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Summary of Day 1

~2.4·10-3 eV2

solar ~ 7.6·10-5 eV2

solar ~ 7.6·10-5eV2
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Slide from J. Turner



n decoupling:
1s

BBN: 3 min

CMB: 380k y



Slide: O. Mena



Neff from CMB

Slide: O. Mena



Neff results for CMB and BBN

Slide: O. Mena



Smn from large scale structure

From: O. Mena



What’s wrong with the 3n picture?
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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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https://www.npr.org/2018/06/05/616803143/physicists-say-they-have-
evidence-for-a-new-fundamental-particle

https://www.npr.org/2018/06/05/616803143/physicists-say-they-have-evidence-for-a-new-fundamental-particle
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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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Combination with LSND

En-Chuan Huang, Neutrino 2018

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

between the two 
experiments.

• Consistent best fit 
results.

More to come from the 
SBN progam at Fermilab!



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

Reactor spectrum anomaly
16

ne disappearance!
(ns appearance?)

Ga anomaly

Ga and reactor anomalies



Sterile neutrinos
What does the hypothesis of 4th (or 5th, 6th, 7th…) “sterile” 
neutrino imply? Doesn’t couple to the SM W or Z boson…

Δm2 ~ 1 eV2

PROSPECT, J Phys G 43 (2016)
17



How do we test the reactor anomaly?

18*Neutrino-4 claim: Physics of Atomic Nuclei volume 83, 930–936 (2020)



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
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PROSPECT, NIM A 922 (2018) 287





Sterile neutrino search

Relative measurement between 154 detector segments – no 
spectrum dependence. 21



Sterile neutrino search

22

PROSPECT operated 
at HFIR from March to 
October 2018. 
• 96 calendar days of 

data
• observed more than 

50,000 ne interactions
• Excludes RAA best-fit 

point (and Neutrino-
4) at >95% C.L.

Similar exclusions by 
other short baseline 
reactor experiments!

Phys. Rev. D 103, 032001 



CEnNS

• Neutral current interaction
• Total scattering amplitude sum of that on constituent nucleons 
• Small momentum transfer relative to target size -> coherent 

enhancement 
• Low energy recoil distribution -> difficult to detect



COHERENT and other searches

COHERENT collaboration first 
detection at the SNS, pulsed source. 
Science  15 Sep 2017: Vol. 357, 
Issue 6356, pp. 1123-1126

Lots of future experiments planned,
including search for coherent 
scattering of solar neutrinos and 
reactor neutrinos!



nµ disappearance
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We don’t see it!

IceCube Collaboration, PRL 117, 071801 (2016)
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Adding in cosmology…
“Cosmological and particle physics searches for sterile neutrinos 
can be compared in the same parameter space.”
(but of course this is model dependent…)

https://inspirehep.net/literature/1781295

νe disappearance, 1+1 model 3+1 model for νμ→νe analysis

https://inspirehep.net/literature/1781295


Multi-messenger astronomy with 
neutrinos

Slides stolen from Francis Halzen













Instead, use natural 
bodies of water like 
Lake Baikal or the 
Mediterranean 
(ANTARES), or…









Since 2011, building up statistics! But where do they come from?

Physical Review D 
88 (2013) 112008



Science 13 Jul 2018: Vol. 361, Issue 6398, eaat1378
Science 13 Jul 2018: Vol. 361, Issue 6398, pp. 147-151





The future!



Cosmic neutrino background

Next few slides stolen from a talk by Chris Tully at LNGS in 2017
for more on PTOLEMY, see arXiv:1902.05508



Cosmic neutrino background

Dicke, Peebles, Roll, Wilkinson (1965)

1 sec

per neutrino species 
(neutrino+antineutrino)

start of nucleosynthesis
n/p~0.15*0.74~0.11

Tn ~1.95K

Relic velocity depends on mass



Cosmic neutrino background



Neutrino capture

Electron energy

Original idea: Steven Weinberg in 1962, 
Phys. Rev. 128:3, 1457
JCAP 0706 (2007)015, hep-ph/0703075, 
Cocco, Mangano, Messina

