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 a b s t r a c t

A search for exotic decays of the Higgs boson into a pair of low-mass scalars that subsequently decay into 
𝜏-leptons, 𝐻 → 𝑎𝑎 → 𝜏+𝜏−𝜏+𝜏−, is presented. In models with Yukawa-like couplings, the decay to 𝜏-leptons is 
favoured for light 𝑎-bosons, with mass in the range of 2𝑚𝜏 < 𝑚𝑎 < 2𝑚𝑏. Results are presented in the range of 
4GeV < 𝑚𝑎 < 15GeV using the 140 fb−1 of proton–proton collisions at √𝑠 = 13TeV recorded with the ATLAS 
detector during Run 2 of the Large Hadron Collider. This search focuses on the scenario where, for both di-𝜏
pairs, one of the 𝜏-leptons decays to hadrons and neutrinos, while the other decays to a muon and neutrinos. In 
this mass range, the 𝑎 → 𝜏+𝜏− is Lorentz-boosted and a dedicated muon removal technique is used to reconstruct 
the di-𝜏 pairs. No significant excess above the Standard Model background prediction is observed. Upper limits 
on (𝜎(𝐻)∕𝜎SM(𝐻)) × (𝐻 → 𝑎𝑎 → 4𝜏) at 95% confidence level are provided, ranging from 0.03 to 0.10 depending 
on the 𝑎-boson mass.

1.  Introduction

Following the observation of the Higgs boson by the ATLAS [1] and 
CMS [2] collaborations at the Large Hadron Collider (LHC) [3], both ex-
periments are conducting an extensive programme to measure its prop-
erties and uncover its fundamental nature. Measurements of the Higgs 
boson couplings to other Standard Model (SM) particles can constrain 
the branching ratio to beyond-the-SM (BSM) particles to be less than 
12% at a 95% confidence level (CL), assuming that the Higgs boson’s 
coupling to vector bosons is not larger than in the SM (𝜅𝑉 ≤ 1) [4,5].

Exotic Higgs boson decays to BSM particles are proposed as a way 
to detect new physics that is weakly coupled to the SM. Due to the nar-
row total width of the Higgs boson in the SM, even a small coupling 
to a new light state could induce a significant change in BSM branch-
ing ratio [6,7]. Furthermore, new particles might preferentially couple 
to the Higgs boson, making it a potential portal for hidden-sector par-
ticles to interact with SM particles [8–10]. Exotic Higgs boson decays 
are possible in models of dark matter [11–13], electroweak baryogen-
esis [14,15], and neutral naturalness [16,17]. They are also predicted 
from first principles in the next-to-minimal supersymmetric SM [18,19].

In models where the SM is extended by a light scalar, 𝑎, if the
𝑎-boson can mix with the Higgs boson it will inherit its Yukawa cou-
pling pattern to fermions. In such cases, the 𝑎-boson will decay prefer-
entially to the heaviest kinematically allowed fermion pair. Although 
the 𝑎-boson is referred to as a scalar in this paper, the results pre-
sented are equally applicable to both the scalar and pseudoscalar cases.
For light 𝑎-bosons, in the mass range 2𝑚𝜏 < 𝑚𝑎 < 2𝑚𝑏, one of the pre-
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ferred decays is 𝑎 → 𝜏+𝜏−. Due to the low mass of the 𝑎-boson, this de-
cay is Lorentz-boosted and the two 𝜏-leptons overlap in the detector. 
This search focuses on the case in which, for each 𝑎-boson, one of the 
𝜏-leptons decays to a muon 𝜏 → 𝜇𝜈𝜇𝜈𝜏 and the other decays to hadrons 
𝜏 → hadrons + 𝜈𝜏 , referred to as 𝜏had. In this decay mode, the muon can 
be identified close to the hadrons and, once removed from the hadron 
reconstruction cone, it does not impact the identification of the hadroni-
cally decaying 𝜏-lepton. This paper presents a search for events with two 
di-𝜏 pairs identified through a muon-removal technique, consistent with 
a decay 𝐻 → 𝑎𝑎 → 𝜏+𝜏−𝜏+𝜏− in the mass range 4GeV < ma < 15GeV. 
When 𝑚𝑎 is higher, the two 𝜏-leptons do not overlap, requiring a differ-
ent analysis strategy.

The CMS Collaboration has previously searched for exotic Higgs 
boson decays 𝐻 → 𝑎𝑎 → 𝜏+𝜏−𝜏+𝜏− using only tracks to identify the 
hadronically decaying 𝜏-leptons [20]. The ATLAS Collaboration has also 
searched for exotic Higgs boson decays in the 𝐻 → 𝑎𝑎 → 𝜇+𝜇−𝜏+𝜏− de-
cay channel using only tracks to identify the 𝜏-lepton decays [21]. The 
muon-removal technique allows an improved detection of the hadroni-
cally decaying 𝜏-leptons using both tracks and calorimeter information, 
as described in Ref. [22] and is used for the first time by the ATLAS 
Collaboration in this paper. A similar muon-removal reconstruction has 
also been used by the CMS Collaboration in the search for exotic Higgs 
boson decays in the 𝐻 → 𝑎𝑎 → 𝜇+𝜇−𝜏+𝜏− decay channel [23].

