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Introduction

• The Higgs boson discovery in 2012 and subsequent 
measurements of its properties primarily focused on bosonic 
decay modes (γγ, ZZ*, WW*). However, an important 
question for verification the discovered particle is a SM Higgs 
boson is whether the new particle also couples to fermions.
– Dominant Higgs boson production mode at LHC (gluon-gluon 

fusion) is an indirect probe of the coupling to top quark
– Coupling to down-type fermions require direct observation of 

its decays

• At ATLAS we’ve thus far focused on the following channels:

– H→bb (57.7%), H→𝛕𝛕 (6.32%), H→µµ (0.0219%)

– and in addition we can directly probe the top Yukawa coupling in 
associated ttH production via the various decay channels 

• However, fermionic channels are particularly challenging at 
hadron colliders and require very high performance 
reconstruction of objects (𝒆, µ, 𝛕had, jets (incl b-tagged) and 
ETmiss)

-
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Higgs production mechanisms probed in fermionic decay channels

hello hello

ggF VBF VH ttH

σ (mH = 
125 GeV)

15.13 pb @ 7 TeV

19.27 pb @ 8 TeV

1.22 pb @ 7 TeV

1.58 pb @ 8 TeV

0.58(W) 0.34(Z) pb @ 7 TeV

0.70(W) 0.42(Z) pb @ 8 TeV

0.09 pb @ 7 TeV

0.13 pb @ 8 TeV

H→𝛕𝛕 20.3 fb-1 @ 8 TeV    .

ATLAS-CONF-2013-108

20.3 fb-1 @ 8 TeV    .

ATLAS-CONF-2013-108
-

H→bb - -
4.7 fb-1 @ 7 TeV + 20.3 fb-1 

@ 8 TeV

ATLAS-CONF-2013-079

20.3 fb-1 @ 8 TeV

ATLAS-CONF-2014-011

H→µµ
20.7 fb-1 @ 8 TeV

ATLAS-CONF-2013-010

20.7 fb-1 @ 8 TeV

ATLAS-CONF-2013-010

20.7 fb-1 @ 8 TeV

ATLAS-CONF-2013-010

20.7 fb-1 @ 8 TeV

ATLAS-CONF-2013-010

-
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Search for H→𝛕𝛕 	

 	

 	

 	

 	

 	

         H→𝛕𝛕

H→𝛕lep𝛕lep

(BR 12.4%)

Z, charm, bottom bg

H→𝛕lep𝛕had

(BR 45.6%)

W+jets bg

H→𝛕had𝛕had

(BR 42%)

multijet bg

exactly 2 OS leptons

veto on 𝛕had

ETmiss > 40 (20) GeV for SF 
(DF)

30 < m𝛕𝛕vis < 75 (100) GeV for 
SF (DF)

pTℓ1 + pTℓ2 > 35 GeV

∆𝜙ℓℓ < 2.5

1 lepton and 1 𝛕had (OS)

mT(ℓ,ETmiss) > 70 GeV

2 OS high pT 𝛕had candidates 
(one tight)

𝒆,µ veto

ETmiss > 20 GeV plus 
requirement on 𝜙

0.8 < ∆R𝛕𝛕 < 2.8

∆η𝛕𝛕 < 1.5

• Multivariate analysis used to discriminate signal from background, with BDT score as final 
discriminant.

• Analysis covers 3 decay channels: lep/lep, lep/had, had/had and 2 categories: boosted ggF 
(pTH > 100 GeV) and VBF (2 jets with large ∆η)

OS  = Opposite Sign
SF = Same Flavour
DF = Different Flavour
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BDT Input	

 	

 	

 	

 	

 	

 	

         H→𝛕𝛕

• Different BDTs are used to extract the Higgs boson signal from background, and trained 
separately to exploit differences in the event kinematics for each category and channel.
– VBF category trained with VBF signal sample

– Boosted category trained with ggF,  VBF and VH signal samples

• Various input variables are used in the BDT depending on channel and category (though 
key variables are the same for all channels), covering event activity, event topology (∆ηjj), 
and resonance properties (∆R𝛕𝛕)

• Most important discriminating variable, used for all channels, is m𝛕𝛕 reconstructed using 
the missing mass calculator (MMC)
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Background Estimation	

 	

 	

 	

 	

 	

         H→𝛕𝛕

• Backgrounds are derived from a mixture of simulated and data-
driven samples

• Dominant Z→𝛕𝛕 background uses a 𝛕-embedded Z→µµ data 

sample, where only the 𝛕 decays and corresponding detector 
response are taken from simulation

