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Neutrinos and Standard Model


• Three flavors


• Weak Interaction Only


• Zero-mass
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Neutrino oscillation: Experimental point of view
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•  Powerful anti-neutrino source (E� ~ 1-10 MeV) 

•  Detectors at distances ~10-1000 m 
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• Evidence from solar neutrino experiments


• Discovery of neutrino oscillation at 
SuperKamiokande (1998) with atmospheric 
neutrinos


• Confirmed by reactor experiments (KamLand)


• Confirmed by accelerator experiments


• Now indisputable that neutrino oscillate! 
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Neutrino oscillation: Theoretical point of view


Ø  ν are the only particles of the SM defined by their flavor 
eigenstates
 (νe,νμ,ντ)


Status of neutrino physics

(νe,νμ,ντ)

9

Neutrino Mixing

W
e
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Since ν ’s have only weak
interactions, flavour eigenstates
are defined as those states that

couple to W

What if the flavour eigenstates are rotated relative to the mass
eigenstates (eigenstates of Hamiltonian with well-defined mass)?
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• Neutrinos are the only particles of the SM defined by their flavor eigenstates               

• This results in an oscillation between the flavors

Wednesday, January 19, 2011
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Neutrino oscillation: Theoretical point of view


Ø  ν are the only particles of the SM defined by their flavor 
eigenstates
 (νe,νμ,ντ)


1

P⌫↵!⌫�
(L, E) = sin22✓sin2

 

1.27
�m2(eV 2)L(km)

E(GeV )

!

(1)

When the standard three neutrino theory is considered, the matrix is 3%3. If only two neutrinos are
considered, a 2%2 matrix is used. If one or more sterile neutrinos are added (see later) it is 4%4 or larger.
In the 3%3 form, it is given by:[9]

where cij = cos&ij and sij = sin&ij. The phase factors "1 and "2 are physically meaningful only if neutrinos
are Majorana particles — i.e. if the neutrino is identical to its antineutrino (whether or not they are is
unknown) — and do not enter into oscillation phenomena regardless. If neutrinoless double beta decay
occurs, these factors influence its rate. The phase factor # is non-zero only if neutrino oscillation violates
CP symmetry. This is expected, but not yet observed experimentally. If experiment shows this 3%3 matrix
to be not unitary, a sterile neutrino or some other new physics is required.

Propagation and interference

Since  are mass eigenstates, their propagation can be described by plane wave solutions of the form

where

quantities are expressed in natural units 
Ei is the energy of the mass-eigenstate i,
t is the time from the start of the propagation,

 is the three-dimensional momentum,
 is the current position of the particle relative to its starting position

In the ultrarelativistic limit, , we can approximate the energy as

This limit applies to all practical (currently observed) neutrinos, since their masses are less than 1 eV and
their energies are at least 1 MeV, so the Lorentz factor ' is greater than 106 in all cases. Using also t $ L,

Neutrino oscillation - Wikipedia, the free encyclopedia http://en.wikipedia.org/wiki/Neutrino_oscillations
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where L is the distance traveled and also dropping the phase factors, the wavefunction becomes:

Eigenstates with different masses propagate at different speeds. The heavier ones lag behind while the
lighter ones pull ahead. Since the mass eigenstates are combinations of flavor eigenstates, this difference
in speed causes interference between the corresponding flavor components of each mass eigenstate.
Constructive interference causes it to be possible to observe a neutrino created with a given flavor to
change its flavor during its propagation. The probability that a neutrino originally of flavor " will later be
observed as having flavor ( is

This is more conveniently written as

where . The phase that is responsible for oscillation is often written as (with c and
 restored)[10]

where 1.267 is unitless. In this form, it is convenient to plug in the oscillation parameters since:

The mass differences, )m2, are known to be on the order of 1 %10*4 eV2

Oscillation distances, L, in modern experiments are on the order of kilometers
Neutrino energies, E, in modern experiments are typically on order of MeV or GeV.

If there is no CP-violation (+ is zero), then the second sum is zero.

Two neutrino case

The above formula is correct for any number of neutrino generations. Writing it explicitly in terms of
mixing angles is extremely cumbersome if there are more than two neutrinos that participate in mixing.
Fortunately, there are several cases in which only two neutrinos participate significantly. In this case, it is
sufficient to consider the mixing matrix

Neutrino oscillation - Wikipedia, the free encyclopedia http://en.wikipedia.org/wiki/Neutrino_oscillations
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2 neutrino case
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Neutrino oscillation: Theoretical point of view


Ø  ν are the only particles of the SM defined by their flavor 
eigenstates
 (νe,νμ,ντ)


Status of neutrino physics

(νe,νμ,ντ)
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Neutrino Mixing
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Since ν ’s have only weak
interactions, flavour eigenstates
are defined as those states that

couple to W

What if the flavour eigenstates are rotated relative to the mass
eigenstates (eigenstates of Hamiltonian with well-defined mass)?
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• Neutrinos are the only particles of the SM defined by their flavor eigenstates               

• This results in an oscillation between the flavors
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(1)

Neutrino oscillation = neutrino masses!
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A bit more on neutrino oscillation


Oscillation probability

9

Neutrino Mixing
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Since ν ’s have only weak
interactions, flavour eigenstates
are defined as those states that

couple to W

What if the flavour eigenstates are rotated relative to the mass
eigenstates (eigenstates of Hamiltonian with well-defined mass)?
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A bit more on neutrino oscillation


1

P⌫↵!⌫�
(L, E) = sin22✓sin2
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• Study appearance channels


• Or study disappearance channels

1
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Neutrinos, the global picture

•  3 neutrinos


• Mass differences squared well known


• What is the mass hierarchy?


• Absolute mass:                                   
0 < Σm < 0.44 (~2) eV


•  Is there CP violation?                         
(ν and ν different?)


• What is δCP?


• Are there really 3 neutrinos??


(Δm2)sol

(Δm2)sol

(Δm2)atm

(Δm2)atm

νe

νµ

ντ

(m1)
2

(m2)
2

(m3)
2

(m1)
2

(m2)
2

(m3)
2

normal hierarchy inverted hierarchy

FIGURE 2. Cartoon of the two distinct neutrino-mass hierarchies that fit all of the current neutrino data,
for fixed values of all mixing angles and mass-squared differences. The color coding (shading) indices the
fraction |Uα i|2 of each distinct flavor να , α = e,µ ,τ contained in each mass eigenstate νi, i= 1,2,3. For
example, |Ue2|2 is equal to the fraction of the (m2)2 “bar” that is painted red (shading labeled as ‘νe’).

3. sin2 θ13 ≤ 0032, mostly from atmospheric and Chooz [6] data;
4. Δm2

12 = (7.9±0.7)×10−5 eV2, mostly from solar and KamLAND data;
5. |Δm2

13| = (2.4±0.6)×10−3 eV2, mostly from atmospheric neutrino data.

I refer readers to [5] for details of the analyses and the results, including correlations,
etc.

We still need to find out

1. the sign of Δm2
13 or what is the neutrino mass hierarchy?;

2. the value of θ13 or is |Ue3| $= 0?;
3. the value of δ or is there CP-invariance violation in neutrino oscillations?;
4. the sign of 1/2− sin2 θ23 or is atmospheric mixing really maximal?

Finally, it is important to realize that massive neutrinos can be either Dirac or Majo-
rana fermions. The reason for this is simple: neutrinos are the only electrically neutral
fermions. Dirac fermions and Majorana fermions are very distinct. If the neutrino is a
Dirac fermion, it is described by four degrees of freedom – a left-handed neutrino, a
right-handed antineutrino, a right-handed neutrino and a left-handed antineutrino. If, on
the other hand, the neutrino is a Majorana fermion, it is only described by two degrees of
freedom – a left-handed neutrino and a right-handed antineutrino. Furthermore, massive
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NEUTRINO DETECTION
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Neutrino detection

• Neutrinos are not detected directly


• Neutrinos interact through “Charged” and “Neutral” currents


•  Interaction products are detected


Charge Current (CC) Interactions

 Neutrino Interactions

CCpi              

  NCpi

  CCQE
Friday, December 10, 2010
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Neutrino detection

• Traditionally, neutrino detectors used Cherenkov radiation or 

scintillation light  


• Ex: Water Cherenkov detectors


SuperK

Track Images

47

• Muons

• full rings

• Electrons

• fuzzy rings

• Neutral pions

• double rings
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New technology for neutrino detection

Liquid Argon Time Projection Chamber
The LArTPC concept

neutrino
ionization

ionization

Wire planes

Wire pulses in time give the drift 
coordinate of the track

Scintillation light is also available for detection! 

induction plane + collection plane + time = 3D image of event (w/ calorimetric info) 

Wire #
T

im
e

Collection plane
Wire #

T
im

e

Induction plane

E

Liquid argon

ICARUS (LArTPC pioneer) 50 L in WANF beam

The LArTPC concept

neutrino
ionization

ionization

Wire planes

Wire pulses in time give the drift 
coordinate of the track

Scintillation light is also available for detection! 

induction plane + collection plane + time = 3D image of event (w/ calorimetric info) 

Wire #

T
im

e

Collection plane
Wire #

T
im

e

Induction plane

E

Liquid argon

ICARUS (LArTPC pioneer) 50 L in WANF beam
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Collection plane 

Induction plane 



LAr TPCs

ü   3D imaging


ü   High neutrino detection efficiency


ü  Excellent background rejection


ü   Good calorimetric reconstruction
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LAr TPCs


MicheleWeber	
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MicroBooNE)
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⇡0 ! � + �Electron,&
Photon&

Muon& Proton&

⇡0 ! � + �
Electron,&
Photon&

Muon& Proton&

LAr TPCs


M.Weber


LAr TPC at LBNE

• High νe reconstruction efficiency 

⇒ 6 times less mass than WC for same sensitivity

• Good energy (few %) and position resolution (few mm)

• Some processes almost background free

• Distinction between e- and γs

• Add magnetic field → ν/ν distinction

• Add veto → lower depth is require (save $$)

• Technology not yet proven at very large scale

e-

γ

Tuesday, January 25, 2011
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Why Ar?


•  Ionization electrons can be drifted over long distances (no electron attachment)


•  Scintillation light used for detection (Ar is transparent to it’s own scintillation)


•  Very good dielectric properties allow high voltages in detector


Why Noble Liquids for Neutrinos?

7

Water

Boiling Point [K] @ 
1atm 4.2 27.1 87.3 120.0 165.0 373

Density [g/cm3] 0.125 1.2 1.4 2.4 3.0 1

Radiation Length [cm] 755.2 24.0 14.0 4.9 2.8 36.1

dE/dx [MeV/cm] 0.24 1.4 2.1 3.0 3.8 1.9

Scintillation [γ/MeV] 19,000 30,000 40,000 25,000 42,000

Scintillation λ [nm] 80 78 128 150 175

•Abundant ionization electrons and scintillation light can both be used for detection.
•If liquids are highly purified (<0.1ppb), ionization can be drifted over long distances.
•Excellent dielectric properties accommodate very large voltages.
•Noble liquids are dense, so they make a good target for neutrinos.
•Argon is relatively cheap and easy to obtain (1% of atmosphere).
•Drawbacks?...no free protons...nuclear effects.

