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The	Cosmic	Neutrino	
Background

• Produced	1	s	aTer	Big	Bang	(CMB:	379k	years)	

• Number	density:	330	cm-3	=	6	n0	

• Temperature:	1.9	K	

• Energy:	0.16	meV	

• Velocity:	10-3	-	1	c	

• CNB	neutron	cross	sec3on:	10-27	pb	(10-63	cm2)
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Neutrino	Flux	Comparison

�5

[K
at
z,
	S
pi
er
in
g	
20
11
]

This	talk



Mar3n	Spinrath	(NTHU) CNB	Direct	Detec3on	Prospects12/04/19	-	Prospects	of	n	Physics

The	Oldest	Picture	of	the	
Universe	(so	far)

�6[PLANCK,	taken	from	esa.int]
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The	Oldest	Picture	of	the	
Universe	in	the	Future?

�7

The Cosmic Neutrino Background Anisotropy - Linear Theory 6

Figure 2. Sky maps of the primary neutrino power spectra, CΘ
l
, with the dipole

included, for mν = 10−5 eV (top-left), 10−3 eV (top-right), 10−2 eV (bottom-left) and
10−1 eV (bottom-right). The maps have been generated with the same underlying
random numbers with the HEALPIX package [35].

masses and Fig. 2 shows sky map realisations for these spectra.
The massless case (i.e. 10−5 eV) is consistent with the result of [30]. At high l

the spectra are almost identical, and do not depend on the neutrino mass. The reason

for this can be understood from the following argument: Above a certain k-value, kFS,

neutrinos are completely dominated by free-streaming and this k-value is proportional to

mν . In order to convert this to an l-value one then uses the relation lFS ∼ kFSχ∗ (where

χ∗ is the comoving coordinate from which the neutrinos originate) and since χ∗ ∝ m−1
ν

for non-relativistic particles [36], lFS does not depend on mν . Inserting numbers one

finds lFS ∼ 100 which is in good agreement with Fig. 1. At smaller angular scales,

l >∼ lFS, the anisotropy comes from the Sachs-Wolfe effect during radiation domination.

For smaller l-values the anisotropy increases dramatically as the mass increases.

This can be understood as follows. As soon as neutrinos go non-relativistic the ϵk
3qψ

d ln f0
d ln q

term in Ψ̇1 begins to dominate the Boltzmann hierarchy evolution. This quickly makes
the higher l modes increase as well, and the final amplitude simply depends on the time

elapsed after neutrinos go non-relativistic.

The effect can be seen in Fig. 3 which shows the evolution of Ψ1, Ψ2 and Ψ10 for

three different neutrino masses and two different k-values. As soon as neutrinos go

non-relativistic Ψ1 immediately begins to grow, and the higher Ψl’s follow with a slight

delay for k = 0.1 hMpc−1. This exactly matches the low l behaviour seen in Fig. 1.

[Hannestad	&	Brandbyge	’06]

mn	=	(10-5	eV,	10-3	eV,	10-2	eV,	10-1	eV)	from	upper	leT	to	lower	right
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Didn't	we	already	find	it?
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[hhps://www.forbes.com/sites/startswithabang/2019/02/28/earliest-signal-ever-
scien(sts-find-relic-neutrinos-from-1-second-ajer-the-big-bang/#50b3e913d99c]
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Figure 3: Left: Contours showing 1� and 2� exclusions in the ↵-� plane for the two redshift

bins z1 and z3, both from the BAO data alone and after imposing a CMB prior on ↵. Right: One-

dimensional likelihood of � without (blue) and with (red) the ↵-prior for the combined redshift

bins. The dashed line is the result after marginalizing over the lensing amplitude AL.

measured in [19], these results are in good agreement with forecasts for the data based on [8],

�(↵z1) = 0.021, �(↵z3) = 0.019 and �(�) = 1.5. A similar level of agreement between forecasts

and actual performance was obtained for the measurement of ↵ in the conventional BAO analysis

of BOSS DR12 [19].

While the phase shift is naturally described in Fourier space, the measurement of the BAO scale

is often depicted as the determination of the BAO peak location in configuration space [25, 26].

