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Heavy neutral leptons AT
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@ Type | seesaw model with n > 1 heavy neutral leptons (HNLs) can address multiple issues
of the SM Phys. Rev. Lett. 128, 051801

typel ZN(ZJ M)N_iz Z ]\7(]>X< ;yﬂflj

i=1 C=e,u,r
HM
3 9 Z Z NU* y”ny—g—z Z N,U;ZI/LK+H C.
cos Wizt ¢= =e,U,T i=1 f=e,u,r

@ Parameter-dependent decay length:

1.6 [ M; \™°
—_— . [ —_ 2
Ly ==~ 0 <GeV> (1= (M;/My)*) cm
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.051801

Heavy neutral leptons AT
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® Simplified scenario: one Majorana or Dirac HNL

® Minimal realistic scenarios (lepton number-like symmetry):
@ M, = M, single Dirac HNL

® M, ~ M, pseudo-Dirac HNL arxiv: 1712.07611

@ M, # M, two distinct Majorana HNLs
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.051801
https://arxiv.org/abs/1712.07611

Simulation setup

Model Generation
Madgraphb +
Heavy N UFO Pythia8

arXiv:1411.7305
arXiv:1602.06957

® Z pole run at FCC-ee

@ SM processes available from Winter ‘23

central FCC production
(Pythia8 + Delphes)
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IDetector height 1100 cm

Yoke 100 cm

Detector Analysis
Delphes FCCAnalyses
IDEA detector

Preshower

DCH Rout = 200 cm

|

DCHRin = 35cm

Cal Rin = 250 cm

Cal Rout = 450 cm

) Magnet z =+ 300 cm
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https://fcc-physics-events.web.cern.ch/FCCee/delphes/winter2023/idea/
https://arxiv.org/abs/1411.7305
https://arxiv.org/abs/1602.06957
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EXCLUSION LIMITS
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One muon HNL et SN { | |
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® Majorana N = u j j, coupling to

Muons

® Privately produced ete™ — v, ujj SM
background

B At least three tracks and one muon

not in jets (cut list in backu =
jets ( P) P
=
® Exclusive k7 jet clustering n;,, = 2 2 10
& 10°
10*
108
102

0 10 20 30 40 50 60 70 80 90
M, (GeV/c?)
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https://doi.org/10.17181/9pc9x-kcn56

One muon HNL Polesello and Valle ﬂ(l'l'

doi:10.17181/9pc9x-kcn56
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® Majorana N = u j j, coupling to

Muons

LHC prompt

10—6 \ [ (O N

-~~—-

® Prompt vs. long-lived HNL

(background-free): L, $ 0.5 mm

-10|
10 s FCC-ee pjj LLP

FCC-ee ujj prompt

\\
-~
~
\\
~

| FCC-ee puv LLP  —— T ~==-TT0-7T
1012 : ‘ |
> 5 10 50 100
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https://doi.org/10.17181/9pc9x-kcn56

Two HNLs BN | )
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® Pseudo-Dirac pair Ny, = £ £ v, coupling to all

leptons

@ Parameters in agreement with leptogenesis Phys.

Rev. D 108 (2023) L101302 and oscillation data JHEP 09
(2020) 178

® Privately produced eTe™ - £¢€vv SM background

FCCAnalyses: FCC-ee Simulation (Delphes)

% 1()25:_|||||||||||||||||||||||||||||||||||||||||||||||||_
o = Vs =91GeV, L=204 ab”
L 1022:_ e'e =N, ,v, N, ,—=llv
@ Leptonic T decays + missing energy (cut list in 1019 [ o eptons, no photons, p, >1 GeV. p,>5 GeV
o P=2.86e-12, M =30 GeV [Jz—uds [Wz-—>w
16 N
backup) 107 -667e-10,M=30Gev ~ [z—bb [Hz-co
13— UP=Be-12, M, =60 GeV vy
10 [ —— U°=1.33e-7, M, =80 GeV
10" E-

O 10 20 30 40 50 60 70 80 90 100
Reco M(l,I') [GeV]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L101302
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L101302
https://link.springer.com/article/10.1007/JHEP09(2020)178
https://link.springer.com/article/10.1007/JHEP09(2020)178
https://arxiv.org/abs/2410.03615

Two HNLs

@ Pseudo-Dirac pair Ny, = £ £ v, coupling to all

leptons

Giappichini et al. ‘(IT
7 arXiv:2410.03615 A\
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N1 ,—-0lv at FCC — ee, Vs =91 GeV, Lj,;=204 ab~?!