Mitch Soderberg	
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Why Ar?


•  Today what matters is:


Why Noble Liquids for Neutrinos?

7

Water

Boiling Point [K] @ 
1atm 4.2 27.1 87.3 120.0 165.0 373

Density [g/cm3] 0.125 1.2 1.4 2.4 3.0 1

Radiation Length [cm] 755.2 24.0 14.0 4.9 2.8 36.1

dE/dx [MeV/cm] 0.24 1.4 2.1 3.0 3.8 1.9

Scintillation [γ/MeV] 19,000 30,000 40,000 25,000 42,000

Scintillation λ [nm] 80 78 128 150 175

•Abundant ionization electrons and scintillation light can both be used for detection.
•If liquids are highly purified (<0.1ppb), ionization can be drifted over long distances.
•Excellent dielectric properties accommodate very large voltages.
•Noble liquids are dense, so they make a good target for neutrinos.
•Argon is relatively cheap and easy to obtain (1% of atmosphere).
•Drawbacks?...no free protons...nuclear effects.

Price 
Depends 

on the 
country 

 
~300$/l < 1$/l ~3000 $/l  

 
~10$/l ~100$/l 
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Sterile Neutrino
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The LSND experiment 

•  LSND: short-baseline experiment


• Search for νμ →νe


• Signal:  νe+p → e++n;  np→dγ


!"#$%Q!<ORST%F*5@%

•  =%@<;%UVD%O*W%>/.?.+%A*5@%X(?H%CY%$S%

•  ZE%,@%X5?*/%?5/J*?%-/.@%=VVZ0=VV[%
•  \(JH%]%?5/J*?%-/.@%=VVC0=VVD%

•  BD;DVC%9%QE8Z%JT%.-%>/.?.+3%.+%?5/J*?%-/.@%=VVZ0=VVD%
•  #*:?/(+.3%-/.@%"+/µ+%$<K^%"+ 01 µ+ !µ , µ+ 01%*+ !* !µ#

•  "�/µ0%$<K%5/*%H(JH4P%3:>>/*33*)%

•  µ�/µ_%`%Da=E0b%%%%%%
•  S*X%Y%.-%"+%$cS%

C. Athanassopoulos et al., Nucl. Instrum. Methods A 388, 149, (1997). 

Location: 30m (L/E→ ~1)

Cylindrical tank


(167t mineral oil with b-PBD)

L:8.3m x R:5.7


1220 8” PMTs (25% coverage)


 Eν ~ 60 MeV
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The LSND anomaly


• Observed an excess of νe


• Would imply Δm2 ~ 1eV2 
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Δ
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FIG. 26: Favored regions in the (sin2 2θ, ∆m2) plane at 90% CL. The Feldman-Cousins, Bayesian,

and constant-slice methods all give about the same result.
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3.8σ


other

p(ν_e,e
+)n

p(ν_µ→ν
_

e,e
+)n

L/Eν (meters/MeV)

Be
am

 E
xc

es
s

Beam Excess

0

2.5

5

7.5

10

12.5

15

17.5

0.4 0.6 0.8 1 1.2 1.4

FIG. 24: The Lν/Eν distribution for events with Rγ > 10 and 20 < Ee < 60 MeV, where Lν is

the distance travelled by the neutrino in meters and Eν is the neutrino energy in MeV. The data

agree well with the expectation from neutrino background and neutrino oscillations at low ∆m2.

62

22




New neutrino?


Need additional neutrino 
(but LEP showed that 
there are only 3!)














Non-active neutrino         
→ sterile


New neutrino?


3 active + 1 sterile neutrino states 

Extending the standard picture to include sterile 
neutrinos 

m
2
 

(not to scale) 

!m2
12~!m2

solar 

!m2
23~!m2

atm 

!m2
43~!m2

LSND ~ 1 eV2 

"e "µ# "$# "s 

~ |U%i|
2 

Disappearance probability: 

Appearance probability: 

Recipe: 
•! Oscillation probability derivation assumptions 
(E>>m, unitarity) are still valid (slides 4,5) 

•! Summation over 3+1=4 mass eigenstates; but 
only 3 active flavor states (associated with 
production and detection) 

Assumption:  

 - m4 >> m1,2,3 ~0 ! two-neutrino approx. 
Considerations: 

 - only e, µ flavors at production/detection 

G. Karagiorgi, Columbia U. 7 MicroBooNE PAWGFest,  April 7, 2011 

In the case where the extra neutrino mass state is light ( << mZ/2 ) 

we have constraints on its weak coupling from the invisible Z width 
measurement from LEP: 

 e+e- ! Z ! ! !   (at Z resonance) 

            It tells us the number of 
           weakly interacting neutrinos  
           light enough to be 
           kinematically produced in Z 
           decays should be ~3. 

Why “sterile” neutrinos 

G. Karagiorgi, Columbia U. 8 MicroBooNE PAWGFest,  April 7, 2011 

LEP measures [PDG]: 

• Need new neutrino (but LEP said only 3!)


• Cannot be active → sterile
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In the case where the extra neutrino mass state is light ( << mZ/2 ) 

we have constraints on its weak coupling from the invisible Z width 
measurement from LEP: 

 e+e- ! Z ! " "   (at Z resonance) 

            It tells us the number of 
           weakly interacting neutrinos  
           light enough to be 
           kinematically produced in Z 
           decays should be ~3. 

Why “sterile” neutrinos 

G. Karagiorgi, Columbia U. 8 MicroBooNE PAWGFest,  April 7, 2011 

LEP measures [PDG]: 
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KARMEN


• Similar beam as LSND but off-axis


• But a distance of 17.7 m (different L/E)


• NULL result!


Figure 19. The (sin2 2✓,�m2) oscillation parameter fit for the entire LSND data sample, 20 < Ee < 200 MeV.
The inner and outer regions correspond to 90% and 99% CL allowed regions, while the curves are 90% CL
limits from the Bugey reactor experiment and the KARMEN experiment at ISIS.

central detector

(a)

Figure 20. (a) Front view of the KARMEN detector showing details of the central detector region. (b) Side
view of the detector.

shielding and is located 17.7 m from the neutrino source at an angle of 100� to the incident proton
beam direction.
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Figure 23. The confidence regions of the oscillation parameters for the combined likelihood analysis, as-
suming statistical compatibility of LSND and KARMEN.

in neutral current single-pion neutrino reactions [398]. Unlike in Ref. [398] tight cuts are not used
in this analysis, in order to keep as many events as possible. As will be see later, even without tight
cuts, the neutral current enhanced selection defined below can be used to di↵erentiate two models
quite well. For sub-GeV events, the cuts use to enhance neutral current events are:

• Multi-ring events: ⇡0 particles produced in neutral current reactions produce two e-like rings.

• The most energetic ring is e-like: this cut is chosen to get rid of CC ⌫µ events.

• 400 MeV < Evis < 1330 MeV: this cut is chosen to preserve the directional information of
the parent neutrinos.

For the multi-GeV samples, the events rejected by the enhanced the charged current likelihood
selection developed for the standard Super-K analysis are used. Ref. [399] provides detailed de-
scription on the charged and neutral current event enhancement method.

The zenith distributions of neutral current enhanced samples selected by these cuts are shown in
Fig. 24. The hatched areas are neutral current events based on the Monte Carlo simulation. The
percentages of neutral current events and charge current ⌫µ contaminations are shown in Table X.
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Figure 19. The (sin2 2✓,�m2) oscillation parameter fit for the entire LSND data sample, 20 < Ee < 200 MeV.
The inner and outer regions correspond to 90% and 99% CL allowed regions, while the curves are 90% CL
limits from the Bugey reactor experiment and the KARMEN experiment at ISIS.

central detector

(a)

Figure 20. (a) Front view of the KARMEN detector showing details of the central detector region. (b) Side
view of the detector.

shielding and is located 17.7 m from the neutrino source at an angle of 100� to the incident proton
beam direction.
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Combined LSND and KARMEN
24




The MiniBooNE experiment


• Goal: test LSND


•  800t of mineral oil (~4.5 times LSND)


•  Location: 541m (L/E → ~1)
MiniBooNE looks for an excess of electron neutrino events in a 
predominantly muon neutrino beam 

neutrino mode:          !µ" !e oscillation search 

antineutrino mode:   !µ" !e oscillation search 
_ _ 

! mode flux ! mode flux 

~6% # ~18% # 

K + ! µ+"µ

K + ! µ+"µ

! + " µ+#µ
! " # µ"$µ

Sterile Neutrinos at the Crossroads 

 Eν ~ 600 MeV
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12/19/2013'

 2. MiniBooNE 

Teppei'Katori' 7'

MiniBooNE collaboration,PRL110(2013)161801 

MiniBooNE observed event 
excesses in both mode 
 
Neutrino mode 
162.0'± 28.1 ±'38.7  (3.4σ) ''
 
Antineutrino mode'
78.9'± 20.0 ±'20.3  (2.8σ)  

 1. LSND 
 2. MiniBooNE 
 3. OscSNS 
 4. MiniBooNE+ 
 5. MicroBooNE 
 6. Sterile neutrino 

3.4σ

162.8 ± 28.1 ±  38.7 


The MiniBooNE anomaly (neutrinos)
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Excess at different energies than LSND!


