
Lecture 3: search for 
new physics

S.Xella

Otherwise formulated: 
!

why ATLAS & CMS are called multipurpose detectors !
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New physics: why ?
• Higgs boson was the last missing piece predicted by the Standard Model : 

observed in 2012 by ATLAS & CMS. 

• But : even if the SM will pass all tests at the LHC, the Standard Model is NOT the 
complete theory of Nature 

• Dark matter, baryogenesis, neutrino masses and oscillations : we have big 
observations to explain.  

• New particles or new particle phenomena are most likely behind these 
extraordinary observations. 

• Particle physics enters a new era, where theory is of limited guidance, and as 
many and as new and unconventional as possible experimental results need to be 
pursued. 
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How could new physics 
manifest to us?

long-lifetime 

rare decays of hadrons
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Did we miss something?
• we have so far found only a handfull of tensions at the  LHC. Not 

enough to point the way to the next step in understanding. We of 
course hope the next 3 years of analysis of all the data collected at 
the LHC (or elsewhere) pop up new interesting information. 

• either we have not looked cleverly enough  

• so we must explore new search strategies, already from the 
trigger analysis level. 

• or the new particles lie at an energy inaccessible to us  

• so high precision and high statistics and smart analysis methods 
are needed to catch an indirect glimpse at the new scale
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SUSY  searches 
!

DM searches 
!

Exotics searches : LLP or HNL 
!

B-physics
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SUSY  searches 
!

DM searches 
!

Exotics searches : LLP or HNL 
!

CMS/ATLAS

LHCb 
BelleII

B-physics

Direct & 
Indirect 

astro/neutrino 
experiments 

In the next 3 years (Run1+Run2 LHC 
results, Belle II results) we 
hope our theorist collegues 

help us figuring out which models 
the data are pointing to, and direct us 
at best for the next data taking periods
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Cleverly looking at the data
https://arxiv.org/pdf/1806.11484.pdf

machine learning techniques applied to LHC data analysis 
show promising big steps in performance in the coming year(s)7



lessons from the past : Tevatron
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• SUSY searches
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supersymmetry not broken = particle and sparticle have same mass and internal quantum numbers, except spin

spin

supersymmetry spontaneously broken = particle and sparticle have different masses, sparticles are heavy

+ new stable particle (if R parity conserved) : 
neutralino: 

a combination of higgsino, Wino, Bino  
-> could be dark matter particle

force strength unifies 
at high E (early universe)

Minimal Supersymmetric Standard Model

+ adds new particles that protect the higgs mass 
value from quantum corrections (new physics at ~ TeV scale)
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supersymmetry not broken = particle and sparticle have same mass and internal quantum numbers, except spin

spin

supersymmetry spontaneously broken = particle and sparticle have different masses, sparticles are heavy

+ new stable particle (if R parity conserved) : 
neutralino: 

a combination of higgsino, Wino, Bino  
-> could be dark matter particle

force strength unifies 
at high E (early universe)

Minimal Supersymmetric Standard Model

+ adds new particles that protect the higgs mass 
value from quantum corrections (new physics at ~ TeV scale)

Problem: 
more than  
100 free 

parameters !
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From «SUSY Searches at ATLAS and CMS» - Marija Vranjes Milosavljevic - PPC 2018
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From «SUSY Searches at ATLAS and CMS» - Marija Vranjes Milosavljevic - PPC 2018

simplest version, largely disfavoured by LHC data
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SUSY searching

increase in energy really

helps SUSY searches. strong motivation for


plans for next colliders

Different kinds of sparticles are searched at the LHC

• Strong production (gluinos & 1st / 2nd generation 

squarks)

• Stop/sbottom production (3rd generation squarks)

• Electroweak production (gauginos & sleptons)

Searches tested & optimised in the context of simplified models

 Model-independent upper limits, HEP data, for additional interpretations 
 Simplified models used for model-dependent exclusion limits.
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SUSY search strategy
Different expected final states —> different 
categories :

!
 — Object multiplicity: usually a very large 
combination of leptons/jets/MET is requested => 
sensitive to production & decay mechanisms

 — Fermions: light flavor / heavy flavor final state 
quarks and leptons => sensitive to couplings

 — Decays: displaced vertices, kinked particle 
tracks. 
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SUSY variables
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SUSY search strategy
Different expected final states —> different 
categories :

!
 — Object multiplicity: usually a very large 
combination of leptons/jets/MET is requested => 
sensitive to production & decay mechanisms

 — Fermions: light flavor / heavy flavor final state 
quarks and leptons => sensitive to couplings

 — Decays: displaced vertices, kinked particle 
tracks. 

