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Standard Model of particle physics

Based on quantum field theory, describes how
particles interact via exchange of gauge bosons
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Quarks: Building blocks of matter (protons
and neutrons), 6 flavours

Leptons: Electrons and neutrinos, 3 flavours
and their corresponding neutrinos

Gauge Bosons: Force carriers. Include
photon (electromagnetism), W and Z bosons
(weak force), and gluons (strong force)

Higgs Boson: Provides mass to other
particles via the Higgs mechanism
Why Go Beyond the Standard Model

Does not include gravity

Does not explain dark matter and dark
energy
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FCC (Future Circular Colider)

3

Valselhone

]\Ti)

=i

¢ Saint-Julien-
/ en-Genevois

Bonneville

/' La Roche-sur-
Foron

Csli

Future Circular Collider
Circumference: 80 -100 km

Energy: 100 TeV (pp) S

>350 GeV(e'e) &

)

L
Large Hardon Collider .
Circumference: 27 km .
Energy: 14 TeV (pp) L]
209 GeV (e*e) .

.

Tevatron (closed)

Circumference: 6.2 km
Energy: 2TeV

2014
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Conceptual Design  Feasibility Study ~ Project approval by

CERN Council
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Future Colliders
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Importance of e*e~ Colliders
® |Less Background Noise
® \Well-defined Initial State

® High Precision Measurements: can
produce very clean environments with
well-defined initial conditions, allowing for
extremely precise measurements such as
detecting subtle deviations from SM
predictions that could provide indirect
evidence of new physics
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Detector concept at FCCee

SiTracker

CLb

® (onsolidated option based on the detector

design developed for CLIC?

» All silicon vertex detector and tracker

» 3D-imaging highly-granular calorimeter
system

» Coil outside calorimeter system

® | ong standing concept, largely studied with full

simulation

aCLIC detector

Gaelle Sadowski
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Instrumented return yoke

Double Readout Calorimeter
2T coil
Ultra-light Tracker

Maps Fod

Pre-shower counters

IDEA

Lumical

Silicon vertex detector

Short-drift, ultra-light wire chamber

Dual-readout calorimeter
Thin and light solenoid coil inside calorimeter

system

6 june 2024

® New, innovative, possibly more cost-effective
design
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Goals

® Define different geometries for vertex and tracker

® Study detector tracking and vertexing performance for physics, as well as flavour identification and
sensitivity to new physics

® Fyll Simulation is needed to have more precise results, the detector concept CLD* will be used for

these studies

Yoke

6 m

*CLIC-like detector
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CLD tracker geometry ® Vertex Detector with 3 um spatial resolution pixels

® [nner and Outer Silicon Tracker, mostly 50 um pitch strips

. » 3 short and 3 long barrel layers, 7 inner and 4 outer endcaps
» 200 pm Silicon thickness, 50 um x 0.3 mm cell size, 7 um x

90 pm single point resolution (except first inner tracker disk, 5
0.5+ ’ ’ x b ,um2)
T ® Tracking optimisation with full silicon tracker
g &— 1
o o % T > large material budget » robust technology
» No space for PID? » high single point resolution
. L .
?Particle identification detector tune to sustain higher particle
More details on CLD ol v04 rate
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Tracking

Conformal Tracking*

® Conformal mapping: coordinates (x, y) in Euclidean space are converted to coordinates (u, v) in

conformal space, circles passing through the origin are transformed into straight lines
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® Cellular Automaton Track Finding: for pattern recognition

*Conformal Tracking @CLIC
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Tracking

Track Finding

—
7\\\

Gaelle Sadowski

csli

VXDBarrel: build track seeds in the vertex
barrel

VXDEndcap: extend track seed through the
vertex endcaps

LowerCellAnglel: build track candidates with
tight cuts for high-pT tracks
LowerCellAngle2: build track candidates with
looser cuts to reconstruct low-pt tracks
Tracker: extends all existing partial tracks
through the tracker

Displaced: build additional tracks with
optimised cuts for displaced tracks from all the
leftover hits
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Tracking

Track Fitting and Track parameters

Arrow points to most
likely initial electron direction

tate vectors are recalculated, using

ihformation from all the hits ® Kalman Filter for track fitting to determine
the best track parameters