In configuration space, the phase shift modifies the shape of the BAO peak, moving correlations

around the peak position from small to large scales. As described in Appendix B, we have

incorporated this change into the configuration-space analysis of the BAO signal. The resulting

constraint on the amplitude of the phase shift is � = 0.4±2.1, which is statistically consistent with

the result of the Fourier-space analysis. While the change to the BAO peak is simply the inverse

Fourier transform of the phase shift, the broadband modeling and peak isolation in configuration

and Fourier space are distinct, and the agreement between the two measurements confirms that

a comparable measurement can also be made in configuration space.

Adding a CMB prior

The BAO-only measurement of � is limited by the degeneracy with ↵(z). However, in a given

cosmology, the allowed range of ↵(z) has to be consistent with constraints on the cosmological

parameters. Our interest is to measure the neutrino-induced phase shift in the BAO signal

assuming a background cosmology that is consistent with the Planck CMB constraints. We

compute the prior on ↵(z) from the Planck 2015 temperature and polarization data3 [11] while

marginalizing over any additional cosmological information, including all e↵ects of Ne↵ . At each

point in the Monte Carlo Markov chains, we compute the values of ↵z1 and ↵z3 associated with

3We use the low-l (2  l  29) temperature and LFI polarization data, and the high-l (30  l  2508) plik

cross half-mission temperature and polarization spectra. In “TT-only”, we omit the high-l polarization spectra.

8

[Baumann,	Beutler,	Flauger,	Green,	Slosar,	Vargas-
Magaña,	Wallisch,	Yèche	'18	(Nature	Physics	'19)]

[➥	see	also	the	talk	by	Masahiro	Takada	on	Monday]
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FIG. 3: Top: 2D constraints on the jointly varying
⇤CDM+N⌫+N��

⌫ parameter space. The constraints on N⌫

(damping) and N��
⌫ (phase shift) are essentially orthogonal.

Bottom: Constraints from March 2013 Planck temperature
power spectrum measurements on the number of neutrino
species from (1) blue/solid: varying N��

⌫ while holding N⌫

fixed at three and (2) green/dashed: varying along the physi-
cal direction N⌫ = N��

⌫ . The constraints assume a Gaussian
⌧ prior of mean µ = 0.085 and width � = 0.015.

Results from Planck: We use the publically available
likelihood code clik [9] to determine constraints from
the 2013 Planck temperature power spectrum measure-
ments, with the polarization constraints approximated as
a Gaussian prior on the optical depth to last scattering
⌧ for simplicity[15]. We place uniform (flat) priors on
the parameters N⌫ and N

��
⌫ , which results in a flat prior

for the physical case where N⌫ = N
��
⌫ . We explore the

model space using the MCMC routines provided by the
Python library CosmoSlik [16].

In Fig. 3 we show the constraint on N
��
⌫ from the

⇤CDM +N
��
⌫ model. For comparison, we include the

constraints on the ⇤CDM +N⌫ model space, with the
phenomenological amplitude A(N ��

⌫ , N⌫) ⌘ 0. We find
best-fit values of N⌫ = 3.3+0.7

�0.2 [17] and N
��
⌫ = 2.3+1.1

�0.4.
To quantify the significance of the detection we con-
ducted a likelihood ratio test. We found that the min-
imum �

2 (⌘ �2 lnL) decreased by 19.9 when switching
from a ⇤CDM model with N

��
⌫ = 0 to the ⇤CDM + N

��
⌫

model. A �
2 di↵erence this large or larger will occur, as-

suming N
��
⌫ = 0, with the same probability, 8⇥ 10�6, as

a 4.5� Gaussian fluctuation.

While letting N⌫ and N
��
⌫ vary independently (top of

Fig. 3), the width of the constraint on N⌫ is dominated
by an ns- N⌫ degeneracy: fixing ns results in roughly a
halving of the characteristic width of the posterior in the
N⌫ direction. For the N ��

⌫ direction, no such correlations
exist, so while our constraints on N⌫ depend somewhat
on the characterization of initial conditions due to infla-
tion (as well as, in extended models such one with the
helium fraction Yp free), our constraint on N

��
⌫ is due to

a feature in the data that is di�cult to mimic with other
cosmological degrees of freedom. In addition, we find the
constraints on N⌫ and N

��
⌫ are nearly uncorrelated. This

lack of correlation follows from the fact that the response
of Cl to changing the phase shift is essentially orthogo-
nal to the response due to other observable e↵ects of the
cosmic neutrino background in the CMB.

