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OUTLINE

DARK RELIC BLIND SPOTS

COLD ION TRAPS

MOLECULESTOOLS FROM QIS
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DARK MATTER STABLE PARTICLE

DARK MATTER

 Ample gravitational evidence for dark matter at 

early & late times 

 Particle Nature unknown 

 Stable Particle + interactions + thermal history = 

correct relic density? 

 Stringent Limits in the WIMP mass window - 

thorough? ��-� ����� ����� �� ������-��
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FIG. 8: Left: Constraints and projections (90% c.l.) for the DM-nucleon scattering cross
section. Thick gray lines are current world-leading constraints [108, 116, 129, 130]. Projections are
shown with solid/dashed/dotted lines indicating a short/medium/long timescale, respectively, with
the same meaning as in Fig. 6. Blue lines denote the DoE G2 experiment projections. Yellow region
denotes the WIMP-discovery limit from [131] extended to lower masses for He-based experiments.
Right: As in left plot, but focused on the 100 MeV to 10 GeV DM mass range.

FIG. 9: Constraints from direct-detection experiments (solid lines), colliders and indirect detection
(labelled, dashed), and projections for new experiments (labelled, dashed/dotted lines) for the
spin-dependent scattering cross section for protons or neutrons o↵ nuclei. Constraints
are shown from PICO-60 [116], LUX [132], PICO-2L [133], PICO-60 CF3I [134], and IceCube [135].
Projections from PICO (proton) and LZ (neutron) are also shown [115]. The expected background
from atmospheric, supernova and solar neutrinos in both xenon and C3F8 is shown by the shaded
regions [131].

52
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DARK MATTER STABLE PARTICLE

DARK RELICS
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 Robust prediction for relic fractions  

 The only way to access M >> TeV?  

 Use same concept for Detection? 

fDM ≪ 1

STABLE PARTICLEDARK RELIC

DARK RELICS

 Well motivated stable particles: Monopoles, axions, squarks, heavy quarks 
(KSVZ), gluinos (SUSY), Milli-charge Particles (mCPs)
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 Particles with tiny electric charges: 

 Simple models to write (with or without a dark photon)

 Charge quantization a century old mystery

 Predictions of explanation: monopoles and/or GUTs not observed yet

 Looked for in various experimental programs

 Recent resurgence due to EDGES anomaly

ϵe

MILLICHARGE PARTICLES



TWO KINDS OF MCPs
 Dark Photon mediated 

 Effectively milli-charged at energies >> mA’

 mA’  sets the range of interactions with the SM

 For large enough mA’,  we can ignore long range effects like

 SN shocks, galactic magnetic fields, solar winds, 

 Electric field due to the ionosphere

 Pure Milli-charge or tiny Dark Photon mass, these effects important:         

see for e.g. A.Stebbins & G. Krnjaic 1908.05275 
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Figure 11: Discovery reach (thick red dashed lines) for a silicon dark matter detector with single-
electron sensitivity on a balloon (satellite) assuming an exposure of 1 gram-hour (0.1 gram-month)
and 106 (109) background events, together with constraints on dark matter interacting with a mas-
sive, ultralight dark photon. Also shown are cooling constraints from supernovae 1987A (brown,
“SN”) [76], as well as Red-Giant and Horizontal-Branch stars (brown, “RG&HB”) [71]; constraints
from measurements of the number of relativistic degrees of freedom from the CMB (light green,
“CMB Ne↵”) and BBN (blue, “BBN Ne↵”) [73, 108], and from searches for milli-charged particles
at SLAC (purple, “SLAC”) [77], colliders (blue, “COLL”) [71, 112], and at LSND and MiniBooNE
(green, “neutrino experiments”) [78]; and the direct-detection constraints derived in this paper from
SENSEI, CDMS-HVeV, XENON10, XENON100, and DarkSide-50 (combined into one red-shaded
region, labelled “direct detection”), as well as from RRS (purple) and XQC (light orange) [54]. We
also show for comparison the “freeze-in” line along which DM obtains the correct relic density in
this model [4, 113]. The region at high cross sections is unconstrained from CMB measurements
if this DM particle only makes up a subdominant component (f� . 0.4%) of the total observed
DM abundance [70]; for comparison, we show the CMB constraint for a fractional abundance of
f� = 1% (blue line, “CMB (f� = 1%)”), in which case the entire region at high cross section is
disfavored [114]. For the Ne↵ constraints from the CMB and BBN, we assume that the dark gauge
coupling is sufficiently small to avoid the production of dark photons at early times; for large val-
ues of the dark gauge coupling, the bounds would be given by the thin blue and green lines (“BBN
Ne↵(⇤)” and “CMB Ne↵(⇤)”) [71].

– 24 –
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FIG. 2. Parameter space of the scenario described in Fig. 1 in the plane (mm, Q) where we fix mC = 10 MeV to maximize the heat capacity
of the CDM bath and the maximal ↵m↵C allowed by CMB bounds [14–18]. The dark blue contours give the mDM fraction fm required for a
given (mm, Q) point to fit the upper value of the 99% CL interval of the EDGES measurement in the setup of Fig. 1. For a fixed fm the entire
region above the dark blue contour can be probed by reducing ↵m↵C (see text for details). For comparison, the dark green contour shows the
standard mDM case where 0.4% of mDM alone provides the baryonic cooling. The light blue region for mm < 10 MeV is robustly excluded
by BBN contraints on Ne� [7, 8, 10, 19], the two dotted lines distinguish between the case in which mDM is a scalar or a Dirac fermion. The
gray shaded area is a collection of di�erent constraints taken from Refs. [37, 87], plus limits on millicharge particles from milliQ at SLAC [35],
searches for low ionizing particles in CMS at the LHC [88] and the new constraints from LSND and MiniBooNE derived in Ref. [40]. The
region on the left of the blue line is excluded by CMB constraints on Ne� only when mDM couples to a dark photon with coupling gD = 0.1.
The green region is excluded by present direct detection experiments as shown in Ref. [47]. The green dashed line indicates our extrapolation
of the results in Ref. [47] to higher masses (see discussion in the text). The red/black/magenta lines indicate the Fermilab/SLAC/CERN e�ort
to probe mDM. Solid/dashed/dotted lines give a rough sense of the short/medium/long time scale of the proposal. Solid red is the ArgoNeut
sensitivity derived in Ref. [43], dashed red is the sensitivity of the Fermini proposal at NuMI [42] (see Ref. [43] for a more conservative
reach based on ArgoNeut at NuMI), dotted red is the DUNE reach [40] while dotted black is the LDMX reach [41]. Dashed magenta is
the milliQan reach as [38] while dotted magenta is the SHiP sensitivity [40]. The dash-dotted/dotted green lines indicate the reach of a
SENSEI-like dark matter detector on a balloon/satellite with 0.1 gram-month exposure [47].

constitutes a fraction fm of the total DM energy density. The
mDM-baryon long-range interaction is controlled by the mDM
charge Q, which may or may not stem from the presence of a
new light mediator. The novelty in our setup is that the mDM
fraction also interacts with the remaining CDM component,
of mass mC, through a distinct long-range hidden interaction
controlled by the coupling gmgC. The same interaction also
induces a CDM self-interaction proportional to g

2

C. The two
long-range interactions of our setup imply the existence of one
or two new light mediators with masses below a keV, which
is the typical size of the exchange momentum in scattering
collisions during the cosmic dawn.

The long-range force between mDM and CDM opens up
the mDM parameter space at higher masses (up to mm .

200 GeV) and smaller dark matter fraction (down to fm &
10�8). This is because the cooling is now driven by the CDM
bath, with the mDM acting as a mediator between CDM and
the baryons. As we show in Sec. IV B, the CDM mass mC
must lie below a few GeV in order to have a large enough heat
capacity to cool the gas su�ciently.

The allowed parameter space of our framework is mostly de-
termined by ensuring that the mDM-baryon and mDM-CDM
couplings are consistent with CMB constraints, as discussed
in Sec. IV C. In Fig. 2, we show three contours on the mm – Q

plane where su�cient cooling of the baryonic bath is achieved
in our framework in order to explain the EDGES result for
fm = 10�4, 10�6 and 10�8. We have fixed mC = 10MeV
and gmgC; these two parameters can vary over a broad range

 1905.06348 Emken et al , 1908.06986 Liu et al 

Colliders/Terrestrial : no reach for small charge
Direct Detection      : no reach for large charge (Overburden blocks it)

PARAMETER SPACE

KE smaller than threshold
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Figure 10: Discovery reach in dashed (dot-
ted) lines for a silicon DM detector with
single-electron sensitivity on a balloon (satel-
lite) assuming an exposure of 1 gram-hour
(0.1 gram-month) and 106 (109) background
events, assuming an ultralight dark-photon
mediator. The red region shows the direct-
detection constraints derived in this paper
from SENSEI, CDMS-HVeV, XENON10,
XENON100, and DarkSide-50 (combined
into one region).

interacting DM particle of mass m� by setting the signal-to-noise ratio with a flat background to

fmodStot
p
Stot +B

= 5 , (4.4)

and solving the equation for the cross section �e [10]. Here, Stot ⌘ "hRi is the total number of
expected events. While the assumption of a flat background is optimistic, this simple formula is also
rather conservative for a satellite-borne detector, as in practice one could search for the modulation
amplitude using a large number of orbits. In any case, this simple estimate will suffice for our
purposes.

