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Solar Neutrino Oscillations 2
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Atmospheric Neutrino Oscillations 4
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Reactor Neutrino Oscillations

Double Chooz (far detector):

sin2 θ13 = 0.022 ± 0.013

Daya Bay (near + far detectors):

sin2 θ13 = 0.024 ± 0.004

RENO (near + far detectors):

sin2 θ13 = 0.029 ± 0.006

Dec. 2011

Mar. 2012

Apr. 2012

1.7σ

5.2σ

4.9σ

Daya Bay

Discovery of short-baseline reactor 
neutrino oscillations

A complete picture of three-flavor 
neutrino oscillations!
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Leptonic Flavor Mixing Matrix

𝑉 =
1 0 0
0 𝑐23 𝑠23
0 −𝑠23 𝑐23

𝑐13 0 𝑠13𝑒
−𝑖𝛿

0 1 0
−𝑠13𝑒

𝑖𝛿 0 𝑐13

𝑐12 𝑠12 0
−𝑠12 𝑐12 0
0 0 1

𝑒𝑖𝜌 0 0
0 𝑒𝑖𝜎 0
0 0 1

Standard parametrization of the PMNS matrix
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𝜽𝟐𝟑 ~ 𝟒𝟓∘

Atmospheric,
LBL accelerator

𝜽𝟏𝟑 ~ 𝟗∘

Reactor,
LBL accelerator

𝜽𝟏𝟐 ~ 𝟑𝟒∘

Solar,
KamLAND

0ν2β, LNV?

Quarks vs. Leptons: A big puzzle of fermion flavor mixings

|𝑈| = |𝑉| =

CKM PMNS

Hierarchy! Approximate μ-τ symmetry?

|𝚫𝒎𝟑𝟐
𝟐 | ~ 𝟐. 𝟓 × 𝟏𝟎−𝟑 eV𝟐 𝜹 ~ ? 𝚫𝒎𝟐𝟏

𝟐 ~ 𝟖 × 𝟏𝟎−𝟓 eV𝟐



Latest Experimental Results 7

Evans, Neutrino 16; Sanchez, ICHEP 16  
T2K favors a maximal mixing angle 
𝜽𝟐𝟑 ∼ 𝟒𝟓∘, while NOνA & MINOS not
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T2K Only T2K+Reactor

Latest Experimental Results

Bian, ICHEP 16  

Iwamoto, ICHEP 16  

T2K Results
 T2K-only consistent reactor data
 maximal mixing 𝜽𝟐𝟑 = 𝟒𝟓∘ favored 
 maximal CP phase 𝜹 = −𝟗𝟎∘ favored

NOνA Results
 maximal mixing 𝜽𝟐𝟑 = 𝟒𝟓∘ excluded 

@ 2.5σ
 NH, 𝜹 ~ − 𝟗𝟎∘ and 𝜽𝟐𝟑 ~ 𝟑𝟗∘ favored
 IH and 𝜹 ~𝟗𝟎∘ for 𝜽𝟐𝟑 < 𝟒𝟓∘ excluded 

@ 3σ
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Non-oscillation Results 9
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]Constraints on absolute neutrino masses
 Tritium β decays (95% C.L.) 

𝒎𝜷 < 𝟐. 𝟑 𝐞𝐕 (Mainz) 

𝟐. 𝟏 𝐞𝐕 (Troitzk)
 Neutrinoless double-β decays (90% C.L.)

𝒎𝜷𝜷 < 𝟎. 𝟎𝟔~𝟎. 𝟏𝟔 𝐞𝐕 (KamLAND-Zen)

𝟎. 𝟏𝟗~𝟎. 𝟒𝟓 𝐞𝐕 (EXO-200)
𝟎. 𝟐𝟐~𝟎. 𝟔𝟒 𝐞𝐕 (GERDA)

 Cosmological observations (95% probability)
𝚺 < 𝟎. 𝟐𝟑 𝐞𝐕 (Planck) 

Abazajian et al., 15

m1 < m2 < m3 (NH) or m3 < m1 < m2 (IH) 



Global-fit Analysis 10

Gonzalez-Garcia et al., NuFIT 2.1 (2016)

Neutrino Mass Hierarchy

 Reactor: JUNO, RENO-50
 LBL Acc.: T2K, NOνA, LBNF/DUNE
 Atm: PINGU, ORCA, Hyper-K, INO

Leptonic CP Violation

 LBL Acc.: LBNF/DUNE 
 Super-B: ESSνSB, MOMENT
 NF & Beta-Beams

Absolute Masses: KATRIN, 0ν2β (e.g., 136Xe & 76Ge), cosmology, …



Future Prospects 11

Open Questions

 Normal or Inverted (sign of 𝚫𝒎𝟑𝟐
𝟐 ?)

