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Introduction
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The heaviest elementary 
particle ever discovered (1995)
Almost exclusively decays to W 
boson and b quark
Short lifetime makes it decay 
before hadronization (𝛕 ≈ 4x10-25 s)
Represents relatively clean 
experimental signature to study

In SM top is expected to strongly 
couple to Higgs (yt ≈ 1) 

Yukawa

The most Godly particle ever 
discovered (2012)
The last predicted missing particle in 
SM now observed
Gives mass to all particles via 
Higgs field
Its properties and implications for SM 
are currently being studied in details

Higgs
top
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Why top Yukawa coupling is so strong ?

Yukawa interaction with quarks:

Yukawa coupling

Top quark Yukawa coupling (yt) = 1.4*(173 GeV)/(246 GeV) ≈ 0.98 
precise calculations → 0.990 +/- 0.003

Vacuum 
expectationHiggs field

diagonalisation

L =
1p
2
Q2/3�2/3Q2/3(H + v) +

1p
2
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Is our world stable ?

JHEP10 (2012) 140

Our world is stable if there are no 
other potential minima V < VFermi

Our world is metastable if there is 
another potential minimum with a 
tunneling time greater than the age of 
our universe (P-1tunnel > 𝛕universe)

Our world is unstable if P-1tunnel < 

𝛕universe

The answer is strongly 
connected to the top and 
Higgs properties !  
µthr = O(𝑣 = 246 GeV)
µcri = O(MPlanck = 1.22x1019 GeV)

?

stability
metastability/

instability

Instability

StabilityHiggs self-
coupling
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https://arxiv.org/abs/1205.2893
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When the world (almost) crashes down

Our world is unstable at 1.3σ 
We seem to live in a metastable 
world → transition time 
between two minima > 
lifetime of the universe
Main uncertainties on our fate 
come from mt, mH and yt 
determination

Phys. Rev. Lett. 115, 201802 (2015)

vacuum stability condition

Mtcrit

MHcrit
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https://arxiv.org/abs/1507.08833
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Lucky (?)

We are 
here JHEP09 (2015) 174
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https://arxiv.org/abs/1505.04825
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The importance of being yt

J. Exp. Theor. Phys. 120 (2015) 3

Critical yt: Higgs field has two 
degenerate minima 
yt ∈ [ytcrit, ytcrit + 0.04]: the 
new minimum is deeper than ours, 
the age of the universe is smaller 
than the life-time of our vacuum 
(metastability)
yt > ytcrit + 0.04 (mt > 178 
GeV): the life-time of our vacuum 
is smaller than the age of the 
universe
yt < ytcrit - 1.2x10-6: our 
vacuum is unique
yt ∈ [ytcrit - 1.2x10-6, ytcrit]: 
our vacuum is deeper than the 
other one
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https://arxiv.org/abs/1411.1923
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Mass, Yukawa and stability
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measurements for 
top and Higgs, and 

yt determination are 
crucial to 

understand where 
we live !

J. Exp. Theor. Phys. 120 (2015) 3

Critical yt

2018/01/26 Kirill Skovpen - Seminar

https://arxiv.org/abs/1411.1923
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Higgs mass measurements
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How to catch Yukawa ?

Indirectly

Directly

tt
H

tH
q tH

W

gg
H

H
→
ɣɣ

El
ec

tr
on

 
ED

M

Caveat: new 
particles could 
contribute to 

the loops ! 
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Catch me directly, if you can

tHq@8TeV

tHq@14TeV

≈0.020pb
≈0.090pb

10-2

tHW@14TeV
≈0.020pb
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How well do we know yt ?

JHEP08 (2016) 045

But mostly 
comes from 

indirect search 
analyses !
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ySM

https://arxiv.org/abs/1606.02266
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yt and CP violation

JHEP04 (2014) 004

Top-Higgs 
interaction 

SM: 𝜿t = 1, �̃�t = 0

Electron EDM (indirect): 
|�̃�t| < 0.01 

All Higgs 
results

ttH+tH 95% CLttH+tH 68% CL

CP violation phase:

JHEP 1311 (2013) 180

⇣t = arctan(̃t/t)

scalar pseudoscalar
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https://arxiv.org/abs/1312.5736
https://arxiv.org/abs/1310.1385
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ttH
Golden process to directly probe yt but a very complex final state !

