
  

Dirac vs Majorana

νi+
3H→ 3He+e-

Consider neutrino capture on Tritium

Amp∼1−2h√E2−m2

Where h is the helicity of the incoming neutrino



  

Amp∼1−2h√E2−m2

If neutrinos are relativistic : Amp∼1−2h E
Right handed helical initial states (h = ½) are suppressed

Dirac neutrinos : Antineutrinos are largely RH helical and
will not interact due to lepton # conservation.

Majorana neutrinos : The right-handed chiral=helical state 
will be suppressed

Γ(Majorana)=Γ(Dirac )

Relativistic Neutrinos



  

Amp∼1−2h√E2−m2

If neutrinos are nonrelativistic : Amp∼1
No helicity suppression

Dirac neutrinos : Antineutrinos will still not interact

Majorana neutrinos :  No suppression – both LH and RH 
helical states can still interact. 

Γ(Majorana)=2Γ(Dirac)

Non-relativistic neutrinos



  

Dirac vs Majorana
Non-relativistic neutrinos can be used to  distingush 
between Dirac and Majorana nature of neutrinos

But not many sources of non-relativistic neutrinos
One is the (yet to be observed) cosmic relic neutrino 
background 



  

Dirac vs Majorana
Non-relativistic neutrinos can be used to  distingush 
between Dirac and Majorana nature of neutrinos

But not many sources of non-relativistic neutrinos
One is the (yet to be observed) cosmic relic neutrino 
background 

These have kinetic energies around 10-4 eV
Capture cross sections ~ 10-44 cm2 (T2K : 10-38 cm2) (σ ∼ E)
The PTOLEMY experiment is an idea for an experiment 
designed to observe these neutrinos. Predicted capture 
rates for Ptolemy are

Γ(Dirac )∼5 / year Γ(Majorana)∼10 / year



  

To the Future and Beyond! 

Lecture 4



  

The Quest

              Value of δ?

m2

?

m2 c13 0 s13e i

0 1 0
−s13 ei 0 c13


UPMNS≈(0.82 0.54 0.14

0.35 0.56 0.68
0.35 0.55 0.69)

UCKM=(0.975 0.222 0.004
0.221 0.97 0.04
0.01 0.04 0.999)

Better estimates of the
oscillation parameters
using accelerators
Is θ23 maximal?
Is the neutrino Majorana?
What is the absolute mass?

?

Normal or Inverted mass heirarchy?



  

Current Experiments



  

Next generation 
DUSEL Underground
Neutrino Experiment (DUNE)

1300 km

SK (to scale'ish)

Hyper-Kamiokande
300 km baseline

MW beams
multi-kton far detectors



  

DUNE in the USA



  

DUNE Beam

 DUNE operates a wide-band beam
 Comparison of the peaks of the first AND second oscillation
maxima can be used to measure the mass ordering and δCP



  

DUNE Far Detector

60 m

4 x 17 kton LAr TPCs



  

Near Detectors



  

DUNE Far Detector

60 m

4 x 17 kton LAr TPCs

 Cost issues have led to a phasing plan for DUNE
 Phase 1 : 2 Far Detector modules + 1.2 MW beam
+ part of the Near Detector suite.

 TBC 2030?
 Phase 2 : 2 more FD modules + 2.4 MW beam +
completed ND suite

 TBC 2032???



  

Hyper-Kamiokande

Super-K :   25 kton water
Hyper-K : 200 kton Construction through to 2028’ish

Three detectors:
HK Far Detector 
Upgraded Near detector
New “Intermediate” 

detector

FarDet complete : 2028
Beam upgrades 

complete : 2028
First data : 2028-2029



  

Near Detectors

ND280 off-axis
Near detector
ND280 off-axis
Near detector
(280m)

INGRID on-axis
Near detector
(280m)

IWCD PRISM
(2 km)



  

CP violation and the 
Mass Hierarchy 



  

Measuring δCP is the ultimate goal of neutrino oscillation 
experiments. How? δCP shows up as an imaginary phase in the 
PMNS matrix.

