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Monte Carlo tools & discoveries atthe LHC

Searches for new TeV-scale physics still
one of the main goals in the coming years

Theoretical model building offers a vast number of models with particles in the
LHC reach

Experimental papers cover only a small fraction of existing models

We need tools to cover the gap and: assess viability of models, guide future
searches, looking for blind spots

Computer tools are essential: Monte Carlo generators, fast detector
simulators, cross section calculators

We need tools to analyze MC output easily and compare it quickly and reliably
with existing experimental exclusions

[ This is the main purpose of ]
recasting tools




arXiv:1909.03460v2 [hep-ex] 7 Jan 2020

Reinterpretation/recasting in a nutshell

Monte Carlo
enerator

Signal events

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN) I n e .g . h e p m C

parameter

CNTS (Gl CERN-EP-2019-180 fo r m at
S

Y= 2020/01/08

CMS-5US-19-005

Searches for physics beyond the standard model with the Tu ne d d et e Ct or

M, variable in hadronic final states with and without . .
disappearing tracks in proton-proton collisions at Simu la t ion 9

Vi Delphes 3 or PGS

The CMS Collaboration*

formed using events with hadronic jets and significant transverse momentum imbal-
ance. The results are based on a sample of proton-proton collisions at a center-of-mass
energy of 13TeV, collected by the CMS experiment at the LHC in 2016-2018 and corre- R t d

sponding to an integrated luminosity of 137 fb~'. The first search is inclusive, based e C a S C O e
on signal regions defined by the hadronic energy in the event, the jet multiplicity,
the number of jets identified as originating from bottom quarks, and the value of the
kinematic variable My, for events with at least two jets. For events with exactly one
jet, the transverse momentum of the jet is used instead. The second search looks in
addition for disappearing tracks produced by BSM long-lived charged particles that
decay within the volume of the tracking detector. No excess event yield is observed
above the predicted standard model background. This is used to constrain a range of
BSM models that predict the following: the pair production of gluinos and squarks
in the context of supersymmetry models conserving R-parity, with or without inter-
mediate long-lived charginos produced in the decay chain; the resonant production
of a colored scalar state decaying to a massive Dirac fermion and a quark; or the pair

database

oduction of scalar and vector lept ks each decaying trino and a top, 1 1 1
bottom, or ligh-flavor quark. In mos o the cases, the resuls obtaned are the most Statistical evaluation:
stringent constraints to date.

Allowed or Excluded

“Published in the European Physical Journal Cas doi:10.1140/epjc/s10052-019-7483-x."

Abstract
Two related searches for phenomena beyond the standard model (BSM) are per- An a ly S i S S e l_e Ct io n J C O d e d a n a l.yS eS




LHC Reinterpretation Working Group

The purpose of the REI WG is to discuss topics related to the BSM (re)interpretation of LHC data,

including the development of the necessary public recasting tools and related infrastructure, and to

provide a platform for a continued interaction between theorists and with the experiments. The recent

topics:

* the publication and reuse of statistical models

* the reinterpretation of analyses that employ machine learning

* global analyses and global fits

* preservation of data and methods for replication/reanalysis in future: for a once in a lifetime
experiment we want to make sure all the necessary information is provided and understandable for
people outside of a particular analysis

(Re)interpretation of the LHC results for new physics

Feb 25-28, 2025
CERN

Europe/Paris timezone

Overview Participant List https://indico.cern.ch/event/1466101/

Timetable 130 participants


https://lpcc.web.cern.ch/content/lhc-rei-wg
https://indico.cern.ch/event/1466101/
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J. Lahiri, T. Robens, KR, to appear


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-16/
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2. A briefintroduction to CheckMATE
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* CheckMATE is a general tool for recasting arbitrary model

* Accepts events as .hepmogc, .lhe; integration with Pythia and MadGraph

* based on Delphes for detector simulation

* using existing LHC searches calculates a limit on a given parameter point
* From SLHA file to the limit in one click

* one can easily constrain models that were not covered in the original
ATLAS/CMS search

* currently more than 40 searches at 13 TeV coded, including 14 with full
luminosity

* long-lived particles branch
* https://checkmate.hepforge.org/ and https://github.com/CheckMATE2/checkmate2

9


https://checkmate.hepforge.org/
https://checkmate.hepforge.org/
https://github.com/CheckMATE2/checkmate2

Input Possibility A

- MG5 command (= model + process)
- SLHA file
- optionally: cross section or K-factor

Input Possibility B

- SUSY process and/or .in Pythia settings file
- SLHA file
- optionally: cross section or K-factor

