied depending on the analyses
performed and are described in detail in the relevant sections.

Monte Carlo (MC) samples are produced for ML algorithm training and trigger performance
evaluation. Drell-Yan (DY) (Z/γ

∗ → ℓℓ , where ℓ = e, µ, τ) and W+jet samples of simulated events
are produced at leading order (LO) using MadGraph5_amc@nlo 2.6.5 [48] with the MLM jet
merging scheme [49]. Events comprised predominantly of jets produced through the strong interaction,
referred to as quantum chromodynamic (QCD) multijet events, are simulated at LO with pythia
8.243 [50]. Top quark-antiquark pairs (tt) are simulated at next-to-LO with powheg v2 [51–55]; this
generator is also used for Higgs boson production via vector boson fusion at next-to-LO [56] followed
by the Higgs boson decaying to two tau leptons (H → ττ). The pythia generators are used together to
produce a BSM sample of a heavy gauge boson decaying to two tau leptons (Z′ → ττ), where the Z′

boson mass is 4 TeV. The pythia generator, with the CP5 underlying-event tune [57], is interfaced
with the matrix-element generators to model tau lepton decays by tauola [58], the parton shower, and
hadronization processes. The NNPDF 3.0 or 3.1 parton distribution functions are used as input in
all the calculations [59, 60]. For all MC samples, the detector response is simulated using a detailed
description of the CMS detector based on Geant4 [61], and event reconstruction is performed on
simulation with the same algorithms as are used for data.

The simulated events are reweighted with the same pileup profile as found in the observed data. In
2022 and 2023, the average number of interactions per bunch crossing was 46 and 52, respectively [44].

5 Reconstruction of τh candidates at the HLT

5.1 Tau trigger reconstruction

The tau lepton decay branching fractions are summarized in table 1. As described in the introduction,
the tau lepton can decay leptonically or hadronically. The key property of hadronic tau lepton
decays is that they primarily proceed through mesonic resonances via an electroweak charged current
interaction. These hadronic decay products provide characteristic information to reconstruct and
identify tau leptons in an event.

All HLT paths begin with, or are “seeded” by, an L1 trigger. The L1 τh candidate algorithm begins
by identifying locally maximal energy deposits above a threshold of 2 GeV. Using only position and
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Table 1. Decay modes and branching fractions (B) of the tau lepton alongside the mesonic resonances primarily
involved in hadronic tau lepton decays. Reproduced from [15]. CC BY 4.0.

Decay mode B [%] Resonance [MeV]
Leptonic decays 35.2

τ
− → e−νeντ 17.8

τ
− → µ

−
νµντ 17.4

Hadronic decays 64.8
τ
− → h−

ντ 11.5
τ
− → h−

π
0
ντ 26.0 ρ (770)

τ
− → h−

π
0
π

0
ντ 9.5 a1(1260)

τ
− → h−h−h+ντ 9.8 a1(1260)

τ
− → h−h−h+π

0
ντ 4.8

Other hadronic modes 3.2

energy information from the ECAL and HCAL, the algorithm builds clusters and merges them based on
proximity conditions determined by the size of ECAL and HCAL detector elements, and the position
of the local maxima in 𝜂. Then, the τh candidate’s position is computed as an energy-weighted average
centered around the largest energy deposit. This is an effective first step to identify τh candidates
because hadronically decaying tau leptons typically have less hadronic activity than QCD-induced
jets, leading to a smaller total size and fewer clusters of energy deposition. Isolation requirements to
suppress the surrounding energy deposit are applied as a function of the τh candidate’s total energy,
𝜂, and the number of calorimeter trigger towers (𝑛TT) in order to suppress the QCD-induced jets,
which are usually broader. Calorimeter trigger towers group 5×5 ECAL crystals in the barrel and the
corresponding HCAL tower behind them into one object with a total size of Δ𝜂×Δ𝜙 = 0.087×0.087,
where 𝜙 is the azimuthal angle in radians. The isolation requirements are loosened for high 𝑛TT and
high total energy to minimize the efficiency dependence on pileup and maximize the efficiency. A
full description of all L1 trigger objects and algorithms is given in ref. [19]. The efficiency of both
isolated and nonisolated τh candidates from L1 is typically greater than 80% for 10 GeV above its
threshold value and greater than 90% for 20 GeV above it [62].

The HLT is designed to use fast and simple algorithms to quickly reject lower quality events before
running more complex reconstruction on passing events. Consequently, the τh candidate reconstruction
at the HLT is performed in several steps depending on the final state targeted by the path, which
includes di-τh, single-τh, eτh, and µτh. A brief overview of the Run 2 τh candidate reconstruction steps
at the HLT, discussed extensively in ref. [21], is given first to contrast the updated Run 3 approach.

