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Pion/Muon/Kaon	  DAR	  Neutrinos	  
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Proton beam → Be → n →  captures on 7Li →  8Li →  νe	
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Isotope	  DAR	  Neutrinos	  
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Figure 2: The 8Li isotope DAR anti-electron-neutrino flux.
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Figure 3: Neutrino flux distribution from a pion/muon DAR source, from Ref [36].

second is neutrino-electron elastic scattering (⌫ + e ! ⌫ + e). This cross section is well constrained by
Standard Model measurements of e+e� scattering [35]. Although this interaction lacks a coincidence
signal, it is highly directional, even at DAR energies. On the other hand, the low energy neutrinos
from a DAR source means that the relevant interactions have low absolute cross sections, leading to
the high flux requirement. A DAR source therefore has the overall disadvantage of requiring a very
intense source that can be installed at or near a detector in an underground location. Below, we will
show that cyclotrons, as DAR neutrino drivers, have su�ciently high intensity and small enough size
to overcome these disadvantages.

DAR sources range in energy from up to a few MeV from isotope decay, where we use 8Li decay
as our example (see Figure 2), to 52.8 MeV from the ⇡+ ! µ+ chain (see Figure 3). The flux from
isotope decay is pure in flavor, while the pion/muon decay has well-defined flavor ratios.

The pion/muon DAR beam is best produced by impinging low energy ⇠ 800 MeV protons on a
light target to produce a high rate of pions through the �-resonance. The target must be surrounded

4

Pion/Muon	  DAR	  Neutrinos	  
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Pion/Muon/Kaon	  DAR	  Neutrinos	  

3	  GeV	  p	  on	  Hg	  target	  

For	  incident	  proton	  energies	  of	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  
kaon	  producGon	  also	  becomes	  important	  

arXiv:1310.1437	  

& 3 GeV
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DAR	  Neutrinos	  vis-‐à-‐vis	  Decay-‐in-‐flight	  (DIF)	  Neutrinos	  

•  Pros:	  
– Well	  understood	  energy	  spectra	  
– Well	  understood	  flavor	  content	  

•  Con:	  	  
–  Isotropic	  (flux	  falls	  as	  1/L2)	  

•  Differences:	  
–  Lower	  energy	  O(10-‐100	  MeV)	  

•  SimilariGes:	  
–  Duty	  factor,	  though	  depends	  on	  DAR	  neutrino	  source	  
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DAR	  Neutrinos	  vis-‐à-‐vis	  Decay-‐in-‐flight	  (DIF)	  Neutrinos	  

•  Pros:	  
– Well	  understood	  energy	  spectra	  
– Well	  understood	  flavor	  content	  

•  Con:	  	  
–  Isotropic	  (flux	  falls	  as	  1/L2)	  

•  Differences:	  
–  Lower	  energy	  O(10-‐100	  MeV)	  

•  SimilariGes:	  
–  Duty	  factor,	  though	  depends	  on	  DAR	  neutrino	  source	  

Drives	  detectors	  closer	  to	  
source,	  limiGng	  L/E	  reach	  

Lower	  thresholds	  needed,	  	  	  
no	  CC-‐νμ	  interacGons	  
(except	  for	  kaon	  DAR	  νμs	  )	  
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LocaGons	  of	  DAR	  Neutrino	  “Beams”	  	  

LANSCE	  
SNS	  

ISIS	  

MLF	  

ESS	  

BNB	  

CSNS	  

Past	  
Present	  
Future	  

DAEδALUS?	  

IsoDAR?	  

Adapted	  from	  K.	  Scholberg	  
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DAR	  Neutrino	  Beam	  Figures	  of	  Merit	  
Facility	   Proton	  Energy	  

(GeV)	  
Power	  (MW)	   Bunch	  Structure	   Rate	  

LANSCE	   0.8	   0.8	   600	  us	   120	  Hz	  

ISIS	   0.8	   0.16	   2	  x	  100	  ns	   50	  Hz	  

BNB	   8	   0.032	   1.6	  μs	   5-‐11	  Hz	  

SNS	   1.0	   1.4	   700	  ns	   60	  Hz	  

MLF	   3	   1	   2	  x	  80	  ns	   25	  Hz	  

CSNS	   1.6	   0.1	   <500	  ns	   25	  Hz	  

ESS	   2.5	   5	   2.86	  ms	  (~1.5μs)	   14	  Hz	  

DAEδALUS	   0.8	   1,	  2,	  2	  x	  2.5	   62.5,	  125,	  125	  ms	   2	  Hz	  

IsoDAR	   0.06	   0.6	   n/a	   CW	  

Adapted	  from	  K.	  Scholberg	  
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DAR	  Neutrino	  Beam	  Figures	  of	  Merit	  
Facility	   Proton	  Energy	  

