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Relic neutrinos at accelerator experiments

Martin Bauer and Jack D. Shergold
Institute for Particle Physics Phenomenology, Department of Physics, Durham University,

Durham DH1 3LE, United Kingdom

(Received 6 May 2021; accepted 24 August 2021; published 28 October 2021)

We present a new technique for observing low energy neutrinos with the aim of detecting the cosmic
neutrino background using ion storage rings. Utilizing high energy targets exploits the quadratic increase in
the neutrino capture cross section with beam energy, and with sufficient beam energy, enables neutrino
capture through inverse-beta decay processes from a stable initial state. We also show that there exist ion
systems admitting resonant neutrino capture, capable of achieving larger capture cross sections at lower
beam energies than their nonresonant counterparts. We calculate the neutrino capture rate and the optimal
experimental runtime for a range of different resonant processes and target ions and we demonstrate that the
resonant capture experiment can be performed with beam energies as low asOð10 TeVÞ per target nucleon.
Unfortunately, none of the ion systems discussed here can provide sufficient statistics to discover the
cosmic neutrino background with current technology. We address the challenges associated with realizing
this experiment in the future, taking into account the uncertainty in the beam and neutrino momentum
distributions, synchrotron radiation, as well as the beam stability.

DOI: 10.1103/PhysRevD.104.083039

I. INTRODUCTION

Neutrinos travel through the cosmos with minimal
interactions with their environment, which makes them
clean messengers of solar, astrophysical and cosmic phe-
nomena. The weak interaction responsible for this unique
property is also the leading cause of difficulties when
attempting to directly detect neutrinos in a lab. Low-energy
neutrinos are particularly challenging in this respect,
making a future detection of the cosmic neutrino back-
ground ðCνBÞ the holy grail of neutrino physics.
Established detection techniques typically have a threshold
of ∼300 keV [1], as illustrated in Fig. 1 and are therefore
incapable of detecting neutrinos from the CνB, which have
mean kinetic energy E0

k;ν ¼ 1.8 × 10−9 keV.
The most discussed proposal to detect the CνB was

originally suggested by Weinberg [2], which looks for an
excess of events beyond the tritium beta decay electron
endpoint energy, arising from neutrino capture process
3Hþ νe → 3Heþþ e−. Currently, KATRIN [3] is the most
advanced experiment implementing this technique and is
expected to set the best constraint on CνB overdensities,
whilst future experiments such as HOLMES [4], Project-8
[5] and ECHo [6] could improve upon these limits. In the

future, a dedicated experiment such as PTOLEMY [7]
could reach sensitivity to the CνB. Alternative proposals to
detect the CνB include the observation of the Z-resonance
absorption dip in the spectrum of ultra high-energy neu-
trinos [8,9], utilizing the neutrino wind using a torsion
balance [10,11], laser interferometry experiments [12], the
effect of Pauli blocking on electroweak deexcitation in
atoms [13] as well as the observation of coherent scattering
of CνB neutrinos at accelerators [14].
We explore the sensitivity of an ion storage ring

exploiting resonant, neutrino-induced beta decays and
electron captures to detect cosmic neutrinos. Such an
experiment could perform various measurements. The
same exothermic process on which PTOLEMY is based
can be observed in accelerated tritium ions [14]

3Hþþ νe → 3Heþþþ e−: ð1Þ

At high energies, the neutrino capture cross section scales
quadratically with the beam energy, allowing for signifi-
cantly enhanced event rates. However, due to the natural
beta decays of tritium, the signal can be overwhelmed by
background. To overcome this, we may instead consider
inverse beta decay induced by neutrino capture, e.g.,

3Heþþ þ ν̄e þ e−ðboundÞ → 3Hþ; ð2Þ

Because of the threshold of QHe ¼ 18.59 keV in this
example, this process can only occur if an electron neutrino
with sufficient energy is absorbed. For neutrinos of mass
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mν at rest
1 and ions of mass M accelerated to energy E in

the lab frame, this threshold corresponds to a neutrino
energy in the rest frame of the beam

eEν ¼
mν

M
E ≥ QHe: ð3Þ

Here and in the remainder of the paper we denote quantities
in the beam frame with a tilde. For 3He, (3) translates
into E ≥ 56 ðeV=mνÞ TeV, putting it in reach of a next-
generation 100 TeV collider formν ≥ 0.56 eV. As the cross
sections for both processes (1) and (2) scale as G2

F, they are
very small unless eEν significantly exceeds the electron
mass. In addition the charge radius of the final state is
different from the initial state, causing it to be ejected from
the beam. We argue that both issues can be resolved by
instead considering resonant 2 → 1 processes, e.g.,

3Heþþþ ν̄e þ e−ðboundÞ → 3Hþ; ð4Þ

and the cross section is maximized at the threshold. At
resonance, the cross section for the process in (4) can
exceed the at rest neutrino capture cross section by many
orders of magnitude. For example, in the case of resonant
capture of neutrinos produced in beta beams, the neutrino
capture cross section for tritium exceeds the PTOLEMY
cross section by seven orders of magnitude [16]. This
technique can be used to capture low-energy neutrinos
using accelerated ions instead. The remainder of this paper

is structured as follows. We describe the sources of low-
energy neutrinos in Sec. II and explore nonresonant
neutrino capture on accelerated ions in Sec. III. In
Sec. IV we show how utilizing resonant neutrino capture
leads to larger cross sections compared to the nonresonant
case and present novel 3-state systems with a clean, stable
final state. In Sec. V we calculate the beam conversion rates
for a number of ion systems and address the challenges of
realizing a future experiment in Sec. VI. We conclude in
Sec. VII.

II. LOW ENERGY NEUTRINOS

The spectrum of low-energy neutrinos with an energy
below the threshold of existing experiments is dominated
by two sources, solar neutrinos and relic neutrinos of the
CνB. While both can be targets of neutrino capture
experiments we focus on the CνB.
Relic neutrinos decoupled from the Standard Model

(SM) thermal bath at a temperature Tdec
ν ∼ 1 MeV, and

have since redshifted to T0
ν ≃ 1.68 × 10−4 eV [17]. This

corresponds to a mean momentum of p0
ν ¼ 0.529 meV,

which we consider negligible compared with the neutrino
mass [18]. The local, present day number density of relic
neutrinos per degree of freedom can then be written as [19]

nνi ¼ fc;i n0 ≃ fc;i 56 cm−3; ð5Þ

where i ¼ 1, 2, 3 and fc;i is a neutrino mass-dependent
enhancement factor capturing local overdensities from
gravitational clustering of nonrelativistic neutrinos.
Results from N-1-body simulations find enhancements of
fc;i ≃ 1.1–1.2 for neutrinomassesmν < 0.1 eVup to a factor
fc;i ≃ 100–200 for mν ¼ 1 eV [20–22].2 In very optimistic
scenarios enhancements of up to fc;i ≃ 103–106 are consid-
ered based on the local baryon overdensity [23,24].
Following the argument of [18], the CνB consists

exclusively of left helicity neutrino states and right helicity
antineutrino states in the absence of significant gravita-
tional interactions, whilst for strongly clustered neutrinos
the density is shared equally between both helicity states. In
the case that neutrinos are Majorona fermions, the right
helicity states contribute to the neutrino flux. For the
remainder of this paper we leave fc;i, and consequently
the left and right helicity relic neutrino densities nνL;i and
nνR;i as free parameters,3 unless specified otherwise. Finally,
we note that in the rest frame of a highly relativistic ion
beam the neutrino number density is further enhanced
by the beam Lorentz factor γ ¼ E=M due to length

FIG. 1. Lab frame fluxes of low-energy electron neutrinos with
mass mν ¼ 0.1 eV, alongside the thresholds for Borexino and
radiochemical detection experiments. The dashed lines have units
cm−2 s−1 and correspond to (from left to right): 7Be decay to 7Li�

and 7Li, and pep neutrinos. A full discussion of the solar fluxes is
given in Appendix B, and a comprehensive review of neutrino
fluxes at all energy scales can be found in [15].

1The mass of the electron neutrino is related to those of the
mass eigenstates by mν ¼

P
i jUeij2mνi.

2The exact value depends mostly on the density profile of the
dark matter halo. Gravitational interactions between neutrinos
and of neutrinos on dark matter are neglected in N-1-body
simulations.

3These satisfy nνL;i þ nνR;i ¼ nνi for Dirac neutrinos, and
nνL;i þ nνR;i ¼ 2nνi for Majorana neutrinos.

