Direct BSM searches at FCC
An overview

G.Polesello
INFN Sezione di Pavia



BSM potential of FCC

Approaches:
* Direct detection of signals for new particles
e Precision measurements: deviations from SM expectation
Machines:
« FCC-ee: precision machine: clean environment, limited CMS
range, very high statistics
e Fcc-hh: discovery machine: explore new energy regime
Main experimental thrust of PED BSM group:
* Define promising scenarios for direct BSM search at FCC-ee
 Requirements on detector design on the basis of detailed physics
studies: recent work focused towards midterm report
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FCC-ee: physics vs detector requirements
FCC-ee Physics landscape
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FCC-ee Detector requirements
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Heavy Neutral Leptons
(HNL)

Dark Photons ZD

Axion Like Particles (ALPs)

Exotic Higgs decays
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Large decay volume

High radial segmentation
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- muon
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displacement

%

\ triggerless
.+ timing j/

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



Detector concepts at FCC-ee

CLD (“CLIC-like Detector’) IDEA (“Innovative Detector for ...Plus new
Electron-positron Accelerator”) proposals ...

(easy to test in
FCCSW setup)

Noble Liquid ECAL based

new

10m/2

e £ (1

g Pty

0 L
12m/2

Full silicon vertex-detector+ tracker Silicon vertex detector Note: all studies

3D high-granularity calorimeter Short-drift chamber tracker. in this talk use

Solenoid outside calorimeter Dual-readout calorimeter the IDEA detector
(solenoid inside) card in Delphes
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Luminosity scenario

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

4 |nteraCt|0n pOIntS (I P). — A [Experiment site) Azimuth = -10.2*

vvvvvvvv

For Z pole run assume an | 5SS = 1400 m Injection into collider
Integrated luminosity of N e
240 ab-*, corresponding I
tO 8 1012 Z : booster
{apti.?n:ld+ A _/;T_\: ~ sss- ;ﬂgm*{::ti:_:nal
Most studies still based on it SN e
old benchmark: 2 IP, : "\
150 ab-l Technical SN LSS = 2160 m : LSS=21EiCIr:: Thchakassle
Collider RF ey Betatron &
+_ momentum
PG (Experiment site) collimation
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BSM:The broader research goal “.

At the end of the HL-LHC, if no BSM found:

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

ATLAS Preliminary

Top -down approach (theo):

Develop solutions to big issues:
naturalness, etc. compatible with LHC data

Bottom-up approach (exp):

Status: July 2022 f[ dt = (32.8 - 139) fb~? V5 =13TeV
Signature  [£dt[b'] Lifetime limit Reference
RPVE—ug displacedvix +muon 136 | E fetime ! ! i m(H)=14 o 2003.11956
RPV i3 — eev/euv/uuy  displaced lepton pair ~ 32.8 |} lifetime 0.003-1.0m m(§)=1.6TeV, m(i3)=1.3 TeV 1907.10037
GGM 0 - ZG displaced dimuon 329 | i} lifetime 0029-180m  m(g)=1.1TeV, m(i)=1.0TeV. 1808.03057
GMSB non-pointing or delayed y 139 )7‘.7 lifetime 0.24-24m m(, G)= 60,20 GeV, By=2% CERN-EP-2022-096
GMSB 7 — (& displaced lepton 139 | 7 lifetime 6750 mm m(f)= 600 GeV/ 2011.07812
a GMSB 7 — 16 displaced lepton 139 | # lifetime 9-270 mm m(f)= 200 GeV 2011.07812
@ AMSBpp— fil.ifF;  disappearing track 136 | & litetime 0.06-3.06 m m(7})= 650 GeV. 2201.02472
AMSB pp — 730,777 large pixel dE/dx 139 | ¥ lifetime 0330.0m In(i;)= 600 GeV 2205.06013
Stealth SUSY 2MS vertices 36.1 | Sifetime 0.1-519m B(g - 5g)= 0.1, m(g)= 500 GeV| 1811.07370
Spit SUSY large pixel dE/dx 138 | & ifetime >045m m(g)=18TeV, m(i2)= 100 GeV 2205.06013
Split SUSY displaced vix + EF'**  32.8 | § lifetime 0.03-13.2m m(g)=1.8TeV, m(i})= 100 GeV 1710.04901
Spit SUSY 062-6jets +EP= 361 | glifetime 0021m m(g)=18TeV, m(})= 100 GeV [ ATLAS-CONF-2018.003
Hoss 2MS vertices 139 | slifetime 031-724m m(s)=35 Gev 2203.00587
o | 1o 2low-EMF trackless jels 139 | s lfetime 019694 m m(s)=35 Gev 2203.01009
S | VHuwith H - ss - bbbb 20+ 2displ. vertices 139 | s ietime 485 mm m(s)=35 Gev 2107.06002
g:: FRVZ H - 2yq + X 2 u-jets 189 | 4 lifetime; 0.654-939 mm m(ya)= 400 MeV 2206.12181
B | FRVZH -4y, + X 2 pu-jets 139 | ya lifetime 2.7-534 mm m(ya)= 400 MeV. 2206.12181
B 2424 dsplaced dimuon 329 | 2y lietime 0.009-24.0m m(Z4)=40Gev 1808.03057
H— 224 2.e, 1+ Iow-EMF trackless jet36.1 | Zq lfetime 021:52m m(Z)=10Gev 1811.02542
®(200GeV) > s low-EMF trkcless jets, MS vix36.1 | s lifetime. 041-515m @ x B=1pb, m(s)=50 Gev 1902.03094
% (600GeV) - 55 low-EMF trkcless jets, MS vix36.1 | s lfetime 0.04-215m X B=1pb, m(s)=50 GeV 1902.03094
<2 (1 TeV) > 55 low-EMF trk-less jets, MS vix 36.1 s lifetime. 0.06-52.4 m @ x B=1pb, m(s)= 150 GeV| 1902.03094
W = NE,N (6 displaced Vix yupe, ee) + 139 | N lifetime 0.74-42 mm m(N)=6 GeV, Dirac 220411988
W = NE,N = €6y displaced vix (uu,ue, ee) + 1 139 | N lifetime 3.1-33mm m(N)= 6 GeV, Majorana 2204.11988
;‘ W = NEN = (6 displaced i (yupe, e¢) + e 139 | N lifeirie 0.49-81 mm m(N)= 6 GeV, Dirac 220411988
W NNty dsplacedvix e, e ve 109 | N iGN IEES ! I ()= 6Gel Najoara 2204.11988
0.001 0.01 0.1 1 10 100 o [m]
V5=13TeV  V5=13TeV
partial data full data 1 1 1 1 1 1
N 0.01 0.1 1 10 100
7 [ns]

