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Searches for new phenomena 
with tau leptons in the final state 
using the ATLAS detector  



The Large Hadron Collider
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•Completed in 2008, CERN, Geneva 
•Physics runs in 2010 - 2012 (Run 1) 
                   and 2015 - 2018 (Run 2)

•pp collisions at  
 √s = 7 TeV (3.5 + 3.5) for 2010-11  
 √s = 8 TeV (4 + 4) for 2012 
•also Pb+Pb, p+Pb (not covered here) 
•Long Shutdown (LS1) 2013-2014

•Run 2 from 2015 
 running @ √s = 13 TeV 
 (design value = 14 TeV)  
•LS2 planned 2019-2020 
•Run 3 till 2023



LHC luminosity
•Run 1 
‒2011, ~5 fb-1 @ 7TeV 
‒2012, ~20 fb-1 @ 8TeV 

•Peak lumi in Run 1 
0.75×1034 cm-2 s-1  

•Run2: peak lumi 2×1034 
(2018) @ 13TeV (design: 1×1034) 
•2015-16: 36.1 fb-1 
2015-17: ~80 fb-1
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•Inner Detector tracking (Pixel, SCT, TRT) |η|<2.5  
•EM (LAr) and hadron (Tile+LAr) calorimeters |η|<4.9  
•Muon Spectrometer with toroid magnets |η|<2.7

2T

The ATLAS detector



Search for BSM with τ’s
•3rd generation (heaviest) lepton may be a 
unique clue of BSM signatures, e.g. 
‒stau in SUSY often considered to be lightest slepton 
‒strongest leptonic coupling to Higgs 

•Experimentally more complicated than e/μ 
‒ largest BR to hadrons: separation from jets 
‒ leptonic decays hard to distinguish from e/μ 
‒ includes at least one ν (missing ET) 

•Sophisticated identification methods  
‒Refer to talk by A.-C. Le Bihan
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τ ID in ATLAS (in short)

•1-track and 3-track τhad-vis candidates, seeded 
from anti-kt jets with R=0.4 

•Identification using Boosted Decision Tree 
using calorimeter- and track-related variables 
•loose, medium and tight working points 
‒ e.g. in W’→τν search, loose criteria are used 
‒ Efficiency ~ 60% @ pT=100 GeV, 30% @ 2 TeV

6

References: 
Run 1 paper: EPJC75(2015)303 1412.7086  
Run 2 update: ATL-PHYS-PUB-2015-045 
Run 2 performance: ATLAS-CONF-2017-029

http://dx.doi.org/10.1140/epjc/s10052-015-3500-z
https://arxiv.org/abs/1412.7086
https://cds.cern.ch/record/2064383
https://cds.cern.ch/record/2261772


Searches covered in this talk
•τb resonance (3rd gen. scalar leptoquark) 
‒Lepton-quark unification: bosons with both B and L 
‒7 TeV result 

•Multi (>=3) lepton production (excited l/ν, H±±) 
‒Compositeness: excited states of fermions 
‒7 TeV and 8 TeV results 

•di-τ resonance search (Z’→ττ, H→ττ) 
‒Extension of gauge sectors: heavier states of Z/W 
‒7 TeV, 8 TeV and 13 TeV results 

•τ and missing momentum (W’→τν) 
‒13 TeV result 7



Searches NOT covered here
•For SUSY searches, refer to F. Lyu’s talk 

•For di-Higgs and BSM Higgs searches, refer to 
talks by P. Bokan and C. Caputo  

•For LFV signatures, refer to B. Le’s talk 

•For H→leptons (incl. ττ), refer to L. Schildgen’s 

•And, B. Winter’s talk on τ polarization in Z→ττ
8



 [GeV]LQm

200 300 400 500 600 700

C
ro

ss
-s

e
ct

io
n

 [
p

b
]

