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A basic question in Flavor Physics 
even after Higgs discovery	


1.  How many generations exist? 
–  Γinv →　Nν = 2.984 ±0.008 
–  Even neutrino, 4th one does 

not exist below MZ/2   
2.  No more elementary fermion in 

3 generation? 
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Sterile neutrinos	

•  Sterile neutrinos are naturally present in many theories 

beyond the Standard Model,  
–  Example, see-saw partner  νR, νc

L  (no weak int.) 
      states m2/M , M  : mixture of active and sterile 

 
•  no idea on number of sterile neutrinos 
•  no definite mass scale 

–  One sterile ν can act as ‘dark matter’    
–  Heavy sterile ν’s can be a source of CPV for lepto-genesis  

• νMSM for example 
–  Light, mostly sterile states (small mixing with active ν’s) 

may affect the expansion rate of early Universe (with many 
assumptions)  0ν2β constraint mass from above 4 



Experimental indications	


Appearance (of active neutrino) and 
Disappearance (of active neutrinos)	
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43LSND νµ →νe Signal

µ!µ" ++ #

µ!! ee+

e!Oscillations?

LSND in conjunction with the atmospheric and
solar oscillation results needs more than 3 ν’s
   ⇒  Models developed with 1 or 2 sterile ν’s

Saw an excess of:
87.9 ± 22.4 ± 6.0 events.

With an oscillation probability of
(0.264 ± 0.067 ± 0.045)%.

3.8 σ evidence for oscillation.

  c	
1998	


π-, µ-  absorbed before decay into ν’s 
there should not be νe  at the level of  7x10-4 

  
Signal : νe p→e+n  np→d γ(2.2MeV) 

Appearance	
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2 )  Either some of the data are 
not due to oscillations,  
 
or there must be at least one   
     undiscovered “sterile” 
neutrino  

‘Evidence’ of more than 3 ν 

νµ→νe	



νe→νx、νe→νx	



νµ→ντ、νµ→ντ  	



νµ→νe, νe→νx	



ICARUS 90%	


Δm2
12 = m2

2-m1
2  ~8 10-5eV2  

Δm2
23= m2

2-m3
2  ~±2.5 10-3 eV2 

Δm2
31= m3

2-m1
2~  ±2.5 10-3eV2 

 
Cannot make  Δm2 ~ 1eV2  

More than 3 eigenstates but Z width limits #ν =3	


Sterile	
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Appearance and Disappearance  
at short distance	
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Uej
*

j=1,3
∑ Uµj = −Ue4

* Uµ4

Small mixiture with active ν's   Ue4,Uµ4 ~ 0.1  Us4 ~ 1   m4 ~ 1 eV >>m1,2,3

Peµ = −4 (Ue4
*

i=1,3
∑ Uµ4UeiUµi

* )sin2 (m4
2 −mi

2)L
4Eν

~ 4 Ue4
2

Uµ4

2
sin2 Δm4

2

4
L
E

 

Pes = −4 (Ue4
*

i=1,3
∑ Us4UeiUsi

* )sin2 (m4
2 −mi

2)L
4Eν

~ 4 Ue4
2

Us4
2

sin2 Δm4
2

4
L
E

Appearance < Disappearance	




Parameter region of interest	


Why LSND MiniBooNE are not believed to be 
true? 
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21Neutrino 2012, 6 Jun 2012

Comparing neutrino to anti-neutrino mode
6.7e20 POT neutrino mode 11.3e20 POT anti-neutrino mode

          Excess: 146.3 ± 28.4 ± 40.2                                  Excess: 77.8 +/- 20.0 +/- 23.4                  

•  Many backgrounds Ke3, µ decay, π0 production 
•  Eν reconstruction  claimed to have problems by nuclear effects	


Trial by MiniBooNE @ Fermilab                         
Chris Polly 
NEUTRINO2012 	


LSND and MiniBooNE (R. Van de Water) 


   Why is the 200-475 MeV region unimportant? 


    Large backgrounds from mis-ids reduce S/B. 