In Run 2, the online workflow begins with L1 τh objects as seeds, and, depending on the HLT
path, is then followed by so-called L2, L2.5, and L3 steps, which are progressively more complex.
A diagram of the workflow is shown in figure 1, as some HLT paths only need to run a subset of
these steps. The so-called cross trigger eτh and µτh HLT paths already have low event rates due
to the light-lepton reconstruction and identification, hence the L2 and L2.5 filtering steps are not
necessary. For the single-τh and di-τh HLT paths, the L2 step combines L1 information with energy
deposition information in the calorimeter towers, then the L2.5 step uses additional information from
the pixel detector to compute a charged-particle isolation score. Finally, if the τh candidates pass the
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previous steps, they proceed to the L3 step, where online PF reconstruction is performed using the
full tracking information. All paths except the di-τh one adopt a global reconstruction of all tracks
in the event. The di-τh path applies a regional reconstruction with tracks localized around the L2 τh
candidate. The algorithms used in Run 2 paths are referred to as “cut-based” algorithms because
they enforce threshold values on relatively simple observables.

In Run 3, the overall workflow is the same, but the cut-based algorithms previously used at the
L2 and L3 steps have been replaced with ML algorithms, as shown in red in figure 2. These updates
include a convolutional neural network based algorithm at the L2 step, called L2TauNNTag, that
was developed to suppress the event rate to an affordable value in single-τh and di-τh HLT paths,
as discussed in detail in section 6. The updated L3 reconstruction step adopts online τh candidate
identification using a simplified version of the DeepTau network, as discussed in section 7.

The eτh and µτh cross triggers are designed to capture events with one τh candidate in association
with an electron or muon. The eτh HLT path is seeded with an electromagnetic object and a τh
candidate from the L1 trigger. The electromagnetic object can be an electron or photon, and is required
to have 𝑝T > 22 GeV and satisfy a loose isolation criterion, determined by the number of hits in
nearby trigger towers as a function of 𝑝T. The L1 τh candidate is required to have 𝑝T > 26 GeV and
satisfy similarly defined isolation criteria. The objects are required to not overlap within a cone of

Δ𝑅 =

√︃
(Δ𝜂)2 + (Δ𝜙)2

< 0.3. The µτh HLT path is seeded with an L1 muon object with 𝑝T > 18 GeV
and an L1 τh candidate with 𝑝T > 24 GeV. No isolation is required in the case of the µτh L1 trigger.
At HLT, the electron (muon) is required to have 𝑝T > 24 (20) GeV and satisfy tight identification and
isolation criteria, which reduces the rate of events for the τh candidate reconstruction.

The L3 τh candidate reconstruction uses the full tracking information with the online PF
reconstruction, and is a simplified version of the offline algorithm [31] in order to reduce the processing
time. With these inputs, a simplified version of the HPS algorithm is applied, modified from the
offline τh candidate reconstruction, and discussed extensively in ref. [18]. More details of the
online HPS algorithm are given in section 5.2. The tau lepton identification (tau-ID) score of the
reconstructed τh candidate is computed with the online version of DeepTau. Finally, the τh candidate
is required to have 𝑝T > 30 (27) GeV for the eτh (µτh) HLT path, and not overlap with the light
lepton within a cone of Δ𝑅 < 0.5.

The single-τh HLT path is designed to capture events with at least one high-𝑝T τh candidate. The
HLT path is seeded with a τh candidate from L1 with 𝑝T > 120 GeV, and no isolation requirement.
The single-τh HLT path makes use of the L2TauNNTag algorithm to reduce the rate of events entering
the final L3 reconstruction. The previously described L3 reconstruction is then followed by the online
tau-ID with DeepTau, and finally a requirement that the τh candidate has 𝑝T > 180 GeV.

The di-τh HLT path is meant to capture events with at least two τh candidates. It is seeded by
two isolated L1 τh candidates, each with 𝑝T > 32 GeV. This threshold was increased to 34 GeV
in the later portion of 2022 data taking to mitigate a larger-than-expected L1 rate. If there are two
L1 τh candidates with 𝑝T > 70 GeV, no isolation criteria are applied. Similar to the single-τh HLT
path, the L2TauNNTag is used to reduce the input rate to the next reconstruction step. Again,
the L3 reconstruction is performed, an online tau-ID score is evaluated with DeepTau, and a 𝑝T
threshold of 35 GeV is applied to both τh candidates. Additionally, the candidates are required to
not overlap within a cone of Δ𝑅 < 0.5.

– 6 –
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Figure 1. Workflows for τh candidate reconstruction at the HLT in Run 2. Reproduced from [21]. The Author(s).
CC BY 4.0.

Figure 2. Workflows for τh candidate reconstruction at the HLT in Run 3, since 2022.

