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Abstract

The perspective of designing muon colliders with high energy and luminosity,
which is being investigated by the International Muon Collider Collaboration,
has triggered a growing interest in their physics reach.

We present a concise summary of the muon colliders potential to explore new
physics, leveraging on the unique possibility of combining high available en-
ergy with very precise measurements.
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1 Overview

Colliders are microscopes that explore the structure and the interactions of particles at the shortest pos-
sible length scale. Their goal is not to chase discoveries that are inevitable or perceived as such based on
current knowledge. On the contrary, their mission is to explore the unknown in order to acquire radically
novel knowledge.

The current experimental and theoretical situation of particle physics is particularly favorable to
collider exploration. No inevitable discovery diverts our attention from pure exploration, and we can
focus on the basic questions that best illustrate our ignorance. Why is electroweak symmetry broken and
what sets the scale? Is it really broken by the Standard Model Higgs or by a more rich Higgs sector? Is
the Higgs an elementary or a composite particle? Is the top quark, in light of its large Yukawa coupling,
a portal towards the explanation of the observed pattern of flavor? Is the Higgs or the electroweak sector
connected with dark matter? Is it connected with the origin of the asymmetry between baryons and
anti-baryons in the Universe?

The next collider should offer broad and varied opportunities for exploration. It should deepen
our understanding of the questions above, and be ready to tackle novel challenges that might emerge
from future discoveries at the LHC or other experiments. The current g-2 and lepton flavor universality
violation anomalies, which are both related to muons, are examples of tensions with the Standard Model
(SM) that the next collider might be called to elucidate, by accessing the corresponding microscopic
explanation.

A comprehensive exploration must exploit the complementarity between energy and precision.
Precise measurements allow us to study the dynamics of the particles we already know, looking for the
indirect manifestation of yet unknown new physics. With a very high energy collider we can access the
new physics particles directly. These two exploration strategies are normally associated with two distinct
machines, either colliding electrons/positrons (ee) or protons (pp).

With muons instead, both strategies can be effectively pursued at a single collider that combines
the advantages of ee and of pp machines. Moreover the simultaneous availability of energy and precision
offers unique perspectives of indirect sensitivity to new physics at the 100 TeV scale, as well as unique
perspectives for the characterization of new heavy particles discovered at the muon collider itself. This
is the picture that emerges from the studies of the muon colliders physics potential performed so far, to
be reviewed in this document.

2  Why muons?

Muons, like protons, can be made to collide with a center of mass energy of 10 TeV or more in a
relatively compact ring, without fundamental limitations from synchrotron radiation. However, being
point-like particles, unlike protons, their nominal center of mass collision energy F..,, is entirely available
to produce high-energy reactions that probe lengths scale as short as 1/E,,,. The relevant energy for
proton colliders is instead the center of mass energy of the collisions between the partons that constitute
the protons. The partonic collision energy is distributed statistically, and approaches a significant fraction
of the proton collider nominal energy with very low probability. A muon collider with a given nominal
energy and luminosity is thus evidently way more effective than a proton collider with comparable energy
and luminosity.

This concept is made quantitative in Figure 1. The figure displays the center of mass energy \/gp
that a proton collider must possess to be “equivalent” to a muon collider of a given energy E.,, = /s, -
Equivalence is defined [1-3] in terms of the pair production cross-section for heavy particles, with mass
close to the muon collider kinematical threshold of \/gu /2. The equivalent \/S; is the proton collider
center of mass energy for which the cross-sections at the two colliders are equal.

The estimate of the equivalent \/S;, depends on the relative strength 5 of the heavy particle inter-
action with the partons and with the muons. If the heavy particle only possesses electroweak quantum
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Fig. 1: Equivalent proton collider energy. The left plot [1], assumes that gq and gg partonic initial states
both contribute to the production. In the orange and blue lines, 8 = 1 and S = 10, respectively. In the
right panel [3], production from ¢q and from gg are considered separately.

numbers, 8 = 1 is a reasonable estimate because the particles are produced by the same interaction 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 5 = 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 8 = 1, is thus representative
of purely electroweak particles. The blue line, with 5 = 10, is instead a valid estimate for particles that
also possess QCD interactions, as it can be verified in concrete examples.

The general lesson we learn from Figure 1 (orange line) is that at a proton 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 E,,, = /s, u ~ 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 E_,, 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 effective vector bosons. In turn, they are responsible at once for the tremendous direct
sensitivity of muon colliders to “Higgs portal” type new physics and 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~* 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 uﬂf 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 effective vector bosons annihilation.

