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Abstract. We review the existing proposals to detect relic neutrinos using the coherent
scattering of a neutrino wind on a test mass. By considering the transformation of the
neutrino momentum between reference frames, we demonstrate that the induced acceleration
scales with the square of the neutrino mass for unclustered neutrinos, contrary to the existing
literature. In addition, we show that there is a large contribution to this effect from coherent
neutrino-electron scattering, which can exceed the neutrino-nucleus component by nearly an
order of magnitude. Unfortunately, we find that even with this enhancement there are no
existing experiments or proposals capable of detecting relic neutrinos using this method.
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1 Introduction

When neutrinos were first predicted by Pauli in 1930 and later incorporated into a theory
of β-decay [1], it was expected that they would never be observed as a consequence of their
feebly interacting nature. The groundbreaking experiment of Cowan and Reines defied this
expectation in 1953 and detected the electron neutrino using inverse β-decay [2, 3]. Since
then, several experiments have gone on to detect neutrinos originating from a range of both
terrestrial and astrophysical sources [4–17]. In doing so, these experiments have revealed
two additional neutrino species [4, 5], neutrino flavour oscillations and consequently non-zero
neutrino masses [10–14], and more recently evidence for CP-violation in the lepton sector [18].

Despite the remarkable progress made by neutrino experiments, relic neutrinos from the
early universe have thus far eluded detection due to their low energy and tiny interaction cross
sections. Several proposals have been put forward to detect the cosmic neutrino background
(CνB). The most well-known of these was proposed by Weinberg in 1962 [19], which aims
to capture neutrinos on radioactive nuclei. This principle is currently being developed into
the PTOLEMY experiment [20]. Other proposals include scanning the high energy cosmic
ray neutrino flux for an absorption line at the Z-resonance [21]; using an ion storage ring to
resonantly capture neutrinos [22]; searching for modifications in atomic de-excitation spectra
due to the Pauli exclusion principle [23]; as well as using either a torsion balance or laser
interferometer to observe tiny accelerations induced by a relic neutrino wind [24, 25]. The
last of these can be decomposed into two effects: the first utilises a neutrino-antineutrino
asymmetry (or left-right helicity asymmetry, for Majorana neutrinos) induced torque on a
magnet, commonly known as the Stodolsky effect [26, 27]. The second is due to momentum
transfer by the coherent scattering of neutrinos.

In this paper we will focus on the second effect, which is considerably enhanced by their
macroscopic de Broglie wavelength at low energies. As we will show, there is a significant con-
tribution to this acceleration due to electron-neutrino scattering that has not been explored
in detail by previous works. In addition, we will find a different scaling for the accelera-
tion with neutrino mass at intermediate neutrino temperatures, and show that there exists
a temperature independent upper limit to the acceleration for sufficiently massive neutrinos.
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The detection of relic neutrinos would provide a window into big bang nucleosynthesis.
Additionally, their low energy makes any detection attempt naturally sensitive to the neutrino
mass, the upper bound on which currently stands at mν ă 0.8 eV set by KATRIN [28]. On
the contrary, a null result would be indicative of a modified thermal history of the universe,
calling both the ΛCDM model and Standard Model of particle physics (SM) into question.

The remainder of this paper will be structured as follows. In section 2 we will briefly
review the evolution of the CνB in the standard scenario, before deriving the acceleration
of a test mass in the presence of a neutrino wind due to coherent scattering in section 3.
We will discuss the expected performance of an experiment utilising this effect in section 4,
before concluding in section 5.

2 Neutrino thermal history

In the early universe, neutrinos remain in thermal equilibrium with the SM thermal bath
through weak scattering on electrons, with scattering rate Γν´e „ G2

FT
5
ν , where GF is Fermi’s

constant and Tν is the neutrino temperature.1 As the universe expands, the SM thermal
bath cools and neutrinos decouple when the mean scattering rate equals the expansion rate
H „

?
GNT

2
ν , with GN the gravitational constant. This corresponds to a decoupling tem-

perature Tdec » 1 MeV, at which point the time between neutrino-electron scattering events
is approximately one age of the universe. At around the same temperature, the process
γ Ñ e`e´ freezes out and free electron-positron pairs annihilate into photons. As entropy
must be conserved, this reheats the photon bath to a temperature Tγ “ p11{4q1{3 Tν , now out
of equilibrium with the CνB. Based on measurements of the present-day cosmic microwave
background (CMB) temperature [29], this places the CνB temperature at Tν,0 “ 0.168 meV.

