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1)Measurements of the Higgs boson targeting <1%

2)Direct searches at high energies to understand any deviations.

Precision is key for both!

HL-LHC ILC (500) FCC-eelhh | pC (10 TeV)
hzz 15 0.17 0.12 0.33
hww 1.7 0.20 0.14 0.10
hbb 3.7 0.50 0.43 0.23
hyy 3.4 0.58 0.44 0.55
hgg 2.5 0.82 0.49 0.44
hce 1.22 0.95 1.8
htt 1.8 1.22 0.29 0.71
hyz 9.8 10.2 0.69 5.5
hpp 4.3 3.9 0.41 2.5
htt 3.4 2.82 1.0 3.2
Mot 5.3 0.63 1.1 0.5

Y—Universal Z, 20 Indirect limits
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100
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* Historically studies were done assuming v/s=1.5 TeV.

* Lots of results. Hence the bulk of this presentation.

* Snowmass2021 suggested v/s=10 TeV should be baseline.

* Results are only starting to appear now. Bit atend...




Towards a Muon Collider

hadronic calorimeter

+ 60 layers of 19-mm steel
absorber + plastic
scintillating tiles;

¥ 30x30 mm? cell size;

® 75\,

iU VTG TG L W CALU ) T

¢ 40 layers of 1.9-mm W
absorber + silicon pad
Sensors;

¥ 5x5 mm? cell granularity;
® 22 Xp+ 1A,

muon detectors

¢ 7-barrel, 6-endcap RPC
layers interleaved in the
magnet’s iron yoke;

¥+ 30x30 mm? cell size.

heavily based on CLIC detector

superconducting solenoid (3.57T)

tracking system

+ Vertex Detector:

* double-sensor layers
(4 barrel cylinders and
4+4 endcap disks);

* 25x25 pm? pixel Si
Sensors.

¢ Inner Tracker:
« 3 barrel layers and
7+7 endcap disks;
* 50 gm x 1 mm macro-
pixel Si sensors.

¢ Outer Tracker:
* 3 barrel layers and
4+4 endcap disks;
* 50 pm x 10 mm micro-
strip Si sensors.

shielding nozzles

¢ Tungsten cones + horated
polyethylene cladding.



https://muoncollider.web.cern.ch/design/muon-collider-detector
https://arxiv.org/abs/2303.08533

* BIB = muon beam decays and strike the detector

* Several main mitigation
* 10° tungsten nozzle to shield from beam decay products

* Precision timing information from detectors

Background hits overlay in [-360, 480] ps range Vs=1.5TeV
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FLUKA simulation of BIB before reaching the detector. _ Particle energy spectra with (Y) and without (N) nozzle. _



1)Muon trajectory, decay and transport of products via FLUKA*

* Full beam optics present through LineBuilder Interface

2)GEANT simulation of particles entering the detector

Vs=1.5 TeV used to develop setup,

more energy points being added.

Beam Induced Background Energy spectra

—— Photon 3 TeV

—— Neutron
——et+fe-

— mu+/mu-

—— hadrons

=== Photon 1.5 TeV
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* validating against an
Elcen) older model from MARS15
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https://cds.cern.ch/record/2669540/files/ATL-PHYS-PUB-2019-014.pdf
https://cds.cern.ch/record/2285585/files/ATLAS-TDR-030.pdf
https://cds.cern.ch/record/2257755/files/ATLAS-TDR-025.pdf

Outer Tracker (OT)
* micro-strips
* 50 umx 10 mm
* 0:=60ps

Inner Tracker (IT)
* macro-pixels
* 50umx1mm
* 0:=60ps
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Vertex Detector (VXD)
* pixels

* 25umx25um

* 0:=30ps

* double layers
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Muon Collider
Simulation




The 2021 ECFA detector research and development roadmap (with updates).
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Same pathway as for many experiments!

There are attempts to start a generic R&D program in UK (Liverpool 2023)



https://indico.stfc.ac.uk/event/781/
https://cds.cern.ch/record/2784893?

o:= 30 ps, 25um x 25um, 5 x 10° 1 MeV neq / cm?

Technology Pitch [um?] | Rad Hard [neq/cm?] Timing Res. [ps]
AC/TI/DC LGAD ~100 x 100 | 2.5 x 10% 20-30
3D (TIMESPOT) 55 x 55 2.5 x 106 10
Planar (TimePix4) 55 x 55 ?7? 50
Planar (NAG2) 300 x 300 |1.3x10% 130

* Missing ingredient is large scale ASIC with TDCs
* [GNITE, PicoPix...

* Don’t forget system level issues!

