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The Tau Lepton

• Predicted by Y-S Tsai in 1971

• https://journals.aps.org/prd/pdf/

10.1103/PhysRevD.4.2821
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• Discovered in 1975 at 
SLAC by M. L. Perl et al.


• PhysRevLett.35.1489


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.4.2821
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.4.2821
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.35.1489


Since 1975…

• Wealth of measurements to 
characterise the tau lepton from 
electron colliders


• m𝜏 = 1.777 GeV, c𝜏 = 87 μm


• Only lepton with allowed 
hadronic decay modes in the SM
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5+ pages of known 
decay modes 

https://pdg.lbl.gov/2020/listings/rpp2020-list-tau.pdf


The Tau Lepton and the Higgs boson

• m𝜏 / mμ = 16.7


•  branching ratio 
is 280x larger than 

  BR

• As a third generation 

object, many BSM 
scenarios favour large 
couplings to the tau lepton

H → ττ

H → μμ
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Tau Lepton Decays

• c𝜏 = 87 μm


• First active layer of ATLAS 
is at 33mm 
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Main decay modes



Why the hadronic decay modes?

• Branching fraction = 65% 

• Only one neutrino

• Multi-body visible decays 

carry a lot of information 
about the parent particle
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Main decay modes



Outline

• Hadronic tau lepton detection strategy 


• Calibrating hadronic taus 


• A powerful tool for the ATLAS physics program


• Triggering ATLAS with hadronic tau leptons
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ATLAS And The LHC
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• Hadron collider, started collecting data 
in 2010


• The dataset:


• p-p collisions at = 5, 7, 8, 13 TeV 

• Collisions with Pb and other heavy 

ions


• p-p collisions Run2 dataset


• = 13 TeV

• ~1011 protons per bunches

• Up to 2556 bunches

• For most of the data-taking, bunches 

were separated by 25 ns

s

s



LHC Collision data
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• Hadron collider, started collecting data 
in 2010


• The dataset:


• p-p collisions at = 5, 7, 8, 13 TeV 

• Collisions with Pb and other heavy 

ions


• Run2 

• ~1011 protons per bunches

• Up to 2556 bunches

• For most of the data-taking, bunches 

were separated by 25 ns
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Tau reconstruction with ATLAS

1. Collect information from the 
detector


2. Use it to measure relevant 
quantities (momentum, 
position, …)
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12Seeding: anti-kT jet (ΔR=0.4) algorithm on topological clusters

ΔR = Δϕ2 + Δη2

ϕ

η



13Track reconstruction

Pattern recognition alg. 
connecting hits 
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Finding the right vertex
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pT(jet)=20 GeV

pT(jet)=15 GeV

ντ

ντ

π0

π+

pT(tau)=40 GeV 
pT(π+)=15 GeV

• Pile-up interactions induce many 
vertices in addition to the 
expected vertex from the hard 
interaction 


• Default: pick the vertex with the 
highest  


• Not necessarily suitable for 
events with tau leptons:


• 


• Tau Vertex: same definition as 
standard criteria but ONLY 
consider tracks in the tau cone

∑
all tracks

pT

W → τντ + 0 jets

Pileup vertex Pileup vertex
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Track classification
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Track classification
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Undercounting: 
• Hadronic interactions

• Track quality criteria too tight 

• Tracks too collimated to be distinguished



Track classification
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Track classification
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NB: Classification performances considerably improved since 
beginning of run2 (unfortunately no public material to show)



Tau reconstruction with ATLAS
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• Seed using topoclusters


• Use reconstructed tracks to 
determine the correct vertex and 
recalibrate all the clusters w.r.t. to 
this vertex


• Classify reconstructed tracks in 
the seeding cone


➡ At this stage: 


Set of tracks and clusters that 
can be used to further characterise 
the tau

1. Collect information from the 
detector


2. Use it to measure relevant 
quantities (momentum, 
position, …)



Tau reconstruction with ATLAS
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Main ‘Tasks’


Tau Energy Scale


Individual pions finding


Rejecting jets

1. Collect information from the 
detector


2. Use it to measure relevant 
quantities (momentum, 
position, …)



Tau Energy Scale
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• Simple approach: use topo-clusters 
and calibrate with simulation


• Only relying on the calorimeters



Tau Particle Flow
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• A low pT, the tracker is a better tool to 
estimate pT(π+)


• To use it, need to disentangle π0 and 
π+ deposits in the calorimeters


• The idea:

• π+ deposits in the HAD calorimeter 

• π0 deposits contained to the ECAL 

(90% before S3)


• Very large hadronic shower-to-shower 
fluctuations complicate the exercise 



Tau Particle Flow
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• ECAL clusters tagged as 
potential π0 clusters


• ‘Shots': As neutral pions can 
often be merged in single 
clusters, additional clustering 
algorithm to find maxima in the 
first layer of the ECAL


A view of the ECAL

S3

S2

S1
PS



Tau Particle Flow
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potential π0 clusters

• ‘Shots': As neutral pions can 

often be merged in single 
clusters, additional clustering 
algorithm to find maxima in the 
first layer of the ECAL


• Tracks, π0 clusters and ‘shots’ 
are then used in a series of BDTs 
to determine the decay modes

Works well to separate 0 π0  vs >0 π0

Separating 1π0  vs 2π0 is difficult



Tau Energy Scale

• Tracks, π0 clusters and 
‘shots’ are fed into a Boosted 
Regression Tree


• BRT setup to minimise the 
RMS of “estimated-truth”


• Sizeable improvement 
obtained over a very large 
range of pT


• Largest gain at low pT where 
we fully benefit from the 
tracking resolution

27

) [GeV]had-visτ (
T
p

50 100 150 200 250

) r
es

ol
ut

io
n 

[%
]

ha
d-

vi
s

τ ( Tp
5

10

15

20

Baseline
BRT

ATLAS Preliminary
Simulation



Object reconstruction with ATLAS

1. Collect information from the 
detectors


2. Combine them to measure 
relevant quantities of the 
studied deposit


3. Assess the performance in 
data and correct the 
simulations if necessary 
correct it 


4. Calibrate the detector 
response (in-situ calibration)
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Main ‘Tasks’


Tau Energy Scale

Individual pions finding


Rejecting jets



Rejecting jets
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There is a hadronic tau 
lepton in this event Not in this one

Hard to tell… and not only because event displays are hard to interpret

Not a tau

Not a tau?

Not a tau



Rejecting jets
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Rejecting jets
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Rejecting jets

• Recurrent Neural Networks (LSTM units)

• Three independent branches for tracks, clusters 

and high-level variables 
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Rejecting jets

• Recurrent Neural Networks (LSTM units)

• Three independent branches for tracks, 

clusters and high-level variables 
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Rejecting jets

• Recurrent Neural Networks (LSTM units)

• Three independent branches for tracks, 

clusters and high-level variables 
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Rejecting jets

• Recurrent Neural Networks (LSTM units)

• Three independent branches for tracks, 

clusters and high-level variables 
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Rejecting jets
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Outline

• Hadronic tau lepton detection strategy 

• >70% are found despite the challenging tracking conditions
• Energy resolution at 5%
• Very strong jet rejection thanks to deep learning techniques

• Calibrating hadronic taus 


• A powerful tool for the ATLAS physics program


• Triggering ATLAS with hadronic tau leptons
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Standard Model candle: Z→ττ→μτhad (+ 3ν)

39

ντ

ντ

π0
π+

39

νμ

Muon

τhad

• Goal: select data events with a 
muon, characterise the τhad


• Event selection:


• One single muon


• 


• 


• Angular separation between 
 and 


• Veto b-tagged jets

mT = 2pμ
T ⋅ Emiss

T (1 − cosΔϕ(μ, Emiss
T ) < 50 GeV

45 < mvis(μ, τh) < 80 GeV

Emiss
T τh



Standard Model candle: Z→ττ→μτhad (+ 3ν)
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Standard Model candle: Z→ττ→μτhad (+ 3ν)

• Goal: select data events with a 
muon, characterise the τhad


• Event selection:


• One single muon


• 
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• Angular separation between 
 and 


• Veto b-tagged jets


• N(tracks) = {1, 3}
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Z→ττ→μτhad (+ 3ν)

• Goal: select data events with a 
muon, characterise the τhad


• Event selection:


• One single muon


• 


• 


• Angular separation between 
 and 


• Veto b-tagged jets


• N(tracks) = {1, 3}
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45 < mvis(μ, τh) < 80 GeV
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Z→ττ→μτhad (+ 3ν)

• Goal: select data events with a 
muon, characterise the τhad


• Event selection:


• One single muon


• 


• 


• Angular separation between 
 and 


• Veto b-tagged jets


• N(tracks) = {1, 3}

mT = 2pμ
T ⋅ Emiss

T (1 − cosΔϕ(μ, Emiss
T ) < 50 GeV

45 < mvis(μ, τh) < 80 GeV
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Z→ττ→μτhad (+ 3ν)

• Goal: select data events with a 
muon, characterise the τhad


• Event selection:


• One single muon
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• Angular separation between 
 and 


• Veto b-tagged jets


• N(tracks) = {1, 3}
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Tau Energy Scale

• Template fit of the visible mass to 
adjust α 


• α(Data / MC) ~ 1% (3%) for 1p (3p) 
taus


• Uncertainties


• In-situ measurement (sels, 
bkgs, ..)


