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Future Circular Collidr |

@ Future colliders will offer exclusive insights into
understanding the mechanisms of nature

@ Pioneering advances in science and technology

@ Future Circular Collider (FCC):

*91km circumference
 Two stages:

o Stage 1: FCC-ee (Z, W, H, tt) as a high luminosity
factory for Higgs, EW and top

o Stage 2: FCC-hh (~100 TeV) logical progression at
energy frontier, with ion and e-h options

The FCC is a leading-edge facility
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for direct discovery of new physics!
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Precision measurements
of SM parameters
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CLIC-like Detector (CLD) Innovative Detector for an

e Full silicon vertex- Electron-Positron Accelerator
(IDEA)

detector+ tracker - -
« 3D HG calorimeter * Sllicon vertex aetector

. Solenoid outside e Short-drift Chambelr tracker
calorimeter e Dual-readout calorimeter

Preshower

DQH Rout=200 cm

IDetector height 1100 cm

DCHRin = 35cm

Cal Rin = 250 cm

Cal Rout = 450 cm

Yoke 100 cm

) Magnet z =+ 300 cm
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Detector concepts at the FCC-ee

Allegro

 HG noble liquid
calorimeter

e LAr or Lar + Lead or
Tungsten absorber

 Latest proposal

1988e) uonpyy

Consider IDEA detector for the upcoming studies o



Event Generation & Workflow

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

Detector Simulation + Hadronization

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

Pantelis Kontaxakis
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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

0 Heavy Neutral Leptons (HNL) « Studies to be showcased in this talk
o Axion-Like Particles (ALP)

O Exotic Higgs Decays

o /’ & dark photons

o Light SUSY, ...

Pantelis Kontaxakis
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Heavy Neutral Leptons
@ One of the most promising BSM channels for FCC-ee at the Z-pole

* Could provide answers to several unresolved questions of the SM:
O Neutrino masses, Dark Matter, Baryon Asymmetry...
@ Sterile neutrinos with small mixing angle with SM neutrinos
* Diverse final state signatures: both prompt and long lived

Three Generations 102
of Matter (Fermions) spin Y2

» CLD/IDEA D\
HECATE D\

Pantelis Kontaxakis M [GeV]
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https://arxiv.org/pdf/2203.05502.pdf

Discovery analyses

@HNL (N¢) — ejj (Prompt)
* Dimitri Moulin, Pantelis Kontaxakis, Anna Sfyrla

@HNL (N,) — pjj (Prompt + Displaced)
* Nicolo Valle, Giacomo Polesello

@HNL (N¢) — eev (Displaced)
» [ ovisa Rygaard, Juliette Alimena, Rebeca Gonzalez Suarez, Suchita Kulkarni

@HNL (N,) — puv (Prompt + Displaced)
» [ orenzo Bellagamba



HNL — ejj Analysis
@ High branching fraction ~ 50%

@ Significant background rejection mostly by applying selection on

Enmiss & distances between the decaying particles
@ Signal:

N
o Mn=10 - 380 GeV, Ven = 102- 102 \\

@ Backgrounds:
e Z—-bb, Z—cc, ete-—evqQ
o Official Winter2023 FCCee samples and configurations

Pantelis Kontaxakis 08



Methodology

@ Event Selection:
* Apply selections on discriminating variables (cut & count)

Eniss > 12 GeV Removes most of the

Leading e energy > 35 GeV

B(j1, j2) < 2.4 rad & AR(e, jj) <3

electrons from jets
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* Selections based on significance, with 10% syst. uncertainty:
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Results

