
V.#Palladino#(a#few#slides#of#a#large#set#of#K.#Long’s),#WIN#2015,#Heidelberg#

Univ.&&&INFN&Napoli,&&
&&&&&&&&&&&&&Italy&

MICE##
…and#the#next#generaGon#of#muon#beams#

for#parGcle#physics#

1&



Contents#

•  Muon#beams#for#parGcle#physics#

•  IonizaGon#cooling#

•  Muon#IonizaGon#Cooling#Experiment#(MICE)#

•  Vision#for#a#cold,#bright#future#for#muon#beams#

•  Conclusions#

2&



MUON#BEAMS##
FOR#PARTICLE#PHYSICS#

MICE#and#the#next#generaGon#of#muon#beams#for#parGcle#physics#

3&



Muon rings have the potential to 

• Serve neutrino physics with intense beams that have: 
•  BOTH 50% (anti) muon and 50% electron neutrinos  
•  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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•              and sub-TeV lepton-anti-lepton Higgs factories 
 



Muon#beams;#basis#of#advantages#
•  Muon#mass:#

– mµ#=#106#MeV/c2#≈#200#*#me#"
•  Consequences:#

– Negligible#synchrotron#radiaGon#during#acceleraGon:#
•  Rate#∝#m#4#⇒#reducGon#of#factor#5#×#10a10#over#e#

– Strong#coupling#to#Higgs:#
•  ProducGon#rate#∝#m2#⇒#enhancement#5#×#104#over#e+ea#
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Figure 3: Number of events of the Higgs signal plus backgrounds and statistical errors ex-
pected for two di↵erent beam energy resolutions and integrated luminosities as a function
of the collider energy

p
s in bb and WW ⇤ final states with a SM Higgs mh = 126 GeV

and �h = 4.21 MeV. Detector backgrounds are not included, see more discussion in Sec.
3.3. These figures are taken from Ref [9].

accuracies are by and large free from detector resolutions. Other uncertainties associated

with b tagging, acceptance, etc., will enter into our estimation of signal strength B di-

rectly. These uncertainties will a↵ect our estimation of total width �h indirectly through

statistics, leaving a minimal impact in most cases.
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accuracies are by and large free from detector resolutions. Other uncertainties associated

with b tagging, acceptance, etc., will enter into our estimation of signal strength B di-

rectly. These uncertainties will a↵ect our estimation of total width �h indirectly through

statistics, leaving a minimal impact in most cases.
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#

•  OpGmum#route#to#mulGa
TeV#leptonaanGalepton#
collisions:#
– Muon#mass;#200#Gmes#that#
of#the#electron#miGgates:#

•  Synchrotron#radiaGon;#
•  Beamsstrahlung#

– Muon#rigidity#allows#
efficient#acceleraGon#

•  Results#in#costaefficient#
acceleraGon#to#very#high#
energy#

•  Luminosity#criGcal:#
– Muonabeam#cooling#
essenGal#

Muon#Collider:#
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Muon#beams;#basis#of#advantages#
•  Muon#decay#described#precisely#by#SM#

•  Charge#to#mass#raGo#favourable:#
– Readily#tune#neutrinoabeam#energy#
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Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.lbl.gov)

LEPTONSLEPTONSLEPTONSLEPTONS

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 e cm, 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
τ µ+/τ µ− = 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 e cm

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

HTTP://PDG.LBL.GOV Page 1 Created: 8/21/2014 13:13
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Neutrino#Factory#
•  OpGmise#discovery#potenGal#for#CP#and#MH:#

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

•  Unique:#
–  Large,#highaenergy##
νe#(νe)#flux#

•  Muonabeam#cooling##
huge#advantage#

– OpGmise#event#rate##
at#fixed#L/E#

•  OpGmise#MH#sensiGvity#
•  OpGmise#CP#sensiGvity#
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Neutrino#Factory:#
•  Two#approaches:#

– OpGmise#L#and#E#to#match#magneGsed#Fe/scinGllator##
•  IDSaNF#approach:#

–  1.4%#signal#
–  20%#background#
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Neutrino#Factory#
•  Two#approaches:#