The figure shows that with the target luminosity of 10 ab 'a E.,, = 10 TeV muon collider can
produce the BSM particles abundantly. If they decay to energetic and detectable SM final states, the new
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Fig. 2: Left panel: the number of expected events (from Ref. [5], see also [2]) at a 10 TeV muon collider,
with 10 ab™" luminosity, for several BSM particles. Right panel: 95% CL mass reach, from Ref. [4], at
the HL-LHC (solid bars) and at the FCC-hh (shaded bars).

particles can be definitely discovered up to the kinematical threshold. Taking into account that entire
target integrated luminosity will be collected in 5 years, a few months of run could be sufficient for a
discovery. Afterwards, the large production rate will allow us to observe the new particles decaying
in multiple final states and to measure kinematical distributions. We will thus be in the position of
characterizing the properties of the newly discovered states precisely. Similar considerations hold for
muon colliders with higher E,, up to the fact that the kinematical mass threshold obviously grows to
E,../2. Notice however that the production cross-section decreases as 1/ Egm.l Therefore we obtain as
many events as in the left panel of Figure 2 only if the integrated luminosity grows as

1 E ?
Ly, =10ab o . 1
it = 204 < 10 TeV) M
A luminosity that is lower than this by a factor of around 10 would not affect the discovery reach, but it
might, in some cases, slightly reduce the potential for characterizing the discoveries.

The direct reach of muon colliders vastly and generically exceeds the sensitivity of the High-
Luminosity LHC (HL-LHC). This is illustrated by the solid bars on the right panel of Figure 2, where
we report the projected HL-LHC mass reach [4] on several BSM states. The 95% CL exclusion is
reported, instead of the discovery, as a quantification of the physics reach. Specifically, we consider
Composite Higgs fermionic top-partners 7" (e.g., the X5/3 and the T5/3) and supersymmetric particles
such as stops ¢, charginos ﬁc, stau leptons T and squarks ¢. For each particle we report the highest
possible mass reach, as obtained in the configuration for the BSM particle couplings and decay chains
that maximizes the hadron colliders sensitivity. The reach of a 100 TeV proton-proton collider (FCC-hh)
is shown as shaded bars on the same plot. The muon collider reach, displayed as horizontal lines for
E., = 10, 14 and 30 TeV, exceeds the one of the FCC-hh for several BSM candidates and in particular,
as expected, for purely electroweak charged states.

Several interesting BSM particles do not decay to easily detectable final states, and an assessment
of their observability requires dedicated studies. A clear case is the one of minimal WIMP Dark Matter
(DM) candidates (see e.g. [3] and references therein). The charged state in the DM electroweak multiplet
is copiously produced, but it decays to the invisible DM plus a soft undetectable pion, owing to the small

"The scaling is violated by the vector boson annihilation channel, which however is relevant only at low mass.
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Fig. 3: Left panel: exclusion and discovery mass reach on Higgsino and Wino Dark Matter candidates at
muon colliders from disappearing tracks, and at other facilities. The plot is adapted from Ref. [8]. Right:
exclusion contour [3] for a scalar singlet of mass mg4 mixed with the Higgs boson with strength sin y

mass-splitting. WIMP DM can be studied at muon colliders in several channels (such as mono-photon)
without directly observing the charged state [6,7]. Alternatively, and more effectively in fact, one can
instead exploit the disappearing tracks produced by the charged particle [8]. The result is displayed on
the left panel of Figure 3 for the simplest candidates, known as Higgsino and Wino. A 10 TeV muon
collider reaches the “thermal” mass, marked with a dashed line, for which the observed relic abundance
is obtained by thermal freeze out. A 3 TeV muon collider is already sensitive to the thermal Higgsino.
Other minimal WIMP candidates become kinematically accessible at higher muon collider energies.
Muon colliders could actually even probe some of these candidates when they are above the kinematical
threshold, by studying their indirect effects on high-energy SM processes [9, 10].

