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BSM at FCC-ee

@ Diverse experimental requirements necessary for varying signatures
 Prompt
* Decay within the inner detector
* Decay within the calo/muon detector

@® BSM Particles:

* The FCCee’s clean environment and high stats allow to a wide
spectrum of couplings and masses

o Heavy Neutral Leptons (HNL) <« Studies to be showcased in this talk
o Axion-Like Particles (ALP) « See Giacomo’s talk
O Exotic Higgs Decays + See Axel’s talk

O )
£ & dark phOtOnS Disclaimer: Due to the wide scope of ongoing HNL
O Light SUSY, ... research, only a selection of recent results and
developments will be highlighted in this presentation



https://indico.cern.ch/event/1439509/timetable/#41-alps
https://indico.cern.ch/event/1439509/timetable/#40-higgs-exotica-2hdm-h-4b-ll

Increasing lifetime

HNL Phenomenology at the FCCee

@ The FCC-ee is expected to produce approximately 1012 Z bosons during its
Z-channel run (spanning ~3 years of data collection)

* High-luminosity & pileup-free environment for the search for HNLs
 Aim to improve upon the limits previously set by the LEP
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Searching for Type | Seesaw Mechanism in a Two-HNL Scenario

@ Explore Type | Seesaw mechanism in two quasi-degenerate HNLs e ot
« Couplings to all leptons
 NunL > 1 can explain neutrino oscillations, BA and DM

o Cross-section maximised with quasi-degenerate masses
(pseudo-Dirac limit) while reducing the number

of free parameters: Mi=M; = Ug=iUg;

@ Simulation Setup:

« Parameters chosen to respect constraints from leptogenesis
and oscillation data

« Mn =1[10, 80] GeV, [Up1,2| =[105, 10-4], AM = 10-5
« Six benchmarks selected as illustrated in the picture — %
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https://arxiv.org/abs/2410.03615

Backgrounds & Event Selection
@ Backgrounds:

Major source: Z— Tt (ee, yu negligible due to low MET)
* Also privately produced SM processes with £8’vv final states — Irreducible bkg
@ Event Selection:
 Focus on final states with two leptons and missing energy
e Selection reduces the bkgs significantly while keeping high signal efficiency
« M(Z,?) selection for low HNL masses
 Maximum sensi{ivity obtained from angulardistance between the two leptons

FCCAnalyses: FCC-ee Simulation ( hes ) FCCAnalyses: FCC-ee Simulation (Delphes)
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https://arxiv.org/abs/2410.03615

Significance for Inclusive Selection

@ Statistical significance:
o Shape-based analysis on AR with maximum likelihood fit
* Contours showing 50 significance
o Sensitivity maximised at low HNL masses and high mixing angles (prompt HNLSs)

e Scenario 6 exhibits a mixing pattern most similar to the single-HNL case and
offers better space coverage
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https://arxiv.org/abs/2410.03615

LLP Event Selection & Sensitivity

@ Re-optimized selection
 Depending on their parameters, HNLs can be long-lived
« Bkg-free regions for displaced signatures as SM processes

are prompt

Two leptons, no photons

,miss

>5GeV,pr, >1GeV,E, > 2 GeV

 Robust cuts on HNL decay vertex variables

No other track and no neutral hadron

Prmiss > 10 GeV

9

cosd; > — 0.8

M(,1l") < 80 GeV

7> <10

@ LLP Results
|dy| > 0.64 mm

o Contours for four long-live HNL events .......coms-omasieraren
demonstrate robust performance -
across the explored parameter space |

» Lower coupling values indicate good -
sensitivity
« Reduced sensitivity for higher masses™
due to shorter lifetimes
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https://arxiv.org/abs/2410.03615

Semi-Leptonic electron Channel with evjj final state

@ Assuming one HNL flavour ,

* Two parameters characterise the scenario (mn, U)
@ Large branching fraction (= 50%)

@ Full kinematic reconstruction for a visible final state

@ Backgrounds:

* Three dominant SM background processes considered:
o Z—bb, cc or Z—4 body final state

Process o (pb) Monte-Carlo events Production £ (fb™')
Z — bb 6.65 x 10° 4.39 x 10® 6.60 x 10
Z — ct 5.22 x 10 4.98 x 10° 1.15 x 107
Z — 4body 1.40 x 102 1.00 x 10° 7.14 x 10°

N

Limited MC statistics for central backgrounds; the analysis
IS conducted at 10 fb-1

Tom Critchley, Pantelis Kontaxakis, Anna Sfyrla

Jjv
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FCCee Simulation (DELPHES)

base“ne fOr fu Fther OptlmlzathnS Leading electron energy > 35GeV i
3D di-jet Angle < 2.4rad —P

Analysis Methods LT

® Cut & Count Method B b || e 1 "
Variable Selection 2 .

