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Dark Photon Dark Matter

• Simple model:   

• If  , decay too slow: stability 
• Several Production mechanisms 
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• Kinetic mixing:  

• Produce E&M fields suppressed by  

• Oscillating at frequency  

• How to detect?  

• Devices sensitive to tiny E&B fields at appropriate frequency

ϵ
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Detection Strategy



Blind Spot
Hard to probe -  
Why? 
1) Too high energy for high Q 

cavities 
2) Too low energy for single 

photon detection 
3) Future Detection planned 

with Dish Antennae 
4) Something possible today? 

10−4 eV 0.1 eV

Resonant Cavities

10−6 eV

LC Circuits

10−4 eV 0.1 eV

Single Photon 
Absorption

Dish Antenna/Stacks 
Power concentrators 

100 GHz LAMPOSTADMXDM Radio
Molecular Absorption



A two level system @ 100 GHz
qB
me

≈ 150 GHz
B

5 T
511 keV

me

1) Electrons trapped in a strong magnetic field, exhibit 
cyclotron orbits - Quantized.  

2) A resonant detector for a dark photon? 
3) Dial magnetic field to scan resonant frequency 
4) Possible to detect a single jump? 

Energy Gap in two level systems

Ionization

Semi-conductor Band Gap

Few eV

~eV

Roto-vibration in molecules / 
Other condensed matter systems>10 meV

???
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Electron in a Penning Trap

• Local Minimum & trapping from Quadrupole Electric and axial Magnetic fields 
• Three Harmonic oscillators for cyclotron/magnetron/axial modes 
• Can trap electrons for years - used in metrology and quantum computing



E field causes transition
• Only  transitions allowed (Selection rules) 

• Selects very narrow frequency band 
• Sensitivity to tiny electric fields 

Δn = 1

Γ =
πe2

2meω
SE(ω)

SE Power Spectral Density - The amount of power @ frequency ω



Power Spectral Density 
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Promising!



Measuring quantum state
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frequencies up to 160 GHz [8]. Tiny slits (125 mm) in
the walls of the cavity make it possible to apply a trapping
potential between the central ring electrode and the two
flat end cap electrodes. The small slits include quarter
wave “choke flanges” to minimize the loss of microwave
radiation from the cavity. The potential is made a better
approximation to a harmonic potential along the central
symmetry axis of the trap by tuning an additional voltage
applied to the two compensation electrodes.
Cavity radiation modes that couple to the cyclotron os-

cillator [8,9] have quality factors as high as Q ! 5 3
104. The energy in a 150 GHz mode with this Q value
damps exponentially with a 50 ns time constant that is
very short compared to all relevant time scales. (The fre-
quency widths of the cavity mode resonances, for example,
are much wider than the oscillator’s cyclotron resonance
width.) The radiation modes of the cavity are thus ther-
mal states with the temperature of the trap cavity. Ther-
mal contact to a dilution refrigerator allows us to adjust
the trap temperature between 4.2 K and 70 mK (only to
80 mK when our detector is on). We detune the frequency
of the one-electron cyclotron oscillator away from the ra-
diation modes to decrease the spontaneous emission rate.
Two of the three motions of a trapped electron (charge

2e and mass m) in a Penning trap [10] are relevant to
this work. Our central focus is upon the circular cyclotron
motion, perpendicular to a vertical 5.3 T magnetic field,
with cyclotron frequency nc ! eB!2pm ! 147 GHz and
energy levels separated by hnc. The Fock states jn",
often called Landau states for the particular case of a
charged particle in a magnetic field, decay via spontaneous
emission to jn 2 1" at a rate ng, where g is the classical
decay rate of the oscillator. In free space for our field,
g ! #4peo$2116p2n2

ce2!3mc3 ! #94 ms$21. This is the
rate that is inhibited by the trap cavity.
The electron is also free to oscillate harmonically along

