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Introduction
• One year after the discovery of a new boson with mass 125 GeV

• This particle is a Higgs boson
• But is it really the Standard Model Higgs boson ?

• Long-term program to study and measure properties
• Measuring the coupling to fermions is a key component

• Are the fermionic couplings consistent with SM ?
• Is there just one particle coupling to both fermions and bosons ?
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Does the Higgs boson couple to Fermions ?
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• Short answer: Yes !
• Photons are massless so cannot 

couple to the Higgs
• Observed decay to γγ
• Dominant contribution from top 

quark loop

• More complete answer:
• Not necessarily, new particles 

could contribute in the loop
• Need direct measurement of 

fermionic coupling
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Direct Measurements of Fermionic Couplings
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BR@125 GeV Resolution

bb 57% 10%

ττ 6% 15%

μμ 0.02% 2%

• Direct = measure fermions 
experimentally

• Two possibilities for direct measurement
• decays to fermions (ττ, bb or μμ)
• produced in association with 

fermions (ttH)
• Discuss current status and highlight 

recent Tevatron and LHC results 
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Reconstructing τ’s and b-jets
• Sophisticated (multivariate) algorithms to identify 

b-jets and τ’s required to probe fermionic sector
• b-tagging algorithms mostly exploit b-quark 

lifetime
• decay displaced from primary interaction

• Hadronic taus identified by decay to 1 or 3 
collimated charged hadrons

5

Primary Vertex

Jet Axis

Decay Length

Track
Impact
Parameter

Secondary Vertex

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

Signal efficiencies binned by number of vertices using Winter 2013 BDT for 
1-prong (left) and multi-prong (right) had candidates [5]
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

Taus are the heaviest known leptons (mass of 1.777 GeV) 
and the only leptons that decay hadronically.  These 
hadronic decays (predominantly 0, ±) occur with a rate of 
64.8%, while the other 35.2% of decays result in a lighter 
lepton and corresponding neutrinos. 

Because of their short proper decay length (87 µm), taus 
are not detected directly by ATLAS, but are identified by 
their reconstructed decay products. Since electrons and 
muons from tau decays are indistinguishable from leptons 
with other parent particles, only hadronically-decaying 
taus (had) are considered here.

Taus are  useful in physics studies for several reasons:
  -Potential strong coupling to new particles in physics 
searches 
 -Branching ratios well understood from previous 
experiments. 
  -Reveal more information about parent particle than 
other leptons (e.g. polarization, parity)

Hadronic tau candidates are  reconstructed using an anti-kt

algorithm (R=0.4). They are initially seeded from jet objects 
with transverse energy ET10 GeV and || 2.5. Tracks are 
then associated to a tau candidate if they are located within 
the core region, defined as within R < 0.2 of the jet 
barycentre, where:  

These tracks must also pass quality criteria: cuts on pT, 
number of Pixel and SCT hits, and transverse and 
longitudinal impact parameters. The tracks and calorimeter 
clusters from each tau candidate are used to define several 
identification variables, which are used to discriminate 
taus from QCD jets and other leptons at the ID phase. 
Tracks within the isolation annulus (0.2 < R < 0.4 ) of the 
barycentre are not associated with the tau candidate, but 
are still counted for variable calculations and must pass the 
same qualty  criteria as associated tracks.

A 3-prong had candidate with core 
and isolation regions defined. had

are characterized by narrow 
calorimeter clusters and 1 or 3-
prong track signature

The Tau Jet Vertex Association (TJVA) calculates the primary 
vertex for the tau candidate and ensures performance in high 
pile-up conditions. 

Tau candidates are defined separately as 1-prong (1 track) 
and multi-prong candidates (primarily 3-prong). 
   
Tau reconstruction provides little rejection against the 
various multi-jet backgrounds. Thus, multiple identification 
algorithms are used with the ID variables calculated.    



Reconstructed taus are difficult to discriminate from jets from 
massive QCD backgrounds. A set of  identification algorithms, 
known as tauID, has been developed to discriminate taus 
from jet backgrounds using the identification variables from 
reconstruction. Two mulivariate techniques are used for jet 
rejection:

-a projective likelihood method (LLH)
-a method using boosted decision trees (BDT)

To train these algorithms, Monte Carlo (MC) Z, W, 
and Z' samples are used for signal had. Background 
samples are obtained from QCD-enriched data from 2011
(BDT) and 2012 (LLH). 

