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Why do we want to collide muons

e e%e™ circular colliders are multi-pass, beams can be
used many times.

* The energy loss by synchrotron radiation limits their
usage: LEP2 lost 2.72 GeV/turn for E = 105 GeV.

* That’s why proton colliders are considered energy
frontier.

= e*e” linear colliders do not suffer from synchrotron radiation loss.

D. Schulte

= They are single-pass, beams

can be used once. Oé*—ﬂm*ﬁmgr—éo

= The achievable center of mass energy and the luminosity are limited by money, CLIC at 4/s=14
TeV costs O (60GCHF)

New approach: collide muons
Heavier than electron = no synchrotron radiation loss =multi-pass
Lighter than proton = easier to accelerate
Unfortunately, short lifetime at rest, 2.2 us
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How do we collide muons
p — target > w - uv

MICE muon cooling

Rapid Cycling Synchrotrons (RCS)
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https://www.nature.com/articles/s41586-020-1958-9

How to cool muons: Muon Ionization Cooling Experiment, MICE

Bunches of protons are accelerated Pions are The neutrinos, being virtually mass-

into a target of dense material unstable and they less and without charge, pass out of

(such as tungsten or mercury). The quickly decay the experiment. Magnets direct

atoms within the target emit a into a muon and charged muons of the correct energy SLOW  ACCELERATE SLOW  ACCELERATE
particle called a pion. a neutrino. moving in the right direction.

= o
Proton bunches Target
| l % [ -

N/
Radio-frequency [:

cavity

,/ Thegoalis to turn a ‘cloud’ of muons ..into a tight beam
travelling in all directions.. @ travelling in one direction. 4 The muons pass through
@ an absorber material

made of liquid hydrogen.
The muons collide with
the hydrogen atoms and
knock off electrons,
losing energy to this
ionization of the atoms.
This causes the muons to
slow down.

MICE experiment in progress at Rutherford
Appleton Laboratory
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This process is repeated until the muon beam is almost
Infographic: STFC, Ben Gilliland laser-like, ready for injection into the main accelerator.

Radio-frequency
cavity

SLOW  ACCELERATE

Magnetic fields guide the
particles into radio-frequency
cavities. These cavities contain
electromagnetic fields that give
the muons back their lost energy
by replacing the momentum lost
in the direction of the beam.

In this way, the muons lose
energy and momentum in all
directions and are accelerated

in only one direction.

/ : '
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How do we collide muons — cont’d

p — target > m = uv
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Multi target|

AR

Embedde:

Accelerators:

Acceleration

Linacs, RLA or FFAG, RCS

Almost ready to
go for a CDR.

Need

" consolidation to
overcome
technical
limitation. It can
“reach very high
'CM Energies

thanks to low
| emittance beams
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https://arxiv.org/abs/1905.05747v2
shorturl.at/kxKU7

Motivations




Economic Motivations

The luminosity per beam power is independent Cost accounting is not uniform across the projects,
of collision energy in linear lepton colliders, but estimates for LHeC and muon collider are prorated
increases linearly for muon colliders from the costs of other projects
[ ' L ! corTrrr ! L
Eﬁ [ \\ ] Project Type| Energy |Nget| Line Time | Power Cost
g 10 N (TeV, c.m.e.) (ab=') (years)| (MW)
- F ] ILC ete” 0.25 1 2 11 129 |4.8-5.3BILCU
N [ o - 0.5 1| 4 10 [163(204)| 8.0 BILCU
S~ 1L = o, ] 1 1 300 +(n/a)
2. : Xﬁ v /' 5 CLIC ete” 0.38 1 1 8 168 | 5.9 BCHF
T vV ® A o 1.5 1| 25 7 370 | 4+ 5.1 BCHF
S - 7 ' 3 1 5 8 590 | +7.3 BCHF
g 01 ¢ i 3 CEPC ete | 0.091&0.16 | 2 |[1642.6 2+1 | 149 5 B USD
£ ey 0.24 2 5.6 7 266 +(n/a)
£ ! “A HE-LHC FCC-ee ete™ | 0.091&0.16 | 2 [150+10 4+1 259 10.5 BCHF
3 0.01 k£ —@-FCChh | 0.24 2 5 3 282
£ _ “y-ic 0.365 & 0.35| 2 [1.540.2 441 | 340 | +1.1 BCHF
£ ea el LHeC ep 13 I I 12 | (+100) | 1.75° BCHF
< ' —o-vc ] HE-LHC pp 27 2 | 20 20 | 220 | 7.2BCHF
1B-3 L@l o FCC-hh pp 100 2 30 25 580 |17(+7) BCHF
0.1 1 10 100 FCC-eh ep 3.5 1| 2 25 | (+100) | 1.75 BCHF
Collider Center of Mass Energy (TeV) Muon Collider| ppu 14 2 50 15 290 10.7* BCHF