    Many systematics grow at lower energies, 
especially on signal. 


    Most importantly, not a region of L/E where LSND 
observed a significant signal! 

Energy in MiniBooNE [MeV] 

1250 475 333 

MB Neutrino mode 

L/E (m/MeV) “LSND  

sweet spot” 

LSND 
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26Neutrino 2012, 6 Jun 2012

Simultaneous 3+1 fit to ν and anti-ν data
WS accounted for properly

Construction of correlated systematic error matrix

E>200 MeV BF preferred at 3.6σ over null

combined E > 200 MeV E > 475 MeV

χ2(null) 42.53 12.87

Prob(null) 0.1% 35.8%

χ2(bf) 24.72 10.67

Prob(bf) 6.7% 35.8%

* Simultaneous fit (E>200 MeV) with
fully-correlated systematic to entire 
MB neutrino and anti-neutrino data

Total Excess: 240.3 +/- 34.5 +/- 52.6

(Z. Pavlovic)

LSND & MiniBooNE 
combined	


Chris Polly 
NEUTRINO2012 	
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43LSND νµ →νe Signal

µ!µ" ++ #

µ!! ee+

e!Oscillations?

LSND in conjunction with the atmospheric and
solar oscillation results needs more than 3 ν’s
   ⇒  Models developed with 1 or 2 sterile ν’s

Saw an excess of:
87.9 ± 22.4 ± 6.0 events.

With an oscillation probability of
(0.264 ± 0.067 ± 0.045)%.

3.8 σ evidence for oscillation.
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FIG. 8. Allowed regions in the sin2 2ϑee–∆m2
41 plane and

marginal ∆χ2’s for sin2 2ϑee and ∆m2
41 obtained from the

global fit of νe and ν̄e data. The best-fit point corresponding
to χ2

min is indicated by a cross.

the effects of heavy neutrino masses on electron spec-
trum in β-decay far from the end-point, from the results
of neutrinoless double-β decay experiments for Majorana
neutrinos, and from cosmological measurements. In this
discussion we consider the mass hierarchy

m4 ! m1,m2,m3 , (40)

which implies

m4 "
√

∆m2
41 . (41)

Let us consider first β-decay experiments. The ratio
of the Kurie function K(T ) in β-decay for the case of
a heavy neutrino ν4 and that corresponding to massless
neutrinos is given by [28]

(

K(T )

Q− T

)2

= 1− |Ue4|
2

+ |Ue4|
2

√

1−
m2

4

(Q − T )2
θ(Q − T −m4) , (42)

where T is the kinetic energy of the electron, Q =
18.574 keV is the Q-value of the decay, θ is the Heaviside
step function, and we have neglected the contribution of
the three light neutrinos ν1, ν2, ν3. Figure 9 shows the
relative deviation of the Kurie plot with respect to the
massless case for some points in the allowed regions of
Fig. 8. One can see that in order to see the effect of
m4, beta-decay experiments must have a sensitivity to
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1
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(sin22ϑee,Δm41
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FIG. 9. Relative deviation of the Kurie plot in β-decay for
some points in the allowed regions of Fig. 8.

the relative deviation of the Kurie plot of the order of a
percent or better for T ! Q−m4.

In 2001 the Genoa 187Re beta-decay experiment [29]
searched for deviation of the electron spectrum due to a
heavy neutrino with a mass from 50 to 1000 eV. From
Fig. 3 of Ref. [29] one can see that the 95% CL up-
per bound for m4 is about 300 eV if sin2 2ϑee " 0.1,
which implies a very large upper limit on ∆m2

41 of about
105 eV2.

Very recently, the Mainz collaboration released new
data obtained with the phase II of the Mainz Neu-
trino Mass Experiment [16] which constrain the value of
sin2 ϑee for m2

4 between about 10 and 3 × 104 eV2. Fig-
ure 10 shows the constraints in the sin2 2ϑee–∆m2

41 plane
that we obtained with a χ2 analysis of the Mainz data in
[16]. From the comparison with the allowed regions ob-
tained from the global fit of νe disappearance data shown
in Fig. 10 one can see that the Mainz data constrain
∆m2

41 to be smaller than about 104 eV2 at about 90%
CL. This is confirmed by the results of the combined fit
shown in Fig. 11.