MiniBooNE looks for an excess of electron neutrino events in a 
predominantly muon neutrino beam 

neutrino mode:          !µ" !e oscillation search 

antineutrino mode:   !µ" !e oscillation search 
_ _ 

! mode flux ! mode flux 

~6% # ~18% # 

K + ! µ+"µ

K + ! µ+"µ

! + " µ+#µ
! " # µ"$µ

Sterile Neutrinos at the Crossroads 

12/19/2013'

 2. MiniBooNE 

Teppei'Katori' 7'

MiniBooNE collaboration,PRL110(2013)161801 

MiniBooNE observed event 
excesses in both mode 
 
Neutrino mode 
162.0'± 28.1 ±'38.7  (3.4σ) ''
 
Antineutrino mode'
78.9'± 20.0 ±'20.3  (2.8σ)  

 1. LSND 
 2. MiniBooNE 
 3. OscSNS 
 4. MiniBooNE+ 
 5. MicroBooNE 
 6. Sterile neutrino 

right-sign !!e and wrong-sign !e, and no significant !", !!",
!e, or !!e disappearance. Using a likelihood-ratio technique
[4], the confidence level values for the fitting statistic,
"#2 ¼ #2ðpointÞ $ #2ðbestÞ, as a function of oscillation
parameters, "m2 and sin22$, is determined from frequent-
ist, fake data studies. The critical values over the
oscillation parameter space are typically 2.0, the number
of fit parameters, but can be as a low as 1.0 at small
sin22$ or large "m2. With this technique, the best
antineutrino oscillation fit for 200<EQE

! < 3000 MeV
occurs at ð"m2; sin22$Þ ¼ ð0:043 eV2; 0:88Þ but there is
little change in probability in a broad region up to
ð"m2; sin22$Þ ¼ ð0:8 eV2; 0:004Þ as shown in Fig. 3
(top). In the neutrino oscillation energy range of

200< EQE
! < 1250 MeV, the #2=ndf for the above

antineutrino-mode best-fit point is 5:0=7:0 with a proba-
bility of 66%. The background-only fit has a #2 probability
of 0.5% relative to the best oscillation fit and a #2=ndf ¼
16:6=8:9 with a probability of 5.4%. Figure 3 (top) shows
theMiniBooNE closed confidence level (C.L.) contours for
!e and !!e appearance oscillations in the antineutrino mode

in the 200< EQE
! < 3000 MeV energy range. The data

indicate an oscillation signal region at the greater than
99% C.L. with respect to a no oscillation hypothesis, which
is consistent with some parts of the LSND 99% C.L.
allowed region and consistent with the limits from the
KARMEN experiment [24].
Multinucleon processes and !e and !" disappearance

can affect the results of the MiniBooNE oscillation analy-
sis. Specifically, nuclear effects associated with neutrino
interactions on carbon can affect the reconstruction of the

neutrino energy, EQE
! , and the determination of the neutrino

oscillation parameters [25–27]. These effects can change
the visible energy in the detector and the relative energy
distribution for the signal and gamma backgrounds. These
effects are partially removed in this analysis since the
gamma background is determined from direct measure-
ments of NC %0 and dirt backgrounds.
In order to estimate the possible effects of a

multinucleon-type model, an oscillation fit was performed
using event predictions based on the Martini et al. [25]
model. The prediction was implemented by smearing the
input neutrino energies as a function of reconstructed
energy to mimic the behavior of the model. For an estimate
of the effects of disappearance oscillations, a (3þ 1) type
model was used. Fits were performed where the appear-
ance "m2 and sin22$app parameters were varied as usual

but disappearance oscillations were also included with

jUe4j2 ¼ jU"4j2 ¼ jUj2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin22$app=4

q
and with the

same "m2. This is a disappearance model where all four
types of neutrinos (!e= !!e=!"= !!") disappear with the same

effective sin22$disapp ¼ 4ð1$U2ÞU2. A comparison of the

results for these models versus the nominal MiniBooNE
analysis is given in Table II. Results are presented for the
best fit with the given prediction model and for a test point
with "m2 ¼ 0:5 eV2 and sin22$ ¼ 0:01. The difference in
#2 values for the different prediction models is<0:5 units,
suggesting that multinucleon or disappearance effects do
not significantly change the oscillation fit and null exclu-
sion probabilities.
Even though the MiniBooNE antineutrino data are a

direct test of the LSND oscillation hypothesis, the
MiniBooNE neutrino-mode data can add additional infor-
mation, especially for comparisons to various sterile neu-
trino models. The previous MiniBooNE oscillation
analysis [2] found no evidence for neutrino oscillations
in the neutrino mode by fitting over the neutrino energy

range 475<EQE
! < 3000 MeV, excluding the low-energy
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FIG. 3 (color online). MiniBooNE allowed regions in the
antineutrino mode (top) and the neutrino mode (bottom) for
events with EQE

! > 200 MeV within a two-neutrino oscillation
model. Also shown are the ICARUS [28] and KARMEN [24]
appearance limits for neutrinos and antineutrinos, respectively.
The shaded areas show the 90% and 99% C.L. LSND !!" ! !!e

allowed regions. The black stars show the MiniBooNE best fit
points, while the circles show the example values used in Fig. 2.
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right-sign !!e and wrong-sign !e, and no significant !", !!",
!e, or !!e disappearance. Using a likelihood-ratio technique
[4], the confidence level values for the fitting statistic,
"#2 ¼ #2ðpointÞ $ #2ðbestÞ, as a function of oscillation
parameters, "m2 and sin22$, is determined from frequent-
ist, fake data studies. The critical values over the
oscillation parameter space are typically 2.0, the number
of fit parameters, but can be as a low as 1.0 at small
sin22$ or large "m2. With this technique, the best
antineutrino oscillation fit for 200<EQE

! < 3000 MeV
occurs at ð"m2; sin22$Þ ¼ ð0:043 eV2; 0:88Þ but there is
little change in probability in a broad region up to
ð"m2; sin22$Þ ¼ ð0:8 eV2; 0:004Þ as shown in Fig. 3
(top). In the neutrino oscillation energy range of

200< EQE
! < 1250 MeV, the #2=ndf for the above

antineutrino-mode best-fit point is 5:0=7:0 with a proba-
bility of 66%. The background-only fit has a #2 probability
of 0.5% relative to the best oscillation fit and a #2=ndf ¼
16:6=8:9 with a probability of 5.4%. Figure 3 (top) shows
theMiniBooNE closed confidence level (C.L.) contours for
!e and !!e appearance oscillations in the antineutrino mode

in the 200< EQE
! < 3000 MeV energy range. The data

indicate an oscillation signal region at the greater than
99% C.L. with respect to a no oscillation hypothesis, which
is consistent with some parts of the LSND 99% C.L.
allowed region and consistent with the limits from the
KARMEN experiment [24].
Multinucleon processes and !e and !" disappearance

can affect the results of the MiniBooNE oscillation analy-
sis. Specifically, nuclear effects associated with neutrino
interactions on carbon can affect the reconstruction of the

neutrino energy, EQE
! , and the determination of the neutrino

oscillation parameters [25–27]. These effects can change
the visible energy in the detector and the relative energy
distribution for the signal and gamma backgrounds. These
effects are partially removed in this analysis since the
gamma background is determined from direct measure-
ments of NC %0 and dirt backgrounds.
In order to estimate the possible effects of a

multinucleon-type model, an oscillation fit was performed
using event predictions based on the Martini et al. [25]
model. The prediction was implemented by smearing the
input neutrino energies as a function of reconstructed
energy to mimic the behavior of the model. For an estimate
of the effects of disappearance oscillations, a (3þ 1) type
model was used. Fits were performed where the appear-
ance "m2 and sin22$app parameters were varied as usual

but disappearance oscillations were also included with

jUe4j2 ¼ jU"4j2 ¼ jUj2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin22$app=4

q
and with the

same "m2. This is a disappearance model where all four
types of neutrinos (!e= !!e=!"= !!") disappear with the same

effective sin22$disapp ¼ 4ð1$U2ÞU2. A comparison of the

results for these models versus the nominal MiniBooNE
analysis is given in Table II. Results are presented for the
best fit with the given prediction model and for a test point
with "m2 ¼ 0:5 eV2 and sin22$ ¼ 0:01. The difference in
#2 values for the different prediction models is<0:5 units,
suggesting that multinucleon or disappearance effects do
not significantly change the oscillation fit and null exclu-
sion probabilities.
Even though the MiniBooNE antineutrino data are a

direct test of the LSND oscillation hypothesis, the
MiniBooNE neutrino-mode data can add additional infor-
mation, especially for comparisons to various sterile neu-
trino models. The previous MiniBooNE oscillation
analysis [2] found no evidence for neutrino oscillations
in the neutrino mode by fitting over the neutrino energy

range 475<EQE
! < 3000 MeV, excluding the low-energy
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FIG. 3 (color online). MiniBooNE allowed regions in the
antineutrino mode (top) and the neutrino mode (bottom) for
events with EQE

! > 200 MeV within a two-neutrino oscillation
model. Also shown are the ICARUS [28] and KARMEN [24]
appearance limits for neutrinos and antineutrinos, respectively.
The shaded areas show the 90% and 99% C.L. LSND !!" ! !!e

allowed regions. The black stars show the MiniBooNE best fit
points, while the circles show the example values used in Fig. 2.
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right-sign !!e and wrong-sign !e, and no significant !", !!",
!e, or !!e disappearance. Using a likelihood-ratio technique
[4], the confidence level values for the fitting statistic,
"#2 ¼ #2ðpointÞ $ #2ðbestÞ, as a function of oscillation
parameters, "m2 and sin22$, is determined from frequent-
ist, fake data studies. The critical values over the
oscillation parameter space are typically 2.0, the number
of fit parameters, but can be as a low as 1.0 at small
sin22$ or large "m2. With this technique, the best
antineutrino oscillation fit for 200<EQE

! < 3000 MeV
occurs at ð"m2; sin22$Þ ¼ ð0:043 eV2; 0:88Þ but there is
little change in probability in a broad region up to
ð"m2; sin22$Þ ¼ ð0:8 eV2; 0:004Þ as shown in Fig. 3
(top). In the neutrino oscillation energy range of

200< EQE
! < 1250 MeV, the #2=ndf for the above

antineutrino-mode best-fit point is 5:0=7:0 with a proba-
bility of 66%. The background-only fit has a #2 probability
of 0.5% relative to the best oscillation fit and a #2=ndf ¼
16:6=8:9 with a probability of 5.4%. Figure 3 (top) shows
theMiniBooNE closed confidence level (C.L.) contours for
!e and !!e appearance oscillations in the antineutrino mode

in the 200< EQE
! < 3000 MeV energy range. The data

indicate an oscillation signal region at the greater than
99% C.L. with respect to a no oscillation hypothesis, which
is consistent with some parts of the LSND 99% C.L.
allowed region and consistent with the limits from the
KARMEN experiment [24].
Multinucleon processes and !e and !" disappearance

can affect the results of the MiniBooNE oscillation analy-
sis. Specifically, nuclear effects associated with neutrino
interactions on carbon can affect the reconstruction of the

neutrino energy, EQE
! , and the determination of the neutrino

oscillation parameters [25–27]. These effects can change
the visible energy in the detector and the relative energy
distribution for the signal and gamma backgrounds. These
effects are partially removed in this analysis since the
gamma background is determined from direct measure-
ments of NC %0 and dirt backgrounds.
In order to estimate the possible effects of a

multinucleon-type model, an oscillation fit was performed
using event predictions based on the Martini et al. [25]
model. The prediction was implemented by smearing the
input neutrino energies as a function of reconstructed
energy to mimic the behavior of the model. For an estimate
of the effects of disappearance oscillations, a (3þ 1) type
model was used. Fits were performed where the appear-
ance "m2 and sin22$app parameters were varied as usual

but disappearance oscillations were also included with

jUe4j2 ¼ jU"4j2 ¼ jUj2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin22$app=4

q
and with the

same "m2. This is a disappearance model where all four
types of neutrinos (!e= !!e=!"= !!") disappear with the same

effective sin22$disapp ¼ 4ð1$U2ÞU2. A comparison of the

results for these models versus the nominal MiniBooNE
analysis is given in Table II. Results are presented for the
best fit with the given prediction model and for a test point
with "m2 ¼ 0:5 eV2 and sin22$ ¼ 0:01. The difference in
#2 values for the different prediction models is<0:5 units,
suggesting that multinucleon or disappearance effects do
not significantly change the oscillation fit and null exclu-
sion probabilities.
Even though the MiniBooNE antineutrino data are a

direct test of the LSND oscillation hypothesis, the
MiniBooNE neutrino-mode data can add additional infor-
mation, especially for comparisons to various sterile neu-
trino models. The previous MiniBooNE oscillation
analysis [2] found no evidence for neutrino oscillations
in the neutrino mode by fitting over the neutrino energy

range 475<EQE
! < 3000 MeV, excluding the low-energy
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events with EQE

