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Energy range: Z-pole to ttbar
production

Very high luminosity yielding huge
statistics of SM high mass particles,

in particular
* 6x10% Z bosons

* ~2.5x10° Higgs bosons

Very clean (ete’) experimental
environment as compared to
hadron machines

— see opportunities for BSM
discovery in this environment

23/01/2025.
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Working point Z pole WW thresh. ZH tt
Vs (GeV) 88,91, 94 157, 163 240 340-350 | 365
Lumi/IP (10%* cm—2s71) 140 20 7.5 1.8 1.4
Lumi/year (ab™1) 68 9.6 3.6 0.83 0.67
Run time (year) 4 2 3 | 4
Integrated lumi. (ab™ 1 205 19.2 10.8 0.42 2.70
2.2 x 10°ZH 2 x 109 tt
Number of events 6x 10127 | 2.4 x 105 WW ] +370k ZH
65k WW — H | +92k WW — H
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After (HL-)LHC, generic new physics
excluded up to scale of few TeV

How to go beyond:

Loopholes in LHC searches:

* BSM particles with masses <few GeV

BSM

* Compressed BSM spectra

High statistics and clean environment to
explore higher mass scales:

* Deviations from SM prediction of precision
measurements

* Direct detection of rare decays of H,Z,top

23/01/2025.

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2023 fL dt = (3.6 —139) fb? V5 =13TeV
Model C,y Jetst ET [rdiffo] Reference
— T — T T — T ——
. ADDGkk +g/q Oeuty 1-4j Yes 139 |Mp 11.2TeV n=2 2102.10874
@  ADDnon-resonant yy 2y 5 - 387 [Ms 86TeV  n=3HLZNLO 1707.04147
£ ADDQBH £ 2j = 139 | My 1910.08447
S ADD BH multijet - >3] - 36 | M 1512.02586
® | RS1 Gk —yy 2y - - 139 | Gk mass 45TeV 2102.13405
< Bulk RS Gk — WW/ZZ multi-channel 36.1 Gy mass. 23TeV 1808.02380
W BukRSgkk — tt leu 21b2102 Yes 361 8k mass 3.8TeV 5% 1804.10823
2UED/ RPP Tepu >2b,>3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMY - tt) =1 1803.09678
SSM Z' — ¢t 2epu = = 139 |'Z'mass 5.1 TeV 1903.06248
o | SSMZ' T 27 - - 361 [2'mass 2.42TeV 1709.07242
£ Leptophobic Z’ — bb - 2b - 361 |[2'mass 2.1 TeV 1805.09299
§ Leptophobic 2’ — tt Oep 21b>2J Yes 139 | Z'mass 41 TeV /m=12% 2005.05138
S | SSMW’ (v lep = Yes 139 | W’mass 6.0 TeV 1906.05609
® SSM W’ — v i - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
S  ssMw o - >1b,>1J - 139 | W/ mass 447TeV ATLAS-CONF-2021-043
o} HVT W’ — WZ model B 02eu  2j/1J  Yes 139 | W mass 4.3 TeV gv =3 2004.14636
O WTW - WZ—- 000 modelC e 2j(VBF) Yes 139 | W’ mass 340 GeV gven=1,g=0 2207.03925
HVT Z' — WW model B len 2j/1J  Yes 139 | 2Z'mass 39TeV g =3 2004.14636
LRSM Wg — uNg 2u 14 - 80 | We mass 5.0 TeV m(Ng) = 0.5TeV, g = g 1904.12679
Clqqqq - 2j = 370 |A 21.8TeV 1703.09127
— | Clétqq 2ep . - 139 |A 358TeV. 2006.12946
O Cleebs 2e 1b = 139 [A 1.8 TeV =1 2105.13847
Cl pupbs 2u 1b - 139 | A 2.0 TeV g=1 2105.13847
Gl ttet >teu  21b21j Yes 361 |A 2.57 TeV. 1Cud = an 1811.02305
Axial-vector med. (Dirac DM) - 2j - RECT 38TeV .25, g,=1, m(x)=10 TeV ATL-PHYS-PUB-2022-036
= Pseudo-scalarmed. (DiracDM) Oe, 7,y 1-4] Yes 139 | Miuea 376 GeV 0=1, g=1, m(x)=1 GeV 210210874
Q  Vectormed. Z'-2HDM (Dirac DM) ~ 0 e, 2b Yes 139 |mz 3.0TeV tanp=1, g7=0.8, m(x)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a _ multi-channel 139 | ma 800 GeV' tanf=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1% gen 2e 22j Yes 139 | LQmass 1.8 TeV p=1 2006.05872
Scalar LQ 2™ gen 2u >2j Yes 139 | LQmass 1.7 TeV B=1 2006.05872
Scalar LQ 3" gen 17 2b Yes 139 |LQjmass 1.49 TeV B(LQS — br) =1 2303.01294
O ScalarLQ 3" gen Oeu  >2j,22b Yes 139 | LQS mass 1.24 TeV. BLQ —»tv) =1 2004.14060
= ScalarLQ 3 gen >2ep21721j,21b - 139 | LQd mass 1.43 TeV BLQY - tr) =1 2101.11582
Scalar LQ 3" gen Oe 217 0-2j,2b Yes 139 | LQS mass 1.26 TeV BLQE - by) =1 2101.12527
Vector LQ mix gen multi-channel >1j, 21b  Yes 139 LO;‘ mass. 2.0TeV B(0h — tu) =1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3¢ gen et >1b Yes 139 LQ mass 1.96 TeV B(LQY — br) =1, -M coupl. 2303.01294
B VIQ TT - Ze 4+ X 2e/2u/>3e.pu 210, >1] - 139 [FFimass 1.46 TeV. SU(2) doublet 2210.15413
= @ VLQBB - Wt/Zb+X multi-channel 361 | Bmass 1.34 TeV SU(2) doublet 1808.02343
LS VLQTs;3Ts30Tss > WE+ X 2(SS)23eu>1b21j Yes 36.1 Ts/3 mass 1.64 TeV B(Ts3 » Wt)=1, c(TssWt)=1 1807.11883
S E VLQT - Ht/Zt Tenu 21b,23] Yes 139 T mass. 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
8§38 VY- wh lepu >1b,>1] Yes 361 |Ymass 1.85 TeV B(Y — Wh)= 1, cg(Wh)= 1 1812.07343
> vLQ B — Hb Oeu 22b,21j,210 - 139 B mass 20Tev SU(2) doublet, k= 0.3 ATLAS-CONF-2021-018
VLL 7 — Zt/Hr multi-channel  >1] Yes 139 | «’mass 898 GeV. SU(2) doublet 2303.05441
3 Excited quark ¢* — qg - 2j - 139  [q*mass 6.7 TeV only u* and d*, A = m(q") 1910.08447
E € Excited quark ¢* — qy 1y 1] - 367 |[a'mass 53TeV only u* and d*, A = m(q*) 1709.10440
1§ Excited quark b* - bg - 1b1j - 139 |b*mass 32TeV 1910.08447
Excited lepton 7* 27 >2j - 139 | +* mass 4.6TeV A=46TeV 2303.09444
Type Ill Seesaw 234eu  22j Yes 139 |iNUmass 910 GeV 2202.02039
LRSM Majorana v 2u 2j - 361 [Nemass 3.2TeV m(We) = 41TeV, g = gr 1809.11105
© | Higgstriplet H** > W*W* 234 e,u(SS) various Yes 139 | H* mass 350 GeV DY production 210111961
£ Higgs triplet H** — (¢ 234eu(SS) - - 139 | H#* mass 1.08 TeV DY production 2211.07505
S Multi-charged particles - - - 139 | multicharged particle mass 1.59 TeV DY production, [q| = 5 ATLAS-CONF-2022-034
Magnetic monopoles - - - 344 | monopolemass 2.37 TeV. DY production, lg| = 1go, spin 1/2 1905.10130
Ve=13TeV | v5=13TeV sl s P | N PR | " P
partial data full data 107t 1

*Only a selection of the available mass limits on new states or phenomena is shown

+Small-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]

<

P — Main thrust of this tal

Talk by A. Valenti today

k, based

on results shown at recent:

ECFA workshop

, FCC workshop
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LHC loopholes: SUSY

Two obvious examples:
— Compressed slepton

— Higgsino

Need to verify wha d of challenges for

detector design these signatures provide.
PMSSM scans can show uncovered
gaugino parameter space
Need explicit benchmarks.
— Input from ATLAS/CMS pMSSM studies

— Input from theory, see e.q.

https://arxiv.org/abs/2207.05103

23/01/2025. )
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All limits at 95% CL B
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https://arxiv.org/abs/2207.05103

The role of EFTs .