30 mm

Blagk points have been smoothed, | 4 Curvature Q
and are the best estimate of the track > Azimuthal Angle (;bO
» Impact Parameter dj
» Z-position zg
» Slope tan
Furthermore we can also calculate:
» momentum p
» transverse momentum pr

Grey points are filtered estimates

Smoothing starts at the botto
and goes up

® \We usually consider dy and pt resolution
because they are complementary and give

information on the track iualiti
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FCC Software

Simulation and Reconstruction
® Simulation and reconstruction are done with key4HEP software

MC generator s ili iiili ﬁ_

® Reconstruction is done with Marlin, using Icio format as input/output
» Possibility of using EDM4hep format via wrappers
/\ But it had never really been used before; several bugs were discovered during the conversion, making
it impossible to run the reconstruction...
I made several bug reports and the issues were fixed by experts
Data format

EDMdhep a,,pe, Lcio
|
Reco

Data format
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FCC Software

FCCAnalyses — Fast Sim & Full Sim

® Originally designed for Delphes
» Matching procedures between simulated particles and reconstructed particles/tracks (needed to
estimate tracking resolutions), not compatible with a full simulation output
v~ Creation of a workaround allowing the matching, but only working in the case of single-particle events
(particle gun)

Fast Sim (Delphes)

i ) ) Full Sim
® No reconstruction, only smearing of simulated oG 4 simulati h |
position, no account for tracking efficiency (for weant4 simulation with particle-matter
Interaction.

displaced tracks)
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Digitisation

Neighbour charge sharing

N
=
=

Analog 2000

Charge signal

» &

Hit position
Reconstructed

Il position(analog)

1Pixel
1Pixel

1Pixel

Towa Katsuno

Gaelle Sadowski

Hit posmon

Neighbor charge
effects in 2bit
are bigger than
analog data

.I.

1Pixel

Reconstructed
position(2bit)

csli

Analog signal takes too long and
requires too much power

Digitiation will transform analog
signal for pixel charge to binary
signal (1bit, 2 bit, 3bit,...)

residuals position is the difference
between hit position in detector and
the reconstructed hit position

Reconstructed hit position is
determine with the charge sharing
with the neighbours inside the
cluster

Cluster: centered on the seed pixel
(with the largest side) and made of
a grid of 3x3 pixels. Neighbour
pixels are referring to pixel next to
the seed pixel within a cluster.
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CE65

® [Use of existent framework

»

Implementation of digitisation for seed pixel signal

Charge disribtion of seed pixes or associated custers

Compare position residuals
Residual in global X
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bit — purple fit, 2 bit — green fit

Csli
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CE65

Spacial resolution

2
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® FExperimental set up used

(file used: Ps-aa_Hv10-bean.raw)
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CE65

Threshold optimisation for 1 bit

1 bit Digitisation (residualsX) 1 bit Digitisation (residualsY)
= FrTrTr 1T 1 1 1 1 1 1 1 T T3] = L L L L L L L L
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® Spacial resolution as function of 1st

threshold cut

® Only 1 threshold to optimise
® Optimium 0 residualsx — 17 %

difference

6 june 2024
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CE65

2 bit Digitisation (residualsX) 2 bit Digitisation (residualsY)

k
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Scan of 15t threshold value

27d and 3" thresholds visually choose
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CE65

Thresholds optimisation for 2 bits

® Results highly dependent on initial conditions

» Method used: starting with arbitrary values

® Qptimisation with binary search algorithm and getaf'rftOPt'mum

(dichotomy) ¢

|

%ol foo0 2000 4000 6000 6000, 10000 12000
0RO il charge (o)

ey

'_I
Wh-=---=v

J

» Start again with the previously found
optimum

Repeat until no better optimum found
Redo with other starting values and so on
very long

Need to investigate charge sharing between
hit pixel (seed) and neighbours for
optimisation
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CE65

Conclusion

® |mplementation of a digitisation code
® | ook at first results, good result for 2 bits digitisation

® Next steps

» Analysis of new test beam data to compare result
> Need to investigate charge sharing between hit pixel (seed) and neighbours for optimisation
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Tracking resolution

® Simulate particle gun events

» Single particle event with fixed momentum and 6 and flat ¢
» Done with muons, electrons and pions

® Matching reconstructed tracks — simulated particle
® Calculation of resolution: o( A = reco - true)

» For p and pT, resolution:
o( (A = reco - true) / true?)

