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Abstract

This PhD Thesis concerns high-energy physics studies based on exploration for new signatures of electroweakinos in
the context of MSSM (Minimal Supersymmetric Standard Model) and Split SUSY (Split Supersymmetry). The studies
are carried out on 138 fb! of data with soft leptons and significant Missing Transverse Energy that are collected by
the CMS experiment at CERN during the Run 2 period (2016-2018). This work focuses on suppressed phase-spaces,

with very small mass-splitting (AM = m_o — mx‘f) between the LSP (Lightest Supersymmetric Particle) and the next

X3
heavier particle. Such small AM introduces several challenges. It requires the reconstruction of very soft leptons,
with the analysis excluding Neutralinos (x7) up to 120 (320) GeV and 100 (230) GeV at AM of 10 (1) GeV for Binos
and Higgsinos respectively, profiting from the latest LowPtElectron reconstruction of the CMS. Also, for Neutralinos
that become significantly long-lived, the analysis excludes up to 250-475 GeV and up to 200-350 GeV, depending on
the ¢t (up to 10 cm), at AM of 20 GeV for Binos and Higgsinos respectively. Additionally, we present HL-LHC
projections of the study to 400 fb!, 3000 fb?, and 6000 fb%, together with 2 more CMS analyses (arxiv:2309.16823
and CMS-SUS-24-012), covering completely the phase-space in the Higgsino interpretation to exclude Higgsinos with

mass up to 260 GeV.

H napovoa Adaktopiky AtatpBr adopd pehéteg otn Gpuotky UPNAWY EVEPYELWY, UE ETTIKEVTPO TNV avalitnon VEwWvV
UTIoYPOLP WV UTIEPCUUUETPLKWY deppLoviwy nAektpacBevol aAAnAemiSpaonc (electroweakinos) oto mAaicto tou Minimal
Supersymmetric Standard Model (MSSM) kat tou Split SUSY (Split Supersymmetry). Ot pehéteg Baoilovral oe cUvVoAo
Sedopévwy 138 fb! pe aviyveuon Aemtoviwy XapnAng eykApoLag opung Kal onUavtikig eAAeimovoag eykdpolag evépyelag,
ta omoia cuAAEXOnkav amo to meipapa CMS tou CERN katd tn Sdpkela tng meptodou Run 2 (2016-2018). H epyaoia
eotldlel oe ¢aOKOUG XWPOUC ME TOAU pkpny Stadopd palag ( AM = m,o —mo ) Hetagl tou eladpltepoOU
UTIEPOUMUETPLIKOU owpatidiou (LSP) kat tou emopevou Baputepou. H pkpn autr dtadopd AM Snuiloupyel MPOKAAOELC:
anatteitol N avakatookeun Aemtoviwy 18laitepng xapnAig opuig, He thv avdAuon va amokAeiovtag Neutralinos (y3)
MéExpL 120 (320) GeV kat 100 (230) GeV oe AM=10(1) GeV yiwa Binos kat Higgsinos avtiotolya, eKUETAAAEVOUEVN TV
kawoUpyla uéBodo avakataokeung LowPtElectron tou CMS. Entiong, yia Neutralinos ta onoia elvat onpovtikd pokpopia,
n avaAuon amokAeiel paleg péxpl 250-475 GeV kat pExpt 200-350 GeV, avaloya tnv tblounknc anootacn Sltdonaong ct
(uéxpt 10 cm), oe AM =20 GeV yiwa Binos kat Higgsinos avtiotowa. EmutAéov, mapouotdlovtal mpoPAEPElC Ye TNV
OUYKEKPLUEVN avdAuon yla to HL-LHC pe dwtewvotnta 400 fbt, 3000 fb? ka 6000 fbt, pali pe Vo akdun avalloslg Tou
CMS (arxiv:2309.16823 kat CMS-SUS-24-012), kaAumtovtag mANPwG Tov Gaclkd XWwPo yla TNV EPUNVEID Twv
anoteAeopdtwy ota Higgsinos amokAsiovtog Haleg €wg Kot 260 GeV.



Summary

This PhD dissertation, carried out at CERN, discusses High Energy Particle Physics studies and engineering
work about data collected by the CMS experiment. Data analysis was associated to CMS datasets that
were collected during Run-2 era (2016-2018) and looking for final states with 2 (or 3) muons and electrons
of low transverse momenta, together with significant amounts of missing transverse energy in each event.
Furthermore, the software engineering and algorithm development work was associated to the Level-1
Trigger system of the CMS, which serves as a primary filter for the experiment, and regulates the volume
of the data collected.

The dissertation is separated to 5 main sections: first chapters describe the accelerator complex at CERN
that serves with collisions the CMS experiment, next chapters describe in detail the structure of the CMS
experiment, following these is an in detail presentation of the work associated to the Level-1 Trigger, and
the final half of the dissertation is dedicated to presenting the “Multilepton Analysis” (with
Supersymmetry Bino/Wino and Higgsino interpretations of the results), together with projections of such
results to data volumes that is expected to be collected during the High-Luminosity LHC era (2030-2041).

1. The Large Hadron Collider (LHC) and other accelerators at CERN

The Large Hadron Collider (LHC) at CERN stands as the world’s most powerful particle accelerator,
designed to probe the fundamental particles and study their interactions. Hosted in a 27-kilometer tunnel
beneath the French-Swiss border near Geneva, the LHC accelerates protons to energies of 6.5 TeV per
beam, providing collisions at a total energy of 13 TeV. These collisions are delivered to four experiments,
ATLAS, CMS, ALICE, and LHCb, each optimized for different aspects of high-energy physics. The LHC's
construction and operation involved decades of planning, engineering, and huge efforts of international
collaboration.

The LHC'’s scientific achievements are profound, most importantly the discovery of the Higgs boson in
2012, which confirmed completely the Standard Model of Particle Physics. Beyond this, the LHC continues
to enable precision measurements and searches for new physics, including phenomena beyond the
Standard Model such as supersymmetry, extra dimensions, and dark matter candidates.

The Super Proton Synchrotron (SPS) serves as the last in chain pre-accelerator in the CERN accelerator
complex, boosting proton energies to 450 GeV before injection into the LHC. Built in the 1970s, the SPS
has played a pivotal role in both collider and fixed-target experiments, contributing to discoveries such as
the W and Z bosons. Its flexible configuration allows it to deliver beams, except the LHC, to a variety of
fixed-target experiments, including those for neutrino oscillation studies at the Gran Sasso Laboratory in
Italy.

The Proton Synchrotron (PS) is a foundational component of CERN’s accelerator infrastructure that was
commissioned in the 60’s, providing intermediate acceleration for protons and heavy ions. Operating at
energies from 2 to 25 GeV, the PS acts as a bridge between the initial acceleration stages and the higher-
energy SPS. The longevity of PS and its adaptability are proofs of its robust design and the insight of its
creators. Over the decades, it has undergone numerous upgrades to accommodate new experimental
requirements and to improve beam quality and stability.
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The Proton Synchrotron Booster (PSB) marks the first synchrotron stage in the acceleration of protons at
CERN, receiving low-energy beams from the linear accelerators and boosting them to 2 GeV. The PSB'’s
design incorporates multiple rings to handle high-intensity beams and efficient injection into the PS. Its
construction in the early 70s addressed the growing need for higher beam intensities and energies, laying
the groundwork for subsequent advancements in accelerator technology. Beyond its primary role in
proton acceleration, the PSB also serves specialized low-energy experiments, such as ISOLDE and MEDICS,
which require precise control over beam parameters.

Linear accelerators (LINACs) at CERN provide the initial acceleration for both protons and heavy ions,
delivering beams with energies up to 160 MeV. LINAC 4, which is commissioned in 2020, represents the
latest generation of these machines, incorporating advanced technologies to improve beam quality and
reliability. LINAC 3, operational since ‘94, specializes in heavy-ion acceleration.

Particle accelerator design is rooted in fundamental physical principles that govern the acceleration, the
beam focus, and the collision of charged particles. Electric fields in radiofrequency (RF) cavities transmit
energy to particles, while magnetic fields guide and focus the beams along their trajectories. The interplay
between acceleration and beam stability is critical, with techniques such as stochastic and electron cooling
employed to maintain beam quality.

Synchrotron radiation, a consequence of accelerating charged particles along curved paths, is one of the
most significant challenges, particularly for lighter particles like electrons. Managing energy losses and
optimizing the luminosity (the rate of collisions per unit area and time) are central to the accelerator
performance too. High luminosity provides more rare interactions and enables the study of new physics.

2. The CMS Experiment, its sub-detectors, and systems

Following the accelerator chapters is the section that describes the CMS experiment and its sub-detectors.
A detailed description of each component is made, and basic characteristics are discussed, which are
essential for their performance.

The CMS Silicon Tracker is a sophisticated system designed to reconstruct the trajectories of charged
particles with high precision. Combing an inner pixel detector and an outer silicon strip detector, the
tracker provides very fine granularity, fast readout, and radiation hardness. Upgrades to the tracker,
including the Phase-1 Pixel Upgrade and planned Phase-2 enhancements, ensure sustained performance
in the high-luminosity environment of the HL-LHC.

The pixel detector, with its four layers and high-density pixel sensors, is positioned closest to the
interaction point, enabling precise vertex reconstruction and impact parameter measurements. The
silicon strip detector extends the tracker’s coverage, ensuring multiple measurements per track and
enhancing pattern recognition capabilities. The combined system achieves high spatial resolution that is
essential for also identifying primary and secondary vertices and reconstructing full decay history.

The CMS calorimeter system is designed to measure the energy of electrons, photons, and hadrons with
precision. The Electromagnetic Calorimeter (ECAL), constructed from lead tungstate crystals, provides fine
granularity and fast response, enabling accurate energy measurements and efficient particle
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identification. The ECAL is segmented into a barrel, endcaps, and a preshower detector, each optimized
for different regions of the detector.

The Hadronic Calorimeter (HCAL) complements the ECAL by measuring the energy of hadrons and
contributing to the calculation of missing transverse energy. The HCAL is also divided into sectors like
barrel, endcap, forward, and outer sections, each covering specific pseudorapidity ranges. Together, the
ECAL and HCAL provide nearly full coverage around the collision point, enabling extensive reconstruction
of the events and supporting a wide range of physics analyses.

The CMS muon system is designed to identify and measure muons with high efficiency and precision,
even in the challenging environment of high-luminosity collisions. The system combines Drift Tubes (DTs)
in the barrel region, Cathode Strip Chambers (CSCs) in the endcaps, and Resistive Plate Chambers (RPCs)
covering both regions. Recent upgrades have also introduced Gas Electron Multiplier (GEM) detectors to
enhance performance in high pseudorapidity areas.

The muon detectors are optimized for specific pseudorapidity ranges and radiation-environment
requirements, ensuring robust coverage and redundancy. The multilayered architecture allows for as
precise as possible momentum measurements at higher distances (4-7 meters away from the beam),
efficient triggering, and effective background suppression. Continuous upgrades and maintenance ensure
that the system remains resistant to aging and capable of meeting the demands of future data-taking
periods.

The CMS magnet is a central feature of the experiment, generating 4T axial magnetic field, which is
designed to bend the trajectories of charged particles to facilitate measurements. The solenoid,
constructed from superconducting material, is housed within a massive steel return yoke that also
provides structural support for the detector.

The return yoke is segmented into barrel and endcap sections, each designed to guide the magnetic flux
and support the installation of subdetectors. The operation at cryogenic temperatures and high currents
requires efficient cooling and a sophisticated control system. The investment of the CMS in its magnet
reflects its critical role in supporting the experiment’s physics goals.

The CMS trigger system is a two-tiered architecture designed to reduce the data rate from 40 MHz to the
manageable “few kHz” for permanent storage. The Level-1 Trigger (L1T) is designed on custom-made
electronics using FPGAs, aiming to make rapid decisions based on coarse detector information, while the
High-Level Trigger (HLT) uses software algorithms running on a computing farm to perform more refined
event selection. Together, these systems ensure that only the most interesting data from collisions are
recorded for analysis.

Upgrades to the trigger system, including the introduction of advanced algorithms and heterogeneous
computing architectures, have enhanced its flexibility and performance throughout the years. The trigger
menu, the list of algorithms evaluated together with “OR” logic, is continuously adapted to reflect the
evolving physics program, incorporating new selection criteria and optimizing resource usage. The
system’s reliability and efficiency are vital, as lost events cannot be recovered, and its ongoing
development is an important focus of the CMS collaboration.
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3. The Barrel Muon Track Finder (BMTF) and The Condition DB

The BMTF is a specialized system within the CMS Level-1 Trigger architecture that is responsible for
reconstructing muon candidates in the barrel region using data from DTs and RPCs. The BMTF employs a
Kalman Filter algorithm to achieve high efficiency and momentum resolution. Upgrades since Run 2 have
enabled the identification of displaced muons at Level-1, expanding the experiment’s sensitivity to long-
lived particles.

The Kalman Filter algorithm implemented is one significant advancement in real-time track
reconstruction, which is featured by the Level-1 Trigger. Iteratively, appending data from subsequent
muon stations and updating the state vector of the reconstructed muon (internal mathematical
representation in algorithm’s logic), the Kalman Filter achieves optimal estimates of the trajectories.

The implementation of the Kalman algorithm on FPGAs enables fast, parallel processing of multiple track
candidates, ensuring the best possible outputs for the Level-1 Trigger. Validation of the Kalman Filter using
cosmic data and simulation has demonstrated excellent agreement between hardware and software
emulations, confirming the algorithm’s accuracy and reliability. The success of the Kalman Filter in the
BMTF opens the way for its broader adoption in future Level-1 Trigger upgrades.

The Conditions Database (CondDB) enables the reproducibility and consistency of CMS data analysis by
managing non-event data such as calibrations, alignments, and hardware configurations. The Online-to-
Offline (020) workflows ensures that the conditions used during data-taking are synchronized in the CMS
internal instance of CondDB. These workflows bridge the gap between the online operational
environment of the CMS detector and the offline reconstruction and analysis frameworks. By leveraging
object-relational mapping and automated data synchronization, the 020 system ensures that all relevant
conditions data are accurately transferred and validated.

Recent developments have focused on enhancing the immutability, idempotence, and concurrency of the
020 backend, aligning it with the latest requirements of the CMSSW software framework. Comprehensive
unit and integration testing, along with explicit dependency declarations, have improved the system’s
robustness and maintainability even more.

4. The Soft Multilepton Analysis

The Soft Multilepton Analysis is a search for electroweakinos in compressed mass spectra, where new
physics signatures manifest as low-momentum leptons and significant missing transverse energy. By
requiring multiple soft leptons in the final state, the background components from bad quality
reconstructions are suppressed, and the sensitivity is enhanced for signals predicted by supersymmetric
models. The analysis uses datasets from the Run-2 period, which are reconstructed with the Ultra Legacy
(UL) campaign of the CMS that incorporates the latest algorithms and calibrations for the period 2016-
2018. Such algorithm is the novel LowPtElectron algorithm, extending the acceptance down to 1 GeV for
the electron channels.

Supersymmetry (SUSY) extends the Standard Model by introducing a symmetry between bosons and
fermions, predicting a spectrum of superpartners for known particles. The interpretations that are
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included in this thesis are based on the Minimal Supersymmetric Standard Model (MSSM) and the Split
SUSY frameworks, each offering solutions to theoretical challenges such as the hierarchy problem and
providing viable dark matter candidates. The R-parity conservation in these frameworks ensures the
stability of the lightest supersymmetric particle (LSP), making it a target for experimental searches.

Compressed mass scenarios, characterized by small mass differences between the LSP and next-to-
lightest supersymmetric particle (NLSP), present unique experimental challenges. The resulting decay
products are soft and often displaced, requiring specialized reconstruction and analysis techniques.

General Description of the Analysis Methodology

The analysis is structured into multiple categories and regions, each optimized for different final states
and background compositions. Signal regions are defined for prompt and displaced leptons, with further
subdivisions based on kinematic variables such as missing transverse energy and displacement
significance.

Five distinct categories are defined based on the number and type of leptons in the final state, with each
category associated with specific signal regions. Selection criteria are optimized to capture the kinematic
features of the targeted decays, including requirements on lepton momentum, displacement, and
isolation.

The background estimation combines simulation-based predictions with data-driven techniques. Control
regions enriched in specific background processes are used to normalize simulations and extract
systematic uncertainties. Application and validation regions support the estimation of non-prompt
backgrounds, leveraging transfer factors and other validation techniques (like Closure Tests) to ensure the
reliability of the predictions. The overall strategy is designed to provide robust statistical inference while
maintaining sensitivity across a broad range of signal mass hypotheses.

Event Reconstruction

The event reconstruction in the analysis is a process involving the measurement and identification of
objects like the primary and secondary vertices, leptons, jets, and missing transverse energy. Among
them, the LowPtElectron reconstruction is a key innovation, which enables the identification of very soft
electrons, critical for probing the very compressed part of the phase-space. The LowPtElectron
reconstruction is combined with the nominal CMS Particle-Flow reconstruction as efficiently as possible,
leading to special treatments of the resulting mixed reconstruction in many aspects of the analysis.

Both for muon and electrons, simulated samples are produced using the latest generators and detector
simulations, ensuring accurate modelling of both signal and background processes. Trigger selection and
identification performance are carefully matched between data and simulation, with scale factors applied
to correct for differences in efficiency.

Data-Driven Background Estimation

Data-driven methods are central to the estimation of non-prompt backgrounds, particularly those arising
from leptons within jets (fake leptons) and pile-up interactions. The Tight-to-Loose method, widely used
in CMS, leverages orthogonal regions enriched in fake leptons to measure misidentification probabilities
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(Fake Rates). These probabilities are then applied to data in application regions to predict the shape and
yields of these background contributions in the signal regions.

The approaches that are followed account for correlations between close-by leptons, differences in
isolation, and variations across kinematic regions. Closure tests are performed to validate the accuracy of
the predictions, with systematic uncertainties assigned based on the level of accuracy achieved in these
tests. The method is adapted for both prompt and displaced categories, ensuring comprehensive coverage
of all relevant background sources.

Results & Interpretations

The results of the analysis are presented in terms of observed and expected exclusion limits on
electroweakino masses and lifetimes, across a range of mass-splitting and displacement scenarios. The
binning of each signal region is optimized for different interpretations, targeting for the pest possible
sensitivity. The final post-fit yields and upper limits are calculated using a likelihood-based fit of the Signal
and Control Regions to the data observed, resulting to exclusion limits at 95% Confidence Level for the
mass hypothesis that the analysis includes. The analysis demonstrates sensitivity to both prompt and
displaced signatures, with exclusion limits extending to previously unexplored regions of the parameter
space.

Interpretations are provided within the context of simplified SUSY models, including Wino/Bino and
Higgsino scenarios. The results are compared to simulated (theoretical) predictions and previous
experimental searches, highlighting the analysis’s contributions to the global effort to discover or
constrain electroweakinos at the GeV scale.

5. Compressed SUSY Summary and projections to High Luminosity LHC (HL-LHC)

A dedicated summary chapter combines the results for compressed mass scenarios, focusing on the
Higgsino pMSSM interpretation. The analysis combines the reach of three complementary CMS searches:
(a) the soft multileptons analysis, (b) the soft isolated tracks analysis, and (c) the disappearing tracks
analysis, providing a comprehensive exclusion of the phase-space by the CMS experiment.

Furthermore, projections for future data-taking periods, including Run-3 and the HL-LHC, are presented,
illustrating what are the anticipated improvements in sensitivity. The projections are based on current
results of the searches, accounting also for the surplus of luminosity that will be provided by the HL-LHC.
On top of that, projections that account for the reduction of the systematic errors, because of the
evolution of reconstruction techniques, have also been studied, however not presented due to little
difference between reducing or not the systematic errors.
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NepiAnyn

Autn n 616aktopikry Slatplpr), n omoia eknovnBnke oto CERN, culntd peAéteg Quowkng YynAwv
Evepyewwv mavw os SeSopéva mou cUAAEXBNnkav amnod to meipapa CMS. H avaluon SeSopévwv oXeTioTNKE
ue Sedopévwy tou CMS mou cUMAEXBNKav katd tnv mepiodo Run-2 (2016—2018) kat avalntouoe TEAIKEG
KOTAOTACELG HE 2 (N 3) plovia Kal NAEKTPOVLA XAUNANG EYKAPOLOG OPUNG, MOLl LE ONUAVTLIKEG TIOCOTNTEG
eMAElMOVOOG EYKAPOLOG EVEPYELAC OTA Yeyovota. EmutAéov, n avamtuén Aoylouilkol kat oAyopiBuwv
oxetiotnke pe to ovuotnua Level-1 Trigger tou CMS, t0 onoio Aettoupyel wg mpwto GiATpo emAoyng
YEYOVOTWV yla To Melpapa, Kol pubpiletl Tov Oyko Twv dedopévwy ou cUAAEyovTal.

H dlatp1Bn xwpiletatl og 5 KUPLEG EVOTNTEC: TA MPWTO KEPAAALO TTEPLYPADOUV TO CUUMAEY LA ETILTAXUVTWV
oto CERN mou mapéxeL ouykpoUoEeLG oto Teipapa CMS, ta emdpeva KepaAota meplypadouv AEMTOUEPWG
TN dopn tou mepdaparoc CMS, akoAouBel AsTToUEPNC MOpPOUCILACH TNG EPYACLOG TTOU OXETI(ETAL UE TO
Level-1 Trigger, kot to tedeutaio piod tng StatpPfng eivat adlepwpévo otnv mopoucioon tng “Multilepton
Analysis” (ue epunveieg amotedeopdtwy unepouppetpiag Bino/Wino kat Higgsino), padl pe mpoBoAég
QUTWV TWV ATIOTEAECUATWY O OyKoucg SeSOUEVWVY TTOU aVOHEVETOL VoL GUAAEXBOUV KATd TNV EMTOXH TOU
High-Luminosity LHC (2030-2041).

1. O Meyalog Ertitayuvtrg Adpoviwv (LHC) kat @AAot emtayuvteg oto CERN

O Meyadalog Emtayuvtrig Adpoviwv (LHC) oto CERN armoteAel Tov LoXUPOTEPO EMITAXUVTH CWHOTLSIWY
OToV KOOMO, oxedlaopévo yla va Olepeuvrnoel ta BepeAwdn owpoTidla Kal va PEAETAOEL TIG
oAAnAemubpaoelg toug. Ohoeveltal oe pia onpayya 27 XIMOUETPWY KATW amo Ta cUvopa MoAAilag—
EABetiag kovtd otn leveln kol emTayUVeEL SEOHEC MPWTOVIWY HE eVvépyeleg 6.5 TeV avd Sopn,
npoodEPovTag CUYKPOUOEL OUVOALKNG evépyelag 13 TeV. OL oUYKPOUCELG QUTEG TTOPEXOVTAL OE TEGOEPA
nepapota: ATLAS, CMS, ALICE kat LHCb, kaBéva amo ta omoia gival BeAtiotonotnpévo yia StadopeTikda
£(6n puowknc vPNAwWv evepyelwv. H kataokeun kat Aettoupyio tou LHC anattovos Sekaetieg oxeSlaopov
KoL LeyaAng kAipakag Slebviy cuvepyaoia.

Ta enmoTnUoviKA emutevypata tou LHC eival onupavtikd, UE ONUOVIIKOTEPO TNV avakAAuyn Ttou
uroloviou Higgs to 2012, n omoia smupePaiwos mARpwg 1o Kabiepwpévo Moviédo thg Duaotkig
Jwpatdiwv. Népav autou, o LHC cuveyilel va emuitpénel Hetpnoslg akpLpeiag kal avalntrosLg yla véa
duoikn, cuumeplhappavopévwy Twyv dowvopévwy TEpav tou KaBlepwpévou Moviéhou OmMwe N
UTIEPOU PUETPLA, OL eMUTAEOV SLOOTAOELC, KaL ) Stepelivnon yla cwpatidio oKoTelvAc UANG.

O Super Proton Synchrotron (SPS) Aettoupyel w¢ o mpoteleutaiog emitaxuvtic otnv aluocida
grtayuvtwy tou CERN, auéavovtag tnv evépyela Twv Tpwtoviwv ota 450 GeV mpLy TV mapaywpnon
toug otov LHC. Kataokeuaopévog tn dekaetia tou 1970, o SPS €xel maitel kaboplotikd poAo TOco o€
Mepapota olykpouon OEcpewv 000 Kal ot Tmelpdpata otabepol otdxou, ocuppailovtac oe
ovakoAUPeLg Omwe ta prtolovia W kot Z. H KHtaoKeu Tou ToU ETULTPETIEL VA TTAPEXEL SECUECG, EKTOC oo
tov LHC, oe &ladopa melpdpota otabepol OTOXOU, CUUMEPIAOUBAVOUEVWYV OQUTWV YLoL HEAETEG
TOAQVTWOEWV VETPLVWYV OTO pyacthplo Gran Sasso otnyv ItaAio.

O Proton Synchrotron (PS) amotehel OspeAlwdeg KOUUATL TNG EMITAXUVTIKAG aAucidoc tou CERN kot
€0nke oe Asttoupyia tn Sekaetia tou ‘60, MAPEXOVTOC EMITAXUVON YLO TPWTOVIA Kot Bapéa dvto.
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AELTOUPYWVTAG OE EVEPYELEC A0 2 WG 25 GeV, o PS Aettoupyel wg yédupa PeTatl Twv apxlkwyv otadiwv
ETLTAYUVONG Kal Tou uPnAdtepng emtayuvong otov SPS. H pakpofudtnta tou PS Kal n
TIPOCOPUOCTIKOTNTA TOU OmoteAoUV amodeifelg Tou oxedlaopol Tou Kal TG SLopaTlKOTNTOC TWV
oxeblootwy tou. Méoa ota Xpovia, €xouv yivel TToAAEC avafBabuioelc yla va avtamokplBel otig véeg
TELPAUOTIKEG QTTALTAOELG KAl Vo BEATLWOEL TNV TIoLOTNTA KAl otaBepdtnTa ThG S£0UNG.

O Proton Synchrotron Booster (PSB) sival To pwTto oUyXpOTPO OTNV EMLTAXUVON TWV MPWTOVIWV 0To
CERN, Aappavovtag S€0UEG XAUNANRG EVEPYELAG ATIO TOUG YPOLELKOUG EMLTAXUVTEG Kol GTAVOVTAG TLG
6éopec ota 2 GeV. O oxedlaouog tou PSB evowpatwvel TOAAmAoU¢ SaKTUALOUG yLa va XelpileTol SEOEG
VPNANG évTaonG Kol vo ETUTPEMEL TNV QTOTEAECUATIKY TOPOXWPENON Twv TpwTtoviwv otov PS. H
KOTOOKEUR TOU OTLG apXEC NG dekaetiag tou ‘70 ATav n amdavinon otnv aufavouevn avaykn yla
uPnAOtepeg evtaoelg Kol evépyeleg Séopng, Palovtog ta BepéAla ylo TIC EMOPEVEC TEXVOAOYIEG
gntoyuvtwy. Mépav tou Bactkol Tou POAOU OTNV EMLTAXUVON MPWTOVIwY, 0 PSB sfunnpetel emiong
g€elSlkeupéva melpapaTa xapnAng evépyelag, onwg ta ISOLDE kot MEDICS, ta omoia amattouv akplpn
£\EYX0 TWV MAPAUETPWY TNG SEOUNG.

Ou ypappuikoi emtayuvtég (LINACS) oto CERN mopé€xouv TNV apyLKi EMLTAXUVON TOCO yLa TPWTOVLA OGO
KoL yla Bapéa wovta, mpoodépovrag SEoUeg pe eveépyeleg €wg 160 MeV. O LINAC 4, mou UTmAKE o€
Aeltoupyia to 2020, QVTUTPOCWIEVEL TN VEOTEPN YEVLA QUTWV TWV HUNXOVWV, UE TIPONYUEVEG TEXVOAOYIEG
KoL AUoelg yia tn BeAtiwon tng mowotntag kot alomiotiag tng S€oung. O LINAC 3, mou Asttoupyel amnod to
’94, elSIKEVETAL OTNV ETUTAXUVON BAPEWV LOVIWV.

H texvoloyia twv emitayuvtwyv Baciletal o BepeAlwdelg GUOIKEC apXEG TTIOU SLEMOUV TNV ETILTAXUVON,
TNV £0Tioon TG S£0uNG, Kot tn olyKpouoh GopTIoHEVWY owHaTISlwv. HAekTpLkad edia o KOWOTNTES
padloouyvotntwyv (RF) mpoodidouv evépyela ot owpatidla, evw payvntikd media kabodnyolv kot
€0TLAlOUV TI( OEOMEG KATA MAKOG TWV TPOXLwV TouG. H eflooppdmnon Hetafl emitayuvong Kot
otaBepodtnTag TG S£0UNG Elval 0 KPIOLOG OTOXOC, ME TEXVIKEG OTwe N otoxaotikn Yuén kal n Yuén
NAgKTpOViwv S€0NG va xpnotpomololvTal yia Tn Slatrpnon Tng moLotnTag tThe SEoUNG.

H aktvoBolAio Tou cUYXPOTPOU, TIOU ELVaL Lia CUVETIELD TNE EMLTAXUVONC GOPTIOUEVWY CWUOTISIWY KOTA
MNKOG KOUTUAWTWY TPOXLWYV, OMOTEAEl Ml amod T ONUAVIIKOTEPEG TPOKANCELS, Slaitepa yla
ehadpltepa ocwpatTidla OMWG Ta nAektpovia. H Slaxeiplon Twv OoMWAELWVY €EVEPYELOG KAl N
BeAtiotomoinon tng pwrtewvotntag (0 puBUOC cuykpoUoEwWV avd povada emidavelag Kot xpovou) sival
€€loou onNUAVTLKA yLa TNV anodoon Twv emtaxuvtwy. H uPnAn dwtevotnta MpoodEpPeL MEPLOCOTEPES
OTAVLEG OAANAETUSPAOELG KOL ETILTPETEL TN UEAETN VEAG PUOLKNG.

2. To Neipapa CMS, oL UTIO-OVIXVEUTEG KOlL TOL CUGTH LOLTAL TOU

Metd Ta KedpAAala yla TOUG EMLTAXUVTEG akoAoUBEL n evotnTa mou meplypadel to nmeipapa CMS kal Ta
OVIXVEUTLKA CUCTAMATA Tou. MNapéxetal Aemtopepng meplypadr KOs Koppatiou kot culntouvtal ta
Baolkd TOUG XaPAKTNPLOTIKA, TIOU €ivaLl ONUAVTIKA YLa TNV amodoaot| TouG.

O CMS Silicon Tracker sival éva cuotnua «tpoxoypadiac» oxeSLAOUEVO Ylo TNV AVOKATOOKEU TWV
TpoXlwV doptlopévwy ocwpatdiwv pe vPnAn akpifelo. Tuvdualovtag £vav ecwWTEPLKO avixveutn pixel
Kol évav Ewteptkd aviyveutr) Awpidwv mupttiou (strips), o tracker mpoodépel moAl uPnAr SlakpLTiki
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kavotnta, ypnyopn efaywyn dedopévwy, Kal avBektikotnta otnv aktwvoBolia. AvaBabuioceslc otov
tracker, 6nmw¢ n Phase-1 Pixel Upgrade kol oL TPOYpOUHUOTIOHEVEG PBeATUwoEL ylo To Phase-2,
e€aadalilouv tn datrpnon tng anddoong ato meplBaiiov vPnAng dwtewvotntag tou HL-LHC.

O aviyveutng pixel, pe ta Té00gpa oTpwHATA KAl TOUG UPNAAG Tukvotntag atotntripeg pixel, elvat
TOMOBETNUEVOG TTANGCLECTEPA OTO ONUELO CUYKPOUONG, ETLTPETOVIAG OKPLPN AVAKATOOKEUN KOpUudWV
oAAnAemtibpaong (vertices) kol HETPAOELS TOPOUETPWY TWV TPOXLWV OXETIKEC HE TG kopudeg. O
avixveuTtn¢ Awpidwv mupttiou enekteivel Tnv KAAuyn tou tracker, e€aodalilovtog MOANATAEC LETPAOELS
ova TpoxLad Kot evicxlovtag Toug aAyopiBuouc avayvwplong potipwv. To cuotnua emttuyxavel uPnAn
XWPLKN avaAuon, n omola ival oNUAVTLK KAl yLo TV TAUTOTolnon MpWTwV Kal SeUTEpWVY Kopudhwv Kal
TNV AQVOKATOOKEUT) TOU TIAPOUG LOTOPLKOU TWV SLOCTIACEWV.

To cUotnua KaAopiHeTpwV Tou CMS £xel oXeSLAOTEL yLO VOl LETPA TNV EVEPYELA NAEKTPOViwY, dwToviwy
KoL adpoviwv pe akpifeta. To HAsktpopayvntikd Kahopipetpo (ECAL), To omoio gival KATOOKEUACUEVO
ond KpuotdAlhoug PBohdpapiou-poAlBSou, mpoodEpel uPnAn SLOKPLTIKA KAVOTNTA Kol ypriyopn
QTOKPLON, EMITPEMOVTAC AKPLBEIC LETPrOELG EVEPYELAG KOL OTTOSOTLIKH TauTomoinan cwpatidiwv. To ECAL
Xwpiletal og KUAvEpLkO Tunua (barrel), dkpa (endcaps), kat évav mpo-aviyveuth (preshower), kaBéva
oo ta omola eival BEATIOTOMOLNUEVO VLA TIC SLOPOPETIKES TTEPLOXEG ELOUVNC TOU.

To Adpoviko Kalopipetpo (HCAL) cupmAnpwvel to ECAL peETpWVTOC TNV EVEPYELX TWV adpoviwv Kal
oUupBAaANAovTag otov UTOAOYLOHO TNG eAAelmoucag sykapatag evépyetag. To HCAL Siatpeital e€ioov o€
Topelg KUALVEPLKOU TUAMATOC, TWV 2 AKPWY, TOU EUNMPOCOLOU Kal Tou £EwTepKol TUAUATOC, OTMOU TO
KoBEva KOAUTITEL GUYKEKPLUEVEC TiEPLOXEG PevdokutnTag. Mall, Ta 2 kalopipetpa mpoodEpouv oxedov
TIANpN KaAuyn yupw armo To onpeio cUyKpouanG, EMLTPETOVTAG AVOAUTIKI) OVOKATAOKEUH TWV YEYOVOTWV
KoL urtootnpilovrag éva supl pAacpa avalloswy.