Raw number of events

Selection 20GeV  50GeV  70GeV  4-body Z—-cc Z—Dbb
No selection 10° 105 105 10° 19 %105 4.4 x 108
F > 12 0.9 x 10 9.9 x10* 99x10* 78 x10* 33 x 10" 5.6 x 107
Cutflow: F>12&E->35 8079 3090 8541 5206 101 817
F>12&E- > 35 7780 7290 8333 4853 60 46
WV <24
F>12&E.- > 35 7478 5035 3017 3184 p) 1 Contour:
V<2488 AR <3 Z—2
. N Z-significance (L = 150 ab-1) /
%15_ selMissingEGt12 EI:,EGtBS IAngleLt2I4 DJetIEIeDRLtIS _|20 GIV IE Focus On the HNL =3
g —»ev 3 jnvariant mass as an - |gm 10°
5 _wayd  Observed quantity r .
S Ll —Zce
102 ::l"'LF‘. 120 ‘3 . 102
1 . g :
H[ | Selection extended for | T T T T T T 107
3 Il | IJ‘J | 7 entiremass-coupling Slmm moEoEDEDE |
ol i - 1074
0 1[0 2Ior 30 4|0 5Io ]elo 7|0] slo” 9%)6 \1/?0 plane -10 - oo Moo E
m |[\ae # ' ' ' ' ' ' ' ' ’ 10_5

10 20 30 40 50 60 70 80
Pantelis Kontaxakis HNL mass [GeV]



HNL — pjj Analysis

@ Same high BR as previous analysis

@ Discovery feasible across a broad spectrum
of the parameters space of interest o

 High mass — Prompt signals
 Low mass — Delayed signals

@ Z Decay baCkgrOUHdS and 4'fermi0n ”ij: PP =t I A N T

Cross section (pb)

—6:

_7:

—8:

@ Large signal grid generated in of
mass - coupling plane oF

~11f

T
e

2 r
4 -5

» Official Winter23 production & configurations

Pantelis Kontaxakis

M(HN) (GeV)
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Analysis Flow - Selections e

@ Kinematic selection R e
» Two different SRs depending on Niets or s
o 2jets: Dominant at m > 50 GeV : —
o 1jet: Dominant at lower masses F ) 151
* For each region: Investigation variables T
providing discrimination. E.g. ——— E | N | ool
st

@ Mass-dependent selection : | ot
* Require visible HNL mass = N
and Emiss tO be W|th|n 2 = 10% 107 na
of the resolution in distributions = :

1o 10 20 30 40 50 60 70 80 90 18 A B '4 T lfiﬁsg(lG;\I//;%“

M, (GeV/c?)

Pantelis Kontaxakis 12



Analysis Flow - Selections

® Vertex-based selection
* Require well-reconstructed primary vertex and most of the Tracks used for

primary vertex \

- ATRPTIMATY
‘Z\;t?”acks o Nt?"‘acks <9
thm,primary < 10

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

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

2,/ [mm]

Primary vertex well reconstructed

In the volume of the detector
Pantelis Kontaxakis



Results

@ Looking for U2 producing 95% CL excess of events

@ Integrated Luminosity = 240 ab-

Prompt

FCCee IDEA - Winter2023 - ys=91.2 GeV L_=240 ab™

3

?(ln]%Fl 5 <

I.
=

-II|IIII|II

~11
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Z score

LLP

e Sensitivity curve: Points in plane
where 3 events are expected after cuts

 Background events =0

FCCee IDEA - Winter2023 - ys=91.2 GeV L _=240 ab™

JIN

2
-
3

HoX XK K XX

—-10

-11

1 1 1 L1 1 I | | 1 1 I 1 1
60 70 80
M., (GeVic?)

