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FIG. 2: Allowed region for neutrino oscillation parameters from
KamLAND and solar neutrino experiments. The side-panels show
the �⇥2-profiles for KamLAND (dashed) and solar experiments
(dotted) individually, as well as the combination of the two (solid).

we also expect geo-neutrinos. We observe 1609 events.
Figure 1 shows the prompt energy spectrum of selected

electron anti-neutrino events and the fitted backgrounds. The
unbinned data is assessed with a maximum likelihood fit to
two-flavor neutrino oscillation (with �13 = 0), simultaneously
fitting the geo-neutrino contribution. The method incorporates
the absolute time of the event to account for time variations
in the reactor flux and includes Earth-matter oscillation ef-
fects. The best-fit is shown in Fig. 1. The joint confidence
intervals give �m2

21 = 7.58+0.14
�0.13(stat)+0.15

�0.15(syst)� 10�5 eV2

and tan2 �12 = 0.56+0.10
�0.07(stat)+0.10

�0.06(syst) for tan2 �12<1. A
scaled reactor spectrum without distortions from neutrino os-
cillation is excluded at more than 5⇤. An independent anal-
ysis using cuts similar to Ref. [2] finds �m2

21 = 7.66+0.22
�0.20 �

10�5 eV2 and tan2 �12 = 0.52+0.16
�0.10.

The allowed contours in the neutrino oscillation parame-
ter space, including �⌅2-profiles, are shown in Fig. 2. Only
the so-called LMA I region remains, while other regions
previously allowed by KamLAND at ⇥2.2⇤ are disfavored
at more than 4⇤. When considering three-neutrino oscilla-
tion, the KamLAND data give the same result for �m2

21,
and a slightly increased uncertainty on �12. The parame-
ter space can be further constrained by incorporating the re-
sults of SNO [15] and solar flux experiments [16] in a two-
neutrino analysis with KamLAND assuming CPT invariance.
The oscillation parameters from this combined analysis are
�m2

21 = 7.59+0.21
�0.21 � 10�5 eV2 and tan2 �12 = 0.47+0.06

�0.05.
In order to assess the number of geo-neutrinos, we fit the

normalization of the energy spectrum of ⇥e from the U and
Th-decay chains simultaneously with the neutrino oscillation
parameter estimation using the KamLAND and solar data; see

 (MeV)pE

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
0

20

40

60

80

100

120

 (MeV)pE

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
0

20

40

60

80

100

120 KamLAND data best-fit osci.
accidental

O
16

,n)!C(
13

e"best-fit Geo 
best-fit osci. + BG

e"+ best-fit Geo 

0

20

40

 [8]e"Reference Geo 

Data - BG - best-fit osci.

E
v

en
ts

 /
 0

.2
 M

eV

FIG. 3: The low-energy region of the �e spectrum relevant for geo-
neutrinos. The main panel shows the data with the fitted background
and geo-neutrino contributions; the upper panel compares the back-
ground and reactor �e subtracted data to the number of geo-neutrinos
for the decay chains of U (dashed) and Th (dotted) calculated from a
geological reference model [8].
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FIG. 4: Ratio of the background and geo-neutrino subtracted �e

spectrum to the expectation for no-oscillation as a function of
L0/E. L0 is the effective baseline taken as a flux-weighted aver-
age (L0 = 180 km); the energy bins are equal probability bins of the
best-fit including all backgrounds (see Fig. 1). The histogram and
curve show the expectation accounting for the distances to the indi-
vidual reactors, time-dependent flux variations and efficiencies. The
error bars are statistical and do not include correlated systematic un-
certainties in the energy scale.

Fig. 3. The time of the event gives additional discrimination
power since the reactor contribution varies. The fit yields 25
and 36 detected geo-neutrino events from the U and Th-decay
chains, respectively, but there is a strong anti-correlation. Fix-
ing the Th/U mass ratio to 3.9 from planetary data [17], we
obtain a combined U+Th best-fit value of 73± 27 events cor-
responding to a flux of (4.4± 1.6)�106 cm�2s�1, in agree-
ment with the geological reference model.

