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Latest (March 2023) summary in:
“Towards a Muon Collider” arXiv:2303.08533
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Most plots are from the Snowmass 2021 reports
https://www.slac.stanford.edu/econf/C210711/
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Key Documents

*  Frontier Summary Report
Higgs Boson Physics

*  Report of the Snowmass 2021 Muon Collider Forum
Simulated Detector Performance at the Muon Collider

A Muon Collider Facility for Physics Discovery



https://www.slac.stanford.edu/econf/C210711/
https://www.slac.stanford.edu/econf/C210711/reports/Energy.pdf
https://www.slac.stanford.edu/econf/C210711/reports/2209.07510.pdf
https://www.slac.stanford.edu/econf/C210711/reports/2209.01318.pdf
https://www.slac.stanford.edu/econf/C210711/papers/2203.07964.pdf
https://www.slac.stanford.edu/econf/C210711/papers/2203.08033.pdf
https://arxiv.org/abs/2303.08533

https://muoncollider.web.cern.ch

* Resurrected as result of
European Strategy for Particle
Physics Update report

* Hosted by CERN

* Covers all necessary areas

e Accelerator

International * Detector

UON Collider * Physics
/ Collaboration  Main driver for the
experimental work

* Some funding via MuCol project



https://indico.cern.ch/event/1219912/timetable/?view=standard
https://muoncollider.web.cern.ch/
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The Standard Model is working very nicely! HEP experiments
give values consistent with theorist's calculations.

Standard Model Total Production Cross Section Measurements

Status: February 2022
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... hot consistent with non-HEP observations

e Dark Matter

* Cosmological observations show large blobs of unseen mass and SM cannot
explain them

* Matter/Antimatter asymmetry

* SMsays matter/antimatter are almost the same, but world tells us that there is
more matter

* Hierarchy “problem”

* Higgs mass only correct if parameters are very precise for cancellations to occur

* No gravity, Dark Energy, neutrino masses...
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Collider experiments allow you to sample a huge
space of theories with one experimental setup!

L
W/Z mass Flavor physics pdf
W/Z couplings Strong
Interaction e
o . Properties
i EW Big Questions
Gauge A o
Seely Evolution of early Universe Axion-like particles
Higgs couplings datter Antimatter Asymmetry
Nature of Dark Matter <o
Higgs mass Nature Origin of Neutrino Mass e Ll
_ of Higgs Origin of EW Scale roduction of
Hi Origin of Flavor ‘Dark Matter  Long lived particles
Rare decays Top Explur'ing i Uy
Physics thE UHkHDWI’I_ ntaraetions Heavy gauge bosons
Top mass ' .. e
Leptoquarks
Top spin FCNC New scalars Heawy neutrinos

Very useful if you don’t know where to look...




We are not even half-way
through the HL-LHC program!!!

both time and data

Run 1: 30 ifb

f\ Run 2: 190 ifb

Run 3: 450 ifb

HL-LHC: 3000 ifb

LHC HL-LHC
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We are not even half-way
through the HL-LHC program!!!

both time and data

HL-LHC: 3000 ifb

LHC HL-LHC
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LHC inception was in 1984

Large Hadron Collider in the LEP tunnel, ECFA 84/85, CERN 84-10

Original from ESG 2020 by UB B Pproton collider = Construction/Transformation
Updated July 25, 2022 by MN B Flectron collider Preparation / R&D
B Muon collider

2038 start physics

ILC: 250 GeV 500 GeV

5years
i 20km tunnel 2 31 4 abl

Japan

31km tunnel 40 km tunnel

2035 start physics

CepC: 90/160/240 GeV 7
pUVROTNE | 100/6/20 2k SppC: 75-125 TeV, 10-20 ab"

China

LHC HL-LHC (14TeV, 3 ab™)
3.6TeV, 450 fbo' )

