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Experimental 
LHC physics – II

How to search for new phenomena

Narei Lorenzo Martinez



The Standard Model: the ultimate theory ?
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• After a decade of measurements at LHC, the SM is becoming more and more consolidated
(a few hint for new phenomena in heavy flavor physics though, see Diego’s lectures) 
• Process cross-section measured over 14 orders of magnitude, without any significant deviation from

prediction ! 



However, many unanswered questions…
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H
Higgs boson

2012: CERN

Why there are 3 families of 
particles? Are there more? Why is the top quark so heavy?

Are there 
more forces?

What keeps 
the Higgs mass 

so small?

How do 
neutrinos get 

mass?

Why there’s 
more matter 

than anti-
matter?

How do we 
incorporate gravity? 

What is 
Dark Matter?

What is 
Dark Energy?



… as many possible answers to probe!
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Any new theory 
need to agree 
with the SM! Large extra-

dimensions?
Black holes?
Gravitons?

Super-symmetry?

Composite 
quark and 
leptons?

New heavy 
bosons?

Dark Matter 
particles?

Extended 
Higgs sector?



Direct vs indirect searches
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Direct search to (e.g) dark matter Indirect search to (e.g) dark matter

Missing energy in detector High-energy behaviour of final state 
particles modified 



Example: Dark Matter searches at LHC

• Use missing energy shape to extract 
signal contribution
ü Similar shape for signal and background 

ü Background modeling very important 

• Main backgrounds
ü Z(νν)+jet 

ü W(lν)+jet, where charged lepton is not 
reconstructed 
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Failure of direct searches for now…
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Many reasons:
- Too large target masses ?
- Too small signal efficiency in LHC environment ?
- Signal outside acceptance ? 



Failure of direct searches for now…
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Indirect searches: precision area
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• Indirect searches possible only if good precision reached in measurements

• Precision limited by 
ü Precision of the prediction (MC generation)
ü Large background contamination

ü Limited reconstruction resolution in detectors
ü Limited amount of event collected (rare processes)
ü LHC collected luminosity precision 

• Main focus of current LHC measurements: precision !

• In the following: main data analysis steps  



Step 0: Simulations
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• Monte Carlo tools used to predict final state of collisions

• Structure of simulation

• Many assumptions need to be done, in many parts of the simulation process !!!
ü Not a unique Monte Carlo simulation, but several of them are used
ü Their comparison allows to derive the “modelling systematic

uncertainties”

+ ISR and FSR
+ PDFs
+ Pileup 

ISR
FSR

Interaction between remnant partons



Worlwide LHC Computing Grid
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Data replicated over several sites
~20 millions of files transferred each day at 10 Go/s
About 2 millions job per day (data analysis, MC production, …)



Step 1: find events with the right ingredients
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We are looking for e+e-μ+μ-…

Is this event ok?



Signal and background
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e-

e+

μ-

μ+

The final state is exactly the same, but it does 
not come from the particle you are looking for

Irreducible background

The final state looks like the same, but some of 
the particle fakes what you are looking for

Reducible background

e-
e+

μ-
μ+

μ-

μ+

fake e-

fake e+



Fake/Reducible backgrounds
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• Examples: 
ü pion seen as a photon (due to its 

decay to two collimated photons)
ü Photon seen as an electron (due 

to missing one of the arms of the 
photon conversion to e+e- pair)

• Fake backgrounds are mostly 
due to limited detector 
precision !



Loose some signal, suppress backgrounds…

• Selections based on particle
properties to reduce 
reducible background
ü Shower shapes, track 

properties, …

• Selections based on event
properties to distinguish signal 
from background
ü Particle kinematics, decay 

kinematics, event shape, …

• Try to keep signal while 
reducing background! 
ü Increase S/B…
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S/Bin = 0.00001
S/Bfin ~ 1 !!



Step 2: reconstruct properties of initial particle
• We have 4 particles…

ü … with their energy (calorimeters), charge and momentum (tracker)

• Use pairs of opposite sign e+e- and μ+μ-

• Reconstruct invariant mass from the 4 particles
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Step 3: Extract signal from background
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Higgs boson

ZZ

Z + 2 quarks

m4l

N
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f e
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Step 3: Extract signal from background
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No way to distinguish 
signal from background 
on an event-by-event 
basis…



Step 3: Extract signal from background

(experimental) LHC physics 19

 [GeV]µ2e/2e2µ2m
80 100 120 140

 / 
0.

5 
G

eV
µ

2e
/2

e2
µ2

1/
N

 d
N

/d
m

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08
 = 125 GeVHm

Gaussian fit

 SimulationATLAS

µ2e/2e2µ2®ZZ*®H
 = 8 TeVs

 0.01 GeV±m = 124.23 
 0.01 GeV± = 2.17 s

: 17%s 2±Fraction outside 

Without Z mass constraint

m4l

N
um

be
r o

f e
ve

nt
s statistically estimate 

background from 
“control regions”

is there an excess?



