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Elements of introduction
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https://arxiv.org/abs/2305.16623

https://indico.cern.ch/event/797767/contributions/3682915/att
achments/1965781/3268753/QEIC_SunilBansal.pdf

The pre-accelerator system, the collider 
and the main LHC experiments.

The inner structure of the ATLAS detector 
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What is LHC (Large Hadron Collider ) & ATLAS (A Toroidal LHC ApparatuS) collaboration ?
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https://arxiv.org/abs/2305.16623
https://indico.cern.ch/event/797767/contributions/3682915/attachments/1965781/3268753/QEIC_SunilBansal.pdf
https://indico.cern.ch/event/797767/contributions/3682915/attachments/1965781/3268753/QEIC_SunilBansal.pdf


Reinterpretation of searches for long-lived particles (LLPs)

What is a LLP ? particle whose lifetime is long enough for its 
decay to be significantly distant from the interaction point. 

https://arxiv.org/abs/1903.04497

Decay length with respect to the mass of SM particlesTransverse view of a detector: LLP signal
https://api.semanticscholar.org/CorpusID:118829632

Most SM 
particles are 
short-lived

MILLOT Louise – Master’s internship presentation- June, 19th 20244

SM

https://arxiv.org/abs/1903.04497
https://api.semanticscholar.org/CorpusID:118829632
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Motivations for LLP ? 

Involved in BSM physics : appear in dark-matter models, 
M/A asymmetry, neutrinos masses… 
Blind spot for ATLAS until recent years : many searches on 
LLPs

My work: re-use a search on LLP especially on ‘displaced 
jets’ 
Why this search ?  Re-interpretation

arxiv.org/pdf/2203.01009
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Reinterpretation of searches for long-lived particles (LLPs)

https://arxiv.org/pdf/2203.01009


Problem: Extract the constraints on a new model ? Create another model ?

Context:
Monte Carlo Event Generator + time-consuming analysis

Solution : Find a re-interpretation tool. Using existing 
published results, (ATLAS, CMS, or LHCb) to test a model that 
was not considered in the original study 

time-consuming analysis

Straightforward?  Not for external users

Why?:  It is impossible to test all the models during the lifetime of the LHC.
             Performing single-use searches is an unbearable waste of human (and financial) resources.
             If PhD student involved into an analysis -> spend all his time on it

How?       Analysis preservation -> publish methods to estimate 
signal efficiencies, allowing statistical analysis 

 Otherwise : analysis remains a single-use result 
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« recycling » data
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Reinterpretation of searches for long-lived particles (LLP)



Exploiting the ATLAS search: 
Closure tests

7 MILLOT Louise – Master’s internship presentation- June, 19th 2024



Steps of the analysis using re-interpretation tool: efficiency map

Decay used as a benchmark model = φ → 𝑠𝑠 → 𝑓 ҧ𝑓𝑓′ ҧ𝑓′

𝑚φ
 𝑚𝑠

𝑁𝑏_𝑒𝑣𝑒𝑛𝑡𝑠

𝑰𝑵𝑷𝑼𝑻 ∶
Entire analysis : 
➢ Depends on the model (single use)
➢ Time consuming
 

1

2

Efficiency map: 
No matter what is the model (re-usable)

8

➢ Efficiency results + constraints on the model Events generated by MCEG : MadGraph5_aMC@NLO
                                                         +PYTHIA8(hadronisation)
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How is done event generation ?
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Les Houches Events High Energy Physics Monte Carlo

Samples generated with MG

Flowchart from FeynRules UFO files to analysis work

ATLAS 

Other 
benchmarks 



Structure of the efficiency map
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Efficiency map:  links truth-level information about the LLP                  detector response and selection probability

Bin ouput:  probability of an event being selected (in a specific region) for a pair of LLPs

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑠𝑢𝑚 𝑜𝑓 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑣𝑒𝑛𝑡𝑠

𝑁𝑏 𝑒𝑣𝑒𝑛𝑡𝑠

divided into 
multiple bins.

