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Higgs decays to pairs of fermions allow to test Standard Model Yukawa couplings and are 
characterised by very different branching ratios, ranging over four orders of magnitude!

What We Talk About when we talk about 
Higgs to fermions

Higgsdecays

H → bb̄

H → τ+τ−

H → cc̄

H → µ+µ−

Higgsdecays

(∼ 58%)

(∼ 6.3%)

(∼ 2.9%)

(∼ 0.022%)

Each decay mode also corresponds to very different experimental challenges, e.g.: 
• beauty pairs are submerged in direct beauty quark pair production 
• tau pairs require very good hadronic decay identification and leptonic decay reconstruction 
• muon pairs have a clean signature, but are very rare 
• charm pairs suffer from backgrounds as for beauty, but are more difficult to identify
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Searches for these decays require to push to the limit the performance of all detectors and 
of combined reconstruction in different areas

What We Talk About when we talk about 
Higgs to fermions

Based on track and vertex 
reconstruction in the Inner 
Detector, to perform jet 
b/c flavour tagging even in 
very dense environments

Higgsdecays

H → bb̄

H → τ+τ−

H → cc̄

H → µ+µ−

Higgsdecays

H → bb̄

H → τ+τ−

H → cc̄

H → µ+µ−

Higgsdecays

H → bb̄

H → τ+τ−

H → cc̄

H → µ+µ−

Higgsdecays

H → bb̄

H → τ+τ−

H → cc̄

H → µ+µ−

Requires triggering and 
tracking with the Muon 
Spectrometer, inner tracking 
and isolation information 

Uses both Inner Detector 
and Calorimeters, to identify 
hadronic tau decays and 
reconstruct leptonic decays 
(e.g. electron identification)



Associated top pair production 
As the Higgs boson cannot decay 
to a top quark pair, this channel 
provides a unique test of Higgs 
coupling to top quarks 
Covered by Arthur Chomont 
(yesterday’s morning session)
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Yet another difference between Higgs measurements is the production channel under study 

What We Talk About when we talk about 
Higgs to fermions

Gluon fusion (ggF) 
Largest production rate, 
but no distinctive feature 

Associated Vector Boson 
production (VH) 
Leptonic decays of the 
associated Vector Boson 
help triggering and 
selecting candidate events

Vector-Boson fusion (VBF) 
Distinct topology, two VBF 
jets and low central activity, 
allows effective selection 
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Summary

LEPTONIC FINAL STATES

H→mumu 
PRL 119 (2017) 051802

13 TeV 36 fb-1

H→tautau 
JHEP 04 (2015) 117

7,8 TeV 25 fb-1

VH, H→tautau 
PRD 93, 092005 (2016)

8 TeV 20 fb-1

VBF H, H→tautau 
Eur. Phys. J. C76 (2016) 658

8 TeV 20 fb-1

QUARK FINAL STATES

VH, H→bb 
JHEP 12 (2017) 024

13 TeV 36 fb-1

VBF H, H→bb 
JHEP 11 (2016) 112

8 TeV 20 fb-1

VBF H+gamma, H→bb 
ATLAS-CONF-2016-063

13 TeV 13 fb-1

ZH, H→cc 
arXiv:1802.04329

13 TeV 36 fb-1

ATLAS produced many results since Higgs boson discovery, in different production modes 
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ATLAS-CONF-2016-063
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ZH, H→cc 
arXiv:1802.04329

13 TeV 36 fb-1

ATLAS produced many results since Higgs boson discovery, in different production modes 

This talk will focus on most recent results and, additionally, on 

H/Z→ɸ/ρ+gamma 
arXiv:1712.02758

13 TeV 36 fb-1

Summary



Search for H→µ+µ -: analysis outline
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This decay channel provides a very clean signature, with easy access to efficient triggers 
At the same time, signal is diluted in an overwhelming background (mainly Drell-Yan)

No assumption is made a priori 
on production and topology 

Opposite sign isolated muons 
selected, and invariant mass is 
required to fall in 110-160 GeV 

