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2 Forecast sensitivity to N
e↵

and
P

m
⌫

11

Figure 4. The same as Figure 3, but showing forecasts in the ⌃m⌫ - N
e↵

plane for a model including the
e↵ective number of neutrino species as a free parameter. A Stage-IV CMB experiment will not be able to
distinguish between the standard model value of N

e↵

= 3.046 and the integer value of 3 at high statistical
significance, but it will indicate a preference for one over the other at the ⇠ 2 � level.

CMB polarization as a probe of large scale structures has a few unique advantages. First of all, CMB
lensing is highly complementary to galaxy surveys, since it probes matter distributions in the linear regime
at higher redshift (z ⇠ 2�4). Secondly, because the unlensed background is precisely understood (Gaussian-
distributed E-mode polarization at redshift z = 1090 in the absence of non-Gaussianities, which are strongly
limited in the primordial CMB [53]), the reconstruction of lensing potential is absolutely calibrated and free
of shape noise. This property also enables reconstruction beyond the quadratic order, with sensitivity only
limited by instrumental noise. Finally, the systematics associated with CMB lensing originated largely from
well-understood instrumental e↵ects, which tend to decrease with higher resolution.

Figure 5 shows the projected constraints on the CMB lensing potential power spectrum C��

L

for a Stage-IV
CMB experiment, along with the fractional change in C��

L

for some fiducial values of
P

m
⌫

relative to theP
m

⌫

= 0 case.

2.2 Tomographic galaxy clustering with spectroscopic surveys

Starting in 2014, the Extended Baryon Oscillation Spectroscopic Survey (eBOSS) will use the BOSS spec-
trograph to perform spectroscopy on a massive sample of galaxies and quasars in the redshift range that lies
between the BOSS galaxy sample and the BOSS Lyman-↵ sample. The targets for eBOSS spectroscopy will
consist of Luminous Red Galaxies (LRGs: 0.6 < z < 0.8), Emission Line Galaxies (ELGs: 0.6 < z < 1.0),
“clustering” quasars to directly trace large-scale structure (1 < z < 2.2), and Lyman-↵ quasars (2.2 < z <

Community Planning Study: Snowmass 2013

Dark Energy Spectroscopic Instrument (DESI) 
Baryon Acoustic Oscillations 
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Produce ~1M Z bosons at an 
e+e− collider 

Scan the line shape in 
center-of-mass energy 

Count the number of 
hadronic Z decays 

Compute the total width from 
visible decays and add an 
invisible width scaled by the 
SM couplings to neutrinos 
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The spectrum, showing its approximate flavor content, is

An incredible phenomenon 
appeared when neutrinos were 
measured from different 
sources:  solar, atmospheric, 
reactor, accelerator. 

A neutrino created with a 
definite lepton flavor (in this 
case, electron or muon) would 
arrive with a lower probability to 
be detected with the same 
flavor and a non-zero 
probability to have mixed into 
another flavor. 

≈(0.05eV)2 

?? 

0 
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Tritium β-decay 
(12.3 yr half-life) 

Neutrino capture on Tritium 



•  Basic concepts for relic neutrino detection were laid out in 
a paper by Steven Weinberg in 1962 [Phys. Rev. 128:3, 1457] 
–  Look for relic neutrino capture on tritium by measuring electrons at 

or above the endpoint spectrum of tritium beta-decay 
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Gap (2m) constrained to 
< ~0.6eV 

from Cosmology 

(some electron flavor expected 
with 2m>0.1eV 
from neutrino oscillations) 

What do we know? 

Tritium and other isotopes studied for relic neutrino capture in this paper: 
JCAP 0706 (2007)015, hep-ph/0703075 by Cocco, Mangano, Messina 

How many? 



•  Target mass:  100 grams of tritium (2 x 1025 nuclei) 
•  Capture cross section * (v/c) ~ 10-44 cm2 (flat up to 10 keV) 
•  (Very Rough) Estimate of Relic Neutrino Capture Rate: 
(56 νe/cm3) (2 x 1025 nuclei) (10-44 cm2) (3 x 1010 cm/s) (3 x107s)  

            ~ 10 events/yr 

8 

Lazauskas, Vogel, Volpe: J.Phys.G G35 (2008) 025001. 
Cocco, Mangano, Messina: JCAP 0706 (2007) 015 

σ(v/c)=(7.84±0.03)x10-45cm2 
(5 events/yr for Dirac neutrinos) 

Known to better than 0.5% 

Clustering evaluation for the Milky Way (Ringwald & Wong 04) 
At 8 kpc the overdensity is less than what we estimated. 

