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The High Enerav Phvsics L andscape

Our Frontiers are the directions in which
(i.e., reasons why) New Physics might hide

— AKA Energy Frontier
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Why Colliders?

No single experiment can explore all directions at once.

None (in heaven or earth) can guarantee discoveries of
new fundamental laws of nature.

But, high energy colliders have guaranteed outcome:

Accurate measurements of Accurate predictions within the Standard
great variety of observables. I Model of Particle Physics.
Under precisely known Directly based on microscopic physics
experimental conditions. laws, principles and techniques.

—. 1) Complete and conclusive exploration of the Energy Frontier
2) Sharp answers to well-posed Beyond the SM questions

Only one drawback: they are Expensive.
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Why Colliders?

Expensive? Yes, no doubt, but ...

Many Cheap Experiments

One Expensive Collider VS.
£ One opportunity each.

Many BSM opportunities
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Why Colliders?

Expensive? Yes, no doubt, but ...

One Expensive Collider VS. Many Cheap Experiments
¢ Many BSM opportunities One opportunity each.

Complete and Conclusive Conclusive? It depends.
Energy Frontier exploration. Complete? No:

Up to Collider reach Small Coupling Frontier
is much harder to chart

Large Mass
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Small Coupling mall Couplin

Frontier Frgntier
A
One of the many additional axes that One of the many additional axes that
characterise New Physics complexity characterise New Physics complexity

Still, no doubt that next big project, to have a chance, must be ambitious
enough to make great jump ahead in exploration of multiple directions

[even better if constructed with revolutionary technology] "



Why Muons?

Leptons are the ideal probes of short-distance physics:

All the energy is stored in the colliding partons
No energy “waste” due to parton distribution functions
High-energy physics probed with much smaller collider energy
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Why Muons?

Leptons are the ideal probes of short-distance physics:

All the energy is stored in the colliding partons
No energy “waste” due to parton distribution functions
High-energy physics probed with much smaller collider energy

pp \/_ at whiches,,=0,,
for pair prod. with M ~ \/_

. Estimate for EWK-only
charged particles

» Estimate for EWK+QCD-
charged particles
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Why Muons?

Leptons are the ideal probes of short-distance physics:

All the energy is stored in the colliding partons
No energy “waste” due to parton distribution functions
High-energy physics probed with much smaller collider energy

» Reference Point:
14 TeV p-collider ~ FCC@100 TeV

pp \/E at Which Oy = 0y,

. Estimate for EWK-only
charged particles

» Estimate for EWK+QCD-
charged particles

V4
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Why Muons?

Leptons are the ideal probes of short-distance physics:

All the energy is stored in the colliding partons
No energy “waste” due to parton distribution functions
High-energy physics probed with much smaller collider energy

Electrons radiate too much
[cannot accelerate them in rings above few 100 GeV]
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Why Muons?

Leptons are the ideal probes of short-distance physics:

All the energy is stored in the colliding partons
No energy “waste” due to parton distribution functions
High-energy physics probed with much smaller collider energy

Electrons radiate too much
[cannot accelerate them in rings above few 100 GeV]

Muon Colliders

Input to the European Particle Physics Strategy Update

The Muon Collider Working Group
Jean Pierre Delahaye®, Marcella Diemoz?, Ken Long?, Bruno Mansoulié*, Nadia Pastrone® (chair),
Lenny Rivkin®, Daniel Schulte!, Alexander Skrinsky7, Andrea Wulzer!-®

+

Deliberation Document
on the 2020 update of the European Strategy for Particle Physics

e lan international design study for a muon colliderfas it represents a unique opportunity to achieve a multi-

TeV energy domain beyond the reach of e+e- colliders, and potentially within a more compact circular
tunnel than for a hadron collider. The biggest challenge remains to produce an intense beam of cooled
muons, but novel ideas are being explored;
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Why Muons?

