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I. Higgs boson at LHC 
II. Experimental techniques to identify Higgs boson to b quarks 
III. First observation of H to bb̄ 
IV. Future perspectives  
V. Conclusions
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The Higgs boson

• Precision measurements of the Higgs boson 
properties will provide a crucial test of the 
Standard Model 

• It represents a potential window to physics 
Beyond the Standard Model 
• we know the SM is not a complete theory

{
�µ2�2 + ��4
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The Large Hadron Collider

CMS

2010-2012, ~25fb-1  delivered in Run-1 at 7 and 8 TeV 
On average ~10-20 p-p interactions per bunch crossing (pileup) 

2015-2018, ~150 fb-1 delivered in Run-2 at 13 TeV 
the last big jump in energy for a while, on average ~30-40 pileup 
 

ATLAS
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The Large Hadron Collider

CMS

2010-2012, ~25fb-1  delivered in Run-1 at 7 and 8 TeV 
On average ~10-20 p-p interactions per bunch crossing (pileup) 

2015-2018, ~150 fb-1 delivered in Run-2 at 13 TeV 
the last big jump in energy for a while, on average ~30-40 pileup 
 

ATLAS

A factor 10x more data 
that at the time of the 

Higgs discovery 
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Is it a SM Higgs boson?

• Mass  
• Spin-parity 
• The couplings to fermions and bosons  
• Width 
• Study the self-coupling 
• Any non-SM property?

 5

ATLAS-Phys. Lett. B 784 (2018) 345 
CMS-JHEP 11 (2017) 047

CMS-HIG-17-031
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CMS H ! ZZ ! 4l

mH = 125.26± 0.20 (stat.)± 0.08 (sys.) GeV
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Is it a SM Higgs boson?
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Couplings to W and Z established in Run-1 and to τ-leptons in Run-2 
Missing direct test of the coupling of the Higgs boson to quarks…

ATLAS-Phys. Lett. B 784 (2018) 345 
CMS-JHEP 11 (2017) 047

CMS-HIG-17-031
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Couplings to Quarks

Indirect Direct  

Gluon fusion

H→γγ

H→ bb̄

ttH
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We have just observed the ttH process  
CMS Run 1+2 (25+36/fb): 5.2σ (4.2σ exp.)  

ATLAS Run 1+2 (25+80/fb): 6.3σ (5.1σ exp.) 

CMS-PRL 120 (2018) 231801 
ATLAS-Phys. Lett. B 786 (2018) 59 
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Couplings to Quarks

Indirect Direct  

Gluon fusion

H→γγ

H→ bb̄

ttH

NEW

 6

We have just observed the ttH process  
CMS Run 1+2 (25+36/fb): 5.2σ (4.2σ exp.)  

ATLAS Run 1+2 (25+80/fb): 6.3σ (5.1σ exp.) 

CMS-PRL 120 (2018) 231801 
ATLAS-Phys. Lett. B 786 (2018) 59 
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H(bb̄) mode at the LHC
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Challenges of the H(bb̄) mode at the LHC

Comparison with one of the discovery channels

H → 4ℓ H → bb̄  

Branching Ratio 0.03% 58%

mass resolution 1% 10%

S/B 2 0.05

H(bb̄) searches need: 
• good b-quark identification performance 
• best possible resolution on m(bb̄) 
• to exploit all possible information from the event to improve S/B

ATLAS-PHYS-PUB-2017-013 
CMS-JINST 13 (2018) P05011
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b-quark Identification
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b tagging in CMS
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b tagging in CMS

secondary vertex
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b tagging in CMS
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Performance in data

• anti-kT R = 1.0 jets  

• Two-variable cut-based taggers  

• Powerfulclassificationbytaggingoncombinedjetmass (mcomb; track ⊕ calo) and additional substructure moment  

• Multivariate (MVA) combination of inputs possible with deep neural networks (DNN) and boosted decision trees (BDT)  

• ForBDT,sequentiallyaddingfeaturesimprovesclassification beyond two-variable combinations. Similar inputs for DNN.  

•
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 H(bb̄) at the LHC
Gluon Fusion (87%)

Vector-Boson Fusion (7%)

Higgs-strahlung (4%)

Top Fusion ttH (1%)
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 H(bb̄) at the LHC
Gluon Fusion (87%)

Vector-Boson Fusion (7%)

Higgs-strahlung (4%)

Top Fusion ttH (1%)

b

b̄

g
gOverwhelming (107 larger) background of b-quark 

production due to strong interactions
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b̄

g
gOverwhelming (107 larger) background of b-quark 

production due to strong interactions

Very large background but a very distinctive topology  
ISR photon to enhance S/B [Nucl. Phys. B 781, 64 (2007), ATLAS-ArXiv:1807.08639 sub to PRD]
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 H(bb̄) at the LHC
Gluon Fusion (87%)

Vector-Boson Fusion (7%)

Higgs-strahlung (4%)

Top Fusion ttH (1%)

b

b̄

g
gOverwhelming (107 larger) background of b-quark 

production due to strong interactions

Very large background but a very distinctive topology  
ISR photon to enhance S/B [Nucl. Phys. B 781, 64 (2007), ATLAS-ArXiv:1807.08639 sub to PRD]

leptons, ETmis to trigger and high pT V suppress 
backgrounds   

dominant backgrounds is tt ̄+ jets

Most sensitive 
S/B worse than in Run-1
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VH(bb̄) topology

irreducible backgrounds

0-lepton (MET)           
1-lepton [e,µ]                   
2-OSSF leptons [ee,µµ]                                   

signal

normalization from  
data, shapes from MC  
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VH(bb̄) topology

irreducible backgrounds

0-lepton (MET)           
1-lepton [e,µ]                   
2-OSSF leptons [ee,µµ]                                   and diboson, of course

Z normalization from  
data, shapes from MC  

Used to validate the  
analysis strategy 
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General Strategy

• Require W/Z to have large boost (~150 GeV)  

• multi-jet QCD background is highly suppressed 

• Extract normalization for the dominant backgrounds 
from the data 

V+0b/1b/2b and top pair production 

• b-jet energy specific corrections (regression) 

• Multivariate analysis (DNN) to separate signal and 
background(s)

 15

CMS-Phys. Rev. D 89 (2014)

pT(V)-dependency
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Dedicated corrections for mbb̄ 
CMS-PRL 120 (2018) 231801 

