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Birth of neutrinos
b-decay doesn’t seem to conserve energy!

a-decay spectrum b-decay spectrum
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Neutrinos

3

In 1930, Wolfgang Pauli proposes the neutrino, 
but it’s also the birth of another force, the weak 

force!



Detecting neutrinos is hard
Neutrino-matter  
cross-sections 

It’s called the weak interaction for a reason 

1 barn = 10-24 cm2 

Photon-matter 
cross-sections 

~10-24 cm2 
~10-40 cm2  

~16-17 orders of  
magnitude smaller 

Slide: Kate Scholberg



1956 - “Observation of the Free 
Antineutrino” by Reines and Cowan

Discovery of the Neutrino 

inverse beta decay
νe + p → e+ + n



Three types of n

1953 (confirmed 1956) - Reines 
and Cowan discover the 
electron neutrino (Nobel Prize 
for Fred Reines in 1995).

1962 - Danby, et. al., discover 
the muon neutrino (Nobel Prize 
1988).

2000 - DONUT collaboration 
discovers the tau neutrino.

6
Cosmology can also measure the total number of neutrino 
species, consistent with 3!



M. Goldhaber, L. Grodzins, 
and A. W. Sunyar
Phys. Rev. 109, 1015 
(1958)



Sources of Neutrinos
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Cosmic neutrino background

The cosmic microwave background map is the baby 
picture of the universe…for now!

WMAP



Milestones in Neutrino Oscillations
•Solar neutrino problem is born when Ray Davis’s Cl 
experiment in the Homestake mine shows ~1/3 expected 
solar ne flux.

•Solar neutrino deficit confirmed by GALLEX/GNO and 
SAGE.

•Disappearance of atmospheric nµ’s measured by 
SuperKamiokande.

•SNO confirms flavor change in solar neutrinos by 
measuring FCC/FNC.

•KamLAND observes neutrino oscillations with reactor 
anti-neutrinos.

•Double Chooz/Daya Bay/RENO measure q13.
10



Homestake

The Homestake detector was 
built by Ray Davis (Nobel 2002) 
to test John Bahcall’s Standard 
Solar Model.

Surprisingly, the Homestake 
experiment only saw ~1/3 the 
expected flux of neutrinos.11

ne + 37Cl       37Ar + e-



Homestake
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Slide: Georg Raffelt



Super KamiokaNDE
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Super KamiokaNDE
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Atmospheric neutrino deficit

7Atmospheric Neutrino Oscillations

© David Fierstein, originally published in Scientific American, August 1999

2 muon-
neutrinos 1 electron-

neutrino

INCOMING
COSMIC RAYS

COSMIC 
RAY

AIR 
NUCLEUS

PION

MUON
ELECTRON

Get different 
 patterns 
 in Cherenkov  
 light for  
 e and µ #

(sim. for other 
detector types) 

From Cherenkov cone get angle, infer pathlength 

Graphics: SuperK

Sharp ring: Muon!

Fuzzy ring: Electron!
Oscillation path length depends on angle – longer path length 
through the earth



SuperK results
Data updates and neutrino masses and mixing angles

Super-K @Neutrino98 Super-K (2015) 

No oscillation

νµÆντ
oscillation

24Atmospheric Neutrino Oscillations

531 events 5485 events
Number of events plotted:

These data tell us;
1. Heaviest neutrino mass 

is approximately 
10,000,000 times 
smaller than the 
electron mass (which is 
the lightest particle 
except for neutrinos).

2. νµ’s oscillate 
maximally to ντ’s, 
which is really 
surprising. We want to 
understand why.

Takaaki Kajita, 
Nobel Prize 
Lecture, 2015



SNO
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Sudbury Neutrino Observatory: combine CC, NC sensitivity
• Measure both ne disappearance AND total nX flux
• Confirm where missing electron neutrinos went

1000 tonnes of ultra-pure 
heavy water (D2O) housed in a 
clear acrylic vessel 12 m in 
diameter, located a mile 
underground in a nickel mine in 
Sudbury, Ontario, Canada.



SNO results
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SOLAR
MODEL

ELECTRON
NEUTRINOS

ALL NEUTRINO
TYPES

A CLEAR DEMONSTRATION NEUTRINOS CHANGE THEIR TYPE:
2/3 OF THE ELECTRON NEUTRINOS HAVE CHANGED TO MU, TAU
NEUTRINOS ON THE WAY FROM THE SOLAR CORE TO EARTH. THIS 
REQUIRES THAT THEY HAVE A FINITE MASS.