Lepton ICS:

All the ¢
No ene
High-e

Electrc

nternational

lUON Collider
laboration

muoncollider.web.cern.ch

e Jan international design study for a muon colliderf§las it represents a unique opportunity to achieve a multi-

TeV energy domain beyond the reach of e+e- colliders, and potentially within a more compact circular
tunnel than for a hadron collider. The biggest challenge remains to produce an intense beam of cooled
muons, but novel ideas are being explored;
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https://muoncollider.web.cern.ch

Why Muons?

Leptons are the ideal probes of short-distance physics:

All the energy is stored in the colliding partons
No energy “waste” due to parton distribution functions
High-energy physics probed with much smaller collider energy

Electrons radiate too much
[cannot accelerate them in rings above few 100 GeV]

Letter of Interest
D. BurTaZZO, R. CAPEDEVILLA, M. CHIESA, A. COSTANTINI, D. CURTIN, R. FRANCESCHINI,
T. HAN, B. HEINEMANN, C. HELSENS, Y. KAHN, G. KrNJAIC, I. Low, Z. LiU,
F. MaLroni, B. MELE, F. MELONI, M. MORETTI, G. ORTONA, F. PICCININI, M. PIERINI,
R. RATrTAZZI, M. SELVAGGI, M. Vos, L.T. WANG, A. WULZER, M. ZANETTI, J. ZURITA

On behalf of the forming muon collider international collaboration [1]

We describe the plan for muon collider physics studies in order to provide inputs to the Snowmass
process. The goal is a first assessment of the muon collider physics potential. The target

accelerator design center of mass energies are 3 and 10 TeV or more [2]. Our study will consider
energies v = 3,10, 14} and the more speculative [JEcy = 30 TeV | with reference integrated
luminosities |£ = (Ecpn/10 TeV)? x 10ab~ " |[3]. Variations around the reference values are

encouraged, aiming at an assessment of the required luminosity of the project based on physics
performances. Recently, the physics potentials of several future collider options have been studied
systematically [4]|, which provide reference points for comparison for our studies.


https://indico.cern.ch/event/944012/contributions/3989516/attachments/2091456/3518021/Physics_SnowMass_LoI.pdf

Why Muons?

Muon Collider Physics Potential Pillars

Generic Exploration

‘ Strategies

(" )

Direct svearch of
heavy particles

Answering questions like:

“Postponed” Naturalness?
Extended Higgs Sector?

High rate
iIndirect probes

Answering questions like:

Higgs potential shape?
BSM Higgs couplings?

-

. Y
High energy
probes
Answering questions like:

A Composite Higgs?
A new gauge force?

4 )

WIMP Dark Matter? What about the Top? EW matter in loops?
L A = L A = L A =
Specific BSM
Questions

2) Sharp answers to well-posed Beyond the SM questions

1) Complete and conclusive exploration of the Energy Frontier
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The case for direct searches

EW pair-produced particles up to kinematical threshold

events

10TeV pmp™, Ling = 10ab™*

107,

0

14TeV pt ™, Lipg = 20ab™?

. 107

- 10°

30TeV u i, Ly = 90ab™*
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The case for direct searches

EW pair-produced particles up to kinematical threshold
Striking for 10+TeV

“Postponed Naturalness” Probes
Note that scale here is logarithmic, but tuning is quadratic!

Model JLadt[ab™"] Vs [TeV] Mass limit (95% CL exclusion)
.‘x I3) fify, i) 3 14 1.7 TeV
O T
le) j fif, iott/3body 3 14 0.85 TeV
T
M fify, fi—ct/Abody 3 14 0.95 TeV
O) -
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=1 =
"q_) 2 Aniodlsbody 15 27 18 TeV
— T
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w
> 2 fisc¥labody 15 375 2.2 TeV
e ’
al o ARAobPE) 25 15 0.75 TeV
> <j> i, fi—ob¥ i) 25 15 0.75 TeV
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) nh, H—bX /X . - -
e
(4] s hh, bR 5 3.0 1 5 TeV
— s
C",')' i bt 5 30 |5 ToV
(3
) fify, Fi—bY* 1] 5 3.0 (15-€) TeV
LL P e 30 100 10.8 TeV
<
CE) 8  inaod3body 30 100 10.0 TeV
[T
L ifi, ficPa-body 30 100 . T . o . s0Tev
107! 1 ss scale [TeV]