 Leptonic CP Violation (δ = ?)

 Octant of θ23 (> or < 45o?)

 Absolute Neutrino Masses (𝒎𝐥𝐢𝐠𝐡𝐭𝐞𝐬𝐭 = 𝟎?)

 Majorana or Dirac Nature (ν≠νC ?)

 Majorana CP-Violating Phases (how?)

 Extra Neutrino Species 

 Exotic Neutrino Interactions

 Other LNV & LFV Processes

 Leptonic Unitarity Violation

 Origin of Neutrino Masses

 Flavor Structure (Symmetry?)

 Quark-Lepton Connection

 Relations to DM, BAU, or NP



Progress in Observational Cosmology

Cosmic Microwave 
Background (CMB)

Discovery of CMB, Nobel Prize in 1978

Anisotropy in CMB, Nobel Prize in 2006

12

Mather Smoot

Penzias Wilson



Progress in Observational Cosmology

Planck 2015)

Large Scale Structure (LSS) from Sloan 
Digital Sky Survey (SDSS)

Cosmic Microwave Background (CMB)

13



Progress in Observational Cosmology

Big Bang Nucleosynthesis (BBN) and CMB

Planck 2015

Planck 2015

14



Standard Model of Cosmology

a

Cosmic Neutrino Background (CνB)

 Indirect evidence from BBN, CMB and LSS
 How to detect CνB in terrestrial experiments? 

PDG 2016

15



Formation of CνB 

1 10-3 10-6 10-9106 1031012 1091018 1015

Temperature (MeV)

Now

structure formation

neutrino decoupling

BBN

EW phase transition

QCD phase 
transition

inflation
photon decoupling

γγee

eeνν

eνeν

νννν

νννν

-

-
αα

-
α

-
α

βαβα

βαβα

 













Tν = Te = Tγ

@ high temperature

 ν in thermal equilibrium

 neutrino decoupling 

Γ < H @ T ~ 1 MeV
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 Basic properties of CνB

 T0 = 1.95 K and <p> = 3T0 = 5 x 10-4 eV
 number density n = 56 cm-3 per speciesFermi-Dirac spectrum
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Neutrino Clustering

Neutrinos in the gravitational potential of CDM halos Singh, Ma, 03;
Ringwald, Wong, 04 

 Input CDM halo profiles (Navarro-Frenk-White)
 Neutrinos are treated as perturbations

Distribution function at the Earth

Clustering in the Milky Way

At the Earth, enhanced by about 1 to 20

Fermi-Dirac

MWnow

NFW

17



Prospects for CνB Detection

 Acceleration in the neutrino wind

Hagmann, 99 

Shvartsman et al., 82; Smith, Lewin, 83; 
Duda et al., 01

Ringwald, 05

Target mass

de Broglie 
wavelength

Current Sensitivity
10-13 cm s-2

 Resonant absorption of EHE neutrinos

Weiler, 82; Eberle et al., 04; Ringwald, 09

Eberle et al., 04 

Sources of EHE neutrinos
Nearly-degenerate masses
Z-burst for EHE CR events

18



Temperature today 

Mean momentum today 

At least 2 ’s cold today

NON-relativistic ’s!

Relic neutrino capture on -decaying nuclei 

no energy threshold on incident ’s
mono-energetic outgoing electrons

(Irvine & Humphreys, 83)

 Direct evidence for CνB, trace back to the early Universe at 1s 
while CMB tells us the story at 380 000 yrs

 Probe intrinsic properties of neutrinos, the only chance to get 
non-relativistic neutrinos (e.g., Majorana vs. Dirac)

1962

Prospects for CνB Detection 19



Neutrinoless Double Beta Decays

Goeppert-Mayer, 35
Furry, 39 

Vanishing 

0 mass?

|𝑚𝛽𝛽| = Σ𝑖𝑈𝑒𝑖
2𝑚𝑖 [eV]

𝑚𝛽𝛽

Three possible ways to distinguish between Majorana and Dirac ν’s:
(a) 0νββ decays (b) EM dipole moments (c) Nonrelativistic behaviors

20



PTOLEMY

★ first experiment

★ 100 g of tritium

★ graphene target 

★ planned energy 

resolution 0.15 eV

★ CB capture rate

D = Dirac 

M = Majorana

Towards a real experiment?  