! > 200 MeV within a two-neutrino oscillation
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points, while the circles show the example values used in Fig. 2.
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The MiniBooNE anomaly (antineutrinos)


miniBooNE anti-neutrino mode result	
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right-sign !!e and wrong-sign !e, and no significant !", !!",
!e, or !!e disappearance. Using a likelihood-ratio technique
[4], the confidence level values for the fitting statistic,
"#2 ¼ #2ðpointÞ $ #2ðbestÞ, as a function of oscillation
parameters, "m2 and sin22$, is determined from frequent-
ist, fake data studies. The critical values over the
oscillation parameter space are typically 2.0, the number
of fit parameters, but can be as a low as 1.0 at small
sin22$ or large "m2. With this technique, the best
antineutrino oscillation fit for 200<EQE

! < 3000 MeV
occurs at ð"m2; sin22$Þ ¼ ð0:043 eV2; 0:88Þ but there is
little change in probability in a broad region up to
ð"m2; sin22$Þ ¼ ð0:8 eV2; 0:004Þ as shown in Fig. 3
(top). In the neutrino oscillation energy range of

200< EQE
! < 1250 MeV, the #2=ndf for the above

antineutrino-mode best-fit point is 5:0=7:0 with a proba-
bility of 66%. The background-only fit has a #2 probability
of 0.5% relative to the best oscillation fit and a #2=ndf ¼
16:6=8:9 with a probability of 5.4%. Figure 3 (top) shows
theMiniBooNE closed confidence level (C.L.) contours for
!e and !!e appearance oscillations in the antineutrino mode

in the 200< EQE
! < 3000 MeV energy range. The data

indicate an oscillation signal region at the greater than
99% C.L. with respect to a no oscillation hypothesis, which
is consistent with some parts of the LSND 99% C.L.
allowed region and consistent with the limits from the
KARMEN experiment [24].
Multinucleon processes and !e and !" disappearance

can affect the results of the MiniBooNE oscillation analy-
sis. Specifically, nuclear effects associated with neutrino
interactions on carbon can affect the reconstruction of the

neutrino energy, EQE
! , and the determination of the neutrino

oscillation parameters [25–27]. These effects can change
the visible energy in the detector and the relative energy
distribution for the signal and gamma backgrounds. These
effects are partially removed in this analysis since the
gamma background is determined from direct measure-
ments of NC %0 and dirt backgrounds.
In order to estimate the possible effects of a

multinucleon-type model, an oscillation fit was performed
using event predictions based on the Martini et al. [25]
model. The prediction was implemented by smearing the
input neutrino energies as a function of reconstructed
energy to mimic the behavior of the model. For an estimate
of the effects of disappearance oscillations, a (3þ 1) type
model was used. Fits were performed where the appear-
ance "m2 and sin22$app parameters were varied as usual

but disappearance oscillations were also included with

jUe4j2 ¼ jU"4j2 ¼ jUj2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin22$app=4

q
and with the

same "m2. This is a disappearance model where all four
types of neutrinos (!e= !!e=!"= !!") disappear with the same

effective sin22$disapp ¼ 4ð1$U2ÞU2. A comparison of the

results for these models versus the nominal MiniBooNE
analysis is given in Table II. Results are presented for the
best fit with the given prediction model and for a test point
with "m2 ¼ 0:5 eV2 and sin22$ ¼ 0:01. The difference in
#2 values for the different prediction models is<0:5 units,
suggesting that multinucleon or disappearance effects do
not significantly change the oscillation fit and null exclu-
sion probabilities.
Even though the MiniBooNE antineutrino data are a

direct test of the LSND oscillation hypothesis, the
MiniBooNE neutrino-mode data can add additional infor-
mation, especially for comparisons to various sterile neu-
trino models. The previous MiniBooNE oscillation
analysis [2] found no evidence for neutrino oscillations
in the neutrino mode by fitting over the neutrino energy

range 475<EQE
! < 3000 MeV, excluding the low-energy
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FIG. 3 (color online). MiniBooNE allowed regions in the
antineutrino mode (top) and the neutrino mode (bottom) for
events with EQE

! > 200 MeV within a two-neutrino oscillation
model. Also shown are the ICARUS [28] and KARMEN [24]
appearance limits for neutrinos and antineutrinos, respectively.
The shaded areas show the 90% and 99% C.L. LSND !!" ! !!e

allowed regions. The black stars show the MiniBooNE best fit
points, while the circles show the example values used in Fig. 2.
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right-sign !!e and wrong-sign !e, and no significant !", !!",
!e, or !!e disappearance. Using a likelihood-ratio technique
[4], the confidence level values for the fitting statistic,
"#2 ¼ #2ðpointÞ $ #2ðbestÞ, as a function of oscillation
parameters, "m2 and sin22$, is determined from frequent-
ist, fake data studies. The critical values over the
oscillation parameter space are typically 2.0, the number
of fit parameters, but can be as a low as 1.0 at small
sin22$ or large "m2. With this technique, the best
antineutrino oscillation fit for 200<EQE

! < 3000 MeV
occurs at ð"m2; sin22$Þ ¼ ð0:043 eV2; 0:88Þ but there is
little change in probability in a broad region up to
ð"m2; sin22$Þ ¼ ð0:8 eV2; 0:004Þ as shown in Fig. 3
(top). In the neutrino oscillation energy range of

200< EQE
! < 1250 MeV, the #2=ndf for the above

antineutrino-mode best-fit point is 5:0=7:0 with a proba-
bility of 66%. The background-only fit has a #2 probability
of 0.5% relative to the best oscillation fit and a #2=ndf ¼
16:6=8:9 with a probability of 5.4%. Figure 3 (top) shows
theMiniBooNE closed confidence level (C.L.) contours for
!e and !!e appearance oscillations in the antineutrino mode

in the 200< EQE
! < 3000 MeV energy range. The data

indicate an oscillation signal region at the greater than
99% C.L. with respect to a no oscillation hypothesis, which
is consistent with some parts of the LSND 99% C.L.
allowed region and consistent with the limits from the
KARMEN experiment [24].
Multinucleon processes and !e and !" disappearance

can affect the results of the MiniBooNE oscillation analy-
sis. Specifically, nuclear effects associated with neutrino
interactions on carbon can affect the reconstruction of the

neutrino energy, EQE
! , and the determination of the neutrino

oscillation parameters [25–27]. These effects can change
the visible energy in the detector and the relative energy
distribution for the signal and gamma backgrounds. These
effects are partially removed in this analysis since the
gamma background is determined from direct measure-
ments of NC %0 and dirt backgrounds.
In order to estimate the possible effects of a

multinucleon-type model, an oscillation fit was performed
using event predictions based on the Martini et al. [25]
model. The prediction was implemented by smearing the
input neutrino energies as a function of reconstructed
energy to mimic the behavior of the model. For an estimate
of the effects of disappearance oscillations, a (3þ 1) type
model was used. Fits were performed where the appear-
ance "m2 and sin22$app parameters were varied as usual

but disappearance oscillations were also included with

jUe4j2 ¼ jU"4j2 ¼ jUj2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin22$app=4

q
and with the

same "m2. This is a disappearance model where all four
types of neutrinos (!e= !!e=!"= !!") disappear with the same

effective sin22$disapp ¼ 4ð1$U2ÞU2. A comparison of the

results for these models versus the nominal MiniBooNE
analysis is given in Table II. Results are presented for the
best fit with the given prediction model and for a test point
with "m2 ¼ 0:5 eV2 and sin22$ ¼ 0:01. The difference in
#2 values for the different prediction models is<0:5 units,
suggesting that multinucleon or disappearance effects do
not significantly change the oscillation fit and null exclu-
sion probabilities.
Even though the MiniBooNE antineutrino data are a

direct test of the LSND oscillation hypothesis, the
MiniBooNE neutrino-mode data can add additional infor-
mation, especially for comparisons to various sterile neu-
trino models. The previous MiniBooNE oscillation
analysis [2] found no evidence for neutrino oscillations
in the neutrino mode by fitting over the neutrino energy

range 475<EQE
! < 3000 MeV, excluding the low-energy
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FIG. 3 (color online). MiniBooNE allowed regions in the
antineutrino mode (top) and the neutrino mode (bottom) for
events with EQE

! > 200 MeV within a two-neutrino oscillation
model. Also shown are the ICARUS [28] and KARMEN [24]
appearance limits for neutrinos and antineutrinos, respectively.
The shaded areas show the 90% and 99% C.L. LSND !!" ! !!e

allowed regions. The black stars show the MiniBooNE best fit
points, while the circles show the example values used in Fig. 2.
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The MiniBooNE anomaly


constrained by fits to kaon production data and the recent
SciBooNE measurements [18]. Other backgrounds from
misidentified !" or !!" [20,21] events are also constrained
by the observed CCQE sample. The gamma background
from NC #0 production mainly from " decay or " ! N$
radiative decay [22] is constrained by the associated large
two-gamma data sample (mainly from " production)
observed in the MiniBooNE data [23]. In effect, an
in situ NC #0 rate is measured and applied to the analysis.
Single-gamma backgrounds from external neutrino inter-
actions (‘‘dirt’’ backgrounds) are estimated using topologi-
cal and spatial cuts to isolate these events whose vertex is
near the edge of the detector and point towards the detector
center [3].

Systematic uncertainties are determined by considering
the predicted effects on the !", !!", !e, and !!e CCQE rate
from variations of parameters. These include uncertainties
in the neutrino and antineutrino flux estimates, uncertain-
ties in neutrino cross sections, most of which are
determined by in situ cross-section measurements at
MiniBooNE [20,23], uncertainties due to nuclear effects,
and uncertainties in detector modeling and reconstruction.
A covariance matrix in bins of EQE

! is constructed by
considering the variation from each source of systematic
uncertainty on the !e and !!e CCQE signal, background,
and !" and !!" CCQE prediction as a function of EQE

! . This
matrix includes correlations between any of the !e and !!e

CCQE signal and background and !" and !!" CCQE
samples, and is used in the %2 calculation of the oscillation
fits.