* Scaling up, power, mechanics...



https://agenda.infn.it/event/35597/contributions/211616/attachments/111741/159491/20231017_ChallengesNewTrendLGAD_sIvanVila.pdf
https://agenda.infn.it/event/35597/contributions/211621/attachments/111693/159414/Talk_GFDB.pdf
https://agenda.infn.it/event/35597/contributions/211652/attachments/111846/159755/Bolzonella_VERTEX23.pdf
https://agenda.infn.it/event/35597/contributions/211600/attachments/111654/159362/vertex2023_na62_kleimenova.pdf

Work In Progress: Currently not part of common workflow

* Provides a more accurate description of hit clusters

* Provides a handle on BIB rejection .

Cluster charge

charge (e)

:! 0.12;— &3 ale-
[ [T ] |“ T :Sﬁ“z'e“ 0.1 single-y + BIB
e 0‘8__ singlew + BIB :
- e Vertex Detector Barrel
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Interaction point Global “2” axis . C:IE Lt . L N T LLI:UTT.‘;T#.%. L
Local (on ladder) “y” axis 0 ° 10 s 20 size (pixe) 00~ 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
Requirement Cut efficiency Loose  Tight
Size-y cut vs. # only Single-pu 99.8% 99.6 %
Single-p and BIB  55.2 % 43.7 %
Adding pixel size-x < 4 Single-u 99.3% 99.1 %
Single-p and BIB 374 %  30.7 %




* Employ hit multiplicity reduction strategies-«!

* Region of Interest seeded tracking

* Directional information from double layers

* Require tight filtering for practical tracking

highpr /  lowpr
§ 10°

* Good track reconstruction once algorithm completes
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* Secondary vertex reconstruction possible with BIB

* Caveat: using a very loose hit filter Zonf | wbE
. ° . ()_]z_ — background _:
* Work ongoing on multivariate tagger 0osk
. ° ° . 0.06
* Double layer filtering > possible bias ook
0.02-—
. _hsbb,noBIB Details of . ; :
% o SV mass [GeV]
5' E > T T I ! ! ! I T T ! I
3 5 E
S e | > E
=z o % =
SR A
1.5 & E
: T4
B + _i
1— | L 1 1 1 L " 1 1 é
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track do [mm]

b-jet P, [GeV]



https://agenda.infn.it/event/28080/contributions/143431/attachments/84462/111783/Effect%20of%20the%20Double%20Layer%20filter%20on%20tracks%20from%20a%20B.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/15/05/P05001
https://agenda.infn.it/event/28080/contributions/143431/attachments/84462/111783/Effect%20of%20the%20Double%20Layer%20filter%20on%20tracks%20from%20a%20B.pdf

Fit Library Kalman Filter
Execution Time

iLCsoft 100 ms / track

* Seeded CKF runs in ~4 min /event. & | #™7 7 ' "

o 0'8__ —

* Parameters need to be optimized. : | ; Reasonable efficiency |

: . ) 3 I Muon Collider

* Seeding: very narrow collision region = Simulation ]
E ll w/o BIB overlay

* CKF: No branching allowed osl N
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 Plastic scintillating tiles, 30x30 mm?

ECAL/HCAL Longitudinal occupancy

Muon Collider Vs =1.5 TeV
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* Timing is important
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* Remaining BIB is removed by subtraction

° Accept ECal hit if Eyr > <Egg>+ 2088
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* Segmented homogeneous
calorimeter

* 10x 10 x40 mm? PbF, crystals
* 4 x4 mm?*SiPMs

* Time resolution <100 ps

* Prototypes being built and tested
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* Segmented homogeneous
calorimeter

* 10x 10 x40 mm? PbF, crystals
* 4 x4 mm?*SiPMs

* Time resolution <100 ps

* Prototypes being built and tested
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Step 3: final jet clustering

Step 1: calorimeter jet reconstruction Step 2: regional tracking in cones (R=0.7) using calorimeter clusters and tracks
with PandoraPFA and kt (R=0.5) defined by the calorimeter jet directions with PandoraPFA and kt (R=0.5)
Jet axis
[l H P VR ol H > Tl > H
Calorimeters
Jet axis
[ ] [ ] [ ) [ ]
% l
Fully efficient for p+>80 GeV with ~20% resolution
Vs=3TeV 'y collisions, (s=1.5 TeV BIB overlay » s =3 TeVu*u collisions, Vs = 1.5 TeV BIB overlay 60
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Plenty of room to optimize and innovate!




