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Abstract
Among the possible future lepton colliders under study,

circular muon colliders have the largest potential of reaching
center-of-mass energies of 10+ TeV. Being more massive
than electrons and positrons, muons are much less affected
by synchrotron radiation emission, but they suffer from the
drawback of having a limited lifetime. As a consequence
of their decay, intense secondary radiation fields are gen-
erated in the collider, which can considerably disrupt the
detector performance, both as physics background and as
a cause of long-term material degradation. Therefore, the
machine-detector interface in a muon collider requires a
careful design, integrating massive shielding elements be-
tween the detector and final focus magnets. In this paper,
we devise an interaction region design for a 10 TeV muon
collider with a final focus triplet. We quantify the flux of
secondary particles entering the detector by means of shower
simulations and provide a first optimization of the shielding
configuration.

INTRODUCTION
Future discovery machines for high-energy physics re-

quire unprecedented centre-of-mass energies and luminosi-
ties. Circular electron-positron colliders are strongly limi-
tated by synchrotron radiation (SR) emission, while linear
electron colliders, like ILC [1] and CLIC [2], require very
long accelerating sections. The possible energy reach in
hadron colliders [3] is much higher than in electron-positron
machines, but only a fraction of the centre-of-mass energy
is available in the collisions due to the composite structure
of the proton (a bound state of quarks and gluons). Muon
colliders [4, 5] offer the benefit of both categories: they
collide fundamental particles, without being limited by SR
emission due to a mass 200 times larger than the 𝑒−/+ one.

However, muons have an unstable nature, with a rest life-
time of 2.2 𝜇s. As muons decay product, neutrinos travel
through the machine unperturbed, while the decay 𝑒−/+ gen-
erate intense electromagnetic showers and give rise to sec-
ondary neutrons, mainly due to photo-nuclear interactions.
In the proximity of the collider experimental interaction
point (IP), these secondaries can travel inside the detector
area and can impede the physics performance and cause
radiation damage in detector components. To mitigate this
phenomenon, past studies [6, 7] within the Muon Accelera-
tor Program (MAP) [8] suggested the use of thick conical
shielding elements between the last final focus magnet and
the detector. These so-called nozzles aim at reducing the
beam-induced background (BIB) by several orders of mag-

nitude. The nozzles are assumed to be made of tungsten,
with an outer layer of borated polyethylene for reducing the
neutron flux. While the MAP studies focused on collider
energies ranging from

√
𝑠 = 125 GeV (Higgs factory) up

to a few TeV, the recently formed International Muon Col-
lider Collaboration is studying a higher-energy collider with√
𝑠 ≥ 10 TeV [9].
In this paper, we discuss the interaction region (IR) de-

sign for a 10 TeV collider and present BIB studies with
FLUKA [10–12]. As a starting point, we consider the ex-
isting MAP nozzle optimized for

√
𝑠 = 1.5 TeV (see Fig. 1).

The magnetic lattice has been designed from scratch [13].
First results of our background studies have been presented
in [14], illustrating the effect of dipolar components in the
final focus region. The dipole fields reduce the contribution
of distant decays, but the overall benefit was found to be
limited since the background is dominated by decays in final
focus magnets. In this paper, we assess the dependency on
𝐿∗ and present first optimization studies for the nozzle tip.
In the second half of the paper, we provide a first assessment
of the radiation damage in the 10 TeV detector.

LATTICE AND NOZZLE
Beam-Induced Background Versus 𝐿∗

The baseline IR lattice configuration for the 10 TeV col-
lider assumes the distance between the interaction point and
the last magnet 𝐿∗ = 6 m, with betatron function in the inter-
action point 𝛽∗=1.5 mm and a maximum allowed magnetic
field of 20 T at the magnet aperture (see Fig. 2) [13]. In
the detector region, we consider a uniform solenoidal field
of 5 T. The first 10 TeV studies [14] showed that muons
decaying in the nozzle area do not contribute significantly

Interaction point

Figure 1: Nozzle between IP and first quadrupole as imple-
mented in FLUKA. Only the right nozzle is shown. Both
axes are expressed in cm.
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Figure 2: Final focus lattice for a
√
𝑠 = 10 TeV muon collider.

Top: baseline with 𝐿∗ = 6 m, bottom: alternative lattice with
𝐿∗ = 10 m.
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Figure 3: The number of photons (top) and neutrons (bottom)
entering the detector volume per unit surface (per bunch
crossing). A larger 𝐿∗ of 10 m leads to a moderate reduction
of the BIB compared to 𝐿∗ = 6 m. Only the contribution of
the 𝜇+ bunch is shown (beam direction is from the left to
the right).

to the BIB. The strong solenoid field traps the 𝑒−/+, which
travel in the beam vacuum until they reach the other side
of the interaction region, depositing their energy in the ma-
chine components. As shown in [14], muon decays within
|𝑧 | < 𝐿∗ contribute several orders of magnitudes less to the
BIB than those in final focus quadrupoles.

In order to assess the impact of 𝐿∗ on the BIB, an alter-
native lattice with 𝐿∗ = 10 m was devised (see Fig. 2). The
peak magnetic field at the quadrupole aperture and 𝛽∗ was
assumed to be same as for 𝐿∗ = 6 m. The longer 𝐿∗ requires
larger 𝛽-functions in the magnets, therefore increasing the
magnet aperture. On the other hand, the quadrupole gradient
is smaller due to the 20 T limitation and the increased aper-
ture, thus implying a longer final focus scheme. To compare
the background for both lattices, we consider a single 𝜇+

bunch circulating in clockwise direction, with a bunch inten-
sity of 1.8 × 1012 muons. The transport cut for secondary
particles was assumed to be 100 keV, except for neutrons,
which were transported down to 10−5 eV.