New physics particles are not necessarily coupled to the SM by gauge interaction. One setup
that is relevant in several BSM scenarios (including models of baryogenesis, dark matter, and neutral
naturalness) is the “Higgs portal” one, where the BSM particles interact most strongly with the Higgs
field. By the Goldstone Boson Equivalence Theorem, Higgs field couplings are interactions with the
longitudinal polarizations of the SM massive vector bosons W and Z, which enable Vector Boson Fusion
(VBF) production of the new particles. A muon collider is extraordinarily sensitive to VBF production,
owing to the large luminosity for effective vector bosons. This is illustrated on the right panel of Figure 3,
in the context of a benchmark model [3, 11] (see also [12]) where the only new particle is a real scalar
singlet with Higgs portal coupling. The coupling strength is traded for the strength of the mixing with
the Higgs particle, sin -y, that the interaction induces. The scalar singlet is the simplest extension of the
Higgs sector. Extensions with richer structure, such as involving a second Higgs doublet, are a priori
easier to detect as one can exploit the electroweak production of the new charged Higgs bosons, as well
as their VBF nroduction. See Ref.s [13. 141 for dedicated studies. and Ref. [151 for a review.

We have seen that in several cases the muon collider direct reach compares favorably to the one
of the most ambitious future proton collider project. This is not a universal statement, in particular it is
obvious that at a muon collider it is difficult to access heavy particles that carry only QCD interactions.
One might also expect a muon collider of 10 TeV to be generically less effective than a 100 TeV proton
collider for the detection of particles that can be produced singly. For instance, for additional Z' massive
vector bosons, that can be probed at the FCC-hh well above the 10 TeV mass scale. We will see in
Section 5 that the situation is slightly more complex and that, in the case of Z's, a 10 TeV muon collider
sensitivity actually exceeds the one of the FCC-hh dramatically (see Fig. 6).
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Fig. 4: Left panel: schematic representation of vector boson fusion or scattering processes. The collinear
V bosons emitted from the muons participate to a process with hardness v/5 < E,,,,. Right panel: num-
ber of expected events for selected SM processes at a muon collider with variable E_, and luminosity
scaling as in eq. (1).

4 A vector bosons collider

When two electroweak charged particles like muons collide at an energy much above the electroweak
scale my, ~ 100 GeV, they have a high probability to emit ElectroWeak (EW) radiation. There are
multiple types of EW radiation effects that can be observed at a muon collider and play a major role
in muon collider physics. Actually we will argue in Section 7 that the experimental observation and
the theoretical description of these phenomena emerges as a self-standing reason of scientific interest in
muon colliders.

Here we focus on the practical implications [1-3, 5, 16, 17] of the collinear emission of nearly on-
shell massive vector bosons, which is the analog in the EW context of the Weizsaecker—Williams emis-
sion of photons. The vector bosons V participate, as depicted in Figure 4, to a scattering process with a
hard scale /3 that is much lower than the muon collision energy F.,,. The typical cross-section for V'V
annihilation processes is thus enhanced by Eczm /8, relative to the typical cross-section for ;ﬁ L anni-
hilation, whose hard scale is instead E,,,. The emission of the V' bosons from the muons is suppressed
by the EW coupling, but the suppression is mitigated or compensated by logarithms of the separation
between the EW scale and E,, (see [2, 3] for a pedagogical overview). The net result is a very large
cross-section for VBF processes that occur at /3 ~ m,, with a tail in \/3 up to the TeV scale.

We already emphasized (see Figure 2) the importance of VBF for the direct production of new
physics particles. The relevance of VBF for probing new physics indirectly simply stems for the huge
rate of VBF SM processes, summarized on the right panel of Figure 4. In particular we see that a 10 TeV
muon collider produces ten million Higgs bosons, which is around 10 times more than future e’ e~
Higgs factories. Since the Higgs bosons are produced in a relatively clean environment, a 10 TeV muon
collider (over-)qualifies as a Higgs factory [3,16-19]. Unlike ete” Higgs factories, a muon collider also
produces Higgs pairs copiously, enabling accurate measurements of the Higgs trilinear coupling [2,5,16]
and possibly also of the quadrilinear coupling [20].

The opportunities for Higgs physics at a muon collider are summarized elsewhere [15]. In Figure 5
we report for illustration the results of a 10-parameter fit to the Higgs couplings in the k-framework at
a 10 TeV muon collider, and the sensitivity projections on the anomalous Higgs trilinear coupling éx .
The table shows that a 10 TeV muon collider will improve significantly and broadly our knowledge of
the properties of the Higgs boson. The combination with the measurements performed at an ete” Higgs
factory, reported on the third column, does not affect the sensitivity to several couplings appreciably,
showing the good precision that a muon collider alone can attain. However, it also shows complementar-
ity with an ete” Higgs factory program. More examples of this complementarity are discussed in [15].
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Fig. 5: Left panel: 1o sensitivities (in %) from a 10-parameter fit in the x-framework at a 10 TeV muon
collider with 10 ab™* [15], compared with HL-LHC. The effect of measurements from a 250 GeV ete”
Higgs factory is also reported. Right panel: sensitivity to dx, for different F.,. The luminosity is as in
eq. (1) for all energies, apart from F., =3 TeV, where doubled luminosity (of 1.8 ab_l) is assumed [15].