Figure 1 (top) shows the EQE
! distribution for !!e CCQE

data and background in the antineutrino mode over the full
available energy range. Each bin of reconstructed EQE

!

corresponds to a distribution of ‘‘true’’ generated neutrino
energies, which can overlap adjacent bins. In the antineu-
trino mode, a total of 478 data events pass the !!e event
selection requirements with 200<EQE

! < 1250 MeV,
compared to a background expectation of 399:6!
20:0ðstatÞ ! 20:3ðsystÞ events. For assessing the probabil-
ity that the expectation fluctuates up to this 478 observed
value, the excess is then 78:4! 28:5 events or a 2:8&
effect. Figure 2 (top) shows the event excess as a function
of EQE

! in the antineutrino mode.
Many checks have been performed on the data, includ-

ing beam and detector stability checks that show that the
neutrino event rates are stable to<2% and that the detector
energy response is stable to <1% over the entire run.
In addition, the fractions of neutrino and antineutrino
events are stable over energy and time, and the inferred
external event rate corrections are similar in both the
neutrino and antineutrino modes.

The MiniBooNE antineutrino data can be fit to
a two-neutrino oscillation model, where the proba-
bility, P, of !!" ! !!e oscillations is given by P ¼
sin22'sin2ð1:27"m2L=E!Þ, sin22' ¼ 4jUe4j2jU"4j2, and

"m2 ¼ "m2
41 ¼ m2

4 %m2
1. The oscillation parameters are

extracted from a combined fit of the observed EQE
! event

distributions for muonlike and electronlike events. The
fit assumes the same oscillation probability for both the
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Antineutrino results consistent 
with oscillation in 0.01-1 eV2 
range















Neutrino results only 
marginally consistent
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Reactor experiments


•  Powerful anti-neutrino source (Eν ~ 1-10 MeV)


•  Detectors at distances ~10-1000 m
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Reactor experiments


• Very hard to calculate the reactor flux precisely!


• Most important systematics in single detector


 Short Baseline  Reactor Experiments (Yves Déclais) 7
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



Thermal Power σ < 1%

Energy released per fission σ < 0.3%


Known with sufficient 
accuracy


β decay branching ratio: 

Some known precisely


Some totally and partially unknown


Only allowed decay shape known

Needs corrections (P(En,E0

i,Z) (1 + dqed + dWM  + dC) )

Forbidden decays not treated
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Reactor anomaly


Ø Re-calculation of the fission spectrum


Ø Using > 8000 nuclei, > 10000 β-branches


Ø Re-calculation of e→ν spectrum branch by branch 


Ø New corrections (off-equilibrium, neutron lifetime,…)
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Reactor anomaly





Old flux underestimated!





Mention G. et al, Phys.Rev.D83:073006,2011


10

N
O

B
S/(N

EX
P) pr

ed
,n

ew

Distance to Reactor (m)

Bu
ge

y−
4 

R
O

VN
O

91
 

Bu
ge

y−
3 

Bu
ge

y−
3 

Bu
ge

y−
3 G

oe
sg

en
−I

G
oe

sg
en
−I

I

G
oe

sg
en
−I

II

IL
L 

   
 

Kr
as

no
ya

rs
k−

I

Kr
as

no
ya

rs
k−

II

Kr
as

no
ya

rs
k−

III

SR
P−

I  
 

SR
P−

II 
  

R
O

VN
O

88
−1

I
R

O
VN

O
88
−2

I

R
O

VN
O

88
−1

S

R
O

VN
O

88
−2

S

R
O

VN
O

88
−3

S

Pa
lo

Ve
rd

e

C
H

O
O

Z 
  

101 102 103

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

FIG. 5. Illustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the prediction
without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean
averaged ratio including possible correlations is 0.943± 0.023. The red line shows a possible 3 active neutrino mixing solution,
with sin2(2θ13) = 0.06. The blue line displays a solution including a new neutrino mass state, such as |∆m2

new,R| ! 1 eV2 and
sin2(2θnew,R) = 0.12 (for illustration purpose only).

ting ∼ 1 MeV electron neutrinos. [57], following the
methodology developed in Ref. [56, 58]. However we
decided to include possible correlations between these
four measurements in this present work. Details are
given in Appendix B. This has the effect of being
slightly more conservative, with the no-oscillation hy-
pothesis disfavored at 97.7% C.L., instead of 98% C.L.
in Ref. [56]. Gallex and Sage observed an average deficit
of RG = 0.86± 0.06 (1σ). Considering the hypothesis of
νe disappearance caused by short baseline oscillations we
used Eq. (13), neglecting the ∆m2

31 driven oscillations
because of the very short baselines of order 1 meter. Fit-
ting the data leads to |∆m2

new,G| > 0.3 eV2 (95%) and

sin2(2θnew,G) ∼ 0.26. Combining the reactor antineu-
trino anomaly with the gallium anomaly gives a good fit
to the data and disfavors the no-oscillation hypothesis at
99.7% C.L. Allowed regions in the sin2(2θnew)−∆m2

new

plane are displayed in Figure 6 (left). The associated
best-fit parameters are |∆m2

new,R&G| > 1.5 eV2 (95%)

and sin2(2θnew,R&G) ∼ 0.12.

We then reanalyzed the MiniBooNE electron neutrino
excess assuming the very short baseline neutrino os-
cillation explanation of Ref. [56]. Details of our re-
production of the latter analysis are provided in Ap-
pendix B. The best fit values are |∆m2

new,MB| = 1.9 eV2

and sin2(2θnew,MB) ∼ 0.2, but are not significant at
95% C.L. The no-oscillation hypothesis is only disfa-
vored at the level of 72.4% C.L., less significant than
the reactor and gallium anomalies. Combining the re-
actor antineutrino anomaly with our MiniBooNE re-

Experiment(s) sin2(2θnew) |∆m2
new| (eV

2) C.L. (%)
Reactors (no ILL-S,R∗) 0.02-0.20 > 0.40 96.5

Gallium (G) > 0.06 > 0.13 96.1
MiniBooNE (M) — — 72.4

ILL-S — — 68.1
R∗ + G 0.05-0.22 > 1.45 99.7
R∗ + M 0.04-0.20 > 1.45 97.6

R∗ + ILL-S 0.02-0.21 > 0.23 95.3
All 0.06-0.22 > 1.5 99.8

TABLE III. Best fit parameter intervals or limits at 95% C.L.
for sin2(2θnew) and |∆m2

new| parameters, and significance of
the sterile neutrino oscillation hypothesis in %, for different
combinations of the reactor experimental rates only (R∗), the
ILL-energy spectrum information (ILL-S), the gallium experi-
ments (G), and MiniBooNE-ν (M) re-analysis of Ref. [56]. We
quantify the difference between the sin2(2θnew) constraints
obtained from the reactor and gallium results. Following pre-
scription of Ref. [77], the parameter goodness-of-fit is 27.0%,
indicating reasonable agreement between the neutrino and an-
tineutrino data sets (see Appendix B).

analysis leads to a good fit with the sterile neutrino
hypothesis and disfavors the absence of oscillations at
98.5% C.L., dominated by the reactor experiments data.
Allowed regions in the sin2(2θnew) − ∆m2

new plane are
displayed in Figure 6 (right). The associated best-
fit parameters are |∆m2

new,R&MB| > 0.4 eV2 (95%) and

sin2(2θnew,R&MB) ∼ 0.1.

~3σ
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Reactor anomaly





Going down…
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Reactor Electron Antineutrino Anomaly
[Mention et al, PRD 83 (2011) 073006; update in White Paper, arXiv:1204.5379]

New reactor ν̄e fluxes [Mueller et al, PRC 83 (2011) 054615; Huber, PRC 84 (2011) 024617]
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R = 0.933 ± 0.021

[2014 update of Giunti, Laveder, Li, Liu, Long, PRD 86 (2012) 113014]

Reactor Rates
Bugey−4
Rovno91
Bugey−3−15
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ILL      
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Daya Bay

ν̄e → ν̄e L " 10− 100m E " 4MeV

∼ 3.1σ deficit ∆m
2 ! 0.5 eV2 (% ∆m

2
A % ∆m

2
S)

[see also: Sinev, arXiv:1103.2452; Ciuffoli, Evslin, Li, JHEP 12 (2012) 110; Zhang, Qian, Vogel, PRD 87 (2013) 073018;
Kopp, Machado, Maltoni, Schwetz, JHEP 1305 (2013) 050; Ivanov et al, PRC 88 (2013) 055501]

C. Giunti − Phenomenology of Light Sterile Neutrinos − NuPhys2014 − 16 December 2014 − 4

~3σ




CEA/Irfu G. Mention, Short Baseline Neutrino Workshop 2011, Fermilab 

Combined Reactor Rate+Shape contours 

No oscillation disfavored at 96.51% 

Best fit: sin22#~0.1 
$m2~1.5 eV2 
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Reactor anomaly vs neutrino oscillation

νe disappearance
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Sterile Neutrino White Paper, arXiv:1204.5379, 2012




Gallium anomaly


Ø Radioactive sources for calibration (νe disappearance)


GALLEX	



r=200cm	


r =25cm	



h=
50

0c
m
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Gallium Anomaly

Gallium Radioactive Source Experiments: GALLEX and SAGE

Detection Process: νe + 71Ga→ 71Ge + e−

νe Sources: e− + 51Cr→ 51V + νe e− + 37Ar→ 37Cl + νe
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R = 0.84 ± 0.05

[Giunti, Laveder, Li, Liu, Long, PRD 86 (2012) 113014]

ν̄e → ν̄e E ∼ 0.7MeV

〈L〉GALLEX = 1.9m

〈L〉SAGE = 0.6m

∼ 2.9σ anomaly

∆m
2 ! 1 eV2 (% ∆m

2
A % ∆m

2
S)

[SAGE, PRC 73 (2006) 045805; PRC 80 (2009) 015807]

[Laveder et al, Nucl.Phys.Proc.Suppl. 168 (2007) 344;
MPLA 22 (2007) 2499; PRD 78 (2008) 073009;

PRC 83 (2011) 065504]

[Mention et al, PRD 83 (2011) 073006]

" 3He+ 71Ga→ 71Ge+ 3H cross section measurement [Frekers et al., PLB 706 (2011) 134]

" Eth(νe + 71Ga→ 71Ge + e−) = 233.5± 1.2 keV [Frekers et al., PLB 722 (2013) 233]
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Gallium Anomaly

Gallium Radioactive Source Experiments: GALLEX and SAGE

Detection Process: νe + 71Ga→ 71Ge + e−

νe Sources: e− + 51Cr→ 51V + νe e− + 37Ar→ 37Cl + νe
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ν̄e → ν̄e E ∼ 0.7MeV

〈L〉GALLEX = 1.9m

〈L〉SAGE = 0.6m

∼ 2.9σ anomaly
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[Laveder et al, Nucl.Phys.Proc.Suppl. 168 (2007) 344;
MPLA 22 (2007) 2499; PRD 78 (2008) 073009;

PRC 83 (2011) 065504]

[Mention et al, PRD 83 (2011) 073006]

" 3He+ 71Ga→ 71Ge+ 3H cross section measurement [Frekers et al., PLB 706 (2011) 134]

" Eth(νe + 71Ga→ 71Ge + e−) = 233.5± 1.2 keV [Frekers et al., PLB 722 (2013) 233]
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Gallium anomaly vs neutrino oscillation
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•  νe disappearance




Cosmology
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Cosmology: Not so simple…
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A global picture ?