Before LHC clear theory font-runner: SUSY

For FCC no strong theoretical guidance: rely on
EFT approach:

* Postulate a new BSM particle a

, , Achievable scale with 102 Z:
* Add to SM Lagrangian terms for coupling of

a to relevant SM particles suppressed by BR(Z—ay)=(C,z/\)*x8.6e* (A in TeV)
scale of new physics A - For BR(Z—ay)=1e2:
Example: axion-like particle coupling to vector C/A ~ 35 TeVl
bosons
, ) 92 . i With 10%2Z, a new physics scale of
Lo Bi 07 Cyy ~ Fu F* + C,z ~ F,, Z" ~10°TeV can be explored by
A SwCuw A looking for rare decays

23/01/2025.
3/01/2025 Giacomo Polesello — BSM at FCC-ee 3



Lifetime of new particles

Width of particle a of mass m,decaying
only through vertex (C/\):

ra~ma3(C//\)2

For low masses and low couplings small
BSM particle width - long lifetimes, LLPs

Wealth of signatures with little/no SM
background

LHC detectors designed without thinking
of LLPs (although they are doing pretty
well on it!)

Establish requirements for FCC detectors
enabling them to fully exploit physics
opportunity of LLPs

23/01/2025.

----- neutral displaced B BSM
m— charged H5CP dilepton M lepton
—— any charge W quark
photon
W anything
disappearing displaced
track lepton
dosdanl s
displaced b z E X "-,. displaced
dijet s %, hoton
ije = Ok p

displaced
conversion

not pictured:
out-of-time decays

displaced \ 4

VErtex

Giacomo Polesello — BSM at FCC-ee 6



Prompt vs LLP

Generically reach is defined in Complementary reach of three
m(new physics)-coupling plane different signatures:
True e.g for ALP, HNL
— Prompt
13:2 Detetmined b — Decay in inner detector
13: of detect — Decay in calo/muon detector
13:7 Study of coverage for a given model
13:: should address all three signatures.

Determined by
end of detector

107" 1 10 10 103
m(HN) [GeV]

Very different experimental

requirements

23/01/2025. )
Giacomo Polesello — BSM at FCC-ee 7



FCC-ee: physics vs detector requirements
FCC-ee Physics landscape

Higgs
factory

&

m,, O, r
self-coupling
H— bb, cc, ss, gg
H—inwv
ee—H
H—bs, ..

Top

Mitop, rtnp, ttZ, FCNCs

\

\ /_ Flavor

“boosted” B/D/t factory:

CKM matrix
CPV measurements
Charged LFV
Lepton Universality
T properties (lifetime, BRs.

)y

Y

N/ Qcp-Ewk

A

most precise SM test

FCC-ee Detector requirements

Higgs
factory

track momentum
resolution (low X,)

flavor tagging

tagging

jet energy/angular
resolution

and PF

IP/vertex resolution for

PID capabilities for flavor

(stochastic and noise)

\\‘. r/__ Flavor

“boosted” B/D/r factory:

track momentum
resolution (low X))

|IPfvertex resolution
PID capabilities

Photon resolution, pi0
reconstruction

)y €

N/

4

QCD - EWK

most precise SM test

acceptancefalignment
knowledge to 10 pm

luminosity

_‘\‘.

"N\

g

pr

BSM
feebly interacting particles

Heavy Neutral Leptons
(HML}

Dark Photons ZD

Axion Like Particles (ALPs)

Exotic Higgs decays

U

BSM

-

a

feebly interacting particles

Large decay volume

High radial segmentation
- tracker
- calorimetry
- muon

impact parameter
resolution for large
displacement

. triggerless
~ + timing J/

)

_4

-

FCC has very large menu
of physics topics

Each of these poses a
specific experimental
challenge and pushes
detector optimisation

Unique challenges from
BSM: long-lived particles



Benchmark studies in FCC-ee PED BSM group

* Z-pole (extendable to all Fcc-ee runs)
* Axion-like particle searches

* Heavy Neutral Lepton (HNL) searches

* Higgs sector
* Higgs decay to long-lived scalars
* Searches for additional higgses

Reach studies based on parametrised simulation: define requirements on
detectors for full exploitation of FCC-ee direct BSM potential.

Next step will be moving to detailed GEANT4 simulation

23/01/2025.
Giacomo Polesello — BSM at FCC-ee



Recent workshops

Today personal choice out of large material,more info in three recent workshops

3+ ECFA workshop on e'e Higgs, D—2 ECFA worksho P link

Top & ElectroWeak Factories
9—-11 October 2024

0@6

See talk of R. Franceschini there for topics
| will not touch Link

eND FLLC ITALY & FRANCE WORKSHOP

Venice workshop link
VENICE. PALAZZUO FRANCHETTI - NOVEMBER Y - 5. 2024

"CERN N 8t FCC
& PHYSICS .
. WCRKSHCP CERN workshop link

23/01/2025.

Giacomo Polesello — BSM at FCC-ee 10


https://indico.in2p3.fr/event/32629/
https://indico.cern.ch/event/1439509/
https://agenda.infn.it/event/37960/
https://indico.in2p3.fr/event/32629/contributions/140480/attachments/87700/132435/ECFA%20Paris%20WG1-SRCH%20report%20plans%20-%20Franceschini.pdf
https://indico.cern.ch/event/1439509/

Workflow of experimental analyses

% Samnis Qemerstion of mosels Parametrised detector Analysis tools

= simulation * FCC analysis

g ® MadGraph5_aMC@NLO for « IDEA DELPHES card Sensitivity to
= parton-level ete” studied model
O e PYTHIA for parton shower :

r% and hadronisation

*Background files produced centrally based on FCC software.

*Signal files produced either centrally or by analysis group.

*DELPHES output stored in EDM4HEP format

*Use FCCsoftware to produce ntuples for analysis based on FCCanalysis package
*Two large production campaigns, spring2021 and winter2023

*Main limitation: statistics at peak
23/01/2025.

Giacomo Polesello — BSM at FCC-ee 11




23/01/2025.

Z-pole studies

Giacomo Polesello — BSM at FCC-ee
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ALPs

Axion Like Particles (ALP):
hypothetical pseudoscalar with
similar interactions as the QCD
axion, appearing naturally in
many extensions of the SM

Axion-photon coupling [GeV~1]

—_

3
[~}
o

Couples to Z/photon, can be
abundantly produced at FCC-ee

yeV ” fV p h pV m “ keV ‘ G TV
Axion mass [eV]

High statistics of FCC-ee Z-pole run allows exploration of much lower
couplings to photons than tested to date in mass range 0.1-90 GeV
In BSM group ongoing studies for different ALP decay modes:

a-vyy, a—gluon gluon, a—uu

23/01/2025. )
Giacomo Polesello — BSM at FCC-ee
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Typical vector boson part of ALP Lagrangian
Bauer et al:arXv:1808.10323

2 2
Log > €* CWEFWF””—F & C’}“ZEFﬁU L CZZEZ,LWZ’LW
A SwCu A s2 2 A
with Cyy = Cww + Us, Cyz = Ci; Cww — S?U Cgs; Czz = Ci; Cww + Si-f CBB

Benchmark:Assume a couples to hypercharge and not to SU2 (Cww=0) Cyz = —& Ciry

2-d parameter space: (m,,Cyy)
Production in FCC-ee Z-pole run

e~ Photon-photon fusion:
function of C,, coupling
Studied in:

" Rebello Teles et al.

, Decay Z- ya: function of C,,©
Coupling. Mode assumed
In analyses shown today.