MARTIN BAUER and JACK D. SHERGOLD PHYS. REV. D 104, 083039 (2021)

083039-2



contraction; however the total number of neutrino captures
is a frame independent quantity owing to the competing
time dilation effect.
The exact distribution function of relic neutrinos today is

unknown. However, in the absence of significant inter-
actions since decoupling it is reasonable to suggest that it
will be the same as at decoupling, redshifted. Assuming a
Fermi-Dirac distribution at decoupling, this leads to a
distribution per degree of freedom [25]

dnνi
dpν

¼ 2nνi
3ζð3ÞT3

eff

p2
ν

e
pν
Teff þ 1

; ð6Þ

when normalized to nνi . Here pν is the magnitude of the
neutrino three momentum and Teff is the effective neutrino
temperature, which we take to be constant with Teff ≃ T0

ν.
Additionally, we assume degenerate neutrino masses such
that the neutrino momentum pν is the same for all mass and
flavor eigenstates.
Summing over the mass eigenstates and multiplying with

the lab frame neutrino velocity vν ¼ pν=Eν, we arrive at the
electron neutrino flux in the lab frame

dϕνe

dpν
¼ pν

Eν

X
i¼1;2;3

jUeij2
dnνi
dpν

; ð7Þ

whereUei are the relevant entries of the Pontecorvo–Maki–
Nakagawa–Sakata (PMNS) neutrinomixingmatrix. The lab
frame neutrino flux has standard deviationΔν¼0.334meV,
which we treat as the uncertainty in the momentum of any
neutrino in the lab frame. We note that the value of Δν is
approximately constant with the neutrino mass in the
quasidegenerate regime mν ≳ 0.1 meV.
We propose to detect relic neutrinos by capturing them

on a high-energy ion beam with velocity vb. As a result, the
factor ðvb þ vνÞnνi will enter into calculations of our event
rates in the lab frame. Since vν ≪ vb ≃ 1, we can define the
effective total flux that the beam sees as ϕνe ≃ vbnνi ≃ nνi .
With this simplification, the lab and beam rest frame
neutrino fluxes are related simply by eϕνe ¼ ϕνe=γ. Here
the Lorentz factor γ appears due to the length contraction of
the direction parallel to the beam, increasing the neutrino
number density in the beam rest frame. We plot the lab
frame electron neutrino flux (6) in Fig. 2. In addition to
relic neutrinos, we briefly discuss the possibility of
observing solar neutrinos below the energy threshold of
existing experiments such as Borexino (20–200 keV [26]).
The distribution of low-energy solar neutrinos is depicted
by the yellow contour in Fig. 1. While solar neutrinos are
more energetic, the solar neutrino flux is smaller by several
orders of magnitude compared to the expected flux of relic
neutrinos. For our calculations of the solar neutrino flux we
use the standard solar model given in [27], which we
discuss further in Appendix B.

III. NEUTRINO CAPTURE ON A BEAM

The idea to capture relic neutrinos using tritium was first
proposed by Weinberg, and the rate has been estimated
based on our current best understanding of the CνB [2,28].
In the following we explore the energy dependence of the
neutrino capture cross section and show how it can be
exploited for accelerated tritium or helium-3 to increase the
event rate. The cross section for neutrino capture on tritium
for neutrinos with degenerate masses and helicity esν is
given by [18]

σevν ¼ ð1 − 2esν evνÞσ0ð eEeÞ; ð8Þ

where evν is the neutrino velocity in the beam rest frame and
the energy-dependent cross section reads

σ0ð eEeÞ ¼ G2
FjVudj2Fð2; eEeÞCðq2Þ

m3He

m3H

eEe epe: ð9Þ

Here eEe and epe are the energy and the magnitude of the
final state electron three momentum, Vud is the Cabibbo–
Kobayashi–Maskawa (CKM) matrix element and Cðq2Þ
contains details of nuclear structure. We will use the value
Cðq2 ≪ mπÞ ≃ 0.874 throughout. The Fermi function enc-
odes the enhancements due to electromagnetic effects
between the final state nucleus and outgoing electron,
and reads

F−ðZ; eEeÞ¼
2ð1þSÞ
Γð1þ2SÞ2ð2p̃eρÞ2S−2e−πηe jΓðS−iηeÞj2; ð10Þ

where ηe ¼ QeZα=ṽe and S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðαZÞ2

p
are given in

terms of the fine-structure constant α, the charge of the final
state electronQe ¼ −1 and the atomic number of final state
isotope Z, whilst ρ ≃ 1.2A

1
3 fm is the nuclear radius.

Summing over mass eigenstates and exploiting the unitarity

FIG. 2. Lab frame electron neutrino flux from the CνB.
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of the PMNS matrix, we find that the total neutrino capture
cross section on tritium at rest for nonrelativistic neutrinoseβν ¼ evν=c ≪ 1 is

σNR ¼ σ eβν����eEe¼E0

¼ 3.85 × 10−45 cm2; ð11Þ

where E0 ¼ me þ jQHj þmν is the energy carried by the
final state electron, and jQHj ¼ QHe is the energy released
by the decay of tritium. This gives the total rate for the
capture of Dirac neutrinos on Nrest

T tritium targets at rest per
year

Rrest ¼ nνNrest
T σNR ≃ 4fc;i y−1 ð12Þ

where we have used Nrest
T ¼ 2 × 1025 in line with the

PTOLEMY proposal [7], corresponding to 100 g of tritium.
The capture rate for Majorana neutrinos is twice as large, as
there will also be a flux of right-helicity neutrinos. If
instead tritium ions are accelerated on a beam, the larger
center of mass energy results in an enhanced neutrino
capture cross section. Neglecting final state nuclear recoil,
the electron energy and momentum in the tritium rest frame
for accelerated tritium are given by

eEe ¼ me þ jQHj þ eEν; ð13Þ

epe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð eEν þ jQHjÞð eEν þ 2me þ jQHjÞ

q
; ð14Þ

such that for eEν > 2me and eEν > jQHj the cross section
increases quadratically with the neutrino energy σ0 ∝ eE2

ν.
For an ion beam with energy E and ion massM, the energy
of the neutrinos in the ion rest frame can then be written aseEν ≃ Emν=M, and the quadratic enhancement of the cross
section becomes effective once the beam energy satisfies
E > 2meM=mν. Exploiting this quadratic dependence is
thus extremely challenging for the capture of cosmic
neutrinos on tritium, as it requires a beam energy of

E≳ 3 PeV

�
1 eV
mν

�
; ð15Þ

for M ¼ m3H ≃ 3 GeV. The situation becomes more ten-
able when considering low energy solar neutrinos. For
Eν ¼ 1 keV the quadratic enhancement begins at a beam
energy of E≳ 3 TeV for the same choice of target, well
within reach of modern accelerators. However, unless the
thermal solar neutrino flux significantly exceeds the pre-
dicted value shown in Fig. 1, the capture rate would be too
low to observe at that energy scale.
For an accelerated beam of tritium ions, the helicity

dependent terms in (8) can become important. Settingevν ≃ vrel ¼ 1, we find

σeβν ¼ �
2σ0ð eEeÞ; esν ¼ − 1

2

0; esν ¼ þ 1
2

; ð16Þ

such that the neutrino capture cross section for right-
helicity states vanishes identically, whilst the left-helicity
capture cross section doubles. One would then naïvely
expect the total neutrino capture rate to double with respect
to the capture rate at rest (12). However, due to the
combined effects of Lorentz contraction and the velocity
of the beam relative to the neutrinos, the left-helicity
neutrino density for any neutrino flavor in the beam frame
reads

enνL;i ¼ γðnνL;i þ P−ðnνR;i − nνL;iÞÞ; ð17Þ

where P− is the probability that a relic neutrino will flip
helicity when boosted into the beam frame

P− ¼
(

1
2
− 1

π arcsin
�

v̄ν
v̄ sin θ̄ν

�
; v̄ sin θ̄ν > v̄ν

0; v̄ sin θ̄ν ≤ v̄ν
; ð18Þ

and v̄ and v̄ν are the average beam and neutrino velocities in
the lab frame, respectively, and θ̄ν ∈ ½0; π� is the average
angle between the neutrinos and the axis perpendicular to
the beam plane. We first consider Dirac neutrinos. In
the case of a relic neutrino background close to the
prediction by standard cosmology fc;i ≃ 1, they are ran-
domly oriented in the lab frame, θ̄ν ¼ π=2, and nνR;i ¼ 0.
Since the neutrinos are nonrelativistic in the lab frame,
v̄ν≪ v̄sinθ̄ν, it follows that P− ≃ 1=2 and enνL;i ¼ γnνi=2.
For large overdensities fc;i ≫ 1, the strong gravitational
clustering leads to nνL;i ¼ nνR;i ¼ nνi=2, and we arrive at the
same result. For Majorana neutrinos, nνL;i ¼ nνR;i ¼ nνi
independent of clustering, giving a left-helicity neutrino
number density twice as large as that for Dirac neutrinos in
the cases discussed above [18]. We consider Dirac neu-
trinos with nνL;i ¼ nνi=2 for the remainder of the paper. We
then arrive at the total capture rate for a number of target
ions Nbeam

T on a beam,

Rbeam ¼ nνi
2
Nbeam

T σRð eEeÞ; ð19Þ

where the relativistic cross section can be written as

σRð eEeÞ ¼
2 eEe epe

E0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
0 −m2

e

p F−ð2; eEeÞ
F−ð2; E0Þ

σNR; ð20Þ

and the ratio of Fermi functions is ∼1. In order for a
PTOLEMY-on-a-beam type experiment to improve the
event rate of the experiment at rest one would therefore
need
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Rbeam

