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Physics Motivation 
•  ATLAS/CMS discovered new boson at 125 GeV 

–  Property measurements consistent with SM Higgs boson 
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•  Q : Is a new Higgs boson responsible for the fermion mass ? 
       → Search for Higgs boson in fermion decay mode 

Spin-parity 

Decay to bosons 
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•  Search for events with H(125) including fermion     
coupling (t, b, τ, µ) at one of the vertex 

J
H
E
P
0
5
(
2
0
1
4
)
1
0
4

q

g

g

H

W/Z

W/Z

q

q

q

H

q

W∗/Z∗

q

q̄

W/Z

H

Figure 1. Leading-order Feynman diagrams for Higgs boson production through gluon-gluon fusion
(left), vector boson fusion (middle), and the associated production with a W or a Z boson (right).

channels in total. The ee and µµ τ -pair final states are excluded because the corresponding

events are already used in the search for H → ZZ → 4ℓ [11].

To maximize the sensitivity of the analysis in the LL′ channels, events are classified in

categories according to the number of jets in the final state, excluding the jets correspond-

ing to the L and L′ leptons. The events are further classified according to a number of

kinematic quantities that exhibit different distributions for signal and background events

(see section 6). In particular, the contribution of the VBF production process is enhanced

for events with two or more jets by requiring a large rapidity gap between the two jets

with the highest transverse momentum. For the remaining events with at least one jet,

requiring a large pT of the reconstructed Higgs boson candidate increases the sensitivity to

Higgs boson production through gluon fusion. A complete listing of all lepton final states

and event categories is given in appendix B.

With the exception of the ℓ+Lτh, ee, and µµ channels, the signal is extracted from the

distribution of the invariant mass of the τ -lepton pair, mττ , calculated from the L and L′

four-momenta and the missing transverse energy vector. In the ℓ+Lτh channels, the signal

extraction is instead based on the invariant mass, mvis, of the visible Lτh decay products

because the missing transverse energy does not entirely arise from the neutrinos produced

in the decay of the two τ leptons. In the ee and µµ channels, a discriminating variable

combining a number of kinematic quantities and other observables, including mττ , is used.

The background composition depends on the channel and, in particular, on the num-

ber of electrons and muons in the final state. The Drell-Yan production of a Z boson

decaying into a pair of τ leptons constitutes the main irreducible background in all LL′

channels. Another source of background with the same leptonic final state is the pro-

duction of top-quark pairs (tt), which is most important in the eµ channel. Reducible

background contributions include QCD multijet production that is particularly relevant

in the τhτh channel and W(→ ℓν) + jets production with a jet misidentified as a τh in

the ℓτh channels. In the ℓ+ Lτh and ℓℓ+ LL′ channels, diboson production is the largest

irreducible background.

While the signal contribution is expected to be a pure sample of H → ττ decays in many

channels considered, there is a significant contribution from H → WW decays in the ℓ+ℓ′τh
and the ℓℓ+ LL′ channels, and, most importantly, in the two-jet event samples of the eµ,
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channels in total. The ee and µµ τ -pair final states are excluded because the corresponding

events are already used in the search for H → ZZ → 4ℓ [11].

To maximize the sensitivity of the analysis in the LL′ channels, events are classified in

categories according to the number of jets in the final state, excluding the jets correspond-

ing to the L and L′ leptons. The events are further classified according to a number of

kinematic quantities that exhibit different distributions for signal and background events

(see section 6). In particular, the contribution of the VBF production process is enhanced

for events with two or more jets by requiring a large rapidity gap between the two jets

with the highest transverse momentum. For the remaining events with at least one jet,

requiring a large pT of the reconstructed Higgs boson candidate increases the sensitivity to

Higgs boson production through gluon fusion. A complete listing of all lepton final states

and event categories is given in appendix B.