23/01/2025.
Giacomo Polesello — BSM at FCC-ee 14


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.109.055003
https://arxiv.org/abs/1808.10323

ATLAS:arXiv 200805355

a % YY T: EIX|st1ng conlstralnts frc?m JHEP 1.2 (2017) 044

é 10" F =
Regions of interest: s Liic
0.1< ma < 10 GeV: ' m
loose limits from previous e+e- searches, "R -
out of reach of beam dump OMS vy VY IPIB 787 (201) 134526)
*10 < ma < 90 GeV: 107 Boamdump  ATLAS  ri a8 Weliyy (s papen
dominated by LHC photon-photon fusion 10° 102 fo 109 0" 102 10
potential for FCC-ee Z pole run 1 m ey

Depending on a lifetime consider two cases

C,/A [Tev
S

*‘Three photons are observed in detector 102k -

*The ALP decays outside the detector: T j ]

. . 10 =

only a monocromatic photon in the event - ;

. . . i — 3y 100 event |

Two different regions in parameter space 10 _;m:m: E

covered. Y S vl i ]
1072 10 1 10 102

23/01/2025. m(a) [GeV]

Giacomo Polesello — BSM at FCC-


https://arxiv.org/abs/2008.05355

3y ALP analySiS G.P. Talk at CERN

m;=40.0 GeV

[ Signal
Domlnant background i .
v——

050 02 04 06 08 1.0

Event density
(®)]

B
T

3 photons within |n|<2.6 and energy>1 GeV Icos 6,]
*Scan test masses M between 0.1 and 85 GeV 2 mf“;‘.‘);ifje"
*Assign 2 photons to ALP decay based on kinematic g 10
compatibility (yi1,y2), third photon to Z decay (y3) 3 100
-Build BDT probability based on 3 angular variables+ 10-1; W

m(y1y2), Eyz, and E2/Ey: 10_25

23/01/2025. 1078

Giacomo Polesello — BSM at FCC-ee g
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https://indico.cern.ch/event/1439509/contributions/6286762/attachments/2996287/5278872/polesello_alp_012025.pdf

Results

"|"_| B FCC-ee yy—a (PRD 109 (2024) 5, 055003)
% 101 " FCC-ee Z-pole ya = y+MET
||:. FCC-ee Z-pole ya = 3y
=
= 109
O
101
102
1073
10_4—3 -2 —1' 'IHHIIDI .......|1. .......|2. ”H”'|3
10 10 10 10 10 10 10
m; [GeV]
Coverage down to a ~102 in the mass range
0.1-300 GeV
23/01/2025.

Giacomo Polesello — BSM at FCC-ee

Grey areas :existing exclusions

Yellow and orange: areas with
>20 significance respectively
For the 3-photon and 1-photon
analysis

Red area is analysis of
Rebello Teles et al.
addressing ALP production
In photon-photon fusion

(= - L c

Y ko £
q1
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.109.055003

HNL Models

Production in Z decay via mixing with light neutrinos

2 y) g s THNQ TTLN2
BR(Z — vN) = quN| BR(Z — invisible) (1 + ; 2) ( - 2)
f | f L "Z"/ For each HNL, phenomenology
|UN|2 = Zg:,:”u_; |UEN|£ determined by 4 parameters:
' mass, mixing with three

Decay: three-body decay into 3 fermions via virtual W/Z
lepton flavours

Decay length:

16 / M. \°
L. =~ : 1 —(M.IM)?) cm
A7 (GeV) L=ag))

23/01/2025.
CC-ee 18



23/01/2025.

Benchmark models

Two models:

*Minimal realistic seesaw scenario:
*Pseudo Dirac pair of semi-
degenerate Majorana HNLs
*Coupling to all leptons
*Parameter choices compatible
with leptogenesis and oscillation
data

*Single low-mass HNL

mixing with one lepton flavour I:
only 2 parameters my and U,
useful for comparing experiments
or accelerators

ArXiv:2203.05502

1077 4 \ kY
LY

W C fJIJI-H\

{A%ERE N 3. 4 LHCpr amﬁ"

10 1
~LMATHUSLA *‘-'" : J }

10—6 4
510784

10—1'.'} 4

Low-scale Leptogenesis
10712 o =1ee 2 HNLs, thermal
—— 2 HMNLs, vanishing
----- 3 HNLs, thermal
1B+ ishi
~—— 3 HNLs, vanishing

10-! 100 101 102 10° 10°
M [GeV]

For single HNL several analysis with
coupling to both e and p and considering
fully leptonic and semileptonic N decay:
show only semileptonic n case

Giacomo Polesello — BSM at FCC-ee 19



S. Giappichini et al. arXiv:2410-03615

Two HNLs

Consider only decay of N into 3 leptons :
ete—N1,v, Nio = v

For T consider only leptonic decays
Final state with two leptons and two neutrinos

Events

Backgrounds: Z decays from official production+
4-fermion irreducible:
ete  — Itlvv

Preselection:

2 reco leptons pT>1 GeV pmiss>5 GeV

veto photons and additional tracks

+ kinematic selections to suppress background

23/01/2025. )
Giacomo Polesello — BSM at FC

102
— s =91 GeV, L=204 ab™'

102 e’ =N, v, N , —= v
1019 E: Two leptons, no photons, P L.:-i GeV, pr.ss GeV

16 |- U'=2.86e-12, M=30 GeV [z -us [Pz
107 = UP=6.67e-10, M =30 GeV  [IIZ — bb

13 - = U’=5e-12, M, =60 GeV vy
10 [ —— U®=1.33e-7, M, =80 GeV
10"

107°
0O 10 20 30 40 50 60 70 80 90 100
Reco M(l,I) [GeV]



https://arxiv.org/abs/2410.03615

Results

N1 -y at FCC — ee, V5 = 91 GeV, 0= 204 ab-!

-6

VE TR Uﬁfuz U2 =0.9:0.1:0
Event count from displaced selection
Significance from inclusive selection

Two different kinematic selections: "
inclusive and displaced, separated
by requirement on impact parameter
of leptons e
Displaced: "
=
ey —9
9
|do'|>0.64 mm
_1[]_
For displaced selection achieve zero
background, sensitive up to ~60 GeV ~111
=13 ;
10 20

23/01/2025.
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30 40 50 60 70
My [GeV]
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Single HN [ — IJ.JJ GP, Nicolo Valle

107

NMNHNE
Lifd

&

10°

Events x Weight
R

w
E

oo
S &
FR-A-
228

—
=]
[t

10¢

10°

10°

*Most favourable decay: 50% cross-section N
*Full reconstruction of HNL possible. 1 |
*Momentum of neutrino recoiling against e (G50
HNL fixed by recoil formula:
M2 — M2 Prompt analysis at Z peak:
pv(Mpy,) = 22 A, = Reducible backgrounds:

_ _ . o Z decays, dominated by Zbb
Strong kinematic con§tra|nts allow efficient Irreducible background:
Background suppression

23/01/2025. 4-body nvqq

Giacomo Polesello — BSM at FCC-ee 22



Results

Require 1 or 2 reconstructed jets,

1 lepton and Em'ss S 107
LHC prompt
Reconstruct good vertex from all
i : 107 LHC LLP
tracks in event, require most tracks . |
FASER2¢
connected to vertex

-~
o~
-

1078

o

Two different kinematic selections depending

on radial position of vertex r.

10—10,
Prompt (orange) rix<0.5mm “ . FCC-ee pjj LLP

*LLP (red): rix>0.5mm - zero background FCC-ee jj prompt
FCC-ee puv LLP

10—12,

2 S 10 50 100

Also shown LLP ppuvv final state (yellow) my, [GeV]

23/01/2025. )
Giacomo Polesello — BSM at FCC-ee
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Events/bin

HNL oscillations

Pseudo-Dirac pair, decay N—pjj
Implemented in pSPSS(phenomenologically

/v LTq

oscillations
N/N > nm N/N W=

- q
symmetry protected seesaw) model 1 ] | B
S. Antusch et al. JHEP 10 (2023) 129 e CO*’(A”;) exp(—))
Two HNL oscillate into each other as they LNC: neutrino at vx, p*from N decay

propagate before decaying

my=20 GeV N-pjj FCC ys=91.2 GeV L,=240 ab
\I‘Illlllllllll\ll‘\\\lllllllllllllll\—

g €1, =10.0 mm
500; CTose=15.0mm -
400 —LNC

EL — LNV
300-__ Tosc™~ Tdec -
200H —
100 —

% 20 40 60 80 100 120 140 160 180 2
dyer [MM]

Events/bin

LNV:

5005
5002—
400;—
300;
200"

100

my=20 GeV Nopjj FCC (s=91.2 GeV L,=240 ab"

C‘Edec=10.0 mm ]
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antineutrino at vx, I~ from N decay

Interplay of two times:

*Tosc: OSCillation period ~Am
*Tiec: determined by mass and
mixing angle

GP, Nicolo Valle
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https://link.springer.com/article/10.1007/JHEP11(2024)102

Dirac-Majorana

Investigate Dirac or Majorana

nature of HNL

HNL production:
Dirac HNL:

HNL production angle 8.is different >°°

for positive and negative u

Two-state Majorana
No difference

In pSPPS model:

Majorana behaviour for CTgec=CTosc

Dirac behaviour for CTosc>> CTyec

Plot u*u-asymmetry

in bins of cosY.ic

23/01/2025.

