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Overview

• The tau lepton, LHC and ATLAS

• Higgs analysis with taus

• New: Particle Flow

• What do we gain from it?



21.12.2016 PW, Grad.kolleg Freiburg 3

The Tau Lepton
• Mass ~ 1.8 GeV

• Proper decay length: ~ 87 m

• Weak decays:

→ Undetected

In the ATLAS detector: 

• Leptonic decays really “look like” e,
• “Tau” = hadronic decay

→ Leptonic modes

→ Hadronic modes
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LHC – Our Source of  Leptons
• LHC collides protons

• “Run 1” completed in Feb 2013: collision 
energy of 7 and 8 TeV

• “Run 2” started 2015: 13 TeV collision energy, 
more integrated luminosity

LuminosityPublicResults

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
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ATLAS Detector
• Multi-purpose detector for various physics signatures with leptons, jets, photons

• Momentum range ~1-1000 GeV (typically 10-100 GeV from EW processes)

• 2T magnetic field
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ATLAS Detector

Detection:

• Charged particles: Tracking 
detectors, /p

T 
~                [GeV] 

resolution

• e,: EM calorimeters: 
/E~10%/     

• Hadronic calorimeter: 
/E~50%/

• Muon spectrometer:
/p <10%

√E [GeV ]

√E [GeV ]

0.05%⋅pT
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Run 1 Higgs Discovery

“Higgs boson” discovery in 2012 from 
combined analysis of multiple decay 
channels: , ZZ, WW

Estimated ditau mass (GeV)

H→ : 4.5 excess observed

• SM Higgs-to-lepton coupling largest for → 
only accessible fermionic decay channel so far

• Evidence for Yukawa couplings of Higgs

• Strong constraints on VBF production cross 
section

JHEP 04 (2015) 117

4.5

Phys Lett B 716 (2012) 1

http://arxiv.org/ct?url=http://dx.doi.org/10%2E1007/JHEP04%282015%29117&v=1dbc2917
http://www.sciencedirect.com/science/article/pii/S037026931200857X
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Higgs analysis with 's – Requirements

Real 's major background to H→ signal:

Broad ditau mass peak due to invisible 's, 
difficult to reconstruct

 

• Need good kinematic discrimination 

• Good 4-momentum resolution of visible  
helps here!

Estimated ditau mass (GeV)

JHEP 04 (2015) 117

http://arxiv.org/ct?url=http://dx.doi.org/10%2E1007/JHEP04%282015%29117&v=1dbc2917
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Taus in the ATLAS Calorimeter

150 cm

47 cm

15 cm

Taus typically strongly boosted:

Opening angle ~ 0.2 rad
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15 cm

4.7 mm

Taus in the ATLAS Calorimeter
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Run 1 Energy Measurement
Run 1: visible  energy measured 
entirely in the calorimeter: 

= E()
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Run 1 Energy Measurement
Run 1: visible  energy measured 
entirely in the calorimeter: 

= E()

However poor calorimeter 
resolution of ± limits energy 
resolution, e.g. HCAL: 
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Run 1 Energy Measurement
Run 1: visible  energy measured 
entirely in the calorimeter: 

Energy resolution of ± is superior in the 
tracker below p

T
 ~ 120 GeV

→ Can do better than Run 1 method!

= E()

However poor calorimeter 
resolution of ± limits energy 
resolution, e.g. HCAL: 
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Alternative: “Particle Flow” approach

New for Run 2 @ ATLAS: Particle Flow

“Exploit full detector information to resolve, identify and measure each single particle!”

• No strict definition – move away from pure calorimetry for 4-momentum measurements

• Measure 4-momentum with tracking detector instead of calorimeter → improve resolution!

• For both isolated and non-isolated particles! e.g. inside jet or hadronically decaying tau
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Alternative: “Particle Flow” approach

“Exploit full detector information to resolve, identify and measure each single particle!”

New for Run 2 @ ATLAS: Particle Flow

Charged particles 
measured in tracker

Photons (from 0) 
measured in ECAL
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Alternative: “Particle Flow” approach

“Exploit full detector information to resolve, identify and measure each single particle!”

