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Introduction

* Alot of the_ work in thi_s group in the past Searches for long-lived particles
year(s) builds on studies from a SNnowmass 4t the future FCC-ee
@’ an LLP Whlte paper was recently C. B. Verhaaren', J. Alimena®*, M. Bauer?, P. Azzi", R. Ruiz®
published in Front. Phys. 10:967881 (2022) . Neubert®, 0. Mikulenko®, M. Ovchynnikov®, M. Drewes’,

J. Klaric®, A. Blondel'®, C. Rizzi®, A. Sfyrla'®, T. Sharma®,

Wthh InCIUded case StUdIeS Wlth the Oﬂ:ICIal 5. Kulkarni', A, Thamm™, A, Blondel™, R. Gonzalez Suarez™

FCC analysis tools. oL et
« These initial studies motivate further s P Ay o Scrces Ko Poand rsenes G Uiy are.

optimization of experimental conditions and et L L S
analysis techniques for LLP signatures.

In 2022-23 and 2023-24 | had 2 masters students working on HNLs trying
to extend the sensitivity studies for the eev channel using the Winter23

samples. This summer | have tried to write up the main conclusions and
am eager to discuss how we could get them published.
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https://snowmass21.org/energy/bsm_general
https://snowmass21.org/energy/bsm_general
https://www.frontiersin.org/articles/10.3389/fphy.2022.967881/full

Heavy Neutral Leptons (HNL) at FCC-ee

Snowmass review:

« Right- handed (sterile) neutrinos could G SIRCULAR
provide an explanation for neutrino
masses, the baryon asymmetry in the
universe and dark matter.

« For small mixing angles with their LH
counterparts- long-lived.

« Obvious benchmark for LLP searches
with displaced vertices.

By 1.6 M \° ,
A — 2 ]_ - M . = i 12 i
N T U2cqe \ GoV ( ( / mz) )cm Cqet= 1 (Majorana) or %2 (dirac)
arxiv:2210.17110 l.e. LLPs when couplings and masses are small!
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https://www.frontiersin.org/articles/10.3389/fphy.2022.967881/full
https://arxiv.org/pdf/2210.17110.pdf
https://arxiv.org/pdf/2203.08039.pdf

HNL searches at FCC-ee Tera-Z run

Searches for displaced HNL decays are most efficient i A¥E Bewsaw
g 108 &g —=Nv, N—=agev -
at the Z-pole run (larger luminosity and cross-section & =.womw..- 1a0e
from Z—Nv decays). Benefit from: oo v, 1ates ;
: : 10 HNL lifetime -
e Low SM backgrounds with displaced vertex. :
e Small beam pipe radius. B a2 e
Gan Nt (s]
e Clean experimental conditions. § R
10 (3=91.0GeV
it S

— m,, = 50 GeV¥, ¥ = 14186
— my, =70 GaV, ¥_=1.41e-6
— my, = 90 GeV, ¥ _= 1.418-6

HNL reconstructed -
107} decay length

For N—WI decays, depending on the W decay final states
include I'vv or Ivjj '

10§
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https://www.frontiersin.org/articles/10.3389/fphy.2022.967881/full

HNL sensitivity study: N—eev

Initial study developed an event selection to reduce the backgrounds:

e 2 electrons with a veto on additional photons, jets, muons.

e pMss> 10 GeV to reduce the Z—ee background with instrumental missing
momentum.

Also studied angular distributions sensitive

e Electron |dg/>0.5 mm to majorana vs Dirac nature of HNLs...
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https://www.frontiersin.org/articles/10.3389/fphy.2022.967881/full

Most studies so far use Pythia+Delphes for

Su mm ary Of WOr kf | ow backgrounds- would like to move to FullSim

and be able to consider alternative generators.

g Sample generation of models Earamgtnsed detector Analysis tools_

g simulation * FCC analysis

g e MadGraph5_aMC@NLO for « IDEA DELPHES card Sensitivity to
2 parton-level ete” studied model
© e PYTHIA for parton shower 3

S and hadronisation g

« Use FCCAnalysis software to analyse centrally generated EDM4HEP files,
though some signal files produced privately.

- Dedicated LLP tutorial prepared by Juliette Alimena enables full workflow.

« Note: when beginning this work encountered quite a few problems with
‘scalability’ of FCC software running over full production. These are now (as
far as | know) broadly fixed but including filtering in “stage 1” speeds things
up significantly.
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https://github.com/jalimena/LLPFCCTutorial/blob/main/README.md

Notes on spring21 vs winter23 studies

Common event samples

(o

Idish) The "spring2021" Monte-Carlo samples (May 2021)

some input on the MC production had been collected in early 2021 at this googledoc.