#(UH)—#u")

() (u7)

Seminal work:Blondel et al
arXiv:2105.06576

Dirac 1 neutrino cTgec=0.03 mm
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https://arxiv.org/abs/2105.06576v2
https://arxiv.org/abs/2105.06576v2

Majorana 2 neutrinos CT4ec=0.03 mm Am=743.0 uev

D . M . c — — Dirac 1 neutrino cTgec=0.03 mm
- 21500F — [+ e =
irac-Majorana g o~ \fffhﬂ
g o
: “ 1000} i
HNL decay: ool
9,, angle of u with respect
. . . 500F
to HNL direction of flight 1 cos 6,050 500F —
iIn HNL rest frame sensitive | | €05 81s<0 C0S By <0
95 =05 00 05 10

to Dirac-Majorana nature

Different distributions for
forward and backward

cos 6, (HNL rest frame)

My=4U QEeV N FUU IS=Y1.£ Jev L =£UD du

095 —05 00 05 10

_I T T T | T
T CTye=0.03 mm pSPSS

o
(o]

dec

- C1,,=0.0293 mm

cos 6, (HNL rest frame)

m=40 GeV N—pjj FCC ys=91.2 GeV L =205 ab™

L cr

o
[¢))

- c1,,.=150.0 mm

\I|III|III|\II‘III|III| | | |
=0.03 mm pSPSS

dec

produced HNL for Dirac

weighted by cos(6,;)
o o o
o o
o I'\|J &
_I.I_I | L1 | 111 | 1|
weighted by cos(®,,)
o o o
o
o =

002

case . . :
Phtet } Ty b4y B i
20.002f - %0.002;— | f .
Plot number of events in bins 3, go4- 1 Goooalt +! E
of cos9, weighted by cosOvs o006k 1 ~0.006 1

_I |1 | 111 | 111 | L1 1 ‘ 111 | 111 | 11| | 111 | 111 | 11
-1 -0.8-06-0.4-02 0 0.2 0.4 0.6 0.8
cos(6,

_III|III|III|III|III|III|III|III|III|II
-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8

cos(8,

Giacomo Polesello — BSM at FCC-ee 27

= —
— —

23/01/2025.



23/01/2025.

Higgs run

Giacomo Polesello — BSM at FCC-ee
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Higgs decay into
scalars

long-lived

* Hidden sector model with scalar portal
* New dark scalar mixes with SM Higgs

via angle sin9

e Exotic decay of SM Higgs, , into new scalar

then decays into SM states

* Small mixing angles yields long-lived

scalars:

* LLPs —Displaced Vertex (DV) search

* Targets Zh stage; 240 GeV & 10.8 ab-1
* Signature generated with HAHM model:

ete- =>Z7Z->Z7Zh, Z—->1Tl",h— ss, s

— bth~

* Main backgrounds:WW, ZZ, WZ

G. Ripellino, M. Vande Voorde, A. Gallén, R. Gonzalez Suarez

23/01/2025.

arXiv:2412.10141
Giacomo Polesello — BSM at FCC-ee

S S

S

Sample (mg, sinf) cr [mm] BR(h — ss)
20GeV, 1 x 107° 34 81x1074
20GeV, 3 x 1076 38 81x107%
20GeV, 1 x 1076 340 8.1x107¢
20GeV, 1 x 1077 34000 8.1x1074
40GeV, 1 x 1075 14 102 x 1074
40GeV, 1 x 1076 140 10.2 x 1074
40GeV, 1 x 1077 14000 10.2 x 1074
50GeV, 3 x 1076 12 109 x 1074
50GeV, 1 x 1076 110 10.9 x 1074
50GeV, 3 x 1077 1200 10.9 x 1074
60 GeV, 1 x 107° 09 T74x1074
60 GeV, 1 x 1076 88 7.4x1074
60GeV, 1 x 1077 8800 7.4 x107*
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https://arxiv.org/abs/2412.10141

Analysis

* Secondary Vertex finder of
LCFIPlus algorithm used

* Custom track selection:
pr>1 GeV & |do|>2 mm

* Selections:
* Event selection:

* 2 iso. leptons (u or e), opposite-
sign, same flavour

* 70 GeV < mi< 110 GeV

* At least 2 DVs passing the full
DV selection

* DV selection:
¢ Ntrk23
° M>2 GeV

23/01/2025.

FCC-ee Simulation

DVs

108

WET T T T T
F 240 GeV, 10.8 ab™

[ ZhZ —I*I,h —>ss > 4b
§ Event pre-selection
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T | T T T | T T |
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|
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=IIIIII|YIIT|YIIY|
E 240 GeV, 10.8 ab™

L

E ZhZ - I, h —>ss —>4b

L Event pre-selection,
E Ny =3m >2GeV

LI L L L B
Cww

0Oz E
Ezhh—>sm
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—50 GeV, 1x10° 3
— 60 GeV, 1x10°3

Number of DVs

mch>2

-

NDVZZ

Zero
background!

Giacomo Polesello — BSM at FCC-ee
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https://arxiv.org/abs/1506.08371

Results

* SM background free search

* Based on generated grid draw
contour of signal points with 3
events in two planes

- MS VS CT
- ms VS sin9

* Successfully performed sensitivity
analysis
* BR(h—ss) probed to 1le-4
for ct~1m

23/01/2025. )
Giacomo Polesello — BSM at FCC-ee

FCC-ee Simulation
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Additional Higgs bosons 2SI e

e’ A 7N * \‘H
* Inert Two-Higgs-Doublet model (IDM) >~z“‘ i . AN N
e N

- Five Higgs bosons, h is SM Higgs

- BSM Higgs do not couple to fermions

) ece'/uypt _FGC-ee, v5=240.0 GeV, Lumi=10.8ab”!

and are pair-produced g [ T memx = ]

* Five new free parameters: ,mu,ma,mus, S =2 s smue
quartic couplings Az,Aszas "

* One new Dark matter candidate: H (invisible) o

* Final state: I*I'HH ( signature 2 leptons +
missing energy)

* Backgrounds: inclusive ete—=I*I- WW,ZZ,ZH,
top when open

* Require 2e (211) with p>5 GeV + some E™'s ol i . n n |
and nothing else in event PAN Ot

° Insert kingmatic variables for event in E. Curtis, A.-M. Magnan & Tania Robens
parametric neural network (PNN) ECFA 2024 presentation, CDS note

23/01/2025.
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https://indico.in2p3.fr/event/32629/contributions/142552/
https://repository.cern/records/t6w60-wcz73

FCC-ee, \/s=240 GeV, Lumi=10.8ab™"
S0 K 1 T T TS
Res u ItS [0} — Scenario-195% CL - My + My=/s
9 — Scenario-295% CL - - Scenario 1 £lo
§ 2 — Scenario-3 95% CL Relic Density |
| sl 777 Excluded LEP SUSY Recast |
o Results plotted in plane < L ceeu i AMy,My) > HCeV
defined by DM mass My, and | mit=1 i A(My My) < 30GeV
mass difference Ma-My § Scenario 1:| |Scenario 2:
. . . 60 ’ \\\ Myg:=M My:=M —
* Three different scenarios with 5 ) N Aot = 166 | gts = Amen
different values of Mu+ and S | |
: : 77 RN Scenario 3:
quartic couplings _ AN My = My
. T . _— [ 7 .."'\.\\\ >\345:)\max ]
* Little sensitivity to additional 0
parameters
* Sensitivity dominated by ZA
channel 201
* Most of kinematically
accessible parameter space -
! ! | ‘ ! ! A | ‘ ! ! ! | ‘ ! . ! | ‘ ! ! ! | !
covered 0 70 80 9 100 110

23/01/2025.
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Conclusions

The FCC-ee has a large potential for new physics through direct searches

* High statistics at Z pole gives access to very rare decays: new physics
suppressed by high scales

* Exotics Higgs decays open a portal to dark physics

Exploration of low masses and couplings addresses long-lived signatures
which have low SM backgrounds

Vigorous effort in FCC PED group to assess reach of FCC-ee data for most
relevant benchmark models, and to extract detector requirements as an
Input to detector design

23/01/2025.
Giacomo Polesello — BSM at FCC-ee
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Backup
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List of topics

Cross-check a recently circulated list of ECFA-WRG1-SRCH (Rebeca G-S. is

convener both for us and for that group)

— Heavy Neutral Leptons *

— Exotic Higgs boson decays *

— Light SUSY scenarios and scenarios with light scalars
— Axion-like particles (ALP) *

— Z', dark photons and other light mediator scenarios

For items with * organised activity in our community, addressed in talks by
G. Ripellino and S. Kulkarni
2HorpSUSY I'll discuss some benchmark passipilities
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Long Lived searches:
History

Rend. Fis. Acc. Lincer
5. 90 12:5-18 (2001)

Fisica. — SUSY Long-Lived Massive Particles: Detection and Physics at the LHC. Nota

di Sanpro AmBROSANIO, BarBaRA MELE, ALEANDRO NisaTi, Sitvano PeTrARCA, GlACOMO
Poreserro, Apere Rimoror e Gioraio Sacvini, presentata (*) dal Socio G. Salvini.