This paper complements many previous searches for exotic Higgs 
boson decays 𝐻 → 𝑎𝑎 conducted by the ATLAS and CMS Collaborations. 
In addition to the results mentioned above, searches are performed in 
the 𝓁+𝓁−𝓁+𝓁−[24,25] (where 𝓁 is an electron or a muon), 𝑏𝑏̄𝜏+𝜏− [26,
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27], 𝑏𝑏̄𝜇+𝜇− [28,29], 𝑏𝑏̄𝑏𝑏̄ [30,31], 𝛾𝛾𝛾𝛾 [32–34], and 𝛾𝛾𝑔𝑔 [35] final 
states.

2.  ATLAS detector

The ATLAS experiment [36] at the LHC is a multipurpose particle 
detector with a forward–backward symmetric cylindrical geometry and 
a near 4𝜋 coverage in solid angle.1 It consists of an inner tracking de-
tector surrounded by a thin superconducting solenoid providing a 2 T
axial magnetic field, electromagnetic and hadronic calorimeters, and a 
muon spectrometer. The inner tracking detector covers the pseudora-
pidity range |𝜂| < 2.5. It consists of silicon pixel, silicon microstrip, and 
transition radiation tracking detectors. Lead/liquid-argon (LAr) sam-
pling calorimeters provide electromagnetic (EM) energy measurements 
with high granularity within the region |𝜂| < 3.2. A steel/scintillator-tile 
hadronic calorimeter covers the central pseudorapidity range (|𝜂| < 1.7). 
The endcap and forward regions are instrumented with LAr calorimeters 
for EM and hadronic energy measurements up to |𝜂| = 4.9. The muon 
spectrometer surrounds the calorimeters and is based on three large su-
perconducting air-core toroidal magnets with eight coils each. The field 
integral of the toroids ranges between 2.0 and 6.0Tm across most of the 
detector. The muon spectrometer includes a system of precision tracking 
chambers up to |𝜂| = 2.7 and fast detectors for triggering up to |𝜂| = 2.4. 
The luminosity is measured mainly by the LUCID–2 [37] detector, which 
is located close to the beampipe. A two-level trigger system is used to se-
lect events [38]. The first-level trigger is implemented in hardware and 
uses a subset of the detector information to accept events at a rate below 
100 kHz. This is followed by a software-based trigger that reduces the 
accepted event rate to 1 kHz on average depending on the data-taking 
conditions. A software suite [39] is used in data simulation, in the recon-
struction and analysis of real and simulated data, in detector operations, 
and in the trigger and data acquisition systems of the experiment.

3.  Data and simulated event samples

This search uses the full LHC Run 2 data of proton–proton (𝑝𝑝) col-
lisions at √𝑠 = 13 TeV recorded with the ATLAS detector from 2015 to 
2018, corresponding to an integrated luminosity of 140.1 ± 1.2 fb−1 [40]. 
Only data taken from stable beam collisions and that satisfy a standard 
set of data-quality requirements that ensure all the ATLAS subdetectors 
were functioning correctly are considered [41].

The data are selected from a suite of triggers requiring one or two 
high-transverse-momentum (𝑝𝑇 ) muons [42]. Since the muons in the 
signal of interest here are produced close to hadrons, only triggers with-
out isolation requirements are used. The lowest 𝑝𝑇  threshold in triggers 
requiring a single non-isolated muon is 50GeV. The fraction of selected 
signal events satisfying this trigger requirement varies from 19% to 42% 
for 𝑚𝑎 from 4 GeV  to 15 GeV. During the 2016–2018 (2015) data-taking 
period, the triggers requiring two muons have either a symmetric thresh-
old of 𝑝𝑇 > 14GeV  (𝑝𝑇 > 10GeV) for both muons or an asymmetric 
threshold that requires the leading muon to have 𝑝𝑇 > 22GeV  (𝑝𝑇 >
18GeV) and the subleading muon to have 𝑝𝑇 > 8GeV  (𝑝𝑇 > 8GeV). 
The efficiency of the di-muon trigger varies from 35% to 43% over the 
mass range from 4 GeV  to 15 GeV.

