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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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Which collider(s) should we build?

2209.0/7510

Compare reach from precision (indirect) and energy (direct) w/ realistic models
eg. modified higgs couplings = new particles

SM HL-LHC Higgs Factory
2
h U Higgs Precision ~few% ~0.1%
B OE Em . g /N —
ff M 2 Indirect Reach 0.1-1 TeV ~few TeV
BSM Direct reach ~1 TeV
SM °

— framework for how much energy/precision we need


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,

like the pion?

ATLAS Preliminary
Vs =13 TeV, 139 fb”
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My =125 GeV — multi-TeV top-partners

Data & theory suggest strongly coupled particles > 1




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
>100% HL-LHC 10 TeV
n------ ~30% 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
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We’'ve yet to probe thermal WIMPs
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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

A new way forward?

Input to EPPSU 1901.06150

Break the traditional paradigm of larger and larger ete- and hadron colliders
Muons = massive fundamental particles = compact & power-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 9303.08533

More complicated than 10 TeV pyy ~ 100 TeV pp

“energy for which cross-sections at the

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

Sut, most realistic
sleptons/e

Mmodels have TeV scale

ectroweakinos

15}
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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

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

Electroweak precision

>107 single higgs ever

~10k di-hi

O(100) GeV scale SM physics

foward muons/neutrinos

1905.03764, 2203.09425, and 2212.11067

ts = competitive with e+e- Higgs Factories

ggs events — self-coupling competitive with 100 TeV pp
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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 igh eneray rapic
More from Daniel & Diktys! /" cycling synchrotron
Accelerate .
y 4
Collider ring
Cool (~10 km circumference)
Produce . |
_+ ut A \
pt = i N N - /
| 7 # N '
I “~..._ Particle detector
Proton Muon lonization Low energy rapid
source source cooling channels cycling synchrotron

Detect



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 N, per bunch ~2:1012 Ny,
Aim for 10 ab1 In 5 years
Minimize circumterence, maximize f 30 kHz
N\Nny, f
(L. ) = =2-10%cm™s™!  Minimize 0.0, beam size, aim for ~O(10) um
4ro,0,
Re-inject muons every Byt 100 Ms

Decays w/in 20 m of detector 107



Tungsten Nozzles

Suppress high
energy component

Tradeoff: increase 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 ym2 with 30 ps timing Timing resolution (~100 ps)
ongitudinal segmentation

Challenges: front-end power




Muon Collider Detector 7303 08533

Major outcomes of Snowmass/IMCC

| 3.57TSolenoid |

Nozzle
(Tungsten 6~10°)

Full simulation physics studies RS- e r—

e | |

EM Calorimeter
(Tungsten + Silicon)

Baseline Detector for 3 TeV

Beam Induced Background with FLUKA

—p—— W e T
Tl

Hadronic Calorimeter
(Steel + Scintilator)

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

Now preparing for European Strategy!



https://arxiv.org/abs/2303.08533

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 5T
Si+W R 3m diameter
. g Toroidal field could be
Shielding added if needed
nozzle _ .
Dimensions to be \ ' _
optimised : y
In-air muon I
system .- v Core idea: use the solenoid
RPC-based R 4 BIB shieldin
(PID only) V aS ’

20


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

Work In progress: Machine detector interface

D. Calzorlari

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”?

Br(inv) sensitivity with different

H | coverage and o(E)/E assumptions

" i Z Separate /2 and WW fuson  ~~
o T 40%
Reduce backgrounds e .

X L . s
Br(h—invisible) via Mmiss = 7 200,
+ Z -
v < P - i 25%
T~ - [ h via Inclusive rate : — :

= 0'5\ - 20%
> \ 15%
ool  TT—— T 10%
i 9%

o1t


https://arxiv.org/abs/2308.02633
https://arxiv.org/abs/2303.14202
https://arxiv.org/abs/2401.08756
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Takeaway: Can we do physics? 930308533

Baseline detector design & full simulation studies indicate yes!
With work in progress we can likely do even better :)

Higgs selt-coupling WIMPs/Disappearing track
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6 167 Composite Higgs Scenarios £ ] --- 1track fast simulation Higgsino
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https://arxiv.org/abs/2303.08533

Conclusions

+ Strong physics case for 10 TeV Muon Collider

- More work Is needed & In progress!
+ Design studies in full simulation (CPU intensive)
- Map back to physics questions & technology needs

+ Detector R&D: high granularity, precision timing, Al-microelectronics, DAQ
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Incoherent e+e- background

Initial look at e+e- pair production from beamstrahlung e

lower multiplicity than BIB due to muon decay but higher energy e+
—manageable increase in occupancy of innermost layers
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Luminosity

Previous lepton colliders:
Forward electrons from Bhabha scattering

N
A
e’ e €e- e’
Y
Y
e e e e

Proposal to use central muons for uC
Questions: Stats? Theory precision?