-6

@ Inclusive vs. long-lived analysis (background-
free): |dy| > 0.64 mm ~10-

_11_

-12

U2/U?:UZ/U? 1 UZ/U?=0.9:0.1:0
Event count from displaced selection
Significance from inclusive selection

10
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https://arxiv.org/abs/2410.03615
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L101302
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L101302
https://link.springer.com/article/10.1007/JHEP09(2020)178
https://link.springer.com/article/10.1007/JHEP09(2020)178
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OSCILLATIONS
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NN oscillations eretal e ST
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® Pseudo-Dirac pair N = pj j, coupling to muons

® Oscillations implemented in pSPSS UFO (phenomenological symmetry protected seesaw)
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http://www.apple.com
https://doi.org/10.1007/JHEP10(2023)129

NN oscillations eretal e ST
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® Pseudo-Dirac pair N = pj j, coupling to muons

® Oscillations implemented in pSPSS UFO

® NN oscillation probability:

PLNCILNV () — I £ cos(Amz)exp(—A1)
osc 2

® Damping parameter A=0 for long-lived HNLs JHEP 09 (2023), p.170
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http://www.apple.com
https://doi.org/10.1007/JHEP10(2023)129
https://link.springer.com/article/10.1007/JHEP09(2023)170

Final state distributions ==, ... CIT
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@ Angular-dependent probability

1 do(cos 6) PLNCILNV (7
o dcos@ ”°

P,(cos0,7) =

N4

® Forward-backward asymmetry ® Opening angle asymmetry
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https://doi.org/10.1007/JHEP10(2023)129

Final state distributions = .. NCIT
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my=20 GeV N-pjj FCC {s=91.2 GeV L,=240 ab" my=20 GeV N-pjj FCC {s=91.2 GeV L,=240 ab"
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https://doi.org/10.17181/recsm-v3k46

Hajer et al.

arxiv:2408.01389 A\‘(IT
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NN oscillations sensitivity

FCC-ee (IDEA) 50 discovery reach

Am/ peV

1000

612

100

10
m/ GeV
@ Assuming background-free analysis (cut list in backup)

@ Likelihood ratio test on the opening angle asymmetry
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Dirac vs. Majorana TN 4 | |
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Amzt > 1 two Majorana HNLs Amzt = 1 single Dirac HNL
my=20 GeV N-ypjj FCC ys=91.2GeV L, =240 ab’ m,=20 GeV N-pjj FCC ys=91.2 GeV L, =240 ab’
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Conclusions AT
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@ Analyses of different HNL coupling scenarios show FCC-ee great potential for direct
searches in both prompt and long-lived channels

® NN oscillations could also be observed and their period measured in a sub-region of the
accessible parameter space

@ If not, Dirac and Majorana limits can be used to assess the phenomenon

doi:10.3389/fphy.2022.967881
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HNL limits AT

20

arxiv:2408.01389
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N 107 10° 10° 10% 10* 10° 10* 10°

N |

10°°

= 10~°

1071

Insufficient production

e e e e e B e el ot et

1 2 5 10 20 50
my/ GeV

10—12

Figure 3: The testable parameter space in displaced vertex searches is constrained by the geometry of
the detector. The minimal displacement cut limits the mass range from above (), while the max-
imal displacement of the reconstructed vertices limits the mass range from below (---). Finally, the
cross section of the model imposes a lower limit on the testable couplings (- - -). The correspond-
ing analytic approximations are given in [31].
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Cut list - one HNL

Polesello and Valle &(IT
doi:10.17181/9pcPx-kcn56 M=

Karlsruher Institut fur Technologie

Table A1l Steps of event selection implemented in this analysis. The details are given in
the text. The name given to each step can be used to interpret the following tables and

figures.