Details of the spring2021 samples:
o the production uses the EventProducer developed by C. Helsens.

o release from 2021-04-30, uses Delphes 3.4.3pre10

o configuration cards (delphes cards, Monte-Carlo cards): see the FCC-configs repository, branch spring2021.

See here for information about the files made with IDEA

The event files can be found in EQOS /eos/experiment/fcc/ee/generation/DelphesEvents/spring2021

a few files were produced, corresponding to IDEA with a 3T field, and to "IDEA" where the Drift Chamber was repaced by the CLD
tracker

Known caveats in the "spring2021" samples:

there is some inefficiency for electrons, due primarily to the overlap removal procedure, see Jean-Loup's talk and here

the jets that are on the EDM4Hep files, i.e. that were produced during the Delphes step, should not be used. See Jean-Loup's
talk and here. The issue lies in the Delphes card that was used (some jets are suppressed in the overlap removal procedure). The
solution is to re-cluster the jets in FCCAnalyses, as explained below.

=> Based on studies by John, and the example files on git- we did not perform this jet
reclustering for the snowmass results- all results based on jet vetos are not reliable
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https://github.com/HEP-FCC/FCCeePhysicsPerformance/blob/master/General/README.md

Notes on spring21 vs winter23 studies

The "winter2023" Monte-Carlo samples (January 2023)

e release from 2022-12-23, uses Delphes 3.5.1pre05

e configuration cards (delphes cards, Monte-Carlo cards): see the FCC-configs repository, branch winter2023.

e Main changes compared to spring2021 - see details here
o Updated IDEA geometry in the Delphes card:
= smaller radius beam-pipe (R=1cm)

= ECAL crystal calorimeter hence much better ECAL resolution. Note that while the crystals are a seriously considered
option, this is not yet the baseline of IDEA.

o Electrons and Muons are stored prior to any isolation requirement
— 0 ITack uncertaimntes are now renaple also 1or very displaced wacks

o fixed issues with electron inefficiencies and inefficiencies for low pT tracks. Overlap removal left to the user.

— 0 uUpdated Mmaciimne parameters (ENCe Deal energy spread and SiZe o1 tie [armmous 1eg1om)

o Whizard samples now have a non-zero event vertex

o Jets that are on the files correspond to the ee_genkt algorithm, with p = -1 (i.e. antikT like), radius = 1.5, PTmin = 1 GeV. These
jets may not be suited to all analyses, and as before, the best is to re-cluster the jets in FCCAnalyses, as explained below.

o Electron resolution: slightly degraded compared to muon resolution (by 20%), to account approximatively for the brems.

o Generator cards: Particles are decayed only if the decay vertex is within a cylindrical volume, corresponding to the volume of
the tracker.

o The magnetic field is stored on the files (branch "magFieldBz")
o For the tracks, the dNdx can be accessed in the "EFlowTrack_2" collection.
e List of samples produced is here. More samples, esp. at 91 GeV, will be produced.

e The event files can be found in EOS /eos/experiment/fcc/ee/generation/DelphesEvents/winter2023
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https://github.com/HEP-FCC/FCCeePhysicsPerformance/blob/master/General/README.md

Notes on spring21 vs winter23 studies

1. No isolation requirement in winter23 vs spring21=> likely to effect the
Z=> qqg samples. Have not considered further (yet) in these studies.

2. Fixed electron efficiency means we could gain signal acceptance.
Can emulate overlap removal in key4hep through removing the
leptons from the list of reconstructed particles considered in the jet
reclustering => done.

3. Whilst jet clustering fixed, the default jet collection considers not
helpful for our studies => have generally reclustered with inclusive
antikt to mimic what we thought we were doing for the spring21
studies.
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Overview of updated studies

« All results presented today is written up here:
https.//www.overleaf.com/read/pcvchdvjbsbg#fdc827 =>
comments/gquestions welcome.

« This includes:

« Comparison of spring21 vs winter23 samples in terms of background
rejection for cuts in eev channel.

- Impact of placing requirements on reconstructed secondary vertices.

- An attempt at an updated sensitivity plot (to be discussed and
extended?)