Finally, we note that there is a slight dependence on
priors for the 2D posterior shown in Fig. 3. If we switch
from uniform priors on the number of neutrino speciesN⌫

and N
��
⌫ to their corresponding neutrino fractions R(N⌫)

and R(N ��
⌫ ), the average value of the posterior shifts

down by
�
�N⌫ = 0.3,�N

��
⌫ = 0.5

�
, a shift of slightly

more than 0.5� in both directions. This is predominantly
due to a contraction in the high probability region at high
N⌫ or N

��
⌫ . Regardless of prior, N ��

⌫ = 0 is heavily dis-
favored.

Conclusions: In this letter, we present the first detec-
tion of the temporal phase shift generated by neutrino
perturbations during the acoustic oscillation phase of cos-
mological evolution, and find an amplitude of this e↵ect
consistent with the standard value associated with the
three known neutrino species. As pointed out by Bashin-
sky and Seljak [6] this subtle signature is a particularly
robust one, di�cult to mimic by either changes to the ini-
tial conditions or matter content. Our detection of this
e↵ect is thus the most model-independent determination
to date of the existence of the CNB. CMB Polarization
measurements will bring even more robustness as they
are capable of definitively ruling out the remote possi-
bility of mimicking the phase shift e↵ect by a designer
alteration of the initial conditions.

Were we to have found N⌫ 6= N
��
⌫ we would be com-

pelled to look for a physical explanation, such as ⌫ ⌫

scattering which could inhibit free streaming [10][18].
With current data, we see consistency with the standard
model. Future datasets, such as from Planck including
polarization spectra [11] and CMB stage-4 power spectra
[12] will provide even stronger constraints on the phase
shift, either providing a signature of new physics or in-
creasing confidence in the standard cosmological model.
We forecast that these will achieve �(N ��

⌫ ) = 0.41 and
0.09 respectively.

⇤ Electronic address: btfollin@ucdavis.edu

Didn't	we	already	find	it?
• In	2018	>95%	confidence	from	BAO+CMB	data	

• In	fact,	in	2015	strong	evidence	from	CMB	
alone	already:	

�10
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FIG. 3: Top: 2D constraints on the jointly varying
⇤CDM+N⌫+N��

⌫ parameter space. The constraints on N⌫

(damping) and N��
⌫ (phase shift) are essentially orthogonal.

Bottom: Constraints from March 2013 Planck temperature
power spectrum measurements on the number of neutrino
species from (1) blue/solid: varying N��

⌫ while holding N⌫

fixed at three and (2) green/dashed: varying along the physi-
cal direction N⌫ = N��

⌫ . The constraints assume a Gaussian
⌧ prior of mean µ = 0.085 and width � = 0.015.

Results from Planck: We use the publically available
likelihood code clik [9] to determine constraints from
the 2013 Planck temperature power spectrum measure-
ments, with the polarization constraints approximated as
a Gaussian prior on the optical depth to last scattering
⌧ for simplicity[15]. We place uniform (flat) priors on
the parameters N⌫ and N

��
⌫ , which results in a flat prior

for the physical case where N⌫ = N
��
⌫ . We explore the

model space using the MCMC routines provided by the
Python library CosmoSlik [16].

In Fig. 3 we show the constraint on N
��
⌫ from the

⇤CDM +N
��
⌫ model. For comparison, we include the

constraints on the ⇤CDM +N⌫ model space, with the
phenomenological amplitude A(N ��

⌫ , N⌫) ⌘ 0. We find
best-fit values of N⌫ = 3.3+0.7

�0.2 [17] and N
��
⌫ = 2.3+1.1

�0.4.
To quantify the significance of the detection we con-
ducted a likelihood ratio test. We found that the min-
imum �

2 (⌘ �2 lnL) decreased by 19.9 when switching
from a ⇤CDM model with N

��
⌫ = 0 to the ⇤CDM + N

��
⌫

model. A �
2 di↵erence this large or larger will occur, as-

suming N
��
⌫ = 0, with the same probability, 8⇥ 10�6, as

a 4.5� Gaussian fluctuation.