(GeV)	  
Power	  (MW)	   Bunch	  Structure	   Rate	  

LANSCE	   0.8	   0.8	   600	  us	   120	  Hz	  

ISIS	   0.8	   0.16	   2	  x	  100	  ns	   50	  Hz	  

BNB	   8	   0.032	   1.6	  μs	   5-‐11	  Hz	  

SNS	   1.0	   1.4	   700	  ns	   60	  Hz	  

MLF	   3	   1	   2	  x	  80	  ns	   25	  Hz	  

CSNS	   1.6	   0.1	   <500	  ns	   25	  Hz	  

ESS	   2.5	   5	   2.86	  ms	  (~1.5μs)	   14	  Hz	  

DAEδALUS	   0.8	   1,	  2,	  2	  x	  2.5	   62.5,	  125,	  125	  ms	   2	  Hz	  

IsoDAR	   0.06	   0.6	   n/a	   CW	  

Higher	  power	  	   Larger	  flux	  
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DAR	  Neutrino	  Beam	  Figures	  of	  Merit	  
Facility	   Proton	  Energy	  

(GeV)	  
Power	  (MW)	   Bunch	  Structure	   Rate	  

LANSCE	   0.8	   0.8	   600	  us	   120	  Hz	  

ISIS	   0.8	   0.16	   2	  x	  100	  ns	   50	  Hz	  

BNB	   8	   0.032	   1.6	  μs	   5-‐11	  Hz	  

SNS	   1.0	   1.4	   700	  ns	   60	  Hz	  

MLF	   3	   1	   2	  x	  80	  ns	   25	  Hz	  

CSNS	   1.6	   0.1	   <500	  ns	   25	  Hz	  

ESS	   2.5	   5	   2.86	  ms	  (~1.5μs)	   14	  Hz	  

DAEδALUS	   0.8	   1,	  2,	  2	  x	  2.5	   62.5,	  125,	  125	  ms	   2	  Hz	  

IsoDAR	   0.06	   0.6	   n/a	   CW	  

•  Small	  duty	  factors	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  reject	  cosmics	  
-  Also	  addressed	  by	  going	  underground	  or	  beam-‐off	  subtracGon	  
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DAR	  Neutrino	  Beam	  Figures	  of	  Merit	  
Facility	   Proton	  Energy	  

(GeV)	  
Power	  (MW)	   Bunch	  Structure	   Rate	  

LANSCE	   0.8	   0.8	   600	  us	   120	  Hz	  

ISIS	   0.8	   0.16	   2	  x	  100	  ns	   50	  Hz	  

BNB	   8	   0.032	   1.6	  μs	   5-‐11	  Hz	  

SNS	   1.0	   1.4	   700	  ns	   60	  Hz	  

MLF	   3	   1	   2	  x	  80	  ns	   25	  Hz	  

CSNS	   1.6	   0.1	   <500	  ns	   25	  Hz	  

ESS	   2.5	   5	   2.86	  ms	  (~1.5μs)	   14	  Hz	  

DAEδALUS	   0.8	   1,	  2,	  2	  x	  2.5	   62.5,	  125,	  125	  ms	   2	  Hz	  

IsoDAR	   0.06	   0.6	   n/a	   CW	  

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  bunch	  structure	  	  	  	  	  	  	  	  	  	  	  	  	  π/μ	  DAR	  ν	  separaGon	  . 2.2 µs
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DAR	  Neutrino	  Beam	  Figures	  of	  Merit	  
Facility	   Proton	  Energy	  

