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introduction

Muon colliders: highest lepton-antilepton collision energies for precision measure-
ments of particles like the Higgs boson and for further study of their properties.

Main challenges of present muon collider design studies: capture and cooling
stage of muons after generation by intense GeV-class proton beams impinging
on solid targets producing pions further decaying into muons and neutrinos.
Large emittance of pion beams, mapped into muon ones, mainly given by the
mm-size beam source at the target and by Coulomb scattering of protons and
pions propagating through the target.

We discuss the possibility to generate low emittance muon beams at hun-
dreds GeV by colliding high energy Large Hadron Collider/Future Cir-
cular Collider like protons and counterpropagating FEL keV photons.

scheme & parameters

PROTON-PHOTON head-on collision

Energy and Lorentz factor of Center of Mass, assuming Ep >> hν, are
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where Ep, pp and hν, k are energy, momentum of proton and photon in LAB. Mp = 938 MeV/c2 is the proton mass.

Table 1: Collider performances in various scenarios.

Proton source Ep Npr spot size σ0 Photon source hν Nph

LHC 7 TeV 2 · 1011 7 µm FEL 10− 20 keV 1013

FCC 50 TeV 1011 1.6 µm FEL 1.43− 12 keV 1014

SPS 400 GeV 2 · 1012 18 µm ICS 180− 1450 keV 108−9

advantages

� Photon energy in proton rest frame is
hν′ = hνγ(1− β · ek) ' 2γhν

where β is the velocity of the proton, ek is the direction of propagation of the photon and γ = Ep/Mp.

� The asymmetric collision of hadrons and FEL keV photons imparts a strong Lorentz boost to the secondary
particles which are emitted at hundreds GeV energy in a small angle around the hadron beam propagation axis.

relevant reactions

p + hν → p′ + µ−µ+ Best way to produce both signs muons.

Threshold energy: hν′th = 235 MeV.

p+ hν → n+ π+ → n+ µ+ + νµ

p+ hν → p′ + e−e+

p+ hν → p′ + hν′

}
side e�ects

muon pair production: phase spaces, emittance and energy spread considerations
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where pµ, Mµ are momentum, mass of muon, ∆p ≡ 4γhν/Mp and we assumed a uniform distribution
of momenta in transverse phase space.
Homemade event generator code based on �at di�erential cross section, some examples reported below:
transverse normalized emittance values are very low, but energy spread ones increase extremely fast.

Figure 1: Ep = 50 TeV, no proton beam emittance. Left: muon beam phase speces at hν = 2.5 a), 2.3 b),
2.2053 c) keV. Right: simulated vs theoretical muon beam emittance and energy spread as function of hν [keV].

Away from MPP energy threshold
Homemade event generator code based on correct di�erential cross section. The spectrum is peaked:
opportunity to select a high number of muons around the energy peak value to reduce energy spread.

Figure 2: Phase spaces of muons for Ep = 50 TeV and hν = 10 keV. Here εµn = 0.83 [mm·mrad].

Figure 3: Muons/s within 10 GeV bandwidth, Ep = 50 TeV and hν = 5, 6, 7, 8, 10, 12 keV.

luminosity and flux

Number of a certain kind of particle:

N = L · Σ =
NpNphr

4πσ2
0

· Σ.

with Σ total cross section, Np, Nph number of protons, pho-
tons and r repetition rate.

Figure 4: Total cross sections of relevant reactions.

Ex: FCC beam of Ep = 50 TeV, Npr = 1011 and σ0 = 1.6
µm, Nph = 1014 and r = 10 MHz. L = 3.1 · 1038 cm−2s−1.
Electron/positron pair production is the dominant reaction,
but the proton beam is not a�ected since the e−e+ energy
is low. Inverse Compton scattering does not substantially
perturb the proton beam due to its very small cross section.
Dominant proton beam loss rate given by the pion produc-
tion: at FCC loss∼ 6.5 · 1010 protons/s, one order of mag-
nitude higher then loss∼ 6.8 · 109 protons/s foreseen for p-p

operation. With an expected number of circulating proton
bunches of about 3000, the proton beam life-time would be
in excess of 1 hour, nearly equivalent to the one set by beam
dynamics and instabilities in FCC ring.

Table 2: Rate of events per second for Ep = 50 TeV, L = 3.1·1038
cm−2s−1 and various photon beam energies.

hν Nπ Nµ−µ+ Ne−e+
[keV] [s−1] [s−1] [s−1]

1.43 1.86 · 1010 0 4.5 · 1012

2.21 3.72 · 1010 1.25 · 104 5 · 1012

3 6.5 · 1010 4 · 105 5.4 · 1012

10 8.6 · 109 4.8 · 106 6.5 · 1012

12 6.8 · 109 5.6 · 106 6.8 · 1012

Figure 5: e−e+ energy spectrum [MeV] for Ep = 50 TeV and
hν = 10 keV.

conclusion

� Combined operation of LHC/FCC with a X-ray Free Electron
Laser: opportunity of conceiving a hybrid HPC at a luminosity
exceeding 1038 s−1cm−2.

� HPC aimed to generate secondary beams of unique characteristics,
via a highly boosted Lorentz frame corresponding to a very
relativistic moving CM reference frame. Secondary beams have
outstanding properties of low transverse emittance and collimation
within very narrow forward angles.

� Best opportunity to obtain muon beams is direct muon pair
production: despite the very low cross section value, the critical
steps represented by the production of charged pions of both signs
and the storage and selection of the pions would be overcome.
The long life of the high energy generated muons (in excess of ms)
o�ers the opportunity to accumulate them in a storage ring so to
achieve muon collider requested bunch intensities.
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