PTOLEMY
Princeton Tritium 
Observatory for 
Light, Early-
Universe, Massive-
Neutrino Yield 
(Betts et al, 
arXiv:1307.4738)

prototype

3H → 3He + e- +  νe

νe + 3H → 3He + e-

21



Detection of CB

Capture rate of a polarized neutrino state νj(sν) on a free neutron

𝝈𝒋 𝒔𝝂 𝒗𝝂𝒋 =
𝑮F
𝟐

𝟐𝝅
𝑽𝒖𝒅

𝟐 𝑼𝒆𝒋
𝟐
𝑭(𝒁, 𝑬𝒆)

𝒎𝒑

𝒎𝒏
𝑬𝒆𝒑𝒆𝑨(𝒔𝝂)(𝒇

𝟐 + 𝟑𝒈𝟐)

𝑨 𝒔𝝂 ≡ 𝟏 − 𝟐𝒔𝝂𝒗𝝂𝒋 =  

𝟏 − 𝒗𝝂𝒋 , 𝒔𝝂 = +𝟏/𝟐

𝟏 + 𝒗𝝂𝒋 , 𝒔𝝂 = −𝟏/𝟐

Note: Spin-dependent Factor

RH Helicity

LH Helicity

In the limit 𝒗𝝂𝒋 ⟶ 𝟏, the state of 𝒔𝝂 = +𝟏/𝟐 cannot be captured

In the limit 𝒗𝝂𝒋 ⟶ 𝟎, both RH and LH helical states do contribute 

𝚪CνB = 

𝒋

𝝈𝒋 +
𝟏

𝟐
𝒗𝝂𝒋𝒏𝒋 𝝂𝐡𝐑 + 𝝈𝒋 −

𝟏

𝟐
𝒗𝝂𝒋𝒏𝒋 𝛎𝐡𝐋 𝑵𝑻

Total Rate

Long et al., 14;
Lisanti et al., 14 
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Number Densities of Helical States  

Conservation of Helicity: [ 𝑯,  𝒉] = 𝟎 for free particles after decoupling 

 𝑯 ≡ 𝜸𝟎𝒎+ 𝜸𝟎𝜸 ⋅ 𝒑 =
𝒎 𝝈 ⋅ 𝒑

𝝈 ⋅ 𝒑 −𝒎
 𝒉 ≡

𝚺 ⋅ 𝒑

|𝒑|
=

𝟏

|𝒑|

𝝈 ⋅ 𝒑 𝟎

𝟎 𝝈 ⋅ 𝒑

In the rest frame of CνB, the background neutrinos are isotropic  

Dirac Neutrinos Majorana Neutrinos

Decoupling

Nowadays

𝒏 𝝂𝐋 = 𝒏 𝒛 , 𝒏(𝝂𝐑) ≈ 𝟎
𝒏  𝝂𝐑 = 𝒏 𝒛 , 𝒏( 𝝂𝐋) ≈ 𝟎

𝒏 𝝂𝐋 = 𝒏 𝒛
𝒏 𝝂𝐑 = 𝒏 𝒛

𝒏 𝝂𝐡𝐋 = 𝒏𝟎, 𝒏(𝝂𝐡𝐑) ≈ 𝟎
𝒏  𝝂𝐡𝐑 = 𝒏𝟎, 𝒏( 𝝂𝐡𝐋) ≈ 𝟎

𝒏 𝝂𝐡𝐋 = 𝒏𝟎

𝒏 𝝂𝐡𝐑 = 𝒏𝟎

𝚪CνB
𝐃 =  𝝈𝒏𝟎𝑵𝐓 𝚪CνB

𝐌 = 𝟐 𝝈𝒏𝟎𝑵𝐓Total Rates

Long et al., 14 

 𝝈 ≈ 𝟑. 𝟖 × 𝟏𝟎−𝟒𝟓 𝐜𝐦𝟐
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Negligible RH Dirac Neutrinos?

Extension of SM with RH ’s 

𝒎𝒊 = 𝑶(𝟎. 𝟏 𝐞𝐕) 𝒚𝒊 = 𝑶 𝟏𝟎−𝟏𝟐 ≪ 𝟏

𝑹 =
𝚪𝝂𝑹
𝑯

(Antonelli, Fargion & Konoplich, 81)

𝑹 = 𝟏𝟎−𝟐𝟐

𝑹 = 𝟏𝟎−𝟏𝟔

Zhang, S.Z., arXiv:1509.02274

The production rate found to be much larger, but not large enough  

24



Cosmological Constraints

Decoupling before
QCD phase transition

Zhang, S.Z., arXiv:1509.02274

★ Assume that RH ν’s can be in thermal equilibrium with matter

★ RH ν’s will be counted as extra radiation during BBN and CMB

★ QCD phase transition releases a large entropy to dilute RH ν’s

Planck., arXiv:1502.01589

Anchordoqui,
Goldberg, 12;

Anchordoqui,
Goldberg, 
Steigman, 13

𝜟𝑵𝐞𝐟𝐟 = 𝟎. 𝟓𝟑

𝒏(𝝂𝐑)