« Discussion of future work?
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https://www.overleaf.com/read/pcvchdvjbsbg

Statistics in spring21 vs winter23

Spring21
" Frocuss " Haw svents in ref 3] Cross-suction is ref 3] [ph] Eamph lammuosity [sh I: "
g 19 CHEH, THEM 1,463 RLBLY
E— iy 190 0HEH0, MM 1,463 RLBLY
F—s T 100,041, [HMH) 1.47% 0,01
E— qq (g=wu,d.s) I KK OO, CHO 18,617 005
G+ 20 L EE]AHHI, THH] Dalh .14
Z—+ hhb L SR AHHI, THHD i, GA5 15
Winter23
[ Frovess Fiaw evunte Hutis ko ruw events in oef '!-_l Coroan-ac koo 2]
&—+ o JOR0 THH, O Lil 1.,4nl
L—+ u Jo0e0 (0, O Lil 1,462
T— 7T ILCIRLINEEE Lil 1,477
E— g (g—wa.d} 407 AGH, BG4 - 11,871
L— as 400 B4 2 440 —_— 531G
L—+ ] L5, TR, 4545 HRLL ol
&— hh LAN TN, 61T 1.4 6,645

=> Despite improvements, we are still heavily limited by MC statistics with the
winter23 samples- need to note this as a big caveat when guoting prospects
for background-free searches.
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Spring21 event selections

" = — " Toatal Ezuctly 2 slectirons Virloum F o= Ll Ge Elzctron |as| = 0.6 man Rijeetion factar "
o 2.19 & ' 185 % 10t 1.638 = 10" T.07 = 10" = 384 x 107" 33,650, B
+&.10 % 107 [0.708) +6.& = I0T{0UB0E) 4304 % 10% {0UD03) (e L0}
™ 1.7 = 1t LI L 5.0 = 10° 252 « 10® 664 1 b 1T R [
£1.10 x 107 [0A025%) 41,06 x 107 (0023 787 % 10% oo11d Lamd w0t (2 0001
ik 279 w 1043 o0 w LT 2.7 w 10F £ 2170w IO £ 170w IO 1, 0O0UB1E OTR.40
42,54 = 10° (< 0.001) 378 % 10
e TER w Dt 1.6% = 107 E.X% w Qi 1.74 = 10% < LEE w I BA5_TE GOD.TH
+1.21 = 10® [« 0.001] +3 1% = 107 +1.2% = L
[ 097 « 1t o w10 = (v L 10® L.7E = 10* STHLE H1A.BG
+0.85 = 107 [« 0.001) +% %6 = 10 +1.45 = 10* +1.72 = 10
L Vo] |l 1l
1, 2w 10-% || 25a4 100 & T (1.397) ook 4 T {0.305) 950 & T (0,373} BT & 7 (0.050) 2.70
20, 8% 10~ || a5H INE & 7 (psET) B8 4 2 {0ETZ) e Y |2 ) P O Y| B 1.uH
o0, 5= 107% || Bl 34.7 + 0.3 [0.6RD) 342 + 0.3 [0.671) 92.6 + 2 {0.650) 51.2 4 02 {06120 1.64
50, 1= 10~ % || ol 3.5 + 002 [0.TAR) 3.7 + 0.02 [0.760] 9.5 + 0002 {0.707) 5.3% + 0002 {0ETT) 1.48
s0,6 % 10-% || 1 0,55 & 011 {0.805) (U8 4 0,00 [0.780) 0,52 & 001 {0.738) 0,734 & 0004 {0.585) 1.6

« Significant background rejection was taken as supporting evidence that
we could perform background-free searches at FCC-ee.

« Benchmark point with my = 50 GeV and |V,y| = 6 x 107° which gave ~
1 event taken as illustrative of the maximum sensitivity to HNLs that
could be achieved.
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Update background studies- jet reclustering
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Figure 2: Jet multiplicity distributions for (a) the default jet collection stored in the Delphes samples (gen-
eralised ky with p = —1 and a minimum py cut of 1 GeV), (b) jets reclustered using the anti-ky algorithm
with & minimum py eut of 1 GeV amd (c] jets reclustered with the anti-kp algorithm as in (b) bat with all
reconstracted leptons (electrons and muons) removed from the reclustering.
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Updated selections, including displaced vertex

reguirement
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Table 4: Event yields, normalised to 150ab~! for background and signal processes for event selection criteria
taken from the snowmass study, but extended to consider the presence of displaced vertices. For comparison,
the efficiency of the requirement of 2 electrons and a veto on photons, muons and jets is provided in brackets,

Higher rejection of hadronic backgrounds due to fixed jet reclustering.

Improved signal acceptance probably due to recovery in electron
efficiency at low pT (see backup).

The DV requirement removes ~ all backgrounds- hard to study
additional variables at this stage.

iz UNIVERSITY OF

“8* CAMBRIDGE FCC LLP meeting- 29/8/2024— Sarah Williams



Distributions at jet veto level

FoCAnglyaes: FOC-ae Simnieiion (Delphes) FOCAmayaes; FCC-ae Simuiglion (Daiphes)
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DV requirement will remove ~ all Z=> ee, perhaps missing momentum cut
no longer required or should at least be reoptimized?

iz UNIVERSITY OF

"8 CAMBRIDGE FCC LLP meeting- 29/8/2024— Sarah Williams



Distributions with 1DV, and muon and photon veto
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- ~all signal in O-jet bin.