• Data-derived background samples per category are as follows:

H→𝛕lep𝛕lep H→𝛕lep𝛕had H→𝛕had𝛕had

Data sample using non-isolated 
leptons to model multijet, W

+jets and semi-leptonic tt 
backgrounds

Data sample enriched in fake 
𝛕had to derive estimates for 

multijet and W+jets

Data sample with same-sign tau 
candidates used as a template 

for multijet background
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Signal Extraction	

 	

 	

 	

 	

 	

         H→𝛕𝛕

• Analysis uses a binned likelihood function with signal strength parameter µ

– Z→𝛕𝛕 background floats freely in the global fit

–        events that pass preselection but fail category selections, used for Z and multijet normalizations

Global fit input:
VBFVBFVBF BoostedBoostedBoosted

Global fit input:
lep/lep lep/had had/had lep/lep lep/had had/had

BDT score (SR) yes yes yes yes yes yes

Top CR yes yes - yes yes -

Z→ℓℓ CR yes yes - yes yes -

Rest CR - - ∆η𝛕𝛕 bins - - ∆η𝛕𝛕 bins

 SR = Signal Region
CR = Control Region

H→𝛕lep𝛕lep H→𝛕lep𝛕had H→𝛕had𝛕had
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Results	

	

 	

 	

 	

 	

 	

 	

         H→𝛕𝛕

• Observed signal with a significance of 4.1σ at 
mH = 125 GeV (expected significance: 3.2σ)
– First direct evidence of decay of Higgs boson 

to fermions!

• Signal strength µ = σobs/σSM = 1.4 -0.4

– compatible with SM expectation

+0.5

- Statistics (0.30)

- Z→ll normalization (0.13)

- ggF cross section, JES, Top normalization (0.12)

Main sources of 
uncertainty on µ:
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Search for VH→bb	

 	

 	

 	

 	

  	

       VH→bb

• H→bb has the highest branching ratio of all Higgs decays 
• (mH = 125 GeV)

– only associated-production channels possible at hadron colliders 
due to large multijet background

• Cut-based analysis with profile likelihood fit to mbb

• Event categorization by number of high pT isolated leptons (e,µ):

0 lepton 1 lepton 2 lepton

2 b-tagged jets with pT > 45 (20) GeV for leading (sub-leading) jet
at most 1 extra jet

2 b-tagged jets with pT > 45 (20) GeV for leading (sub-leading) jet
at most 1 extra jet

2 b-tagged jets with pT > 45 (20) GeV for leading (sub-leading) jet
at most 1 extra jet

0 loose leptons
ETmiss > 120 GeV
pTmiss > 30 GeV

+ directional cuts

1 tight, 0 loose leptons
ETmiss > 25 GeV

40 < mTW < 120 GeV

1 medium, 1 loose lepton
ETmiss < 60 GeV
OS/SF leptons

83 < mℓℓ < 99 GeV

OS = Opposite Sign
 SF = Same Flavour

pTlep (loose) > 10 GeV
pTlep (med,tight) > 25 GeV

-

- -
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Analysis Strategy & Validation 	

 	

 	

 	

 	

       VH→bb

• VZ, Z→bb production has a similar signature and is used 
to cross-check the analysis
– main differences: softer pTbb spectrum and mbb consistent 

with Z mass
– Separate diboson fit (using same configuration as Higgs 

signal) to extract µVZ

• µVZ = 0.9 ± 0.2 (4.8σ significance) consistent with SM

pTV bins [GeV]:
– 0 - 90*

– 90 - 120*
– 120 - 160

– 160 - 200
– 200+

* not used in 0-lepton channel as 
below ETmiss trigger threshold 

2 jets
1 b-tag

2 jets
2 b-tags

3 jets
1 b-tag

3 jets
2 b-tags

≥2 jets
2 b-tags

eµ events

0 lepton 3 pTV bins 3 pTV bins 3 pTV bins 3 pTV bins -

1 lepton 5 pTV bins 5 pTV bins 5 pTV bins 5 pTV bins -

2 lepton 5 pTV bins 5 pTV bins 5 pTV bins 5 pTV bins 5 pTV bins

• Events are sub-categorized in bins of pTV and jet multiplicity, with 
further topological requirements to reduce the backgrounds in 
individual bins and increase overall sensitivity: (Signal Region, 
Control Region)

Global fit to following 
channels:
– mbb distributions in 26 2-

tag signal regions

– event yields in 26 1-tag 
control regions

– event yields in 5 top (eµ) 
control regions

-

-
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Results 	

	

 	

 	

 	

 	

