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For bosons there is no such lower limit.

What is the DM scale?
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There is however a scale that is particularly motivated:
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Figure 5: Lensing convergence power spectra of an m ⇠
10�22 eV FDM model and a CDM model. The error bars shown
are from the diagonal terms of the simulation-based TT lens-
ing noise covariance matrix described in the appendix. Here
the black solid and silver dashed error bars correspond to 0.1 µK-
arcmin and 0.5 µK-arcmin CMB noise in temperature, respec-
tively. For both sets of error bars, a 10% observed sky fraction is
assumed and 18” resolution. Note that the 0.5 µK-arcmin error
bars are shifted to the right for clarity.

forecasts that follow, we assume only temperature maps
are used in the lensing reconstruction since including the
other estimators only marginally improves the results.

We calculate the SNR with which we could distinguish
between CDM and an alternative model for the lensing
power spectrum, such as FDM, as

S

N
=
s

Â
L,L0

(XL � YL)C�1
LL0(XL0 � YL0) (17)

where XL = C
kk,FDM
L

, YL = C
kk,CDM
L

, and C�1
LL0 is an ele-

ment of the inverted covariance matrix corresponding to
row L and column L

0. For the N
kk
L

from the quadratic es-
timator described in [97], on large lensing scales L tradi-
tionally measured, treating each L-mode as independent
is a good approximation [107]. However, each L-mode
is not independent on the small scales considered here.
This is because the primordial background CMB gradi-
ent enters as a source of sample variance noise. It may be
possible for maximum likelihood estimators under de-
velopment to utilize knowledge of the background CMB
gradient, and remove it as a source of noise in the esti-
mator [102–104]. However, in this work, we adopt the
quadratic estimator in [97] and construct the full noise
covariance matrix, including o�-diagonal terms, using
simulations. We describe the simulations and the con-
struction of the covariance matrix in detail in the ap-
pendix.

Sky fraction Noise Signal-to-noise ratio
(fsky) (µK-arcmin) 18”

Resolution
9.5 ”

Resolution
0.1 0.5 3.9 5.2

0.025 0.1 10.1 15.9
0.1 0.1 20.2 31.9

Table I: Significance with which an m ⇠ 10�22 eV FDM model
can be distinguished from a CDM model, based on observa-
tions of high-resolution CMB lensing. Here we vary observed
sky fraction, noise levels in temperature, and resolution. The
lensing noise power assumes only the TT estimator is used,
however, the gain from including other estimators is minimal.
For these signal-to-noise ratios, we use the full simulation-
based lensing noise covariance matrix detailed in the appendix.

In Figure 5, we show as error bars on C
kk
L

the diago-
nal terms of the simulation-based noise covariance ma-
trix for TT. Here, we assume a survey of 10% of the
sky (4,000 square degrees), at 18” resolution, with 0.5µK-
arcmin (grey), and 0.1µK-arcmin (black) white noise lev-
els. Table I shows the SNRs for these two cases, as well
as for a survey covering less than 3% of the sky (1,000
square degrees). We limit the CMB-` range from 100 to
45,000 since the inclusion of more modes does not make
any significant impact on the SNRs. From this we see
that a survey covering 4,000 square degrees of sky at a
noise level of 0.5µK-arcmin can already detect the dif-
ference between 10�22 eV FDM and CDM with almost
4s significance. For deeper noise levels of 0.1µK-arcmin,
SNRs over 20 can be achieved. With finer resolution,
such as 9.5” to match the LMT, SNRs above 30 are possi-
ble.

To see which lensing L-modes and CMB `-modes
contribute most to the SNR, we show in Figure 6, for
lensing L-modes (solid) or CMB `-modes (dashed), the
SNR as a function of minimum and maximum modes
included in the calculation. Here the maximum `-mode
refers to the maximum multipole used in the CMB
map that was filtered to isolate the small-scale CMB
fluctuations, as discussed above. In this Figure and
in Figure 7, we use the N

kk
L

from Eq. 16 and assume
no o�-diagonal terms in the covariance matrix, to
gain qualitative insight. Using a full simulation-based
covariance matrix gives a similar result, but is more
computationally expensive when exploring many `-
mode ranges. In Figure 6, the lower bounds are fixed
to `/L = 100, when the upper bounds are varied, and
the upper bounds are fixed to `/L = 45, 000 when
the lower bounds are varied. This is shown for the
fiducial case of 0.1µK-arcmin noise and 18” resolution.
The SNR stops increasing at around `/L = 30, 000,
consistent with the rise in the noise curves shown in
Figure 4. The SNR only starts increasing significantly
when `/L = 10, 000, which is the multipole where the
10�22 eV FDM C

kk
L

makes a notable deviation from that
of CDM, as seen in Figure 5. To further identify which
`-modes contribute to the SNR, we divide the `-range

What is the DM scale?
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�dB =
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10�3m�
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There is however a scale that is particularly motivated:

For bosons there is no such lower limit.
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For very light scalar fields, the occupation number is very 
high and the field can be treated classically.
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For very light scalar fields, the occupation number is 
very high and the field can be treated classically.
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FIG. 6. CMB temperature power spectrum with varying ULA mass and energy density fraction ⌦a/⌦d. Here, as in Fig. 2, we
introduce ULAs as a fraction of the dark matter, holding ⌦d = ⌦a +⌦c fixed. Since ULAs have wa = �1 for some time during
the radiation era this changes the ratio of matter to radiation and alters the relative heights of the CMB acoustic peaks. For
dark-matter like ULAs with the highest ULA masses, and lowest fractions, CTT

` becomes indistinguishable from ⇤CDM, with
the ⇤CDM curve lying directly underneath the ULA curve.

FIG. 7. CMB temperature power spectrum with varying ULA mass and energy density fraction ⌦a/⌦d. Here, we introduce
the lightest ULAs as a fraction of the dark energy, holding ⌦ch

2 and H0 fixed so that maintaining flatness while introducing
ULAs reduces ⌦⇤. The lightest ULAs transition to matter-like behaviour late in the lifetime of the universe and can contribute
to the dark energy. The visible e↵ects come from the change in the age of the universe, which changes the angular size of the
sound horizon, and in changing the integrated e↵ect of dark energy, which changes the amplitude of the ISW plateau. For
dark-energy like ULAs with the lowest ULA masses, and lowest fractions, CTT

` becomes indistinguishable from ⇤CDM, with
the ⇤CDM curve lying directly underneath the ULA curve.

We have now seen that for low mass ULAs, the ULA
relic-density is degenerate with the value of ✓A at fixed
H0. We now explore the e↵ect of ULAs on the CMB
holding ✓A fixed by varying H0. Compared to Fig. 7 this
will shift the locations of the acoustic peaks back towards
their ⇤CDM locations and shift the ULA e↵ects largely
into the ISW. We hold 100✓A = 1.04 fixed, which requires

reducing H0 at fixed ⌦ch
2 and ⌦ah

2. For example, with
ma = 10�32 eV and ⌦a/⌦d = 0.25, H0 is reduced from
67.15 km s�1Mpc�1 to 50.15 km s�1Mpc�1 to maintain
constant ✓A. As H0 is lowered at fixed ⌦ch

2 and ⌦ah
2 in

order to maintain flatness eventually one finds ⌦⇤ < 0.
We exclude such situations by prior. They can lead to a
collapsing universe at a  1, and will always collapse in
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A search for ultra-light axions using precision cosmological data

Renée Hlozek,1 Daniel Grin,2 David J. E. Marsh,3, ⇤ and Pedro G. Ferreira4

1Department of Astronomy, Princeton University, Princeton, NJ 08544, USA
2Kavli Institute for Cosmological Physics, Department of Astronomy
and Astrophysics, University of Chicago, Illinois, 60637, U.S.A.