 [GeV]l4m
80 90 100 110 120 130 140 150 160 170

 E
ve

nt
s 

/ 2
.5

 G
eV

0

5

10

15

20

25

30

35 Data

 = 1.51)µ = 125 GeV 
H

Signal (m

Background ZZ*

tBackground Z+jets, t

Systematic uncertainty

l 4® ZZ* ®H 
-1Ldt = 4.5 fbò = 7 TeV  s

-1Ldt = 20.3 fbò = 8 TeV  s

ATLAS

Step 3: Extract signal from background
• Background gets estimated…

ü … from simulation (normalized to data)

ü … directly from data (“control regions”, enriched in background events)
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A region in which events fail to 
pass one of the selection 
criteria is highly enriched in a 
given type of reducible 
background



Machine learning to distinguish signal
• Sometimes simple selection cuts are not sufficient

ü E.g in the Vector Boson Scattering process qq-> ZZqq

ü Very large irreducible background (order of magnitude 
larger than signal)

• Multivariate discriminant based on event kinematic helps !
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Step 4: How significant is an excess?
• p0: probability that the excess is due to a background fluctuation

• Significance: 

• Convention:
• 3σ is an evidence (p0 = 0.27%)

• 5σ is a discovery (p0 = 5.7.10-7) -> ~1 chance over 1 million
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But in general, more complex estimate of signal 
significance via the use of a likelihood 
functions integrating all correlations and 
systematic uncertainties 



Step 4: How significant is an excess?
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Significance increase with data (and time!)
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CERN Auditorium, July 4th 2012
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Example of current questions/measurements
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• Is this the Higgs boson or a Higgs 
boson ? 

N.Ilic



Example of current questions/measurements
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• Is this the Higgs boson or a Higgs 
boson ? 



Example of current questions/measurements
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• Are we in a stable or metastable universe ?



Example of current questions/measurements
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• Is the standard Model fully consistent ?
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The LHC will run for a long time…
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Detector upgrade for HL-LHC
• Extended eta coverage for 

trackers
• Improved granularity calorimeter 

(CMS)

• Electronic chain need to be
changed (e.g hard radiation level) 
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HL-LHC tt event in ATLAS ITK
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And for the second half of the century …
• FCC
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FCC-hh P-p collisions -> 100 TeV, 20 ab-1
FCC-ee (ee- collisions)
CFF-eh (e-p collisions)



And for the second half of the century …
• FCC
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FCC-hh P-p collisions -> 100 TeV, 20 ab-1
FCC-ee (ee- collisions)
CFF-eh (e-p collisions)



And for the second half of the century …
• HE-LHC: 

ü 27 TeV p-p collisions, 
3 times the luminosity 
of HL-LHC. 

ü Reuse LHC 
underground 
infrastructure

ü 20 years

ü Need 16 T FCC-type 
magnets 
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Additional information
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Standard Model Higgs decays
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Hàγγ



Hà4μ
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Higgs signals on July 4th 2012
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Hàγγ Hà4l



Higgs signals with the latest 13 TeV data…
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Hàγγ Hà4l
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Probing Higgs couplings at the LHC
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Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.
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Higgs boson decays
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Spin with Hà4l (& combination)
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• Sensitive variables combined in BDT score
ü Intermediate boson masses: mZ1, mZ2

ü Z1 production angle: θ*
ü Z1 decay plane angle: Φ1

ü Angle between the Z1 and Z2 decay planes: Φ
ü Decay angles of negative leptons: θ1, θ2
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Interesting processes are rare!
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109 events/s

10-1 events/s

~1010

[mH ~ 125 GeV]
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1.5% H à ZZ
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There is no Higgs-boson detector!
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e-

e+

μ-

μ+

this is what we are looking for…



Step 1: find events with the right ingredients
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We are looking for e+e-μ+μ-…

What about this one?



Step 1: find events with the right ingredients
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We are looking for e+e-μ+μ-…

And this one?



is it the
Higgs 

boson?
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Spin!
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What’s a particle spin? 

“An amount of rotation
that is somehow 
quantized”

An electron has always 
an angular momentum of ½ ħ
either in its direction of travel (+½ ħ) 
or opposite to it (-½ ħ) ħ = 1.0545 × 10-34 m2 kg / s



What spin do particles have?
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What can a spin 0 particle decay to?
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What can a spin 1 particle decay to?
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What can a spin 2 particle decay to?
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So, what spin has our Higgs-like particle?
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How can we recognize spin?
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spin 0 spin 1 spin 2

Spin-0 decays in all directions with equal probability; spin-1 prefers decaying toward or away from the direction of spin; spin-2 
prefers the poles and the equator to the region in between. These pictures exaggerate the real distributions for clarity.



Spin with Hàγγ
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The Higgs boson or a Higgs boson?
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Beyond
the SM



A few words about hadronic particules

• Principle of asymptotic freedom 
ü At short distances strong interactions are weak

• Quarks and gluons are essentially free particles 
• Perturbative regime (can calculate!)

ü At large distances, higher-order diagrams dominate
• Interaction is very strong
• Perturbative regime fails, have to resort to effective 

models
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quark-quark effective potential

single gluon 
exchange

confinement



Confinement, hadronization, jets
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The Higgs boson definitively couples to fermions!
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VH, H→bbttH H→!!
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