Ringwald and Wong (2004) 

Gravitational clumping could 
potentially increase the local number 
of relic neutrinos. 
For low masses ~0.15eV, the local 
enhancement is ~x1.5 

mν =  mν =  
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Long, Lunardini, Sabancilar: arXiv:1405.7654 

Factor of 2 difference 
in capture rate 

-  Neutrinos decouple at relativistic energies 
- Helicity (not chirality) is conserved as the universe expands and the relic 
neutrinos become non-relativistic 
Dirac:  after expansion, only ~half of left-handed helical Dirac neutrinos are 
left-handed chiral (active) and antineutrinos are not captured 
Majorana:  ~half of left-handed helical neutrinos are chiral left-handed and 
half of right-handed helical neutrinos are chiral left-handed (active) 

If neutrinos are Majorana, lepton number is 
not conserved ! Leptogenesis 

Relic neutrinos are uniquely the largest source of 
non-relativistic neutrinos 



10 

∝ GF
2[m(ν2)]5 

ν2 → ν1 + γ 

Sterile neutrinos will introduce a kink in the beta-decay spectrum at K0
end – m4 

where sensitivities down to |Ue4|2 ~ 10-8 may be possible. 16 Kai Dolde Chalonge Meudon Workshop 04.06.14 – 06.06.14
   

Sterile keV-neutrinos in cosmology 

CDM WDM 

WDM mitigates problems of structure formation  
    (number of dwarf galaxies) 

Candidate for WDM: sterile neutrinos in mass range of a few keV 

 
 

 
 

Talks:  Norma  Sanchez,  … 

Structure Formation 

X-Ray Astronomy 

simulations 

19 

Mixing of keV-neutrinos and light neutrinos with mixing angle θ: 

‘kink‘ 

keV-neutrinos in tritium 𝜷  – decay  

Kai Dolde Chalonge Meudon Workshop 04.06.14 – 06.06.14
   

𝑑Γ
𝑑𝐸ୣ

= sinଶ 𝜃
𝑑Γ
𝑑𝐸ୣ ୫౬౯

+ cosଶ 𝜃
𝑑Γ
𝑑𝐸ୣ ୫ౢౝ౪

 

Kai Dolde (Meudon 2014) 
Susanne Meurtens (KATRIN)  
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This mode is forbidden in the Standard Model because it violates lepton number. Cur-
rently, no experiment has successfully demonstrated the process.

Figure 3: Feynman diagram for neutrinoless double beta decay. Figure 13 in [17].

Observation of neutrinoless double beta decay would indicated the existence of Ma-
jorana neutrinos.

5.2 Radiative decays of heavy neutrinos

A heavy sterile neutrino may decay into a light active neutrino and a photon (⌫s ! ⌫a+�)
via a one loop process, examples of which are shown in Figure 4. The lifetime of this
process is given by

1

⌧

=
�
6⇥ 10�33s�1

�
"
sin2(2✓)

10�10

#
ms

keV

�
5

(62)

where ✓ is the sterile/active neutrino mixing angle and ms is the mass of the sterile
neutrino [18]. Figure 5 shows the bounds on the mass of the sterile neutrino ms and the
mixing angle ✓. Majorana neutrinos with a lifetime equal to the age of the universe fall
along the line labeled ⌧s. We see that a 10 keV neutrino must have sin2(2✓) ⇠ 10�2 to
have a decay lifetime of the age of the universe, but this point falls in the black region,
which has been excluded because the density of sterile neutrinos is greater than the
density of dark matter in this region of parameter space. Around sin2(2✓) ⇠ 10�5 the
10 keV neutrino would decay to produce bright x-rays that would have been observed
by now. Thus, it is likely that for sterile neutrino dark matter with mass O(10) keV,
the mixing is very weak

�
sin2(2✓) . 10�7

�
, and the x-rays would be dimmer.

Figure 4: Diagrams of the ’t Hooft-Feynman gauge that contributes to the decay of
heavy neutrinos. Figure 1 in [19].