5.2 The HPS algorithm

The HPS algorithm was first used for the offline reconstruction of hadronic tau lepton decays in
Run 2 [18, 40, 41]. It was then introduced online to HLT paths with τh candidates in 2018 to replace
the cone-based algorithm [18]. The initial inputs to the algorithm are PF jets with 𝑝T > 14 GeV and
|𝜂 | < 2.5 that were reconstructed using the anti-𝑘T algorithm with a distance parameter of 𝑅 = 0.4 [31].

Targeting the hadronic decay modes in table 1, the algorithm reconstructs τh candidates using the
features of charged hadrons and neutral pions. The neutral pions rapidly decay into photon pairs, a
fraction of which can interact with the nuclei and associated electrons in the tracker material leading
to photon conversion into e+e− pairs. The strong magnetic field of the CMS detector’s solenoid
bends the pair of e+ and e− into opposite directions in 𝜙, resulting in a spatial separation in the
𝜂–𝜙 plane. Photon and electron candidates that are found in the online PF jets are clustered into a
“strip” with a Δ𝜂×Δ𝜙 area of 0.05×0.2 around the highest 𝑝T photon or electron. The wider spread
of electrons in the 𝜙 direction is caused by the CMS experiment’s solenoid. The momentum of the
strip is defined as the vectorial sum of the momentum of its constituents, and the mass is assigned
to be the π

0 mass. Only the strips with 𝑝T > 2.5 GeV are considered.
The cone size for reconstructing a τh candidate is defined as 𝑅sig = 3 GeV/𝑝T, with the limits

of 0.05 < 𝑅sig < 0.10, where 𝑝T is that of the hadronic system. All strips and charged hadrons in
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the cone are used to reconstruct the τh candidate. It is possible to construct multiple τh candidates
for a single jet, in which case the one with the largest 𝑝T is selected.

The number of charged and neutral hadrons, 𝑁h± and 𝑁
π

0 , are used to classify the reconstructed
τh candidates. For each charged hadron, there is a distinguishable track, and the decay modes are
subsequently grouped into “n-prong” (the number of charged hadrons) cases. For 3-prong decay
modes, the summed charge of the constituents is required to equal ±1. Since the 2-prong cases
violate charge conservation, they are considered to be 3-prong decays where one charged hadron was
misreconstructed or escaped the detector acceptance. Further requirements of matching with the
resonances listed in table 1 are realized by constraining the invariant mass of charged and neutral
particles to the mass windows of ρ (770) or a1(1260) , optimized under dedicated online conditions.

6 The L2TAUNNTAG algorithm at the HLT

In Run 3, the cut-based L2 and L2.5 sequences from Run 2 have been replaced by a convolutional
neural network, L2TauNNTag, described here for the first time. This new algorithm adopts ML to
accommodate more available information in order to improve the efficiency of genuine τh candidates
in τh HLT paths, while lowering or maintaining the rate budget with respect to Run 2. However, the
event rates in τh HLT paths are still dominated by background from QCD jets. The algorithm takes
advantage of new GPU-based tracks from the pixel detector [63, 64] in addition to the calorimeter
information. Its training is performed on τ-enriched MC samples of DY, tt , and W+jet for genuine
hadronic tau lepton decays, as well as QCD events for jets misidentified as hadronic tau lepton decays.
The generator-level 𝑝T distribution of each sample is reweighted to obtain a uniform yield in each bin.

6.1 Network architecture

There are several types of input features used in the L2TauNNTag, which will be listed in increasing
order of granularity. At the global level of an event, the number of vertices is reconstructed using
Patatracks, a set of GPU-based software developed for optimizing and accelerating data processing
for pixel track reconstruction in the HLT and offline computing [63, 64]. At the object level, the
properties of L1 τh candidates are used, including 𝑝T, 𝜂, 𝜙, and isolation. Further down to the detector
level, the energy deposit information in the ECAL and HCAL linked to the L1 τh candidates is also
used, consisting of the total energy detected, the number of energy deposits, the distances in 𝜂 and 𝜙

between these deposits and the τh candidate, a chi-squared (𝜒2) value assessing the consistency of the
detected energy with respect to the expected pattern of genuine tau leptons, as well as the total energy
sum and energy deposit multiplicity for cases with nonzero 𝜒

2 values. In addition to the calorimeter
information, the Patatrack observables for each L1 τh candidate are used, including the number
of associated tracks and the scalar sum of their 𝑝T, a flag indicating the presence of an associated
reconstructed vertex, the charge associated with the tracks, the 𝜂 and 𝜙 distance between the tracks
and the L1 τh candidate, the 𝜒

2 and number of degrees of freedom of the track reconstruction, as
well as the longitudinal (𝑑𝑧) and transverse impact parameters.

