
I.
O

ja
lv

o 
 H

➞
ττ

 H
ig

gs
 D

is
co

ve
ry

 B
ir

m
in

gh
am

   
Ju

ly
 1

, 2
02

2

Isobel Ojalvo
Princeton University

1

Higgs→ττ
 

Higgs Discovery@10

July 1, 2022



I.
O

ja
lv

o 
 H

➞
ττ

 H
ig

gs
 D

is
co

ve
ry

 B
ir

m
in

gh
am

   
Ju

ly
 1

, 2
02

2

2

A History of the Higgs
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History of the Tau Lepton

3

Discovered by Martin L. Perl et al. 
(1974/1975)
- Stanford Positron Electron Accelerating
Ring (SPEAR) — at SLAC
- e+e- collider (CoM 7.4 GeV)

- Discovered via e+e-→τ τ→µ±e∓νν
- Search for a heavier lepton already 
underway at ADONE (Italy, 1.5 GeV CoM) 
- M.L. Perl recognized the potential for 
discovery of a heavier lepton using SPEAR

Tau Lepton was first of the third generation fermions discovered
- Followed by the discovery of the bottom quark (1977), the top 

quark (1995) and the tau neutrino (2000)
link

http://www.nasonline.org/publications/biographical-memoirs/memoir-pdfs/perl-martin.pdf
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History of the Tau Lepton

4

Discovered by Martin L. Perl et al. 
(1974/1975)
- Stanford Positron Electron Accelerating
Ring (SPEAR) — at SLAC
- e+e- collider (CoM 7.4 GeV)

- Discovered via e+e-→τ τ→µ±e∓νν
- Search for a heavier lepton already 
underway at ADONE (Italy, 1.5 GeV CoM) 
- M.L. Perl recognized the potential for 
discovery of a heavier lepton using SPEAR

Tau Lepton was first of the third generation fermions discovered
- Followed by the discovery of the bottom quark (1977), the top 

quark (1995) and the tau neutrino (2000)
link

Physics with Tau Leptons  
by A. Stahl, published in 2001

“It is unclear whether or not one  
can study Tau Decays at the LHC”

http://www.nasonline.org/publications/biographical-memoirs/memoir-pdfs/perl-martin.pdf
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 Basic Characteristics

5

Goal: Detect Taus Efficiently
Weak Decay
 - Leptonic e/muon + 2 ν 
 - Hadronic + ν 
  - Not Fully Reconstructed    
    (Missing Transverse Energy) 

π+   

e-

e+
γ

Hadronic Tau Topology

~10-13s
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Studying the SM Higgs with τ’s

6

Why use τ’s to study the 
Standard Model?
- Hadronic τ (τh) Decay 

cleanly reconstructed
- 3rd Generation Lepton, 

and largest lepton 
Yukawa coupling 

- Sizable Branching Ratio 
of Higgs

- Also a useful object to 
test Lepton Universality 

• Lower branching 
fraction than bb but 
with a cleaner 
signature
• Dedicated Triggers
• Dedicated 

Reconstruction, ID 
• Many production modes: 

ggH, VBF, VH, ttH
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Studying the SM Higgs with τ’s

7

Why use τ’s to study the 
Standard Model?
- Hadronic τ (τh) Decay 

cleanly reconstructed
- 3rd Generation Lepton, 

and largest lepton 
Yukawa coupling 

- Sizable Branching Ratio 
of Higgs

- Also a useful object to 
test Lepton Universality 

• Lower branching 
fraction than bb but 
with a cleaner 
signature
• Dedicated Triggers
• Dedicated 

Reconstruction, ID 
• Many production modes: 

ggH, VBF, VH, ttH
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How to Study H→ττ

8

Variety of final states make this analysis complex a priori! 
- To measure Essential to identify hadronic τ’s online and offline

3% τµτµ

22.6% τµτh

42% τhτh

6.2% τeτµ

23% τeτh

3.1% τeτe
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End of Run-1 Combination

9

1.41+0.40
-0.36

0.88+0.30
-0.28 CMS

Split&by&category&

Split&by&channel&At&mH=&125&GeV:&
&

3.7&σ&expected&
3.2&σ&observed&

ATLAS
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Level-1 Trigger at CMS

10

• CMS Level-1 trigger system composed of custom electronics 
designed and built in the early 2000’s:

• ASICs (RCT), Copper Cables, burn-once FPGAs (GCT)

• Legacy system used at CMS 2007-2012

• Phase-1 upgrade planned to handle LHC beyond Run-1, 
originally planned to be installed during Run-2

• CMS accelerated this program and installed the  
Phase-1 upgrade during LS-1 in two parts 
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Phase-1 Trigger Upgrade