11

10 keV:  sin2(2θ) ~ 10-2 (~ age of universe)   ! WDM overdensity 
              sin2(2θ) ~ 10-5                                    ! Too bright 
              sin2(2θ) < ~ 10-7   ! Dim enough to be (yet) undiscovered 

7 keV:   sin2(2θ) < ~ 10-6 
4 keV:   sin2(2θ) < ~ 10-5 
2.5 keV:   sin2(2θ) < ~ 10-4 

Rough estimates of current X-Ray 
observation sensitivities 
(Please see other presentations) 

Sterile neutrino (inverse) lifetime 



12 
19 

Mixing of keV-neutrinos and light neutrinos with mixing angle θ: 

‘kink‘ 

keV-neutrinos in tritium 𝜷  – decay  

Kai Dolde Chalonge Meudon Workshop 04.06.14 – 06.06.14
   

𝑑Γ
𝑑𝐸ୣ

= sinଶ 𝜃
𝑑Γ
𝑑𝐸ୣ ୫౬౯

+ cosଶ 𝜃
𝑑Γ
𝑑𝐸ୣ ୫ౢౝ౪

 

Kai Dolde (Meudon 2014) 
Susanne Meurtens (KATRIN)  

PTOLEMY “narrow 
window” 

search concept 
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Interesting range for an anomalous 
X-ray observation consistent with 
sterile neutrino dark matter 



•  Expected versus Observed Calorimeter Resolution 
–  Single most important systematic:  
             Energy Resolution Uncertainty 
–  Scanning Base Calorimeter Resolution from 0.1eV to 50eV 

and fitting with the correct resolution had less effect than 
using 50eV resolution and applying a 10% shift up and 
down in the fit  
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•  Expected versus Observed Calorimeter Resolution 
–  Single most important systematic:  
             Energy Resolution Uncertainty 
–  Scanning Base Calorimeter Resolution from 0.1eV to 50eV 

and fitting with the correct resolution had less effect than 
using 50eV resolution and applying a 10% shift up and 
down in the fit  
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10-9 10-8 10-6 10-5    10-7 

Higher absolute 
energy resolution 
visibly important 

5eV Resolution 
10% Uncertainty 

sin2 θ 
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Tritium experiments typically use diatomic tritium T2 where 
the bond strength is approximately 4eV. 

 But what happens when one T atom decays? 
Bodine, Parno, Robertson: arXiv:1502.03497 

Answer: 

 Quantum Mechanics tells us that the outgoing 
electron energy depends on the change in the 
binding energy of T2 to (T-3He)* - smearing >0.4eV  

T   T     !     T    3He 
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•  In the hunt for alternative 
energies, there has been a great 
focus on the development of 
Hydrogen storage systems 
–  Hydrogen binds to the surface of 

graphene in a solid form (6%wt) at 
room temperature, but with a weak 
enough binding that the hydrogen 
can be readily released 

19 

Different forms of hydrogenated graphene have a hydrogen 
binding energy less than 3eV with potentially no binding for He3 

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

Single-sided-hydrogenated 
 Graphene 

-  Planar (uniform bond length) 
-  Semiconductor (~Si gap) 
- Polarized tritium(?) 

~3x1013 T/mm2  (~80kHz of decays/mm2) 



•  The largest and nearly insurmountable problem of 
relic neutrino detection is to provide a large 
enough surface area to hold at least 100 grams of 
weakly bound atomic tritium 
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–  The trajectory of the outgoing electrons from tritium 
decay must have a clear vacuum path to the 
calorimeter (up to one or two atomic layers of carbon 
or up to a few hundred layers of tritium) 

–  Need approximately 106 m2 of expose surface area, 
that’s ~200 football fields 

–  Cannot be achieved with a flat planar surface – needs 
nanotechnology and micro-pattern fabrication to solve 
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Charcoal 
Surface Area ~7x105 m2/kg 
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With this “Charcoal”-like 
structure, 106 m2 fits within 
the CMS solenoid volume 
(left) with ~0.5mm layer 
spacing 

Lyman Sptizer, Jr. (1950’s), Van Allen 
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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- 



–  ANL Group (Clarence Chang) estimates ~0.55eV at 1keV 
and ~0.15eV at 0.1keV operating at 70-100mK 
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e- 

E 
C 

G τ = 
C 

24 

(example) SPIDER  TES 

Bill Jones 

Bandwidths of ~1 MHz to record ~10kHz 
of electrons hitting the individual sensors 

100eV electron can be 
stopped with very small C 



Nb Leads
TES

Si

Multi-layer 
superconducting 

shield (ALD)

G set by e-ph coupling ��T5

ΔE = 0.15 eV @ 100 eV

e-
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Clarence Chang 

B field “feed through” 

Operating at 70-100mK 

100eV electrons stop in 
Ultra-thin layer of gold 

(small C) 