In the right panel of the figure we see that the performances of muon colliders in the measurement
of dk) are similar or much superior to the one of the other future colliders where this measurement
could be performed. In particular, CLIC measures dx at the 10% level [21], and the FCC-hh sensitivity
ranges from 3.5 to 8% depending on detector assumptions [22]. A determination of 0« that is way more
accurate than the HL-LHC projections is possible already at a low energy stage of a muon collider with
E.,=3TeV.

The potential of a muon collider as a vector boson collider has not been explored fully. In particular
a systematic investigation of vector boson scattering processes, such as WW — W, has not been
performed. The key role played by the Higgs boson to eliminate the energy growth of the corresponding
Feynman amplitudes could be directly verified at a muon collider by means of differential measurements
that extend well above one TeV for the invariant mass of the scattered vector bosons. Along similar lines,
differential measurements of the W W — H H process has been studied in [2, 5, 16] as an effective probe
of the composite nature of the Higgs boson, with a reach that is comparable or superior to the one of
Higgs coupling measurements. A similar investigation was performed in [2,3] for WW —t{, aimed at
probing Higgs-top interactions.

5 High-energy measurements

Direct pp annihilation, such as H Z and t¢ production reported in Figure 4, displays a number of expected
events of the order of several thousands. These are much less than the events where a Higgs or a t{ pair
are produced from VBF, but they are sharply different and easily distinguishable. The invariant mass of
the particles produced by direct annihilation is indeed sharply peaked at the collider energy E.,,, while
the invariant mass rarely exceeds one tenth of E, in the VBF production mode.

The good statistics and the limited or absent background thus enables percent of few-percent level
measurements of SM cross sections for hard scattering processes of energy E., = 10 TeV or more.
An incomplete list of the many possible measurements is provided in Ref. [23], including the resummed
effects of EW radiation on the cross section predictions. It is worth emphasizing that also charged final
states such as W H or fv are copiously produced at a muon collider. The electric charge mismatch with
the neutral u+ 1 initial state is compensated by the emission of soft and collinear W bosons, that occurs
with high probability because of the large energy.
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Fig. 6: Left panel: 95% reach on the Composite Higgs scenario from high-energy measurements in di-
boson and di-fermion final states [23]. The green contour display the sensitivity from “Universal” effects
related with the composite nature of the Higgs boson and not of the top quark. The red contour includes
the effects of top compositeness. Right panel: sensitivity to a minimal Z' [23]. Discovery contours at 5
are also reported in both panels.

High energy scattering processes are as unique theoretically as they are experimentally [1, 5, 23].
They give direct access to the(interactions among SM particles with 10 TeV energy, which in turn provide
indirect sensitivity to new particles at the 100 TeV scale of mass. In fact, the effects on high-energy cross
sections of new physics at energy A > E_, generically scale as (E,,,/ A)2 relative to the SM. Percent-
level measurements thus give access to A ~ 100 TeV. This is an unprecedented reach for new physics
theories endowed with a reasonable flavor structure. Notice in passing that high-energy measurements
are also useful to investigate flavor non-universal phenomena, as we will see below, and in Section 6.

This mechanism is not novel. Major progress in particle physics always came from raising the
available collision energy, producing either direct or indirect discoveries. For instance, precisely because
of the quadratic energy scaling outlined above, the inner structure of nucleons and a first determination
of their radius could be achieved only when the transferred energy in electron scattering could reach a
significant fraction of the “new physics” scale A = Ay, = 300 MeV [24].