Figure 3 shows the number of photons and neutrons per
unit surface entering the detector in proximity of the IP
(|𝑧 | < 5 m); results are given per bunch crossing. The
longitudinal distribution has a similar shape for both lattice
configurations, since the profiles are dominated by the nozzle
shape. The total number of particles is similar in both cases,
with a reduction of around 20% for photons and 40% for
neutrons in the 𝐿∗ = 10 m layout. Electrons and positrons,
which are less abundant than photons and neutrons, exhibit
a similar decrease as the photon component. Considering
the higher complexity of the 𝐿∗ = 10 m layout, the obtained
reduction is not considered significant enough for increasing
𝐿∗ to 10 m.

Nozzle tip internal angle

Figure 4: Zoom on the nozzle tip up to 20 cm from the IP.
The angle under consideration is highlighted. Both axes are
expressed in cm.

Nozzle Tip
The tip of the nozzle plays a significant role for the back-

ground in the proximity of the IP. While first attempts to op-
timize the outer nozzle shape for 10 TeV were shown in [14],
we present here first background studies for different noz-
zle tip configurations. Several simulations were performed,
varying the internal angle of the nozzle tip as shown in Fig. 4.
All other geometrical features of the nozzle were kept the
same. Figure 5 reports the obtained distributions of photons
and neutrons entering the detector around the IP. Like above,
only the contribution of the 𝜇+ bunch is shown. Compared to
the angle of 2.5 deg used for the MAP nozzle, we observe a
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Figure 5: Photons (top) and neutrons (bottom) entering the
detector volume per unit surface (per bunch crossing). The
different curves correspond to different internal angles of
the nozzle tip; the baseline angle is 2.5 deg. Changing it to
1.5 deg can reduce the peak in the photon fluence profile.
The same reduction applies to electrons and positrons, while
neutrons are mostly unaffected.

reduction of the peak fluence when reducing the angle, while
increasing the angle degrades the background. These results
highlights the potential of reducing the particle fluence into
the inner tracker by optimizing the shielding configuration.
More studies are needed to optimize the entire nozzle shape
for 10 TeV.

DETECTOR RADIATION DAMAGE
A first evaluation of the cumulative radiation damage in

the detector of a 1.5 TeV muon collider has been presented
in [15]. By design, the decay-induced power loss per meter
is the same as in the 10 TeV collider (about 500 W/m) due
to a smaller circumference of the 1.5 TeV ring. The 1 MeV-
neutron equivalent fluence for one year of operation was
found to reach Φ𝑛𝑒𝑞 = 1 × 1015 cm−2 in the inner tracker
of the 1.5 TeV detector [15], which is comparable to HL-
LHC [16].

In this paper, assuming a a MAP-like nozzle, we present
a first estimate of the muon decay-induced radiation damage
in the detector of a 10 TeV muon collider with 𝐿∗ = 6 m.
To normalize the results, we assume that the beam is not
extracted and fully decays in the 10 km collider ring. We fur-
ther assume that bunches are injected with a repetition rate
of 5 Hz, considering 200 days of operation per year. This is
a conservative assumption, since the design parameters indi-
cate that the design integrated luminosity can be reached in a
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Figure 6: Radiation damage expressed in Φ𝑛𝑒𝑞 from a single
𝜇 beam going from left to right (per year of operation). In
the most loaded region of the tracker, the 1 MeV-neutron
equivalent fluence reaches values of ∼ 1015 cm−2.

shorter operation time. With a two-step simulation approach,
the BIB particles obtained in the machine simulation were
propagated in a simplified detector model. Figure 6 presents
the 1 MeV-neutron equivalent fluence map for one year of
operation. Only the contribution of one beam is shown. The
results indicate similar Φ𝑛𝑒𝑞 values in the inner tracker as
for the 1.5 TeV collider. This is a promising observation,
indicating that the different decay spectrum at 10 TeV does
not significantly worsen the expected radiation damage.

CONCLUSIONS
In this paper, we explored the decay-induced background

in a 10 TeV muon collider. In particular, we assessed the
dependency of the secondary particle fluence on the dis-
tance between IP and final focus magnets (𝐿∗). The results
showed only a moderate reduction of a few tens of percent
when increasing 𝐿∗ from 6 m to 10 m, at the expense of a
more complex lattice design. In combination with our pre-
vious studies, which investigated the effect of dipolar field
components in the final focus layout, we conclude that the
lattice design offers a limited potential for mitigating the
background. Another possibility for optimizing the physics
performance at 10 TeV is the nozzle design. The simula-
tions indicate that even a small modification of the nozzle tip
affects the particle multiplicity around the IP. Since the most
loaded tracker layers are placed in this region, a detailed
investigation is required to minimize the background and
the tracker occupancy. Finally, we provided a first estima-
tion of the radiation damage in a generic 10 TeV detector
(1 MeV neutron-equivalent fluence in silicon). The most
loaded section is around the nozzle tip, due to the secondary
neutrons leaking from the outer nozzle surface. The obtained
radiation levels are considered acceptable for detector oper-
ation, but can be further reduced by modifying the borated
polyethylene layer.
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