For the balloon-borne experiment, we now assume an exposure of 1 gram-hour, and a back-
ground of 106 events. The corresponding parameters for the satellite experiment are taken to be
0.1 gram-months, and 109 background events. These background numbers are chosen for purposes
of illustration only. Next, we compute the projected constraints and modulation discovery reach for
the high-altitude experiments for the case of ultralight mediators. Both values are relatively insen-
sitive to the background. We assume that the detector onboard the balloon is shielded by the upper
atmospheric layers, as well as 5 mm of mylar, and 1 mm of copper.7 For the satellite-borne detector,
we assume a 1 mm mylar layer as the only shielding material. The simulation’s setup of parallel pla-
nar shielding layers hardly approximates the geometry of the experimental installation. Nonetheless,
our simulations will yield a reasonable first estimate. For more precise determinations of the critical
cross sections, the MC simulations would have to be generalized to more complicated simulation
geometries, e.g. using GEANT4 [104].

The projected modulation discovery reach (5�) for these two experiments in the case of a light
mediator are shown in Fig. 10, along with the combined low-mass direct-detection bounds. We
see that a balloon-borne experiment could probe to larger cross sections by about two orders of
magnitude above the current direct-detection constraints, while a satellite-borne experiment could
probe an additional two orders of magnitude above a balloon-borne instrument.

7The copper layer’s density is set to 8.96 gram/cm3, whereas mylar is modelled as a material with a density of
1.4 gram/cm3, and composed of 62.5% carbon, 33.3% oxygen, and 4.2% hydrogen [103].

– 22 –

1905.06348 Emken et al 
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Figure 10: Discovery reach in dashed (dot-
ted) lines for a silicon DM detector with
single-electron sensitivity on a balloon (satel-
lite) assuming an exposure of 1 gram-hour
(0.1 gram-month) and 106 (109) background
events, assuming an ultralight dark-photon
mediator. The red region shows the direct-
detection constraints derived in this paper
from SENSEI, CDMS-HVeV, XENON10,
XENON100, and DarkSide-50 (combined
into one region).

interacting DM particle of mass m� by setting the signal-to-noise ratio with a flat background to

fmodStot
p
Stot +B

= 5 , (4.4)

and solving the equation for the cross section �e [10]. Here, Stot ⌘ "hRi is the total number of
expected events. While the assumption of a flat background is optimistic, this simple formula is also
rather conservative for a satellite-borne detector, as in practice one could search for the modulation
amplitude using a large number of orbits. In any case, this simple estimate will suffice for our
purposes.

For the balloon-borne experiment, we now assume an exposure of 1 gram-hour, and a back-
ground of 106 events. The corresponding parameters for the satellite experiment are taken to be
0.1 gram-months, and 109 background events. These background numbers are chosen for purposes
of illustration only. Next, we compute the projected constraints and modulation discovery reach for
the high-altitude experiments for the case of ultralight mediators. Both values are relatively insen-
sitive to the background. We assume that the detector onboard the balloon is shielded by the upper
atmospheric layers, as well as 5 mm of mylar, and 1 mm of copper.7 For the satellite-borne detector,
we assume a 1 mm mylar layer as the only shielding material. The simulation’s setup of parallel pla-
nar shielding layers hardly approximates the geometry of the experimental installation. Nonetheless,
our simulations will yield a reasonable first estimate. For more precise determinations of the critical
cross sections, the MC simulations would have to be generalized to more complicated simulation
geometries, e.g. using GEANT4 [104].

The projected modulation discovery reach (5�) for these two experiments in the case of a light
mediator are shown in Fig. 10, along with the combined low-mass direct-detection bounds. We
see that a balloon-borne experiment could probe to larger cross sections by about two orders of
magnitude above the current direct-detection constraints, while a satellite-borne experiment could
probe an additional two orders of magnitude above a balloon-borne instrument.

7The copper layer’s density is set to 8.96 gram/cm3, whereas mylar is modelled as a material with a density of
1.4 gram/cm3, and composed of 62.5% carbon, 33.3% oxygen, and 4.2% hydrogen [103].

– 22 –

For contact interactions: 1802.03025 Hooper, McDermott

1905.06348 Emken et al 
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TERRESTRIAL ABUNDANCE

 DM thermalizes, but stuck on Earth if 

 Accumulation over the age of the Earth causes 

tremendous enhancement 

 

 DM lighter than GeV evaporates 

 Heavier than GeV sinks due to gravity

vth < vesc

η =
πR2

Evvir
4
3 πR3

E

TE ≈ 1016

vth > vesc
from: 2012.03957 HR M.Pospelov
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TRAFFIC JAM

 Sinking not immediate.

 Downward drift /diffusion
vterm ≪ vth ≪ vvir

ηterm =
nlab

nvir
=

vvir

vterm

Virial velocity

Terminal velocity

Boundary

 Traffic Jam on the way

from: 2012.03957 HR M.Pospelov
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 Mesons produced in Cosmic ray 

collisions can decay into mCPs

 Contribution to irreducible 

density on Earth

2010.11190 HR, Roni Harnik, Ryan Plestid and Maxim Pospelov

Can be MCPs

IRREDUCIBLE MCP POPULATION
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 High boost, hence penetrates deep

REVERSE TRAFFIC JAM

nQ=10-4 /cc

nQ=10-5 /cc

nQ=10-6 /cc

nQ=10-7 /cc
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from: 2012.03957 HR M.Pospelov

 Thermalized mCP, large x-section, (MFP~ micron)

 Evaporates for mQ < GeV, but very slowly.
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EARTH E-FIELD

and the ionosphere. Experiments have shown that the electric field is greater in the
middle of the day than in the morning or at night, and is also greater in winter
than in summer. During fair weather, an electric field of 100 V m−1 exists at
ground level and decreases with height. The electrosphere being positively
charged, the electric field is directed toward Earth where the average negative
charge distributed over the surface amounts to 106 C. A vertical current flowing
through the electrically resistive atmosphere, shown in figure 5.1, was considered
to be the source of the fair weather electric field by the Nobel Prize winner C T R
Wilson in 1906. While current theory suggests that thunderstorms are responsible
for ionosphere atmospheric current flow in fair weather, the details are still not
fully understood. The atmospheric electrical circuit is modulated by variation in
rain clouds and tropical thunderstorms. Modulation of the fair weather electric
field occurs on daily, seasonal, solar cycle, and century timescales.

To maintain the fair weather global electric current flowing to Earth’s surface at
very low levels, 1000–2000 thunderstorms must be active at any time. Ground-based
radio frequency measurements of global rates have significant uncertainties and
limitations. A high resolution space based sensor is necessary in order to help improve
our basic knowledge of the present uncertainties related to global lightning activity.

5.3 The most common types of lightning discharge
Lightning is a complex mixture of electrical and physical phenomena found in
nature in different forms (figure 5.2). Typically, more than 2000 thunderstorms are
active around the world at any time, covering about 10% of the surface of the Earth.
Statistically, approximately 100 lightning strikes occur every second on Earth,
adding up to nearly 8 million lightning flashes per day, 33% being a cloud–ground
discharge. Basically, during a human life, the probability of being struck by
lightning is one per 600 000. It should be emphasized that all types of lightning
are dangerous and even the weakest thunderstorms produce lightning.

Figure 5.1. The spherical capacitance formed by Earth and the electrosphere reproduced from [9] with
permission of Ecole Centrale de Lyon, France.

Discharge in Long Air Gaps

5-3

Lightning discharge
A Beroual and I Fofana

Electric Field ~ 100 V/meter
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EFFECT OF EARTH E-FIELD

  If pure Milli-charge, it feels earth electric field

  Evaporation turned off for large positive mCP 5
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FIG. 2: Accumulated terrestrial density of mCPs arising from decay of mesons produced by cosmic rays in the
atmosphere. Left panel: number densities neglecting evaporation; right panel: realistic number densities upon

accounting for evaporation.

FIG. 3: Left: Existing DD limits on mCDM parameter space adopted from [40], Right: Contours of nQ/fQ arising
from accumulation due to virial mCDM density are plotted.

accumulation. We find that densities up to nQ ⇡ 1cm�3

can be achieved barring evaporation.
It is clear that this density will be diminished due to

evaporation, and the total local density will depend sen-
sitively on the retention time. This can be thought as
the time taken for the mCP to di↵use out to the sur-

face (with subsequent evaporation determined by mQ) is
given by the di↵usion time tdi↵(dpen) given in Eqn. 6.
We approximate the total number of mCPs collected in
the infinitesimal shell with depth dpen to have been dis-
tributed with linearly decreasing density in the shell of
thickness dpen. Thus we have for the local density,

nloc(h) ⇡
Z ��max

d(��)
d�

d(��)

⇡R
2
�tdi↵(dpen)

4
3⇡

�
R3

� � (R� � dpen)3
� h

dpen
⇡

Z ��max

d(��)
d�

d(��)

h

vth�
(12)

This quantity is plotted in Fig. 2 (right panel). The e↵ect
of evaporation is severe for lighter masses, due to their su-
perior thermal velocities which leads to shorter di↵usion
times. Above a GeV, evaporation is negligible and the
left and right panels present near identical densities. In

the region currently allowed by terrestrial bounds, den-
sities upto nQ ⇡ 10�4

cm3 can be achieved. While this is
several orders of magnitude smaller than the densities
found in Section II for mCDM, it is important to note
that this is an irreducible density with no assumptions
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FIG. 2: Accumulated terrestrial density of mCPs arising from decay of mesons produced by cosmic rays in the
atmosphere. Left panel: number densities neglecting evaporation; right panel: realistic number densities upon

accounting for evaporation.