Among well-motivated models: FCC-ee signatures to which LHC not sensitive

— Low mass: obligated, but also opportunity, LHC typically reduced sensitivity

at low masses

— Low couplings: profit from TeraZ statistics,

because of cleaner environment

05/07/23

- Long lived particles

and better analysis efficiency
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List of topics

Cross-check the list of ECFA-WRG1-SRCH (Rebeca Gonzalez-
Suarez 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, which | will

review in this talk

05/07/23
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Group organisation

BSM physics
Exp Conveners:

January 2023

Rebeca Gonzalez-Suarez, GP

Jan19 Searches for Long-Lived particles - planning ®

MC contact: Sarah Williams oL

Dec15 Searches for Long-Lived particles - planning @
Dec 08 Searches for Long-Lived particles - planning ®

Indico category:

Dec 01 Searches for Long-Lived particles - planning ®

https://indico.cern.ch/category/5664/ November 2022

Nov17 Searches for Long-Lived particles - planning @

Ve ry a Ctive LLP g rou p C h a i red by J u I iette B Novio Searches for Long-Lived particles - planning ®

October 2022

Alimena (~10-15 people) with bi-weekly

oct27 Searches for Long-Lived particles - planning ®

WO I"kl N g m eetl N g S = oct13 Searches for Long-Lived particles
September 2022
Approaching critical mass for prompt * R
=  sep1s Searches for Long-Lived particles - planning ®
S | g N atu res =  sep15-sep16 FCC BSM Physics Programme Workshop
05/07/23
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Workflow

E Sample generation of models P.arame.tnsed RStRoion Analysis toolsr

€ simulation * FCC analysis

g ® MadGraph5 aMC@NLO for . IDEA DELPHES card Sensitivity to
= parton-level e*e" studied model
O e PYTHIA for parton shower :

l% 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

05/07/23
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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
D 402 — Decay in inner detector
18; — Decay in calo/muon detector
10‘; Study of coverage for a given
187 model should address all three
13: signatures.
10‘1‘% Very different experimental
:gi L requirements
10 1 10 107 10°

m(HN) [GeV] At present only first two exploited

05/07/23
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HNL potential

Production of HNL in Z decay through mixing with light neutrinos

If only 1 HNL flavour assumed, model defined in terms of two parameters:
m, and U, mixing parameter

P

. 2 9 o my~ my*
Production BR: BR(Z = vN) = |Un|" BR(Z — invisible) (l " 2??132) (1  my2

‘UNP = ZE:G,;_L,T ‘UEN‘E_

Decay width:

Ty o Coooe—rs UZMBGE, 372
(m,, <80 GeV) N = Cdecgeog™ 44 MF  M.Drewes arXiv:2210.17110
05/07/23
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EXDectations ArXiv:2203.05502
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Low-scale Leptogenesis

2 HNLs, thermal

—— 2 HNLs, vanishing

3 HNLs, thermal

-1 |
1074 . 3 HNLs, vanishing

N, th  CODE T
"\FASERE : *’%,1 Kb\

g :

16-1

10¢

10!