The ratio of the background-subtracted ⇥e candidate events,
including the subtraction of geo-neutrinos, to the expectation

Weighted Baseline [km]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

ex
pe

ct
ed

 / 
N

de
te

ct
ed

N

0.9

0.95

1

1.05

1.1

1.15

EH1 EH2

EH3

13e22sin
0 0.05 0.1 0.15

2 r

0
10
20
30
40
50
60
70

m1
m3

m5



Karsten Heeger, Univ. of Wisconsin NSAC workshop, August 10, 2012 

Neutrino Discoveries - A Success Story

1998 SuperK reports evidence for 
oscillation of atmospheric neutrinos.

2001/2002  SNO finds evidence for 
solar νe flavor change.

2003 KamLAND discovers 
disappearance of reactor  νe

2007 Borexino detection 
of 7Be solar neutrinos

2

1968  Ray Davis detects 1/3 of 
expected solar neutrinos. 
(Nobel prize in 2002)

2012 Daya Bay, RENO, 
DC measure θ13 
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Accelerator Neutrino Oscillation Studies

3

Minos T2K Opera

MiniBoone

- precision measurements
- indications of νe appearance
- anomalies
... + much more
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Neutrino Oscillation

4

neutrino flavor change occurs if neutrinos have mass and leptons mix

mixing matrix mass eigenstates
Fig: Kayser

Experiments study flavor conversion as a function of energy, distance and determine 
mixing angle and mass splitting

2-neutrino case, vacuum
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From Anomalies to Precision Oscillation Physics

5

precision measurementsoscillation searchessolar neutrino problem

Ga

Cl SK
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From 2-v to 3-v Oscillation Picture

6

atmospheric/beam 
neutrinos

solar/reactor 
neutrinos

3-flavor picture needed

θ23, Δm223

θ12, Δm212
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By 2012 we now have a suite of data ....

Vacuum oscillation L/E pattern

SK MINOS

KamLAND

• atmospheric νμ and νμ disappear most likely to ντ   (SK, MINOS)
• accelerator νμ and νμ disappear at L~250, 700 km   (K2K, T2K, MINOS)
• some accelerator νμ appear as νμ at L~250, 700 km   (T2K, MINOS)
• solar νe convert to νμ/ντ   (Cl, Ga, SK, SNO, Borexino)
• reactor νe disappear at L~200 km   (KamLAND)
• reactor νe disappear at L~1 km   (DC, Daya Bay RENO)

Neutrino Observations
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MSW conversion in Sun

solar ν

• atmospheric νμ and νμ disappear most likely to ντ   (SK, MINOS)
• accelerator νμ and νμ disappear at L~250, 700 km   (K2K, T2K, MINOS)
• some accelerator νμ appear as νμ at L~250, 700 km   (T2K, MINOS)
• solar νe convert to νμ/ντ   (Cl, Ga, SK, SNO, Borexino)
• reactor νe disappear at L~200 km   (KamLAND)
• reactor νe disappear at L~1 km   (DC, Daya Bay RENO)

Neutrino Observations
By 2012 we now have a suite of data ....
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• atmospheric νμ and νμ disappear most likely to ντ   (SK, MINOS)
• accelerator νμ and νμ disappear at L~250, 700 km   (K2K, T2K, MINOS)
• some accelerator νμ appear as νμ at L~250, 700 km   (T2K, MINOS)
• solar νe convert to νμ/ντ   (Cl, Ga, SK, SNO, Borexino)
• reactor νe disappear at L~200 km   (KamLAND)
• reactor νe disappear at L~1 km   (DC, Daya Bay RENO)

Determining Oscillation Parameters
Dominant Important

Neutrino Observations
By 2012 we now have a suite of data ....

Gonzalez-Garcia et al, 
ICHEP2012
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atmospheric, K2K reactor and accelerator 0νββSNO, solar SK, KamLAND

Neutrino Oscillation
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maximal? large, but not maximal!

UMNSP Matrix
Maki, Nakagawa, Sakata, Pontecorvo

10

not so small

All three neutrino mixing angles are now known!