Improved mass resolution (10–13%) leads to 10% increase of the analysis sensitivity
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DNN regression, a multidimensional calibration 
targeting the jet pT at generator level

Derived from simulated tt events and exploiting: 
• Jet kinematic and properties 
• Secondary vertex and soft lepton information 

Kinematic fit of the event exploits balance of well 
measured objects against b-jets (2-lepton only)

b →Ɩ +   ν   + X  BR 35%
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Validation in data
CMS-PRL 120 (2018) 231801 
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Balance in Z(ll)+b-jet data 

Monitor regression performance in data 
Extract JER data/MC correction for b-jets (~10%) 

Dijet balance in Z(ll)+bb̄ data 
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Machine learning for S vs. B
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CMS-PRL 120 (2018) 231801 
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Multi-Background discrimination

• Leading systematic impact is uncertainty on 
normalization of V+1/2 b-jets 

• A multi-output DNN is used to differentiate among 
background components (for 0-1 lepton channels) 

• Using same inputs as S vs. B classifier 

• 5 probabilities per event, one per background 
category
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VH(bb̄) Systematic Uncertainties

•  Background normalizations are derived from 
control regions in data with floating normalization 

•  15% uncertainty on VV and single top  
•  The many sources of uncertainty in the jet energy 
scale correction are decomposed into ~30 
uncorrelated components  
• Dedicated jet energy resolution estimate for b-jets 

after regression 

 21

Uncertainty source Dµ
Statistical +0.26 �0.26

Normalization of backgrounds +0.12 �0.12

Experimental +0.16 �0.15

b-tagging efficiency and misid +0.09 �0.08

V+jets modeling +0.08 �0.07

Jet energy scale and resolution +0.05 �0.05

Lepton identification +0.02 �0.01

Luminosity +0.03 �0.03

Other experimental uncertainties +0.06 �0.05

MC sample size +0.12 �0.12

Theory +0.11 �0.09

Background modeling +0.08 �0.08

Signal modeling +0.07 �0.04

Total +0.35 �0.33

CMS-PRL 120 (2018) 231801 
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Cross check 1/2 : diboson measurement

• Re-derive DNN in signal regions to 
discriminate VZ(bb̄) signal  
• same input variables 
• H(bb̄) treated as background - assuming 

SM cross section  

 22

Consistent with SM expectations 
Run-2 2017 
5.2 (5.0) σ     

µ = 1.05+0.22-0.21 
µBest fit 

1− 0.5− 0 0.5 1 1.5 2

 0.30± = 0.79 µ
0 lept.

 0.44± = 1.41 µ
1 lept.

 0.34± = 1.14 µ
2 lept.

CMS
Supplementary

 (13 TeV)-141.3 fb

b b→ VZ; Z→pp
 0.22± = 1.05 µ

CMS-PRL 120 (2018) 231801 
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Cross check 1/2 : mbb̄ analysis

• Use the same DNN training but removing mbb̄ 

dependency  

• Split each channel signal region into four 
categories based on massless DNN score. 

• Fit mbb̄ simultaneously in all split signal 
regions as well as the usual control regions. 

 23

Run-2 2016+2017  
2.7 (3.0) σ   

µ = 0.91+0.35-0.34 m(jj) [GeV]
60 80 100 120 140 160

S/
(S

+B
) w

ei
gh

te
d 

en
tri

es

0

500

1000

Data
bb→VH,H
bb→VZ,Z

VH+VZ uncert.
Non-VZ background uncert.

CMS
 (13 TeV)-177.2 fb

m(jj) [GeV]
60 80 100 120 140 160

S/
(S

+B
) w

ei
gh

te
d 

en
tri

es

0

500

1000

Data

bb→VH,H

bb→VZ,Z

S+B uncertainty

CMS
 (13 TeV)-177.2 fb

CMS-PRL 120 (2018) 231801 



Caterina Vernieri (SLAC) Higgs to beauty quarks - BNL - October 11 2018 /38

VH(bb̄) Results
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In all signal regions a simultaneous fit to the 
DNN output to extract signal strength 

Run 2 2016+2017 
 4.8 (4.5) σ  

µ = 1.06+0.26-0.25 

CMS-PRL 120 (2018) 231801 
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State of the art of VH(bb̄) at LHC 

 
CMS  Run 1+2: 4.8 σ (4.9 σ exp.)  
ATLAS Run 1+2: 4.9 σ (5.1σ exp.)     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More information to be combined from the other production modes  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CMS-PRL 120 (2018) 231801 
ATLAS-Phys. Lett. B 786 (2018) 59 



Caterina Vernieri (SLAC) Higgs to beauty quarks - BNL - October 11 2018 /38

ggF H(bb̄)

two-separate b-jets 
(R = 0.4)

one single large-cone 
(fat) jet (R = 0.8)

In the gluon fusion channel the sensitivity increases by looking at very high momentum Higgs bosons
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ggF H(bb̄)
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Limited by the statistical uncertainties

First Observation of the Z(bb̄) in the one-jet 
topology 5.1 (5.8) σ 

The observed significance is 1.5 (0.7) σ 
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ttH production mode
• Best direct probe of the top-Higgs Yukawa coupling (yt ∼1)  

• Challenges:  σttH ~ 0.5 pb, σtt ~ 830 pb at 13 TeV 
• Irreducible backgrounds from tt+X (X = bb̄, W, Z) 
• Large combinatorics of leptons and jets from top quark decays  

• Exploiting multiple final state, depending on the top and Higgs decay channel

→ bb̄, WW, ττ, γγ, ZZ*(4Ɩ)

→ Wb  → (Ɩν/qq’)b

→ Wb  → (Ɩν/qq’)b

Depending on the H decay 
Smaller BR vs. better S/B

 28

bb̄ WW/ττ γγ
rate O(103) O(50) O(10)

S/B ~0.01 ~0.1 ~1
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ttH(bb̄) searches
CMS-arXiv:1804.03682, sub. to JHEP 

tt→ Ɩ+jets H→ bb̄

• Large combinatorics in the event reconstruction 
• Dominant tt+bb̄ background O(10) pb with large 

associated theory uncertainty 
• Combination of BDT, DNN and Matrix Element 

discriminants to extract the signal 
• The observed significance is 1.6 (2.2) σ
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H(bb̄) observation

First observation of H(bb̄) decay

bb→H
µ
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H(bb̄) observation

First observation of H(bb̄) decay
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Higgs couplings: precision & kinematic 
ArXiv:1310.8361 