LESS THAN ONE
CHANCE IN 10 
MILLION 
FOR “NO 
CHANGE IN
NEUTRINO 
TYPE”

Excellent
Agreement
With the
Solar Model
Calculations

SNO USED 
HEAVY 
WATER TO 
MEASURE 
TWO 
SEPARATE 
THINGS

ne nX

Art McDonald, 
Nobel Prize Lecture, 
2015



KamLAND
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1980s & 1990s - Reactor neutrino flux 
measurements in U.S. and Europe 

Next - Discovery 
and precision 
measurement of θ13

1956 - First observation 
of (anti)neutrinos

Past Reactor Experiments
Hanford
Savannah River
ILL, France
Bugey, France
Rovno, Russia
Goesgen, Switzerland
Krasnoyark, Russia
Palo Verde
Chooz, France

Neutrino Physics at Reactors

2008 - Precision 
measurement of (Δm12)2. 
Evidence for oscillation
2003 - First observation 
of reactor antineutrino 
disappearance KamLAND

Chooz

Savannah River

Chooz

Daya Bay
Double Chooz
Reno

63 years of liquid scintillator detectors
a story of varying baselines... 19



Reactor Antineutrinos

calculated reactor 
spectrum

observed spectrum

νe from n-rich fission products

~ 200 MeV per fission
~ 6 νe per fission on average, only ~ 1.5 νe/fission can be detected
~ 2 x 1020 νe/GWth-sec

20



Inverse beta decay

νe + p → e+ + n

Eνe ≅ Ee+ + En + (Mn-Mp) + me+

10-100 keV 1.805 MeV

coincidence signature

prompt e+ and delayed 
neutron capture

powerful background 
suppression technique

21



Neutrino oscillations with KamLAND

KamLAND result.  A. Gando et al., Phys. Rev. D83 (2011) 052002
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Neutrino oscillations with KamLAND

KamLAND result.  A. Gando et al., Phys. Rev. D83 (2011) 052002





Oscillations vs baseline
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Neutrino mixing at reactors 
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Short baseline 
experiments 
„Reactor anomaly“, 
CENNS 

θ13 experiments: 
Double Chooz 
Daya Bay  
RENO 

KamLAND: 
„Solar“ 
Parameters, 
JUNO 

θ12 

2 

Plot: Christian Buck



Energy and baseline
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Experiments sensitive to same Δm2 all lie on a line!!
!  They all have the same ratio of  L/E!

Graphic: Janet Conrad



“atmospheric” “reactor" 0νββ“solar”

MNSP Matrix
(Maki, Nakagawa, Sakata, Pontecorvo)

27

Precision measurments can be made with neutrino beams!

~2.44·10-3 eV2

~2.44·10-3 eV2

solar ~ 7.53·10-5 eV2

solar ~ 7.53·10-5 eV2



Appearance experiments
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Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”, 
Prog.Part.Nucl.Phys. 60 (2008) 338-402.



Making a neutrino beam
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How To Make Tame Neutrinos 

π#p

accelerate 
protons 

slam them 
into a 
target 

focus mesons 
(mostly π’s) 
forward 
with magnetic 
 horn(s) 

let the π’s decay 
in a long  decay 
pipe 

π#
µ#

νµ#

Graphic: Kate Scholberg



Off axis trick

30McDonald, arXiv: 0111033



NOnA
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• Long-baseline neutrino 
oscillation experiment.
– NuMI neutrino beam at 

Fermilab
– Near Detector to measure the 

beam before oscillations
– Far Detector measures the 

oscillated spectrum.
• Primary goal:

measurement of 3-flavor 
oscillations via: 
– νμ→νμ and νμ→νe

– ν̅μ→ν̅μ and ν̅μ→ν̅e 

Slide: Alex Himmel



NOnA recent results

32

arXiv:1906.04907v2 (14 June 2019)



“atmospheric” “reactor" 0νββ“solar”

MNSP Matrix
(Maki, Nakagawa, Sakata, Pontecorvo)
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~2.44·10-3 eV2

~2.44·10-3 eV2

solar ~ 7.53·10-5 eV2

solar ~ 7.53·10-5 eV2



The matter-antimatter asymmetry
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“The excess of matter over 
antimatter in the universe is one 
of the most compelling mysteries 

in all of science.”

How do we generate a matter-antimatter asymmetry?
Sakharov (1967) conditions for baryogenesis:

Instead of starting with a baryon number violating process (baryogensis), 
leptogenesis relies on violating lepton number, then converting L into B.
Neutrinos could be the key to explaining the matter-antimatter asymmetry in the 
universe…

1. Baryon number violation
2. C and CP violation
3. Out of thermal equilibrium



DUNE: Deep Underground 
Neutrino Experiment

35

nμ→ne appearance experiment, where dCP is	measured	by	combining	
neutrino	and	anti-neutrino	data

https://www.dunescience.org/



Liquid Ar TPC far detector 

36

beam



DUNE Sensitivity
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beam

arXiv:1512.06148



38

The 3n picture

~2.44·10-3 eV2

solar ~ 7.53·10-5 eV2

solar ~ 7.53·10-5eV2

~2.44·10-3 eV2

~2 eV
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https://www.npr.org/2018/06/05/616803143/physicists-say-they-have-
evidence-for-a-new-fundamental-particle



Sterile neutrinos
What does the hypothesis of 4th or 5th “sterile” neutrino imply?