CH Top Partners I
MUC14


https://arxiv.org/pdf/1910.11775.pdf

The case for direct searches

EW pair-produced particles up to kinematical threshold
Striking for 10+TeV

Great reach on “Higgs-Portal-Coupled” BSM
Thanks to huge VBF rate

——- BSM (or SM)

23



The case for direct searches

EW pair-produced particles up to kinematical threshold
Striking for 10+TeV

Great reach on “Higgs-Portal-Coupled” BSM
Thanks to huge VBF rate

Scalar Singlet Simplified Model

probed by per mille
Higgs couplings

See also [Ruhdorfer, Salvioni, Weiler, 2019]
[Costantini, De Lillo, Maltoni et. al., 2020]
["The muon's smashers guide", 2021]
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https://arxiv.org/pdf/1910.04170.pdf
https://arxiv.org/pdf/2005.10289.pdf
https://arxiv.org/pdf/2103.14043.pdf
https://arxiv.org/pdf/1807.04743.pdf

The case for direct searches

EW pair-produced particles up to kinematical threshold
Striking for 10+TeV

Great reach on “Higgs-Portal-Coupled” BSM
Thanks to huge VBF rate

Thermal Higgsino/Wino WIMP Dark Matter

[Han, Liu, Wang and Wang, 2020], [Di Luzio, Gréber, Panico, 2018]
By Disappearing Tracks: [Capdevilla, Meloni, Simoniello, Zurita, 2021]

u ] T [ T T T T u T
Direct detection projection 2.004 . Indirect detection
Wino

Higgsino

\
\
Indirect detection :
\
\
\
\
\
\
FCC-hh )
FCC-hh
MuC 3 TeV
MuC 3 TeV
MuC 10 TeV
MuC 10 TeV
CLIC 3 TeV
CLIC 3 TeV 149 1677 \
\
CLIC 1.5 TeV 0.741 0.932 | CLIC1.5TeV
!
CLIC 0.38 TeV 0.189 0.398 No collider o502 0.189 0:294 ‘ No collider
ILC 0.5 TeV [ 20, disappearing track ILC 0.5 TeV | W 20, disappearing track
' Bl 50, disappearing track : B 5o, disappearing track
FCC-ee 0175 U kinematic limit +/s/2 FCC-ee | kinematic limit +/s/2
CEPGC 9 20, indirect limit CEPC 0.119 0.261 \ 20, indirect limit
. L \ .

0! 1 m(7®) [TeV] 10 1 m(*) [TeV]


https://inspirehep.net/literature/1818666
https://inspirehep.net/literature/1700392
https://arxiv.org/abs/2102.11292

High rate indirect probes

Large single-Higgs VBF rate

events

108 ?‘ T I T T T T I T T T T I T T T T I T T T T I T T T T I
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10°
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- tth
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https://inspirehep.net/literature/1813613
https://arxiv.org/pdf/2103.14043.pdf

High rate indirect probes

Large single-Higgs VBF rate

Precision on Higgs couplings driven by systematics. Could be 1%o
[Han, Liu, Low and Wang, 2020], ["The muon's smashers guide", 2021]

Fit Result [%]

10 TeV Muon Collider | with HL-LHC | with HL-LHC + 250 GeV ete™
Kw 0.06 0.06 0.06
Ky 0.23 0.22 0.10
Kg 0.15 0.15 0.15
Ky 0.64 0.57 0.57
K2~ 1.0 1.0 0.97
Ke 0.89 0.89 0.79
Ky 6.0 2.8 2.8
Kb 0.16 0.16 0.15
Ky 2.0 1.8 1.8
Kor 0.31 0.30 0.27

["The muon's smashers guide", 2021]
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High rate indirect probes

Large single-Higgs VBF rate

Precision on Higgs couplings driven by systematics. Could be 1%o
[Han, Liu, Low and Wang, 2020], ["The muon's smashers guide", 2021]

