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• Overview of neutrino physics “big questions” and LAr neutrino 
detection technology


• Why neutrino physics is so “IN” right now / The 2011 events!


• LAr detectors at FNAL: ArgoNeuT, MicroBooNE and LBNE


• Conclusions




Remaining questions


• Mass:





• Oscillation parameters:


• Are neutrinos Dirac or 
Majorana?


• Are there sterile neutrinos?
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FIGURE 1. Masses of all known fundamental fermions. The arrows are meant to represent, qualita-
tively, our current knowledge of the neutrino masses.

WHAT WE KNOW AND DON’T KNOW ABOUT NEUTRINOS

Neutrinos change flavor. This means that a neutrino produced in a well-defined weak
eigenstate "# can be detected in a distinct weak eigenstate "$ 1 after propagating a

1 Weak eigenstates are labeled by the flavor of the charged lepton involved in the charged current weak
process responsible for either producing or detecting neutrinos, i.e., #,$ = e,µ ,!, . . ..

De Gouvea A. Proceedings of X Mexican 
Workshop of Particles and Fields, 2006





Ø  What is the mass?

Ø  Why is the mass so small?

Ø  What is the mass hierarchy?


Ø  Is the atmospheric mixing (θ23) 
maximal?


Ø  θ13?

Ø  Is there CP violation?


Understanding particle masses and mixing angles
Looking at the Standard Model, we see a lot of unexplained structure.
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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 |U$ i|2 of each distinct flavor "$ , $ = e,µ ,# contained in each mass eigenstate "i, 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 ‘"e’).

3. sin2 %13 ≤ 0032, mostly from atmospheric and Chooz [6] data;
4. !m2

12 = (7.9±0.7)×10−5 eV2, mostly from solar and KamLAND data;
5. |!m2

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 !m2
13 or what is the neutrino mass hierarchy?;

2. the value of %13 or is |Ue3| $= 0?;
3. the value of & or is there CP-invariance violation in neutrino oscillations?;
4. the sign of 1/2− sin2 %23 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



NEUTRINO DETECTION




Neutrino Detection


• Neutrinos are not detected directly


• Neutrino interact through “Charged” or “Neutral” current


• Interaction products are detected


Charge Current (CC) Interactions

 Neutrino Interactions

CCpi              

  NCpi

  CCQE
Friday, December 10, 2010

Neutral Current (NC) Interactions

 Neutrino Interactions

CCpi              

  NCpi

  CCQE
Friday, December 10, 2010



Neutrino Detection


Track Images

47

• Muons

• full rings

• Electrons

• fuzzy rings

• Neutral pions

• double rings

SuperK

• Traditionally, neutrino detectors used Cherenkov radiation or 
scintillation light


• Ex: Water Cherenkov detectors




Neutrino Detection: A new technology


Liquid Argon Time Projection Chambers
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) 
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LAr TPC


ü 3D imaging


ü High neutrino detection efficiency


ü Excellent background rejection


ü Good calorimetric reconstruction




Very recent discoveries in neutrino physics (2011)


• The sterile neutrino hypothesis got some back ups





• θ13  seems to be “big”





• Neutrinos seem to be quite fast!




The LSND anomaly


• LSND: short-baseline accelerator, searching for νμ →νe


• Would imply Δm2 ~ 1eV2 
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3.8σ




MiniBooNE anti-neutrino results 
MiniBooNE Antineutrino Oscillation Results 
update of A. A. Aguilar-Arevalo, Phys. Rev. Lett. 105, 181801 (2010)   

 
!  8.58E20 POT (~50% more data than published and new K+ constraint from SciBooNE) 
!  Excess = 57.7+-18.8+/-22.4 (200-3000 MeV)     

Preliminary 
July 2011 

15 
Sterile Neutrinos at the Crossroads 

miniBooNE anti-neutrino mode result	



Phys. Rev. Lett. 105, 2010


Model Independent Comparison  
of LSND & MiniBooNE Antineutrino mode 

18 

Preliminary 
July 2011 

Karmen reports no signal  
around L/E ~ 0.5 

8.58!1020 POT 

MiniBooNE

LSND


Excess consistent with 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 

2.7σ




MicroBooNE context: The MiniBooNE low-energy excess

• MiniBooNE experiment observed 
an excess (3σ) of low-energy 
(200 MeV - 475 MeV) events in 
neutrino mode

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

• Efforts to understand the excess

• MiniBooNE cannot distinguish 
between electrons and photons

• Need of a new detector (new 
technology) to address the 
miniBooNE low-energy excess
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miniBooNE neutrino-mode result

Phys.Rev.Lett.102, 2009
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MiniBooNE neutrino results


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 

3.0σ


No excess in the LSND region (400MeV-1GeV)




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 

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





• Cannot be active → sterile




Sterile Neutrinos: May not be so crazy after all


Ø Reactor anomaly


Ø Gallium anomaly


Ø Cosmology


GALLEX	



r=200cm	


r =25cm	



h=
50

0c
m
	



Oscillation des neutrinos: Point de vue expérimental!