102 104 10%
M [GeV]

Assume for FCC-ee 5x10%? Z produced (to update)
Thick green line: approximate CEPC reach

05/07/23
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Decay sighatures

1" g

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

°jjl ~50% *
jj’nu ~20%
|l nu ~5% *
elI"'nu ~9%
fTnNu ~9%

(BRs for m, <80 GeV)
Decay lengths

 Prompt

e LL decay InID

e LL decay in Calo

Signatures with * studied in group

Giacomo Polesello — CEPC-EU workshop
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GP, Nicolo Valle

HNL- pjj (prompt+LL)

— —
[==] =]
m =1

Events x Weight

—_
(=]
iR

b
2
TTT TTTT

—
L]
T
T

*Most favourable decay: 50% cross-section
*Full reconstruction of HNL possible.
*Momentum of neutrino recoiling against
HNL fixed by recoil formula:

2,
T T T

10k

M7 — My,

2 M, Prompt analysis at Z peak:
Reducible backgrounds:
Z decays, dominated by Zbb
Irreducible background:
4-body p v qq

Giacomo Polesello — CEPC-EU workshop 14

pV(MNl) —

Strong kinematic constraints allow background
suppression
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GP, Nicolo Valle

HNL- pjj (prompt+LL)

Require one or two jets and one muon |
10" E o Ztr
10" E COSUIJZ) ;:gfs

Z—ce

Reject backgrounds using cuts on
kKinematic variables

Example: for 2-jet events, the two jets
are dominantly back to back, this is not
the case for the signal

After cuts, for each test mass require

signal 30
signal 50
signal 70

Events x Weight (2 jets events)

..I...I..|.|... I-..
1

|
1 I I |I 1 I L
08 06 04 -02 0 0.2 04 06 0.8

Mvis € MHNL + X and Emiss € pv,nominal T X S =2 x 20% x M HNL

Finally, require muon from HNL to come from interaction point:

DO,u <80 With D011 Impact parameter of muon wrt center of detector in
Plane transverse to the beam

More details on selection in the talk by N. Valle referred in first slide
Giacomo Polesello — CEPC-EU workshop 15
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GP, Nicolo Vall
Prompt results e

« Baseline: Integrated Lumi = 240 ab™! & 8 x 10'? Z boson events

« Looking for U? producing 95% CL excess of events
For each HNL mass M: P[n < b |HNL(M,U?)] =1 - CL

b = #backeround events
FCCee IDEA - (5-91.2 GeV L, =240 ab’ 8

S Spring2021 2
=2 a
b N
CL converted in gaussian quantile
~ — Simulated signal data points
-10— _ .
~ Delaunay interpolation in the plane
11—
a1 | 1 1 1 | | I | 111 1 | I I | | I I | | 1 1 D
10 20 30 50 60 70 80
M,y (GeVic?)
05/07/23
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| 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,>1mm

Signal efficiency kept > 50% at low mass and weak coupling

FCCee IDEA - (5=01.2 GeV L,=240 ab™
A

%; Spring2021 Ig %
- ™~ .
; 8 Work in progress on approach
% e —7 exploiting detailed HNL vertex
o y e ;
. - . .| reconstruction
e o # R _le
Py * X X
= = I —4
e *
ke oy
k4

L1 L1 1Ll I | | | 11
60 70 80
M, (GeVic’)
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A. Sfyrla, D. Moulin, P. Kontaxakis

HNL— ejj prompt

Selection: Require 2 jets and an electron
« E >12 GeV, accounts for neutrino fixed energy in 3-body decay

MmISS

 Leading electron energy > 35 GeV, to remove most of the electron from jets
*0(, J,) <2.4rad, distance electron dijet AR(e,jj) <3

Z-significance (L = 150 ab-1)

0
. . 262.4 306.2 3338 329 e
* Official Winter2023 FCCee samples +
samples generated with official data cards = El ZH B 10~

-o { EEEN NN I IO NN PN PN PN

« Jets built at the analysis level with the g 102
ets b b A 3 7 | HE T O PO S
Durham algorithm in #jet = 2 mode = ~===

o T | | o
ST 1T T »
n{bta?) F;“ a?(n—b)y =10 4
L= \/2 nhl *'*+ na- ]_ hl[l—i_ b-l—:?]) =2 : : : : , . . . L 10-5
With 10% syst. uncertainty MO R e M
05/07/23
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A. Sfyrla, D. Moulin, P. Kontaxakis
HNL— ejj: Dirac vs. Majorana

*Define final state variables for which difference Dirac-Majorana can be observed [1]
*Ex: Electron energy, HNL (dijet) energy, Electron-HNL angle:

