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Motivations

The 2020 Update of the European Strategy for Particle Physics recommended to “investigate the
possibility to have bright muon beams™.

SnowMass 2021 process sees a renovate interest in the Muon Collider following the large experience of
MAP (Muon Accelerator Program).
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Collider Center of Mass Energy [TeV]


https://map.fnal.gov/

Physics Discovery Potential

= Muons: elementary particles = /s, entirely available to produce short-distance reactions.

= Protons: formed by partons = interactions occur between the proton constituents = fraction of
\/Sp enter in the short-distance reactions.
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https://arxiv.org/pdf/2005.10289.pdf

Physics Discovery through the Higgs Boson

* Higgs boson couplings to fermions and bosons are expected to be measured with a precision similar
or better than e "e™

*  Muon collider has the unique possibility to allow the determination of the Higgs potential:
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https://arxiv.org/abs/2003.13628

If the Muon Collider is such a “dream
machine” why we do not have it yet?
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Muons Decay!

Muons decay with an average lifetime of 2.2 - 107° seconds at rest, at /s = 3 TeV they live for about
3.1 - 1072 seconds. In this very short time, produced muons have to: be accelerated, transferred in the
collider and make them interact, possibly several times.

N

Design the facility

Number of muons decay particles...back of the envelope evaluation:
beam 1.5 TeV 1 = 9.3x10%m, with 2x10'?u/bunch = 2x10°decay per meter of lattice.

Beam induced background, if not properly treated, could be critical for:
Magnets, they need to be protected.
People, due to neutrino induced radiation.
Detector, the performance depends on the rate of background particles arriving to each subdetector.
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The Facility

MAP facility design is considered as the baseline

Proton Driver: intense proton source on a MW class target produces
bunched pions.

Front-end: m — uv decay in solenoidal B field to capture muons
RF cavities to bunch muons

Cooling: “ionization cooling” needed to be fast
* 6D phase space reduction of ~50.

 Transverse cooling demonstrated by MICE i Injector - Ml:%; S”Cf)ljfe' Accelerator
with liquid hydrogen and lithium hydride 1 Okm cfmumfmn ce
absorbers. F ) :
* Longitudinal cooling technique proposed. Ay H '0
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The Facility: Rings

Acceleration Stage:

- Fast to limit the number of muon decay.

- Keep low emittance.

- Limit the cost and have good power efficiency.
- Several accelerator techniques are under study.

Collider Ring, luminosity goal 103°cm™2s~1:

- Low beta function at IP.

- Small emittance. K Injector

- Short bunch length.

- Small ring circumference to increase
collision rate.

Muon Collider

>10TeV CoM
~10km circumference
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Muons Decay!

Muons decay particles...back of the envelope evaluation:
beam 1.5 TeV 1 = 9.3x10°m, with 2x10'?u/bunch = 2x10°decay per meter of lattice.

Beam induced background, if not properly treated, could be critical for:
= Magnets, they need to be protected.
= People, due to neutrino induced radiation.

= Detector, the performance depends on the rate of background particles arriving to each subdetector.

Study all of them



Neutrino Induced Radiation Hazard

e Neutrinos from intense muon beams
are very well collimated, 8 = 1/y. At
1TeV 6 = 1074.

* Neutrinos beams interact with matter,
interaction products could originate

muon collider

B. J. King v

“hot spot”

1

radiological hazard when reach the
earth surface.

straight section

v
\.
Radiation hazard studied since the beginning MAP shows:
= Along the collider arcs no issues for E.,,~1.5TeV.

= Solutions for the straight sessions already proposed Mokhov-Ginneken .

Vv

New studies are in progress to reach high energies (10 TeV):
= (Careful design of the collider in particular the straight sections to mitigate the effects.
= Evaluation of the accelerator site characteristics.
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https://arxiv.org/abs/hep-ex/0005006
https://www.tandfonline.com/doi/pdf/10.1080/00223131.2000.10874869?needAccess=true

The Beam-Induced Background - BIB

» MAP developed a realistic simulation of beam-
induced backgrounds by implementing a model of
the tunnel and the accelerator.

» Secondary and tertiary particles simulated with
MARSI15 and now with FLUKA transported to the
detector.

» Two tungsten nozzles are crucial in background
mitigation inside the detector.

ACCELAIR

Solenoidal Magnetic field
(first approssimation)

Nozzle Tungsten

Nozzle BCH2

detector

nozzle

Green: eTe™
Red: Hadrons

detector one beam
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https://map.fnal.gov/

The Beam-Induced Background properties \/s =1.5 TeV
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contribution to the interaction by +/s and accelerator lattice have low momentum

region depends on +/s and

accelerator lattice BIB characteristics strongly affect detectors design = detailed evaluation

is needed. Full simulation available for 4/s=1.5 TeV, 3 TeV in progress.