Z score
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HNL — eev Analysis
® Showmass Results

@ Sensitivity analysis of long-lived HNLs

@ Signal simulation using Type | Seesaw
mechanism

* Focused on one benchmark HNL mixing
with electron flavours

* Leptonic final states featuring e and ve

@ Background simulation using Spring2021 campaign
* Five different decay modes of Z considered as background

Pantelis Kontaxakis
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Event Selection

@ Discrimination variables: Emiss and transverse impact parameter of the electron track |do|
@® Main selection:
 Exactly two electrons, veto on additional photons muons and jets
O Reduce backgrounds with hadronic decays
* Emiss > 10 GeV
O Reduce Z—ee bkg with fake missing momentum
e |do| > 0.5 mm
o Remove most of the rest of SM background

FCC-ee Simulation (Delphes) FCC-ee Simulation (Delphes) FCC-ee Simulation (Delphes)
> 22 _II 1 I [ I T T I B | | L | | LI | | LI | | | TTTT | 1 II_ E 29 _ll I | L | T T | L | T T | T T | T T I T T | T T | I II_ E 22 _| Il | T | [ | [ | [ | [ | L | L | L | I i
010k = E1O = = c10%F -
6 F Vs=91.0GeV - —  s=91.0GeV =4 S & Vs=91.0GeV -
010" L =150ab” = S10°F  L=150ab" O-1mm 7 g% F L=150ab" 0-2000 mm -
Si0tE  e’e > Nv,N —eev 7 SiotE e'e >NV, N eev 7 JiotE e'e > Nv, N —eev 7
-UE’ — 2 oloct N o hot —: .."E’ :— 2 electrons; No muons, jets, or photons; —] ..2 6 — 2 glef:trons with Id_0/>0.5 mm; No muons, jets, or photons; —
q>) 1 016 [ electrons; No muons, jets, or photons — q>>1 016 — Missing momentum > 10 GeV — 21 0 i Missing momentum > 10 GeV . E
u.|014z_mN=zoGeV,Ve=1e-4 Mle'e > Z —bb 7 Lu1014z—mN=20GeV,Ve=1e-4 Ml e'e >Z —>bb u.|1014:_—mN=ZOGeV,Ve=1e-4 I e'e —>Z—>bb_:
1 :——mN=20 GeV. V =3e-5 e'e »>Z—->cec — :—_mN=20 GeV, V. =3e-5 e'e »>Z—>cc L, = my=20GeV, V, =3e-5 e'e »>Z—->cc —
10 ° W e'e 5 Z > uds= 10 , Mee—>Z-oudss  107F Bl e'e’ > Z - uds3
10" :_> Blce 57>t 10" : Mlce >Z->1t — 10" = Blce >Zon 4
108 Bllce ->Z—>ee = 108 . Bllce >Z—>ee 108i BMllce >Z—ee =
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Sensitivity
3 S
VSt B+tAB

FCC-ee Simulation (Delphes)

@ Figure of merit used for sensitivity: S

- 10
%
= 1 @D

VS+B+A B

® Contours for _
S = and 0.05 ©

= 1|
107

1072

-9

, Vs=91.0Tev
10 L =150 ab"!
e*e" = Nv,N — eev

@ Theory predictions for 4 |
and 1 signal events 00
(arXiv:2203.05502)

e

=

107

o
<

_5 I S —_— 0.05
s=0.01

Theoretical prediction:

~11
10 4 signal events

= = = ] signal event
10° arXiv: 2203.05502

10 20 30 40 50 60 70 80
m, [GeV]
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https://arxiv.org/abs/2203.05502

HNL — puv Analysis

@ Assume that Majorana HNL have mixing
coupling different from zero only with the v,

e Focus on final states with two p and Emiss  °

@ Signal samples: > ' !
* Wide range of masses and couplings ’
» Standard tools used

@ Background samples: v "
* Official Winter2023 samples o N
e /— U, TT, bb, cC W

Pantelis Kontaxakis 18



Event Selection - Efficiencies

@® Minimal requests for the preselection:

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

@ Optimizing search based on the distance from the 2-uy decay vertex
to the IP (ny)

HNL mass = 20 GeV, V_mix = 10A-5
£ Ek 111 Distance from IP before selection 3
3 0 - Distance from IP after selection 2
e - B u

* Displaced vertex }r JHH | °8§++++ﬁjj;;lf;";;
main selection cut “:U4|, 1117 _ N
for signal/bkg £ T jf 11;1 Ny T .