While letting N⌫ and N
��
⌫ vary independently (top of

Fig. 3), the width of the constraint on N⌫ is dominated
by an ns- N⌫ degeneracy: fixing ns results in roughly a
halving of the characteristic width of the posterior in the
N⌫ direction. For the N ��

⌫ direction, no such correlations
exist, so while our constraints on N⌫ depend somewhat
on the characterization of initial conditions due to infla-
tion (as well as, in extended models such one with the
helium fraction Yp free), our constraint on N

��
⌫ is due to

a feature in the data that is di�cult to mimic with other
cosmological degrees of freedom. In addition, we find the
constraints on N⌫ and N

��
⌫ are nearly uncorrelated. This

lack of correlation follows from the fact that the response
of Cl to changing the phase shift is essentially orthogo-
nal to the response due to other observable e↵ects of the
cosmic neutrino background in the CMB.

Finally, we note that there is a slight dependence on
priors for the 2D posterior shown in Fig. 3. If we switch
from uniform priors on the number of neutrino speciesN⌫

and N
��
⌫ to their corresponding neutrino fractions R(N⌫)

and R(N ��
⌫ ), the average value of the posterior shifts

down by
�
�N⌫ = 0.3,�N

��
⌫ = 0.5

�
, a shift of slightly

more than 0.5� in both directions. This is predominantly
due to a contraction in the high probability region at high
N⌫ or N

��
⌫ . Regardless of prior, N ��

⌫ = 0 is heavily dis-
favored.

Conclusions: In this letter, we present the first detec-
tion of the temporal phase shift generated by neutrino
perturbations during the acoustic oscillation phase of cos-
mological evolution, and find an amplitude of this e↵ect
consistent with the standard value associated with the
three known neutrino species. As pointed out by Bashin-
sky and Seljak [6] this subtle signature is a particularly
robust one, di�cult to mimic by either changes to the ini-
tial conditions or matter content. Our detection of this
e↵ect is thus the most model-independent determination
to date of the existence of the CNB. CMB Polarization
measurements will bring even more robustness as they
are capable of definitively ruling out the remote possi-
bility of mimicking the phase shift e↵ect by a designer
alteration of the initial conditions.

Were we to have found N⌫ 6= N
��
⌫ we would be com-

pelled to look for a physical explanation, such as ⌫ ⌫

scattering which could inhibit free streaming [10][18].
With current data, we see consistency with the standard
model. Future datasets, such as from Planck including
polarization spectra [11] and CMB stage-4 power spectra
[12] will provide even stronger constraints on the phase
shift, either providing a signature of new physics or in-
creasing confidence in the standard cosmological model.
We forecast that these will achieve �(N ��

⌫ ) = 0.41 and
0.09 respectively.

⇤ Electronic address: btfollin@ucdavis.edu

[Follin,	Knox,	Millea,	Pan	'15]
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The	Other	Relics	=	DM
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[M33	rot.	curve,	Source:	Wikipedia]
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[Chandra	picture	of	the	bullet	cluster]
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Fake(?)	WIMP	Miracle
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile likeli-
hood analysis indicates no significant excesses in the 1.3 t
fiducial mass at any WIMP mass, with a p-value for the
background-only hypothesis of 0.28, 0.41, and 0.22 at
6, 50, and 200 GeV/c2, respectively. Figure 5 shows the
resulting 90% confidence level upper limit on �SI . The
2� sensitivity band spans an order of magnitude, indi-
cating the large random variation in upper limits due to
statistical fluctuations of the background (common to all
rare-event searches). The sensitivity itself is una↵ected
by such fluctuations, and is thus the appropriate mea-
sure of the capabilities of an experiment [44]. The inset
in Fig. 5 shows that the median sensitivity of this search
is ⇠7.0 times better than previous experiments [6, 7] at
WIMP masses > 50 GeV/c2.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-

gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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Time	to	think	again?! 
Light	WIMPS?
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Resonant	Absorp3on

• Similar	to	GZK	cutoff	for	charged	cosmic	rays	

• Resonant	scakering	

• Dip	in	energy	spectrum	expected	at	1011	GeV	
• Highest	energe3c	neutrinos	@IceCube	have	O(107)	GeV	