The LLH and BDT are trained separately for 1-prong and 
multi-prong candidates. For each tauID method, three 
thresholds are established based on target signal efficiency: 
loose, medium, and tight. For 1-prong (multi-prong) taus, 
these efficiencies are 70% (65%), 60% (55%), and 40% (35%) 
respectively.  



The signature of a 1-prong had can be mimicked by 
electrons, which creates significant background even after 
suppression of jet-related backgrounds. There are still 
characteristics that distinguish the two, such as transition 
radiation properties and calorimeter shower shape. A BDT 
algorithm for electron discrimination utilizes such 
properties to reject electrons faking taus. This BDT is 
optimized using simulated Z for signal and Zee for 
background. 

A muon can also be misidentified as a had if the muon 
track is associated with a sufficiently energetic calorimeter 
cluster. To counter this, a cut-based algorithm is used for 
muon discrimination. 



To measure the performance of the tauID, the 
identification efficiency is measued directly in data. To do 
this, a tag-and-probe method is used for 3 processes 
involving decays to 1 had:
    1. Zlephad (main measurement)   
    2. Whad (cross check)
    3. ttbarhad + jets (higher pT regime)

The number of had (determined in data by a fit to number 
of tracks) is counted before and after the tauID is 
implemented. This is used to obtain the efficiency in data 
(data) and MC (MC). Scale factors, defined as data/MC, 
quantify the tauID performance and are used in analyses to 
account for discrepancies between data and MC. 



Data to MC comparison 
from measurement of 
polarization in W
decays from 2010 data 
[3]

The properties of had make them ideal tools for measuring 
properties of SM particles (W±, Z, top quark). Such 
measurements include:
    -polarization
    -spin structure
    -parity



Multiple current physics searches involve decays with taus 
in the final state, allowing had to be used as probes for:
 -SM Higgs (primary probe for leptonic decays)
 -MSSM particles (charged + neutral Higgs, SUSY particles)
 -Exotic Searches (High Mass Resonance Z')

A SM Hhadhad event display from VBF category. 
had are represented by green tracks.

Final combined exclusion 
limit plot (with 95% 
confidence level) from 
Z' search using 2011 
data [4]

Signal vs background efficiency using BDT for 1-prong (left) and multi-prong 
(right) had candidates [5]

Signal vs background 
efficiencies using electron 
BDT from Winter 2013 for 
1-prong taus [5] 

Distribution of number of tracks in 2012 data before (left) and after (right) 
application of BDT Medium ID, used to calculate ID efficiencies [5]

Electromagnetic fraction of 
had candidates matched to 
true muons and true taus in 
2011, used as a cut for muon 
rejection [2]
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Figure 6: The measured th misidentification rate as a function of the MC-estimated th re-
construction efficiency for the three working points of the HPS and TaNC algorithms from
µ-enriched QCD and W data samples. For each algorithm the “loose”, “medium”, and “tight”
selections are the points with highest, middle and lowest efficiencies respectively. The PTDR
points represent results of the fixed-cone th-identification algorithm [18] on simulation.

Table 4: The MC predicted th misidentification rates and the measured data-to-MC ratios, in-
tegrated over the pT and h phase space typical for the Z ! tt analysis.

Algorithm QCD QCDµ W + jets
MC (%) Data/MC MC (%) Data/MC MC (%) Data/MC

HPS “loose” 1.0 1.00 ± 0.04 1.0 1.07 ± 0.01 1.5 0.99 ± 0.04
HPS “medium” 0.4 1.02 ± 0.06 0.4 1.05 ± 0.02 0.6 1.04 ± 0.06
HPS “tight” 0.2 0.94 ± 0.09 0.2 1.06 ± 0.02 0.3 1.08 ± 0.09
TaNC “loose” 2.1 1.05 ± 0.04 1.9 1.12 ± 0.01 3.0 1.02 ± 0.05
TaNC “medium” 1.3 1.05 ± 0.05 0.9 1.08 ± 0.02 1.6 0.98 ± 0.07
TaNC “tight” 0.5 0.98 ± 0.07 0.4 1.06 ± 0.02 0.8 0.95 ± 0.09
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Probing Fermionic Couplings