Large double-Higgs VBF rate

events
—_
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a
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https://inspirehep.net/literature/1813613
https://arxiv.org/pdf/2103.14043.pdf
https://arxiv.org/pdf/2012.11555.pdf
https://inspirehep.net/literature/1813613
https://arxiv.org/pdf/2005.10289.pdf

High rate indirect probes

Large single-Higgs VBF rate

Precision on Higgs couplings driven by systematics. Could be 1%o
[Han, Liu, Low and Wang, 2020], ["The muon's smashers guide", 2021]

Large double-Higgs VBF rate

[Buttazzo, Franceschini and AW, 2020}, also 2008.12204, 2005.10289;]
Higgs 3-linear: 0k =16(5%, 3.5%,1.6%) for E = ( 10, 14, 30) TeV

[FCC reach is from 3.5 to 8.1%, depending on detector assumptions]
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High rate indirect probes

Large single-Higgs VBF rate

Precision on Higgs couplings driven by systematics. Could be 1%o
[Han, Liu, Low and Wang, 2020], ["The muon's smashers guide", 2021]

Large double-Higgs VBF rate

[Buttazzo, Franceschini and AW, 2020}, also 2008.12204, 2005.10289;]
Higgs 3-linear: 0k =16(5%, 3.5%,1.6%) for E = ( 10, 14, 30) TeV

[FCC reach is from 3.5 to 8.1%, depending on detector assumptions]

Composite Higgs & & =16 (2.5%0, 1.2%0, 0.3%0) for E = ( 10, 14, 30) TeV

* [FCC-all reach, from Higgs couplings, is 1.8%o]
0NRr———————————— ———

From no-so-accurate measurements of | e }

high mass Higgs pair oot '

Trick is that € is a d=6 operators, On, and o

its effect grows with WW>HH energy 50

H —001}

H ~0.02
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https://arxiv.org/pdf/2012.11555.pdf
https://inspirehep.net/literature/1813613
https://arxiv.org/pdf/2005.10289.pdf

High energy probes

[Buttazzo, Franceschini, AW, 2020]

As simple as this:

<2
osm(E) Agsm
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High energy probes

[Buttazzo, Franceschini, AW, 2020]

As simple as this:

—6 _ .
Aot 2 rsay, ABSMiIOO TeV) 107" at EW [FCC-ee] energies
m I
2 ‘
osm(E) Agsm 102 at muon collider energies
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High energy probes

[Buttazzo, Franceschini, AW, 2020]

As simple as this:

_6 |
Ac(E) p2 [5a% Apgy = 100TeV) 10~° at EW [FCC-ee] energies

<2
osm(E) Agsm

10~2 at muon collider energies
g

“Equivalent” S-parameter.

100.

0.00751 Measuring ZH&WW @ E=Ecm 5

0.0050 '

0.0025 20 Today:
oy, | B o
F _0.00251 XN £ s

> | 3
O —-0.00504 N o
0.00 ~ ‘\

—0.0075 1

—0.0100- 05 1 0'6

—0.01251 a 02

~0.010 —0.005  0.000 0.005
Cg- TeV?
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10

Probing Higgs compositeness

[Buttazzo, Franceschini, AW, 2020]

“Standard” Future Colliders
Composite Higgs, 20

FCC—-ee(Cw)

trateg»:
010 20 30 40
m, [TeV]
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Probing Higgs compositeness

@I [, = 1/m;

“Standard” Future Colliders

[Buttazzo, Franceschini, AW, 2020]

Muon Collider

Composite Higgs, 20

Composite Higgs, 20
10 """""""""" B T
| _ G
L ’g / 7/
| S S P
' O 7
: %") \C\‘% /Qeg 7
6 &
4f .
: Europgﬁgiérateg» :
ol
o 10 20 30 40
m, [TeV]

120 140
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https://arxiv.org/pdf/2012.11555.pdf

Even Simpler: Minimal Z’s

“Standard” Future Colliders Muon Collider
Y -Universal Z , 20 Universal Z', 20

Generically, we can test EW interactions at > 100 TeV scale.
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Is this potential real?