Mixing Angles & Mass Splittings
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atmospheric, K2K reactor and accelerator 0νββSNO, solar SK, KamLAND
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Mixing Angles & Mass Splittings

UMNSP Matrix
Maki, Nakagawa, Sakata, Pontecorvo

Neutrino Oscillation
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atmospheric, K2K reactor and accelerator 0νββSNO, solar SK, KamLAND
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atmospheric, K2K reactor and accelerator 0νββSNO, solar SK, KamLAND
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normal inverted

14

MINOS Nu2012

KamLAND, PRL. 
100, 221803 (2008)

KamLAND has measured Δm122  to ~2.8%

Mass Splittings

Neutrino Oscillation
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normal inverted

15

Mass Splittings

Neutrino Oscillation
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preference for θ23 in first octant,
difficult to say much about hierarchy
most interesting question for global 
analyses: θ23 octant and δCP

1σ preference for θ~π

enhances interference oscillation 
terms and gives extra electron 
appearance for atmospheric events 
O(GeV), part of SK electron excess

3-ν Global Analyses in 2012

Ref: Fogli et al
1205.5254 and Nu2012

Neutrino Oscillation
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Neutrino Anomalies
Cosmology (WMAP)MiniBooneLSND

17

Anomalies in 3-v interpretation of global neutrino oscillation data

LSND    (νe appearance)
MiniBoone    (νe appearance)
Ga anomaly
Neff in cosmology
Short-baseline reactor anomaly (νe disappearance)

if new oscillation signal, requires Δm2 ~ O(1eV2) and sin22θ > 10-3

Ga Source Exp

R=0.86±0.05

systematics or experimental effects?
➔ need to test each experimental effect

6m
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Beyond 3ν - Sterile Neutrinos?

18

Anomalies

Are νe→νe and νμ→νe consistent?

strong tension if all three are combined, tension also in 3+2 fit
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Neutrino Mass

19

neutrinos charged leptons

quarks

energy/mass

Mass Measurements Masses of Neutrinos, Leptons, Quarks

Fig: Wilkerson, Nu2012 Fig: Murayama
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Neutrino Mass and Mixing

Fig: NRC NP2010, Robertson 
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Neutrinos - Open Questions

21

The Origin of Mass
• Why are neutrinos so light?
• Do neutrinos have Majorana mass?
• What is the absolute mass scale?
• Normal or inverted mass ordering?
• Are there more than 3ν?

The Flavor Puzzle
• Why is lepton mixing so different from quarks?
• CP violation?
• θ23 octant?



Neutrino Sources and Energies

Neutrinos from the Sun  < 20 MeV
depending of their origin.

Neutrinos from accelerators   
up to GeV (109 eV) 

Atmospheric neutrinos$ ~ GeV

Antineutrinos from nuclear 
reactors      < 10.0 MeV

β-decay ~ keV 
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Neutrino Sources, Flavors, Environment

23

Nuclear β-decaysSolar Neutrinos Reactor Neutrinos

Supernova Neutrinos

pure νe pure νe

νe, νe, νx (all species) 

matter effects, large distances

extreme densities

a vacuum environment nucleus as a laboratory

Nuclear Physics

pure νe
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Atmospheric Neutrinos Accelerator Neutrinos

Neutrino Sources, Flavors, Environment

νμ, νμ, νe νμ (with some νe contamination) 
long baselines, Earth effects long baselines, Earth effects

High Energy Physics
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accelerator (νe appearance)€ 
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reactor (νe disappearance)

25

Oscillation Experiments

• disappearance experiment νe → νe 
• rate deviations from 1/r2 and spectral distortions
• baseline O(1 km), no matter effects 

• appearance experiment νµ → νe 
• baseline O(100 -1000 km), matter effects present

complementary approaches to 
understand all aspects of ν 
oscillation
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Beta Decay Spectra

26

Precision Studies of the Energy Spectrum

For m1≿100 eV and no sterile neutrinos, the 
beta spectrum simplifies to an “effective mass”
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0ν mode: hypothetical process only if  
Mν ≠ 0  AND ν = ν 

Neutrinoless Double Beta Decay: 0νββ

€ 

Γ0ν =G0ν |M0ν |
2 mββ

2

0νββ would imply
- lepton number non-conservation
- Majorana nature of neutrinos

2ν mode: conventional 2nd order process 
in nuclear physics

€ 

Γ2ν =G2ν |M2ν |
2

G are phase space factors$$

0νββ may allow us to determine
- effective neutrino mass 

G0ν ~ Q5

27
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Neutrinos in Astrophysics: Supernovae

28

neutrinos from SN 1987A confirmed the basic SN model, 
99% of energy emitted in neutrinos over 10s of sec
but what mechanism mediates explosion?

neutrino burst

various kinds of  oscillations:
vacuum, MSW, collective (non-linear, 
ν-ν scattering) in high ν density

MeV
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What have we accomplished since 2007?