To cUotnpa poviwv Tou CMS £xel oxedlaotel yla vo aviyveUEeL Kal va TAUTOMOLEL povia pe unAn
anodoon kal akpifela, akOUn KAl OTO AMALTtNTIKO meplBaiiov upnAng ¢wrtewdtntag. To cuotnua
ouvbualel Drift Tubes (DTs) otnv kUAwSpikn meployn, Cathode Strip Chambers (CSCs) ota dakpa, kot
Resistive Plate Chambers (RPCs) mou kaAUTtouv kat Ti¢ SUo meploxec. Npododateg avaPabuioslg £xouv
eniong eloayel aviyveuteg Gas Electron Multiplier (GEM) yia tnv evioxuon tng anodoong o€ MePLOXES e
vdnAn Peudokutnta.

OL aviyVeUTEG pLoviwv elval BEATIOTOMOLNUEVOL VLo CUYKEKPLUEVEG TTEPLOXEC PeuSokuTnTag Adyw TNG
Sladopetikng aktvoPoliag, e€achaiilovtoc mARPN YEWHUETPLIKA KAAUPN Kol avoxn ot BAGPBeg péow
mAeovaopou (redundancy). O moAueninedo¢ oxeSLAOUOG TOU GUOTHATOC ULOVIWY ETUTPENEL OCO TO
SuUVOTOV OKPLBECTEPEC LETPNOELG OPUNG O HEYOAUTEPEG ATMOOTACELS (4—7 UETpaA amo tn S€oun),
ornodotikd okoavdaAlouo (triggering), koL amoteAecpatikd €Aeyxo Tou umoPaBpou. JUVEXE(S
avaBabuioeig e€aodalilouv OTLTO CUOTN A TTOPAUEVEL AVOEKTIKO OTO XPOVLA KoL LKOVO val avTamokpLOel
OTLG QTALTOELG TWV LEAAOVTLIKWV TIEPLOS WV TOU TMELPAATOC.

O payvAtng Tou CMS cival £va oNUAVTIKO KOUUATL TOU TEPAUNTOG, OTIOU SNLOUPYWVTOC afoVIKO
poyvnTkO Tedilo 4T, £xel oxedLaoTel VoL KAUMTEL TIC TPOXLEC TWV GOPTIOUEVWY cwpaTidiwv waote va
METPLETAL QMOTEAEOUATIKA TNG OPUAC TouG. O OWANVOElSNG HayvATNG, KOTAOKEUNOUEVOG OTO
UTIEPOYWYLHO UALKO, oteyaletal HEoa og £vav TePAoTLo XoAUBSWo kdAuppa (return yoke), to omoiog
TIAPEXEL EMioNG SOULKN UTIOOTAPLEN OTOV AVLXVEUTH.
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To KAAUppa XxwplleTtal o KUAWVEPLKA KoL AKTIVIKA T UOTa, KaBEva amd Ta onola €xel oxeSlaotel yia va
KaBobnyel TN payvnTikr pon Kal vo UTtooTNnpLleL TNV EYKATACTAON ETUUEPOUC QVIXVEUTWV. H Aettoupyia
0O€ KPUOYOVIKEG Bepuokpaoieg kal uPnAa pevpata anattel amodotikn Puén kat e€eAlypévo cloTnua
eAéyxou. H emévduon tou CMS OTOV HAyVATN TOU QVIIKATOMTPL(EL TOV KEVTPIKO PONO TIOU €XEL OThV
UTIOOTAPLEN TWV OTOXWV TOU TIELPAUATOC.

To ocuotnua okavéaAlopoU (trigger) tou CMS sival oXeSLOOUEVO e APXLTEKTOVLKN SU0 emIMESWVY Kal
OTOXEVEL VA PELWOEL TOV pubuod dedopévwy anod 40 MHz otov Staxelpiolpuo pubpo twv «Alywv kHz» yua
anoBnkevon. O Level-1 Trigger (L1T) Baciletal oe 161k oxeSlaopéva NAEKTPOVIKA pe FPGAS, pe oTo)o
™ ANYn ypnyopwv anodacewv PacLopEVWY e TIpwToyevr SeSopéva amo ToUG AVLXVEUTEC, evw o High-
Level Trigger (HLT) xpnolpomolel alyopiBuoug mou ekteAoUVTOL O AOYLOUIKO Yl TIO EELOEIKEUMEVN
gmhoyn yeyovotwv. Mali, autd ta cuotiuata s€aopalifouv OtL povo ta mio evdladépovra Sedopéva
oo TG cUYKPOUOELS Kataypddovtal ya avaAiuon.

OL avopabuioslg oto clotnpa okavSOALoHOU, CUMTEPAOUPBAVOUEVNG TNG ELOAYWYNG TIPONYUEVWY
oAyopiBuwy Kot CUVOETWY UTIOAOYLOTIKWV OPXLTEKTOVLKWY, £XOUV EVIOXUOEL TNV eUeALEia KaLTnv anddoan
TOU OUOTNUATOG HE TNV Tapodo Twv £Twv. To trigger menu, dnAadn n Alota twv aAyopiBuwv mou
epapudlovral pe Aoyikp “OR”, MPoCoapUOTETAL CUVEXWC WOTE VA AVTIKATONMTPileL To €¢eAlOOOUEVO
EPEUVNTIKO TIPOYPOAULLO TOU TIELPAUOTOG, EVOWLOTWVOVTAC VEQ KPLTHPLO ETUAOYNC KoL BEATLOTOMOLWVTOG
™ xpnon nopwv. H aflomiotia Kal n anddocon Tou cucTAHATOC ival {wTIKAG onuaciog, Kabwg ta Xapéva
yeyovota gv umopoUv va avaktnBolv, Kal n CUVEXNC aVATTUEr TOU ATOTEAEL GNULAVTLKA TIPOTEPALOTNTA
tou CMS.

3. To Barrel Muon Track Finder (BMTF) ko n Baon Aedopévwv Zuvlnkwv (CondDB)

To BMTF eival éva e€eldikeupévo cUOTNUA EVTIOC TNG APXLTEKTOVIKAG Tou Level-1 Trigger Tou CMS, to
omolo eival umelBuvo yl TV avokataokeur uroyndiwv ploviwv otnv KUAvdplk Teploxn
xpnotpomnolwvtag dedopéva amno DTs kat RPCs. To BMTF xpnoiuomnolel tov adyoplBuo Kalman Filter yia
va erutuxel uPnAn anddoon Kat akpifela oty PETPNON NG opuns. OL avaBabuioslg amno tnv nepiodo
Run 2 kol petd emétpe oy TNV avayvwpLon ULoviwv HeTaTomiopévng kopudng oto Level-1, emekteivovtag
NV evaloBnoia Tou MelPAUATOC 0€ LaKPORLa cwiaTidLa.

O aAyopBuog Kalman Filter mou edappoletal amoteAel pla onUavtiky mpoodo otV avaKoTACKEUN
TPOXLWV O TIPAYHUATIKO XpOvo, n omola xapaktnpilel tov Level-1 Trigger. Awadoxikd, mpooBEtovrag
Sebopéva and Sladopetikolc oTabpolg avixveuong ploviwy, To SLavUopaTIKO HEyeBog KATAOTAONG
(ecwTePLKA LOBNUATIKY vaTopAcToon oTh AOYLKI) TOU aAyopiBLoU) TOU aVOKATOUOKEUOGUEVOU HLloviou
gvnUuepwvetal, kal o Kalman Filter emtuyyavel BEATLOTEG EKTLUNOELG TWV TPOXLWV.

H uAomnoinon tou ahyopiBuou Kalman oe FPGAs emtpEmel ypriyopn, MapdAAnAn eneepyaoia moAAanmiwyv
uvroPndiwv tpoxtwy, e€acdalifovtag ta kaAutepa Suvatd amotehéopata yia tov Level-1 Trigger. O
€\eyxocg tou Kalman Filter pe xprion 6ebopévwv amo KOOMLKA ULOVIO KoL TIPOCOUOLWOELG €xel Seifel
g€aupetikni oupdwvio petafd vhomoloewv o UAIKO Kol AOYLopLKO, emiBeBatwvovTag TV akpifelo kat
aflomiotia tou alyopiBuou. H emituxia tou Kalman Filter otov BMTF avoiyel To §popo ylo eupUtepn
uLoB£Tnon Tou oe peAlovtikeég avaPBabuioelc tou Level-1 Trigger.
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H Bdon Aedopévwv CondDB MITPEMEL TNV TILOTH avamapaywyr] «pubuioswy Aettoupylag» e CUVETELX
otnv avdluon 6edopévwv tou CMS, kabwg amobnkelel Sedopéva mou dev oxetilovtal pe PUOLKEG
ToooTNTEG, aA\A pe PBabuovounoelg, subuypappioslc, kol puBUioelg UALkOAoyLOULKOU. To AOYLOLLKO
Online-to-Offline (020) sfaodalilel OTL oL CUVONKEG TIOU XPNOLUOTIOLOUVTOL KATA T SLAPKELD TNG
ouMoync dedopévwy ouyypovilovtal e TNV EoWTEPLKN ekdoxn TG Bdong Sedopévwv CondDB tou CMS.
AUTO TO cUoTNa YePUPWVEL TO KEVO PETAEL Tou online meplBaAlovtog Asttoupyiag Tou avixveuti CMS
KoL Twv offline AoylopKWY avakaTaoKeUNG Kal avaluong. Me tnv aflomoinon Texvikwy Onwg to «object-
relational mapping» KalL 0 QUTOUOTOG CUYXPOVIOHOG Twv Bdoswv dedopévwy, To cuotnua 020
e€aodalilel 6TL OAeC oL «puBuiosLc AstToupylag» KAwvoTolouvTal He akpiBela.

OL npoodateg avaPabpuioslg evioxyuoav tov kwdika tou 020 wG MPOG TNV AUETAPANTOTNTA TOU
(immutability), Tn otaBepotnta o aAAenmAAANAeg ekteAéoeLg (SLwv evioAwv Tipog T Baon Sedopévwy
(idempotency), kaL Tnv wavotnto Tautdxpovng ektédeong tou backend (concurrency), euBuypappiloviag
TO UE TIG TEAEUTOLEG QMALTAOELS TOU AoyLlopkoU CMSSW. Négg autopateg SoKIUEG (unit tests) kol pnTeg
SnA\woslg Twv anattioswyv otov kwdika (dependency declaration), BeAtiwoav T aKOpA MEPLOCOTEPO
0oTaBepOTNTA TOU CUCTHOTOG.

4. H AvaAuon Soft Multilepton

H Avaluon Soft Multilepton P dxvel yla urtepou UUETPLKA DEPULOVIA NAeKTpaoBevoUC aAAnAemibpaong os
dactkoUg xwpoug He eKPUALOUEVEG HATEC, OOV oL uTtoypadEC VEOC PUGLKNG EKSNAWVOVTOL WG AETTTOVLOL
XOUNANG EYKAPOLOC OPUAG KO ONUOVTIKY eAeimouoa eykapaola evépyetla. Me tnv amaitnon noAAanmiwy
Aemtoviwy XOUNANG eYKAPOLAG OPUNAG OTNV TEALKN KATAOTOON, LELWVETOL TO UTIORAOpPO Kal evioxUETAL N
gualodnoia tg avadAuong oe onpata ou MPOoPAEMOVTAL OO UTEPOUMHUETPLKA Hovtéda. H avaluon
xpnotpormnolel dedopévwv anod tnv nepiodo Run-2, ta omoia £XouUvV OVAKOTOOKEUAOTEL pe TNV €kdoon
avakataokeung Ultra Legacy (UL) tou CMS, n omola eVowUOTWVEL TOUC TiLo tpodadatouc adyopibuoug kat
BaBuovounoelg yia tnv nepiodo 2016—-2018. Tétolog alyoplBuog eival o kawouplog LowPtElectron, o
ormolog enekteivel TNV avakatackeun LEXPL Kal 1 GeV yla Ta nAekTpovLa.

H unepouvppetpio (SUSY) enekteivel to KoaBlepwpévo Movtélo elodyovtag pLlot CUMHETPLO UETAEU
proloviwv Kot GeppLoviwy, TPOPAENMOVTOG UTIEPOUUHUETPLKA CWHATIOIO WG CUMMANPWHATLKA oTa Nén
yvwotd. OL epunveieg amoteAeopdtwy mou nmepllapfdvovtal os autiv tn datppry Paocilovtal oto
Minimal Supersymmetric Standard Model kat oto Split SUSY, kaBéva amno ta onoia npoodépel AUOELG O
QVOLYTA EPWTNAMOTA OMWG TO TMPOPBANUA TNG Lepapxiag kal mpoPAémouv unondla cwuatidia yla
oKOTewvr] UAn. H Swatipnon tng R-parity oe autd ta povieha soodalilel tn otabepotnta Tou
eAUPUTEPOU UTEPCUUHETPLKOU owHATLS0U, KABLOTWVTAC TO OTOXO YLa TA TELPAUATOL.

Toa oevapla ekpuAiopévwy palwv, Tou Yopoktnpilovral amnod HKPES Stadopec palog petafy tou LSP kat
TOU €MOpevou eAadpUTEPOU  UTEPCUHHETPLKOU  owpatdiou (NLSP), mapoucidlouv dlaitepeg
TELPAUOTIKEG TPOKAROELS. Ta poiovTa TNE SLACTIOONC TTOU TIPOKUTITOUV £lval XapnAng eyKapoLog opung
KOL CUXVQ TIpoEpYovTaL amod dsutepoyeveic KopudEg (secondary vertices), AMATWVTAG ELOLKEG TEXVIKEG
OVOKOTAOKEUNC KAl avaAuong.

Fevikn Neplypadn tng MeBodoloyiag tng Avaluong
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H avaluon eival xwplopévn oe TOAAQTAEG KaTtnyopleg Kal meploxEG, kaBeuia PeAtioTonmolnpévn yla
SL0POPETIKEG TEAIKEG KATAOTAOELG Kal cuvbuaopoug untofabpou. OL teploXEG onpatog opilovral ylo
AEMTOVIO OO TTPWTOYEVH Kol SEUTEPOYEVH KOPUDEG (vertex), e TTEPAITEPW UTIOSLALPECELC BACIOUEVES
O€ KLVNUOTLKA LEYEDN OMwG N eAAslmouca eykApoLa EVEPYELA KaL N LETATOTILONG ATIO TNV Kopudr).

Opilovtal mévie EexwpLoTEC KATNyopieg Ue BAon Tov aplBUd Kal ToV TUTIO TWV AETITOVIWY OTNV TEALKN
KOTAOTOON, LE KABE Katnyopia va oxeTiletal e ouyKeKPLUEVEC Signal Regions. Ta kpLtpla emloyng eivat
BeAtioTomolnpéva WOTE va  KOTAypAdOUV TO KIVNUOTIKA XAPOKTNELOTIKA Twv OSlAcTIACEWY,
CUUTEPAAUBAVOUEVWY ATALTHCEWY OTNV OPUA TWV AETTOVIWY, TN LETATOTLON Ao ThV Kopudr, Kal Thv
QMOUOVWON TouC amo Ao cwpatidia.

O umoloylopog tou umoPabpou cuvdudlel TPOOCOUOLWOELS KOl UTIOAOYLOHOUG PBaclopévoug oe
npayuatika dedopéva. Control Regions eMIKEVIPWUEVEG O OUYKEKPLUEVEG Sladlkaciec umofabpou
Xpnotpomnotouvtal yia th S10pBwon Twv MPOCOUOLWOEWV KaL TNV e€aywyr) CUCTNUATIKWY ohoApdtwy. Ta
Application kat Validation Regions xpnolpomnolouvtal oTov UTTOAOYLOUO uTtoBaBpwv pe AemTovia tou Sev
TIPOEPXOVTAL OTTO TNV TIPWTOYEVH Kopudn (non-prompt), aflomowwvrag transfer factors kot AAAEG TEXVLKEC
eAéyxou (omwg ta Closure Tests) yla va e€aodaliotel n aflomotio Twv UMoAoyLloUWV. H cuvoAlkn
oTpatnykn €xel oxedlaotel wote va TapEXel KOAQ OeUeALWUEVN OTATIOTIKY AVOAUGCNH SLOTNPWVTAG
napdAAnAa tnv evaloBnoia os éva eupl paopa polwv yla To onua.

Avakataokeun Feyovotwv

H avakataokeur yeyovotwv otnv avaiuon sival pla Stadikacio mou meplhapPavel tTh HETPNON Kal
TOUTOMOINON QVIIKEWWEVWY OMWG Ol TIPWTOYEVEIC Kal Seutepoyevel¢ kopudEg, Aemrtovia, TISAKeC
ocwuatdiwy (jets) kal eAAeimovoa sykdpola evépyela. MeTaty autwv, o aAdyoplBuog LowPtElectron
anoteAel Bacikn KovoTtouia, n onola eMLTPENEL TRV TawTomnoinon NAEKTpoviwy TOAU XapNANG EYKAPOLAG
0PUNG, KPLOLUN yLoL TN UEAETN TNG «TTOAU ekUALOPEVNGY TIEPLOXNG Tou daoikol xwpou. O aAyoplOpog
LowPtElectron ouvduadletal pe 1o Backo alyopiBuo CMS Particle-Flow 6o to Suvatov o anodotika,
odnywvtag o elOIKEG EMeEEPYATLES TN UKTNG CUAAOYAG NAEKTPOVIWY O& TIOAAEG TITUXEG TNG AVAAUONC.

Toco yla Ta HdVIa 000 KAl ylo Ta NAEKTPOVLO, N TPOCOUOLWON YIVETOL XPNOLLOTIOWWVTAG TOUC TILO
npoodatoug alyopibuoug mpooopoiwong, e€aocdaiilovroc akptPrg povtedomoinon TG6o ToU GHUATOG
000 Kol UTIoBABpou. OL EMUTTWOELS TwV aAyopiBuwv emAoync (triggers) kat n emidoon tn¢ Tautonoinong
Twv owpatdiwv Slopbwvovtal otnv Tpocopoiwon HeE XPNon TMOAAQTAQCLOOTIKWY TAPAYOVIWY,
SlopBwvovtag Sladopég anddoong Twv oAyoplBuwy petafd MELPAUATOS KOL TIPOCOUOLWONG.

YrtoAoyLopog tou YrioBdBpou amnd Nelpapatikd Asdopéva

OL TexVIKEG Baolopéveg os Telpapatikd dsdopéva elval onUAVTIKEG ylo TNV ekTipnon non-prompt
umoBabpwy, blaitepa AUTWV TOU TPOKUMTOUV amd AEMTOVIA €VTOG TUOAKWY cwpatidiwv («fake»
Aemtovia) kat anod pile-up. H péBobdog Tight-to-Loose, n omola xpnowlomnoleital eupéwg oto CMS,
aflomolel opBoywvieg mepPLOXEC emikevipwHEveg ota fake Aemtovia yla tn pétpnon tg mbavotntag
AaBou¢ tautonoinong (Fake Rates). Autéc oL mBavotnteg edbapudlovial o€ MEPAUATIKA SESOUEVA TWV
Application Regions e okomo ToV UTTOAOYLOUO TwV KOTAVOUWY Tou urtoBaBpou otig Signal Regions.

Ot péBodol mou akolouBouvtatl AapBdavouv ultoPn CUCYKETIOELG LETAEY KOVTIVWV AETTTOVIWY, TO £Ttinedo
OMOUOVWONG TWV AETITOVIWY, Kol HETOPOAEG 08 KLVNUOTIKEG LeTaBANTEC. To eminedo tng akpifelag Twy
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UTIOAOYLOHWV EAEYXETOL UE TG SoKLUES «Closure Tests» Kol To cUOTNUOTIKA opaApata arodidovtal Baoel
ToU emuESou akpiBELag MoU emITUYXAVETOL O QUTEG TIC SOKIUEG. H néBodog mpooapudletal Tooo yla
Kotnyopleg pe Aemtovia amo TIC MPWTOYEVH KOPUPEC OCO KAl YLO. KOTNYOPLEC UE AEMTOVIA QATO TIG
Seutepoyevn, KOAUTITOVTAG OAEC TLG OXETLKEC TtNYEG UTIORABpOU.

AnoteAéoparta kot Eppunveieg

To amoteAéopata TG aVAAuong mapouoLalovtal untd Lopdr MOPATNPOUUEVWY KAL AVAOUEVOUEVWY Oplwv
anoppuhng oe paleg KoL Xpovoug IWwNG TWV UTEPCUUUETPIKWY depUloviwv  nAektpaocBevolg
aAAnAemidpaong, og eva eUpog oevapiwv dtadopdg palag kal petatonone. H Stakpttonoinon (binning)
oe kaBe Signal Region eival PBeAtiotomolnuévn yia TG SLadOPETIKEG £PUNVELEC QATOTEAECUATWY,
oTOXeVOVTAC OTNV KaAUTepn Suvartr gvatloBbnoia tng avaluong oto kaBe oevaplo. Ta teAkd (post-fit)
QMOTEALTHATA KOl Ta avwTata opla anoppudng umoloyilovral péow fit Twv mBavotitwy mMAnBucuov
twv Signal kat Control Regions ota melpapatikd dedopéva, odnywvtog os Oplo AMOKAELOHOU yla TIG
unoBéoelg pualag mou meplhapPavel n avalvon pe 95% eminebo epmotoouvng. H avaluon Selyvel
gualobnoia T600 o€ orjpaTa amo TIG TPWTOYEVHG KOPUDEC OG0 Kol amd SeUTEPOYEV KOPUDEG, UE OpLaL
OMOKAELOLOU TIOU TAEOV KAAUTITOUV TIPONYOUUEVWC aVEEEPEUVNTEG TIEPLOXEG TOU GOGLKOU XWPOU.

OL epunveie¢ omoteAeopdtwy TAPEXOVIAL OTO TAQiol0 amAomolnuévwy  Poviéhwv  SUSY,
ocupnepappBavopévwy Twv osvapiwv Bino/Wino kat Higgsino. Ta armoteAéopoto cuykpilvovtal HE
BewpnTikEG TIPOPAEPELC KOl TIPONYOUEVEG TIELPAUATIKEG OVAAUCELS, avadelkvuovtag TN GUUPBOAN TNG
ovaAuong otn yevikn mpoomdBela ywa Tty avakdAuvdn f tnv andppuhn TWV UMEPCUUUETPLKWY
depuloviwy nAektpaoBevoug ahAnAenidpaong otnv mepLoxn Twv GeV.

5. Z0voyn EkpuAiopévng Yrepouppetpiog kat NpoBoAn AnoteAeocpudtwy yia 1o High Luminosity LHC
(HL-LHC)

‘Eva teheutaio kepahalo mapouolalel Ta anoTeAEéopaTa Yo oevapla ekGUALOUEVWY palwy, e0TLAlOVTAG
oto oevaplo Higgsino pMSSM. H cUvoln Mapoucldlel T AMOTEAECUATA TPLWV GUUMANPWHOTIKWY
avaAuoewv tou CMS: (a) tnv avaiuon soft multileptons, (B) tnv avdAuon soft isolated tracks kat (y) Tnv
avaAuon disappearing tracks, mapéxovtog anoteAéopata mou KAAUTITOUV MANPWG To GACIKO XWPOo anod
To meipapo CMS.

ErumAéov, mapouoctalovtal TPOPOAEG  ylot  HEAAOVTIKEG TeplOdoug  oulhoyng  Sedopévwy,
cupnepappavopévwy tou Run-3 kat tou HL-LHC, amewkovilovtag TIG avapevoUeves BEATLWOELG otV
gvalodnoia twv avaltoswv autwy. Ot TpoPoAég autég PBaoilovial o TwPWA AMOTEAECUATA TWV
ovaAloswyv, Aappavovtog umopn tyv avénuévn pwtewvotnta mou Ba mpoodépel o HL-LHC. Emiong,
g€etaotnkayv npoPoAég AapBdavovrag umoyn tn LeElwon TWV CUCTNUATIKWY OPOARATWY AOYw BeAtiwong
TwV SLadpopwv alyopiBuwyv avakatackeung, alld dev mapouaoidalovral kabwg n Sltadopd e Kal xwpig tn
peiwon Twv cuoTNUATIKWY oPAAPATWY gival eAdyLoTh.
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The Accelerator Complex at CERN

The European Organization for Nuclear Research, CERN (Conseil Européen pour la Recherche
Nucléaire), hosts the most advanced particle accelerator complex in the world, a system of
synchrotrons and linear accelerators that contribute to answering fundamental questions in
physics and pushing the boundaries of technology [1, 2]. The accelerators operate as a chain,
progressively increasing the energy of particles, and serve distinct experiments and research
facilities. This chapter outlines CERN’s accelerators, their contributions to physics, while also
referring to the predecessors of these machines, and the principles that drive their design.

1. The Large Hadron Collider (LHC): Particle Physics and High-Energy

Collisions
The Large Hadron Collider (LHC) is the flagship accelerating machine at CERN and is used to
provide colliding beams at the 4 most advanced and famous experiments in the physics
community, ATLAS, CMS, ALICE, and LHCb. Operating at the highest energy levels ever achieved
ever in a collider, its central task is to receive the beams from the previous accelerator at 450
GeV and deliver them to the 4 points of collisions for the experiments at 6.5 TeV per beam (13
TeV total collision energy).

Figure 1: Picture of the Large Hadron Collider (LHC) facilities at CERN. The LHC is hosted in a 27 km tunnel that spans around
several French villages between the Jura mountains and the Leman Lake in Geneva. In the image, there is a schematic of the
accelerator apparatus featuring key components, like the beam pipes (1), the superconducting magnet (2), and the cooling
system (3) that is responsible to keep the environment down to -271.3 °C.

The LHC is hosted in a 27 km tunnel that is located at the “Pay de Gex” region, spanning along
several villages in France and close to Geneva. It took 10 years to be built, 1998-2008 and its
designing phase lasted approximately 10 years in the 90s. Its contribution to Particle Physics is
substantial, helping to discover the Higgs Boson in 2012 and nowadays it contributes to precision
measurements for the Standard Model and searches for new physics beyond the Standard
Model.
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Figure 2: Aerial photo of the region that hosts the Large Hadron Collider. This is a representation of the circumference of the
accelerator and protons traveling around the SPS and the 4 experiments, ATLAS, CMS, ALICE, and LHCb.

2. Super Proton Synchrotron (SPS): Pre-Acceleration and Fixed-Target

Experiments
The Super Proton Synchrotron (SPS) serves today as a pre-accelerator before the LHC and
delivers beams with energy of 450 GeV, to be further accelerated. Also, it contributes to fixed-
target experiments and delivers test beams to the Gran Sasso Laboratory in Italy, which performs
neutrino oscillation studies (known as CERN Neutrinos to Gran Sasso - CNGS). The machine was
built in 1976 and designing it lasted approximately 6 years, a project that started in the beginning
of the 70s.

Figure 3: The Super Proton Synchrotron (SPS) facilities at CERN. The SPS, like other accelerators except the LHC, is hosted in a
tunnel in the Meyrin site of the CERN facilities. In the image, there are the accelerator machine and several structures that
include the beam pipe, the magnets, and the cooling system like the LHC picture above.
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3. Proton Synchrotron (PS): Intermediate Acceleration and Beam

Distribution

The Proton Synchrotron (PS) is the previous step in the chain of accelerators that provide beams
for the experiments at CERN, it operates as an intermediate step. It operates at the energy range
of 2 to 25 GeV, before passing it through to the SPS. At the same time, the Proton Synchrotron is
responsible to deliver protons, anti-protons, and heavy-ions to several medium-energy
experiments, some of the most important are the Antiproton Decelerator complex and the
n_TOF. This machine was built in 1959 and designing it lasted around 5 years, making it one of
the oldest accelerators at CERN still in operation.

Figure 4: Picture of the Proton Synchrotron (PS) facilities at CERN. The PS, like other accelerators but the LHC, is hosted in a
tunnel in the Meyrin site of the CERN facilities. In the image, there are the accelerator and several structures including the
beam pipe, dipole and quadrapole magnets, and the cooling system.

4. Proton Synchrotron Booster (PSB): Initial Acceleration of Protons

The Proton Synchrotron Booster (PBS) is the first machine that handles protons stripped from
their ions. This accelerator receives the beam at 160 MeV of energy and boosts it to 2 GeV before
injecting it into the PS. The PBS is also responsible for delivering the beam to multiple low-energy
experiments at CERN, such as ISOLDE and MEDICS. This machine was built in 1972, while it was
under design in the second half of the 60s.
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Figure 5: Picture of the Proton Synchrotron Booster (PSB) facilities at CERN. The PSB, like all other accelerators but the LHC, is
hosted in a tunnel in the Meyrin site of the CERN facilities. In the image, there are the accelerator and several structures

including dipole magnets (in orange), quadrapole magnets (in green), and the cooling system that all together keep the
particles focused and moving on the right trajectory.

5. LINACs at CERN: The Starting Point of Acceleration

The linear accelerators (LINACs) at CERN are the machines that provide protons to the
acceleration chain. Hydrogen-ions or heavy-ions are accelerated up to 50-160 MeV, depending
on the LINAC generation and technology, they are stripped of their ions using a combination of
electric and magnetic fields, and eventually they are injected to the PSB or the PS for further
acceleration.

Today two of the LINACs are still operational, LINAC 4 that was commissioned in 2020 and LINAC
3 that was built in 1994. LINAC 4 delivers protons of 160 MeV to the PBS for the Proton-Proton
Collision program. This machine is the latest one that was developed at CERN and was under the
designing stage since the late 2000s. LINAC 3 delivers heavy-ions of 4.2 MeV/nucleon to the LEIR
accelerator (Low Energy lon Ring) that further accelerates the nucleons before passing them
through to PS for the Heavy-lon Collision program. The LINAC 3 was built in 1994.

Vo o A " 3
Figure 6: Pictures of LINAC 3 and 4 facilities at CERN, left and right respectively. The LINACs, like other accelerators except the
LHC, is hosted in a tunnel in the Meyrin site of the CERN facilities.
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6. Physical Principles of Accelerator Designs

The design of particle accelerators is based on several principles that allow the machines to
efficiently boost the particles (or heavier nucleons) to high energies. Very important is also the
task to keep the particles focused on a beam that follows a designated trajectory and allows for
precise collisions and interactions.

Firstly, particle accelerators rely on electric fields that are generated in RF (radiofrequency)
cavities to accelerate the charged particles. The oscillating electromagnetic fields transfer energy
to the particles as they are crossing these fields. As an example, the LHC uses 400 MHz RF cavities
to accelerate protons to 6.5 TeV.

Synchrotrons like the LHC and the SPS use magnetic fields to guide the particles in circular
trajectories. Dipole magnets bend the trajectory of particles and quadrupole magnets focus the
beam, preventing the beam from spreading. These magnets are highly strong, for reference a
dipole magnet in the LHC generates a field of 8.3 Tesla.

Charged particles, while they are accelerated in a curved trajectory, emit radiation known as
“synchrotron radiation” and this leads to energy loss. This effect is more significant when
accelerating lighter particles like electrons (e.g. at LEP) and subsequently this requires energy
refilling in parallel with acceleration. Also important, in terms of beam quality, is the optimization
of the accelerated beams using techniques like stochastic cooling and electron cooling to
stabilize the beams by controlling their trajectories and spread energy, respectively.

In colliders, luminosity is a crucial parameter and measures the number of collisions per area and
time that the collider can deliver. It depends on the number of particles in the beams, their
spread area, and the frequency of operation. High luminosity increases the probability of particle
interactions and leads to larger volumes of data to be analyzed. As an example, the LHC is
034- 1

designed to operate with a luminosity of 103*cm=2s~1.
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The CMS Experiment

The following chapters are dedicated to describing the CMS Experiment, one of the most
advanced and collaborative modern experiments of High Energy Physics. The CMS Experiment is
located at CERN and its purpose is to collect data from proton-proton or heavy-ion collisions that
are provided from the LHC (the Large Hadron Collider, see The Accelerator Complex at CERN). In
a nutshell, collisions are provided 40 million times per second by the accelerator to the

experiment, which uses highly advanced silicon sensors, calorimeters, and gas particle detectors,
and records information about the result of the collisions. Finally, physicists from the experiment,
using fast custom-made electronics regulate the amount of data to be stored and reconstruct the
results of each collision that is collected.

In the following sections, it is a detailed description of the individual detectors and systems that
assemble the CMS Detector. In Figure 8 one can find a layout illustrating the transverse section
of the apparatus, the central silicon detectors, the calorimeters, the 4 Tesla solenoid, and the
muon gas detectors positioned between steel material.

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 pm*) =1 m* ~66M channels
Overall length :28.7m Microstrips (80-180 pm) ~200 m* ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating POWO, orystals
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f [ o ~
N\ /0 /- PN N

Figure 8: Schematic of the CMS detector at CERN LHC. Longitudinal cross-section of the CMS detector, displaying the various
layers surrounding the LHC beam axis, with the collision point at the center.

The CMS apparatus is optimized so that it achieves the optimal performance to fulfill the
following requirements [3]:

v Robust tracking and vertexing for accessing the full range of physics that LHC is providing
v Categorization of W and Z events in an extended range of lepton momentum, since their
decays are illustrated by many theoretical models, and similarly for W' and Z'.
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v Meet the necessary isolation performance to provide information for identifying
efficiently isolated electrons. Isolated leptons play a crucial role suppressing background
for two main physics targets of the CMS, the Higgs and SUSY searches. (The effective
isolation requires reconstruction of hadronic tracks down to 1 GeV.)

v' The efficient reconstruction of b jets and the identification of the B-mesons play an
important role. Both are essential in top physics and CP violation studies. (It requires the
tracker to identify tracks from different vertices, reconstruct decay chains, and proper
characterize decay lengths by studying displaced vertices.)

v" While searching for new physics, tau-lepton recognition and their reconstruction play a
significant role too, since taus are present in some theoretical final states. (The tau
reconstruction relies on tracking and the experiment's capabilities on displaced vertices)

v" Most of the questions that are targeted by CMS require high luminosity in order the
collected statistics to be enough to allow for meaningful research. The systems of the
experiment are designed to be efficient for luminosities up to 103* cm?s?. (High
luminosities translate to multiple simultaneous and unrelated vertices in each bunch
crossing, the “pileup”, with the tracker required to cope with reconstructions of up to 65
simultaneous vertices for Run2 and Run3, and a foreseen 2000 vertices per bunch crossing
for the Phase-2 projects.)