L = LSM +
1

⇤2

X

k

Ok Assuming new physics at some scale Λ 
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Higgs couplings: precision & kinematic 

Testing multi-TeV scale with sub-percent level measurements 

1% effect on coupling for Λ ~ 2.5 TeV

ArXiv:1310.8361 

L = LSM +
1

⇤2

X

k

Ok Assuming new physics at some scale Λ 

�O ⇠

⇣ v

⇤

⌘2
⇠ 6%

✓
TeV

⇤

◆2

 31



Caterina Vernieri (SLAC) Higgs to beauty quarks - BNL - October 11 2018 /38

Higgs couplings: precision & kinematic 

Testing multi-TeV scale with sub-percent level measurements 

1% effect on coupling for Λ ~ 2.5 TeV

ArXiv:1310.8361 

L = LSM +
1

⇤2

X

k

Ok Assuming new physics at some scale Λ 

�O ⇠

⇣ v

⇤

⌘2
⇠ 6%

✓
TeV

⇤

◆2

Measurements at large transferred momentum (Q) probe 
large Λ even if precision is low �OQ ⇠

✓
Q

⇤

◆2

15% effect on δOQ for Λ ~ 2.5 TeV
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Higgs at high pT

At high H pT we can directly probe 
modifications in top quark coupling 

ArXiv:1612.00283
JHEP 10 (2016) 123

g

g

p

p

H

t, X? 
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Higgs at high pT

ArXiv:1612.00283
JHEP 10 (2016) 123

g

g

p

p

H

ggF H(bb̄) starts here 

t, X? 
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Probing ggF vs. H pT

CMS-PAS-HIG-17-028 
ATLAS-CONF-2018-028
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H(bb̄) improves constraints 
to new physics by 30% 
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Run1+2, Higgs boson summary
CMS-PAS-HIG-17-031 

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4
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ttH
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µ

WH
µ

VBF
µ

ggH
µ

Preliminary CMS
 (13 TeV)-135.9 fb

Observed
sys.)⊕ (stat.σ1±

 (sys.)σ1±
σ2±

All main production modes (ggF, VBF, VH and ttH) have now been observed  
First direct confirmation of coupling to all 3rd generation fermions (t/b-quarks and τ leptons)

~10%
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Is it a SM Higgs boson?

• Mass  
• Spin-parity 
• Width 
• The couplings to fermions and bosons  
• Study the self-coupling 
• Any non-SM property?

�HHH =
m2

H

2v2
= 0.13

In the SM HH has extremely small cross section  (33.5 fb at 13 TeV) 
20% precision on λHHH needed to probe BSM modifications

 ArXiv:1505.05488,1305.6397
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HH Run-2 results
CMS-PAS-HIG-17-030 

ATLAS-CONF-2018-043 

Similar sensitivity from several channels to SM HH production  
SM production limits reach less than 10 x SM

 36

HH searches need: 
• good b-jets identification efficiency 
• best possible resolution on mH/mbb̄ 
• exploit all possible information from the 

event to improve S/B
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Conclusions

 37

• Many new updates with Run-2 dataset (~80 fb-1) 

• A factor 10 more data with respect to the Higgs boson discovery 

• All main production modes, ggF, VBF, VH and ttH have now been observed 

• First observation of Higgs boson decaying to b-quarks 

• Direct confirmation of coupling to all 3rd generation fermions: top & beauty-quarks, τ leptons 

• Double Higgs production approaching 10 x SM 
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Outlook
HL-LHC will enable: 

• precision measurements of H properties (couplings, self-couplings,…) 
• to probe the existence of very rare new physics processes

 38

We are here

13 TeV

Only analyzed <3% of the final LHC luminosity …Just the beginning



thank you!
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Cross section

Only in one out of every one billion 
collisions a Higgs boson is produced

• We record a small selection of collisions 
(<0.01%) 

Storage and computing are limited

�Higgs

�tot
pp

• At the LHC in 2016 we had 7 x 108 pp 
inelastic interactions/sec

 40
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How does it Decay (mH = 125 GeV) ?

ZZ → 4ℓ
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How does it Decay (mH = 125 GeV) ?

signal significance
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How does it Decay (mH = 125 GeV) ?

signal significance
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�42

Total weight 14000 t  
Overall diameter 15 m  
Overall length 28.7 m

Pixels & Tracker  

ECAL HCAL 

Muons 

The Compact Muon Solenoid (CMS) experiment
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From the detector to physics objects 

 

Tracker

electromagnetic  
calorimeter

hadronic  
calorimeter muon system 

Neutrino
Photon
Neutral Hadron
Charged Hadron
Electron
Muon

x

y
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xyz coordinates

x

y

3 TeV

3 TeV
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xyz coordinates
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Pileup @LHC

LHC during 2015-2018 on average ~15-40 pp 
interactions per bunch crossing

2015 2016 2017 2018
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Pileup @LHC

it will only get worse …  
HL-LHC 140-200  

 

LHC during 2015-2018 on average ~15-40 pp 
interactions per bunch crossing

2015 2016 2017 2018
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Physics objects in CMS

photon

µ

neutral 
hadron

µ

HCAL 
clusters

ECAL 
clusters

Detector

Particle Flow

muons, electrons, photons, 
neutral hadrons, charged hadrons  

Tracks  
Calorimeter deposits  

muons, electrons, photons, taus, jets, ETMiss 

JINST 12 (2017) 

• Quark and gluon fragment into 
stable particles resulting in 
narrow cone of hadrons, a jet  

• About 90% of the jet energy is 
carried by charged hadrons 
(65%) and photons (25%)
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Jet Calibrations

• Jet Calibration aims to give absolute energy measurement, correcting for all detector 
effects  

• Multiple levels of corrections: 
• offset for pile-up and electronic noise  
• detector calibration and reconstruction efficiency  
• Data vs MC relative residual corrections for η  
• Data vs MC absolute residual corrections for pT 

 47
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Higgs vacuum
If SM ~ valid up to MPlanck then our vacuum metastable  
• deeper implications?  

new particles and interactions could contribute to the scalar potential

 A more precise knowledge of the top-quark mass, the strong coupling constant …  
will be needed to shed light on the issue

JHEP12(2013)089

 48

https://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1007%2FJHEP12%25282013%2529089&v=3153d22d
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July 4th 2012, Higgs Boson discovery

CMS and ATLAS reported independently the 
first observation of the Higgs boson 

• 5.0σ combining γγ and ZZ alone 

•  best mass resolution  

• thanks to the huge amount of LHC data 
we could exploit the lowest BR decay 
modes

Phys. Lett. B 716 (2012) 30
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Higgs at LHC, Run 1 Legacy
JHEP08(2016)045

 50
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Our understanding of the Standard Model

Higgs

 51
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From Run I to Run II
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How well do we need to measure Higgs couplings?

