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A bstract

W e point out that the Pauliblocking of neutrinos by cosn ological relic neutrinos can be a sig-
ni cant e ect. For zero-energy neutrinos, the standard param eters for the neutrino background
tem perature and density give a suppression of approxin ately 1=2.W e show the e ect this has
on threedbody beta decays. T he size of the e ect is of the sam e order as the recently suggested
neutrino capture on beta-decaying nuclei.
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1. Introduction

T he last rem aining rem nant of the big bang, which is com posed of a known particle
is the Coan ic Neutrino Background (CNB ). Tt decouples from them al equilibrium at
T 2 M €V . Tt gives Inform ation about the universe at a tin e signi cantly before the
decoupling of photons at T 1 &V . The processes responsible for their creation and
decoupling are well understood nuclear physics.

Today these neutrinos are expected to be extremely cold (1:952K = 168 10%eV).
A s such, they are extrem ely di cult to detect due to the fact that weak interaction cross
sections scale as (Gr E )*. They have a density of = 3=22n = 56=an’ per species
of neutrino and antineutrino, corresponding to a um fnosity L = 177  10%=am?s if
the neutrinos were m assless. [1l[2] T hese num bers rely on a speci ¢ cosn ologicalm odel
which could be substantially m odi ed, if neutrinos cluster gravitationally, or if they
have nontrivial dynam ics after freeze-out. [3] It has also recently been shown that these
neutrinos are a quantum liquid, and their uctuations have the quantum num bers of
a graviton, opening the prospect that m easurem ents of relic neutrinos could then be
com pared w ith gravitational constants. [4]
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Nucleithat undergo -decay are a precise and speci ¢ laboratory to look forthe CNB .
T here exists a vast array of nuclei that can em it or absorb neutrinos at a w ide range of
energies. A signal seen using -decaying nuclei constitutes a speci c test because they
are already known to em it or absorb lepton num ber In speci cways. A llother proposals
could not in principle tell if the e ect was due to an obfct with lepton num ber. [T[2]
H igh-energy neutrinos (eg.Z -burst) can be absorbed by thingsw hich do not carry lepton
num ber, and anom alous forces could have a variety of sources that have nothing to do
w ith lepton num ber (for nstance,a D ark M atterw ind).F inally thee ectsofneutrinoson
the CM B cannot be disentangled from other relativistic species that are not be ferm ionic
or do not carry lepton num ber.

R ates using decaying nucleiare in principle m uch higher than other proposals such as
coherent scattering, because the energy for the observation is com ing from nuclearm ass
di erences,and not from the neutrinos them selves.T he energy Q in nuclear transitions is
O (M &V ).G ving the CNB neutrinos this energy in a coherent experin ent would require
m oving w ith a velocity corresponding to a boost factor = Q=T ’ 10'°.For com parison,

at the LHC w ith protons is about 15000, or 5500 w ith Lead.

There are two ways to see an e ect of the neutrino background using a beta-decaying
nucleus: add a neutrino to it or rem ove a neutrino from it. Both were suggested by
W einberg in 1962. [{]

Adding a neutrino to the background is suppressed for m om enta which are already
occupied by the CNB them aldistribution, due to the fact that neutrinos are ferm ions
and their chem icalpotentialand average energy are sin iar.Thisisan O (1) e ect, ifone
can create neutrinos having the correct energy.

R eam oving a neutrino from the CNB using nuclei is known as neutrino capture ( C).
C apture of reactor neutrinos is the originalm ode used to discover the neutrino.R ecently
there has been a surge of interest in this m ode for detecting the CNB using -decaying
nuclei, which can have zero threshold.[€[78]

2. PauliB locking by The C osm ic N eutrino B ackground

The CNB is a them al distrbution in a particular frame u which we assum e to be
coincident w ith the dipole from the Cosn ic M icrow ave B ackground, w hich points in the
direction (264:85 0:10);(4825 0:04) in galactic coordinates, w ith velocity 368 2
km /s. Tts them aldistribution is then

Fip)= P 74 (1)

foreach species of neutrino and antineutrino i, havingm assm ; and chem icalpotential ;
and fourm om entum p In thecoan icrestframeu = (1;0) and this reduces to the usual
non-relativistic Fermm iD irac distrbution E he relativistic chem ical potential is the Ferm i
energy at zero tem perature, ;= Ey = m?2+ p% , and the nom inal Ferm im om entum
predicted by the standard cosm olbgicalm odelispr = ° 3 2 = 5 32-=23% 10°
eV , where is the num ber density per avor.W e will refer to this as the \standard"
chem ical potential.