» Resolution is the width of the gaussian fit, or crystal ball fit for
electron momentum

® (Calculate resolutions by changing VTX resolution

» Defined as the smearing for simulated hits with resolution
VTX values (3 pm, 5 um,...) as the Gaussian width

® Non existent framework to produce performance plots, need to
create one

Gaelle Sadowski []]
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Tracking Performance

First step: reproduce performance plot with different framework — CLD ol _v04 geometry

CLD - A Detector Concept for the FCC-ee

arXiv:1911.12230v3

—_ 4
= 10
=
go 103
2
©

10?

10

® New implementation of the performance plots gives comparable results than the CLD paper
® Study of new geometries is possible

FCC-ee CLD
T T
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Current study

FCC-ee CLD
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Effect of shortened vertex detector and BeamPipe material budget
BeamPipe and Vertex geometry — CLD ol v04 & CLD 02 v05 = smaller more realistic BeamPipe, adapted Vertex

T 100 FEE8 —— 5 CLD_OI_V04
= F e ] ® BeamPipe radius: 15 mm
° 10°E [p = 10GeV, CLD_o1_v4~g]
% F Z‘;;}ﬁﬁé:féf;fﬁ;fﬁé ©® BeamPipe material: Beryllium
we e . T ® BeamPipe thickness: 1.2 mm + 5 um gold
Er| E Psoe ¢ ® X/X0 =0.45%
ax 4 e "R owow
i P ] CLD o2 v05
- SRR I - ® BeamPipe radius: 10 mm
jfl“iB‘”28"é“d“fd“gd"é‘d“%’d“‘s‘d”é‘o“ L BeamPipe material: AlBeMet 0.35 mm
0 [deg] + paraffin 1 mm + AlBeMet 0.35 mm
® |mprovement of the dj resolution in the new ® BeamPipe thickness: 1.7 mm + 5 um gold
geometry (02_v05) ® X/X0 = 0.61 % = + 33 % material budget
» Smaller vertex radius compensates fully for the
increased material budget in beam pipe Vertex Barrel [nm] Ry Ry R3 L
ol v04 175 37 57 125
02 v05 13.0 35 57 109

CLD 01 v04: BeamPipe material 100 % Be, BeamPipe radius = 15 mm
CLD 02 v05: BeamPipe material AIBeMet + paraffin, BeamPipe radius = 10 mm
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°
. . PT
Effect of vertex Spatlal resolution Effect is smaller, some effect at high impulsion

do & pT resolution — single u~ — CLD_02_v05 (10k events)

®
As expected, very sensitive to intern
particularly at high pr
Material budget is dominant for low

FCC-ee CLD FCC-ee CLD
10° T 10°F

layer,

pT

E T e ] E "o o
E E s
g wr 13t :
® B 10%F 4 s
° Eéﬁvvé?o'?és ?‘L“m e N N
10°F ° E| Los , © 0=89deq,VOXres 3ym
o o - X
- © e e o e T E
0k ] P N
LI | A
4 I . Y
LR O PR
IS PO 1 LI
T Ll 1 . !
10 20 60 70 80 90 1 0 o
6 [deg] momentum [GeV]