arXiv:2003.09084
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Physics Motivations: Discovery Potential

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

Protons are formed by partons = interactions occur between the proton constituents = fraction of
\/Sp enter in the short-distance reactions.

Vector boson fusion at multi-TeV muon colliders, A. Costantini et al.

1000 T T T T

200

Q.
Q.

pp

800 |
150

600

100 |

E, [TeV]

400}

E, [TeV]

50
200

Manchester - HEP Seminar November 6, 2020


https://arxiv.org/pdf/2005.10289.pdf

Physics Motivations: Certain 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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1 2 3 = Asm(1 + 63)
V() = myiﬁh + Q sl

Trilinear couphng Quadrilinear coupling

Measuring the quartic Higgs self-coupling at
a multi-TeV muon collider, M Chiesa et al.
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https://arxiv.org/pdf/2005.10289.pdf

Main Issues




The Beam-Induced Background

Muon decay... just a back of the envelope calculation:

beam 0.75 TeV A = 4.8x10°m, with 2x10'?u/bunch = 4.1x10°decay per meter of lattice.
Muon induced background, if not properly treated, could be critical for:
= Magnets, they need to be protected

= Detector, the performance depends on the rate of background particles arriving to each subdetector
= People due to neutrino induced radiation

 Neutrinos from intense muon beams are very well collimated, 8 ~ 1/y. At 1TeV 8 =~ 10~*
Neutrinos beams interact with matter, the products originate the dose when they reach the earth surface

Radiation hazard studied since the beginning MAP:

(.(.h t t‘n
ot spo .
» I

muon collider

*

straight section

N

v

New study based on Fluka is starting: careful design of the collider in particular in the straight sections
and of the environment 1s needed.

» O,~1fy,
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https://doi.org/10.1142/S1793626814300072
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 in the detector by implementing
a model of the tunnel and the accelerator =200 m from the interaction point.

» Secondary and tertiary particles from muon decays have been simulated with MARS15 then
transported to the detector.

» Two tungsten nozzles play a crucial role in background mitigation inside the detector.

500

ol JINST 13 P09004

R,cm

-250

=8 0 2.50e+03 5.00e+03 ] 7.509+COIB
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https://map.fnal.gov/

Beam-Induced Background Study

Tunnel Detector Nozzle Final focus

L . s BIB available for \/s=1.5 TeV and /s=125 GeV
i Prepare a new tool based on Fluka to generate new BIB:
at different /s

Modifying the detector and the interaction region

& Geomet
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N. Mokhov et al. Fermilab-Conf-11-094-APC-TD
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Beam-induced background properties /s =1.5 TeV

—_
o
2

—_
o
S

10

E= ()] ()]
x g — photons = 10°8 F
. = 2 2
g of — neutrons g E —— photons g 71 — neutrons
2] = r =
% 10 E — electrons 5 3 i -510 E
£ E _ €107 electrons g F —— ch. hadrons
3 s = ch. had. 3 E 3 -
10° & = o . r
ks E ~— muons g F g 10°
g5 F 8 ol g F
2 0l S10°% Il
=] E g <
z = g S [
= o 2 s
B s} 5 10°E
3l ° 5107
107 ‘JHJJI £10°E 5 F
= Q E
E E F 2
C g IS
>
10% z bd
N [ 1