Rrest
≃
	
E
M



2 m2

νffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2jQHjm3

e

p Nbeam
T

2 × 1025
> 1; ð21Þ

where we assume (15) holds and Nrest
T ¼ 100NA=3 with the

Avogadro number NA ≃ 6 × 1023 mol−1 for the target at
rest as proposed in [29]. In Fig. 3 we show the ratio (21) for
Nbeam

T ¼ Nrest
T tritium ions as a function of the beam energy

in blue, using mν ¼ 0.1 eV. The quadratic enhancement
becomes apparent at E≳ 30 PeV, which far exceeds that of
any existing or proposed accelerators.
The reconstruction of signal events is additionally

complicated by the fact that the final state 3Heþþ is
produced without interacting with background neutrinos
by the natural beta decay of tritium 3Hþ→ ν̄eþ3Heþþþe−

with lifetime τ0 ¼ 17.8 y, producing an irreducible back-
ground to the signal process. This background is huge, even
if one takes into account the relativistically increased
lifetime of the beam ions τbeam ¼ γτ0. In Fig. 3 we show
the decay rate 1=τbeam as a function of E with the
dotted line.
This background can be avoided if the beam energy is

large enough to enable the inverse process 3Heþþþ ν̄e →
3Hþþ eþ which has a threshold QHe ¼ 18.59 keV. In this
case the production of tritium ions in the final state provides
a clean signal state, because the final state can only be
obtained by the antineutrino capture process, at the cost of a
decaying signal. The cross section for the inverse process
reads

σinv0 ð eEeÞ ¼ G2
FjVudj2Fþð1; eEeÞCðq2Þ

m3H

m3He

eEe epe; ð22Þ

assuming the same form factors as the tritium process and
defining FþðZ; eEeÞ as (10) for the positron with charge
Qe ¼ þ1.
In the beam frame, the antineutrino energy required to

overcome the threshold for the inverse process is eEν > QHe,
and the electron energy and momentum are given by

eEe ¼ me −QHe þ eEν; ð23Þ

epe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð eEν −QHeÞð eEν þ 2me −QHeÞ

q
: ð24Þ

Form3H ≃m3He, and neglecting changes in the form factors,
the enhancement for the relativistic cross section follows
(20) with the replacement F−ð2; eEeÞ → Fþð1; eEeÞ. In the
high-energy limit eEν̄ ≫ 2me, the enhancement over
PTOLEMY is then given by (21) to a very good approxi-
mation. This behavior is reflected in Fig. 3 by the orange
contour asymptotically tracing the blue contour for large E.
We chose the 3H–3He system to illustrate the neutrino

capture processes in this section. In principle the cross
section (9) can be enhanced if one considers ions with
smaller energy gaps, but the scaling with the initial state ion
mass M in (21) favors the 3H–3He system over any other
choice. For an experiment with accelerated ions to realize a
substantial enhancement over the neutrino capture rate at an
experiment at rest like PTOLEMY requires beam energies
orders of magnitude above what can be achieved by current
accelerator technology. However, with sufficient energy,
accelerated ion beams can capture cosmic neutrinos even if
the capture process has a threshold. This leads to a clean
final state consisting of ions that cannot be produced in an
experiment at rest. Then provided one can overcome the
threshold eEν > Q, the inverse process is always superior to
the thresholdless process on a beam. However, as the
tritium final state has a different charge radius to the initial
state, the challenge of collecting the signal before it exits
the beam remains.

IV. RESONANT PROCESSES

The main limitation identified in the last section for
cosmic neutrino capture on a beam is the large energy
required to achieve an enhancement over the same experi-
ment at rest. It is not surprising that the neutrino capture
cross section for accelerated tritium ions scales quadrati-
cally with the beam energy, because the cross section is
suppressed by G2

F. This G2
F suppression is a universal

problem in proposals to detect the CνB [30]. Coherent
scattering effects cannot overcome this problem, as was
established in a no-go theorem prohibiting cross sections
scaling linearly in GF [31,32]. The single exception is the
Stodolsky effect which can only be measured for a net
helicity asymmetry of the cosmic neutrino background
[33]. An alternative method of avoiding G2

F suppression in

FIG. 3. Event rate enhancement for a PTOLEMY-on-a-beam
type experiment (blue) as a function of the beam energy E using
mν ¼ 0.1 eV, alongside the rate for the inverse process on a beam
(orange), assuming Nbeam

T ¼ Nrest
T . Also shown by the dotted line

is the decrease in the tritium decay rate as a function of the beam
energy.
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the cross section is to use a resonance. Very energetic
neutrinos can scatter off the cosmic neutrino background at
the Z resonance with a peak cross section of order GF [8],

σZ ¼ 12π

M2
Z
BrðZ → ν̄αναÞ ∝ GF: ð25Þ

This process has not been observed yet, but would lead to a
dip in the high energy cosmic neutrino spectrum at Eν ≃
1022 eV for a neutrino mass mν ¼ 1 eV, and the most
energetic neutrino events seen today have an energy of
Eν ≃ 6 × 1015 eV [34]. Here we propose to use a beam of
accelerated ions to capture neutrinos at nuclear β reso-
nances, resulting in a cross section that is independent of
GF. We consider two resonant processes: the resonant
bound beta decay process (RBβ)

A
ZPþ νe → A

Zþ1Dþ e−ðboundÞ; ð26Þ
and the resonant electron capture process (REC)

A
ZPþ e−ðboundÞ þ ν̄e → A

Z−1D; ð27Þ
for parent and daughter nuclei P and D, respectively. The
cross section for these processes involving relativistic beam
frame neutrinos with energy eEν and resonance threshold Q
can be described by a Breit-Wigner function,

σRes ¼
2πeE2
ν

	
2JD þ 1

2JP þ 1


�
Γ2=4

ð eEν −QÞ2 þ Γ2=4

�
BDP; ð28Þ

where Γ is the total width of the resonant state D, JP, and
JD denote the total angular momentum of the parent and
daughter nuclei, and BDP ¼ BrðD → PνeÞ or BDP ¼
BrðD → Pν̄ee−ðboundÞÞ are the branching ratios of the
daughter D to decay back to the parent state P. For a beam
tuned to eEν ≃ epν ¼ Q the cross section is resonantly
enhanced, with a peak cross section

σpeak¼ 2.5×10−15
2JDþ1

2JPþ1

�
1 keV
Q

�
2

BDP cm2; ð29Þ

which is suppressed by Q2 instead of GF. Expressed in
terms of the neutral atom masses MðZ; AÞ, the thresholds
for the resonant processes involving nuclei with degree of
ionization I are given by

QREC ¼MðZ−1;AÞþBI−1ðZ−1Þ−MðZ;AÞ
−BIðZÞþBECðZ−1Þ
þE�ðZ−1;AÞ−E�ðZ;AÞ; ð30Þ

QRBβ ¼ MðZ þ 1; AÞ þ BIþ1ðZ þ 1Þ −MðZ; AÞ
− BIðZÞ − BBβðZ þ 1Þ
þ E�ðZ þ 1; AÞ − E�ðZ; AÞ; ð31Þ

where BIðZÞ is the binding energy of the I outermost
electrons taken away from the neutral atom to produce the
ionized state, while BECðZÞ > 0 and BBβðZÞ > 0 are the
binding energies of the missing and captured final state
electrons, respectively. The remaining parameter, E�ðZÞ,
denotes the excitation energy of any nuclear isomers that
may be chosen as the initial or resonant state, which can
significantly affect the value of Q. In this section we will
consider fully ionized RBβ initial states and REC initial
states with a single 1s shell electron, such that we can
neglect electron deexcitation contributions to BDP in the
resonance state.
The use of a state with at most 1s shell electrons is what

allows for a cross section that is independent of GF,
as only weak decays are allowed such that BDP is Oð1Þ.
As a result, the cross section (29) looks very promising,
but the total width Γ ∝ G2

F is narrow. The lab frame
momentum distribution of relic neutrinos has a finite
width, whilst the cross section to capture neutrinos
away from resonance is suppressed by a factor Γ2=4Eν.
Therefore the resonant process will only capture the small
fraction of neutrinos whose energy in the beam frame lies
on a narrow interval about the resonance peak, a fact which
is not helped by additional broadening due to a non-
monochromatic ion beam. For a very narrow resonance
the neutrino capture rate R per target ion NT can be
written as

R
NT

¼
Z

∞

Q
d eEνσResð eEνÞ

dϕνe

d eEν

;

≃
π

2
σpeakΓ

dϕνe

d eEν

�����eEν¼Q

;

¼
ffiffiffiffiffi
π3

2

r 	
2JD þ 1

2JP þ 1



Γ
Q2

BDPeΔE

ϕνe ; ð32Þ

where in the last step we have assumed that the neutrino
energy distribution in the beam frame is Gaussian with a
standard deviation eΔE ≫ Γ.
It is then instructive to attempt to estimateeΔE. Given that

the uncertainty in the lab frame neutrino momentum is Δν

and the beam momentum is subject to fluctuations of scale
Δb, we find that

eΔE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi	
Δν

∂ eEν

∂pν



2

þ
	
Δb

∂ eEν

∂p



2

s
: ð33Þ

For nonrelativistic CνB neutrinos pν ≪ mν and p ≫ M
this results in

eΔE ≃
1

M

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEΔνÞ2 þ ðmνΔbÞ2

q
¼ Q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2ν þ δ2b

q
; ð34Þ
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where we have defined the fractional uncertainties δb ¼
Δb=E and δν ¼ Δν=Eν. This leads to the event rate foreΔE ≫ Γ

R
NT

¼
ffiffiffiffiffi
π3

2

r 	
2JD þ 1

2JP þ 1



Γ
Q3

BDPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2ν þ δ2b

q ϕνe : ð35Þ

However, it is more convenient to define the quality factor
as the ratio of the rate for producing signal events over the
rate of signal loss

Rτ ≡ γ

Γ
R
NT

;

¼ 1.7 × 10−17
2JD þ 1

2JP þ 1

BDPfc;iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2ν þ δ2b

q �
0.1 eV
mν

��
1 keV
Q

�
2

:

ð36Þ

In the following we will use this dimensionless quantity to
measure how effective a given system of ions is at
producing and retaining signal states on the beam.