*Studied both at the generation - MG5 and reconstruction level -~ DELPHES
*Good discrimination coming from electron/positron distributions separately

n C T T T a
‘f'.,’ﬂ"*_ TrrrTTTTTTTTTTT f e f | = r v Mairans 500W semideplonic |
'_E - Majorana B0GeV ferie LE o4z — -]
- = L Ba serridleptonic 1 w EEEEEEEEES S REEEE T -
Ll a4z . L _ i1} 1
- AL A00AY 54l [ — = 008 F— - —
- N ~ — = - gjorana S0GeY ol —
- - = — [= - -
e ] - 1 YowE _ s S00EV semlept 3
- - ooaf— . - = 3
0.08— —] B 0.06— g ]
a0 — ] .06 — - .05 : ’ =
004 — ] 00a— ] ﬂ.D4:— ) —:
- — _ = 0.0 r _
0.02f— —] ooz — ] = g .
Cee v L T 0 Ly n C 1 Ll 1 L n nozE o =
2 5y - -
P 2] - 1
E I:: E :; D.Di_—. -]
o iz o 13 - -
g g = 1 1 1 1 n
E f E 1!9 B - | I - L1 11 1
=] [*]
5 o s o B
q or = =
L oo & . S 12
op B | | | | P A o . ) . N g 1.1 TP
-4 3 2 -1 0 1 2 3 4 -3 2 1 ] 1 2 3 S o ) FE
Reco DiJet_electron (-} - electron A 0 Reco DiJet_positron - positron A 6 _:% og :
1= CI.R
05

20 25 30 38 40 45
Reco Electron (from HNL) energy

=
4]
=L
o
—_
th

[1] hgis:Aarxiv.org/pdf/2105.06576.pdf
Giacomo Polesello — CEPC-EU workshoj


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

HN L—) HH\) LL Lorenzo Bellagamba

Early studies of sensitivity with N—puuv o Y
channel looking for DV E i
Optimise search based on the distance from ot N
the 2-muon decay vertex to the IP "
m,, =20 GeV, ?=107"°

> I - % N, 95%CL limits (Lumi=150 ab?)
% 0.9:— — D,y >10mm
: §.++ + - —— Dy >30mm

0.8 ++ —— D,y >100 mm

o7k ++++++ + +

0.6 + + + N

- & -7

D.S:'— + + =

u.qé g _a.

0.35— +

- -9
[],2:—
0.1 =
ﬂﬂ: = = I5III)IIII = l1ﬂlﬂﬂl I l‘lﬁlilt}l = JEUID(] 2500 3000 -11 Y Y 1 T v 1
Vertex distance from IP in xy-plane [mm] 10 15 20 25 30 35 40 45 50
Mass [GeV]
05/07/23
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Initial study developed a selection to reduce backgrounds

Published in Front. Phys. 10:967881 (2022)

HNL— eev LL

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

e pMiss> 10 GeV to reduce the Z - ee background with
Instrumental missing momentum.

e Electron |d |>0.5 mm

FCC-ee Simulation (Delphes)

E;'lﬂpu TTT ||| TTT |r| ||.| TTT ||r| ||| |||| TTT |||| |||| TTT
E"}z? (s =91.0 GeV

Em‘* L=150ab"

£ e'e =N v, N —eev

gg 1 {)21 -

e, - Np | Jetls, ol e
W My =30 BV, V- = TdTec MM e'e —Z —bb

10°E my, =70 GeV,V_ =141e-6 g~ L~ 00
10" Bl e'e — Z — uds_
10"2E BMlee —+Z—m
Blce =2 —~ee
10°
10°
103 1
I
18 ‘
y i
o SR A | E
0 & 10 15 20 25 30 35 40 45 50

Reco Total Missing p [GeV|

Being reevaluated on the basis of winter2023 production (S. Williams)

05/07/23

Also studied variables
Sensitive to Dirac/Majorana

nature of HNLsS

FCC-ee Simulation (Delphes)

EE 1 {f3u TTTT | TTT T || TTT | TTTT || TTT | TTT || TTTT | TTTT I TTTT | TT
5.“}2? H'E =91.0 GeV

2 L=150ab’

£ - g'e¢’ =N v, N — eev

@10 : o o

G E BB A WY S

- 8 i N -
m, =70 GeV,V  =141e-6 e'g oo

:
} -’ e UL L b el L R

0 01 02 03 04 05 08 07 08 09 1
Reco electron tracks Idﬂl [rrim]
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- et
Ty IR
e g — ;
L T et MR i e
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https://www.frontiersin.org/articles/10.3389/fphy.2022.967881/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.967881/full

Simplified model with

many possible signatures, e.qg.
— Ya, a=Yy

— va, a— |l

— ha, h-bb, a- vy

Different decays of a, depending

which couplings non-zero

Both long-lived and prompt
sighatures, would be useful to
define benchmarks beyond 3y

05/07/23
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arXiv:2203.05502

10°-

1 &‘“%
2,
Edelweiss
10735
" Red Giants
10--
10-° 10-¢ 10-3

m, |GeV|

BaBar

FCCee

100


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

¥

3 photon state considered in
preliminary detailed studies,

— Prompt

— Long-lived

Experimental implications:

— Mass reconstruction for very

collimated photons

— Timing of photons for LLP

Key role of preshower?

05/07/23
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1/N\; [TeV™!]

10°

10"

ALP: 3y final state

Existing constraints from JHEP 12 (2017) 044

T T !

105 07

' LHC
m E "
LEP

PrimEx

Y- y+inv.