νe

νe

νe


νe

νμ

ντ


!"#$%&'(")*"'+,"-%./
•  Powerful anti-neutrino source (Eν ~ 1-10 MeV) 

•  Detectors at distances ~10-1000 m 

WIDG October 28th 2011 13 
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• Evidence provenant d’expériences de neutrinos solaires!

• Découverte de l’oscillation des neutrinos à 
SuperKamiokande (1998) avec les neutrinos 
atmosphériques!

• Confirmée par les expériences à réacteurs      
(KamLand)!

• Confirmée par les expériences d’accélerateurs!

• Maintenant incontestable que les neutrinos 
oscillent! !
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• Evidence provenant d’expériences de neutrinos solaires!

• Découverte de l’oscillation des neutrinos à 
SuperKamiokande (1998) avec les neutrinos 
atmosphériques!

• Confirmée par les expériences à réacteurs      
(KamLand)!

• Confirmée par les expériences d’accélerateurs!

• Maintenant incontestable que les neutrinos 
oscillent! !



Future of sterile neutrino hypothesis


• MiniBooNE is currently taking more data in anti-neutrino mode


• Planck will tell Neff with precision


• Reactor flux will stay uncertain


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


• Short-baseline experiments!




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, ...
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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


• 30 PMTs


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



The MicroBooNE detector in-situ
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MicroBooNE goals


PHYSICS GOALS


• Address the MiniBooNE low energy excess


• Measure low energy cross sections




MicroBooNE context: The MiniBooNE low-energy excess


• MiniBooNE experiment observed 
an excess (3σ) of low-energy 
(200 MeV - 475 MeV) events in 
neutrino mode


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


• Efforts to understand the excess


• MiniBooNE cannot distinguish 
between electrons and photons


• Need of a new detector (new 
technology) to address the 
miniBooNE low-energy excess


miniBooNE neutrino-mode result �

Phys.Rev.Lett.102, 2009	





MicroBooNE addressing the miniBooNE excess


• MicroBooNE ability to distinguish 
between electrons and photons 
will remove νμ induced single 
photon backgrounds


• MicroBooNE  νe efficiency ~2x 
better than MiniBooNE


• MicroBooNE sensitivity at low 
energies efficiency down to tens 
of MeV (compared to ~200 MeV 
for MiniBooNE)


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 is under construction!


• Ground breaking 1 month ago


• TPC fabrication has started


• Wire winding is starting now


• TPC assembly this Summer


• Ready to take data 2013
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ArgoNeuT


• Small LArTPC (175l)


• Ran successfully in NuMI 
beam in 2009-2010


• Demonstrated the principle 
of LArTPCs


• First physics results!
ArgoNeuT TPC and cryostat

The TPC, about to enter the inner cryostat

The fully-instrumented detector in the beamline

Cryostat Volume 500 Liters

TPC Volume 170 Liters

# Electronic Channels 480

Wire Pitch 4 mm

Electronics Style (Temperature) JFET (293 K)

Max. Drift Length 47 cm 

Light Collection None

4

2719

ArgoNeuT
!µ CC-Inclusive Cross Sections

Submitted to PRL
arXiv:1111.0103v1 [hep-ex] 1 Nov 2011

Automated Event Reconstruction
Josh’s Talk.

Monday, November 7, 2011



Beyond microBooNE: Addressing LSND/MiniBooNE excesses


+


• From 2013, MicroBooNE will take data to fulfill its physics 
goals


• But in parallel and in future, MicroBooNE could be used to 
search for MiniBooNE/LSND event excesses


• MicroBooNE II could be combined to a large LAr (larLAr) TPC 
to have a near/far configuration (different locations possible)




MicroBooNE II (200m)
+

LarLAr (470m)


* The studies here only consider a simple 2-neutrino model


Sensitivities* of MicroBooNEII + LarLAr


MicroBooNE II (200m)
+

LarLAr (470m)


neutrino
 antineutrino




News from θ13


θ13 = 0 is now excluded at 3σ!!