• High	energe3c	Z	bursts	(not	seen	so	far)
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CNB wind

l

Interferometer

d

Pendulum

θ

• Pendulum	in	neutrino	wind  
		

• LIGO-like	interferometers 
		

• Einstein	telescope	maybe

The	Experiment

�16

[Domcke,	MS	'17]

a� � 3 · 10�18+Kfb2

a� � 10�16+Kfb2

a� � g

l
d

[For	more	general	par(cle	physics	applica(ons,	
see	Englert,	Hild,	Spannowsky	'17]



Mar3n	Spinrath	(NTHU) CNB	Direct	Detec3on	Prospects12/04/19	-	Prospects	of	n	Physics

Theory:	Scakering
• Results	for	the	three	kinema3cal	cases: 
 
 
 
 

• Compare	to	experimental	sensi3vity:

�17

a� � 10�16+Kfb2

[Domcke,	MS	’17;	see	also	Duda	et	al.	'01,	...,	
Opher	'74]

aG2
F
=

n⌫

2 n̄⌫

8
><

>:

3 · 10�33 +Kfb2 7Q` U_V
5 · 10�31 (m⌫/0.1 2ofc2) +Kfb2 7Q` UL_@L*V
2 · 10�27 (10�3/�pB`) +Kfb2 7Q` UL_@*V
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Other	"Winds"
• Solar	neutrinos	

• Cold	WIMP	Dark	Maker	(mDM		>	1	GeV)	

• Light	WIMP	Dark	Maker	(mDM		=	3.3	keV)

�18

abQH�`�� � 3 · 10�26 +Kfb2

a.J � 4 · 10�30

�
(A � Z)2

76 A

� � �X�N

10�46 +K2

� �
�/�`FUHQ+�HV

10�24 ;/+K3

��
�X

10�3

�2

+Kfb2

aHB;?i .J � Nc a.J � 109 a.J

[Domcke,	MS	’17;	see	also	Duda	et	al.	'01]

[There	is	also	plenty	of	works	on	ultralight	bosonic	DM	not	based	on	individual	par(cle	scahering,	see,	e.g.,	
Arvanitaki	et	al.	'15;	Graham	et	al.	'15;	Aoki	&	Soda	'16;	Pierce	et	al.	'18;	Morisaki	&	Suyama	'18;	Fukuda,	

Matsumoto	&	Yanagida	'18;	...]
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Improvements	and	
Alterna3ves

• Sensi3vity	propor3onal	to	g	factor	
• Suspension	

• Space	

• Give	up	on	pendulum	setup	
• free	falling	masses	and	wait	

• Alterna3ves	to	mechanical	force	experiment	
• Resonant	Absorp3on	

• Inverse	beta	decay
�19

[Domcke,	MS	'17]
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Outline

• Introduc3on	

• Resonant	Absorp3on	

• Mechanical	Forces	

• Inverse	b-Decay	Processes	

• Summary	and	Conclusions

�20
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Inverse	Beta	Decay

• Lots	of	Neutrinos	around	

• Radioac3ve	nuclei,	e.g.	
tri3um	

• Wait	for	a	neutrino	
capture	

• Goes	back	to	Weinberg

�21

[Weinberg	’62]

ν e

T 3He

W
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Energy	Spectrum

�22

[Long,	Lunardini,	Sabancilar	’14]
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• Number	of	target	nuclei:	2	x	1025	(100	g)	

• Rate	for	Dirac	par3cles	(no	right-helical	neutrinos	
today):	

• Rate	for	Majorana	par3cles	(both	helici3es	equally	
present):	

• Background	rate	within	0.1	eV	of	endpoint:	2	Hz

Numbers

�23

[Long,	Lunardini,	Sabancilar	’14]

�.
*L" = �̄ c n0 NT ⇡ 4.06 v`�1

�J
*L" = 2�.

*L" ⇡ 8.12 v`�1
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Current	Status	(?)

