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1.  General motivation	


2.  About neutrino oscillations	


3.  Neutrino physics with Cyclotrons	



•  The DAEdALUS Project	


•  The IsoDAR Project	





Understanding the	


“The Standard Model”	



The motivation…	





“The Standard Model”	

 Looks a lot like…	



Hmmm…	





S	



“Neutrinos”	


Little Neutral Ones	



Our first clue	


To Beyond 	


Standard 	


Model 	


Physics	
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•  Only interact via the “weak force”	



•  Interact through W and Z bosons 	



•  Neutrinos have three flavors	


–  Electron νe → e	


–  Muon     νµ →  µ	


–  Tau        ντ →  τ	



•  Neutrinos are left-handed���
(Antineutrinos are right-handed)	



•  Neutrinos are massless	
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For a CC interaction to occur 
you need enough energy 
to produce the massive 

final state particles 

In the Standard Model,  
Neutrinos are part of the lepton “weak doublets” 

νµ	

νe	

 ντ	



e µ	

 τ	


CC 

u c	

 t	


d s	

 b	



CC 

νµ	

 µ-	



u	

d	



Leptons	



Quarks	

 The quarks also form weak doublets…	



W+	
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In the quark sector,  we have “mixing”	



quark mass eigenstates  ≠ quark weak eigenstates 

νµ	

 µ-	



c	

d	



... and  
kaon decays, 

D meson decays, 
etc. 

u c	

 t	


d s	

 b

Small effect,  
but clearly 
seen in weak 
interactions... 

W+	





     But within the Standard Model, 	


there is no mixing in the lepton sector	



u c	

 t	


d s	

 b

νµ	

νe	

 ντ	



e µ	

 τ	


CC 

CC 

Which looks	


a little strange,	


doesn’t it?	





Of the three flavors of neutrinos…	



νµ	

 νe	

ντ	





Of the three flavors of neutrinos…	



νµ	

 νe	

ντ	



Most difficult to work with	



Production & observation	



ντ	

 τ-	



ud
W+	



are suppressed by 	


The high τ mass ~ 2 GeV!	



We won’t discuss	


tau neutrinos further	





νµ	

 νe	

ντ	



Of the three flavors of neutrinos…	



electron neutrinos	



electron antineutrinos	



Not so hard!	


(< 15 MeV)	



(< 10 MeV)	

 We will use	


Beta decay	


As our example	


In this talk	





There are three flavors of neutrinos	



νµ	

 νe	

ντ	



Most popular with physicists 	


who make neutrino beams	



π+ or K+	


(spin 0)	



ν	

 µ+	



100%	


Left-Handed	


(Parity Violation)	



In this talk we will 	


Discuss pion decay.	
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The projection of spin along the particle's direction	



Frame dependent (if particle is massive)	



right-helicity           left-helicity 

All spin 1/2 particles have “helicity”	



A quick reminder about parity violation...	





Handedness (or chirality) is the Lorentz-invariant counterpart	


Identical to helicity for massless particles (standard model ν's)	



Neutrinos are always left-handed	



And antineutrinos are right-handed	



Experimentally we have seen	



Hello!	


I’m a neutrino!	



Hello!	


I’m an	


antineutrino	
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How do you enforce the law of left-handedness?	



Well... what couples left-handed particles to right?	



  A Dirac mass term  
         in the SM Lagrangian: 

m(νLνR + νRνL) 

If you want to build parity violation into “the law”	


you have to keep this term out of the Lagrangian...	



	

    a simple solution is:   m=0	



.	

.	


police	





τ lepton decays 

π meson decays 

tritium β decays 

Direct (kinematic) searches are consistent with massless ν’s:	



We only have limits!	





It is the discovery of tiny neutrino mass	


Through “Neutrino oscillations” that has lead us to realize	



	

 	

 	

 	

 	

	


	

 	

 	

 	

 	

The Standard Model 	


	

 	

 	

 	

 	

has a big problem!	



1.  What are oscillations?	



2.  Are there more Beyond Standard Model Effects	


 Beyond the ones we have seen?   	



*  CP Violation	


*  Sterile neutrinos	



So lets discuss…	



Here is where	


The cyclotrons	


help!	





Neutrino 
Oscillations	





Neutrino oscillations assume that,	


Like in the quark sector, 	


There is “mixing” in the lepton sector	



u c	

 t	


d s	

 b

νµ	

νe	

 ντ	



e µ	

 τ	


CC 

CC 
u c	

 t	


d s	

 b

νµ	

νe	



e µ	

 τ	



ντ	





Lets hypothesize:	


Neutrinos have (tiny) masses	


Mass states that are not 	



	

aligned with the flavor states	


	

(as with the quarks)	



It is simplest to think about 2 neutrinos…	





The probability waves will interfere	



A neutrino “born” as one flavor,	


Is in a superposition of the mass states.	



