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Fundamental Properties of 
Neutrinos?

• Very light (neutrino mass < 0.1 eV)	

• Come in three flavours	

• Fermions	

• Only interacts via W- and Z-exchange?	
• Higgs couplings? (are there proposals?)	

• Electric charge? Dipole moments?

5
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The Cosmic Neutrino 
Background (CNB)

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

• Number density: about 330 cm-3 = 6 n0	

• Temperature: 1.9 K	

• Average kinetic energy: 0.5 meV	

• Velocity: 10-3 - 1 c	

• CNB neutron cross section: 10-27 pb (10-63 cm2)	

• Largest neutrino flux on Earth
6
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The Oldest Picture of the 
Universe in the Future?

7

The Cosmic Neutrino Background Anisotropy - Linear Theory 6

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

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

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

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

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

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

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

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

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

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

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

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

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

d ln f0
d ln q

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

elapsed after neutrinos go non-relativistic.

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

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

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

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

[Hannestad & Brandbyge ’06]

mν = (10-5 eV, 10-3 eV, 10-2 eV, 10-1 eV) from upper left to lower right
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Quantum Sensors
• Wikipedia's definition (accessed 29/11/25):	

• Here we will consider	
• Superconducting Quantum Interference Devices (SQUIDs)	

• Spin Exchange Relaxation-Free (SERF) magnetometers	

• Laser and matter interferometers

8

"Within quantum technology, a quantum sensor utilizes quantum 
mechanical phenomena, such as quantum superposition, quantum 

entanglement, and quantum squeezing, to measure things."

https://en.wikipedia.org/wiki/Quantum_sensor
https://en.wikipedia.org/wiki/Quantum_technology
https://en.wikipedia.org/wiki/Quantum_superposition
https://en.wikipedia.org/wiki/Quantum_entanglement
https://en.wikipedia.org/wiki/Quantum_entanglement
https://en.wikipedia.org/wiki/Squeezed_coherent_state
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Famous Example: 
Gravitational Wave Detectors

9
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[LIGO test mass, Courtesy Caltech/MIT/LIGO Laboratory 2016]
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What if neutrinos have 
charge?

• Lots of interesting phenomena	

• Well-known: Moving charges create B-field	

• Just take lots of neutrinos (a beam) and put in 
a sensitive magnetometer

11
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[Reviews: Giunti, Studenikin '14; Giunti, Kouzakov, Li, Studenikin '24, ...]

[Shergold, MS '24]
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Prospects?

12

[Shergold, MS '24] 4
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FIG. 1. Sensitivity to the neutrino charge for left panel: the most promising existing and upcoming neutrino experiments, cf.
Table I, and right panel: a toy experiment with variable bunch size, but otherwise the same beam parameters as J-PARC. In
both panels, the solid lines assume a magnetometer with sensitivity comparable to existing SQUIDs, Bref → 10→15 T, while the
dot-dashed lines assume sensitivity to Bref → 10→17 T, akin to a SERF magnetometer. The horizontal dashed line represents the
current, most stringent, model-independent laboratory bounds on the individual flavor-diagonal charges, |qωω | <↑ 10→13 [10–12].

time resolution requirements of the magnetometer and
potential backgrounds. If the time resolution of the mag-
netometer is insu!cient to resolve a single bunch, it may
still be able to set competitive constraints by averaging
over several bunches within a single beam spill, typically
lasting O(µs), in comparison to the O(ns) interval of a
single bunch. The trade o” is that the neutrino current
density will by diluted by the interbunch spacing, result-
ing in bounds on the neutrino charge → O(10) weaker
for the experiments considered here. This is discussed at
length in Appendix A.

Regarding backgrounds, charged particles from cosmic
rays, the beam source, or natural radioactivity could in
theory spoil any attempt at measuring the neutrino mag-
netic field. Any moving charge will create a magnetic
field. However, many of those backgrounds can be sig-
nificantly reduced or distinguished from our signal. First
of all, provided that the detector is far enough down the
neutrino beamline, any spillage of charged particles from
the source will be exponentially suppressed by material
between the source and detector. Similarly, placing the
detector underground will shield from the majority of
cosmic rays.