3Perimeter Institute, 31 Caroline St N, Waterloo, ON, N2L 6B9, Canada
4Astrophysics, University of Oxford, DWB, Keble Road, Oxford, OX1 3RH, UK

(Dated: October 14, 2014)

Ultra-light axions (ULAs) with masses in the range 10�33 eV  ma  10�20 eV are motivated
by string theory and might contribute to either the dark-matter or dark-energy densities of the
Universe. ULAs could suppress the growth of structure on small scales, or lead to an altered
integrated Sachs-Wolfe e↵ect on large-scale cosmic microwave-background (CMB) anisotropies. In
this work, cosmological observables over the full ULA mass range are computed, and then used
to search for evidence of ULAs using CMB data from the Wilkinson Microwave Anisotropy Probe
(WMAP), Planck satellite, Atacama Cosmology Telescope, and South Pole Telescope, as well as
galaxy clustering data from the WiggleZ galaxy-redshift survey. In the mass range 10�32 eV 
ma  10�25.5 eV, the axion relic-density ⌦a (relative to the total dark-matter relic density ⌦d)
must obey the constraints ⌦a/⌦d  0.05 and ⌦ah

2  0.006 at 95%-confidence. For ma ⇠> 10�24 eV,
ULAs are indistinguishable from standard cold dark matter on the length scales probed, and are
thus allowed by these data. For ma ⇠< 10�32 eV, ULAs are allowed to compose a significant fraction
of the dark energy.

PACS numbers: 14.80.Mz,90.70.Vc,95.35.+d,98.80.-k,98.80.Cq

I. INTRODUCTION

A multitude of data supports the existence of dark
matter (DM) [1–12]. The identity of the DM, however,
remains elusive. Axions [13–15] are a leading candidate
for this DM component of the Universe [16–22]. Origi-
nally proposed to solve the strong CP problem [13], they
are also generic in string theory [23, 24], leading to the
idea of an axiverse [25]. In the axiverse there are multiple
axions with masses spanning many orders of magnitude
and composing distinct DM components. For all axion
masses ma ⇠> 3H0 ⇠ 10�33eV, the condition ma > 3H
is first satisfied prior to the present day. When this hap-
pens, the axion begins to coherently oscillate with an
amplitude set by its initial misalignment, leading to ax-
ion homogeneous energy densities that redshift as a

�3

(where a is the cosmic scale factor). If ma ⇠> 10�27 eV,
the axion energy-density dilutes just as non-relativistic
particles do after matter-radiation equality, making the
axion a plausible DM-candidate.

The fact that axions can be so light places them, like
neutrinos, in a unique and powerful position in cosmol-
ogy. For as we shall show, unlike all other candidates
for DM, axions lead to observational e↵ects that are di-
rectly tied to their fundamental properties, namely the
mass and field displacement. Signatures in the cosmic
microwave background (CMB) and large-scale structure
(LSS) can be used to pin down axion abundances to high

⇤
dmarsh@perimeterinstitute.ca

FIG. 1. Marginalized 2 and 3� contours show limits to the
ultra-light axion (ULA) mass fraction ⌦a/⌦d as a function
of ULA mass ma. The vertical lines denote our 3 sampling
regions, discussed below. The mass fraction in the middle
region is constrained to be ⌦a/⌦d ⇠< 0.05 at 95% confidence.
Red regions show CMB-only constraints, while grey regions
include large-scale structure data.

precision as a function of the mass; these constraints can
be used to place stringent limits on the mass of the ax-
ion as a candidate for DM. Furthermore, the nature of
inhomogeneities in the axion distribution yield, as with
primordial gravitational waves, a direct window on the
very early universe and, in particular, the energy scale of
inflation. This state of a↵airs echoes the remarkable re-
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Every spontaneously broken continuous symmetry 
gives rise to massless spin-0 fields.

Re�

Im�

V (�)

V (�) = µ2��† + � (��†)2

m2
R = m2

I = µ2

µ2 > 0

� = Re�+ i Im�

Axions



V (�) = µ2��† + � (��†)2
V (�)

Im�

µ2 < 0

Re�

� = (f + s)eia/f

m2
h = |µ2|m2

s = 4�f2

m2
a = 0

Every spontaneously broken continuous symmetry 
gives rise to massless spin-0 fields.

Axions



Since the GB corresponds to the phase of a complex 
field, it is protected by a shift symmetry

it is protected by a shift symmetry

This symmetry forbids a mass term, and all couplings 
are suppressed by the UV scale

L =
1

2
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eia(x)/f ! ei(a(x)+c)/f = eia(x)/feic/f

� = (f + s)eia/f

Axions



An exactly massless boson is problematic. 

• Explicit (external) symmetry breaking 

• Anomalous symmetry breaking 
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The most famous example is the pion
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The pion mass is controlled by the explicit 
breaking through light quark masses

Axions
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Do we need to be super-sensitive?

⇢� ⇠ T 4
0⇢� ⇠ µ4

At 

the energy densities read
T1 = 1eVAt matter-radiation                      equality they should be equal

5

with some constant a0. The correct value of a0 depends on details of the mechanism that breaks the shift symmetry
at low energies. In writing Eq. (2), we shifted the field a to set a0 = 0, but whatever mechanism determines the value
of a in the early universe has no way to “know” what value of a will minimize the potential at low energies.

Starting with a random initial value of a, one determines its behavior in an expanding FRW universe with metric
ds

2 = dt
2
� R(t)2dx2 by simply solving the classical equation of motion for a field that depends on time only. This

equation is

ä+ 3Hȧ+m
2 sin a = 0, (9)

with H = Ṙ/R the Hubble constant. An approximation to the behavior of this equation is that a is constant as long
as H & m, and then oscillates with angular frequency m (or mc

2
/~, if one restores ~ and c). The oscillations are

damped as R
�3/2. In the period in which a is oscillating, it can be interpreted as describing a Bose condensate of

ultralight particles of zero spatial momentum. The energy density of these particles scales as 1/R3, like any other
form of cold dark matter. Indeed, the axion “condensate,” which is just a fancy way to speak of the classical axion
field, behaves for many purposes as an exceptionally cold form of CDM.

The temperature T0 at which H ⇠ m satisfies roughly

T
2

0

MPl

= m. (10)

At that temperature, the total energy density of radiation is roughly T
4

0
and the dark-matter density (with a ⇠ 1

in Eq. (2)), is of order µ
4. As the universe expands, the ratio of dark matter to radiation grows as 1/T , and in the

real world, they are supposed to become equal at the temperature T1 ⇠ 1 eV at which the universe becomes matter
dominated. So we want

µ
4

T
4

0

T0

T1

⇠ 1. (11)

Combining these formulas and using µ
4 = F

2
m

2, we get

F ⇠
M

3/4
Pl

T
1/2
1

m1/4
⇠ 0.5⇥ 1017 GeV , (12)

for m ⇠ 10�22 eV. The fact that this is in the range described earlier in Eq. (4) is an interesting coincidence, somewhat
reminiscent of the WIMP miracle. In other words, the axion energy density today (normalized by the critical density)
is:

⌦axion ⇠ 0.1

 
F

1017 GeV

!2 
m

10�22 eV

!1/2

. (13)

The temperature T0 at which the FDM field begins to oscillate is

T0 ⇠ (mMPl)
1/2

⇠ 500 eV. (14)

This corresponds to a redshift ⇠ 2⇥ 106. This is after nucleosynthesis, so FDM behaves during nucleosynthesis as a
(negligible) contribution to dark energy.

In the axion model, is the dynamics of dark matter purely gravitational or do we have to consider the axion self-
interaction? In the two-parameter model of Eq. (2), once F ⇠ 1017 GeV and m ⇠ 10�22 eV are determined from
observed properties of dark matter, the coe�cients of the nonlinear axion interactions are determined. Thus the axion
equation of motion, including terms of cubic order in a, is

0 = DµD
µ
a+m

2
a�

m
2

6
a
3 +O(a5). (15)

To decide whether the a
3 term, which is attractive, is significant, we can proceed as follows. In a body with a

dimensionless gravitational potential ", the gravitational contribution to the equation is of order "m2
a. The condition

for the a
3 term to be significant in comparison to gravity is therefore m

2
a
3 & "m

2
a or a2 & ". We will evaluate this

condition in the very early universe and in today’s universe.
At the temperature T0 at which dark matter begins to oscillate dynamically, we have a2 ⇠ 1 (since we have assumed

a random initial value of a) and " ⇠ 10�5 (the value of the primordial cosmic fluctuations). Thus a
2
� " and the

H ⇠ m
T 2
0

MPl
= m =

µ2

f
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for m ⇠ 10�22 eV. The fact that this is in the range described earlier in Eq. (4) is an interesting coincidence, somewhat
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is:
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The temperature T0 at which the FDM field begins to oscillate is

T0 ⇠ (mMPl)
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⇠ 500 eV. (14)

This corresponds to a redshift ⇠ 2⇥ 106. This is after nucleosynthesis, so FDM behaves during nucleosynthesis as a
(negligible) contribution to dark energy.