-310

-210

-110

1

10 )LQ LQ→Cross-section(pp 

σ 1 ±Cross-section 

Expected Limit

σ 1 ±Expected 

σ 2 ±Expected 

Observed Limit

ATLAS

-1
Ldt = 4.7 fb∫
 = 7 TeVs

Figure 5. The expected (dashed) and observed (solid) 95% credibility upper limits on the cross-section as a
function of leptoquark mass, for the combined result. The 1(2) s error bands on the expected limit represent
all sources of systematic and statistical uncertainty. The expected NLO production cross-section for third
generation scalar leptoquarks and its corresponding theoretical uncertainty (hashed band) are also included.

on the cross-section is also shown. The result when both channels are combined is shown in
figure 5. The likelihood for the combined model is defined as the product of likelihood terms for
each channel. The data are found to be consistent with the background-only hypothesis and third
generation scalar leptoquark production is excluded at 95% confidence level for leptoquark masses
up to 534 GeV (the expected limit is 569 GeV).

9 Conclusions

A search for pair production of third generation scalar leptoquarks has been performed with the
ATLAS detector at the LHC, using a data sample corresponding to an integrated luminosity of
4.7 fb�1. No significant excess over the SM background expectation is observed in the data. The
assumption is made that BR(LQ ! tb) = 1.0 and third generation scalar leptoquarks with masses
up to mLQ < 534 GeV are excluded at 95% CL. The cross-section for leptoquark pair-production
increases with centre-of-mass collision energy. At

p
s = 8 TeV the production rate for leptoquarks

with mLQ = 700 GeV is enhanced by a factor of two, providing scope for setting stronger limits
using data from the 2012 LHC run. Meanwhile, this result is the most stringent limit arising from
direct searches for third generation scalar leptoquarks to-date.
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3rd gen. scalar leptoquarks

•LQ3LQ3→τbτb (100% BR assumed) 
•eτhad-visbb+3ν and μτhad-visbb+3ν channels 
•m(LQ3) > 534 GeV

9

Background LQ(m=500 GeV)
Luminosity � 3.7

Theory 2.8 17
Normalisation factors 9 �

Trigger efficiency < 0.2 3.3
Muon momentum scale 0.1 0.2

Muon reconstruction efficiency < 0.1 0.3
Tau energy scale 0.6 1.2
Tau ID efficiency 0.8 5.7

Jet energy scale (nuisance parameter dependent) 0.1�2.0 < 0.2
Jet energy resolution 1.5 0.5
b-tagging efficiency 2.7 15

Table 5. The sources of systematic uncertainty in the muon channel and the relative change (in %) in
the background and signal yields. The theory term includes uncertainties related to initial- and final-state
radiation, PDFs, and multi-parton interactions.
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Figure 2. Data and MC comparisons of the ST variable after applying all cuts in the (a) electron and (b)
muon channels. The ratio NData/NBackground is also shown, where the red line at unity and hashed band
represent the Standard Model expectation and associated statistical and systematic uncertainties. No events
with ST > 1.2 TeV were observed in data.

tt̄ background process, where the central value lies outside the nominal range (although covers the
nominal value within its own statistical uncertainty). Conservatively, the difference between the
nominal shape and the alternative shape is taken as a systematic uncertainty and added to the shape
uncertainty determined from the nominal fit. The total shape uncertainty is treated as an additional
nuisance parameter. Comparisons of the fitted distributions to data are shown in figure 3. Below
ST = 350 GeV the background shape is taken from the histogram.

Two alternative models are built to describe background-only and signal+background hypothe-
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JHEP06(2013)033 1303.0526 

ST: scalar sum of pT of e/μ, τ, 2 jets and missing ET

https://dx.doi.org/10.1007/JHEP06(2013)033
https://arxiv.org/abs/1303.0526
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Figure 6. Observed and expected 95% CL limits on the mass parameter and the compositeness scale Λ

for excited leptons. The region under the curve is excluded by this analysis, the blue region is excluded by

LEP, and the gray region represents mℓ∗ > Λ and is unphysical. The red line shows the limits taking only

CI production into account.
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Figure 6. Observed and expected 95% CL limits on the mass parameter and the compositeness scale Λ

for excited leptons. The region under the curve is excluded by this analysis, the blue region is excluded by