23/01/2025.

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: March 2023 fl dt = (32.8 — 139) fo! V5 =13TeV
Model Signature  [£dt['] Lifetime limit Reference
RPVE - g displaced vix + muon 136 | ¥ lifetime e M')oe:s.l;r‘nlml ' rln(?'):l \';IT:-)!/ 2003.11956
RPV i — eev/euv/uuv  displaced lepton pair  32.8 )?2 lifetime 0.003-1.0 m m(g)=1.6TeV, m(i3)= 1.3 TeV 1907.10037
RPV i) > qqq displaced vix + jets 139 [ ¥ lifetime 0.00135-9.0 m m(E9)=1.0TeV 2301.13866
GGM 7§ — z6 displaced dimuon 329 )?? lifetime 0.029-18.0 m m(g)=1.1TeV, m(¥)= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 139 }g lifetime: 0.24-2.4m m(, G)= 60,20 GeV, By=2% 2209.01029
GMSB 7 - (G displaced lepton 139 | 7 lifetime 6-750 mm m(f)= 600 GeV 2011.07812
§ GMSB 7 - 16 displaced lepton 139 | # lifetime 9-270 mm m(7)=200 GeV 2011.07812
B Aviss oo - Fi#3.ifF;  disappearing track 136 | K7 lifetime 0.06-3.06 m m(F;)= 650 GeV 2201.02472
AMSB pp — U837 ¥1 large pixel dE/dx 139 [y lifetime 0.3-30.0m m(i7)= 600 GeV 2205.06013
Stealth SUSY 2 MS vertices 36.1 | § ifetime 0.1-519m B(& — 38)=0.1, m(&)= 500 GeV| 1811.07370
Split SUSY large pixel dE/dx 139 & lifetime >0.45m m(g)= 1.8 TeV, m(¥3)= 100 GeV 2205.06013
Split SUSY displaced vix + Ess 328 [ & lifetime 0.03-13.2m m(g)=18TeV, m(i})= 100 GeV 1710.04901
Split SUSY 0¢,2-6jets +Ep= 361 | glifetime 00-21m m(#)=18TeV, m(i})= 100 GeV | ATLAS-CONF-2018-003
H-ss 2 MS vertices 139 s lifetime 0.31-72.4m m(s)=35GeV 2208.00587
o | Hoss 2 low-EMF trackless jets 139 | s lifetime 0.196.94m m(s)=35 GeV 2203.01009
S VHwith H > ss - bbbb 20 +2displ. vertices 139 | s ifetime 4-85mm m(s)=35 GeV 2107.06092
% FRVZ H - 2y4 + X 2 p-jets 139 | ya lifetime; 0.654-939 mm m(ya)= 400 MeV 2206.12181
é FRVZH - 4yq + X 2 p-jets 139 | ya lifetime 2.7-534 mm m(yg)= 400 MeV. 2206.12181
T H- 242 displaced dimuon 329 | Zq lifetime 0.009-24.0m m(Zy)= 40 GeV 1808.03057
H- 224 2 e,y + low-EMF trackless jet36.1 | Zq lifetime 0.21-5.2m m(Zs)=10GeV 1811.02542
(] ©@00GeV) > s low-EMF tric-less jets, MS vix36.1 | s lifetime 0.41-51.5m % B=1pb, m(s)=50 GeV 1902.03094
| 5(600GeV) - 55 low-EMF tric-less jets, MS vix36.1 | s lifetime 0.0421.5m % B=1pb, m(s)=50 GeV 1902.03094
gg (1 TeV) — ss low-EMF tricless jets, MS vix36.1 | s lifetime 0.06-52.4m % B=1pb, m(s)= 150 GeV| 1902.03094
W — NEN - £l displaced vix (uu e, ee) + 1 139 | N lifetime 0.74-42mm m(N)= 6 GeV, Dirac 2204.11988
W = NE,N = by displaced vix (ug,pe, ee) +p 139 N lifetime 3.1-33mm m(N)= 6 GeV, Majorana 2204.11988
;Z:' W — NE,N -ty displaced vix (ug.ue, ee) + e 139 | N lifetime. 0.49-81 mm m(N)= 6 GeV, Dirac 2204.11988
W — NEN = €6y displaced vix (uu e, ee) + e 139 | N lifelime. : : 0.39-51 mm : . m(N)= SGe\ll, Majorana 2204.11988
0.001 0.01 0.1 1 10 100 cT [m]
Vs =13 TeV Vs=13TeV
partial data full data 1 1 1 1 1 1
*Only a selection of the available lifetime limits is shown. 0.001 0.01 0.1 1 10 100 ns
7 [ns]

Giacomo Polesello — BSM at FCC-ee
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Parameter space coverage for ete—=ya—- yyy

—r

T T T AL
—— Prompt 100 ev

o
E B e Eor:g-dltived 4ev
1l —— Calo 4 ev _
S; 10 = —— Monoy 100 ev %
@ - ]
107 E
10°F E
107 e =
10—5 Lol Lol Lol Lol
1072 107" 1 10 10°

m(a) [GeV]

4 experimental regions depending on decay

length L of ALP

*100 events for L<10 mm (prompt)

*4 events for 10<L<2000 mm (Long lived)
Decay in ID

*4 events for 2000<L<4500 mm (Calo)
Decay in calorimeter

*100 events for L>4500 mm: ALP decays

outside the detector, only accompanying photon

detected (monophoton)

Experimental distinction of 3y prompt analysis and LLP analyses depends
on how well one can detect a ALP decay away from vertex - today

show 3y analysis making no assumptions on vertex detection.

In addition study very long-lived ALP resulting in a single photon recoiling

against MET from undetected ALP

23/01/2025.
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3y analysis

3 photons within detector acceptance (|n|<2.6) and energy>1 GeV
*Scan test masses M between 0.1 and 85 GeV EZ,, — M?

For each Mand E_, photon produced alongside ALP has energy 2Fc
Assign three photons to ALP or to Z decay:
For given test mass and assignment:
Measure compatibility with expected kinematics
MCUt — \/(M(Ir T M)2/O-f2\/fa + (E’Y3 o EFY)Z/O-JQEW‘%) 4? ma:z.o e [ signal
§0.6- -
e 7 Y; Choose assignment  §
minimising Meu S oA
-~ a oy
Z SNe " _ 0.2}
/Y {‘ 1 m(y1, Y2)=Ma 1\
0.0 ' ' '
- ~ VZ 0 5 10 15 M2C8t

LIIULILULD.
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Discriminant variables

m;=40.0 GeV m,=40.0 GeV m;=40.0 GeV
2 | = signal %6-: Signal = 1 signal
o BG c BG c 0.6 BG
3 6} o 5t = o5k
§ E’ 4r § 0.4k
- ar 3t . AL Lt Tl e U
0.3p | Ty
2t gl 0.2
M—-—-‘*’“‘ o R e 0.1f
1 1 1 1 1 0 I I I I 1 1
060 02 04 06 0.8 10 00 0.2 04 06 O'Eﬁ:os é'ol 0.075 1 2 3
|cos 6,] & by,
Require that event only contains three photons. _ mM,=40.0 GeV
For a fixed mass, signal fully defined by three g =
variables, after rotation such that ¢,s=0: S F
. Q 10%
*Polar angle of ALP in lab system |cos9,| T .
*Polar angle of y; in ALP rest system [cosS,,| 107 W
*Azimuthal angle of y; in ALP rest system ¢y 1072
Train a boosted decision tree (XGB) on 5 variables, Lo-3k | | | |
0.0 0.2 0.4 0.6 0.8 1.0
thg threg above+ Ey2/Ey: and Mcu XGB Probability
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v+MET analysis

Relevant mass range below ~2~GeV - signature is a monochromatic
photon of energy ~45.5 GeV and nothing else in the detector
Consider two backgrounds: irreducible: ete—yvwv

PYTHIA-DELPHES chain
m;=0.1 GeV

reducible:

.-';‘ 100—IZI signal
2 BG
[<D)
o]
c
21072
(W]
10—4 |
20 30 20 50
EYl
23/01/2025.

e+e-—»ye+e- where the electron and

positron are outside detector
acceptance (|n|>3).
Signal and backgrounds produced with MG5MC@NLO and passed through the usual

m;=0.1 GeV

[
N
U

[—1 signal
BG

[
o
o

N
w

Event density

ek
o

2.5F

L

r

0. 00 o025 050 ©

Giacomo Polesello — BSM at FCC-ee

75  1.00
|cos 6]

Two variables characterise
event, energy and polar
angle of photon.