Figure 6 illustrates the tremendous reach on new physics of a 10 TeV muon collider with 10 ab™ '
integrated luminosity. The left panel (green contour) is the sensitivity to a scenario that explains the
microscopic origin of the Higgs particle and of the scale of EW symmetry breaking by the fact that the
Higgs is a composite particle. In the same scenario the top quark is likely to be composite as well, which
in turn explains its large mass and suggest a “Partial Compositeness” origin of the SM flavour structure.
Top quark compositeness produces additional signatures that extend the muon collider sensitivity up to
the red contour. The sensitivity is reported in the plane formed by the typical coupling g, and of the
typical mass m,, of the composite sector that delivers the Higgs. The scale m, physically corresponds to
the inverse of the geometric size of the Higgs particle. The coupling g, is limited from around 1 to 4,
as in the figure. In the worst case scenario of intermediate g,, a 10 TeV muon collider can thus probe
the Higgs radius up to the inverse of 50 TeV, or discover that the Higgs is as tiny as (35 TeV)_l. The
sensitivity improves in proportion to the center of mass energy of the muon collider.

The figure also reports, as blue dash-dotted lines denoted as “Others”, the envelop of the 95% CL
sensitivity projections of all the future collider projects that have been considered for the 2020 update
of the European Strategy for Particle Physics, summarized in Ref. [4]. These lines include in particular
the sensitivity of very accurate measurements at the EW scale performed at possible future ete” Higgs,
Electroweak and Top factories. These measurements are not competitive because new physics at A ~
100 TeV produces unobservable one part per million effects on 100 GeV energy processes. High-energy
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measurements at a 100 TeV proton collider are also included in the dash-dotted lines. They are not
competitive either, because the effective parton luminosity at high energy is much lower than the one of
a 10 TeV muon collider, as explained in Section 1. For example the cross-section for the production of
an e e pair with more than 9 TeV invariant mass at the FCC-hh is of only 40 ab, while it is of 900 ab at
a 10 TeV muon collider. Even with a somewhat higher integrated luminosity, the FCC-hh just does not

have enough statistics to compete with a 10 TeV muon collider.

The right panel of Figure 6 considers a simpler new physics scenario, where the only BSM state
is a heavy Z' spin-one particle. The “Others” line also includes the sensitivity of the FCC-hh from direct
Z' production. The line exceeds the 10 TeV muon collider sensitivity contour (in green) only in a tiny
region with M,/ around 20 TeV and small Z " coupling. This result substantiates our claim in Section 3
that a reach comparison based on the 2—1 single production of the new states is simplistic. Single
2 —1 production couplings can produce indirect effect in 2 — 2 scattering by the virtual exchange of
the new particle, and the muon collider is extraordinarily sensitive to these effects. Which collider wins
is model-dependent. In the simple benchmark Z’ scenario, and in the motivated framework of Higgs
compositeness that future colliders are urged to explore, the muon collider is just a superior device.

We have seen that high energy measurements at a muon collider enable the indirect discovery
of new physics at a scale in the ballpark of 100 TeV. However the muon collider also offers amazing
opportunities for direct discoveries at a mass of several TeV, and unique opportunities to characterize the
properties of the discovered particles, as emphasized in Section 3. High energy measurements will enable
us take one step further in the discovery characterization, by probing the interactions of the new particles
well above their mass. For instance in the Composite Higgs scenario one could first discover Top Partner
particles of few TeV mass, and next study their dynamics and their indirect effects on SM processes.
This might be sufficient to pin down the detailed theoretical description of the newly discovered sector,
which would thus be both discovered and theoretically characterized at the same collider. Higgs coupling
determinations and other precise measurements that exploit the enormous luminosity for vector boson
collisions, described in Section 4, will also play a major role in this endeavour.

Obviously, we can dream of such glorious outcome of the project only because energy and preci-
sion are simultaneously available at a muon collider.

6 Muon-specific opportunities

In the quest for generic exploration, engineering collisions between muons and anti-muons for the first
time is in itself a unique opportunity offered by the muon collider project. The concept can be made
concrete by considering scenarios where the sensitivity to new physics stems from colliding muons,
rather than electrons or other particles. An extensive overview of such “muon-specific”’ opportunities
is provided in Ref. [15], based on the available literature [3, 14,25-34,34-40]. A concise summary is
reported below.