(GeV)	  
Power	  (MW)	   Bunch	  Structure	   Rate	  

LANSCE	   0.8	   0.8	   600	  us	   120	  Hz	  

ISIS	   0.8	   0.16	   2	  x	  100	  ns	   50	  Hz	  

BNB	   8	   0.032	   1.6	  μs	   5-‐11	  Hz	  

SNS	   1.0	   1.4	   700	  ns	   60	  Hz	  

MLF	   3	   1	   2	  x	  80	  ns	   25	  Hz	  

CSNS	   1.6	   0.1	   <500	  ns	   25	  Hz	  

ESS	   2.5	   5	   2.86	  ms	  (~1.5μs)	   14	  Hz	  

DAEδALUS	   0.8	   1,	  2,	  2	  x	  2.5	   62.5,	  125,	  125	  ms	   2	  Hz	  

IsoDAR	   0.06	   0.6	   n/a	   CW	  

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  bunch	  structure	  	  	  	  	  	  	  	  	  	  	  	  	  π/μ	  DAR	  ν	  separaGon	  . 2.2 µs

arXiv:1310.1437	  
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DAR	  Neutrino	  Beam	  Figures	  of	  Merit	  
Facility	   Proton	  Energy	  

(GeV)	  
Power	  (MW)	   Bunch	  Structure	   Rate	  

LANSCE	   0.8	   0.8	   600	  us	   120	  Hz	  

ISIS	   0.8	   0.16	   2	  x	  100	  ns	   50	  Hz	  

BNB	   8	   0.032	   1.6	  μs	   5-‐11	  Hz	  

SNS	   1.0	   1.4	   700	  ns	   60	  Hz	  

MLF	   3	   1	   2	  x	  80	  ns	   25	  Hz	  

CSNS	   1.6	   0.1	   <500	  ns	   25	  Hz	  

ESS	   2	   5	   2.86	  ms	  (~1.5μs)	   14	  Hz	  

DAEδALUS	   0.8	   1,	  2,	  2	  x	  2.5	   62.5,	  125,	  125	  ms	   2	  Hz	  

IsoDAR	   0.06	   0.6	   n/a	   CW	  

Tp << 1 GeV Tp ⇠ 1 GeV

Tp & 3 GeV

Isotope	  DAR	   π/μ	  DAR	  
π/μ	  DAR	  +	  K	  DAR	  
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Physics	  of	  DAR	  Neutrino	  Sources	  
•  CP	  violaGon	  searches	  

	  

•  Sterile	  neutrino	  searches	  

•  Coherent	  elasGc	  neutrino-‐nucleus	  sca7ering	  

•  Neutrino	  non-‐standard	  interacGons	  

	  
•  Standard	  Model	  tests	  (e.g.	  weak	  mixing	  angle)	  

•  Charged	  current	  cross	  secGon	  measurements	  
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Physics	  of	  DAR	  Neutrino	  Sources	  
•  CP	  violaGon	  searches	  

–  DAEδALUS	  

•  Sterile	  neutrino	  searches	  
–  IsoDAR,	  OscSNS,	  J-‐PARC	  MLF,	  KDAR	  

•  Coherent	  elasGc	  neutrino-‐nucleus	  sca7ering	  
–  COHERENT,	  CENNS	  

•  Neutrino	  non-‐standard	  interacGons	  
–  IsoDAR,	  COHERENT,	  CENNS	  
	  

•  Standard	  Model	  tests	  (e.g.	  weak	  mixing	  angle)	  
–  IsoDAR,	  COHERENT,	  CENNS	  

•  Charged	  current	  cross	  secGon	  measurements	  
–  IsoDAR,	  OscSNS,	  KDAR,	  CAPTAIN	  
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Physics	  of	  DAR	  Neutrino	  Sources	  
•  CP	  violaGon	  searches	  

–  DAEδALUS	  

•  Sterile	  neutrino	  searches	  
–  IsoDAR,	  OscSNS,	  J-‐PARC	  MLF,	  KDAR	  

•  Coherent	  elasGc	  neutrino-‐nucleus	  sca7ering	  
–  COHERENT,	  CENNS	  

•  Neutrino	  non-‐standard	  interacGons	  
–  IsoDAR,	  COHERENT,	  CENNS	  
	  

•  Standard	  Model	  tests	  (e.g.	  weak	  mixing	  angle)	  
–  IsoDAR,	  COHERENT,	  CENNS	  

•  Charged	  current	  cross	  secGon	  measurements	  
–  IsoDAR,	  OscSNS,	  KDAR,	  CAPTAIN	  