What’s next?
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55 reactors

Kamioka

Reactors in Japan

30

1kt liquid scintillator 
detector

mean, flux-weighted reactor distance ~ 180km

KamLAND

Observation of Reactor ν Oscillation with KamLAND
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calibration pole

control 
cables

calibration 
source

glovebox with 
motion spools

Calibrating fiducial volume for reduced systematics in target mass

KamLAND, JINST 4 (2009) P04017 

2

tomultiplier tubes (PMTs) is mounted on the inner surface of

the sphere. A subset of 554 PMTs, referred to as “20-inch

tubes”, are reused from the Kamiokande experiment, while

the remaining 1325 PMTs are a faster version masked to 17

inches. A 3.2-kton cylindrical water-Cherenkov outer detector

(OD), surrounding the containment sphere, provides shielding

and operates as an active cosmic-ray veto detector.

Electron anti-neutrinos are detected via inverse β-decay,
νe + p → e+ + n, with a 1.8MeV threshold. The prompt
scintillation light from the e+ gives a measure of the incident

νe energy, Eνe
" Ep + En + 0.8MeV, where Ep is the

prompt event energy including the positron kinetic and anni-

hilation energy, and En is the average neutron recoil energy,

O(10 keV). The neutron is captured about 200µs mean time
after the prompt event. More than 99% capture on free pro-

tons, resulting in a deuteron and a 2.2MeV γ ray.
KamLAND is surrounded by 55 Japanese nuclear power re-

actor units, each an isotropic νe source. The reactor operation

records, including thermal power generation, fuel burnup, and

exchange and enrichment logs, are provided by a consortium

of Japanese electric power companies. This detailed infor-

mation, combined with publicly available data about the rest

of the world’s reactors, is used to calculate the instantaneous

fission rates using a reactor model [4]. Only four isotopes

contribute significantly to the νe spectra; the ratios of the fis-

sion yields averaged over the entire data taking period are:
235U : 238U : 239Pu : 241Pu= 0.570:0.078: 0.295: 0.057. 90Sr,
106Ru, and 144Ce, are long-lived fission daughters and con-

tribute low-energy neutrinos [5]. The emitted νe energy spec-

trum is calculated from the fission rates using the νe spectra

inferred from Ref. [6], while the spectral uncertainty is evalu-

ated from Ref. [7].

We recently commissioned an “off-axis” calibration system

capable of positioning radioactive sources within 5.5m of the

center of the detector. Multiple measurements of the detector

response at five distances between 2.8m and 5.5m indicate

that the vertex reconstruction systematic effects are radius-

and zenith-angle-dependent, but the vertex-position offsets are

smaller than 3 cm and independent of azimuthal position. The

fiducial volume (FV) is determined with 1.6% uncertainty up

to 5.5m using the off-axis calibration system. The position

distribution of the β-decays of muon-induced 12B/12N inde-

pendently confirm this with 4.0% uncertainty by comparing

the number of events inside 5.5m to the number produced in

the full LS volume. The 12B/12N event ratio is used to es-

tablish the uncertainty between 5.5m and 6m, resulting in a

combined 6-m-radius FV uncertainty of 1.8%.

Off-axis calibration measurements and numerous central-

axis deployments of 60Co, 68Ge, 203Hg, 65Zn, 137Cs,
241Am9Be and 210Po13C radioactive sources were used to es-

tablish the detector reconstruction properties. For the 17-inch

and 20-inch PMTs combined, the vertex reconstruction res-

olution is ∼12 cm/
√

E(MeV) and the energy resolution is

6.5%/
√

E(MeV). The scintillator response is corrected for
non-linear effects from quenching of the scintillation light and

Cherenkov light production. The systematic variation of the

TABLE I: Estimated systematic uncertainties relevant for the neu-

trino oscillation parameters ∆m2
21 and θ12. The total uncertainty on

∆m2
21 is 2.0%, while the total uncertainty on the expected event rate

(and mainly affecting θ12) is 4.1%.

