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What did we discover exactly?

2

• Observation via ZZ*, WW* and γγ decay modes

• Is the discovered Higgs boson coupling to fermions?

Most likely yes, because of the quark 
loop in gg-fusion/photon decay. 
Nevertheless a direct measurement 
to quarks is necessary (H→bb)

- quarks?

This is the question that 
the H→ττ analysis is 
addressing

- leptons?

• Results strongly favour JP=0+ quantum numbers, consistent with Standard Model 
predictions



What did we discover exactly?
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• Observation via ZZ*, WW* and γγ decay modes

• Is the discovered Higgs boson coupling to fermions?

Most likely yes, because of the quark 
loop in gg-fusion/photon decay. 
Nevertheless a direct measurement 
to quarks is necessary (H→bb)

- quarks?

• Results strongly favour JP=0+ quantum numbers, consistent with Standard Model 
predictions

m ττ VH(bb)!! μμ

σ×BR [pb] ~1.4 ~0.08 ~0.0002



Tau lepton trivia 
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•Mass: 1.8 GeV 
•cτ: 87 μm 

✦ Decays within the beam-pipe

Hadronic decays: ~65%

Leptonic decays: ~35%
vμ ve



Tau (τhad) reconstruction in ATLAS

5

• τhad seed: All jets (cone ΔR<0.4 ) that fall within the tracker           
(|η|>2.5, pT>10 GeV) 

• Classify τhad: count number of tracks in signal cone of ΔR<0.2 
around the jet seed 

• τhad energy: Energy from calo topological clusters in ΔR<0.2 
• Tau Identification: MVA to separate τhad from QCD jets & electrons 
• τhad appears as a narrow jet 

Signal  
cone Seed  

cone

τhad
QCD jet



H→ττ search: Analysis concept
• Does the Higgs boson with mH≃125.5 GeV decay to a pair of τ-leptons? 

• Analysis strategy 
✦ Achieve maximum sensitivity by performing a multivariate analysis:            

Boosted Decision Trees (BDT) 

✦ Analyse full 2012 LHC dataset: 20.3 fb-1 @ 8 TeV ➠  ATLAS-CONF-2013-108

• Perform analysis in 3 channels according to the τ lepton decay
LepLep LepHad HadHad 

•And in 2 categories per channel 
✦ VBF: 2 jets with leading(sub-leading) pT>50(30) GeV, Δη(jj)>3 
✦ Boosted: pT(H)>100 GeV   ,   pT(H): ET

miss + pT(τ1) + pT(τ2)   

• Different BDT per channel and per category: 6 BDT’s 
✦ Keep simple selection and let the BDT separate signal and background 
✦ Final discriminant: BDT score 6

http://cds.cern.ch/record/1632191/files/ATLAS-CONF-2013-108.pdf


DiTau mass reconstruction: MMC
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illustration purpose

mass 
resolution       
      30%

• Challenge: Separate the signal from the dominant irreducible Z→ττ 
• Most efficient way: Precise estimation of the mass of the system di-τ: mττ 

✦ Challenging task because neutrinos escape detection 
✤ The only way: Rely on ET

miss to get an estimation of the transverse energy of the 
neutrinos

mass 
resolution       
      15%

A good mass reconstruction is essential for the H→ττ search



DiTau mass reconstruction: MMC
•Missing Mass Calculator (MMC): Mass 

reconstruction of original ττ system despite the 
presence of undetectable neutrinos 
✦ Solve under-constrained system of kinematic 

equations by selecting the most likely solution given 
a parameterisation of 3D angle of tau visible and 
invisible decay products, and a ET

miss scan
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•Correct peak position, reduced tails 
•Resolution 14%-22% depending on 

channel and topology



Estimating the backgrounds
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•Dominant Z→ττ 
✦ Embedded samples: Except 

for tau decays, all event 
properties are taken from 
data Z→μμ events 

!
•Others 

✦ Di-boson, Z→ee/μμ, top 
✦ H→WW for LepLep channel 
✦ Shape from simulation, 

normalisation from data 
!