FIG. 3: Left: Existing DD limits on mCDM parameter space adopted from [40], Right: Contours of nQ/fQ arising
from accumulation due to virial mCDM density are plotted.

accumulation. We find that densities up to nQ ⇡ 1cm�3

can be achieved barring evaporation.
It is clear that this density will be diminished due to

evaporation, and the total local density will depend sen-
sitively on the retention time. This can be thought as
the time taken for the mCP to di↵use out to the sur-

face (with subsequent evaporation determined by mQ) is
given by the di↵usion time tdi↵(dpen) given in Eqn. 6.
We approximate the total number of mCPs collected in
the infinitesimal shell with depth dpen to have been dis-
tributed with linearly decreasing density in the shell of
thickness dpen. Thus we have for the local density,

nloc(h) ⇡
Z ��max

d(��)
d�

d(��)

⇡R
2
�tdi↵(dpen)

4
3⇡

�
R3

� � (R� � dpen)3
� h

dpen
⇡

Z ��max

d(��)
d�

d(��)

h

vth�
(12)

This quantity is plotted in Fig. 2 (right panel). The e↵ect
of evaporation is severe for lighter masses, due to their su-
perior thermal velocities which leads to shorter di↵usion
times. Above a GeV, evaporation is negligible and the
left and right panels present near identical densities. In

the region currently allowed by terrestrial bounds, den-
sities upto nQ ⇡ 10�4

cm3 can be achieved. While this is
several orders of magnitude smaller than the densities
found in Section II for mCDM, it is important to note
that this is an irreducible density with no assumptions

With evaporation Without evaporation

from: 2012.03957 HR M.Pospelov
Dark Photon MCP Pure MCP
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 Despite large number density & cross-section

 Small energy deposit:  

 Small momentum transfers: See neutral atom

 Low threshold detectors have low temperature walls to reduce background

 Small MFP~ micron, rapidly thermalize with walls

300 Kelvin ≈ 26 meV

DETECTION NIGHTMARE

BOLOMETER
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EXISTING LIMITS

1024 Nucleon cm-3 

2012.08169 G. Afek, F. Monteiro, J. Wang, B. Siegel, S. Ghosh, D.C. Moore
2

FIG. 1. SiO2 spheres are levitated in high vacuum between a
pair of parallel electrodes to search for a violation of charge
neutrality by, e.g., a mCP electrostatically bound to a Si or
O nucleus in the sphere.

Upon reducing the pressure to ⇠ 10�7 mbar, the sphere
is discharged, leaving it with precisely the same number
of electrons and protons [23, 29, 57, 58]. The sphere is
positioned between a parallel pair of electrodes, 25.4 mm
in diameter and 2.04 ± 0.02 mm apart, for which the
relative tilt is measured to be <⇠ 1 mrad. One of the
electrodes is connected to a high voltage source capable
of supplying up to ±10 kV at frequencies <⇠ kHz (Trek
610E), while the other electrode can be separately biased
with low voltage.

Each sphere’s response is calibrated by setting its net
charge to Q = Ne (for known N between 1–5), and its
motion is recorded as it is driven with a frequency comb
comprised of equal amplitude tones at odd frequencies
between 51 to 201 Hz. Since forces on the induced dipole
and most vibrations occur at twice the drive frequency,
odd frequencies avoid mixing of backgrounds into the sig-
nal. The calibrated response (taking into account the
field amplitude) is used as a template representing the
motion of a unity-charged sphere under the e↵ect of the
drive [Fig. 2 (a), blue]. The sphere is then discharged
and the field amplitude increased to typical values of
5 kV/mm, still well below the expected threshold for
ionization of the mCP [59]. The residual motion under
the influence of the strong field is correlated against the
calibration template in order to the obtain an e↵ective
residual charge ". The presence of a mCP bound to a Si
or O nucleus in the sphere (Fig. 1, insets) would induce
a response identical to the calibration template, up to
rescaling by the amount of charge it possesses. In total,
four 10-µm spheres, five 15-µm spheres and seven 20-µm
spheres were examined, with a total mass of (76± 7) ng.

The dominant known backgrounds arise from mechan-
ical vibrations that can induce either a real or appar-
ent motion of the sphere that is correlated with the ap-
plied voltage, and field-induced torques and forces acting
on permanent or induced multipole moments within the
sphere. In particular, permanent electric dipole moments
coupling to residual electric field gradients are the source
of the primary backgrounds that could mimic the signal
from a mCP.

Vibrations are generated by the high-voltage drive.

100 150 200 0.5 1 1.5 2

10
-3

10
-2

-50 0 50

-2

-1

0

1

0 2 4 6 8

0.5

1

(a) (b)

(c) (d)

FIG. 2. Backgrounds. (a) Power spectral density (PSD) of a
sphere’s motion with net charge of 4e, driven by a 100 V/mm
frequency comb at odd frequencies between 51 and 201 Hz.
Blue markers highlight the drive frequencies. This spec-
tral response is used to subtract the vibrational background
(red) [59]. (b) Reduction in torque related backgrounds as the
rotation rate approaches ⌦s

>⇠ 1 MHz. (c) Inferred charge for
example spheres of each size as a small DC field is varied,
from which the gradient at the position of the sphere can be
determined. (d) Magnitude of the inferred gradients and com-
parison to COMSOL simulations (dotted line, for xj = y, z)

.

Though these mostly occur at double the frequency of
the driving field, they can still, through nonlinearities in
the system or a piezoelectric e↵ect in insulating ceramics,
leak into the drive frequency and excite the sphere, imi-
tating a charge (with an amplitude ⇠ 1% of the primary
vibration at the second harmonic [59]). A second, weaker
1064 nm beam traverses an optical path similar to that
of the trapping beam inside the vacuum chamber. Its
motion, coupled only to the vibrational background, is
recorded [Fig. 2 (a), red] and subtracted from the sphere
response after accounting for the corresponding transfer
function [59]. Deconvolving the e↵ect of vibrations from
the signal is more e↵ective as the resonance of the sphere
becomes narrower and more separated from any promi-
nent vibrational peaks. In our system, 15 µm spheres
have a natural resonance close to the vibrational peak
at ⇠ 170 Hz, and a negative feedback gain is applied to
reduce their resonance frequency.

After eliminating technical sources of backgrounds
such as vibrations, the force and torque due to the per-
manent electric dipole moment of the sphere, ~p0, leads to
additional backgrounds correlated with the driving field.
Torques of the form ~p0 ⇥ ~E can induce angular motion
of the sphere which can appear as an apparent center-of-
mass motion due to slight asphericity. Torque-induced
backgrounds are mitigated by spinning the spheres at
rotational frequencies ⌦s � 1 MHz [60–63], increasing
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Energy Threshold
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QIS CHALLENGE

READ-OUTQUBITS
Two Level Systems

DETECTORDD TARGET

A. Ions
B. Molecules
C. Quantum Dots
D. Superconducting Qubit

Image Current Detection
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COLD ION TRAPS
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Cryogenic silicon surface ion trap

Michael Niedermayr
1
, Kirill Lakhmanskiy

1
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, Michael Brownnutt
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Wissenschaften, Technikerstr. 21A, 6020 Innsbruck, Austria
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Abstract. Trapped ions are pre-eminent candidates for building quantum
information processors and quantum simulators. They have been used to demonstrate
quantum gates and algorithms, quantum error correction, and basic quantum
simulations. However, to realise the full potential of such systems and make scalable
trapped-ion quantum computing a reality, there exist a number of practical problems
which must be solved. These include tackling the observed high ion-heating rates and
creating scalable trap structures which can be simply and reliably produced. Here,
we report on cryogenically operated silicon ion traps which can be rapidly and easily
fabricated using standard semiconductor technologies. Single 40Ca+ ions have been
trapped and used to characterize the trap operation. Long ion lifetimes were observed
with the traps exhibiting heating rates as low as ˙̄n = 0.33 phonons/s at an ion-electrode
distance of 230µm. These results open many new avenues to arrays of micro-fabricated
ion traps.