With the exception of the ℓ+Lτh, ee, and µµ channels, the signal is extracted from the

distribution of the invariant mass of the τ -lepton pair, mττ , calculated from the L and L′

four-momenta and the missing transverse energy vector. In the ℓ+Lτh channels, the signal

extraction is instead based on the invariant mass, mvis, of the visible Lτh decay products

because the missing transverse energy does not entirely arise from the neutrinos produced

in the decay of the two τ leptons. In the ee and µµ channels, a discriminating variable

combining a number of kinematic quantities and other observables, including mττ , is used.

The background composition depends on the channel and, in particular, on the num-

ber of electrons and muons in the final state. The Drell-Yan production of a Z boson

decaying into a pair of τ leptons constitutes the main irreducible background in all LL′

channels. Another source of background with the same leptonic final state is the pro-

duction of top-quark pairs (tt), which is most important in the eµ channel. Reducible

background contributions include QCD multijet production that is particularly relevant

in the τhτh channel and W(→ ℓν) + jets production with a jet misidentified as a τh in

the ℓτh channels. In the ℓ+ Lτh and ℓℓ+ LL′ channels, diboson production is the largest

irreducible background.

While the signal contribution is expected to be a pure sample of H → ττ decays in many

channels considered, there is a significant contribution from H → WW decays in the ℓ+ℓ′τh
and the ℓℓ+ LL′ channels, and, most importantly, in the two-jet event samples of the eµ,
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channels in total. The ee and µµ τ -pair final states are excluded because the corresponding

events are already used in the search for H → ZZ → 4ℓ [11].

To maximize the sensitivity of the analysis in the LL′ channels, events are classified in

categories according to the number of jets in the final state, excluding the jets correspond-

ing to the L and L′ leptons. The events are further classified according to a number of

kinematic quantities that exhibit different distributions for signal and background events

(see section 6). In particular, the contribution of the VBF production process is enhanced

for events with two or more jets by requiring a large rapidity gap between the two jets

with the highest transverse momentum. For the remaining events with at least one jet,

requiring a large pT of the reconstructed Higgs boson candidate increases the sensitivity to

Higgs boson production through gluon fusion. A complete listing of all lepton final states

and event categories is given in appendix B.

With the exception of the ℓ+Lτh, ee, and µµ channels, the signal is extracted from the

distribution of the invariant mass of the τ -lepton pair, mττ , calculated from the L and L′

four-momenta and the missing transverse energy vector. In the ℓ+Lτh channels, the signal

extraction is instead based on the invariant mass, mvis, of the visible Lτh decay products

because the missing transverse energy does not entirely arise from the neutrinos produced

in the decay of the two τ leptons. In the ee and µµ channels, a discriminating variable

combining a number of kinematic quantities and other observables, including mττ , is used.

The background composition depends on the channel and, in particular, on the num-

ber of electrons and muons in the final state. The Drell-Yan production of a Z boson

decaying into a pair of τ leptons constitutes the main irreducible background in all LL′

channels. Another source of background with the same leptonic final state is the pro-

duction of top-quark pairs (tt), which is most important in the eµ channel. Reducible

background contributions include QCD multijet production that is particularly relevant

in the τhτh channel and W(→ ℓν) + jets production with a jet misidentified as a τh in

the ℓτh channels. In the ℓ+ Lτh and ℓℓ+ LL′ channels, diboson production is the largest

irreducible background.

While the signal contribution is expected to be a pure sample of H → ττ decays in many

channels considered, there is a significant contribution from H → WW decays in the ℓ+ℓ′τh
and the ℓℓ+ LL′ channels, and, most importantly, in the two-jet event samples of the eµ,
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Gluon fusion : 
ggH (19pb) 

Vector boson fusion : 
VBF (1.6pb) 

VH (1.1pb) ttH (0.1pb) 

Production Decay 

Tau (Yτ) ggH, VBF , VH H → ττ 

Bottom (Yb) VH H → bb 

Top (Yt) ttH H → ττ, bb, WW, ZZ, γγ	


Muon (Yµ) Inclusive H → µµ	


b,   τ,   µ	


H 

b,   τ,   µ	


Yt 

Yb, Yτ, Yµ	


58% 6% 0.02% 
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Search for H → ττ	