A specialized coordinate system is used to describe the positions and trajectories of particles
produced in the collisions. It is a cylindrical system and centered around the beam axis, which is
defined as the z-axis. The transverse plane, perpendicular to the beam axis, is described using
the radial distance (r) and the azimuthal angle (¢). The angle ¢ (phi) is measured in the
transverse plane from a fixed direction, typically the x-axis, and ranges from —m to 7.

To describe the angle of a particle relative to the beam axis, the CMS experiment uses
pseudorapidity (1) instead of the polar angle 6. Pseudorapidity is defined as n = —In[tan(20)],

where 6 is the angle between the y“\
particle’s momentum vector and the — —\—'/
beam axis. This transformation is P /
helpful because differences in n are ,/
Lorentz invariant under boosts along ('0

the beam axis, making it the variable of 2
choice for collider physics. Particles that
are produced at small 6 (close to the

beam direction) have large n values, LHC

with the parallel to be infinity (c0), while Figure 9: The reference system that is used by the CMS experiment. Two

those produced perpendicular to the angles describe the position of the momentum vector of the particles,
where 0 is the angle between the beam axis (axis-z) and the vector, and

beam (6 = 90°) haven = 0. ¢ the projection of the vector to the transverse plane x-y.

The CMS detector is structured into two main regions based on 7: the barrel and the endcaps.
The barrel region surrounds the beam line and covers low pseudorapidity values (typically
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In| < 1.3), where particles are emitted nearly perpendicular to the beam. The endcap regions
extend coverage to higher pseudorapidity values (up to || = 2.5), capturing particles emitted
at more forward angles.

7. The Silicon Tracker

The tracking system for the CMS experiment [4] consists of two different systems, the Pixel vertex
detector and the Silicon Strips. The design was required to meet strict requirements of extremely
fine granularity, since it covers the area with the highest particle density, fast signal readout to
cope with 25ns bunch crossings, and radiation hardness for a 10-year lifetime using minimal
material to reduce secondary interactions. The solution was a silicon-based detector, with pixel
sensors at the innermost region and microstrip sensors for the outer tracker.

The CMS Tracker consists of co-axial cylinders around the collision point and circular endcaps at
each end of the barrel. The pixel detector forms the inner core of 16cm radius using 4 layers of
active material, and the silicon outer tracker extends out to a radius of about 1.3m using 10 more
layers. This layout results in multiple measurements per track, with a typical particle that crosses
the tracker leaving hits in 14 layers on average, with 3-4 hits in the pixel and 9-10 hits in the
strips.
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Figure 10: The geometry of the Pixel detector (upper) and the complete Tracker system (bottom). The pixel detector is
presented in 2 phases, current was the Pixel detector that was used through Runl and 2016, and Upgrade is the new Pixel
detector that is used from 2017 onwards, when the design changed to 4 layers in the barrel and tilted rings at the endcap. The
Tracker system is presented as a schematic, where each line represents a detector module.

7.1. The Pixel Detector
The CMS Pixel Detector is the closest to the interaction point. It is a cylindrical device that consists

of tiny silicon pixel sensors arranged in layers. Currently, the CMS uses 4 layers in the barrel
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wrapping around the beam and extend to 16cm in radius, 3 endcap disks per side, and uses 124M
pixels in total. Due to excessive use of electronics for the readout and high density of particles a
CO, cooling system is used, which provides cooling with minimal material without significant
effects on the tracking performance. The pixel covers pseudorapidity up to |n| < 2.5. The first
pixel layer sits roughly 3 cm from the beam and is exposed to an intense flux of about 600M
particles per cm? each second.

Performance
The primary target is precise position measurements near the primary interaction, providing a
special resolution of about 10 um. With 3 or 4 hits per track in the pixel detector, the CMS
achieves an impact parameter resolution of about 10-20um, which is crucial for secondary vertex
identification.

The pixel detector itself has a short lever arm and its standalone p; measurements have low
precision; however, pixel inputs improve significantly the combined momentum fit. The timing
of the Pixel sensors [5] provides a response time of about 3ns, which is dominated by the drift
time of the carriers inside the silicon, making it quick enough to time-stamp hits to the correct
bunch crossing (25ns).

7.2.The Silicon-Strip Detector
The Silicon Strip Detector surrounds the pixel detector and is segmented into several

substructures. The Tracker Inner Barrel (TIB) and the Tracker Inner Disks (TID) cover a radius from
20 to 55 cm with 4 barrel-layers and 3 endcap-disks respectively, the Tracker Outer Barrel (TOB)
extends up to about 130 cm radius (including the strips) with 6 more barrel-layers, and the
Tracker Endcaps (TEC) complete the detector enclosing the TOB using two more endcap-disk
systems.

In practice, a particle at pseudorapidity n = 0 will cross 10 barrel-layers (4 TIB + 6 TOB), while a
particle towards the endcaps will cross barrel-layers and multiple endcap-disks, in practice at
least 9 hits (or more) for |n| < 2.4, providing vital information for pattern recognition algorithms.
The resolution, per hit, is roughly 20—-50um in r—¢ (azimuthal) direction and a few hundreds of
um in z (coarse measurement based on strips’ dimensions), while the pr resolution combining
both tracker detectors is about 1% at 100 GeV (central). On average, the material through the
tracker is about 0.4 X, (radiation lengths, energy drop to 1/e = 36%) atn = 0, increases to
about 1.8 X, at |n| ~ 1.4, where particles cross the most tracker material, and decreases to
about 1.0 X at || = 2.5.

7.3.Physics Goals, Upgrades, and Cost
A significant target of the CMS Tracker is the isolation performance, which played a central role

in the design of the detectors, since the isolation requirements were expected to be crucial to
suppress the background for Higgs and SUSY searches. By Run 2, the LHC luminosity exceeded
the design 103* cm™2s71 and the original pixel detector started to show inefficiencies at higher
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rates, so CMS scheduled the Phase-1 Pixel Upgrade [7, 9] at the end of 2016. The old pixel
detector (2008-2016) was removed and the new pixel detector (with 4 layers and upgraded CO;
cooling) was inserted in place. Lastly, in LS2 (Long Shutdown 2) the pixel detector went through
the “Layer-0 upgrade” [8] that replaced the first layer closer to the beam due to the damage from
2018.

The cost of the Tracker project [4] is significant, with the initial cost of the project at CHF 74.1M
for Phase-1, and the total cost for the Phase-2 Upgrade to be estimated to be at least CHF 87.4M.
The Phase-2 cost, according to newer resources [6], is estimated to be about CHF 110M and
includes the Outer Tracker, Inner Tracker, and Common Systems. The update benefits from
existing infrastructure, ensuring lower cost and risks.

8. The Calorimeter Detector

8.1.The Electromagnetic Calorimeter
The CMS Electromagnetic Calorimeter (ECAL) [10] is a homogeneous, hermetic calorimeter

designed to measure the energy of electrons and photons. It is placed between the silicon tracker
and the hadron calorimeter, inside the coil of the CMS Magnet. The ECAL plays a significant role
in analysis, it contributes to isolation sums and was built with fine granularity and fast response
characteristics. It is constructed from scintillating lead tungstate crystals (PbWQ,) that produce
light proportional to the energy deposits from crossing particles. Photodetectors convert the
scintillation to electrical signals during readout. The calorimeter is segmented in three sections
as shown in Figure 11, the barrel (EB) for the central region, two endcaps (EE), and a preshower
detector (ES) in front of the endcaps separating n°/y candidates.

Crystals in a Preshower
supermodule

Supercrystals

Modules

Preshower

End-cap crystals

Figure 11: The geometry of the ECAL Project [11]. It is separated to the Barrel (EB), the two Endcaps (EE), and the Preshower
(ES).

8.1.1. The Barrel ECAL (EB)
The ECAL EB is a cylindrical array of 61,200 lead tungstate crystals that cover the central
pseudorapidity || < 1.48.Itis placed about 1.3m away from the beam line, forming a detector
about 7.8 m long and 3.5 m in diameter. The barrel crystals have approximately 22mm resolution
on the front side facing the collision with a radiation length of about 25.8 X,. The barrel is
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segmented into a grid of 360 readout sections in ¢ and 170 in pseudorapidity. The front-end
electronics cover a dynamic range in the energy measurement, from a few MeV up to TeV
energies without saturation.

Performance

The measurement resolution is parameterized using 3 terms [11], a stochastic term (significant
for ECAL), a noise term that contributes about 120 MeV in measurements, and a constant term
that becomes significant as the measurement goes to the TeV scale, giving about 30GeV offsets.
The characteristics of the detector come as a result of the choice of photodiodes that are used
for the readout.

oz JE ~ \/(2%/\/5)2 + (0.12/E)? + (0.3%)2

The energy resolution of the EB for high-energy photons is about 2% at 100 GeV photons (for
example H — yy decays), with the results becoming even better for measurements at 120 GeV
after calibrations. The time resolution of the EB is about 200ps contributing to pileup mitigation
techniques.

8.1.2. The Endcap ECAL (EE)
The two ECAL Endcaps (EE) extend the electromagnetic calorimeter to the forward region, with

pseudorapidity 1.48 < |n| < 3.0. Together, the two EEs, contain about 14,600 lead tungstate
crystals (7300 per endcap) placed in a projective geometry. The crystals of the EE section are
slightly shorter than the crystals at the EB section, with a radiation length of about 24.7 X, and
have approximately 28.6mm resolution at the front size facing the collision. Each endcap crystal
is read out by one Vacuum Phototriode, small vacuum-tube photodetectors with an anode that
handles radiation better than the photodiodes.

Performance

The EE section has slightly worse energy resolution (the preshower and the readout are a factor).
The stochastic term in the endcap is slightly greater (around 2.5%/\/E) and results to an energy
resolution typically 2-5% at 100 GeV photons; however, calibration keeps the resolution under
acceptable levels. The timing resolution of the EE section is around 300ps (25 ns bunch crossing).

8.1.3. The Preshower (ES)
The primary role of the ECAL Preshower (ES) is to identify photons from n° decays, which due to

their proximity can fake a single high-energy photon in the ECAL. Each ES detector is placed in
front of the EE, covering pseudorapidity of 1.65 < |n| < 2.6. It is a disk made of silicon, about
20cm thick, with 63mm of spatial resolution. The preshower is a calorimeter of two layers of lead
absorber and silicon sensors, causing electrons/photons that cross the lead to initiate a shower
before reaching the EE crystals. The total radiation length is about 3 X, which results to 95% of
lower-energy photons to begin showering inside the ES.

Performance



35

The contribution to the energy resolution from the preshower itself is not as much as from the
crystals (relatively short radiation length), however, the stochastic term is large due to the
material that is used, with a stochastic term about 5%/\/E. When combined with the EE crystals
for measurements, the preshower contributes a varying 1 to 3%/\/E at 20 to 100 GeV, a result
of 1999 [12].

8.1.4. Upgrades and Cost
In LS1 and LS2, no major changes were made to the ECAL crystals or photodetectors, but

maintenance and repair work was carried out. Specifically, EE electronics and preshower modules
went through minor repairs in LS1, while in LS2 few prototypes (for the Phase-2 upgrade) were
validated in EB, together with new front-end electronics that provide higher sampling rate and
better timing.

The ECAL project is split into different areas of responsibility and the required funding for each
one is estimated accordingly. According to estimations back from "97 [10], for the barrel the cost
is estimated to about 60M CHF, and for the endcaps to about 23M CHF. The cost for the
preshower, that is considered a separate component than the endcaps, is estimated to be about
5.5M CHF, and it is already part of the amount assigned to the endcaps.

8.2.The Hadronic Calorimeter
The CMS Hadronic Calorimeter (HCAL) [13] is a key component of CMS, designed to measure the

energy of hadrons and contribute significantly to the measurement of missing energy. It is a
calorimeter that is made of layers of dense absorbing material, together with scintillators that
produce light pulses when particles cross. The readout electronics collect the signal that comes
from the light.

The HCAL is divided into 4 subprojects covering different regions (as shown in Figure 12), the
Barrel (HB), the Endcap (HE), the Forward Calorimeter (HF), and the Outer Calorimeter (HO) just
outside the barrel. All four together, they ensure nearly full coverage around the collision point,
with a total absorber depth equivalent to about 10 interaction lengths! (1;) for hadrons in most
regions.

1 One interaction length (4;) is the average distance that a particle travels in one medium before undergoes some
interaction. A detector that delivers n * A; is more efficient than one other with Z * A;, meaning that is more likely
to contain the complete shower that comes from a particle and so measure its energy in full.



36

kiJl_ul klm. 1 kllu.ﬂ
13 14 13 Ll 10 L]

«\?\ K} R( o S —

'\Q\\\\\\\\\

AL =HE

| [T T
f T0m

115 m

Figure 12: The geometry of the HCAL Project [16]. It is separated to the Barrel (HB + HO), the Endcap (HE), and the Forward
(HF). The numbers on the diagram indicate the segmentation of the system into several readout modules (scintillators). With
“FEE” are noted the location of the Front-End Electronics for HB and HE.

8.2.1. The Barrel Hadronic Calorimeter (HB and HO)
The HCAL Barrel [15] is a cylindrical structure surrounding the CMS electromagnetic calorimeter,

covering the central region (|n| < 1.3). It fits in the radial gap between the outside of the
electromagnetic calorimeter (at radius R = 1.77 m) and the inner surface of the superconducting
solenoid magnet (R = 2.95 m). It is made of a non-magnetic brass (70% Cu / 30% Zn) as absorber
and it was chosen due to its high density, and interaction length characteristics that allow to
contain entire showers. Notably, recycled World Warll artillery material was used to
manufacture the absorber plates, reducing the cost significantly.

HB Geometry

The barrel is separated into sectors (each covering about 10° in ¢). The plates are put together
with scintillator layers in a configuration that ensures complete coverage. Within a sector, the
active scintillator is segmented into cells corresponding to towers of a size of approximately
5°x 5°, which defines the resolution of the barrel and matches the granularity of the
electromagnetic calorimeter. Along the n direction, HB is segmented into 16 sampling scintillator
layers. The layers were originally grouped to form 2 longitudinal readout modules (inner and
outer HB), but upgrades increased the resolution later. The full barrel calorimeter provides about
5.8 A; of absorber centrally (n=0), increasing to about 10.5 A; at the edge (n = 1.3) due to the
projection from the collision point.

Each sector weighs about 26 tons because of the brass that is contained in the design. The full
barrel extents to 9m in z (matching the magnet), with an inner radius of 1.8m and outer of 3m.

HB Performance

The energy resolution [16] of the HB calorimeter was designed to have a stochastic term
~100%/\/E and a constant term ~5%. The combined measurement from ECAL+HB corresponds
to about 10% energy resolution for a 100 GeV hadronic jet in the barrel. The front-end electronics
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and photodetectors were designed to allow a dynamic range using LUTs (Look-Up Tables?),
typically corresponding to a range of about 0.2 GeV to 1 TeV. The HB also provides timing
information for energy deposits, with a typical time resolution of a few nanoseconds per deposit
enabling

pileup rejection.

The Outer Hadronic Calorimeter (HO)

The HCAL Outer Calorimeter (HO) [14] is in principle an extension of the barrel, using the yoke of
the CMS magnet as an absorber to capture hadronic showers deep in the detector. The HO
consists of scintillator layers that is mounted on the inner side of the muon system, at radius
around 4m. In total, HO provides outer coverage up to || < 1.25.

Geometry and Performance

HO scintillator sectors are mapped onto the same 4n x A¢ grid as the HB towers, so that each
tower corresponds to a tower in HB (5° in ¢). HO, by itself, is not used to measure the energy of
hadrons, but to correct the measurements of the HB, providing more linear response up to
multiple hundreds GeV, and improving the missing transverse energy resolution by capturing
energy that otherwise would end-up to be missing.

Cost Effect
Since HO reuses existing structures (magnet iron) and involves relatively small-area scintillators,

it was a cost-effective addition. In the 90s the estimates for HO were only a small fraction of the
HCAL budget (a few million CHF).

8.2.2. The Endcap Hadronic Calorimeter (HE)
The HCAL Endcaps cover the area just beyond the barrel, with pseudorapidities in the range

1.3 < |n| < 3.0.There are two HEs, each forming a large disk that fits inside the endcap muon
system. About 34% of all final-state particles in CMS reach HE, measuring a significant portion of
the energy of the event. As for the case of the barrel, the endcaps use brass for the absorber and
each disk is approximately 2 m in radius, while all layers provide roughly 10 interaction lengths
(A;) of material, when crossing the material in vertical direction. Each endcap weighs about
150 tons

HE Geometry

The HE scintillator is segmented in towers like HB, but their size progressively changes at higher
n. In the range up to |n|=1.6 the fine granularity of the barrel is maintained, while the tower size
is slightly larger at greater pseudorapidities (|| = 1.6). The HE towers are readout in 2 sections
(front and back), with few of them at higher |n| region, separated in 3 sections for better shower-

2 A Look-Up Table refers to specialized memory on-chip that holds digitized outputs (energy, momentum, ...)
corresponding to specific input combinations, easily accessible to reduce the process time of an on-chip
implementation of an algorithm.
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depth measurements, since this segmentation helps to identify early vs late energy deposition.
The size of such an HE sector is about 2m in radius and 4m along the beam.

HE Performance

As in the case of HB, the HE was designed to have a stochastic resolution [16] of about 100%/\/E
for single hadrons. However, the jet energy resolution in HE is dominated by physics effects, like
pileup, and any degradation on the stochastic term is not critical for physical measurements. In
real scenarios of combined measurements with ECAL, the measurements achieve a resolution of
about 10% for multiple hundreds of GeV. The signal from the HE is also sampled per 25 ns and is
timed with about 1 ns precision, like in the HB, contributing also to the pile up handling
techniques.

8.2.3. The Forward Hadronic Calorimeter (HF)
At very large pseudorapidities and close to the beam line (3.0 < |n| < 5.2) a specialized

calorimeter is required because the radiation levels are extreme. The Forward Hadronic (HF)
calorimeters are two cylindrical detectors located about 11m on each side of the CMS interaction
point, behind steel shielding walls, and are the outmost detectors to intercepting particles from
the collisions. On average, more than 7 times the energy that is deposited to the CMS from each
collision (about 100 GeV) is deposited in the two HFs.

Given this challenge, the HF is a Cherenkov calorimeter and use a different approach from HB/HE.
Instead of scintillator, HF’s active material is made of radiation-hard quartz fibers (for their
radiation resistance), which emit Cherenkov radiation as charged particles cross these fibers
faster than the speed of light (in that medium). The absorber is a steel cylinder along the beam,
corresponding to about 10 interaction lengths (4;), and a little hole of about 13cm radius is left
to fit the beam pipe.

HF Geometry

The angular spanning of each HF module is 20°, which is further split into towers of coarser size
than HB and HE but is sufficient (given the physics needs at high n), where the jet sizes are larger
than the resolution that the segmentation provides. Since at these pseudorapidities the ECAL
calorimeter is not extended, a 2-phase readout is implemented with sorter fibers covering only
the second half of the detector. This 2-phase readout design is capable of distinguishing
electromagnetic showers from the hadronic ones. An electromagnetic shower from a high-
energy electron or photon leaves most of its energy in the first part of HF, so the short fibers will
capture weaker signals compared to the long fibers.

HF Performance

This detector must be capable of measuring very energetic jets and discriminate them from beam
debris, so the design incorporates a large dynamic range up to the TeV scale. For example, a
single HF sector may record energies of several TeV because of very high-momentum forward
jets. The HF is mostly sensitive to the electromagnetic component of showers since it is based on
the Cherenkov light that is emitted by secondary charged particle decays inside the material. As
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a result, the stochastic term of its hadron energy resolution is relatively large [16], about
150-200%/VE or worse, for single particles. In practice, when combining information from long
and short fibers (in the same fashion as when combining ECAL with HCAL), CMS achieves energy
resolutions of about 20% for multiple hundreds of GeV.

8.2.4. Cost and Upgrades
The total cost of CMS HCAL (all sections HB, HE, HF, HO, including electronics) was estimated to

45M CHF in the late 90s (about 10% of total CMS detector) [13]. The barrel was the largest single
fraction of the HCAL budget, roughly 20M CHF (with HO included, 1-2M CHF). The endcap
accounted for about 15M CHF of the HCAL budget. Also, the forward calorimeters were relatively
cheaper, costing roughly 10M CHF for both.

Since Run 1 and its original installation, HCAL was upgraded during the Long Shutdowns. The
motivation for these upgrades was not only to mitigate issues and compensate for degradation,
but also to ensure good performance at luminosities of 2 X 103*cm™%s™* for Run 2 and beyond,
with harsher pile-up conditions. More upgrades are scheduled for the High-Luminosity program.

9. The Muon Detectors

The CMS Muon detectors [17] were designed to meet the challenging physics requirements of
the LHC. The primary goal was to ensure the accurate measurement of muon momentum, which
is crucial for identifying processes such as the Higgs boson decay into four leptons, or the search
for new particles like Z' or W' bosons. Additionally, they needed to be sustainable in the harsh
environment of intense radiation and responsive while transversed by high particle fluxes
because of the provided LHC luminosities.

The geometry of the Muon detectors for Run2 (2016-2018) and Run3 (2022 - 2025), which is
shown in Figure 13, was optimized to maximize detection efficiency, and momentum resolution.
The CMS Muon system is arranged in a multilayered layout outside the CMS Magnet, with the
Drift Tubes (DTs) occupying the barrel region, the Cathode Strip Chambers (CSCs) in the endcaps,
and the Resistive Plate Chambers (RPCs) complementing both regions. This arrangement ensures
coverage up to a pseudorapidity of |n| < 2.4, allowing for the detection of muons with a wide
range of momenta and angles.
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Figure 13: The geometry of the DT, RPC, CSC, and GEM modules arranged at the outermost part of the CMS detector [18]. The
schematic represents the geometry after the installation of the GEM modules GE1&2 (in red) and the prototype MEO, during
the third era of data collection Run3 (2022-2025). The purple RPC modules RE3/1, RE4/1, and HGCAL (in place of ECAL & HCAL)
are foreseen as upgrades for Phase-2.

Between Run2 and Run3, the Muon detectors underwent significant upgrades [19, 20] to
enhance their performance. The upgrades addressed issues such as aging detector components
and the need for higher granularity to endure the increasing luminosity of the LHC in Run 2 and
Run 3. For example, the Gas Electron Multiplier (GEM) detector was introduced to improve the
muon trigger and tracking performance in the high-luminosity environment. These detectors
added redundancy in the pseudorapidity range 1.6 < |n| < 2.2, where the detection layers
were previously coarse.

9.1.Drift Tubes

The Drift Tubes (DTs) are muon detectors that provide precision measurements in the barrel
region, designed to measure muon trajectories up to a pseudorapidity of [n| < 1.2. Each DT
chamber contains a grid of wires inside a gas mixture that is ionized when a muon transvers the
chamber, allowing the position of the muon to be measured using the drift time of the electrons
along the wires.

Each chamber is equipped with custom-designed readout electronics that amplify and read the
signals generated by muons while passing through the gas mixture. A sophisticated control
system ensures stable operation and monitoring of the DT status of the chambers, providing also
the necessary voltage and managing data acquisition. The DT chambers use a specific gas mixture
aiming to optimize the signal quality when muons interact with the atoms, it consists of 85%
Argon (Ar) and 15% Carbon Dioxide (CO3).
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Performance

During Run2, the DTs maintained a spatial resolution of approximately 200 um, contributing
significantly to the reconstruction of muon tracks and regulating the High-Level Trigger rates,
which was vital for various physics analyses. The timing resolution is limited by the area inside
the Drift Tube that the muon has crossed, where in worst cases electrons are required to drift for
about 400ns, but the typical drift time is less than a bunch-crossing (25ns). In preparation for
Run3, the Drift Tube detector went through maintenance to ensure their continued high
performance in the face of increased luminosity and radiation levels.

9.2.Cathode Strip Chambers
The Cathode Strip Chambers (CSCs) are precision detectors that are employed in the endcap

regions, covering pseudorapidities of 0.9 < |n| < 2.4. The CSCs are composed of arrays of
cathode strips and anode wires, providing high-resolution tracking and triggering capabilities in
the high-radiation zones of the endcaps. When muons cross, electrons are released from the gas
atoms in the chambers, which are attracted to the anode wires creating an avalanche of
electrons. The gas mixture of the CSC chambers is different than that of the DTs, it consists of
40% Argon (Ar), 50% Carbon Dioxide (CO3), and 10% Tetrafluoroethane (CFa).

Performance

In Run 2 and Run 3, the CSCs have a spatial resolution of about 100um on average, playing a
crucial role in identifying and measuring high-momentum muons at the endcap regions of the
CMS detector. The typical timing resolution of the detector is less than 10ns, while in worst cases
it might reach about 60 to 100ns that exceed the bunch-crossing (25ns). The CSCs provide faster
responses than the DTs, yet not as quick as the RPCs (see the next section). For Run3, the CSCs
received upgrades to their electronics to enhance data acquisition and processing, leading to
improved handling of the data-stream during higher rates and even better timing accuracy.

9.3.Resistive Plate Chambers
The Resistive Plate Chambers (RPCs) serve as fast-timing detectors that supplement the DTs and

CSCs. They provide additional measurements along the muon trajectory, improving the efficiency
and robustness of the muon trigger system. The RPCs cover pseudorapiditiesup to |n| < 1.6in
the barreland 1.6 < || < 2.4 inthe endcaps. In terms of their design, these chambers consist
of two resistive parallel electrode plates and the gap between the plates is filled with gas, 96%
Freon (Fr), 3.5% Isobutane (CsH10), and 0.5% with Hexafluoride (SF¢). Electrons from the gas that
is ionized are attracted by the charged plates that subsequently produce a signal with
approximately 1ns response time.

Performance

The RPCs don’t offer fine segmentation of the electrodes, so the detector doesn’t allow for a fine
spatial resolution that is typically a few cm, however, they offer fast and reliable muon detection
with a timing resolution of about 1 ns. In Run3, the RPCs were updated with new link boards and
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control systems to improve their timing resolution and rate capability, ensuring their continued
contribution to the trigger system.

9.4.Gas Electron Multiplier (GEM) Detectors
The GEM detectors [18] represent a significant upgrade to the CMS muon system for Run3. These

detectors are installed in the first endcap station and are designed to operate in the high
radiation environment that is present at pseudorapidities of 1.6 < |n| < 2.2. The GEM
detectors provide additional information in places where the amount of detection layers is the
lowest and the background rates are the highest.

A GEM chamber is a micro-gas detector that uses thin foils to amplify ionization electrons. The
key material is the copper foil, densely pierced with microscopic holes, and high voltage applied
between the two sides of the foil. When a muon crosses the chamber, it ionizes the gas and
electrons drift to the closest hole creating an avalanche and a signal for the electronics to collect.

Performance

The detector uses a triple-layer structure of foils that is segmented in 100-300um strips and
define the spatial resolution of the detector. The timing of the GEM signals is about 5ns, which is
not as fast as the RPCs but also contributes information that is faster than a bunch-crossing
(25ns). Also, a custom-designed chip (VFAT3) in the front-end electronics provides fast input for
the Level-1 muon trigger. The expected performance of the GEMs includes improved spatial
resolution, crucial for the high-luminosity environment.

9.5.Cost and Upgrades
The CMS Muon Project is a significant investment in the pursuit of high-energy physics research.

The overall cost of the project, including the Phase-Il upgrade with Gas Electron Multiplier (GEM)
detectors is estimated about 65M CHF, with also including a small excess with respect to the
original TDR proposal back in 97 [17]. The breakdown allocates about 25M CHF to each of the
DTs and the CSCs, 7-8M CHF to the RPCs, and 4-5M CHF to the GEMs [21]. This budget covers the
design, construction, testing, and integration of the muon detectors into the CMS experiment.

The original installation of the system took place before 2008, while some of the chambers were
installed during the long shutdown before Run2. Before Run 3, the Muon system was upgraded
with the GEM detectors and further upgrades with newer RPCs and electronics are targeted for
Phase-2.

10. The CMS Magnet

The CMS Magnet [22] is a critical component of the CMS Experiment. The magnet generates an
axial magnetic field up to 4 Tesla, bending charged particles to allow for precise momentum
measurement. It is 6m in diameter, 12.5m in length, and capable to store energy of about 2.6GJ
at 4T. The solenoid is supported by a return yoke weighing approximately 12,000 tons, and this
structure is providing mount support to subdetectors.



43

4.0 & \\‘

35 ' ' : /

3 5 et
30 { ~ \\ 4

|B| [T] 1Y \\ \ / //

[

H-2.5

1 2.0

415 , I
11.0 5 o ' 4 \
io.s _

0.0 2 e =T N

Figure 14: Simulated mapping [23] of the Magnetic field strength of the CMS Magnet and illustration of its field lines. Inside
the coil there is a constant amplitude and outside there is reduced magnetic field present at the area of the gaseous muon
detectors.

10.1. The Barrel and Endcap Return Yokes
The CMS magnet’s return yoke is an enormous structure made of steel, designed to guide the

magnetic flux, and provide mechanical support. At the operating field strength of 3.8T, roughly
2/3 of the magnetic flux is captured by the yoke, while 1/3 “leaks” out as weakening field that
decays rapidly to about 1073 T at 50m from the detector. The return yoke consists of two main
sections, the barrel yoke and the endcap yokes. The barrel yoke consists of five wheels, each with
a 12-sided formation and layered plates with gaps, where the muon detectors are installed. The
barrel yoke extends approximately 21.6m in length and weighs about 12,000 tons.

The endcap yokes feature three circular steel disks per endcap, 14m in diameter, which are
complemented by two extra nose disks that are cone-shaped. The nose disks enclose the barrel
sides and guide the magnetic flux more efficiently and in a continuous manner between the
barrel and the endcap disks. The addition of a fourth disk was added during LS1 to help reduce
muon background and radiation. The entire yoke system not only supports the CMS experiment’s
structural integrity but also contributes significantly to its ability to measure charged particle
momenta with precision.

10.2. The Superconducting Coil and the Vacuum Tank

The vital part of the CMS magnet is the superconducting solenoid that generates the magnetic
field. The coil is made from Niobium-Titanium superconducting wires (type-2 superconductor), it
is designed for a field of 4T, but CMS operates it at 3.8 T to stay within a safety margin to prolong
its life. It is 12.5m long with an inner empty diameter of about 6m for the Tracker and the
Calorimeters. The coil is housed in a cryostat (vacuum tank) that brings the total magnet’s outer
diameter to 7.6 m. The nominal operating current for 3.8T field is about 18.2 kA, and for 4T is
about 19.5kA.
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The vacuum tank provides the required insulation (high vacuum and thermal isolation) to keep
the coil at a cryogenic temperature, which is around 4.5K during operation, and takes about a
month to cool the magnet down from room to operating temperature.

10.3. Physics Goals, Performance, and Cost
The 4T Magnet is a significant asset that has a direct impact on the performance of the

experiment and its measurements. Furthermore, the structure is supporting all the detectors.
The cost, including the design, manufacturing, assembly, and integration of all components, is
estimated about 120M CHF. This estimation is reported in technical reports during the design
stage of the project at "97 [22].

11. The Trigger System of the CMS

The CMS uses a two-tier Trigger System to reduce the readout rate from 40 MHz down to a
manageable rate of the order of 1 kHz. Firstly, is the Level-1 Trigger (L1T) [24, 25], which is a
custom-made system that processes the data fast in real-time and selects potentially interesting
events. The L1T reduces the rate to about 100 kHz, however recently during Run 3 rates up to
130 kHz have been tested. The next stage is the High-Level Trigger (HLT) [27], a software-based
system running on the HLT computing farm, which further reduces the rate by processing the
complete event down to about 1-3 kHz. This output is meant for permanent storage. These
systems enable CMS to record only the most interesting collisions for physics analysis.

11.1. The Level-1 Trigger (L1T)

The L1 Trigger is entirely implemented using custom electronics (prototype boards with high-end
FPGAs) located close enough to the detector and connected to the front-end electronics using
optical fiber links. L1T is designed to make a trigger decision within a fixed latency of about 128
bunch crossings (about 3.2 us), after which the data from the detectors are no longer available.
It receives low-granularity data from the detectors and reconstructs “simplistic” objects in real
time, like muons, electrons/photons, T leptons, jets, and energy sums. The L1T architecture is
pipelined, meaning that detector data for these 128 bunch-crossings are processed in a first come
first served fashion, and the trigger accept signal (L1A) is produced at the end to indicate whether
the event record will be stored or rejected. The L1 trigger must be reliable, because once an event
is rejected is lost forever, so the system is designed to avoid accidental losses or deadtime, during
which LHC collides protons but CMS doesn’t record them.

L1 Subsystems

The L1 Trigger is divided into several sub-systems that handle different detector inputs and run
in parallel, before forwarding the reconstructed objects to the Global L1 Trigger, which makes
the decision. A block diagram of the design is in Figure 15 (right).
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Figure 15: (Left) The micro-TCA electronics that are in use since Run 2 and host the custom-made boards of the Level-1 system
at the Service Cavern in the CMS. (Right) A schematic of the Level-1 design and the sub-systems that reconstruct the event at
the L1 and make the decision whether an event is kept or discarded. The left half shows the Muon Trigger with inputs from
DTs, CSCs, and RPCs, and the right half shows the Calorimeter Trigger with inputs from ECAL and HCAL.