- i L1l |, .
separation £ ILLLIJ‘ -0 N ’L“‘
05,,“11.. S N P IR ) S A SA S A & 4000

1 11 1 1 Ll Ll 1.l 1 1 1 1 1 1 11 L L 1.1 -
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500
Distance from IP [mm] Distance from IP [mm)]

Pantelis Kontaxakis 19



Event Selection - Efficiencies
@ Apply cuts on cosoO:

Z—>pp
* 10°
= = no cuts on cos(0)
- — cos(8)> - 0.99
105 — — cos(8)>-0.95
10° =
10° =
10° =
:11111111 NIRRT B R I W R TIT] B 1111—1||| vl o vl
107 107 107 107

Signal efficiency
after requiring:
- preselection

- c0sO > -0.95
-Dxy>1cm

Pantelis Kontaxakis
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III'IIIIIIIIIIIlII

—» cos@d > —0.95

Angle between
two muons

/
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Signal cross section [ab] - Signal efficiency

102

Vm X

1074
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High cross section
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Sensitivity

@ Interpolation of the sensitivity contours using parametric fit to
parameterize the efficiency vs decay length

Expected limits S

* Results obtained assuming
negligible background for the three
hypotheses of the Dyy

* Dyy cut should be tuned once a
more reliable estimation of the bkg
IS obtained

Pantelis Kontaxakis

N, 95%CL limits (Lumi=150 ab™?)

—— Dy, >10 mm
—— Dy, >30 mm
—— Dy, >100 mm

15

20 25 30 35 40 45
Mass [GeV]

50
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Study of properties

Lepton number violation

Pantelis Kontaxakis



Dirac VS MajOrana HN LS D. Moulin, P Kontaxakis, T. Sharma, A. Sfyrla

@Dirac (LNC) and Majorana (LNC+LNV) HNLs produce distinct
kinematic distributions

» Establishing the final state variables wherein
the difference between Dirac & Majorana can

22000

H—eev
Angle between e- & e+

be observed (arXiv:2105.06576) gow  moe Wi
li - - e
@ Utilize metrics (asymmetries, angular E e
distributions, ...) where the LNV nature o T = =
of the processes can be identified F
'(Q-U 1.2i [—{
§ o.:E: 14'—; ——
Soob

-1 -08 -06 -04 -02 0 02 04 06 038 1

arXiv:2203.05502 Reconstructed cos 6 ee

Pantelis Kontaxakis 23


https://arxiv.org/abs/2105.06576
https://arxiv.org/pdf/2203.05502.pdf

Discrimination Variables (HNL—ejj channel)

@ Electron energy, HNL (dijet) energy, Electron - HNL angle and related variables
e Studied both at the generation and reconstruction level
» Effective discrimination achieved by separately analyzing the et/e- distributions

 VVarious HNL masses investigated
lllustrative plots:

m _l I LI I LI I 1 I l_ m :l 1 1 : w T T 1 1 w 0 iR L DL L L L e e L R (LR L
Q@ — = 2L pos— — Q2 Q@ —
= 0.04— e Matjorana 50GeV semi-leplonic —] = — s Matjorana 50GeV semi-leplonic — = s Matjorana 50GeV semi-leplonic = — s Matjorana 50GeV semi-leplonic
C — - C — C _ ] c
LIJO. 35— + e Dirac 50GeV semi-leptonic - w ;— .y e Dirac 50GeV semi-leptonic —: w s Dirac 50GeV semi-leptonic w o :_ _, == Dirac 50GeV semleptonic —_
= s = e = + -+ = -
03— +p . — F —] — + ] — R —
= -I-:i:+ + - = - - - _ ’
— — — —t—
= + - T + . ~+ -
25— -+~ -+ — — -+ -+ ] o - o ]
— == i - == +:t — I
02— - — - -+ =
- :F "'¢+,_|_ ~ - - . - - — —
15— +""'h-l- -] :_ == : —: — ] ——
- == “+ ~ o - = + ——
L _|.++ I e -I-_._ — I —
L — — -, 1
01— uim -+ — — = - -] —
L == - == 1 — =i b— —
05— - - — - es ] - - - o — —
— o b — —— = ] _— e :
i Q _I 1 l L1 11 I 111 I 111 I L1 11 I L1 11 I L1 11 I L1 _I I I 1 I-.I-:J_ :9 1 ‘—‘-.'q_l L1 1 I L1 11 l L1111 I_l' p— I 1 1 1 1 l 1 1 1 1 I 1 1 1 4 L1 1 1 I bend EF 1 11 I L1 1 1 I 1 L1 1 I L1 11 F lllll
14 E- 14 E- = ==
13 E- 13 B = =
S 12E S 12 E o = | o, =
= "}f‘l'-H-h. I = "E I = = . r|—h+4+r = = N R
-~ 09 5— W -~ 089 i— ‘1-’ -— E— L.-\q-l'.'\_._'_'_ri-r'-r'- -— = L|-\——l
Q o8 08 E- = ==
07 E- T 07 B © = T =
C g6 = € osE- c = = = |
5 MNP B S EE B U S U S U SRR RS SR S U R S | 05 == I U ST SRS NSNS NS SRS U TS RS SN T S ST RS S S S R S ~—Srannrenny EFI BT ST U S SR S R S SN RS T S R S SR S R T T e o EP U S U S S U S S R S T S S R S 1
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 0 10 20 30 40 50 60 4 -3 -2 -1 0 1 2 3

Reco electron (-) energy Reco Lead Jet E Reco Di-Jet E Reco DiJet_electron (-) - electron A 6

Very good discrimination power for several variables
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Summary & Outlook

@ Outstanding potential of FCC-ee for direct exploration of 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 demonstrating sensitivity to even very small mixing angles

 Integration of prompt and LLP signatures complementary in covering the
entire parameter space

e Studies show promising results in effectively probing lepton number violation

@ Intensive efforts are currently underway on optimizing the sensitivity for
benchmark signals

Pantelis Kontaxakis 25
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FCC-ee Physics Program

‘mz, 'z, N, « ot s(mMz) with per-mil accuracy -
‘R, Ars *Quark and gluon fragmentation H IggS
‘mw, l'w *Clean non-perturbative QCD studies
MHiggs, [ Higgs
EW & QCD Higgs couplings
self-coupling
detector hermeticity particle flow
tracking, calorimetry energy resol.
particle ID
. "n; -
direct searches Intensity
of light new physics frontier”

e Axion-like particles, dark photons,
Heavy Neutral Leptons
e long lifetimes - LLPs

flavour factory
(10'2bb/cc; 1.7x10" z7)

Top

T physics B physics

Mtop, [ top
*Flavour EWPOs (Rp, ArgP:©) EW top couplings
er-based EWPOs e CKM matrix,
elept. univ. violation tests *CP violation in neutral B mesons

vertexing, tagging
energy resolution detector req.
hadron identification

momentum resol.

tracker eFlavour anomalies in, e.g., b — stz

Courtesy of Christophe Grojean

Pantelis Kontaxakis 27



Kinematic selection
* Two different SRs depending on niets
o 2jets: Dominant at m>50 GeV
o 1jet: Dominant at lower masses

* For each region: Investigation variables
providing discrimination

Hvag
LIl
LTt
: f—uid's
£ 1E ! £—bb
o = ; - Z=Ce
O - - ) |
o 10k ; signal 30
::’ 10° L : signal 50
purt i signal 70
o 108 '
= S
x -“]? = |
n = ' = —
5 10g T
it = : n
ol o o MU
10° £ ' L
10° = | | T
10er [ | |
Ay N .
1 I_ll 11 I| I (| | I | | ] | | | | | | 111 | | | | I | | | I | 111 | | | | | | | 1
~1 0.8 0.6 -0.4 0.2 0 0.2 0.4 0.6 0.8 1
cos(].J]
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HNL — pj Selections