Δm2 ~ 1 eV2

PROSPECT, J Phys G 43 (2016)
40



Reactor flux anomaly
Daya Bay, CPC 41, 1 (2017)

Reactor spectrum anomaly
41

ne disappearance!
(ns appearance?)

Ga anomaly

What’s wrong with the 3n picture? Pt. 1



How do we test the reactor anomaly?

42



PRecision Oscillation and SPECTrum experiment
Physics objectives:

• Precision measurement of 235U energy spectrum 
• Search for eV-scale sterile neutrinos via oscillations at short baselines

Precision Reactor Oscillation and SPECTrum experiment

Physics objectives:
1. search for short-baseline oscillations of eV-scale sterile ! at distances <10 m  
2. perform a precision measurement of 235U reactor anti-!e spectrum

2

HFIR core

Pb shield wall
Phase I Phase I 

7-12m

Phase II 
15-20 m

HFIR core

Requirements:
• energy resolution of 4.5%/√E (σ/E) for spectral measurement (~500p.e./MeV) 
• good position resolution for comparing spectra between baselines 
• excellent background rejection capabilities at near-surface, reactor site

Danielle Norcini Yale UniversityAPS April 2016: 18 April 2016 

range of motion

HFIR Reactor 
Core

Design:
• 4-ton 6Li-loaded liquid 

scintillator optically 
segmented detector.

• Measures inverse beta decay 
event rate and energy 
spectrum at baselines of 7 –
12 m from HFIR reactor.

T.J. Langford - Yale University 7/30/16 - Neutrinos in Nuclear Physics12

6Li-loaded Liquid Scintillator
6Li Capture

Ton-Scale Production (same as last) 
•  Self-production to ensure 

•  Cleanness 
•  Purification applied 
•  Characterization and QA/QC 
•  Continuation for future large 

production (Far detector) 
•  Commercial production reactor available 

•  10-L prototype deployed and tested 
•  50-L baseline (expandable to 100-L)  

•  Easy to install and QA/QC instruments 
ready 

BNL MYeh 11 

(n,Li)

LiLS Requirements:

• High light yield (>6000ph/MeV) for energy 
resolution

• Excellent pulse-shape discrimination (PSD)

• Non-toxic, high flashpoint

• Stable and affordable

LiLS based on EJ-309 meets all requirements

• 8200ph/MeV, excellent PSD

• Safe to operate at a reactor site

Cf-252

$

t ~10µm

P"e

%

N
6Li

T.J. Langford - Yale University 7/30/16 - Neutrinos in Nuclear Physics12
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PROSPECT, NIM A 922 (2018) 287





Sterile neutrino search

Relative measurement between 154 detector segments – no 
spectrum dependence. 45



Sterile neutrino search
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PROSPECT operated 
at HFIR from March to 
October 2018. 
• 33 days reactor ON
• 28 days reactor OFF
• ~750 inverse beta 

decay events/day
• Preliminary analysis 

disfavors RAA best-
fit point at >95% C.L.

Similar exclusions by 
other short baseline 
reactor experiments!

PROSPECT, PRL 121, 251802 (2018)



What’s wrong with the 3n picture? Pt. 2
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ne appearance!
(mediated by ns?)
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En-Chuan Huang, Neutrino 2018
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En-Chuan Huang, Neutrino 2018
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arXiv:1805.12028

The new MiniBooNE result
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arXiv:1805.12028

Comparison with LSND
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arXiv:1805.12028

En-Chuan Huang, Neutrino 2018
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Combination with LSND

En-Chuan Huang, 
Neutrino 2018

Combe MiniBooNE with 
LSND to achieve claimed 
6s fit:
• Assumes no correlation 

between the two 
experiments.

• Consistent best fit 
results.



The spoiler: nµ disappearance
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We don’t see it!

IceCube Collaboration, PRL 117, 071801 (2016)
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Summary

• 60+ years of experimental neutrino physics!
• Oscillations prove that neutrinos have mass, and their flavor 

states are superpositions of mass states. We are in an era of 
precision oscillation physics.

• Next step is to search for CP violation and a clue about the 
origin of matter in the universe.

• The ne appearance and disappearance anomalies motivate the 
search for sterile neutrinos, but so far no hard evidence has 
been found. Still, the hunt will continue with future experiments 
such as the SBN program at Fermilab.
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