Data from the calorimeters (ECAL and HCAL) are input to the Calo Layer 1, where neighboring
calorimeter cells are summed into trigger towers and calibrated. The data are then forwarded to
Calo Layer 2, where calorimeter-based objects are formed (electrons/photons, T leptons, jets,
and global sums like “hadronic missing” and “total missing” energies) before being sorted and
forwarded to the Global Trigger. Data from the muon detectors (DT+RPC, CSC+RPC, and GEM)
are input to the Muon L1 Trigger, where separate track-finders cover the barrel, the endcap, and
the overlap between the two. These regional muon triggers use methods like Kalman filter,
Pattern Recognition, and refined Neural Networks to form muon objects and assign pr
measurements and quality flags. The Muon Trigger sorts and selects the best-quality objects
before forwarding the event to the Global Trigger.

The Global L1 Trigger receives the trigger objects from Calo Layer 2 and the Muon Trigger for
each bunch crossing in the pipeline and applies the L1 trigger menu, which is a list of selection
conditions (or rules, e.g. Single Muon with 24 GeV momentum, Double Jet with momenta 100
GeV and 80 GeV, or Missing Energy Sum of 120 GeV) that all are evaluated in parallel. If any
condition is satisfied, the event is accepted for readout. In Run 2 the Global Trigger introduced
the ability to make more complex decisions, like mass or angular cuts on the trigger objects. Such
upgrades enabled the use of advanced triggers at L1 which were not possible in the original
design. Furthermore, in Run 3 the barrel muon trigger introduced upgrades that took place during
2018 and LS2 (Kalman Filter), which allowed to have displaced muons in the triggering algorithms
for the first time in the online trigger of the experiment. Developments like this targeting
displaced muons have also been carried out from the other L1 systems targeting Run 3, which
provides sensitivity to long-lived particles decaying in the muon system.

11.2. The High-Level Trigger (HLT)
The High-Level Trigger (HLT) is the second stage of event selection, which is software

implemented, runs on the HLT computing farm, and has access to the complete detector readout.
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The HLT has also access to information from the Tracker that, up to Run 3, is not available to the
L1 Trigger.

Upon receiving an L1 accept signal, the event (approximately 1-2 MB) is transferred from the
readout buffers to the Event Builder computers. The HLT software then reconstructs the event
with algorithms similar with the offline reconstruction but optimized for speed. The HLT decision
must be quick enough to keep up with the input rate (about 100 kHz from L1), but it is not as
time-limited as for the L1T. On average, processing time is few hundreds of milliseconds per
event, while in rare cases it may be up to a few seconds for complex events. In the end, the HLT
delivers a yes/no decision, reduces the event rate to a few kHz, and the event is written to
permanent storage, where is available for further physics analysis.
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Figure 16: A Run 3 HLT node [26], installed with 2 AMD Milan 64-core CPUs and 2 NVIDIA Tesla T4 GPUs.

HLT Infrastructure

The HLT runs on a dedicated farm of commercial computers, which included about 30,000 CPUs
(64-bit processors) in Run 2. Events that are accepted by L1 are sent via a high-bandwidth
network to the HLT nodes, where each node runs an instance of the CMS reconstruction software
(CMSSW) in multi-threaded mode, and processes events in parallel. The HLT farm is designed to
be upgradeable, as new servers are added on demand with the latest CPUs. By 2018, the farm
size was capable to handle about 100 kHz input within an average of 200ms per event. For Run 3,
a significant upgrade was made to the HLT farm, adopting heterogeneous computing architecture
with incorporating also GPUs [29, 30]. The Run 3 HLT farm includes nodes with two 64-core AMD
CPUs and two NVIDIA Tesla T4 GPUs (Figure 16), for a total of about 25.500 CPUs and 400 GPUs.
About 30% of the HLT computing workload was put to run on GPUs in Run 3, while transparently
HLT can fall back to CPUs in case of need.

HLT Reconstruction and Algorithms
The HLT software environment is a streamlined version of the CMSSW, ensuring that trigger
decisions are based on objects of near-offline quality. The complete detector data are available,
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including tracking, which is crucial for running Particle-Flow (PF) algorithms (e.g. muons
identification or track-based isolation). The HLT workload is organized to a menu of paths
analogous to when someone runs offline analysis steps like MiniAOD and NanoAOD processing.
Typically, over 600 distinct paths constitute the HLT Menu, each targeting some final state or a
calibration stream. An HLT path is a sequence of modules (code) that filter the event, for example
low-level reconstructions, higher-level calculations (e.g. isolation, fits, etc.), and filters checking
conditions.

The HLT menu is considerably richer than the L1 menu and reflects the physics program of CMS.
For Run 2, the HLT menu covered Single Lepton Triggers, e.g. HLT _IsoMu27 (isolated single muon
with pr > 27 GeV), di-lepton or multi-lepton Triggers, e.g. HLT_Ele23_Ele12 (di-electron with
pr1 > 23 and pr, > 12 GeV), Jets and Missing Energy Triggers, e.g. HLT_Jet450 or HLT_MET120
(single jet with p; > 450 GeV or missing energy with p; > 120 GeV), and other Exotic or Special
Triggers, e.g. long-lived particle triggers or calibration triggers using known signals like j /Y — upu.

Additionally, an innovation in the menu (during Run 2) [28] was the introduction of Scouting
triggers, which simply save high-level reconstructed quantities (for example a list of jets) with a
significantly greater output rate (tens of kHz). This allows to study, for example, a scouting di-jet
trigger with low pr threshold at 5-10kHz rate but only store the jets’ momenta and event
summary (a few kB/event instead of 1 MB). Furthermore, HLT paths for “parked” data streams
were also considered to collect data at higher rates that can’t be sustained online, store them,
and process the dataset offline later. These strategies effectively extend the physics reach of the
HLT beyond the nominal output bandwidth. For Run 3, the HLT menu continues to cover all the
above categories, with adjustments for the higher expected pile-up and other detector or
algorithmic developments.

11.3. Phase 2 upgrade and Cost
The L1 trigger upgrade is a significant project in terms of investment and international

contributions. It involves development and production of many custom boards and firmware. As
an example, the University of loannina, the National and Kapodistrian University in Athens, and
the Institute of Accelerated Systems and Applications, in Greece, designed and contributed the
Barrel Muon Layer-1 board, featuring the Xilinx VU13P FPGA and 28Gbit/s optical links for the
Phase-2 L1 upgrade targeting the HL-LHC.

The total cost of the L1 trigger project, including subsystems, was estimated back in 2000 about
12.5M CHF, allocating about 5.5M CHF to the Calorimeter Trigger, about 5M CHF to the Muon
Trigger, and about 2M for the Global Trigger. This amount has been exceeded later due to
upgrades and maintenance, while for the Phase-2 upgrade an even larger budget is allocated,
with about 40% of it corresponding to off-the-shelf components (FPGA boards, fibers, crates).
The electronics for the L1 Trigger are considered a justifiable long-term investment for the CMS
Collaboration, since they must reliably operate for many years and not fall back compared to the
fast-moving technology when the operation of each era takes place.
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The HLT computing infrastructure is a major component of the CMS operational costs, and it
scales with the increasing physics demands. Unlike the L1 trigger, whose cost is largely upfront
investment capital mainly for hardware development that will last for decades, the HLT farm is
an ongoing expense for maintenance and upgrades. The initial cost to build the HLT system was
estimated to be about 25M CHF, back in 2000s. For the current system in Run 3 the cost is
estimated to be increased by a few million CHF. Lastly, for the Phase-2 upgrade the latest
Technical Design Report estimates about 16M CHF for the HLT hardware in the HL-LHC.
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The Barrel Muon Track Finder and The Condition DB

The Barrel Muon Track Finder (BMTF) is a custom-made system that reconstructs muon
candidates in the barrel section of the muon detectors (DTs and RPCs). It processes data from the
region | n | < 0.83, reconstructing L1 candidates, with momentum pr, pseudorapidity n, and
azimuthal angle ¢. The candidates, sorted in pr, are forwarded to the Global Trigger (GT), where
participate in algorithm checks whether an event will be further processed or discarded. The
reconstruction algorithm, in Run 3, is upgraded to use a Kalman Filter approach, which has been
introduced and tested in 2018. This upgrade offered about 5% better efficiency than the legacy
system, reaching 96%, while also provided momentum measurements without the constraint at
the Primary Vertex of the event, leading to the development of displaced muon algorithms, at
Level-1, for the first time.

12. The Kalman Filter in BMTF (Run 3 and Phase-2)

The BMTF algorithm [31] is separated into 2 track finders, the Phi and Eta Track Finders (TF),
separating the logic of the algorithm for track segments that come from ¢-cluster and n-cluster
DTs. In the barrel section, ¢-cluster DTs form five cylindrical wheels, with 4 stations of DT
chambers covering the area after the magnet and up to 7m in radius. The DTs in n-cluster are
grouped in 3 stations, covering the same area as those in the ¢-cluster, and each station is
separated into 7 chambers. This 17 - ¢ structure is repeated in 12 pizza-shaped slices (wedges),
covering 360° completing the cylindrical shape of the CMS. The algorithm implementation in the
FPGAs follows a pipeline, meaning that each step of the algorithm processes events in a First-
In/First-Out fashion, sequentially.

Eta-TF processes track segments in the 7 -cluster stations. Simple pattern recognition is
performed on the 7 hits using look-up-tables (LUTs) that are stored on chip memory. The patterns
are grouped by quality and n-tracks are assigned with a priority value. According to the priority
value, the highest ranked track is selected. Finally, tracks are combined with those received from
the Phi-TF, extracting an n-coordinate measurement with greater resolution because of the
match.

Phi-TF processes track segments in the ¢-cluster stations. A Kalman Filter (KF) scans the detector
from the outmost station to the innermost and creates track candidates in the ¢-coordinate. The
Kalman algorithm is a loop that consists of four steps?:

. The Estimation Update y;, = xx + Gi(zi — Hxy)
b. The Covariance Matrix* Update, P, = (1 — G H)P;
c. The Projection of y;, and P, to the next measured input
Xi+1 = Pxi and Pyy = PPOT +Q

3 Derivation of the steps and the equations can be found in Appendix A in [31].
4 P, is expressed as the estimated value of the difference between the updated estimation and the prior prediction,

Py = E[Ge — 20O — 21
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d. The Kalman Gain Calculation Gy, = P H'(HP,H" + R)™!

If a prior estimate of the measurement () and the related Kalman Gain (Gy) both exist (from a
previous iteration or due to initialization), the equations in (a) and (b) are used to update the
estimate to yj and the covariant matrix to Py, considering also the latest inserted measurement
Z,. The measurement z;, is described by a state vector, which is a representation of the quantities
in question in the most reasonable parameter space (see following paragraph), and H is a
mapping between that space and the estimate space, z, = Hyj . The next step (c) is the
projection of the estimate to the next measurement with a transformation of the vector y;, and
the matrix Py, by using the matrix @, which describes the geometry and specific features of each
problem. The last step (d) is the recalculation of the Kalman Gain, for estimating the next
measurement in the iteration. The quantities Q and R are covariances that are introduced due to
signal noise (like white noise, detector noise, background noise, etc.).

For the BMTF the produced signals are DT/RPC measurements of stubs. An input stub-k can be
described by its angle and bending angle as a state vector z;, = (¢, ¢, ). The output of BMTF
Kalman Filter should be muon quantities like y;, = (p7, ¢)i, the 2D momentum vector related
to a trajectory that is measured at some specific surface of the detector geometry. The
coordinates of a track segment can be also the coordinates of the measured stub, at that point
of the curvature k, and the trajectory is proportional to 1/py, meaning that a better formulation
of the estimate space is y; = (k, ¢, cl)b)k and the mapping H between these spaces is trivial.

Zk = ((é, bk

Xk = (k' (,b, ¢b)k
01 0

H= (o 0 1)

A trimmed version of the Kalman algorithm is implemented on the BMTF boards and runs in Run
3, serving also as an illustration for the capability of running a more advanced Kalman Filter, at
Level-1 Trigger, using Phase-2 boards that offer more resources. The four steps can be reduced
into two if one calculates in advance the required values of the Kalman Gain (G) for a specific
geometry, magnetic field, and noise level. (If the next gain G, is already available to be fetched
from some on-chip memory, estimating the covariance matrix P, and Py, can be skipped.)

12.1. The BMTF System and the Kalman Filter at P5
The BMTF subsystem uses 12x MP7, 2x AMC13 boards, and is housed in two crates at the S1D03

rack in the USC room at CMS (LHC P5). Each crate contains one AMC13 for DAQ, while six MP7s
manage a 30° azimuthal wedge of the muon detectors. Each AMC13 is assigned with a DAQ FED
ID that is used to control the system centrally, the corresponding IDs are 1376 (top crate) and
1377 (bottom crate). Each MP7 board receives, from the TWINMUX system, 1 and ¢ stubs
originated by three successive wedges, via 30 asynchronous Gbit links operating at 9.6 Gb/s, and
deliver Muon candidates to the uGMT system using a similar link. Supporting software that is
installed and running at the CMS Control Room machines, is responsible for monitor and control
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of the system. The Online Software (slow control) acts as a control panel for the system, providing
monitoring and control commands, and the Offline DQM Software (Data-Quality Monitoring
Modules) monitors the physical Input (stubs) and Output (muons) during the runtime.

Central Cell L1CE
pGT
? T Monitoring
Calo L2 HGMT
{ BMTF OMTF EMTF
Calo L1 /J ’—T
TWINMUX CPPF

e

Figure 17: (Left) A simplified schematic of the L1 Trigger System in Run 3, highlighting the connectivity of the BMTF with the
TWINMUX and pGMT systems. (Right) Two crates with 12 MP7 and 2 AMC13 DAQ processors, located in the S1D03 rack of
the CMS Service Cavern (USC), at LHC P5.
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The implementation in the BMTF boards follow the same principles that are described above,
with some necessary modifications to facilitate the firmware design on the Virtex FPGA. First, in
the Track Propagation step, the state vector yj is propagated to the next stub k+1. This
propagation is the step described by equation (c) and the required multiplications are
implemented using specialized digital processors (DSP cores) on the Virtex-7 FPGA, which are
designed to efficiently perform complex mathematical operations such as multiplications and
signal processing. Second, in the State Vector Update step, stored Kalman gains are used to
update the stub estimation, as shown in (a). The Kalman gain values have been precalculated as
a function of the curvature k and a 4-bit hit pattern, which signifies the stations with stubs
present. For example, “1011” means stubs at the stations 1-3-4, while “0101” means stubs at the
stations 2-4.

Last, the Kalman loop that is approximated by steps (a) and (c) is implemented in each BMTF
board 22 times. All possible input stub scenarios (described by the 4-bit pattern) are being
processed simultaneously in each BMTF processor. The number of scenarios, 22, comes from
counting combinations of possible tracks with at least two stubs in the muon stations (11), which
is multiplied by 2 because each station can deliver up to two stubs.

(§)+(§)+1=6+4+1=11
The KF algorithm is a recursive estimator that updates a state vector and its covariance when a
new measurement is available, incorporates effects such as multiple scattering (using the Q and
R noise matrices), and produces a statistical x* figure-of-merit as a track-quality measure to
distinguish the best reconstruction of the trajectory.
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12.2. Run 3 Validation
In this section, we present recent results of the validation of the Kalman Algorithm using Cosmics

data from 2024 data-taking period of the CMS, the run 378200. The following graphs compare
hardware values for muons reconstructed by the BMTF (fw-ver 3.1.0) and compared to emulated
values for the same inputs that TWINMUX was propagating to the BMTF. The validation
performed over 6363 output BMTF muons and show perfect agreement within an error of 0.09%
for the 1 variable, which is the worst case.
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Figure 18: (From Top to Bottom and Left to Right) Plots comparing hardware values for the Run 378200 that were propagated
to the L1 Global Trigger and emulated values with the CMSSW of transverse momentum (p ) at the vertex, n, transverse
momentum (pr ;) at the first muon station, and transverse impact parameter from the vertex (d,,). Calculations associated to
these plots show an almost perfect agreement within 0.09% for the 1) variable, which is the worst case.

13.  Online-to-Offline (020) Workflows in CMS and L1 Trigger
The Online-to-Offline (020) system sits at the interface between the CMS detector’s operational

environment and its offline reconstruction workflows. At its core lies the CMS Conditions
Database (CondDB), which exists in both an online manifestation that is hosted at P5 (ORCON),
and an offline replica (ORCON ADG) that is maintained in the central computing infrastructure.
The 020’s purpose is to guarantee that the conditions (non-event data such as calibrations,
alignment constants, and hardware configuration parameters) in use during data-taking are
faithfully reproduced in offline reconstruction, ensuring reproducibility and consistency across
all physics analyses and other purposes.
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The fundamental design of the database is based on the use of Object—Relational Mapping
(ORM). ORM is a software abstraction layer that bridges the gap between the object-oriented
programming model used in CMSSW and the relational schema of the underlying Oracle
databases. In CMS, each conditions payload is an instance of a C++ class, noted as the Payload
type, containing the full set of parameters required for a given record. For example, a tracker
alignment geometry or a set of L1 trigger configuration registers. These objects are serialized into
a binary Blob and stored in the database tables alongside a SHA-1 hash identifier (Secure Hash
Algorithm). ORM tools automatically translate object manipulations, like appending a new
Interval of Validity (I0V) to a Tag or querying the state of a Global Tag at a given snapshot time,
into the required SQL operations. This allows physicists to work entirely with C++ or Python
objects, without composing SQL statements manually, while ensuring type safety, schema
versioning, and backend independence between Oracle and SQLite deployments. The mapping
logic also enables relationships between entries in the database: payloads are grouped into
versioned sequences called Tags, which in turn are grouped into complete CMS configurations
called Global Tags. In 020, ORM ensures that online conditions are consistently extracted,
converted into CMSSW payload objects, and inserted into the offline database according to the
schema of the CondDB.

The execution of the 020 flow mechanism begins at the start of a new run. The system queries
OMDS (or other subsystem-specific online stores) to retrieve the exact running configuration and
calibration payloads active in the hardware and high-level trigger software. Each raw payload is
deserialized into its corresponding CMSSW object and annotated with metadata: the since
parameter defining the IOV lower bound (typically a run number, a lumisection, or a timestamp),
an identifying Tag name, and a provisional synchronisation type. These payload objects are then
uploaded via the PopCon (Populator of Conditions) framework into both the online and offline
ORCON databases. Once in ORCON, the new Tags are associated with the appropriate open
Global Tag queues. A Global Tag in CMS is an immutable snapshot mapping record types that are
required by a workflow to a specific Tag; queues are a special mutable form of Global Tag, with
an “infinite” snapshot time, used as staging areas for preparation and validation of new
conditions (usually for MC Campaigns and Run preparations).

From this point, the approval process is coordinated by the Alignment and Calibration (AlCa)
group. Subsystem contacts review the new Tags within their respective queues, checking the
payload content, the correctness of the IOV boundaries, and the proposed synchronisation type.
Synchronisation types implement workflow-specific update policies. For example, hlt, express,
and prompt enforce that new I0Vs can only be appended after a defined Safe Run ID, while offline
and mc have their own, stricter rules. Once validated, all Tags are promoted from the queue into
a production Global Tag.

Navigation and inspection of conditions data, both during 020 validation and in routine
operations, is supported by a set of tools built on the same ORM foundations. Within CMSSW
releases, the conddb command-line client allows experts to search for Tags and Global Tags, list
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contents, inspect I0Vs, verbosely check differences, and dump deserialized payloads to
human-readable XML format. Also, a web application, the CMS Conditions Database Browser
(cmsDbBrowser), provides similar functionality via a graphical interface, together with features
for submitting requests to queues, creating candidate Global Tags for testing, and visualising Tag
and Global Tag contents.

13.1. A framework-compliant, immutable backend for the CMS L1 Trigger

020 mechanism
This section presents the redesign and migration of the CMS Level-1 (L1) Trigger Online-to-Offline

(020) backend to an immutable, framework-compliant architecture aligned with CMSSW 12.4.X
requirements. The work centers on replacing the legacy EventSetup access methods with explicit
esConsumes/ESGetToken usage, refactoring thus the L1 conditions writer layer, and ensuring
deterministic repeatable behavior during concurrent EventSetup prefetching. We describe the
design, implementation, and validation of the new backend, using dedicated unit and integration
tests, and discuss core framework aspects uncovered during development (notably exception
propagation under EventSetup prefetching). The result is a robust 020 mechanism that embeds
Cl-like practices, preserves reproducibility, and integrates flawlessly with the Conditions DB
workflows used by L1 and AlCa.

As CMSSW evolved toward stricter concurrency and immutability in the EventSetup system, 020
backends that were relying on implicit or mutable interactions risked undefined behaviors. This
work targeted CMSSW 12.4.X release cycle and reimplements the L1 020 backend to

e adopt explicit EventSetup data dependencies (esConsumes/ESGetToken)
e enforce immutability at the writer/proxy layer
e guarantee idempotence (consistent repeatable behavior without duplicate side effects
across retries)
¢ and provide comprehensive tests that execute end-to-end 020 workflows within the
release environment
This rework was proposed in the Pull Request (PR) 37602 [32], titled “[L1-020] ESGetToken
migration L1CondDBPayloadWriter and 020 unit tests”, affecting the packages
CondTools/L1Trigger and L1TriggerConfig/L1TConfigProducers. The change was reviewed and
signed by L1, AlCa, and core CMSSW participants and subsequently integrated for the 12.4.X
cycle.

13.1.1. Background and Requirements
EventSetup in CMSSW has progressively moved to explicit dependency declaration and

prefetch-driven concurrency. Producers and analyzers must declare their consumption of
EventSetup products using esConsumes to receive ESGetToken handles at beginRun or beginJob.
This enables the framework to prefetch data deterministically and to detect missing
dependencies early. The legacy L1 020 backend used generic EventSetup access methods and
exception-driven control flow (e.g. catching DataAlreadyPresentException). These access
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methods do not integrate well with modern prefetching, and when exceptions are rethrown
asynchronously, they can make identifying root-cause errors difficult.

Two non-functional requirements were therefore central:

o Immutability. All 020 state transitions must be expressed as pure reads of EventSetup
plus atomic writes to the Conditions DB. No mutable global state may influence results
across runs or retries.

o Idempotence. Re-executing the same 020 step, with identical inputs, must cause no side
effects beyond the first successful write and a deterministic outcome should return to
callers (e.g., “already present”).

Within these constraints, the backend must continue to produce the same payloads (Rcd objects)
and tag associations that are used by the L1 online menus and configurations, and to support the
020 orchestration scripts that exercise the full chain in continuous integration.

13.1.2. Design and Implementation
ESGetToken migration and explicit dependencies

We migrated the L1 writer components (e.g., L1CondDBPayloadWriter and the associated
WriterProxy) to declare their EventSetup dependencies explicitly via esConsumes, storing
ESGetTokens at construction time using an edm::ConsumesCollector passed down to the CMSSW
plugins. Each write step acquires data with iSetup.getData(token) method, eliminating implicit
Record (Rcd) lookups and exception-based presence checks. This ensures the framework can
prefetch and schedule ESProducers consistently with other modules, and it allows static analysis
(and the cmsDriver tool) to verify the presence of required ESProducers in the top-level
configuration.

Immutable writer/proxy layer
The writer/proxy layer was refactored to obey strict immutability:

e It computes payloads purely from EventSetup inputs and configuration parameters,
without side effects or hidden caches
¢ It performs a single atomic write to CondDB, handling “already present” cases as a query
outcome (idempotence) rather than as control flow with exceptions
e It maps Record (Rcd) identifiers to their 020 containers deterministically (e.g.,
L1TriggerKeyExtRcd@L1TriggerKeyExt), and it never mutates in-memory across events.
The prior method of catching framework-specific exceptions (e.g., DataAlreadyPresentException)
in the EventSetup access path was removed. This proved essential because EventSetup
prefetching masked exception types in certain failure cases, leading to undefined behaviors. The
new code does not rely on exception identity for logic and therefore behaves robustly under
prefetching.

ESProducer coverage and configuration
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The 020 machinery handles both “offline” and 020-specific (“online”) Records, e.g.
L1TGlobalPrescalesVetosOnlineProd and L1TGlobalPrescalesVetosFractO20Rcd. When using
explicit esConsumes, the required ESProducers for these Records must be present in the process
configuration. We updated the 020 configurations to include the necessary producers
unconditionally, without depending on other modules to provide them. When the EventSetup
graph needed 020 variants of Records at write time, we ensured they were available by the time
the writer requested them, either by esConsumes dependencies or by explicitly placing the
ESProducers in the configuration path.

13.1.3. Validation and Testing
We added focused unit tests for the writer/proxy layer to verify token acquisition, deterministic

EventSetup access, and thorough handling of “already present” conditions. In addition, we
implemented scram tests that exercise the end-to-end 020 workflow, including setup of a local
sqlite Conditions DB populated of baseline content, execution of the writer, and inspecting the
IOV contents before and after the run.

A dedicated script (runL1-020-scramTests.sh) prepares a per-test workspace, copies a template
sqlite file (I1config.db) from CMSSW_SEARCH_PATH into the test directory, inspects the IOV table
before the write, executes the 020 writer path, and re-inspects the table afterward to assert the
expected transition. This test runs inside /Bs (CMSSW Integration Builds on github) and PR testing
to catch failures in framework and configuration.

During early testing in CMSSW 12.3.X IBs, we observed failures in an online producer
(L1TGlobalPrescalesVetosOnlineProd) manifesting as MakeDataException on 020 Records, with
no diagnostic information. Investigation with framework developers revealed that EventSetup
prefetching, in some cases, lost the original exception type thrown from ESProducer::produce(),
always reporting the MakeDataException. This behavior confused legacy 020 code that relied on
catching specific exception types. The rewritten backend’s logic did not depend on exception
identity; however, we validated that the framework would rethrow the exact exception type
once the core fix would be shipped. In parallel, we addressed missing esConsumes registrations
that were preventing 020-specific Records from being produced, ensuring all required
ESProducers were present and declared consumed. With these changes in place, the 020 tests
passed reliably in the master branch.

13.1.4. Results, Discussion, and Lessons learned
The migrated backend compiles cleanly, adds negligible repository footprint (=16 KB), and

integrates with CMSSW master. Reviewers from L1, AlCa, and CMSSW core validated the
approach; the PR was signed and merged after confirming esConsumes was implemented
correctly and that 020 tests were robust. The L1 and CondDB packages reflect the explicit
dependency model, and the 020 writer now operates deterministically with immutable state
and repeatable behavior. The tests demonstrate that the same 020 job, re-run on unchanged
inputs, produces no duplicate IOV entries and reports consistent outcomes. The end-to-end
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scram test harness establishes a reproducible baseline for maintenance and for catching failures
in either future framework or ESProducer developments.

The migration surfaced two lessons. First, exception-driven control flow tied to specific
framework exception classes are fragile under concurrency and prefetching, they should be
avoided in favor of explicit, declarative ESProduces dependency models and real-time
idempotence. Second, complex 020 operations that combine “online” and “offline” Records
require explicit ESProducer coverage in configurations; implicit availability of ESProducers via
third-party modules is fragile and hides failure messages. The combination of esConsumes,
immutable writer logic, and end-to-end unit tests provides a sustainable path forward as CMSSW
continues to evolve.

This work delivered robust unit and integration tests and resolved issues uncovered by
EventSetup prefetchingin the 12.4.X cycle. The result is a maintainable 020 pipeline aligned with
CMSSW concurrency and reproducibility principles, ready to support L1 and AlCa operations in
Run 3 and Phase-2.
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The Soft Multilepton Analysis

This is a search for electroweakinos in scenarios beyond the Standard Model (BSM) in
compressed mass spectra [36]. Compressed theoretical signatures of new physics illustrate
particles in (nearly) degenerate states of mass. In these scenarios, when a BSM particle is created,
the cascade of its decay appears as though most of its energy and momentum is carried away by
one or more lighter and stable BSM particles. The remnants of the decay are observable particles
with low momentum that are referred to as “soft”. The soft multilepton analysis focuses on final
states with at least two soft leptons and missing transverse energy (more about this in section
15.1). In simple terms, by requiring more than one soft lepton in the final state the background
can be suppressed to comparable levels of cross-section with the signal.

The analysis is targeting the production of electroweak bosons (“electroweakinos”) in final states
with low energy leptons of opposite charge. In SUSY scenarios, where the lightest neutralino X0
is the Lightest Supersymmetric Particle (LSP), the soft leptons may be produced in decays of
heavier neutralinos via off-shell Zs. The Feynman diagrams in Figure 19 present the processes
under consideration.

Figure 19: Electroweak processes leading to a pair of soft leptons from an off-shell Z decay, also a possible third soft lepton
from the off-shell W decay. The diagrams feature the decays )?g - Z"(€€) + ¥1 and )?f - Z"(¢0) + 7{‘1’, which are included
in the “Wino-Bino” and “Higgsino” scenarios.

The “Wino-Bino” scenario suggests that the gaugino masses are comparable and much smaller
than the Higgsino (M1, M, <u), which leads into two closely degenerate neutral states with one
charged fermion-antifermion pair. Theoretically, the scenario is motivated by the presence of
relic dark matter density and R-parity conservation in the minimal SUSY model (MSSM).

In a similar manner, the “Higgsino” scenario suggests that the gaugino masses (Wino-Bino) are
massively larger than the Higgsino triplet, with 2 neutral and 1 charged states nearly degenerate.
According to MSSM, the Higgsino mass parameter (u) contributes to the SM Higgs mass, while it
is also restricted by the principle of naturalness to be relatively low (at some hundreds of GeVs).

The analysis considers simplified simulated models which capture the basic features of these
theoretical scenarios while also allowing a broader interpretability of the results.

Finally, some BSM theories predict decays with long-lived electroweakino states. Specifically, the
Wino-Bino coannihilation in the “spread” and the “mini-split” SUSY models can lead to long-lived
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neutral Wino states, and the decay is mediated by a much heavier Higgsino state. For this reason,
proper lifetime of Xg along with the degenerate masses of X and Xg are taken as free
parameters to be scanned. For the proper lifetime, theory calculations motivate the following
range of values that is presented in Figure 20. The analysis here is restricted to decays of up to
10cm, in order not to crossing boundaries with other analyses in the CMS experiment.

ctau |mm|
n a‘
T T T,
>

»~
o
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F (very roughly) e, 8 KX o R R

Figure 20: Mass vs decay length phase-space for Wino-Bino coannihilation in the mini-split SUSY model, calculated with
SoftSusy 4.1.8 [35]. The parameters for the simulation scan are set to M{=100 GeV, M, in (90,100) GeV, u in (500 GeV, 25 TeV),
and tan(B)=30. The phase-space at low (high) ct is saturated at =500 GeV (5 TeV).

14. Supersymmetry & Compress Mass Scenarios

The Supersymmetry (SUSY) Framework is based on the Standard Model of Particle Physics and
introduces a new symmetry between bosons and fermions, proposing that for every fermion
exists a bosonic “superpartner” and vice versa. The analysis that is discussed in this chapter
concerns a search that is interpreted in the contexts of two supersymmetric extensions of the
Standard Model, the Minimal Supersymmetric Standard Model (MSSM) and the Split SUSY
Model. Both are discussed later in this section, after a brief discussion of the Standard Model>.

The Standard Model of Particle Physics
The Lagrangian of the Standard Model (SM) can be broken down into three main components:
the leptons, the quarks, and the Higgs sector. The overall Lagrangian is described as

LSM = Lgauge + Lleptons + Lquarks + Lhiggs

and each sector with their expression as follows.

1 | 1
[’gauge = —ZGSVGauV - ZWJ\,WWV - ZBHVBHV

5 This section is a summary of the Standard Model of Particle Physics, as presented in [31] and follows that
formulation.



60
Lieptons = iLy,D*L; + iR,y*D,R; — yL®R; + h.c.
Lquarks = ilTLV#DuLi + ”?LV”D#RL' —Yaqq' Q_lCDRi + h.c.

Lniggs = —(D, @) (DF®) — V(@)

The interaction terms for the gauge fields (G, W,?*, and B,) with leptons and quarks, each
corresponding to a strength anti-symmetric tensor in Ly 4,4, and to the strong (gluons), weak (W
and Z bosons), and electromagnetic (photon) interactions, are introduced via the covariant
derivatives (D, ). The covariant derivatives are terms that combine the gauge fields of each
interaction with its appropriate generator, so writing all of them identically is only a formulation®
serves clarity and readability.

In the Leptonic and Quark Sectors, the interactions of leptons and quarks with the gauge fields
are formulated with a sum of terms over the generations (i), and each combine the appropriate
covariant derivative with left-handed and right-handed fermionic doublets (L,) and singlets (Ry).
These lead to Dirac equations that describe the dynamics of particle physics as is known for the
fermions. In the same sectors, the last terms are fermionic interactions with a scalar Higgs field
(P), which lead to the Yukawa terms (and their coupling constants ng and y, ') that give rise to
the masses of the fermions.

The Higgs Sector describes the dynamics of the scalar Higgs field, responsible for the spontaneous
breaking of electroweak symmetry, and gives masses to the gauge bosons. The potential IV (®)
that enters this sector is of the form A(®Td — v?)?, which leads to the spontaneous breaking of
the electroweak symmetry and the Yukawa terms that are included in the leptonic and quark
sectors.

Supersymmetry (SUSY) Framework

Supersymmetry is a framework that facilitates many theoretical models and shares the following
concepts: firstly, a supersymmetric model is formulated in the “superspace”, an expanded
spacetime that holds 2 more degrees of freedom, a left-handed spinor 0, and its right-handed
complex conjugate 8*. In superspace, a field is also a function of these spinors and is called
“superfield”, ®(x", 0,6%). A Lagrangian in SUSY consists of terms with integral [d*x invariant
under supersymmetry transformations. These terms can be named D-terms ([CDTCD]D) and F-
terms ([W (®)]r), which consist of vector and left-handed chiral superfields respectively.