I	  will	  not	  
talk	  about	  
these	  today	  
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}	

terms depending on	

mass splittings	


}	

terms depending on	

mixing angles	


We want to see	

if δ is nonzero	


in a vacuum…	


OscillaGons	  at	  eνν µ →
2
13~2 mLE Δπ

Are	  SensiGve	  to	  δCP	  

(      )                (      ) 

8/28/14	   M.	  Toups,	  MIT	  -‐-‐	  NuFACT	  2014	   20	  
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νµ	


CP Violation Searches with π/μ DAR Neutrinos	

p + A →	


Measure                  oscillations over distances of ~20 km	
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Figure 2: The 8Li isotope DAR anti-electron-neutrino flux.
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Figure 3: Neutrino flux distribution from a pion/muon DAR source, from Ref [36].

second is neutrino-electron elastic scattering (⌫ + e ! ⌫ + e). This cross section is well constrained by
Standard Model measurements of e+e� scattering [35]. Although this interaction lacks a coincidence
signal, it is highly directional, even at DAR energies. On the other hand, the low energy neutrinos
from a DAR source means that the relevant interactions have low absolute cross sections, leading to
the high flux requirement. A DAR source therefore has the overall disadvantage of requiring a very
intense source that can be installed at or near a detector in an underground location. Below, we will
show that cyclotrons, as DAR neutrino drivers, have su�ciently high intensity and small enough size
to overcome these disadvantages.

DAR sources range in energy from up to a few MeV from isotope decay, where we use 8Li decay
as our example (see Figure 2), to 52.8 MeV from the ⇡+ ! µ+ chain (see Figure 3). The flux from
isotope decay is pure in flavor, while the pion/muon decay has well-defined flavor ratios.

The pion/muon DAR beam is best produced by impinging low energy ⇠ 800 MeV protons on a
light target to produce a high rate of pions through the �-resonance. The target must be surrounded

4

⌫̄µ ! ⌫̄e
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LocaGons	  of	  large,	  underground,	  low	  energy	  (LULE)	  
Neutrino	  Detectors	  

Homestake	  

JUNO	  

LNGS	  

Kamioka	  Fairport	   RENO-‐50	  

SNOLAB	  
Soudan	  

Past	  
Present	  
Future	  
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DAR	  neutrino	  beams	  are	  not	  near	  LULE	  detectors	  

LANSCE	  
SNS	  

ISIS	  

MLF	  

ESS	  

BNB	  

CSNS	  

Homestake	  

SNOLAB	  

JUNO	  
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Kamioka	  Fairport	   RENO-‐50	  
Soudan	  

Past	  
Present	  
Future	  

DAEδALUS?	  

IsoDAR?	  
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DAEδALUS/IsoDAR	  Concept:	  Bring	  Source(s)	  to	  Detector	  

LANSCE	  
SNS	  

ISIS	  

MLF	  

ESS	  

BNB	  

CSNS	  

Homestake	  

SNOLAB	  

JUNO	  

LNGS	  

Kamioka	  Fairport	   RENO-‐50	  
Soudan	  

Past	  
Present	  
Future	  

DAEδALUS?	  

IsoDAR?	  
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Primary Cyclotron	

(Separated sector, ���
super-conducting)	


Injector Cyclotron ���
(Compact, resistive)	


Target/shielding	


DAEδALUS uses high power cyclotrons to accelerate H2 to 800 MeV/amu	
+	  

60	  MeV/n	  

1.  Reduce	  space	  charge	  
2.  Stripping	  extracGon	  	  

1.  Modest	  size	  
2.  RelaGvely	  inexpensive	  

5	  emA	  

PRL	  104,	  141802	  (2010)	  	  
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Osc. maximum	
Constrains rise	

of oscillation	

probability	


Constrains	

Initial flux	


δ = π/2	  

δ = 0	  

Single Ultra-large Detector	

With Free Protons as IBD (νe + p à e+ + n) Targets	

(Oil or Water)	