New for Run 2 @ ATLAS: Particle Flow

Charged particles 
measured in tracker

Photons (from 0) 
measured in ECAL

• Employed in various experiments to different extent – e.g. all Tevatron and LEP expmts.
• … and future: ILC detectors designed for Particle flow

• … and a contemporary: CMS – full event reconstruction with Particle Flow

Challenge: Separate energy deposits in calorimeter 
from different particles (“confusion”)
→ Detector specifications important: granularity!
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Reconstruction Algorithm

Charged Energy 
Estimate
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Decay Mode Classification

 EM 
Clusters

Match Clusters 
to Tracks

Tracks

± 
4-momenta

(Tracks)

0 
4-momenta  

Decay
Mode

    Unchanged 
EM Clusters Tracks

    New    
EM Clusters 


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Cell
Subtraction

  Unchanged 
Clusters

 Tracks
New 

Clusters 

Charged Energy 
Estimate

 EM 
Clusters

Tracks

Reconstruction Algorithm
~99% of  decays contain no neutral hadrons! 

• Assign all HCAL energy →  

• redo clustering in EMCAL only

Cluster Rescaling

0 Identification

Decay Mode Classification

EM1 Photon
Reconstruction

  Unchanged 
Clusters

Photons

± 

4-momenta
(Tracks)

0 
4-momenta  

Decay
Mode

    Unchanged 
EM Clusters Tracks

    New    
EM Clusters 

 Tracks
New 

Clusters 



Track

EM TopoClusters
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 Tracks
New 

Clusters 

Charged Energy 
Estimate

Cluster 
Rescaling

0 Identification

Reconstruction Algorithm

Match closest cluster to track

Decay Mode Classification

Cluster Rescaling

0 Identification

Decay Mode Classification

 EM 
Clusters

Match Clusters 
to Tracks

Tracks

± 
4-momenta

(Tracks)

0 
4-momenta  

Decay
Mode
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EM Clusters 

Tracks
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E/p
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4-momenta
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0 
4-momenta  

Decay
Mode

    Unchanged 
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Tracks
    New    
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 Tracks
New 

Clusters 

If no cluster found within 0.04 then 
assume ± did not leave a cluster → no 
subtraction


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Cell
Subtraction
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Charged Energy 
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Charged Energy 
Estimate

Cluster 
Rescaling

0 Identification

Reconstruction Algorithm
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• Overlap of 0 and ± only in ECAL

• Compute ± energy in ECAL simply as: 

E
exp

(±) = p(track) – E(Hcal)


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
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Charged Energy 
Estimate

Cluster 
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Instead of simply “throwing away” ± remnant cluster → significant 

performance gain by exploiting

• Cluster properties

•  kinematics

Also: Important to pick the right 0 cluster for analysis!


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Charged Energy 
Estimate
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Suppress ± remnants using BDT based on 

• Cluster moments

• Number of photons

Pass 0 ID Fail 0 ID

 Reconstruction Algorithm
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 Reconstruction Algorithm

Suppress ± remnants using BDT based on 

• Cluster moments

• Number of photons
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• Cluster moments

• Number of photons

→ This in combination with a cut on E
T
(neutral) > ~2 GeV 

gives the gain in particle flow  resolution!



Pass 0 ID Fail 0 ID

Reconstruction Algorithm
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
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Reconstruction Algorithm
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

Pass 0 ID Fail 0 ID

CERN-PH-EP-2015-294

published in EPJC

Reconstruction Algorithm
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Particle flow performance 
– What do we gain?
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What's the gain? – 4-vector resolution
Better 4-momentum resolution than calorimeter-only in Run 1:

• Angular resolution: >5 times improved

CERN-PH-EP-2015-294

https://cds.cern.ch/record/2116436
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What's the gain? – 4-vector resolution
Better 4-momentum resolution than calorimeter-only in Run 1:

• Angular resolution: >5 times improved

• Energy resolution: ~2 times improved at low E
T
 

CERN-PH-EP-2015-294

https://cds.cern.ch/record/2116436
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Features of resolution distribution:

• Best resolution for modes without ± 
and correctly reconstructed decays

• Misestimation of 0 → bias of ~25%

• Large low-energy bias from decays with 
neutral Kaons (not fully reconstructed)

What's the gain? – 4-vector resolution

CERN-PH-EP-2015-294

https://cds.cern.ch/record/2116436
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What's the gain? – 4-vector resolution
Better 4-momentum resolution than calorimeter-only in Run 1:

• Angular resolution: >5 times improved

• Energy resolution: ~2 times improved at low E
T
 

• Performance quite insensitive to busy-ness of collision environment

(“Offset” correction of ~100-400 
MeV applied to Run 1 here)

CERN-PH-EP-2015-294

https://cds.cern.ch/record/2116436
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What's the gain? – 4-vector resolution
Better 4-momentum resolution than calorimeter-only in Run 1:

• Angular resolution: >5 times improved

• Energy resolution: ~2 times improved at low E
T
 

• Performance quite insensitive to busy-ness of collision environment

• Performance also well modeled in data!
CERN-PH-EP-2015-294

Same plot also on 
the EPJC cover!

https://cds.cern.ch/record/2116436
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Particle Flow – 
What does it give us beyond 

a better 4-momentum 
measurement?
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What's the gain? – H vs. Z discrimination
Z→ major background in H→ analysis

Yet unexploited: Discriminate Z (vector) from H (scalar) using longitudinal  polarization
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What's the gain? – H vs. Z discrimination
Discriminate 

Z (vector) H (scalar) 

Longitudinal  polarization
correlated anti-correlated 



21.12.2016 PW, Grad.kolleg Freiburg 45

What's the gain? – H vs. Z discrimination
Discriminate 

Z (vector) H (scalar) 

Longitudinal  polarization

Measured in each  
using energy asymmetry 
of  and  
in → decays
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Prospects for Higgs CP Measurement

→ Higgs CP measurement in its decay by correlating transverse polarizations

H →  important:

• Pseudoscalar Higgs in major models does 
not couple at tree level to WW and ZZ → 
need fermionic final states!

• Tau is only lepton that gives access to 
polarization through kinematics of its decay 
products → need Particle Flow!
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Higgs CP measurement by correlating transverse polarizations:

Measured using angle 
between  decay planes:

+ and - preferably parallel + and - preferably antiparallel

Prospects for Higgs CP Measurement

Desch et al, 
Phys. Lett. B 579 (2004) 157
Berge et al, 
Eur. Phys. J. C 74 (2014) 3164
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Higgs CP measurement by correlating transverse polarizations:

Measured using angle 
between  decay planes:

Prospects for Higgs CP Measurement

Actual reconstruction of decay planes 
dependent on decay mode! 

+ and - preferably parallel + and - preferably antiparallel
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Five-way decay mode classification: 
74.7% efficiency

Particle Flow Performance for CP Meas.

→ This makes CP state measurement in H→  possible!

Can resolve single 0: 
Energy core resolution 16%

Efficiency:

CERN-PH-EP-2015-294

https://cds.cern.ch/record/2116436
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Five-way decay mode classification: 
74.7% efficiency

Particle Flow Performance for CP Meas.

Well modeled: CERN-PH-EP-2015-294

→ This makes CP state measurement in H→  possible!

https://cds.cern.ch/record/2116436
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Conclusions

• Particle flow reconstruction for tau leptons is being prepared for ATLAS analysis

• Tau reconstruction benefits significantly from Particle flow

• 5-way decay-mode classification → Higgs CP

• ET
 core resolution of 

vis
 improved by factor ~2 at low E

T
 

• Angular resolution improved by factor ~5
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Backup
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Important Physics Results with 's

→ Fake 's are major background:

Quark- or gluon-initiated jets

H →  evidence SM Z →  cross section Z' →  search
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Jets fake 's

Background

What we want
to measure

→ Fake 's are major background!

1) Huge QCD production cross section
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→ Fake 's are major background!

1) Huge QCD production cross section

2) QCD jets look similar

• Hadronically decaying taus () decay almost exclusively into

• ± (~100% of decays)

• 0 (~2/3 of decays)

• Jets hadronize mostly into

• ± (~60% of jet energy)

•  (~30%, from 0)

• Neutral hadrons (~10%)

Jets fake 's
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Higgs analysis with 's – Requirements

Fake 's are major background:

• Large QCD cross section

• Jets “look similar” → hadronize into majorly pions

      Need good discrimination against jets

Jet rejection factor ~100 achieved with excellent Run 1 
tau identification:

Estimated ditau mass (GeV)
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Tau Reco and ID efficiencies



Tau Identification
• Reconstructed from energy deposits in calorimeter – initial steps identical to jet 

reconstruction

• Associate tracks reconstructed in the tracking detectors

• Identification using calorimeter cell and track variables: exploit that taus are on 
average more narrow than jets – excellent rejection of jets reaching factors of ~100!