P  e ≠P  eLook for

Prob = −4∑i j
ℜU i

* U i U j U j
* sin2 mij

2 L
4E



2∑i j ℑU i
* U i U j U j

* sinmij
2 L
2E

= 0 if α = β

CP violation can only take place in appearance experiments



  

3-Neutrino Mixing

Solar sector

θ12=34.5o±1.1o

Δ m12
2 =+7.56×10−5 eV 2


e




Atmospheric sector

θ23=41.0(50.5)o±1.1o

Δ m23
2 =|2.52×10−3|eV 2







13 Sector

θ13=8.44o±0.16o

Δ m23
2 =|2.52×10−3|eV 2

νμ→νe

U=(U e1 U e2 U e3

Uμ 1 Uμ 2 Uμ 3

U τ 1 U τ2 U τ 3
)=( c12 s12 0

−s12 c12 0
0 0 1)(

c13 0 s13 e iδ

0 1 0
−s13e iδ 0 c13

)(1 0 0
0 c23 s23

0 −s23 c23
)



  

In all it's naked glory
P    e  e=P1P2P3P4 θ13

θ23>45 or θ23<45
Sign(Δm232)
δCP

P1=sin
223sin

221313

B -+ 
2

sin2
B+-
2 L

P2=cos
223sin

221212

A 
2

sin2 A
2
L

P3= J cos cos
 23

2
L

12

A
13

B-+
sin  A

2
Lsin 

B-+
2

L

P4=±J sin sin 
 23

2
L

12

A
13

B -+
 sin A

2
Lsin 

B-+
2

L

 ij=
mij

2

2 E

A=2GF N e

B -+=∣13∓A∣
J=cos13 sin212 sin 223sin 213



  

Degeneracies 
Experiments only measure at most two numbers; but  
probability has  three unknowns and parameters with errors.

Need more than
one measurement
at different L/E to
disentangle the 
parameter space



  

Degeneracies 
Experiments only measure at most two numbers; but  
probability has  three unknowns and parameters with errors.

Need more than
one measurement
at different L/E to
disentangle the 
parameter space



  

Mass Hierarchy 
measurements

As baseline grows,
matter effects increase

At distances of around
1000 km we can
unambiguously 
identify the mass
hierarchy

Once we've done
that we need to 
determine CP phase

23 < 45o

23 > 45o



  

JUNO

 Reactor experiment in China
 Main goal is to determine mass ordering for Δm322

 Use of near (JUNO-TAO) and far (JUNO) liquid scintillator 
detectors



  

JUNO



  

JUNO



  

Mass ordering

3s sensitivity after 7 years of operation

Currently in commissioning phase – data taking to start later this year



  

Preference for Normal Ordering in global analysis

Normal ordering : mismatch between T2K and NovA results. 
Global fit : δCP  conservation disfavoured at around 3 sigma

Inverted ordering : all experiments prefer δCP = 3π / 2
δCP  conservation disfavoured at around 4 sigma

 δCP = 0, π → CP Consvering;   δCP= π/2, 3π/2 – maximial CP violation

Hints of δCP?



  

Future project sensitivities



  

δCP : DUNE Sensitivity

> 5 s reach after 7 years of 
running over entire dCP range

> 5 σ reach after 10 years if
δCP exists in  ±[0.2-0.8]π



  

HK CP Sensitivity



  

A return to 0nbb decay
Γ(0 νββ)∝|⟨mν e

⟩|2=|∑i
|U ei

2 |m i e
i αi|

2

m νe

2 =||U e 1|
2√m3

2+Δ m23
2 +|U e2|

2 eiα 2√m 3
2+Δm23

2 +|U e 3|
2 ei α3 m 3

2|
2

In the inverted ordering :   m3 <<  m1 »  m2     ,   Dm13
2 » Dm23

2   
and m3 is the lightest mass state, so we can write

Setting m3 to zero (not a bad approximation) one can show that

mν e
>√Δm23

2 cos2θ13(1−2sin
2θ12)

i.e for the inverted hierarchy, the average electron neutrino mass 
would  have a lower limit at small m3 

m1

m2

m3



  

Mass hierarchy & 0nbb 
decay 

m3[eV ]

m
ν

e
[e
V
]

Current upper limit

IH

NH

 Experimental 
limit needs to 
decrease by a factor 
of 10

 Limit scales with 
mass and run time

 Experiments 
need to be 10 times 
bigger and run 10 
times longer 

 These are being 
built now.



  

Exp. sensitivities



  

Mass Hierarchy 
Determination

A number of different experiments, both accelerator
and 0nbb decay focused, are now trying to 
determine the mass hierarchy. 

Timescale : ~ 6 years from now for 4 σ good indication 
from NOVA + T2K + JUNO 



  

Measurement of dCP

Next generation of experiments are being planned to
measure this

Timescale : 6-8 years from now (including 5 for 
Construction) 4σ CP sensitivity (if true dCP is π/2)

10-15 years for a measurement of  dCP to a
precision of 20o (if true dCP is π/2). 



  



  

νe disappearance



  

L/E≈1km /1GeV→Δm2≈1.0eV 2

L/E≈0.1m /0.1MeV →Δm2≈1eV 2L/E≈10m /1MeV→Δm2≈0.1 eV 2



  

Or do they?