Double Chooz on TV!




Long-Baseline Neutrino Experiment (LBNE)




LBNE Science goals


• Primary goal: Oscillation physics: 


Ø νμ →νe: θ13 precision measurement, CP violation, mass hierarchy


Ø νμ→νμ : θ23 and Δm2
31 precision measurement


• Proton decay search


• Supernova burst


• Atmospheric neutrinos




LBNE (Near detector)




LBNE (Far Detector)

LAr detector (40 kt) at Homestake (1300km) 




LBNE (Far detector)


•  2 LAr modules of 20kt


•  3.7m drift


•  224 CPAs and 168 APAs


•  5mm wire spacing


Chapter 3: Detector Reference Design 3–9

!

Figure 3–2: Detector configuration within the cavern. The TPC is located within a membrane
cryostat, shown in white. The interior dimensions of the cryostat are 24m wide x 16m high.
The TPC consists of three transverse APA rows, shown in blue, and four transverse CPA
rows, shown in brown. The roof of the cryostat consists of steel plate supported by a series of
trusses that span the cryostat pit. Upper and lower level veto galleries are shown in yellow.
The veto galleries are excavated spaces filled with concrete. Steel veto tubes are embedded in
the concrete. Personnel access to the lower level veto gallery is made via the decline tunnel,
shown in blue on the left, or via the upper level veto gallery by a stairway in the shaft shown
in dark yellow on the right. The upper level veto tubes, not shown, will extend over the top
of the detector.

LBNE Case Study Report



LBNE prototype: LAr1


• kton-scale full engineering prototype







Conclusions
Conclusions: Neutrinos can tell us about . . .

Fermion Masses

Dark Matter

The Earth Nuclei

The Origin of Flavor

Leptogenesis

Cosmic Rays

Flavored New Physics

Sterile neutrinos

Supernovae
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Figure 5–4: Left: 3σ (red) and 5σ (blue) sensitivity of LBNE to sinθ13 �= 0 as a function of δCP
for a 34 kt LAr detector assuming 5+5 years of ν and ν running in a 700 kW beam [3]. Here,

the discovery reach for sin2 2θ13 is defined as the minimum value of sin2 2θ13 for which LBNE

can rule out sin2 2θ13 = 0 at the 3σ and 5σ levels. Right: Sensitivity of LAr40 compared to

NoνA (3+3 years of ν+ν running in a 700 kW beam) and T2K (3+3 years of ν+ν running in

a 770 kW beam). T2K and NoνA curves are GLoBES model projections.

5.3.3 CP Violation

LBNE will have unrivaled sensitivity to determining whether or not CP is violated in the
neutrino sector. Figure 5–6 (left) summarizes the CP violation reach of LBNE for a 700 kW
beam and a 34-kt LaAr detector operating at 1300 km. A LAr detector can make a 3σ discovery
of CP violation for 50% of all δCP values for sin2 2θ13 values down to 0.03 assuming an exposure
of 340 kt-yrs. This reach increases substantially with exposure.

Figure 5–6 (right) shows the resolution on LBNE’s ability to measure δCP as a function of
exposure. Assuming a normal mass hierarchy, sin2 2θ13 = 0.01, and δC P = 0, a LAr detector can
measure δCP to within ±19◦ (at 1σ ) in a 340 kt-yr exposure. From Figure 5–6 (right), we see that
higher mass (or equivalently, higher beam power) provides a rapid improvement in resolution in
the early years of running.

5.3.4 Summary of νe Appearance Capabilities

Figure 5–7 summarizes the overall discovery reach of LBNE to determine θ13 �= 0, the mass
hierarchy, and CP violation as a fraction of δCP coverage for a 34-kt LAr detector in 5+5 years
of combined neutrino and anti-neutrino running in a 700 kW beam [3].

LBNE Case Study Report
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Figure 5–6: Left: 3σ (red) and 5σ (blue) sensitivity of LBNE to CP violation for a 34 kt LAr

detector assuming 5+5 years of ν and ν running in a 700 kW beam [3]. Curves are shown for

both normal (solid) and inverted (dashed) mass hierarchies. Here, we define the CP violation

discovery potential as the range of δ
CP values as a function of sin

2
2θ

13
for which one can

exclude the CP conserving solutions for δC P = 0
o

and δC P = 180
o
. Right: 1σ resolution

on the measurement of δ
CP in a LAr detector assuming sin

2
2θ

13
= 0.01 and normal mass

hierarchy. Projections for both δC P = 0 (black) and δC P =−90
0
(gray) are separately shown.