To structure the data, the input features are organized in a 5×5 grid in the 𝜂–𝜙 plane, and are
connected to four convolution layers with a 1×1 window (numbers of filters are 80, 60, 40, and 20),
followed by four convolution layers with a 2×2 window (numbers of filters are 20, 20, 20, and 40).
These are then interfaced to three dense layers (numbers of nodes are 40, 40, and 20) and a final dense
layer with a sigmoid function. Batch normalization and the rectified linear unit activation function are
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used in each layer before the final layer. The loss function used is binary cross entropy, and the total
number of trainable parameters is 23 701. The training procedure employs the Adam optimizer [65]
with a learning rate of 0.001. Once the validation loss reaches its minimum value, the model parameters
are stored. An early stopping criteria is applied, such that the training is terminated if the validation
loss does not exhibit any improvement for ten consecutive epochs. The dataset is partitioned into three
subsets, using 60% of the total dataset for training, 20% for testing, and 20% for validation.

6.2 Performance of the L2TAUNNTAG algorithm

To compare the computing performance of the L2TauNNTag algorithm and the previous L2+L2.5
cut-based approach, the processing time and event rates were evaluated on a machine purpose-built to
emulate the real conditions of the HLT computing farm. Three different datasets were used and linearly
scaled by instantaneous luminosity to compare event rates from the cut-based and L2TauNNTag
algorithms, including Run 2 data, Run 2 data re-emulated under Run 3 trigger conditions, and Run 3
data, as described in table 2. In the di-τh HLT path, the L2TauNNTag step results in reduced event
rate to the next step of the HLT, with a similar processing time and improved efficiency compared
to the L2+L2.5 cut-based approach.

Table 2. Rate estimation and observation for the cut-based and L2TauNNTag algorithms. Column A scales
Run 2 data collected by the cut-based algorithm to Run 3 conditions, column B re-emulates Run 2 data using
the L2TauNNTag algorithm and scales the result to Run 3 conditions, and column C is the evaluated rate in
Run 3. The instantaneous luminosities used were 1.68, 2.00, and 2.20 × 1034 cm−2 s−1, respectively. The rates
are inclusive calculations not excluding shared contributions from other algorithms or paths. The statistical
uncertainties are negligible with respect to the significant digits reported.

Path A [kHz] B [kHz] C [kHz]
Di-τh 6.1 5.4 5.5

Single-τh 2.0 1.9 1.4

The efficiency of selecting genuine hadronic tau leptons using the di-τh HLT path is compared
between the L2+L2.5 cut-based and L2TauNNTag algorithms in figure 3, using simulated H → ττ

and BSM Z′ → ττ events which were not used in the training. The mixture of events from these two
processes provides a sufficient sample size in a wide 𝑝T range. The absolute efficiency is calculated
using the 𝑝T-leading τh candidate and contains both the L1 and L2 steps, accounting for the trigger
efficiency. In the left plot, the absolute efficiency of the L2TauNNTag surpasses the L2+L2.5
cut-based approach in almost the full range of visible generator-level τh 𝑝T, where “visible” refers to
the fact that the contribution of neutrinos is not taken into account. The efficiency jump at 300 GeV is
due to a threshold selection, above which all candidates are accepted. This originates from the fact
that the L1 τh 𝑝T value saturates above 250 GeV due to hardware constraints and is used as an input to
the L2TauNNTag. Although the absolute efficiency of the L2+L2.5 cut-based approach is slightly
higher than L2TauNNTag in the high-𝜂 region, an improvement in efficiency from the L2TauNNTag
can be seen in the central region of the visible generator-level 𝜂, which most electroweak and targeted
BSM physics processes favor. The efficiency reduction in the high-𝜂 region is due to the low number
of events available in the training samples in that region. Overall, the L2TauNNTag results in better
performance for the di-τh HLT path than the L2+L2.5 cut-based approach.
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Figure 3. Performance of the L2TauNNTag in the di-τh HLT path, using simulated H → ττ and BSM Z′ → ττ

events. The absolute efficiency of the reconstructed L2 τh candidates as a function of the visible generator-level
τh 𝑝T (left) and 𝜂 (right) are shown, where “visible” refers to the fact that the contribution of neutrinos is not
taken into account. The uncertainties shown by the vertical bars are from the number of events available in the
sample, while the horizontal bars show the bin width. Some of the vertical bars are smaller than the markers
and are not shown.

A comparison between the L2TauNNTag and the L2 cut-based approach is also performed for
the single-τh HLT path, using simulated H → ττ and BSM Z′ → ττ events that were not used in the
training. The introduction of the L2TauNNTag step reduces the event processing time by roughly
40%, while keeping the event rate unchanged with respect to the previous L2 cut-based approach.