2048 start physics

= 100km tunnel, installation 90/160/250 Gev 350-365 installation -
e - FCC hh: 100 TeV=30ab™
Q
2048 start physics
CLIC: 380 GeV
holding 11 km tunnel 1.5 ab?
29 km tunnel 50 km tunnel
ccc 2040 start physics
< CCC: 250 GeV 550 GeV
years 8 km tunnel 2 ab?! 4 abl
(o) . RF upgrade
<
< Muon Collider 2045 start physics
-] Stage2

muC:Stagel

13 years 4km & reuse Tevatron ring 3 Tey

10 Tev;
=10ab*

MNote: Possibility of
125 GeV or 1 TeV at Stage 1

OR 4km+6km km ring

10km & 16.5 km tunnels

N T T T 0 O T T T O A
2020 2030 2040 2050 2060 2070 2080 2090



http://cdsweb.cern.ch/record/154938/files/CERN-84-10-V-1.pdf

Higher energy
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Mass Scale

Precision measurements will set limits indirectly, but
we need a direct search to explain any deviations.

Limits from mono-b search
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https://arxiv.org/abs/1307.7834
https://cds.cern.ch/record/2805993?ln=en

Direct Searches

Depends on
collider
environment pe
\ 3 Future
\ LHC multi-TeV
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Coupling to SM

Direct and Indirect Limits

. Indirect Bounds 2
K ¥... BSM@looplevel ,+*
HF Indirect Bounds _* " ¥
* . .
Bﬁﬂ@hﬁn-lml“,‘ LHC . ) e multi-TeV
~1% .‘, Limits i . Collider
ot 'i‘ Limits
R N ke
HF Direct i " o ,
Limits o RRe— 1" 5 Y v
‘*.‘-_" \maﬂisiﬂ“““l‘ nsm 9Bsm M?2
'_l- -“"‘
o '.1 . . .
* Higgs is new, measure it!
.+*°  BSM@tree-level
<% * Need 0.1% precision to beat

LHC direct searches.

Mass Scale




1)Measurements of the Higgs boson targeting 0(0.1%)
1)Couplings, self-couping and width
2)Direct searches at high energies to understand any deviations.

Vs = 14 TeV, 3000 fb™' per experiment

[ | Total ATLAS and CMS
— Statistical HL-LHC Projection
—— Experimental

—— Theory Uncertainty [%:]
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100 TeV Hadron Collider

* Existing technologies in
a big (~100 km) tunnel

e c'e collider as first stage

F

Big Picture: Many comparable
proposals with unique problems.

* Optimized for precision
i measurements of top
i quark and Higgs Boson

e ~500 GeVto few TeV
stages

7 P
Compact Linear Collider (CLIC) ,(fj,

. I 1.5 TeV - 29.0 km (CLIC150

3.0 TeV - 50.1 km (CLIC300

Linear Electron Collider: 3-10 TeV Muon Collider

* |epton collider

* Higher effective energy
reach than pp

e R&D needed for muon
accelerators

Muon Collider
Conceptual Layout




The Physics

Will a Muon Collider satisfy the
physics goals?

* Precision Higgs couplings

* BSM at higher energies

The Accelerator

What technology is required to
build a Muon Collider?

* aka muon cooling




The Physics

Will a Muon Collider satisfy the
physics goals?

* Precision Higgs couplings

* BSM at higher energies




Muons are elementary = full beam energy used in collision
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https://arxiv.org/abs/2103.14043

B X+MET inclusive
Disappearing track

Kinematic limit, 0.5 X Eqy

. [] Precision measurement
wino 2 o Reach

Direct
Indirect

SPPC 125 TeVW
SPRPC 75 TeV

FCChh 100 TeW <
FCCeh
HL —-LHC
MuonC 14 TeW
MuonC 10 Tew <4

Muon 3 TawW

CLIC 3 TeV
CLIC 1.5 TeV |
CLIC 038 TeW |

ILC 1 TeV |
ILC 0.5 TeV |

FCC —ee |
CEPC |

Therrmal target
N 1

01 0.5 1 5 10




Small mass
splitting at
hadron colliders
limited by pile-up

Search Method

Snowmass 2021: Energy Frontier Collider Sensitivities
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Composite Higgs, 20

FCC-hh/ee

ms« (TeV)

[

« 7 curves left-to-right:
CLIC1s00

ILCspp

FCC-ee (Co)

CEPC

ILC1p00

FCC-eefhh/eh (Ca)

ELI Ym0

Very clean backgrounds
allow for precise
measurements of
electroweak observables

Muon Collider 10 Tev
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uC won’t run on the Higgs pole.

or stage it (125 GeV > 10 TeV)?