5 For example, left-handed lepton spinors interact within SU(2) X U(1), so D, =9, —%J“Wu“ —igYB, .

Right-handed spinors and scalars don’t interact with the weak mediators W, so D, =49, —igYB, .
s 1! . )
Left-handed quark spinors interact within SU(3) x SU(2) X U(1), so D, =9, — %A“G[} — %aal/l/;la —igYB,.
a a
The generators 07 and % are the fundamental representation of the group generators for SU(2) and SU(3), with

the Pauli and Gell-Mann matrices respectively.
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LSUSY = [CDTCD] D-Terms + ([W(q))]F-Terms + LSoft SUSY Breaking + h. C-)

In the abstract form above, the D-terms involve interactions between vector superfields like
bosons and gauginos, while the F-terms (or the Superpotential) involve interactions between
chiral superfields, like quarks, leptons, Higgs bosons, and their superpartners’.

The Minimal Supersymmetric Standard Model (MSSM)

MSSM is the baseline model?, within the Supersymmetry framework, which features a solution
for the hierarchy problem and delivers dark matter candidates to be “observed” by experiments.
These points are achieved by the conservation that is imposed by R-parity symmetry.

R = (—1)3B+L+2S

Table 1: Baryon, Lepton, Spin, and total exponent that defines the result of the R-Parity rotation.

Vs 0 % 2
3 0 0 1
0 1 % 2
0 1 0 1

R-parity forbids terms that predict decays of SUSY particles directly to Standard Model particles,
limiting consequently the interactions that can contribute to the Higgs mass in a divergent way.
Additionally, the logic behind this conservation law dictates that the lightest supersymmetric
particle (LSP) should be stable, since the restriction that is described above is manifested with
the requirement that SUSY particles should be created and annihilated in pairs. The
transformation is a continuous rotation with the following result, depending on whether the
particle is a superpartner or not.

The SUSY Lagrangian of the MSSM, accommodates the minimal number of superfields and
couplings necessary to generate mass for the quarks, leptons, their superpartners, and the
gauginos. It can be separated in three parts, a part with chiral superfields, the “superpotential”
terms that contain Yukawa-like terms, including a cross-term for the Higgs doublets, and
symmetry breaking terms that are put by hand to accommodate the observation that SUSY
particles don’t have the same mass as their SM counterparts. All these terms respect the R-parity

symmetry, preserving the quantum numbers as shown in Table 1.

The necessary superfields (f) are 2 doublets Q = (g) and L = (2’) for left-handed quarks,
leptons, and superpartners, 3 singlets U¢ = U, D¢ = D, and E€ = E for right-handed, and 2

7 Each Standard Model particle gains a superpartner: Fermions, like quarks and leptons, have the scalar counterparts
squarks and sleptons, while Gauge bosons, like photon, W, Z, and gluons, have the fermionic partners gauginos. The
Higgs is paired with a fermionic Higgsino.

8 Among other resources that are listed in the References, the formulation and explanation is based on the Chapters
3 and 5 of [33].
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Higgs doublets H; = H; = (5113) and H, = H, = (Zz) (For more specific definition of the
formulation one can refer to Chapter 5 of [67].) These superfields can be combined with the
following expressions for the superpotential W (f) and the Soft SUSY Breaking section of the
Lagrangian. These expressions are sums over different generations (i), while the indices d, u, e

on the coupling constants are used only for distinguishing the coupling of each interaction term.

W(f)=2,Q" Hy; D +A,Q"-H, U + ALL'-H, E — uH, - Hy
2 2 *2 3 %3 M
LSUSYSB— |c1>| +—(c1> + @) — AP} + @; )— Lp, P,

These two expressions, together with formulating the D-Terms and F-Terms, can lead to the
following Lagrangian that describe the MSSM. Simple partial derivatives have been substituted
by covariant derivatives to incorporate gauge bosons and gauginos.

Lyssy = Z {D“CD;_iDﬂdbgl + lLPL yHD lPLgl + FyiFy + derwatlve}

g
i={Q,L,US,DCEC Hu Hd}

+Z FW o it
gl@fgl 2 afglafg] L

+Z{7|¢gli| (q>2 +@3,%) — A(®Z; + @} —%‘T’Lg'i‘ﬁg,i+h.c.}
L

Focusing on the scalar potential of the Higgs sector, including the doublets H; and H,, and all its
components (Vg + Vp + Vg, F-term, D-term, and SUSY breaking of the scalar potential), one can
identify free parameters® that determine the masses of several physical particles (via Gauge
Symmetry Breaking 1© for SU(2) X U(1) ). These are the mass of the Z-boson
My = (géy2 + 941) (V3 + v?), the mass myo of the lightest scalar component of H; and H,,,
which after loop (radiative) corrections becomes the SM Higgs at 125 GeV, the mass of the
pseudoscalar Higgs mflo = mf,l + m2, which remains after the Goldstone process that makes Z
boson massive, and the mixing angle 8 that is defined by selecting real vacuum expectation
values for the Higgs doublets tanf = v, /v,.

Mass-splitting and long-lived particles

Using free parameters like m;o, myo, tanf and M, and setting higgs and Z masses to the
measured values, one can build SUSY models (MC simulations) that illustrate several relations
between the free parameters. Interesting assumptions, which are also related to the analysis

91t’s remarkable to note that studying different sectors in the Lagrangian, as described for the Higgs sector, the total
free parameters that MSSM generally supports are 124, including masses, mixing angles, and CP-violating phases.
(To be compared with 19 for the SM)

10'with 2 Higgs doublets, initially, the model is dependent on eight scalar degrees of freedom (Goldstone bosons),
where three of them are eliminated to make Z and W* massive, and five Higgs states, two even on Charge
conjugation and Parity (CP-even) transformations h°, H°, one CP-odd A°, and two charged H%.
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below, are cases with almost degenerate masses, where AM = m; — m, ~ O(1GeV) or lower.
A small mass difference for two states, e.g. Next-to-LSP (m,) and LSP (m,), means that decays
have little kinetic energy available, which often suppresses the decay rate, extending the lifetime
of the heavier particle.

A known case is a Wino-like LSP, where charged wino and neutral bino can be heavier than the
wino LSP at only O(1 GeV). Similarly, a Higgsino-like LSP yields a chargino-neutralino splitting of
order 0.1 — 1 GeV (see the Compressed SUSY Summary section), depending on mixing angles.
These small mass-splittings, as one reaches below 1 GeV scale, arise predominantly from one-
loop radiative corrections. When 4Am is very small, the decay is kinematically constrained,
resulting to off-shell decays and small decay width I". Since T = 1/I", the proper decay length ct
becomes significant. According to the work of Sakurai and Rolbiecki [34] about the wino and bino
NLSPs, the proper decay length is proportional to the mass-splitting inverted, leading to small
widths and large displacements in the experiment. The following expressions illustrate published
theoretical predictions of proper decay lengths for 2-body and 3-body decays.

500 GeV)

CT2.body ~ O(lcm) X ( am

30 GeV\>
CT3pody ~ O0(1cm) X ( )

These results show that even a few hundred MeV splitting can yield to centimeters of proper
decay length ct.

15. General Description of the Analysis Methodology

15.1. Categories & Regions
This analysis is separated to five categories, incorporating 4 different final states, and different

Regions that are used for extracting information about the background estimation for each
physical process in the Signal Region and calculating the final limits. This section describes the
structure of the analysis.

There are five distinct categories in this analysis, and each one corresponds to a different final
state of the decays of interest. Firstly, we have a “2 prompt leptons” category that is subsequently
divided into two more, “2 prompt muons” and “2 prompt electrons”. Following that, we also
have “2 displaced muons” and “2 displaced electrons” categories. And finally, we have the “3
prompt leptons” category, which for the selections is subcategorized into “2 muons with extra
lepton” and “2 electrons with extra lepton”, but in the distributions the 3-lepton category is
considered inclusively. Each one of these categories is associated with its Signal Region that is
designed so that these selections capture the main characteristics of the underlying final state
and optimize the acceptance of these processes.



Table 2: The selection requirements that define the 4 prompt Signal Regions, ee, uu, eef, puf

Criteria - e(u)

# leptons
pr(£1) [GeV]
pr(£2) [GeV]
pr(£3) [GeV]

Same-Flavor
Opposite-Sign
ARy,
Mi5s[GeV]
veto MR [GeV]
ME5s[GeV]
pr(£1,£2) [GeV]
veto tight lepton
(for leading jet)
my (£, pFs5) [GeV]

Hr [GeV]

PR /Hy
veto b-Jet
veto M(TT)
pr(&)/M(£¢)
AD (£, piis?)

2-leptons 3-leptons
Low-py Med/High/Ultra-pr Low-pr High-pr
2 3
5-30 1(3.5)- 30 5-30 1(3.5)- 30
5-30 1(3.5) - 30 5-30 1(3.5)-30
5-30 1(3.5)- 30

v
- >0.05 - >0.05
4-50 0.1-50 4-50 0.1-50
J/¥(3-3.2)and Y (9 - 10.5)
<60 =
>3 -
\/ -
<70 -
> 100
2/3-1.4 -
v
0-160 -
pr(£2) > 0.6 + 0.25MIx
<15 -
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The Signal Regions (SRs) for the prompt decays are designed so that they are optimized for events
where the observed 2 or 3 lepton tracks are compatible with the Primary Vertex. The “3 lepton”
category is used, since studies from past published versions of this analysis have illustrated
additional sensitivity by a category with 3 leptons, especially at mass-splittings around 40 GeV.
These prompt SRs are separated in pJ*sS bins with boundaries at 125-200 GeV (Low), 200-240
GeV (Medium), 240-290 GeV (High), and 290+ GeV (Ultra). Table 2 presents the selection of the

events for these Signal Regions.
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Table 3: The selection requirements that define the non-prompt Signal Regions, ee and upu.

Displaced puu Displaced ee

Criteria Low-pr High-pr High-pr

Low/High oL, Low/High oL, Low/High oL,

# pairs 1

pr(£1) [GeV] 5-30 3-30 1-30
pr(£2) [GeV] 5-30 3-30 1-30
Same-Flavor v
Opposite-Sign
ARy - >0.05 >0.05
Mz [GeV] 4-50 0.1-50 0.1-50
veto MT% [GeV] J/¥(3-3.2)and Y (9 - 10.5)
veto b-Jet N4
Hp [GeV] > 100
plisS [Hy 2/3-1.4
veto pr(€) > 30 [GeV] N4
pr(jetl) [GeV] - >130
Collinearity >-0.5 >0.5
log(Axy/Az) >-1.5 >-1.25
AD(£1,£2) - <15

On the contrary to the Signal Regions for prompt decays, regions that are designed for displaced
decays are optimized for lepton tracks that are compatible with vertices separated from the
Primary Vertex. Displaced decays are much more related to the states that are very tightly
degenerate and subsequently within small mass splitting scenarios. The additions of displaced
SRs, especially the soft-electron displaced category, enhance the sensitivity and the reach of the
analysis down to sub-GeV level. Special treatment is necessary for the displaced categories, firstly
due to the provenance of the leptons as they originate from decays away from the Primary Vertex
(vertices that may refer to as “Secondary” in following sections), and secondly because of the
different composition of the background. For the displaced SRs there are 4 bins in total,
separation in p** of 125-200 GeV (Low) and 200+ GeV (High), and in the significance of the
transverse displacement oL, of 0-25 (Low) and 25+ (High). Combining these binnings we define

4 displaced Signal Regions, Lowp}'***-Llowa, , Lowp7**-Higha, , Highp**-Lows,_, and

Highp’T“i”-Highany. The displaced selections of the events are presented in Table 3.

The optimization of the objects that define the categories is presented in detail in section 16.2.
Here, with help of the schematic in Figure 21, we present the flow of the information that is
extracted from different regions and how this information is used, this is the strategy of the
analysis.
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Figure 21: Schematic describing the different regions of the Soft-Multilepton analysis and the flow of information between

regions.

On top of separating the analysis into categories, the datasets are furtherly separated into
different Regions. The analysis uses “Search Regions” that are dedicated to the final states of the
search and “Control Regions” that are dedicated to each important background that is present in
the Search Regions and is estimated using MC simulation. The Control Regions have a similar
selection of events to that of the Signal Region, but with few key selection requirements inverted
so that the region is mostly populated by background events and data-to-simulation corrections
and systematic nuisance parameters to be derived. Special Regions also exist and are named after
their usage in the strategy of the analysis. These special Regions are called “Application Regions”
and “Validation Regions” and are used in the estimation of the non-prompt background
processes that exist in the Signal Regions. The Application Regions are enriched in non-prompt
events and are used for applying the data-driven (or MC enhanced data-driven, named “semi-
data-driven”) methods for obtaining the estimation of the background in the Signal Regions. The
Validation Regions are also non-prompt regions that are used for validating the derived
estimation of non-prompt background events after using the data-driven methods. More
information on the background estimation methods is given in section 15.2.
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The most important backgrounds that are found in the Signal Regions are events from Drell-Yan
processes, tt production processes, leptons from W and Z decays, and the non-prompt decays
(usually inside jets) that conclude into multiple leptons and fake the final states. For these cases,
there are related Control Regions designed and presented in the schematic (Figure 21), where
the selection criteria of the Signal Regions are adjusted so that the Control Regions are enriched
with background events. These background events can be placed into 4 major categories, as
described below.

Firstly, the 2 prompt lepton backgrounds that come from Drell-Yan (DY) and tt quark production,
which can lead to 2 prompt leptons at the final state with real pI¥sS at different proportions. For
tt processes, prompt leptons are produced due to W decays that arise from the process
t — bW, resulting also to an undetectable neutrino that contributes real p#**sS in the event. For
the DY processes, the direct 2-lepton production (ee, uu) does not add to the background due to
the requirement of real pI'¥sS (125 GeV). However, in case of a tau decay of the Z°/y, the taus
are capable of decaying to lighter leptons and neutrinos (Z°/y —» 1t — ee/u + 2v), which may
also contribute to the real pJ**S populating the 2-lepton Signal Region.

Secondly, the 2 prompt boson backgrounds in both 2- and 3-lepton Search Regions, with events
from pairs of Ws contributing to the 2-lepton region, and events from WZ and ZZ pairs to the 3-
lepton region. Also, there are less significant SM processes that can add to the background in
Search Regions and collectively are named “Rares”. These consider the production of W bosons
together with t-quarks in the event concluding to pairs of leptons. Examples can be ttV, ttH, tZq,

tWZ, VVV, and the conversion of photons.

Finaly, even though the lepton selection is optimized to reject non-prompt or fake leptons, there
are some residual processes that can still fake the selection of the Signal Regions, due to the
complexity of such events. Such events for the 2-lepton SR are the W+Jets and t+Jets, while for
the 3-lepton SR the tt+Jets and DY+lJets. The jets in these events can be identified as leptons, or
even contain a displaced lepton, leading to a significant background that populates the Signal
Regions in case the criteria of the selections are met.

15.2. Background Estimation
For 2-lepton prompt processes, Drell-Yan and tt, the background estimation in the Signal Region

is based on simulation. Two Control Regions, specific for these processes, are used to normalize
the simulated predictions in the Signal Regions and to extract systematic uncertainties.

For 2-boson Standard Model processes there are 2 more Control Regions that are used, one to
validate the simulated prediction in 2-lepton final states and one to normalize WZ background
events that exist in the 3-lepton final state. Even though WZ events is a significant background
for the 3-lepton final state, both WZ and WW contribute to the 2-lepton final states too, in which
case are estimated using MC simulation and the 2-lepton predictions are validated using the VV
Validation Region that is enriched in 2-boson events.
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15.2.1. Drell-Yan Control Region
The Drell-Yan (DY) process leads to an opposite-sign lepton pair and low missing transverse

energy in the event, but it could still populate the Signal Region because of the intermediate

process Z—1T when the tau lepton decays to an electron or a muon with an accompanying
neutrino. The DY contribution can be suppressed by using the mass of the t-pair and requiring
m,, = 160 GeV. (It is possible that m_, < 0, momenta of leptons that are decay components
of the T are used to estimate m,,, and negative values are assigned if T travels oppositely than
the leptons).

The remaining contribution is estimated with simulated events, extracting a normalization factor
using a dedicated Control Region (CR) that is designed orthogonal to the SR and rich in “hard” DY
events from t-pairs. The DY Control Region follows a similar Low/High binning scheme (125-200-
inf) to facilitate the corrections in all the SR p[**** bins by using also the same triggers. Prefit
dilepton mass distributions for the DY-CR are shown in Figure 22. Normalization floats freely by
afactor of 2 and is left to be determined, with its uncertainty, by the final Combine fit (see section
15.4).
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Figure 22: Left (Right): Prefit m,, distributions of the Low (High) MET bin DY-CR, for 2016, 2017, and 2018 datasets. The purity
of the region (measured in 2018 dataset) is estimated at 71% (60%) with MC simulation. Only the statistical uncertainty is
included.

15.2.2. TT Control Region
The tt process (TT) includes, among many others, 2- and 3-lepton final states due to intermediate

W boson decays. A significant part of the process contains leptons in jets that come from B-
decays, so a b-jet veto is applied in the event selection for the Signal Region to reduce this
contribution.

The remaining contribution is estimated with simulated events, which are normalized to data in
a dedicated Control Region defined to be orthogonal that is rich in events from this process.
Orthogonality is ensured by inversing the b-tag jet requirement. The TT-CR follows a similar
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Low/High binning scheme, like DY-CR, to facilitate the corrections that are propagated to the SR
in all p?‘i“ bins, and it uses the same triggers in these bins. Prefit dilepton mass distributions for
the TT-CR are shown in Figure 23. Again, the normalization and its uncertainty are floating
parameters to be determined by the final Combine fit (see section 15.4).
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Figure 23: Left (Right): Prefit mge distributions of the Low (High) MET bin TT-CR, for 2016, 2017, and 2018 datasets. The purity
of the region (measured in 2018 dataset) is estimated at 78% (64%) with MC simulation. Only the statistical uncertainty is
included.

15.2.3. The 2-boson (VV) Validation Region
The 2-boson production (VV) accounts for the mixture of WW, WZ, and ZZ events, where each

contribution is given in descending order. The selection is based on the 2-lepton Signal Region

by inverting the Mrrequirement and asking the leading lepton to have pr>30 GeV, ensuring
orthogonality. Again, the VV-Region follows a similar scheme of Low/High binning, as for the
other Control Regions, to facilitate the uncertainties that are derived using information from this
region. It also uses the same triggers like in the SR. Prefit dilepton mass distributions for the VV
Validation Region are shown in Figure 24. A systematic uncertainty is assigned to the 2-boson
MC prediction in the 2-lepton final state and is derived from the final Combine fit (see section
15.4).
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Figure 24: Left (Right): Prefit mge distributions of the Low (High) MET bin VV Validation Region, for 2016, 2017, and 2018
datasets. The purity of the region (measured in 2018 dataset) is estimated at 40% (60%) with MC simulation. Only the statistical
uncertainty is included.

15.2.4. The WZ Control Region
Because of relaxing the lepton requirement to pr< 3(5) GeV for muons(electrons), an important

contribution of events from the WZ process exists at low m,,, when the Z can be “off-shell” by
tens of GeV. To estimate this background in the analysis and normalize the prediction using data
events, an enriched WZ Control Region is designed and is separated into two p?‘iss bins, asin the
other CRs.

For the reason of including WZ* events with low me¢, which typically populates the Signal Region
(SR), two modifications have been introduced with respect to the older iteration of the analysis
[45]. Firstly, the 2-muon trigger for the LowMET bin is replaced by 2 single-lepton triggers (see
Table 6), and the selection for the leptons in the WZ-CR is modified to select a leading lepton
with pr>30(37) GeV, and the subleading and trailing leptons with pr>3.5(1) GeV for
muons(electrons) respectively. This selection is also used in both Low/High MET bins. The leading
lepton ensures orthogonality with the SR, while the next two low pr leptons result in many
opposite-sign pairs from the Z* decay. These modifications allow for reliable normalization and
proper assessment of the uncertainty of this type of background with floating parameters that
are determined from the final Combine fit (see section 15.4).

Because of significant contamination from some signal mass-points (with AM in the range 30-40
GeV), the selection of events is separated in the WZ-like Signal Region for m,, < 30 GeV, and in
the WZ-CR for my, > 30 GeV. Prefit dilepton mass distributions for the WZ-like SR and WZ-CR
are shown in Figure 25.
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Figure 25: Left (Right): Prefit mee distributions of the Low (High) MET bin WZ-CR, for 2016, 2017, and 2018 datasets. The vertical
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15.2.5. Non-Prompt Background Estimation
A “non-prompt” or “fake” lepton is a reconstructed object that doesn’t correspond to a real

lepton from the primary vertex. For electrons, the main sources of fakes are semi-leptonic heavy
flavor decays, misidentified charged hadrons, or photon conversions. For muons, the non-
prompt background is related to in-flight meson decays (e.g. charged kaons or pions) and semi-
leptonic heavy flavor decays. For simplicity, hereafter, this type of background will be referred
to as “non-prompt lepton background” or simply “fakes”.

The Fake-Rate Method

The background from non-prompt leptons is estimated by using 3 independent regions as
presented in Figure 26. Firstly, the Search Region (SR) is where the number of events with non-
prompt leptons needs to be estimated. Secondly, the Application Region (AR) is an enriched
region with fake leptons, which is orthogonal to the SR by requiring at least one lepton to fail the
lepton selection of the Signal Region. The estimation is based on data events from the AR by
weighing them with a transfer factor that depends on the probability of a fake lepton to pass the
Tight ID criteria of the SR. This misidentification probability is called Fake-Rate and is measured
using data in a QCD enriched region, the Measurement Region (MR). The leptons that are
included in the Application Region define a Loose Selection in the same manner like the leptons

that enter the Signal Region define a Tight Selection, which both are optimized by looking at the

MR and the AR to make the Fake-Rate measurements compatible with the composition of the
fake-events in the AR.
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Figure 26: The 3 orthogonal regions that are used for the non-prompt background estimation.

This approach is widely known as the “Tight-to-Loose” method in the CMS experiment. In this
analysis, the transfer factor formulas depend also on the separation, AR, of the leptons because
they are treated differently. Leptons that are not separated (AR<0.3) require a treatment where
the Fake-Rate probabilities describe both leptons as one object due to isolation peculiarities, as
described further below.

The Application Region

This region is defined by using the same kinematic selection as in the SR, but with the extra
requirement that at least one lepton fails the selection of the Signal Region (Tight ID and
isolation), leading to a region that is enriched in fake lepton events. These regions follow the
binning scheme of the SR, in the prompt analysis, with four pI#S bins (Low, Medium, High and
Ultra) in the 2-lepton final state and two bins (Low/High) in the 3-lepton final state, while in the
displaced analysis, with two pJ**sS bins (Low/High) and two in significance OLy, (Low/High). The
M,, distributions for the 2- and 3-lepton Application Regions for 2018 dataset are presented in

Figure 27 and Figure 28. Also, the displaced Application Regions for both final states are
presented in Figure 29.
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Figure 28: Application Region Mee distributions for Low ps® (left) and High pI*S (right) bins for the 3-lepton final state,
including the “Semi Data Driven” Scale Factors, and using 2016, 2017, and 2018 datasets.
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Data-Driven and Semi Data-Driven Methods

To estimate the fake background in the Signal Region, a transfer factor is applied on data events
of the AR. This is the Data-Driven (DD) approach and is preferred because it avoids any mis-
modeling at the simulation. However, in ARs with low-statistics!! data, it is possible that the DD
approach leads to predictions that are negative, with poorly defined uncertainties. To properly
predict the fake lepton contribution in the Signal Region for these cases, the transfer factors are
applied on the “non-prompt” MC events of the AR that are scaled to data. With this approach
the yields of the AR, which are used for background estimation, are given by the following
expression, and we profit from better statistics in the simulation.

data — MCpyromp:

MCnon—prompt X MC
non—prompt AR

This approach is named Semi Data-Driven (SemiDD) and the ratio term is the SemiDD Scale Factor

(SemiDD SF).

Using AR simulated events introduces a source of uncertainty, but due to good agreement of the
kinematical variables between prediction and observed data in the AR, this source of uncertainty

11 see Appendix 25 for unscaled Application Region plots
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is negligible and is omitted. Also, comparing the resulting closure? of the two methods with an
inclusive region with high statistics suggests dropping this extra uncertainty. When following the
SemiDD approach, the most significant source of statistical uncertainty is still the Poisson error
on the number of data events in each Mgy bin of the AR, and it is propagated to the SR by scaling
the statistical uncertainty of the prediction in SR, with the ratio of statistical uncertainties in AR,
between data and scaled non-prompt simulation (SemiDD).

For all three higher p}”iss bins in the prompt 2-lepton Application Regions, the SemiDD SFs are
calculated separately in bins of Mee, using inclusively all statistics available for p2"=>°"" > 200
GeV, avoiding in this way statistical fluctuations. The normalization of the non-prompt
predictions in the individual p**** bins (Medium/High/Ultra) is thus dependent on a “Rate

MCron—prompt(METbin) .
miss,corr * Th IS
Mcnon_pmmpt(pT >ZOOGeV)

Factor” that is applied along with the SemiDD SFs, as <

factor makes sense since the M¢ distributions between the 3 higher p#S bins are similar, which
is confirmed by comparing the distributions and using a linear fit on the ratio points between
different pI¥sS bins to establish that the dependance is similar across all Mes bins too. This
validation is presented in Figure 30 and the errors that come from this procedure define a
systematic uncertainty for the estimation of the non-prompt My shape in the final Combine fit
(section 15.4).
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Figure 30: Top: Normalized non-prompt MC Me. distributions for Medium, High, and Ultra p™*% bins for 2-muon (left) and 2-
electron (right) final states in the AR for 2018 dataset. Bottom: Ratios of Medium to the average of High and Ultra for muons
and electrons. A linear fit (f (x) = co + c¢1x) to the ratio points results in slopes compatible with zero (within some error that

defines a systematic uncertainty). The slope is —0.013 T 0. 014 for muons and —0.015 T 0.016 for electrons.

12 Closure: Comparison of kinematic distributions between the simulated events in the Signal Region and the Fake-
Rate prediction in the SR, resulting from weighting Application Region simulated events with the Fake-Rates that are
calculated with QCD simulation in the Measurement Region.
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For the 3-lepton final states, the simulation describes effectively the data, while the SemiDD SF

is measured inclusively in My¢ for both low and high bins of the AR. However, to prevent negative
predictions in the Signal Region, the SF is measured separately in different sidebands with 1, 2 or
3 leptons failing the SR selection.

The Application Region distributions for HighMET bins of 2-lepton final states are presented after
applying Scale Factors and Rate Factors in Figure 27, while for 3-lepton final states are shown in
Figure 28 including Scale Factors. An overview of the methods that are used for estimating the
non-prompt background in all regions is presented in Table 4.

Table 4: Summary of the methods that are used for estimating the non-prompt background per final state and p'T"iSS bin.

= SemiDD SemiDD SemiDD
bin-by-bin bin-by- bin-by-bin
bin
= DD

DD SemiDD SemiDD SemiDD
bin-by-bin bin-by- bin-by-bin
bin
DD DD

SemiDD SemiDD
inclusive inclusive

Transfer Factors for independent leptons (prompt AR>0.3)

In this case, the Fake-Rate is the probability of a single fake lepton entering the Signal Region
selection. Subsequently, the probability of a fake lepton to not entering the SR is (1-FR). Also, the
probability of a prompt (real signal) lepton entering the SR is called Prompt Rate and is measured
in W or Z simulated events!?, while the probability of a prompt lepton not entering the SR is
(1-PR). Using these probabilities, one can formulate the component of the yields that include
leptons that are Tight-Tight (Nr7), Tight-Loose (Nr), Loose-Tight (N.7), and Loose-Loose (Ny) to
the true yields including leptons that are Prompt-Prompt (Npp), Prompt-Fake (Npf), Fake-Prompt
(Nep), and Fake-Fake (Nee).

Npon—prompt = f1(PR, FR)Nyr + f,(PR, FR)Nyy, + f3(PR, FR)N,r + f4(PR, FR)Ny,
The resulting formulas for the transfer factors, after solving the appropriate 4x4 matrix equation,

which express the relation of these 2 spaces (Tight/Loose space and Prompt/Fake space), are the
following and express the Data-Driven approach.

13 The results for the Prompt Rates are included in the Appendix 27
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_ —PRFR,(1—FR;)(1 — PR;) — FR;PR,(1 — PR;)(1 — FR;) + (1 — PR)(1 — PR))FR,FR,
m= (PR, — FR))(PR, — FR,)

_ PRFR,PR,(1—FR,) W PR,FR,PR,(1 — FR,)
TL™ (PR, — FR))(PR, — FR,)’ LT™ (PR, — FR))(PR, — FR,)

_ —PR,PR,FR,FR,
~ (PR, — FR,)(PR, — FRy)

WLL

These transfer factors in the Semi Data-Driven approach are simplified significantly under the
assumption that PR>>FR. Again, solving the matrix equation results in the following transfer
factors.

FR, FR, —FR,FR,

Wrr =0, Wn=g7pp Wo=1"pp Wu =g mya—rry

Transfer Factors for correlated leptons (prompt AR<0.3 & all displaced)

In this case, the leptons are treated as one object and the Fake-Rate is the probability that both
fake leptons of the pair enter the Signal Region. Similarly, the Prompt Rate is the probability that
a pair of 2 prompt leptons entering the SR, and the failing probabilities are also defined in a
corresponding way, (1 — FR) and (1 — PR). Using these probabilities, one can formulate the
component of the yields that include lepton pairs that are both Tight (N+) and both Loose (N;),
to the true yields including lepton pairs that are both Prompt (Np) and both Fake (N).

Nnon—prompt = fl(PR: FR)NT + fZ(PR' FR)NL

The resulting formulas for the transfer factors, after solving the appropriate 2x2 matrix equation,
are following and illustrate the Data-Driven approach.

_ —(1—PR)FR
T~ PR—FR
W - PR FR

L= PR—FR

These transfer factors in the Semi Data-Driven approach are simplified under the same
assumption that PR >> FR. Again, solving the matrix equation results in the following transfer
factors.

W - FR
L™1-FRr

15.2.6. Non-Prompt Leptons from Pile-Up (Displaced Regions Only)
This component of the background concerns only the displaced analysis. It is about coincidences

of di-leptons that are formed by displaced leptons from Pile-Up (PU), which succeed to enter the
Signal Region selection due to isolation calculations that are not compatible with the PU vertices.
Displaced leptons from PU appear to be isolated and fake the signal because of the wrong point
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of reference of the isolation cone, as in the Particle-Flow algorithms the point of reference for
the momenta vectors is at the main PV of the event, and this leads to an isolated picture of this
component of the background with inconsistent Fake-Rates with the “tight-to-loose” method.

Considering the facts above, the data-driven prediction does not include this component, and
therefore it is estimated using the simulation. For this purpose, an orthogonal displaced Same-
Sign Control Region is used to validate the trustworthiness of the simulation before used to
estimate PU events in the displaced Signal Regions. Inverting the charge requirement makes the
region orthogonal to the Signal Region, also more statistics are achieved by relaxing the

A
requirements loglo% that are designed to eliminate PU events from the Signal Region. Since
Z

the double-muon trigger that is used to collect events for p¥”'ss < 200 GeV includes an implicit
requirement of an opposite-sign pair of muons, the displaced Same Sign CR is defined only for
PSS > 200 GeV.

In Figure 31, the Same-Sign Control Region is presented for both displaced muons and electrons.
Since the agreement between data and simulation is acceptable, the simulation is used in Signal
Region directly to predict the contribution of events with dileptons from Pile-Up.
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Figure 31: Top (Bottom): Distributions for L, and M, in the Displaced Muons (Electrons) Same-Sign Control Region, using
2016, 2017, and 2018 datasets. The agreement between data and simulation is within acceptable levels, therefore the
simulation can be directly used in the Signal Region to predict the Pile-Up background.
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15.3. Uncertainties
All systematic and statistical uncertainties that are considered in this analysis are incorporated in

the likelihood as nuisance parameters, which eventually are constrained by the data due to the
use of the Control Regions.

Trigger Efficiency

To account for any mismodeling of the online event selection and in simulated events, data-to-
simulation corrections are applied to all simulated events, in all regions. Up to 5% on the
predicted yield is assigned due to the trigger efficiency. Different years are treated separately,
with a new nuisance parameter, since the HLT muon reconstruction and the MET definitions
differs over the years.

Lepton Selection Efficiency

Corrections are derived by comparing data and simulation to account for differences in lepton
reconstruction and selection criteria for the leptons to enter the Signal and Control Regions.
These adjustments help equalize the performance between data and simulation, while any
residual systematic uncertainty (due to the extraction methods for these corrections) is also
propagated to the likelihood fit with extra nuisances.

B-Tagging Efficiency
The performance of the b-tagging algorithm [47] is equalized between data and simulation
through dedicated corrections.

e Contamination from light-flavor jets (u/d/s/g + c) in heavy-flavor regions

e Contamination of b + c jets in light-flavor regions

e Linear and quadratic statistical fluctuations for b jets and light jets

e Additional uncertainty for c jets to accommodate differences on their modeling
These corrections are treated as shape nuisance parameters, allowing for decorrelated treatment
along the bins of the invariant mass (M,,) during the final fit. Certain components of these
uncertainties are also decorrelated across years too, due to different detector performance
throughout the years.

Jet Energy Corrections (JECs)

Small variations in the jet energy scale, as determined by the recommended corrections centrally
from CMS [48], have a sizable impact on the shape of the M,, fitting templates. The
recommended jet energy scale (JES) uncertainties are implemented as shape uncertainties,
correlated across years.

Pileup Modeling

A reweighting is applied to correct the simulated Pile-Up per bunch crossing. The expected
number of interactions is estimated based on the inelastic cross section (69.2 mb, 4.6%
uncertainty) and is propagated to the pileup weights [49]. The resulting shape uncertainty is
included to the fit.
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Luminosity Measurement

This uncertainty on the luminosity measurement directly impacts both the expected signal and
the background yields. For Run2, the uncertainties are 1.2% for 2016, 2.3% for 2017, and 2.5%
for 2018 [50]. These are implemented as log-normal restrictions to the likelihood profile.