As the neutrino travels, the mass states propagate 	


	

 	

     with different frequency	



(or, alternatively, distance)	





νe  Disappearance 

νµ  Appearance 

(assuming you can 
produce and see µ’s) 



νe	

 νe	

 νe	

 νe	

 νe	

 νe	



The initial surprise was the solar neutrino deficit	



The observed νe rate was about 1/3 of prediction	



Was it a problem with the predicted rate?	


Or with the detector efficiency?	



…  Or were the neutrinos “disappearing” on the way?	



This pointed us to the discovery of Neutrino Oscillations	





KamLAND!	



The prettiest example comes from reactor neutrinos!	



νe	

 νe	

 νe	

 νe	

 νe	

 νe	



Because you really see the oscillation “wiggle”	





Really we have three neutrinos…	



“mixing” between neutrinos	


is parameterized by 	



three “mixing angles”	


θ12 , θ13 , θ23 	



We now have a fully self-consistent model 	


         for how neutrinos behave…	





This is a remarkable accomplishment.	


It was the major focus of the conference I just attended	





Cyclotrons  
Where they come into the picture 	





Are there more signs of Beyond Standard 	


	

 	

Model Physics?	



1.  Are neutrino oscillations the same	


as antineutrino oscillations?	


(CP violation)	



2. Are there partners to active neutrinos	


	

(sterile neutrinos)	





The mixing matrix we know about now looks like this…	



A 3×3 unitary matrix with 	


	

3 associated free parameters (Euler angles)	



cij=cosθij	

 sij=sinθij	





You can introduce an extra parameter into this…	


	

 	

a complex phase	



This “CP violating phase” can lead to a different survival rate	


                       for matter vs. antimatter	





Does the lepton sector show similar phenomena?	



If not, Why Not?	



If so,	



	

how similar is it to the quark sector?	


	

and what are the implications?	



In the quark sector, we definitely see CP violation	


It shows up as a difference in decays of 	


Mesons vs. antimesons.	



Can it explain the matter vs antimatter aymmetry	


	

 	

  in the universe?	





What would CP violation look like in the neutrino sector?	



The antineutrino oscillation wave would look different	


From the neutrino wave	



Osc. maximum	


at ~40 MeV	



Constrains rise	


of probability 	


wave	



Constrains	
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Expectation based on	


Neutrino measurements	



Deviation you might see	



To look for CP violation, 	


You want to trace the oscillation wave.	





The oscillation of muon-flavor to electron-flavor	


at the atmospheric Δm2	



may show CP-violation dependence!	



}	


terms depending on	


mass splittings	



}	


terms depending on	


mixing angles	



We want to see	


if δ is nonzero	



in a vacuum…	





DAEδALUS 

Decay

At rest


Experiment

for δcp studies


At the

Laboratory for

Underground


Science


Use decay-at-rest neutrino beams, 
and one of the planned ultra-large 

detectors  
with free protons (H2O, oil)	



to search for CP violation in the 
neutrino sector	





A π+ decay at rest beam:	


p+C →	



A really nice 	


low-energy beam	



νe	



νµ	



νµ	



_	



Shape driven by nature!	



Only the normalization	


varies from beam to beam	



No “intrinsic” νe	


So perfect for 	


νµ    νe searches	


_	

 _	





Osc. maximum	


at ~40 MeV	



Constrains rise	


of probability 	


wave	



Constrains	
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δ = π/2	


δ = 0	





Osc. maximum	


Constrains rise	


of probability 	


wave	



Constrains	


Initial flux	



Three identical	


pion/muon decay-at-rest	


At three different 	


distances	



νe	



νµ	



νµ	



νe	



νµ	



νµ	



νe	



νµ	



νµ	





Osc. maximum	


Constrains rise	


of probability 	


wave	



Constrains	


Initial flux	



Once you know the beam	


Energy, then you know 	


The distance, because the	


Osc. Probability depends on	


L/E	



L=20 km for	


E=40 MeV beam	





Osc. maximum	


Constrains rise	


of probability 	


wave	



Constrains	


Initial flux	



Once you know the beam	


Energy, then you know 	


The distance, because the	


Osc. Probability depends on	


L/E	



L=20 km for	


E=40 MeV beam	

< 1.5 km (close)	

 About 8 km	





Osc. maximum	


Constrains rise	


of probability 	


wave	



Constrains	


Initial flux	



You need to know which	


One is providing the beam.	