Background modelled with 
Breit-Wigner convoluted with 
Gaussian (Z-peak) + 
exponentially falling continuum 

A Boosted Decision Tree (BDT) 
is trained to separate the VBF 
contribution from ggF 

Eight categories are defined, 
based on kinematics and BDT



Search for H→µ+µ -: analysis outlinecategories
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For events containing at least two jets, two high BDT score categories are defined 
Other events categorised using dimuon traverse momentum pTµ µ and muon pseudorapidity

Best signal (S) to bkg (B) found for highest BDT (VBF) and non-central high-pT (ggF) categories



Search for H→µ+µ -: analysis outlineresults
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After combined mass fits, no significant excess is observed within the analysed mass range 
Signal strength definition: µ = σ x BR / σSM x BRSM

The analysis is limited by available 
statistics rather than systematics 

95% upper limits 
Observed: 3.0 x SM 
Expected: 3.1 x SM 
Signal strength µ = -0.1±1.5

95% upper limits combined with Run 1 
Observed: 2.8 x SM 
Expected: 2.9 x SM 
Signal strength µ = -0.1±1.4

Prospects 
Could reach 1 x SM combining with 
CMS results by the end of Run 2

Mass fit for best category (stat. errors on data)



VH→bb: selection

• Channels denoted by the number of charged leptons (e or μ)

• Trigger based on single lepton and MET

• 2 b-tagged jets with (>45, >20) GeV 

• Exactly 2 or 3 jets (0,1-lepton), 2 or ≥3 jets (2-lepton)

`

`W
W

l

0 lepton 1 lepton 2 leptons

|m`` � 91 GeV| < 10 GeV

pT (``) > 75 GeV

pT (`⌫) > 150 GeV

Tightly isolated lepton

MET > 30 GeV in ele. channel)

MET > 150 GeV
(+ additional criteria to 
suppress multi-jet)

https://arxiv.org/abs/1708.03299, 

submitted to JHEP
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Evidence for VH, H→bb: analysis outline
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Triggered by missing transverse energy (MET) or single leptons 
Main bkg from Z + Heavy Flavour, W + Heavy Flavour, top pairs is taken from simulation 
In all cases 2 b-tagged jets required out of 2/3 jets (0,1-lepton), 2/≥3 jets (2-lepton)

VH→bb: selection

• Channels denoted by the number of charged leptons (e or μ)

• Trigger based on single lepton and MET

• 2 b-tagged jets with (>45, >20) GeV 

• Exactly 2 or 3 jets (0,1-lepton), 2 or ≥3 jets (2-lepton)

`

`W
W

l

0 lepton 1 lepton 2 leptons

|m`` � 91 GeV| < 10 GeV

pT (``) > 75 GeV

pT (`⌫) > 150 GeV

Tightly isolated lepton

MET > 30 GeV in ele. channel)

MET > 150 GeV
(+ additional criteria to 
suppress multi-jet)

https://arxiv.org/abs/1708.03299, 

submitted to JHEP

4

Quentin Buat (CERN)

Associated VH production is the most sensitive probe of Higgs decays to beauty quark pairs 
Subdivided in three analysis channels, depending on vector boson decay modes



Evidence for VH, H→bb: analysis outlinecategories
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For each lepton-number, a BDT is trained using event kinematics, to be used as discriminant 
Based on lepton-number,  jet multiplicity and vector boson pT, 8 signal categories are defined 

In addition, 6 control regions are defined, among which: 
1-lepton control region used to constrain W+HF background 
2-lepton (electron+muon) control region used to constrain top pair background 

A simultaneous maximum likelihood fit to signal categories and control regions is performed 

The fit extracts, at the same time, the signal strength and the normalisations of the largest 
backgrounds (top pairs and Z/W+HF)



Evidence for VH, H→bb: analysis outlineresults
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Fit results are compared for each lepton-number category and separately for ZH and WH 

Results are found to be compatible with each 
other and with SM expectations 

Significance 
Observed: 3.5 σ        Expected: 3.0 σ 

Significance combined with Run 1 
Observed: 3.6 σ        Expected: 4.0 σ 

Evidence for H→bb decays! 