In the axion model, is the dynamics of dark matter purely gravitational or do we have to consider the axion self-
interaction? In the two-parameter model of Eq. (2), once F ⇠ 1017 GeV and m ⇠ 10�22 eV are determined from
observed properties of dark matter, the coe�cients of the nonlinear axion interactions are determined. Thus the axion
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for the a
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condition in the very early universe and in today’s universe.
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It follows for axions 
“almost like a WIMP miracle “

-Witten
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with some constant a0. The correct value of a0 depends on details of the mechanism that breaks the shift symmetry
at low energies. In writing Eq. (2), we shifted the field a to set a0 = 0, but whatever mechanism determines the value
of a in the early universe has no way to “know” what value of a will minimize the potential at low energies.

Starting with a random initial value of a, one determines its behavior in an expanding FRW universe with metric
ds

2 = dt
2
� R(t)2dx2 by simply solving the classical equation of motion for a field that depends on time only. This

equation is

ä+ 3Hȧ+m
2 sin a = 0, (9)

with H = Ṙ/R the Hubble constant. An approximation to the behavior of this equation is that a is constant as long
as H & m, and then oscillates with angular frequency m (or mc

2
/~, if one restores ~ and c). The oscillations are

damped as R
�3/2. In the period in which a is oscillating, it can be interpreted as describing a Bose condensate of

ultralight particles of zero spatial momentum. The energy density of these particles scales as 1/R3, like any other
form of cold dark matter. Indeed, the axion “condensate,” which is just a fancy way to speak of the classical axion
field, behaves for many purposes as an exceptionally cold form of CDM.

The temperature T0 at which H ⇠ m satisfies roughly
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MPl

= m. (10)

At that temperature, the total energy density of radiation is roughly T
4

0
and the dark-matter density (with a ⇠ 1

in Eq. (2)), is of order µ
4. As the universe expands, the ratio of dark matter to radiation grows as 1/T , and in the

real world, they are supposed to become equal at the temperature T1 ⇠ 1 eV at which the universe becomes matter
dominated. So we want

µ
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⇠ 1. (11)

Combining these formulas and using µ
4 = F

2
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2, we get
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M

3/4
Pl

T
1/2
1

m1/4
⇠ 0.5⇥ 1017 GeV , (12)

for m ⇠ 10�22 eV. The fact that this is in the range described earlier in Eq. (4) is an interesting coincidence, somewhat
reminiscent of the WIMP miracle. In other words, the axion energy density today (normalized by the critical density)
is:

⌦axion ⇠ 0.1

 
F

1017 GeV

!2 
m

10�22 eV

!1/2

. (13)

The temperature T0 at which the FDM field begins to oscillate is

T0 ⇠ (mMPl)
1/2

⇠ 500 eV. (14)

This corresponds to a redshift ⇠ 2⇥ 106. This is after nucleosynthesis, so FDM behaves during nucleosynthesis as a
(negligible) contribution to dark energy.

In the axion model, is the dynamics of dark matter purely gravitational or do we have to consider the axion self-
interaction? In the two-parameter model of Eq. (2), once F ⇠ 1017 GeV and m ⇠ 10�22 eV are determined from
observed properties of dark matter, the coe�cients of the nonlinear axion interactions are determined. Thus the axion
equation of motion, including terms of cubic order in a, is

0 = DµD
µ
a+m

2
a�

m
2

6
a
3 +O(a5). (15)

To decide whether the a
3 term, which is attractive, is significant, we can proceed as follows. In a body with a

dimensionless gravitational potential ", the gravitational contribution to the equation is of order "m2
a. The condition

for the a
3 term to be significant in comparison to gravity is therefore m

2
a
3 & "m

2
a or a2 & ". We will evaluate this

condition in the very early universe and in today’s universe.
At the temperature T0 at which dark matter begins to oscillate dynamically, we have a2 ⇠ 1 (since we have assumed

a random initial value of a) and " ⇠ 10�5 (the value of the primordial cosmic fluctuations). Thus a
2
� " and the

f
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Spin-dependent effects

Axion wind

arises from energies fa ⇠ 1015 GeV � 1019 GeV2. This range is very challenging for any

other technique to reach, though some astrophysical techniques may be able to probe it

(71, 72, 73). A detection in such an experiment would not only represent the discovery of

dark matter but would also provide insights into the high-energy scales from which such an

axion would arise, near fundamental scales such as the grand unification, Planck, or string

scales.

Almost all axion experiments search for the coupling of the axion to photons. CASPEr

searches for two di↵erent couplings of the axion and thus naturally divides into two experi-

ments: CASPEr-Wind and CASPEr-Electric. The Wind experiment searches for the ‘axion

wind’ e↵ect, the direct coupling of the axion to the spin of the nucleus (68). This is the

pseudoscalar coupling

L = ...+ gaNN (@µa) N̄�
µ
�5N (20)

which physically causes a precession of a nucleon spin around the spatial gradient of the

local axion dark matter field (68). CASPEr-Electric searches for the time-varying nucleon

electric dipole moment (EDM) caused by the axion (67), which can be written as the

coupling of the axion to nucleons

L = ...�
i

2
gd a N̄�µ⌫�5NF

µ⌫
. (21)

where F is the field strength of electromagnetism. This coupling arises from the fundamental

defining coupling of the QCD axion to gluons / a
fa

GG̃ (74). Both of these e↵ects are time-

varying because the background axion dark matter field a oscillates at a frequency equal

to its mass. The CASPEr idea could also be used to search for the coupling of the axion

to electron spin but that does not appear sensitive enough to get beyond current limits in

that parameter space (68). There has been a long history and significant recent interest in

looking at such e↵ects on nucleons and electrons (75, 76, 77).

The main idea behind CASPEr is to use the time-varying nature of the e↵ect (either

EDM or wind) to cause precession of nuclear spins in a sample of material. The Larmor

frequency of the nuclear spins is scanned by ramping the magnetic field and at the frequency

corresponding to the mass of the axion an NMR signal is observed in the usual way using

a precise magnetometer as in Figure 6. There are many choices of possible sample material

which are beginning to be tested experimentally and explored theoretically (78, 79) to find

the optimum.

The Wind experiment is technically simpler since it does not require an applied electric

field and hence can be done using LXe as the sample for which the required NMR techniques

have already been perfected. It can cover large parts of general axion (or axion-like particle)

parameter space, many orders of magnitude beyond current constraints as in Figure 7. It

also provides a stepping stone towards the CASPEr-Electric experiment, as within the

Wind experiment, many of the key technologies needed for the Electric experiment will be

developed. CASPEr-Electric requires a more complicated material such as a ferroelectric

or polar crystal with a large internal electric field, but it has a better ultimate sensitivity,

allowing it to reach all the way to the QCD axion over several orders of magnitude in

frequency space that are unreachable by other techniques as in Figure 83.

2It used to be argued that this range was disfavored by cosmology, but that requires specific
assumptions about initial conditions which are easily violated, thus this range is allowed, see e.g. (69,
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Searching for dark matter with nuclear magnetic resonance: CASPEr 3

In the following section, we explain how the ALP-nucleon and axion-gluon couplings
could induce an NMR signal. Subsequent sections focus on describing two NMR
measurement schemes implemented in both CASPEr-Wind and CASPEr-Electric. The first
method, presented in the original CASPEr proposal [24], consists of a resonant search via
continuous-wave NMR spectroscopy (CW-NMR). This method o↵ers the highest sensitivity
for frequencies ranging from a few Hz to hundreds of MHz. Sub-Hz frequencies are typically
di�cult to probe with NMR due to the diminishing sensitivity of magnetometers in this region.
We present a non-resonant frequency-modulation scheme that may circumvent this limitation.