The efficiency of the single-τh HLT path is compared between the L2 cut-based and L2TauNNTag
algorithms in figure 4. The reduced efficiency in the high-𝑝T region of the left plot is caused by an
L1-to-HLT Δ𝑅-matching requirement, which can fail at high 𝑝T when multiple τh candidates are
present but only one is reconstructed by either the L1 or HLT. Subsequently, L1-to-HLT matching is not
required in the path itself, and the reduced efficiency is understood as an artifact of the selection. Given
the high efficiency already obtained in the L2 cut-based approach, the L2TauNNTag was introduced in
the single-τh path to reduce the processing time while keeping the efficiencies and rates at a similar level.

While both the di-τh and single-τh HLT paths have been updated to use the L2TauNNTag, the
paths have different requirements. In the di-τh HLT path, two τh candidates are required to pass a
neural network discriminant value which was optimized for maximum efficiency improvement. In
the single-τh HLT path, only one τh candidate is required, and it must pass a tighter discriminant
value to retain the established efficiency. The differences in efficiency between these two HLT paths
are due to these differing object requirements, as displayed in figures 3 and 4.

7 DEEPTAU implementation in the HLT

The DeepTau algorithm is a multiclass τh candidate identification algorithm based on a convolutional
deep neural network, originally designed for use on offline objects [66]. The primary goal of DeepTau
is to effectively discriminate hadronic tau lepton decays from all three main backgrounds: quark or
gluon jets, electrons, and muons. To accomplish this, it is used on PF jets after they have undergone
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Figure 4. Performance of the L2TauNNTag in the single-τh HLT path, using simulated H → ττ and BSM
Z′ → ττ events. The absolute efficiency of the reconstructed L2 τh candidates as a function of the visible
generator-level τh 𝑝T (left) and 𝜂 (right) are shown, where “visible” refers to the fact that the contribution of
neutrinos is not taken into account. The uncertainties shown by the vertical bars are from the number of events
available in the sample, while the horizontal bars show the bin width. Some of the vertical bars are smaller than
the markers and are not shown.

HPS reconstruction [43]. The online HLT version of DeepTau adopts the same approach, except
that only the discriminant against jets is used. DeepTau combines information from the high-level
features of the reconstructed τh candidate with the low-level information from the inner tracker,
calorimeters, and muon subdetectors using PF candidates, electrons, and muons reconstructed within
the τh candidate’s isolation cone.

To ensure any analysis with final-state hadronic tau lepton decays could benefit from the DeepTau
algorithm, the training is performed on a balanced mixture of electron, muon, τh candidates, and jets
from MC datasets. Simulated samples of DY, tt , and W+jet are used for genuine hadronic tau lepton
decays. Simulated tt decays with one or two light leptons (e or µ) and QCD samples are used for
electrons, muons, and jets misidentified as hadronic tau lepton decays, respectively.

In order to train the DeepTau algorithm such that it is suitable for a wide kinematic range, balance
in the type of the τh candidates and their respective 𝑝T and 𝜂 is crucial. Available samples show
diverse compositions of τh candidate decay modes and 𝑝T–𝜂 distributions, with more events available
in the low-𝑝T and central-𝜂 regions, and fewer events in the high-𝑝T and high-𝜂 regions. In order
to ensure a uniform contribution from different samples, decay modes, and 𝑝T–𝜂 bins, additional
weights are used in the training.

7.1 Network architecture

The HLT DeepTau algorithm largely follows the offline version. The inputs are formatted in the 𝜂–𝜙
plane in the same way as the offline DeepTau algorithm, with an “isolation cone” composed of an outer
grid of 21×21 cells with Δ𝜂×Δ𝜙 grid sizes of 0.05×0.05, and a “signal cone” with dense inner grid of
11×11 cells with Δ𝜂×Δ𝜙 grid sizes of 0.02×0.02. To reduce the computing cost for the algorithm, the
two grids are not allowed to overlap. Using a denser inner grid exploits the signal tau lepton decay
products that are usually within a Δ𝑅 ≈ 0.1 cone on the 𝜂–𝜙 plane. A dense inner grid also copes
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well with high-𝑝T jets whose constituents are collimated. The radius of the signal cone is defined as
𝑅sig = 3 GeV/𝑝T, with minimum and maximum allowed values of 0.05 and 0.1, while the isolation
cone is defined as the remaining range from the edge of 𝑅sig to 𝑅 = 0.5. Three different subnetworks
are constructed to be able to independently process the inputs from the high-level variables, the outer
cells, and the inner cells. The outputs from the three subnetworks are concatenated and passed through
four fully connected layers with 200 nodes each. The results are collected in a final layer with four
nodes that yield the outputs. A softmax activation function [67] is then applied to yield estimates of
the probabilities for the τh candidate to come from each of the four target classes: τh, jet, e, and µ.