Combine them through
XGB as for prompt analysis
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FCC-ee: physics vs detector requirements
FCC-ee Physics landscape

Higgs
factory

&

m,, O, r
self-coupling
H— bb, cc, ss, gg
H—inwv
ee—H
H—bs, ..

Top

Mitop, rtnp, ttZ, FCNCs

\

\ /_ Flavor

“boosted” B/D/t factory:

CKM matrix
CPV measurements
Charged LFV
Lepton Universality
T properties (lifetime, BRs.

)y

Y

N/ Qcp-Ewk

A

most precise SM test

FCC-ee Detector requirements

Higgs
factory

track momentum
resolution (low X,)

flavor tagging

tagging

jet energy/angular
resolution

and PF

IP/vertex resolution for

PID capabilities for flavor

(stochastic and noise)

\\‘. r/__ Flavor

“boosted” B/D/r factory:

track momentum
resolution (low X))

|IPfvertex resolution
PID capabilities

Photon resolution, pi0
reconstruction

)y €

N/

4

QCD - EWK

most precise SM test

acceptancefalignment
knowledge to 10 pm

luminosity

_‘\‘.

"N\

g

pr

BSM
feebly interacting particles

Heavy Neutral Leptons
(HML}

Dark Photons ZD

Axion Like Particles (ALPs)

Exotic Higgs decays

U

BSM

-

a

feebly interacting particles

Large decay volume

High radial segmentation
- tracker
- calorimetry
- muon

impact parameter
resolution for large
displacement

. triggerless
~ + timing J/

)

_4

-

FCC has very large menu
of physics topics

Each of these poses a
specific experimental
challenge and pushes
detector optimisation

Unique challenges from
BSM: long-lived particles



Luminosity scenario

4 Interaction points (IP):
For Z pole run assume an
Integrated luminosity of
205 ab-t, corresponding
to 6 102 Z

23/01/2025.

Lowest-risk baseline: 90.7 km ring, 8 surface points,
4-fold superperiodicity, possibility of 2 or 4 IPs
Whole project now adapted to this placement

Injection

into booster Azimuth = -10.2°

RAExperiment sita)

TTTTTTTT

Injection into collider

Technical site Technical site
PL

B
Booster RF ‘> Beam dump

booster
| =14 , s -

FJ+ O O, e mm o — = + PD
({optional ! o 555 =1400m 1 (gptional
Experiment F & B i Experiment
site) o " sita)

Iy 8
& ,
~ ~

Technical site
PH

Collider RF

Technical site
PF

Betatron &
momentum

LS5 =2160 m LSS = 2160 m

SSS = 1400 m
-0
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Decay sighatures

It
Vg’

Analysis matrix: for HNL
Decay final state (I=e,p):

ojjl ~50% *
jj’nu ~20%
|l nu ~5% *
ell'nu ~9%
fTnNu ~9%

(BRs for m, <80 GeV)
Decay lengths

 Prompt

e LL decayInID

e LL decay in Calo

Signhatures with * studied in group

Giacomo Polesello — BSM at FCC-ee
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Prompt results

« Baseline: Integrated Lumi = 240 ab~ ! < 8 x 10'? Z boson events
» Looking for U? producing 95% CL excess of events

GP, Nicolo Valle

For each HNL mass M: P[n < b | HNL(M,U?)] = 1 — CL

Spring2021

b = #background events

—10

CL converted in gaussian quantile
—11 :

10 20

Simulated signal data points
30

ceoco by v by ey g
S50

z 60 70
23/01/2025.

Delaunay interpolation in the plane

80
M, (GeVic?)

Giacomo Polesello — BSM at FCC-ee
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L L results GP, Nicold Valle

Low mass ( < 40 GeV/c 2 ) HNL long-lived for couplings of interest, loss of
efficency when requiring muon prompt

Background highly suppressed

Use detailed parameterization of IDEA tracking performance in DELPHES-FCC
Kinematic selection not modified, prompt background suppressed by D, > 1 mm

Slgnal efficienc ncy kept > 50% at low mass and weak coupling

F'I:G&E 1D

2 GeV'L, =24

Lagil?)
£ 5Core

Spring2021 . g
a

y Work in progress on approach
4 x |7 exploiting detailed HNL vertex
- Y 4 > .
. . = 5 ¢ reconstruction
— ot e A et —Is
> > b >
— ol = b4 — 4
?xi >
— e oy
>

10

~11

60 70 80
M, (GeVic®)
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Linear scale

T T T e e Assume 1 flavour active
5x10%%Z at Z peak
Require 100 events for
prompt decay and
4 events for long-lived
Red: Prompt:
O< A< 1lmm
Black:ID decay
0.04<A< 150 cm
~70 20 30 40 50 60 70 80 60 100 Blue: Calo decay
m(HN) [GeV] 200<A< 450 cm

Prompt decays dominate for m_ ,>70 GeV

23/01/2025. )
Giacomo Polesello — BSM at FCC-ee
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Decay sighatures

It
Vg’

Analysis matrix: for HNL
Decay final state (I=e,p):

°jjl ~50%
ejjnu  ~20%
|l nu ~5%
ell'nu ~9%
fTnNu ~9%

(BRs for m, <80 GeV)
Decay lengths

 Prompt

e LL decayInID

e LL decay in Calo

Giacomo Polesello — BSM at FCC-ee
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FCC-ee / CepC general requirements

+ AA/py)

. . Physics Detector Performance
+ high precision Measurands ]
measurement at process subsystem requirement
the end of tracker T g B my, o(ZH) e A(l/pr) =
Fo H — ptu~ BR(H — ptp™) 2x107° @ p(c4e‘?f'jﬂgi1_13!2 Z
+ finely segmented —
vertex detector H — bb/cé/gg BR(H — bb/cc/gg) Vertex JIE -
. . 5D p(GeV)xsin3/2 g ( j.lm)
+ Challenging requirements

for detector materials BR(H 7. ECAL jet y
H = q§, WW*, ZZ* ([,1,1;* s e /
; J  HCAL 3 ~ 4% at 100 GeV
AELE —
H — vy BR(H —+ vy) ECAL Ve
T lGeT) ¢ 0.01

Slide by R.Ferrari
DELPHES setup for Spring 2021:
*Detailed parametrisation of IDEA tracker, including covariance matrices
*Calo resolution: EM 11%/sqrt(E), HAD: 30%/sqrt(E), 1% constant term

*Particle flow approach to jet reconstruction
23/0172025. Giacomo Polesello — BSM at FCC-ee 49



Blondel et al

Dirac versus Majorana 105 06576

No same-sign lepton signature as for W- | HNL, rely on final state kinematics

o & B
& e
e € N \/\/\
N -

v e+ v
+

e Dirac neutrinos (ete™ — Z — uN; ete™ — Z — ©UN)
>

M
e (g‘%(l Fcos0)? + g (1 £cos0)* + mf; (g2 + g2) sin29)
Z

l dJN,N

oy.y dcosf

e Majorana neutrinos (ete™ — Z — vN)

1 do M3
N (l +00529+—fsin29)

oy dcos @ mz

Relevant both for prompt and LLP, LLP has additional handle in lifetime

23/01/2025. )
Giacomo Polesello — BSM at FCC-ee 50


https://arxiv.org/abs/2105.06576v2
https://arxiv.org/abs/2105.06576v2

Additional ALP decay modes considered

Signal (left)

23/01/2025.

Signal Background

Giacomo Polesello — BSM at FCC-ee
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Parameter space coverage

= s Iy
o s LHC = 10 \“~. LEF I and I
= il colliders ] H"JF y
o = i BaBar T ] LHC
i L5W % | _j .?mm Belleil = o (PR}
‘% 1[]_1 : h, ANy &S
[ FCC-ee —r e i
1028 | 102 Baam dump | |
Astrophysics i e
i 1 107 E e e —ya
Helioscopes - =) (FCC-ea)
| | -4
1078 sn1os7A O\
107" = .
3 3 § i i 5 3 3 5 1 . 1 i ; | . r i 1[]_5 L5 i iiaad SR | 1 Ill\‘hnl NN ETIN i o8 pawiial p i aaenl i
10~ 1% T 107 10" T 1 10* 107 107= 107" 1 10 10° 107
m, (GeV) m. (GeV)

Plot in the MT report: ete— ya line is theory calculation requiring
4 ALP decays inside detector. 4 events might work for long-lived

but prompt analysis has a huge irreducible background e+e+ - yyy,
requiring detailed background analysis

Plots originally from Rebello Teles et al.