1
1
1
1
1
1
1
1
1
1
1
L

Input Possibility C

- .lhe files
- optionally: cross section or K-factor

Input Possibility D

- .hep or .hepmc events
- cross sections

Input Possibility E

- Delphes .root files
- cross sections

Experimental
Publications

- E E E E EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

- ~

CheckMATE

-~
-

-~

~

MG5 aMC@NLO

-p>| - generate .lhe files for 'any’' model

partonic LHE files

R F

Pythia

- Generate SUSY events or shower provided .lhe files
- Merge .lhe files with different jet multiplicities

Delphes

Simulate track reconstruction and energy deposits

Perform energy/momentum smearings on reconstructed objects
Cluster jets

Evaluate total missing energy

mmsmemm====hk
1
1
1
1

ER I

-----------+¥ Analysishandler

e e e ===k

- Apply identification efficiencies for photons and leptons

Output

Evaluation

- For all signal regions...
... theoretical signal / experimental upper limit
... CLs(signal, background, observed)

- State if input is excluded or allowed

- Find signal region with largest expected exclusion potential
- compare expected signal to experimental observation

[ |
[ |
o:’ - Apply tagging efficiencies for b- and tau-jets
.\Qfa P | - Checks isolation conditions that are required for the various analyses
oL’ 1
L’
V24 1
O e
A ]
é{&l’ 1
¢ 1
. : i Analyses
+" analysis '
s‘ procedures - I:' - Perform overlap removals, trigger efficiencies, kinematical cuts
. 1 - Follow experimental analyses as closely as possible
‘~¢0 1 - Count how many events fall into various signal regions
a2 ;
4 . ] TRAl
0p Do [N ]
d‘”@ QC’(&\@"O : 1 e T #events of different signal regions
"b@ O}g:" ' (summed over all input events)
@ Yy !
©p, ! 1
®Q ! 1 1 L
»
O(xp *,
1
1
-
\
\)

L4

-~
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e
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*
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Detector simulation

Delphes 3.4 / 3.5

@ Simulates tracking and energy deposition
@ Applies efficiencies for photons and leptons
@ Clusters jets

@ Performs energy/momentum smearing of all
reconstructed objects

DELPHES

@ Evaluates total missing energy fast simulation

@ Checks isolation conditions for photons and leptons

@ Applies b-/ tau-tag on jets

CheckMATE improvements

@ Added identification and isolation flags

@ Tuned to reproduce LHC detectors:

o ATLAS for 13 TeV Run; updates in progress
o CMS work in progress

11



CheckMATE: ATLAS analyses

#Name
atlas 1604 01306
atlas 1605 09318
atlas_ 1609 01599
atlas 1704 03848
atlas_conf 2015 082
atlas conf 2016 013
atlas conf 2016 050
atlas_conf 2016 054
atlas conf 2016 076
atlas conf 2016 096
atlas conf 2017 060
atlas_conf 2016 066
atlas 1712 08119
atlas 1712 02332
atlas 1709 04183
atlas 1802 03158
atlas 1708 07875
atlas 1706 83731
#atlas conf 2019 018
atlas 1908 08215
atlas 1909 08457
atlas conf 2019 020
atlas 1803 02762
atlas 2101 01629
#atlas conf 2020 048
atlas 2004 14060
atlas 1968 03122
atlas 1911 12606
atlas 1807 07447
atlas 2103 11684
atlas 2004 10894
atlas 2106 09609
atlas 1911 06660
atlas 2010 14293
atlas 2211 08028
atlas 2106 01676
atlas 2006 05880
atlas 2111 08372
atlas 2202 07953
atlas 2209 13935
atlas 2102 10874
atlas 2411 02040

NSR Description

[

photon + MET search at 13 TeV

>= 3 b-jets + 0-1 lepton + Etmiss

ttV cross section measurement at 13 TeV

monophoton dark matter search

leptonic Z + jets + Etmiss

4 top quark (1 lepton + jets, vector like quark search)
1-lepton + jets + etmiss (stop)

1-lepton + jets + etmiss (squarks and gluino)

2 leptons + jets + etmiss

2-3 leptons + etmiss (electroweakino)

monojet search

search for photons, jets and met

electroweakinos search with soft leptons

squarks and gluinos, O lepton, 2-6 jets

stop pair production, @ leptons

search for GMSB with photons

electroweakino search with taus and MET

same-sign or 3 leptons RPC and RPV SUSY

Search for direct stau production in events with two hadronic tau leptons
charginos/sleptons, 2 leptons + MET

search for squarks and gluinos with same-sign leptons
Search for chargino-neutralino production with mass splittings near the electroweak scale
Search for electroweakino production in final states with two or three leptons
squarks/gluinos, 1 lepton, jets, MET