– OpGmise#L#and#E#to#match#detector#threshold#
•  IDSaNF#approach:#

#

– Exploit#LAr#detector#sited#1300#km#from#FNAL#
• MAP/MASS#approach:#

11&

arXiv:1112.2853;#1308.0494v1#

❏  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#
•  Highapower,#pulsed#proton#driver:#

–  Development#of#highapower,#pulsed#proton#source#underway#at#
proton#labs#
#

•  PionaproducGon#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#magneGc#field#on#highagradient,#warm,#copper#caviGes;#
–  MICE#experiment#at#RAL:#

•  Proof#of#principle#of#ionizaGonacooling#technique#

•  Rapid#acceleraGon:#
–  EMMA#experiment#at#DL:#

•  Proved#principal#of#nonascaling#FFAG#technique#
14&



IONIZATION#COOLING#
MICE#and#the#next#generaGon#of#muon#beams#for#parGcle#physics#
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•  CompeGGon#between:#
– dE/dx#[cooling]##
– MCS#[heaGng]#

•  OpGmum:#
– Low#Z,"large"X0#

– Tight#focus#



Neutrino#Factory#
•  Requirement#is#to#maximise#rate:#

– Transverse#(4D)#cooling#sufficient#

17&

In 2D, normalized amplitude is a2mc/(�p), where a is the transverse size of the matched phase space ellipse
on which the particle lies, m is the particle mass, � is the Courant-Snyder beta function, and c is the speed of
light. The normalized transverse 4D amplitude is the sum of the horizontal and vertical transverse amplitudes,
modulo correlations. The normalized longitudinal amplitude is the equivalent quantity for the longitudinal
plane, which is approximately (�E)(�t)/(mc), where �E is the energy difference from the average momen-
tum, and �t is the time difference from the average time (where all bunches are aliased onto a single bunch).
The calculation used for this study is more formally defined in [? ].

A rapid loss of particles from the good region after 20 m can be attributed to the effect of the proton absorber.
The number of particles within the good region increases rapidly in the phase rotator, with a more leisurely rise
in the ionisation cooling section.
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Figure 22: Number of muons captured by the front end, as simulated in ICOOL v3.20. TODO: negatives; error
bars; G4BL capture, (G4BL version)

3.4.3 Activation of Components

Energy deposition has been identified as a serious issue in the muon front end, and a particle selection system
has been designed to constrain the majority of hadronic losses in an active handling area near to the target
region.

The efficacy of the particle selection system is demonstrated in fig. 23. The particle selection system reduces
uncontrolled protonic losses by 2 orders of magnitude. Nonetheless 1.2 kW of proton beam power is lost
outside of the active handling region, with roughly 0.2 kW lost at the interface between the phase rotator and
cooler.

35
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Muon#Collider#

•  Requirement#is##
Gny#emiuance#
– 6D#cooling#essenGal#

18&

MAP#



MUON#IONIZATION#COOLING#EXPERIMENT#
…#MICE#

MICE#and#the#next#generaGon#of#muon#beams#for#parGcle#physics#

19&
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MICE:#
ISIS#
RAL#

MICE#

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

realisGc#secGon#of#cooling#channel#
–  Measure#its#performance#in#a#variety#of#

modes#of#operaGon#and#beam#condiGons#
•  Results#will#allow#Neutrino#Factory#[and#

Muon#Collider]#complex#to#be#opGmised#

•  Requirements:#
–  Normalised#transverse#emiuance:#0.1%#

•  Requires#selecGon#of#99.9%#pure#muon#
sample#

• MICE:&proof&of&principle:
– 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&
complex&to&be&optimised

ISIS#
RAL#
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Cooling#demonstraGon;#performance:#

21&

10 February 2015
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10 February 2015
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MICE#Muon#Beam#