the direction of the vertical magnetic field, ẑ, at a frequency
nz ! 64 MHz % nc!1000. We drive this axial motion by
applying an oscillatory potential between the ring and an
end cap electrode and detect the oscillatory current induced
through a resonant tuned circuit attached between the ring
and the other end cap. The electron axial motion damps as
energy dissipates in the detection circuit, yielding an ob-
served resonance width of 5 Hz for the driven axial motion.
With appropriate amplification and narrow bandwidth de-
tection we are able to measure small (1 Hz) shifts in nz . A
heterostructure field effect transistor (HFET), constructed
with Harvard collaborators just for these experiments [11],
provides the radiofrequency gain that is needed while dis-
sipating only 4.5 mW . The dilution refrigerator had diffi-
culty with the nearly 700 times greater power dissipation
(3 mW) of the conventional MESFET used initially.
The cyclotron and axial motions of the electron would

be uncoupled except that we incorporate two small nickel
rings into the ring electrode of the trap (Fig. 1b). These
saturate in and distort the otherwise homogeneous mag-

netic field. The resulting “magnetic bottle,”

D "B ! B2&'z2 2 #x2 1 y2$!2(ẑ 2 z#xx̂ 1 yŷ$) , (1)

is similar to but much bigger than what was used to deter-
mine an electron spin state [12]. Coupling the combined
cyclotron and spin magnetic moment "m to D "B gives a term
in the Hamiltonian that is harmonic in z,

V ! 2 "m ? D "B ! 2mBB2#aya 1 1!2 1 Sz!h̄$z2, (2)

where mB is the Bohr magneton, Sz is the spin operator,
and the electron g value is taken to be 2. This V makes nz
shift in proportion to the energy in the cyclotron and spin
motions,

Dnz ! d#n 1 1!2 1 ms$ . (3)

A one quantum excitation of the cyclotron oscillator shifts
the monitored nz by d ! 2mBB2!#mvz$ ! 12.4 Hz, sub-
stantially more than the 5 Hz axial linewidth and the 1 Hz
resolution.
The measurement of the cyclotron energy is an example

of a QNDmeasurement [13,14] in that V andHc commute,
'V , Hc( ! 0. The desirable consequence is that a second
measurement of the cyclotron energy at a later time will
give the same answer as the first (unless a change is caused
by another source). This is not generally true for measure-
ments with a quantum system. For example, measuring the
position of a free particle would make its momentum com-
pletely uncertain. After additional time evolution a second
measurement of the particle’s position would give a differ-
ent outcome.
Five one-hour sequences of QND measurements of the

one-electron oscillator’s energy are shown in Fig. 2. Each
is for a different cavity temperature T , as measured with
a ruthenium oxide sensor attached to the ring electrode.
Greatly expanded views of several quantum jumps are
shown in Fig. 3. Energy quantization is clearly visible, as
are the abrupt quantum jumps between Fock states. The

FIG. 2. Quantum jumps between the lowest states of the one-
electron cyclotron oscillator decrease in frequency as the cavity
temperature is lowered.

1288

Peil & Gabrielse - 1999

• QND measurement of the electron 
cyclotron state is possible 

• 1 sec observation time 
• At temperatures below 1K, no first 

excitation observed 



Apparatus
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Effect of Cavity

• Work in Interaction Basis:  that couples to SM and   
• Metal boundaries destroy  

• When ,  
•   oscillates back to    suppression 

• For  what happens?

Eactive Edark

Eactive
||

mR ≪ 1
Edark

|| Eactive
|| ⟹ (mR)2

mR ≫ 1



Effect of a metal plate

Eobs
1|| = ϵ 2ρDM cos ωt

Epw
2|| = − ϵ 2ρDM cos (ωt ± kx)

Metal Plate

In and outgoing modes

Horns, Jaeckel, Lindner, Redondo  1212.2970 
Consequence: Dish antenna focus! 

https://arxiv.org/abs/1212.2970


Concentration
κ(0) = 1 − J0(0)/J0(mR) ≈ mR

• Focussing effect because of 
Boundary conditions 

• Will be practically useful only if we 
build mR ≫ 1

κ(0) = 1 − j0(0)/j0(mR) ≈ mR

Only linear focussing Quadratic Focussing

Currently mR ≈ 14

κ =
Ecav

Efree
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FIG. 3. (a) The DPDM measurement cycle. (b) Measured
cyclotron line shape with the self-excitation on. (c) Monitored
axial frequency shift during the search period for 24 hours.