Monte Carlo (MC) samples are used to perform the analysis optimi-
sation, to estimate the signal acceptance and efficiency, and to describe 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the 𝑧-axis along the beam 
pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 𝑦-
axis points upwards. Polar coordinates (𝑟, 𝜙) are used in the transverse plane, 
𝜙 being the azimuthal angle around the 𝑧-axis. The pseudorapidity is defined 
in terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃∕2) and is equal to the rapidity 
𝑦 = 1

2
ln
(

𝐸+𝑝𝑧𝑐
𝐸−𝑝𝑧𝑐

)

 in the relativistic limit. Angular distance is measured in units 
of Δ𝑅 ≡

√

(Δ𝑦)2 + (Δ𝜙)2.

background processes with four 𝜏-leptons in the final state. Signal sam-
ples 𝐻 → 𝑎𝑎 → 𝜏+𝜏−𝜏+𝜏− are generated via gluon–gluon fusion (ggF) 
at next-to-leading-order (NLO) accuracy in quantum chromodynamics 
(QCD) using Powheg Box  v2 [43–47] with the NNPDF3.0nnlo par-
ton distribution function (PDF) set [48]. The signal generation achieves 
next-to-next-to-leading-order (NNLO) accuracy for inclusive ggF observ-
ables by reweighting the Higgs boson rapidity spectrum in Higgs plus 
one jet multi-scale improved NLO (Hj-MiNLO) [49,50] to that of Higgs 
NNLO (HNNLO) [51]. The Higgs boson decay into two scalar 𝑎-bosons 
and the subsequent decay of each 𝑎-boson into a pair of 𝜏-leptons is 
generated with Pythia  v8.245 [52]. Signal samples are generated with
𝑚𝑎 = 4, 6, 8, 10, 12, 14, and 15 GeV. Although only the ggF production 
mode is explicitly generated, the difference in acceptance compared to 
other production modes is negligible, and the sample is used to represent 
inclusive Higgs boson production.

The main source of background events is processes with fewer than 
four 𝜏-leptons in the final state, but in which one or two jets origi-
nating from the hadronisation of quarks or gluons are misidentified as 
hadronically decaying 𝜏-leptons. These processes are collectively called 
fake-𝜏had  background hereafter and they are estimated with a data-driven 
technique described in Section 5.

Background events with four 𝜏-leptons in the final state are sublead-
ing and described with simulation events. Only three processes are found 
to have a contribution greater than 0.1% of the total background and 
thus considered relevant: non-resonant 𝑞𝑞 → 𝑍𝑍 and 𝑔𝑔 → 𝑍𝑍 produc-
tion, and resonant Higgs boson 𝐻 → 𝑍𝑍∗ production. The non-resonant 
𝑞𝑞 → 𝑍𝑍 process is modelled using continuum quark–antiquark annihi-
lation from Sherpa  2.2.2 [53], which provides a matrix element calcu-
lation accurate at NLO in QCD for 0-jet and 1-jet final states and at 
leading-order (LO) for 2-jet and 3-jet final states. The merging with the
Sherpa  parton shower [54] is performed using the MEPS@NLO pre-
scription [55]. The loop-induced non-resonant 𝑔𝑔 → 𝑍𝑍 process is also 
modelled by Sherpa  2.2.2 with 0-jet and 1-jet final states at LO in QCD. 
The LO-accurate matrix elements are matched to a parton shower using 
the MEPS@LO prescription. For all non-resonant 𝑍𝑍 processes mod-
elled using Sherpa, the NNPDF3.0nnlo PDF set [48] is used, along 
with a dedicated Aznlo  set of tuned parton-shower parameters [56].

Two different production mechanisms are generated for the resonant 
𝐻 → 𝑍𝑍∗ background. The ggF and vector-boson-fusion (VBF) produc-
tion modes are generated at NLO accuracy with Powheg Box  v2 us-
ing the CT10 PDF set [57]. Other production modes with smaller cross-
sections do not contribute significantly and are not included. The Higgs 
boson decay, showering, and hadronisation are generated with Pythia
v8.212 using the Aznlo  parameter set.

All generated events are processed through a simulation of the AT-
LAS detector geometry and response using Geant4 [58], and through 
the same reconstruction software as the data. The signal MC samples 
are processed with a fast simulation that relies on a parameterisation 
of the calorimeter response [59]. The effect of multiple interactions in 
the same and neighbouring bunch crossings (pileup) was modelled by 
overlaying the simulated hard-scattering event with inelastic pp  events 
generated with Pythia  v8.186 [60] using the NNPDF2.3lo PDF set [61] 
and the A3 set of tuned parameters [62].

4.  Object and event selection

The signal object selected is a 𝜇𝜏had  object, defined as an overlapping 
𝜏had  and a muon with Δ𝑅(𝜇, 𝜏had) < 0.4 and opposite charges. The 𝜇𝜏had
object is used to reconstruct the di-𝜏 system in the 𝑎 → 𝜏+𝜏− decay where 
one 𝜏-lepton decays as 𝜏 → hadrons + 𝜈𝜏 and the other decays as 𝜏 →
𝜇𝜈𝜇𝜈𝜏 (charge-conjugated processes are implicit).