» Started with a C&C analysis as the T “’mahl/[ R

Di-jet — Electron AR <3

® Machine Learning Methods { : .
e Explored multivariate methods trying to increase the sensitivity® * * * wfuu o
4BDT Method

 XGBoost in conjuction with TMVA (binary classification)
4DNN Method
» Keras in Tensorflow with hyperparameter

optimization (binary classification)

101 CCee Simulation (DE E=2 Backgroupd _ Cee Simulation (DELPHES) 23 Background ]
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Tom Critchley, Pantelis Kontaxakis, Anna Sfyrla



Sensitivity Comparison

DNN Exclusion plot * Results shown at an integrated
_3- 20 from DN luminosity of 10 fb-1
- == 20 from cut and count 100
—4- ZYE B M
. * The current DNN model achieves
1071 7 i
= about an order of magnitude
= - o> & Improvement in sensitivity over the
3 —7-Iﬂ------ 5 C&C method
_8- PP |2 «Leveraging more advanced
[ N n
- oo oo oo Koo » architectures and ro.bust
hyperparameter tuning can further
0 | boost performance
I I I I I I I | 10> .
1o 20 30 40 50 60 70 80 » Continued development and

HNL mass [GeV] . : :
optimization efforts are ongoing

Tom Critchley, Pantelis Kontaxakis, Anna Sfyrla 10



HNLs decaying to muon pairs and neutrinos

@®@Scenario where Majorana HNLs have non-zero

mixing coupling exclusively for v,
» Targeting HNLs decaying into puv final states
* Leveraging LLP signatures

® Goals:

» Evaluate HNL sensitivity in a large mass (10-50
GeV) and mixing angle range (10-2-5-10-5)

* Explore LLP topology for better discrimination
power

@ Minimal requests for event preselection:

 Exactly two tracks in the central detector
reconstructed as muons with p > 3 GeV

Lorenzo Bellagamba

e
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Analysis Strategy

@ Signal Generation:
» Simulated using IDEA detector performance (MG5, PYTHIAS8)

@ Backgrounds:
* Dominated by Z—=pu, Z— 1T and heavy flavour decays (bb,cc)
@ Selection Criteria (after preselection): HNL mass =20 GeV, V_mix = 1e-5

. | B — ool I I
* Optimised search based on the distance from | [| B

the 2-p decay vertex to the IP (Dxy)
° ny > 10mm \A

* Also applying cuts on
cos(0) (angle between " .J[—x=5E
two muons)  —— "-REEE

further increases
the sensitivity

e cos(0) > -0.95

Lorenzo Bellagamba 12
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Efficiency & Sensitivity
@ Signal Efficiency:
* Evaluated after parameterizing efficiencies for each point vs log1o(cT) using Gaussian fit

@ Sensitivity:
* Interpolation between the points performed using linear fit on the Gaussian fit parameters
* Results obtained assuming negligible background and no observed events

* Significant improvement over HL-LHC predictions

Signal efficiency Nsig 95%CL limits (N ~ 6 - 1012)

—— Dy, >10 mm - central
=== Dy, >10 mm - eff.+£ 10%

)

2 .
mix

log10(

—11 generated points

_10_

10 15 20 25 30 35 40 45 50 | 10 15 20 25 30 35 40
Mass [GeV] Mass [GeV]
Lorenzo Bellagamba



Semi-Leptonic muon Channel with pvjj final state

@ Same high branching fraction as e-channel analysis (~50%)
_ W+ q

7 HNL

/

q

@ Discovery feasible across a broad spectrum of parameters space
* Low mass — (Delayed) signals likely to display a one-jet signature
* High mass — (Prompt) signals has the two jets well separated

@®Base event selection \ Q\<; *ﬁ@

* Two different SRs depending on Njets

* For each region: Utilised dedicated kinematic variables providing
good discrimination

My

Nicolo Valle, Giacomo Polesello 14



Analysis Flow - Selections
® Vertex-based selection: P
NP Y <5

* Require a well-reconstructed primary vertex, utilizing N tmcks tracks
most of the available tracks for its reconstruction —» thx,pmmary < 10

® Mass-dependent selection

Require visible HNL mass and missing
energy to be within 2x of the
resolution in distributions ——

IIIII| I|| TTTI | II| I IIIIII[| I I ! ! IIIII| I
U

@ Prompt vs Long Lived selection

* Choose transverse position of PV so as backgrounds become zero:
rprimaryvertex § 0.5 mm