run # time (date. hour:minute) observation length (s)

1 11. 12:46 – 13. 13:15 148058

2 14. 18:26 – 15. 11:33 58162

3 15. 11:50 – 17. 17:22 179698

4 17. 18:38 – 18. 18:40 80640

5 19. 12:15 – 21. 15:43 172312

total — 638870

TABLE I. Datasets for DPDM search in 2022 March. Each
run consists of the repeated measurement cycle in fig. 3.

search period. The self-excitation of axial oscillation is
kept on with the same oscillation amplitude during the
whole measurement.

In the line shape measurement, a strong external mi-
crowave drive is applied, with its frequency swept to map
the cyclotron excitation line shape (fig. 3(b)). The aver-
age cyclotron quantum number n̄c during each drive fre-
quency is measured, and the microwave drive frequency
⌫d is swept. This measurement is to measure the response
bandwidth of the electron “detector”.

Since the axial oscillation is excited to about A =
60 µm, the cyclotron line shape is broadened to
�!c/!c = B2A2/B = 2.2 ⇥ 10�7, where B2 is the de-
liberately induced quadratic field gradient from the mag-
netic bottle. With the carefully shimmed self-shielding
magnet[22, 39, 40], the drift rate is typically �B/B =
10�10 per hour, so is much smaller than the cyclotron
bandwidth. The drift rate is still confirmed by the re-
peated line shape measurements to be less than 1 kHz
through the whole measurement.

In the search period, no external drive is applied, so the
cyclotron motion is in the ground state nc = 0 and po-
tential excitation to nc = 1 from the DPDM is searched.
The measured cyclotron quantum number

ñc ⌘ (⌫z shift)/�c (7)

is continuously recorded with an averaging time of tave =
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FIG. 4. Distribution of measured ñc, normalized by the bin
width and the total number of entry. The probability density
function h(ñc;ncenter = 0) is constructed from this distribu-
tion.

2 s. Here ñc is a continuous number because it is con-
verted from the measured ⌫z shift. Slow drift of axial
frequency longer than 600 s is regulated by feedback ad-
justment of the trap potential. A typical data for 24
hours is shown in fig. 3(c). The blank period that cor-
responds to line shape measurement is visible every 6
hours. The useful length to set upper limit on DPDM is
the length of this search period. No obvious excitation
from DPDM is detected during the whole search.
Care must be taken to convert the null result to the

upper limit on the DPDM excitation rate �+. The prob-
ability of missing an cyclotron excitation, if there were,
needs to be calculated quantitatively. Even if there is
an excitation to nc = 1 from DPDM, if it decays back
to nc = 0 immediately, the event will be hidden by the
scatter of axial frequency [fig. 3(c)]. We estimate the de-
tection e�ciency ⇣ for DPDM excitation in the following.
If there is an excitation at t = 0, the probability that

it decays back to nc = 0 between t and t+ dt is given by

P (t)dt =
1

⌧c
exp

✓
� t

⌧c

◆
dt, (8)

where ⌧c = 7.2 s is measured by intentionally exciting to
nc = 1. Since what we measure is the average of axial
frequency over tave = 2 s, there is a chance that an event
decays back to nc = 0 immediately and escapes detection
threshold.
An event that stays at nc = 1 longer than tave is

recorded at ncenter = 1, but an event that decays back
to nc = 0 at t < 2 s is recorded at ncenter = t/tave. The
measured cyclotron state ñc scatters as in fig. 4, even if
there is no excitation. The histogram is normalized by
the total entry and the bin width. This normalization
gives the probability density function h(ñc;ncenter)dñc,
which is the probability of recording at between ñc and
ñc+dñc while the true center is at ncenter. To a good ap-
proximation, the recorded ñc in the measurement period
can be used to construct h(ñc;ncenter) with ncenter = 0.

Conservatively, we set the threshold of cyclotron exci-
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search period. The self-excitation of axial oscillation is
kept on with the same oscillation amplitude during the
whole measurement.