• Truth <—> Reconstruction in 
simulation (absolute scale)


• Extrapolation of E/p measurement 
from single pions to taus as an 
ersatz for high pT taus
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Outline

• Hadronic tau lepton detection strategy 


• Calibrating hadronic taus 

• Pure control sample selection challenging
• Incomplete knowledge of the efficiency
• The aspects we can measure known at the ~2-3% level

• A powerful tool for the ATLAS physics program


• Triggering ATLAS with hadronic tau leptons

46
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Taus in Higgs physics: H→ττ cross-section 

48

Phys. Rev. D 99 (2019) 072001
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Simultaneous fit on 13 signal 
regions and 6 control regions

Z→ττ norm. left floating in the fit: 
uncertainty impacts extrapolation 

from Z to Higgs

Flagship ATLAS analysis 
to be updated with full 

Run2 dataset very soon!

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.072001


Taus in Higgs physics: H→ττ cross-section 
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Source of uncertainty Impact ��/�H!⌧⌧ [%]
Observed Expected

Theoretical uncert. in signal +13.4 / �8.7 +12.0 / �7.8
Background statistics +10.8 / �9.9 +10.1 / �9.7
Jets and Emiss

T +11.2 / �9.1 +10.4 / �8.4
Background normalization +6.3 / �4.4 +6.3 / �4.4
Misidentified ⌧ +4.5 / �4.2 +3.4 / �3.2
Theoretical uncert. in background +4.6 / �3.6 +5.0 / �4.0
Hadronic ⌧ decays +4.4 / �2.9 +5.5 / �4.0
Flavor tagging +3.4 / �3.4 +3.0 / �2.3
Luminosity +3.3 / �2.4 +3.1 / �2.2
Electrons and muons +1.2 / �0.9 +1.1 / �0.8

Total systematic uncert. +23 /�20 +22 /�19
Data statistics ±16 ±15
Total +28 /�25 +27 /�24

HL-LHC prospect: Δσ/σH→ττ ≈ 10 %



Taus in Lepton Flavour Violation: Z→μτ, Z→eτ
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Z→μτ, Z→eτ
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Uncertainty on B(Z ! `⌧ ) [⇥10�6]
Source of uncertainty e⌧ µ⌧

Statistical ±3.5 ±2.8
Systematic ±2.3 ±1.6

⌧ -leptons ±1.9 ±1.5
Energy calibration ±1.3 ±1.4
Jet rejection ±0.3 ±0.3
Electron rejection ±1.3

Light leptons ±0.4 ±0.1
Emiss

T , jets and flavour tagging ±0.6 ±0.5
Z-boson modelling ±0.7 ±0.3
Luminosity and other minor backgrounds ±0.8 ±0.3

Total ±4.1 ±3.2
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-bin)
T
p-bin 4th track-

T
p1P fake factor (2nd 
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1P tau energy scale, in-situ fit, central region

1P tau energy scale, in-situ exp., central region

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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ATLAS
-1 = 13 TeV, 139 fbs

Best-fit nuisance parameter
Best-fit normalisation factor

 impactσBest-fit +1
 impactσBest-fit -1

• Hadronic tau uncertainty are the 
dominant source of systematics


• Important in-situ constraints 
from the control region



The Unique Power of Hadronic Taus
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• CP nature of the Higgs boson coupling 


• Yukawa couplings: CP-odd terms can be at the same order as 
CP-even terms (unlike bosonic ones)


• No significant changes on the predicted cross-sections

• Need observables carrying CP information of the parent particles


• Tau leptons decay!