Detector-related (%) Reactor-related (%)

∆m2
21 Energy scale 1.9 νe-spectra [7] 0.6

Event rate

Fiducial volume 1.8 νe-spectra 2.4

Energy threshold 1.5 Reactor power 2.1

Efficiency 0.6 Fuel composition 1.0

Cross section 0.2 Long-lived nuclei 0.3

energy reconstruction over the data-set give an absolute en-

ergy scale uncertainty of 1.4%; the distortion of the E-scale

results in a 1.9% uncertainty on ∆m2
21, while the uncertainty

at the analysis threshold gives a 1.5% uncertainty on the event

rate. Table I summarizes the systematic uncertainties in deter-

mining the neutrino oscillation parameters. The uncertainty

on∆m2
21 is 2.0%, while the uncertainty on the expected event

rate, which primarily affects θ12, is 4.1%.

For the analysis we require 0.9MeV< Ep < 8.5MeV. The
delayed energy Ed must satisfy 1.8MeV< Ed < 2.6MeV
or 4.0MeV< Ed < 5.8MeV, corresponding to the neutron-
capture γ energies for protons and 12C, respectively. The

time difference (∆T ) and distance (∆R) between the prompt
event and delayed neutron capture are selected to be 0.5µs<
∆T < 1000µs and ∆R < 2m. The accidental coincidence
rate rapidly increases near the balloon surface (R= 6.5m),
reducing the signal-to-background ratio. We use constraints

on event characteristics to suppress accidental backgrounds

while maintaining high efficiency. The prompt and delayed

radial distance from the detector center (Rp, Rd) must be less

than 6m. To discriminate signal from background, we con-

struct a probability density function (PDF) for accidental coin-

cidence events, facc(Ed, ∆R, ∆T, Rp, Rd), by pairing events
in a delayed-coincidence window between 10ms and 20 s. A

PDF for the νe signal, fνe
(Ed, ∆R, ∆T, Rp, Rd), is created

by a Monte Carlo simulation of the prompt and delayed events

using the measured neutron capture time (207.5± 2.8µs) and
detector energy resolution. In determining fνe

, we integrate

Ep over the oscillation-free reactor spectrum including a con-

tribution from geo-neutrinos estimated from a geological ref-

erencemodel [8]. A discriminator value,L = fνe

fνe
+facc

, is cal-

culated for each candidate pair that passes the earlier cuts. To

discriminate νe-candidates from accidental-background we

establish a selection value Lcut(Ep) in prompt energy in-
tervals of 0.1MeV optimized for maximal signal sensitivity

(L > Lcut(Ep) for signal-like events). Lcut(Ep) is the
value of L at which the figure-of-merit, S√

S+Bacc

is maximal,

where S and Bacc are the number of signal and accidental-

background events calculated from fνe
and facc, respectively.

The selection efficiency ε(Ep) is estimated from the frac-

tion of selected coincidence events relative to the total gener-

ated in R< 6m in the simulation, see Fig. 1(top). The increas-

fiducial volume and reactor flux important for 
precision reactor experiments

Observation of Reactor ν Oscillation with KamLAND
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Direct Evidence for Oscillation 

L0=180km

KamLAND, Phys.Rev. D83 (2011) 052002

Reactor Antineutrino Spectrum 
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Observation of Reactor ν Oscillation with KamLAND

KamLAND has measured 
Δm122  to ~2.8%
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Oscillation Experiments with Reactors
Measure (non)-1/r2 behavior of νe interaction rate

€ 

Pee ≈1− sin
2 2θ13 sin
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for 3 active ν, two different oscillation 
length scales: Δm212, Δm223

Δm212 ~7.6 x 10-5 eV2

Δm223 ~2.4 x 10-3 eV2

L/E →Δm2 
amplitude of oscillation → θ  

33

Δm223  ≈ Δm213

KamLAND
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far

Measuring θ13 with Reactor Experiments

νe

distance L ~ 1.5 km

νe,x νe,x

Near-Far Concept

Absolute Reactor Flux
Largest uncertainty in 
previous measurements

Relative Measurement
Removes absolute 
uncertainties!