Muons are reconstructed using the information from the inner-
detector system, the muon spectrometer, and the calorimeters [63]. 
Muon candidates are required to have 𝑝𝑇 > 5GeV  and |𝜂| < 2.5. Muons 
must also satisfy the medium identification working point defined in detail 
in Ref. [63]. Muons from 𝜏-lepton decays can be displaced from the pri-
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Fig. 1. Monte Carlo estimates of the 𝜏had  reconstruction and RNN identification efficiency (a and b) before and (c and d) after the muon removal for generator-level
(a and c) 1-prong and (b and d) 3-prong 𝜏had  candidates for all working points (Very Loose, Loose, Medium, Tight) defined in Ref. [68], as a function of generator-level 
Δ𝑅(𝜏had, 𝜇). The ‘Reconstruction (Reco)’ markers indicate the efficiency of a 𝜏seed jet to match a generator-level 𝜏had; The ‘𝑁 reco

trk =1 or 3’ markers show the efficiency 
of a generator-level 𝜏had  reconstructed with the same number of associated charged-particle tracks as charged hadrons at generator-level. These plots are based on 
a mixture of 𝑚𝑎 = 4, 6, 8, 10, 15 GeV  samples, with equal weighting applied to each sample. The slight decrease in reconstruction efficiency for both 1-prong and 
3-prong 𝜏had  candidates within the range 0.2 < Δ𝑅(𝜏had, 𝜇) < 0.4 is attributed to the less than 100% generator-level matching for the signal samples with 𝑚𝑎 = 10 GeV
and 15 GeV . This is a result of the strict geometrical matching criteria applied between the reconstructed 𝜏had  and the generator-level 𝜏had.

mary vertex due to the 𝜏-lepton lifetime, so a loose requirement on the 
transverse impact parameter significance |𝑑0∕𝜎𝑑0 | < 7 is imposed. The 
longitudinal impact parameter is required to satisfy |𝑧0 sin 𝜃| < 0.5mm
relative to the position of the primary vertex.

Electrons are reconstructed by matching clusters in the electromag-
netic calorimeter to tracks in the inner detector [64]. Electron candi-
dates are required to meet the criteria of 𝑝𝑇 > 7GeV  and |𝜂| < 2.47, ex-
cluding the calorimeter transition region 1.37 < |𝜂| < 1.52. Additionally, 
all electrons must satisfy a loose likelihood identification criterion [64].

The reconstruction of the 𝜏had candidates starts from jets formed us-
ing the anti-𝑘𝑡 algorithm [65] as implemented in FastJet [66] with a 
radius parameter 𝑅 = 0.4. This jet is referred to as seed jet, 𝜏seed jet. The 
inputs to the anti-𝑘𝑡 algorithm are topological clusters of calorimeter 
cells [67]. The tracks associated with the 𝜏seed jet are used to determine 
the number of charged hadrons resulting from the decay of the 𝜏-lepton. 
To distinguish 𝜏had  candidates originating from hadronic 𝜏-lepton de-
cays from those originating from jets initiated by the hadronisation of 
quarks or gluons, a recurrent neural network (RNN) identification algo-
rithm [68] is used. The RNN uses information from reconstructed tracks 
and calorimeter energy clusters associated with the 𝜏had  candidates, as 
well as several high-level discriminating variables as input. A dedicated 
boosted decision tree (BDT) electron veto is also constructed to reject 
the backgrounds arising from electrons faking 𝜏had  [69].

In 𝜇𝜏had objects, the presence of the muon inside the 𝜏seed jet reduces 
the 𝜏had reconstruction and RNN identification efficiency, as shown in 
Fig. 1a and 1b for 𝜏-lepton decaying to final states with one (1-prong) 
and three (3-prong) charged hadrons, respectively. To improve the re-
construction and identification efficiency of the 𝜏had  and thus of the 
𝜇𝜏had objects, a muon-removal technique, as described in Ref. [22], is 
employed. In this muon-removal technique, the tracks and calorime-
ter energy clusters associated with the reconstructed muons within 
Δ𝑅(𝜏had, 𝜇) < 0.4 are removed from the inputs used for 𝜏had reconstruc-
tion and from the inputs to the RNN and BDT identification algorithms.

The muon-removal technique is able to recover 𝜏had  reconstruction 
and RNN identification efficiencies that are similar to those of a 𝜏had
without a nearby muon. Fig. 1 shows estimates of the reconstruction and 
RNN identification efficiency in simulation before and after applying 
the muon-removal technique for generator-level 1-prong and 3-prong 
𝜏had  candidates for all the working points defined in Ref. [68]. The ef-
ficiency is plotted as a function of the generator-level Δ𝑅(𝜏had, 𝜇), al-
lowing a distinction between merged 𝜏had  candidates (Δ𝑅(𝜏had, 𝜇) < 0.4) 
and isolated 𝜏had  candidates (Δ𝑅(𝜏had, 𝜇) > 0.4). Fig. 1a and 1b show the 
loss in RNN identification efficiency of the standard algorithm when 
the muon and the 𝜏had  candidates overlap for 1-prong and 3-prong 𝜏had
candidates, respectively. After applying the muon-removal technique, 
the efficiency values for 1-prong and 3-prong 𝜏had  candidates are shown 
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Fig. 2. Pre-fit distribution of the average mass of the two 𝜇𝜏had  candidates in each event for data and the expected background in (a) SS𝜇 and (b) OS𝜇 validation 
regions. The hashed area represents the total background uncertainty, including both statistical and systematic components. Overflow events up to 15 GeV  are 
included in the last bin. The contributions from 𝑞𝑞∕𝑔𝑔 → 𝑍𝑍 and 𝐻 → 𝑍𝑍∗ are considered, but they are not visible as they make up for less than 0.1% in every bin.

