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The Standard Model (SM) 2

 Describes elementary particles & interactions

✔ Good data/theory agreement

✔ 2012 : discovery Higgs Boson

(predicted in 1964 ! )

Matter Interaction



The Standard Model (SM) 3

 Describes elementary particles & interactions

✔ Good data/theory agreement

✔ 2012 : discovery Higgs Boson

 Several missing pieces : 
✗ Dark matter ?
✗ Neutrino oscillations ?
✗ CP violation magnitude ?
✗ Gravity ? Hierarchy ? Fine-tuning ?

➢ Many « Beyond-SM » models propose 
explanations (new particles, mechanisms, etc.)

Matter Interaction

Need to test limits of model to discover « new physics » !



LHC (Large Hadron Collider) 4

 2010 – 2012 : √s = 7-8 TeV

 Since 2015 : √s = 13 TeV
(nominal energy)

Around 2025 : 
plan to upgrade to 
« High-Lumi LHC »

WHY ?



Luminosity 5

 L = 1034 cm-2.s-1

 f = 600M collisions/second

 n
1
= n

2
 = 1011 protons

 σ
x
 = σ

y
 ~ 10 μm

➢ Instant. luminosity :

➢ Number of events : 
(for given process)

 Key parameter for colliders

LHC

Need to improve these numbers 
to increase luminosity

=
more precise measurements



CMS (Compact Muon Solenoid) 6

 Many specialized sub-detectors

14.000 tons

30m long

15m diameter

~ 4K people

Steel Return Yoke Silicon Tracker
Superconducting 

Solenoid (4T)

Muon Chambers

Forward 
Calorimeter

Hadron 
Calorimeter 

(HCAL)

Electromagnetic 
Calorimeter 

(ECAL)



CMS (Compact Muon Solenoid) 7

 Combine informations from all sub-detectors

→ Identify nature of created particles

→ Reconstruct full picture of the event

H → γγ



« Statistical discovery » ? 8
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(4 leptons)

5 fb-1 of data, 7 TeV

Example : search for the Higgs boson



« Statistical discovery » ? 9

Is the excess of data « statistically significant » ?

N
um

b
er

 o
f 

co
ll

is
io

n
s

Mass
(4 leptons)

5 fb-1 of data, 7 TeV 36 fb-1 of data, 13 TeV

Example : search for the Higgs boson



Hypothesis testing (simplified) 10

Number of events

Pr
ob

a.

σ

Null hypothesis prediction
=

SM without Higgs

σ

For a given mass bin :

 # of observed events predicted by null 
hypothesis follows Poissonian H

0 
( μ

null  
)



Hypothesis testing (simplified) 11

Number of events

Null hypothesis prediction
=

SM without Higgs

σ

Observation

For a given mass bin :

 # of observed events predicted by null 
hypothesis follows Poissonian H

0 
( N

null  
)

 Significance :  S = 

 P-value : p   = 

S = 3 σ → « Evidence »
S = 5  → « Discovery »σ

Pr
ob

a.



Top quark 12

 Discovered in 1995, heaviest particle :

 Mostly produced in tt pair via gluon-fusion [strong interaction]

 Can also produce single-top [weak interaction]

 Decays exclusively via   t → W + b   (in SM)

 Only quark decaying before hadronization, properties encoded in decay products

 Enormous mass → Special role in symmetry breaking/Higgs mechanism ?
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+



Motivations 14

 Yet unobserved process involving single top quark 
predicted by the SM

 Sensitive to ttZ & WWZ couplings

 Background for other SM analysis

 Sensitive to Flavour-Changing Neutral Current processes 
(FCNC)

 FCNC strongly suppressed in SM by GIM mechanism
 Some Beyond-SM models predict large enhancement

If             →  Hint of new physics !

ttZ

WWZ



15Rare signal, large backgrounds

Backgrounds

(Of total single-top cross-section)

tZq

WZ

Z

tt

ttZ



16Rare signal, large backgrounds

Backgrounds

b-jet identified by dedicated algorithm

Neutrino not detected (missing energy)

Light jet

 Consider only final states with 3 leptons ( best signal/bkg ratio )

(Of total single-top cross-section)



17Strategy
 How can we separate signal from backgrounds in our case ?   (m

inv
 plot not very helpful)

✗ No single observable able to do that   

Multi-Variate Analysis (MVA) !