Let’s take ALL the results we have:


•  Appearance:


Ø νμ→νe : MiniBooNE Low-Energy Excess


Ø νμ→νe : LSND and MiniBooNE, and Karmen, NOMAD 





• Disappearance:


Ø νe :  Reactors (Bugey-3,4, Goessgen, Krasnoyarsk, Rovno, ILL, Palo 
Verde, Chooz)


Ø νμ:  CDHS, MiniBooNE, atmospheric, MINOS NC


Ø νe :  Radioactive sources


SBL phenomenology

3+1 SBL oscillations
appearance

Pµe = sin2 2�app sin2 �m2
41L

4E
sin2 2�app = 4|Ue4|2|Uµ4|2

disappearance

P�� = 1� sin2 2�dis sin2 �m2
41L

4E
sin2 2�dis = 4|U�4|2(1� |U�4|2)

I e�ective 2-flavour oscillations
I no CP violation ⇥ can’t reconcile ⇥̄ (LSND, MB) and ⇥ (MB) data
I constraints from ⇥e (⇥µ) disappearance experiments on Ue4 (Uµ4)

appearance mixing angle quadratically suppressed

T. Schwetz 5

3 active + 1 sterile neutrino states 

Extending the standard picture to include sterile 
neutrinos 

m
2 

(not to scale) 

!m2
12~!m2

solar 

!m2
23~!m2

atm 

!m2
43~!m2

LSND ~ 1 eV2 

"e "µ# "$# "s 

~ |U%i|
2 

G. Karagiorgi, Columbia U. 6 MicroBooNE PAWGFest,  April 7, 2011 

3x3 mixing matrix 

becomes 4x4 

extra “flavor” state is non-
(weakly-)interacting: STERILE 

U   =  

U
e1

 U
e2

 U
e3

 U
e4 

Uµ1
 Uµ2

 Uµ3
 Uµ4 

U!1  U!2  U!3  U!4 

U
s1

 U
s2

 U
s3

 U
s4 

small admixtures allow 
participation in oscillations  

SBL phenomenology

3+1 SBL oscillations
appearance

Pµe = sin2 2�app sin2 �m2
41L

4E
sin2 2�app = 4|Ue4|2|Uµ4|2

disappearance

P�� = 1� sin2 2�dis sin2 �m2
41L

4E
sin2 2�dis = 4|U�4|2(1� |U�4|2)

I e�ective 2-flavour oscillations
I no CP violation ⇥ can’t reconcile ⇥̄ (LSND, MB) and ⇥ (MB) data
I constraints from ⇥e (⇥µ) disappearance experiments on Ue4 (Uµ4)

appearance mixing angle quadratically suppressed

T. Schwetz 5
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Figure 5: The �m

2
41 vs. sin2 2✓

µe

allowed space from fits to neutrino (left) and antineutrino (right)
data in a (3+1) model.

Figure 6: The �m

2
41 vs. sin

2 2✓
µe

allowed space from fits to appearance (left) and disappearance (right)
data in a (3+1) model.
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A global picture ?

3+1 global fit
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Figure 8. Results of the global fit in the 3+1 scenario, shown as exclusion limits and allowed regions
for the e↵ective mixing angle sin2 2✓µe = 4|Ue4|2|Uµ4|2 and the mass squared di↵erence �m2

41

. Left:
Comparison of the parameter region preferred by appearance data (LSND, MiniBooNE appearance
analysis, NOMAD, KARMEN, ICARUS, E776) to the exclusion limit from disappearance data
(atmospheric, solar, reactors, Gallium, CDHS, MINOS, MiniBooNE disappearance, KARMEN and
LSND ⌫e–12C scattering). Right: Regions preferred by experiments reporting a signal for sterile
neutrinos (LSND, MiniBooNE, SBL reactors, Gallium) versus the constraints from all other data,
shown separately for disappearance and appearance experiments, as well as their combination.

6 Combined analysis of global data

We now address the question whether the hints for sterile neutrino oscillations discussed
above can be reconciled with each other as well as with all existing bounds within a com-
mon sterile oscillation framework. In section 6.1 we discuss the 3+1 scenario, whereas in
section 6.2 we investigate the 3+2 and 1+3+1 schemes.

6.1 3+1 global analysis

In the 3+1 scheme, SBL oscillations are described by e↵ective 2-flavor oscillation prob-
abilities, involving e↵ective mixing angles for each oscillation channel. The expressions
for the e↵ective angles ✓

ee

, ✓
µµ

, ✓
µe

governing the
(–)

⌫
e

disappearance,
(–)

⌫
µ

disappearance,

and
(–)

⌫
µ

!
(–)

⌫
e

appearance probabilities are given in Eqs. (3.2), (4.2), (5.2), respectively.
From those definitions it is obvious that the three relevant oscillation amplitudes are not
independent, since they depend only on two independent fundamental parameters, namely
|U

e4

| and |U
µ4

|. Neglecting terms of order |U
↵4

|4 (↵ = e, µ) one finds

sin2 2✓
µe

⇡ 4 sin2 2✓
ee

sin2 2✓
µµ

. (6.1)

Hence, the appearance amplitude relevant for the LSND/MiniBooNE signals is quadrati-
cally suppressed by the disappearance amplitudes, which both are constrained to be small.
This leads to the well-known tension between appearance signals and disappearance data
in the 3+1 scheme, see e.g. [29, 30] for early references.

– 22 –

J.M. Conrad et al., Adv.High 
Energy Phys. 2013 (2013)


J.Kopp et al., JHEP 1305 (2013)




A global picture ?


Figure 5: The �m

2
41 vs. sin2 2✓

µe

allowed space from fits to neutrino (left) and antineutrino (right)
data in a (3+1) model.

Figure 6: The �m

2
41 vs. sin

2 2✓
µe

allowed space from fits to appearance (left) and disappearance (right)
data in a (3+1) model.
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J.M. Conrad et al., Adv.High Energy Phys. 2013 (2013)


3+1 global fit








Neutrinos





Antineutrinos







A global picture ?


Let’s add a second 
sterile neutrino!
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3 active + 2 sterile neutrino states 

Extending even further… 

m
2
 

(not to scale) 
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solar 
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atm 

!m2
43~!m2

LSND ~ 1 eV2 

"e "µ# "$# "s 

~ |U%i|
2 

Appearance probability: 

The 3+2 model is VERY interesting 
because of CP violation ! 

 leads to differences in measurable 

 neutrino vs antineutrino oscillation  
 probabilities: 

CPV phase G. Karagiorgi, Columbia U. MicroBooNE PAWGFest,  April 7, 2011 18 



A global picture ?

3+2 global fit
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Figure 7: The �m

2
51 vs. �m

2
41 correlations from fits to all data in a (3+2) model.

probabilities for ⌫

µ

! ⌫

e

vs. ⌫̄
µ

! ⌫̄

e

. In particular, previous studies considered CP-violating fits in
an attempt to reconcile the MiniBooNE neutrino appearance results with the MiniBooNE and LSND
antineutrino appearance results.

Table 2 also gives the results for combinations of the data sets for cross comparison. We find that
the separate neutrino and antineutrino data set fits remain in good agreement and that the compati-
bility between the neutrino and antineutrino data sets has risen to 5.3%—a significant improvement
over the (3+1) result. The best-fit values and allowed regions are shown in Table 3 and in Fig. 8
respectively.

While the neutrino vs. antineutrino discrepancy has been somewhat reduced, Table 2 points out
a second important problem. The appearance and disappearance data sets still have very poor com-
patibility (0.0082%), even in a (3+2) model. The poor compatibility can be partially traced to a
discrepancy in the preferred mass splittings for these two data sets. As reported in Table 3, the
appearance data sets prefer a low (0.31 eV2) and a medium (1.0 eV2) mass-squared splitting while
the disappearance data sets prefer a medium (0.92 eV2) and a high (18 eV2) splitting. This is also
illustrated in Fig. 9. This suggests that three mass splittings may be required to reconcile appearance
and disappearance results, and motivates the consideration of a (3+3) model.

5.3 (3+3) Fit Results

For a (3+3) model, there are 12 model parameters to be determined: �m

2
41,�m

2
51,�m

2
61, |Ue4|, |Uµ4|,

|U
e5|, |Uµ5|, |Ue6|, |Uµ6|, �54, �64, and �65. Adding a third mass eigenstate does not significantly change

the global fit �2
min

; however, the tension between the individual data set fits is further reduced, raising
the compatibility from 13%, in (3+2), to 90%. The neutrino and antineutrino compatibility rises
by an order of magnitude from the (3+2) value to 53%, indicating that the (3+3) model can better

26

�m2

41

[eV2] |U
e4

| |U
µ4

| �m2

51

[eV2] |U
e5

| |U
µ5

| �
µe

3+1 0.93 0.15 0.17
3+2 0.47 0.13 0.15 0.87 0.14 0.13 �0.15⇡

1+3+1 �0.87 0.15 0.13 0.47 0.13 0.17 0.06⇡

Table 8. Parameter values at the global best fit points for the 3+1, 3+2, and 1+3+1 mass schemes.
�µe is the complex phase relevant for SBL appearance experiments as defined in Eq. (2.2).
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Figure 9. Allowed regions in the plane of |�m2

41

| and |�m2

51

| in 3+2 (upper-left part) and 1+3+1
(lower-right part) mass schemes. We minimize over all mixing angles and phases. We show the
regions for appearance data (light blue) and disappearance data (light green) at 95% CL (2 dof),
and global data (dark and light red) at 95% and 99% CL (2 dof).

data. We find no overlap region at 99% CL. Hence, an explanation of all anomalies within
the 3+1 scheme is in strong tension with constraints from various null-result experiments.