𝒏(𝝂𝐋)
= 𝟎. 𝟐𝟖

25



Primordial Magnetic Fields

M51 NGC 1097

The galactic magnetic fields 
B ~ O(1) μG are observed

★ seed B fields ~ 10-21 G

★ amplified during the  

galaxy formation

★ phase transitions may

generate seed B fields

Enqvist, astro-ph/9803196

Evolution of primordial B fields (a phenomenological model) 

𝝁𝝂𝒊~ 𝟑 × 𝟏𝟎−𝟐𝟎 𝝁𝐁

Decoupling before QCD phase transition (for p=1/2 and L0=5x10-5cm)

B0=1024 G in EW phase transition 

Vachaspati, 91; Enqvist, Rez & Semikoz, 95
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Secret Interactions of RH ’s
27

van den Aarssen et al., arXiv:1205.5809

★ missing satellites problem

★ a cored or cusp profile

★ too-big-to-fail problem

Small-scale structure problems: CDM

Late-time kinetic decoupling of CDM

 SM particles interacting with CDM particle χ (of a mass ~ 2 TeV) to 
thermalize the later, and chemical decoupling at Td > 10 TeV

 Secret interactions between χ and RH ’s will also lead to a thermal 
production of RH ’s before chemical decoupling of χ

 The kinematical decoupling between χ and RH ’s happens at a late 
time around T = 1 keV

𝒏(𝝂𝐑)

𝒏(𝝂𝐋)
= 𝟎. 𝟏𝟔



Impact on Detection of CB

★ Energy resolution Δ < 0.7 mi for signal-to-background ratio > 1

★ Main background comes from the intrinsic β-decay events of 3H

★ For the nominal setup of PTOLEMY Δ = 0.15 eV, only sensitive to 
large ν masses, which are in contradiction with the Planck bound 

J. Zhang, S.Z., arXiv:1509.02274

★ The presence of RH ν’s changes the capture rate from 4.0 yr-1 to 
5.1 yr-1 in the Dirac case (enhanced by 28%)

28



Impact on Detection of CB

𝚪𝑫 = 𝟒 𝐲𝐫−𝟏

𝚪𝑹 = 𝟓. 𝟏 𝐲𝐫−𝟏 𝚪𝑴 = 𝟖 𝐲𝐫−𝟏
28%

 Capture rate enhanced by 28%

 Probing RH neutrinos at the 3σ
needs more than 20 years

 Majorana vs. Dirac, 3-5 years

 Precise measurement of 
absolute neutrino masses

29



Nonthermal Background of RH ’s

Chen, Ratz, Trautner,   arXiv:1509.00481

★ Degenerate RH ’s
from inflaton decays 

★ Concentrated on 
low energies, so high 
number density (64%) 

★ Further reduce the difference between Dirac and Majorana cases

★ Gravitational clustering of massive neutrinos increases the rate & 
the uncertainties of CDM profiles are large, worsening the situation

30



Nonthermal or Thermal RH ’s: how to test them?

G.Huang, S.Z., arXiv: 1610.01347

31

★ Thermal spectrum

★ Nonthermal spectrum

with η an occupation fraction

★ Both scenarios consistent with the BBN bound on extra radiation

★ The main difference: NT concentrates more on low velocities

★ A similar feature exists in other thermal and nonthermal relics



Nonthermal or Thermal RH ’s: Annual Modulation

Safdi, Lisanti, Spitz, 
Formaggio, 1404.0680

 Velocity of the Earth relative to the Sun

32

 Velocity of the Sun relative to the CMB

 Distribution at the Earth



Nonthermal or Thermal RH ’s: Annual Modulation

Safdi, Lisanti, Spitz, 
Formaggio, PRD, 14

 Gravity focus by the Sun
 Assume neutrinos unbound to 

the Milky Way
 Large modulations for slow 

neutrino velocities
 Visible difference between TH 

and NT RH neutrinos

G.Huang, S.Z., 
arXiv: 
1610.01347

𝑴 =
𝝀 𝒕 − 𝝀(𝒕𝒎𝒊𝒏)

𝝀 𝒕 + 𝝀(𝒕𝒎𝒊𝒏)

33

Capture rate at the Earth:



Weinberg, 62; Stodolsky, 75; Lewis, 80; Irvine,Humphreys, 83; Smith, Lewis, 83 

Duda, Gelmini, Nussinov, 01; Cucco, Mangano, Messina, 07; 
Blennow, 08; Li, Luo, Xing, 11; Li, Xing, 11; Long, Lunardini, 
Sabancilar, 15; Lisanti, Safdi, Tully, 15; Zhang, Zhou,15; Chen, 
Ratz, Trautner, 15;Dias, Klinkhamer, 16; Faessler et al, 16;……