We further note that although relic neutrinos were produced as weak eigenstates, they
have long since decohered and exist today as freely propagating mass eigenstates [30]. Whilst
there is no lower bound on the mass of lightest neutrino mass eigenstate, the squared mass
splittings measured by neutrino oscillation experiments tell us that mν2 Á 8.6 meV, mν3 Á

50.2 meV in the normal mass hierarchy (NH), and mν1 Á 50.0 meV, mν2 Á 50.7 meV in the
inverted mass hierarchy (IH) [31]. As a result, at least two of the three neutrino states will
always be non-relativistic in the standard scenario with Tν “ Tν,0, which as we will see in
section 3 has a significant effect on the induced accelerations.

If, unlike cold dark matter, neutrinos do not cluster in our galaxy due to their low mass,
it is reasonable to suggest that their reference frame should coincide with that of the CMB. In
this instance the neutrino wind will be generated by the Earth’s velocity relative to the CMB
reference frame, which from CMB dipole measurements is βCMB

C » 10´3 [32, 33]. Within
the CMB frame, unclustered neutrinos are expected to follow their equilibrium distribution,
redshifted [34]

fνppνq “
1

exp ppν{Tνq ` 1 , (2.1)

which importantly is independent of their mass. This in turn yields a mass independent
number density nν,0 » 56 cm´3 per degree of freedom for Tν “ Tν,0, as well as a mean
neutrino momentum p̄ν » 3.15Tν .

We contrast this to the case where neutrinos are clustered, where instead the CνB
reference frame is that of the Milky Way. In this scenario, the relative motion of the Earth

1We work in units with ~ “ c “ kB “ 1 throughout.
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to the CνB is βMW
C » 7.6 ¨ 10´4 [35]. Neutrinos are only able to cluster efficiently if their

mean velocity β̄ν does not exceed the escape velocity the galaxy βesc » 1.8 ¨ 10´3 [36].
By setting β̄ν “ βesc we find the temperature below which neutrinos are able to cluster,
Tν,cluster » 5.8 ¨ 10´4mν . In the standard thermal history, neutrinos are therefore only
able to cluster with masses mν Á 0.29 eV, which are not yet ruled out by direct detection
experiments. Relic neutrino clustering is thus a realistic possibility which could lead to a
local neutrino number density per mass eigenstate nνi ą nν,0, whilst also modifying their
momentum profile.

Of course, modified number densities are also possible in the case of unclustered relic
neutrinos. For example, adding just one bosonic degree of freedom with late decays to
photons sets the CνB temperature Tν “ p11{12q1{3 Tν,0, reducing the number density to
nνi “ p11{12qnν,0. We will therefore leave the relic neutrino density parameter fc,i “ nνi{nν,0
as a free parameter throughout the remainder of this paper, which may differ for each neutrino
degree of freedom.

3 Coherent neutrino scattering

We now calculate the acceleration of a test mass due to momentum transfer by the neu-
tral scattering of relic neutrinos. This idea has already been discussed by several au-
thors [24, 25, 37–44], however, there remains some disagreement in the scaling of this effect
with the relic neutrino mass and temperature which we will attempt to resolve here. We will
work in the flavour basis, noting that the weak eigenstate masses and number densities are
related to those in the mass basis by mνα “

ř

i |Uαi|
2mνi and nνα “

ř

i |Uαi|
2 nνi , where Uαi

is an element of the PMNS matrix and α P te, µ, τu. To avoid cluttered notation we will first
derive the acceleration for a single weak eigenstate and then restore the subscripts when we
sum over all states.