It is perhaps worth emphasizing in this context that lepton flavour universality is not a fundamental
property of Nature. Therefore new physics could exist, coupled to muons, that we could not yet discover
using electrons. In fact, it is not only conceivable, but even expected that new physics could couple more
strongly to muons than to electrons. Even in the SM lepton flavour universality is violated maximally
by the Yukawa interaction with the Higgs field, that is larger for muons than for electrons. New physics
associated to the Higgs or to flavour will most likely follow the same pattern, offering a competitive
advantage of muon over electron collisions at similar energies. The comparison with proton colliders
is less straightforward. By the same type of considerations one expects larger couplings with quarks,
especially with the ones of the second and third generation. This expectation should be folded in with
the much lower luminosity for heavier quarks at proton colliders than for muons at a muon collider. The
perspectives of muon versus proton colliders are model-dependent and of course strongly dependent on
the energy of the muon and of the proton collider.
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Fig. 7: Summary, from Ref. [15], of the muon collider sensitivity to putative new physics responsible for
the muon anomalies. Left panel: reach on the muon g-2 from model-independent high-energy probes
(solid lines), and from direct searches for new particles in explicit models (dashed lines). Right panel:
reach from pp — jj (solid line) on the scale A of semi-leptonic interactions that can account for the
B-anomalies.

The current g-2 and B-physics anomalies offer experimental hints for flavour non-universal new
physics that point strongly and specifically to muons. The discrepancy of the muon g-2 measurements
with the theoretical prediction is subject to intense investigation. If confirmed by further measurements
and theoretical calculations, elucidating its origin might become a priority of particles physics in a few
years’ time. Similar considerations hold for the persistent flavour anomalies, including the most recent
LHCb measurements of the B-meson decay ratios to muons over electrons, R ) These anomalies will
be further probed and potentially strengthened by the LHCb and Belle II experiments on a timescale of
few years.

A muon collider offers excellent prospects to probe putative new physics scenarios responsible for
the muon anomalies, as schematically summarized in Figure 7. The left panel reports the minimal muon
collider energy that is needed to probe different types of new physics potentially responsible for the g-2
anomaly. The solid lines correspond to limits on contact interaction operators due to unspecified new
physics, that contribute at the same time to the muon g-2 and to high-energy scattering processes. Semi-
leptonic muon-charm (muon-top) interactions that can account for the g-2 discrepancy can be probed
by di-jets at a 3 TeV (10 TeV) muon collider, whereas a 30 TeV collider could even probe a tree-level
contribution to the muon electromagnetic dipole operator directly through pp — h~y. These sensitivity
estimates are agnostic on the specific new physics model responsible for the anomaly. Explicit models
typically predict light particles that can be directly discovered at the muon collider, and correlated de-
viations in additional observables. In the figure, dashed lines illustrate the sensitivity to three classes
of models: those featuring EW-singlet scalars or vectors, the ones including EW-charged particles in
models with minimal flavour violation (MFV), and heavy lepton-like particles that mix with the muon.
A complete coverage of several models is possible already at a 3 TeV muon collider, and a collider of
tens of TeV could provide a full-fledged no-lose theorem.

The right panel of Figure 7 exemplifies instead the muon collider potential to probe explanations
of the flavour anomalies, in an effective field theory description of the associated new physics. The
green band labeled “b — suu only” represents the scale A of the interaction operator responsible for
the R ) anomaly (with 1/ A? being the Wilson coefficient). This scenario would not be testable at the
FCC-hh proton collider, but it would be within the reach of a muon collider with 7 TeV energy or more
by measuring the pw = jets cross-section induced by the same operator. Moreover in realistic new
physics models the (bs)(uu) interaction is unavoidably accompanied by flavour-conserving (bb)(pu)
and (ss)(pp) interactions with a larger Wilson coefficient, corresponding to a smaller A scale reported
in the “CKM-like” band. In particular the band assumes a V;, suppression of the (bs) operator relative to
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the operators that are diagonal in the quark flavour, as it would emerge in models with a realistic flavour
structure. The new physics scale A is in this case within the reach of a 3 TeV muon collider, while it
cannot be probed by the HL-LHC. Of course, these considerations hold if the new particles are heavy and
the EFT description is valid. If the new physics is weakly coupled and the new states are light enough,
they can be directly produced at a muon collider or a hadron collider of suitable energy. See Ref. [15]
for more details, for a comprehensive investigation of explicit models and for an assessment of the muon
collider direct sensitivity.

The muon-related anomalies should be regarded, as of today, as a specific illustration of the generic
added value for new physics exploration of a collider that employs second-generation particles. However
in a few years these anomalies might turn, if confirmed, into a primary driver of particle physics research.
Muon colliders offers excellent perspectives for progress on the anomalies already at 3 TeV, with a very
competitive time scale. This scenario further supports the urgency of investing in a complete muon
collider design study.

7 Electroweak radiation

The novel experimental setup offered by lepton collisions at 10 TeV energy or more outlines offers
possibilities for theoretical exploration that are at once novel and speculative, yet robustly anchored to
reality and to phenomenological applications.