in Fig. 1c and 1d, respectively, demonstrating that this technique ef-
fectively allows to maintain the same efficiency for the merged and 
isolated cases. The ‘𝑁 reco

trk = 1 or 3’ lines represent the efficiency of re-
constructing a generator-level 𝜏had  with the same number of associ-
ated charged-particle tracks as charged hadrons at generator-level. A 
slight decrease in this reconstruction efficiency for Δ𝑅(𝜏had, 𝜇) > 0.4 af-
ter muon removal compared with the values before muon removal arises 
due to a small fraction of 𝜏had  charged hadrons being misidentified as 
muons and subsequently removed from the 𝜏seed jet. The residual differ-
ence in 𝜏had efficiency between isolated (Δ𝑅(𝜏had, 𝜇) > 0.4) and merged 
(Δ𝑅(𝜏had, 𝜇) < 0.4) 𝜏had  candidates is 8% for 1-prong and 10% for 3-
prong candidates, respectively. This difference is applied as a per-𝜏had
uncertainty, as described in Section 6.

The overlap of the muon with the 𝜏seed jet also impacts the 𝜏had  four-
momentum and the 𝜏had  energy scale. A MC-based correction using sig-
nal events is derived to correct the 𝜏had  four-momentum to the same 
energy scale as in isolated 𝜏had. The effect of the correction on the back-
ground is also checked in regions rich in fake-𝜏had  background and is 
found to have a negligible impact on the agreement between data and 
background predictions. The uncorrected kinematic quantities, before 
the muon removal, are used for the event selection to minimize the de-
pendence on simulation.

After the muon-removal technique is applied, the 𝜏had candidates 
are required to satisfy uncorrected transverse momentum, 𝑝uncorr𝑇 >
20GeV, and pseudorapidity criteria, |𝜂uncorr| < 2.5. Any candidate in the 
transition region between the barrel and endcap calorimeters, 1.37 <
|𝜂uncorr| < 1.52, is excluded. Two additional identification criteria are 
defined: 𝜏had  candidates satisfying the loose identification criterion are 
required to have an RNN identification score above 0.01, which ensures 
a selection efficiency of 99% for both 1-prong and 3-prong 𝜏had  can-
didates; 𝜏had  candidates satisfying the tight identification criterion are 
required to satisfy the RNN working point that provides a signal effi-
ciency of 75% (60%) for 1-prong (3-prong) 𝜏had  candidates. All 𝜏had
candidates are required to satisfy the electron-veto BDT loose working 
point with a signal efficiency of 95% for both 1-prong and 3-prong 𝜏had
candidates, as defined in Ref. [69].

An overlap removal procedure is applied on all objects (except the 
muons and the 𝜏had) to eliminate double-counting as in Ref. [70]. The 
remaining objects are then used to perform the following event-level 

selection. The event selection is designed to reject events from most 
background sources, while maintaining a high acceptance to 𝐻 → 𝑎𝑎 →
𝜏+𝜏−𝜏+𝜏− decays. Events are required to have exactly two 𝜇𝜏had  ob-
jects. The leading muon among the two objects is required to sat-
isfy 𝑝𝑇 > 14GeV. The leading (subleading) 𝜏had is required to satisfy 
𝑝uncorr𝑇 > 30GeV  (𝑝uncorr𝑇 > 25GeV) to reduce the number of background 
events with fake 𝜏-leptons. Both 𝜏had  must satisfy the tight identification 
criterion.

The uncorrected 𝜏had  four-momenta and the muon four-momenta are 
used to reconstruct an estimate of the Higgs boson mass 𝑚uncorr2𝜇𝜏had

. Events 
are required to satisfy 60GeV < muncorr

2μτhad
< 120GeV. The selection is be-

low the Higgs boson mass of 125 GeV  to account for the energy carried 
out by neutrinos. The corrected 𝜏had  four-momenta are used to recon-
struct an estimate of the two 𝑎-boson masses 𝑚𝜇𝜏had . Both 𝜇𝜏had  objects 
are required to satisfy 𝑚𝜇𝜏had < 15GeV. The two mass-based selection cri-
teria remove almost all the electroweak sources of background events 
while retaining approximately 90% of the signal.

Two orthogonal signal regions (SR) are defined based on the relative 
charge of the two muons: a same-sign region (SS𝜇), and an opposite-
sign region (OS𝜇). The fake-𝜏had  background in the OS𝜇 region receives 
a large contribution from 𝑍+jets events, which is absent in the SS𝜇 re-
gion. An additional requirement 𝑚𝜇𝜇 < 50GeV  is imposed for events in 
the OS𝜇 region to reduce this contribution and bring the background in 
both regions to similar levels while retaining 94% - 98% of the remain-
ing signal events depending on the 𝑎-boson mass.