Distinct features of SUSY processes 

(determine the phase space)

 — Missing energy: sensitive to the properties of the 

invisible states, e.g. how many neutralinos in the event, 

what is their mass, etc.

 — Energy scale: m(eff) sensitive to the overall energy 

scale of the event, e.g. the mass of the gluino

 — Energy structure: ΣMJ sensitive to the structure of the 

visible energy, e.g. how many partons are generated in 

decay,  how energy is partitioned across the final state 

objects  (both visible and invisible).

 — Reference frame (Recursive jigsaw technique)

!
All these used in defining signal regions to search for SUSY!18



SUSY search strategy
Different expected final states —> different 
categories :

!
 — Object multiplicity: usually a very large 
combination of leptons/jets/MET is requested => 
sensitive to production & decay mechanisms

 — Fermions: light flavor / heavy flavor final state 
quarks and leptons => sensitive to couplings

 — Decays: displaced vertices, kinked particle 
tracks. 

Distinct features of SUSY processes 

(determine the phase space)

 — Missing energy: sensitive to the properties of the 

invisible states, e.g. how many neutralinos in the event, 

what is their mass, etc.

 — Energy scale: m(eff) sensitive to the overall energy 

scale of the event, e.g. the mass of the gluino

 — Energy structure: ΣMJ sensitive to the structure of the 

visible energy, e.g. how many partons are generated in 

decay,  how energy is partitioned across the final state 

objects  (both visible and invisible).

 — Reference frame (Recursive jigsaw technique)

!
All these used in defining signal regions to search for SUSY!19



interpretation of SUSY results/plots
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Strong production
improvements in Run-2 :

• energy increase in LHC

• reconstruction and selection

• trigger (close gaps towards

limit m(χ)=m(sgluino)

• lifetime coverage
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stop/sbottom production
large Emiss T

b-tagging


soft leptons

initial state radiation high-pT jet


in compressed scenarios

!

all penalize stats further ->

weaker limits
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Electroweak production

large EmissT 

not many jets


Compressed scenarios:

soft leptons + ISR jets + EtMiss


low cross section

typically you would ask 

large EmissT 


or high-pT initial

state radiation jet 
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no significant excess seen yet 
hence only limits shown
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viable SUSY models: pMSSM
Eur. Phys. J. C (2018) 78:256

is only one of many possible selections. 
Results will depend on the choice of free 
parameters.


w/ and w/o (gμ-2) result (*).

scanned 2 10^9 points


in parameter space.

!

only partial Run-2 LHC data included (36 fb-1)

(*) magnetic moment of μ =gμ e/2m S

measured at BNL (E821) in 2006 to be 3.6 
sigma away from SM  expected value

Possible explanation: new heavy particles 
(SUSY?)
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pMSSM11

uses LHC partial Run-2 (13 TeV) data, 36 fb-1

Eur. Phys. J. C (2018) 78:256

these mass ranges 
are accessible at LHC 

runs or at future colliders 
!

also, soon g-2 experiment 
at Fermilab will take data 

!
the search continues !
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• DM searches
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Dark Matter searches

(early Universe)
(now)

at colliders (LHC: ATLAS/CMS):

Direct search for WIMP & 

mediator particles

Complete theories 
many parameters, 

exclusive searches
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Dark matter searches
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Mono-X searches
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Di-jet resonance searches

Use trigger objects Level Analysis 
(TLA) for “online” scouting


!
• Backgrounds & estimation: 

same strategy as the full dijet 
analysis, dedicated calibrations 

needed on TLA jets

!

• Signal regions – lower kinematic 
reach than the dijet analysis,


searching for lighter resonances
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Phys. Rev. Lett. 121 (2018) 081801



Challenges of direct 
detection experiments
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Colliders complement direct 
searches

There are model assumptions in collider searches results. Generally they :

‣ are sensitive at low DM (<~5 GeV) for σSI(DM-nucleon). Spin-independent interaction cross-section 

with heavy nuclei is enhanced by A2

‣ have ~3 orders of magnitude better sensitivity for σSD (DM-nucleon)39

ATLAS-CONF-2018-051



• Long Lived Particles
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conventional 
final state particles

un-conventional 
final state particles

Being unconventional is the key word
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why long lifetime?
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Unconventional
credit: S. Mehlhase 

LLP Workshop - Amsterdam, 2018 
 Search for particles that display long lifetime 

and still leave some signs within the detector volume 
!
Multiple search strategies can be applied to one 
physics model, depending on the lifetime 
(exp. distribution with constant cτ, proper lifetime).
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https://indico.cern.ch/event/744951/contributions/3171185/attachments/1739277/2814300/2018-10-23_LLP.pdf


44



first problem: trigger
In Run-1 and


Run-2 we thought

conventional at trigger:


!
use:


HT (scalar sum of jets pT)

!