MICE#Muon#Beam#



Beamaline#instrumentaGon#

σ t( ) ~ 50− 60 ps



MICE#Muon#Beam#



CharacterisaGon#of#the#MICE#Muon#Beam#

•  Iterate#to#determine#traceaspace#parameters:#
–  IniGal#esGmate#of#pz#from#TOF#
–  (x0,y0),#(x1,y1)#and#Mx,y(pz)#used#to#determine#tracea

space#parameters#
–  Updated#esGmate#of#pz#from#trace#space#parameters#

•  CorrecGons#applied#for#energy#loss#in#air#and#
material#

MC#
“truth”#

MC#
“recons”#

Data#

(εN,#pz)#
(6,200)#

σ ΔtTOF( ) = 76 ps



MICE#trackers#

•  350#μm#scinGllaGngafibre#
tracker:#
–  10#p.e./mip#demonstrated#

with#cosmics#
–  470#μm#intrinsic#resoluGon#

per#plane#
•  MC:#delivers#peracent#level#

emiuance#measurement# 27&
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627.3
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Figure 4. (a) Arrangement of the doublet layers in the scintillating-fibre stations. The outer circle shows
the solenoid bore while the inner circle shows the limit of the active area of the tracker. The grey, blue, and
green regions indicate the direction that the individual 350 µm fibres run (moving outward from the centre)
in the U , V , and W planes respectively. (b) Detail of the arrangement of the scintillating fibres in a doublet
layer. The fibre spacing and the fibre pitch are indicated on the right-hand end of the figure in µm. The
pattern of seven fibres ganged for readout as a single channel, via a single clear-fibre light-guide, is shown
in red. The sheet of mylar plastic glued to the doublet layer is indicated.

Figure 5. The orientation of the fibres in each plane, as seen be the incoming beam, for both trackers. The
green object is station frame. The order of the planes is reversed between trackers as Tracker 1 is rotated by
180� with respect to Tracker 2 in the beamline.

z axis of the plane coordinate system is defined to be perpendicular to the plane reference surface
and points in the direction from the mylar towards the fibres. The direction in which the fibres
run defines the final plane coordinate, b , with the direction defined to complete a right-handed
coordinate system (b plays the role of x, a corresponds to y, and zp to z). The origin of the (b ,a)

coordinate system is taken to be at the centre of the circular active area of the plane.

2.3 Stations and Spacepoints

The stations are labelled 1 to 5. The station reference surface is defined to coincide with the
reference surface of the V doublet layer. The station coordinate system is defined such that the ys

axis is coincident with the v axis (that is, perpendicular to the run of the fibres in the V plane),
the zs axis is coincident with the zp axis of the V layer and the xs axis completes a right-handed
coordinate system.

2.4 Trackers and Tracks

The upstream tracker is labelled Tracker 1, the downstream Tracker 2. The tracker reference surface
is defined to coincide with the reference surface of Station 1. The tracker coordinate system is
defined such that the zt axis coincides with the nominal axis of cylindrical symmetry of the tracker

– 5 –
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Figure 16. The py residuals of the upstream (left) and downstream (right) trackers for a 6 mm 4D emittance,
and 200 MeV/c momentum beam.

Figure 17. The pz residuals of the upstream (left) and downstream (right) trackers for a 6 mm 4D emittance,
and 200 MeV/c momentum beam.
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Calorimetry#
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Figure 5: The reference (top) and alternative (bottom) lattice layouts. In both cases, the primary absorber is at
the centre of the lattice, and secondary absorbers provide screening between the RF and SS.

Table 3: Design parameters of the reference and alternative lattice designs.

Parameter Reference Lattice Alternative Lattice

L

SS!AFC

(m) 2.55 2.46
L

AFC!AFC

(m) 1.72 2.18
RF Gradient (MV/m) 10.3 10.3
No. RF cavities 2 2
No. primary absorbers 1 1
No. secondary absorbers 2 2

�? at primary absorber (mm) 450 700
�? at secondary absorbers (mm) 650 650
�

max

at AFC (mm) 1500 1900

6



Assembly 

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

Single#cavity#modules#

•  14.5#MV/m#achieved#in#
magneGc#field#
–  MICE#requirement##

10.3#MV/m#

29&

Assembly in Lab-6 

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



Study#of#factors#that#affect#cooling:#
•  Emiuance:#

–  MICE#Muon#Beam#opGcs#and#
diffuser#sexngs#

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

•  p,"E"#and#β:#
–  Vary#beam#momentum,#opGcs#

30&
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MICE

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



MICE#Step#IV#
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“Step#IV”;#2015/16#
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Neutrino extension 

