THE FRONTIER OF PARTICLE PHYSICS

THEORY AT MUON COLLIDERS

CARI CESAROTTI
MIT CTP - a Lienweber Institute = CERN Fellow

The Frontier of Particle Physics: Exploring Muons, Quantum Science, and the Cosmos
Yukawa Institute for Theoretical Physics - Kyoto, June 16, 2025




OUTLINE

Why collide particles at all?”

# What needs R&D to collide muons?
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OUTLINE

Why collide particles at all?”

High-energy environments uncover new phenomena




Collider Enerqgy

OPEN (QUESTIONS IN PARTICLE PHYSICS

Higher energies at colliders have always revealed insights on
fundamental degrees of freedom...
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OPEN (QUESTIONS IN PARTICLE PHYSICS

Higher energies at colliders have always revealed insights on
fundamental degrees of freedom...

...mostly confirming the Standard Model (SM)
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OPEN (QUESTIONS IN PARTICLE PHYSICS

Additionally, the SM is a model without principled explanations of
high-energy behavior

Many open questions remain...

o Higgs properties?
O Electroweak symmetry breaking?
o Origin of flavor?

o Strong CP? \

O ...

LHC



OPEN (QUESTIONS IN PARTICLE PHYSICS

Additionally, the SM is a model without principled explanations of
high-energy behavior

Many open questions remain...
...and even more exist beyond the SM (BSM)

o Higgs properties? o Dark matter?

O Electroweak symmetry breaking? O Baryon-antibaryon asymmetry?

o ? . .
o Origin of flavor? O Anomalies in precision measurements?

0
o Strong CP’ o

O ...



OPEN (QUESTIONS IN PARTICLE PHYSICS

Additionally, the SM is a model without principled explanations of
high-energy behavior

Many open questions remain...
...and even more exist beyond the SM (BSM)

Unitying principle: we need data at high energies

Colliders are the best technology we have for this
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THEORY & MACHINES

Two avenues for progress:

Precision or Discovery machines




Cross Section o

THEORY & MACHINES

Two avenues for progress:
Precision or Discovery machines
eTe” pp

Precision

Discovery

i

’Q
‘ [ ] [ ]
L 3
L
3 rigin
'S
IS
'S
Ny
~
Sapn

....
............

04
’0’ L/
o’
ms

Q...
..........



Cross Section o
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THEORY & MACHINES

Two avenues for progress:

Precision and Discovery machines

The ability to do both is what makes muon colliders
the most scientifically interesting future collider option
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Why collide particles at all?”

High-energy environments uncover new phenomena

Why collide muons?



OUTLINE

Why collide particles at all?”

High-energy environments uncover new phenomena

Why collide muons?

Reach higher energies and flavor-dependent couplings



CC € Accettura et al, Towards a Muon Collider 23 - CC € IMCC, Interim Report ‘24
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CC € Accettura et al, Towards a Muon Collider 23 - CC € IMCC, Interim Report ‘24

COMPARISON OF FUTURE COLLIDERS
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CC € Accettura et al, Towards a Muon Collider 23 - CC € IMCC, Interim Report ‘24

COMPARISON OF FUTURE COLLIDERS
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(Muons decay, muon cooling) Funding
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PHYSICS PROGRAM AT MUC

SM Deliverables: questions we know need answers

Higgs Electroweak @ High Energy

vy S5
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PHYSICS PROGRAM AT MUC

SM Deliverables: questions we know need answers

Higgs Electroweak @ High Energy

vy S5

BSM Exploration: questions that necessitate empirical input

Direct Indirect

<
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PHYSICS PROGRAM AT MUC

SM Deliverables: questions we know need answers

Higgs Electroweak @ High Energy

vy S5
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HIGGS PHYSICS AT MUC

Vector Boson Fusion (VBF) production scales with log of energy
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HIGGS PHYSICS AT MUC

Vector Boson Fusion (VBF) production scales with log of energy
MuC at 10 TeV is a Higgs Factory (0(10”) h produced)
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HIGGS PHYSICS AT MUC