The KATRIN experiment (see [81]), which will start in
2015 [82], may be able to improve dramatically the upper
limits on m4 and maybe see its effects on the electron
spectrum [83].

The heavy neutrino mass m4 has also an effect in neu-
trinoless double-β decay (see [84–87]), if massive neu-
trinos are Majorana particles (see [1–3]). Considering
Eq. (41), the contribution of the heavy neutrino mass
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FIG. 13. Allowed ranges of the effective Majorana mass |mββ| as a function of the lightest neutrino mass in the two 3+1
schemes with a normal (left) and inverted (right) mass spectra of the three light neutrinos ν1, ν2, ν3. The black lines delimit
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Figure 5. Regions �m

2, sin2 2�( )  of the ICARUS experiment compared with 
the published results of LSND, combined neutrino and anti-neutrino 
data from MiniBooNE and acceptance regions of KARMEN2. While for 
�m2 >>1 eV 2  there is already disagreement between the allowable 
regions from the published experiments, for �m2 �1 eV 2 the ICARUS 
result now allows to define a much smaller, narrower region centered 
around 

 

�m2,sin2 2�( )( )  = (0.5 eV2 and 0.05) in which there is a 90 CL 
over all agreement.   

Δm2 ~0.2-100 eV2 ?	


mββ = c13
2 c12

2 m1+ c13
2 s12

2 m2e
iα + s13

2 m3e
iβ +Ue4

2 m4 ••

depends on NH, IH 
cancellation? 	


GALLEX,REACTOR 
νe disappearance	




Limitations of LSND, KARMEN, MiniBooNE 	


•  LSND Shortcomings:  
–  bad duty factor (6%)  of LINAC 

•  could not separate of π (prompt νµ)  µ(delayed νµ, νe)  
•  neutron backgrounds 

–  DIF background (detector was in forward direction) 
•  KARMEN Shortcomings: 

–   PID (e, recoil p):neutron backgrounds for prompt signal 
–   low beam current (160kW), small  detector size 

•  MiniBooNE (and decay in flight) Shortcomings:  
–  high backgrounds (0.6%) from NCpi0   
–  intrinsic νe from µ and Ke3 decay 
–  Eν reconstruction problem due to nuclear effect (binding, 

multi-nucleons correlation etc.) 



A experiment with decay at rest 
neutrino source at MLF	


Advantage at J-PARC MLF 
1.  Accelerator beam 
2.  νe contamination 

3.  Signal	

15 

A definite measurement of νe appearance 
(LSND effect) 

(Possibly νe disappearance ) 
(NC disappearance)	




π, µ Decay at rest source at MLF	

•  3GeV RCS 
25 Hz harmonic number 2 
 ~80 nsec bunch width 
bunches separated by 540 ns 
•  3 GeV protons + Hg  
•  π+ , π- stop by dEdX  
    π+ →µ+ νµ (25 ns)	



	

µ+ →e+ νµ  νe 	


   π-  ~99% absorped	



	

µ- ~94% captured 
    1% x 6% ~10-3 of µ- 	



 µ- →e- νµ νe   	
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• From Nishikawa-san’s slide:

• 2 bunches 

• Bunch length: 60-100 ns

• Each bunch separated by 540 ns

80 ns is used in the following slides
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Outside of: 0-150 ns OR 620-770 ns  
Delayed
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Beam structureFrom"Josh"Spitz"

(from"µ+"DAR)"

Josh Spitz(MIT)	


µ+ decay 
µ- decay 
	


µ- capture 
 
and  
π,K left over 
 
No DIF !	


µ+ decay	
νµ	


νe	


νµ 
νe	


µ- decay	




Neutrinos from stopping µ decays	
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1

νµ →νe Appearance

• Process: Inverse Beta Decay (IBD)
νe + p → e+ + n

– Fairly large xsec compared to other processes

• IBD process only on free protons in the liquid
scintillator (CH2)

– Free protons also allow capture of outgoing
neutron and provides a delayed coincidence
requirement.