2. Axion- and ALP-induced nuclear spin precession

2.1. ALP-nucleon coupling - CASPEr-Wind

CASPEr-Wind is a haloscope searching for ALPs in the Milky Way’s dark-matter halo via
their pseudo-magnetic coupling to nucleons, referred as the ALP-nucleon coupling. As the
Earth moves through the galactic ALPs, this coupling gives rise to an interaction between the
nuclear spins and the spatial gradient of the scalar ALP field [25]. The Hamiltonian of the
interaction written in Natural Units takes the form:

HaNN = gaNN
p

2⇢DM cos(mat)~v.~�N, (1)

where ~�N is the nuclear-spin operator, v ⇠ 10�3 is the velocity of the Earth relative to the
galactic ALPs, ⇢DM ⇠ 0.4 GeV/cm3 is the local dark-matter density [26] and gaNN is the
coupling strength in GeV�1. The ALP mass, ma, usually given in electron-volts, can also
be expressed in units of frequency, more relevant for an NMR discussion. The Compton
frequency associated to the axion and ALP mass is given by: !a = mac2/~, where c is the
speed of light in vacuum and ~ is the reduced Plank constant. For the rest of the discussion,
we set ~ = c = 1.

The coupling in Eq. (1) is the inner product of an oscillating vector field with the nuclear-
spin operator. Therefore Eq. (1) can be rewritten as an interaction between spins and an
oscillating pseudo-magnetic field:

HaNN = �~BALP.~�N, (2)

where � is the gyromagnetic ratio of the nuclear spin and we have identified the ALP-induced
pseudo-magnetic field known as the “ALP wind”:

~BALP = gaNN

p
2⇢DM

�
cos(!at)~v. (3)

Equation (3) can be understood as follows: as nuclear spins move with velocity ~v through the
galactic dark-matter halo, they behave as if they were in an oscillating-magnetic field ~BALP of
frequency !a, oriented along ~v. As ⇢DM and ~v are determined by astrophysical observations,
the only free parameters are the ALP frequency (or equivalently, the ALP mass) and the
coupling constant, which define the two-dimensional parameter space of the ALP-nucleon
coupling shown in Fig. 1. Thus the measured amplitude of ~BALP probes the value of gaNN.
Considering the coupling constant range of interest in Fig. 1 (gaNN ⇠ 10�3–10�23 GeV�1) and
the 129Xe nuclear gyromagnetic ratio (� ⇠ 11.777 MHz/T) yields an ALP-wind amplitude
spanning |~BALP| ⇠ 10�10–10�30 T. In order for an experiment targeting the ALP wind to
surpass existing astrophysical and laboratory constraints on gaNN, the experiment must be
sensitive to ultralow magnetic fields.
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Searching for dark matter with nuclear magnetic resonance: CASPEr 3

In the following section, we explain how the ALP-nucleon and axion-gluon couplings
could induce an NMR signal. Subsequent sections focus on describing two NMR
measurement schemes implemented in both CASPEr-Wind and CASPEr-Electric. The first
method, presented in the original CASPEr proposal [24], consists of a resonant search via
continuous-wave NMR spectroscopy (CW-NMR). This method o↵ers the highest sensitivity
for frequencies ranging from a few Hz to hundreds of MHz. Sub-Hz frequencies are typically
di�cult to probe with NMR due to the diminishing sensitivity of magnetometers in this region.
We present a non-resonant frequency-modulation scheme that may circumvent this limitation.

2. Axion- and ALP-induced nuclear spin precession

2.1. ALP-nucleon coupling - CASPEr-Wind

CASPEr-Wind is a haloscope searching for ALPs in the Milky Way’s dark-matter halo via
their pseudo-magnetic coupling to nucleons, referred as the ALP-nucleon coupling. As the
Earth moves through the galactic ALPs, this coupling gives rise to an interaction between the
nuclear spins and the spatial gradient of the scalar ALP field [25]. The Hamiltonian of the
interaction written in Natural Units takes the form:

HaNN = gaNN
p

2⇢DM cos(mat)~v.~�N, (1)

where ~�N is the nuclear-spin operator, v ⇠ 10�3 is the velocity of the Earth relative to the
galactic ALPs, ⇢DM ⇠ 0.4 GeV/cm3 is the local dark-matter density [26] and gaNN is the
coupling strength in GeV�1. The ALP mass, ma, usually given in electron-volts, can also
be expressed in units of frequency, more relevant for an NMR discussion. The Compton
frequency associated to the axion and ALP mass is given by: !a = mac2/~, where c is the
speed of light in vacuum and ~ is the reduced Plank constant. For the rest of the discussion,
we set ~ = c = 1.

The coupling in Eq. (1) is the inner product of an oscillating vector field with the nuclear-
spin operator. Therefore Eq. (1) can be rewritten as an interaction between spins and an
oscillating pseudo-magnetic field:

HaNN = �~BALP.~�N, (2)

where � is the gyromagnetic ratio of the nuclear spin and we have identified the ALP-induced
pseudo-magnetic field known as the “ALP wind”:

~BALP = gaNN

p
2⇢DM

�
cos(!at)~v. (3)

Equation (3) can be understood as follows: as nuclear spins move with velocity ~v through the
galactic dark-matter halo, they behave as if they were in an oscillating-magnetic field ~BALP of
frequency !a, oriented along ~v. As ⇢DM and ~v are determined by astrophysical observations,
the only free parameters are the ALP frequency (or equivalently, the ALP mass) and the
coupling constant, which define the two-dimensional parameter space of the ALP-nucleon
coupling shown in Fig. 1. Thus the measured amplitude of ~BALP probes the value of gaNN.
Considering the coupling constant range of interest in Fig. 1 (gaNN ⇠ 10�3–10�23 GeV�1) and
the 129Xe nuclear gyromagnetic ratio (� ⇠ 11.777 MHz/T) yields an ALP-wind amplitude
spanning |~BALP| ⇠ 10�10–10�30 T. In order for an experiment targeting the ALP wind to
surpass existing astrophysical and laboratory constraints on gaNN, the experiment must be
sensitive to ultralow magnetic fields.

Lawrence Livermore National Laboratory LLNL-PRES-731524 
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Figure 6

CASPEr setup. The applied magnetic field ~Bext is colinear with the sample magnetization, ~M . In
CASPEr-Wind the nuclear spins precess around the local velocity of the dark matter, ~v, while in
CASPEr-Electric the nuclear EDM causes the spins to precess around an e↵ective electric field in
the crystal ~E⇤, perpendicular to ~Bext. The SQUID pickup loop is arranged to measure the
transverse magnetization of the sample.

The CASPEr-Wind experiment is in fact a search for any light particle that couples to

nuclear spin (a generic coupling), not just the axion. For example, any pseudo-Goldstone

boson is expected to possess a coupling that would be detectable in the CASPEr-Wind

experiment. It can also detect other types of dark matter, for example hidden photon dark

matter (87, 26) is detectable through a nuclear dipole moment coupling.

Existing experiments may already be able to set limits on axion-like particles. Data

from experiments searching for nuclear EDMs or looking at nucleon spin precession in a

low background environment may be reanalyzed to search for a time-varying signal, a sign

of the axion. While not ultimately as sensitive as CASPEr where the signal is resonantly

enhanced, such searches may be able to probe beyond the current astrophysical limits in

Figures 7 and 8.

CASPEr is a novel and highly sensitive search for a broad class of dark matter candidates

in two new parameter spaces, the ‘axion wind’ and nuclear EDM, of which the QCD axion is

the most well-known example. In particular, CASPEr has the sensitivity to detect the QCD

axion over a wide range of masses from ⇠ 10�9 eV to 10�12 eV which are well-motivated

by fundamental physics (24) and where no other experiment can detect it.

Construction is just beginning on the CASPEr experiment. Work on CASPEr is cur-

rently being carried out in several places including Stanford, Berkeley, and Mainz.

70), and is also well-motivated theoretically (24).
3Note that the Wind coupling leads to a spin-dependent force which could be probed using NMR

techniques as well e.g. (80, 81, 82, 83, 84, 85, 86).
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Searching for dark matter with nuclear magnetic resonance: CASPEr 3

In the following section, we explain how the ALP-nucleon and axion-gluon couplings
could induce an NMR signal. Subsequent sections focus on describing two NMR
measurement schemes implemented in both CASPEr-Wind and CASPEr-Electric. The first
method, presented in the original CASPEr proposal [24], consists of a resonant search via
continuous-wave NMR spectroscopy (CW-NMR). This method o↵ers the highest sensitivity
for frequencies ranging from a few Hz to hundreds of MHz. Sub-Hz frequencies are typically
di�cult to probe with NMR due to the diminishing sensitivity of magnetometers in this region.
We present a non-resonant frequency-modulation scheme that may circumvent this limitation.