MET

!

Muon triggers

!

Calorimeter energy

in EM/Had ratio


!
special tracking


reconstruction (large-radius

tracking)


or identificaion (dE/dx)

only in offline


and not for all data

how to improve for Run-3?
this limits physics reach in lifetime range and mass range that can be investigated.
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Trigger in Run-3

courtesy of C.-L. Sotiropoulos

full event track information analysable

within < 100 microseconds -> very fast !


!
- increases robustness to pile-up


- allows to use tracking information and achieve

almost offline quality selection, right after L1


increases efficiency for complicated topologies, eg LLP
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Dark photons/scalars to 
displaced muon pairs

cτZD~1/ε2, ε: mixing Z-ZD 

ε ~ 10-5 —> long-lived  

MET or (multi-)muon trigger. Extrapolate tracks from Muon Spectrometer 

to determine if consistent with a common vertex. Search region (1-400cm). 

Require large boost (pT/mass > 2) to suppress DY/Z+jets

!
Other backgrounds: cosmic μs, beam-induced

background, π/Κ decays

efficiency of finding the vertex would

improve at low decay length and high masses

by using tracking information earlier, at trigger 

only 10% at best

/ φ
/ s
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SRlow = mass(μμ)<60 GeV49



Disappearing tracks

or EmissT, for trigger purpose

Charged particle decaying to invisible particle of 
nearly degenerate mass gains long lifetime from 
small Δm. SM particle (π) too soft to reconstruct.

Compressed scenarios.

!
request of EmissT  or high-pT jet from initial state

radiation, first of all to pass the trigger.

Having high pT track info instead, or seeing the 
kinked pion, early at trigger could increase 
efficiency for this (or other) compressed scenarios
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Disappearing tracks
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• neutrino mass/mixing : Heavy neutral Lepton
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Neutrinos in the SM
But !


neutrinos have mass

!

this is per-se

a very striking


sign of

physics we cannot

explain with the SM
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How do neutrinos get mass

Neutrino 

Minimal Standard Model

mixing parameters with active neutrinos
M1

M2

https://arxiv.org/pdf/0901.0011.pdf

Mass range is below the W mass55



arXiv: 1802.02965

Mmin2lOS

MT=√2plTEmissT (1-cosΔφ)

300 fb-1 (Run-3)

futurefuture
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• B-physics
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Lepton Flavour Universality
SM interactions do not differentiate between leptons of different flavor

!
This is an assumption of the SM, no deviation observed

!
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“Clean” B decays
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LHC-b
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The Present/Future
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R(D/D*)
PRL115(2015)111803


PRL 120, 171802 2018

PRD 97,072013 2018


Full reconstruction of both B’s, as in Babar/Belle

(earlier e+e- B factories), impossible



R(D/D*)
PRL115(2015)111803


PRL 120, 171802 2018

PRD 97,072013 2018




comparing with Babar/Belle 
and to Standard Model

65
and this is Run-1 data. 2.5 more data from Run-2 still to analyse, and by 2020-2022 ten times more data



R(K*)

electron worse due

to Brehmsstrahlung

 JHEP08 (2017) 055 

Event yield obtained 
from simultaneous 
M(K+pi−ℓ+ℓ−) fit to 

the J/ψ and

non-resonant 

channels
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q2 =
M

(ll)
2



Comparing with Babar/Belle 
and to Standard Model

67

 JHEP08 (2017) 055 

In addition:

!

ATLAS and CMS have also

collected data during Run-2


to perform these measurements ! 



R(K)

68

PRL 113, 151601 (2014)



R(K*)
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(non-factorizable corrections in the region of q2 << 4m2c)


NP models which explain the observed discrepancies in the measurement

of R(K(*)) w.r.t SM predictions, foresee anomalous behaviours also in the


angular distribution of the decay B0→ K*0 ll.

!

One of the angular observables in which the differential decay width can

be parametrised is P5’ (reduced dependence on hadronic form-factors)



Possible explanation for B 
decays anomalies?

70

Javier Fuentes Martin, Theoretical status of Flavour anomalies, Discrete 2018

what do we know? 
• more enhanced with 3rd family than with 2nd family 
• would indicate NP ~ 1 TeV scale 
• not unusual to see preference wrt flavour eg.Higgs 

great example of how first pass at EFT gives idea for which type of models could explain the results. 

arXiv: 1706.07808

vector lepto-quarks

to fit additional observables from LHC

—> new gauge group SU(4) —> in addition to U1, also a


g’ (coloron) and Z’ , range 2-4 TeV 

testable

at LHC now