M.#Nessi;#CERN#Neutrino#Pla|orm#

InnovaGon#in#detectors#



VISION#FOR#A#COLD,#BRIGHT#FUTURE#
FOR#MUON#BEAMS#

#

MICE#and#the#next#generaGon#of#muon#beams#for#parGcle#physics#
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nuSTORM#and#cross#secGon#measurement:#

•  nuSTORM#event#rate#is#large:#
–  StaGsGcal#precision#high:#

•  Can#measure#doubleadifferenGal#cross#secGons#
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CCQE#cross#secGon#measurement:#

•  SystemaGc#uncertainGes#
for#CCQE#measurement#at#
nuSTORM:#
–  Sixafold#improvement#in#

systemaGc#uncertainty#
compared#with#“state#of#the#
art”#

–  Electronaneutrino#cross#
secGon#measurement#
unique#
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nuSTORM#serving#the#CERN#Neutrino#Pla|orm#
#under#study;#M.#Nessi#et#al#
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International Muon Ionization 
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6D#cooling#demonstraGon#
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Muon Ionization Cooling (Design) 

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

May 18, 2014 M.A. Palmer | MAP 2015 (FNAL, May 18-22, 2015) 26 
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•  Final Cooling with 25-30T solenoids (emittance exchange): 
εT = 55µm, εL = 75mm  

Muon Ionization Cooling (Design) 

Initial 6D Cooling:  ε6D  60 cm3 ! ~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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A proposal for discussion:
! It is proposed to develop an international team 

with the aim of designing, financing and 
constructing the above described cooling muon 
ring for the Initial Cooling Experiment. 

! A campaign of extensive measurements, 
hopefully confirming the expectations of muon 
cooling theory could then be performed,  
starting for instance with a single proton bunch 
and the CERN-PS accelerator. 

! Alternatively, this experiment might be 
realized either at the Fermilab Booster, at the 
BNL-AGS or even elsewhere (UK, Switzerland). 

FNAL_May 2015 Slide# : 60

•  Posit&#1:&
– %+level&measurement&of&νeN&cross&sec7ons&will&be&required&

•  Posit&#2:&
– Neutrino&Factory&capability&likely&required&

•  Posit&#3:&
–  Capability&to&deliver&mul7+TeV&l+l+&colissions&likely&required&

7th February 2015
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CONCLUSIONS#
MICE#and#the#next#generaGon#of#muon#beams#for#parGcle#physics#
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Muon#accelerators#and#MICE#
•  Muon#accelerators#have#the#potenGal#to:#

–  Serve#the#next#generaGon#longa#and#shortabaseline#programmes#by:#
•  Making#precise#measurements#of#electron##and#muonaneutrino#nucleus#cross#secGons#

–  RevoluGonise#the#study#of#neutrino#oscillaGons:#
•  And#make#searches#for#sterile#neutrinos#of#exquisite#sensiGvity#

–  Provide#a#route#to#mulGaTeV#leptonaanGlepton#collisions;#

•  Development#of#the#capability#to#deliver#the#Neutrino#Factory#is#required:#
–  To#study#CPainvariance#violaGon#in#detail#if#it#is#discovered;#or#
–  To#conGnue#the#search#of#it#is#not;#and#
–  To#deliver#precision#sufficient#to#elucidate#the#underlying#physics#

•  MICE#will#unlock#the#exploitaGon#of#muon#accelerators#by#providing#the#
essenGal#demonstraGon#of#ionizaGon#cooling:#
–  StarGng#now:#

•  InvesGgaGon#of#the#effect#of#material,#emiuance,#momentum#on#the#cooling#effect#
–  StarGng#2017:#

•  DemonstraGon#of#ionizaGon#cooling;#
•  SystemaGc#study#of#factors#that#affect#cooling#performance#

•  Basis#for#execuGng#the#vision!#
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