1. Event Filter

2. Event Selection

3. Vertex selection

1 muon

> 3 tracks

E, = 3 GeV
Emiss 2> 5 GeV

1 lepton (muon)
Cuts on pmiss,
jets, p and visible mass

Ntra.cks - Nprzmary < 5

tracks

2 <10

th:r,prima.ry

4. Mass-dependent
kin. selection

5a. Displacement: prompt

5b. Displacement: LL

Myis within 2 x 10%vV M
Eniss within 2 x 10%+/po

primary
Toert > 0.5 mm

Dy, < 80 if My, > 70

primary
vert

r < 0.5 mm
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Cut list - two HNLs sippichin <t SV
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Inclusive selection: Displaced selection:
Two leptons, no photons Two leptons, no photons
Prmiss > 2 GeV,pr, >1GeV,E,>2 GeV Prmiss > 2 GeV,pr, >1GeV,E, >2 GeV
No other track and no neutral hadron No other track and no neutral hadron
Prmiss > 10 GeV Promiss > 10 GeV
cost; > 0 cos0; > — 0.8

E, .. >45GeV M(,1") < 80 GeV

E) oading < 35 GeV 7r <10
M1 < Mgyt |dy| > 0.64 mm
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Efficiencies - two HNLs

Giappichini et al.
arXiv:2410.03615

SKIT
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Cross-section (pb) Ngen Inclusive selection | Displaced selection
7 — ee 1462.09 100000000 | < 3.42e-13 | < 4.38e-17
7 — W 1462.08 100000000 | 1.20e-08 | < 4.69e-16
Z —TT 1476.58 100000000 | 2.41e-06 | < 8.29e-11
Z — bb 6645.46 438738637 | < 4.08e-14 | < 4.23e-14
7 — cc 5215.46 499786495 | < 7.65e-12 | < 4.10e-13
Z — ud 11870.5 497658654 | < 2.04e-15 | < 6.18e-16
7 — 88 5215.46 499842440 | < 7.03e-15 | < 3.46e-15
eevy 1.09e-02 1000000 2.25e-01 < 1.23e-07
% 4.78e-03 1000000 2.27e-01 | < 1.12e-07
TTVV 1.42¢-03 1000000 1.04e-01 | < 2.92e-07
vy 4.59e-03 1000000 2.66e-01 <7.43e-09
U? =2.86e-12, Mn=30 GeV 4.48e-09 20000 6.01e-01 7.83e-01
U? =6.67e-10, Mny=30 GeV 1.04e-06 20000 0.79e-01 6.27e-01
U? =be-12, Mn=60 GeV 3.75e-09 20000 3.11e-01 5.89¢e-01
U? =1.33e-7, Mny=80 GeV 2.27e-05 20000 2.98e-01 < 3.99¢-06

23 05/11/24 - Sofia Giappichini

Institute of Experimental Particle Physics



https://arxiv.org/abs/2410.03615

Oscillation theory s e ST
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® Forward-backward asymmetry:

Pyn(cos ) = P (cos ) £ P_(cosf)
with
(1 + cos? ,B)m% + (a — cos? ,B)mj%,

3
4 2m2z + mg

P (cosp) = : P_(cosp) = g cos f}

@ Opening angle asymmetry:
P. (cosa) =P, (cosa) = P_(cosa)
with

a(my, m,, m
P+(cosa)=5, P (cosa) = — Uiy 2Z w) cosa

@ where a and b are the corresponding analysis power
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Cut list - oscillations

25

® One displaced muon (400 ym < L,,, < 1 m)

Hajer et al. \‘(IT
arxiv:2408.01389 A

Karlsruher Institut fur Technologie

® One jet (soft quarks, at least two tracks within 100 um of the muon vertex)

® Displaced vertex collinear with the HNL momentum AR > 0.1

® Reconstructed HNL mass in window 2 GeV of generated HNL mass
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Simulated

Exactly one muon
Exactly one jet

N mass window
Displaced muon
Single vertex
Vertex direction

Remaining

Events
497068 100 %
—H6228 —-11.3%

—2271 —-0.515%
—70177 —-16.0%
—5444 —1.48%
—13812 —3.81%
—3152 —0.903%
345984 69.6 %
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