barrel
— 10 FCC-ee CLO. - 10 fCCeeclD ettt
3 o > = 6=30deg. VDX es 1ym
L 1 * 6=50deg, VDX 03 1ym
3 o 1 1 oZT0deg voxres im
= = o 0=09deg, VDX res Lym
R 1 e A 0-10dsg,VOX res 3 ym
E 2 0p 9= 30 deg, VDX res 2 um
o R o 10 N 2 6=s0de0.vox 1603 m
& o 2 bk N P
= o o o oL = o © ©=89deg, VDXres 3 yum ]
g . g 10
B 102k" ° 1 %9 B . .
- ® o o o 3 ° y " Lo
10k " 1] 107F 6 ¢+ " K
B " s s o e . .
wE Ot . 1wk ‘g
¢ & 4
PP ST TTUROT SO PP TN TP POV EPOo 105l I I
10 20 30 40 50 60 70 80 90 1 10 10
0 [deg] momentum [GeV]
w,e &
4 FCC-ee CLD FCC-ee CLD
g 10T T = 10T
3 > 2
= 8 ¢ : 1
3wt ~ :
-1 g ¥ . 3
. w0 : ]
10°F 4 o L)
o a )
° e T 107" o, 5
. ®© e 5 o o [ LI AN |
105 & e 10kt LI 1
» o LN LI T
R 107 L S |
L ] PR
I A T T 0 b
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
8 [deg] 0 [deg]

Digitisation is made by smearing simulated hits with spatial resolution values as the Gaussian width
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CLD with PID

Tracker geometry — CLD_02_ v05 & CLD_o03_v01 = ARC*

CLD tracker
{_f 22m > /—
Lo

! ARC Barrel
i
" !
o H
e s
dy z

doi.org/10.1016/j.nima.2018.08.078

PUNS

despu3 O¥Y

CLD detector

— Need space

Outer Tracker Barrel [mm] Ry Ry R3 30,4 8ro 28rg 40rg’ 20r61
02_v05 1000 1568 2136 Aolres > 7=\ M L, "2 T3 T A
03_v01 1000 1446.8 1849.2 0 0 0
Outer Tracker Endcap [mm]  Z 4l 7> Z3
12
02_v05 1310 1617 1883 2190 APt L 2Z0r9P 2T,/ 5
03_v01 1310 1547 1752 1990 PT 0.3BpLy V N+5
Inner tracker endcap was shrunk as well = lever arm reduced by 10 %
CLD_03_v0L: CLD_02_v05 with shrunk Outer Tracker + PID detector = pr res should degrade by ~20%

014 q
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. — . e .
Single
CLD with PID 3
‘L_D‘ @®p = 1GeV, CLD_03 v1
Tracker geometry — CLD 02 v05 & CLD o3 v01 ~ D =106ev.cLD.02.45 ]
. —_— - —_— El p = 10GeV, CLD_03_v.
pT resolution depend mainly on lever arm N o 8 A = 10066, L 02
\QF 8 . Ap = 100GeV, CLD_03_\
® Differences observed are compatible with analytic formula 5 ., C e .
o |-
® For 6 = 50 °: transition Barrel / Endcap . s s o os
A
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g B0y s
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e i = E
] s |
TN F
wo i,
N A A B
\2
CLD 03 v01: CLD_ 02 v05 with shrunk Outer Tracker 4+ PID detector ! 10 10

momentum [GeV]
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Tracking performance
Effect of magnetic field

® Magnetic field of 2 T is imposed for Z peak

® 2 T to 3 T increase pr resolution and compensate the loss of pr resolution caused by the shrunk

tracker
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Comparison with Fast Simulation

Full Sim & Fast Sim tracking performance — impulsion resolution

Full Sim
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Comparison with Fast Simulation

Full Sim & Fast Sim tracking performaln(ée_ — dg resolution

Fast Sim

0(do) [mm]

o(do) [mm]

08<p<12
8<p<i2
80 <p <120
0es.
'F'Om. "
e et sevesese,
. "‘m-.,” 0%ee, 0}
. 9% 000s00eetesee
""""""-""-.m,’-m..o o
0 20 40 60 80
orl
L. 85 <6 <95
00 o, 40 <0<50

0<6<10

FcCee CLD
T T (AAAsinaans
£ & single
A=A Ap=1Gev
i B
~ N 0p=10Gev
2 N 9 p=100GeV
= a
o A
A 8 a2
107 o 3
% a
o B o o oo
o
°
A N T
107 Lol T
10 20 30 40 50 60 70 80 90
0 [deg]
FCCee CLD
— T T
£ la Single mu
£ A 8-10deg
=k Oo-%0deg |
= 10 A 3 6-50deg
=° 5 8=70deg
3 E N 0 8=89deq
© E-| A
° . A
07 g o E
y o A
& 3
a 3
& 3 d
07 L L3
1 10 10°
p [GeV]
csli