The muon collider will probe for the first time a new regime of EW interactions, where the scale
my ~ 100 GeV of EW symmetry breaking plays the role of a small IR scale, relative to the much larger
collision energy. This large scale separation triggers a number of novel phenomena that we collectively
denote as “EW radiation” effects. Since they are prominent at muon collider energies, the comprehension
of these phenomena is of utmost importance not only for developing a correct physical picture but also
to achieve the needed accuracy of the theoretical predictions.

The EW radiation effects that the muon collider will observe, which will play a crucial in the
assessment of its sensitivity to new physics, can be broadly divided in two classes.

The first class includes the initial-state radiation of low-virtuality vector bosons. It effectively
makes the muon collider a high-luminosity vector bosons collider, on top of a very high-energy lepton-
lepton machine. The compelling associated physics studies described in Section 4 pose challenges for
fixed-order theoretical predictions and Monte Carlo event generation even at tree-level, owing to the
sharp features of the Monte Carlo integrand induced by the large scale separation and the need to
correctly handle QED and weak radiation at the same time, respecting EW gauge invariance. Strate-
gies to address these challenges are available in WHIZARD [41], they have been recently implemented
in MadGraph5_aMC@NLO [2,42] and applied to several phenomenological studies in the muon collider
context. Dominance of such initial-state collinear radiation will eventually require a systematic theo-
retical modeling in terms of EW Parton Distribution Function where multiple collinear radiation effects
are resummed. First studies show that EW resummation effects can be significant at a 10 TeV muon
collider [43].

The second class of effects are the virtual and real emissions of soft and soft-collinear EW radia-
tion. They affect most strongly the measurements performed at the highest energy, described in Section 5,
and impact the corresponding cross-section predictions at order one [23]. They also give rise to novel
processes such as the copious production of charged hard final states out of the neutral u+,u_ initial
state, and to new opportunities to detect new short distance physics by studying, for one given hard fi-
nal state, different patterns of radiation emission [23]. The deep connection with the sensitivity to new
physics makes the study of EW radiation an inherently multidisciplinary enterprise that overcomes the
traditional separation between “SM background” and “BSM signal” studies.

At very high energies EW radiation displays similarities with QCD and QED radiation, but also
remarkable differences that pose profound theoretical challenges. First, being EW symmetry broken at
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low energy particles with different “EW color” are easily distinguishable. In particular the beam parti-
cles (e.g., charged left-handed leptons) carry definite color thus violating the KLLN theorem assumptions.
Therefore, no cancellation takes place between virtual and real radiation contributions, regardless of the
final state observable inclusiveness [44,45]. Furthermore the EW color of the final state particles can be
measured, and it must be measured for a sufficiently accurate exploration of the SM and BSM dynamics.
For instance, distinguishing the top from the bottom quark or the W from the Z boson (or photon) is
necessary to probe accurately and comprehensively new short-distance physical laws that can affect the
dynamics of the different particles differently. When dealing with QCD and QED radiation only, it is
sufficient instead to consider “inclusive” observables where QCD/QED radiation effects can be system-
atically accounted for and organized in well-behaved (small) corrections. The relevant observables for
EW physics at high energy are on the contrary dramatically affected by EW radiation effects. Second, in
analogy with QCD and unlike QED, for EW radiation the IR scale is physical. However, at variance with
QCD, the theory is weakly-coupled at the IR scale, and the EW “partons” do not “hadronise”. EW show-
ering therefore always ends at virtualities of order 100 GeV, where heavy EW states (¢, W, Z, H) coexist
with light SM ones, and then decay. Having a complete and consistent description of the evolution from
high virtualities where EW symmetry is restored, to the weak scale where EW is broken, to GeV scales,
including also leading QED/QCD effects in all regimes is a new challenge.

Such a strong phenomenological motivation, and the peculiarities of the problem, stimulate work
and offer a new perspective on resummation and showering techniques, or more in general trigger theo-
retical progress on IR physics. Fixed-order calculations will also play an important role. Indeed while
the resummation of the leading logarithmic effects of radiation is mandatory at muon collider ener-
gies [23,46], subleading logarithms could perhaps be included at fixed order. Furthermore one should
eventually develop a description where resummation is merged with fixed-order calculations in a exclu-
sive way, providing the most accurate predictions in the corresponding regions of the phase space, as
currently done for QCD computations.