A process which em its neutrinos has a suppression [1  F;(p)]due to Pauli blocking
from this them aldistribbution.T his is independent ofw hether the neutrinos are describbed
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Fig. 1. Sum of suppression factor 1 Fji(p) for Fig.2.Thedi erentialevent rate as a function of
three m ass eigenstates vs. neutrino m om entum neutrino m om entum for several choices of neu-—

for several values of the neutrino m ass, assum ing trino m ass and nom al/inverted hierarchy, as—

a standard chem ical potential. sum ing a standard chem ical potential and the
kinem atics of T ritium .

as a Iocalized classical gas having snalluncertainty x  n ™2 or a quantum Iiquid
x n ' fornumberdensity n.For a beta decay this is
X Z
d =2 # .70 R@EHPS 2)
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where dP S is the di erential phase space, ; is the eilgenvector com ponent of neutrino

m ass eigenstate i in the electron neutrino direction,M is them atrix elem ent of the em is—
sion of an electron-type neutrino w ith m assm ;, and one sum s over the m ass eigenstates

since nalstate em itted particlesm ust be in a m ass eigenstate. T his suppression factor is
experin entally indistinguishable from 1 except in a region in which the em itted neutrino

has the sam e energy as the CNB . W e plot the suppression factor, summ ed over avors
in Figl

TheM atrix E lam ent for the beta decay is
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wheregy and gp are the vectorand axialvectorw eak chargesofthe atom .For I=neutron,
Gy = Ja = 1=2. The m atrix elem ent also reachesamininum ¢ §= 0 atp =0, o
the event rate at p = 0 is zero. Because of this, the m ininum in Fig[l is deceptive.
The di erential event rate incliding the m atrix elem ent is plotted in Fid2 for tritium ,
assum Ing a standard chem ical potential.

To place a neutrino into the background w ith signi cant suppression,we need that the
Invariantp u =kT < Ey =kT .Since our velocity w ith respect to the coan ic rest fram e
isanall ( = % = 123 10°2), one can ignore our velocity and pretend we can do the
experin ent In the cosn ic rest fram e.

1 One must use Special relativity and not G alilean relativity here. The atom s and electron m ay be
non-relativistic, but the neutrino is relativistic.



In a nom al decay an atom I decaysto atom J by em itting an electron or positron
and an antineutrino or neutrino. If one can precisely m easure them om enta of I,J , and
e ,onecan solve for the neutrino m om enta. T his requiresm om entum resolution on each
oforder p< = 2m kT .Ifthe initialstate I is at rest, this corresponds to a tem perature

2m g m amu
T=—-——T ' 140 10° —
3]_\/_[1 ev M 1

K:

Stated another way, the de Broglie wavelength of the neutrinos is 1.2 mm . Since the
uncertainty on m om entum scales w ith m om entum , the Initial state m ust have a sin ilar
de B roglie wavelength .M odem atom ic BoseF instein C ondensate and D egenerate Ferm i
G as experin ents using laser and evaporative cooling routinely reach 10 ° K today.An-
other prom ising technology to get to these precisions in the initial state is \C rystallized
Beam s". [9]
The nalstateofthedecay istheatom J alm ostexactly back-to-back w ith the electron
or positron. Sin ilarly these nal state particles m ust be m easured w ith a precision
s r S
p, 2m kT m 18keVv

— —— — 7133 107 —
P Q(Q+2m6) eV Q

where In the last term weassume Q < 2m..

Onem ight wonder if the e ect shown here can in pact experin ents such as KATR IN
which attem pt to m easure the neutrino m ass using the highest energy electrons In a
beta decay. KATRIN attem pts to m easure m ass due to the change in slope and rate
suppression near the endpoint, and they do not have the resolution to see the actual
endpoint itself. T heir resolution isapproxim ately E. 1eV.Thee ectshereonlye ect
the highest (electron) energy bin, and reduce the num ber of events there by 0 (10 ' N )
where N is the totaldecays they see. E xisting experim ents sin ply do not have the rate
for thise ect to be a concem.
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