2. Axion- and ALP-induced nuclear spin precession

2.1. ALP-nucleon coupling - CASPEr-Wind

CASPEr-Wind is a haloscope searching for ALPs in the Milky Way’s dark-matter halo via
their pseudo-magnetic coupling to nucleons, referred as the ALP-nucleon coupling. As the
Earth moves through the galactic ALPs, this coupling gives rise to an interaction between the
nuclear spins and the spatial gradient of the scalar ALP field [25]. The Hamiltonian of the
interaction written in Natural Units takes the form:

HaNN = gaNN
p

2⇢DM cos(mat)~v.~�N, (1)

where ~�N is the nuclear-spin operator, v ⇠ 10�3 is the velocity of the Earth relative to the
galactic ALPs, ⇢DM ⇠ 0.4 GeV/cm3 is the local dark-matter density [26] and gaNN is the
coupling strength in GeV�1. The ALP mass, ma, usually given in electron-volts, can also
be expressed in units of frequency, more relevant for an NMR discussion. The Compton
frequency associated to the axion and ALP mass is given by: !a = mac2/~, where c is the
speed of light in vacuum and ~ is the reduced Plank constant. For the rest of the discussion,
we set ~ = c = 1.

The coupling in Eq. (1) is the inner product of an oscillating vector field with the nuclear-
spin operator. Therefore Eq. (1) can be rewritten as an interaction between spins and an
oscillating pseudo-magnetic field:

HaNN = �~BALP.~�N, (2)

where � is the gyromagnetic ratio of the nuclear spin and we have identified the ALP-induced
pseudo-magnetic field known as the “ALP wind”:

~BALP = gaNN

p
2⇢DM

�
cos(!at)~v. (3)

Equation (3) can be understood as follows: as nuclear spins move with velocity ~v through the
galactic dark-matter halo, they behave as if they were in an oscillating-magnetic field ~BALP of
frequency !a, oriented along ~v. As ⇢DM and ~v are determined by astrophysical observations,
the only free parameters are the ALP frequency (or equivalently, the ALP mass) and the
coupling constant, which define the two-dimensional parameter space of the ALP-nucleon
coupling shown in Fig. 1. Thus the measured amplitude of ~BALP probes the value of gaNN.
Considering the coupling constant range of interest in Fig. 1 (gaNN ⇠ 10�3–10�23 GeV�1) and
the 129Xe nuclear gyromagnetic ratio (� ⇠ 11.777 MHz/T) yields an ALP-wind amplitude
spanning |~BALP| ⇠ 10�10–10�30 T. In order for an experiment targeting the ALP wind to
surpass existing astrophysical and laboratory constraints on gaNN, the experiment must be
sensitive to ultralow magnetic fields.

Searching for dark matter with nuclear magnetic resonance: CASPEr 3

In the following section, we explain how the ALP-nucleon and axion-gluon couplings
could induce an NMR signal. Subsequent sections focus on describing two NMR
measurement schemes implemented in both CASPEr-Wind and CASPEr-Electric. The first
method, presented in the original CASPEr proposal [24], consists of a resonant search via
continuous-wave NMR spectroscopy (CW-NMR). This method o↵ers the highest sensitivity
for frequencies ranging from a few Hz to hundreds of MHz. Sub-Hz frequencies are typically
di�cult to probe with NMR due to the diminishing sensitivity of magnetometers in this region.
We present a non-resonant frequency-modulation scheme that may circumvent this limitation.

2. Axion- and ALP-induced nuclear spin precession

2.1. ALP-nucleon coupling - CASPEr-Wind

CASPEr-Wind is a haloscope searching for ALPs in the Milky Way’s dark-matter halo via
their pseudo-magnetic coupling to nucleons, referred as the ALP-nucleon coupling. As the
Earth moves through the galactic ALPs, this coupling gives rise to an interaction between the
nuclear spins and the spatial gradient of the scalar ALP field [25]. The Hamiltonian of the
interaction written in Natural Units takes the form:

HaNN = gaNN
p

2⇢DM cos(mat)~v.~�N, (1)

where ~�N is the nuclear-spin operator, v ⇠ 10�3 is the velocity of the Earth relative to the
galactic ALPs, ⇢DM ⇠ 0.4 GeV/cm3 is the local dark-matter density [26] and gaNN is the
coupling strength in GeV�1. The ALP mass, ma, usually given in electron-volts, can also
be expressed in units of frequency, more relevant for an NMR discussion. The Compton
frequency associated to the axion and ALP mass is given by: !a = mac2/~, where c is the
speed of light in vacuum and ~ is the reduced Plank constant. For the rest of the discussion,
we set ~ = c = 1.

The coupling in Eq. (1) is the inner product of an oscillating vector field with the nuclear-
spin operator. Therefore Eq. (1) can be rewritten as an interaction between spins and an
oscillating pseudo-magnetic field:

HaNN = �~BALP.~�N, (2)

where � is the gyromagnetic ratio of the nuclear spin and we have identified the ALP-induced
pseudo-magnetic field known as the “ALP wind”:

~BALP = gaNN

p
2⇢DM

�
cos(!at)~v. (3)

Equation (3) can be understood as follows: as nuclear spins move with velocity ~v through the
galactic dark-matter halo, they behave as if they were in an oscillating-magnetic field ~BALP of
frequency !a, oriented along ~v. As ⇢DM and ~v are determined by astrophysical observations,
the only free parameters are the ALP frequency (or equivalently, the ALP mass) and the
coupling constant, which define the two-dimensional parameter space of the ALP-nucleon
coupling shown in Fig. 1. Thus the measured amplitude of ~BALP probes the value of gaNN.
Considering the coupling constant range of interest in Fig. 1 (gaNN ⇠ 10�3–10�23 GeV�1) and
the 129Xe nuclear gyromagnetic ratio (� ⇠ 11.777 MHz/T) yields an ALP-wind amplitude
spanning |~BALP| ⇠ 10�10–10�30 T. In order for an experiment targeting the ALP wind to
surpass existing astrophysical and laboratory constraints on gaNN, the experiment must be
sensitive to ultralow magnetic fields.

Spin-dependent effects
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Searching for dark matter with nuclear magnetic resonance: CASPEr 3

In the following section, we explain how the ALP-nucleon and axion-gluon couplings
could induce an NMR signal. Subsequent sections focus on describing two NMR
measurement schemes implemented in both CASPEr-Wind and CASPEr-Electric. The first
method, presented in the original CASPEr proposal [24], consists of a resonant search via
continuous-wave NMR spectroscopy (CW-NMR). This method o↵ers the highest sensitivity
for frequencies ranging from a few Hz to hundreds of MHz. Sub-Hz frequencies are typically
di�cult to probe with NMR due to the diminishing sensitivity of magnetometers in this region.
We present a non-resonant frequency-modulation scheme that may circumvent this limitation.

2. Axion- and ALP-induced nuclear spin precession

2.1. ALP-nucleon coupling - CASPEr-Wind

CASPEr-Wind is a haloscope searching for ALPs in the Milky Way’s dark-matter halo via
their pseudo-magnetic coupling to nucleons, referred as the ALP-nucleon coupling. As the
Earth moves through the galactic ALPs, this coupling gives rise to an interaction between the
nuclear spins and the spatial gradient of the scalar ALP field [25]. The Hamiltonian of the
interaction written in Natural Units takes the form:

HaNN = gaNN
p

2⇢DM cos(mat)~v.~�N, (1)

where ~�N is the nuclear-spin operator, v ⇠ 10�3 is the velocity of the Earth relative to the
galactic ALPs, ⇢DM ⇠ 0.4 GeV/cm3 is the local dark-matter density [26] and gaNN is the
coupling strength in GeV�1. The ALP mass, ma, usually given in electron-volts, can also
be expressed in units of frequency, more relevant for an NMR discussion. The Compton
frequency associated to the axion and ALP mass is given by: !a = mac2/~, where c is the
speed of light in vacuum and ~ is the reduced Plank constant. For the rest of the discussion,
we set ~ = c = 1.