With a Higgs Factory, we can improve measurements on couplings

...and test for deviations — signatures of new dynamics
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HIGGS PHYSICS AT MUC

With a Higgs Factory, we can improve measurements on couplings

...and test for deviations — signatures of new dynamics
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HIGGS (& BSM) PHYSICS AT MUC

Example: Improving measure of Higgs to invisible measurement
SM Prediction: h - ZZ* — 4v

Can further validate SM Set benchmarks on exotic scenarios
Motivates detector design Proof-of-concept new physics sensitivity
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EW PHYSICS AT MUC

Electroweak radiation at high energy is very different than at low energy:

When E, > m,, gauge bosons can radiate like photons (7)

Emission probability
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EW PHYSICS AT MUC

Electroweak radiation at high energy is very different than at low energy:

When E, > m,, gauge bosons can radiate like photons (7)

Emission probability

a .  ,f E° -
~—1l]og“| — | X Casimir ~ 1
4r mg;

At sufficiently high energy, gauge bosons are massless? (Capdevilla, Han '24)
How do we understand loop corrections to EW processes? (Ma, Pagani, Zero '24)

How do we dress a lepton with Z and W PDFs? (Garosi, Marzocca, Trifinopoulos ’23)
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PHYSICS PROGRAM AT MUC

SM Deliverables: questions we know need answers

High-energy studies of EW phenomena
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PHYSICS PROGRAM AT MUC

BSM Exploration: questions that necessitate empirical input

Direct Indirect

<
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BSM DIRECT SEARCHES

We assume we can directly produce on-shell new particles

1 Reach is often kinematic:
+ ~ —
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bunch
High-energy is the key to empirical evidence
for a UV theory of the SM

16



BSM DIRECT SEARCHES

We assume we can directly produce on-shell new particles

1 Reach is often kinematic:
+ ~ —
H < NP o7 Buttazzo, Franceschini, Wulzer ‘20
mNp S Vs .
§ — Xp/3
+  —
Il NP W
N = T
U T
— £~ X E? z

S B 153

bunch

High-energy is the key to empirical evidence
for a UV theory of the SM

We should be exploratory but not unmotivated in BSM searches
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BSM DIRECT SEARCHES

We assume we can directly produce on-shell new particles
Example: Thermal Dark Matter
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BSM DIRECT SEARCHES

We assume we can directly produce on-shell new particles

Example: Thermal Dark Matter
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BSM DIRECT SEARCHES

We assume we can directly produce on-shell new particles

Example: Leptophilic Thermal Dark Matter

Fermionic DM model with a scalar portal that couples leptophilically
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(proportional to Yukawa couplings)

D’Ambrosio, Giudice, Isidor:, Strumia ‘02
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BSM DIRECT SEARCHES

We assume we can directly produce on-shell new particles
Example: Leptophilic Thermal Dark Matter
CC, Krnjaic,’24

The improved sensitivity at MuC is because of
the second generation coupling and energy

Mono-X Search #
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BSM DIRECT SEARCHES

We assume we can directly produce on-shell new particles

Example: Leptophilic Thermal Dark Matter

The improved sensitivity at MuC is because of

the second generation coupling and energy

Mono-X Search #
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H

S — mé Background:
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BSM INDIRECT SEARCHES

To go beyond energy reach, we can indirectly probe new particles

Example: Interference at tree- and loop- level

20
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BSM INDIRECT SEARCHES

To go beyond energy reach, we can indirectly probe new particles

Example: Interference at tree- and loop- level
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PHYSICS PROGRAM AT MUC

SM Deliverables: questions we know need answers

High-energy studies of EW phenomena

BSM Exploration: questions that necessitate empirical input

Need empirical (high-energy) evidence to put us on motivated direction

21



OUTLINE

Why collide particles at all?”

High-energy environments uncover new phenomena

Why collide muons?

Reach higher energies and flavor-dependent couplings

# What needs R&D to collide muons?
e E\
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OUTLINE

Why collide particles at all?”

High-energy environments uncover new phenomena

Why collide muons?