• To be sensitive to a deviation δ, the measurement needs a precision of at least δ/3 

• How large are potential deviations from BSM physics? 

• Typical effect on coupling from heavy state Λ or new physics at scale Λ 
 
 
 
 
 
 
Testing multi-TeV scale with sub-percent level measurements 

• There is no strict limit to the precision needed [arXiv:1310.8361] 

• Experimental precision must be accompanied by theoretical precision program  

• ideally: Δth << Δexp and current theoretical precision is O(1%) 

• main sources of uncertainty come from the parametric dependences on αs, mb, and mc [arXiv:1404.0319]

 53

6% effect on coupling for Λ ~ 1 TeV� =
⇣ v

⇤

⌘2
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Z(bb̄) measurements
• ATLAS  Z(bb̄)+ jets cross section measurement at 8 TeV Phys. Lett. B 738 (2014) 
• CDF Z(bb̄)+ jets cross section measurement CDF-11228 
• Tevatron: 4.6σ evidence for VZ(bb̄) at hadron collider Phys. Rev. Lett. 109 (2012) 
• CMS: First VZ(bb̄) 6σ observation at hadron collider Eur. Phys. J. C 74 (2014)

 54

https://arxiv.org/abs/1403.3047
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H(bb̄) at Tevatron

CDF and D0 combined results reported a broad 
excess in the mass range 115<mH<140 GeV  

• 3.0 σ at mH=125 GeV 

• mainly from the H → bb̄

CDF+D0, 2.8σ
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VH(bb̄) at LHC, machine learning

Main discriminant variables m(bb̄), pT(V), ΔR(bb̄), b-tagging combined into a BDT or Deep Neural Network

CMS-HIG-18-016  
ATLAS-CONF-2018-036
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VH(bb̄) at LHC
CMS-HIG-18-016  

ATLAS-CONF-2018-036

m(jj) [GeV]
60 80 100 120 140 160

S/
(S

+B
) w

ei
gh

te
d 

en
tri

es
0

500

1000

Data )bVH(b

)bVZ(b VH+VV MC uncert.

Subtracted  bkg uncert.

All channels combined

CMS
Preliminary

 (13 TeV)-177.2 fb

40 60 80 100 120 140 160 180 200
 [GeV]bbm

20

40

60

80

100
Ev

en
ts

 / 
10

 G
eV

 (W
ei

gh
te

d) Data 
=1.06)µ Vbb (→VH 

Diboson
tt

Single top
W
Z
Uncertainty
Pre-fit background

 2× Vbb →SM VH 

ATLAS Preliminary
 -1 = 13 TeV, 79.8 fbs

0+1+2 leptons
2+3 jets, 2 b-tags
Dijet mass analysis
Weighted by Higgs S/B

40 60 80 100 120 140 160 180 200
 [GeV]bbm

2−

0

2

4

D
at

a 
- b

kg

 57



Caterina Vernieri (SLAC) Higgs to beauty quarks - BNL - October 11 2018 /38

VH Event selection

 58

CMS-PAS-HIG-18-016  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VH BDT/DNN inputs

 59

PLB 02 (2018) 050



Caterina Vernieri (SLAC) Higgs to beauty quarks - BNL - October 11 2018 /38

More on the JER extraction

• The effect of the DNN-based corrections is to move the centroid of the distribution closer to unity and to reduce its width.  

• The ratio between the jet resolution measured in data and simulated events is found to be (*) 1.1 ± 0.1 both before and after the 
application of the DNN-based corrections.

 60

* Same method as in JINST 6, P11002 (2011)  
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Inputs to the DNN regression

• Jet kinematic 

• b-tagging 

• Jet structure 

• Pileup

 61

Common set of inputs for the b-jet energy regression  

fRing-0 
fRing-1 
fRing-2 
fRing-3

dR=0.1

η

Φ (0-0.05→0.1→0.2→0.3→0.4)  

Jet η 
Jet pT 

Jet MT 

SecVtx Decay Length and significance 
SecVtx #tracks associated to the vex 
SecVtx Mass, pT 
Soft Lepton pT Rel to lepton and jet axis 

Soft Lepton dR 
Neutral hadron (EM/HE) energy fraction 
Charged (EM/HE) energy fraction 
Ntot, total number of jet constituents 

pT of the Leading Track 
pTDjet energy variable 
multiplicity of jet daughters with pT > 0.3 GeV 
Jet energy (rings) fraction split by constituents and in 

rings of dR 
Split by EM/Muon/Charged/Neutral 

rho: pile-up density of the event 
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ggF H(bb̄)

• Dominant contribution in the signal 
region is the gluon fusion 
production mode 

• Mass resolution is about 9%
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ggF H(bb̄) Systematics Uncertainties
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 63



Caterina Vernieri (SLAC) Higgs to beauty quarks - BNL - October 11 2018 /38

ttH observation

We have observed the ttH process  
CMS Run 1+2 (25+36/fb): 5.2σ (4.2σ exp.)  

ATLAS Run 1+2 (25+80/fb): 6.3σ (5.1σ exp.)  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ttH observation
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VBF H(bb̄)

* Use ISR photon to trigger events and enhance S/B 
* BDT to categorize events in S/B bins 
* Fit the m(bb̄) spectrum in each bin 
* Dominant uncertainty from limited number of data events  
→ will benefit from more luminosity SM
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ggF H(bb̄), Results
Phys. Rev. Lett. 120 (2018) 071802

• The measured cross sections for Z+jets and gluon fusion H to bb̄ for jet pT > 450 GeV are: 

σZ = 849 +155/-155 (stat.) +140/-205 (syst.) fb 
σH = 74 +48/-48 (stat.)  +10/-17 (syst.) fb

Compatible with SM within uncertainties
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W/Z+jets simulation 

• LO simulations for the W/Z+jets are corrected using pT-
dependent : 
• NLO QCD k-factors  
• NLO electroweak k-factors 

• Associated uncertainties are 10% (QCD) and 15-35% 
(EWK) 