- Beam-dump

CMS yy - (2019) 134826]

ATLAS

ATLA (this paper)

10~

BCAG:
m, [GeV]

||||||||||||||

T

Collider _

FCCee

e/ f [TeV]

Astrophysics

1073¢
Helioscopes

103


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

ALP Prompt analysis

Thesis L. Pezzotti
Based on samples produced with MG5+
IDEA DELPHES card before the full

FCCee IDEA:e*e™ - ya

310z
software chain available '5 -
T E
i+ - 10
e’ Y =
L Y 10—1%_
e | c R §
- 107 , — E,, =91.6GeV
= ——0.1% Sys. Unc. G .
Signal Background : i P
| @i 1.0% Sys. Unc. . EM — 240 GeV
For each test mass select events with two photons = 5.0% Sys. Unc. E.,, = 365 GeV
H H 10—5 | IIIIIII| 1 IIIIIII| 1 IIIIIII| | | L 1IIIll
negr the mass, gnd third photon with momentum S : ik 0P o?
defined by recoil formula M, [GeV]
Pole/threshold  Ecyy (GeV)  Integrated luminosity (ab™?)
Further suppress background with angular selection ﬁ ‘EL‘]’ 1&‘]’
on two photons form ALP decay H 240 5.0
05/07/23 t 365 | 525
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Magdalena Vande Voorde, Giulia Ripellino

Exotic Higgs decays

I_ Q\\ " «Extend SM with additional scalar.
P o @ .+« Probe h- ss - bbbb in events with
. | 2 displaced vertices, tagged by Z

FCCAnalyses: FCC-ee Simulation (Delphes)

£ FAEA S RERS S REA REF LR Gk R i =

ete">Z—->Z7Zh,Z—> 11", h—ss, s = bTh™ R '”c?f_; o E

é 10 ¢ 2 Zh Z > I'I,h>ss 5bbbb 3

g Bplore selection _

*Look at events with at least one scalar within e O E
- Mg = 20 GeV, sin 8 = 1e-7

acceptance region 4 mm < r< 2000mm 10*
*Aim to develop event selection and perform 10
early sensitivity study. i

= — Mg = B0 GaV, sin 8 =1e-5
mg = 60 GeV, sin 8 =1e-6
mg = 60 GeV, sin 8 = 1e-7

. f'i'rHl 4 'I-'H‘i'ﬂ i e 1

[ beopeped

| L N P ||| |.L.II?.]IJ.I¢:-.;IJ|”:
0 200 4ﬂﬂ| Eﬂﬂ 800 1000 'IEGU 1400 1600 1800 ZDCIU

Generated decay length [mm]

05/07/23
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120 mm

DW's

Magdalena Vande Voorde, Giulia Ripellino

Vertexing

Studied two options of DV reconstruction implemented in FCCAnalysis
framework with additional constraints inspired by ATLAS DV analysis

FCCAnalyses: FCC-ee Simulation (Delphes)

.-"'I“'I"'I"'I"'I"'I"'I"'I"'I";
10° s

" =24006ey 1. SV finder of LCFI+ algorithm
r ow 2 ZhZ ST hsm2bBbE ] (https://arxiv.org/abs/1506.08371 )
0;%5“ o res 2. Add vertex merging to recover some
g g o ; DVs from scalars, work in progress to

1U§_ms 60 GeaV, sin 8 =1e-7

understand goodness-of-fit results

0 200 400 600 B00 1000 1200 1400 1500 1800 2000
Distance between PV and DVs [mm]

| Selected tracks with pT >1GeVand |dO| >2 mm SVs within IUU orlmm
o ﬂ
pv dO
05/07/23
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Magdalena Vande Voorde, Giulia Ripellino

Results

Selection

events /! 1 GeV

Pre-selection
Z boson tag

Multiplicity of DVs

> 2 oppositely charged electrons or muons

70 < my < 110 GeV
n DVs > 2

Secondary vertex selection

10

107"

FCCAnalyses: FCC-ee Simulation (Delphes)

[ {5 =240.0 GeV
= L=5ab”

| Betore selaction

E —— mg = 20 GeV, sin 6 =1e-5

TTT[TI R [T I T[T T T [ TR T T[T AT T[T T ToT1

- ete =2 Zh Z =I',h—=ss—bbbb

[rrrrpeee

Vertex Selection

| Min 'y —pyv | 4 mm
Max "DV —_pPV 2000 mm
Min Mchﬂ_rggd 1 GeV

1072

50 60 70 80 90 100 110 120

130 140 150

Invariant mass of reconstructed - w+ [GeV]

mg, sin @ Before selection | Pre-selection | 70 < my < 110 GeV | n DVs > 2
20 GeV, le-5 || 44.3 = 0.0295 | 29.8 + 0.363 | 28.9 + 0.358 3.55 £ 0.125
20 GeV, 1e-6 | 44.3 + 0.0295 | 30.4 £+ 0.367 29.7 + 0.363 224 + 0.315
20 GeV, 1e-7 || 44.3 £ 0.0295 | 36.3 £+ 0.401 35.6 + 0.397 0.531 + 0.0485
60 GeV, 1e-5 || 13.1 + 0.00474 | 8.38 £+ 0.105 8.12 + 0.103 0 (< 0.103)
60 GeV, 1le-6 || 13.1 + 0.00474 | 8.34 + 0.104 8.09 + 0.103 6.43 + 0.0917
60 GeV, 1e-7 || 13.1 £ 0.00474 | 9.69 &+ 0.113 9.45 + 0.111 4.10 £+ 0.0732