In Figures 5–8 and 5–9, we show the improvements to θ
13

sensitivity, the mass hierarchy

sensitivity, and to CP violation coverage with a 2 MW beam. As can be seen, for CP violation,

the 50% coverage point moves downward to near sin
2
2θ

13
≈ 0.01 in this scenario.

5.4 νµ and νµ Disappearance

In addition to the νe appearance measurements, LBNE will also be able to provide precise

measurement of the atmospheric oscillation parameters through observation of both νµ and νµ
disappearance. The most precise constraints on the atmospheric mass splitting is currently set by

the MINOS experiment while the most precise constraints on the atmospheric neutrino mixing

angle is currently set by the Super-Kamiokande experiment.

In the coming years, next generation experiments, such as T2K and NOνA, will be able to

push beyond the current values and obtain even more precise measurements of these parameters.

For example, with an exposure of 3.75 MW ×10
7

sec, T2K hopes to achieve a 1% (4%) measure-

ment of sin
2
2θ

23
(∆m2

32
) [6]. For maximal mixing and after 6 years of ν+ν running, NOνA plans

to measure sin
2
2θ

23
to ∼ 0.3% and∆m2

32
to ∼ 1% [7].
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Figure 5–5: Left: resolution of the mass hierarchy for LAr40 assuming 5+5 years of ν and

ν running in a 700 kW beam [3]. To the right of the curves, the normal (solid) or inverted

(dashed) mass hierarchy can be excluded at the 3σ (red) or 5σ (blue) level for the indicated

values of true sin2 2θ13 and δCP . Here, the mass hierarchy discovery reach is defined as the

minimum value of sin2 2θ13 for which the wrong hierarchy can be excluded for a given value of

δCP . Right: Sensitivity of LAr40 compared to NoνA (3+3 years of ν+ν running in a 700 kW

beam) and T2K (3+3 years of ν+ν running in a 770 kW beam). The NoνA curve is a GLoBES

model projection. T2K has no sensitivity at 3σ this region of sin2 2θ13.

LBNE is sensitive to non-zero θ13 (at the 3σ level) down to sin2 2θ13 = 0.0044 for a single
17-kt LAr module operating for 10 years (5+5 years ν+ν) and down to sin2 2θ13 = 0.0030 for 34
kt operating in this same time. This assumes δC P = 0 and normal mass hierarchy. As one might
expect, the 34 kt configuration reaches a sensitivity almost a factor of

�
2 higher than the 17 kt

case; of course, higher beam power could also provide the same sensitivity in the case of a single
module. Additionally, the 170 kt-yr exposure provides a 25◦ measurement of δC P , whereas an
18◦ accuracy can be achieved in 340 kt-yrs. This assumes normal mass hierarchy, sin2 2θ13 = 0.01,
and δC P = 0.

Table 5–2 summarizes the sensitivity of a LAr detector in LBNE to measure non-zero
sin2 2θ13, the mass hierarchy, and CP violation assuming a run time of 5 years each in neutrino
and antineutrino modes at 700 kW for both one and two LAr modules.

5.3.5 Impact of Beam Upgrades

The possibility of a more intense beam, of up to 2.3 MW, could significantly improve the
experiment’s sensitivity to νe appearance physics, with no changes to the detector necessary.

Liquid Argon Far Detector Configuration

Withehead L. arXiv:1110.6249v1
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Figure 5–10: Number of events expected with (red) and without (black) oscillations as ob-
served by a 34 kt LAr detector in 5 years of neutrino (left) and 5 years of anti-neutrino
(right) running in a 120 GeV 700 kW beam [3]. In the current set of assumptions, a νµ CC
sample is used for the signal channel. NC backgrounds are also plotted but are too small to
be visible. In the case of anti-neutrino running, there is an additional contribution from νµ
events which is taken into account and shown in green.

sector are already quite strong because of the sensitivity of atmospheric neutrino experiments,
but LBNE may be able to also improve some of these bounds. In any case, the LBNE bounds
will be more robust than the ones derived from atmospheric neutrinos.