A significant literature on EW radiation exists, starting from the earliest works on double-logarithm
resummations based on Asymptotic Dynamics [44,45] or on the IR evolution equation [47,48]. The fac-
torization of virtual massive vector boson emissions, leading to the notion of effective vector boson is also
known since long [49-52]. More recent progress includes resummation at the next to leading logarithm
in the Soft-Collinear Effective Theory framework [53-57], including the operatorial definition of the dis-
tribution functions for EW partons [46,58,59] and the calculation of the corresponding evolution, as well
as the calculation of the EW splitting functions [60] for EW showering and the proof of collinear EW
emission factorization [61-63]. Additionally, fixed-order virtual EW logarithms are known for generic
process at the 1-loop order [64,65] and are implemented in Sherpa [66] and MadGraph5_aMC@NLQ [67].
Exact EW corrections at NLO are available in an automatic form for arbitrary processes in the SM, for
example in MadGraph5_aMCONLO [68] and in Sherpa+Recola [69]. Implementations of EW shower-
ing are also available through a limited set of splittings in Pythia 8 [70,71] and in a complete way in
Vincia [72].

While we are still far from an accurate systematic understanding of EW radiation, the present-
day knowledge is sufficient to enable rapid progress in the next few years. The outcome will be an
indispensable toolkit for muon collider predictions. Moreover, while we do expect that EW radiation
phenomena can in principle be described by the Standard Model, they still qualify as “new phenomena”
until when we will be able to control the accuracy of the predictions and verify them experimentally.
Such investigation is a self-standing reason of scientific interest in the muon collider project.

8 The path to a new generation of experiments

The rich program enabled by colliding bunches of muons requires novel detectors and reconstruction
techniques to successfully exploit the physics potential of the machine.
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The main challenge to operating a detector at a muon collider is the fact that muons are unstable
particles. As such, it is impossible to study the muon interactions without being exposed to decays of the
muons forming the colliding beams. From the moment the collider is turned on and the muon bunches
start to circulate in the accelerator complex, the products of the in-flight decays of the muon beams
and the results of their interactions with beamline material, or the detectors themselves, will reach the
experiments contributing to polluting the otherwise clean collision environment. The ensemble of all
these particles is usually known as “Beam Induced Backgrounds”, or BIB. The composition, flux, and
energy spectra of the BIB entering a detector is closely intertwined with the design of the experimental
apparatus, such as the beam optics that integrate the detectors in the accelerator complex or the presence
of shielding elements, and the collision energy. However, two general features broadly characterize the
BIB: it is composed of low-energy particles with a broad arrival time in the detector.

The design of an optimized detector is still in its infancy, but it is already clear that the physics
goals will require a fully hermetic detector able to resolve the trajectories of the outgoing particles and
their energies. While the final design might look similar to those taking data at the LHC, the technologies
at the heart of the detector will have to be new. The large flux of BIB particles sets requirements on the
need to withstand radiation over long periods of time, and the need to disentangle the products of the
beam collisions from the particles entering the sensitive regions from uncommon directions calls for
high-granularity measurements in space, time and energy. The development of these new detectors will
profit from the consolidation of the successful solutions that were pioneered for example in the High
Luminosity LHC upgrades, as well as brand new ideas. New solutions are being developed for use in the
muon collider environment spanning from tracking detectors, calorimeters systems and dedicated muon
systems. The whole effort is part of the push for the next generation of high-energy physics detectors,
and new concepts targeted to the muon collider environment might end up revolutionizing other future
proposed collider facilities as well.

Together with a vibrant detector development program, new techniques and ideas needs to be
developed in the interpretation of the energy depositions recorded by the instrumentation. The contri-
butions from the BIB add an incoherent source of backgrounds that affect different detector systems in
different ways and that are unprecedented at other collider facilities. The extreme multiplicity of en-
ergy depositions in the tracking detectors create a complex combinatorial problem that challenges the
traditional algorithms for reconstructing the trajectories of the charged particles, as these were designed
for collisions where sprays of particles propagate outwards from the centre of the detector. At the same
time, the potentially groundbreaking reach into the high-energy frontier will lead to strongly collimated
jets of particles that need to be resolved by the calorimeter systems, while being able to subtract with
precision the background contributions. The challenging environment of the muon collider offers fertile
ground for the development of new techniques, from traditional algorithms to applications of artificial
intelligence and machine learning, to brand new computing technologies such as quantum computers.
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