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Fig. 1: Equivalent proton collider energy. The left plot [1], assumes that qq and gg partonic initial states

both contribute to the production. In the orange and blue lines, β = 1 and β = 10, respectively. In the

right panel [4], production from qq and from gg are considered separately.

numbers, β = 1 isareasonable estimatebecause theparticlesareproduced by thesameinteraction at the

two colliders. If instead it also carries QCD color, the proton collider can exploit the QCD interaction to

produce the particle, and a ratio of β = 10 should be considered owing to the large QCD coupling and

color factors. The orange line on the left panel of Figure 1, obtained with β = 1, is thus representative

of purely electroweak particles. The blue line, with β = 10, is instead a valid estimate for particles that

also possess QCD interactions, as it can be verified in concrete examples.

Thegeneral lesson welearn from the left panel of Figure1 (orange line) is that at aproton collider

with around 100 TeV energy the cross-section for processes with an energy threshold of around 10 TeV

is much smaller than the one of a muon collider operating at Ecm =
p

sµ ⇠ 10 TeV. The gap can be

compensated only if the process dynamics is different and more favorable at the proton collider, like in

the case of QCD production. The general lesson has been illustrated for new heavy particles production,

where the threshold is provided by the particle mass. But it also holds for the production of light SM

particles with energies as high as Ecm , which are very sensitive indirect probes of new physics. This

makes exploration by high energy measurements more effective at muon than at proton colliders, as

we will see in Section 5. Moreover the large luminosity for high energy muon collisions produces

the copious emission of effectivevector bosons. In turn, they are responsible at once for the tremendous

direct sensitivity of muon colliders to “Higgsportal” typenew physicsand for their excellent perspectives

to measure single and double Higgs couplings precisely as we will see in Section 3 and 4, respectively.

On the other hand, no quantitative conclusion can be drawn from Figure 1 on the comparison

between the muon and proton colliders discovery reach for the heavy particles. That assessment will be

performed in the following section based on available proton colliders projections.

3 Direct reach

The left panel of Figure 2 displays the number of expected events, at a 10 TeV muon collider with

10 ab
− 1

integrated luminosity, for the pair production due to electroweak interactions of Beyond the

Standard Model (BSM) particles with variable mass M. The particles are named with a standard BSM

terminology, however the results do not depend on the detailed BSM model (such as Supersymmetry

or Composite Higgs) in which these particles emerge, but only on their Lorentz and gauge quantum

numbers. The dominant production mechanism at high mass is the direct µ
+
µ
−

annihilation, whose

cross-section flattens out below the kinematical threshold at M = 5 TeV. The cross-section increase at

low mass is due to the production from effectivevector bosons annihilation.

The figure shows that with the target luminosity of 10 ab
− 1

a Ecm = 10 TeV muon collider can

produce theBSM particles abundantly. If they decay to energetic and detectable SM final states, thenew
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Work material



1. Bunches of protons are accelerated onto a 

target of dense material. The atoms within the 

target emit a pion.

2. Pions are unstable and they quickly decay 

into a muon and a neutrino.

3. The neutrinos, virtually massless and 

without charge, pass out of the experiment. 

Solenoid magnets capture and direct the large 

cloud of charged muons towards a sequence 

of cooling stations.

4. In each cooling station the muons pass first 

through an absorber made of light material, 

such as liquid hydrogen. The muons collide 

with the atoms of the absorber, knocking off 

electrons, and loosing energy in the ionization 

process. This causes the muons to slow 

down…

5. …strong magnetic fields then guide the 

muons into radio-frequency cavities. The 

electric field in the cavities gives the lost 

energy back to the muons by replacing the 

momentum lost in the direction of the beam. 

In this way, muons lose energy and 

momentum in all directions, and are 

accelerated in only one direction.

6. This process is repeated until the muon 

beam is pencil-like, ready for injection into the 

accelerator.
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