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The LHCb Upgrade I trigger system provides full upfront charged-particle reconstruction at the
30 MHz bunch-crossing rate, enabling, for the first time, the deployment of exclusive selections
directly at the first trigger stage (HLT1). A novel real-time exclusive trigger strategy for selecting
the 𝜏− → 𝜙𝜇− decay during Run 3 (2022–2026) proton–proton data taking is presented, together
with the first analysis framework developed for this search at a hadron collider. This exclusive
selection doubles the signal-event yield with respect to other general-purpose HLT1 selections
in Run 3, while the total signal-selection efficiency is increased by about a factor of six relative
to Run 2 (2015–2018). The selection algorithm yields an output rate of 1.7 kHz, corresponding
to about 0.1% of the total HLT1 output rate, and has operated stably since the start of the 2025
data taking period. As the first exclusive HLT1 trigger for a 𝜏 rare-decay channel at LHCb, it
establishes a proof of concept for future decay-specific real-time selections at the high-intensity
frontier.
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1. Introduction

Lepton-flavour violation in charged lepton decays provides a particularly clean probe of physics
beyond the Standard Model (SM). While flavour violation has been observed in the neutral lepton
sector through neutrino oscillations, no charged lepton-flavour violating (LFV) process has been
observed yet. In the SM, even after including neutrino masses and mixing, the branching fraction
for 𝜏− → 𝜙𝜇− decay1 is expected to be extremely small, at the level of 10−50 or below, far beyond
the reach of current and future experiments [1]. Any observation of this decay would therefore
constitute an unambiguous sign of new physics.

Among LFV 𝜏 decays, the 𝜏− → 𝜙(𝐾+𝐾−)𝜇− channel is especially attractive because of its
clear experimental signature, combining a muon with the narrow 𝜙(1020) resonance. All previous
searches were performed at 𝑒+𝑒− colliders, with the best upper limit set by the Belle collaboration,
B(𝜏− → 𝜙𝜇−) < 2.3 × 10−8 at the 90% credibility level [2]. At hadron colliders, the search is
considerably more challenging because of the much more crowded environment, the presence of
irreducible physics backgrounds, and the lower signal-selection efficiency. Nevertheless, the high
𝜏 production rate, mainly from heavy-hadron decays, can help compensate for these experimental
challenges and make such studies competitive.

The 𝜏− → 𝜙𝜇− search at LHCb combines two closely connected experimental aspects. On
the analysis side, it establishes the first search for this decay at a hadron collider, with the ongoing
Run 2 analysis defining the signal selection, background model, normalisation strategy and signal-
extraction procedure. On the trigger side, the same analysis framework provides the physics input
needed to design a real-time selection within the LHCb Upgrade I trigger system. In Run 2,
no dedicated trigger algorithm was available for this specific decay topology, limiting the overall
selection efficiency. In Run 3, the novel trigger architecture allows a dedicated exclusive selection
to be deployed already at the earliest trigger stage. This contribution focuses on the implementation
and impact of the exclusive Run 3 trigger developed for 𝜏− → 𝜙𝜇−, followed by a brief review of
the Run 2 analysis strategy.

2. Exclusive HLT1 trigger strategy in Run 3

The LHCb Upgrade I introduced a major change in the online event-processing chain with
respect to Run 2. Following the removal of the former L0 trigger, the upgraded detector is now
read out at the full LHC bunch-crossing rate and processed by a new trigger system [3]. In Run 3,
the first high-level trigger stage, HLT1, runs on a GPU farm and reduces the input rate from about
30 MHz to approximately 1.5 MHz [4]. The selected events are then passed to the second stage,
HLT2, which runs the full offline-quality reconstruction on CPUs and applies the final selection
requirements before the events are written to permanent storage.

The 𝜏− → 𝜙𝜇− search benefits from the fact that the main ingredients needed for an efficient ex-
clusive selection are already available at HLT1. The signal topology consists of a 𝜙(1020) → 𝐾+𝐾−

candidate, reconstructed from two oppositely charged tracks forming a displaced vertex, and com-
bined with a third track identified as a muon, as illustrated in Fig. 1. This distinctive topology allows

1Charge-conjugate processes are implied throughout.
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Figure 1: Schematic of the decay targeted by the dedicated HLT1 selection for 𝜏− → 𝜙𝜇− . The selection
exploits a detached 𝜙 → 𝐾+𝐾− candidate, reconstructed from two oppositely charged tracks, combined with
a muon track to form the 𝜏 candidate. For clarity, only one primary vertex is shown.

a substantial fraction of random track combinations to be rejected, making the selection sustainable
in HLT1.