Three key measurements:
. *u~ Higgs Production
* Couplings at 0(0.1%) ook B
e Self-coupling T
* Higgs width 10,
=
0.100;—
0.0‘IO;—
0.001 L. .
0.5 1 5 10 50
Vs [Tev]
HL-LHC Higgs Factories I'r@3TeV I'IFr@ 10 pp @ 100 TeV
TeV
# Higgs 108 1068 1068 107 1010




Muon Collider Higgs Precision Projections (SMEFT) HL-LHC

F HL-LHC . 3 TeV uC |:| 10 TeV uC hzz

10-1} M 10 TeV +125 GeV 4C wi/wo I'y free

hbb
hyy

hgg
hcc

Precision

1072

htt
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hpy
htt
Mot

1073
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* >10 TeV uC required for Higgs physics
* Precision competitive with FCC-ee/hh

* Except couplings with small BR’s

15
1.7
3.7
3.4
2.5
1.8
9.8
4.3
3.4
5.3

ILC (500)
0.17
0.20
0.50
0.58
0.82
1.22
1.22
10.2
3.9
2.82
0.63

FCC-ee/hh
0.12
0.14
0.43
0.44
0.49
0.95
0.29
0.69
0.41

1.0
1.1

MC (10 TeV)
0.33
0.10
0.23
0.55
0.44

1.8
0.71
5.5
2.5
3.2
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Multi-TeV collider is

required for higgs self-

coupling

collider Indirect-h  hh  combined
HL-LHC [78] 100-200%  50% 50%
ILC250/C°-250 [51)[52]  49% — 49%
ILC500/C?-550 [511[52]  38% 20% 20%
CLIC3s0 [54 50% — 50%
CLIC1500 |54 49% 36% 29%
CLIC3000 49% 9% 9%
FCC-ee 33% — 33%
FCC-ee (4 1Ps) [55 24% — 24%

FCC-hh [79] - 3.4-7.8% 3.4-7.8%

n(3 TeV) (64 - 15-30%  15-30%
(10 TeV) |64 - 4% 4%

LHC (now)

<¢>

V(g) = 1*¢'¢ + A(¢' )’

4C (10 TeV)

Credit: R. Petrossian-Byrne, N. Craig




The Accelerator

What technology is required to
build a Muon Collider?

* aka muon cooling




Est. Integ. Luminosity
Peak Luminosity
Scale for Repetition rate

constant N(2->2)

Parameter Unit Higgs Factory 3 TeV 10 TeV
COM Beam Energy TeV 0.126 3 10
Collider Ring Circumference km 0.3 4.5 10‘/1/3 of LHC
Interaction Regions 1 2 2
ab™1/year 0.002 0.4 4 300 kHz means
103 cm=2 st 0.01 1.8 20 .
oy 5 . 5 / trigger-less
Time between collisions LS 1 15 33
Bunch length, rms mm 63 5 1.5
IP beam size ¢*, rms pm 75 3 0.9
Emittance (trans), rms mm-mrad 200 25 25
B function at IP cm 1.7 0.5 0.15
RF Frequency MHz 325/1300 325/1300 | 325/1300 . I
Bunches per beam 1 1 1 No plle_up'
Plug power MW ~ 200 ~ 230 ~ 300
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Increase emittance of bunches before muons decay.
Need high RF fields in high B-fields.

Proton Driver

—_OOA

SC Linac

Front End

Buncher
Buncher

Combiner

Capture Sol.
Decay Channel

Accumulator

MW-Class Targe

Cooling J
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Acceleration

Accelerators:
Linacs, RLA or FFAG, RCS

Collider Ring

/
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Need high-Z materials
that can withstand MW
proton beams.