•Decays
•bb
• ττ
• μμ

•Production
• ttH

6

μ values quoted for mH=125 GeV
Run 1 dataset = 5 fb-1 @ 7 TeV + 20-21 fb-1 @ 8 TeV



VH(bb)

• Production in association with a W/Z 
boson is the most powerful channel to 
search for decays to b-quarks

• Main challenges are triggering and 
large and uncertain backgrounds
• Trigger using leptonic W/Z decays or 

MET
• Boost (V pT) to control backgrounds 

• Select events containing 0, 1 or 2 
leptons (W or Z decay)

• Search for peak in dijet invariant mass, 
mbb, distribution

• Categories or BDT discriminants to 
increase sensitivity
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Background Modelling
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Table 6: Definition of control regions for the Z(nn)H channel for the low, intermediate and
high pT(V) regions. The values in parenthesis are for the intermediate and high pT(V) regions.
Nal is the number of additional isolated leptons in the event. The values listed for kinematical
variables are in units of GeV.

Variable Z+LF Z+HF tt W+LF W+HF
pT(j1) > 60 > 60 > 60 > 60 > 60
pT(j2) > 30 > 30 > 30 > 30 > 30
pT(jj) > 100 (> 130,> 130) > 100 (> 130,> 130) > 100 (> 130,> 130) > 100 (> 130,> 130) > 100 (> 130,> 130)
m(jj) < 250 < 250, veto [100 � 140] 250, veto [100 � 140] < 250 < 250, veto [100 � 140]
pT(V) – – – – –

CSVmax [0.244 � 0.898] > 0.679 > 0.898 [0.244 � 0.898] > 0.679
CSVmin – > 0.244 – – > 0.244

Naj < 2 (–,–) < 2 (–,–) � 1 = 0 = 0
Nal = 0 = 0 = 1 = 1 = 1

Emiss
T [100 � 130] ([130 � 170],> 170) [100 � 130] ([130 � 170],> 170) [100 � 130] ([130 � 170],> 170) [100 � 130] ([130 � 170],> 170) [100 � 130] ([130 � 170],> 170)

Df(V, H) – > 2.0 – – > 2.0
Df(Emiss

T , jet) > 0.7 (> 0.7,> 0.5) > 0.7 (> 0.7,> 0.5) > 0.7 (> 0.7,> 0.5) > 0.7 (> 0.7,> 0.5) > 0.7 (> 0.7,> 0.5)
Df(Emiss

T , Emiss
T

(trks)
) < 0.5 < 0.5 – – –

Emiss
T significance > 3 (–,–) > 3 (–,–) > 3 (–,–) > 3 (–,–) > 3 (–,–)

Table 7: 8 TeV Data/MC scale factors for each control region in each decay mode. The errors
include the statistical uncertainty from the fit, and a systematic uncertainty accounting for pos-
sible data/MC shape differences in the discriminating variables. Electron and muons samples
in Z(``)H and W(`n)H are fit simultaneously to determine average scale factors.

Process W(`n)H Z(``)H Z(nn)H
Low pT

W0b 1.03 ± 0.01 ± 0.05 – 0.83 ± 0.02 ± 0.04
W1b 2.22 ± 0.25 ± 0.20 – 2.30 ± 0.21 ± 0.11
W2b 1.58 ± 0.26 ± 0.24 – 0.85 ± 0.24 ± 0.14
Z0b – 1.11 ± 0.04 ± 0.06 1.24 ± 0.03 ± 0.09
Z1b – 1.59 ± 0.07 ± 0.08 2.06 ± 0.06 ± 0.09
Z2b – 0.98 ± 0.10 ± 0.08 1.25 ± 0.05 ± 0.11

tt 1.03 ± 0.01 ± 0.04 1.10 ± 0.05 ± 0.06 1.01 ± 0.02 ± 0.04
Intermediate pT

W0b 1.02 ± 0.01 ± 0.07 – 0.93 ± 0.02 ± 0.04
W1b 2.90 ± 0.26 ± 0.20 – 2.08 ± 0.20 ± 0.12
W2b 1.30 ± 0.23 ± 0.14 – 0.75 ± 0.26 ± 0.11
Z0b – – 1.19 ± 0.03 ± 0.07
Z1b – – 2.30 ± 0.07 ± 0.08
Z2b – – 1.11 ± 0.06 ± 0.12