Moving a dedicated selection to HLT1 is particularly advantageous, since only events accepted
by HLT1 can be processed by HLT2. Without a dedicated HLT1 selection, the signal efficiency
would depend on generic inclusive algorithms, which are not optimised for this rare decay topology.
Inclusive selections must cover broad classes of signatures and can therefore lead to large output
rates unless relatively tight generic requirements are applied. An exclusive trigger can instead
exploit decay-specific features to control the rate more effectively, allowing looser requirements and
thereby recovering signal efficiency over a larger phase-space region.

The central design choice is to keep the selection simple, using explicit requirements on
directly interpretable kinematic and geometrical observables. This is important not only for the
real-time implementation, where the requirements must be fast and stable, but also for the subsequent
analysis. Trigger decisions based on well-defined quantities can be interpreted directly in terms
of the decay topology. This makes the efficiency easier to validate, the effect of each requirement
easier to understand, and the connection between the online selection and the offline analysis better
controlled.

Following this paradigm, the HLT1 algorithm is built through a staged reconstruction of
the signal candidate. Tracks are first required to satisfy basic quality, acceptance, and kinematic
requirements, based on their momentum 𝑝, transverse momentum 𝑝𝑇 , pseudorapidity 𝜂, and impact-
parameter significance 𝜒2

IP. Here, IP is computed with respect to the best primary vertex, while 𝜒2
IP

measures the change in PV-fit quality when the track is included.
Pairs of oppositely charged tracks are then combined into detached two-body vertices compati-

ble with the 𝜙 → 𝐾+𝐾− hypothesis. The quality and displacement of the 𝜙 candidate are controlled
using the distance of closest approach between the two tracks, DOCA, the vertex-fit quality, the
flight-distance significance 𝜒2

FD, and the direction angle DIRA, defined as the cosine of the angle
between the reconstructed momentum and the flight direction from the best PV. The two-track mass
under the 𝐾+𝐾− hypothesis is required to be compatible with the known 𝜙(1020) mass.

The selected 𝜙 candidates are then associated with a third track satisfying the online muon-
identification requirement [5]. The compatibility of the resulting 𝜙𝜇 combination with the 𝜏
hypothesis is assessed using the invariant mass 𝑚𝜙𝜇, its transverse momentum, a decay-length 𝑐𝜏,
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and the DOCA between the 𝜙 candidate and the muon track. No three-track vertex fit is performed
at HLT1. Instead, the DOCA requirement provides a robust handle on the geometrical compatibility
of the 𝜙 and muon candidates, allowing random combinations to be rejected while avoiding the
computational cost of a full vertex fit. This keeps the throughput under control and reduces the
output rate. The requirements used in the different stages of the selection are summarised in
Table 1. Following its validation, the exclusive selection was included in the standard HLT1 data
taking configuration from the start of the 2025 run and has operated stably since then.

Table 1: Main requirements of the exclusive HLT1 selection for 𝜏− → 𝜙𝜇− .

Object Variable Requirement Unit

Tracks forming 𝜙

min(𝜒2
IP) 4 –

min(𝑝𝑇 ) 450 MeV/𝑐
min(𝑝) 3.0 GeV/𝑐
𝜂 [2, 5] –

𝜙(1020)

max(DOCA) 0.2 mm
vertex 𝑧 position [−200, 650] mm
min(DIRA) w.r.t. best PV 0.9986 –
min(𝑝𝑇 ) 900 MeV/𝑐
vertex max(𝜒2) 10 –
min(𝜒2

FD) 10 –
|𝑚𝐾+𝐾− − 𝑚PDG

𝜙
| < 30 MeV/𝑐2

𝜇 track

min(𝜒2
IP) 9 –

min(𝑝𝑇 ) 350 MeV/𝑐
min(𝑝) 3.0 GeV/𝑐
𝜂 [2, 5] –
is_muon() true –

𝜙(1020) + 𝜇

min(𝑝𝑇 ) 2.5 GeV/𝑐
𝑚𝜙𝜇 ∈ [1620, 2050] MeV/𝑐2

max(DOCA) 0.2 mm
𝑐𝜏 ∈ [0.07, 1] mm

Dedicated HLT2 confirmation selection. A dedicated HLT2 selection following the same exclu-
sive topology has also been developed. The HLT2 trigger benefits from the full event reconstruction
and can therefore recompute the kinematic and geometrical observables used at HLT1 with im-
proved track and vertex information. It also provides access to RICH-based particle-identification
information not available at HLT1. In particular, kaon-identification requirements are applied to
the two tracks forming the 𝜙(1020) → 𝐾+𝐾− candidate. The HLT2 trigger therefore acts as a
more selective confirmation of the HLT1 selection, further suppressing random combinations and
non-kaon backgrounds.