PACS numbers: 03.67.Lx, 32.80.Qk
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IONS IN COLD TRAPS

 Ions trapped for Quantum Computing

 Stable in trap for O(year) 

 High vacuum to reduce background rate

  Twall ≫ Ttrap

z

+

Slide 11 

Richard Thompson 
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2.   Principles of operation of Penning traps 

•  Electrode configuration 
•  Equations of motion 
•  Modes of oscillation 
•  Potential and kinetic energy 
•  Space charge effects 
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TRAP@50 Kμ

WALL @ 300 K

Negligible heat transfer
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SELECTION RULES

Twall ≫ ΔE

 Approximate Harmonic Oscillator 

 Negligible background gas, only blackbody radiation

 Selection rules for photon absorption, 

 Electric Field noise from Penning trap dominates

Δn = ± 1

q.x
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SELECTION RULES

 Scattering breaks selection rules

 Momentum transfer  Energy Transfer≫
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DATA

 40Ca ions used

 neV 

Sensitive to single quantum jumps in “+”

 

 Heating Rate:  

ν+, ν−, νz ≈ MHz ≈ 4 ≈ 50μK

dn+

dt
≈

1
sec

10−9 eV
sec
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FIG. 8 Spectral density of electric-field noise, SE, as a function of the distance, d, from the ion to the nearest electrode, for
traps operated nominally at room temperature. Data points are taken from the relevant references in table I. On the right,
the ordinate scale is given as the equivalent heating rate of a 40Ca+ ion with a motional frequency of !t = 2⇡⇥1MHz. The
shaded regions indicate an envelope scaling with d

�4. The dotted lines indicate an envelope scaling with d
�2. See Sec. III.B

for discussion, including the uses and significant limitations of plotting such data on a single graph.

graph, we note and stress the caveat, stated initially by
Turchette et al. that it is di�cult to draw general conclu-
sions from the data for this particular trap. These data
points are discussed in more detail in Sec. VII.D.

Data points [20] and [24] were taken for heating rates
in the same trap, with the di↵erence being attributed
to an improved voltage supply (Poschinger et al., 2009).
(These two measurements are discussed in detail in
Sec. VI.C.) Data points [47]a,b were also measured in a
single trap, with [47]b being on resonance with interfer-
ence for other lab equipment, while [47]a was away from
any such resonances. It has been shown that surface
treatment can make heating rates in a single trap higher
([33]a,b) or lower ([39], [40]). (These are discussed in de-
tail in Secs. VI.E and VI.F respectively.) Finally, Hite
et al. (2012), Daniilidis et al. (2014) and McKay et al.
(2014) have shown that removal of surface contamination
by ion-beam cleaning of the electrodes can greatly reduce
the heating rate. Where this has been done in a sin-

gle trap, Fig. 8 displays points for both the pre-cleaning
([46]a, [57]a) and post-cleaning ([46]b, [57]b) measure-
ments. It may be considered that ion-beam cleaning is
a su�ciently distinctive procedure that the heating rates
from such traps should be analyzed separately. All points
measured after some form of ion-beam cleaning are col-
ored grey in Fig. 8. These measurements are then dis-
cussed in detail in Sec. VI.G.

It is worth additionally highlighting data point [62]
(Goodwin et al., 2014). As well as being notable for
the large trap size, the result is interesting as it is the
only heating rate to date of a single ion in a Penning
trap. This complicates any comparison with the other
data shown here; while considerations for some heating
mechanisms (such as Johnson noise and adatom di↵u-
sion) are essentially the same in both Penning and Paul
traps, other mechanisms (such as issues concerning cou-
pling to micromotion) become moot for Penning traps.
Additionally there may be e↵ects (such as coupling be-

1409.6572 M. Brownnutt, M. Kumph, P. Rabl & R. Blatt 
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DATA

To further investigate the residual drive mechanism,
we measure transition rates ζþðρ−Þ as a function of the
particle’s magnetron radius ρ−, thereby changing the
trapping field at the particle position. We excite the
magnetron mode and record series of axial frequency
sequences Ωkðνz; ρ−Þ for in total seven different magnetron
radii, thereby tracing a radial range of 6 μm ≤ ρ− ≤ 65 μm.
The results of these measurements are displayed in
Fig. 4. In Fig. 4(a) we show the measured axial frequency
fluctuation σνzðρ−; τ ¼ 250 sÞ. For the data points displayed
in Fig. 4(b), we analyze the transition rate ζþðρ−Þ of each
data set Ωkðνz; ρ−Þ and determine the spectral density
SVðωþÞ of an equivalent effective voltage noise source
present on each trap electrode,

SEðωþÞ ¼ Λ2ðρ; zÞSVðωþÞ; ð4Þ

where Λðρ; zÞ describes the relation between the electric
field at the particle position x⃗ ¼ ðρ; zÞ and the potential Vn
created by the nth electrode,

Λ2ðρ; zÞ ¼
X5

n¼1

!∂Vn

∂ρ
"

2

∝ ρ2; ð5Þ

for low cyclotron energies, ρ ≈ ρ−. The linear increase of
σνzðτÞ ∝ ρ− observed inFig. 4(a) reflects a quadratic increase
of transition rates ζþ ∝ ρ2− [Eq. (2)]. This is expected from
Eqs. (3)–(5), assuming electrode voltage noise SV as the

dominant source of electric-field fluctuations. We obtain
SV ¼ 225ð54Þ pVHz−1=2. Anomalous heating reported from
Paul traps [4,5] scales with d−4, d denoting the electrode-
ion distance. Since the variation of d is small (Δd=d ¼ 1=60)
for the considered magnetron radii, anomalous heating
would result in a nearly constant electric-field noise spectral
density. Since a clear increase is observed in ζþ, anomalous
heating is ruled out as the dominant heating mechanism.
Its effect is constrained to be below SEðωþÞ ≤ 7.5ð3.4Þ×
10−20 V2 m−2Hz−1.
The contributions to SV arising from the experimental

setup depicted in Fig. 1 are summarized in Table 1. The
effective parallel resistance of the axial detection system at
the cyclotron frequency contributes about 1.5 pVHz−1=2.
The Johnson noise of the electrode low-pass filters is below
1 pVHz−1=2; the electrode Johnson noise is on the order
of 10−3 pVHz−1=2. None of these mechanisms can explain
the observed voltage fluctuations. Field fluctuations arising
from blackbody radiation are estimated to be ωþ × SðBBÞE ≈
6 × 10−14 V2m−2 [5,41], which is 2 orders of magnitude

(a)

(b)

(c)

FIG. 3. Single particle stabilities as a function of the electrode-
to-ion distance d. Figure (a) displays the electric-field noise
spectral density SEðωÞ scaled by angular trap frequency ω,
Fig. (b) depicts heating rates dn̄=dt, and in Fig. (c) the energy
increase dE=dt is shown. The triangles represent measurements
performed in cryogenic 2D-Paul traps [32–38]; squares denote
measurements in Penning traps on single ions [21] and ion
crystals [39,40] conducted at room temperature. This work is
plotted as a blue circle.

(a)

(b)

FIG. 4. Results of frequency stability measurements for par-
ticles at different magnetron radii ρ−. (a) Measured Allan
deviation σνzðτÞ of the axial frequency for an averaging time
of τ ¼ 250 s. The black line denotes calculated values for σνzðτÞ
assuming transition rates are linked to trap voltage fluctuations.
(b) Calculated electrode voltage fluctuations SV . The linear
increase of σνzðτÞ is in good agreement with cyclotron transition
rates driven by trapping voltage fluctuations. The extracted
voltage fluctuation SVðωþÞ (black lines) is constant for
6 μm ≤ ρ− ≤ 65 μm, confirming that they can be regarded as
the dominant source of electric-field fluctuations in the trap.

TABLE I. Parasitic voltage fluctuation and heating rate
contributions.

Observed SV 225ð54Þ pVHz−1=2

Axial detection system 1.5 pVHz−1=2

Low-pass filter stages < 1 pVHz−1=2

Electrode Johnson noise ∼3 × 10−3 pVHz−1=2

Blackbody radiation ωþ × SEðωþÞ ∼ 6 × 10−14 V2 m−2

Background pressure ζþ < 4 × 10−9 s−1
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We report on the first detailed study of motional heating in a cryogenic Penning trap using a single
antiproton. Employing the continuous Stern-Gerlach effect we observe cyclotron quantum transition rates
of 6ð1Þ quanta=h and an electric-field noise spectral density below 7.5ð3.4Þ × 10−20 V2 m−2 Hz−1, which
corresponds to a scaled noise spectral density below 8.8ð4.0Þ × 10−12 V2 m−2, results which are more than
2 orders of magnitude smaller than those reported by other ion-trap experiments.