 	

 	

       VH→bb

• No significant excess observed
• Observed (expected) 95% CL upper limits 

on signal strength for mH = 125 GeV:
– 1.4 (1.3) x SM expectation

• Best-fit signal strength:
– µ = 0.2 ± 0.5 (stat) ± 0.4 (sys)

Dominant systematics:
- tt background modelling

- 2- to 3-jet ratio

- pTV

- c-jet tagging efficiency

- multijet normalization

- signal acceptance

~ 3%(bg) and 12%(signal) after fit

-
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• Event preselection requiring 1 or 2 W bosons decaying 
leptonically

• Events categorized according to jet & b-tag multiplicities
• Multivariate analysis to discriminate signal from 

overwhelming tt+jets background
– Signal-depleted channels used to constrain in-situ dominant 

systematic uncertainties on tt+jets modeling

1 lepton 2 lepton

exactly 1 lepton
pTℓ > 25 GeV

≥ 4 jets, ≥ 2 b-tags

exactly 2 leptons
pTℓ > 25 (15) GeV

≥ 2 jets, ≥ 2 b-tags

HT > 130 GeV (OF)

mℓℓ > 15 GeV and        

|mℓℓ - mZ| > 8 GeV 

(SF)
Claire Lee, DIS 2014, Warsaw

Search for ttH→bb	

 	

 	

 	

 	

  	

      ttH→bb

No ETmiss 
requirement since 

after cuts 
background is 

dominated by tt+jets

Signal Region
Control Region

--
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• Analysis uses a Neural Network to discriminate signal from background in signal regions
– dedicated NN in 5j3b region trained to separate tt+light from tt+HF

– signal-depleted regions use single variable: ∑pTjets (+ ∑pTℓfor dilepton)

• Variables used in NN:
– Object kinematics

– Global event variables
– Event shape

– Object pair properties

• No kinematic reconstruction of ttH final state

Claire Lee, DIS 2014, Warsaw

Analysis Method 	

 	

 	

 	

 	

 	

      ttH→bb

Variables used in one region are 
required to have well-described 
data/mc in other regions}

-
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Results 	

	

 	

 	

 	

 	

 	

 	

      ttH→bb

• Simultaneous binned likelihood fit to discriminants 
in 9+6 signal regions

• Fitted signal + background hypothesis where µ 
floats freely

Dominant systematics:
- tt+HF normalization (~ 50%)

- Flavour tagging efficiency

- tt reweighting

- Jet energy scale

• Observed (expected) 95% CL upper limits 
on signal strength for mH = 125 GeV:
– 4.1 (2.6) x SM expectation

• Best-fit signal strength:
– µ = 1.7 ± 1.4 (stat+sys)

-
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Search for H→µµ	

 	

 	

 	

 	

  	

        H→µµ

• Only channel for measuring the Higgs coupling to 2nd-generation fermions
• Inclusive search covering all production processes
• Clean final state, but small BR (O~10-5) and large SM backgrounds
• Cut-based analysis with a fit to mµµ spectrum in the region 105 < mµµ < 160 GeV

• Event Selection:
– Exactly two OS muons with pT > 25 (15) 

GeV for leading (sub-leading) muon

– pTµ1µ2 > 15 GeV

• Signal regions:
– two categories: central (|ηµ1,µ2| < 1) 

and non-central 
– exploits the more precise muon pT 

measurement in central region
• Control region:

– events failing pTµ1µ2 > 15 GeV
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Results 	

	

 	

 	

 	

 	

 	

 	

        H→µµ

• Binned maximum likelihood fit performed on mµµ in each category
• PDFsignal: Crystal Ball + Gaussian

– obtained from Higgs signal MC samples with contributions from all four prod. processes

• PDFbg: Breit-Wigner + exponential
– BW mean, width fixed to world values for Z

• No evidence of a signal observed
• Observed (expected) 95% CL upper limits 

on signal strength for mH = 125 GeV:
– 9.8 (8.2) x SM expectation

Main systematic 
uncertainties:

– cross-section: 
~15% ggF, ~3% VBF

– BR: ~6%

– Acceptance: ~2.6% 
(th) and 4.2% (exp)

– Lumi: 3.6%
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Conclusions

• A search for the Standard Model Higgs boson of mass 
125 GeV via fermionic channels has been performed 
on 7 and 8 TeV data from LHC Run 1:

– H→𝛕𝛕: observed signal with 4.1σ significance

– H→bb: no significant excess observed over background
• VH: limit 1.4 (1.3) x SM

• ttH: limit 4.1 (2.6) x SM

– H→µµ: no significant excess observed over background
• Incl: limit 9.8 (8.2) x SM

• Results show no significant deviations from the 
Standard Model.