Reconstruction Algorithm

Compute E/p

Cluster Rescaling

0 Identification

Decay Mode Classification

EM1 Photon
Reconstruction

Photons

 EM 
Clusters

Match Clusters 
to Tracks

Tracks

± 

4-momenta
(Tracks)

0 
4-momenta  

Decay
Mode

Tracks
    New    

EM Clusters 
    Unchanged 
EM Clusters 

→ Tells us if a cluster contains more than 1 0

Counts energy deposits with E
T
 > 300-430 MeV associated 

to cluster, count twice if E
T
 > 10 GeV  – improves

• Purity of decays with 1 0 
• Efficiency of decays with 2 0 


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4-momenta
(Tracks)

0 
4-momenta  

Decay
Mode

Tracks
    New    

EM Clusters 
    Unchanged 
EM Clusters 

→ Tells us if a cluster contains more than 1 0

Counts energy deposits with E
T
 > 300-430 MeV associated 

to cluster, count twice if E
T
 > 10 GeV – improves

• Purity of decays with 1 0 
• Efficiency of decays with 2 0 


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 Performance: 0 4-vector resolution
Angular core resolution: (0.0056, 0.012) in ()

Relative energy core resolution: 16%

Pileup has very little impact without pileup correction!

• ET
 increases by ~15 MeV per vertex

• ET
 resolution degrades by 0.5% per vertex
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 Performance: Decay mode classification
Overall classification efficiency: 74.4%

• High efficiencies in important modes 1p0n, 1p1n and 3p0n

• High purity these modes (cf. Run 1 track-based classification: 27%, 52%, 69%)

Efficiency: Purity:

Little impact from pileup: efficiency degrades by ~0.04% per vertex
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 Performance: vis 4-vector resolution
E

T
 response:

• Calculate resolution-weighted sum of “constituent-based” and calorimeter-only (= Run 
1) E

T
 →  smooth transition at high E

T
 where calorimeter measurement gets better

• To suppress E
T
 resolution tails → use Run 1 E

T
 if the two E

T
 disagree by >5 

→ Rel. E
T
 core resolution ~8% at 20 GeV (Factor ~2 better than Run 1)
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 Performance: vis 4-vector resolution
E

T
 response:

• Calculate resolution-weighted sum of “constituent-based” and calorimeter-only (= Run 
1) E

T
 →  smooth transition at high E

T
 where calorimeter measurement gets better

• To suppress E
T
 resolution tails → use Run 1 E

T
 if the two E

T
 disagree by >5 

→ Rel. E
T
 core resolution ~8% at 20 GeV (Factor ~2 better than Run 1)

Little impact from pileup without pileup 
correction: 

• ET
 increases by ~4 MeV per vertex  

• Resolution degrades by ~0.5%
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 Performance:  ID
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 Performance:  ID



21.12.2016 PW, Grad.kolleg Freiburg 70

 Performance: ECAL1 deposits
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 Performance: Kinematic decay mode
classification



21.12.2016 PW, Grad.kolleg Freiburg 72

 Performance: Kinematic decay mode
classification
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 Performance: Kinematic decay mode
classification
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What's the gain? – H vs. Z discrimination
Discriminate 

Z (vector) H (scalar) 

Longitudinal  polarization

Discrimination through correlation of –  energy asymmetry

Prerequisites:

• Need to reconstruct  energy

• High purity decay mode classification

→ Now available with new reconstruction
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ATLAS Run 1 Tau Reconstruction
• 

h
 appears as narrow, isolated jet from neutral (e.g. 0) and charged particles (e.g. ±)

• Calorimeter seed: anti-kT jet with R=0.4, p
T
 > 10 GeV, ||<2.5

• Classify in number of tracks (“prongs”) in R=0.2 of jet seed

• 
h
 energy = energy of topological clusters within R=0.2

ECAL: X0 ~ 2.1 cm, Molière radius ~ 4.4 cm
HCAL: 0.1x0.1 in , 7.4 long, 3 layers
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ATLAS Run 1 Tau Reconstruction
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ATLAS Run 1 Tau Reconstruction
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ATLAS Run 1 Tau Reconstruction
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ATLAS Run 1 Tau Reconstruction
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ATLAS Run 1 Tau Reconstruction
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ATLAS Run 1 Tau Reconstruction
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