Distance	  

Near 
Neutrino ���
Source	


Mid-distance 
Neutrino ���
Source	


Far Neutrino ���
Source	
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Figure 16: Top: The sensitivity of the CP -violation search in various configurations: Dark Blue
– DAE�ALUS@LENA, Red-DAE�ALUS@Hyper-K, Black–DAE�ALUS/JPARC(nu-only)@Hyper-
K. Bottom: Light Blue– LBNE; Green– JPARC@Hyper-K [93] Black–DAE�ALUS/JPARC(nu-
only)@Hyper-K (same as above). See Table 5 for the description of each configuration.
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DAEδALUS	  δCP	  SensiGviGes	  
(Normal	  hierarchy	  assumed	  known)	  
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Figure 16: Top: The sensitivity of the CP -violation search in various configurations: Dark Blue
– DAE�ALUS@LENA, Red-DAE�ALUS@Hyper-K, Black–DAE�ALUS/JPARC(nu-only)@Hyper-
K. Bottom: Light Blue– LBNE; Green– JPARC@Hyper-K [93] Black–DAE�ALUS/JPARC(nu-
only)@Hyper-K (same as above). See Table 5 for the description of each configuration.
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Configuration Source(s) Average Detector Fiducial Run
Name Long Baseline Volume Length

Beam Power

DAE�ALUS@LENA DAE�ALUS only N/A LENA 50 kt 10 years

DAE�ALUS@Hyper-K DAE�ALUS only N/A Hyper-K 560 kt 10 years

DAE�ALUS/JPARC DAE�ALUS Hyper-K 560 kt 10 years
(nu only)@Hyper-K & JPARC 750 kW

JPARC@Hyper-K JPARC 750 kW Hyper-K 560 kt 3 years ⌫ +
7 years ⌫̄ [93]

LBNE FNAL 850 kW LBNE 35 kt 5 years ⌫
5 years ⌫̄ [89]

Table 5: Configurations considered in the various CP violation sensitivity studies.

tagging e�ciency, assumed to be 0.5%, and the antineutrino flux uncertainties that are constrained
as described next.

The DAE�ALUS CP violation analysis follows three steps. First, the absolute normalization of
the flux from the near accelerator is measured using the >21,000 neutrino-electron scatters from that
source in the detector, for which the cross section is known to 1%. The relative flux normalization
between the sources is then determined using the comparative rates of charged current ⌫

e

-oxygen (or
⌫
e

-carbon) interactions in the the detector. Since this is a relative measurement, the cross section
uncertainty does not come in but the high statistics is important. Once the normalizations of the
accelerators are known, then the IBD data can be fit to extract the CP -violating parameter �

CP

.
The fit needs to include all the above systematic uncertainties along with the physics parameter
uncertainties associated with, for example, the knowledge of sin2 2✓

13

and sin2 ✓
23

, which are assumed
to be known with an error of ±0.005 and ±0.01, respectively.

DAE�ALUS must be paired with water or scintillator detectors that have free proton targets. The
original case was developed for a 300 kt Gd doped water detector at Homestake, in coordination
with LBNE [91]. Subsequently, DAE�ALUS was incorporated into a programa with the 50 kt LENA
detector [92] (called “DAE�ALUS@LENA”). This paper introduces a new study, where DAE�ALUS
is paired with the Gd-doped 560 kt Hyper-K [93] (“DAE�ALUS@Hyper-K”). This results in inprece-
dented sensitivity to CP violation when “DAE�ALUS@Hyper-K” data is combined with data from
Hyper-K running with the 750 kW JPARC beam. (“DAE�ALUS/JPARC@Hyper-K”). In this sce-
nario, JPARC provides a pure ⌫

µ

flux, rather than running in neutrino and antineutrino mode. This
plays to the strength of the JPARC conventional beam, while DAE�ALUS provides a high statistics ⌫̄

µ

flux with no ⌫
µ

contamination. A summary of the assumptions for the various configuration scenarios
is provided in Table 5.