 

 

 

ℒ = gττ(cos(ϕτ)ττ + sin(ϕτ)τiγ5τ)h

ϕτ = 0 → CP-even (SM)

ϕτ =
π
2

→ CP-odd

ϕτ =
π
4

→ maximal  CPV



Hττ vertex properties
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τ+ → ρ+ντ → π+π0ντ

τ- → ρ-ντ → π-π0ντ
 

https://arxiv.org/abs/1510.03850


Hττ vertex properties
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Hττ vertex properties

• Very challenging analysis

• Selection of pure π+π0-π+π0 events

• Reconstruction of the individual pions 4 momenta 
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➡ Projection:  ±18o precision on 
the CP mixing-angle 
measurement

• Precision on π0 energy 

resolution has a large 
impact


• ±33o if π0 energy resolution 
twice larger than expected
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Outline

• Hadronic tau lepton detection strategy 


• Calibrating hadronic taus 


• A powerful tool for the ATLAS physics program

• Powered by excellent detection performance, discovered the Higgs 

boson with hadronic taus!
• Continued work needed for future Higgs meas. and current precision 

searches
• Hadronic tau decays offer unique opportunities for BSM searches 

through shape analyses

• Triggering ATLAS with hadronic tau leptons
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• Triggering ATLAS with hadronic tau leptons
58



Why?
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Visible Final 
State BR (%) Neutrinos in 

the event

Fully-leptonic ee, μμ, eμ 13 4

Semi-leptonic eτh, μτh 45 3

Fully-hadronic τhτh 42 2

Light lepton triggers cover a large 
fraction of the ATLAS Physics program

Requires a dedicated tau trigger

87% of X→ττ decays involve a 
hadronically-decaying tau lepton 

X → ττ



The ATLAS Trigger System
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• 2-level system:


• Level 1: hardware-based calorimeters 
and muon system


• HLT: software-based, tracking in RoIs


• Record 1/40000 collisions
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ATLAS Trigger key numbers

LHC bunch crossing rate 40 MHz

ATLAS L1 output rate 100 kHz

ATLAS HLT rate ~1 kHz



Tau Trigger Strategy
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Vertical sums!

! Horizontal sums

! !

!

!

Electromagnetic
isolation ring

Hadronic inner core
and isolation ring

Electromagnetic
calorimeter

Hadronic
calorimeter

Trigger towers ("# × "$ = 0.1 × 0.1)

Local maximum/
Region-of-interest

Level 1 
• Simple tau reconstruction: 


• No tracking

• 2x2 calorimeter window (coarse 

granularity)

• Isolation ring


• Event topology cuts to control the rates

• ΔR(τh, τh) < 2.9 and pT(j0) > 25


• ‘Acceptable’ rate: ~4 kHz




Tau Trigger Strategy
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Level 1 
• Simple tau reconstruction: 


• No tracking

• 2x2 calorimeter window (coarse 

granularity)

• Isolation ring


• Event topology cuts to control the rates

• ΔR(τh, τh) < 2.9 and pT(j0) > 25


• ‘Acceptable’ rate: ~4 kHz
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Tau Trigger Strategy
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Level 1 
• Simple tau reconstruction: 


• No tracking

• 2x2 calorimeter window (coarse 

granularity)

• Isolation ring


• Event topology cuts to control the rates

• ΔR(τh, τh) < 2.9 and pT(j0) > 25


• ‘Acceptable’ rate: ~4 kHz



Tau Trigger Rates

64

]-1s-2 cm33Inst. luminosity [10

9 9.5 10 10.5 11 11.5 12

R
at

e 
[k

H
z]

10

210

53.5

22.9

 6.7 5.9

 3.8

= 13 TeVsData 2016, 
ATLAS Trigger Operation

>12 GeV without isolation cut
T

2τ>20 GeV, p
T

1τL1: p
>12 GeV

T
2τ>20 GeV, p

T
1τL1: p

>25 GeV
T

jet>12 GeV, p
T

2τ>20 GeV, p
T

1τL1: p
)<2.92τ,1τ R(Δ>12 GeV, 

T
2τ>20 GeV, p

T
1τL1Topo: p

>25 GeV
T

jet)<2.9, p2τ,1τ R(Δ>12 GeV, 
T

2τ>20 GeV, p
T

1τL1Topo: p

Level 1 
• Simple tau reconstruction: 


• No tracking

• 2x2 calorimeter window (coarse 

granularity)

• Isolation ring


• Event topology cuts to control the rates

• ΔR(τh, τh) < 2.9 and pT(j0) > 25


• ‘Acceptable’ rate: ~4 kHz
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Level 1 
• Simple tau reconstruction: 


• No tracking

• 2x2 calorimeter window (coarse 

granularity)