ɣ
ɣ

H→WW,ZZ,𝛕𝛕

H→bb H→ɣɣ

2018/01/26 Kirill Skovpen - Seminar
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ttH search channels

CMS-PAS-HIG-16-038

H→bb H→WW,ZZ,𝛕𝛕

CMS-PAS-HIG-16-022

H→ɣɣ

CMS-PAS-HIG-16-020
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https://cds.cern.ch/record/2231510
https://cds.cern.ch/record/2205282
https://cds.cern.ch/record/2205275
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Summary of the latest ttH results
JHEP08 (2016) 045

Run I

Run II

Significance@13 TeV = 4.2 (3.8) σ

Significance@8 TeV = 4.4 (2.0) σ 
201820172016

> 5σ ? 
4.4  

(2.0)σ 
@8TeV

4.2  
(3.8)σ 

@13TeV

3.3  
(2.5)σ 

@13TeV
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https://arxiv.org/abs/1606.02266
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tHq
t channel

s channel

yt
yW

Suppressed in SM by destructive 
interference: yt⋅yW < 0
tHq is sensitive to both 
magnitude and sign of yt

BSM can be looked for by probing 
negative yt still allowed from global fits
15x increase in tHq cross section assuming 
inverted coupling scenario, yt = -1 

Eur. Phys. J. C (2015) 75: 267

J. High Energ. Phys. (2013) 2013: 22

2018/01/26 Kirill Skovpen - Seminar

https://arxiv.org/abs/1504.00611
https://arxiv.org/abs/1211.3736
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tHq results at 8 TeV

JHEP06 (2016) 177
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https://arxiv.org/abs/1509.08159
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tHq results at 13 TeV

Observed (expected) 95% CL:  
0.56 (0.24) pb =  
3.1 x σ(ttH+tH)

HIG-17-005
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https://cds.cern.ch/record/2264553/
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tHW

Eur. Phys. J. C (2017) 77: 34

No experimental results yet

As tHq, suppressed in SM by destructive 
interference: yt⋅yW < 0

Sensitive to both magnitude and 
sign of yt

Significant increase in tHW cross section 
(up to 50x) in some phase space of (yt,yW) 
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https://arxiv.org/abs/1607.05862
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Indirect probe of yt in four tops

arXiv:1602.01934

LHC data results @8TeV:
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https://arxiv.org/abs/1602.01934
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When flavours change but charge 
remains the same

t u/c

ɣ,g,Z,Hɣ,g,Z,H

t
u/c

FCNC in 
decay

FCNC in 
productionFlavour-changing neutral currents 

(FCNC) forbidden at tree level in SM
Largely suppressed in higher orders by GIM 
mechanism
But, could be significantly enhanced in 
various BSM
Direct probe of anomalous yt

SM 2HDM MSSM RS

B(t→cg) 10-12 10-8 - 10-4 10-7 - 10-6 10-10

B(t→cZ) 10-14 10-10 - 10-6 10-7 - 10-6 10-5

B(t→cɣ) 10-14 10-9 - 10-7 10-9 - 10-8 10-9

B(t→cH) 10-15 10-5 - 10-3 10-9 - 10-5 10-4

arXiv:1311.2028
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https://arxiv.org/abs/1311.2028
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Top-Higgs FCNC results

BSM Future projections

arXiv:1711.01852
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https://arxiv.org/abs/1711.01852
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Study of yt at future colliders

arXiv:1510.09056

Expected 
precision in yt 
determination

arXiv:0604166

@IL
C/C

LI
C e+e-→Z/ɣ*→ttH arXiv:1506.05992

arXiv:1507.08169

@10
0T

eV
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https://arxiv.org/abs/1510.09056
https://arxiv.org/abs/hep-ph/0604166
https://arxiv.org/abs/1506.05992
https://arxiv.org/abs/1507.08169
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Top, Higgs and beauty

beauty t H

b quarks are always present in top 
quark decays: B(t→Wb) ≈100%
B(H→bb) ≈59% is the dominant 
Higgs decay mode
b jet identification (b tagging) is 
crucial for SM and BSM analyses 
with top and Higgs

2018/01/26 Kirill Skovpen - Seminar
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How to tag the beauty

b jets = hadronised b quarks  

Use B hadron properties to identify b jets: 

Relatively large mass: 5-6 GeV
Long lifetime: c𝞃 ≈ 450 µm  
E = 70 GeV ⇒ βɣc𝞃 ≈ 5 mm