CP violation sensitivities have been estimated for 10 year baseline data sets for all the configura-
tions given in Table 5 using a ��2 fit with pull parameters for each of the systematic uncertainties.
For the DAE�ALUS configurations, data from all three neutrino sources are included along with the
neutrino-electron and ⌫

e

-oxygen (or ⌫
e

-carbon) normalization samples. As an example, Table 6 and
Figure 14 presents a summary of the events by category for the DAE�ALUS@Hyper-K configuration.
The precision for measuring the �

CP

parameter in the DAE�ALUS@Hyper-K configuration is given in
Table 7 for sin2 2✓

13

= 0.10 [88], both for the total and statistical-only uncertainty. The distribution
of the uncertainty as a function of �

CP

is shown in Figure 15. From these estimates, it is clear that,
even with the large Hyper-K detector, the measurement is dominated by statistical uncertainty. Also

23

arXiv:1307.6465	  
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Complementarity	  With	  LBL	  Experiments	  

•  Simultaneous	  running	  using	  
same	  detector	  

•  Different	  energies	  and	  
systemaGcs	  
–  Negligible	  cross	  secGon	  

uncertainGes	  
	  
•  Very	  different	  baseline	  

–  No	  ma7er	  effects	  
–  No	  NSI	  propagaGon	  effects	  

•  Powerful	  sensiGvity	  
combinaGon	  when	  paired	  
with	  LBL	  in	  neutrino	  mode	   arXiv:1307.6465	  
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Figure 15: Top: 1 � measurement sensitivities for the nominal JPARC@Hyper-K run (solid green
with triangles) compared to DAE�ALUS@Hyper-K (sold red). Dashed green curves show contribu-
tions of neutrino and antineutrino running to the total sensitivity of JPARC@Hyper-K . Bottom:
DAE�ALUS/JPARC(nu only)@Hyper-K combined measurement sensitivity. The contribution to the
combined measurement from DAE�ALUS antineutrinos is indicated in red and the contribution from
JPARC neutrinos is indicated in green.
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Physics	  of	  DAR	  Neutrino	  Sources	  
•  CP	  violaGon	  searches	  

–  DAEδALUS	  

•  Sterile	  neutrino	  searches	  
–  IsoDAR,	  OscSNS,	  J-‐PARC	  MLF,	  KDAR	  

•  Coherent	  elasGc	  neutrino-‐nucleus	  sca7ering	  
–  COHERENT,	  CENNS	  

•  Neutrino	  non-‐standard	  interacGons	  
–  IsoDAR,	  COHERENT,	  CENNS	  
	  	  

•  Standard	  Model	  tests	  (e.g.	  weak	  mixing	  angle)	  
–  IsoDAR,	  COHERENT,	  CENNS	  

•  Charged	  current	  cross	  secGon	  measurements	  
–  IsoDAR,	  OscSNS,	  KDAR,	  CAPTAIN	  
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Physics	  of	  DAR	  Neutrino	  Sources	  
•  CP	  violaGon	  searches	  

–  DAEδALUS	  

•  Sterile	  neutrino	  searches	  
–  IsoDAR,	  OscSNS,	  J-‐PARC	  MLF,	  KDAR	  

•  Coherent	  elasGc	  neutrino-‐nucleus	  sca7ering	  
–  COHERENT,	  CENNS	  

•  Neutrino	  non-‐standard	  interacGons	  
–  IsoDAR,	  COHERENT,	  CENNS	  
	  

•  Standard	  Model	  tests	  (e.g.	  weak	  mixing	  angle)	  
–  IsoDAR,	  COHERENT,	  CENNS	  

•  Charged	  current	  cross	  secGon	  measurements	  
–  IsoDAR,	  OscSNS,	  KDAR,	  CAPTAIN	  

See	  also	  J.	  Spitz’s	  talk	  on	  Searches	  
for	  Sterile	  Neutrino	  Mixing	  on	  Wed.	  
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IsoDAR:	  Phase	  2	  of	  DAEδALUS	  Program	  

8Li à 8Be + e- + νe	


Accelerates	  5mA	  H2
+	  

to	  60	  MeV/amu	  

Not	  to	  scale	  

Phys.	  Rev.	  Le7.	  109,	  141802	  
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IsoDAR:	  Phase	  2	  of	  DAEδALUS	  Program	  

1 kton LS detector	


~16 m	


Potential locations: KamLAND, WATCHMAN	


8Li à 8Be + e- + νe	


Accelerates	  5mA	  H2
+	  

to	  60	  MeV/amu	  

Not	  to	  scale	  

Parameter Value
Run period 5 years (4.5 years live time)
⌫̄
e

flux 1.29 ⇥ 1023 ⌫̄
e

Fiducial mass 897 tons
Target face to detector center 16 m
Detection e�ciency 92%
Vertex resolutions 12 cm/

p
E(MeV )

Energy resolutions 6.4%/
p

E(MeV )
Prompt energy threshold 3 MeV
IBD event total 8.2 ⇥ 105

Table 2: The KamLAND detector parameters used in calculating the sterile neutrino search sensitivity.