So they have to turn on/off.	



The duty factor is flexible,	


But power on target is an issue	



1.5 km 
Accelerator 

8 km 
Accelerators 

20 km 
Accelerators 

100µs 

100µs 

100µs 

100µs 

100µs 

100µs 

400µs 400µs 

400µs 400µs 

100µs 100µs 100µs 
400µs 400µs 

Beam Off Beam Off 



What proton energy is required?	


There is a “Delta plateau” where you can trade energy for current	



to get the same rate of  ν/MW	



“Delta	


Plateau”	



<600 MeV	


too little π+	


production	



>1500 MeV	


energy goes into	


producing other	


particles besides π+	


at a significant level	

proton energy (MeV)	





20km,	


4.8 MW	



8km,	


1.6 MW	



up to 1.5km,	


0.8 MW	



Osc. maximum	


at ~40 MeV	



Constrains rise	


of probability 	


wave	



Constrains	


Initial flux	
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The machines…	



1.  800 MeV protons on target	


2.  No strict requirement on duty factor, but must turn on/off	


3.  High power	


4.  Relatively compact	


5.  Low cost	



This led us to look at cyclotrons	





Primary 	


Cyclotron	



Injector Cyclotron	



Target/shielding	



Uses Multiple “Accelerator Units” 	


constructed of cyclotrons	


to accelerate H2

+ to 800 MeV	



The result is a decay-at-rest-flux	


That can be used for  νµ  νe searches	



_	

 _	





e-	



We need to reduce “space charge” at the start…	



p	

 p	



H2+ gives you 2 protons out for 1 unit of +1 charge in!	



Simple to extract!  Just strip the electron w/ a foil	



Why H2+ ???	





Ion	


source	



Ion	


source	



Injector	


Cyclotron	



Superconducting	


Ring Cyclotron	



Superconducting	


Ring Cyclotron	



Target/	


Dump	



Target/	


Dump	



Ion	


source	



Ion	


source	



Superconducting	


Ring Cyclotron	



Target/	


Dump	



Target/	


Dump	



Ion	


source	



Ion	


source	



Superconducting	


Ring Cyclotron	



Target/	


Dump	



Target/	


Dump	



DAEδALUS	


Near Site	



Mid Site	


  (8 km)	



Far Site	


(20 km)	



Injector	


Cyclotron	



Injector	


Cyclotron	



Injector	


Cyclotron	



Injector	


Cyclotron	



Injector	


Cyclotron	



Design Principle: “Plug-and-play”	





        The most challenging aspect: 	


The Superconducting Ring Cyclotron	



Paper in draft	



original	


design	





Beam envelope,	


No energy spread,	


     1% spread	



Design work	


By A. Calanna	





        The most challenging aspect: 	


The Superconducting Ring Cyclotron	



Paper in draft,	


Will appear on arXiv soon	





We can draw inspiration from the RIKEN-SRC!	







While there are some differences, 	


There are a lot of similarities!	



And we are moving more toward Riken,	


With a new 6-sector design…	





Japan is a natural place to run this program.	


It complements the JPARC program well.	



We can pair our accelerators with…	

 Super-K (running now)	


And 	


Hyper-K (to be built	



	

in the future)	



Sites may be within 8 km	


Of each other!	



We are starting discussions…	


Our goal is to start running in early 2020’s	



To do this, we need to think about how to move	


	

ahead with a phased plan…	
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Superconducting	


Ring Cyclotron	
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Dump	
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DAEδALUS	


Near Site	



Mid Site	


  (8 km)	



Far Site	


(20 km)	



Phase I:	


Ion source;	


Vibrational	


State Physics	



Phase II:	


Injector – the IsoDAR program	



Injector	


Cyclotron	



Injector	


Cyclotron	



Injector	


Cyclotron	



Injector	


Cyclotron	



Injector	


Cyclotron	



Phase III:	


SRC & 	


Target/Dump;	


Near Accelerator	


Physics Program	



Phase IV:	


Modifications	


to SRC	


for high power	


running at	


mid & far sites;	


CP violation	


Program	





IsoDAR:  
A Novel Isotope Decay at Rest Experiment 	





Primary 	


Cyclotron	



Injector Cyclotron	


Target/shielding	



I may look 
small,	


But I am a 	


Really 	


Intense!	



Do not be deceived…	



Lets get good physics	


Out of this!	





Designed for 5 mA of H2+ (10 mA of protons!)	



BIG!	





At 60 MeV/n,	


We can use this to 	


Make isotopes 	


That beta decay	


At rest…	



neutron proton 

electron 

Electron 	


antineutrino	



This can produce	


A lot of beam!	