A\

Ly
o . || - M
~1000 0 Distance1f?g% decay%%?r% to IP[c:anO]00 102; %%mmmﬁﬂmﬂ .."TI{ ]
Contributions from p decays |z| > 25 m : jl"hwuj E

————
—_
o
w

1

~dooo " =2000

.
5
5

k-

0 0.020.04 006008 01 012 0.14 0.16 0.18 0.2 e e

become negligible for all background momenium [GeVic] o 05 1 15 2 25 3

momentum [GeV/c]
species but Bethe-Heitler muons
Secondary and tertiary particles have low momentum

Manchester - HEP Seminar November 6, 2020



Beam-induced background properties /s =1.5 TeV
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= Time information is important to reduce the beam-induced background at \/s=1.5 TeV.
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= BIB behavior at higher center of mass energies has to be studied.
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Detector & Detector Performance at /s =1.5 TeV
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Detector for /s =1.5 TeV Collisions

= CLIC Detector adopted with modifications for muon
collider needs.

= Detector optimization at \/s=1.5 (3) TeV is one of the
Snowmass goals.

superconducting

muon solenoid (4T)
chambers ‘

tracking system
hadronic
calorimeter

shielding nozzles
(tungsten + borated
polyethylene cladding
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Vertex Detector (VXD)

= 4 double-sensor barrel layers 25x25um?

= 4+4 double-sensor disks 25x25um?

Inner Tracker (IT)

= 3 barrel layers 50x50um?

= 7+7 disks 7

Outer Tracker(OT)

= 3 barrel layers 50x50um?

= 4+4 disks ”

Electromagnetic Calorimeter (ECAL)

= 40 layers W absorber and silicon pad
sensors, 5x5 mm?

Hadron Calorimeter (HCAL)

= 60 layers steel absorber & plastic
scintillating tiles, 30x30 mm?

November 6, 2020
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Tracking System at /s =1.5 TeV

BIB effects can be mitigated at reconstruction time:
Effects of beam-induce background can be
mitigated by exploiting “5D” detectors, i.e.
including timing.

Sample of prompt muons: 0 < Pr < 10 GeV
Prompt muons with BIB

02 E_ prompt muons
. . . . 018
A £150ps window at 50ps time resolution in the or6r prompt muons + BIB
Vertex detector allows to strongly reduce the e [
012 :
OCCup ancy. 01; ——— prompt muons +
0.08F— 02
o.osi— 04 5?—
& 7005 004 g
S, 0.02— 0.1—
> . no time cut E o L N -
§ 600 .t' t 0—p 5 10 15 trackxz/ndozfo “ 0_05%
2 Iime cu C
< 500 95" (;4 - B Lo!4‘ o5
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400 R oT
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Calorimeter System at \/s =1.5 TeV

Calorimeter Occupancy

T T T T

10

longitudinal calorimeter occupancy [hits/mm?]

10" = L1

I T T T I T T T I
—— BIB in ECAL barrel

—— BIB in HCAL barrel

=

1400 1600

Few BIB hits arrive to the muon detectors

These characteristics need to be exploited in order to:

=  Optimize jet reconstruction algorithm.

= Design appropriate algorithm to identify b-jets.

= Propose integrated methods to efficiently reconstruct
muons, in particular at very high momentum.
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Detector Performance at /s =1.5 TeV

Jet b-tag efficiency

i~ F T T T L 0.6 — —T —T
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- —~n=1. ] 2 o4E 3 7 -
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- MR R TR R S T R N L] olg , . v oy r U S S R S S S 3
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> 1 I | | 3
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2 06 + E = fakerate:1+3%
& 0.5 + - :
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Software Status

» ILCSoft which will be part of the Future Collider Framework, Key4hep, is used.
The simulation/reconstruction tools support signal + beam-induced background merging.
Presentation at with a tutorial, and Confluence