DOI: 10.1103/PhysRevLett.122.043201

Quantum control techniques applied to trapped charged
particles, well isolated from environmental influences,
have very versatile applications in metrology and quantum
information processing. For example, elegant experiments
on cotrapped laser cooled ions in Paul traps have provided
highly precise state-of-the-art quantum logic clocks [1],
enabled the development of exquisite atomic precision
sensors [2] and the implementation of quantum information
algorithms applied with highly entangled ion crystals [3].
Decoherence effects from noise driven quantum transitions,
commonly referred to as anomalous heating [4,5], affect
the scalability of multi-ion systems, which would enable
even more powerful algorithms. Trapped particles are also
highly sensitive probes to test fundamental symmetries,
and to search for physics beyond the standard model [6,7].
The most precise values of the mass of the electron [8] and
the most stringent tests of bound-state quantum electrody-
namics [9] are based on precise frequency measurements
on highly charged ions in Penning traps. Measurements of
the properties of trapped electrons [10] and positrons [11]

provide the most sensitive tests of quantum electrodynam-
ics and of the fundamental charge-parity-time (CPT)
invariance in the lepton sector [12,13].
Our experiments [14] make high-precision comparisons

of the fundamental properties of protons and antiprotons,
and provide stringent tests of CPT invariance in the baryon
sector. We recently reported on an improved determination
of the proton magnetic moment with a fractional precision
of 300 parts in a trillion [15] and the first high-precision
determination of the antiproton magnetic moment with a
fractional precision of 1.5 parts in a billion [16]. This
measurement, based on a newly invented multitrap method,
improves the fractional precision achieved in previous
studies [17,18] by more than a factor of 3000. These
multitrap based high-precision magnetic moment measure-
ments on protons and antiprotons require low-noise con-
ditions much more demanding than in any other ion-trap
experiment. Compared to experiments on electrons and
positrons [10,11], the 660-fold smaller proton-antiproton
magnetic moment makes it much more challenging to
apply high-fidelity single particle spin-quantum spectros-
copy techniques [19]. Our experiments become possible
only in cryogenic ultralow-noise Penning-trap instruments,
which provide energy stabilities of the particle motion on
the peV=s range, effectively corresponding to a parasitic
transition rate acceptance limit of, at most, two motional
quanta over several minutes of measurement time.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.
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CAPABILITIES

 Low exposure (Single ion x few hours)

 neV direct detection.

 Ultra-low heating rate

 Tiny momentum transfer   

 Still scatter with ion: Enormous Rutherford x-sections for small q

 Perfect for Traffic Jam: Large number densities and cross-

sections, KE~26 meV

q ≈ 2neV × mT ≈ eV
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TERRESTRIAL POPULATION 
CONSTRAINTS
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TERRESTRIAL POPULATION 
CONSTRAINTS
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TERRESTRIAL POPULATION 
CONSTRAINTS

Anti-proton + Calcium
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LIMITS ON DARK MATTER
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PROJECTION FOR DEEP MINE

PROJECTION FOR DEEP MINE
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FIG. 2: Accumulated terrestrial density of mCPs arising from decay of mesons produced by cosmic rays in the
atmosphere. Left panel: number densities neglecting evaporation; right panel: realistic number densities upon

accounting for evaporation.

FIG. 3: Left: Existing DD limits on mCDM parameter space adopted from [40], Right: Contours of nQ/fQ arising
from accumulation due to virial mCDM density are plotted.

accumulation. We find that densities up to nQ ⇡ 1cm�3

can be achieved barring evaporation.
It is clear that this density will be diminished due to

evaporation, and the total local density will depend sen-
sitively on the retention time. This can be thought as
the time taken for the mCP to di↵use out to the sur-

face (with subsequent evaporation determined by mQ) is
given by the di↵usion time tdi↵(dpen) given in Eqn. 6.
We approximate the total number of mCPs collected in
the infinitesimal shell with depth dpen to have been dis-
tributed with linearly decreasing density in the shell of
thickness dpen. Thus we have for the local density,

nloc(h) ⇡
Z ��max

d(��)
d�

d(��)

⇡R
2
�tdi↵(dpen)

4
3⇡

�
R3

� � (R� � dpen)3
� h

dpen
⇡

Z ��max

d(��)
d�

d(��)

h

vth�
(12)

This quantity is plotted in Fig. 2 (right panel). The e↵ect
of evaporation is severe for lighter masses, due to their su-
perior thermal velocities which leads to shorter di↵usion
times. Above a GeV, evaporation is negligible and the
left and right panels present near identical densities. In

the region currently allowed by terrestrial bounds, den-
sities upto nQ ⇡ 10�4

cm3 can be achieved. While this is
several orders of magnitude smaller than the densities
found in Section II for mCDM, it is important to note
that this is an irreducible density with no assumptions

With evaporation Without evaporation

from: 2012.03957 HR M.Pospelov
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IRREDUCIBLE LIMIT (COSMIC RAY)

Evaporation on - non-trivial DP mass
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IRREDUCIBLE LIMIT (COSMIC RAY)

Forthcoming   
HR with 
D.Budker,  
P.Graham, 
F.Schmidt-Kaler 

10-2 10-1 1 101
10-5

10-4

10-3

10-2

10-1

mQ [GeV]

ϵ

antiproton trap

Q+e- Bound

Evaporation off -  pure millicharge



46

OUTLOOK

 Heating due to “-“ and “z” modes

 Electron traps to extract more energy at same q

 Repeating experiment in deep mine

 Collective excitations in Ion lattices

 Accumulating mCPs in an electric field bottle
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DARK SRF for TRAFFIC JAM?

The enabling part: the extraordinary high Q

1/16/19Anna Grassellino - DarkSRF experiment5

• SRF cavities (f < 3 GHz) can easily reach Q > 1e9 at T< 2K, vs > 5 orders of 
magnitude over copper cavities, combining E and R à > 10 order of magnitude gain

• Via deep knowledge of intricate niobium cavity surface treatments, the Fermilab SRF 
group has pushed the boundaries of Q to world records, reaching routinely among the 
highest quality factors in nature Q > 4e11

• Moreover, we have developed the expertise to manipulate the Q factor in the range 
from >1025 photons to the quantum regime (< 20 photons) 

S. R. Parker et al, Phys. Rev. 
D 88, 112004 (2013)
J. Hartnett et al, Phys. Lett. 
B 698 (2011) 346
J. Jaeckel and A. 
Ringwald, Phys. Lett. B 659, 
509 (2008)

A. Romanenko, S. Posen, and A. Grassellino, 
“Methods and system for treatment of SRF 
cavities to minimize TLS losses,” US patent 
pending, Serial No.: 62/742,328.

Dark Photon Search

ω=1.3 GHz
Q=1010

t= 2 weeks
Runs:
T= 1.4 K
T= 10 mK

-16 -14 -12 -10 -8 -6 -4
-14

-12

-10

-8

-6

-4

-2

0

Log10(mγ/eV)

Lo
g 1
0(
ϵ)

Dark SRF@ FNAL

CMB

C
RO

W
S 

(c
av

iti
es

)

Coulomb

Dark SRF @ Fermilab

Preliminary

�8

 LSW experiment Dark SRF@ Fermilab
 Constraints decouple for small 

 Ambient mCP traffic jam: thermal mass 

 Novel effect, milli-charges oscillations produce 
 New constraints in Transverse mode?
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Figure 11: Discovery reach (thick red dashed lines) for a silicon dark matter detector with single-
electron sensitivity on a balloon (satellite) assuming an exposure of 1 gram-hour (0.1 gram-month)
and 106 (109) background events, together with constraints on dark matter interacting with a mas-
sive, ultralight dark photon. Also shown are cooling constraints from supernovae 1987A (brown,
“SN”) [76], as well as Red-Giant and Horizontal-Branch stars (brown, “RG&HB”) [71]; constraints
from measurements of the number of relativistic degrees of freedom from the CMB (light green,
“CMB Ne↵”) and BBN (blue, “BBN Ne↵”) [73, 108], and from searches for milli-charged particles
at SLAC (purple, “SLAC”) [77], colliders (blue, “COLL”) [71, 112], and at LSND and MiniBooNE
(green, “neutrino experiments”) [78]; and the direct-detection constraints derived in this paper from
SENSEI, CDMS-HVeV, XENON10, XENON100, and DarkSide-50 (combined into one red-shaded
region, labelled “direct detection”), as well as from RRS (purple) and XQC (light orange) [54]. We
also show for comparison the “freeze-in” line along which DM obtains the correct relic density in
this model [4, 113]. The region at high cross sections is unconstrained from CMB measurements
if this DM particle only makes up a subdominant component (f� . 0.4%) of the total observed
DM abundance [70]; for comparison, we show the CMB constraint for a fractional abundance of
f� = 1% (blue line, “CMB (f� = 1%)”), in which case the entire region at high cross section is
disfavored [114]. For the Ne↵ constraints from the CMB and BBN, we assume that the dark gauge
coupling is sufficiently small to avoid the production of dark photons at early times; for large val-
ues of the dark gauge coupling, the bounds would be given by the thin blue and green lines (“BBN
Ne↵(⇤)” and “CMB Ne↵(⇤)”) [71].
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DARK RELIC BLIND SPOTS

COLD ION TRAPS

MOLECULESTOOLS FROM QIS



50

NUCLEOPHILIC
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KINEMATICS

 The total energy deposited in elastic scatter:

 

 Extra  suppression compared to KE available.
 Inelastic scatter with target, extract more energy 

Etot =
q2

2mN
= [

mχ

mN ] 1
2

mχv2
χ

mχ /mN
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MOLECULES

5

For example, at the leading order of interest, the re-
gion around the minimum is just a quantum harmonic
oscillator. For many diatomic molecules, the harmonic
approximation is su�cient to describe the ground state
and several of the lowest lying excited modes. However,
the description of higher modes requires additional an-
harmonic terms. For example, including the harmonic
term and the first anharmonic correction, the vibrational
eigen-energies take the form

Ev ⇡ !e

✓
v +

1

2

◆
� !exe

✓
v +

1

2

◆2

, (3)

where !e =
p
U 00(re)/µ12 is the harmonic frequency and

!exe is the first anharmonic correction, where for a Morse
potential xe = !e/4De.