Liquid Argon Far Detector Configuration

Long baseline physics: νμ disappearance
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values of sin2(2θ23), for a 34 kt LAr detector, for different confidence levels for
neutrino mode (top) and anti-neutrino mode (bottom). The Minos contours
are also displayed for the neutrino running case.
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values of sin2(2θ23) for 200 kt WC detector, for different confidence levels for
neutrino mode (top) and anti-neutrino mode (bottom). The Minos contours
are also displayed for the neutrino running case.
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Long baseline physics: νμ disappearance

• Resolution on both parameters 
(θ23 and Δm231) better than 1%

• Best measurements

• Resolution to distinguish 
between ν and ν results

• This last point would lead to 
new physics discoveries
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31 (bottom) at the 1 sigma

level that could be achieved with LBNE with a LAr detector. The left plots
are for neutrino running mode and the right plots are for anti-neutrino run-
ning mode.
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LBNE Sensitivity: Proton decay


• New search mode with LAr: p → ν + K+





Proton decay search
Current status
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FIG. 35. Proton decay lifetime limits compared to lifetime ranges predicted by Grand Unified Theories. The upper section is
for p → e+π0, most commonly caused by gauge mediation. The lower section is for SUSY motivated models, which commonly
predict decay modes with kaons in the final state. The marker symbols indicate published limits by experiments, as indicated
by the sequence and colors on top of the figure.

There are a number of other proton decay channels to consider, but they will not influence the design of a next-
generation experiment beyond the above decay modes. There are 27 allowed modes of proton or bound neutron
into anti-lepton plus meson (conserving B − L). The most stringent limits besides p → e+π0 include p → µ+π0

and p → e+η, both of which must have partial lifetimes greater than 4 × 1033 years. Any experiment that will do
well for e+π0 will do well for these decay modes. The decay p → νπ+ or n → νπ0 may have large theoretically
predicted branching fractions but are experimentally difficult due to sizeable backgrounds from atmospheric neutrino
interactions. The decay p → µ+K0 is detected relatively efficiently by either water Cherenkov or LAr TPC detectors.
There are a number of other possibilities such as modes that conserve B +L, or violate only baryon number, or that
decay into only leptons. These possibilities are less well-motivated theoretically, as they do not appear in a wide range
of theories. In any case, they can be accommodated with equal ease or difficulty by the large detectors considered
here.

Figure 35 shows experimental limits, dominated by recent results from Super-Kamiokande, compared to the ranges
of lifetimes predicted by an assortment of GUTs. At this time, the theory literature does not attempt to precisely
predict lifetimes, concentrating instead on suggesting the dominant decay modes and relative branching fractions.
The uncertainty in the lifetime predictions come from details of the theory, such as unknown heavy particles masses
and coupling constants, as well as poorly known details of matrix elements for quarks within the nucleon.

It is apparent from this figure that a continued search for proton decay is by no means assured of success. In addition
to the lifetime ranges shown, there are models that predict essentially no proton decay or lifetimes out of reach of likely
experiments. With that caveat, an experiment with sensitivity between 1033 and 1035 years is searching in the right
territory over a wide range of GUTs and even if no proton decay is detected, the stringent lifetime limits will restrict
efforts to build such theories. Minimal SU(5) was ruled out by the early work of IMB and Kamiokande; minimal
SUSY SU(5) is considered to be ruled out by Super-Kamiokande. In most cases, another order of magnitude in limit
will not rule out specific theories, but will constrain their allowed parameters, perhaps leading to the conclusion that
some are fine-tuned.

Tuesday, February 1, 2011

5–72 Chapter 5: Physics Analysis

Figure 5–15: Proton decay lifetime limit for p → νK+ as a function of time for Super-
Kamiokande compared to 60 kilotons total, 42 kt fiducial, of a LAr TPC starting in 2019.
The LAr detector modules are assumed to commission 20 kt each year for the first three
years; the limits from the partial detector fiducial masses of 14 and 28 kt (LAr40 reference
design) are indicated with dashed lines. The limits are at the 90% C.L., calculated for a
Poisson process including background assuming the detected events equals the expected
background.

characteristics projected for a large LAr TPC are realized, LAr40 could achieve an improvement
factor of 6 to 7 on the lifetime limit for p → K+ν after 10 years and could continue to do well
with further exposure, having accumulated a modest background estimate of less than one-half
event after that time.