LEP, and the gray region represents mℓ∗ > Λ and is unphysical. The red line shows the limits taking only

CI production into account.
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Generic multi-lepton search

•≧3e/μ, 2e/μ + ≧1τhad, on-Z and off-Z 
•Model-independent σvis limit interpreted as 
H±±→e±τ±/μ±τ± and excited leptons 

•τ*→τZ, ντ*→τW, etc. 
•For m(l*)=Λ, m(τ*)>2.5 TeV, m(ν*)>1.6 TeV
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JHEP08(2015)138 1411.2921 

Λ: compositeness scale

(7TeV: PRD87(2013)052002 1211.6312 )
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Figure 3. Sample results for all categories: (a) ≥ 3e/µ, off-Z, no-OSSF, (b) 2e/µ+ ≥ 1τhad, off-Z, no-

OSSF, (c) ≥ 3e/µ, off-Z, OSSF, (d) 2e/µ+ ≥ 1τhad, off-Z, OSSF, (e) ≥ 3e/µ, on-Z and (f) 2e/µ+ ≥ 1τhad,

on-Z. A predicted signal of excited tau neutrinos is overlaid to illustrate the sensitivity of the different

signal regions; the compositeness scale Λ of this signal scenario is 4 TeV. The lower panel shows the ratio

of data to the expected SM backgrounds in each bin. The last bin in all figures includes overflows.
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Figure 3. Sample results for all categories: (a) ≥ 3e/µ, off-Z, no-OSSF, (b) 2e/µ+ ≥ 1τhad, off-Z, no-

OSSF, (c) ≥ 3e/µ, off-Z, OSSF, (d) 2e/µ+ ≥ 1τhad, off-Z, OSSF, (e) ≥ 3e/µ, on-Z and (f) 2e/µ+ ≥ 1τhad,

on-Z. A predicted signal of excited tau neutrinos is overlaid to illustrate the sensitivity of the different

signal regions; the compositeness scale Λ of this signal scenario is 4 TeV. The lower panel shows the ratio

of data to the expected SM backgrounds in each bin. The last bin in all figures includes overflows.
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https://dx.doi.org/10.1007/JHEP08(2015)138
https://arxiv.org/abs/1411.2921
https://link.aps.org/doi/10.1103/PhysRevD.87.052002
https://arxiv.org/abs/1211.6312


Di-τ resonance search

•Analysis results for BSM H 
search (see C. Caputo’s talk) 
interpreted for Z’→ττ limits 

•τlepτhad and τhadτhad channels  
(b-veto and b-tag selections in  
H search were merged) 

•m(Z’SSM) < 2.42 TeV excluded 
for Sequential Standard Model 

•Results also interpreted in 
G(221) model (shown later)
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JHEP01(2018)055 1709.07242 (8TeV: JHEP07(2015)157 1502.07177 ) 
(7TeV: PLB719(2013)242 1210.6604 ) [GeV]φm
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τ+MET resonance search 

•First search on this channel by ATLAS 
•τhad-vis with pT > 50 GeV, ET_miss > 150 GeV 
•0.7<pT/ET_miss <1.3, Δφ>2.4 
•Main background (BG) 
from W→τν (from MC) 
•Jet(→τhad) BG from 
W/Z+jets, multi-jets  
(estimated data-driven) 
•Other BG: W/Z/γ*, 
pair/single-top, diboson 
(from MC)
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Figure 1: Transverse mass distribution after the event selection. The total impact of the statistical and systematic
uncertainties on the SM background is depicted by the hatched area. The ratio of the data to the estimated SM
background is shown in the lower panel. The prediction for W

0
SSM and W

0
NU (cot �NU = 5.5) bosons with masses of

3 TeV are superimposed.

jet background is subdominant. The uncertainty due to the subtraction of non-jet contamination in the
control regions is negligible.