ArXiv:1705.04664
CMS-PAS-EXO-16-048
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B properties useful for its tagging

Measurable lifetime 

 cτ~ 500 µm → βγcτ ~ 5mm @ 50 GeV 
The weak b-decay often produces leptons 

  BR:  B → Ɩ + ν + X            ~  25% 

    B → D → Ɩ + ν + X’   ~ 20% 
High momentum transferred to the B hadron

SLAC-PUB-8316
π

K

π

B-,B̄0,B̄s,ΛB

b 

b quarks hadronize

tertiary vertex
Fraction of the original b quark 

momentum carried by the B 
⟨xB⟩ ~ 0.7
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The B tag picture

B ha
dr

on Secondary Vertex

D

Primary Interaction Vertex

Tracks from b-quark 
hadronization

Tracks from  
B hadron decay

Tracks from  
tertiary vertex

Other tracks in the event

y

x

LHC beams 
orthogonal 
to the screen

Scale
~ 1mm

σXY ~ 20 µm 
σz~ 20-50 µm

Impact Parameter
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Performance of b-tagging in CMS

• Multivariate discriminant 

• performance plot
b efficiency light/gluon mistag

optimal working point for a H to bb̄ search search has 70% b efficiency and 1% mistag probability

arXiv:1712.07158 
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b-tagging vs. pileup
arXiv:1712.07158 

• transverse IP < 0.2 cm  
• longitudinal IP < 17 cm  
• distance between the track and the jet 

axis < 0.07 cm
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heavy flavor identification

 73

CSVv2 (track,SV) 
DeepCSV (track, SV + more charged tracks)  
DeepFlavour (charged and neutral PF + SV)  

π

K

π

B-,B̄0,B̄s,ΛB

b MV2 (IP+SV) 
MV2Mu (MV2+ soft muon)  
MV2MuRnn (MV2Mu+track info)  
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Multiple approaches

•Identifies the two B hadron decay 
chains from b and b̄ within the same 
fat jet. 
•It does not define sub-jet but uses N-
jettiness axes

sub-jet b-taggingfat-jet b-tagging  double-b tagger
• Defines sub-jets  
• Standard b-tagging algorithm 
applied to each subjet

•Based on the standard b-
tagging algorithm  
•Not designed for tagging 
two b’s in the same jet 

*τ-axes are Nsubjettiness axis

arXiv:1712.07158 

subjets AK8 jet double-b

τ axis
τ axis
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Performance

1. nothing 

2. including pt/eta in the training  

3. pt/eta categories  
 
8 cat, to be optimized with the current stat. 

4. pt/eta categories and pt, eta included in the training 

5. reweight to get pt/eta flat space for signal and background 

6. reweight and pt/eta categories 

7. reweight and pt, eta included in the training 

8. reweight and pt, eta included in the training and pt/eta categories 

notice  

for the signal all the mass points are used  
from 0.6 to 2. TeV in 200 GeV steps

The mistag rate is approximately flat across the pT range by design 
 Critical point for searches (background estimate)

arXiv:1712.07158 
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Calibration in data

 76

Jet selection has been designed to ensure jets are 
signal-like 
• High AK8 pT jet (pT > 250 GeV) 
• double-muon tagged jets (muon pT > 7 GeV)  
• mass cut (>50 GeV)
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Boost

larger is the boost, smaller is the angular 
separation between the two particles
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Jet Substructure

26 3 Object reconstruction

1eb
2 = eb

2 = Â
1i<jnJ

zizjDRb
ij (7)

1eb
3 = Â

1i<j<knJ

zizjzk min{DRb
ij, DRb

ik, DRb
jk} (8)

2eb
3 = Â

1i<j<knJ

zizjzk min{DRb
ijDRb

ik, DRb
ijDRb

jk, DRb
ikDRb

jk} (9)

3eb
3 = eb

3 = Â
1i<j<knJ

zizjzkDRb
ijDRb

ikDRb
jk , (10)

In particular, three dimensionless ratios, corresponding to the three variants of the 3-point cor-420

relator, are proposed in [48] for this purpose:421

Mb
2 = 1eb

3

1eb
2

, Nb
2 =

2eb
3

(1eb
2 )

2
, Da,b

2 = 3ea
3

(1eb
2 )

3a/b
, (11)

Their performance were studied in simulation [49], before and after grooming. From these422

studies we conclude that N2 with b = 1 is the variable which provides the most discrimination423

power and shows similar discrimination power as t21424

The N2 observable has one clear advantage over t21, besides being theoretically well defined,425

and that is its stability against jet mass and pT.426

Because we want to preserve a smoothly falling jet mass distribution as a function of pT, it is427

natural to determine a substructure variable’s stability as a function of the QCD scaling variable428

r = log(m2
SD/p2

T). Since the QCD (quark or gluon-initated) jet mass scales with pT, decorrelat-429

ing a given substructure variable as a function of r and pT is a well-bounded procedure.430

The decorrelation procedure applied is derived for a specific background efficiency point. The431

procedure is described in great detail in this document [49].432

Given this map of the N1
2 as a function of r, at certain fixed background efficiency eQCD, we433

define a transformation which fixes the background efficiency at eQCD. The background effi-434

ciency point has been chosen following the optimization described in sec. 4 for tDDT
21 which435

corresponds to eQCD = 26%.436

The 2D map is shown in Fig. 22 for eQCD = 26%. Therefore, the transformation is defined as:

N1,DDT
2 = N1

2 � N1
2 (cut at 26%) (12)

Using this transformation map, we can show now the correlation between N1,DDT
2 and r. We437

see this in Fig. 21 where now by definition the background is flat at 26% at a cut value of438

N1,DDT
2 = 0.439

In Fig. 23 the jet N1,DDT
2 distribution is shown for the pT leading jet for simulated signal (left)440

and background (right) events.441

• Measures the degree to which a jet can be considered as composed of N prongs 
• Energy correlation functions are sensitive to N-point correlations in a jet 

• A 2-pronged jet will have e3<e2 

ArXiv:1609.07483

2-point 

3-point

=

( )
2

N2

1e
�
2 =

X

1 i<j nj

zizj�R�
ij

2e
�
3 =

X

1 i<j<knj

zizjzk min
n
�R�

ij�R�
ik,�R�

ij�R�
jk,�R�

ik�R�
jk

o
zi =

pTiP
j2 jet pTj

 78



Caterina Vernieri (SLAC) Higgs to beauty quarks - BNL - October 11 2018 /38

Jet mass
• Provides good separation between H-jets from q/g jets 
•  Grooming removes soft and wide-angle radiation

1 Introduction

The study of jet substructure has significantly matured over the past five years [1–3], with

numerous techniques proposed to tag boosted objects [4–46], distinguish quark from gluon jets

[44, 47–51], and mitigate the e↵ects of jet contamination [6, 52–61]. Many of these techniques

have found successful applications in jet studies at the Large Hadron Collider (LHC) [50, 62–

89], and jet substructure is likely to become even more relevant with the anticipated increase

in energy and luminosity for Run II of the LHC.