Higher +/s, new strategy to be defined.
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Full Simulation of the Detector at \/s =1.5 TeV

hadronic calorimeter

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

¥ 30x30 mm? cell size;
» 7.5A,.

electromaagnetic calorimeter

-

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

¥ 5x5 mm? cell granularity;
> 22Xo+ 1A,

muon detectors

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

¥ 30x30 mm? cell size.
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superconducting solenoid (3.57T)

Donatella Lucchesi

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 pm x 1 mm macro-
pixel Si sensors.

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

shielding nozzles

¢ Tungsten cones + borated
polyethylene cladding.

CLIC Detector
technologies adopted
with important

modifications to cope
with BIB.

Detector design
optimization at
\Vs=1.5(3) TeV is
n progress.

Room for collaboration!
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Tracker Characteristics \/s =1.5 TeV

Vertex detector barrel properly designed to

The impact of BIB on tracking system could be not overlap with the BIB hottest spots
severe if not mitigated 2 1)
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timing and energy cuts on clusters reconstruction
compatible with IP time spread.
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Calorimeter Characteristics at+/s =1.5 TeV
ECAL barrel hit arrival time —t, -~
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Current simulation is based on CLIC configuration: 3 S
Silicon + tungsten for ECAL, Iron + Scintillator for HCAL. 02_ 7 3
HCAL 0:'-()'.4' T e T TR I =

Oiﬁt time ir11 ECAL1|'32arre| - L;‘}ns]
19mm Fe absorber + scintillator X 60

I ECAL barrel longitudinal coordinate

1.9mm W absorber + Si sensor X 40

ECAL | oo W vvHEGBY) ]

0.05F —— BB E

0-04§— _§

In progress: "oE E

= Design appropriated and cheaper calorimeter system 0021 E

= Optimization of jet reconstruction algorithm and ooif- =
design appropriate algorithm to i1dentify b-jets. S T I B === S U

longitudinal coordinate of ECAL Barrel hit (weighted for energy) [mm]
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Muon Reconstruction

Celly

Celly
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Muon Reconstruction with BIB at /s = 1.5 TeV

Muon hit distribution in barrel
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With this detector and the i b
performance obtained so far on u;‘* gl
objects reconstruction, which T
accuracy do we get on Higgs physics? f..j 2

-0,
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putu~ — bb Studies at\/s =1.5 TeV

_ Preliminary
5 F L | B
— _ < 60 — + e
utu= - HX,H — bband u*u~ - bbX generated at soE- + + 3
Vs = 1.5 TeV + BIB fully simulated ma + E
= [Instantaneous luminosity, £, at different Vs, from MAP. 30;— + ++ 3
= Running time #=4 - 107 s = 4 Snowmass years 0 + + =
= Only one detector 10F t 4 =
e + .
— x 0 L SRR B orm. s
Vs [TeV] | Lin, [ab™'] | “S2EL [o] 0 oo 200 300
15 05 1.9 ijet invariant mass [GeV|]
Muon Collider 3.0 1.3 1.0
10 8.0 0.91 CLIC numbers: obtained with a model-independent
0.35 0.5 3.0 multi-parameter fit performed in three stages,
CLIC 1.4 +1.5 1.0 taking into account data obtained at the three
3.0 +2.0 0.9 different energies.

Results published on JINST
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Update available soon.
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https://iopscience.iop.org/article/10.1088/1748-0221/15/05/P05001

Double Higgs Production Study at\/s = 3 TeV

Vs =3 TeV ! . ) .
A OO e = Detector and physics objects performance determined at

Vs = 1.5 TeV.
D = Events weighted to take into account for the different
) energy.

p+antimuons .

—— data vs=3Tev | With a simple fit to the

250

Events /(0.06)

5 1.3 ab™
Assumptions 2o BDT output
Lint = 1.3 ab—l 150:— Ao
* Running time z=4-10" s = - —=0.33
4 Snowmass years o g
*  One detector e Update available soon.
%3

BDT

Very preliminary event selection and
reconstruction.
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To Conclude

The simulation of the machine and the detector
1s demonstrating that a Muon Collider could be
a serious future accelerator machine. We need to
work together to demonstrate that it 1s feasible.

An International Collaboration is being

formed, hosted by CERN to:

= Provide a baseline concept with expected
performance, cost and risks.

= Identify an R&D path to the demonstrator.

Contacts:
MuonCollider-Facilty
MuonCollider-Detector-Physics Group

DETECTOR

CDRs TDRs

R&D detectors || Prototypes Large Proto/Slice test |

MDI & detector simulations

MACHINE

1933338

Design

| Baseline design Design optimisation Project preparation_

Test Facility

| Design Construct |  Exploit Exploit

Technologies

| Design / models | Prototypes / t. f. comp. Prototypes / pre-series
Ready to decide Ready to commit Ready to
on test facility to collider construct
Cost scale known Cost know

SnowMass2021 started a muon-collider-forum: slack channel muon-collider-forum
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MUONCOLLIDER-FACILITY@cern.ch
MUONCOLLIDER-DETECTOR-PHYSICS@cern.ch
https://snowmass2021.slack.com/archives/C01GJSVPYLT