R&D on Magnetic Shielding has important overlap with TES operational parameters 
for a wide number of land, balloon and space-based microwave and X-ray telescopes 
(working with Jack Sadleir, Harvey Moseley, Elmer Sharp and others at Goddard GSFC) 
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Kent Irwin 
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ExB drift before 
entering MAC-E filter 
 - Can be used to differentiate 
electron phase space by 
longitudinal velocity 

Trajectories can be de-accelerated to have  
~constant transit time through RF tracker 

Calorimeter 

Limiting electron trajectory 
(hits outer radius of filter) 

Planar cell aperture of ~30cm2 within 3.2T bore 
Adiabatic 
Invariant: 

€ 

µ =
E⊥

B
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February 2013 
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Side View 
(PPPL) End on View (May 11, 2015) 

Supported by: 
The Simons Foundation 
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Side View 
(PPPL) End on View (May 11, 2015) 

Dilution Refridgerator in prep – waiting for custom dewar from KADEL 
Electrodes polished and prep’d – following discussions with V. Pantuyev (Troisk) 
NASA Goddard potential collaborator with C. Chang (ANL) on calorimeter 

Tritrated-Graphene expect by end of summer from P. Cloessner (SRNL) 
Simulations of atomically smeared endpoint spectra show graphene improvement 
Project 8 has independently achieved 1st single electron RF detection 
Precision e-source under development by AdvEnergySystems (Forrestal campus) 

Upcoming milestone (summer 2015): 
Demonstrate graphene resolution improvements on tritium endpoint 

Supported by: 
The Simons Foundation 
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0 20 5 15 10 
E-V0 at calorimeter (eV) 

~1014 electrons 
from GEANT4 

simulation 
(perfect resolution, 
~1 month of data 

with 1µg 3H) 

Goals: Measure 
relative endpoint 

shifts of graphene 
compared to T2 
and determined 
relative energy 

smearing 

25 30 

Direct measurement of systematic 
uncertainties from e- energy smearing 

T2 

Simulation 

Graphene 

Future:  Ultra-weak surface binding below the room temperature stability limit. 



•  “Parallel” and “Orthogonal” MAC-E Filters 
– KATRIN 

•  Magnetic flux expands in fringe field between pair of 
solenoids 

•  All electrons pass through one Area aperture  
– PTOLEMY  

•  Adiabatic invariant conserved under transverse drift 
•  Electrons drift orthogonal to B field under ExB 
•  Equivalent Area aperture is replicated many-fold  
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Electron bouncing in E and B bottle 
with constant outward ExB drift 



•  RF tracking (pT and transit time) and time-of-flight 
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B e− 

Project 8 has first detection of ~18keV single electron signal! 

Asner et al., “Single electron detection and spectroscopy 
via relativistic cyclotron radiation”, arXiv:1408.5362 

Q-Band Waveguide 
“Magic Tee” 
WMAP HEMT 
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FIG. 3. The kinetic energy distribution of conversion electrons from 83mKr as determined by CRES. The spectrum shows both
the 17 keV, 32 keV and 30 keV-complex conversion electron lines. The shaded region indicates the bandwidth where no data
were collected. Insert: An expanded view of the 30 keV energy region, where the 30.4 keV conversion electrons can be seen.
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FIG. 1: The direction of the neutrino wind relative to the ecliptic plane a↵ects both the amplitude and phase of the modulation.
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The neutrino density is maximal around March 1(September 11) for the bound(unbound) components. The Earth is shown at
March 1 in both panels.

g�(p⌫) is the lab-frame phase-space distribution of neu-
trinos [19]. The product �NCBv⌫ is velocity-independent
to very high accuracy when E⌫ ⌧ Q� , which always ap-
plies to cosmic neutrinos. For tritium decay [19],

�NCB

�
3H

�
v⌫ = (7.84 ± 0.03) ⇥ 10�45 cm2 . (3)

In this limit, (2) simplifies to

�⌫ = n⌫ lim
p⌫!0

�NCB v⌫ , n⌫ =

Z
g�(p⌫)

d3p⌫
(2⇡)3

, (4)

where n⌫ is the local neutrino density.
At the time of decoupling, the neutrinos follow the

relativistic Fermi-Dirac distribution,

g̃C⌫B(p⌫) =
1

1 + ep⌫/T⌫
, (5)

in the C⌫B rest-frame. Because particle number is
conserved after decoupling, this distribution holds even
when the neutrinos become non-relativistic, if the ef-
fects of cosmological perturbations are ignored. In this
case, the number density of electron neutrinos today is
n⌫ ⇡ 56 cm�3.