ISR Modeling and Pre-fire Corrections

For initial-state radiation (ISR), a conservative flat uncertainty of 5% is assigned. This choice is
motivated by studies from the SUSY Group (SUS PAG), where several tunings on the parton-
simulator were benchmarked and may have an effect from triggers to selections (due to
variations in jet pr ). Additionally, pre-fire corrections that account for issues to the
electromagnetic calorimeter in 2016 and 2017, are provided from CMS along with the
appropriate uncertainties, and are included as nuisances too.

Normalization Uncertainties

The estimation of important background processes is subject to normalization uncertainties that
are constrained via dedicated control regions and dedicated nuisance parameters. These are
processes of Drell-Yan, tt, and WZ, for the 2-lepton final states.

Systematic Uncertainties to the Simulation

Backgrounds, other than those with a corresponding Control Region, are estimated directly from
simulation and an uncertainty of 50% on this estimation is assigned. These are processes of di-
Bosons (ZZ and Zy, except WZ that comes with a CR) and other rare processes as one extra

component/nuisance.

Fake (or Non-Prompt) Leptons

The normalization uncertainties for these backgrounds depend on the lepton type, 40% for
prompt leptons and 50% for displaced ones (this comes from the closure studies in Section 17).
Additionally, specific shape uncertainties arise due to (a) how the data statistics in the Application
Region (AR) influence the simulation scaling to data, and (b) averaging the M,, templates in the

miss

AR for p7°° > 200 GeV. In (a), the fake-lepton estimation is influenced since the shape of the
simulation is limited to that of data in the AR before applying the Semi-DD method to get theM,,
templates. In (b), the approach could potentially lead to loss of modelling information due to

averaging the templates, leading to an extra uncertainty.

Theoretical Uncertainties on the Signal
Signal modeling includes theoretical uncertainties by doubling and halving the factorization scale,
while renormalization scale variations were studied and determined negligible for this analysis.

15.4. Statistical Analysis
A short description is presented of how the analysis uses a likelihood-based statistical test and

the Combine framework [44] to calculate the expected and observed limits. A simplistic example
of the method is illustrated using two Signal Region bins (SR1 and SR2), a background estimation
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within these regions, and a Control Region (CR) that is used to constrain a background process
with a nuisance parameter.

The Combine framework is a flexible statistical tool originally developed by CMS, for the Higgs
analyses back in 2012. Today, it is widely adopted across multiple analyses, including those from
CMS and ATLAS, for performing maximum likelihood fits and other limit-setting procedures (p-
values, significances, Asimov toys, etc.). At its core, Combine leverages a detailed likelihood
model that captures signal and background predictions, while incorporating systematic
uncertainties as nuisance parameters. This approach is particularly effective and flexible [41]
when dealing with multiple regions, for example several bins from a SR distribution, where one
hopes to observe a signal, or several bins from a CR that is constraining the background
estimation. Eventually, the likelihood is fit to the data or to the Asimov dataset [41], for observed
or expected results respectively.

15.4.1. Likelihood Construction and Model Building
In our example, the overall likelihood is built as the product of Poisson probabilities

corresponding to the individual regions and their respective bins. For example, for an M,
distribution that is separated in 5 bins, the likelihood is a product of 5 Poisson terms.

Signal Regions (SR1 and SR2)

These regions are designed to maximize sensitivity to a potential signal using a sequence of
selection cuts that focuses on the phase-space in question. For example, in the multilepton
analysis a selection cut of p’T"iSS > 200 GeV focuses to a SR, whose main background comes from
the tails of QCD distributions, making easier measurements on EWK processes. The number of
expected events, for each bin of the SR, is modeled as a combination of the expected signal
events (Spini), the background contributions (By;,;), and the signal strength (u) that is
considered floating and non-zero.

< x®P(bini) >= U Spini + Bpini

However, since signal and background predictions suffer from uncertainties (see the formulation
below), these estimates are adjustable with floating normalizations, which act as nuisance
parameters that can adjust the yields during the fit. The functions f; and f, are separate Poisson
distributions that regulate the expected events in each bin, with respect to some theoretical
mean value.

Spins = Cs f dx £, (x; 65)
bini

Bpini = Cp dx f,(x; 0p)

bini
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For the signal, the constant Cs can be incorporated within the signal strength. For the
background, this constant acts as an extra nuisance parameter, the floating normalization
parameter that is constrained by the CR.

Control Region (CR)

The control region is chosen such that it is enriched by background events (of some specific
source, if the point of enlarging the model with a CR is fine-tuning) and largely free of the
potential signal. Data in this region help constrain the nuisance parameters, especially the
floating normalization parameter C for the background. By doing so, the analysis reduces the
uncertainty in the background prediction in the signal regions. The CR is added to the likelihood
as an independent Poisson term, with the background expectation modified by the same floating
factors that influence the SR predictions. The number of expected events in the CR is modeled
similarly with the term B,;,,; and is subject to all the nuisances 6, 85, and to Cjy itself.

The complete likelihood function, which describes expected yields in all regions simultaneously,
is a product of Poisson terms that depend bin-by-bin on the signal contributions, background,
and systematic uncertainties (the nuisance parameters). In mathematical terms, if u is the signal
strength modifier, and @ collectively denotes the nuisance parameters, then one formulates the
likelihood as:

S,. + B,. )Nbin BMbin
L(w,0) = 1_[ (WSpin + Byin) e~ (WSpin+Bpin) x 1_[ g~ Mbin x 1_[1'[(91')

Ny;..! i
bin: SR1,SR2 bin bin:CR P syst

Here, n(ej) represents the probability density functions (usually Gaussian or log-normal) that
constrain the nuisance parameters. Each floating normalization parameter (for the background
components) is also treated as one such nuisance parameter, which is constrained by data in the
control region during the fit.

15.4.2. Maximum Likelihood Minimization and Limits
The Combine framework performs a simultaneous fit to the data in SR1, SR2, and CR by

maximizing the likelihood (or equivalently, minimizing the negative log-likelihood). During this
minimization, it adjusts the nuisance parameters (and the normalization factors) to best match
the observed data across all regions, thus the floating normalization ultimately results in a
constrained background model that is enhanced by the control region data.

Because the normalization factors are shared between the Control and the Signal Regions, any
issue on the modeling that is observed in the CR directly impacts the background estimate in the
SRs. However, it also works in reverse as this “simultaneous fit” allows the analysis to profit from
the modelling in the CR, which is usually better populated, reducing the overall impact of
systematic uncertainties on the results.

When searching for a discovery, one formulates two hypotheses: the null hypothesis H, that
represents the “background-only” scenario that is signal-free, and the alternative hypothesis H;
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that represents the presence of both background and the signal in question. A “test statistic” is
afterwards constructed as the profile likelihood ratio of H;-to-H, and quantifies the level of
agreement (or disagreement) between the observed data and H,. A significance greater than
50, equivalent to p-value less than 2.9 x 1077, is required to accept the new hypothesis H;.

When setting limits for excluding a theoretical hypothesis, one formulates the hypotheses in
reverse: the null hypothesis H, represents the presence of both background and signal, and the
alternative hypothesis H; represents the signal-free scenario that is meant to be tested for
acceptance. Usually, limits are set along some parametrized phase-space and the acceptance of
H; can be proven (with the collected data) in a subspace of the tested phase-space. The “test
statistic” is again constructed as the profile likelihood ratio of H;-to-H, and any significance
lower than 1.650, equivalent to p-value greater than 0.05 (CL 95%), is considered enough to
reject the new hypothesis H,,.

III

The profile likelihood ratio is defined as follows: the numerator is the “conditional” maximized

likelihood (ML) for some specific value u = u’, and the denominator is the “unconditional”
maximized likelihood. To simplify the situation, in the asymptotic limit with enough statistics,
where the “test statistic” is proven that follows y2-distribution (Wilks’ theorem), and the signal
strength estimator from the ML fit {1 follows with enough accuracy a Gaussian distribution
(Wald’s theorem), the numerator and the denominator can be approached with the conditional

maximized likelihoods using © = 1 (nominal signal) and u = 0 (signal-free) respectively.

L (u =, é) _Lsyp
£(n,8)  Lg

AW =

The corresponding “test statistic” then is q, = —2 In A(u) and is also implemented using these
approximations in the Combine framework, since it greatly simplifies the computations of p-value
and significance without requiring extensive Monte Carlo simulations.

Observed Limit

The observed limit is obtained by fitting the likelihood function to the actual observed data. This
fit yields the best-fit values for both the signal strength y and the nuisance parameters 6 (ML
estimators [ and 6). The profile likelihood ratio is then computed. The observed limit is defined
as the point where the p-value crosses the reference confidence level (95% for rejections or 50
for discovery).

Expected Limit

To estimate the expected limit, the analysis uses the Asimov dataset, which represents the
median expectation yields in the absence of the signal. In practice, one constructs the Asimov
dataset using the background-only hypothesis (u = 0), incorporating the same systematic
uncertainties. The likelihood is then maximized using this pseudo-dataset, and the same test
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statistic is computed, as used for the observed limit. The expected limit is usually quoted as the
median limit along with +10 bands that represent deviations because of fluctuations in the
background and the systematic uncertainties. This usually serves as a benchmark test for the
analysis before inspecting the actual data.

The Combine framework calculates both expected and observed limits by constructing and
maximizing appropriately the likelihood that may incorporate contributions from multiple
regions.

16. Event Reconstruction

16.1. Datasets & Triggers
The analysis is based on proton-proton collision datasets recorded by the CMS experiment during
the LHC Run-2 period. These data correspond to an integrated luminosity of about 137 fb~1!
(36.3 fb™1,41.5 fb~1, and 59.8 fb~! for 2016, 2017, and 2018 periods respectively) and were
collected with several triggers implemented by the HLT group of the experiment. The trigger
algorithms that are used in this analysis are mostly based on Missing Transverse Energy (MET)
and Double Muon and the primary datasets are named after these algorithms.

The reconstruction of the collected and simulated events is centrally operated by the CMS
experiment. This round of reconstruction is named “Ultra Legacy” (UL) and is a re-reconstruction
campaign for the entire Run-2 dataset that targeted issues that were discovered during the first
round of analysis on Run-2 datasets, while also incorporates new algorithms that are expected to
boost data purity and physics efficiency. One of these new algorithms is the reconstruction of
“LowPt-Electrons”, used in this analysis extensively, and is built with different requirements
compared to the Particle-Flow reconstruction (see section 16.2.2).

Simulated physics samples are used to estimate yields from Standard Model background
processes with the leading components to be events from tt, DY and W leptonic decays that also
contain hadronic activity (jets). These samples are produced at leading order (LO) using the
Madgraph framework. Other backgrounds like di-boson, single top quark, and rare processes are
produced at next to leading order (NLO) with the aMCatNLO or the Powheg software. The
standard NNPDF3.1 framework for LO and NLO PDF sets is used for the production, Pythia 8
framework handles the showering and hadronization steps, GEANT4 framework handles the
detector simulation, and finally all the simulated samples are reconstructed centrally by CMS
according to the UL campaign using the CMSSW framework.

From here on, the output quantities that come after the hadronization step (after Pythia 8) are
referred to as “generated”, and the output quantities that come after the CMS reconstruction
(after CMSSW) are referred to as “reconstructed”.
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The complete list of the MC samples that are used by this analysis is shown in Table 5, together
with cross-sections, and is categorized in different background groups, as presented in the plots
of the analysis.

Table 5: List of simulated samples together with cross-sections. They follow a categorization specifying in which processes of
the analysis they are used.

Process Datasets Cross-section[pb]
Signal SMS-TChiWZ_ZToLL_mZMin-0p1_TuneCP5_13TeV-madgraphMLM-pythia8 SUSYCrossSections
SMS-TChiWZ_ZToLL_mZMin-0p1_LLN2_TuneCP5_13TeV-madgraphMLM-pythia8 [43]

SMS-HiggsinoN2N1_ZTolLL_LLN2_TuneCP5_13TeV-madgraphMLM-pythia8
SMS-HiggsinoN2C1_ZToLL_LLN2_TuneCP5_13TeV-madgraphMLM-pythia8

Fakes WletsToLNu_TuneCP5_13TeV-madgraphMLM-pythia8 1935.68
ST_t-channel_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 216.97
ST_s-channel_4f leptonDecays_TuneCP5_13TeV-amcatnlo-pythia8 3.68
WWTo1L1Nu2Q_4f_TuneCP5_13TeV-amcatnloFXFX-pythia8 43.53
WZTo1L1Nu2Q_4f_TuneCP5_13TeV-amcatnloFXFX-pythia8 10.71
DY, Fakes DYlJetsToLL_TuneCP5_13TeV-madgraphMLM-pythia8 1279925
Z)JetsToNuNu_TuneCP5_13TeV-madgraphMLM-pythia8 352.25
Rares, Fakes | ST_tW_top_antitop_5f NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 39.1
TTlets_SingleLepton_TuneCP5_13TeV-madgraphMLM-pythia8 364.35
TTWlJetsToLNu_TuneCP5_13TeV-amcatnloFXFX-madspin-pythia8 0.2043
TTZTolLL_M-10_TuneCP5_13TeV-amcatnlo-pythia8 0.306
tZq_ll_4f_ckm_NLO_TuneCP5_13TeV-amcatnlo-pythia8 0.07358
ST_tWII_5f TuneCP5_13TeV-madgraph-pythia8 0.01123
tt, Fakes TTJets_DiLept_TuneCP5_13TeV-madgraphMLM-pythia8 87.31484
Rares TGlets_leptonDecays_TuneCP5_13TeV-amcatnlo-pythia8 1.018
TTGJets_TuneCP5_13TeV-amcatnloFXFX-madspin-pythia8 4.09
WGToLNuG_TuneCP5_13TeV-madgraphMLM-pythia8 466.1
ZGTolLLG_01)_5f lowMLL_lowGPt_TuneCP5_13TeV-amcatnloFXFX-pythia8 172.4
Tri-Boson_(WWW/WWZ_4F,_WZZ/77Z) TuneCP5_13TeV-amcatnlo-pythia8 0.24193
VV, Rares WWTo02L2Nu_TuneCP5_DoubleScattering_13TeV-pythia8 0.20870
WpWpJJ_EWKnotop_TuneCP5_13TeV-madgraph-pythia8 0.02687
VV, Fakes WZT02Q2L_mllmin4p0_TuneCP5_13TeV-amcatnloFXFX-pythia8 6.43
VVTo2L2Nu_MLL-1toInf_TuneCP5_13TeV-amcatnloFXFX-pythia8 14.75
Z7T02Q2L_mllmin4p0_TuneCP5_13TeV-amcatnloFXFX-pythia8 3.698
Vv WZTo3LNu_mllminOp1_TuneCP5_13TeV-powheg-pythia8 40.4105
ZZTo4L_M-1toInf_TuneCP5_13TeV_powheg_pythia8 13.74

Finally, for the Signal processes, the corresponding SUSY samples that are based on the simplified
models are processed with the CMS UL campaign and the simulation of the dynamics, the
hadronization, and the detector response of the SUSY particles is modeled at LO, using the same
frameworks as for the background samples. The generated mass-hypotheses, for both Wino-Bino
and Higgsino signals, include gaugino (fully degenerate) masses from 100 to 600 GeV, in steps of
25 GeV, and mass-splitting values of 0.6, 0.8, 1.0, 1.5, 2, 3, 5, 7.5, 10, 15, 20, 30, 40 and 50 GeV.
The cross-section values that are used are Wino-like and Higgsino-like calculations at 13 TeV and
NLO, with chargino-neutralino and neutralino-neutralino topologies. The cross-sections are
provided as function of mass, by the CMS SUS PAG group in the Twiki (see Table 5). [43]

MET Triggers


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections
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The data selection for the analysis is achieved with several HLT Paths, presented in Table 6. It
categorizes different paths by year, by MET bin, and by region that are used to populate. Using

HLT paths that trigger exclusively on p"*$°°"™ a psScalculation without muons, makes it

possible to study regions without complex requirements on the muon momenta due to the

pMiss which correlates the muon py. For these regions (HighMET regions), the lowest threshold

of “unprescaled” HLT triggers that is based on p2"™*>°"" is used to filter events, while is seeded

miss,corr miss,corr

by pure p; paths at the L1 too. Choosing only p; triggers made it simpler to benefit
from the full recorded luminosity, for all 3 years.

DoubleMuon and Electron Triggers
Because of lower efficiency at the turn-on of HighMET trigger, a dedicated DoubleMuon trigger

with pIT¥sS is used as well. This trigger was developed by a previous iteration of this analysis,

covering specifically the loss of efficiency below 200 GeV of p*sS, and was designed to be at the

plateau at pJ¥$ > 125 GeV (LowMET region, only muons SR). It is seeded by DoubleMuon and

miss,corr miss

Pr paths at the L1 trigger and includes DoubleMuon and p;™*°° requirements at HLT.
Furthermore, extra requirements that vary between years are also added, such as “the distance
of the muons on the z-axis”, Az(up), “the distance of Closest Approach or minimum distance of
tracks”, DCA, and the Invariant Mass. These extra requirements regulate the rate. Additionally,
a soft'# Single Electron trigger is also used for the “3L LowMET” WZ region, allowing the sub-
leading and trailing (third) lepton to be even softer.

1 Trigger that requires low thresholds on pr
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Table 6: A complete list of the triggers (HLT paths) that are used to select data and simulated events in all the regions/years of
the analysis. In this table, the three higher p%‘iss bins, Medium, High, and Ultra, are noted as High p?iss.

Year Region Trigger (Lumi) Requirements
miss miss
2016 | Low py HLT DoubleMu3_PFMET50 (33.5fb-) pr ™ > 50 Gev
SR & CR M(£€) < 60 GeV
pr > 3 GeV
DCA < 0.5cm
Low pipiss HLT_IsoMu24 (36.3fb-%) pr > 24 GeV +Is003
WZ CR > 26 GeV + WP
HLT Ele27_WPTight Gsf (36.3fb-Y) pr
f miss miss,corr
H;g;;zR HLT_PFMETNoMu120_PFMHTNoMu120_IDTight (36.3fb-%) Pr > 120 Gev
miss miss
2017 | Low pf HLT_DoubleMu3_DZ PFMET50_PFMHT60 (36.7fb-Y) pr" > 50 Gev
SR & CR 3.8 < M(£%) < 60 GeV
pr > 3 GeV
|dz| < 0.2 cm
Low pipiss HLT_IsoMu27 (41.5fb-%) pr > 27 GeV + Is003
WZ CR > 35 GeV + WP
HLT Ele35_WPTight Gsf (41.5fb-%) pr
f miss miss,corr
H;th;ER HLT_PFMETNoMu120_PFMHTNoMu120_IDTight (41.5fb-1) Pr > 120 Gev
HLT_PFMETNoMu120_PFMHTNoMu120_IDTight_PFHT60 (41.5fb-1)
miss miss
2018 | Low py HLT DoubleMu3_DCA PFMET50_PFMHT60 (59.3fb-2) pr " > 50 Gev
SR & CR 3.8 < M(#¥) < 60 GeV
pr > 3 GeV
DCA < 0.5cm
Low pipiss HLT_IsoMu24 (59.8fb-%) pr > 27 GeV + Is003
WZ CR > 32 GeV + WP
HLT_Ele32_WPTight Gsf (59.8fb-%) Pt
f miss miss,corr
H;ih;ER HLT_PFMETNoMu120_PFMHTNoMu120.IDTight (59.8fb-%) Pr > 120 Gev

HLT_.PFMETNoMu120_PFMHTNoMu120._1DTight_PFHT60 (59.8fb~%)

The efficiency of selecting an event with these trigger paths is different between simulated and
real data, so corrections (data/simulation Scale-Factors) need to be calculated and applied to the
simulation. The efficiency is measured in both data and simulated background events for a
mixture of DY, tt, and DiBoson processes, and are parametrized differently depending on the
peculiarities of each trigger path. The trigger corrections are defined by the following ratio.

€data

SFtrigger =
Esimulation

In HighMET regions the corrections are parametrized using an error function, an integration of a
gaussian around the mean value (u) of the missing energy of the events in the dataset of the
measurement. The same parametrization is used across all years. An example of these efficiency
measurements is presented for 2018 in Figure 32, together with the parametrization of the
corrections. A similar approach holds for the “METNoMu” triggers.
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Figure 32: Efficiencies measured in simulation and real data for the “HLT_.PFMETNoMu120” trigger for 2018 dataset (59.3
fb=1). They are parametrized and fitted with the expression above using an error function.

The dedicated DoubleMuon plus pI¥sS triggers are used in the LowMET Signal Regions and in all
the Control Regions except WZ. The efficiency measurements are factorized using 3 terms, the
leptonic (uu), the missing pI¥sS, and the extra requirements like DCA (or Dz). These triggers also
include an invariant mass requirement on the muons (M, < 60 GeV), but its inefficiency was
negligible below 56 GeV. As an example, measurements for 2018 and the DCA variant of this

trigger are presented below.

€ = Eu1&u2 X Egistance X €p7721i55
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Figure 33: Measurements for the leptonic terms (top) and the transverse missing energy term (down) of the trigger efficiency
for data on the left and for MC simulation on the right. The leptonic efficiencies are parametrized as a function of muon prand

n, the missing energy efficiencies are parametrized as a function of p**and p"**°"", and both are measured with the tag &

probe method on DY, ttbar, and DiBoson events for 2018 (59.3fb-1). The DCA contribution is measured separately and is
estimated to be 96.2% for real data and 96.5% for simulation.

On the displaced regions, the plan is to use the same triggers to select events with displaced
leptons, but this is not applicable in all cases. In HighMET regions, the triggers that are used
(METNoMu) do not depend on the Primary Vertex, making them useful for displaced regions too.
On the contrary, in LowMET using the same triggers to populate regions with displaced events is
not always possible, so both LowMET regions have been dropped for 2016 and 2017, since a
compatible trigger with the displaced regions wasn’t an option. In 2018, the DCA trigger was
active, with verified efficiency for long-lived particles.

In terms of Scale-Factors, the calculation was separated to two steps. The terms that depend on
pMiss do not present dependency on the displacement, while the leptonic terms, in general, is
expected to depend on the reconstruction efficiency of the muon track. Due to this, the LowMET
trigger for 2018 is also parameterized in displacement too. SFs are derived as a function of
displacement and measured on displaced J /i events that have been collected with orthogonal
triggers based in p’T”iSS, hadronic activity, and electrons, probing always the displaced muons
inside jets. Other dependencies on the distance of closest approach (DCA) and/or the mass
requirements are consistent with a SF=1. Figure 34 shows the difference in data and simulation
efficiencies for the displacement part of the LowMET trigger.
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Figure 34: The efficiency for the leptonic part of the Double Muon plus p'T"i“ trigger that is used for the “LowMET” region in
2018 parametrized in displacement of the muon vertex (left) and in the significance of the displacement (right)

16.2. Object Reconstruction
16.2.1. Primary and Secondary Vertices

The analysis depends on identifying correctly the points within the detector where the decays
have taken place. In the prompt regions, the identification of the lepton tracks from the signal
relies only on the “Primary Vertex” (PV), which is the intersection of the tracks that are (usually)
included in the most energetic jets of the event, and this vertex is located almost at the center of
the x-y plane of the detector. This vertex is commonly thought as the position of the hard
interaction of the event, however other softer interactions (Pile-Up) result to more than one “PV-
like” vertices to be reconstructed in the event, making it non-trivial to correctly identify the
original position of the hard process.

In CMS, the PV is reconstructed from tracks with the “deterministic annealing algorithm” that
clusters tracks together, which originate from the same point, by minimizing a distortion function
to conclude to the final number of clusters (final PVs). Finaly, the vertices are fitted and updated
by their associated tracks and are classified using the quadratic sum of the tracks’ momenta. The
PV is selected to be the most energetic vertex that lies within +24 cm in z-direction and up to
2 cm away from the beam collision point in the x-y plane.

Identifying the correct "Secondary Vertex" (SV) of an event, which is considered as the decay
position of the signal neutralino to off-shell Z* and leptons, is crucial for displaced regions. The
reconstruction of the extra vertices, which are related to the decay of the neutralino, follows a
custom approach that depends on lepton tracks that are not consistent to the selected PV of the
event.

The reconstruction of the candidate SVs relies on fitting a pair of lepton tracks to a common
vertex without considering the PV for the fit. The selection includes Particle-Flow tracks of
electrons and muons that are not consistent with the PV (large impact parameter). Pairs of such
tracks are processed by a Kalman Vertex Fitter (the “Refitter Module”) that updates the vertex
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location as the tracks are appended to the fit in a “Kalman Filter” fashion'®. Finally, the track
parameters are refitted to the SV and a probability related to the fit is assigned. The result is then
validated by requiring the output location of the SV to be within the Tracker of the CMS detector.
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16.2.2. Prompt Electrons
This section presents the reconstruction and the selections of the analysis for electron candidates

from the primary vertex (PV), also highlighting customizations to enhance the sensitivity at very
low AM (mass splitting) points. This is succeeded by optimizing the selection of low-pT electrons
and is crucial for probing compressed mass spectrum scenarios. This approach aims to maximize
the efficiency and the signal acceptance while minimizing background events. Two distinct
electron reconstruction algorithms, GED (Global Event Description) and LowPt Electrons, are
merged to supply a wide range of transverse momentum (pT), targeting soft electron signals that
are characteristic of low AM regions.

GED electrons are optimized for transverse momentum above 3 GeV and are tailored for
scenarios where bremsstrahlung-induced energy losses significantly affect the track
reconstruction. The reconstruction process uses the Gaussian Sum Filter (GSF) algorithm, which
considers non-Gaussian effects caused by bremsstrahlung and provides accurate track fitting and
energy measurement for electrons. Two seeding techniques are employed for GED electrons.
Firstly, the ECAL-driven seeding, which is initiated by superclusters that are identified in the
electromagnetic calorimeter (ECAL), is effective for high-pT tracks and isolated electrons typically
arising from prompt processes. Secondly, the tracker-driven seeding, which is initiated using
general Kalman Filter tracks and propagates towards the calorimeter, is designed for low-pT and
non-isolated electrons that are more challenging to reconstruct. GED electrons can be upgraded
to Particle Flow (PF) electrons when they meet additional selection requirements for matching
calorimetric and tracking information, contributing to a comprehensive event reconstruction.

15 The Kalman Filter method relies to appending a new input to a collection of previously analyzed inputs, calculating
gains, and updating the fitted quantities with each new iteration. Examples of inputs can be hits in a trajectory, or in
this case, multiple tracks defining an intersection (the SV), with the parameters of the trajectory or the coordinates
of the intersection to be the fit results respectively. An extensive example of a Kalman Filter and theory can be found
in [31].
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LowPt electrons address the reconstruction inefficiency for very low transverse momenta,
critical for reconstructing the signal down to 1 GeV, and boosting the acceptance at very
compressed scenarios. This reconstruction uses exclusively tracker-driven seeding that is more
suitable for low-momentum tracks. It utilizes boosted decision tree (BDT) classifiers, a kinematic-
agnostic classifier, which operates using general track properties independent of kinematic
assumptions, and a kinematic-aware classifier, which leverages track momentum and positional
correlations to enhance reconstruction accuracy. The identification of LowPt electrons employs
the MVA ID (trained at 28-Nov-2020 by CMS), integrating a comprehensive set of features
including tracking, calorimetric, and geometric information to distinguish electrons from
background.

To prevent double counting of electrons reconstructed by both GED and LowPt algorithms, an
overlap removal algorithm is implemented. Overlap is determined based on the spatial resolution
threshold (AR < 0.05). Above 3 GeV GED electrons are prioritized over LowPt electrons due to
their superior accuracy in high-prt regimes and the threshold is selected in such a way that the
background rejection of the 2 collections is as smooth as possible transitioning from one to the
next region.

One of the most important criteria that is applied on the selections is the threshold on the PF
Isolation to reduce background from hadronic decays. Setting the AR threshold to 0.05 results in
occurrences of leptons very close-by in the Signal Region and the Isolation sums are compromised
with energy that comes from the close-by electron. In cases where the second electron does not
pass the PF-ID, these sums need to be recalculated after removing its pr component from the
isolation sum, because the track and the CALO cluster primitives are included to the original
isolation sum as PF hadrons and photons?®.

Loose and Tight Selections

Electrons are categorized into 2 selections depending on further analysis requirements and how
they will be used downstream to define the regions. Selection criteria involve factors such as
geometry and momentum, where thresholds are at 1 GeV for LowPt and at 3 GeV for GED
electrons, with || < 2.5. Impact parameter thresholds, transverse (dxy) and longitudinal (dz),
are used to reduce contributions from non-prompt sources such as B-hadron decays. Corrected
isolation sums are computed within a cone (AR < 0.3), excluding electrons from nearby leptons
as described above to reduce the hadronic background, and the thresholds are adapted to
balance signal efficiency and background rejection. CMS Standard ID definitions, which follow
CMS recommendations, are used for pr > 10 GeV, while custom “Tight 90%" and "Loose 98%"
MVA IDs are used below 10 GeV, optimizing the performance to maintain the efficiency relatively
constant as merging the 2 collections of electrons.

1 PF Abs 1503 = Zcone pT(hi/O) + Zcone pT(yo)
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Table 7: Loose and Tight requirements definitions for electrons.

Tight
<25
1-5 5-10 >10 1-5 5-10 >10
Custom Loose 98% WPL Custom Tight 90% WP90
v
v
<10 <5
<0.05 <0.05-0.0065(pt-5) <0.0175 <0.025 < 0.025-0.003(pt-5) <0.01
<5 < 5-0.5(pt-5) <25 <25 < 2.5-0.1(pt-5) <2
<0.05
<0.1
- < 0.45
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Figure 36: Left: Comparison of the reconstruction efficiency of the signal for Loose (in Yellow) and Tight (in Purple) selections
for 2018 dataset. Right: Breakdown of the efficiency drops for the Tight selection starting from the merged collection (in
Green), the MVA-ID (in Orange), the Isolation (in Pink), the Impact Parameter cuts (in Blue), and the Deeplet bTag-veto (in
Purple). All other years, 2016 and 2017, have been tested and illustrate the same performance as for 2018.

Background includes electrons from photon conversions, jets misidentified as electrons, and
electrons from heavy-flavor decays. Mitigation strategies involve using advanced isolation
definitions, tailored to suppress fake electrons, and applying the Deeplet b-tagger to identify and
reject electrons originating from B-hadron decays.

16.2.3. Displaced Electron Pairs
The pairs of Low-Pt electrons that result from the Refitter Module selected keeping only those

that illustrate good compatibility of the electron pair to the formed SV. The selection is made by
imposing cuts to the Kalman fit probability and the minimum distance of the 2 tracks in each pair
(DCA, distance of closest approach). In the displaced electron regions, it is decided to include only
the Low-Pt reconstruction, since studies have shown that its efficiency is beneficial compared to
Particle-Flow electrons. Additionally, any SV with transverse distance from PV (L,,,) less than 0.05
cm or including an electron track with impact parameter to the PV (IP5p) less than 0.0175 cm, it
is removed from the selection. This is necessary to maintain the orthogonality between the
prompt and displaced regions, making it possible to combine the results in a trivial manner.



Criteria
In]
pr[GeV]
IP3p [cm]
91p;3p

Displaced ID
CHG

PF Is olclll:rsle()3
[GeV]
Lyy [em]
Charge OS
DcCA 3D [ cm ]
Fit prob.

B-vertex veto

Table 8:
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Loose and Tight definitions for displaced pair of electrons.

<25
1-5 5-10 10-30
>0.05 >0.05 - 0.0065 (pr-5) >0.0175
>5 >5-0.5 (pr-5) >25
- Custom 95% WP
<50 <3
>0.05
v
<0.2
>0.1
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Figure 37: Top: From left to right, breakdown of the single electron efficiency (2018) for the Tight Displaced selection in the
ranges 1< pr<3GeV,3 < pr<5GeV,5< pr<10GeV, and 10 < py < 30 GeV, starting from the selected LowPt electron tracks

(in Green), the Displaced-ID (in Orange), and the Isolation cuts (in Light Blue). Bottom: A py inclusive breakdown of the
Displaced Dielectron efficiency starting from the selected Electrons (in Dark Blue), the Input to the Refitter (in Pink), the Output
of the Refitter (in Red), the effect of the AR-Matching to identify the signal (in Dark Red), the Quality selection (in Light Green),
and the impact of applying the Displaced ID on both electron tracks (in Orange).

Table 8 shows the list of selection criteria applied on reconstructed candidates to be identified
as Tight Dielectrons. The selections include the Displaced ID, which is a modified 95% Working-
Point (WP) version based on the same Low-Pt BDT that was provided by CMS for Run2 and was
used in the regions with prompt electrons. The isolation requirement uses a different calculation
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of the Particle-Flow sum, using only charged components, since it was found that the nominal PF
Isolation performs worse for p; > 10 GeV. The reconstruction of the displaced electrons from
signal for these p; is already weak as can been seen in the efficiency plots in Figure 37.

Isolation and Displaced ID for the displaced regions are tuned to maintain signal efficiency across
the pr range as constant as possible, with a uniform cumulative impact of around 10% on top of
the LowPt reconstruction.

16.2.4. Prompt Muons
The Muon candidates of the analysis rely on the standard CMS reconstruction techniques and

some predefined identification criteria that are provided by CMS.

The candidates in the analysis originate from two categories, tracker-only and tracker-plus-
muon-system, but they are not treated differently. Candidates that are not associated with any
tracker track are dropped in this analysis, because compared to the other categories they have
relatively poor momentum resolution at low pr. On the contrary, Tracker tracks that are
reconstructed, using an inside-out approach, result in selections with better low pr resolution.
Since only a single matched muon station is required to qualify as a tracker muon, the tracker
reconstruction introduces a challenge to separate muon tracks from other charged tracks, like
pions, that hardly reach the muon system.

Muon candidates should satisfy the Particle-Flow ID in three ways; tracker-plus-muon-system
candidates that have a relative isolation less than 0.1, track-only candidates with a minimum
number of track segments and a good compatibility between the muon segment and calorimeter
deposit regardless of the isolation, or candidates with momentum significantly larger than the
associated energy deposit in the calorimeter.