5.  Background estimation

Background events from processes that have four 𝜏-leptons in the 
final state are modelled by simulation. Only non-resonant 𝑞𝑞∕𝑔𝑔 → 𝑍𝑍
and resonant 𝐻 → 𝑍𝑍∗ processes are explicitly included in the analysis, 
but they have a negligible impact on the result. After event selection, 
these processes contribute to less than 0.1% of the total background.

Almost all background events come from processes in which at least 
one jet from the hadronisation of a quark or a gluon is mis-reconstructed 
and mis-identified as a 𝜏had  candidate (fake 𝜏had). Simulation studies 
show that, in this case, the nearby muon is almost always from a non-
prompt semileptonic decay of a hadron inside the jet. This background 
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Fig. 3. Post-fit distribution of the average mass of the two 𝜇𝜏had  candidates in each event for data, the expected background and 𝑚𝑎 = 4, 8, and 10 GeV  signals, 
assuming (𝐻 → 𝑎𝑎 → 4𝜏) = 100%, in (a) SS𝜇 and (b) OS𝜇 signal regions. Overflow events up to 15 GeV  are included in the last bin. The hashed area represents the 
total background uncertainty, including both statistical and systematic components. The contributions from 𝑞𝑞∕𝑔𝑔 → 𝑍𝑍 and 𝐻 → 𝑍𝑍∗ are considered, but they 
are not visible as they make up for less than 0.1% in every bin.

source is estimated with a tight-to-loose data-driven method [71] as 
briefly described below.

As described in Section 4, each 𝜏had  candidate and, therefore each 
𝜇𝜏had  candidate, has a loose and a tight identification criterion. Events 
with at least one 𝜇𝜏had  candidate that satisfies the loose identification 
but not the tight one are used to estimate the fake-𝜏had  background by 
assigning a per-𝜇𝜏had  fake-factor weight 𝐹 . The sign of the overall event 
weight is adjusted depending on the number of 𝜇𝜏had  failing to meet the 
tight identification to avoid double-counting of background events [26,
71].

The fake factor 𝐹  is measured using 𝑍+jets events selected by re-
quiring two isolated muons and one 𝜇𝜏had  candidate satisfying the loose
identification requirement. The isolated muons are required to satisfy 
stricter impact parameter requirements |𝑑0∕𝜎𝑑0 | < 4 and have an invari-
ant mass close to the 𝑍 boson pole mass 71GeV < mμμ < 111GeV. The 
fraction of events 𝑓 in which the 𝜇𝜏had  also satisfies the tight identifi-
cation criterion is used to define the fake factor 𝐹 = 𝑓∕(1 − 𝑓 ), param-
eterised as a function of the 𝜇𝜏had  candidate 𝑝uncorr𝑇  and the number of 
associated charged-particle tracks.

The modelling of background events with fake 𝜇𝜏had  is verified in 
a validation region (VR), where events are selected in the same way 
as in the two signal regions, but with a high four-body invariant mass, 
𝑚uncorr2𝜇𝜏had

> 120GeV. Negligible signal contribution is expected in this re-
gion. The modelling is verified separately for events with same-charge 
(SS𝜇 VR) and opposite-charge muon pairs (OS𝜇 VR). Fig. 2 shows the av-
erage corrected mass of the two 𝜇𝜏had  candidates in each event of these 
validation regions for data and the expected background. This variable 
is used as a final discriminant in the signal regions, as explained in Sec-
tion 7. The residual difference between data and expected background 
in this distribution is used as a non-closure systematic uncertainty, as 
described in Section 6.

6.  Systematic uncertainties

Several sources of uncertainties in the signal acceptance are con-
sidered. Experimental sources include uncertainties in the muon recon-
struction and identification efficiencies, in the muon momentum scale 
and in the muon trigger efficiency. The methods used to derive these 
uncertainties are described in Refs. [42,63]. Similar systematic uncer-

tainties related to the 𝜏had  reconstruction, RNN identification, and BDT 
electron-veto efficiencies [68,72] are considered. Uncertainties in the 
𝜏had  energy scale are included following the methods of Ref. [69]. An 
additional systematic uncertainty is included to account for the differ-
ence between identification efficiency in isolated 𝜏had  candidates and 
𝜇𝜏had  candidates after muon removal. The relative difference estimated 
in simulation between the two cases is 8% (10%) and applied as an 
uncertainty separately for each 1-prong (3-prong) 𝜏had  candidate. Un-
certainties in the simulation of pileup  interactions are considered, but 
have a negligible impact on the signal acceptance. The uncertainty in 
the integrated luminosity is 0.83% [40], obtained using the LUCID-2 
detector [37] for the primary luminosity measurements, complemented 
by measurements using the inner detector and calorimeters.

Modelling systematic uncertainties in the signal acceptance are esti-
mated by varying the renormalisation and factorisation scales between 
half and twice the nominal value used in the simulation [73]. Uncer-
tainties related to the parton distribution function are estimated via
NNPDF MC replicas and by comparing the acceptance when different 
PDF sets [48] are used.

