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The	Cosmic	Neutrino	
Background

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

• Number	density:	330	cm-3	

• Temperature:	1.9	K	

• Energy:	0.16	meV	

• Velocity:	10-3	c	-	1	c	

• CNB	cross	sec$on	to	neutrons:	10-27	pb
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Flux	Comparison
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Indirect	Evidence
• Big	Bang	Nucleosynthesis	

• Imprint	on	Baryon	Acous$c	Oscilla$ons
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where d is the (comoving angular-diameter) distance to the
last-scattering surface. These modes oscillate with a period
such that they achieve their first extremum at the epoch of
last scattering, t ¼ t", and thus produce the first peak in the
power spectrum. Modes with a wavelength of ∼220 Mpc
project into l≃ 400. They have a shorter oscillation period
so that by t ¼ t" they have gone through their first
extremum and reached a null at the time of decoupling.
Modes that hit their pth extremum at decoupling contribute
to the pth peak.
A key length scale for understanding the response of Cl

to the CNB is the sound horizon at decoupling, rsðt"Þ. The
sound horizon is smaller than it would be without the
presence of the CNB, because the fractional expansion rate
H ∝ ρ̄1=2tot . If we scaled up the fractional expansion rateH at
all times by a factor α, the decrease in time it takes for the
temperature to drop to T ≃ 0.3 eV would lead to rs ∝ 1=α.
The angle rs subtends, θs ¼ rsðt"Þ=d where d is the
angular-diameter distance to the last-scattering surface,
strongly influences the locations of the acoustic peaks
such that δlp ¼ lpδθs=θs. If we knew d, we could use this
effect alone to measure the energy density in the CNB.
However, d depends on the (otherwise unknown) value of
the cosmological constant.
In Fig. 1 we show a series of plots where we vary Nν

while holding certain other quantities fixed, in order to
demonstrate the observable consequences of various effects
of neutrinos. Because θs, baryon densityωb, and the ratio of

matter to radiation density ρm=ðργ þ ρνÞ are well deter-
mined by the data, in all rows we show variations with these
parameters fixed. In the top row one can see the impact of
Nν on the typical distance a photon diffuses prior to last
scattering, rd. This diffusion suppresses anisotropy for
modes with wavelengths λ≲ rD, with an approximate
effect of Cl → DlCl where Dl ≃ exp½−ðlθDÞ1.18'where
θD ¼ rD=d. Because the diffusion is a stochastic process it
scales with expansion rate as 1=

ffiffiffi
α

p
rather than 1=α as rs

does. These different scalings mean that while we adjust d
to keep θs fixed, we get θD ∝

ffiffiffi
α

p
. Thus for Nν ¼ 5, the

expansion rate is greater, leading to larger θD and more
damping.
To visualize more subtle effects of the CNB, we can vary

the primordial fraction of baryonic mass in helium, Yp, to
keep θD fixed as well [6]. Doing so in the middle panel,
we can see an impact of the perturbations in the CNB. As
an initially over-dense region compresses under the influ-
ence of gravity, the compression does not occur rapidly
enough to prevent the gravitational potential from decaying
due to the expansion-driven drop in density. By the time
pressure gradients halt the compression, the gravitational
potential has nearly completely decayed. The result of this
temporary time-dependent gravitational driving of the
acoustic oscillations is a change to the subsequent ampli-
tude and phase so that the amplitude of a standing wave is
A0 cos½krsðtÞ þ ϕ'. The values of A0=A and ϕ depend on
the details of the potential decay, and in particular on the

FIG. 1 (color online). Undamped power spectraKl [defined in Eq. (1)] with different values of Nν. In all panels the baryon density ωb,
the ratio of matter to radiation density ρm=ðργ þ ρνÞ, and the angular size of the sound horizon θs are held fixed as these are well
determined by CMB data fairly independently of the assumed value of Nν. In the top panel the dominant source of variation is the
change in the damping scale θD caused by the changes in Nν. In the middle panel we fix θD by varying the primordial fraction of
baryonic mass in helium appropriately, leaving the dominant source of power spectrum variation as the change in oscillation amplitude
A0. Finally, in the bottom panel, with the spectra normalized to remove the effect of A0 variation, one can see the subtle impact of the
shifts in temporal phase ϕ. The data points are the 2013 Planck data.
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The	Oldest	Picture	of	the	
Universe	(so	far)

�7[PLANCK,	taken	from	esa.int]
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The	Oldest	Picture	of	the	
Universe	in	the	future?
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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	leU	to	lower	right
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Resonant	Absorp$on

• Similar	to	GZK	cutoff	for	charged	cosmic	rays	

• Resonant	scafering	

• Dip	in	energy	spectrum	at	about	1011	GeV	
• Highest	energe$c	neutrinos	observed	have	103	GeV	

• High	energe$c	Z	bursts	(not	seen	so	far)

�10

[Weiler	'82]

⌫l>1 ⌫̄*L" ! Z [In	Z'	models	dip	at	lower	
energies	possible,	see,	e.g.,	talk	

by	Ayuki	Kamada]
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• Pendulum	in	neutrino	wind  
 
		

• LIGO-like	interferometers 
 
		

• Einstein	telescope	maybe

CNB wind

l

Interferometer

d

Pendulum

θ

The	Experiment
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[Domcke,	MS	'17]

a� � 3 · 10�18+Kfb2

a� � 10�16+Kfb2
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Theory:	Scafering	I
• The	basic	formula	

• Incoming	flux:	

• #nuclei	in	1	g	test	material:	

• n-nucleus	cross-sec$on:	

• Coherence	factor:	

• Average	momentum	transfer:
�13

aG2
F

= ��
NAV

AmAV
Nc ���A ��p�

NAV /(AmAV )