Loose and Tight Selections

As for electrons, for Muons we define 2 selections that are used in the analysis in a different
manner, the Tight selection that is used to define the Signal Regions of the analysis, and the Loose
selection that is used for the background estimation in the Application Regions. The loose and
soft CMS IDs are applied on all muons, while muons are also required to be PF candidates
implicitly by the CMS loose ID too. The soft ID imposes requirements on the number of Tracker
and Pixel layers with hits, track purity, and on the impact parameters of the tracks (dx,and d).

Additionally, to these Muon Group requirements, customized selection criteria based on
isolation, impact parameters, and a jet association veto are applied, which further optimize the
selections for their use in the Signal and Application Regions respectively. The key target of this
customization is to reject analysis specific background like muons that may be included in jets
from B-hadrons. Also, by optimizing the cut on the Deeplet score [47] for the b-tagger eliminates
(as much as possible) the flavor dependency of the fake rate measurements that are used in the
background estimation on data events in the Application Region.
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Table 9: Loose and Tight requirements definitions for muons.

Criteria Loose
Inl <24
pr[GeV] >3.5
POG Loose ID v
POG Soft ID J
PF Is0%55,,; [GeV] - <5
PF Iso¢,.o3 <1.0 <0.5
IP3p [cm] <0.0175 <0.01
SIPsp <25 <20
dyy, [cm] < 0.05
d, [cm] <0.1
DeeplJet veto = < 0.15
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Figure 38: Left: Comparison of the reconstruction efficiency of the signal for Loose (in Yellow) and Tight (in Purple) selections
for 2018 dataset. Right: Breakdown of the efficiency drops for the Tight selection starting from the merged collection (in
Green), the CMS Loose Muon-ID (in Orange), the Isolation (in Pink), the Impact Parameter cuts (in Blue), and the DeepJet bTag-
veto (in Purple). All other years, 2016 and 2017, have been tested and illustrate the same performance as for 2018.

Backgrounds include muons from B-hadron decays and misidentified jets, like in the electron
case. Similar strategies are used to mitigate these backgrounds, involving isolation to suppress
fake muons, and the Deeplet b-tagger to reject muons originating from B-hadron decays.

16.2.5. Displaced Muon Pairs
The resulting pairs of muons that result from the Refitter Module are cleaned and a subset of

these is selected keeping only the pairs that show good compatibility of the refitted muon tracks
to the formed SV. This selection is made by imposing cuts to the Kalman fit probability and the
minimum distance of the 2 tracks in each pair (DCA, distance of closest approach). Additionally,
any SV with transverse distance from PV (Ly,) less than 0.05 cm or including a muon track with
impact parameter to the PV (IPsp) less than 0.0175 cm, is removed from the selection. This is
necessary to maintain the orthogonality between the prompt and the displaced regions, making
it possible to combine the results in a trivial manner.



98

Table 10: Loose and Tight definitions for displaced pair of muons.

Criteria Loose
In/ <24
pr[GeV] >3.0
IP3p [em] >0.0175
Displaced ID PF-ID PF-ID and (Global or Tracker)
and (Global or Tracker) highPurity and TMOneStation
- <50 <10
PF Isoe, o3 - <1
Ly, [cm] >0.05
Charge 0S v
DCA3p [cm] <0.2
Fit prob. >0.1
B-vertex veto - v

To select the signal events and to separate some of the background processes in different
categories (from PU and from lJets), this analysis relies on matching simulated leptons
(muons/electrons) with reconstructed leptons using a AR cone of 0.3. In this calculation, the
reference point of the cone is the PV, but in decays of long-lived particles like the Neutralino, the
appropriate reference for the cone should be the SV, because for simulated events the
momentum vector is calculated with respect to the decay position. This fact is not causing any
problem to the displaced muons, but in the case of displaced electrons it leads to inefficiency
reconstructing the signal and a subsequent worsening in the limits. So, a relaxed version of AR-
Matching is used.
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Figure 39: Top: From left to right, breakdown of the single muon efficiency (2018) for the Tight Displaced selection in the ranges
3<pr<5GeV,5<pr<10GeV, and 10 < pr < 30 GeV, starting from the selected muon tracks (in Green), the Displaced-ID (in
Orange), and the Isolation cuts (in Light Blue). Bottom: A pr inclusive breakdown of the Displaced Dimuon efficiency starting
from the selected Muons (in Dark Blue), the Input to the Refitter (in Pink), the Output of the Refitter (in Red), and the Quality
selection (in Light Green).

Table 10 shows the list of selection criteria applied on reconstructed dimuon candidates to be
identified as Tight Dimuons. The selections include the Displaced ID, which is an adjusted version
of the CMS Soft-ID [46] that is used in the prompt muon analysis. This version of ID does not
apply impact parameter cuts or requirements on the number of pixel and tracker hits, preserving
efficiency for larger displacements.

The isolation criteria use standard PF variables, still effective on rejecting background candidates
from B-decays even at large displacements. The thresholds are slightly relaxed compared to tight

prompt selection.

16.2.6. Scale Factors
Selection Efficiencies may differ between the simulation and real data because of several

components and algorithms that are involved in the tables that have been shown previously
about the requirements. For each object that is used in the analysis, the selection efficiency is
split into terms, which are calculated separately. Eventually, the Scale Factors that were applied
to the simulated events are defined as ratios of data-to-simulation efficiencies.
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The Scale Factors are measured in specially designed regions with the Tag & Probe method, an
approach that identifies the lepton that is triggering the event (“tags it”), and it measures the
efficiency (“probing”) using other high-quality leptons. Once the appropriate collection of leptons
(or Dileptons) is selected, the sample is divided in 2 sets for the denominator and the numerator
by applying the appropriate selection cuts that define the efficiency term that to be measured.
These sets of probe objects are named “Passing” and “Failing”.

passing failing
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Figure 40: Passing and Failing sets used to measuring data efficiencies for muons and electrons. Such selections are described
in next sections, corresponding to the terms e(u; TightID|LooselD) and £(e; RECO) for the prompt analysis in the ranges
20 <pr <30 and 1.2 < |n| < 2.4 for the muons and in the range 2 < py < 5 for GED electrons. The selections of
tag&probe leptons peak around the mass of the Z boson (91.2 GeV) and J/W resonant (3.1 GeV), while by fitting the invariant
mass in regions of pr-|n| ranges, the signal is extracted and is parametrized to perform the measurement.

The invariant mass distribution calculated using the triggering lepton and one probe lepton, for
Passing and Failing sets of probes, is fitted to the resonance mass that has been chosen for the
measurements (e.g. Z or J/W), and the signal for the measurement is extracted. The background
is subtracted by including in the fit a “CMS Shape”, which involves a convolution of an error
function with a falling exponential, or alternatively using simply falling exponentials (helping to
evaluate systematic uncertainties for the method). Eventually, efficiencies are calculated by the
following ratio for “passing” and “failing” signal yields.

passing

&= passing + failing

Prompt Muons
e(n) = e(w; TrackRECO) X e(yu; Muon|TrackRECO) X €(w; LooselD|Muon) X e(w; TightID|LooselD)
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The efficiency for Muons can be broken down into four terms, which are evaluated separately
either exclusively measured or using prior CMS results. The first three terms, efficiencies and
Scale-Factors, are centrally provided by CMS (from track reconstruction to the Loose ID). The last
term, specific to the analysis, is exclusively measured using events from Z decays to muons. This
measurement is performed on events selected with the HLT trigger IsoMu24 and subsequently
employing the Tag & Probe method within the region as described in Table 11, targeting events
from Z decays to muons.

The fitting procedure uses a signal shape composed of two Voigtian functions and a custom
function called “CMS Shape” as background. For the final yield, the fitted background is
subtracted. This procedure is repeated over the entire selected parameter space for the muons,
resulting in a 2D parametrization (p-n) of the efficiency. Finally, the information regarding the
bump on the left of the Z mass peak, whether this originates from signal or background muons,
is obtained by examining the DY MC and fitting it solely with the signal pdf while setting the
background to zero.

Table 11: Tag and Probe selection of muons for measuring the term £(y; TightID|LooselD).
*Matched SIM refers to AR-matching between simulated muons, reconstructed or generated.

V4 -
v
<24
> 29 >3
POG TightID POG LooselD
v

60 < Myp < 120

Alternative fits are performed using Gaussian and falling Exponential functions, as signal and
background respectively, to evaluate the systematic uncertainty that is introduced due to the
choice of specific functions. Systematic and statistical errors are incorporated in the results that
are presented below, and both uncertainties are propagated to the analysis when this correction
is applied to the simulation.
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Figure 41: Muon corrections (2018 dataset) that are applied on the simulated predictions. They correspond to the last 3
efficiency terms and are based on Z and J/W measurement selections. The first term is recommended by CMS to be taken as
1, as there is a minor difference between simulation and data efficiency.

Prompt Electrons
e(e) = g,(e; RECO) X &,(e; TightWP & Iso|RECO) X e5(e; TightID|TightWP & Iso)

The efficiency for Electrons can be split into three terms, the reconstruction efficiency for the
track, the efficiency of a reconstructed track to pass the selected Tight WP requirements (MVA
id, conversion veto, and missing pixel hits) together with Isolation, and the efficiency to also
satisfy impact parameter and B veto cuts.

Table 12: Tag and Probe selection of tracks for measuring the term £(e; RECO) with B —» K*]J /W events, for GED and LowPt
electrons with py < 10 GeV.

Criteria Probe Kaon

AR all 3

AR probe
pr [GeV] >3
15300 [eddeit [0 mvaFall17V2nolsoWP80 = =
oS v B

Reconstruction efficiencies are measured with events from Z decays and scale factors (SF) are
provided for p;r down to 10 GeV. Therefore, another technique based on events from
B — K*J/i decays is designed to measure SF for p; below 10 GeV and the LowPt electron
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reconstruction. For this purpose, events are used from the SingleLepton triggered data streams,
together with private simulation samples that have been produced based on a configuration for
Rk (+) measurements. Because LowPt electrons are track-seeded, the general track collection is
used for Probe candidates, and GED electrons that pass the Tight MVA ID are used as Tag to make
the selection as pure as possible. Also, a third track, which makes the invariant mass consistent
with the B, results to even better purity of the measurement sample and helps reducing the
background. The requirements forthe B —» K*] /1 selection are presented in Table 12 and the
results are presented in Figure 42. Scale factors are parametrized in pr and measured using
background subtraction with fits to the J /Y mass, using for the signal a combination of Voigtian
profile (J/y), a Gaussian peak ({(2S)), and a CMS Shape background. Alternative fits are
performed using double-Gaussian signals and exponential or polynomial background shapes to
estimate the systematics that are introduced by the choice of the fitting functions.

The remaining terms, €,(e; TightWP & Iso|RECO) and g5(e; TightID|TightWP & Iso), are
measured using a combination of Z decays and J /i within Pile-up (PU) decays. For Drell-Yan
events, Z — ee, the dataset for the measurements is collected with SingleElectron trigger (e.g.,
HLT trigger Ele32_WPTight_Gsf for 2018). On the other hand, for /i — ee events, the
requirement for measuring SFs down to 1 GeV demands soft / /3 candidates, but electrons from
such soft decays cannot fire efficiently SingleElectron triggers. As a result, the measurement is
performed with soft J /1 candidates found within PU interactions (away from the PV), in events
that are triggered from a third energetic lepton (e.g., HLT triggers Ele32_WPTight_Gsf or
IsoMu24 for 2018). The measurement of these terms is further split in three p; ranges of 1-5
GeV, 5-10 GeV, and 10-30 GeV, since these ranges require different treatment.

Table 13: Tag and Probe selection of GED and LowPt electrons for measuring the term &, (e; TightWP + Iso|RECO) for
pr > 10 GeV and the term £3(e; TightID|RECO + TightWP + Iso) for 5 < pr < 10 and py > 10 GeV,
using Z — ee events.

v
>0.3
> 25
>34
Cut based Tight Denominator
v

60 < Mypp < 140

Measurements in the Z — ee region are used to extract Scale Factors mainly for py > 10 GeV,
where the off-shell Z is still reachable to exploit. The background subtraction is achieved by fitting
the di-electron (Tag & Probe) mass with a double Voigtian, while the background is still handled
with the “CMS Shape”. On the other hand, j/yY — ee decays from PU events are used in cases
where the Drell-Yan off-shell decay products are not efficiently reachable with the available
datasets from the experiment. There, the background subtraction is achieved by fitting the Tag
& Probe mass distribution with a Gaussian signal and modeling the background simply using an
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exponential. Finally, alternative fits are again performed in these cases too, using simple
polynomials instead of exponential background, to estimate the uncertainties that the modeling
functions are introducing to the measurements. The selections, which are applied on the datasets
for performing these Z — ee and j /iy — ee measurements, are presented in Table 13 and Table
14 respectively.

Table 14: Tag and Probe selection of GED (LowPt) electrons for measuring the term &, (e; TightWP + Iso|RECO) for
pr > 10GeV, for 5 < pr < 10, and 2(1) < py < 5 GeV, using j /1 — ee events within PU.

Vv - -
- >0.3
<25 (24) >25
>34 (25) >3 -
Tight Analysis Tight Denominator
- v
24 <my, <38
<0.1
>0.1

Measuring the remaining efficiency terms is divided as follows, by applying the above-mentioned
methodologies. Firstly, for both terms €, and €5 for p; > 10 GeV, the measurements are based
on Z — ee events. For g, and pr (1,5) or pr (5,10) GeV, the efficiency is calculated using
J/W — ee events from PU because the background at low-pr is substantial and the off-shell
Drell-Yan signal is weak. For the efficiency €3 and pr < 10 GeV, Z — ee events are used again,
because when focusing on the region where we require prompt impact-parameter cuts,
es(e; TightID|TightWP & Iso), the population of soft J /Y is limited since some of them are
produced in displaced B decays (ct = 0.5mm). This, however, is the case only for the range (5,10)
GeV of the measurement of 3, while below 5 and down to 1 GeV neither population of these
measurement regions is sufficient for a robust calculation, and a SF=1 with 20% systematic
uncertainty is imposed. The decision is based on a good agreement between data and simulation
for the impact-parameter variables of J/{s events from PU, according to a study that was
performed in that region [36].
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Figure 42: Results of custom measurements for the electron corrections (2018) that are applied on the simulated predictions.
(Left) Data efficiency and Scale Factors for the LowPt reconstruction for the term £, (e; RECO) using B —» K*]J /i events.
(Right) Data efficiency and Scale Factors for the LowPt reconstruction for the terms £;(e; TighWP + Iso|RECO) and
&3(e;TightID|RECO + TightWP + Iso) using Z and J /¥ events.

Displaced Di-Muons
e(up) = &, (SV, utrack; RECO) x €(yy; Tight DispID|RECO) X €(u,; Tight DispID|RECO)

The efficiency of displaced dimuon objects to pass the tight displaced ID selection is corrected (in
simulation) to better match what is observed in data. To facilitate the measurement the total
efficiency is split into three subcomponents, one term about reconstructing displaced tracks
together with fitting them into a secondary vertex, and two more identical terms, one for each
track to be selected as a Tight Displaced Muon by the Displaced ID as described in Table 10.

The first term (&) is obtained by measuring displaced Kgf’ — ™ decays in Z+Jets events, which
is similar to the signal topology of our displaced signal (a neutral particle that decays into 2
oppositely charged tracks within a few cm). The measurement is carried out at events selected
with 2 muons and without b-Jets, using as a vertex fitter algorithm a custom replica of the
VO-vertex fitter algorithm that is used for the reconstruction. Finaly, data and simulation yields
are compared per displacement bin (as can be seen in the results in Figure 43) after the
background has been subtracted using fits with double gaussian for the signal and modeling the
background with a simple linear polynomial.
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Figure 43: Results for the reconstruction of a displaced SV from tracks that correspond to the K(S) - ™ decays (2018

0.8

dataset). These corrections are applied on the simulated events to account for inefficiencies that are introduced in the analysis
because of the Refitter. They correspond to the term £, (SV, u TRACK; RECO). The background subtraction is based on fits
to the Kg mass, 497.6 MeV, per A, bin. The yields of the first bin (enclosed in red) are inclusively normalized to account for
effects in the measurement that are not related to the systematic difference in the vertexing efficiency due to the VO-fitter,
but rather due to inconsistency of the modeling between Kg and A? in the simulation.

Two more terms are required to complete the measurement for the displaced selection of
muons; each one compensates for one muon associated with the tracks that formed the SV in
the first term. These terms are split in the same way, as was the case in the prompt muon
selection. The first 2 terms correspond to forming muons from tracks and passing the Loose ID
of CMS, like before, since they are not dependent on impact parameter cuts and are identical
with the prompt results.

e(w) = e(w; Muon|TrackRECO) x e(y; LooselD|Muon) X €(u; Tight DispID|LooselD)

The Displaced Muon ID is mostly related to the quality requirements of the reconstructed tracks
and the isolation, but not to the displacement. As a result, Z = uu events are used for the term
e(y; Tight DispID|LooselD) as in the prompt measurement, even though these events do not
offer a handle to displaced muons.

All quality requirements that are related to the reconstruction are already accounted in the first
term of the efficiency &;, while for the last term we consider muons with their track already
included in the Refitter to create the SV, so the displacement is accounted and parametrized
rigorously. Additionally, to evaluate the systematic uncertainty that is introduced by this
approach, a study on the remaining dependence of the Tight Displaced selection on the
displacement has been carried out, which suggested an additional 5% (10%) flat uncertainty for
pr < 10 GeV (pr > 10 GeV).

The corrections and the efficiency of the Displaced Muon ID, including the isolation, is measured
following the same approach as for the prompt muon measurement, with the same tag & probe
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selections (Table 11) and the same choice of modeling for extracting the signal (2 Voigtian
functions) and the background (CMS Shape) using a simultaneous fit of tag-and-probe sets of
muons. In a similar manner, to estimate the systematic bias because of the choice of functions,
we also performed the measurement with alternative signal and background modeling to
conclude to the appropriate systematic uncertainty. Results are presented in Figure 44.
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Figure 44: Muon corrections (2018 dataset) that are applied on the simulated predictions for the displaced selection. These
correspond to the last term in the single muon efficiencies, are based on Z — upu events, and are applied per muon.

Displaced Di-Electrons

Since no convenient Standard Model decay to a displaced electron pair exists, this calibration
uses radiative y — ee conversions in the beampipe and tracker material, in events from
Z = ££ + y. The signal for the measurement is events from “external conversions” (a final state
photon that travels a macroscopic distance before converting to electrons in the detector
material), while the Measurement Region (MR) also includes “internal conversions” (electron
pairs in the primary interaction originating from a virtual photon y* — ee that leads to a prompt
4¢ final state) that needs to be subtracted.

The method to extract the corrections for the displaced electrons follows a different approach.
Dedicated Control Regions are used to estimate the corrections to the simulation prediction in
the MR with a transfer factor (fi,i/ext conv), ON€ for Internal and one for external conversions.

MR .0y MR
ti _ data B finternal conv * SUMynternal conv
correction = MR

fexternal conv ¥ Slmexternal conv

The 4-lepton mass peaks sharply at that of Z, providing an excellent handle to reject potential
background. With a pure selection in the MR, the ratio of data to simulation yields results to the
required correction, which can be parametrized using various properties of the electron pair.
(e.g. pr, displacement, ...) Two important factors must be tackled: background processes and
shortcomings of the simulation unrelated to the di-electron reconstruction efficiency (e.g. the
quality of the simulation of the detector material). Internal conversion events is background that
can be mitigated using mass cuts and by requiring significant displacement of the conversion
candidate pair.
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The selection of events is based on Single Lepton Triggers (HLT triggers IsoMu27 and Ele35 for
2018) with well separated leptons for prompt and displaced pairs, which is ensured using a AR
cut in the case of the 4-electron final state. The Control Regions are defined to be orthogonal
with the MR by inverting the selection on the significance of the transverse displacement (o'L,),
while for the Internal Conversions the CR selection modifies the requirements of the mass too.
The selections for the MR and the CRs are summarized in Table 15 and results for the 2018
dataset are presented in Figure 45. The results, which are calculated according to the equation
above, are parametrized in displacement only due to limited data statistics in the MR.

Table 15: Selections for Measurement and Control Regions that are used to calculate the corrections to be applied on the
displaced di-electrons and the transfer factors that are necessary for subtracting the background, using Z — £ + y events
and displaced electrons from y conversions.

Criteria Z - pu(ee)+vy Internal CR External CR
TRG IsoMu27 (Ele35)
Prompt £¢ Tight ID
In| <2.4(2.5)
pr(€1) [GeV] >28(38)
pr(£2) [GeV] >15
AR(prompt, disp) - (>0.05) =
Prompt OS N4
M(2¢) [GeV] (30, 80) >80 (30, 80)
M(4f) [GeV] (80, 100) > 100 (80, 100)
Disp £€ oL,y > 30 <30
pr(y — ee) [GeV] <60
Disp OS N
Disp e log(d,,/d,) >-1.25
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Figure 45: Electron corrections (2018) that are applied on the simulated predictions for the displaced selection of electrons.
They correspond inclusively to the complete efficiency, from reconstruction to the Tight Displased ID, and are based on
Z — £€ + y events.

17. Data-Driven Background Estimation

17.1. For Prompt Categories
The prompt categories have 2 or 3 leptons in the final states that, in general, the Fake-Rates (FR)

are independent probabilities. However, this is not always the case after relaxing the 4AR,,
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requirement from 0.3 to 0.05, because the leptons are decay products of the same mother
particle (e.g. a light-meson or a B-meson) and the FR probabilities of each lepton are correlated
due to their isolation. For the case of correlated leptons, the fake-rate for the analysis is
calculated considering the pair of leptons as a single composite object.

The Fake Rate is measured in a QCD-enriched measurement region (MR) and is defined as the
probability of a non-prompt object to enter the Signal Region section. The Measurement Region
that is used to measure the FR for independent leptons includes one loose lepton to be measured
(selection that defines the Application Region, look Figure 26) and a jet with pr=> 50 GeV, which
jetis well separated from the lepton (ARjepton-jet 2 0.7) and does not interfere with the lepton. The
triggers that are used for muons and electrons collect events with prescaled settings, different
between Single Muon triggers and Single Jet triggers for electrons. The jet that is away from the
lepton is required to ensure that both Muon triggers are in fully efficient regions and compatible,
as the final measurement comes in the form of a combination of these 2 measurements with
different triggers separated at 10 GeV. The definition of the MRs are presented in Table 16.

Table 16: Definition of the Measurement Regions that are used for measuring Fake Rates for independent leptons in MC and
data.

Mu3_PFletd0 Mu8  PFJet(25]140]601180]1140112001260)

>3 >8 >1
=1 =1

21

=0.7 =0.7

Fake-rate measurements with simulation

The FR measurements in the Measurement Region, using QCD events, are applied on events in
the Application Region that is populated by W+Jets and tt-bar and potentially are of different jet
composition and their origin (b-quark, c-quark, and light-quark jets). For this reason, before
proceeding to measuring with data, QCD simulation is used to optimize the Signal and Application
Regions selections (Tight and Loose IDs) so that the jet contributions in these regions to be as
similar as possible with respect to the Measurement Region, resulting this way to Fake Rates that
illustrate minimal dependency on the flavor of the jets in the event. This optimization led to fixing
the b-tag veto, which rejects leptons associated to b-jets, in Tight IDs to the values 0.45 and 0.15
for electrons and muons respectively, without significant reduction of signal efficiency.
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Figure 46: Optimization of the b-tag veto requirement that is included in the Signal Region selection for the muons and the
electrons. The optimization is based on the flavor dependency of the Fake-Rate measurements in the MR with QCD simulation.

Top to bottom: electron FR, muon FR (with trigger Mu3_PFJet40), and muon FR (with trigger Mu8). The results in the middle

column exhibit minimal flavor dependency and thus are chosen for the SR selections. A significant target of the optimization

is also maintaining signal efficiency after applying the b-tag veto.

This optimization was performed on 2018 QCD simulation dataset (refer to Figure 46) and the

results were confirmed for the rest of the years that retain the same flavor dependency, see

Figure 47.
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Figure 47: Left to Right: Fake Rate measurements in simulation for 2016-preVFP, 2016-postVFP, 2017, 2018 electrons and
muons (top and bottom respectively). The measurement for electrons uses PFlet triggers for the entire pT range (1-30 GeV),
while for the muons the measurement is separated at 10 GeV, using the highly prescaled trigger Mu3_PFJet40 for pr< 10 GeV
and a simple but also prescaled Mus8 trigger for pr> 10 GeV.

Fake-Rate measurements with data

Based on the same Measurement Region (see Table 6) and incorporating additional pile-up
weight corrections due to varying prescale profiles of the data collection triggers, the
measurements use two different prompt subtraction techniques to eliminate the electroweak
(EWK) component from the data. This allows the use of FR measurements with the QCD
component of the MR to be used for the tight-to-loose method. The result is the average of these
measurements with both techniques for EWK subtraction.

The discrimination variable, to separate QCD from EWK in events with jets in association with
leptons from Z and W, is the transverse mass (my) and illustrates different shapes for these two
processes. We use a modified definition in which the lepton py is substituted with a fixed value
(35 GeV) to reduce the correlation between my and lepton p;, because the result of the

measurement is parametrized on the lepton pr.

m;ixed(l, p;niss) — \/2 . 35[G6V] . pjrpiss (1 — cosAD)

For the subtraction of the prompt EWK component two different methods are used, unfolding
the QCD FR from 2 distinct regions and simultaneously fitting yields from different p; bins to
estimate the EWK background. Their average is used as the result of the measurement with data.
Figure 48 presents the Measurement Region (MR) with data and MC simulation, which is
separated into the QCD contribution (signal) and the EWK contribution (background that needs
to be subtracted). In the MR, the simulation is corrected to the data that was collected with the
prescaled triggers by taking also into account that these triggers have a biased PU profile because
of the conditions under which they used to avoid extreme recording rates. The prescaled triggers
that are used for these measurements are enabled only at the end of the fill of the LHC where
the PU is low. This PU correction can be seen in the vertex plot (upper right Figure 48), which
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shows a bin-per-bin ratio between real data and simulation that is set to 1 by the normalization
of the events to the data.
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Figure 48: The Measurement Region (MR) for muons that is used in pr range 10-30 GeV. Left-to-Right and Top-to-Bottom: The

fixed transverse mass M’;ix of the lepton and the missing energy in the event, the number of reconstructed vertices in the
event (that is used for the PU correction as described above), the py of the associated Jet corresponding to the lepton of the

measurement, and the distance (in 17) between the highest-p7 jet in the event and the lepton of the measurement. The M';ix

distribution is separated in 2 M’Trix regions, S and L with 0-20 and 70-120 GeV respectively, and illustrates the QCD (S) and EWK
(L) regions that are used for the unfolding method.

The first measurement (using data) unfolds the QCD fake-rate using information from 2 distinct
measurement regions on the M{ix spectrum, a QCD-like region (S, 0-20 GeV) and an EWK-like
region (L, 70-120 GeV). The QCD fake-rate (FR) is calculated using the formula written below,
where the result is dependent on a correction term f; - r\s,}“ets that is a fake-rate measured in the
EWK-like region, and is transferred to the QCD-like region using the ratio of expected events of
the background r\s,}“ets. In the denominator, the term (1 — r\s,}“ets) acts as a normalization and is

the relative variation of the EWK yield between the two regions with respect to the EWK-like
region where the measurement f; was performed (see the following expressions).

SL
fs—1fi- I'Vjets
_ SL
1 erets

FR =
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EWK,c(0 — 20)
data(0 — 20) To-20 770-120 — To0-20

SL _ _ _
Wiets = EWRye(70 = 120) — rg-aye % (17 Wjets

data(70 — 120)

T70-120

Secondly, the other method for subtracting the prompt contamination and measuring the Fake-
Rate with data relies on simultaneous fits. The Measurement Region is separated into passing

passing

and failing probes, that form the numerator and the denominator ( ), and we

passing+failing’’
estimate the background to be subtracted while fitting QCD and V+jets simulated templates of

M{ix. These fits are performed simultaneously in pr-n bins and some examples can be seen in
Figure 49.
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Figure 49: Pre-fit (left) and post-fit (right) distributions for calculating the Fake-Rates for electrons in the central part of the
detector, |17]<0.4. Top: passing probes for selecting the electrons (Signal Region selection) that selects electrons from prompt
processes. Bottom: failing probes. In the failing distributions one can see that the bump on the right side, which is attributed
to EWK processes, is not as strong as in the passing distributions.

The result of the measurements is a combination of the two results with data, taking as central
value the weighted average, as uncertainty band the envelope of the two uncertainty bands, and
is parameterized in pr and n like in the MC measurements. The results of both data
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measurements in 2018 are presented in Figure 50, for muons and electrons, and are compared
to the measurements that were performed on simulated QCD samples.
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Figure 50: Superimposed fake-rate results for 2018 dataset. Comparison between the 2 data methods (black) unfolding the
QCD fake-rate, (green) simultaneous fits, and (red) with QCD MC simulation. Top (Bottom): Measurements for barrel (endcap)
that are performed separately. Left to Right: Fake-rate results using different triggers, the two leftmost results are for muons
with Mu3_PFJet40 and Mus8 triggers, and the rightmost are results for electrons using a combination of PFlet triggers.

The Closure Test

A closure study is essential to evaluate the maximum expected disagreement that is caused by
any residual flavor dependency of the measured Fake-Rates, which originates from other
kinematic variables than those that the FRs are parametrized (py and n in prompt, or My, pr, ,
and Ly, in displaced). This test compares the distributions and yields of the non-prompt
predictions in Signal Region calculated with two methods, firstly directly from the simulation,
and secondly estimated by applying the Semi Data-Driven transfer factors on the appropriate
simulation events of the Application Region. The level of disagreement between the distributions
defines a systematic uncertainty that is propagated to the prediction of the non-prompt
background in the SR as a uniform uncertainty (not a shape).

Closure distributions for muons and electrons are presented in Figure 51 and the systematic
uncertainty that is assigned, due to closure, is 50% of the prediction.
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Figure 51: Top (Bottom): Distributions for prompt Muons (Electrons) from the Closure test that compares non-prompt
prediction in Signal Region between simulation and “tight-to-loose” method, in 2018 dataset. For both predictions, the test
suggests an uncertainty of 50%, driven by a few bins in the AR(£¥) distribution for the muons. The chosen uncertainty for the
electrons is common to muons, simplifying the statistical analysis.

Prompt Non-Prompt Control Region

The purpose of this Control Region is to validate the background prediction using a selection of
data events and not the simulation as in the closure test. The required orthogonality is ensured
by inverting the Opposite-Sign requirement of the Signal Region, making it a region more
probable to be filled with fake leptons and ideal to validate the estimation. Because of an
opposite sign requirement on the trigger that is selected for Low-p; bins, the Control Region is
defined only for pJ*sS > 200 GeV.

The Application Region that is used for applying the “Tight-to-Loose” method to the Signal Region
is still useful for the “Same-Sign” Control Region, since by inverting the charge of the leptons
doesn’t change the phase-space that is defined with the rest of the Signal Region selection and
all calculations for the leptons still hold in the case where they are positive or negative. In Figure
52, the Same-Sign Non-prompt Control Regions are presented for both channels, muons and
electrons, in 2018. These regions are included also in the final Combine fit to constrain the
normalization of the non-prompt background for the independent leptons (AR > 0.3).
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Figure 52: Left (Right): Prompt Same-Sign Control Region for muons (electrons) to validate non-prompt backgrounds, in 2018
dataset. The plots present the distribution of the mass of the system of 2 same-sign leptons.

17.2. For Displaced Categories
For displaced categories the reconstruction procedure makes it easier to treat the displaced pair

of leptons in the same manner as for correlated leptons in the prompt Fake-Rate calculations.
Refitting the lepton pairs results in objects that can be treated as if they were without internal
structure, simplifying the fake-rate analysis by considering the pair as a single composite object,
as in the case for AR < 0.3.

There are two main background sources in the displaced categories: displaced leptons that are
associated with jets in the event and usually belong to B-hadron decays, or displaced leptons that
coincidentally form an acceptable pair and are not associated with the PV, to jets, or to each
other. For the first source, estimating the expected yield in the Signal Region makes use of the
fake-rate method as in the prompt categories, while for the second source the estimation uses
information from the simulation.
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Figure 53: Signal Regions for displaced Muons (left) and Electrons (right) for the bin High-p7'*** and Low o, to illustrate the

background composition in the analysis.

Measurement Regions for non-prompt leptons from jets

This is the most significant background contribution of the displaced Signal Regions, the method
for its estimation is mainly the same Tight-to-Loose approach as predicting the background for
the correlated leptons of the prompt analysis. The reconstruction of the di-lepton objects
enables the possibility to treat the leptons of these pairs as having correlated FR probabilities to
pass the Tight Selection. Three measurement regions for FR calculation are presented in Table
17, one for each Signal Region: LowMET (125 < p¥sS < 200 GeV) for muons and HighMET
(p¥sS > 200 GeV) for both lepton channels. The event selection is like in the Signal Region but
looser, notice the missing “hard lepton veto” and “collinearity” requirements, and with the b-jet
veto inverted so that MRs and displaced SRs are orthogonal.
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Table 17: Definition of the Displaced Measurement Regions that are used for Fake Rates calculation in the displaced analysis
with data.

Same with Signal Regions

=1
5-30 3-30 1-30
- > 0.05 >0.05
4-50 0.1-50 0.1-50
veto J/W(3,3.2) and Y(9,10.5)
100 =
0.2-1.4 =
- >-1.25
=>1

Using the Measurement Regions, as described above, the following results are achieved for Fake-
Rates for different contributions. In Figure 54, the contribution in orange is fake leptons that
originate from jets, for example displaced B-mesons that have typical decay length of around
5cm, in grey is contribution from other QCD decays, in blue is contribution from non-prompt
leptons from pile-up (PU) that do not originate from the PV (but a pair is still formed), and in
black are contributions with pair of leptons originating from PU and from jets.