Remember what we expect from colliders:

Accurate measurements of Accurate predictions within the Standard
great variety of observables. Model of Particle Physics.
Under precisely known Directly based on microscopic physics

experimental conditions. laws, principles and techniques.

37



Is this potential real?

Remember what we expect from colliders:

Accurate measurements of Accurate predictions within the Standard
great variety of observables. Model of Particle Physics.
Under precisely known Directly based on microscopic physics
experimental conditions. laws, principles and techniques.

— Background from decaying muons (BIB)

lllll

le+15

lllll

llllll
-----

IIIII

- 12001100 1000 g 90| 800 700) S00)

FLUKA @ 1.5 TeV

New Challenge for
Detector@Analysis design

For info, you can browse
the slides of the last Muon
Community Meeting



https://indico.cern.ch/event/1062146/timetable/#20211007.detailed
https://indico.cern.ch/event/1062146/timetable/#20211007.detailed

Is this potential real?

Remember what we expect from colliders:

Accurate measurements of Accurate predictions within the Standard
great variety of observables. I Model of Particle Physics.
Under precisely known Directly based on microscopic physics
experimental conditions. laws, principles and techniques.

L>EW Infrared logarithms are order one at MUC energies

Accurate resummation is needed.
[Manohar and Waalewijn, 2018, ...]

As well as accurate EW showering.
[Chen, Han, Tweedie, 2016; Han, Ma and Xie, 2021, ...]

NOT an easy extension of QED/QCD radiation treatment

Because of the peculiarities of broken gauge theories
Because of the accuracy we need

Because from radiation structure we can learn about New Physics!
[Chen, Glioti, Ricci, Rattazzi, AW, to appear]
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https://arxiv.org/abs/1611.00788
https://arxiv.org/abs/1611.00788
https://arxiv.org/pdf/2007.14300.pdf

Is this potential real?

We can, e.g., access charged current int. from W in.state radiation.

Exclusive/semi-inclusive complementarity in EFT interactions sensitivity.
prpm = VV(h)

0.4r

3_:
95%CL 95%CL
Vs =30TeV |

- mm w/o radiation e
m w/o radiation

w/ radiation | mm w/ radiation

- mm Combined

mm Combined

04 C . . . .
—0.4 —0.2 : : -2 =1 0 1

Op [107* TeV 7]

Because from radiation structure we can learn about New Physics!
[Chen, Glioti, Ricci, Rattazzi, AW, to appear]
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|s the collider feasible?

Obijective:
In time for the next European Strategy for Particle Physics Update, the study aims to
establish whether the investment into a full CDR and a demonstrator is scientifically

/"\'”te”‘a“"”a' justified. [Daniel Schulte, IMCC head. link]

UON Collider
"Collaboration

Scope:
* Focus on two energy ranges:
— 3 TeV, if possible with technology ready for construction in 10-20 years

— 10+ TeV, with more advanced technology, the reason to chose muon
colliders [Daniel Schulte, IMCC head. link]

Tentative Target for Aggressive Timeline
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I o0 o < <t
o o o o o
~ ~ ~N ~ ~N
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.S _5 Technical 3 § g’
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(7] - = 0 9
o o " p © =@
S =) Facility Construction x (W)
o o | =
o 3.’ o
(%]
Demonstrator design ([ e
Preparatory work
Prototypes Demonstrator 8‘8’
Construction g =
Demonstrator exploitation and upgrades | FAC]
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http://arxiv.org/abs/arXiv:1901.06150
https://indico.cern.ch/event/1087958/attachments/2329052/3968294/Germany.pdf
https://indico.cern.ch/event/1087958/attachments/2329052/3968294/Germany.pdf

International
/ \UON Collider
/ Collaboration
Scope:
* Focus on two energy ranges:

— 3 TeV, if possible with technology ready for construction in 10-20 years
— 10+ TeV, with more advanced technology, the reason to chose muon

colliders

Obijective:
In time for the next European Strategy for Particle Physics Update, the study aims to
establish whether the investment into a full CDR and a demonstrator is scientifically

justified.

|s the collider feasible?

