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MICE 
…and the next generation of muon beams 

for particle physics
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• Fundamental
– Particles &

forces
• Understanding:

– Symmetries
– Conservation 

laws
– Dynamics

• And yet …
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… our understanding remains incomplete

• Hypothesis:
– The Standard Model is sufficient

• Test through study of Higgs at LHC, ILC, FCC, MC … :
– Requires exquisite precision; √s  1 TeV
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… our understanding remains incomplete
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… our understanding remains incomplete
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Improved understanding
will have impact 

beyond particle physics

Dark matter

Galaxy/star 
formation

Removal of 
anti-matter

Inflation



Muon beams have the potential to

• Serve neutrino physics with intense beams that have:
• Precisely known flavour content;
• Precisely known energy spectrum

• Provide multi-TeV lepton-anti-lepton collisions:
• With extremely small energy spread;
• Most cost-effective means to achieve ECM > 1. TeV
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MUON BEAMS 
FOR PARTICLE PHYSICS

MICE and the next generation of muon beams for particle physics
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Muon beams; basis of advantages
• Muon mass:

– m = 106 MeV/c2 ≈ 200 * me 

• Consequences:
– Negligible synchrotron radiation during acceleration:

• Rate  m-4  reduction of factor 5  10-10 over e

– Strong coupling to Higgs:
• Production rate  m2  enhancement 5  104 over e+e-
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• Optimum route to multi-TeV 
lepton-anti-lepton collisions:
– Muon mass; 200 times that of 

the electron mitigates:
• Synchrotron radiation;
• Beamsstrahlung

– Muon rigidity allows efficient 
acceleration

• Results in cost-efficient 
acceleration to very high energy

• Luminosity critical:
– Muon-beam cooling essential

Muon Collider:
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MAP/MASS
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Muon beams; basis of advantages
• Muon decay described precisely by SM

• Charge to mass ratio favourable:
– Readily tune neutrino-beam energy
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eeee J = 1
2

Mass m= (548.57990946 ± 0.00000022) × 10−6 u
Mass m= 0.510998928 ± 0.000000011 MeV
me+ − me− / m< 8× 10−9, CL = 90%
qe+ + qe− e < 4× 10−8

Magnetic moment anomaly
(g−2)/2 = (1159.65218076± 0.00000027) × 10−6

(ge+ − ge−) / gaverage = (−0.5 ± 2.1) × 10−12

Electric dipole moment d < 10.5× 10−28 ecm, CL = 90%
Mean life τ > 4.6× 1026 yr, CL = 90% [a]

µµµµ J = 1
2

Mass m= 0.1134289267 ± 0.0000000029 u
Mass m= 105.6583715 ± 0.0000035 MeV
Mean life τ = (2.1969811 ± 0.0000022) × 10−6 s
τµ+/ τµ− = 1.00002 ± 0.00008

cτ = 658.6384 m
Magnetic moment anomaly (g−2)/ 2 = (11659209 ± 6) × 10−10

(gµ+ − gµ−) / gaverage = (−0.11 ± 0.12) × 10−8

Electric dipole moment d = (−0.1 ± 0.9) × 10−19 ecm

Decay parametersDecay parametersDecay parametersDecay parameters [b]

ρ = 0.74979 ± 0.00026
η = 0.057 ± 0.034
δ = 0.75047 ± 0.00034
ξPµ = 1.0009+0.0016

−0.0007
[c]

ξPµδ/ ρ = 1.0018+0.0016
−0.0007

[c]

ξ′ = 1.00 ± 0.04
ξ′ ′ = 0.7 ± 0.4
α/ A = (0 ± 4) × 10−3

α′ / A = (−10 ± 20) × 10−3

β/ A = (4 ± 6) × 10−3

β′ / A = (2 ± 7) × 10−3

η = 0.02 ± 0.08
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Neutrino Factory
• Optimise discovery potential for CP and MH:

– Requirements:
• Large νe (νe) flux
• Detailed study of 

sub-leading effects

• Unique:
– Large, high-energy 

νe (νe) flux
• Muon-beam cooling 

huge advantage

– Optimise event rate 
at fixed L/E

• Optimise MH sensitivity
• Optimise CP sensitivity 14



Neutrino Factory:
• Two approaches:

– Optimise L and E to match magnetised Fe/scintillator 
• IDS-NF approach:

– 1.4% signal
– 20% background

15
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Neutrino Factory
• Two approaches:

– Optimise L and E to match detector threshold
• IDS-NF approach:

– Exploit LAr detector sited 1300 km from FNAL
• MAP/MASS approach:
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M   Neutrinos from a Muon Accelerator CompleX (NuMAX) 
–  Add small amount of 6D cooling 

–  Neutrino Factory with 5×1020 straight muon decays/year @ 5 GeV 

–  Muon ring at 5 GeV pointing neutrino beam towards Sanford  
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Neutrino Factory
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Neutrino Factory & Muon Collider concept
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Accelerator challenges
• High-power, pulsed proton driver:

– Development of high-power, pulsed proton source underway at proton labs

• Pion-production target:
– MERIT experiment 

• Proved principle of mercury jet target

• Muon front end:
– Chicane (new) to remove secondary hadrons:
– MuCool programme at FNAL:

• Study of effect of magnetic field on high-gradient, warm, copper cavities;

– MICE experiment at RAL:
• Proof of principle of ionization-cooling technique

• Rapid acceleration:
– EMMA experiment at DL:

• Proved principal of non-scaling FFAG technique
19



IONIZATION COOLING
MICE and the next generation of muon beams for particle physics

20
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• Competition between:
– dE/dx [cooling] 
– MCS [heating]

• Optimum:
– Low Z, large X0

– Tight focus



Neutrino Factory
• Requirement is to maximise rate:

– Transverse (4D) cooling sufficient

22

IDS-NF/Accel



Muon Collider

• Requirement is 
tiny emittance
– 6D cooling essential
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MAP



Muon Collider: cooling system
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The cooling challenge 

5 

MAP



MUON IONIZATION COOLING EXPERIMENT
… MICE

MICE and the next generation of muon beams for particle physics
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MICE:
ISIS
RAL

MICE

• MICE approved to:
– Design, build, commission and operate a realistic 

section of cooling channel
– Measure its performance in a variety of modes of 

operation and beam conditions
• Results will allow Neutrino Factory [and Muon Collider] 

complex to be optimised

• Requirements:
– Normalised transverse emittance: 0.1%

• Requires selection of 99.9% pure muon sample

• M IC E : p r o o f o f p r in c ip le :
– D e s ig n , b u ild , c o m m is s io n a n d

o p e ra te a re a lis t ic s e c t io n o f c o o lin g
c h a n n e l

– M e a s u re it s p e r fo rm a n c e in a v a r ie ty
o f m o d e s o f o p e ra t io n a n d b e a m
c o n d it io n s

• R e su lts w i l l a l lo w N e u tr in o Fa c to r y
co m p le x to b e o p t im ise d

ISIS
RAL



Cooling demonstration; performance:
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MICE Muon Beam



MICE Muon Beam



Beam-line instrumentation

 t  ~ 50  60 ps



MICE Muon Beam



Characterisation of the MICE Muon Beam

• Iterate to determine trace-space parameters:
– Initial estimate of pz from TOF
– (x0,y0), (x1,y1) and Mx,y(pz) used to determine trace-

space parameters
– Updated estimate of pz from trace space parameters

• Corrections applied for energy loss in air and 
material

MC
“truth”

MC
“recons”

Data

(εN,pz)
(6,200)

 tTOF   76 ps



MICE trackers

• 350 μm scintillating-fibre tracker:
– 10 p.e./mip demonstrated with 

cosmics
– 470 μm intrinsic resolution per 

plane
• MC: delivers per-cent level 

emittance measurement
33



Calorimetry

34



Assembly 

May 21, 2015 Yagmur Torun | MAP 2015, FNAL 30 

Single cavity modules

• 14.5 MV/m achieved in 
magnetic field
– MICE requirement 

10.3 MV/m

35

Assembly in Lab-6 

7 May 21, 2015 Yagmur Torun | MAP 2015, FNAL 



Study of factors that affect cooling:
• Emittance:

– MICE Muon Beam optics and 
diffuser settings

• Material:
– Absorber change (LH2; LiH);