Liquid Argon Far Detector Configuration

arXiv:1110.6249v1
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Sterile Neutrinos: May not be so crazy after all


The Reactor anomaly


Ø Re-calculation of the fission spectrum


Ø Using > 8000 nuclei, > 10000 βbranches


Ø Re-computed the e→ν spectrum branch by branch 


Ø Applied new corrections (off-equilibrium, neutron lifetime,…)




Sterile Neutrinos: May not be so crazy after all
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Old flux underestimated


2σ


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




Sterile Neutrinos: May be not so crazy after all


The Gallium anomaly


Ø  Radioactive sources used for calibration (νe disappearance)

GALLEX	
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Cosmology


• Cosmic Microwave Background (CMB)


• Large-Scale Structures
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But sterile neutrino mass 
inferred by cosmology is 

problematic!




A global picture?


• 3+1 model does not work well


• 3+2 model has some tension


• Probably some experiments 

are wrong! Which ones?
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� no CP violation → LSND versus MBν

� despite relaxed constraints on Ue4 no improvement of global 3+1 fit
� LSND+MBν̄ versus rest: χ2

PG = 21.5(24.2) for new (old) flux
→ compatibility of less than 10−5

� see also recent analysis Giunti, Laveder, 1109.4033
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∆m2
41 |Ue4| |Uµ4| ∆m2

51 |Ue5| |Uµ5| δ/π χ2/130
3+2 0.47 0.128 0.165 0.87 0.138 0.148 1.64 110.1
3+2’ 0.47 0.117 0.201 1.70 0.151 0.101 1.39 114.4
3+2’ 1.00 0.133 0.163 1.60 0.122 0.079 1.48 114.4
3+2’ 0.90 0.123 0.163 6.30 0.135 0.091 1.67 115.0

GL: 0.90 0.130 0.134 1.60 0.130 0.080 1.52 92/100
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41 |Ue4| |Uµ4| ∆m2
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3+2’ 1.00 0.133 0.163 1.60 0.122 0.079 1.48 114.4
3+2’ 0.90 0.123 0.163 6.30 0.135 0.091 1.67 115.0

GL: 0.90 0.130 0.134 1.60 0.130 0.080 1.52 92/100
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Global Fit 3+2 








A global picture? The theorist approach


More exotic proposals

More exotic proposals talk by G. Barenboim

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

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

� Exotic muon-decay Babu, Pakvasa 02

� CPT viol. quantum decoherence Barenboim, Mavromatos 04

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

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

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

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

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

� sterile neutrinos and new gauge boson Nelson, Walsh 07

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

� sterile ν with nonstandard interactions Akhmedov, TS 10

most of these proposals involve sterile neutrinos

T. Schwetz 29



Neutrino Oscillation


• Neutrinos 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

!e

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)?





νe

νµ

ντ




=





Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ3 Uτ3









ν1

ν2

ν3



}
• 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

1

Pνα→νβ
(L, E) = sin22θsin2

�

1.27
∆m2(eV 2)L(km)

E(GeV )

�

(1)

Neutrino oscillation = neutrino mass!




Neutrino Oscillation


Oscillation probability

9

Neutrino Mixing

W
e

!e

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)?





νe

νµ

ντ




=





Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ3 Uτ3









ν1

ν2

ν3



}
Accelerator (long baseline) Accelerator (long baseline)
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Pνα→νβ
(L, E) = sin22θsin2

�

1.27
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E(GeV )
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(1)



Neutrino Oscillation: Status of the matrix


Status of neutrino physics

• What we know:

36

Neutrino Mixing Matrix

Adjust L/E to view oscillations at different ∆m2’s

U =





1 0 0

0 c23 s23

0 −s23 c23





︸ ︷︷ ︸





c13 0 eiδs13

0 1 0

−e−iδs13 0 c13





︸ ︷︷ ︸





c12 s12 0

−s12 c12 0

0 0 1





︸ ︷︷ ︸
Atmospheric ν ’s: Short baseline reactor ν ’s: Solar ν ’s:

θ23 ≈ π/4 θ13 < π/20 θ12 ≈ π/6

Maximal mixing! (?) Small, quark-like mixing Large, non-maximal mixing

Compare to identical parameterization of CKM matrix ...

θ23 ≈ π/76 θ13 ≈ π/870 θ12 ≈ π/14

sin2(2θ13) < 0.15 (from reactor experiment)

sin2(2θ12) = 0.87 ± 0.03 
 (from solar (SNO) + reactor (KamLAND))

sin2(2θ23) > 0.91 
(from long baseline (MINOS))

Δm213 = (2.35 ± 0.11) x 10-3 eV2
(from long baseline (MINOS))

Δm212 = (7.59 ± 0.21) x 10-5 eV2 
(from solar (SNO) + reactor (KamLAND))
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