A. Resonant 2-state systems

The most straightforward realization of resonant neu-
trino capture on a beam is a 2-state system consisting of a
parent ion P and a resonant daughter state D which decays
back into the initial parent particle. For resonant bound beta
decay, the daughter ion will decay back through electron
capture

ð37Þ

Here and in the following processes contributing to the
production of signal states are indicated by a solid arrow.
Dashed arrows indicate processes that reduce the signal or
the number of targets available to capture neutrinos, e.g., by
decays of the daughter ion back into the parent state. In the
case of resonant electron capture the daughter decays back
into the parent ion by bound beta decay. A fraction of the
daughter ions will also decay through continuous beta
decay into a Pþ ion, which will be ejected from the beam
eventually because of its charge-mass ratio. We can write
this process as

ð38Þ

In the case of resonant beta decay (37), the daughter ion can
decay into different nuclear isomers of the parent ion. Only
decays into the parent state isomer contribute to the
branching ratio that appears in the resonant cross sec-
tion (28). We parametrize the fraction of decays into the

parent isomer over decays into any other isomer by χ ≤ 1.
Here, χ accounts for the fact that some daughter ions might
decay into excited parent states. In the case of electron
capture the continuous beta decay of the daughter ion does
not contribute to the resonant cross section either. We can
then write for branching ratio

BDP ¼
� χ; RBβ

χ
1þKðZ;QÞ ; REC

: ð39Þ

Here KðZ;QÞ denotes the ratio of the width for the
daughter ion to bound beta decay into the n ¼ 1 shell
with nf ¼ 2 vacant s orbitals, over the width for continuous
beta decay, defined in Appendix A.
For any given experiment we are interested in the

number of signal states ND on the beam after a runtime t.
In order to compare ions with vastly different lifetimes we
introduce the dimensionless variable x ¼ t=γτD, where τD
is the lifetime of the daughter ion at rest and γ the Lorentz
factor of the beam. For an initial number of parent ions N0

on the beam, the expected number of resonant daughter
states D on the beam is given by

NDðxÞ ¼ N0Rτð1 − e−xÞ þOðR2
τÞ; ð40Þ

where the quality factor is defined in (36) and is considered
to be Rτ ≪ 1. For completeness we give the full expres-
sions for this and other beam population equations in
Appendix C. Determining the rate of resonant neutrino
capture in 2-state systems can therefore be achieved by
solving (40) for Rτ with a measured value of ND. There are
diminishing returns in running the experiment beyond
x > xmax ≃ 1, as NDðx≳ xmaxÞ ≃ N0Rτ. This corresponds
to a dynamic equilibrium, where D particles are produced
by neutrino capture at same rate that they decay back into
the initial state P. In the cases where BDP < χ, no true
equilibrium can ever be reached, as the total number of ions
on the beam is depleted by decays D → Pþ. However, this
effect is negligible for small Rτ.
The large x limit therefore represents the theoretical

maximum number of resonances that can be on the beam at
any one time, and suggests using short lifetime states such
that ND reaches its maximum with a shorter experimental
runtime. Unfortunately, this presents an experimental
challenge, as short lifetime states will inevitably decay if
the beam needs to be slowed to make a measurement ofND.

B. Resonant 3-state systems

The conundrum of 2-state systems for resonant neutrino
capture can be overcome using systems with a final state F
different from both the parent and daughter ions. We call
such an arrangement a 3-state system. In 3-state systems the
resonant daughter ion can retain a large decay branching
ratio into the parent ion and therefore a large resonance can
be achieved, but a third, stable state can be produced
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through a different decay of the daughter ion. If this stable
state has the same charge-mass ratio as both the P and D
states, then it can remain on the beam indefinitely and can
be detected after the run is finished. Candidate 3-state
systems correspond to “stable-unstable-stable” triplets of
isobars that can be identified in the table of nuclides as
illustrated in Fig. 4.
The analogous decay chain of the neutrino-induced

resonant bound beta decay (37) for the 3-state system is

ð41Þ

where continuous beta decay into the ionized final state,
Fþ, is also allowed. Similarly, the 3-state resonant electron
capture process decay chain reads

ð42Þ

The presence of a third state modifies the branching ratios
for the decay back to the initial state,

BDP ¼
� χBEC; RBβ

χð1−BECÞ
1þKðZ;QÞ ; REC

; ð43Þ

where BEC is the branching ratio for the resonance to decay
by electron capture, widely available in nuclear data
tables [35]. Further, the branching ratios for the daughter
ion to decay into the final state are

BDF ¼
� 1−BEC

1þKðZþ2;QDFÞ ; RBβ

BEC; REC
; ð44Þ

whereQDF is theQ value for theD → F transition and one
has to evaluate the ratio of continuous and bound beta
decay widths KðZ;QfÞ for nf ¼ 2 in (43) and nf ¼ 1 in
(44). See Appendix A for details. For small quality factors
Rτ ≪ 1, we find for the number of final state ions on the
beam,

NFðxÞ ¼ N0RτBDFðxþ e−x − 1Þ þOðR2
τÞ; ð45Þ

whilst the number of resonance states on the beam evolves
according to (40). The full expression can be found in
Appendix C.
The advantages of using a 3-state system become

apparent here, as (45) is a monotonically increasing
function with x. The full expression (C6) satisfies

lim
x→∞

NFðxÞ ¼
N0BDFχ

χ − BDP
≫ N0Rτ; ð46Þ

such that unlike 2-state systems, there is no equilibrium at
x ≃ 1 and given an infinite amount of time, a significant
fraction of the initial state ions will be converted to a stable
final state. The remainder will end up in either the Fþ or Pþ
states, which are ejected from the beam.
The inclusion of the third state typically leads to a

reduction in BDP and subsequently the quality Rτ is
reduced compared to a 2-state system with the same Q
value. In contrast to 2-state systems, there are no clear
disadvantages in using processes with daughter states that
have as short a lifetime as possible and an experiment with
a 3-state system therefore retains a fraction of the signal
even if the beam is slowed down. Additionally, in the large
x limit for 3-state systems the lack of an equilibrium value
allows NF to far exceed ND for an equivalent 2-state
system. This leads to a remarkable result: we can achieve a
resonantly enhanced neutrino cross sections with a stable,
clean signal.
The goal is then twofold: to maximize the quality Rτ

such that the number of signal states on the beam increases
as quickly as possible and to find resonance states with the
smallest possible lifetime γτD, such that a larger x can be
achieved with minimal runtime. Both of these can be
achieved by minimizing the Q value, as Rτ ∝ Q−2 and
γ ∝ Q−1. We further note that the ratio of bound beta decay
to continuous beta decay is larger for smaller Q values,
leading to an enhanced branching ratio BDP for resonant
electron capture, see Appendix A for details. Since the Q
value also determines the beam energy required for the
experiment, it is the most important parameter for both
2- and 3-state systems.