Tungsten powder? Liquid
metal targets?
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Proton Driver
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Accelerators:
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* Muon Accelator Program @ Fermilab: 2011-2016

* Laid the foundation for Muon Collider concepts

* Muon lonization Cooling Experiment @ RAL: 2008-...

* Demonstrator of most complex part targeting neutrino sources

* International Muon Collider Collaboration @ CERN: 2022-...

* Demonstrator of most complex part for muon collider

I Famlliad e Do



See Muon4Future workshop!

Neutrino Factory (NuMAX) |

Proton Driver Front End |Cool- | Acceleration U Storage Ring v Factory Goal:
i O(10?") ufyear
Ing +
AR within the accelerator
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B 55 5 =3 R o Gole
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g o umo o= : g 14,000 Higgs/yr
2R = | € Single-Pass Linacs . )
= (Opt. RLA or FFAG) Multi-TeV =
Lumi > 10**cm-~?s-!
< Share same complex :
Muon Collider (Muon Accelerator Staging Study) l
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Compressor O
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https://agenda.infn.it/event/33270/
https://agenda.infn.it/event/33270/

disk width = 4 m at 30 km
from the collider

* Intense neutrino beam in collider plane

* Muons decay in flight

* Intense enough to deposit dose?

* Charged particles from neutrino interaction

* Hard to shield! (neutrinos)

* And shielding causes neutrino interactions...

10° 3
CA

* Mitigation techniques proposed

o Ae
- AD

* Build very deep underground (>300m)

[ (i ;
0 W :
F >

* Build in anisolated place (ie: desert)

Dose Equivalent (mSv per year)

—
Ov

* Wobble beam to disperse neutrinos

_
o
)

0 10 20 30 40 50 60
Radial distance in soil (km)







hadronic calorimeter

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

¥ 30x30 mm? cell size;

® 75\,

aelectromannea Calorimt |
el el W TRARST TG Ll LA T D R

¢ 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://muoncollider.web.cern.ch/design/muon-collider-detector

arxiv:2105.09116

* 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
NE T I T T T T I T T T T I T T T T I T T T T I ]
S 1000 o0 =30ps Preliminary —
% G:T'OT= 60 ps . No time window ]
5 4
o 800 Time window [ -3, +50,] -
E -g o
. i 5 i i = + -
@ 6 2 600 P P — 4 e’le
Tungsten S - P P ] [ Y:5.0e+07 1 Y: 8.5e+05
s} g s 3 VXDdisks i_i ITdisks igi OT 0 gt 4e+08 0eg: Pt 5e s
nozzle 2 400 8 PO i Ei disks o . 107 -+ N:3.0e - - Ni Z.oet
< ¥ P8 4 = =
40 a - P § c < 1054
g = {0 1 5., S 13k
= 10 105
30 200 P Pl -1 o o 107 -
i P ]l « < 10 B
L] o I I . . . 1] 1’ e oy 107 ] o
() 10 20 30 40 50 bhiic . . .
.. Layer 0 200 400 0 200 400 600
Tracker after timing cuts. Eee (GEV) Ev, (GEV)
n ch. had. putip~
[ Y:1.1e+08 [ Y:1.7e+04 [ Y: 1.0e+03
107 770 N: 1.8e+07 104 4 i N:4.1e+04 {7770 N: 1.0e+03
£ 2
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105 1 A D 103 4 S 1024
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FLUKA simulation of BIB before reaching the detector. _ Particle energy spectra with (Y) and without (N) nozzle. _



https://arxiv.org/abs/2105.09116
https://arxiv.org/pdf/2105.09116.pdf

dN/dlogE (Arb. Units)

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

I:! 1.5 TeV: 5.1e+07
""""" i 3 TeV: 7.0e+07

- J4N/dlogE (Arb. Units)

[ 1.5 TeV: B.6e+05
f00 3 TeV: 1.1e+06

1072 107!
Ekm (GEV)

dN/dlogE (Arb. Units)