» Event Full Simulation -> no issues
» Event track reconstruction:
« It takes a very long time to do it with full BIB
* Reduce the combinatorial: = i :
e cutting harder on timing 7=
* exploit double layer (to be optimized) to remove tracks not
coming from primary interaction
» Jet Reconstruction: P
= Subtract “average” energy per tower to remove BIB :
= Optimize ParticleFlow algorithm
» Jet b-tag: to be optimized

[RRRRNRRRES RN

&

ol

~N

&
3
g :

©

&

-l_u_I_I.IJJ.I_I_IJ.LUJ_L 1 u_u.m. )
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https://indico.fnal.gov/event/45187/timetable/
https://confluence.infn.it/display/muoncollider/Muon+Collider+Home

Detailed Physics Studies, so far




utu~ — bb Studies at /s =1.5 TeV

utu=™ — HX,H — bband u*tu~ — bbX generated @+/s = 1.5 TeV with PYTHIA 8

Process

cross section [pb]

pruT =/ Z — bb 0.046
wtpn= — /2~y )7 — bb+X 0.029
utpu~ — /7~y — bby 0.12
utp~ — HZ — bb+X 0.004
utp~™ — ptu~ H H — bb (ZZ fusion) 0.018
uu~ — v,v, HH — bb (WW fusion) 0.18 | Signal

Manchester - HEP Seminar

utu~ — Hvv - bbvv + beam-induced
background fully simulated
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Higgs bb Couplings: Assumptions

2 2 2
_ A
o(utu~ — Hv) - BR(H — bb) gawwYHbb 4( gbe) _ 2
H YHbb \_9°nww/TH

*u™ - Hvv) - BR(H - bb) = L
o = Hvv)  AeLT Obtained, with several
Ac VN.+B approximations, from e e ~:

~ — 2% @]1.4TeV

° N 1.8% @ 3TeV

N, : number of signal events.

B: number of background events, u*u~ — qg from Pythia + beam-induced background

o: cross section times BR

A: acceptance; removed nozzle region for /s =1.5 TeV, 2 jets |n| < 2.5, and p; > 40 GeV
¢: measured with the full simulation at 4/s =1.5 TeV

Manchester - HEP Seminar November 6, 2020
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Assumptions for Higgs bb Couplings at+/s = 3,10 TeV

» Nozzles and interaction region are not optimized for these energies, nor is the detector.

> Efficiencies obtained with the full simulation at \'s = 1.5 TeV used for the higher center-of-mass
energy cases, with the proper scaling to take into account the different kinematic region.

> At higher Vs the tracking and the calorimeter detectors are expected to perform significantly better
since the yield of the beam-induced background should decrease with V's.

> The uncertainty on 29 Hww/TH) i talcen from the CLIC at Vs = 3 TeV and used also at Vs = 10 TeV
G aww /TH)

Conservative Assumptions

Manchester - HEP Seminar November 6, 2020
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Higgs bb Couplings Results

= [Instantaneous luminosity, £, at different \s is taken from MAP.
= Acceptance, A, number of signal events, N, and background, B, are determined with simulation.

= Running time =4 - 10’ s = 4 Snowmass years

= Only one detector

s A € L Lins o N B % —Agg be”b”
[TeV] | [%o] | [%] | [em™2s~!] | [ab™!] | [fb] (9] | [%o]
1.5 | 35 | 15 | 1.25-10°* | 0.5 |203 | 5500 | 6700 | 2.0 1.9
3.0 | 37 | 15 | 4.4-10* 1.3 | 324 | 33000 | 7700 | 0.60 | 1.0
10 39 16 2.10% 8.0 549 | 270000 | 4400 | 0.20 | 0.91
Vs [TeV] | Lin [ab™"] Ag‘g;f—b”;’ [7] ~ CLIC numbers: obtained with a model-
1.5 0.5 1.9 independent multi-parameter fit performed in three
Muon Collider 3.0 1.3 1.0 stages, taking into account data obtained at the
10 8.0 0.91 three different energies.
0.35 0.5 3.0 .
CLIC 14 15 1.0 Results published on JINST as Detector and
3.0 2.0 09 Physics Performance at a Muon Collider

Manchester - HEP Seminar
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https://iopscience.iop.org/article/10.1088/1748-0221/15/05/P05001

Higgs Boson Potential determination

Two-Higgs Cross Section vs. Higgs Self-Coupling

i : i Coliger HH cross section at a muon collider is higher with respect to
5 ] 5 — V5=6TeV — o 5 OnC
5 | LT (e s i — JTo3TeV L e+e at the same Center_of_mass energy due tO dlfferent lnltlal

state radiation.