FIG. 4. Isobar triplets with “stable-unstable-stable” configura-
tions are candidates for 3-state systems for resonant neutrino
capture. Graphic taken in part from [35].
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C. Excited states

The bottleneck for a realiztic experiment with resonant
states remains theQ value, which has to be sufficiently low
for an accelerator experiment to probe neutrino masses at
the eV scale or below. In principle, a lower Q value can be
achieved for any given target by considering excited
nuclear states. Exciting the initial state increases its
effective mass, reducing the effective Q value for neutrino
capture in (30) and (31). The exact reduction in Q that can
be achieved depends strongly on the excited states that exist
for a given target, but can be anywhere from Oð10 keVÞ to
Oð1 MeVÞ. We do not speculate about the experimental
challenges related to exciting and accelerating the ions
here, but show how transitions with excited states could
lead to higher rates than resonant neutrino capture experi-
ments with ground state ions. Exciting the initial states P�
comes at the cost of making them unstable, with a lifetime
τP� . We discuss resonant neutrino capture processes with
excited states using both 2- and 3-state systems here. First,
we consider a 2-state system analogous to (37) with an
excited state P� that can undergo resonant bound beta
decay by capturing a neutrino,

ð47Þ

The excited state P� is accelerated on a beam and can either
produce the signal state D through bound beta decay or
decay back into its ground state P by emission of photon.
The daughter state D can capture an electron and decay
back into the initial state P� or its ground state P.
Alternatively, analogous to (38), the neutrino can be

captured in an resonant electron capture process by an
excited state,

ð48Þ

where the daughter ion can bound beta decay into both the
initial state P� or its ground state P, or continuous beta
decay to Pþ. Since the beam energy needs to be tuned for
resonant neutrino capture with P�, the larger Q value of P
renders it unable to capture relic neutrinos at the same beam
energy.
Following the procedure outlined in Appendix C, we can

derive the number of signal state particles D on the beam
for the system (47). In the approximation Rτ ≪ 1we find in

terms of the lifetime ratio of the daughter and excited state,
η ¼ τD=τP� ,

NDðxÞ ¼
N0Rτ

η − 1
ð1 − e−xðη−1ÞÞe−x þOðR2

τÞ; ð49Þ

¼
� N0Rτ

η ð1 − e−ηxÞe−x; η ≫ 1

N0Rτð1 − e−xÞ; η ≪ 1
: ð50Þ

This equation reproduces (40) in the long excited state
lifetime limit η ≪ 1, and in this case the excited state
system retains the same properties previously discussed in
Sec. IVA. However, it has drastically different properties in
the short parent lifetime, η ≫ 1, regime. For large η, the
maximum population of signal states on the beam is
obtained for a runtime

xmax ≃
1

η
ln η; η ≫ 1; ð51Þ

which is significantly smaller than for the ground state
system where xmax ≃ 1. A very short lifetime of P� rapidly
depletes the beam of excited initial states P�, leaving a
beam which consists entirely of ground states P and
daughter states D. For x > xmax, the number of resonance
states start to decay according to

NDðx > xmaxÞ ≃
N0Rτ

η
e−x; ð52Þ

such that for xmax < x < 1, the number of signal states D
remains close to its maximal value, and the signal states
only begin to rapidly decay for a runtime x≳ 1.
The maximal number of signal states in an experiment

with an excited initial state can then be compared to the
maximal signal state population in an experiment designed
to capture neutrinos with its ground state isomer as
described in Sec. IVA. The excited state system is superior
to the corresponding ground state system if xmax < x < 1
and their respective quality factors fulfil

1

η
Rτ;ES > Rτ;GS; ð53Þ

where GS and ES refer to the ground state and excited state
system quantities, respectively. Neglecting different
branching ratios and spin factors, this translates into a
condition on the Q values,ffiffiffi

η
p

QES ≲QGS; ð54Þ

which implies that excited state systems only present a
better choice for very smallQ values or η. If it is possible to
reexcite P states on the beam, multiple runs with the excited
initial states for a runtime xmax each would have the
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potential to produce a sizable population of D states in the
same time needed to reach the maximum signal state
population for a ground state system at x ≃ 1. In this case
the experiment with the excited state system is superior to the
equivalent experiment performedwith a ground state system if

1

ln η
Rτ;ES > Rτ;GS ⇒

ffiffiffiffiffiffiffi
ln η

p
QES ≲QGS; ð55Þ

where we set x ¼ 1 and neglected different branching ratios
and spin factors. As in the case of 2-state systemswith a ground
state parent ion, the signal state is unstable and will decay.
As before, one can produce stable signal states in a

3-state system with an excited initial state. For resonant
bound beta decay, the excited 3-state system can be written
in analogy to (41) as

ð56Þ

and in the case of resonant electron capture in analogy to
(42) as

ð57Þ

The number of stable signal states F on the beam at time x
is expected to follow

NFðxÞ ¼
N0BDFRτ

η

	
1þ ηe−x − e−ηx

1 − η



þOðR2

τÞ; ð58Þ

≃
� N0BDFRτ

η ð1 − e−xÞ; η ≫ 1

N0BDFRτðxþ e−x − 1Þ; η ≪ 1
; ð59Þ

where the small η limit reproduces (45) as expected.
In contrast to the ground state system however, the

limiting value for the number of signal states on the beam is
given by

lim
x→∞

NFðxÞ ¼
N0BDFRτ

ηþ Rτð1 − BDPÞ
: ð60Þ

For short excited state lifetimes with large values of η,
the number of signal states saturates at x ≃ 1 with
NFðx > 1Þ ≪ N0. Therefore by using excited P states,
we have lost the ability for 3-state systems to convert a

significant fraction of the beam at large x, although we
retain a clean, stable signal.
For a repeated excitation of the initial state P → P� the

condition for which the excited 3-state system produces
more signal states than an equivalent ground state system in
a given time x is given by (55).
In Fig. 5 we compare the expected fraction of a beam of

ions that is converted into the signal state as a function of x.
The different contours correspond to the resonant electron
capture process in the 2-state system (38), shown in blue,
the 3-state system (42), shown in orange, and the analogous
transition with excited initial states shown in green in the
case of the 2-state system in (48) and in red for the 3-state
system in (57). The resonant bound beta decay process
leads to slightly different conversion rates, due to different
contributions from continuous beta decay to the total decay
width. Since we generally expect smaller Q values for
excited states we have fixed Q ¼ 100 keV for the ground
state systems in Fig. 5 and Q ¼ 0.1 keV for the excited
states.
Focusing first on the ground state systems, Fig. 5 shows

that the 2-state system reaches its maximal population of
the signal state at x ≃ 1. Beyond that point the beam has
reached equilibrium between the initial and the resonant
state. Instead, for the 3-state system the final state is stable
and in principle gets populated until the whole beam is
either converted or ejected. As a result, 3-state systems can
achieve substantially larger beam conversion rates,
although this process becomes less efficient for large x.
The point at which the 3-state system beam conversion
fraction exceeds the 2-state system is visible at x ≃ 1.

FIG. 5. Fraction of parent ions converted to signal (D or F
states) for different resonant systems, all with χ ¼ 1, JD ¼ JP,
mν ¼ 0.1 eV, Z ¼ 50, A ¼ 100, δb ¼ 0 and BEC ¼ 0.5 where
appropriate. For the GS systems, Q ¼ 100 keV, whilst the ES
systems use Q ¼ 0.1 keV and η ¼ 109. Finally, for the 3-state
systems we plot NF using a solid line, and NF þ ND using a
dotted line.
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The main advantage of the systems with excited states is
that it can achieve equilibrium at x ∼ ð1=ηÞ ≪ 1, much
faster than ground state systems. Multiple runs of excited
2-state systems can then have cumulative beam conversion
factors that are orders of magnitude larger compared to
ground state systems. The experimental realization of
these systems represents an extraordinary challenge. It
requires to keep repopulating a beam with short-lived
excited states and read out the signal before it is lost at
x ≃ 1–10. A 3-state system with an excited state overcomes
this problem by populating a stable final state. In contrast to
the 3-state system with an initial ground state, the experi-
ment can likely operate at substantially smaller values ofQ.
As shown in Fig. 5 the maximum number of conversions is
smaller compared to ground state systems, because the
excited states have the additional route to decay back into
the ground state.
The results shown in Fig. 5 have to be compared with the

expected rate at PTOLEMY (12), which corresponds to a
conversion factor of 2 × 10−25 of the target tritium atoms
per year. For comparison, for a runtime of t ¼ 10γτD, the
conversion rate for the example 2-state system in Fig. 5
would be ∼10−19.

V. REAL WORLD EXAMPLES

Whilst promising in theory, the efficacy of a resonant
neutrino capture experiment will depend strongly on

whether or not an ion system with the right properties
exists. In the previous section we have shown that the
properties necessary to maximize the conversion rate
independent of the process are a small Q value, a short
resonance lifetime, and an Oð1Þ branching ratio for the
resonance to decay to both the initial and final states. Here
we compile a list of several ion systems with these desired
properties in Table I. We emphasize that these examples
demonstrate that such isotopes exist in nature, but our list is
not extensive. It is likely that better systems using different
ions or more esoteric systems like ionized molecules can be
identified.
In Table I we list a number of ion systems and the number

of neutrinos captured per target ion after a 1 year exper-
imental runtime. The first two rows are examples of excited
initial states, for which we use the last two columns to
denote the ratio of lifetimes between the initial and resonant
states as well as the event rate that could be achieved if the
initial state is re excited x=xmax times, respectively.
We find that in general the beam conversion fractions are

limited by x ≪ 1, resulting from the relatively long weak
decay lifetimes that are extended by large Lorentz factors
γ ¼ Q=mν. Additionally, many of the systems listed suffer
from prohibitively large beam energy requirements, of
order ðE=AÞ > 1 PeV per nucleon.
Despite this, there are several targets that show some

promise. In particular, an experiment using the two state
system 157Gd ⟶

RBβ 157Tb could be performed with a

TABLE I. Example targets for resonantly capturing cosmic neutrinos, listed alongside their capture threshold Q, the beam energy per
nucleon required to hit the resonance E=A, branching ratios to decay to the initial/final state BDP=DF, and the beam conversion fractions
after one year of runtime, ND=F=N0. For the definitions of the quantities x, η and xmax, please refer to the text. Note that the RBβ initial
states have 0 electrons, whilst the 2 and 3-state REC systems have 1 and 2 initial electrons respectively. When calculatingND andNF we
use fc;i ¼ 1, δb ¼ 0 and δν ¼ 0.00334, corresponding to mν ¼ 0.1eV and Tν ¼ T0

ν. Input values are taken from [35,36].