While relic neutrinos are relativistic at decoupling,
they become non-relativistic at late times and their av-
erage velocity is

hv⌫i = 160(1 + z) (eV/m⌫) km/s , (6)

where z is the redshift and m⌫ is the neutrino mass.
Galaxies and galactic clusters have velocity dispersions
of order 102–103 km/s; dwarf galaxies have dispersions
of order 10 km/s. Therefore, sub-eV neutrinos can clus-
ter gravitationally only when z . 2.

In reality, the local neutrino phase-space distribution,
as needed for (2), is more complicated than the Fermi-
Dirac distribution. Non-linear evolution of the C⌫B can
a↵ect both the density and velocity of the neutrinos
today, depending primarily on the neutrino mass [16].
Ref. [14] simulated neutrino clustering in a Milky Way-
like galaxy and found that the local neutrino density is
enhanced by a factor of ⇠2(20) for 0.15(0.6) eV neutri-
nos. In addition, they find more high-velocity neutrinos
than expected from a Fermi-Dirac distribution.

Current numerical predictions for the neutrino phase-
space distribution do not account for the relative velocity
of the Milky Way with respect to the C⌫B. The last scat-
tering surface of cosmic neutrinos is thicker and located
closer to us than that for photons, because the neutri-
nos become non-relativistic at late times [20]. The av-
erage distance to the neutrinos’ last scattering surface is
⇠2000(500) Mpc for neutrinos of mass 0.05(1) eV [20].
For comparison, the last scattering surface for photons
is ⇠104 Mpc away. These distances are greater than the
sizes of the largest superclusters, which are O(100) Mpc
in length. Consequently, it is reasonable to assume that
neutrinos do not have a peculiar velocity relative to the
CMB. Measurements of the CMB dipole anisotropy show
that the Sun is traveling at a speed of vCMB ⇡ 369 km/s
in the direction v̂CMB = (�0.0695,�0.662, 0.747) relative
to the CMB rest-frame [21–23]. In this Letter, we assume
that the same is true for the C⌫B rest-frame.

Given the uncertainties on g�(p⌫), we consider the lim-
iting cases where the relic neutrinos in the Solar neigh-
borhood are either all unbound or all bound to the Milky
Way. We show that the neutrino capture rate modulates
annually in both these limits, but that the modulation
phase di↵ers between the two. More realistically, the lo-
cal distribution is likely a mix of bound and unbound
neutrinos, and the correct phase is di↵erent from the ex-
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g�(p⌫) is the lab-frame phase-space distribution of neu-
trinos [19]. The product �NCBv⌫ is velocity-independent
to very high accuracy when E⌫ ⌧ Q� , which always ap-
plies to cosmic neutrinos. For tritium decay [19],
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where n⌫ is the local neutrino density.
At the time of decoupling, the neutrinos follow the

relativistic Fermi-Dirac distribution,

g̃C⌫B(p⌫) =
1

1 + ep⌫/T⌫
, (5)

in the C⌫B rest-frame. Because particle number is
conserved after decoupling, this distribution holds even
when the neutrinos become non-relativistic, if the ef-
fects of cosmological perturbations are ignored. In this
case, the number density of electron neutrinos today is
n⌫ ⇡ 56 cm�3.

While relic neutrinos are relativistic at decoupling,
they become non-relativistic at late times and their av-
erage velocity is

hv⌫i = 160(1 + z) (eV/m⌫) km/s , (6)

where z is the redshift and m⌫ is the neutrino mass.
Galaxies and galactic clusters have velocity dispersions
of order 102–103 km/s; dwarf galaxies have dispersions
of order 10 km/s. Therefore, sub-eV neutrinos can clus-
ter gravitationally only when z . 2.

In reality, the local neutrino phase-space distribution,
as needed for (2), is more complicated than the Fermi-
Dirac distribution. Non-linear evolution of the C⌫B can
a↵ect both the density and velocity of the neutrinos
today, depending primarily on the neutrino mass [16].
Ref. [14] simulated neutrino clustering in a Milky Way-
like galaxy and found that the local neutrino density is
enhanced by a factor of ⇠2(20) for 0.15(0.6) eV neutri-
nos. In addition, they find more high-velocity neutrinos
than expected from a Fermi-Dirac distribution.