6.2 3+2 and 1+3+1 global analyses

Now we move to the global analysis within a two-sterile neutrino scenario in order to
investigate whether the additional freedom allows to mitigate the tension in the fit. We
give �2 and PG values for the 3+2 and 1+3+1 schemes in Tab. 7 and the corresponding
values of the parameters in Tab. 8. We observe from the PG values that the tension between
appearance and disappearance data remains severe, especially for the 3+2 case, with a PG
value below 10�4, even less than for 3+1. For 1+3+1 consistency at the 2 per mille level
can be achieved.

Let us first discuss the 3+2 fit. We find a modest improvement of the total �2 in the
global fit compared to 3+1 by

�2

3+1,glob

� �2

3+2,glob

= 10.7 . (6.3)

– 24 –

J.Kopp et al., JHEP 1305 (2013)

J.M. Conrad et al., Adv.High Energy Phys. 2013 (2013)




A global picture ?
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Figure 13: A comparison of the BNB-MB(⌫app) and BNB-MB(⌫̄app) excess data with the global best-
fit oscillation signal predictions (solid colored lines) and with the appearance only best-fit predictions
(dashed colored lines) for each of the models, (3+1), (3+2), and (3+3). The error bars on the excess
correspond to data statistical and unconstrained background systematic errors, added in quadrature.
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A global picture ? 



•  3+1 picture doesn’t work well 



•  3+2 also has tension


•  3+3 ??? 


• May be some experiments are wrong! Which ones?
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A global picture ? The theorist approach


More exotic proposals

More exotic proposals talk by G. Barenboim

I 3-neutrinos and CPT violation Murayama, Yanagida 01;
Barenboim, Borissov, Lykken 02; Gonzalez-Garcia, Maltoni, TS 03

I 4-neutrinos and CPT violation Barger, Marfatia, Whisnant 03

I Exotic muon-decay Babu, Pakvasa 02

I CPT viol. quantum decoherence Barenboim, Mavromatos 04

I Lorentz violation Kostelecky et al., 04, 06; Gouvea, Grossman 06

I mass varying � Kaplan,Nelson,Weiner 04; Zurek 04; Barger,Marfatia,Whisnant 05

I shortcuts of sterile �s in extra dim Paes, Pakvasa, Weiler 05

I decaying sterile neutrino Palomares-Riuz, Pascoli, TS 05; Gninenko 10

I 2 decaying sterile neutrinos with CPV
I energy dependent quantum decoherence Farzan, TS, Smirnov 07

I sterile neutrinos and new gauge boson Nelson, Walsh 07

I sterile � with energy dep. mass or mixing TS 07

I sterile � with nonstandard interactions Akhmedov, TS 10

most of these proposals involve sterile neutrinos

T. Schwetz 29
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Future of sterile neutrino hypothesis


• MiniBooNE is done 


• Planck did not answer the question definitely


• Reactor flux will stay uncertain


• Radioactive source experiments not sensitive enough (who 
wants MCi in their low radiation detectors!)


• Short-baseline experiments!
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MICROBOONE


Look where we’re going

23

MicroBooNE, starting in 2013
(TPC is 2.6x2.3x10.4 m)

Kiloton-scale LArTPC

θ13, leptonic CP violation, proton decay, mass hierarchy, tau neutrinos, maximal θ23, burst/diffuse supernova 
neutrinos, sterile neutrino(s), neutrino cross sections, nucleonic short range correlations, axial vector 
mass, strange spin component of the nucleon, non-standard neutrino interactions, ...

WBS$1.6$Experiment$Infrastructure$
7$which$is$the$Interface$to:$
LArTF$GPP$Project$677782$

Dixon&Bogert&

�����
��
	�������&

January&18,&2012&
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The MicroBooNE detector


•  170 tons total liquid argon 


•  86 tons active volume (60t fiducial)


•  TPC dimensions: 2.5m x 2.3m x 10.4m


•  32 PMTs


Field cage	


Field cage, anode and	



 cathode planes	


Cross section of TPC 	



inside cryostat	
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The MicroBooNE detector


•  3 wire planes (U,V,Y)


• Y (3456 wires): vertical


• U (2400 wires): +60°


• V (2400 wires): -60° 


•  3mm wire pitch


•  Wires are in stainless steel coated with 
copper and gold flash: high breakload and 
low resistance


•  Wire attachment via ferrule fixed on wire 
carrier boards


•  Fully automated wire winding machine


1. With the top and bottom rails retracted, install all Y wire 
holders.  Install Y spacers on the left and right rails.

2. Install the V wire plane.  a few very short wires on the 
upper left and lower right corner should not be installed.
The wire holders in the upper right and lower left corners
on the side rails (V*) are not attached to the rails.

3. Install the U wire plane.  The wire holders in the upper 
left and lower right corners on the side rails (U*) are not 
attached to the rails. The wire holder pairs at the upper 
right and lower left are not installed at this time.

4. Expanding the top and bottom rails to stretch the wires
to their !nal tension.

5. Manually stretch the 4 * holders and attach them to
their corresponding rails.

6. Manually install the two pairs of U holders at the 
lower left and upper right conners.

V*

V*

V holders

V holders

V*

U*

U*

V*

V*

V*

U*

U*

U*

U*

V*

V*

U holders

U holders

U holders

U holders

V holders

V holders

V holders

Y holders

Y holders

Y 
sp

ac
er

Y 
sp

ac
er
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The science of MicroBooNE


• Study the MiniBooNE neutrino low energy excess


• Measure low energy cross-sections
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MicroBooNE and the low energy excess


• MiniBooNE experiment 
observed an excess (3σ) at 
low energies  (200 MeV - 
475 MeV) in neutrino mode


• The excess events are 
electron-like: e-/γ


• MiniBooNE cannot 
distinguish between 
electrons and photons


miniBooNE neutrino-mode result �

Phys.Rev.Lett.102, 2009	

• Need a new detection technology:   
→ MicroBooNE
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MicroBooNE and the low-energy excess


J.Spitz


LAr TPC at LBNE

• High νe reconstruction efficiency 

⇒ 6 times less mass than WC for same sensitivity

• Good energy (few %) and position resolution (few mm)

• Some processes almost background free

• Distinction between e- and γs

• Add magnetic field → ν/ν distinction

• Add veto → lower depth is require (save $$)

• Technology not yet proven at very large scale

e-

γ

Tuesday, January 25, 2011

MicroBooNE:


Ø  Distinction between e/γ


Ø  νe  efficiency ~2x better


Ø  Sensitivity at lower energies
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MicroBooNE addressing the MiniBooNE excess!
 (6.6x1020 POT neutrino mode)


For	
  microBooNE,	
  as	
  a	
  coun0ng	
  experiment:	
  	
  5σ	
  sensi0vity	
  if	
  excess	
  is	
  νes,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4σ	
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  if	
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electron case
 photon case
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MicroBooNE has been built!


Cryostat 

Cryogenics 

Building 

Building 

Le détecteur MicroBooNE


Field cage!
Field cage, anode and!

 cathode planes!
Cross section of TPC !

inside cryostat!

The microBooNE detector

• 170 tons total liquid argon 

• 86 tons active volume (60t fiducial)

• TPC dimensions: 2.5m x 2.3m x 10.4m

• 30 PMTs

Field cage
Field cage, anode and

 cathode planes
Cross section of TPC 

inside cryostat
7

• 170 tonnes Ar liquide (60t fiduciaire)


• Dimensions de la TPC :                  
2.5m x 2.3m x 10.4m


• 3 plans de fils (vertical et ± 60°)


• 30 PMTs


TPC 

TPC 

TPC 

Wires 

Wires 
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Booster

CPAsAPAs

4m

4m

5m

a) b)LAr1-ND 
(100m)

MicroBooNE 
(470m)

ICARUS T600 
(600m)

The Detectors
• The first detector of the program 

is currently finishing installation 

• This detector has been helped 
push forward many R&D ideas 
• Surge protection in cryogenic nobel 

liquids, UV laser system, cold electronics, 
and the piston-purge argon fill method 

• The main physics goal of 
MicroBooNE is to search for the  
MiniBooNE low energy excess 
and determine its composition 
• Electrons or photons?

MicroBooNE

30

MicroBooNE status
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liquids, UV laser system, cold electronics, 
and the piston-purge argon fill method 

• The main physics goal of 
MicroBooNE is to search for the  
MiniBooNE low energy excess 
and determine its composition 
• Electrons or photons?

MicroBooNE

30

24

MicroBooNE
Final Installation underway, Commissioning has begun, LAr fill scheduled for January 

6.2 km of cable installed in the 
month of September 

Detector insulated, in place 
in LArTF 

Electronics+
racks+being+
installed+in+
October+
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MicroBooNE
Final Installation underway, Commissioning has begun, LAr fill scheduled for January 

6.2 km of cable installed in the 
month of September 

Detector insulated, in place 
in LArTF 

Electronics+
racks+being+
installed+in+
October+

Data taking 
will start early 

soon!


August 2014 

December 2013 

June 2014 



MicroBooNE sensitivity to sterile neutrinos
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LAr1-ND Proposal (http://www.fnal.gov/directorate/program_planning/Jan2014PACPublic/LAr1ND_Proposal.pdf)


MicroBooNE: Physics GoalsMicroBooNE: Physics Goals

J. Asaadi                                        The MicroBooNE Experiment                                              15J. Asaadi                                        The MicroBooNE Experiment                                              15

● Oscillation Physics

– MicroBooNE will directly address the 
low-energy excess of MiniBooNE

● Utilize its e/γ separation to determine if the 

signal is photon-like or electron like

– Regardless of if it is electron or photon 
like there is interesting physics to 
uncover!

● If it is electron-like than this is a compelling clue 
towards an oscillation signature

● If it is photon like than there is a process that we 
are not including in our models

– MicroBooNE will ultimately weigh in on 
the LSND and MiniBooNE allowed 
regions

● Assuming 60 tons fiducial volume, 80% reconstruction 

efficiency (assumed flat in energy), 3% sqrt{E} 
electromagnetic shower energy resolution, and 
statistical errors and 5% flat systematic 
uncertainty 



Beyond MicroBooNE: Addressing LSND/MiniBooNE excesses
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The SBN proposal


SBN:&Fermilab&PAC,&January&2015 2

LAr Mass 

Total Active  

LAr1-ND 180t 82t 

MicroBooNE 170t 89t 

T600 760t 476t 

MicroBooNE

ICARUS&T600

Booster&
Neutrino&
Beam

NuMI&
Neutrino&
Beam

LAr1FND



The LAr1-ND

LAr1-ND Proposal / 28

U Top
Boards

U Top
Boards

U Side
Boards

V Side
Boards

V Top
Boards

V Top
Boards

Top ASIC+FPGA
Boards

Side ASIC+FPGA
Boards

Y Top
Boards

Field Cage
Anchor

Figure 4.8: Corner view of an APA. Wires strung at 0o, ±60o are attached to wire bonding boards

at the sides and ends of the APA. One readout board is shown in dark green.

distortion and no buckling. A conceptual design of the wire frame is shown in Fig. 4.8.