The coupling in Eq. (1) is the inner product of an oscillating vector field with the nuclear-
spin operator. Therefore Eq. (1) can be rewritten as an interaction between spins and an
oscillating pseudo-magnetic field:

HaNN = �~BALP.~�N, (2)

where � is the gyromagnetic ratio of the nuclear spin and we have identified the ALP-induced
pseudo-magnetic field known as the “ALP wind”:

~BALP = gaNN

p
2⇢DM

�
cos(!at)~v. (3)

Equation (3) can be understood as follows: as nuclear spins move with velocity ~v through the
galactic dark-matter halo, they behave as if they were in an oscillating-magnetic field ~BALP of
frequency !a, oriented along ~v. As ⇢DM and ~v are determined by astrophysical observations,
the only free parameters are the ALP frequency (or equivalently, the ALP mass) and the
coupling constant, which define the two-dimensional parameter space of the ALP-nucleon
coupling shown in Fig. 1. Thus the measured amplitude of ~BALP probes the value of gaNN.
Considering the coupling constant range of interest in Fig. 1 (gaNN ⇠ 10�3–10�23 GeV�1) and
the 129Xe nuclear gyromagnetic ratio (� ⇠ 11.777 MHz/T) yields an ALP-wind amplitude
spanning |~BALP| ⇠ 10�10–10�30 T. In order for an experiment targeting the ALP wind to
surpass existing astrophysical and laboratory constraints on gaNN, the experiment must be
sensitive to ultralow magnetic fields.
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Figure 3: ALP-nucleon linear coupling parameter space. The CASPEr-ZULF region is excluded by this work (90% confidence level) using
a thermally polarized sample (data averaged over 850 transient acquisitions of 30 s each). The “New Force” region is excluded by searches
for new spin-dependent forces [34]. The SN1987A region represents existing limits from supernova SN1987A cooling [26, 35]. The ⌫n/⌫Hg

region is excluded by measurements of the ratio of neutron and 199Hg Larmor precession frequencies [22]. The dashed line corresponds to the
sensitivity of a planned second phase of CASPEr-ZULF, with a projected ⇠ 105 factor increase in sensitivity and the bandwidth extended
towards lower frequencies by using a comagnetometer technique [36] and longer integration times.

operation for a large number of di↵erent phase increments
(at least many as the number of transient acquisitions).

2.5. Calibration

The energy shifts produced by Dz(t) [Eq. (6)] are
equivalent to those produced by a real magnetic field with
amplitude

Bwind(t) =
2

3

gaNN

�H + �C

·Dz(t)

/
gaNN

�H + �C

p
⇢DM sin (!DMt)v · êz. (7)

Similar relationships for dark-photon and quadratic-wind
couplings are provided in the Materials and Methods
section.

Based on Eq. (7), the sensitivity of the experiment to
dark matter was calibrated by applying a real oscillating
magnetic field of known amplitude and frequency and
measuring the amplitude of the resulting sidebands in
the coherently averaged spectrum. Further details are
provided in the Supplementary Materials.

2.6. Search and analysis

The dark matter search data were acquired and
processed as described above, but without a calibration
AC-magnetic field applied.

For each Compton frequency, the appropriate phase
increment is computed, which identifies the corresponding
coherently averaged spectrum to be analyzed. The noise
in the spectrum defines a detection threshold at the 90%

confidence level (further details in S7 of the Supplementary
Materials). When the signal amplitude at the given
frequency is below the threshold, we set limits on the
dark matter couplings to nuclear spins at levels determined
by the calibration and e↵ective-field conversion factors
(see Materials and Methods Sec. 4.2). If the signal is
above the threshold, a more stringent analysis is performed
by fitting the coherently averaged spectrum to a four-
sideband model. When the fit rules out detection, the
threshold level is again used to set limits.

In case of an apparent detection, further repeat
measurements would need to be performed to confirm that
the signal is persistent and exhibits expected sidereal and
annual variations.

2.7. CASPEr-ZULF search results: constraints on
bosonic dark matter

The results of the CASPEr-ZULF search for axionlike
particles are given in Fig. 3. The frequencies presenting
sharp losses in sensitivities at 0.21, 1.69, and 2.16 Hz were
the ones for which the nearest optimal phase increment
was close to zero, thus presenting maximal-amplitude
J-coupling peaks, raising the detection threshold (see
discussion in Sec. S3 of the Supplementary Materials). The
red-shaded area labeled “CASPEr-ZULF” corresponds to
upper bounds on nuclear-spin couplings to dark matter
consisting of ALPs at the 90% confidence level. This
represents our current sensitivity limitation after 850
30-second transient acquisitions using samples thermally
polarized at ⇠ 1.8 T. The “CASPEr-ZULF Phase II”
line corresponds to the projected sensitivity of a future
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Tests of the standard model and its possible extensions using precision spectroscopy have
a distinguished history, and include tests of electroweak theory, parity violation and searches
for the electric dipole moments. In the last fifteen years there has been a step change in the
precision of atomic spectroscopic measurements, due to the application of techniques such as
laser cooling and optical frequency combs. The current state of the art is a spectroscopic
precision of ⇡ 3⇥ 10�19 achieved for an optical clock transition in neutral strontium [1]. This
is the most precisely measured quantity in any physical system.

Here we propose to fully exploit high precision spectroscopy to test various aspects of
fundamental physics. A major advantage of this approach is that the UK is already interna-
tionally competitive in this area, with relevant research groups including (but not limited to)
Durham University (Rydberg atoms), Imperial (electron EDM), NPL (optical atomic clocks)
RAL (ISIS muon source), UCL (positronium, helium atoms), Swansea (antihydrogen). The
programme of research we envision includes:

Spectroscopic searches for a fifth force

A very light, new boson � can induce a fifth force which leads to a modification of the Coulomb
potential in atoms for the force between two particles i, j,
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Precision measurements of atomic transition frequencies can in principle be used to set strin-
gent bounds on whether such a deviation exists. The main di�culty with this approach is
the many-body nature of the electronic wavefunction for most atoms, which means that an
exact standard model prediction for the transition frequency is not possible. A number of
approaches have been proposed, such as using isotope shifts [2, 3] to reduce the sensitivity to
electronic structure. An exciting alternative is to exploit Rydberg states with principal quan-
tum number of n ' 100. Advantages of Rydberg states include the ability to tune the size of
the atomic wavefunction / n2a0 relative to the range of the fifth force, and the availability of a
great number of transitions for each isotope and element, enabling more complex searches for
systematic deviations. Furthermore, Rydberg electrons only weakly interact with the nucleus
and the remaining core electrons, raising the possibility of precise ab initio calculations with
developments in existing theory.

In the short term (2 years) we propose to set improved constraints using optical spectro-
copy of Rydberg states in heavier atoms such as Rb, Cs and Sr that are easily laser cooled and
trapped. For example the Durham group is already able to perform such measurements with
⇠kHz absolute precision in Sr. In parallel we recommend funding the theoretical development
of the required atomic physics “phenomenology”.
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Atom spectroscopy in Dysprosium

Δν ¼ Kα
β
Λγ

½F ðmϕ; r2Þ − F ðmϕ; r1Þ%: ð8Þ

In the limit as the scalar-particle mass mϕ → 0, the field
Φ has a 1=r dependence (for a spherically symmetric
source) that is proportional to the local gravitational
potential, V ¼ −GM=r, where G is Newton’s constant

and M is the mass of the source body. In this range of
scalar-particle masses, the best constraints come from
looking for a correlation between α and the varying
gravitational potential in the laboratory due to Earth’s
eccentric orbit about the Sun. In Ref. [12], it was found
that the Dy transition frequency changed by jΔνj< 0.7 Hz
as the Earth-Sun distance changed between 1.52 × 108 km

TABLE I. Summary of source body parameters, and atomic dysprosium transition frequency variation constraints. The results here can
be combined with Eq. (8) to give constraints on the new-physics energy scales that appear in Eq. (1), as a function of the scalar-particle
mass mϕ. We have assumed that the elemental composition of the Sun is 75% 1H and 25% 4He by mass, and that the elemental
composition of the Moon is a 1∶1 ratio of 24Mg16O and 28Si16O2 by number.

Source β=mN M (kg) Size (m) jr1j (m) jr2j (m) jΔνj (Hz) Ref.