For usage of DeepTau at the HLT, some simplifications in the inputs of the network were made.
Because an individual HLT path must rely on the objects it produces, it is not possible to access
reconstructed electrons and muons for every τh candidate at the HLT. Consequently, the electron
and muon discriminants are not used in the online DeepTau algorithm. Leptons being misidentified
as τh candidates are however not a leading background. Similarly, association and quality fits of
the primary vertex for online PF candidates are not performed due to the online processing time
constraint. Additionally, several track-related variables, such as 𝑑𝑧 , are not used in the online DeepTau
algorithm either. Despite these limitations, the DeepTau network still performs successfully, retaining
high performance with the features available online.

7.2 Performance of the DEEPTAU algorithm

The performance of several τh HLT paths equipped with online DeepTau identification is presented in
terms of event rate and HLT path efficiency. The working point is optimized for each HLT path to
maximize the signal efficiency under the constraint that the HLT path retains an event rate similar
to its Run 2 value. The optimization of the DeepTau identification thresholds is performed as a
function of the τh candidate 𝑝T.

Table 3. Rate estimation and observation for several τh HLT paths. Similarly to table 2, column A scales Run 2
data collected by the cut-based algorithm to Run 3 conditions, column B re-emulates Run 2 data using the
L2TauNNTag algorithm and scales the result to Run 3 conditions, and column C is the evaluated rate in Run 3.
The instantaneous luminosities used for the Run 2 estimation, Run 3 projection, and Run 3 evaluation were
1.68, 2.00, and 2.20 × 1034 cm−2 s−1, respectively. The rates are inclusive calculations not excluding shared
contributions from other algorithms or paths. The statistical uncertainties are negligible with respect to the
significant digits reported.

HLT path A [Hz] B [Hz] C [Hz]
eτh 10 9 10
µτh 5 5 5

Single-τh 14 13 15
Di-τh 55 46 51

Several τh HLT path rates are shown in table 3. The estimated DeepTau rates are computed using
a dataset dedicated to rate estimates, collected in October 2018, corresponding to 2 hours of data
taking at an average pileup of 47. This rate was then scaled to the expected Run 3 conditions, targeting
a pileup of 60. The observed DeepTau rates are computed using a dataset collected in November
2022, corresponding to 4.5 hours of data taking at an average pileup of 54. A comparison of the
overall efficiency between DeepTau and the Run 2 cut-based approach is shown in figure 5, where
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the L2TauNNTag filter is disabled in order to focus on the DeepTau performance. The efficiencies
are evaluated using MC samples of H → ττ and BSM Z′ → ττ events, simulated with early Run 3
conditions. In the presence of two τh candidates, the one with greater 𝑝T is used in the calculation.
The HLT paths using DeepTau are shown to outperform those using the Run 2 cut-based selection in
the majority of the 𝑝T range, while maintaining a similar event rate.

30 50 70 100 200 300 500 1000 2000
gen visible pT [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

L1
+H

LT
 e

ffi
ci

en
cy e h path

 (13.6 TeV)CMSSimulation

DeepTau path
Run 2 cut-based path

30 50 70 100 200 300 500 1000 2000
gen visible pT [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

L1
+H

LT
 e

ffi
ci

en
cy h path

 (13.6 TeV)CMSSimulation

DeepTau path
Run 2 cut-based path

200 300 400 600 1000 2000
gen visible pT [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

L1
+H

LT
 e

ffi
ci

en
cy Single- h path

 (13.6 TeV)CMSSimulation

DeepTau path
Run 2 cut-based path

30 50 70 100 200 300 500 700 1000
gen visible pT [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

L1
+H

LT
 e

ffi
ci

en
cy Di- h path

 (13.6 TeV)CMSSimulation

DeepTau path
Run 2 cut-based path

Figure 5. Total L1+HLT path efficiency of the eτh (upper left), µτh (upper right), single-τh (lower left), and
di-τh (lower right) HLT paths as a function of the visible generator-level τh 𝑝T, where “visible” refers to the fact
that the contribution of neutrinos is not taken into account. The H → ττ and BSM Z′ → ττ samples are used
in the evaluation. The uncertainties shown by the vertical bars are from the number of events available in the
sample, while the horizontal bars show the bin width. Some of the vertical bars are smaller than the markers
and are not shown.
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8 Overall performance of the τh HLT paths

The performance studies presented in this section use pp collision data from 2022–2023. For all HLT
paths, a “tag-and-probe” technique is used to measure the trigger efficiency [18, 68]. With this method,
one first selects a tag object that satisfies stringent requirements, and then selects the probe object,
whose efficiency is measured. In the case of τh HLT paths, the tag object used is always a muon,
which is a well-isolated object highly distinguishable against jets. To perform this measurement in
situ, so-called monitoring HLT paths are made which require one muon and one τh candidate. Each τh
HLT path has a corresponding monitoring HLT path with the exact same τh candidate requirements.
In this manner, the tag-and-probe method is applied to the monitoring HLT paths, and the measured
efficiencies correspond to the signal HLT paths. This approach was validated using MC samples by
comparing the signal HLT path efficiencies to the monitoring HLT path efficiencies collected with
the tag-and-probe method, and the results were found to agree within uncertainties.