11

36#Tx#and#Rx#
Frontpanel#
Op2cal#10G#
links#on#CXP#
Modules#

31#Rx#and#12#Tx#Frontpanel#Op2cal#
10G#links#on#MiniPODs#

13#GTH#
BackC
plane##
Tx/Rx#
links#

VirtexC7##
`690T#

ZYNQ#
`045#

Level 1:  
Custom Hardware

Input patch panels 
Layer-1 Crates and CTP7s 

High Level  
Trigger: 
 

Computing 
Farm

11

MP7

CTP7



I.
O

ja
lv

o 
 H

➞
ττ

 H
ig

gs
 D

is
co

ve
ry

 B
ir

m
in

gh
am

   
Ju

ly
 1

, 2
02

2

Level-1 Tau Reconstruction

12
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Triggering on Taus: ATLAS
Level-1: 
• τ-candidate ET calculated from the 2x2 

core (red) in the HCAL  
+ highest of the four sums in the core 
(green) of the ECAL

• Run 1:  
Run 2: < 4 GeV

• Topological selection to ensure di-cand 
objects are back to back

High Level Trigger: 
      1.) Calo-only selection (min calo pT) 
      2.) Track selection:

                         , 
3.) offline-like selection using BDT

13

BDT
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τh Reconstruction at CMS

14

Tau Reconstruction uses a Cut-Based Hadron Plus Strips 
(HPS) Algorithm to Reconstruct 1-prong, 1-prong + π0

and 3-prong Taus from “Particle Flow” Charged Hadron 
and e/gamma Candidates

16

95% Envelope

New for Run II 1-prong + π0 :
Take into account the 
expected size of the strip 
based on the e/gamma pT

1-prong

1-prong + π0

3-prong

Size Determined 
by Simulation

13TeV Performance

ρ = 770 MeV
a1=1260 MeV
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τh Reconstruction ATLAS

15

• Tau candidates are 
seeded by jets 

• A tau vertex is chosen as 
the candidate track vertex 
with the largest fraction of 
momentum from tracks 
associated (∆R < 0.2)

• Tracks are selected 
based on their position 
and impact parameters

• Provided requirements are passed the 
tracks are then associated to core (0 
< ∆R < 0.2) and isolation (0.2 < ∆R < 
0.4) regions around the tau candidate.
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Tau ID at CMS

16

For Jet, τh Discrimination we have 
developed a cut-based and an 
MVA based approach

cut-based
calculated
using the 
particles found 
within the τh Isolation cone

MVA-based (a few highly 
discriminant):
‣ Signed impact parameter + 

significance of leading track (i.e. 
Life Time Variables)

‣ Number of photons
‣ Photon Energy Sum
‣ Decay Mode
‣ Shape Variables Inputs to the MVA-based jet discriminators
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Tau ID at CMS 2016

17

For Jet, τh Discrimination we have 
developed a cut-based and an 
MVA based approach

cut-based
calculated
using the 
particles found 
within the τh Isolation cone

MVA-based (a few highly 
discriminant):
‣ Signed impact parameter + 

significance of leading track (i.e. 
Life Time Variables)

‣ Number of photons
‣ Photon Energy Sum
‣ Decay Mode
‣ Shape Variables Inputs to the MVA-based jet discriminators

CMS has since updated to a Deep Neural Network
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Tau Calibration & ID at ATLAS
• Energy is calibrated using an  

MVA regression “BRT”-method
• Takes as input “Tau Particle Flow” 

objects along with an baseline  
Energy estimate 

• τh are discriminated from jets  
using a BDT

18
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First look at 2015 Data

19
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Analysis Strategy

20

• CMS: 2D Distributions + Control Regions
• ATLAS: Categories + Control Regions
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Categorization CMS

21

0-Jet

2-Jet1-Jet VBF

Background normalization

Boosted higgs

Four ττ Final States (Channels):   
     eτ,	µτh,	τhτh,	eµ	
Three Categories for signal 
extraction, using 2D distributions:   

0 jet*:       Mvis        vs. τ/µ pT  
          or   Mvis        vs. τ	DM     
VBF:        SVMass vs. Mjj 
Boosted: SVMass vs. Higgs pT

/ Z

/ Z

21
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Categorization ATLAS

2222

• VBF Topology
• Boosted Topology
• VH Topology
• ttH Topology

+ Dedicated control 
regions
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Used to Model  
backgrounds 
including 
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 (13 TeV)-135.9 fbCMS , 0 jet
h
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Observed

 = 1.09)µ (ττ→H

ττ→Z

/eeµµ→Z

+jetstt

W+jets

QCD multijet

Others

Total unc.