• Background from π− decays that giveνe directly
– Background has different energy spectrum

than signal

• Bin data in L/E and fit for sensitivity
– Two types of fits:

• Shape only fit: where one relies on the
oscillatory behavior and spectrum difference
between signal and background

• Rate plus shape fit: where one adds in
knowledge of background rate at some
uncertainty (10%)

πDARνe Appearance Exp with Liquid Scint Detector

LAr
IBD

LiqScint water 
Cherenkov

νe 
bkgnd

νe signal

•  νe  C→ e−  Ngs, Ngs  β decay

           → e−  N*
           End point ~17 MeV

•  νµ, νµ  NC 

     elastic scattering, nuclear breakup

•  νe  p→ e+  n,   n p→ d γ (2.2 MeV)

•  ν e− → e−  ν



Event rate at RCS 1MW 4000hr /yr 
operation	


•  # protons     3x1022 prtotons 
•  # stopping π+ , µ+ 	

 	

 	

0.77x1022    (π/p=0.258) 
•  IBD cross sec.    σ = 9.3x10‐48 Eν

2(MeV)  m2 
•  ν Flux     1.5x1018 /(d/20m)2           ν’s/m2 

•  # free protons /m of CH2  1/7x 6x1029        /m3 
•  Event rates of Eν (MeV) with 1-ton detector at d(m) from the 

MLF target    1.2 x Eν
2/(d/20)2  

•  (# stopping K+ (to be measured)  1020 K+ decays/yr !) 
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νe contamination	
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JAEA-Technology 2011-035 

 

Fig. 2.1.2: A cutaway view of experimental halls 
 

 

Fig. 2.1.3: A cutaway view of the target station and the target system in the irradiation components 
handling room 

No.1 experimental hall 

No.2 experimental hall 

NNeeuuttrroonn  ssccaatttteerriinngg  aarreeaa  

Neutron beam line 

Experimental devices 

Muon experimental area 

Proton beam 

TTaarrggeett ssttaattiioonn  

Target station 

Mercury circulation loop 

Target trolley 
Irradiated components 

handling room 

Proton beam 
window 

Proton beam 
duct

Mercury target 

Cutaway view of whole target assembly 

J-PARC Hg target assembly	




JAEA-Technology 2011-035 

 
Fig 2.3.19: Conception of water flow in reflector 

 

 
Fig. 2.3.20: Cross-sectional view of reflector and reflector plug (inner and outer plugs) 

JAEA-Technology 2011-035 

Mercury

Mercury vessel

(Single-walled)
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(Double-walled)

Proton beam
(Size:18x7cm 2)
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Heavy water
Mercury pipe

connection system

Beam window

(Wall thickness: 2.5mm)

Target vessel

(Triple-walled structure)
Material : SS 316LN

container wall

Mercury

Mercury vessel

(Single-walled)

Safety hull
(Double-walled)

Proton beam
(Size:18x7cm 2)

Mercury

Heavy water
Mercury pipe

connection system

Beam window

(Wall thickness: 2.5mm)

Target vessel

(Triple-walled structure)
Material : SS 316LN

container wall

 

Fig. 2.2.3: Schematic drawing of mercury target structure 

 
 

 

 

 

Fig. 2.2.4: Schematic drawing of mercury target structure without the safety hull 

 
 

  Target      π- absorb    µ- capture  suppression 
KARMEN  Ta+D2O      98.8%  93%   8.4x10-4 
LSND   H2O        96%  88%   5x10-3 (?) 
 

J-PARC  Hg+Be         99%  94%   6x10-4	


J-PARC MLF target	




•  Pulsed beam enables to separate  
   µ decays from beam n, π decay 
   è main components are νµ and νe  
•  Due to nuclear absorption, νe  

      contamination is ~10-3 
•  Well defined spectrum shape of  
   ν from stopping π, µ, (K) 
•  Well defined cross section for  νe p→e+ n (IBD)  

•  Eν=Ee  
 

çè LSND-LINAC, Decay in flight source, MiniBooNE etc. 