System Q (keV) E=AðTeVÞ
BDP

xðt ¼ 1 yÞ
NDðxÞ=N0

log10 η
x

xmax

NDðxmaxÞ
N0BDF NFðxÞ=N0

120Sn�ð2482 keVÞ ⟶
RBβ 120Sb 169.66 1.58 × 103 1 0.014 4.29 × 10−28 7.91 2.72 × 10−23

100Mo ⟶
RBβ 100Tc ⟶

Bβ 100Ru 152.68 1.42 × 103 3 × 10−5 0.916 1.18 × 10−23 � � � � � �
0.254 1.58 × 10−24

100Cd ⟶
REC 106Ag ⟶

EC 106Pd 214.08 1.99 × 103 0.003 7.11 × 10−3 7.08 × 10−24 � � � � � �
0.995 2.51 × 10−26

165Ho ⟶
RBβ 165Er 322.16 3.00 × 103 1 1.82 × 10−4 6.69 × 10−24 � � � � � �

157Gd ⟶
RBβ 157Tb 10.95 101.95 0.999 8.91 × 10−8 3.78 × 10−24 � � � � � �

179Hf ⟶
RBβ 179Ta 41.44 385.89 1 9.22 × 10−7 2.19 × 10−24 � � � � � �

71Ga ⟶
RBβ 71Ge 222.50 2.07 × 103 1 9.98 × 10−6 5.13 × 10−25 � � � � � �

121Sb ⟶
REC 121Sn 430.94 4.02 × 103 0.351 5.22 × 10−5 3.35 × 10−25 � � � � � �

64Zn ⟶
REC 64Cu ⟶

EC 64Ni 588.12 5.48 × 103 0.047 8.13 × 10−5 1.69 × 10−25 � � � � � �
0.615 4.22 × 10−30

104Ru�ð988 keVÞ ⟶
RBβ 104Rh ⟶

Bβ 104Pd 126.73 1.18 × 103 10−5 0.408 1.18 × 10−36 12.73 1.32 × 10−25

0.007 4.15 × 10−39

3He ⟶
REC 3H 18.58 174.00 0.012 3.03 × 10−7 5.36 × 10−26 � � � � � �

171Yb ⟶
REC 171Tm 154.66 1.44 × 103 0.940 2.34 × 10−7 4.68 × 10−26 � � � � � �

63Cu ⟶
REC 63Ni 74.90 696.91 0.626 9.17 × 10−9 2.60 × 10−27 � � � � � �

107Ag ⟶
REC 107Pd 57.72 537.22 0.970 1.85 × 10−13 8.22 × 10−31 � � � � � �
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beam energy of 101.95 TeV for mν ¼ 0.1 eV, which is
achievable with existing proposals for a Future Circular
Collider [37]. In addition to the states listed in Table I, there
exist states which are kinematically allowed to decay when
suitably ionized but which have no reported lifetime,
making their associated beam conversion fractions difficult
to estimate. For example, the system 107Pd ⟶

REC 107Ag is a
candidate with Q ¼ 2.87 keV when fully ionized, whilst
194Os ⟶

REC 194Ir is a system with threshold Q ¼ 4.62 keV.
These thresholds correspond to beam energies per nucleon
of 26.71 and 43.03 TeV, respectively, within reach of an
experiment not significantly larger than the LHC.
A more significant challenge posed by this experiment is

getting sufficiently many ions on the beam to observe an
event with a runtime of 1 year. In the aforementioned
157Gd ⟶

RBβ 157Tb system, an event rate of 1 per year would
require 2.65 × 1023 ions on the beam, corresponding to a
total beam mass of 69.1 g. This number far exceeds the
number of ions on the LHC beam [38], however, as we no
longer wish to collide the beam, it is difficult to compare
our experiment to a traditional collider experiment. We
speculate on what may be possible in simplified scenarios
in Sec. VI.

VI. BEAM LIMITATIONS

Performing a resonant neutrino capture experiment to
detect the CνB is fraught with difficulties. In particular,
such an experiment would require accelerating a macro-
scopic number of particles to extremely high energies,
whilst being able to precisely hit the resonance. In this
section we attempt to estimate what can realistically be
achieved in some simplified scenarios.

A. Neutrino mass uncertainty

As CνB neutrinos are nonrelativistic, we require prior
knowledge of the neutrino mass to precisely hit the reso-
nance. However, any direct measurement of the neutrino
mass will have some uncertainty which, if left unaccounted
for, will lead to the ion beam being tuned to the incorrect
energy. Supposing that the experiment is run with the
assumption of a neutrino mass mν;pred that differs from
the true neutrino mass, mν;true, the event rate is modified to

Reff

NT
¼ R

NT
ð1 − δmÞe

− δ2m
2ðδ2νþδ2

b
Þ; ð61Þ

where we continue to assume a Gaussian distribution for eEν

and define the signed fractional uncertainty on the neutrino
mass δm ¼ mν;true−mν;pred

mν;true
, whilst R=NT is given by (35). This

results in an effective quality factor given by

Rτ;eff ¼ Rτð1 − δmÞ2e
− δ2m
2ðδ2νþδ2

b
Þ; ð62Þ

where Rτ takes the form in (36) with mν ¼ mν;true. Then in
order to avoid exponential suppression of the event rate, one
needs to ensure that the exponent appearing in both (61) and
(62) is less than unity. Given that δν is fixed by nature and δm
depends on the progress of neutrino mass experiments, this
can only be achieved by modifying the beam momentum
spread δb. In particular, (62) has a maximum when

δb ¼
�
0; jδmj < δνffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2m − δ2ν

p
; jδmj > δν

; ð63Þ

where we have included the dependence of Rτ on δν and δb.
We show the effect of the neutrino mass uncertainty on the
effective quality factor Rτ;eff in Fig. 6. We also show
the contour jδmj ¼ δν using dotted lines, and we show the
optimal value of δb for jδmj > δν and a given δm using solid
white contours. For reference, RHIC runs with a beam
momentum spread δb ∼ 10−4 [39].
As a consequence of δm being a signed quantity there is a

slight asymmetry of (62) in Fig. 6. This results in Rτ;pred

having a maximum at δm < 0, suggesting that it is better to
underestimate the neutrino mass in this experiment, as the
higher beam energy will allow for more neutrinos in the
lower energy tail of the distribution to cross the interaction
threshold.

B. Number of targets

A large number of highly charged ions on an energetic
beam can damage the magnets and the beam pipe through
the loss of beam particles and synchrotron radiation.

FIG. 6. Effect of the neutrino mass uncertainty on Rτ,
with respect to its maximum value. For simplicity, we set
Rτ ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2ν þ δ2b

p
. As before, we use δν ¼ 0.00334, correspond-

ing to mν;true ¼ 0.1 eV and Tν ¼ T0
ν. The solid white contours

denote the value of δb that maximizes Rτ at a given value of δm,
whilst the white dotted contours are located at jδmj ¼ δν.
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Damage from beam loss is reduced by the collimator
system, which prevents quenching of the magnets by
removing ions from the beam halo. The performance of
the collimators can be measured by the local cleaning
inefficiency ηC, which is the fraction of the beam ions
leaked to sensitive components of the experiment over the
number of ions absorbed by the collimators per unit length
[40]. The cleaning inefficiency needs to be low enough
such that a beam with NT ions and energy E does not
exceed the quench limit,

RqðEÞ ¼ 7.8 × 108 m−1 s−1
�
7 TeV
E

�3
2

; ð64Þ

where the reference value has been determined for a proton
beam in [41] and the scaling with beam energy in [42]. We
are interested in the maximum number of ions that can be
put on a beam for a time τb before the magnets quench,

NT ¼ τb
ηC

RqðEÞ;