tt 1.02 ± 0.01 ± 0.15 – 0.99 ± 0.02 ± 0.03
High pT

W0b 1.04 ± 0.01 ± 0.07 – 0.93 ± 0.02 ± 0.03
W1b 2.46 ± 0.33 ± 0.22 – 2.12 ± 0.22 ± 0.10
W2b 0.77 ± 0.25 ± 0.08 – 0.71 ± 0.25 ± 0.15
Z0b – 1.11 ± 0.04 ± 0.06 1.17 ± 0.02 ± 0.08
Z1b – 1.59 ± 0.07 ± 0.08 2.13 ± 0.05 ± 0.07
Z2b – 0.98 ± 0.10 ± 0.08 1.12 ± 0.04 ± 0.10

tt 1.00 ± 0.01 ± 0.11 1.10 ± 0.05 ± 0.06 0.99 ± 0.02 ± 0.03
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Diboson Validation

• Analysis techniques validated by 
diboson (WZ/ZZ) measurements
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VH(bb) Results by Channel
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VBF H(bb) 
• CMS VBF H(bb) analysis exploits dedicated bb VBF trigger and 

event selection
• quark-gluon discriminant for non b-jets
• reject events with central hadronic activity

• MVA discriminant defines 5 categories by signal purity

12

VBF Analysis Overview
• Dedicated bb VBF trigger and event selection (next slide)
• Four jets with pT > 85, 70, 60, 40 GeV
• 12 parameter MVA discriminant to define 5 categories according to 

signal purity
• Parametrised background fit to (regressed) mbb distribution in these 5 

categories
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Figure 6: ANN output distribution, after the offline event preselection.

7 Analysis of the invariant mass distribution

The ANN response for the signal peaks close to unity but it has a considerable tail towards
lower values. In order to use the ANN response information, the search is conducted simul-
taneously in four bins of the ANN response (categories). The number of the categories and
the boundaries between them are chosen such that the sensitivity is maximized. The expected
yields per category for all the samples are shown in Table 2; the category with the lowest ANN
response (< 0.52) is not used in the signal search.

Table 1: ANN output boundaries for the definition of preselected event categories.

Cat. 0 Cat. 1 Cat. 2 Cat. 3 Cat. 4
ANN < 0.52 0.52  ANN < 0.76 0.76  ANN < 0.90 0.90  ANN < 0.96 ANN � 0.96

In each ANN event category the mbb spectrum is fitted with a background template with three
parts: a fifth degree Bernstein polynomial representing the non-peaking QCD background,
a Z/W template taken from simulation, and a top template that combines the tt̄ and single-
top contributions, also taken from simulation. The parameters of the polynomial are floating,
while the normalization of the Z/W and top components are fixed to the SM cross sections.
The three parts form the model for the null hypothesis, as opposed to the signal hypothesis,
which contains in addition the signal template with free normalization. The fits are performed
in the 70 GeV < mbb < 250 GeV mass range.

7.1 Fit of the Z peak

Dedicated fits of the Z peak in the bb invariant mass distribution using the same techniques em-
ployed to search for the VBF Higgs boson signal have been performed, to validate the method-
ology used to search and extract the Higgs boson bb signal. No systematic uncertainties have

VBF Selection
• Forward jets from the signal are 

quark-initiated jets
• Use quark/gluon tagger to improve 

signal purity
• likelihood discriminant from 5 jet 

structure and property variables
• Identify events with little central 

hadronic activity to reduce multijet 
background
• scalar sum of track jet pT from 

tracks from the primary vertex (PU 
robust)

• Both variables used in VBF-specific 
trigger
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Figure 4: Gluon Likelihood outputs for the two less b-tagged jets in preselected four-jet events.
(left) Gluon likelihood distribution of the least b-tagged jet. (right) Gluon likelihood distribu-
tion of the trailing least b-tagged jet.
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VBF H(bb) Results
• Fit to mbb distribution in each category

• Fifth degree Bernstein polynomial for QCD
• Simulation templates for V+jets and top

• Limits:
• 3.6 x SM (observed), 3.0 x SM (expected)