There are also some intrinsic properties of the back-
ground which will not be shared by many potential back-
grounds, in particular the directionality and timing infor-
mation. A magnetometer with su!cient time resolution
will be able to trigger precisely on the windows where
a neutrino bunch is passing; any field measured outside
of these windows cannot be due to neutrinos, and can
safely be discarded. Even if the resolution is insu!cient
to resolve a single bunch, we expect that the field due to
other charged particles will be significantly larger than
that of neutrinos, and have an irregular time structure,
and so can easily be distinguished. Magnetic fields which

are not orthogonal to the neutrino beamline can also be
discarded. SQUID loops are very small devices, as small
as a few hundred nanometers [29], that measure the mag-
netic flux in a given direction, and as such can be oriented
to be most sensitive in the expected signal direction. A
SERF on the other hand tends to be larger, on the order
of cm3, but creates a three dimensional map of the mag-
netic field. As such, one could direct the beam through
a SERF, and compare the magnitude and directionality
with the expectation from the beam.

IV. ADDITIONAL PROSPECTS

It is also possible to constrain neutrino properties other
than the neutrino charge using this technique. In this
section we will comment on constraining electromagnetic
moments other than the neutrino charge, and new long-
range forces.

A. Other electromagnetic moments

We begin by briefly discussing the prospects of such an
experiment for constraining other neutrino electromag-
netic moments. In particular, we will focus on the neu-
trino magnetic dipole (MDM) and electric dipole (EDM)
moments.

An ultrarelativistic neutrino traveling along the direc-
tion ω̂ω with helicity hω = ±1 will give rise to magnetic
fields

εBµ
ω =

µωhω

8ϑϖ0c2
ϱ2
ωR→R↑êε

(
R2

↑ + ϱ2
ωR2

→

) 5
2

, (12)



Martin Spinrath (NTHU) Quantum Sensors for Neutrino & DM Physics11/12/25

Outline

• Motivation	

• Neutrino Charges	

• CNB and Interferometers	
• Laser Interferometers	

• Matter Interferometers	

• Dark Matter	

• Summary and Conclusions
13



Martin Spinrath (NTHU) Quantum Sensors for Neutrino & DM Physics11/12/25

The Idea

• Pendulum in neutrino wind	

 	
• LIGO-like interferometers	

 	
• Einstein telescope maybe	

	

CNB wind

l

Interferometer

d

Pendulum

θ
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[Domcke, MS '17]

a� � 3 · 10�18+Kfb2

a� � 10�16+Kfb2

a� � g

l
d

[For more general particle physics applications, 
see Englert, Hild, Spannowsky '17]
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Theory: Scattering
• The basic formula	

• Incoming flux:	

• #nuclei in 1 g test material:	

• Neutrino-nucleus cross-section:	

• Coherence factor:	

• Average momentum transfer:
15
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[Domcke, MS ’17; see also Duda et al. '01, ..., 
Opher '74]
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Theory: Scattering
• Results for three kinematical cases:	

	
	
	
	

• Compare to experimental sensitivity:

16

a� � 10�16+Kfb2

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

aG2
F
=

n⌫

2 n̄⌫

8
><

>:

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

(There is also an acceleration from the Stodolsky 
effect which is smaller than NR-C)
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Why Matter 
Interferometers?

• Advantage in talk by Vincent Gene L. Otero:	
• Neutrinos interact directly with light in interferometer	

• But what if they have no charge?	
• Neutral neutrinos interact with matter	

• Try matter interferometers!

18

[Nugroho, MS '25]
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Matter Interferometers

19

A B2

B1 C

Source

Detector

t = 0 t = T

t = 2T

ω/2

ω/2ω

Figure 1: Simplified sketch of a matter interferometer. At the points A and C, that is at
t = 0 and t = 2T a ω/2 pulse is applied which acts as a beam splitter or merger. At B1 and
B2 a ω pulse is applied which leads to an inversion of the ground and excited state.

application, namely to look for the CNB using matter interferometers. But the physics we
discuss here can also apply to certain types of DM as we will mention briefly as well.

The rest of the paper is organized as follows: In Sec. 2 we provide a brief description on
how a matter interferometer works and provide the crucial formula which relates an observable
phase di!erence to the potentials experienced by the matter along the interferometer arms. In
Sec. 3 we discuss then the e!ect of neutrinos on the matter in the interferometer arms which
can be described using potentials. We will then estimate the e!ect size of these potentials in
Sec. 4 and compare it to current experimental sensitivities before we summarize and conclude
in Sec. 5.