Search for dark matter with monojets

stops, leptoquarks, 0 lepton
0 leptons, 3 or more b-jets, sbottoms

search for sleptons and electroweakinos with soft leptons
general search for new phenomena
Search for SUSY in events with four or more leptons (gravitino SR)
EWino search in Higgs (diphoton) and met
Search for RPV SUSY in final states with leptons and many jets
search for direct stau production

search for squarks and gluinos in MET jet final states

search for gluinos decaying via 3rd gen; multi b-jets and MET
electroweakinos, 3 leptons, WZ, Wh, on+off-shell
Search for top squarks in events whith a Higgs or a Z boson
dark matter and invisible Higgs with Z boson

invisible Higgs decays in VBF

search for charginos and sleptons in 2-lepton final states
monojet
triple Higgs search

et
L8]
el el L Tl el PV R FE I = - N Y

139
139
139
139
139
139
139
139
139
139
139
139
126
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CheckMATE: CMS analyses

#Name NSR Description Lumi
cms pas sus 15 011 47  CMS, 13 TeV, 2 leptons + jets + MET 2.2

cms sus 16 039 158 electrowekinos in multilepton final state 35.9
cms _sus 16 025 14  electroweakino and stop compressed spectra 12.9
cms sus 16 048 20 two soft opposite sign leptons 35.9
cms sus 19 065 383 hadronic final states with MT2 137.0
cms 1908 04722 186 hadronic final states with HT, post-fit and simple fitting 137.0
cms 2107 13201 88 monojet with multibin 137.0
cms_ 2205 09597 40  search for electroweakinos in hadronic final states 137.0

The list much shorter compared to ATLAS...

* From start CheckMATE was based on collaboration with ATLAS
so the ties are still stronger

* ATLAS is by default releasing reinterpretation material for all
SUSY searches: cutflows, simplified analysis code, efficiencies
etc., what makes recasting much easier

* Many searches very similar (on the other hand combinations are
tempting...) 5
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2. A briefintroduction to Rivet



—Paper, —Webpage

e Robust Independent Validation of Experiment & Theory

e Atoolto preserve the logic of particle physics data
analyses and encourage expt-pheno collaboration

e Validation of MC tools

e Put simply, Rivet replicates the experiments’ event analysis on “truth” MC.

o Simple, intuitive “event loop” to apply selections.

o Event graphs (from different tools) are complex! Put
all tools in one place.

o  Normally starts from hepmc

m For certain analyses, can run from LHE.
m  Within ATLAS, can be run on EVNT
m  Easytorun “on-the-fly” from several generators (Pythia, Sherpa, ++)

o  Avoid cheating! Use fiducial final state where possible.



https://rivet.hepforge.org/
https://doi.org/10.48550/arXiv.2404.15984
https://rivet.hepforge.org/

e Vast library of measurements of final state particles, and derived variables
o  Mostly collider physics (not just LHC!), some cosmic-ray.
o Originally designed for MC generator val/tuning

o  More than 2000 total analyses!

Contributed Analyses Over Time

(lots of examples to help get you started!) 200 Wajor Release seres °®
ivet v
e C++ core with Python executables = : EEE i
1500 4 (o}
e The “LHC standard” MC analysis toolkit il -
o Central to ecosystem of analysis ‘(5 1000 o -
reinterpretation tools, linking E 750 o

experiment to theory

g
°
o
o
%
°

250 1 o ©°

%
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Release Year



https://rivet.hepforge.org/
https://rivet.hepforge.org/
https://rivet.hepforge.org/
https://yoda.hepforge.org/
https://hepcedar.gitlab.io/contur-webpage/
https://professor.hepforge.org/
https://yoda.hepforge.org/
https://hepcedar.gitlab.io/contur-webpage/
https://professor.hepforge.org/
https://professor.hepforge.org/

— detector smearing available (and performs well!)
MC truth

Detector hits

Digitization

Efficiencies
Smearing

~
Y
Y
.
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S, Reco 27

Reco/analysis

& & o &
P

re smearin

i]l T I[I1 |r] TTTT |r11 I[1 |rr] TTHT [i]l ||1|r

—> Many easy-to-use defaults for ATLAS/CMS, fully customisable if
required.