•  Find broad excess of mττ distribution 

on top of Z → ττ backgrounds 
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40% gain in 
sensitivity	


ü  Better Z & H(125) separation in mττ	


ü Control of all backgrounds from data 

・ Decay products 
・ missing ET 

σ = 10 – 20% 
Likelihood 
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H → ττ : Results (4.9 + 19.7 fb-1) 

•  Fit to mττ in 6 di-tau final states (τeτh, τµτh, τµτe, τeτe, τµτµ, 
τhτh) categorized by # jet, lepton pT, pT

di-tau to raise sensitivity 
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•  Large background → focus on W(lν)H, Z(ll, νν)H 
•  Construct BDT score as a final discriminant 

–  Input : mjj, b-tag discriminant score, # jet, kinematics 

•  Improve mjj resolution 
using MVA trained on 
VH signal with jet 
structure and b-tag 
variables 

•  10 – 20% gain in 
sensitivity 
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VH(bb) : Results (5.0 + 18.9 fb-1) 
•  Simultaneous fit to BDT in 14 different categories 

–  Categorization by pT
jj, i.e Higgs boson pT 
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VH(bb) : µ and Couplings 
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•  Exploit ≥ 1 lepton from tt decay 
–  H → WW, ZZ, τlτh : Multi-lepton 
–  H → bb, τhτh : Fermion 

–  H → γγ : Photon	
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/14 ttH + H → bb : New method 
•  Matrix element method 
–  Assign signal and background probability to each event 

using matrix element information 
–  Likelihood ratio Ps/b used for signal extraction 
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/14 Search for H → µµ (5.0 + 19.7 fb-1) 
•  Signal extraction by fitting mµµ distribution, 

categorized by # jet, ηµ and pT
µµ 
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Combination 
•  H → bb and H → ττ results are combined 
–  Observed significance 3.8σ (Exp. 4.4σ) 
–  Combined signal strength µ = 0.83 ± 0.24 
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/14 Summary 

•  Evidence of H(125) decaying into fermions 
– Looks to be SM Higgs boson although there is 

plenty of room for deviation 

•  Most analysis limited by stat. Stay tune in 2015 
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dataset µ	
 Results Paper  

H → ττ	
 4.9 + 19.7 0.8 ± 0.3 3.2σ (3.7σ) JHEP 05 (2014) 104 
PRD 89, 012003 
Nature, NPHYS3005 VH(bb) 5.0 + 19.5 1.0 ± 0.5 2.1σ (2.1σ) 

ttH 19.6 2.76 +1.05 
-0.92 limit µ = 4.3 (1.8) CMS-PAS-HIG-14-010 
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Spare slide 

15 



/14 H → µµ : Future prospect 
•  Analysis projection to √s = 14 TeV 

–  Cross-sections are scaled to 14 TeV 
–  All uncertainties use the same values as 8 TeV 
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•  3σ evidence with 450/fb, leading to σ(kµ) ~ 20 – 30% 



/14 Search for ttH + H → bb (19.5 fb-1) 
•  bb in coincidence with semi-leptonic tt decay 

–  1 lepton + 6 jets (4 b-tagged) 
•  Alternative analysis with matrix element method 

–  Assign signal and bkg. probability (Ps/b) density to each event 
–  Likelihood ratio of Ps/b used to extract the signal 
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Combination (5.0 + 19 - 20 fb-1) 
•  H → bb and H → ττ results are combined 
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Evidence for the direct decay of 125 GeV Higgs boson to fermions 
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BDT output
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Search for ttH (19.6 fb-1) 
•  Shape analysis of BDT (input : lepton pT, η, kinematics) 
–  simultaneous fit of different jet and b-tag multiplicities 

•  Di- or Semi-leptonic tt decay is used to increase S/B 
•  Irreducible ttV background validated in control region 
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