Capture cross section * (v/c) ~ 10-44 cm2 (flat up to 10 keV)



A little bit of everything: PTOLEMY

Tritium Storage Cell
(Surface Deposition)

High Field Solenoid
Long High Uniformity 

Solenoid (~2T)

Accelerating
Potential

MAC-E filter
(De-accelerating

Potential)

Accelerating
Potential

RF Tracking
(38-46 GHz)

Time-of-Flight
(De-accelerating

Potential)

Cryogenic
Calorimeter
(σ~0.15eV)

Low Field
Region

e-

E0-18.4keV
0-1keV

(~150eV)

E0

E0+30kV

~50-150eV
below 

Endpoint

Princeton Tritium Observatory for Light, Early-universe, Massive-neutrino Yield

e- from Tritium start 
here

Filter removes most 
low energy e-

Tracker identifies e-

Calorimeter 
measures e-



47

P
T
O
L
E
M
Y

R&D Prototype @ PPPL
(August 2, 2016)

Supported by:

The Simons Foundation
The John Templeton Foundation



R&D Prototype @ Princeton University
(June 7, 2017)

Supported by:

The Simons Foundation
The John Templeton Foundation



Major challenges
• Reduce molecular smearing

• New source (Tritiated-Graphene 
or Cryogenic Au(111))

• Measure the energy spectrum directly 
with a resolution comparable to the 
neutrino mass
• High-resolution electron 

microcalorimeters
• Compress a 70m spectrometer length 

– KATRIN’s length – down to ~cm 
scale and replicate it at lower 
precision – final measurement from 
microcalorimeter
• New filter concept (Newtonian vs. 

Galilean)
• RF trigger system (Project 8 

development)
• G-FET as a potential trigger 

system

RAPID COMMUNICATIONS

PUJARI, GUSAROV, BRETT, AND KOVALENKO PHYSICAL REVIEW B 84, 041402(R) (2011)

the energy self-consistency and 0.005 eV/Å for the forces.
Further, to maintain the accuracy, integration over the Brillouin
zone was performed on regular 26 × 26 × 1 Monkhorst-Pack
grids. The band structure was plotted on the lines joining the
M , !, K , and M points, and the individual line segments
were sampled using 50 grid points each. The corresponding
precision was also maintained for the cell optimization carried
out using the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
quasi-Newton algorithm. The convergence threshold on the
pressure was kept at 0.1 kBar. The computational unit cell
consisted of two carbons and two hydrogens. A vacuum space
of 12 Å was kept normal to the SSHGraphene plane to avoid
any interactions between the adjacent sheets.

It is worthwhile to review some properties of graphene
and graphane before we discuss SSHGraphene. Graphene is
a one-atom-thick sheet of sp2-bonded carbon atoms that are
densely packed in a bipartite crystal lattice. It has two atoms
per unit cell, which has the lattice parameter of 2.46 Å, with
a carbon-carbon bond length of 1.42 Å. Although graphane
is bipartite and hexagonal, its unit cell has four atoms (two
carbons and two hydrogens) and has a larger lattice parameter,
namely, 2.51 Å.13 In graphane every alternate carbon atom is
attached to a hydrogen atom from alternate sides of the plane.
In response to the addition of hydrogens, the carbon atoms are
displaced out of the plane toward hydrogen atoms. In short,
the carbon atoms in graphane are no longer planar.

The unit cell of SSHGraphene also contains four atoms, two
carbons and two hydrogens. We carried out full optimization
of the unit cell, including both the unit cell geometry and the
atomic positions. The optimized geometry of SSHGraphene
is shown in Figure 1. As seen from the figure, the cell is
similar to that of graphene, except that the lattice parameter
for SSHGraphene is now enlarged to 2.82 Å, which is larger
than graphane (2.51 Å) as well. Notice that the enhancement is
necessary in order to accommodate the hydrogen atoms, as the
unoptimized unit cell of graphene does not favor the complete
hydrogenation. The increase in the lattice parameter is due to
the increase in the carbon-carbon bonds, which is increased
from 1.42 (in graphene) to 1.63 Å. The increase in the bond
length upon hydrogenation is not surprising, as the same effect

1.09

1.63

Å

Å

FIG. 1. (Color online) Hexagonal structure SSHGraphene with
carbon and hydrogen atoms shown in darker and lighter shade,
respectively. The structure has the symmetry of graphene and the
carbon atoms are in a single plane (unlike graphane).