Uncertainty is dominated by systematics 

Leading contributions (in terms of σµ) 

Driven by theory uncertainties: needs external input 
Under experimental control: can be improved within ATLAS

signal modelling 0.17

statistics in MC 0.13

b-tagging 0.11



Evidence for VH, H→bb: analysis outlinecrosschecks
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The VZ, Z→bb data sample is used to validate the analysis procedure 

Result is compatible with already measured SM 
WZ and ZZ production within 1σ 

Observed significance: 5.8σ 

Results compared with cut-based analysis, which 
also adopts invariant mass as main discriminant 



Search for ZH, H→cc

 14

Most challenging decay channel presented here; suffers from large backgrounds and relies on 
the subtle discrimination of charm jets from light and beauty jets

Analysis focuses on 
Z decays to two leptons 

Data divided in four categories: 
Z pT and number of c-tags 

Dijet invariant mass used as 
discriminating variable 

Simultaneous fit in all categories, 
extracting signal yield and Z+jets 
normalisation 

95% upper limits 
Observed: 110 x SM 
Expected: 150 x SM 



Search for Z/H→ɸ/ρ+gamma
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Not a direct measurement of fermionic Higgs decays, but sensitive to light quarks coupling; 
requires a much larger dataset than the currently available one

Pair of opposite sign tracks used to 
reconstruct and select ɸ/ρ meson mass 

Main backgrounds: 
gamma+jets and dijets 

Data-driven background estimate 
generated from control regions 

Bkg normalisation and shape extracted 
from fit to data 

208 x SM 

87 x SM 

52 x SM 

597 x SM
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Many results on fermionic decays of the Higgs boson, based on 7, 8, 13 TeV 
data published by ATLAS 

Actually much more material than what can fit in this talk! 
Focus has been given to Run 2 results with data recorded at 13 TeV 

Thanks to the continuous effort put in flavour tagging performance and 
calibration, ATLAS assessed evidence for H→bb decays, which is likely to 
become an observation with the full Run 2 dataset! 

One more search is possibly within reach for Run 2, combining all LHC data: 
this is the case of the search for 2nd generation leptons via H→µ+µ - decays  

Other searches will require high luminosity LHC data to be accessible: 
• first inclusive search for H→cc 
• search for decays to elusive 1st/2nd generation quarks H→ɸ/ρ+gamma 

Rapidly increasing LHC dataset will further enhance our knowledge of the 
fermionic Higgs decays 

CONCLUSIONS
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BACKUP
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characteristics of the VBF production are used. For jet-
related variables, only the two jets with highest pT are
considered, with the leading (subleading) jet denoted by
j1ðj2Þ. Among those variables, the most sensitive ones are
dijet invariant mass (mjj), p

μμ
T , difference in pseudorapidity

Δηjj, and angular distance ΔRjj between the two jets.
Other variables with less discriminating power include
transverse momentum of the dijet system (pjj

T ), E
miss
T , scalar

pT sum of muons and jets (ST), pT of the system containing
two muons and one or two jets (pμμj1

T , pμμj2
T , and pμμjj

T ),
rapidity difference between the dimuon system and the jets
(Δyμμ;j1 , Δyμμ;j2 , and Δyμμ;jj), and “centrality”, defined as
the difference between the dimuon rapidity and the aver-
aged jet rapidity divided by the absolute rapidity difference
between j1 and j2. The MC modeling of these variables for
the Drell-Yan process is compared with data in the region
with 76 GeV < mμμ < 106 GeV, and no significant mis-
modeling is found. All these variables are combined into a
multivariate discriminant, which is then trained using MC
events with a boosted-decision-tree (BDT) method [46–48]
to maximize the separation between the VBF signal and the
total background. Events with a larger BDT score are
more signallike, while background events tend to populate
the low BDT score region. Finally, events with BDT
score ≥ 0.9 constitute one of the VBF categories (“VBF
tight”), and the other one (“VBF loose”) is defined
with 0.7 < BDT score < 0.9.
The remaining events that are not selected for the VBF

categories all enter into the ggF categories. Signal events
from the ggF process tend to have a harder pμμ