• Improvements and updates to Run 1 analyses are in 
progress, and we look forward to Run 2!

-
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Backup
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H→𝛕𝛕
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H→𝛕𝛕
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H→𝛕𝛕
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H→𝛕𝛕

• lep/lep candidate event
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H→𝛕𝛕
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H→𝛕𝛕

• lep/had candidate event
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H→𝛕𝛕
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H→𝛕𝛕

• had/had candidate event
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H→𝛕𝛕
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• Relatively new method to estimate di-tau invariant mass
– A. Elagin, P. Murat, A. Pranko, A. Safonov (NIM A654 (2011), 481-489) 

• In a 𝛕 decay, a fraction of the energy is carried by the neutrinos

• Full reconstruction requires solving for 6-8 unknowns:

– x,y,z components of ν𝛕’s

– ν𝑒,µ invariant mass if W decays leptonically

• Practically, can use MET x,y components and visible masses of 𝛕’s to find constraints on 
missing parameters, but system is underconstrained

• Extra parameters:

– angular distance between ν𝛕 & visible decay products

• For each possible solution a reconstructed mass is created weighted by the output of a 
Likelihood function
– Choose the mass with highest probability

Claire Lee, DIS 2014, Warsaw

Missing Mass Calculator
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VH→bb
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VH→bb

• The mbb distribution in data and simulation for the top validation and control regions of 
the 2-lepton channel, with all pTV intervals combined. The validation region is defined by 
the mll sidebands (left), and the control region by the eμ selection (right); they are 
inclusive in jet multiplicity (n >= 2 jets).
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VH→bb

• pTV distributions for the 0,1,2 lepton channels, 2 jets (top) and 3 jets (bottom)
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VH→bb

• The fitted diboson signal strength μVZ for the 7 TeV, 8 TeV, and combined datasets, and for 
the three channels separately and combined. The individual μVZ-values for the lepton 
channels are obtained from a simultaneous fit with the signal strength for each floating 
independently.
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ttH→bb

• The fractional contributions of the various backgrounds to the total background 
prediction in the single lepton selection
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ttH→bb

• The fractional contributions of the various backgrounds to the total background 
prediction in the dilepton channel.
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• Contribution of various Higgs boson decay modes to the analysis regions in the single 
lepton channel.
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• Contribution of various Higgs boson decay modes to the analysis regions in the dilepton 
channel.
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ttH→bb

• Comparison of prediction to data in all analysis regions before the fit to data in the single 
lepton (left) and dilepton (right) channel
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ttH→bb

• Event yields in all analysis regions in the single lepton (left) and dilepton (right) channels 
after the combined fit to data under the signal-plus-background hypothesis
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ttH→bb
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ATLAS vs CMS                                                                                 ttH→bb
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ATLAS vs CMS                                                                                 ttH→bb
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ATLAS vs CMS                                                                                 ttH→bb
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H→µµ
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H→µµ

44



Claire Lee, DIS 2014, Warsaw

H->mumu

• Main systematic uncertainties:
– cross-section: ~15% ggF, ~3% VBF

– BR: ~6%
– Acceptance: ~2.6% (th) and 4.2% (exp)

– Lumi: 3.6%

H→µµ
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• 20.3 fb-1 8 TeV data
• Analysis covers leptonic 

(single and dilepton) and 
hadronic channels of tt decay

• Cut-based analysis with 
profile likelihood fit to mγγ

– Signal: Crystal Ball + Gaussian
– Background: exponential

Claire Lee, DIS 2014, Warsaw

ttH production with H→γγ (ATLAS-CONF-2013-080)	

 	

      ttH→γγ

• Overall no excess above predicted 
background

• Observed (expected) 95% CL upper limits 
on signal strength for mH = 126.8 GeV:
– 5.3 (6.4) x SM expectation

Leptonic Hadronic

pTγ > 40 (30) GeV for leading (subleading) photonpTγ > 40 (30) GeV for leading (subleading) photon

at least 1 𝒆 (µ) > 15 (10) GeV

at least 1 b-tagged jet
ETmiss > 20 GeV

no leptons
at least 6 jets

at least 2 b-tagged jets

Dominant systematics: Leptonic Hadronic

xsec: ~ 12 %~ 12 %

BR: ~5 %~5 %
QCD scale: ~3 % ~10 %

Lumi: ~ 2.8 %~ 2.8 %
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Higgs Production Cross Sections and BR’s
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