The main sources of systematic uncertainty in this search are the 
ones related to the modelling of the fake-𝜏had  background. Uncertainties 
coming from the limited number of data events in the 𝑍+jets region 
used to estimate the fake factor 𝐹  are considered but have a negligible 
impact on the result. Uncertainties coming from the limited number of 
data events with at least one 𝜇𝜏had  candidate failing to meet the tight 
identification in the two signal regions are more important, especially 
for the results at higher values of 𝑚𝑎 where they can be as large as 62%. 
Variations related to the fake factor parameterisation on 𝜏had 𝑝𝑇  and 𝜂
are considered, but have a negligible impact on the result.

Several uncertainties are included to account for possible differences 
between the fake 𝜏had  composition in the 𝑍+jets region, where the fake 
factors are measured, and the signal regions, where they are applied. Al-
ternative fake factors are measured using the same set-up and 𝑍+jets 
region but requiring additional light jets, 𝑏-tagged jets, or restricting 
Δ𝑅(𝜏had, 𝜇) < 0.2. The differences between each of these three alterna-
tive fake factors and the nominal ones are considered as independent 
source of systematic uncertainty. Studies in simulation show that these 
three variations can account for the difference between fake-𝜏had  com-
position in the 𝑍+jets region, signal regions, and validation regions. 
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Fig. 4. Observed (solid line) and expected (dashed line) 95% CL upper limits on 
(𝜎(𝐻)∕𝜎SM(𝐻)) × (𝐻 → 𝑎𝑎 → 4𝜏) as a function of 𝑚𝑎. The inner green and outer 
yellow shaded bands represent the ±1 and ±2 standard deviations around the 
expected limits, respectively. Limits between the mass points are interpolated 
linearly. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Finally, a non-closure uncertainty of 8% in the fake-𝜏had  background
total yield is estimated based on the relative difference between data 
and expected background in the SS𝜇 and OS𝜇 VRs.

Systematic uncertainties in the background processes modelled with 
simulation were studied but they have a negligible impact on the result 
since these background sources account for less than 0.1% of the total 
background across all signal regions.

7.  Results

The average mass of the two 𝜇𝜏had  candidates in each event is used as 
a discriminating observable to test the presence of 𝐻 → 𝑎𝑎 → 𝜏+𝜏−𝜏+𝜏−

decays, due to its better resolution compared with the individual 𝜇𝜏had
masses. The binning strategy for the SS𝜇 and OS𝜇 signal regions was 
optimised to target a statistical uncertainty of approximately 20% in the 
prediction of background events, as depicted in Fig. 3. The last two bins 

were specifically optimised to enhance the signal significance over all 
mass hypotheses simultaneously while ensuring non-zero background 
event yields in each bin. As a result, the statistical uncertainties in these 
bins exceed 20%.

The presence of a 𝐻 → 𝑎𝑎 → 𝜏+𝜏−𝜏+𝜏− decay is tested with a mod-
ified profile likelihood ratio 𝑞(𝜇) [74], where 𝜇 = (𝜎(𝐻)∕𝜎SM(𝐻)) ×
(𝐻 → 𝑎𝑎 → 4𝜏) and 𝜎SM(𝐻) is the inclusive Higgs boson cross-section 
at √𝑠 = 13TeV. The likelihood function is built as a product of Poisson 
probability functions for each average 𝑚𝜇𝜏had  bin in the SS𝜇 and OS𝜇
SRs. Nuisance parameters with Gaussian constraints are introduced to 
model sources of systematic uncertainties and their impact on the ex-
pected signal and background yields.

The observed number of events in the two SRs is shown in Table 1 
along with the predicted background. The signal yields for different 𝑚𝑎
hypotheses are also shown assuming a (𝐻 → 𝑎𝑎 → 4𝜏) = 10% and the 
inclusive Higgs boson cross-section of 55.7pb [75]. No significant excess 
is observed in the SRs when comparing the total data yield to the total 
background prediction in the absence of a signal. The post-fit total num-
ber of background events is 130 ± 7 for the SS SR and 368 ± 16 for the 
OS SR. Upper limits are set at the 95% CL on (𝜎(𝐻)∕𝜎SM(𝐻)) × (𝐻 →
𝑎𝑎 → 4𝜏) using the CLS method [76], and assuming a reference cross 
section of 55.7pb for 𝜎SM(𝐻). Fig. 4 shows the observed and expected 
upper limits obtained using pseudo-experiments to estimate the test-
statistic distribution for each value of the signal strength 𝜇 and 𝑎-
boson mass hypothesis. The SS𝜇 channel demonstrates greater sensitiv-
ity than the OS𝜇 channel for 𝑚𝑎 < 6 GeV  due to less 𝑍∕𝛾 ∗→ 𝜇+𝜇− back-
ground, whereas the SS𝜇 and OS𝜇 channels show similar sensitivities for 
𝑚𝑎 ≥ 6 GeV. The worse limits for 𝑚𝑎 < 8 GeV  are due to the poor sepa-
ration between the signal and background, as the signal shapes closely 
resemble those of the background. Additionally, the worse limits for 
𝑚𝑎 > 10 GeV  result from fewer merged 𝜏-leptons, leading to lower sig-
nal efficiency. The dominant uncertainties arise from the limited num-
ber of pp  collisions collected, ranging from 51% to 70%, depending on 
the mass of 𝑎-boson. The observed (expected) limit on (𝜎(𝐻)∕𝜎SM(𝐻)) ×
(𝐻 → 𝑎𝑎 → 4𝜏) ranges from 0.03 (0.04) at 𝑚𝑎 = 10 GeV  to 0.10 (0.13)
at 𝑚𝑎 = 4 GeV.