Detector

Source:

1 1.5vs 3 TeV

10°% 107* 10
Exin (GeV)

100 102

*validating against an
older model from MARS15



https://indico.cern.ch/event/1097868/contributions/4619473/attachments/2349906/4008004/BIB_19Nov2021.pdf
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: 100000
Experiment 1 MeV neql cm?
HL-LHC (ATLAS) 1.87 x 10 1.268
uC (1.5 TeV) 5x 10% 0.05
FCChh 8 x 10% 27 Expected dose in innermost tracking layer.




r [mml

1600

1400

1200

1000

0

40

0

B,=3.57T

Outer
Inner
Vertex

_ ITk Layout

n=1.0

CF B E Lo LR L Ug § P 3 ] & 7]
—ATLAS Simulation Preliminary

| T T T T | T T T T

B,=2T
ATL-PHYS-PUB-2019-014

Note: Not the latest layout!

=
]
i
©

- |

1

g

(=]
|III|III|III|III|III|III[I

=
n
-
<)

[

0

=000

-1500

2{mm]

-1000

500 1000

1500 2000 2500 3000 3500

Z [mm]

ITk Hit Density MCC Equiv. Hit Density

[mm-]
Pix Lay 0 0.643
Pix Lay 1 0.022
StrLay 1 0.003

[mm=]
3.68
0.51
0.03

ITk Pixels TDR, ITk Strips TDR



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
* 50umx 10 mm
* 0:=60ps

r [mm]

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

a

Radiation Length [X ]
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Vertex Detector (VXD)
* pixels

* 25umx25um

* 0:=30ps

* double layers

T
—1000

Material descriptiol

T T T T T T
- Beampipe - Interlinks and Other

- Vertex Barrel - Vertex Endcap

- Inner Tracker Barrel - Inner Tracker Endcap

- Inner Tracker Barrel (Support) |:| Inner Tracker Endcap (Support)
- Quter Tracker Barrel - Outer Tracker Endcap

- Quter Tracker Barrel (Support) - Outer Tracker Endcap (Support

Muon Collider
Simulation



https://muoncollider.web.cern.ch/tracking-detector

Work In Progress: Currently not part of common workflow

* Provides a more accurate description of hit clusters

* Provides a handle on BIB rejection .

[ [T T[]

0

Interaction point .
Global “z” axis

Cluster charge

Local (on ladder) “y” axg

_ 0.123— q 0 B
1:_ PE— :singley 0.1:_ ﬁillgl@v—‘u + BIB
T 008 Vertex Detector Barrel
o5l 006?_ 50um thickness sensor
04l 1 0.04—
”2:‘ EI:L 0.023— .
c(']F : :T“-‘--—;a - RE— 0: N P LLI:“.*IT.‘;?*.—r.w.—..—n—mﬁJﬁm Leias,
_ Size (pixets) 0 5000 10000 15000 20000 25000 30000 35000 40000 g%c:ge ?é!?m
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 %



https://indico.desy.de/event/28202/contributions/106244/attachments/67002/83204/MuCol_EPS2021_er.pdf

Global Hit Selection Conformal Transform Cellular Automaton Kalman filter
ie: timing or double layers circular tracks - straight lines  straight “lines” > tracks Track fit
g
'—'1500_0'L|'Cl'jp'|""|""|""|""|"" — CL.ICTP...l...l...l... 5
E E v Single p- . S 0.04 -
—.1000 F v v prompt, p = 100 GeV -] g : seed hit
> N ® prompt, p = 400 MeV ] — F v -] ] ®
N v = non-prompt, p = 100 GeV et r Ps S, seed
500 :— o . - > 0.02 :— V‘ p _: —_— \““\?:" 2
0 - ﬁ E ok 'i ] el @ .. celular
- . . 1 h | — oy rack3 ——»
X n ] m T \\:‘\ ~~“~
500 |- n — r ° 1 llul % ‘@
z . z -0.02|- N . track 1 o
¥ _ C - 100 Ge cellular
e : 1 oo ¢ ooy Tk
_1 500 | | M BrEree i | 1 1 PR B M B |