Signal	
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σIBD =
GF
2Eν
2(c)2

π
(gV
2 +3gA

2 )(1− 1.3
Eν(MeV)

) 1− 2 Q
Eν

+
Q2 −me

2

Eν
2

θ(Eν −Q)

νµ	


νe	


E	




Detector consideration	
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A possible strategy	




Oscillation signal rates /yr	


•  Experimental strategy 
depends  
–  badget 
–  neutron backgrounds 

•  Oscillation signals at 20m 
and 50m with 5m long 
detector along the beam 

•  5mx5mx5m at the 
distance 20m, assumming 
sin22θ=10-3, 50% detection 
eff. 26 
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Extraction of signal�

32 
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beam contamination from µ� decay ~ 150 events/2yr�

•  For Δm2 <~1 eV2  and complete coverage, longer baseline  
     with long detector 
•  Near detector ~100t to find large  Δm2 oscillation  
     or define beam without oscillation	


# of events/2yr 
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Differentiation of signal and 
backgrounds (Δm2=1eV2 20m-50m)�
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µ  DAR 5 σ  on anti-νe appearance 	


20m-50m (270 ton) in two year	
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Other possible measurements 	

νe disappearance  (οff bunch timing beam) 
•  µ+→e+　νµ　νe 　  νe C→e− Ngs       σ   8.9x10−42E2 

–  coincidence of e- and Ngs decay, shape of Ee  
Proof of sterile (NC disappearance)  
π+ → µ+ νµ   ν C → ν C*(15.11)   2.8 x 10‐42  

–  Monochromatic νµ   NC disappearance in fixed 
interval 

–  On bunch timing, n backgrounds?   
–  Continuous spectrum ν’s suppressed by µ life time  

•  K+→µ+νµ   νµC→µ-N*    8.4x10‐39  
	

νµ →νe , νe C→e N* 	

 	

 	

1.4x10‐38  

–  small backgrounds because of higher energy 
–  nuclear effect and K production rate are unknown 
   Could be checked with LAr 250L 
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Critical item and preparation	

•  By 1 ton scintillator before 2013 shut down 

–  Neutron background rate in-situ as a function of 
bunch timing by 1 ton scintillator  

–  >10 MeV e± equivalent for 10 µsec 
–  2.2 MeV γ equivalent for ~200 µsec 

•  By 250L LAr detector in 2014 
–  K production and stopping rate by 3 GeV protons 
–  Broadening of charged lepton from 235 MeV ν	


–  Identification of background events 

•  Design of a liquid scintillator detector with E resolution 
(5% or better), position resolution (<25cm) and e-, p- ID 
capability  
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A possible time line	

2013    On-going   
•  Calibration of 250L LAr in charged particle beam  K1.1BR  
•  Neutron background measurement at BL13 with 1 ton 

Scintillator before shutdown 
Proposals  
2014  (RCS tuning and start working for 1MW operation) 
•  Install 250L LAr in MLF 
•  Kaon stopping rate by K->µ νµ , νµ n->µ p study nuclear 

effects 
•  Install liq. scintillation detectors in MLF 
2015 -  µ DAR, K-DAR oscillation search 

–  anti-νε appearance search –refute or confirm LSND 
–  Test for the disappearance to Sterile ν   
–  Studies with K-DAR 235 MeV monochromatic ν 36 



Summary	

•  Establishing or refuting the light sterile neutrino is vital to 

not only particle physics but also to the understanding of  
Universe and its evolution in general.  

•  J-PARC MLF has unique capabilities of providing intense 
neutrinos with well defined spectrum  

•  anti-νe appearance can be tested with high accuracy with 
a reaction with well defined cross section 

•  Neutron background rate is critical to whole program 
 
•  NC disappearance could be a direct test of sterile 

neutrino 
•  Physics with ~1020 Kaon decays	
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