• p, E  and β:
– Vary beam momentum, optics

36

Data taking: summer 2015 to summer 2016   
     Commission has started (in parallel to completion of the build)



MICE Step IV

37



“Step IV”; 2015/16
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HISTORICAL INTERLUDE
MICE and the next generation of muon beams for particle physics
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Neutrino & the Standard Model

40
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Discovery of muon neutrino: 

41
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Innovation, the first neutrino beam:
• Increase neutrino flux by order of magnitude:

– Focus π/K produced in proton-target interaction:
• Ideally point to parallel;

– Requires toroidal magnetic field

• Requires:
– Extracted, pulsed proton beam 42



Innovation, the first magnetic horn:
Simon van der Meer
CERN, 1961

Confirmation:
muon-/electron-neutrino universality

• Further innovation:
– The bubble chamber

43



Discovery of neutral currents:
• Development …

of beam and detector:
– Improved horn:

• Parabolic; with neck and 
downstream toroids

– Improved detector:
• Gargamelle

44
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Neutrino & the Standard Model
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2010 Dec.3 NSERC review T2K-SK 

SK reconstruction in 2006

4

Wednesday, December 1, 2010

Neutrino oscillations
Super-Kamiokande

46
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FIG. 4. The ratio of the number of FC data events to FC
Monte Carlo events versus reconstructed LyEn. The points
show the ratio of observed data to MC expectation in the
absence of oscillations. The dashed lines show the expected
shape for nm $ nt at Dm2 ≠ 2.2 3 102 3 eV2 and sin22u ≠
1. The slight LyEn dependence for e-like events is due to
contamination (2–7%) of nm CC interactions.

experiment [4]. The Super-Kamiokande region favors
lower values of Dm2 than allowed by the Kamiokande
experiment; however the 90% contours from both ex-
periments have a region of overlap. Preliminary stud-
ies of upward-going stopping and through-going muons
in Super-Kamiokande [24] give allowed regions consis-
tent with the FC and PC event analysis reported in this
paper.

Both the zenith angle distribution of m-like events
and the value of R observed in this experiment signifi-
cantly differ from the best predictions in the absence
of neutrino oscillations. While uncertainties in the flux
prediction, cross sections, and experimental biases are
ruled out as explanations of the observations, the present
data are in good agreement with two-flavor nm $ nt
oscillations with sin22u . 0.82and 5 3 102 4 , Dm2 ,
6 3 102 3 eV2 at a 90% confidence level. We con-
clude that the present data give evidence for neutrino
oscillations.

We gratefully acknowledge the cooperation of the
Kamioka Mining and Smelting Company. The Super-
Kamiokande experiment was built and has been operated
with funding from the Japanese Ministry of Education,
Science, Sports and Culture, and the United States De-
partment of Energy.
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Steriles
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T2K: electron-neutrino appearance:

49 

The design principle

Stefania Bordoni  (IFAE)                                                NNN 2014 5
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• RES: Resonant pion production
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T2K

•First experiment using an off-axis technique (2.5º)

•Narrow-band beam peaked at the oscillation maximum

•Reduce the high-energy tail of the spectrum: reduction of the 
background to oscillation analyses: DIS, RES and Neutral Current 

Bordoni, Neutrino’14



T2K: electron-neutrino appearance:

50

Bordoni, Neutrino’14

T2K collaboration, PRL 112.061803 2014



Standard Neutrino Model:Fogli et al; 10.1103/PhysRevD.89.093018 
Schwetz et al; 10.1007/JHEP11(2014)052 

http://dx.doi.org/10.1103/PhysRevD.89.093018
http://dx.doi.org/10.1103/PhysRevD.89.093018
http://dx.doi.org/10.1007/JHEP11(2014)052


Standard model and LBL oscillations
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LBNF/DUNE:

• Near detector options:
– HiResMnu
– Lar TPC

53
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Long-Baseline Neutrino Experiment:

54

• Source:
– FNAL MI: 700 kW
– Project X: 2.3 MW [upgrade]

• Detector: LAr TPC
– Fiducial mass: 10 kTonne

• Upgrade to 34 kTonne
– Site: SURF

• On axis; upgrade u/g 4850 ft 
• Baseline 1300 km
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Long-Baseline Neutrino Experiment:
• Systematic uncertainties:

– Signal: 1%
– Background: 5%

55arXiv:1307.7335



The
dark
age! The middle ages

The
enlightenment

Standard model and LBL oscillations
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N e u t r i n o  e x t e n s i o n 

M. Nessi; CERN Neutrino Platform

Innovation in detectors



Neutrino beams
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S.E. Kopp; Phys. Rep. 439 (2007) 101



Effect of systematics:

• Performance rapidly degrades if systematic error is 
not controlled at the several % level
– Cross section error makes a critical contribution

59



VISION FOR A COLD, BRIGHT FUTURE FOR MUON 
BEAMS

MICE and the next generation of muon beams for particle physics
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Potential
• Posit #1:

– %-level measurement of eN cross sections will be required
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arXiv:1307.7335

1307.1243; Coloma, Huber



nuSTORM and cross section measurement:

• nuSTORM event rate is large:
– Statistical precision high:

• Can measure double-differential cross sections
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CCQE cross section measurement:

• Systematic uncertainties 
for CCQE measurement at 
nuSTORM:
– Six-fold improvement in 

systematic uncertainty 
compared with “state of the 
art”

– Electron-neutrino cross 
section measurement 
unique
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nuSTORM serving the CERN Neutrino Platform
under study; M. Nessi et al



Potential
• Posit #1:

– %-level measurement of eN cross sections will be required
• Posit #2:

– Neutrino Factory capability likely required

65



66

International Muon Ionization 
Cooling Experiment (MICE) 

ND
FD

p






22
6 

m
~2

00
0 

m

3.
8 

G
eV

 [ 
± 

10
%

 ] 10
18

 d
ec

ay
s/

yr
5 

G
eV

 [ 
± 

10
%

 ]

Instrumentation

Large aperture
magnets

Target and 
capture

nuSTORM



Potential
• Posit #1:

– %-level measurement of eN cross sections will be required

• Posit #2:
– Neutrino Factory capability likely required

• Posit #3:
– Capability to deliver

multi-TeV l+l- collisions 
likely required
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Muon Ionization Cooling – 6D Cooling 
Designs 

May 18, 2014 M.A. Palmer | MAP 2015 (FNAL, May 18-22, 2015) 6 

6D Cooling Designs 
 

Required performance is achievable.  
Designs ready for engineering effort. 

Matching 



6D cooling demonstration
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Muon Ionization Cooling (Design) 

•  Helical Cooling Channel (Gas-filled RF Cavities):   
T = 0.6mm, L = 0.3mm  

May 18, 2014 M.A. Palmer | MAP 2015 (FNAL, May 18-22, 2015) 26 

Matching 

Late Stage w/ Induction Linac 

• Final Cooling with 25-30T solenoids (emittance exchange): 
T = m, L = 75mm  

Muon Ionization Cooling (Design) 

Initial 6D Cooling:  6D  60 cm3 a  ~50 mm3;  Trans = 67% 

May 18, 2014 M.A. Palmer | MAP 2015 (FNAL, May 18-22, 2015) 25 

6D Rectilinear Vacuum Cooling Channel (supersedes Guggenheim):   

Trans = 55%(40%) without(with) bunch recombination 

nuSTORM



Vision
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CONCLUSIONS
MICE and the next generation of muon beams for particle physics
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Muon accelerators and MICE
• Muon accelerators have the potential to:

– Serve the next generation long- and short-baseline programmes by:
• Making precise measurements of electron- and muon-neutrino nucleus cross sections

– Revolutionise the study of neutrino oscillations:
• And make searches for sterile neutrinos of exquisite sensitivity

– Provide a route to multi-TeV lepton-antilepton collisions;

• Development of the capability to deliver the Neutrino Factory is required:
– To study CP-invariance violation in detail if it is discovered; or
– To continue the search of it is not; and
– To deliver precision sufficient to elucidate the underlying physics

• MICE will unlock the exploitation of muon accelerators by providing the essential 
demonstration of ionization cooling:
– Starting now:

• Investigation of the effect of material, emittance, momentum on the cooling effect

– Starting 2017:
• Demonstration of ionization cooling;
• Systematic study of factors that affect cooling performance

• Basis for executing the vision!
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