—1500 -1000 -500 O 500 1000 1500
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-0.04 -002 0 002 004
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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

BARREL | ENDCAP

. o ge e . . highpr / ; lowpr
* Employ hit multiplicity reduction strategies«; ~// . o

~2 min/event [ + tight DL

* Region of Interest seeded tracking

* Directional information from double layers

* Require tight filtering for practical tracking

* Good track reconstruction once algorithm completes
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https://indico.fnal.gov/event/48798/contributions/213125/attachments/142222/179512/casarsa_MuonColliderTracking_APS2021.pdf

* Secondary vertex reconstruction possible with BIB

* Caveat: using a very loose hit filter ?1::0.12;— | |
: .. 01
* Work ongoing on multivariate tagger oosk
° . ° . 0.06
* Double layer filtering > possible bias ook
0.025—

h>bb, no BIB Details of .

—H-o>bb ]
— background 7

w ©

Tracks NoDL / DL filter
o

o
b-tagging efficiency
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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
https://agenda.infn.it/event/28080/contributions/143431/attachments/84462/111783/Effect%20of%20the%20Double%20Layer%20filter%20on%20tracks%20from%20a%20B.pdf
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Global Hit Selection
ie: timing, *

* Seeding hitg
° Other hits

Seed Finding
Initial parameters for CKF
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* Currently not leveraging double layers.

Remove BIB hits
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* Seeding hitg
° Other hits

Good seed,
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Kalman Filter
Execution Time

Fit Library

ACTS
iLCsoft

0.5 ms / track
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Combinatorial Kalman filter
Track fit
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Pattern Recognition

Track Fit

Similar algorithm used by ATLAS.
aka optimized for high hit multiplicity
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* Seeded CKF runs in ~4 min [ event. & | #™77° ' T
o 0'8__ —
* Parameters need to be optimized. : | ; Reasonable efficiency |
. .. ) 3 I Muon Collider
* Seeding: very narrow collision region = Simulation E
E h w/o BIB overlay
* CKF: No branching allowed osl N
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L OK efficiency for VE=1.5TeV - ’ l
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09 _3--—-—_.__._ +  h-bb (w/ B1B) (optimized with evolutionary algorithms)
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https://agenda.infn.it/event/28080/contributions/143065/attachments/84463/111784/mcc-20210810.pdf

Doable due to low hanging fruit and lightweight framework!

__ Cluster shapes for rejecting tracker hits
“ | rqlesp

* Rohit Agar

* Richard Wu/Ky e Feist: Seed finding optimization using EA

(@ IﬁIS
* Natalie Bruhwile ﬁejectlng fake tracks

Hiris
Ot

* Ben Kuchma: Electron reconstruction studies
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* Silicon pad sensors, 5x5 mm?
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https://muoncollider.web.cern.ch/calorimeters

* Timing is important * Shower shape another handle
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* Remaining BIB is removed by subtraction * mostly photons
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https://indico.fnal.gov/event/48798/contributions/213116/attachments/142220/179510/calo_APS.pdf
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Step 1: calorimeter jet reconstruction
with PandoraPFA and kt (R=0.5)

Step 2: regional tracking in cones (R=0.7)
defined by the calorimeter jet directions

Jet axis
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Step 3: final jet clustering
using calorimeter clusters and tracks
with PandoraPFA and kt (R=0.5)

Calorimeters

035

Muon Collider Vs =1.5 TeV

b-jet resolution
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Plenty of room to optimize and innovate!



Electron Reconstructlon w/o BIB

+:t

Efficiency

Still need to study impact of ACTS
tracking on object identification.

o
o
.|_

R

+.; 44

L +,
A +
- ‘_‘.*‘!' +_++

o
o

P

AGCTs:Jusl electrons

ACTs:Electrons and photons

<o
~J

_||1|I|I|I|||I|I|I|I||||IIJIIII

=+ Conformal:Just electrons

* Electrons reconstructed as photons. 08~

«=... Conformal:Electrons and phatons
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* Sculpting from fake reduction cuts
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https://indico.cern.ch/event/1197844/contributions/5036256/attachments/2503735/4301427/IRIS-HEP%20final%20presentation_%20Ben%20Kuchma%20-%20Future%20Collider%20meeting.pdf

BIB-only (s = 1.5 TeV put beams

40 - not in cluster
L] - in cluster
e . i

« RPC cells of 30x30 mm?