In the line shape measurement, a strong external mi-
crowave drive is applied, with its frequency swept to map
the cyclotron excitation line shape (fig. 3(b)). The aver-
age cyclotron quantum number n̄c during each drive fre-
quency is measured, and the microwave drive frequency
⌫d is swept. This measurement is to measure the response
bandwidth of the electron “detector”.

Since the axial oscillation is excited to about A =
60 µm, the cyclotron line shape is broadened to
�!c/!c = B2A2/B = 2.2 ⇥ 10�7, where B2 is the de-
liberately induced quadratic field gradient from the mag-
netic bottle. With the carefully shimmed self-shielding
magnet[22, 39, 40], the drift rate is typically �B/B =
10�10 per hour, so is much smaller than the cyclotron
bandwidth. The drift rate is still confirmed by the re-
peated line shape measurements to be less than 1 kHz
through the whole measurement.

In the search period, no external drive is applied, so the
cyclotron motion is in the ground state nc = 0 and po-
tential excitation to nc = 1 from the DPDM is searched.
The measured cyclotron quantum number
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width and the total number of entry. The probability density
function h(ñc;ncenter = 0) is constructed from this distribu-
tion.

2 s. Here ñc is a continuous number because it is con-
verted from the measured ⌫z shift. Slow drift of axial
frequency longer than 600 s is regulated by feedback ad-
justment of the trap potential. A typical data for 24
hours is shown in fig. 3(c). The blank period that cor-
responds to line shape measurement is visible every 6
hours. The useful length to set upper limit on DPDM is
the length of this search period. No obvious excitation
from DPDM is detected during the whole search.
Care must be taken to convert the null result to the

upper limit on the DPDM excitation rate �+. The prob-
ability of missing an cyclotron excitation, if there were,
needs to be calculated quantitatively. Even if there is
an excitation to nc = 1 from DPDM, if it decays back
to nc = 0 immediately, the event will be hidden by the
scatter of axial frequency [fig. 3(c)]. We estimate the de-
tection e�ciency ⇣ for DPDM excitation in the following.
If there is an excitation at t = 0, the probability that

it decays back to nc = 0 between t and t+ dt is given by

P (t)dt =
1

⌧c
exp
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where ⌧c = 7.2 s is measured by intentionally exciting to
nc = 1. Since what we measure is the average of axial
frequency over tave = 2 s, there is a chance that an event
decays back to nc = 0 immediately and escapes detection
threshold.
An event that stays at nc = 1 longer than tave is

recorded at ncenter = 1, but an event that decays back
to nc = 0 at t < 2 s is recorded at ncenter = t/tave. The
measured cyclotron state ñc scatters as in fig. 4, even if
there is no excitation. The histogram is normalized by
the total entry and the bin width. This normalization
gives the probability density function h(ñc;ncenter)dñc,
which is the probability of recording at between ñc and
ñc+dñc while the true center is at ncenter. To a good ap-
proximation, the recorded ñc in the measurement period
can be used to construct h(ñc;ncenter) with ncenter = 0.

Conservatively, we set the threshold of cyclotron exci-

638870 sec = 177.5 hour



Current Data
• Non-observation in 177.5 

hour data  
• 2  limits of 

• No scanning - width set by 
DM  

• Acts as proof of principle 

σ

Δω = 10−6ω

4

FIG. 5. Obtained limit from non-observation of cyclotron ex-
citation in the Penning trap. Also shown are existing limits on
dark photons from stellar cooling (yellow)[42] and constraints
from cosmology (green)[5].

tation as ñc > nth = 0.65, 5� above the scatter of ñc.
The probability of missing an DPDM excitation event,
1� ⇣, can be calculated using the convolution of the two
functions above. When there is an excitation to nc = 1,
the probability of missing the event is the integral of
the probability that ñc is recorded below the detection
threshold nth, with its center ncenter = t/tave distributed
by P (t) in eq. 8

1�⇣ =

Z 1

0

dt P (t)

Z nth

�1
dñc h(ñc;ncenter = t/tave). (9)

From this calculation, the detection sensitivity is conser-
vatively estimated as ⇣ = 83.1 %.