 = 1.09)µ (ττ→H

Bkg. unc.
Obs. - bkg.

Bkg. unc.
ττ→H

Bkg. unc.

h± h± π0 h±h±h∓

Z→τµτh Z→µµ
QCD

Distribution for background modeling is binned by τh Decay Mode
    - M(µτh): Z→τµτh fitted to control τh energy scale  
    - Z→µµ - visible at 90 GeV 

    - Multi-jet is a continuously falling spectrum

CMS Hττ Observation
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CMS Hττ Observation
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 (GeV)Hm
105 110 115 120 125 130 135 140 145

Lo
ca

l p
-v

al
ue

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

σ1 

σ2 

σ3 

σ4 

σ5 

Observed

Expected

CMS  (13TeV)-135.9 fb

SM
σ/σ = µBest fit 

0 1 2 3

0-jet
 -0.89
 +0.89=0.84µ

Boosted
 -0.40
 +0.47=1.17µ

VBF
 -0.35
 +0.34=1.11µ

Combined
 -0.26
 +0.27=1.09µ

CMS
 (13 TeV)-135.9 fb

SM
σ/σ = µBest fit 

0 1 2 3

hτhτ

 -0.35
 +0.40=1.36µ

h
τµ

 -0.42
 +0.44=1.14µ

hτe
 -0.58
 +0.60=0.58µ

µe
 -0.68
 +0.69=0.68µ

Combined
 -0.26
 +0.27=1.09µ

CMS
 (13 TeV)-135.9 fb

At mH = 125 GeV: 

4.7 σ expected 
4.9 σ observed

5.9 σ observed significance when 
combined with Run I (7 and 8 TeV) 
Public in May of 2017 

CMS Hττ Observation
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More with Higgs ττ STXS

VH-channel

NN-Analysis
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More with Higgs ττ STXS

VH-channel

NN-Analysis
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Differential H→ττ
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ATLAS Higgs Observation

30

Equally Complex Story at ATLAS
• 24 Signal and Control Regions
• Using a Missing Mass Estimator to 

reconstruction the di-tau mass
• November 2018, Run-1 + 2016 Data
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ATLAS Higgs Observation
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Equally Complex Story at ATLAS
• 24 Signal and Control Regions
• Using a Missing Mass Estimator to 

reconstruction the di-tau mass
• November 2018, Run-1 + 2016 Data
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In 1975 the discovery of the Tau was new land in the sea 
of two generations. Perhaps the Tau will lead us out of the 

sea of the Standard Model. 

- Martin Perl
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ATLAS 
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BRT variables
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Backup
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Why use τ’s to study physics 
Beyond the Standard Model?
- In 2HDM τ’s can have 

enhanced couplings to down 
type quarks and leptons

- H±→ τ± ν
- Insight into the Flavor puzzle: 

Large branching fraction for 
the study of Lepton Flavor 
Violation

- W’, Z’ - Universality is not 
guaranteed in these models

- Enhanced couplings for 
Long Lived Particles



I.
O

ja
lv

o 
 H

➞
ττ

 H
ig

gs
 D

is
co

ve
ry

 B
ir

m
in

gh
am

   
Ju

ly
 1

, 2
02

2

37



I.
O

ja
lv

o 
 H

➞
ττ

 H
ig

gs
 D

is
co

ve
ry

 B
ir

m
in

gh
am

   
Ju

ly
 1

, 2
02

2

38



I.
O

ja
lv

o 
 H

➞
ττ

 H
ig

gs
 D

is
co

ve
ry

 B
ir

m
in

gh
am

   
Ju

ly
 1

, 2
02

2

39



I.
O

ja
lv

o 
 H

➞
ττ

 H
ig

gs
 D

is
co

ve
ry

 B
ir

m
in

gh
am

   
Ju

ly
 1

, 2
02

2

40



I.
O

ja
lv

o 
 H

➞
ττ

 H
ig

gs
 D

is
co

ve
ry

 B
ir

m
in

gh
am

   
Ju

ly
 1

, 2
02

2

What can we expect at the HL-LHC?

41
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HLT Taus at CMS

42

Level 2
Narrow CaloJets are formed around 
“Level 1 Seeds” 
Level 2.5
Pixel based Isolation is required 
around the CaloJet 
Level 3
Offline-like Tau Reconstruction 
proceeds with HLT Particle Flow 
‣Less stringent than Offline Reco 

‣For each step if a minimum requirement (typically pT or isolation) 
is not met then processing is Halted -> (Allowing for a new event to be processed)

‣ If all of the requirements are met then the event is saved for 
offline analysis
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What Could We Achieve??
Higgs Self Coupling
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