3. Trigger performance and impact

The selection efficiency is evaluated on simulated 𝜏− → 𝜙𝜇− samples, using generated signal
decays within the LHCb geometrical acceptance, while the HLT1 output rate is measured on data.
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The full Run 3 chain based on the dedicated exclusive HLT1 trigger and the HLT2 selection
provides about a factor of two higher signal efficiency than the corresponding chain seeded by the
most efficient generic inclusive HLT1 algorithm considered for this topology.

The full HLT1+HLT2 signal-selection efficiency increases from about 1.0% in Run 2 to about
6.1% in Run 3, corresponding to an improvement by approximately a factor of six. The measured
HLT1 output rate of the exclusive selection is about 1.7 kHz, only ∼ 0.1% of the total HLT1 output
rate. The dedicated selection therefore recovers a sizeable fraction of the signal acceptance while
maintaining a negligible impact on the global HLT1 output.

4. Analysis strategy framework in Run 2

The Run 2 analysis provides the physics framework on which the Run 3 trigger develop-
ment is built. At LHCb, 𝜏 leptons are mainly produced in heavy-hadron decays, with a dominant
contribution from 𝐷−

𝑠 → 𝜏− 𝜈̄𝜏 decays. The search is performed in the invariant-mass distribu-
tion of the 𝜙𝜇 system, where the signal would appear as a narrow peak around the known 𝜏 mass,
𝑚𝜏 = 1776.93 ± 0.09 MeV/𝑐2 [7]. To avoid experimenter bias, the [1755, 1795] MeV/𝑐2 signal re-
gion is kept blinded until the analysis procedure is finalised, while the sideband regions [1630, 1755]
and [1795, 2020] MeV/𝑐2 are used to study and constrain the background composition.

The 𝑚(𝜙𝜇) spectrum has a non-trivial background structure, illustrated by the simulated
components shown in the left panel of Fig. 2 after the analysis selection. The dominant irreducible
contribution is the semileptonic decay 𝐷−

𝑠 → 𝜙𝜇− 𝜈̄𝜇, which leaves the same visible 𝜙𝜇 final state
as the signal because the neutrino is not reconstructed. Owing to its similar topology and kinematic
properties, this channel is also used as normalisation channel. In addition, peaking structures arise
from 𝐷−

𝑠 → 𝜙𝜋− and 𝐷− → 𝜙𝜋− decays in which the pion is misidentified as a muon, while
random track combinations give rise to a combinatorial contribution.

The analysis combines kinematic and topological selections with multivariate classifiers to
suppress the different background categories without compromising signal efficiency. The final
𝑚(𝜙𝜇) spectrum is then modelled with signal and background components to extract the signal
yield through a maximum-likelihood fit.

Figure 2: Simulated 𝑚(𝜙𝜇) distributions used in the Run 2 analysis after the selection. The left panel
shows the simulated backgrounds, excluding the combinatorial component, while the right panel shows the
expected signal composition from the different 𝜏 production mechanisms.
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5. Conclusions and future prospects

The search for the LFV decay 𝜏− → 𝜙𝜇− at LHCb represents the first attempt to study this
process at a hadron collider. An initial preliminary blind study reached a sensitivity at the level
of 10−6 at 90% confidence level using the Run 2 dataset, 6 fb−1 [6]. Building on this work, the
ongoing LHCb Run 2 analysis has developed the full framework for the search, including the signal
selection, background modelling, normalisation strategy and signal-extraction procedure.

The Run 3 trigger strategy substantially improves the prospects for this search. A dedicated
exclusive HLT1 trigger reconstructs a detached 𝜙 → 𝐾+𝐾− candidate and combines it with a
muon track already at the first trigger stage, while a dedicated HLT2 selection confirms the can-
didate using the full event reconstruction and kaon particle-identification information. The full
HLT1+HLT2 signal-selection efficiency, evaluated on simulated signal decays within the LHCb
geometrical acceptance, increases from about 1.0% in Run 2 to about 6.1% in Run 3. Compared
with the corresponding trigger chain seeded by the most efficient generic inclusive HLT1 algorithm
considered for this topology, the new exclusive HLT1 selection provides about a factor of two higher
signal efficiency, with a measured output rate of only about 1.7 kHz.

Together with the expected Run 3 dataset of ∼ 26 fb−1, this efficiency gain corresponds to an
effective increase in signal statistics of about a factor of 30 with respect to the Run 2 dataset. Under
a simple extrapolation based on the product of the integrated luminosity and signal efficiency, and
assuming Run 2 background conditions with no additional optimisation, a sensitivity at the level of
a few 10−7 at 90% CL could be reached.

Being the first exclusive HLT1 trigger for a 𝜏 rare-decay channel at LHCb, this development
not only improves the prospects of this specific search, but also establishes a proof of concept for
future decay-specific real-time selections at the high-intensity frontier.
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