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Energy frontier beyond HL-LHC
• Clear priority for field

• ILC/CLIC/circular e+e-

–Uncertain
–May require initiative from Asia

• Long timescale in any case
–LC limited to one experiment?

• FCC-hh
–Clear, but general, case
–Very long timescale
–Risks:
• Financial, technical, schedule, …

–Way points:
• e+e-:

– Z?, H
• eh:

– A winner if <lq>
Still very long timescale

• Motivates accelerator R&D portfolio

• Muon collider:
–Alternative route to energy frontier
–Arguably possible to:
• Advance timescale
• Reduce investment cost
• Reduce running cost (lower power at high energy)
• Multiple experiments

–Way points:
• nuSTORM:

– Science and muon-collider test bed
• Neutrino factory?

–For UK:
• Still a community that’s interested and expertise
• Legacy from large, historic, investment

–MICE cooling demo submitted to Nature (under review)
• Opportunity for leadership

–For CERN:
• New techniques for particle physics:

– Neutrinos: 
» ‘Still’ pulsed extraction and van de Meer horn

– Energy frontier:
» ‘Still’ synchrotron; implies limit on energy with e+e-
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Muon Ionization Cooling Experiment
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• Ionization cooling:
– Due to energy loss in absorber

• Observe by comparing:
– Beam d/s of absorber to that u/s

• Emittance (e):
– From RMS beam ellipse

• Amplitude: 
– Distance from beam core

• Mean amplitude ~ e

Absorbers:
65 mm LiH disk
350 mm LH2



First observation of ionization cooling
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Core-density:
– Increases with LiH and 

LH2 absorbers
– Consistent with ‘no 

change’ for no 
absorber

Ionization-cooling 
signal

Ramp = ratio of cumulative density downstream to upstream
Publication in preparation

Cooling: Ramp > 1 at low amplitude

Systematic uncertainty

Data with statistical uncertainty

10.18429/JACoW-IPAC2018-FRXGBE3
arXiv:1907.08562 



Benefit of muon beams

• Energy frontier: big advantage over pp because fundamental fermion
• Future study of the Higgs:

– Line width; establish single resonance (?) in s-channel with µ+µ-

– Couplings; requires > 1 TeV for complete, precise study
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Muon&Collider&
•  The&sBchannel&cross&sec]on&is&much&higher&and&allows&a&
direct&and&very&precise&measurement&of&the&H&total&and&
par]al&widths.&Tests&of&universality&of&H&couplings.&

&

•  Possibility&to&detect&and&measure&with&precision&more&
scalars,&if&any,&and&therefore&to&dis]nguish&among&the&
various&extensions&of&the&SM.&Scalars&close&in&mass.& 17&
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Fig. 1: Left panel: the energy at which the proton collider cross-section equals that of a muon collider. The dashed
line assumes comparable Feynman amplitudes for the muon and the proton production processes. A factor of ten
enhancement of the proton production amplitude squared, possibly due to QCD production, is considered in the
continuous line. Right panel: Higgs and top-quark production cross-sections at high energy lepton colliders.

the steeply-falling parton luminosities. Equal muon and proton collider cross-sections are thus obtained73

for
p
sµ ⌧

p
sp, as shown on the left panel of Figure 1.74

Naively, one would expect the lower background level could be another advantage of the muon75

collider relative to hadronic machines. However it is unclear to what extent this is the case because of76

the large beam background from the decay of the muons, discussed in section 4.77

Figure 1 suggests that a 14 TeV muon collider with sufficient luminosity might be very effective78

as a direct exploration machine, with a physics motivation and potential similar to that of a 100 TeV79

proton-proton collider [4]. Although detailed analyses are not yet available, it is expected that a future80

energy frontier muon collider could make decisive progress on several beyond-the-SM questions, and81

to be conclusive on some of these questions. By exploiting the very large vector-boson fusion (VBF)82

cross-section, a muon collider could search extensively for new particles coupled with the Higgs boson,83

possibly related to electroweak baryogenesis [5]. It might also discover Higgsinos or other heavy WIMP84

dark matter scenarios [6]. In this context, it is important to remark that motivated “minimal” WIMP dark85

matter candidates might have a mass of up to 16 TeV. Generic electroweak-charged particle with easily86

identifiable decay products up to a mass of several TeV can be searched for. Relevant benchmarks are87

the (coloured) top partners related with naturalness, which should be present at this high mass even in88

elusive “neutral naturalness” scenarios.89

The ability to perform measurements, which probe New Physics indirectly
2, is another important90

goal of future collider projects. The high energy of a muon collider could also be beneficial from this91

viewpoint, in two ways. First, indirect New Physics effects are enhanced at high energy, so that they92

can show up even in relatively inaccurate measurements. This is the mechanism by which the 3 TeV93