Photon reconstruction efficiency

Photon energy resolution

0.9

0.8

0.7

0.6

3
f+f§=15 v o

—*— w/o BIB overlay

Muon Collider
Simulation

—IIII!IIIIEIIIIlIIIIIIII

v ey ey by

o

0.14

0.12

1 1 l 1
1400

E, [GeV]

1 | 1 1 | 1
200 400 600 800 1000 1200

T T T T T T I T T T I T T T I T T T T T T T T T T ]
%’ —=— w/o BIB overlay ]
- —— (s=15TeVBIBoverlay 1

g ]

+++ a

i I .
+IIH—C——0—:—0—+—0—¢—:=.—.—:-¢=H~—O—+++-.—F

L L L L I L il L I L L L I L n

L | L
1400

E, [GeV]

L L L | L Il L | L
600 800 1000 1200

Electron reconstruction efficiency

0.8

0.6

0.4

0.2

III|III|III+III|+IJ¥

o !
441
i
+
+4 ]
4]
| 1 i

—=— w/o BIB overlay i
—=— {s = 1.5 TeV BIB overlay .

Muon Collider
Simulation

[=]

R
1400

E. [GeV]

e ey ey ey b
200 400 600 800 1000 1200

* Good performance.

* Minimal impact from BIB.



 RPC cells of 30x30 mm?

* 7 barrel layers, 6 endcap layers

* BIB not a major problem

* Mostly in endcap tips (close to beamline)

* Suppressed via geometrical cuts (<10°)

Efficiency
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Concept developed at KITP workshop at Santa Barbara

Inner tracker
HCAL
Fe+Scillator Most double layers
removed

Return B field

@noid
diameter

ECAL
Si+W
Toroidal field could be
Shielding added
nozzle
Dimensions to be
optimised
. C. Bell, D. Calzolari, K. DiPetrillo, M. Hillman,
In-air muon / I. Hirsch, T. Holmes, S. Jindariani, B. Johnson,
system v L. Lee, T. Madlener, F. Meloni, I. Ojalvo,
RPC-based y P. Pani, S. Pagan Griso, K. Pedro, R. Powers,
3 B. Rosser, L. Rozanov, A. Vendrasco, J. Zhang

BIB is less of an issue.

Summary by B. Rosser

Removed double layers in tracker

el s
-/ A
sof- / 9
i E
! /-
N /-

-100- e Fa —
OPTTOIDY iy, oe s IO

X [mm]

But scattered muons from ZZh are more forward (nozzle)
M. Forslund, Muon Collider Workshop at FNAL, Dec. 15, 2022
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https://www.google.com/search?client=firefox-b-1-d&q=kitp+muon+collider
https://indico.cern.ch/event/1313131/contributions/5618361/attachments/2754083/4794910/pitt_muc_ten_tev.pdf

* Name of the game is reducing hits from BIB.

* Timing plans an important role.

 Advanced simulation and reconstruction of detector available.
* Big progress during Snowmass2021 towards improving software.

* Important to update sensitivity studies with detector simulation.

* Progress being made towards 10 TeV studies.

e BIBisless of anissue.

(New) UK Mailing List: UK-MUON-DETECTOR@JISCMAIL.AC.UK
Catch-ups first Monday of Month at 3pm



https://www.jiscmail.ac.uk/cgi-bin/webadmin?A0=UK-MUON-DETECTOR




|
Charge Particle Deposits Details

_ o  a Am

| | T
5 I | AE — ene osited in keV
* Two models for vertex modules | y: AE — energy deposited n k

/Py

* Trivial (collect charge in pixel) =

* RD53A (complete simulation, ref)

) Sensor Pixelization/Digitization
* Hoshen-Kopelman for clustering

 Eval alternatives as future development

analog
threshold

| T

e Trivial: 100's / evt < Time

* RD53A: 5000 s/ evt

* Performance tested with full BIB

Preamplifier output

Clustering
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https://arxiv.org/abs/1710.02582v1
https://indico.cern.ch/event/1137010/contributions/4770573/attachments/2403930/4111845/MC-StatusDigitization-20220308.pdf

Global Hit Selection Conformal Transform Cellular Automaton Kalman filter
ie: timing or double layers circular tracks - straight lines  straight “lines” > tracks Track fit
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Credit: |. Kisel

Remove BIB hits

Pattern Recognition

Track Fit

Algorithm + code inherited from CLIC software.

aka optimized for clean e*e- environment



https://arxiv.org/abs/1908.00256
https://www.physik.uni-heidelberg.de/c/image/exp/f/highrr/Kisel_HD_12.04.2016.pdf

Global Hit Selection Seed Finding Combinatorial Kalman filter

ie: timing, * Initial parameters for CKF Track fit
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* Currently not leveraging double layers.

Track Fit

Remove BIB hits Pattern Recognition

Similar algorithm used by ATLAS.
aka optimized for high hit multiplicity
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