To reduce the impact of statistical fluctuations in the jet background estimate, a function f (mT) =
m

a+b logmT
T , where a and b are free parameters, is fitted to the estimate in the range 400 < mT < 800 GeV

and is used to evaluate the jet background in the range mT > 500 GeV. The impact of altering the fit range
leads to an uncertainty that increases with mT, reaching 50% at mT = 2 TeV. The statistical uncertainty
from the control regions is propagated using pseudo-experiments and also reaches 50% at mT = 2 TeV.

Figure 1 shows the observed mT distribution of the data after event selection, including the estimated
SM background contributions and predictions for W

0
SSM and W

0
NU (cot �NU = 5.5) bosons with masses

of 3 TeV. The number of observed events is consistent with the expected SM background. Therefore,
upper limits are set on the production of a high-mass resonance decaying to ⌧⌫. The statistical analysis
uses a likelihood function constructed as the Poisson probability describing the total number of observed
events given the signal-plus-background expectation. Systematic uncertainties in the expected number
of events are incorporated into the likelihood via nuisance parameters constrained by Gaussian prior
probability density distributions. Correlations between signal and background are taken into account. A
signal-strength parameter, with a uniform prior probability density distribution, multiplies the expected
signal. The dominant relative uncertainties in the expected signal and background contributions are shown
in Figure 2 as a function of the mT threshold.

Limits are set at the 95% credibility level (CL) using the Bayesian Analysis Toolkit [60]. Figure 3 shows
the model-independent upper limits on the visible ⌧⌫ production cross section, �(pp ! ⌧⌫ + X)A", as a
function of the mT threshold, where A is the fiducial acceptance (including the mT threshold) and " is the
reconstruction e�ciency. Model-specific limits can be derived by evaluating �, A and " for the model
in question and checking if the corresponding visible cross section is excluded at any mT threshold. This
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Figure 4: (a) The 95% CL upper limit on the cross section times ⌧⌫ branching fraction for W
0
SSM. The W

0
SSM cross

section is overlaid where the additional lines represent the total theoretical uncertainty. (b) Excluded region for
W

0
NU. The 95% CL limits from the ATLAS ee, µµ [62] and ⌧⌧ [58] searches and indirect limits at 95% CL from fits

to electroweak precision measurements (EWPT) [63], lepton flavor violation (LFV) [64], CKM unitarity [65] and
the original Z-pole data [2] are overlaid.
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τν resonance search: results

•Model-independent σ×A×ε limits with mT thresholds 
(Acceptance etc. can be found in www.hepdata.net/record/80812 ) 

•Sequential Standard Model: m(W’SSM) > 3.7 TeV
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the original Z-pole data [2] are overlaid.

7

Non-universal G(221) model
•Also known as “topflavor” 
•SU(2)l×SU(2)h×U(1) split gauge groups for 
light(e/μ) and heavy(τ) fermions 

•φ: mixing of light/heavy 
•τ coupling enhanced by  
cotφNU w.r.t. W’SSM 

• W’NU and Z’NU degenerate 
•τν channel gives enhanced 
sensitivity than ττ/μμ/ee 
for large parameter space

14



Conclusions
•Final states with τ leptons could be key 
signatures for Beyond-SM physics 

•Search results shown for following topologies, 
bringing constraints on specific models: 
‒τb resonance (leptoquarks) 
‒3 or more leptons (excited leptons) 
‒τ+τ- resonance (Z’SSM and Z’NU) 
‒τν resonance (W’SSM and W’NU) 

•Stay tuned for more 13 TeV results to come! 15
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Figure 11: The 95% CL exclusion in the non-universal G(221) parameter space overlaid with indirect upper limits at
95% CL from fits to electroweak precision measurements [144], lepton flavour violation [145], CKM unitarity [146]
and Z-pole measurements [36].