05/07/23
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All but 2 considered
signals could be
excluded at 95% CL in
background-free searct
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Conclusions

Rich menu of BSM final states available for discovery at FCC-ee

Focus on models involving low-mass particles with feeble

couplings to SM
Benchmark in these models are being identified

Present work mostly focused on detailed analyses of reach for

long lived exotic particles

- Important detector challenges to exploit the signatures

05/07/23
Giacomo Polesello — CEPC-EU workshop
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https://www.frontiersin.org/articles/10.3389/fphy.2022.967881/full

Long Lived searches

=== neutral
— charged
= any charge

disappearing
track

‘II---...

displaced
dijet

HSCP

displaced

vertex

05/07/23
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displaced
dilepton

displaced
conversion

W BSM

M lepton

M quark
photon

W anything

displaced
lepton

displaced

photon

not pictured:
out-of-time decays



HNL— eev

FCC-ee Simulation (Delphes
Fcc-“ s.{mu;armn {Delrphes} E _"‘I"l"1"1 1"'1'r| L |'r']‘1 I-I"I'I'I T |'1"|'r1'r"| r'r'r'l I'I’ T I'I"F‘l'1 I';i"l’,lll rrll!l
o T [ TTTTTTI[TY | TT]T L LD ILALEL R R E
e L J o 10 |5=91 %
510E  (5=91.0GeV : g Heviibe
£ L ee =Nv,N—>eev i £y e aEy
g 10 e g E g - M sefection
I Nosslestion_ o0 v v 2 1 4106 3 @ F — m, =30 GeV, V_=141e-6
L ——— H= s g= x - - Wl _ - i
C iy, <50 N 8 ] 105 m,, =50 GeV, V, = 1.41e-6
1|:|§— - 0 V=_14!E_E H = —my, =70 GeV, V_=1.41e-6
g —mNZQDGe‘I.I'.V”:{mE-ﬁ 3 B —m,=90 GeV,V, =1.41e-6
L N = =L _
1
I3 3 HNL reconstructed
3 I
HNL lifetime ofy  decay length
i
107
i
i
|
10'3 o TV T OO PO OO by = AL
0 100 200 300 400 500 600 700 8OO 900 1000

05/07/23

Reco N L [mm]

Lifetime and reconstructed length
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ALP: the model

2 2
a ~ 2e a ~ € a ~
2 : .
Eeff D€ C"‘;""r‘ ! uzj P+ quZ — F ", ZH A ; CZZ L i
A : Al 2 .2 \ Z;
ILS kT C-u:' .LS u C'L[_:'

*Assume a only couples to hypercharge and not to SU2 C’TZ — —si, Cﬁ.f,.-
*Assume BR(a— yy)=100%

Experimental reach can be represented in 2-d M_-C = plane
Brivio et al.:arXiv: 1701.05379
Bauer et al:arXv:1808.10323

Chegked that the two UFOs give the same results, use Bauer et al. for generation
Giacomo Polesello — CEPC-EU workshop 33

Implemented in two UFOs:


https://arxiv.org/abs/1701.05379
https://arxiv.org/abs/1808.10323

Existing limits

Existing constraints from JHEP 12 (2017) 044

Two mass ranges:

<~100 MeV - -5 GeV:
Can we cover this difficult
region?

>~5 GeV
Are we sensitive to lower
couplings than the ones
explored at the LHC in
photon-photon collisions?

Different experimental issues in the two regions:

«>5 GeV: energy resolution
<5 GeV: separation of two

ozl

PrimEx

LEP

109102 qoT

very collimated photons,

resolution on position measurement

05/07/23
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Figure from:
ATLAS:arXiv 200805355
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https://arxiv.org/abs/2008.05355

Comparison with existing limits and projected reach
FCCee IDEA: eTe™ = ya

In the 10-100 GeV region FCC-ee S0k
. (1) =
reach in the same ballpark as F o E
projected PbPb LHC result < L
S
10! _IOE_
LEP -
1 ete” >y inv. :.:-: E
=, 10 5 ; 10—15_
Pb-Pb (l;)hn-‘t:-;)' §
Beam-dump B

10753 10 10 107 10T 107 10° 104 10_3 = —E...=91.6 GEV

m, [GeV = — 0.1% Sys. Unc. cm =1

B 0% Sve. U — E;, =160 GeV

ik — E,, =240 GeV

Figure from = -+ 5.0% Sys. Unc. Ecy = 365 GeV

. 10—5 | II||I||| I II|||II| I |||||I|| [
Schoeffel at al. arxiv:2010.07855 10" 1 10 102 10°
05/07/23 M, [GeV]
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https://arxiv.org/pdf/2010.07855.pdf

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

Ph40GeV Cherenkov (Event: 1)

foa =
5008 — BN
40 GeV photon
0.06 — ) —{a000
0.04 : . I 6000
0.02 : SE - o — 4000
0 :— ~ Izoou
002= e

o
-

&n

R
-]
&

-

o

=y

p(rad)

0.0&

0.04

0.0z

=0.02

—0.04

Pizero40GeV Cherenkov (Event: 1)

III"I|I1‘|I]II]II'III'IIIIII

_.
]

RLYRT AR T AR T YRR T AR T "R T

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

(master thesis A. Villa)
05/07/23
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Not very popular anymore, but holes in
LHC offer opportunity for FCC-ee.