The neutrino-nucleus scattering induced acceleration of the test mass with mass M is

aN “
Γν´N ∆pν

M
, (3.1)

where Γν´N is the neutrino-nucleus scattering rate and ∆pν is the average momentum trans-
fer by a single scattering event. We can express the scattering rate in terms of the coherent
neutrino-nucleus scattering cross section σν´N as Γν´N “ Nφν σν´N , for a test mass com-
prised of N nuclei in a background of relic neutrinos with flux φν “ ppν{Eνqnν . The coherent
neutrino-nucleus scattering cross section for Dirac neutrinos is given by [25, 45]

σν´N »
G2
F

4π pA´ Zq
2E2

ν , (3.2)

for a nucleus with A nucleons and Z protons, where Eν is the mean neutrino energy in the
rest frame of the target. Combining everything together so far, we arrive at

aN “
G2
F

4π
NA

mA

pA´ Zq2

A
Eν pν ∆pν nν , (3.3)

where NA is Avogadro’s number and we have introduced the “Avogadro mass”, mA “

1 g mol´1.
If relic neutrinos are non-relativistic, they will have a macroscopic de Broglie wave-

length λν “ 2π{pν . This leads to a significant enhancement in the induced accelerations
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due to coherence effects [24, 25, 37–40], proportional to the number of target nuclei within a
volume λ3

ν

Nc “

ˆ

2π
pν

˙3 NA

AmA
ρ, (3.4)

where ρ denotes the mass density of the target. In order to maximise the coherence effects
the target should be chosen such that its spatial extent is of order λν , else coherence will be
lost due to destructive interference [39]. Including the coherence effects, the acceleration due
to the neutrino wind is

aNc “ Nc a
N “ 2π2G2

F

ˆ

NA

mA

A´ Z

A

˙2 Eν
p2
ν

∆pν nν ρ. (3.5)

As it must be true that pν ě ∆pν , (3.5) naturally favours scenarios in which neutrinos have
lower momentum, as expected by the introduction of the coherence factor.

If we had instead considered Majorana neutrinos, the absence of vector currents sup-
presses the cross section (3.3) by a factor of ppν{Eνq2 [24], which is ! 1 for non-relativistic
neutrinos. Thus whilst it is possible to detect Majorana neutrinos using this method, it is
considerably more challenging than detecting Dirac neutrinos. For that reason, we will limit
our discussion to Dirac neutrinos for the remainder of this paper.

3.1 Estimating the average momentum transfer
Next, we calculate the average momentum transfer from relic neutrinos to the target, ∆pν .
If the Earth were stationary relative the CνB, we would expect that ∆pν “ 0 on account of
an equal number of neutrinos with equal and opposite momenta striking our target. On the
contrary, the relative motion of the Earth with respect to the CνB blueshifts those neutrinos
in the path of the Earth whilst redshifting those in its wake. This in turn leads to a non-zero
momentum transfer that scales proportional to the Earth’s velocity βC relative to the CνB.

To make an estimate of this effect, we consider a simple 1-dimensional setup with the
Earth travelling along the positive x-axis with velocity βC in the CνB frame, in which the
neutrinos can either be left or right travelling with velocity β̄ν . We sketch this setup in
figure 1. The velocities of the neutrinos in the rest frame of the Earth will then be given by

β˘ “
β̄ν ˘ βC

1˘ β̄νβC

, (3.6)

where the ` p´q denotes the left (right) travelling neutrinos in the CνB frame. These
velocities can be related to the Earth rest frame neutrino momenta and energy by

p˘ “ β˘E˘, E˘ “
b

p2
˘ `m

2
ν . (3.7)

Supposing then that the momentum transfer by a single neutrino is of order its momentum,
the average momentum transferred to the test mass by each scattering event will be

∆pν “
β`p` ´ β´p´
β` ` β´

»
2´ β̄2

ν
b

1´ β̄2
ν

βC mν `Opβ2
Cq, (3.8)

where the factors of β˘ appearing after the first equality account for the fact that the Earth
will encounter a larger flux of neutrinos that are left travelling than right travelling.

– 4 –
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Figure 1. Setup used to estimate the average momentum transfer, ∆pν . Left: the Earth moves
relative to the CνB frame with velocity βC, within which neutrinos move with mean velocity β̄ν .
Right: in the Earth’s reference frame, neutrinos move with velocities β` or β´.