CLIC might be able to probe the Higgs compositeness scale above 10 TeV (or a weakly-coupled Z
0 up94

to 30 TeV) with di-fermion and di-boson measurements at the 1% level [7], while an exquisite precision95

of 10�4
/10

�5 would be needed to achieve the same goal with low-energy (e.g., Z-pole) observables. At96

a 30 TeV muon collider, with suitably scaled luminosity, the reach would increase by a factor of 10. The97

second important aspect is that some of the key processes for Higgs physics, namely those initiated by98

the vector boson fusion (see the right panel of Figure 1), have very large cross-sections. For instance with99

an integrated luminosity of 10 ab
�1, a 10 TeV muon collider would produce 8 million Higgs bosons,100

with 30’000 of them by the pair production mechanism that is sensitive to the trilinear Higgs coupling.101

While further study is required, especially in view of the significant level of machine background that102

is expected at a muon collider, these numbers might allow a satisfactory program of Higgs couplings103

determination.104

A detailed assessment of the muon collider luminosity requirements will result from a compre-105

2Precision would also allow the characterization of newly discovered particles.
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Muon collider

6

Answers to the Key Questions
• Can muon colliders at this moment be considered for the next project?

• Enormous progress in the proton driven scheme and new ideas emerged on positron one     
• But at this moment not mature enough for a CDR, need a careful design study

done with a coordinate international effort

• Is it worthwhile to do muon collider R&D?
• Yes, it promises the potential to go to very high energy
• It may be the best option for very high lepton collider energies, beyond 3 TeV
• It has strong synergies with other projects, e.g. magnet and RF development
• Has synergies with other physics experiments
• Should not miss this opportunity?

• What needs to be done?
•Muon production and cooling is key => A new test facility is required.

• Seek/exploit synergy with physics exploitation of test facility (e.g. nuSTORM)
• A conceptual design of the collider has to be made
•Many components need R&D, e.g. fast ramping magnets, background in the detector
• Site-dependent studies to understand if existing infrastructure can be used

• limitations of existing tunnels, e.g. radiation issues
• optimum use of existing accelerators, e.g. as proton source

• R&D in a strongly coordinated global effort
D. Schulte
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Muon Colliders, Granada 2019

Caterina Biscari and Lenny Rivkin, Phil Burrows, Frank Zimmermann
Open Symposium towards updating the European Strategy for Particle Physics
May 13-16, 2019, Granada, Spain

Accelerators summary

Proposed tentative timeline

D. Schulte
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Neutrinos
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Precision program in Europe

● Squeezing every bit of information out of the future 
experiments requires a complementary program (special 
rôle for Europe) to 

– Measure hadroproduction for the neutrino flux 
prediction (NA61)

– Understand the neutrino-nucleus cross-section at 
the % level, both theoretically and with new facilities 
(Enubet, Nustorm)

– Collaboration to be developed with nuclear physicists

● Next-to-next generation facilities (ESSnuSB, …) are also 
under study 

NUSTORMENUBET

  

Neutrino oscillations

● Vibrant program (DUNE, Hyper-Kamiokande, JUNO, 
ORCA) to fully measure the PMNS mixing matrix 
and especially the Mass Ordering and the CP 
violation phase delta, with strong European 
contribution. Perceived by the community as a 
priority.

● Neutrino experiments need cutting-edge detectors and 
% precision on the flux and cross-sections: leading 
rôle for Europe (NA61, Neutrino Platform). New 
facilities currently under study.

● Long term future for high precision LBL measurements 
with new techniques. Time to prepare for it ! 

  

Neutrino Physics 
(accelerator and non-accelerator)

summary of the session

Conveners: Stan Bentvelsen, Marco Zito

ESPPU Open Symposium Granada
May 16, 2019

In the session we also covered astroparticle physics

Zito, Granada, May 2019



European Strategy for Particle Physics Update
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Fig. 7: Schematic drawing of the revision of the muon storage ring. The beam circulates in an anti-clockwise
direction. The production straight (at z ≥ 30 m) is composed of large aperture quadrupoles that produce the large
values of the betatron function required to minimise the divergence of the neutrino beam produced in muon decay.
The lattices of the arcs and return straight are based on the fixed-field accelerator (FFA) concept and allow a large
dynamic aperture to be maintained.

Fig. 8: General arrangement of infrastructure required for nuSTORM shown in brown (right) and the future far
detector site (left).

The MDR will be below ground in a tunnel that will house the beam-line components. A small cavern
to house the pion absorber will also be incorporated. A surface building for services and cryogenics is
also required.