Easy-to-use interface to ONNX for NNs and BDTs*
— E.g. ATLAS 2022 12182381(SUSY multi-b jets with NN)

|1-I1[I r|]r|1 |I |-[1|r1jr11|]|rL

=
L

—+— Unfolded Data
—— Detector-level Data
—— Smeared Pythia8
— Pythia8

=
=N aann

*including MVAUtils BDTs and Iwtnn NNs via petrifyML!

ﬂIJllJ'IJlIJlI]lIJI|ll|'l]lLI]lJJI]IlT



https://gitlab.com/hepcedar/rivet/-/blob/release-4-1-x/analyses/pluginONNX/ATLAS_2022_I2182381.cc?ref_type=heads
https://arxiv.org/abs/1910.01637
https://arxiv.org/abs/1910.01637
https://arxiv.org/abs/1910.01637
https://arxiv.org/abs/2509.11830

e — Example: jet substructure

ATLAS published unfolded and detector-level substructure measurements in one paper (1903.02942)

O

o  Great testing ground for RIVET smearing functions!
® Process:

o Implement selections (with/without smearing)

o Implement substructure variables (LHA, D2, ECF,++)

o  Run onour own MC to get results (very good!)

e |f we want to use this for BSM predictions:

o

o

o

Run our BSM MC sample through the analysis

Get an output histogram

Compare to measured data and expected SM background
to get

an exclusion!
(n.b. the unfolded version of this analysis is used in CONTUR)
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https://arxiv.org/abs/1903.02942
https://arxiv.org/abs/1910.01637
https://arxiv.org/abs/1910.01637
https://arxiv.org/abs/1910.01637
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3. Validation of ATLAS HIGP-2024-32



ATLAS HHH->6b

Key features:

NN based in 3 scenarios:

SM - honresonant

TRSM -resonant and nonresonant
simplified — heavy resonant

ATLAS provided:

* the statistical model in HS3 format;
« the NN in ONNX format; see more: Osama Karkout talk

« SimpleAnalysis code

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-32/



https://gitlab.cern.ch/atlas-sa/simple-analysis/-/blob/master/SimpleAnalysisCodes/src/ANA-HIGP-2024-32.cxx?ref_type=heads
https://gitlab.cern.ch/atlas-sa/simple-analysis/-/blob/master/SimpleAnalysisCodes/src/ANA-HIGP-2024-32.cxx?ref_type=heads
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-32/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-32/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-32/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-32/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-32/

ATLAS HHH->6b: recasting challenges

* Complexinput variables for NN - but poorly described

cos In the (mgr1, mp2, myg3) coordinate system, 6 is the angle v
between the vector from the origin to the event’s recon-
structed mass of the Higgs boson candidates, and the
vector from the origin to (120, 115, 110) GeV.

Aplanarityg;  The fraction of pt from the 6 jets selected lying outside v/ v v
the plane formed by the 2 highest pt jets .

Sphericityg;  Isotropy of the momenta of the 6 jets selected to reconstruct v
the 3 Higgs boson candidates .

Transverse  Isotropy of the pr of the 6 jets used for Higgs reconstruc- v
Sphericityg;  tion, within the x — y plane .

Sphericity Isotropy of the momenta of all jets in the event . v

* First use of HS3 format in recasting:

The HS3 (HEP Statistics Serialization Standard) is an emerging, language-agnostic, and software-
iIndependent format designed to standardize statistical models, datasets, and analysis components for
High Energy Physics (HEP). Its format is JSON-based, making it human-readable while also being
machine-readable for direct use by statistical software across different frameworks. The goal of HS3 is to
improve interoperability and data preservation by providing a common, machine-readable
representation for sharing and preserving statistical analysis components like models, datasets, and
likelihoods