Daughter particle multiplicity  
≈ 5 charged tracks per decay
Possible presence of B semileptonic decays  
b→µνX (Br ≈ 11%), b→c→µνX (Br ≈ 10%)
Tertiary vertex (B meson decay to a charmed hadron),  
c𝞃 ≈ 120-310 µm

2018/01/26 Kirill Skovpen - Seminar
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b pickup methods
Algorithm ATLAS CMS

Impact parameter 
based

IP2D, IP3D, 
TrackCounting, JetProb TCHP, TCHE, JP, JPB

Secondary vertex 
based SV0, SV1, SV SSVHP, SSVHE

Decay chain multi-
vertex JetFitter

Soft lepton SMT, pTRel Soft Lepton Taggers

Multivariate JetFitterCombNN,  
MV1c, MV2 CSV, CSVv2, cMVAv2

Machine learning DL1 DeepCSV, DeepFlavour

Operating points:
b tag: 60%, 70%, 77%, 85% (ATLAS)
mis tag: 0.1%, 1%, 10% (CMS)

2018/01/26 Kirill Skovpen - Seminar
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CMS Phase I Pixel upgrade

The pixel detector completely replaced in 2016
One additional pixel layer close to the new beam pipe 
installed in LS1 → significant improvement in the 
flavour tagging

Reduced material budget, improved ROCs, higher |η| 
< 2.5 coverage
Challenging commissioning of the new detector over 
2017, but overall good b tagging performance

2018/01/26 Kirill Skovpen - Seminar
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Rise of Machines
Machine learning finds more and more applications in many fields of 
life and science
The use of convolutional and recurrent neural networks to apply 
on image-like data
Use a large amount of raw information in the most efficient way
Possible to apply a looser selection on tracks and vertices
Application to flavour tagging as multi-classification → tag all objects 
with one tagger

JHEP 07 (2016) 069
2018/01/26 Kirill Skovpen - Seminar

https://arxiv.org/abs/1511.05190
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Performance results on MC

Significant improvement in b 
tagging performance with the 
use of DNN
Huge gain for jets in boosted 
regime

CMS DP-2017/013
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http://cds.cern.ch/record/2263802
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Charm tagging

Charm lies somewhere inbetween the beauty and the light => 
c tagging is more challenging than b tagging
Two dedicated trainings against b (CvsB) and light (CvsL) jets

BTV-16-001 arXiv:1712.07158

2018/01/26 Kirill Skovpen - Seminar

http://cds.cern.ch/record/2205149?ln=en
https://arxiv.org/abs/1712.07158
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Higgs and double beauty

More boosted objects with the 
increase of collision energy
Decays of boosted particles clustered 
in large-R jets can also contain b 
quarks
Use substructure techniques to 
reconstruct subjets 

H

b b

arXiv:1712.07158BTV-15-002
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https://arxiv.org/abs/1712.07158
http://cds.cern.ch/record/2195743?ln=en
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Conclusion
We live in a beautiful metastable world

Top quark Yukawa coupling might be a portal to other worlds of new physics

Experimental studies of this vital fundamental parameter in SM have just begun

A broad range of analyses in the top-Higgs sector is being performed by the 
LHC experiments with very good prospects for yt determination at future 
colliders !

Jet flavour tagging is crucial for the exploration of the top-Higgs sector

2018/01/26 Kirill Skovpen - Seminar
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yt and CP violation

JHEP04 (2014) 004

ttH tH
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https://arxiv.org/abs/1312.5736
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Direct CP measurement of yt

Phys. Rev. Lett. 116, 091801 (2016)

CP-even SM Higgs 0+ (K=1,𝝰=0)

CP-odd SM Higgs 0- (K=1,𝝰=𝝿/2)

Probe CP of yt in ttH dilepton events
Sensitive to Δɸ𝓁𝓁

Even more pronounced in boosted 
regime

CP-phaseReal number

2018/01/26 Kirill Skovpen - Seminar

https://arxiv.org/abs/1507.07926
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Categorisation

ttH multilepton

arXiv:1712.08891
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https://arxiv.org/abs/1712.08891
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Categorisation

ttH H→bb

Dilepton Single lepton

arXiv:1712.08895
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https://arxiv.org/abs/1712.08895
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tHq results at 8 TeV

