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Open questions in particle physics

About the Standard Model And the observed universe
What is the nature of the Higgs Boson & What is dark matter?
electroweak symmetry breaking? What causes baryogenesis”
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Why 10 TeV?

2209.07510
Need to compare reach from precision (indirect) and energy (direct)
eg. modified higgs couplings implies new particles
— need to consider realistic models not just EFT
SM HL-LHC Higgs Factory
h Uz Higgs Precision ~few% ~0.1%
B OE Em . g /N —
i M 2 Indirect Reach 0.1-1 TeV ~few TeV
BSM SM Direct reach ~1 TeV

Will discuss a few key examples


https://arxiv.org/abs/2209.07510

Microscopic nature of the higgs

Is there new physics preventing mn from being pulled up to Plank scale?

e.g. composite Higgs, e.g. new symmetry & mn =125 GeV — multi-TeV top-partners
like the pion? additional particles”?
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Data & theory suggest strongly coupled particles > 1 TeV




Electroweak symmetry breaking .

Was there a first order phase transition? Is electroweak symmetry restored at high temperatures?
Requires measuring Higgs self-coupling with few % uncertainty

Current
-h LHC
'o' >100% HL-LHC 10 TeV
H----- « ~50% Scale

~1%

We only know there’s a minimum

Producing enough multi-Higgs events is only possible at a 10 TeV scale collider




Number density

Dark Matter

DM Complementarity Report: 2211.07027

We’ve yet to probe minimal WIMPs up to thermal targets
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Pure higgsino under neutrino floor & out of HL-LHC & e*e reach
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Definitive observation & characterization would require a multi-TeV scale collider



https://arxiv.org/abs/2211.07027

Why COIIIde mUOnS? Input to EPPSU 1901.06150

Break the traditional paradigm of larger and larger ete- and hadron colliders
massive fundamental particles = compact, power, and cost-efficient
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Two colliders in one

Energy reach & precision electroweak physics in same machine
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Sensitivity to new physics
More complicated than 10 TeV pypy ~ 100 TeV pp

“energy for which cross-sections at the

For 2x2 pr i :
O Processes two colliders are equal

B [
z L 500 |

V/Z

QCD-charged (p=10) _



https://arxiv.org/pdf/2303.08533

Sensitivity to new physics

Example of Direct reach
Supersymmetry

MuC: pair-production up to /s/2

FCC-hh: better for stops (color charge)

SBut, most realistic
sleptons/e

Mmodels have TeV scale

ectroweakinos

15}

2303.08533

: -CC-hh

=1

- —

X1

!

Rl - .

ol

MuC
30 TeV

14 TeV

10 TeV


https://arxiv.org/pdf/2303.08533

Sensitivity to new physics

2303.08533

Example of Indirect Reach:
Higgs Compositeness

Diboson & di-fermion final states

MuC: sensitivity scales with /s
FCC-hh: lower effective parton luminosity
ete . negligible effects visible

Karri Folan DiPetrillo
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https://arxiv.org/pdf/2303.08533

Electroweak precision

>107 single higgs events = competitive with e+e- Higgs Factories

~10k di-higgs events — self-coupling competitive with 100 TeV pp

O(100) GeV scale SM physics

foward muons/neutrinos
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And we can test origin of deviations!



The Challenge

Muon lifetime 1=2.2 ps

Need to produce, cool, accelerate, and

collide muons before they decay Collide

High energy rapid

/ cycling synchrotron

Collider ring
(~10 km circumference)

Accelerate .

A

Cool s
Produce . |
nt WL AN
-+ = - ~ NN
P | — NN = /

s ==

I “~..._ Particle detector
Proton Muon lonization Low energy rapid
source source cooling channels cycling synchrotron

Detect

My focus



Can we build it?

Perception: “no progress in past 50 years”

First mentions Various Initial Collaborations MAP: self consistent designs with International Muon
N literature & Designs existing or near term technology Collider Collaboration
(2011-2016) Formed (2020)
1965 2010 2015 2020
32-T Superconducting / 3 TeV detector

Magnet (2016) Normal Conducting concept

RF in B-field (2018)

300 T/s fast ramping
magnets

MICE: First demonstration of 4D ionization cooling .
(2001-2018) Multi-MW proton

sources and targets
(SNS, ESS, PIP-II)

Reality: recent progress in design and technology put a muon collider
on a 20 year “technically imited” timeline!
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Can we do physics?
2303.08533

Baseline Detector for 3 TeV was a major
outcome of IMCC/Snowmass

| 3.57TSolenoid |

Beam Induced Background with FLUKA

Full simulation physics studies ——

e | |

EM Calorimeter
(Tungsten + Silicon)

Hadronic Calorimeter
(Steel + Scintilator)