Sun ð0.15=ΛnÞþ1.1fð1=ΛpÞþ½ð5×10−4Þ=Λe%g
þ½ð8×10−4Þ=Λγ%

2.0×1030 7.0×108 1.47×1011 1.52×1011 <0.7 [12]

Moon ð10=ΛnÞþ10fð1=ΛpÞþ½ð5×10−4Þ=Λe%gþð0.03=ΛγÞ 7.3×1022 1.7×106 3.69×108 3.99×108 <0.6 [36]
Lead ð126=ΛnÞþ82fð1=ΛpÞþ½ð5×10−4Þ=Λe%gþð0.9=ΛγÞ 300 0.38×0.38

×0.18
0.95 1.34 <0.3 This

work

FIG. 1. Limits on the Yukawa-type interactions of the scalar field ϕ with the photon, electron, and nucleons (assuming an isotopically
invariant interaction), as defined in Eq. (1). For the assumptions made in deriving these limits, see the text. The regions in red correspond
to regions of parameters excluded by the present work. The regions in grey correspond to existing constraints from searches for
anomalous forces due to the exchange of virtual ϕ quanta [18–21,25]. See Table II for further details. A detailed geological and
topographical analysis in combination with existing torsion pendulum measurements gives additional constraints (not shown) for
1=REarth ≲mϕ ≲ 10−7 eV (see Refs. [20–22] and the references therein for more details). The region in blue corresponds to existing
constraints from atomic spectroscopy measurements that search for the effects of a relic coherently oscillating field ϕ ¼ ϕ0 cosðmϕtÞ,
which saturates the local cold dark matter (DM) content [36,37].
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We propose a new method to search for hypothetical scalar particles that have feeble interactions
with standard-model particles. In the presence of massive bodies, these interactions produce a nonzero
Yukawa-type scalar-field magnitude. Using radio-frequency spectroscopy data of atomic dysprosium,
as well as atomic clock spectroscopy data, we constrain the Yukawa-type interactions of a scalar field with
the photon, electron, and nucleons for a range of scalar-particle masses corresponding to length
scales >10 cm. In the limit as the scalar-particle mass mϕ → 0, our derived limits on the Yukawa-type
interaction parameters are Λγ ≳ 8 × 1019 GeV, Λe ≳ 1.3 × 1019 GeV, and ΛN ≳ 6 × 1020 GeV. Our
measurements also constrain combinations of interaction parameters, which cannot otherwise be probed
with traditional anomalous-force measurements. We suggest further measurements to improve on the
current level of sensitivity.
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Cosmological and astrophysical observations provide
strong evidence for a dark matter- and dark energy-
dominated Universe [1,2]. While the nature of dark matter
and dark energy is unknown, the evidence from cosmology
and astrophysics has motivated numerous laboratory
searches for nongravitational physics associated with the
dark sector [3]. In the present work, we focus on scalar
(spin-0) models that can produce local variation of
the fundamental constants in the presence of massive
bodies [4].
A scalar field ϕ may interact with the standard-model

(SM) sector via the Yukawa-type Lagrangian:

Lint ¼ −
X

f

ϕ
Λf

mff̄f þ ϕ
Λγ

FμνFμν

4
; ð1Þ

where the first term represents the coupling of the scalar
field to the SM fermion fields f, with mf the standard
mass of the fermion and f̄ ¼ f†γ0, and the second term
represents the coupling of the scalar field to the electro-
magnetic field tensor F. Here Λf and Λγ are effective
new-physics energy scales that determine the relevant
nongravitational coupling strengths. Unless explicitly
stated otherwise, we adopt the natural units ℏ ¼ c ¼ 1
in the present work.
Comparing the interaction terms in Eq. (1) with the

relevant terms in the SM Lagrangian, LSM ⊃
−
P

fmff̄f − FμνFμν=4, we see that the fermion masses

and the electromagnetic fine-structure constant α are altered
according to (see, e.g., Ref. [5] for more details)

mf → mf

!
1þ ϕ

Λf

"
; α →

α
1 − ϕ=Λγ

≃ α

!
1þ ϕ

Λγ

"
:

ð2Þ

Solving the Euler-Lagrange equation for the full
Lagrangian of ϕ, which includes the kinetic term,
ð∂μϕÞð∂μϕÞ=2, and potential term, −VðϕÞ ¼ −m2

ϕϕ
2=2,

where mϕ is the mass of the scalar particle, gives the
following equation of motion for ϕ:

ð∂μ∂μ þm2
ϕÞϕ ¼ −

X

f

mff̄f
Λf

þ
FμνFμν

4Λγ
; ð3Þ

which shows that SM fermion and electromagnetic fields,
in the presence of the interactions [Eq. (1)], act as sources
of the scalar field ϕ. The source bodies that we consider in
the present work are composed of atoms, which are
composite systems consisting of neutrons, protons, elec-
trons, and strong and electromagnetic binding energies.
It is, therefore, convenient to express the right-hand side
of Eq. (3) in terms of the fermion mass-energy and
nuclear Coulomb energy densities as −

P
f¼n;p;eρf=Λf−

ρCoulomb=Λγ, and so the resulting scalar field generated by a
neutral source atom is given by
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Durham Rydberg Spectroscopy experiment

n = 10n = 30n = 100

n = 10n = 30n = 100

Many more transitions at 
continuous splitting, estimated 
3-6 orders of magnitude 
improvement.

Joint Atmol&IPPP QSFP proposal, MB Jones, Carty
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Quantum Sensors for 
Fundamental Physics

New collaborations between atomic physicists and particle 
physicists.  

STFC initiative   40M £

first QSFP workshop, Oxford, Oct 2018



What if the mediator to the Dark Sector is light?

Possible new gauge groups are strongly constrained. 

A new gauge boson?

Gauge Mediators



Anomaly cancellation is necessary for gauge invariance.

� � ) m� 6= 0

All triangle diagrams have to vanish
X

Fermions

= 0

[S. Adler (1969). Physical Review. 177 (5): 2426] [Bell, Jackiw (1969) Il Nuovo Cimento A. 60:47]

This fixes the Standard Model hypercharges.

[Gross, Jackiw,  Phys. Rev. D6, 477 (1972).

Gauge Mediators



How to couple to the Standard Model?

Gauge Mediators

Even if all SM particles are uncharged, coupling through 
mixing

L = �1

4
Fµ⌫F
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2
Fµ⌫X

µ⌫ � 1

4
Xµ⌫X

µ⌫

A0
µBµ

A0
µBµ ✏ is a free parameter

✏ / gXe
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How to couple to the Standard Model?

Gauge Mediators

Even if all SM particles are uncharged, coupling through 
mixing

A0
µBµ

A0
µBµ ✏ is a free parameter

✏ / gXe

8⇡2
log

⇤2

m2

Charged SM matter is milli-
charged under U(1)X

Leads to “universal” couplings.

eAµJ
µ
EM � ✏eA0

µJ
µ
EM



There is a limited number of possible new light gauge 
bosons consistent with the SM (= anomaly free).

Universal B - L Lµ � L⌧Le � L⌧Lµ � Le

Gauge Mediators

[MB, Foldenauer, Jaeckel,  1803.05466]



Universal B - L Lµ � L⌧Le � L⌧Lµ � Le

Theory detour

These gauge groups are 
special

{



B - L

Theory detour

Even though anomaly free, B-L gauge bosons have 
divergent one-loop mixing 

L = �1

4
Fµ⌫F
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2
Fµ⌫X

µ⌫ � 1

4
Xµ⌫X

µ⌫

Bµ

A0
µ

A0
µBµ divergent e gB�L

✏

divergent 
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µ divergent 
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✏
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✏
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B - L

Theory detour

Even though anomaly free, B-L gauge bosons have 
divergent one-loop mixing 

L = �1

4
Fµ⌫F

µ⌫ � ✏

2
Fµ⌫X

µ⌫ � 1

4
Xµ⌫X

µ⌫

Bµ

A0
µ

A0
µBµ divergent e gB�L

✏

divergent 

A0
µ divergent 

e2

✏

g2B�L

✏

Bµ

Only two field strength 
tensors.
How to absorb 3 
divergencies?



B - L

Theory detour

Even though anomaly free, B-L gauge bosons have 
divergent one-loop mixing 

L = �1

4
Fµ⌫F

µ⌫ � ✏

2
Fµ⌫X

µ⌫ � 1

4
Xµ⌫X

µ⌫

The theory tells us that the couplings at the high scale must 
be related. 