9 Conclusion

A search for neutral Higgs bosons as predicted in the Minimal Supersymmetric Standard Model and Z0

bosons decaying to a pair of ⌧-leptons is performed using a data sample from proton–proton collisions
at
p

s = 13 TeV recorded by the ATLAS detector at the LHC, corresponding to an integrated luminosity
of 36.1 fb�1. The ⌧e⌧had, ⌧µ⌧had and ⌧had⌧had channels are analysed and no indication of an excess over
the expected SM background is found. Upper limits on the cross section for the production of scalar
and Z0 bosons times the branching fraction to ditau final states are set at 95% CL, significantly increas-
ing the sensitivity and the explored mass range compared to previous searches. They are in the range
0.78–0.0058 pb (0.70–0.0037 pb) for gluon–gluon fusion (b-associated) production of scalar bosons with
masses of 0.2–2.25 TeV and 1.56–0.0072 pb for Drell–Yan production of Z0 bosons with masses of 0.2–
4 TeV. In the context of the hMSSM scenario, the most stringent limits for the combined search exclude
tan � > 1.0 for mA = 0.25 TeV and tan � > 42 for mA = 1.5 TeV at 95% CL. In the context of the Se-
quential Standard Model, Z0SSM bosons with masses less than 2.42 TeV are excluded at 95% CL, while
mZ0NU

< 2.25–2.60 TeV is excluded in the range 0.03 < sin2 � < 0.5 in the non-universal G(221) model.
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Figure 1: Lowest-order Feynman diagrams for (a) gluon–gluon fusion and b-associated production of a neutral
MSSM Higgs boson in the (b) four-flavour and (c) five-flavour schemes and (d) Drell–Yan production of a Z0
boson.

(Figure 1(d)), there is little gain in splitting the data into b-tag and b-veto categories. Hence, the Z0

analysis uses an inclusive selection instead.

The paper is structured as follows. Section 2 provides an overview of the ATLAS detector. The event
samples used in the analysis, recorded by the ATLAS detector or simulated using the ATLAS simulation
framework, are reported in Section 3. The event reconstruction is presented in Section 4. A description
of the event selection criteria is given in Section 5. Section 6 explains the estimation of background
contributions, followed by a description of systematic uncertainties in Section 7. Results are presented in
Section 8, followed by concluding remarks in Section 9.

2 ATLAS detector

The ATLAS detector [43] at the LHC covers nearly the entire solid angle around the collision point.3

It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting toroid
magnets. The inner-detector system is immersed in a 2 T axial magnetic field and provides charged-
particle tracking in the range |⌘| < 2.5.

The high-granularity silicon pixel detector covers the vertex region and typically provides four meas-
urements per track. The innermost layer, known as the insertable B-Layer [44], was added in 2014 and
provides high-resolution hits at small radius to improve the tracking performance. The pixel detector is
surrounded by the silicon microstrip tracker, which usually provides four two-dimensional measurement

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the interaction point to the centre of the LHC ring, and the y-axis
points upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of
�R ⌘

p
(�⌘)2 + (��)2.
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Figure 5: Distributions of mtot
T for the (a) b-veto and (b) b-tag categories of the ⌧lep⌧had channel and the (c) b-

veto and (d) b-tag categories of the ⌧had⌧had channel. The label “Others” refers to contributions from diboson,
Z/�⇤(! ``)+jets and W(! `⌫)+jets production. In the ⌧lep⌧had channel, events containing ⌧had-vis candidates that
originate from jets are removed from all processes other than Jet ! ⌧ fake. The binning displayed is that entering
into the statistical fit discussed in Section 8, with minor modifications needed to combine the ⌧lep⌧had channels and
with underflows and overflows included in the first and last bins, respectively. The predictions and uncertainties for
the background processes are obtained from the fit under the hypothesis of no signal. The combined prediction for A
and H bosons with masses of 300, 500 and 800 GeV and tan � = 10 in the hMSSM scenario are superimposed. The
significance of the data given the fitted model and its uncertainty is computed in each bin following Ref. [140] and
is shown in the lower panels. The expected significance of the hypothetical Higgs boson signals are also overlaid.
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mTtot distributions in ττ selection channels 
 = invariant mass of pT(τ1), pT(τ2), ET(miss)

G(221) constraints in Z’→ττ