θ13
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detector 1 detector 2

near

far/near νe ratio target mass distances efficiency oscillation deficit
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First	  proposed	  by	  L.	  A.	  
Mikaelyan	  and	  V.V.	  Sinev,
Phys.	  Atomic	  Nucl.	  63	  1002	  
(2000)
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Daya Bay

RPCs 

antineutrino detectors (AD)
concrete

outer and inner 
water shields
(IWS and OWS)

automated calibration units (ACU)
AD Gd-LS target

6 reactor cores
3 experimental halls
6 detectors 
(2 still under construction)
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Daya Bay Reactor Antineutrino Studies

sin22θ13 = 
0.089 ± 0.010 (stat) ± 0.005 (syst)
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Most precise measurement of 
sin22θ13 to date.

Far vs. near relative measurement

Observation of Electron Antineutrino 
Disappearance over 1-2km

Precision Reactor Spectrum
> 200,000 events at near site

Reactor Antineutrino Flux Variation 

Ref: Daya Bay, Nu2012
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Other Reactor θ13 Experiments

37

Double Chooz RENO

Ref: Ishitsuka, Neutrino2012 PRL, 108 (2012) 191802



Karsten Heeger, Univ. of Wisconsin NSAC workshop, August 10, 2012 

Reactor Flux Predictions

adapted from Schwetz 
Neutrino2012

Average = 0.943 ± 0.023 (χ2=19.6/19) 

100 m10 m

1 km

far detector
1-2km

near  detector
~0.3km
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deficit from flux normalization problem or from 
additional oscillation at L~O(1-10m)?

nuclear physics or new physics? 

new prediction

2011νe flux predictions
- new reactor antineutrino spectra
- re-analysis of 19 short-baseline reactor results
- neutron lifetime correction,  off-equilibrium effects

net 3% upward 
shift in energy 
averaged fluxes 

Reactor Anomaly: Beyond 3ν?
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Opportunities for a Reactor Experiment in the US

neutron and near-surface backgrounds are key issues

fuel

fuel element

52.8 cm

74 cm

18 cm

NBSR ATR HFIR SONGS
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Solar Neutrino Measurements

40

Detection of pep neutrinos
Measurement of 7Be Flux

Borexino

Borexino

7Be rate for 100 t target:
46.0 ± 1.5 (stat) ± 1.5 (sys) cpd

pep rate for 100 t target:
3.1 ± 0.6(stat) ± 0.3(sys) cpd

Limit on CNO rate 
< 7.1 cpd/100 t

8B Flux (SNO LETA + combined)

3.5MeV thresholds achieved in SNO & SK
first direct extraction of νe survival probability 
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Solar Neutrino Measurements

41

Probing vacuum/matter transition

SNO collaboration

Borexino
Near future (2012-2015)

- Improve 7Be, 8B 
→ test of MSW

- Confirm pep at >3σ and reduce error
- Improve upper limit on CNO 

→ probe metallicity
- Attempt direct pp measurement
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Recent Results in the Search for 0νββ 
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 2νββ Measurements

EXO, 2011

T2ν1/2 = 2.23±0.017(stat)±0.22(sys) x1021 y
〈mββ〉< 140–380 meV .(90% C.L.)

T2ν1/2 =2.38±0.02(stat)
±0.14(syst)x1021 years

KamLAND, 2011

see Piepke’s talk
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Cuoricino, 2010

T0ν1/2 > 2.8x1024 y at 90% C.L.
mββ < 0.3 – 0.7 eV

Limits on 0νββ
EXO, 2012

EXO, 2012
T0ν1/2 > 1.6x1025 y
〈mββ〉< 140–380 meV .(90% C.L.)