[Daniel Schulte, IMCC head. link]

[Daniel Schulte, IMCC head. link]

Tentative Target for Aggressive Timeline

2045
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and Cost
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We might know the answer
in few years

A first MUC, at 3 TeV, could start
being built as early as 2038!

A
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|s the collider feasible?

One famous possible issue is radiation from h.e. neutrinos

Neutrino Flux Mitigation ()

©ooal

Concentrate neutrino cone from arcs
can approach legal limits for 14 TeV

“hot spot”

U

Goal is to reduce to level similar to LHC

muon collider

*

arc t section

’ .

v

O,~1y, 3 TeV, 200 m deep tunnel is about OK

Need mitigation of arcs at 10+ TeV: idea of Mokhov, Ginneken to move beam in aperture
Our approach: move collider ring components, e.g. vertical bending with 1% of main field

~2 % 600 m Opening angle £ 1 mradian

- _ =
t, 14 TeV, in 200 m deep tunnel
- comparable to LHC case
15

. Need to study mover system,

- : magnet, connections

neutrinos i
t, 51 ¥ and impact on beam

Working on different

EHEH approaches for experimental
insertion

D. Schulte Muon Collider, Collider Forum 1, October 2021 A 43
e, o Ly



http://arxiv.org/abs/arXiv:1901.06150

Conclusions

The muon collider is potentially a first-class option for
the continuation of the high energy physics journey

e Could be compact enough (even 30 TeV in LHC-sized tunnel with FCC-hh magnets)
* Not in competition with other projects: we do not know if feasible!
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Conclusions

The muon collider is potentially a first-class option for
the continuation of the high energy physics journey

e Could be compact enough (even 30 TeV in LHC-sized tunnel with FCC-hh magnets)
* Not in competition with other projects: we do not know if feasible!

Its physics potential relies on three pillars

s Direct search of A

heavy particles

Answering questions like:

“Postponed” Naturalness?
Extended Higgs Sector?
WIMP Dark Matter?

% -

L =

High rate
iIndirect probes

Answering questions like:
Higgs potential shape?
BSM Higgs couplings?
What about the Top?

s High energy

probes
Answering questions like:

~

A Composite Higgs?
A new gauge force?
EW matter in loops?

.
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Conclusions

The muon collider is potentially a first-class option for
the continuation of the high energy physics journey

e Could be compact enough (even 30 TeV in LHC-sized tunnel with FCC-hh magnets)
* Not in competition with other projects: we do not know if feasible!

Its physics potential relies on three pillars, plus
* Muon-specific opportunities (intriguing muon-related anomalies)

f . N
Muon-specific

opportunities

Direct probes of B-Anomalies models
[2101.04956, 2103.01617, 2104.05720]

Direct/Indirect probes of g-2 anomaly
[2006.16277, 2012.02769, 2101.10334,
2102.05619, 2012.03928]J

-
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* Not in competition with other projects: we do not know if feasible!

Its physics potential relies on three pillars, plus
* Muon-specific opportunities (intriguing muon-related anomalies)
* Neutrino opportunities (in MUC operation, or demonstration stages)
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the continuation of the high energy physics journey

e Could be compact enough (even 30 TeV in LHC-sized tunnel with FCC-hh magnets)
* Not in competition with other projects: we do not know if feasible!

Its physics potential relies on three pillars, plus
* Muon-specific opportunities (intriguing muon-related anomalies)
* Neutrino opportunities (in MUC operation, or demonstration stages)

Why working on muon colliders physics?

e [t is Important: we must consolidate the potential, define new targets,
motivate and inform Accelerator design.

e [t is Fun: novel BSM possibilities wait to be explored, as well as novel
challenges for predictions, object reconstruction, BIB mitigation, etc.
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The Very High Energy Muon Collider is a Dream
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The Very High Energy Muon Collider is a Dream

And, often, Dreams DO become Reality!

Thank You !
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