�24

[PTOLEMY	’18]
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Abstract

We propose to achieve the proof-of-principle of the PTOLEMY project to directly detect the
Cosmic Neutrino Background (CNB). Each of the technological challenges described in [1, 2]
will be targeted and hopefully solved by the use of the latest experimental developments and
profiting from the low background environment provided by the LNGS underground site. The
first phase will focus on the graphene technology for a tritium target and the demonstration of
TES microcalorimetry with an energy resolution of better than 0.05 eV for low energy electrons.
These technologies will be evaluated using the PTOLEMY prototype, proposed for underground
installation, using precision HV controls to step down the kinematic energy of endpoint electrons
to match the calorimeter dynamic range and rate capabilities. The second phase will produce a
novel implementation of the EM filter that is scalable to the full target size and which demon-
strates intrinsic triggering capability for selecting endpoint electrons. Concurrent with the CNB
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µ-beam

ν wind

particle ID

e

ν

W

vacuum chamber

Another	Idea
• Increase	the	cross	sec3on	(∼s)	by	using	a	beam	

• High	energy/intensity	muon	beams	available	

• Look	for	electrons	in	final	state

�25

[MS,	Zurita	WIP;	see	also	Weiler	'01,	
Mellissinos	'99,	Müller	'87]
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CERN	M2	Beam	Line

�26
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CERN	M2	Beam	Line

• Beam	energy:	150	GeV	

• Muon	rate:	1.3	x	107	/s	

• Beam	"length":	100	cm	

• Trea3ng	the	beam	as	fixed	target,	event	rate: 

�27

R = 1.3⇥ 109 n⌫ �
+K
b
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Physics	Cases	(Preliminary)

�28

[MS,	Zurita	WIP]

Other	Ideas?

S?vbB+b *�b2 1biBK�i2/ _�i2 R

*L" 10�21fv2�`
aQH�` ⌫ 10�22fv2�`

�iKQbT?2`B+ ⌫ 10�27fv2�`
ai2`BH2 ⌫ .J 10�28fv2�`

o�MBHH� qAJS 10�33fv2�`
_2bQM�Mi qAJS 10�18fv2�`
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Why	are	we	so	much	worse	
than	PTOLEMY?

• Reminder:  

• CNB	number	density	the	same	

• Cross	sec3ons:	

• Amount	of	muons/tri3um: 
 

�29

Nµ/NT ⇠ 10�27

� ⇠ n⌫ �̄N

[MS,	Zurita	WIP]

�̄aw/�̄Sh ⇠ 105
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Outline

• Introduc3on	

• Resonant	Absorp3on	

• Mechanical	Forces	

• Inverse	b-Decay	Processes	

• Summary	and	Conclusions
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Summary	and	Conclusions

• The	CNB	is	one	of	the	earliest	pictures	of	the	
universe	

• Overwhelming	indirect	evidence	

• But	no	direct	observa3on	so	far	

• Maybe	possible	via	inverse	b-decay	(PTOLEMY)	

• CNB	searches	can	be	DM	searches	as	well	

• It	is	fun	to	think	about	other	ideas	as	well...
�31
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Backup

�32
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Theory:	Magne3c	Torque

• Neutrino	background	splits	electron	energy	levels	
(spin	effect	➞	magne3c	effect)	

• For	one	flavour	

• Caveats:	
• Experimentally	difficult	(magne3c	effect)	

• Needs	lepton	asymmetry	

�33

aR
GF

=
NAV

AmAV

2
�

2

�
GF �*J"

�
�

R

�

�=e,µ,�

(n�� � n�̄�) g�
A

aR
GF

� 4 · 10�29 n�̄µ � n�µ

2 n̄�
+Kfb2

[Domcke,	MS	’17;	see	also	Duda	et	al.	'01,	...,	
Stodolsky	'75]
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Theory:	Scakering	I
• The	basic	formula	

• Incoming	flux:	

• #nuclei	in	1g	test	material:	

• Neutrino-nucleus	cross-sec3on:	

• Coherence	factor:	

• Average	momentum	transfer:
�34

aG2
F

= ��
NAV

AmAV
Nc ���A ��p�

NAV /(AmAV )

���A

Nc

��p�

��

[Domcke,	MS	’17;	see	also	Duda	et	al.	'01,	...,	
Opher	'74]
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Theory:	Scakering	II

• Neutrinos	can	come	in	three	kinema3cs	
• rela3vis3c	(R)	