The conversion to �+ is now straightforward. Using
the standard estimate of upper limit of null measurement

[41], the upper limit on the DPDM excitation rate with
CL = 90% confidence level is

�+ < � 1

⇣Ttot

log (1� CL) = 4.33⇥ 10�6 s�1 (10)

The conversion to DPDM mixing parameter ✏ is also
straight forward, using eq. 2 and eq. 3 with the measured
parameters. The result is shown in fig. 5, with the limit
from stellar cooling (yellow)[42] and the allowed region
from DM cosmology (green)[5]. Even with an apparatus
that was designed for g-factor measurement, about two
orders of magnitude more stringent limit is obtained.
Improvement seems promising given that the appara-

tus here was not even initially designed for DPDM search.
A big advantage is that because of the completely back-
ground free detection, the sensitivity scales with the in-
verse of Tobs linearly �+ / T�1

obs
, not square-root. A wide

range search in 10-150 GHz is easily possible by sweeping
the magnetic field. A large spherical Penning trap cavity
is being analyzed and designed to achieve order of mag-
nitude higher . By using a much larger magnetic bottle
B2, detecting single quantum cyclotron transition from
many trapped electrons, for example N = 10 conserva-
tively, should be possible. The future expected limit with
r = 4.5 mm spherical cavity using N = 10 electrons and
Tobs = 1 year is also shown in fig. 5 with dashed line.
In conclusion, we have proposed and demonstrated

search for DPDM using a trapped electron’s quantized
motion in a Penning trap. All required parameters to
search DPDM can be measured in-situ using the trapped
electron itself. Complete suppression of background ex-
citation from blackbody photon is demonstrated. The
obtained limit is the first limit that reaches the allowed
DM region at meV range. Wide search of DPDM is pos-
sible by sweeping the magnetic field. The proposal and
demonstration in this paper opens the new direction of
DPDM search.

[1] Planck Collaboration et al., A&A 641, A1 (2020).
[2] W. Hu, R. Barkana, and A. Gruzinov, Phys. Rev. Lett.

85, 1158 (2000).
[3] A. E. Nelson and J. Scholtz, Phys. Rev. D 84, 103501

(2011).
[4] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer, and

N. Weiner, Phys. Rev. D 79, 015014 (2009).
[5] P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel, J. Re-

dondo, and A. Ringwald, Journal of Cosmology and As-
troparticle Physics 2012, 013 (2012).

[6] B. Holdom, Physics Letters B 166, 196 (1986).
[7] L. B. Okun, Sov. Phys. JETP 56, 502 (1982).
[8] .
[9] P. W. Graham, J. Mardon, and S. Rajendran, Phys. Rev.

D 93, 103520 (2016).
[10] J. A. Dror, K. Harigaya, and V. Narayan, Phys. Rev. D

99, 035036 (2019).
[11] P. Agrawal, N. Kitajima, M. Reece, T. Sekiguchi, and F.

Takahashi, Phys. Lett. B 801, 135136 (2020).
[12] J. Jaeckel and A. Ringwald, Annual Review of Nuclear

and Particle Science 60, 405 (2010).
[13] A. Caputo, A. J. Millar, C. A. J. O’Hare, and E.

Vitagliano, Phys. Rev. D 104, 095029 (2021).
[14] A. Filippi and M. De Napoli, Reviews in Physics 5,

100042 (2020).
[15] D. Antypas et al., (2022).
[16] C. Boutan, M. Jones, B. H. LaRoque, N. S. Oblath, R.

Cervantes, N. Du, N. Force, S. Kimes, R. Ottens, L. J.
Rosenberg, G. Rybka, J. Yang, G. Carosi, N. Woollett,
D. Bowring, A. S. Chou, R. Khatiwada, A. Sonnenschein,
W. Wester, R. Bradley, E. J. Daw, A. Agrawal, A. V.
Dixit, J. Clarke, S. R. O’Kelley, N. Crisosto, J. R. Glea-
son, S. Jois, P. Sikivie, I. Stern, N. S. Sullivan, D. B.
Tanner, P. M. Harrington, and E. Lentz, Phys. Rev. Lett.
121, 261302 (2018).