≃ 2.74 × 1015
�

τb
100 h

��
10−5 m−1

ηC

��
10 TeV

E

�3
2

: ð65Þ

To derive this number we have used the cleaning ineffi-
ciency achieved by the LHC collimator system [40] and
assume a beam lifetime of τb ¼ 100 h [37]. An experiment
designed to observe relic neutrinos is expected to have
fewer beam losses because no beam collisions take place.
In order to significantly exceed the limit (65), however,
substantial progress on increasing both beam stability and
cleaning efficiency is required. Additionally, the scaling
with the beam energy reinforces the need for small Q
values. Even if ion losses from the beam can be controlled
the large number of ions necessary to observe resonant
neutrino capture events emit a significant amount of
synchrotron radiation, which may also cause damage to
the experiment. This is due to the heating of the beam pipe
through absorption and the emission of molecules and
electrons from the beam pipe walls. Here we put a very
conservative upper limit on the number of target ions that
can be accelerated before the heat induced by the synchro-
tron radiation melts the beam pipe, the so-called death
beam limit
We consider a simplified scenario in which the current in

the beam pipe is constant, allowing us to neglect ohmic
heating. Such an experiment would have a beam of
constant number density, as opposed to bunches of par-
ticles. The heating of the beam pipe walls will then be
exclusively due to incident synchrotron radiation, which is
emitted with total power

Ptot ¼
2αI2γ4

3R2
c

NT; ð66Þ

for an ion accelerator ring with radius Rc and target ions
with degree of ionization I. The synchrotron radiation is
focused in a cone with opening angle θ ≃ 2=γ, such that it
strikes the wall of the beam pipe with power per unit area

Parea ≃
γ

4
ffiffiffi
2

p
πR

3
2
c

ffiffiffi
r

p Ptot ¼
αI2γ5

6
ffiffiffi
2

p
πR

7
2
c

ffiffiffi
r

p NT; ð67Þ

where r denotes the beam pipe radius.
We next assume that after some time the inner wall of the

beam pipe reaches an equilibrium temperature T∞, which
should be chosen to avoid damage to the experiment, whilst
the outer walls of the beam pipe are in contact with some
coolant held at temperature Tc. Using Fourier’s law and
considering only radial heat flow, the heat conducted away
from the beam pipe per unit area will then be given by

qcon ¼ κcon
dT
dl

¼ κcon
Δ

ðT∞ − TcÞ; ð68Þ

for a beam pipe of thickness Δ with constant thermal
conductivity κcon. The loss of heat per unit area from the
beam pipe is given by

qrad ¼ εσðT4
∞ þ T4

cÞ; ð69Þ

where ε and σ are the emissivity of the pipe walls and the
Stefan-Boltzmann constant, respectively. The last step is to
solve the equilibrium condition

aParea ¼ qcon þ qrad ≡ qoutðT∞; TcÞ ð70Þ

forNT, where a ∈ ½0; 1� is the absorptance that accounts for
incomplete absorption of synchrotron radiation by the
beam pipe. We find that the maximum number of ions
that can be accelerated for equilibrium temperature T∞ is
then given by

NT ¼ 6
ffiffiffi
2

p
πR

7
2
c

ffiffiffi
r

p
αI2a

	
mν

Q



5

qoutðT∞; TcÞ; ð71Þ

where we have used γ ¼ Q=mν. This further emphasizes
that a smallQ value is the most important parameter for the
choice of target ions in this experiment.
Using (71) we can derive a crude estimate for an example

of a 27 km ion accelerator ring, with beam pipe radius
r ¼ 5 cm and thickness Δ ¼ 1 cm, made out of aluminium
for which κcon ¼ 240 Wm−1K−1, ε ¼ 0.03 and a ¼ 0.1.
We further set the coolant temperature to zero, Tc ¼ 0 K
and the equilibrium temperature just below the melting
point of aluminium at T∞ ¼ 900 K. This gives an upper
limit on the number of ions that can be put on the beam,
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NT ≃ 3.88 × 1017
�
50

Z

�
2
�

mν

0.1 eV

�
5
�
1 keV
Q

�
5

; ð72Þ

assuming a fully ionized beam such that I ¼ Z. This
example would correspond to a beam energy per nucleon
E=A ≃ 10 TeV withmν ¼ 0.1 eV andQ ¼ 1 keV. In order
to achieve the much larger numbers necessary for the real
world examples presented in Sec. V, significant additional
measures such as beam pipe cooling and photon stoppers
are needed.

C. Nonconstant charge radius

Different members of the isobars in the 2- and 3-state
systems considered for resonant neutrino capture can have
different charge radii. If the difference in the charge radii is
larger than the beam pipe radius, the resonance states are
eventually lost from the beam due to collisions with the
beam pipe walls. For 3-state systems, we have the further
constraint that the parent and final state charge radii must
not differ by more than the beam pipe radius. We can
express these conditions as

jRc;P − Rc;Dj < r; 2- and 3-state systems; ð73Þ

jRc;P − Rc;Fj < r; 3-state systems; ð74Þ

where P, D and F denote the parent, daughter and final
state ions, respectively. For magnetic field strength B the
charge radius for state with 3-momentum magnitude pi is
given by

Rc ¼
pi

2BI
ffiffiffiffiffiffi
πα

p : ð75Þ

If we consider the CνB neutrinos to be at rest in the lab
frame, then by conserving momentum we trivially recover
that the resonance momentum pr ¼ p such that the charge
radii for the parent and daughter states are equal and
condition (73) is always satisfied.
The scenario for 3-state systems is somewhat more

complicated, as the decaying resonance will impart some
fraction of its momentum to the outgoing neutrino. Further,
the final state momenta in the 1 → 2 decay system are not
fully determined, and we can only put bounds on the
magnitude of the final state momentum pf. From energy
and momentum conservation we have

Er ¼ Ef þ Eν;f; ð76Þ

p2
ν;f ¼ p2 þ p2

f − 2ppf cosðφÞ; ð77Þ

where φ is the angle between the initial and final state ions.
We can then use (77) to derive the constraint

����p2 þ p2
f − p2

ν;f

2ppf

���� ≤ 1; ð78Þ

where pν;f is obtained from (76). Expanding to leading
order in small quantities we find

jpf − pj
p

¼ jRc;P − Rc;Fj
Rc;P

≲ 2QDF

M
; ð79Þ

where QDF is the Q value of the D → F decay. It is
important to note that typically Rc;F < Rc;P. For 3-state
systems, we are therefore limited to using systems with
QDF satisfying

QDF <
M
2

r
Rc;P

: ð80Þ

The different charge radii could also serve as a method for
extracting F states without stopping the beam.

VII. CONCLUSIONS

Attempts at detecting the CνB are fraught with a series of
seemingly insurmountable challenges, namely the tiny
neutrino interaction cross sections and huge energy thresh-
olds required for interactions to take place. Neutrino
capture on beta decaying nuclei has no energy threshold,
and represents the most promising method of detecting relic
neutrinos today. However, the cross section for neutrino
capture is suppressed by G2

F, and the natural beta decay
produces an unavoidable background.
Accelerating targets on a beam can enhance the neutrino

capture cross section whilst also allowing for neutrino
capture on radioactively stable targets. We have performed
a calculation of the expected neutrino capture rates for a
number of experimental realizations of this idea and
discussed the challenges associated with accelerating a
large number of ions.
We first explored the possibility of accelerated tritium

ions, the PTOLEMY-on-a-beam experiment, aiming to
exploit the quadratic growth of the capture cross section
with energy. While the neutrino capture cross section grows
substantially above PeV beam energies, this experiment
would have a huge beta decay background. Utilizing the
inverse process 3He → 3H on a beam overcomes this
problem, but it still requires beam energies of a PeV or
more to substantially increase the neutrino capture cross
section.
Our main finding is that resonant neutrino capture with

an accelerator experiment allows for significantly larger
neutrino capture rates and provides a distinct final state. For
a neutrino mass of mν ≳ 0.1 eV, we have shown that an
appropriate choice of targets can resonantly capture neu-
trinos using beam energies not significantly higher than
those currently attainable at the LHC. Moreover, the
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neutrino capture cross sections for these resonant processes
scale quadratically with the inverse of the energy threshold
of the process, favoring experiments at accelerators with
lower beam energies. The resonance states are unstable, but
can be observed through decays into a stable final state
different from the initial state. We show how to find isobar
triplets with the required properties to be 3-state system
candidates. We have calculated the expected population of
resonance and final states on the beam for both 2- and
3-state systems as a function of the experimental runtime
and provide explicit examples.
Even though the experiment canbeperformed in principle,

significant experimental challenges remain. The biggest
challenge is to find an ionwith threshold as small as possible,
Q≲ 10 keV. Because of the associated synchroton radia-
tion, it is difficult to achieve the large number of ions on the
beam required to achieve reasonable statistics, which far
exceeds the number on any existing accelerator experiment.
Systems with lower energy thresholds are again favored, as
the total power emitted by synchroton radiation scales like
the fourth power of the energy threshold. In contrast to a
collider experiment, the ions need not collide, which may
allow for a modified design with more ions on the beam.
As precisely hitting the resonance requires knowledge of

the neutrino mass, a future measurement with low uncer-
tainty would allow us to considerably refine the predictions
made in this work. Further exploration of systems capable
of resonantly capturing neutrinos may also yield promising
results.
We have not identified a system capable of discovering

the CνB with current technology. However, the systems
proposed for resonant neutrino capture here are not an
extensive list and it is highly likely that a much better
system can be found. Ongoing experiments like KATRIN
will provide further input within the next five years which
could make resonant neutrino capture a promising method
of discovering the cosmic neutrino background.
The resonant neutrino capture processes we discussed

could be utilized with exotic systems or an entirely different
experimental setup. Additionally, this technology has the
potential to detect other sources of low energy neutrinos,
such as those from thermal solar processes or new physics
such as majoron decays [43].
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APPENDIX A: BOUND BETA DECAY RATES