Js=1.5TeV, lumi = 1e34
Remaining events

Assuming a Snowmass year = 10’seconds
L=1.25°10**cms!
Total events: 213 K

AL 1
—~—=0.002

L"UN

We’'ll need something else to
monitor luminosity in real time



https://indico.cern.ch/event/905399/contributions/4335594/attachments/2259034/3834030/Luminosity%20measurement%20at%20Muon%20Collider%E2%80%8B.pdf

Beam induced background w/ FLUKA

hit density [cm™]

Comparing occupancies at different energies
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Characterizing BIB contributions in tracker
eg. particle type: primary vs secondary electrons

spatial origin: upstream vs downstream

VXD Endcap: DDisk -2

3
E 100
>-
50
0,___
50
100
100 50 0 50 100
X [mm]

VXD Endcap: DDisk +2

U NN TN SN NN TR SN SN SN TR SN SN TN SN SN NN SN SN SN S S



https://indico.cern.ch/event/1307798/contributions/5501297/attachments/2697097/4680867/colliders_of_tomorrow_MDI_Calzolari.pdf
https://indico.cern.ch/event/1373763/contributions/5774154/attachments/2785869/4857225/detector_10tev_23012024_v2.pdf
https://indico.cern.ch/event/1330012/contributions/5600101/attachments/2724643/4734776/2023_09_29_bartosik_v0.pdf

Towards a 10 TeV detector

Shower containment
Momentum Resolution

Need to increase Calorimeter A and Xo

( Opr ) Pt point

. Mz =9.5 TeV
BL2 M. Aleksa et al., arXiv:1912.02.09962v1 ‘

S L e e e e et it et et
Aim for 5-20% at 5 TeV 5 95 e S ety oty /
—5 [ solenoid, R=1.0m 2 90 o 8 B ¢ 16V
8 0 100 GeV
§ 85 1 e m © + ¢ + 1 TeV
B-meson decay length g v 10 Tov
780 : f —
0 10 20 30 40

Depth (X))

(L) ~ 100 mm X (




Detector Magnet

Increasing B-field & inner radius technically challenging

B*
Estored — N nR°L
Ho
t x B’R

Need to reestablish expertise to build
CMS style magnets!

Requires Aluminum-reinforced NbTi/Cu
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Tracker

® Large area & highly granular e .
J g . Y9 1600 —— A ATLAS & CMS building timing layers with
® ~100 m2 of silicon sensors ~30 ps timing resolution for HL-LHC
* ~ 2B channels e / - CMS Phase Il Preliminary __ FNALTB Feb 2020
» Promising R&D directions E 777 R OF rapnubvaces . hohpower, 20C
» Monolithic sensors g = 4 priihed 3 -' " e powen 20 3
. ' ' ' ' . 400 - | e = - E
® Devices with intrinsic gain 777 l | o SOF . E
- 200 {1/ E a5F w8 =
® Intelligent sensors (gl SN ] . E
0o 500 1000 R 1500 2000 2500 35;_ : - -.;. = : _f
. 30F e
¢ Chillenges. | Sub detector Size Timing 25
® Power consumption Vertex Detector | 25 x 25 pm? 30 ps MPV Collected Charge [fC]

e DAQ/trigger: O(100) TB/s
o “Streaming” readout looks
feasible

Inner Tracker | S0 umx 1 mm | 60 ps

Outer Tracker | 50 pum x 10 mm | 60 ps



Calorimeter

10 GeV Photon+
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Trigger/DAQ

2203.07224
Target “streaming” readout
Total readout rate = same as the CMS HL-LHC max HLT input rate
Reading out all BIB hits requires increased cabling, cooling
Pushes the challenge from trigger to on-detector processing
—vent rate ~30 kHz — plenty of time to process full event off detector
~ReadoutWindow ~ EThreshold ~ HitSize Total Rate
________ Tracker ~  1ns ~~~~~ na  3pbts  ~40Tb/s
_____________ —CAL ~ 15ps  02Mev  20bits ~301Tb/s
~HCAL lons 02Mev. Obits ~3 Tb/s
ota 60 Th/s



https://arxiv.org/pdf/2203.07224

Forward Muon Tagging
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B-field & path-length for momentum measurement”?
—ffects of scattering/energy loss from ~2000 Xo of Tungsten”?
What technology can withstand BIB??

Karri Folan DiPetrillo

See presentation @MDI workshop by D. Calzolari and M. Casarsa 34



https://indico.cern.ch/event/1353612/contributions/5775166/

Sensitivity to new physics 00 14158

New scalar mixes with Higgs MuC has an edge in sensitivity when
VBF VW = S = hh = 4b /' 1S SO heavy that only indirect

Solid = direct effects can be measured
Dotted = indirect
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https://arxiv.org/abs/2209.13128

Subsystem Design « Technology needs

Need to define muon collider specific needs (strict & soft) to ensure technology converges

Also a good way to strengthen community with instrumentation experts

BIB rejection with pixel cluster shapes
C. Sellgren, Simone Pagan Griso
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Dual Readout Crystal Calorimetry - Grace Cummings
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