• non-rela3vis3c	non-clustered	(NR-NC)	

• non-rela3vis3c	clustered	(NR-C)	

• Two	important	numbers	
• The	cross-sec3on:	

• The	coherence	factor:

�35

���A � 10�27 T# = 10�63 +K2

Nc =
NAV

AmAV
� �3

� � 1020

[Domcke,	MS	’17;	see	also	Duda	et	al.	'01,	...,	
Opher	'74]
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Wind	vs.	Nudges	I
• The	scakering	rate	

• Numbers	for	the	CNB

�36

R =
aG2

F

��p�

RU_V � 1 · 10�4 n�

2 n̄�
;�1 b�1

RUL_@L*V � 0.02
n�

2 n̄�

m�

0.1 2ofc2 ;�1 b�1

RUL_@*V � 0.4
n�

2 n̄�

0.1 2ofc2

m�

�
10�3

�pB`

�2

;�1 b�1

[Domcke,	MS	’17]
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Wind	vs.	Nudges	II

• Solar	neutrinos	

• Cold	WIMP	Dark	Maker	(mX		>	1	GeV)	

• Light	WIMP	Dark	Maker	(mX		=	3.3	keV)  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RbQH�`�� � 2 · 10�9 ;�1 b�1

R.J � 8 · 10�3

�
100 :2ofc2

mX

� � �X�N

10�33 +K2

� �
�/�`FUHQ+�HV

10�24 ;/+K3

��
�X

10�3

�
;�1 b�1

RHB;?i .J � 4 · 105

�
3.3 F2ofc2

mX

�4 � �X�N

10�42 +K2

� �
�/�`FUHQ+�HV

10�24 ;/+K3

��
�X

10�3

�
;�1 b�1

[Domcke,	MS	’17]
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Helicity	Composi3on

• Dirac	neutrinos	
• leT-handed	ac3ve	neutrino:	

• right-handed	ac3ve	an3-neutrino:	

• right-handed	sterile	neutrino:	

• leT-handed	sterile	an3-neutrino:	

• n0	=	56	cm-3

�38

n(⌫̄hR) = n0

n(⌫hL) = n0

n(⌫hR) ⇡ 0

n(⌫̄hL) ⇡ 0

[Long,	Lunardini,	Sabancilar	’14]
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Helicity	Composi3on

• Majorana	neutrinos	
• leT-handed	ac3ve	neutrino:	

• right-handed	ac3ve	neutrino:	

• right-handed	sterile	neutrino:	

• leT-handed	sterile	neutrino:	

• n0	=	56	cm-3

�39

n(⌫hL) = n0

n(⌫hR) = n0

n(NhR) ⇡ 0

n(NhL) ⇡ 0

[Long,	Lunardini,	Sabancilar	’14]
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Capture	Cross	Sec3on

�40

[Long,	Lunardini,	Sabancilar	’14]

�j(s⌫)v⌫j =
G2

F

2⇡
|Vud|2|Uej |2F (Z,Ee)

mp

mn
Ee pe A(s⌫)(f

2 + 3g2) ,

F (Z,Ee) =
2⇡Z↵Ee/pe

1� e�2⇡Z↵Ee/pe
,

A(s⌫) ⌘ 1� 2s⌫v⌫j =

(
1� v⌫j , s⌫ = +1/2 `B;?i ?2HB+�H
1 + v⌫j , s⌫ = �1/2 H27i ?2HB+�H

) �̄ ⌘
�j(s⌫)v⌫j

A(s⌫)|Uej |2c
' 3.834⇥ 10�45 +K2 = 3.834⇥ 10�6 7#



Mar3n	Spinrath	(NTHU) CNB	Direct	Detec3on	Prospects12/04/19	-	Prospects	of	n	Physics

Event	Rates

• b-decay	electrons	from	100	g	tri3um:	1016	/s	

• Frac3on	within	100	eV	of	endpoint:	∼2	x	10-7	

• Frac3on	within	0.1	eV	of	endpoint:	∼2	x	10-16	

• Expected	event	rate	in	signal	region:	2	Hz	

• Expected	CNB	events:	O(1)	/yr	

�41

[PTOLEMY	’13]