Recent Results in the Search for 0νββ 
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Preparations for the Next 0νββ Search  

44

Majorana Demonstrator

SNO+
dissolve natNd salt in 
liquid scintillator

CUORE-0/CUORE

CUORE-0 is being cooled down
CUORE under construction

see Poon’s talk

see Klein’s talk

see Kolomensky’s talk



Karsten Heeger, Univ. of Wisconsin NSAC workshop, August 10, 2012 

Theoretical Progress
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Nuclear Matrix Elements for 0νββ

Ref: Iachello, NDM2012
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Theoretical Progress
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Neutrino Mixing Models

Gonzalez-Garcia et al, 
ICHEP2012
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Theoretical Progress

47

Antineutrino Emission from Nuclear Reactors

re-evaluations find 
higher fluxes by 
about 3.5%

Reactor Anomaly

Ref: Mention et al, 1101.2755 (2012 upd)
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2020 and Beyond

48

Long-Term Scientific Questions in 3-ν Framework

If neutrino anomalies are confirmed and evidence for sterile neutrinos....

• 0νββ
• towards a1-ton experiment
• confirm/measure with different 
nuclei

• absolute neutrino mass
• KATRIN operations
• confirm/improve with Project 8 or 
ECHO?

• Mass hierarchy
• δCP

• precision solar spectroscopy 
(Sun as a calibrated source of neutrinos)
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Next-Generation 0νββ Experiments
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Techniques

- many R&D efforts 
- few options scale for a a 1-ton experiment
- improvements of backgrounds needed, active 
background discrimination helpful

Isotopes

see S. Elliott’s talkFig: Piquemal, Nu2012
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Next-Generation 0νββ Experiments
Sensitivity Goals

not all isotopes or detectors 
scale to 1-ton experiment

deep location important

see S. Elliott’s talk Fig: deepscience.org
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Towards an Absolute Neutrino Mass Measurement

51

KATRIN
under construction, expected data taking in 2015

Project 8
R&D

measure β-frequency
proof of principle underway

EC on 163Ho
R&D

low-temperature metallic magnetic 
calorimeters to study both 187Re and 163Ho.

J Low Temp Phys (2012)
167:1004–1014
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Δm221 is only 3% of |Δm232| 

determine mass hierarchy from precision 
measurements of  |Δm231| and |Δm232|

52

Reactor Neutrinos and Mass Hierarchy 
Daya Bay II (and RENO 50km)

sub-1% precision 3-v oscillation physics in 
Δm212, Δm223, and sin2θ12 possible  

Mass Hierarchy Sensitivity
50k events, 3 years→ 96% 
100k events → 3σ

must understand energy scale non-linearity at fraction of % Qian et al.  arXiv: 1208.1551

Fig: Y. Wang, NuFact2012
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Precision Solar Spectroscopy

53
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Fig: Klein, Intensity Frontier 2011

SNO+ will start

Borexino, Super-K will continue
KamLAND analyzing

R&D on 
LENS, CLEAN, MOON, LENA

Without constraint: 
Lν/L⦿ known to 20-40%
testing L integrates over a lot of new physics

With luminosity constraint:Solar Neutrino Physics Topics

- exclusive, precision measurement of pp flux
+ Test luminosity constraint
- exclusive precision measurement of CNO flux
+ Resolve solar metallicity
- improved measurement of pep flux
+ Probe vacuum-matter transition region
+ Search for new physics and/or confirm MSW
- Low-energy 8B measurement with LS detectors
+ Probe transition region, search for predicted upturn
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Neutrino science is international

Fig: deepscience.org

many experiments require some kind of underground location
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US neutrino physicists worldwide

Fig: deepscience.org

US physicists engaged in many experiments overseas
many collaborations are truly international

see B. Plaster’s talk
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US neutrino physics worldwide

Fig: deepscience.org

reactor 0νββ

0νββ

acc, atm

solar, 0νββ

recent discoveries in neutrino physics from international collaborations
- US leads 0νββ and acc experiments
- partners in reactor and 0νββ experiments
- participates in β-decay, solar and atm experiments

reactor

0νββ solar, 0νββ

β

(0νββ)

reactor

reactor, solar, 0νββ
atm, acc

atm
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Summary

Thanks to many colleagues for slides, materials, and discussions 

Neutrino experiments address questions about the origin of 
mass and the flavor puzzle. Important for understanding 
physics beyond the SM. 

Broad current and near-term program. Big questions require 
planning beyond 2020. 

Nuclear physicists play a key role in neutrino science.  

Recent discoveries enabled by international collaborations.

Fig: Neutrino  Matrix, 2004 

Neutrino experiments have been enormously successful.
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