8.1 Efficiencies in experiment

The efficiency is measured from a region enriched in DY events, where the Z boson decays into
two τ leptons that subsequently decay into a µτh final state. The tag muon is required to have
𝑝T > 24 GeV, |𝜂 | < 2.4, and be isolated such that nearby calorimeter energy deposits sum to less
than 15% of the muon’s 𝑝T. Additionally, the tag muon is required to be within Δ𝑅 < 0.5 of the
muon reconstructed by the single muon HLT path, and pass the Medium ID for offline muons [23].
The probe τh candidate has the offline selection of 𝑝T > 20 GeV, |𝜂 | < 2.1, and passes the following
offline DeepTau working points: VVLoose (Very Very Loose) against electrons, Tight against muons,
and Medium against jets [43], summarized as “Offline Medium WP DeepTau ID applied” in relevant
figures. Each working point corresponds to a specific trade-off between τh selection efficiency and
background rejection rate. The muon and τh candidate must have opposite charges. A visible invariant
mass window is required with 40 < 𝑚vis(µ, τh) < 80 GeV to reduce the efficiency impact of energy
loss from neutrinos. To reduce the background contamination from W+jet processes, the event is
also required to have a transverse mass less than 30 GeV, which is defined by the muon and ®𝑝miss

T as
𝑚T( ®𝑝

µ

T, ®𝑝
miss
T ) =

√︁
2𝑝µ

T𝑝
miss
T [1 − cosΔ𝜙( ®𝑝µ

T, ®𝑝
miss
T )]. The denominator of the efficiency includes all

the µτh events passing the above selections, and the numerator includes the events also passing the
relevant monitoring HLT path with the offline τh candidate matched to the τh candidate reconstructed
at the HLT with Δ𝑅 < 0.5. The efficiency of the single-τh HLT path cannot be measured with this
method due to its high 𝑝T threshold, resulting in few suitable events. It is measured with an alternative
strategy selecting events with large 𝑝

miss
T that include W → τhντ decays.

The efficiencies of the τh leg in the eτh and µτh HLT paths are shown in figures 6 and 7, respectively,
for 2022 and 2023. The absolute path efficiency is calculated, which includes the L1+HLT τh candidate
efficiency. The eτh (µτh) cross trigger has an online τh candidate 𝑝T threshold of 30 (27) GeV; in
addition to the offline selections for the τh candidate described above, the τh candidate is required to
satisfy 𝑝T > 35 (30) GeV for the efficiency measurements as a function of 𝜂, 𝜙, and the number of
primary vertices (𝑁PV). This reduces the impact of the low efficiency “turn-on” region of the HLT
path, where events start to meet the threshold of passing the HLT path. The efficiency is robust against
pileup, indicated by a stable 𝑁PV plot, and the performance between the two years is comparable
despite slightly different detector conditions.
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Figure 6. A comparison of the L1+HLT efficiency of the eτh monitoring HLT path in 2022 and 2023 as a
function of offline τh candidate 𝑝T (upper left), 𝜂 (upper right), and 𝜙 (lower left). The dependence on the
𝑁PV is also shown (lower right). The uncertainties shown by the vertical bars are from the number of events
available in the sample, while the horizontal bars show the bin width. Some of the vertical bars are smaller than
the markers and are not shown.
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Figure 7. A comparison of the L1+HLT efficiency of the µτh HLT path in 2022 and 2023 as a function of
offline τh candidate 𝑝T (upper left), 𝜂 (upper right), and 𝜙 (lower left). The dependence on the 𝑁PV is also
shown (lower right). The uncertainties shown by the vertical bars are from the number of events available in the
sample, while the horizontal bars show the bin width. Some of the vertical bars are smaller than the markers
and are not shown.
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The efficiency of the τh leg in the di-τh HLT path is shown in figure 8, for 2022 and 2023. A
modified version of the di-τh HLT path was produced for Run 3, called di-τh+jet. It has online
kinematic thresholds for τh candidates 5 GeV lower than the di-τh HLT path, and the additional
requirement of an online jet with 𝑝T > 50 GeV. This topology collects more low-𝑝T τh candidates than
would be possible with the di-τh HLT path alone, at the cost of also requiring an energetic jet to reduce
the HLT path’s rate. The efficiency of the τh leg in this di-τh+jet HLT path is shown in figure 9, for 2022
and 2023. The HLT paths are evaluated in the same manner as the eτh and µτh HLT paths previously,
with the only differences being the higher online 𝑝T thresholds of 35 (30) GeV for the di-τh (di-τh+jet)
HLT path, and offline τh candidate 𝑝T threshold of 50 GeV. Again, the HLT path is found to plateau,
be robust against pileup, and have consistent performance between the two years of collected data.
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Figure 8. A comparison of the L1+HLT efficiency of the di-τh monitoring HLT path in 2022 and 2023 as a
function of offline τh candidate 𝑝T (upper left), 𝜂 (upper right), and 𝜙 (lower left). The dependence on the
𝑁PV is also shown (lower right). The uncertainties shown by the vertical bars are from the number of events
available in the sample, while the horizontal bars show the bin width. Some of the vertical bars are smaller than
the markers and are not shown.
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Figure 9. A comparison of the L1+HLT efficiency of the di-τh+jet monitoring HLT path in 2022 and 2023 as
a function of offline τh candidate 𝑝T (upper left), 𝜂 (upper right), and 𝜙 (lower left). The dependence on the
𝑁PV is also shown (lower right). The uncertainties shown by the vertical bars are from the number of events
available in the sample, while the horizontal bars show the bin width. Some of the vertical bars are smaller than
the markers and are not shown.
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8.2 Efficiencies in simulation