To lowest order, the rotational modes of the molecule
can be described by the rigid rotor approximation, i.e.,
the molecule rotates with a constant interatomic dis-
tance. At higher orders, the interatomic distance itself
also varies. The eigen-energies associated with the rota-
tional states are

Erot,vJ = BvJ(J + 1) , (4)

where Bv = h�v0|r
�2

|�v0i/2µ12 is the rotational constant
associated with a vibrational state v. The rotational con-
stant is often expressed as Bv ⇡ Be�↵e(v+1/2), where
↵e is the first anharmonic correction to the rotational
constant and Be = (2µ12r

2
e)

�1 is the equilibrium rota-
tional constant. Finally, summing the results of Eqs. (3)
and (4), the molecular energy is given by [78]

EvJ ⇡ !e

✓
v +

1

2

◆
� !exe

✓
v +

1

2

◆2

+BeJ(J + 1)� ↵e(v + 1/2)J(J + 1) . (5)

For the case of a Morse potential, the fundamental fre-
quency of the oscillator, !e, the first anharmonic correc-
tion to the vibrational modes, !exe, and the anharmonic
correction to the rotational energy, ↵e, are given by

!e =
p
2De�

2/µ12

!exe = �
2
/2µ12

↵e = !
�1
e

⇣
6
p

!exeB
3
e � 6B2

e

⌘
. (6)

Taking Eqs. (3) and (4) and using the fact that the
electronic excitation energy is of order the nuclear dis-
sociation energy, one can easily estimate the typical en-
ergy scales of the system. Specifically, since the dissoci-
ation energy is De ⇠ ↵

2
EMme (↵EM is the fine structure

constant and me is the electron mass), the equilibrium
distance is typically the Bohr radius, re ⇠ (↵EMme)�1,
and U

00
(re) ⇠ De/r

2
e , one finds the approximate scal-

ing of excitation energies to be O
⇥
↵
2
EMme(me/µ)�

⇤
, with

� = 0, 0.5, and 1 for electronic, vibrational, and rota-
tional modes, respectively. As expected, there is a large
separation of energy scales between the various modes.

For concreteness, this study presents results for carbon
monoxide, hydrogen halides, and a metal hydride, for
which De ⇡ 3�11 eV and !e ⇡ 0.2�0.5 eV, correspond-
ing to IR wavelengths for transitions between consecutive
vibrational states (for more details see Appendix B). Ro-
tational transitions typically correspond to wavelengths
about an order of magnitude larger. Since individual
photons from the rotational transitions are very chal-
lenging to detect, we will be predominantly interested in
vibrational transitions. However, the various rotational
states will play an important role in calculating the exci-
tation and de-excitation probabilities. For example, cal-
culating these probabilities requires understanding the
properties of the molecular gas in the initial state before
scattering events occur.
The proposed experiment would operate at tempera-

tures low enough to avoid multiple-photon backgrounds
from blackbody radiation. For the explored molecules,
this turns out to be in the range 45 � 115 K and de-
pends on the molecule (see Sec. VII for details). The
temperature sets the distribution of thermally excited
ro-vibrational states according to a Maxwell Boltzmann
distribution. At temperatures below room temperature,
the population of excited vibrational states is negligible,
since the typical vibrational energy quanta are ⇠3000 K.
The probability to find a molecule in an initial rotational
state, Jinit, of the ground vibrational state, v = 0, is then

Ptherm(Jinit, T ) ⇡
(2Jinit + 1)e�Bv=0Jinit(Jinit+1)/T

P
Ji

(2Ji + 1)e�Bv=0Ji(Ji+1))/T
. (7)

As a result, given the temperature and energy ranges con-
sidered in this study, the molecules will populate mainly
the first O(1� 10) rotational states.

B. Kinematics

As discussed above, before a DM scattering event,
the gas consists of molecules with negligible kinetic en-
ergy. The molecules begin in the vibrational ground state
with a small spread of low lying rotational states, Jinit.
A DM scattering interaction that excites the molecule
to some higher vibrational and rotational mode with
(v0, J 0), transfers momentum ~q, angular momentum, and
energy to the nuclei of the molecule. The energy trans-
fer is converted to vibrational and rotational excitation
energy, �Ev0J 0 ⌘ Ev0J 0 � E0Jinit , and to recoil energy of
the entire molecule.
Conservation of energy for a molecule initially at rest

requires that

�Ev0J 0 = ~v� · ~q �
q
2

2µ�m
, (8)

where ~v� is the DM velocity and µ�m is the reduced mass
of the system comprised of the DM (m�) and molecule
(mm). Strictly speaking, Eq. (8) is the only constraint

 Described by a Morse Potential.
 Approximately a Harmonic Oscillator potential.

 v levels approximately equally spaced.

 Level splitting typically 500 meV.

 Corresponds to DM mass 500 keV and above.

1907.07682 HR with R.Essig, J. Perez-Rios, O. Slone
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SELECTION RULES
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CONCEPT 3

v=N

v=0AB (v=0)

DM particle

v=0

v=N
v=N-1

v=1

L

Adet

LL

x N

Cascade signal Co-quench signal

Excitation via dark matter scattering

v=1

v=N

FIG. 1. Top left: Schematic showing the proposed experimental setup for detecting dark matter through ro-vibrational
excitations of molecules in a gas. A reservoir of length L with reflective walls contains a gas of cold diatomic hetero-nuclear
molecules (denoted AB) held at low pressure to avoid clustering. The photodetector has surface area Adet and is shown
for simplicity to be attached to one of the reservoir walls; in practice, to allow for the photodetector operating at a di↵erent
temperature than the gas, the photodetector may need to be either insulated from the reservoir or the light must be transported
to the photodetector by, for examples, fibers. Top right: DM scatters o↵ a molecule and excites a ro-vibrational mode. The
excited ro-vibrational modes are short lived and relax rapidly, producing two types of infrared photons as the signal: (i)Cascade
photons (bottom left), where the excited molecule cascades to a lower-lying vibrational mode (or to the ground state) emitting
a single photon for every vibrational transition, which each have a large mean free path; and (ii) Co-quench photons (bottom
right), where the excited molecule is resonantly quenched by scattering o↵ and exciting neighboring molecules to their first
vibrational mode, which each decay to produce a photon. The mean free path of the co-quench photons can be enhanced by
adding a bu↵er gas consisting of, e.g., helium, but only those produced close to the photodetector area will be measurable.

dipole moment to enable ro-vibrational transitions, and
it should have a deep electronic potential well, holding
a large number of vibrational levels. Among the various
possible candidates, the carbon monoxide (CO) molecule
appears to be very promising, due to its large dissocia-
tion energy of 11 eV and an excitation energy of 6 eV
to the first electronic excited state. By mixing together
CO molecules of di↵erent isotopes, in particular, all com-
binations of 12C, 13C, and 16C with 16O, 17O, and 18O,
one can achieve sensitivity to both spin-independent in-
teractions and, through the isotopes with an odd number
of neutrons, also to spin-dependent interactions with the

neutron. Moreover, since the spectroscopy of CO is well
understood, theoretical calculations of the expected DM
signal are reliable. The cascade signal photons for CO
will have an energy typically in the range 180 meV to
235 meV, while the co-quench photons have an energy of
about 265 meV.

In addition to the CO target, we also investigate hy-
drogen halides, such as hydrogen fluoride (HF), as well as
a metal hydride, namely scandium hydride (HSc). These
provide sensitivity also to spin-dependent interactions
with the proton. While the molecular spectroscopy of
these molecules is less well-understood than for CO, we

1907.07682 HR with R.Essig, J. Perez-Rios, O. Slone
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SINGLE PHOTON DETECTORS
 Significant R&D effort for near IR single photon detection
 QIS applications, and also relevant to astronomy 
 Three leading candidates: SNSPD, TES, MKID,
 Detect single photons down to 100 meV, small Area ~ 1mm2

superconducting nanowire 
single photon detector Transition Edge Sensor

4

Figure 1.1: An illustration of the detection principle.

with energy h⌫ > 2� (� is the superconducting gap energy) is absorbed in a superconducting

film cooled to T ⌧ Tc, breaking Cooper pairs and creating a number of quasiparticle excitations

Nqp = ⌘h⌫/�. The e�ciency of creating quasiparticles ⌘ will be less that one since some of the

energy of the photon will end up as vibrations in the lattice called phonons. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles [28], Ns(E), is

plotted as the shaded area as a function of quasiparticle energy E.

Panel (b) shows that the increase in quasiparticle density changes the (mainly inductive) surface

impedance Zs = Rs + i!Ls of the film (represented as the variable inductor), which is used as part

of a microwave resonant circuit. The resonant circuit is depicted schematically here as a parallel LC

circuit which is capacitively coupled to a through line. The e↵ect of the surface inductance Ls is to

increase the total inductance L, while the e↵ect of the surface resistance Rs is to make the inductor

slightly lossy (adding a series resistance).