𝑝𝑇 : [0, 50, 100, 200, 400, 1600] GeV

𝐿𝑥𝑦 : [0, 1.5, 2, 2.5, 3, 3.5, 3.9, ∞] m

𝐿𝑧 : [0, 3.6, 4.2, 4.8, 5.5, 6, ∞] m

𝑑𝑒𝑐𝑎𝑦 𝑚𝑜𝑑𝑒𝑠 : [𝑐, 𝑏, 𝑡, 𝜏] 

Bin Index : 

The sum of the output across a sample  ~ total number of events passing the selection 



Closure tests
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Low-𝐸𝑇 High-𝐸𝑇

Efficiency results

Cross section limits



Theory side
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The Hidden Abelian Higgs model (HAHM) 

arXiv:0803.1243

Extension of the SM : HAHM

13

Add an extra 𝑈(1) group: 
➢ introduces new associated gauge boson: 𝑍 ′
➢ requires a new complex singlet scalar field 𝚽𝐻 to break 

the extra symmetry
➢ Two scalar fields:
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ℒ𝐻𝑖𝑔𝑔𝑠 = 𝐷𝜇𝚽𝑆𝑀
2

+ 𝐷𝜇𝚽𝐻
2

+ 𝑚𝚽𝑆𝑀
2 𝚽𝑆𝑀

2 + 𝑚𝚽𝐻
2 𝚽𝐻

2 − 𝜆 𝚽𝑆𝑀
4 −𝜌 𝚽𝐻

4

−𝜅 𝚽𝑆𝑀
2 𝚽𝐻

2

ɸ𝑆𝑀

ɸ𝐻
=

𝑐𝑜𝑠𝜃ℎ 𝑠𝑖𝑛𝜃ℎ

−𝑠𝑖𝑛𝜃ℎ 𝑐𝑜𝑠𝜃ℎ

ɸ
𝑠

𝚽𝑆𝑀 =
0

𝑣+ɸ𝑆𝑀

2

, 𝚽𝐻 =
ξ+ɸ𝐻

2

The Lagrangian in the Higgs sector:

Mixing after symmetry breaking:

mass eigenstates
gauge eigenstates

Through the mixing between ɸ𝑆𝑀 and ɸ𝐻, the LLPs interact with 
SM fermions in a Yukawa-like manner

https://arxiv.org/abs/0803.1243


Implementation of the HAHM for experimental physics
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The HAHM has been encoded in the Universal FeynRules Output (UFO) format by David Curtin

➢ requires modifications to build a fully self-consistent MadGraph model using FeynRules2.3
 effective field theory (EFT): gluon fusion induced mediator production. The process that generates the SM 

Higgs via the top loop is reduced to an effective operator.

FeynRules is a Mathematica® package -> the calculation of Feynman rules for any QFT physics model. 



Simplified version of the HAHM

15 MILLOT Louise – Master’s internship presentation- June, 19th 2024

Simplified version:
➢ keeping what was necessary for my 

study (scalar part instead of the gauge 
part)

➢ Some parameters of the initial model 
are linked to the gauge part -> 𝑍’

➢ Rethink the way I was addressing these 
parameters

➢ Why ? More user-friendly model 

➢ contains ingredients which are irrelevant for the 
displaced jet searches

Implemented in FeynRules:



Results
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Validation of the simplified model using the map 

▪ Same mass but different number of events

𝑚ɸ = 200 GeV

 𝑚𝑠 = 100 GeV
𝑁𝑏𝑒𝑣𝑒𝑛𝑡𝑠 = 5000, 15000

➢ Ratio ~ 1 : this indicates a 
good agreement between 
the two models. 

➢ Less oscillation for a high 
𝑁𝑏𝑒𝑣𝑒𝑛𝑡𝑠 

➢ Studying efficiency results 
~ cross section limits

𝑁𝑏𝑒𝑣𝑒𝑛𝑡𝑠 = 10000
Only focusing on cross section 
limits

𝑁𝑏𝑒𝑣𝑒𝑛𝑡𝑠 = 15000𝑁𝑏𝑒𝑣𝑒𝑛𝑡𝑠 = 5000

Efficiency results

Cross section limits
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➢ Ratio ~ 1
➢ Less oscillation for High-𝐸𝑇 
➢ Oscillations observed at low 

c𝜏 and high c𝜏 :  
uncertainties on the map -> 
when low numbers of events 
are passing the selection, 
data become more sensitive 
to statistical fluctuations of 
the remaining events.