Before continuing, we make some important comments about this result. Whilst it
is true that the momentum of CνB neutrinos is independent of their mass, the average
momentum transferred to the test mass is not necessarily. The origin of this effect is in (3.6);
the relative motion of the Earth to the CνB induces a mass-independent shift in the Earth
rest-frame neutrino velocity. The subsequent change in momentum then depends on the
neutrino mass through (3.7), provided that relic neutrinos are non-relativistic.

We now turn our attention to βC and β̄ν , considering both clustered and unclustered relic
neutrino scenarios. If neutrinos are clustered then we expect that βC “ βMW

C , corresponding
to the Earth’s velocity about the galactic centre. In this case, the velocity dispersion of relic
neutrinos should be of the same order as the velocity dispersion of the galaxy, and so we set
β̄ν “ βMW

C . This yields for clustered relic neutrinos,

∆pν » 2mνβ
MW
C . (3.9)

Alternatively, if relic neutrinos are unclustered, then their reference frame should coincide
with that of the CMB and we set βC “ βCMB

C . Within the CMB frame, neutrinos move with
velocities determined by their temperatures, β̄ν “ p̄ν{Ēν , where Ēν “

a

p̄2
ν `m

2
ν is the mean

energy of neutrinos in the CνB frame. Taking the appropriate limits, the average momentum
transfer for unclustered neutrinos is given by

∆pν »
#

3.15TνβCMB
C , Tν " mν ,

2mνβ
CMB
C , Tν ! mν .

(3.10)

Thus we recover the dipole effect ∆pν 9βC observed in existing literature, but find a different
scaling relation for non-relativistic, non-clustered relic neutrinos [24, 25]. For completeness,
we note that the result (3.8) is only valid for massive neutrinos. However, applying the same
procedure using Doppler shift for massless neutrinos recovers the relativistic limit of (3.10).

3.2 Non-relativistic vs highly non-relativistic neutrinos

To proceed further, we must be careful when dealing with Eν and pν , which are the mean
energy and momentum of relic neutrinos in the Earth’s rest frame. Intuitively, the distinc-
tion between Earth rest frame and CνB frame quantities is only relevant for non-relativistic
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neutrinos, as the Earth’s velocity is much smaller than that of a relativistic neutrino. Ad-
ditionally, we note that since βC ! 1, the transformation between frames will not convert a
non-relativistic neutrino into a relativistic one. Thus we expect that Eν » Ēν » mν for all
non-relativistic neutrinos in the CνB frame.

However, it is not always the case that pν “ p̄ν . Sufficiently cold unclustered neutrinos
will have a CνB frame velocity β̄ν ! βCMB

C , such that their Earth reference frame velocity is
dominated by the relative motion of the Earth. On the other hand, the Earth frame velocity
of warm neutrinos will be dominated by their temperature. We therefore choose the root-
mean-square (rms) value of β` and β´ for the Earth frame neutrino velocity, giving an Earth
frame momentum for unclustered neutrinos

pν “ mν

d

β2
` ` β

2
´

2´ β2
` ´ β

2
´

»

$

’

’

&

’

’

%

3.15Tν , Tν " mν ,

mν β̄ν , Tν,cold ! Tν ! mν ,

mνβ
CMB
C , Tν ! Tν,cold.

(3.11)

By setting β̄ν “ βCMB
C , we find that the transition between the two cases occurs at a temper-

ature Tν,cold » 3.2 ¨ 10´4mν . This is below the clustering temperature Tν,cluster for all values
of the neutrino mass, and so we might expect this effect to be irrelevant. However, it is shown
in [46] that the fraction of clustered neutrinos is small in galaxies whose dark matter haloes
have comparable mass to that of the Milky Way, around 1012 solar masses [47]. In particular,
for neutrinos with masses of order the clustering mass, mν » 0.3 eV, the expected fraction
of clustered neutrinos is Opă 10´2q. As a result, we will treat clustered and unclustered
neutrinos separately below Tν,cluster. To remain consistent, we also use (3.11) for clustered
neutrinos, which yields

pν »
?