Panel (c) shows that on resonance, the LC circuit loads the through line, producing a dip in its

transmission. The quasiparticles produced by the photon increase both Ls and Rs, which moves the

resonance to lower frequency (due to Ls) and makes the dip broader and shallower (due to Rs). Both

of these e↵ects contribute to changing the amplitude (c) and phase (d) of a microwave probe signal

transmitted past the circuit. The amplitude and phase curves shown in this illustration are actually

the data measured for a test device described in Day et al. at 120 mK (solid lines) and 260 mK

(dashed lines). This choice of circuit design, which has high transmission away from resonance, is

very well suited for frequency-domain multiplexing, since multiple resonators operating at slightly

di↵erent frequencies could all be coupled to the same through line.

Microwave Kinetic Inductance
Detector
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FIG. 6. Cascade photon spectrum for m� = 100 MeV and 1 GeV and co-quench spectrum for m� = 10 MeV. The rate is given
for CO at 55 K with �̄n = 5⇥ 10�36 cm2, for p = 5 mbar, ✏abs = 10�5, and ✏det(n�,col) = 1. The tank has volume (2m)3 and
a photo-detector surface area of Adet = 100 cm2. The volume, temperature and pressure correspond to a total CO mass of
250 gr. The left panel corresponds to FDM(q) = 1 and the right panel to FDM(q) = (q0/q)

2 with q0 = �pe ⇡ 28 keV from
Eq. (11). The cascade signal is always much larger than the co-quench signal since co-quench photons are not transparent to
the medium. On the other hand, co-quench signals are able to access much lower DM masses since they correspond to a lower
energy threshold. The co-quech result for m� = 10 MeV corresponds to a setup with an internal reflective cylinder based on
the photo-detector with length twice the mean free path, within the main tank. Solid curves in the figure correspond to values
of (v, J) with energies equal to or below that of (v, J) = (26, 0), i.e. below electronic energy levels. For illustration, if higher
modes are found to be experimentally accessible, the dotted curves correspond to maximal values of (v, J) equal or below the
energy of (55, 0). In this case, many more photons are observed.

Thus, Eq. (31) simplifies to,

�MFP =
nHe

nCO

⌦
�
CO-He
col v

↵

⇡!Bij
/

pHe

pCO
. (33)

Clearly, �MFP increases with increasing pHe due to colli-
sional broadening, and decreases with increasing pCO due
to the larger number of absorbers.

There exists a maximal He pressure above which the
v = 1 state of CO quenches too fast via V � T trans-
fer. This pressure is p

max
He ⇡ 4 bar at 55 K. Taking

this maximum pressure for the He bu↵er gas and the
maximal allowed CO partial pressure of pCO = 5 mbar,
the mean free path for the v = 1 ! 0 photons would
be �MFP ⇡ 0.8 cm if all the CO molecules act as ab-
sorbers. However, di↵erent J levels are mutually trans-
parent and, at 55 K, using Eq. (7), not more than 18%
of CO molecules are in any particular Jinit level. Ad-
ditionally, one may introduce di↵erent isotope combina-
tions of (12C,13C) and (16O, 17O, 18O), which are also
mutually transparent. This further decreases the num-
ber density of absorbers of any particular photon. With
these modifications, one can achieve a mean free path of
�MFP ⇡ 27 cm.

B. Collection E�ciency

In what follows, we explicitly calculate the collection
e�ciency, ✏col(n�,em, n�,col) from Eq. (19), i.e., the ef-
ficiency with which the emitted photons are collected
within the photodetectors.

1. Cascade Signal

Due to their large mean free path, cascade photons
cannot reach the photodetector only if they get absorbed
by the non-instrumented, mirrored walls of the tank. For
simplicity, we model the gas tank as a cube with sides L,
as depicted in Fig 1. Photons emitted within the tank
reflect o↵ the mirrors until they reach the photodetector
which has a surface area Adet. During each reflection
there is some probability for the photon to get absorbed,
✏abs.5 For a single photon, the probability of hitting the
detector area after exactly n bounces is

Pn = (1� ✏)n
✓
1�

Adet

6L2

◆n
Adet

6L2
. (34)

Summing over all n from zero to infinity, we get

Pcol,cas =
Adet

Adet + 6L2✏
. (35)

The e�ciency for n�,col cascade photons to be collected
by the photodetectors when n�,em photons are emitted is

✏col,cas(n�,em, n�,col) =
n�,emCn�,col(Pcol,cas)

n�,col ⇥

(1� Pcol,cas)
n�,em�n�,col , (36)

5 In a realistic setup, this absorption probability can depend on
many factors such as photon wavelength and incidence angle.
Here we take the probability to be constant. This can be thought
of as an absorption e�ciency averaged over all relevant parame-
ters.

PHOTON SPECTRUM

1907.07682 HR with R.Essig, J. Perez-Rios, O. Slone
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BACKGROUNDS
 Thermal excitations: Cool gas, less than 1/year

 Cosmo/Radiogenics: Active veto, radio-purity & Shielding

 Dark Counts of Detector

 Black Body Radiation } Time coincidence with large photon yield
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OUTLOOK
 Quantum Dots - “0-dimensional” semi-conductors - artificial atoms

Forthcoming with C. Blanco, R. Essig, O. Slone, Fernandes-Serra,  

 In Solid, measure heat with Transition Edge Sensor, most sensitive bolometer?

Forthcoming with M. Pyle(super-CDMS), J. Billard (EDELWEISS), and S. Rajendran



62

SUMMARY
Blind Spots in 

Direct Detection of 
Dark Matter & Dark 

Relics

Novel Targets

Novel 
Detectors QIS

Molecules & Single Photon detectors 
for Light Dark Matter

Cold Ion Traps for Stringent 
Limits on Milli-charge Particles

Kinetic energy 
below threshold

SRF Cavities for Milli-charge 
particles with dark photons
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MEASUREMENT

 neV 

 Strong inhomogeneous magnetic field 

  measured with image current detection to detect 

ν+, ν−, νz ≈ MHz ≈ 4 ≈ 50μK

B2

Δνz(n+, n−, ms) =
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4π2mpνz

B2

B0 [(n+ +
1
2 ) +

ν−
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a3Π Energetically available 

Experimentally unobserved

Co-Quench signal

Cascade signal

0

vb

0

FIG. 5. The single-photon branching ratios for a (v0, J 0)
state in CO, BR(v0, J 0) (see Eq. (23)), and the type of ex-
pected signal (cascade or co-quench photons). We assume a
temperature equal to TBBR = 55 K and a pressure p = 5 mbar.
The blue shading corresponds to the value of BR(v0, J 0) for
each (v0, J 0) pair. The light blue region corresponds to values
of (v0,J 0) for which a cascade signal is possible. The darker
blue region corresponds to values for which only a co-quench
signal is possible. The red shaded regions are values of (v0,
J 0) for which there is not enough information currently avail-
able to ensure that a photon signal is produced. Two example
events are shown: excitation to (1) the state (v0, J 0) = (18, 7)
within the cascade region and (2) the state (v0, J 0) = (4, 1)
within the co-quench region. In event (1), the molecule cas-
cades down several steps of size �v = 1 until reaching vb,
emitting v0 � vb low-energy photons that are transparent to
the medium. At vb, the molecule resonantly quenches and the
remaining vibrational energy of the state is converted into vb
excited (1, J) states, which each emit a photon with a very
small mean free path within the medium. Event (2) immedi-
ately gets co-quenched to v0 excited (1, J) states, which each
emit a single photon with small mean free path.

then cascade decay in multiple �v = 1 steps via sponta-
neous emission.3 This proceeds e�ciently as long as the
pressure is low enough such that all collisional quenching
mechanisms are subdominant, i.e,

�(v0) . Av0v0�1 ,

...

�(vb + 1) . Avb+1vb , (25)

where the J indices in �(v, J) have been suppressed for
brevity.

3 If the photodetectors have zero, or very low, dark counts, one
could also consider excitations to the v0 = 2 state that produces
a single photon. However, in this study, we do not consider this
case for a CO target.

For a large range of J
0 and above some value of v

0

(see Fig. 5), the excited molecule will spontaneously emit
photons until it reaches vb, producing (v0 � vb) cascade
photons as follows:

AB(v0) ! AB(v0 � 1) + �v0!v0�1

! AB(v0 � 2) + �v0!v0�1 + �v0�1!v0�2 ! ...

! AB(vb) + (v0 � vb) · � . (26)

Each photon, �v,v�1, has a slightly di↵erent energy, de-
pending on the various values of (v, J) in the cascade
chain (the J-dependence on the � indices are suppressed).
The medium is almost completely transparent to these
photons, since the photon energies are smaller than that
of any possible vibrational excitation from the ground
state. The exact decay chain, i.e., the exact values of
(v, J) along the chain, depends strongly on the BR(v, J)
for spontaneous emission from each (v, J) state in the
chain to (v � 1, J ± 1).
As the pressure decreases, the values of vb (which de-

termine the boundary between the cascade and co-quench
regions) decrease. One can therefore create a cascade sig-
nal with a lower energy threshold by decreasing the pres-
sure. This provides enhanced sensitivity to lower DM
masses at the expense of a smaller number of targets
(for a given volume). In order for the lowest possible
DM mass to produce at least two cascade photons in
CO, v0 = 3 must be excited, which requires a pressure of
⇠ 50 nbar.
As an example of the behavior of the cascade signal for

a di↵erent molecule, for HF, the signal always consists
of cascade photons, but the pressures required to avoid
collisional quenching for all v0 states are much smaller
than for the case of CO. For example, to produce the
largest number of cascade photons for v

0
 5 from DM

scattering, the pressure is 100 nbar for HF. We discuss
this further in Sec. VI.