•Fake τ 
✦ Multijet, W+jets 
✦ Data-driven methods



Input variables to BDT
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• Probe resonance properties 
✦ mMMC(ττ), ΔR(ττ) 

• Explore event topology 
✦ MissingET, mT, object 

centralities, high pT objects 
sum 

• VBF specific, for the 2 VBF 
jets: 
✦ Different hemispheres 
ηj1×ηj2 

✦ Separation |ηj1-ηj2| 

✦ Invariant mass mj1j2

ΔR(ττ) MissingET

mT mj1j2
|ηj1-ηj2|



Building trust in the background model

• Checked modelling of all input variables at preselection, 
signal regions, control regions 

• Checked the BDT score in control regions
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Good agreement in all BDT distributions

W-CR top-CR Z→ll CR 



Signal extraction using the  BDT score
• We fit the Background + μ×Signal 

model to the data using the BDT score 
distributions 

• Bins in the BDT score are ordered by 
signal purity. Signal like events 
populate the highest BDT score bins 

• Simultaneous fit in 6 SR and 5 CR 
with common systematic nuisance 
parameters

µ =
�measured

�SM
parameter of interest:

Non VBF, Non Boosted
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BDT scores in Signal Regions

LepLep LepHad HadHad 
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BDT scores in Signal Regions

LepLep LepHad HadHad 
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Signal Strength μ
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•Measured signal strength 
✦ μ = 1.4 +0.5

-0.4 

✦ Boosted category: μ = 1.2 +0.8
-0.6 

✦ VBF category: μ = 1.6 +0.6
-0.5

• Breakdown of the uncertainties

μ = 1.4 ±0.3(stat.) +0.3
-0.2(syst.) +0.3

-0.2(theory)

Consistent with SM Higgs 
 boson predictions !



Leading Uncertainties
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• Leading uncertainty due to little statics in the high BDT score bins that drive 
the best fit value 

• Theory uncertainty ranked high 

• Leading experimental uncertainties come from the background normalisation 

μ = 1.4 +0.5
-0.4



H→ττ significant excess observed
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LepHad

Signal 8.7±2.5

Bckgr. 8.7±2.4

Data 19

Number of  
events in highest  
BDT-score bin 
VBF

Weighted mass distribution 

• ATLAS observes significant excess of data events in high S/B region 
✦Expected significance @ mH=125 GeV : 3.2σ (Probability: 6.6×10-4) 
✦Observed significance @ mH=125 GeV : 4.1σ (Probability: 2×10-5) 
✦Excess observed in all three channels 
✦Observed signal compatible with mH=125 GeV 

• Direct evidence of 4.1σ that the Higgs boson couples to leptons
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•Best fit sits comfortably 
away from null hypothesis 
!

• Compatible with Standard 
Model expectation within 
the 68% contour

Production Mechanisms
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•Best fit sits comfortably 
away from null hypothesis 
!

• Compatible with Standard 
Model expectation within 
the 68% contour

Production Mechanisms

•H➞ττ most sensitive to the 
VBF mode (good constraint 
for the ATLAS combination)

ATLAS-CONF-2014-009

http://cds.cern.ch/record/1670012/files/ATLAS-CONF-2014-009.pdf


Epilogue
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• ATLAS observed 4.1σ 
evidence for H→ττ 
decays, consistent with 
SM Higgs boson 
predictions 
!

• This analysis paves the 
road for H→ττ 
property measurements 
during Run II

ATLAS-CONF-2014-009

http://cds.cern.ch/record/1670012/files/ATLAS-CONF-2014-009.pdf
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!

- mττ=127 GeV 
- BDT=0.99 

Electron
Muon

VBF Jet1

VBF Jet2

Muon

Electron

MET



Back-up index
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!