® dy resolution for FCC-CLD fast and

full simulation are in agreement

6 june 2024

32 /46


mailto:gaelle.sadowski@cern.ch

Tracking performance

Summary

® Study track resolution with different single point resolution and tracker (beam pipe) geometries
® Code validated by reproducing CLD paper results (geometry CLD ol v04)

Several spatial resolution for vertex tested, also for 1 micron, to test extreme case (while probably
not realistic)

Improvement of the dO resolution in the geometry with smaller beam pipe (CLD 02 v05)
~ 20 % degradation of py resolution in CLD 03 _v01 with ARC
Can be recovered by increasing magnetic field to 3 T, pt resolution even better

Track resolutions are comparable for FCC-CLD fast and full simulation, for prompt tracks

Need to investigate vertex reconstruction as well

Gaelle Sadowski csl 6 june 2024 33 /46


mailto:gaelle.sadowski@cern.ch

Table of Contents

4 Heavy Neutral Lepton study

Gaelle Sadowski 6 june 2024


mailto:gaelle.sadowski@cern.ch

HNL studies

Model

® Heavy Neutral Leptons (HNLs), also known as sterile neutrinos, are hypothetical particles that
extend the Standard Model

® HNLs are neutral leptons with masses much larger than the SM neutrinos.
Unlike SM neutrinos, they do not interact via the weak force but only through mixing with the SM
neutrinos
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HNL studies

® (Generation of Long Lived Particle within the Heavy Neutral Lepton model
® [nherits from FCCee paper (Alimena&al arXiv:2203.05502v4)

® Production made in the di-electron channels

> Allows for some comparisons with Fast Sim
» Very first Full Sim analysis
» Analysis possibly to be ported on other LLP models

Gaelle Sadowski []] 6 june 2024 36 /46


https://arxiv.org/abs/2203.05502
mailto:gaelle.sadowski@cern.ch

HNL studies

Simulation issue

Events / 10 mm

® \We made the generation ourselves

® |ssue related to status code with Pythia, fixed now

FCC-ee CLD Full Simulation
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HNL studies

Reconstruction issue

® Reconstruction issue with CLD _02_v05 geometry, smaller radius for first double layer in vertex detector
required re-optimisation of track seeds

» CLD ol v04 geometry used in this HNL study

CLD 01 v04: BeamPipe material 100 % Be, BeamPipe radius = 15 mm
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HNL studies

Reconstruction issue

® Reconstruction issue with CLD _02_v05 geometry, smaller radius for first double layer in vertex detector
required re-optimisation of track seeds

» CLD ol v04 geometry used in this HNL study

® No track reconstruction is observed beyond a displacement of 100mm.
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HNL study

Investigation in conformal tracking

Nr tracks

>

vV VvV vy VvYy

VXDBarrel: build track seeds in the vertex barrel

VXDEndcap: extend track seed through the vertex endcaps

LowerCellAnglel: build track candidates with tight cuts for high-pt tracks

LowerCellAngle2: build track candidates with looser cuts to reconstruct low-p7 tracks
Tracker: extends all existing partial tracks through the tracker

Displaced (stepb): build additional tracks with optimised cuts for displaced tracks from all the

leftover hits

. cuo Conformal Tracking @CLIC

0 T T
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HNL study

Investigation in conformal tracking

Vertex displacement v
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HNL study

Vertex displacement

b
Electron reconstruction efficiency 00031y e
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top plot — HNL vertex with reconstructed electron tracks
bottom plot — HNL vertex with all reconstructed tracks
= e~ are not reconstructed properly
» Reconstructed objects are mainly photons 0003
» As tracks are present, issue should come from track / cluster
association
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HNL study

Results (considering all reconstructed tracks)

Object selection:

Gen HNL vertex r < 1500 and |z| < 2000, to match tracker acceptance
Considering all reconstructed particles matched with Gen electrons (AR < 0.4)
Reco particles momentum > 5 GeV

Event selection:

» Exactly 2 reco particles with sum charge ==
» Invariant mass incompatible with a Z boson : m > 96 && < 86 GeV