(3+2) with Kopp/Maltoni/Schwetz Parameters
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Figure 7: Example data sets for 5 years of running for 3+1 (left) and 3+2 (right) oscillation scenarios.

4.2 Precision electroweak tests of the Standard Model

In addition to the 8.2 ⇥ 105 IBD interactions, the IsoDAR neutrino source [72], when combined with
the KamLAND detector [73], can collect the largest sample of low-energy ⌫̄

e

-electron (ES) scatters
that has been observed to date. More than 7200 ES events will be collected above a 3 MeV visible
energy threshold over a 5 year run, and both the total rate and the visible energy can be measured.
This can be compared to the samples from the Irvine experiment (458 events from 1.5 to 3 MeV [74]);
TEXONO (414 events from 3 to 8 MeV [75]); Rovno (41 events from 0.6 to 2 MeV [76]); and MUNU
(68 events from 0.7 to 2 MeV [77]).

In the Standard Model, the ES di↵erential cross section is given by

d�

dT
=

2G2

F

m
e

⇡

"
g2
R

+ g2
L

✓
1 � T

E
⌫

◆
2

� g
R

g
L

m
e

T

E2

⌫

#
, (3)

where T 2
h
0, 2E

2
⌫

me+2E⌫

i
is electron recoil energy, E

⌫

is the energy of the incoming ⌫̄
e

, and the weak

15

νe	
 e+	


p n

W	


Can	  also	  disGnguish	  3+1	  vs.	  3+2	  
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“LSND-‐like”	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Appearance	  Experiments	  

x2	  @	  17m	  

900	  tons	  @	  60	  m	  

OscSNS	  (arXiv:1307.7097)	   J-‐PARC	  MLF	  (arXiv:1310.1437)	  
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Example	  νe	  disappearance	  limits	  
using	  

AddiGonal	  π/μ	  DAR	  ν	  Channels	  

68%/90%	  
Gallium	  anomaly	  
allowed	  regions	  

Phys.	  Rev.	  D	  85,	  013017	  

OscSNS	  Event	  Rates	  at	  60m	  
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Kaon	  DAR	  Concept	  

Phys.Rev.	  D85	  (2012)	  093020	  
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A.
U
.	  

Opens	  up	  a	  potenGal	  νe	  appearance	  channel	  at	  e.g.	  J-‐PARC	  MLF	  



IsoDAR@KamLAND	  Measurement	  SensiGvity	  
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π/μ/K	  DAR	  νe	  Appearance	  SensiGviGes	  

4	  years	  

3σ	  /	  5σ	  

10	  years;	  10%	  bkgd.	  syst.	  error	  

OscSNS	  

J-‐PARC	  MLF	  
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DAEδALUS/IsoDAR	  Status	  	  	  
•	  Installed	  ion	  source	  from	  INFN	  Catania	  at	  development	  lab	  of	  	  
	  	  	  	  	  	  	   	  Best	  Cyclotron	  Systems	  Inc,	  Vancouver	  

-  Demonstrated	  40	  mA	  protons	  
-  Re-‐opGmizing	  for	  H2

+	  

-  IniGal	  output:	  	  12	  mA	  (summer	  2014)	  
-  Upgrade	  with	  new	  plasma	  chambers	  Sept	  2014	  

-  AnGcipate	  20-‐30	  mA	  H2
+	  

•	  	  Beam	  successfully	  inflected	  and	  accelerated	  3.5	  turns	  in	  test	  
	  cyclotron	  (600	  keV	  energy)	  
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See	  also	  J.	  Spitz’s	  
talk	  on	  Friday	  



Status	  of	  π/μ/K	  DAR	  Sterile	  ν	  Searches	  

•  OscSNS	  
–  Preferred	  locaGon	  at	  SNS	  idenGfied	  
–  Neutron	  measurements	  currently	  being	  performed	  on	  site	  

•  J-‐PARC	  MLF	  
–  Third	  floor	  of	  MLF	  building	  idenGfied	  as	  preferred	  site	  
–  Neutron	  measurements	  performed	  on	  site	  