Two obvious examples:
— Compressed slepton
— Higgsino

Need to verify what~kind of challenges fo

detector design these signatures provide.

PMSSM scans can show uncove

In gaugino parameter space

Need explicit benchmarks.

— Input from ATLAS/CMS pMSSM studies

— Input from theory, see e.qg. the paper
from one of our theory conveners:

https://arxiv.org/abs/2207.05103

05/07/23
Giacomo Polesello — CEPC-EU

March 2022
- 600 —/——m—m/™@™@™™™——————————
% - A TLAS Prellmlnary 8 TeV,20.3fb" le [é a] arXiv:1403.5294
O] C g2 Soft 2¢ Pel,fi]  arXiv:1911.12606
— 500 — 13 TeV, 139 b 2¢ fel6,4]  arXivi1908.08215
—~~ ~ ~ ~ . 5
- = ppo Rl g £_>3X$ w24, Am~m(W)  £e[8,0] CONF-2022-006
\ES | e o 271 hadronic =T arXiv:1911.06660
g Aﬂmgi atn?i I/?m(ifL LEP fig excluded
400 serve s

= = Expected limits

¢IIII|III|IIII|I

R

600 700 800
m(¢., ) [GeV]
June 2021

LEP2 x{ excluded
=+ Theoretical prediction for pure Higg

................................
....................

I\l | T T T T |
ATLAS Preliminary

V5=13TeV, 136 - 139 fo '
pp = X, XX, XXy, X X7 (Higgsino)

All limits at 95% CL
— Observed limits
== Expected limits

3¢ + Soft 2¢, arXiv:2106.01676, 1911.12606, m(¥3) = m(x?) + 2Am(iE, ¥9) 7
Disappearing track, arXiv:2201.02472f m(3) = m(x%)

0

RN AL AL L L LR R R R RN

1 I 1
150


https://arxiv.org/abs/2207.05103

SUSY: g-2

mip = myptan

From a talk by R.Barbieri

VA7 g AL pe [ - pX9, bino LSP March 2022

g-2 discrepancy can be >

explained with light sleptons O _ [ 8-13Tev,20.3-139 b
2
&

- ATLAS Preliminary A" jimits at 8% CL

500 [~ __ ATLAS excluded: CONF-2022.006
™ 14035294, 1911.12606,, 1908.08215
| " LEP gg excluded

[ a2 i10=(25:06)x107
400 — ttans. pTev], My TeV)

L E=m (80, 05, 0.5)

FCC should be able to
cover uncovered area relevant

L E=m (80, 2.0, 1.0)

for this explanation - =@ N\

300 _—-(5:1:0:1:01 ’\ :
Possible benchmark: 2008 S
Simplified model: direct slepton i ‘ﬁ
production with 100~ ‘F

m(slep)=150 GeV
m(chi01)=100-140 GeV

200 300 400 500 600 700 800
m(i.,g) [GeV]

05/07/23
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HNL sighatures

Rich set of final states and signatures, work in the group performed for both

prompt and LLP signatures, in particular

— eenu: LLP in ID | f
upv: LLP in 1D

— ¢jjand yjj prompt (LL in ID)

— Dirac vs. Majorana

Analysis matrix
eDecay final state:
*Jjl
*jjnu
|l nu
*jnunu
*Decay length
* Prompt
e LL decay In ID
05/07/23 « || decay in Calo

Giacomo Polesello — CEPC-EU workshop 39



Linear scale

T S A A e O A A —s  Assume 1 flavour active
107 F 5x102Z at Z peak
124 Require 100 events for
10°5 prompt decay and
10- | 4 events for long-lived
12_; Red: Prompt:
10—92 O<A<Imm
10710 Black:ID decay
1011E 0.04<A< 150 cm
10 " Blue: Calo decay

o v by b by b b b b by
10 20 30 40 50 60 70 80 90 100
m(HN) [GeV]

200<A< 450 cm

Prompt decays dominate for m, >70 GeV

05/07/23
Giacomo Polesello — CEPC-EU workshop 40



05/07/23

Decay sighatures

1" g

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

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

(BRs for m, <80 GeV)
Decay lengths

 Prompt

e LL decay InID

e LL decay in Calo

Giacomo Polesello — CEPC-EU workshop
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Previous experimatal FCC/CEPC

studies
IDEA DELPHES card
FCC: Master thesis by <GP+N-Va"e>:$m_§ggg
Sissel Bay — w70 Ga¥
Nielsen(Copenhagen JJ
2017) I L