4.7 Civil engineering

A study of the civil engineering (CE) required for the implementation of nuSTORM has been carried out
by CERN’s SMB-SE Future Accelerator Studies section to identify design constraints and considerations
in order to produce an outline CE design. The proposed location for nuSTORM is just north of CERN’s
Meyrin site, entirely within France. The major CE elements required to implement nuSTORM are:

– A 40 m long junction cavern to allow connection to the existing tunnel TT61;
– A 545 m long extraction tunnel;
– A target complex;
– A 625 m circumference muon decay ring;
– A near detector facility; and
– Support buildings and infrastructure.

The proposed design allows for the implementation of a far detector on CERN land at Point 2 of the
Large Hadron Collider in Saint-Genis-Pouilly. The general arrangement is shown in figure 8.

The ground conditions of the Geneva Basin are well understood and a large amount of information
is available from previous ground investigations. The CE works will involve a significant length of
tunnelling within the molasse Rock that consists of alternating strata of marls and sandstone. This rock
is generally considered good for tunnelling. Underground structures would be mined in the molasse with
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• Scientific objectives:
1. %-level (νeN) cross sections
• Double differential

2. Sterile neutrino search
• Beyond Fermilab SBN

3. Muon-accelerator R&D
• FFA optics; cooling …

Americas: 29
Asia: 7
Europe: 81
Total: 117



DMN Addendum: Muons in LHC Tunnel?
• arxiv:1811.10694, “On The Feasibility of a Pulsed 

14 TeV c.m.e. Muon Collider in the LHC Tunnel”
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Figure 4: Cost estimates of various future colliders, including a cost estimate for a baseline 
muon collider in the LHC tunnel (μ+μ-“LHC”).  
 

A high power proton driver (2 MW 8 GeV beam, about 20 MW of site power) is needed in 
the high-luminosity “MAP” configuration - see Table 2 - and will cost an extra 
~10B$×sqrt(0.008)+ 2B$×sqrt(0.2)=1.8±0.6 B$.  

The most expensive option is the “LEMC” – even if the SPS tunnel is reused, a new 45 
GeV positron ring with 120 MW of SR power requiring 1 GV of SRF (some 250MW of total 
wall plug power) will cost an additional ~1B$×sqrt(0.045)+ 10B$×sqrt(0.001)+2B$×sqrt(2.5) = 
3.6 ± 1.2 B$. 

Figure 4 shows the least expensive option for a 14 TeV LHC-based muon collider with its 
error bars (~9±3 B$). The other cases would add only ~1.8—3.6 B$ and not change the scale of 
the comparisons. Establishment of feasibility along with more detailed cost estimates will be 
needed to determine the best of these approaches to a future collider. 
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Figure 1: Schematic layout of a pulsed 14 TeV c.m.e. muon collider in the LHC tunnel (7 

TeV beam energy). 
 

The optimum choice of the accelerator magnet parameters depends on the technology 
limits for the SC and pulsed magnets. Table 1 presents key parameters for the accelerators under 
the assumptions of  П=0.85, a 50% muon survival per stage (Nf /N0=0.5) and the availability of 
16 T Nb3Sn SC magnets in the LHC tunnel and 8 T NbTi SC magnets in the SPS tunnels. 

Beam acceleration from 0.45 TeV to 7 TeV can be done either in a single stage using 3.8T 
pulsed magnets, or – if the maximum pulsed field is limited to 2 T – in two stages (see the 
options “LHC-S” and “LHC-D” in Table 1). We use 16 T SC magnets, which are actively and 
successfully being developed for the Future Circular Collider (FCC) project [12]. The required 
pulsed magnets could either be superconducting or normal-conducting - up to 5T peak fields 
have been demonstrated in ~2ms pulsed prototypes [13-16]. The former are more economical. 
In spite of a number of specific issues, such as AC loss, cooling, quench detection and 
protection, field quality and material fatigue [17], SC ramping rates of ~1000 T/s are believed to 
be achievable in HTS-conductor based super ferric magnets [18-20]. Table 1 also includes 
acceleration parameters of the 30—450 GeV accelerator option “SPS” located in the SPS tunnel 
that  accelerates the muons to the injection energy of the LHC size ring. 
  



Conclusions
• Muon collider:

– Well motivated as energy-frontier l+l- machine
– R&D programme:

• Valuable in itself; and
• Essential part of ‘energy-frontier’ risk-mitigation

• Strategic development of muon collider:
– Must include (near)medium-term particle physics

• nuSTORM excellent candidate
– Must include balanced ‘RD’ programme

• With decision points

• nuSTORM as a first step:
– νN cross sections, sterile neutrinos, muon-collider test bed

• Articulated in international (IDS-NF) and US (MASS) studies
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https://indico.cern.ch/event/837890/

https://indico.cern.ch/event/845054/

The Coseners House

Now at CERN (no tra
vel funds…)