2mνβ
MW
C . (3.12)

Summing over all states and assuming the same number densities for neutrinos and antineu-
trinos, the total acceleration due to the neutrino wind is

aNc,tot » 4π2G2
F

ˆ

NA

mA

A´ Z

A

˙2
ρ
ÿ

α

nναˆ

$

’

’

’

’

’

’

’

’

’

’

&

’

’

’

’

’

’

’

’

’

’

%

βCMB
C , Tνα " mνα ,

ˆ

?
2mνα

3.15Tνα

˙2

βCMB
C , Tν,cold ! Tνα ! mνα ,

2
βCMB

C

, Tνα ! Tν,cold,

1
βMW

C

, clustered,

(3.13)

where Tνα is the temperature of neutrino flavour eigenstate α. Thus we find an effect that
scales like pmν{Tνq

2 for unclustered neutrinos at intermediate temperatures, in contrast to
the existing literature where the effect scales like pmν{Tνq due to a mass independent choice
of ∆pν . The result (3.13) also demonstrates that there is a mass independent upper limit to
the acceleration for sufficiently cold unclustered neutrinos, such that the best and worse case
scenarios differ by at most pβCMB

C q2 » 10´6 for the same neutrino density.
It is instructive to get a numerical estimate of the size of this effect. To do so we consider

a silicon target with mass density ρ » 2.33 g cm´3, similar to the mirrors which might be

– 6 –
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found at a laser interferometry experiment. This gives

aNc,tot
1 cm s´2 »

ÿ

α

fc,α ˆ

$

’

’

’

’

’

’

&

’

’

’

’

’

’

%

3.05 ¨ 10´34, Tνα " mνα ,

6.16 ¨ 10´35
ˆ

mνα

Tνα

˙2
, Tν,cold ! Tνα ! mνα ,

6.10 ¨ 10´28, Tνα ! Tν,cold,

4.02 ¨ 10´28, clustered,

(3.14)

where we have introduced fc,α “
ř

i |Uαi|
2 fc,i. This gives an acceleration aNc,totÁ10´30 cm s´2

in the standard scenario where at least two neutrinos are non-relativistic.
Assuming that fc,α has no temperature dependence, the situation becomes worse for

hotter neutrino backgrounds. However, it is more reasonable to suggest that nνα scales with
the equilibrium number density, in which case the overdensity factor fc,α “ pTνα{Tν,0q3 for
unclustered neutrinos and hotter backgrounds provide larger accelerations. The situation
becomes somewhat more complicated for clustered neutrinos. Colder neutrinos are able to
cluster more efficiently, which may lead to larger overdensity factors despite the reduced
equilibrium number density. For simplicity, we will only consider the two cases fc,α “ 1 and
fc,α “ pTνα{Tν,0q

3 in what follows.

3.3 Neutrino-electron scattering
In addition to the neutrino-nucleus scattering discussed so far, there may be a contribution
to the acceleration from neutrino-electron scattering, which was identified in [25] but not
explored in detail. Unlike neutrino-nucleus scattering, the cross section is sensitive to the
flavour composition of the CνB [48],

σνα´e “
7G2

F

4π kαE
2
ν , (3.15)

for neutrino energies much less than the electron mass, where kα “ 1 for electron neutrinos
and kα “ 3{7 for muon and tau neutrinos. This is much smaller than the neutrino-nucleus
scattering cross section (3.3) for heavy nuclei due to the absence of the pA ´ Zq2 term.
However, for every nucleus in the target there are Z electrons, enhancing both the collision
rate and the coherence factor Nc by a factor of Z relative to the neutrino-nucleus case. We
therefore find an acceleration due to neutrino-electron scattering

aec “ 7kα
ˆ

Z

A´ Z

˙2
aNc , (3.16)

which is considerably larger than acceleration due to neutrino-nucleus scattering for the
silicon target discussed previously.