In addition to these phenomenological and experimental studies of jet substructure, there

is a growing catalog of first-principles calculations using perturbative QCD (pQCD). These

include more traditional jet mass and jet shape distributions [90–95] as well as more so-

phisticated substructure techniques [44, 59, 60, 96–103]. Recently, Refs. [59, 60] considered

the analytic behavior of three of the most commonly used jet tagging/grooming methods—

trimming [53], pruning [54, 55], and mass drop tagging [6]. Focusing on groomed jet mass

distributions, this study showed how their qualitative and quantitative features could be un-

derstood with the help of logarithmic resummation. Armed with this analytic understanding

of jet substructure, the authors of Ref. [59] developed the modified mass drop tagger (mMDT)

which exhibits some surprising features in the resulting groomed jet mass distribution, in-

cluding the absence of Sudakov double logarithms, the absence of non-global logarithms [104],

and a high degree of insensitivity to non-perturbative e↵ects.

In this paper, we introduce a new tagging/grooming method called “soft drop decluster-

ing”, with the aim of generalizing (and in some sense simplifying) the mMDT procedure. Like

any grooming method, soft drop declustering removes wide-angle soft radiation from a jet in

order to mitigate the e↵ects of contamination from initial state radiation (ISR), underlying

event (UE), and multiple hadron scattering (pileup). Given a jet of radius R0 with only two

constituents, the soft drop procedure removes the softer constituent unless

Soft Drop Condition:
min(pT1, pT2)

pT1 + pT2

> zcut

✓
�R12

R0

◆�

, (1.1)

where pT i are the transverse momenta of the constituents with respect to the beam, �R12

is their distance in the rapidity-azimuth plane, zcut is the soft drop threshold, and � is an

angular exponent. By construction, Eq. (1.1) fails for wide-angle soft radiation. The degree

of jet grooming is controlled by zcut and �, with � ! 1 returning back an ungroomed jet. As

we explain in Sec. 2, this procedure can be extended to jets with more than two constituents

with the help of recursive pairwise declustering.1

Following the spirit of Ref. [59], the goal of this paper is to understand the analytic

behavior of the soft drop procedure, particularly as the angular exponent � is varied. There

are two di↵erent regimes of interest. For � > 0, soft drop declustering removes soft radiation

1The soft drop procedure takes some inspiration from the “semi-classical jet algorithm” [58], where a variant

of Eq. (1.1) with zcut = 1/2 and � = 3/2 is tested at each stage of recursive clustering (unlike declustering

considered here).

– 2 –

ArXiv:1307.0007 
ArXiv:1402.2657

grooming

soft drop/modified 
mass soft drop 
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Probing ggF vs. H pT
CMS-PAS-HIG-17-028 

ATLAS-CONF-2018-028
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di-Higgs in BSM

Anomalous Higgs boson couplings  
Strong effect on cross-section and m(hh) shape 
EFT approach parametrizes new physics (dim 6 operators) 
modifications to κλ=λ/λSM and κt = yt/yt,SM 
 three new interactions: c2, c2g, cg 

ArXiv:1610.07922  
JHEP04(2016)126

κλκt κt

κt

c2
c2g cg

36 Chapter 1. Higgs boson pair production

The separate contribution of each diagram is illustrated in Figure 1.10. It should be
noted that the contribution from the triangle diagram cannot be isolated by setting to
zero the other couplings, as its amplitude squared depends quadratically on yt . However,
as already illustrated in Figure 1.9, it mostly contributes to the low mHH region. The
diagram involving the ⁄HHH and cg couplings contributes as well to the low mHH region
while those diagrams involving c2 and c2g have significant impact to the high mHH region,
the latter extending significantly beyond 1 TeV. As already observed in the simple case
discussed in the previous section, these five contributions have a non trivial interference
that can produce a large variety of HH signal topologies.

 [GeV]HHm
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 a
.u

.
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 = 1t = kλk
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Figure 1.10 – Comparison of the mHH distributions for di�erent combinations of the
BSM couplings. All the couplings not explicitly indicated in the legend are set to
zero.

Exploring all the possible combinations of the five couplings is clearly not feasible for
an experimental search in terms of complexity of the combinations and computing time.
An approach discussed in Ref. [59] consists in defining “shape benchmarks”, combinations
of the five EFT parameters which topologies are representative for large regions of the five-
dimensional parameter space. The shape benchmarks are defined by scanning a sample
of 1507 points generated in a five-dimensional grid and by regrouping those with similar
kinematic properties. The latter are completely described at LO by two parameters that
are taken as mHH and and the absolute value of the cosine of the polar angle of one Higgs
boson with respect to the beam axis, | cos ◊

ú
|, as discussed in more detail in Section 5.2 of

Chapter 5. The similarity between two shapes is quantified through a metric defined from
a binned likelihood ratio test statistics. Twelve shape benchmarks are defined with this
procedure, and their corresponding shapes are shown in Figure 1.11. The corresponding
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HH, a variety of final states

highest BR: larger statistics 
high b-tag efficiency and low fake rate 
multi-light jets background is highly reduced  

H(bb̄) 

simple topology 
excellent mass resolution 
Limited by small BR  

H(γγ) 

0.3%

Assuming SM H BR

33.3%

24.8%

7.3%

Complementarity of the channels
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Constraints on the self-coupling 

HH combination constraints the 
trilinear coupling modifier kλ = λ/λSM  

κλ = λ/λSM  in [-5.8, 12.1]  

assuming SM top-H coupling 
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CMS-PAS-HIG-17-030 
ATLAS-CONF-2018-043 
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Projections for HL-LHC

Extrapolation from Run II to HL-LHC (3000 fb−1) 
• based on 2015 data, about 2.3-2.7fb−1 