Reach higher energies and flavor-dependent couplings

# What needs R&D to collide muons?
e E\

Focusing particles that decay

22



CHALLENGES OF Mu(C

Muons Decay
7,=22x107° s
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CHALLENGES OF Mu(C

Muons Decay
7,=22%x107"s
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CHALLENGES OF MuC

Muons Decay
7,=22x107°s
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CHALLENGES OF MuC

Muons Decay
7,=22x107%s
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CHALLENGES OF MuC

Muons Decay
7,=22%x107°%s

Vﬂ
//t > e
De
Tnicct Muon Collider Accelerator
pinjector >]0TeV CoM Ring
~10km circumference 5
H
.......................................... y3

: 4 GeV Target, nDecay pCooling  Low Energy
: Proton & uBunching Channel  p Acceleration
. Source Channel

*
lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Frontiers of Particle Physics 24 Cesaiotti



CHALLENGES OF MUC

Muons Decay
7,=22%x107°%s

Beam-induced background from decay products
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CHALLENGES OF MUC

Muons Decay
7,=22%x107°%s

Beam-induced background from decay products
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neutrino synerqgies!
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OUTLINE

Why collide particles at all?”

High-energy environments uncover new phenomena

Why collide muons?

Reach higher energies and flavor-dependent couplings

# What needs R&D to collide muons?
e E\

Focusing particles that decay
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POINTS FOR DISCUSSION

10~

| Lead Target Liar
10_37

What else can we do with a muon beam?
10~4.

What can we do with neutrinos?
107>

What technologies have we not considered? 10°.

What energy is most interesting to achieve? '

1078,

What are the most important questions we

= 5 TeV Lsh =10.0 m

need to answer in particle physics? m [GeV]
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OUTLOOK

Muons are the best opportunity to reach the 10 TeV frontier, soon
We need to balance exploratory studies with motivated searches
Design is flexible — needs input from theorists!

Scientific input will be the primary motivator for this collider:

We must understand now what a future machine should achieve

> Physics 27 Cesarotti
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CHALLENGES OF MUC

Beam-induced background from decay products

Maitigated with timang, kinematics, and shielding
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CHALLENGES OF MUC
Muons Decay

Beam-induced background from decay products

Maitigated with timang, kinematics, and shielding

Neutrinos interact at high energy

Make ring deep & diffuse the beam

Muon Collider Accelerator
>[0TeV CoM Ring | : -
~10km circumference I 4
I
’ i 15cm
& it
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# S neutrinos
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Sketch credit: D. Schule
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HIGGS COUPLINGS

Forslund € Meade ‘23
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HIGGS PRODUCTION
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DM AT MUMwobhsfHR&OPHILIC DM

CC, Krnjaic,’24
The improved sensitivity at MuC is because of the second generation
coupling and the increased available energy

107
Mono-X Search -8
L B | |
U~ - @y =vE = 10
=
< 10 0
H @ JER 4
= 107ME
B =
“‘S 10712 L
1% Y l 10-13
2 10—1-1
s —my Background: ﬂ oo
L ) 10-15 my, =3m, , o, = 0.5
2\/5 H U — vy 10-° 102 1007t 10° 100 102 108

m, |GeV]

30



BSM AT MiiGhs DERTOQUARKS

Asadi, Capdevilla, CC, Homiller, 21

Consider a BSM benchmark model: the leptoquark

New particle that can arise from Grand Unification Theories (GUT)

Broad class of NP model

O Low representation of GUT symmetry
o SUSY models (squarks in RPV)

o Flavor anomalies
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BSM AT MiiGhs DERTOQUARKS

Asadi, Capdevilla, CC, Homiller, 21

For benchmark choice of couplings, 5o reach at 3 TeV MuC

MuC can indirectly probe states i SINGLE
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DM AT EE COLLIDER: LEPTOPHILIC DM

CC, Krnjaic,’24
The improved sensitivity at precision electron machine is because of
the huge statistics at the Z-pole (5 x 10!* Z bosons!)
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