[17] R. Khatiwada, D. Bowring, A. S. Chou, A. Sonnenschein,

1− 0.5− 0 0.5 1
6−10×

 - 0.612 276 43  (meV)A'm

11−10

10−10

9−10

8−10

7−10

∈

Cosmology

this work

XENON1T

200− 100− 0 100 200
 - 148 047 782  (kHz)π /2A'ω

200− 100− 0 100 200
 - 148 047 782  (kHz)π /2A'ω(a)



To Do
• Scanning 15 sec/bin
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To Do

• Scanning 15 sec/bin

• Future: 
A. Bigger Cavities 
B. More electrons 
C. Higher excited 

states
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Summary

• Dark Photons hard to probe  in the  to  range 

• A single electron’s cyclotron jump, picks out this frequency 

• Pilot Run @ single frequency shows no background 

• Scanning/Other improvements on the anvil

0.1 meV 1 meV
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 Particles with tiny electric charges:  

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

Looked for in various experimental programs 

 Recent resurgence due to EDGES anomaly

ϵe

Millicharge Particles
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FIG. 7. Single-hit constraints on millicharged particles. Constraints on millicharged particle parameter space from SLAC
mQ [63], ArgoNeuT [29], the milliQan Demonstrator [68], and colliders [65], compared with our 90% CL single-hit constraints
from Super-Kamiokande (purple), JUNO (orange), and XENON1T (grey).

with the expected signal-plus-background distributions. See the right panel of Fig. 6 for these backgrounds from
Ref. [33] as well as a signal expectation. We then calculate our bin-by-bin likelihood using

Li = P (µb

i
|µ

b

i
+ µ

s

i
), (13)

where µ
b

i
(µs

i
) is the expected background (signal) in bin i. With this form of the binned likelihood, we then use the

same expression for the test statistic T S in Eq. (12) above and again, assume two degrees of freedom when projecting
JUNO sensitivity at 90% CL. For our analysis, we assume an exposure of 170 kt � years, which corresponds to
approximately ten years of data collection.

4. Single-scattering constraints and sensitivity projections

Fig. 7 shows our new constraints at 90% CL, compared with existing upper limits from the SLAC-mQ experi-
ment [63], ArgoNeuT [29], the milliQan Demonstrator [68], and colliders [65]6. Additional constraints, potentially sub-
ject to large background uncertainties and systematics associated with hand-scanning, can also be found in Ref. [28].
Our Super-Kamiokande analysis, shown by the purple line and associated shaded region, yields results comparable
results to those derived in Ref. [30] for the bulk of parameter space. The small discrepancies between these two results
arise from the following di↵erences. The analysis of Ref. [30] set constraints assuming an exposure of 22.5 kt � years
at Super-Kamiokande, while here we have used the full 2853 day (or 7.81 ⇥ 22.5 kt � years) exposure of SK I-III
and the statistical analysis discussed above to set this constraint. While the details of backgrounds are complicated,
Hyper-Kamiokande should be able to improve on such constraints in the coming decades — we direct the reader to
Ref. [30] for more on millicharged particle searches at Hyper-Kamiokande and Refs. [69, 75] for a detailed discussion
of searches for the DSNB at Hyper-Kamiokande and associated challenges.

6
We note here the di↵erent shape in this constraint relative to the one appearing in Ref. [22], appearing to be from the same source. We

believe the red region presented here represents the constraint from Ref. [65].

Existing Limits

2104.13924: Arguelles, Kelly, Munoz

*Additional Limits exist if DM component
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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
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 High boost, hence penetrates deep

nQ=10-4 /cc

nQ=10-5 /cc

nQ=10-6 /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. 

Temporary accumulation
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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

Earth E-field
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  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

Permanent Accumulation
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Crucial assumption: Negative mCPs bind with Silicon nuclei 

 Nucleons   translates to mCPs   1024 cm−3 107 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
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-50 0 50
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0

1

0 2 4 6 8
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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

1408.4396 D.C. Moore, A.D. Rider, G. Gratta

Existing Limits
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Energy Threshold
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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

 Electron trap  threshold,  walls.