TABLE I. A comparison of graphene and SSHGraphene vs
graphone and graphane as reported in the literature.12,13 a is the
lattice parameter, and "E is the binding energy (eV).

SSHGraphene

Graphene Graphone12 Graphane13 HSE PBE

a (Å) 2.46 – 2.51 2.82 2.83
C-C (Å) 1.42 1.50 1.52 1.63 1.64
C-H (Å) – 1.16 1.11 1.09 1.08
"E/atom 9.56 – 6.56 5.90 5.54

is also seen in graphane. Similarly, as expected, upon single-
sided hydrogenation the carbon atoms remain in one plane with
the hydrogens forming another plane at 1.09 Å. This is a typical
bond length of C-H when bonded covalently. (In methane, for
example, the bond lengths are also 1.09 Å.) To summarize, a
comparison of (available) structural parameters of graphene,
graphone, graphane, and SSHGraphene are given in Table I. It
also shows the binding energy per atom, which is the signature
of energetic stability of the system. The binding energy for
SSHGraphene is calculated using the pseudoatomic energies of
carbon (EC) and hydrogen (EH) atoms and using "E = EC +
EH − ESSHGraphene, where ESSHGraphene is the total energy of
SSHGraphene. Thus, the higher the energy the more stable the
system. The binding energies for graphene and graphane are as
reported in the literature.13 The overall trend is quite straight-
forward. Graphene, having the smallest C-C bond, is the most
stable of all. Although not as stable as others, SSHGraphene is
still strongly bound. To put it in perspective, recall that benzene
has the binding energy 6.49 eV/atom while acetylene has 5.90
eV/atom,13 and both are among the most stable hydrocarbons.
Thus there is no doubt that SSHGraphene is indeed very stable.
Further, we studied the reaction pathway of the hydrogen
detachment using nudge-elastic-band method. Two cases were
considered: desorption of 50% H atoms (one H per primitive
cell) and desorption of effectively single H atom (one H from
2×2 unit cell). The potential energy landscapes obtained, see
Fig. 2, clearly depict one deep potential well at 1.08 Å. The
presence of the deep well and the absence of any other well
in the vicinity clearly favors the formation of SSHGraphene.
(More details in Supplemental Material.30) We would like to
mention that synthesis of the SSHGraphene may be similar to
graphane in which the hydrogen atoms are kinetically trapped
in the potential-energy minimum near the graphene plane.

It is well known that the graphene band structure is very
sensitive to deformations of any kind. As noted before, there
is a clear evidence that upon partial hydrogenation the band
gap of graphene is opened. It is thus easy to conjecture
that the SSHGraphene would be a semiconductor. However,
the most remarkable feature of SSHGraphene is that it is a
semiconductor with an indirect band gap. The band structure
of SSHGraphene shown in the upper part of Fig. 3 clearly
exhibits an indirect band gap. The value of the gap is 1.35 eV
for HSE and 1.89 eV for PBE functional. The qualitative nature
of band structure remains unchanged. This value of the band
gap is of interest as it lies in between the gapless graphene
and the rather wide band-gap graphane (3.5 eV by DFT and
5.4 eV by GW method31). Thus, SSHGraphene becomes a
preferred organic candidate for semiconductor based devices.

041402-2

Graphene

< 3eV binding 
energy



Summary
• Neutrinos and cosmology are intertwined in more 

ways than one, and cosmology can constrain neutrino 
properties.

• Coherent neutrino scattering experiments are a 
relatively new detection tool, and allow us to search 
for non-standard interactions.

• 3n picture may not be complete – the search for sterile 
neutrinos continues…

• Finally, astrophysical neutrinos are being used as 
cosmic messengers, giving us a new window on the 
universe.

• We may even be able to detect the cosmic neutrino 
background someday!