• Tau’s 
• MET 
• H→ττ 

• Backgrounds 
• Categories 
• BDT 
• Fit Model 
• Results Detailed 
• EventYields 
• MMC 

• BDT’s 
• H to other fermions
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ATLAS Vs CMS
CMS ATLAS

obs. p 3.4 4.1
exp. p 3.6 3.2

signal 
strength μ 0.9 ± 0.3 μ = 1.4 

CMS: HIG-13-004

• Results of two experiments are similar 
• Both ATLAS and CMS observe an 

evidence of the H→ττ 
• Excess is compatible with SM H→ττ 

within 1σ for both cases

• Hard to compare in detail, analyses approach differs 
• ATLAS uses an MVA, while CMS a cut-based 

✦ CMS performs a mass measurement: mH = 115 +8
-2  GeV 

• Other important differences 
✦ CMS has analysed 2011 dataset as well and includes additional VH 

channels with V decaying leptonically



Tau Identification (TauID)
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• TauID: Distinguish τhad from QCD jets and electrons 
• Use a number of discriminating variables based on tau properties: isolation, energy 

profiles, fractions of EM & Had energy, angular distances

!
• Combine all variables separately for 1p and 

3p tau decays using an MVA discriminator: 
BDT

Return



TauID efficiency, energy scale
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• H→ττ uses ∼60% and ∼40% signal 
efficiency working points 
!

• TauID robust against pile-up 
!

• Overall tau energy scale uncertainty 2-3% 
✦ Derived from MC and test-beam data 
✦ Single particle response the largest 

contribution Signal Efficiency
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TauID variables
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TauBDT score

27Return



TauID efficiency

28Return



TauID Pile-Up

29Return



TauID Efficiency measurement

30Return



TES response

31Return



Tau energy resolution
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TES systematics
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Single particle response

Return



ET
miss reconstruction
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• Neutrinos from tau decay⇒ Real ET
miss 

• ETmiss = - ΣETvisible

Npv

!
• STVF, JVF: 
!
For clusters/jets with associated tracks within tracker 
coverage |η|<2.5 : 
➡ Soft term: (STVF)× ET

miss,SoftTerm  

➡ Jet term: (JVF)× ET
miss,JetTerm

Pile-up suppression 
using tracks

Return



ET
miss systematics
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Fake Factor method
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Fake Factor method

38Return



Top background 
•Shape from simulation 

•Normalisation from data control region 
✦ Done separately for Boosted and VBF categories
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VBF Boosted 

Return



LepLep Control Regions
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LepHad Control Regions

41Return



HadHad Control Regions

42Return



Analysis cross-checks

43Return



•Separate the clearly distinct signal topologies 
✦ Isolate production mechanisms 
✦ Use variables that are relevant to each mechanism 

•Analysis is performed in 2 categories 
✦ VBF: 2 jets with leading(sub-leading) pT>50(30) GeV, Δη(jj)>3 

❖ VBF signal fraction ~60% 
✦ Boosted: pT(H)>100 GeV   ,   pT(H)=   

❖ Dominated by gg-fusion (~70%)

Analysis Categorisation 
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~Emiss
T + ~⌧1 + ~⌧2

VBF
Boosted

Return



Jet related cuts to define categories
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How we use BDT’s

46Return



Input variables to BDT
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• Probe resonance properties 
✦ mMMC(ττ), ΔR(ττ) 

• Explore event topology 
✦ ET

miss, mT, object 
centralities, high pT objects 
sum 

• VBF specific, for the 2 VBF 
jets: 
✦ Different hemispheres 
ηj1×ηj2 

✦ Separation |ηj1-ηj2| 

✦ Invariant mass mj1j2

ΔR(ττ) MissingET

mT mj1j2
|ηj1-ηj2|

Return



Input variables to BDT
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Variables definition

Return



Fit model
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Fit model
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Is the excess compatible with a mH=125 GeV Higgs boson?
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•Each event is weighted by 
 ln(1 + nS/nB), given the bin of 
the BDT-Score, in which it is 
contained to 
!