The Fake-Rate (FR) measurements have a few differences between displaced muons and
electrons. For muons, the measurement takes into consideration both pJ*sS regions inclusively,
while for the electrons there is not a LowMET trigger, and the measurement takes into
consideration only p’T"iSS > 200 GeV. Also, the results are parametrized in different variables and
bins for each channel, for muons in pr(¢€) and Ly, (transverse momentum of the dimuon pair
and transverse length from PV), while for electrons in M,, and L, (dielectron mass and
transverse length from PV). Differences in the binning of the parametrization exist also per year,
where 2016 (pre- and post-VFP'’) are treated differently due to the less statistics in the MR and

better closure that defines the uncertainty of the Tight-to-Loose method.

Both FR measurements follow the same PU-subtraction procedure, from data, before calculating
Tight and Loose selection ratios for the results. This subtraction is performed since non-prompt
leptons from PU appear very isolated after studying their isolation profile, so that they have
higher FR probabilities than the rest of the non-prompt leptons, leading to closure problems,
higher uncertainties, and inconsistent FR results that cannot be used inclusively with the
Application Regions. The reason behind the more than expected isolated picture for leptons from
PU is attributed to the Particle-Flow Isolation algorithms of the reconstruction, which are not

17 The 2016 dataset is split in two eras, pre-VFP and post-VFP. The eras are treated separately, since in the pre-VFP
era the strips had saturation effects in the readout under high-luminosity conditions. This was mitigated in the
post-VFP era by changing the feedback preamplifier bias voltage (VFP) [42]
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ideal for leptons that do not come from the PV of the event. The reference point of PU leptons

should ideally be PU vertices, other than the PV, a fact leading to complications with energy sums

that define the isolation variables. The remaining PU background is estimated separately using

simulation.

The rightmost plots in Figure 54 present the 2D maps of the results of the Fake-Rate

measurements, applied on Application Region events to predict the Signal Region and Control

Region contributions of the non-prompt background.
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Figure 54: Measurement Regions (left) and Fake-Rate results (right) for Displaced Muons and Electrons in 2018. Top to bottom:
LowMET and HighMET for muons, and HighMET for electrons. Right-hand side: 2D maps of FR results using 2018 dataset,
inclusively for Low and HighMET regions with muons (top), and for HighMET region with electrons (bottom).
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The Closure Test

A closure study, like the one that is performed for the prompt non-prompt estimation, is also
performed for the displaced region. This test is important to estimate the expected disagreement
due to residual flavor dependency of the Fake-Rates that is not captured by the parametrization
(ny, pr,., or My, for electrons). The disagreement between the distributions, of about 50%,
defines a systematic uncertainty that is propagated to the prediction of the non-prompt
background in the SR as a uniform uncertainty (not a shape). Important closure distributions for
displaced electrons and muons are presented in Figure 55.
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Figure 55: Top (Bottom): Distributions for displaced Muons (Electrons) from the Closure test that compares non-prompt
prediction in Signal Region between simulation and “tight-to-loose” method, in 2018 dataset. For both background predictions,
the test suggests an uncertainty of 50%, driven by some bins in the leading pr distributions.

Displaced Non-Prompt Control Region

The purpose of this Control Region (CR) is to validate the background prediction using a selection
of data events instead of the simulation that is used by the closure test. Following the same
approach for constructing this CR as in the prompt case it is not effective, since a “Same-Sign”
selection would be significantly contaminated in coincidences of di-leptons from Pile-Up, and for
this reason a different approach is followed by defining an “Opposite-Sign” CR. The required
orthogonality is ensured by selecting events with inverting any of the meiss/HT, hard lepton
veto, or collinearity criteria of the Signal Region. Inverting the first cut, significantly
contaminates the CR with QCD events, making it a good selection of events for validating the
background estimation that comes from jets. Because of significant signal contamination at
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M,, > 4 GeV and a dilepton mass requirement of the trigger that is selected for Low-py bins,
the Control Region is defined only below 4 GeV and p*** > 200 GeV.

The Application Region definition is the next step before applying the “Tight-to-Loose” method
to estimate the non-prompt contribution in the Control-Region. The same procedure is followed,
as with the Application Region for the Signal Region, where the Tight Selection for the dilepton
is inverted to “Loose-not-Tight” (Figure 56). In Figure 57, the Opposite-Sign Non-prompt Control
Regions are presented for both channels, muons and electrons, in 2018.
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refitting the tracks to the SV).
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18. Results & Interpretations

The results of the analysis are presented in Figure 58, in Figure 59, and in Tables Table 18 to Table
20, summarizing the sensitivity across five distinct ¢t scenarios: 0, 0.1, 1, 10, and 100 mm. Each
table corresponds to a specific sensitivity mode and presents only the relevant signal regions
where sensitivity is observed. For ct = 0, sensitivity is exclusively contributed by the prompt
Signal Regions. In contrast, for ct values of 1, 10, and 100 mm, sensitivity is contributed by the
displaced SRs, and Table 20 summarizes all three significantly displaced ct scenarios. The
scenario ¢t = 0.1 mm illustrates a unique case where both prompt and displaced SRs contribute
to its sensitivity. In the tables, post-fit signal and background results are presented, upper limits
on signal strengths at 95% confidence level (CL) and 68% CL are given using asymptotic profiling
of the likelihoods and non-asymptotic profiling respectively (for comparison). The non-
asymptotic profiling (68% CL) is used to extract the presented yields around the exclusion limit
line and also for producing the bkg-only post-fit distributions in Figures Figure 58 and Figure so9.
This is done by selecting appropriate signal mass-points near the limit's reach. Each table is
accompanied by a figure of the expected and observed exclusion limits for each interpretation,
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the Wino/Bino scenario with a Bino LSP (TChiWZ), and the Higgsino scenario with the triplet of
Higgsinos at hundreds of GeV.
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Figure 58: From top to bottom: Post-fit (b-only) M,, distributions of the SR for the prompt muons (2£0S-uu), prompt
electrons (2£0S-ee), and three-lepton (3£) categories using 2016, 2017, and 2018 datasets inclusively. From left to right:
2£0S-pp: Low piliss, Medium psS, High pi*% | and Ultra p'*S bins. 2£0S-ee: Medium pisS, High pisS , and Ultra piiss

miss

bins. 3€: Low pT' and High p™*S bins.

The post-fit distributions for the 2-lepton categories (Figure 58) look as expected, without
remarkable excess of data. These categories contribute mostly to lower AM phase-space of the
prompt limits, where a good agreement of observed and expected bands is shown.

The 3-lepton categories (Figure 58) contribute mostly to the higher AM in the prompt limits. In
those, under-exclusion of 40 significance is observed around 30-40 GeV. Recent studies have
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attributed this to the way the WZ Control Region for M,, > 30 GeV is included in the combine
fit. By using only one bin for all events above 30 GeV, the fit cannot capture correctly the
modelling of the WZ component for the 3 bins below 30 GeV in the Signal Region. By removing
Table 18: Post-fit results for the Signal Regions that contribute to the sensitivity of the interpretation with c7 = 0. Yields of data and
background for selected signal mass-points near the expected limit line. The corresponding expected and observed signal strengths (@ 95%

CL) are also presented together with the limit. The signal strength at 68% CL from the “sig+bkg” fit, which results the yields presented in the
table, is also given for a comparison between expected and observed upper limits.

TChiwz-250/30 TChiwz-275/7.5 Higgsino-200/10

signal background signal background signal background

miss

Low p7T

) 3.57 109.54 0.10 113.18 6.07e 14 113.56
Med p™iss
) 2.46 47.10 0.36 50.17 1.15¢713 50.43
High miss
gmfr 1.71 26.37 0.38 28.92 8.71e 14 28.27
Ultra piss
e 3.12 23.19 0.89 24.49 2.85¢713 23.33
Med miss
eZT 0.88 73.00 0.38 70.73 7.96e~14 72.27
Hl h miss
ge: 0.66 38.79 0.31 39.86 7.88e 14 40.15
Ultra piss
=2 1.47 37.38 0.81 37.63 1.22¢713 38.26
Low p;niss
3P 3.33 12.87 0.03 13.67 2.13e715 13.55
Med piss
3 6.42 55.72 0.64 59.39 1.00e713 60.31

Signal Strength (u)
Observed 68% CL 0.98+9¢5 0.181945 (3.61e714)*016
(non-asymptotic profile)
Exp. Sig. Strength (u)

95% CL upper limit < 0.83 < 0.98 < 0.85
Obs. Sig. Strength (u)
95% CL upper |Imit < 2 10 < 1 12 < 0 61
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Figure 59: From top to bottom: Post-fit (b-only) M, distributions of the SR for the displaced muons (disp-uu) and displaced
electrons (disp-ee) categories using 2016, 2017, and 2018 datasets inclusively. From left to right: disp-up: Low p1'** —Inclusive

01p2p, High PSS - Low 6p2p, and High pisS — High ;p,, bins. disp-ee: High p'P'S - Low 6;p,p, and High pisS — High 6/p,p

bins.
this Control Region from the combine fit, the excess is reduced to 2.50, which is not considered
evidence but rather systematic'®.

The post-fit distributions for the displaced categories (Figure 59) show significant excess,
localized to the bin below 5 GeV, especially for the muon channel. The under-exclusion that is
presented in the limits for ct = 1 and 10 mm, around AM = 10 GeV, seems to be related to this
excess in the displaced muon channel. Currently, the excess, due to its high significance, is
examined for evaluating whether the “Look-Elsewhere Effect” plays a role in these results, but
the studies at the time of writing this thesis are not yet concluded by the CMS.

18 Similar excess is also observed in the previous iteration of this analysis [45] and is attributed to its original
structure.
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Table 19: Post-fit results for the Signal Regions that contribute to the sensitivity of the interpretation with ¢t = 0.1 mm. Yields of data and background for
selected signal mass-points near the expected limit line. The corresponding expected and observed signal strengths (@ 95% CL) are also presented together with
the limit. The signal strength at 68% CL from the “sig+bkg” fit, which results the yields presented in the table, is also given for a comparison between expected
and observed upper limits.

TChiwz-225/20 TChiwz-225/7.5 Higgsino-175/10

CcT
0.1mm
signal background signal background signal background
miss
""“;l’;’l 0.13 113.04 0.15 112.95 0.90 112.93
miss
Me‘ilZT 0.08 50.86 0.33 49.59 0.83 50.03
miss
e ‘9:‘”’;’ 0.10 28.04 0.32 28.70 0.88 27.97
miss
UWZ: 0.12 23.84 0.92 24.31 1.46 22.89
miss
Me‘igT 0.04 72.46 0.53 70.62 0.56 71.72
; miss
el ‘9251 0.03 39.93 0.49 39.79 0.44 39.88
miss
U“r‘;ep 0.04 38.14 071 37.59 1.30 37.80
miss
L"Ws’; 0.07 13.68 0.02 13.38 0.02 13.44
miss
M"’dng 0.21 58.10 0.67 58.53 0.56 59.69
Low p"”“ —Low oy, § i ) ) _ _
uu
Low p"”“ — Highoyy, i i ) ) ) )
yo
> milss __
High py o A0 G 0.06 12.10 0.25 12.06 1.65 11.76
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Table 20: Post-fit results for the Signal Regions that contribute to the sensitivity of the interpretation with ¢z = 1/10/100 mm. Yields of data
and background for selected signal mass-points near the expected limit line. The corresponding expected and observed signal strengths (@
95% CL) are also presented together with the limit. The signal strength at 68% CL from the “sig+bkg” fit, which results the yields presented in
the table, is also given for a comparison between expected and observed upper limits.
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Compressed SUSY Summary

This chapter presents a summary of the low mass splitting results for the Higgsino pMSSM?*°
interpretation, where the large tan(f) limit is assumed, exploiting the expected reach of three
CMS analyses:

° Search for new physics with compressed mass spectra in final states with soft
leptons and missing transverse energy in proton-proton collisions at Vs =13 TeV
[36]

° Search for compressed electroweakinos with low-momentum isolated track [37]

° Search for supersymmetry in final states with disappearing tracks in proton-

proton collisions at Vs =13 TeV [38]
Additionally, projections of the expected results are studied for 400, 3000, and 6000 fb! that
correspond to the Run2+Run3 luminosity recorded by CMS, the High-Luminosity LHC (HL-LHC)
recorded luminosity that is expected to be collected by the CMS, and HL-LHC total luminosity that
is expected to be recorded by both CMS and ATLAS together.

This summary is based on interpretations with 0
the Sandwich configuration of the Higgsino [ XZ
model, where 3 nearly degenerate Higgsino Am° | +
states (2 Neutralinos, x> and x? LSP, and 1 Am*{ m Xl
Chargino Xli) are at the reachable scale of vy X?

hundreds of GeV, and all other SUSY particles are

. . . Fi : Schematic of th ich Higgsi
significantly heavier and decoupled, with Figure 60: Schematic of the Sandwich Higgsino

configuration that is used to interpret results by these 3
Amo = 2Ami_ The cross sections are taken from analyses, EXO-23-017, SUS-24-012, and arxiv:2309.16823

the LHC SUSY Working Group Twiki [43] and SUS%+00¢)
assume fully degenerate Higgsino states computed at NLO plus next-to-leading-log (NLL)
precision, with all s-particles other than the Higgsino triplet to be heavy and decoupled.

This analysis exploits prompt y3 — Z*(££) + x? decays (and prompt yi — W*(£v) + x? for the
3-lepton channel), leveraging LowP: Electrons down to 1 GeV for the first time in CMS, while
remains efficient to probe the signal down to Am¥ of 0.5 GeV.

1% The pMSSM (Phenomenological MSSM) is a CP- and flavour-conserving, subset of the MSSM at the weak-scale,
requires only 19 SUSY-soft breaking parameters (MSSM ~100). This variant captures many important collider
signatures of an R-parity MSSM.
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Search for compressed SUSY featuring categories with opposite sigh muon (electron) pairs, muon
(electron) pT 3(1)-30 GeV and 80(50)% RECO+ID efficiency at 10 GeV, and new LowPT Electrons
with acceptance down to p; of 1 GeV. Triggers include MET120 and DoubleMu + MET50.

The signal regions categorize events in both 2-lepton and 3-lepton channels with opposite-sign
pairs, where 4R,, must be greater than 0.05. For jets, the number of jets with p; greater than
25 GeV should be more than one, and there should be no b-tagged jets. The p*sS should be
greater than 125 GeV and Hy should be above 100 GeV. Additionally, the azimuthal angle
between MET and the closest jet, A@ (MET, Jet), should be greater than 0.5. Better gains from
the 2-lepton channels are observed when Am? is less than 10 GeV and around 15 GeV from 3-
lepton channels.

The prompt lepton background includes DY from Z — tt events that produce significant MET due
to tau neutrinos, tt remnants after a b-jet veto, and DiBoson modes (either WZ or VV events)
where reconstruction occasionally is challenging. These backgrounds are estimated using
transfer-factors from control regions and floating nuisances. Non-prompt lepton background
(fakes) arises from either collimated or independent leptons from QCD jets. This is estimated with
a data-driven 'Tight-to-Loose' method.

20.THE ANALYSIS WITH SOFT ISOLATED TRACKS
CMS-SUS-24-012 [37]

This analysis exploits prompt and displaced )(I—r - ¥ + x? decays, identifies the isolated prompt
or displaced pion tracks, and it reaches down to Am® of 0.3 GeV. It is a search for Higgsino Dark
Matter that involves soft isolated * tracks and missing transverse energy (p7***). The categories
of the analysis include isolated tracks below 20 GeV, use of a MultiClass Neural Network (NN)
classifier to differentiate between background and signal tracks, which is parametrized to the
signal-AmE, while another NN refines background predictions that apply regression using a
cleaned Drell-Yan Control Region (DY-CR) sample. The triggers employed in this study are MET300

+ IsoTrack.

The Signal Regions contain tracks with pr < 20 GeV and A®(trk,Jets) > 0.4. Jets for the
signal regions are selected depending on the multiplicity in the events N(pr > 100) > 1,
N(py > 30) < 5, and rejecting b-jets. Additionally, p7*** and missing Hy (MHy) should be
greater than 300 GeV, with A@(MET,Jets) > 0.5. There should be no isolated photons
(Niso = 0), electrons (Nys, ¢ = 0), or muons (N, , = 0) in the events.

The Background is split in 3 main categories. There are two classes of PV-associated background,
prompt and displaced, which correspond to contributions from W — fv and
Z — vv events due to their significant p?‘i“ contribution. Furthermore, spurious backgrounds
include tracks categorized as unmatched reconstructions (e.g., PU, fakes). And finally,

W(tau)-Jets events, where tracks are classified as Wlets with displaced W — v decays.
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This analysis exploits the displaced Xli -t + x? decays, identifies short )(1i tracks, and reaches
below Am* of 0.3 GeV, down to the pion mass (0.14 GeV). It is a search for charged long-lived
SUSY particles that involves several channels with one or more disappearing tracks (DTk), not
reconstructed by Particle Flow (PF). These tracks are categorized as either “short” or “long”
considering tracks with Pixel-only hits or Pixel+Strips respectively. A Boosted-Decision-Tree (BDT)
machine learning technique is used for SR/CR track separation, while DTks are also classified by
dE/dx in the Pixel Detector, conceptually the stopping power of the detector. The triggers include
MET100 to MET120 HLT paths for hadronic channels and Ele27 & Mu24 for leptonic channels.

Signal regions are defined with the requirement of having at least one DTk, one or more jets, and
PSS greater than 30 GeV. The transverse mass between DTk and p7** should be more than
20 GeV. Additionally, in the leptonic regions, an invariant mass calculation between the
disappearing track and the leptons is carried out, while requirements for the mass and the
transverse mass are imposed to be substantial in the event (both to be more than 100 GeV), to

help with suppressing Drell-Yan (DY) and Wlets contributions.

There are two types of backgrounds to consider: genuine-particle and spurious-particle
background. The genuine-particle background arises from PF failures when a particle exists,
which can occur due to CALO crystal defects or tracker/DT track misalignments. The spurious-
particle background results from random patterns in the tracker without PF matching. The
method to estimate the background is the SR facilitates scaling factors (k-factors) transferring
predictions from dedicated Control Regions. The k-factors are measured in DY Control Regions,
specific to each Signal Region.

22. Summary and Projections to Run3 and HL-LHC

We present the phase space with mass splitting below 5 GeV, which is difficult to probe with
previous searches. These results benefit from the LowPt Electron reconstruction in the analysis
[36] and new ML techniques from [37] and [38], efficiently probing this low region. In Figure 61,
results for Run2 and projections are presented for the three analyses. The projected expected
limits are derived by scaling the yields to the target luminosity and the statistical uncertainties
are set to 1/\/Ltarget , While keeping the systematic uncertainties based on the Run 2 analyses.
Furthermore, after reducing the systematic uncertainties according to the YR2018 instructions
[39], the improvement in the reach of the limits was marginal. Considering factors like changing
pile-up conditions, detector complexity and performance, and minor changes to the cross section
associated with the slightly higher \/s, it has been concluded that the current version, which is
based on Run-2 systematics, provides a reliable projection.
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Figure 61: Summary plot of Higgsino exclusion limits with Run 3 and HL-LHC projections [36], focused on the phase space below
5 GeV of mass-splitting between the chargino and the LSP neutralino. With analyses that exploit only Run-2 datasets the
observed exclusion limit stands around 140 GeV for the Higgsino mass and 0.4 GeV of mass-splitting, while the projections
suggest an expanded reach up to 260 GeV for the HL-LHC. The projections for [36] and [38] are cut at Am*=500 and 400 MeV
respectively, since below that point [36] loses acceptance to the signal because of the displacement of the Higgsino, and in
[39] the analysis runs out of statistics needed for a smooth curve.

For mass splitting Am® < 0.5 GeV, the prompt analysis of [36] is losing acceptance to reconstruct
the signal because it becomes significantly displaced, but above 0.5 GeV, the analysis is efficient
for the Higgsino signal. This is presented in [40], using SUSYHIT simulations of the decays of the
neutralino and the chargino states. The isolated and disappearing track searches ([37] and [38])
account for the realistic chargino and neutrino lifetime across the rest of the Am? range. (For
[36], the acceptanceis ~100% at 0.5 GeV for )({—L~)(f mass splitting and becomes ~64% at ~0.4

GeV, due to impact parameter cuts, while drops rapidly to 0 below 0.4 GeV.)

Furthermore, for [36] in Run-2, we applied a smoothing procedure. In the projections, we
identified and removed certain results from the final plot, as they caused the trend of the
expected signal strength to exhibit very discontinuous behavior of the limit line, which is
nonphysical?®. Such results refer to inconsistent signal strength from the Combine fit ("spikes"
comparing to their surrounding mass-points) that is the main reason why kinks may appear on
the limit line.

20 One should also keep in mind that this treatment has equal impact to the smoothing procedure and applying a smoothing
kernel on top of that (like in Run-2 results) has had a negligible impact.
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Appendix
23. Signal Regions for the Soft Multilepton Analysis

In this section, the Signal Regions (SR) of the analysis are presented. There are 5 separate regions
featuring two prompt muons, two prompt electrons, three prompt leptons inclusively, two
displaced muons, and two prompt electrons. Apart from this categorization, SR are further
separated into pX¥sS bins, where LowMET is 125-200 GeV, MediumMET is 200-240 GeV,
HighMET is 240-290 GeV, and UltraMET is 290+ GeV. Special definitions of these bins are still
considered in some of the final states, because they are more effective for those cases. Despite
the static binning that is presented in these plots, the “Parametric Binning” method is used to
extract the results of the analysis.

The displaced Regions are categorized also with binning in the significance of the transverse
displacement (g, or SIP), together with pMiss and separate the SR in 4 categories that are
treated separately in the Combine fit. To be exact, LowMET-LowSIP is 125-200 GeV and
oy, < 25, LowMET-HighSIP is 125-200 GeV and o, > 25, HighMET-LowSIP is 200+ GeV and

o, < 25, and HighMET-HighSIP is 200+ GeV and o, _ > 25.
xy xy

In the following Regions, the datasets that have been used are DiMuon for p{”iss < 200 GeVand
MET for p{”iss > 200 GeV, with their respective triggers as mentioned in the analysis section. For
reference, data that are presented in the Regions of below sections are based on statistics
collected in 2016 (DiMuon dataset: 33.5 fb~1, MET dataset: 36.3 fb~1), in 2017 (DiMuon
dataset: 36.7 fb~!, MET dataset: 41.5 fb~1), and in 2018 (DiMuon dataset: 59.3 fb~1, MET
dataset: 59.8 fb~1).

23.1. Prompt Signal Muons
Signal Region that features 2 muons that pass the Tight Muon ID of the analysis and originate

from the Primary Vertex, with p7*** binning as explained above.
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Figure 62: From top to bottom: M, distributions of the SR for the prompt muons using 2016, 2017, and 2018 datasets. From

miss miss

left to right: Low p''sS, Medium pi*'S , High pisS , and Ultra pi's bins.

23.2. Prompt Signal Electrons
Signal Region that features 2 electrons that pass the Tight Electrons ID of the analysis and

originate from the Primary Vertex, with p*s$ binning as explained above.
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Figure 63: From top to bottom: M¢¢ distributions of the SR for the prompt electrons using 2016, 2017, and 2018 datasets.

miss

From left to right: Medium psS | High p™% , and Ultra pisS bins.

23.3. Prompt Signal 3-Leptons (uut & eef)
Signal Region that features 3 leptons at the final state that pass the Tight Selections of the analysis

and originate from the Primary Vertex, the pair of leptons is considered inclusively either to be
2 muons or electrons, while the third lepton is ambiguously either one more muon or one
electron. The pss binning is defined differently for the HighMET bin as it is inclusive for
piiss > 200 GeV, while the MediumMET bin is omitted.
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Figure 64: From left to right: M¢¢ distributions of the SR for the 3-lepton final state using 2016, 2017, and 2018 datasets. Top:

Low pisS, Bottom: High pXiss,

23.4. Displaced Signal Muons

Signal Region that features 2 muons that pass the Tight Displaced Muon ID of the analysis and

originate from the refitted Secondary Vertex that is the intersection of their tracks, with p

binning as explained above for the displaced Regions.

miss
T
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Figure 65: From top to bottom: M¢¢ distributions of the SR for displaced muons using 2016, 2017, and 2018 datasets. From
left to right: Low pI"™** - Low oy, Low py** - High o, » High P - Low o,,, » and High p - High oy, bins. In 2016 and 2017 the
DiMuon trigger that is used to collect data includes a requirement for the tracks to be compatible with the Primary Vertex,
making it inefficient for the displaced final states of the analysis.

23.5. Displaced Signal Electrons
Signal Region that features 2 electrons that pass the Tight Displaced Electron ID of the analysis

and originate from the refitted Secondary Vertex that is the intersection of their GSF tracks, with
PSS pinning as explained above for the displaced Regions.
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Figure 66: From top to bottom: M¢¢ distributions of the SR for displaced electrons using 2016, 2017, and 2018 datasets. From
left to right: High p!'™** — Low o,,, and High p''*s — High o, bins.



24. Control Regions for the Soft Multilepton Analysis

24.1.
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Figure 67: From top to bottom: M¢¢ distributions of the DY CR, inclusively for muons and electrons, using 2016, 2017, and
2018 datasets. Left: Low p™** bin. Right: High p*>* bin.
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Figure 68: From top to bottom: M¢¢ distributions of the TT CR, inclusively for muons and electrons, using 2016, 2017, and 2018
datasets. Left: Low pI* bin. Right: High p"™** bin.
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24.3. Prompt WZ Region
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Figure 69: From top to bottom: M¢¢ distributions of the WZ CR, inclusively for muons and electrons, using 2016, 2017, and
2018 datasets. Left: Low p"™* bin. Right: High p"* bin.
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24.4. Prompt Muon Same-Sign Region for Non-Prompt
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Figure 70: From top to bottom: M, (left) and AR,, (right) distributions of the SS CR, for muons, using 2016, 2017, and 2018
datasets. Due to opposite-sign requirement on the trigger for the Low pT"liss bin, only High pT"liss bin is defined for this CR,
inclusively for p*> 200 GeV.
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24.5. Prompt Electron Same-Sign Region for Non-Prompt
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Figure 71: From top to bottom: M, (left) and AR, (right) distributions of the SS CR, for electrons, using 2016, 2017, and 2018
datasets. Only High pTmiss bin is defined for the Same-Sign electrons, inclusively for p;‘i$5> 200 GeV.
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25. Application Region for the Soft Multilepton Analysis
25.1. Prompt Muons AR (for SR & SSuu-CR)
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Figure 72: From top to bottom: M, distributions of the AR for the prompt muons using 2016, 2017, and 2018 datasets. From

left to right: Low p™ss, Medium p™s, High p™**, and Ultra p™* bins.
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Figure 73: From top to bottom: M,, distributions of the AR, for prompt electrons, using 2016, 2017, and 2018 datasets. From
, High p"**, and Ultra p)"™** bins.
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25.3. Prompt 3-Leptons AR
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Figure 74: From top to bottom: M,, distributions of the AR, for 3-lepton final state, using 2016, 2017, and 2018 datasets. Left:

Low pi**, Right: High pX™*s.



25.4. Muons and Electrons AR with SFs

This Region is used in the background estimation for the “non-prompt” background events as is

146

described in Section 15.2.5. The selection that defines the Application Region can be seen in the

miss

tables of that section, while the plots that follow are the Low, Med, High, and Ultra p7'*>° bins.
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Figure 75: M pp and AR distributions of the electron AR. From left to right: Medium p}“*S, High p
2018 dataset. The plots are inclusive in the number of leptons failing the tight selection criteria.
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25.5. Displaced Muons AR (for SR)

iminary 335167 (13 TeV) CMS Prefiminary 33517 (13 TeV) CMS Freiinina
o 45 ] ] & 2
H [ pree—— = 4o [ — € €
> [ ot S 25— roncsono iomm) [ 2takes womjet 8 PU 2 4
w w — Ten2o020 (o) [ Totatene: it} i}
E [0 1tk o 1
E 20 E
1 :
E 10f .
10F E ]
E E kg b
g o g i i
& —] & & -3
s 5F 1 = s 5 1 8 5F ]
@© © © o
o o o a .
e
b1 0z T 2 345 10 2030 BT 0z 1 2 345 10 2030 BT oz 1T 2 345 10 2030 W1 0z 1 2 345 10 2030
vertex refit M(ll) [GeV] vertex refit M(ll) [GeV] vertex refit M(ll) [GeV] vertex refit M(ll) [GeV]
@ CMs thnmaq 41.5M7" (13 TeV " imina 415107 (13 TeV.
= 60:— —— Duin [ 2 b oo 5
< F— rconsimm I 2tk ot 420 4
w [ Citeromes [ 2tk ey w
50 ) ttebomey [ Todum
40}—** E
30f E
20f E
10 ]
10)
g [ siat unc. ) ot . g
a o
5 5 1 = s ]
e —— . 3 }
102 1 2 345 10 2030 102 1 2345 10 2030
vertex refit M(ll) [GeV] vertex refit M(ll) [GeV]
CMS Preliminary CMS Preliminary 59.3 b (13 Tev) CMS Praiiminary 59.8 " (13 Tev CMS Prafiminary 59.8 b (13 TeV;
@ T @ T T 3 = T T o T T ]
H sob o T 45f +om [ v san romsen i 5 4 o I 2o ot s P H
2 F — rommmcom & —— Tonamoao omer [ 2 et s S 100p — rovmsom Wz g
35 [ vt 40f — vonvoaociomm [ 2 s vom 850 [ vwaomin [ ccovseen)
£ E a5 [ L&) [ Totatenc. [ 2 tokes trom s [ rotat unc
30k E E C
E E 30F E
25F E :
E 25F E E
20F E E E
£ E 20F E b
15F E E E
2 ! .ot e I totsiune. B B B . e [ ot une:
X —H § X 1§ -
od T T —+_ T
=] [=] (=1 a
—
BT 0z T 2 345 10 2030 BT 0z 1T 2 345 10 2030 BT oz 1T 2 345 10 2030 0T 02 T 2345 10 2030
vertex refit M(ll) [GeV] vertex refit M(ll) [GeV] vertex refit M(ll) [GeV] vertex refit M(ll) [GeV]

Figure 78: From top to bottom: M,, distributions of the AR for the displaced muons using 2016, 2017, and 2018 datasets. From

left to right: Low p)™*>- Low &p2p, Low pI"'*>- High &p,p, High pI"**- Low 0/pp, and High p*>- High &p,pbins.
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Figure 79: From top to bottom: M, distributions of the AR for the displaced muons using 2016, 2017, and 2018 datasets. Left:

High p**- Low 6/p,p bin. Right: High p

miss
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- High O1p2Dp bin.



25.7. Displaced Muons AR (for OSuu-DispCR)
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Figure 80: From top to bottom: High p'T“‘SS- Inclusive p;p distributions of the AR for the displaced muons Opposite-Sign CR
using 2016, 2017, and 2018 datasets. From left to right: Transverse displacement between PV and SV (L,, ), Dilepton invariant
mass at SV (M, ), and angle between the 2 leptons (AR ;).
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25.8. Displaced Electrons AR (for OSee-DispCR)
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Figure 81: From top to bottom: High p'T‘“SS- Inclusive ap;p distributions of the AR for the displaced electrons Opposite-Sign CR

using 2016, 2017, and 2018 datasets. From left to right: Transverse displacement between PV and SV (L,, ), Dilepton invariant
mass at SV (M, ), and angle between the 2 leptons (AR ;).



26. Validation Regions for the Soft Multilepton Analysis

26.1. Prompt Di-Boson (VV) Region
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Figure 82: From top to bottom: M, distributions of the Di-boson VR for the prompt leptons inclusively using 2016, 2017, and

2018 datasets. From left to right: Low-P1 and High-Py bins.
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26.2. Displaced Muons Opposite-Sign Region for Non-Prompt
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Figure 83: From top to bottom: High p?iss- Inclusive p;p distributions of the Opposite-Sign CR for the displaced muons using
2016, 2017, and 2018 datasets (not used in the fits). From left to right: Transverse displacement between PV and SV (L),
Dilepton invariant mass at SV (M, ), and angle between the 2 leptons (AR,,).
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26.3. Displaced Electrons Opposite-Sign Region for Non-Prompt
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Figure 84: From top to bottom: High p?iss- Inclusive op,p distributions of the Opposite-Sign CR for the displaced electrons
using 2016, 2017, and 2018 datasets (not used in the fits). From left to right: Transverse displacement between PV and SV
(Lxy), Dilepton invariant mass at SV (M, ), and angle between the 2 leptons (AR,,).
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Figure 85: From top to bottom: High p™*- Inclusive o;p,p distributions of the Pile-up Region for the displaced muons using

T

2016, 2017, and 2018 datasets. From left to right: Transverse displacement between PV and SV (ny), Dilepton invariant mass
at SV (M, ), and angle between the 2 leptons (AR,,).
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Figure 86: From top to bottom: High p'T“‘SS- Inclusive p;p distributions of the Pile-up Region for the displaced electrons using

2016, 2017, and 2018 datasets. From left to right: Transverse displacement between PV and SV (ny), Dilepton invariant mass
at SV (M, ), and angle between the 2 leptons (AR,,).
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27. Prompt Rate Measurements for the Tight-to-Loose method

27.1. Prompt Electrons and Muons

> 7"'!“"\““\"“\““\“"7 > [ '!' ]
| —— 1 2 10f .
o r {1 o F ]
L i 1 L r 1
=S J— 1 E b 1
W08 My e T LI R | e e e S
1 o ]
0.4 . 0.4 .
02— 4 02— 4
S S
[ —— s ] i —— sosTamo ]

0.0 0.0
0 5 10 15 20 25 30 3 -2 -1 0 1 2 3
GEN Electron [ [GeV] GEN Electron n
2 1.0~ 2 10 .
o r 1 e F 1
ﬁ% [ m_m,.r«-«-..a..—..-—n...--*uwhvuur-;.i ::(-EJ N P PSSOy S R i
w U-Bf um . w U-Ej : 7
ST ]
Y :
0.2 ] 02k S ]
F ] - ]
0-0"""5""a__15 20 25 a0 00T e s
GEN Muon P, [GeV] GEN Muon n

Figure 87: Prompt rates (probabilities for a loose lepton to pass the full TightID) as measured for the definitions in of Muon Tight ID and
Electron Tight ID. The measurements have been carried out on leptons from signal events.
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