Finite element analysis will be performed to ensure the deflection of the frame under full

wire tension does not exceed 0.5 mm, while minimizing the weight of the structure.

Figure 4.9 shows two major cross sections of an APA. The left figure is the cross section

of the top edge of the APA. The three planes of wires are attached to their respective wire-

bonding boards through a combination of epoxy and solder. Precision curved grooves are

machined onto the leading edges of the boards to guide the wires into the correct position,

and to prevent sharp kinks from forming on the wires. Copper traces on a wire bonding

board connect each of the readout wires to the corresponding pins on the opposite end of the

board. An array of mating connectors on the front-end readout boards is plugged onto the

stack of wire bonding boards, making electrical connection between the readout electronics

and the sensing wires. A FPGA daughter card is plugged into each FEE board to multiplex

the 128 channels into a few output cables. At the bottom edge of the APA, the three planes

of wires are simply fixed mechanically onto a set of narrower wire bonding boards. The right

figure shows the cross section of one vertical edge of the APA. Only the U & V wires cross

this edge. And among these two planes, only one of them needs to be read out (the other

plane is read out on the other vertical edge of the APA). The location of the electronics

boards are moved further back to clear the readout boards behind the top edge of the APA.

A U shaped sheet metal channel serves as both a bubble deflector and a cable strain relieve

structure. Protective guards will be placed on all four edges of an APA during storage and

handling. With this design, one can tile an arbitrarily large sensing area with only centimeter

scale dead gaps.

•  180t LAr detector 
(82t fiducial)


•  Membrane 
Cryostat


•  2 Anode Plane 
Assemblies + 1 
Cathode Plane


60
CPAsAPAs

4m

4m

5m

a) b)

LAr1-ND Proposal / 23

Figure 4.5: The interior of the 35 ton prototype membrane cryostat under construction at Fermilab.

In the liquid at 89K, the outgassing rates are so low that negligible amounts of oxygen and

water enter the liquid. The cryostat is designed so that the bulk of the cryostat surface is

wetted with liquid. Only a small volume of gas is contained in an insulated expansion tank

above the cryostat. The walls and contents of the volume will be close to 89K minimizing

outgassing. In addition, the contact area between the gas and liquid is small reducing the

rate of injection of contaminants into the liquid. This gas ullage volume, which is necessary

to maintain pressure stability in the cryostat, will be purified by a gas recirculation system

through molecular sieves and oxygen getters. This small gas recirculation system should be

su�cient to maintain the purity, without any liquid recirculation, during operation.

A potential problem in operating large LAr TPCs at the surface is the dynamic generation

of space charge by cosmic ray ionization of the LAr. Positive ions drift very slowly in LAr

compared to electrons, and the resulting space charge contained in the TPC at any time

will create an electric field that distorts the ideal straight electron drift to the anode that

enables TPC operation. Statistical fluctuations in the distribution of the ionization and flow

of the liquid (which occurs at velocities comparable to the positive ion drift) will make these

distortions time dependent, and therefore very di�cult to remove completely by calibration.

To minimize this problem, we will install cooling panels, with pressurized LN2 channels, along

the walls, floor, and ceiling of the cryostat to minimize convective flow of the LAr caused



* The studies here only consider a simple 2-neutrino model
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Sensitivities* in neutrino mode for LAr-ND


LAr1-ND Proposal / 45

neutrino energy (reconstructed from electron and hadron kinematics, as described in Sec. 5.1)

in LAr1-ND and MicroBooNE for exposures of 2.2⇥ 1020 and 6.6⇥ 1020 protons-on-target,

respectively.

An example signal is included in the event distributions of Fig. 5.1. The high statistics

event sample in LAr1-ND constrains the expected background event rate in MicroBooNE,

reducing significantly the systematic uncertainties on the background. Figure 5.2 compares

the sensitivity to a ⌫

µ

! ⌫

e

oscillation signal under the 3+1 model of MicroBooNE alone

(left) and MicroBooNE + LAr1-ND (right). The sensitivity is extracted by performing a

raster scan in �m

2 where we use the standard ��

2 cuts for one (1) degree of freedom

of 1.64 (one-sided), 9.00 (two-sided), and 25.0 (two-sided) to define the 90%, 3�, and 5�

confidence level (CL) contours. The sensitivity in MicroBooNE is strengthened through

the reduction of systematic errors possible with LAr1-ND. The LAr1-ND + MicroBooNE

combined sensitivity covers the best-fit point to the LSND data at between 4 and 5�.
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Figure 5.2: (Left) Sensitivity to ⌫
e

appearance in neutrino mode with 6.6⇥ 1020 protons on target

exposure for MicroBooNE alone and assuming 20% systematic uncertainties on ⌫
e

backgrounds.

(Right) Sensitivity with the same MicroBooNE exposure and a including 2.2 ⇥ 1020 protons on

target exposure for LAr1-ND. The systematics in the far detector (MicroBooNE) are taken to be

the statistical uncertainties in LAr1-ND.

SBN Proposal (http://www.fnal.gov/directorate/program_planning/Jan2015PACPublic/SBN_Proposal.pdf)

SBN:&Fermilab&PAC,&January&2015

νe Appearance Sensitivity

22

LAr1FND

MicroBooNE

ICARUS&T600

MicroBooNE: Physics GoalsMicroBooNE: Physics Goals
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● Oscillation Physics

– MicroBooNE will directly address the 
low-energy excess of MiniBooNE

● Utilize its e/γ separation to determine if the 

signal is photon-like or electron like

– Regardless of if it is electron or photon 
like there is interesting physics to 
uncover!

● If it is electron-like than this is a compelling clue 
towards an oscillation signature

● If it is photon like than there is a process that we 
are not including in our models

– MicroBooNE will ultimately weigh in on 
the LSND and MiniBooNE allowed 
regions

● Assuming 60 tons fiducial volume, 80% reconstruction 

efficiency (assumed flat in energy), 3% sqrt{E} 
electromagnetic shower energy resolution, and 
statistical errors and 5% flat systematic 
uncertainty 



SBN proposal status 


"The Committee recommends Stage 1 approval for the SBN program, 
which incorporates LAr1ND and ICARUS with MicroBooNE towards a 
coherent SBN program. We recommend that the Laboratory provide 
the necessary engineering and technical resources to allow the 
program to move forward expeditiously, and to understand the scope 
of the Booster Neutrino Beamline modifications and improvements."


• Proposal was submitted in January 2015


• Very positive response


http://www.fnal.gov/directorate/program_planning/Jan2015Public/PAC-2015Jan_final.pdf
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New Results! T2K 𝜈e Disappearance
T2K Near Detector νe Disappearance
[arXiv:1410.8811]
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Conclusions 



• Sterile neutrinos are back in fashion


• Need DEFINITIVE tests


• MicroBooNE is near commissioning and will answer the 
MiniBooNE low energy excess


• Definitive measurements could be done with SBN


•  LAr1-ND and SBN will improve search considerably: proposal 
submitted to PAC January 2015 (Very positive response!)


• Stay tuned!
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Neutrino Production


Neutrino production

• The flux is uncertain

• Near detector located on site to reduce 
systematics (flux uncertainty, beam 
background contamination, energy 
scale, ...)

!"#!"#$%$ %$&'()*+',-'.-/01'(-23456-7+8*9:*-;',9:*<-424/;<-=0,9>-?9@8

� High energy protons hit a target and 
produce charged pion and kaon particles
� �	���
���
������������������������
magnetic field to go in the desired 
direction
� The pions and kaons decay into muons 
and muon neutrinos
� The direction of the magnetic field 
determines whether neutrinos or anti-
neutrinos are generated 

!"#$%&'()*+#)%,)-./+#"%0.-1+)(

Homestake

900 miles

Fermilab

1/8/2010 Epiphany 2010 - B.Szczerbinska for LBNE 6

Wednesday, January 19, 2011



MicroBooNE: measuring cross sections


•  Low energy cross-section measurements


•  Coherent vs resonant pion production


•  K production: cross section and proton 
decay studies


•  ve cross sections


Expected	
  event	
  rates	
  for	
  6.6	
  x	
  1020	
  POT	
  on	
  
the	
  BNB	
  neutrino	
  target	
  

✦ Good statistics for rare channels


✦ Low energy threshold


✦ Resolution of activity at the vertex to 
observe nuclear effects




Reactor + Gallium anomalies


Sterile Neutrino White Paper, arXiv:1204.5379, 2012
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Figure 60. Allowed regions in the sin2(2✓new)–�m2
new plane from the combination of reactor neutrino ex-

periments, the Gallex and Sage calibration sources experiments, and the ILL and Bugey-3-energy spectra.
The data are well fitted by the 3+1 neutrino hypothesis, while the no-oscillation hypothesis is disfavored at
99.97% C.L (3.6 �).

I. Limit on Disappearance Derived from KARMEN and LSND ⌫e-Carbon
Cross Sections

The ⌫e-carbon cross section data from the KARMEN [485, 486] and LSND [487] experiments
have been interpreted within the context of electron neutrino oscillations at high �m2, leading to
the most stringent limit on electron-flavor disappearance relevant to sterile neutrinos [488]. Both
experiments measured the cross-section for the 2-body interaction ⌫e +

12 C !12 Ngs + e�. The
neutrino energy can be reconstructed by measuring the outgoing visible energy of the electron and
accounting for the 17.3 MeV Q-value, allowing a measurement of the cross section versus neutrino
energy. KARMEN and LSND were located at 17.7 m and 29.8 m respectively from the neutrino
source. The neutrino flux normalization is known to 10% [391, 489]. Thus, the consistency of
the two cross section measurements, as a function of antineutrino energy, sets strong limits on ⌫e
oscillations.

Fig. 61 shows the KARMEN and LSND energy-dependent ⌫e +
12 C !12 Ngs + e� cross sec-

tions [485–487]. Table XXII reports the corresponding flux-averaged cross sections measured by
KARMEN, LSND and the LANL E225 experiment [490], which was located 9 m from a decay-at-
rest source. Unfortunately, E225 did not publish energy-binned cross section measurements, and
so is not included in this analysis. The agreement between all three experiments is excellent.

Predictions for the cross section, also shown in Fig. 61, come from Fukugita, et al. [491] and by
Kolbe et al. [492]. Models follow a (E⌫ � Q)2 form, where Q = 17.3 MeV because the interaction
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Sensitivity to disappearance for SBN


69
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!"→!x Disappearance Sensitivity
Sensitivity predictions for the SBN 

program to !"→!x oscillations including 
systematic uncertainties

SBN can extend the search for muon neutrino disappearance !
an order of magnitude beyond  the SciBooNE-MiniBooNE combined analysis