In practice, the size of this effect will depend on the properties of the material. For
example, a target made of an non-metallic material where the electrons are strongly bound
to their parent nuclei will recoil efficiently due to neutrino-electron scattering. On the other
hand, a metal with delocalised electrons is susceptible to heating by neutrino-electron scat-
tering, rather than transfer of momentum to the bulk solid. We note however that even in
a good conductor, a large number of the electrons are still localised in core states. As such,
it is reasonable to suggest that this heating effect will be small. Nevertheless, we choose to
parameterise the total acceleration of a target due to an incident neutrino wind as

ac,tot “ aNc,tot ` ε a
e
c,tot, (3.17)

– 7 –
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Figure 2. Total acceleration of a silicon target due to an unclustered neutrino wind as a function of
the lightest neutrino mass, assuming the same temperature Tν for all neutrino eigenstates. We plot
using a solid contour and fill for NH and a dashed contour and hatch for IH, using the oscillation
parameters from [31]. Each shaded band corresponds to varying the efficiency of neutrino-electron
bulk momentum transfer, ε, through r0, 1s. Left: assuming nνα

“ nν,0 for all temperatures. Right:
assuming equilibrium number density scaling, nνα

9T 3
ν .

where aec,tot “
ř

α a
e
c and ε P r0, 1s parameterises the efficiency of momentum transfer from

electrons to the bulk solid.
We show the total acceleration due to the coherent scattering of unclustered neutrinos

on a silicon target in figure 2, considering a range of neutrino temperatures and including the
contribution from neutrino-electron scattering. At low values of the lightest neutrino mass,
the neutrino-induced accelerations are larger in the IH due to the larger masses of the two
non-relativistic states ν2 and ν3. The distinction between NH and IH becomes less distinct
at larger masses, when the masses of the three neutrino states become quasi-degenerate. In
the left panel of figure 2, we additionally see that the acceleration becomes independent of
temperature at large values of lightest neutrino mass, corresponding to the region where
Tν ! Tν,cold.

At the KATRIN bound, mν “ 0.8 eV, assuming the NH we find a maximum acceleration
ac,tot “ 6.73 ¨10´27 cm s´2 at Tν “ Tν,0 in the absence of overdensities. We will use this as our
benchmark value when discussing the sensitivity required to observe this effect in section 4.

4 Experimental feasibility

There have been several proposals as to how we might possibly detect the tiny accelerations
induced by a neutrino wind [25, 43, 49, 50]. The most widely discussed experimental setup
uses a Cavendish-style torsion balance, which measures the torque induced by a difference
in external forces acting on several connected test masses. This setup has historically been
able to probe differential accelerations ∆a » 10´13 cm s´2 [50], and more recently as small as
∆a » 10´15 cm s´2 in tests of the weak equivalence principle [51]. Torsion balances utilising
a test mass suspended by superconducting magnets have also been proposed [50], which
would be sensitive to accelerations ∆a » 10´23 cm s´2. These all fall short of the sensitivity
required to observe this effect in the absence of significant overdensities, requiring a neutrino
temperature Tνα » 15 Tν,0 to be observable in the case that fc,α “ pTνα{Tν,0q3 for unclustered

– 8 –
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neutrinos. Equally, the torsion balance setup is unable to probe clustered relic neutrinos for
masses mν ă 0.8 eV, where the clustering factor is expected to be fc,i À 50 [57, 58].

One could also search for minute accelerations using the free-fall of test masses in low
gravity environments. This technique has been applied to test the weak equivalence principle
by the MICROSCOPE collaboration, who have been able to probe differential accelerations
as small as ∆a » 3 ¨ 10´14 cm s´2 [59].

In an alternative proposal, Domcke and Spinrath [25] suggested using a laser interferom-
eter to measure the displacement of a pendulum from equilibrium as a result of an incident
neutrino wind. Here the authors identified the signal frequency with the scattering frequency,
found by inverting (3.1),

Γ “ ac,totM

∆pν
» 3.15 kHz

ˆ

M

40 kg

˙

, (4.1)

where we have chosen the target mass to align with the 40 kg mirrors employed at LIGO [60]
and the far right hand side holds true for the reference scenario outlined at the end of
section 3.