* 7 barrel layers, 6 endcap layers S = _ 1w

_5 SEETAIENTARNETE RRNT FRUT) SRUTEERRTY ARUTY RRURY FAAT
950 40 30 20 <10 0 10 20 30 40 50

* BIB not a major problem | | T Celix

BIB-only (s =1.5TeV u+ beams

mmm not in cluster
in cluster
mmm N c=us%er + cu%>t13’
mam in cluster + cut>
-— In cluster + cut>1g + pT>5 GeV

450

* Mostly in endcap tips (close to beamline)

400

350

* Suppressed via geometrical cuts (<10°)

Total number of hits per bunch crossing




* Muons reconstructed with high efficiency

e Can seed extension to inner tracker
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_ V. Shiltsev |

CME Lumiper Years, pre- Years to Cost Electric

(TeV) IP project 3 5 Range Power
(10734) R&D Physics (2021 B§)  (MW)
% FCCee-0.24 0.24 8.5 0-2 13-18 12-18 290
§ ILC-0.25 0.25 27 0-2 <12 7-12 140
: CLIC-0.38 0.38 23 0-2 13-18 7-12 110
E HELEN-0.25 0.25 14 5-10 13-18 7-12 110
§ CCC-0.25 0.25 13 3.5 13-18 7-12 150
: CERC(ERL 0.24 78 5-10 19-24 12-30 90
CLIC-3 3 5.9 3.5 19-24 18-30 ~550
ILC-3 3 6.1 5-10 19-24 18-30 ~400
MC-3 3 23 >10 1924 {712 ~230 “:
MC-10-IMCC  10-14 20 o0 | >25 _: : 1218 0(300) !
FCChh-100 100 30 T30 325 3050 ~560
Collider-in-Sea 500 >10 >80 »1000

—



https://indico.fnal.gov/event/56615/contributions/253581/attachments/161859/214677/MC_RandD_vs2.pdf

World's longest tunnels (in use) [edi]

Type s Name $ Location * Length $ Year * Comment +
4.1 m in diameter (13.2 m?). New
B= New York State, 137,000 m . K
Water supply | Delaware Aqueduct 1845 York City's main water supply

\ United States (85.1 mi) ; I
unnel.

16 m? cross section. Main water

== Southern Finland, 120,000 m supply tunnel for southern Finland,
Water supply | Paijanne Water Tunnel ) . 1882 . ) . .
Finland (74.6 mi) including Helsinki, drilled through FCC
\ solid rock. 4//
. . i 85,320 m 8 m in diameterl!! (50m2 cross
Water supply | Dahuofang Water Tunnel Bl Liacning, China . 2009 .
\ (53.0 mi) section) —

~ World’s third longest tunnel! - -
SN, Andlongest not filled with water. - -
N -
> 4
5 ps timing requirements for tracker - -
10* N - 10x LHC costs!

E PiIe-uchc{CMS]=1000(140),G‘z’”“d‘=?5mm: [
C pT=1GeWc‘ no timing
3 = A=
o 10 = P, 1GeVic, h‘t 25ps
? = p,=1GeVic, §t=5ps
Q I . pT=SGeWc‘ no timing
5. 1 02 T pT=1UGeWc, no timing
E ] CMS ph2: pT=1GeWc‘ no timing
o r e  CMS ph2: p =1GeV/c, §t=25ps /
> r
= 10 2 / v
O = L \
é 1 I / o ' A
E g s 1'\|
L e 7 "\
1071 \
E- |
: ' A
10_2 .:.-I.-.I l'I .I 11 1 1 11 Il 1 1111 1111 11 11 I = I




Muon Collider is competitive with FCC, but “simpler”.