13

Fit to mbb Distribution
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Figure 8: Fit of the background model to the data mbb distributions of preselected events in
category one (top left), two (top right), three (bottom left), and four (bottom left). The top
panels show the fitted curves and the amplified distribution of the searched SM signal, in red.
The bottom panels show the data minus fit residuals, together with the fit one and two sigma
uncertainty bands.
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Figure 8: Fit of the background model to the data mbb distributions of preselected events in
category one (top left), two (top right), three (bottom left), and four (bottom left). The top
panels show the fitted curves and the amplified distribution of the searched SM signal, in red.
The bottom panels show the data minus fit residuals, together with the fit one and two sigma
uncertainty bands.
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Figure 8: Fit of the background model to the data mbb distributions of preselected events in
category one (top left), two (top right), three (bottom left), and four (bottom left). The top
panels show the fitted curves and the amplified distribution of the searched SM signal, in red.
The bottom panels show the data minus fit residuals, together with the fit one and two sigma
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Parametric background fit with 5th degree polynomial to mbb distribution

VBF H(bb) Results
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• Limit @ 125 GeV
• Observed 3.6 x SM
• Expected 3.0 x SM

• Significance
• Observed 0.5 σ
• Expected 0.7 σ

• Best fit
• μ=0.7 ± 1.4

• Future challenges
• Improving understanding of 

the multijet background to 
reach SM sensitivity



Probing Fermionic Couplings

•Decays
•bb
• ττ
• μμ

•Production
• ttH

14



H→ττ Categories
15

• Τhree channels by τ-decay
• lep-lep (12%)
• lep-had (46%)
• had-had (42%)

• Analysis categories
• VBF: 2 jets with large Δη & mjj

• boosted Higgs pT

• 1-jet
• 0-jet (ATLAS, CMS for syst constraint)
• VH (CMS only)

• Search for an excess in the invariant mass 
of the two τ candidates, mττ
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H→ττ Backgrounds
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H→ττ Results
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• ATLAS:                            (4.6 + 13 fb-1)
• CMS:                            (Run 1 dataset)
• D0 Limit (9.7 fb-1): 10.8 x SM (observed), 7.3 x SM (expected)
• CDF Limit (6 fb-1): 16.4 x SM (observed), 16.9 x SM (expected)
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H→ττ Results by Category
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Figure 7: Expected and observed mtt distribution in the thth channel, for the 1-jet (left) and
VBF (right) categories.
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Figure 8: Best-fit signal strength values, s/sSM H, for independent categories (left) and channels
(right). In both plots, the green vertical line indicates the standard-model Higgs expectation.
The “Combined” measurement in both plots corresponds to the best-fit value of the signal
strength µ̂ = 1.1 ± 0.4, obtained in the global fit combining all channels included in this analy-
sis. The combined result of the analysis with the search for a SM Higgs boson decaying into a
t pair and produced in association with a W or Z boson decaying leptonically, is shown at the
bottom and as the red dotted line.
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• Consistency between channels and categories
• Most powerful category is 1-jet
• VBF sensitivity from 2-jet category



Probing Fermionic Couplings

•Decays
•bb
• ττ
• μμ

•Production
• ttH

19



Search for H→μμ
• Check universality of Higgs couplings: μμ vs ττ
• Tiny branching ratio, large background but excellent resolution 
• Two isolated, opposite-sign muons, pT > 25, 15 GeV
• Central (|η| < 1.0) and non-central categories
• Fit mμμ with analytical signal and background shapes
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H→μμ Results
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• ATLAS (20.7 fb-1 of data )
• Limits: 9.8 x SM (observed); 8.2 x SM (expected)

• Significantly more data needed to reach SM sensitivity



Probing Fermionic Couplings

•Decays
•bb
• ττ
• μμ

•Production
• ttH
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ttH
• Very challenging mode

• Small cross-section, large backgrounds
• Large theoretical uncertainties on key backgrounds

• Provides a direct probe of Higgs-top coupling
• Reconstruct top decays in lepton+jets and dilepton channels
• Boost sensitivity by including as many decays as possible

• bb, ττ, γγ, leptons ...
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ttH(bb)

• Njet and Nb-jet categories to constrain backgrounds and systematics 
and isolate signal
• Most powerful category: 4 b-tagged jets + 2 additional jets