300 Kelvin ≈ 26 meV

500 μeV 10 μeV

DETECTOR

Detection Nightmare

Sisyphean Task?



Ion Traps to the rescue!

qB
mp

≈ 60 neV
B

1T
1 GeV

mp

Dont we have to cool to ?Twall ≪ mK
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Twall ≫ ωion

 Approximate Harmonic Oscillator  

 Blackbody radiation : Selection rules for photon absorption,  

 Number of photons with energy  is negligible, not supported 

Δn = ± 1

ωion ≪ Twall

Selection Rules
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 Scattering breaks selection rules
 Momentum transfer  Energy Transfer≫

Selection Rules
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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-
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 Implementing single event rates 

 Excitations in Ion lattices 

 Accumulating mCPs in an electric field bottle 

Outlook



BACKUP
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WHAT ABOUT SM IONS

 Mechanical & Ion Pumping to low pressure 

 Cryopumping (cold surfaces trap SM particles) to pressures 
 Work Function of metals prevents electron evaporation 
 WF ~ few eV

   does not feel the effect of the Work function

 Provides a natural sieve for mCPs
 Effects of the trapping potential can also be important

≲ 10−12 bar

< 3 × 10−21 bar

⟹ ϵ ≤
Twall

WF
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DATA

 40Ca/9Be ions used

 neV 

 Heating Rate:  

ν+, ν−, νz ≈ MHz ≈ 4 ≈ 50μK
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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,
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 Anti-protons: BASE experiment, CERN

 

 Lowest measured: 

 BBR estimate: 

 Background gas estimate: 

   

 Expected to be from Electrode noise
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dt
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6
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Δω ≈ 10−10 eVs−1

Δω ≈ 10−12 eVs−1

Δω ≈ 10−16 eVs−1
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Experiment Type Ion Vz Twall !p [neV] Tion[neV] Heating Rate (neV/s)

Hite et al, 2012 [40] Paul 9Be+ 0.1 V 300 K !z = 14.8 14.8 640

Goodwin et al, 2016 [43] Penning 40Ca+ 175V 300K !z = 1.24 1.24 0.37

Borchert et al, 2019 [44] Penning p̄ 0.633V 5.6K !+ = 77.4 7240 0.13

!� = 0.050

TABLE I: List of ion traps and the relevant experimental parameters used for setting limits in this paper. The ion
used, Vz, potential barrier in the axial direction and Twall, the temperature of the walls of the trap and !p, the

fundamental frequency of the trap in the relevant direction are listed. Also listed are Tion, the temperature of the
ion in the trap and the measured heating rate.

tens of seconds. Transition rates in the radial modes
(dn+,�)/dt / (n+,�/!+,�)SE(!+,�) lead to random
walks in radial energy space and to axial frequency dif-
fusion. Here SE(!+,�) is the power spectral density of a
noisy background drive, and n+,� is the principal quan-
tum number of the modified cyclotron (n+) / magnetron
(n�) oscillator. The scaling of the heating rate with
n+,� is related to eigenstate-overlap of harmonic oscil-
lator states [48].
By analyzing time sequences of axial frequency measure-
ments ⌫z(t), the average radial quantum transition rates
are obtained. With a highly optimized trap setup with
which the antiproton magnetic moment was measured
with 1.5 parts per billion precision, the BASE experi-
ment at CERN reports on the observation of absolute
cyclotron transition rates of 6(1) quanta per hour [44].
Together with the determination of the n+ state during
the recorded measurement, this result is consistent with a
projected ground state heating rate of 0.1 cyclotron quan-
tum transitions per hour, setting an upper limit which is
by a factor of 1800 lower than the best reported Paul-
trap heating rates, and by a factor of 230 lower than
the best room-temperature Penning trap. These num-
bers are summarized in Tab. I. Note that the antiproton
experiments are conducted in a background vacuum of
⇡ 10�18 mbar [42], constraining parasitic heating induced
by collisions with background-gas to a level of 4⇥10�9/s.