2 Matter interferometers

In principle, a matter interferometer exploits the wave nature of any fundamental building
block of matter. To simplify the description we will use atoms here as example, but one
could equally well replace them by electrons, neutrons or even molecules. The fundamental
principles remain the same.

Atom interferometers probe the phase shift carried by the atoms during their propagation
through the two interferometer arms. In its simplest realization, the atoms are modeled as a
two level quantum system. There is the ground state |g→ and an excited state |e→. Initially,
an atom is prepared in the ground state |g→. Next, at t = 0, a so-called ω/2 laser pulse
is directed towards the atom which makes both states |g→ and |e→ equally populated. The
wave function of the atom now is in a coherent superposition between |g→ and |e→. Thus, the
ω/2 pulse acts as a beam splitter that divides the atoms into two equal matter-waves which
can be spatially separated. Subsequently, at t = T , a second laser pulse called ω-type is
applied towards both matter-waves which switch the internal state |g→ to |e→ and vice versa.
Finally, after the matter-waves are reflected by the “mirror” ω pulse, at t = 2T , the matter-
waves are recombined using another ω/2 light pulse. At the output port of this matter-wave
interferometer, the phase shift picked up by the atom during its journey is measured. We
show a very rough sketch in Fig. 1.

The phase shift between the two arms can be expressed in terms of a path integral over

2

[Figure taken from Nugroho, MS '25 where 
you can also find more references about 

matter interferometers]
Key formula for measured phase difference

<latexit sha1_base64="+gSWGA8otibaeQ8EUE3rZt7JNZ8="></latexit>
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What is the physics?
• The Hamiltonian coupling neutrinos to a 

matter fermion ψT	

• Effective potential can be written as

20

<latexit sha1_base64="6cZ0kDOf1OpAWBowEptFz8WwOb4="></latexit>

H(x) =
GF
√
2

∑

i,j

ν̄iγµ(1− γ5)νj ψ̄T γ
µ(Vij −Aijγ5)ψT

<latexit sha1_base64="ko85KXEiwrxDc9oaJs8NJ9Tiyqs="></latexit>

Vν = φν("r)

− "µT · "Bν("r)−
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k,sk

"µk · "BT ("r)

−
∑

k,sk

Ik("r) "µk · "µT

← scalar potential

← pseudo B-fields

← spin-spin interaction

[Wolfenstein '78; Mikheyev, Smirnov '86]

[potential for Stodolsky '75]

[potential for Stodolsky '75]
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Some First Estimates
• Necessary: Lepton asymmetry Δν (< 35)	

• For a non-relativistic Dirac neutrino species 
coupling to a single neutron

21
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[Nugroho, MS '25]

[Domcke et al. '25]
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[Nugroho, MS '25]

(rν represents the density gradient due to diffraction, see the talk from Vincent Gene L. Otero)
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Stodolsky Potential

23
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(much larger than the neutrino-matter potential but still difficult)

[Nugroho, MS '25]
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[Cheng, Primulando, MS '19]
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DM Signal at KAGRA?	
(Long-Range Force & Heavy DM)

• Long-Range force, continuous scattering	

• We consider λ to be similar to the arm length	

• Need to consider all mirrors simultaneously

26
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[Hall, Callister, Frolov, Müller, Pospelov, Adhikari '16; Lee, Primulando, MS '22]
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"Typical" Acceleration on 
Detector Components

27

[a.u.]

(Remark: Accelerations	
can also flip sign)
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How to define the SNR 
frequency range? 

28

[Lee, Primulando, MS '22]

A selection of possible DM signals.