��p�

��

[Domcke,	MS	’17;	see	also	Duda	et	al.	'01,	...,	
orginal	idea	goes	back	to	Opher	'74]

Nc =
NAV

AmAV
� �3

� � 1020

���A � 10�27 T# = 10�63 +K2
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Theory:	Scafering	II

• Neutrinos	can	come	in	three	kinema$cs	
• rela$vis$c	(R)	

• non-rela$vis$c	non-clustered	(NR-NC)	

• non-rela$vis$c	clustered	(NR-C)	

• Different	typical	momenta	and	momenta	
transfers

�14

[Domcke,	MS	’17;	see	also	Duda	et	al.	'01]
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Theory:	Scafering	III
• Results	assuming	lead	target 
 
 
 
 

• Current	theore$cal	experimental	sensi$vity
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a� � 10�16+Kfb2

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

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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• Solar	neutrinos	

• Vanilla	WIMP	Dark	Mafer	(mX		>	1	GeV)	

• Light	WIMP	Dark	Mafer	(mX		=	3.3	keV)

Other	"Winds"

�16

abQH�`�� � 3 · 10�26 +Kfb2

aHB;?i .J � Nc a.J � 109 a.J

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

[See	also	Graham	et	al.	'15]

a.J = O(10�30) +Kfb2
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Wind	vs.	Nudges
• The	scafering	rate	for	the	CNB	

• Compared	to	solar	neutrinos	

• And	DM

�17

[Domcke,	MS	’17]

R =
aG2

F

h�pi
⇠ O(10�4

� 0.1) ;�1 b�1

RbQH�`�� � 2 · 10�9 ;�1 b�1

R ⇠ O(10�12
� 105) ;�1 b�1
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Improvements

• Sensi$vity	propor$onal	to	g	factor	
• Suspension	

• Space	

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

�18

[Domcke,	MS	'17]
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Inverse	Beta	Decay

• Huge	CNB	flux	

• Take	radioac$ve	nuclei,	
e.g.	tri$um	

• Wait	for	neutrino	captures	

• Goes	back	to	Weinberg

�20

[Weinberg	’62]

ν e

T 3He
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Energy	Spectrum

�21

[Long,	Lunardini,	Sabancilar	’14]
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Princeton	Tri$um	Observatory	for	Light,	
Early-Universe,	Massive-Neutrino	Yield

�22

[PTOLEMY	’13]

neutrinos with electron-flavor content for masses of 0.1–1keV, where less stringent, 10eV,
energy resolution is required. The search for sterile neutrinos with electron-flavor content
with the 100g PTOLEMY is expected to reach the level |Ue4|2 of 10�4–10�6, depending on
the sterile neutrino mass.

Figure 1: The PTOLEMY conceptual design starts with a large area surface-deposition
tritium source, accelerates into a MAC-E filter with 10�3–10�4 cut-o↵ precision, accelerates
electrons above the endpoint and down to 50–150eV below the endpoint into a long, uniform
field solenoid where the RF signal from the cyclotron motion of individual electrons in
a 2T magnetic field provide a tracking detector measurement above a minimum transverse
momentum, then finally the electron is decelerated into a sub-keV energy range, low magnetic
field region, and measured with a high resolution cryogenic calorimeter in time-of-flight
coincidence with the RF tracker.

i
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Expecta$ons

• Number	of	target	nuclei:	2	x	1025	(100	g)	

• Rate	for	Dirac	par$cles	(no	right-helical	
neutrinos	today):	

• Rate	for	Majorana	par$cles	(both	helici$es	
equally	present):

�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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Event	Rates

• b-decay	electrons	from	100	g	tri$um:	1016	/s	

• Frac$on	within	100	eV	of	endpoint:	∼2	x	10-7	

• Frac$on	within	0.1	eV	of	endpoint:	∼2	x	10-16	

• Expected	event	rate	in	signal	region:	2	Hz	

• Expected	CNB	events:	O(1)	/yr	

�24

[PTOLEMY	’13]
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From	Princeton	Tri$um	to	
PonTecorvo

�25

[Taken	from	de	Salas,	Gariazzo,	Mena,	Ternes,	Tórtola	arXiv:1806.11501]
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µ-beam

ν wind

particle ID

e

ν

W

vaccum chamber

Dumping	Muons	on	
Cosmic	Relics

• Increase	the	cross	
sec$on	(∼E2)	by	using	a	
beam	

• High	energy/intensity	
muon	beams	available	

• Look	for	electrons	in	
final	state

�27

[MS,	Tancredi,	Zurita	WIP]
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CERN	M2	Beam	Line
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172 ± 17 GeV/c
160 ± 6 GeV/c

9 x 1.1 m Beryllium to stop the hadrons
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CERN	M2	Beam	Line

• Beam	energy:	150	GeV	

• Muon	rate:	1.3	x	107	/s	

• Beam	"length":	100	cm	

• Beam	tube	acts	as	fixed	target	

• Event	rate: 

�29

R = 1.3⇥ 109 n*_ �
+K
b
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Physics	Cases	(Preliminary)
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[MS,	Tancredi,	Zurita	WIP]

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�`

Other	Ideas?
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Why	are	we	so	much	
worse	than	PTOLEMY?

• Reminder:  

• CNB	number	density	the	same	

• Cross	sec$ons:	

• Amount	of	muons/tri$um: 
 

�31

�̄ahw/�̄Sh ⇠ 105

Nµ/NT ⇠ 10�27

� ⇠ n⌫ �̄N

[MS,	Tancredi,	Zurita	WIP]
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Summary	and	Conclusions

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

• Overwhelming	indirect	evidence	

• But	no	direct	observa$on	so	far	

• Maybe	possible	via	inverse	b-decay	(PTOLEMY)	

• CNB	searches	can	be	DM	searches	as	well

�33