H→ɣɣ

H→bb

H→WW

H→𝛕𝛕

JHEP06 (2016) 177
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https://arxiv.org/abs/1509.08159
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GIM mechanism

Flavour changing neutral current

=

Quark mass degeneracy → no FCNC = 
Glashow-Iliopoulos-Maiani (GIM) 

mechanism (1970)

K0 ! µ+µ�

Back in 1968 people found strange 
this decay not to be observed

u
, c

, t

CKM matrix 
unitarity

Br(KL→µ+µ-) = (6.84 ±0.11)x10-9 [BNL]

X

j

V †
kjVji

q

q2 �m2
j

= �ki=
m
2
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Top-Higgs FCNC results
H→ɣɣ H→bbJHEP 10 (2017) 129 arXiv:1712.02399

hadronic

leptonic

2018/01/26 Kirill Skovpen - Seminar

https://arxiv.org/abs/1707.01404
https://arxiv.org/abs/1712.02399
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From LHC to HL-LHC

arXiv:1307.7135

300 fb-1

3000 fb-1

LHC HL-LHCGlobal data fit results Projection

Scenario 1: systematics unchanged
Scenario 2: scale theoretical 
uncertainties by 1/2, others are 
scaled by IL

Could reach ≈5% 
precision in yt !
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https://arxiv.org/abs/1307.7135
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Image recognition

Strip the input image to a set of pre-processed layers
Convolutional approach: treat input data as multidimensional images
Max-pooling: reduce the number of network parameters via down-sampling  
Minimise the loss function: the difference between the network output and the true class
More efficient recognition of low level features in early layers and high level features in later 
layers with non-shallow configurations 
Supervised or non-supervised learning  

b jet

cs231n.github.io

2018/01/26 Kirill Skovpen - Seminar

http://cs231n.github.io/convolutional-networks/
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Jet imaging

JHEP 01 (2017) 110

Example of ML application 
to gluon/quark tagging

deep = several hidden layers dense layer = each of its units 
connects to all of the units in the 

previous layer 

2018/01/26 Kirill Skovpen - Seminar

https://arxiv.org/abs/1612.01551
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Inside of the Machine
DeepCSV is currently the flagship tagger at CMS that is already commissioned in real data 
 => DNN on CSVv2 inputs
DeepFlavour is the upcoming tagger that uses deeper neural networks 
 => more inputs, looser selection, more hidden layers 
Good prospects for the use of the full multi classification of reconstructed objects (flavour 
+q/g) with the deeper networks (DeepJet)  
 => extension of DeepFlavour to jet multi classification

DeepCSV

DeepFlavour

EPS2017

ACAT2017
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https://indico.cern.ch/event/466934/contributions/2590268/attachments/1487778/2311967/Verzetti_EPS_2017.pdf
https://indico.cern.ch/event/567550/contributions/2629600/attachments/1511294/2356931/ACAT_Stoye.pdf
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Jet imaging results
Standard pre-processing Additional deep NN related 

pre-processing Result discrimination

2018/01/26 Kirill Skovpen - Seminar
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Is Machine Learning flawless ?

Machine learning methods provide the best performance nowadays
The performance is mostly limited by the size of the training dataset
Powerful but delicate to configuration details  

Usual shortcomings: 

Long training time: a big amount of input information  
=> mitigated by the use of GPUs

Unit saturation: insensitivity of the network to the changes in the input unit values  
=> mitigated by the use of the rectified linear units (ReLU) for activation 
functions

Overfitting: overly-fine details in training sample lead to worse performance on 
test sample  
=> avoid over-dependence on particular units with regularisation methods

JHEP 01 (2017) 110
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https://arxiv.org/abs/1612.01551
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Performance in 2016 data
A large number of analyses to calibrate the performance 
of flavour tagging in data
Calibration is done in QCD (b, l), ttbar (b, c) and 
W+c (c) events
Similar performance in MC and data (SF ≈ 1)

arXiv:1712.07158

b jets

c jets
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https://arxiv.org/abs/1712.07158
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Flavour tagging at HL-LHC
Tracker to be completely replaced for Phase 2
Finer granularity (4x), radiation hardness
L1 track trigger
Flavour tagging up to |η| < 3.5
Preliminary studies with cMVAv2 (|η| < 1.5) and 
DeepCSV (|η| > 1.5)

CMS-TDR-17-001
2018/01/26 Kirill Skovpen - Seminar

https://cds.cern.ch/record/2272264/