Mass-dependent selection
* Require:
Mis € My, £2 x 10% x /My, / GeV
where Mvis: sum of visible 4-momenta to
select HNL mass and v recoll energy

* Apply also cut on Emiss:

E miss © lﬁ'u (ﬂ"fﬁﬁ) + 2 X 10% \/1!5 L-‘/ GCV/ C
MZ — M3

0., ( M
d § A T T —
Where p“ (* *'“"i'l) 2 ?\I
it
Vi 7
= - o 1000
D 7 -
(4] —
= | —
| ——1 -
S— 800
S | ] —
w 5 . H
- 600—
104=? -
1 al B
OCE 400—
102.;—
10 200~
L
E llllllll '/{l l 1 |
- % 7 8 9 50 51 52 53
0 10 M,, (GeV/c?)




Vertex-based selection

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

» Substantial rejection for heavy flavours

N ATPTIIATY <
tracks tracks -
5 ,
X2, < 10
\vitx,premary
S . e =10 g = 20
%, 18" m,, =50 GeV, ct=0.1 mm = 19
Z 16- < 18
145_ =107 145
12:_ _ 12}
10F 10;
8- B
: -3 -
Gd 10 65
4 ar
24 I 2!
o L. L, 0

0 2 4 6 _ | _ ,
log, (xZ,) log, (XZ,)

HNL — pj Selections

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

o0 Choose transverse position of PV so
as bkgs become zero: rypx = 0.5mm

* About five times values ryxp for extreme
tails of bkgs

—5102

= 107°

llllllllllllllllIlllllllllllllllllllllllllllll

: DO L T 1L P
- : E _04;— ! - . : : - .: : I - 1
F,1%% [T IR R S | 1~ 05: " ,  — .1.1 - l.l 11111 -
1000 1500 2000 ’ 500 1000 1500 2000
2, (mm] e [ M)

Primary vertex well reconstructed
In the volume of the detector

Very good resolution in position

of HNL reconstructed vertex
29



HNL — pijj | Analysis Flow

1. Event Filter 2. Event Selection

3. Vertex selection

1 muon

= 3 tracks

E, > 3 GeV
Eomiss = 5 GeV

1 lepton (muon)
1 - 4 e .
Cuts on ppmiss,
jets, p and visible mass

AT _ arbr LI ary -

Xt ,PTEILary

4. Mass-dependent

kin. selection ba. Displacement: prompt

5b. Displacement: LL

M, within 2 x 10%v M pETHETY 0.5 mm

vert

.E-Y““..:'.._E Vi.'ltlllrl 2 X ].0(,:701. Y Dl_‘]”u < S ]lf ﬂ'[*"\"rl = TO

primary

ert < (0.9 mm

Pantelis Kontaxakis
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HNL — yjj | Final Result

---------------------

-~-
—— -
— - ——

LLP IDEA

Full Moy :
S = Ny = Ujj
—— -_——_‘__——————_——‘- -

FCC —ee
Prompt IDEA
N1 = jj

Pantelis Kontaxakis
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HNL — ppv | Sensitivity
@ Interpolation of the sensitivity contours tested in two ways:

* Using the python interpolation method “LinearNDInterpolator”
* Using parametric fit to parametrize the eff vs decay length

- _4 N, 95%CL limits (Lumi=150 ab™1)
¢ —— Dy, >10 mm
Expected limits —-_ — Dy>30mm
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Dirac vs Majorana HNLs

b - T— 1 Decay length for Dirac (blue) and

b T - i Majorana (pink) HNLs of mass mn = 50
- +, 1 GeV and coupling |Ven| = 10-3 at the
T = generator level
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