The signatures of light dark matter scattering in gravitational wave detectors were later
revised in [61] and found to be more akin to a series of instantaneous collisions with strain
profiles peaking at frequencies not necessarily equal to the scattering frequency. As the
collision frequency (4.1) is lower than the sampling rate of existing ground-based interferom-
eters [62] and the average distance between scattered neutrinos far exceeds their wavelength,
βν{Γ " λν , we can treat each collision independently. In this case, the strain profile from a
single scattering event2 is [61]

hpfq “

?
f

2π2
∆pν
ML

ˇ

ˇ

ˇ

ˇ

1
f2
r ´ pf ´ ifrξq

2

ˇ

ˇ

ˇ

ˇ

, (4.2)

where L is the interferometer arm length, f is the signal frequency, fr is the resonance
frequency of the system ξ ! 1 is related the damping of the oscillator. The situation differs
somewhat for space-based interferometers where the masses are in free fall, making it difficult
to discuss in terms of a harmonic oscillator. Instead, we measure the amplitude spectral
density (ASD) of the differential acceleration between the test mass and the spacecraft, as
suggested in [61],

b

S∆gpfq “ 2
a

f
∆pν
M

. (4.3)

In figure 3 we show the expected strain profiles for coherent neutrino scattering in the LIGO,
KAGRA [55] and Virgo [56] terrestrial gravitational wave detectors, as well as the ASD
for LISA Pathfinder (LPF) [63], the precursor to the space-based interferometer LISA [64].
Clearly, the strains expected from coherent neutrino scattering in gravitational wave detectors
are far too small to be observed by any existing or proposed experiments. We further note
that this is made worse for ground based interferometers by the fact that peaks in the
thermal noise coincide with those of neutrino scattering. This method still has promise for
the detection of dark matter, however, where the strain profiles for dark matter of mass mDM
are enhanced by a factor „ mDM{mν .

2We assume here that the target is a single oscillator. In practice, gravitational wave detectors use a set of
coupled harmonic oscillators. We further assume just a single resonance frequency, but note that an oscillator
may have several, e.g the harmonics of the first violin mode in figure 3. See [61] and [65] for comprehensive
reviews.
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Figure 3. Left/right: strain profiles/amplitude spectral density (solid lines) resulting from a
single scattered neutrino in a gravitational wave detector, alongside the corresponding experiment
sensitivity (dashed lines). For the experiments (LIGO, KAGRA, Virgo) we use the parameter values
fr “ p510, 230, 430qHz, corresponding to the first violin mode of the thermal suspension noise, ξ “ p8 ¨
10´10, 2.1 ¨10´4, 10´7q, approximately equal to the half the suspension loss angles, M “ p40, 23, 42q kg
and L “ p4, 3, 3q km. We additionally M “ 2 kg for LISA Pathfinder (LPF). Sensitivities and other
experimental parameters taken from several sources [52–56]. We assume that the scattered neutrino
transfers momentum ∆pν “ 1.6 meV, corresponding to β̄ν “ 10´3 and mν “ 0.8 eV.

5 Conclusions

Observing relic neutrinos is an extraordinary challenge due to their low energy and tiny
interaction cross sections, which leaves few avenues for their detection. In this paper, we
have revisited the idea of detecting relic neutrinos using the small accelerations that they
impart to a test mass via coherent scattering. Our main finding is a different scaling for the
momentum transferred to the target by each scattering event to that in existing literature.
This results in a faster growing acceleration with the neutrino mass at intermediate CνB
temperatures. In addition, we have explored the neutrino-electron scattering contribution to
the acceleration and shown that in the best case scenario it can exceed the neutrino-nucleus
scattering component by almost an order of magnitude. We have also demonstrated that
there exists an upper limit to the neutrino-induced acceleration which is independent of the
neutrino mass and temperature, up to an overdensity factor.

Despite the enhancement due to the electron contribution, we find that the accelerations
are far too small to be observed by any existing or currently proposed experiment. However,
a torsion balance utilising a superconductor-suspended test mass could detect the CνB in the
presence of significant overdensities due to neutrino clustering or a higher neutrino tempera-
ture. We have also looked at the possibility of observing coherent relic neutrino scattering at
gravitational wave experiments, and found that all existing and proposed experiments lack
the required sensitivity to detect the tiny strains induced.
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