T spectrum
than Drell-Yan events due to the higher initial-state
QCD radiation. To take advantage of this feature, events
are separated into three pμμ

T categories: “low pμμ
T ”

(pμμ
T ≤15GeV), “medium pμμ

T ” (15GeV<pμμ
T < 50GeV),

and “high pμμ
T ” (pμμ

T ≥ 50 GeV). Since the muon momen-
tum resolution in the barrel region (jηj ≤ 1.05) is better than
that in the end cap regions (1.05 < jηj < 2.7), events in
each pT category are further divided according to the
pseudorapidities of the muons. Requiring both muons to

have jηj ≤ 1 forms the “central” category, while the
remaining events constitute the “noncentral” category.
Table I shows the expected signal and background event

yields as well as the observed number of data events within
an mμμ interval in each category. Each chosen interval is
centered at the simulated signal peak and contains 90% of
the expected signal events. These numbers are provided to
demonstrate the expected detection sensitivity, while in the
final results, the signal and background yields are deter-
mined by fitting the observed mμμ distributions.
Analytical models are used to describe the mμμ distri-

butions for both the signal and background processes. To
describe the Higgs boson peak with a lower-mass tail due to
final-state photon radiation, the signal model is chosen as
the sum of a Crystal Ball function (CB) [49] and a Gaussian
function (GS):

PSðmμμÞ ¼ fCB × CBðmμμ; mCB; σCB;α; nÞ
þ ð1 − fCBÞ × GSðmμμ; mGS; σSGSÞ;

where fCB is the fraction of the CB contribution when each
component (CB or GS) is normalized to unity. The
parameters α and n define the power-law tail of the CB
distribution. The parameters mCB, mGS, σCB, and σSGS
denote the CB mean value, GS mean value, CB width,
and GS width, respectively. These parameters are deter-
mined for each signal category by fitting the signal model
to the simulated mμμ spectrum. In each category, the ggF,
VBF, and VH signal shapes are obtained separately and
then combined into the total signal shape according to their
SM predictions.
The background model should be able to describe the

steeply falling mμμ distributions from the dominant Drell-
Yan process. At the same time, it should have sufficient
flexibility to absorb potential differences between data
and MC simulation, and allow variations in the mμμ
spectra due to different selections and additional contri-
butions from minor background processes. The adopted
model is the sum of a Breit-Wigner function (BW)

TABLE I. Event yields for the expected signal (S) and background (B) processes, and numbers of the observed data events in different
categories. The full widths at half maximum (FWHM) of the signal mμμ distributions are also shown. In each category, the event yields
are counted within an mμμ interval, which is centered at the simulated signal peak and contains 90% of the expected signal events. The
expected signal event yields are normalized to 36.1 fb−1. The background in each category is normalized to the observed data yield,
while the relative fractions between the different processes are fixed to the SM predictions.

S B S=
ffiffiffiffi
B

p
FWHM (GeV) Data

Central low pμμ
T 11 8000 0.12 5.6 7885

Noncentral low pμμ
T 32 38 000 0.16 7.0 38 777

Central medium pμμ
T 23 6400 0.29 5.7 6585

Noncentral medium pμμ
T 66 31 000 0.37 7.1 31 291

Central high pμμ
T 16 3300 0.28 6.3 3160

Noncentral high pμμ
T 40 13 000 0.35 7.7 12 829

VBF loose 3.4 260 0.21 7.6 274
VBF tight 3.4 78 0.38 7.5 79

PRL 119, 051802 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
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Extra info - H→cc
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Extra info - H→ɸ/ρ+gamma