• Main challenge: ttbb background modelling
• Discriminating variables: BDT, HT or mbb
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ttH(bb) Results
• ATLAS (4.7fb-1 @ 7 TeV)

• Limits: 13.1 x SM (observed); 10.5 x SM (expected)
• CMS (full Run 1 dataset)

• Limits: 5.2 x SM (observed); 4.1 x SM (expected)
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ttH(γγ)
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• Select 2 top candidates; 2 photons
• Parametric fit to estimate backgrounds
• ATLAS (20.3 fb-1):

• 5.3 x SM (observed); 6.4 x SM (expected)
• CMS (19.6 fb-1):

• 5.4 x SM (observed); 5.3 x SM (expected)

Table 5: Observed and expected 95% CL limits on the tt̄H production cross section times H → γγ
branching ratio relative to the SM expectation at mH = 126.8 GeV.

Observed limit Expected limit +2σ +1σ -1σ -2σ

Combined (with systematics) 5.3 6.4 16.2 9.9 4.6 3.4

Combined (statistics only) 5.0 6.0 13.5 8.9 4.3 3.2

Leptonic (with systematics) 9.0 8.4 21.9 13.2 6.1 4.5

Leptonic (statistics only) 8.5 8.0 18.8 12.1 5.7 4.3

Hadronic (with systematics) 8.4 13.6 36.4 21.6 9.8 7.3

Hadronic (statistics only) 7.9 12.6 29.1 18.9 9.1 6.8

Table 6: Observed and expected 95% CL limits on the inclusive Higgs boson production cross section

times H → γγ branching ratio relative to the SM expectation at mH = 126.8 GeV with the tt̄H-specific

selections.

Observed limit Expected limit +2σ +1σ -1σ -2σ

Combined (with systematics) 4.7 5.4 13.7 8.4 3.9 2.9

Combined (statistics only) 4.4 5.0 11.4 7.5 3.6 2.7

Leptonic (with systematics) 7.6 6.9 17.9 10.8 4.9 3.7

Leptonic (statistics only) 7.1 6.4 15.3 9.8 4.6 3.5

Hadronic (with systematics) 7.7 12.5 34.0 19.9 9.0 6.7

Hadronic (statistics only) 7.2 11.4 26.4 17.2 8.2 6.1
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Figure 3: Observed and expected 95% CL upper limits on the tt̄H production cross section (a) and

inclusive Higgs boson production cross section (b) times the H → γγ branching ratio divided by the

SM expectations as a function of the Higgs boson mass, combining the results of the tt̄H leptonic and

hadronic channels. For the tt̄H limits, the contributions from all other Higgs boson production modes

were set to the SM prediction taking into account their respective uncertainties.
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ttH Combination
• Combine ttH channels to maximise sensitivity
• Recent CMS γγ, bb and ττ combination

• Limits: 3.4 x SM (observed), 2.7 x SM 
(expected)

• Further improvements from additional 
channels (e.g. leptons)

• Can the current dataset reach SM sensitivity ?
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Indirect Evidence for Fermionic Coupling
28

• Fits used to study Higgs 
properties provide indirect 
evidence for coupling to 
fermions

• Include most Higgs decay 
channels

• Assume universal fermionic 
and bosonic couplings and no 
additional non-SM particles

• Both ATLAS and CMS have 
>5σ evidence for coupling to 
fermions 



Searching beyond the SM
• Fermionic decays provide constraints on the MSSM in the context of 

2 Higgs doublet models
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• Fermionic sector currently an exciting and active part of the Higgs 
program

• Presented recent results from ATLAS, CMS, CDF and D0
• VH(bb): ~2σ (LHC); ~3σ (Tevatron)
• VBF(bb): < 3.6 x SM
• ττ: ~3σ
• μμ: <10 x SM
• ttH (bb, γγ and ττ): <3.4 x SM

• Summary: direct > 3σ (evidence); indirect > 5σ (observation)
• But more results still to come from ongoing Run 1 analyses

• And 2015 is just around the corner...

Conclusion

CMS: ττ+bb 3.4σ}
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Question: Does the Higgs couple to fermions ?

Answer: Most likely, but need to wait just a bit 
longer for conclusive evidence
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