Trade-off:	
Larger range, larger SNR	
Larger range, more costly	

Compromise	
3 - 133 Hz	

Larger frequencies less	
important to find ρ > 1
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Macroscopic DM at KAGRA

29

[Lee, Primulando, MS '22]
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Example LVK Result
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(a)Dilatons (b) Dark photons (c)Tensor bosons

FIG. 1. Upper limits on the coupling strengths of ultralight scalar, vector and tensor bosons to standard-model
particles in LIGO. Solid lines denote the constraints from this work (“cross-correlation,” “BSD excess power,” and “LPSD”).
The dashed and dotted-dashed lines indicate constraints from other experiments (“Eöt-Wash” and “MICROSCOPE”) and
from other searches on GW interferometer data (“GEO600”, “O3 LPSD” and “O3 acceleration e!ect”). (a) Our constraints
apply to the coupling of dilatons to both photons and to electrons. They improve upon those from previous searches with
GW interferometers [20–22] and beat those from O3 by one order of magnitude. Constraints from Eöt-Wash [89, 90] and
MICROSCOPE [91, 92] correspond to the coupling of the dilaton to the electron. (b) The constraints on vector dark photon
DM improve upon existing limits by a couple of order of magnitudes in the dark-photon/baryon coupling constant. To produce
limits on dark photon/baryon minus lepton coupling, U(1)B→L, these limits should be multiplied by two. (c) For the first time,
we derive constraints on tensor DM using GW interferometers, which are up to five orders of magnitude superior to those
obtained indirectly from fifth-force experiments [93, 94]. Note that for tensor bosons, using the calculated strain amplitudes in
Refs. [27, 28] would require multiplying the limits on the tensor boson coupling constant by two.

shown in the recent GEO600 search [20], where the rel-
evant e!ect was the di!erential strain induced by the
oscillating beam-splitter. Improvements by accounting
for the di!erent thicknesses of the test masses [22], to-
gether with the better low-frequency sensitivity of LIGO
compared to GEO600 [97, 98], lead to substantial gains
below 200 Hz relative to the GEO600 results, but still
remain weaker than fifth-force constraints.

By contrast, the sensitivity to dark photons and tensor
bosons in LIGO, Virgo and KAGRA depends primarily
on the interferometer arm length, just as for GWs. In
these cases, the di!erential strain induced by DM cou-
pling to the test masses, or spacetime distortions from
tensor fields, is amplified by the long arms, enhancing our
sensitivity to these kinds of DM. In particular, for tensor
bosons, a torsion balance responds as a single bulk ob-
ject, analogous to early resonant-bar detectors, which are
far less sensitive than interferometers [99]. Thus, the sen-
sitivity of fifth-force experiments is strongest for scalars
and weakens for vectors and tensors, while GW interfer-
ometers are more powerful probes of vectors and tensors
than scalars.

VI. CONCLUSIONS

We have shown that it may be possible for GW in-
terferometers to detect di!erent kinds of DM– dilatons,
dark photons and tensor bosons – using computation-
ally e”cient search techniques. Each form of DM inter-
acts uniquely with the components of the interferometers,

leading to signals that may be distinguishable. Though
we have not found any evidence for DM in our searches,
we have placed stringent upper limits on three DM mod-
els that improve over those of existing experiments by
orders of magnitude. Specifically, for dilatons and dark
photons, we continue to probe weaker and weaker cou-
plings due to upgrades in GW interferometers and im-
provements in our analysis techniques; for tensor bosons,
we surpass by five orders of magnitude fifth-force con-
straints for the first time. We note that all upper limits
do not include an average of the Maxwell-Boltzmann dis-
tributed velocities, which is a conservative choice – such
an average would result in the strengthening of the dark
photon limits by a factor of →

√
3/2, though would not

impact the other limits. In future work, we will consider
more systematically the impact of the velocity distribu-
tion on the upper limits, which will likely lead to im-
provements in the dark photon limits. Thus, our results
motivate treating LIGO, Virgo and KAGRA as highly
precise DM detectors, permitting an unexpected way to
probe new physics.

Appendix A: Transfer functions

In the dilaton search, we use transfer functions to relate
the DM-induced fluctuations of the optics and the theo-
rized coupling constants #→1

i (see Eq. (1)). Following the
approach in [22], we use detailed optical simulations in
Finesse to calculate the transfer functions between the
interferometer’s photodiode output amplitude and DM-
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Dark Matter at	
Matter Interferometers

31
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[Rostagni, Shergold '23]

Needs more detailed study
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Summary and Conclusions

• Quantum Sensors are exciting	
• Even for particle physicists!	

• Can probe neutrino charges in a model-
independent way	

• It is difficult to see the CNB in interferometers	
• Other proposals necessary (PTOLEMY?)	

• Dark Matter has more promising prospects
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