B. Co-Quench Signal

Co-quench photons are produced if (i) the V �V trans-
fer rate of the excited state is larger than the spontaneous
emission rate and the other collisional energy transfer
rates, and (ii) if the spontaneous emission rate of the
v = 1 state is larger than the collisional energy trans-
fer rates, �VT(1) + �VR(1) . A10. For CO at 55 K,
this condition is trivially satisfied for pressures below the
clustering pressure.

For CO, the co-quench region is shown in the dark blue
region of Fig. 5, corresponding to (v0, J 0) for which V �V

transfer is extremely e�cient. This occurs for low v
0 due

to the almost harmonic nature of the nuclear potential.
A CO molecule can be excited directly to v

0
< vb or

can be excited to a higher value of v0 and cascade down
to vb. Denoting the first vibrational mode that produces
a co-quench photon by vmin,b ⌘ min(v0, vb), the process

68

CASCADE VS CO-QUENCH
 Two Types of signal: Cascade & Collisionally Quenched

 Resonant collisional quenching:                                       

AB(v)+AB(0) AB(v-1)+AB(1)

 Less efficient at high v: Harmonic approximation breaks 

down. 

 Cascades down above some vb

 Cascade: AB(v) AB(v-1)+ AB(v-2)+2 … AB(vb)+(v-vb)

 Co-quench: AB(vb)+AB(0) AB(vb-1)+AB(1)… vb AB(1) 

 vbAB(1) vb AB(0) + vb 

→

→ γ→ γ → γ

→ →

→ γ
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EXTRACTING CO-QUENCH
 Collisions with Helium buffer gas, broadens line spectrum, increasing MFP

 Different isotopes of CO, other gases, mutually transparent

 Can Increase MFP to 20 cm

 Open mirror box around detector for co-quench

 Sensitive to cascade signal from rest of the volume

3

v=N

v=0CO (v=0)

DM particle

CO (v=0)

DM particle

v=0

v=0

v=N

v=N-1

v=1

L

A

a

LL

N

Cascade signal Co-quench signal

Excitation via dark matter scattering

v=1

v=1

FIG. 1. [RE: check geometry of small volume setup; include a window between tank and photodetector; provide a legend for
colored atoms/molecules; ] Sketch for direct detection of DM particles through vibrational excitations in a molecular gas. Top
panels refer to the small volume set up: panel (a) shows a cylindrical reservoir of length �MFP and base area A is filled with
a cold and low partial pressure diatomic hetero-nuclear molecular gas in the presence of a He bu↵er gas. The photo-sensitive
detection area is depicted as a and attached to the bases of the reservoir; panel (b) shows a DM-driven excited molecule (v = 2)
collides with a ground state molecule and after a resonant quenching collision both molecules end up in a v = 1 state; panel
(c) shows how the molecules in the v = 1 state spontaneously decay into the v = 0 state and the photons are detected by the
photo-detector of area a. This is a type 1 signal. Bottom panels stand for the large volume setup: panel (a) shows a cubic
reservoir of length L filled with a CO gas, which will be excited after a DM particle collides with one of the CO molecules;
panel (b) shows the spontaneous decay emission process from the initial DM-driven populated v0 vibrational state. This is a
type 2 signal.

with initial Jinit = 0, its typical impact parameter is ap-
proximately b and therefore conservation of angular mo-
mentum requires that the final excited state have J ⇡ q·b,
setting an additional relation between q, v and J . More
generally, the initial state of the molecule might be ther-
mally excited to some non-zero Jinit, in which case the
relation must be generalized to include the initial angular
momentum. Both these requirements must be satisfied
in order to have sizeable support of the interaction cross
section. From these, one can in principle evaluate the
fraction of q/2m� which is available.

[RE: introduce simple kinematics and the cross sec-
tion, explain why MeV masses are preferred for vibra-
tional states; explain why sensitivity curve isn’t linear
above the peak sensitivity; explain when molecules want
to dissociate; ]

B. Fundamental Molecular Properties

For the setup proposed in this study, we will focus
on excitations of both vibrational and rotational modes,
since electronic modes are usually decoupled from these.
As will be described below, vibrational modes corre-
sponding approximately to Infra-Red (IR) wavelengths
which are potentially measurable, while rotational modes
correspond to much larger wavelengths. For a given DM
mass (and therefore a given typical momentum transfer
of order q ⇡ m�v�), the scattering will preferentially re-
sult in final states with certain combinations of v and J
modes. This follows from the reasoning outlined above
regarding momentum and angular momentum conserva-
tion. Very roughly, larger DM masses correspond to
larger values of both v and J in the excited state. Follow-
ing a scattering into some excited state the molecule will

MFP
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BACKGROUNDS
 Thermal excitations: Cool gas, less than 1/year

 Cosmo/Radiogenics: Active veto, radio-purity & Shielding

 Dark Counts of Detector

 Black Body Radiation } Time coincidence & large signal photon yield 
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FIG. 9. Left: The maximum allowed single-photon rate (blue curves) versus temperature for achieving an n�-photon coincidence
rate of Rn� < 0.1/year for CO for n� = 4 (dot-dashed), n� = 3 (dashed), and n� = 2 (solid) co-quench photons (v = 1 ! 0
transitions). Red curves show the single-photon rates from blackbody radiation for di↵erent detector areas, Adet = 1 cm2

(solid), Adet = 100 cm2 (dashed), and Adet = 1 m2 (dot-dashed). The dotted-green curve shows a dark count rate of 10�4 Hz,
as demonstrated for SNSPDs in [110]. Right: Same as left panel, but for cascade photons. Here the blue curves show the
results for n� = 2, n� = 3, and n� = 4 cascade photons corresponding to the transitions v0 = 10 ! 8, v0 = 11 ! 8, and
v0 = 12 ! 8 in CO, respectively. The shift to lower temperatures of the red curves in the right panel compared to the left
panel is a result of the lower energies of the cascade photons, leading to larger single-photon rates from blackbody radiation
for a given temperature.

only 250 g-yr), we do not expect radioactive backgrounds
to limit the DM sensitivity for first generation experi-
ments. Solar neutrinos scattering o↵ nuclei are known
to not be an important background for small exposures
either [51]. We also note that the expected photon spec-
trum from DM is quite distinctive, which would help in
distinguishing DM from backgrounds.

B. Blackbody Radiation and Dark Counts

Background photons could come from either dark
counts (which mimic a photon signal) or blackbody radi-
ation (which are real photons). In both cases the number
of observed photons is Poisson distributed in time, and a
substantial reduction in the background rate is achieved
simply by requiring two or more coincident photons. If
the single photon rate due to blackbody radiation or dark
counts is R1� , the rate to observe n or more photons
within a time �tn is given by

Rn� = (R1�)
n�1(�tn)

n�2(1� e
�R1��t) . (43)

Here �tn is the time needed to observe n signal photons.
For co-quench photons, �tn ⇠

1
A10

since V-V transfer
occurs on much shorter timescales for our choice of pa-
rameters, while for cascade photons,

�tn ⇠

v0X

v=v0�n+1

1

Av,v�1
, (44)

where the A’s are Einstein coe�cients and the sum is
over the relevant vibrational states. In the R1��tn ⌧ 1

limit,

Rn� = (R1�)
n(�tn)

n�1
. (45)

One can now solve for the maximum allowed single-
photon rate for achieving, for example, Rn� < 0.1/year.
This maximum allowed single-photon rate decreases with
increasing n. We present the results for CO in Fig. 9 (left)
for n� = 4, n� = 3, and n� = 2 co-quench photons (with
A10 = 33.9 Hz); and in Fig. 9 (right) for n� = 2, n� = 3,
and n� = 4 cascade photons corresponding to the tran-
sitions v

0 = 10 ! 8, v0 = 11 ! 8, and v
0 = 12 ! 8,

respectively.
Blackbody radiation contributes to R1� and depends

on the detector area, Adet, as well as the gas temperature,
T . The single-photon blackbody radiation rate is given
by

R
BBR
1� ⇠

�! !
2

⇡2
Adete

� !
T , (46)

where �! is the resolution of the photodetector.7 Hence,
there is some maximum temperature, TBBR, above which
blackbody radiation becomes an irreducible background.
To estimate TBBR, we show R

BBR
1� from Eq. (46) versus

T for Adet = 1 cm2, (10 cm)2 and 1 m2 in Fig. 9 (left)

7 If the detector, such as an SNSPD, simply has an energy thresh-
old above which it detects a photon, then one would need to
integrate the blackbody spectrum over all energies above that
threshold; however, due to the exponential suppression of the
blackbody radiation, the result is very similar to simply assum-
ing sensitivity to a finite energy width, �!.

BBR
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CASCADE VS CO-QUENCH
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CO-QUENCH

 On-Resonance
 Absorption spoils time-coincidence
 Various methods
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MEASUREMENT

 neV 

 Strong inhomogeneous magnetic field 

  measured with image current detection to detect 

ν+, ν−, νz ≈ MHz ≈ 4 ≈ 50μK
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