® \/ertex reconstruction with reconstructed tracks
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HNL study

Results (considering all reconstructed tracks)

® Displaced tracks are now correctly
reconstructed

® Reconstructed vertices up to 600
mm displacement, as expected form
Conformal Tracking paper

® |nvariant "di-lepton" mass match
Gen level
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HNL study

Conclusion

® Method to generate HNL events with correct displacement implemented and tested
® Displaced tracks correctly reconstructed
® Next steps

» Study electron/track reconstruction efficiencies

» Study displaced vertex reconstruction efficiency
» Reproduce fast sim analysis
» Study impact of tracker geometry on physics performance
» Project to study another LLP model with axion-like particle
et
g
o
g
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Summary & Outlook

® Study track resolution with different single point resolution for different trackers geometries,
resolution, magnetic field, ...
® |nvestigation in Conformal Tracking, displaced tracks are now correctly reconstructed
» Need to investigate electron reconstruction
® |mplementation of a digitisation code for CE65
» Need to investigate neighbours charge sharing for optimisation
°

Finish the analysis
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Formation and talks

A.79 Calcul Parallele 21 h
Congres des doctorants 5h
MOOC Intégrité scientifique 10 h
Integrity charter in Scientific profession 3h
Formation ler Secours PSC1 8h
Effective reading 12 h
TOTAL 59 / 54 h
Conférence Benezra-Kern 1h
Conférence EcatalytiX 6 h
Lectures on Common Analysis Techniques in Flavour Physics 18 h
The Vlasov-Boltzmann Equation in Astrophysics 20 h
TOTAL 45 / 54 h

8-21 septembre 2024 : CERN Computing School — Formation validée a hauteur de 18h par I'école
doctorale.

Talk: 23 novembre 2023 : FCC France (Strasbourg).
Talk: 31 janvier 2024 : FCC workshop (Annecy).
Talk: Juillet 2024 : The 2024 International Workshop on Future Linear Colliders (LCWS2024) — remote.
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Tracking performance

Summary

® Study track resolution with different single point resolution and tracker (beam pipe) geometries
® Code validated by reproducing CLD paper results (geometry CLD ol v04)

Several spatial resolution for vertex tested, also for 1 micron, to test extreme case (while probably
not realistic)

Improvement of the dO resolution in the geometry with smaller beam pipe (CLD 02 v05)
~ 20 % degradation of py resolution in CLD 03 _v01 with ARC
Can be recovered by increasing magnetic field to 3 T, pt resolution even better

Track resolutions are comparable for FCC-CLD fast and full simulation, for prompt tracks

Need to investigate vertex reconstruction as well
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Standard Model of particle physics

Why Go Beyond the Standard Model
® Unification of Forces: Gravity is not

hass =23 MeVic® 1,275 Govie? ~173.07 Gevic® o ~126 Gevic* inc|uded' and attem pts to unify the strong'
charge = 2/3 23 23 o 0 . .
e & |- @ || L, . @ . H weak, and electromagnetic forces require new
up charm top gluon gggsg: phySICS beyond the SM
N s e : ® Dark Matter and Dark Energy: Not
3 -3 13 0 )
" q_v . @ || l?y : w account for dark matter and dark energy,
down strange botiom photon which constitute about 95% of the universe's
0511 Mevic 105.7 MeVic: 1777 GeVic* 912 Gevic* maSS—energy content.
-1 -1 -1 o
9 Q- ®|| @ ) ® Matter-Antimatter Asymmetry: The
electron muon tau Zboson ) O observed imbalance between matter and
p [ e (e i cau 2 antimatter in the universe cannot be fully
0 0 0 1 | . . .
.|V | | @ o explained by CP violation
O electron muon tau > . . . .
% | _neuino _J |_neutrino | |_neutnino ) | _Wbosen J ® Neutrino Masses: Neutrino oscillations

implies that neutrinos have mass, which the
SM cannot explain

Gaelle Sadowski []] 6 june 2024 3/4


mailto:gaelle.sadowski@cern.ch

PID - Particle identification
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® Energy Loss (dE/dx): The energy a particle loses
through matter, depends on its mass and charge

TPC signal (a

10" 1
momentum p (GeV)
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