For the ratio of continuous to bound beta decay, we use
the expression in [16] for an electron captured in a shell
with principal quantum number n with nf free orbitals,

ΓCβ

ΓBβ
¼

	
n
α



3 1

nfπ

fðZ;QCβÞ
Z2.87þð6.2×10−3ÞZ

	
me

QBβ



2

; ðA1Þ

whereQCβ is theQ value for continuous beta decay and we
define the function

fðZ;QÞ ¼ 1

m5
e

Z
Q

0

d eEk;eðQ − eEk;eÞ2ð eEk;e þmeÞ

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffieE2
k;e þme

eEk;e

q
F−ðZ; eEk;e þmeÞ: ðA2Þ

As we only consider beta-decaying states that are either
fully ionized or have one electron, the branching ratios in
Sec. IV depend on the ratio

KðZ;QÞ ¼ ΓCβ

ΓBβ

����
n¼1

: ðA3Þ

We show the dependence of the bound beta decay branch-
ing ratios on KðQ;ZÞ in Fig. 7, which displays a strong
dependence on the Q value and the atomic number Z.

FIG. 7. Dependence of the bound beta decay branching ratio on
KðQ; ZÞ. We choose A ¼ 2Z, nf ¼ 2 and set QCβ ¼ QBβ ¼ Q.
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APPENDIX B: GENERATION OF THE SOLAR
NEUTRINO FLUX

For our calculations of the solar neutrino fluxes given in
Fig. 1, we assume the solar chemical composition of [27],
which we refer to as the low-metallicity (LZ) standard solar
model herein. The LZ model is able to accurately reproduce
spectroscopic data, however, it falls into tension with
helioseismology [44,45]. On the contrary, the model given
in [46] uses a higher solar metallicity (HZ) and is in better
agreement with helioseismology. As such, we show the
predicted neutrino fluxes from both the LZ and HZ models
in Table II for completeness. Importantly, we note that as
the predictions are all of the same order of magnitude, the
conclusions of this work are unaffected by the choice
of model.
Considering the three body decay of an unstable ion in

the sun (e.g., 15O → 15Nþ eþ þ νe) where the final state
nuclear recoil and small neutrino mass are neglected, the
associated electron neutrino flux in the lab frame is

dϕ
dEk;ν

≃NCðEeÞFþðZ;EeÞE2
k;νðQ − Ek;ν þmeÞ

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðQ − Ek;ν þmeÞ2 −m2

e

q
; ðB1Þ

where the positron energy is given by Ee ≃me þQ − Ek;ν,
CðEeÞ is the nuclear shape factor and N is a normalization
factor, calculated numerically such that the integrated
fluxes agree with those in Table II. For allowed and
superallowed transitions the shape factor is approximately
constant with energy, and so can be safely absorbed into the
normalization factor [47–49].
In addition to those neutrinos generated by decays in the

sun, we also consider the flux of thermal solar neutrinos,
which dominate the spectrum in the eV energy range. The
largest such contribution comes from plasmon decays
γ → ν̄ν, for which the flux differs depending on the
polarization of the plasmon. A full treatment of thermal
sources of neutrinos should also consider both the brems-
strahlung e → eν̄ν and photo-production eγ → eν̄ν

processes [50], however, as the neutrino fluxes from these
sources are mostly subdominant to the plasmon decay flux
we do not consider them here.
Following the formalism of [50] and introducing the

dimensionless variable l ¼ r=R⊙ in terms of the distance
from the center of the sun r, the flux of electron neutrinos
from transverse (T) plasmon decay reaching Earth is

dϕνe

dEν

����
T
¼
P

ijUeij4
64π3α

R3
⊙C2

VG
2
F

ð1AUÞ2

×
Z

1

0

dl
Z

∞

ω0ðxÞ
dω

l2ωpðlÞ6
eω=TðlÞ−1

�
1þ ðω−2EνÞ2

ω2−ωpðlÞ2
�
;

ðB2Þ

where the 1 AU denotes one astronomical unit, R⊙ is the
solar radius and TðlÞ is the solar temperature. The lower
bound of the integral can be written in terms of the plasma
frequency ωpðlÞ as

ω0ðlÞ ¼ Eν þ
ω2
pðlÞ
4Eν

: ðB3Þ

Similarly, one finds for longitudinally polarized (L)
plasmons

dϕνe

dEν

����
L
¼
P

ijUeij4
64π3α

R3
⊙C

2
VG

2
F

ð1AUÞ2
Z

1

0

dl
x2ωpðlÞ7PðlÞ
eωpðlÞ=TðlÞ−1

; ðB4Þ

where

PðlÞ ¼ 2þ 3yðlÞ2 − 6yðlÞ4 þ yðlÞ6
12

þ yðlÞ2 log jyðlÞj; ðB5Þ

yðlÞ ¼ ð2Eν − ωpðlÞÞ=ωpðlÞ, and the condition 0 <
Eν < ωpðlÞ is also enforced. In both cases, C2

V ≃ 0.9263

TABLE II. Nonthermal solar neutrino fluxes at Earth. The
abbreviations GS and ES refer to the decays of 7Be to the ground
state and excited state of 7Li, respectively.

Source Ek;max (keV) ϕLZ (cm−2 s−1) ϕHZ (cm−2 s1)

pp 420 6.03 × 1010 5.98 × 1010

7Be 384 (ES), 862 (GS) 4.50 × 109 4.93 × 109

13N 1198 2.04 × 108 2.78 × 108

15O 1732 1.44 × 108 2.05 × 108

pep 1440 1.46 × 108 1.44 × 108

8B 1.70 × 104 4.50 × 106 5.46 × 106

17F 1738 3.26 × 106 5.29 × 106

Hep 1.88 × 104 8.25 × 103 7.98 × 103
FIG. 8. Temperature and plasma frequency profiles of the sun.
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is the effective vector coupling between electrons and
electron neutrinos, and we have neglected the small
contribution from the heavy lepton neutrino flavors. The
temperature and plasma frequency profiles used are shown
in Fig. 8 and were calculated using the BS05(AGS,OP)
solar model outlined in [51], for which the elemental
abundances are similar to those of the LZ model.

APPENDIX C: NUMBER OF IONS ON A BEAM

To find the number of each ion state on the beam at a
given time, we need to take into account both the effects of
neutrino captures and the decays of unstable states, which
act to populate and empty states, respectively. We neglect
the universal decay of the beam due to continuous beam
losses.
We calculate the beam populations for a 3-state system

with an excited initial state, from which all other systems
can be derived by taking the appropriate limits. The number
of P states on the beam at any one time can be found by
solving the differential equation

dNP

dt̃
¼ −

	
γ
R
NT

þ 1

τP�



NPðt̃Þ þ

BDP

τD
NDðt̃Þ; ðC1Þ

in terms of the beam rest frame time t̃ ¼ t=γ. The factor of γ
appearing before the term proportional to R is due to the
increased neutrino flux in the beam rest frame. This can be
reexpressed in terms of dimensionless parameters, the
quality factor Rτ, the parent-daughter lifetime ratio η and
x as

dNP

dx
¼ −ðRτ þ ηÞNPðxÞ þ BDPNDðxÞ; ðC2Þ

where we have used Γ ¼ 1=τD. The analogous differential
equations for the number of D and F states on the beam in
terms of the same dimensionless parameters are given by

dND

dx
¼ RτNPðxÞ − NDðxÞ; ðC3Þ

dNF

dx
¼ BDFNDðxÞ: ðC4Þ

Using the initial conditions NPð0Þ ¼ N0, NDð0Þ ¼ 0 and
NFð0Þ ¼ 0 yields the number of D and F states on the
beam at a given value of x,

NDðxÞ ¼
2N0Rτ

κ
sinh

	
κx
2



e−

x
2
ð1þRτþηÞ; ðC5Þ

NFðxÞ ¼
N0BDFRτ

ηþ Rτð1 − BDPÞ
�
1 − e−

x
2
ð1þRτþηÞ

×

�	
1þ Rτ þ η

κ



sinh

	
κx
2



þ cosh

	
κx
2


��
;

ðC6Þ

where in both cases κ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − Rτ − ηÞ2 þ 4BDPRτ

p
. To

recover the 2-state system equations, one simply sets
BDF ¼ 0. The ground state systems can be obtained from
(C5) and (C6) by taking the limit η → 0 and replacing BDP
with BDP=χ. For ground state systems we divide the branch-
ing ratio BDP by the probability to decay into the initial state
isomer χ as excited state isomers produced by resonance
decays on the beam will quickly decay to the ground state
isomer, becoming available to capture neutrinos again.
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