The limits presented here are comparable to other recent results 
in the same final state [20,23]. Once interpreted in the 2HDM+S 
model [77], as illustrated in Fig. 5, this final state provides strong con-
straints for the Type-III 2HDM+S model with tan 𝛽 = 5, offering signif-

Fig. 5. The observed (solid line) and expected (dashed line) limits are interpreted within the framework of the Type-III 2HDM+S model with tan 𝛽 = 5, which 
maximizes the branching ratio of 𝑎 → 𝜏+𝜏−. These limits are expressed in terms of (𝜎(𝐻)∕𝜎SM(𝐻)) × (𝐻 → 𝑎𝑎) as a function of 𝑚𝑎. The observed limits for the 
𝐻 → 𝑎𝑎 → 𝜇𝜇𝜇𝜇 channel are identical to the expected limits, as no events are observed in the corresponding search. The dotted red line represents the scenario 
where the branching ratio of the Higgs boson exotic decay 𝐻 → 𝑎𝑎 equals 100%, assuming 𝜎(𝐻) = 𝜎SM(𝐻). The branching ratios of 𝑎 → 𝜏+𝜏− are calculated based on 
the methodology described in Ref. [77]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1 
The pre-fit table showing the total number of observed and expected events in 
the SS𝜇 and OS𝜇 signal regions. The uncertainties include both statistical and 
systematic sources. The expected number of signal events is listed for different 
𝑚𝑎 hypotheses assuming (𝐻 → 𝑎𝑎 → 4𝜏) = 10% and the inclusive Higgs boson 
cross-section.

 Process  SS𝜇 region  OS𝜇 region
 Data  121  380
 Fake-𝜏had  background  129 ± 12  350 ± 31
𝑞𝑞 → 𝑍𝑍 and 𝑔𝑔 → 𝑍𝑍 < 0.01 < 0.01
𝐻 → 𝑍𝑍∗ < 0.01  0.09 ± 0.04
 Total background  129 ± 12  350 ± 31
𝐻 → 𝑎𝑎 → 4𝜏 (𝑚𝑎 = 4GeV)  20.2 ± 3.2  21.4 ± 3.3
𝐻 → 𝑎𝑎 → 4𝜏 (𝑚𝑎 = 6GeV)  9.7 ± 1.5  10.7 ± 1.7
𝐻 → 𝑎𝑎 → 4𝜏 (𝑚𝑎 = 8GeV)  7.8 ± 1.3  6.9 ± 1.1
𝐻 → 𝑎𝑎 → 4𝜏 (𝑚𝑎 = 10GeV)  6.6 ± 1.1  6.0 ± 1.0
𝐻 → 𝑎𝑎 → 4𝜏 (𝑚𝑎 = 12GeV)  3.7 ± 0.6  3.9 ± 0.6
𝐻 → 𝑎𝑎 → 4𝜏 (𝑚𝑎 = 14GeV)  3.1 ± 0.5  2.7 ± 0.5
𝐻 → 𝑎𝑎 → 4𝜏 (𝑚𝑎 = 15GeV)  2.4 ± 0.4  2.4 ± 0.4

icant improvements over previous ATLAS results in the 𝜇𝜇𝜏𝜏 [21] and 
𝜇𝜇𝜇𝜇 [24] final states.

8.  Conclusion

This letter presents the first ATLAS search for exotic Higgs boson de-
cays in the 𝐻 → 𝑎𝑎 → 𝜏+𝜏−𝜏+𝜏− final state, where 𝑎 is a new light scalar 
with a mass range of 4GeV < ma < 15GeV. The analysis was performed 
using the 140 fb−1 of pp  collision data collected between 2015 and 2018 
with the ATLAS detector at the LHC. For the first time in ATLAS, a muon-
removal technique is used to reconstruct merged di-𝜏 decays. No signif-
icant excess of data over the background expectation is observed. Upper 
limits at 95% CL are set on (𝜎(𝐻)∕𝜎SM(𝐻)) × (𝐻 → 𝑎𝑎 → 4𝜏), ranging 
from 0.03 to 0.10 depending on 𝑚𝑎. This measurement significantly im-
proved previous similar measurements.
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