Current numerical predictions for the neutrino phase-
space distribution do not account for the relative velocity
of the Milky Way with respect to the C⌫B. The last scat-
tering surface of cosmic neutrinos is thicker and located
closer to us than that for photons, because the neutri-
nos become non-relativistic at late times [20]. The av-
erage distance to the neutrinos’ last scattering surface is
⇠2000(500) Mpc for neutrinos of mass 0.05(1) eV [20].
For comparison, the last scattering surface for photons
is ⇠104 Mpc away. These distances are greater than the
sizes of the largest superclusters, which are O(100) Mpc
in length. Consequently, it is reasonable to assume that
neutrinos do not have a peculiar velocity relative to the
CMB. Measurements of the CMB dipole anisotropy show
that the Sun is traveling at a speed of vCMB ⇡ 369 km/s
in the direction v̂CMB = (�0.0695,�0.662, 0.747) relative
to the CMB rest-frame [21–23]. In this Letter, we assume
that the same is true for the C⌫B rest-frame.

Given the uncertainties on g�(p⌫), we consider the lim-
iting cases where the relic neutrinos in the Solar neigh-
borhood are either all unbound or all bound to the Milky
Way. We show that the neutrino capture rate modulates
annually in both these limits, but that the modulation
phase di↵ers between the two. More realistically, the lo-
cal distribution is likely a mix of bound and unbound
neutrinos, and the correct phase is di↵erent from the ex-
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4 Neutrinos: DRAFT

very di↵erent from that of quarks. We do not yet know what that means, but precision studies of lepton128

mixing via neutrino oscillations may reveal crucial information regarding the long-standing flavor puzzle.129

!"#$%&'()*'"%+,)-"./
0123 0423 2 423 123 523 623 2323 2423 2123 2523 2623

7%
(8
80
9"
:$
&(
')
-;
</

0=223

04623

04>23

04423

02?23

02523

02=23

02323

0@23

0123

0223

A&+)AB'+

9(CB%
D"%%"8$%&BC

E"B:$(%
F$;(8GH"%&:

F::"C"%B$(%

IBCB:$&:

Big$Bang$

Solar$

PTOLEMY$

Accelerator$

Super8K$$
Borexino$
$SNO+$
LENS$$

Hyper8K$

SuperNova$

KamLAND$
Double$Chooz$
Daya$Bay$
$JUNO$
RENO$

RENO850$$
RICOCHET$
DANNS$

US$reactor$
Stereo$

Super8K$
MINOS+$
IceCube$$
PINGU$$
LBNE$
INO$

Hyper8K$
LAGUNA$

Super8K$$
Borexino$$
KamLAND$

LVD$
IceCube/PINGU$$

Hyper8K$
LBNE$
SNO+$

LAGUNA$
WATCHMAN$

Atmospheric$

Reactor$

Cosmic$

IceCube/PINGU$
Antares$
ANITA$

ARA/ARIANNA$
KM3NET$
EVA$

MINOS+$
T2K$
NOvA$
T2HK$
LBNO$
RADAR$
CHiPS$
LBNE$

MINERvA$
MicroBooNE$
MiniBooNE+$

ICARUS/NESSiE$
LAr1,$SciNOvA$
DAEδALUS$

CSISNS,$CENNS$
CAPTAIN,$OscSNS$

νSTORM$
NuMAX$

Cr
os
s$
Se
cV
on

$($
ν e
$e
� $

$ν
e$e
� $i
n$
m
b)
$

Neutrino$Energy$(eV)$

Terrestrial$

Figure 1-1. Neutrino interaction cross section as a function of energy, showing typical energy regimes
accessible by di↵erent neutrino sources and experiments. The curve shows the scattering cross section for
⌫̄e e

� ! e� ⌫̄e on free electroens, for illustration. Plot modified from [1].

1.1.1 The Big Questions and Physics Opportunites130

We are now poised to answer some of the most fundamental and important questions of our time. There131

is a clear experimental path forward, which builds heavily on the recent successful history of this132

rapidly-evolving field of particle physics.133

What is the pattern of neutrino masses? Is there CP violation in the lepton sector? To what extent does the134

three-flavor paradigm describe Nature?135

The current neutrino data allow for very large deviations from the three-flavor paradigm. New neutrino–136

matter interactions as strong as the standard-model weak interactions are not ruled out, and the existence of137

new “neutrino” states with virtually any mass is allowed, and sometimes expected from di↵erent mechanisms138

for generating neutrino masses.139
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mixing via neutrino oscillations may reveal crucial information regarding the long-standing flavor puzzle.129
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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.
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