- Signal peaks at higher
missing momentum, but
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based on Z=> ee shape.
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DV reconstruction choices

FCCAnalyses: FCC-se Simulation (Dedphes)

3 10" V8 = 81.0 Gav - :f- E
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L e - - s increasing the dO cut
o 1 for tracks entering SV
1-:-' = -
" — ; reconstruction.
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Muymbes of i epiacesd vertices

Figure 11: Distribution of the mumber of reconstructed secondary vertices (reconstructed with a track pr cut of
1 GeV and a minirmum |y | requirement of 2 mm) . normalised to 150 ab~, for representative HNL benchmark
points amnd the main Z-pole background processes. All events are required to have exactly two electrons, and
no additional muons or photons.
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Results with tighter DV selection

Z — | 2 electrons | Vete photons and muons | Veto photons and mwons; 1 IV | Yeto photons, muons, jets; | DV
ee L6i2e+11 £ E.RJe+I8 1.62=+11 = 1.EQe+07 L1le+{ £ 490+ < 4. 90e+41
[ 7 || 588400 £ LAde+08 | 5.0%+00 £ 3 46c+06 | LTTe+05 + 1. 98e+04d [ < 198e+{4 [
[ B | 42Te+00 £ L dBe+08 | 4.27e+0% £ S lle+06 | 10807 & 2 A%e+05 [ < 2 ASe+45 [
[ ee || T-38e+08 £ 4.25e+07 T.0%+08 £ 1.0Ge+06 | 4. 7Te+06 £ E.fde+0d [ < Efide+{4 [
| md || 228e+08 + 5.d0e+07 2.2%=+08 £ 9.0%e+05 | 2 10e+06 + B 6Te+0d [ < E6Te+d04 [
| a5 || L19%+08 &+ L.Te+07 | L1%e+08 £ 4.31e+05 | 12806 4+ T.1Te+04d | < T.1Te+44 |

Table 5: Event yields, normalised to 150ab~" for Z-pole background processes for a baseline di-electron event
gelection involving vetoes on muens, photons and jets and requiring exactly 1 reconstructed secomndary vertex
(reconstructed with a track pr cut of 1 GeV amd a minkmum |dp| requirement of 2 mm). The inequalities in the
final column indicate that all MC events are remsoved by the full selection.

FCCARalyseR: FOC-ge Simnanion [Dwphes)
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further on larger
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Rough sensitivity projection
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Table §: Event vields, normalised to 150ab~! for HNL zignal pointz for a baseline di-electron event selection
invelving vetoes on muons, photons amd jets amd requiring exactly 1 reconstructed secondary vertex [recon-
gtructed with a track pr cut of 1 GeV and a miniroom |dy| requiremsent of 2 mm). In the final column, the
numbers marked in bold illustrate scenarios where this selection would yield at least 1) signal events, and

thus could be discovered at PCC-ee assuming a background-free search.
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Rough sensitivity projection
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Table §: Event vields, normalised to 150ab~! for HNL zignal pointz for a baseline di-electron event selection
invelving vetoes on muons, photons amd jets amd requiring exactly 1 reconstructed secondary vertex [recon-
gtructed with a track pr cut of 1 GeV and a miniroom |dy| requiremsent of 2 mm). In the final column, the
numbers marked in bold illustrate scenarios where this selection would yield at least 1) signal events, and

thus could be discovered at PCC-ee assuming a background-free search.
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Rough sensitivity projection
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Obvious note:
there's probably a
better script for
this (let me know if
you have one?).

Relatively easy to
add additional
points to this curve
which should
make
extrapolation
easier.
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Status of MC filtering studies

In order to get adequate MC statistics at the Z-pole run for LLP
studies- need filtered MC samples!

- John made significant progress (helped by Juraj- thanks)
iImplementing MC filtering in key4hep using Gaudi Filtering algorithms.

« However- due to updates in key4hep/backward compatibility problems
it will be very difficult to compare filtered samples to winter23 samples.

Hoping to pick this work up in the coming months, but would like to
discuss possibilities for publishing the work presented today first.
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Conclusion and next steps

- Have tried to document updated
studies on HNL production in the eev
channel at FCC-ee that | would like to
see published in the coming months.

Since a lot of the ‘lessons/messages’
require acknowledging some
limitations of previous (and current)
work, welcome input on how to
proceed.

Thanks for listening- happy to take
comments/questions ©
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Backup- electron energy distributions
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Figure 3: {a) leading electron energy and (b} sub-leading electron energy distributions normalised to 150 ab—',
for representative HNL benchmark points and the main Z-pole background processes. All events ape pequired
te have exactly two electrons, and no additional muons, jets or photons.
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