Rest of talk: what we’ve learned and
next steps

Muon Spectrometer Y
(RPC with return yoke) I
¥\



https://arxiv.org/abs/2303.08533

Collision environment

Depends on energy, physics goals, and cross-sections
Goal: measure di-higgs cross-section (few fb) with few % uncertainty

| | Set np = 1 and maximize Ny per bunch ~2-1012 N,
Aim for 10 ab-1in 5 years
Minimize circumference, maximize f 30 kHz
N\Nny, f
<ginst> — =2-10%cm™*s~! Minimize oxoy beam size, aim for ~0O(10) um
4ro,0,
Re-inject muons every Byt 100 ms

Decays w/in 20 m of detector 107



Uniqgue need: Tungsten Nozzles

Suppress high energy

component of beam

iInduced background

Tradeoff: iIncrease in
low energy neutrons

Karri Folan DiPetrillo
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Inside the detector

Compared to HL-LHC

Up to ~10 x hit density

~1/1000 event rate

Similar dose & fluence

100 TeV pp ~3 orders of
magnitude worse
~1018 MeV-neq /cm?2

Karri Folan DiPetrillo
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Background properties

BIB Particles

10°

With standard nozzle ~108 low momentum particles per event

Sut this background looks very different from signall

Majority < 200 MeV Unusual position & direction Partially out of time
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Technology needs

Beam background primarily a challenge for the pixels & electromagnetic calorimeter

: . ) C
Detector reference Hit density [mm™“] Similar to HL-L HC
MCD ATLAS ITk
Pixel Layer 0 3.68 0.643 Ambient energy 50 GeV/unit area
Pixel Layer 1 0.51 0.022

— Silicon+ Tungsten 5x5 mm2 cells
—25 x 25 pm2 with 30 ps timing Timing resolution (~100 ps)
ongitudinal segmentation

Challenges: front-end power
consumption & readout R0om for new ideas!




Work In progress: 10 TeV design

Detector Magnet Workshop

Summary by A. Bersani

Need to grow the detector

Solenoid: Higher B-field & inner radius
technically challenging

B* _,
Estored — 2/4 nRL
0

Need to reestablish expertise to build CMS-
style magnets!

Karri Folan DiPetrillo

Tracker
Most double layers
removed

HCAL
Fe+Scillator
Return B field

Solenoid
ECAL ST
Si+W 3m diameter

Toroidal field could be
Shielding added if needed

nozzle
Dimensions to be

optimised

In-air muon

system ..
RPC-based
(PID only)

Core idea: use the solenoid
as BIB shielding

21


https://indico.cern.ch/event/1324236/overview
https://indico.cern.ch/event/1353612/contributions/5775168/

Work In progress: Machine detector interface

Beam induced background highly dependent on nozzle configuration
Systematic optimization in progress!

Fluence with nozzle tip at 6 cm Fluence with different nozzle tip distances
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https://indico.cern.ch/event/1412174/contributions/5935494/attachments/2847637/4979323/MDI_meeting_april_24_pair_prod.pdf

Work in progress: Map back to physics

eg. to fully unlock higgs precision, is forward muon tagging possible?
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https://arxiv.org/abs/2308.02633
https://arxiv.org/abs/2303.14202
https://arxiv.org/abs/2401.08756

Work in progress: Ideas for physics along the way

Straight sections = perfect neutrino beam
—qual numbers of e/p (anti-)neutrinos
DreCISely kﬂOWﬂ energy Spectra & IntenSIty f‘[f“I DarkQuest Spectrometer: Top view (Bend plane) 2[m] A

Low mass dark matter (sector) searches
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Synergies with charged lepton flavor violation experiments


https://arxiv.org/abs/2407.02572

The takeaway

2303.08533
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Baseline detector design & full simulation studies demonstrate we can do physics
With work in progress we can likely do even better :)

Higgs self-coupling
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https://arxiv.org/abs/2303.08533

Cue the excitement!

JON Collider N— —
Collaboration

- Positive outcomes from latest
—uropean Strategy & US Planning

Explorlng Ber\?;twa s to Innovation
prOCGSSeS gﬁantum and Dls)c/:overy

in Particle Physics

Report of the 2023 Particle Physics Project Prioritization Panel

Universe

- Formation of International Muon
Collider Collaboration (IMCC)

- “MuCol” Project Funded by EU

- US Muon Collider Collaboration
forming soon .

concept emerges. Call it physicists'

As part of this initiative, we recommend targeted collider R&D to establish the

) Many ded ICated meetl ngs ) p 1405 - - feasibility of a 10 TeV pCM’ muon collider. A key milestone on this path is to design
' a muon collider demonstrator facility. If favorably reviewed by the collider panel, such a
workshops, and articles

facility would open the door to building facilities at Fermilab that test muon collider design
elements while producing exceptionally bright muon and neutrino beams. By taking up
this challenge, the US blazes a trail toward a new future by advancing critical R&D that
can benefit multiple science drivers and ultimately bring an unparalleled global facility to
US soil.




Conclusions

- Strong physics case for 10 TeV scale
+ Strong case for colliding muons
+ “No show stoppers identified”

-+ More work is needed & In progress

Do the homework & decide for yourself!
Collider Implementation Task Force
Towards a Muon Collider



https://arxiv.org/abs/2208.06030
https://arxiv.org/abs/2303.08533