Nicolo Valle, Giacomo Polesello 15



Analysis Sensitivity

A minimal selection is applied ;_% 10~
In the long-lived analysis to
ensure that no background
remains for the long-lived
regime

LHC prompt
106 LHC LLP

FASER2/
”

10 8 T —

e Poissonian statistics used for

the expected number of events |

~ B FCC-ee ujj LLP
' FCC-ee ujj prompt —

* Sensitivity surpasses HL-LHC N FCCce 1 LLP
theoretical projections for a 07 5 10 50 100

. . GeV

similar mass range My [GEV]

Nicolo Valle, Giacomo Polesello



HNLs decaying to electron pairs and neutrinos

@ Consider scenario where HNLs only have
non-zero mixing with ve

* Focus on long-lived scenario and extend

work performed for snowmass
(Front. Phys. 10:967/881 (2022))

@ Goals:

e Study updated (Winter23) signal and
background samples using IDEA detector

» Calculate sensitivity for a background-free
search requiring exactly one SV

Sarah Williams

"
d

St

--- R
- ==

Caveat: work still needed to
further verify background-
free assumptions and/or

perform further optimization.

These studies will exploit
skimmed MC samples!
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https://arxiv.org/abs/2203.05502

Results and Sensitivity

 Background-free search could be performed by vetoing jets, muons and
electrons and placing requirement of 1 displaced secondary vertex
(reconstructed with tracks with |do[>2mm).

* Provided 2-page summary for ECFA e+e- study updated yields for 205 fb-1:

FCCAnalyses: FCC-ee Simulation (Delphes)
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https://www.overleaf.com/read/zbjjhbfpvrgd#af18da

Summary & Outlook

@ Outstanding potential of FCC-ee for directly exploring BSM signatures in
both prompt and long-lived channels

@ Diverse signals: HNLs, ALPs, unconventional Higgs decays, and more

@ HNL exciting channel for BSM searches in FCCee
* Analyses show sensitivity to very small mixing angles

* Integration of prompt and LLP signatures offers complementary coverage of
the entire parameter space

@ Intensive efforts are underway to optimize sensitivity for benchmark
sighals

19



Backup Slides



Event Generation & Workflow

Detector Simulation + Hadronization

Process Card R Monte Carlo
(My» Venr Nevents) MadGraph HeavyN models

Process Card
(Detector parameters,

Custom objects)

’

DELPHES + PYTHIAS

Custom Variables, Analysis
Event Selection ) FCCSW Framework

Conduct FCC case studies utilising the “official” analysis
tools and framework provided for the FCC

21



Jet algorithms

@ Jet reconstruction was primarily
conducted using the FastJet software,
rather the initial event generation phase
Wlth Pythla Objectswit;variedyij

@ This approach was chosen for the
enhances control and adaptability it
provides when working directly with
partiC|e data from the EDMHEP files Collimated objects with high y;

Vertex

@ 'he Durham jet algorithm was used for
the clustering jets



Log Normalised Entries
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HNL— ejj Analysis: Variable distributions

FCCee Simulation (DELPHES)

FCCee Simulation (DELPHES)

Log Normalised Entries
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HNL— ejj Analysis: DNN vs BDT feature importance

FCCee Simulation (DELPHES) FCCee Simulation (DELPHES)
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HNL — yjj Selections

Kinematic selection Mass-dependent selection
» Two different SRs depending on niets e Require:
o 2jets: Dominant at m>50 GeV M,is € My, £2 x 10% x /My, / GeV
o 1jet: Dominant at lower masses where M,is: sum of visible 4-momenta to

« For each region: Investigation variables | S€!€ct HNL mass and v recoll energy

providing discrimination

) * Apply also cut on Emiss:
: =TT
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Vertex-based selection

* Require well-reconstructed primary
vertex and most of the Tracks used for
primary vertex

» Substantial rejection for heavy flavours

\TPTIMmanry

‘Z Ytracks =~ - tracks < 5
X . < 10
vix ., primary
2 e —10" 2 0 ppmmy T T
<x 13; My, =50 GeV, ct=0.1 mm f; 18;1 Z— bb | 02
: 10°
] 107
E| | | |

J10Vvxp

HNL — pj Selections

Prompt vs Long Lived selection
* For separation between prompt and LL

© Choose transverse position of PV so
as bkgs become zero: rypx = 0.5mm

* About five times values ryxp for extreme
tails of bkgs

llllll
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Very good resolution in position
of HNL reconstructed vertex

Primary vertex well reconstructed

In the volume of the detector
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