Physics
* Increase in activity as part of ESPPU/Snowmass studies

* 10 TeV collider meets the necessary goals

Accelerator

* Key R&D needed for cooling complex

* Work being handled by the IMCC (result of ESPPU)

Detector
* Beam Induced Backgrounds creates a very unclean environment

* Lots of progress, but still need to understand effect on physics goals







Big Questions

SUSY

Compositeness,
Extra dimensions

Extended
Higgs Sector

Top
Partner

WiZ

Minimal
Dark Matter

Hidden
Sector

Multiverse

arXiv:1311.0299



https://arxiv.org/abs/1311.0299
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hits per pixel

— 150x150pum?, o, = 100ns
— 100%100um?, &, = 100ns
— 50x50um’, o, = 100ns
— 25x25um’, 6, = 100ns

VXD T 0T

TR T S RN TR TR NI N
10 20

Vix: 50x50urnz, Inner: 50x1 DOOumz, Outer: 50umx1icm

= 0,=10ps —o,=15ps = g0,=20ps
—0,=30ps —oc,=45ps c,=60 ps
~—o0,=120ps —o,=300ps

Y

* Goal is <1 % occupancy per pixel.
* Pixel size optimized to achieve this

* Precision timing also plays important role

* Needed for on-detector filtering (for readout)

* Need to be careful about slow particles

* Resolutions are approximated in
simulation using Gaussian smearing

Current Assumptions
Cell Size Sensor Time Spatial
Thickness Resolution Resolution
VXD 25umx25pum 50 uym 30 ps 5pmx5 pum
IT 50umx1mm 100 pm 60 ps 7 pm X 90 pm
OT 5S50pumx10mm 100 pm 60 ps 7 Um X 90 pm

No difference between barrel and endcap.



https://indico.fnal.gov/event/48798/contributions/213104/attachments/142225/179515/APS_talk_HWeber.pdf
https://indico.fnal.gov/event/48798/contributions/213104/attachments/142225/179515/APS_talk_HWeber.pdf

|
Charge Particle Deposits Details

_ o o ﬁm

[k i
Si I l AE —energy deposited in keV
» Two models for vertex modules l y: S

/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

» Trivial: 100s / evt ot e

e RD53A: 50005/ 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

* ACTS is a standalone library for tracking algorithms
* Dedicated team working on advancing tracking algorithms
* Tracking is hard!
* Allows us explore alternate algorithms
* Triplet-based seeding optimized for high multiplicity environments
* Ongoing work to incorporate ML-based algorithms
* Code optimization come for free

* Good software is even harder than tracking!

* Also explores modern computing architectures (ie: GPU’s)

Fit Library Kalman Filter
Execution Time

ACTS 0.5 ms/ track

https://github.com/acts-project/acts



https://github.com/acts-project/acts

Electron Reconstructlon w/o BIB

+:t

Efficiency

Still need to study impact of ACTS
tracking on object identification.
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* Sculpting from fake reduction cuts
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https://indico.cern.ch/event/1197844/contributions/5036256/attachments/2503735/4301427/IRIS-HEP%20final%20presentation_%20Ben%20Kuchma%20-%20Future%20Collider%20meeting.pdf

100k fake tracks / event

* reduce to < 1 fake [/ event

* Still missing a few handles

* %*, Nholes, timing

* Implemented as an
(unreleased) processor
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https://indico.cern.ch/event/1192812/contributions/5014587/attachments/2496257/4287253/IRIS-HEP%20Final%20Presentation.pdf

* TrackFilter optimized using evolutionary algorithms

Target efficiency Efficiency Number of fakes  Score
90% i \

Generation Generatien

* Studied a few fixed efficiency working points

* For <80% eff, start removing low pr tracks Eff WP Fakes | event
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https://indico.cern.ch/event/1192812/contributions/5014587/attachments/2496257/4287253/IRIS-HEP%20Final%20Presentation.pdf

Electroweak DM 20 reach
Vs =3,10, 14 TeV
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