• Observed signal compatible 
with mH=125 GeV

Weighted mass distribution 

Return



Weighted Mass plots
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LepLep LepHad HadHad 

Return



Log(S/B) plots
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LepLep LepHad HadHad 

Return



Event Yields in LepLep
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Event Yields in LepHad

56Return



Event Yields in HadHad

57Return
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MMC

Fit: Gauss × Landau ( 6 parameters) Return
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MMC

Return
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MMC

Return
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MMC

Z→ττ
Lep-Lep ~21% 
Lep-Had ~18% 
Had-Had ~14% 

Return
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BSM Higgs
• Fermionic decays provide constraints on the MSSM in the context 

of 2 Higgs doublet models 

Return



Decision Trees
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• For each variable a range to scan defined by the spread of S and B in n steps 
• Every such step is tested by evaluating a S Vs B separation index based on 

the proportions of S and B lying on each side of the cut

Return



Decision Trees
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Decision Trees stopping criteria
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Boosting

66Return



BDT

67

VBF Boosted

Return



How we use BDT’s
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BDT cross-evaluation
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Higgs phenomenology in LHC
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• gg-Fusion, dominant production mode 

• VBF offers interesting topology for ττ 
with two forward jets 

• V(W,Z)H smaller production rate but 
the most powerful channel to search 
for decays to b-quarks

VBF

gg-Fusion

m ττ
!            

VH(bb)!! μμ

σ×BR [pb] ~1.4 ~0.08 ~0.0002

focusing on fermions 
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Higgs phenomenology in LHC
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• gg-Fusion, dominant production mode 
• VBF offers interesting topology for ττ 

with two forward jets 
• V(W,Z)H smaller production rate but 

the most powerful channel to search 
for decays to b-quarks

VBF

gg-Fusion

m ττ
!            

VH(bb)!! μμ

σ×BR [pb] ~1.4 ~0.08 ~0.0002

focusing on fermions 

H→bb in VH channel 
Z, W

Z, W

H bq

q
l,ν,ν
l,ν, l

• No signal excess observed

• Result consistent with both S+B 
and B-only hypotheses within 1σ

• Observed(expected) upper limit at 95% CL: 1.4(1.3) x σSM

ATLAS-CONF-2013-079
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Higgs phenomenology in LHC
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• gg-Fusion, dominant production mode 
• VBF offers interesting topology for ττ 

with two forward jets 
• V(W,Z)H smaller production rate but 

the most powerful channel to search 
for decays to b-quarks

VBF

gg-Fusion

m ττ
!            

VH(bb)!! μμ

σ×BR [pb] ~1.4 ~0.08 ~0.0002

focusing on fermions 

ttH→bb

• Direct measurement of the top-Higgs Yukawa coupling 
• Perform MVA in single lepton and dilepton channels
• Observed (expected) upper limit at 95% CL: 4.1 (2.6) x σSM 

• Most sensitive ttH→bb result at LHC ATLAS-CONF-2014-011
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Higgs phenomenology in LHC
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• gg-Fusion, dominant production mode 
• VBF offers interesting topology for ττ 

with two forward jets 
• V(W,Z)H smaller production rate but 

the most powerful channel to search 
for decays to b-quarks

VBF

gg-Fusion

m ττ
!            

VH(bb)!! μμ

σ×BR [pb] ~1.4 ~0.08 ~0.0002

focusing on fermions 

H→μμ

• Probe Higgs coupling to 2nd generation leptons 
• Clean signature with two isolated opposite sign muons 

• LHC current statistics not sufficient for conclusive statement
• Observed(expected) upper limit at 95% CL: 9.8(8.2) x σSM

ATLAS-CONF-2013-010

signal × 150
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