2.0}

arXiv:1405.591O

]. T
‘ ; ; A3 = Ay (1 + 63) Vs =14 TeV I
— 53T ] _ L=33 ab~!
0l r. i . : ; ; /14 — ASM(]- + 54) N — Nea|
0.4 0.6 0.8 1.0 12 1.4 1.6 0.5 —Wﬁd <1
)‘/ASJ\I
S 0
Phenomenological studies show that at 14 TeV, 05 |
with 33 ab-! it will be possible to achieve an S0 axivi200313628 oy o
uncertainty of 50% on the quadrilinear coupling. Ll sl
—0.2 —0.1 0 0.1 0.2
03
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Double Higgs Boson Studies at /s = 3 TeV

Vs =3 TeV ;
Sample used e r*—‘g"i———; -

Q u*u” > HHV - bbbbvv ;Vgllz\zt}\lflgé?j‘ev
Q utu~ - bbbbvv inclusive e B

= Detector acceptance and MDI of /s = 1.5 TeV
= Detector performance determined at+/s = 1.5 TeV events weighted to take into account for the

different energy ‘

Conservative assumptions
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Study of double Higgs production at /s = 3 TeV : preliminary results

Very preliminary event selection and reconstruction:
Nj>3 with Pr>20 GeV, b-tag jets P1>40 GeV
= Jets combined in pairs, one jet per pair is required to be b-tagged
= Separate signal from background using a BDT with 5 input variables.

5 o Assumptions
03 HH C Lint = 1.3 ab_l
“t — Bkg I * Running time =4 - 107 s
- * one detector

0.15

HHl\H\l\llllll[l[\l\l‘]I]Illlllll[lw

0.4 § 250 + data Vs=3 TeV With a Simple fit to the
— N RIT 1.3 ab™ BDT output
— T T A B 200
%3 02 0.1 0 0.1 0.2 03 - Bk A o
150 g 7 — O 33

CLIC has 7.5% with
5 ab~! and very
refined analysis

IIIIIIIII|IIII|l||l|l|ll|||l

3

0.2 0.3
BDT
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How to Study double Higgs production at /s = 10 TeV

Vs=10 TeV

W-muons

neta
* antimuons

T BTev

Vs=10 TeV

W muons
5TeV

'+ U —HHv—bbbbwv

u*u—HHvv—bbbbvv
Simulated for the first time at this energy
* Event topology different with respect to “low” energies. T
* Dedicated detector and reconstruction algorithms have to be proposed. Terra InCO gnita.:

 Signal and background properties and characteristics to be studied

Manchester - HEP Seminar
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To conclude

» Muon Collider can be THE future machine

» We need to work together to understand if it is feasible by studying:

» Machine and Beam-induced background
» Physics potential:
* Only a first look at the Higgs in details
* Plenty of studies to be done, some, maybe even unexpected ...

3.1
3.2
3.3

4.1
4.2
4.3
4.4
4.5
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1 Introduction
2 Computational setup

3 Comparing proton colliders and muon colliders

2 — 1 annihilations
2 — 2 annihilations
Weak boson fusion

4 Standard Model processes at muon colliders

Technical nuances at high energies
W*W~ fusion

ZZ, Z~, and vy fusion

WZ and W+ scattering

W*W+ fusion

5 Precision electroweak measurements

5.1
5.2
5.3

SMEFT formalism
Higgs self-couplings at muon colliders

Top electroweak couplings at muon colliders

6 Searches for new physics

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
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8 Conclusions

» An international collaboration is being formed.

Vector boson fusion at multi-
TeV muon colliders, A.
Costantini et al.

I We need to have more courage, and collectively agree on alternatives. I
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