23/01/2025.
Giacomo Polesello — BSM at FCC-ee 52


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.109.055003

Example: exploiting the full granularity of IDEA DR Calo

With Silicon PMs it is possible to read one by one all of the fibers in
the calorimeter — possibility to separate very close photons and to
precisely measure invariant mass

wp(rad]

Ph40GeV Cherenkov (Event: 1) Pizerod40GeV Cherenkov (Event: 1)
C 3 B
0.08 |— 1000 5 I 1000
40 GeV phot T
0.06 |— p — 8000 N —8000
= g : 0.04 —
o  ©0°° 0.02 — . v e A [ %
0.02 |- . - — 4000 o |— 4000
0= : 33322 Izoou —0.02 2000
—0.02 k= e o4 b= N2
1.'51 1.52 1.153 1.54 : 1 1.5 1.51 142 1.53 1.54

Ideal field of application for ML image recognition, work ongoing in Pavia

(master thesis A. Villa)

23/01/2025. )
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Calorimeter parametrisation

Take truth stable photons from PYTHIA tree
in edm4hep, and smear them according to:

For DR fiber: performance figures from full simulation

of testbeam prototype. Shown e.qg in talk at ICHEP
o(E) _ 0.139

0.006
E JE
4.05 3.23
o(x) = —= 4+ 0.0 = 22 4 0.0055
(z) 75 o (y) NG

For crystal: energy resolution as in DELPHES card,
Position resolution from Lucchini et al. paper

o(E)  0.03 0.002
o —_E @ 0.005 & 15
1.5
o(f0) = — &P 0.33
(9) VE

23/01/2025. )
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Yoke/n chambers

Coil

DCH

siaquieyd t/ayox
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https://indico.cern.ch/event/1291157/contributions/5888459/
https://iopscience.iop.org/article/10.1088/1748-0221/17/06/P06008

IDEA DR Calorimeter, old version

F Tower 1

2.5m

25m

Tower 40

Tower 75

23/01/2025.
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Reach as a function of Aa and of cut on ct

Ct<10 mm Ao>0.02
-—I'*_' — Crystal+Fibers Aa>0.01 T"_I E — Crystal+Fibers ct<10 mm
> - Crystal+Fibers Aa=0.015 > - - Crystal+Fibers ct<50 mm
Q — Crystal+Fibers Aa=>0.02 Q — —— Crystal+Fibers ct<100 mm
| 10-1 L Crystal+Fibers Aa>0.03 = 10-1 L
< : < :
= =
A i O -
107 £ 1072 |
10_3 -§r 10—3 E
10_1 100 101 102 'I'Il_l 1 1 IIIIIIIO 1 1 IIIIIIIl 1 1 IIIIIII2
10 10 10 10
ma [GeV] m,; [GeV]
s=number of signal events after cuts
Plot 20 reach as function of mass and b=background events after cuts
coupling, assuming 0.1% systematics Nn=s+b, o = systematic uncertainty on b
Define significance as: bioD). b2 = ya—
Z = 4/2(nIn[— ~]— —In[1 + —1)
b* + no“ - b(b + o-]
23/01/2025.
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Results

— 10° g
'_I‘ — —— Crystal+Fibers .
> - Fibers only Irreducible background small
() B ey
— 10-1 L at 45.6 GeV, but it increases
< = very fast as energy goes down.
= 10 = Smaller energy window determined
F by better resolution significantly
1073 increases reach
10—4 _I 1 | 1 | 1 1 1111 | | | 1 1 1111
102 101 10°
ms; [GeV]

23/01/2025. )
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A similar exercise
Recent paper:  Steinberg, Wells, arXiv:2101.00520

Addressing the same model in the framework of ILC GigaZ
ILC detector: R(ECal)~1.85 m. GARLIC photon reco: require photons

with AR>0.035 and with less than 10% of energy in reconstructed cone from
nearby photon

7x1072

. cxpoctod Upper L Simple analysis, require:
- -3 non-overlapping photons E>2 GeV
1'_> .Ev_Evrecoil<5 GeV
@

5x1072

g // El,"yecoil(mﬂ':) — (MZQZ o mg,)/QMZ

Significant loss in sensitivity, but
" L L In this setup search extended down to
' m, (GeV) © ALP masses if few hundred MeV

gaB

23/01/2025.
3/01/2025 Giacomo Polesello — BSM at FCC-ee o8


https://arxiv.org/abs/2101.00520

An encouraging example from CMS

PRD 108 (2023) 052002

- - 3 L - _
- f‘:-l 0 3 ;CMS IS:W.M.:&,H?”. AL B F]'|4.G.'E.xi - 5o H-ID - ,CMS ,S:w.m.'ralﬂ?n.' 4 = F]',1 .G:E.xi %10 s CMS S:mu.fafrﬂn Single photons
© 50 " End-to-end ~ = - End-to-end 7 & sof I
E . 1:‘;&4 , Iow § E F | low p i O X End-to- end
& 40f ' 1 Prr 4 I 40 T 4w b t lowp_ -
— C L fidd | N - 1 = L .
g 30: g 30k o B . mid p
— F ' — S 30Fk + high p
@ 2 _f P ultrap_’ o
% 20 C g 20 [ :’é 20 :— E,'
= : - i = -
g o, g 1o} g 1of
E & : 2 .._;._.. ; - ﬁ [ : ""'=:-" P ] g s
E 005204 06 08 1 32 E %0204 06 08 1 1. & o it ]
o - g m,. [GEV] 5 0 oO. 2 0. 4 (} 8 U 8 1 1.2
= mp [GeV] = m,. [GeV]

Using a CNN-based algorithm, reconstruct peak of 100 MeV particle.
CMS granularity: 2.3 cm, IDEA Crystal: 1 cm  IDEA Fiber: 2 mm
Can probably improve on CMS result

23/01/2025. )
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.052002

Two photons in fiber calorimeter
One fiber every 2 mm read with SiPMs

G4 simulation of energy deposition of a 40 GeV photon (left),

and of two examples 40 ® produced at 2m from a fiber calorimeter prototype
(Master thesis G.Salsi)

Very high granularity can be exploited to measure the two clusters using image
reconstruction techniques — start work soon on that

Waiting for results becoming available, reject events where Aa between two

PrbeoeHs smaller than 0.01, 0.015, 0.Q2.0.0:3,.an¢ studydgagch as a function of cut 60



Mass resolution

> DR fibre calorimeter DR fibre calorimeter
=, 10 E = 1 o
= = Jr‘ll [ Only E smear E 10-E 4 [ Only E smear
2 [ E+pos smear — E - E+pos smear
% 101!; 9 100: _.‘-
S ool -
|.|>_| 100§ LI>J C q.-'
= 1071 iy Ty,
10-1f E By,
— —20L e I
i 10 g:"" ! ol
10—2E : lI|
. 1 ] 1 |
i 0.8 1.0 1.2
mg [GeV] Mg [GEV]
. Crystal calorimeter
- Crystal calorimeter > ﬁ 1 only £ smear
_.ou___; 102E [—1 Only E smear g E E+pos smear
— E E+pos smear [<b) 101
(D] [ © =
= 101 I= -
P E —
o S Y 100
= B Ll E
Ll 100§ =
- 10_1§
1077 =
= 102 :lr'
-2
pl ' ' E HE)” " 1.0 1 1
0.1 0.2 0.3 : :
23/01/2025.