• This is overly pessimistic 
HL-LHC projections and YR status - dedicated analysis
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Considerations about HL-LHC

•    SM HH discovery is challenging but analysis improvements thus far 
are faster than only luminosity gains  

• We will have a new tracker detector at HL-LHC… 

• 10% improvement in signal acceptance for H(bb̄)H(bb̄) from 
extended tracker acceptance up to |η| = 4 

• 10-15% increase for the VBF process 

• b-tagging performance will benefit from a more granular detector 

• We will have a timing detector at HL-LHC… 

• ~ 30% improvement in light-jet discrimination by removing 
spurious tracks entering into secondary vertex reconstructing 

• ~20% increase in effective integrated luminosity for HH 

• Better background discrimination from selection optimization with 
the large dataset 

CERN-LHCC-2017-027 

Channel Signal increase (%)

HH! bb̄�� 22

HH! bb̄bb̄ 18

Mip Timing Detector 
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On going studies for HL-LHC (towards YR)

• Dedicated analysis for Phase II shows that SM HH 
production can be measured by CMS with approximately 
50% precision using 3000 fb−1 

• H(bb̄)H(bb̄) not included but a promising channel 

• Studies based on full-sim/Delphes are on going:  

• bb̄bb̄, bb̄γγ, bb̄VV, bb̄ττ, and VBF for VVHH 

• Combination of all channels  

• projections from CMS HH 13 TeV combination as 
reference  

• possible combination with ATLAS  

• Possibility to constrain λHHH  further from: 

• single H measurement [currently interest in H(γγ)] 

• mHH differential information

CMS-TDR-17-001 
CMS-TDR-17-007 
arXiv:1704.01953  
arXiv:1709.08649 

306 Chapter 11. Physics performance

MT2 [GeV]
0 50 100 150 200 250

]-1
 [G

eV
T2

dN
/d

M

1−10

1

10

210

310

410
TT
DY
QCD
single-H
ggHH
VBFHH x10

Phase-2 SimulationCMS  (14 TeV)-13 ab

Figure 11.29: Stransverse mass distribution for thth events in the two b-tagged jets category.

Table 11.6: Final expected limit, presented as ratio over the SM double Higgs production.
Category sHH/sSM sggHH/sSM sVBF/sSM

2b0j 1.8 3.0 72.6
VBF 3.9 5.4 86.6

Combined 1.6 2.8 52.2

cross section value is expected for the SM double Higgs boson production in the bbtt chan-
nel. This is in good agreement with previous projections obtained by rescaling lower energies
and lower statistics results. Further improvements on these results can be obtained by includ-
ing the category with one b-tagged jet and the semileptonic final states, which can potentially
bring this close to the SM sensitivity.

11.2.4 Search for Electroweakinos in the final states with two same-sign leptons

Historically supersymmetry is considered one of the most compelling theories of physics be-
yond the SM. However, large regions of parameter space characterized by the production of
strongly interacting sparticles with R-parity conserving decays have been excluded at 95% CL.
On the contrary, due to its low production cross section, the exploration of electroweak produc-
tion of SUSY particles has just started at the LHC. The HL-LHC data, with an integrated lumi-
nosity of 3000 fb 1, will offer an unprecedented discovery potential for SUSY through searches
for electroweakinos.

In most of the SUSY breaking scenarios, the supersymmetric partners of the gauge and Higgs
bosons are expected to be lighter than a few hundreds of GeV based on naturalness and unifi-
cation arguments. The higgsino(µ), bino(M1), and wino(M2) mass parameters typically satisfy
the relation µ <M1<M2. As a result, the mass spectra are characterized by low-mass higginos-
like ec0

1, ec0
2, ec±

1 , heavier bino-like ec0
3 along with mass-degenerate wino-like ec±

2 , ec0
4. Due to the

higgsino nature of the lightest states, the ec0
1 ec0

2 mass difference is just a few GeV leading to sig-
natures with very low pT SM particles and thus to a very challenging experimental search. The
mass of the ec±

2 , ec0
4 is instead expected to be several hundreds GeV. In radiatively-driven natural

supersymmetry (RNS) [79, 80] the ec±

2 and ec0
4 are then expected to decay into higgsinos emit-

ting same charge W bosons with a total branching ratio close to 25% (Fig. 11.30). The search for
the pair production of ec±

2 , ec0
4 in the final states with two same charge leptons, large pmiss

T and
modest jet activity is a novel analysis representing one of the most promising probes for SUSY
at the HL-LHC. The forward calorimeter is a critical subdetector for this analysis as optimal
pmiss

T and jet reconstruction performance is essential in discriminating signal from background.
The details of the analysis are provided below.

bb̄τhτh ~ 1.5xSM 
(2-3xSM from Run II projections)
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H(γγ)H(bb̄)
• 2 photons, 100 < mγγ < 180 GeV  
• 2 jets, 70 < mjj < 190 GeV 
• b-jet energy regression to improve m(bb̄) resolution 
• Mx and BDT (including angular correlations) classifier used to categorize events  

CMS-HIG-17-008
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MX = m
bb̄�� � (m

bb̄
�mH)� (m�� �mH)

low high mass
medium/high  
purity categories

• photon+jets (prompt 
photons or jets 
misidentified as 
photon) from data 

• SM single Higgs from 
simulation
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H(γγ)H(bb̄)
• Likelihood fits simultaneous to m(bb̄) and m(γγ) 

• single Higgs background constrained as no resonant structure is expected in the m(bb̄) distribution 

• The observed (expected) upper limit at 95% CL corresponds to about 19 (16) x SM 
• Anomalous κλ coupling tested

CMS-HIG-17-008
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Preliminary CMS  (13 TeV)-135.9 fb

Sources of Systematical Uncertainties Type Value
General uncertainties

Integrated luminosity Normalization 2.5%
Photon related uncertainties

Photon energy scale ( DM(gg)
M(gg) ) Shape 1.0%

Photon energy resolution ( Dsgg
sgg

) Shape 1.0%
Diphoton selection (with trigger uncertainties and PES) Normalization 2.0%
Photon Identification Normalization 1.0%

Jet related uncertainties
Jet energy scale ( DM(jj)

M(jj) ) Shape 1.0%

Jet energy resolution ( Dsjj
sjj

) Shape 5.0%
Dijet selection (JES) Normalization 0.5%

Resonant specific uncertainties
Mass window selection Normalization 3.0%
Classification MVA (high purity) Normalization 2.5%
Classification MVA (medium purity) Normalization 1.5%