Returning to the list of questions…	



So what would we like to learn next?	



1.  Are neutrino oscillations the same	


as antineutrino oscillations?	


(CP violation)	



2. Are there partners to active neutrinos	


	

(sterile neutrinos)	



This is the goal of “IsoDAR”	





Light partners to the neutrino have to be non-interacting	



Or we would have already seen them!	



What kind of “partners” might be out there?	





The most general phenomenological models have…	


•  3 sterile partners	


•  Mixing between the sterile states and active states	


•  CP violation	



This introduces 7 new parameters to the theory.	


We can hope some parameters dominate over others,	


Simplifying fits…	



There is a lot of interest in the idea of sterile neutrinos!	



New on	


The arXiv	


This spring!	





We are going from a model	


That looks like this..	



To one that looks like this:	



Introducing	


3 sterile 	


Neutrinos	


(white)	


That mix	


With the 	


3 flavors	





This is a “3+3” model,	


And it is clearly 	


Complicated!	



We can hope that nature	


Made one or two of the 	


States almost fully sterile,	


So we can ignore them.	



We can then look at 	


3+2 or 3+1 models	



Introducing	


3 sterile 	


Neutrinos	


(white)	


That mix	


With the 	


3 flavors	





Sterile neutrinos show up in cosmology…	



Still, it is a hint… there is room for a heavy “neutrino”	



Fit to the number of effective neutrinos from WMAP (1202.0005)	



This is not a very 	


Sensitive test, since	


Effects not included 	


In the model can 	


Significantly change	


Neff	





Consider muon electron flavor appearance 	



Unexpected excess in LSND,	


νµ  νe	


_	

 _	

 Higher Δm2 than other signals,	



~ 1 eV2	



     …Also seen by MiniBooNE	





Signal from reactors	



As well as calibration sources	


   (SAGE/GALLEX)	



Also hints from νe disappearance	





Interpreted as oscillations…	



disappearance	



appearance	



Be careful with	


This plot!	



The “effective”	


mixing is not	


the same for 	


each osc. mode	



These are multiple	


Results, but all are at	


3σ or less.	


Not decisive!	





While not decisive, they are intriguing!	



disappearance	



appearance	



With only 3	


Neutrinos,	


There are	


Only 2 	


Independent	


 Δm2 regions 	





You need extra	


Sterile neutrinos	


To solve the problem	

disappearance	



appearance	





Use the injector to produce	


Isotopes which decay to 	


Electron antineutrinos.	



Detect these in a 1 kton	


Liquid scintillator 	


detector	



You can choose the experimental design,	


Such that it will decisively address the sterile neutrino question	



We need a decisive experiment	





νe	

 e+	



p	

 n	



The signal:	


inverse beta decay, IBD	



You can use a detector with scintillator = free protons!	



νe+p  →  e+ + n	



A coincidence signal:	


•  Positron	


•  Neutron capture	



p	



p	



Why a liquid scintillator detector?	





8Li	





How to produce a lot of 8Li	





Recall about oscillations…	



If E ~ 8 MeV,  	


Then L~ 8 m will correspond to Δm2 ~ 1 eV2	





Where could we run this?	


We need an existing big detector, full of free protons	



	

 	

That has excellent efficiency at ~8 MeV.	


	

 	

 	

 	

Like KamLAND… 	



Again, running the experiment in Japan makes a lot of sense	





We are discussing moving the control room and installing 	


The target/sleeve/shielding next to the wall	



This places the target at 16.5 m	


From the center of the detector	





disappearance	



appearance	



νe	

 νe	

 νe	

 νe	

 νe	

 νe	



This allows us to address disappearance…	





With 5 years statistics:	



3+1 	

 	

 	

 	

     3+2	



No  other experiment that can be staged in the next 5 years	


Can do this well!	





This is really	


Exciting!	





5 mA H2+ beam = 10 mA protons on target	


	

nearly an order of magnitude higher than any 	


	

exiting or designed cyclotron	


	

(600 kW on target)	



60 MeV/n   -- typical of many medical isotope machines	



Potentially very useful outside of neutrino physics	





Conclusions  



In the last 15 years, 	


	

neutrino physics has made amazing discoveries.	



But there is still a lot	


	

that we do not understand.	



To take the next step,	


	

we need smart new accelerators,	


	

that are not highly expensive,	


	

that can produce a lot of decay-at-rest neutrinos.	



Cyclotrons are perfect for this.	





I would like to see a cyclotron-based	


Neutrino program develop in Japan.	



This fits Japan’s existing neutrino resources	


Very well!	



I hope you are interested also.	