• Isolation ring


• Event topology cuts to control the rates

• ΔR(τh, τh) < 2.9 and pT(j0) > 25


• ‘Acceptable’ rate: ~4 kHz
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Level 1 
• Simple tau reconstruction: 


• No tracking

• 2x2 calorimeter window (coarse 

granularity)

• Isolation ring


• Event topology cuts to control the rates

• ΔR(τh, τh) < 2.9 and pT(j0) > 25


• ‘Acceptable’ rate: ~4 kHz
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Level 1 
• Simple tau reconstruction: 


• No tracking

• 2x2 calorimeter window (coarse 

granularity)

• Isolation ring


• Event topology cuts to control the rates

• ΔR(τh, τh) < 2.9 and pT(j0) > 25


• ‘Acceptable’ rate: ~4 kHz



Tau Trigger Efficiency 

68

 [GeV]
T
pOffline tau 

0 10 20 30 40 50 60 70 80 90 100

Ef
fic

ie
nc

y

0

0.2

0.4

0.6

0.8

1

ATLAS

 = 13 TeVs, -1 L dt = 3.2 fb∫
 T&P

had
τµ → ττ →Data 2015, Z 

tau25_medium trigger

L1
L1 + HLT

Turn-on limited by 
L1 resolution

80% efficiency at 
pT=30 GeV


(analysis cut) Offline/online 
tracking differencesLevel 1 

• Simple tau reconstruction: 

• No tracking

• 2x2 calorimeter window (coarse 

granularity)

• Isolation ring


• Event topology cuts to control the rates

• ΔR(τh, τh) < 2.9 and pT(j0) > 25


• ‘Acceptable’ rate: ~4 kHz


HLT 
• Simplified version of offline reconstruction


• Calo-based energy reconstruction

• Simpler Track counting  algorithm 

(poorer resolution)

• Same tau ID as offline



Conclusions

• Detecting hadronic tau leptons at the LHC is 
a challenging task!


• Despite busy tracking environment, 
>70% of taus are detected 


• Triggering is even harder but critical for 
signatures without electrons or muons


• Modern machine learning enable 
remarkable performance 


• Tau reconstruction 


• Enables searches for unique BSM 
signatures 


• Further improvements key for ultimate 
precision on measurements
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Additional material

70



Pushing to extreme phase spaces
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Boosted ditau

73

 mass [GeV]τVisible di-

0

20

40

60

80

100

120

140

Ev
en

ts
 / 

20
 G

eV

40 60 80 100 120 140
 mass [GeV]τVisible di-

0.5

1

1.5

D
at

a 
/ P

re
d.

Data
τTrue di-

Multi-jet
Others

 (before SF)τTrue di-
Uncertainty

ATLAS
-1 = 13 TeV, 139 fbs

 0-tag regionττZ



Tau Trigger Efficiency Measurement
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Rejecting jets

• Criteria (‘cut’) optimised for a flat efficiency vs pT(τ) and <μ>.

• At fixed efficiency, RNN improves over BDT all across the pT(τ) spectrum
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Tau Energy Scale
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• Template fit of the visible mass to 
adjust α 


• α(Data / MC) ~ 1% (3%) for 1p (3p) 
taus


• Uncertainties


• In-situ measurement (sels, 
bkgs, ..)


• Truth <—> Reconstruction in 
simulation (absolute scale)


• Extrapolation of E/p measurement 
from single pions to taus as an 
ersatz for high pT taus



• Very challenging analysis

• Selection of pure π+π0-π+π0 events

• Reconstruction of the individual pions 4 momentums 
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78M. Kagan: link

https://indico.cern.ch/event/619371/attachments/1450504/2236434/Kagan_Lecture2.pdf


79M. Kagan: link

https://indico.cern.ch/event/619371/attachments/1450504/2236434/Kagan_Lecture2.pdf


Tau Particle Flow
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• A low pT, tracker is a better tool to 
estimate pT(π+)


• To use it, need to disentangle π0 and π+ 

deposits in the calorimeters


• Forming π0 candidates

• Clustering cells in the EM calorimeter

• Extrapolate tracks to the HAD 

calorimeter and match them to the 
HAD clusters


• Remove  from the 
EM clusters


• Discard clusters below 2 GeV (mostly 
pileup noise) 
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• Dedicated MVA to identify the origin of the remaining clusters

• BDT using 12 variable characterising the topocluster (position in the 

detector and moments to characterise its shape)
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