 Check the values of many relevant variables (kinematics of particles, masses, …)

→ Decide if event is more « signal-like » or « background-like »

 Process needs to be automatized 

→ Machine-Learning technique 

(Boosted Decision Tree)

Variable from Machine-Learning

SignalBackground



18Matrix Element Method (MEM)
Principle : for each event, compute a probability related to a given hypothesis

Phase-space Matrix element
(diagram)

PDF Transfer function (parton ↔ jet)

Adding these variables improves discriminating power

with MEM
no MEM

« How compatible is this event with signal ? With background ? »

Variable from Machine-Learning



Results 19

 We found evidence that the « tZq process » does exist

N
um

b
er

 o
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co
ll

is
io

n
s

Variable from Machine-Learning

 Observed significance : 3.7 σ 

 Expected significance : 3.1 σ 

 P-value = 0.0001
tZq



20

 Measurement of tZq cross-section provides interesting test of Standard 
Model and is sensitive to possible new physics effects

 Found evidence for this rare single-top process :  3.7 σ 
➢ Compatible with SM prediction

 Next step is discovery ! 

➢ Need for more data

Conclusion



tZq

Single-top production modes

Thank you !

our result

Prediction



BACKUP



23More Feynman diagrams



24Cutflow table (postfit)



25Matrix Element Method



26Matrix Element Method

Hypothesis

Kin. fit
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 Lowest p
T
 threshold for tri-lepton triggers : 16/12/8 GeV (electrons) & 12/10/5 

GeV (muons)
 Lowest p

T
 thresholds for di-lepton triggers : 23/12 GeV (electrons) & 17/8 GeV 

(muons)
 p

T
 thresholds for single-lepton triggers : 32 GeV (electrons) & 24 GeV (muons)

→   ~  100 % trigger efficiency

Triggers & Signal strength/channel

 Signal strength per channel :

- mmm : 1.22+0.75
-0.63

- eee : 1.32+1.14
-0.99

 

- eem : 0.66+0.78
-0.63

- mme : 0.01+0.97
-0.01

Best channel



28MC samples

tZq → MADGRAPH5_aMC@NLO

WZ+jets & ttV → MADGRAPH5_aMC@NLO, up to 1 add. jet at NLO

ZZ → MADGRAPH5_aMC@NLO

ttH → POWHEG

tWZ → MADGRAPH (LO)

 PDF set → NNPDF3.0

 Parton shower & hadronisation → PYTHIA8

 All samples normalised to NLO cross section calculations, but tWZ 
(LO) and non-prompt (data-driven)

mailto:MADGRAPH5_aMC@NLO
mailto:MADGRAPH5_aMC@NLO
mailto:MADGRAPH5_aMC@NLO


29

 Luminosity (2.5%, norm.)
 Trigger (1-2 %, norm.)
 Pile-up (+- 4.6 %,  shape)
 Lepton selection  (SFs +- 1σ, shape + norm.)
 Jet Energy Scale & Resolution (+- 1σ, shape + norm.)
 B-tagging (SFs +- 1σ, shape + norm.) 
 Normalisations of MC backgrounds (30 %, norm.)
 NPL backgrounds shape uncertainties (variation of iso. Criterion)



Systematics



30Few WZ postfit variables

 4 channels summed



31BDT input variables

Backgrounds

 Input variables : kinematics of particles, angular distributions, etc.

 Postfit distributions of some of the most discriminating (= best) ones :

2bjet CR

1bjet SR
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