  

Reactor Anomaly

Deficit consistent with a sterile state with Dm2 ~ 1.5 eV2

Reactor antineutrino flux calculations are VERY hard to do
It’s almost certain that this is an issue with the calculation of the
antineutrino flux NOT steriles.



  

The Gallium Anomaly
We've discussed the Homestake 
experiment which studied 

A couple of experiments (SAGE and
 GALLEX) also studied

In early 2000's the response of
GALLEX was being tested using
MCi radioactive sources.

νe+
71Ga→71Ge+e -

No clear idea what is going on here.

Deficit could be interpreted as  sterile signature but the best fit
oscillation parameters disagree with other experiments.


e
Cl37 Ar 37e-



  

LSND
The LSND experiment was the first accelerator experiment
to report a positive appearance  signal

Eν : 20-55 MeV
baseline : 30m
L/E  1.0 GeV/km

++


e+
e



↳


e




e

p e+ n

20-60 MeV
n p d

2.2 MeV
1280 PMTs
167 t liquid scintillator



  

LSND Result (1997)
3.3 σ evidence for 
oscillations

87.9 ± 22.4 ± 6 excess events 
from νμ → νe  

Δm2 = 1.2 eV2Δm2 = 1.2 eV2



  

MiniBooNE
Ran from 2002 to 2014 at Fermilab

Average neutrino energy ≈ 1 GeV
L/E the same as LSND
Same technology as LSND
Different energy = different event types = different 

systematics



  

miniBooNE Results

Excess at the level of 4.8 σ



  

MicroBooNE
170 ton LAr  TPC
Operating in the same 

beam as LSND and 
miniBooNE

Capable of reconstructing 
electrons and photons



  

Low Energy Excess
No sign of excess 

of low energy 
electrons or 
photons.

?????

LSND/MiniBoone 
are seeing things – 
but are they 
different effects?

Can’t completely 
rule out steriles 
yet.

Reconstructed energy spectrum for inclusive νe
event sample



  

No bleedin' idea

Wait for more data

Decaying sterile
neutrinos?

Extra dimensions?

CPT Violation?

Lorentz violation?

3+1 sterile?
3+2 ?
3+n ?

Experimental 
problems?

Steriles couping
to light DM?



  

SBN Program



  

SBND



  

SBND

Starts taking data soon



  

Sterile summary
A number of anomalies exist which may be interpreted 

as the existence of a sterile neutrino in flavour 
oscillations

A single sterile hypothesis cannot account for all the 
anomlies collectively.

Gallium anomaly clashes with solar/reactor data
MiniBooNE data clashes with LSND data clashes with 

microBooNE data; low energy excess cannot be 
explained by oscillations alone.
In general to explain all this using steriles some other 

new physics is also needed

Evidence for existence of a νs is fading; but not yet 
completely excluded.



  

Neutrino Cross-sections



  

Selection
Efficiency

Number of
Targets

Systematic Uncertainties
To do these sort of measurements

Measure number of events at
Far Detector

Compare with expected number of
events

Expected Number of events=σΦT ϵ

Cross 
Section

Neutrino 
Flux

10-100% 5-10% 1-2% 10%



  

Neutrino Interactions
T2K/HK

DUNE



  

Xsec data pre 2007 
The data was impressively imprecise




p− p 


p− n 


p

n



  

World Data for Antineutrinos



  

It’s slowly getting better

CC 0p differential Xsec from T2K
 arXiv:1602.03652 

CC p0 differential xsec from
MINERvA
Phys.Lett. B749 (2015) 130-136 

Lot's of effort going into trying
to understand neutrino 
interaction cross sections



  

But still not good

Total proton kinetic energy

D Ruterbories et al. Simultaneous measurement of proton and lepton 
kinematics in quasielasticlike ν µ-hydrocarbon interactions from 2 to 20 
gev. Physical review letters, 129(2):021803, 2022.

In general the 
hadronic system is still 
not well understood 



  

Concluding Remarks
Neutrinos are massive → extensions needed to the 

Standard Model
Neutrino oscillation parameters still need to better 

measured; δCP and mass ordering have yet to be measured.
Next generation of experiments will hopefully get a 

handle on these parameters : data coming from 2029 and 
the early 2030’s.

Many opportunities for BSM in the neutrino sector
We are getting perilously close to a neutrino mass 

measurement – perhaps in the next 5-10 years?
Majorana or Dirac? We may be lucky with an intensive 

0νββ program; look out for LEGEND 1000
Sterile neutrinos may not be a thing.
Still much to do in the neutrino world!
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