Giacomo Polesello — BSM at FCC-ee

Compare mass resolution
for m,=0.2, 1 GeV

for the two calorimeter
options, for prompt decays
of ALP

Position resolution dominant
effect up to ~1 GeV
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Steinberg, Wells, arXiv:2101.00520

0.24
0.22

0.2
0.18
0.16
0.14

Coalescing Photons
For M, <~ 5 GeV two photons

— 0.1 GeV Scalar

L

1r 1171

— 0.3 GeV Scalar

) — 0.5 GeV Scalar
very collimated: e.g for

M_=0.5 GeV AR___.~ 0.03

peak

- 1.0 GeV Scalar
0.12

01
0.08

4.0 GeV Scalar

— 6.0 GeV Scalar

0.06

If distance from interaction point to
calo face = 2 m (IDEA), -
two photons from 0.5 GeV ALP R

Events (scaled to one)

EII|III|III|III|II!|III[III|III|IIf|III|III|III
'lII|III|III|III|II!|III|III|III|IIl|III|III|III"

—

i_‘

|
- AR

have distance of 6 cm. Y
ARpeak = 4Mmg/mz
Size of photon shower in calorimeter: Moliere radius, depends Moliere radius
on material and geometry, around 2 cm for crystal calorimeter, Calo face
~2.4 cm for fibre calorimeter
vl

Y,
Very high granularity can be exploited to measure the two clusters using image

reconstruction techniques — start work soon on that
Waiting for results becoming available, reject events where Aa between two
photons, spaaller than 0.01, 0.015, 0.02, 0.03 and study reach as a function of cut

Giacomo Polesello — BSM at FCC-ee 62
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https://arxiv.org/abs/2101.00520

Experimental issues at low masses (~<5 GeV) Crystal calorimeter

? 104 = S
Signal acceptance strongly affected by width % 10
of measured ALP mass B
At low masses three geometrical effects: /10_1§
*vy Mass resolution of dominated by - " . .
uncertainty on measured photon impact point M. [GeV]
*ALP decaying far from interaction point: > oo Ca"’”metir
mass reconstruction assumes photons R o =+ umr o
produced in centre of detector. If long decay Bl M=t GEV, Comies
path, yy angle Aa and mass underestimated |
vy from ALP decay coalesce in calorimeter: o7 %
al
C% Molire radius ARpeak = 4ma/mz 04 05 03 lr}?:[eél\'/z]
siio faice

1
Y, v

AR

1P

Need full simulation for separation of nearby photons
For this study assume two photons reconstructed as one
If Aa>02 (0.1) for crystal (fibre) EM calo

Giacomo Polesello — BSM at FCC-ee 63



Results

For each signal and background sample

'—I‘_I — Crystal+Fibers Aa>0.02 rad
S = Fibersonly  Aa>0.01 rad events after cuts normalised to FCC-ee lumi
(] B .
g s=number of signal events after cuts
= = b=background events after cuts
> [
&) L n=s+b, o = systematic uncertainty on b
107* E Find cut on XGB output maximising
= significance calculated as:
103 =
'I'II_ 1 11 1 11111 1 L1 11111l 1 L1 1 11111 - b_}_(}'z) bz ﬂz(n_b)
107" 10° 10° 10° 7 = 1[2(n 2 — —In[l +
ms [GeV] \/ ( [ b2 + no? | o2 [ b(b + 2] )
Significant advantage of better Cross-section proportional to C, 2
energy resolution at high masses For each test mass plot C  such that Z=2
At low masses better granularity should
allow better separation of close-by photons
23/01/2025. .
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Projected HL-LHC limits for exotic Higgs decays

L

1
\
\
\
\
\

0.100 -

o

o

—

o
|

excluded Br(h->XX)
o
o
=
|

t S Vs =14 TeV
107°- 3000fb™"
I myx = 30 GeV
1 0_6 | 1 | \ 1 1 | | 1 |
1076 0.001 1 1000
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https://arxiv.org/abs/1506.06141
https://arxiv.org/abs/1506.06141
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Decay sighatures

It
Vg’

Analysis matrix: for HNL
Decay final state (I=e,p):

ojjl ~50% *
jj’nu ~20%
|l nu ~5% *
ell'nu ~9%
fTnNu ~9%

(BRs for m, <80 GeV)
Decay lengths

 Prompt

e LL decayInID

e LL decay in Calo

Signhatures with * studied in group

Giacomo Polesello — BSM at FCC-ee
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Mass measurement through timing

_——  TOFuauuax |
_ =B ' _ddy rdl
my = Ecm 1+ )GN =Ecm F(By) o(my) ~ EcpF'(By) 0(By) B = a / " :
M,

d“‘l[ T-lm {K\

| . ek |
The HNL mass can be constrained by measuring its decay timing and path " |

Resolution controlled by the uncertainty on HNL decay time and on the

undetected interaction point *
* oy =596 um, g, =23.8 nm, g, = 0.397mm, g, =36.3 ps

= W I S Measurement below the percent = F m ey E
s \ o(3t )=40 ps 1 | : ; s y s . =40 Ge -
= F —Mmeel ] level is possible with plausible detector T —omy-30ps 1
i\ M-0GsV | performance, A ody)-40ps |
10 : H‘“—-___‘_ — M =60 GeV : 10 :"‘\ —GtﬁlLJ;mDS —
for sufficiently high masses
107 : -

and long lifetimes ]

10755000 1500 2000 10” 500 1000 1500 2000

LLP path {mm)

LLP path (mm)



Mass measurement through timing

arxiv:2406.05102 o TOFuds
Realistic conditions simulated in IDEA, using the N — pjj channel "":,f”fjé“

#
|

dlnHT-lm <
[ - |
< o(TOF) determined only by detector technology ¥ 6a 1.

<7 The HNL vertex is known and its flight distance is computed
7 Iterative procedure set up to optimize the mass hypotheses, possibly spoiled by the long HNL flight distance
<7 Timing resolution roughly scaling with sgrt of number of tracks

< 200um = o(d,,.,;) dominated by the uncertainty on the interaction point

Dependence on HNL yield vs (my, U): evaluated with MC for the expected Z-pole run luminosity

o 900 . M., =40 GeV a{TOF)=30 ps
T — ideal - 3 s 0 T T T . S -6 . . . | g
L%’ 800F — Reco'ed using MG truth 'r.rT:;r.ahu P s u_ﬂg;_m I IDEA 5{TOFI<T0 5. 61, )-36.3ps S — FCC-ge 2 aavelms d*”.}ﬁq mmE' =
00k —— "‘W“’i e E @ 0.08} - © IDEA o{TOF}=50 ps; oft }=36.3ps g — HL-AHC theoretical projection B | §
B00-- - o rnasa lorallracks e o] U.mr_. o IDEA o{TOF}=10-p8: ot j=0pe— E 10 g
400 | ] ] 2
j 3 =103
300f g E R
100 : .
i i i i i i i i ; w
R [T 0 0 100

Vertex time resolution (ps)



Existing limits and projections

Ly DUNE Indirect; |
M : o 1 \\ L |
7/ \ '
LECD : I I' ./ CMS ‘ \ | .
\ (Nt \ i
0, . \ i J
\y all Y il i ‘;
Eellc Sy | =
e — 2
b yA- Higgs  EWPD £ ’
\ et 1 H 5 '
\ ~¥DELPH . { b
\:‘ by _’I‘: 4 !
L RN NN _
o CMB .\ v V! V) ATLAs o : k
= 1076 a2 N \ TMME = g
< I . N\ AN | 3 ]
E - \\ E
I . | ]
\\\
10 . 1 i
: 'ATLAS
I Supernovae \\ . \ ToK i |
10*10 | X—ray \\ \\ 7 10_10 L ¢ : ]
\ e ATHENA \\
- \ . B n . AY 1 ara 4
o -'Foc-
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my [GeV]

arXiv:1912.03058

BSM physics at FCC-ee: Heavy Neutral Leptons, N. Valle for the PED-BSM group /



Dependence on hadronic resolution

|. Window for baseline study from DELPHES
2. Assume signal efficiency unchanged after enlarging mass window according to resolution
3. Calculate number of background events for enlarged window and calculate significance

FCCee IDEA - {5=91.2 GeV L _=240 ab’

FCCes IDEA - (5=91.2 GaV L_=240 ab’

E N (TR
= E Curve ﬂlsﬂ:gn'rm:ﬂme =2 = -
- — - 10% / VE = e e
s — s TR L ST = 45
oo —e - ~20%/0E i o F ;
B ol ~30% / (E it = [= &3
N 3 T 4 e e e i i ,,
T,__ ......................................... % = Curve at significancs = 7 %
- 8 g5 -~ 20%/\E AR L i
: 3 § = mvams — JO0G S \'E I.r'. :;|
el = . L
T5 :_. ."- - E k] — r .:i...
e i m? = -‘; ':.
iy E 25k i 2
N ! - ) ey ",
I 2 L e L g
e 3 - - 5 P "
u 15 it Eiisy HPanass szl gl
b [ P R T N T W T T T T A N T TN A N T M N N NN -_I i R R .I‘-‘l-j'_l_::_l_(l PRI M PR I T S O Y R
el 30 30 50 80 70 30 55 30 i 5 50 70 50
My, (GeV) M, (GeV)

Fig. 24 Curves at Significance = 2 for different values of the assumed hadronic resolution. Each line
is a linear interpolation of 2 vs log(L7) at the walue £ = 2.

Fig. 25 Hatio of the U2 limit obtained with 20% and 30% resolutions with respect to the nominal
resolution as a function of My, .

BSM physics at FCC-ee: Heavy Neutral Leptons, N. Valle for the PED-BSM group /
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