Two CEPC papers
— arXiv:1903.02570:2jet+lep

m,,:10-90 GeV

— arXiv:2201.05831 Monojet+lep

05/07/23 .
m HNL" 3-15 GeV Giacomo Polesello — CEPC-EU workshop


https://nbi.ku.dk/english/theses/masters-theses/sissel-bay-nielsen/SisselBayNielsen_MastersThesis.pdf

Events / 1 GeV

Res U ItS ( FCC) Sissel Bay Nielsen’s

Master thesis
T T l.'I T T '.I T Tl IDINI(:;IO)I lE ._ r
Z—qq [eeqq ] '
o ~ ONGO)
A T 001 p dy <

1074

_L
Dh
I

2,

3

— o /

- N 106
1o ] E 10
1; 0. —; 1078 N

T80 6 i
p[GeV]
10-10

L S T gﬁﬁgi ] 10-12 |

M; (GeV)

: DELPHES for CLIC detector, pjj channel
E Study performed for 3.3 fb? (1082)
L f Difficult to extrapolate to 5x10%2 Z

10 20 30 40 50 60 70 80 90 160

M eV because of MC statistics
Giacomo Polesello — CEPC-EU workshop 43




— ek sk
o o o 5
W M = O

95% C.L. [Vun[?

104

05/07/23

107" ——
Belle (B|decay) .
10 = EWPD :
_Y_x\ ATLAS
105k N DELFH = e
s IENU (7 decay) “Higgs fnclnr_\r%
o unuiet{a :‘:.._ —e NS 1
107 T e ey
o 0.1,1,10ab* ~~ T T T _1
: T2K (K decay) ]
Js=91.2 GeV (0.1, 1.0, 10 ab'1) 1 :
% 2 4 6 8 10 12 14 16 18 20
10 20 30 40 50 60 70 80 90 100 Ma/GeV
M, [GeV]
Results both for ejj and w« jj final state.
All Z decays and 4-fermion backgrounds considered
Main background for monojet analysisZ- 7 7
Coverage extended down to 3 GeV
Giacomo Polesello — CEPC-EU workshop 44

Results (CEPC)

2-jet analysis

_ Monojet analysis




IDEA concept

+ Muon chambers
+ pPRwell in the return yoke

+ Dual-readout calorimetry 2m /7 A,
+ Preshower pRwell

+ Thin superconducting solenoid
+ 2T,30cm,~0.7 X,, 0.16 A @ 90°

+ Transparency for tracking
+ Si pixel vertex detector
+ Drift Chamber
+ Siwrappers (strips)

+ BeamPipe:R~15cm

05/07/23
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E

135
10-

03

DCH

Solenoid

~ 1 Yoke/u chambers

sIaquieyo 1/a)0x

Slide by R.Ferrari
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FCC-ee / CepC general requirements

+ A(1/p,)
+ high precision
measurement at
the end of tracker

* C‘-rﬁ:

+ finely segmented
vertex detector

+ Challenging requirements
for detector materials

Physics Detector Performance
Measurands
process subsystem requirement
ZH,Z —ete™, utpu~ H.0(ZH Al pp)=
: eTe, U p myg, 0(ZH) Tracker (1/pr)

-5 0.001
2x107 e p(GeV)sin3/2 0

BR(H — ptu™)

H— ity

o-?"(;') —_

H— bf)/cﬁ/gg
i p(GeV )1><Usin3/2 g ( ”m)

BR(H — bb/ct/gg) Vertex

N jet
) ) BR(H — qq. ECAL ok [ =
H -3 gg, WW?*_ Z7* TIA* # -
94. WW*, ZZ*) HCAL 3~ 4% at 100 GeV
AE/E =
H — vy BR(H —+vy) ECAL 0.20 ;
T 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

05/07/23
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DI raC versus Blondel et al
M aj orana arXiv:2105.06576

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

g " ~
et e
e _ ]
e N \/\/\ .
14 W-
Z
e+ e+ .

e Dirac neutrinos (ete™ = Z > UN; ete™ - Z — DN)

2

1 doyg M
MY & (g‘%(l F cos 0)? +g§(l + cos 0)* + f; (gf +g§) sin29)
m

oy dcos0

Z

e Majorana neutrinos (ete™ — Z — uvN)

1 do M?
LA 1+00529+—Nsin26’
oy dcos 6 m3

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

05/07/23
Giacomo Polesello — CEPC-EU workshop 47


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

®f = U

= 1LUnon, displaced vertex

— CEPC, displaced vertex

= = = « UEPC, Higgs BRs

— CEPC, mono Higgs

— CEPC, EWPQ @ 2 (B = |2 4 |8,°
e F{1C-pe, displaced vertex

=== s FCC-oe, Higgs BRs

— FCC-pe, mono Higgs

— FOC-0e, EWPO @ 2o [0 = |6,° + |8,

T T
10

[ IIIIIII I IIIIIII [ I]

10712 I sl By
10" 1 10 10°
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