The efficiencies calculated with data from the previous subsection are now compared to efficiencies
from simulation, using the same selection criteria as previously described per HLT path, and derived
in the same DY enriched control region from the previous section. The purpose of the comparison
is to identify and measure differences between data and simulation, directly illustrated in a ratio of
the efficiencies. This ratio is called a scale factor, and is used together with its respective triggers to
improve the accuracy of the detector response in simulation as compared with experiment. These
scale factors are used in any analysis that uses the τh HLT paths.

The τh leg efficiencies and the corresponding scale factors of the eτh, µτh, di-τh, and di-τh+jet
HLT paths are shown in figure 10 for the 2022–2023 data combined. Here, the fitting is performed
using a Gaussian process regressor. To avoid unreliable extrapolations, step functions are introduced
to smoothly concatenate the low- and high-𝑝T regions. The dominant source of uncertainty is from
the statistical uncertainties in data and simulation. The scale factors are found to be close to unity after
the turn-on, indicating a good description of τh HLT paths in simulation. The difference between data
and simulation in the low-𝑝T region, below 60 GeV, is mainly due to the limited accuracy of HCAL
energy response modeling, affecting the HCAL L1 trigger primitives in 2022–2023 simulations.

9 Summary

Two online machine-learning algorithms, L2TauNNTag, described here for the first time, and DeepTau,
have been deployed into the high level trigger (HLT) to select hadronically decaying tau lepton (τh)
candidates. Their performance has been evaluated using the data collected by the CMS experiment in
proton-proton collisions at

√
𝑠 = 13.6 TeV in 2022–2023, corresponding to an integrated luminosity

of 62 fb−1. Comparisons to simulation were performed and show good agreement with the collected
data, validating the current understanding of the HLT paths involving τh candidates. The updated
HLT paths are found to deliver improved τh candidate identification efficiency without significantly
increasing computational cost or event rate, allowing more genuine hadronic tau lepton decays to be
collected at roughly the same resource cost as in 2018. These improvements benefit physics studies
targeting final states with hadronically decaying tau leptons, including precision measurements of
the Higgs boson, and searches beyond the standard model.
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Figure 10. Efficiencies and scale factors of the HLT monitoring paths using 2022–2023 data as functions of the
offline τh candidate 𝑝T for the eτh (upper left), µτh (upper right), di-τh (lower left), and di-τh+jet (lower right)
HLT paths. The measured efficiencies for data are shown with black markers, and for simulation with green
markers. The uncertainties shown by the vertical bars are from the number of events available in the sample,
while the horizontal bars show the bin width. Some of the vertical bars are smaller than the markers and are
not shown. The systematic uncertainties are negligible with respect to the statistical uncertainties and are not
included in the bands. The corresponding dotted lines of the same color display the best fit results together
with the statistical uncertainty bands. The scale factors, defined as the ratios of efficiencies between data fitted
and simulation fitted from the upper panels, are shown in the lower panels as blue lines with associated blue
uncertainty bands. Only values to the right of the red dotted line are used in physics studies, to avoid large
statistical fluctuations, as they are sufficiently above the turn-on threshold of the trigger.
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