Validation of the simplified model using the map 

Low-𝑬𝑻
High-𝑬𝑻𝑚ɸ = 125,200 GeV;

𝑚𝑠 = 55,50 GeV; 
𝑁𝑏𝑒𝑣𝑒𝑛𝑡𝑠 = 10 000 𝑚ɸ = 400,600,1000 GeV; 

𝑚𝑠 = 100,150,275 GeV; 
𝑁𝑏𝑒𝑣𝑒𝑛𝑡𝑠 = 10 000, 5000

▪ With the same masses used in the ATLAS article



Perspectives & Conclusion 
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What remains to be done/ ongoing work

Symmetric model Asymmetric model

φ → 𝑠𝑠 → 𝑓 ҧ𝑓𝑓′ ҧ𝑓′ φ → 𝑠1 𝑠2 → 𝑓 ҧ𝑓𝑓′ ҧ𝑓′

What are the constraints we obtained on the LLP from this displaced jet search that is performed by ATLAS ?
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➢ A simplified model that can give rise to such an "asymmetric" decay is currently under development
➢ Goal: emphasize ease of use and easy incorporation in experimental analysis, rather than theoretical aspects 



Conclusion
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➢ The main objective : to understand and explore the method of reinterpreting experimental data in the field 
of particle physics. 

 Focusing on the validation and analysis of results obtained from previous simulations 
and research

 Using tools such as Monte Carlo Event Generators & FeynRules  

➢ Focused on the implementation of the HAHM in the context of particle physics and on the comparison 
between a simplified version of the model and the original version used by the ATLAS experiment. 

 The aim was to understand and analyse the experimental constraints associated on the 
HAHM model, focusing on the production of LLP through a scalar mediator. 

➢ The prospects for the rest of the internship involve the development of a new ‘asymmetric’ model.
 Building the model from scratch and imposing the relevant experimental constraints.
 Both theoretical & experimental aspects: from model development to statistical analysis. 



Thank you !
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Backups
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Tracker+Calorimeters+Muon chamber

Experimental particle physics lectures

ATLAS detector
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Experimental consequences of boost
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Particle Lifetime 𝝉 (s) Decay length
c𝝉 (m)

Mass (GeV) 𝜸 = Τ𝒑
𝒎 (p=10GeV) 𝜸c𝝉  (m) Comments

Neutron 878.4 2.63 × 1011

Muon 2.2 × 10−6 600 0.106 94 56 400 Stable at detector level

Charged pion 2.6 × 10−8 7.8 0.140 71 553 Stable at detector level

Neutral pion 8.6 × 10−17 2.5 × 10−9 0.135 74 1.85 × 10−7 Prompt decay

Tau lepton 2.9 × 10−13 8.7 × 10−5 1.78 5.6 4.87 × 10−4 13% displaced by more than 1 
mm but the probability to 

reach the first layer (3cm) is
~1 × 10−27

In special relativity, time dilation is described by the formula :  𝑡 = 𝛾𝑡𝑂

𝑡 is the time measured by an observer stationary relative to the particle

𝑡𝑂 is the proper lifetime measured in the particle's reference frame, i.e. where the particle is at rest

𝛾 is the Lorentz factor, given by:
1

1−
𝑣2

𝑐2

Experimental particle physics lectures



LLP & BSM

How can long lived signatures point out new physics ?

A given particle is long-lived when:
➢ The relevant coupling is small;
➢ The decay is suppressed by some large scale or heavy mediator;
➢ The allowed final state phase space is small
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Cross section computation
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1. Define the process of 
interest

2. Draw the LO Feynman 
diagram for the process of 
interest

3. Define a frame and choice
notation of the 4-momenta

4. Apply Feynman rules to 
compute the matrix 
element

5. Inject the matrix element 
in the differential cross 
section formula

6. Integrate to obtain the 
total cross section

Madgraph

Analytically Numerically

LHE file which contains all the kinematic information for each event:

PDG ID

Status: -1 incomig, 1 outgoing, 2 intermediate

parents color flow
Px(GeV) Py(GeV) Pz(GeV) E(GeV) m(GeV) distance 

traveled
(mm)

helicity



J. Antonelli’s presentation at ICHEP 2016

The SM fermions from the LLP decay result in jets whose 
origins may be far from the interaction point (IP) of the 
colliding protons, leading to so-called displaced vertices 
or displaced jets.
If the LLP decay occurs in the calorimeters, the decay 
products are collimated enough to be reconstructed as a 
single jet which is narrow, trackless and with an unusually 
high proportion of its energy in the hadronic calorimeter.