2.2. Paul Traps

Paul traps or radiofrequency traps utilize an oscillating
voltage to confine in the perpendicular direction instead
of the magnetic field used for the same purpose in the
Penning trap. Paul traps have a rich history of being
used as mass spectrometers and more recently in building
quantum computers [49].

The e↵ective potential in the presence of both DC and
AC potentials can be written as

 (x, y, z, t) = (UDC + VAC cos⌦t)
r
2 + 2(z20 � z

2)

r
2
0 + 2z20

. (3)

Here z is the axial direction, r the radial direction with
the distance to the electrodes given by r0 and z0. The

rapidly oscillating potential creates a pseudopotential for
charges of both signs and this leads to approximately
simple harmonic motion very close to the trap center.
After laser cooling to the ground state, the total heating
rate can be measured via Raman sideband technique [50].
There has been extensive study of the heating rate in
Paul traps and its dependence on distance to electrodes,
wall temperature, trap temperature [49] as well as ion
beam treatment of electrodes [40]. Electric field noise
from the electrodes has been identified as the dominant
heating source, with the dependence on distance scal-
ing as d

�2 [49] to d
�4 [51]. Although heating rates are

lower for bigger traps [52], smaller sized traps employ
shallower potential wells ⇡ 0.1 V. As we shall see, this
allows mCPs with large charge to reach the trap and
hence provide complementary reach at large charge pa-
rameter space. Hence we reinterpret limits only from a
microtrap [40]. The heating rates reported in [40] are
ṅ = 43/s for the axial frequency ⌫z = 3.6 MHz. These
numbers are tabulated in Tab. I.

3. MILLICHARGED PARTICLE DYNAMICS

3.1. Terrestrial Accumulation

If mCDM exists and is virialized in the galaxy, there
is a non-zero flux of mCPs flowing through the Earth at
all times. This mCDM stops in the atmosphere or rock
overburden for large enough charge, and can accumulate
on Earth. This process was treated in detail in [29] and
the subsequent accumulation in [30]. We provide here a
summary of the relevant results of these papers that are
used in Section. 5 and refer the reader to [30] for details.
Following [30] we consider e↵ectively millicharge par-

ticles mediated by a dark photon which kinematically
mixes with the SM photon. The dark photon mass is
taken to be large enough (mA0 & 10�12 eV) such that
the e↵ect of large-scale electric and magnetic fields can
be ignored while considering mCP propagation1. In this
limit, the mCPs with mass mQ � 1GeV are stuck on the

1
We leave to upcoming work the calculation of the accumulation of

DATA SUMMARY

No reach for ϵ ≳
Twall

Vz
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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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dEdep

dt
= ∫ Edep(q2)

4πα2ϵ2

v2q4
dq2 ≈ 10−6 eV

sec
ϵ2 nlab

1/cm3
GeV
mion

. . . ≳ 10−10 eV
sec

HEATING RATE
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TERRESTRIAL POPULATION 
CONSTRAINTS
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TERRESTRIAL POPULATION 
CONSTRAINTS
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PROJECTIONS

1 event/ year unless otherwise stated
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LIMITS ON DARK MATTER

1 102 104 106
10-6

10-5

10-4

10-3

10-2

10-1

1

mQ[GeV]

�

fQ=10-12

� >
1m
The
rma
liza
tion

�

� >
1km

The
rma
liza
tion

�

Collider

fQ=�Q/�DM

fQ=10-9 fQ=10-6

fQ=10-3

5

ArgoNeut

Numi-Fermini

DUNE

MilliQan

SHIP

LDMX

101 102 103 104 105 106
10-5

10-4

10-3

10-2

10-1

1

mm @MeVD

Q

EDGES 99% C.L.
mC=10 MeV

Direct Detection

Satel
lite

Ballo
on

Grou
nd

D
irac

ferm
ion
com

plex
scalar

SN

Colliders

BBN
DNeff

CM
B
D
N
ef
f

g D
=
0.
1

f m
=
0.
4%

st
an
da
rd
m
D
M

fm=
10
-8

fm=
10
-6

fm=
10
-4

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

1908.06986 Liu et al 



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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ANNIHILATIONS IN SUPER-K
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