•  KDAR	  
–  J-‐PARC	  MLF	  is	  a	  possible	  site	  
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Physics	  of	  DAR	  Neutrino	  Sources	  
•  CP	  violaGon	  searches	  

–  DAEδALUS	  

•  Sterile	  neutrino	  searches	  
–  IsoDAR,	  OscSNS,	  J-‐PARC	  MLF,	  KDAR	  

•  Coherent	  elasGc	  neutrino-‐nucleus	  sca7ering	  
–  COHERENT,	  CENNS	  

•  Neutrino	  non-‐standard	  interacGons	  
–  IsoDAR,	  COHERENT,	  CENNS	  
–  	  	  

•  Standard	  Model	  tests	  (e.g.	  weak	  mixing	  angle)	  
–  IsoDAR,	  COHERENT,	  CENNS	  

•  Charged	  current	  cross	  secGon	  measurements	  
–  IsoDAR,	  OscSNS,	  KDAR,	  CAPTAIN	  
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Coherent	  elasGc	  neutrino-‐nucleus	  sca7ering	  

	  Well-‐predicted	  in	  the	  SM	  but	  never	  observed	  

Measuring	  it	  is	  a	  test	  of	  SM	  and	  a	  
probe	  of	  BSM	  physics	  (e.g.	  neutrino	  
non-‐standard	  interacGons)	  

Ø  Need	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  .	  	  True	  for	  many	  nuclei	  
at	  DAR	  energies.	  

Ø  Need	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  .	  	  At	  DAR	  energies,	  
this	  is	  in	  the	  range	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  .	  	  

Q . 1/R

Eth < 2E2
⌫/M

O(10� 100keV)

Beyond	  what	  neutrino	  detectors	  can	  achieve…	  
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WIMP	  Detectors	  To	  Measure	  Coherent	  ElasGc	  Neutrino-‐
nucleus	  Sca7ering	  at	  DAR	  ν	  source	  

arXiv:1310.0125	  	  

8/28/14	   M.	  Toups,	  MIT	  -‐-‐	  NuFACT	  2014	  

HPGe	  PPC	  

Neutrino	  flux:	  	  
few	  Gmes	  107	  /s/cm2	  at	  20	  m	  
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WIMP	  Detectors	  To	  Measure	  Coherent	  ElasGc	  Neutrino-‐
nucleus	  Sca7ering	  at	  DAR	  ν	  source	  

Ton-‐scale	  single	  
phase	  LAr	  detector	  

CENNS	  CollaboraGon	  

Phys.	  Rev.	  D	  89,	  072004	  
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Flux	  mostly	  π	  DAR	  



Status	  of	  coherent	  elasGc	  neutrino-‐nucleus	  
sca7ering	  searches	  at	  DAR	  ν	  sources	  

•  COHERENT	  
–  IdenGfied	  a	  preferred	  site	  at	  the	  SNS	  

•  Measured	  to	  have	  a	  low	  neutron	  background	  
–  Recent	  progress	  on	  candidate	  detector	  technology	  

•  See	  arXiv:1407.7524v2	  	  

•  CENNS	  
– Neutron	  measurements	  performed	  near	  BNB	  target	  at	  
preferred	  FNAL	  site	  locaGon	  

–  Low	  energy	  threshold	  LAr	  detector	  development	  

8/28/14	   M.	  Toups,	  MIT	  -‐-‐	  NuFACT	  2014	   44	  



Concluding	  Remarks	  

•  Rich	  physics	  program	  associated	  with	  DAR	  ν’s	  

•  There	  exists	  a	  new	  generaGon	  of	  intense,	  short	  duty	  
factor	  DAR	  ν	  sources	  that	  are	  currently	  completely	  
untapped	  by	  our	  community	  

•  In	  addiGon,	  the	  DAEδALUS	  program	  is	  developing	  new	  
small	  sized,	  relaGvely	  inexpensive,	  but	  quite	  intense	  
cyclotron-‐based	  decay-‐at-‐rest	  ν	  sources	  for	  the	  field	  

•  A	  low	  energy	  DAR	  ν	  beam	  program	  complements	  quite	  
well	  the	  tradiGonal	  high	  energy	  DIF	  ν	  beam	  program	  
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