Displaced jets

In particle physics, a ‘displaced jet’ refers to a phenomenon 
where a jet of particles, appears displaced from the point of 
origin of the main collision. This offset indicates that the 
particles responsible for forming the jet have travelled a certain 
distance before decaying into detectable particles.
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https://indico.cern.ch/event/432527/contributions/1072042/


HAHM_simplified.fr
External/ internal parameters
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FeynRules and Mathematica

FeynRules is a Mathematica® package  → the calculation of Feynman rules for any QFT physics model. 

• provide FeynRules with the minimal information required to describe the new model (model-file)

• This information is then used to calculate the set of Feynman rules associated with the Lagrangian. 

• The Feynman rules calculated by the code can then be used to implement new physics model into other 
existing tools (outputs them to a form appropriate for various programs such as CalcHep, FeynArts, 
MadGraph, Sherpa and Whizard) 
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FeynRules and Mathematica: Exemple with SM file

ℒ𝐺𝑎𝑢𝑔𝑒 = −
1

4
𝐹𝑎

𝜇ν
𝐹𝜇ν

𝑎 −
1

4
𝑊𝑎

𝜇ν
𝑊𝜇ν

𝑎 −
1

4
𝐺𝑎

𝜇ν
𝐺𝜇ν

𝑎

ℒ𝐹𝑒𝑟𝑚𝑖𝑜𝑛𝑠 = 𝑖 ෍

𝑓𝑒𝑟𝑚𝑖𝑜𝑛 𝑓

𝜓𝑓𝛾𝜇𝐷𝜇𝜓𝑓

ℒ𝐻𝑖𝑔𝑔𝑠= 𝜇𝐻
2 Φ 2 −𝜆 Φ 4

ℒ𝑌𝑢𝑘𝑎𝑤𝑎 = − ෍

𝑓

𝑦𝑑
𝑓

𝑄𝐿𝑑𝑅 + 𝑦𝑙
𝑓

𝐿𝐿𝑙𝑅 + 𝑦𝑢
𝑓

𝑄𝐿𝑢𝑅 Φ + 𝒉. 𝒄.

Lagrangians

SM Lagrangian
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coupling_orders.py
couplings.py
CT_couplings.py
decays.py
lorentz.py
parameters.py
particles.py
vertices.py
…

SM_UFO file MadGraph …

Mathematica
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Use of Mathematica to load a model (SM.fr)



Jet :  experimental signatures of quarks and gluons. 
As quark and gluons have a net colour charge and cannot exist 
freely dur to colour confinement, they are not directly 
observed in nature. Instead, they come together  to form 
colour-neutral hadrons, a process called hadronization that 
leads to a collimated spray of hadrons called jet

➢ PYTHIA8: program for the generation of high-energy physics 
collision events,

➢ Hadron ?

Hadronisation & jets

QCD lectures
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Feynman Diagrams
Experimental particle physics lectures
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Feynman Rules (QED) 
Experimental particle physics lectures
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UV standpoint
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Ultraviolet (UV) dependence: physical quantities (such as coupling constants, particle masses, etc.) vary as a 
function of very high energies (or small length scales).
In QFT: calculations often involve integrals over all possible particle energies. Some of these integrals can diverge 
when they include contributions from very high energies (high frequencies, hence the term "ultraviolet").
 renormalisation technique is used: This allows the physical quantities to be 'renormalised' to make the theory's 

predictions finite and physically meaningful. 

The UV dependence then refers to the way in which the parameters of the theory (such as the coupling constants) 
must be adjusted as a function of the energy scale (or UV 'cut-off') to maintain the coherence of the theory.

 Asymmetric model: The goal is to emphasize ease of use and easy incorporation in experimental analyses, 
rather than theoretical aspects which, from a UV standpoint, can be highly model-dependent.
 Lagrangian: Gauge eigenstates/mass eigenstates, not gauge invariance, not renormalizable



SM

https://fr.wikipedia.org/wiki/Modèle_standard_de_la_physique_des_particules
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https://fr.wikipedia.org/wiki/Modèle_standard_de_la_physique_des_particules
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