Nonresonant specific uncertainties
M̃X Classification Normalization 0.5%
Classification MVA (high purity) Normalization 5%
Classification MVA (medium purity) Normalization 2.0%

Sources of Systematical Uncertainties Type Value
General uncertainties

Integrated luminosity Normalization 2.5%
Photon related uncertainties

Photon energy scale ( DM(gg)
M(gg) ) Shape 1.0%

Photon energy resolution ( Dsgg
sgg

) Shape 1.0%
Diphoton selection (with trigger uncertainties and PES) Normalization 2.0%
Photon Identification Normalization 1.0%

Jet related uncertainties
Jet energy scale ( DM(jj)

M(jj) ) Shape 1.0%

Jet energy resolution ( Dsjj
sjj

) Shape 5.0%
Dijet selection (JES) Normalization 0.5%

Resonant specific uncertainties
Mass window selection Normalization 3.0%
Classification MVA (high purity) Normalization 2.5%
Classification MVA (medium purity) Normalization 1.5%

Nonresonant specific uncertainties
M̃X Classification Normalization 0.5%
Classification MVA (high purity) Normalization 5%
Classification MVA (medium purity) Normalization 2.0%  88
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H(ττ)H(bb̄)

• τhτµ+τhτe+τhτh (88%)  
• 2 jets (resolved) or 1 large-R jet (boosted) 
• Likelihood fit to estimate m(ττ) (despite the missing energy)  
• m(bb̄) and m(ττ) compatible with mH 

• Events are then categorized by number of b-tags  
• Main backgrounds:  

• top, Z/γ*+jets (from MC) 
• multijet (from data)  

• BDT to reject top background in τhτµ+τhτe  
• based on angular separation of leptons and visible mass 

• stranverse mass (mT2) used to extract the signal

Phys. Lett. B 778 (2018) 101
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H(ττ)H(bb̄)
Phys. Lett. B 778 (2018) 101

Systematic uncertainty Value Processes
Luminosity 2.5% all but multijet, Z/g⇤ ! ``
Lepton trigger and reconstruction 2–6% all but multijet
t energy scale 3–10% all but multijet
Jet energy scale 2–4% all but multijet
b tag efficiency 2–6% all but multijet
Background cross section 1–10% all but multijet, Z/g⇤ ! ``
Z/g⇤ ! `` SF uncertainty 0.1–2.5% Z/g⇤ ! ``
Multijet normalization 5–30% multijet

Scale unc. +4.3%/�6.0% signals
Theory unc. 5.9% signals

• The observed (expected) upper limit at 95% CL 
corresponds to about 30 (25) x SM 

• Anomalous κλ and κt couplings tested 
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H(VV*→lνlν)H(bb̄)

• 2 opposite sign leptons (ee, µµ and eµ+µe) and 
2 b-jets  

• Backgrounds:  
• top (from MC)  
• Z+jets (from 0 b-jets data)  

• DNN based on the event kinematic to separate 
signal and top background  
• Parametrized DNN as function of κλ and κt  

• mjj and DNN classifier used to categorize events  

JHEP 01 (2018) 054
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H(VV*→lνlν)H(bb̄)
• The final DNN discriminant is used in three m(bb̄) regions 
• The observed (expected) upper limit at 95% CL corresponds to about 79 (89) x SM 
• Anomalous κλ and κt couplings tested

JHEP 01 (2018) 054

Source Background yield variation Signal yield variation
Electron identification and isolation 2.0–3.2% 1.9–2.9%
Jet b tagging (heavy-flavour jets) 2.5% 2.5–2.7%
Integrated luminosity 2.5% 2.5%
Trigger efficiency 0.5–1.4% 0.4–1.4%
Pileup 0.3–1.4% 0.3–1.5%
Muon identification 0.4–0.8% 0.4–0.7%
PDFs 0.6–0.7% 1.0–1.4%
Jet b tagging (light-flavour jets) 0.3% 0.3–0.4%
Muon isolation 0.2–0.3% 0.1–0.2%
Jet energy scale <0.1–0.3% 0.7–1.0%
Jet energy resolution 0.1% <0.1%

Affecting only tt (85.1–95.7% of the total bkg.)
µR and µF scales 12.8–12.9%
tt cross section 5.2%
Simulated sample size <0.1%

Affecting only DY in e±µ⌥ channel (0.9% of the total bkg.)
µR and µF scales 24.6–24.7%
Simulated sample size 7.7–11.6%
DY cross section 4.9%

Affecting only DY estimate from data in same-flavour events (7.1–10.7% of the total bkg.)
Simulated sample size 18.8–19.0%
Normalisation 5.0%

Affecting only single top quark (2.5–2.9% of the total bkg.)
Single t cross section 7.0%
Simulated sample size <0.1–1.0%
µR and µF scales <0.1–0.2%

Affecting only signal SM signal mX = 400 GeV
µR and µF scales 24.2% 4.6–4.7%
Simulated sample size <0.1% <0.1%
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Beyond HL-LHC

Both CLIC and ILC allow to measure the Higgs-strahlung cross section and extract 
the total Higgs width in a model-independent manner   

• at least 500 GeV to access to ttH and double Higgs production 
• δλHHH ~ 27% @ ILC 500 GeV, 4/ab 
• δλHHH ~ 13% @ CLIC 1.4 TeV, 2.5/ab + 3 TeV, 5/ab
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• FCC-hh: σ (100 TeV) = 30 ⨉ σ (14 TeV) and 7 x dataset HL-LHC 

• δλHHH ~ 5% (bb̄𝛾𝛾) / 10% (bb̄𝜏𝜏) /15% (bb̄ZZ4l) / 30% (bb̄bb̄)  

• FCC-eh: trilinear coupling study 
• need 2 runs at E(e-) = 60 and 120 GeV 
• δλHHH ~ 20% in j + 4b + MET (arXiv:1509.04016) 

Linear collider 

Circular collider 
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Projected sensitivity to Higgs couplings at HL-LHC
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Projected sensitivity to Higgs couplings 

350 GeV

M. Klute, 2nd FCC Physics Workshop, Jan 16th, 2018

arXiv:1506.05992

FCC-hh provides 
complementary measurements:  
• rare decays (BR(μμ), BR(Zɣ)) 

measurements will be 
statistically limited at FCC-ee  

• top Yukawa aiming at 1% 
precision 

• Higgs self-coupling 
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