https://www.google.com/search?q=language-agnostic&oq=hs3+format&gs_lcrp=EgZjaHJvbWUqBggBECMYJzIGCAAQRRg5MgYIARAjGCcyBwgCEAAY7wUyBwgDEAAY7wUyBwgEEAAY7wUyBwgFEAAY7wUyCggGEAAYgAQYogTSAQgzODMyajBqN6gCALACAA&sourceid=chrome&ie=UTF-8&mstk=AUtExfAOXZH9nX0cZF20Yb4LQEEyupykl-RXzgYBSEJItmGSOXXcFmt0tIuV_tCVVrGUOkHto03aczco-B9FFRPb0bMrxle--5o_HqkvqoUigsLNmo0dq1jyYSjgLKXTv8urQ1XwErRXOs6NZ2uGJ17finwPOG1tBzh8O-LyTy527AvrkNA&csui=3&ved=2ahUKEwjZm6OV1_mPAxUJExAIHZRABJkQgK4QegQIARAC
https://www.google.com/search?q=language-agnostic&oq=hs3+format&gs_lcrp=EgZjaHJvbWUqBggBECMYJzIGCAAQRRg5MgYIARAjGCcyBwgCEAAY7wUyBwgDEAAY7wUyBwgEEAAY7wUyBwgFEAAY7wUyCggGEAAYgAQYogTSAQgzODMyajBqN6gCALACAA&sourceid=chrome&ie=UTF-8&mstk=AUtExfAOXZH9nX0cZF20Yb4LQEEyupykl-RXzgYBSEJItmGSOXXcFmt0tIuV_tCVVrGUOkHto03aczco-B9FFRPb0bMrxle--5o_HqkvqoUigsLNmo0dq1jyYSjgLKXTv8urQ1XwErRXOs6NZ2uGJ17finwPOG1tBzh8O-LyTy527AvrkNA&csui=3&ved=2ahUKEwjZm6OV1_mPAxUJExAIHZRABJkQgK4QegQIARAC
https://www.google.com/search?q=language-agnostic&oq=hs3+format&gs_lcrp=EgZjaHJvbWUqBggBECMYJzIGCAAQRRg5MgYIARAjGCcyBwgCEAAY7wUyBwgDEAAY7wUyBwgEEAAY7wUyBwgFEAAY7wUyCggGEAAYgAQYogTSAQgzODMyajBqN6gCALACAA&sourceid=chrome&ie=UTF-8&mstk=AUtExfAOXZH9nX0cZF20Yb4LQEEyupykl-RXzgYBSEJItmGSOXXcFmt0tIuV_tCVVrGUOkHto03aczco-B9FFRPb0bMrxle--5o_HqkvqoUigsLNmo0dq1jyYSjgLKXTv8urQ1XwErRXOs6NZ2uGJ17finwPOG1tBzh8O-LyTy527AvrkNA&csui=3&ved=2ahUKEwjZm6OV1_mPAxUJExAIHZRABJkQgK4QegQIARAC
https://www.google.com/search?q=software-independent+format&oq=hs3+format&gs_lcrp=EgZjaHJvbWUqBggBECMYJzIGCAAQRRg5MgYIARAjGCcyBwgCEAAY7wUyBwgDEAAY7wUyBwgEEAAY7wUyBwgFEAAY7wUyCggGEAAYgAQYogTSAQgzODMyajBqN6gCALACAA&sourceid=chrome&ie=UTF-8&mstk=AUtExfAOXZH9nX0cZF20Yb4LQEEyupykl-RXzgYBSEJItmGSOXXcFmt0tIuV_tCVVrGUOkHto03aczco-B9FFRPb0bMrxle--5o_HqkvqoUigsLNmo0dq1jyYSjgLKXTv8urQ1XwErRXOs6NZ2uGJ17finwPOG1tBzh8O-LyTy527AvrkNA&csui=3&ved=2ahUKEwjZm6OV1_mPAxUJExAIHZRABJkQgK4QegQIARAD
https://www.google.com/search?q=software-independent+format&oq=hs3+format&gs_lcrp=EgZjaHJvbWUqBggBECMYJzIGCAAQRRg5MgYIARAjGCcyBwgCEAAY7wUyBwgDEAAY7wUyBwgEEAAY7wUyBwgFEAAY7wUyCggGEAAYgAQYogTSAQgzODMyajBqN6gCALACAA&sourceid=chrome&ie=UTF-8&mstk=AUtExfAOXZH9nX0cZF20Yb4LQEEyupykl-RXzgYBSEJItmGSOXXcFmt0tIuV_tCVVrGUOkHto03aczco-B9FFRPb0bMrxle--5o_HqkvqoUigsLNmo0dq1jyYSjgLKXTv8urQ1XwErRXOs6NZ2uGJ17finwPOG1tBzh8O-LyTy527AvrkNA&csui=3&ved=2ahUKEwjZm6OV1_mPAxUJExAIHZRABJkQgK4QegQIARAD
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Validation: getting input variables right
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Validation: getting input varia

Sphericity (6b)
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Validation: limits on cross section

N ONResonant model: XS Limit Comparison
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Summary and outlook

* Implementation almost ready in CheckMATE and Rivet
* Good agreementin NN input variables

* Limits reproduced within 1sigma uncertainty (mostly)
* Ready for physics studies: TRSM, HEFT, other ideas?

* Recasting CMS 3H(6Db) is very interesting, possible?
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