SU(2)L ⇥ SU(2R)⇥ U(1)X ! U(1)B�L ⇥ U(1)Y



Theory detour

For leptonic gauge groups, the mixing is finite!Lµ � L⌧

2.1 Interactions of the canonically normalized fields

After rotation and proper normalization (cf. Appendix A) we obtain the interactions of the now unhatted
gauge fields and currents,

Lint =

✓
ejEM,

e

sin ✓w cos ✓w
jZ , gxjx

◆
K

0

@
A

Z

A
0

1

A , (5)

with

K =

0

@
1 0 �✏

0 1 0

0 ✏ tan ✓w 1

1

A + O(✏�, ✏
2
) , (6)

and

✏ = ✏
0
cos(✓w), � =

M
2

A0

M
2

Z

. (7)

To leading order in ✏ the masses before and after the basis change are equal,

M
2

A0 = M̂
2

X(1 + O(✏
2
)). (8)

The same procedure also gives the interactions of the new gauge fields with the Higgs boson. This is
also detailed in Appendix A.

2.2 Kinetic mixing

Gauge groups such as U(1)Lµ�L⌧ do not feature direct interactions with the first generation of Standard
Model particles that make up most of the ordinary matter and therefore most of the experimental appa-
ratuses that we consider. They are therefore automatically much harder to probe. Nevertheless, since µ

and ⌧ are also charged under the electromagnetic U(1), there exists an unavoidable kinetic mixing at the
loop level. This allows us to probe these gauge groups also in experiments with first generation parti-
cles. Similarly, this also allows to probe the purely leptonic gauge groups in experiments with baryonic
particles. Let us now consider this loop-induced kinetic mixing in more detail.

If the abelian extension of the SM gauge group in (3) is not embedded in a non-abelian gauge group,
kinetic mixing can be induced by a new fundamental parameter ✏. Kinetic mixing between non-abelian
and abelian gauge groups is not possible at the renormalizable level.2 However, if a non-abelian gauge
group is broken SU(N) ! U(1) at some high scale, loop effects from fields charged under both this
U(1) and U(1)Y induce a kinetic mixing parameter in the broken phase. For the example of U(1)Lµ�L⌧ ,
the diagrams shown in Fig. 4 give

✏µ⌧ (q
2
) = �

egx

4⇡2

Z
1

0

dx x(x � 1)


3 log

✓
m

2
µ + q

2
x(x � 1)

m2
⌧ + q2x(x � 1)

◆
+ log

✓
m

2
⌫2

+ q
2
x(x � 1)

m2
⌫3

+ q2x(x � 1)

◆�
, (9)

where q
2 is the transferred momentum, and the same result holds for U(1)Lµ�Le and U(1)Le�L⌧ with

the obvious replacements. For large momentum transfer q
2

� m
2
⌧ , this mixing parameter is power sup-

pressed ✏µ⌧ / m
2
µ/q

2
�m

2
⌧/q

2, whereas for low momentum transfer q
2

⌧ m
2
µ, the mixing can become

2Beyond the renormalizable level, kinetic mixing can arise from higher-dimensional operators involving the symmetry
breaking Higgs fields, see, e.g. [85]. The loop effects discussed in the following can be viewed as generating such operators
when integrating out fields.

4

A0
µBµ

⌧, µ

µ, ⌧ ⌫µ, ⌫�

X̂µ B̂µ X̂µ B̂µ

Figure 1: Diagrams contributing to the kinetic mixing between the hypercharge gauge boson B̂µ and
the U(1)Lµ�L⌧ gauge boson X̂µ.

relevant ✏µ⌧ / log(m
2
µ/m

2
⌧ ). Since this loop-induced kinetic mixing for the lepton family number

gauge groups is finite, we take it into account when we present the constraints on the corresponding
gauge bosons in Section 4.

As an interesting theoretical feature we note that the finiteness of (9) is not guaranteed by the fact
that the symmetry is anomaly-free alone. In addition, it implies that the gauged lepton-family number
difference U(1)Lµ�L⌧ can be embedded in a GLµ�L⌧ which breaks to U(1)Lµ�L⌧ without mixing
between the corresponding neutral gauge boson and any component of the hypercharge gauge boson
(and analogous for U(1)Le�L⌧ and U(1)Lµ�Le). One can construct a UV completion with a gauge
group GSM in which the SM is embedded and the gauge group GLµ�L⌧ � U(1)Lµ�L⌧ , such that

GSM ⇥ GLµ�L⌧

SU(3)C ⇥ SU(2)L ⇥ UY (1) ⇥ U(1)Lµ�L⌧

.

This is for example not possible in the case of an embedding of the U(1)B�L gauge group which we
discuss below. As a consequence, neither the scalar that breaks GLµ�L⌧ ! U(1)Lµ�L⌧ nor the scalar
responsible for giving the U(1)Lµ�L⌧ gauge boson a mass necessarily contributes to the loop-induced
mixing ✏µ⌧ . A straightforward way to embed U(1)Lµ�L⌧ is to choose GLµ�L⌧ = SU(2)Lµ�L⌧ , and
break it to the gauge boson corresponding to the third generator, which determines the couplings to the
doublets (Lµ, L⌧ ) through �3 = diag(1, �1) [4, 5].

For U(1)B�L, the result of the one-loop calculation analogous to (9) is not finite and its magnitude
depends on the choice for the renormalization scale. This implies that the gauge couplings of U(1)Y

and those of a possible non-abelian embedding of SU(N)B�L � U(1)B�L cannot be independent.
Similar to the situation of the loop-induced kinetic mixing between the photon and the Z boson in the
SM [86], the renormalization scale dependence of three parameters, the wavefunctions for the U(1)B�L

boson, the hypercharge boson as well as ✏(µ), need to be absorbed by the field renormalizations of the
two original fields in the unbroken phase. We can therefore not determine the kinetic mixing parameter
unambiguously and neglect it when we present the constraints on gB�L and MA0 in Section 4. That
said, since all SM particles relevant to the experiments and observations we consider carry charges, the
effect of the kinetic mixing can be considered small.

For completeness let us note that in the case of a completely secluded U(1)X , where all the SM
particles carry no X charge, kinetic mixing is not generated within the SM, instead additional beyond
the Standard Model particles are necessary to generate contributions at one-loop.
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Universal B - L Lµ � L⌧Le � L⌧Lµ � Le

• couples 
to quarks 
and 
leptons

• couples 
to all 
charged 
matter

• couples 
to muons 
and 
electrons

• couples 
to taus 
and 
electrons

• couples 
to taus 
and 
muons

usually constraints are put on the most general case.

[MB, Foldenauer, Jaeckel,  1803.05466]

There is a limited number of possible new light gauge 
bosons consistent with the SM (= anomaly free, and able to 
reproduce mixing structures).

Gauge Mediators
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[Echenard, Essig, Zhong, 1411.1770]

µ+ ! �0e+⌫e⌫̄µ ! e+e�e+⌫e⌫̄µ

The Mu3e experiment can search for light hidden photons

Part II

The Mu3e Experiment

21

Displaced vertices [Mu3E collaboration, in prep.]
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Prompt decays
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FIG. 1. Current (left panels) and future (right panels) constraints on the combined parameter space of a U(1)Lµ�L⌧ gauge
boson and vector-like fermion of charge Q� = 1 for m�/MA0 = 0.33 (upper panels) and m�/MA0 = 0.45 (lower panels).

which do not leave any imprint on the CMB in this mass
range [55]. Second, our FermiLAT bound is conservative
in the sense that we have used the limit h�vi obtained
for 100% branching fraction into taus. From the inset
plot of Fig. 2 we can see that this high-mass region
can be tested by the future XenonNT [83] and Darwin
experiments [70].

Summing up, we have seen that while the SB scenario
is not capable of explaining DM with unit charges, in
the NR case ⌦DMh

2 and (g � 2)µ can simultaneously
be explained and tested at future muon beam dump
facilities.
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FIG. 2. Same as lower left panel of Fig. 1, but with Q� = 3.
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Conclusions

Ultra-light dark matter can be searched for with table-top 
experiments.

STFC funds this programme with a special initiative 
(QSFP).

We propose an optical Rydberg spectroscopy experiment 
in Durham to search for fifth forces and Dark Matter.

Muon experiments can test a special, well-motivated class 
of mediators to the dark sector.


